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ABSTRACT 
 

Estimating mineral surface area and acid sensitivity of forest soils in, Kitimat, British Columbia 
 

Patrick Anthony Levasseur 
 

 In 2012, the Rio Tinto aluminum smelter in Kitimat, British Columbia increased sulphur 

dioxide (SO2) emissions from 27 to 42 tonnes/day. An initial study was conducted to investigate 

the effect of the increased sulphur (S) deposition on forest soils. A key uncertainty of the initial 

study was mineral surface area estimations that were applied to critical load calculations. The 

current study investigates the effect of organic matter (OM) removal techniques on mineral 

surface area and the ability to predict mineral surface area using pedotransfer functions (PTFs). 

Mineral surface area was measured on bulk soil samples using BET gas-adsorption. Organic 

matter was removed from soil samples prior to surface area measurements using a sodium 

hypochlorite treatment (NaOCl), loss on ignition (LOI) and no treatment. Removal techniques 

were found to affect surface area measurements; decreasing in the order of LOI> untreated> 

NaOCl. Particle-size based PTFs developed from other regions were not significantly correlated 

with measured surface area. A regionally-specific particle-size based function had stronger 

predictive value of surface area measurements (adjusted R2=0.82). The PTF that best reflected 

surface area measurements of bulk soil for the Kitimat area used particle-size data as well as 

kaolinite, the most abundant clay mineral in the region. Surface area values estimated using the 

particle-size PTF were applied to the PROFILE model to calculate weathering rates. Weathering 

rates were then input to critical load calculations using steady-state mass balance. These 

estimates predicted that none of the 24 measured sites are receiving SO2 deposition in 

exceedance of their critical load.  

Key words: acid deposition, critical loads, mineral weathering, organic matter, pedotransfer 
functions, PROFILE, surface area 
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1. INTRODUCTION	
 

1.1. Acidic deposition   	
 

Acidic deposition was first identified in 1845 (Ducros, 1845), although the ecological 

effects were not well documented in Europe until surface water acidification in Sweden was 

linked to industrial emissions from the United Kingdom and central Europe in 1968 (Oden, 

1968). In 1972, the first reports of ecosystem acidification in North America were released from 

the Hubbard Brook Experimental Forest in New Hampshire (Likens et al., 1972). Likens and 

Bormann (1972) found that the pH of rain in the American Northeast dropped as low as 2.1 - 

drastically different than the background average pH of 5.7. The study proposed that this 

increase in acidity could lead to leaching of plant and soil nutrients, acidification of surface 

waters and affect the metabolism of organisms.  

 

Sulphur dioxide (SO2) and nitrogen oxides (NOx) are the main contributors to acidic 

deposition. Ammonia (NH3) does not acidify rain, however, it is a main contributor to soil 

acidification through nitrification (UNECE, 2016). These compounds can be deposited as gases 

or particulates in dry deposition or in precipitation as wet deposition. As gases, SO2, NOx and 

NH3 can be absorbed by soils or vegetation and eventually be converted into sulphuric acid 

(H2SO4), nitric acid (HNO3) or ammonium (NH4
+). Deposited particulates can contain salts from 

any of the acid anions. The most common form of wet deposition occurs when SO2 and NOx 

react with hydroxides and oxygen in precipitation to form H2SO4 and HNO3 (Hicks et al., 1993; 

Reuss and Johnson, 1986; Sasaki et al., 1988). All three compounds (SO2, NOx and NH3) occur 

naturally, however, industrial activities have significantly increased their emissions (Driscoll et 

al., 2001).  
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In 1968 over 90% of acidic deposition was thought to be due to industrial activities 

largely as by-products of burning fossil fuels to generate electricity (Oden, 1968). From the 

1850s to early 2000s global anthropogenic SO2 emissions increased from 2 Tg/yr to 115 Tg/yr 

(Smith et al., 2011) and NOx emissions increased from 15 Tg/yr to 187 Tg/yr (Galloway et al., 

2008). Changes to legislation have proven to be effective at reducing SO2 and NOx emissions; 

amendments to the Clean Air Act in the United States in 1970 and 1990 as well as the 

implementation of the Canada-Wide Acid Rain Strategy led to large reductions in SO2 (78% in 

the United States and 61% in Canada) as well as NOx emissions (46% in the United States and 

31% in Canada) between 1990 and 2012 (UNECE, 2016). Similar reductions in emissions of SO2 

and NOx have been reported in Europe (EMEP, 2016). Despite these reductions, acidic 

deposition is still a prevalent problem today as studies from Canada (Mongeon et al., 2010; 

Ouimet et al., 2006; Whitfield et al., 2010), the United States (Fakhrael et al., 2016), Europe 

(Slootweg et al., 2015) and Asia (Duan et al., 2016) all report significant areas where acidic 

deposition continues to exceed the threshold for potential ecosystem damage. Due to the 

complex nature of N also playing an important role as a soil nutrient, SO2 has historically been 

considered the most important precursor for acidic deposition and associated ecological effects 

(Smith et al. 2011). 

 

1.2. Sulphur dioxide 	
 
 Sulphur dioxide is a stable chemical compound that can take gaseous, liquid or solid 

form. Sulphur dioxide can be emitted naturally through biological decomposition, forest fires, 

volcanic eruptions and marine influences. However, since the industrial revolution anthropogenic 
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emissions have produced vastly more SO2 than natural sources (Smith et al. 2011). These 

anthropogenic sources of SO2 include: burning of fossil fuels (80% of anthropogenic sources), 

metal smelting (13%), other industrial process (6%) and biofuel burning (1%) (Smith et al., 

2011). In areas where SO2 emissions and hence air concentrations are very high, negative effects 

on human health, vegetation, water and biota can occur. High concentrations of atmospheric SO2 

can have direct effects on human health such as acute respiratory problems (Johns and Linn, 

2011) and some studies have linked high atmospheric presence of SO2 to increased cases of 

cancer (Liaw et al., 2008). The potential risks of SO2 exposure to human health led the Canadian 

Council of Ministers of the Environment (CCME) to develop a new Canadian Ambient Air 

Quality Standard focused on reducing SO2 emissions to an annual one-hour average of 5.0 ppb 

by 2020 (CCME, 2016). Vegetation can also be negatively affected, as SO2 can enter the stomata 

in foliage and lead to foliar necrosis (Knabe, 1976). Chronic exposure to SO2 can also lead to 

reduced growth through losses of magnesium (Mg2+), potassium (K+) and calcium (Ca2+) from 

leaves and branches (Likens et al., 1998). Lichen and bryophytes are particularly sensitive to 

airborne pollutants and are typically the first species to be lost in areas with high air 

concentrations of SO2 (Richardson and Cameron, 2004). Lichens do not have a cuticle or stomata 

to prevent SO2 from entering the organism and the presence of SO2 can destroy chlorophyll and 

inhibit photosynthesis (Richardson, 1988). 

 

 For the most part, the adverse impacts of SO2 occur through the formation of acidic 

deposition and ecosystem acidification (Reuss and Johnson, 1986). High levels of acidic 

deposition can lead to soil acidification, especially in ecosystems that are poorly buffered 

(Lawrence et al., 1995). As soil concentrations of strong acids increase, base cations (Ca2+; Mg2+, 
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Na+, K+) are leached from the system (Reuss and Johnson, 1986); if the base saturation of the 

soil is high, the soil water will be neutralized. If the exchangeable base cation soil pool is not 

sufficient to buffer the incoming H2SO4, soil pH decreases. When base cation concentrations are 

low, acidification can be partially buffered by aluminum (Al3+) (Cronan and Schofield, 1990). 

Without the input of anthropogenic acidic deposition, base cation leaching is driven by naturally 

occurring organic acids; once base saturation has been reduced, the organic acids bind to Al3+ 

and are deposited lower in the soil profile (Driscoll and Schecher, 1990). This organic Al is non-

toxic to trees and other biota. The introduction of acidic deposition alters this process as the 

incoming inorganic anions bind with Al3+ and form an inorganic Al3+ that enters surface waters 

and poses a threat to living organisms (Driscoll et al., 2001). Base cations are also essential soil 

nutrients and increased leaching of base cations from soils may result in a decrease in tree 

productivity and stress tolerance (Engel et al., 2016; Hawley et al., 2006; Lawrence et al., 1999). 

In areas dominated by shallow soils soil acidification can also indirectly lead to surface water 

acidification. Base cations in soils can assist with buffering acidity in surface waters, and as 

these soil base cation pools are depleted, so is the potential for buffering acidity in surface waters 

(Lawrence et al., 1999). The effects of acidification in forest soils may not become apparent until 

years of acidic deposition above a certain threshold have substantially reduced base cation 

concentrations (Cosby et al., 1985). In order to adequately protect the structure and function of 

ecosystems a policy tool, known as a critical load, was developed to regulate emissions to keep 

acidic deposition below a specific threshold.  
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1.3. Critical loads of forest soils 	
 
	 The maximum level of acidic deposition that an area can receive without causing 

chemical changes leading to harmful effects on ecosystem structure and function over the long-

term is known as the critical load (Nilsson and Grennfelt, 1988). The critical load approach is 

used by policy makers in Europe to formulate emission reduction policies (Johansson et al., 

2001). The concept was accepted by the UN ECE Convention on Long Range Transboundary 

Air Pollution (CLRTAP) and underpinned the signing of the Second Sulphur Protocol in 1994 

and the Gothenburg Protocol in 1999 to Abate Acidification, Eutrophication and Ground-level 

ozone (Hettelingh et al., 1995; Hettelingh et al., 2001). These Protocols led to a 75% reduction in 

SO2 emissions in Europe from 1980 to 2010. The concept is also applied in North America 

where it is incorporated into emission management plans, used to inform government on industry 

development and manage sensitive ecosystems (Foster et al., 2001; Porter et al., 2005). The long-

term goal of the Canada Wide Acid Rain Strategy for post-2000 was to meet critical load 

thresholds for acidic deposition (CCME, 2016).  

   

 Critical loads are widely estimated using steady-state mass balance equations that 

represent sources and sinks of acidity within ecosystems. They are used to determine the 

potential area at risk of acidification but provide no information on when the acidification 

threshold will be reached (UNECE, 2004). Critical loads can vary greatly from region to region 

depending on the physical and chemical properties of the soil (Driscoll et al., 2001). Critical 

loads for forest soils are dictated by soil mineralogy as well as factors including climate, 

hydrology, biological processes and soil depth. The highest critical loads are typically found in 

soil formed of carbonate minerals such as limestone and marlstone with fine soil particle-size 
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and thick mineral soil layer under a deciduous forest with limited precipitation and drainage 

(Nilsson and Grennfelt, 1988).  

