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Abstract 

Soil salinization is an environmental issue affecting global soil quality and plant productivity. Landfilling 

of cement kiln dust (CKD), a saline waste by-product from the cement manufacturing process, results in 

soil salinization, negatively impacting the physical and chemical characteristics of soil, and potentially 

affecting the health of plant and aquatic communities. Phytotechnologies were selected and implemented 

in an effort to remediate a CKD landfill located in Bath, ON. Halophytes are salt tolerant plants that make 

up ~1% of the world’s terrestrial flora and have been previously employed to remediate salinized soils. 

Objective 1: following the phytoextraction of chloride via a resident, invasive grass, Phragmites australis 

(common reed), aboveground biomass was harvested and placed in composters in a laboratory and 

directly at the field site. Significant reductions in biomass (28 ± 6%) and reductions in chloride, with 

rinsing, (43.7 ± 37.4%) were achieved in the laboratory, and significant reductions in both closed 

composters (87 ± 6%) and in open compost piles (89 ± 8%) were achieved at the field site, indicating that 

composting is a feasible alternative disposal method to landfilling and incineration of salt-contaminated 

plant material. Objective 2: recretohalophytes utilize specialized salt glands, which excrete salt onto their 

shoot surfaces. In a theory referred to as ‘haloconduction’, excreted salt has the potential to be transported 

away from the site of contamination via wind. Two native recretohalophytes, Spartina pectinata (prairie 

cordgrass) and Distichlis spicata (inland saltgrass), were selected to explore the theory of haloconduction 

in the field. Under ideal conditions, this study found that both species have the ability to remediate the site 

in 0.5 – 3.5 years. Three windborne salt collection methods were devised and implemented at the field 

site, and were able to confirm the transportation of salt via wind. Their continued use will be critical for 

establishing further understanding of the theory of haloconduction before a full-scale method of 

phytoremediation is established at the site. This thesis provides promising results for the use of 

phytotechnologies to remediate a salt-impacted CKD landfill that may be applied to other industrial sites, 

roadsides, or agricultural operations in the future. 
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Chapter 1 

Introduction 

Approximately one to ten billion hectares of land are salt-affected worldwide (Keiffer and Ungar, 

2002; Yensen and Biel, 2006). Soil salinization occurs from the natural deposition of salts via the wind 

and rain, or from processes such as the erosion of highly saline parent material and high rates of 

evaporation, resulting in the transport of saline groundwater up to the soil surface through capillary action 

(Rengasamy, 2006; Rengasamy, 2010). Anthropogenic deposition of salts can also result in soil 

salinization. These may occur from agricultural practices such as over-irrigation, land clearing, and poor 

land management (Dehaan and Taylor, 2002), mining of saline materials (Woch and Trzcińska-Tacik, 

2015), or other practices such as road salt application, industrial spills, and the landfilling of highly saline 

waste materials (McSorley et al., 2016a). One such material is cement kiln dust (CKD), a solid, fine, 

waste by-product from the cement manufacturing process (Kunal et al., 2012). CKD is categorized as a 

special waste (US EPA, 1993a) and remains a source for industrial soil salinization.    

 Salinity of soils can be attributed to cations such as sodium (Na+), calcium (Ca2+), and 

magnesium (Mg2+), and anions such as, chloride (Cl-), sulfate (SO4
2-), and bicarbonate (HCO3

-) (Tester 

and Davenport, 2003). The presence of these ions, as well as soil pH (McBride, 1994), and the presence 

of waterlogging (Flowers and Colmer, 2008) can all contribute to the degree of salinization. Briefly, 

salinity can negatively impact soil structure (Brady and Weil, 2013), plant growth (Munns and Tester, 

2008), and microbial activity (Wichern et al., 2006). To address soil salinity, common practices include 

the continuous or intermittent washing of soil with a considerable volume of clean water (Abou-Shady, 

2016; Jesus et al., 2015; Yan and Marschner, 2013), application of chemical amendments such as 

gypsum, (Abdel-Fattah, 2012; Ahmed et al., 2017), or excavation of soil in a practice referred to as ‘dig 

and dump’. Phytotechnologies, involving the use of plants to deal with science and engineering problems, 

offer a low cost, in situ, and sustainable alternative option for remediation. Halophyte plants are well-
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suited for the phytoremediation of saline soils as they thrive in high salinity environments (Flowers and 

Colmer, 2008), and their success at doing so has been demonstrated in the literature (Alharby et al., 2014; 

Devi et al., 2016; Farzi et al., 2017; Feng et al., 2014; Jesus et al., 2015; Jlassi et al., 2013; Muchate et al., 

2016; Oi et al., 2012; Oi et al., 2014; Rozema et al., 2016; Schmer et al., 2012; Tan et al., 2013). 

Halophytes have a diverse set of adaptive mechanisms to tolerate saline soils (Hasanuzzaman et 

al., 2014), one of which is accumulation or the ability to take up saline ions and store them in the above 

ground tissues of the plant (Yensen and Biel, 2006). For example, Atriplex nummularia has been shown 

to achieve a biomass yield of 20-30 tonnes/hectare/year and accumulate up to 40% sodium chloride 

(NaCl) in its dry matter (Glenn et al., 1999). Once phytoextraction has occurred, plant biomass must be 

harvested and removed from site, where it is then traditionally incinerated or deposited in landfills (Zhang 

and Sun, 2014). Recently, composting has received increasing attention as an environmentally acceptable 

way to dispose of and recycle plant wastes from phytoextraction (Bryndum et al., 2017; Onwosi et al., 

2017). 

A second plant salinity adaptation is that of excretion, or the taking up of saline ions from the 

soil, transportation of these ions through the plant tissues and the excretion of them through specialized 

salt glands on the stem and leaf surfaces (Yensen and Biel, 2006). Plants that utilize this mechanism are 

referred to as recretohalophytes (Ceccoli et al., 2015; Dang et al., 2013; Dassanayake and Larkin, 2017; 

Ding et al., 2010). In a proposed process called ‘haloconduction’ (Yensen and Biel, 2006), a percentage 

of this excreted salt will become airborne, allowing it to move to areas of lower salt concentration. The 

theory of haloconduction has not yet been measured or proven in the literature either in a controlled 

laboratory setting or a field setting. However, haloconduction has the potential to be an environmentally-

friendly, sustainable, economical approach for the remediation of salt-contaminated soils, as salt could be 

continuously removed from the soil with minimal intervention.  

This Master’s thesis is the first study to investigate the composting of Phragmites australis 

(common reed) following the phytoextraction of potassium chloride (KCl), at a salt-impacted site. In 
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addition, it presents the first measurement and proof of the theory of haloconduction at a CKD field site. 

Following this brief introduction, a comprehensive literature review of soil salinity and CKD, the effects 

of salinity on plants, phytotechnologies using halophytes, the theory of haloconduction, as well as 

previous studies of sea salt aerosol dispersal is presented in chapter two. In chapter three, the management 

of highly saline plant waste via composting following the phytoextraction of salts is explored in both a 

laboratory and field setting. In this chapter, a temporal study of the decomposition of P. australis compost 

material was carried out to evaluate both plant mass and chloride reduction. In chapter four, three salt 

collection methods are developed and tested for their ability to capture salt from field plots of two 

recretohalophytes, Spartina pectinata (prairie cordgrass) and Distichlis spicata (inland saltgrass). The 

methods are then used to investigate haloconduction in the field. Finally, a summary of the major findings 

and conclusions from this thesis are discussed in chapter five. 
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Chapter 2 

Literature Review 

2.1 Soil Salinity 

2.1.1 Classification & Guidelines 

Soils are salinized by natural or anthropogenic means. Natural soil salinization occurs due to the 

chemical and physical weathering of high salt content minerals, the deposition of salt from wind and rain, 

or the capillary rise of saline groundwater to the soil surface (Rengasamy, 2010). Anthropogenic 

activities, specifically in the agricultural sector, also contribute to the salinization of soils due to poor land 

management, land clearing or altered land use, and crude irrigation practices (Dehaan and Taylor, 2001). 

In addition, other anthropogenic activities such as road salt application, industrial spills, or the landfilling 

of industrial waste materials, such as cement kiln dust (CKD), can result in cases of soil salinity that are 

more acute (McSorley et al., 2015). Salinized soils can be categorized into three different groups: (i) 

saline, (ii) saline-sodic, or (iii) sodic, by measuring three variables: the electrical conductivity (EC), the 

sodium adsorption ratio (SAR), and the pH of a soil (Brady and Weil, 2013).  

Electrical conductivity is measured in units of deciSiemens per meter (dS/m) and represents an 

indirect measurement of the salt content of a soil solution measuring its ability to conduct electricity 

(Brady and Weil, 2013). The most common and standard method for EC is to saturate a soil sample with 

distilled water and mix it to form a paste (ECe) (Brady and Weil, 2013). The extract is obtained via 

vacuum filtration and the EC of the extract is measured. The measurement of soil EC is often 

underestimated by this technique because the water content under field conditions tends to be much lower 

than what can be achieved in the laboratory (Eckhard et al., 2012).   

The sodium adsorption ratio is an indirect measurement of the presence of ions in the soil 

complex, as this is a measurement of the soil solution obtained from a saturated soil paste, rather than the 

soil itself (Brady and Weil, 2013). The SAR is an adjusted ratio of sodium ions (Na+) relative to calcium 
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(Ca2+) and magnesium (Mg2+) ions (concentrations are expressed in milliequivalents per liter (meq/L)), 

and is represented by the following equation (Brady and Weil, 2013):  

SAR = [Na+] / (0.5 [Ca2+] + 0.5 [Mg2+])1/2 
 

The pH measurement describes the acidity or alkalinity of a soil (< 7: acidic, 7: neutral, > 7: 

alkaline) (Miller and Kissel, 2008). Saline soils typically have a pH of 8 or higher (MOE, 2011). A 

saturated soil paste extract is obtained by adding 20 mL deionized water to 20 g of soil and the pH is 

measured via a pH Meter (US EPA, 2004).  

All three categories of salinized soil have an alkaline pH, but are distinguished further by the ECe 

and SAR (Table 2-1). Saline soils are generally defined as having a high ECe and a low SAR as their 

exchange complex is dominated by calcium and magnesium, not sodium. Saline-sodic soils have both a 

high ECe and SAR, and are considered intermediate between the other two categories. Sodic soils have a 

low ECe and a high SAR due to the dominant sodium on the exchange complex, and are considered the 

most extreme cases of salinization (Brady and Weil, 2013).  

The Ontario-wide upper limit background values of EC and SAR for ‘Residential/ Parkland/ 

Institutional/ Industrial/ Commercial/ Community Property Use’ are 0.57 dS/m and 2.4, respectively. 

Generic site condition standards for the same property types for EC and SAR are 1.4 dS/m and 12, 

respectively (Table 2-1). When these generic site condition standards are located within 30 m of a body of 

water, the EC and SAR are 0.7 dS/m and 5, respectively (MOE, 2011).  

Table 2-1 Classification of soil salinity and accompanying MOE guidelines for ECe and SAR (McSorley, 
2015). 

Classification    ECe (dS/m)  SAR   pH   
Saline     >4   <13   <8.5 
Saline-Sodic    >4   >13   <8.5 
Sodic     <4   >13   >8.5 
MOE Guideline 
Background (upper limit)  0.57   2.4   ----- 
Site Condition Standard   1.4   12   ----- 
Site Condition Standard within         
30 m of water     0.7   5   -----   
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2.1.2 Cement Kiln Dust (CKD) 

2.1.2.1 Production of CKD 

CKD is a waste by-product of the cement manufacturing process made up of fine, dry particulate 

matter (Kunal et al., 2012). During cement production, raw materials including calcium carbonate, 

aluminum oxide, silica, and iron ore are extracted from a quarry and are then transferred to a facility to be 

crushed and milled into a fine powder (Huntzinger and Eatmon, 2009). These materials, along with other 

minerals, are fed into a rotary kiln and undergo chemical changes at temperatures of approximately 

1500˚C to produce cement clinker (Lafarge Inc., 2015; Ranveer et al., 2015). Simultaneously, kiln 

combustion gases pass through the kiln and pick up particulate matter and partially reacted feed, which 

are then collected via air pollution control devices (APCDs) that remove the particulate matter from the 

exhaust gases before it is released into the atmosphere. CKD is the particulate matter that is collected. At 

certain locations, CKD is currently generated at a rate of approximately four percent of the cement 

production rate (Golder Associates, 2013), although some estimates place CKD production at 15-20% of 

cement production (Kunal et al., 2012). 

2.1.2.2 Properties of CKD 

CKD is a stable, non-combustible, non-explosive, highly alkaline, solid powder (McSorley, 

2015). It is a mostly silt-sized material (~88% silt size particles from 0.002 mm to 0.075 mm diameter) 

made up of partially reacted raw feed, dehydrated clay, limestone, and ash from fuel (Ewais et al., 2014; 

US EPA, 1993a). The composition and particle size of CKD vary based on the raw materials, the 

production process, the type of kiln, and the APCDs used (US EPA, 1993a). CKD is primarily comprised 

of calcite (CaCO3) but can also contain other compounds including calcium oxide (CaO), potassium 

sulphate (K2SO4), potassium chloride (KCl), calcium sulphate (CaSO4), quartz (SiO2), aluminum oxide 

(Al2O3), iron oxide (Fe2O3), and magnesium oxide (MgO) (Adaska and Taubert, 2008). It may also 

contain trace amounts of metals (< 0.05% by weight) including antimony, barium, lead, manganese, 

strontium, thallium, zinc, beryllium, copper, hexavalent chromium, mercury, nickel, and/or silver (US 



 

7 

 

EPA, 1993a). The capacity of CKD to absorb water is high because of its dehydrated nature and low 

hydraulic conductivity (US EPA, 1993a). When it comes in contact with atmospheric water, the leachate 

that forms has a high pH (8-10) and a high salinity due to the dissolution of KCl, K2SO4, NaCl, and 

CaSO4 salts (Golder Associates, 2013).  

2.1.2.3  Management of CKD 

In 2009, worldwide generation of CKD was estimated to be 560 million tonnes (Kunal et al., 

2012). CKD is generated continuously during the operation of the kiln and in the past, 100% of it was 

landfilled or stockpiled. In order to minimize the amount of landfilled CKD, 26 North American based 

companies agreed to the Cement Sustainability Manufacturing Program in 2007, which works to reduce 

landfilling of CKD by a target of 60% (from a 1990 baseline) by 2020 (Adaska and Taubert, 2008). This 

can be achieved, for example, by recycling CKD back into the kiln or using it off site. By recycling or 

reusing the CKD on-site, the amount of raw feed input to the kiln can be reduced, resulting in resource 

and energy savings, as well as waste management savings. However, the amount of CKD that can be 

returned to the kiln is limited due to an increase in the presence and concentration of alkalis and alkali 

chlorides. 

The most common use of CKD off-site is waste stabilization in, for example, municipal sewage 

treatment plants, due to its ability to absorb excess liquids and provide an alkaline environment to 

neutralize acids (US EPA, 1993b). It is also used as an agricultural soil amendment due to its high 

potassium content and similar properties to those of agricultural lime. In addition, several studies note that 

CKD’s cement-like properties allow it to be considered as a cement replacement (Al-Jabri et al., 2006; 

Maslehuddin et al., 2009; Taha et al., 2004). It is therefore possible to use CKD in brick production, 

asphalt pavement, and general construction materials (Kunal et al., 2012). Although efforts to sustainably 

produce and manage CKD have been made, considerable amounts are still landfilled, posing a risk to the 

environment. Currently, CKD is categorized as a special waste by the United States Environmental 

Protection Agency (US EPA), while there are similar Canadian stipulations (Environment and Climate 
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Change Canada, 2013), and hence, it is exempt from hazardous waste regulations. Its potential 

classification as a hazardous waste has been deferred until further study and assessment are completed to 

determine its risk to human health and the environment. This allows CKD to be considered as a non-

hazardous waste provided that specified management standards are met. These include landfills where 

dust released into the air is controlled, and surrounding groundwater is monitored for metals (US EPA, 

1999). To date, standards and regulations for how CKD should be managed are still under review. 

2.1.3 Soil Chloride 

In the environment, chlorine occurs in aqueous solution as the monovalent ion chloride (Cl-), and 

although its concentration in the soil solution varies over a wide range, it is typically the dominant anion 

in salinized soils (Broadley et al., 2012). In most salinized soils, chloride is less concerning than sodium 

because it does not affect the structure of the soil. However, it is the most abundant inorganic anion in 

plant cells, with elevated concentrations resulting in toxicity, thereby limiting plant growth, particularly in 

arid and semi-arid regions (Teakle and Tyerman, 2010). Chloride is a micronutrient for higher (vascular) 

plants (Brady and Weil, 2013; Broyer et al., 1954) with average chloride concentrations in plants ranging 

from 2-20 mg g-1dw (considered high as these values are typical of the concentration of a macronutrient) 

(Broadley et al., 2012). Chloride is essential for photosynthesis and enzyme activation, plays a role in the 

regulation of water uptake on salt-affected soils, acts as a counter anion to stabilize membrane potential, 

and is involved in turgor and pH regulation (Brady and Weil, 2013; White and Broadley, 2001).  

Chloride is supplied to the soil from parent rock material, irrigation water, rain, sea spray, 

fertilizers, and air pollution, so deficiencies are rare (Broadley et al., 2012). When deficiencies do occur, 

plant symptoms are chlorosis and reduced leaf size, and later bronzing and necrosis (Brady and Weil, 

2013). This may occur in areas of soil with high precipitation and leaching rates. Chlorine toxicity is a 

greater concern, occurring worldwide. On average, concentrations in the soil solution of more than 20 

mM can lead to Cl toxicity in many plant species (Broadley et al., 2012). The accumulation of salt ions is 

also harmful to aquatic organisms (Li et al., 2014). The movement of chloride throughout the soil profile 
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occurs primarily through water fluxes due to its weak attraction to soil colloids; high precipitation rates 

cause downward movement, and high evapotranspiration rates cause upward movement with the 

accumulation of ions at the soil surface (White and Broadley, 2001). The ions can be leached lower into 

the soil profile with the application of adequate amounts of low salinity water and adequate leaching time. 

Chloride is by far the most soluble of the micronutrients in the soil and is present ubiquitously, and 

although it has adverse effects, it is not considered when categorizing saline soils (Brady and Weil, 2013; 

Eckhard et. al., 2012; SSSA, 2008) or in the Ontario soil and sediment standards (MOE, 2011). There are 

no guidelines for the presence of chloride in the soil, although the average soil contains approximately 

100 µg/g (Xu et al., 1999). Canadian water quality guidelines for the protection of aquatic life are 120 mg 

Cl-/L for long-term exposure and 640 mg Cl-/L for short-term exposure (CCME, 2011). 

2.1.4 Soil Potassium 

Potassium (K) is present in the soil solution as a positively charged cation (K+) (Brady and Weil, 

2013). It is an essential inorganic macronutrient to all plant life, along with phosphorous and nitrogen, 

and is required by plants in large quantities due to its role in the maintenance of osmotic pressure, growth 

and photosynthesis, starch and protein synthesis, plant turgor, translocation of nutrients, stomatal opening, 

charge balance in the cytoplasm, and the activation of many enzymatic reactions (Brady and Weil, 2013; 

Briskin and Bloom, 2010; Hawkesford et al., 2012). Potassium also aids plants in improving winter-

hardiness, better resisting certain fungal diseases, and increasing tolerance to insect pests. Potassium is 

the most abundant plant nutrient in most soils, though a large proportion of it is unavailable to plants.  

When the potassium supply is abundant in the soil, plants take up soluble K in excess of the needs 

required for optimal growth, resulting in ‘luxury consumption’ (Brady and Weil, 2013; Briskin and 

Bloom, 2010). This does not contribute to increased plant growth, but may depress calcium and 

magnesium uptake, resulting in nutritional imbalances. Deficiencies of K+ in plants result in chlorosis, 

restricted growth, or necrosis. Sources of potassium to the soil include: weathering of primary and 

secondary minerals and atmospheric deposition, commercial fertilizers, plant residues, and animal 
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manures (Brady and Weil, 2013). Although soluble in water, movement of ions downward through the 

soil profile is limited due to its attraction to soil colloids (Brady and Weil, 2013; Briskin and Bloom, 

2010).  

2.1.5 Factors Affecting the Severity of Soil Salinity 

2.1.5.1 Relative Presence of Cations 

Positively charged cations are attracted and adsorb to the negatively charged functional groups of 

clay particles and organic colloids in the soil matrix. The type of cations that are present will determine 

the size and quantity of pore spaces between soil particles, or the soil structure, which allows air and 

water to flow freely throughout the soil profile (Sparks, 2003; Sposito, 2008). Cations that are adsorbed to 

the negatively charged functional groups can compete or be displaced by other cations in solution by 

cation exchange, and depending on the charge, certain ions will be more attracted to, and therefore more 

adsorbed to the exchange complex. The strength of adsorption between a cation and colloid is dependent 

on the charge of the ion and its hydration state. 

Sodic soils have a high SAR and high concentrations of Na+. The sodium ions are large and have a 

low charge, which results in soil dispersion. During this dispersion, the soil particles swell and expand 

causing the soil pores to become narrow. Slaking (breakdown of soil aggregates into smaller aggregates) 

will also occur, resulting in a reduction of the number of macropores and therefore the plugging of pores 

by the dispersed clay (Sparks, 2003). Sodic soils therefore have poorer particle aggregation than saline 

soils, which have high concentrations of Ca2+ that adsorb to soil particles more strongly than Na+ and 

promote soil particle aggregation, flocculation (groupings of particle aggregates), and larger and more 

pore spaces (Brady and Weil, 2013). The presence of water and its interaction with cations also affects the 

strength of adsorption to soil particles and soil dispersion and swelling. In the soil solution, cations are in 

a state of hydration, which means that they have layers of water molecules around them known as 

hydration shells (McBride, 1994). These shells create further distance between the ion and the negatively 

charged functional groups of the soil, potentially weakening the forces of attraction or strength of 
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adsorption. This is true for sodium ions, but calcium ions are able to reach a stable hydration state, so 

their attraction to soil particles is maintained despite the presence of water molecules. As the SAR 

increases, the soil aggregate structure deteriorates (McBride, 1994), limiting or eliminating the movement 

of air and water through the soil profile, or even inhibiting the ability of plant roots to penetrate the soil 

(Eckhard et al., 2012). 

2.1.5.2 Presence of Calcium Carbonate & Effects on Soil pH 

The concentration of free calcium carbonate (CaCO3) in the upper soil horizon varies from a few 

percent to 95% (Eckhard et al., 2012). The pH of calcareous soils (7.5-8.5) is determined by the presence 

of CaCO3, which plays an important role in the carbonate-bicarbonate buffer system (McBride, 1994). 

The pH of the soil solution not only affects the solubility of nutrients in soils, but it also affects the ability 

of plants to take up nutrients. Anion uptake is inhibited when the pH of the external medium increases 

(Eckhard et al., 2012). The ubiquity of CO2 in soils results in soil alkalinity accumulating in the form of 

carbonate (CO3
2-) or bicarbonate (HCO3

-) salts, which are available for the sodium ions (Na+) in sodic 

soils to form highly soluble compounds (McBride, 1994). As the concentration of CO3
2- and HCO3

- 

increases, CaCO3 precipitates and the pH rises to the limit of solubility for the sodium carbonates.  

