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ABSTRACT 
 

 Elemental sulfur (S°) was combined with dried anaerobically digested sewage 

sludge (DDS) from Saskatoon to form fertilizer mixtures.  These S° combinations were 

studied in both loose and pelletized form to discern the role of DDS as a fertilizer 

binder and a potential stimulator of heterotrophic S° oxidation.  Additionally, two waste 

gypsum sources from Saskatchewan were evaluated as sulfate fertilizer alternatives: (1) 

waste wallboard (23% S, air-dried, pulverized) and (2) sodium sulfate mining by-

product (20.9% S, air-dried, crushed and sieved < 2 mm). 

 Elemental sulfur combinations consisting of various proportions of S°, DDS and 

hydrated lime (Ca(OH)2) were created, incubated and microscopically examined.  An 

incubation lasting 12 weeks was used to examine the short-term release of sulfate from 

wallboard as well as fine (mean particle size = 82 µm) and coarse (MPS = 353 µm) S° 

combinations.  Sulfate supply potential and the effects of granular S° pelletization were 

studied in the growth chamber with canola as the test crop.  An apparent link existed 

between enhanced S° oxidation rate and a modified surface environment produced by 

the combination of S°+ DDS + lime.  Soil amendment with S° combinations containing 

DDS + lime or lime alone showed superior initial oxidation rates than S° alone.  

Growth chamber observations revealed higher canola yield and sulfate recovery with 

application of S° combinations containing DDS + lime over S° alone.  Attempts at 

pelletizing the S° combinations resulted in improved handling characteristics, but 

lowered product performance due to poor dispersion in soil.  The potential role of DDS, 

heterotrophic populations and lime on S° oxidation were assessed through measurement 

of soil CO2 evolution.  The addition of S°+ DDS + lime prevented the depression in 

soil CO2 evolution observed with S° amendment alone.  Compared to immediately 

soluble sulfate, the recovery of wallboard-derived sulfate in soil incubation (12 weeks) 

was lower.  Growth chamber tests lasting six weeks revealed a 37% lower S recovery 



 

from wallboard gypsum than soluble sulfate. 

 The potential for using DDS to enhance S° oxidation and the sulfate release of 

waste gypsum was studied under field conditions at Star City, Saskatchewan using 

canola as the test crop.  Yield and sulfur uptake were assessed at three rates of sulfur 

(20, 40 and 80 kg S ha-1) on a Gray Luvisolic soil (Porcupine Plain association).  

Variability and an underestimation of the soil sulfur supplying power obscured the 

effects of DDS + lime on enhancing S° oxidation.  Based on crop sulfur uptake data, 

wallboard gypsum was often comparable to ammonium sulfate.  Application of mine 

gypsum produced lower mid-season and final sulfur uptake compared to wallboard and 

ammonium sulfate.  The crystalline nature of mine gypsum restricts product 

effectiveness, but it has better handling qualities than pulverized wallboard.  The waste 

gypsum sources provided significantly lower sulfur use efficiency (SUE) at 20 kg S ha-1 

than ammonium sulfate; however no difference was observed at 40 and 80 kg S ha-1. 
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CHAPTER 1:  INTRODUCTION 
 

 Sulfur deficiency in western Canada is largely a function of intensive 

agricultural production on Luvisolic and Gray-Black transitional soils inherently low in 

sulfur supplying power, as well as the continuation of soil degrading practices on all 

soils (Bettany et al. 1982).  Increasing awareness of soil conservation may have slowed 

the progression of sulfur deficiency, but a trend towards increases in canola production 

may cause additional sulfur deficiency.  Emphasis should be placed on cost-efficient 

approaches to annual maintenance of sulfur fertility. 

 Elemental sulfur (S°) is a plentiful by-product of sour gas processing in western 

Canada and is an inexpensive sulfur source relative to traditional ammonium sulfate 

fertilizer.  Elemental sulfur must be oxidized to the plant-available sulfate (SO4
-2) form 

to be an effective sulfur fertilizer.  The utilization of S° products has cost advantages 

(Janzen and Bettany 1986), however; they are slowly converted to sulfate when applied 

as fertilizer prills.  Finely ground forms of S° are more immediately effective, but are 

difficult to apply on a farm-scale (Karamanos and Janzen 1991).  As an alternative to 

conventional granular S° application, S°+ sewage sludge combinations have the 

potential to enhance the release of plant-available sulfate (Cowell and Schoenau 1995).  

Gypsum has been considered as an alternative sulfate source for economic reasons, but 

limited product availability has restricted widespread use (Harapiak 1980).  The 

combination of finely ground S° with sewage sludge to enhance oxidation and reduce 

handling problems and utilization of waste gypsum sources available in Saskatchewan 

are possible solutions to current product limitations. 



 

1.1  Saskatoon sewage sludge 

 Less than 40% of treatment plant sludge produced in the United States is used 

beneficially (Water Pollution Control Federation (WPCF) 1989).  Their report defined 

the term "beneficial" as using sludge as a soil conditioner, a source of at least one 

nutrient, or as an energy/fuel source.  The remainder of sludge is either discharged to 

lagoons, incinerated without using the fuel value or wasted in landfills.  Exhaustion of 

land-fill sites has highlighted the need for alternative disposal solutions.  Statistics 

predict a two-fold increase in sludge quantities by the year 2000 (WPCF 1989); 

however, at the time of the report they also indicate the potential for sludge usage is 

capable of quadrupling. 

 In the case of the city of Saskatoon, it appears that sludge accumulation is still at 

manageable levels.  The city operates a secondary treatment process in which raw 

sewage is screened, settled in lagoons and anaerobically digested (Hulit 1991).  The 

digested sludge is transferred to drying cells to evaporate excess water and is currently 

accumulating in stockpiles at a rate of 4000 t yr1.  Recent efforts towards finding 

alternative uses (Hulit 1991; Cowell and de Jong 1991) indicate the desire exists for 

more effective use of the resource. 

 

1.2  Alternative sulfur-containing waste products  

 Waste gypsum is a potentially viable alternative source of SO4-S with a 

solubility that suggests that it would represent a short-term to intermediately available 

sulfur source.  Estimates from the United States indicate 1.7 million t of regular 

construction wallboard were disposed of in landfills in 1990 (White and Burger 1993).  

Two regional sources of waste gypsum are approximately 20,000 t of waste wallboard 

gypsum (Domtar, Saskatoon) and sodium sulfate mining by-product gypsum (30,000 t, 

Cabri, Saskatchewan).  Both gypsum sources in Saskatchewan have minimal refining 

requirements, which contribute further to potential economic advantages. 



 

1.3  Project objectives and goals 

 The overall objective of this research project is to evaluate the performance of 

various S°+ sludge combinations and waste gypsum as sources of plant-available sulfur.  

The specific goals were: 

 

 1. To determine the impact of combining sewage sludge with S° on sulfur  

  availability to plants. 

  

 2. Provide insight into mechanisms responsible for any enhancement in  

  sulfate release from S°+ sludge combinations for the purposes of fine-tuning 

  future mixtures for optimal sulfate release. 

 

 3. Assess the relative effectiveness of waste gypsum sources. 

 

 4. Develop alternative sulfur fertilizer products for eventual introduction into a 

field environment. 



 

 

 

 
 

CHAPTER 2:  LITERATURE REVIEW 
 

2.1  Sulfur deficiency on the Canadian prairies 

 Sulfur (S) deficiency is a function of inherent soil characteristics modified by 

climate (Bettany et al. 1982).  The problem of sulfur deficiency is illustrated by past 

events and current trends in prairie agricultural management systems (Doyle and 

Cowell 1993).  These issues are dealt with in detail in the following sections. 

 

2.1.1  Inherent soil sulfur deficiency 

 Bettany et al. (1979) and Roberts and Bettany (1985) have shown decreasing S 

mineralization moving northeastward across Saskatchewan from the Black 

Chernozemic to Gray Luvisolic soils.  This trend is a function of a decreasing organic S 

pool, colder temperatures and slower decomposition of organic S sources.  Anderson 

(1979) indicated a greater potential for removal of soil sulfate by leaching in Black and 

Dark Gray soil zones exists due to decreases in temperature and sunshine hours and 

successive increases in precipitation (i.e., 300-350 mm in the Brown soil zone, 350-400 

mm Dark Brown, 425-450 mm Black, 450-475 mm Dark Gray) creating greater 

moisture reserves. 

 Stevenson (1986) lists widening carbon to sulfur ratios, low proportions of 

readily mineralizable ester-bonded organic sulfur and a high leaching rate of sulfate 

past the rooting zone as plausible causes for low soil sulfur supplying power. This is 

consistent with the observed increase in incidence of S deficiency from SW to NE 

Saskatchewan.  Detailed studies examining changes in soil organic matter 

characteristics across the environmental gradient in Saskatchewan (Anderson 1972; 

1979; Anderson et al. 1974; Bettany et al. 1973; 1979) have shown large differences in 



 

the nature and amount of organic S from the southern Chernozemic Brown soils to the 

northern Gray Luvisols. 

 The relative nature of soil organic constituents is a function of the balance 

between the molecule-building humification process and the climate controlled 

intensity of microbial decomposition (Anderson 1979).  Organic constituents in arid 

Brown soils are largely composed of sulfur-rich humus building blocks such as lignin-

derived phenolic units, carbohydrates or amino compounds, microbial metabolites and 

partially decomposed plant materials.  A more moist climate increases the intensity of 

the humification process in the Dark Brown and Black soils.  Extension of this 

relationship into the Dark Gray and Gray soils finds the balance between organic 

molecule building (i.e., humification) and microbial degradation favoring the latter.  

Evidence suggests significant reductions in labile forms of organic sulfur (HI-reducible 

sulfur) present in side chain components and the dominance of strongly condensed 

aromatic cores (Bettany et al. 1979). 

 Besides readily-mineralizable organic sulfur sources, immediately available 

sulfate is the other criterion (perhaps the most significant) on which to evaluate sulfur 

supplying power (Doyle and Cowell 1993).  Soils subjected to a sub-humid climate 

with typical periods of excessive moisture have been shown to be vulnerable to 

leaching of inorganic sulfate below rooting zones (Roberts and Bettany 1985). 
 

2.1.2  Management-induced soil sulfur deficiency 

 Low soil sulfur supply is often associated with intensive management systems 

which neglect S as a fertilizer nutrient.  Soils typically prone to low sulfur supply are in 

environments supporting extended, high sulfur demanding cropping systems (i.e., 

canola and alfalfa) with imbalanced nutrient additions (Janzen and Bettany 1986).  As 

an example, Janzen and Bettany (1984) reported induced sulfur deficiency as a result of 

nitrogen applications typically recommended for canola production. 



 

 Widespread sulfur deficiency in northern regions of western Canada is common 

and marginally deficient areas in Dark Brown and Black soil zones have also been 

documented (Bettany et al. 1980; Janzen and Bettany 1981).  Coarse textured, well 

drained soils are considered ideal candidates for potential sulfur deficiency (Doyle and 

Cowell 1993).  Bettany et al. (1982) have estimated 4 x 106 ha of land on the prairies to 

be seriously lacking in plant-available sulfur.  The authors suggest a further three-fold 

increase with continued depletion of native organic sulfur reserves.  This prediction 

underscores the need for use of sulfur fertilizer applications to maintain the soil sulfur 

balance. 

 Problems with sulfur deficits are not restricted to the Canadian prairies. 

Worldwide increases in sulfur deficiency as a result of enhanced crop production, 

reduced sulfur emissions and significant shifts to sulfur-free fertilizer sources are well 

documented by Ceccotti (1994).  Twenty year consumption records show a relatively 

steady utilization of approximately 10 x 106 t of sulfur per year.  However, Ceccotti 

(1994) also indicated that nitrogen consumption nearly doubled to 75  x 106 t yr-1 in the 

same period.  This continuation of an imbalanced approach to crop nutrition is one of 

the most significant causes of sulfur deficiency. 

 

2.2  Management of sulfur deficiency with sulfur fertilizers 

 A primary goal in management of sulfur deficits should be to provide a sulfur 

fertilizer source capable of supplying available nutrient at a rate equal to plant demand 

while minimizing losses (i.e., maximizing fertilizer use efficiency) (Tisdale et al. 1993).  

In addition, practical considerations in sulfur fertilizer use include: product cost, ease of 

application and adaptability to current cropping systems.  A variety of sulfur containing 

products are marketed for the alleviation of crop S deficiency.  The sources are 

commonly divided into two categories: (1) immediately available soluble sulfate and 

(2) non-sulfate forms including thiosulfate and elemental sulfur sources.  The 



 

availability of these later sources is lower due to the requirement of microbial oxidation 

to sulfate (Doyle and Cowell 1993).  Gypsum (CaSO4 • 2H2O) comprises a less 

common third category and has a lower solubility than traditional sulfate sources. 

2.2.1  Immediately soluble sources 

 2.2.1.1  Sulfate 

 Soluble sulfate sources, such as ammonium sulfate, which rapidly and 

completely dissolve into the soil solution have proven to be most effective in increasing 

S availability over the short-term.  Studies comparing sulfur fertilizer efficiency have 

found the highest recoveries of plant-available sulfur with the use of immediately 

soluble sulfate fertilizer treatments (Janzen and Bettany 1986; Janzen and Karamanos 

1991; Karamanos and Janzen 1991).  As a result, the efficacy of any proposed 

alternative sulfur source is often compared to a soluble fertilizer standard (Nuttall et al. 

1990).  This superior availability is driving the increasing reliance on ammonium 

sulfate in North America and Western Europe (Ceccotti 1994). 

 Plant availability from the time of application enables ammonium sulfate to 

satisfy crop requirements without depending on microbial conversion during the 

growing season.  Consequently, ammonium sulfate fills the dry-land annual cropping 

niche well and is particularly well suited to canola's requirement of a large, immediate 

supply of available S.  Despite this fact, drawbacks have been cited to the practice of 

providing a large supply of sulfate in soil solution before the majority of plant uptake 

occurs (Saggar et al. 1981; Janzen and Bettany 1986).  Inefficiency of fertilizer use 

often occurs through leaching of the mobile SO4
-2 ion, immobilization through 

microbial assimilation, as well as gaseous loss during periodic anaerobic soil 

conditions. 

 The relatively high price of ammonium sulfate reflects the cost of processing 

and shipping a moderately concentrated sulfur source (24%).  Ease of on-farm product 

handing and application has often justified the expense.  With physical location as the 



 

only limitation to availability, fertilizer placement in a band near or with the seed is 

common to ensure maximum accessibility of sulfate sources. 

 2.2.1.2  Thiosulfate 

 Although thiosulfate (S2O3
2-) is immediate soluble, it requires microbial 

oxidation for conversion to the plant available sulfate form.  Although SO4-S release 

from thiosulfate is significantly slower than sulfate sources, Janzen and Bettany (1986) 

have shown thiosulfate to be another effective short-term release alternative.  In their 

study 56 to 70% of S2O3-S was recovered as sulfate after only 25 days of incubation.  

This represents 77 to 98% of the sulfate levels found in the corresponding SO4-S 

treatments.  The advantage of using reduced forms of sulfur fertilizer such as thiosulfate 

lies in their delayed release which may more closely coincide with plant demand while 

reducing losses by leaching and immobilization (Kiemnec et al. 1981). 

 In a study comparing the efficiency of various placements of thiosulfate, Swan 

et al. (1986) found a tendency for higher dry matter yields when thiosulfate was banded 

versus broadcast.  The phenomenon was explained through more efficient sulfate 

production by cooperative efforts of sulfur oxidizing microbial groups occupying 

distinct soil pH ranges (i.e., heterotrophic thiosulfate oxidizers and autotrophic sulfate 

producers).  Little economic advantage has been noted for ammonium thiosulfate (26% 

S) compared to ammonium sulfate in dryland systems.  As a result, the traditional 

utilization niche for thiosulfate has been irrigation systems where large quantities are 

applied in solution form (Ceccotti 1994). 

2.2.2  Gypsum 

 The benefit of using gypsum as a soil amendment has been recognized for 

centuries.  In a review, Wallace (1994) attributes usage of gypsum to its ability to 

improve physiochemical properties such as soil structure and sodicity.  Bell (1975) 

points to gypsum's relatively low sulfur content (18 - 20% S) as the main reason that 

gypsum is mainly used as a calcium source in the correction of adverse physiochemical 



 

conditions in soil rather than as a sulfur source. 

 The plant availability of sulfate in gypsum is primarily governed by its sparingly 

soluble nature (Wallace 1994).  This suggests advantages over immediately soluble 

sources in terms of reduced susceptibility to loss of dissolved sulfate under conditions 

of excess moisture.  Since the cropping niche of a fertilizer source is a function of how 

well the potential release rate matches crop demand (Kiemnec et al. 1981), the slightly 

soluble nature predicts a short-term to intermediately available sulfur source in 

moisture conditions conducive to dissolution. 

 Swan et al. (1986) suggest advantages to mixing gypsum throughout the soil 

since banding appears to reduce dissolution rates.  Their study attributed the common 

ion effect as the primary restriction to dissolution, with excess concentrations of 

calcium preventing further dissolution.  The existence of numerous by-product sources 

of gypsum requiring minimal refining, as well as the plant available nutrient format 

contributes to economic advantages (Wallace 1994). 

2.2.3  Elemental sulfur 

 Elemental sulfur as a soil amendment and fertilizer, is a granular, insoluble, 

hydrophobic particle (99% S) that is dependent upon microbial colonization of its 

surface (Lawrence 1987) and subsequent oxidation to the sulfate form.  Owing to the 

biologically inhospitable nature of S° surfaces, oxidation rates are typically slow and 

there are many reports of inadequate supplies of SO4-S from S° oxidation for annual 

cropping systems in western Canada (Solberg et al. 1982; Janzen and Bettany 1987a 

and b; Karamanos and Janzen 1991). 

 A review of S° fertilizer forms reveals the rate of conversion to sulfate ions is 

inversely related to particle size (Janzen and Bettany 1986; Janzen 1990).  This is 

largely attributed to soil to S° particle contact, which is increased as particle size 

decreases and surface area increases.  Examples of typical particle size and 

corresponding specific surface areas of commercial sources of S° fertilizer are 



 

presented in Table 2.1. 

