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Abstract  

Contamination of soils through deposition and alteration of metal(loid)-bearing particulate 

matter (PM) is a global problem. This study investigates the fate of Copper (Cu) in oxic organic-

rich soil layers contaminated by mining and smelting operations around the Horne smelter, Rouyn 

Noranda, Quebec, Canada. The sequestration of Cu by organic colloids and particles is 

investigated by using column leaching experiments, ultra-centrifugation, focused ion beam 

technology (FIB), scanning electron microscopy (SEM), transmission electron microscopy (TEM) 

and atom probe tomography (APT). Cu occurs as nano-sized Cu-sulfides (CuSx) phases within the 

matrix of micrometer-sized organic colloids and as nano-sized spinel phases such as Cu-Zn-

bearing magnetite (Fe3O4) or nano-sized Cu-(hydr)oxides such as cuprite (Cu2O) and spertiniite 

(Cu(OH)2) within pre-mineralized organic matter (OM). The formation of these Cu-bearing NP is 

controlled by the porosity and occurrence of silicate phases, which mineralize the OM in multiple 

stages. Based on these observations models are developed for the sequestration of Cu by organic 

colloids and particles. The models include proposed mechanisms for (a) mineralization of OM, 

adsorption and distribution of ionic Cu-species and (b) nucleation and stabilization of nano-sized 

CuSx, Cu-bearing spinels and Fe-(hydr)oxide phases. Here, diffusion of Cu and other metal(loid) 

species is promoted by the generation of porosity and nucleation of silicates during the 

mineralization of organic colloids and particles. Nucleation and formation of Cu-and Fe-bearing 

nanoparticles are promoted by the presence of hydrophilic silicate surfaces (which promote 

heterogeneous nucleation) and nanopores generated due to hydrodynamic properties of pore 

channels (which control the availability of metal(loid) species and pore size-controlled solubility 

effects (PCS). The characterization of OM with APT allowed for the first time the visualization of 

clusters of polymerized CuOx polyhedra in smaller pore spaces of the OM. These clusters are 

considered precursors of nanoparticles and their occurrence in smaller pore spaces suggests that 

pore size and PCS strongly control the formation of Cu-bearing nanoparticles within OM.
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Chapter 1: Introduction 

1.1. Soil contamination by mining-related activities  

Mining and smelting operations have contaminated different environmental components 

around the world (Nriagu, 1996). Pollutants released from these operations are mostly metal(loid)-

bearing aerosols (It is defined as collection of suspended particles and the surrounding gases) and 

particulate matter (It is defined as suspended solid or liquid matter that will settle down eventually 

with time) (PM) (Knight & Henderson, 2006). Although many studies focused on the 

characterization of the extent of contamination (total concentration levels of metal(loid)s) and type 

of contamination (type of metal(loid)s) (Adamo et al., 1996; Henderson et al., 1998), bio-

availability of metal(loid)s (Rieuwerts, 2007; Ettler et al., 2012) and processes that govern the 

interaction of metal(loid)s with soil constituents (Lanteigne et al., 2012; Lanteigne et al., 2014; 

Ettler et al., 2016; Schindler et al., 2016), we still lack knowledge on chemical and mineralogical 

processes in pore spaces formed during weathering of minerals and organic matter.  

1.1.1 Particulate matter emitted by smelter 

The chemical and mineralogical composition of PM has been characterized in many studies 

but still, processes that control it’s interaction with other soil constituents are the focus of many 

environmental studies (Lanteigne et al., 2012; Schindler & Hochella, 2017; Schindler et al., 2021). 

Various reclamation methods are used in smelter-impacted areas but the effective application of 

these remediation methods requires an understanding of the cycling of the emitted elements in a 

soil environment (Mantha et al., 2019). Hence, we need to better understand the environmental 

fate of elements released during the weathering of PM, specifically factors that control their 

mobility and sequestration such as adsorption, diffusion, nucleation and dissolution processes 

within pore spaces (Mantha et al., 2019).  

The gaseous condensation and cooling processes during smelting operations mostly result 

in the formation of smelter-derived PM (Samuelsson & Björkman, 1998). Before the onset of 

environmental regulations, smelters did not use filters to curb the release of metal(loid)-bearing 

PM (Henderson et al., 1998). A small fraction of PM was released even after the installation of 

filters at times of their degradation (Ettler et al., 2016). Micrometer-size PM released during 

smelting operation is spherical in shape, has high-temperature features such as tabular, skeletal, 

porphyritic and dendritic patterns (Lanteigne et al., 2012). The composition, structure and the 
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metal(loid) content of the PM depend on the furnace temperatures, ore processing methods used 

and the composition of the ore processed within the smelter (Knight & Henderson, 2006). The 

extent of the metal(loid) released from PM during weathering in a soil environment is therefore 

dependent on the ore composition as well as the processing methods used within the smelter.  

1.1.2 Particulate matter deposition  

Upon release of metal(loid)-bearing PM in the atmosphere, the extent of spatial coverage 

depends on the particle size and wind speed/direction (Ettler et al., 2005; Csavina et al., 2012). PM 

of small size has the tendency to travel greater distances as compared to their large counterparts; 

however, structural obstacles such as trees or buildings can shorten their travel distance (Ettler et 

al., 2005). Various physico-chemical processes can occur after the deposition of PM into the 

surficial soils and these processes are dependent on the composition as well as the surrounding 

environmental conditions, which are mostly dependent on the pH, Eh and the availability of 

complexing agents (Schindler & Hochella, 2017; Mantha et al., 2019; Schindler et al., 2019). 

Surficial layers of soils mostly retain the metal(loid)s released during the weathering of the PM 

(Spiers et al., 2004; Mantha et al., 2019). The concentrations of the released elements commonly 

decrease exponentially in a soil-depth profile impacted by deposited PM. A considerable portion 

of metal(loid)s released from the PM is temporarily retained by various hosts in the soil and is thus 

not bioavailable. However, the metal(loid)s are released over time by their hosts (Mantha et al., 

2019), and their speciation will then depend on the chemical and mineralogical processes which 

occurred in the pore spaces of their original host. 

1.2. The smelter-impacted soils at Rouyn-Noranda (Horne Smelter) 

The study area extends around the city limits of Rouyn-Noranda, Quebec and surrounds 

the Horne smelter, which is considered a critical emission source of PM contaminated with heavy 

metal(loid)s. The ore processed at the Horne smelter included sphalerite, pyrite, galena, pyrrhotite, 

chalcopyrite and magnetite, as well as native silver and gold (Kerr & Gibson, 1993) with pyrite, 

pyrrhotite, chalcopyrite and magnetite comprising up to 85% of the mass (Denis, 1933). In the 

period of 1927 to 1976, the smelter has released PM containing Ni, Pb, Zn, Cu and Cd with a peak 

value of more than 1.5 million metric tons in 1965. The implementation of pollution controls in 

1970 greatly reduced the annual emission of PM (Kettles & Bonham-Carter, 2002). After 1976, 

the smelter processed predominantly electronic waste containing base metal(loid)s such as Cu.  
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The environmental impact of the smelting activities in Rouyn Noranda has been addressed 

in numerous geochemical, mineralogical and biological studies focused on the concentrations and 

speciation of metal(loid)s in soils, lakes, rock coatings, snow samples and biota (Bonham-Carter 

et al., 2006; Knight & Henderson, 2006; Telmer et al., 2006; Zdanowicz et al., 2006; Masson et 

al., 2010; Caplette et al., 2015; Dinis et al., 2020). Telmer et al. (2006) sampled 99 lakes 

surrounding the Horne smelter and detected extensive smelter impact in lakes located within 50 

km of the point source. They reported no obvious correlation between metal(loid)s concentrations 

and lake pH, morphology, and surrounding bedrock geology but element ratios suggested 

recycling and remobilization of metal(loid)s with time. The source apportionment of metal(loid) 

contamination in peat, snow, humus and lakes surrounding the Horne smelter indicated 

contribution from the smelter within 75 km of the point source but the differentiation between the 

smelter and non-smelter sources of metal(loid)s became difficult as the distance from smelter 

increases (Bonham-Carter et al., 2006). Dinis et al. (2020) used tree-ring dating in the Rouyn 

Noranda area to study the bioavailability of the metal(loid)s Zn and Mg with time. Their study 

indicated a reduction in the bioavailability of metal(loid)s after the government imposed 

regulations in the 1970s.  

 Banic et al. (2006), Zdanowicz et al. (2006) and Knight & Henderson (2006) 

characterized the chemical and mineralogical composition of metal(loid)s in air, snow and soil 

samples around the Horne Smelter. They showed that PM emitted from the smelter can be 

composed of Fe-Cu-Zn- bearing sulfides and spherical PM composed of silicates and oxides. 

Knight & Henderson (2006) proposed that micrometer spherical PM is very resistant to weathering 

and hardly contributes to the metal(loid) concentrations in humus, whereas the majority of Cu, Zn 

and Pb metal(loid) phases in humus originated from weathered and altered nanometer-sized 

aerosols. Caplette et al. (2015) showed that black rock coatings occur within 6 km of the point 

source. The coatings contain chemical and mineralogical footprints of the smelter emissions 

between 1927 and 1975 and are predominantly composed of Cu-Zn-Fe-spinels (mostly oxide 

spinels such as cuprospinel), Pb-sulfates, Pb-silicates, Fe-(hydr)oxides and minerals from the 

surrounding bedrocks, which have been preserved for decades and are quite resistant to physical 

and chemical weathering. The coating thickness decreases as a function of distance from smelter, 

which indicates that a greater deposition of sulfuric acid and PM resulted in the enhanced 

weathering of the underlying bedrock and PM (Caplette et al., 2015). 
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1.3. Interaction of soil components with metal(loid) species   

Deposition of metal(loid)-bearing PM by aeolian processes leads to their enrichment of 

the metal(loid)s in the surface layers of the soils. Weathering of the PM results in the release of 

the metal(loid)s in the pore solutions. Various constituents present in the soil bind the metal(loid)s 

through different processes (Thompson & Goyne, 2012). Adsorption of metal(loid)s on the surface 

of mineral grains can take place by both physical and chemical interactions. Physical interactions 

including binding through van der waals forces lead to the formation of outer-sphere complexes, 

which are weak and irreversible, whereas chemical interactions (formation of chemical bonds) 

lead to the formation of inner-sphere complexes, which are relatively stronger than outer-sphere 

complexes (Sparks, 2003; Thompson & Goyne, 2012). The adsorption mechanisms are mostly 

dependent on environmental factors such as pH, Eh and ionic strength as well as the point of zero 

charge (PZC) of substrate and sorbent. The PZC of any particular phase dictates its surface charge 

and is mostly dependent on the pH of the surrounding environment and the type and concentration 

of electrolytes present in the pore solution (Mantha et al., 2019).  

In organic-rich soils, organic matter (OM) can serve as a sorbent for metal(loid)s 

(Caporale & Violante, 2016). This ability of OM to sorb metal(loid)s depends on the type of OM 

and on the ratio between the total surface area of minerals versus OM (Adamo et al., 1996; 

Gustafsson et al., 2003; Neagoe et al., 2012). An important group of meta(loid)-complexing 

organic molecules are humic substances (HS) such as humin, fulvic and humic acids which form 

during the decomposition of natural soil organic matter (SOM). The extent of binding and 

formation of metal(loid)-HS complexes depends on local environmental conditions and other 

factors such as pH, ionic strength and origin/type of HS (Alloway, 2012; Pham et al., 2012). As 

OM has PZC values of between 2 and 3, it has a negative surface charge at pH values typical for 

soils (pH > 4.5). This results in a strong interaction between cationic species and OM surfaces. 

Many studies indicate that Cu ionic species such as Cu2+ are sequestered by organics; however, 

synchrotron-based spectroscopy and diffraction studies have not provided a uniform picture of the 

fate of Cu in surficial soils containing minerals and OM. For example, some studies state that Cu 

predominantly sorbs to OM (Strawn & Baker, 2007; Thomasi et al., 2015), whereas other work 

reports a close association of Cu with Fe-(hydr)oxides (Li et al., 2006; Yang et al., 2014). The 

latter observations indicate uncertainty with respect to the fate of metal(loid)s in contaminated 

surficial soil horizons containing organic particles, colloids and inorganic phases. Mantha et al. 
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(2019) showed that Cu is sequestered as covellite (CuS) nanoparticles (NP) within the nanopores 

of OM colloids and particles. These authors argued that some of the pores may be confined and 

act as nano- to micrometer-sized anoxic environments within a surficial (oxic) environment. 

However, there is still a lack of knowledge regarding processes that control the nucleation of 

metal(loid)-bearing NP within OM colloids and particles in contaminated oxic soils.  

1.4. Research objectives 

As discussed above, bulk analytical techniques could not provide an unequivocal answer 

with respect to the sequestration of Cu in contaminated organic-rich soils. Hence, there is a need 

for probing Cu-bearing OM colloids and particles at the atomic to micrometer scale, which will 

provide a better understanding of the mechanisms that govern the sequestration of Cu in organic-

rich soils surrounding a smelter stack. The overall aim of this M.Sc. thesis is therefore to identify 

underlying mechanisms that control the sequestration of Cu in OM colloids and particles.     

 Hence, the objectives of this thesis are to examine whether: 

a) The sequestration of  metal(loid)s occurs via the formation of nanoparticles in the pore spaces 

of the colloids and particles; 

b) The retention of Cu by OM is also controlled by the occurrence of other phases present in OM 

such as Fe-(hydr)oxides and silicates;  

c) Pore space and pore size effects such as an increasing solubility of precipitates control the 

nucleation of Cu-bearing phases within OM; 

1.5. Summary of key characterization methods  

1.5.1. Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is now a routine technique for imaging geological 

material due to its larger depth of field, strong stereoscopic vision, high magnification and high 

resolution (Smith & Oatley, 1955; Wen et al., 2021). It uses a focused beam of high-energy 

electrons that interact with the surface of a specimen to generate a variety of signals (secondary 

electrons, backscattered electrons and characteristic X-rays) that reveal information about the 

surface morphology, atomic density and chemical composition of material under observation 

(Smith & Oatley, 1955; Wen et al., 2021). Secondary electrons and backscattering electrons are 

can be used for the imaging of organic and inorganic material: secondary electron images depict 
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the surface topography and morphology, whereas backscattered electron images visualize contrasts 

in atomic densities. Energy dispersive spectroscopy are commonly used to record chemical maps 

or to analyze the chemical composition of small areas (spot analyses). Both analysis techniques 

are useful for studying the chemical composition and spatial distribution of metal(loid)s (Smith & 

Oatley, 1955; Wen et al., 2021).    

1.5.2. Transmission electron microscopy (TEM)  

 The characterization of soil samples with transmission electron microscopy (TEM) 

provides information on environmental processes occurring at the nano-scale (Yang et al., 2015; 

Schindler & Hochella Jr, 2016). The technique is not typically used for the characterization of 

environmental samples due to the high cost of sample preparation and operation. A TEM 

instrument can operate in either TEM mode or in both TEM and Scanning transmission electron 

microscopy (STEM) hybrid mode (Phillips & Williams, 2009).  

In a TEM instrument, a beam of electrons is transmitted through the material under 

investigation, which is then magnified, refocused and projected on a phosphor screen. This results 

in the conversion of an electron image into a visible image (Phillips & Williams, 2009). TEM 

spatial resolution ranges from 0.1 to 0.2 nm and only allows analysis of samples that are less than 

100 nm thick (Phillips & Williams, 2009). The 2D images obtained from TEM provide information 

on the size, shape and morphology of the material under observation (Mantha et al., 2019). By 

controlling the aperture of the objective lens, both bright and dark field images can be produced. 

In brightfield mode, the scattering of the direct beam by atoms in the sample results in images 

where areas of higher atomic density appear darker than those of lower atomic density. In darkfield 

mode, the scattered incident electrons are used to produce an image (so called dark field image) in 

which areas of higher-atomic density appear brighter than those of lower atomic density (Williams 

& Carter, 1996). In STEM mode, an area under observation is scanned with a highly focused beam 

of electrons. The scattered electrons are detected by a high angle dark field (HAADF) detector and 

produce a three-dimensional image by yielding Z-contrast in final reconstructions (Jesson & 

Pennycook, 1995; Zhong et al., 2016). X-rays emitted by the sample in the STEM mode produce 

an energy-dispersive X-ray spectrum (EDS), which is used to quantify the chemical composition 

of a sample and to generate chemical distribution maps of elements (Loretto, 1984; Kosasih et al., 

2021).  
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Electron diffraction patterns are generated in TEM mode upon removal of the objective 

aperture. Here, both transmitted and diffracted electron beams are allowed to pass through the 

instrument column and the constructive inference between diffracted electron beams results in the 

generation of a diffraction pattern (Loretto, 1984). In addition, a selected area aperture can be used 

to limit the diffraction pattern to a certain region, which allows the identification of NP or 

aggregates as small as 200 nm in diameter. 

1.5.3. Atom Probe Tomography (APT) 

APT is a destructive analytical technique that is capable to position and identify almost 

every atom in a specimen. APT data acquisition utilizes time-of-flight mass spectrometry to 

generate a large dataset comprising several million individual atoms in a 3D spatial coordinate 

system (Reddy et al., 2020). APT systems utilize either ultra-fast voltage or laser pulses to erode 

the atoms located at the tip of a needle-shaped specimen and convert them into charged ions by a 

process known as field evaporation. An electric field accelerates these ions towards a position-

sensitive detector that registers the time of flight and impact position of each individual ion (Reddy 

et al., 2020).   

The energy applied to the surface of a specimen is already known and can be used to 

calculate each ion’s mass-to-charge ratio based on its travel time, which is in most cases sufficient 

for the identification of an individual atom. Impact positions on the position-sensitive-detector plot 

the locations of individual atoms. The location and identity of individual atoms can be used to 

calculate a 3D plot which has both, the chemical composition and atomic structure of the specimen 

at nanoscale and can serve as a powerful tool to examine interfaces between different regions 

(Saxey et al., 2018; Reddy et al., 2020).  

1.6. M.Sc. thesis structure  

This M.Sc. thesis is written in the grouped manuscript style (sandwich thesis), following 

the guidelines of the Faculty of Graduate Studies and Department of Earth Sciences at the 

University of Manitoba. The first chapter of this thesis (i.e., the current chapter) contains an 

introduction to the research topics, study site description, research objectives and the general 

outline of the thesis. Chapters 2 and 3 are the major data chapters of this thesis and have been 

structured as two manuscripts.  
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 Chapter 2 describes the characterization of colloidal OM and focuses on the research 

objectives (a, b and c) outlined in Section 1.4. This chapter has been submitted to 

Environmental Science: Nano journal, where it has been accepted with major revisions.  

 Chapter 3 describes the characterization of OM particles using a combination of TEM and 

APT and also focuses on the research objectives (a, b and c) outlined in Section 1.4. It is 

ready for submission.  

 Chapters 2 and 3 have been reformatted from the submitted or submission ready versions for 

inclusions in the thesis. Chapter 4 provides an overall conclusion and recommendations for 

future research.  
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Chapter 2: The role of nanopores within organic colloids in the 

sequestration and mobilization of Copper within contaminated oxic 

soils  
Abstract  

Major emitters of Cu are smelters and coal-power plants, which cause severe damages to the health 

of soils and aquatic systems as elevated Cu concentrations are toxic for terrestrial and aquatic 

organisms. Toxic effects and long-term environmental fate of Cu depend among many other 

factors on its speciation in soil and water bodies. This study explores the role of nanopores within 

organic (OM) colloids in the sequestration of Cu in contaminated oxic soils around the Horne 

smelter, Rouyn Noranda, Quebec, Canada. The sequestration and mobilization of Cu by porous 

OM colloids is studied using a combination of column leaching experiments, ultra-centrifugation 

and transmission electron microscopy (TEM). TEM analysis indicates that Cu occurs as nano-

sized CuSx phases in nanopores of micrometer-sized OM colloids, an observation that can easily 

be overlooked during analysis through bulk-scale examination tools such as X-ray diffraction and 

synchrotron-based spectroscopic methods. The nano-sized CuSx phases occur along the rim of OM 

colloids or heterogeneously nucleate on silica inclusions located within nanopores of OM colloids, 

indicating their nucleation is strongly controlled by porosity and permeability. The proportion of 

Cu-Fe-bearing colloids in the soil leachates ranges from 20 to 40% of the total colloidal fraction, 

which suggests that sequestration of metal(loid)s within nanopores of OM colloids can play a vital 

role in the long-term stability of nano-sized CuSx phases in an oxic surficial environment. Based 

on these observations, a model for the sequestration process of Cu by OM is developed. This model 

includes proposed underlying mechanisms for (a) adsorption and diffusion of ionic Cu-species and 

(b) nucleation and stabilization of nano-sized CuSx and Fe-(hydr)oxide phases. Here, diffusion of 

Cu-species and nucleation of nano-sized CuSx phases is promoted through the generation of 

porosity during pre-mineralization of OM colloids via the formation of Fe-(hydr)oxide and silica 

phases. Nucleation of nano-sized CuSx phases occurs through reduction of Cu and S species by 

humic and fulvic acids. The presence of sulfide and silicate species in the OM plays most likely a 

vital role in inhibiting the transformation of CuSx and ferrihydrite to metallic Cu and goethite or 

hematite, respectively. 
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2.1. Introduction 

In organic-rich soils, organic matter (OM) and especially OM colloids can serve as a 

sorbent for metal(loid)s (Caporale & Violante, 2016), this ability of OM to serve as sorbent 

depends on the type of OM and on the ratio between the total surface area of minerals versus total 

surface area of OM. An important group of metal(loid)-complexing organic molecules are humic 

substances (HS) such as fulvic acids (FA) and humic acids (HA), which form during the 

decomposition of natural soil OM. The extent of binding and formation of metal(loid)-HS 

complexes depends on local environmental conditions and other factors such as pH, ionic strength 

and origin/type of HS (Alloway, 2012; Pham et al., 2012).   

OM colloids mostly include organic biopolymers formed by the disintegration of organic 

remains in soil (Kretzschmar & Schafer, 2005). They include humic and fulvic acids, exocellular 

biopolymeric material, polysaccharides and biocolloids (including bacteria and viruses) 

(Kretzschmar & Schafer, 2005). These OM colloids are not crystalline in nature and contain long 

chains and rings of Carbon (C) bonded to Hyrdogen (H), Oxygen (O) and Nitrogen (N) (Wilkinson 

et al., 1997). They have a high cation exchange capacity and usually, a negative surface charge as 

their point of zero charge is between pH = 2 and 3 (Kretzschmar & Schafer, 2005). They have 

diverse surface reactive sites ranging from cationic amino groups (R-NH2) to anionic hydroxyls 

(R-OH) and carboxylic groups (R-COOH) and the neutral aromatic and aliphatic moieties 

(Thompson & Goyne, 2012)  OM in colloids is considered an effective sorbent and carrier of heavy 

metal(loid)s in aqueous environments due to its strong affinity towards metal(loid)s such as Cd, 

Cu and Ni (Dai et al., 1995; Oursel et al., 2013) Hence, sequestration and mobilization of 

metal(loid)s via OM colloids greatly affect their bio-availability, natural cycling and transport in 

various surficial environments (Hartland et al., 2015; Lee et al., 2019). For example, Grolimund 

& Borkovec (2005), Denaix et al. (2001) and Schindler et al. (2021) showed that the transport of 

Pb in surficial contaminated soils is predominantly facilitated by organic- and inorganic-based 

colloids.  