  

 Critical loads are calculated using the steady-state mass balance equation (SSMB) which 

represents sources and sinks of acidity for forest soils (De Vries, 1991; Grennfelt et al., 2001).  

 

𝐶𝐿(𝑆)&'( 	= 	𝐵𝐶,-. 	−	𝐶𝑙,-. 	+	𝐵𝐶2	–	𝐵𝑐5 	−	𝐴𝑁𝐶8-(9:;<)             [1] 

 

 Where CLmax is the maximum critical load of sulphur deposition (keq ha-1 yr-1), BCdep is 

base cation deposition (keq ha-1 yr-1), Cldep is chloride deposition (keq ha-1 yr-1), BCw is base 

cation weathering (keq ha-1 yr-1), Bcu is nutrient base cation uptake (not including sodium 

(Na+))(keq ha-1 yr-1), and ANCle(crit) is the critical acid neutralizing capacity leaching, which can 

be calculated using: 

 

𝐴𝑁𝐶8- 9:;< = 	−𝑄
>
?(1.5(𝐵𝐶2 	+ 	𝐵𝐶,-.	–	𝐵𝑐5	/	(𝐵𝑐: 𝐴𝑙)	(𝐾F;GG))

H
?	– 	1.5	(𝐵𝐶2 + 𝐵𝐶,-.	–	𝐵𝑐	,-./	(𝐵𝑐: 𝐴𝑙))		[2] 

         

 Where Q is annual water flux through the rooting zone (m3 ha-1 yr-1), Kgibb is the gibbsite 

equilibrium constant which is used to describe the relationship between Al3+ and H+ in the soil 

solution. The molar base cation to aluminum ratio (Bc:Al) is associated with ecosystem damage. 

The standard for coniferous forests is a Bc:Al of 1 (Cronan and Grigal, 1995). However, some 

Canadian studies have found that setting a Bc:Al ratio of 1 was not effective for preventing all 

individual soil horizons from exceeding the toxicity threshold and recommended a Bc:Al of 10 

(Ouimet et al., 2001). Soil mineral weathering is the primary source of base cations entering 
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most systems and is an essential element to critical load calculations (Sverdrup and de Vries, 

1994).  

	
1.4. Mineral weathering	

 
 Mineral weathering is the decomposition or disintegration of rocks and primary minerals 

into dissolved compounds, secondary minerals and residual particles. This process can occur as 

either physical or chemical weathering. Physical weathering occurs when minerals are exposed 

to environmental factors such as heat, ice, water and wind. Chemical weathering involves 

reactions between minerals and a liquid solution. These reactions occur when the mineral surface 

interacts with: hydrogen ions, water, hydroxyl ions, carbon dioxide and organic acids (Sverdrup 

and Warfvinge, 1988). Chemical mineral weathering is highest in areas with warm temperature, 

and clay-based moist soils with high surface area (Sverdrup and Warfvinge, 1988).  

 

 Weathering plays a key role in making base cations available to plants and aquatic 

ecosystems (Leaf, 1979). Weathering is the primary source of base cations for most ecosystems 

and is the primary long-term buffer against acidic deposition (Clayton, 1988; Schnoor and 

Stumm, 1985). Base cations can be lost from soils through biomass removal and leaching. As 

trees grow they take up base cations into their biomass and harvesting removes these base 

cations from the system (Nilsson et al. 1982). As acidic deposition increases so does the rate of 

base cation leaching (Reuss and Johnson, 1986). To prevent soil acidification, the mineral 

weathering rate and base cation deposition must be high enough to replace lost base cations 

(Olsson and Melkerud, 1991).  
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 Estimates of base cation weathering rates are essential to critical load calculations but are 

also a major source of uncertainty (Skeffington, 2006). Weathering rates cannot be measured 

directly in the field but are estimated using several different methods (Kolka et al., 1996; Ouimet 

and Duchesne, 2005). These methods include catchment-scale mass balance equations that take 

into consideration all weathering reactions throughout the entire catchment; these approaches 

include: chemical mass balance equations (Clayton, 1979) and MAGIC (Cosby et al. 1985). In 

contrast, weathering can also be measured at the soil pedon level using data from mineral soil. 

These methods include immobile element depletion methods (e.g. zirconium depletion method; 

Kirkwood and Nesbitt, 1991) or using a model such as PROFILE (Warfvinge and Sverdrup, 

1992). 

 

 Mass balance deficit assumes the difference between base cation export and base cation 

input is made up by mineral weathering (Clayton, 1979). This method is prone to overestimating 

mineral weathering because it does not consider base cation losses from the exchangeable soil 

pool (Langan et al., 1995). The model of acidification of groundwater in catchments (MAGIC) is 

a lumped-parameter model that predicts the effects of long term acidic deposition on soils and 

surface water at the catchment scale (Cosby et al., 2001). The model uses inputs of soil 

parameters, deposition and hydrology to estimate mineral weathering by optimizing soil 

chemistry variables to match surface water chemistry data.  

 

 Element depletion methods use immobile elements such as zirconium (Zr) or titanium 

(Ti). The approach assumes that these elements are found in even proportions throughout the soil 

profile (Kirkwood and Nesbitt, 1991). For example, the Zr depletion method assumes that other 
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oxides undergo weathering and are depleted from the uppermost levels of the soil profile.  In 

contrast the Zr remains constant leading to Zr making up a larger proportion of the upper layers. 

It is assumed that more highly weathered soils have a higher concentration of Zr in the upper 

layers with lower concentrations as you move down the soil profile. The amount of weathering 

of a given oxide can be inferred by determining the concentration of the oxide and Zr in the 

upper layers as well as the lower soil horizons using X-ray fluorescence (XRF), under the 

assumption that upper soil layers have derived from the underlying till (Kirkwood and Nesbitt, 

1991). However, a study by Whitfield et al. (2011) in northeastern Alberta found that while Zr 

was enriched in the rooting zone, the lowest concentrations were not found in the deepest 

sampled areas. This could be due to physical disturbances or differential weathering associated 

with varying moisture levels throughout the profile. This presents challenges to using the method 

and can lead to large uncertainties in weathering rates calculated using this empirical approach 

(Whitfield et al. 2011).  

 

 PROFILE is a steady-state soil chemical model with a sub-model for determining mineral 

weathering (Warfvinge and Sverdrup, 1992). The weathering sub-model uses mineral dissolution 

rates based on transition state theory determined from soil properties such as soil moisture, soil 

bulk density, runoff and temperature (Hodson et al., 1997). PROFILE is one commonly used 

method to determine weathering rates in terrestrial ecosystem studies (Mongeon et al 2010; 

Sverdrup and Warfvinge, 1995; Watmough and Dillon, 2004). One of the main advantages to 

PROFILE is that the weathering rate is calculated from independent geophysical properties of 

the soil system to give an estimate of weathering rate (Sverdrup and Warfvinge, 1995). An 
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uncertainty analysis by Jönsson et al. (1995) as well as a sensitivity analysis by Hodson et al. 

(1996) found that mineralogy and surface area were the most sensitive factors in PROFILE. 

 

1.5. Mineral surface area	
 
 Mineral surface area is an important factor influencing mineral weathering rates as 

dissolution reactions only occur on exposed surfaces (Brantley, 2000). White et al. (1996) found 

that minerals with higher surface area (e.g. hornblende), typically had higher weathering rates 

than those with lower surface area (e.g. quartz and K-feldspar). Mineralogy and soil age are 

thought to be the main contributors to mineral surface area, as different minerals break down 

over time they fracture in different patterns exposing a varying amount of mineral surface (White 

et al., 1996). Minerals in the clay fraction of soil typically have higher surface area values, the 

large surface area values of the clay fraction can dictate average surface area for the entire bulk 

sample of soil (Hodson et al., 1998). Mineral surface area can vary significantly among different 

types of soils as Petersen et al. (1996) found that sandy soils with large particles can have surface 

areas up to ten times smaller than clay rich soils. Measuring surface area has been a subject of 

debate for quite some time; a variety of methods can be used to measure surface area (Arnepalli 

et al., 2008; Santamarina, 2002). The methods can involve wet techniques using the absorption 

of polar liquids and dyes (methylene blue, EGME) or dry techniques such as gas adsorption 

(BET).  

 

 Ethylene glycol monoethyl ether (EGME) involves creating a slurry of EGME solution 

and soil, the EGME is expected to form a monolayer over all exposed surfaces. The solution can 

be removed by being placed in a vacuum, the change in weight once the EGME is removed is 
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used to determine mineral surface area (Carter et al., 1986). Methylene blue adsorption 

measurements use a cationic dye (methylene blue, C16H18N3S+) that binds to negatively charged 

clay particles (Hang and Brindley, 1970). The surface area of clay particles can be determined by 

the amount of methylene blue absorbed. Brunauer, Emmett and Teller (BET) gas adsorption 

theory is considered the foundation of surface area measurement (Brunauer et al., 1938). The 

isotherm is based off the pressure and volume of the adsorbent (typically N) that is needed to 

form a monolayer covering the entire surface of the mineral.  

  

 Wet processes work well on swelling clays that open-up when exposed to liquids 

(Arnepalli et al., 2008), whereas gas adsorption and other dry techniques may undervalue surface 

area of swelling clays (Santamarina et al., 2002). Arnepalli et al (2008) found that these internal 

surfaces made up of pores and etches can be up to six times larger than external surfaces. 

However, it has been debated whether these internal surfaces are involved in weathering 

reactions (White et al., 1996). Due to this debate, many weathering studies have continued to use 

BET gas adsorption as the primary surface area measurement tool (Hodson et al., 1997; Sverdrup 

and Warfvinge, 1995; Warfvinge and Sverdrup, 1992). BET requires organic matter to be 

removed prior to analysis as organic matter decreases surface area by binding together clay 

particles and occluding pores that would otherwise be exposed to gas adsorption (Feller et al., 

1992).  The BET procedure is lengthy and expensive; because of this, many studies have begun 

to look for alternative ways to estimate surface area using more readily available information 

(Farrar and Coleman, 1967; Hodson et al., 1998; Mayer and Rossi, 1982).  
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1.6. Pedotransfer functions	
 
 Pedotransfer functions (PTFs) can be used to estimate surface area. Pedotransfer 

functions use more readily available soil characteristics such as soil particle-size and in some 

cases mineralogy to estimate surface area. Many studies have attempted to find relationships 

between soil surface area and other physicochemical properties such as mineralogy, soil particle-

size and cation exchange capacity (Farrar and Coleman, 1967; Mayer and Rossi 1982; Petersen 

et al. 1996). Many of these have found that soil particle-size is a key predictor of surface area as 

soils with a higher clay fraction typically also had a higher surface area (Feller et al. 1992; Mayer 

and Rossi, 1982; White et al. 1996). The most widely used PTF was developed on Swedish 

podzols by Sverdrup and Warfvinge (1995). This function is the recommended with the 

PROFILE model to determine weathering rates (Sverdrup and Warfvinge, 1995): 

 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒	𝐴𝑟𝑒𝑎 = 0.08 ∗ 𝑐𝑙𝑎𝑦 + 0.022 ∗ 𝑠𝑖𝑙𝑡 + 0.003 ∗ 	𝑠𝑎𝑛𝑑    [3] 

  

 The Sverdrup and Warfvinge equation uses only percentages of particle-size class based 

criteria which is easily measured. However, studies done by Hodson et al. (1998) and Whitfield 

and Reid (2013) found that this particle-size based function did not work well on soils from 

different regions. When the Sverdrup and Warfvinge (1995) equation was applied to the podzols 

and peaty gleys of Scotland (Hodson et al. 1998) and the luvisols and brunisols of Alberta, 

Canada (Whitfield and Reid, 2013) the function was not able to accurately predict surface area. 

