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ABSTRACT 

My doctoral research focussed on soils that develop severe and persistent water-repellent 

character several years or decades following contamination by cmde oil. These water-repellent soils no 

longer look, feel or smell like they contain any oil, but they remain dry even under heavy rainfalIs and 

support sparse plant growth. The underlying objective of my research was to identim the causative 

agents and the processes leading to the development of soi1 water repellency at old crude oil spi11 sites. 

Chancterization of three water-repellent soils revealed that they are not salt-affected, nitrogen- 

deficient, nor sterile. Viable soil microorganisms subsist in them, although they are likely inactive due 

to limited access to water and dissolved nutrients. An extraction procedure had to be found that would 

remove soil water repellency completely and not destroy causative agents in the process. Soxhlet 

extraction with isopropanoi/l5.7 MNHjOH (7:3, vlv) (IPA/NH40H) met these criteria and was used to 

isolate putative causative agents for fiirther characterization. lsolated putative causative agents were 

identified as consisting predominantly of homologous series of straight-chah and polycyclic aliphatic 

hydrocarbons (C12 to CJ4), including petroleum biomarkers (Le. hopanes). From this evidence, 1 

concluded that causative agents of soil water repellency are petroleum residues and not products of 

microbial origin. I subsequent Iy found that sequential extraction alternat ing behveen arnphiphilic and 

nonhydrogen-bonding solvents eliminates and in tum restores soil water repellency. 

My research indicates chat soi1 water repellency is not simply caused by the presence of 

hydrophobic organic molecules in soil. My data and literature reports on the conformational fiexibility 

of insoluble organic molecules lead me to conclude that soil water repellency is a hnction of the 

packing density and tail conformation of arnphiphilic organic molecules forming the outermost layer of 

soi1 particle surfaces. Intact or partially oxidized arnphiphilic molecules of petroleum origin appear to 

be the causative agents of soil water repellency at old crude oil spi11 sites. Two possibly synergistic 

mechanisms are proposed to explain how the sorption of vapour- or liquid-phase petroleum 

hydrocarbons may have initiated the development of soi1 water repellency at old crude oil spi11 sites. 
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Current state of knowledge regnrding the cause of soi1 water repellency' 

GENERAL INTRODUCTION 

Occurrence and significance of the problem 

Soil water repellency is encountered in diverse ecosystems in many parts of the world. Most literature 

reports are of naturally-occurring or fire-induced soil water repellency, but there have also been a few 

reports of pollution-induced soil water repellency. Welt-docmented cases of naturally-occurring soil 

water repellency are found in Southern Austratia. There, about five million hectares of sandy Pasture 

soils have gradually developed recurring water repellency following the clearing of native vegetation 

(Blackwell 1993). Naturally-occurring soi1 water repellency has also been reported from other 

environments, including golf sand greens and citms groves in the United States (Jarnison 1947; Miller 

and Wilkinson 1977), coastal sand dunes in the Nethetlands and New Zealand (Dekker et al. 1998; 

Wallis et al. 199 l), and forested soils in Japan and Canada (Nakaya ei al. 1977; Barrett and Slaymaker 

1989). Fire-induced soil water repellency seems to be as widely distributed geographically. It has been 

encountered in Portugal, Italy, the United States, and South Afiica (Scholl 1975; Giovannini et al. 1987; 

Scott and van Wyk 1990; Dom et ai. 1998). Pollution-induced water repeflency is less well 

docurnented, but Ellis and Adams (1961) and Craul (1985) have reported it. It usually develops 

following prolonged exposure of soil to liquid- or vapour-phase petroleum hydrocarbons. 

The condition described as soil water repellency in the literature varies greatly in its degree of severity 

and persistence. Some reports describe soi1 water repellency that is short-lived (e.g. seasonal), while 

others deal with water repelIency that persists unabated for several decadcs. Some reports are of soils 

that absorb water with varying reduced infiltration rates, whereas others are of soils that remain dry 

even under heavy minfalis. 

Soil water repeIlency inhibits or retards plant growth. It disturbs the hydrological balance of ecosystems 

and prevents soi1 organisms from contributhg efficiently to energy flow and nutrient cycling. Bare, dry 

' A version ofthis chapter has been submitted for publication in the European Journal of Soil Science. 
Roy, J.L. and W.B. McGil1. Current state of knowledge regarding the cause of soil water repellency. 



and ofien disaggregated water-repellent soils are also highly susceptible to dispersa1 by erosion. 

Dispersal of water-repellent soi1 poses a threat to the productivity of surroundhg soiI. 

WHAT IS SOIL WETTABILITY? 

Soi1 water repellency is poor soil wettability. In order to understand what is soi1 water repeIlency, it is 

necessary to understand what is soil wettability. Wetting refers to the displacement of a fluid, liquid or 

gas by another irnmiscible fluid, a liquid, over the surface ofa solid. In soi1 wettability studies, the solid 

is mineral soi1 particles and their o r p i c  coating, the displaced fluid is air, and the wening fluid is water 

uid whatever organic and inorganic solutes it rnay contain. 

Two possible configurations can be adopted by water and air in contact with soiI. Water may spread 

without limit, displacing a u  fiom the entire available surface area of the solid, a situation corresponding 

to a contact angle (0) of O*. Alternatively, water may rnove over the soi1 surface, displace air in the 

process, but finally corne to a halt when the contact angle between the liquid/air, solid/air and 

solid/liquid interface reaches a finite value 0 > O*. In the first instance. the soil readily absorbs water 

droplets and is thus said to be readily wettable or normal soil. In the second one, the soi1 does not 

readily absorb water and so is referred to as water-repellent or nonwettable soil. As we will see later, 

the meaning of 'reridily' is usually arbitrarily defined. 

Water displaces air over the surface of soi! when the force of attraction of water molecules for the soi1 

surface is greater than the force of attraction of water moIecules for one another. Wettability is thus 

determined by the balance of adhesive forces between the liquid and solid and cohesive forces in the 

liquid. Adhesive forces measure the tendency of the liquid to spread over the soil surface, whereas 

cohesive forces measure the tendency of drops of liquid to bal1 up. Adhesive and cohesive forces are 

expressions of capillary tensions having units of force per unit length. Because the capillary tension of a 

surface or interface is numerically equal to the fiee energy per unit area of that surface or interface 

( r n ~ s r n - '  = mlmQ), adhesive and cohesive forces are sometirnes also referred to as work of adhesion and 

work of cohesion and expressed in uni6 of energy per unit of area. 

Spontaneous spreading of water over the soi1 surface occurs when the work of adhesion (WA) is greater 

than the work of cohesion (WC) (in r n ~ - r n ' ~  or m~-m") .  The difference between WA and WC is known 

as the spreading coefficient (S). WA, WC and S c m  be expressed in ternis of surface energy (mlmJ) or 

surface tension (m~+m"):  



y, is the sudace fiee energy of the solid in contact with air, y( is the surface fiee energy of the liquid in 

contact with air, and y g  is the surface free energy of the solid in contact with the liquid. Equation (4) 

ilIustrates how the contact angle (0) is determined by competition between Wh and WC forces (Johnson 

and Dettre 1993). The fmt part of this equation is known as Young's equation: 

The necessary condition for spontaneous wetting to take place is simply that the process shall involve a 

reduction in free energy (Burdon 1949). Wetîing thus takes place only as long as S > O. At equiiibrium, 

the contact angle is static and the spreading coefficient can ody be negative or zero (Johnson and Deme 

1993). it is only under nonequiIibm conditions that the spreading coefficient can be positive and the 

process of wetting obsewed. The spreading coefficient is positive, for example, when adsorption of 

water vapout molecules initially occurs at the soil/air interface. 

It is oflen thought that formation of a water vapour film precedes the spreading of liquid water over 

solid surfaces. This has been called the distilIation theory of spreading (Burdon 1949). There is no 

evidence that this is a universal mechanism, but the possibility of its existence has been discussed by 

other workers (Kistler 1993; Blake 1993). The distillation theory of spreading is not readily explained 

by Equation (3). This is because formation of a film of adsorbed water vapour molecules on the soil 

surface would eventuaily bring S to zero or to a negative value before my wetting has taken place. 

According to some workers, the forces driving the wetting process are cohesive and viscous interactions 

between the thickening film of vapour molecules and the liquid fiont. The wetting process is driven in 

the fust place by changes of phase of water molecules 6om the liquid to the gaseous phase. This is then 

followed by changes fiom the gaseous to the liquid phase as more water vapour molecules condense 

ont0 the adsorbed vapour film and by growing cohesive forces and viscous interactions benveen the 

condensed vapour film and liquid-phase molecules at the wetting fiont line. 

The theoretka1 relationships presented above are of little practical use in predicting the wetting 

behaviour of soil. This is because classical theory of capillarity assumes ideal solid surfaces and does 

not predict the occurrence of contact angle variation over tirne. Nevertheless, they provide valuable 

insight into the forces that determine soil wettability. For exarnple, it is often said that the only 

requirement for good soil weîting is that the solid surface tension be iarger than the liquid surface 

tension. Equation (3) shows that this is a necessary, but not suficient condition. For spontaneous 



wetting to take place, the soil surface tension must exceed the surnmed tension of the liquid surface and 

of the liquid/soIid interface. The liquid/solid interfacial tension typicaIIy has a value that is intenediate 

benveen that of the solid surface and that of the liquid swface (Shaw 1980). 

Most soils absorb water readily. What is not well known is why and how they do it. Both readily 

wenable and water-repellent soils adsorb water vapour molecules (Miyarnoto et al. 1972). The presence 

of adsorbed water vapour molecules on the soil surface may thus be a necessary condition for good soil 

wetting, but it is obviously not a sufficient one. It may be that good soi1 wetting requires a high surface 

density or thick packing of adsorbed water vapour rnolecules ahead of the wetting fiont Ihe. A greater 

surface density of hydrophobie moieties might, for instance, prevent formation of such densely packed 

films in water-repellent soil. Even readily wertiible soils, however, would be expected to contain at least 

some hydrophobic organic surface groups having low affiity for liquid- or vapour-phase water 

molecules. Such surface groups commoniy occur in soii in the form of long alkyl chain substituents in 

hurnic and nonhurnic organic matetial and siloxane groups on dehydroxylated siIica surfaces. The fart 

that wetting occurs spontaneously in most soils is an indication that the entire surface area available for 

liquid-soi1 interactions does not have to be equally hydrophilic or uniformly coated with a film of 

adsorbed water vapour molecules for soi1 wening to take place. 

NaturalIy-occurring water-repellent soils do not seem to obey the distillation theory of spreading. These 

soils adsorb water molecules fiom the vapour phase, but not fiom the liquid phase (Miyarnoto et al. 

1972). Adsorption of water vapour molecules in these soils is thus not suficient in itself to give rise to 

good soi1 wetting. It is usual1y assumed that water vapour molecules sorb to soil through the same 

interaction mechanisms as liquid water molecules do (Le. mostly by dipole and H bonding interactions). 

The evidence presented by Miyarnoto et ai. ((1972) thus indicates that water molecules in the liquid 

phase do not spread on the soi1 surface not because there are no effective short-range soil-liquid 

attraction forces, but because these attraction forces are weaker than cohesive forces in the liquid. It 

suggests that the difference between readily wettabfe and water-repellent soii lies in the packing density 

of their hydrophilic surface groups. Formation of a continuous fihn of adsorbed water vapour may 

require longer on surfaces that are characterised by a low surface density of hydrophilic groups. In 

some soils, this may allow complete evaporation of the liquid phase before a continuous film has had 

time to forrn. This would explain why a slightly water-repellent soil will often absorb a standard site 

water droplet before it has had time to evaporate completely whereas a severely water-repellent soi1 

usually will not. 

TheoreticaI rnodeIs of wetting usually assume uniform and constant solid swface properties. However, 

not al1 units of surface area in soi1 can be expected at any the  to have the same f k e  energy. If', as 

Zisrnan (1964), Fink (1970) and Ma'Shum et al. (1988) have suggested, it is a good approximation to 



state that the outermost rnolecular groups on the surface of a solid determine its wettability, then the 

packing density and spatial distribution of hi&- and low-energy molecular groups on heterogeneous soil 

surfaces must also contribute to determinhg wettability. There may be a critical ratio of hydrophobic to 

hydrophilic surface area and a critical spatial distribution of these areas at a certain scale that affects 

wetting thermodynamics, which is not currently accounted for by theoretical thermodynamics. To date, 

the mechanism by which a wetting Iine advances on a solid sufiace remains only partially nsolved. 

Ir would be interesting to know what is the smallest scale of resolution at which there is a specific 

faction of the soil surface area that must bear hydrophobic moieties in order to generate macroscale 

water repellency symptoms. By macroscak water repellency symptoms, 1 mean observable by sight and 

touch after addition of water to soil, or quantifiable by water droplet penetration tests. One study h a  

shown that the mixing of one hydrophobic sand grain with nine hydrophilic ones produces water- 

repellent sand, whereas the mixing of one hydrophobic sand grain with 99 hydrophilic ones does not 

(Baurers et ai. 1998). A ratio of 1:9 hydrophobic to hydrophilic units of surface area at the scale of a 

few square millimetres may chus be more than enough to produce macroscale water repellency 

symptoms in most soils; but is this ratio the same as that to be expected of the smallest unit of surface 

area that is the seat of water repellency symptoms? In order to arrive at an explmation of how soit 

water repellency develops, researchers need to be able to determine what is the srnallest scale of 

resolution at which the ratio of hydrophobic to hydrophilic surface area (or average solid surface 

tension) is an indicator of macroscale soil water repellency symptorns. This information is not yet 

available. 

HOW IS SOIL WATER REPELLENCY MEASURED ? 

n ie  contact angle (8) is a measure of wettability. It is the macroscopically observable consequence of 

molecular-level interactions. A small contact angle means high wettability and a large contact angle 

means poor wettability. Theoretically, a 90" contact angle marks the division between infiltration and 

noninfiltration of water into porous soi1 (Fink 1976). If the contact angle is less than 90°, soil is 

wettable enough for spontaneous wetting to occur. If the contact angle has a value ranging from 90 to 

1 80°, different degrees of water repellency are displayed by the soil. In practice, a contact angle greater 

than 90" is required ta assure complete water runoff, Reliable contact angIe data are difficult to obtain 

experimentally and are thus rareIy used as absolute measures of soi1 water repellency. Instead, soi1 

water repellency is usually assessed by recording how soil responds to contact with water, 

There are several reasons why semiempirical assessments of soil water repellency are usually favoured 

over direct and indirect contact angle measurements. The most important one is that theoretically valid 

contact angle measurernents are impossible to make in natural soil. Theories of wetting, such as the 



Young equation, are usually fonnulated based on an ideal solid surface mode[. This ideal surface is 

smooth, homogeneous and nondeformable, and the angle formed at the liquid/solid interface is static 

and independent of gravity (Johnson and Dettre 1993). The surface area of a sail, however, is typically 

rough, heterogeneous and deformable (e.g. surface solubility) and contact angle rneasurements made on 

it typically decrease with increasing contact t h e .  Consequently, contact angle rneasurements made on 

soil are usually difficult to reconcile with what is manifested as macroscale soi1 water repellency. 

Soil is usually considered readily wettable if it completely absorbs water droplets within a few seconds, 

usually 10 or less. Soils that do not absorb water dropIets within a few seconds are considered water- 

repellent and ranked according to the severity of their water repellency symptoms using different 

assessment procedures and correspondhg arbitrary scales. Soil water repellency is most cornmonly 

assessed by the water droplet penetration time (WDPT) test and the molarity of ethanol droplet (MED) 

tests. Measurements of capillary rise and water-entry pressure are also used by some researchers to 

calculate contact-angle data and rank water-repellent soils according to these data. The WDPT test is 

perfomed by monitoring the time that it takes for complete penetration of water droplets into soil. The 

MED test is perfomed by identifying the aqueous ethanol solution of highest surface tension to alIow 

complete droplet absorption into soil within 10 S. The WDPT and MED tests obey the same theoretical 

principles and have the same flaws that other water repellency assessment procedures have. Theu main 

advantage is that they are simpler to perfonn. 

îhe  WDPT and MED tests have a sound theoretical basis. In the original WDPT test, the time required 

for droplet imbibition by the soil is recorded as an index of soil water repellency. This test accounts for 

the dynamism of contact angle values in soil, but it does not entail artificial modification of system 

conditions. In the MED test, the time required for droplet imbibition is set at 10 s and it is the sudace 

tension of the wetting Iiquid that is varied and used as the indicator of soi1 water repellency. The MED 

test thus also accounts to a certain extent for the time-dependence of contact angle values in soil, but the 

time of observation is limited to 10 s and system conditions are modified so as to favour spontaneous 

wetting. This is achieved by increasing the ethanol concentration in the liquid, which lowers the fiee 

energy of the liquid surface and of the liquidisolid interface when liquid is brought into contact with 

soil. The aqueous ethanol concentrations used usuaiIy range ffom O to 6 M (surface tension range of 

=72 to 32 rn~- rn - [ )  because most water-repellent soils absorb droplets of 56 M eüianol concentration 

within less than 10 s. 

WDPT and MED test results obtained on the same soil do not usuaIly bear a high correlation coeficient. 

m i s  is to be expected because soiüwaterlair systems cannot be validly compared to soiVaqueous 

ethanouair systems without accounting for differences in the nature of their solid-liquid molecular 

interactions. The submicroscopic physics, kinetics, and thermodynamics of weaing in soil/liquid/au 



systems are Iargely determined by these solid-liquid interactions. it is well known that soi1 does not 

interact with ethanol the same way as it interacts with water. For example. some organic and inorganic 

compounds on soil particle surfaces are more soluble in ethanol than they are in warer. When the 

wetting liquid dissolves organic or inorganic compounds present at the soi1 surface, system 

thermodynamics are affected because the sutfaee fiee energy of the liquid, solid and liquid/solid 

interface undergoes a change in the process. Liquid-soi1 interactions do not invalidate estimates of solid 

surface tension obtained by the WDPT test any more than they invalidate those obtained using the MED 

test. They only make estirnates of solid surface tension obtained by these two separate tests not directly 

cornparab te. 

It is not clearly known to what extent conditions under which droplet penetration tests are perfomed 

can vary without afi'cting the results. It would nevertheless seem prudent to standardise the procedure. 

The droplct size used should be uniform and large enough so that the liquid-solid contact area 

encompasses some of the Iargest-sized geometrical heterogeneities of the soil surface (i.e. macropores). 

This is necessary because there is evidence that roughness at the surface of solids affects the 

themodynarnics of wening (Johnson and Deme 1964). The soil should be sieved to pus at least a 2- 

mm sieve to reduce the range of geometrical heterogeneities found at the soil surface. The soi1 surface 

should be levelled by gentle shaking to prevent droplets fiom rolling off the point of placement during 

the assessment of soi1 water repellency. The soil. test liquid and air should be at the sarne temperature 

and this temperature reported with the results as it affects wetting thermodynarnics. 

The soil moisture potential seems to be by far the most important source of variability in soil water 

repellency assessments. 1 discuss in a later section why soil moisture interferes with rneasurements of 

soii wûter repellency. Here, 1 only recommend that the soil be air-dried prior to the assessment of soil 

water repellency to minimise the risk of soil water-test liquid interactions. It is also acceptable to 

perfom MED tests on soii that is oven-dried (105 OC. 24 h)frorn the air-dried stae when oven-drying 

does not cause a statistically significant increase or decrease in soil water repellency. Oven-dried soii 

should of course be allowed to cool to the test temperature before it is brought into contact with the test 

liquid. Oven-drying should always be preceded by au-drying because oven-drying soi1 fiom the moist 

state introduces variability in soil water repellency assessrnents that is not readily explaincd by available 

theoretical and experimental evidence (Ma'Shum and Farmer 1985; Dekker et al. 1998). Water 

repellency assessrnents made on oven-dried soi1 should be favoured when their results are less variable 

than those obtained on air-dried soil. 

Systematic conversions of results obtained with one water repellency assessment procedure ( e g  

capillary Ne) into results of another kind of assessment procedures (e.g. WDPT) should be made only 

when it is known that they were obtained at a fvred and sirnilar soil moisture potential. By fixing the 



soi1 moisnire potential to the air-dry range, King (1981) was able to detect high comlations (i 2 0.75; n 

= 25 to 101) between the results of MED, WDPT, infiltration and capillary rise test results. 

WHAT 1s KNOWN ABOUT THE CAUSE OF SOIL WATER REPELLENCY ? 

Several plausible sources of causative agents of soi1 water repellency have been proposed in the past. 

Originally suggested by consideration of circwnstantial evidence, some have also earned support based 

on experirnental evidence. Still, the question of the cause of soi1 water repellency remains only partially 

resohed. This is because a mechanism by which proposed causative agents Unpart water repellency to 

soi1 has never been satisfactorily demonstrated. 

A few decades ago, DeBano (1969) pointed out that ail that was known with reasonable certainty about 

the causative agents of soil water repellency was that they are hydrophobic organic cornpounds. This is 

still largely m e  today, although investigations over the past decades have increased Our awareness of 

the complexity of the soi1 water repellency problem. Wallis and Home (1992) recently reviewed the 

literature docurnenting various aspects of the problem of soi1 water repellency. Such a review is not 

repeated here. My intent, rather, is to describe some of the difficulties that are encountered in 

investigations into the cause of soi1 water repellency. This is followed by a discussion of established 

facts and fmdings which, in rny opinion, contributed most significantly to the improvernent of our 

understanding of the probable causes of soil water repellency. 

Technical difficulties encountered in investigations into the cause o f  soi1 water repellency 

The most common procedure that is used to identiQ causative agents of soi1 water repellency consists in 

ctiancterising organic compounds whose removal fiom soi1 has reduced the severity of soil water 

repeitency symptoms and in testing these cornpounds for ability to impart water repe1lency to readily 

wettable soil. There are several known limitations associated with the interpretation of outcomes 

resuiting from the use of this investigative approach. A few of them are listed below: 

1. A nondestrucrive extraction merhod that removes soi! warer repellency completeiy and irreversibiy 

h a  never been idenzified 

Complete elhination of water repellency symptoms should not be taken as a guarantee of complete or 

even substantial rernoval of causative agents of soi1 water repellency. This is because soi1 water 

repellency can ofien be restored by physical matment that entails no addition of hydrophobic organic 

cornpounds to soil. For exarnple, McGhie and Posner (1980) observed that chloroform extraction 



restores water repellency in hot water-extracted water-repellent soil. Ma'Shum and Farmer (1985) 

found that re-wetting and air-drying restores water repellency in fieeze-dried water-repellent soil. 

Extraction solvents that have been reported to elhinate soil water repellency comptetely have generdly 

not been shown to do so irreversibly. For example, Ma'Shum et al. (1988) did not test if water 

repellency eliminated by Soxhlet extraction with isopropanol:15.7 A4 aqueous ammonia (7:3, v/v) 

(IPA/NH..,OH) could not be partiaIly restored by subsequent extraction with chloroform or re-wetting 

followed by air- or oven-drying. When soil water repellency cm be restored by physical treatment, one 

should be cautious in inferring that ariy causative agents have been removed fiom water-repellent mil. 

2. A wide variety of organic compounak that occur naturally in readily wertable soil can impart 

transient water repellency ro readily wettable soil 

There is currently no published valid test to c o n f m  that proposed causative agents have been correctly 

identified. Testing solutions or suspensions of proposed causative agents for ability to generate soil 

water repellency when added to readily wettable soil does not provide the conclusive evidence that is 

normally expected fiom such tests. This is because a wide variety of organic constituent5 of readily 

wettable soils possess the ability to Unpart water repellency when added to soi1 using the habitua1 test 

procedure. For example, Horne and Mclntosh (1998) recently reported that organic material extracted 

From water-tepellent or readily wettable soils using IPA/NH40H imparts a similar degree of water 

repellency when added to soil. Such results c o n f m  that I P N N H 4 0 H  extracts hydrophobic organic 

rnaterial fiom soil, but not necessarily that it extracts causative agents of naturaily-occurring soi1 water 

repellency. 

Soi1 water repellency has been induced using a wide variety of organic maner sources, including 

comminuted plant liner (McGhie and Posner 1980)' particdate soi1 organic matter (Franco et al. 19951, 

and solvent extract obtained From soils (Ma'Shum er ai. 1988) or ftom plant residues lying on the soi1 

surface (Doerr et al. 1998). The same success rate, however, has also been obtained with material 

rernoved fiom readily wettable soi1 and with commercially availabte sources of hydrophobic organic 

material. For example, Ma'Shum et al. (1988) induced soi1 watet repellency by adding cetyl alcohol, 

palmitic acid and tristearin to soil. Franco et ai. (1995) obtained sirnilar results witb cetyf palmitate, and 

Fink (1 970, 1976) with silicone materials and mixtures of a petroleum resin dust-suppressant oiI and 

paraffi wax. 

Any rnaterial possessing some hydrophobic character may be expected to irnpart water repellency when 

applied to soi1 in suficient quantity. This is because organisation of dissolved or suspended organic 

molecules occurs upon sorption onto soi1 and solvent evaporation (i.e. phase separation and 



crystallisation) (Muthukumar et al. 1997). This organisation typically favours exposure of nonpolar 

moieties at the fluid/solid interface because organic molecuIes interact with soil more strongly through 

their hydrophilic, polar tiinctional or ionic groups (e.g. through cation exchange, protonation, ligand 

exchange, H bonding and van der Waals interactions) (Sposito 1984). Hydrophobic nonpolar moieties 

that c m  only interact with the soil thtough weak van der Waals forces consequently tend tu be Ieft 

dangling at the outer layer of the organic coating. The packing density of nonpolar moieties at the 

outermost layer of the soil surface is oflen thought to be what ultimately determines the severity of 

water repeliency symptoms that are induced by addition of hydrophobic organic materiai to soil. 

Organic material that imparts water repellency when added to soil in solution or suspension oAen does 

not cause water repellency in the soil frorn which it was obtained (e.g. material obtained fiom readily 

wettable soil). This is probably because organisation is not so pronounced in natural soils where 

additions of hydrophobic organic material occur by small increments and spatial distribution is expected 

to be less unifonn. 

3 .  Soi1 water repellency thar is generated by fresh addition of hydrophobic organic compoundr rs not 

generally testedfor resistance to e..traction 

Naturally-occurring soi1 water repellency is not easily eliminated by nondesmctive extraction 

procedures. This fact suggests that its causative agents are either strongly sorbed to soil or too complex 

to dissolve in comrnonly used extraction solvents. Ability to induce water repeIlency syrnptoms in soil 

should not be the only criterion used to obtain experimental confirmation of the correct identification of 

causative agents of soil water repeilency. Hydrophobic organic compounds that can impart water 

repellency to soil under controlled laboratory conditions should also be assessed for ability to pass the 

test of equal resistance to nondestructive extraction procedures. Jamison (1942) used this argument to 

test and reject the hypothesis that the paraffm spray oil used as pesticide carrier to fight diseases in 

citrus groves is the cause of soil water repellency under citrus trees. He was able to generate soil water 

repellency by adding paraffm oil emulsion to soil at the rate of 3.2 ml dry oil per kg soil. However, 

when he compared the resilience of water repellency syrnptoms in the oiled soil and a naturaily- 

occurring water-repellent soil, he found that extraction with ether completeiy eliminated water 

repellency in the oiled soil, but did not reduce it in the naturally-occurring water-repellent soil. His 

conclusion was that the water repellency condition induced by oil application differs from that which 

develops in the field. 

Naturally-occurring and artificially induced soil water repellency may differ in recatcitrance because 

their causative agents differ in chemical structure. mis would indicate that the target causative agents 

of naniralty-occurring soi1 water repellency have not been correctly identified. Alternatively, they rnay 



have the same chernical structure, but display unequal resistance to extraction because of different 

ageing times in the soil. Many organic compounds appear to acquire increased recalcitrance with 

increasing tirne of residence in the soil (Alexander 1995). Whether and why causative agents of 

naturally-occuning and artificially induced water repellency display unequal recalciuance should be 

given greater consideration in the future. 

It is a universal problem in investigations of the causative agents of soil water repellency that proposed 

causative agents are usually only tested for ability to generate transient soil water repellency. This is an 

important limitation considering that organic substances that can kpart chronic water repellency to soil 

are possibly only a subset of those that can Unpart transient water repellency to soil. Ideally, not only 

the resistance to extraction, but also the persistence of artificially induced soi1 water repellency 

symptoms should be monitored over retatively long periods of t h e  and under exposure to natural or 

simulated weathering factors. Some researchers investigating hydrophobic organic substances for use in 

water harvesting have found such tests to be informative (Fink 1976). 

4. Soi1 water repeilency symptorns can be eliminated without removal of any compounds fiom soi! and 

generated withour addition of any cornpoundr io soil 

Soi1 that is water-repeIlent in the air-dried or oven-dried state can be made readily wetiable by force- 

wetting followed by freeze-drying (Ma'Shum and Farmer 1985). Such results are repeatable and have 

given rise to the statement that soil water repellency can be eliminated without removal of any organic 

compounds from soil. Freeze-dried soil is made water-repellent again if it is re-wetted and then air- or 

oven-dried. Water-repellenr soils that have been rendered wettable by extraction with hot water can also 

regain their water repellency following treatment with chlorofom (McGhie and Posner 1980). These 

observations have given rise to the statement that soi1 water repellency can be restored without addition 

of any organic compounds to soil. 

Such observations have at least one important practical implication. It is chat mixtures of organic 

compounds whose removal from water-repellent soil reduces soi1 water repellency may consist entireIy 

of innocuous organic compounds, or of a mix of innocuous compounds and causative agents of soi1 

water repellency. They indicate that reduction in soil water repellency cannot be interpreted as 

confirmation of removal of causative agents, just as increase in soil water repellency cannot be 

interpreted as confirmation of addition of causative agents of naturally-occurring soi1 water repellency. 

5. There is currentfy no published reliable test that can bs used to distinpish between catlsative 

agents of soil water repellency and innocuous organic compounds in extracts obtahed fiom warer- 

repellent mil 



1 have discussed why it is imprudent to infer that causative agents have been removed based on the 

results of extraction procedures that cause reductions in soil water repellency. In addition, 1 have 

described how testing putative causative agents for ability to impart water repellency to readily wettable 

soil cm be misleading. There is yet another analytical problem associated with the identification of 

causative agents of naturally-occuning soil water repeilency. It is that their chemical structure is not 

known and that their presence in extract obtained fiom water-repellent soil cannot be confmed 

experimentally. Extracts obtained from water-repellent soi1 typically contain an unrnanageably large 

mixture of organic compounds, most of which cannot be characterised by gas chromatography/mass 

spectroscopy (GCMS). Cornpounds that are successfiilIy characterised are typically indistinguishable, 

at least qualitativeiy, fiom compounds that occur nanually in rnost soils. For example, long-chah fatty 

acids such as those that Wander (1949) and Ma'Shum et al. (1988) have isolated fiom water-repellent 

soi1 have also been isolated From readily wettable soi1 by Schulten and Schnitzer (1990). Without 

knowledge of the chemical structure of causative agents of naturaliy-occurring soi1 water repeilency, 

characterisation of organic extracts obtained from water-repellent soil are best used to detect 

quantitative aberrations between their content of hydrophobic organic material and that of extracts 

obtained from readily wettable soils. 

PROCESSES LEADING TO THE DEVELOPMENT OF SOIL WATER REPELLENCY 

1 will now discuss what is known fiom theory and fiom experiment about the probable causes of soil 

water repellency under three main thernes. Available evidence suggests that hvo sequential processes 

are needed to give rise to soil water repellency. These are: (1) accumulation of hydrophobic organic 

material in soil and (2) re-distribution and re-organisation of this material in soil. A third process, (3) 

stabilisation of the hydrophobic organic material, seems to be required to ensure persistence of induced 

water repellency symptoms. 

1. Accumulation of hydrophobic organic material in soi1 

Water-repellent soils must differ fiorn adjacent normal soils by having a larger a fraction of their total 

surface area that is constituted of hydrophobic moieties. This hypothesis is consistent with wettabiiity 

theories and with available evidence pointing to the role of hydrophobic organic material as causative 

agents of soil water repellency. It entails that water-repellent soiIs contain organic molecules having 

hydrophobic moieties (e.g. akyI chah substituents at least two C atoms long), which can impart water 

repellency to soil. Organic molecules containhg one or more hydrophobic moieties are hereafier 

referred to as hydrophobic organic substances because at least part of their molecule displays 

hydrophobic character. 



First, the established facts. There is compelling evidence that soil water repellency is caused by organic 

rather than inorganic hydrophobic material. Firstly, with the exception of siloxane groups on 

dehydroxylated quartz surfaces, there are virtually no hydrophobic mineral surfaces in soil (Tschapek 

1984). Secondly, there is no indication that water-repelIent and adjacent readily wettable soils differ in 

mineralogical composition. Thirdly, heating soil at high temperatures for prolonged penods of t h e  

seems to be the only effective way to elhinate soil water repellency permanently (Nakaya et al. 1977; 

Giovannini and Lucchesi 1984). It has also been amply demonstrated that water-repellent soils contain 

hydrophobic organic substances that can impart water repellency to soil. Franco et al. (1995) isolated 

water-repellent prirticulrite organic matter fiom nonwettable sand that Unparts water repellency when 

added to readily wettable soil. They also detected the presence of a hydrophobic coating containhg 

aliphatic organic rnaterial on the surface of nonwettabie sand grains. McGhie and Posner (1980) 

generated soil water repellency by adding hydrophobic, cornminuted plant litter to soil. Doerr et ai. 

(1998) achieved the sarne result with ethanol extracts of pine and eucalyptus forest litter. Wander 

(1949) and Ma'Shum et al. (1988) have isolated long-chain fatty acids from water-repeilent sandy soils 

and induced water repellency by adding solutions of these acids to readily wettable soil. 

[t is generalIy accepted that soil water repellency is caused by organic rnaterial that has hydrophobic 

properties. The current state of knowledge, however, leaves many unresolved questions. For cxample, 

it is not known why most soils are readily wettable even though they also contain hydrophobic organic 

substances than can irnpart water repellency to soil (Schnitzer et al. 1986; Dinel et al. 1990). It is 

obvious that presence of hydrophobic organic compounds in soil is a necessary, but not sufficient, 

condition for repeilency expression. 

Now, the unresolved issues. Theory predicts that water-repellent soils contain a greater ratio of 

hydrophobic to hydrophilic surface area, or lower average soiid surface tension, than readily wettable 

soils do. What is not knom is what minimal ratio of hydrophobic:hydrophilic surface area results in 

macroscale repellency expression or at what scale this critical ratio is of practical significance. I t  is 

usually assumed that hydrophobic and hydrophilic organic substances have achieved a more or less 

spatially uniform packing density that exceeds this hypothetical critical ratio in water-repellent soils. 

However, the nature of the quantitative relationship between hydrophobic fractional coverage and 

induced soi1 water repellency symptoms remains poorly defrned. 

Research has indicated that addition of hydrophobic organic compounds to soil can give rise to soi1 

water repellency* For example, Fink (1970) observed that increasing the rate of addition of dissolved 

hydrophobic organic materiai to soil increased the severity of induced water repellency symptoms. He 

noted also that, consistent with theory, this trend prevailed only up to the concentration required to form 

a compact monolayer over the entire surface area of soil particles. Ma'Shum et al. (1988), in contrast, 



reported that maximal water repellency was induced in a soil by increasing the rate of addition of cetyl 

aIcohol to that theoretically equivalent to over 21-fold the compact monolayer concentration. They 

proposed that cetyl alcohol molecules coating both sand grains and water droplets were required to 

induce rnâuimal soil water repellency. Nonuniform coverage was dismissed by the authors on the 

grounds that discontinuities in the coating were not detectable. However, because they did not describe 

the detection protocol that was used, this possible alternative expianation cannot be disregarded based 

on the evidence provided. 

The groups of Franco et al. (1995) and McGhie and Posner (1980) demonstrated that increasing rates of 

water-repellent litter addition to soi1 increases the severity of induced soil water repellency symptoms. 

ïhis may, however, have been due to an increased fraction of hydrophobic plant surface area in soil, and 

not to an increase in the hydrophobicity of soil particle surfaces. It is still not known whether natural 

soil water repellency is caused by particulate hydrophobic organic matter or by recalcitrant amorphous 

organic matter that cannot be sepmted tiom soil nondestnictively. In either case, however, soi1 water 

repellency would be expected to be accentuated by addition of particulate hydrophobic organic matter. 

In most documented cases of naturally-occurring soi1 water repellency, there is no indication that 

particulate organic matter is the seat of water repellency symptoms. Particdate organic rnatter, 

however, often seems to be the most likely source of amorphous hydrophobic organic rnaterial in soil. 

Franco et al. (1995) postulated that particulate organic matter is a reservoir of waxy rnaterial in soi1. 

They proposed that waxes move out of the inside of organic matter particles and spread onto their outer 

surface and on the surface of mineral soi1 particles when soi1 is heated under natural or artificial 

conditions. 

The fact that addition of particulate or amorphous hydrophobic organic material to soi1 increases soil 

water repellency is consistent with theory. Increasing the ratio of hydrophobic:hydrophilic surface area 

in soi1 increases the sevet-ity of induced water repellency symptorns. The main problem with the 

postulated mechanism of accumulation of hydrophobic organic substances in soi1 is not with theoretical 

foundations, but with its practical application. Naturally-occurring soil water repellency is not normally 

caused by sudden large additions of organic material to soi1 or other unusual punctual events (e,g. Eire). 

