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ABSTRACT 

The Biogeochemical Response of Copper in Peat to Freeze-thaw Cycling  
 
Shuo Chen                                                                                                                         Advisor:  

University of Guelph, 2017                                                                        Professor S. Glasauer 

Freeze-thaw cycling (FTC) is an important process that affects the hydrological properties, 

redox conditions and microbial communities in northern peatlands. Copper (Cu) is a common 

mining waste that contaminates peatlands in northern Canada. The mobility of Cu in peatland is 

significantly affected by FTCs in addition to microbial activity. In this study, the impact of FTCs 

on Cu mobility in peat was examined from physiochemical and microbiological aspects. X-ray 

absorption spectroscopy (XAS) was used to determine the local structure of Cu at the molecular 

level. Changes in voids distribution and connectivity were measured using a microCT scanner. 

Microbial respiration was studied and compared between two incubation experiments. The Cu 

species was identified as Cu (II) in both frozen and unfrozen peat. The proportion of voids in peat 

increased after “hard FTCs”, but decreased in the “soft FTCs”. Soft FTCs significantly reduced 

the production of methane from microbial respiration in peat.  
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Chapter 1 Introduction and background 

1.1 Cu and organic matter 

1.1.1 Introduction of Cu 

Copper (Cu) is the 29th element on the periodic table and has an atomic mass of 63.546 

(Trevors & Cotter, 1990). There are three oxidation states of Cu in the natural environment: the 

elemental state (Cu0), the cuprous state (Cu+) and the cupric state (Cu2+). In addition, copper is 

known as an intermediate Lewis acid, which can strongly react with either hard or soft bases 

(Flemming & Trevors, 1989). The configuration of Cu (0) is written as 1s22s22p63s23p64s13d10 or 

(Ar)3d104s1. Cu has high electronegativity because of the lone-pair electron in the 4s orbital. Free 

Cu2+ is known to be more toxic to biota than total dissolved Cu, and high pH will reinforce the 

toxicity of the cupric ion to organisms (McBride, 2001). Although Cu plays an important role in 

many metabolic processes (Trevors & Cotter, 1990), excess uptake of Cu could cause increased 

oxidative damage at the molecular level, and result in psychological imbalances and heart diseases 

(Gaetke, 2003). The United States Environmental Protection Agency has determined that the limit 

of Cu in drinking water is 1.3 ppm (mg/L) (Lead and copper rule, 2017).  

It is well-known that Cu exhibits a high affinity for organic matter. The binding of Cu is 

controlled by the phenolic or weak acid sites of humic substrates in soils (Yin, et al., 2002). Due 

to the fact that Cu is plentiful in the world (70 ppm in the upper lithosphere, on average), and it 

reacts in various ways with soil organic matter (SOM), organic chemists have long been interested 

in organocopper compounds. Cupric ions can form strong complexes with electron donors in 

organic ligands (Flemming & Trevors, 1989). Furthermore, acidity (pH) is an important 

controlling factor that can change the stability of both inorganic-Cu complexes and organic-Cu 
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complexes (Flemming & Trevors, 1989). The stability of Cu complexes determines the Cu toxicity 

in the environment.  

1.1.2 Interaction of Cu and organic matter  

Interactions between Cu and organic matter have a strong impact on the mobility of Cu in 

soil. It has been shown that dissolved organic matter (DOM) can facilitate metal transport by 

forming a soluble metal-organic complex (Zhou & Wong, 2001). In acidic soil, organic matter is 

mainly composed of fulvic acids (FAs) and plant debris. In contrast, humic acids (HAs) and humin 

dominate in organic matter in neutral and alkaline soils (Robert, 2014). FAs are a mixture of weak 

aliphatic and aromatic organic acids that are water-soluble at any pH value. FAs have a smaller 

size and also lower molecular weight than HAs; however, the exchange capacity of FAs is much 

higher than HAs due to the large number of carboxyl groups. FAs are probably the most efficient 

carbon containing compounds that can be easily used by plants (Robert, 2014). 

It is reported that the fate of metal ions in peat soil is determined by the relative stability 

of the complexes they form with organic ligands (Harter & Naidu, 1995). Furthermore, Harter and 

Naidu claimed the sites on humic acid that can bind Cu strongly are carboxyl groups (carboxylic 

acid), and the weak sites tend to be phenolic hydroxyl groups and carbonyl (Harter & Naidu, 1995; 

Nierop et al. , 2002). The chemical components of DOM can also affect the Cu sorption behavior 

in soil (Zhou & Wong, 2001). At low Cu concentrations, fulvic acid Cu bonding sites are more 

important than at high concentrations, forming a strong, four-coordinate bonding structure (Figure 

1 a). As the concentration of Cu increases, the quadridentate structure resolves to bidentate ligands 

(Figure 1b), which are much weaker than the four-coordinate structure. The stability of these Cu-

complexes are different because of the different chemical configurations (Harter & Naidu, 1995). 

Copper is more mobile if it binds to bidentate sites. 
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Figure 1. Two models are showing Cu bonding sites on fulvic acid: a) “strong” quadridentate-
coordinate b) “weak” bidentate. As adapted from Harter & Naidu (1995). 

According to the study by Manceau and Matynia (2010), Cu can form various Cu-organic 

monodentate and bidentate complexes under different conditions (different pH or initial Cu 

concentration). At low Cu concentrations, Cu would fit in a square-planar geometry with four O/N 

ligands. Sphagum peat contains more uronic acid than other peat, and this component could affect 

the binding ability of Cu onto peat (Manceau & Matynia, 2010).  

The biogeochemistry of Cu is not fully understood: it is complex, and mainly controlled 

by the way it bonds with natural organic materials. A few studies have touched on the speciation 

and geochemical properties of Cu in subarctic peatlands. 
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1.1.3 Copper issue in Canada 

Copper is a common metal in the Canadian shield, and is mined broadly across northern 

Ontario. In recent years, Cu has been of particular interest in northern Ontario because of the “Ring 

of Fire” project. The “Ring of Fire” is the largest proposed mining area in Ontario, located in the 

James Bay lowlands (Figure 2). This proposed project is motivating researchers to investigate the 

environmental impact of mining on northern peatlands.  

 
Figure 2. Map showing “Ring of fire” area, Ontario, Canada 

The “Ring of Fire” encompasses an area of 5000 km2 and has large deposits of chromite, 

as well as Cu, Ni and Zn (Gorrie, 2013). Chromite is an iron chromium oxide, which is used in the 

production of stainless steel and steel. The total estimated value that the Ring of Fire could generate 

in its first 32 years’ development would be $25 billion (OCC, 2014). In 2011, the developer Noront 

Resources Ltd. proposed and planned to develop a $610 million project (Eagle’s Nest Project) to 
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mine copper, nickel and platinum elements (Petroni, 2015). Nevertheless, the opening of this mine 

may contribute Cu pollution in Ontario’s Far North, where 47% of the landscape is dominated by 

bogs and fens (McLaughlin, Webster & North, 2013). 

Mining activity may cause long-term metal contamination, if legacy mines sites discharge 

Cu to surroundings. Even though wetlands could help attenuate Cu contamination, increasing 

freeze-thaw cycles (FTCs) in subarctic regions are expected to increase the efflux of Cu from 

peatlands. Since little information can be found, it is important to better understand the behavior 

of Cu in northern peatlands. 

1.2 Climate change and freeze-thaw cycles (FTCs) 

A freeze-thaw cycle (FTC) occurs when the temperature fluctuates during a period of time 

and crosses the freezing point; it can be either a daily or seasonal phenomenon (Schimel & Clein, 

1996). Many studies have reported that climate change would cause an increasing number of FTCs 

(Feng, Nielsen & Simpson, 2007; Kreyling, el al., 2006; Kværnø & Øygarden, 2006; Wang, Shu 

& Zhang, 2015). FTCs may change the aggregate stability and structure of soil (Kværnø & 

Øygarden, 2006). However, there are still some disputes about the effects of FTCs on soils. Some 

studies claimed that an increased number of FTCs would decrease the aggregate stability of soil 

(Edwards, 1991), but others have reached an opposite conclusion (Perfect et al., 1990).  

Climate changes have significant effects on sub-arctic biota (Callaghan et al., 2010), 

including the decrease of evergreen dwarf shrubs and the increase of wetland graminoid vegetation 

(Malmer et al., 2005). Changes in temperature and vegetation could further affect the carbon-

oxidizing (Knoblauch et al., 2008), methane emission and bio-mineralization activities of wetland 

microorganisms (Donner & Wefer, 1994). Over the long-term, climate change might alter the 

vegetation communities that dominate in peatlands (Hodgkins et al., 2014; McLaughlin et al., 
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2013). The presence of different plants might result in a different ability to remove metals. 

Consequently, it can be supposed that climate-driven changes in the communities of both plants 

and soil microorganisms would influence the fate of Cu and Cu adsorption in peat.  

Ongoing global warming would cause warmer weather and intense precipitation in winters 

(Trenberth, 2011), which would lead to a more intense freezing-thawing circulation. In some 

northern areas, the decreasing snowpack in the winter would allow soil to be less insulated from 

the changes in air temperature, which could also increase the freeze-thaw cycling. The impacts of 

global climate change on wetlands is expected to be more pronounced than for other systems 

(Erwin, 2008). Furthermore, an increase in the number of freezing and thawing cycles could cause 

changes in pore connectivity, microbial activities and the form of Cu-organic complexes in peat 

(Wang et al., 2007). The lower or higher microbial activity caused by the climate change would 

affect the remediation process of Cu in peatlands. Cu would more likely be used by the soil 

microorganisms when they have higher activity. In addition, Cu mobility would be changed 

because of the increased lability of organic matter after thawing (Hodgkins et al., 2014). 

Currently, except the studies looking at K, P, and C (Helliwell et al., 2013; Wang, et al., 

2007), far fewer studies have investigated the impacts of FTCs on metals in peat. Wetlands 

scavenge not only abundant nutrient elements but also potentially toxic metals. Investigating the 

metal behavior during FTCs in peatland will help to bridge the knowledge gap. 

1.3 Peatlands and peat soil 

Peatlands are landscape features that cover more than 14% of Canada’s land area (Petrone, 

2004). Eighty-five percent of wetlands in Canada are peatlands, which are overwhelmingly 

important ecosystems in Canada (Warner, 2004). Peatland functions as a major carbon sink on 

earth, which is an essential factor in the global carbon cycle and global climate change (Klingenfuß, 
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Roßkopf, Walter, Heller, & Zeitz, 2014). One third of the global soil carbon pool is stored in 

peatlands, including northern peatlands (Peteet, Nichols, Moy, McGeachy, & Perez, 2016; Stewart, 

2006).  

Bogs and fens are two major types of peatlands. Although bogs and fens have their own 

characteristics and form under different conditions, they both tend to accumulate peat, which is 

organic matter composed of partially decomposed plant materials (Environment Canada, 2010). 

Generally speaking, peatland waters have a low pH value and are low in dissolved oxygen. The 

acidic water is caused by the decomposition of organic matter (Shotyk, 1988). Unlike fens, bogs 

usually exist as rainwater-fed mires with the characteristic plant Sphagnum mosses. The pore water 

in bogs is acidic, and pH ranges from 3.9 to 4.5 (Dedysh, Derakshani & Liesack, 2001; Warner & 

Asada, 2006). In Canada, bogs are the most dominant wetland class with a surface coverage of 

762121 km2 (Warner & Asada, 2006).   

Peat can hold 90-98% water by mass even for the part above the water table (Holden, 2005). 

The peat structure in bogs is made up of an acrotelm and a catotelm (Figure 3); the acrotelm is an 

upper layer overlying the catotelm. Compared to the catotelm, the acrotelm (5-25cm depth) layer 

has a high hydraulic conductivity (κ) and a high permeability. The water table fluctuates during 

the seasons (Holden, 2005).  

Within the acrotelm, the interstitial spaces are saturated with oxygenated water. It can be 

regarded as a suboxic zone. However, the catotelm is an anoxic zone, dissolved oxygen is zero in 

this layer.  
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Figure 3. A diagram shows peat structure. 

Most runoff in peatlands is produced from the surface and acrotelm layer (Holden, 2005). 

During the winter time, peatlands experience drying and the water table is low. A declining water 

table in peatlands could cause shrinkage and macropores (pores greater than 1 mm in diameter) to 

develop. This would increase the aerobic condition (Holden, 2005). 

Peat soil can be defined as material with high organic content (Rezanezhad et al., 2016) 

with a thickness of peat greater than 40 cm. Water in peat accounts for 90-95 wt% in the natural 

environments. Peat drainage can cause metal remobilization due to the changes in redox conditions 

and acid-base reactions in water (Shotyk, 1988). The hydraulic properties of this type of soil are 

unique; it has high total porosity, high compressibility, low bulk density, low permeability, high 

compressibility and swell-shrink ability (Rezanezhad et al., 2016; Teong et al., 2016). Both polar 

substances and non-polar substances can be adsorbed by the organic functional group in peat, thus 

peat soil may be a good option to remediate a variety of pollutants (such as Cu) (Rezanezhad et 

al., 2016). 