In surficial contaminated soils, Cu occurs in the form of Cu-bearing particulate matter 

(PM), Cu-bearing colloids (organic and inorganic) and Cu aqueous species in soil pore-solutions. 

Cu-bearing nanoparticles and colloids have been observed in various anoxic environments such as 

in flooded soils (Weber et al., 2009; Hofacker et al., 2013a; Hofacker et al., 2013b), anaerobic 
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wetlands (Gammons & Frandsen, 2001), clay minerals (Ilton & Veblen, 1988; Ilton et al., 1992; 

Ilton & Veblen, 1993; Ahn et al., 1997; Suárez et al., 2011) and anoxic solutions (Hoffmann et al., 

2020). Hoffmann et al. (2020) explored the effect of natural OM on the stability, growth and 

dissolution of Cu-sulfide nanoparticles under anoxic and oxic environments. The authors showed 

that these nanoparticles could persist under oxic conditions for at least 22 days. This is in accord 

with spectroscopy studies which showed that CuSx aqueous species exist in natural oxic surface 

waters (Rozan et al., 2000).  

The speciation of Cu and its adsorption on mineral surfaces depends on the chemical 

composition of the porewater as well as on its pH, Eh and ionic strength and the mineralogical 

composition of its environment. For example,  classical sequential-extraction methods of organic-

rich soils have suggested that organic material can be an important (even dominant) sorbent for 

Cu in the surface horizons of soils, depending on the type of OM, and the ratio between the total 

surface areas of OM and minerals (Adamo et al., 1996; Gustafsson et al., 2003; Mantha et al., 

2019). Furthermore, synchrotron-based spectroscopy and diffraction studies showed that Cu is 

associated with both OM (Strawn & Baker, 2007; Thomasi et al., 2015) and Fe-(hydr)oxides (Li 

et al., 2006). Mantha et al. (2019) explored for the first time the nano-mineralogical composition 

of OM colloids in Cu-contaminated surficial oxic soils. The authors showed that Cu is sequestrated 

as covellite (CuS) nanoparticles within the nanopores of OM colloids and argued that the interior 

of the OM colloids may be considered nano- to micrometer-sized anoxic environments within a 

surficial (oxic) environment. Furthermore, they proposed the recycling of Cu in the surficial 

environment, which involves the dissolution of the Cu-bearing phases during OM decomposition; 

the partial oxidation of the reduced Cu- and S-bearing species, the diffusion of Cu and S-bearing 

phases into the OM matrix, the reduction of oxidized species and the neoformation of CuSx phases 

in OM. However, there is still a lack of knowledge on the formation mechanisms of the CuSx 

phases and the role of other inorganic phases within and outside OM colloids. Hence, this study 

will investigate systematically the association of CuSx phases with other inorganic phases within 

OM colloids using scanning- and high resolution-transmission electron microscopy (STEM and 

HRTEM)  Furthermore, it will use the TEM observations to develop a model for the formation 

mechanisms of CuSx phases in nanopores of OM colloids.  
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2.1.1. Cu-emissions by smelters and coal-power plants  

The study area is a typical smelter impacted area that extends around the city limits of 

Rouyn-Noranda, Quebec, Canada and surrounds the Horne smelter. The ore processed at the Horne 

smelter included sphalerite, pyrite, galena, pyrrhotite, chalcopyrite and magnetite, as well as native 

silver and gold (Kerr & Gibson, 1993) with pyrite, pyrrhotite, chalcopyrite and magnetite 

comprising up to 85% of the mass (Denis, 1933). In the period of 1927 to 1976, the smelter has 

released PM containing Ni, Pb, Zn, Cu and Cd with a peak value of more than 1.5 million metric 

tons in 1965. The implementation of pollution controls in 1970 greatly reduced the annual emission 

of PM (Kettles & Bonham-Carter, 2002). After 1976, the smelter processed predominantly 

electronic waste containing precious metal(loid)s such as Cu. The smelter contaminated soils in 

Rouyn Noranda are comparable to their counterparts in Timmins (Mantha et al., 2019) (Canada), 

Sudbury (Lanteigne et al., 2014) (Canada), Flin Flon (Henderson et al., 1998) (Canada), Anaconda 

(Burt et al., 2003) (USA), Prescot (Clemente et al., 2008) (UK), Harjavalta (Derome & Lindross, 

1998) (Finland), Lommel (Nachtegaal et al., 2005) (Belgium), Krompachy (Bigalke et al., 2010) 

(Slovakia), Veles (Stafilov et al., 2010) (Macedonia), Kitwe (Kříbek et al., 2010) (Zambia), Port 

Kembla (Martley et al., 2004) (Australia) and Hubei (Cai et al., 2019) (China) in terms of Cu 

concentrations but they may contain different types and amounts of emitted particulate matter 

(PM) as those are controlled by the processed ore and smelting methods employed.  

Coal-power plants also emit Cu as Cu-sulfides can occur in elevated concentrations in coal 

(Sullivan et al., 2005). Although the concentrations of Cu in the combusted coal are much lower 

relative to those in Cu-bearing ores, recent studies showed that Cu emissions by coal-power plants 

across the world have a large impact on their surrounding environments and human health (Mandal 

& Sengupta, 2006; Huang et al., 2017; Li et al., 2017; Burachevskaya et al., 2019; Turhan et al., 

2020). 

2.1.2. The environmental fate of PM in soils impacted by smelter emissions 

Soils surrounded by mining sites often contain the contamination footprint of mining 

activities in the form of metal(loid)-bearing PM. The deposition of this PM results in elevated 

concentration levels of metal(loid)s in soil (Schindler & Hochella, 2017). After deposition, the PM 

generally resides in the soil’s surficial layers. Weathering of PM is not only initiated and controlled 

by pore water volume, soil matrix conditions, and environmental conditions such as precipitation 
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rates and temperature but also depends on the mineralogical and chemical composition of PM 

(Ettler, 2016). Weathering of the PM results in the release of metal(loid)s which are often 

sequestered and mobilized by the colloidal soil fraction.  

The environmental fate of PM in smelter-impacted soils is commonly assessed through the 

concentrations of released metal(loid)s, their bioavailability and spatial distribution around the 

source (Adamo et al., 1996; Ettler et al., 2004; Knight & Henderson, 2006; Lanteigne et al., 2012; 

Lanteigne et al., 2014; Qasim et al., 2015). However, the results of these studies can be sometimes 

misleading when it comes to the mobility and bioavailability of metal(loid)s in soils. For example, 

the distributions of Cu and Ni with depth in soils around the smelter complexes in Sudbury suggest 

higher mobility of Cu than Ni, although the former element has a higher affinity to sorb to Fe-

oxides and OM (Schindler et al., 2016). Lanteigne et al. (2012) and (Schindler et al., 2016) showed 

that this apparent higher mobility of Cu than Ni is due to the higher solubility of Cu- versus Ni-

bearing spinel phases in PM. Hence, mineralogical information about metalloid-bearing hosts is 

of great importance for our understanding of the mobility, transport and sequestration of 

metal(loid)s within contaminated soils.  

2.1.3. The ecological impact of Cu emitted by smelters  

The environmental impact of the smelting activities in Rouyn Noranda has been addressed 

in numerous geochemical, mineralogical and biological studies focused on the concentrations and 

speciation of metal(loid)s in soils, lakes, rock coatings, snow samples and biota (Bonham-Carter 

et al., 2006; Knight & Henderson, 2006; Telmer et al., 2006; Zdanowicz et al., 2006; Masson et 

al., 2010; Caplette et al., 2015; Dinis et al., 2020). Studies on the ecological impact of Cu emissions 

were studied for example by Skalny et al. (2018) who showed that children from residential areas 

near a Cu smelter have elevated levels of Cu in their biosamples. Furthermore, Liu et al. (2021) 

showed that 15-75% of the total Cu, Cd and Pb concentrations in vegetables grown in smelter-

impacted soils originated from the Cu smelter emissions. Additionally, Gashkina et al. (2015) 

showed that Cu and other metal(loid)s accumulated in organs and tissues of fish in contaminated 

lakes around a large Cu smelter in Karabash, Russia.  

Elevated Cu concentrations in soil and water bodies can be toxic to humans, animals, plants 

and micro-organism (Alloway, 2012). Cu is needed for normal growth and functioning of the 

human body but can be toxic above a certain threshold (10 mg/day) and can lead to various diseases 
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such as Wilson disease and other free radical-induced oxidative damages (Hayashi et al., 2000; 

Sayre et al., 2000; Liang & Dedon, 2001; Letelier et al., 2010; de Romaña et al., 2011; Gaetke et 

al., 2014). Phytotoxic effects on plants are also common in soils with excess of Cu, which retards 

their growth and cause leaf chlorosis (Sheldon & Menzies, 2005; Kopittke & Menzies, 2006). 

Furthermore, aquatic biota are more sensitive to Cu toxicity compared to terrestrial organisms as 

their toxicological tolerance limit is 10 to 1000 fold lower than in mammals (Hodson et al., 1979). 

For example, Cu toxicity in fish species results in alteration of their growth and reproductive 

system, whereas substantial reduction in algal biomass and shift in algal communities is observed 

with increased Cu concentrations in freshwater lakes (Guasch et al., 2002; Driessnack et al., 2017; 

Morin et al., 2017; Cao et al., 2019).  

2.1.4. Studying mineralogical processes in soils at the nano- and micrometer scale 

The electron beam techniques such as transmission electron microscopy (TEM) and 

scanning electron microscopy (SEM) can be used to explore mineralogical details about 

metal(loid)-bearing phases in soils. For example, Knight & Henderson (2006), Mantha et al. 

(2012), Ettler et al. (2014) and Caplette & Schindler (2018) conducted SEM and TEM studies on 

metal(loid)-bearing PM in soils and rock coatings around smelters in Trail, British Columbia, 

Rouyn Noranda, Quebec and Sudbury, Ontario and Zambian copperbelt. Similarly, SEM and TEM 

studies were conducted on the occurrence of metal(loids) in secondary phases within contaminated 

soils by Buatier et al. (2001), Schindler & Hochella (2017), Schindler & Hochella (2017) and 

Schindler et al. (2021).  

Soil processes and properties at the nanometer scale such as weathering and cohesion affect 

processes at the kilometer scale such as the formation of landscapes and flooding.  Examinations 

at the nanoscale also help explain the mobility of elements in soils as their sequestration and 

adsorption in heterogeneous mineral assemblages cannot be resolved in bulk studies or studies at 

the micrometer scale (Schindler & Hochella Jr, 2016; Schindler & Hochella, 2017; Mantha et al., 

2019). For example, the occurrence of metallic Cu and covellite phases in nanopores of OM 

particles and colloids Mantha et al. (2019) partially explains the observed high affinity of Cu 

towards OM in Cu-contaminated soils, an observation that would have been impossible to make 

at the micrometer-scale with SEM. The disadvantage of nano-scale examination is that observed 

features at this scale are not always representative features for a larger scale geological unit such 
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as a soil layer in a specific area. Hence, this study does not intend to depict a representative 

mineralogy of the colloidal fraction in the contaminated surficial soils of Rouyn Noranda. It rather 

tries to decipher underlying mechanisms for the sequestration of Cu in organic-rich contaminated 

oxic soils.  

2.1.5. Objectives 

Given the uncertainty on the role of colloidal OM in the sequestration of Cu, and the limited 

knowledge on the formation and stability of CuSx phases in the surficial oxic environment, the 

objectives of this study are to examine the role of colloidal OM in the sequestration and transport 

of Cu in the oxic organic-rich soils around the Horne smelter in Rouyn Noranda. It specifically 

examines whether 

(a) The sequestration of the metal(loid)s occurs via the formation of nanoparticles in the 

nanopores of OM colloids;  

(b) The retention of Cu by OM is also controlled by the occurrence of other phases present 

in OM such as Fe-(hydr)oxides, amorphous silica and CaCO3 phases; 

(c) The colloidal transport of metal(loid)s contributes to their cycling in surficial soils;   

Furthermore, we review factors that influence the movement and nucleation of metal(loid)-bearing 

species within nano-porous media.  

In this study, nanopore is defined here as a pore with a diameter below 100 nm (McNaught 

& Wilkinson, 1997) and the term organic matter (OM) is used for HS that are mainly formed 

during the decomposition of organic material. The fraction deposited during centrifugation is 

represented by the term colloidal fraction, the term dissolved organic matter (DOM) is used to 

describe carbon-based aqueous species, the term nanoparticle represents particles that have a 

diameter below 100 nm and particles in solution with diameters in the range of 100 to 1000 nm 

are termed colloids. 

2.2. Methodology 

Knight & Henderson (2006) characterized the regional distribution of metal(loid)s around 

the Horne smelter. On the basis of their study, we sampled twenty-one surficial soil samples (upper 

5 cm) at seven different sites within a two-km radius of the Horne smelter in Rouyn-Noranda in 

the late summer of 2017 (Figure 1). Two to three samples were taken from each site (A-C) (Figures 
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2-2a and 2-2c). On the basis of their distance from the smelter and the Cu- and Zn-concentrations, 

the samples 5A, 7A-B were selected for further characterization (Tables 2-S1 and 2-S2). Site 5  

was located west of the smelter in a forest; the sampled material was a humus-rich surficial soil 

(Figures 2-1 and 2-2a). Site 7 was located north-east of the Horne smelter and the soils were 

collected from Ahgy soil layers (Figures 2-1, 2-2b, 2-2c and 2-S1). None of the surficial soil 

samples were collected in proximity to surficial waters (at least 50 m from the nearest lake 

shoreline, river bank or wetland) and thus were most likely only water-saturated during the spring 

thaw. The chemical and mineralogical compositions of the soil samples were characterized with 

 

Figure 2-1: Map of study area surrounding the Horne smelter (white dashed lines) with red 

dots representing the locations of the seven sampling sites. The inserted image indicates the 

location of Rouyn Noranda within Quebec, Canada. 
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ICP-MS for Ag, Co, Cu, Pb, Sb, Sn and Zn, C-N-S analyzer for C, N and S (Tables 2-S1, 2-S2, 

2S-3, 2-S4 and 2S5) and X-ray powder diffraction for mineral phases, respectively (Figure 2-S2). 

 

Figure 2-2: Photographs of the organic-rich soils sampled at the locations (a) 5A, (b) 7A and 

(c) 7B; (d) schematic sketch showing the leaching experiment setup. 

 

The soil leachates were collected through column leaching experiments from the soil 

samples 7A, 7B and 5A (Figure 2-2d). The colloidal fraction was then extracted from leachates 

using ultra-centrifugation and filtration process, and then further characterized with TEM. ICP-

MS analysis was performed on the leachate fraction after acidification (to determine the total 

concentrations of the metal(loid)s) and a centrifuged/filtered (0.1 μm) leachate (to determine the 

concentrations of the metal(loid)s in solution). The size distribution of the colloids was determined 

with a dynamic light scattering method and the TEM analysis was conducted with a field emission 

TEM FEI Talos F200x at the Manitoba Institute of Materials. Technical details for each type of 

analysis is provided in the materials and methods section in the Appendix A (Supplementary 

information).  
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2.2.1. Identification of metal(loid) bearing phases with TEM and STEM.  

The metal(loid)-bearing phases in the colloids were identified based on a combination of 

d-spacings observed in selected area diffraction (SAED) pattern and high-resolution TEM 

(HRTEM) images (in combination with FFT pattern) and semi-quantitative chemical analyses 

determined with energy dispersive spectroscopy (EDS) analyses in Scanning TEM mode. An 

example for the identification of a covellite precipitate using chemical analyses and SAED pattern 

are provided in Figure 2-S3. In the absence of any structural information (no diffraction spots in 

SAED pattern or lattice fringes in HRTEM images), phases within OM colloids are named based 

on their chemical composition (e.g. Cu-Fe-sulfide or Al-silicate).  

2.2.2. Characterization of textural features with STEM 

In STEM mode, transmitted beam electrons that have been scattered through a large angle 

are detected using a high angle annular dark field (HAADF) detector and are used to generate 

three-dimensional images that provide information on textural features such as surface topography 

and porosity. These images help to distinguish for example surface precipitations (Figure 2-3e) 

from the occurrence of mineralogical phases within a colloid (Figure 2-3g) or can be used to 

resolve the porosity of organic colloids (Figures 2-3a, 2-3b, 2-3c, 2-3d and S4).  

2.3. Results 

2.3.1. Bulk Soil Chemistry and Mineralogy 

Only samples used in the leaching experiments are described here in detail. Sample 5A is 

a black, organic, fibric and mineral-rich layer with litter on top, its color code 10YR [2/1] (dry) 

and its pH 4.74 (Figure 2-2a). Sample 7A is composed of a brown thin litter of fibric mineral layer 

over a light reddish-brown organic layer. Its color code 7.5YR [4/2] (dry) and has a pH of 4.39 

(Figure 2-2b). Sample 7B mostly represents black humus, has color code 5YR [2.5/1] (dry) and 

pH of 3.84 (Figure 2-2c). All these samples contain Cu, Zn and Pb concentrations above the 

average of all collected samples (Table 2-S2).  

The samples contain high amounts of OM (total C ≥ 22%, Table 2-S1) and are primarily 

mineralogically composed of quartz (SiO2), albite (NaAlSi3O8) with traces of magnesioferrite 

(MgFe2O4), protoenstatite (Mg2Si2O6), magnetite (Fe3O4) and clinochlore Mg5Al(AlSi3O10)(OH)8 

(Figure 2-S2).  
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Figure 2-3: Morphology of organic colloids: (a and c) STEM images and (b and d) STEM-

EDS chemical distribution maps for C (green); (a) Large pores or porous zones are visible 

within organic colloids (highlighted with white dashed lines). (c) STEM image and (d) 

STEM-EDS chemical distribution maps for C (green); Nanopores are visible within organic 

colloid. (e) STEM image and (f) STEM-EDS chemical distribution map for O (blue), C 

(green) and Ca (turquoise); Calcium carbonate precipitate on the surface of organic colloid 

indicated by high relief (white dashed lines in (e). (g) STEM image and (h) STEM-EDS 

chemical distribution map for C (green) and Cu (red); Cu-sulfide precipitates embedded 

within organic colloid as indicated by no surface relief in (g). 

 

2.3.2. Size and Morphology of the Colloidal Material 

The colloids have an average size of 500 nm (TEM data) with particle size being normally 

distributed between 200 and 1000 nm (Figure 2-S5). Many organic colloids are highly porous 

(Figures 2-3 and 2-S4).  Areas of high porosity commonly occur in close proximity to the exterior 

surfaces of the colloids but can also extent toward their interior, especially along cracks (Figures 

2-3 and 2-S4). Nanopores are more abundant than microspores (indicated with dashed lines in 

Figures 2-3c and 2-S4), which themselves are composed of nanopores.  

 

Surface precipitates on organic colloids can be recognized on their high relief in STEM 

images, whereas metal(loid)-bearing phases embedded within colloids show low reliefs in STEM 
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images. For example, the occurrence of a calcium carbonate (highlighted with white dashed line) 

on the surface of an organic colloid can be easily recognized on its relief in the STEM image 

(Figures 2-3e and 2-3f), whereas precipitates of covellite mineral grain embedded within a colloid 

has in comparison a much lower relief in a STEM image (Figures 2-3g and 2-3h).  

2.3.3. Mineralogy and Chemistry of the Colloidal Material 

The majority of colloids host metal(loid) bearing phases in their nanopores or on their 

surfaces, which are predominantly composed of Cu-sulfides, Cu-Sn-sulfides, Fe-(hydr)oxides and 

Fe-Cr-sulfates.  

2.3.3.1. Cu and Fe sulfide phases within OM 

Copper sulfides nanoparticles (CuSx with x = 0.5-2) are common constituents in OM colloids and 

are not identified in inorganic-based colloids, composed of e.g. Fe-(hydr)oxides or calcium 

carbonates. CuSx phases such as covellite (CuS), villamaninite (CuS2) and anilite (Cu7S4) were 

identified on the basis of their composition, SAED pattern and lattice fringes visible in high-

resolution TEM images (Figures 2-4, 2-5, 2-6, 2-7 and 2-8). STEM images indicate that CuSx 

phases are embedded in the matrix of OM colloids (Figures 2-4, 2-5, 2-6, 2-7 and 2-8). Hence, 

lattice fringes of their precipitates are only visible in small nanosize domains where the thickness 

of the OM does not exceed circa 100 nm (indicated with dashed lines in the Figures 2-4, 2-5, 2-6, 

2-7, 2-8 and 2-9). The STEM images also indicate that these CuSx precipitates have various 

morphologies, porous surfaces and diffuse particle boundaries (Figures 2-4, 2-5, 2-6 and 2-7). For 

example, a cluster of CuSx nanoparticles occurs between CuSx-rich layers, in which the mineral 

villamaninite (CuS2) is sandwiched between two covellite nanoparticles with lattice fringes in the 

same orientation (Figure 2-4). Here, CuSx-rich layers are parallel to each other and parallel to OM 

depleted in CuSx phases (Figure 2-4). In general, OM colloids can contain multiple (Figure 2-4) 

or individual CuSx-rich layers (Figure 2-5). In some cases, the layers are branched (Figures 2-5a, 

2-5b and 2-5c) or show uneven surfaces (Figures 2-5d, 2-5e and 2-5f). 

 CuSx phases also occur along the rims of OM colloids (Figures 2-6, 2-7 and 2-8), where 

they can be in association with amorphous silica inclusions (Figures 2-7 and 2-8). For example, 

the CuSx phases (covellite (CuS) and anilite (Cu7S4,)) occur within a circa 10 nm wide area along 

the rim of an OM colloid (Figure 2-6). Heterogeneous nucleation and growth of covellite and 

kuramite (Cu3SnS4) occurred on silica inclusions within OM colloids where nano-crystallites with 

diameters of 20-40 nm sandwich larger amorphous silica inclusions (Figures 2-7 and 2-8).  