It typically becomes noticeable only several y e m  or decades following disturbances, such as the 

clearing of native vegetation or contamination by petroleum hydrocarbons. The only exception to that 

mle is fue-induced water repellency, which nonnally appears soon following a fue. Fire-induced water 

repellency, however, is not usually attributed to addition of hydrophobic organic substances to soil, but 

rather, to heat-promoted, improved distribution of hydrophobic organic material within the soi1 (Savage 

1974). 



In naturally-occurring water repellency, accumulation of hydrophobic orpanic substances is usually 

suspected of giving rise to soil water repellency. This hypothesis entails that accumulation occurred 

predominantly in areas that would later develop water repellency. Proponents of this hypothesis, 

however, rarely offer explanations for why water-repellent and readily wettable adjacent soil should 

have received or accumulated different amounts of hydrophobic organic material over t h e .  Yet, this is 

especially not evident where water-repellent and adjacent readily wettable soil occur in areas that were 

subjected to similar management practices and supported sirnilar vegetation before the onset of soi1 

water repelIency. 

There is Iittle doubt that accumulation of hydrophobic organic matter in soi1 is a requirement for the 

development of soi1 water repellency. This contention is supported by the fact that destruction of 

organic rnatter eliminates soi1 water repellency. This criterion, however, remains too poorly 

documented in qualitative and quantitative terms to have use in making categorical distinctions between 

writer-repellent, readily wettable soif, and soils at risk of developing water repellency. This is because 

the chemical structure of the target hydrophobic substances is not known and the process by which these 

gather to increase the fiaction of hydrophobic surface area in soi1 has not been demonstrated. It is still 

not ctear whether water-repellent and adjacent wettable soils differ only in fractional coverage or also in 

gravimetric content of causative agents of soi1 water repellency. Hydrophobic surface area in soil rnay 

be increased as a result of re-distribution or re-organisation of hydrophobic organic substances in soii 

and not necessarily as a result of enrichment on a gravimetric basis. The re-distribution mechanism is 

consistent with the delayed appearance of water repellency symptoms following disturbances such as 

the clearing of native vegetation or contamination of the soi1 by petroleum hydrocarbons. The following 

section discusses evidence that certain climatic conditions rnay provide the mechanism for the re- 

distribution or re-organisation of hydrophobic organic compounds in soil, thereby favouring the 

development of soi1 water repellency. 

B. Re-distribution and re-organisation of hydrophobic organic material in soil 

Accumulation of hydrophobic organic substances in soil seems to be a necessary, but not suficient 

condition to give rise to soil water repellency. This is supported by two pieces of evidence: (1) fire 

often induces soi1 water repellency even though it likely removes more organic material than it adds to 

soii, (2) soih contaminated by petroleum hydrocarbons usually begin to display water repellency only 

several years or decades following the contamination event. Heating and drying are two abiotic 

processes that have oflen been ateributed a role in the generation of water repellency in soil. Heating 

has been postulated to improve the spatial distribution of hydrophobic organic material in soil and to 

increase their Fractional coverage of soil particle surfaces (Savage 1974; Franco et ai. 1995). Drying, on 

the other hand, has been postulated to promote sorption of hydrophobic organic compounds ont0 soi1 in 



a conformation that maimises exposure of their hydrophobic moieties at the fluidsolid interface 

(Ma' Shum and Farmer 1985). 

First, the established facts, A number of common observations regarding the role of heating and drying 

has been made by several researchers. One is that heating water-repellent soil at hi& temperatures (> 

300 O C )  under oxidising conditions can eliminate water repellency completely and irreversibly (Nakaya 

et al. 1977; Giovannini and Lucchesi 1984). This presumably occurs because most of the hydrophobic 

organic material in soi1 is thermally degraded. Another common one is that increasing the temperature 

at which soil is heated often intensifies the severity of soil water repellency syrnptoms (Doerr et al. 

1998; Dekker et al. 1998). This trend has been observed within the heating temperature range of 25 to 

IO5 O C  and heating periods of up to 48 h. As a nile, the wetter the soil is before heating, the greater the 

magnitude of the heat-induced increase in water repellency. Gradua1 decreases in water repellency have 

been reponed with exposure to higher temperatures depending on both the temperature used and the 

duntion of the heating period (Scholl 1975; Giovannini and Lucchesi 1984; Nakaya et al. 1997). 

Thermal decomposition of hydrophobic organic material in soil does not seem to occur when soil is 

exposed to 105 OC or lower temperatures for less than 48 h, or if it does, its effect is to increase rather 

than to reduce soil water repellency. A third observation is that the severity of water repellency 

syrnptoms is usually greater when rneasured on air-dried or oven-dried soil than it is when measured on 

wetter soil. 

Now, the unresolved issues. Reports indicate tha; heating or drying plays a role in the generation of 

water repellency in soils already conmining hydrophobic organic material. What is not known is what 

mechanisms are responsible for the increases in soi1 water repellency that are observed in heating 

experiments. This is because the roles of heating and drying in the genemtion of soil water repellency 

are often diffrcult to separate based on evidence presented in licerature reports. Before 1 discuss how 

heating and drying are thought to affect soil water repellency, 1 discuss how assessing soi1 water 

repellency without controlling soil moisture potential can produce apparent variations in soi1 water 

repellency that are independent of actual changes in soi1 surface properties. 

Ho w soil m o i a r e  variation interferes with wafer repellency assessment 

There is a problem associated with the concept of potential and actual soi1 water repellency that was 

introduced by Dekker and Ritsema (1994). This concept States that field-moist soi1 displays actual 

water repellency, whereas air- or oven-dried soil displays potential (maximai) water repellency. The 

problem with this concept is that it does not take into account the fact that water in soil inte~eres with 

the assessment of soil water repellency and may cause variation in results that are independent of 

change in the wetting properties of the actual soil surface. n i e  presence of water in soi1 nullifies the 



assumption that the model system whose wettability is studied consists of three separate phases, a dry 

solid phase and two immiscible fluids, the test liquid and air. 

Although soil water repellency is manifested as whole-soi1 lack of afinity for water, it is really a 

manifestation of the lack of affinity of solidparticle surfaces for water. The tests that are commonly 

used to assess soil water repellency are designed to produce a relative measure of the affiity of dry soil 

particles for water. More precisely, they are designed to produce a relative estimate of the average 

surface tension of soil solids. 

Soi1 water repellency assessments obtained on wet soil measure the affiity of soil water and solid 

particle surfaces for the test liquid. Because water molecules have a strong affiity for other water 

molecules, interactions between water in moist soil and water in the test liquid causes underestimation 

of the water repellency of the solid phase. In other words, the presence in soil of a Iiquid phase that has 

affinity for the test liquid attracts test liquid into soil pores beyond the level that interactions between 

solid surfaces and the test Iiquid alone would allow. 

As was mentioned earlier, the tests used to m e s s  soil water repellency can only be validly interpreted 

when obtained on soil that is in equilibrium with ambient air. They measure the affiity of the solid 

phase for the test Iiquid with the underlying assumption that the solid phase is in a vacuum. Because 

there is usually little difference between a solid surface tension in a vacuum and one in air (Johnson and 

Deme 1993), it is considered acceptable to measure water repellency on soil that is in equilibrium with 

air. Soi1 water repellency assessments made on soil that is wetter than air-dry, however, are invalid 

because a soi1 water-test liquid interaction variable has been introduced. n ie  tests that are commonly 

used to measure soil water repellency are not designed to account for this extra variable. Water 

repellency assessments made on soils that are wetter than air-dry could be validly interpreted if the 

theory was modified to account for the variability introduced by liquid-liquid interactions. 

The concept of actual soil water repellency that was introduced by Dekker and Ritsema (1994) is useful 

to describe the temporal variability of soil water repellency syrnptoms under naniral field conditions. 

However, it remains that the results of water repeilency assessments made on rnoist soi1 cannot be 

validly compared to results made on air- or oven-dried soil. In order to monitor the effect of different 

heating temperatures or other treatments on soi1 water repellency, soils subjected to the treatments 

shoutd initially be in equilibriurn with ambient air. 



MechunLsm 1: Heating causes re-distribution of hydroplrobic organic compounds in soil, whiclr in 

turn causes soil water repellency 

Prolonged heating at 105 O C  cm be expected to drive a number of processes, such as removal of water, 

some liquefaction of nonvolatile hydrophobic organic compounds, and sorne evaporation of more 

volatile hydrophobic organic compounds. During a fue, re-distribution of vapours may occur with 

much loss to the aboveground atmosphere, but also some re-distribution withh the soi1 profile. DeBano 

(1969) proposed that fue-induced soil water repellency is caused by the condensation in cooler (lower) 

soi1 horizons of vaporised hydrophobic plant material migrating fiom wamer (upper) soil horizons. 

Franco et al. (1995) postulated that srnaller-scale re-distribution of melted, nonvolatile hydrophobic 

organic compounds may also occur and improve the uniforrnity of hydrophobic surface coverage when 

soi1 is heated to temperatures above 40 OC. 

Much of the experimental evidence supporting the hypothesis that heating increases soil water 

repellency has been obtained with soi1 that was initially moist or organic matter-arnended before 

heating. This complicates the process of mechanism identification because of the nurnber of variables 

that are allowed to Vary during heating experiments. For exmple, Dekker et al. (1998) observed that 

drying field-moist soil at 25 or 65 O C  for 7 to I O  d consistently increased the severity of water repellency 

symptoms. They attributed this increase to heat-induced improved distribution of hydrophobic organic 

substances in the soil, even though soil moisture content likely varied between the two treatrnents. Most 

of the tirne, it is impossible to separate the contribution of heating time and temperature to the change in 

soil water repellency from that of moisture removal from soil based on evidence provided in literature 

reports. From my assessrnent of the content of many of these reports, there seems to be no indication 

that heating nonamended air-dried soil to temperatures 5 105 OC increases soi1 water repellency. 

Franco et al. (1995) demonstrated that exposure to repeated wet-heating and cooling cycles increases 

the severity of water repellency symptoms that are induced by addition of particulate hydrophobic 

organic matter to soil. For the sarne rate of litter addition, they found that symptom severity was 

increased by increasing the number of heating and cooling cycles to which the arnended soi1 was 

subjected. They also observed that wet-heating litter-amended soi1 at 70 or IO5 "C for the sarne length 

of time produced more severe water repellency symptoms in the soil that had been heated at IO5 O C .  

These results are interesting, but also difficult to interpret because several mechanisms might have 

concomitantly operated to produce the observed increases in water repellency. Franco et al. (1995) 

postulated that heating Uicreases the severity of water repellency symptoms by promoting diffision of 

nonvolatile waxy material fiom the inside of organic matter particles out ont0 their extemal surface and 

the surface of soil particles. They did not test if nonarnended water-repellent soil and adjacent readily 



wettable soi1 also displayed more severe water repellency following similar wet-heating and drying 

cycles. 

Heat-induced re-distribution of hydrophobic organic material in soil is usually the mechanisrn that is 

postulated to cause soil water repellency. It is a one-time event in frre-induced water repellency, but 

presumably an intermittent one in naturally-occuning soi1 water repellency. Heating may be required 

only once to impart water repellency to soil. Further heating may serve to replenish the supply of 

hydrophobic organic material in soil, as proposed by Franco et al. (1995), or to increase the stability of 

this material against physical, chernical and biological degradation. These hypotheses are consistent 

with the observation that fire-induced water repellency is typically shorter-lived than naturally- 

occurring water repellency. However, they require that explmations be provided for why soi1 adjacent 

to water-repetlent soil has not also acquired water repellency over t h e .  If heating hydrophobic organic 

materiai in the soil causes soil water repeilency, it should be possible to demonstrate that there is spatial 

heterogeneity in soil heating patterns, in soil water regime, or in soil hydrophobic organic matter 

content. 

Re-distribution of hydrophobic organic matter on soi1 particle surfaces was also postulated by McGhie 

and Posner (1980) to be the cause of chloroform-induced soil water repellency. These workers observed 

that soi1 water repellency can be eliminated by extraction with hot water and then restored by SoxhIet 

extraction with chloroform. They proposed that polar solvents (Le. water in this case) cause the 

dispersion of clay aggregates and thereby incresise the fraction of hydrophilic surface area in soil, 

whereas nonpolar, non-H-bonding solvents (i.e. chloroform in this case) cause the aggregation of clay 

particles and the deposition of hydrophobic organic matter ont0 the outer surface of these aggregates. 

This hypothesis, however, entails that Soxhlet refluxing in chloroform fails to remove the hydrophobic 

organic substances that it dissolves or brings into suspension. 

The proposed re-distribution mechanisrn entails that the fiactional surface coverage of hydrophobic 

organic substances in a soil layer be increased after cooling beyond what it was before heating. There is 

no direct experimental evidence indicating that this indeed happens, except perhaps for some 

micromorphological images that were obtained by SEM (Dekker et al. 1998). To confirm that heat- 

induced increases in soi1 water repellency are caused by improved surface distribution of hydrophobic 

organic rnaterial in soil, harder physical evidence should be sought. Ideally, the magnitude of the ratio 

of hydrophobic to hydrophilic surface area in soi1 before and after heating and the magnitude of that 

required to cause expression of soil water repellency (i.e. WDPT > I O  s) should be determined fiom 

direct rneasurernent of soil surface properties. Saada et al. (1995) devised a method to measure the 

proportion of hydrophilic and hydrophobic surface area of clay minerals that could be modified for use 

in whole water-repetlent soib. 



Meclianism 2: Drying soil induces con formional changes in hydrophobic organic material, wlaicir 

in turn causes water repellency 

As was discussed earlier, the fraction of the soil surface area that is covered with hydrophobic organic 

substances is likely to be an important factor in the development of soil water repellency. There is 

evidence, however, that soi1 wettability is detennined not so much by the fiactional coverage of 

hydrophobic organic molecules on soil as by the packing density of hydrophobic moieties at the 

outerrnost surface of soil particles. 

Ma'Shum and Fanner (1985) were among the f i t  to suggest that the conformation of hydrophobic 

organic substances in soil contributes to determining whether or not a soil wili display water repellency. 

They provided evidence for this by comparing the water repellency of air-dried, oven-dried and freeze- 

dried soil. They found that soils that are severely water-repellent in the au-dried or oven-dried state are 

readily wenable in the fieeze-dried state. Re-wetting and oven-drying the fieeze-dried soil caused the 

soi1 to regain water repellency. Ma'Shum and Farmer (1985) attributed this reversible water repeliency 

to changes in the molecular conformation of the hydrophobic organic material coating soil. According 

to them, hydrophobic orgmic compounds sorbed onto soil particle surfaces adopt a different 

conformation in the presence and absence of water. Evaporation of water causes more of the 

hydrophobic moieties of the organic material to becorne exposed at the fluidkolid intetface because it 

allows for closer interactions of its polar functional groups away fiom that interface. In the presence of 

water, polar functional groups in the organic material interact with water as well as with one another and 

less segregation of hydrophobic moieties is needed to minimise free energy. According to Ma'Shurn 

and Farmer (1985), Freeze-drying soil preserves the conformation of wet organic matter, but air- or 

oven-drying does not. 

Ordering of asymmetrical or amphiphilic organic molecules is known to take place upon condensation, 

precipitation, or physisorption ont0 solid surfaces (Muthukumar 1997). Further fiee energy-minirn ising 

changes are thought to occur in the conformation of organic molecules following their sorption ont0 

soil. Wetting and drying, in particular, are suspected of inducing such changes because some peats, 

composts, and hurnic substances display reduced wettability following prolonged drying. The 

importance of the role of diying-induced conformational changes in the generation of soil water 

repellency has ofken been impliecl, but rarely demonstrated by researchers. This is because direct 

physical evidence of conformational changes at the outermost layer of soil particle surfaces is dificult 

to obtain. Literature reports suggest that removing moisture fiom soi1 increases the seventy of soil 

water repellency symptoms (Dekker et al. 1998; Franco et a/. 1995), but this cannot be confmed 

experimentally with currently available techniques. 



There is some evidence in the soil water repellency literature that exposure to solvents of differing 

polarity and H-bonding capacity can induce conformationai changes in hydrophobic organic material 

that modify soil wettability. Although McGhie and Posner (1980) suggested another explanation for 

what they observed, the fact that chlorofonn extraction restored water repeHency in hot water-extracted 

soil constitutes evidence in support of this hypothesis. Exposure to chlorofonn rnay have promoted 

closer interactions of polar fùnctional groups and extension of hydrophobic moieties into the nonpolar 

liquid phase. Hudson et al. (1994) also observed increases in water repellency following extraction of 

water-wettable and water-repellent soi1 with nonpolar organic solvent, in this case, hexane. These 

authors attributed the obsttrved increase in soil water repeliency to re-distribution of hydrophobic 

organic substances in soi1 or retention of nonpolar solvent by the soil. They might also have added 

solvent-induced conformational changes to their list of alternative explanations. These reports at least 

suggest that exposure of soil to nonpolar, non-H-bonding solvents may cause conformational changes in 

the outermost layer of organic matter coatings that are analogous to those caused by removal of water 

From soil. 

C. Stabilisation mechanisms that ensure persistence of induced water repellency symptoms 

The cause of ephemeral or recurring water repellency, hereafier referred to as transient soil water 

repellency, is Iikely to differ fiom that of more persistent water repellency, hereafter referred to as 

chronic soil water repellency. Transient soi1 water repellency implies that water-repellent substances 

have a relatively short half-life as water-repellent substances in the soil, whereas chronic soil water 

repellency implies that they persist for several decades. Soils that display transient water repellency 

likely display this condition because they ternporarily provide residence to particulate, suspended or 

dissolved hydrophobic organic materiai that is not irreversibly sorbed ont0 soil. In contrast, the 

causative agents of chronic soi1 water repellency appear to be irreversibly sorbed to soi1 and not 

susceptible to natural physical, chernical and biological removal processes. At the very lest,  a large 

enough fraction of them resists extraction by nondestructive extraction procedures and retains the ability 

to irnpart watet repellency to soil. 

The postulated mechanisms of accumulation of hydrophobic organic substances in soil, followed by 

heat-induced re-distribution or drying-induced re-organisation of hydrophobic organic substances in soil 

rnay explain the development of both transient and chronic soil water repellency. Another mechanism is 

required, however, to explah the unusual persistence of chronic soi1 water repellency. Persistence rnay 

be due to causative agents of chronic soi1 water repellency having a more complex chemical structure 

than that of causative agents of transient soil water repeIlency. Altematively, it may be due to chronic 

low levels of microbial activity in the soil, strong association of causative agents with the soil, or 

perpetual replenishment of hydrophobic organic material in the soil. There is no evidence yet that 



causative agents of chronic and transient soil water repellency differ in chernical structure. Little is 

known about the levet of microbial activity in soils that display either transient or chronic soil water 

repellency. The hypothesis of continua1 replenishment is inconsistent with the fact that chronicaliy 

water-repellent soils typically support onIy sparse vegetation. The hypothesis of stronger association 

with the soil, on the other hand, is consistent with both circumstantial and experimental evidence. 

According to Alexander (1995), organic compounds wically become increasingly resistant to 

extraction with increasing residence time in the soi]. The fact that chronic soil water repellency is 

generally more resistant to nondestructive extraction procedures than is transient soil water repellency 

also supports this hypothesis. 

Ageing is cornmonly invoked to describe how organic compounds become increasingly resistant to 

extraction with lengthening time of residence in the soil. Reduced sorption reversibility is thought to 

result from multiplication of covalent and noncovalent cross-links within organic matter coatings and 

between these coatings and mineral soi1 surfaces. Soil heating and drying may promote ageing of 

water-repellent substances in soil as they do in a variety of manufactured organic polymers and 

protective coating materials Soils displaying chronic water repellency may be characterised by more 

stable hydrophobic organic substances because they have experienced more numerous heatingkooling 

and wetting/cirying cycles than soils displaying transient soi\ water repellency have. 

CONCLUDING REMARKS 

Soil water repellency is encountered in diverse ecosystems in many parts of the world. It is a condition 

that varies greatly in its degree of severity and persistence, as well as in the circumstances surrounding 

its occurrence. It is diagnosed as the inability of air-dry soi1 to absorb water droplets within 10 s or less. 

Soil water repellency is not a condition that can be defined in precise quantitative terms. This is 

because soi1 surfaces only approximate the ideal mode1 surface fiom which wetting theories have been 

derived. Tests used to measure soil water repellency rely on sound theoreticai principles, but at best 

provide only rough estimates of the average surface tension of soil solids. 

The cause of soi1 water repeliency is still not well undentood. Several causative agents have been 

proposed in the pas& but a mechanism by which proposed causative agents irnpart water repellency to 

soil has never been satisfactorily demonstrated. There are a nurnber of limitations associated with the 

interpretation of results from past investigations into the nature of causative agents of soi1 water 

repellency. mese should be better recognised and addressed in the future. 

The question of the spatial scale at which wetting takes place in soi1 and at which the ratio of 

hydrophobic to hydrophilic surface area correlates with macroscale water repellency symptoms is a 



critical question confionthg researchers studying the problem of soi1 water repellency. Theory predicts 

that water-repellent soils have a iarger ratio of hydrophobic:hydrophilic surface area than do readily 

wettable soils. The value of this ratio and the scale at which it must be sought, however, remain to be 

identified. At the macroscale, available evidence suggests that two sequential processes are needed to 

give rise to soil water repellency: (1) accumulation of hydrophobic organic material in soil and (2) re- 

distribution and re-organisation of this material in soil. Most literature reports support this hypothesis. 

Plausible mechanisms have been proposed to explain how these processes corne about, but none of hem 

can explain why adjacent soi1 is spared fiom developing water-repellent character. A third process, 

stabilisation of the hydrophobic organic material, seems to be required to ensure persistence of induced 

water repellency symptoms. This being the least studied of the three proposed sequentiaf processes, 

discussion provided on this topic is mostly conjectural. 

The objective of my doctoral research was to extend the study of soil water repeltency to its occurrence 

at old crude oil spi11 sites. The province of Alberta has several examples of formerly productive soils 

that have become severely water-repellent several years or decades following cmde oil contamination. 

These soils strongly resist weaing and consequently support only sparse plant growth. Because of their 

high susceptibility to erosion, there are concerns that these soils pose a threat to the productivity of 

adjacent land. 

My doctoral research was divided into four phases: (1) selection and characterisation of three water- 

repellent and corresponding control soiIs (Chapter 2), (2) isolation and characterisation of causative 

agents of soil water repellency (Chapter 3), (3) investigation into the cause of reversible soi1 water 

repellency (Chapter 4), (4) identification of processes that led to the development of soi1 water 

repellency at old cnide oil spill sites (Chapter 5) .  My specific objectives were to identiw the causative 

agents and the mechanism by which this rnaterial imparts water repellency to soil. To my knowfedge, 

this is the first study focussing on the occurrence and cause of soil water repellency at old cmde oil spill 

sites. 
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CHAPTER 2 

Characterisation of disaggregated nonwettable surface soils found a t  old crude oil spill sites1 

INTRODUCTION 

Hydrophobie minerai soils have been described from many parts of the world over the past 50 years. 

Such a condition has bbeen encountered in various environments, inctuding burned forest soils (DeBano 

and Rice 1973; Scott and Van Wyk 1990), citrus groves (Jamison 1947), subalpine tundra of various 

soi1 types (Barrett and Slayrnaker 1989). golf sand greens (Miller and Wilkinson 1977; Hudson et ai. 

1994), sandy soils of Australia (Ma'Shurn et al. 1988), New ZeaIand (Wallis et al. 1991). and the 

Netherlands (Bisdom et al. 1993). urban soils (Crau1 1985). cultivated soils (Chan 1992) and soils 

contaminated with petroleum hydrocarbons from natural gas (Ellis and Adams 196 1). ï h e  literature on 

nonwettable soils suggests that soi1 water repellency is most fiequently encountered in sandy soils 

characterised by a relatively small specific surface area and low organic rnatter content. However, the 

phenomenon is not restricted to coarse-textured soils; finer-textured arable soils can aiso display severe 

water repeIIency (Chan 1992; Adams and Ellis 1960; McGhie and Posner 1980). Further details about 

water-repellent soils in general are available in the comprehensive review by Wallis and Horne (1992). 

Soil water repellency is typically attributed to the presence of hydrophobic organic substances forming a 

coating over the surface of soil pmicles (Jamison 1947; Roberts and Carbon 1972; Tschapek 1984; 

Ma'Shurn et al. 1988; Wailis and Home 1992). This idea generates little debate because most mineral 

particle surfaces in soils are coated with organic substances, even in soiis that absorb water normally 

(Tschapek 1984). A wide assortment of naturally-occurring organic substances have been postulated to 

give rise to soil water repellency. Because the majority of nonwettable soils that have been described in 

the literature have no history of exposure to industria1 pollution, researchers have had no reason to 

suspect that substances other than naturaily-occurring ones may cause soil water repellency. Why sorne 

naturally-occurring substances cm generate water repellency in certain soils and not in others, however, 

remains to be elucidated. Until Tschapek (1984) and Ma'Shurn and Farmer (1985) produced evidence 

suggesting that the molecuIar orientation of organic matter coatings on soil particles miiy be determinhg 

whether soils will repel or absorb water, most researchers thought that soit water repellency was 

I A version of this chapter has been published. Roy, J.L. and W.B. McGill. 1998. Characterization of 
disaggregated nonwettable surface soils found at oid crude oil spill sites. Can. I. Soil Sci. 78: 33 1- 
344. 



aïtributable to the presence of natural organic rnatter of distinctive composition. Currently, the 

hypothesis that soil water repellency is caused by natuml components of soil organic matter that possess 

both hydrophobic nonpolar moieties and hydrophilic polar or ionic functional groups is slowly gaining 

wider acceptance (Ma'Shum and Fanner 1985; Wershaw 1986; Ma'Shum et al. 1988; Anderson et al. 

1995)- According to this hypothesis, naturally-occurring amphiphilic or surface-active organic 

molecules, such as humic, fulvic, and fatty acids, can impart water repellency to a soil when their 

hydrophilic ends are oriented towards soil particle surfaces and their hydrophobic ends extend towards 

the open pore space (Voronin and Vityazev 1979; Tschapek 1984; Grelewicz and Plichta 1985; 

Ma'Shurn and Farmer 1985; Ma'Shum et of. 1988; Wallis et al. 1990). The reverse mangernent is 

thought to prevail in soils that absorb water nomalIy; that is, hydrophilic functional groups are expected 

to interact with the soil solution whereas hydrophobic firnctional groups are expected to interact with 

thernselves and with the surface of organic coatings on mineral soil particles. Inversion of the 

orientation of amphiphilic organic molecules on the surface of soil particles has been posrulated to occur 

during suil drying and foflowing soil treatment with certain nonpolar organic solvents (Tschapek 1984; 

Ma'Shum and Farmer 1985; Ma'Shum et al. 1988). 

1 report here on a type of nonwettable soils that has been encountered with increasing frequency 

throughout the province of Alberta, Canada, over the past decade, and which, to rny knowledge, has 

never been described in the literature before. The soils under study have become severely water- 

repellent and disaggregated several years or decades following crude oil contamination. As an 

introduction to these poorly known soils, 1 present information about the history of the development of 

structural degradation and water repellency in three typical nonwettable soils from Alberta, together 

with results of their physical, chemical and biological chancterisation. Physical properties, inciuding 

structure, texture, colour, moisture retention behaviour and response to heating treatment are described 

for both nonwettable and adjacent normal soils. Information on their chemical properties includes total 

C and mineral N content, cation exchange capacity (CEC), exchangeable cations and soil pH. In 

addition, results from preliminary biological characterisation work focussed on bacterial plate counts, 

sorne metabolic capabilities, and rnorphological features are also presented. This paper documents the 

apparent link between crude oil contamination and the development of soil water repellency and 

structura1 degradation and provides some basic soi1 characterisation necessary for the formulation of 

hypotheses about the mechanisms leading to soil disaggregation and hydrophobicity and the elaboration 

of effective remediation strategies. 



MATERIALS AND METHODS 

Genetal description of the sites 

The disaggregated nonwettable soils under study occupy areas 2 ha or less and display hydmphobicity 

to a depth of -21 5 cm. 'Iliey occur in cultivated lands, forested areas, and industrial sites known to have 

been contarninated with cmde oil hvo to five decades earlier. Because they suppon sparse plant growvth. 

resist wetting during rainfall, and are structurally disaggregated, these soils are highly susceptible to 

erosion and thereby threaien to damage adjacent land and disperse contaminants to nearby 

environrnents. According to a nwnber of private landownen, areas of disaggregated nonwettable soi1 

have gradually expanded over the years, most markedly so in arable lands subjected to seasonal tillage. 

This soil no longer presents any sign of oil contamination; that is, it does not have the feel. appearance 

or odour of oil-contaminated soil. Most of the components of crude oil in the layer of nonwettable soi1 

thus appear to have either escaped by volatilisation or undergone oxidative degradation. Some sites still 

present evidence of oil contamination, but the latter is confined to shallow subsoil horizons undemeath 

the water-repellent soil. 

Site selection and soi1 preparation 

Soil samples were obtained from three old crude oil spill sites located within a 60 km-radius of the city 

of Edmonton, Alberta, Canada. The three soils were selected on the basis of their contrasting 

physicochemical propenies and management hinory. Each site contains at least one large patch of 

barren, disaggregated water-repellent soil. 

Eiierslie erperimental site (ELL) 

This study site is located at the Ellerslie research station of The University of Alberta, = 18 km south of 

Edmonton. Its legal location is NE 24-51-25-W4 (53"25'N, 1 13'33'W). n i e  soi1 is classified as a well- 

drained, Eluviated Black Chemozem of the Malmo Silty Clay Loam series. This soil developed on fine- 

textured, slightly saline glaciolacumine sediments. The site has a level topography, and is surrounded 

by vegetation characteristic of the Aspen Grove section (Crown and Greenlee 1978). The native 

vegetation consisted mostly of tall grasses, shmbs, and deciduous trees. 
* 

The ELL site was experimentally contaminated with cmde oil in 1973 as part of a study on reclarnation 

practices for soils damaged by crude oil spills (Toogood 1977). Following oil contamination, the site 

was divided Uito plots to be reclaimed and plots to be lefi untreated. The study was tenninated 5 years 

later when soi1 in the reclaimed plots had recovered most of its original productive capability (Toogood 



1977). n i e  reclamation treatments tested in the study consisted of different tillage pmctices and 

fertilisation rates. In subsequent years, repeated attempts to retum the site to agricultural production 

yielded patchy crop growth and resulted in considerable mixing of nonreclaimed with reclaimed soil. A 

decision was then made to maintain the site as a fallow field for future research. The ELL site now 

contains three patches of nonwettable soil where the oiled but nonreclaimed plots used to be located. 

Only the nonreclaimed soi1 has becorne water-repellent and disaggregated; the reclaimed soil in adjacent 

plots absorbs water normally and shows some residual rnacroaggregation. The site was fallowed fiom 

1984 to 1994, during which tirne the soil did not receive any organic or inorganic fertiliser additions. In 

August 1994, the site was seeded to fa11 rye under-seeded to alfalfa. Growth was heavy on al1 portions 

of the plots except the nonwettable sections. The rye was clipped to obtain dry matter yielâs using I m' 

samples in early JuIy 1995, The average dry matter yield recorded for nonwettable plots was 1.6 0.4 t 

ha-' compared to 9.6 * 0.5 t ha" for the oiled plots that were successfuily reclairned in the 1970s and 

never developed water repellency. The residual oil content of the nonwettable and control wettable 

adjacent soi1 at this site is respectively 9.8 0.4 and 1.0 k 0.0 g oil per kg soil (oven-dry soil bais), as 

determined by 34-h Soxhlet extraction using dichlorornethane as the extractant. 

Devon sire (DE 

This site is located on agricultural land near Devon, =15 km south-west of Edmonton. Its Iegal location 

is NW 23-50-26-W4 (53'20'N, 113O42'W). The original soil is classified as a weakIy Eluviated Black 

Chemozem of the Ponoka Loam series developed on alluvial lacustrine, medium-textured materials. In 

the native state, the area was covered with a mixture of poplar groves and shrub patches. The present 

vegetation is characteristic of the Aspen Grove section. The topogmphy is level to undulating, with 

long and smooth slopes and the soil is naturally wefl drained. 

This site was contarninated with cmde oil following the blow-out of the Atlantic No. 3 ail well in 1947. 

Although much of the spilled oil was probably removed or bumed in the subsequent fire, substantial 

arnounts of oil percolated into the subsoil where it cm still be found. According to a report by Kerr 

(1986), most of the contaminated soi1 at this site was successfulIy returned to cereal production within a 

few years after the spill. If so, then the soil condition must have slowly deteriorated over t h e  because 

the curent Iandowner clairns that large patches of disaggregated nonwettable soi1 aiready scarred the 

site over 30 years ago (J.A. Rebus, pers. commun.). Atthough some tillage and seeding has been 

practised, this nonwettable soi1 was not tilled, seeded or fertilised regularly for most of the last 30 years 

and probably longer. The DEV site today contains four large patches of nonwettable soi1 covering a 

totai area in excess of 2 ha. These patches spread away fiom the relic well head, following a gentle 

slope declining in both north-ward and west-ward directions. The residual oil content of the nonwettable 

and control wettable adjacent soi1 at this site is 6.5 * 0.3 and 1.5 0.1 g oil per kg soil (oven-dry soi1 



basis), respectively, as determined by 24-h SoxhIet extraction using dichIoromethane (DCM) as the 

extractant, 

Bruderheim site (BRU) 

This third siudy site is located a6 km north of the town of Bruderheim, or 4 0  km north-est of 

Edmonton. Its legal location is NW 19-56-20-W4 (53"51'N, 112'58'W). The soil, which consists of 

dune sand, is classified at the subgroup level as an Orthic Regosol. It was developed on aeolian parent 

material and is characterised by highly quartzitic sand. Under native conditions, the dune sand area 

supported g m s  and shrub growth. The present vegetation is characteristic of the Aspen Grove section 

with trernbling aspen as the dominant tree species. The topography of the site is undulating to hilly, or 

dune-like. 

This site was contaminated with cmde oil in the mid-1970s when it used to support an oil-producing 

facility (oil battery site). The nonwenable soil at t h  site occun in a small relief depression = IO0 rn2 

large. The adjacent sloping terrain supports sparse shrub and gras  vegetation and absorbs water 

normal ly . The water-repeilent soil is virtually bare and contains consolidated asphaltic material ("tu 

balls") between 10 cm to < 2 mm in diameter. The residual oil content of the nonwettable and conmol 

wetîable adjacent soi1 at this site is 2.3 k 0.2 and less than 0.1 2 0.0 g oil per kg soil (oven-dry soil 

basis), respectively, as determined by 24-h Soxhlet extraction using DCM as the extractant. 

Even though information about the quantity and quality of the oil spilled at two of the three study sites 

is not readily available, the approximate timing of those spills and the time since the contaminated soils 

began to display severe water repeilency and structural deteriontion are generally better known (Table 

2.1). Oil-contaminated soi1 at these sites only began to manifest severe water repellency and structural 

degradation a decade or more following oiI contamination. 

Sampting 

Samples of nonwenabIe (NW) and contro1 wettable (CW) surface soil (top 4 5  cm) were collected in 

plastic bags in August 1994 after scraping off the frrst centimetre to remove liner and occasional thin 

surface cmsts. CW soi1 was coilected imrnediately outside the NW soi1 boundaries. The DEV-CW soil 

samples were obtained fiom undemeath a healthy wheat crop. The ELL-CW and BRU-CW soi1 

samples were obtained from areas that were only sparsely covered with weeds, predominantly Canada 

thistle. CW soil was taken as that which supported some plant growth and readily absorbed water 

droplets placed on its surface. The collected field-rnoist soil was sieved to pass a 2-mm-sieve and 

thoroughly mixed to produce uniform composite samples of CW and NW soil for each of the three 



study sites. The composite samples were stored in glus jars in the dark at 4 O C  prior to analysis. There 

is no tme replication at the site level. 

Assessrnent of soi1 water repellency 

The moiarity of ethanol droplet (MED) test, fust proposed by Watson and Letey (1970) and later 

developed by King (1 981), was used to measure soil water repellency. This simple and rapid method 

has been widety tested and is considered reliable when used on air-dried or oven-dried soi1 (King 1981 ; 

Karnok et al. 1993). The MED test rneasures the moiôrity of ethanol in a droplet of water required for 

soil infiltration within 10 S. Ethanol lowers the surface tension of the liquid and thereby enables 

infiltration regardless of the soil contact angle (Wallis et al. 1991). According to the interpretation 

guidelines provided by King (198 1 ), soils with a MED index I 1 M are not significantly water-repellent, 

whereas soils with a MED index 2 2 2  Ad are considered to be severely water-repellent. I assessed snil 

water repellency using ethanol concentrations of 0.2-11.1 intervals in the range of 0-6.0 M. MED indices 

were routinely measured on both air- and oven-dried (105 O C ,  24 h) soil, but 1 report only the MED 

values obtained on oven-dried soil because they were more consistent and essentially the same as those 

measured on au-dried soil. At higher soil moisture contents than air-dry, MED indices become 

unreliable because the water present in the soi1 attracts the added water through cohesive forces. 