Both studies found that revising the soil particle-size and surface area relationship for the study 

region improved accuracy. The most accurate models included factors such as mineralogy, 

however this does limit the regions where the models can be applied.   
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1.7. Kitimat Modernization Project 

 
 The Rio Tinto aluminum smelter was built in Kitimat, British Columbia in 1954 and its 

construction represented the largest single project undertaken by the Canadian private sector at 

the time. The smelter has been a key contributor to British Columbia's economy adding $300 

million in revenue per year and over 1400 jobs. In 2012, the smelter underwent a modernization 

project (KMP) where the smelting system was upgraded from Vertical stud Söderburg smelting 

technology to a pre-bake AP-40 smelter. This upgrade resulted in a 49% increase in Al 

production however, for the project to be approved, Rio Tinto needed to apply for their SO2 

emission limits to be increased from 27 tonnes/day to 42 tonnes/day. An initial study (referred to 

as the STAR report, carried out by ESSA Consultants, Trinity Consultants and Trent University) 

was carried out to assess the potential effects of this increase in S emissions on forest soils in the 

area (ESSA, 2013). This study estimated critical loads using weathering rates determined by 

PROFILE. Replicate soil samples were taken from each bedrock type (12 bedrock types were 

identified) in the study domain; the weathering estimates were then extrapolated (average of 

replicated samples) across each bedrock type. The study revealed that critical loads were 

generally high and only soils directly around the smelter would receive S deposition in 

exceedance of the critical load. The KMP project received a code "yellow" meaning that it could 

proceed but an Environmental Effects Monitoring Program was put in place to address key 

uncertainties from the STAR report. One of these uncertainties lies in the critical load 

calculations, specifically, the use of the Sverdrup and Warfvinge PTF to estimate mineral soil 

surface area. A key knowledge gap is how accurately the Sverdrup and Warfvinge PTF can 

estimate mineral surface area in the study domain, especially for forest soils with high organic 

matter content. This study looks to build on the previous work by evaluating the variability of 
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surface area measurements after applying various organic matter removal techniques for soils 

with high organic matter and evaluating the suitability of PTFs for estimating mineral surface for 

the Kitimat region. 

 

1.8. Study objectives 	
 
 This study investigates the ability to predict surface area of forest soils in the Kitimat 

region using PTFs to apply to critical load calculations. If a PTF can be developed to accurately 

predict bulk surface area for the Kitimat region, it will be regionally-based and include both 

mineralogy and particle-size data. There are three primary objectives associated with this study: 

1. Compare BET surface area measurements after different organic matter removal techniques. 2. 

Determine soil characteristics that are significantly correlated with mineral surface area for the 

Kitimat region. 3. Develop a regionally specific PTF to estimate bulk surface area measurements 

and apply this to estimate critical load calculations.  

 

2. METHODS	
 

2.1. Study sites and sample collection	
 
 The study area is 2895 km2 and ranges from the mouth of the Douglas Channel, just 

south of the smelter in Kitimat and as far north as the city of Terrace, British Columbia (Figure 

2.1). The study domain was designed to include all ecosystems and populations that could be 

affected by the main SO2 plume from the smelter (ESSA, 2013). It includes the entirety of the 

Kitimat Valley as well as the surrounding mountains, with elevation ranges from 300 m to 1700 

m. Kitimat is in the Coastal Western Hemlock ecozone and is dominated by conifers such as 

western hemlock (Tsuga heterophylla), balsam fir (Abies balsamea), sitka spruce (Picea 
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sitchensis) and red cedar (Thuja plicata) (Figure 2.2). Forestry has been a main activity in the 

study area since the 1960s, which is home to two tree farms and three timber supply areas. 

Western hemlock makes up 70% of trees harvested in the area (Government of B.C., 2002; 

District of Kitimat, 2009). The ocean and mountain influences make Kitimat one of the wettest 

places in Canada (average precipitation of 1781 mm, average temperature of 5.6 °C; 

Environment Canada, 2015). The dominant soils in the area are Ferro-Humic Podzols (Soil 

Classification Working Group, 1998), the cold and wet nature of these soils leads to a high 

organic matter content, low pH and low base saturation. Twelve bedrock classes are found in the 

study area but three of these categories (Granodioritic intrusive, quartz dioritic intrusive and 

calc-alkaline volcanic) make up 82% of the study area (Clague, 1983) (Table 2.1).  
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Figure 2.1. The location of 25 sampling sites in the Kitimat region. Sites were selected to cover 
the twelve bedrock classes. The purple star represents the aluminum smelter. 
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Figure 2.2. Sampling site near Kitimat, forests composed of mostly western hemlock, balsam fir, 
sitka spruce and red cedar. 
 
 
 The study sites were sampled for two assessments done in June 2012 for the STAR report 

and October 2013 for the Kitimat Airshed Emission Effects Assessment (ESSA, 2014). In total, 

the 2012 survey sampled 51 sites covering all 12 bedrock categories (with three to four samples 

sites per bedrock type). For sampling purposes, the study domain was divided into 500 m by 500 

m grids and sampling sites were randomly selected but only from accessible grids (ie. 250 m 

from a road). The 2013 survey sampled an additional 29 sites using a similar method however 

they divided the study domain into 1000 m by 1000 m grids. Both studies were carried out by 

Trent University and Cambria Gordan Consultants and used consistent field protocols. Within 

each site a 10 m by 10 m quadrat was established, each corner and the center point of each plot 

were sampled at three depths of mineral soil (0–10 cm, 15–25 cm, 40–50 cm) after removing 
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forest floor the samples for each site were composited by depth. Bulk density samples were taken 

at each depth at the centre of the plot samples were air dried at 20oC and sieved to 2 mm prior to 

storage. Of these 80 sites, only 25 were selected for this study (Figure 2.1). The 25 sites were 

selected because they covered a range of values for factors that may affect surface area (organic 

matter content, particle-size and bedrock classification). Sites were selected to cover all bedrock 

types, however there has been some concern that bedrock may not be representative of soils as 

glacio-fluvial transport processes greatly influenced surface materials along the Kitimat Valley 

(ESSA, 2013). For weathering calculations and critical load estimates 8 of the initial 25 sites 

were removed because of a lack of S deposition data. An additional 7 sites, sampled in the STAR 

report, were added to increase the sample size to 24 sites for weathering calculations and critical 

load estimates. 

Table 2.1. Twelve bedrock types of Kitimat region, along with percent of study region they take 
up and the number of study sites on each bedrock.  
Bedrock Percent of study 

region 
Sites chosen 

Granodioritic intrusive (GD) 36 5 
Quartz dioritic intrusive (QD) 32 5 
Calc-alkaline volcanic (CA) 14 4 
Andesitic volcanic (VA) 4 1 
Volcaniclastic (VC) 4 1 
Intrusive rocks undivided (G0) 3 1 
Orthogneiss metamorphic (OG) 3 1 
Limestone, marble, calcareous sedimentary (LM) 2 2 
Undivided sedimentary (S0) 2 1 
Quartz monozonitic intrusive (QM) 1 1 
Granite, alkali feldspar granite intrusive (GR)  1 2 
Quartz (QZ) 1 1 

 
2.2. Laboratory analysis	

 
2.2.1. Bulk density	

 
 Bulk density (g cm-3) was calculated by dividing the weight of the dried and sieved 

(sieved to 2 mm) soil samples (g) by the volume of the bulk density hammer core (cm3).   
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        2.2.2. Compositing samples 

 At each site, the three sampling depths (0–10 cm, 15–25 cm, 40–50 cm) were composited 

by bulk density. For each site the bulk density at each depth was divided by the average bulk 

density for all depths to determine the percentage of soil from that depth to be put into the 

composite.  Samples were composited by bulk density to represent field conditions of soil 

profile.   

 

2.2.3. Loss on ignition	
 

The amount of organic matter in the soil samples was estimated using loss on ignition 

(LOI). Loss on ignition was performed by placing 5 g of sample into a drying oven at 100°C for 

24 hours. The dried samples were weighed and then placed in the Fisher Scientific Isotemp 

Muffle Furnace for 8 hours at 475oC. Samples were placed in a desiccator and weighed after 

ignition. Percent organic matter was calculated by subtracting the ashed weight from the dry 

weight and dividing by the initial dry weight (Dean, 1974). 

 

2.2.4. Particle-size analysis	
 
 The soil samples that were ashed in a muffle furnace at 475°C for 8 hours and then 

weighed for LOI were then used for particle size analysis. The ashed sample was analyzed via 

laser ablation using a Horiba Particle-size Distribution Analyser LA-950V2 to measure the 

percent sand, silt and clay. Each sample was run in duplicate with a solution of 40g of Calgon 

per litre of reverse osmosis (RO) solution (Soil Classification Working Group, 1998). Laser 

ablation uses a volume-based approach to determine particle-size.  

	
	
 



 20 

2.2.5 Exchangeable base cations and cation exchange capacity	
 
 Unbuffered ammonium chloride (NH4Cl) was used for measurements of exchangeable 

base cations and sodium chloride (NaCl) was used to measure cation exchange capacity (Lozano 

et al. 1987). A 50 mL Falcon tube with 25 mL of 1M NH4Cl solution and 5 g of soil was placed 

on a shaker table. After two hours of shaking the solution was set out for an hour to let the soil 

particles settle. The solution was then vacuum filtered using 70 mm Q2 Whatman filter paper, 25 

mL of additional NH4Cl solution was passed over the soil and filter. The filtrate was collected in 

a 50mL Falcon tube and diluted 1:10 using RO water. Filtrate was then measured for 

exchangeable base cations using a Perkin Elmer ICP-OES 7000 DV. This flask was then rinsed 

with methanol and a second flask was used to determine cation exchange capacity. To determine 

the amount of unoccupied exchange sites, 50mL of a 2M NaCl solution was then passed over the 

soil and filter. The filtrate was collected in a 50mL Falcon tube and diluted to a ratio of 1:100 

using RO water. The diluted sample was then run on Bran and Luebbe Autoanalyzer 3 to 

measure the amount of NH4
+ that was bound to cation exchange sites to measure cation exchange 

capacity. 