26 
 

 

 

Figure 2-4: CuSx rich layers of colloidal OM: (a) STEM image and (b)-(c) STEM-EDS 

chemical distribution maps for (b) C (green) and Cu (red) and (c) C (green) and S 

(yellow); the area shown in (d) is indicated with a white rectangle in (b) and (c); (d) 

high-resolution TEM image of a CuSx cluster composed of covellite (Cv) and 

villamaninite (Vm), characteristic d-spacing of 2.97Å for Cv is highlighted with white 

lines and d-spacings of 2.89 Å and 2.35 Å for Vm are labelled “1” and “2” in the FFT 

pattern shown in the lower-left corner. 
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Figure 2-5: CuSx rich branched layers of OM: (a)-(f): (a) STEM image, (b) STEM-EDS 

chemical distribution map for Cu (red) and C (green) and (c) high-resolution TEM 

image of villamaninite/anilite (Vm/An) within organic colloid; lattice fringes are visible 

in domains (dashed lines) and their d-spacings of 2.30 Å and 2.38/2.39 Å are highlighted 

with white lines; (d) STEM image and (e) STEM-EDS chemical distribution maps for 

Cu (red), C (green) and Fe (blue) and (f) high-resolution TEM image of covellite (Cv), 

lattice fringes with d-spacings of 2.83/2.81 Å and 2.32 Å are highlighted with white 

lines in domains composed of Cv; note that that the intensity for C (green) in the 

chemical distribution in (e) is affected by the thickness of the sample. 
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Figure 2-6: CuSx phases along the rim of organic colloids: (a) STEM image, (b) STEM-

EDS chemical distribution map of Cu (red), C (green) and S (blue) and (c) high-resolution 

TEM image; d-spacings of lattice fringes of 2.83 Å and 1.81 Å in domains of Cv and An 

(white dashed line in (c)) are indicated in FFT pattern in (c) and (d), respectively. 
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Figure 2-7: Covellite (Cv) nanoparticles on the surface of an amorphous silica inclusion: 

(a) STEM image, (b)-(c) STEM-EDS chemical distribution map for (b) Cu (red), C 

(green) and Si (light blue) and (c) S (yellow) and O (violet), (d)-(f) High-resolution TEM 

images with corresponding FFT pattern; (e) lattice fringes in the Cv nanoparticles (dashed 

white lines) are highlighted with solid white lines and corresponding d-spacings are 

shown in the FFT pattern in (d) and (f). 
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Figure 2-8: Kuramite, Cu3SnS4 nanoparticles grown on the surface of amorphous silica 

within an organic colloid: (a) STEM image, (b)-(d) STEM-EDS chemical distribution 

map for (b) Cu (red) and Sn (blue) and (c) C (green) and (d) S (yellow) and Si (violet), 

(e)-(f) high-resolution TEM images indicating lattice fringes (highlighted with solid-

white lines) in nano-domains (white dashed); the d-spacing of ~3.1-3.15 Å match the 

strongest X-ray diffraction peak (100) reported for kuramite. 

 

2.3.3.2. Cu-bearing Fe-(hydr)oxide and –sulfates within and outside of OM 

 Fe-(hydr)oxides can form fragmented aggregates within porous OM colloids (Figure 2-

9). Partial coverage of the aggregates by OM (Figures 2-9a and 2-9e) indicates that the Fe-

(hydr)oxides are embedded within the OM rather than being part of a surface precipitate. These 

aggregates and the surrounded organic matrix contain higher concentrations of Cu (~12 wt%) 

(Figure 2-9b) than the corresponding bulk soil from site 7A with 0.27 wt% Cu (Table 2-S1). In the 

Fe-(hydr)oxide aggregates occur domains with visible lattice fringes and with diameters of circa 

10 to 60 nm. The d-spacings of the lattice fringes suggest the occurrence of ferrihydrite and 

hematite, whereby the d-spacings of 4.0 Å and 3.6 Å (not observed for ferrihydrite) indicate the 
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exclusive occurrence of hematite (Figures 2-9d and 2-9h). For example, domains of most likely 

ferrihydrite and hematite form an aggregate with an outline depicting rhombohedral symmetry 

(Figure 2-9d). The heterogeneous distribution of Cu, as well as Si within and around this aggregate, 

indicates that these elements did not accumulate on the organic-based surface of the colloid during 

sample preparation as in such case a more homogeneous distribution of Cu and Si would be 

expected (Figures 2-9b and 2-9f). Similarly, a complex assemblage of Fe-Cr-sulfates, 

(Fe0.5Cr1.5)(SO4)3 - (Fe1.0Cr1.0)(SO4)3 and ferrihydrite/hematite domains occur in an OM colloid, 

which has a higher Cu concentration (~ 8 wt% Cu) relative to the corresponding bulk soil at site 

7B with 0.38 wt% (Figures 2-9e, 2-9f, 2-9g, 2-9h and Table 2-S1). The Fe-Cr-sulfates are 

heterogeneous in composition and size with Fe:Cr ratios between 1:2 and 1:1 (solid solution 

between mikasaite, Fe2(SO4)3 and Cr2(SO4)3) and with particle sizes ranging from >70 nm to 10-

15 nm (Figure 2-S6). These anhydrous Fe-Cr-sulfates commonly form above room T in volcanic 

fumaroles (Balić-Žunić et al., 2016), whereas hydrous phases such as melanterite FeSO4·7H2O 

and rozenite, FeSO4·4H2O are typical evaporation products of Fe3+-sulfate bearing solutions (Xu 

& Parise, 2012).  

 Copper-bearing Fe-(hydr)oxides also occur outside of OM colloids. For example, 

hematite nanoparticles with well-defined edges, and without any visible porosity or fragmentation 

occur in the colloidal fraction (Figure 2-10). These can include almost euhedral Cr-rich hematite 

nanoparticles (part of the Fe2O3-Cr2O3 solid solution) (Figures 2-10a, 2-10b, 2-10c, 2-10d and S7) 

and hematite nanoparticles with elevated concentration of Cu (8-9 wt%) (Figure 10d-f). In general, 

colloids composed solely of Fe-(hydr)oxides, are enriched in Cu (8-9 wt%) relative to their 

corresponding bulk soils ( Table 2-S1).  
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Figure 2-9: (a)-(h) Assemblages of ferrihydrite (Fh) and hematite (Hem) within organic 

colloids containing on average 10 wt% Cu; (a)-(d) fragmented assemblage of Fh and Hem 

nanodomains: (a) STEM image, (b)-(c) STEM-EDS chemical distribution maps for (b) Fe 

(blue) and Cu (red) and (c) Fe (blue) and Si (yellow) and (d) high-resolution TEM image 

of an aggregate indicating lattice fringes (highlighted in solid white line) within a 

fragmented assemblage of Fh and Hem nanodomains; (e)-(h) ferrihydrite (Fh) and hematite 

(Hem) nanodomains in association with (Fe0.5Cr1.5)(SO4)3-(Fe1.0Cr1.0)(SO4)3  within an 

organic colloid (e) STEM image, (f) STEM-EDS chemical distribution map for Cu (red) 

Fe (blue) and C (green), (g)-(h) high-resolution TEM images indicating characterizing 

lattice fringes (highlighted with solid white lines) within nanodomains of Fh and Hem; all 

d-spacings are given in Å. 
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Figure 2-10: (a)-(c) Almost euhedral Cr-bearing hematite (Hem) nanoparticles containing 

clusters of Cu around edges ( 9 wt% Cu): (a) STEM image, (b)-(c) STEM-EDS chemical 

distribution maps for (b) Fe (blue), Cr (yellow) and C (green) and (c) Cu (red) and Fe 

(blue); (d)-(f) euhedral hematite (Hem) crystal in the colloidal fraction containing 8 wt% 

Cu: (d) STEM image, (e) STEM-EDS chemical distribution map for Cu (red), Fe (blue) 

and C (green) and (f) high-resolution TEM image indicating characteristic lattice fringes 

for Hem (highlighted with solid white lines). 

 

2.3.3.3. Cu-bearing carbonates and phosphates in OM colloids 

OM colloids derived (most likely) from former bacterium cells (indicated by presence of 

distinct round nuclei of phosphorus and magnesium (Figure 2-S8), which are characteristic of 

bacterium cells) also occur in the leachates (Figure 2-11). One of these colloids contains 

(unidentified) calcium carbonate phases (Figure 2-11a and 2-11b), Cu-bearing nanoparticles and 

Ca-Mg-phosphate (Figure 2-11 and 2-S8). The occurrence of the Cu-bearing nanoparticles in the 

organic matrix coincides here with those of the carbonates and phosphates (compare Figures 2-
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11c and 2-11d). The CaCO3 particles occur as euhedral crystals of rhombohedral symmetry (most 

likely calcite), suggesting that they are formed during biogenic crystallization processes (Dupraz 

et al., 2009; Perito & Mastromei, 2011). Their relatively high porosity (Figure 2-10e) indicates 

that they were altered at a later stage, perhaps through the interaction with Cu-bearing pore 

solutions.    

 

Figure 2-11: Calcium carbonate mineralized (Cc) colloidal phases in a porous matrix of 

an organic colloid containing on average 4 wt% Cu: (a) STEM image, (b) TEM image, 

(c)-(d) STEM-EDS chemical distribution map for (c) O (blue), C (green) and Ca (light 

blue) and (d) Cu (red) and P (yellow); an euhedral calcium carbonate crystal shown in 

(e) is indicated with a white square in (a); (e) STEM image of the euhedral crystal 

indicated in (a) and (f) corresponding STEM-EDS chemical distribution map for O 

(blue), C (green) and Ca (light blue).   

 

2.3.4. Proportion of metal(loid)s in the colloidal versus solute fraction of the leachate 

 Chemical analysis of the leachates indicates that the Cu-Fe-sulfides bearing colloids have 

a considerable impact on the colloidal transport of Cu as the proportion of Cu in the colloidal 



35 
 

fraction of the leachates ranges from 20 to 40% with respect to the total concentration of Cu 

(Tables 2-S4 and 2-S5, Figure 2-S9). The total concentrations of Cu in the leachates range from 

8000 to 20000 µg L-1 (Table 2-S4). Similarly, the proportions of other base metals such as Cd, Fe, 

Mn and Zn in the colloidal fraction of the leachate are also in the 20 to 40% range (Table 2-S4, 

Figure 2-S9), although their total concentrations in the leachate are much lower relative to those 

of Cu (Table 2-S4).  

2.4. Discussion 

The atmospheric deposition of metal(loid)-bearing PM emitted from a smelter or 

windblown from mine-waste piles severely deteriorates the quality of water and soil systems and 

also has negative repercussions for human health (Freedman & Hutchinson, 1980; Adamo et al., 

1996; Leverington & Schindler, 2018). At Rouyn Noranda smelter emissions are considered the 

primary source of metal(loid)-bearing contaminants in surficial soils based on the general trend of 

decreasing metal(loid) contamination in surficial soils with increasing distance from the smelter 

and their corresponding distribution patterns (Knight & Henderson, 2006) (Table 2-S1). The 

observations above indicate that metal(loid)s released and deposited by smelter emissions are an 

intrinsic part of the colloidal fraction in organic-rich soils of Rouyn Noranda. The mineralogy in 

the colloidal fraction is characterized predominantly by the occurrence of Fe-(hydr)oxides (Figure 

2-9 and 2-10) and CuSx phases (Figures 2-4, 2-5, 2-6, 2-7 and 2-8). We will first discuss these two 

groups of minerals before addressing the formation of phases within nanopores of OM.  

2.4.1. CuSx phases 

The chalcophile character of Cu has led to a large variety of CuSx minerals with 

chalcopyrite (CuFeS2) being the most abundant (Amcoff & Holényi, 1992). The thermodynamic 

stability of a CuSx mineral is controlled by the total concentration of S and the type of sulfur 

species. For example, experimental studies indicate a shift in stability of CuSx phase with 

increasing sulfur concentration: at low sulfur concentration, sulfur deficient phases such as 

chalcocite (Cu2S) form followed by numerous intermediate phases and the sulfur-rich phases 

covellite and villamaninite at high sulfur concentration (Amcoff & Holényi, 1992). Hoffmann et 

al. (2020) showed that the stability of CuSx nanoparticles under anoxic and oxic conditions 

decreases in the presence of FA as these acids (a) hinder the growth of CuSx nanoparticles, (b) 

prevent their aggregation and (c) plays an active role in their oxidative dissolution.   
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Covellite is the major Cu phase in OM colloids (Figures 2-4, 2-5, 2-6 and 2-7) and its 

occurrence is in accord with the observations of Mantha et al. (2019) and others on the occurrence 

of sulfides in surficial organic-rich soils (Zdanowicz et al., 2006; Lanteigne et al., 2012). Mantha 

et al. (2019) argued that the formation of covellite nanoparticles in the OM colloids could not be 

attributed to the breakdown of larger micrometer-sized covellite particles as the mineral was not 

identified outside the OM in the surficial soils around the Kidd Creek smelter. Similarly, this study 

showed that covellite precipitates are always embedded in OM colloids of the surficial soils around 

the Horne smelter.  

The occurrence of CuSx phases in the surficial soils at Rouyn Noranda and Kidd Creek 

indicates high concentration of sulfide species (HS-/S2-) in nanopores of OM. Furthermore, the 

occurrence of different CuSx phases in close proximity to each other (at the nanoscale; Figures 2-

4, 2-5 and 2-6) suggests that disequilibria occurred between nanopores and between these pores 

and the oxidizing conditions of the surrounding bulk soil. The reason for these disequilibria may 

be related to unique conditions in nanopores, identified in numerous experimental studies (Wang, 

2014). For example, Schindler & Singer (2017) indicated that mineralogical phases comprising of 

both As(III) and As(V) species occur in close proximity to each other in pore spaces of mineral 

surface coatings and argued that limited flow potentials created confined environments which most 

likely promoted the formation of various As phases. Some of these conditions and how these affect 

nucleation and stability phases will be addressed later. 

2.4.2. Fe-(hydr)oxides  

The weathering of bedrocks contributes primarily to the Fe-budget of soils, although PM 

added a considerable amount of Fe to the surficial soils in Rouyn Noranda. Dissolution-

precipitation processes, physico-chemical parameters (oxygen concentration levels and pH), 

complexing DOM and microbial activity primarily control the release and mobilization of Fe in 

surficial soil environments (Cornell & Schwertmann, 2003).   

Iron-(hydr)oxide phases such as ferrihydrite and hematite occur within and outside OM in 

the colloidal fraction (Figures 2-9 and 2-10). Ferrihydrite, (Fe3+
10O14(OH)2) is a nanocrystalline 

phase, contains variable amounts of hydroxyl groups and is a widely distributed phase in the near-

surface, low-temperature environment (Janney et al., 2000; Cornell & Schwertmann, 2003; Boily 

& Song, 2020). Hematite (Fe2O3) is stable under a wide range of thermodynamic conditions in the 

bulk environment and is usually formed as a result of the transformation of earlier-formed 
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ferrihydrite (Guo & Barnard, 2013). Schindler et al. (2019) showed that the aggregation of 

ferrihydrite nanoparticles promotes their transformation into hematite. This process may have 

occurred in the colloid depicted in Figure 2-9d, which contains most likely domains composed of 

hematite and ferrihydrite. The observations above show that Fe-(hydr)oxides in and outside of OM 

colloids often contain higher concentrations of Cu than the bulk soils. This close association of Fe-

(hydr)oxides and Cu is in accord with spectroscopy data, which showed a close association of Cu 

and Fe even in organic-rich soils (Smith, 1999; Li et al., 2006; Strawn & Baker, 2007; Grover et 

al., 2012; Thomasi et al., 2015). It is also in accord; however, with the observation that Cu is 

enriched in the organic fraction of the soil (Mantha et al., 2019), as both, Cu and Fe-(hydr)oxides 

can be part of the organic fraction. These observations recorded at the nanometer scale show 

specifically that TEM of individual OM- colloids or particles is a valuable complementary 

analytical technique to sequential extractions and spectroscopy studies, especially when the results 

obtained by these techniques contradict each other (Li et al., 2006; Strawn & Baker, 2007; Thomasi 

et al., 2015).  

2.5. Model of formation of CuSx and Fe-(hydr)oxides in nanopores of organic colloids 

The mass flux of Fe and Cu and the nucleation and stability of the CuSx and Fe-hydr(oxide) 

phases in the colloidal OM may have been controlled by the following processes and steps:   

I. Adsorption 

Although TEM and STEM cannot distinguish between adsorbed and incorporated Cu- and 

Fe-species, adsorption of these species played most likely a fundamental role in the nucleation of 

the observed phases in nanopores of the OM colloids (Figures 2-3, 2-4, 2-5, 2-6, 2-7, 2-8, 2-9, 2-

10 and 2-11). Adsorption of Fe, and Cu aqueous species on the surface of the OM colloids was 

most likely promoted by electrostatic attractions as Fe- and Cu aqueous species, including 

protonated Fe(HS)+ and Cu(HS)+ species (Thompson & Goyne, 2012) as these are positively 

charged under weakly acidic conditions and OM colloids (PZC  2-3) and DOM species are 

commonly negatively charged (Kretzschmar & Schafer, 2005).  

Additionally, the adsorption of positively-charged Cu- and Fe-species on OM colloids 

under weakly acidic conditions potentially reversed the charge of the OM, which then promoted 

the adsorption of anionic aqueous species such as (SO4)
2-, HS- and polynuclear FeSx and CuSx 

species (Tiberg et al., 2013; Schindler et al., 2016). Similarly, adsorption of HS on positive-
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charged surfaces of Fe-(hydr)oxide colloids (PZC values > pH 7)  might have partially reversed 

their surface charges and subsequently promoted the adsorption of positive-charged Cu aqueous 

species (Li et al., 2006; Li et al., 2007; Antelo et al., 2010; Tiberg et al., 2013; Fink et al., 2016).  

Figures 2-7 and 2-8 show that the nucleation of Cu-sulfide phases in OM was controlled 

by the presence of silica inclusions. Silicification of OM is a common process in soils and is 

initiated by the adsorption of silicic acid to hydroxyl groups in holoocellulose and ligins, which 

are structural components of plants vascular tissue (Mustoe, 2017).  

II.  Development of porosity  

The rate of mineralization of OM by inorganic phases such as Fe-(hydr)oxides (Figures 2-

9 and 2-10), amorphous silica (Figure 2-6 and 2-7) and Ca-carbonates and phosphates (Figure 2-

11) controls the carbon budget of soil (Zhang & Zhou, 2018). Mustoe (2017) showed that the 

exterior surface of OM is mineralized first and that mineralization proceeds towards the interior 

of OM along cracks. The mineralization of OM follows here the same principle as a mineral 

replacement reaction (Figures 2-3, 2-4, 2-5, 2-6, 2-7, 2-8, 2-9, 2-10 and 2-11). During a mineral 

replacement reaction, dissolution-precipitation reactions occur along the interface between the 

dissolving (parent) and the replacing phase (daughter) (Putnis, 2015). The mass exchange 

between the interface and the bulk solution thus requires the development of porosity in the 

daughter phase; this process leads to generation of porosity in organic colloids (Figures 2-3 and 

2-S4). In addition, the decomposition of OM through abiotic- and biotic-controlled oxidation 

processes result also in the formation of porosity (Modica & Lapierre, 2012), which may be 

recognized on the occurrence of nano- and micropores along the edges of colloids with low 

degrees of mineralization (Figure 2-6).  

These considerations are in accord with the occurrence of CuSx phases/species along the 

edges of the colloids (Figure 2-5) and their association with Fe-(hydr)oxides (Figure 2-9), 

amorphous silica (Figure 2-7) and Ca-carbonates and phosphates (Figure 2-11). The porosity most 

likely promoted the diffusion of Cu, CuHS+ and HS- species into the OM matrix and provided the 

necessary spaces for the nucleation of covellite, villamaninite, anilite, kuramite and unidentified 

Cu-nanoparticles (Figures 2-4, 2-5, 2-6, 2-7, 2-8 and 2-11).  
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III. Nucleation  

Experimental and simulation studies indicate that nucleation of crystals preferentially 

occurs in regions of higher supersaturation within a matrix, which are usually areas of initial fluid 

penetration (Noiriel et al., 2016; Fazeli et al., 2020). Furthermore, pore size can limit or promote 

nucleation of phases within an OM matrix as the physical limitations of a pore control the size of 

a nucleus, which, in turn, controls the solubility of the nucleus itself; i.e. the smaller the nucleus 

the larger its surface energy and solubility (Stack, 2015). In this regard, the Pore Controlled 

Solubility (PCS) model states that a higher supersaturation is required to induce heterogeneous 

nucleation in a smaller than larger pore (or bulk fluid) (Putnis, 2015). Hence, nucleation of a phase 

at a given degree of intrinsic supersaturation may be inhibited in a smaller, but can occur in a larger 

nanopore. Furthermore, Stack et al. (2014) showed that the occurrence of polar functional groups 

along pore walls can enhance nucleation, suggesting that favorable surface chemistry can promote 

nucleation, even in nanopores. These observations are in accord with the occurrence of CuSx 

phases in relatively larger pore spaces, which occur in close proximity to the more porous exterior 

surfaces of the colloids (Figures 2-6, 2-7 and 2-8).    

The chemical composition of a pore wall and thus its polar character can not only induce 

nucleation, but it can be also actively involved in chemical reactions such as redox processes. For 

example, oxidized and reduced HA and FA functional groups in the OM matrix can be active redox 

centers (Akaighe et al., 2011; Fulda et al., 2013). Phenolic, hydroxyl and carboxylic groups of OM 

can induce a reduction of Fe-oxide phases via electron shuttling (Sansom & Biggin, 2001; Hyun 

et al., 2007). This process is also observed for other metal(loid)s such as Cu, where electron 

transfer reactions induced by redox-active natural OM result in the extensive formation of Cu+ and 

metallic Cu (Maurer et al., 2013). These observations suggest that the polar character of pore walls 

in and on the surface of OM (reduced  HA and FA groups) induced reduction of oxidized Cu and 

S species and enhanced nucleation. The Cu species mostly nucleated as sulfide phases such as 

covellite (Figures 2-4, 2-6 and 2-7) in which the oxidation state of Cu is +1. In this regard, the 

absence of CuSx phases outside OM suggests that reduced organic functional groups specifically 

promoted the formation and enhanced stabilization of reduced S-species within the OM colloids. 

This conclusion is in accord with the formation of CuSx nanoparticles on the surface or interlayer 

of reducing Fe-bearing minerals such as magnetite (Mantha et al., 2019) and metallic Cu in the 

interlayer of Fe2+-bearing clay minerals (Ahn et al., 1997). However, the presence of the sulfates 
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Fe2(SO4)3 and Cr2(SO4)3 (Figure 2-S6) within the colloidal OM indicates that not all Fe3+ and 

sulfate (S6+) species were reduced within OM and thus nucleated in the form of Fe3+-sulfates.  

The heterogeneous nucleation of covellite on silica inclusions in OM (Figure 2-7) suggests 

that silica stabilized and aided in the formation of covellite nanoparticles, in accord with the 

observed growth of covellite nanoparticles on glass surfaces during synthesis experiments (Yadav 

& Bajpai, 2018). The nucleation of covellite nanoparticles on the surface of silica inclusions in the 

OM (Figure 2-7) may have been promoted by the presence of hydrophilic functional groups on the 

surfaces of silica inclusions, which, in contrast to the hydrophobic sites in the OM, promoted the 

nucleation of covellite nanoparticles on these hydrophilic functional groups (Wang et al., 2019).  

Other matrix effects affecting nucleation and adsorption of Cu species might have been the 

heterogeneous distribution of hydrophobic/hydrophilic or oxidized/reduced functional groups. For 

example, the parallel-elongated Cu enriched areas in an OM matrix of homogenous porosity 

(Figures 2-4 and 2-5a) might have been the result of a higher proportion of hydrophobic groups in 

localized bands, which promoted either the diffusion, adsorption, or nucleation of Cu-species and 

phases. However, these bands may also be explained with the Ostwald-Liesegang hypothesis. This 

hypothesis is used to explain the formation of Liesegang rings, which are banded growth features 

observed in silica-gel experiments, sedimentary rocks and solid-gaseous systems. The formation 

of these bands has been proposed to occur through various models (Hantz, 2006; Ramírez-Álvarez 

et al., 2016) based on crystal growth, nucleation, reaction and diffusion but Ostwald’s pre-

nucleation theory is the basic component of most of these models. The Ostwald-Liesegang 

hypothesis states that supersaturation and subsequent nucleation in a homogenous matrix occurs 

in localized bands which causes depletion of reactants and thus the lowering of supersaturation 

levels in the surrounding pore spaces (DeCelles & Gutschick, 1983; Steefel, 2008). This might 

relate to the occurrence of alternating Cu-rich zones in organic colloids (Figures 2-4 and 2-5).  