Characterisation of  microbiological properties 

Viable plate counr procedure 

The spread plate technique was used to test the hypothesis that communities of viable and culturable 

microorganisms are less abundant and diversified in NW soit than they are in CW soil. After =7 d in 

cold storage, three subsarnples of ELL-CW and ELL-NW soil were taken out of the cold room to 

perform viable plate count enumerations. A 10" dilution was prepared by adding 20 g of field-rnoist 

soil to 180 mL of the following sterile mineral salts solution (g L-'): Na2HP04, 6; KH2P04, 3; NaCl. 0.5; 

and NH,CI, 1, (pH 7). Decimal dilutions through IO* were prepared from the 10'' dilution. Plates 

containhg Plate Count Agar (Difco Laboratories, Detroit, Michigan, U.S.A.) were streaked with 0.1-mL 

aliquots of each dilution and each dilution was pIated in triplicate. Colony-foming units (CFU) were 

counted after 3 d of incubation at =21 O C  under normal daylight. The plates carrying the highest 

dilutions (lo4 to 1 0 ~ )  were hcubated at t2l OC for a total of 12 d to allow for the collection and 

purification of several bacterial isolates. 



:~licroscopic observation of micro bial isolates 

To obtain additional qualitative information about microbia1 communities in ELL-CW and ELL-NW 

soil, a total of 34 bacterial isolates fiom the Plate Count Agar plates were selected and examined under 

phase-contrast microscopy. Ce11 shape, size, and motility, the presence of spores and/or inclusion 

bodies, and general colony appearance was recorded for each isolate. Cornparisons were made between 

microbial numbers and community characteristics in ELL-CW and ELL-NW soi1. 

Characterisation of chernical properties 

Total C was determined by dry combustion using a LEC0 induction furnace (CR-12). No attempt was 

made to remove carbonates prior to analysis for fear of losing labile orgmic compounds in the process 

of removing the carbonates. Exchangeable NF&' and No3' were determined by automated colourimetric 

analysis of 2 M KC1 extracts fiom air-dried soil sarnples (Keeney and Nelson 1982). Soil pH was 

determined in distiiled deionised water and 0.01 LM CaClz at a sokwater ratio of 1:2 with sepamte glass 

and calomel electrodes using a Fisher Accumet@ pH Meter Model 630. CEC and exchangeable base- 

forming cations were determined following the method of Lavkulich (1981). Briefly, exchangeable 

cations were determined by saturating cation exchange sites with N b -  using 1 M ammonium acetate 

(NH40Ac) (pH 7) and andysing the leachate for ~ a " .  ~ g " ,  K'. and Na' using atornic absorption 

spectroscopy (Atomic Absorption Spectrophotorneter Perkin-EImer 503). CEC was determined on the 

NH,'-saturated sarnpies following repeated washings with IPA to remove residual I MNHjOAc (pH 7). 

The 1PA-washed sarnples of NI&*-saturated soi1 were then leached several times with 1 M KC1 fo 

dispiace exchangeable NH4' and the resulting extracts analysed for NH4' using a Technicon auto- 

analyser unit to determine CEC. Most of the above analyses were performed in d u p h t e  and thus were 

not subjected to statistical analyses. Total C and minerai N analyses were performed in triplicate and 

the mean values compared using Student t-tests. 

Characterisation of physical properties 

Soil colour 

Soil coIour was determined on air-ckied soil sarnples using Munsell soil colour charts (Munsell Color 

Company, Inc., Maryland, U.S.A.). 



Patticle size anuiysis and defermination of soil teriure 

Particle-size analysis was pecformed by the Bouyoucos hydrometer method, without pretreatrnent to 

remove organic matter or sotuble salts, fotlowing the procedure described by K a h  and Maynard 

(1991). Textural class names were assigned using the criteria of the Canadian System of Soi1 

Classification. 

The moisture desorption behaviour of the three NW and corresponding CW soiIs was determined using 

a pressure plate apparatus. The CW soil samples were placed on a porous plate in a pressure tank and 

saturated by allowing distilled water CO infiltrate through the bottom of the samples overnight. The NW 

soi1 samples had to be force-wetted (shaken with water) before they were placed on the porous plate 

next to the CW soil samples because they would not absorb water by capillarity. The gravimetric water 

content of the soils was determined at six suction values (i.e. 0.0 1, 0.033, 0.1, 0.2, 0.4, and 1.5 MPa), 

each of which was held for 48 h. 

Dry aggregate size distribution 

Dry aggregate size distribution was determined to obtain a semiquantitative assessrnent of the extent of 

structural degradation in the three NW soils. It was determined by dry sieving CW and NW soil using a 

modified Yoder sieving apparatus equipped with six nested sieves of aperture sizes 1.0, 0.50, 0.25, 

0.125, 0.063 and 0.045 mm. 1 used 500 g of soil that had previously been air-dtied and sieved to pass a 

?-mm sieve. It is unlikely chat air drying and sieving affected aggregation in the NW soih becausc the 

latter are found only in the air-dry state and flow like water through a 2-mm sieve. The rotary sieve 

machine was allowed to run at 150 vibrations*min" for 10 min. Material passing thmugh each of the 

sieves was collected and weighed without attempting to distinguish benveen aggregates and individual 

soil particles. Unadjusted and adjusted mean weight diameter (MWD) values were computed using the 

regression equation proposed by Kemper and Roseneau (1 986). 

Microstructure observation using scanning electron microscopy 

The NW soits were also examined under SEM to complement the dry aggregate distribution data and 

possibly detect the presence of an organic coating on NW soil particle surfaces. The apparatus used was 

a Jeol JSM-630FXV Scanning Electron Microscope atîached to an Energy Dispersive X-Ray Analyzer 

Kevex 5500. Magnification of 5Ox to 20 OOOx was used to produce digital images of the six soils. 



Oven-heating treatment 

This test was performed to determine what combination of temperature and tirne would provide the 

mildest thermal treatment leading to the complete elhination of soil water repellency. 1 subjected 

tripkate samples of NW soil ( ~ 1 5  g) from each site to forced-air oven temperatures of 105, 150 and 

200 OC and measured their MED index after 1 and 14 d of continuous heating. The oven-heating 

experirnents were repeated three tirnes for each test temperature to ensure triplication of soi1 x duration 

x temperature combinations for the three NW soiis. 1 selected the lowest oven temperature to 

completely remove water repellency in 24 h and conducted another oven-heating experiment similar to 

the one already described to detemine the number of hours required to completely elirninate soi1 water 

repellency at the selected temperature. At the start of this 24-h oven-heating experiment, 12 samples of 

air-dried ELL-NW, BRU-NW and DEV-NW soi1 were placed in the pre-heated oven. A new soil 

simple fiom each site was taken out of the oven every 2 h over the 24-h period, cooled in a desiccator, 

and assessed for soil water repellency. This 24-h oven-heating experiment was repeated three times 

within the same week to ensure that each soi] x temperature x duration treatment combination was 

triplicated. The MED values reported are the arithmetic means of triplicate values. 

Differential thermal analysis 

Differential thermal analyses (DTA) were performed on ELL-CW and ELL-NW soi1 samples. The 

purpose was to determine if the two soils would respond to controlled heating with different net 

enthalpy changes, thereby reflecting differences in the type andlor magnitude of thermal reactions and 

organo-minera1 interactions taking place in each soil. The soi1 samples were ground to a fine powder 

with a mortar and pestle, placed into a sample holder and analysed with respect to A1203 reference 

material. The DTA apparatus was run at a linear heating rate of 30 O C  min" under static air until the 

temperature of 525 OC was reached, fhe system used was a Perkin-Elmer System 714 Thermal Analysis 

Controller connected to a Perkin-Elmer DTA 1700 Differential Thermal Analyzer and a Hewlett 

Packard 7035B X-Y Recorder. 

RESULTS AND DISCUSSION 

Characterisation of microbiological properties 

Viable plate count and microscopie observation 

The numbers of viable and culturable CFU pet gram of oven dried soil were in the same order of 

magnitude in ELL-NW and ELL-CW soil. 1 enumerated 4 x 1 O' cFU-g-' in ELL-NW soil and 9 x 1 O' 



CFU-~- '  in ELL-CW soil. The values reponed here were obtained by averaging counts fiom two 

replicates. 

Among the ELL-NW soi1 bacterial isolates that were exarnined under microscope, 1 found 

representatives of the genera Pseudomonas and Cytophaga, which are not known to produce spores or 

cysts, and numerous Bacillus and actinomycete species, which are known to produce resistant spores in 

soil. 

Based on these observations, I concluded chat ELL-NW soi1 still harbours viable vegetative bacteriai 

cells, as well as resistant microbial spores and cysts. The numbers obtained in this study are low 

compared to the numbers that were obtained in 1973 for the same soil using the same method, but only 

4 months afier oil addition. For exarnple, the number of microorganisms enumerated 21 years ago was 

JO0 L 1 10 x 10' C F U - ~ - '  in ELL-CW soil and 870 r 400 x 10' C F U - ~ - '  in ELL-NW soil (Toogood 

1977). My estimates of microbial numbers in ELL soil are at least 100-fold lower than these earlier 

estimates. Several factors could account for the observed reduction in the size of the viable and 

culturable microbial community in ELL soil. For instance, the past sevenl years of fallowing at the 

ELL site may have contnbuted to a reduction in microbial numbers due to gradual depletion by soil 

microorganisms of readily available energy sources and mineral nutrients. The graduai development of 

soil water repellency and concomitant estabIishrnent of chronic low levels of available water in soi1 may 

also have contributed to the elimination of drought-intolerant soii microorganisms. 

To obtain additional qualitative information about the microbial component of ELL-NW and ELL-CW 

soil, 34 bacterial isolntes were exarnined under phase-contrast microscopy over a 12-d period following 

the original plating. Cell shape, size, and motility, the presence of spores or inclusion bodies, and 

general colony appearance was recorded for each isolate. Fourteen of the isolates examined were fiom 

ELL-CW soil. The other 20 were h m  the ELL-NW soil. One third (1 1/34) of al1 microbia1 isolates 

examined consisted of representatives of the Bacillus genus. These appeared to be represented in equai 

proportions in ELL-C W and ELL-NW culture plates (5114 + 6/20). Two out of the 14 isolates obtained 

from ELL-CW soif and five of the 20 isolates obtained fiom ELL-NW soil were actinomycetes. Three 

different brightly coloured colonies of coccoid bacteria that had a very unique elastic consistence were 

found only in the ELL-NW soil plates. Attempts to sarnple these colonies with a sterile loop would 

always result in the whole colony springing off the solid medium and clumping onto the loop. These 

colonies were also impossible to disperse in saline solution (0.85% NaCI, w/w), even when prolonged 

vortexing was used. 

Of the 34 isolates exarnined, two isolates obtained from ELL-NW soi1 were characterised by dense 

packing of both large translucent and small opaque inclusion bodies. These inclusion bodies may have 



contained storage polymers, such as polyhydroxyaikanoates or glycogen (Lageveen et al. 1988; Stuart et 

al. 1995), although some more closely resembled the htraceIluIar sulphur granules found in purple 

sulphur bacteria. None of the bacterial isolates obtained fiom ELL-CW soil were cocci-shaped cells, 

whereas four were found among the 20 isolates obtained fiom ELL-NW soil. I tried to select different 

organisms for rnicroscopic observation, but it is possible that, in some instances, 1 fooked at different 

isolates of the same bacterial species. This is because 1 selected isolates based on colony morphology, 

which is an attribute ttiat may vary considerably over a rnatter of days. 1 concluded fiom this 

preliminary microbiological work that ELL-NW soil contains as many diverse bacteria as adjacent ELL- 

CW soil does. Quantitative and qualitative diffaences in the fungal communities of ELL-CW and ELL- 

NW soil were not detected using the enurneration and rnicroscopic observation techniques employed in 

this study. 

C haracterisation of chemical properties 

Total C and ~~xclrangeable NH,' and NOJ' 

Characterisation of some of the physicochemical properties of the suil at the three selected sites was 

needed to provide a background set of information to guide my research. A summary of the information 

obtained is presented in Tables 2.2 and 2.3. 1 found total C to be slightly higher in NW soi1 than in CW 

soil, except in soil from the DEV site. Higher total C in ELL-NW and BRU-NW soii was attributed to 

the presence of residual petroleum hydrocarbons rather than to differences in native organic matter or 

carbonate content behveen corresponding CW and NW soil samples. The native physicochemical 

properties of CW and NW soi1 are not Iikely to differ substantially because CW and NW soi1 samples 

were collected < 35 m apart at each study site. At the ELL and BRU sites, an additional precaution was 

taken to sample CW soil from areas that were as sparsely vegetated as the areas sampled for NW soil. 

In contrast, DEV-CW soil was obtained from undemeath a growing crop of wheat because CW soil 

surrounding water-repellent areas was under cuttivation at the time of sampling. The total C content in 

the six test soils was taken as an estimate of their organic C content because the surface layer of 

Eluviated Black Chernozems and quartzitic sand dunes generally contains negligible arnounts of 

carbonates. 

The mineral N data presented in Table 2.3 revealed no consistent trend in the relative or absoIute 

distribution of Nb'-N and NO3--N forms in CW and NW soil. Mineral N was determined mostly to 

gain information about the availability of this nutrient to micrwrganisms subsisting in NW soiI. 1 found 

relativety large amounts of available N in ELL-CW and ELL-NW soil and DEV-CW and DEV-NW 

soil, but comparativety little in BRU-CW and BRU-NW soil. 



Mineral N levels in ELL-CW soil were also determined by Toogood (1977) and colleagues prior to oil 

contamination in 1973. Using a similar procedure (Elremner 1965), they determined it contained 0.49 

mg-kge' N G - N  and 9.25 mg-kg-' NO;-N. Cornparhg these earlier results with mineral N results 

obtained in this study suggests that concentrations of available N in ELL-CW and ELL-NW soi1 

increased more than 10-fold over the past 25 years. Such an increase in mineral N could only have 

resulted h m  a combination of biological Nz fixation, organic matter mineralisation, and atmospheric 

deposition. nie ELL site had not received organic or inorganic amendment in at least a decade before I 

collected ELL-C W and ELL-NW soil sarnples for this study. 

1 found no consistent trend in the total concentration of mineral N of corresponding CW and NW soils. 

As a rule, N03'-N was the predominant Form in CW and NW soil from the three sites. NO3--N was 

neither consistently higher nor lower in NW soil than in CW soil. On the other hand, NI4'-N was 

consistently higher in NW soil than in CW soi1 at each of the three study sites. The relatively higher 

NH4'-N content of NW soi1 may have arisen as a consequence of its chronic dry state undet natural field 

conditions. n i e  gradua1 and ineversible air-drying of NW soi1 under field conditions may have 

enhanced NH4' adsorption to soil particles. Although I do not have experimental evidence to 

substantiate this staternent, other researchers have reported small but significant increases in 

exchangeable NH4'-N and even NO3'-N following air-drying of soi1 (Nelson and Bremner 1972). 

Akematively, the NW soils rnay have accumulated cornparatively more NH4'-N than the corresponding 

CW soils did because of lower nitrification rates. According to Paul and Clark (1989), NI&'-N often 

accumulates in water-stressed and cool soils because mineralisation reactions producing NH4'-N are 

generally Iess sensitive to both water stress and Iow temperature than are nitrification reactions. Given 

the severe deterioration of the NW soils and the low tolerance of nitrifjing bacteria to poor microhabitat 

conditions, conversion of NH4'-N to NOpN probably occurs more slowly, if at al], in NW soi1 than in 

C W  soil. 

Another factor that may have accounted for higher N&'-N Ievels in NW soil is the activity of N2-fixing 

cyanobacteria (also known as blue-green algae). These are thought to experience bursts of activity 

when rainwater accumulates at the surface of NW soil. The formation of green mats in water ponds 

sitting on the surface of NW soi1 was observed at the ELL site following a heavy rainfall during warm 

summer days. This activiry may result in the release and accumulation of w' ions that precipitate or 

become adsorbed ont0 soi1 particle surfaces upon evaporation of the rainwater. Biological 

transformations leading to alterations in the amounts and forms of inorganic N during storage were 

likely negligible given the 4 OC storage temperature that was used and the vVtualIy air-dried state of the 

field-moist soi1 that was stored (Table 2.2). 



1 found no remarkable pH differences between CW and NW soil from ELL and BRU sites. The three 

NW soils were characterised by fairly simiIar, slightly acidic soil reactions. The pH measured in DEV- 

CW soil exceeded the pH that would normally be expected for a soit belonging to the Ponoka Loam 

series (pH 6.5 in saturated soil paste). 1 cannot explain why such a large difference in pH was found 

between DEV-CW and DEV-NW soil. Differences in native properties of CW and NW soil samples 

collected less than 25 m apart could not possibly account for such a large difference in reaction. 1 am 

confident that the large pH difference is not due to experimental error because i repeated the 

rneasurements several tirnes with different electrodes and obtained the same results every time. The 

rnost likely explanation is that the cropped DEV-CW soi1 sarnpled in this study stiIl contained residual 

calcium carbonate From amendments made in previous yem. 

CEC and axhangeabfe base- forming cations 

1 performed these analyses to determine if CEC and the concentration of major exchangeable cations 

could be used to distinguish between NW and CW soil. 1 determined the concentration of the 

exchangeable base-forming cations ~ a " .  M ~ " ,  K+, and Na* in both types of soils also to find out if NW 

soils were characterised by severe chem ical im balance pro blems, such as high concentration of 

exchangeable Na* ions. 

The CEC was substantially lower in ELL-NW and DEV-NW soil than in ELL-CW and DEV-NW soil. 

but equivalent in B RU-N W and BRU-C W s o l  The statistical significance of differences observed 

between the CEC values measured in CW and NW soil was not tested because the CEC and 

exchangeable cation determinations were performed on duplicate samples. The difference noted 

between the CEC values of CW and NW soil fiom the DEV and ELL sites, however, is substantial 

enough to suggest that NW soil at these sites differs considerably from CW soi1 in the density of its 

negative surface charge. 1 attributed differences in CEC between CW and NW soils to differences in 

organic maner content, organic matter composition, and fractional content of clay-size particies (Table 

2.2). The higher pH and exchangeable ca2+ in DEV-CW soil may have been due to previous addition of 

free lime to soil. 

Because the filtrates obtained From NW soil during the alcohol extraction step were much darker in 

colour than those obtained from CW soil, 1 conducted a simple experiment to detennine if soil water 

repellency decreased part way through the CEC extraction procedure. 1 repeated the sequence of 

extractions used for the determination of exchangeable cations and CEC and measured the MED index 

of the soils after each extraction step perfonned in the prescribed sequence, The MED index of the 



three TJW soils was measured after triplicate samples of NW soil had been leached thoroughly with (1) 1 

MNHJOAc (pH 7), (2) 1 MNH.,OAc (pH 7) followed by IPA, and (3) 1 M N h O A c  (pH 7), followed 

by IPA and 1 M KCI. n i e  soi1 samples were not allowed to dry between additions of leaching solution. 

The three different extraction sequences were performed on three consecutive days. The emc ted  soil 

samples were transferred fkom their Buchner funnels h to  clean tin cans, allowed to air-dry for 7 d, and 

then oven dried for 24 h at 105 O C  in a forced air oven. MED indices were measured on oven dried soil 

samples (Table 2.4). 

Soi1 water repellency was substantially reduced afler the IPA washing step (Table tS), but vimally 

unaffected by extraction with either of the two aqueous solutions (1 M NKOAc and 1 11.1 KCI). 

Extraction with NKOAc aione did not lower the MED index of the soils considerably, except in the 

case of the sandy BRU-NW soil. The fact that [PA was much more effective at reducing water 

repellency in al1 of the three NW soils than were the two aqueous solutions suggests that water-repellent 

substances in NW soil consist predominmtly of organic compounds having some polar or amphiphilic 

character. IPA is a weak amphiphilic solvent that would be expected to extract organic compounds 

having similar chemical and structural properties. IPA is used to wash the soil fiee of excess soluble 

salts (residual 1 M NH40Ac) afler cation exchange sites have been saturated with NH.,', before the 

adsorbed NH4- can be replaced by K' in a subsequent saturation step (Lavkulich 198 1). This alcohol is 

considered to be an adequate washing solution because NH.,OAc is highly soluble in it and because it 

keeps the sample flocculated and prevents loss of NH4' by hydrolysis (Bohn et al. 1985). 

These last tests were performed to determine if soil water repellency was reduced by the procedures 

used to deterrnine CEC. This information was needed to determine whether the NW soils on which 

CEC measurements were made were rendered wettabte part way through the CEC determination 

through Ioss of some organic matter. 1 do not know how or even if this might alter CEC, but it is 

important to be clear about whether the analytical procedure not only determines the analyte of concem, 

but also changes the key variable of interest - wettability. Based on the results presented in Table 2.5, it 

is evident that the method 1 used for CEC determination markedly reduced soil water repellency. 

The concentrations of exchangeable ca2', ~ g " ,  K' and Na' measured in NW soi1 were similar to those 

found in CW soil from the three sites (Table 2.4). These data suggest that the composition of 

exchangeable cations is not a property that is remarkably affected by the development of soil water 

repellency and structural degradation in soils that have been contaminated with crude oil. 1 also found 

low concentrations of exchangeable Na' ions (< 0.5 cmol(+) kg-') and low SAR (c 0.22) values in al1 

three NW soils. Unless the standard methods used in the chemical analyses were inappropriate for use 

with water-repellent soil, the above fmdings suggest that the inorganic chemistry of NW soils does not 

differ appreciably from that of CW soils. 



Soil colour 

1 detenined soil colour on air-dried soi1 sarnples to provide readers with a means of comparing the 

appearance of the CW and NW soils described in this paper. ELL-CW soi1 corresponds to the MunseIl 

colour Very Dark Grey (IOYR 311 dry), whereas ELL-NW soil matches more closely a Very Dark 

Brown (IOYR 212 dry). DEV-CW soil is Black ('IOYR 211 dry), whereas DEV-NW soi1 is closer to 

Very Dark Brown (IOYR 2/2 dry). BRU-CW soil is Brown (1 0YR 513 dry), whereas BRU-NW soil is 

Light Olive Brown (2.5YR 514 dry). As a rule, air-dried NW soil has a slightly paler colow than air- 

dried CW SOL This may be due to clifferences in the type of organic matter CW and NW soils contain, 

or to differences in the amount of rnoisture these soils retain in the air-dried condition. Structural 

degradation also imparts a dusty appearance to the NW soils, which probably contributes additional 

dullness to their colour. 

Particle site analysis 

The results of particle size analysis revealed that DEV-NW and ELL-NW soi1 contains less clay-size 

puticles than corresponding DEV-CW and ELL-CW soil (Table 2.2). 1 artributed this difference to 

erosion and translocation or settling of clay-size particles out of the NW soi1 layer. Erosion because 

NW soil is dry and bare for most of the year, and clay translocation or settling because a 1-3 cm thick 

layer of cemented soi1 is often found below NW soit at old crude oil spi11 sites. It is also possible that 

the water-repellent coating of NW soiIs prevented clay dispersion and adequate clay-size fraction 

estimation. The textural ciass narnes that were assigned were Very couse sand for BRU soil, Coarse 

sandy loam for DEV soil, and Fine silt loam for ELL soil. The difference in textural composition 

(particle size analysis) between CW and NW soils were not sufficient to justify separating them into 

different textural classes according to the Canadian System of Soil Classification. 

Soif-moisture cliaracteristic curves 

I measured the gravimetric water content of the test soils at six different tensions to determine if there 

were consistent differences in the rnoisture-holding behaviour of CW and NW soi1 that were 

independent of sampling site and native soi1 physicochernical properties. 1 found the water-holding 

capacity of the CW soiis to be generaily higher than that of the NW soils at the six tensions tested, 

except for ELL-CW and ELL-NW soil at -0.01 MPa. Water retention curves for soil fiom the three sites 

are presented in Fig. 2.1. The water retention values reported are the arithmetic rneans of two replicates 

with the standard deviation represented as emor bars, The fact that DEV-CW soi1 retained more water 

than DEV-NW soi1 throughout the range of suction values tested is probably a consequence of higher 



fiesh organic rnatter content in DEV-CW soil and strong intermoIecular attraction forces between this 

organic matter and water. 

The water desorption resuks 1 obtained do not agree with the findings of Ellis and Adams (1960). 

Those workers found more water held in water-repeilent gas-saturated soil than in normal adjacent soi1 

under suction values in the range of 0.033 to 1.5 MPa. They concluded that higher water-holding 

capacity made force-wetted water-repellent soils a more suitable microclimate for microorganisms and 

plant roots. This statement, however, cannot be extended to the NW soils chat 1 studied. 

Dry sieving onaipis 

The results of the dry sieving malysis are presented in Table 2.6. Both the unadjusted and adjusted 

MWD values are reported for the three NW and corresponding CW soils. These data were used to 

compare the aggregate site distribution of NW and adjacent CW soil. According to both unadjusted and 

adjusted M W  values, particies or aggregates rernaining in ELL-NW and DEV-NW soi1 are genenlly 

smaller than those found in ELL-CW and DEV-CW soil. No such difference was found between BRU- 

CW and BRU-NW soil samples because the native soil at that location consists of single-grained dune 

sand exhibiting limited natural aggregation. The resuits presented in Table 2.6 clearly demonsnate that 

NW soils are more stnrcturally disaggregated than corresponding CW soils. 

Microstructure using scanning electron microscopy 

SEM was used to examine the structure of NW soils and possibly detect the presence of an organic 

coating on soi1 particle sudaces. Although aggregates of diameter = 100 Fm were notably scarce in the 

samples under observation, I found enough microaggregates in NW soi1 to conclude that their structure 

is not completely destroyed. An organic coating around soil parîicles could not be detected (e.g by 

rounded edges, film connecting single particles, etc.), even under high magnification (15 000 x), 

presumably because of uniform thin surfacc coverage, or alternatively, hegular or patchy coverage. 

SEM micrographs of the three NW soils and three CW soi15 are included to provide readers with an 

opportunity to examine the microstructure of these unusuai soils. Fig. 2.2 contains SEM micrographs of 

air-dry CW and NW soi1 samples from the ELL, BRU, and DEV sites. Features to notice in these 

micrographs include the more disaggregated and relatively 'dirtier' appearance of NW soi1 compared to 

CW soil. The 'dirtier' appearance of the BRU-NW soil may be an indication of the presence of water- 

repellent organic substances on soi1 particle surfaces. Structural degradation, while much less striking 

under SEM than under simpler visual examination, is still discernible h the SEM micrographs of ELL- 

NW and DEV-NW soil. 



Oven-heating treatment 

Even though oven-drying at 105 OC for 24 h oAen slightly mises the MED index of air-dried NW soil 

(data not shown), higher oven temperatures and longer exposure times were expected to contribute to 

the removal or destruction, by desorption, oxidation or pyrolysis, of some or al1 of the water-repellent 

substances coating NW soi1 particle surfaces. Preliminary tests were conducted to determine what was 

the lowest oven temperature needed to eliminate soil water repellency completely within 24 h. 1 found 

that oven-heating at 105 or 150 OC for 21 d only slightly reduced soil water repeilency, whereas oven- 

heating at 200 O C  compietely eiiminated it within less chan 24 h (Table 2.7). 1 then proceeded to 

determine exactly how many hours of thermal treatment at 200 OC were needed to eliminate soi1 water 

repellency completely. 

Soi1 water repellency in alI soiIs decreased with time in the oven at 200 OC (Fig. 2.3). The MED index 

of BRU-NW soil slightly increased during the first 2 h, but then started to decrease gradually 

afienvards, reaching a value of O afler a total of 18 h. In contrast, the water repellency index of ELL- 

NW soil did not change or changed only slightly during the first 2 h of thermal treatment before it too 

started to decrease gradually. It took a total of 20 h at 200°C to eiiminate soi[ water repellency 

completely in ELL-NW soil. It also took 20 h to eliminate soi1 water repellency in DEV-NW soil, but 

this soil began to lose water repellency immediateiy upon exposure to the high oven temperature. Other 

researchers have removed soil water repellency using temperatures higher than 200°C (Scholl 1975; 

Nakaya et al. 1977; John 1978; Giovannini and Lucchesi 1984). 'ïhere is little doubt that the use of 

temperatures >200°C would have resulted in faster elimînation of soi1 water repellency in the studied 

ELL-NW, BRU-NW and DEV-NW soi1 too. 

Differential thermal analysis 

DTA detemines energy changes between a sample and reference material as the two are heated side by 

side at a controlled rate. When the sample undergoes a transformation, the heat of reaction (net 

enthalpy change) causes a difference in temperature between the sample and reference material and this 

difference is recorded as a tùnction of temperature (Tan et al. 1986). No detectable thermal reactions 

took place in the reference material Al2Of when it was heated h m  room temperature to 525 OC. The 

flat line produced by Alto3 is the abscissa in Fig. 2.4. This line is used to determine the temperature at 

which net endothermic reactions exactly counterbalance net exothermic reactions in the heated soi1 

samples. The DTA curves of ELL-CW and ELL-NW soi1 were both characterised by a broad 

endothermic peak with a minimum at 140 OC, probably due to the dehydration of the sample and 

desorption of some lower-molecular-weight organic compounds, and a broad exothermic peak with a 

maximum at ~ 3 3 0  OC, probably due to the oxidation of organic matter (Fig. 2.4). These endothermic 



and exothermic peaks were of higher intensity in ELL-CW soil than in ELL-NW soil. The break-even 

point between endothermic and exothermic peaks occurred at 260 O C  in ELL-CW soil and 243 OC in 

ELL-NW soil. Unlike Giovannini and Lucchesi (1984), 1 did not fmd a unique peak in the DTA curve 

of the NW soi1 that could be described as diagnostic for soil water repellency. The diagnostic peak 

reported by those authors was a well-defrned exothermic peak at 490 "C present in the DTA curves of 

NW soi1 and organic material extracted fiom this soi1 using acetylacetone-benzene, but absent in the 

DTA curve of the extracted soil. This peak was attributed to the combustion of organic matter that is 

uniquely present in NW soil. In this study, 1 found a relatively smail exothermic peak at 490 OC in the 

DTA curve of the CW soil only. The fact that the 490 OC peak was absent in ELL-NW soil may simply 

be an indication that the organic substances causing water repellency in the pine forest soi1 studied by 

Giovannini and Lucchesi (1984) differ fiom those causing water repellency in ELL-NW soil. Mallik 

and Rahman (1985) also failed to find a peak at 490 O C  in the DTA curve of bumed water-repellent soi1 

from Scotland. 

Given the similarity of theù DTA curves, simiIar types of reactions probably took place in ELL-CW and 

ELL-NW soil as temperature was increased to 525 OC. 1 noted a difference in the intensity of the peaks, 

however, which made it possible to distinguish beween ELL-CW and ELL-NW soil. The intensity of 

the broad endothermic peak was =30% less in ELL-NW soii than in ELL-CW soil, and the intensity of 

the broad exothennic peak was ~ 1 7 %  less in ELL-NW soil than in ELL-CW soil. The two soi1 samptes 

analysed by DTA were of similar size ( ~ 2 0  mg), packing density, and native physicochemical 

properties. Based on these considerations, 1 concluded that differences in the net enthalpy of their 

thermal reactions coufd only be attributed to differences in the nature of the organic matter they contain 

or in the sorption mechanism by which the latter is associated with the soil. Although ELL-NW soi1 

contains slightly more total C, ELL-CW soil reacted more vigorousiy to thermal treatment. This could 

be an indication that organic compounds in ELL-NW soil are more strongly sorbed to mineral panicfes, 

and therefore more thermally stable, than they are in ELL-CW soil. 

CONCLUSION 

Three soils that have become severely water-repeIlent and disaggregated several years or decades 

following contamination with cade oil were described in this paper. Although these soils occupy 

relatively srnaIl areas (< 10 ha), some appear to be continually expanding over tirne. Soi1 water 

repellency and stmctural degradation typically affect only the top 10-15 cm of the soi1 profile and the 

properties described throughout this paper refer only to this layer. The results of my preliminiuy 

characterisation work can be summarised as follows: (i) NW soil contains more smaller-sized dry 

aggregates than CW sail does, (ii) the presence of an organic coating on NW soi1 particles was not 

detected by SEM, (iii) the three studied N W  soils are s eve~ ly  water-repellent with MED > 3, (iv) CW 



and force-wetted NW soils display similar water-holding capacity, (v) ELL-NW soil contains a sizeable 

community of viable and culturable bacteria, including spore-formers and vegetative, presumably 

resting, cells, (vi) the three studied NW soils lost water-repellent character foilowing heating in a forced 

air oven for 18-20 h at 200 O C ,  and (vii) NW soi1 is generally characterised by: a lower CEC than CW 

soil, a relatively high content of minerai N and total C, and a ratio of exchangeabIe base-forming cations 

and pH value comparable to that found in CW soil. 

Standard chernical, physical and microbiological techniques that require the preparation of soil 

suspensions in aqueous solutions present numerous disadvamages for the characterisation of severely 

water-repellent soils. The use of widely accepted analytical techniques that do not adequately simulate 

in situ conditions in NW soils might also Iead to the production of irrelevant information, which should 

be interpreted with caution. The characterisation information described in this paper provides a usefid 

basis for the cornparison of NW and normal adjacent soiIs with soils that have not been exposed to 

cmde oil contamination. Ln addition, it provides the background information necessary for the 

formulation of better-focussed hypotheses dealing directly with questions about the nature and origin of 

soil water repellency at old crude oil spi11 sites. Data presented in this report suggest that water- 

repeilent soils found at old crude oil spi11 sites do not differ appreciably fiom normal adjacent soils in 

tenns of their inorganic chemistry. More remarkable differences between water-repellent and normal 

adjacent soils, however, are likely to be found through analyses of their orgmic and physical chemistry. 

Disaggregated water-repeilent soil found at old cmde oil spil! sites throughout the province of Alberta 

provides a unique opportunity to study the long-tem impact of cmde oil contamination in soil and the 

interactions that take place over time between mixtures of petroleum hyârocarbons, rnicroorganisms, 

and mineral and organic soil constituents. These sites are vivid examples of the fact that crude oil 

contamination in soi1 can sometirnes cause persistent and severe damage to healthy and productive soi1 

ecosystems. 



Table 2.1. Characteristics of the three selected study sites 
- -- 

Site Land use Texture MEDz Date of spi11 

ELL Agriculhiral Clay loam 3.9 0.1" 1 973 

BRU Industrial Loamy sand 3.5 *O.t = 1975 

DEV AgricuIturaI Loarn 4.2 k 0.0 1947 

Molririty of Ethanol Droplrt test perfomed on oven-dried soi1 (105 OC. 24 h) 
Interpretation guidelines: MED < 1.0, siight water repcllency: 1 .O < MED < 2.2. modente; MED > 2.2. 
scvere (King 198 1 )  
Standard deviation 

Table 2.2. Physicochem ical propenies of the three N W and corresponding C W test soils (0- 1 5 cm)' 

ELL BRU DEV 

Property CW NW CW NW CW NW 

pH (in water, 2: 1)  

pH (in 0.0 1 MCaC12) 

CEC ( m o l  (+).kg") 

Water at 33 kPa (gekg") 

Field moisture content (g.kg") 

Sand (g.kg") 

Siit @kg*') 

Clay (g.kg") 

Nat tested for statistical significancc 



Table 2.3. Total C and minera1 N content of the three NW and correspondhg CW test soik 

ELL BRU DEV 

Property CW N W  CW N W  C W  NW 

Total C (gkg-') 61.0 67.8'. 2.0 5.3.' 38.9 40.9. 