       

       2.2.6. Surface area measurement 

 2.2.6.1. Removal of organic matter using sodium hypochlorite solution 
	

 Organic matter and oxyhydroxides were removed from the dried, sieved sample before 

surface area analysis. Sodium hypochlorite (NaOCl) was adjusted to a pH of 8 using 

hydrochloric acid (HCl) to remove organic matter. This method was selected because of its 

effectiveness for removing organic matter without altering the mineral structure of soils (Mikutta 

et al. 2005; Kaiser and Guggenberger, 2003). Falcon tubes with 50 mL of the NaOCl solution 

and 1 g of soil were hand shaken to dissolve the soil particles that had been bound together and 
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then placed on a shaker table for 12 hours on low speed and then centrifuged at 2000 rpm for 20 

minutes. After centrifuging, the solution and all suspended organic matter were decanted from 

samples. The same falcon tube was filled with 50 mL of RO water and then hand shaken and 

centrifuged at 2000 rpm for 20 minutes. Due to the organic nature of these soils, this oxidation 

process was repeated five times (Figure 2.3).   

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
Figure 2.3. Flow chart outlining process of NaOCl treatments for removal of organic matter.  
 

 
2.2.6.2. Removal of oxyhydroxides using acid ammonium oxalate	

 
Amorphous iron (Fe) and aluminum (Al) can crystalize when exposed to high 

temperatures and increase surface area (McKeague and Day, 1966). To remove these 

oxyhydroxides, the samples that underwent NaOCl treatments were rinsed with 2M acid 

ammonium oxalate (AAO). Each sample was treated with 40 mL of a 4:3 solution of ammonium 

oxalate and oxalic acid. The tubes were hand shaken to dissolve the soil pellet then placed on a 

shaker table at low speed for 8 hours in the dark. Samples were centrifuged at 2000 rpm for 20 

minutes. The tubes were decanted, filled with 50 mL of RO water, hand shaken and centrifuged 

1. Adjust pH of NaOCl to 8 using HCl. 
2. Fill falcon tube with 50mL of NaOCl 
solution and 1g of soil, hand shake to 

dissolve pellet. 

3. Place falcon tube on shaker table for 12 
hours. 

4. Centrifuge at 2000 rpm for 20 minutes, 
decant solution. 

5. Repeat steps 1-4 four more times. Fill 
falcon tube with 40 mL of RO, centrifuge for 

20 minutes at 2000 rpm and decant. 
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at 2000 rpm for 20 minutes and then decanted. Before BET analysis these samples were oven 

dried at 40oC for 48 hours. All samples that underwent NaOCl treatments also underwent AAO. 

 

2.2.6.3. BET analysis 	
 
 BET nitrogen gas adsorption isotherm was used for measuring mineral soil surface area 

(Brunauer et al., 1938). Micromeritics 3/8' diameter tubes were degassed with N2 using a 

Micromeritics TM Flow Prep Degasser for 20 minutes at 30oC and weighed on an analytical 

balance. The tubes were then filled with 2 g of sample and degassed for 24 hours at 30oC and 

then weighed.  Samples were analysed on a MicromeriticsTM Gemini VII analyser. The dewar 

was filled with 500 mL of liquid nitrogen (LN2) and left to equilibrate with the temperature of 

the dewar. The dewar was refilled every three samples as LN2 evaporated. Measurement of 

initial pressure (P0) was taken with an empty tube before sample analysis. Sample tubes were 

filled with Micromeritics 3 mm glass beads to minimize free space. The NaOCl washes and BET 

process take approximately 2 weeks to measure surface area for 15 samples. BET measurements 

were run on the 25 sites in triplicate.  

 
2.2.6.4. Determining the effect of NaOCl washes on OM and BET analysis	

 
 To determine how much OM was removed by NaOCl, samples that had been treated with 

NaOCl underwent LOI to measure residual OM.  The effect of OM removal techniques on 

surface area was determined by comparing BET measurements after two different OM removal 

techniques (NaOCl and LOI) as well as no treatment. To test the repeatability of the effect of 

NaOCl on surface area, sub-samples from 14 sites were treated with NaOCl on two separate 

occasions, BET measurements after each treatment were compared.  
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2.3. Pedotransfer functions	
 
 Relationships between BET measured surface area (after the NaOCl wash) and elevation, 

pH, bulk density, mineralogy, OM content, cation exchange capacity and particle-size were 

tested for 26 sites using a Pearson correlation. All significantly correlated variables were applied 

to a stepwise linear regression to develop a Kitimat specific PTF.  

 

 Particle-size based PTFs are widely used because particle-size measurements are faster 

and less expensive than BET measurements. A particle-size based PTF was developed for 

Kitimat soils. Relationship of particle-size class fractions (sand, silt, clay) and BET measured 

surface area were evaluated using Pearson correlation. All significantly correlated variables were 

included in a reverse stepwise linear regression to develop a Kitimat particle-size function. The 

surface area estimates from this Kitimat particle-size model were compared with estimates from 

other previously established PTFs developed by Sverdrup and Warfvinge (1995) (for the 

remainder of this study this model will be referred to as the Sverdrup function), Hodson et al 

(1998) (Hodson function) and Whitfield and Reid (2013) (Whitfield function).  

 
2.4. Determining critical loads and mineral weathering rates	

 
2.4.1. Critical loads using the steady-state mass balance model (SMB)	

 
 Critical loads were calculated for 24 sites, where SO2 deposition and particle-size data 

were available from the STAR report using the steady-state mass balance equation (Eq. 1) (De 

Vries, 1991). Critical loads were only calculated using weathering rates where surface area 

values were estimated using the particle-sized based PTF. Nitrogen deposition in the region was 

estimated to be very low (ESSA, 2013); the focus was on determining the critical load for S 
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deposition. Base cation and Cl deposition were not available for the study area, so the 

conservative approach was taken in assuming that these values are 0 (ESSA, 2013).  

𝐶𝐿	(𝑆) = 	𝐵𝐶2	–	𝐵𝑐5 −	𝐴𝑁𝐶8-(9:;<)        [4] 

 Base cation uptake (Bcu) values were determined in the ESSA report using a combination 

of estimated biomass removed from timber harvests and literature reviews on the concentration 

of base cations within that biomass (CFS, 2011). Long-term runoff (Q) was calculated following 

Moore (2012). Bc:Al was set to 1 as per the widely used European standard and what was used in 

the ESSA report (Cronan and Grigal, 1995; ESSA, 2013). Base cation weathering (BCw) was 

calculated using PROFILE. Equation 2 was used to calculate ANCle(crit) and Bc:Al was set to 1 as 

per standards for coniferous forests (Cronan and Grigal, 1995). Exceedances were calculated by 

subtracting S deposition from CL(S). Sulphur deposition data were obtained from ESSA (2013) 

based on CALPUF modelled post KMP deposition using an average of meteorological years of 

2006, 2008 and 2009. The rooting zone was estimated to be 0.5 m.  

 
2.4.2. Weathering rates using PROFILE	

 
 Mineral weathering rates were calculated using PROFILE (Sverdrup and Warfvinge, 

1988). This steady-state soil chemistry model includes a weathering sub-model describing the 

release of base cations from mineral break down. PROFILE includes variables such as soil 

moisture, soil bulk density, runoff and temperature. Weathering rates were calculated for 24 sites 

where SO2 deposition and particle-size data were available. To compare weathering rates using 

different surface area estimation methods, weathering rates were also determined for 17 sites 

where BET measurements, particle-size and mineralogy data were available. 
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2.4.3. Mineralogy using A2M	
 
 Quantitative mineralogy was calculated for bulk samples using A2M (Posch and Kurz, 

2007). A2M combines qualitative mineralogy and major oxides percentages to determine the 

quantity of all available minerals. A mass-weighted composite soil sample (3 g) for each site was 

pulverized and sent to Analytical Sciences Laboratory, Western University, Ontario for total 

oxide analysis using a PANalytical PW-2400 X-ray Flourescence Spectrometer. Qualitative 

mineralogy was determined by sending a pulverized mass-weighted composite soil sample to 

Earth and Ocean Sciences, University of British Columbia for qualitative mineralogy analysis 

(X-ray Diffraction: Siemens (Bruker) D5000 Bragg-Brentano diffractometer). Results from both 

were applied to the A2M model to determine quantitative mineralogy. Qualitative mineralogy 

revealed the minerals present in each sample while oxide analysis quantified the total major 

element content. The A2M model can use this information to give all possible quantities of 

minerals for each soil sample. These quantities are then averaged to estimate the percent of each 

mineral in the sample. Quartz was removed from the results because it does not play a role in 

mineral weathering, the values for all other minerals reflect the percentage of the non-quartz 

minerals that they make up. The model was parameterized using mineral stoichiometry values 

provided with the A2M model (Posch and Kurz, 2007). 

 

2.5. Statistical analysis	
 
 Normality was tested for using the Kolmogorov-Smirnov test. Variables were considered 

non-normal if p>0.05. Non-normal variables were transformed to normality using log10 function 

or by using the square root. If variables were still non-normal after a number of transformations, 

non-parametric tests were used. Differences between OM content in soils before and after they 
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underwent treatment with NaOCl were evaluated using a paired Mann-Whitney U-test. 

Significant differences occurred when p<0.05. This method was also used to determine the 

consistency of effects of NaOCl treatments on surface area, comparing the effect of OM removal 

techniques on BET, the differences in surface area between bedrock morphologies and surficial 

materials, as well as the difference in weathering rates when using surface area values from 

different PTFs. Correlations between physicochemical properties and mineral surface area were 

determined using a Pearson correlation. Significant correlations occurred when p<0.05. 

Pedotransfer functions were determined using a stepwise multilinear regression and were 

evaluated using linear regression, bootstrapping and AIC scores. All statistical analysis was done 

on R version 3.3.0. 

 
3. RESULTS	
 

3.1. Site soil characteristics	
 
 Mineral soils in the Kitimat region were found to be generally high in organic matter with 

an average of 8.6% and ranged from 2.1% to 19.3% (Table 3.1.). Soils were also sandy with an 

average of 63.9% sand but ranged from 33.1% to 91.7%. The soils were low in clay averaging 

2.8% and ranging from 0.0% to 6.4% as well as moderately acidic averaging a pH of 5.1 and 

ranging from 4.6 to 6.1. Sampling elevation averaged 345 m and ranged from 6 to 1249 m. 