IV.  Phase stability 

 The thermodynamic stability of nanoparticles is shifted with the decrease in particle size 

and is mostly governed by the surface interactions due to unique physico-chemical properties at 

the nanoscale (Navrotsky, 2003; Chernyshova et al., 2007; Guo & Barnard, 2013). Hence, there is 

a crossover in surface free energy between phases stable at the bulk scale and those more stable at 

the nanoscale. For example, Navrotsky et al. (2008) determined the surface energy vs surface area 
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relationship for Fe-(hydr)oxides using dissolution enthalpies (approximated for ferrihydrite due to 

its variable chemical composition) and showed that akaganeite (β-FeOOH) becomes the most 

stable Fe-hydroxide with decreasing particle size. Pore-size controlled solubility and its control on 

the size of nucleus might have affected nucleation in the OM colloids as all the observed Fe-

(hydr)oxide and CuSx nanoparticles, clusters and layers have average diameters above 15 nm 

(Figures 2-4, 2-5, 2-6, 2-7, 2-8 and 2-9). However, the stability of the observed Fe-(hydr)oxides 

was most likely also affected by the presence of adsorbed silica species (Figure 2-9c) and DOM 

species in the OM colloids (Figure 2-10e). The co-existence of ferrihydrite and hematite (Figure 

2-9) suggests that ferrihydrite formed first due to its lower surface energy and transformed later 

into the more stable phases such as hematite. This conclusion is also in accord with the 

observations by Schindler et al. (2019), who showed that hematite forms during the aggregation 

of ferrihydrite nanoparticles during the alteration of volcanic glass.  

 Silica species attached to the surface of ferrihydrite could have suppressed its 

transformation into the more stable Fe-(hydr)oxide phases such as goethite and hematite (Figure 

2-9) (Rzepa et al., 2016). This suppression effect is controlled by Fe-O-Si surface terminations 

which impede crystal growth (Zhao et al., 1994). The presence of Si also hampers the 

rearrangement and structural ordering of particles, resulting in the need of higher temperatures for 

the transformation of ferrihydrite into, for example, hematite (Rzepa et al., 2016). Similarly, the 

transformation of ferrihydrite into goethite and hematite might have been suppressed through 

adsorbed HA or FA species or through the formation of organic coatings on their surface (Chen et 

al., 2015).  

The stability of the CuSx nanoparticles (Figures 2-4, 2-5, 2-6, 2-7 and 2-8) in the OM was 

most likely controlled by high concentration of sulfide species within the OM as the latter species 

lead to the stabilization of CuSx phases with respect to metallic Cu (Amcoff & Holényi, 1992). 

This is in accord with observations by Weber et al. (2009), who showed that in a sulfide-free 

reduced environment, the absence of chelators cannot prevent the disproportionation of Cu1+, and 

thus the formation of metallic Cu. The reaction of metallic Cu nanoparticles with reduced sulfur 

species, present as biogenic sulfides in flooded soils, most likely resulted in the formation of Cu-

sulfide nanoparticles in these environments. Hence, the CuSx phases in the OM colloids most likely 



42 
 

formed in nanopores with a high content of sulfide species stabilizing Cu+1 against its 

disproportionation.  

2.6. The role of colloids in metal(loid)s transport  

The literature on the colloid transport and mobilization models is very comprehensive and 

gives insights into the various factors that control the colloid-metal(loid) interactions and colloid 

mobilization (Roy & Dzombak, 1996; Khilar & Fogler, 1998; Citeau et al., 2003; Kretzschmar & 

Schafer, 2005; Sen & Khilar, 2006; Pédrot et al., 2008; Matura et al., 2012; Xia et al., 2018; 

Hoffmann et al., 2020). These studies indicate that movement of colloids and their role in the 

metal(loid) transport depends on the physico-chemical conditions induced by the land use and soil 

type such as clay mineralogy, water saturation, flow velocity and aqueous solution composition 

(ionic strength, pH and redox potential). 

The majority of the colloids observed in this study are OM-based (n =62) and have high 

potential to mobilize the metal(loid)s as also evident from previous studies (Pokrovsky et al., 2006; 

Dahlqvist et al., 2007; Pédrot et al., 2008). Based on the sample size in this study, our data has; 

however, limited statistical representation but provides valuable insights into the colloidal OM-

metal(loid) interactions at the nanoscale. 

2.7. Conclusions 

Our study shows the importance of nano-scale techniques in the characterization of Cu-

bearing colloids in organic-rich soils impacted by smelter and coal-power plant emissions. These 

soils occur in many countries around the world such as in Lommel (Horckmans et al., 2006), 

Belgium; Anaconda (Burt et al., 2003), United States; Prescot (Clemente et al., 2008), United 

Kingdom and Flin Flon (McMartin et al., 1999),  Canada (smelter impacted soils)  Novocherkassk 

(Burachevskaya et al., 2019); Russia and Jinsha (Huang et al., 2017); China (coal-power plant 

impacted soils). The characterization of Cu-bearing soil constituents at the nano-scale is crucial to 

avoid pitfalls that arise due to the generalization of data gathered through techniques at a larger 

scale. Most of the identified Cu-Fe-bearing nano-phases located within OM colloids cannot be 

identified via bulk-scale techniques and therefore, their characterization provides valuable insights 

into mineralogical processes in colloidal OM at the nano-scale.  
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We showed in this study that the colloidal fraction in organic-rich soils is a chemically and 

structurally complex fraction containing nano-sized phases. The adsorption of ionic Cu-S-Fe-Cr-

Sn-bearing species on OM colloids is facilitated by the electrostatic attractions, which also control 

the pre-mineralization of OM colloids. Porosity generated through decomposition and 

mineralization of OM along with the hydrophobic character of the OM matrix control diffusion of 

cationic and anionic species and nucleation of Cu-Fe-S-bearing phases within nanopores of OM.  

Heterogeneity of OM, involving variations in polar character (due to silica inclusions) and 

distribution of OM functional groups controlled in addition to porosity the nucleation of secondary 

phases. Pore-size controlled solubility effects inhibited the formation of nanoparticles below a 

critical size. Adsorption of silica species and high concentration of sulfide species stabilized most 

likely precipitates of ferrihydrite and CuSx within nanopores of OM, respectively.   

Our study provides new insights on colloid-metal(loid)s interactions and indicate that sequestration 

of metal(loid)s by colloidal OM can occur through their diffusion into the matrix of individual OM 

colloids and the formation of unexpected phases, which are most likely metastable with respect to 

the surrounding soil environment. The occurrence of 20 to 40% of the metal(loid)s in the colloidal 

fraction suggests that this formerly unknown sequestration process may play a vital role in the 

retention and mobilization of metal(loid)s in the soil environment. However, more field, as well 

as experimental studies, are needed to (a) quantify the proportion of metal(loid)-bearing phases in 

OM within colloidal fractions and (b) to identify in greater detail the underlying mechanisms of 

the diffusion of metal(loid)s into colloidal OM and the subsequent nucleation of secondary mineral 

phases. 
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Chapter 3: Atom probe tomography and transmission electron 

microscopy: A powerful combination to characterize the speciation 

and distribution of Cu in nano-sized pore spaces of organic matter 
Abstract  

This study explores the role of nanopores within organic matter (OM) in the sequestration of Cu 

and other metal(loid)s in the contaminated oxic soils around the Horne smelter, Rouyn Noranda, 

Quebec, Canada. The sequestration of Cu in nanopores within OM is studied using a combination 

of scanning electron microscopy (SEM), TEM and APT. TEM analysis indicates that Cu occurs 

as incidental NP of Cu-Zn-bearing magnetite (Fe3O4), cuprite (Cu2O) and spertiniite (Cu(OH)2) 

within pre-mineralized OM. APT analysis indicates the occurrence of Cu-(hydr)oxide clusters 

composed of dimers and trimers within the OM matrix, which may be the precursors of cuprite or 

spertiniite incidental NP. Incidental NP of predominantly Fe-(hydr)oxides occur in close 

association with silicates, indicating that the favorable surface chemistry of silicates (presence of 

hydrophilic Si-O groups) promotes their formation. Availability of metal(loid)-bearing species 

controlled by the hydrodynamic properties of pore channels and PCS effects controls the formation 

of incidental NP within pre-mineralized OM. A model is developed which proposes that the 

sequestration of Cu and other metal(loids) in OM requires (I) pre-mineralization of the OM matrix, 

adsorption of Cu aqueous species and their diffusion into OM matrix; (II) formation of precursors 

and nucleation and stabilization of Cu-bearing incidental NP; (III) the presence of porous zones 

and hydrophobic functional groups which promote the diffusion of ions within OM; (IV) a 

favorable surface chemistry of silicates which promotes heterogeneous nucleation; (V) the 

availability of metal(loid) species, which in turn is controlled by the hydrodynamic properties of 

the pore channels; (VI) the presence of silicates and silicic acid in OM which stabilize meta-stable 

phases such as ferrihydrite through inhibiting their transformation and promoting their 

aggregation.  

3.1. Introduction 

The development of instrumental techniques for the analysis of materials at a sub-

nanometer scale is one of the recent trends in geochronological and geochemical research. This 
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development is driven by the fact that sub-nanometer analysis provides detailed insights into 

complex geochemical processes occurring during the alteration of geological material and thus 

complements the interpretation of data collected at larger scales (Reddy et al., 2020). Multi-scale 

tiered workflows for the characterization of geological material are becoming a common approach 

to get a better understanding of the geological and environmental processes. However, few 

analytical techniques are capable of the compositional analysis of geological material at sub-

nanometer scale and one such technique is the APT, a technique based on time-of-flight mass 

spectrometry that has the ability to characterize ionic species and relative position with a sub-

nanometer spatial resolution (Saxey et al., 2018). This technique has produced novel contributions 

that address questions related to the distribution of isotopes and elements in both terrestrial and 

extra-terrestrial minerals due to its low detection limit (parts per million) and its ability to map the 

3-D composition of a sample at the atomic scale (Blum et al., 2018; Devaraj et al., 2018).   

APT has been in development since the 1970s and was initially used in materials science 

for the analysis of conductive materials but the total number of APT publications has gradually 

increased since 2005 due to the commercial development of laser‐assisted APT (Reddy et al., 

2020). Since then APT is used to characterize a wide range of geological materials including 

carbonates (Branson et al., 2016; Reinhard et al., 2016; Pérez-Huerta & Laiginhas, 2018), oxides 

(El Dien et al., 2019; Genareau et al., 2019; Taylor et al., 2019), sulfides (Gopon et al., 2019; Wu 

et al., 2019), sulfates (Schmidt et al., 2019), silicates (Cao et al., 2019) and diamonds (Schirhagl 

et al., 2015; Mukherjee et al., 2016) at the sub-nanometer scale. However, the majority of  APT 

studies have focused on the trace element distribution and mobility in minerals but this technique 

is still in development stages with respect to its widespread application in other geoscience 

domains (Reddy et al., 2020). The earliest reported applications of APT in geoscience were the 

characterizations of a meteoritic alloy by Miller & Russell (1992) and a metamorphosed magnetite 

by Kuhlman et al. (2001). There are several complimentary microscopy techniques such as SEM, 

EDS, TEM, STEM, electron backscatter diffraction (EBSD) and SEM-based time-of-flight 

secondary ion mass spectrometry (TOF-SIMS), which provide chemical data on a larger scale and 

thus can be used to identify regions of interest for APT analysis (Saxey et al., 2018; Reddy et al., 

2020).  
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Depending on the type of material, the spatial resolution of TEM is similar or lower than 

that of APT. TEM can be a useful complementary technique to APT as it allows phase 

identification and a better resolution of textural relations between phases. Analytical studies using 

TEM and APT are commonly conducted on either the same extracted specimen or specimens 

extracted from areas in close proximity to each other (Bonef et al., 2015; Grenier et al., 2015; 

Weber et al., 2016; Rout et al., 2017). For example, Seydoux-Guillaume et al. (2019) highlighted 

the significance of the TEM-APT combination in geochronology and demonstrated for the first 

time that this approach can open new ways for nano-geochronology, allowing the identification of 

processes that are undetectable with conventional dating methods. Additionally, Montalvo et al. 

(2019) studied a zircon (ZrSiO4)–reidite (ZrSiO4) interface and low angle boundary within reidite 

using the combination of TEM and APT to identify enrichments of trace elements at the sub-

nanometer scale.  

  The combination of APT and TEM has, to our knowledge, never been applied to 

understand complex chemical and mineralogical processes in soils at the nanoscale. The latter 

processes are commonly investigated with bulk analytical techniques such as synchrotron based-

techniques and sequential extractions or with micro- to nano-analytical techniques such as TEM 

and STEM (Knight & Henderson, 2006; Lanteigne et al., 2012; Mantha et al., 2012; Lanteigne et 

al., 2014). Hence, this study will use for the first time the combination of TEM and APT to explore 

the occurrence of minerals and atomic clusters in porous organic material (OM) from smelter-

contaminated surficial soils in Rouyn-Noranda, Quebec, Canada. The study will specifically focus 

on the occurrence of Cu-bearing minerals and clusters and their associations with Fe-(hydr)oxides 

and clay minerals in OM to better understand the sequestration of Cu in surficial soil environments. 

3.1.1. A short overview of Atom Probe Tomography 

 APT also known as atom probe microscopy is a destructive analytical technique that is 

capable to position and identify almost every atom in a specimen. APT data acquisition utilizes 

time-of-flight mass spectrometry to generate a large dataset comprising information about several 

million individual atoms in a 3D spatial coordinate system (Reddy et al., 2020).  

APT systems utilize the application of either ultra-fast voltage or laser pulses to erode the 

atoms located at the tip of a needle-shaped specimen and convert them into charged ions by a 

process known as field evaporation. An electric field accelerates these ions towards a position-
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sensitive detector that registers the time of flight and impact position of each individual ion (Reddy 

et al., 2020).   

The energy applied to the surface of a specimen is already known and can be used to 

calculate each ion’s mass-to-charge ratio based on its travel time, which is in most cases sufficient 

for the identification of each individual atom. Impact positions on the position-sensitive-detector 

plot the locations of individual atoms. The locations and identity of individual atoms can be used 

to calculate a 3D plot that has both the chemical composition and atomic structure of the specimen 

and can serve as a powerful tool to examine interfaces between different regions (Saxey et al., 

2018; Reddy et al., 2020). Chemical and mineralogical processes along the interfaces often result 

in the formation of NP as they provide pore spaces and saturated interfacial pore solution, required 

for NP formation (Jadoon & Schindler, 2021). The characterization of environmental interfaces 

with APT may thus provide insights into the underlying mechanisms for the formation of NP in 

the environment. 

3.1.2. Incidental nanoparticles in the environment 

Anthropogenic processes such as mining, smelting and wastewater treatment facilities 

often produce metal(loid)-bearing incidental NP (INP). INP in contrast to engineered NP are not 

purposely manufactured to be at the nanoscale but form directly or indirectly through 

anthropogenic activities (Johnson et al., 2014). INP can sequester metal(loid)s via processes such 

as absorption and adsorption but can also play an important role in the transportation of 

metal(loid)s over greater distances via Aeolian, alluvia and fluvial processes (Chopin & Alloway, 

2007; Plathe et al., 2010; Yang et al., 2015). Therefore, the study of processes governing the 

formation, mobilization and sequestration of INP provide insights into the fate of contaminants in 

various environmental compartments. Formation, sequestration and mobilization of INP within 

porous organic matter (OM) may have a great impact on their transport in water and soil 

environments (Mantha et al., 2019). The role of OM in the sequestration of metal(loid)s as 

secondary INP and the factors which control these sequestration mechanisms are often overlooked. 

This paper will show that the structural, chemical and mineralogical complexity of pore spaces in 

soil organic matrices result in various physical, chemical and mineralogical processes, which 

promote the formation of INP. The formation of INP in contaminated soils is primarily linked to 

the type and weathering of particulate matter (PM) emitted by anthropogenic sources such as 

smelters and mining activities and the availability of porous phases such as OM. However, the 
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mechanisms that control the sequestration of metal(loid)s and formation of INP within OM in these 

mining-, smelter-impacted soils are not well understood.  

3.1.3. Smelter-impacted soils 

The majority of studies on the fate and deposition of particulate matter (PM) around smelter 

complexes mainly focused on the bio-availability and spatial distribution of metal(loid)s in various 

components of the environment (Lanteigne et al., 2012; Lanteigne et al., 2014; Ettler, 2016). 

Although these studies are important, they often do not characterize the chemical and 

mineralogical composition of the PM or do not address its role in the formation of secondary 

mineralogical phases in soils. In organic-rich soils, heavy metal(loid)s such as Cd, Cu and Zn sorb 

effectively to OM and this mode of sequestration controls often their transport, cycling and thus 

fate in surficial soil environments (Lair et al., 2007; Palansooriya et al., 2020). Humic substances 

(HS) such as fulvic acids (FA) and humic acids (HA) are metal(loid)-complexing organic 

substances, which form during the decomposition of OM. The extent of metal(loid) complexation 

by HS depends on the nature/origin of  HS and physico-chemical conditions such as pH and ionic 

strength (Alloway, 2012; Pham et al., 2012).  

3.1.4. The fate of Cu in organic-rich soils 

Classical sequential-extraction studies suggest that Cu dominantly sorbs to OM in surficial 

soil layers (Thomasi et al., 2015). Sorption of Cu and other metal(loid)s on OM commonly depends 

on the total surface area and chemical and mineralogical composition of OM and associated phases 

(minerals, amorphous material)  (Adamo et al., 1996; Gustafsson et al., 2003; Neagoe et al., 2012). 

In this regard, synchrotron-based studies have not provided a clear picture on the speciation of Cu 

in surficial soil environments containing both inorganic and organic phases (Li et al., 2006; Strawn 

& Baker, 2007); i.e. synchrotron-based spectroscopic studies such as extended X-ray Absorption 

Fluorescence (EXAF) studies cannot always resolve differences in the bonding structure of 

adsorption complexes involving Cu and surface sites of either OM and Fe-(hydr)oxides. Therefore, 

sequestration mechanisms of Cu by OM in the surficial (oxic) environment and the factors that 

influence them are still uncertain. Similarly, the effects of OM complexation on the stability of 

Fe(II)- and Fe(III) in organic-rich soils are not well understood (Bhattacharyya et al., 2018; Kügler 

et al., 2019). For example, Steinmann & Shotyk (1995) propose that Fe(III) is relatively more 

stable due to complexation with OM, whereas Bhattacharyya et al. (2018) argue that both Fe(II) 

and Fe(III) can coexist in organic rich soil environments.  
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3.1.5. Cu-bearing nanoparticles in soils 

Cu-bearing NP are extensively studied and commonly exist in anoxic environments such 

as anaerobic wetlands, flooded soils and within interlayer spaces of Fe2+-bearing clay minerals 

(Ilton & Veblen, 1988;1993; Ahn et al., 1997; Gammons & Frandsen, 2001; Weber et al., 2009; 

Hofacker et al., 2013). Hoffmann et al. (2020) explored the growth, stability and dissolution of 

Cu-sulfide NP under both anoxic and oxic conditions. Their study showed that these NP can remain 

stable for at least 22 days when their environment is changed from anoxic to oxic. Mantha et al. 

(2019) explored the sequestration of Cu in OM particles through the study of focused ion beam 

(FIB) sections with transmission electron microscopy (TEM). The authors showed that Cu is 

sequestered as metallic Cu and covellite, CuSx INP within the pore spaces. The authors proposed 

that the INP formed through the diffusion of Cu- and S- bearing species into the interior of the OM 

and the reduction of these species resulted in the formation of metallic Cu and Cu-sulfide phases 

within OM. Jadoon & Schindler (2021) characterized the sequestration of metal(loid)-bearing NP 

within organic colloids in surficial soils and showed that secondary Cu-sulfide (CuSx) NP are often 

associated with other inorganic phases such as Fe-(hydr)oxide and amorphous silica. The authors 

proposed that the nucleation of CuSx NP was favored by reactive surface sites and available pore 

spaces around the Fe-(hydr)oxide and silica inclusions within the OM matrix.  

The formation of NP in a porous material is controlled among many factors by the size of 

a pore. The pore size is related to the saturation required of a phase via Ostwald–Freundlich 

equation (1) (Hiemstra, 2015), where Sd is the required superstation to stabilize a nucleus, S0 is the 

supersaturation in bulk solution, Vm is the molar volume, 𝛾 is the interfacial tension, R is the gas 

constant, r is the radius of nuclei and T is the absolute temperature. 

𝑆𝑑 = 𝑆0 exp
2𝑉𝑚𝛾

𝑅𝑇𝑟
           (1) 

Equation (1) indicates that small pore spaces require a higher degree of saturation for 

nucleation to occur relative to the bulk solution as indicated by PCS. In this regard, the above-

mentioned studies did not fully address the effects of PCS and the role of other elements and 

mineral phases on the formation of Cu-bearing NP.  
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3.1.6. Objectives 

Hochella et al. (2019) proposed that the nanoparticle cycle involves three compartments: 

(I) bulk size Earth material such as minerals and rocks, (II) precursors such as atoms, ionic species 

and clusters formed during weathering of the bulk Earth materials, and (III) nanoparticles formed 

either through weathering of the bulk Earth material or through precipitation of the precursors. The 

combination of APT and TEM allows now to investigate the occurrence of both precursors and 

nanoparticles, in organic porous matrices. These studies shed light on the formation and stability 

of Cu-, Fe-, and Zn-bearing secondary phases within porous OM matrices and on the role of 

porosity and the presence of inorganic phases on the sequestration of Cu. Hence, the objectives of 

this study are to examine whether 

(a) PCS  controls  nucleation of  phases within pore spaces of OM; 

(b) Precursors of nanoparticles exist within OM;  

(c) Concentration gradients of Cu can be used to identify potential diffusion pathways of Cu 

within OM; 

In this study, the term organic matter (OM) is used for HS that are mainly formed during 

the decomposition of organic material. The term dissolved organic matter (DOM) is used to 

describe carbon-based aqueous species and the terms nanoparticle (NP) and incidental 

nanoparticle (INP) represent particles that have a diameter of <100 nm. 

3.1.7. Background information on smelter-impacted soils and study area 

The deposition of PM in mining impacted soils is a global concern. The deposition of 

metal(loid) bearing PM increases the concentration levels of metal(loid)s in the surficial layers of 

soils (Schindler & Hochella, 2017). The weathering of PM is controlled by both soil 

environmental/matrix conditions and composition of PM and results in the release of metal(loid)s 

and their subsequent sequestration by solid and colloidal phases composed of OM and minerals 

(Ettler, 2016). Studies assessing the environmental fate of PM in mining/smelter impacted soils 

cannot always explain the observed moieties of metal(loid) species in soils. In this regard, 

Lanteigne et al. (2012) and Schindler et al. (2016) showed that the higher mobility of Cu vs Ni in 

soils around the smelter complexes in Sudbury is a result of the higher solubility of Cu- versus Ni-

mineral phases occurring in the micrometer-sized fraction of the smelter emissions.  

 The area of this study extends around the city limits of Rouyn-Noranda, Quebec. It 

surrounds the Horne smelter, which is considered a critical emission source of PM contaminated 
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with heavy metal(loid)s. The ore processed at the Horne smelter included minerals like sphalerite, 

pyrite, galena, pyrrhotite, chalcopyrite and magnetite, as well as native silver and gold (Kerr & 

Gibson, 1993) with pyrite, pyrrhotite, chalcopyrite and magnetite comprising up to 85% of the 

mass (Denis, 1933). PM emissions from the Horne smelter occurred for over a century (Kettles & 

Bonham-Carter, 2002). Since 1976, the smelter predominantly processes electronic waste 

containing base metal(loid)s such as Cu.  