NO3'-N (mgkg") 93.6 63.3" 3.5 3.8'" 5.7 48.0" 

NH4=N (mgkg") 7.1 19.3'. 2.4 9.5.' 2.9 70.8'- 

.. 
CW and NW mcans are significantly different at the 1 % level of significance 

CW and NW means are significantly different at the 2 % level of significance 
"' CW and NW rntans are not significuitly different (O.%p< 1 .O) 

Table 2.4. Concentration of exchangeable ~ a " ,  M~", K', and Na' (mol (+).kg") in CW and NW soils 
as detemined in 1 MNHjOAc (pH 7) 

Soi1 caT' M~''  Na' K' Sum SAR' 

ELL-CW 29.2 5.3 O .4 0.8 35.7 0.1 1 

ELL-NW 25.7 4.3 0.4 0.8 31.2 O. 10 

BRU-CW 2.1 0.4 <O. 1 0.2 ~ 2 . 8  O. 14 

B RU-N W 2.2 0.4 <O. 1 0.1 G.8 0.18 

DEV-CW 35.8 8.4 1.1 0.4 45.7 0.25 

DEV-NW 20.8 4 3  0.5 0.4 25.9 0.22 

' SAR: Sodium ridsorption ratio, calculated as (Na71SQRT {([~a'7+~f~''])n), ail values reponed in rneq.~' 



Table 2.5. Change in water repellency of three NW soiis during extraction for CEC determination by 
the method of Lavkulich (198 1) 

Soil 

MEDx fM) before MED' (M) after extraction with 

extraction Ay A+By A+B+Cy 

ELL-NW 3.8 * 0.0' 4.0 I 0.0 0.5 * O. 1 0.3 * O. 1 

DEV-NW 4.2 1 O. 1 4.2 i 0.0 0.0 * 0.0 0.7 0.2 

BRU-NW 3.4 i 0.0 2.3 I O, i 0.0 k 0.0 0.0 -t 0.0 

MED = Molarity of Ethano1 Droplet test performcd on oven-dricd soi1 
A = I .If NKOAc (pH 7). B = Isopropanoi. and C = 1 .Cl KCI 
Standard dcviation 

Table 2.6. Unadjusted and adjusted MWD values computed for the 
three NW and correspondhg CW soils 

Unadjusted Adjustedz 

Soi1 MWD MWD 

ELL-CW 

ELL-NW 

BRU-C W 

BRU-N W 

D EV-C W 

DEV-NW 

Adjusted MWD = 0.876 (unadjuneci MWD) - 0.079 (Kcmpcr and 
Roseneau 1986) 



Table 2.7. Water repellency of NW soils afier heating in a forced-air oven for 24 h or 14 d 

Temperature ( O C )  

ELL BRU DEV 

24 h 14 d 24 h 14 d 24 h 14 d 

' MED = Molarity of Ethanol Droplet test perfonned on oven-dried soi1 



-a- ELL-CW 

-a- ELL-NW -.- BRU-CW 

-v- BRU-NW 

-a- DEV-CW 

-0- DEV-NW 

Suction (kPa) 

Figure 2.1. Water retention curves of three NW soils and correspondhg C W soils. 





1 -.- ELL-NW 1 
1 -.- BRU-NW 1 
1 -A- DEV-NW 1 

Tirne (h) 

Figure 2.3. Oven-heating experiment perfonned to determine the t h e  required at 200 O C  for complete 
elimination of water repellency in ELL-NW, BRU-NW and DEV-NW soil, 



Temperature (OC) 

Figure 2.4. Differential thermal analysis Cumes of intact ELL-CW and ELL-NW soi1 samples. (1) 
ELL-NW, (2 )  ELL-CW, (3) AIz03 reference material. 
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CHAPTER 3 

Petroleum residues as water-repellent substances in weathered nonwettable oil-contaminated 

soils' 

INTRODUCTION 

Soil water repellency is encountered in diverse ecosystems in many parts of the world. Most literature 

reports are of naturally-occurring or rue-induced soi1 water repellency, but there have also been reports 

of pollution-indtcced soi1 water repeilency (Ellis and Adams 1961; Crau1 1985). The soils described in 

this report are an example of the latter. They are soils that became water-repellent sevenl years or 

decades following oil contamination. The severity of their water repellency is such that they resist 

wetting even under heavy rainfalls. This condition has prevailed unabatsd for over 20 years and there is 

no indication that it is waning. 

Despite the fact that soil water repellency has been studied since early this century, progress has been 

slow toward identifying its causes. A wide variety of potential causative agents have been proposed, but 

a mechanism responsible for the generation of soi1 water repellency has never been identified. Most 

researchers atiribute soil water repellency to the presence of hydrophobic organic material coating soi1 

particle surfaces (Wallis and Home 1992). Inorganic materials are not usually suspected as causative 

agents because the few known hydrophobic minerals in soils (e.g. graphite, sulphide, and elernental 

sulphur) are typically present in low to trace quantities only (Tschapek 1984). Mineral surfaces coated 

with amorphous silica containing siloxane groups are probably the most widely occurring hydrophobic 

minera1 surfaces in soils, but their surface density is generally tao low to give rise ta soi1 water 

repellency. 

The characterisation of causative agents of soil water repellency confiants researchers with several 

analytical difficulties. Firstly, most nondestructive extraction procedures fail to eliminate soi1 water 

repellency compietely. Secondly, organic extncts obtained fiom water-repeIIent soil usually consist 

largely of naturally-occurling compounds that are cornmonly encountered in readily wettable soils. 

Thirdly, soi1 water repellency can be eliminated without removal of any compounds fiom soi1 

' A version of this chapter has been published. Roy. J.L., W.B. McGill and M.D. Rawluk. 1999. 
Petroleum residues as water-repellent substances in weathered nonwettable oil-contaminated soils. 
Cane J. Soil Sci. 79: 367-380. 



(Ma'Shum and Farmer 1985). Fourthly, organics that cari impart water repellency to soi1 occur 

naturally in most soiIs. Furthermore, based on evidence chat has been gathered so far, soil water 

repellency seems to depend not only on the presence and surface density of water-repellent substances 

in soil, but also, on their ability to display conformational flexibility at fluid-solid interfaces in soil. 

Compounds hparting persistent water-repellent character to soil must be recalcitrant, water-insoluble, 

hydrophobic organic compounds. ïhey may be strictly nonpolar molecules or motecules that have 

segregated polar and nonpolar regions (i.e. surface-active or arnphiphilic compounds). Their 

recalcitrance may be due to a large moleculat size or to strong interaction with soil surfaces. Surface- 

active compounds, such as humic substances and certain biogenic lipids, are commonly encountered in 

soils (Tschapek 1984; Anderson et al. 1995). Strictly nonpolar organic compounds, on the other hand, 

are much less prevalent. This is because nonpolar character is usually readily lost in soil as a result of 

chernical or biological oxidation reactions (Dinel et al. 1990). 

Hurnic acids (Tschapek 1984; Ma'Shurn and Farrner 1985) and decomposing plant residues (McGhie 

and Posner 1980; Barrett and Slaymaker 1989) have often been proposed as causative agents of 

naturally-occumng soil water repellency. It is not hown how exactly these might impart water 

repellency to soil, but indirect evidence suggests that they are implicated in the process. In soils that 

become severely water-repellent several years or decades fotlowing oil contamination, alternative 

sources of causative agents are ako being considered. These are recalcitrant petroleurn residues and 

rnetabolic products of hydrocarbon-degrading soil microorganisms. 

Virtually al1 constituents of crude oil mixtures are hydrophobic organic compounds that could impart 

water repellency to soil. Polar compounds of the resin and asphaltene fractions, however, are more 

likely culprits because of their relatively high microbial recalcitrance and high sorption affinity to soil 

(Atlas 198 1 ; McGill et ai. 1 98 1). These compounds are suspected of causing reduced water-wettability 

of rock suriaces in petroleum reservoirs (Denekas et al. 1959; Crocker and Marchin 1988). Despite the 

above theoretical considerations, 1 am not excluding low-molecular-weight petroleum hydrocarbons as 

potential causative agents. 1 cannot exclude them because some soils devetop water repellency 

following contamination with natural gas (Ellis and Adams 196 1). Oil-degradhg microorganisms are 

known to produce high-molecular-weight alkanes, wax esters, and fatty acids. Several groups (Jobson 

et al. 1972; Walker and Colwell 1976) have repotted the synthesis of complex high-molecular-weight 

hydrocarbons by microorganisms during utilisation of petroleum hydrocarbons. Such compounds must 

also be considered as an additionai potential source of water-repellent substances in the studied soils. 

Ma'Shum et al. (1988) were the fvst to report on the successful extraction of water-repellent substances 

from nonwenabte soils under relatively mild conditions. They found that Soxhlet extraction with a 



mixture of IPAMH.,OH comptetely eliminated water repellency in nonwettable sandy soils. Extraction 

with NaOH (Roberts and C 1972; Miller and Wilkinson 1977; Kmok et al. 1993) and H202 (Tucker et 

ai. 1990; Bisdorn et al, 1993) is atso effective at eliminating soi1 water repellency. However, these 

harsher extractants were deemed inappropriate for use in analytical work because they extract organic 

matter nonseIectively or destroy the extracted material. 

In this report, 1 describe how 1 isolated, characterised, and identified putative water-repellent substances 

in three soils that developed severe water repellency several years or decades following oil 

contamination. My objective was to test the hypothesis that waler-repellent substances in these soils 

consist predominantly of recalcitrant petroteum residues (e.g. resins or asphaltenes) or of products of 

microbial metabolism (e.g. biogenic lipids). Several extraction solvents were tested, inctuding the one 

used by Ma'Shurn et al. (1988), to fmd one that would completely eliminate water repellency in the 

three selected nonwettable soils. Extracted putative water-repellent substances were then characterised 

by solid-state "c-NMR spectroscopy. IhemEx-GCIEVMS and ThermEx-GCICVMS, and their origin 

tentatively described. 1 present here compounds that 1 identified by rnolecular weight information and 

extracted ion current profiles and that resemble more closely compounds of petroleum origin than 

cornpounds of microbial or plant origin. 

iMATERt ALS AND METHODS 

Ceneral description of the sites 

Three nonwettable soils from different weathered oiI-contarninated sites were selected for this study 

(Table 3.1). Two are located in fonnerly productive agricultural fields and one is from an industrial site 

that supported an oil-producing facility until the mid-1980s. Al1 are located within a 60-km radius of 

the city of Edmonton, Alberta, Canada. The three sites were described in detail in Chapter 2. Briefly, 

soil from the agricultural Ellerslie (ELL) site (53'25'N. 113"33'W) consists of Malmo silty clay loam 

(Eluviated Black Chemozemic) that was contaminated with cmde oil in 1973; soi1 fiom the industrial 

Bruderheim (BRU) site (53O51'N, 112O58'W) consists of dune sand (Orthic Regosolic), which was 

contaminated with cmde oil in 1982; and soi1 from the agricultural Devon (DEV) site (53O2OïN, 

11 3'42'W) consists of Ponoka loam (Eluviated Black Chernozemic), which was contaminated with 

crude oil in 1947. ï h e  tiuee sites each contain at Ieast one patch of barren nonwettable soil that is 

between O. 1 and 10 ha in size. The dry and powdery nonwettable soi1 that was sampled for this study is 

confmed to the top 10-15 cm of the soi1 column. It does not smell, look, or feeI like it contains any oil, 

but underlying subsoil layers typically release a distinct petroleum odour and, at the DEV site, present 

evidence of low redox conditions (greyish green colour). 



Soi1 sampling and sample prepamtion 

Non wettable and adjacent control wetlable soi1 

Samples of wettable and nonwettable soi1 (0-15 cm) from the ttuee old cmde oil spill sites were 

collected and processed as described in Chapter 2. 1 identified nonwettable (NW) soi1 as field-moist soil 

that does not absorb water droplets in 10 s or less. Readily wettable soi1 to be used as control wettable 

(CW) soi1 was sampled within a 25 m-perimeter surroundhg the NW soi1 sarnpling area. 1 identified 

CW soi1 as field-moist soi1 tfiat absorbs water droplets in 10 s or less. CW soil at the DEV site (DEV- 

CW) was sarnpled From underneath a growing wheat crop, whereas that obtained fiom the ELL (ELL- 

CW) and BRU (BRU-CW) sites was sampled in fallow areas that were only sparsely covered with 

weeds. Although field-moist ELL-CW soi1 was readily wettable at the tirne of sampling, air drying 

indoors caused this soi1 to acquire slight water repellency. It was nevertheless kept as the ELL-CW soil. 

ELL-CW soil was contaminated with crude oil at the same tirne as ELL-NW soil was. 1 know this 

because 1 sampled ELL-CW soi1 within the documented perimeter of the oil-contaminated area of this 

site. In the absence of such documentation for the DEV and BRU sites, I cannot confirm the pristine or 

contaminated state of BRU-CW and DEV-CW soil. According to anecdotal reports, however, the area 

sampled for DEV-C W soil was also contaminated by cmde oil, whereas that sampled for BRU-CW soil 

was not. The sampled field-moist soi1 was air-dried, sieved to pass through a 2 mm-sieve, and then 

stored in glass jars in the dark at 4 O C  prior to analysis (up to one year). Selected chernical and physical 

properties of the three NW and corresponding CW soils are presented in Table 3.2. Fig. 3.1 depicts how 

PW, CW and NW soi1 were sampled in the field. 

Pristine wettable soil used for cornparison 

Two pristine soil materials were used. One was an acid-washed (AW) sand (0.004% total C) prepared 

by soaking white quartz sand (Aldrich) (0.2-0.3 mm) overnight in 6 M HCI and rinsing several times 

with tap water followed by deionised water. The other one was a pristine wettable (ELL-PW) soi1 (O- IO  

cm) that was sarnpled well outside the oil-contaminated area at the ELL site. The ELL-PW soi1 is a silty 

clay Ioam with 5.2% total C and 0.5% total N, which belongs to the same soil sefies as the ELL-CW and 

ELL-NW soils. 

Assessrnent of  soi1 water repellency 

The rnolarity of ethanol droplet (MED) test was used to measure soil water repellency (Watson and 

Letey 1970; King 198 1). The MED test records the molarity of ethanol in a droplet of water required 

for soil infiltration within 10 S. Ethanol solution concentrations of 0.2 M intervals in the range of 0-6 M 



were used to assess soil water repellency. At soit moisture contents higher than air-&y, the MED test 

no longer provides a reliable assessment of soil water repekncy (King 198 1). MED values decrease as 

soil moisture content increases. This is because the attraction of water molecules for one another 

becomes progressively more predominant as water content increases, such that the measurement is 

eventually dominated by water-water interactions and not soil-water interactions. in my work, MED 

values rneasured on oven-dried (105 O C ,  24 h) soi1 were more consistent, but otherwise essentially the 

sarne as MED values measured on air-dried soil. Consequently, I chose to report only MED values 

obtained on oven-tiried soil. 

Solvent extraction of putative water-repellent substances prior to the assessment of soil water 

repellency 

Air-dried sarnptes of weaable and nonwettabIe soil (25 g oven-dry basis) fiom the DEV, ELL and BRU 

sites were Sodlet-extracted with 175 rnL glass-distilled solvent for 24 h. A blank consisting of a clem, 

empty cellulose thirnble was atso extracted to provide a correction factor for the presence of residual 

organics in the glass-distilled solvent andlor Soxhlet glassware. The concentration of solvent- 

exrnctable material was determined gravimetrically as described by McGill and RoweIl (1980). 

Briefly, the extracted material dissolved in solvent were concentrated on a rotary evaporator, transferred 

into preweighed aluminium dishes, and allowed to dry in a hme hood to constant mas. The mass of 

the air-dried extracted material was then recorded and the concentration of solvent-extractable material 

cdculated. The extncted soil sarnples were allowed to air-dry for 7 d, then oven-dried in a forced-air 

oven at IO5 OC for 24 h, cooled in a desiccator over silica gel, and assessed for soil water repellency 

using the MED test. Analyses were performed in triplicate on corresponding CW and NW soi1 and on 

the blank for each test solvent. The MED values chat are reported in this paper are thus the arithrnetic 

means of triplicate values followed by their associated standard deviation. These procedures were 

repeated with a total of eight solvents of varying polarity: cyclohexane (CCH) and dichloromethane 

(DCM) ("nonpolar"), rnethanol ("polar"), n-propanol and isopropanol (IPA) ("arnphiphilic"), and three 

different IPAhqueous phase mixtures (7:3, v/v) ("arnphiphilic"). The three amphiphilic IPA/aqueous 

phase mixtures were: (i) IPN14.8 M ammonium hydroxide (IPA/NH40H), (ii) IPAl5.2 M acetic acid 

(IPA/CH3COOH), and (iii) IPNdeionised water (IPA/H20). Complete removal of soil water repellency, 

as detennined by the MED test, was the criterion used to evaluate extraction efficiency. 

Supercritical fluid extraction (SFE) with and without polar modifier 

Supercritical fluid extractions (SFE) of the ELL-CW and ELL-NW soils only were carried out by the 

Department of Public HeaIth Sciences at The University of Alberta using a Dionex SFE-703 system. 

Approximately 25 g of air-dried soil were placed in 32-cm3 high-pressure extraction cells (Suprex Inc.) 



and extracted with CO2. The novle temperature was maintained at 45 O C  to prevent plugging. The 

cells were pressurised to 100 atm for 1 min, then quickly ramped at a rate of 50 ammin" to the fmal 

test pressure (350 or 400 atm) and allowed to remain at this pressure for 40 or 60 min, depending on the 

treatment. IPA (IO%, v/v) was added to the supercritical COI via an auxiliary pump as a modifier fluid 

in three of the four runs. The exmcted soil samples were air-dried for 7 d, oven-dried at 105 OC for 24 

h, cooled in a desiccator, and assessed for soil watcr repellency using the MED test. Because SFE failed 

to remove water repellency fiom the ELL-NW soil, the extractions were not replicated or performed on 

the remaining soils, nor was the extnct analysed firther. 

Solid-state CPMAS "C nuclear magnetic resonance spectroscopy 

Solid-state ')c nuclear magnetic resonance OJMR) spectroscopy witb cross-polarisation and magic- 

angle spinning (CPMAS) was used to characterise the organic C contained in three samples of DEV- 

NW soil, which had been treated as follows: (i) extracted with IPAMfiOH (MED = O hl), (ii) extracted 

with IPA/CH,COOH (MED=O), and (iii) not previously extracted (MED = 4.2 M). The soi1 samples 

were oven-dried at 105 O C  for 24 h and ground to a fine powder (< 150 pm) prior to analysis. Grinding 

was necessary to provide a homogeneous mixture with a panicle size that couId easily be packed into a 

rotor. Oven-drying was necessary for assuring consistency in my standardised MED assessrnent 

procedures. The solid-state CPMAS NMR analyses were performed by the Deparment of 

Chemisny of The University of Alberta on a Bruker AM-R-300 spectrometer opented at a frequency of 

75-47 MHz with a magic angle spinning rate of 5 kHz. Cross-polarisation contact time was 1 ms, puise 

repetition time 2 s, and proton decouplhg field 50 kHz. Spectra were accumulated for between 15 000 

and 30 000 scans until acceptable signa1 to noise ratios were obtained. Chernical shiAs are reported 

relative to adamantane at O pprn (external standard). 

Extract-loaded sample of acid-washed sand for ThermEx-GCICYMS analysis 

Approximately 9 g-kg-' IPAMi-i.,OH-extractable rnaterial obtained from the DEV-NW soil was added to 

acid-washed (AW) sand for analysis using ïhermEx-GCICVMS. Ten g ram of oven-dried AW sand 

was added to a concenaaicd solution of IPA/Nl-&OH-extractable material (50 ml, 4 . 8  g ~ ' )  and 

solvent was alIowed to evaporate. M e n  only about one pore volume of solvent was left in the sand, the 

sample was held on a vortex mixer to homogenise the distribution of rnaterial in the sand during 

evaporation of the remaining soivent. The sample was further air-dned in a fume hood to constant mass 

and then oven-dried (24 h, 105 O C )  and stored in a glas scintillation via1 at 4 O C  prior to analysis. 



Thermal desorption followed by GC/EVMS and GCICVMS analyses 

Themai desorption-GCEVMS analyses were performed on the sample of AW sand that was treated 

with =9 g-kg" IPARJt40H-extractable material obtained from the DEV-NW soil. The sample was 

oven-dried at 105 O C  for 24 h prior to thermal desorptionCCEVMS to maintain consistency in my 

MED assessment procedures. Thermal desorption was performed at the Alberta Research Council using 

a Ruskam Laboratones ThermEx pyrocell interfaced to a gas chrornatograph (Car10 Erba HRGC 5 160) 

and a mass spectrometer (FinniganTM 4500). Appmximately 10 mg of soi1 was placed in the pyrocell 

and thermally desorbed under a flow of helium at a h e m  heating rare of 30  min-' From 50 to 280 O C .  

then 4  min-' to 300 O C .  The GC oven temperature was kept at 35 O C  until thermal desorption was 

complete. Chromatography of the thermally extracted material was perfarmed using a high-resolution 

DBHT- 1 fused-silica capillary column (0.25 mm I.D. x 30 m. 0.25 pm film thickness) with heating fkom 

70 OC. The 35 O C  to 320 OC at a linear temperature gradient of 10 O~.min-' followed by a 5-min hold at 3- 

mass spectrometer was operated in a multiple ion detection mode, scanning from 29 to 470 a m u .  in 

0.95 S. The ion source teinpenture was 150 O C  and the electron multiplier operated at 1150 V. The 

corresponding electron impact was 70 eV. 

The same rnass spectrometer (FinniganTM 4500) was operated in the positive chernical ionisation mode 

to idemifi organic compounds that could not be characterised by high-resolution G C M S  with electron 

impact ionisation (GCEIIMS). The technique of Townsend discharge (1800 V) chernical ionisation 

GCMS with nitrous oxide as the reagent gas, a source pressure 0.45 Torr. and a 120 OC source 

temperature was used. This method has been described in detail by Dzidic et ai. (1992). Again, only 

the extract-loaded AW sand was analysed by ThermEx-GCICYMS. 

Mass spectra, chromatography and extracted ion curent profiles were used to characterise the desorbed 

material. Some of the characteristic Fragment ions that were used in the identification of extract 

components are presented in Fig. 3.2. 

RESULTS 

Solvent extraction of nonwettable and wettable control soi1 using various polar, nonpolar and 

amphiphilic solvents 

Based on reduction of MED and the m a s  of material extracted, the nonpolar solvents CCH and DCM 

consistently had the lowest extraction efficiency (Tables 3.3 and 3.4), whereas the amphiphilic solvent 

mixtures IPA/NttOH, IPAlCH3COOH and PAfHD (7:3, v/v) consistently had the highest. The polar 

solvent rnethanol markedly reduced soil water repellency, but not to the sarne extent as did the 



amphiphilic solvents n-propanol and [PA (Table 3.3). Soils extracted with the amphiphilic mixture 

IPA/N&OH were completely wettable folIowing extraction, whereas those extracted with the IPA/H20 

and IPA/CH3COOH mixtures were nearly so. Extraction with CCH slightly increased, rather than 

decreased, the water repellency of some nonwettabIe soi1 samples (Table 3.3). ELL-CW and DEV-CW 

soi! even acquùed slight water repellency following extraction with the two nonpolar solvents CCH and 

DCM. A subsequent test revealed that, unlike ELL-CW soil which came fkom the oil-contaminated 

m a ,  pristine soil comhg fiom outside of it (ELL-PW soil) did not acquire water repellency following 

exîraction with nonpolar solvents (data not shown). 1 also found that addition of IPAMHJOH- 

exiractsible materiai to ricid-washed sand rendered the sand hydrophobic (MED>6.0 IU), whether the 

source soil was CW or NW soi1 (data not shown). 

Supercritical fluid extraction (SFE) with and without polar modifier 

None of the four sets of operating conditions tested (A to D) extracted enough water-repellent 

substances to render ELL-NW soi1 completely wettable (Table 3.5). Extraction protocols A (400 atm, 

100 OC, dynamic mode, 40 min) and C (400 atm, 100 O C ,  static mode with polar modifier 10% IPA, 40 

min) lefi the soi1 more water-repellent than it was prior to SFE. Extraction protocol D (350 atm, 55 O C ,  

dynamic mode with IO% IPA, 60 min) reduced soi1 water repeilency more than extraction B (400 atm, 

100 OC, dynamic mode with 10% [PA, 40 min). The MED index of the ELL-CW soi1 was O M after the 

four extraction tests (data not shown). 

Solid-state "C nuclear magnetic resonance spectroscopy 

The CPMAS "c-NMR spectra were subdivided into seven chemical shift regions and the associated 

areas expressed as percentages of the total integrated area (relative intensity) (Table 3.6). The spectra 

were divided as follows: 0-50 ppm for alkyl C; 50-60 pprn for methoxyl C @CH3); 60-96 pprn for 0- 

alky l C; 96- 14 1 pprn for di-O-aikyl and nonoxygenated aromatic C; 14 1- 159 pprn for phenolic C; 159- 

185 ppm for carboxyl C; and 185-210 pprn for aldehyde and ketone C (deMontigny et al. 1993). In the 

context of this work, C resonating within the chemical shift region of O to 96 ppm was therefore 

designated as aliphatic C, whereas C resonating within the chemical shifl regions of 96-141 ppm, 14 1 to 

159 ppm, and 159 to 210 ppm was designated as aromatic C, phenolic C and carbonyl + carboxyl C, 

respectively (Fig. 3.3). 

Data in Table 3.7 for C distribution before and after extraction, together with data fiom Tables 3.2 and 

3.4 for original C content and for m a s  of extractables rernoved, were used to estimate the amount of C 

in each fraction that might be expected to have been removed by the amphiphilic extractants (Table 3.8). 

Over 70% of the extracted materiai appears to be aliphatic (0-96 pprn) and 14920% aromatic based on 



this estimation protocol. Most of the aIiphatic C that was removed by either amphiphiiic soIvent was C 

resonating in the 0-50 ppm region, which is usually assigned to the paraffinic C found in branched and 

stnight-chah alkanes, cycloalkanes, and alkanoic acids matcher et al. 1983). 

Thermal desorption followed by GCEYMS and CC/CVMS analysis 

Using G W S  wiîh electron impact (El) ionisation 

All compounds thermally desorbed fiom the extract-Ioaded sample of AW sand were considered 

putative water-repellent substances. They were subjected to GCEüMS analysis without derivatisation 

or other pretreatrnents. Extract cornponent identification was made using m a s  spectral library searches, 

extracted ion current profiles of characteristic ion fragments, and detection of homologous series (Fig. 

3.4). The identified cornpounds included a homologous series of CZl (mol. W. 296) to C31 (mol. wt. 

436) even- and odd-C-numbered n-alkanes (Fig. 3.4) and another of CI, (mol. wt. 186) to Cze (mol. wt. 

424) even- and odd-C-numbered n-fatty acids. Only minute amounts (roughly 1/10 of the amount of 

their straight-chah constitutional isomers) of the branched odd-C-numbered fatty acids C15, CI, and C19 

(Fig. 3.6). Finally, a homologous series of Cjo to C3, (mol wt. 412 to 468) hopanes (Le. pentacyclic 

terpanes) was detected based on molecular weight and the presence of the characteristic m/= 191 

molecular ion fragment (Volkman et al. 1992) (Fig. 3.7). Some steranes were also detected based on 

molecular weight information and the presence of the characteristic m/t 217 molecular ion fragment 

(Volkman et al. i 993; Wang et al. 1994) (Fig. 3.7). 

There was no predominance of odd- or even-C numbers in the distribution of the n-alkanes (Fig. 3.5), 

but the n-fatty acid distribution was clearly dominated by even-C numbered species, with Cl6, Cl& and 

C?,, representing the most abundant ones (Fig. 3.8). Some of the identified n-fatty acids are IabeIled in 

the chromatograrn presented in Fig. 3.8A. A similar distribution of rnostly even-numbered long-chain 

n-fatty acids with 16 to 32 C atoms was identified by Ma'Shum et al. (1988) in materiai extracted fiom 

nonwettable sand using IPAME-LOH. A series of fatty acid methyl esters From Cu to C29 (mol. wt. 342 

to 426) characterised by the unique ion Fragments m/r 74 and m/r 87 were also detected (data not 

show). 

Characteristic crude oil asphartene and resin residues, such as N- or S-heterocyclics, polyhydric phenols 

and polycyclic aromatic hydrocarbons, were not detected. This could mean that they are not extracted 

From DEV-NW soi1 by IPAMKOH, and therefore are not present in the analysed extract, or that they 

are extracted and are indeed present in the extract, but escape detection by thermal desorption- 

GCEVMS because they are not voIatile. Minute arnounts of oxygenated compounds other than 

carboxyIic acids were also identified (e.g. Cs ketone, C7 aldehyde). No trace of the extraction solvent 



IPA was detected even when the GC inlet temperature was lowered to -10 "C to condense the thermally 

desorbed cornpounds before chrornatographic separation. Some phthalates (benzene dicarboxylic acids) 

were detected most likely due to contamination fiom the plastic bags that were used for soil sarnpling. 

The largest molecular weight that coutd be detected using the chosen GCiEVMS protocol was 470 

a.m.u. 

Using C W S  with chemical ionisation (CI) 

Because compounds thennally desorbed from the extract-loaded AW sand could not al1 be identified by 

GCEVMS, a sample of extract-loaded AW sand was also subjected to thermal desorption followed by 

GCMS with chemical ionisation (GC/CVMS). Analysis and identification of the thermally desorbed 

compounds was made using molecular weight information, extracted ion current profiles, and 

chromatography. This enabled me to determine the composition of the unresolved complex mixture 

giving rise to the large hump in the chromatognm presented in Fig. 3.4. It consists mostly of C3 to Cji 

aliphatic hydrocarbons with a predominance of 3- to 5-ring cycloalkanes (e.g. terpanes and steranes) and 

some 1- to ?-ring cycloalkanes and long-chain n-akanes. Branched and n-fatty acids were also found, 

but n-fatty acids largely predominated over branched ones. Branched fatty acids were distinguished 

from n-fatty acids on the buis of their differing boiling points, and therefore time of elution from the 

chrornatographic column. Polycyclic aromatic compounds or p henolic compounds were again not 

detected among the desorbed compounds. The mass spectrum of the "hump" that was characterised by 

GC/CI/MS is shown in Fig. 3.9. 

DISCUSSION 

Soil water repellency assessment on oven-dried soi1 

According to King (1981), MED measurements are essentially unchanged as the soil moisture content is 

increased frorn oven-dry to air-@, but become less reliable when made at soil moisture contents greater 

than air-dry. More recently, Franco et a/. (1995) observed that MED values recorded on soil heated at 

105 OC for 48 h were generally higher and more consistent than values recorded on air-dried samples or 

samples heated at 70 "C for 43 h. 1 chose to standardise my MED assessment procedure by measuring 

soi1 water repellency on oven-dried soi1 (105 "C, 24 h). Tests conducted with the three selected 

nonwettable soils confumed that MED values obtained on oven-dried soil were more consistent and not 

statistically different from those obtained on air-dned soi1 (data not shown). 

Heating soi1 in a forced air oven at 105 O C  for 24 h is not recommended before soi! organic rnatter 

studies because it exposes the sampIe to potentially extensive thermal degradation. Lower temperatures 



and shoner dryhg perïods under an Oz-free environment are usually prescribed for such purposes. In 

the context of my work, however, thermal degradation was not considered a serious limitation. This is 

because oven-dryhg did not measurably alter the degree of water repellency displayed by soil and 

because the material 1 was interested in characterising was only that which impam water repellency to 

soil. 

Extraction of soi1 water repellency 

Supercritical CO2 and eight organic solvents varying in polarity and boiiing point temperature were used 

to extract nonwettable and control wettable soils and isolate water-repellent substances for subsequent 

characterisation. Variety in the set of selected test extnctants was necessary to determine what solvent 

properties contribute most effectively to the rernoval of soil water repellency. The amphiphilic solvent 

mixture IPA/NH,OH (7:3, vlv) was chosen because Ma'Shum et al. (1988) reported that it completely 

eliminated water repellency in several nonwettable Austratian sandy soils. The acidic amphiphilic 

mixture IPA/CH3COOH (7:3, vh )  was chosen to determine if the alkaIinity of IPA/N&OH contributed 

more to its extraction efficiency than did its amphiphilic properties. The more neutral amphiphilic 

solvent IPA/H20 was included to determine if strong acid-base properties enhanced the extraction 

efficiency of the IPA/CH3COOH and IPA/NH,OH solvent mixtures. The high-boiling amphiphilic and 

nonpolar organic soivents n-propanol (97 OC) and CCH (78 OC) were chosen to test the hypothesis that 

the higher reflux temperature of the amphiphilic solvents IPA/NH,OH (b.p. 4 0  OC), IPA/CH3COOH 

(b.p. ~ 9 5  OC) and IPA/H20 (b.p. =90 O C )  improved their extraction efficiency. Even though solvent 

condenses before it cornes into contact with soil in the extraction chamber of a Soxhlet apparatus, high- 

boiling solvents maintain a distinctly h igher temperature after condensation than lower-boiling solven ts. 

This is due in part to the heat source ( s u d  bath, in this case) being set at a higher temperature to achieve 

similar refluxing rates for low- and high-boiling solvents, and in part to the limited arnount of time 

allowed for solvent cooling after condensation at the relatively rapid refluxing rate of 10 cycles-h-'. The 

effectiveness of supercritical CO2 was tested to detennine if SFE coutd be used to replace the more 

time- and solvrnt-consuming Soxhlet extraction as my routine method of extraction. 

The extraction of water-repellent substances and elimination of soil water repetlency appear to be 

independent of extractant reflux temperature, but strongly dependent on extractant polarity. For 

example, even hou@ the two organic solvents CCH and n-propanol have boiling points approaching 

that of the arnphiphilic solvents IPA/NH,OH, IPA/H20, and IPA/CH3COOH, they had comparativeIy 

low extraction eficiencies according to my criterion of evaluation (Tables 3.3 and 3.4). In contrast, 

soivent polarity appeared to have a considerable influence on extraction eficiency. In agreement with 

observations made by Ma'Shum es al. (1988), a marked decrease in extraction eficiency was noted in 

the order going fiom arnphiphilic to polar, and then to nonpolar solvents. The performance of polar and 



monophasic amphiphilic solvents clearly surpassed that of nonpolar solvents, inciuding supercritical 

COz, even though they did not completely eliminate soil water repellency. Supercriticai CO2 extraction, 

on the other hand, was about as ineffective as Soxhlet extraction with nonpolar organic solvent in 

eliminating water repellency in the NW soi1 tested (Tables 3.3 and 3.5). Theoretically, after extraction 

with nonpolar solvents, soils should contain less nonpolar organic matter (e.g. fats and waxes) than 

nonextracted soils. Accordingly, those extracted with amphiphilic solvents should contain less 

amphiphi tic organic matter (e.g. humic acids and polar crude oil residues) than nonextracted soils. The 

fact that extraction with nonpolar solvent removes large amounts of organic compounds fiom 

nonwettable soils (Table 3.4), but yet leaves the extracted soil severely nonwettable (Table 3.3). 

suggests that nonpolar organic matter does not alone contribute measurably to soil water repellency. 

The IPA/N%OH solvent mixture was the rnost effective extractant for the removal of water-repellent 

substances from soil. It completely elirninated water repellency in the three nonwettable soils. The 

mixtures IPA/H20 and IPA/CH3COOH were only slightIy less effective thm the IPAfNH40H mixture 

(Table 3.3). The malt difference in the MED index of nonwettable soils extracted with IPAMHjOH 

(pH ~11 .9 )  and with IPA/H?O (pH ~9.1)  or IPA/CH3COOH (pH ~ 2 . 7 )  suggests that amphiphilicity is 

the single most important solvent property contributhg to the removal of soi1 water repellency, and that 

a scrongly alkaline reaction only slightly improves extraction efficiency. 

1 postulrited that the complete elhination of soii water repellency foflowing extraction with 

IPA/NH,OH was due either ta: (1) removal of water-repellent substances from nonwettable soil, (2) 

retention of solvent molecules by water-repellent substances, or (3) partial solvation and re-organisation 

of water-repellent substances on soi1 particle surfaces. The second and third alternative hypotheses had 

to be included to account for the fact that ELL-CW and DEV-CW soil became water-repellent following 

extraction with nonpo lar solvents (Table 3.3). 

Hudson et al. (1994) proposed that retention of nonpolar solvent molecules by soi1 may explain why 

extraction with hexane increased the water repellency of control wettable and nonwettable soil samples 

taken ftom golf sand greens. 1 considered this alternative hypothesis to explain why ELL-CW and 

DEV-CW soil acquired water repellency following extraction with DCM and CCH, but 1 find more 

evidence agahst it than in favour of it. This evidence can be summarised into three arguments: (1) in 

my work, exposure to nonpolar sotvent increases the water repellency of oil-contaminated ELL-CW and 

DEV-CW soil, but did not affect the wettability of pristine ELL-PW soil, BRU-CW soil, and AW sand; 

(2) nonpolar solvent molecules retained by soil surfaces should have voIatilised during the prolonged 

air- and oven-drying treatments that always preceded the assessrnent of soil water repellency; and (3) 

[PA and DCM solvent peaks were never detected in the gas chromatograms of solvent-extracted soil 

samples that were subjected to thermal desorption-GC/MS analyses @CM data not shown). Even 



though these observations may not justiQ ruling out the hypothesis that retention of nonpolar solvent 

molecuIes can generate water repellency in some soils (cf. Hudson et al. 1994), they at least suggest that 

organic rnatter coatings in hydrocarbon-contamulated soil differ in surface chemistry fiom those found 

in pristine soils. 

It is impossible to con fm beyond a doubt that extraction with IPA/NIZOH removes water-repellent 

substances ex!!austively, partially, or at al1 fiom soils that it renders wettable. Ma'Shum and F m e r  

(1985) have observed that considerable variation in soi1 water repellency can occur without removal of 

compounds fiom soil. According to McGhie and Posner (1980), changes in soi1 water repeilency may 

have to be ascribed to changes in the molecular conformation of organic matter rather than to the 

removal of water-repellent substances. 1 nevertheless proceeded with the characterisation of 

IPA/NH40H-soluble material extracted fiom nonwettable soil on the basis that these probably contained 

at least some of the txget water-repellent substances. 