2.1.5.3 Waterlogging 

Soils with excessive water levels, either acute or chronic, are deemed waterlogged soils. Oxygen 

(O2) diffuses in air about 104 times more rapidly than in water and O2 concentrations are lower in water 

than in air, therefore O2 is depleted rapidly by the respiration of soil microorganisms and plant roots in 

waterlogged soils (Flowers and Colmer, 2008). In this case, varying degrees of oxygen depletion 

(hypoxia) and the absence of molecular oxygen (anoxia) occur. When free oxygen is no longer available, 

the redox potential is decreased and microorganisms begin to use other terminal electron receptors. Low 

oxygen concentrations are often accompanied by high CO2 concentrations (Greenway et al., 2006) and so 

this may lead to a decrease in soil pH. 
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Waterlogging results in major abiotic stressors to plants affecting their growth, productivity, and 

species distribution (Eckhard et al., 2012). The severity of negative effects depends on the species of 

plant, developmental stage of plant, soil properties, and soil temperature. Aerobic respiration and ATP-

dependent biosynthetic processes are decreased to save oxygen, and are eventually replaced by anaerobic 

respiration, which is a less efficient form of metabolism that reduces ATP formation, decreases cytosolic 

pH, leads to an increase in toxic fermentation products, and inhibits nutrient uptake. Under saline 

conditions, waterlogging causes increased sodium and chloride shoot concentrations and rapid leaf 

senescence (Barrett-Lennard, 2002). At low O2 concentrations, the selectivity of K+/Na+ uptake by roots 

decreases in favour of Na, which reduces the transport of K to the shoots, enhancing Na transport to the 

shoots (Smethurst et al., 2005). The Na+, as well as Cl- concentrations in plant tissues also increases with 

an increase in temperature (West and Taylor, 1980). 

2.2 Salinity Tolerance of Plants 

2.2.1 Effects on Plant Growth 

Plant species differ greatly in their response to growth in a salinized substrate depending on the 

severity, frequency, and duration of exposure to salinity, the developmental stage of the plant, plant 

genotype, and environmental factors such as, temperature (Eckhard et al., 2012). Plants can be 

categorized into two groups based on their adaptive mechanisms: glycophytes and halophytes, the first of 

which encompasses most plants, including major crop species that generally do not have adaptations to 

cope with salinity stress (Gupta and Huang, 2014). During the onset and development of salt stress within 

a plant, growth and metabolism are inhibited (Briskin and Bloom, 2010). In general, the earliest response 

to salt stress in all plants is first, a reduction, followed by a cessation of leaf surface expansion (Parida 

and Das, 2005). Pores called stomata, which are present on the leaf surface, begin to reduce conductance 

in an effort to lessen the amount of water lost through transpiration, thereby decreasing the amount of 

carbon available for carbon fixation. These responses lead to a reduction in plant photosynthetic activities, 

and an energy deficit or cost to the plant, suppressing overall plant growth. As exposure to the stress 
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continues, injury of the foliage (chlorosis and necrosis) and negative effects to reproductive development 

(delay/prevent germination of seeds) become more prevalent, and plants attempt to reach a new steady 

state for growth driven by hormone signaling (Brady and Weil, 2013; Eckhard et al., 2012; Munns and 

Tester, 2008). Cell collapse and plant death will eventually occur if the mechanisms of adaptation are 

insufficient.   

2.2.2 Osmoregulation 

Osmoregulation is the constant adjustment of the osmotic pressure of a cell in relation to its 

surrounding solution (Cosgrove and Holbrook, 2010). In the case of plants, water crosses the plant 

membrane by osmosis, which is the movement of water from an area of high water potential to low water 

potential (osmotic potential). In order to maintain water uptake through the roots, plants must have an 

osmotic potential lower (more negative) than the surrounding external solution, in this case, the soil. The 

influx of water into plant cells maintains the turgor pressure and acts as an inflating agent to keep plants 

erect. In saline soils, it is difficult for plants to take up water and they must expend more energy to make 

osmotic adjustments, as the external solute concentration is high and the osmotic potential is low, 

promoting the movement of water out of the plant and resulting in osmotic stress, or a water deficit 

(Brady and Weil, 2013). The plant can lower its internal osmotic potential in several ways: (i) dehydration 

(dehydrate the plant tissues so that the solute concentration increases, which is common in grasses), (ii) 

ion transport, uptake, and accumulation (take up ions from the soil/transport ions from other plant organs 

to the root, so that the solute concentration of the root cells increases), and (iii) biosynthesis of 

osmoprotectants and compatible solutes (major function is to protect the structure of the plant and 

maintain osmotic balance within the cell via continuous water influx (Briskin and Bloom, 2010; Gupta 

and Huang, 2014).  

2.2.3 Ion Uptake and Transport: Sodium & Chloride 

In most saline soils, Na+, Ca2+, Mg2+, K+, and Fe2+ are the main cations, with the most abundant 

anions being Cl-, SO4
2-, HCO3

-/CO3
2-, and NO3

- (Szabolcs, 1989). Sodium and Cl- are usually the 



 

14 

 

dominant ions of this group and both are toxic to plants when accumulated in the cytoplasm in high 

concentrations (Eckhard et al., 2012). In general, there are two parallel pathways of movement of solutes 

(like Na+ and Cl-) and water from the soil and into the plant roots: (i) through the apoplasm, and (ii) 

through the symplasm (White, 2012a). Unless under saline conditions, ions in the apoplast are restricted 

from entry into the xylem. The symplastic pathway allows ions to be taken up directly into the root cells 

through plasmodesmata (channels that enable transport and communication directly between cells), which 

have the ability to constrict or dilate, allowing the passage of solutes. Ions are transported in this 

intracellular way to the xylem where they are distributed to the rest of the plant. These pathways may be 

used separately or simultaneously and have different transport rates. There are also channels for passive 

uptake that exist in the plasma membrane, which could allow passive influx of Cl- into plant cells 

occurring over short periods of time if the concentrations in the substrate increase (such as in saline 

conditions) and the plasma membrane is sufficiently depolarized, but this pathway is controversial 

(Eckhard et al, 2012; Teakle and Tyerman, 2010). In contrast to Cl-, Na+ is always transported through the 

plasma membrane passively. 

In long-distance transport, solute flow in the xylem is unidirectional from the roots to the shoots 

due to the steep water potential gradient (atmosphere > leaf cells > xylem sap > root cells > external 

solution) (White, 2012b). When the stomata are open during the day, transpiration rates are high, 

encouraging this water potential. In saline soils, Na+ and Cl- increasingly accumulate in the leaf tissues 

overtime, disturbing nutrient acquisition of the plant and resulting in cytotoxicity (Briskin and Bloom, 

2010). These high concentrations of salt lead to dehydration, causing protein denaturation and membrane 

destabilization. 
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2.2.4 Other Factors Affecting Uptake & Regulation 

2.2.4.1 Ion Competition 

2.2.4.1.1 Na+/K+ 

Sodium ions have similar physicochemical properties to those of potassium ions (K+) and therefore 

compete with K+ for plant functions and in plant uptake by binding to high-affinity potassium transporters 

(HKTs) and/or by travelling into the cytoplasm passively through non-selective cation channels (NSCCs) 

(Brady and Weil, 2013; Eckhard et al., 2012; Wakeel, 2013). The toxicity of Na+ in salt-affected soils is 

therefore due to the cytosolic K+/Na+ ratio, rather than the individual Na+ concentrations. Both ions are 

monovalent cations with similar sized hydrated ionic radii (Na+: 0.358 nm; K+: 0.331 nm) (Brady and 

Weil, 2013; Eckhard et al., 2012). The membrane depolarization that is caused by the presence of Na+ 

makes it difficult for K+ to be taken up by plants, resulting in potassium deficiency in conjunction with 

cytotoxicity in the plant (Eckhard et al., 2012).  

2.2.4.1.2 Cl-/NO3
- 

Anion competition occurs between chloride and nitrate, an important source of nitrogen for plant 

life (White, 2012a). The concentration of Cl- in the roots can be reduced by increasing nitrate availability, 

and nitrate uptake is reduced when roots contain high Cl- concentrations. This is due to the negative 

feedback from nitrate stored in the vacuoles of root cells, and Cl- accumulated in the vacuoles, 

respectively. Competition for transport across the tonoplast occurs, affecting (i) accumulation in vacuoles, 

(ii) cytoplasmic concentrations and uptake, and (iii) several anion channels and proton-coupled 

symporters in the plasma membranes of root cells (White, 2012a; White and Broadley, 2001). In saline 

soils, this competition may impair nitrogen uptake by plants. 

2.2.4.2 Charge Balance 

Ions are ultimately taken up from the soil by different transport proteins in order to maintain charge 

balance (net charge = 0) (White, 2012a). When present at low concentrations in the soil, the rate of uptake 
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of a cation is not affected by the accompanying anion and vice versa. But at high external concentrations, 

certain ions can reduce the uptake of an oppositely charged ion, depending on internal cellular pH of the 

plant. In order to maintain the preferred cytosolic pH range of 7.3-7.6, plants: (i) transport protons across 

the plasma membrane or tonoplast, and (ii) produce and consume protons through metabolism, which is 

achieved by the formation and removal of carboxylic groups. Excessive cation uptake results in an 

increase in cytosolic pH, and anion uptake decreases cytosolic pH, illustrating the importance of charge 

balance in pH regulation.  

2.2.4.3 Calcium 

Calcium is a macronutrient in plants found largely in the apoplasm and plays a role in cell structure 

and is a regulatory component of macromolecules (Hawkesford et al., 2012). Calcium is a large divalent 

cation (0.412 nm) that can be removed from its cell membrane binding site due to the ability of Na+ to 

exchange with Ca2+, contributing to salinity toxicity in plants (White, 2012a). Rhizosphere Ca2+ 

concentration influences the selectivity of ion uptake and accumulation of K+ and Na+. In certain cases, 

extracellular Ca2+ has been show to inhibit Na+ influx through voltage-insensitive cation-channels in 

favour of K+ uptake, also limiting K+ efflux, and therefore helps to maintain high K+/Na+ ratios in saline 

soils, and hence salt tolerance (Munns and Tester, 2008). In response to salinity and osmotic stress, 

cytosolic calcium concentrations quickly increase and are responsible for signaling cellular responses, 

although the salinity sensors have not yet been identified (Eckhard et al., 2012).  

2.2.5 Indirect Effects of Salinity on Plants: Reduced Microbial Activity 

Soil salinity can indirectly affect the growth of plants by negatively impacting the microbial 

communities present in the soil. Although there are some contradictory results regarding the extent that 

microbes are affected by salinity reported in the literature (Mavi et al., 2012), in general, as salinity 

increases there is a decrease in (i) the respiration of microbial communities, (ii) the microbial biomass, 

and (iii) the microbial growth rate (due to decreased water availability and low osmotic potential). 

Changes to the microbial community composition also tend to increase. For example, bacteria adapt to 
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salinity better than fungi, so salinity increases the ratio of bacteria to fungi (Chowdhury et al., 2011; 

Elmajdoub et al., 2014; Setia et al., 2011; Wichern et al., 2006a; Yan and Marschner, 2012). Results are 

largely contradictory due to differences in soil properties (Mavi et al., 2012). The decreases in microbial 

activity lead to reduced rates of organic matter decomposition, limiting the available nutrients to plants 

and indirectly affecting plant growth (Mavi et al., 2012). Some tolerant microbes may adapt to osmotic 

stress by producing osmoregulatory compounds called osmolytes (allowing microbes to retain water) and 

by modifying metabolic processes (Elmajdoub et al., 2014; Mavi et al, 2012; Setia et al., 2012). This 

requires substantial amounts of energy and reduces energy availability for other metabolic processes, but 

allows salt-tolerant microbes to remain active so that they can decompose substrates that are added to the 

soil matrix.   

2.2.6 Halophytes 

Halophtyes are terrestrial plants that can complete their life cycle (germination, growth, 

reproduction) in salinized soils due to specialized adaptations (Aslam et al., 2011; Debez et al., 2011; 

Flowers and Colmer, 2008). The known ~2,600 halophytic species (Abdelly et al., 2006) make up ~1% of 

the world’s flora (Flowers and Colmer, 2008), yet they thrive in a wide range of habitats from arid regions 

to coastal marshes (Debez et al., 2011). Since halophytes have such variable mechanisms to tolerate salt 

and are dispersed across various climates around the world, no single system of classification has been 

agreed upon in the literature. Halophytes can be classified based on general ecological behaviour and 

distribution, response of plant growth to salinity, quantity of salt intake, and tolerance mechanisms 

(Aslam et al., 2011; Yensen and Biel, 2006). The concentration of salt that separates halophytes from 

glycophytes – plants that show little tolerance to elevated root-zone salinity (Manousaki and Kalogerakis, 

2011) – has been set at different levels by different authors in the literature, further complicating their 

classification (Bui, 2013). Although many halophytes are able to grow in the absence of salt (e.g. 

facultative halophytes), some species, called obligate or eu-halophytes, require saline conditions, and their 

growth may be optimized in these conditions (Bui, 2013; Flowers et al., 1977). Halophytes can also be 
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classified based on their geographical distribution or habitat, where hydrohalophytes grow in aquatic soil 

or wet conditions even withstanding total immersion, while xerohalophytes grow in soils with low water 

content due to high levels of evaporation (Aslam et al., 2011).  

Various environmental conditions including, humidity, day length, precipitation, temperature, and 

light intensity may contribute to the ability of a halophyte to tolerate soil salinity (Flowers et al., 1977). 

Halophytes are an emergent class of plants that present ever-increasing economic (human consumption, 

livestock fodder, materials of high economic value) and ecological interests (dune fixation, landscaping 

and ornamentation, desalinization, and phytoremediation) (Abdelly et al., 2006). When considering the 

use of halophytes for any application, proper species selection based on environmental conditions is 

required.  

2.3 Remediation of Salinized Soils 

Traditional remediation of salinized soils involves the application of chemical/organic amendments 

and/or flushing the soil with high quality water (pure or low salinity) to reduce the levels of Na+ on the 

surface of the soil and leach the salts lower into the soil profile (Brady and Weil, 2013; Sparks, 2003). 

Gypsum (CaSO4 • 2H2O) is a common soil amendment applied to affected topsoil as a source of calcium 

due to its affordability and availability (Brady and Weil, 2013). Sulfuric acid (H2SO4) can also be used for 

these purposes, especially in calcareous soils, but the use of gypsum is more widespread (Brady and Weil, 

2013). When gypsum is applied, the Na+ in the soil is replaced by Ca2+ on the soil exchange sites and 

forms Na2SO4, a very soluble salt, which can then be leached from the topsoil. Gypsum has been shown 

to counter negative impacts of salinized soils with improved soil hydraulic conductivity, and decreased 

electrical conductivity, pH, and SAR of the soil (Abdel-Fattah, 2012; Gharaibeh et al., 2010; Qadir and 

Oster, 2004). A 15-year study carried out in India, demonstrated that gypsum had beneficial effects on 

crop yields of both rice and wheat for most years (Choudary et al., 2011).  

The effects of organic amendments such as farmyard manure, green manure, compost, or biochar 

have also been studied as alternatives to more expensive inorganic amendments, such as gypsum (Abdel-
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Fattah, 2012; Ahmed et al., 2015; Choudhary et al., 2011; Drake et al., 2016; Hanay et al., 2004). Biochar 

has been shown to cause a decrease in salinity-caused growth depressions. It improved the sodium 

potassium ratio in salinity stressed plants, and also reduced Na+ uptake of plants, most likely due to ion 

adsorption to the biochar surfaces (Hammer et al., 2015). Chaganti et al. (2015) compared a variety of 

combinations of amendments, and indicated that the use of gypsum in conjunction with organic 

amendments was more effective in improving soil properties than individual amendments.  

Once amendments are applied, a sufficient volume of high quality water (i.e. the leachate 

requirement) (Brady and Weil, 2013) is used to flush the soil matrix, typically reducing the salinity in the 

top 45-60 cm (Sparks, 2003). These remediation strategies have potential limitations including: (i) if 

natural drainage of the soil is inadequate, costly artificial drainage networks must be installed; (ii) 

flushing and leaching could lead to waterlogging due to a raised water table, resulting in increased 

salinization; (iii) if the soil structure is poor, infiltration and flushing may not be possible; (iv) chemical 

amendments can be costly and harmful to the natural environment; (v) availability of high quality 

irrigation water may be limited; and (vi) the use of potable water in copious amounts such as this, is 

considered unsustainable (Brady and Weil, 2013). Instead, a remediation technique for saline soils that 

has been gaining recognition in the literature is the use of phytotechnologies. 

2.3.1 Phytotechnologies 

Phytotechnologies are plant-based solutions for dealing with science or engineering problems. 

Phytoremediation is the specific use of plants and their natural mechanisms to reduce environmental 

contamination through the mechanisms of exclusion, extraction, accumulation, stabilization, degradation, 

volatilization, and/or immobilization of a contaminant (Chen et al., 2015). The term phytoremediation 

was coined in the 1980s and has since greatly expanded as an area of research due to the promising 

success of this low cost, in situ, sustainable option for remediation (Vanek et al., 2010). Phytoremediation 

technologies are limited by the climate, soil characteristics, root depth, and level of contamination they 

are being applied to, and the appropriate species or combination of plant species must be selected. In 
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addition, plants generally require a longer time period to reduce contamination to acceptable levels, in 

comparison to more mechanical and disruptive options, such as complete excavation followed by 

landfilling (i.e. dig and dump). Despite these limitations, the use of phytotechnologies is considered 

sustainable, and they have been successfully used in a number of studies to remediate salinized soils, 

through the use of halophytes (Hasanuzzaman et al., 2014; Manousaki and Kalogerakis, 2011).  

2.3.2 Role of Halophytes in Phytoremediation 

Halophytes have the ability to remediate salinized soils due to their diversified adaptation 

mechanisms including, ion compartmentalization, osmotic adjustment, succulence, ion transport and 

uptake, antioxidant systems, and maintenance of redox status (Hasanuzzaman, et al., 2014). Based on 

three main mechanisms, halophytes can be categorized as saline ion: (i) excluders, (ii) accumulators, or 

(iii) excretors (Yensen and Biel, 2006). Much of the research utilizing halophytes in phytoremediation has 

been carried out in warmer climates in Australia (Barrett-Lennard, 2002; Bui, 2013; Leake et al., 2002; 

Rengasamy, 2006; Roache et al., 2006), China (Ding et al., 2010; Feng et al., 2014; Wang et al., 2013), 

Africa (Abdelly et al., 2006), India (Ravindran et al., 2007), and the Middle East (Qadir et al., 2003). Soil 

salinization is also becoming of increasing concern in North America, and the use of halophytes for 

desalinization has more recently been explored in colder, more temperate climates (McSorley et al., 

2016a; Schmer et al., 2012). The ability of halophytes to phytoextract, phytodestabilize, or phytodegrade 

other contaminants have also been explored (Eissa et al., 2016; Liang et al., 2016; Manousaki and 

Kalogerakis, 2011), and there may be potential for them to simultaneously phytoremediate other 

contaminants in conjunction with saline ions due to the similar tolerance mechanisms (Burke et al., 2000; 

Wang et al., 2013).  

2.3.2.1 Exclusion 

According to Yensen and Biel (2006), excluder halophytes restrict the uptake of saline ions from 

the external soil solution into their roots. This may require mechanisms to avoid internal water deficits or 

limit the amount of transpiration taking place and could also include restriction of the movement of ions 
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from the roots to the shoots and/or intensive retranslocation of ions from the shoots to the roots (Eckhard 

et al., 2012; Munns, 2005). In order to exclude saline ions, plants may develop a wider hydrophobic 

Casparian band in the roots, which limits the passive influx of salts (Krishnamurthy et al., 2014). 

Examples of these species are the mangrove (Avicennia marina) and berseem (Trifolium alexandrinum). 

The plants in this category have varying degrees of success in their ability to exclude salts. Although 

exclusion is a sufficient mechanism to tolerate salinity, these halophytes should not be used in 

remediation, as the excluded ions are left to accumulate in the root zone of the plant at the surface of the 

soil, increasing the concentration of salt over time (Yensen and Biel, 2006).  

2.3.2.2 Accumulation 

Accumulator halophytes take up salt ions and compartmentalize them in the vacuoles of their cells 

(Yensen and Biel, 2006). Accumulation is used as an osmoregulation mechanism to avoid ion toxicity in 

the cytoplasm and buildup of salts in the cell wall, which would cause dehydration (Munns, 2005). As 

ions, such as Na+ and Cl-, are sequestered in the vacuole of the cell, K+ and essential organic solutes (i.e. 

osmolytes, compatible solutes or osmoprotectants), which are compatible with metabolic activity, 

accumulate in the cytoplasm and organelles to balance the osmotic pressure of the cytoplasm. Examples 

of accumulator species are the common reed (Phragmites australis) and a succulent species, shoreline 

purslane (Sesuvium portulacastrum) (Hasanuzzaman et al., 2014).  

In some accumulator species, salt may account for as much as half the dry weight of aboveground 

biomass (Yensen, 2006). For example, Atriplex nummularia (saltbush) has been shown to achieve a 

biomass yield of 20-30 tonnes/hectare/year and accumulate up to 40% NaCl in its dry matter (Glenn et al., 

1999). Accumulator halophytes have demonstrated the potential for saline ion compartmentalization and 

phytoremediation of soils, but these plants are limited by their biomass yield, as an accumulation 

threshold occurs (Yensen and Biel, 2006). These plants have remediation value only if they, or their parts, 

are harvested and removed from site on a regular basis. In some cases, the harvested biomass is available 
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for products such as, food, fodder, fibre, and fuel, as well as phytochemicals for industrial use (Keiffer 

and Ungar, 2002). 

2.3.2.2.1 Phragmites australis 

The common reed (Phragmites australis) is a perennial, accumulatory halophytic grass species, 

distributed globally across a wide range of temperate wetland habitats including fresh- and brackish-water 

swamps, riversides, and lakesides (Fritz and Ehwald, 2013; Lissner and Schierup, 1997; Mauchamp and 

Mésleard, 2001). Mature stands of P. australis propagate clonally from an extensive rhizome system, are 

well-adapted to waterlogging due to the aeration capabilities of aerenchyma, and have been studied for 

their ability to withstand highly saline environments (Burdick et al., 2001; Gorai et al., 2010; Gorai et al., 

2011). There are a total of 11 native haplotypes for P. australis, with M, an aggressive and invasive 

species, being the dominant haplotype along the Atlantic Coast of North America and expanding to the 

Great Lakes and along roadsides (Saltonstall, 2003; Vasquez et al., 2005). Haplotype M out competes 

native haplotypes partly due to its ability to maintain productivity at higher salinities, resulting in the 

establishment of monocultures of this invasive Phragmites, which has detrimental impacts on native 

wildlife, decreasing the biodiversity and ecological functions/processes of North American wetlands.  

The use of P. australis in phytoremediation has been proven successful in removing metals 

(Vymazal and Brezinová, 2016) and pharmaceuticals (Carvalho et al., 2012) via constructed wetlands, 

and has been studied to determine salinity tolerance and saline ion accumulation (Achenbach and Brix, 

2014, Fritz and Ehwald, 2013; Gorai et al., 2010). One study demonstrated the success of resident P. 

australis (M) in the phytoextraction of chloride in situ at a CKD landfill (McSorley et al., 2016a). P. 

australis was shown to have an annual phytoextraction rate of 77 ± 5 kg of chloride from the salt-affected 

top 10 cm of the soil profile, which would allow this phytotechnology to potentially remediate the site in 

3-9 years. The required yearly mechanical harvesting and removal is labour-intensive and may, in some 

cases, render this technology uneconomical (Yensen and Biel, 2006). In order to maximize the removal of 
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salt, harvesting should be undertaken during the period of maximum salt content in plant tissues, which 

for P. australis at the CKD site was determined to be the end of August (McSorley et al., 2016a).  