Redox potential (Eh) is used to reflect the oxidation-reduction status of soil. A lower redox 

potential represents a lower affinity for electrons (Table 1). Many factors (such as pH, microbial 
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activity) could affect the redox potential, although the water level has the greatest impact. The 

redox potential affects the oxidation state of both metalloid and metal ions. The Eh of bog peat (pH 

< 4.8) ranges from -0.15 to 0.5 V at 15 cm depth (Mars & Wassen, 1999).  

Table 1. Selected reduction half reactions and associated log KR and !"#  values (Temperature = 
298.15 K, P=0.101 MPa) (table was adapted from Table. 7.1, Essington, 2015). 

Reaction log KR !"
# , V 

¼ O2 (g) + H+ + e- → ½ H2O 20.8 1.230 

Fe3+ + e- → Fe2+ 13.0 0.769 

1/8 SO4
2- + 5/4 H+ + e- → 1/8 H2S + ½ H2O 5.2 0.308 

Cu2+ + e- → Cu+ 2.6 0.154 

The important features of wetlands are well known, including their abilities to filter toxic 

substances and control contaminants, their capacities of hosting various plant and microbes species 

and ensuring genetic diversity, as well as their economic values (Breaux et al., 1995). In Canada, 

about 1.3 million tonnes of peat is harvested every year, as a source of clean fuel and activated 

carbon (Glatzel et al., 2004).  

1.4 Microorganisms in peatlands 

1.4.1 Microbial communities 

Due to the low temperature, high acidity and the limited mineral nutrients (5 to 50 mg/L), 

northern peatlands are an extreme habitat for microbes (Dedysh et al., 2006). Currently, much 

research is focused on the microbial populations involved in carbon cycling (Dedysh et al., 2006). 

However, few studies have investigated the impact of FTCs on the microbial activities and 

community succession (Fu, Song & Lu, 2015). 

According to the study of Lin et al. (2012), fens accumulate only about 1/2 of dissolved 

organic carbon (DOC) compared to bogs, but the species richness of bacteria and archaea in the 
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fen is more than twice as high as in the bog. The bog surface (0-10 cm below ground) has the 

highest fungal richness and abundance (Lin et al., 2012). Because of the low pH in bogs, bacterial 

communities are dominated by Acidobacteria (Figure 4). Acidobacteria are a diverse phylum of 

bacteria with little-known information (Kielak et al., 2016). The carbon source for Acidobacteria 

is from exopolysaccharides produced by methanotrophs (Kielak et al., 2016). It is also worth 

mentioning that there were very low numbers of metal respiring bacteria in some bogs (Lin et al., 

2012).  

 

Figure 4. Bacterial (left) and fungal (right) community compositions in the Red Lake II raised bog 
complex, Glacial Lake Agassiz region of northwestern Minnesota (Lin et al, 2012). 

Methanotrophs are also called methane oxidizing bacteria, which are regarded as the largest 

biological methane sink in aerobic soil (McDonald et al., 1999). Methanotrophs are gram negative 

bacteria and require CH4 as their carbon and energy source. In the anaerobic layer of peatlands, 

methanotrophs consume some of the CH4 that is produced by methanogens for their growth. 

Moreover, methanotrophs could immobilize Cu through two ways: direct uptake, and binding of 
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Cu on cell membranes (Kulczycki et al., 2011). In the study of Raghoebarsing et al. (2005), 

methanotrophs were the only bacterial cluster that could be detected in fresh sphagnum moss.   

Methanogenic bacteria produce CH4 by utilizing other substrates, such as acetate and H2-

CO2. In peatlands, H2-CO2 dependent methanogens are the predominant species, which means the 

main reaction to occur is hydrogenotrophy (Galand et al., 2005). Methane is produced by the 

respiration of microbes, which is responsible for transferring electrons from H2 to CO2. The 

diversity of methanogens in bogs is generally quite low. Lower diversity was found in bogs with 

lower pH (i.e. pH < 4) (Galand et al., 2005). There is also a temperature effect; the production rate 

of methane decreases significantly with decreasing temperature in soil (Chin et al., 1999).  

Although fungi are typically better at surviving in acid and low nutrient environments, 

oxygen availability is a more powerful factor that could determine the fungal activities 

(Winsborough & Basiliko, 2010). Under anoxic condition, bacteria would outcompete fungi and 

play an important role in soil (Winsborough & Basiliko, 2010). The abundance of fungi decreases 

quickly with depth because of the decline of oxygen. Lin et al. (2012) demonstrated that bacterial 

activities were more important than fungi in both bogs and fens.  

Freezing is a notable environmental stress that can cause damage to the soil 

microorganisms. Morley et al. (1983) observed that there was a 40% decrease in the bacterial 

population after soil freezing.  

1.4.2 Metal-bacteria interaction 

Microorganisms are a fundamental component that could affect metal mobility in soil 

(Gadd, 2000). Bacteria could immobilize metals by metabolic accumulation, solubilization and 

precipitation (Vecchio, Finoli & Di, 1998). Multiple polarized groups (i.e. phosphate, carboxyl, 

hydroxyl) on the surface of bacteria adsorb positive metal ions onto cell surfaces (Vecchio, Finoli 
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& Di, 1998). This passive process is known as biosorption (Schiewer & Volesky, 2000). Bacteria 

could also accumulate metals within their cytoplasm. This is a complex intracellular process which 

involves many metabolism-related mechanisms (Vecchio, Finoli & Di, 1998).  

High production of H2S is observed in wetlands when dissimilatory sulfate reduction and 

mineralization of sulfur-containing organic compound is active (Koschorreck, 2008). Sulfate 

reducing bacteria (SRB) are important in removing toxic metals (i.e. Hg, Pb, Cu) in the 

environment (Gadd, 2004; Jalali, 2000). The SRB are obligate anaerobes and obtain energy from 

sulfate reduction. Cu reacts with H2S to form insoluble Cu sulphides (Sheoran & Sheoran, 2006). 

In addition to generating S2-, SRB are capable of secreting extracellular polymeric substances 

(EPSs), which have high Cu adsorption capacity (White & Gadd, 2000; Yue et al., 2015). Cu 

mobility and toxicity can be reduced by the function of SRB (Chen, Wang & Zhang, 2014).  

1.4.3 Microbial respiration  

Microbial respiration can either be aerobic or anaerobic, depending on the availability of 

oxygen. In the presence of O2, microbes will undergo aerobic respiration, which is the most 

common and efficient reaction. On the other hand, anaerobic respiration will take place if there is 

no O2 supply. The energy released from the different respiratory pathways is different. Aerobic 

respiration produces more energy than anaerobic respiration; the total energy yield of one glucose 

molecule by aerobic respiration is 38 ATP (Jurtshuk, 1996). Respiration with O2 is an efficient 

pathway, which includes three processes: glycolysis, Krebs cycle and electron transport chain. On 

the other hand, anaerobic respiration yields only ca. 2 ATP, and the energy it produces can be 

different depending on which substance the microbes use (Jurtshuk, 1996).  

Peat soil is a complex environment for microorganisms that can provide either aerobic or 

anaerobic conditions (Figure 3). Peat is mostly considered an anoxic environment because 
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dissolved oxygen is typically absent or very low at a depth of 20 cm in bogs (Reddy & DeLaune, 

2008). Microbes within peat soil could change their respiration pathways under different 

conditions. Anaerobic respiration needs other molecules as terminal electron acceptor other than 

O2. These molecules also called alternate electron acceptors include SO4
2-, NO3-, Fe3+, etc. Since 

the alternate electron acceptors have lower reduction potential than O2, the energy they produce is 

smaller than that of aerobic respiration (Paustian, 2009).  

Soil respiration refers to the efflux of CO2 from soil, including soil organic matter (SOM) 

decomposition by soil microbes, and secondly, root respiration (Hanson et al., 2000). There are 

many factors that can control the soil respiration rate, such as temperature, soil moisture, and pH. 

Particularly, the CO2 and CH4 production in peatlands depends on peat redox condition as well as 

microbial activity (Minderlein & Blodau, 2010). Methane production may be very low in anaerobic 

ombrotrophic bogs (Minderlein & Blodau, 2010).   

To date, studies of microbial communities in peatlands are far from comprehensive, even 

though peat is regarded as a primary home to diverse microorganisms (Lin et al., 2012). Few 

studies have examined microbial respiration using raw material without adding external nutrient 

sources.   

1.5 Objectives and hypothesis 

1.5.1 Objectives 

The main objective of this study is to investigate the response of Cu mobilization to FTCs 

in peat by studying chemical, physical and biological responses of Cu to freeze-thaw cycling. 

Through this research, we expect to have a better understanding of the behavior of Cu in peat soil, 

as well as the potential effects of FTCs on Cu biogeochemistry in northern peatlands.  

Currently, only a few studies have explored the effects caused by freezing and thawing in 
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peatland. Even less research has studied the impact of FTCs on the transportation and mobility of 

metals in peat soil, especially Cu. With limited information of Cu speciation to climate change in 

peat, the understanding of Cu mobility in the environment is impeded. This study revealed the 

potential effects of climate change on biogeochemical responses of Cu in peat. It is a complex and 

multidisciplinary project which combines different research areas. The findings from this study 

increase the understanding of Cu mobility in peatlands and its relationship with climate change. 

The results may be applied to help manage Cu contamination from mining activities and other land 

development. Furthermore, some discoveries from the experiments may be used as a reference to 

develop a predictive model for managing Cu in Northern Canada.  

The study specifically helps to understand 1) how Cu acts through temperature fluctuations 

and hydrological alterations; 2) how FTCs change the microbial activity in peat, and 3) how 

microbial activity affects Cu mobility in peat.  

1.5.2 Hypotheses  

H1: there will be Cu (II) instead of Cu(I) in the frozen-thawed peat and the non-frozen peat; 

H2: freeze-thaw cycles will increase the proportion of void phase in peat because of the 

physical disruption of soil aggregates. Ice will expand the voids during freezing, creating more 

flow paths for air to aerate the peat profile after FTCs.  

H3: the thawing processes stimulate the microorganisms in peat, therefore the 

microorganisms in the freeze-thaw group will be more active than the non-frozen group; and 

H4: the freezing and thawing process will increase the efflux of Cu from peatlands. 
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Chapter 2 Site description and peat collection 

2.1 Sample site description 

This study was conducted using peat from Wylde Lake Bog (WLB) (43°54’N, 80°24’W) 

in Ontario, Canada. The Wylde Lake area (Figure 5) is considered to be the largest and most 

significant bog in southern Ontario (Tupman, 2010). Luther Marsh is located at the headwaters of 

the Grand River watershed, and WLB occupies about 500 hectares in the Luther Marsh 

Conservation Area (LMCA). The dominant plant species found in WLB is Sphagnum moss, in 

addition to sedges, leatherleaf and others (Tupman, 2010). Sphagnum moss has been studied as a 

bio-sorbent that can remove metals (e.g. Cu, Ni, Pb) from aqueous solutions (Ho & McKay, 2000; 

Kalmykova, Strömvall & Steenari, 2008).  



 

 16 

 

Figure 5. Map of a) the Luther Marsh Conservation Area (LMCA) and b) Wylde Lake Bog (WLB, 
circled in red) at the southern end of the LMCA. Figures c) and d) indicate the soil type and 
vegetation communities in the LMCA. As adapted from Tupman (2010). 

Climate in the LMCA and the temperature and precipitation in Grand Valley are similar to 

the weather in Algonquin Provincial Park. The annual average temperature in Luther Marsh is 6.0 

˚C, and the mean annual precipitation is equal to 891.7 mm (Tupman, 2010). Based on long-term 

weather data summarized by Environment Canada from 2004 to 2017, the annual average 

temperature and precipitation in Algonquin Park are 5 ˚C and 835.17 mm respectively 
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(Environment Canada, 2017). The cold weather in the LMCA is applicable to northern wetlands, 

which we are targeting for modelling in this project. 

2.2 Peat sampling  

Peat was collected from WLB in January 2016, July 2016, November 2016 and April 2017, 

and was taken from 15−25 cm below the plant surface. Compaction was avoided in order to 

maintain peat in its natural state as far as possible. Peat was brought back to the University of 

Guelph and stored in a walk-in cooler (4 ˚C) after the removal of large roots. Peat collected during 

different seasons has a different water content. In January, the peat (Figure 6a) is dark and fully 

saturated because of the low temperatures and low evaporation levels. In contrast, peat collected 

in July 2016, an exceptionally dry summer, had a light-brown color and was judged too dry to use. 

Following inspection, only saturated peat collected in January 2016 and peat from April 2017 were 

used for the experiments. 
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Figure 6. Photo (a) of untreated wet peat collected from Wylde Lake Bog (WLB), Ontario, Canada; 
Micrographs (b, c, d) showing the pore structure of Sphagnum peat (wet peat: c, dry peat: b & d) 
were obtained at 10 kV, with the Quanta FEG 250 scanning electron microscope (SEM) at the 
University of Guelph imaging facility.  

Basic geochemical data was collected on-site at WLB during peat sampling (Table 2). The 

dissolved oxygen (DO) in WLB was relatively low (0-20 %) in summer and high (could reach to 

80%) during the winter and early spring. Water is acidic with a pH around 4. 
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Table 2. Record of selected physical chemical properties in WLB, ON. 

