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ABSTRACT 

Growth chamber and incubation experiments were conducted with a sandy, 

marginal agricultural soil from the Brown soil zone near Richmound, Saskatchewan. 

The objective of the study was to determine how oily waste from heavy oil upgrader 

affects soil fertility, plant growth and microbial activity under controlled 

environmental conditions. The growth chamber study examined the effect of adding 

oily waste alone and in combination with fertilizer and hog manure on: 

1) soil macro nutrient supply 

2) growth and nutrient uptake by oats and 

3) relevant physical properties affecting plant growth 

Addition of urea and manure with the sludge resulted in significantly higher 

supplies of available nitrogen than in sludge only amended soil. This was a 

contributing factor to significantly higher yield of oat plants and nutrient uptake in 

these two treatments. To achieve adequate plant growth, oily waste addition should 

be accompanied by a supplemental source of plant nutrient to compensate for 

nutrient immobilization while the sludge is decomposed by soil microorganisms. 

Sludge had no detrimental effect with regard to soil salinity and sodicity. Addition of 

sludge increased the organic carbon content of the soil and fertilizer application 

appears to increase the conversion of oily waste carbon to humus. Combination of 

fertilizer with sludge had no effect on accumulative C02 production over sludge 

alone. 
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CHAPTER 1: INTRODUCTION 

The disposal of oily sludge generated during the production and processing of 

heavy oil is becoming a major problem for some industrial societies in Western 

Canada. Traditionally, this sludge was used by municipalities for road oiling and 

dust suppression on rural roadways (Kennedy et al. 1990; Bernier, 1991 ). However, 

the growing quantities of these wastes can not be accommodated in road oiling 

alone. Other options for disposal are land filling, incineration and pumping into deep 

underground (caverns). In land filling, the waste is buried underground and remains 

relatively intact and can be of concern in ground water pollution. Incineration is 

expensive because of the water and solid contents of the sludge and there are 

environmental concerns over airborne particles and ash disposal. 

Land farming of oily sludge is an alternative to land filling and incineration. 

Land farming is the application of waste in a dedicated land area and enhancing the 

biodegradation of the waste by using bioremediation techniques (Martinet al., 1986). 

This option can provide an economical and environmentally sound approach to oily 

sludge disposal. Its limitation is that the objective is usually to get rid of largest 

possible volume of wastes on a small land area, which leads to accumulation of 

highly resistant substances and may preclude its use for agricultural purposes for a 

long time. This sludge may be better viewed from an agricultural standpoint as a 

source of organic carbon; which may transform in time to humus-like materials 

thereby increasing soil fertility and quality. A one-time application of oily 
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waste as an organic carbon amendment to low organic matter, infertile soils may 

have benefit in improving soil productivity. 

Transformation of oily waste to humus is accomplished by soil 

microorganisms, which in turn need nutrients for their growth and multiplication. 

Nitrogen is usually the most limiting nutrient in Western Canadian soils. Therefore, 

addition of a source of nutrient especially nitrogen in combination with sludge 

application, is necessary to supply available nutrients to both plants and microbes 

carrying out the decomposition of the oily waste. This study examines the effect of 

adding oily waste alone and in conjunction with nitrogen fertilizer and hog manure 

on soil nutrient supply, plant growth and nutrition and microbial activity. 

The specific objectives of this study were: 

1- To determine the effect of adding oily sludge alone and in combination 

with manure or urea, on the supply of available macronutrients, growth, 

and yield of oats in a marginal sandy soil under controlled environmental 

conditions. 

2- To study the effect of these amendments on some soil physical properties. 

3- To assess the effect of the addition of sludge and nutrients (N&P) on short 

term microbial activity as measured by C02 evolution. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Influence of Oily Waste on Plant and Soil 

2.1.1. The influence of oil on plant growth 

Petroleum oils affect plant growth in many ways. The oil may immediately 

kill the plant or delay the growth. It may also depress seed germination, and can 

cause nutrient-deficient conditions due to extensive nutrient immobilization during 

oil decomposition (Toogood, 1977). Some studies have reported that very low 

concentrations of hydrocarbons can actually stimulate the growth of plants (Fattah 

and Wort, 1970; Pal and Overcash, 1978; Salanitro et al., 1997). 

2.1.1.1 Phytotoxicity 

The phytotoxicity of petroleum hydr<?carbons has not been studied 

extensively in recent years. Most information has been obtained from work using 

hydrocarbons as herbicides by application on plant surfaces rather than in the soil. 

Baker (1970) stated that the phytotoxicity of various compounds present in oils 

increases in the following order: aromatics > naphthalenes and olefins > paraffins. 

Within each group the toxicity decreases with an increase in molecular weight. 

Refined oils are generally less toxic than crude oils, because the refining processes 

removes many unsaturated hydrocarbons and other compounds containing aromatic 

groups, sulfur, and nitrogen. Hydrogen sulfide toxicity to plants may occur in poorly 

drained soils following oil contamination. Cook and Westlake (1975) have reported 

increases of several orders of magnitude in populations of sulfide generating bacteria 

following oil addition to soil. 
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2.1.1.2 Seed germination 

Oil may affect seed germination in at least two ways. At high levels of 

contamination, seed germination is prevented by the oil coating the seed and 

preventing oxygen and water uptake. As well, oil may enter the seed and kill the 

embryo. At lower levels of contamination, germination is also hindered by the 

presence of oil. 

Many researchers have found reductions in seed germination following oil or 

oily waste application (Murphy, 1929; Schwendinger, 1968; Toogood. 1977; 

Isirimah et al., 1989; Salanitro et al., 1997). In very early work, Murphy (1929) 

reported that even small amounts of oil delayed germination. lsirimah et al. ( 1989) 

reported 20 to 50% reductions in crop emergence at 2 and 4 % of oil contamination. 

However, soil fertilization and bioremediation were found to improve seed 

germination in oil contaminated soil. Salanitro et al. ( 1997) found from 50 to 100 % 

inhibition in seed germination of com, wheat and oat in untreated oil-contaminated 

soil. When the soils were fertilized there was no significant difference in seed 

germination between oil-contaminated soil and the control. There is also variation 

among plant species in their ability to germinate in the presence of oil. Schwendinger 

( 1968) reported poor germination of sorghum compared to beans and rye grass in 

repeatedly oil contaminated soil. 

2.1.1.3 Plant growth 

With regard to the effect of oil on plant growth, Carr ( 1919) found that 

0.75 % of crude oil concentration in soil improved the growth and root-nodule 

development of soybeans. Mackin (1950 a,b) discovered that crude oil promptly 
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caused the death of saltgrass and saltwort but that later the plants entirely 

repopulated the area and fertilization, possibly from decomposition products, 

resulting in lush growth. Huseinov (1960) reported that a 0.005% solution of 

naphthenates applied to eggplants resulted in a 32% increase in yield. Baker (1969) 

found that Kuwait oil residue stimulated the growth of the saltmarsh grass F estuca 

rubra and Puccinella maritima, with the lengths of shoots from oiled areas being 

significantly longer than those from control areas. Wort (1969) found that the 

application of a 0.5% solution of potassium or sodium naphthenates, prepared from 

naphthenic acids extracted from diesel oil or from commercial naphthenic acids 

significantly stimulated the early growth of bush bean plants and resulted in a 21% 

greater weight of green pods per plant. 

In a very recent study Salanitro et al. ( 1997) found that heavy and medium 

API gravity crude oils significantly enhanced the growth of com plants by 40 to 70o/o 

over control plants grown in oil-free soil. In contrast, growth and yields of wheat and 

oat were significantly reduced by 20 to 70 o/o in soils containing medium and light 

oils. 

Other indirect effects of oil on plants may include oxygen deprivation of 

plant roots by hydrocarbon-degrading microorganisms. Llangovan and 

Vivekanandan ( 1992) reported decreased levels of total soluble proteins, sugars, 

nucleic acids, and free amino acids in leaves of Vigna Mungo plants grown in oil 

polluted soil. The authors ascribed this to depletion of soil oxygen caused by 

hydrocarbon degrading-microorganisms. 
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2.1.2. The influence of oil on soil physical and chemical properties. 

2.1.2.1 Soil physical properties 

Oil has been shown to both increase and decrease soil pH. Ellis and Adams 

( 1961) found that oils have a tendency to buffer the soil to more neutral pH values. 

Udo and Fayemi (1975), lsirimah et al. (1989) and Biederbeck et al. (1993) have 

seen increase in soil pH with increasing oil level. Amadi et al. ( 1994) found decrease 

in soil pH from 4.7 in medium impact oil-spillage zone to 4.4 in high impact oil

spillage zone, which indicates oil could have an acidification effect on soil. 

Incorporation of oily waste sludge into Meota loamy sand initially increased the soil 

pH over the untreated control soil, but after two years the situation was changing and 

after five years the treated soil had significantly lower values than untreated soil 

(Biederbeck et al., 1993). 

Reduction in redox potential was also shown to accompany oil 

contamination of soil. Ellis and Adams ( 1961) noted a reduction in redox potential 

from +833 mV to -982 mV in one contaminated soil. Decreases in redox will affect 

the solubility of metals in oiled soils (Schollenberger, 1930). Pulford and Duncan 

(1977) noted that concentrations of0.5M acetic-acid-extractable Fe, Mn, Cu, As, and 

Pb were greater in soils containing 0.12 to 5.2 %hydrocarbons from around old tar 

works as compared to adjacent uncontaminated soils. 

Large quantities of oily materials in soil will increase soil temperature by 1 

to l0°C (Hutchinson et al., 1974; Mackay, 1975; Toogood; 1977, Rowell et al., 1992 

; Biederbeck et al., 1993). Application of crude oil to soil at a rate of 15 liters m-2 on 

Canadian Arctic tundra soils resulted in a 50% decrease in albedo and a concomitant 
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increase in surface soil temperature and in air temperature near the soil surface (Haag 

and Bliss, 1974). Increases in soil temperature after oil or oily waste application were 

thought to result from darkening of the soil color and decreased reflection and 

increased soil absorption of solar energy during daylight time (Biederbeck et al., 

1993). 

Initially, oil decreases soil wettability, but biological breakdown of the oil 

leads to a return toward normal wettability {Toogood, 1977). Biederbeck, et al. 

(1993) reported a significant decrease in hydraulic conductivity of the soil in the first 

year after oil sludge application as compared to the control, but by the third year the 

effect had disappeared. In a laboratory experiment Khalimov, et al. (1996) evaluated 

the effect of oil on water infiltration rate in soil and found that at a 150 ml oil·kg-1 

soil pollution rate, no water was able to percolate during the first 100 minutes. Below 

10 ml oil·kg-1 soil, a slight decrease in the infiltration rate was observed (up to lcm· 

min-1
). Oily waste has been reported to increase soil salinity and sodicity {Toogood, 

1977; Biederbeck et al. 1993). Salt components such as sodium, potassium and 

accompanying chloride and sulfate are the specific cations and anions often found in 

high amounts. Biederbeck et al., (1993) found increases in EC (Electrical 

Conductivity) and SAR (Sodium Absorption Ratio) from 1.1 ds· m-1 to 13 ds· m-1 

and < 0.3 to 13, respectively, after oily waste land application in Meota loamy sand. 

The maximum EC and SAR criteria for land disposal of waste material are EC 4 

mmhos·cm-1 and SAR of< 12 (Deuel, 1990). Increase in CEC was also found to 

occur after oil contamination of soil. Amadi (1994) found increase in CEC from 4.5 

in medium impact oil-spillage zone to 6.1 in high impact oil-spillage zone. 
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2.1.2.2 Soil chemical properties 

Heavy metal accumulations from oily waste disposal may become a long

term problem and cause ground water contamination. This may occur where soils are 

used for the disposal of used engine oils. Raymond et al. ( 197 6) reported an increase 

in Pb content in soil treated with used crankcase oil. 