2.3.2.2.2 Traditional Methods of Plant Waste Disposal 

Successful phytoextraction through the use of accumulator halophytes will generate large quantities 

of highly contaminated plant material (Sas-Nowosielska et al., 2004). The frequency and method of plant 

harvesting will stimulate plant growth and the uptake of contaminants, so proper vegetation management 

must be carried out (Guittonny-Philippe et al., 2014). Traditionally, plant waste has been incinerated or 

deposited in landfills, which are unwelcome practices because they may produce large quantities of 

greenhouse gases and occupy valuable agricultural land, respectively (Zhang and Sun, 2014). Research is 

being completed to explore the possibility of generating economically viable products from harvested 

plant waste (Guittonny-Philippe et al., 2014; Yensen, 2006; Yensen and Biel, 2006). Specific to 

accumulatory halophytes, plant waste could be used for fodder, goods, and human consumption 

(halophyte crops), although, some salt-laden plant material will be inedible for humans and livestock due 

to the heavy load of salt in the plant tissues (Bustan et al., 2005; Debez et al., 2011; Yensen and Biel, 

2006). In this case, an alternative approach is to compost the plant material and to reduce the salt content 

of the compost via leaching (Illera-Vives et al., 2015).  

2.3.2.2.3 Composting 

In some cases, composts derived from organic wastes have proven to have better quality than 

commercial inorganic fertilizers (Chowdhury et al., 2015). Recently, composting has received increasing 

attention as an environmentally acceptable way to dispose of and recycle plant waste so that it can be 

utilized as a soil amendment (Bryndum et al., 2017; Onwosi et al., 2017). In addition, composting may 

divert high-salinity plant waste from landfills, enhance soil fertility and quality, and bring about increased 

agricultural productivity, improved soil biodiversity, and reduced ecological risks (Toumpeli et al., 2013).  

An experiment involving composts comprised of young or old shoots of P. australis, alone or with 

animal manure demonstrated that these composts had a positive influence on the soil physicochemical 
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characteristics that they were applied to (Toumpeli et al., 2013). If compost originating from saline plant 

waste is applied as fertilizer, the saline leachate referred to as ‘compost tea’ must be managed as a waste 

product, but may also be utilized in agricultural practices (Illera-Vives et al., 2015). The same properties 

that impact compost quality also impact compost tea quality (Pant et al., 2012). Overall, composting of 

halophytic plant waste at salt-affected sites is a promising alternative to traditional, less environmentally-

friendly management strategies. 

2.3.2.3 Excretion 

Excretion is utilized by some halophyte species to persist and thrive in their saline environments. 

Excretory halophytes act as conductors of salts from the soil, moving salt ions through their vascular 

system and to the shoot surface (Yensen and Biel, 2006). The terminology for this category of halophytic 

plants is not consistent across the literature; they may be referred to as ‘recretohalophytes’ (Ceccoli et al., 

2015; Dang et al., 2013; Dassanayake and Larkin, 2017; Ding et al., 2010; Feng et al., 2014; Flowers and 

Colmer, 2008; Yuan et al., 2016; Zhou et al., 2001), ‘crinohalophytes’ (Glenn and Brown, 1999; Grigore 

et al., 2014; Nouri et al., 2017; Yensen and Biel, 2006), ‘salt excretors’ (Glenn and Brown, 1999; 

McSorley et al., 2016b; Yensen, 2006), or ‘conductors’ (Nouri et al., 2017; Semenova et al., 2010; 

Yensen and Biel, 2006). For the purposes of this thesis, the mechanism of salt tolerance will be referred to 

as ‘excretion’, and the plants that utilize this mechanism will be referred to as ‘recretohalophytes’. 

Recretohalophytes take up saline ions from the soil, transport them through their plant tissues and then 

excrete them through specialized salt glands on the stem and leaf surfaces through processes that are not 

yet fully understood (Yensen and Biel, 2006). Salt glands (and salt bladders) play a significant role in 

regulating ion balance thereby contributing to salinity tolerance (Barhoumi et al., 2015; Ceccoli et al., 

2015). The main ions excreted via salt glands are Na+, K+, Ca2+, Cl- and Mg2+, although higher 

concentrations of Na+ and Cl- have been observed, suggesting that these ions are highly selected for 

(Ceccoli et al., 2015; Yuan et al., 2016). Several factors may contribute to the rate of salt excretion 
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including, salt concentration and composition of saline ions present in the growth substrate, time of day, 

temperature, humidity, salt gland density, and leaf size (Ceccoli et al., 2015). 

2.3.2.3.1 Spartina pectinata 

Prairie cordgrass (Spartina pectinata) is a C4 perennial rhizomatous grass, which is commonly 

found in marshes and flood plains, native throughout the North American prairie (Kim et al., 2016; Santos 

et al., 2015). It grows in dense, pure stands in riparian areas due to its aggressive rhizome spread and tall 

stature, allowing it to adapt well to both dry and wet soils (Anderson et al., 2015). S. pectinata is tolerant 

to a number of abiotic stressors and has potential as biofuel feedstock because of its ability to produce 

high biomass on marginal land (Anderson et al., 2015; Kim et al., 2016). It can grow well in more 

temperate conditions (Madakadze et al., 1998) and thrives in saline and waterlogged conditions, such as 

in the peat fields of New Brunswick, Canada, where it showed no negative growth response when 

exposed to salinity levels from 2 to 20 dS/m (Montemayor et al., 2008).  

The use of S. pectinata to remediate a salt-impacted site has been explored at an industrial landfill 

in Bath, Ontario (McSorley et al., 2016b). When compared with the accumulation potential of P. 

australis, S. pectinata removed significantly less K+ and Cl-. However, when considering excretion in lieu 

of accumulation, S. pectinata was shown to have the potential to remove 58% more Cl- than P. australis, 

even though S. pectinata has a biomass one-third of P. australis. This finding illustrates the potential for 

recretohalophytes to be highly efficient when utilized in phytoremediation of salt-impacted sites as they 

do not reach an accumulation threshold like accumulator halophytes and, therefore do not require yearly 

harvesting, but rather, can be left on site to continuously rehabilitate the soil.   

2.3.2.3.2 Distichlis spicata  

Inland saltgrass (Distichlis spicata) is a C4 perennial, dioecious salt marsh grass (Eppley, 2006; 

Hansen et al., 1976; Lonard et al., 2013). It is native to both inland and coastal saline habitats throughout 

North and South America. It spreads vegetatively via sharp-pointed rhizomes with an adventitious root 

system, which provides an aerenchymatous network that allows for gas exchange under very wet soil 
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conditions (Hansen et al., 1976; Reuss-Schmidt et al., 2015). Spatial segregation of the sexes (sex ratio 

bias from 100% male to 100% female) along elevation and nutrient gradients has been observed in this 

species; female-majority sites are significantly lower in elevation in the marsh than are male-majority 

sites (Eppley, 2006; Reuss-Schmidt et al., 2015). It has the ability to quickly colonize disturbed sites, 

forming monotypic stands in the upper marsh of coastal wetlands, illustrating its importance as a ‘nurse 

species’ for coastal conservation and reclamation projects (Lonard et al., 2013). Due to its ability to thrive 

in saline soils and its broad range of adaptations to other environmental factors, this species has been used 

for projects in saline environments (Christman et al., 2009; Hansen et al., 1976; Kemp and Cunningham, 

1981), and its use for suitable forage production has been explored (Bustan et al., 2005; Sargeant et al., 

2008).  

D. spicata was selected for its use in treating saline aquaculture effluent to trap high levels of 

nutrients due to its ability to tolerate hypersaline environments (up to 44,000 mg L-1 (Leake et al., 2002)) 

in the southwest of Western Australia (Lymbery et al., 2013). Its efficacy in removing nutrients was 

monitored under varying salinities. It was determined that constructed wetlands of D. spicata removed 

60-90% of total nitrogen loads and at least 85% of ammonia, nitrite/nitrate, total phosphorous, and 

orthophosphate loads. The D. spicata performed with higher efficiency at lower salinities (3,000 mg L-1), 

but a maintenance of removal efficiencies was observed at higher salinities (15,000 mg L-1). Based on this 

information, D. spicata would be suitable for treating aquaculture effluent at even higher salinities than 

those tested by Lymbery et al. (2013). A comparison of the soil conditions between a control plot and a 

plot where D. spicata had been growing in saline discharge sites for eight years was carried out in 

Western Australia (Sargeant et al., 2008). Extensive measurements demonstrate that there were marked 

differences between the plots with improved aggregate stability, saturated hydraulic conductivity, soil 

nitrogen and carbon content, and EC, with no significant accumulation of salt in the root zone of the 

grass. Salts are being taken up by the plant and are excreted through specialized salt glands, and this is 
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further illustrated by a study completed by Christman et al., (2009) that observed increased sodium 

exudation rates with increasing salinity treatments. 

2.3.3 Sustainability 

The use of halophytes for the phytoremediation of salinized soils lends itself to sustainability. In 

most cases of phytoremediation, the focus is not only on contaminant reduction, but importantly, on 

ecosystem restoration (O’Brien et al., 2017). The most frequently used methods for soil desalinization 

are: (i) leaching, which depends on water quality and availability, requiring large volumes of water to 

flush soluble salts from the surface to deeper soil, and can negatively disrupt soil microorganisms and soil 

structure, and (ii) chemical or organic amendments, which can be costly, may leave residual products in 

the soil following treatment (O’Brien et al., 2017), and still depend on leaching or secondary treatment 

(Jesus et al., 2015). Unlike these traditional practices, phytoremediation provides positive alterations to 

soil properties, such as, increased porosity – increased water, air, and nutrient infiltration and circulation – 

(from increased root growth), increased aggregation and microbial activity (stimulated by root exudates), 

and improved soil organic matter and pH (from increased vegetation) (Jesus et al., 2015; Manousaki and 

Kalogerakis, 2011; O’Brien et al., 2017). As the soil is remediated, soil conditions are improved, 

potentially allowing for the vegetation to increase, resulting in an improvement in their ability to 

remediate the soil; this positive and fairly self-sustaining cycle typifies a successful phytoremediation 

project (O’Brien et al., 2017). In addition, certain halophytes are tolerant of other environmental stressors 

such as cold, heat, and drought (Manousaki and Kalogerakis, 2011), and also have the ability to take up 

other contaminants, such as metals, in conjunction with salts (Debez et al., 2011; Hasanuzzaman et al., 

2014; Manousaki and Kalogerakis, 2011) and so halophytes are well-suited for the phytoremediation of 

multiple contaminants (Liang et al., 2016).  

Initially, composting was thought of as a pretreatment step in reducing the volume of organic 

waste and therefore reducing the cost of transportation to additional treatment or disposal sites (Sas-

Nowosielska et al., 2004), but as seen in section 2.3.2.2.3, composting may be a primary treatment, as it is 
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a promising, sustainable potential for the waste management of contaminated biomass. Composts 

comprised of green manure and wheat straw have been proven to decrease soil pH and the relative 

amount of sodium ions present on the soil surface, and increase the infiltration rate and the yields of rice 

and wheat crops (Choudary et al., 2011). Additionally, water hyacinth compost and rice straw compost 

have been found to be successful for the reclamation of clay saline-sodic soils (Abdel-Fattah, 2012). Each 

of these amendments either singly or in combination with gypsum decreased EC, pH, and SAR of the 

salt-affected soil.  

Phytoremediation can be tailored to the site and conditions they are being employed and are able 

to contribute to soil remediation in a sustainable manner without leading to further damage of natural 

environments. Phytoremediation of salinized soils is beneficial for environmental sustainability, and 

hence should be incorporated into future development planning (Li et al., 2014). The use of this 

phytotechnology will encourage economic, social, and environmental sustainability (Qadir and Oster, 

2004). 

2.4 Haloconduction 

2.4.1 Theory of Haloconduction 

Recretohalophytes have the potential to mobilize many tons of salt per hectare of land per annum. 

In a proposed process called ‘haloconduction’ (Yensen and Biel, 2006) a percentage of this salt will 

become airborne, allowing it to move to areas of lower salt concentration (Figure 2-1). Yensen and Biel 

(2006) estimate that in the case of Distichlis, 5-50 tons/ha/year of salt could be dispersed based on 50% of 

the excreted salts becoming airborne. The concern with this remediation approach is that salts may re-

contaminate adjacent soil, rather than be carried away and deposited elsewhere (Burke et al., 2000; Weis 

et al., 2002; Weis and Weis, 2004). However, preliminary research involving the recretohalophyte, 

Distichlis spicata, determined that soil characteristics were improved in a stand that had been established 

for eight years, compared to a stand where no D. spicata was established (Sargeant et al., 2008). The 

theory of haloconduction has not yet been proven in the literature, but it has the potential to be an 



 

29 

 

environmentally-friendly, economical approach for the remediation of salt-contaminated soils, as salt 

could be continuously removed from the soil without intervention (i.e. plant harvest). In comparison, 

accumulatory halophytes require yearly harvesting and removal from site, which is both labour intensive 

and costly (Yensen and Biel, 2006). Several different species from the following families may be useful 

in the process of haloconduction including: Distichlis, Aeluropus, Spartina, Limonium, Avicennia, and 

Atriplex (Yensen and Biel, 2006). In addition, accumulator species such as Climacoptera crassa may be 

useful, as their salt-laden leaves are shed, and may disperse if the leaves become wind-blown and are 

carried away from site.  

 

Figure 2-1 Representation of the theory of haloconduction. Salt is phytoextracted from the contaminated 
soil by recretohalophytes, it is transported to the aboveground plant tissues and is excreted through salt 
glands onto the surface of the plant. As wind disturbs the salt crystals they are mobilized off of the plant 
and transported via the wind away from site (adapted from McSorley et al., 2016a). 

2.4.2 Types of Salt Gland Structures 

Salt glands, also called hydathodes (Weis et al., 2002), of the recretohalophytes are epidermal 

structures specialized for the secretion of excess salts from leaf tissues (Oross and Thomson, 1982). All 

salt glands function to increase salt tolerance, but differ in their structural complexity and mechanism of 

salt exclusion, suggesting that salt glands have independently evolved twelve or more times. At least four 
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distinct morphological types of salt gland exist including: (i) bladders, (ii) multicellular glands, (iii) 

bicellular hairs, and (iv) unicellular hairs (Figure 2-2) (Dassanayake and Larkin, 2017). The first two 

morphological types are found in eudicots and the latter two in monocots. Salt glands can also excrete 

various substances, such as heavy metals (e.g. chromium, copper, lead, and zinc) (Burke et al., 2000). 

According to Hill (1967), it is also possible for them to secrete ions such as, Cs+, Rb+, Br-, and I-, and 

Pollak and Waisel (1970) state that organic substances such as soluble sugars, amino acids, and small-

molecule proteins were also found in the secreted fluid of plants. However, predominantly, salt glands 

secrete inorganic ions such as Na+, K+, Ca2+, Mg2+, Cl-, NO3-, SO2-, and PO3- (Thomson, 1975). 

 
Figure 2-2 Four categories of salt gland structures found in excretory halophytes. (1) Bladder, (2) 
Multicellular gland, (3) Bicellular hair, and (4) Unicellular hair. Collecting cell (Col), secretory cell (Sec), 
basal collecting cell (BC), sub-basal collecting cell (SBC), and stalkcell (ST) (from Dassanayake and 
Larkin, 2017). 
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2.4.2.1 Bladder 

Salt bladders provide plants the opportunity to sequester excessive Na+ away from metabolically 

active cells of the growing plant body by depositing large quantities of salt in external, trichome-like, 

gigantic balloons, known as epidermal bladder cells (EBCs) (Shabala et al., 2014). EBCs can be 

considered inverted vacuoles, and within halophytes, occur most commonly in the Chenopod order, which 

are found in dry habitats, salty shrublands, and salt marshes (Shabala et al., 2014). They are also found in 

the order Caryophyllales (Dassanayake and Larkin, 2017). The diameter of a salt bladder can often be 10 

times larger than the epidermal cells of a plant, with each EBC having a volume 1000 times larger, 

meaning it could sequester 1000-fold more Na+ compared to ‘traditional’ leaf cell vacuoles (Shabala et 

al., 2014). Eventually, the salt bladders swell to capacity, rupture, and deposit salt on the epidermal 

surface of the plant (Dassanayake and Larkin, 2017). This could be caused by salt pressure or by damage 

from high winds, heavy rain, or touch (Ding et al., 2010). EBCs are not simply passive storage organs for 

salts, but can also carry out active metabolism related to energy generation, UV protection, organic 

osmolytes accumulation, and stress signaling (Dassanayake and Larkin, 2017).  

2.4.2.2 Multicellular Glands 

Multicellular salt glands vary from 4 to 40 cells. These cells are differentiated into basal 

collecting cells (BC) and distal secretory cells (Sec) in a cuticle-lined structure that is slightly sunken into 

the epidermis, and are widely distributed across Caryophyllales, asterids, and rosids (Dassanayake and 

Larkin, 2017). In some cases, one or two stalk cells (ST) will connect the secretory cells to the basal 

collecting cells. The collecting cells (Col) create a salt efflux gradient to collect salt from neighbouring 

mesophyll cells and transport it to secretory cells (Faraday and Thomson, 1986). The secretory cells are 

surrounded by a cuticle and are cytoplasmically dense with many mitochondria and endomembranes 

(Dassanayake and Larkin, 2017), which also makes them more electron dense than other cells (Barhoumi 

et al., 2008). In some cases, the cuticle does not surround the area where BCs will connect to subtending 

basal collecting cells (SBCs), which channels the flow of salt through the secretory cells, as this may 



 

32 

 

prevent the apoplastic backflow of salts into the leaf mesophyll (Dassanayake and Larkin, 2017; Oross 

and Thomson, 1982). The salt is actively transported through the symplast from the collecting cells into 

the secretory cells, and then the salt solution is deposited outside the cell via pores in the cuticle 

(Dassanayake and Larkin, 2017). In some species, a cuticular chamber may also store the secreted salts on 

top of the Secs. 

2.4.2.3 Unicellular Hair 

Unicellular hairs seem to lack organelles and appear to be completely filled with vacuoles 

(Dassanayake and Larkin, 2017). They can be found on a rice species called Porteresia coarctata, for 

example, and it is possible for the plant to adjust the type and number of salt hairs on its surface 

depending on the salt levels in the growing media; it’s possible for the number of salt hairs per cm2 of leaf 

to increase with increasing salt concentration (Sengupta and Majumder, 2009). These hairs are 

structurally simple unicellular trichomes without any distinct basal and cap cells, and are the source of 

salt secretion (Sengupta and Majumder, 2009). Adjacent to the gland hairs are four stomatal guard cells, 

which are also hairs. There are two types of main hairs on P. coarctata: (i) upper (adaxial) surface hairs, 

which are finger-shaped and are arranged uniformly, and (ii) lower (abaxial) surface hairs, which are peg-

like, and are arranged in groups. Upper surface hairs do not rupture at high salt concentration and excrete 

visible salt on the plant surface, while lower surface hairs swell, rupture, and collapse in high salt 

concentration, and then regrow when there is less salt present in the medium. Ultimately, these two types 

of hairs work simultaneously to maintain the salt concentration of plant tissues. 

2.4.2.4 Bicellular Hair 

The fourth type of gland is called a bicellular hair and is of particular relevance to this thesis. The 

gland has a basal cell, also known as the collection cell, and a cap cell, which is responsible for excreting 

a saline solution through one or several pores, depending on the species (Barhoumi et al., 2008; Ceccoli et 

al., 2015; Oross and Thomson, 1982). The cap cell protrudes from the leaf surface, while the basal cell is 

embedded in the epidermis, with the base in contact with mesophyll cells (Barhoumi et al, 2008). Both 



 

33 

 

the basal and cap cell are cytoplasmically dense and rich in mitochondria, plastids, and vesicles, with wall 

protrusions and associated plasma membrane extending from the cap cell deep into the basal cell, 

increasing the surface area (Dassanayake and Larkin, 2017). Saline solutions (droplets (Figure 2-3)) 

crystallize above the cuticle and are then blown away (potentially by haloconduction), washed off by 

environmental conditions such as rain (Ceccoli et al., 2015) or humidity, and may be mechanically 

removed via passing disturbances (Ding et al., 2010). Glands may also release solutions onto the leaf 

surface if the cuticle (Cu) breaks, or the microhairs of certain species may excrete salt continuously 

through a wax-free cuticle of the cap cells without rupturing the cuticular structure (Ceccoli et al., 2015; 

Oi et al, 2014). 

 
Figure 2-3 Schematic of a bicellular hair. Saline ions are transported from surrounding cells to the 
basal/collecting cell embedded in the epidermis. Concentrated mitochondria aid the transport of ions into 
the basal cell and then to the cap cell where the salt is excreted in solution through pores on the cuticle 
surface as a droplet. Basal cell (BC), cavity (Ca), cap cell (CC), cuticle (Cu), droplet (Dr), epidermal cell 
(EC), endoplasmic reticulum (ER), mesophyll cell (MC), cell wall (W) (from Oi et al., 2014). 
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In grasses, bicellular hairs, also called microhairs, range from 15 to 70 µm (Marcum, 2008). They 

occur individually rather than in clustered groups and are distributed on both the adaxial (Figure 2-4C) 

and abaxial (Figure 2-4A/B) leaf epidermis in intercostal rows, between rows of stomates (Ceccoli et al., 

2015). Each of the glands is surrounded by papillae or trichomes, which are thought to act as protection 

for the gland (Barhoumi et al., 2008). It is possible for the number of salt glands per unit leaf area to be 

equivalent or to differ between leaf surfaces, although in either case, density may increase in response to 

salt concentration in the substrate (Naz et al., 2009). Three types of microhairs are described in the 

literature: (i) the Panicoid type (Figure 2-4A), which have long, narrow cap cells with a relatively high 

length/width ratio; (ii) the Enneapogon type (Figure 2-4B), which have a hemispherical cap cell with a 

relatively low length/width ratio; and (iii) the Chloridoid type (Figure 2-4C), which have a delicate basal 

cell with highly varying length and an oblong cap cell of constant length (Ceccoli et al., 2015). In each 

case, the cuticular chamber (Cu/Ca in Figure 2-3) functions as a collecting compartment where salt 

accumulates before being secreted, and may play a protective role for the gland (Barhoumi et al., 2008). 

The difference between the cuticle of a bicellular hair and those of a multicellular gland is that apoplastic 

backflow of salts into the leaf mesophyll could be expected in bicellular hairs when significant amounts 

of salt accumulate in the collecting compartment, as the walls of the cap cell and basal cell neck lack 

cuticular incrustation (Oross and Thomson, 1982).  

 
Figure 2-4 Examples of A) abaxial leaf epidermis of a Panicoid type microhair on Sorghum halepense 
(L.) Pers, B) abaxial leaf epidermis of an Enneapogon type microhair on Enneapogon desvauxii P. 
Beauv., and C) adaxial leaf epidermis of a Chloridoid type microhair on Distichlis humilis Phil. Microhair 
(Mh), trichome (Tr), and stoma (St) (from Ceccoli et al., 2015). 
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Both Spartina pectinata and Distichlis spicata are grasses from the Poaceae family, and have 

bicellular glands. S. pectinata and D. spicata ultrastructure can be compared to those of Aeluropus 

littoralis. A bicellular gland is comprised of collecting, accumulating, and central compartments, made up 

of a total of thirty-two cells (Barhoumi et al., 2008). Accumulating cells contain numerous, large, and 

unshaped vacuoles and rudimentary chloroplasts. The central compartment is comprised of four basal 

cells, with an apical cell on top of each one. The basal cells are granulated, contain large nuclei, many 

mitochondria, endoplasmic reticulum, ribosomes, polyribosomes, and small vacuoles or vesicles. The 

apical cells are also rich in organelles. The cuticle is a continuation of the lateral cell wall of the collecting 

cells. Oross and Thomson (1982) observed that the genus Spartina and Distichlis share the same general 

features in salt gland ultrastructure, although there are some differences. The partitioning membranes of 

Spartina extend from wall protuberances that project into the basal cell from the wall between the cap and 

basal cells (these are lacking in Distichlis). The cap cell walls of Distichlis are not conspicuously layered 

like they are in Spartina and lack the fibrils present in the wall near the juncture of the cap and basal cells. 