Date Water temperature (˚C) 
Electrical 

Conductivity 
(µS/cm) 

Dissolved 
Oxygen (%) pH 

Aug. 3, 2016 NA 151.2 7.49 4.06 

Nov.1, 2016 10.0 68.9 37.00 4.29 

Apr.10, 2017 13.1 48.8 27.70 4.11 
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Chapter 3 The impact of freeze-thaw cycling on the interaction of Cu with           

peat 

3.1 Literature review 

In order to investigate the impacts of freeze-thaw cycling on the physicochemical 

properties of copper and the void features in the peat matrix, peat was treated with a simulated 

rainwater solution to which Cu was added, using a dynamic flow system. Artificial rainwater was 

used to simulate the natural environment, in order to maintain the ionic balance as well as the 

chemical properties of peat. After loading Cu into the peat, some samples were exposed to FTCs. 

Subsequently, peat samples were analyzed by X-ray absorption spectroscopy (XAS) to determine 

the chemical valence and bonding environment of Cu in the peat; X-ray computed tomography 

was used to assess changes in the porosity of the peat after freeze-thaw cycling. 

3.1.1 Cu adsorption onto peat 

A number of studies have been carried out on the adsorption and desorption of Cu in soil, 

some of which are focused on peat (Qin et al., 2006; Sen Gupta et al., 2009). It has been found that 

the amount of Cu adsorption depends significantly on the initial concentration of the Cu solution; 

a higher concentration of Cu in the solution appears to cause increased Cu adsorption onto peat 

(Ringqvist & Oborn, 2002).  

Sorption studies are commonly conducted through two types of techniques: 1) batch 

equilibration experiments, and 2) column flow experiments. Some research has shown that the 

relationship between some adsorbates and adsorbents can be predicted with a higher efficiency by 

using a well-controlled column experiment than using conventional batch experiments (Jin et al. , 

1997). In a batch equilibration experiment, the adsorption isotherm is measured at different 

equilibrium conditions by determining the amount of adsorbate in both solid and liquid phases 
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(Yang, Turan & Lei, 2015). However, in practical applications, the accuracy of the chemical 

equilibrium models and the corresponding thermal dynamic equations might be limited due to the 

complex physiochemical composition and structures of the adsorbent (Nehrenheim & Gustafsson, 

2008). Column flow experiments help researchers to monitor the reaction process dynamically.  

Sorption processes are an essential way to clean pollutants from environments (Ho & 

McKay, 2000), and the Langmuir isotherm is a well-known and widely-used model for evaluating 

the sorption behavior. Soil organic matter is considered to be the most important component in 

heavy metal retention. In particular, the retention of Cu in soil is highly affected by organic 

complexes (Harter & Naidu, 1995). The high affinity of Cu for organic matter is well known; an 

increase in DOM causes reduced sorption of Cu by soils (Zhou & Wong, 2001). Meanwhile, 

Flemming and Trevors (1989) reported that up to 80% of Cu in soil is bound to the organic fraction.  

The adsorption isotherm describes the distribution of adsorbed molecules in the liquid 

phase and the solid phase (Kumar & Jena, 2016). Copper was shown to follow binding behavior 

that could be described by a Langmuir adsorption isotherm, using WLB peat as the absorbent 

(Ridenour, 2015). The curve in Figure 7 shows that an increased concentration of Cu was adsorbed 

by WLB peat as the Cu concentration was increased in the solution.  
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Figure 7. Copper adsorption isotherm of WLB peat (Ridenour, 2015). 

Copper adsorption increased up to 150 mg Cu/L. Adsorption stabilized around 100 mg/L, 

followed by an increase. The increased adsorption after 100 mg/L supports that precipitation 

occurred (Figure 7). According to the Langmuir adsorption isotherm calculation, the maximum 

sorptive capacity of peat (Qmax) was equal to 33333 mg Cu/kg peat (Ridenour, 2015). 

The capacity of 33333 mg/kg peat is high compared to other studies (Ho & Mckay, 2004; 

Sen Gupta et al., 2009). However, the review study of Ho and McKay (2004) demonstrated that 

maximum sorption capacity can vary considerably with sampling sites and peat materials. The 

value of Qmax ranged from 790 to 227,000 mg Cu/kg peat in the considered studies (Ho & Mckay, 

2004). The higher capacity obtained by Ridenour could also result from the peat treatment used; 

most other studies used dried and acidified peat, while Ridenour used wet raw peat for adsorption. 

Raw peat is more representative of natural conditions than dried and homogenized peat, and 

therefore could replicate field conditions to a greater degree. 
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3.1.2 Cu interaction with peat at the molecular scale 

In chemistry, an “electron shell” refers to an orbit around the nucleus of an atom, where 

electrons are situated in the orbital. The electron shell closest to the nucleus is named the “1-shell” 

(or K shell), followed by the “2 shell” (L shell) and the “3 shell” (M shell) respectively (Figure 8).  

 

Figure 8. Schematic diagram (left) illustrates three major transitions K, L, and M edge of a 
transition metal, as adapted from Pieter Kuiper (2005). Graph (right) showing the atomic structure 
of copper. Numbers represent electrons on each orbital. 
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Each electron shell involves several subshells, which are expressed as the letters s, p, d, 

and f (Equity, 2014). The edge energies of the K and L levels can be used in hard X-ray K-edge 

absorption. K-edge is decided by s à p dipole transitions, while L-edge spectra correspond to p 

à d transitions. Compared to K-edge spectroscopy, L-edge spectroscopy is a more advantageous 

technique, because it is more sensitive to the electronic, structural, and the spin state changes of 

the metal clusters. Because of the limitation of current technique, it is difficult to obtain high 

quality data that can be used for L-edge spectroscopy. 

3.1.2.1 Overview of X-ray adsorption spectroscopy (XAS) 

X-ray adsorption spectroscopy (XAS) is a technique for measuring the absorption of X-

rays through a sample. It can be a method that commonly used to determine the atomic local 

structure (Newville, 2014). Each element has a ground state and possible multiple excited states. 

X-rays can be strongly absorbed when the energy reaches the energy of a transition between a 

ground and excited state. At this point, a peak may be observed on a plot of absorption vs photon 

energy (Wilks, 2005). The monochromator is an important component in XAS. It is used to select 

the particular energy that can excite the sample (Science museum, 2007).  

There are various derivatives of XAS, but the most commonly used techniques are: X-ray 

absorption near edge structure (XANES) and X-ray absorption fine structure spectroscopy 

(EXAFS) (Figure 9). X-ray absorption fine structure can be measured in two modes: transmission 

or fluorescence. Fluorescence mode is applicable primarily to dilute samples and cases that have 

small log I0/I1 variation; or the high self-absorbed sample (Jalilehvand, 2000). In this study, all the 

XANES spectra were collected using fluorescence mode. The equation to describe fluorescence 

mechanism is known as (Equation 1): 

$ % ∝ 	 ()/(+----------------------------------- Equation 1 
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where I0 is the intensity of incident X-rays, and If is the electron emission associated with the 

adsorption process (Newville, 2014). 

The information of oxidation states and bonding geometry of the absorbing atom can be 

found by studying XANES features (Frenkel, Korshin & Ankudinov, 2000). XANES is typically 

the range of the spectrum within 50 eV of the absorption edge (also called rising edge) (Scott, 

2011). Compared to XANES, EXAFS has a much wider range, which is ~50 eV to 1000 eV after 

the absorption edge. Although XANES is more sensitive, EXAFS is a method that is more 

analytical and more reliable. The equation of EXAFS is derived based on Femi’s golden rule, 

written as: 

, - = 	
/01

234350
3
1
2
360
7 4 )0(9)

9;0
3 <=>	[2ABC + EC(A)]C 	 -------------- Equation 2 

where N is the coordination number of neighboring atom, �2 is the mean square displacement in 

the bond distance R, ƒ(k) and �(k) are scattering properties of the neighboring atoms (Newville, 

2014). 
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Figure 9. Schematic showing the main structures of an X-ray absorption spectrum. As adapted 
from Blank (2010). 

Fourier transform (FT) is a mathematical technique which is widely applied for 

transforming the function of time to the function of frequency (Equation 3 & 4). which can be used 

for decomposing a k-space signal into R-space signal. The distance of the scatterer to the absorber 

can be determined from a R-space graph (Figure 49) (Coughlan, 2014). The peaks on the FT graph 

are caused by the scattering of the neighbor atoms around Cu (Scott, 2011). Analyzing and fitting 

FT curves could extract more information of the Cu-system in peat. 

G H =	 I(J)KLCM∙O
P

LP
QJ (forward)     ---------------Equation 3 

I J =
R

ST
G(H)

P

LP
KCO∙MQH   (inverse)    -------------- Equation 4 

where x(t) represents a function of time, X(w) represents a function of frequency, w=nw0, w0 =2

�/T. 
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By analyzing the results of EXAFS, the information of coordination numbers, distance and 

the species of the neighbors of the interested atom can be well interpreted (Newville, 2014). 

Although the XANES portion of the spectrum is more difficult for making a detailed interpretation 

than EXAFS, it is easier to draw a rough conclusion and can be used to qualitatively describe the 

data (Newville, 2014). 

3.1.2.2 Spectra features of Cu (I) and Cu (II) compounds 

There are few studies investigating Cu coordination in peat using XAS. No studies have 

reported XAS of Cu interacting with raw peat material. In one study, the Cu (II) was mainly bound 

to carboxyl groups in peat, with some binding to hydroxyl groups (Qin et al,. 2006). 

The oxidation states of Cu species can be determined by the comparison of the energy shift 

on the first peak, through the first derivative graph of the XANES data. The first peak on the left 

represents the inflection point of the edge step; different lines stand for different samples. The first 

inflection point of Cu (0) and Cu (II) have been defined to be 8979 eV and 8986.3 eV, respectively. 

That is to say, if the energy difference between Cu metal and Cu species in the sample is greater 

than 7.3 eV, the undetermined Cu species exists as Cu (II) (Jiang, 2015). On the other hand, Cu (I) 

would have an injection point very close to 8979 eV. 

Tomson et al. (2015) reported there was no pre-edge feature in the spectrum of Cu (I) 

species (Tomson et al., 2015). In addition, if a shift of ca. 1 eV can be found in the pre-edge, it 

might indicate a change in the oxidation state (Tomson et al., 2015). For cupric species (Cu2+), the 

first intense transition appears at 8986 eV. Simultaneously, a weak feature at 8979eV is found for 

all of the Cu (II) complexes, which is caused by 1s à 3d transition. Cu (II) complexes have higher 

absorption intensity in the energy range of 8986eV to 8988eV (Kau et al., 1987). However, Kau 

et al. (1987) observed that Cu (I) could still be detected in the samples even though there was no 
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pre-edge observed below 8985 eV. Other features of copper-species spectra can be found the study 

of Gaur, Shrivastava & Joshi (2009). They concluded that the peak maximum of Cu (I) would 

appear at around 8984 eV; nevertheless, at the energy below 8985 eV, the Cu (II) spectrum 

appeared only as a broad low energy tail. Furthermore, it has also been confirmed that a shoulder 

structure appears about half-way up to the Cu K-edge, a unique feature in Cu (II) compounds 

(Hodgson, Hedman & Penner-Hahn, 2013).  

In recent years, photo-reduction has been demonstrated and discussed in many XAS 

publications (George et al., 2012; Kasner et al., 2013; Manceau & Matynia, 2010; Yang et al., 

2011). The photo-reduction process can be affected by multiple factors, such as the ligands and 

the counter ions that bind to the Cu ion (George et al., 2012). Manceau and Matynia (2010) claimed 

that when the experimental sample is wet, photoreduction could be more prominent. This can 

reduce Cu (II) to Cu (0), instead of Cu (I). They also confirmed that the five-membered Cu (II) 

could be formed very rapidly due to X-ray beam damage, during the reduction of Cu (II) to Cu (I). 

The effect of beam reduction can be reduced by conducting the experiment at low temperature. 

Manceau and Matynia (2010) stated that using liquid helium (LHe) should be efficient enough to 

prevent beam damage to destroy the samples. 

3.1.3 Changes in peat voids in freeze-thaw cycling 

There are two main factors that determine the hydraulic properties of peat: 1) the vegetation 

that grows in peatlands and 2) the degree of humification (Rezanezhad et al., 2016). The degree of 

decomposition increases with depth in the soil. It has been claimed that climate change alters the 

hydrology of peatlands, particularly for subarctic peatlands (Perras, 2016). One reason is because 

peatlands cover a significant area of the landscape in the north; another reason is that permafrost 

is susceptible to changes in temperature and changes in the amount of precipitation (Perras, 2016). 
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Peat soils are porous media that are heterogeneous and anisotropic (Rezanezhad et al., 2016), 

which means this type of material is neither uniform in character nor consistent in different 

directions. Voids in soil can be described as the fraction of empty or fluid-filled space, or the 

portion except the solid.  

Most runoff in peatlands would come from the surface and acrotelm layer (Holden, 2005). 