Reduction in nitrification and ammonification reactions in oil polluted soil 

have been reported (Gainey, 1917; Baldwin, 1922; Murphy, 1929; Stundl, 1959; 

Edigarova, 1963). Murphy (1929) stated that 0.4% by weight of crude oil reduced 

nitrification by 50% and that it was inhibited completely by 6 % oil. This has been 

attributed to microbial immobilization of ammonium nitrogen (Toogood, 1977). 

2.2 Factors Affecting Oil Biodegradation in Soil 

2.2.1 Soil properties 

The most important soil properties that affect the rate of oil biodegradation 

in soil are temperature, water, oxygen availability, soil pH and nutrient supply 

(Riser-Roberts, 1998). However, additional factors such as soil texture, structure can 

also affect oil biodegradation in soil. 

2.2.1.1 Temperature 

Petroleum biodegradation in soil occurs at a broad range of temperatures. 

Huddleston and Cresswell (1976) reported petroleum biodegradation at temperatures 

as low as -1.1 oc as long as the soil solution remained in liquid state, with maximum 

degradation rates between 30 and 40 °C. Dibble and Bartha ( 1979) in their work 

with oily sludge in a New Jersey soil observed that the highest hydrocarbon 
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biodegradation rates occurred at 20°C, with no further increase in rate from 20°C to 

3 7°C. There is some indication that the effect of temperature on biodegradation will 

depend on the particular hydrocarbon mixtures involved. 

Westlake et al. (1974) compared the biodegradability of four northern 

crude oils under mesophilic (30°C) and psychrophilic ( 4 °C) conditions and found 

that at 4 °C the microbial populations were unable to degrade the isoprenoid and 

branched paraffin components of all crude oils studied. Similarly, Jobson et al. 

(1972) found that psychrotrophic populations had minimal ability to degrade the 

aromatic fraction of the crude oils, but they had a capability similar to that of 

mesophilic populations for the utilization of the saturated fraction. Bailey et al. 

(1973) reported a similar phenomenon occurring in the biodegradation of North 

Cantal crude by soil microorganisms isolated from a northern producing well. 

Incubation with a mixed mesophilic population produced preferential attack on 

branched and linear alkanes of less than C25 • Two psychrotrophic enrichments from 

different soils were able to biodegrade n-paraffins up to C3t, but they failed to attack 

the isoprenoids. 

2.2.1.2 Water 

Biodegradation of oily waste in soil requires water for microbial growth, 

and diffusion of nutrients. Very wet or very dry soil reduces the waste 

biodegradation rate (Arora et al., 1982). Dibble and Bartha (1979) reported optimal 

biodegradation of oily sludge at soil water contents of 30 to 90% of field capacity. 

Inhibition at levels below 30 ·% was attributed to inadequate water for microbial 

activity, and high values interfere with the availability of oxygen for respiration. The 
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water content required for biodegradation of petroleum constituents depends on the 

type of compound present and probably on the soil involved (Holman and Tsang, 

1995). Lober (1992) found that degradation of two, three and four-ring polycyclic 

aromatic hydrocarbons was significantly greater at 80% than at 40% of field 

capacity. Holman and Tsang (1995) reported an optimal biodegradation rate of 

aromatic hydrocarbons at a soil water holding capacity. of 50-70%. 

2.2.1.3 Oxygen availability 

The initial steps in the biodegradation of most petroleum hydrocarbons 

involve the oxidation of the substrate by oxygenases, hence molecular oxygen is 

required (Atlas and Bartha, 1987). Jobson et al. (1972) and Lehtomaki and Niemela 

( 197 5) found the highest rate of oil degradation occurred when aeration was 

maximized. Huesemann and Moore (1994) reported a twofold increase in crude oil 

biodegradation in the presence of pure oxygen compared to air. Anaerobic 

degradation of petroleum hydrocarbons by microorganisms has been shown to occur, 

but only at very low rates (Riser-Roberts, 1998) and it may not be a significant factor 

in natur~l ecosystems like soil (Blakebrough, 1978). 

2.2.1.4 Soil pH 

Soil pH determines what type of microorganisms will participate in 

hydrocarbon biodegradation (Bossert and Bartha, 1984). Most heterotrophic bacteria 

and fungi prefer a pH near neutrality, with fungi being more resistant to acidic 

conditions (Atlas, 1988). Verstraete et al. (1976) reported a near doubling of rates of 

biodegradation of gasoline in an acidic (pH 4.5) soil by adjusting the pH to 7 .4. 

However, when the pH was further raised to 8.5 rates dropped significantly. 
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Similarly, Dibble and Bartha, (1979) observed an optimal pH of 7.5-7.8 for oily 

sludge biodegradation. 

In acidic soils, fungi are likely to be responsible for most of the 

hydrocarbon biodegradation. Jones et al. ( 1970) reported that in an acidic moorland 

soil strongly contaminated with kerosene, the pH decreased to values between 1 and 

2. As compared to the unpolluted control soil with a pH of 4.2-4.6, the fungal 

population of the kerosene-contaminated soil was fivefold higher while the bacterial 

component declined. The proportion of fungal hydrocarbon-degraders increased 

tenfold, but the increase of bacterial hydrocarbon degraders was small. C02 

evolution was stimulated in the polluted soil, leading to the conclusion that at low pH 

fungi play an important role in hydrocarbon biodegradation. 

2.2.1.5 Nutrient availability 

Degradation of oily waste is carried out in soil by microorganisms. 

Microorganisms need nutrients for multiplication and growth. The presence of 

nitrogen, phosphorus, and potassium, in addition to smaller levels of zinc, calcium, 

manganese, magnesium, iron, sodium, and sulfur is needed for maximum biological 

growth, and therefore optimum biodegradation (Arora et al., 1982). The soil usually 

contains sufficient quantities of these nutrients except for nitrogen and phosphorus 

(U.S. EPA, 1985), although this may vary depending on soil type, management and 

fertilization history. 

Reports on the effect of nutrient additions on hydrocarbon biodegradation 

in soil are varied. Many researchers have discovered that addition of nitrogen and 

phosphorus salts immediately and strongly stimulated oil biodegradation in 
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contaminated soil (Kincannon, 1972; Verstraete et al., 1976; Dibble and Bartha, 

1979). Other workers noted positive effects only after several weeks or months of 

incubation (Jobson et al., 1974; Raymond et al., 1976; Odu, 1978) or no positive 

effects at all (Lehtomaki and Niemela, 1975). Bossert and Bartha (1984) have 

attributed these apparently contradictory results to the variable and complex 

composition of soils and to other factors such as nitrogen reserves and the presence 

of nitrogen-fixing bacteria. 

The quantity and methods of adding mineral nutrients to oil-contaminated 

soil can affect the magnitude of biodegradation. Hunt et al. (1973) reported that 

addition of ammonium nitrate stimulated biodegradation, but an increase of nitrogen 

levels above 1 00 ppm depressed the soil respiration. The authors attributed this to 

ammonia or nitrite toxicity. When the contaminated soils were amended with either 

NaN03 or NH4Cl there was a fourfold increase in C02 evolution in samples 

receiving 300 ppm nitrogen. McGill and Rowell (1977) found that manure plus N03-

addition stimulated C02 production in oil-polluted soils more than did N03- alone. 

However, the excess C02 was most likely derived from the manure rather than from 

hydrocarbon biodegradation (Bossert and Bartha, 1984). Dibble and Bartha (1979) 

failed to find any stimulation of oil biodegradation in soil by organic supplements 

such as yeast extract or an activated sewage sludge when applied in combination 

with organic fertilizers. In fact, these organic amendments suppressed oil 

biodegradation. 

2.2.1.6 Other factors 

Soil structure and texture may affect oil biodegradation rates indirectly 
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through their effect on the infiltration rate and permeability, water holding capacity 

and adsorption capacity for the waste components (Hornick, 1983). Soil type can 

also affect the soil microbial ecology, which, in tum, may influence the overall 

biodegradation rate. Walker and Colwell ( 197 4) reported a two-fold increase in 

biodegradation rate of mixed hydrocarbon in the presence of combinations of 

bacteria, yeast, and fungi as compared to individual str~ins of fungi and bacteria. 

Hydrocarbon degradation in soil is carried out by a wide variety of 

microbial populations (Atlas, 1981). Many species ofbacteria, filamentous fungi and 

yeasts coexist in natural ecosystems and may act individually or together to 

metabolize aromatic hydrocarbons (Gibson, 1982; Cerniglia and Yang, 1984; 

Fedorak et al., 1984). Table 2.1 lists the most common microbial genera that can 

degrade hydrocarbons in soil (Shailubhai, 1986). These microorganisms are 

relatively abundant in all soils except highly acidic and saline soils (Atlas, 1977; 

McGill, 1977). 

Bacteria and fungi are the main agents of petroleum biodegradation, and 

member~ of both groups contribute to the biodegradation of hydrocarbons (Bossert 

and Bartha, 1984). The application of oil or oily waste to soil results in increased 

numbers ofbacteria and fungi (Jenson, 1975; Lianos and Kjoller, 1976; Pinholt et al., 

1979). 
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Table 2.1 Microbial genera capable of degrading hydrocarbons (Shailubhai, 1986). 

Bacteria 
Achromobacter Escherichia 
Aerobacillus Flavobacterium 
Alcaligenes Gajjkya 
Arthrobacter Methanobacterim 
Bacillus Micrococcus 
Bacterium Mycobacterium 
Beijerinckia Pseudomonas 
Citrobacter Sarcina 
Clostridium Serratia 
Corynebacterium Spirillum 
Desulfovibrio Thiobacillus 
Enterobacter 

2.2.2 Waste properties 

Actinomycetes 
Actinomyces 
Endomyces 
Micromonospora 
Nocardia 

2.2.2.1 Non-oily components of waste 

Fungi 
Aspergillus 
Botrytis 
Cephalosporium 
Cunninghamella 
Trichoderma 

Yeasts 
Candida 
Rhodotorula 
Saccharomyces 
Torula 
Torulopsis 

The presence of higher amounts of non-oily components such as sulfur and 

salts with oil or oily waste can effect the overall biodegradation rate of oil. Jobson et 

al. (1972) compared the degradation of two crude oils by a mixed culture ofbacteria. 

Low sulfur, high-quality North Cantal crude oil was most susceptible to microbial 

degradation than was Lost Horse Hill crude oil, which contained higher levels of 

sulfur. Similarly, Walker et al. (1976) observed a greater degree of microbial 

degradation of low sulfur, high saturated South Louisiana crude oil than high-sulfur 

high aromatic Bunker C fuel oil. Rhykerd et al. ( 1994) investigated the effect of 

NaCl on biodegradation of non-detergent motor oil in two soils and reported 44% 

and 20% reduction in oil minerlization in soils amended with a salt concentration of 

2.2.2.2 Chemical composition of the oil 

The chemical composition of the oil (Fig. 2.1) can affect its 
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biodegradability. Generally the larger and more complex the structure of the 

hydrocarbon, the more slowly it is oxidized (Riser-Roberts, 1998). Hydrocarbons 

have the following order of susceptibility to microbial degradation: n-alkanes > 

branched alkanes > low-molecular-weight aromatics > cyclic alkanes (Perry, 1984). 

Biodegradation rates have been found to be highest for the saturates, followed by the 

light aromatics with high-molecular-weight aromatics and polar compounds 

exhibiting extremely low rates of degradation (Jobson et al., 1972; Walker et al., 

1976; Fusey and Oudot, 1984). This trend is not universal, however, as Jones et al. 

(1983) reported biodegradation of alkylaromatics in marine sediments to occur 

earlier than detectable losses of the n-alkanes in the crude oil tested. 

Hydrocarbons 

Straight chain 

Cn H2n (Paraffins) (Isoprenoids) 

Fig. 2.1 Classification scheme for petroleum hydrocarbons adapted from Gunjan and 

Niki (1998) 
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Inconsistency in decomposition has been ascribed to co-oxidation, in 

which non-growth substrate hydrocarbons are oxidized in the presence of 

hydrocarbons which can serve as growth substrates (Perry, 1979). Evidence of co

oxidation of P AHs was provided by Keck et al. ( 1989) who observed higher 

degradation rates of 4 and 5-ring P AHs in soil amended with complex wastes than in 

soil amended with single P AH constituents or a synthetic mixture of P AHs. 