Finally, Distichlis has the frequent presence of small vacuoles in the cap cells, while these are absent in 

Spartina (Oross and Thomson, 1982).  

Semenova et al. (2010) carried out an in-depth study of the salt glands of D. spicata (Figure 2-5) 

and suggest that salt secretion is carried out via active membranous transport. First, the salt solution is 

transported through the shoot tissues and to the salt gland by apoplastic compartments. From here, it is 

accumulated in the vacuoles of collecting cells (containing a large vacuole) and then flows to the 

extracellular channels of the basal cell. The authors hypothesize that the driving force to move salt from 

the vacuole of the collecting cell through the basal cell and to the cap cell, occurs from impulses of a 

mechanical compression-expansion or pulsation of the extracellular channels of the plasma membrane. 

This is evident by the numerous microtubules present in the basal cell cytoplasm and the observed narrow 

and extended shapes (contractions) of the extracellular channels. The energy required for this is provided 

by many, densely packed mitochondria. The salt solution is mechanically pumped into the apoplastic 
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space of the cap cell, then leaves the cap cell, accumulating in the collection chamber, and is then 

excreted on the leaf surface through the pores in the cuticle in a process called guttation (Chen and Chen, 

2005). Once excreted onto the surface of the plant, water evaporates from the salt solution and salt 

crystals are formed (Shabala et al., 2014). 

 
Figure 2-5 Scanning electron micrograph displaying the salt gland of Distichlis spicata plants. Saline 
ions travel into the basal cell from adjacent collection cells and then into the cap cell before being 
excreted through cuticle pore(s) on the surface of the plant. COC: collection cell; BC: basal cell; CC: cap 
cell; E: epidermis (from Semenova et al., 2010). 

2.5 Sea Salt Aerosol 

Sea salt aerosol (SSA) originates from sea salt droplets (Soares et al., 2016) and typically 

contains ~55% Cl, 30% Na, 8% sulphates, small fractions of other elements, and may also be enriched 

with organic material (Sofiev et al., 2011). As 70% of the Earth’s surface is ocean, SSA contributes 

significantly to the global aerosol budget (Ovadnevaite et al., 2012) due to the estimated 3300 teragrams 

(Tg = 1012 g) of sea salt that is injected into the atmosphere annually (Foltescu et al., 2005). SSA has been 

closely monitored as it affects the Earth radiation budget, atmospheric chemistry, cloud processes, and 

climate (Demoisson et al., 2013; Soares et al., 2016; Sofiev et al., 2011). SSA formation is a result of 

waves breaking on the seawater surface or from the formation of whitecaps that cause the entrainment of 

air into the water (Jaeglé et al., 2011; Meira et al., 2008; Soares et al., 2016). SSA is mainly dependent on 

wind speed and duration, with higher SSA production above a wind speed greater than 3 m/s (Meira et al., 
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2008). Although sea salt aerosol forms very differently from salts excreted by recretohalophytes, we may 

be able to use characteristics and behaviours from SSAs to inform our work with haloconduction.  

Particulate matter in the atmosphere is classified by size into coarse particles (aerodynamic 

diameter >2 µm) and fine particles (subdivided into Aitken nuclei – microscopic aerosol particles in the 

atmosphere that encourage condensation to gather into droplets – with a diameter < 0.05 µm, and particles 

formed by accumulation with a diameter between 0.05 and 2 µm) (Morcillo et al., 2000). Atmospheric 

particles can also be divided into falling particles (diameter >10 µm) and buoyant particles (diameter <10 

µm). These smaller and more buoyant particles may travel hundreds of kilometers in the air without 

sedimenting (Morcillo et al., 2000). Salt particles found in sea salt aerosol are between 0.1 and 400 µm in 

size (Meira et al., 2008). Previous studies have shown that there is a stronger correlation between salt 

concentration and wind speed multiplied by its duration (its ‘wind power’ or persistence), than with just 

wind speed alone (Meira et al., 2008). Meira et al. (2008) explain that as the sea salt aerosols are 

transported inland by the wind, they begin to settle after a certain distance from sea due to gravitational 

effect. Larger aerosols have higher deposition velocities and so settle at distances closer to the sea, which 

changes the composition and behaviour of the aerosol by increasing the percentage of small particles in 

the air.  

Sea salt is also hydrophilic, so the hygroscopic growth of salt and its changes as a function of 

relative humidity must be taken into account (Foltescu et al., 2005; Jaeglé et al., 2011; Madry et al., 

2011). Sea salt particle size depends, not only on the current ambient relative humidity, but also on the 

history of relative humidity that the particle has been exposed to and will be exposed to (Madry et al., 

2011). The longer a salt particle is windborne and the farther it travels, the more conditions it is exposed 

to, resulting in the potential change of its physical and chemical characteristics. Some factors that remove 

windborne salt from the air are, deposition onto obstacles and a scavenging effect by rainfall or snow 

precipitation, which physically removes salts from the air. One consideration for salt behaviour is the 

resuspension of particles, especially smaller ones, once they have settled.  
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2.5.1 Past Sea Salt Aerosol Collection & Modelling 

There have been no previous studies conducted to collect and measure windborne salt once it has 

been excreted by the salt glands of halophytes. Typically, the study of windborne salt is carried out, for 

example, in order to determine the effects of windborne sea salt on coastal agriculture operations (Lomas 

and Gat, 1967), or to monitor the atmospheric corrosion of metals or corrosion of concrete structures due 

to marine aerosol travelling inland (Meira et al., 2008). Since 70% of the Earth’s surface is covered by 

oceans, sea spray and the development of sea salt aerosol and its effects are of interest (Ovadnevaite et al., 

2012).  

There are windborne salt collection methods that currently exist in the literature. Gustafsson and 

Franzén (1996) used a salt vane to measure salt along the coast of Sweden, as well as further inland. This 

instrumentation measures the deposition of salts onto vertical surfaces (such as the trunk of a tree). The 

vanes contain a mount that holds a filter and a platform for a wind distance meter. They are placed on 

poles at various heights. Pollen filters (Cour-filters) are cut to 20 x 20 cm and placed in a frame of five 

overlapping layers. The setup also includes an anemometer and is left for a period of 3 hours prior to salt 

collection. More recently, Gustafsson and Blomqvist (2005) adapted these salt vanes to include a small 

roof to shelter the filters from rain (Figure 2-6) and used them to investigate the relationship of salt use in 

de-icing winter roads. In this case, the vanes were left for a period of thirty minutes to twenty-four hours. 

Once the filters were collected they were washed with deionized water in an ultrasonic bath for two 

minutes and the solution was analyzed for chloride concentration.  

 
Figure 2-6 A salt vane used in a roadside study in Sweden (from Gustafsson and Blomqvist 2005). 
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An older standard test method for determining atmospheric chloride deposition rate is referred to 

as the ‘wet candle method’ (Figure 2-7) (American Society for Testing Materials, 1996). It has been 

reported that the results obtained from this method do not necessarily correlate with the chloride 

deposition obtained from other geometrics or techniques, or with actual atmospheric chloride content. 

However, this method does allow researchers to obtain the amount of chloride salts deposited from the 

atmosphere on a given area per unit time. The apparatus is mounted on a pole with a platform large 

enough to fit a 500-mL Erlenmeyer flask filled with deionized water. A glass test tube is inverted, 

wrapped in gauze, and is held in place by a rubber stopper in the mouth of the flask with two ends of the 

gauze falling into the flask, acting as wicks. The apparatus may be fitted with a roof to shield the candle 

from rain and it is left in the field for a period of 30 days, refilling the flask with deionized water as 

needed. The water samples are collected and the gauze is wrung out to include in the sample. In addition 

to this, the flask and test tube are rinsed and poured into the sample. Chloride content can be determined 

via ion chromatography, titration of chloride with silver nitrate, or the mercurimetric titration method. 

 
Figure 2-7 Wet candle apparatus (from ASTM, 1996). 
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Lomas and Gat (1967) investigated the effects of windborne sea salt on a coastal citrus grove in 

Israel in order to justify the implementation of windbreaks. They developed measuring stations, which 

consisted of a post with a mounted frame of a double layer of 20 x 20 cm muslin. They were left out in 

the field for a period of 10 days at a height of 1.5 m and oriented perpendicular to the prevailing wind 

direction until collection. Only the inner 10 x 10 cm of muslin was analyzed via titration with silver 

nitrate and potassium chromate as an indicator. More modern pieces of equipment are the K3-type 

sampling devices (Figure 2-8) utilized by Lee and Moon (2006). These reduce the effect of rain on the 

sample and are installed at a height of 2 m. When compared to the wet candle method and a stainless 

salinity collector developed by the Japanese Public Works Research Institute (PWRI), the K3-type 

sampler displayed superior performance (Lee and Moon, 2006).  

 
Figure 2-8 K3-type sampling device (from Lee and Moon, 2006). 

Data collected from instrumentation, such as those listed above, can potentially be used as input 

for computer models to estimate salt behaviour. Meira et al. (2008) attempted to develop a model that 

represents marine aerosol behaviour by factoring in distance from the sea and wind speed. This model 

developed for SSA can be expressed by the following equation, where M is the sea-salt concentration at a 
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distance x from shoreline, M0 is the sea-salt concentration at shoreline, vdep0 is the initial deposition 

velocity representative of a marine aerosol at shoreline, h is the height of the layer considered, v is wind 

speed, and a is the coefficient of deposition velocity reduction, which characterizes particle distribution 

in marine aerosol and its influence on deposition velocity decrease (Meira et al., 2008):  

M = M0e(vdep0/ah)[e(-ax/v)-1] [µg m-3] 
 

 Although the factors that affect SSA production, transportation, and deposition differ from those 

that affect excreted halophyte salts, the established models may be a useful tool for predicting 

haloconduction. Soares et al. (2016) demonstrated that when comparing different chemical transport 

models (CTMs) and general circulation models (GCMs) for sea salt aerosol, the models displayed 

responses that could vary by orders of magnitude from each other. Similarly, Lewis and Scwartz (2004) 

investigated the relationship between modeled versus measured sea salt for different models and generally 

found that there was a poor correlation between modeled and measured data. We can assume that this 

would also be the case for halophyte salt modelling. Due to this variation in models, the use of 

simultaneous in-situ measurements of sea salt should be conducted. Jaeglé et al. (2011) demonstrate this 

by accessing data collected from open ocean cruises and pair this with ground-based stations and aerosol 

optical depth (AOD) observations to modify and provide a more realistic model. In addition, Madry et al., 

(2011) utilize a model, which has been compared to data from actual events, allowing for the useful 

feedback of the success of the model. A model can be used in conjunction with other models in order to 

recreate the state of the atmosphere for a given time period as accurately as possible. Although these steps 

are being taken, doing this does not always guarantee accurate results due to complicating factors such as, 

pollution of the dataset by other aerosols, day-to-day inconsistencies in observations at different locations, 

and other real-world conditions and limitations (Madry et al., 2011). Overall, the use of multiple reliable 

models paired with in-situ measurements of excreted and dispersed salts could be promising for use in the 

phytoremediation of salinized soils via haloconduction.  

 



 

42 

 

Chapter 3 

Composting of halophyte Phragmites australis following phytoaccumulation of 

chloride from a cement kiln dust (CKD) contaminated landfill 

3.1 Abstract 

Plant and aquatic communities may be negatively impacted by elevated concentrations of 

chloride in areas surrounding cement kiln dust (CKD) landfills. Phytoextraction may be employed to 

remediate these areas using halophytes. The disposal of a resident, but invasive halophyte, Phragmites 

australis (haplotype M), following phytoextraction of chloride near a landfill in Bath, ON ([Cl-]soil = 4730 

± 5980 µg/g; n=100), was explored. After one growing season (May – September 2016), shoots of P. 

australis were harvested and placed in laboratory composters for 12 months. The plant biomass (3720 ± 

150 g) was reduced by 28 ± 6%, and with thorough rinsing of the compost plant material, a 43.7 ± 37.4% 

reduction of chloride could be achieved within the same time period. Composting was repeated outdoors 

at the field site in both closed tumbling composters, and open compost piles where superior chloride 

concentration reductions of 87 ± 6% and 89 ± 8%, respectively were achieved. This is the first study to 

demonstrate that composting of harvested biomass following phytoextraction of salt can be used to 

sustainably manage the plant waste by transforming it into a beneficial and useful product.  

3.2 Introduction 

Soil salinization has increasingly become an environmental issue affecting global soil quality and 

plant productivity. It is estimated that there are 1-10 billion hectares of salt-impacted land worldwide 

(Jesus et al., 2015). Soils can be salinized as a result of primary/natural salinization (from processes such 

as wind and rain) or secondary/anthropogenic salinization (from sources such as agricultural irrigation or 

road salting (Amini et al., 2016; Dehaan and Taylor, 2001)). A significant contributor to anthropogenic 

salinization is the landfilling of cement kiln dust (CKD), a particulate waste by-product mainly comprised 
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of calcite (Adaska and Taubert, 2008; Kunal et al., 2012) Every year, the cement industry produces and 

landfills millions of tons of CKD (Sreekrishnavilasam et al., 2007). Traditional landfills were unlined, 

allowing CKD to leach into surrounding soil and groundwater, negatively impacting plant growth, and 

causing toxicity and nutrient imbalances (Roache et al., 2006).  

Phytodesalinization using salt tolerant halophytes is being explored as a potential remediation 

method. McSorley et al. (2016a) found that a resident, invasive, salt accumulator species, Phragmites 

australis (haplotype M), was successful in phytoextraction of potassium chloride (KCl) at a CKD landfill 

in Bath, ON. This species was able to remove 77 ± 5 kg of chloride from the soil per season (280 ± 164 

g/m2), which was translated to a remediation timeframe of 3-9 years. P. australis is one of the most 

widespread plant species in temperate regions of the world (Achenbach and Brix, 2014). The invasive 

haplotype M, outcompetes native haplotypes due to its aggressive propagation and its ability to maintain 

productivity at higher salinities (Vasquez et al., 2005). Upon successful phytoextraction, contaminated 

plant material must be harvested and disposed of (Sas-Nowosielska et al., 2004). Generally, the plant 

waste is incinerated or deposited in landfills, potentially producing greenhouse emissions and/or 

occupying valuable agricultural land (Zhang and Sun, 2014). As an alternative, selecting plants for their 

ability to phytoremediate a soil followed by their use as economically viable products has been researched 

(Guittony-Philippe et al., 2014; Yensen, 2006; Yensen and Biel, 2006). In the case of halophytes, plant 

waste could be utilized for livestock fodder, fuel, fibre, and even human consumption (Bustan et al., 

2005; Debez et al., 2011; Yensen and Biel, 2006). 

Composting the plant material is also an approach worth exploring as it has been considered an 

environmentally acceptable method to dispose of, and recycle, plant waste (Bryndum et al., 2017). In 

recent studies, the composting of saline biological waste, such as seaweed, has been carried out (Fornes et 

al., 2010; Illera-Vives et al., 2013; Illera-Vives et al., 2015). The composting of P. australis was explored 

by Toumpeli et al. (2015), who found that compost comprised of young shoots of P. australis, in 

combination with 30% animal manure, had the most significant effect on improving soil physicochemical 
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characteristics and led to desirable tomato plant characteristics when applied at a rate of 4% (w/w) in a 

potting experiment.  

The composting of P. australis following the phytoextraction of salt has not yet been reported in 

the literature. This practice would first achieve volume reduction, and second provide potentially high-

quality fertilizer (Chowdhury et al., 2015; Toumpeli et al., 2013). It would however be dependent upon 

the success of removing salt-contaminated leachate from the plant biomass during decomposition. The 

goal of this study is to determine the feasibility of using composting as an alternative disposal method to 

incineration or landfilling of aboveground biomass of P. australis (haplotype M) following a season of 

phytoextraction at a salt-impacted site in Bath, ON, Canada. The specific objectives are: i) to monitor 

mass reduction of plant material during the process of decomposition, and ii) to determine the fate of 

phytoextracted chloride during composting. 

3.3 Materials & Methods 

3.3.1 Site Description 

The study site is located on the Lafarge Cement Manufacturing Plant property in Bath, Ontario 

(76°48’ Long 44°10’ Lat) (Figure 3-1). Cement kiln dust (CKD) was landfilled on the property from 1973 

to 2003 at a rate of ~30,000 tons per year in two approved, but unlined, landfill cells with a total area of 

27.9 ha. To the east of the landfill cells is a lower elevation marshland known as the ‘cliff site’ (~3000 

m2). The cliff site receives drainage from the CKD landfill, resulting in an area of ~1000 m2 that is very 

high in chloride (Cl-) content (4730 ± 5980 µg/g; n=100). In addition, the sodium adsorption ratio (SAR), 

which is an adjusted ratio of sodium ions relative to calcium and magnesium ions, is high (15.4) at the site 

(McSorley et al., 2016a). Prior to the summer of 2014, this site was completely devoid of vegetation. The 

size of this barren area has since been significantly reduced due to assisted revegetation with an already 

resident, but invasive haplotype of P. australis, whose phytoextraction potential was evaluated in 2016 

(McSorley et al., 2016a). Since 2015, P. australis has been managed by regular manual cutting in order to 

allow for complimentary experiments to be conducted at the site (refer to Chapter 4). 
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Figure 3-1 CKD-contaminated site in Bath, ON. Note that the area of P. australis extends beyond the 
borders of the figure. 

3.3.2 Plant Harvest & Compost Process 

In October 2015 following a complete growing season, fifteen 1 m2 plots were selected from the 

existing stands of P. australis on site by ensuring plots represented equal coverage of the site and were 

equidistant from one another (Figure 3-1). Plants in these plots were cut from the base of the shoot (just 

above the soil) and transported to the laboratory at the Royal Military College of Canada (RMCC). Shoots 

were rinsed using deionized (DI) water to remove soil and debris, and were then laid out on clean, plastic 

sheets to air dry (Figure 3-2A). Once dry, shoots were cut into segments 1-3 cm in length and placed in a 

pile, which was then homogenized. This pile was separated into three, ~3.7 kg piles and each pile was 

placed into a corresponding tumbling composter (Algreen Terra dual-batch tumbling composter, 210 

liters) (Figure 3-2B), A, B, and C. DI water was added to each composter to attain a 70% moisture 

content. A standard compost accelerator (Green Earth 100% Natural Compost Accelerator) was added to 

each composter according to package instructions and analyzed via aqua regia digestion by Inductively 

Coupled Plasma – Optical Emission Spectrometry (ICP-OES) (Boss and Fredeen, 1997; US EPA, 2001) 

(Appendix A, Table 3-1). Composter drums were barrel-shaped and were positioned on their sides, 

5 m N

Direction of drainage from CKD landfill
Original plots of P. australis
Harvested P. australis (1m2)

Composters
Compost Piles
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mounted on a rotating axis, allowing for easy turning and aeration (Figure 3-2B). Composters were 

rotated (360°) three times every three days for 370 days and DI water was added to maintain 50-70% 

moisture, as needed. 

 
Figure 3-2 A) P. australis laid out for cleaning and cutting at the laboratory. B) Tumbling compost bins 
(indicated by red arrows). The front bin is open to display interior compost contents. 

3.3.3 Sample Collection & Preparation 

3.3.3.1 Laboratory Composting 

An initial plant sample, as well as monthly compost and compost tea (liquid material produced 

when water is added and plants decompose) samples were collected. A composite sample (~4 g, dry 

weight) was collected from each composter into a weighboat with a gloved hand. Samples were collected 

from the top and bottom surfaces of the composter in the middle of the barrel and on both ends (for a total 

of six sampling areas, which were combined to create the composite sample). Wet weights were recorded 

and samples were then placed in a drying oven at 70 °C. Samples were removed from the oven after 24 

hours, dry weights were recorded, and then samples were ground (via a Steel Wiley Mini Cutting Mill, 14 

x 12 x 11 inches, 115V) and placed in labelled Whirl Pacâ bags and stored in a fridge until analysis. After 

seven months of sampling, the method was modified to include rinsing the plant material to ensure plant 

analyses solely reflected the chloride concentrations held within the plant tissues (as opposed to surface 

contamination). To generate the ‘rinse’ sample, once the compost sample was removed from the 

composter, 25 mL of DI water was added to the weighboat. This mixture was stirred thoroughly with a 

glass rod for ~1 minute. The rinse water was filtered through 15 cm diameter Fisherbrand Coarse Porosity 

A B

BA
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filter paper and glass funnel into a labelled Falcon tube. Another 25 mL of DI water was added to the 

weighboat and stirred for ~1 minute to obtain a total rinsing volume of 50 mL. The tubes were then stored 

in a fridge at 4 °C until analysis. Compost tea was collected by opening a spout at the base of the compost 

drum to allow drainage of ~50 mL of ‘tea’ into labelled Falcon tubes (Figure 3-3). Samples were placed 

in the fridge until analysis. At the conclusion of the experiment, the insides of the compost bins were 

swabbed with 50 cm2 pieces of 80 grade cheesecloth folded in half, sprayed with DI water, to collect any 

residual salt adhered to the plastic. 

 
Figure 3-3 A) Compost tea samples from each tumbling composter. B) Example of a typical ~20 g wet 
weight compost sample before rinsing and oven-drying. 

3.3.3.2 Field Composting 

Composting was carried out at the CKD site during the summers of 2016 and 2017 to determine 

the success of outdoor composting directly at the field site. Three Lifetime brand 190-liter tumbling 

composters (Walmart Canada) were installed on site and P. australis was harvested in May 2016. As 

much as possible, the conditions in the laboratory setup were mimicked at the field site. During each site 

visit (ca. every seven days), the composters were rotated and watered. Larger volumes of water (1-3 L at a 

time) were added to the composters in the field than in the laboratory (100-500 mL at a time) due to less 

frequent visits to the site and to the higher rates of evaporation from being in direct sunlight. The field 

composters had small holes that allowed for ongoing drainage, depending on ambient conditions. The 

compost was sampled as outlined in Section 3.3.3.1. As there was no drainage spout, compost tea was 

sampled by pulling it up through a 10 mL plastic syringe from the bottom of the composter, and then 

transferring it to a labelled Falcon tube. All samples were stored as outlined in Section 3.3.3.1. At the end 

of the field season, the composters were secured and left at the site over winter. 

A B

BA
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3.3.4 Sample Analysis 

All compost samples for both the laboratory and the field were analyzed at the Analytical 

Services Unit (ASU) at Queen’s University. Each compost bin (A, B, and C) was analyzed in triplicate at 

each sampling event. Approximately 0.1 g of dried and ground sample was weighed into a 16 mL glass 

vial and 10 mL DI water was added to each sample. The vials were capped and placed on a horizontal 

shaker at 200 rpm for 1 hour. Samples were then removed from the shaker and allowed to settle before 

being filtered through a 10-mL syringe with 0.45 µm filters. Prior to analysis, conductivity was measured. 

If the conductivity was >200 µSv, the samples were diluted to the appropriate levels using double 

deionized water (DDW). Filtered samples were then analyzed for chloride concentration by ion 

chromatography (IC) with a Dionex HPLC (High Performance Liquid Chromatography) system (ICS 

3000), using an AG4A-SC guard column and an AS4A-SC analytical column. The column flow rate was 

set to 2.0 mL/min. A carbonate/biocarbonate eluent was prepared by diluting 10 mL of a 100x concentrate 

of 1.8 mM Carbonate and 1.7 mM Bicarbonate solution into a 1 L volumetric flask with DDW. Anions 

were detected using a conductivity detector (US EPA, 1993c; Rice et al., 2012). Compost tea and compost 

rinse samples were filtered through a 10-mL syringe with 0.45 µm syringe before being analyzed by IC, 

as described above. Compost rinse samples from the field were not kept for analysis, as the plant material 

was not cleaned and washed prior to placement in the field composters, and hence had soil and debris 

mixed with the compost. Cheesecloth swabs were placed in a 100-mL plastic container with 40 mL of DI 

water and were shaken for 1 minute. Water was set aside and the rinsing method was repeated in triplicate 

for a total rinse volume of 120 mL. A subsample of 50 mL was taken and analyzed via IC as described 

above.  