Mineralogy estimates from A2M found plagioclase was the most abundant mineral averaging 

30.3% and ranging from 14.1% to 63.8% (excluding quartz). It was followed by K-Feldspar 

which averaged 24.5% and ranged from 10.9% to 65.2%. Kaolinite was the most abundant clay 

mineral and averaged 14.0% of mineral composition in soils and ranged from 0.3% to 30.6% 

(Table 3.1).  
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Table 3.1. Average, maximum and minimum values for soil characteristics at 25 sites where 
BET surface area was measured.  

Soil Characteristic Average Minimum Maximum 
Sand (%) 63.9 33.0 91.7 
Silt (%) 32.8 8.8 61.6 
Clay (%) 2.8 0.0 6.4 
OM (%) 8.6 2.1 19.3 
Elevation (m) 344.9 6.0 1249.0 
Bulk Density (g cm-3) 0.8 0.4 1.3 
pH 
CEC (mmolc kg-1)  

5.1 
114.2 

4.6 
33.6 

6.1 
160.7 

Surface Area (m2 g-1) 2.2 0.1 6.9 
Apatite (%) 0.7 0.1 1.7 
Calcite (%) 0.2 0.0 2.2 
Fe-Chlorite (%) 10.7 0.7 23.5 
Hornblende (%) 9.8 3.0 19.4 
K-Feldspar (%) 24.5 10.9 65.2 
Kaolinite (%) 14.0 0.3 30.6 
Muscovite (%) 9.8 1.1 16.7 
Plagioclase (%) 30.3 14.1 63.8 

 

3.2. Effect of NaOCl treatments on organic matter content	
 
 The organic matter content of the soil was significantly reduced after five NaOCl 

treatments (Figure 3.1). Before NaOCl treatment OM ranged from 2.1 to 15.4%, whereas after 

treatment OM ranged from 0.5 to 5.1%. On average, 60% of OM was removed from samples 

using NaOCl treatment, but there was no relationship between OM before and after treatment 

(Figure 3.1). After NaOCl treatment OM content was reduced to similar values irrespective of 

the starting value. 
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Figure 3.1. Organic matter before and after NaOCl treatment determined by loss on ignition 
(organic matter was reduced by an average of 60% after NaOCl treatment). Line represents 1:1 
ratio.  
 
 

3.3. Consistency of effect of NaOCl treatment on BET surface area  	
 
 A subset of sites (n=14) were used to test the repeatability of NaOCl treatment effects on 

surface area measurements. The subset was selected to ensure the full range of surface area 

values were represented. At each site, two sub-samples were treated with NaOCl on two separate 

occasions and surface area was measured for each treated sample. The surface area of these 

samples did not differ significantly between the two treatments indicating that the NaOCl 

method had a consistent effect on surface area (p>0.05) (Figure 3.2).  
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Figure 3.2. Effect of NaOCl treatments on BET surface area measurements compared between 
subsamples of soils after separate NaOCl treatments. All measurements were run in triplicate 
dots represent median values, error bars represent maximum and minimum values. Line 
represents 1:1 ratio.  There was no significant difference in surface area between treatments 
(p>0.05).  
 

3.4. Variability of surface area measurements after different organic matter removal 
techniques	

 
 Surface area significantly differed depending on method used to remove OM. Surface 

area was highest after LOI treatment, followed by untreated soils, with NaOCl treated soils 
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having the lowest surface area. On average, soils treated with LOI had surface area values that 

were twice as high as untreated and NaOCl soils (Figure 4.3).  

 
Figure 3.3. A comparison of BET measured surface area using different organic matter removal 
techniques. BET measured surface area for soils treated with NaOCl were significantly lower 
than those treated with LOI and no treatment (p<<0.05). LOI treated soils were also significantly 
higher than those that had no treatment (p<0.05). Significant differences denoted with letters. 
Line represents 1:1 ratio. Boxplot compares average surface area between treatments, dot 
represents outliers.    
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3.5. Physicochemical properties relationship to surface area	
 

3.5.1. Bedrock, surface area and soil particle-size	
 
 There was a large degree of variance in surface area among the 25 sites, with surface 

area ranging from 0.04 to 6.86 m2 g-1. There was no significant difference in surface area among 

the three major bedrock categories (QD, GD, CA) (Figure 3.4). Significant differences were 

found only between bedrock classes that had sample sizes of two or less. There was also no 

significant difference in percent sand, silt and clay content among the major bedrock classes 

(Figure 3.4).  

 
Figure 3.4. Boxplot showing average BET measured surface area, clay, silt and sand for three 
major bedrock classes in the study region. Dots represent outliers. Numbers above bars represent 
sample counts.  
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3.5.2. Surficial material and surface area	
 
 The surface area of soils from surficial material class bedrock was significantly lower 

than almost all other surficial materials including: morainal (W=13, p<0.05), fluvial (W=46, 

p<0.05), glaciofluvial (W=42, p<0.01) and marine (W=33, p<0.005). Morainal surficial material 

was also significantly lower than marine (W=20, p<0.05) (Figure 3.5).  

 

 
Figure 3.5. BET measured surface area for all available surficial materials in study region. Bars 
represent average surface area. Error bars are standard error among surficial geologies and 
numbers are sample size. Letters represent significant differences. 
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3.5.3. Relationships between soil properties and soil surface area 	
 
 There was no significant correlation between surface area and site elevation (r=-0.17), 

LOI (r=-0.04), bulk density (r=-0.003), pH (r=0.16), %hornblende (r=-0.32), %K-Feldspar (r=-

0.28) and CEC (r=0.21) (Figures 3.6 and 3.7). Surface area was significantly positively 

correlated with %clay (r=0.88), %silt (r=0.70), %Fe-chlorite (r=0.69) and %kaolinite (r=0.85) 

and significantly negatively correlated with sand (r=-0.75) and %plagioclase (r=-0.66) (Figure 

3.7 and 3.8). 

 

 
Figure 3.6. Square root BET measured surface area was compared with more readily available 
soil characteristics. There was no significant correlation between square root BET surface area 
and log elevation, organic matter, bulk density or pH. 
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Figure 3.7. Square root BET measured surface area was compared with more readily available 
soil characteristics. There was no significant correlation between BET measured surface area and 
CEC and log K-feldspar. There was a significant correlation between sand and silt. Shaded area 
represents 95% confidence interval.  
 



 35 

 

 
Figure 3.8. Square root BET measured surface area was compared with more readily available 
soil characteristics. The characteristics that were significantly correlated with square root BET 
were clay, square root plagioclase, Fe-Chlorite and kaolinite. Shaded area represents 95% 
confidence interval.  
 

3.6. Pedotransfer Function Evaluation	
 

3.6.1. Comparison of particle-size based PTF estimates to measured BET values 	
 
 A PTF using only soil particle-size classes was created based on soils from the Kitimat 

region (Table 3.2). While large variations in the surface area were measured directly using BET, 

the model predictions of Sverdrup and Warfvinge (1995), Hodson et al. (1998) and Whitfield and 

Reid (2013), appears to be relatively insensitive to the textural controls in the region. However, a 
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high degree of correlation is attained with the application of a customized model for the region 

(Figure 3.9). The Sverdrup (r=0.14) and Hodson (r=0.11) functions had very poor fits, while the 

Whitfield (r=0.35) PTF was marginally better. The Kitimat function (r=0.90) had a very strong 

correlation with BET measured surface area.  

Table 3.2. Particle-size based PTFs used to estimate mineral surface area for soils from Kitimat 
region. 
Developed by Region  Pedotransfer function 
Present study Kitimat (9.29+0.30*clay-0.10*silt-0.09*sand)2 
Whitfield and Reid (2013) Alberta 0.42*clay+0.017*silt+0.016*sand 
Hodson et al (1998) Scotland 0.047*clay+0.024*silt+0.006*sand 
Sverdrup and Warfvinge (1995) Sweden 0.08*clay+0.022*silt+0.003*sand 
 

 
Figure 3.9. Particle-size based PTF estimates compared with BET measured mineral surface 
area. Line represents 1:1 ratio. Previously developed PTFs (Sverdrup, Hodson and Whitfield) 
were not significantly correlated with BET measured surface area. The Kitimat function that 
included particle-size relationships developed on soils from the Kitimat region was strongly 
correlated with BET measurements.  
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3.6.2. Development of a regionally specific pedotransfer function	
 
 Two regionally specific PTFs were developed for the Kitimat region: the previously 

mentioned particle-size based function (referred to as the particle-size function), as well as a 

function that incorporates particle-size and kaolinite (referred to as the all-inclusive PTF) (Table 

3.3). Both the particle-size and all-inclusive models predicted surface area with a good degree of 

accuracy (Figure 3.10). Bootstrapping and AIC scores revealed that the all-inclusive model was 

slightly more effective at representing BET measured surface area values.   

Table 3.3. Equations for regionally developed PTFs and their evaluation scores for estimating 
surface area.  
                        Coefficients 

Model               Intercept Clay (%) Silt (%) Sand (%) Kaolinite (%) Adjusted R2 AIC 
Particle- Size 9.29 0.30 -0.10 -0.09 0 0.82 -50.19 
All-inclusive 6.72 0.20 -0.07 -0.06 0.02 0.85 -51.95 
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Figure 3.10. BET measured surface area compared with surface area estimates from a particle-
size based PTF (PSPTF) as well as the all-inclusive PTF (AllPTF) significantly correlated with 
BET measurements. Line represents 1:1 ratio. 
 

3.6.3. Comparison of weathering rates 	
 
 Weathering rates estimated using surface areas from the Sverdrup, particle-size and all-

inclusive PTF were compared for all 24 sites where weathering rates were calculated (Table 3.4). 

Average weathering rate values varied between 1.25 to 2.53 keq ha-1 yr-1. A paired Mann-

Whitney U-test revealed a significant difference between the Sverdrup PTF and both the all-

inclusive and particle-size PTFs. There was no significant difference between weathering 

estimates for the particle-size or all-inclusive PTFs (V= 161, p=0.5). 
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Table 3.4. Weathering rates estimated using PROFILE with surface area values from 3 PTFs for 
24 sites where mineralogy and particle-size were available.  
 