Studies on the environmental impact of smelting activities in Rouyn Noranda focused on 

the concentrations and speciation of metal(loid)s in lakes, soils, rock coatings, snow samples and 

biota (Bonham-Carter et al., 2006; Knight & Henderson, 2006; Telmer et al., 2006; Zdanowicz et 

al., 2006; Masson et al., 2010; Dinis et al., 2020). Knight & Henderson (2006) classified PM in 

the surficial soils surrounding the smelter based on size, texture and composition and showed that 

rounded and spherical smelter-derived PM are the most abundant type of PM. The rounded 

particles are further classified into tabular (Fe and Fe+Al+Si), plated (Fe), granular (Fe+Al+Si), 

etched (Cu+Fe+Si), and lunar (Na+Al+Si) textures, which mostly represent slag based dust 

released from Cu smelting operations over the course of time. The above authors proposed that 

this slag based dust is very resistant to weathering and hardly contributes to the metal(loid) 

concentrations in humus, whereas the majority of Cu, Zn and Pb metal(loid) phases in humus 

represent weathered and alteration products of labile dust released from smelting operations.     

3.1.8. Studying soil processes at the atomic- nano- and micrometer scale 

Soil properties and processes at the nanometer scale such as erosion and cohesion affect 

processes at the kilometer scale such as the formation of landscapes and flooding. Atomic- and 

nano-scale examinations can provide greater insights into the mobility of metal(loid)s within 

porous matrices. For example, the observed high affinity of Cu towards OM in contaminated 

surficial soils is explained to some extent by TEM examinations, which show that this high affinity 

might be due to the diffusion of Cu species into the organic matrix and subsequent formation of 

metallic Cu and Cu-sulfide phases within pore spaces of OM (Mantha et al., 2019). However, 

atomic and nano-scale studies often face challenges to establish a statistical representation of their 

findings with respect to those at the bulk- (centimeter), area- (meter) and regional-scale (km). 

Hence, this study is not intended to encompass the representative features of the soils at Rouyn 

Noranda. Instead its goal is to explore sequestration mechanisms of metal(loid)s in greater detail 

using a tiered approach through data gathered at the bulk-, micro-, nano-, and atomic scale.  
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3.2. Methodology 

Twenty-one surficial soil samples (upper 5 cm) were collected at seven different sites within 

a two-km radius of the Horne smelter in Rouyn-Noranda in the late summer of 2017. The sampling 

sites were selected based on the study of Knight & Henderson (2006) which characterized the 

regional distribution of metal(loid)s around the Horne smelter. Samples 5A, 7A-B were selected 

for further characterization based on their distance from the smelter and their Cu- and Zn 

concentrations (Tables S1 and S2). None of the surficial soil samples were collected in proximity 

to surficial waters (at least 50 m from a shoreline lake, river bank or wetland) and thus were most 

likely only water-saturated during the spring thaw. The chemical and mineralogical compositions 

of the soil samples were characterized with ICP-MS for Ag, Co, Cu, Pb, Sb, Sn and Zn, C-N-S 

analyzer for C, N and S (Tables 3S1, 3S2, 3S3, 3S4 and 3S5) and X-ray powder diffraction for 

mineral phases, respectively (Figure 3-S2). 

Nano-scale processes within OM may be studied using combinations of the FIB technology 

with TEM and APT as the former technology allows a site-specific extraction of samples from the 

OM. Polished epoxy pucks with soils from the samples 5A and 7A-B were embedded into epoxy 

and examined with SEM to characterize the chemical composition of organic material and to 

identify suitable locations for subsequent FIB extractions. Two FIB sections for TEM (FIB-TEM 

sections) and numerous FIB sections for APT (FIB-APT sections) were extracted from two distinct 

areas. The FIB-TEM and FIB-APT were taken from each site in close proximity to each other with 

the FIB-APT extracted from areas of lower porosity (Figures 3-3a and 3-3b). All FIB sections 

were extracted by lift-out technique (Mantha et al., 2019) with a FEI Helios 600 NanoLab FIB at 

the Pacific North West National Laboratory (PNNL), USA. (August, December, 2020). For quality 

control purposes, the FIB-APT were preliminary characterized at PNNL using a Titan 80-300 

scanning transmission electron microscope (STEM). A more thorough characterization of the FIB-

TEM sections was conducted with a field emission TEM FEI Talos F200x at the Manitoba Institute 

of Materials, University of Manitoba, Canada.  

Preparation of FIB-APT consists of two main steps, (1) sample lift-out and (2) FIB milling 

(Figure 3-1). The lift-out involves the creation of trenches around the area of interest and the 

extraction of sections through a micromanipulator and their subsequent attachment to a micropost 

(Figure 3-1a. 3-1b, 3-1c and 3-1d). The FIB milling involves reshaping of the specimens by carving 
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them with a gallium ion beam to tips (Figures 3-1e, 3-1f, 3-1g). APT analysis was conducted at 

the Pacific North West National Laboratory (PNNL), USA on a total of three tips. APT 

measurements were conducted in laser mode with a UV laser (λ = 355 nm), a pulse rate of 100-

200 kHz and a pulse energy range of 5-25 pj.  

 

 

The data was processed using the IVAS v3.6.18 software package. The mass spectra of all 

APT datasets are very complex due to the presence of complex metal(loid)-bearing species with 

different charge states (Figures 3-S3 and 3-S4). Hence, the quantification of metal(loid)s at the 

atomic level through APT is not straightforward and requires interpolation of data. Some atomic 

species are represented by multiple peaks or by peaks corresponding to complex-ions. As a result, 

peaks corresponding to species of different atomic identities and charge-to-mass ratios overlap. 

For example, Fe and Si produce several overlapping peaks in the mass to charge ratio vs counts 

 

Figure 3-1:  FIB-based preparation of APT specimens samples. (a) SEM image in secondary 

electron mode of a region from a polished epoxy puck selected for APT-FIB-extraction; (b)-

(h) Sequence of steps in the APT sample (b) trenching of a lamellar wedge with a protective 

Pt cap and respective lift-out; (c-d) Attachment of the extracted lift-out to a Si micropost. (e-

h) Reshaping of the sample through ion milling. (g) Final morphology of the tip with a diameter 

of 100 nm. (h) Same tip as shown in (g) but after APT analysis. 
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spectrum.  Hence, only characteristic peaks for both Fe (46 Da) and Si (30 Da) were used to 

generate distribution plots for both elements as otherwise differences in their locations in the 3D 

space could not be resolved. The identified locations of atomic species in the 3D space are shown 

in this study in the form of 2D spatial maps representing their density (ions per nm3). However, 

the bonding between different atoms is resolved in 3D and the parameters (bond lengths and ionic 

sizes) were calculated using the ionic radii of Shannon (1976).  

Technical details for each type of analysis and the methodology for the mineral 

identification are provided in the materials and methods section in the Appendix B (Supplementary 

information).  

3.3. Results 

We will first address the bulk chemistry and mineralogy of the collected samples before 

reporting our observations at the nanometer and atomic scale.  

3.3.1. Bulk Chemistry and Mineralogy 

Only samples selected for further examination with SEM, TEM and APT are described 

here in detail. Sample 5A is an organic, black, fibric and mineral-rich layer with litter on top, and 

has color code 10YR [2/1] (dry) and pH  of 4.74 (Figure 3-S1). Sample 7A is composed of a brown 

thin litter of fibric mineral layer over a light reddish-brown organic layer, and has color code 7.5YR 

[4/2] (dry) and pH of 4.39 (Figure 3-S1). Sample 7B mostly represents black humus, has a color 

code 5YR [2.5/1] (dry) and pH of 3.84 (Figure S1). All these samples contain Cu, Zn and Pb 

concentrations above the average of all collected samples (Tables 3-S1 and 3-S2). All samples 

contain high amounts of OM (total C ≥ 22%, Table 3-S1 and 3-S3) and contain the major phases 

albite (NaAlSi3O8) and quartz (SiO2), with traces of with traces of magnesioferrite (MgFe2O4), 

protoenstatite (Mg2Si2O6), magnetite (Fe3O4) and clinochlore Mg5Al(AlSi3O10)(OH)8 (Figure 3-

S2). 

3.3.2. Size and chemical composition of organic particles 

 OM particles are mainly in the fine to coarse sand size fraction (>180 μm) and contain 

Fe-, Cu-, Zn- and Si-bearing phases within their porous matrix and on their surfaces. Some of these 

phases are euhedral to subhedral detrital particles. Some particles show sharp interfaces towards 

OM, whereas others form diffuse interfaces with metal(loid)-rich OM (Figure 3-2). Fe-bearing 

particles are the most abundant inorganic-based particles in larger OM particles (in blue in Figure 
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3-2). Copper occurs either finely distributed within the matrix of OM particles or in Fe-oxide 

particles (Figures 3-2b and 3-2f). TEM-FIB-1 and APT-FIB-1 were extracted from an interface of 

OM towards a lenticular Cu-Fe-bearing particle (50 x 10 μm) with a Cu and Fe elemental ratio of 

1 : 2 (Figure 3-3b). Furthermore, one OM particle (350 x 50 μm) contains SiO2 and silicate phases 

throughout its matrix. TEM-FIB-2 and APT-FIB-2 were extracted from an area in an OM particle 

(average diameter = 100 μm) which is in close proximity to metal(loid)-rich particles containing 

As, Cu+ Fe+ Zn and Sn+Sb in a 3 : 2 : 1 ratio (Figure 3-3c).  

 

Figure 3-2: (a-d) SEM images in backscattering electron mode (BSE) of organic particles from 

sample 5A and (e)-(h) their corresponding SEM-EDS chemical distribution maps for Fe (blue) 

and Si (red). The maps indicate that Cu is homogenously distributed within the OM particles, 

whereas Fe is concentrated within certain regions; white dashed square in (f) indicates one of 

the two regions selected for TEM-FIB and APT-FIB-extraction. 
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3.3.3. Mineralogical and chemical composition of the TEM-FIB sections 

 On the basis of the size distribution of particles, TEM-FIB-1 can be divided into two 

distinct regions: In region 1 occur larger euhedral cuprospinel particles (average width = 200 μm) 

within OM. Region II contains smaller metal(loid)-bearing particles (< 100 nm), which occur in a 

network of amorphous silicate patches or channels; this network has an average width of 1 μm and 

stretches along the entire length of the FIB section (Figure 3-3). The channels can have variable 

amounts of Al and Cu (up to 12 wt% Cu; Figures 3-3, 3-4, 3-5, 3-6, 3-7, 3-8, 3-9, 3-10 and 3-11). 

For example, amorphous silicate patches with average diameters of circa 70 nm occur along the 

outer edges of larger cuprospinel particles (Figure 3-4) and form sharp (Figure 3-4a, 3-4b and 3-

4c) and diffused (Figure 3-4c, 3-4d and 3-4f) interfaces towards the latter.  

 

Figure 3-3: (a) and (d) TEM images of the TEM-FIB-1 and TEM-FIB-2 FIBs that were extracted 

from the areas (marked with white solid line within white dashed line boxes) indicated in (b) 

and (c); (b)-(c) SEM images in BSE mode of the two residues; the locations from which the 

TEM-FIBs and APT-FIBs were extracted are labelled with white and red rectangles, 

respectively, inside a box indicated with dashed white lines. (a), (d)  TEM-FIB-1 and TEM-FIB-

2 are divided into regions 1 and 2 on the basis of particle size distributions (marked with white 

dashed lines) and mineralogical composition. The occurrences of silicate patches in TEM-FIB-

1 are marked with green dashed lines. 



70 
 

 

Figure 3-4: Sharp and diffused OM-silicate interfaces in TEM-FIB-1: (a) STEM image, (b) 

high-resolution TEM image and (c) STEM-EDS chemical map for (b) showing the 

distribution of Cu (green), Si (red) and Al (blue) and indicating a cuprospinel NP embedded 

within an OM matrix forming a sharp interface with a silicate phase (outlined with white 

dashed line in (b) and (c)). (d) STEM image, (e) high-resolution TEM image and (f) STEM-

EDS chemical map for (c) showing the distribution of Cu (green), Si (red) and Al (blue) 

and indicating a cuprospinel NP embedded within an OM matrix forming a diffused 

interface with a silicate phase (outlined with white dashed line in (e) and (f)). 
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Figure 3-5: Magnetite (spinel phase) within the OM matrix of TEM-FIB-1: (a) STEM 

image; (b) high-resolution TEM image indicating lattice fringes with d = 2.46 Å and 2.91 

Å; (c)-(d) STEM-EDS chemical distribution maps for (c) Cu (red), Fe (green) and (d) Al 

(blue) and Si (yellow) indicating magnetite NP aggregate within a SiO2 patch, which is 

embedded in the OM matrix and contains heterogeneously distributed Al and Cu. 
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Figure 3-6: Magnetite (spinel phase) within the OM matrix of TEM-FIB-1: (a) STEM 

image, (b) high-resolution TEM image of lattice fringes with d = 2.46 Å  and 2.91 Å and 

(c-d) STEM-EDS chemical distribution map for (b) Cu (red), Fe (green) and (c) Al (blue) 

and Si (yellow) indicating magnetite NP aggregate within a SiOx patch (indicated in yellow 

in c) that is embedded in the OM matrix and contains heterogeneously distributed Al and 

Cu. 
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Figure 3-7: High-resolution TEM image of lattice fringes with d = 4.8 Å and 2.5 Å indicating 

individual and aggregated magnetite NP shown in Figure 3-6. The magnetite NP show 

oriented attachment with one another within SiO2 matrix (highlighted with white dashed 

lines). 

 

Figure 3-8: Magnetite (spinel phase) within the OM matrix of TEM-FIB-1: (a) STEM image, 

(b) high-resolution TEM image of lattice fringes with d = 2.97 Å and 2.50 Å; (c)-(d) STEM-

EDS chemical distribution map for (c) Al (pink), Si (yellow) and C (green) and (d) Zn (blue), 

Cu (red) and Fe (turquoise) indicating the occurrence of Cu-bearing magnetite attached to a 

silicate phase; the interfaces between magnetite, silicate and OM are sharp at the nanometer 

scale (highlighted in black dashed lines in (a)). CuSx NP occur individually (highlighted in 

black solid line in (a)) in the silicate phases but could not be unequivocally identified. 
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Figure 3-9: Sn-, Zn-, Fe-bearing spinel phase (with heterogeneously distributed Cu) 

showing sharp and diffused interfaces towards OM and silicate phases in TEM-FIB-1: (a) 

STEM image and (b)-(c) STEM-EDS chemical distribution maps for (b) Cu (red), Zn 

(green) and Fe (blue) and (c) C (purple) and Si (yellow) indicating nucleation of Sn-bearing 

spinel phase within OM matrix and in close proximity to silicate phases; OM-spinel and 

silicate-spinel interfaces are highlighted in white dashed lines in (a). (d) High-resolution 

TEM image indicating lattice fringes (highlighted in solid white line) with d = 4.83, 1.59, 

5.38 and 9.72 Å and (e)-(f) STEM-EDS chemical distribution map for (e) Fe (brown) and 

Sn (turquoise) and (b) Al (pink) and Si (yellow) indicating an Al-Si-rich pore channel 

connecting the spinel NP with a silicate phase. 
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Figure 3-10: OM-spinel interrelations: (a) STEM image, (b) high-resolution TEM image 

(note sharp interfaces marked by dashed lines) and (c) STEM-EDS chemical distribution 

map for (c) Cu (red), Fe (blue), C (green) and (d) Zn (pink), Sn (orange) and (e) Sb (gray) 

and (f) Si (yellow) and Al (turquoise) indicating the occurrence of a Si-Al-rich AM2O6 (A = 

Cu, Fe and M = Sn, Sb) phase embedded in OM. 
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Figure 3-11: Silicate phase rich in Zn NP in association with aggregates of cuprite and 

magnetite NP in TEM-FIB-1: (a) and (b) STEM images, (c)-(d) STEM-EDS chemical 

distribution maps for (c) Cu (red), Zn (green) and Si (blue) and (d) Zn (green), Cu (red) 

and Fe (yellow); (e)-(f) high-resolution TEM images of lattice fringes with d = 3.14 Å, 

2.51 Å and 2.97 Å; interfaces between OM, Al-Si matrix, a silicate phase (rich in Zn), 

cuprite and magnetite NP are indicated with red and white dashed lines. 
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Figure 3-12: Fe-(hydr)oxide (FeOx) and silicate interfaces within the OM matrix of in TEM-

FIB-2: (a) STEM image, (b)-(c) high-resolution TEM images and (d)-(e) STEM-EDS 

chemical distribution maps for (d) Al (blue) and Cu (orange) and (e) Fe (red), Si (blue) and 

C (green) indicating a FeOx aggregate and an illite phase within OM showing a diffused 

interface between FeOx-Clay and FeOx-OM (highlighted in white dashed lines); f) SAED 

pattern indicating peaks at d = 1.9 Å and 1.6 Å which suggest the occurrence of goethite. 



78 
 

 

 

 

Figure 3-13: Silver NP and Si- and Cu-rich pore channels surrounding a FeOx aggregate 

within the OM matrix of TEM-FIB-1: (a)-(b) STEM images, (b) high-resolution TEM 

image indicating lattice fringes (highlighted in solid white line) with d = 2.5 and 1.43 Å 

and (d)-(f) STEM-EDS chemical distribution map for (d) Si (blue), Cu (red) and Fe 

(yellow) and (e) Cu (red), C (green) and Si ( blue) and (f) Fe (yellow) indicating the 

presence of ferrihydrite; The outlines of the Ag nanoparticles sharp and diffused interfaces 

between FeOx-OM and FeOx-silicate are highlighted with white solid and dashed lines in 

(a)-(c) and (e), respectively. 
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Figure 3-14: FeOx phase with silicate rim in the OM matrix of TEM-FIB-1: (a)-(b) STEM 

images, (c) SAED pattern indicating d-spacing of 1.46 Å and (d)-(f) STEM-EDS chemical 

distribution map for (d) Cu (red), Si (yellow) and (e) Fe (blue) and C (green) and (f) Si 

(yellow), Cu (red) and Fe (blue) indicating a ferrihydrite (Fh) phase within OM matrix. 

Silicate phases form a rim (30 nm width) around Fh aggregate in some regions (highlighted 

in white dashed lines in (b)), whereas the whole Fh aggregate forms a diffused interface 

towards OM (highlighted in white dashed lines in (a)).   
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Figure 3-15: Aggregation of FeOx NP (most likely lepidocrocite) and Cu(OH)2 NP within 

an amorphous silicate matrix that is embedded in the OM matrix of TEM-FIB-1: (a)-(b) 

STEM images, (c) high-resolution TEM image indicating lattice fringes with d = 2.36 and 

2.53 Å and (d)-(f) STEM-EDS chemical distribution map for (d) Al (purple), Si (yellow) 

and (e) Cu (red) and Fe (green) and (f) C (green) indicating the occurrence of larger FeOx 

NP (most likely lepidocrocite) (average NP size = 10 nm) and smaller Cu(OH)2 NPs (< 5 

nm and highlighted in white dashed line in (c)) in an amorphous silicate matrix. 



81 
 

 

 

TEM-FIB-2 is thicker than TEM-FIB-1 and thus nano-domains are less visible and are only 

identifiable in a thinner part of the former FIB section, which is termed here region 1. Here, 

metal(loid)-rich phases (diameter = 70-200 nm) occur in close proximity to Si- and Al-rich phases 

(Figure 3-3).  

Only complex mineralogical features observed in regions 1 and 2 of TEM-FIB-1 and region 

1 of TEM-FIB-2 are discussed below in detail. In these regions, common features of interest are 

the occurrence of Cu-bearing Fe-(hydr)oxide and Fe-spinel phases along various interfaces 

between amorphous silicates and OM (Figures 3-4, 3-5, 3-6, 3-7, 3-8, 3-9, 3-10, 3-11, 3-12, 3-13, 

3-14, 3-15 and 3-16). These mineral phases are described here in their order of their abundance.  

 

Figure 3-16: Cu-, Zn-, Fe-bearing arsenate phase in OM of TEM-FIB-2: (a) STEM image, 

(b)-(d) STEM-EDS chemical distribution maps for (d) Cu (red) and Fe (blue) and (e) C 

(green) and As (yellow) and (f) Si (turquoise) and Zn (light-blue) and (e)-(f) high-resolution 

TEM images indicating auriacusite precipitate embedded in the OM matrix forming a sharp 

interface with OM (highlighted in white dashed line in (b-c)). 



82 
 

3.3.3.1. Spinels and silicates 

 Aggregates of subhedral to anhedral nanoparticles of spinel-type phases such as magnetite 

(Fe3O4) and (Cu0.75Zn0.75Sn0.75Fe0.67O4) occur in close association with silicate patches (Figures 3-

5, 3-6, 3-7, 3-8, 3-9, 3-10 and 3-11). Individual NP have diameters of circa 10 nm to 100 nm 

(Figures 3-5, 3-6, 3-7, 3-8, 3-9, 3-10 and 3-11). For example, magnetite NP (average diameter = 

10 nm) form aggregates within the matrices of silica patches (Figures 3-5, 3-6, 3-7, 3-8, 3-9, 3-10 

and 3-11). In some cases, magnetite NP attached to each other show lattice fringes in the same 

orientation (Figure 3-7). Copper NP are heterogeneously distributed in and around the silica 

patches, whereas Al can be enriched along the rims of the patches (Figures 3-6 and 3-7).  

NP comprising of Cu- and Zn-bearing magnetite (Figure 3-8) and Sn-, Zn-, Fe-bearing 

spinel phases (average diameter 100 nm) occur also in close association with silicate phases and 

are usually connected to Cu-, Si/Al-rich patches or pore channels (Figure 3-9). These phases have 

elevated concentrations of Cu (10 wt%) and form sharp and diffused interfaces towards silicates 

and OM. CuSx NP (average diameter = 25 nm) occur within Si/Al-rich patches or pore channels 

but they could not be unequivocally identified (Figure 3-8a). Mineral phases with a general 

formula of AM2O6 (A=Zn, Cu and M=Sn, Sb) also occur within the OM matrix. These phases form 

NP with average diameters of 80 nm and can contain up to 9.5 wt% Cu. They form sharp interfaces 

towards the OM (Figure 3-10).  

3.3.3.2. Silicates and cuprite 

Silicates are rich in metal(loid)s throughout both FIB-sections but nano-domains are only 

visible in thin regions, such as those around holes or along cracks in the FIB section. For example, 

a silicate phase rich in Zn-bearing NP occurs along a crack running parallel to the interface between 

OM and a silicate matrix (Figure 3-11a). The rim around the Zn-silicate also contains NP of cuprite 

(Cu2O) (average diameter = 5 nm) (Figures 3-11b and 3-11e) and magnetite (average diameter = 

20 nm) (Figure 3-11f). The cuprite NP aggregate around the edges of the rim towards the OM 

(Figures 3-11d and 3-11e). The OM region in close proximity to the silicate contains also cuprite 

NP (average diameter = 5 nm) but these NP do not form larger aggregates (Figures 3-11c and 3-

11e).   