Chernical characterisation of extracted putative water-repellent substances 

The primary objective of this work was to characterise organic substances imparting water-repellency to 

nonwettable soils. Frorn the fact that polar and amphiphilic solvents reduce soil water repellency to a 

çreater extent than nonpolar solvents, 1 infer that substances associated with soil water repellency are 

more soluble in more polar solvents and therefore probably consist of amphiphilic rather than strictly 

nonpolar hydrophobic compounds. 1 did not perform gas chromatographie and mass spectroscopie 

analyses directly on the dissolved IPA/NH,OH-extncted material because 1 was unable to find a GC- 

compatible solvent that could completely re-dissolve the air-dried IPA/NH40H-extracts. Ma'Shum el 

al. (1988) characterised only the chlorofonn-soluble fraction (=70%, on a mass basis) of their 

IPAMH,OH-extracted material obtained f'om water-repellent sands. 1 chose instead to characterise the 

extracted substances using methods chat did not require the sarnple to be in a liquid phase. 

GCEIIMS analytical techniques provide sensitivity and specificity only for volatile compounds that are 

soluble in GC-compatible solvents. Because the substances associated with soil water repellency are 

not soluble in GC-compatible solvents, an alternative extraction or analytical method was needed. 

Thermal extraction is a safe and fast alternative to classical exmction procedures for a wide range of 

semivolatile organic compounds. The technique of thermal extraction-GC/EVMS requires only drying 

and milling of soi1 sarnples prior to analysis. A soil sample is heated at a controlled rate and 

semivolatile organic compounds within the soil matrix are desorbed under conditions that minimise the 

risk of oxidative degradation (as opposed to pyrolysis). The analytes are voiatilised into the helium 

carrier gas flow at a controlled preprogrammable temperature profile and subsequently cryocondensed 



onto a gas chrornatographic column, which can in turn be connected to a mass spectrorneter. The 

method has been demonstrated by Junk et al. (199 1 ) .  

CI is a soft ionisation mass spectrornetric technique that employs a chemical ionisation reagent gas to 

ionise organic compounds so that molecular weight information can be obtained. In thermal desorption- 

GCICVMS analysis, cornpounds are thennally extracted under controlled conditions and the desorbed 

products are identified by their unique mass spectra. The use of high-resolution GC/EI/MS in 

combination with GCfCVMS provides a valuabie tool in environmental organic analysis as al1 of the 

volatile and semivolatile organic material present in a sample can be accounted for and tentatively 

identified. 

Thermal extraction-GCEYMS and GC/CI/MS analyses were perfomed on the sample of AW sand 

treated with =9 gkge' IPANH40H-extractable material obtained from DEV-NW soil (Fig. 3.4). 1 

posnilated that thermal extraction would desorb al1 organic material susceptible of being volatilised 

upon exposure to temperatures iricreasing linearly fiorn 50 to 280 O C  over a 20-min period, and that this 

would include at les t  some of the putative water-repellent substances. The tempemture maximum of 

t280 O C  was selected to minimise thermal degradation (cracking by pyrolysis) of higher-molecular- 

weight organic molecules (Schnitzer and Hofhan 1964). 

The compounds coating the surface of AW sand particles are compounds that were extracted fiom 

DEV-NW soi1 using IPAMHJOH and then added to the sand. They are referred to as putative water- 

repellent substances because their removal from DEV-NW soil teaves this soil wettable and their 

addition to the sand leaves the sand water-repellent. The results of my thermal desorption-GC/EI/MS 

and GCICUMS analyses indicate that the amphiphilic solvent mixture IPAMH,OH removes mostly 

long-chah n-fatty acids, n-akanes, and cycloalkanes from DEV-NW soii. These compounds are 

widespread in soils and could be either of petroleum, plant, or microbial origin (Dinel et al. 1990; 

Volkman et al. 1992). However, petroleurn biomarker cornpounds, such as steranes and hopanes, were 

also detected, which do not cornmonly occur in pristine soi1 environments (Volkman et al. 1992). 

Furthemore, the identified long-chah and polycyclic aliphatic compounds occurring in extensive 

homologous series suggest a composition resernbling that of weathered crude oil mixtures. From this, 1 

conclude that the identified putative water-repellent substances are most likely of petroleurn origin. My 

results partly agree with those of Ma'Shurn et al. (1988) who arrived at the conclusion that soil 

hydrophobicity is caused by organic molecules with extensive polymethyiene chahs. The major 

difference between water-repellent substances in nonwettable Australian sandy soils that were never 

exposed to petroleurn contamination and those in soils that develop water repellency following oil 

contamination seerns to lie in their origin, and not so much in their chemicat structure. 



The presence of an unresolved complex mixture of aliphatic hydrocarbons is a common feature in GC 

chromatograms of crude oils that have undergone partial weathering. Unresolved complex mixtures, 

however, have been shown to succumb slowly to microbial degradation both in vitro and in the 

environment (Atlas 1981). The fact that appreciabte amounts of n-alkanes and n-fatty acids remain in 

DEV-NW soi1 more than four decades after oil contamination suggests that crude oil weathering is 

intempted or at least retarded at an early stage in the recovery process at some cmde oil spi11 sites. 

Long-chah aliphatic cornpounds naturally occur in most soils and soil microorganisms following oil 

contamination may have produced more. Nevertheless, 1 infer from their presence in relatively large 

amounts and extensive homologous series in weathered oi1-contaminated soil bat they are 

predominantly of petroleum origin. 

CPMAS "c-NMR spectroscopy can be a useful analytical tool for the structural chaacterisation of 

insoluble macromolecular substances such as soil humic substances (Hatcher et al. 1983). Even though 

the quantitative reliability of the CPMAS 'Ic NMR technique for soi1 organic maner characterisation 

has long been of concern. much valid information can still be obtained fforn CPMAS spectra. In many 

studies, it is sufficient to compare relative intensities of peaks across a series of similru samples (Preston 

1996). The poorer resolution of solid-state "C NMR specrra, cornpared to that which can be achieved 

in liquid state, is partially overcome when spectral comparisons are made for similar soi1 samples 

analysed under identical NMR protocols. Since "C NMR spectra of whole soils usually exhibit many 

overlapping signals throughout the specmm, it has become customary to divide a spectnirn hto suitable 

regions comesponding to the main functionai groups that are present. 1 divided the spectra according to 

the protocoi of deMontigny ei al. (1993). Although other protocols could have been used, there is 

genenl agreement between most sets of limits that are commonly used to separate aliphatic fiom 

aromatic compounds, which was rny main concem. The intensity of each region was then obtained by 

measuring the area enclosed by the spectrum and vertical lines were dropped at the boundaries of each 

region. The method is not entirely satisfactory, however, since the wings of signals in one region can 

overlap into neighbouring regions and is an obvious source of error (Kinchesh et al. 1995). 

The CPMAS "c-NMR spectra provide a m e r  test of the GCEVMS and GCICVMS data. These 

spectra c o n f m  that IPAMH,OH removes mostly long-chain aliphatic organic compounds from DEV- 

NW soi1 and that, although it extracts some aromatic compounds, it leaves most of the aromatic fraction 

behind (Table 3.8). The results presented in Tables 3.7 and 3.8 also indicate that IPA/CH3COOH and 

IPAMHjOH remove very similar compounds fiorn DEV-NW soil. The CPMAS "c-NMR spectra 

confmed the presence of a substantial aromatic fiaction in both the nonextracted and soivent-extracted 

DEV-NW soil (~30035% of total organic C in soil). Considering that phthalates were the only aromatic 

compounds detected in the extract-loaded AW sand analysed by GC/EVMS and GC/CI/MS, 1 infer that 

the aromatic fraction in DEV-NW soil is highly resistant to extraction with I P m O H .  The results of 



rny CPMAS ' 3 ~ - ~ ~ ~  studies suppon the conclusions that were drawn nom the results of thermal 

desorption-GCEVMS and GCKVMS analyses. 

CONCLUSION 

The extraction of substances involved with soi1 water repellency from the range of soils used here 

appears to be independent of extractant reflux temperature, but strongly dependent on extractant 

polarity. Arnphiphilicity is the single most important solvent property contributhg to the removai of 

substances involved with soil water repellency, Extraction with arnphiphilic solvents also consistently 

removed more organic matter 6om soi1 than did extraction with nonpolar solvents. Strongly alkaline 

reaction onty slightly improves extraction eficiency. The IPA/N&OH solvent mixture was the most 

effective extractant among the eight tested. SupercriticaI fluid extraction under the conditions used was 

not effective at removing soil water repellency. 

Exposure to nonpolar solvent (e-g. DCM, CCH) generates water repellency in wettable fuie-textured 

soils that were once contaminated by petroleum. Such solvents do not generate water-repellency in 

sirnilar wettable fuie-textured soils that were never exposed to petroteum hydrocarbons. 1 cannot 

confirm with certainty that water-repellent substances need to be removed partially, completely, or rtt ail 

in order to remove water repellency. 1 can state, however, that extraction with IPAMKOH eliminates 

water repellency. 1 can also state that extraction of nonwettable soil with IPAMH,OH rernoves some 

aromatic C (onfy phthaiates idrntified), but predorninantly aliphatic C, comprising homologous series of 

long-chah and polycyclic aliphatic compounds; namely, n-fatty acids, n-aikanes, and cycloalkanes. I 

infer fiorn their presence in nonwettable soils in such large amounts, uniform distribution, and extensive 

homologous series that they are predorninantly of petroleum origin in the studied soiIs. 



Table 3.1. Characteristics of the three selected studv sitesz 

Site Land use Texture MEV Date of spill 
- - - -  - 

ELL Agricuiturat Clay Ioam 3.9 &.lx 1973 

BRU Industriat Loamy sand 3.5 i 0 . 1  = 1975 

DEV Agricultural Loam 4.2 @.O 1947 

* Adapted from Table 2. I 
Molarity of Ethanol Droplet test performed on oven-dried soi1 (105 O C ,  24 h) 
hterpretation guidelines: MED < 1 .O, slight water repellency; 1 .O c MED < 2.2, rnodente; MED > 2.2. 
severe (King 198 1) 

' Standard dcviation 

Table 3.2. Physicochemical properties of the three NW and corresponding CW soils (0-15 cm)' 

ELL BRU DEV 

Sand (g.kg") ' 

Silt (gkg'') ' 

Clay (g.kg'l) ' 

CEC (cm01 (+)-kg") " 

Water ar -3 3 kPa (gkg'l) ' 

Total C (gskg") 

Mineral N (mgekg") ' 
pH (in 0.0 1 M CaC12, 2: 1)' 

' Adapted from Tables 2.2 and 2.3 
CW = control wenable; NW = nonwettable 
Kalra and Maynard (199 1) 

" Lavkulich (1981) " Gnvimetric determination using a pressure plate apparatus 
Determined by dry combustion using a Leco induction fumace (CR-1 2) ' Detennined by automiited colourimetric analysis using the method of Keeney and Nelson (1982) ' Determined using a Fisher AccumetTM pH Meter Mode1 630 (separate g l a s  and calomel electrodes) 



Table 3.3. Water repellency index of the three NW and corresponding CW soils folIowing SoxhIet 
extraction with different solvents and oven-drying at 105 O C  for 24 h 

MED index (M) of extracted soi1 

Solvents ELL-C W ELL-NW BRU-CW BRU-N W DEV-CW DEV-NW 

None 

CCH 

DCM 

Methanol 

IPA 

n-propanol 

IPA/H,O 

IPA/CH,COOH 

IPAMH40H 

Table 3.1. Mass of organic material collected following SoxhIet extnction of the three NW and 
corresponding CW soiIs with solvents of varying polarity 

Mass of extractables (gkgS') 

CCH 

DCM 

Methanol 

IPA 

n-propanol 

IPA/H20 

IPA/CH3COOH 

IP-OH 

' Standard deviation 



Table 3.5. Supercritical fluid extraction parameters and MED index of ELL-NW soi1 after four 
different extraction runs (initial MED = 3.8 M) 

Parmeters A B C D 
- - 

Pressure (atm) 400 400 400 3 50 

Extraction t h e  (min) JO 40 40 60 

Temperature (OC) 1 O0 1 O0 1 O0 55 

Fluid density (gmL") 0.7 0.7 0.7 0.9 

Modifier fluid none 10% IPA 10% IPA 10% IPA 

Extraction mode dynamic dynamic static dynam ic 

MED afier extraction 4.6 3.6 4.4 2.4 

Table 3.6. ' 3 ~ - ~ ~ ~  characteristics of nontreated and solvent-extracted DEV-NW soi1 
-- -- . - - . -- - -  

Chernical shifi Percent of total organic C content 

region (ppm) Nontreatedr ExtractedY Extracteda 

MED = 4.2 hi 
Extracted wirh fPA/NH.,OH for 24 h, final MED = O M 
Extncted with IPA/CH3COOH for 24 h, final MED = O M 



Table 3.7. Distribution of organic C in nontreated and solvent-extracted DEV-NW soi1 as deterrnined 
by spectroscopy 

Chernical shifi 

region (pprn) 

Percent of total organic C content 

Aliphatic C 47.8 

(0 - 96 ppm) 

Aromatic C 31.2 

(96 - 14 1 ppm) 

Phenolic C 9.2 

(141 - 159 ppm) 

Carbony 1 & carboxyl C 11.8 

(159 - 210 ppm) 
-- .- ' MED value = 4.2 df 

y Extncted with IPNNH,OH for 24 h, final MED value = O ,Cf 
Extncted with IPA/CH,COOH for 24 h. final MED value = O .Ci 



Table 3.8. Distribution of organic C extracted fiom the DEV-NW soi1 by IPAMHjOH or 
IPA/CH3COOH 

Extraction 

tïeatment 

Aliphatic Aromatic Phenolic CarbonyI Total 

& Carboxyl 

None 20 13 3.8 4.8 42 

IPAMHjOH 

Soi1 residue 13 1 1  3 -3 4.7 32 

Extract 6.3 1.7 0.43 O. 13 8.6 

IPA/CHjCOOH 

Soi1 residue 13 12 4.1 4.5 3 4 

Extnct 6.3 1.1  -0.29 0.37 7.5 

Extract composition 

- - - 

Crtlculated using a C content of 80% for the extncted material and data from Tables 3.2.3.4 and 3.7. 



Figure 3.1. Tllwûation of the rationale for labelhg soi1 PW, CW and W. 



m/z 60 
(rearrangement) 

Figure 3.2. Characteristic molecular ion fragments detected in mass spectroscopie analyses. 
Identification o f  extract components was achieved using extractcd current profiles of characteristic 
ion fragments, molecular weight information. and chromatography. 



Carbonyl & Aromatic C Aliphatic C 
Carboxyl C 

Figure 3.3. "c-NMR spectra of DEV-NW soi1 samples (a = IPA/CHiCOOH-extracted, b = 
IPAMH.,OH-extracted, and c = nonextracted). Dividing vertical dotted lines represent areas of  the 
spectnirn where resonances characteristic of indicated types of organic C are typically found. 



complex 
mixture 7 

8:20 16:JO 25:00 33:20 

Retention time (min) 3 - b  

Figure 3.4. Gas chromatogram of thermally desorbed putative water-repellent substances obtaine 
fiom DEV-NW soi1 by extraction with IPA/M&OH and then added to AW sand at the concentratio 
of ;.9 g-kg-'. me labelled unresolved complex mixture rhump") is typical of weathered aliphatic 

- 

petroleum hydrocarbons. 
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Figure 3.5. Homologous series of n-alkanes identified using G C E I M S  information 
arnong the compounds that were thermally desorbed From the sarnplc of extract-loaded 
AW sand. There is no predominance of even- or odd-C numbered species, Exuacted 
ion current profiles were obtained by monitoring the characteristic fiagrnent ions d z  
43, 57, 71 and 85 (not shown) and molecular weight (MW). M C  = relative ion count. 
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Figure 3.6. HomoIogous series of nonesterified n-fatty acids identified using GCEYMS 
information among the compounds that were thermally desorbed fiom the extract-loaded 
AW sand. V indicate branched fatty acid isomers. A = even-C numbered species, B = 
odd-C numbered species. Extracted ion current profiles were obtained by monitoring the 
characteristic fiagrnent ions m/r 60, 73, and 129 (not shown) and molecular weight 
(MW). MC = relative ion count. 
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Figure 3.7. Homologous series of hopanes and steranes identified using GC/EVMS 
information among the cornpounds that were thermally desorbed from the extract-loaded 
AW sand. Extracted ion current profiles were obtained by monitoring the characteristic 
fragment ions m k  19 1 for hopanes and m/r 2 17 for steranes. WC = relative ion count. 
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Figure 3.8. Predorninance of  even-C numbered n-fatty acids over odd-C numbered ones in 
the distribution of fatty acids that were thermally desorbed from the exmct-loaded AW 
sand and identified using GCIEYMS information (B). The more abundant n-fatty acids are 
labelled in the top chromatogram (A). 



Figure 3.9. Chemical ionization mass specmim of the extract-loaded sample of AW 
sand adding al1 the scans in the chromatogram. It shows the molecular weight 
information that was used in conjunction with information obtained from GCIEVMS 
analysis to identiw compounds forming the hump in the GC chromatogram of the 
extract-loaded sample of AW sand. Compounds identified are labelled as follows: T for 
terpane, S for sterane, and 3-, 4- and 5-r for number of rings. Molecular weights are in 
brackets. These assignments were confmed by electron Mpact mass spectroscopy, 
which showed typical fragment ions for saturated aliphatic hydrocarbons (e.g. d r  191 
for hopanes and d z  2 17 for steranes). 
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CHAPTER 4 

Flexible conformation in organic matter coatings: A hypothesis about soi1 water repellency' 

INTRODUCTION 

.4 number of difiïcuIties are associated with chmcterising substances that irnpart water-repellent 

character to soil. One is that considerable variation in soi1 water repellency can occur without removal 

of any cornpounds tkom soil. Ma'Shum and Farmer (1985), for example, fowd that freeze-drying 

converts force-wetted water-repellent soil into readily wetcable soil. However, subsequent re-wetting 

and oven-drying regenerated water repellency. Another difficulty is that soil water repellency that is 

completely eliminated by one extractive treatment ofien r e m s  following exposure to clean nonpolar 

organic solvents. McGhie and Posner (1980) reported that a severely water-repellent clay-rich soil 

extracted with hot water or O. 1 MNaOH followed by chloroform was always wettable after the aqueous 

solvent extraction, but water-repellent after the chloroform extraction. 

Repeated observations of reversible water repellency suggest that mechanisms other than rernoval of 

causative agents can also contribute to reductions in soi[ water repellency. Ma'Shum and Fanner (1985) 

proposed that the interfacial conformation of sorbed water-repellent substances changes in response to 

changes in the composition of interstitial pore fluids, According to them, hydrophilic fùnctional groups 

in organic matter, such as -OH, -COOH, and -NH2, intemct with water moIecules when the soi1 is wet, 

but with each other when the soil is dry. In fieeze-dried soil, they contend that the molecular 

conformation of wet organic matter is preserved, that polar fünctional groups previously associated with 

water molecules are left exposed at the surface, and that this is why soil is readily re-wetted. On the 

other hand, air-drying is thought to increase soil water repellency because removal of water promotes 

interactions between polar functional groups, which in mm increases the exposure of nonpolar aikyl 

chahs at the interface between organic maner coatings and interstitial pore fluids. Others have 

proposed a similar reasoning to explain why humic acids and some peats shrùik and resist wetting 

following air-drying (Hayes 1985; Valat et al. 199 1). 

A version of this chapter has been accepted for publication in the Canadian bumal of Soi1 Science. 
Roy, J.L. and W.B. McGill. Flexible conformation in organic matter coatings: A hypothesis about soil 
water repellency. 



In Chapter 3, I described how single exhaustive solvent extractions could increase or decrease soil water 

repellency depending on characteristics of the solvents used. For exampie, extraction with the 

amphiphilic solvents IPA/NH,OW and IPA/CH3COOH (IPA = isopropanol) virtually eliminated soil 

water repellency, whereas extraction with the nonpolar, non-H-bonding soIvents dichloromethane 

(DCM) or cyclohexane (CCH) only slightly reduced or increased soil water repellency. Extraction with 

DCM or CCH also imparted water repellency to readily wettabIe oil-contarninated soils. in the present 

study, sequences of solvent extraction were performed to test hypotheses about reversible soi1 water 

repellency and characterise hrther the interactions of water-repellent coating constituents with selected 

solvents. An additional amphiphilic solvent, sodium dodecyl sulphate (SDS), was included to test 

further the hypothesis that amphiphilic character is required for removal of soil water repellency. Soi1 

samples that were extracted with SDS were subsequently sanirated with chloroforrn (CHC13) to test for 

reversible water repellency, such as was reported by McGhie and Posner (1980) and Ma'Shum and 

Farmer ( 1985). 

The specific objectives of the work reported here were to: (i) test the extraction eficiency of the anionic 

surfactant SDS and (ii) test for reversible soil water repellency following extraction with solvents of 

varying polarity, interfacial activity, and H-bonding cttpacity. The main findings can be sumrnarised as 

follows: (i) al1 H-bonding amphiphilic solvents tested completely eliminated soil water repellency, (ii) 

al1 non-H-bonding, nonpolar solvents tested generated, partially restored, or faiIed to eliminate water 

repellency in oii-contarninated soils, (iii) prior exposure to DCM increased the extractability of soi1 

water repellency in H-bonding amphiphilic solvent. Frorn data presented here and recent Iiterature on 

the structurai fiexibility of organic macromolecules, 1 infer that water-repellent substances in previously 

oil-contaminated soils display solvent-induced conformational flexibility. Solvent-induced 

conforrnational changes alter the fiactional coverage of surface-exposed alkyl chahs and thereby alter 

the severity of macroscale water repellency symptoms. 

THEORY 

Signilicance of MED indices 

Energy relations at surfaces determine the wetting of solids. The necessary condition for spreading to 

be possible is simply that the process shall involve a reduction in free energy (Burdon 1949). In soils, 

this condition is met when the average surface tension of soil solids exceeds the surface tension of water 

and the soiVwater interfacial tension. Ideally, soi1 water repellency should be assessed by measuring the 

average surface tension of soil solids. This measurement, however, cannot be obtained directly 

(Johnson and Dettre 1993). The average surface tension of soil solids can only be estimated indirectly 

using methods such as the Molarity of Ethanol Droplet (MED) test. 



The theoretical bais  of the MED test is sound. Spontaneous wetting is defined as that occurrïng within 

a maximum of 10 S. A standard-size dropIet of liquid is placed on the levelled, dry soi1 swface and 

allowed 10 s to be completely absorbed. Small droplets (2-3 mm diameter) are typically used to 

minimise hydrostatic pressure contributions to the weaing process. Complete droplet entry is observed 

when the contact angle at the soil/liquid/air interface has decreased to O" (i.e. when the droplet is no 

longer visible). The test is initially perforrned using water droplets (O M or 72 m ~ - m " ) .  If complete 

water droplet entry within I O  s is not observed, the test is pursued using droplets of aqueous ethanol 

solution. The aqueous ethanol solution concentrations tested usually differ by 0.2-hf increments and 

span the range of 0.2 to 5.0-6.0 M. 

Increashg the ethanol solution concentration causes the liquid surface tension to decrease. Lowering 

the liquid surface tension alters the thennodynamics of the system towards spontaneous soil wetting. 

Eventually, complete droplet absorption within 10 s is observed. This indicates that liquid surface 

tension has been lowered sufficiently that the sum of the liquid surface tension and soiVliquid interfacial 

tension now totals less than the average soi1 surface tension. The MED index of the soil is recorded as 

the motarity of the les t  concentrated aqueous ethanol solution to be absorbed in 10 s or less. This 

concentration has theoretical meaning when it is converted to its equivalent liquid surface tension. 

An MED value is not a direct estimate of average soil surface tension because it does not account for the 

wetting barrier that is the soiUliquid interfacial tension. It is, however, a good indicaror of average soil 

surface tension and a retiable, relative index of soil water repellency. In this report, 1 provide the 

mathematical relationship Iinking liquid surface tension to molarity of ethônol solution for 

concentrations ranging From O to 6 M. 

MATERIALS AND METHODS 

Study sites 

Nonwettable and correspondhg control wettable soi1 sarnples were collected at three old crude oil spiil 

sites: Ellerslie (ELL), Bruderheim (BRU), and Devon (DEV). The three sites are located within a 100- 

km radius of the city of Edmonton, Alberta, Canada. The ELL site (53O2SYN, 113O33'W) is a fallowed 

agricultura1 field that was contaminated in 1973. The DEV site (53"20'N, 113'42'W) is a fallowed 

agicultural field that was contaminated in 1947. The BRU site (53'51'N, 112O58'W) is an industrial 

site that was contarninated in the mid- 1970s. Soi1 from the ELL site consists of Malmo silty clay loam 

(Eluviated BIack Chemozemic); t?om the BRU site, of dune sand (Orthic Regosolic); and from the DEV 

site, of Ponoka loam (EIuviated Black Chernozemic). More detailed information about site 

characteristics can be found in Chapter 2 



Soil sampling and sample preparation 

Nonwetîable and adjacent control wetîable soil 

Samples of control wettable (CW) and nonwettable (NW) soi1 (0-15 cm) fiom the three selected sites 

were collected and processed as described in ). Readily wenable soil to be used as CW soi1 was 

sampled within a 25-m perimeter outside the boundaries of the NW soil at each site. CW soi1 was taken 

as that which supported some plant growth and which, at field moisture content, readiIy absorbed water 

droptets placed on its surface. DEV-CW soil was sampled fiom undernerith a growulg wheat (Triticum 

aestivum L.) crop, whereas ELL-CW and BRU-CW soils were sampled in areas rhat were only sparsely 

covered with weeds. 

Field-rnoist ELL-CW soi1 was readily wettable at the time of sampling, but subsequent air drying 

indoors lefi this soil slightly water-repellent. It was nevertheless kept as the ELL-CW soil. Slight water 

repellency in air-dried ELL-CW soil may be due to contamination by adjacent ELL-NW soil. It is 

known that ELL-CW soil was contaminated with crude oil at the same t h e  as ELL-NW soil was. Such 

information is not available in the case of the DEV-CW and BRU-CW soils. According to anecdotal 

reports, however, the area sampled for DEV-CW soil was also contarninated by crude oil in 1947, but 

that sampled for BRU-CW soil never was. 

Air-dried soi1 was passed through a 1-mm sieve and thoroughly mixed to produce uniform composite 

samples of CW and NW soil for each site. These samples were then stored in glas  jars in the dark at 4 

"C prior to analysis (Le. up to a year). Selected chernical and physical properties of the three NW and 

corresponding CW soils, as reported in Chapter 2, are Iisted again in Table 4.1. The residual oil content 

of these soils was previously determined by measuring their concentration of DCM-extractable organics 

me et al. 1999). These results are also included in Table 4.1. 

Pristine wettable soi1 used for comparison 

Pristine wettable (PW) soi1 (0-l0 cm) was sampled well outside the oil-contaminated area at the ELL 

site. This soi1 has 5.2% total C and 0.5% total N and it belongs to the Malrno soil series. Air-dried 

ELL-PW soil was passed through a 1-mm sieve and stored at room temperature before use (Le. up to a 

y m .  



Assessment o f  soi1 water repellency 

The MED test was used to assess soi1 water repellency (Watson and Letey 1970; King 198 1). 1 sieved 

soils to < 1 mm instead of < 2 mm because this reduced variability in MED results. 1 report here only 

MED values assessed on oven-dried soi1 because they were essentially the same as those assessed on 

air-dried soil, although generally less variable (data not shown). Reported values are the arithmetic 

means of three replicate memurements and the associated standard deviation. 

An arbitrary scale developed by King (1981) is sometimes used in this paper. This scale m k s  soil 

water repellency as slight (MED < 1.0 ho, moderate (1.0 M c  MED < 2.2 M), or severe (MED 2 2.2 M). 

Measurement of liquid surface tension 

Triplicate surface tension measurements were made using a Fisher Surface Tensiomat (Fisher Scientific, 

Model2 1,  Cat. No 14-8 14). Surface tension vaIues (rn~m-') were rneasured at 2 1 i l  O C  for 30 ethanol 

solution concentrations ranging from O to 6 hf. Molarity was calculated without conecting for the 5% 

(v/v) impurities present in the ethanol used. The ethanol used was HPLC grade ethanol containhg 95% 

(v/v) denatured ethanol 3A and 5% (vfv) IPA (Sigma-Aldrich, Cat. No. 27,074-1). Deionised water was 

used to bring the different solution concentrations to volume. Surface tension was plotted against 

molarity of ethanol solution. The relationship was analysed using OriginTM (MicrocalfM Software, Inc., 

version 4.0) in the nonlinear least squares fitting mode. 

Solven t classification 

Three solvent characteristics appear to dictate what changes in soi1 water repellency cake place upon 

solvent removal. These are solvent polarity, interfacial activity and H-bonding capacity. There is no 

generaliy accepted method of classifjkg solvents according to these scales. The set of criteria that 1 

developed and used to classi@ solvents is described below. SoIvent mixtures were classitied by 

accounting for al1 of their components, including water. My classification scheme thus takes into 

account the volume fraction of ali solutes in the mixtures. 

Solvents are usualty looseIy classified as polar or nonpolar based on their dielectric constant value. 

Different authors, however, tend to choose different values to separate between the two classes. King 

(1 973) used the arbitrary value of 30. 1 chose to defme polar solvents as solvents that have a dielectnc 

constant (G) value > 10, and nonpolar solvents as solvents that have a E, value I 10. This arbitrary 



value was chosen to facilitate discussion. It places solvents that are most effective at elirninating soil 

water repellency into the polar class and solvents that are least effective at it into the nonpolar class. 

Dielectric constant (relative pennittivity) values were measured at 20 O C  using a microwave 

dielectrometer operated at the average fiequency of 915 MHz. ïhese dielectric constant values 

represent the ratio of the strength of the Coulomb field in the test liquid to rhat in air. The system used 

was set with the dielectric constant of water as its upper lirnit. Measured values for mixtures consisting 

mostly of water thus approached the measurement limits of the system used. 

1 define amphiphilic solvents as those solvenu that display interfacial activity. This condition is met by 

solvents that contain molecules having a polar or ionic funcrional group at one end and a nonpolar alkyl 

chain two or more C atoms long at the other. 

The H-bonding capacity of solvent mixtures was classified according to a solvent scale developed by 

Burrell (1955). It was inferred for those solvent mixtures not Iisted in Barton (1989) based on 

knowledge of the H-bonding capacity and volume fraction of their separate constinients. 

Extraction with SDS followed by treatment with CHCI, 

I subjected samp tes of nonextracted, IPNNhOH-exmcted, and DCM-extracted BRU-CW, DEV-CW, 

BRU-NW and DEV-NW soi1 to extraction at room temperature with two different solution 

concentrations of the anionic surfactant SDS [CH3(CH2)IISOJNa7 (0.05 and 0.5 M SDS). Fifty- 

millilitre aliquots of SDS solution were added to 100-rnL plastic centrifuge tubes containing 10 g of soil 

(oven-dried basis). These tubes were capped and shaken ovemight on a reciprocal shaker. The SDS- 

extracted soil samples were transferred into 250-mL plastic centrifuge boales and rinsed by 

centrifugation a minimum of four times with 2300 mL of deionised water. Each rinse consisted in 30- 

min centrifugation at 12 100 x g with fiesh deionised water. AAer rinsing, the soil sarnples were 

transferred into aluminium dishes, au-dried for 7 d, oven-dried at 105 O C  for 24 h, and cooled in a 

desiccator prior to assessrnent of soil water repellency. CHCI, marnent entailed adding enough of this 

soivent to saturate the oven-dried SDS-extracted soil. The mixture was then vortexed in a fÙme hood 

until complete solvent evaporation. The CHClt treatment is basically a wetting and drying treatment. 

No material is removed from, or added to, soil other than CHCI3. The air-dried solid sarnples were then 

oven-dried at 105 O C  for 24 h, cooled in a desiccator, and assessed for soil water repellcncy, 



Water repellency following sequential Soxhlct extractions with seleeted polar amphiphilic and 

nonpolar solvents 

Air-dried CW, NW and PW soil samples ( ~ 2 5  to 75 g, oven-dned) were subjected to different 

sequential So.uhlet extractions. Two two-step sequential extractions were performed using IPN14.8 M 

NH40H (7:3, v/v) (IPA/NH&H) followed by DCM and IPA15.2 M CH3COOH (75, v/v) 

(IPA/CH3COOH) followed by CCH. One si..-step sequential extraction was aIso tested, which entailed 

subjecting soil to three successive IPA/N&OH followed by DCM WO-step extractions. Solvent- 

extracted soi1 was allowed to air-dry hside the cellulose thimbles for 2 to 5 d between extraction steps. 

The six-step extraction sequence was perfonned nuice, once to m e s s  the water repellency of the 

exmcted soil, and once to rneasure the mass of material extracted at each step of the sequence. In the 

first run, subsamples (010 g) of air-dried extracted soi1 were taken from the thimbles after every 

extnction step. These subsamples were oven-dried in ri forced-air oven at 105 O C  for 24 h, cooled in a 

desiccator and assessed for soil water repellency. During the second run, precautions were taken not to 

disturb the soi1 mass during and between extraction steps. Extractable material obtained after each 

extraction step was determined gravimetrically, as descnbed by McGill and Rowell(I980). 

Al1 sequential extraction steps were performed in triplicate with 175-200 mL solvent for 24 h at the 

refluxing rate of 10 cycles-h". Polytetrafluoroethylene boiling chips (Teflon4, Fisher Scientific) were 

used for al1 Soxhlet extractions. This minimised extract losses due to irreversible sorption of dissolved 

organics ont0 the boiling chips. 

RESULTS 

Solvent classification 

Throughout this paper, i refer to test solvents according to the classification scheme depicted in Table 

4.2. Only the dielectric constant vaIues were determined experimentally. 

Relationship between surface tension and molarity of ethanol solution 

The best fit (x' = 0.10, i = 0.99) was obtained with the following logarithrnic funciion: 

where x = molarity of ethanol solution in M, and y = surface tension in r n ~ - r n - '  (Chapter 4). Surface 

tension values corresponding to MED values ranging fiom O to 6 ,M can thus be computed by using this 



equation. It must be stressed that these surface tension values represent the surface tension of ethanol 

solution before contact with soil. They may not represent the surface tension of droplets that were in 

contact with soi1 for up to 10 S. It is likely that the surface tension of drop1ets placed on the soil surface 

varied during MED assessrnent due, arnong other factors, to dissolution of sudace-active soil 

constihients and to selective sorption of ethanol by the soil. 

Soil water repellency following extraction with SDS and subsequent treatment with CHCb 

A11 soi1 samples were completeiy wettable (MED = O Ad) following extraction with either solution 

concentration of SDS (Table 4.3). Subsequent treatment with CWCI3 partially restored water repellency 

in nontreated and IPAMI&OH-extracted NW soi1 samples. The CHC13 treatrnent did not restore water 

repellency in the DCM-extracted soil samples, which al1 displayed water repellency before SDS 

extraction. It aIso did not generate water repellency in any of the CW soil samples. Data presented in 

Table 4.3 indicate that: (i) IPAMfiOH and SDS used alone or in sequence do not remove al1 water- 

repellent substances from NW soi\, (ii) prior exposure to DCM increases the extractability of water- 

repellent substances in SDS, and (iii) IPA/NI-&Oi-f or SDS used alone or in sequence remove the 

potential for solvent-induced water repellency in DEV-CW soil. 

Soil water repellency following sequential Soxhlet extractions with selected amphiphilic and 

nonpolar solvents 

Two-step extraction. Al1 three NW soils were completely wettable, or nearly so, foilowing a 24-h 

extraction with IPAMHjOH or IPA/CH3COOH (MED = O hl), but rnoderately to severely water- 

repellent following a subsequent 24-h extraction with DCM or CCH (Table 4.4). Only the NW soils 

displayed reversible water repellency. The three CW soils and the ELL-PW soil were readily wettable 

(MED = O M) afier each extraction step. These results contrast with those observed following a single 

extraction with DCM or CCH, which imparts moderate to severe water repellency to ELL-CW and 

DEV-CW soils (Chapter 3). ïhey suggest that IPAM&OH- or iPA/CH&OOH-extracted ELL-CW and 

DEV-CW soiIs no longer contain suflicient water-repellent substances to display DCM- or CCH- 

induced water repellency. 

Sir-step extraction. Water repellency in N W soils was virtual ly elirninated following each IPA/N&OH 

extraction step and partially restored following each DCM extraction step (Fig. 4.2). nie severity of 

restored water repellency, however, diminished with each DCM extraction. Again, only the NW soil 

samples displayed reversible water repellency. The mass of extracted material diminished during the 

sequential extraction, but some was available for quantification after each successive, and presumably 

exhaustive, extraction step (Fig, 4.3). This suggests that extraction with aitemathg solvents increased 



the extractability of soil material over t h e .  IPA/Nt40H consistently removed more material fiom ail 

seven soils than DCM did. 

