
 
 

 

  



AN ABSTRACT OF THE THESIS OF 

 

 

Priscilla B. Woolverton for the degree of Master of Science in Soil Science 
presented on June 7, 2013                                                                                  
Title: Exploring Mechanisms that Drive the Development of Reversible Soil 
Hydrophobicity 
 
 
Abstract approved:   
 

 
Maria I. Dragila                           Markus Kleber 

 
 

This study focuses on one widespread characteristic of poor soil quality: 

hydrophobic soil. Previous research has produced conclusive evidence to 

show that soil hydrophobicity is affected by soil organic matter (SOM) and 

soil water content (WC). Hydrophobicity that responds to changes in WC 

is a unique form of surface hydrophobicity and is termed “reversible 
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amphiphilic model for SOM, which contains mechanisms for the 
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exhibit RHP, were investigated at varying WC using Photoacoustic Fourier 

transform infrared spectroscopy (Pas-FTIR), chemical analysis of 

carbon:nitrogen, and physical measurement of hydrophobicity, using the 
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1. Introduction: Soil hydrophobicity 

 

Advances in watershed, natural resource and environmental sciences 

have shown that Earth’s soils drive ecosystem health and performance. 

With rapid depletion of soils occurring globally, it is becoming increasingly 

important to sustainably manage soils in order to maintain ecological 

services and agricultural production (Bhardwaj et al., 2011). This is a 

challenge, because when soils are degraded to such an extent that they 

can no longer support ecosystem functions, determining requirements for 

restoration are complex and their effectiveness is uncertain (Arshad and 

Martin, 2002). 

 

 A prevailing priority for soil research is to approach soil 

management solutions from an agro-ecosystem perspective. When soils 

are managed for agriculture, there are inevitable changes in the physical 

and chemical properties of the soil. While some of these changes are 

beneficial for crop production, they can be harmful to other ecosystem 

services (Powlson et al., 2011), such as surface water contamination from 

agrochemical runoff in agricultural fields. Key objectives for optimizing soil 

conditions and minimizing negative eco-system impacts include: 

managing and timing water and nutrient applications to avoid profligate 

use and leaching, preventing soil compaction and aggregate destruction 

and encouraging soil biodiversity (Powlson et al., 2011). Managing soils 

with these objectives in mind can help to maintain ecosystem health and 

promote soil quality. 
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 Soil quality is a description of the ability of soils to provide 

ecosystem and social services (Karlen et al., 2003). Depending on the 

intended use, scientists can use a number of indicators to determine soil 

quality, e.g. aggregate stability, bulk density, pH, soil organic matter 

characteristics. Soil organic matter (SOM) is said to be one of the most 

important indicators of soil quality because of its impact on all of the other 

soil quality indicators, i.e. physical, chemical and biological soil properties 

(van Apeldoorn et al., 2011).  

 

 Managing for soil quality can be challenging when field-scale 

phenomena originate from molecular scale SOM processes. For this 

reason, this study has taken a bottom-up approach, because a landscape 

perspective will not suffice when SOM is the dominant parameter for soil 

quality. In order to provide field-scale solutions for agro-ecosystems, a 

micro-scale understanding of SOM is required. The goal of this study is to 

improve our understanding of molecular SOM dynamics in order to identify 

SOM properties that are responsive to field-scale management practices. 

 

 Terrestrial regions that are classified as having poor soil quality 

support nearly 50% of the world’s population (Eswaran, Beinroth and 

Reich, 1999). Within an agro-ecosystem context, the definition for poor 

soil quality includes any change in soil conditions that produce undesirable 

effects to the ecosystem in both urban and agricultural settings.  

This study focuses on one widespread and problematic characteristic of 

poor soil quality, reduced soil wettability.  
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 Reduced soil wettability is one manifestation of poor soil quality that 

has large-scale ecosystem implications (Goebel et al., 2011), as well as 

specific and severe impacts on agriculture. In lands managed for 

agriculture, reduced soil wettability can result in limited plant available 

water, ineffective use of irrigation water, increased rates of erosion and 

overall poor land suitability for crop production (Doerr et al., 2011). With 

the amount of arable land continuing to decrease, increasing reports of 

poor soil wettability pose a significant concern. 

 

 In the last three decades, the occurrence of poor soil wettability has 

been reported from around the globe (Doerr and Thomas, 2000). Over 

1000 studies have documented the development, impacts and possible 

causes of reduced soil wettability. Despite growing documentation, the 

evolution of poor soil wettability has not yet been linked to any unique 

combination of environmental and soil conditions (Doerr et al., 2011). 

Scientists continue to work toward identifying the conditions that cause 

poor soil wettability. 