3.3.3.3. Fe-(hydr)oxide and silicates  

  . Fe-(hydr)oxide aggregates with diameters of circa 100 to 300 nm occur within the OM 

matrix (Figures 3-12, 3-13, 3-14 and 3-15). These aggregates mostly comprise ferrihydrite 
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(Fe10O14(OH)2) NP, which occur commonly along silicate rims (30 nm thickness) (Figures 3-13 

and 3-14). The silicates are composed predominantly of illite (Figures 3-13 and 3-14) with the 

average composition of K0.5Al1.03Mg0.86Fe0.4[(Al0.5Si3.5)O10](OH)2. For example, Figure. 3-12 

shows a possible goethite aggregate forming a sharp interface towards illite and OM. The goethite 

aggregate is enriched in Cu (6 wt%) relative to illite. The surrounding OM matrix also contains a 

substantial amount of Cu (3 wt%) forming a diffuse interface with both illite and the goethite 

aggregate (Figure 3-12). Ferrihydrite aggregates occurring in close association with patches of 

amorphous silicates are also connected to Cu-, Si-Al-rich patches or pore channels that contain Cu 

concentration up to 10 wt% (in blue in Figure 3-13). Fe-(hydr)oxide aggregates of possible 

lepidocrocite (γ-Fe3+O(OH)) NP occur within an amorphous silicate patch. The lepidocrocite NPs 

have an average size of 10 nm, whereas smaller spertiniite NP (< 5nm) occur within and along the 

lepidocrocite aggregate (Figures 3-15 and 3-S6).  

3.3.3.4. Arsenates 

A larger precipitate of auriacusite, (Fe1.0Cu0.8Zn0.2(AsO4)O) occurs embedded in the OM 

matrix.(Figure 3-16) and smaller NP (average diameter = 20 nm) are attached to its surface forming 

a sharp interface with the surrounding OM (Figure 3-16). The auriacusite precipitate is in close 

proximity to smaller silicate patches, which appear to form a connected pore system toward the 

auriacusite-filled pore space (Figure 3-16d).     

3.3.4. Chemical features in the APT-FIB sections  

Spatially reconstructed APT data from all three tips represent approximately 9.5 million 

atoms in total. Reconstructions of the APT reveal that Na, K, Ca, Si, Al, As, C, Fe, Zn and Cu 

occur in the OM matrices above the detection limit of the instrument (circa 1 ppm) (Figures 3-17, 

3-18, 3-19, 3-20 and 3-21).  

Two-dimensional APT plots of the reconstructed data indicate the occurrence of distinct 

zones in each of the extracted APT-FIBs. For example, the APT-FIB-1 (Figure 3-17) may be 

divided into three distinct zones (Figure 3-17a): Zone I contains high densities of K, Na, Al and C 

(OM), whereas zones II and III are characterized by high densities of C (OM) and Si/Fe, 

respectively. Similarly, the APT-FIB-2 (Figure 3-19) may be divided into three distinct zones 

(Figure 3-19a): Zone I contains high densities of Ca and Fe,  Zone II is characterized by high 

densities of C (OM), Si, Al, Cu and Zn and zone III contains the highest densities for Cu, Zn and 

Fe in this sample (Figure 3-19).   
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Figure 3-17: Two-dimensional (2D) maps of an APT reconstruction for K, Na, Si, Al, As, 

C, Fe, Zn and Cu: APT-FIB-1 may be divided into three distinct zones (a): zone I contain 

high densities of K, Na, Al and C (OM), whereas zones II and III are characterized by high 

densities of C (OM) and Si/Fe, respectively; metal(loid)s such as Zn, Cu, As and Fe do not 

occur as prominent clusters but occur in higher densities in certain areas at the interface of 

zone I and II or within zone II; high densities of metal(loid) overlap with high densities of 

Si and Al at the zone I-zone II interface or within zone II. All density values are in at./nm3 
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In APT-FIB-1 Cu occurs mostly at the interface of zone I and II and is often associated 

with Si and Al within zone II (Figure 3-17). Fe is homogeneously distributed within zone I, 

whereas Si and other identified metal(loid)s are heterogeneously distributed within zone I (Figure 

3-17). Metal(loid)s such as Zn, Cu, As and Fe do not occur as prominent clusters but occur in 

higher densities in certain areas along the interface of zone I and II or within zone II; these high 

densities of metal(loid)s correlate with high densities of Si and Al along the interface of zones I 

and  II and within zone II (Figure 3-17).   

Chemical bonding between atomic species may be identified using the atomic radius for 

Cu0 (1.28 Å) and the ionic radii for Cu+ (0.46 Å), Cu2+ (0.55 Å), As5+ (0.42 Å) C4+ (0.17 Å) and 

O2- (1.4 Å) (Shannon, 1976). Analysis of the APT indicates that all Cu atoms are surrounded by O 

atoms, thus excluding the presence of metallic Cu species. The bonding between ionic Cu species 

or between Cu species and other ions may be visualized through plotting the location of Cu species 

using the sum of the ionic radii of Cu2+ and O2- (0.55+1.4 ≈ 2 Å). Similarly, the occurrence of C 

and As species may be also plotted using the sums of the ionic radii of As and O (0.42 + 1.4 ≈ 1.8 

Å) and C and O (0.17 + 1.4 ≈ 1.6 Å).  Hence, an overlap between two Cu spheres or one Cu and 

one As sphere would then represent the presence of Cu-O-Cu and Cu-O-As bonds, respectively. 

As such, clusters of three Cu-O species (labelled as Cu-O-Cu-O-Cu), one Cu-O and one C-O 

species (labelled as Cu-O-C) or one As-O and one C-O (labelled as As-O-C) were identified in 

zone II (Figure 3-18). Clusters containing Cu-O species may be even larger or more complex 

within the OM matrix considering that only 40% of all atoms are recovered during an APT 

measurement (Larson et al., 2013). 
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In APT-FIB-2 the densities of Si, Al, Zn and Cu are higher in zone II than I and gradually 

increase within zone II towards zone III (Figure 3-19a, 3-19b, 3-19c, 3-19d, 3-19d, 3-19e, 3-19f 

and 3-19g). The densities of Si and Al are higher within zone II and gradually increase towards 

zone III (Figures 3-19b and 3-19g). High densities of Cu, Fe, Zn correlate within zone II and III 

and intercalate high densities of Si and Al in zone II (Figure 3-19). Identified clusters containing 

Cu-O species in zone II and III include, for example, three Cu-O species (Cu-O-Cu-O-Cu) and 

dimers composed of Cu-O-C and Cu-O-Cu  (Figures 3-19h, 3-19i and 3-19j). 3D iso-density maps 

indicate that size and number of pores with high densities of Cu and Si increase within zone II 

towards zone III, which has a lower density of C than the interior of zone II (OM) (Figure 3-20).  

Pore spaces with a high density of Cu in zone II are irregular but are lenticular in zone III and 

follow the morphology of the interface between zones II and II. Pores with a high density in Si 

occur in both zones I and II, whereas lenticular pore spaces with a high density in Fe only occur 

in zone III (Figure 3-20).  

  

 

Figure 3-18: (a)-(b) Two-dimensional (2D) maps of an APT reconstruction for (a) C and 

Cu; (c)-(e)  atomic representation of trimer species such as (c) Cu-O-Cu-O-Cu (one O-Cu-

O is shown as an orange sphere) and dimer species such as (d) Cu-O-C (the O-C-O species 

is shown as  brown sphere),  and (e) As-O-C (the O-As-O species is shown as a green sphere) 

in zone II which is highlighted with white dashed lines in (a) and (b).    



87 
 

 

 

 

Figure 3-19: Two-dimensional (2D) maps of an APT reconstruction for Ca, Al, C, Zn, Fe, 

Cu and Si and atomic representation of trimer and dimer species within regions that have 

high densities of C (OM): APT-FIB-2 may be divided into three distinct zones highlighted 

with white dashed lines in (a): (a-g) zone I contains high densities of Ca and Fe, whereas 

Zone II is characterized by high densities of C (OM), Si, Al, Cu and Zn and zone III is 

characterized by high densities of Cu, Fe and Zn. At a sharp interface between zone I and 

zone II, the densities of Si, Al, Zn and Cu are relatively higher in zone II and gradually 

increase within zone II towards zone III. (h)-(j) Trimer species such as (h) Cu-O-Cu-O-Cu 

(O-Cu-O in orange) and dimer species such as (i) Cu-O-C (O-C-O in purple) and (j), Cu-O-

Cu occur in zone II; all density values are in at./nm3. 
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To better understand the speciation of Cu in Cu-rich areas , the frequency Cu-R-Cu bonds 

with R = O, C, Fe and Zn in zone II and zone III of APT-FIB-2 has been determined using a Cu-

Cu nearest neighbor analysis (1NN). The 1NN analysis included the experimental (actual) Cu 

distribution and compared this distribution with a  randomized (averaged) Cu distribution (Philippe 

et al., 2010; Perea et al., 2015). Little deviation is visually observed between the experimental and 

random Cu-Cu distribution for zone II, as opposed to zone III of APT-FIB-2. A chi-square 

statistical test is conducted to quantitatively confirm or reject deviation from randomness. For the 

chi-square statistical test, the null hypothesis is that the experimental distribution is consistent with 

the expected random distribution. For the zone II, the calculated X2  value of  80.8 is greater than 

the expected X2 value of 38 on the basis of 27 degrees of freedom and a 95% confidence. The 

differences between the latter two X2 values rejects the null hypothesis and confirms that the 

experimental Cu-Cu 1NN distribution is non-random. Similarly, the 1NN analysis for Zone III 

 

Figure 3-20: 3D-iso density map of APT-FIB-2: (a-b) Gradual increase in the size of high-

density Cu regions from 50 to 2 nm may indicate PCS effects. Lenticular zones of high 

densities for Cu and Fe suggest that the pore shape may have controlled  the nucleation of 

incidental NP within the OM matrix.    
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shows a non-random Cu-Cu distribution as the observed X2 value of 754.6 is much larger than the 

expected X2 value of 38 on the basis of 27 degrees of freedom and a 95% confidence. Although 

Cu-Cu 1NN distributions of both zones exhibit non-randomness, it is obvious that there is greater 

departure from the randomness for zone III than II, indicating a higher degree of clustering of Cu 

atoms in zone III than II.  

The 1NN analysis investigates the distance between the nearest neighbors of the same 

element. For example, the distance of Cu to the nearest Cu atom is calculated from the perspective 

of each individual Cu atom located in the sample space. Although this method allows the 

investigation of the atomic-scale 3D arrangement of atoms, the lower than ideal detection 

efficiency of the APT strongly influences the analysis. For example, the loss of some nearest 

neighbors during APT analysis results in larger distances between the nearest neighbors. Hence, 

we ignored the absolute frequencies of distances between next neighbor Cu analyses and rather 

focused on the similarities between these values and those observed in crystal structures of known 

minerals such as cuprospinel. 

The experimental and random Cu-Cu distributions for zones II (Figure 3-21a) and III 

(Figure 3-21b) indicate that Cu atoms show a short-range order within both zones because the Cu-

Cu nearest neighbor distances display maximum frequencies of 5 ± 1.6 Å and 4 ± 1.3 Å, 

respectively. Here, the full width at half maximum of the Cu-Cu nearest neighbor distance 

distribution is greater for zone II (mainly OM) than zone III (high proportion of a Cu-bearing 

phase) (Figure 3-21).   
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In general, the densities of Cu are higher at the interfaces between the above-described 

zones (Figures 3-17 and 3-19) or within zones that have C (OM) in high density (Figure 3-19). 

Within zones that have a high density of C (OM), dimer clusters such as Cu-O-C and Cu-O-Cu are 

more abundant than trimer clusters such as Cu-O-Cu-O-Cu (Figures 3-18 and 3-19 ) and higher-

order molecular associations of more than three Cu atoms do not occur in regions with the highest 

density of Cu.  

 

Figure 3-21: First Cu-Cu nearest-neighbor distance distributions in zone II (a) and zone 

III (b) of APT-FIB-2. 
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3.4. Discussion 

The observed mineralogical composition in the two FIB sections will be discussed first 

before addressing processes controlling nucleation and aggregation of minerals in nano-sized pore 

spaces. 

3.4.1. Mineralogy of the FIBs 

 Spinel-type minerals have the general formula AB2X4 where the cation A can either 

occupy a tetrahedrally coordinated site (normal spinel) or an octahedrally coordinated site (inverse 

spinel) (O'Neill & Navrotsky, 1983). Spinels crystallize in a wide range of environments from the 

upper mantle to the crust and in extra-terrestrial bodies such as meteorites and moon (Schindler et 

al., 2019). They are of great significance in geological, environmental and material sciences due 

to their physical properties and their ability to incorporate a variety of mono-, di-, tri-, tetra- and 

pentavalent cations (Schindler et al., 2019). Many spinel group minerals do not have widespread 

geological occurrences but some such as chromite (FeCr2O4) occur in sufficient quantity to be 

called important ore minerals. Fe-bearing spinel-group minerals such as magnetite (Fe3O4) and 

maghemite (Fe3O4) occur commonly in igneous massifs, metamorphic terrains and in sedimentary 

deposits (Schindler et al., 2019). Spinel-type minerals such as magnetite also occur as NP in the 

upper horizons of soils that can form through various abiotic and biotic processes (Schindler et al., 

2019). Sn-bearing spinels do not occur in nature and are synthesized for various industrial 

applications (Šepelák et al., 2012; Yongvanich et al., 2012).  

In the current study, a large almost micrometer-size inclusion of cuprospinel occurs in 

TEM-FIB section 2 (Figure 3-3) and magnetite NP occur in silicate matrices surrounding the larger 

network of silicate patches or pore channels (Figures 3-5, 3-6, 3-7 and 3-8). Apart from magnetite 

NP, nano inclusions of lenticular Sn-bearing spinel NP (Figure 3-9) and AM2O6 NP with A=Zn, 

Cu and M=Sn, Sb (Figure 3-10) also occur in close association with silicates in the OM matrix.  

 Fe-(hydr)oxides commonly occur in various environments such as in sediments formed 

in oceanic and lacustrine and fluvial systems, laterites and soils, magmatic and metamorphic rocks, 

hydrothermal and volcanogenic systems, subsurface environments and extraterrestrial materials 

(Fernández-Remolar, 2015). Fe-(hydr)oxides are common in the Earth’s crust and actively 

participate in various biogeochemical cycles (Fernández-Remolar, 2015). Fe-(hydr)oxide NP are 

of great environmental significance due to their large surface area and high chemical activity, and 
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can immobilize heavy metal(loid)s through adsorption or incorporation (Guo & Barnard, 2013). 

These NP are mostly formed in low-temperature environmental conditions (Guo & Barnard, 2013). 

Ferrihydrite is usually the first Fe-(hydr)oxide phase to precipitate due to its metastable nature and 

lowest interfacial free energy and later transforms to more stable phases such as hematite, goethite 

and lepidocrocite (Guo & Barnard, 2013). The latter minerals are stable under a wide range of 

environments (Guo & Barnard, 2013). For example, higher humidity, lower temperatures, acidic 

or alkaline pH conditions favor the formation of goethite over hematite (Guo & Barnard, 2013).  

Ferrihydrite is a nano-crystalline phase that has a high density of defects and contains 

variable amounts of (OH) groups and  H2O molecules (Zhao et al., 1994). The lack of long-range 

ordering has prevented so far the determination of its structure using X-ray single crystal 

diffraction data. However, progress is still being made to understand the structure of ferrihydrite 

using ab-initio calculations (Rancourt & Meunier, 2008; Michel et al., 2010; Boily & Song, 2020). 

XRD powder patterns of ferrihydrite are commonly composed of either 2 or 6-8 broad peaks and 

are used to distinguish between 2-line ferrihydrite and 6-line ferrihydrite (Jambor & Dutrizac, 

1998; Cornell & Schwertmann, 2003).  

This study shows that ferrihydrite NP occur in close association with silicates and contain 

up to 6 wt% Cu (Figures 3-13 and 3-14). Their occurrence within or in close proximity to silicate 

patches in the OM matrix suggests that silica species inhibit their transformation and aggregation 

towards thermodynamically more stable Fe-(hydr)oxide phases. This inhibiting effect of silica 

species on the transformation of Fe-(hydr)oxide minerals has been widely reported (Zhao et al., 

1994; Rzepa et al., 2016).  

The formation of silicates, especially clay minerals and amorphous silica provide insights 

into important geochemical processes in soils and the underlying processes of their formation 

within OM are still debated. For example, the formation of petrified wood is mainly divided into 

two broad categories based on the preservation processes, premineralization (formation of silica 

or other minerals within porous OM matrix) and replacement (formation of silica and other 

minerals and decomposition of OM). Both of these ideas have been long perpetuated by 

researchers but Mustoe (2017) indicated for the first time that the premineralization and 

replacement can occur simultaneously and physiochemical parameters (pH and Eh) dictate which 

process operates dominantly. Furthermore, X-ray microanalysis of a transverse specimen of pre-
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mineralized modern Pinus contorta (lodgepole pine) by Hellawell et al. (2015) reveals that 

silicification mostly occurred near exterior surfaces and along cracks. Subsequent penetration of 

silicic acid and aluminum hydroxide controls the formation of silicate minerals in a clay matrix 

(Beardmore et al., 2016). 

The formation of these secondary phases in the OM may have been controlled by unique 

environmental conditions often observed in nano- to micrometer- sized pore spaces. These unique 

conditions will be discussed next. 

3.4.2. Factors controlling nucleation within pore spaces 

 Nucleation within a porous medium of heterogeneous nature is often difficult to model 

in experimental setups because various factors such as surface charges, surface energies, matrix 

effects, diffusion and elemental composition of solute may control the stability of nucleated 

phases. Here, we will discuss how surface charges, matrix effects, diffusion and pore sizes may 

have affected the formation of the observed phases in the OM. 

3.4.2.1. Surface charge and matrix effects  

Surface charge plays an important role in interactions between OM and mineral phases in 

the soil. These interactions include, for example, the selective adsorption of ionic species along 

pore walls and channels and the subsequent heterogeneous nucleation of secondary phases. OM 

has commonly a negative surface charge in the pH range (pH = 3-4), whereas cationic species of 

Fe, Al and Cu as well as Fe- and Al-(hydr)oxide phases have a positive charge/surface charge over 

the same pH range. Hence, an electrostatic attraction between OM and Fe- and Al-(hydr)oxides 

NP should exist in the absence of adsorbed species and electrolytes (Kretzschmar & Schafer, 

2005).  

Surface interactions are difficult to model due to complex solution chemistry and 

heterogeneity of OM in soils. For example, OM has diverse surface reactive sites ranging from 

cationic sulfhydryl (R-SH), and amino groups (R-NH2) to anionic hydroxyls (R-OH) and 

carboxylic groups (R-COOH) and also the neutral aromatic (-Ar-) and aliphatic ([-CH2-]n) 

moieties (Thompson & Goyne, 2012). Furthermore, metal(loid) ionic species such as Cu2+ can 

form both inner-sphere and outer-sphere complexes on negatively charged surfaces and the 

characterization of the charge distribution in these surface complexes is still a significant challenge 

(Brown Jr & Calas, 2011).  
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Type, porosity and permeability of OM create matrix induced effects that can control 

mineralization of an OM matrix and hence the nucleation within pore spaces (Stack et al., 2014; 

Mustoe, 2017). Characterization of the quantity and type of functional groups in OM at the 

nanoscale is impractical, which makes the interpretation of observed features difficult.  

 Porous zones developed in OM due to pre-mineralization events can be highly selective 

in ion intake. For example, Plecis et al. (2005) showed that pore opening and channels with 

negatively charged density can selectively promote and inhibit the diffusion of cations and anions, 

respectively. Furthermore, the diffusion of an ion into pore spaces is also controlled by its size. 

For example, experiments by Yang & Garde (2007) showed that the intake of larger relative to 

smaller cations is favored in the presence of negatively-charged densities within the pore system. 

Furthermore, pore channels with a higher proportion of hydrophobic surface terminations promote 

faster diffusion of water than their hydrophilic counterparts with the same diameter (Wang, 2014).  

OM matrix can also stabilize metastable Fe-(hydr)oxide phases. For example,  ferrihydrite 

occurs in lipid vesicles and protein nanocages during biomineralization processes leading to 

magnetite formation in the chiton tooth; biosynthesis of magnetite in the chiton tooth is a two-step 

process that begins with the formation of ferrihydrite and its transformation to magnetite (Tester 

et al., 2012; Gordon & Joester, 2013). Fe transport and storage through encapsulation within nano-

sized ferritins and similar proteins is a ubiquitous process in biology (Baumgartner et al., 2013). 

The formation and stability of ferrihydrite in these nano-sized proteins is most likely due to unique 

conditions induced by the pore size (see below), organic acids and availability of Fe3+ species 

(Baumgartner et al., 2013; Gordon & Joester, 2013; Siponen et al., 2013).  

3.4.2.2. Silicon mobility and interactions   

Silicon (Si) is a major element within the Earth’s crust and is an essential element for plants 

as it increases their resistance to a wide variety of diseases and pests (Klotzbücher et al., 2020). Si 

is mainly present as monomeric (H4SiO4) or polymeric-silicic acid in soil solutions and its 

concentrations vary depending on the solubility and composition of primary and secondary silicate 

minerals (Nguyen et al., 2017b; Klotzbücher et al., 2020). The interaction of silicic acid with 

mineral surfaces is the major control on the leaching of Si in terrestrial ecosystems (Klotzbücher 

et al., 2020).  
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A study by Leo & Barghoorn (1976) revealed that during pre-mineralization of OM, initial 

silicic acid penetration occurs due to its chemical affinity for hydroxyl groups in holocellulose and 

lignins, which are the primary structural components of plant vascular tissue and this sets the stage 

for the episodic intake of silicic acid that ultimately leads to the replacement of OM by silica. After 

this pre-mineralization process of OM, Si settles mostly in the form of silicates and silica (Mustoe, 

2017). Silicic acid can have also a profound effect on the dispersibility of silicates and aggregation 

of silicates and Fe-(hydr)oxides. For example, Nguyen et al. (2017b) showed that adsorption of 

silicic acid leads to greater dispersibility of an Fe-rich kaolinitic clay fraction within a specific pH 

range (4-6) due to reduced zeta potential (which is a measure of the effective electric charge on a 

specific surface). The lower zeta-potential inhibits the formation of face – edge structures between 

clay particles, which is necessary to keep their “house-of-cards” structure intact. A study by 

Nguyen et al. (2017a) showed that adsorption of silicic acid lowers the zeta potential of goethite 

particles which promotes their aggregation due to the higher abundance of van der Waals (vdW) 

forces between adsorbed silica species. Si-rich phases such as amorphous silica can serve as 

favorable heterogeneous nucleation sites due to the presence of hydrophilic functional groups on 

their surface (Wang et al., 2019). For example, Jadoon & Schindler (2021) showed that CuSx 

phases such as covellite NP preferentially nucleate on silica inclusions located within a matrix of 

organic colloids.  

The presence of silica species and their subsequent attachment to ferrihydrite can suppress 

its transformation to more stable Fe-(hydr)oxide phases such as hematite and goethite (Zhao et al., 

1994; Rzepa et al., 2016). This suppression effect is most likely induced by the formation of Fe-

O-Si surface terminations, which impede crystal growth (Zhao et al., 1994). Furthermore, 

adsorption of silicate phases also lowers the internal arrangement and structural order of 

ferrihydrite particles, which results in higher required temperatures for the transformation of 

ferrihydrite into stable phases such as hematite (Rzepa et al., 2016).  