 
Table 2.1 Approximate sulfur particle size and approximate initial surface area of

 fertilizer compounds. Adapted from: Janzen and Bettany (1986) 
 

 

Fertilizer source 
 

S° particle size 

(µm) 

 

Specific surface area 

(cm2 g-1) 

Sulfate - - 

Thiosulfate - - 

S°- coated urea (SCU) 1260 - 2000 (prills) 13 

S° - powder 106 - 150 230 

S° - impregnated urea 

(SIU) 

25 (mean) 1160 

S° - suspension < 2 20 000 

 

 Release rates (Janzen and Bettany 1986) and plant-availability (Janzen and 

Karamanos 1991) data show immediate correction of sulfur deficiencies was possible 

after application of either soluble sulfate or finely divided S° suspensions.  Coarse 

granular forms of S° showed slower conversion rates with incomplete conversion after 

124 days of incubation (Janzen and Bettany 1986).  This result was echoed in a 

subsequent study (Karamanos and Janzen 1991) finding slower releasing forms of S° to 

be ineffective in short-term, annual cropping systems.  This inefficiency was attributed 

to the short nutrient assimilation period in annual plants. 

 The year-to-year residual benefit resulting from applying high rates of S° 

fertilizer is considered compensation for the inability of S° to provide adequate 

quantities of sulfate in the short-term (Kiemnec et al. 1981).  Indications of an 

advantageous residual effect for S° exist in forage and deep-root systems, as forages 

reduce the potential for leaching losses due to extended nutrient uptake (Kiemnec et al. 

1981).  However, Karamanos and Janzen (1991) showed little residual effect in annual 

crops with S° application in the previous fall and blame losses from continuing S° 

oxidation past the sulfate assimilation period. 

 Although S° has limited plant availability, it is relatively inexpensive.  Janzen 



 

and Bettany (1986) list lower production costs, a large available supply and the 

potential for supplying several years of sulfur requirement in a single application as 

advantages for using some form of S°.  Efforts to use particle size as a means for 

managing S° oxidation rates have mainly involved a fine grinding process to increase 

short-term availability.  However problems exist in product processing, handling and 

land application of finely ground S° formulations (Braithwaite and Brown 1994). 

2.3  Elemental sulfur oxidation in soil 

2.3.1  Contributing microbial groups 

 In agricultural soils, the oxidation of S° to plant-available sulfate is largely 

performed by two distinct microbial groups; chemoautotrophs and chemoheterotrophs 

(Pepper and Miller 1978; Wainwright et al. 1986; Cifuentes and Lindemann 1993).  

The autotrophic S° organisms (specifically Thiobacillus sp.) are the most widely 

studied (invitro) of the sulfur oxidizing microbes since they exhibit an extremely 

efficient utilization of reduced sulfur compounds and inorganic carbon (Oh and Suzuki 

1980).  The diversity of chemoautotrophs is characterized by the isolation of numerous 

obligate, facultative and mixotrophic species surviving in a pH range of 0.5 to 9.2 

(Lawrence 1987). 

 The chemoheterotrophic sulfur oxidizing group includes a vast variety of fungal 

(Wainwright and Killham 1980), bacterial (Pepper and Miller 1978) and actinomycete 

(Yagi et al. 1971) species.  These organisms are capable of oxidation of reduced sulfur 

sources through the utilization of an organic carbon source.  Speculation exists on 

whether the observed sulfur oxidation is merely incidental to general metabolism 

(Wainwright 1984) or as part of a necessary generation of energy (Tuttle 1980; Janzen 

1984).  

2.3.2  Chemoheterotrophic versus chemoautotrophic S° oxidation 

 Reports on autotrophic numbers in soil often reveal limited populations (Janzen 

1984).  Vitolins and Swaby (1969) isolated 206 strains of sulfur-oxidizing species and 



 

found chemoheterotrophic species to be twice as abundant as chemoautotrophs.  In 

Saskatchewan, Lawrence et al. (1988) could not detect autotrophic sulfur oxidizers in 

samples taken from Luvisolic soils, while heterotrophic sulfur oxidizers were 

considered abundant.  Lawrence and Germida (1990) failed to detect Thiobacillus 

species in 35 Saskatchewan soils; however, autotrophic thiosulfate oxidizers were 

detected in 10 soils in limited quantities (102 cells g-1).  The same study found 3 - 31% 

of detectable heterotrophic populations were capable of producing thiosulfate (107-108 

cells g-1), while numbers of heterotrophs directly producing sulfate (103 cells g-1) and 

oxidizing thiosulfate (102 cells g-1) were significantly lower.  

 A strong correlation between sulfur oxidation rate and biomass carbon content 

(r = 0.68, P < 0.01), soil respiration (r = 0.88, P < 0.01) (Lawrence and Germida 1988), 

along with continual isolation of heterotrophic sulfur oxidizers (Germida 1985; 

Germida et al. 1985; Lawrence and Germida 1990) points to a dominantly heterotrophic 

process in soil.  In terms of specific soil environments suited to sulfur oxidizers, 

Lawrence (1987) suggested two broad soil classifications based on pH, %HI-S and clay 

content which showed positive correlation to heterotrophs and the inverse relationship 

towards autotrophs.  These results agree with an earlier model (Kuenen and Beudeker 

1982) which predicted a selection for heterotrophic populations in soils with relatively 

high carbon availability as well as a low flux of reduced inorganic sulfur compounds.  

Also consistent with the model, Lawrence (1987) found addition of S° (reduced 

inorganic sulfur) created selection pressures which favored establishment of 

mixotrophic and autotrophic species.  

2.3.3  Interactions between chemoheterotrophs and chemoautotrophs  

 According to Fletcher (1980), the natural mode for growth and evolution of 

microbes adhering to surfaces is a co-dependent bio-film composed of a variety of 

microbes flourishing in a gradient of environmental conditions.  Germida (1985) 

revealed a synergistic relationship between S° oxidizing heterotrophs producing a 



 

thiosulfate sink and chemoautotrophic thiosulfate oxidizers (sulfate producers).  This 

relationship may contribute to the conversion of reduced sulfur to a plant available 

form.  These observations are in agreement with Lawrence's (1987) description of a 

consortium amongst S° oxidizing microbial groups.  Lawrence (1987) suggested that S° 

particles introduced to soil are initially non-selectively colonized by heterotrophic 

populations composed of a broad combination of thiosulfate, tetrathionate, sulfate and 

hydrogen sulfide producers.  Declines in heterotrophic populations as a result of 

continuing micro-site changes in pH surrounding the S° surface were evident; however, 

selective colonization by autotrophic thiosulfate oxidizers was also apparent (i.e., much 

higher populations than in the surrounding soil), which demonstrated a strong 

interdependence amongst the microbial groups. 

2.3.4  Interface between elemental sulfur and soil 

 The establishment of a bio-film surrounding the S° particle surface was 

indicated by Fletcher (1980) to be highly dependent upon the suitability of the site for 

heterotrophic establishment.  Evidence suggests S° surface coating with humic-like 

material is an essential precursor to colonization because of the ability of organics to re-

configure surface properties, while also providing a readily accessible nutrient source 

(Vogler and Umbreit 1941; Baier 1973; Corpe 1977; Lawrence 1987).  In Figure 2.1 the 

apparent fate of S° particles introduced to a soil environment is depicted (Lawrence 

1987).  The S° particle is gradually encompassed by an organic shell that serves as a 

micro-site for microbial establishment. 



 

 

Figure 2.1 Conceptual diagram of a sulfur particle in soil, illustrating the  

 organic coatings, colonizing microorganisms and the biological and 

 chemical reactions occurring on aerobic and anaerobic surfaces. (S.O.M. 

= soil organic matter) (Lawrence 1987 with permission). 

 

 The successive process of S° oxidation begins through an initial microbial 

attack capable of converting S° to its colloidal form via chemical dissolution (Oh and 

Suzuki 1980).  In the colloidal form, sulfur is susceptible to the microbial enzymatic 

systems and chemical reactions required for sulfate production. 

2.3.5  Factors influencing elemental sulfur oxidation 

 Oxidation of S° has an inherently large number of controlling factors due to its 

biological nature.  The regulation of S° oxidation in soil has been studied through the 

examination of soil climate, soil properties, specific properties of the S° source and the 

integration of their effects on S° oxidation. 



 

 2.3.5.1  Soil water potential and temperature 

 Janzen and Bettany (1987c) found soil water potential and soil temperature to be 

the two variables which provide the largest restriction to S° oxidation rate in prairie 

climates.  Over the range in soil temperature examined (3 to 30°C), S° oxidation 

showed a typical exponential response curve.  However, the slope of the curve was 

twice as steep as most biologically mediated reactions (e.g., nitrogen and sulfur 

mineralization).  Mean values indicated oxidation rates doubled with every 5°C 

increase in temperature.  Nor and Tabatabai (1977) showed a lower response with 

coarser S° particle size, as oxidation increased 6.1 times when temperature increased 

from 2.3 to 30°C.  

 The response to changes in soil water potential was parabolic in shape, with 

maximum oxidation near -0.03 MPa (field capacity) (Janzen and Bettany 1987c).  

Exceptions to this curve were noted in soils having relatively high or low water 

retention capacities (i.e., heavy clay and sandy soils).  This influence of soil texture 

(more detailed discussion in section 2.3.5.2) is likely a function of the balance between 

the necessary presence of oxygen for oxidation and water for hydrating the hydrophobic 

S° surface (Lawrence 1987). 

 2.3.5.2  Soil pH, organic carbon and texture 

 Sulfur amendment studies show agreement on the soil properties which 

significantly enhance or repress S° oxidation.  Results presented in Table 2.2 (Janzen 

and Bettany 1987b) are consistent with related studies (Nor and Tabatabai 1977; 

Cifuentes and Lindemann 1993) and point to soil pH, organic carbon and texture as 

factors significantly correlated to oxidative capacity of soil. 



 

Table 2.2 Correlation between oxidative capacity at field capacity and  

 selected soil properties in 39 Saskatchewan soils. Adapted from: Janzen and 

 Bettany (1987b) 
 

 

Soil Property 
 

r 
 

P 

pH 0.57 0.0003 

Air-filled porosity 0.40 0.01 

Clay content -0.37 0.02 

Sand content 0.37 0.02 

Organic carbon 0.37 0.02 

 

 The positive correlation between soil pH and S° oxidation is apparent up to 

slightly alkaline soils (Nor and Tabatabai 1977; Lawrence and Germida 1988; Cowell 

and Schoenau 1995), which points to the inherent chemical buffering advantage of a 

neutral or slightly alkaline environment.  The key to the relationship could be related to 

the inability of an acidic environment to sufficiently buffer against excessive microbial 

metabolites and intermediates detrimental to S° oxidation activity (Gupta et al. 1988).  

Lawrence (1987) indicated chemoheterotrophs have a relatively high sensitivity to pH 

changes.  Sustained oxidation would be difficult under conditions where heterotrophic 

populations are under continual pH restriction. 

 Recent literature (Pepper and Miller 1978; Wainwright et al. 1986; Lawrence 

and Germida 1988) shows a positive relationship between soil organic carbon levels 

and S° oxidation.  The findings of Cifuentes and Lindemann (1993) showing 

chemoautotrophic inhibition through organic amendment give additional credence to 

the importance of heterotrophs (organic carbon consuming populations) in soil.  

Chemoheterotrophic activity and S° oxidation rates can be manipulated through the 

alteration of the carbon source (i.e., complex versus readily degradable sources).  

Wainwright et al. (1986) and Cifuentes and Lindemann (1993) found that readily 

degradable materials high in N (e.g., fresh manure) created large flushes in activity.  

Despite this enhancement, sustained microbial growth and higher net sulfate production 



 

was attained with addition of sawdust (i.e., a more difficult to degrade source). 

 McCaskill and Blair (1987) reported no relationship between S° oxidation rate 

and soil textures ranging from 9 to 52% clay.  In contrast, Janzen and Bettany (1987b) 

show opposing influences of sand and clay content on S° oxidation (Table 2.2).  This 

apparent discrepancy is likely a function of the more rigorous maintenance of soil water 

content at field capacity (-0.03 MPa water potential) in the latter study.  At field 

capacity, increasing clay content significantly lowers air-filled porosity (Janzen and 

Bettany 1987b).  The positive correlation between air-filled porosity and S° oxidation 

rate (Table 2.2) was presumed to be a reflection of this texture influence, which 

differentially affected S° oxidation rate due to lower oxygen diffusion with higher clay 

percentage.  Reports of limited textural influence on S° oxidation (Rehm and Caldwell 

1969; McCaskill and Blair 1987) reflect soil incubation at water contents well below 

field capacity.  In these cases, the threshold water potential level capable of negatively 

influencing S° oxidation was likely not reached and therefore differences would not be 

discerned. 

 2.3.5.3  Elemental sulfur particle characteristics 

 The physical nature of the S° source (i.e., particle size and surface area)  

ultimately determines the extent of the interface amongst the S° particle, soil and the 

colonizing microbial populations (Li and Caldwell 1966; McCaskill and Blair 1987; 

Lawrence 1987).  Any increase in surface area of S° particles is linearly related to 

increasing oxidation rate (Fox et al. 1964).  Agriculturally significant oxidation rates 

are dependent upon optimizing S° surface to soil contact, which is achieved through 

thorough dispersion of fine-sized particles.  Studies dealing with particle size generally 

agree that particle diameters less than 0.5 mm are required (Jones and Ruckman 1969; 

Kiemnec et al. 1981).  Lawrence (1987) stated an increase in surficial contact 

maximizes surface area per colonizing organism (more specifically, the agents 

responsible for S° solubilization), as well as maximizing the area subjected to acidic 



 

metabolites.  In addition, Lawrence (1987) referred to cases of reduced oxidation rate 

due to modification of the micro-crystalline structure (Laishley et al. 1986) which 

decreased the number of favorable growth sites for T. albertis. 

2.4  Enhancing elemental sulfur fertilizer use efficiency 

 It is evident from past and present S° products that two S° oxidation 

enhancement philosophies exist.  Past efforts have concentrated on either modifying the 

initial physical form and nature of S° through its combination with binding and anti-

dusting agents, or the inclusion of S° with other established fertilizer sources.  These 

schools of thought have created a variety of products with a wide range of agronomic 

and commercial success. Irrespective of the final form, logistics and economics demand 

that S° products have the following qualities (Ceccotti 1994): 

 

 a) High S concentration to reduce freight and handling costs; 

 

 b) Product size allows blending with other fertilizers; 

 

 c) Product resists abrasion and generates little dust; 

 

 d) Product production process is economical and environmentally compatible;  

 

 and 

 

 e) Product form compatible with available spreading equipment. 

 

 It is apparent that the manipulation of S° particle size is the most powerful tool 

in enhancing oxidation rate and consequently this is a factor characteristic of most 

modified S° products (Ceccotti 1994).  For annual cropping purposes, particle 

diameters smaller than 150 - 200 µm need to be used (Edmeades et al. 1994).  The 

ability to safely handle micrometer-sized S° in large-scale production lines appears to 

be the primary restriction in creating more efficient fertilizer products.  With advancing 

technology it is apparent that the handling of extremely finely divided S° will become 

feasible.  A recent example is Solterra Minerals Inc., which is capable of granulating a 



 

44 µm powder into prills suitable for agricultural usage (Ceccotti 1994). 

2.4.1  Combining elemental sulfur with existing fertilizers 

 Much of the focus on development of new S° products deals with the 

incorporation of finely divided S° into high analysis fertilizers.  This idea originated 

with S°+ rock phosphate mixtures and fusions that date back to the early 1900's 

(Lipman et al. 1916).  More recently, elemental sulfur coated urea (SCU) and S° 

impregnated urea (SIU) have been introduced in North American (Janzen and Bettany 

1986), while in Australia and New Zealand efforts are mainly concentrated on 

amending phosphorus sources such as triple super phosphate (TSP) and diammonium 

phosphate (DAP).  These fertilizers are designed to supply S plus N or P  in balanced 

ratios (Ceccotti 1994).  The relative efficiencies of these products are highly dependent 

on the dissolution rate of the carrier fertilizer and subsequent soil dispersion patterns.  

Available data on SIU revealed a negligible initial release as a result of poor dispersion.  

The product required mixing through tillage to induce rapid oxidation rates (Solberg et 

al. 1981; Janzen and Bettany 1986).  In the case of SCU, the extremely large pellets 

showed very slow oxidation rates, which were attributed to the degradable nature of the 

S° coating (Janzen and Bettany 1986).  New adhesion methods developed in Australia 

whereby micrometer-sized S° can be applied to a tumbling bed of fertilizer granules, 

have improved S° dispersion characteristics of TSP fertilizer granules (Ceccotti 1994). 

2.4.2  Readily degradable elemental sulfur sources 

 Readily degradable S° sources include a number of products composed of S° 

plus a binding agent and are commonly in prill or pellet form.  The effectiveness of 

such products is highly dependent upon the balance between prill strength and ease of 

degradability once introduced into soil.  The individual strength of the aggregated prills 

determines suitability for processes such as dry blending as well as mechanized 

application.  Despite the need for resilience, the most successful products will have an 

inherent susceptibility to moisture, which subsequently results in breakage and S° 



 

dispersion. 

 One of the first examples of such products is a combination of molten S° plus 

bentonite clay (commonly a 90% - 10% mixture).  The resulting product is a hard, 

stable granule, which is reportedly dust free (Braithwaite and Brown 1994).  Upon 

exposure to soil, the expansive clay is capable of swelling to 14 times its original 

volume.  Subsequent to expansion, the S° is released to the soil.  A large number of 

western Canadian field trials have arrived at a consensus that the overall dispersion of 

these S° prills is often less than optimum and that physical break up prior to seeding is 

necessary if the oxidation rate is to be sufficient for annual cropping (Nuttall et al. 

1990; Janzen and Karamanos 1991; Karamanos and Janzen 1991). 

 Additional examples resulting from the same idea include two 

fertilizer/amendment products developed in Italy (Ceccotti 1994).  These two products 

are composed of finely divided S° (90% - 95% < 100 µm) combined with either a 50% 

mixture of selected organic manures or a un-named binding agent.  These mixtures are 

reported to yield dust-free, pelleted materials that break down in the presence of 

moisture.  An additional marketing advantage for these soil amendments is its large 

organic component which permits usage in specialized production of organically grown 

perennial and annual crops such as grapes, vegetables, cereals and fruits. 