DISCUSSION 

My observations on reversible water repellency cm be summarised as follows: 

Oil-contaminated NW soi1 is made wettable by extraction with arnphiphilic solvent (IPNNi&OH, 

IPNCH3COOH and SDS), 

Amphiphilic solvent-extracted NW soi1 regains some water repellency by exposure to nonpolar 

solvent (DCM, CCH and CHCI3), 

Oil-contaminated CW soil is made water-repellent by exposure to nonpolar solvent @CM and 

CCH, from Chapter 3), 

Oil-contaminated CW soil, if previously extracted with arnphiphilic solvent, no longer gains water- 

repellent character by exposure to nonpolar solvent (DCM and CCH fiom Table 4.4), 

Nonextmcted and amphiphilic solvent-extracted pristine soil (Le. ELL-PW and BRU-CW soil) does 

not acquire water repellency following exposure to nonpolar soivent, 

Pnor exposure of NW soi1 to DCM increases extractability of water-repelIent substances in 

arnphiphilic solvent (SDS and IPAMHjOH). 

The synthesis of these observations point to three main findings. These are discussed below. 

Arnphiphilic solvents completely eliminate soil water repellency, but do not remove al1 water- 

repellent substances from NW soi1 

tPAMHtOH, tPA/CH3COOH and 0.5 and 0.05 M SDS are al1 amphiphilic solvents and similarly 

effective at eliminating water repellency (Tables 4.3 and 4.4 and Fig. 4.3). NW soils made wettable by 

extraction with these amphiphilic solvents, however, partially regain water repekncy by subsequent 

exposure to nonpolar, non-H-bonding solvents, such as DCM, CCH, or CHC13. Reversibility of water 

repellency in NW soil suggests that even apparently effective arnphiphilic solvents do not remove al1 

water-repellent substances fiom soil. 

Removal of at Ieast some water-repellent substances by amphiphiIic solvent is confmed by: (i) a net 

reduction in the water repellency of NW soi1 that can be restored by subsequent exposure to nonpolar 

solvents, (ii) removal of the potential of CW soil to acquire water repellency by exposwe to nonpolar 



soIvents, and (iii) ability of IPA/NE&OH-extracted material obtained fiom CW and NW soils to impart 

water repellency to AW sand (data not shown). 

Nonpolar solvents generate, partially restore, or fail to eliminate water repellency in oil- 

contaminated soi1 

Single extraction with the nonpotar solvents DCM and CCH leaves NW soi1 nonwettable (Chapter 3). 

Sequential extraction with IPA/NHJOH or IPA/CH3COOH followed by DCM or CCH Ieaves NW soil 

wettable following the amphiphilic solvent extraction step, but nonwettable following the nonpolar one 

(Table 4.4). The alternate IPA/NH40H-DCM extraction sequence pefiormed three times successively 

also leaves NW soi1 nonwettable foIlowing each DCM extraction step (Fig. 4.2). 

One exception to that rule was noted with NW soil that is extracted with DCM followed by SDS, and 

then exposed to nonpolar, non-H-bonding CHCI3 (Table 4.3). From concurring data presented in Fig. 

4.2 and 4.3, 1 infer that prior exposure to DCM similarly increases the extractability of water-repellent 

substances in the two amphiphilic solvents IPAMH40H and SDS. By doing so, it allows amphiphilic 

sotvent to remove more water-repellent substances from oil-contaminated soils and thereby reduce their 

potential for solvent-induced water repellency. 

Oil-contaminated soils display reversible watcr repeltency, whereas pristine soils do not 

I previously reported that single extraction with DCM and CCH generates water repellency in ELL-CW 

and DEV-CW soils, but fails to do so in BRU-CW and ELL-PW soils and in an AW sand (Chapter 3). 

ïhese earlier data confirmed that nonextracted ELL-CW and DEV-CW soils contain suffkient water- 

repellent substances to dispiay moderate water repellency. 

Data presented in Table 4.4 indicate that extraction with DCM or CCH following extraction with 

IPAMH40H or IPA/CH3COOH no longer generates water repeilency in ELL-CW and DEV-CW soils. 

ïhese data confum chat amphiphilic solvent extraction reduces the content of water-repetlent substances 

of both oil-contarninated CW and NW soils. Substances extracted fiom DEV-NW soi1 using 

IPAMH40H were characterised in Chapter 3. ïhese were identified as consisting predorninantly of 

long-chah and polycyclic aIiphatic organic compounds of petroleum origin. 

Soils reported on here that have the potential Co display reversible water repellency appear to have in 

common prior exposure to crude oil. 1 have observed reversible water repellency in al1 three NW soils 

and hvo of the three CW soils. The only CW soi1 that did not display reversible water repellency is the 

one that may never have been exposed to crude oil contamination (Le. BRU-CW soil). The ELL-PW 



soil tested also could not be made water-repellent by exposure to nonpolar solvent. The ELL-PW and 

BRU-CW soils likely contain oniy native soil organic matter, whereas the ELL-CW, DEV-CW and 

three NW soils contain petroleum residues in addition to native organic matter (Chapter 3). 

The above considerations al1 support the hypothesis that petroleum residues or related partial 

degradation products are the principal source of water-repellent agents in the studied soils. 

An important question raised by my observations is why substances that resist extraction with 

amphiphilic solvents do not impart water repellency to NW soils unless they are fmt exposed to 

nonpolar solvent. 1 discuss this question Ui tenns of two competing hypotheses. 

Solvent retention by soi1 vs. flexible interfaciaf conformation of water-repellent substances: two 

cornpeting sets of hypotheses to explain reversible water repellency 

There are only two plausible hypotheses for the removal of water repellency in NW soi1 and of solvent- 

inducible water repellency in amphiphilic solvent-extracted CW soil. The same two hypotheses apply 

as well to the generation of water repellency in nonextracted CW soil and to its partial restoration in 

amphiphilic solvent-extracted NW soil observed following exposure to nonpolar, non-H-bonding 

solvents. These are: (i) solvent retention by soil alters its wettability depending on the exposed 

functionality of sorbed solvent molecutes, or (ii) partial solvation modifies the interfacial conformation 

of water-repellent substances, which in turn changes the affrnity of soil for water. Chemical oxidation is 

not included here as an alternative hypothesis because it was deemed not a tenable hypothesis for al1 

sotvents tested ( e g  DCM and SDS). 1 found no evidence of a consistent mechanism by which air- or 

oven-drying alone could have eliminated soil water repellency following extraction in amphiphilic 

solvents. 

Hudson er al. (1 994) proposed that retention of nonpolar solvent rnolecules may explain why extraction 

with hexane increased the water repellency of wettable and nonwettable sandy soil samples taken from 

golf greens. My first alternative hypothesis basically proposes the sanie expianation. When considering 

this hypothesis to explain why exposure to DCM or CCH generates water repellency in nontreated CW 

soil and partially restores it in amphiphilic solvent-extracted NW soil, however, 1 fmd that 1 have more 

evidence against it than supporting it. This evidence cm be summarised as follows: (i) in my work, 

exposure to nonpoIar solvent restores or imparts water repellency to oil-contaminated CW and NW soil, 

but does not irnpart water repellency to pristine BRU-CW and ELL-PW soils or AW sand; (ii) nonpolar 

solvent mo1ecules freshly sorbed by solid surfaces should readily volatilise during prolonged air- and 

oven-drying periods preceding the assessrnent of soil water repellency; and (iii) IPA and DCM solvent 

peaks were never detected in the gas chromatograms of solvent-extracted CW and NW soi1 samples that 

were subjected to thermal desorption-GC/Ei/MS and -GC/CI/MS. 



The observation that amphiphilic solvent-extracted ELL-CW and DEV-CW soils no longer acquire 

water repellency by exposure to nonpolar solvent is additional evidence against the hypothesis that 

retention of nonpolar solvent molecutes by soil is sufficient in itself to generate rneasurable soil water 

repellency. The results of the six-step sequential extraction further help to discriminate between the nvo 

competing hypotheses. The solvent retention hypothesis is not consistent with the concurrent loss of 

soil water repellency and of solvent-extractable material that was observed during the six-step 

sequential extraction. This leaves changes in interfacial conformation of water-repellent substances as 

the only tenable hypothesis. 

Proposed mechanism 

Water-repellent substances may be present exclusively in hydrocarbon-contaminated soil (e.g. 

petroleum asphahenes), or they rnay be unusually concentrated in such soils (e.g. long-chain alkanes of 

mixed petroleum, plant and microbial origin). 1 account for these observations in a re-forrnulated 

flexible conformation hypothesis that places greater focus on the proposed mechanism, This hypothesis 

states that nonpolar moieties of water-repellent substances exposed at the interface between solid and 

fluid phases in soi1 are stmcturally flexible and susceptible to solvent-induced conformational changes. 

It is their conformation and surface coverage density that determines how readily water spreads on soil 

surfaces. 

Data presented show that strong H-bonding solvents typically reduced soil water repellency, whereas 

weaker or non-H-bonding solvents typically increased it. They also indicate that none of the solvents 

used for a single exhaustive extraction removed al1 water-repellent substances from NW soil. The 

mechanism 1 invoke to explain these observations is analogous to that which was proposed by Ma'Shum 

and Farrner (1985) and Ma'Shum et al. (1988). I hypothesise that removal of non-H-bonding solvents 

from soil favours extension at the interface between soil particle surfaces and interstitial pore fluids of 

the loose alkyl chains of nonextracted water-repeilent substances. In contrast, removal of H-bonding 

organic soIvent from soil should not favour their extension and should therefore leave more polar or 

ionic functional groups exposed at the solid-fiuid interface. It follows that soils with a higher relative 

surface density of structurally flexible alkyl chains (e.g. oil-contarninated soils) should be more 

susceptible to solvent-induced soil water repellency than soils with a lower relative surface density of 

such moieties (e-g. pristine soils). Zisman (1964) demonsûated that the nature of surface-exposed 

chernical groups and their packing density is what determines wettability. The mechanism 1 propose is 

consistent with my experimental observations and with the fmdings of Zisman (1 964). 



Evidence in support of structural flexibility in complex organic macromofecuIes 

My observation that exposure to various solvents c m  affect bulk soil physical properties, such as soil 

wettability, has had its parallel in the coal chemistry literature for at least a decade. A considerable 

amount of work has been done on the sotvent swelling of coals, which has given rise to sirnilar 

hypotheses of solvent-induced conformationai flexibility in these macromolecular networks (Brenner 

1984; Larsen and Mohammadi 1990; Glass and Stevenson 1996; Glas  and Wenger 1998). The fewer 

reports on the solvent swelling behaviaur of peats and soi1 organic matter have generally yielded sirnilar 

support to the hypothesis of conformational flexibility (Chen and Schnitzer 1989; Lyon and Rhodes 

1993; Lyon 1995). Many solvents with differing fiinctionalities have some finity for at l em  parts of 

"insoluble" organic rnacromolecules. These interactions cm compete with intermolecular forces, such 

as H bonding forces, which are largely responsible for the structure of macromolecular networks, such 

as coal, peat and soil organic maner. 

The coal chemistry literature contains reports chat exposute to organic solvents can induce structural 

tearrangements in coal macromolecuIar networks, which are retained following solvent removal. 

Pyridine-extracted coals, for example, swell more and faster than "raw" or nonextracted coals upon 

exposure to pyridine or various non-H-bonding solvents (e.g. benzene, tetralin and toluene) (Larsen et 

al. 1985; Milligan et al. 1997). They also do not return to theu original shape on removal of solvent and 

solvent-soluble components, but remain srnaller when measured in the direction of the bedding plane 

and larger normal to it (Brenner 1984; Cody et al. 1988). The fact that pyridine-extracted coal swells 

more in pyridine than "raw" coal indicates that interactions occur between pyridine and pyridine- 

insoluble components of coai. It would appear that pyridine cornpetes with intermolecular forces 

responsible for the structure of coal. Reports of solvent-induced swelling support the hypothesis thiit 

solvents can induce conformational changes in solvent-insoluble organic structures. 

According to Larsen et al. (1985), swelling is not completely reversible in pyridine-extracted coal 

samples because not al1 "broken" coal-coal H bonds re-form on pyridine removal and because some 

solvent molecules become trapped in pores of the coal network during its collapse. Larsen and 

Mohamrnadi (1990) later suggested that removal of pyridine 6om swollen coals might be leaving pzrts 

of coai macromolecules fiee to tearrange and adopt a new lower-energy conformation, The flexible 

conformation hypothesis I propose is analogous to that invoked by Larsen and Mohammadi (1990). I 

propose that nonpolar moieties stretch in evaporating nonpolar, non-H-bonding solvent and coi1 in 

evaporating polar, H-bonding solvents in a fiee energy-rninimising response to changing competing 

intermolecular forces. 



CONCLUSION 

1 presented evidence that exposure to H-bonding, amphiphilic and non-H-bonding solvents elhinates 

and restores soil water repelIency only in soils that were once exposed to oil contamination. From this, I 

infer that causative agents of soil water repelIency occur at high surface density only in my soils that 

were previously contaminated by petroleum hydrocarbons. 

The evidence presented, in combination with that published in the literature, leads me to conclude that 

the fractional coverage and conformation of surface-exposed aikyl chains determines the severity of' 

measwable soil water repeIlency. On one hand, I demonstrated that the amphiphilic extractants SDS, 

IPA/NH40H, and IPA/CH,COOH are equally effective at eliminating soil water repellency. On the 

other, 1 showed that exposure to the nonpolar, non-H-bonding solvents CCH, DCM, and CHC13 

generates water repellency in wettable oil-contaminated (Le. CW) soil, and partially restores it in 

amphiphilic solvent-extracted soil. From these observations, 1 propose that causative agents of soi1 

water repellency are amphiphilic molecules that interact strongly with soi1 through their polar or ionic 

functional groups. Solvent-induced, reversible water repellency is a rnacroscale manifestation of 

solvent-induced changes in the conformation of theu surface-exposed akyl  chains. 



Table 4.1. Physicochemical properties of the three CW and NW soils (0- 15 cm) 

ELL BRU DEV 

Property Cw' N W  CW NW CW NW 

Sand (g- kg") 

Silt (g-kg-l) 

Clay (gkg') 

CEC (cm01 (+).kg-') 

Water at -33 kPa (p.kg-') 

Total C (g-kg") 

Mineral N (mg.kg") 

pH (in 0.0 1 M CaCL, 2: 1 )  

Residual oil (gkg-')* 

' CW = control wenable: NW = nonwettable 
y Adapted from Tables 2.2 and 2.3 
' Adapted fiom Table 3.4 

Table 4.2. SoIvent classification scherne 

Polarity ArnphiphiIic H-bonding 

Sotvents (&)' chatacter capacity 

Water 

0.05 MSDS' 

0.5 AC! SDS 

[PA/ 15.7 M N H 4 0 H  

IPA/5.2MCH3COOH 

Ethanol 

lsopropanol 

DichIoromethane 

Chloro form 

Cyclohexane 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

No 

No 

S trong 

Strong 

Strong 

Sîrong 

Sîrong 

Strong 

Strong 

Weak 

Weak 

Weak 

Measured at 20 O C  at the average frequency of 9 15 MHz System set with the diclectric constant (relative 
penittivity) value of  water as its upper limit. 
Adapted from Barton ( 1  989) 

' Sodium dodccyI sulphate 



Table 4.3. Molarity o f  ethmol droplet (MED) index of soils after extraction with sodium dodecyl 
sulphate (SDS) and after SDS extraction followed by treatment in chlorofonn (CHC13). The CHC13 
treatment entailed irnmersing soi1 in excess CHC13 and vortexing the sluny until complete CHC13 
eva~oration 

AAer SDS extraction 

Prior to SDS Afier SDS extraction and CHCI3 treatrnent 

Soil 

Nontreated 

B RU-C W 

BRU-N W 

D EV-C W 

DEV-NW 

I PARJH.,OH-extracted 

BRU-CW 

BRU-NW 

DEV-C W 

DEV-NW 

DCM-extracted 

BRU-C W 

B RU-N W 

DEV-C W 

DEV-NW 

' Standard deviation 
Data from Table 3.3 



Table 4.4. Molarity of ethanui dropiet (MED) index of soils during two-step extraction with 
IPA/NHIOH (1") followed by DCM (2") and IPIVCH3COOH (1'') followed by CCH (2") 

IPA/NH40HL-DCMY IPA/CH3COOHX-CCHw 

Soi1 Before After 1" Afier 2nd Afier 1 * A fier znd 
-- -- 

ELL-C W 

ELL-NW 

B RU-C W 

BRU-NW 

DEV-CW 

DEV-N W 

ELL-PW 



Molarity (M) 

Figure 4.1. Surface tension versus molarity of aqueous ethanol solution. Error bars rorresent 
standard deviation of corrected surface tension measurements. x = molarity of ethanol solution (M) 
and y = corrected surface tension (m~-m"). The Iowest molarity of ethanoi solution (M) that is 
absorbed by soil within 10 s is the molarity of MED index of the soil. 



Successive extraction step 

Figure 4.2. Changes in the MED index of soils during the six-step sequential extraction alternating 
between IPAM)40H and DCM. "Missing" error bars are too srnail to be seen. The seven soils on 
the x axis follow Frorn Ieft to right the order depicted from top to boaom in the legend. None=before 
extraction. 



m- 
rn ErJaw = i ELLPW 

BRUCW 
BRU-NW - DEVCW 
D E V W  

Successive extraction step 

Figure 4.3. Mass of material e m e d  h m  soi1 durhg the six-step sequential extraction altemating 
between IPA/NH40H and DCM. The seven soils on the x mis follow h m  lefl to right the order 
depicted in the legend fiom top to boaom. 
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CHAPTER 5 

Processes leading to the development of soi1 water repellency following crude oil contamination' 

INTRODUCTION 

Soils that becorne severely water-repellent several years or decades following oil contamination have 

been described in previous chapters. Over 20 such soils (O. 1 to > 2 ha) have been inventoried since 

1990 in Alberta, Canada (G. Dinwoodie, Alberta Environmental Protection, pers. commun.). To rny 

knowledge, reports on the development of soi1 water repellency following oil contamination have only 

corne from Alberta. The phenornenon, however, is likely encountered in other parts of the world as 

well. 

The principal objective of the work presented here was to test hypotheses regarding processes that may 

have led to the development of soil water repellency at old crude oil spi11 sites. These hypotheses were 

formulated on the basis of available circumstantial and experimental evidence suggesting that crude oii 

residues contribute to the development of soif water repellency (Chapter 3). 1 tested the alternative 

hypotheses that the development of soil water repellency following oil contamination is initiated by 

sorption of vapour- or liquid-phase petroleum residues onto soil particle surfaces. The vapour-phase 

sorption hypothesis states that volatile petroleum compounds entrapped in subsoil horizons migrated up 

the soi1 column and gradually accumulated on particle surfaces of uppet soil horizons. This hypothesis 

was suggested by: (1)  evidence that manifestation of soil water repellency typically succeeds ail 

contamination by several years or decades (Chapter 2), (2) detection of a strong petroleum odour in 

subsoil at water-repellent sites, and (3) anecdotal reports of gradually-expanding water-repelIent areas, 

especially in cultivated fields. The liquid-state sorption hypothesis states that causative agents of soi1 

water repellency sorbed to surface soi1 from the crude oil (liquid) phase d u ~ g  or soon following the 

contamination event, but, for some reason, delayed to impart water repellency to soil. This hypothesis 

was suggested by reports stating that: (1) soil water repellency resists nondestructive extraction 

procedures (Chapter 4), (2) crude oil did not penetrate below the layer of water-repellent soil at some 

spill sites (N. Sawatsky, Alberta Environmental Protection, pers. commun.), and (3) some of the least 

A version of this chapter has been submitted for publication in the Canadian Joumal of Soi1 Science. 
Roy, J.L. and W.B. McGill. Processes leading to the development of soil water repellency following 
oil contamination. 



volatile constituents of crude oil impart water repellency to rock surfaces in petroleum reservoirs 

(Crocker and Marchin 1988; Powers and Tamblin 1995). 

I proceeded to test the vapour-phase sorption hypothesis as follows. First, 1 characterised the 

distribution pattern of residual petroleum contamination in the soil profile undemeath a patch of water- 

repellent soil = 1500 rn' in area. Then, 1 tested whether diffusion of vapour-phase petroleum compounds 

fiom oil-contarninated subsoil could irnpart water repellency to readily wettable pristine and oil- 

contaminated soils. 1 tested the liquid-phase sorption hypothesis as follows. 1 analysed water-repellent 

soils for the presence of crude oil constituents that wouid likely have sorbed to soi1 fiom the Iiquid 

phase during or soon followhg oil contamination. 1 assessed the role of petroporphyrins as causative 

agents of soil water repellency because these are suspected of causing water repellency in some 

petroleum resewoirs. The role of complex cmde oil fatty acids was investigated because fatty acids can 

form water-insoluble soaps with multivalent soi1 cations (Elliott 1946) and irnpart water repellency to 

soil (Wander 1949). 

The water-repellent character of the 20- to 50-yr old oil-contaminated soils under snidy is unusually 

resistant to physical, chernical and biological removal processes. This observation inspired me to test 

the hypothesis that causative agents of water repellency in these soils are associated with humin or soi1 

minerais, rather than with humic or fulvic acids. 1 condudcd the present work with an estimation of the 

potential role that water erosion in the lateral expansion of water-repeIlent soil patches at old crude oi1 

spi11 sites. This was done by measuring the fractional mass of water-repellent soi1 that wouid be 

tequired to induce severe water repeltency in adjacent soil. This work was suggested by anecdotal 

reports fiorn landownen and environmental protection officers that patches of water-tepellent soi1 at 

some old crude oil spill sites have been enlarging over the past sevenl years. 

MATERIALS AND METHODS 

Study sites 

The three sites that were selected for my studies are old cmde oit spill sites located within a 100-km 

radius of the city of Edmonton, Alberta, Canada. The ELL site (53"25'N, 113O33'W) is a fallowed 

agricultural field that was contaminated by cmde oil in 1973. The DEV site (53"2O'N, 1 13O42'W) is a 

fallowed agricultural field that was contaminated in 1947. The BRU site (53'51'N, 112O58'W) is an 

industrial site that was contaminated in the mid-1970s. Soil fiom the ELL site consists of Maimo silty 

clay loam (Eluviated Black Chemozernic); fiom the BRU site of aeolian dune sand (Orthic Regosolic); 

and fiom the DEV site, of Ponoka loam (Eiuviated Black Chemozemic). More detailed information 

about site characteristics can be found in Chapter 2. 



The ELL, BRU and DEV sites each contains at least one patch of water-repellent soil 0.1 to several ha 

in area. Subsoil (--20 to 100 cm depth, > 100 cm not checked) undemeath water-repellent and adjacent 

wettable soi1 releases a distinct petroleurn odour at the DEV site only. 

Information about the volume and composition of crude oil that was spilIed at the three study sites is not 

available. The only known common factor is that the product spilled was crude oil and not more refmed 

petroleum products. Some of the oil poolhg on the soil surface at the DEV site was burnt and some 

was pumped within the year following the spi11 (Kerr 1986). This was not sufficient, however, to 

prevent oil percolation deeper into the soi1 colurnn. At the ELL site, the water-repellent soil was 

contaminated once with crude oil at the rate of 11% (w/w) and Iefi untreated for the subsequent five 

years (Toogood 1977). During the following 15 years, it was tilled, fertilised and seeded- Management 

was intemipted after 15 years because water repellency had become apparent and original site 

productivity had not been restored (J. Thurston, University of Alberta, pers. commun.). At the 

Bmderheim (BRU) site, oil contamination may have occurred on several occasions. It is not known 

whether anything was done to accelerate soi1 remediation afier the last known oil contamination event 

(D. Trenholm, Overall Reclamation Services Ltd., pers. commun.). Intrinsic or enhanced soil 

remediation failed to eliminate water repellency at the three study sites. 

Soil sampling and sample preparation 

Non wettable and adjacent control wettable soil 

Samples of control wettable (CW) and nonwettable (NW) soi1 (0-15 cm) from the three seIected sites 

were collected and processed as described in Chapter 2. ReadiIy wettabIe soi1 to be used as CW soil 

was sampled within a 25 m-perimeter outside the boundaries of the NW soil at each site. CW soil was 

taken as that which supported some plant growth and which, at field moisture content, absorbed water 

droplets placed on its surface in 10 s or less. DEV-CW soil was sampled fiom undemeath a growing 

wheat crop, whereas ELL-CW and BRU-CW soils were sampled in areas that were only sparsely 

covered with weeds. Field-rnoist ELL-CW soi1 was readily wettable at the time of sarnpling, but 

siightly water-repeilent following indoor au-drying. It was nevertheless kept as the ELL-CW soil. 

Slight water repellency in air-dried ELL-CW soil may have been acquired as a result of contamination 

by adjacent ELL-NW soil. 

It is known that ELL-CW soi1 was contaminated with crude oil at the same tirne as was ELL-NW soil, 

In contrast, the dimension of the oil-contaminated area at the DEV and BRU sites is less precisely 

known. According to anecdotal reports, however, the sampled DEV-CW soil was also contaminated by 

crude oil in 1947, but the sampled BRU-CW soil is probably pristine. n i e  contarninated area at the 



BRU site seems to be confmed to a relatively large, flat-bottomed depression in the landscape. BRU- 

NW soi1 was obtained frorn within the depression, whereas BRU-CW soil was obtained 25 m away 

frorn the edge of the depression. 

Au-dried soil was sieved to pass a 1-mm sieve and thorougfity mixed to produce uniform composite 

samples of CW and NW soil for each site. These simples were stored in sealed glass jars in the dark at 

4 O C  prior to analysis (Le. up to one year). Selected chemical and physical properties of the three NW 

and corresponding CW soils, as reported in Chapter 2, are listed in Table 5.1. 

Prisrine wettable soil used for cornpurison 

Pristine wettable (PW) soil (Ap horizon) was obtained fiom agricultural fields that have not been 

exposed to crude oil contamination. The ELL-PW soil belongs to the sarne MaImo soil series as the 

ELL-CW and ELL-NW soils, The Therien soil (THE-PW) was obtained from LSD NW 14-61-9-W4 

(54" 17'N, 1 1 1" 15' W) and Millet soi1 (MIL-PW) fiom LSD NE 9-47-25-W4 (53"03'N, 1 13'35'W). 

The THE-PW soil is classified as a Dark Grey Luvisoi and the MIL-PW soi1 Black Chernozemic soil. 

Air-dried P W soil was sieved to pass a 1 -mm sieve and stored at =2 1 O C  before use (Le. up to one year). 

Some chemical and physical properties of the PW soits used are reported in Table 5.1 (J.R. Robertson, 

University of Alberta, pers. commun.). 

Assessrnent of soi1 water repeltency 

Soil water repellency was assessed using the Molarity of Ethanol Droplet (MED) test (King 198 1). Soil 

was always air-dried to constant mas ,  oven-dried at 105 OC for 24 h, and then cooled to room 

temperature before MEC assessrnent. Balls of soil that had cemented together following MED testing 

on air-dried soil were always removed before MED testing was performed on oven-dried soii. A total of 

51 solution concentrations were prepared to include O and 6 M and al1 of the 0.2-hi increments in 

behveen. Fresh aqueous ethanol solutions were prepared every three months and stored at 4 OC between 

periods of use. The solutions were always allowed to equilibrate oveniight at 22 1 O C  before use. The 

test was performed by placing droplets (2-3 mm diameter) of increasing ethanol solution concentration 

on the levelled soil surface. MED indices were recorded as the molarity of the droplets of lowest ethanol 

solution concentration to penetrate completely uito soil within 10 s or less. 

The surface tension of the 51 ethanol solution concentrations can be estirnated using the following 

logarithmic tùnction: 



where x = molarity of ethanol solution or MED index in M, and y = surface tension in r n ~ - r n ' '  (Fig. 

4.1). 

Processes leading to the development of soi1 water repellency 

A. Sorption of petroIeum compounds from the vapour phase 

Residual oil in the profie underneath DE Y-N W soif 

A 54 m x 24 rn area at the centre of a larger patch of water-repellent soil at the DEV site was selected 

for this work. The rectangular section was divided using a grid pattern that produced 27 cells 48 m' (6 

m x 8 m) in area. Soi1 cores (3 cm wide x 100 cm deep) were taken at each grid line intersection, except 

those at the four corners of the 54 m x 24 m area. Sarnpling was perforrned using a hydrauiic core 

sampler. Each 100-cm core was sliced while still inside the sampler. Soil from the following six depth 

sections was scooped into labelled rnoisture tin c a s  (9 cm wide x 4 cm high): 0-10, 20-30, 30-40, 50- 

60, 70-80, 90-100 cm. Li& were hennetically sealed ont0 the cans with 3M Tartan tape. The sealed 

c m  were stored rit 4 O C  untiI fùrther analysis (up to two years). 

The total 216 (36 cores x 6 depths) soil sarnples were analysed for residual oil contamination and soil 

moisture content. Residuai oiI contamination was determined as the concentration of DCM-extractable 

organics remaining in the soil. Soil moisture content was determined gravimetrically by oven-drying 

field-moist (stored) soil at 105 O C  for 24 h. 

The concentration of DCM-extractable organics was determined on moist soil to minimise loss of 

volatile petroleum residues. The detailed procedure used was as follows: two subsamples of the sarne 

rnoist soil (225 g, oven-dried basis) were taken and weighed whiIe still cold. One was irnmediately 

oven-dried to determine soil rnoisture content and the other prepared for determination of residual oil 

content. The rnoist subsample to be extracted was placed in a mortar and thoroughly mixed with an 

approximately equal voIume of anhydrous MgS04. A stainless steet fork was used to break clumps and 

homogenise the mixture. The soil was placed in a cellulose thimble and Soxhlet-extracted for 24 h at 

the rate of 10 cycles h" using glass-distilled DCM. The DCM extracts were concentrated on a rotary 

evaporator, transferred into preweighed alurninum dishes, and allowed to dry to constant weight in a 

fume hood. The concentration of DCM-extractable organics was determined gravirnetrically, as 

described in McGilI and Rowell(I980). Only single deteminations of DCM-extractable organics and 

rnoisture content were made. 



Generatioii of warer repellency by sorption of vapour-pliuse petroleum compounds 

Petroleum-contaminated subsoil was used as the source of vapour-phase petroleum compounds in this 

study. The soil used was taken fiom the 0-90 cm depth section of the sampled 54 m x 24 m area of the 

DEV site. Concentrations of DCM-extractable organics in these subsoil samples ranged fiom 22 to 3 1 

g+kg" (1 10 to 140 gkg" water plus volatile organic compounds or VOCs). 

Approximately 30 g (oven-dry basis) of field-rnoist contaminated subsoil was poured at the bottom of 

g h s  jars (390 mL). Twenty-gram samples (oven-dried basis) of air-dned readiIy wettabIe soi1 from 

pristine and oil-contarninated areas were then loosely wrapped into three-layered nylon bags and pIaced 

one per jar on top of the contaminated subsoil. The jars were sealed tightly and placed in dark storage at 

=21 O C  for 60 d. The wettable soi! treatment was triplicated, but the same source of contaminated 

subsoil was used for each triplicated wettable soi1 treatment. During the 60-d exposure period, the jars 

were gently shaken at 7-d intervals to improve gas diffusion. 

I rneasured the water repellency of the bagged wenable soi1 afier 30 and 60 d. Each jar was opened only 

long enough to remove the bag of wenable soil. The bag of wettable soi1 remained out of the jar only 

for as long as it took to untie the bag, take a =IO-g subsample, tie the bag again and retum it to the jar. 

Water repellency was assessed on the air-dried subsamples, and again afier they were oven-dried (24 h, 

105 OC). The DEV subsoil samples used as source of petroleum vapours in this experhent al1 had an 

MED index > 5 before and afiet the 60-d exposure period, as measured in the oven-dried state (data not 

shown), 

B. Sorption of petroleum compounds from the tiquid phase 

Petroleum asphaltenes as causalive agents 

Petroleum asphaltenes are operationally defined as the n-alkane (Cs to C7)-insoluble fraction of crude oil 

mixtures. When cmde oii is mixed with porous reservoir rock or soil, asphaltenes are defined as the 

fraction that is soluble in aromatic solvents, such as alkylbenzenes, tetralins or naphthalenes, but that 

precipitates in large excesses of Iow-boiling liquid n-alcane (Cs to Ct) (40: 1, n-akane:extract, v/v) 

(Calemma et al. 1995; Yan et al. 1997). 

Soi1 was Soxhlet-extracted for 72 h using toluene (6 cyclessh-') to remove petroleum asphaltenes 

(Buckley and Liu 1998). n i e  extracts were concentrated by rotary evaporation and filtered through a 

0.22-pm cellulose acetate filter (AcetatePlus8 Supported Cellulose Membrane, Micron Separations, 

Inc.) to remove as much f i e  clay particles as possible. The concentrated extracts were brought to 50- 



mL volume ushg fresh toluene (HPLC grade). Ten-millilitre aliquots were air-dried 1 mL at a tirne into 

1.5 mL polyethylene vials for use in instrumental neutron activation analysis (NAA). The other 40 mL 

was air-dried in preweighed aluminum dishes to determine the gravimetric content of toluene- 

extractable organics in soil. The extracted soil was allowed to air-dry before it was oven-dried and 

assessed for soi1 water repellency. Al1 extractions and analyses were performed in trîplicate. 

1 analysed for the presence of petroleum asphaltenes in soil by analysing for V of petroporphyrin origin 

in toluene extracts obtained frorn soil. iNAA was performed by Dr. M.J.M. Duke at the SLOWPOKE 

nuclear reactor facility of The University of Alberta. The principle of the analysis is that elements 

(isotopes) irradiated with neutrons emit gamma-rays during their decay. These gamma rays can be 

radioassayed and the ratio of decay-corrected count rates used to determine the masses of the elements 

in the samples and standards (Heimke 1996). 

hfetaffic salts of fat@ acids as cousotive agents 

Exhaustive Soxhlet extraction was used to extract metallic saIts of fatty acids fiom soil. It was 

performed using HPLC-grade ethanol, which contained 95% (vlv) denatured ethanol 3A and 5% (v/v) 

(PA (Sigma-Aldrich). Soxhlet refluxing was set at the rate of 6 cycles.h" and maintained for 48 h. 

Approximately 25 g of soi1 (oven-dry basis) was extracted with 200 mL solvent. 

Metal salts of fatty acids were also extracted using a mixture of a 1 : 1 (v/v) denatured ethanol and 0.1 h-2 

HCI in one instance, and 1: 1 (vlv) denatured ethanol and 0.1 M NaOH under N2 in the other. The 

composition of the denatured ethanol was 85:15 (v/v) ethano1:rnethanol. Approximately 20 g of oven- 

dned soit was suspended in 100-mL extraction mixture and shaken in a gyratory shaker at 280 

rotationsmin-l for 24 h at d l  O C .  The next day, the residue was separated by centribgation and 

decantation. Centrifugation was performed at 8 800 x g for 20 min for every rinse. In the case of the 

ethanoLacid mixture, two extraction protocols were followed: (i) a one-the 24-h extraction with no 

rinse, and (ii) a one-the 24-h extraction with 75 x 50-mL rinses with fiesh ethano1:acid mixture. In the 

case of the ethano1:alkaIi mixture, extraction was performed under N2 to minimise risk of organic matter 

oxidation. A single extraction protocol was tested: a one-the 24-h extraction followed by three   ses 
with 0.01 M CaC12 and three rinses in deionised water. The tinses in 0.01 M CaClz and water were 

necessary to re-aggregate the soil and prevent the precipitation of water-soluble sodium salts on the 

surface of the drying soil. 

Al1 Soxhlet extracts and supernatant solutions were discarded without analysis. The extracted soi1 

samples were allowed to air-dry to constant weight at d l  OC. A ceramic rnortar and pestle was used to 

break cnists that had formed during drying and homogenise the soil before MED assessment. Water 



repellency was assessed on both air-dried and oven-dried (105 O C ,  24 h) extracted soi1 samples. Water 

repellency was again assessed after soil had been saturated with chtoroform (CHCI3), stirred to dryness, 

and gently homogenised again using a mortar and pestle. Treatment with CHCI3 was applied because 

earlier work Uidicated that it can restore water repellency in extracted soi1 (Chapter 4). Restoration of 

water repellency by treatment with CHC13 indicates that potential to display water repeliency has been 

conserved by the soil. All extractions and MED assessments were performed in triplicate. 

C. Stabilisation of causative agents by association with the humin or mineral soil fractions 

Humic and fùlvic acids were extracted from soil as follows: =20 g soil (oven-dry basis) was weighed 

into a 200-mL propylene flask and 100 mL of O. 1 AI NaOH was added to it. Air was displaced by N2 

before the flasks were stoppered. The soil-NaOH suspensions were shaken at =21 OC for 24 h on a 

gyratory shaker at 280 rotations.min". The next day, the insoluble (mineral+humin) residue was 

separated by centrifiigation at 13 800 x g for 30 min and subjected to either of the following rinsing 

protocols: (i) hree 100-mL rinses with fiesh 0.0 1 MCaClz followed by three rinses with fresh deionised 

water, and (ii) JO x 100-rnL rinses with fresh 0.1 M NaOH under N2 followed by three 100-mL n'nses 

with fiesh 0.01 hf CaC12 and three rinses with fresh deionised water. Centrifugation speed had to be 

increased from 13 800 to 23 000 x g toward the end of the 40 rinses protocol because soi1 was becoming 

increasingly dispersed. Supernatant solutions were al1 decanted and discarded without analysis. 