3.4.2.3. Pore size-controlled solubility   

 Pore size can control the size of a forming nucleus, which, in turn, controls its solubility 

in a certain matrix; i.e. surface energy and solubility of a nucleus are inversely proportional to its 

size (Stack, 2015). In this regard, the pore size-controlled solubility model states that 

heterogeneous nucleation in smaller pores requires higher supersaturation as compared to larger 

pores (or bulk fluid) (Putnis, 2015). Hence, a phase may nucleate only in larger pores if smaller 
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pores or pore channels at a given degree of supersaturation are inhibiting its nucleation. For 

example, Weber (2017) used a combination of APT and TEM to study radium (Ra) uptake into 

porous barite and showed that nucleation of a Ra-bearing phase occurs preferentially within macro-

pores, whereas nano-pores only contain water and salt precipitates at a given degree of intrinsic 

supersaturation.   

Furthermore, Stack et al. (2014) showed that favorable surface chemistry such as the 

presence of polar functional groups along pore walls can promote nucleation in nanopores and can 

act as active redox zones. For example, oxidized and reduced HA and FA functional groups in the 

OM are active redox centers and can induce the reduction of metal(loid)-bearing species (Sansom 

& Biggin, 2001; Hyun et al., 2007; Akaighe et al., 2011; Fulda et al., 2013). This was confirmed 

by Maurer et al. (2013) who showed that the extensive formation of Cu+ and metallic Cu occurs at 

redox-active centers in OM.   

3.4.2.4. Size-controlled mineral stability   

 Thermodynamic stability of NP shifts with a decrease in particle size due to unique 

physico-chemical properties and surface interactions at the nanoscale. A crossover in surface free 

energy with decreasing particle size contributes to this shift in stability of phases at bulk vs 

nanoscale (Chernyshova et al., 2007; Guo & Barnard, 2013). For example, a study by Navrotsky 

et al. (2008) showed that the shift in stability of Fe-(hydr)oxide phases occur at the nanoscale. 

These authors determined the surface area vs surface energy relationship using dissolution 

enthalpies (ferrihydrite values are approximated due to its variable chemical composition) and 

showed that Akaganeite (β-FeOOH) becomes a stable Fe-(hydr)oxide phases with decreasing 

particle size. Simulation studies based on thermodynamic data show that ferrihydrite is the most 

common and stable Fe-(hydr)oxide phase formed at the nanoscale and that its stability threshold 

lies at 8 nm and above this threshold, rearrangement, reordering and Ostwald ripening result in the 

transformation of ferrihydrite to nano-hematite or goethite (Hiemstra, 2015). Experimental studies 

are in accord with these calculations: they indicate that ferrihydrite NP are unstable above ~ 6 nm 

(Michel et al., 2010). Another study by Navrotsky et al. (2010) also showed that the surface 

energies of oxyhydroxide, spinel and oxide NP increases in the following order: oxyhydroxides < 

spinels < oxides and this order may represent their relative stability at a given size.  
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3.4.2.5. Crystallization through particle attachment    

 Brownian motion of NP results in random collisions among themselves and with other 

mineral phases (Hotze et al., 2010; De Yoreo et al., 2015). These collisions can result either in 

their attachment, rotation on the surface, or detachment depending on the strength of 

intermolecular forces. For example, Derjaguin–Landau–Verwey–Overbeek (DLVO) theory 

describes that attachment of particles is controlled by the sum of attractive and repulsive forces 

that are commonly vdW and EDL forces, respectively (Verwey et al., 1948; Hotze et al., 2010; De 

Yoreo et al., 2015). Factors such as surface charge, particle size, shape, the type of ionic species 

in solution, adsorbed species and alteration layers control the strength of these attractive and 

repulsive forces in a certain matrix (Hotze et al., 2010). Physical and chemical properties of a 

solution, flow paths, flow regimes (laminar or turbulent) and surface potentials of NP can also 

greatly influence the agglomeration of NP; i.e. higher values of Dean number (a dimensionless 

number giving the ratio of the viscous force acting on a fluid flowing in a curved pore channel to 

the centrifugal force) and particle density and lower values of Reynolds number (the ratio of 

inertial forces to viscous forces) and permeability can promote agglomeration of NP in a certain 

matrix (Choi et al., 2013; Liyanage et al., 2016). Minimization of surface charges can promote 

homoaggregation (aggregation of same types of NP), whereas opposite surface charges promote 

heteroaggregation (aggregation of different type of NP or attachment of NP to the surface of other 

minerals) (Schindler & Hochella, 2017). For example, Schindler & Hochella (2017) showed the 

occurrence of homoaggregation of anglesite and kintoreite NP (PZC = 4 ≈ pH bulk)  and the 

attachment of near neutral-charged NP of anglesite to negatively charged surfaces of illite (PZC < 

pH bulk), assuming that the pH within pore spaces of mineralized OM is similar to the pH of the 

bulk soil.  

An increasing number of studies show that in contrast to the conventional models that state 

that crystal growth occurs when individual ions are sequentially added to a growing crystal face, 

crystallization through particle attachment (CPA) is a common crystallization mechanism, 

especially in the case of biologically-induced nucleation processes (De Yoreo et al., 2015). CPA 

involves the attachment of already-formed NP in the solution to the growing crystal face. If NP 

are amorphous, their agglomeration occurs through amorphous-to-crystalline pathway. In the case 

of crystalline NP, agglomeration occurs either in oriented attachment (i.e. attachment of NP to a 

growing crystal face in a specific crystallographic orientation) or random attachment (i.e. 
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attachment of NP to a growing crystal face in random crystallographic orientation) (Schindler & 

Hochella, 2017). Coulombic and Lewis acid-base interactions between NP surfaces and larger 

aggregates control the oriented attachment, whereas incorporation of NP into bulk crystal via 

random attachment requires structural re-organization (Banfield et al., 2000; Zhang et al., 2014; 

De Yoreo et al., 2015). Schindler & Hochella (2017) observed CPA for anglesite and kintoreite 

NP in silica matrices within mineralized OM and showed that mineral growth via the non-

conventional CPA model is of great environmental importance in contaminated oxic soils as it 

explains the formation and aggregation of metal(loid)-bearing NP. 

3.4.2.6. Role of precursors in the formation of incidental NP  

 Natural NP have been abundant within the Earth’s systems since the formation of the 

Earth. However, NP can form through anthropogenic activities and are classified into two major 

types: (I) engineered NP, which are purposely manufactured to be at the nano-sized and (II) 

incidental NP, which form through anthropogenic activities (Hochella et al., 2019). Incidental NP 

are more abundant than engineered NP and they almost rival their natural counterparts in many 

environmental components (Hochella et al., 2008). Incidental NP can form via various pathways, 

which include the formation of NP via complexes, clusters, small molecules and polyatomic ions 

(so called precursors) which in turn can form larger aggregates leading to bulk solids (De Yoreo 

et al., 2015; Van Driessche et al., 2016). The formation of NP aggregates via this pathway can lead 

to the production of NP heteroaggregates that are more stable than single-phase bulk crystals 

(Hochella et al., 2019). The transition of precursor to NP or NP aggregates is a complex process 

governed by various redox and hydrolysis processes as well as dissolution and precipitation 

reactions (Hochella et al., 2019). Precursors may or may not lead to bulk phases becuase their 

transition can stop at any point due to physico-chemical constraints induced by their surroundings 

(Hochella et al., 2019). These precursors usually form in manipulated lands such as urban, 

agricultural, industrial and mining areas or in the troposphere that lies over regions of high 

industrial activity or high population density. For example, the presence of sulfuric acid and other 

compounds in the atmosphere due to anthropogenic emissions leads to the formation of precursors, 

which aggregate and form stable NP through condensation of vapors containing OM in feasible 

conditions (Hochella Jr et al., 2012; Kulmala et al., 2014). Furthermore, precursors are usually not 

stable species but can persist for longer periods and can aggregate upon finding suitable surfaces. 

For example, Rozan et al. (2000) showed the presence of multinuclear metal(loid)-sulfide (Cu, Fe 
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and Zn) clusters in oxic rivers that are resistant to dissociation and oxidation and have high stability 

constants. The formation of NP through precursors, contributes approximately 74% of the total NP 

in the atmosphere (Merikanto et al., 2009); hence, their study is necessary to get insights into the 

complex formation mechanisms of stable incidental NP that persist in various environmental 

components and can transport metal(loid)s to greater distances.  

3.5. Model of formation  

The formation and stability of Cu- and Fe-bearing incidental NP within pores of OM may been 

controlled by the following processes and steps (Figure 3-22).  

 

Figure 3-22: Model of formation: the sequestration of Cu and other metal(loid)s have 

occurred in the following sequence: (I) pre-mineralization of OM and adsorption of Cu 
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I. Premineralization and adsorption 

During pre-mineralization, the outer surfaces of the OM matrix are mineralized first and 

porosity is generated around the mineralized zones either due to OM degradation or cracks 

propagation (Figure 3-3) (Hellawell et al., 2015). This observation is consistent with experimental 

and simulation studies, which indicate that nucleation in a matrix preferentially occurs in regions 

of initial fluid penetration because they can easily become supersaturated with respect to a certain 

mineralogical phase (Figure 3-3) (Noiriel et al., 2016; Fazeli et al., 2020; Jadoon & Schindler, 

2021). As pre-mineralization progresses, restructuring of flow paths and alteration of size, shape, 

connectivity and distribution of pores greatly alter the porosity-permeability of a matrix. Closure 

of pore throats, as well as variation in hydrodynamic properties of pore channels leading to them, 

can make certain pore spaces highly confined (Noiriel et al., 2016).  

 Electrostatic attraction most likely promoted the adsorption of cationic Fe- and Cu-bearing 

aqueous species on the surface of negatively charged pre-mineralized OM. Additionally, the 

adsorption of cations can reverse the charge of OM, which can then lead to the adsorption of anions 

as well (Tiberg et al., 2013; Schindler et al., 2016).   

II. Diffusion  

Metal(loid) species adsorbed on OM surfaces and pore solutions containing metal(loid)-

bearing aqueous species diffuse into the porous zones developed during the pre-mineralization of 

OM. The occurrence of silicate phases along cracks and formation of incidental NP in close 

proximity to these silicate phases indicate that pre-mineralization has strong control over the 

formation of incidental NP within OM. For example, the occurrence of metal(loid)-bearing NP 

(Fe-(hydr)oxides, spinels, cuprite, spertiniite, Cu-bearing arsenate) at the interface of silicate 

patches towards the OM indicates that these NP formed in areas pre-mineralized by silicate phases 

(Figure 3-3 and 3-16)). For example, NP of cuprite and spertiniite occur around a silicate phase 

(Figure 3-11) and a lepidocrocite NP aggregate (Figure 3-15), indicating that both types of NP 

formed after the generation of silicate and Fe-(hydr)oxides phases. Additionally, the occurrence of 

aqueous species, (II) diffusion of Cu aqueous species through porous zones, (III) Formation 

of precursors and their respective NP in nanosized pores, (IV) aggregation of NP and their 

long-term stabilization due to adsorbed silica species. 
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silicate rims around Fe-(hydr)oxide NP (Figure 3-14) and the heterogeneous distribution of Si and 

Al within silicates (Figures 3-4, 3-5 and 3-6) indicate the episodic intakes of silicic acid and Al- 

and Fe-hydroxides. Silicate phases of the first generation may have exfoliated (Figure S5) with 

time (due to degradation of OM) and provided diffusion pathways and pore channels for the intake 

of silica- and Al-, Fe- and other metal(loid) species into the OM matrix (Smykatz-Kloss et al., 

2003).  

The occurrence of Cu in close association with the Si, Al and other metal(loid)s in the APT 

data and their common distribution within the OM matrix are in agreement with the TEM findings 

and indicate that zones with a high density of Si and Al are most likely pre-mineralized porous 

zones within OM that promoted the diffusion of Cu, Fe, Zn and other metal(loid)-bearing species 

(Figure 3-17, 3-18 and 3-19). For example, the distribution of K, Na and Al in zones I and II in 

APT-FIB-1 suggests different degrees of pre-mineralization of the OM matrix (Figure 3-17). The 

high density of Cu at the interface between zone I and zone II in APT-FIB-1 might be due to lower 

porosity in zone II and accumulation of Cu and other metal(loid) species along the zone boundary 

and their slow diffusion into zone II (Figure 3-17). Similarly, the common distribution (low to high 

from zone II towards zone III) of Cu, Fe, Zn, Si and Al within OM in zone II of APT-FIB-2 is 

most likely due to the fact that pre-mineralized zones within OM promoted the diffusion of 

metal(loid)-bearing species within the OM matrix (Figure 3-19).  

III.  Nucleation  

The presence and distribution of silicate phases have considerable control over the 

nucleation of incidental NP as they not only generate porosity but also provide favorable surfaces 

for heterogeneous nucleation (Jadoon & Schindler, 2021). Therefore, most of the incidental NP 

such as ferrihydrite, magnetite, cuprite and spertiniite occur in silicate matrices or in close 

association with silicate phases (Figure 3-17). The common occurrence of Cu, Fe, Zn, Al and Si 

in zone II of both APT-FIB-1 and APT-FIB-2 also confirms this relationship (Figures 3-17, 3-18, 

3-19 and 3-20) and might indicate the preferential formation of phases in porous zones during pre-

mineralization. These observations are in accord with the observation by Jadoon & Schindler 

(2021) who showed that heterogeneous nucleation of covellite NP often occurs on nano-sized silica 

inclusions within pre-mineralized OM. The authors suggested that silica stabilized and aided in 

the formation of covellite NP, which is most likely due to the presence of hydrophilic (polar) 

functional groups on the surface of the silica inclusions. Furthermore, the presence of hydrophobic 
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functional groups in OM may have promoted the growth of larger aggregates (Figures 3-12, 3-13 

and 3-14), whereas smaller aggregates (Figures 3-5 and 3-6) occur on hydrophilic functional 

groups in silicates. For example, an experimental study by Deng et al. (2020) indicated that the 

nucleation free energy barrier on hydrophilic surfaces is lower than on hydrophobic surfaces. This 

results in a more rapid formation of smaller particles and aggregates on hydrophilic surfaces, 

whereas larger aggregates are observed on more hydrophobic surfaces. Occurrences of  NP 

aggregates with lattice fringes in the same and different orientations (Figure 3-5, 3-6, 3-12, 3-13 

and 3-14) and their oriented attachment (Figure 3-7) are indicative of both crystallization through 

particle attachment (CPA) and Ostwald ripening (Thanh et al., 2014), which could be the dominant 

processes leading to the formation of incidental NP in nanopore spaces. 

Apart from the occurrence of silicate phases, availability of metal(loid) aqueous species 

most likely controlled the nucleation of incidental NP. For example, the low availability of Cu and 

Zn aqueous species in a pore space probably promoted the formation of ferrihydrite aggregates 

(Figures 3-13 and 3-14), whereas the increased availability of these elements most likely promoted 

the formation of magnetite NP (Figures 3-5, 3-6, 3-7 and 3-8) or Zn-Sn-Fe-spinel (Figure 3-9). 

The availability of metal(loid)-bearing aqueous species in pore spaces within OM matrix is 

probably controlled by the chemistry of the infiltrated pore solution as well as the hydrodynamic 

properties of the pore channels, which control the diversity of species reaching large pore spaces 

(Noiriel et al., 2016).  

PCS can also have a profound effect on the nucleation of incidental NP within nanosized 

pores. For example, a gradual increase in the density of Cu from zone II towards zone III in APT-

FIB-2 most likely indicates preferential nucleation within larger pores or a change from low to 

high porosity (Figure 3-20). This is in accord with the observations of Weber (2017) that the 

preferential nucleation of BaxRa1-xSO4 occurs in larger (200 nm) vs smaller pores (<50 nm). Pore 

shape also might have an effect on the morphology of the nucleated phases as indicated by the 

occurrence of lenticular spinel phases (Figures 3-8 and 3-9) as well as the occurrence of lenticular 

regions in zone III of APT-FIB-2 with high densities of Cu and Fe (Figure 3-20).  

The type and number of polymerized Cu-polyhedra in areas with a high density of Cu may 

provide insights into the chemical composition of precursors. Cu-oxide species such as CunOn and 

CunOn-1 series have linear structures for n = 2,3 and n = 2, 3 and 4 respectively (Abdul Latif et al., 
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2018). More complex Cu-(hydr)oxide polymeric species occur in larger clusters such as 

[Cu12(OH)24] or as 1-D chains in  Cu(OH)2  (Kondinski & Monakhov, 2017). Hence, the identified 

trimer of Cu-oxy or Cu-hydroxy polyhedra may represent parts of a complex polymeric Cu-oxide 

species, which subsequently leads to the nucleation of a Cu-(hydr)oxide. The occurrence of 

precursors, clusters and NP has also been observed in surfactant solution. In their work, Yao et al. 

(2010) reported that synthesis of gold NP occurred in three steps: (I) Formation of AuCl4
- dimers 

and trimers, (II) formation of small Au13 clusters and (III) formation of larger Au NP 

A Cu-Cu nearest neighbor distance of 4 ± 1 Å in zone III of APT-FIB-2 most likely 

corresponds to a Cu-Cu distance of 4 Å in inverse spinel structure, where half of the octahedral 

sites are occupied by the Cu atoms (Figures 3-21 and 3-S7). Furthermore, the larger Cu-Cu nearest 

neighbor distance of 5 ± 1.25 Å in zone II (OM) of the APT-FIB-2 is most likely due to an 

increased proportion of Cu carboxylate chelate O-ring structures identified by Manceau & 

Matynia, 2010as they have a Cu-Cu distance of 5.26 Å along one of their axis (Manceau & 

Matynia, 2010) (Figures 3-21 and 3-S8).  

IV.  Phase stability 

 Size of NP might have controlled their stability in nano-sized pore space; however, pre-

mineralization of OM might have also played a vital role in the stabilization of NP aggregates. The 

silicates formed during pre-mineralization of OM can not only provide favorable surface sites for 

heterogeneous nucleation but can also promote long-term stability and agglomeration of nuclei 

(Figures 3-5, 3-6, 3-7, 3-8, 3-9, 3-10, 3-11, 3-12, 3-13, 3-14 and 3-15). The occurrence of 

ferrihydrite NP aggregates within silica patches suggests that they formed through heterogeneous 

nucleation on silanol groups and silica might have suppressed the transformation of ferrihydrite to 

other stable Fe-(hydr)oxide phases such as hematite, goethite and lepidocrocite. Furthermore, the 

presence of silicate rims around ferrihydrite aggregates (Figure 3-14) suggests that episodic silicic 

acid intakes into pores might have also played a vital role in the stabilization of Fe-(hydr)oxide 

NP and promoted their aggregation (Nguyen et al., 2017a). This is in accord with the observations 

of Jadoon & Schindler (2021) who showed that the presence of silica could suppress 

transformation of ferrihydrite to stable Fe-(hydr)oxides in organic colloids and Schindler et al. 

(2009) who showed that silicic acid species have high affinity towards Fe-O surface terminations.   
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3.6. Conclusions 

 This study shows that the combination of TEM and APT can be a powerful method to 

study the formation of Cu-bearing incidental NP occurring at the nano- or subnano-scale. Most of 

the identified mechanisms related to the formation of Cu-bearing incidental NP or their precursors 

within OM matrix cannot be identified through bulk-techniques such as ICP-MS, XRD and various 

synchrotron-based techniques. Therefore, their characterization via a combination of TEM and 

APT provides valuable insights into geochemical and mineralogical processes related to the 

formation of incidental NP and their respective precursors within the OM.  

 We showed in this study that the formation of incidental NP within OM is a complex 

process and is primarily controlled by the pre-mineralization of OM, which results in the formation 

of silica and silicates along the exterior and interior surfaces and cracks, which in turn generate 

porous zones along these regions. Porosity promotes the diffusion of metal(loid) species and their 

adsorption on silica and silicate surfaces, which subsequently results in the formation of incidental 

NP. The diffusion of metal(loid) species is most likely controlled by the hydrodynamic properties 

of pore channels as well as by hydrophobic functional groups located within the OM. Availability 

of silica/silicates  (which promote the heterogeneous nucleation), heterogeneity of OM 

(distribution of polar functional groups), availability of metal(loid) aqueous species and PCS 

effects most likely controlled the formation of precursors and their subsequent incidental NP. Non-

conventional models of nucleation such as crystallization through particle attachment and Ostwald 

ripening may have operated dominantly during the formation of incidental NP. Furthermore, 

adsorption of silica species and episodic silicic acid intake most likely stabilized metastable Fe-

(hydr)oxide phases such as ferrihydrite.   

 Our study provides new insights in the formation mechanisms of incidental NP in OM 

and indicates that sequestration of metal(loid)s within pre-mineralized OM can result in the 

formation of Cu clusters (precursors), which can either remain stable or aggregate to form NP in 

larger pores. However, more experimental studies are needed to (a) study the formation of 

metal(loid)-bearing precursors within the OM and (b) to understand their aggregation mechanisms 

in relation to PCS effects on the formation of  NP.  
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Chapter 4: Conclusion and Recommendations of future work  

4.1. Conclusion 

This thesis shows that only nano-scale techniques can resolve mineralogical and chemical 

details on the occurrence of Cu and Fe in OM colloids and particles within contaminated oxic soils. 

It specifically demonstrates that identified sequestration mechanisms for Cu in organic-rich soils 

could be only deciphered using a combination of bulk and nano-scale analytical techniques. Hence, 

the characterization of OM through a combination of TEM and APT provide valuable insights into 

geochemical and mineralogical processes related to the formation of metal(loid)-bearing  NP and 

their respective precursors within OM.  

This study shows that the formation of Cu-bearing incidental NP within OM is a very intricate 

process and is primarily controlled by the pre-mineralization of OM, which generates porosity 

along exterior surfaces and cracks throughout the OM. Porosity promotes diffusion of metal(loid) 

species and silicates/silica provide favorable surfaces for the formation of NP within nanopore 

spaces. Hydrophobic functional groups of OM and hydrodynamic properties of pore channels most 

likely have a strong control over the diffusion of metal(loid) species. Furthermore, availability of 

silica/silicates, distribution of polar functional groups in OM, availability of metal(loid) aqueous 

species and pore size controlled solubility effects most likely promote the formation of metal(loid)-

bearing NP and their precursors (which are revealed by the APT data) in OM. Non-conventional 

models of nucleation such as crystallization through particle attachment and Ostwald ripening have 

not been observed in the interior of organic colloids but appear to dominate in OM particles. CuSx 

phases occur predominantly within organic colloids and their limited occurrence in OM particles 

may be attributed to a limited availability of sulfide species.   