3.3.5 Quality Assurance & Quality Control 

For all samples, one method blank and one Environment Canada certified reference material 

(CRM), Cranberry-05, were included for each batch of samples that were analyzed by ICP-OES. One 

analytical duplicate was also completed for every 10 samples that were analyzed. The mean relative 
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standard deviation for the duplicate samples was below 2% (n=10). All of the blanks were less than 

detection limits and the calibration check standard was within 10% of the target for the chloride anions. 

The environment Canada CRM Cranberry-05 was within 10% of the target value for all analyses.  

3.3.6 Statistical Analysis 

Statistical analysis of the data was performed using Prism 7 for Mac OS X version 7.0d 

(GraphPad Software, Inc., USA). All data was first tested for normality using the Shapiro-Wilk test, and 

all were normal. The homogeneity of variances for all data was tested using Bartlett’s test and all had 

equal variance. A one-way analysis of variance (ANOVA) was performed separately on the compost, 

compost tea, and compost rinse to determine if the amount of chloride in the plant material, tea, and rinse 

changed over time. All ANOVAs were followed by a post hoc Tukey comparison.  

3.4 Results & Discussion 

3.4.1 Laboratory Composting 

The mean initial mass of the compost material for bins A, B, and C was 3720 ± 180 g with a 

mean final mass of 2650 ± 324 g, part of which was lost due to sampling (60.0 ± 1.4 g). Therefore, there 

was a mean loss of mass due to decomposition over 12 months equating to 1010 ± 156 g or 28 ± 6% 

(Table 3-1). The volume of each of the composters was clearly reduced based on visual observations. This 

percent mass lost due to decomposition is comparable to other values found in the literature (12-34%) 

(Akinbile and Yusoff, 2012; Breitenbeck and Schellinger, 2004). The DI water that was added to the 

composters had a chloride concentration of 1.1 ± 0.7 µg/mL. 

Table 3-1 Mass of compost material before (Jan. 07/16) and after (Jan. 12/17) decomposition. 

Composter 
Initial 
Mass 

(g) 

Final 
Mass 

(g) 

Mass Removed 
due to Sampling 

(g) 

Mass Lost Due to 
Decomposition 

(g) 

% Mass Lost 
Due to 

Decomposition 
A 3720 2740 61 919 25 
B 3540 2290 60 1190 34 
C 3900 2920 58 922 24 

Mean 3720 ± 
180 

2650 ± 
324  60 ± 1.4 1010 ± 156 28 ± 6 
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Note that due to time constraints, P. australis was not sampled (and harvested for placement into 

the composters) in mid-August, which McSorley et al. (2016a) determined was the optimal harvesting 

time to ensure high phytoextraction efficiency (1.2 x 104 ± 2.8 x 103 µg/g). It was instead sampled in early 

October at which time it had a shoot concentration of 7.0 x 103 ± 1.0 x 103 µg/g, which is comparable to 

the optimal phytoextraction concentrations, despite the variation in harvesting time.  

Compost material had a mean initial chloride concentration of 7000 ± 820 µg/g. The mean final 

chloride concentration was 11200 ± 1650 µg/g, which is significantly different from the initial 

concentration (p < 0.005) (Figure 3-4). The chloride concentration was multiplied by the mass of compost 

to obtain the mean initial mass of chloride (26.0 ± 2.7 g), and the mean final mass of chloride (29.7 ± 5.4 

g), which were not statistically different from one another.  

As the structure of the plant material decomposes, the chloride would be expected to leach out of 

it and into the liquid material referred to as ‘compost tea’. However, despite visually obvious 

decomposition, the compost tea [Cl-] did not change significantly over time and ranged from ~800 µg/mL 

– 2500 µg/mL (Appendix A, Figure A-3). For this reason, the effect of rinsing the plant material prior to 

chloride extraction from the tissues was investigated. Rinsing the compost resulted in a significant 

amount of chloride being removed from the surface of the plant material (Table 3-2). For example, in 

November 2016, unrinsed compost had a concentration of 13100 ± 1200 µg/g, while the rinsed compost 

had a concentration of 4410 ± 835 µg/g, a reduction of 66%. Note that the percent reduction in chloride at 

earlier time points is ~30% and then increases to ~65% at later time points. An unpaired t-test determined 

that the longer the compost decomposes, the more efficient rinsing is at removing chloride (p = 0.02). 

Overall, it is expected that rinsing the compost material would significantly increase chloride removal. 

With rinsing, an average of 49 ± 18% of the chloride was removed from the plant material (Table 3-2). 

This would result in a mass of 14.7 ± 6.9 g of chloride to be removed, hence a final mass of 11.3 ± 8.3 g 

of chloride and an overall reduction of 43.7 ± 37.4%. 
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Table 3-2 Comparison between [Cl-] of unrinsed and rinsed compost plant material. 

Sampling Month [Cl-] Unrinsed 
Compost (µg/g) 

[Cl-] Rinsed Compost 
(µg/g) 

% Cl- Removed via 
Rinsing Method 

July 2016 10300 ± 350 7350 ± 656 29 
September 2016 10900 ± 551 6820 ± 451 37 
November 2016 13100 ± 1200 4410 ± 835 66 
January 2017 11200 ± 1650 4240 ± 360 62 
Mean 11400 ± 2130 5700 ± 1210 49 ± 18 

 

A mass balance was calculated by monitoring the chloride concentration of the plant material, 

compost tea, and compost rinse over time, as well as by estimating the overall mass reduction of the plant 

material and the chloride that would have been rinsed from the compost at the end of the experiment. At 

the completion of this experiment all of the initial chloride was accounted for (Figure 3-4). One hundred 

percent of the chloride was initially held in the plant material. At the end of the experiment, 36.4% of the 

chloride was still held in the plant material, 58.8% in the compost rinse, 3.3% in the compost tea, and 

1.5% was swabbed from the interior of the plastic compost bin. Clearly, rinsing the compost material is 

an important factor in removing chloride leachate from the final compost product. 

 
Figure 3-4 Initial and final percent distribution of chloride. 
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3.4.2 Field Composting 

In combination with three field compost bins (Figure 3-5A), two open compost piles (Figure 3-

5B) were established in July 2016 to determine whether they could be a feasible (and more cost-effective) 

option to manage the P. australis at this particular CKD site. Note that the area of the site that both the 

tumbling composters and the open compost piles are situated on is 6 m2, and makes up only 0.4% of the 

total area of the cliff site. Hence, any chloride being washed and rinsed from the compost piles and the 

tumbling composters due to ongoing drainage is being concentrated onto a very small area of soil. In 

order to completely contain this ‘runoff chloride’, a berm could be constructed around the 3 m2 area. 

Berms have been constructed around tidal marshes in New England (Mora and Burdick, 2013). 

3.4.2.1 Compost Bins 

The mean initial concentration of chloride in the field compost bins (Figure 3-5A) was 4990 ± 

1720 µg/g (May 2016), and hence is not significantly different than the initial concentration of the 

compost in the laboratory (p = 0.15). The two sets of compost can therefore be directly compared. At the 

end of the 2016 field season, the chloride concentration in the field composters was significantly lower 

(1850 ± 609 µg/g) than at the start of the field season (p < 0.05) (Figure 3-5C). The increase in 

concentration of chloride in May 2017 (6670 ± 949 µg/g) is likely caused by a lack of rinsing overwinter, 

as seen in the laboratory composting experiment. Overall, the concentration of chloride in the field 

composters decreased significantly to 582 ± 102 µg/g in September 2017 (p < 0.0005). This translates to a 

significant reduction of 87 ± 6% in the mean chloride content of the compost in the field. The compost tea 

from the field composters had a consistent concentration of approximately 200 µg/g, with the exception 

of July 2016 (647 ± 29 µg/g) and September 2016 (744 ± 46 µg/g) (Figure 3-5C). Tea concentrations in 

the field were all lower than those in the laboratory. Again, this is likely due to the composter design and 

the volume of water the field compost was flushed with, both of which allowed for chloride to leach out 

of the plant material and composters.  
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3.4.2.2 Open Compost Piles 

The open compost piles had an initial chloride concentration of 5040 ± 779 µg/g and experienced 

a similar trend to the field composters with a significant decrease in chloride at the end of the field season 

(2380 ± 825 µg/g) (Figure 3-5D). The concentration of chloride in May 2017 was not significantly less 

than that of September 2016 (2240 ± 704 µg/g), but a final concentration of 536 ± 313 µg/g in September 

2017 was achieved (p < 0.05) for a total decrease in chloride of 89 ± 8%.  

The positive results obtained from both on-site composting techniques would allow for the 

management of plant waste following phytoextraction via composting to take place on site. Furthermore, 

the open compost piles, which require fewer resources, are an effective means of leaching chloride from 

P. australis plant waste following the phytoextraction of salt from this site. The enhanced chloride 

reduction in the field in both the field composters and open compost piles is likely due to their exposure 

to direct sunlight. The field season of 2016 was unseasonably warm and humid, allowing temperatures in 

the composter to rise >40 °C and aiding the process of decomposition. At the CKD site, the compost bins 

and open compost piles are still ongoing and will continue alongside a larger compost pile that was 

established by cutting 412.7 m2 of P. australis in the fall of 2017.   

When applied as fertilizer, compost provides a source of organic matter and improves soil 

characteristics (Onwosi et al., 2017). The average soil has a chloride concentration of ~100 µg/g (Xu, et 

al., 1999). It may be possible for the compost in its current state to be applied as fertilizer if it is first 

diluted (as chloride is a micronutrient in the environment) (Broyer et al., 1954). The application of the 

final compost product back onto the site could also be explored, as the reclamation of saline-sodic soils 

via compost amendments has been proven in the literature. One study showed that the remediation of 

saline-sodic soils via amendments, such as composting (and the combination of other amendments), is a 

cheap and sustainable option that allows for the significant decrease of EC, pH, and SAR of saline-sodic 

soils sampled from California (Chaganti et al., 2015). Based on the rate of decomposition and chloride 
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reduction observed to date, we estimate that the field compost in this study will reach background 

chloride levels by August 01, 2018. 

 
Figure 3-5 A) Tumbling composters (190-liter) installed at the CKD site on May 31, 2016. B) Open 
compost piles at the CKD site on June 01, 2017 after ~11 months of decomposition (including 
overwintering). C) Graph is a combination of the chloride concentration of compost material (µg/g) and 
compost tea (µg/mL) in the field. Significant differences are represented by lowercase letters (compost) 
and uppercase letters (compost tea). D) Chloride concentration of open compost piles at the CKD site. 
Significant differences are represented by lowercase letters. 

3.4.3 Future Research 

In future research, introducing materials such as nitrogen-rich animal manure into the composters 

could be undertaken to maintain an appropriate C/N ratio (Bryndum et al., 2017; Guo et al., 2012; 

Toumpeli et al., 2013). Once decomposition of plant matter is achieved, alternate leaching techniques 

could be applied to the saline compost to further leach chloride from the material. Illera-Vives et al. 

(2015) determined that, when managing a saline compost, column leaching and saturation leaching were 
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efficient in removing 90 and 91% salt content (Na+, Cl-, inorganic N, SO4
2-, and K+), respectively. Either 

of these methods could be adapted to this research, as both were able to decrease the salt content of the 

compost substrate significantly. A rinsing method that is not water-intensive would be ideal, to minimize 

water input and the volume of rinse water produced.  

Similar to compost, compost tea and leachate generated from the rinse can be utilized in place of 

commercial fertilizers for agricultural application. Tejada et al. (2008) found that two leachates were able 

to positively influence tomato plant height as well as the quality of the fruit obtained. If necessary, the 

leachate could be treated to remove undesirable chemicals or could be diluted to reduce the concentration 

of excess salts or specific nutrients (Gils et al., 2005; Romero et al., 2013). Nutrient deficiencies could 

also be addressed by fortifying the leachate with specific nutrients. Jarecki et al. (2005) found that 

unamended leachate from a saline compost did not provide sufficient nutrition to marigolds and tomatoes 

grown via hydroponics, but when amended with N and P, results were more promising. Experimental 

evidence suggests that compost leachate may also be utilized to suppress plant disease as an alternative to 

chemical treatments (Illera-Vives et al., 2015; Scheuerell and Mahaffee, 2002). Finally, compost 

leachates could also be treated for recovery and recycling of the nutrients that they contain (Illera-Vives et 

al., 2015). 

Due to the potential of excess salts, as a precaution, the leachate obtained from the composting of 

high salinity P. australis could be applied in an agricultural setting to crops of salt tolerant species and 

should be used in low-risk situations (e.g., on soils with good infiltration capacity) to avoid salinization 

(Gils et al., 2005; Illera-Vives et al., 2015). Based on the comparisons of compost leachates to 

commercial fertilizers, the former show promise as a marketable fertilizer product for the agricultural 

sector (Gils et al., 2015; Romero et al., 2013; Tejada et al., 2008). It may also be possible to use compost 

leachate for osmohardening (Farooq et al., 2006), also known as halopriming (Iqbal and Ashraf, 2007), 

which is the treatment of soaking seeds in saline solutions prior to sowing. This potentially induces salt 

tolerance, improves germination, allometric attributes, and seedling establishment, and enhances crop 
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yield (Ashraf and Rauf, 2001; Cayuela et al., 1996; Iqbal and Ashraf, 2007; Sadeghi and Shekafandeh, 

2015). Iqbal and Ashraf (2007) showed that when KCl was used as a priming agent, it significantly 

reduced shoot Na+, improved plant height of two spring wheat cultivars (MH-97 and -91), and improved 

the number of fertile tillers per plant and the number of grains per ear under saline conditions. This is of 

particular interest to the current study as K+ and Cl- are the dominant ions in the soil at the CKD site in 

Bath, ON. 

3.5 Conclusion 

The confirmation of mass and chloride reduction of the CKD plant waste following 

phytoextraction of salts is promising for future management practices of P. australis at this, and 

potentially other CKD, sites. Rinsing experiments indicated that this is an important step in removing the 

chloride from the plant material. We calculate that the field composters and the outdoor compost piles 

would require an additional ~60 days of decomposition to achieve a total reduction of ~98%. Outdoor 

decomposition is recommended as it is less labour intensive than transporting aboveground biomass away 

from the site of contamination, while still allowing for a faster rate of chloride leaching than indoor 

laboratory composting.  

By harvesting P. australis during a period of optimal phytoextraction, we can simultaneously 

remediate the salt-impacted soil at this site and eradicate the population of the invasive M haplotype of P. 

australis over a period of 3-9 years. Native species could therefore establish themselves in its place, 

providing natural habitat and biodiversity. Composting is not only a more sustainable option than 

alternative waste management practices, but also more cost effective. The mass/volume of contaminated 

plant waste is reduced and transformed into a beneficial product that can then be applied to soils as 

fertilizer, that encourages plant growth and healthy soil structure. One criteria for sustainability is to 

enhance the opportunities and capabilities of future generations to live sustainably (Gibson, 2006). 

Composting plant waste following the phytoextraction of salt ensures that this is fulfilled by restoring 

arable land and vegetation and yields an environmentally friendly product. 
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This is the first study to demonstrate that by composting the harvested biomass following 

phytoextraction of salt, we can sustainably manage the plant waste by transforming it into a beneficial and 

useful product. 
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Chapter 4 

Phytoremediation of a cement kiln dust (CKD) contaminated landfill using 

recretohalophytes and haloconduction 

4.1 Abstract 

Halophytes are salt tolerant plants, and are hence appropriate for the phytoremediation of salt-

impacted sites. Recretohalophytes employ specialized salt glands that excrete salt ions onto their stem and 

leaf surfaces where they then have the potential to be transported away from the plant via wind transport 

in a process referred to as haloconduction. Spartina pectinata and Distichlis spicata were selected to 

remediate a cement kiln dust (CKD) landfill in Bath, ON via excretion and haloconduction. Under ideal 

conditions in the laboratory, measurements of salt excreted by large plants of S. pectinata and D. spicata 

were 280 ± 164 g/m2 and 164 ± 75 g/m2, respectively, resulting in a remediation timeframe of 1.4 ± 0.9 

and 2.4 ± 1.1 years. Under field conditions, measurements of salt excreted by S. pectinata and D. spicata 

were lower due to suboptimal conditions, resulting in remediation timeframes of 8.8 ± 4.3 years and 8.1 ± 

14.6 years.  

Method development of three windborne salt collection methods (columns, cheesecloth mounts, 

and dustfall samplers) were undertaken. Each of these were installed in the field to test their efficacy for 

capturing and measuring windborne salt, to potentially confirm the theory of haloconduction, and 

determine if this mechanism would be feasible for the phytoremediation of salt at this CKD site. There 

was no significant difference in the amount of salt collected by the columns (137000 ± 72200 µg), and 

cheesecloth mounts (S. pectinata = 130000 ± 31700 µg; D. spicata = 92500 ± 23500 µg) installed 1 m 

from the plot, whereas the dustfall sampler (7970 ± 1450 µg) collected significantly less salt than the 

cheesecloth mount (28900 ± 9400 µg) installed at a comparable distance. Results indicate that 

phytoremediation of salts via recretohalophytes and haloconduction is occurring at the site.  
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4.2 Introduction 

Soil salinization threatens ~7% of the world’s land surface and is an expanding environmental 

problem that can be caused by natural or human activities (Hasanuzzaman et al., 2014; Li et al., 2014; 

Wakeel, 2013). Salinity affects not only plant function and health, but also the health of aquatic 

communities (Li et al., 2014). With an expected global population increase of more than two billion by 

2050, the significant negative impact that salts have on agricultural production and crop yields must be 

addressed in order to mitigate soil degradation and the loss of agricultural land due to salinity.  

In many cases of soil salinization, the main ion of concern is sodium (Na+) due to its effect on soil 

structure, and its competition with potassium (K+) in plant functions and uptake (Karadag et al., 2016; 

Wakeel, 2013). Chloride (Cl-) toxicity is also associated with saline conditions, as Na+ and Cl- commonly 

occur in the soil together. At low concentrations, chloride is a micronutrient for optimal plant growth, but 

can be introduced into the soil environment in high, toxic quantities in many different ways, including via 

leaching from cement kiln dust (CKD) landfills. CKD is a particulate waste by-product of the cement 

manufacturing process, and where it has been landfilled, remediation may be required. In some CKD-

contaminated soils, highly elevated concentrations of the plant macronutrient, potassium, allow the soil to 

maintain a high K+/Na+ ratio (McSorley et al., 2016a; McSorley et al., 2016b). This unusual soil 

composition results in KCl as the salt of concern.  

As an alternative to costly and resource-intensive excavations, chemical amendments, or flushing 

of the soil, phytotechnologies using halophytes (salt-tolerant plants) have been considered as low cost, in 

situ, and sustainable options for remediation of salinized soils (Alharby et al., 2014; Devi et al., 2016; 

Farzi et al., 2017; Feng et al., 2014; Jesus et al., 2015; Jlassi et al., 2013; Muchate et al., 2016; Oi et al., 

2012; Oi et al., 2014; Rozema et al., 2016; Schmer et al., 2012; Tan et al., 2013). Phytoremediation of 

saline soils via halophytes is considered sustainable due to: (i) their potential use for the development of 

salt-resistant staple crops (Bui, 2013; Galvani, 2007; Li et al., 2014); (ii) their ability to act as substitutes 

for conventional crops (food, fuel, fodder, fibre) (Debez et al., 2011; Hasanuzzaman et al., 2014, Amini et 
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al., 2016; Manousaki and Kalogerakis, 2011; Qadir and Oster, 2004); and (iii) their ability to tolerate 

other contaminants, and environmental stressors such as cold, heat, and drought (Manousaki and 

Kalogerakis, 2011). Halophytes are hence well-suited for remediation of multiple contaminants in 

marginalized soils (Liang et al., 2016), which encourages economic, social, and environmental 

sustainability (Qadir and Oster, 2004). Halophytes make up only ~1% of the world’s terrestrial flora and 

utilize a variety of mechanisms to tolerate high salinity environments (Flowers and Colmer, 2008). The 

mechanism employed by ‘recretohalophytes’ involves the use of specialized salt glands to excrete salts 

onto the plant’s stem and leaf surfaces in processes that are not yet fully understood (Dassanayake and 

Larkin, 2017). Yensen and Biel (2006) theorized that wind could continuously mobilize excreted salts 

from recretohalophytes into the air and move them away from a site of contamination to areas of lower 

salt concentration. Their proposed theory of ‘haloconduction’ has yet to be demonstrated in the scientific 

literature. 

The aim of this study is to evaluate the validity of the theory of haloconduction, and the efficacy 

of its use as a remediation technique at an industrial cement plant where CKD was landfilled over a 

period of 30 years. Several studies have explored the structure and function of salt glands (Barhoumi et 

al., 2015; Ceccoli et al., 2015; Dassanayake and Larkin, 2017; Feng et al., 2014; Oi et al., 2014; Yuan et 

al., 2016), but salt excreted by recretohalophytes has never been measured under field conditions. Some 

promising preliminary results were shown by McSorley et al. (2016b), when they explored the potential 

for S. pectinata to remediate salinized soils in laboratory experiments using soil from the same site as this 

study. S. pectinata (prairie cordgrass) was therefore selected for further work at this site, in addition to 

another recretohalophyte, Distichlis spicata (inland saltgrass). Sea salt aerosol collection methods were 

investigated and adapted to establish new collection methods. The specific objectives were to: (i) carry 

out salt excretion measurements in a laboratory setting, (ii) apply these same salt excretion measurements 

in a field setting, (iii) develop salt collection methods to measure the transport of windborne excreted salt 



 

61 

 

in the field, and (iv) use the collected data to determine if haloconduction is occurring at the Lafarge CKD 

site in Bath, ON. 

4.3 Materials & Methods 

4.3.1 Site Description 

The study site is located on the Lafarge Cement Manufacturing Plant property in Bath, Ontario 

(76°48’ Long 44°10’ Lat). Bath, Ontario is located in the Mixedwood Plains Ecozone and is underlain by 

limestone throughout the area. Its proximity to Lake Ontario contributes to the moderate humid 

continental climate with warm, humid summers, cold winters, and consistent wind and precipitation from 

a lake effect throughout the year (Government of Canada, 2017). CKD was landfilled on the plant 

property from 1973 to 2003 at a rate of approximately 30,000 tons per year in unlined landfill cells of 

27.9 ha in total. To the east of the landfill is a lower elevation marshland known as the ‘cliff site’ (~3000 

m2) which receives drainage (Figure 4-1) from the CKD landfill, resulting in an area of ~1000 m2 that is 

high in chloride (Cl-) content (4730 ± 5980 µg/g; n=100, with a sodium adsorption ratio (SAR) (adjusted 

ratio of sodium ions relative to calcium and magnesium ions) of 15.4), and was previously completely 

devoid of vegetation. Water from the site drains eastward into Bath Creek and then flows into Lake 

Ontario. In 2015 and 2016 several experimental plots of Spartina pectinata and Distichlis spicata were 

established in the northeastern section of the site (Figure 4-1) following the success of preliminary 

laboratory work completed with S. pectinata and salt excretion (McSorley et al., 2016b). 
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Figure 4-1 CKD-contaminated site in Bath, ON. Plots are either 1 x 1 m or 2 x 1 m. Plots were 
established between June 2013 and June 2016. Most experimentation was completed on the 1 x 1 m plot 
of S. pectinata, shown in red, and 1 x 2 m plot of D. spicata, shown in blue, located in the top right of this 
image. 