2.4.3  Elemental sulfur plus dried digested sludge (DDS) mixtures 

 The idea of mixing S° with dried digested sewage sludge (DDS) has arisen from 

the same factors spawning the readily degradable S° amendments presented in the 

previous section.  Similar to the Italian products, the inclusion of DDS in the fertilizer 

mixture is based upon its natural binding abilities.  However, it also has physiochemical 

and microbiological properties potentially advantageous to S° oxidation (Table 2.3 and 

2.4).  A one-time measurement of microbial populations in DDS taken directly from the 

composting pile (Hulit 1991) showed numbers comparable to those found in 

rhizosphere soil (i.e., immediately surrounding plant roots), which is microbially 



 

enriched as a result of high concentrations of substrate (Rouatt et al. 1960). 

 
Table 2.3  Nutrient concentration of Saskatoon dried digested sludge. 
 

 

Constituent 
 

Concentration 

 19891 19952 

Total C 10.90% 11.90% 

 Org.C nd† 11.80% 

 Inorganic C nd 0.10% 

Total N 0.75% 1.19% 

Total S nd 0.55% 

Total P 0.68% nd 

Total K 0.09% nd 

   

pH 7.9 7.3 

1 Cowell and de Jong (1991) 

2 Data from this study 
† nd denotes not determined  

 

Table 2.4  Microbiological properties of Saskatoon dried digested sludge. 
 

 

Filamentous Fungi 
 

1.6 x 106 g-1 

Yeasts 8.0 x 103 g-1 

Aerobic Bacteria 8.0 x 109 g-1 

Actinomycetes 1.4 x 108 g-1 

Fecal Coliforms nd 

  

Fecal Coliforms (MPN/100ml) <1.0 x 102 

Source: Hulit (1991) 

 

 The first examination of simultaneous amendment of soil with S° and DDS (S°+ 

DDS) resulted in sustained enhancement of S° oxidation rates (Cowell and Schoenau 

1994).  The study attributed this to possible mechanisms such as: organic carbon 

stimulation of heterotrophic S° oxidizers, active S° oxidizing microorganism 

enrichment and buffering of extreme pH declines surrounding S° surfaces.  Figure 2.2 



 

shows the significant difference in S° oxidation rates between S° alone and various 

combinations of S°+ DDS. 
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Figure 2.2 Sulfate content of soil after amendment with Na2SO4, S° and S°+ DDS 

 combinations (applied at a rate of 100 µg S g-1 soil) (After Cowell and 

 Schoenau 1994). 

 

Increasing the DDS concentration from 20 to 80% of the mixture had no apparent effect 

on oxidation rate. 

 Subsequent work (Cheng and Liang 1994) found Ca(OH)2 to be effective at 

extending oxidation rates in incubated S° plus sludge mixtures.  As is evident in Figure 

2.3, the three-way combinations of S°, DDS and Ca(OH)2 show promise since 

oxidation rates were often higher than S°+ DDS combinations. 
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Figure 2.3 The effect of Ca(OH)2 on sulfate release in S° plus DDS mixtures  

 (After Cheng and Liang 1994). 

 

These observations tend to support a chemical control of S° oxidizing populations by 

Ca(OH)2.  This superior performance of mixtures including Ca(OH)2 is untested in soil. 

 



 

 

 

 

 

CHAPTER 3:  MATERIALS AND METHODS 
 

3.1  Soil selection 

 The soils used in this study were selected for a low 0.01M CaCl2 extractable 

SO4-S content and a S mineralization potential (Qian et al. 1993) resulting in a very 

slow sulfate release rate under growth chamber conditions.  The basic properties of the 

test soils are described Table 3.1. 

 

 

Table 3.1 Characteristics of soils selected for incubation and plant growth  

 experiments. 
 

  

Soil 

 

Soil Property 

 

Sylvania 

Orthic Gray Luvisol 

 

Meota 

Orthic Black Chernozem 
   

Organic C (%) 1.2 2.5 

Inorganic C (%) n.d.§ n.d. 

Field capacity (%)§§ 22 18 

Sand (%) 36 81 

Silt (%) 48 9 

Clay (%) 16 10 

pH 7.0 7.0 

   
SO4-S (µg g-1)* 5.4 4.2 

SO4-S (µg / 10cm2 / 2 week)** 56.4 52.1 

NO3-N (µg g-1)* 3.6 2.2 

Available-P (µg g-1)† 26.1 34.4 

§   Denotes not detected. 
§§ Estimated gravimetrically at -0.03 Mpa. 

*   0.01 M CaCl2 extractable 
** Sulfate supply rate determined by anion exchange membrane sorbed sulfate, 2 wk burial 
    (section 3.4.5.2) 



 

†  NaHCO3 extractable 

Two soils were chosen for the study: an Orthic Gray Luvisol (Sylvania silty loam) 

collected near Love, Saskatchewan and an Orthic Black Chernozem (Meota fine sandy 

loam) from Warman, Saskatchewan.  Bulk samples were taken from the surface horizon 

(0 - 15 cm), air-dried, passed through a 5 mm sieve and thoroughly mixed to ensure 

homogeneity. 

 

3.2  Sulfur source creation and preparation 

3.2.1  Elemental sulfur 

 In order to account for the dominant effect particle size has on S° oxidation, two 

distinct particle size groups were created for all S° fertilizer treatments.  Commercial 

grade granular S° (Tiger Chemicals Ltd., 99.5% S, mean particle diameter 217 µm, SD 

= 161 µm) was sieved using 60 (250 µm) and 100 (160 µm) mesh sieves (Figure 3.1).  

Two distinct size fractions were created by retaining the S° which failed to fall through 

the 60 mesh sieve (mean particle diameter = 353 µm, SD = 110 µm) and S° that passed 

through a 60 mesh sieve but not a 100 mesh sieve (mean particle diameter = 82 µm, SD 

= 57 µm).  Microscopic analysis (section 3.3.1) was utilized to obtain the estimates of 

particle size distribution.  These mean particle diameter sizes were selected since they 

represented S° sources that were either below or above the 150 - 200 µm particle size 

range recommended for annual application (Edmeades et al. 1994). 

 



 

60 mesh sieve

100 mesh sieve

353 µm (± 110 µm)

82 µm (± 57 µm)

Granular S° (217 µm, ± 161 µm)

 

 

Figure 3.1 Representation of sequential sieving process used to create two distinct 

 fractions of elemental S according to particle size. 

 

3.2.2  Elemental sulfur, sludge and lime combinations 

 Treatments were created containing a combination of S° (section 3.2.1), DDS 

(air-dried and passed through a standard 2 mm sieve) and commercial grade hydrated 

lime (i.e., Ca(OH)2, Continental Lime Ltd.).  The rationale for selecting mixture 

proportions of S°, DDS and lime originated from the study of Cheng and Liang (1994) 

which found a superior sulfate release rate with the incubated mixture of 20% S°, 50% 

DDS and 30% lime.  An additional mixture combination of 50% S°, 20% DDS and 

30% lime was also selected as an alternative.  In order to factor out the contribution of 

DDS in the previously outlined combinations two corresponding mixtures of 40% S°+ 

60% lime and 63% S°+ 37% lime were created containing proportional amounts of S°+ 

lime.  An additional combination containing proportional amounts of S°+ DDS to the 

20% S°+ 50% DDS + 30% lime combination was created (29% S°+ 71% DDS) to 

eliminate the contribution of lime. 

 All treatments were combined in 50 g bulk mixtures (Appendix B). To be 

consistent with Cowell and Schoenau (1994), all S° containing treatments were 



 

subjected to a two week S° oxidation stimulating period which consists of wetting and 

maintaining the mixtures at 90% field capacity (-0.03 Mpa.) at 25°C (Table B1a)  

followed by air-drying.  Once dry, the mixtures were gently crushed to a consistency 

which approximated its original state. 

3.2.3  Waste gypsum products  

 The wallboard gypsum preparation involved a brief flail grinding of the entire 

product.  After processing, the product's consistency was a fine powder with a small 

amount of ground paper interspersed.  Total S determination by NaOBr digestion 

(section 3.10.1) revealed the product contained 23.2% S by weight.  Preparation of the 

sodium sulfate mining by-product gypsum (20.9% S) involved air-drying, manually 

crushing and sieving the product through a standard 2 mm sieve.  The final product 

consisted of fine crystalline gypsum which varied in size from particles distinguishable 

with the naked eye to very fine powder. 

3.3  Elemental sulfur particle size analysis 

3.3.1  Microscopic analysis 

 For an estimation of particle size diameter, large and small diameter S° as well 

as the S°+ lime and S°+ DDS + lime combinations were examined under a Zeiss 

Universal microscope (30x, 80x and 120x).  Three replicates of fifty random samples 

(S° granules) of each treatment were measured by a scaled micrometer in the eye-piece 

to obtain size distributions. 

 
3.4 Incubation experiment #1: Sulfate release in fertilizer amended soil. 

 An incubation study was conducted to compare the short-term release of SO4-S 

from waste wallboard gypsum and S°+ DDS mixtures.  The experiment consisted of a 

completely randomized design with four replicates.  Parameters studied included SO4-S 

supply rate over 12 weeks measured by anion exchange resin membrane and the amount 

of soluble sulfate determined by 0.01 M CaCl2 extraction. 

 



 

3.4.1  Incubation procedure 

 The sulfur deficient Gray Luvisol (Sylvania silty loam) soil was selected for this 

study (Table 3.1).  All treatments (Table 3.2) were applied at a rate of 100 mg S kg-1 

soil.  Granular treatments were pre-weighed and thoroughly mixed in plastic bags with 

1 kg of soil then transferred to plastic pots (13 cm diameter).  The soluble sulfate source 

treatment (Na2SO4) was applied in a simulated band directly onto 900 g of soil at 

approximately 50% field capacity (-0.03 Mpa.).  A layer of untreated soil (100 g) was 

placed over the fertilized zone.  Sufficient deionized water was applied to bring all pots 

to field capacity.  The pots were placed into a growth chamber with a 16 h day (25°C) - 

8 h night (16°C) cycle.  The pots were covered with plastic bags in order to maintain 

consistent moisture conditions throughout the sampling periods and pot weights were 

maintained through watering on a weekly basis. 

 The soils were sampled every 2 weeks over a 12 week period.  After an initial 

72 h equilibration period, one Plant Root Simulator Probe (PRS-probe) was placed in 

each pot.  After 2 weeks, the probe was retrieved and another probe was inserted into 

the soil.  Upon retrieval, the PRS-probes were eluted to remove to the SO4-S as 

outlined in section 3.10.4.2.  Prior to insertion of replacement PRS-probes for the 

following 2 week sampling duration, the soil was thoroughly mixed to ensure an even 

fertilizer distribution.  Soil samples (10 - 20 g) were taken after soil mixing was 

performed and SO4-S levels were determined using the 0.01M CaCl2 extraction 

procedure outlined in section 3.10.4.1. 

 

 

 



 

Table 3.2 Treatments used in comparison of S° combinations and wallboard 

 gypsum in soil incubation experiment #1. 
 

 

Treatments 

 

Blend Proportions (by weight) 

 

 S° Particle Size (µm) 

  Coarse                Fine 

S°+ DDS + Lime  20% - 50% - 30% 353                     82 

S°+ DDS 29% - 71%  353                     82 

S°+ Lime 40%  - 60% 353                     82 

S°  353                     82 

   

Wallboard Gypsum   

Na2SO4    

   

DDS   

Soil control   

 

3.5 Incubation experiment #2: CO2-C evolution in soil amended with 
 autoclaved and non-autoclaved elemental sulfur combinations. 

 Elemental sulfur oxidation in soil is primarily a heterotrophic process.  Soil 

respiration rate has been positively correlated with S° oxidation rate (Lawrence and 

Germida 1988).  A soil respiration study was performed under controlled conditions to 

compare the role of DDS, hydrated lime and their combination as potential influences 

on S° oxidation.  The design was a completely randomized experimental design with 

four replicates.  The parameters assessed during the experiment included CO2 evolution 

and final soil SO4-S concentrations. 

3.5.1  Treatment preparation and microbial enumeration 

 The sulfur deficient Gray Luvisol Sylvania silty loam (Table 3.1) was used in 

this study.  In preparation for autoclaving, bulk samples (50 g) of each treatment were 

created (section 3.2.2) and treatments containing DDS were divided in half.  One half of 

all the DDS containing treatments were subjected to two 15 min autoclaving cycles (15 

psi, 121°C), which were separated by a 48 h microbial regeneration period.  After each 



 

autoclaving cycle, microbial plate counts were taken to determine the effectiveness of 

sterilization treatment. 

 Microbial enumeration involved a serial dilution scheme similar to the 

procedure described in section 3.10.6.  Dilutions of 10-2 and 10-3 were created through 

successive transfers of 1 ml of the known dilution to 9 ml of sterile water.  The series of 

dilutions (0.1 ml) were plated in duplicate upon 1/10th strength TSA agar.  The 10-2, 

10-3 and 10-4 dilutions were incubated at 28°C for 48 h and were subsequently 

enumerated. 

3.5.2  Incubation procedure 

 All treatments (Table 3.3) were pre-weighed and combined with air-dry soil (50 

g) in plastic vials and transferred to plastic air-tight 1240 cm3 screw-top respiration 

chambers.  Each chamber had a rubber septum to allow for successive withdrawals of 

air samples. Treatments were applied at a rate of 1000 µg S g-1 soil as evidence 

suggests S° oxidation reaches a maximum near this concentration (Janzen, 1990). 

 

Table 3.3 Treatments used in comparison of S° combinations in soil incubation 

 experiment #2. 
 

 

Treatments 

 

Blend Proportion (by weight) 

 

S° Particle Size (µm) 

   

S°+ DDS + Lime (A†, U)  20% - 50% - 30% 82 

S°+ DDS (A, U) 29% - 71%  82 

S°+ Lime (A, U) 40% - 60% 82 

   

S° (U)  82 

   
DDS (A, U)   
Soil control (U)   
† A and U refer to autoclaved and un-autoclaved respectively. 



 

 The soil was moistened to field capacity and the chambers closed for 48 h to 

allow for equilibration.  The chambers were opened and closed at Day 0 and sampling 

of CO2 by gas chromatography (section 3.5.3) was initiated 5 h from that point.  

Subsequent sampling of CO2 occurred on alternating 3 and 4 d intervals.  After 18 d, 

the chambers were opened and closed (to prevent excessive CO2 buildup in the 

chambers) after which the original sampling schedule was re-established 1 week later 

until termination at day 39.  The incubation temperature throughout the experiment was 

25°C and the soil was kept constantly at -0.03 MPa moisture content.  Final SO4-S 

concentrations of the incubated soils were measured through the 0.01 M CaCl2 

extraction procedure outlined in section 3.10.4.1. 

3.5.3  CO2-C determination 

 Carbon dioxide evolution was measured by gas chromatography.  A 1 cm3 

syringe was used to withdraw 0.5 cm3 of the respiration chamber air, which was 

subsequently injected into a Shimadzu GC-8A gas chromatograph.  The area of the 

peak characteristic for CO2 was determined with a Varian 4270 integrator.  The ambient 

CO2 concentration of air inside empty respiration chambers was determined at each 

sampling period to determine starting CO2 concentrations.  Respiration in mg CO2 kg-1 

soil was calculated using the ideal gas law from the concentration of CO2 in the 

chamber, the air volume of the chamber and the mass and air-filled porosity of the soil  

(Elliot 1990). 

 
3.6 Growth chamber experiment #1: Sulfur uptake and yield response of 

canola to addition of sulfur fertilizers. 

 A controlled study was initiated to reveal the ability of various sulfur sources to 

provide plant available SO4-S as discerned by plant uptake.  The experiment consisted 

of a completely randomized design with three replicates.  The test crop selected was 

canola (Brassica napus  L. cv. Profit) due to its large sulfur demand.  Parameters 

studied included dry matter accumulation, extractable soil SO4-S and plant S and N 



 

uptake. 

3.6.1  Growth chamber procedure 

 The sulfur deficient Gray Luvisol Sylvania silty loam soil (Table 3.1) was 

selected for this study.  All treatments (Table 3.4) were applied at 100 µg S g-1 soil, 

which was equal to the application rates applied in soil incubation #1. 

 

Table 3.4 Treatments used in the comparison of S° combinations and wallboard 

 gypsum in growth chamber experiment #1. 
 

 

Treatments 

 

Blend Proportion (by weight) 

 

Particle Size (µm) 

  Coarse                Fine 

S°+ DDS + Lime 1 20% - 50% - 30% 353                     82 

S°+ Lime 1 40% - 60% 353                     82 

   

S°+ DDS + Lime 2 50% - 20% - 30% 353                     82 

S°+ Lime 2  63% - 37% 353                     82 

   
S°  353                     82 

   
Wallboard Gypsum   

Na2SO4    

   
DDS   

Lime   

Soil control   

 

 Granular treatments were pre-weighed and thoroughly mixed with 1 kg of soil in 

separate plastic bags.  A portion of all the treated soils (750 g) was transferred to 13 cm 

diameter plastic pots and was moistened to approximately 50% field capacity (-0.03 

Mpa.).  The solution S treatment (Na2SO4) was applied in a simulated band directly 

onto the 750 g of soil.  A macronutrient solution containing NH4NO3, KCl and 

Ca3(PO4)2•H20 was added (25 ml pot-1) which supplied 125 µg N g-1 soil, 150 µg K g-1 

soil and 50 µg P g-1 soil.  Micronutrients were provided with a solution (15 ml pot-1) 



 

containing ZnCl, CuCl2, MnCl2, H3BO3 and Na2MoO4 supplying 7 µg Zn g-1 soil, 4 µg 

Cu g-1 soil, 5 µg Mn g-1 soil, 0.75 µg B g-1 soil and 0.75 µg Mo g-1 soil.  The remaining 

250 g of treated soil was then added for each treatment.  The pots were placed into a 

growth chamber with a 16 h day (25°C) - 8 h night (16°C) cycle.  The pots were 

watered to weight (90% field capacity) and allowed to equilibrate in the growth 

chamber for 1 week before seeding. 

 On day 0, 10 uniformly sized canola seeds were placed slightly below the soil 

surface and were covered with soil and moist filter paper.  After seed germination, the 

filter paper was removed, the soil surface was covered with polystyrene beads to 

decrease evaporation and the seedlings were thinned to four per pot.  A supplemental  

application of 100 µg N g-1 soil as NH4NO3 was added in solution 25 d after seeding to 

ensure against nitrogen deficiency.  The pots were routinely moved to reduce any 

micro-climate bias imposed by the growth chamber. 