The extracted soil samples were allowed to air-dry to constant weight at =2 1 O C .  Cnists that had formed 

during drying were gently broken using a mortar and pestle before MED testing. Soil water repellency 

was assessed both after air-drying and afier oven-drying at 105 OC Cor 24 h. It was again assessed afier 

soi1 had been saturated with CHCI,, stirred to dryness, and gently homogenised using a mortar and 

pestle. AH extractions and MED assessments were performed in triplicate. 

D. Lateral spreading by mechanical dispersal of water-repellent soii 

Fixed mass fractions of air-dried nonwettable and adjacent wettabIe soi1 from the three study sites were 

mixed together to simulate the outcorne of mechanical soi1 dispersal. A total of 1 1  mass fiactions of 

nonwettable soi1 were tested: 0, 0.1, 0.2, ..., 1.0. The soil mixtures were prepared in triplicate, oven- 

dried at 105 O C  for 24 h, and assessed for soil water repellency using the MED test. 

Potential water erosion rates at the three study sites were estimated using a modified Universal Soil Loss 

Equation. The purpose of the exercise was to estimate the rate at which spreading of severe water 

repellency may occur in al1 directions at each site due to water erosion alone. Values for the different 

factors were estimated following the guidelines provided in Tajek el ai. (1985). 



RESULTS 

Processes leading to the development of soil water repellency 

A. Sorption of petroleum compounds from the vapour phase 

Residual oil in the profile underneath DE V-N W soil 

1 found DCM-extractable orgmics in concenirations m g h g  fiorn cl to 60 g4cg-' thmughout the 

sampled 54 m x 24 m x 1 m section of DEV site. The average DCM-extractable and soil moisture 

content for each depth section are presented in Fig. 5.1. Depth sections obtained below 30 cm released 

a strong petroleum odour and presented characteristic symptoms of low redox conditions; Le. greyish 

blue colour. Soi1 from the 20-30 cm depth section sometimes had a hard consistence and needed to be 

broken down into smaller pieces with a hamrner before it could be ground using a rnortar and pestle. 

The average concentration of DCM-extractables did not vary much with depth. The average 

concentration of water and VOCs, however, was significantly less in the 0-10 cm depth section than in 

other depth sections (Fig. 5.1). These values were obtained by averaging measured concentrations at 

each of the 36 sarnpling points. The error b a n  represent the standard error of those means. 

Generation of water repellency by sorption a f vapour-phase petroleum compounds 

MED indices measured on air-dried soi1 had a high variance (large standard error of the mean) (Fig. 

5.2a). Only the two soifs that were previousIy exposed to oi1 contamination (DEV-CW and ELL-CW) 

acquired significant water repellency after 30 and 60 d of exposure to contaminated subsoil. The 

pristine (PW) soils, including BRU-CW, dispIayed more severe water repetlency after 60 d than afler 30 

d of exposure, but variability was also greater after 60 d. Oven-drying reduced both the variabifity and 

the severiry of induced water repellency symptoms in soi1 (Fig. 5.2b). Again, only the two soils that 

were previously exposed to oil contamination (DEV-CW and ELL-CW) acquired significant water 

repellency after 30 and 60 d of exposure to contaminated subsoil. BRU-CW soi1 was made readily 

wettable by oven-dving, and ELL-PW and MIL-PW soi1 nearly so. Water repellency was less after 60 

than after 30 d in the case of the ELL-CW soil. 



B. Sorption of petroleum compounds from the liquid phase 

Petfoleum osplraftenes as causative agent& 

Extraction with toluene did not eliminate water repellency in the three NW soils or in the ELL-CW soil, 

and it generated water repellency in DEV-CW soi1 (Table 5.2). Concentrations of V were higher in the 

toluene extracts obtained fkom the NW soils. This suggests that toluene extraction removed more 

peîroleurn asphaltenes fiom these soils than it did fiom the oil-contaminated CW soils. The toluene- 

soluble V found in ELL-PW soil rnay be clay-associated V that passed thou& the 0.22-pm filter. This 

V concentration rnay be taken as an estimate of the maximum mineral-associated V contamination that 

is to be expected in any of the analysed soil extracts. This is because the ELL-PW soil was never 

exposed to crude oil contamination and because soi1 fiom the ELL site contains a larger clay-size 

panicle fraction than soi1 from the other hvo sites. 

Metailic saifs of organic acids as causative agents 

Based on the results of MED measurements made on oven-dried soil, extraction with ethanol, 

ethanol:O. 1 M HCI (1: 1, v/v) or ethanol: 0.1 M NaOH (1: 1 ,  v/v) did not completely eliminate water 

repellency in ELL-NW and DEV-NW soiIs (Table 5.3). Based on the resufts of MED measurements 

made on CHC13-treated soil, extraction with ethanol, ethano1:O. 1 iCf HCI (1: 1, vfv) or ethanol: 0.1 il! 

NaOH ( 1  : 1, v/v) did not remove the potential to display water repellency in any of the oil-contarninated 

soils; that is, the ELL-CW, ELL-NW, BRU-NW, DEV-CW and DEV-NW soils (Table 5.3). 

C. Stabilisation by association with humin and minera! soi1 fractions 

On the basis of the results of MED measurements made on oven-dried soil, removal from soil of humic 

and hlvic acids with O. 1 MNaOH did not completely eliminate water repellency in any of the NW soils 

(Table 5.4). However, it reduced soi1 water repellency considerably in ELL-NW, BRU-NW and DEV- 

NW soil and completely eliminated it in ELL-CW soil. On the basis of the results of MED 

measurements made on CHC13-treated soil, removal from soi1 of humic and fulvic acids with 0.1 M 

NaOH also did not completely eliminate the potential to display water repellency in any of the NW soils 

(Table 5.4). Only the more exhaustive NaOH extraction completely eliminated the potential to display 

water repelIency in the oil-contaminated ELL-CW and DEV-CW soils. A single NaOH extraction 

partially reduced actual (i.e. oven-dried) and potential (i.e. CHC13-treated) water repellency in ELL-NW, 

BRU-NW and DEV-NW soils to a sirnilar extent as did the more exhaustive NaOH extraction. 



D. Lateral expansion due to mechanical dispersal 

A 0.1 mass fraction of nonwettable soil in adjacent soi! was sufficient to cause a sharp increase in water 

repellency in the DEV-CW and ELL-CW soils, but not in the BRU-CW soil (Fig. 5.3). It took as linle 

as a 0.2 mass fraction of nonwettable soil to spread severe water repellency, defined by King (198 1) as 

MED > 2.2, in adjacent soi1 at the relatively fine-textured ELL and DEV sites. In the coarser-textured 

soil of the BRU site, water repellency increased more gradually with increasing mass hct ion of 

nonwettable soil. At this site, severe water repellency was not displayed until a 0.5 mass fraction of 

BRU-NW soil was surpassed. 

According to my estimates of water erosion potential, severe soi1 water repellency may spread lateraily 

at the rate of 0.0078 rn'yi' for each m' of original water-repellent area present at the ELL site (15 cm 

deep), 0.0014 m2-yr*' at the BRU site, and 0.024 r n 2 e y i '  at the DEV site (Table 5.5). Using these 

estimates, I calculated the number of years it would take for circular 1, 0.5 and 0. I ha patches of water- 

repellent soil (15 cm deep) to spread severe water repellency to a 3-m wide strip (15 cm deep) of 

adjacent soil at the ELL, BRU and DEV sites. For a circular 0.5 ha original water-repellent area, the 

calculation gave 17 yr at the ELL site, 43 1 yr at the BRU site and =6 yr at the DEV site (Table 5.6). 

DISCUSSION 

Processes leading to the development of soi1 water repellency 

A. Sorption of petroleum compounds from the vapour phase 

i hypothesised that subsoil-entrapped volatile petroleum cornpounds mignte upward over time and sorb 

ont0 the drier, organic matter-coated surfaces of upper soi1 horizons. Sorption irnparts water repellency 

to surface soil and leads to lateral expansion of patches of water-repellent soil. Three conditions are 

needed for this mechanism to contribute to soi1 water repellency. First, there must exist a source of 

petroleum hydrocarbons beIow the surface. Second, the source must contain volatile hydrocarbons that 

cm nigrate to the surface. Third, volatile hydrocarbon cornpounds must sorb to surface soil and render 

it water-repellent. 1 tested these conditions using contaminated subsoi1 h m  the DEV site and wenable 

surface soil t?om five sites. 1 did not, however, measure the diffisivity of volatile compounds in the soil 

profile, as  would have been necessary to determine the rate at which upward diffusion occurs. My 

results confirm the presence of residual oil in the top 1-m profile of DEV-NW soi1 patches. 

Concentrations of volatile petroleum compounds were not recorded separately, but concentrations of 

DCM-extractable organics presented in Fig. 5.1 were obtained so as to account for as much semivolatile 

petroleum compounds as possible. 



The results presented in Fig. 5.2a and 5.2b indicate that soil water repellency cm be generated by 

sorption of vapour-phase petroleum compounds emanating from subsoil. Al1 three conditions stated 

above appear to have been met. Prior exposure to oil contamination seems to have predisposed ELL- 

CW and DEV-CW soils to acquire more severe water repellency from exposure to vapour-phase 

petroleum compounds. The four pristine soils acquired only slight water repellency in cornparison. It is 

possible that petroleum residues remaining on the surface of wettable oil-contarninated soi1 increased 

the sorption capacity of these soils for voiatile petroleurn hydrocarbons. This seems a likely explanation 

considering that the ELL-PW and ELL-CW soils should not Vary substantiaily in native 

physicochemical properties (Table 5.1). Concomitant difision of water vapour fiorn the petroleum- 

contaminated subsoil during the 60-d exposure period must have reduced the sorption capacity of both 

contaminated and PW soib for vapour-phase petroleum compounds (Chiou and Shoup 1985). This 

could not be avoided as removal of moisture fiom contaminated subsoil samples would have resuited in 

substantial undesirable loss of volatile petroleurn compounds. 

Soil water repellency generated during the 60-d exposure to petroleum-contaminated subsoil was not as 

resistant to thermal extraction as is naturally-occurring soil water repellency (Chapter 2). This 

discrepancy, however, does not constitute sufficient evidence to reFute the hypothesis that soi1 water 

repe llency c m  be generated by sorption of vapour-phase petroleum compounds. Sorbate-soi1 contact 

times of 60 d versus decades rnay not be comparable because sorbate resistance to thermal desorption 

typicaily increases with increasing contact time. In addition, sorption of water vapour molecules by soii 

may have ternporarily prevented the formation of stronger intermolecutar associations between vapour- 

phase petroleum compounds and soi1 mineral surfaces (Ong and Lion 199 1 ; PenneIl et al. 1992). 

B. Sorption of petroleum compounds from the liquid phase 

The causative agents of soil water repellency may be compounds that sorbed to soi1 fiom the Iiquid 

crude oil phase during or soon following the time of oil contamination. These compounds would have 

to have resisted natural biotic and abiotic weathering processes for severai years or decades following 

oil contamination, as well as gained hcreased resistance to rernoval by nondestructive extraction 

processes. This is needed to explain why exhaustive extraction of NW soil with solvents used to 

dissolve crude oil does not eliminate soil water repellency (Chapter 3). Mechanisms to explain the 

delayed appearance of water repellency that is initiated by sorption of liquid-phase petroleum 

compounds are discussed in a later section. 

Causative agents of water repellency that may have sorbed to soil from the liquid crude oil phase 

include interfaciaily-active compounds of the asphaltene and resin hct ions and high-molecular-weight 

nonpolar compounds of the saturate and aromatic fractions. 1 chose to investigate only the role of 



petroleum asphaltene constituents because petroleum asphaltenes are operationally defrned as a 

solubility class. This fiinctional definition is of analytical benefit because it aIlows staternents to be 

made about the complete removal of petroleurn asphaltenes from soi1 and the impact this has on soil 

water repellency. In Chapter 3, 1 demonstrated that solvents typically used to extnct saturate and 

aromatic hydrocarbons kom soil fail to eliminate soil water repellency completely and irreversibly. 

Petroleum asphaltenes commonly occur in cmde oils, oil shales, and bituminous sands, but are usually 

absent in light refmed petroleum products, such as gasoline, kerosene and diesel fuel (Xu et al. 1994). 

Petroporphyrins are constituents of crude oil asphaltene fiactions that cm be used as markers because 

they are uniquely enriched in V (Filby 1994; Xu et ut. 1994). Constituents of crude oil asphaltene 

fractions are suspected of causing water-wettability problems in petroleum reservoir rocks (Crocker and 

Marchin 1988; Hasiba and lessen 1968). In soils, they are known to resist microbial degradation and 

sometimes persist long after the disappearance of other crude oil constituents (Song et al. 1990; Atlas 

198 1; McGill et al. 198 1). According to Pollard et al. (1?92), cmde oil asphaltene fractions rypically 

include extended polyaromatics, naphthenic acids, sulphides, polyhydric phenols, fatty acids and 

petroporphyrins. 

I hypothesised that interfacially-active crude oii constituents cm impart water repellency to soil by one 

of two rnechanisms. One is by sorbing strongly to soi1 through their polar or ionic fùnctional group and 

in turn leaving their nonpolar parts exposed at the solid-fluid interface. The other is by fonning water- 

insoluble metallic soaps that precipitate on soi1 surfaces. Metallic soaps are fomed when the acid H or 

its equivalent in a complex organic acid is replaced by a metal cation (Elliott 1946). Carboxyl groups 

are found in constituents of asphaltene crude oil fractions and polyvalent metal cations, such as Ca, Mg, 

Fe, and AI abound in most soils. 

Extraction of petroleum osplt oltenes 

1 used the presence of V of petroleum origin in toluene extracts obtained fiom NW and adjacent CW 

and PW soils to obtain confmation that toluene extraction removes petroleum asphaltenes from oil- 

contaminated soils. The results of MAA indicate that toluene-soluble petroleum asphaltenes are absent 

fiom ELL-PW soil and that more are removed from oil-contarninated NW soils than fiorn oil- 

contaminated CW soils. The MED results indicate that removal of petroleum asphaltenes from soi1 does 

not eliminate soil water repellency. This suggests that petroleum asphahenes, operationally defmed as 

toluene-solubIe material, does not alone cause water repellency in the studied soils. The possibility 

remains that compounds causing soi1 water repellency are petroleum asphaltenes that have become 

irreversibly sorbed to soil due to polycondensation reactions or multiplication of noncovalent bonds 



with the soiI. Such compounds would no longer be expected to dissolve or suspend readily in solvent. 

They would aIso lose their identity as petroleum asphaltenes. 

Eriraction of metaltic soaps 

1 chose to extract metaltic soaps fiom soil using ethanol and ethanol mixtures of dilute acid or base 

based on theoretical considerations. The H' or Na' ions might disrupt soap-soi1 cation bridges and 

release salts in solution. The ions of the acid mixture might cause hydrolysis of sorne of the salts and 

liberate protonated farty acids. The Na' ions of the akaline mixture rnight improve dispersion of soap 

molecules in solution, and its OH ions, scavenge metal cations to liberate ionised fatty acids in solution. 

Ethanol was rnked with the aikali and acidic extractants to provide a better phase than water for the 

dissolution or suspension of liberated metallic soaps, protonated fatty acids and deprotonated fatty acids. 

This alcohol was chosen because previous work indicated that extraction with strong H-bonding 

solvents (e.g. methanol, n-propanol and IPA) reduces soil water repellency to a greater extent than 

sxnriction with nonpolar, non-H-bonding solvents (e.g. DCM and CCH) (Chapter 3). lacobson and 

Holrnes (1916) also presented evidence that some metaIlic soaps are slightly more soluble in ethanol 

and methanol than they are in weaker H-bonding solvents (e.g. ether). 

If as predicted metal saits of fatty acids were removed by any of the solvents tested, then rnetal saIrs of 

fatty acids are not the sole causative agents of soil water repellency in the studied soils. Water 

repellency was neither completely nor irreversibly eliminated following extraction with these solvents. 

The ethano1:O. 1 1Cf NaOH extraction was perfonned with one rinse only because the earlier ethanol:O.l 

'Cf HCl results indicated that rnultiplying the number of rinses does not cause substantial fùrther 

decreases in soif water repellency. Wander (1949) successfully eliminated soil water repellency by 

extracting soil with ether foilowed by rnethanol. This author attributed removal of soil water repellency 

to removal of metallic soaps based on two observations: release of fat globules on acidification and 

heating of air-dried methmol extract, and strong calcium and magnesium tests of the water-sofuble heat- 

oxidised residue of methanol extract. [n this study, 1 did not attempt to confm rernovaI fiom soil of 

rnetallic cations, rnetallic soaps, protonated or deprotonated fatty acids. This is because metal1ic cations 

and fatty acids not associated with the formation of hydrophobie soaps would likely have aIso been 

extracted by ethano1:O. 1 MNaOH solutions, ethano1:U. 1 M HCI and ethanol alone (Hudson et al. 1994). 

C. Stabilisation by association with the humin or mineral soi1 fractions 

The causative agents of soil water repellency may have originally sorbed to soi1 fiom the vapour or 

liquid phase. Both mechanisrns can impart water repellency to soil or soil minerais. This was shown 

with vapours in the present report and with nonvolatile crude oil constituents in reports by Crocker and 



Marchin (1988), Powers et al. (1996) and Yan et al. (1997). 1 have observed, however, that freshly 

sorbed vapour-phase petroleurn compounds impart water repellency to soi! that is not as resistant to 

thermal extraction, at least in the short term, as is naturally-occurring soi1 water repellency. It is likely 

that fieshly sorbed liquid-phase petroleum residues afso impart water repellency to soil that is less 

resistant than is naturally-occurring soi1 water repelfency. This is because organic compounds typically 

become increasingiy recalcitrant the longer they reside in soil (Alexander 1995). Resistance to 

desorption is thought to build over t h e  through fiee radical-initiated polycondensation reactions and 

multiplication of noncovalent intermoIecular associations (e-g. H bonds, dipole interactions, cation 

bridges, ligand exchange, and protonation) in the organic phase and between the organic phase and 

mineral soit surfaces (Sposito 1984; Paul and Clark 1989; Larsen and Mohammadi 1990). 

tn this part of the study, I tested the hypothesis that water-repellent substances are bound to the humin 

or mineral soil fractions. This hypotfiesis was suggested by evidence that water repellency seems to be 

associated predominantty with the fraction of organic soil constituents that is not extractable in aqueous 

and organic sotvents (Chapter 4). Because removal of Mvic and humic acids did not completely and 

irreversibly eliminate soil water repellency, 1 conclude that water-repellent substances are associated 

with humin or with soil minerals in the studied soils. Water-repellent substances may not require strong 

association with the soi1 to impur! water repellency to soil. Strong association with humin or with soi1 

minerals probably occurs naturally over tirne and irnparts recalcitrance to induced water repellency 

symptorns. 

D. Lateral expansion of water-repellent soi1 

Anecdotal reports from landowners and environrnental protection officers indicate the lateral expansion 

of water-repeflent areas. ïhere is no experimental evidence to support or refbte these claims because 

soil water repellency at old crude oil spill sites was little studied before the past few years. 1 

nevertheless investigated potential mechanisrns of lateral expansion of water-repellent soi1 based on data 

obtained at the three study sites. 1 postulated that lateral expansion of water-repellent soi1 occurs 

through mechanical dispersal of existing water-repellent soil or through creation of more water-repellent 

soi1 over t h e .  1 tested the mechanical dispersal hypothesis by measuring what mass fraction of water- 

repellent soil is required to spread severe water repellency to adjacent wettable soil, Severe water 

repellency was defmed as a MED test result of r 2.2 (King 1981). For the fmer-textured ELL-CW and 

DEV-CW soils, a fractional mass of water-repetlent soi1 of 0.2 was sufficient to impart severe water 

repellency to adjacent soil. Water repellency in these soils increased most steeply in the O to 0.2 

Fractional mass range. Water repellency increased in a less steep and more linear fashion with 

increasing mass fraction of nonwettable soil in the coarser-textured BRU-CW soil. In this soil, a 0.6 

mass fiaction of nonwettable soil was required to generate severe water repellency in adjacent soil. The 



estimates of water erosion potential at the three study sites suggest that it is quite possible that natural 

erosion processes cause measurable lateral expansion of water-repellent areas over tirne. I calculated 

that a circuiar 1 ha area of water-repellent soil (15 cm deep) may increase its radius by 3 m within 5 yr 

at the DEV site and 12 y at the ELL site (Table 5.6). 

Water-repellent soiIs containing reserves of petroleum cornpounds at shallow depth in their profiIe rnay 

also be at risk of expanding laterally due to creation of more water-repellent soil over time. 1 have 

shown that sorption of vapour-phase petroleum compounds can irnpart water repellency to soil within 

60 d. The degree of induced water repellency was more severe in surface soil known to contain residues 

From oil contamination. The severity and persistence of vapour-induced water repeIlency would Iikely 

increase with increasing exposure time (e.g. decades). Creation of new water-repellent soil over tirne is 

not Iikely to be occuming through sorption of Iiquid-phase petroleum residues. This is because a high- 

rising water table would be required to transport residual oil remaining in subsoil to coat of the pore 

walls of the 0- 15 cm top layer. Water table rises near the surface, however, would be expected to 

promote upward diffusion of subsoil-entrapped vapour-phase petroleum residues. 

E. Manifestation of soil water repellency 

The reason 1 propose for why several years or decades must pass before manifestation of soi1 water 

repellency differs for the two alternative hypotheses. If soil water repellency is generated by sorption of 

vapour-phase petroleum compounds, time is required for the manifestation of water repeIlency because 

enough volatile petroleum compounds must migrate through soil, sorb, and increase their fractional 

coverage on panicle surfaces of upper soi1 horizons. According to this hypothesis, the development of 

soil water repellency requires that an indeterminate, but presumably large, amount of liquid-phase 

petroleurn compounds have accumulated in shallow subsoil horizons. On the other hand, if sorption of 

petroleum compounds from the liquid phase is what initiates the development of soif water repellency, 

time may be required because the outer layer of sorbed petroIeum cornpounds must undergo chemical or 

physical transformation over tirne (i.e. partial oxidation or dehydration accompanied by re-orientation). 

There is evidence that removal of water and VOCs over tirne can induce confornational changes in the 

outer layer of organic material that is lefi behind (Ma'Shum and Farmer 1985). Removal of water and 

VOCs is thought to promote the formation of stronger association of sorbed petroleiim compounds with 

one another and with native organic and mineral soil constituents. 



SUMMARY OF KEY OBSERVATIONS 

1. PW and CW soils acquired slight water repellency following a 60-d exposure at =21 OC to vapour- 

phase petroleurn compounds. More severe water repeIlency was generated in CW soils that were 

previously exposed to oil contamination. 

3. Petroleum asphaltenes are present in oil-contaminated CW and NW soils, but theu removal frorn 

soi1 by toluene extraction does not elhinate soil water repellency. 

3. Removal of metallic soaps by extraction with etfimol, ethano1:O.l M NaOH or ethanol:O. 1 M HCI 

and removal of humic and fulvic acids by extraction in 0.1 M NaOH under Nz do not completely and 

irreversibly eliminate soi1 writer repellency. 

4. Relatively little mixing is required to Unpart severe water repellency to adjacent soil at sites where 

the soil is fine-textured. Lateral expansion of patches of water-repellent soil may be caused by 

mechanical dispersal of existing water-repellent soi1 or by generation of new VOC-coated water- 

repellent soil. 

Two alternative, but not mutually exclusive, scenarios are proposed to explain the development, 

spreading and persistence of soi1 water repellency at old crude oil spi11 sites: 

1. Soil water repellency is generated by VOC sorption over rnany yews. Appearance of soil water 

repellency is controlled by the degree of fiactional coverage achieved by VOCs on the surface of 

particles of upper soil horizons. Lateral expansion occurs over time due to erosion and, possibly also, to 

generation of new VOC-coated water-repellent soil. Expansion caused by generation of new water- 

repellent soi1 stops when reserves of volatile petroleum compounds in subsoil horizons have been 

depleted. Sorbed petroleum vapours become increasingIy resistant to biological, physical and chemical 

removal processes by becoming more strongiy associated with humin or with soi1 minerals over time. 

2. Soil water repellency is genented by sorption of nonvolatile petroleum cornpounds during or soon 

following the t h e  of oil contamination. The condition is not manifested for another several years or 

decades because extensive evaporation of water and VOCs is required to induce the re-organisation of 

less volatile, sorbed petroieum cornpounds. Lateral expansion may occur through mechanical dispersa1 

of existing water-repellent soiI, or to generation of new VOC-coated water-repellent soil where 

suficient liquid crude oil has persisted have persisted in shallow subsoil horizons. The recalcitrance of 



water-repellent character is attributed to ageing; that is, to an increase in the number and strength of 

bonds formed between sorbed petroleum compounds, humin and minera1 soil surfaces. 

Soils that do not develop water repeltency following oil contamination rnay have contained enough 

water at the time of contamination to prevent crude oii penetration into soil or strong association of 

petroleum compounds with the soil. Alternatively, they rnay have received only a low concentration of 

causative agents because only a srnaII volume of oil was spilled or because the oil that was spiiled 

contained only a srnall concentration of causative agents of soil water repellency. Bioremediation of 

causative agents rnay have been more effective where srnall volumes of oi! were spilled and rnoisture, 

nutrients and oxygen did not become deficient soon following oil contamination. Soils that are lefl 

untreated following cmde oil contamination s e m  to be at greater risk of developing water repellency 

over time (Chapter 2). 



Table 5.1. PhysicochemicaI characteristics of the studied soils (0- 15 cm) 

Soi1 Sand Clay Texture' PH Org. Cy Min. N' 

(mg-kg") 

ELL-CW" 390 360 CL 5.3 54.5 100.7 

ELL-NW" 300 330 CL 5.4 63 -2 83.6 

BRU-CW 860 120 LS 5.5 1 .O 4.9 

BRU-NWw 860 120 LS 5.4 4.8 12.3 

DEV-CWw 380 500 L 7.3 37.4 8.6 

DEV-N Ww 400 250 L 5.8 37.9 1 18.8 

ELL-P W 260 3 I O  CL 5.1 63.5' 5700" 

THE-P W JI0  160 L 6.0 3 3.4" 3000" 

MIL-PW 500 200 L-SCL 5.8 44.0' 3800" 

CL = chy loam, LS= loamy and, L = loam, L-SCL =lm-silty clay lm 
Y Organic C 

Minenl N 
Adapted from Tables 2.1.2.2 and 2.3 

" Calculatcd from organic mancr content assuming 50 g C pcr 100 g organic mancr 
" Total N vaiues availriblç only 

Table 5.2. Extraction of petroleum asphaltenes 

To luene-extractables MED afier Vanadiumz 

Soi1 (gkgm'  soil) exttaction (M) (pgkg" soil) 

ELL-C W 1.2 *O.Iy 0.9 i 0.3 6.4 I 0.4 

ELL-NW 11.3 * 1.6 3.2 * 0.2 136.0 * 2.0 
BRU-CW 0.0 * 0.0 0.0 * 0.0 0.7 0.3 

BRU-NW 2.5 * 0.6 3.2 * 0.2 38.2 * 1.0 
DEV-CW 1.2 10.1 1.2 * 0.0 2.0 * 0.7 

DEV-NW 6.9 -t 0.7 3.8 î 0.0 11.7 I 1.1 

ELL-PW 0.4 * 0.0 0.0 I 0.0 1.1 10.2 
- . - - - - - - - --- 

' Toluene-extractable V in soil 
Standard dcviation 



Table 5.3. Soil water repellency aflet extraction to remove metallic salts of fatty acids listed in order of 
decreasing extractant effectiveness 

ELL BRU DEV 

Extractant CW NW PW CW NW CW NW 

Ethano1:O.I MNaOH (1: 1, v/v) (lx) 

A ir-dried 0.0 kO.0 1.2 50.0 0.0 10.0 0.0 fO.0 0.0 iO.0 

Oven-dried 0.8 10.0 3.5 ~ 0 . 1  0.0 10.0 0.0 10.0 0.8 10.0 

CHCI3-treated 3.2 10.2 5.5 10.1 0.1 ~ 0 . 1  0.0 kO.0 2.9 *O.O 

Ethanol: O. 1 hf HCl(1: 1, vfv) (75x) 

Air-àsied 0.0 Ita.0 1.2 îO.0 0.0 10.0 0.0 iO.0 0.0 fO.0 

Oven-dried 0.2 k0.0 4.0 10.0 0.0 10.0 0.0 10.0 1.9 î0.3 

CHC13-treated 1.0 *O.O 4.9 &O. t 0.0 10.0 0.0 10.0 3.1 10.1 

Ethanol: 0.1 M HCI (1: 1, v/v) (lx) 

Air-dried 0.0 i0.0 1.5 10.1 0.0 10.0 0.0 10.0 0.0 10.0 

Oven-dried 1.8 10.0 4.1 kO.1 0.0 10.0 O.OI0.0 2.8 10.0 

CHC13-treated 4.8 10.0 4.7 10.1 0.0 10.0 0.OM.O 3.2 i0.0 

0.0 10.0 2.7 10. 1 

0.0 10.0 3.1 I O .  1 

1.2 10.5 4.3 IO. I 

0.0 k0.0 1.3 I O .  1 

0.0 10.0 3.5 IO. 1 

0.7 10.1 4.7 10.3 

0.0 10.0 2.3 k0.2 

1 .O 10.0 4.3 IO .  1 

2.2 kO.O 4.8 iO.0 

Standard deviûtion 



Table 5.4. Soil water repellency afier extraction of humic and fùlvic acids 

ELL BRU DEV 

CW NW  PW CW NW CW N W  

0.1 MNaOH (lx) 

A ir-dried 0.0 10.0 1.1 10.1 0.0 10.0 0.0 iO.0 0.3 i 0 . i  0.0 80.0 1.9 10.2 

Oven-dried 0.0 10.0 2.4 10.1 0.0 I0.0 0.0 k0.0 1.5 *O2 0.0 10.0 2.2 50.2 

CHC13-treated 0.5 50.4 3.6 10.0 0.0 k0.0 0.0 10.0 3.6 10.0 0.4 &O3 3.6 10.0 

' Standard deviation 

Table 5.5. Calculation of water erosion potential using a modified Universal Soii-Loss Equation 

Soii Rz Kg LSL Ca Water erosion Spreading rat$ 

-- - -  - - -- 

ELL 600 0.013 O -4 1 .O 3.1 0.0078 

BRU 600 0.007 O .4 1 .O 1.7 0.00 14 

DEV 600 0.026 0.6 1 .O 9.4 0.024 

' From Tajek et of. (1985) 
The denominator (in m2) refers to the fixcd value of the original area of watcr-repellent soi1 ( 1  5 cm decp). 
Calculated using a soi1 bulk density of 1.33, a soi1 volume per hectare of 1500 m3, and a requircd mas 
fraction of 0.2 at the DEV and ELL sites and of 0.6 at the BRU site. 



Table 5.6. Estimation of tirne required for erosion to spread severe water repellency to 3 rn-wide strip 
of surroundhg soil fiom circular areas of water-repellent soil at the three study sites 

Radius Radius Mass of Mass of NW soi1 Erosion rate Time needed 

Site before (rn) after (m) invaded areaz (Mg) neededy (Mg) ( ~ g ~ i ' )  (Y r) 
- -- - -- 

ELL 56.42 59.42 2 17.80 43.56 3.10 14 

( 1  ha) (1.11 ha) 

39.89 42.89 155.66 31.13 1.55 20 

(0.5 ha) (0.58 ha) 

17.84 20.84 72.73 14.55 0.3 1 47 

(0.10hn) (O.14ha) 

BRU 56-42 59.42 2 17.80 130.68 1.70 77 

( 1  ha) (1.1 1 ha) 

39.89 42.89 155.66 93 .JO 0.85 110 

(0.5 ha) (0.58 ha) 

17.84 20.84 72.73 43.64 0.17 260 

(0.1 O ha) (O. 14 ha) 

DEV 56.42 59.42 2 17.80 43 .56 9.40 5 

( 1  ha) (1.11 ha) 

39.89 42.89 155.66 31.13 4.70 7 

(0.5 ha) (0.58 ha) 

(0.10 ha) (O. 14 ha) 
' Calculatcd using a bulk density of 1.33 and a volume per hectare of 1500 m' 
* Calcuiated using a mass fnction of 0.2 at DEV and ELL and 0.6 at BRU 



1 Water and VOCs l 

Concentration (e. kg1) 

Figure 5.1. DCM-extractable and water and VOCs in Devon soi1 profile (0-100 cm). Values represent 
depth section averages for 36 sarnpling points Iocated within a 54 m x 24 m area. The error bars 
represent the standard error of the mean. 



BRU-CW lm DEV-CW = ELL-CW 
ELL-PW 5 MIL-PW VJ THE-CW 

O 30 60 

Days of exposure 

Figure 5.2. Soil water repellency generated in wettable pristine and oil-contarninated soi1 during 
exposure to petroleurn-contaminated subsoil for 60 d. Contaminated subsoil is fiom the 90400 cm 
depth section of the sampled 54 m x 24 rn water-repeilent area of the DEV site. The error bars represent 
the standard error of the mean. a = air-dned, b = oven-dried. 



Figure 5.3. Soi1 water repellency resuiting fiom increasing the m a s  fraction of ELL-NW, BRU-NW 
and DEV-NW soil in ELL-CW, BRU-CW and DEV-CW soil from O to 1 .  The error bars represent the 
standard error of the mean, 



REFERENCES 

Alexander, M. 1995. How toxic are toxic chernicals in soil? Environ. Sci. Technol. 29: 27 13-27 17. 

Atlas, R. M. 198 1. MicrobiaI degradation of petroleum hydmcarbons: an environmental perspective. 
Microbiol. Rev. 45: 180-209. 

Buckley, J.S. and Y. Liu. 1998. Some mechanisms of crude oi!/brine/solid interactions. J. Pet. Sci. 
Eng. 20: 155-160. 

Calemma, V., P. Iwanski, M. Nali, R. Scotti and L. Montanari. 1995. Structural characterization of 
asphaltenes of different origins. Energy Fuels 9: 225-230. 

Chiou, C.T. and T.D. Shoup. 1985. Soil sorption of organic vapors and effects of humidity on sorptive 
mechanism and capacity. Environ. Sci. Technol. 19: 1 196- 1200. 

Crocker, M.E. and L.M. Marchin. 1988. WettabiIity and adsorption characteristics of crude-oil 
asphaltene and polar fractions. I. Pet. Technol. 10: 470-474. 

E Ilion, SB. (Ed.) 1946. The Alkaline-Earth and Heavy-Metal Soaps (p. 1 1- 13). Amencan Chernical 
Society Monograph Series. Reinhold Publishing Corporation, New York, U.S.A. 

Filby, R.H. 1994. Origin and nature of trace element species in crude oils, bitumens and kerogens: 
implications for correlation and other geochemical studies (p. 203-2 19). In: Geojltrids: Origin, 
Migration and Evolution of FIuids in Sedimentary Basins, J. Parnell (Ed.), Geological Society 
Special Publication No. 78. London. 

Masiba, H.H. and F.W. Jessen. 1968. Film-forming compounds fiom crude oiIs, interfacial films and 
paraffin deposition. 1. Can. Pet. Technol. 7: 1-12. 

Helmke, P.A. 1996. Neutron activation analysis (p. 14 1-1 59). In: hlerhodr of Soil Anaiysis. Part 3. 
Chernical Methoh, D.L. Sparks, A.L. Page, P.A. Helmke, R.H. Loeppert, P.N. Soltanpour, M.A. 
Tabatabai, C.T. Johnson and M.E. Sumner (Eds). SSSA Book Series no. 5, Soil Science Society of 
America and Amencan Society of Agronomy, Madison, W. 

Hudson, R.A., S.J. Traina and W.W. Shane. 1994. Organic rnatter comparison of wettable and 
nonwettable soils from bentgrass sand greens. Soil Sci. Soc. Am. J. 58: 361-367. 

Jacobsen, C.A. and A. Holmes. 19 16. Solubility data for various salts of lauric, myristic, palmitic, and 
stearic acids. I. Biol, Chem. 25: 29-53. 

Ken; S.A. (Ed.) 1986. Atlantic No. 3 - 1948. D.W. Friesens & Sons Ltd., Altona, MB, Canada. 

King, P.M. 198 1. Cornparison of methods for measuring severity of water repellence of sandy soils 
and assessment of some factors that affect its rneasurernent. Aust. I. Soil Res. 19: 275-285. 

Larsen, I.W. and M. Moharnmadi. 1990. Structural changes in coals due to pyridine extraction. 
Energy Fueb 4: 107- 1 10. 

Ma'Shum, M. and V.C. Fmer .  1985. Origin and assessment of water repellency of a sandy South 
Australian soil. Aust. J. Soil Res. 23: 623-626. 



McGilI, W.B., M.J. Rowell and D.W.S. Westlake. 1981. Biochemistry, ecology. and rnicrobiology of 
petroleum components in soi1 (p. 229-297). In: Soif Biochemistry, volume 5, E.A. Paul and J.N. 
Ladd (Eds), Marcel Dekker, Inc., New York, NY. 

McGill, W.B. and M.J. Rowell. 1980. Determination of oil content of oil contaminated soil. Sci. Total 
Environ. 14: 245-253. 