4.3.2 Plant Propagation 

Plugs of S. pectinata seedlings (eight weeks old) were obtained from Norview Gardens Ltd. in 

Norwich, Ontario, and were transplanted (one plant per pot) into high salinity (7000-16000 µgCl-/g) CKD-

contaminated soil from site in the greenhouse facility at the Royal Military College of Canada (RMCC). 

Five kilograms of D. spicata seeds were donated to the RMCC by Brett Young, a seed production and 

distribution company based out of Calmar, Alberta. The seeds were germinated (by submerging seeds in a 

petri dish of tap water and leaving them for 7-10 days on an undisturbed shelf) and then transplanted into 

potting soil and seedling trays. Once they were approximately five inches in height (~60 days), they were 

transplanted into high salinity CKD-contaminated soil from the site and were grown in the greenhouse 

facility at RMCC. From September 2014 to September 2016, this process was repeated five times to 

expand the quantity and range of ages of both halophyte species.  
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4.3.3 Quantification of Salt Excretion by Recretohalophytes in the Laboratory 

In September 2016, three small (<5 shoots of ~15 cm in height), three medium (6-15 shoots of 

~30 cm in height), and three large (>15 shoots of ~50 cm in height) plants of each species were selected 

from the greenhouse. These plants were placed on a plant stand with the sides covered by plastic wrap (to 

reduce physical disturbances) and grown under a 12 h fluorescent photoperiod for one week. The 

temperature and humidity ranged from 15-25 °C and 55-65%, respectively. Plants were carefully removed 

one at a time to avoid disturbing any excreted and accumulated salt on the surface of the plant. They were 

then inverted into Ziploc bags and rinsed with deionized (DI) water to remove excreted salt. The volume 

of water used to rinse each plant was recorded so that the total mass of chloride collected could be 

calculated. Bags were sealed and stored in a fridge at 4 °C until analysis. Plants were not harvested 

following salt rinsing. Instead, plants of a similar size were harvested by cutting at the base of their shoots 

to determine mass at a later date. Based on these measurements, the following masses were assigned to 

the plant categories: S. pectinata – small = 0.6 ± 0.2 g (n=8); medium = 7.2 ± 1.2 g (n=8); large = 21.1 ± 

4.8 g (n=8); D. spicata – small = 0.4 ± 0.1 g (n=6); medium = 3.6 ± 0.7 g (n=6); large = 10.5 ± 1.9 g 

(n=6) (Appendix B, Table B-2).  

Analysis was completed at the Analytical Services Unit (ASU) at Queen’s University. A 

subsample of 10 mL was placed in a glass test tube before being analyzed via ion chromatography (IC) 

with a Dionex HPLC (High Performance Liquid Chromatography) system (ICS 3000), using an AG4A-

SC guard column, an AS4A-SC analytical column, and a conductivity detector. The column flow rate was 

set to 2.0 mL/min. Prior to analysis, conductivity was measured. If the conductivity was measured at 

>200 µSv, the samples were diluted to the appropriate levels using double deionized water (DDW). A 

carbonate/biocarbonate eluent was used by diluting 10 mL of a prepared 100x concentrate of 1.8 mM 

Carbonate and 1.7 mM Bicarbonate solution into a 1 L volumetric flask with DDW (US EPA, 1993c; 

Rice et al., 2012). 
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The following calculation was used to determine the mass of salt (Cl-) that could be theoretically 

extracted from the site by the recretohalophytes (adapted from McSorley et al., 2016a):  

Mass of chloride removed per harvest (kg) = (Cl Excretion x Time x Biomass x Area) / Conversion 
Factor 
Cl Excretion = mean chloride concentration excreted per gram of plant in one week (µgCl-/g) 
Time = number of weeks plants are excreting in one year  
Biomass = maximum shoot biomass per square meter (from literature) (g/m2) 
Area = total chloride-contaminated area (1175 m2) 
Conversion Factor = 1.0 x 109 (to convert from µg to kg) 

4.3.4 Quantification of Salt Excretion by Recretohalophytes in the Field 

To assist with determining the quantity of salt excretion by each plant species in the field, 

miniature greenhouses (122 cm x 122 cm x 88 cm; PVC Soft-Sided Greenhouse Kit from Canadian Tire) 

were obtained and installed simultaneously over one in situ plot of D. spicata and one of S. pectinata 

from May 26, 2017 – September 15, 2017. Greenhouse vents were opened and closed strategically to 

moderate the temperature inside the greenhouses. Earlier in the season, shoots of S. pectinata and D. 

spicata were ~30 cm and ~15 cm in height, respectively, while later in the season, shoots of S. pectinata 

and D. spicata were ~100 cm and ~40 cm in height, respectively. Each week, triplicate shoots were 

carefully cut at the base of the shoot, placed in a labelled Whirl-PakÒ bag, and transported to the RMCC 

laboratory. Individual measurements of temperature (°C), wind speed (m/s) and wind direction (°) were 

recorded during each visit. Weekly data was obtained from the Government of Canada Historical Climate 

Data, which was measured from a nearby station (Government of Canada, 2017). Mean temperatures 

were calculated by averaging the daily values during the experiment. The ideal conditions for salt 

excretion were determined to be 15-25 °C, and a humidity of 55-65% via visual observations and 

experimentation. Due to seasonally higher than normal levels of precipitation, high humidity, and 

wet/flooded conditions at the site (Figure 4-2), some trials were omitted from collection. The samples that 

were included in analysis were collected on June 1, and 22, July 6, and 20, August 10, and 31, and 

September 7, for a total of seven trials.  
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Figure 4-2 Plot of S. pectinata (2 x 1 m) with miniature greenhouse installed. Note the wet/flooded 
conditions, as this photo was taken on June 08, 2017. 

 

Each sample bag was opened and 15 mL of DI water was added. The bag was closed and shaken 

to thoroughly rinse the shoot and inside surface of the bag in order to dissolve all salt present. The rinse 

water was poured into a labelled FalconÔ 50 mL Conical Centrifuge Tube and stored in the fridge until 

analysis. The bag and sample were rinsed two more times for a total DI water volume of 45 mL. A 

subsample of 10 mL was then filtered through a 10-mL syringe fitted with a 0.45 µm filter tip before 

being analyzed for ion chromatography (IC) as described in Section 2.2. Total mass of chloride collected 

was calculated by multiplying the concentration of Cl- (µg/mL) by the volume of water used to rinse each 

plant (mL). 

4.3.5 Windborne Salt Collection Methods in the Field 

In order to investigate the transport of excreted salts in the field, three collection methods: i) 

columns, ii) cheesecloth mounts, and iii) dustfall samplers were designed, constructed, deployed, and 

assessed for their ability to measure windborne excreted salt.  

4.3.5.1 Columns 

Acrylic pipe with a diameter of four inches was cut into various heights (7 (17.8 cm), 10 (25.4 

cm), and 14 (35.6 cm) inches). These were then secured to a small, square base of cast acrylic sheet to 

create collection columns (Figure 4-3A). The columns, filled with 250 mL DI water, were deployed at a 
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distance of 1 m from the four edges of a 1 m2 plot of S. pectinata (NE, NW, SE, SW) with a column of 

each of the three heights on each side (Figure 4-3B). Collection time was one week for all trials. The 

amount of water in each of the columns at the end of the trial was highly variable depending on the 

amount of precipitation/evaporation that occurred. The water in each of the columns was poured into a jar 

and each column was rinsed three times with a total of 50 mL DI water. The jars were sealed and 

transported to RMCC for storage in a fridge at 4 °C until analysis. This method was repeated for a total of 

four trials. Analysis for all samples was completed at ASU at Queen’s University. The sample volume in 

the columns was recorded. A subsample of 10 mL was filtered through a 10-mL syringe with a 45 µm 

filter tip before being analyzed via IC as described in Section 2.2. This same method was completed for 

samples collected in Sections 2.4.2 and 2.4.3. 

 
Figure 4-3 A) Schematic of collection columns. B) Collection columns set up around a 1 x 1 m plot of S. 
pectinata. Note the growth of additional shoots on the SW side of the plot. C) A closer look at the 
deployed collection columns. 
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4.3.5.2 Cheesecloth Mounts 

Prior to the deployment of cheesecloth mounts, the site was covered with a landscape fabric 

barrier to limit the influence of soil on the samples collected. Acrylic stands were constructed to hold 576 

cm2 (24 x 24 cm) sheets of cheesecloth at an adjustable angle (Figure 4-4). This method was adapted from 

that of Lomas and Gat (1967), who first utilized to collect and measure the impact of sea salt aerosol on a 

coastal orange grove near Netanya, Israel. Cheesecloth (80 grade, threadcount = 40 x 32 threads/inch) 

was purchased from Nusso Textiles in Toronto, Ontario, and cut into 576 cm2 sheets. Two sheets of 

cheesecloth were initially secured with tape (Figure 4-4A), but later using all-plastic clothespins (Figure 

4-4B). This allowed the window of cheesecloth to capture any airborne salt from the plots. Four 

cheesecloth mounts were placed 1 m from the edge of each plot in all four directions (NW, NE, SW, and 

SE), and these were left for a period of one week (Figure 4-5). Samples were collected by carefully 

removing the cheesecloth without disturbing the accumulated salt, folding it in on itself and placing it in 

labelled Whirl-Pakâ bags for transportation to RMCC. All samples were stored in a fridge until analysis. 

This method was repeated in triplicate for a plot of both S. pectinata and D. spicata, and at a distance of 

two and three meters away from the edge of each plot for a total of 81 samples (Figure 4-5). 

 
Figure 4-4 Cheesecloth mount (24 x 24 cm). A) Initial mount setup with tape in the field, 1 m from the 
edge of a plot of D. spicata. B) Revised mount setup using all-plastic clothespins. 

A B
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Figure 4-5 Schematic of the experimental setup for the cheesecloth mounts. Sample locations for all trials 
are shown in the figure. For each trial, four mounts were placed equidistant from the edges of the plots for 
a period of one week. Each distance was completed in triplicate.   

 

After one week, each sample was carefully placed into a 1-L Mason jar. The Whirl Pakâ bag was 

rinsed in triplicate with 20 mL DI water and this water was poured into the Mason jar with the 

cheesecloth. An additional 40 mL was added to the Mason jar for a total volume of 100 mL DI water. The 

jar was sealed and then manually shaken for one minute. The rinse water was then poured into a 

collection vessel and all water was extracted from the cheesecloth. The cheesecloth was rinsed two more 

times with 100 mL and shaken for 1 minute for a total of 300 mL and three minutes of shaking.  

4.3.5.3 Dustfall Samplers 

Three dustfall samplers were obtained from Environment Canada (American Society for Testing 

Materials, 2010) (Figure 4-6a). They were placed on metal poles, positioned ~260 cm above the ground at 

three locations on the edge of the site (Figure 4-6b). Plastic bags filled with 500 mL DI water were 

secured in the middle of the dustfall samplers and were left for ~30 days at a time according to the 

standardized method (American Society for Testing Materials, 2010). To sample, the bags were carefully 

1 m 2 m 3 mplot
(1 m x 1 m)

cheesecloth mounts

NW
315°

NE
45°

SW
225°

SE
135°
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removed, sealed, and transported back to RMCC. Dustfall sampling was repeated over the course of two 

field seasons a total of nine times (n=3). During the end of the second field season, the dustfall samples 

were installed at a height of ~200 cm above the ground at the same locations to determine whether height 

played a role in salt collection. Field blanks were obtained by setting each sampler in position for one 

minute and then taking them down for analysis to determine atmospheric chloride.  

 
Figure 4-6 a) Environment Canada dustfall samplers b) installed at 3 locations (A, B, C) on site.   

4.3.6 Quality Assurance & Quality Control 

For all samples, one method blank and one Environment Canada certified reference material 

(CRM) Cranberry-05 were included for each batch of samples that were analyzed by ICP-OES. One 

analytical duplicate was also completed for every 10 samples that were analyzed. The mean relative 

standard deviation for the duplicate samples were all <2%. All of the blanks were less than detection 

limits and the quality control standard was within 5% of the target. The chloride concentration for the 

environment Canada CRM Cranberry-05 was within 10% of the certified value for all analyses. 

4.3.7 Statistical Analysis 

Statistical analysis of the data was performed using Prism 7 for Mac OS X version 7.0d 

(GraphPad Software, Inc., USA) and SPSS (Statistical Package for the Social Sciences) Statistics Version 

24 (IBM Analytics, NY, USA). All data was first tested for normality using the Shapiro-Wilk test. Before 

a two-way analysis of variance (ANOVA) was performed, the data homogeneity of variances was tested 

A

B

C

a b
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with Levene’s test. The two-way ANOVAs were conducted to determine (i) how plant size and plant 

species affect the amount of salt collected in the laboratory salt quantification trials, (ii) how plant species 

and time of sampling affect the amount of salt collected in the field salt quantification trials, and (iii) if 

there was a significant difference between the total potential salt collected by each of the collection 

methods. This analysis was then followed by a post hoc Tukey comparison. Multiple regression analyses 

were completed to determine the ability of the dependent variables to predict the mass of chloride 

collected: (i) from plant rinsing in the field, (ii) by the columns, (iii) by the cheesecloth mounts, and (iv) 

by the dustfall samplers. A two-way analysis of covariance (ANCOVA) was performed to determine: (i) 

the effect of distance from the plot and plant species on the mass of salt collected by the cheesecloth and 

(ii) the effect of dustfall sampler location and date of sampling on the mass of salt collected by the 

dustfall samplers, while controlling for weather covariates that may have influenced salt collection. A t-

test was conducted to compare the amount of salt collected by the columns and the cheesecloth mounts.  

4.4 Results & Discussion 

4.4.1 Salt Excretion by Recretohalophytes in the Laboratory  

No data currently exists regarding optimal conditions for salt excretion by recretohalophytes in 

temperate ecozones. Hence, prior to measuring salt excretion, plants were visually observed at the RMCC 

greenhouse facility from Summer 2015 – Summer 2016 under various conditions. Salt excretion increased 

when conditions included a longer photoperiod, encouraging higher plant productivity/health. Humidity 

in the greenhouse fluctuated but was generally above 50%. When humidity exceeded 70%, visual 

observations of sap-like excretions, rather than discreet salt crystals, were consistently observed on the 

stem and leaf surfaces, which is not ideal for haloconduction.  

Salt excretion was measured by rinsing small, medium, and large plants of S. pectinata and D. 

spicata in triplicate under optimal conditions. The amount of salt excreted by the large S. pectinata plants 

was significantly higher than all other plant and size categories (p < 0.05) (Figure 4-7).  
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Figure 4-7 Mass of chloride (µg) in water after rinsing stem and leaf surfaces of small (n=3), medium 
(n=3), and large (n=3) for both S. pectinata and D. spicata plants after one week of salt accumulation. 
Significant differences are represented by lower case letters. 

The mass of chloride excreted per gram of plant tissue over one week was calculated (Table 4-1). 

For both plant species, the larger the plant, the more efficient the plants were at excreting salt, although 

this was only significant for S. pectinata (p < 0.04). The values reported for both plant species are higher 

than those reported by McSorley et al. (2016b), which had a lower mean mass.  

Table 4-1 Mean weekly Cl- excretion on the stem and leaf surfaces of S. pectinata and D. spicata per 
gram of plant mass.  

Plant Species Excretion per plant (x103) (µg/g) dry weight per week 
Small Medium Large 

S. pectinata 3.4 ± 2.2a 4.3 ± 2.4ab 22.8 ± 13.6b 
D. spicata 7.1 ± 4.6ab 8.2 ± 4.3ab 13.6 ± 6.2ab 

*Values were calculated based on average biomass for each size category. 
*Lowercase letters indicate significant differences (p < 0.05). 
 
The phytoextraction potential of S. pectinata and D. spicata over an eight-week period was 

calculated and is presented in Table 4-2. This time period was chosen based on a 16-week growing 

season. To account for poor conditions in the field, the conservative assumption that half of the growing 

season was ideal for salt excretion was adopted (McSorley et al., 2016b).  

The total chloride in the top 10 cm of the soil profile at the CKD site in Bath, ON was estimated 

to be 395 ± 165 g/m2 (McSorley et al., 2016b). To determine the feasibility of using halophytes and 

haloconduction to remediate the site, the time required to achieve remediation was calculated. Typical 
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phytoremediation timeframes in the literature can sometimes require decades (Chen et al., 2015). We 

calculated that even the small plants of both S. pectinata and D. spicata would require less than one 

decade to remediate the site under ideal conditions, and that the large plants would require only 1.4 and 

2.4 years, respectively (Table 4-2). This is consistent with McSorley et al. (2016b), who stated that the 

phytoremediation timeframe for this site via S. pectinata was ~3.5 years. 

Table 4-2 Comparison of the phytoexcretion potential (g/m2), phytoexcretion rate (kgCl-), and remediation 
timeframe (yrs) of different sizes of S. pectinata and D. spicata in the laboratory over a period of eight 
weeks under ideal conditions. 

S. pectinata 

Size Phytoexcretion Potential 
over 8 weeks (g/m2)1 

Salt Removed per 
Season (kgCl-) 

Remediation Timeframe 
(yrs) 

Small 41.6 ± 26.5a 48.8 ± 31.2 9.5 ± 6.1 
Medium 52.4 ± 28.4a 61.6 ± 33.4 7.5 ± 4.1 
Large 280.0 ± 164b 324.0 ± 193.0 1.4 ± 0.9 

D. spicata 

Size Phytoexcretion Potential 
over 8 weeks (g/m2)1 

Salt Removed per 
Season (kgCl-) 

Remediation Timeframe 
(yrs) 

Small 85.2 ± 55.9ab 100 ± 65.6 4.6 ± 3.0 
Medium 98.9 ± 52.2ab 116.2 ± 61.3 4.0 ± 2.1 
Large   164.0 ± 75.0ab 193.0 ± 88.1 2.4 ± 1.1 

1 Phytoexcretion potential values (g/m2) were calculated based on the plant maximum potential biomass in the literature (S. pectinata = 1510 
g/m2 (Helios et al., 2014); D. spicata = 908 g/m2 (USDA, 2018)). Lowercase letters indicate significant differences between the phytoexcretion 
potential over 8 weeks (g/m2).  
Lowercase letters indicate significant differences between the phytoexcretion potential of S. pectinata and D. spicata over 8 weeks (p < 0.05). 
  
 In future research, the use of fertilizer or soil amendments could be considered to potentially 

improve the biomass (i.e. size) and hence efficiency of the plants to phytoextract and excrete salt 

(discussed in more detail in Section 3.4.3). 

4.4.2 Salt Excretion by Recretohalophytes in the Field 

Having successfully established salt excretion rates in the laboratory, similar experiments were 

carried out in the field on plots that had been established in previous years. Seven trials were carried out, 

and in each case, the ability of the plants to excrete salt onto their stem and leaf surfaces was confirmed 

(Figure 4-8).  
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Figure 4-8 Mass of chloride (µg) rinsed off of S. pectinata and D. spicata in the field after one week of 
accumulation under a miniature greenhouse. Sampling dates are labelled on the x-axis. Significant 
differences are represented by lowercase letters. 

 

Plant sizes in June were comparable to the ‘medium-sized’ category of laboratory plants, and all 

other plants were comparable to, or larger than, the ‘large’ laboratory plants. The plant species’ ability to 

phytoextract and excrete salt onto their stem and leaf surfaces was not significantly different (p > 0.05), 

with the exception of the trial completed on July 06, 2017 (p < 0.0001). The chloride excreted by single S. 

pectinata or D. spicata plants varied widely, likely due to the high degree of meteorological variability in 

the field (temperature, humidity, wind speed, wind direction, and precipitation). The mean values for 

chloride excreted by S. pectinata and D. spicata were 5190 ± 2530 µg and 4690 ± 8460 µg, respectively, 

and were not statistically different (p = 0.8). Based on this information, either of the plant species, or a 

combination of the two could be utilized to remediate salt via excretion and haloconduction at this site. 

Meteorological data for each week of sample collection in the field is available in the Appendices 

(Table B-5).  

Multiple regression analysis was employed to determine that temperature (°C), humidity (%), 

wind speed (m/s), maximum wind gust (m/s), and precipitation (mm), were able to explain 55% of the 

variability of the chloride (µg) collected (F5,36 = 8.6, p < 0.01). The two weather factors with the most 
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influence on the amount of salt collected from the plant surfaces were: i) wind speed (p < 0.01) and ii) 

humidity (p < 0.05). Despite being protected by the greenhouses, wind speed was still an important factor 

because the vents were opened on a regular basis to moderate the internal temperatures. On the other 

hand, the miniature greenhouses served to increase the humidity, which negatively affected the 

measurable amount of excreted salt because much of the excreted salt would have dripped off the plant. 

  Despite these suboptimal conditions, salt was able to be excreted by the salt glands and 

detectable measurements of chloride were obtained. 

Based on the mean phytoexcretion of S. pectinata and D. spicata measured in the field, complete 

phytoremediation of the site would require 8.8 ± 4.3 years using S. pectinata and 8.1 ± 14.6 years using 

D. spicata (Appendix B, Table B-6). It may be possible to reduce the remediation timeframe of the 

recretohalophytes in the field by increasing their biomass (and hence their phytoexcretion potential) 

through the use of soil amendments, and/or modified management (Ahmed et al., 2015; Amini et al., 

2016; Hunter et al., 2008; Rozema et al., 2016). 

4.4.3 Windborne Salt Collection Methods in the Field 

Having definitively shown that salt is excreted in both the lab and field, we now present results 

from the three techniques that were developed to collect and measure the salt being dispersed from the 

plants. 

4.4.3.1 Columns 

Columns (Figure 4-3) deployed 1 m from a 1 x 1 m S. pectinata plot successfully captured 

airborne salt in the field. Over the course of four trials, the average mass of salt measured in the columns 

(Figure 4-3) (without considering the height of the columns) in the NW (1650 ± 2470 µg) and NE (1170 ± 

1540 µg) directions was slightly higher than those in the SW (991 ± 962 µg) and SE (1100 ± 927 µg) 

directions, however these differences were not statistically significant (p = 0.75) (Figure 4-9). Hence, the 

salt blowing off the plot of S. pectinata was equally dispersed in all directions. The height of the columns 
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was a significant contributing factor, as the 7-inch columns had masses of chloride that were significantly 

higher than those in the 14-inch columns.  

One set of columns (i.e. 1 column each – 7, 10, and 14 inches) placed 6 m from the edge of the 

plot in the SW direction and 9 m in the SE direction acted as controls, and all collected less than 200 µg 

of salt.  

 
Figure 4-9 Mass of chloride (µg) measured in the water in columns of varying heights (7, 10, & 14 
inches) placed 1 m from the edges of a plot of S. pectinata in four directions following seven days of 
collection (n=48). Means with standard error are reported. There were no significant differences. 

 

A multiple linear regression was employed to determine that the height (of the columns) and wind 

speed significantly contributed to the mass of chloride collected in the columns (p < 0.0001), and that 

49% of the variance in [Cl-] was accounted for by the model (F5,42 = 8.1, p < 0.0001). Column height had 

a negative influence on the amount of chloride collected, indicating that the higher the column, the less 

salt it collected. Wind speed also correlated negatively, indicating that as wind speeds increased, less salt 

was collected by the columns. At higher wind speeds, the salt is potentially travelling further than the 

columns (placed at a distance of 1 m from the plot) before settling. This result is promising, as it indicates 

that salt may be travelling beyond the measured distance, which would show that haloconduction is 

occurring at the site. Smaller and therefore more buoyant salt particles may travel hundreds of kilometers 

via wind transport without sedimenting (Morcillo et al., 2000). Measuring the size of salt particles 
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excreted by both recretohalophytes is critical, and so in future work, the mean dimensions of the salt 

particles should be determined, as well as overall particle size distribution of the salt particles. 