 On day 46 of the experiment (flowering), the plant shoots were harvested, 

bagged and placed in an oven (40°C).  Once dry, the shoot tissues were weighed and 

finely ground with a CycloneTM mill in preparation for the S (section 3.10.1), N and P 

(section 3.10.2) digestions.  In  preparation for the soil SO4-S extraction (section 

3.10.4.1), the soils in each pot was thoroughly mixed, the roots were removed and the 

soil was allowed to air-dry. 

 
3.7 Growth chamber experiment #2: Sulfur uptake and yield response of 

canola to the addition of pelletized and non-pelletized elemental sulfur 
combinations. 

 For ease of application, the preferred form of any S° fertilizer would likely be an 

aggregated form.  However, aggregation could restrict its overall effectiveness, since 

optimal S° oxidation occurs with maximization of S° particle dispersion in soil (Janzen, 

1990).  This study attempted to deal with concerns regarding ease in S° handling versus 

decreased product effectiveness as influenced by pelletization.  The larger-scale of the 

process of mixture pelletization demanded the use of commercial grade granular S° 



 

instead of distinct particle size distributions.  The experiment consisted of a completely 

randomized design with three replicates with canola (Brassica napus L. cv. Profit) as 

the test crop.  Parameters studied included dry matter production, extractable soil SO4-S 

and plant S and N uptake. 

3.7.1  Growth chamber procedure 

 The sulfur deficient Black Chernozem Meota fine sandy loam soil (Table 3.1) 

was selected for this study.  Treatments (Table 3.5) were applied at a rate of 100 µg S g-

1 soil.  Non-pelletized versions of all granular treatments were pre-weighed and 

thoroughly mixed with 1150 g of soil in plastic bags.  Pellets were sieved (standard 2 

mm sieve) to remove dust and small pellets.  The resulting pellets were manually 

partitioned by weight and pellets of approximately 0.03 - 0.05 g each (approximately 2 

mm in size) were combined with 1150 g of soil. 

 

Table 3.5 Treatments used in the comparison of non-pelletized and pelletized 

formats  of the S° combinations in growth chamber experiment #2. 
 

 

Treatments 

 

Analysis (by weight) 

 

Particle Size (µm) 

   

S°+ DDS + Lime  (non-pelletized) 40% - 30% - 30% 217 

            S°+ DDS  (non-pelletized) 50% - 50%  217 

   

S°+ DDS + Lime  (pelletized) 40% - 30% - 30% 217 

            S°+ DDS  (pelletized) 50% - 50%  217 

   

S°  217 

   
DDS (non-pelletized and pelletized)   

Lime   

   

Na2SO4   

Soil control   

 

 A portion of all the treated soils (750 g) was transferred to 13 cm diameter 



 

plastic pots and was moistened to approximately 50% field capacity (-0.03 Mpa.).  The 

solution S treatment (Na2SO4) was applied in a band directly to the 750 g of soil to 

simulate the recommended practice for fertilizer placement.  The remaining 400 g of 

treated soil was then added for each treatment.  The pots were watered to approximately 

90% field capacity (based on weight) and allowed to equilibrate in the growth chamber 

for 1 week before seeding.  The pots were maintained at 90% field capacity with 

deionized water in a 16 h day (21°C) - 8 h night (16°C) environment and were re-

positioned inside the chamber on a regular basis.  Procedures for seeding, plant shoot 

harvest and post-experiment soil analysis were as outlined for growth chamber study #1 

(section 3.6.1).  A supplemental application of 100 µg N g-1 soil as NH4NO3 was 

applied 22 days after seeding to prevent a nitrogen deficiency. 

 On day 42 of the experiment (flowering), the plant shoots were harvested, 

bagged and placed in an oven (40°C).  Once dry, the shoot tissues were weighed and 

finely ground with a CycloneTM mill in preparation for the S (section 3.10.1), N and P 

(section 3.10.2) digestions.  In  preparation for the soil SO4-S extraction (section 

3.10.4.1), the soils in each pot was thoroughly mixed, the roots were removed and the 

soil was allowed to air-dry. 

 
3.8 Field experiment: Sulfur uptake and yield of canola resulting from
 sulfur fertilizer application under field conditions. 

 A field trial was used to evaluate the SO4-S release characteristics of the best 

performing S° combinations and waste gypsum sources from the controlled 

environment trials.  The test crop was canola (Brassica napus L. cv. Garrison).  

Parameters examined included: mid-season biomass, final dry matter yield, seed yield, 

plant S and N uptake, fertilizer use efficiency and residual extractable soil SO4-S. 



 

3.8.1  Site selection and description 

 The site was in east-central Saskatchewan approximately 6 km southwest of Star 

City (Figure 3.2).  The soil was a Gray Luvisol mapped as a Porcupine Plain - Kamsack 

complex (Saskatchewan Soil Survey, 1989).  The soil had a silt-loam surface texture 

derived from shallow, silty lacustrine materials underlain by gravely fluvial materials 

and glacial till.  The plot was located on a nearly level (0.5% slopes) extended upper 

slope region where Gray Luvisolic (Porcupine Plain) soils predominate (Saskatchewan 

Soil Survey, 1989). 

 

 

 

 
 
 
Figure 3.2 Map of Saskatchewan soil zones indicating the location of the field trial 

 (Star City, Sask.). 



 

The experimental plot design was a randomized complete block design with three 

replications.  The individual experimental units were 8.5m x 8.5m (72.25 sq m) in size 

to allow for field equipment operation. 

3.8.2  Experimental procedure 

 The creation of S° plus DDS mixture combinations followed the previously 

outlined procedure (section 3.2) and differed only in terms of scale due to the large 

quantities of fertilizer required (Appendix B, Table B1b).  Plots were established on 

May 9, 1995 and the treatments (Table 3.6) were broadcast by hand on standing wheat 

stubble.   

 

Table 3.6 Treatments used in the comparison of S° combinations, waste gypsum, 

 and ammonium sulfate in the field experiment. 
 

 

Treatments† 

 

Blend Proportion (by weight) 

 

Particle Size (µm) 

   

S°+ DDS + Lime 20% - 50% - 30% 82 

S°+ Lime 40%  - 60% 82 

S°  82 

   

Wallboard Gypsum   

Mine Gypsum   

Ammonium Sulfate   

   
0S 0N††   

0S§   

   
† 

 All treatments applied at 20, 40 and 80 kg ha
-1

 
†† 

Un-amended soil
 

§  
Ammonium nitrate application equivalent to N supplied by ammonium sulfate treatment. 

 

 The study area had received 100 kg N ha-1 the previous fall as anhydrous 

ammonia.  Treatments were applied at three S rates (20, 40 and 80 kg ha-1).  As 

compensation for the additional N in the ammonium sulfate treatment, all other S 



 

treatments had additional N (as ammonium nitrate) applied at rates equivalent to 

amounts supplied by ammonium sulfate at 20, 40 and 80 kg S ha-1 (i.e., 17.5, 35 and  

70 kg N ha-1).  A separate ammonium nitrate control treatment was also included at 

each of the three treatment rates.  The products were incorporated (10 - 15 cm) by a 

cultivator the following day and the canola was seeded with an International 7400 hoe-

drill on May 16. 

 Soil samples (0 - 15 cm) were taken from each of the control plots at emergence 

on June 1 to establish initial sulfate and nitrate status of the site.  Mid-season above-

ground biomass samples were taken on July 24 when the plants were in full flower.  

Whole plants contained in a 0.25 m2 quadrat were sampled in duplicate.  The samples 

were dried (40°C), weighed and finely ground in a CycloneTM mill in preparation for 

plant tissue S and N analysis by combustion (outlined in section 3.10.3).   

 Above-ground plant samples were obtained on August 31 using a sampling area 

of 1 m2 per plot.  After harvest, plant samples were allowed to ripen naturally and were 

weighed (total plant yield) and threshed.  Seed weights were recorded and sub-samples 

of the seed and straw were ground with a ball-mill and CycloneTM grinder, respectively, 

for S and N analysis through combustion (section 3.10.3). 

 Soil samples were taken on September 16 from each plot, which were bulked (4 

samples per plot, 0 - 30 cm), air-dried and passed through a rotary soil grinder (2 mm 

sieve).  Residual SO4-S was determined through a 0.01 M CaCl2 extraction as outlined 

in section 3.10.4.1. 

3.9  Statistical analysis 

 Treatments from incubation (sections 3.4 and 3.5) and growth chamber 

experiments (sections 3.6 and 3.7) were subjected to one-way analysis of variance using 

StatviewTM SE+Graphics (Abacus Concepts Inc., 1988). 

 For the field experiment (section 3.8), all data were subjected to analysis of 

variance using the SAS General Linear Models (GLM) procedure (SAS Institute Inc. 



 

1990) to determine the simple and interactive effects of S source and application rate. 

 Excluding the CO2-C evolution comparisons (section 4.4.1) which were made at 

the 10% probability level, all other mean comparisons in laboratory incubations were 

made at the 5% probability level.  Mean comparisons for the growth chamber portion 

were made at both 5% and 10% probability levels.  Means comparisons for the field 

portion were made at the 10% level.  Fisher's protected least significant difference was 

used for means separation, which is valid if the F test for the experimental model is 

significant at the 5% probability level (Steel and Torrie 1980). 

 
3.10  Analytical techniques 

3.10.1  Total plant sulfur determination 

 Plant material finely ground with a Cyclone millTM was placed in a drying oven 

(40°C) for 24 hours before weighing 0.02 g into digestion tubes.  The plant material in 

each tube was digested at 260°C for 1 h in NaOBr solution (Tabatabai and Bremner 

1970).  The final contents were gravity filtered through Whatman No.42  filter paper.  

Total S concentration was determined against a series of standard solutions using an 

ICP emission spectrophotometer (ARL 3110). 

 

3.10.2  Total plant nitrogen and phosphorus determination by digestion. 

 Plant material finely ground with a Cyclone millTM was placed in a drying oven 

(40°C) for 24 hours before weighing 0.25 g into digestion tubes.  The contents of each 

tube were digested at 360°C for 6 h (in total) using the wet ashing (sulfuric acid - 30% 

H2O2) procedure (Thomas et al. 1967).  The final contents of the tubes were diluted to 

volume and total N and P concentrations were determined using automated colorimetry 

(Technicon Industrial Systems, 1973).  The calculation of plant nutrient uptake is 

performed by multiplying percent nutrient concentration by dry matter production. 

3.10.3  Total plant nitrogen and sulfur determination by combustion. 

 Plant material finely ground with a Cyclone millTM was placed in a drying oven 

(40°C) for 24 h before weighing 0.25 g into ceramic combustion boats.  The contents of 



 

each boat were combusted at 1350°C using a Leco CNS 2000 analyzer.  Total N of the 

collected combustion gases (measured as N2 and NOx) was determined via a thermal 

conductivity cell and total S (SO2) was determined via an infrared cell.  This 

information, along with sample weight was used to calculate %N and %S. 

3.10.4  Plant available sulfur determination 

 3.10.4.1  0.01M CaCl2 extractable SO4-S 

 Sub-samples of soil were air-dried, manually crushed and thoroughly mixed by 

passing the soil through a 2 mm rotary soil grinder.  In preparation for a 0.01 M CaCl2 

extraction, 10 g of soil and 20 ml of CaCl2 solution were placed in a 125 ml Erlenmeyer 

flask.  The flasks were covered with parafilm and shaken on a side-to-side shaker for 1 

h.  The contents of the flasks were gravity filtered through Whatman No.40 paper.  The 

resulting filtrate was analyzed for sulfur concentration by ICP emission 

spectrophotometry. 

 3.10.4.2  Anion exchangeable SO4-S 

 Prior to insertion of the Plant Root Simulator Probes or PRS-probes (Greer and 

Schoenau, 1995) in soil, the 17.5 cm2 anion exchange resin membrane (AEM) surfaces 

(B.D.H. product no. 55164) were saturated with a single ionic species by washing with 

0.5 M NaHCO3 solution for 1 h on a rotary bench shaker.  The PRS-probes were 

inserted into the soil at scheduled times and after 2 weeks the probes were removed in 

the same order that they were inserted, washed with pressurized deionized water from a 

back-pack sprayer to remove adhering soil and placed in separate ZiplocTM bags.  

Adsorbed SO4-S anions were eluted from the AEM surface through equilibration with 

20 ml of 0.5 M HCl in the bags.  The bags were evacuated of air, sealed and placed on a 

rotary shaker for 1 h (Qian et al. 1992).  The contents of each bag were poured into 

vials and analyzed for sulfur concentration by ICP emission spectrophotometry. 

 
3.10.5  Total carbon, organic carbon and inorganic carbon determination 

 Sub-samples of soil and DDS were ground and thoroughly mixed for 1 min. 



 

using a ball mill grinder.  Total C for soil and DDS was determined using a Leco CNS 

2000 analyzer.  Samples were weighed (0.25 g) into ceramic boats and combusted at 

1350°C.  Total % C (CO2) of the combustion gases was determined using an infrared 

cell.  Organic C for soil and DDS was determined using a Leco CR-12.  The samples 

were combusted at 840°C and CO2 evolved was determined using an infrared cell.  

Inorganic C was calculated as the difference between total and organic C quantities. 

3.10.6  Enumeration of heterotrophic populations 

 Un-incubated and incubated samples were enumerated to determine the effect of 

the S° oxidation stimulating period (section 3.2.2) on heterotrophic populations.  The 

dilution scheme consisted of initially combining 1 g of DDS (air-dry) to 9 ml of sterile 

water ( 10-1 dilution ).  Successive dilutions  (10-2, 10-3, 10-4, 10-5, 10-6 and 10-7) were 

created through successive transfers of 1 ml of each dilution to 9 ml of sterile water.  

The three highest dilutions were plated (0.1 ml) in duplicate upon 1/10th strength TSA 

agar, incubated at 28°C for 48 hours and were subsequently enumerated. 

3.10.7  pH determination 

 Soil and DDS pH was determined in 1:2 (solid:solution) suspension using a 

Beckman pH meter.  Readings of the suspension were taken after shaking for 1/2 hour 

on a reciprocating shaker, followed by a 1/2 hour settling period. 



 

 

 

 

 

CHAPTER 4:  RESULTS AND DISCUSSION 

 

4.1  Elemental sulfur particle size analysis 

 Coarse S° (mean particle size (MPS) = 353 µm, SD = 110 µm) and fine S° 

(MPS = 82 µm, SD = 57 µm) are clearly distinct in their respective size distributions 

(Figure 4.1).  The fine S° size fraction encompasses a wide range of particle sizes, 

including extremely small, micrometer-sized particles.  The process of mixing fine 

diameter S° with lime created a product with an intermediate product size distribution 

(MPS = 160 µm, SD = 52 µm), and reduced the number of small sized particles.  In 

comparison to the S°+ lime combination, creation of the complete mixture (S°+ DDS + 

lime) resulted in a slight reduction in the mean particle size (MPS = 118 µm, SD = 51 

µm). 
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Figure 4.1 Particle size distribution of fine and coarse diameter S°, S°+ lime and 

 S°+ DDS + lime.



 

 The influence of particle size on the S° oxidation rate indicates a possible 

disadvantage with the coarser S°+ lime and S°+ DDS + lime combinations.  However, 

this apparent disadvantage may not be a problem if the S° aggregates are broken down 

by weathering forces once introduced to soil.  The aggregates formed through the 

combination of S°+ lime were visibly larger (Figure 4.2b).  Visual inspection revealed 

that these aggregates were partly composed of smaller S° particles that could be 

physically broken-down with little effort.  Similar to the delayed release S° plus 

bentonite clay product (Braithwaite and Brown 1994), a S°+ lime aggregate of moderate 

strength could be a means of temporarily binding micrometer-sized particles together 

until particle dispersion occurs through hydration of the aggregate in soil. 

 Elemental sulfur particles subjected to both the addition of lime and DDS are 

depicted in Figure 4.3.  As was evident in the S°+ lime combination, microscopic 

examination revealed a lime coating of the S° surface and aggregation of extremely 

small S° particles.  The addition of DDS caused an apparent staining of the S° surface 

and incorporation of organic materials into the S°+ lime aggregates.  A consequence of 

the inclusion of DDS was the apparent growth and attachment of numerous fungal 

hyphae to the altered S° surfaces during the 2 week incubation (section 3.2.2).   

 Compared to the S°+ DDS + lime combination, the S°+ DDS combination 

appeared to have fewer hyphae attached to its surface.  The S°+ DDS combination also 

showed an apparently lower degree of association between DDS and the S° surface than 

the S°+ DDS + lime.  This observation suggests an adhesive role for lime, which is 

capable of holding organic material to the S° surface.  The presence of fungal hyphae 

after incubation suggests successful stimulation of microbial populations that had been 

inactive for nearly one year.  Therefore, DDS supplied both nutrients and an active 

heterotrophic population. 

4.2  Enumeration of heterotrophs in dried digested sludge (DDS) 

 The number of colony forming units of heterotrophic bacteria obtained from 



 

DDS is reported in Table 4.1.  The microbial populations of incubated and un-incubated 

samples gave little indication that the prescribed incubation period was successful in 

stimulating heterotrophic activity.  Although there was a trend towards greater 

microbial numbers with incubation, the 2 week period created no significant increase in 

enumerable heterotrophic bacterial populations. 

 

Table 4.1 Dried digested sludge (un-incubated and incubated) heterotrophic 

 bacterial populations (colony forming units) enumerated from TSA agar. 

 

Un-incubated DDS Incubated DDS 

________________________cfu g-1_______________________ 

6.2 x 108  (2.6 x 108)† 1.0 x 109  (2.8 x 108) 

 † 
values in parenthesis are standard deviations. 

 These results are comparable to values obtained by Hulit (1991) who found 

aerobic bacterial populations in Saskatoon DDS to be approximately 8.0 x 109 cfu g-1 

(Table 2.4).  I made an effort to identify the dominant species based on whole-cell 

cellular fatty acids, derivatized to methyl esters and analyzed by gas chromatography 

using the Microbial Identification System (MIDI 1990).  Results suggested an 

abundance of the spore forming bacteria Bacillus licheniformis (De Freitas, 1995 

personal comm.)  Considering the extended storage time (approximately 1 year) the 

DDS sample was subjected to, the dominance of a spore former tolerant of low 

moisture was reasonable.  The visual evidence suggesting a viable fungal population in 

DDS (Figure 4.3) points towards the importance of including a measurement of fungal 

populations when attempting to characterize microbial populations of DDS. 