During the winter time, peatlands may experience drying due to a lowered water table. A declining 

water table in peatlands could cause shrinkage and macropore (pores greater than 1 mm in diameter) 

to develop (Holden, 2005). Aerobic conditions would be increased (Holden, 2005). 

3.1.3.1 X-ray computed tomography  

X-ray computed tomography (CT) is a well-known technique that is non-destructive and 

non-invasive. It can be used for obtaining the information within solid objects by constructing a 

3D image. A CT Scanner takes hundreds of 2D radiographs at different projections around a 

sample. The computer then reconstructs a 3D image by filtered back projection. A computed 

tomography acquisition system is comprised of an X-ray source, a detector and an object. The 

detector system is used to measure the attenuated X-ray beam that interacts with the object 

(Jefferies et al., 2014). The X-ray computed micro-tomography (µCT) instrument is one of the 

most widely used CT instruments, with the advantages of enhanced resolution, small penumbra 

and focal pore size (Taina et al., 2008). In soil science, properties of soil, such as the soil 

composition, water content, and organic components can be analyzed by X-ray CT. These analyses 

can be achieved based on the contrast in attenuation. In order to describe the degree of X-ray 

attenuation conveniently, the Hounsfield unit (HU) was introduced to quantify the attenuation. The 

HU scale is an arbitrary scale. It is expressed as a proportion of the attenuation, and each pixel on 

the grey-scale images reflects the density by the tissue at this point (Kamaruddin et al., 2016). It 
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is assumed that under standard air pressure and temperature, the HU number for distilled water 

and air are 0 and -1000, respectively (Taina, Heck & Elliot, 2008).  

UV = 1000	($ − $M)/($M − $Z)  ------------------------Equation 5 

where µ is the linear attenuation coefficient, and µw and µa are the attenuation coefficients of water 

and air. 

According to the previous studies (Fahey, 1979; Fedorova & Yarilova, 1971), freezing and 

thawing may cause soil aggregation or dispersion, depending on the freezing-rate, soil texture and 

the content of organic matter (Taina et al., 2013). However, the influence of FTCs on organic soil 

has not been well studied. In this study, we were planning to investigate the impact of FTCs on 

organic soil by analyzing void phase characteristics. Peat cores (6.4 cm diameter and 9 cm height) 

were imaged using a third-generation microCT Scanner (GE MS8x-130) (Taina et al., 2013).  

3.1.3.2 Semivariance analysis 

Semivariance analysis is used to identify anisotropy among x, y, z directions. Semivariance 

is calculated based on the equation: 

[	 ℎ = 	
R

S]
	 (^_ − ^_`a)

S]
_bR     --------------------- Equation 6 

where ℎ is the distance (known as lag) between a pair of points. The two points are denoted with 

zi and zi+h; n is the total number of pairs (Taina et al., 2013). 

Semivariograms can be used for verifying the variability of soil structure in three 

orthogonal directions (the X, Y, Z directions). The value on the x-axis represents the semivariance 

in the x (horizontal) direction at this lag distance, same for y-axis (horizontal) and z-axis (vertical). 

Taina et al. (2013) has investigated that the highest spatial variability of freeze-thaw soil mainly 

appeared in the Z (vertical) direction in a small spatial range.  



 

 31 

3.2 Material and Methods 

3.2.1 Flow experiment 

All solutions used in the study were prepared using 18 MΩ cm Milli-Q water. A 50x 

concentrated stock artificial rainwater solution (ARW) was prepared as described in the study of 

Anderson et al. (2000), with a change of Na2SO4 to half strength (Table 3). Analytical grade 

chemicals were purchased from Fisher Scientific® and Sigma-Aldrich®. Both cupric sulfate 

(CuSO4·5 H2O, F.W. 249.68, Fisher Scientific) and copper (II) nitrate trihydrate (99%, F.W. 

241.60, Sigma-Aldrich) was stored in a desiccator all the times to minimize the oxidation before 

use. All glassware was washed, soaked in 10% HNO3 overnight and then rinsed by DI water and 

Milli-Q water. The peat was collected from WLB in 2016 (details can be found in Chapter 2.2 Peat 

sampling). 

Table 3. Composition of artificial rainwater in flow experiment (refer to Anderson et al., 2000). 

Component Concentration of stock solution (mol/L) 
Amount added/mL per 

liter of rainwater 

NaCl 0.01 20 

KCl 0.001 10 

NH4Cl 0.001 10 

MgCl2 0.001 25 

CaCl2 0.001 10 

NaNO3 0.001 10 

Na2SO4 0.0005 12.5 

HCl 0.1 Adjust pH to 4.5 

 

550g (wet weight) raw peat was gently placed into acrylic cylinders. Large roots were 

removed and large air pockets eliminated to reduce preferential flow pathways. The acrylic 

cylinders (inside diameter: 6.4cm, outside diameter 6.9, height 14.3cm) were manufactured by the 
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Physics Workshop at the University of Guelph. The cylinders have an effective volume of 460 

cm3. There were two ports designed for the tubing connection, which allowed solutions to flow in 

and out of the column. One port is at the center of the top lid, and the other is on the right side of 

the bottom lid. A half centimeter of air space was left near the top of the cylinder in case the 

atmospheric and hydrostatic pressure would cause a crack. 

 
Figure 10. Configuration of the flow experiment and the direction of flow. Solutions flow through 
the peat column could be either artificial rain water or Cu solutions. The flow rate is about 
1mL/min. 
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A continuous flow system (Figure 10) was designed and built for studying the impacts of 

freeze-thaw cycles on Cu in peat in an environmental control chamber (temperature = 4°C). A 

multi-channel scientific pump (Watson 205S) was used to pump solutions through the peat. The 

solutions were pumped into the cylinder containing peat from the bottom port, vertically passing 

through the peat and then flowed out from the top outlet. The flow speed was set to 8.00 rpm 

(equivalent to 1 mL/min) using the peristaltic pump to simulate slow water flow in a natural 

environment. The flow experiment was divided into three steps: 1) rinse the peat with artificial 

rainwater solution (ARW) to ensure that all untreated samples are subject to the same initial 

conditions; 2) pump 20 mg/L CuSO4 (or Cu(NO3)2) through the peat column continuously for 36 

hours. When Cu loading is finished, the inflow is stopped and the column is allowed to stand for 

two hours; 3) pump the columns with ARW to remove unassociated Cu from the peat, a process 

that lasts for about 36 hours. The control was peat treated with ARW only.  

The effluent from both phases of the Cu loading and the ARW washing was collected using 

a Bio-Rad® model 2110 fraction collector (Figure 10). The effluent was then filtered through a 

0.45 µm syringe filter and acidified, before the Cu concentration was analyzed by an atomic 

absorption spectroscopy (AAS) flame. In addition, Cu in peat was extracted by acid digestion 

(adapted USEPA 3051a) following treatments, and the concentration was measured by inductively 

coupled plasma optical emission spectrometry (ICP-OES).   

3.2.2 Freeze-thaw treatment 

The freeze-thaw process was followed by the Cu loading phase in the flow experiment. 

Frozen peat was further separated into two groups: a “hard freeze-thaw” group and a “soft freeze-

thaw” group. Meanwhile, the control peat remained at 4°C without FTCs.  
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The “hard freeze-thaw” group was frozen and thawed three times. Each freeze-thaw cycle 

included 24 h freezing at -20 °C (±2 °C) and thawing for 24 h at room temperature (23 °C	±1	°C); 

the “hard freeze-thaw” group was named as “F20TRT” group. The “soft freeze-thaw” group (also 

“F4T4” group) was processed in the same way as the “hard freeze-thaw group” other than the 

applied temperatures. As the name implies, during the soft FTC, samples were frozen at -4 (±1 

°C) and thawed at 4 °C (±0.5 °C). Again, this cycle was repeated three times. The hard and soft 

freeze-thaw treatments were used to explore the effects of different freeze-thaw amplitudes. -20 

°C is the typical setting for a freezer, which would minimize the time needed for sample 

preparation and is readily available. However, large temperature fluctuations are not realistic in 

the field, and such a rapid rate of freezing would exaggerate the effect of FTCs (Henry, 2007). 

In each freeze-thaw cycle, the peat sample needed to be completely frozen and thawed, 

while the control group was stored at 4°C throughout the entire process. The soft freezing process 

was achieved by setting the flow system in an environmental chamber, where the temperature 

could be adjusted. 

After Cu loading and treatment with (or without) FTCs, the peat was rinsed by ARW for 

36 h. Three repetitions and a control for each treatment were performed. After the treatments, peat 

samples were taken from about 3 cm above the inlet point at the end of each trial for different 

analyses. The Cu concentration in the effluent that was collected during the flow experiment was 

analyzed using AAS. Furthermore, Cu adsorbed by the peat cores was extracted by acid digestion 

and analyzed using ICP-OES.  

3.2.3 Cu interaction with peat at the molecular level 

Peat soil cores were removed from the cylinder after solution flow and (or) freeze-thaw 

treatments, and each core was cut lengthways into two pieces (Figure 11). In order to avoid edge 
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effects, a small amount of peat was taken from the center area of each section (indicated by red 

circles). Subsequently, the peat was packed into slots in the sample holder and sealed with Kapton 

tape on both sides (Figure 11 bottom).  

 

Figure 11. The division of peat cores after flow experiments (top); peat mounted on sample holder 
(bottom).  

The measurements were performed at two different electron storage rings: the Canadian 

Light Source (CLS) in Saskatchewan, Canada, and the Advanced Photon Source at the Argonne 

National Laboratory in the US. Samples mounted in the XAS holders were shipped to the 

synchrotron under dry ice and kept frozen before measurements. The X-ray absorption spectra 

were recorded at the Hard X-ray Micro-Analysis (HXMA) 06ID-1 beamline at CLS and beamline 

BM20 at APS, respectively. Both XANES and EXAFS measurements were carried out in 
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fluorescence mode using a multi-element solid-state detector. A Cu foil energy calibration was 

performed at 8,979 eV during the first run, and 8,980.48 eV for the last two experiments. 

Data in the last two runs was recorded at liquid helium temperature in order to prevent 

potential beam damage. The temperature was maintained at ~7 K at CLS (the third run), and 37 K 

(±2K) at APS (the second run).   

3.2.3.1 First run (March 2016 at CLS) 

Synchrotron experiments on the first run were composed of two stages: 1) X-ray absorption 

spectra were taken at the HXMA beamline; 2) a map of Cu, Fe and S was collected using the 

VESPERS beamline at CLS.  

3.2.3.1.1 HXMA Beamline 

The HXMA-CLS beamline uses a white beam with a high X-ray dose, providing a flux of 

1012 photons/s/0.1 % BW at 12 keV, and the energy can be adjusted from 5 to 40 keV (Science 

museum, 2007). For this run, peat samples were prepared using two copper solutions: 20 mg/L 

CuSO4 and 20 mg/L Cu(NO3)2. Each solution group had both frozen and non-frozen samples. 

Untreated peat (no Cu or freeze-thaw treatments) served as an experimental control. After 

treatment, soil samples were taken from the center of the peat core, wrapped with Parafilm and 

shipped to CLS in dry ice, where they were stored in a fridge (-23 °C) prior to measurements. 

Spectra data were collected in fluorescence mode at the HXMA beamline using a 32-element Ge 

detector (Figure 12), which could provide 32 channels for each measurement. The inflection point 

(E0) was set to 8,979 eV for Cu metal, and all measurements were completed at room temperature. 
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Figure 12. Schematic diagram (side view) showing the experimental set-up for XANES 
measurement at HXMA beamline, CLS, Saskatchewan, Canada. 

Since the Cu concentration in the peat samples was low and the Cu distribution was not 

homogeneous, we applied two-dimensional (2D) mapping (Figure 13) to find the regions with 

relatively high Cu concentration before collecting the spectra. 2D mapping visually presents the 

concentration variation in the sample and makes the selection of measuring points much easier and 

more reasonable. Researchers can choose and read the coordinate from one point on the map and 

then set the point to do the measurement.  

 

Figure 13. Two-dimensional (2D) mapping to find high concentration for Cu. 



 

 38 

Data analyses were accomplished using the X-ray absorption analysis software package 

Athena, version 9.26 (Gaur, Shrivastava & Joshi, 2009). XANES spectra were background 

subtracted and normalized, and multiple spectra of the same sample were merged before plotting. 

3.2.3.1.2 VESPERS beamline 

The VESPERS beamline can be used to create a map displaying the distribution of selected 

elements within a specific area or the whole area on the sample. It is a hard X-ray microprobe, able 

to provide structural as well as analytical information. Either X-ray diffraction or X-ray 

fluorescence mode can be applied at VESPERS (Science museum, 2007). In our study, the major 

elements being considered were Cu, Fe and S. The sample was exposed to pink beam, with an 

energy range of 3 to 20 KeV and a beam size of 2.5 to 3 µm. 

The purpose of using the VESPERs beamline at CLS was to investigate the distributions 

and connections of Cu, Fe and S in our samples by mapping. 