There were a number of issues associated with the use of the acrylic columns. Transporting clean 

water to the site was carried out with some difficulty. Regular use of the columns caused the seal between 

the column and base to wear down, which allowed for small leaks to occur, resulting in the loss of sample 

water. After four trials, the column method of dispersed salt collection was replaced with the cheesecloth 

method. 

4.4.3.2 Cheesecloth Mounts 

Cheesecloth mounts (Figure 4-4) proved to be an effective method of salt collection. The 

cheesecloth mounts placed 1 m (5050 ± 4370 µg, n=24) from the edges of the plots collected a higher 

mass of salt than the ones at 2 m (1590 ± 855 µg, n=24) and 3 m (928 ± 843 µg, n=24), although the 

difference was not significant (p > 0.05) (Figure 4-10). Controls were placed in the same location as the 

column controls and all had less than 1000 µg of salt. Clean sheets of cheesecloth were sampled and all 

had less than 325 µg of salt. 

 
Figure 4-10 Mass of chloride (µg) measured from rinsed cheesecloths that were placed on mounts at 
distances of 1, 2, and 3 m from the edges of individual plots of S. pectinata and D. spicata in all four 
directions (NW, NE, SW, and SE) (n=72). 
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A multiple linear regression was used to determine that humidity (p < 0.005) and wind direction 

(p < 0.0001) significantly contributed to the mass of chloride collected by the cheesecloth mounts, and 

that 52% of the variance in chloride was accounted for using the meteorological variables (F8,63 = 5.8, p < 

0.001). As expected, humidity had a negative influence on the amount of chloride collected, indicating the 

higher the humidity, the lower the amount of salt collected on the cheesecloth. This is consistent with the 

laboratory excretion observations. The wind direction correlated positively with the amount of salt 

collected, with higher degrees on the compass rose (North = 0 °, East = 90 °, South = 180 °, West = 270 °) 

indicating higher collection of salt. The degree value refers to the direction from which the wind is 

coming from (e.g. a wind value of 180 ° indicates that the wind is coming from the south). The results 

indicate that although the wind blows from all directions, the prevailing wind direction is north.  

A two-way ANCOVA was conducted to control for weather covariates. There were significant 

differences between the distances that the cheesecloth mounts were placed away from the plot (1 – 3 m) 

(p < 0.0005) and explains approximately 50% of the variance in the amount of chloride measured. The 

humidity explained approximately 13% of the variance in chloride and significantly affected the amount 

of chloride collected (p < 0.05).  

Overall, there was no significant difference between the plant species at each distance (p > 0.05) 

(Figure 4-12). Although there is a significant difference between the S. pectinata at 1 m and both plant 

species at 2 and 3 m (p < 0.03), and there is a significant difference between D. spicata at 1 m and both 

plant species at 3 m (p < 0.03) (Figure 4-11).  
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Figure 4-11 Comparison of the Cl- (µg) collected around plots of S. pectinata and D. spicata by 
cheesecloth mounts at a distance of 1, 2, and 3 m. 

 

 Due to the variability in precipitation, several cheesecloth trials were placed in trays such that any 

salt washed off during a rainstorm could be conserved. It was determined that 41.8 ± 13.6% (n=27) of the 

salt was washed out into the trays. To ensure the salt collected on the cheesecloths is measured, these 

trays should be installed under each mount. To eliminate the need to collect tray water samples, an 

alternative to this method is to install a small roof to shelter the cheesecloth from rain, similar to the salt 

vanes created by Gustafsson and Blomqvist (2005). The cheesecloth mounts were useful tools to collect 

salt from both recretohalophytes at the distances tested and future research should repeat this method at 

further distances and elevations from the plots. The cheesecloth could also be mounted on poles such as 

those used by Lomas and Gat (1967).  

4.4.3.3 Dustfall Samplers 

Dustfall samplers (Figure 4-6) were able to collect low levels of salt in comparison to the 

cheesecloth mounts and columns, most likely due to their positioning much further from the plots. These 

results may indicate further evidence of haloconduction, as they confirm that salt is being collected and 

measured at further distances from the plots and at locations higher than ground level. Overall, there was 

no statistical significance between the amount of chloride found in dustfall sampler A vs. B vs. C. The 
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trial during September-October 2017 is significantly higher in mass of chloride (1770 ± 377 µg) than all 

other trials aside from June-July 2016 (1000 ± 312 µg) and May-June 2017 (1120 ± 708 µg) (p < 0.03) 

(Figure 4-12). The lowest mass of chloride measured in the dustfall samplers was in June-July 2017 (215 

± 55 µg). Dustfall field blanks for A, B, and C were measured at 60 ± 30 µg, 55 ± 35 µg, and 55 ± 30 µg 

respectively (n = 5). Overall, dustfall samplers A, B, and C had a mean mass of chloride of 799 ± 679 µg, 

868 ± 514 µg, and 568 ± 483 µg, respectively (n=9).  

 
Figure 4-12 Mean monthly mass of chloride (µg) obtained via dustfall samplers at the CKD site. 
Significant differences are represented by lowercase letters. 

 

Meteorological data (temperature, humidity, precipitation, wind speed, and wind direction) for 

the duration of each dustfall trial is outlined in the Appendices (Table B-14). A multiple linear regression 

was conducted to determine the level of influence, if any, each independent variable and covariate had on 

the amount of chloride collected by the dustfall samplers. Wind speed significantly contributed to the 

chloride found in the dustfall samplers (p < 0.05) and accounted for 37% of the variance in chloride (F7,19 

= 1.59, p < 0.2). A two-way ANCOVA was used to determine that none of the covariates influenced the 

amount of chloride measured in the dustfall samplers in a statistically significant way, although the 

factors with the lowest p-values were humidity (p = 0.2), temperature (p = 0.3), and wind speed (p = 0.2).  
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Salt is deposited into both the columns and dustfall samplers as salt particles drop out of the 

atmosphere. The successful collection of salt via these methods proves that the salt is travelling via 

haloconduction and is being deposited further distances away from the source of contamination. The 

dustfall samplers, in addition to trials of cheesecloth mounts at further distances and heights, could be 

utilized to further map the dispersal of salt from the site. 

4.4.3.4 Comparison of Methods 

It is useful to compare the efficacy of the two ground-level salt collection methods. The average 

of the three highest results for the column and cheesecloth methods at 1 m are compared in Table 4-3. 

Figure 4-13 illustrates how the total collection capacity was determined. Circumference of the area 

around the plot at 1 m distance from each edge is 942 cm, and hence one 10 cm diameter column can 

capture ~1.06% of the dispersed salt. The columns were deployed in all 4 directions and therefore total 

coverage was 4.25%. The cheesecloth mounts around the S. pectinata plot are 24 cm wide and therefore 

can capture 2.55% per cheesecloth and 10.2% when the four directions are considered. The cheesecloth 

mounts around the D. spicata plot are also 24 cm wide but are placed further from the center of the plot 

due to the difference in plot size and so can capture 1.09% per cheesecloth and 4.37% when the four 

directions are considered. These calculations assume no significant difference is attributable to direction, 

which was true for both the columns and dustfall samplers.  

 
Figure 4-13 Illustration of the collection capacity of one column and one cheesecloth mount. 

The amount of salt that was collected by the columns represents only a small percentage of the 

total (i.e. 4.25%). The mean mass of salt collected for the three highest values from the 7 inch columns 

1 mplot
(1 m x 1 m)



 

81 

 

was 5750 ± 3030 µg. The mass of total salt excreted by the plot of S. pectinata can therefore be 

extrapolated to 137000 ± 72200 µg (Table 4-3). This same concept was applied to the cheesecloth 

mounts. 

Table 4-3 Comparison between the maximum mass of Cl- (µg) collected by the two ground-level 
collection methods in the field. Note that columns were only tested on the plot of S. pectinata and all 
values for potential dispersion are reported for 1 week. Significant differences are indicated by lowercase 
letters. 

Collection 
Method 

Distance 
from Plot 

(m) 

Width 
of 

Method 
(cm) 

Days 
Deployed 

Maximum Cl- 
Collected (µg) 

% 
Collected 

Potential 
Total 

Dispersion in 
1 week (µg) 

Columns       
(S. pectinata) 1 10 7 9000, 5250, 

3000 4.25 137000 ± 
72200a 

Cheesecloth 
Mounts         

(S. pectinata) 
1 24 7 16100, 13900, 

9740 10.2 130000 ± 
31700a 

Cheesecloth 
Mounts        

(D. spicata) 
1 24 7 12200, 8120, 

7990 4.37 214000 ± 
54400a 

  

The potential total dispersion for the columns (137000 ± 72200 µg), the S. pectinata cheesecloth 

(130000 ± 31700 µg) trials, and the D. spicata cheesecloth trials (214000 ± 54400 µg) all deployed at 1 m 

distance from the plots (Table 4-7) were not significantly different (p > 0.65). The consistency of results 

from the two ground-level collection methods (columns and cheesecloth mounts), confirms the efficacy of 

these methods in capturing airborne salt. It is interesting to note that the columns, which require settling 

of airborne salt particles, are collecting essentially the same amount of salt as the cheesecloth mounts. 

A comparison between the 3 m cheesecloth for S. pectinata (28900 ± 9400 µg) and dustfall 

sampler B (positioned 3 m to the north of the S. pectinata plot) (7970 ± 1450 µg) was completed similarly 

and showed that the cheesecloth at 3 m collected more measurable salt than the dustfall sampler at 3 m (p 

< 0.02). This is expected given the significant differences in height of the collection methods (7 cm versus 

260 cm), and again indicates significant vertical movement of salt. 
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4.5 Conclusion 

Under ideal conditions in the controlled laboratory setting, large plants of S. pectinata and D. 

spicata excreted enough salt to achieve a remediation timeframe of 1.4 ± 0.9 years and 2.4 ± 1.1 years for 

the CKD site, respectively. Comparatively, plants in plots at the site, under field conditions had a 

calculated remediation timeframe that was ca. twice as long (i.e. 8.8 ± 4.3 years and 8.1 ± 14.6 years, 

respectively), likely due to the use of miniature greenhouses that promoted higher humidity and 

condensation conditions that were suboptimal for salt excretion. To decrease the remediation timeframe in 

the field, future research should be completed to explore the application of soil amendments to maximize 

plant biomass as in all cases, larger plants excreted more salt. Based on the findings of this study, the 

amount of salt excreted by the two plant species is not statistically different. Hence, under similar weather 

and soil conditions, either plant species or a combination of the two could be selected for 

phytoremediation of chloride from the CKD-impacted site.  

This study was the first to demonstrate the theory of haloconduction in real-world conditions. At 

ground level, 7 inch columns and cheesecloth mounts were determined to collect equal quantities of 

dispersed salt when area of collection was taken into account. Although the dustfall sampler positioned 3 

m away from a plot collected less dispersed salt than the 3 m cheesecloth mounts, confirmation of 

dispersed salt at higher elevations was clearly achieved. Subsequent studies will focus on understanding 

the movement of the particles and how this relates to their particle size. These collection methods and 

others could be utilized in future research to explore salt collection at different distances from the plots 

and at different heights from ground level. These measurements could also be paired with modelling once 

salt crystal characteristics are determined, as simultaneous in situ measurements and modelling ensure 

realistic models are established (Jaeglé et al., 2011). 

For most collection methods, wind direction was not a significant factor, indicating that salt may 

be transported away from the site of contamination equally in all directions. Smaller and therefore more 

buoyant salt particles are expected to have travelled further than the points of measurement in this study, 
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whereas larger particles are expected to have been collected via the dustfall samplers and columns, due to 

their lower suspension time in the atmosphere. It is now possible to apply the methods developed in this 

study to other CKD industrial sites. Recretohalophytes may also have potential for the phytoremediation 

of salt-impacted soils in the agricultural or transportation sector. This research provides promising results 

to continue the use of two native recretohalophytes and the theory of haloconduction as a 

phytoremediation technique.  
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Chapter 5 

Overall Conclusions 

5.1 Thesis Overview 

This thesis presents the first study to explore the composting of a resident, but invasive halophyte, 

Phragmites australis (haplotype M), following the phytoextraction of salts at a cement kiln dust site in 

Bath, ON. After one season of phytoextraction, aboveground biomass of P. australis was harvested, and a 

370-day laboratory composting experiment was conducted in which both mass reduction of plant material 

and the fate of phytoextracted chloride were monitored. Results of the laboratory study showed that the 

plant mass was reduced by 28 ± 6%, thereby decreasing the overall mass of waste to be managed. A 

reduction in the mass of chloride (µg) was achieved via rinsing (43.7 ± 37.4%). Composting in the field 

was able to achieve a much greater reduction of chloride. After a single field season, a reduction of 87 ± 

6% of the initial chloride in closed tumbling composters, and 89 ± 8% in open compost piles was 

observed. This method of managing plant waste from phytoextraction handles the ‘waste’ plant material 

in a sustainable way by transforming it into a potentially beneficial product (compost), and in addition, 

has the potential to eventually eradicate the invasive species, P. australis.  

To explore the theory of haloconduction, laboratory and field experiments were completed to 

confirm the excretion of salt on the stem and leaf surfaces of two recretohalophytes, Spartina pectinata 

and Distichlis spicata. Results showed that under ideal conditions in the laboratory, the salt removed by 

large S. pectinata and D. spicata plants per season (8 weeks) were 324 ± 193 kg and 193 ± 88.1 kg, 

respectively, and therefore a remediation timeframe of 1.4 ± 0.9 years and 2.4 ± 1.1 years is achievable. 

Under real field conditions, the potential salt removed from the site per season was 52.6 ± 25.7 kg and 

57.2 ± 103 kg for large S. pectinata and D. spicata plants, respectively. This results in a remediation 

timeframe of 8.8 ± 4.3 years for S. pectinata and 8.1 ± 14.6 years for D. spicata. In the laboratory and the 

field, there was no significant difference between the amount of salt excreted and collected by either 
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species. The longer time frames calculated in the field were likely due to less than ideal conditions (under 

miniature greenhouses) with high levels of condensation resulting in poor salt excretion on the plants. 

Nevertheless, once salt excretion in the field was confirmed, two salt collection methods (columns and 

cheesecloth mounts) were designed and deployed in addition to an established Environment Canada 

method (dustfall samplers). Each of the three methods allowed for the measurement of the windborne salt 

excreted from recretohalophytes once it left the plant surface.  

The amount of salt collected from both recretohalophyte plots did not differ significantly, 

confirming that they not only excrete a comparable amount of salt, but that the windborne salt dispersed 

from each species is also comparable. The potential total dispersion collected in one week (µg) for each 

method was calculated. There was no significant difference between the 7 inch columns and the 

cheesecloth mounts positioned at 1 m distance around either species, indicating that a consistent mass of 

salt was being collected across both ground-level collection methods. The collection of salt via columns 

requires the salt to exit the atmosphere and fall into the column openings indicating that salt is being 

dispersed and deposited at these shorter distances. With additional research, salt deposition further away 

from the recretohalophyte plots should be confirmed. In general, there was no significant difference 

between the dispersion of salt in any direction, confirming that salt is being dispersed away from this 

CKD site in all four cardinal directions. These findings regarding the deposition of salt, and the transport 

of salt in all directions are encouraging for the implementation of recretohalophytes and haloconduction 

on a larger scale. This study is the first to demonstrate the theory of haloconduction in a field setting.  

5.2 Sustainability 

The term ‘sustainability’ does not have an agreed upon definition in the literature, and hence 

assessment of sustainability is challenging. Assessments attempt to consider the interconnections of 

human and ecological effects within complex systems and may rely on a pillar approach of two or more 

pillars, such as social, ecological, economic, political, or cultural. Gibson (2006) presented a more 

integrative approach by introducing eight criteria that are not pillar-based, although they draw on the 
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usual pillar categories. This thesis project is analyzed briefly through the scope of Gibson’s Sustainability 

Assessment. 

Prior to the intervention of phytoremediation, soil at the Lafarge CKD site was largely devoid of 

vegetation and suffered from poor infiltration and structure. By planting halophytes on the site, the land 

use has changed positively, green space has increased, soil quality and biodiversity will improve, and 

habitat is being created as the plants are simultaneously remediating the site. This successfully contributes 

to maintaining socio-ecological system integrity (Gibson, 2006). The phytotechnology outlined in this 

thesis could be applied to other industrial sites, as well as to road sides and agricultural fields. This would 

allow for the revitalization of salt-contaminated sites in addition to areas surrounding the salt-

contaminated sites. Phytoremediation of salts may also increase property values. Overall, the use of these 

phytotechnologies allows current generations to seek out improvements in their lives in a way that does 

not compromise future generations’ possibilities for sufficiency and opportunity (Gibson, 2006). Salt-

impacted sites increase globally in area each year and result in arable lands that become unusable. This 

threatens the food security of future generations and their ability to access green space. The use of 

halophytes to remediate salt-impacted soils and therefore restore and increase arable land and reverse the 

effects of salinization allow for current and future generations to live sustainably. The use of native 

halophytes also ensures longevity of the species and therefore enhances the opportunities and capabilities 

of future generations to live sustainably (Gibson, 2006). Phytoremediation is a technology that works in 

situ as opposed to alternatives that are more disruptive to the environment. It does not rely on heavy 

machinery or overly carbon-intensive processes, and has regularly been considered a sustainable method 

of remediation (Jesus et al., 2015; O’Brien et al., 2017). To further the sustainability of these practices, 

this thesis involved exploring a more sustainable waste management practice to traditional methods of 

landfilling and incineration. This allows for the remediation of the site to remain sustainable from initial 

to final practices and reduces extractive damage, avoids waste, and cuts overall material and energy use 

per unit of benefit (Gibson, 2006). Throughout this project it was important to explore and understand all 
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risks and address any uncertainties. As part of the thesis was dedicated to method development, it was 

important to consider potential adaptations to planning, decision-making, and implementation throughout 

the entire process. Finally, immediate and long-term integration works to apply all principles of 

sustainability at once, seeking mutually supportive benefits and multiple gains (Gibson, 2006). 

5.3 Future Research 

In future research, additional composting experiments could be undertaken and the application of 

compost, compost tea, and compost rinse as alternatives to fertilizer should be explored. This method of 

waste management has not only proven to be a viable and environmentally friendly remediation practice 

to address salinized soils, but it also provides the potential for a new area of research in the exploration of 

the use of these compost products in agriculture or further reclamation of salinized soils.  

Salt excretion of both recretohalophytes should be explored further to better understand their 

mechanism and use in phytoremediation. Optimizing salt excretion by maximizing plant biomass would 

be beneficial. Work to comprehensively characterize the salt crystals excreted by recretohalophytes 

should also be undertaken. The data obtained could be combined with in-situ measurements of salt 

characteristics and behaviours in the field for use in a particulate modelling system. This novel study 

should act as a preliminary step in the further study of haloconduction, as its use in remediating salinized 

lands has proved to be promising.  

5.4 Final Conclusion 

The work in this thesis demonstrates that (i) composting the biomass of an accumulator halophyte 

(P. australis) following the phytoextraction of salts from a CKD contaminated landfill is a feasible and 

sustainable management plan that allows for significant plant mass and chloride reduction, and (ii) salt 

excretion of recretohalophytes and the subsequent haloconduction is promising for the phytoremediation 

of a CKD contaminated landfill. Both studies provide insights into how to mitigate the increase of 

salinized land worldwide. Although preliminary, this work contributes to the overall understanding of 

halophytes and their use in phytoremediation of salinized soils. It seems likely that these technologies 
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may be utilized for their application at other industrial sites, roadsides, and agricultural productions 

worldwide.  
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Appendix A 

Supplementary Material for Chapter 3 

Table A-1a Quality assurance data (Chloride QC and CRM) for Chapter 3. 
Quality Assurance/Quality Control 
February 07/16 
Control (mg/L)   5.0    Cranberry-05 (ppm)   37.4  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   100    % of Target  105 
 
March 17/16 
Control (mg/L)   5.1    Cranberry-05 (ppm)   37.2  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   102    % of Target  105 
 
July 09/16 
Control (mg/L)   5.0    Cranberry-05 (ppm)   36.5  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   100    % of Target  103 
 
September 19/16 
Control (mg/L)   4.9    Cranberry-05 (ppm)   35.3  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   98    % of Target  99 
 
February 27/17 
Control (mg/L)   4.9    Cranberry-05 (ppm)   35.0  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   98    % of Target  99 
 
April 11/17 
Control (mg/L)   5.1    Cranberry-05 (ppm)   38.1  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   102    % of Target  107 
 
July 28/17 
Control (mg/L)   5.1    Cranberry-05 (ppm)   36.9  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   102    % of Target  104 
 
November 22/17 
Control (mg/L)   5.4    Cranberry-05 (ppm)   38.3  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   108    % of Target  108 
 
December 07/17 
Control (mg/L)   5.1    Cranberry-05 (ppm)   38.4  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   102    % of Target  108 
 
December 15/17 
Control (mg/L)   5.5    Cranberry-05 (ppm)   37.7  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   110    % of Target  106 
 
February 09/18 
Control (mg/L)   5.0    Cranberry-05 (ppm)   36.4  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   100    % of Target  103 
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Table A-1b Quality assurance data (duplicates and blank) for chloride measurements in Chapter 3. 
Quality Assurance/Quality Control 
Jan-16C3   6200    Jun-16C3   13000  
Jan-16C3-D   6500    Jun-16C3-D   14000  
% RSD    2.4    % RSD    3.7 
 
Feb-16C3   3900    Jul-16C3   11000 
Feb-16C3-D   3800    Jul-16C3-D   11000 
% RSD    1.3    % RSD    0 
 
Mar-16C3   6000    Aug-16C3   13000 
Mar-16C3-D   6100    Aug-16C3-D   14000 
% RSD    0.8    % RSD    3.7 
 
Apr-16C3   11000    Nov-16A1   3914 
Apr-16C3-D   9900    Nov-16A1-D   3938 
% RSD    5.3    % RSD    0.3 
 
May-16C3   6100    Jan-17B1   12106 
May-16C3-D   6200    Jan-17B1-D   12123 
% RSD    0.8    % RSD    0.07  
 
All Blanks (mg/L)  < 0.05 
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Table A-2 Analysis of compost starter (Green Earth 100% Natural Compost Accelerator) added to 
composters via aqua regia digestion.  

Element Control (mg/L) Control Target 
(mg/L) Blank (µg/g) Compost Starter 

(µg/g) 
Ag 1.1 1.2 <2.0 <2.0 
Al 2.9 3.0 <50 1333 
As 3.8 4.0 <1.0 2 
B 1.7 2.0 <20 200 
Ba 5.5 6.0 <5.0 617 
Be 2.7 3.0 <4.0 <4.0 
Ca 5.0 6.0 <100 82667 
Cd 3.9 4.0 <1.0 <1.0 
Co 7.5 8.0 <5.0 <5.0 
Cr 3.7 4.0 <20 25 
Cu 7.4 8.0 <5.0 233 
Fe 15 16 <50 7733 
K 15 15 <20 42000 

Mg 5.5 6.0 <20 36333 
Mn 14 16 <1.0 680 
Mo 3.6 3.0 <2.0 <2.0 
Na 15 15 <75 9533 
Ni 7.4 8.0 <5.0 11 
P 32 30 <20 15000 

Pb 39 40 <10 <10 
S 34 30 <25 25000 

Sb 3.3 3.0 <10 <10 
Se 2.9 3.0 <10 <10 
Sn 3.4 3.0 <2.0 <2.0 
Sr 2.8 3.0 <5.0 180 
Ti 3.4 3.0 <10 <10 
Tl 2.9 3.0 <1.0 1 
U 1.7 2.0 <10 <10 
V 2.8 3.0 <10 19 
Zn 15 14 <15 440 
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Table A-3 Mass of compost in the composter (g), mass of compost sampled that month (g), concentration 
of chloride in plant material (µg/g), and concentration of chloride in compost tea (µg/g) over time (12 
months). 