2.2.3 Rate of oil application 

The loading rate or concentration of a hydrocarbon in soil can affect its 

biodegradability and toxicity to the degrading organisms. High oil concentrations can 

limit microbial growth, and the concentration at which inhibition occurs depends on 

the type of the hydrocarbon compound (Alexander, 1985). Dibble and Bartha ( 1979) 

reported increases in biodegradation over the range of 1.25% to 5% hydrocarbon 

mass as dry weight of soil, when oil sludge was applied to soil. There was no further 

increase observed at a level of 1 0%, and the rates declined at the 15% level. 

Decreases in the biodegradation at high application rates were attributed to inhibition 

of microbial activity by toxic components of the oil sludge. Similarly, Huesemann 

and Moore ( 1994) found an optimal loading rate for California crude in Texas sand 

of 5o/o (wt/wt) as measured by cumulative oxygen consumption. At a 10% loading 

rate there was inhibition of the biodegradation process. 

2.2.4 Use of Vegetation 

The soil surrounding plant roots, (the rhizosphere) often has considerably 

different properties than the bulk soil. Plant exudation of soluble organic and 

inorganic compounds provides a ready substrate for microbiological growth. As a 
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result the rhizosphere will have a larger microbial biomass and generally greater 

microbial activity (Paul and Clark, 1989). This microbial stimulation provides the 

hypothesis for the enhanced degradation of recalcitrant organic contaminants in the 

rhizosphere (Anderson and Coats, 1995). 

Aprill and Sims (1990) investigated the effect of eight prairie grasses on 

the biodegradation of PAHs (benzo[a]pyrene, benzo[a]anthracene, chrysene, and 

dibenzo[a,h]anthracene) in a greenhouse experiment. All eight-plant species were 

present in each pot except the unvegetated ones. The disappearance of P AHs was 

significantly greater in vegetated soils than in unvegetated soils after 150 days 

incubation. Similarly, Reilley et al. ( 1996) investigated the use of vegetation to 

increase the degradation of two common P AHs (anthracene and pyrene) in a 

greenhouse experiment. Vegetated soils had significantly lower concentrations of the 

target compounds after 24 weeks, indicating a 30. to 40 % increase in degradation 

rate due to the presence of live plant roots. 

2.3 Beneficial Effects of Oily Waste on Soil 

2.3.1 Organic matter and nutrients 

The addition of oily waste to a soil will increase the total organic matter 

content of the soil. At the beginning, most of the added oil may be extracted from the 

soil by organic solvents. With time, the oil is partly biodegraded and fewer 

hydrocarbons can be extracted as more of the residual oil carbon is converted to 

humus-like materials {Toogood, 1977). Increases in stable humus will lead to 

improvement in soil properties such as aeration, water-holding capacity, aggregation 

and infiltration and reduce potential erosion problems. In an early study by Plice 
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( 1948), soil treated with crude oil was found to contain more organic matter when 

compared with the control. In order to assess whether the organic matter in the soil 

represented real soil humus or hydrocarbon materials, the author further extracted the 

soil with tetrachloroethane which extracts hydrocarbons but not stable soil humus 

and found less hydrocarbon was present. Harper (1939), Adams and Ellis (1960) and 

Amadi et al. ( 1994) have also reported large increases in total organic matter and 

total carbon content of soils affected by gas leaks and petroleum oils. 

Increases in total nitrogen, phosphorous and sulfur may also occur in oil 

treated soil. Udo and Fayemi (1975) found that total N was increased with crude oil 

addition from about 0.078 % in the unpolluted sample to over 0.126 % in the soil 

containing 10.6% crude oil. When this increase was compared with theN contents 

of the crude oil, then at 10.6% oil in soil the increase should be only 23% whereas a 

62% increase was actually found. The authors ascribed the excess in total N over the 

amount coming from the added crude oil to the fixation of atmospheric N by free 

living N2-fixing microorganisms that obtain energy while degrading the oil. 

Biederbeck et al. ( 1993) found increase in sulfate and soluble potassium in Meota 

loamy sand after oily sludge land application. 

Crude oil or oily waste may enrich the soil with other nutrients such as 

iron, manganese and zinc. Udo and Fayemi, (1975) found that the exchangeable 

cations potassium, manganese, and iron were increased as the level of oil application 

was increased. 
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2.3.2 Erosion control 

The susceptibility of soil to wind erosion is highly dependent on the 

amount of wind erodible fraction (materials < 0.84 mm) present (Rasiah and 

Biederbeck, 1995). The sticky nature of oil or oily wastes can be helpful in binding 

soil particles and reduce the wind erodible fraction, thereby reducing the 

susceptibility of soil to wind and water erosion. Many researchers (Giddens, 1976; 

Rimmer and Al-Khafaji, 1986; Rasiah et al., 1995) have found increases in soil 

stability after oil or oily waste application. Giddens (1976) found that soils treated 

with used crankcase oil had 64.6o/o water stable aggregates compared to 12.9 % in 

uncontaminated soil. Rasiah et al. ( 1997) reported 41 to 63 % reductions in wind 

erodible fraction in soil treated with 1.04 to 1.45% oily waste sludge. 

2.4 Overview 

If the salts in oily wastes can be reduced to an acceptable limit, then the 

wastes can applied to the soil surface to potentially improve sandy soils of low 

productivity. This study examines the effect of adding a low salt oily waste to a 

sandy cultivated marginal Saskatchewan soil on soil fertility and plant growth. 

The growth chamber experiment in this study evaluates the effect of adding 

manure or fertilizer to soil amended with different rates of oily sludge on nutrient 

availability, crop yield and quality, and some chemical and physical properties of the 

soil. The incubation experiment is intended to reveal the short-term effect of 

amendments on soil microbial activity. 
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CHAPTER 3: MATERIALS AND METHODS 

3.1 Soil Properties 

The soil used for both experiments was taken from the Ap horizon of a 

Hatton loamy sand near Richmound, Saskatchewan, Canada. It was collected in 

October, 1997 from a farm owned by Mr. Ben Kambeitz. The site had undulating 

topography and bulk surface soil (0-10cm) from the upper mid-slope position was 

sampled, at the time when the 96 plot field experiment was laid out, two weeks prior 

to the November 5, 1997 oily waste sludge application and soil incorporation by 

rototilling. Some physical and chemical properties of the soil are listed in Table 3.1. 

Table 3.1 Some physical and chemical properties of the Hatton Loam soil. 

Available nutrients * 
E.C C.E.C * ( gg·g-1 

) 

(ds.m-1
) (meq.100g-1

) pH B.D** I.C O.C FC** N03-N P04-P K S04-S 
(gcc-1

) (%) (%) (%) 

0.17 5.2 7.7 1.37 0.13 0.49 5.5 12 26 230 <1.0 

* Enviro-Test Laboratory Saskatoon, Sk. ** SP ARC Laboratory, Swift Current, Sk. 
B.D. Bulk density; O.C. Organic carbon; I.C Inorganic carbon. F.C field capacity 
measured by pressure plate apparatus. 

3.2 Oily Waste Properties 

The waste used is an API separator sludge originating from the Heavy Oil 

Up-grader of Consumers' Co-operative Refineries Ltd. in Regina, Saskatchewan. 

The oily sludge has a gross composition of 61% water, 31% hydrocarbons and 8% 

clay. The content of polyaromatic hydrocarbons (PAH) is 6,151 ppm with the two 

main PARs being dimethyl napthalenes (1,500-ppm) and methyl napthalenes (1,300 
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ppm). A complete analysis of the hydrocarbon composition was conducted after 

sampling and data are provided in Appendix A. After sub-sampling at the field site 

on November, 5, 1997 the waste was stored for approximately four months at 4 co in 

a closed plastic gasoline jerry can. Table 3.2 lists the pH, nutrient contents, salts and 

concentration of some heavy metals in the sludge. 

Table 3.2 Some physical properties; nutrients, salt and heavy metal concentrations 
of the sludge. 

Salt Total nutrients Heavy metal content 
(gg·g-1) Q.tg·g-1) (gg·g-1) 

pH Na Cl N P S Fe Ni Mn Zn 

5.6 300 280 70 20 6000 6.3 2.15 1.65 1.45 

3.3 Growth Chamber Experiment 

3.3.1 Experimental design 

The growth chamber experiment involved 96 pots, consisting of four oily 

sludge application rates (none, 0.5%, 1%, and 2% sludge content wt/wt of soil), two 

cropping systems: unseeded; and seeded to oats also three types of N amendments 

(none, urea and hog manure). All treatments were replicated four times and the pots 

were arranged in a completely randomized design. Pots were repositioned every 4 

days to minimize the effect of any uneven environmental conditions within the 

chamber. The same rate of total nitrogen (120 mg N·kg-1soil) application was used 

for urea and for the manure addition. This rate is roughly equivalent to the 

concentration of N in the top 15 em of soil found after a fertilizer N application of 

240 kg N·ha-1. 
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Table 3.3 The growth chamber experiment design. 

Sludge 
content% 0.0 0.5 1.0 2.0 
(w/w) 

Crop s us s us s us s us 

Fertilization u u u u u u u u 
f 

u m 
f 

m c 
f 

m u 
f 

u m 
f 

u m 
f 

u m 
f 

u m 
f 

u m 

S= seeded to oats, US = unseeded, uf = unfertilized, u = urea, m = manure. 

3.3.2 Preparation of treatments 

An appropriate volume of sludge from the storage jar was first added to 1 kg 

air-dried soil in a container. The sludge plus soil was then emptied out of the 

container into a mixing box where it was mixed by hand for 1 0 minutes until the 

sludge evenly distributed in the soil as determined by visual inspection. The sludge 

plus was soil was than immediately placed into plastic pots. The urea was weighed 

and mixed with an appropriate volume of distilled water and then applied to the 

volume of soil while vigorously shaking. 

The hog manure was collected from an earthen storage unit near Humboldt 

Saskatoon. After taking an appropriate volume, the manure was applied as described 

above for the urea treatments. Then more water was added to bring the soil to field 

capacity. For pots without nutrient addition, distilled water was added to the pots to 

bring the soil to field capacity. Field capacity was estimated by adding different 

weights of water to 10 g of soil until the point where the water wet the soil to the 

bottom of the vial with no free standing water, and was found to be 20% w/w. All 

pots were incubated in the growth chamber until seeding. 

After five days of incubation, each of the 48 pots was seeded with eight oat 
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seeds, (cv. Calibre). All pots were again brought to field capacity, and small plastic 

beads were added to the surface to reduce evaporation. After the seedlings were 

established, each pot was thinned to five plants per pot. 

3.3.3 Experimental conditions 

The experiment began on November 18, 1997 and was completed on January 

22, 1998. The pots were watered daily from the top to maintain field capacity. The 

growth chamber temperature was kept at 24°C at daytime and 16°C at night. The day 

length was set to be 16 hours and consequently the night period was 8 hours. A light 

level of approximately 33 000 Lux was provided by a combination of fluorescent and 

incandescent bulbs. After harvest of the plants, the soil was stored at 2 o C for further 

analyses (described in section 3.5). 

3.4 Respiration Experiment 

3.4.1 Experimental design 

Table 3.4 The respiration experiment design. 