4.2. Application of study 

This study highlights the importance of porous materials such as organic colloids and 

particles in the sequestration of metal(loid)s as well as their ability to promote nucleation and long-

term stability of secondary metal(loid)-bearing mineralogical phases in surficial soils. Therefore, 

this study advocates the use of porous material such as biochar for the remediation of soils 

contaminated with toxic metal(loid)s, especially if biochar containing selectively confined pores 
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of specific size can be manufactured. Biochar has a carbon matrix with extensive surface area and 

high degree of porosity, allowing it to be used as sorbent for metal(loid)s (Chen et al., 2003; 

Beesley et al., 2011). Biochar is mostly derived from animal wastes and has high sorption capacity 

due to overall negative surface charge of the carbon matrix, a high ion exchange capacity and 

sorptive interactions induced by delocalized electrons (Cao et al., 2009; Sohi et al., 2010). Many 

studies have been conducted on the sorption of metal(loid)s on the biochar and its use as organic 

amendment to contaminated soils; however, its role in sequestration of metal(loid)s and formation 

of secondary metal(loid)-bearing mineralogical phase in its micro and nano pores still needs to be 

addressed by experimental studies. The latter studies may reveal how specific pore sizes can 

enhance the uptake of metal(loid)s by biochar and promote thus their long term immobilization. 

Physico-chemical properties of biochar such as pH, ion exchange capacity, surface area and size 

of matrix pores depend on the temperature of pyrolysis during its production (Yuan et al., 2013; 

Zhao et al., 2018). Therefore, this temperature can be adjusted to produce biochar with enhanced 

capacities to sequester metal(loid)s in contaminated surficial soils.   

4.3. Future Work 

Schindler & Hochella Jr (2015) showed that metal(loid)-rich phases can be preserved in low-

accessible pore spaces over several decades. Their observations and the findings of this study 

suggest that Cu-bearing phases may remain unaffected by major changes in soil pH and soil 

composition when incorporated in pore spaces of OM. Hence, soil reclamation techniques such as 

liming, fertilization or the addition of organic amendments may not immediately affect the entire 

mineralogy of Cu in contaminated soils.    

The identification of Cu-bearing incidental NP and their precursors in porous OM or 

secondary alteration products may impact how we approach future studies on the fate of Cu and 

other metal(loid)s in contaminated soils. For example, a combination of bulk analytical techniques, 

synchrotron-based spectroscopy, TEM and APT may provide a complete overview on various 

sequestration mechanisms for metal(loid)s in an impacted soil on the regional rather than on the 

centimeter scale (as conducted in this study).  

Finally, I recommend that experimental studies should be carried out in order to better 

understand the formation of metal(loid)-rich phases in porous constituents of soils and sediments. 

These studies should use for example mesoporous silica or organic matter with known pore-size 
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dimensions to identify pore-size induced effects on the diffusion of metal(loid) aqueous species 

and the nucleation of metal(loid)-bearing NP.  
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Appendices 

Appendix A: Chapter 2 

Supplementary Information 

Materials and methods 

Sample preparation and Bulk Analytical Techniques 

All collected samples were taken back to the lab in sealed plastic bags (circa 4 hours’ 

drive), sieved (< 1.4 mm), dried in an oven at 80°C for three days and stored under dry 

conditions for further examinations.  

The pH value of the soil samples was measured by mixing  2 g of soil with 10 mL of a 0.01 

M CaCl2 solution (OECD, 2002).  The mixture was thoroughly stirred for 30 minutes and allowed 

to settle for 15 minutes before the pH measurement. Total carbon and sulfur of the samples 5A, 

7A and 7B were measured in the Ontario Geological Survey Geoscience Laboratories (Geo Labs) 

with a LECO CS844. This analysis was conducted by combustion of 0.2g of soil in a stream of 

purified O2 gas and later passed over a heated catalyst, oxidizing total S and C to SO2 and CO2, 

respectively, which are then detected by two non-dispersive infrared cells (Amirault & Burnham, 

2013). The soil digestion process and inductively coupled plasma-mass spectrometry (ICP-MS) 

measurements of the soil fractions were conducted at the Geo Labs, Sudbury, ON, Canada. 

Samples were prepared in a reverse aqua-regia digest following the Burnham method (Burnham, 

2017) and analyzed with an iCAP Q ICP-MS (Thermo Scientific).  

Powder X-ray diffraction (XRD) analysis was conducted at the Pacific North West 

National Laboratory with an automated Bruker D8 diffractometer using of Cu Kα radiation (1.5417 

Å) at a current and voltage of 30 mA and 40 kV, respectively. The XRD patterns were collected 

from 10° 2θ to 110° 2θ with a step size and dwell time of 0.02° 2θ and 2s (2.7 hours), respectively.  

Colloid sample preparation and TEM 

Column leaching experiments were conducted to collect soil leachates by filling hollow, 

plastic tubes with approximately 2 g of the dried and sieved (<1.4 mm) 3 cm soil fraction which 

was covered on the top and bottom by a small layer of plastic beads (Figure 2-2b). A 0.02 mM 

CaCl2 solution was passed through the leaching column at an approximate rate of 0.8 mL h−1 until 
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50 mL was collected in a flask below the column. A fraction of the leachate was centrifuged using 

a Beckman Coulter Max-Ultracentrifuge centrifuge rotor 40000 rpm at 120 minutes, which, 

according to the Stokes equation, will remove all spherical particles from solution with a density 

similar to CuS (4.76 g cm−3) and a diameter greater than 4.5 nm.  

ICP-MS analysis was conducted on the original leachate after acidification (to determine 

the total concentration of metal(loid)s) and on the leachate after centrifugation/filtering (0.1 μm) 

(to determine the concentrations of metal(loid)s in the dissolved fraction. Samples were analyzed 

on an ICP-MS (Agilent 8900) instrument at the center of earth observation and science (CEOS) at 

the University of Manitoba. The proportion of each element in the colloidal fraction was then 

determined through subtraction of the dissolved fraction from the total fraction.   

Determination of the size distribution of the colloids 

The size of colloids was determined through the dynamic light scattering method, in which a laser 

pulse is fired in the solution and a reflected laser light signal is deconvoluted to determine the size 

distribution of the particles via Fast Fourier Transform (FFT) analysis. The leachates (non-

centrifuged) of two samples, 5A and 7A were analyzed on a Microtrac nanotrac dynamic light 

scattering instrument at the Manitoba Institute of Materials. 

TEM analysis of the colloids 

To prepare the colloids for TEM analysis, soil leachates were centrifuged using a Beckman 

Coulter Max-Ultracentrifuge centrifuge equipped with a MLS 50 swing-bucket rotor. A 

molybdenum TEM grid (400 mesh lacey carbon, 100 μm) was fixed to an epoxy support at the 

bottom of the centrifuge tube and the tube was then filled with 2 mL of the leachate. According to 

Stokes equation, spherical particles greater than 4.5 nm and a density similar to CuS (4.76 g cm−3) 

deposit onto the grid during centrifugation for 120 minutes at a speed of 40000 rpm. The deposited 

colloidal fraction on the TEM grid was examined with a field emission TEM FEI Talos F200x at 

the Manitoba Institute of Materials. SAED and TEM imaging was performed with an accelerating 

voltage of 200 kV in bright and dark field mode with a Fischione high angle annular dark field 

(HAADF) detector and a 16 MB Ceta camera. STEM-EDS mode was used to perform 

compositional analysis with 4 SDD detectors.  
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Figures: 
 

Figure 2-S1: A photograph of site 7 with the smelter stack in the background 

 

Figure 2-S2: (a, b and c) show the XRD patterns of samples 5A, 7A and 7B, respectively.  
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Figure 2-S3: Identification process of covellite: (a) STEM image and (b) STEM-EDS chemical 

distribution maps for Cu (red), S (yellow) and C (green); (c) selected area electron diffraction 

pattern (SAED) of area highlighted by white and black dashed lines in (a) indicating that all the of 

the observed d-spacings correspond to covellite. (d) STEM-EDS spectrum and (e) C, Cu, S and O 

ratio obtained from EDS spectrum indicating that C:Cu:S:O ratio corresponds to sulfide rather than 

sulfate as oxygen is associated with C, otherwise much more oxygen would have been present. 
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Figure 2-S4: Morphology of organic colloids: (a-c) STEM images and (d-f) STEM-EDS chemical 

distribution maps for C (green); (a-c) nanopores or porous zones are visible within organic colloids 

(highlighted with white dashed lines). 

 

 

 



126 
 

Figure 2-S5: Dynamic light scattering plots indicating the average particle size in samples (a) 5A 

and (b) 7A. 
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Figure 2-S6: (a)-(d) Almost euhedral Fe-Cr-sulfate NP located within organic colloids: (a) STEM 

image, (b) STEM-EDS chemical distribution maps for Fe (blue), Cr (red) and C (green) and (c) 

for S (yellow), (d) high-resolution TEM image indicating characteristic lattice fringes (highlighted 

with solid white lines) within nanodomains; all d-spacings are given in Å. 
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Figure 2-S7: (a)-(b) Almost euhedral Cr-bearing hematite (Hem) nanoparticles: (a) STEM-EDS 

chemical distribution maps for Fe (blue), Cr (yellow) and C (green) and (b) selected area 

diffraction pattern (SAED) of area highlighted by white dashed line in (a).  
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Figure 2-S8: (a)-(d) Possible calcium carbonate mineralized bacterium cell: (a and d) STEM 

images, (b) high resolution TEM image, (c) STEM-EDS chemical distribution map for P (red) 

and Mg (green) indicating the possible location of the former nucleus. 
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Figure 2-S9: shows the proportions of the metal(loid) in the colloidal fraction (mean %) with 

respect to their total concentrations in the leachate. 

 

Figure 2-S10: (a-d) SEM images in backscattering mode (BSE) of organic particles from sample 

5A and (e)-(h) their corresponding SEM-EDS chemical distribution maps for Fe (blue) and Si 

(red). The maps indicate that Cu is homogenously distributed within the OM particles, whereas Fe 

is concentrated within certain regions. 
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Tables: 

Table 2-S1: Selected trace metal(loid) concentrations and physico-chemical parameters of the 

samples 5A, 7A and 7B. 

 
Trace metal concentrationa (ppm)  Physico-chemical parameters Distance to former 

smelter complex (km) Sample Ag Co Cu Pb Sb Sn Zn  pH Total C (wt%) Total S (wt %) 

5A 21.9 173.5 7974 3104.9 32.9 >90 1474.0  4.7 28.1 0.28 1.8 W 

7A 7.4 184.1 2692 1261.9 48.9 >90 4225.0  5.4 22.0 0.19 1.8 NE 

7B 7.2 88.0 3829 2023.9 42.6 >90 2178.0  3.6 22.8 0.37 1.8 NE 

 

 

 

 

       Table 2-S2: Trace metal(loid) concentrations in all collected samples around the Horne smelter in 

Rouyn Noranda.   

 Trace metal concentration (ppm)  Distance to former 

smelter complex (Km) Sample Ag Co Cu Pb Sb Sn Zn  

1A 18.8 273.2 2864 1759.2 28.4 >90 263  3.5 

1B 1.4 68.5 854 225.7 2.2 8.9 118  3.5 

1C 19.2 143.1 4138 909.1 25.1 72.3 363  3.5 

2A 5.1 295.5 5318 3825.8 26.1 >90 773  3.1 

2B 2.6 154.4 789 377.8 4.8 21.5 83  3.1 

2C 9.6 81.3 6120 2101.4 12.5 57.0 707  3.1 

3A 8.8 124.6 2043 2166.3 13.7 >90 420  2.9 

3B 2.7 122.6 1007 718.6 4.7 25.3 255  2.9 

3C 1.4 274.8 523 175.9 2.1 7.9 516  2.9 

4A 9.2 105.4 2853 601.6 12.9 29.1 656  2.9 

4B 11.3 84.6 3419 835.6 14.6 36.1 507  2.9 

4C 0.5 81.4 131 52.0 1.4 3.3 169  2.9 

5A 21.9 173.5 7974 3104.9 32.9 >90 1474  1.8 

5B 23.4 114.5 6916 1691.1 35.4 64.5 1521  1.8 

6A 8.1 117.4 3421 494.7 10.1 24.8 615  1.2 

6B 6.4 81.8 1740 926.6 15.6 32.4 246  1.2 

6C 19.8 118.2 6535 1462.8 18.3 44.4 692  1.2 

6F 12.8 99.2 3732 608.5 26.7 32.1 1154  1.2 

7A 7.4 184.1 2692 1261.9 49.0 >90 4225  1.8 

7B 7.3 88.0 3829 2023.9 42.6 >90 2178  1.8 

7C 5.3 118.4 1903 875.1 38.9 >90 1480  1.8 

Average 10 138 3276 1248 20 >50 887   
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Table 2-S3: Carbon-nitrogen-sulfur concentrations in samples 7A, 7B and 5A; Carbon is 

measured as both Total carbon (TC) and Total organic content (TOC) in the analysis.   

Sample Wt% N Wt% TC Wt% S Wt%TOC C/N 

7A 1.258 22.074 0.194 17.253 17.549 

7B 1.258 22.822 0.365 18.784 15.317 

5A 1.676 28.113 0.277 25.112 16.773 

 

 

 

Table 2-S4: Selected trace metal(loid) concentrations in the colloidal fraction of samples 7A, 7B 

and 5A.   

Sample Total concentration of selected metal(loid)s in the leachate (μg/L) 
 

Cd Cu Fe Mn Zn   

7A 90 8220 5540 591 3183   

7B 14 19047 18370 765 3712   

5A 44 9889 1224 1496 2867   

 

 

Table 2-S5: Proportion of metal(loid)s in the colloidal fractions with respect to their total 

concentrations in the leachates from samples 7A, 7B and 5A.   

Sample Proportion of selected metal(loid)s in the colloidal fraction (%) 
 

Cd Cu Fe Mn Zn   

7A 35 32 33 28 22   

7B 40 40 36 33 34   

5A 37 29 28 25 23   
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Appendix B: Chapter 3 

Supplementary Information 

Materials and methods 

Sample preparation and Bulk Analytical Techniques 

All collected samples were taken back to the lab in sealed plastic bags (circa 4 hours’ 

drive), sieved (< 1.4 mm), dried in an oven at 80°C for three days and stored under dry conditions 

for further examinations.  

The pH value of the soil samples was measured by mixing  2 g of soil with 10 mL of a 0.01 

M CaCl2 solution (OECD, 2002), The mixture was thoroughly stirred for 30 minutes and allowed 

to settle for 15 minutes before the pH measurement. Total carbon and sulfur of the samples 5A, 

7A and 7B were measured in the Ontario Geological Survey Geoscience Laboratories (Geo Labs) 

with a LECO CS844. This analysis was conducted by combustion of 0.2g of soil in a stream of 

purified O2 gas and later passed over a heated catalyst, oxidizing total S and C to SO2 and CO2, 

respectively, which are then detected by two non-dispersive infrared cells (Amirault & Burnham, 

2013). The soil digestion process and inductively coupled plasma-mass spectrometry (ICP-MS) 

measurements of the soil fractions were conducted at the Geo Labs, Sudbury, ON, Canada. 

Samples were prepared in a reverse aqua-regia digest following the Burnham (2017) method and 

analyzed with an iCAP Q ICP-MS (Thermo Scientific).  

Powder X-ray diffraction (XRD) analysis was conducted at the Pacific North West 

National Laboratory with an automated Bruker D8 diffractometer using of Cu Kα radiation (1.5417 

Å) at a current and voltage of 30 mA and 40 kV, respectively. The XRD patterns were collected 

from 10° 2θ to 110° 2θ with a step size and dwell time of 0.02° 2θ and 2s, respectively.  

Scanning electron microscopy (TEM) 

Characterization of the chemical composition of organic particles was accomplished using 

scanning electron microscopy (SEM) with a Quanta 650 FEG Environmental SEM at Manitoba 

Institute of Materials, operating with an accelerating voltage of 15 kV and a beam current of 1 nA, 



135 
 

in combination with energy dispersive X-ray spectrometry (EDS). TEAMS software is used for 

the processing of chemical maps and spot analysis.  

Transmission electron microscopy (TEM) 

TEM-FIB-1 and TEM-FIB-2 were examined with a field emission TEM FEI Talos F200x 

at the Manitoba Institute of Materials. SAED and TEM imaging was performed with an 

accelerating voltage of 200 kV in bright and dark field mode with a Fischione high angle annular 

dark field (HAADF) detector and a 16 MB Ceta camera. STEM-EDS mode was used to perform 

chemical compositional analysis with 4 SDD detectors. TEM imaging and analysis software (v 

4.15) is used to process the TEM and STEM images and to measure d-spacings through FFT (fast 

fourier transformation) analysis. Chemical composition analysis is conducted via esprit software 

(v 1.9).  

Atom probe tomography (APT) 

APT data acquisition 

Atom probe tomographic analysis was conducted in a Cameca local-electrode atom-probe 

(LEAPXsi) tomograph using a pulsed laser (λ = 355nm, 160-500 kHz, 40-75 pJ per pulse). The 

ion evaporation rate was maintained between 0.0025-0.005 ions per laser pulse. The base 

temperature was maintained between 40 and 60 K with an ambient vacuum pressure <10-8 Pa. 

IVAS atom-probe data visualization and analysis software v 3.8.8 (Cameca) was used to perform 

the three-dimensional reconstructions of the APT data using published algorithms (Bas et al., 1995; 

Miller, 2012) and recommendations of Blum et al. (2018).   

APT 2D iso-density plots and 3D rendering  

Two-dimensional plots are created in IVAS (3.8.8) using a pixel size of 0.1 nm. Selective 

peaks are used in the mass to charge spectrum of the both APT-FIBs to minimize and avoid spectral 

overlaps (Figures 3-S3 and 3-S4). Therefore, some selected peaks might not represent the naturally 

abundant isotope of given metal(loid) species, for example, Na2+ is used instead of Na+ to avoid 

isobaric overlap. Sometimes only non-abundant isotopic species are identified in the mass-to-

charge spectrum due to selected parameters of data acquisition. CO+ is not rendered due to the 

spectral overlap with 56Fe2+. Similarly Si+2  peaks at 28 and 29 (Da) are not rendered due to spectral 

overlaps with Fe2+.  
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Identification of metal(loid) bearing phases using TEM and STEM 

The metal(loid)-bearing phases in the OM particles are identified based on a combination 

of d-spacings observed in selected area diffraction (SAED) pattern and high-resolution TEM 

(HRTEM) images (in combination with FFT pattern) and semi-quantitative chemical analyses 

determined with energy dispersive spectroscopy (EDS) analyses in Scanning TEM mode. In the 

absence of any structural information (no diffraction spots in SAED pattern or lattice fringes in 

HRTEM images), phases within OM particles are named based on their chemical composition (e.g. 

Fe-(hydr)oxide or Silicate). 

Figures: 

Figure 3-S1: Photographs of the organic-rich soils sampled at locations (a) 5A, (b) 7A and (c) 7B.  
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Fig 3-S2: (a, b and c) show the XRD patterns for the samples 5A, 7A and 7B.   
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Fig 3-S3: APT mass spectrum for APT-FIB-1: Peaks are color-coded by atomic species showing 

the positions of H+, C+2, O+1, Na, K+, Al3+, Si2+, Cu2+,1+, Zn3+ and Fe+.  
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Fig 3-S4: APT mass spectrum for APT-FIB-1: Peaks are color-coded by atomic species showing 

the positions of H+, C2+, O+, Al2+, Si2+, Cu2+,1+, Zn2+ and Fe+.  
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Fig 3-S5: (a)-(d) Exfoliation of silicate phase in the OM matrix of TEM-FIB-1: (a) STEM image, 

(b) high-resolution TEM image, (c) STEM-EDS chemical distribution map for Si (green) and (d) 

Al (blue) indicating distinct layers of Si and Al.  
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Figure 3-S6 (a)-(d) Aggregation of Fe-(hydr)oxide NP (most likely lepidocrocite) within an 

amorphous silicate matrix that is embedded in the OM matrix of TEM-FIB-1: (a) STEM image, (b) 

high-resolution TEM image indicating lattice fringes with d= 1.82, 1.94, 2.32, and 2.83 Å and (c)-

(d) STEM-EDS chemical distribution maps for (c) Cu (red), Fe (green) and (d) Al (blue) and Si 

(yellow) indicating the occurrence of Fe-(hydr)oxide NP  (most likely lepidocrocite) (average NP 

size = 10 nm) in an amorphous silicate matrix. 
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Figure 3-S7 Cu-Cu distance is 4.0 Å if only half the octahedral sites are occupied by Cu in inverse 

spinel structure.  
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Figure 3-S8 Top- and lateral-views of the geometry of Cu carboxylate chelates (Manceau & 

Matynia, 2010).  
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Tables: 

Table 3-S1: Selected trace metal(loid) concentrations and physico-chemical parameters of the 

samples 5A, 7A and 7B. 

 

       

 

 Table 3-S2: Trace metal(loid) concentrations in all collected samples around the Horne smelter in 

Rouyn Noranda.   

 Trace metal concentration (ppm)  Distance to former 

smelter complex (Km) Sample Ag Co Cu Pb Sb Sn Zn  

1A 18.8 273.2 2864 1759.2 28.4 >90 263  3.5 

1B 1.4 68.5 854 225.7 2.2 8.9 118  3.5 

1C 19.2 143.1 4138 909.1 25.1 72.3 363  3.5 

2A 5.1 295.5 5318 3825.8 26.1 >90 773  3.1 

2B 2.6 154.4 789 377.8 4.8 21.5 83  3.1 

2C 9.6 81.3 6120 2101.4 12.5 57.0 707  3.1 

3A 8.8 124.6 2043 2166.3 13.7 >90 420  2.9 

3B 2.7 122.6 1007 718.6 4.7 25.3 255  2.9 

3C 1.4 274.8 523 175.9 2.1 7.9 516  2.9 

4A 9.2 105.4 2853 601.6 12.9 29.1 656  2.9 

4B 11.3 84.6 3419 835.6 14.6 36.1 507  2.9 

4C 0.5 81.4 131 52.0 1.4 3.3 169  2.9 

5A 21.9 173.5 7974 3104.9 32.9 >90 1474  1.8 

5B 23.4 114.5 6916 1691.1 35.4 64.5 1521  1.8 

6A 8.1 117.4 3421 494.7 10.1 24.8 615  1.2 

6B 6.4 81.8 1740 926.6 15.6 32.4 246  1.2 

6C 19.8 118.2 6535 1462.8 18.3 44.4 692  1.2 

6F 12.8 99.2 3732 608.5 26.7 32.1 1154  1.2 

7A 7.4 184.1 2692 1261.9 49.0 >90 4225  1.8 

7B 7.3 88.0 3829 2023.9 42.6 >90 2178  1.8 

7C 5.3 118.4 1903 875.1 38.9 >90 1480  1.8 

Average 10 138 3276 1248 20 >50 887   

 

 
Trace metal concentrationa (ppm)  Physico-chemical parameters Distance to former 

smelter complex (km) Sample Ag Co Cu Pb Sb Sn Zn  pH Total C (wt%) Total S (wt %) 

5A 21.9 173.5 7974 3104.9 32.9 >90 1474  4.7 28.1 0.28 1.8 W 

7A 7.4 184.1 2692 1261.9 48.9 >90 4225  5.4 22 0.19 1.8 NE 

7B 7.2 88 3829 2023.9 42.6 >90 2178  3.6 22.8 0.37 1.8 NE 
a Concentrations are reported in ppm except where noted 
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Table 3-S3: Carbon-Nitrogen-Sulfur concentrations in the samples 7A, 7B and 5A; Carbon is 

measured as both Total carbon (TC) and Total organic content (TOC) in the analysis. 

Sample Wt% N Wt% TC Wt% S Wt%TOC C/N 

7A 1.258 22.074 0.194 17.253 17.549 

7B 1.258 22.822 0.365 18.784 15.317 

5A 1.676 28.113 0.277 25.112 16.773 
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