3.2.3.2 Second run (July, 2016 at APS) 

Based on the result of the first run, photo-reduction was checked by monitoring Cu XANES 

feature evolution from scan to scan. However, reduction could have occurred before the first scan 

was finished. One solution to the radiation damage is to conduct the experiment at a low 

temperature; as mentioned by Manceau and Matynia (2010), low temperatures can effectively 

prevent beam reduction. To further minimize radiation damage, the measurement was adjusted to 

use fresh sample spots to obtain the new spectra. To this end, the scan spot was changed to a fresh 

spot after recording one or two spectra on the same spot. For every single sample, two to three 

spots were required to collect multiple spectra. 

During the second run, the inflection point was set to 8,980.48 eV according to the 

beamline reference at 20BM-APS. Absorption spectra were measured at low temperature using 
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liquid helium, which can create an extremely low temperature (approximately 4 K) to protect the 

sample from being damaged. Unfortunately, the lowest temperature reached in our experiment was 

around 35 K, due to an unpredictable accident which affected the efficiency of the cooling process. 

The sample holder was designed with four available sample slots (not including the topmost slot), 

each 8 mm long by 3 mm wide (Figure 14). The measurement was carried out using a 13-element 

Ge detector with the samples loaded in a diplex-type cryostat, and spectra were collected under 

fluorescence mode. 

 
Figure 14. Pictures showing the experimental set-up (upper left), the sample holder (upper right), 
and the stage for mounting the sample holder in APS. 
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3.2.3.3 Third run (September 2016 at CLS) 

Similar to the first two runs, prepared samples were shipped and kept frozen prior to the 

measurements. Based on the previous experience, our samples must be run at cryogenic 

temperature (Figure 15). In order to avoid thermal bump, liquid helium was used to cool the 

samples to 10K. The first inflection point was set to 8980.48eV, which was the same as the setting 

at APS.  

 
Figure 15. Picture (left) showing the experimental set-up at HXMA-CLS, the sketch of sample 
holder is showing on the right. 

3.2.4 Changes in peat voids during freeze-thaw cycling 

3.2.4.1 Sample preparation 

Peat cores for �CT were prepared following the same procedure that was described in 

Chapter 3. Because we were focusing on the effect of FTCs on peat matrix, no Cu was added 

during the sample preparation. ARW is the only solution that was pumped through the peat. 

There are two freeze-thaw groups 1) frozen at -4°C, thaw at 4°C; 2) frozen at -20°C and thawed at 

room temperature, and one control group (peat with ARW flow through). The CT experiment was 

done in triplicates.  
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3.2.4.2 Image capturing and analysis 

Imaging data was collected in the soil imaging laboratory at the University of Guelph. An 

excitation energy of 120 kV and 155 µA was employed for all samples. Each individual peat core 

was divided into 3 sections vertically. The scanning for each section (64 mm diameter and 3 cm 

height) took approximately 85 min to finish. The acquisition pixel size of 3D imagery was 40 x 40 

µm, and the integration time was 1,700 µS. 3D imagery data was filtered and analyzed using 

MicroView and ImageJ software packages. After generating reconstructions using the “explore 

reconstruction utility”, a file with a voxel size of 80 x 80 x 80 µm (or 5.12×10-4 mm3) was created. 

The spatial resolution in this experiment is 80 µm. 

Image segmentation (binarization) is a crucial step, which was completed here using the 

CT-segmentation plug-in for ImageJ. Image segmentation is the partitioning of an image into 

several segments; as a result, different phases in the image have a clear distinction and the image 

representation is simplified (Taina et al., 2013). Ultimately, void and non-void phases in our 

sample were separated. The analysis of voids in treated peat was carried out using the ImageJ plug-

in ParticleAnalyzer, and voids were selected based on different volume sizes using Excel (2010) 

(Jefferies, 2014). The edge of the original image (798 x 798 pixels) was removed due to the 

consideration of the edge artificial effect; thus the final results were based on the central (600 x 

600 pixels) part of the sample. 

3.2.4.3 Evaluation of voids 

Because the samples were scanned in three dimensions (3D), voids are better interpreted 

using spherical volumes rather than the diameter of the voids. Therefore, voids were classified into 

three groups based on volume sizes: small intra-aggregate (< 8 voxels or < 0.004 mm3), medium 

intra-aggregate (8−150,000 voxels or 0.004–76.8 mm3), and large inter-macro aggregate voids (> 
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150,000 voxels or 76.8 mm3) (Jefferies, 2014; Torrance et al., 2008). In total, there are 3 main 

classes and subdivided into 9 small classes (Table 4). 

Table 4. Size classes of voids in peat (Heck, 2017). 

Size Class  Spherical Volumes 
     (<= mm3) 

Microvoids < vc Micro 1.60E-05 
 vc Micro 1.28E-04 
Mesovoids vf Meso 1.02E-03 
 f Meso 8.18E-03 
 m Meso 6.55E-02 
 c Meso 5.24E-01 
 vc Meso 4.19E+00 
Macrovoids vf Macro 3.35E+01 
 > vf Macro 2.68E+02 
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3.3 Results  

3.3.1 Dynamic flow and freeze-thaw experiment 

3.3.1.1 Water sample 

After loading Cu for ca. 300 minutes, the Cu concentration in the effluent is about 2 mg/L 

(Figure 16, blue dots). At the range of 400 min to 900 min, the Cu concentration increased slightly, 

before increasing more strongly after 900 min.  

 
Figure 16. Cu concentration in effluent measured during Cu loading (blue dots) and ARW 
washing (red stars) processes in LM peat. 20 mg/L CuSO4 was flowed through non-frozen peat 
for 1200 min before ARW washing. 

The washing phase showed a relatively simple trend. The Cu concentration increased and 

reached 5 mg/L within 200 min, as the Cu solution was flushed out from pores. The concentration 

decreased after 200 min and ultimately leveled out at ca. 1 mg/L (Figure 16, red dots). 

However, other replicates (Figure 18, non-frozen) exhibited a significantly different trend 

to that shown in Figure 16. At the same scale, one replicate (Figure 18, top left) had very high Cu 
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loaded into the peat, and the Cu concentration in the washing phase was almost zero. The third 

replicate (Figure 18, left bottom) showed similar trends to the treatment presented in Figure 16. 

While loading, Cu in the effluent started to become visible at 400 min and was not saturated until 

1,200 min.  

Besides Cu, other elements (Fe and S) in the effluent were also analyzed by ICP-OES 

during the dynamic flow experiments. Figure 17 (the same data plotted on the same scale can be 

found in the appendix, Figure 45) illustrated that the concentration of S was over three times higher 

than that of Cu, and the Fe concentration was below 1 mg/L in the effluent. During loading, Cu 

concentration increased while the Fe concentration decreased. No obvious change was observed 

in the S concentration.  

After pumping ARW through the column, Cu was washed out from the peat, while the 

concentrations of Fe and S increased slightly. Fe concentration decreased as the amount of free Cu 

in the solution increased, but the change (0.2 mg/L) was negligible. A similar relationship between 

Cu, Fe and S was observed in other repeating groups (Figure 44). 
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Figure 17. Cu (top), Fe (middle) and S (bottom) concentration in the effluent as a function of 
time. The left three graphs represented the changing in concentrations while Cu loading, the 
washing phase was showing on the right ride. 20 mg/L CuSO4 was flowed through the WLB peat 
and then washed by the artificial rainwater (Note: Graphs are not in the same scale). 

By evaluating the Cu concentration in the water sample between the non-frozen (Figure 

18 left) and frozen treatments (Figure 18 right), high variability has been seen between 

replicates. Up to a quarter of absorbed Cu could be washed out of the peat by the ARW. The 

majority of Cu was absorbed by peat during the dynamic flow. 

 



 

 46 

 

 
Figure 18. Cu concentration in effluent from non-frozen (left) sample and hard frozen sample (right). Blue solid line represents Cu 
concentration in the loading phase, red dash line represents Cu out of the washing phase. The initial treated solution was 20 mg/L 

CuSO4. 
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Figure 19. Cu concentration in effluent from non-frozen (left) sample and hard frozen sample (right). Blue solid line represents Cu 
concentration in the loading phase, red dash line represents Cu out of the washing phase. The peat was treated with 20 mg/L Cu(NO3)2 
and washed by ARW after three FTCs. 
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By examining the data from the flow experiment, no precise conclusion could be 

made due to the wide variance. The frozen samples had less Cu released during washing, 

and the breakthrough took longer time to be observed. Unlike the loading phase, the rate 

of Cu decrease remained relatively stable. The amount of Cu removed during the washing 

process was negligible. After 1200 min, the Cu concentration in the effluent was close to 

zero.  

3.3.1.2 Cu content in peat  

After acid digestion, Cu content in peat soil was plotted in Figure 20. Overall, peat 

treated with CuSO4 solution had more Cu absorbed in the soil compared to the Cu(NO3)2 

groups. The CuSO4 non-frozen peat had the highest Cu content, which was about 350 mg 

Cu / kg peat in average. Although the error bars of different groups overlapped in Figure 

20, similar results could be found in different replicates. There was always more Cu left in 

the non-frozen peat than that in frozen peat (Figure 21), but the results were not significant. 
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Figure 20. Comparison of the average Cu adsorbed in peat (dry mass basis) after hard 
freeze-thaw cycling. CuSO4 data was the mean value calculated from triplicates; data for 
Cu(NO3)2 was the average of two replicates. Standard error was added as error bar.  

 

Figure 21. Cu content in peat (dry mass basis) with or without FTCs. Solid bars represent 
non-frozen groups; bars with pattern represent hard frozen groups. Peat treated with CuSO4 
solution was plotting in blue, and the Cu(NO3)2-treated peat were in green. 
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Comparing the Cu concentration between frozen group and non-frozen groups, 

there was at least ca. 7% decrease of Cu content in peat soil after freezing (Table 5). Other 

repeating groups showed about 30% decrease of Cu retained in peat after freezing. In Cu 

nitrate groups, there were also 11.56 % and 26.69 % decrease of Cu in peat after three 

FTCs; however, the differences were not significant.  

Table 5. Measurements of copper in WLB peat extracted by acid digestion. Peat was 
treated by CuSO4 (in triplicates) or Cu(NO3)2 (duplicates) solutions before freezing. Cu 
content decreased after freeze-thaw treatment was calculated in percentage (in grey 
shading). 

 Cu content (mg Cu / kg peat) Standard deviation 
(SD) 

Replicates 1 2 3 

CuSO4 frozen 255.19 366.37 157.73 153.76 

CuSO4 non-frozen 275.29 521.47 237.88 104.07 

Cu content decreased 
after freezing (%)  7.30 29.74 33.69 - 

Cu(NO3)2 frozen 141.50 63.14 - 55.41 

Cu(NO3)2 non-frozen 160.00 86.13 - 52.23 

Cu content decreased 
after freezing  11.56 26.69 - - 
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3.3.2 Cu interaction with peat at the molecular level 

3.2.1 First Run (March 2016) 

3.2.1.1 XANES data  

The energy difference between Cu metal (Cu0) and Cu detected in the peat samples 

was 0.5 eV, which indicates that the oxidation state of Cu in first analysis at CLS was Cu 

(I) (reduced form) (Figure 22). The spectra of CuSO4 and Cu(NO3)2 prepared samples 

perfectly overlapped each other (Figure 23). The same phenomenon was also found in non-

frozen groups (Figure 43). Therefore, we could safely draw the conclusion that there was 

no difference in Cu spectra between the CuSO4 treatments and the Cu(NO3)2 treatments.  

 

Figure 22. First derivative of XANES data. The energy shifted 0.5 eV to the higher 
energy direction in peat sample than the Cu foil. 
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Figure 23. Cu K-edge XANES data for peat samples prepared with CuSO4 (blue) and 
Cu(NO3)2 (red) solutions. Peat was conducted to 3 FTCs before measurement. 

Another key finding was that the high energy X-ray beam caused radiation damage. 

By analyzing the continuous scans from the same spot, there was an obvious shoulder 

showing up after the first scan (see red arrow in Figure 24). Furthermore, the exposure to 

X-rays caused a shift of the Cu spectrum towards lower energy, which indicated that Cu in 

the sample was reduced by the beam. Gradual photo-reduction of copper ion appeared after 

40 minutes’ exposure (one scan).  
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Figure 24. Three continuous scans obtained from CuSO4_frozen peat sample. Spectra 
moved to the left energy side, and had enhanced shoulders appeared after the first scan.  

Additionally, spectra obtained from the middle and top sections were low in signal-

to noise ratio (SNR). The low concentration of Cu made it difficult to get a good signal of 

Cu; hence, the spectra from the top and middle sections could not be used for the next step 

of analysis. In the subsequent XAS analyses, only the spectra from the bottom section were 

used.  

3.2.1.2 VESPERS Beamline 

 

Figure 25. Element mapping of peat samples using VESPERS beamline at CLS. Maps 
were scanned on the same location but different elements, Cu (left), S (middle), and Fe 
(right). The vertical axes were not on the same scale. 

According to Figure 25, we could see that the hotspots of Cu and S presented at the 

same positions (red circle), which indicated Cu and SO4
2- are related together. The 
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concentration of Cu is lower than sulfate. On the other hand, S and Fe have a strong bonding 

because the high density spots matched with each other (point P).  