Fertilization 
UF FNP FNP;2 FN 

rate 

Sludge rate NS 2S NS 2S NS 2S NS 2S 

UF =Unfertilized control; FNP =Fertilized with N&P( to a C/N/P ratio of 
120:10:1.5 for 75% of the added oil carbon; FNP12 =Fertilized with N & 1i2P (to a 
C/N/P ratio of 120:10:0.75 for 75% of the added oil carbon; FN= Fertilized with N 
only (0.12 gram urea-N/kg ODB soil); NS = Nontreated control (no sludge added); 
2S = Sludge-amended to 2% by soil weight (addition of 20 gram of CCRL sludge per 
1kg ODB soil soil) 

The respiration experiment was designed to assess the effect of nutrient and 

oily sludge additions on carbon dioxide evolution from the soil, as an indicator of 

their influence on soil microbial activity. Four fertilization treatments were used in 

this experiment: 
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1. unfertilized 

2. full rate of nitrogen and phosphorus 

3. full rate of nitrogen and half rate of phosphorus 

4. nitrogen fertilization only (120 mg urea-Nkg-1 soil) 

Each fertilization treatment was conducted with and without added sludge 

{Table 3.4). Manure was not included in this experime~t, because it contains enough 

organic carbon to interfere with the measurement of C02 evolved from the sludge. 

All treatments were replicated four times and arranged in a completely randomized 

design. The full rate of nitrogen and phosphorus is based on 120: 10: 1.5 as the 

average C: N: P ratio of stable soil organic matter and assuming 83 % of the waste 

oil is carbon and that about 7 5 % of the oil carbon will be converted to humus. 

3.4.2 Preparation of treatments 

200 g of air dried soil was used for each treatment. The soil was passed 

through a 2-mm sieve to remove large particles and homogenize the soil. As in the 

growth chamber experiment, the sludge was mixed with the soil first and placed in 

900 ml ~odified Mason jars. Nutrient solution was added supplying 138 mg of urea 

NH2.CO.NH2 i.e 63 mg Nand 10 mg Pas 42.3 mg ofKH2P04 for 120:10:1.5 C:N:P 

ratio, and half of that KH2P04 were used for 120:10:0.75 C:N:P ratio. The nutrients 

were weighed and dissolved in distilled water and applied by pouring onto the top of 

the soil. A pipette was used to apply the solution into the soil. Water was added to 

bring the soil to field capacity. The water holding capacity of the soil was measured 

by placing 100 g of soil in a funnel and applying water gradually from the top until 

the first drop comes out. 
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3.4.3 Experimental conditions 

After the preparation of the treatments was completed all the jars were sealed 

with a stopper that was pierced with a hypodermic needle and incubated in the dark 

at room temperature. The first C02 measurement was made after two days and 

thereafter every five days. After each measurement, the jars were opened for aeration 

and resealed again. The experiment was terminated after 34 days of incubation. 

3.5 Analytical Methods 

Prior to all analyses the soil was first air dried and ground to pass through a 

2-mm sieve and mixed thoroughly before to sub-sampling. The soil that was used for 

the determination of total and inorganic carbon content was further ground to pass a 

100 -mesh sieve by using a mechanical grinder. Plant samples were oven dried at 60 

co, then ground to pass through a 40-mesh sieve using a Cyclone ™ mill, before 

analysis for total macro and micronutrient concentrations. 

3.5.1 Nutrient supply rates 

The cation (NH4+) and anion (N03-, P04- and S04 =)supply rates (Jlg·cm -2• 

two weeks-1
) in the soil of the non-seeded pots were measured using the cation and 

anion exchange membrane probe burial technique (Qian and Schoenau, 1995). They 

were measured two times during the experiment: 1) two weeks after seeding and 2) 

two weeks before harvesting. The anion exchange membrane probe was saturated 

with sodium bicarbonate and the cation exchange membrane probe was saturated 

with HCl overnight and then both were inserted directly into the soil. Following a 

two-week burial period, the probes were removed from the soil and washed free of 

soil with deionized water. The probes were then eluted with 0.5 N HCl (Qian and 
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Schoenau, 1995). The eluates were analyzed with a Technicon Autoanalyzer ll for 

N03-, NH 4 +and phosphate and on an Inductively Coupled Plasma (ARL 3140) for 

so4=. 

3.5.2 Plant yield and nutrient composition 

The above ground part of oat plants was harvested after 64 days of growth 

and was separated into straw and grain. The plant components were oven dried at 60 

co prior to weighing. Yields and nutrient contents are presented on a dry matter 

basis. Straw and grain samples were ground to pass through a 40-mesh sieve using a 

Cyclone™ mill prior to chemical analyses. 

Total Nand P content of the plant tissue was measured calorimetrically after 

a standard H2S04 digestion (Thomas et al., 1967). In the procedure 0.2 - 0.25 g of 

plant sample was placed in digestion tubes and 5 ml of concentrated H2S04 was 

added. The tubes were vortexed and then placed in a digester block at 360 oc for 30 

minutes. The racks were then removed and allowed to cool for 30 minutes. Then 0.5 

ml of H20 2 was added to each tube and vortexed and heated again at 360 °C. This 

procedure was repeated 6 times. After the last addition of 0.5 ml of H202 the tubes 

were left on the heater block at 360 °C for 1 hour. The samples were allowed to cool 

for 30 minutes and distilled water was added to bring the volume to 75 ml and 

shaken well. The N and P concentration in the digest solution was measured with a 

Technicon Autoanalyzer II. 

The same digest was used for the determination of the total potassium, 

magnesium, calcium, zinc, cooper, manganese, and iron using a Perkin Elmer 

Optima Inductively Coupled Plasma Emission Spectroscopy. The lead and cadmium 
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content were also determined us1ng Inductively Coupled Plasma Emission 

Spectroscopy. 

3.5.3 Soil pH, SAR and electrical conductivity 

Electrical conductivity (Richards, 1969) and soil pH (Rhoades, 1982) of the 

control soil were measured on a 1 : 1 soil water paste. Samples from the growth 

chamber experiment were also analyzed using a 1: 1 soil to water paste made with de

ionized water. For pH measurement the electrodes were inserted into the paste, and 

pH was read immediately on a standardized pH meter. Then, the paste was 

transferred onto Whatman No. 42 filter paper in a Buchner funnel and filtered under 

vacuum into a test tube. Electrical conductivity was determined on the soil extract 

using an electrical conductivity meter. For SAR (Sodium Absorption Ratio) 

determination the soluble Mg, Ca, and Na ions were analyzed on the same soil 

extract using a Perkin Elmer 31 00 Atomic Absorption spectrometer. The SAR was 

calculated using the formula. 

SAR = Na+/ ...J [( Ca++ + Mg++)/2] 

Where the ion concentration is expressed in milliequivalents per liter (Richards, 

1969). 

3.5.4 Total, inorganic and organic carbon 

Total carbon and nitrogen on growth chamber soil samples was measured 

using a LECO CNS 2000 combustion analyzer. A 0.20-0.25 g sample was weighed 

and the weight entered into the system's computer. The sample was then placed in a 

combustion boat and inserted into the combustion chamber set at 1300 °C. 

Combustion gases exit the furnace and pass through an anhydrone tube and filter, to 

27 



remove water and particles. The gases then entered a ballast tank to equilibrate and 

were released to an infrared cell and C02 detected by an infrared detector (I.R.). The 

gases were then released from the I.R detector and passed into an aliquot loop and 

helium swept the sample gas into a catalyst heater, where the nitrogen oxides are 

converted into N2. The N2 and the carrier gas (helium) were passed through the 

thermal conductivity cell for N detection. 

Inorganic carbon (soil carbonate) was measured by acid digestion and two 

end-point titration (Tiessen et al., 1983). This method involved using an adsorption 

tower (Fig. 3.1). To reduce the danger of oxidative C02 evolution from organic 

matter in the sample a stream of nitrogen (technical grade) which passed through an 

ascarite absorption tube (2) was used to facilitate the movement of evolved carbon 

dioxide through the system. The nitrogen flow was kept at 60 ml· min-1 with flow 

valve (3) and the gas pressure adjusted to maintain only about 200 ml· min-1 with 

the valve (3) open. In the procedure 0.3- 0.5 g of air-dried; 100 mesh ground soil was 

placed into the digestion flask (6), and 10 ml of 6 N HCl was added from the 

separatory funnel (5). The nitrogen stream removed the evolved carbon dioxide from 

the digestion flask (5,6) to the absorption tower (9,10) which contained 25 ml of a 

0.15 N NaOH, where the evolved C02 is trapped by sodium hydroxide. The pH of 

the solution was reduced to 11 by the addition of 2N HCl and then carefully adjusted 

to 8.3. 
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1) Nitrogen cylinder 
2) Anhydrone tube 
3) Needle valve 
4) Flow meter 
5) 50 ml separatory 
funnel 

1 

6) 50 ml flask 
7) Microburner 
8) 3- way valve 
9) 50 ml spoutless beaker 
1 0) NaOH Absorption 

7 

Fig. 3.1 Carbonate digestion flask (Tiessen, et al., 1983) 

3 8 

6 
9 

The solution was then titrated with 0.1 N HCl to the pH 3.7, between pH 8.3 and 3.7 

each carbonic anion combines with one H+ and the amount of carbonate is given by 

the formula mg C = ml 0.1 N HCl x 1.2. Organic carbon was obtained by subtracting 

inorganic carbon values from the total carbon values. 

3.5.5 C02 Measurements 

The amounts of C02 evolved from the soil in the respiration experiment were 

measured periodically using a Fisher Hamilton Model 29 gas partitioner (gas 

chromatograph) equipped with a dual-column, dual-detector chromatographic 

system. Helium (He) was used as carrier gas and its flow rate was kept at 40-ml 
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Subsequently, a 1 ml sub-sample was taken from each jar by gas-tight 

syringe and injected into the GC. The carrier gas passed through the injector and 

flushed the sample gas directly onto the column. The sample gas is adsorbed at the 

head of the column by the stationary phase and then divided itself between the 

moving-gas and the stationary phase; this process occurred repeatedly as the sample 

moved through the column towards the outlet. Each component would travel through 

the column at its own rate, forming a vapor-phase band. The separated vapor-phase 

bands were eluted, one after the other, in increasing order of their partition 

coefficients and entered the detector attached to the column outlet. The detector 

sensed the individual components of the sample gas and produced a signal 

proportional to the concentration of each component. The reading obtained from the 

GC showed percent C02. The C02 concentration was then converted to microgram 

C02-C by using the ideal gas law and assuming constant temperature and pressure. 

3.5.6 2 M KCl Extractable N03, NH4, S04; available phosphate 

The residual amounts of N 03, NH4, S04 in the soil samples from the 

respiration experiment were extracted using 2 M KCl extraction (Bremmer 1965). 

Ten grams of air-dried soil samples were placed in wide-mouth bottles and 100 ml of 

2M KCl was added. The bottles were then stoppered and shaken on a mechanical 

shaker for 1 hour. The soil-KCl suspension was filtered through Whatman No. 42 

filter paper and the filtrate was analyzed by Technicon Autoanalyzer II for N03, 

NH4, and with Inductively Coupled Plasma (ARL 3140) for sulfate (S04-) . The 

extractable (available) inorganic phosphate was measured after extraction with 
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ammonium acetate, ammonium fluoride solution (Qian et al., 1994). 

3.6 Statistical Analysis 

The data from the growth chamber experiment were analyzed using a 

balanced ANOV A. The experimental design of the growth chamber experiment was 

a two-way treatment design in a one-way experimental design. The experimental 

design for the incubation experiment was a completely randomized design. 

Comparisons between treatments were performed using LSD (P<0.05) when 

significant differences were observed. A one way ANOV A was performed for data 

from the respiration experiment. All of the above statistical analyses were done using 

the program MINIT ABtm Release 11.13 1996 for Windows (Mini tab Inc., 

Pennsylvania, USA). 
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CHAPTER: 4 RESULTS AND DISCUSSION 

4.1 Influence of Amendments on Nutrient Availability and Plant Growth 

4.1.1 Influence of Amendments on Nutrients Availability 

To study the effect of soil amendments on nutrient bio-availability in soil, 

measurements of potential nutrient supply rate were made two times during the 

experiment: 

1) two weeks after amendment and 

2) eight weeks after amendment. 