 

 Before discussing causative factors, a clear definition for this 

phenomenon is here established. The term “poor soil wettability” is often 

interchanged with the terms “soil water repellency” and “soil 

hydrophobicity,” but these concepts are in fact hierarchical. While a 

hydrophobic surface is commonly understood as a surface that appears to 

repel water, poor wettability in soils can result from factors other than 

surface hydrophobicity of individual soil particles. For example, soil 

compaction may create a pore structure that prevents water from 

infiltrating and thus lead to similar repercussions as caused by chemically 

induced soil hydrophobicity. 
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The repercussions may be identical, but the mechanisms are different. On 

the one hand there is poor soil structure, and on the other there are 

changes in chemical surface characteristics of the soil particles involved. It 

follows that poor soil wettability represents a macro-scale phenomenon 

that can be the result of either physical factors (e.g. compaction), or 

chemical factors (such as a hydrophobic mineral surface or organic 

surface coatings), or a combination of both. Hydrophobicity, as it is 

understood in this text, represents a particle-surface phenomenon in 

which the molecular surfaces of soil particles exhibit low specific surface 

energy (relative to water). For the purpose of this paper, the term soil 

hydrophobicity is used to specifically refer to molecular-scale chemical 

dynamics that impart non-wettable characteristics to soil particle surfaces.  

 

 At the field scale the primary effect of soil hydrophobicity is reduced 

water infiltration. Reduced infiltration rates lead to surface ponding, 

overland flow and subsequent soil erosion (Shakesby et al., 2000). 

Hydrophobicity also diverts surface water, inducing spatial variability in soil 

moisture which gives rise to subsurface preferential flow paths (finger 

flow). Finger-flow through the soil matrix generates zones of very dry soil 

in close proximity to areas of high soil moisture. The occurrence of 

adjacent, yet variable domains of soil moisture can direct water around 

and away from plant root zones. This prevents effective wetting of the root 

zone during irrigation (and precipitation events) resulting in reduced seed 

germination and draught stress in crops (Bond, 1972).  Uneven wetting 

increases deep drainage losses because the wetted areas have a higher 

hydraulic conductivity than would result if the same volume of water was 

evenly spread out. Uneven wetting can also exacerbate non-uniform 

swelling in soil aggregates. 
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Stresses incurred during swelling form planes of weakness that reduce 

aggregate strength and weaken soil structure (Watts and Dexter, 1998). 

 

 It has long been suggested that the origin of soil hydrophobicity is 

soil organic matter (SOM) coatings on particle surfaces (Ma’shum et al., 

1988). Soil organic matter coatings on soil particles are largely derived 

from micro-additions of fungal and microbial exudates (Schaumann, 2006) 

and plant polysaccharides (Czarnes et al., 2000), both of which have been 

shown to render a hydrophobic character to soil particle surfaces. Aliphatic 

hydrocarbons released during soil heating, i.e. during a fire event 

(DeBano, 2000), and synthetic agrochemical amendments (Mulligan et al., 

2001) have also been shown to impart hydrophobic properties to soils.  

 

 There is wide consensus within the scientific community that the 

origin of soil hydrophobicity is soil organic matter coatings on soil particle 

surfaces, yet a number of studies conclusively shown that as soil moisture 

decreases hydrophobicity increases, and vice versa. There remains a 

looming question as to why soil moisture content impacts the expression 

of soil hydrophobicity (Doerr and Thomas, 2000). Soil wettability that 

responds to changes in WC is recognized as a unique form of surface 

hydrophobicity which the authors of this study call “reversible 

hydrophobicity.” Until recently, widely accepted models for SOM 

(Stevenson, 1994) did not include mechanistic explanations for the 

occurrence of RHP. However, a new model for SOM (Sutton and Sposito, 

2005) suggests that the onset of hydrophobicity may represent a change 

in the spatial orientation of amphiphilic SOM molecules (moieties that 

contain both polar and nonpolar regions) in response to WC (Kleber et al., 

2007).  See Appendix J for an amphiphilic SOM model. 
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Pursuing the link between SOM, WC and RHP has become increasingly 

important as reports of (reversible) hydrophobicity are now relatively 

common (Doerr and Shakesby, 2011). 

 

 Currently, research efforts have not been able to provide efficient 

and manageable solutions for hydrophobic soils, yet a suite of techniques 

have been suggested to alleviate the effects of hydrophobicity.  

Conceptually, every approach has the same goal: to increase soil water 

infiltration. In practice, each of these methods is different and the efficacy 

of each treatment varies between studies.  

 

 Over the last five decades, different classes of surfactants have 

been utilized to reduce hydrophobicity in soils. The efficacy of various 

surfactants has varied significantly (Bially et al., 2005) and scientists 

continue to explore options for treating the effects of hydrophobicity. 