Ong, S.K. and LW. Lion. 1991. Mechanisms for trichloroethylene vapor sorption ont0 soi! minerais. 
I. Environ. Qual. 20: 180- 188. 

Paul, E.A. and F.E. Clark. (Eds) 1989. Soi1 hficrobiology and Biochemistry (p. f 05- 1 OS), Academic 
Press, Inc., San Diego, CA. 

Pennell, K.D., R.D. Rhue, P.S.C. Rao and C.T. Johnston. 1992. Vapor-phase sorption ofp-xylene and 
water on soils and clay minerals. Environ. Sci. Technol. 26: 756-763. 

Pollard, S.J., S.E. Hrudey, B.J. Fuhr, R.F. Alex, L.R. Holloway and F. Tosto. 1992. Hydrocarbon 
wastes at petro1eum- and creosote-contaminated sites: Rapid charncterization of component classes 
by thin-layer chromatography with flame ionization detection. Environ. Sci. Technol. 26: 2528- 
2534. 

Powers, S.E. and M.E. Tamblin. 1995. Wettability of porous media afier exposure to synthetic 
gaso lines. J. Contam. Hydrol. 19: 105- 125. 

Powers, S.E., W.H. Anckner and T.F. Seacord. 1996. Wettability of NAPL-contarninated sands. J. 
Environ. Eng. 122: 889-896. 

Song, FI.-G., X. Wang and R. Bartha. 1990. Bioremediation potential of terrestrial fuel spills. Appl. 
Environ. Microbiol. 56: 652-656. 

Sposito, G. (Ed.) 1984. The Surface Chemistr)? of Soifs (p. 143-147). Oxford University Press, Inc., 
New York, NY. 

Tajek, J., W.W. Pettapiece and K.E. Toogood. (Eds) 1985. FVater Erosion Potenriai of Soils in 
Alberta: esrimaies using a mod~ped USLE. Agric. Can. Tech. Bull. No. 1985-29, Ottawa. 

Toogood, J.A. (Ed.) 1977. The reclarnation of agricufturai soils ajier oil spills. Part 2: Research. 
Department of Soi1 Science, The University of Alberta, Edmonton, Alberta, AIP Publication No. M- 
77-1 l. 

Yan, J., H. Plancher and N.R. Morrow. 1997. Wettability changes induced by adsorption of 
asphaltenes. Soc, Pet. Eng. (SPE) Prod. Facil. 12: 259-266. 

Wander, LW. 1949. An interpretation of the cause of water-repellent sandy soi1 found in cienis groves 
in central Florida. Science 110: 299-300. 

Xu, H., S. Lesage and S. Brown. 1994. Petroporphyrins as chemical indicators of soi1 contamination by 
crude oil. Chemosphere 28: 1 599- 1609. 



CHAPTER 6 

Synthesis 

INTRODUCTION 

Water-repellent soils have been encountered in diverse environments in many parts of the world. They 

include soils that display water repellency syrnptoms ranging ffom complete resistance to wetting to 

slightly reduced infiltration rates compared to readily wettable soils. My doctoral research focussed on 

soils that become severely water-repellent several years or decades following contamination by cmde 

oil. These soils no longer look, feel or smell like they contain any oil, but they remain dry even under 

heavy rainfalls. The overall objective of my doctoral research was to identiS, the causative agents and 

the mechanism by which these agents impart water repellency to s o i  To my knowledge, this was the 

first srudy focussing on the occurrence and cause of soil water repellency at old c r ~ d e  oil spi11 sites. 

Three NW soils (0-15 cm that were contaminated by crude oil between 1947 and 1980 were seIected for 

this research. Readily wettabie soil surrounding NW soil patches was also sarnpIed at the three sites to 

be used as corresponding CW soil. The research was divided into four phases: (1) characterisation of 

three NW and corresponding CW soils (Chapter 2), (2) isolation and charactensation of causative agents 

of soil writer repellency (Chapter 3). (3) investigation into the cause of reversible soi! water repellency 

(Chapter 4). (4) identification of processes leading to the development of soi1 water repellency at old 

cnide oiI spill sites (Chapter 5). The results of this work are sumrnarised beIow. 

SUMMARY 

Chapter 2: Characterisation of  water-repellent soil 

Characterisation of three NW and corresponding CW soils was accomplished using routine soil 

characterisation procedures. The objective of this phase was to obtain background information about 

these poorly known soils. This information would assist in the development of testabie hypotheses 

concerning the development and penistence of soi1 water repellency. Some striking difTerences were 

found between the NW and adjacent CW soils examined. A smaller dry aggregated MWD and a higher 

total C and mineral N content, in particular, characterised the N W  soils. CEC, pH, and water-holding 

capacity were comparable in NW and corresponding CW soils. No evidence of higb exchangeable Na' 

or high SAR was found in any of the NW and CW soiis studied. Counts of viable and culturable CFU 



were lower in ELL-NW soil, but of the same order of magnitude as that found in ELL-CW soil. These 

resuIts suggested that inability of native soil microorganisms to remediate warer-repellent soil is not due 

to their absence in soil, but to irnpeded metabolism because of lirnited water availability. Complete 

elimination of soil water repellency was achieved by heating soil in a fan oven at 200 OC for 16-18 h. 

Prolonged heating for 14 d at 105 or 150 OC in the same fan oven faiIed to eiiminate soil water 

repellency. The reported characterisation work indicated that the main difference between NW and 

adjacent CW soil lies in the quality and quantity of organic material they contain, and not in the 

properties of their inorganic constituenrs. 

Chapter 3: Characterisation of causative agents of soi1 water repellency 

Isolation of causative agents of soi1 water repellency was attempted using SFE and Soxhlet extraction 

with various polar, nonpolar iuid arnphiphilic solvents. Solvents were selected to include ones that are 

cornmonly used to rernove petroleum hydrocarbons and other lipidic material From soil. The four SFE 

protocols tested failed to eiiminate soil water repellency. Soxhlet extraction with nonpolar, non-H 

bonding solvent was as ineffective as SFE at reducing soil water repellency. Elimination of soi1 water 

repellency was achieved by Soxhlet extraction with the arnphiphilic solvent mixture IPAMHJOH. 

Ma'Shurn et al. (1988) were the fint to report that this mixture completely etirninates water repellency 

in water-repellent sands. Compounds extracted fiom DEV-NW soil using IPAMHJOH were applied to 

AW sand and characterised using thermal desorption-GCMS in electron impact and positive chernical 

ionisation modes. They were identified as consisting mostIy of homologous series of long-chain and 

polycyclic aiiphatic organic compounds (Ct4 to C3& namely, n-fatty acids, n-alkanes, and cycloalkanes, 

with no phenolic or polycyclic aromatic compounds and scarcely any polar compounds detected. 

Three- to 5-ring cycloalkanes (e.g. terpanes and steranes) predominated, followed by 1- to 2-ring 

cycloalkanes and long-chain n-alkanes. These findings led me to conclude that compounds removed 

from DEV-NW soi1 by IPA/NHJOH are predominantly compounds of petroleum origin rather than of 

plant or microbial origin. On the condition that elimination of soi1 water repellency occun through 

removal of causative agents, I concluded that causative agents of soi1 water repellency at old crude oil 

spi11 sites are compounds of petroleum origin. 

Chapter 4: Reversibility of  water-repellent character and its cause 

In Chapter 4, 1 report on the revenibility of water repellency in three old petroleum-contaminated soils. 

This study was suggested by results From work presented in Chapter 3. The inmguing observation was 

that Soxhlet extraction with nonpolar, non-ff-bonding solvent leaves oil-contarninated CW soil slightly 

water-repellent. inspiration for this study also came h m  reports by McGhie and Posner (1980) and 

Ma'Shum and Farmer (1985) indicating that soil water repellency can be eIirninated and in tum restored 

without addition of organic compounds to soif. 



1 reponed in Chapter 3 that soil water repellency is eliminated by extraction with amphiphilic solvents 

and barely reduced by extraction with nonpolar solvents. In Chapter 4, 1 observed reversible soil water 

repellency following extraction with amphiphilic and nonpolar solvents used alone and in sequence. My 

results indicated that: (i) water repellency is cornpletely eliminated following extraction with 

amphiphilic solvent, but partially restored following subsequent exposwe to nonpolar, non-H-bonding 

solvent; (ii) extraction with nonpolar, non-H-bonding solvent generates water repellency in readily 

wettable CW soil, but does not in PW soi1, and (iii) repeated sequential extractions alternathg between 

amphiphilic and nonpolar, non-H-bonding solvent increase extractable material and reduce the 

magnitude of reversible soil watet repellency with tirne. 

1 attribute reversible soil water repellency to sotvent-induced changes in the conformation of causative 

agents of soil water repellency. Recent literature reports on the sbucniral flexibility of "insoluble" 

organic macromolecules are discussed for supporting evidence. 1 propose that exposure to nonpolar, 

non-H-bonding solvents induces stretching of nonpolar moieties (Le. alkyl chains), whereas exposure to 

polar, H-bonding solvents induces their coiling. These solvent-induced conformational changes are 

retained upon solvent removal. My results indicate that the wettability of oit-contarninated soils 

depends on both the interfacial conformation and the ûactional coverage of their surface-exposed 

nonpolar moieties. 

Chapter 5: Processes leading to the development of soi1 water repellency 

In Chapter 5, 1 investigated mechanisms to explain how soil water repellency develops, spreads and 

penists at old cmde oil spill sites. My results indicate that soil water repellency can be generated by 

soil sorption of vapour-phase petroleurn compounds. Literature reports are cited that support the 

hypothesis that sorption of liquid-phase petroleum compounds can also impart water repellency to soil. 

The hypotheses that soil water repellency is solely caused by sorption of petroleum asphaltenes or 

formation of metal salts of fatry acids, however, are rejected on the basis that their removal fiom soi1 

does not eliminate soil water repellency completely and irreversibly. 

1 estimated the potential rote of water erosion as a mechanism of Iateral expansion of water-repellent 

areas. My results indicate that expansion of water-repellent areas likely occurs predominantly through 

mechanical dispersal (Le. erosion and cultivation). However, where suficient reserves of petroleum 

compounds remain at shallow subsoil depths, the possibility remains that it also occurs through 

generation of new water-repellent soi1 over t h e .  

Resistance of soil water repeilency to exhaustive extraction with 0.1 M NaOH indicates that at l em  

some causative agents are irreversibly bound to humin or to mineral surfaces. 1 infer h m  these data 

that permanent remediation of soi1 water repellency at old cmde oil spill sites may require destruction of 



its causative agents. On the positive side, however, these data also suggest that prompt intervention to 

reduce the concentration and residence t h e  of petroleum residues in soil should prevent the 

development or reduce the spread of soil water repellency. 

ADVANCE IN KNOWLEDGE 

Soil water repellency is not solely a function of the presence of causative agents in soi1 

The processes by which soil water repeIlency develops in some areas and not in others are largely 

unknown. This is because the fwidarnental cause of soi1 water repellency has not been clearly 

established. 1 mentioned in Chapter 1 that there are at Ieast five technical or logical difficulties 

impeding efforts to identifL the causative agents of soif water repellency. Not least of them is the fact 

that there are no decisive means of obtaining confmation that causative agents of soi1 water repellency 

have been removed fiorn soii. My research further confirmed that this investigative approach is 

inadequate because it assumes that the sole cause of soi1 water repellency is the presence of water- 

repellent substances in soil. Horne and Mclntosh (1998) recently showed that compounds extncted 

from readily wettable and nonwettable soil using IPA/NH40H are equally effective at imparting water 

repellency to soil. I obtained similar results by applying 4 0 0  mgkg" of IPAMH,OH extract obtained 

from CW and NW soils to AW sand (Appendix B). Such results demonstrate that some readily wettable 

soils contain sufficient water-repellent substances to display water repellency under certain conditions. 

They also indicate that ability to irnpart soi1 water repellency under controlled experimental conditions 

is  not the same as ability to impart soi1 water repellency under narural field conditions. Finally, they 

confirm that presence of water-repellent substances in soi1 is a necessary, but not suficient condition, to 

give rise to soil water repellency. 

Soil water repelIency is a function of both the packing density and chah  conformation of 

amphiphilic organic molecules in the outermost layer of soi1 organic matter coatings 

My research supports the following postdate: arnphiphilic organic molecules interact with soi1 mostly 

through their polar or ionic fiinctional groups. This leaves alkyl chah substituents dangling at the 

solid/fluid intedace. The polar or ionic group interactions anchoring the amphiphilic moIecules to soi1 

are not readily disnipted by change in fluid composition (Le. they resist compIete solvation). Different 

fluids can still, however, partially solvate these molecuIes and affect the conformation of their weakly 

interacting, alkyl chah substituents. Chain conformation varies fiom coiled (to minimise exposed 

surface area) to stretched (to maximise exposed surface ma) depending on fluid properties. The alkyl 

chains stretch in weakly hydrophilic fluid (e.g. nonpolar, non-H-bonding solvent or au) and coi1 in 

strongiy hydrophilic fluid (e.g. water or polar organic, H-bonding solvent) (Fig. 6.1). Soi1 water 



repeIIency is a hnction of the conformation and number of chains that are exposed at the solidlfluid 

interface in soil. The stretched chah conformation at high packing density generates the most severe 

water repellency symptorns (Table 6.1). 

Packing density of amphiphilic molecules 

Chain conformation High Low 

Coiied moderately water-repellent not water-repellent 

Stretched severely water-repellent slightly water-repellent 

Nonpolar fluid 
(cg. air or DCXI) 

Polar fluid 
(e.g. water or IPA) 

Figure 6.1. Solvent-induced conformational flexibility in surface-exposed alkyl chains. Depending 
on fluid properties, surface-expose6 alkyl chains stretch or coi1 to minimise free energy. 

Elimination o f  soil water repellency must not be taken as evidence that causative agents of soi1 

water repellency have been removed from soil 

My work indicates that complete elimination of soi1 water repellency cannot be taken as confmation of 

removal of causative agents tiom soil. This is because elimination of soil water repellency that is 

achieved by solvent extraction cm usualiy be reversed without addition of organic compounds to soil. 

Reversible soif water repellency has been repeatedly observed in this research (Chapter 4). Knowledge 

that soil water repellency is reversible under controlled laboratory conditions cornes heavy with 



practical implications for those concemed with achieving its permanent remediation under field 

conditions. What can be rapidly simulated under controlled laboratory conditions may naturally occur 

at a slower rate under natural field conditions. 

Causative agents should be suspected of remaining in soil when elhination of soil water repellency can 

be reversed without addition of organic compounds to soil. In Chapter 4. 1 presented evidence 

indicating that soil water repellency can be restored by exposing soil to solvents for which polar or ionic 

functional groups have little alfuiity. 1 proposed a mechanisrn to explain how soil water repellency can 

be generated and in tum eliminated without removal or addition of organic cornpounds from and to soil. 

The latter States that sudace-exposed alkyl chah  substituents in oil-contaminated soils cm stretch and 

coil. and thereby modiQ their fractional coverage, in response to change in fluid composition. 

The causative agents of soil water repellency in the studied soils are compounds of petroleum 

origin 

In Chapter 2. 1 described how IPA/NH40H extraction eliminates water repellency in oil-contaminated 

soils. 1 also described the identity of compounds rernoved from DEV-NW soil using IPA/NH40H. 

These consisted predominantly of long-chah and polycyclic aliphatic hydrocarbons typical of 

weathering cmde oil mixtures. In Chapter 4, 1 observed that extraction with IPA/NH40H eliminates the 

potential for solvent-induced water repellency in oil-contminated CW soils (Chapter 4). This was 

inferred to indicate that petroleum residues exmcted fiom oil-contaminated soils using lPA/NH40H 

include some causative agents of soil water repellency. 

In Chapter 4, 1 observed that some causative agents also remain in NW soil following extraction with 

IPA/NH,OH. This was inferred from the observation that water repellency can be restored in 

IPA/NH.,OH-extracted NW soils by exposure to nonpolar, non-H-bonding solvent. This observation 

indicated that compounds resisting extraction in IPA/NH,OH also contribute to the expression of soil 

water repellency. 1 was unable to isolate, characterise or confm the petroleum or natural origin of 

IPA/NH,OH-insoluble causative agents of soil water repellency. However, two pieces of evidence 

suggest that the latter are probably of petroleum origh. Fint, there is the observation that among the 

soils studied, only petroleum-contaminated ones displayed solvent-induced reversible water repellency. 

Second, there is the circurnstantial evidence implicating petroleum residues rather than natural organic 

cornpounds as causative agents of soil water repellency. Since the early 1980s in Alberta, water- 

repellent soi1 patches (0.1 to >10 ha) have been discovered at over 20 old crude oil spi11 sites. 



Additional items of new knowledge 

Water-repellent soils are disaggregated and enriched in organic C compared to adjacent normal soil 

(Chapter 2) 

Water-repellent soils do not present a salt toxicity or N deficiency problem (Chapter 2) 

Water-repellent soils contain a substantial cornmunity of viabIe, although apparently dormant, 

microorganisms (Chapter 2) 

Soil water repellency is completely and irreversibly diminated by heating soi1 in a fan oven at 200 

OC for 16- 18 h. Exposure soil to 150 O C  for 14 d does not eliminate soil water repellency (Chapter 

2) 

Extraction of water-repellent soi1 using IPAMKOH removes mostly long-chah and polycyclic 

aliphatic hydrocarbons of petroleum origin (Chapter 3) 

Repeated sequential emction with alternate arnphiphilic and nonpolar, non-H-bonding soIvent 

gradually elhinates soi1 water repellency cornpletely and irreversibly (Chapter 4) 

Soil water repellency is comptetely and irreversibly eliminated by Soxhlet extraction with DCM 

followed by room-temperature extraction in 0.05 111 SDS (Chapter 4) 

The mathematicai relationship between surface tension and molarity of ethanol in aqueous solution 

obeys the following logarithmic fùnction: y = 61.05 - 14.75 In (x + O S ) ,  where y is the surface 

tension of the liquid in m ~ d '  and x is the molarity of the aqueous ethanol solution in rno1es.l" 

(Chapter 4) 

E.xhaustive extraction of soi1 with 0.1 M NaOH under N2 or with the arnphiphilic solvents 

IPA/NH,OH, IPA/CH3COOH, IPA/H20, and 0.5 hl SDS reduces soi1 water repellency 

considerably, but not irreversibly (Chapters 4 and 5) 

Exposure to nonpolar, non-H-bonding solvent favaurs expression of water repellency in crude oil- 

contaminated soils (Chapters 3,4, and 5) 

IPAMH,OH extracts obtained fiom CW and NW soils are equally effective at imparting water 

repellency to AW sand (Appendix B) 

Causative agents in 20- to 50-yr-old water-repellent soils are associated with humin or soil 

minerais, and not with humic or fulvic acids (Chapter 5) 

Petroleum asphaltenes, as defmed operationally on the basis of solubility Ui toluene, are not the sole 

causative agents of soi1 water repellency (Chapter 5) 

Metallic salts of fatîy acids, unless they are not removed fiom soil by ethanol, ethanol:acid, 

ethanol:alkali or alkali alone, are not the sole causative agents of soil water repellency (Chapter 5) 



Sorption of vapour-phase petroleum compounds can induce water repellency in PW and CW soils 

(Chapter 5) 

Some water-repellent sites contain residual volatile petroleum compounds at shallow subsoil depths 

(Chapter 5 and Appendix D) 

Water-repellent soil is prone to dispersal by mechanical cultivation and wind and water erosion 

(Chapter 5) 

FUTURE RESEARCH 

Most researchen agree chat soi1 water npellency is caused by the presence of a coating of hydrophobic 

organic substances on soi1 particle surfaces (Wallis and Home 1992). Effom to identiw these 

substances, however, have not yet yielded the expected drfinite answen. It does not help that most 

atternpts to identiS, causative agents of soi1 water repellency have been made withour concem for the 

mechanism by which causative agents impan water repellency to soil. This has resulted in a variety of 

proposed causative agents that induce water repellency when added to soil. but that also occur nanirally 

in readily wettable soils. 

Identification of the causative agents of soil water repellency may not be as crucial as identification of 

the mechanism by which hydrophobic organic substances Mpart water repellency to soil. It rnay even 

be a fiitile enterprise unless the goal is identification of a common chemical structure rather than 

common source for these substances in soil. For example, it would be of little practicai or theoreticai 

value to know that humic substances or petroleum cornpounds are the causative agents of soi1 water 

repellency. This is because such compounds also occur in soils that do not display water repellency. 

The fundamentai question that should be addnssed is not what compounds cause soil water repellency, 

but nther why water repellency is only displayed by cemin soils. There is enough evidence to suggest 

that organic compounds having the potential to impart at least transient water repellency to soi1 occur 

naturally in readily wettable soils. My research indicates that the explanation for the peculiar character 

of water-repellent soi1 lies in the composition and conformational flexibility of the outermort layer of 

organic materiai coating soi1 particle surfaces. Exciting new knowledge may be derived h m  the 

characterisation of the three-dimensional organisation and dynamic behaviour of this outer organic 

layer. Future research may, for instance, reveal that permanent remediation of soil water repellency 

does not require removal of causative agents from soil. 

My research suggests that the fractional coverage of akyl chains on soi1 particle surfaces determines the 

degree of water repellency that is displayed by soil. This fraftional coverage is determîned by both the 

chah conformation and packing density of organic molecules possessing such chains. Direct physical 



rvidence is needed to test the validity of mode1 predictions, such as that the stretched chah  

conformation at high packing density should produce the most severe soil water repellency symptoms. 

In addition, research is needed to identiQ the scale at which the ratio of hydrophobic:hydrophiIic 

surface area in soil most closely correlates with rnacroscale soil water repellency syrnptorns (Fig. 6.2). 

Ratio 

Water repellency symptoms 

severe modemte slight 

Ratio of hydrophobic to hydrophilic surface area in soil 

Scale 

i :1  Ratio 
mampîe 5 E 

= hydrophobic 0 = hydrophilic 

Figure 6.2. Illustration of the need to know the ratio of hydrophobic to hydrophilic surface 
area in soi1 and the scale of magnitude at which measurement of this ratio best correlates with 
macroscale soil water repellency symptoms. Both the fraction and the distribution of 
hydrophobic surface area in soi1 are likely to be controIling variables of soil werting 
be haviour. 

Measurement of the average ratio of hydrophobic:hydrophilic surface area in soil could replace average 

solid surface tension as an indicator of soil affiity for water, To be usefil, however, this new 

measurement should aiso take into account spatial heterogeneity at the molecular scale. This is because 

knowledge that 1 cm3 of soi1 has an average hydrophobic:hydrophilic surface a m  ratio of 0.10 may not 

be informative if a11 it takes to inhibit wetting is contiguity of 1/20 of this hydrophobic surface area 

ahead of the wening fiont. Ideally, surface area ratios in soi1 shouid be detetmined at a scale that 

permits quantification of hydrophobic surface area at the scale of the cross-sectional area of a water 

molecule (Le. nrn'). Because it would be hpractical to perfonn this measurement on every unit of 

surface area in a soil, a simpler and still usefiil alternative may be to determine the scale at which 

measured hydrophobic:hydrophilic surface area ratios correlate best with macroscale soi1 water 

repellency symptoms. 



In the introduction chapter of this thesis, 1 discussed the fact that the development of soil water 

repellency seems to necessitate a sequence of two and sometirnes three processes. At oId cmde oil spill 

sites, accumulation, re-distribution or re-organisation, and stabilisation of hydrophobic organic 

substances seem al1 to be required for the developrnent of soi1 water repellency. Accumulation is 

apparently of crude oil constituents in the vapour or liquid phase. Re-distribution and re-organisation is 

to increase the surface coverage of hydrophobic moieties at the tluidfsolid interface. Stabilisation is for 

the soil-sorbed portion of vapour- or liquid-phase petroleum compounds to multiply noncovalent bonds 

with humin or soi1 minerals and become increasingly resistant to extraction over t h e .  Ail three 

processes are poorly documented in the soil water repellency and other pertinent literature. Further 

studies into the mechanisms and forces driving organic rnolecule re-organisation and stabilisation at the 

solid/fluid interface in soil would fil1 prominent gaps in our understanding of organic contaminant 

interactions with soil. My work with water-repellent soils, for example, suggests that stabilisation of 

organic contaminants c m  occur at the solidfair intedace in soil and does not require diffusion of organic 

contaminants into inaccessible nanopores (Scow 1993; Pignatello and Xing 1995). 

PRACTICAL IMPLICATIONS 

My research indicates that causative agents of water repellency in the studied soils are relatively 

resistant to nondestructive extraction procedures. For example, exhaustive extraction with O. 1 hf NaOH 

under N2 and Soxhlet extraction with DCM, toluene, CCH, rnethanol, ethanol, IPA and a variety of 

amphiphilic solvent mixtures failed to remove soi1 water repellency completely and irreversibly. Two 

nondestructive extraction protocols were nevertheless identified that removed soil water repellency 

cornpletely and irreversibly. These were extraction with DCM followed by SDS, and repeated 

sequential extraction of water-repellent soi1 using IPAMHJOH followed by DCM. Such results indicate 

that permanent remediation of soil water repellency does not necessitate use of destructive oxidative 

techniques, such as heating soil in a fm oven at 200 OC for 16-18 h or treating soi1 with hydrogen 

peroxide. Destruction of causative agents of soi1 water repellency by chemical or thermal oxidation is 

not usually considered an appealing remediation option because it also destroys soil. 

The recalcitrance of causative agents of soi1 water repellency is probably largely an acquued property. 

In Chapter 2, 1 discussed how prompt remediation of some oil-contaminated plots at the Ellerslie site 

effectively prevented the development of soiI water repellency. This suggests that stimulation of 

bioremediation of oil contaminants soon following spillage may be the most effective means of 

preventing the development of soil water repellency at crude oil spi11 sites. 
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APPENDIX A 

Gravimetric determination of solvent-extractable material 

Concentration (mg-kg-') = mass of a.d. extract (mg)/(rnass of 0.d. soil extractcd - mass of a.d. extract) 

(kg) 

where a.d.= air-dried under arnbient conditions and o.d.= oven-dried at 105 O C  for 24 h. 

E-rample Two air-dried soi1 samples are taken out of storage. Sample 1 is weighed, placed in a 

cellulose thimble and Soxhlet extracted for 24 h. Sarnple 2 is weighed in a preweighed aluminium dish 

and placed in an oven at 105 "C for 24 h. The oven-dried mass of Sarnple 2 is recorded. The oven- 

dried mass of sarnple 1 is calculated fiom knowledge of the moisnire content of air-dried Sarnple 2 soil. 

Following Soxhlet extraction, the extract obtained from Sample 1 is concentrated by roto-evaporation 

and transferred into a preweighed aluminium drying dish. The extract is air-dried in a Fume hood until 

its mass has become consrant. The air-dried extract mass is recorded. 



Generation of soi1 water repellency by addition of IPA/NH,OH-extractable material obtained 

from readily wettable and water-repellent oil-contaminated soils 

Table B.1, 
mg.kgm' of 
IPAMI&OH 

MED index of initially wettable solids treated with ~ 8 0 0  
materia1 extracted from CW and NW soils using 

MED (M) of recipient of extract 

Source of extract AW sand' ELL-PW soi1 

ELL-C W 

DEV-CW 

ELL-NW 

DEV-NW 



APPENDIX C 

Field layout of Devon site 

8 m 
ri = sampling point 

Figure C.I. Field layout of  the patch of water-repeilent soi1 (54 m x 24 
m) that was sarnpled for residual DCM-extractable organics at the 
Devon site, 



APPENDIX D 

Data obtained from characterisation of moisture and residual oil content in Devon soi1 profile 

Table D.1. Data used to calculate the concentration of DCM-extractable organics - 
in DEV soi1 

5 

Spor' 1 Depth Rep 1 Rep 2 1 Rep 3 1 Average i Std Dev 







i 30-40 i 27323.231 26448.571 -i 26885.901 618.48 
i 50-60 1 21250.ltj - j  - 1  21250.11f 
i 70-80 i 16392.951 -i -i 16392.95 j 
i 90-100 i I 

-1 - i -: - i 
32 i 0-10 i 5495.63! - i -: 5495.63 j 

! 20-30 j 12008.60j -: - i  12008.601 
1 30-10 j 9637.651 -: - f  9637.65f 
i 50-60 i 10097.663 -i -; 10097.66! 
i 70-80 i 24393.88i - 1 -i 24393.88j 
t 90-100 ! 35162.191 30699.93: -i 32931.06f 3155.29 

33 t 0-10 f 5344.641 -i -: 5344.64 
i 2030 ! 7 9 7 9  -i 7977.50i .. 

! 30-40 j 9636.731 - i -i 9636.731 
1 50-60 f 12560.221 -i -1 12460.221 
1 70-80 i 10818.181 -1 -1 iosis.18i 
! 90-100 19795.461 - j -i 19795.46i 

34 : 0-10 i 
7742.34 1 - i -i 7742.34f 

i 20-30 j 5518.50 - 5  2 - 5518.50: 
-40 i 3616.621 -i -1 3616.62j 

J-5040 1 8050.13/ -i 8050.13! 
j 70-80 j 15396.933 1558 1.46i -i 15489.20! 130.48 
i 90-100 i 23 190.54i -r -4 23190.54I 

35 i 0-10 i 8526.731 10366.54i - i  9446.64i 1300.94 
70-o i 29799.971 3 4 1 . 1 ~ w  -i 3 1969.88j 3072.78 

j 3040 i 15745.581 -i -i 15745.581 
! 5040 i 15739.35j -! - 15739.351 
i' 70-80 --2218146( - -L -1 22181.26i 
!' 90-100 i 28546.731 -i -i 28546.73i 

36 i 0-10 i 6 0 3 a  -i -i 6032.831 
1 2 0 - 3 0  12672.82 

-"""A-- - -1  - i  12672.821 
- ; 3040 ! 11819.671- -! - 1  11819.67: 

1 , ,  13969.921 -: -I 13969.92T 
i 70-80 i 1 0220.025 -; -i 10220.02i 

90-100 j 15193.135 -: -i 15193.13! 

Refers to sampling point number in Figure C. 1. 

Table D.2.:r depth section 
Depth i Sum i Mean S U ~ Y ~ '  

i i (Sum Y~)' I~ 
I 

/ n-l Std Dev SEM 
(cm) f (me-kn"'l i 

1 

i i i 
t 

i 



Table D.3. Data used to calculate H20 and VOCs content in DEV soi1 
Spof 1 Depth / Rep 1 1 Rrp 2 i Rep 3 1 Average 1 Std Dev 







' Refers to sampling point number in Figure C. 1. 

Table D A  Calculation of mean H20 and VOCs concentration pet depth section 
Mean S U ~ Y , '  (Sum Y,)% 1 n-l 1 Std Dev ! SEM 



Measurement of the surface tension of ethanol solutions 

Surface tension measurernents were obtained using a Fisher surface Tensiomat Model 21, Catalog No. 

14-814 (Fisher Scientific). This model utilises principles of operation originally devised by Dr. Piene 

Lecomte du Nuuy. Essentially a torsion-type balance, it is the kind of instrument currently specified by 

the American Society for Testing Materials in Methods D-97 1 (interfacial tension of oil against water) 

and D-1331 (surface and interfacial tension of detergents (Fisher Scientific 1996). The Surface 

Tensiornat shows "apparent" surface tension on a calibrated dial. The dia1 readings can be converted to 

"absolute" values (S) by multiplying the "apparent" vaIue (P) by a correction factor (F). 

The formula to calculate the correction factor (F) is: 

where: 
F= correction factor 
R= radius of the ring (cm) 
r= radius of the wire of the ring (cm) 
P= apparent value or dia1 reading (dynes.cm") 
D=density of lower phase (air) ( g m ~ " )  
d= density of upper phase (test liquid) (grnl") 
C= circumference of the ring (cm) 

Values for the circumference and Rfr ratio of the ring were provided by the manufacturer (C= 5.920 cm, 

fUr 53.0322424). 1 used a density of au of 0.0001 g . m ~ l .  The units of S were convened from 

dynes-cm" to m ~ m "  (1 dynes.cm*' = I m ~ m " ) .  1 used denatured ethanol 95% (vfv) from Sigma- 

Aldrich (Cat. No. 27,074-1). This ethanol contains 95 parts denatured ethanol and 5 parts isopropyl 

alcohol (mol. wt = 46.07 g*mole-l, density= 0.785 g-m~'l) .  Molarity of ethanol solution was not 

corrected for presence of denaturing agent. 

Reference: Fisher Scientific. 1996. instructions Manual, Fisher Surface Tensiomat Model 2 1. 



Table E.1. Data used to calculate the correcied surface tension of ethanol solutions 

Molarity Flask Flrisk+sol Dcnsily Rep 1 Rep 2 Rep 3 P Std Dev F S Std Dev 
(hi) (g) (6) ( g r n ~ ~ ' )  (dynes.cm") (dymcrn*') (dynes-cm") (dynes-mi') (dynes.cm-') (dynes-cm") (dynesan") 

75.7 75.1 0.0 29.5893 79.3204 0.9946 75.7 75.5 0.3 0.9 70.8 0.3 
7 1.2 71.0 71.7 7 1.3 0.2 29.5893 79.2244 O.9927 0.4 0.9 66.6 0.3 - 
67.6 68.0 67.3 67.6 0.4 29.5893 79-15 16 0.9912- - --------A- 0.4 O .9 62.9 0.3 

O 9895 65.0 64.8 0.6 29.5893 79.0639 . 64.6 64.8 O. 1 0.9 60.1 O. 1 
0.8 29.5893 78.9660 0,9875 61.6 61.5 61.4 61.5 O. 1 0.9 56.8 0.1 

59.2 59.5 1.0 29.5893 78.8826 0.9859 59.1 59.3 0.2 0.9 54.6 0.2 
57.0 1.2 29.5893 78.7756 0.9837 - - -570 57.1 57,0-- O. 1 0.9 52.4 0.0 

1.4 29.5893 78.7085 0.9824 56.2 56.2 56.2 0.0 0.9 5 1.6 0.0 56.2 - - - - - - - -  
1.6 29.5893 78.6404 0.9810 54.4 54.6 54.6 54.5 0.0 0.9 50.0 0.0 

54.2 1.8 29.5893 78.5600 0.9794 53.4 53.7 53.8 0.3 O .9 49.2 0.2 
52.0 2.0 29.5893 78.4887 0.9780 51.9 52.3 52.1 O .2 O .9 47.6 O, 1 

50.8 50.9 2.2 29.5893 78.3952 0.9761 5 1.2 51.0 0.2 0.9 46.5 0.1 
50.4 50.2 2.4 29.5893 78.3172 0.9746 50.3 50.3 O. 1 0.9 45.9 O. 1 

2.6 29.5893 78.2544 0.9733 49.3 4 9 . 0 ! _ _  49.0 49.1 0.1 - 0.9 44.7 0.1 
2.8 29.5893 78.1993 0.9722 48.0 48.0 48.1 48.2 o. 1 O .9 43.7 o. 1 
3.0 29.5893 78.1 153 0.9705 47.0 - 47.0 4 7 L -  47 ------ .O O. 1 0.9 42.7 0.0 

46.2 3.2 11.1314 58.8324 0.9540 46.1 46.1 O. 1 0- 41.9 O. 1 46.0 --- 
3.4 11.1816 59.1954 0.9603 45.2 -- 45.3 45.6 45.4 0.2 0.9 41.2 0.1 - -- 

44.7 44.7 3.6 11.2236 59.2364 0.9603 44.7 44.7 0.0 0.9 40.5 0.0 
3.8 11.2476 59.1846 0.9587- 43.8 -- 43.8 43.8 43.8 0.0 0.9 39.7 0.0 
4.0 11.2314 59.0485 0.9563 4 2 . 9  -- 43 .O 42.9--- 42.9 O. 1 0.9 38.8 0.0 
4.2 10.3702 58.2386 0.9574 42.0 42.0 42.0 42.0 0.0 0.9 37.9 0.0 ----- 
4.4 11,2523 58.9090 0.9531 41.4 41.7 41.4 4 1.5 0.2 0.9 37.5 0.1 
4.6 1 1.2446 58.9710 0.9545 41,2 41.0 41.2 41.1 - 0.1 0.9 37.1 O. 1 

40.5 4.8 11.2031 58.6405 0.9487 40.2 O. 1 0.9 36.4 O. 1 
5.0 11.1785 58.6636 0.9497 39.7 39.6 d---- 39.6 0.1 0.9 35,7 0.1 

39.2 5.2 14,2010 61.7756 0.9515 - 39.2 - 39.1 O. 1 0.9 35.3 0.0 392 --- 
5.4 13.7180 61.1307 0,9483 38.7 38.5 - 38.5 38.6 0.0 0.9 34.7 0.0 
5.6 14.6680 6 1.8727 -0.944 1 37.8 37.8 38.1 37.9 0.2 0.9 34.1 O. 1 
5.8 13.2128 60.3129 0.9420 37.3 37.4 37.4 37.4 0.0 0.9 33.6 0.0 
6.0 14,1049 61.2883 0.9437 37.3 37.2 37.1 37.2 0. 1 0.9 33.4 O. 1 -- - - -- - --- -- -- - - 

17.0 0.7850 25.8 25.7 25.7 25.7 0.0 0.9 22.9 0.0 