4.1.1.1 Nitrogen supply 

Nitrogen availability in soil was assessed by measuring both nitrate and 

ammonium supply rate. Ammonium supply rates were very low in all treatments and 

there was no significant difference between treatments (Appendix. C). The low 

ammonium concentrations found reflect the high nitrification (conversion of 

ammonium to nitrate) rates typical of well drained, neutral soils on the Canadian 

prairies (Campbell, 1978). 

The nitrate supply rates for both measurement times are shown in Fig 4.1. 

The nitrate supply rate was significantly (p<0.05) higher in urea and in manure

amended soil than in unamended for the controls and sludge treatments. At all levels 

of sludge addition, urea-amended soil had higher nitrate supply rates than manure

amended and sludge only treated soil. The higher nitrate supply rates in urea

amended soil were consistent with the higher plant · nitrogen 
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uptake and higher plant yield see section ( 4.1.2). 
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Fig. 4.1 Nitrate supply rates in unseeded pots at: A) two weeks after amendments. 
B) eight weeks after amendments. Nitrate supply rate expressed in 
J.tg N03-N·l Ocm-2·2weeks-1

• Error bars are S.D, n = 4. 

In all treatments and for both measurement times, the nitrate supply rates 

were found to decrease with increasing sludge additions. This decrease was most 
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pronounced in sludge only treatments. The nitrate supply rate in the urea-amended 

soil was highest and showed the least decline with increasing rates of sludge 

addition. 

In the urea-amended soil, there was no significant difference in nitrate supply 

rate at the 0.5% and 1% level of sludge addition as compared to the control, but there 

was a significant decline at the 2% addition. The larger nitrate supply rate in the 

urea-amended soil than the manure-amended soil can be attributed to the fact that 

some of the nitrogen in the manure is in organic form and was not readily 

mineralized to ammonium and nitrate (See Appendix D). Only 20-30o/o of the 

organic N in swine manure is normally converted to ammonium and nitrates within 

one growing season (Schoenau et al., 1999). Another explanation for the lower 

nitrate supply rates is that manure contains water soluble or readily mineralized C 

like volatile fatty acids (including acetic, propionic and butyric) which are known to 

promote denitrification (Burford and Bremner, 1975; Stanford et al., 1975; Reddy et 

al., 1982; Paul and Beauchamp, 1989). The reduction in nitrate supply rate with 

increasing sludge addition may be due to microbial immobilization resulting from 

the use of carbon materials present in sludge for microbial cell production and 

increase in the microbial demand for nitrogen. Many researchers have reported large 

increases in microbial populations and activity following oil or oily waste addition to 

soil (Jenson, 1975; Lianos and Kjoller., 1976; Pinholt et al., 1979; Salih et al., 1985; 

Pritchard, 1991 ; Biederbeck et al., 1994 ). 

4.1.1.2 Phosphate supply 
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Fig. 4.2 Phosphate supply rate in unseeded pots at: A) two weeks after amendments. 
B) eight weeks after amendments. Phosphate supply rate expressed in 
J..Lg P04-P·lO cm-2·2weeks-1

• Error bars are S.D, n = 4 

The statistical analysis of the phosphate supply rate measurements indicates a 

highly significant difference (p<0.05) between phosphate supply in sludge plus urea 
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and sludge plus manure when compared with sludge only treated soil (Fig 4.2). 

The sludge only treated soil had the highest phosphate supply rate and 

showed no significant difference in phosphate supply rate between the different 

levels of sludge addition. The higher phosphate supply rate in the soil amended only 

with sludge as compared to soil amended also with manure and urea is possibly the 

result of phosphate adsorption by soil constituents due to urea and manure addition 

or more likely the result of microbial immobilization of phosphorus in response to 

increased microbial growth induced by fertilization with nitrogen see section (4.3.1). 

The slightly lower phosphate supply rate in urea-amended soil as compared to 

manure-amended soil could reflect a contribution of phosphate from the hog manure, 

as many researchers have reported increases in available phosphorus due to manure 

application (Vivckanandan and Paul, 1990; Chang et al., 1991; Eghball and Power, 

1995). Eight weeks after amendments with urea and manure, the phosphate supply 

rates were occasionally higher in sludge-treated soil than in the control. This increase 

was most pronounced in the manure-amended soil and may be related to the 

remineralization of previously immobilized phosphorus. 

4.1.1.3 Sulfate supply 

In all treatments and at both measurement times, there was a highly 

significant increase in sulfate supply rate with increasing sludge additions. The 

highest sulfate supply rate was found for the 2% level of sludge addition in soil 

fertilized with manure. A large effect of the sludge on increasing sulfate supply was 

expected because the oily waste sludge had a high sulfur content (See Table 3.2) and 

the manure was also likely to contribute some sulfate. 
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Fig. 4.3 Sulfate supply rate in unseeded pots at: A) two weeks after amendments. 
B) eight weeks after amendments. Sulfate supply rate expressed in 

Jlg S04-S·l 0 cm-2·2weeks-1
. Error bars are S.D, n = 4 
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Biederbeck et al. (1993) observed a large increase in bicarbonate extractable 

sulphate in Meota loamy sand one year after oily sludge application in a field 

experiment southeast of Maidstone, Saskatchewan. The lower sulfate supply rate in 

urea-amended soil than in the manure and sludge alone amended soil could also 

reflect some microbial immobilization associated with increased availability of 

nitrogen. 

4.1.2 Oat plant growth and yield 

Both growth rate and color of the oat plants were noticeably affected by the 

treatments imposed. Plants grown in urea fertilized soil were of dark green color 

while the coloration of the oat plants in manured soil, and sludge only soil were of 

lighter green color with the older leaves already turning yellow (Photo 4.1 ). Kernel 

size of plants in sludge alone-amended soil was small and their number per plant was 

reduced. These symptoms are typical of nitrogen deficiency (Tisdale et al. 1985). At 

the end of the experiment (i.e. after 64 days) the height of oat plants (Photo 4.2, 4.3, 

4.4) was significantly lower in manure and sludge only amended soil as compared to 

urea ferti.lized soil at all sludge rates. 

The effect of the amendment on above ground dry matter yield of oat plants 

is shown in Table 4.1. Without sludge yield was highest in the urea-fertilized soil, 

followed by the manured soil with the least yield in the unfertilized soil. Yield 

response to urea and manure is related to the high N deficiency in the sandy soil and 

the effect of the urea and manure on increasing N availability as shown in the 

nutrients supply rate data for the control. 
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Photo 4.1 Oat Growth and coloration at 2% sludge level in (u) unfertilized, (m)manure 
and (f) urea fertilized soil at 21 days after seeding . 

Photo 4.2 Oat height of unfertilized soil after 0, 0.5, l and 2% sludge addition 
(left to right) at 64 days after seeding. 
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Photo 4.3 Oat height of manure fertilized soil after 0, 0.5, 1 and 2% sludge addition 
(left to right) at 64 days after seeding. 

Photo 4.4 Oat height of urea fertilized soil after 0, 0.5, 1 and 2% sludge addition (left to 
right) at 64 days after seeding. 
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Table 4.1 The effect of amendment on oat plant dry matter yield (grain and straw). 
Sludge Amendments 
(%) Sludge alone Sludge with urea Sludge with manure 

Grain Straw Grain Straw Grain Straw 

0.0 0.64 1.32 3.37 6.18 2.29 4.94 
0.5 0.37 0.93 2.51 5.96 1.38 2.91 
1 0.21 0.59 2.86 5.82 0.82 1.68 
2 0.09 0.46 2.65 4.38 0.63 1.36 

LSD 0.32 0.54 
The LSD (p< 0.05) is valid for comparing means of any two treatments (grain or 

straw). Values are means of four replicates. 

The dry matter yields of sludge alone and sludge plus manure amended soil 

decreased greatly with increasing sludge rates when compared to the yield of the 

respective controls. The yield reduction increased with increasing level of sludge 

addition; in manured soil varying from 40% dry matter yield reduction at 0.5% 

sludge to 72% at 2% sludge and in sludge only amended soil from a 33% reduction 

at 0.5% sludge to 72% at 2o/o sludge. In urea amended soil there was no significant 

difference in straw yield at 0.5o/o and 1% sludge rate when compared with control, 

but there was a significant straw yield reduction at the 2o/o sludge level. Grain yield 

was slightly but significantly reduced in the urea plus sludge treatments compared to 

the urea no sludge control. 

These results indicate a beneficial effect of fertilization on plant growth and 

yield in oiled soil and they are in agreement with other researchers who found 

increased in plant growth and yield in oiled soil after fertilization (Giddens, 1976; 

Toogood et. al. 1977; Mitchell et al., 1979; Salanitro et al., 1997). The higher dry 

matter yield in urea fertilized soil than manure and sludge alone amended soil may in 

part be due to the increased bio-availability of nitrogen in these pots resulting from 
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the addition of urea (Fig 4.1). 

4.1.3 Plant nutrient concentration and uptake 

4.1.3.1 Macronutrients 

Five macronutrients (N, P, K, Ca and Mg) in plant tissue were measured. The 

effects of amendments on plant macronutrient uptake and tissue (straw and grain) 

concentrations are shown in Tables 4.2 and 4.3. Total N, P, K, Ca and Mg plant 

uptake (Table 4.2) was affected by the type of fertilization (manure and urea) and the 

level of sludge added. Except for phosphorus uptake, the urea-fertilized soil had 

higher plant uptake of macronutrients at all levels of added sludge than manure and 

sludge alone-amended soils. This was probably due to increases in grain and straw 

yield (Table 4.1) and greater demand for other nutrients in response to the added 

nitrogen. Oat plants grown in manure-amended soil had slightly but not significantly 

higher phosphorus uptake than in urea fertilized soil. This is consistent with the 

phosphate supply rate data discussed in the previous section and may be the result of 

the contribution of additional phosphorus from the applied hog manure (see 

Appendix B). 

There was a significant effect of sludge addition to reduce N, P, K, Ca and 

Mg plant uptake in sludge only-amended soil. There was also a reduction in nutrient 

uptake in sludge plus manure and in sludge plus urea with sludge addition but the 

reductions were not as severe, especially in the sludge plus urea treatments. The 

presence of additional N from urea and from manure would help sustain plant growth 

and nutrient uptake in the presence of sludge. This is consistent with the effects of 

amendments on soil nutrient supply rates as discussed previously. 
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Table 4.2. The effect of amendments on macronutrient plant uptake. 
Sludge Amendments 
(%) Sludge only Sludge with urea Sludge with manure 

-----------------------Total N uptake (mg N·5 plants-1
)-------------------

0.0 12.8 51.9 29.3 
0.5 9.9 40.0 20.8 
1 7.5 42.7 13.6 
2 3.1 36.1 9.8 

LSD 5.1 
------------------------Total P uptake (mg P·5 plants-)---------------------

0.0 11.9 13.3 14.1 
0.5 9.7 13.0 13.6 
1 1.5 12.1 12.4 
2 4.0 9.9 8.1 

LSD 1.9 
-------------------------------Total K uptake (mg K·5 plants- )-------------------

0.0 51.4 190 163.7 
0.5 40.6 178 101.5 

1 27.3 192 75.7 
2 14.0 126 48.7 

LSD 38.4 
------------------------Total Ca uptake (mg Ca·5 plants-)---------------

0.0 6.1 30.5 12.3 
0.5 5.7 22.7 9.1 
1 4.5 28.8 9.2 
2 2.9 18.9 5.3 

LSD 6.3 
-----------------------------Total Mg uptake (mg Mg·5 plants- )---------------

0.0 4.3 21.2 9.9 
0.5 3.3 13.3 6.9 
1 2.4 16.1 5.6 
2 1.3 9.2 2.8 

LSD 2.5 
The LSD (p<0.05) is valid for comparing means of any two treatments. Values are 
means of four replicates. 
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Table 4.3 The effect of amendments on macronutrient concentrations in oat grain 
and straw. 