 
4.3  Sulfate release in fertilizer amended soil. 
 
4.3.1  Elemental sulfur combinations 
 
 4.3.1.1  Fine S° particle size 

 Sulfate production curves reveal the difference in oxidation rate resulting from 



 

the amendment of soil with each S° source (Figure 4.4). 
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Figure 4.4 Sulfate production curves expressed in two week intervals for a 12  

  week period for S° sources added to a Sylvania silt loam soil (82  
  µm S° granules). 

Elemental sulfur combinations containing lime oxidized faster than combinations not 

containing lime (Figure 4.4).  This faster oxidation rate with both S°+ DDS + lime and 

S°+ lime agreed with the previously listed advantages of an altered S° surface (section 

4.1).  The superior performance of S°+ DDS + lime and S°+ lime treatments in the 

initial 6 weeks of incubation indicates the beneficial effect of lime in the fine S° 

combinations.  Accelerated S° oxidation in the initial 6 weeks of plant growth would be 

most important for optimal plant uptake of sulfur fertilizers. 

 Soil amended with either S° alone or S°+ DDS accumulated sulfate at similar 

rates (Figure 4.4).  However, at the 6 - 8 and 10 - 12 week intervals the S°+ DDS 

combination showed periodic evidence of greater sulfate release than S° alone.  The 

lack of an overall significant difference between the rate of sulfate production for S° 

alone and S°+ DDS was not consistent with previous work.  Cowell and Schoenau 

(1995) found significant stimulation of S° oxidation by combining S° and Saskatoon 

DDS.  This apparent discrepancy between their study and my results might be a 



 

function of DDS variability caused by differences in the time between sampling and 

actual usage.  The DDS used in this study was stored for approximately 1 year prior to 

use and this suggests a potential for the decline in S° oxidation stimulating potential of 

DDS with time (i.e., reduction in effective heterotrophic population).  Alternatively, the 

results may reflect differences in the inherent microbial and physiochemical nature of 

the particular soil studied.  Differences in indigenous soil heterotrophic populations, or 

soil pH buffering potentials could contribute to the different responses observed. 

 Increases in soil sulfate through mineralization of organic sulfur were not 

evident in the control soil.  Additional sulfate contributions from sulfur mineralization 

in sulfur amended soil would likely be minimal since high soil solution sulfate reduces 

sulfohydralase production and activity and results in lower microbial mineralization of 

organic sulfur pools (Maynard et al. 1985).  Reductions in predatory microbial 

populations with S° application have also resulted in reduced nutrient turnover (Gupta 

and Germida 1988). 

 Sulfate supply rate curves obtained by the PRS - probes (Figure 4.5) generally 

agree with sulfate production trends obtained by CaCl2 extraction (Figure 4.4).  The un-

amended and DDS amended soils showed little evidence of increasing sulfate supply 

rate over the incubation period through mineralization  (Figure 4.5).  Compared to both 

S° treatments containing lime, addition of either S° alone or S°+ DDS resulted in a 

lower flux of soluble sulfate to the AEM sink in the first 4 weeks of incubation.  In the 

first 8 weeks of incubation, only S°+ lime was capable of producing higher sulfate 

supply rates than S° or S°+ DDS. 
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Figure 4.5 Sulfate supply rate curves expressed in two week intervals for a  

 12 week incubation of S° sources added to a Sylvania silt loam soil (82 
  µm S° granules). 

 An obvious decline in sulfate supply rate for all treatments at weeks 8 - 10 was 

likely the result of failure to maintain soil moisture at a level equal to previous 

measurement intervals.  Despite this possible one-time underestimate, sulfate supply 

rate patterns for the 8 - 12 week period (Figure 4.5) correspond with the trend of 

decreasing rate of sulfate production observed in Figure 4.4.  This decline in production 

rate is commonly observed in laboratory incubation measurements of initial flushes of 

sulfur mineralization with the addition of a substrate (Ellert, 1991).  Unlike extractable 

sulfate, successive supply rate measurements of ion adsorption onto the AEM surface 

are susceptible to variations in soil moisture fluctuations (Jowkin and Schoenau 1995). 

 

 4.3.1.2  Coarse S° particle size 

 Compared to fine S° combinations (Figure 4.4), sulfate production curves of 

coarse S° combinations (Figure 4.6) show less difference between treatments.  

Differences in sulfate production between lime and non-lime containing treaments are 

also less evident with coarse S° combinations.  However, the periodic measurements 



 

indicate the S°+ lime combination to be superior to S° alone at weeks 2 - 4, 6 - 8 and 10 

- 12.  Compared to S° alone, the S°+ DDS + lime combination failed to increase sulfate 

production throughout the incubation (Figure 4.6). 
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Figure 4.6 Sulfate production curves expressed in two week intervals for a 12  

   week period for S° sources added to a Sylvania silt loam soil (353  
   µm S° granules). 

 

 Soil amendment with the S°+ lime combination provided higher sulfate supply 

rates (Figure 4.7) than S° alone throughout the 2 - 10 week duration of the 12 week 

incubation.  Unlike the fine S° combinations, the S°+ DDS + lime amendment was 

indistinguishable from either S°+ DDS or S° alone.  The previously described decline in 

sulfate supply rate due to variation in soil moisture content (Figure 4.5, section 4.3.1.1) 

was also evident at weeks 8 - 10 in coarse granular combinations (Figure 4.6).  

Subsequent increases in sulfate supply rate (weeks 10 - 12) are supported by the trend 

showing increasing sulfate production (Figure 4.6). 
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Figure 4.7  Sulfate supply rate expressed in two week intervals for a 12 week 

 incubation of S° sources added to a Sylvania silt loam soil (350 µm S° 
 granules). 
 

 In general, contrasting patterns of S° oxidation were apparent between the fine 

and coarse S° forms.  Oxidation of all coarse S° particles was relatively linear and slow 

throughout the entire experiment (Figure 4.6 and 4.7), while the oxidation of fine S° 

forms appeared linear during the first 8 weeks (Figure 4.4 and 4.5).  The difference in 

sulfate production between fine and coarse S° forms probably reflects the influence of 

increasing particle size on reducing the amount of exposed particle surface area for 

oxidation (Lawrence 1987).  Oxidation rates under growth chamber conditions (25°C 

day - 16°C night, field capacity) would overestimate sulfate releases in comparison to 

expected releases under field conditions. 

 Fine and coarse granule S° sulfate production and supply rate (Figures 4.4 to 

4.7) suggest possible advantages to the combining S° with lime.  The ability of the S°+ 

lime combination to accelerate S° conversion under the restricted conditions imposed 

by the coarse S° particle size used in this study points to the particular importance of the 

association between the S° surface and lime when particle size is large.  Furthermore, 



 

the ability of DDS to accelerate fine S° oxidation only in the presence of lime suggests 

the inclusion of DDS in S° combinations was of secondary importance to lime.  

According to the theory of Fletcher (1980), the establishment of a biofilm around S° 

particles is the step which limits sustained S° oxidation.  Development of this biofilm 

through faster organic coating development and subsequent microbial colonization 

(Lawrence 1987) are possible results of combining S° with lime. 

4.3.2  Wallboard gypsum 

 Extractable sulfate curves for soluble sulfate reveal significantly higher values 

than wallboard gypsum for the majority of measurements taken throughout the twelve 

week period (Figure 4.8a).  In contrast, sulfate supply rate measurements point toward 

wallboard gypsum as a more available source compared to soluble sulfate (Figure 4.8b). 

 Fluctuations in the sulfate supply rate curves for both soluble sulfate and 

wallboard gypsum can be accounted for.  Firstly, the low sulfate supply rate observed 

for soluble sulfate in weeks 0 - 2 was an artifact of poor fertilizer distribution due to 

placement in a sub-surface band (section 3.10.4.2) and limited exposure to the AEM 

resin membrane sink.  Subsequent soil mixing at the end of week 2 appeared to correct 

for this initial underestimate (Figure 4.8b).  Secondly, the decline in sulfate supply rate 

for wallboard gypsum in weeks 8 - 10 was a result of the same variation in soil moisture 

previously described in sections 4.3.1.1 and 4.3.1.2. 

 The lower release of extractable sulfate obtained over 12 weeks for wallboard 

gypsum (Figure 4.8a) most probably reflects dissolution/precipitation reactions that 

govern gypsum solubility in soil, but do not limit the initial release of immediately 

soluble fertilizer sources.  As a result, lower quantities of extractable sulfate are 

expected since dissolution is largely controlled by the amount of gypsum in solid phase. 
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Figure 4.8 Extractable sulfate (A) and sulfate supply rate (B) curves for wallboard 

 gypsum and soluble sulfate sources added to a Sylvania silt loam soil. 

 Lower supply rates observed for the conventional sulfate source are difficult to 

interpret (Figure 4.8b).  However, the initial disadvantage imposed on the soluble 

sulfate treatment (previously discussed) was apparent as a temporary condition of 

uneven fertilizer distribution throughout the soil volume in the 0 - 2 week measurement.  



 

It is conceivable that under such conditions the entire surface of the buried resin 

membrane would not be completely exposed to the initial zone saturated with sulfate 

solution. 

 Alternatively, higher sulfate supply rates found with wallboard gypsum addition 

could be a function of the differences in measurement technique.  Extractable SO4-S is 

a one point in time measurement of soluble sulfate.  Sulfate supply rate is an integrated 

measure of net soil sulfate adsorption onto an AEM surface over a two week interval.  

Therefore, higher sulfate supply rates with wallboard gypsum addition could be a 

reflection of a sustained release of soluble sulfate from the solid phase.  In contrast, 

immediately soluble sulfate would be entirely in solution and therefore more 

susceptible to potential leaching losses inherent to a moist growth chamber 

environment.  Evidence suggesting a sustained release of wallboard-derived sulfate 

points to advantages in production systems prone to excess moisture. 

 The pulverized nature of the wallboard source would contribute greatly to a 

rapid dissolution rate.  Maintenance of soil moisture at field capacity over a 12 week 

period ensured optimal conditions for solute dissolution.  Wallboard gypsum 

performance in the field may be less effective due to a less than optimal moisture status. 

 
4.4 Cumulative CO2-C evolved in soil amended with autoclaved and  non-
autoclaved elemental sulfur combinations. 

 The autoclaving procedure (section 3.5.1) for DDS containing treatments 

effectively reduced viable microbial populations.  After the first cycle, populations in 

DDS were reduced from 6.2 x 108 g-1 to 1.9 x 103 g-1 and were undetectable after the 

second autoclaving cycle (Table 4.2).  Similar populations were enumerated in the S°+ 

DDS and S°+ DDS + lime combinations after the first autoclaving cycle, however, 

populations were undetectable in both combinations after the second sterilization 

treatment. 

 

 



 

 

Table 4.2 Heterotrophic populations (colony forming units) of S°+ DDS 

 combinations subjected to successive autoclaving. 
 

DDS 

Cycle 1           Cycle 2 

S°+ DDS 

Cycle 1           Cycle 2 

S°+ DDS + Lime 

Cycle 1           Cycle 2 

_______________________________cfu g-1______________________________ 

1.9 x 103 (1.4 x 103)†    n.d§ 3.0 x 102 (4.8 x 102)       n.d 2.8 x 102 (4.8 x 102)       n.d 

   § 
denoted un-detectable populations.

 

† 
values in parenthesis are standard deviations. 

4.4.1  Non-autoclaved treatments 

 In comparison to the soil control, cumulative CO2 evolution was significantly 

reduced (P ≤ 0.10) with the addition of S° alone, S°+ DDS and S°+ lime (Figure 4.9a).  

The addition of S°+ DDS + lime resulted in similar CO2 evolution to the soil control.  

Amendment of soil with DDS at a rate equal to the amount supplied by the S°+ DDS 

combination resulted in no observable change in CO2 evolution over the control soil. 

 In treatments containing S°, soil sulfate concentrations showed a similar pattern 

to their respective CO2 evolution values (Figure 4.9b).  Although no significant 

differences in soil sulfate were observed amongst the S°, S°+ DDS and S°+ lime 

combinations, the S°+ DDS + lime provided significantly higher soil sulfate 

concentrations (P ≤ 0.05) than all other non-autoclaved treatments. 

 The apparent decline in CO2 production with the addition of S° to soil is 

attributed to the suppressive effect of S° on soil microbial populations.  In an 

examination of the possible detrimental effects of S° fertilization, Gupta et al. (1988) 

found the addition of S° reduced microbial biomass, respiration and enzymatic activity.  

Acidification of the micro-zones immediately surrounding the S° particle was suggested 

to be the causative factor for these changes.  All heterotrophic populations were 

detrimentally affected; however, the fungal population was most significantly affected 



 

by S° addition. 
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Figure 4.9 Comparison of 39 day CO2 evolution in closed respiration chambers 

 (A) and final soil sulfate concentration (B) for S° sources added to a 

 Sylvania silt loam soil (82 µm S° granules). 



 

Lawrence et al. (1988) found evidence that S° addition stimulated autotrophic S° 

oxidizers.  Despite this observation, the impairment of heterotrophic organisms 

outweighs any other population increase due to the likely inability of autotrophic 

organisms to efficiently sustain large-scale S° oxidation in these soils. 

 The depression in CO2 evolution below soil control levels with the addition of 

S°+ lime contradicts the hypothesized ability of lime to prevent micro-site pH declines 

which are detrimental to heterotrophic population and activity.  However, addition of 

S°+ DDS + lime resulted in no depression in CO2 evolution and suggests little 

impairment of the heterotrophic microorganisms.  This latter result was consistent with 

soil incubation data previously presented (section 4.3.1) wherein inclusion of both DDS 

and lime into a fine S° combination resulted in significantly higher sulfate production 

than fine S° alone. 

4.4.2  Autoclaved treatments 

 Autoclaving had no impact on CO2 evolution except in the S°+ DDS + lime 

treatment wherein the CO2 level was greater than the non-autoclaved version (Figure 

4.9a).  The minimal effect of sterilization points to little influence from microbial 

populations present in DDS.  Autoclaving caused a consistent, large increase (P ≤ 0.05) 

in soil sulfate concentration for all three S° combinations (Figure 4.9b). 

 Results show a consistent trend between increasing CO2 evolution and soil 

sulfate production in S° containing treatments.  The autoclaving of S° combinations 

resulted in the production of disproportionally large amounts of soil sulfate.  Elemental 

sulfur combinations containing lime had significantly greater (P ≤ 0.05) sulfate 

concentrations over the S°+ DDS treatment.  This result further supports previously 

presented evidence regarding the positive influence of lime on S° oxidation rate 

(section 4.3). 

 The large increase in soil sulfate concentration arising from autoclaving is 

difficult to interpret and may be best explained by the effect of heat treatment on the S°.  



 

The melting point of S° is listed at 112.8°C (Weast 1978) and the temperature of the 

two autoclaving cycles (15 minutes) was 121°C.  Under the influence of elevated 

temperature, evidence supports a progressive yet temporary shift in the relative 

proportions of S° chemical species from orthorhombic (stable below 96°C) to 

monoclinic (stable between 96°C and 119°C) to S(x) species (Hyne and Kobryn 1981).  

However, the increasing proportion of S(x) species has also been linked to decreased 

oxidation rates due to a reduction in the number of favorable binding sites for 

Thiobacillus albertis.  It appears the autoclaving cycles created a more favorable S° 

substrate for oxidation.  Therefore, it is conceivable that elevated sulfate concentrations 

are a result of a decrease in the mean S° particle size due to heat exposure, or 

dissolution of extremely small S° particles and adsorption of sulfate onto DDS surfaces 

and lime.  Alternatively, heat treatment of the DDS source could potentially degrade the 

organic constituents, which would result in a more readily available nutrient source and 

higher heterotrophic activity (Cifuentes and Lindemann 1993). 

 
4.5 Sulfur uptake and yield response of canola to addition of sulfur fertilizers. 

4.5.1  Elemental sulfur combinations 

 Addition of both fine and coarse forms of S° created significantly higher plant 

yield than the soil control, which had very limited sulfur supplying ability (Table 4.3).  

In addition, all fine forms of S° as well as the coarse form of S°+ lime created 

significantly higher plant sulfur uptake levels than the soil control (P ≤ 0.10).  No 

difference in residual soil sulfate was apparent between the soil control and all forms of 

fine and coarse S°. 

 4.5.1.1  Fine S° particle size 

 Overall, the alteration of S° combination proportions outlined in Table 3.4 

resulted in little change in the measured parameters (Table 4.3).  Fine S° + DDS + lime 

1 was the only S° combination which produced more dry matter than fine S° alone (P ≤ 

0.10).  A significant difference in yield was also observed between S° and the soluble 



 

sulfate treatment (P ≤ 0.10).  There were no significant differences in S uptake, residual 

soil sulfate or total S recovery for the various fine S° treatments.   

 

Table 4.3 Sulfur uptake, yield and residual soil sulfate for wallboard gypsum and 

 82 µm and 353 µm S° combinations. 
 

 
Soil 

Amendment 

 
Dry Matter 

Yield 

 
Total Sulfur 
Recovery† 

 
Plant Sulfur 

Uptake 

 
Residual Soil 

SO4-S 
  

___ g ___ 
 

_____%_____ 
 

________mg kg-1§_______ 

 

Soil alone 2.3 _ 1.5 0.1 

Soil + DDS 2.6 - 1.8 0.5 

Soil + lime 1.8 - 1.3 0.01 

 

Wall. Gypsum 
 

18.2 
 

48 
 

43.6 
 

5.6 
 

Sulfate 
 

18.9 
 

78 
 

57.1 
 

22.3 
 

82 µm S° 

    

 

S° 
 

16.5 
 

36 
 

32.1 
 

5.3 

S°+ DDS + lime 1 18.8 41 36.3 6.3 

S°+ lime 17.9 40 35.3 5.9 

S°+ DDS + lime 2 18.1 36 33.7 3.4 

S°+ lime 2 16.9 38 35.9 3.5 

 

353 µm S° 

    

 

S° 
 

10.2 
 

9 
 

8.4 
 

1.9 

S°+ DDS + lime 1 9.4 9 8.4 1.9 

S°+ lime 11.8 12 11.7 1.5 

S°+ DDS + lime 2 11.4 9 9.7 1.1 

S°+ lime 2 11.8 11 10.8 1.4 

LSD (0.05) 
 

LSD (0.10) 

2.7 
 

2.2 

16 
 

14 

12.0 
 

10.0 

7.7 
 

6.4 
§ Pots contained 1 kg of soil, sulfur applied at 100 µg S g-1 soil. 
† Equal to plant S uptake + residual SO4-S less plant S uptake + residual SO4-S from soil alone. 