3.2.2 Second run (July 2016 at APS)  

The energy shift between the inflection points of Cu in the sample and Cu foil was 

10 eV (Figure 26), the significant difference indicated the Cu was in oxidized form (Cu II). 

 

Figure 26. First derivative of XANES data. The energy shifted 10 eV to the higher energy 
direction in peat sample than the Cu foil. Spectra were collected at APS, USA. 

The coordination of Cu in peat sample differed from that of CuSO4• 5H2O solution. 

Differences were labelled on the graph (Figure 27 a), there was a depression at location A 

on the spectrum of CuSO4. Different shapes were also observed at the second inflection 

(location B). The shape of the bump (location B) was shifted to lower energy (red) 

compared to the spectrum of the CuSO4 solution (blue).  
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Figure 27. a) Comparing the spectrum data between peat sample (red) and CuSO4•5H2O 
solution (blue); b) XANES comparison between sample (blue) and two reference 
compounds.  

A comparison between the sample spectrum (blue) and malachite (Cu2CO3(OH)2) 

(green) was showed in Figure 27b. The significant difference in the spectra indicated that 

the atomic coordinates of Cu in the peat sample was different from the Cu in malachite.  

3.2.3 Third run (September 2016 at CLS) 

The result found in the second run was confirmed in the third run. The energy shift 

this time was 8.25 eV (Figure 28), which proved the Cu in our sample was in oxidized form, 

as Cu (II).  
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Figure 28. First derivative of XANES data. The energy shifted 8.25 eV to the higher energy 
direction in peat sample than the Cu foil.  

The temperature affected the molecular structure around Cu2+. Peat without the 

freeze-thaw treatment and which stayed at room temperature did not show the same pre-

edge feature in its spectrum, while the frozen sample had the most prominent pre-edge 

(Figure 29A and insert). The spectrum in between (Figure 29, red line) represented the 

sample that was treated at 4°C. 
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Figure 29. A comparison of Cu spectra for peat samples with different treatments. The 
spectrum of Cu foil (blue line) is adding as a reference. 

The spectrum of the non-frozen sample had the narrowest peak (Figure 29 B) 

among the three spectra. As the temperature dropped from room temperature to the freezing 

temperature, the spectra peaks became wider and the pre-edge feature was markedly 

increased. 
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3.3.3 Characterizing void phases in peat 

3.3.3.1 Images after processing 

The differences in voids distribution and shape are visually available by examining 

the images after processing. Voids in the peat after the soft FTCs treatment showed a 

relatively uniform distribution (Figure 30 c). The voids had almost the same size, which 

was comparatively small. By contrast, the hard freeze-thaw treatment created large voids 

that were randomly distributed (Figure 30 b), and fewer small voids could be seen for the 

control (Figure 30 a). 

 

Figure 30. Screenshot of final images (600 x 600 pixels) of peat samples after imaging 
processing. a) control peat without FTCs; b) sample after three hard FTCs; c) sample after 
three soft FTCs. 

3.3.4.2 Void evaluation 

The total voids proportion in the peat samples was calculated using 

ParticleAnalyzer in ImageJ. The soft FTCs and hard FTCs changed voids distribution 

differently in peat (Figure 31). The voids percentage in peat increased after the hard freeze-

thaw treatment while soft FTCs caused the proportion of voids to decrease compared to 

control. There was a significant change (± 34%) of voids proportion after FTCs compared 

to the control peat. 

a b c 
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Figure 31. Average void percent of peat samples with different freeze-thaw treatments. 
Control represents natural peat without treatment, stored at 4°C; hard FTCs represent peat 
conducted with 3 FTCs (freeze at -20°C then thaw at room temperature); soft FTCs 
represents peat with 3 times soft FTCs (freeze at -4°C then thaw at 4 °C). Standard 
deviation was added as error bar. 

According to the size classes cited in Table 4, the major portion of voids (> 78.31%) 

in our samples are classed as meso-voids. Most of the meso-voids fall into “vf meso” and 

“f meso” sub-classes. All of the voids in the control group were meso-voids; 88.12% of the 

voids in the soft freeze-thaw group classed as meso-voids. The hard freeze-thaw group had 

a smaller proportion of meso-voids (78.31%), but a greater percentage of macro-voids than 

the soft FT group (Table 6).
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Table 6. Voids proportion in different size classes. The right two column are the total proportion in “meso” and “macro” classes. 
The first two repetitions were using the peat sampled from 2016, and the third repetition used the peat collected from 2017. 

SAMPLE < VC MICRO VC MICRO VF MESO F MESO M MESO C MESO VC MESO VF MACRO > VF MACRO MESO MACRO 

CONTROL 0.00 0.00 45.71 29.18 25.11 0.00 0.00 0.00 0.00 100.00 0.00 

HARD FT -1 0.00 0.00 33.75 20.87 11.24 2.18 5.15 19.91 6.91 73.19 26.82 

HARD FT -2 0.00 0.00 25.68 22.41 15.12 6.53 3.41 12.05 14.80 73.15 26.85 

HARD FT -3 0.00 0.00 0.01 9.33 22.87 8.35 18.64 35.66 5.15 59.19 40.81 

SOFT FT -1 0.00 0.00 54.54 40.16 0.77 0.57 1.50 2.46 0.00 97.54 2.46 

SOFT FT -2 0.00 0.00 30.74 42.17 10.93 5.08 5.52 3.57 2.00 94.43 5.57 

SOFT FT -3 0.00 0.00 29.47 23.07 5.67 6.90 7.28 21.15 6.47 72.38 27.62 
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3.4.3 Semivariogram 

The semivariogram demonstrates that the vertical (Z) direction (along the column 

length) had greater variability compared to the other two directions (X and Y) (Figure 32). 

The changes in peat tend to occur in the vertical direction rather than the horizontal 

directions, with a low spatial range (within 0.16 mm). Furthermore, low ranges of spatial 

dependence were observed in peat samples, even after freeze-thaw treatments.  

 

Figure 32. Normalized semivariogram showing directional anisotropy in the bottom 
section of the soft freeze-thaw peat sample. Norm X(blue), norm Y(red), norm Z(green) 
and 3D anisotropy(grey). Lines for X and Y are superimposed. 

Semivariograms for peat with and without freeze-thaw treatment were similar 

(Figure 33). However, anisotropy lines are separated and examined in sections (bottom, 

middle and top), some conclusions can be drawn based on the small differences 

corresponding to freezing and thawing. The following graph plots the anisotropy of the 

three sections in the control peat; no significant differences were found (Figure 34).
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Figure 33. Normalized semivariograms showing directional anisotropy in peat with different treatments. Each graph shows 
semivariance curves in three orthogonal directions (X: blue line; Y: red line; Z: green line). Anisotropy is plotting in purple.
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Figure 34. Anisotropy graph for the control peat. Lines in different colors represent 
anisotropy of the bottom (red), middle (green), and top (blue) sections.  
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Figure 35. Figures showing anisotropy in peat after soft FTCs (top) and hard FTCs 
(bottom). Lines in different colors represent anisotropy of the bottom (red), middle 
(green), and top (blue) sections. 

Compared to the untreated peat (Figure 34), anisotropy in the three sections of the 

freeze-thaw groups showed some dissimilarity (Figure 35). Anisotropy of the three sections 

in the soft freeze-thaw group appeared at a small lag distance (~0.3 mm), and the anisotropy 
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started to differentiate at a longer lag (~ 2.5 mm) in the hard frozen-thawed group. 

Furthermore, the anisotropy of hard freeze-thaw peat had a tendency to increase at large 

lags, while the anisotropy of soft freeze-thaw peat changed very little within the lag range. 

In conclusion, resolvable voids occupy 2−3 % of the volume in peat. Hard FTCs 

caused the percentage of voids to increase, whereas soft FTCs decreased the proportion of 

voids in peat. Separating the voids into different size classes revealed that the vast majority 

of pores in peat samples were mesopores (volume between 0.00102−4.19 mm3). Unlike the 

soft freeze-thaw process, more macropores are created in peat following hard FTCs. 

Semivariograms of peat subject to different treatments were quite similar; the 

greatest difference in 3D anisotropy occurred at the second lag (0.16 mm). Based on the 

comparison of anisotropy from different scanning sections, we expected to see a steady 

difference in anisotropy for the three sections of soft freeze-thaw peat. Additionally, the 

anisotropy difference in the hard freeze-thaw group appeared with a greater lag than the 

soft freeze-thaw group, and the anisotropy of different sections tended to extend after 3 

mm.
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3.4 Discussion 

The data from the flow experiments showed high variability among replicates. Our 

data represents a major challenge with using natural peat as the experimental material. 

Although the quality of data appears lower than that of many previous studies, the material 

used in other studies was homogenized peat that was either air-dried, sieved or crushed 

(Grybos et al., 2007; Shen, 1999; Twardowska & Kyziol, 2003; Wang et al., 2014). 

Additional steps could change the properties of natural peat; therefore, the results obtained 

by these studies may not be representative of field conditions. My data agree with the data 

from Ridenour (2015); she found that ~27 % Cu was eluted out of a flow chamber, while 

73 % Cu remained in the chamber. Similarly, we found that three quarters of the Cu was 

retained in the flow column regardless of the variation.  

The chemical reduction of Cu in peat is achieved by microbial activity in anaerobic 

conditions (Fulda et al., 2013). Specialized microorganisms can use Cu (II) was a terminal 

electron acceptor. The Cu in our peat samples was demonstrated to be the oxidized form 

(Cu (II)), which indicated the metabolism of microbes was very low. Prior to the 

experiment, peat was stored at 4 °C; microbial activity maintained at a low level although 

sulfate reducing bacteria can metabolize at this temperature. It appears that Cu reduction 

does not occur under these unfavorable conditions; however, we also did not see Cu 

reduction at room temperature. The redox potential of Cu is low compared to other ions 

(i.e. Fe3+ and SO4
2-), the reduction of Cu2+ would not take place until the Eh falls to 0.154 

V, which is lower than the Eh for sulfate reduction (Table 1).  

In our experiment, FTCs were carried out under two temperatures (-20 °C or -4 °C) 

different freezing rates had different effects on Cu adsorption, void distribution and Cu 
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coordination. As Henry (2007) summarized, the freezing rate, cycle amplitude and number 

of FTCs can affect the soil properties differently. According to the results of acid digestion, 

the final copper content in peat frozen after Cu exposure was lower than that of unfrozen 

peat exposed to Cu. Therefore, the flushing effluent contained a higher concentration of 

dissolved Cu after freezing. This supports the idea that FTCs potentially increase the efflux 

of Cu from peatlands to waterways.  

Freeze-thaw cycling may change the hydrological properties of peat, but this 

interaction is complex and poorly understood. Most publications that discuss the impact of 

different freezing regimes are focused on the biological aspects, particularly the influence 

of freeze-thaw rates on gas emission (Küttim et al., 2017) and enzyme function (Cao, Chen, 

Cui & Foster, 2003). Thawed peat is considered to have a deeper water path than non-

frozen peat (McLaughlin et al., 2013); additionally, a preferential flow channel may be 

created after the freeze-thaw process due to the disruption of local areas from ice formation 

(Taina et al., 2013). In agreement with this, we observed a greater percentage of void space 

in the hard freeze-thaw group than in samples subject to other treatments (Figure 31), but 

hard FTCs rarely happen in natural environment. In addition, it can be seen in Figure 30 

that hard FTCs created larger pores in the soil compared to the soft-frozen and control 

groups. On the other hand, peat had a smaller proportion of voids after soft FTCs, with 

nearly all voids classed as fine (Figure 31 and Table 6). The small size of pores could be 

explained by the fact that water reaches its minimum volume at 4 °C. Moss peat has a 

spongy structure, which is able to shrink and expand in response to water content and 

temperature. However, hard freezing and thawing forms ice more quickly, which does not 

allow peat to respond to temperature fluctuations.  
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Since meso-voids have a smaller surface area than macro-voids, the binding sites 

of humic substances are more limited in meso-voids. When Cu travels through the peat 

column, it becomes competitive for Cu ions to interact with organic ligands. Considering 

the increased lability of organic matter after thawing (Hodgkins et al., 2014), more Cu may 

be liberated from organic matter by FTCs. In this case, more Cu would ultimately be 

washed out from frozen peat than unfrozen peat.  

Semivariogram analysis indicates greater variability in the vertical (Z) direction 

compared to the other two directions (Figure 32), which is consistent with the observations 

of Taina et al. (2013). This small anisotropy represents a high spatial continuity of peat, in 

most cases.  

The results of the XANEs analysis show Cu2+ in our samples, freezing process 

changes Cu coordination in peat. Comparing our sample spectrum with the spectra 

presented in the study of Manceau and Matynia (2010), malachite (Cu2(OH)2CO3) is the 

compound with the most similar spectrum shape to that observed in our sample. Cu in 

malachite is bonded to 6 O-rings; there are two distinct types of distorted copper octahedral 

Cu-O bonds in malachite, and the shorter equatorial Cu-O bond varies from 1.90 to 2.11 Å 

(Girgsdies & Behrens, 2012). However, after taking a closer look at the XANES data, the 

significant difference (Figure 27b) between our sample and malachite indicates that the 

atomic coordinates of Cu in our sample are not the same as that in malachite. Secondly, the 

spectra of Cu in peat and Cu in CuSO4 were also different. This confirms that the 

coordination of Cu in the effluent solution was different to the Cu adsorbed by peat. 