Sludge 
( o/o) 

Amendments 
Sludge only Sludge with urea Sludge with manure 

0.0 
0.5 
1 
2 
LSD 

-------------------------------------Nitrogen %-------------------------------------
Grain Straw Grain Straw Grain Straw 
1.31 0.34 1.18 0.19 0.96 0.14 
1.53 0.51 1.08 0.21 1.10 0.19 
1.48 0.77 1.09 0.19 1.17 0.24 
0.94 0.48 1.04 0.18 1.11 0.19 
0.17 0.12 

----------------------------------Phosphorous %-------------------------------------
Grain Straw Grain Straw Grain Straw 

0.0 0.40 0. 72 0.30 0.04 0.31 0.13 
0.5 0.46 0.90 0.29 0.09 0.34 0.31 
1 0.51 1.00 0.30 0.05 0.38 0.55 
2 0.42 0.75 0.30 0.04 0.36 0.42 
LSD 0.05 0.12 

------------------------------------------Potassium %--------------------------------------
Grain Straw Grain Straw Grain Straw 

0.0 0.83 3.53 0.55 2.78 0.65 3.00 
0.5 0.68 4.14 0.70 2.69 0.69 3.17 
1 0. 76 4.27 0.65 2.98 0. 72 4.17 
2 0.47 2.89 0.56 2.39 0.60 3.34 
LSD 0.18 1.25 

---------------------------------------<:alcium %--------------------------------------
Grain Straw Grain Straw Grain Straw 

0.0 0.11 0.42 0.17 0.40 0.11 0.20 
0.5 0.12 0.60 0.13 0.32 0.10 0.27 
1 0.16 0.70 0.13 0.43 0.12 0.50 
2 0.21 0.57 0.11 0.34 0.13 0.33 
LSD 0.06 0.20 
------------------------------------Magnesium %-------------------------------------

Grain Straw Grain Straw Grain Straw 
0.0 0.18 0.23 0.18 0.24 0.16 0.12 
0.5 0.19 0.30 0.16 0.15 0.17 0.15 
1 0.22 0.31 0.17 0.19 0.19 0.24 
2 0.20 0.21 0.14 0.11 0.14 0.15 
LSD NS 0.07 

The LSD (p<0.05) is valid for comparing means (grain or straw) of any two 
treatments. Values are means of four replicates. 

In contrast to plant nutrient uptake, oat grown in sludge only amended soil 

was found to have higher N, P and K tissue concentrations than sludge plus urea and 
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manure amended soil (Table 4.3). This seemingly contradictory result is attributed to 

the dilution effect reducing concentration in the tissue due to increased plant biomass 

yield in the latter two treatments; and also for an additional contribution of N later in 

the experiment due to the gradual increase in free living N 2 fixing microorganisms 

that has been reported to occur during oil decomposition (Jenson, 1975; Bossert and 

Bartha, 1984; Amadi et al., 1994). Increases in total nitrogen content of the soil after 

harvest (Table 4.4) with added sludge with urea and manure amendments may be 

partly related to this process. Biederbeck et al. ( 1993) have observed a similar 

phenomenon when wheat was grown on Meota loamy sand one year after oily sludge 

application in a field experiment southeast of Maidstone, Saskatchewan. 

Table 4.4 The effect of amendments on residual total soil nitrogen after harvest. 
Sludge Amendments 
( o/o ) Sludge alone Sludge with urea Sludge with manure 

-----------------------------Total Nitrogen mg. Kg -I soil-----------------------

0.0 
0.5 
1 
2 

LSD 

567 
550 
533 
531 
81 

424 
476 
514 
615 

537 
497 
465 
600 

The LSD (p< 0.05) is valid for comparing means of any two treatments. Values are 

means of four replicates. 

Oily waste sludge had no significant effect on the nitrogen content of oat 

plants in urea-and manure-fertilized soil. In contrast, the nitrogen content of oat 

plants grown in sludge only amended soil significantly increased with the low and 

intermediate level of sludge addition (Table 4.3). Oat in sludge only amended soil 

had higher phosphorus content as compared to urea -and manure fertilized soil, which 

is consistent with higher phosphate supply rates (See Fig. 4.2). The straw P content 
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of the urea-fertilized oat plants of at all sludge levels, were below the critical 

concentration of 0.15 % generalized for different cereal plant species (Benton Jones, 

1998) and there was probably some degree of P deficiency in these plants. The K 

content followed a similar pattern to P, but straw K concentration in all treatments 

were above the critical concentration of 1.5% (Benton Jones, 1998). This suggests 

that the Hatton soil at Richmound site has adequate levels of available K for 

optimum oat growth, and application of sludge to this soil will not cause a deficiency 

in providing K to cereals. 

Oat straw and grain Ca concentrations in manure amended soil without 

sludge were significantly lower than in urea and sludge alone amended soil, which 

suggests that manure might have a negative impact on Ca uptake. This could be the 

result of competition by K+, added as manure for root absorption sites since the plant 

tissues contained a high level of K+ (Table 4.3). The Ca plant (straw and grain) 

concentration in sludge alone and sludge with manure amended soil significantly 

increased with the level of sludge added, but the increase in urea fertilized soil was 

not significant. This might be a result of dilution effect due the increased biomass 

yield in urea fertilized soil and due to cation leaching stimulated by H+ production 

and decrease of soil pH. Straw Ca concentration in all the treatments except the 0.5 

% sludge level and the control in the manure amended soil were above the 

sufficiency range of 0.3 % for most crops. 

Magnesium followed a similar pattern to Ca but straw Mg concentrations 

in all treatments, except sludge only at 0.5 and at 1.0 % sludge, were below the 

sufficiency concentration of 0.25 % for most species (Benton Jones, 1998). Again, 
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this might be the result of the competition from other cations, such as K+in the root 

medium. 

4.1.3.2 Micro-nutrients 

The micronutrient (Fe, Mn, Zn and Cu) concentrations were also analyzed 

separately for the grain and straw and the effects of amendments on micronutrient 

uptake and tissue concentrations are shown in Tables 4.5 and 4.6. Boron was also 

measured but the results were suspect because B can be lost during wet acid 

digestion (Mortvedt et al., 1991 ). The statistical analysis shows highly significant 

differences in total micronutrient uptake between amendments (Table 4.5). Urea 

fertilized, followed by manure-amended soil resulted in higher plant uptake of 

micronutrients than sludge only amended soil for all levels of sludge addition. 

Higher micronutrient uptake in fertilizer plus sludge-amended soil 1s 

attributed to stimulation of plant growth and demand for other nutrients by the 

macronutrients contained in the urea and the manure. The manure-amended control 

had higher Mn plant uptake than the urea-amended control. This could reflect 

contribution of some Mn from the manure. The Mn plant uptake was significantly 

reduced at the 2 % sludge addition for all amendments. This could be a result of a 

nutrient imbalance or reduced nutrient availability to the plant induced by microbial 

immobilization. Plants grown in sludge only amended soil took up about 9 times less 

copper than in sludge plus urea and 5 times less than in sludge plus manure soil 

(Table 4.5). 
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Table 4.5 The effect of amendments on micronutrient uptake by oats. 
Sludge Amendments 
( o/o ) Sludge alone Sludge with urea Sludge with manure 

---------------------------Total Iron uptake (J.lg Fe ·5 plants-1
)------------------

0.0 
0.5 
1 
2 

50 
58 
36 
26 

LSD 127 

776 
547 
522 
464 

553 
310 
203 
137 

---------------------Total Mn uptake (l+g Mn·5 plants-1
)------------

0.0 
0.5 
1 
2 

147 
84 
74 
38 

165 
176 
162 
86 

245 
164 
145 
86 

LSD 38 

0.0 
0.5 
1 
2 

--------------------Total Zn uptake (J.lg Zn·5 plants-1
) -------------

33 
26 
20 
10 

98 
86 
87 
50 

55 
46 
47 
27 

LSD 25 
----------------------Total Copper uptake (J..lg Cu·5 plants-1

)----------------

0.0 7.6 63.3 42.0 
0.5 5.6 47.1 26.2 
1 3.4 55.8 14.7 
2 1.4 36.5 10.4 
LSD 9.0 

The LSD (p< 0.05) is valid for comparing means of any two treatments. Values 
are means of four replicates. 

As with nitrogen, manganese and zinc concentrations (Table 4.6) in grain and 

straw of oat plants grown in sludge only amended soil, were found to be higher than 

in urea-and manure-amended soil. The higher Mn and Zn concentrations in plant 

tissue of oat plants grown in sludge only amended soil may be due to an increase in 

soluble forms of Mn and Zn resulted from enhanced microbial activity due ~o sludge 

addition as well as concentration in tissue due to reduced plant growth. An increase 
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in microbial activity can produce an anaerobic microenvironment due to microbial 

respiration and C02 production. As the level of 02 decreases, microorganisms start 

to utilize oxygen and reduce the oxidized forms of Mn to form soluble and available 

forms of Mn. This action is similar to the effect of addition of organic matter to the 

soil in enhancing the Mn availability observed by Meek et al., (1968). Oat plants 

have a high requirement for Mn and the straw concentration was within the normal 

range (Mengel and Kirby, 1987). 

The increase in plant Fe concentration in urea-and manure-amended soil over 

the sludge only amended soil could be a result of the decrease in soil pH resulting 

from urea and manure addition. Romheld & Marschner ( 1986) found that the 

concentration ofF e + 
3 in soil increased from 1 o-20 to 1 o-8 M as pH decreased from 8 to 

4. Sludge additions tended to increase the plant Fe content in sludge only amended 

soil, which suggests that sludge may have a positive impact on providing Fe to the 

plants grown in these treatments. 

The straw Zn concentrations in urea-fertilized and manured soil were all 

below the critical concentration of lSJ.lg·g-1 specified for oats (Benton Jones, 1998). 

This might be a result of zinc adsorption by carbonates (Udo et al., 1975), 

precipitation of zinc hydroxides or carbonates (Singh and Sekhon, 1977), or 

formation of insoluble calcium zincate (Sharpless et al., 1969). Calcareous and 

alkaline soils with high pH have been noted for their Zn deficiencies. The pH of the 

soil used in the present study is about 7. 7 and is sandy and eroded, with exposed 

calcium carbonate-rich subsoil as indicated by the presence of significant amounts of 

inorganic carbon (see table 3.1 ), which means that Zn fertility could potentially be an 
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issue in this soil. 

Table 4.6 The effect of amendments on micronutrient concentration of oat plants. 
Sludge Amendments 
( 

0/o ) Sludge alone Sludge with urea Sludge with manure 
-----------------------------------Iron (J..Lg.g-1 

)--------------------------------

Grain Straw Grain Straw Grain Straw 
0.0 13 33 185 25 169 33 
0.5 34 44 157 26 157 33 
1 15 56 151 17 184 30 
2 8 54 140 22 1 7 4 21 
LSD 51 35 

-----------------------------Manganese (J..Lg.g-1
)-----------------------

Grain Straw Grain Straw Grain Straw 
0.0 63 81 32 10 44 29 
0.5 51 77 32 16 45 35 
1 70 105 34 11 56 60 
2 7 4 68 24 5 51 40 

LSD 22 21 

------------------------------------~inc (J..Lg·g-1
) ---------------------------------

Grain Straw Grain Straw Grain Straw 
0.0 28 11 21 4.6 17 3 
0.5 34 14 23 4.7 19 7 
1 39 19 18 5.5 33 12 
2 42 12 15 2.3 28 7 

LSD 12 6.5 
---------------------------------------Copper (gg·g -1) --------------------------

Grain Straw Grain Straw Grain Straw 
0.0 3.8 4.0 12.8 3.2 12.5 2.8 
0.5 4.2 4.1 11.8 2.9 12.4 3.2 
1 3.7 3.8 12.5 3.3 12.5 2.7 
2 3.2 2.4 10.8 1.7 10.7 2.6 

LSD 1.7 NS 
The LSD (p<0.05) is valid for comparing means (grain or straw) of any two 
treatments. Values are means of four replicates. 