 

 The lack of difference in yield between S°+ DDS + lime, S°+ lime and the 

sulfate source indicated that these fine S° sources were capable of providing sufficient 



 

plant available sulfur at the 100 µg g-1 rate added.  Additional plant uptake in the 

soluble sulfate treatment (Table 4.3) was a reflection of luxury uptake (Tisdale et al. 

1993). 

 4.5.1.2  Coarse S° particle size 

 The plant yield obtained with S°+ DDS + lime 1 was significantly lower than 

both S°+ lime combinations (P ≤ 0.10) (Table 4.3).  The coarse S° sources provided 

significantly lower sulfate recoveries and plant yields than the fine S° combinations and 

soluble sulfate (P ≤ 0.05).  Plant sulfur uptake and residual soil sulfate values revealed 

no significant differences between coarse S° alone and the coarse S° combinations.  

Overall, coarse S° proved to be an inefficient supplier of plant available sulfate in the 

growth chamber when applied one week prior to seeding. 

4.5.2  Wallboard gypsum 

 Plant yield resulting from gypsum application was not significantly different 

than immediately soluble sulfate or fine S° combinations (Table 4.3).  Compared to the 

fine S° (82 µm) and immediately-soluble sulfate, waste gypsum provided intermediate 

total sulfate recovery.  Plant sulfur uptake from gypsum was significantly greater than 

fine S° application (P ≤ 0.10) and significantly lower than soluble sulfate (P ≤ 0.05).  

The intermediate sulfate recovery from waste gypsum was reflected in lower extractable 

soil sulfate at the end of the experiment compared to soluble sulfate (Table 4.3).  Soil 

sulfate levels for the waste gypsum treatments at the end of the experiment were 

comparable to quantities extracted from soil treated with fine S°; therefore, the 

dissolution of wallboard gypsum appears to have been restricted. 

 The greater soil sulfate level produced by soluble sulfate over wallboard gypsum 

was consistent with the previous soil incubation study (section 4.3.1).  Application of 

immediately soluble sulfate created a non-limiting soluble sulfate pool available for 

plant uptake.  The soluble sulfate pool resulting from gypsum application would slowly 

increase with time due to product dissolution.  Plant demand could extract this sulfate 



 

as it was dissolved.  The latter scenario would not allow for the build-up of a large 

soluble soil sulfate pool.  A small end-of-season soluble sulfate pool may be 

advantageous through prevention of excess sulfate loss by leaching in the fall and 

subsequent spring. 

 
4.6 Sulfur uptake and yield response of canola using pelletized and non-
pelletized formats of elemental sulfur combinations 

 Addition of soluble sulfate and all S° forms, with the exception of pelletized 

S°+ DDS + lime, increased dry matter yield compared to the soil control (P ≤ 0.05) 

(Table 4.4).  The lack of significant yield response to addition of pelletized S°+ DDS + 

lime is difficult to explain, but may reflect a greater degree of experimental variability 

in this treatment.  Addition of the non-pelletized (loose) S°+ DDS combination failed to 

create significantly higher sulfate recoveries than granular S° alone (Table 4.4).  

However, S°+ DDS + lime in its non-pelletized format had a significantly higher 

recovery than granular S° alone (P ≤ 0.05).  The superiority of non-pelletized S°+ DDS 

+ lime over S° alone was attributed to significantly higher S uptake (P ≤ 0.05). 

 Transforming the S° sources to a pelletized form of an air-dried aggregate 

approximately 2 mm in size significantly reduced sulfate recovery (P ≤ 0.05).  

Pelletized forms of S°+ DDS and S°+ DDS + lime had much lower sulfate recoveries 

than when non-pelletized versions were introduced to soil.  However, addition of 

pelletized S°+ DDS + lime resulted in significantly higher S plant uptake and residual 

soil sulfate than soil alone (P ≤ 0.05). 



 

Table 4.4 Sulfur uptake, yield and residual soil sulfate for granular S° (217 µm) and 

 various pelletized and non-pelletized combinations of S°+ DDS. 
 

 
Soil 

Amendment 

 
Dry Matter 

Yield 

 
Total Sulfur 
Recovery† 

 
Plant Sulfur 

Uptake 

 
Residual Soil 

SO4-S 
 ___ g ___ _____%_____ ________ mg kg -1_______ 

Soil alone 9.7 - 13.5 5.3 

Lime 10.1 - 19.0 5.1 

S° 10.7 33 40.3 11.1 

Sulfate 10.8 93 68.2 43.9 

Non-Pelletized 
Sources 

    

DDS 9.6 - 12.0 4.2 

S°+ DDS 10.9 35 43.3 10.9 

S°+ DDS + lime 11.0 43 50.5 11.5 

Pelletized Sources     

DDS 9.8 - 13.9 4.1 

S°+ DDS 10.7 7 16.3 9.1 

S°+ DDS + lime 10.1 14 21.8 10.6 

 
LSD (0.05) 

 

LSD (0.10) 
 

 

0.8 

 

0.6 

 

9 

 

7 

 

8.1 

 

6.7 

 

2.5 

 

2.1 

† Equal to plant S uptake + residual SO4-S less plant S uptake + residual SO4-S from soil alone. 

 

 The higher sulfate recoveries resulting for non-pelletized S°+ DDS + lime 

addition suggests benefits to the inclusion of lime in non-pelletized forms.  This 

observation agrees with previously presented soil incubation and growth chamber data.  

Pelletized versions also show trends towards increases in sulfate recovery with lime 

inclusion in the mixture.  It was also apparent that the pelletization form chosen 

restricted S° oxidation.  Reduced S° oxidation rates would primarily be a function of 

poor product dispersion in soil by the pelletized form (Janzen 1990).  The 

recommended practice for most degradable S° products includes a cultivation step 

following product application and sufficient rainfall.  This operation would disperse S° 



 

granules released from the fertilizer pellet, assist in the degradation of resistant fertilizer 

prills and prevent consolidation of fertilizer in small nests (Janzen 1986; Nuttall et al. 

1990). 

 Despite the poor performance of the pellet format, it should be recognized that 

field-scale application of the non-pelletized form would be impractical due to 

difficulties with dangerous dust accumulations (Braithwaite and Brown 1994).  Pellet 

characteristics should include a high resistance to mechanical abrasion and a low 

resistance to degradation by soil water (Ceccotti 1994). 

 
4.7 Sulfur uptake and yield response of canola in the field from application of 
sulfur fertilizers. 

 The growth chamber and laboratory incubation studies described in the previous 

sections had indicated that modification of S° by addition of DDS and especially lime 

was beneficial in enhancing sulfur availability under controlled environmental 

conditions.  The micro-site mechanisms thought to underlie the enhancement of 

oxidation are likely to be influenced by environmental factors including moisture, 

temperature and pH.  Evaluation of the best performing S° combinations in a sulfur-

deficient field environment is a necessary step to determine the agronomic significance 

of any enhancement in S° oxidation observed under controlled conditions.  Similarly, 

laboratory and growth chamber assessment of waste gypsum likely overestimates the 

availability from this source.  Field assessment should provide a more realistic estimate 

of fertilizer efficacy.  To address this, a field experiment was conducted in 1995 at Star 

City, Saskatchewan, to measure S uptake and yield response of canola to different rates 

and forms of sulfur fertilizer. 

 Sulfate and nitrate status of the experimental plot was assessed at June 1 when 

the seedlings were uniformly established (23 days after treatment application) (Table 

4.5).  Sampling was performed at this time to provide an indication of sulfate 

uniformity throughout the plot, as well as available nitrate at each application rate.  



 

Extractable SO4-S levels showed uniformity over all N application rates and NO3-N 

levels increased with increasing application rate (Table 4.5). 

 

Table 4.5 Sulfate and nitrate status of control plots on June 1 1995. 
 

 

N applied* (kg ha-1) 

 

SO4-S 

 

NO3-N 

 _______________________ kg ha-1  ___________________ 

17.5 8.4†                 65.2† 

35 8.4                 73.6 

70 8.6                 85.2 

* N applied equivalent to N supplied by ammonium sulfate applied at 20, 40 and 80 kg ha-1 
 respectively. 
† Sampled to a 15 cm depth. 

 

4.7.1  Climatic data 

 Climatic data from the closest collection point (Melfort Agriculture Canada 

Research Station) indicates the period from May 1 to September 30 was drier and 

warmer than the 30 year average (Table 4.6).  The months of May, June, July and 

September reported precipitation levels below long-term averages.  It was apparent that 

the bulk of the summer rainfall (60 %) occurred in the month of August.  Air 

temperature data indicates temperature slightly above the long-term average in June and 

September (Table 4.6).  Daily precipitation data along with daily maximum and 

minimum air temperatures are also presented in Figure 4.10.  Large rainfall events were 

reported (Figure 4.10) in mid to late August (i.e., August 14, 55.2 mm and August 30, 

43.0 mm). 



 

Table 4.6 Mean monthly precipitation (mm) and temperature from May to 

September for 1995 and 30 year average precipitation amounts (Agriculture Canada, Melfort 

Research Station, 1995) 
 

Period May June July August Sept. Total 

1995 precipitation 

(mm)  5.4 54.7 28.9 134.8 1.0 224.8 

 

30 year average 39.4 73.0 64.0 55.0 40.8 272.2 

 

difference -34.0 -18.3 -35.1 79.8 -39.8 -47.4 

 
      1995 air temperature 

(°C)  10.3 18.1 16.7 16.0 12.1 14.6† 

 

30 year average 10.3 15.5 17.4 16.1 10.3 13.9 

 

difference 0.0 2.6 -0.7 -0.1 1.8 0.7 

 
      † mean temperature from May to September 1995. 
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Figure 4.10 Climatic data for May to September for the Star City field trial (Agriculture Canada, 

 Melfort Research Station, 1995). 



 

4.7.2  Plant sulfur uptake 

 Mid-Season Sulfur Uptake 

 Compared to S° alone, no evidence of differing sulfur uptake was observed with 

either S°+ DDS + lime or S°+ lime at all application rates (Table 4.7).  At 40 and 80 kg 

S ha-1, ammonium sulfate provided significantly higher sulfur uptake than all S° 

sources and the mine gypsum source (P ≤ 0.10).  Mid-season sulfur uptake for 

wallboard gypsum was not significantly different from ammonium sulfate at both 20 

and 40 kg ha-1.  Ammonium sulfate was superior to wallboard gypsum at the 80 kg ha-1 

rate.  Significant mid-season uptake differences between wallboard gypsum and mine 

gypsum were only apparent at 40 kg ha-1 (P ≤ 0.10).  No difference was apparent 

between the un-amended soil (0S 0N) and 0S controls at any application rate.  A 

significant increase in sulfur uptake was obtained between 20 and 80 kg ha-1 with the 

addition of S°, wallboard, mine gypsum and ammonium sulfate (P ≤ 0.10). 

 Grain and Final Straw Sulfur Uptake 

 Grain sulfur uptake was unaffected by application of sulfur (Table 4.7).  

Ammonium sulfate showed significantly higher straw sulfur uptake than all S° sources 

at all application rates (P ≤ 0.10).  No difference in straw sulfur uptake was observed 

between ammonium sulfate and both wallboard and mine gypsum at 20 and 40 kg ha-1.  

However, at 80 kg ha-1 the mine gypsum source provided significantly lower straw 

sulfur uptake than both wallboard gypsum and ammonium sulfate (P ≤ 0.10). 

 No measurable difference in straw sulfur uptake was obtained between 0S 0N 

and 0S controls at 20 and 40 kg ha-1.  A significant difference in straw sulfur uptake 

was observed between the un-amended soil (0S 0N) and the 0S control at 80 kg ha-1 

due to a increase in straw sulfur uptake between 40 and 80 kg ha-1.  A similar response 

was observed with wallboard gypsum and ammonium sulfate, as a significant increase 

in final straw sulfur uptake occurred between 20 - 80 kg ha-1, but not between 20 - 40 

kg ha-1. 



 

 Generally, sulfur recommendations of up to 30 kg ha-1 are considered sufficient 

for annual canola production (Nyborg et al. 1974).  In this experiment, the reason for 

testing application rates well above commonly recommended rates was to try to account 

for potential S° unavailability in the year of application.  Extensive field trial data 

provides a good estimate of canola sulfur requirements in western Canada.  Nuttall et 

al. (1992) indicate average sulfur removal for a 1.96 t ha-1 yield is 25 kg ha-1, which is 

partitioned into 13.5 kg ha-1 for seed and 11.5 kg ha-1 for straw. 

 Based on the estimate of canola requirements provided by Nuttall et al. (1992), 

this experiment suggests that the sulfur requirements of the test crop were sufficiently 

met at the 20 kg S ha-1 rate and application of additional sulfur merely resulted in 

luxury consumption.  This finding corroborates the 20 kg S ha-1 recommendation given 

for a soil with 8 kg of CaCl2 extractable SO4-S ha-1 (0 - 15 cm) (Saskatchewan 

Advisory Council on Soils and Agronomy 1989).  However, the relatively high sulfur 

uptake observed in the 0S 0N control (Table 4.7) suggests the sulfur supplying power of 

the soil was probably underestimated by the spring soil test.  Factors leading to soil test 

imprecision and underestimation include largely unpredictable sulfur contributions from 

organic matter mineralization and decomposition of crop residues (Campbell et al. 

1994).  Failure to compensate for sub-soil sulfate below the 30 cm depth was an 

additional factor which could contribute to an underestimation of sulfur supply 

throughout the season (Bole and Pittman 1984). 

 All sulfur application rates in this experiment produced seed sulfur uptake 

values (Table 4.7) slightly below that reported by Nuttall et al. (1992).  Straw sulfur 

uptake values were above reported averages (Nuttall et al. 1992) for all treatments at all 

application rates. 

 Total sulfur uptake data in Figure 4.11 (represented by the sum of grain and 

straw uptake) highlights the underestimate of soil sulfur supplying power, since the 25 

kg S ha-1 canola requirement was nearly met without any sulfur application.  The 



 

addition of any sulfur form at rates in excess of 20 kg ha-1 resulted in no increase in 

sulfur accumulation in the grain, but significant increases in sulfur accumulation in 

straw material. 

 The larger sulfur uptake response (mid-season and year-end) to sulfur addition 

by the vegetative parts compared to the grain agrees with Janzen (1984), who found the 

nutrient composition of the seed portion to be relatively independent of fertilizer 

treatment.  Janzen (1984) found stem and leaf portions to accumulate nutrients in 

quantities which exceeded plant requirements.  It is apparent from the high straw sulfur 

uptake that luxury uptake was associated with the addition of any of the sulfur fertilizer 

forms.  However, the comparison of source availability is still valid, as assessed through 

measurement of the relative degrees of luxury uptake. 

 The comparison between un-amended soil (0S 0N) and the 0S controls failed to 

show a measurable effect of increasing nitrogen rate on sulfur uptake at mid-season.  

Similarly, no effect of added nitrogen could be found in the sulfur concentrations in the 

grain.  Despite these observations, a significant difference in straw sulfur concentration 

in 0S 0N and 0S controls between 20 and 80 kg ha-1 indicates the highest application 

rate was capable of creating a nitrogen-induced uptake of sulfur.  It was apparent that a 

majority of this additional sulfur was stored in vegetative tissues.  This increase in 

demand was evident in the mid-season sulfur uptake of the S°, wallboard, mine 

gypsum, and ammonium sulfate treatments.  The uptake response to added nitrogen was 

also observed in final straw sulfur concentrations of the wallboard and ammonium 

sulfate treatments. 

 Using final straw sulfur uptake as an indicator, it was apparent the ammonium 

sulfate was superior to all S° sources at all application rates (P ≤ 0.10).  At 20 and 40 kg 

ha-1, both wallboard and mine gypsum products were not significantly different from 

either the ammonium sulfate source or the S° products.  However, at the 80 kg ha-1 rate 

wallboard gypsum was superior to mine gypsum (P ≤ 0.10), and was not significantly 



 

different from ammonium sulfate.  Mine gypsum dissolution may have been more 

restricted due to the larger, more crystalline nature of the particles.  In comparison to S° 

alone, no evidence of increased sulfur uptake was apparent with the application of 

either S°+ lime or S°+ DDS + lime. 

4.7.3  Plant nitrogen uptake 

 Mid-Season Nitrogen Uptake 

 No consistent advantage in mid-season nitrogen uptake could be assigned to any 

of the sulfate or S° sources (Table 4.8).  Differences in nitrogen uptake at mid-season 

were not evident amongst all sulfur sources at the 20 kg ha-1 rate.  At 40 kg ha-1, 

ammonium sulfate provided higher mid-season nitrogen uptake than both mine gypsum 

and S°+ lime (P ≤ 0.10).  Mine gypsum provided higher mid-season nitrogen uptake 

than the S°+ DDS + lime combination at the 80 kg ha-1 rate. 

 Differences between the un-amended soil (0S 0N) and the 0S control were not 

apparent at 20 and 40 kg ha-1, but the 0S mid-season nitrogen uptake at 80 kg ha-1 was 

significantly greater than the un-amended soil (P ≤ 0.10).  Significant increases in mid-

season nitrogen uptake were observed between 40 and 80 kg ha-1 with most sources 

(excluding S°+ DDS + lime).  This effect of added nitrogen supports the nitrogen-

induced sulfur demand that was observed with S°, wallboard, mine gypsum, and 

ammonium sulfate (Table 4.7). 

Grain and Final Straw Nitrogen Uptake 

 As was evident with final grain sulfur uptake, increasing nitrogen rate had little 

effect on final nitrogen content of canola grain.  No difference in grain nitrogen uptake 

amongst sulfur sources or 0S 0N and 0S controls was evident (Table 4.7).
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Figure 4.11 Total sulfur uptake, grain and straw yield, and residual soil sulfate for 

  the field experiment (Star City, Sask.) 