 
PTF 

Average  
(keq ha-1 yr-1) 

Maximum  
(keq ha-1 yr-1) 

Minimum  
(keq ha-1 yr-1) 

Sverdrup 1.25 4.70 0.17 
Particle Size 2.53 5.50 0.31 
All-inclusive 2.39 4.86 0.31 

 

3.6.4. Critical loads and exceedances	
 
  Critical loads were estimated for 24 sites using surface area values from the particle-size 

PTF. These critical load estimates ranged from 1.13 to 15.65 keq ha-1 yr-1with an average of 7.11 

keq ha-1 yr-1 (Figure 3.11). Only three of the 24 sites had critical loads below 2.00 keq ha-1 yr-1, 

all three sites (OG003, SSS001 and SSS005) were found on different bedrock material (OG, GD 

and VC) (Figure 3.12). The lower critical loads are due to low weathering rates (0.31 keq ha-1 yr-

1, 0.40 keq ha-1 yr-1 and 0.67 keq ha-1 yr-1). Site OG003 and SSS001 have low weathering due to 

a very low BD (0.34 g cm3 and 0.59 g cm3) most likely caused by a high OM content (21.00% 

and 28.36%). Site SSS005 has a low weathering rate most likely due to a very low surface area 

(0.48 m2 g-1) and low clay fraction (0.86%). Out of the 24 sites, none received S deposition in 

exceedance of their critical load (Figure 3.13).  
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Figure 3.11. Cumulative frequency graph for critical loads at 24 sites. Critical loads ranged from 
1.13 to 15.65 keq ha-1 yr-1. 
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Figure 3.12. Map of critical loads for the 24 study sites where particle-size and deposition data 
were available.  
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Figure 3.13. Map of exceedances of the critical load for the Kitimat region for all 24 sites. None 
of the sites received deposition within 1.00 keq ha-1 yr-1 of the critical load.  
 

4. DISCUSSION	
 
 Kitimat soils were found to be moderately acidic, rich in OM, low in clay, and dominated 

by plagioclase, K-feldspar and kaolinite (excluding quartz). Organic matter removal techniques 

were found to affect surface area values; these values decreased in the order of: 

LOI>untreated>NaOCl. The NaOCl treatment was used to remove OM as it had a consistent 

effect on BET measured surface area. Surface area values were negatively correlated with 

%plagioclase and %sand and positively correlated with %Fe-chlorite, %kaolinite, %clay and 

%silt. Existing PTFs based on soil particle-size relationships do not predict BET surface area 

measurements of the Kitimat soils. A new PTF based on particle-size relationships for the 
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Kitimat area explained 82% of the variability in surface area. This PTF was used to estimate 

critical loads which varied between 1.13 to 15.65 keq ha-1 yr-1 and none of the 24 sites received S 

deposition in exceedance of the critical load.  

 

4.1. Organic matter removal technique and effect on BET measurements	
  
 Organic matter has been found to bind mineral particles together and occlude available 

surface area from BET measurements (Feller et al. 1992; Pennell et al. 1995). This can lead to an 

underestimation of mineral surface area available for weathering reactions. This is of particular 

importance for the Kitimat region where OM is high (average of 8.6%). The five NaOCl 

treatments consistently removed over 60% of organic matter, however, some studies have found 

that using only three NaOCl treatments is sufficient to remove much of the OM (Mikutta et al. 

2005). Previous studies have similarly found that regardless the number of treatments, between 

77–95% of original OM always remains as some OM can be protected by mineral surfaces 

(Kaiser and Guggenberger, 2003; Mikutta et al. 2005). Although it may be less effective at 

removing OM, NaOCl has been found to affect the physical structure of minerals less than other 

OM removal techniques (Kaiser and Guggenberger, 2003). Treating soil with NaOCl is a time-

consuming practice, this has led to some concerns that this treatment is difficult to repeat 

(Santamarina et al. 2002). The NaOCl procedure had a consistent effect on BET surface area, as 

sub-samples from the same site that had been treated on separate occasions had similar surface 

areas. 

 

 Mineral surface area differed depending on how or if organic matter was removed; 

removal of OM using LOI resulted in the largest surface area followed by untreated samples, 
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while NaOCl treated had the lowest surface area. The significant increase in surface area after 

LOI treatment compared with untreated soils could be due to several factors: 1) clay structural 

water can be removed at temperatures over 300°C and the loss of structural water can cause 

particles to shrink, increasing surface area (Hoogsteen et al. 2015; Nutting, 1943); 2) Pallasser et 

al. (2013) found that at temperatures between 430–600°C mineral decomposition can take place, 

reducing particle-size and further increasing the mineral surface area. Even at temperatures as 

low as 100°C kaolinite dehydroxylation can begin to take place, as these minerals begin to 

change form their surface area can be affected (Frost and Vassallo, 1996). While effective at 

removing organic matter, LOI alters the physical nature of the minerals and increases surface 

area. Further research could look into performing LOI at a lower temperature to remove OM but 

not affect mineral composition.     

 

 Soils treated with NaOCl had a significantly lower surface area compared with untreated 

soils. This was unexpected and differs from previous studies that have found untreated soils had 

lower surface area because organic matter binds particles together preventing N2 from adsorbing 

to all available sites (Feller et al., 1992).  Hence removing OM should result in an increase in 

BET measured surface area. Studies by Feller et al. (1992) and Pennell et al. (1995) found that 

organic matter occluding available surface area takes place mostly in the clay fraction of the soil. 

Kaiser and Guggenberger (2003) also found that podzols rich in organic matter, such as the soils 

found in the Kitimat region, typically had the smallest change in surface area when organic 

matter is removed. The effect of surface area occluded by OM may not be apparent in the 

Kitimat soils due to their low clay content (average of 1.1%). Instead the larger surface area prior 

to OM removal may be explained by BET measuring the surface area of OM that is not removed 
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by NaOCl. Chiou et al. (1990) found that the surface area of OM is about ~1 m2 g-1, the 

difference between the average surface area of untreated and NaOCl treated soils was 1.5 m2 g-1. 

Another possibility is that the increased surface area of amorphous oxyhydroxides formed from 

weathering remains on untreated soil particles leading to a slightly higher BET-measured surface 

area (McKeague and Day, 1966). The NaOCl treated samples underwent AAO treatment to 

remove additional oxyhydroxides from NaOCl oxidation, however these oxyhydroxides can also 

be by-products of weathering and increase surface area while not contributing to further 

weathering reactions (Middelburg et al. 1988).  

 

 There is some debate if removing OM in the lab exposes mineral surface area that would 

not be available in the field. Some studies have found that measured surface areas in the lab are 

much larger than what we would typically expect to be available for weathering reactions in the 

field (White and Brantley, 2003). This difference could be due to an overestimation of the role of 

OM occluding reactive surfaces in the lab or whether experimental measurements focus too 

heavily on total surface area over reactive surface area (White and Brantley, 1995). Gautier et al. 

(2001) proposed that some increase in BET surface area during weathering is due to etches and 

pits developing on minerals that do not contribute to mineral dissolution. There have been 

several studies that have proposed that geometric surface area is more indicative of reactive 

surfaces than BET measurements (Gautier et al. 2001; Mellot et al. 2002; White et al. 1996). 

Geometric surface areas are calculated by determining the particle diameter and assumes that 

each particle is a smooth sphere (White and Petersen, 1990). This method does have its short-

comings as minerals are almost never a smooth sphere; geometric surface area does not take 

etches and pits into consideration and only estimates what is believed to be reactive surface area. 
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There is still not a clear definition of reactive surface area or the role it plays in mineral 

dissolution. This has caused most studies to continue to rely on total surface area measurements 

such as BET gas adsorption to determine rates of mineral weathering (White et al. 1996).   

 

 Several studies have questioned if BET is the most accurate tool to measure surface area 

(Arnepalli et al. 2008; Carter et al. 1986; Santamarina et al. 2002). Arnepalli et al. (2008), found 

that BET measurements do not accurately predict surface area of swelling clays. Wet methods 

such as EGME or MB allow swelling clays to open and provide more measureable total surface 

area (Daniels et al., 2004; Santamarina et al., 2002). As the clay portion for the Kitimat soils is 

dominated by kaolinite, a non-swelling clay, this effect will most likely be less pronounced 

(Carter et al., 1986). Many weathering studies use surface areas measured by BET or estimation 

tools that were developed using BET measured surfaces (Hodson et al., 1998; Sverdrup and 

Warfvinge, 1995; Whitfield and Reid, 2013).  

  

 Measured surface area values for the Kitimat soils ranged from 0.04 to 6.84 m2/g. This 

range is similar to BET measured values found in other studies. Lower values (ranging from 0.54 

to 2.26 m2 g-1) were found in podzols and gleysols of Scotland developed on bedrock of low 

weathering material (granite, schists and gneiss) (Hodson et al., 1998). Higher values (range of 

0.1 to 14 m2 g-1) were found on brunisols and luvisols in Alberta with a higher clay content 

(median 5.01%) (Whitfield and Reid, 2013).  

	
4.2. Mineral surface area and other physicochemical soil properties 	
	 	

 There were no significant differences between BET measured surface area or soil 

particle-size for the three major bedrock classes that made up 82% the study area. This follows 
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the conclusions from the STAR report that surficial soils may not reflect the underlying bedrock 

for the Kitimat region (ESSA, 2013). This is particularly true at the bottom of the Kitimat Valley 

as glacial movement, alluvial deposits and colluvium dominate the surficial material (Clague, 

1983). Exposed bedrock had a significantly lower surface area (average of 0.75 m2 g-1) than 

almost all other surficial materials (morainal, fluvial, glaciofluvial and marine). Bedrock that has 

undergone little weathering is expected to have a much lower surface area than finer surficial 

materials. Surface area did not significantly differ between bedrock class or surficial material, to 

gain more context on what is influencing soil surface area other factors were analyzed. 

 

 Previous studies have found that soil cation exchange capacity (Farrar and Coleman, 

1967), soil particle-size (White et al., 1996) and mineralogy (Hodson et al., 1996) are correlated 

with mineral surface area. Out of the 12 variables tested in this study, %clay (+), %silt (+), 

%sand (-), %plagioclase (-), %Fe-chlorite (+) and %kaolinite (+) were significantly correlated 

with BET surface area. The lack of relationship between CEC and surface area could be 

explained by the type of clay minerals that are present in soils. The strongest relationship 

between CEC and surface area were found in soils that had three major clay minerals: kaolinite, 

illite and montmorillonite (Farrar and Coleman, 1967). Similar to the present study, Petersen et 

al. (1996) found that Danish soils with a wide variety of clay minerals did not have a significant 

relationship between surface area and CEC. Many studies have found a strong relationship 

between surface area and particle-size, as particle-size limits surface area and smaller particles 

such as clay have larger surface areas (Mayer and Rossi, 1982; White et al. 1996). Plagioclase is 

a rock forming mineral that has a low surface area (White and Brantley, 2003). It is the most 

abundant mineral in the Kitimat soils (excluding quartz) and is negatively correlated with surface 
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area. Kaolinite was the most abundant clay mineral, followed by Fe-chlorite and as their 

abundance increased so did surface area. A study done by Clausen and Fabricus (2000) found 

kaolinite samples had a surface area of 8 m2 g-1 while White et al. (1996) measured plagioclase 

ranging from 0.26 to 1.48 m2 g-1.  