Plants grown in urea-and in manure amended soil were able to accumulate 

three times higher copper concentration in their grain than oats grown in sludge only 

amended soil. This implies that there may have been an increase in plant available 

Cu associated with the application of urea and manure as was noted for Fe. This may 

be the result of urea and manure lowering soil pH and therefore increasing the 
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solubility of Cu in soil solution (McBride and Bouldin, 1984; Kerven at el., 1984). 

Another possible explanation is that N deficiency interfered with translocation of Cu 

to the grain. The straw Cu content in all the treatments except 2% sludge urea 

amended were within the reported sufficient Cu concentration for oat growth of 2.3 

f.Lg·g-1 (Adriano, 1986). 

The distribution of some immobile nutrients such as iron and copper and 

cadmium in plant tissue could confirm that the high N content in oat grown in sludge 

only amended soil was possibly accumulated during the later stage of plant growth 

probably through N fixing mechanisms. Fe, Cu and Cd are highly immobile nutrients 

and their translocation to the top (grain) depends on the growth rate of the plant 

which is governed by adequate supply of other essential mobile nutrients such as N, 

P and K. The initial P and K content of this soil is moderate, so the application of 

urea and manure as source of nitrogen helped sustain the growth rate and increased 

the accumulation of Fe, Cu and Cd in the grain. This did not happen in sludge alone 

amended soil due to the severe initial N deficiency, which may lead to the conclusion 

that the high tissue N content of sludge only amended soil resulted from 

accumulation during the later stages of plant growth possibly through N fixing 

microorganisms. 

4.1.3.3 Trace metals 

Two heavy metals, Cd and Pb are of environmental concern in Canadian 

agricultural crops and were analyzed in plant tissue. Addition of urea and manure 

significantly increased crops Cd uptake (Table 4. 7) when compared to unfertilized 

control. This increase in crop Cd uptake suggests that there may have been an 
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increase in available Cd following the application of urea or manure. Again, this may 

be due to urea and manure lowering the pH of the soil and thereby increasing the 

solubility of solid phases of Cd such as carbonates, hydroxides and phosphates. 

Many researchers (Matt et al., 1972; Street et al., 1978; Krishnamurti et al., 1995) 

have found increase in Cd availability and uptake after fertilization. Krishnamurti et 

al. ( 1995) working with Luseland soil from Saskatchewan reported an increase in 

NH4Cl extractable Cd from 97 J.Lg·kg-1 soil in unfertilized control soil having a pH of 

7.75 to 152 J.Lg·kg-1 soil in N+P fertilized soil with a pH of7.38. 

Table 4. 7 The effect of amendments on cadmium and lead uptake by oats. 
Sludge Amendments 
( o/o ) Sludge alone Sludge with urea Sludge with manure 

------------------------Total Cadmium uptake (Jlg Cd ·5 plants-1
)--------------

0.0 0.02 3.99 2.00 
0.5 0.18 2.81 1.02 
1 0.02 1.92 0.48 
2 0.04 1.14 0.28 

LSD 1.82 
Total Lead uptake (Jlg Pb ·5 plants-1

)----------

0.0 0.72 0.96 0.88 
0.5 0.54 0.19 0.69 
1 0.26 0.29 0.22 
2 0.37 2.43 0.55 
LSD NS 

The LSD (p<0.05) is valid for comparing means of any two treatments. Values are 
means of four replicates. 

Interestingly, crop uptake of Cd significantly (p< 0.05) decreased with 

increasing levels of sludge addition in all amendments. This suggests that sludge had 

a negative impact on Cd availability. This may be due to sorption or complexation of 

Cd with organic compounds in the sludge such as humic type substances through ion 

exchange. Similar to our results, Street et al., (1977) reported that Cd added with 
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sewage sludge was less available to com seedlings than when added as inorganic Cd 

salt alone. White and Chaney (1980) comparing two soils, obtained higher binding 

with an organic matter-rich soil (3.8 % organic matter; cation exchange capacity of 

16 meq·100g-1
) than with a soil with lower organic matter content (1.2 % organic 

matter; CEC of 5.4 meq·1 OOg-1
). 

Table 4.8 The effect of amendments on Cadimum and Lead content of oat grain and 
straw. 
Sludge Amendments 
( o/o ) Sludge alone Sludge with urea Sludge with manure 

---------------------------------------Cadmium (gg·g-1
) ------------------------------

Grain Straw Grain Straw Grain Straw 
0.0 0.03 0.00 0.59 0.31 0.74 0.07 
0.5 0.00 0.22 0.37 0.30 0.74 0.00 
1 0.06 0.02 0.23 0.22 0.59 0.00 
2 0.29 0.03 0.30 0.07 0.44 0.00 

LSD 0.59 0.31 
----------------------------------------Lead (flg·g -1 

)-----------------------------------

Grain Straw Grain Straw Grain Straw 
0.0 0.42 0.31 0.00 0.16 0.38 0.00 
0.5 0.33 0.44 0.07 0.00 0.00 0.22 
1 0.97 0.13 0.15 0.15 0.07 0.08 
2 1.33 0.54 0.15 0.45 0.08 0.37 
LSD 0.59 NS 
The LSD (p<O.OS) is valid for comparing means (grain or straw) of any two 
treatments. Values are means of four replicates. 

The statistical analysis shows no significant effect of sludge or fertilization 

on the total lead crop uptake. However, the lead grain concentration (Table 4.8) 

significantly increased with the level of sludge added in sludge alone-amended soil. 

Similarly, grain Cd concentration increased with increasing rate of sludge alone, 

although the increase was not significant at p< 0.05. Increase in grain Cd and Pb 

concentration with increasing rate of sludge alone was likely the result of 

concentration effects due to the effect of sludge on reducing N availability and plant 
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growth. 

4.2 Influence of Amendments on Soil Properties 

4.2.1 pH, SAR and soil salinity 

Soil physical properties were measured at the end of the experiment after 

harvest of the oats. The final pH of the soil was slightly but significantly affected by 

the type of amendments imposed (Table 4.9). Sludge had generally no significant 

effect on soil pH in manure-amended soil but soil pH decreased slightly with 

increasing sludge level in sludge only-amended soil. The slightly lower pH in urea 

fertilized soil and manure amended than the unfertilized treatment soil is consistent 

with the production of H+ ions from oxidation of ammonium ions added in the 

manure and urea. 

(Adapted from Penny and Henry, 1976) 

Table 4.9 The effect of amendments on EH, SAR and soil saliniti: (EC). 
Sludge Amendments 
( o/o) Sludge alone Sludge with urea Sludge with manure 

pH EC SAR pH EC SAR pH EC 
{ds/m} {ds/m} {ds/m} 

0.0 8.15 0.24 0.53 7.93 0.33 0.56 8.07 0.30 

0.5 8.15 0.26 0.55 7.97 0.30 0.57 8.09 0.31 

1 8.08 0.28 0.49 8.05 0.29 0.59 8.07 0.34 

2 7.91 0.31 0.53 7.97 0.32 0.60 7.99 0.36 

LSD 0.09 0.04 0.13 
The LSD (p<0.05) is valid for comparing means (pH, EC or SAR) of any two 
treatments. Values are means of four replicates. 

SAR 

0.82 

0.72 

0.74 

0.75 

Many researchers (Mundel and Krell, 1978; Singh et al., 1980; King et al., 

1990) have found decreases in soil pH after N application. In an experiment by 
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Mundel and Krell ( 1978) carried out over a 17 year period on an alluvial meadow 

soil with a low H+ buffer capacity, the pH of the soil fell from 7.0 to 5.0 in the soil of 

the high N treatments. 

The soil salinity as measured by electrical conductivity was only slightly 

affected by the type of amendments. Manure-amended soil at the high rate of added 

sludge had the highest electrical conductivity (Table 4.9). The slightly higher salinity 

level in manure-amended soil and urea-amended soil reflects the salt effect of the 

fertilizer as well as a small contribution of soluble salts from the hog manure. Many 

researchers have seen increases in soluble salts with the addition of hog manure 

(Unger and Stewart, 1974; Singh et al., 1980; Chang et al., 1991). The slight increase 

in soil salinity with sludge addition is most likely the result of sulfate salts in the 

sludge. 

Manure-amended soil had slightly but significantly higher SAR than urea and 

sludge alone-amended soil. Sludge addition did not significantly affect SAR. Hog 

manure contains appreciable quantities of sodium, so the effect of manure on 

increasing SARis not surprising (Charles, 1999). Overall, the SAR and EC values in 

all treatments were low enough such that sodicity or salinity problem are not likely 

to be a factor restricting the oat growth. 

4.2.2 Soil organic carbon 

After harvesting the crop, the soil from the pots was analyzed for total and 

inorganic carbon. Soil organic carbon (SOC) was calculated by subtracting inorganic 

carbon from total carbon. The effects of amendments on SOC are shown in Table 

4.10. 
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Table 4.10 The effect of amendments on soil organic carbon after oat harvest. 
Sludge 
( o/o) 

0.0 
0.5 
1 
2 

LSD 

Sludge alone 
g C·kg-1 soil 

4.92 
5.54 
6.23 
7.78 

1.25 

Amendments 
Sludge with urea 

g C·kg-1 soil 

4.17 
5.03 
5.71 
7.31 

Sludge with manure 
g C·kg-1 soil 

4.83 
5.54 
5.44 
7.34 

The LSD (p< 0.05) is valid for comparing means of any two treatments. Values are 
means of four replicates. 

There were no significant differences in organic carbon among amendments 

at any given level of sludge added. There was no significant increase in organic 

carbon over the control at 0.5 % sludge level. Higher rates of sludge addition 

produced significant increases in soil organic carbon. As the sludge contains 31 o/o 

hydrocarbons, and assuming that 83% of the hydrocarbon are comprised of carbon, it 

is calculated that 1.28 g·kg-1 of organic carbon was applied at the 0.5 % sludge level. 

This amount of carbon is large enough to create a significant increase in OC of the 

soil at the higher rates of sludge addition. 

4.3 Respiration Experiment 

4.3.1 Effect of amendments on soil microbial activity 

Evolution of C02 from soil is an indicator of microbial activity and can be 

used to estimate the extent of substrate decomposition (Zibilske, 1994). Figure 4.4 

depicts cumulative carbon dioxide production profiles as compared to the respective 

control for a 34-day time period. 
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Fig. 4.4 C02 evolution from 2% sludge plus full rate ofN&P (2SFNP); 2% sludge 
unfertilized soil (2SUF); no sludge plus full rate of N&P (nSFNP) and no 
sludge unfertilized (nSUF). 

The initial C02 evolution was low and all treatments produced C02 at 

approximately the same rate at the first measurement taken at 2 days after treatments 

were imposed. After 6 days, no sludge-unfertilized soil had the lowest C02 

production and there was no change in the rate with time as shown by the constant 

slope of the line. This was expected since there was no organic carbon or nutrients 

added to stimulate microbial activity. Unfertilized sludge treated soil showed a 

similar trend with time as the respective control but the amount of C02 evolved was 

higher, indicating that sludge addition itself stimulated microbial activity due to its 

role as a source of carbon. 

There was an increase in microbial activity from eleven to twenty three days. 

The sludge plus full rate of N and P treatment had the highest cumulative C02 

production at 17 -day sampling time. This indicates that addition of nutrients at the 

full rate enhanced the microbial decomposition of sludge. Addition of N &P without 
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sludge also stimulated microbial activity. Amending the soil with nitrogen and 

phosphorus fertilizers were found by other researchers to increase the rate of oily 

waste conversion to humus (Dibble and Bartha, 1979). 