 

 Changes in sulfur and nitrogen application rate significantly influenced final 

straw nitrogen uptake.  Differences amongst sources were not observed between 20 and 

40 kg ha-1; however, most sulfur sources (excluding S°+ lime and mine gypsum) 

showed a significant increase between 20 and 80 kg ha-1 (P ≤ 0.10).  Significant 

increases in straw nitrogen uptake were also observed in the 0S control between 20 and 

80 kg ha-1, as well as between the un-amended soil (0S 0N) and the 0S control applied 

at 80 kg ha-1. 

 Nuttall et al. (1992) indicate average nitrogen removals for a 1.96 t ha-1 yield to 

be 125 kg ha-1, which is divided into 76 kg ha-1 for the seed and 49 kg ha-1 for the 

straw.  Most sulfur sources supplied at the 80 kg ha-1 rate (excluding S°+ lime and mine 

gypsum) gave rise to N removal values in excess of these average values.  As was 

observed in mid-season nitrogen uptake, the large increases in final straw nitrogen 

uptake at 80 kg ha-1 are associated with significant increases in straw sulfur uptake 

which were observed with wallboard gypsum and ammonium sulfate (Table 4.7). 

4.7.4  Dry matter production 

 Mid-Season Biomass 

 There were no differences in biomass production at mid-season amongst all 

sulfur sources at the 20 and 40 kg ha-1 application rates (Table 4.9).  At 80 kg ha-1, only 

a marginal difference was obtained between mine gypsum, wallboard gypsum and 

ammonium sulfate (P ≤ 0.10).  Ammonium sulfate was the only source capable of 

consistently increasing mid-season biomass higher than its corresponding 0S control (P 

≤ 0.10).  Comparisons were unable to identify a clearly superior sulfur source in terms 

of biomass production. 

 Grain and Final Straw Yield 

 The grain and straw yield response to S° and sulfate sources is depicted in 

Figure 4.11.  There were no differences observed in grain yield amongst all sources at 

any of the application rates (Table 4.9).  Comparisons of straw yield also showed no 



 

differences amongst sources, with the exception of a significant difference between S° 

and both wallboard gypsum and ammonium sulfate at 40 kg ha-1 (P ≤ 0.10).  No 

consistent differences in straw yield were observed between 0S controls and the sulfur 

sources. 

 The limited response of dry matter production in the experiment is consistent 

with a relatively high native sulfur supplying power of the soil.  Increases in sulfur 

application rate above 20 kg ha-1 created higher concentrations of nitrogen and sulfur in 

the plant tissue, however, yield responses were not apparent.  It appears crop 

requirements for sulfur to achieve maximum yield were fulfilled by the soil sulfur 

reserves, with little if any need for addition of sulfur fertilizer. 

 Studies on the response of canola to sulfur application agree that soluble sulfate 

sources are most effective (Harapiak 1980; Ukrainetz 1982; Solberg and Nyborg 1982; 

Gupta and MacLeod 1984; Janzen and Karamanos 1991; Karamanos and Janzen 1991).  

The mid-season biomass measurements suggested a slight advantage to ammonium 

sulfate over S° and gypsum sources, which is likely a function of immediate sulfur 

availability in ammonium sulfate.  By season's end, all sulfur sources and rates were 

equivalent in terms of yield potential.  However, sulfur uptake did differentiate between 

S° and sulfate sources, showing the superiority of sulfate over S° in terms of 

availability. Field variability is a complicating factor in trials which attempt to 

measure yield responses on sulfur-deficient soil.  Variability in sub-soil sulfate reserves, 

sulfate release from surface straw and organic matter, efficiency and uniformity of 

sulfur product applied, and management differences contribute to an often variable 

sulfur pool (Campbell et al. 1994; Doyle and Cowell 1993).  The unpredictable nature 

of the prairie climate compounds variability in these factors through temperature and 

moisture fluctuations, which can result in either under-estimation or over-estimation of 

soil sulfate supplying power.  Such variations would make it difficult to reveal 

statistically significant increases from treatments which induce relatively small effects 



 

such as potential enhancement of S° oxidation.  As well, the relatively dry spring in 

1995 (Table 4.6) would have had an overall negative effect on oxidation rates in the 

field as result of soil moisture content periodically below field capacity, reducing the 

magnitude of any enhancement effects. 

 
4.7.5 Residual soil sulfate and nitrate and sulfur fertilizer use efficiency 

 Residual Soil Sulfate 

 Residual sulfate resulting from sulfur application is presented in Figure 4.11 and 

Table 4.10.  At 20 kg ha-1, ammonium sulfate provided greater residual sulfate than 

mine gypsum and all S° sources (P ≤ 0.10).  Wallboard gypsum at 20 kg ha-1 provided 

equivalent residual sulfate quantities to ammonium sulfate. 

 Ammonium sulfate application at both 40 and 80 kg ha-1 provided significantly 

higher residual sulfate than all other sulfur sources applied at the respective rates (P ≤ 

0.10).  At 40 kg ha-1, wallboard gypsum provided end-of-season sulfate levels which 

were significantly lower than ammonium sulfate, but were significantly higher than 

mine gypsum and all S° sources (P ≤ 0.10). 

 At 80 kg ha-1, both gypsum sources provided residual sulfate concentrations 

which were significantly lower than ammonium sulfate; however, the mine gypsum 

source was superior to wallboard gypsum (P ≤ 0.10).  All S° sources applied at  

80 kg ha-1 provided inferior residual sulfate quantities compared to 80 kg ha-1 of waste 

gypsum or ammonium sulfate.  At all three rates S° alone produced similar residual 

sulfate levels as with application of S°+ DDS + lime or S°+ lime.  However, a 

significantly higher amount of residual sulfate was obtained with S°+ lime compared to  

S°+ DDS + lime and S° alone at 40 kg ha-1 (P ≤ 0.10).  This was the first suggestion of 

increased S° oxidation rate with application of S°+ lime instead of S° alone. 

 Application rates of 40 and 80 kg S ha-1 resulted in examples of elevated levels 

of soil sulfate at season end.  As adding sulfur had no apparent impact on yields, this 

reflects a sulfate supply in excess of crop demand.  In the case of ammonium sulfate 



 

and wallboard gypsum, significant increases in residual sulfate were obtained between 

20 and 40 kg ha-1.  These two sources also created additional increases in soil sulfate 

between 40 and 80 kg ha-1; however, all S° sources and mine gypsum were also able to 

produce significant increases in soil sulfate between 40 and 80 kg ha-1.  Excess fall 

sulfate reserves are quite susceptible to loss through leaching.  The potential for large 

sulfate loss was reduced with S° sources; however, the potential still exists for loss of 

excess sulfate below the root-zone (Kiemnec et al. 1981). 

 An estimation of product application rates required for annual sulfur pool 

maintenance was accomplished through a comparison of source at each sulfur 

application rate (Table 4.10).  In the case of ammonium sulfate, the application rate of 

approximately 20 kg S ha-1 was sufficient to balance initial spring sulfate levels (Table 

4.5) with final fall sulfate levels.  This result is indicative of sulfate supplies 

approximately equivalent to the crop demand plus sulfur losses over the growing 

season.  All S° sources were able to maintain soil sulfate levels through application of 

80 kg ha-1.  Although wallboard gypsum maintained the spring to fall sulfate balance at 

the 40 kg ha-1 rate, the mine gypsum source appeared to be less effective at this 

application rate.  Elemental sulfur application at 80 kg ha-1 approached or exceeded 

spring soil test levels.  Despite very low nutrient use efficiency, application of finely 

divided S° at 80 kg ha-1 may be appropriate if both crop utilization in the year of 

application and maintenance of the soil sulfate pool in future years is desired. 

 Sulfur Fertilizer Use Efficiency 

 Little published data is available concerning sulfur fertilizer use efficiency under 

prairie conditions.  The 'indirect' difference method used in this study is based upon the 

difference in sulfur content between fertilized and unfertilized plants. 

 

 The crop sulfur fertilizer use efficiency (SUE) was calculated using the equation 

below:  

 



 

 

  
SUE =

Total Plant S uptake ( Trt . )  -  Mean Plant S uptake ( O S Control)  

Sulfur Fertilizer Application Rate
x 100  (1)

 

 Sulfur use efficiency was reduced with sulfur additions greater than 20 kg S ha-1 

(Table 4.10).  At 20 kg ha-1, ammonium sulfate had a SUE which was significantly 

greater than all other sources.  At 40 kg ha-1, all sources showed large significant 

declines in SUE.  A further decline in SUE within sources at 80 kg ha-1 was not 

apparent.  Both gypsum products provided SUE values which were significantly lower 

than ammonium sulfate, but were significantly higher than the group of S° products (P 

≤ 0.10).  At 40 and 80 kg ha-1, ammonium sulfate was only superior to the group of S° 

sources, since the waste gypsum sources provided SUE values which were comparable 

to the immediately soluble sulfate source. 

 The high efficiency (86%) of ammonium sulfate at 20 kg S ha-1 (spring soil test 

recommended rate) was indicative of a close match between crop demand and nutrient 

supply.  At the lowest application rate, use of ammonium sulfate allowed for 

maintenance of the soil sulfate pool through nutrient conservation and minimal loss of 

excess sulfate.  Application of waste gypsum sources at the same rate resulted in SUE 

values which were approximately 70% of ammonium sulfate.  The consistently low 

SUE values obtained by the S° sources is indicative of a slower conversion to soluble 

sulfate, which causes the crop to rely on soil sulfate reserves. 

 Residual Soil Nitrate 

 No significant differences were found for residual nitrate levels amongst the 

sulfur sources at each application rate (Table 4.10).  This lack of difference can be 

attributed to a relatively even distribution of added nitrogen throughout the 

experimental plots.  Therefore, compensatory nitrate added to all S° and gypsum 



 

treatments eliminated concerns regarding any nitrogen advantage associated with 

ammonium sulfate. 



 

Table 4.7  Canola sulfur uptake at mid-season and maturity at Star City, Sask. 
 

  

Fertilizer Applied  
_______________________________________kg ha-1______________________________________ 

20 S - 17 N                                            40 S - 35 N                                            80 S - 70 N 
 

 

Rate x S Source 

 
Mid-Season 

S uptake 

 
Final S uptake 
Grain    Straw 

 
Mid-Season 

S uptake 

 
Final S uptake 
Grain    Straw 

 
Mid-Season 

S uptake 

 
Final S uptake 
Grain    Straw 

 _______________________________________kg ha-1________________________________________ 

0 S  0 N† 6.9 7.8 12.6 - - - - - - 

0 S§ 9.1 7.2 13.2 7.5 8.3 15.8 9.2 8.6 21.9 

 

S° 
 

9.5 
 

8.7 
 

19.0 
 

11.2 
 

9.8 
 

20.6 
 

18.0 
 

9.3 
 

25.3 

Mix (S°+ DDS+ 

lime) 

12.9 8.3 19.7 14.0 9.3 20.3 18.7 9.6 25.9 

S°+ lime 11.6 8.3 16.7 10.7 10.3 20.7 17.3 8.9 24.1 

Wallboard Gypsum 11.5 9.7 23.1 26.3 10.5 22.9 21.7 12.1 36.6 

Mine Gypsum 9.8 11.2 21.6 12.1 10.1 24.5 24.0 11.5 27.1 

Ammonium Sulfate 15.7 11.1 26.6 21.3 10.9 28.3 31.7 12.3 40.4 

Mid-Season S uptake 
LSD (0.10) = 6.0 

         

Grain S uptake 

LSD (0.10) = NS†† 

         

Straw S uptake 
LSD (0.10) = 6.5 

         

 † Check treatment with no amendments. 

 †† F value for the model not significant. 

 § Ammonium nitrate application equilvalent to N supplied by ammonium sulfate. 
 



 

Table 4.8  Canola nitrogen uptake at mid-season and maturity at Star City, Sask. 
 

  

Fertilizer Applied  
_______________________________________kg ha-1______________________________________ 

20 S - 17 N                                            40 S - 35 N                                            80 S - 70 N 
 

 

Rate x S Source 

 
Mid-Season 

N uptake 

 
Final N uptake 
Grain    Straw 

 
Mid-Season 

N uptake 

 
Final N uptake 
Grain    Straw 

 
Mid-Season 

N uptake 

 
Final N uptake 
Grain    Straw 

 _______________________________________kg ha-1________________________________________ 

0 S  0 N† 52.2 56.2 28.6 - - - - - - 

0 S§ 58.8 57.4 30.1 50.4 62.6 39.5 89.6 61.6 61.3 

 

S° 
 

82.9 
 

64.4 
 

34.1 
 

67.7 
 

69.2 
 

33.5 
 

113.5 
 

64.7 
 

65.2 

Mix (S°+ DDS+ 

lime) 

74.9 62.4 34.5 75.2 64.5 32.0 103.4 71.1 51.4 

S°+ lime 64.6 62.0 32.7 62.5 75.3 40.7 107.0 65.0 40.6 

Wallboard Gypsum 70.6 67.5 30.5 73.2 71.0 39.4 113.1 81.5 52.6 

Mine Gypsum 72.4 78.9 39.4 59.7 71.5 42.0 135.0 79.0 43.0 

Ammonium Sulfate 83.9 74.9 34.9 94.3 73.3 43.5 124.3 79.4 56.2 

Mid-Season N uptake 
LSD (0.10) = 31.5 

         

Grain N uptake 

LSD (0.10) = NS†† 

         

Straw N uptake 
LSD (0.10) = 13.5 

         

 † Check treatment with no amendments. 

 †† F value for the model not significant. 

 § Ammonium nitrate application equilvalent to N supplied by ammonium sulfate. 



 

Table 4.9  Mid-season biomass and final grain and straw yield of canola at Star City, Sask. 
 

  

Fertilizer Applied  
_______________________________________kg ha-1______________________________________ 

20 S - 17 N                                            40 S - 35 N                                            80 S - 70 N 
 

 

Rate x S Source 

 

Mid-Season 
Biomass 

 
Final Yield 

Grain    Straw 

 
Mid-Season 

Biomass 

 
Final Yield 

Grain    Straw 

 
Mid-Season 

Biomass 

 
Final Yield 

Grain    Straw 
 _______________________________________T ha-1________________________________________ 

0 S  0N† 2.4 1.6 4.5 - - - - - - 

0 S§ 2.1 1.6 4.6 1.9 1.7 4.9 2.5 1.6 5.1 

 

S° 
 

2.5 
 

1.8 
 

4.7 
 

2.7 
 

1.9 
 

4.5 
 

3.1 
 

1.7 
 

5.3 

Mix (S°+ DDS+ 

lime) 

2.4 1.8 5.2 2.7 1.8 5.0 3.6 1.8 5.2 

S°+ lime 3.0 1.7 5.0 2.7 2.1 5.1 3.3 1.7 5.3 

Wallboard Gypsum 3.0 1.9 5.4 3.5 1.9 5.3 2.8 2.2 6.1 

Mine Gypsum 2.7 2.1 5.2 2.7 1.9 5.7 3.8 2.0 5.4 

Ammonium Sulfate 3.0 2.1 5.6 3.2 2.0 5.6 3.7 2.1 6.0 

Mid-Season Biomass 
LSD (0.10) = 0.8 

         

Grain 

LSD (0.10) = NS†† 

         

Straw 
LSD (0.10) = 0.9 

         

 † Check treatment with no amendments. 

 †† F value for the model not significant. 

 § Ammonium nitrate application equilvalent to N supplied by ammonium sulfate. 



 

Table 4.10  Residual soil sulfate and nitrate and sulfur fertilizer use efficiency (SUE) at Star City, Sask.. 
 

  

Fertilizer Applied  
_______________________________________kg ha-1______________________________________ 

20 S - 17 N                                            40 S - 35 N                                            80 S - 70 N 
 

 

Rate x S Source 

 
Soil  Nutrient 

SO4-S       NO3-N 

S Fertilizer 
Use Efficiency 

 

 
Soil  Nutrient 

SO4-S       NO3-N 

S Fertilizer 
Use Efficiency 

 

 
Soil  Nutrient 

SO4-S       NO3-N 

S Fertilizer 
Use Efficiency 

 
 ____kg ha-1____ ______%______ ____kg ha-1____ ______%______ ____kg ha-1____ ______%______ 

0 S  0 N† 8.2 6.5 - - - - - - - 

0 S§ 10.1 5.9 - 7.7 7.3 - 7.0 10.0 - 

 

S° 
 

9.7 
 

6.0 
 

36.8 
 

9.0 
 

5.7 
 

15.8 
 

15.9 
 

9.7 
 

5.2 

Mix (S°+ DDS+ lime) 7.1 5.4 38.5 8.6 6.5 13.6 20.3 8.9 6.2 

S°+ lime 7.2 4.9 23.0 12.0 7.7 17.0 18.9 6.8 3.2 

Wallboard Gypsum 11.4 4.9 62.4 17.0 5.9 23.2 31.1 12.0 22.7 

Mine Gypsum 9.6 6.7 62.0 11.0 6.5 26.1 42.7 9.2 10.2 

Ammonium Sulfate 13.4 5.8 86.5 21.6 7.7 37.8 54.0 11.8 27.7 

Residual soil SO4-S 

LSD (0.10) = 4.4 
 

2.5§§ 

    
2.6 

    
6.9 

   

Residual soil NO3-N 

LSD (0.10) = NS†† 

            

SUE 

LSD (0.10) = 19.5 
            

†  Check treatment with no amendments. 

†† F value for the model not significant. 
§  Ammonium nitrate application equilvalent to N supplied by ammonium sulfate. 
§§ Calculated for each application rate. 



 

 

 

 

 

CHAPTER 5:  SUMMARY AND CONCLUSIONS 
 

 The accumulation of sulfur containing sewage waste and industrial by-products 

in western Canada justifies an examination of their potential role in sulfur fertility 

management.  Elemental sulfur is a by-product of sour gas processing in western 

Canada and is presently in abundant supply.  Stockpiles of crushed wallboard gypsum 

(approximately 20,000 t) and gypsum by-product ore (30,000 t) also exist in 

Saskatchewan and may represent "stand alone" annual sulfate sources.  Dried digested 

sewage sludge (DDS) accumulates in Saskatoon at 4000 t yr-1.  Farm-scale use of S° is 

limited due to a necessary conversion of S° to SO4-S, which is a slow process in the 

Canadian prairies.  Plant availability of S° is enhanced through fine grinding; however, 

product handling becomes hazardous due to dust accumulation.  The chemical (i.e., 

high organic carbon) and microbiological (i.e., high heterotrophic population) 

properties inherent to DDS have pointed towards a substance which has potential as an 

agent capable of enhancing the microbial conversion of S° to sulfate.  In addition, the 

utilization of DDS as a binding agent capable of forming a fertilizer prill or pellet 

would provide another option for granular S° application.  Various combinations of S°, 

DDS, and lime (Ca(OH)2)were created to determine the potential for enhancing S° 

availability to canola (Brassica napus L.). 