Although the coordination and bonding structure of Cu in our peat sample remains 

unknown, it resembles neither CuSO4 nor malachite. The copper speciation was the same 
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across the samples; the oxidation state of Cu in our sample is Cu (II). The reduced form 

(Cu I) observed in the first run was caused by beam damage. Furthermore, the change of 

Cu coordination in peat caused by temperature was a gradual process with a trend, as 

freezing and thawing induced more complex hybrid orbitals on copper. The molecular 

structure of Cu and the difference before and after FTCs still need to be calculated and 

simulated in future studies. Analyzable data up to a minimum of 12 inverse angstroms 

could be obtained through EXAFS analysis. 
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Chapter 4 Microbial respiration in peat 

4.1 Literature review 

The respiration of soil organisms is an important part of  soil respiration (discussed 

in Chapter 1, p9-14). Microorganisms play a crucial role in breaking down organic 

materials in peatlands. Methane and carbon dioxide are the gaseous end products of the 

microbial decomposition process. Aerobic respiration or anaerobic respiration is triggered 

by oxygen concentration. Under aerobic conditions, cellulose is decomposed into CO2 and 

water. While, under anaerobic conditions, methanogenic bacteria produce methane via 

anaerobic metabolism. The methane is further oxidized to CO2 by methanotrophic bacteria 

(Brown, 1998) (Figure 36).  

 

Figure 36. Carbon exchange in peatlands, associating with microbial process. As adapted 
from Thormann (2006). 

  Other than oxygen availability, temperature is also a leading factor in microbial 

respiration in soil. At 20°C, the rate of CO2 production under aerobic conditions is three 

times higher than under anaerobic condition (Szafranek-Nakonieczna & Stêpniewska, 

2014). 
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4.1.1 Methane production  

Methane emission from peatlands can be affected by multiple environmental 

variables and exhibits high variation. CH4 is produced from soil when organic matter 

decomposes under anoxic wet conditions (Segers, 1998). Methanogenesis is a slow process, 

because it provides very little energy to the bacteria that perform it. Most methanogenic 

bacteria have an optimum pH of 6−8, and a lower or higher pH significantly inhibits their 

activity (Williams & Crawford, 1984). Nevertheless, acid peatlands are full of 

methanogens. Although acid environments in ombrotrophic bogs are not ideal for 

methanogens, reduced organic carbon provides an abundance of energy for methanogenic 

bacteria to grow (Brown, 1989). Depth is another factor that affects the methane production. 

In 1999, McDonald et al. observed that methanogenic activity was very low (ca. 20 nmol/g 

dry wt/day) at a depth of 10−18 cm, compared to 650 nmol/g dry wt/day of methane 

produced 6 cm below the surface. Although CH4 production increased again with depth, 

the production of CH4 did not exceed 250 nmol/g dry wt/day within 30 cm depth (Figure 

37). 
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Figure 37. Methane production in blanket bog peat within 30 cm depth. As adapted from 
McDonald et al. (1999). 

Besides depth, temperature is another important factor that affects CH4 production 

in peat, more CH4 is produced at higher temperatures (Dunfield et al., 1993). The thawing 

of permafrost is expected to cause higher rates of CH4 emission (Holden, 2005). 

4.1.2 Methanotrophs 

Methanotrophs are able to utilize methane as their carbon and energy source, by 

oxidizing CH4 to CO2 (Semrau, Dispirito & Yoon, 2010). Methanotrophs are important 

organisms that contribute to the removal of methane before it can reach the atmosphere. 

Most methanotrophs prefer living in environments with a pH of 5−8 and a temperature 

between 20−35 °C. Some strains have been isolated under other extreme conditions, such 

as low pH and higher temperatures. So far, only two types (type I and type II) of 

methanotrophs have been studied systematically in terms of their activity and distribution 

(Semrau et al., 2010). About 20 years ago, acidophilic methanotrophs were found in acidic 

ombrotrophic peat bogs (Dedysh, 1998). The initial study observed maximum CH4 uptake 
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to occur at pH 4.5−5.5. It has been reported that type II methanotrophs dominate 

environments with low O2 and high CH4 concentrations (Semrau et al., 2010). Compared 

to type I, type II methanotrophs can withstand fluctuations in temperatures and moisture, 

and maintain stable populations. When the soil moisture content reaches 50% or higher, 

the methane consumption rate of methanotrophs does not change significantly. 

Temperature changes affects the activity of methanotrophs. In cold environments (<10 °C) 

CH4 oxidation can be observed due to the inhibition of mesophilic methanotrophs (Semrau 

et al., 2010). 

The production of CH4 and CO2 from microbial activity is influenced by both the 

temperature and the moisture content (or water table) in peatlands. Moore and Dalva (1993) 

reported that CH4 production is sensitive to changes in temperature; however, much less of 

a difference can be seen in CH4 consumption.  

Table 7. Mean emissions (mg ·m2·d-1) of CO2 and CH4 from a bog at different water table 
depths and different temperatures (Moore & Dalva, 1993). 

 

Moore and Dalva (1993) observed that CO2 concentrations are much higher than 

CH4 concentrations in bogs (Table 7). When the water table is low, lower temperatures 

cause a significant decrease in CH4 and CO2 emission, although there is no difference in 

the ratio of CH4/CO2 at the different temperatures. They also proposed that the climate 

change could cause an increase in CO2 emission by increasing temperature and lowering 

the water table (Moore & Dalva, 1993). 
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Both higher air and soil temperatures in a bog have a positive effect on CO2 

emission. Higher saturation is correlated with higher CO2 emission, and also shows positive 

correlation with CH4 emission (Golovatskaya & Dyukarev, 2011). 

4.1.3 Cu toxicity on microorganisms 

Cu is known to play an important role in inhibiting microbial activity in organic 

soil. Mathur and Sanderson (1978) observed that copper can inactivate enzymes in 

microorganisms to a significant degree, compared to other metals (such as Fe, Pb, Mn, Zn 

and Ni). Furthermore, Cu can also influence the accumulation of degradative enzymes, the 

rate of organic matter mineralization, and consequently humification.  

Flemming and Trevors (1989) concluded that the addition of Cu can significantly 

inhibit both CO2 and CH4 efflux in soil. However, the binding of Cu to organic matter 

reduces the toxicity to microorganisms by making it much less bioavailable than free Cu 

(Flemming & Trevors, 1989). 

On the other hand, Cu is an essential element for life. Many studies have 

demonstrated that Cu is an important factor influencing the physiology and activity of 

methanotrophs (Semrau et al., 2010). For example, the pathway of oxidizing CH4 to CO2 

includes multiple enzymatic systems; the initial step is to oxidize CH4 to methanol. Two 

important methane monooxygenases assist in the oxidation: methane monooxygenase 

(pMMO) and soluble methane monooxygenase (sMMO). Cu can regulate the expression 

and activities of both monooxgenases (Semrau et al., 2010). Type II methanotrophs express 

both sMMO and pMMO, while type I may only express the pMMO protein. Semrau et al. 

(2010) determined that Cu has a 55-fold control on the expression of pMMO. All in all, 

non-toxic concentrations of Cu are necessary for methanotrophs to oxidize CH4. However, 
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the bioavailability of Cu decreases significantly in peat due to the high affinity between Cu 

and organic material. In order to understand how Cu affects microbial respiration in peat, 

we tested CO2 and CH4 production after exposure to peat. We included freeze-thaw cycling 

to determine whether climate fluctuation would also play a role. 

4.2 Materials and methods 

Two experiments were designed to investigate microbial respiration in peat. 

4.2.1 Respirometer experiment 

Microbial respiration was assessed using a Challenge® respirometer (AER-200) at 

room temperature (22 ±0.5 ˚C). Challenge® respirometer measures the total gas volume in 

the experimental bottles. Because it is difficult for a stir bar to mix peat well, the peat was 

prepared as a slurry based on a ratio of wet peat to distilled water of 1:1.25 (by weight). 

The stirring rate was adjusted to the lowest ratio that could keep the stir bar (1-inch long) 

working at 200 rpm (±6 rpm). The second reason to use a slurry is because it helps to 

eliminate heterogeneity within the peat soil (Amador & Jones, 1993).  

Peat treated in four different ways was used: pure peat, peat with CuSO4 added to 

achieve concentration of 20 mg/L CuSO4, peat subjected to hard FTCs, and peat subjected 

to soft FTCs. Both freeze-thaw groups were soaked in 20 mg/L CuSO4 solution and went 

through three FTCs. In order to get rid of O2 in the headspace of the experimental bottles, 

the headspace was flushed with O2-free N2 gas, then capped and sealed with Teflon® thread 

seal tape.  

The total gases produced in the experimental bottles were recorded using a 

respirometer, using a real-time and cumulative measurements. Eight bottles could be used 
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at a time, corresponding to eight spots on the respiration system (Figure 38), and each bottle 

was filled with 120 g peat slurry. All treatments were prepared in duplicate. 

 
Figure 38. Picture (left) showing the experimental set-up using a Challenge® respirometer; 
diagram (right) illustrating the bottle and experimental design to remove O2 in the 
headspace. 

In order to analyze the CH4 and CO2 components of the gas produced in the bottles, 

the experiment was set up to use serial sacrifice as a function of time. Gas samples were 

taken after 1, 4, 8 and 12 days of incubation and analyzed with a gas chromatograph.  

Gas chromatography (GC) is a quick and sensitive technique that is commonly used 

to separate and measure gases. The GC used was an SRI 8610 equipped with an 

FID/methanizer (FID/meth) detector, used for analyzing CH4 and CO2, with a detection 

limit of 1 mg/L. A 5 mL gas sample was taken from the headspace of the experimental 

bottles and injected into the GC using a 5 mL Luer-lock syringe with a three-way stopcock. 

500 mg/L, 5,000 mg/L and 50,000 mg/L CO2 gases were used as standards, and values of 

10 mg/L, 60 mg/L and 200 mg/L were used to fit the CH4 standard curve. 
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4.2.2 Mason jar incubation experiment 

The concentrations of CH4 and CO2 obtained from the gas sample of the 

respirometer proved to have poor reproducibility. There are several explanations for this, 

primarily that the incubation bottle is not an ideal closed system. Each bottle has a tube 

connected to the respirometer, so that the gases produced in the bottle are trapped by the 

respirometer after the bubbles leave the bottles. This could lower the actual concentration 

of gas produced. Furthermore, the peat slurry in sample bottles are not identical because 

the raw peat is very heterogeneous. Another factor that could cause errors is the efficiency 

of stir bars in the experimental bottles, different stir bars could behave slightly different. 

In order to compare the data collected from the respirometer, CO2 and CH4 were 

examined using a Mason jar incubation experiment. Peat slurry was made in exactly the 

same way as for the respirometer experiment, with 120 g of slurry placed into 250 mL 

Bernarndin™ Mason jars. A total of four treatments were used: no Cu no FTCs, FTCs but 

no Cu added, with FTCs, and peat with Cu added as well as freeze-thaw treatment. Before 

incubation, the freeze-thaw treatment was performed by freezing at -4 °C and thawing at 4 

°C three times each. Jar lids were modified using a rubber stopper and were sealed with 

silicon glue. The jars were then capped and incubated at 22 °C for 12 days (Figure 39).  
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Figure 39. Photograph showing the Mason jar experiment set-up. The temperature in the 
incubator was set to 22°C. 

Gas samples were taken from the headspace using a 5mL syringe at 1 day, 4 days, 

8 days and 12 days after incubation. CO2 and CH4 concentrations were measured at zero 

hour as a baseline. A sacrificial experiment was set up in triplicates so that each jar was 

sampled once. The concentrations of CO2 and CH4 were measured in duplicate for each 

sample jar using a gas chromatograph (GC SRI 8610C). 

4.3 Results 

4.3.1 Respirometer experiment 

4.3.1.1 Respirometer results  

The gas produced in the bottles was captured by the Challenge® respirometer AER-

200. During the first eight days of incubation, the control (peat without added Cu or FTCs) 

group appeared to produce a smaller amount of gas than other groups (Figure 40). After 

eight days, gas production in the control group increased significantly. Meanwhile, gas 

production in the soft freeze-thaw and hard freeze-thaw groups showed no significant 

growth until day 12.  
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Figure 40. Total gas production (in mL) in peat samples under anaerobic conditions. Gas 
was collected using a Challenge® respirometer AER-200. The horizontal axis represents 
the four treatments, and colored bars represent different incubation times (in days). 

After one day of incubation, the hard freeze-thaw group exhibited the highest gas 

production (Table 8), while the control group produced the lowest gas volume. On the final 

day of incubation, the highest level of gas production was found in peat after soft FTCs. 

The results are not significantly different because of the overlap of the error bars. 

Table 8. Total gas produced (mL) in peat with different treatments under anaerobic 
conditions.  