Table 4.11 The effect of treatments on C mineralization after 34 days of incubation. 
Treatments Amount of C mineralized after 34 Days 

( f:lg C02-C·g soil - 1 
) 

2% sludge unfertilized (2SUF) 385 

No sludge unfertilized (NSUF) 195 

2% sludge+ full rate ofN & P (2SFNP) 385 

No sludge+ full rate ofN & P (NSFNP) 329 

2% sludge+ urea 120f:lg·g soil (2SFN) 252 

No sludge+ urea 120flg·g soil (NSFN) 278 

2% sludge+ full rate ofN & Y2 P (2SFNP/2) 357 

No sludge+ full rate ofN& Y2 P (NSFNP/2) 403 

LSD 91 

The LSD (p< 0.05) is valid for comparing means of any two treatments. Values are 
means of four replicates. 

After 34-days, the addition of sludge alone resulted in as much cumulative 

C02 production as addition of sludge with N and P at full rate (Table 4.1 0). An 

explanation is that the readily degradable fraction in the sludge was converted to 

C02, but in fertilized soil a larger portion was converted to microbial biomass and 

ultimately to soil humus. Husemann and Moore (1994) reported an increase from 

430 mg·kg-1 to 4725 mg·kg-1 in polar non-hydrocarbon compounds after 22 weeks of 

biodegradation of crude oil contaminated soil. The authors attributed that to increase 

in cellular biomass citing constituents such as intercellular proteins, lipids, and 

carbohydrates. 

Sludge plus urea had lower cumulative C02 production than sludge plus full 
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rate of N and P and sludge plus full rate of N and Y2 P (Table 4.1 0). This suggests a 

possible limitation to biodegradation as a result of lack of sufficient indigenous P in 

the sandy soil. Other researchers have reported a higher amount of P was needed to 

accelerate the microbial biodegradation of sludge, and that soil testing for plant 

available P was not very useful in predicting the need for adding P (Chang et al., 

1996). 

About 5150 J.Lg C·g-1 soil was applied as sludge in sludge alone treated soil 

and 385 J.Lg C·g-1 soil was evolved as C02-C after 34 days incubation. Subtracting the 

carbon evolved as C02 from the respective control (195 J.Lg C·g-1
) gives 190 J.Lg C·g-1 

that can be attributed to the sludge. This represents about 3. 7 % of the added sludge 

C being mineralized and evolved as C02 for the 34-day incubation. In the case of 

sludge with full rate of N and P, the net increase over the respective control was 56 

!lg C·g-1 soil, amounting to about 1% of the added sludge-C. Fertilization stimulated 

microbial respiration as compared to the control (no sludge unfertilized). However 

with the sludge present the addition of the fertilizers did not stimulate additional C02 

evolution over the unfertilized sludge treatments. Combining fertilizer with sludge 

amendment is desirable from the standpoint of maximizing plant growth and 

photosynthetic C02 fixation (see section 4.1) and does not result in increased C02 

evolution over sludge without fertilizer addition, probably as a result of enhanced 

conversion of oil carbon to microbial biomass when fertilizer is added. 

Overall, the period of time (34 days) used to evaluate the extent of microbial 

activity and sludge degradation represents short term effects of amendment, and the 

effects of treatments over the longer term (months or years) could be much different 
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than observed here. Also one must keep in mind that the soil at the Richmound site is 

highly calcareous and could absorb some of the C02 evolved from oil biodegradation 

(Hinchee and Ong, 1992), so it may not be prudent to assume that the C02 evolution 

is related directly to oil degradation. A more accurate indication of substrate 

degradation, especially a complex one like oily waste, is obtained when respiration 

measurements are coupled with soil analysis for the residual amounts of substrate. 

4.3.2 Residual Inorganic Nutrients 

After the respiration experiment was terminated, the soils were air-dried and 

the residual amounts of inorganic N, Sand P were determined. The extractable N03, 

NH4, S04 and phosphate contents are shown in Table 4 .12. 

Table 4.12 Contents ofN03, NH4, extractable S04 and phosphate in soil at the end 
of incubation ex:eeriment. 

N03-N NH4-N Total S04-S P04-P 
Treatments J..lg·g1soil J..lg·g1soil Inorganic J..lg·g1soil J..lg·g1soil 

N 

2% sludge unfertilized 1.1 1.5 2.6 33 22 

No sludge unfertilized 7.5 2.5 10 16 25 

2o/o sludge+ full rate ofN & P 87 38 125 37 50 

No sludge+ full rate ofN & P 89 46 135 17 51 

2% sludge+ urea 120flg· g-1 soil 14 3 17 32 25 

No sludge+ urea 120flg· g-1 soil 47 0.7 48 19 24 

2% sludge+ full rate ofN & Y2 P 69 44 113 29 40 

No sludge+ full rate ofN& Y2 P 127 19 146 20 40 

LSD 39 26 18 6 1.9 
The LSD (p< 0.05) is valid for comparing means of any two treatments. Values are 
means of four replicates. 

As expected, unfertilized soil (with and without sludge) had significantly 

lower amounts of inorganic N and P than the treatments which received fertilizer. 
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There were significant increases in soil N03, NH4 and phosphate contents after 

fertilization. Many researchers have reported increased soil inorganic N levels 

following nitrogen fertilization (Mathers and Stewart, 1980; Paul and Beauchamp, 

1993). The highest levels of residual total inorganic N were observed at no sludge 

plus full rate of N and Y2 P treatment and no sludge plus full rate of N and P. The 

presence of sludge tended to reduce the inorganic N and P content of the soil at the 

end of the experiment. This is expected because the sludge will result in 

immobilization of inorganic nutrients as discussed in section 4.1. Extractable sulfate 

levels were increased by addition of sludge, consistent with the high S content of the 

sludge and the observed increase in soil sulfate supply rate in the growth chamber 

experiment. Even with the sludge added there was a significant amount of residual 

nitrogen in the sludge plus fertilizer treatments. It appears that the rate of fertilizer 

added was sufficient to provide enough nitrogen. to meet all microbial demands. 

Sludge addition resulted in higher residual sulfate levels owing to the sulfur 

compounds contained in the sludge. 
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CHAPTER 5: CONCLUSIONS 

Land application of oily wastes to marginal, nutrient deficient soils in 

Saskatchewan will be most successful from a plant growth standpoint if a 

supplement source of nutrients is added along with the oily sludge. Addition of urea 

or hog manure with the sludge resulted in significantly higher supplies of available 

soil nitrogen in a marginal, sandy soil from southwest Saskatchewan. This was a 

contributing factor to significantly higher yield of oat plants in these two fertilization 

treatments. Phosphorus appeared to become a limiting growth factor when urea was 

added, because it affected the grain quality and resulted in very low plant phosphorus 

contents. Manure was less effective in providing nitrogen to the plants, as the slow 

release property of the nitrogen limited the yield response in combination with oily 

waste. Therefore, rates of nitrogen added as hog manure must be higher than urea N 

rates to supply the same amounts of available N in short term. However , hog manure 

containing both N and P while urea contains only N. 

Application of oily waste sludge to the soil should be combined with 

nitrogen and phosphorus fertilization, ensuring ample nutrient supplies in the 

available form soon after application of C-rich wastes. 

The sandy soil at the Richmond site has an enough level of available K and 

application of sludge to the soil did not cause a problem in maintaining good K 

supplies to plants. Plant concentrations of zinc were below the critical requirement 

for optimum oat growth such that zinc fertilization may be needed in order to 

maintain a good crop growth and quality. 

Addition of sludge at the 2% level had a major damaging effect on oat 
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growth, probably through its effect on immobilizing available nitrogen. Therefore, a 

single large application of sludge as soil conditioner should be combined with a high 

rate of nitrogen and phosphorus to supply both microbial and plant nutrient demands. 

Addition of sludge increased the organic carbon content of the soil. The 

inclusion of nutrient supplementation along with the sludge should increase the rate 

of conversion of oil carbon to humus via greater temporary carbon storage in 

microbial biomass as revealed in a lower conversion of oil carbon to C02 in the 

presence of adequate fertilization. Cadmium plant concentration and uptake 

decreased in the presence of sludge presumably due to complexation and sorption of 

Cd with the organic matter. The addition of sludge did not appear to have significant 

effect on lead plant concentration and uptake. This type of sludge had no impact on 

soil salinity and sodicity. 

Future experiments should concentrate on long-term (several months to 

years) effects on microbial activity, sludge degradation and nutrient availability with 

and without added nutrients. These experiments should be coupled with continuing 

measurements of residual substrate to better document conversion of the oily waste 

to humus. The effect of sludge on the diversity of the microbial community, 

including the impact on free living N fixers and enzyme production should also be 

assessed. 

As this study was conducted in a controlled growth chamber environment, 

results could be different under natural field conditions. Therefore, a field plot 

experiments are needed to corroborate the findings of this study. 
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APPENDIX A 

Table A-1 Identified constituents of the aromatic fraction in oils from waste sludge. 

Compound 

Naphthalene 
Methyl naphthalene 
Dimethyl naphthalene 
Acenaphthylene 
Acenaphthene 
Dibenzofuran 
Fluorene 
Pentachlorophenol 
Penanthrene/ Anthracene 
Citrbazols 
Methyl anthracanes 
Fluoranthene 
Pyrene 
Benzo( a) anthracene/ chrysene 
Benzo(b or k) fluoranthene 
Benzo( a) pyrene 
3 Methylchoanthrene 
Irdena( 1 ,2,3-cd) pyrene 
Dibenzo( a,h) anthracane 
Benzo(g,h,i)perylene 

Concentration, gg .g-1 of sludge 

410 
1300 
1500 
<5 
31 
18 

100 
<5 
380 
54 

340 
55 

250 
730 
160 
340 
29 
64 
140 
240 

Table A-2 BTEX components in oily waste sludge 

Compound 

Benzene 
Toluene 
Ethyl benzene 
Xylene 

Concentration, gg·g-1 of sludge 

31 
50 

2.8 
35 

Table A-3 Total volatile hydrocarbons and recoverable hydrocarbons. 

Compound 

Total volatile hydrocarbons 
Hydrocarbon recoverable 
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Concentration, gg·g-1 of sludge 

420 
477000 



APPENDIX B 

Table B: 1. The detectable metal and other elements present in the oily waste sludge. 

Compound 

Nitrogen (N) 
Phosphorous (P) 
Sulfur (S) 
Chloride (Cl) 
Sodium (Na) 
Barium (Ba) 
Boron (B) 
Cobalt (Co) 
Iron (Fe) 
Manganese (Mn) 
Molybdenum (Mo) 
Nickel (Ni) 
Vanadium (V) 
Zinc (Zn) 
Arsenic (Ar) 
Lead (Pb) 

Concentration, J..Lg·g-1 of sludge 

70 
20 

6000 
280 
300 
0.47 
0.22 
0.17 
6.30 
1.65 
0.32 
2.16 
0.23 
1.45 
ND 
ND 

Table B:2 Some nutrient contents of applied manure. 

Nutrient 

Organic Carbon 
Total N 
N03--N 
NH4+-N 
Organic N 
Total P 
Cadmium (Cd) 

4300 
2097 
ND 
1674 
423 
98 
ND 
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Wet Weight 
(%w/w) 

0.43 
0.21 
ND 
0.17 
0.04 
0.0098 
ND 



APPENDIXC 

Table C: 1 Ammonium supply rates two weeks after amendments. 

Sludge Amendments 
( % ) Sludge alone Sludge with urea Sludge with manure 

------------------------- NH4-N J.lg.g-1 soil----------------------------

0.0 0.68 0.90 0.82 
0.5 0.00 0.26 0.30 
1 1.54 2.21 0.30 
2 0.48 0.56 0.55 

LSD(p<0.05) NS 

Table C: 2 Ammonium supply rates eight weeks after amendments. 

Sludge Amendments 
( % ) Sludge alone Sludge with urea Sludge with manure 

------------------------------- NH4-N J.lg. g -I soil----------------------------

0.0 0.29 0.42 0.31 
0.5 0.27 0.37 0.30 
1 0.66 0.18 0.48 
2 0.24 0.34 0.25 
LSD(p<0.05) NS 
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