 
 
4.3. Development of pedotransfer function and application to critical loads 

 
 4.3.1. Pedotransfer function development 
 
 The particle-size based function developed by Sverdrup and Warfvinge (1995) is widely 

used to estimate surface area for calculating weathering rates and critical loads in North America 

and Europe (Mongeon et al., 2010; Ouimet and Duchesne, 2005; Sverdrup and Warfvinge, 1995; 

Whitfield et al. 2006; Williston et al. 2016). Previous studies have found that this particle-size 

function under-predicts measured surface area when applied to soils outside its study region 

(Hodson et al., 1998; Whitfield and Reid, 2013). This also proved to be true for soils from the 

Kitimat region. The Sverdrup function along with two other published particle-size based 

functions proved to be insignificantly correlated with BET measured surface area. A PTF that 

incorporated particle-size relationships specific to the Kitimat region proved to predict surface 

area values that better reflected BET measurements. This difference could be due to different 

techniques used for particle-size measurement. This study used laser-diffraction, a volume-based 

approach to measure particle-size. Whitfield and Reid (2013) similarly used laser-diffraction 

however they did not use a Calgon solution to deflocculate finer particles. Hodson et al. (1998) 

and Sverdrup and Warfvinge (1995) used a mass-based approach to determine particle-size.  
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 Adding mineralogy to PTFs has been found to increase the accuracy for predicting 

surface area (Hodson et al., 1998; Whitfield and Reid, 2013). As different minerals weather in 

different patterns, adding mineralogy to the PTF provides more context on not only the 

abundance of different minerals but also how much surface area will be exposed throughout the 

weathering process. Mineralogy was determined using A2M, there is some uncertainty as the 

model estimates mineral composition based on oxide concentrations and qualitative mineralogy 

(Posch and Kurz, 2007). Plagioclase and K-feldspar are the main primary minerals and together 

make up on average 54.8% of (the weatherable) minerals in the Kitimat soils, the two have a 

high weathering potential and contribute Na+, Ca2+ and K+ to the soil solution (Posch and Kurz, 

2007). Kaolinite, a secondary mineral sometimes formed from the weathering of plagioclase, is 

the most dominant clay mineral in the region making up on average 14% of soil minerals. 

Kaolinite weathering does not actively contribute base cations to the soil solution (Posch and 

Kurz, 2007). In the Kitimat region, PTFs that included kaolinite were found to better predict 

BET measured surface area than particle-size based PTFs. As individual minerals weather in 

different patterns, increasing the resolution on the specific clay mineral that may be driving the 

surface area values in the Kitimat region most likely increases the accuracy of the PTF. 

Plagioclase was the most abundant mineral but has a very low surface area, the kaolinite function 

could still accurately estimate surface area without the inclusion of plagioclase. Fe-chlorite was 

the second most abundant clay mineral; however, previous studies have found that soils 

containing larger amounts of Fe-chlorite typically have a smaller surface area than those rich in 

kaolinite (Ransom et al., 1998). The model is most likely more accurate without Fe-chlorite as 

kaolinite is not only more abundant but more capable of representing the full range of surface 

area values for the Kitimat soils.  
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 4.3.2. Weathering rate calculations 

 Weathering rates calculated using the surface area estimated by the Sverdrup function 

were significantly lower than rates using any of the estimates from the Kitimat produced 

function. Under-predicting surface area values can lead to lower estimates of weathering rates 

and hence increasing the perceived acid sensitivity of soils. This is of particular interest for this 

study as the STAR report used the Sverdrup function to estimate surface area. The all-inclusive 

PTF was only marginally more effective at predicting BET measured surface area versus the 

regional particle-size based PTF (adjusted R2 of 0.85 versus 0.82). Similarly, the difference 

between weathering rates calculated with each PTF was also small (2.39 keq ha-1 yr-1 versus 2.53 

keq ha-1 yr-1). The availability of particle-size data and marginal differences between the two 

regional functions led to the particle-size based function being chosen as the function of choice 

for critical load calculations.  

 

 The PTFs were based on measured mineral surface area for bulk soil samples as opposed 

to individual minerals. This method was chosen as most weathering studies typically apply bulk 

surface area values to apply to PROFILE (Hodson et al. 1998; Whitfield and Reid, 2013). 

Separating each mineral from bulk samples using high gradient magnetic separation (Schulze 

and Dixon, 1979) before BET measurements would extend an already time-consuming process. 

Measuring surface area of bulk soils does have its limitations. Kaolinite is the main driver for 

surface area of bulk samples for the Kitimat soils, however, kaolinite does not typically 

contribute to weathering reactions (Goldich, 1938). While kaolinite surface area is measured by 

BET it does not actively contribute to weathering and can cause an overestimation of other 

mineral surfaces that are involved in weathering processes. This could potentially lead to an 
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overestimation of mineral weathering for soils in the region. Estimating surface area for bulk soil 

samples introduces additional uncertainty into weathering calculations. However, the most 

accurate method (isolating individual minerals to measure on BET) would involve the use of 

instruments that are not widely available. Pedotransfer functions for bulk samples are a 

convenient tool that can estimate surfaces available for BET measurement with a relative degree 

of accuracy (R2=0.82). More context is still needed on the role these mineral surfaces play in 

weathering reactions.     

  

 4.3.3. Critical loads and exceedance  

 Critical load estimates using particle-size predicted surface area were then extrapolated to 

24 sites within the study region. The average of these critical loads was 7.11 keq ha-1 yr-1, none 

of the sites received sulphur deposition in exceedance of the critical load. However, this particle 

size PTF assumes that the kaolinite dominated surfaces of the bulk soil samples are weatherable 

most likely leading to an overestimation of critical loads. To compare how decreasing surface 

area estimates would affect critical loads the Sverdrup function was also applied, while 

underestimating BET measured mineral surfaces it would provide a "safer" estimate of critical 

loads. Once the Sverdrup function is applied to the same soils the average critical load was 

reduced to 3.55 keq ha-1 yr-1, zero sites received deposition in exceedance of the critical load. 

Two of the 24 received deposition where exceedance values reached within 1.00 keq ha-1 yr-1 of 

their critical load.  

 These critical loads are quite high compared to critical loads of sulphur and nitrogen from 

other regions in Canada including: southern British Columbia (0.94 to 4.53 keq ha-1 yr-1) 

(Mongeon, 2010), eastern Canada (0.56 to 2.06 keq ha-1 yr-1) (Ouimet et al. 2006), Manitoba 
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(1.26 keq ha-1 yr-1) and Saskatchewan (1.15 keq ha-1 yr-1) (Aherne and Watmough, 2006). These 

higher values could be due to the overestimation of reactive surface area.  

 

Harvesting estimates were a source of uncertainty in this study as values were a 

combination of base cation concentrations for tree species from literature and timber removal 

estimates. In parts of Europe and North America, acidic deposition has been dramatically 

reduced in the past decade, however, an increase in base cation removal from harvesting is 

leading to soil acidification (Iwald et al., 2013; Reid and Watmough, 2016). These estimations 

need to be improved as harvesting could potentially have larger implications on acid-sensitive 

soils in the Kitimat region.   

 

 This study focused on estimating surface area using data from soils collected at point 

sites. Estimating critical loads at specific sites may not be the most effective method as single 

points are not always a sufficient representation on how the study region can be affected. 

Previous studies have attempted to extrapolate surface area estimates collected at points over the 

same bedrock classes (ESSA, 2013). In the case of the Kitimat region, there was no apparent 

pattern regarding surface area and bedrock category. This could be due to soils in the Valley 

being distinct from parent material, as glacio-fluvial transport processes greatly influenced 

surface materials along the Kitimat Valley (ESSA, 2013). In 2016, a study was done identifying 

the effects of acidic deposition produced by a liquid natural gas (LNG) development in Prince 

Rupert, British Columbia (Williston et al., 2016). The LNG study used a co-kriging approach 

using spatial dependency on co-factors to extrapolate mineral weathering estimates. This may 
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prove to be a more effective method as bedrock alone does not appear to be a sufficient 

predictor.  

 
4.4. Conclusions 	

 
 The three objectives for this study were to: 1. Determine the variability of BET surface 

area measurements after different organic matter removal techniques. 2. Determine soil 

characteristics that are significantly correlated to mineral surface area for the Kitimat region. 3. 

Develop a regionally specific PTF and apply this to estimate critical load calculations. This study 

found that OM removal technique affected BET measured surface area. The NaOCl treatments 

had a consistent effect on BET measured surface area, however only removed an average of 60% 

of OM. For soils from the Kitimat region sand, silt, clay, plagioclase, Fe-chlorite and kaolinite 

were significantly correlated to surface area. Previously published PTFs using soil particle-size 

did not accurately predict measured surface area. However, these studies used different methods 

for measuring particle-size, consistent methodology may lead to more accuracy in PTFs 

developed outside the study region. Applying a regional particle-size model predicted BET 

surface area measurements with a good deal of accuracy (adjusted R2=0.82), adding mineralogy 

increased the accuracy (adjusted R2=0.85) however only by a marginal amount. A PTF using 

particle-size and kaolinite was found to be the most effective model to predict surface area for 

the Kitimat region and suggests that bulk surface area is dictated by a mineral that does not 

contribute to mineral weathering. A key knowledge gap is measuring the surface area of 

individual minerals as opposed to bulk surface area. The ability to include surface areas of each 

mineral could affect weathering estimates.  
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Appendix A. Soil characteristics of 25 sites PTF was developed on 
 

Site BET (m2 
g-1) 

Sand Silt Clay LOI Elevation 
(m) 

Bulk 
Density 
(g cm-3) 

pH CEC 
(mmolc L-1) 

DCAS27 3.30 76.17 21.95 1.89 7.44 153.00 0.67 5.35 121.83 
SSS006 5.38 79.78 18.73 1.50 4.95 208.00 0.86 5.13 123.70 
SSS005 0.83 80.57 18.39 1.05 5.02 41.00 0.93 5.62 146.00 
GR002  6.71 87.91 11.16 0.94 5.59 133.00 0.78 4.75 135.54 
LM006 4.27 72.26 25.61 2.14 4.44 142.00 0.85 5.32   
DCAS16 0.26 92.53 7.05 0.43 5.11 343.00 0.88 4.81 95.45 
DCAS02 0.04 95.46 4.36 0.18 3.56 464.00 1.03 4.68 102.31 
G0028 0.47 87.84 11.40 0.76 11.29 204.00 0.64 5.12 144.14 
GD013 1.41 87.33 11.66 1.01 3.89 195.00 0.79 5.79 131.77 
VA001 4.20 90.60 8.76 0.63 7.80 21.00 0.79 5.27 144.47 
QD007 1.37 89.32 9.87 0.81 15.43 203.00 0.40 4.55 134.18 