Date Composter Mass in 
composter (g) 

Mass of 
sample (g) 

[Cl-] in 
composter (µg/g) 

[Cl-] in tea 
(µg/mL) 

Jan-16 
A 3720 3.97 6330 1500 
B 3540 3.46 8170 1800 
C 3900 3.75 6550 1600 

Feb-16 
A 3630 3.27 4170 1700 
B 3450 3.16 3330 2100 
C 3810 3.21 3900 1800 

Mar-16 
A 3460 4.00 7400 2300 
B 3200 4.57 7130 2200 
C 3640 3.39 6100 2100 

Apr-16 
A 3390 4.21 8530 1900 
B 3130 3.15 9530 1900 
C 3570 4.11 9880 1800 

May-16 
A 3320 8.89 6770 1500 
B 3020 9.20 7300 1600 
C 3500 9.71 5850 1490 

Jun-16 
A 3250 4.34 11000 2100 
B 2950 4.05 9500 1900 
C 3430 3.94 9600 1900 

Jul-16 
A 3180 5.77 10300 1800 
B 2850 5.04 9970 1600 
C 3370 6.20 10700 1590 

Aug-16 
A 3110 3.19 12700 1890 
B 2780 4.83 11700 1710 
C 3300 3.75 13800 1860 

Sep-16 
A 3050 4.23 10500 2100 
B 2670 3.92 11500 1930 
C 3230 3.62 10600 1890 

Oct-16 
A 2980 3.98 9400 1470 
B 2600 4.32 11100 1260 
C 3160 3.73 9790 2500 

Nov-16 
A 2910 3.77 13300 1250 
B 2500 3.65 14200 1040 
C 3090 3.17 11800 1080 

Dec-16 
A 2840 4.88 11800 1540 
B 2420 5.13 12700 810 
C 3010 5.32 7900 1150 

Jan-17 
A 2740 6.66 9340 1910 
B 2290 5.99 12100 1050 
C 2920 4.56 12300 1190 
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Figure A-1 Concentration of chloride (µg/g) in composters over time. Data points represent means (n=3) 
and standard deviations are represented by error bars.  
 
 
Table A-4 Concentration of chloride (µg/g) in soil grid sampling (depth of 10 cm) at the CKD site in May 
2016. Mean chloride soil concentration was 4730 ± 5980 µg/g. 

Sample Soil [Cl-] 
(µg/g) Sample Soil [Cl-] 

(µg/g) Sample Soil [Cl-] 
(µg/g) Sample Soil [Cl-] 

(µg/g) 
1 5000 26 1300 51 700 76 6190 
2 2630 27 700 52 400 77 3900 
3 1350 28 1700 53 650 78 3940 
4 1250 29 850 54 400 79 4000 
5 2050 30 475 55 1500 80 8280 
6 700 31 475 56 2400 81 10200 
7 1700 32 1150 57 2250 82 7810 
8 1550 33 400 58 12500 83 17300 
9 650 34 1930 59 4930 84 8840 

10 2180 35 1050 60 10200 85 12800 
11 1380 36 400 61 5150 86 36600 
12 675 37 12500 62 5000 87 4960 
13 1100 38 1000 63 5370 88 3700 
14 1050 39 6500 64 4790 89 32900 
15 1000 40 2250 65 7200 90 7100 
16 1250 41 350 66 5640 91 3480 
17 1350 42 850 67 4650 92 18500 
18 850 43 800 68 5300 93 9980 
19 1050 44 750 69 3400 94 4650 
20 775 45 400 70 9020 95 16200 
21 650 46 850 71 9690 96 6460 
22 1500 47 900 72 7310 97 3250 
23 1150 48 500 73 17500 98 13400 
24 425 49 600 74 14700 99 6490 
25 800 50 400 75 5000 100 5180 
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Appendix B 

Supplementary Material for Chapter 4 

Table B-1a Quality assurance data (Chloride QC and CRM) for Chapter 4. 
Quality Assurance/Quality Control 
September 19/16 
Control (mg/L)   4.9    Cranberry-05 (ppm)   35.3  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   98    % of Target   99 
 
December 22/16 
Control (mg/L)   5.1    Cranberry-05 (ppm)   37.4  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   102    % of Target   105 
 
February 22/17 
Control (mg/L)   4.9    Cranberry-05 (ppm)   32.6  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   98    % of Target   92 
 
July 13/17 
Control (mg/L)   4.8    Cranberry-05 (ppm)   35.3  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   96    % of Target   99 
 
July 28/17 
Control (mg/L)   5.1    Cranberry-05 (ppm)   36.9  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   102    % of Target   104 
 
August 03/17 
Control (mg/L)   5.1    Cranberry-05 (ppm)   36.9  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   102    % of Target   104 
 
August 15/17 
Control (mg/L)   4.9    Cranberry-05 (ppm)   38.5  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   98    % of Target   108 
 
November 20/17 
Control (mg/L)   5.2    Cranberry-05 (ppm)   36.5  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   104    % of Target   103 
 
December 07/17 
Control (mg/L)   5.1    Cranberry-05 (ppm)   38.4  
Control Target (mg/L)  5.0    Cranberry-05 Target (ppm) 35.5 
% of Target   102    % of Target   108 
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Table B-1b Quality assurance data (duplicates and blank) for chloride measurements in Chapter 4. 
Quality Assurance/Quality Control 
SE2(1)-2   4.13    7NE7    4.5  
SE2(1)-2-D   4.17    7NE7-D   4.8 
% RSD    0.5    % RSD    3.2 
 
SE2(1)-3   3.87    SPF6    82.7 
SE2(1)-3-D   4.04    SPF6-D    84.2 
% RSD    2.1    % RSD    0.9 
 
SE2(1)-4   7.33    DSRA1    270.6 
SE2(1)-4-D   7.20    DSRA1-D   273.0 
% RSD    0.9    % RSD    0.4 
 
NW1(2)-2   2.19    DSM3    34.0 
NW1(2)-2-D   2.14    DSM3-D   33.0 
% RSD    1.2    % RSD    1.5 
 
tNW2(1)-4   89.89    7SW14    3.3 
tNW2(1)-4-D   91.57    7SW14-D   3.4 
% RSD    0.9    % RSD    1.5 
 
tNE2(2)-2   18.40    TBS    1960.8 
tNE2(2)-2-D   18.06    TBS-D    1890.4 
% RSD    0.9    % RSD    1.8 
 
All Blanks (mg/L)   < 0.05  
 
 
 

 
Figure B-1 Sample calculation for mass of chloride removed per harvest (kg). 
 
 
 
 
 

Cl- removed per harvest = ((3400 µg/g) x (8 weeks) x (1510 g/m2) x (1175 m2))
1.0 x 109

Cl- excretion in one week: 3400 µg/g
Time in weeks: 8
Maximum biomass from literature: 1510 g/m2

Area of  chloride-contaminated area: 1175 m2

Conversion factor: 1.0 x 109

= 48.8 kg 

Mass of chloride removed per harvest (kg) = (Cl Excretion x Time x Biomass x Area)
Conversion Factor
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Table B-2 Dry masses of S. pectinata and D. spicata for small, medium, and large plants.  

Plant Trial S. pectinata (g) dry weight D. spicata (g) dry weight 
small medium large small medium large 

1 0.6102 5.021 19.124 0.1314 5.232 14.874 
2 0.8949 6.694 24.716 0.3651 3.178 10.448 
3 0.3366 8.319 14.770 0.2469 3.181 9.740 
4 0.2940 8.229 16.913 0.4269 3.467 9.080 
5 0.6696 7.236 26.106 0.2385 3.625 10.475 
6 0.5961 7.811 25.259 0.4389 3.173 8.945 
7 n/a n/a n/a 0.4599 3.753 10.538 
8 n/a n/a n/a 0.5709 3.478 9.858 

Average: 0.6 ± 0.2 7.2 ± 1.2 21.1 ± 4.8 0.4 ± 0.1 3.6 ± 0.7 10.5 ± 1.9 
 
 
 
Table B-3 Chloride concentrations (µg/mL) of rinse water from small, medium, and large plants of S. 
pectinata and D. spicata in controlled laboratory conditions (55-65% humidity, 15-25 °C). 
Experimentation was completed in soil with high (7000-16000 µg/g) chloride concentration after 3 
months to 1 year of plant growth. 

 S. pectinata (µg/mL) D. spicata (µg/mL) 

Small                             
(< 5 shoots, ~15 cm) 

5.0 10.7 
22.0 17.0 
6.0 25.0 

Mean Small Plants 11.0 ± 9.5 17.6 ± 7.2 

Medium                        
(6-15 shoots, ~30 cm) 

58.5 50.8 
81.8 78.0 
72.9 33.5 

Mean Medium Plants 71.1 ± 11.8 54.1 ± 22.4 

Large                             
(> 15 shoots, ~50 cm) 

1020 272 
2780 1050 
1150 443 

Mean Large Plants 1650 ± 980 587 ± 407 
Overall Mean 578 ± 943 220 ± 343 
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Table B-4 Chloride concentrations (µg/mL) of rinse water from S. pectinata and D. spicata plants from 
the field site during summer 2017.  

Date Sample 
Was Collected Plant S. pectinata (µg/mL) Plant D. spicata (µg/mL) 

June 01/17 

1 36.6 1 16.2 
2 26.0 2 26.2 
3 56.5 3 14.5 

Mean 39.7 ± 15.4 Mean 19.0 ± 6.28 

June 22/17 

1 138 1 4.19 
2 92.9 2 2.05 
3 57.5 3 19.4 

Mean 96.0 ± 40.2 Mean 8.54 ± 9.45 

July 06/17 

1 123 1 523 
2 168 2 411 
3 67.9 3 543 

Mean 119 ± 49.9 Mean 492 ± 71.3 

July 20/17 

1 560 1 110 
2 190 2 200 
3 240 3 110 

Mean 330 ± 201 Mean 140 ± 52.0 

August 10/17 

1 47.9 1 13.8 
2 64.4 2 18.2 
3 48.5 3 17.3 

Mean 53.6 ± 9.36 Mean 16.4 ± 2.32 

August 31/17 

1 204 1 65.8 
2 167 2 29.3 
3 67.6 3 34.6 

Mean 146 ± 70.4 Mean 43.2 ± 19.7 

September 
08/17 

1 106 1 13.3 
2 93.4 2 10.5 
3 80.6 3 16.4 

Mean 93.4 ± 12.9 Mean 13.4 ± 2.95 
Overall Mean 125 ± 116 Overall Mean 105 ± 170 
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Table B-5 Meteorological data collected during the 2016 and 2017 field seasons at Lafarge, Bath, ON. 
All values except for Total Precipitation (mm) represent the mean over 1 week. Total Precipitation (mm) 
represents the total rainfall for 1 week.  
 

Date of 
Collection 

(weekly 
periods)  

Avg. Temp. 
(°C)        

(min-max) 

Total 
Precipit

ation 
(mm) 

Avg. Relative 
Humidity (%) 

Avg. Wind 
Speed (m/s) 

Avg. Wind 
Directiona 

(°) 

Jun. 30/16 20.0 ± 3.7 
(10.7 – 26.5) 8.6 72.0 ± 14.8 3.2 ± 1.7 228 ± 78 

Jul. 07/16 20.5 ± 3.7 
(11.0 – 32.2) 2.0 68.4 ± 12.5 4.0 ± 2.1 225 ± 65 

Jul. 14/16 22.0 ± 4.0 
(11.8 – 32.2) 5.1 76.7 ± 13.4 3.8 ± 1.7 186 ± 105 

Jul. 21/16 21.3 ± 4.1 
(10.2 – 31.3) 0.5 69.3 ± 14.1 4.5 ± 2.4 244 ± 61 

Jun. 01/17 14.7 ± 2.7 
(10.7 – 18.9) 11.7 81.5 ± 15.8 3.9 ± 2.1 177 ± 59 

Jun. 22/17 18.9 ± 2.4 
(15.5 – 23.0) 2.2 84.5 ± 10.1 4.3 ± 1.7 203 ± 32 

Jun. 29/17 18.0 ± 2.9 
(10.5 – 24.5) 56.4 78.1 ± 16.5 3.8 ± 2.0 220 ± 60 

Jul. 06/17 19.7 ± 3.0 
(15.0 – 24.5) 15.4 83.1 ± 16.4 3.2 ± 1.5 222 ± 57 

Jul. 13/17 21.2 ± 3.7 
(14.2 – 25.7) 5.9 79.3 ± 11.3 4.2 ± 1.7 188 ± 96 

Jul. 20/17 21.4 ± 2.3 
(17.5 – 24.3) 18.8 84.4 ± 10.9 3.6 ± 1.4 191 ± 88 

Jul. 27/17 20.4 ± 2.9 
(12.0 – 27.4) 103.0 78.1 ± 13.5 4.1 ± 2.0 174 ± 113 

Aug. 03/17 21.4 ± 3.0 
(11.2 – 26.0) 4.0 76.2 ± 19.1 3.3 ± 1.7 200 ± 102 

Aug. 10/17 20.0 ± 3.0 
(14.3 – 23.4) 17.1 82.6 ± 10.6 3.9 ± 2.3 215 ± 91 

Aug. 31/17 16.5 ± 4.0   
(9.8 – 21.0) 0.0 72.0 ± 15.2 3.2 ± 1.5 181 ± 107 

Sep. 07/17 15.5 ± 3.6   
(8.4 – 19.8) 22.8 83.1 ± 13.7 3.9 ± 2.4 195 ± 108 

Sep. 14/17 15.5 ± 3.9   
(5.6 – 23.3) 0.0 78.3 ± 14.4 2.4 ± 2.0 249 ± 95 

a Values indicate wind direction, which is measured in degrees clockwise from due north and so a wind direction 
coming from the south has a wind direction of 180 ° and one from the east is 90 °.  
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Table B-6 Mean weekly Cl- excretion and phytoexcretion potential of S. pectinata and D. spicata in the 
field. 

 S. pectinata D. spicata 
Excretion per plant (x103) (µg/g) dry weight 3.7 ± 1.8 6.7 ± 12.1 
Phytoexcretion potential over 8 weeks (g/m2) 44.8 ± 21.8 48.7 ± 87.8 
Salt Removed per Season (kgCl-) 52.6 ± 25.7 57.2 ± 103 
Remediation Timeframe (yrs) 8.8 ± 4.3 8.1 ± 14.6 

 
 
 
 
 
Table B-7 Chloride concentration of water in collection columns of varying heights (7, 10, & 14 inches) 
placed 1 m from the edges of a plot of S. pectinata in four directions (NW, NE, SW, & SE) following 
seven days. Chloride concentrations represent how much windborne salt was collected from the plot of S. 
pectinata.  

Height of 
Column 
(inches) 

NW (µg/mL) NE (µg/mL) SW (µg/mL) SE (µg/mL) Control 
(µg/mL) 

7 

45 21 12 8.0 0.43 
8.3 4.7 6.1 9.5 0.31 
1.1 8.3 1.9 2.1 0.33 
5.3 12 3.3 5.6 0.36 

Mean 15 ± 20 11 ± 7.0 5.8 ± 4.5 6.3 ± 3.2 0.36 ± 0.05 

10 

9.7 7.2 10 7.8 0.34 
3.1 2.7 2.6 2.7 0.15 
0.6 1.2 0.51 3.5 0.22 
1.5 2.8 0.71 1.3 0.18 

Mean 3.7 ± 4.1 3.5 ± 2.6 3.5 ± 4.5 3.8 ± 2.8 0.22 ± 0.08 

14 

3.7 3.0 2.0 3.0 0.26 
1.5 1.7 3.4 1.7 0.11 
1.0 0.71 0.60 0.49 0.19 
0.3 0.21 0.19 0.16 0.13 

Mean 1.7 ± 1.5 1.4 ± 1.2 1.5 ± 1.5 1.3 ± 1.3 0.17 ± 0.07 
Overall Mean 6.8 ± 12 5.4 ± 6.0 3.6 ± 3.8 3.8 ± 3.1 0.25 ± 0.10 
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Table B-8 Chloride concentration (µg/mL) of salt collected from cheesecloth mounts placed equidistant 
(either 1 m, 2 m, or 3 m) from a plot of S. pectinata and D. spicata in four directions for one week at a 
time.  

Direction 
from Plot 

S. pectinata (µg/mL) D. spicata (µg/mL) 
1 m 2 m 3 m 1 m 2 m 3 m 

NW 
8.77 2.16 1.76 26.6 6.76 5.14 
32.5 4.74 2.12 9.88 8.30 7.70 
7.60 2.73 1.93 5.48 3.49 2.40 

Mean 16.3 ± 14.0 3.21 ± 1.36 1.94 ± 0.18 14.0 ± 11.2 6.18 ± 2.46 5.08 ± 2.65 

NE 
53.5 6.63 3.36 27.1 10.4 1.95 
24.3 6.38 1.77 40.8 9.33 3.29 
7.54 4.69 5.82 16.2 9.27 1.85 

Mean 28.5 ± 23.3 5.90 ± 1.06 3.65 ± 2.04 28.0 ± 12.3 9.66 ± 0.62 2.36 ± 0.80 

SW 
46.4 1.04 1.39 5.12 3.97 1.12 
3.51 4.16 3.54 7.68 2.28 3.01 
9.07 4.63 3.13 3.78 4.72 2.37 

Mean 19.6 ± 23.3 3.28 ± 1.95 2.69 ± 1.14 5.53 ± 1.98 3.66 ± 1.25 2.17 ± 0.96 

SE 
21.0 1.23 1.16 22.4 4.15 1.37 
2.09 5.24 1.18 9.95 8.22 1.95 
5.41 2.36 1.08 7.26 10.7 13.9 

Mean 9.49 ± 10.1 2.94 ± 2.07 1.14 ± 0.05 13.2 ± 8.10 7.68 ± 3.29 5.73 ± 7.06 
Overall 
Mean 18.5 ± 17.4 3.83 ± 1.89 2.35 ± 1.39 15.2 ± 11.6 6.79 ± 2.94 3.84 ± 3.66 

 
 
 
 
Table B-9 Chloride concentration (µg/mL) of salt collected from control cheesecloth mounts (placed 6 m 
from the edge of the plots in the SW direction and 9 m in the SE direction) and clean sheets of 
cheesecloth.  

Trial 1 m (µg/mL) 2 m (µg/mL) 3 m (µg/mL) Clean Sheet (µg/mL) 
1 3.30 0.29 1.50 0.97 
2 1.76 1.08 1.93 1.03 
3 2.26 0.63 0.46 1.08 

Mean 2.44 ± 0.79 0.67 ± 0.40 1.30 ± 0.76 1.03 ± 0.05 
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Table B-10 Sample of chloride concentrations (µg/mL) found in trays placed below the cheesecloth 
mounts in the field. The purpose of the trays was to collect any salt that had been washed off the 
cheesecloth by rainwater.  

Direction 
from Plot 

S. pectinata % 
Cheesecloth 

(µg/mL) 
Tray 

(µg/mL) 
in 

Cheesecloth in Tray 

NW 26.2 17.3 60.3 39.7 
NE 14.3 14.6 49.5 50.5 
SW 14.0 25.0 36.0 64.0 
SE 18.6 13.1 58.7 41.3 

Mean 18.3 ± 5.69 17.5 ± 5.27 51.1  48.9 

Direction 
from Plot 

D. spicata % 
Cheesecloth 

(µg/mL) 
Tray 

(µg/mL) 
in 

Cheesecloth 
in Tray 

NW 15.1 8.32 64.4 35.6 
NE 19.2 25.1 43.3 56.7 
SW 12.0 4.98 70.6 29.4 
SE 25.5 6.17 80.5 19.5 

Mean 17.9 ± 5.87 11.1 ± 15.7 64.7 35.3 
control 3.59 2.39 60.0 40.0 

Overall Mean 16.5 ± 6.96 13.0 ± 8.33 58.1 41.9 
 
 
 
Table B-11 Meteorological data for the duration of each dustfall trial (~30 days). 

Duration of 
Dustfall 

Trial 

Avg. Temp. 
(°C) 

Total 
Precipitation 

(mm) 

Avg. Relative 
Humidity (%) 

Avg. Wind 
Speed (m/s) 

Avg. Wind 
Directiona 

(°) 
Jun. 10/16 – 
Jul. 14/16 

19.5 ± 4.5 
(4.5 – 32.2) 61.2 69.5 ± 15.4 3.7 ± 1.9 215 ± 83 

Jul. 29/16 – 
Aug. 11/16 

23.6 ± 3.6 
(11.5 – 31.0) 0.0 66.1 ± 16.9 4.0 ± 1.9 169 ± 95 

Aug. 18/16 – 
Sep. 21/16 

20.3 ± 4.4 
(6.1 – 29.3) 87.2 76.6 ± 13.2 4.0 ± 2.2 208 ± 85 

Sep. 21/16 – 
Oct. 20/16 

14.0 ± 4.6    
(-1.4 – 25.2) 96.9 77.7 ± 14.4 4.1 ± 2.3 174 ± 104 

May 26/17 – 
Jun.22/17 

16.5 ± 3.9 
(4.7 – 27.7) 46.6 79.2 ± 15.4 3.8 ± 1.9 190 ± 83 

Jun. 22/17 – 
Jul. 25/17 

19.6 ± 3.1 
(10.5 – 27.4) 199.5 65.2 ± 30.4 3.6 ± 1.7 199 ± 83 

Jul. 25/17 – 
Aug. 24/17 

20.0 ± 3.3 
(10.0 – 26.8) 77.1 82.3 ± 13.7 0.7 ± 1.5 209 ± 88 

Aug. 24/17 – 
Sep. 21/17 

16.5 ± 4.4 
(4.3 – 26.8) 22.9 80.8 ± 15.8 3.1 ± 1.8 214 ± 104 

Sep. 21/17 – 
Oct. 25/17 

17.5 ± 5.9    
(-1.1 – 28.6) 112.6 79.6 ± 14.5 4.4 ± 2.5 196 ± 85 

a Values indicate wind direction, which is measured in degrees clockwise from due north and so a wind direction 
coming from the south has a wind direction of 180 ° and one from the east is 90 °.  
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Table B-12 Chloride concentration (µg/mL) of water collected from dustfall samplers (A, B, & C) that 
were installed at the CKD site for a period of ~30 days. 

Date A (µg/mL) B (µg/mL) C (µg/mL) 
Jun-Jul 2016 1.3 2.2 2,5 
Jul-Aug 2016 1.0 1.9 1.1 
Aug-Sep 2016 0.34 0.26 0.39 
Sep-Oct 2016 0.23 0.16 0.16 
May-Jun 2017 3.0 2.1 2.7 
Jun-Jul 2017 0.25 0.24 0.36 
Jul-Aug 2017 0.72 1.8 0.27 
Aug-Sep 2017 0.68 0.89 0.60 
Sep-Oct-2017 1.2 0.89 0.85 
Mean 0.97 ± 0.86 1.2 ± 0.85 0.99 ± 0.96 
Overall Mean 1.0 ± 0.86 

 
 
 
 
Table B-13 Chloride concentration (µg/mL) of water collected from dustfall sampler field blanks. 

Dustfall Aug-Sep 2016 Sep-Oct 2016 May-Jun 2017 Jun-Jul 2017 Jul-Aug 2017 
A 0.11 0.06 0.06 0.05 0.06 
B 0.09 0.05 0.08 0.06 0.08 
C 0.09 0.06 0.06 0.07 0.08 

Mean 0.10 ± 0.01 0.06 ± 0.006 0.07 ± 0.01 0.06 ± 0.01 0.07 ± 0.01 
Overall 0.07 ± 0.02 

 
 
 
 

 
Figure B-2 Chloride mass (µg) collected in each dustfall sampler (A, B, & C) during monthly trials for 
the summers of 2016 & 2017. 
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