                         TOTAL GAS VOLUME (ML) 

INCUBATION 
TIME (DAY) 

Control Peat + Cu Hard FT Soft FT 

1 0.11 (± 0.16) 0.50 (± 0.70) 1.43 (± 0.70) 1.19 (± 3.78) 
4 1.20 (± 0.26) 1.82 (± 0.06) 2.54 (± 0.16) 2.52 (± 1.14) 
8 2.96 (± 0.70) 5.33 (± 0.02) 3.28 (± 0.79) 4.37 (± 2.21) 
12 6.84 (± 3.78) 6.25 (± 0.16) 6.22 (± 0.72) 8.65 (± 0.00) 
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4.3.1.2 Gas analysis  

The distributions of CO2 and CH4 in gas samples from the headspace were analyzed 

by gas chromatography. The concentration of CO2 over time was distinctly different 

compared to the concentration of CH4; the CO2 concentration was generally about two 

orders of magnitude greater than CH4 (Table 9).  

Table 9. Concentrations of CH4 and CO2 in the gas sample of peat slurry. Treated and 
untreated peat was incubated in 125 mL bottles of the Challenge® respirometer AER-200 
for 12 days. 5 mL gas was sampled from the headspace of the bottles at different incubation 
times 

 

The results did not reach statistical significance, but we could still discover some 

patterns. After one day of incubation, only the sample from the hard freeze-thaw treatment 

produced CH4. However, the final concentration of CH4 was lower in freeze-thaw groups 
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than in the control. It can be concluded from the line chart (Figure 41 bottom), the control 

peat had the highest methane concentration of all the groups, followed by the peat sample 

with added Cu. Comparing the two frozen groups, we can see that the hard (or quick) 

freeze-thaw group initially had a higher concentration of CH4 than the soft-frozen peat, but 

was surpassed by the soft frozen-thawed peat on day 12.  
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Figure 41. Line charts showing the concentrations of CO2 (top) and CH4 (bottom) in gas 
samples collected during the incubation experiment using a Challenge respirometer. The 
horizontal axis represents incubation time, while the vertical axis represents gas 
concentration (mg/L). The two graphs do not use the same scale; the CO2 value is far higher 
than CH4. 

Regarding CO2 concentration, all groups produced CO2 after the first day of 

incubation, and the increase in production rate (slope of the line) decreased over time. At 

the second time point (4 days), peat with the soft freeze-thaw treatment started to show a 
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relatively strong ability to produce CO2, although the initial CO2 concentration was 

relatively low (Figure 41). 

Interestingly, samples from peat after soft FTCs tended to have the highest CO2 

production but the lowest CH4 concentration of the sample types. Although the data does 

not have significance, the trend-lines (Figure 41) shows that the methane concentration of 

the slow freeze-thaw group surpassed the other groups after day 12, but the growth of CO2 

concentration weakened with time. Peat without Cu loading had the highest methane 

concentration of all the groups. 

4.3.2 Mason jar incubation experiment 

In general, CO2 concentrations were about two orders of magnitude higher than 

CH4 concentrations (Table 10), similar to what I observed using the respirometer. CH4 

concentration in the control group (no Cu, no FTCs) was the highest; on the contrary, the 

group with Cu added and freeze-thaw treatment produced almost no measureable CH4. 

The CO2 data indicate that the concentrations in the freeze-thaw groups were very 

similar, but with a lower concentration compared to the non-frozen groups.  

Furthermore, by looking at the increment between every two time points, CO2 

concentration increased at a relatively steady rate during the incubation period. Although 

the standard deviations for CH4 were high, there was a trend of increasing CH4 from day 

8 to day 12 occurring in the groups without Cu (Figure 42).  
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Table 10. Concentrations of CH4 and CO2 in gas samples from peat slurry. Samples were taken from the headspace of incubation jars, 
and analyzed by gas chromatograph in duplicate. Standard deviation is shown in brackets. 
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Figure 42. Concentrations of CO2 and CH4 in gas samples from peat slurry. Samples were analyzed by gas chromatograph at 0 h, 1 
day, 4 days and 8 days after incubation. Comparisons are made between peat with added 20 mg/L CuSO4 solution (orange bars) and 
the peat control (blue bars). Graphs (a and c) show CH4 and CO2 concentrations of the non-frozen group; graphs (b and d) correspond 
to samples with the slow freeze-thaw treatment.
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4.4 Discussion  

Based on the data from both the respirometer and the Mason jar incubation 

experiments, CO2 concentrations were always far higher than CH4 concentrations. Similar 

results were found in the study of Moore & Dalva (1993) (data shown in Table 7). Wieder 

and Vitt (2006) reported that CH4 production would be only 3−21% of CO2 production in 

a 30-day incubation. Comparing the two experiments, higher concentrations of CH4 and 

CO2 were observed in the respirometer experiment than in the incubation experiment. This 

difference may be due to the agitation of peat by the stir bars. Due to the low concentrations 

of methane and the heterogeneity of peat, it was difficult to measure methane production 

with good repeatability. Without outside intervention, methane production was almost zero 

during the first few days of incubation and began to increase between days 4 and 8 (Figure 

42). A similar phenomenon was found by Wieder and Vitt (2006), where CH4 production 

experienced a lag period before achieving a rapid rate. 

Accounting for the total concentration of CH4 in an experiment is not 

straightforward, because it is a balance between anaerobic CH4 production and 

consumption processes. Several studies have shown that CH4 production responds strongly 

to changes in temperature (Wieder & Vitt, 2006; Moore & Dalva, 1993). In our study, we 

found that adding Cu remarkably affected the CH4 production in peat (Figure 42 a and b). 

Three FTCs did not have a strong influence on the production of CH4. Freezing and thawing 

is certainly an important factor that could change CH4 production, but Cu had a greater 

impact on methanogenesis. Therefore, we could argue that methanogens in peat soil are 

more susceptible to the toxicity of Cu than FTCs. As a result, higher concentrations of Cu 

could cause serious damage to methanogens in peatlands. 
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On the other hand, the effect of freeze-thaw cycling on CO2 production was greater 

than that of Cu. In a study by Wang et al. (2014), freeze-thaw cycling (-10°C to 10°C) also 

reduced the emission of CO2 from peat. The freezing process significantly decreases the 

amount of CO2 that is produced from the soil microbes. No significant difference was found 

in the gas production (CH4 and CO2) after hard and soft FTCs, but the measurements had 

large errors. 

Furthermore, the strength of microbial respiration reflects the microbial activity in 

peat; lower respiration indicates lower microbial activity in the soil. Because the 

concentration of CO2 decreased following FTCs, the activity of microbes was inhibited to 

some extent. Cu is preferentially taken up by active methanotrophs (Kulczycki et al., 2011). 

If microbial activity is lower, less Cu would be immobilized in microbial biomass. 

Consequently, there may be an increase in the efflux of Cu from peat following freezing 

and thawing. 
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Chapter 5 Summary and future research 

5.1 Summary 

The results of my research support that freeze-thaw processes will increase the 

efflux of Cu in peatlands. Less Cu was retained by peat after three FTCs. Soft FTCs and 

hard FTCs have different impacts on the coordination of Cu in peat, as determined by low-

temperature XAS. Furthermore, the spectra from XAS indicated that Cu within peat after 

FTCs differed from Cu within non-frozen peat. The coordination number or valence of Cu 

and its surrounding atoms differed in the two groups, and the bonding structure of Cu 

became more complex after freezing. Additionally, different amplitudes of freeze-thaw 

cycling had different impacts on the proportion of voids in peat. Hard/quick FTCs caused 

an increase in the void percentage; in contrast, a smaller void percentage was found in the 

softly frozen and thawed peat. No explicit conclusion can currently be drawn from the 

semi-variance analysis. Based on the results of the incubation studies, under anaerobic 

conditions, CO2 production was far higher than methane production. Freezing and thawing 

would lower methane production in peat soil; nevertheless, the amount of CO2 was not 

significantly affected by FTCs. 

Cu mobility in peat is affected by multiple factors (i.e. pH, redox condition, FTCs, 

etc). Based on our results, it can be concluded that the mobility of Cu in peat would be 

increased in peat after FTCs. The conclusion was drawn because: 1) smaller proportion of 

pores was found after slow FT treatment; smaller surface area would limit the reaction 

between Cu and organic matter in peat; 2) the inhibited microbial activity after FTCs would 

decrease the utilization of Cu by bacteria.  
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5.2 Future research  

The material used in this study was natural peat collected directly from the 

environment, so the variability of the material could not be eliminated. Because of the high 

variability, results from samples and groups showed significant variations. Future studies 

could focus on investigating the differences in peat collected from different seasons, as the 

characteristics of peat from different seasons might respond differently to FTCs.  

The soft/slow freeze-thaw (freezing at -4 °C and thawing at 4 °C) process is a more 

reliable simulation of the real environment. Soil freezing and thawing is a relatively slow 

process in the real world and FTCs commonly occur around 0 °C. In order to draw a more 

reliable conclusion, it would be preferable to repeat the FTC more than three time. Three 

FTCs might only cause a temporary effect on peat; repeating freezing and thawing cycles 

for at least six times could help us force to a better result. Moreover, the duration of freezing 

and thawing could alter the response of microbes in peat. For instance, higher microbial 

biomass has been reported during a longer freezing cycle (Winter et al., 1994). Increasing 

the number and duration of FTCs could enhance the impact of FTCs and heighten the 

significance of findings.    

As mentioned earlier, EXAFS analysis should be performed for the XAS spectra. 

The valence and coordination numbers of Cu can be calculated using winXAS software, 

which would help to establish a model to fit the structure of the organocopper in our sample. 

Currently, no Cu organo-compound can be found to interpret our EXAFS data. 

Void phase evaluation should also be conducted using a larger amount of peat; in 

this way, the impact of freeze-thaw would be strengthened and the edge effect could be 
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reduced. Using a large container and reinforced freeze-thaw treatment would produce a 

more significant result. 

Comparing the two methods of examining microbial respiration in peat, the 

Challenge® research respirometer might be less useful to study gas emission in peat. 

Because of the heterogeneity of the raw peat, many replications are required to accurately 

assess the trends. Ideally, the incubation experiment would be extended for a longer period 

of time; a two-week experiment is not sufficiently long to monitor microbial activities and 

to obtain an overall picture of microbial activity after freezing, but incubating too long 

would also introduce error. Moreover, methane production requires about one week to be 

detectable. 

Using peat without the addition of water would avoid introducing artifacts and 

changing the hydro-geochemical properties of the natural peat. Adding water could change 

the pH of the original peat and bring extra oxygen to the soil microbes. In order to create a 

strict anaerobic environment, peat can be incubated in a glovebox. Incubating peat at 

different temperatures could be a vital research direction; the temperature can be adjusted 

and maintained using a temperature-controlled water bath during incubation. By comparing 

microbial respiration under different temperatures, researchers could further investigate the 

effect of temperature on the production of CO2 and CH4. Gas emission from peat is 

controlled by multiple environmental factors, and it is unclear which factor contributes the 

most. For example, an experiment could be established based on the relationship between 

gas production and the changing water table in peatlands. An on-site experiment is 

expected if technical challenges can be overcome.  
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Appendix-1 Flow experiment supplement  

 
Figure 43. Three replicates showing the Cu in the effluent of CuSO4 non-frozen peat. 
Blue dots represent Cu concentration measured during the loading phase, and the red star 
was representative of ARW washing process. The initial concentration of CuSO4 was 20 
mg/L.  
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Figure 44. Cu (top), Fe (middle) and S (bottom) concentration in the effluent as a 
function of time. The left three graphs represented the changing in concentrations while 
Cu loading, the washing phase was showing on the right ride. 20 mg/L CuSO4 was 
flowed through the WLB peat and then washed by the artificial rainwater. 
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Figure 45. Cu (top), Fe (middle) and S (bottom) concentration in the effluent as a 
function of time. The left three graphs represented the changing in concentrations while 
Cu loading, the washing phase was showing on the right ride. 20 mg/L CuSO4 was 
flowed through the WLB peat and then washed by the artificial rainwater (Note: Graphs 
were plotted in the same scale). 
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Appendix-2 XAS data supplement  

 
Figure 46. Cu K-edge XANES data for peat samples prepared with CuSO4 (blue) and 
Cu(NO3)2 (red) solutions. 

 
Figure 47. XANES comparison of CuSO4 non-frozen sample and Cu foil. Sample 
spectrum was collected from VESPERS beamline, CLS. 
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Figure 48. The k-space data obtained from peat sample with (blue) and without FTCs 
(red). 20 mg/L CuSO4 solution was passed through peat samples before freeze-thaw 
treatment. Weighting by k 2 amplifies the oscillations at high k. Data was collected at 
HXMA-CLS, 2016. 

 

 
Figure 49. The r-space data for frozen (blue) and non-frozen (red) peat samples. Peat was 
flowed with 20 mg/L CuSO4 solution and went through three FTCs. Data was collected 
at HXMA-CLS in September, 2016. 
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Appendix 3 Experimental pictures  

Pictures showing the set-up of flow experiment in an environmental chamber. 
 

 
 

 