CA004 1.44 74.26 24.60 1.14 4.18 18.00 1.09 5.29 102.26 
CA008 6.83 91.13 8.18 0.69 6.15 98.00 1.34 4.95 117.35 
QM003 0.05 91.05 8.47 0.48 2.07 67.00 0.99 4.78 59.07 
OG001 0.68 90.68 8.95 0.38 8.35 661.00 0.85 5.23   
DCAS01-
02 

0.13 94.10 5.62 0.29 7.35 125.00 0.69 4.79 98.92 

DCAS26 2.21 80.27 17.99 1.73 12.08 209.00 0.47 4.58 143.27 
QD006 1.23 85.90 13.00 1.10 4.91 155.00 1.11 4.97 160.69 
QD012 6.86 89.04 9.55 1.41 7.87 86.00 0.93 4.95   
GD003 3.32 84.05 14.87 1.07 9.67 135.00 0.85 5.47 109.72 
DCAS23 2.36 86.13 12.92 0.95 10.69 420.00 0.61 6.06 60.85 
DCAS28 4.07 84.58 14.22 1.21 14.72 202.00 0.42 5.04 87.25 
DCAS04 0.50 82.69 16.47 0.84 8.42 6.00 0.56 4.81 33.61 
GR005 1.08 88.58 10.80 0.62 11.71 476.00 0.68 4.97 85.19 
LM009 3.18 67.76 29.77 2.47 5.85 142.00 0.80 5.05 100.21 
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Appendix B. Mineralogy data estimated by A2M for 25 sites PTF developed on 
 

SITE Apatite Hornblende Fe-
Chlorite 

K-
Feldspar 

Plagioclase Muscovite Kaolinite Calcite 

DCAS27 0.83 15.82 11.06 21.98 28.13 11.17 11.01 0.00 
SSS006 1.72 5.54 14.42 23.44 17.16 8.85 28.87 0.00 
SSS005 0.51 16.27 9.67 15.45 40.38 11.59 6.13 0.00 
GR002  0.72 6.42 14.66 23.74 17.41 9.97 27.08 0.00 
LM006 1.22 7.93 11.07 15.28 30.13 10.75 23.61 0.00 
DCAS16 0.14 3.30 1.82 59.06 31.87 2.59 0.77 0.45 
DCAS02 0.13 8.34 1.27 24.80 63.77 1.30 0.39 0.00 
G0028 0.50 11.42 7.47 30.40 33.21 13.00 4.00 0.00 
GD013 1.45 6.12 14.47 25.40 24.66 10.32 17.58 0.00 
VA001 0.85 6.72 13.84 23.61 17.17 11.10 26.71 0.00 
QD007 0.86 6.50 13.30 26.70 19.79 7.85 24.99 0.00 
CA004 0.80 15.10 11.02 13.54 40.45 11.45 5.90 1.74 
CA008 0.48 3.00 17.75 21.44 14.08 12.46 30.59 0.19 
QM003 0.06 4.90 0.71 65.19 27.67 1.13 0.34 0.00 
OG001 0.76 9.46 7.92 25.86 30.85 15.38 8.30 1.48 
DCAS01-
02 

0.20 18.82 4.46 12.01 58.53 4.51 1.47 0.00 

DCAS26 0.91 8.57 18.81 22.11 21.65 8.28 19.67 0.00 
QD006 0.91 9.63 6.63 25.81 29.56 16.52 10.92 0.00 
QD012 0.35 7.77 11.81 28.17 20.63 8.83 22.43 0.00 
GD003 1.08 7.69 13.79 13.55 34.20 13.07 16.62 0.00 
DCAS23 0.40 10.24 9.48 11.37 53.03 10.10 5.39 0.00 
DCAS28 0.67 11.64 10.69 22.98 24.55 9.13 20.34 0.00 
DCAS04 0.58 19.36 13.13 20.99 27.30 9.17 7.24 2.24 
GR005 0.64 12.31 6.03 26.20 29.38 16.66 8.78 0.00 
LM009 0.56 5.56 23.54 10.86 23.43 7.64 28.40 0.00 
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Appendix C. Inputs to PROFILE (other inputs are soil particle-size and mineralogy) for 24 sites 
where mineralogy was available. Surface area predicted by all-inclusive PTF.  
 

 kg m-3 m2 g-1 m2 m-3 m °C m kg ha-1 yr-1 keq ha-1 yr-1 
SITE BD SA SA Q Temperature Precipitation Sulphur SO4 
CA004 1120.00 1.24 1387.84 1.38 6.39 2.15 23.73 1.48 
CA008 1040.00 5.45 5666.60 0.69 6.16 1.50 4.51 0.28 
G0028 730.00 1.54 1125.82 1.36 5.27 2.09 2.74 0.17 
GD003 960.00 1.79 1718.00 0.93 4.32 1.39 4.59 0.29 
GD013 1190.00 2.19 2604.72 0.68 5.31 1.16 3.39 0.21 
GR002  1030.00 4.65 4789.20 0.63 5.81 1.60 3.38 0.21 
GR005 670.00 1.53 1021.92 1.24 3.36 2.10 0.86 0.05 
LM006 1120.00 4.94 5537.20 0.62 6.26 1.48 3.87 0.24 
LM009 1040.00 4.44 4613.10 0.61 4.22 1.49 3.67 0.23 
OG001 850.00 0.75 635.00 1.76 6.40 2.17 0.75 0.05 
OG003 340.00 1.26 428.91 1.01 3.65 1.69 0.98 0.06 
QD006 1040.00 1.43 1488.87 0.80 3.61 1.43 5.59 0.35 
QD007 630.00 1.86 1170.29 2.03 3.55 2.03 1.36 0.08 
QD012 1020.00 7.06 7203.67 0.82 6.26 1.43 5.66 0.35 
QM003 1330.00 0.38 508.75 1.55 5.89 2.13 0.93 0.06 
S022 1100.00 5.87 6456.51 0.60 6.36 1.20 2.40 0.15 
SSS001 590.00 2.76 1630.54 1.58 6.21 2.46 0.63 0.04 
SSS005 960.00 0.48 461.92 0.85 5.44 1.97 1.03 0.06 
SSS006 1040.00 5.13 5331.36 0.59 4.12 1.39 2.54 0.16 
VA001 890.00 3.99 3552.56 0.68 5.68 1.53 2.18 0.14 
VA006 1030.00 9.23 9503.69 0.68 5.59 1.32 2.19 0.14 
VC002 760.00 3.14 2384.47 0.85 5.44 1.53 1.19 0.07 
VC003 980.00 7.17 7023.46 0.64 6.15 1.27 4.08 0.25 
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Appendix D. Inputs for critical load calculations for 24 sites. Surface area estimated using 
particle-size PTF. 
 

 keq ha-1 yr-1 keq ha-1 yr-1 keq ha-1 yr-1 m keq ha-1 yr-1 keq ha-1 yr-1 keq ha-1 yr-1 keq ha-1 yr-1 
Site WeathBc WeathBC BCU Q S ANC CL Exceedance 
CA004 3.88 4.37 0.02 1.38 1.48 -6.89 11.23 9.75 
CA008 4.61 5.27 0.36 0.69 0.28 -7.08 11.99 11.71 
G0028 1.20 1.48 0.04 1.36 0.17 -2.47 3.91 3.74 
GD003 1.97 2.44 0.21 0.93 0.29 -3.29 5.52 5.24 
GD013 2.61 3.10 0.12 0.68 0.21 -4.33 7.31 7.10 
GR002  3.61 4.23 0.39 0.63 0.21 -5.44 9.29 9.08 
GR005 1.28 1.57 0.13 1.24 0.05 -2.40 3.84 3.78 
LM006 4.30 5.27 0.01 0.62 0.24 -7.09 12.35 12.11 
LM009 3.92 4.69 0.30 0.61 0.23 -6.04 10.43 10.20 
OG001 1.77 1.98 0.01 1.76 0.05 -3.64 5.62 5.57 
OG003 0.31 0.35 0.03 1.01 0.06 -0.80 1.13 1.07 
QD006 1.60 1.96 0.31 0.80 0.35 -2.46 4.11 3.76 
QD007 1.18 1.39 0.32 2.03 0.08 -2.15 3.21 3.13 
QD012 5.50 6.56 0.01 0.82 0.35 -9.11 15.65 15.30 
QM003 0.68 0.80 0.01 1.55 0.06 -1.66 2.46 2.40 
S022 3.20 3.76 0.16 0.60 0.15 -5.14 8.73 8.58 
SSS001 0.40 0.49 0.04 1.58 0.04 -1.08 1.53 1.49 
SSS005 0.67 0.84 0.13 0.85 0.06 -1.22 1.92 1.86 
SSS006 4.33 4.99 0.12 0.59 0.16 -6.96 11.83 11.67 
VA001 2.65 3.11 0.18 0.68 0.14 -4.29 7.22 7.08 
VA006 4.69 5.43 0.18 0.68 0.14 -7.48 12.74 12.60 
VC002 1.16 1.38 0.11 0.85 0.07 -2.08 3.35 3.28 
VC003 2.66 3.64 0.00 0.64 0.25 -4.57 8.21 7.95 
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Appendix E. Critical load outputs when Bc:Al was raised to 10. 
 

 keq ha-1 yr-1 keq ha-1 yr-1 keq ha-1 yr-1 

Site ANC(10) CL(10) Exceedance(10) 
CA004 -1.09 5.43 3.95 
CA008 -0.97 5.88 5.59 
G0028 -0.51 1.95 1.78 
GD003 -0.56 2.80 2.51 
GD013 -0.65 3.63 3.42 
GR002  -0.77 4.61 4.40 
GR005 -0.49 1.92 1.87 
LM006 -0.95 6.21 5.97 
LM009 -0.83 5.22 4.99 
OG001 -0.72 2.70 2.65 
OG003 -0.22 0.54 0.48 
QD006 -0.44 2.09 1.74 
QD007 -0.53 1.59 1.51 
QD012 -1.23 7.77 7.42 
QM003 -0.41 1.20 1.14 
S022 -0.72 4.32 4.17 
SSS001 -0.31 0.76 0.72 
SSS005 -0.27 0.97 0.91 
SSS006 -0.93 5.80 5.64 
VA001 -0.64 3.57 3.43 
VA006 -1.01 6.26 6.13 
VC002 -0.40 1.66 1.59 
VC003 -0.67 4.30 4.05 

 
 
 
 
 
 
 
 
 
 
 
 