 Microscopic analysis of the powdered S° combinations suggested a slight 

alteration in the degree of S° particle aggregation with changes in component 

proportions.  The addition of both DDS + lime as well as lime alone to elemental sulfur 

resulted in increased mean particle size.  This increase in size due to aggregation 

reduces problems with product dust and physical handling but may slow oxidation 



 

relative to S° alone. 

 Microscopic examination revealed evidence of S° surface coating and formation 

of S°+ lime aggregates with addition of lime.  Addition of DDS + lime led to  organic 

staining of the S° surface as well as incorporation of organic materials into the S°+ lime 

aggregates.  Evidence suggesting growth of fungal hyphae on the particle surfaces 

during incubation supports the theory of S° surface reconfiguration as an essential 

precursor to heterotrophic microbial establishment.  In terms of promoting microbial 

colonization, the lime + DDS on the S° surface likely provide a pH-buffered organic 

coating capable of supplying carbon and other nutrients while also reducing the 

hydrophobic nature of the S° surface.  The result is the introduction of a potentially 

active microbial population in close proximity to S° surfaces.  Enumeration and 

identification of DDS heterotrophic bacterial populations suggests a dominance of 

spore formers capable of withstanding extended lengths of dry storage.  Microscopic 

examination supports evidence of large fungal populations inherent to DDS. 

 In laboratory incubations, most S° combinations involving lime showed greater 

S° oxidation to sulfate than S° alone. Elemental sulfur + DDS + lime was occasionally 

superior to S°+ lime.  With fine S° (MPS = 82 µm), both the S°+ DDS + lime and the 

S°+ lime combination provided greater sulfate release as compared to S° alone.  

However, oxidation of coarse S° (MPS = 353 µm) was only enhanced by combination 

with lime.  The ability of lime to increase the oxidation of large, slowly oxidizable 

particles without the influence of DDS suggests a lack of importance of DDS in 

enhancing S° oxidation in the soils evaluated.  In addition, amendment of soil with S°+ 

DDS failed to result in significant increases in sulfate production. 

 Amendment of soil with either S° alone, S°+ DDS, or S°+ lime depressed 

microbial activity as indicated by a decline in cumulative soil CO2 evolution rates.  This 

decline has been attributed to the negative impact which S° has on soil microbial 

population size and activity.  Addition of the S°+ DDS + lime appeared to negate the 



 

depressing effect of S°, since cumulative CO2 evolution values were equivalent to the 

control soil.  Autoclaving of DDS containing treatments before addition to soil had no 

impact on soil microbial activity as indicated by CO2 evolution, which suggests little 

microbial influence through DDS addition at the rates applied in the study. 

 In comparison to S° alone, two separate growth chamber experiments using a S 

deficient soil resulted in significantly higher plant yield in the Sylvania soil (P ≤ 0.10) 

and higher sulfate recovery in the Meota soil (P ≤ 0.05) with the addition of S°+ DDS + 

lime.  The total sulfate recovered from plants and soil amended with coarse S° 

combinations was only 19 to 32% of that recovered from fine S° combinations. No 

differences in sulfate uptake or growth were discerned amongst coarse S° combinations.  

Pelletization of S° combinations was detrimental to sulfate recovery (P ≤ 0.05), which 

was likely due to reduced particle dispersion throughout the soil volume.  

Unfortunately, aggregation of the S° combinations would be necessary for successful 

large-scale mechanical application.  The ability of DDS to aggregate granular S° into 

pellets suggests the potential for use of DDS as a binding agent to create a mechanically 

resistant yet water-degradable S° fertilizer prill or wafer. 

 In a 12 week soil incubation study, powdered wallboard gypsum was found to 

have lower extractable sulfate quantities than immediately soluble sulfate.  Maintaining 

the soil at field capacity and minimizing product particle size combined to create 

optimal conditions for gypsum dissolution.  The superior plant availability of 

immediately soluble sulfate over wallboard gypsum was also observed in a six week 

growth chamber experiment.  The soluble sulfate pool resulting from gypsum 

application would slowly increase as a result of gradual dissolution of the gypsum 

granule.  The reduction of sulfate losses in high leaching environments is a potential 

advantage for a slowly soluble sulfate source such as gypsum. 

 The efficacy of waste gypsum products and S° combinations under field 

conditions were determined in a canola field trial in 1995 at Star City, Saskatchewan.  



 

Products were applied to a Gray Luvisol (Porcupine Plain association) at 20 - 80 kg S  

ha-1.  Agronomic effectiveness was assessed through mid-season and end-of-season 

sulfur uptake and yield, as well as residual soil sulfate and fertilizer use efficiency.  This 

field trial again demonstrated that ammonium sulfate is the most readily available sulfur 

fertilizer source.  Ammonium sulfate was capable of providing sufficient available 

sulfur when applied at the recommended rate (20 kg S ha-1) based on spring sulfate 

levels of 16 kg SO4-S ha-1 (0 - 30 cm).  Adequate plant sulfur uptake as well as 

maintenance of soluble soil sulfate levels from spring to fall was achieved with the 20 

kg ha-1 application rate.  At the 20 kg S ha-1 application rate, sulfur fertilizer use 

efficiency of ammonium sulfate was high (86%), which suggests a close match between 

crop demand and soil supply.  Significant yield responses with ammonium sulfate 

application beyond 20 kg S ha-1 were not observed due to a large S contribution from 

the soil. 

 Any alternative sulfur source should be capable of providing a non-limiting 

nutrient supply at an economical application rate.  In terms of sulfur uptake, pulverized 

wallboard gypsum was often as effective as ammonium sulfate at mid-season 

(excluding the 80 kg ha-1 rate), and end-of-season straw uptake were similar for 

wallboard and ammonium sulfate.  The coarser, more crystalline nature of the gypsum 

ore from sodium sulfate mining likely restricted product dissolution compared to the 

wallboard form, resulting in a lower sulfate supply.  Mine gypsum proved to be an 

inferior sulfur source compared to wallboard and ammonium sulfate as indicated by 

mid-season biomass (40 kg ha-1) and straw sulfur uptake at the 80 kg S ha-1 rate.  

However, the physical attributes of mine gypsum make this product easier to handle and 

apply.  In terms of residual sulfate, an increase in application rate further increased the 

residual advantage of ammonium sulfate over both waste gypsum sources.  However, 

excessive residual sulfate levels suggest a high potential for loss.  Compared to 

ammonium sulfate, both waste gypsum sources provided significantly lower sulfur use 



 

efficiency (SUE) at 20 kg ha-1; however no difference was observed at 40 and 80 kg ha-

1.  Lower SUE values suggest the need for a compensatory increase in application rate 

to obtain a gypsum dissolution rate equivalent to ammonium sulfate availability. 

 Sulfur uptake, residual sulfate and SUE revealed the fine S° combinations to be 

consistently inferior to any sulfate source applied.  Application of S° at 20 kg ha-1 

provided sufficient sulfate in the field trial.  However, in the field trial, the soil 

compensated for the inefficiency of S° through relatively high apparent mineralization 

of organic sulfur and a possible sub-soil sulfate reserve.  Application of S° 

combinations on more severely sulfur-deficient soils with less sulfur mineralization 

would likely demonstrate more clearly the inferiority of the S° sources.  The 

enhancements of S° oxidation and dry matter production in the growth chamber 

resulting from S°+ DDS + lime or S°+ lime addition were not evident under field 

conditions.  This difference was probably owing to the relatively small enhancement 

effect, greater variability and less than optimal conditions for oxidation. 

 A link does appear to exist between the enhanced oxidation rate observed under 

a controlled environment and a re-configured S° surface resulting from the combination 

of S°, lime and dried digested sewage sludge.  Therefore, there does appear to be some 

potential for achieving higher soil sulfate, plant sulfur uptake, and plant yield with the 

experimental S° combinations, as well as, perhaps most importantly, increasing 

handling ease of S°. 

 Crushed wallboard gypsum provided sufficient plant available sulfate in the 

laboratory trials while both wallboard gypsum and mine gypsum (dried, crushed, and 

sieved) provided sufficient growing season sulfate in the field trials.  Sufficient plant 

availability coupled with minimal refining requirements for both gypsum sources points 

toward potential economic advantages.  Assuming the continued availability of these 

sources in the future, advantages exist for the registration of these gypsum sources for 

use as fertilizer. 



 

 Research efforts in the future should investigate the interaction between S° 

oxidizers and the novel S°+ DDS + lime surfaces.  The primary step to an efficient 

conversion of S° to sulfate is the establishment of a biofilm around the S° particle that 

consists of organic material and mutualistic microbial groups   Research is required on 

the development of water-degradable fertilizer pellets or wafers less restrictive to 

product dispersion and subsequent oxidation.  Further examination regarding the 

effectiveness of the products as affected by soil type and growing season is required, as 

this study has revealed differences in product performance under different soil and 

environmental conditions. 
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APPENDIX A 
 

Analysis of Variance Tables 



 

Incubation Experiment 2:  Cumulative CO2-C evolved in soil amended with 

autoclaved and un-autoclaved elemental sulfur combinations. 

 
 
Table A1a  ANOVA for CO2-C evolution and final soil sulfate concentrations as 

 influenced by elemental sulfur addition. 
 

Source df Mean square F ratio Pr > F 

CO2-C evolved     

Model 9 101562.46 5.98 0.0001 

Error 30 16972.69   

     

Final soil sulfate     

Model 9 237224.68 62.62 0.0001 

Error 30 3788.6   

Data corresponds to Figure 4.9 

 

 

 

Growth Chamber Experiment 1: Sulfate uptake and yield response of canola to 

addition of sulfur fertilizers. 
 
 
Table A1b  ANOVA for yield, S uptake, residual soil sulfate and total sulfate 

 recovery (plant S uptake + residual soil sulfate) as influenced by sulfur 

 fertilizer addition. 
 

Source df Mean square F ratio Pr > F 

Dry matter yield     

Model 14 117.03 45.63 0.0001 

Error 30 2.56   

     

Plant S uptake     

Model 14 969.65 18.76 0.0001 

Error 30 51.69   

     

Residual soil sulfate     

Model 14 90.24 4.19 0.0005 

Error 30 21.55   

     

Total sulfate recovery     

Model 14 0.16 22.46 0.0001 

Error 30 0.01   

Data corresponds to Table 4.3. 



 

Growth Chamber Experiment 2: Sulfate uptake and yield response of canola using 

pelletized and non-pelletized formats of elemental sulfur combinations. 

 
 
Table A1c  ANOVA for yield, S uptake, residual soil sulfate, and total sulfate 

 recovery (plant S uptake + residual soil sulfate) as influenced by sulfur 

 fertilizer addition. 

 
Source df Mean square F ratio Pr > F 

Dry matter yield     

Model 9 0.81 3.87 0.0057 

Error 20 0.21   

     

Plant S uptake     

Model 9 1131.51 50.53 0.0001 

Error 20 22.48   

     

Residual soil sulfate     

Model 9 413.63 188.88 0.0001 

Error 20 2.19   

     

Total sulfate recovery     

Model 9 2617.91 101.12 0.0001 

Error 20 25.89   

Data corresponds to Table 4.4. 



 

Field Experiment: Sulfate uptake and yield response of canola in the field to 

application of sulfur fertilizers. 

 
 
Table A1d  ANOVA of treatment comparison of sulfur uptake for canola. 
 

Source df Mean square F ratio Pr > F 

Mid-Season      

Model 25 125.41 6.55 0.0001 

Sulfur Source 7 249.19 13.02 0.0001 

Rate 2 324.78 16.97 0.0001 

Block 2 12.01 0.63 0.5385 

S source x Rate 14 51.24 2.68 0.0061 

Error 46 19.14   

     

Grain      

Model 25 6.36 1.48 0.1230 

Sulfur Source 7 16.46 3.83 0.0023 

Rate 2 3.60 0.84 0.4397 

Block 2 6.24 1.45 0.2445 

S source x Rate 14 1.72 0.40 0.9674 

Error 46 4.30   

     

Straw     

Model 25 135.05 6.09 0.0001 

Sulfur Source 7 319.01 14.27 0.0001 

Rate 2 404.60 18.10 0.0001 

Block 2 36.73 1.64 0.2045 

S source x Rate 14 20.40 0.91 0.5521 

Error 46 22.36   

Data corresponds to Table 4.7



 

Field Experiment: Sulfate uptake and yield response of canola in the field to 

application of sulfur fertilizers. 

 

 

Table A1e  ANOVA of treatment comparison of nitrogen uptake for canola. 
 

Source df Mean square F ratio Pr > F 

Mid-Season     

Model 25 1668.92 3.16 0.0004 

Sulfur Source 7 2049.90 3.88 0.0021 

Rate 2 5947.54 11.26 0.0001 

Block 2 6.79 0.01 0.9872 

S source x Rate 14 1104.64 2.09 0.0306 

Error 46 528.04   

     

Grain     

Model 25 200.96 0.97 0.5164 

Sulfur Source 7 470.30 2.28 0.0444 

Rate 2 106.12 0.51 0.6015 

Block 2 357.84 1.73 0.1880 

S source x Rate 14 57.44 0.28 0.9941 

Error 46 206.44   

     

Straw     

Model 25 301.55 3.11 0.0004 

Sulfur Source 7 246.94 2.55 0.0266 

Rate 2 1962.18 20.23 0.0001 

Block 2 9.23 0.10 0.9094 

S source x Rate 14 133.38 1.37 0.2040 

Error 46 97.01   

Data corresponds to Table 4.8



 

Field Experiment: Sulfate uptake and yield response of canola in the field to 

application of sulfur fertilizers. 

 

 

Table A1f  ANOVA for treatment comparison for dry matter production of canola. 
 

Source df Mean square F ratio Pr > F 

Mid-Season Biomass     

Model 25 0.74 2.39 0.0051 

Sulfur Source 7 1.33 4.31 0.0010 

Rate 2 1.73 5.59 0.0067 

Block 2 0.19 0.60 0.5504 

S source x Rate 14 0.38 1.24 0.2832 

Error 46 0.31   

     

Grain Yield     

Model 25 112340.5 0.86 0.6569 

Sulfur Source 7 249498.21 1.90 0.0915 

Rate 2 4754.16 0.04 0.9645 

Block 2 240612.50 1.83 0.1717 

S source x Rate 14 40806.55 0.31 0.9898 

Error 46 131386.40   

     

Straw Yield     

Model 25 0.73 1.87 0.0320 

Sulfur Source 7 1.52 3.92 0.0020 

Rate 2 1.13 2.92 0.0639 

Block 2 1.41 3.64 0.0341 

S source x Rate 14 0.17 0.45 0.9483 

Error 46 0.39   

Data corresponds to Table 4.9



 

Field Experiment: Sulfate uptake and yield response of canola in the field to 

application of sulfur fertilizers. 

 

 

Table A1g  ANOVA of treatment comparison for residual soil sulfate, nitrate and 

 sulfur fertilizer use efficiency (SUE) for canola. 
 

Source df Mean square F ratio Pr > F 

Residual soil sulfate     

Model 25 388.88 37.98 0.0001 

Sulfur Source 7 497.94 48.63 0.0001 

Rate 2 1488.07 145.32 0.0001 

Block 2 1.38 0.8739 0.8739 

S source x Rate 14 232.68 22.72 0.0001 

Error 46 10.24   

     

Residual soil nitrate     

Model 25 12.96 1.41 0.1551 

Sulfur Source 7 3.97 0.43 0.8774 

Rate 2 62.06 6.74 0.0027 

Block 2 15.03 1.63 0.2066 

S source x Rate 14 10.15 1.10 0.3814 

Error 46 9.21   

     

SUE     

Model 19 1361.43 6.84 0.0001 

Sulfur Source 5 1678.15 8.43 0.0001 

Rate 2 7424.70 37.29 0.0001 

Block 2 152.76 0.77 0.4722 

S source x Rate 10 232.15 1.17 0.3465 

Error 34 199.13   

Data corresponds to Table 4.10 



 

 

 

 

APPENDIX B 

 

Elemental Sulfur Combination Formulations 



 

 Field capacities (-0.03 Mpa.) listed below were estimated gravimetrically by 

wetting mixture components in plastic columns and were calculated on an oven-dry 

basis. 

 

 

 Dried Digested Sludge 70% 

 Hydrated Lime 65% 

 Elemental Sulfur 26% 

 

 

Example calculation of 90% F.C. for 20% S° + 50% DDS + 30% Lime 

 

 

 20% S°  x (26% F.C. x 90%) = 4.68% 

  50% DDS  x (70% F.C. x 90%) = 31.50% 

  30% Lime x (65% F.C. x 90%) = 17.55% 

 ---------- 

  Incubation Moisture Content 54% 
 

 

 

Table B1a Estimated field capacities (i.e., -0.03 Mpa.) and moisture contents 

 (90% F.C.) for the 50 gram S° combinations used in the lab. 
 

 

-0.03 Mpa 

F.C. 

 

S°+ DDS + 

lime 1 

S°+ lime 1 S°+ DDS 1 
 

S°+ DDS + 

lime 2 

S°+ lime 2 

_________________________________%_________________________________ 

100 59 52 57 46.5 40 

90 54 47 51 42 36 

 

 



 

Table B1b Recipes for single bulk mixtures of the S° combinations used in the field. 
 

Mixture Component 
 

S°+ DDS + lime S° + lime 

 ___________________grams____________________ 

S° 1600.0 1562.5 

Hydrated Lime 2400.0 2337.5 

Dried Digested Sludge 4000.0 - 

Water 4320.0 1600.0† 
† For the field experiment the incubating moisture content of the S°+ lime combination was reduced to 
 approximately 80% of field capacity (-0.03 Mpa.) calculated in Table B1a. 