Nonionic surfactants are the most common adjuvant used to ameliorate 

surface hydrophobicity in soils (Bially et al., 2005). Nonionic surfactants 

are aliphatic, long-chain alcohols (fatty alcohols) and, like other 

surfactants, overcome wetting problems through additions of molecules 

with polar and non-polar ends. The non-polar portion of a surfactant 

molecule attaches to a hydrophobic surface and pulls water in behind it 

with its polar portion. Adding surfactants to the soil lowers the interfacial 

surface tension between water molecules and soil particle surfaces. 

 

 Synthetically derived ethylene-oxide polypropylene-oxide (EO/PO) 

block copolymers are one form of commercially available nonionic 

surfactants that have been extensively researched and used to treat  

hydrophobicity in soils (Bially et al., 2005). 
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However, the residual effectiveness of these wetting agents varies and 

repeat applications are inevitable (Park et al., 2004). Most of the studies 

performed with nonionic surfactants have focused primarily on wetting 

efficacy, while only a few papers have focused on the toxicity and the 

environmental fate of these chemicals (Krough et al., 2003). Even though 

further research is warranted, as our understanding of the effects of 

adjuvant applications is limited, nonionic surfactants are the largest group 

of adjuvants used in agricultural products (Nobels, 2011). 

 

 Surfactants, although widely used, are not the only amendment 

shown to treat the effects of soil hydrophobicity. In Australia, where 

reports of soil hydrophobicity are common, the addition of phyllosilicate 

clay minerals was found to increase wettability (Ma’shum et al., 1989; 

Blackwell, 1993; Ward and Oades, 1993). Laboratory investigations have 

shown that the efficacy of clay additions may depend on clay mineral 

content and the nature of the exchangeable cations and clay dispersibility 

(Ward and Oades, 1993). Using model water repellent sands (Ma’shum et 

al. 1989)  and naturally hydrophobic  sands (Ward and Oades, 1993), 

investigators found that clays dominated by illite and kaolinite were more 

effective in reducing hydrophobicity than montmorillonite-rich clays. Using 

clay minerals to treat hydrophobicity may be the most effective and cost 

efficient method for ameliorating hydrophobic soils, but only if large 

amounts of clay can be acquired on-site (Roper, 2005). 

 

 There are other techniques, in addition to ‘amendment 

amelioration,’ that have been suggested as viable options for managing 

hydrophobic soils. Furrow-sowing is unique in that this method does not 

require amendment(s) applications. 
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After harvesting, crop stubble is left in place and long furrows are drilled 

into the soil. Crop remnants protect the soil surface from evaporation 

processes, and furrows divert preferential- flow water to seeds (Blackwell, 

1993). Careful consideration must be taken when furrow-sowing because 

soil carried to the bottom of the furrow can bury seeds and concentrate 

pesticides and nutrients. Furrows on slopes can also accelerate rates of 

soil erosion (Blackwell, 2003).  

 

 Frequent irrigation scheduling has also been employed as a 

technique to maintain high soil moisture levels and constrain 

hydrophobicity. This method prevents soil surface drying which 

accentuates the expression of hydrophobicity (Kajiura et al., 2012). While 

this technique can be accommodated in many growing systems, continual 

irrigation is impractical and carries severe resource implications in areas 

where water is scarce. Excessive irrigation also impacts ground and 

surface water quality. Nutrients applied with irrigation water that bypass 

the root zone will percolate to groundwater, while overland flow carries 

nutrients to surface waters where the risk of eutrophication is increased. 

 

 All of the methods previously have been shown to alleviate the 

symptoms of hydrophobicity. Each of these methods also poses potential 

negative effects - either environmental or economic.  More importantly, all 

of these techniques share a fundamental drawback: they only address the 

symptoms of soil hydrophobicity and do not target the origin of soil 

hydrophobicity. It is important to have these methods available to 

accommodate current agro-ecosystem needs. It is equally imperative that 

we pursue a better understanding of what drives the development of 

hydrophobic soil. 
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Until land managers are more knowledgeable about the mechanisms that 

promote hydrophobicity, they will be unable to devise long-term 

management goals that promote prevention and remediation of 

hydrophobic soils.  

 

 In agro-ecosystems, a significant challenge to those responsible for 

managing soils at the field scale is to influence hydrophobicity at the scale 

from which it originates. Macro-scale impacts of soil hydrophobicity are 

easily identified in the field, but the micro-scale provenance of this 

phenomenon remains elusive. In order to prevent and ameliorate the 

evolution of hydrophobicity, a mechanistic understanding of hydrophobicity 

is needed. 

 

 The gap in our knowledge of what drives the development of 

hydrophobic behavior in soils limits our ability to prevent/remediate poor 

soil wettability. Science-based knowledge is needed that leads to the 

clarification and understanding of the interactions among soil physical, 

chemical, and biological processes, their responses to changing 

conditions, and their impact on agro-ecosystems. An integrated approach 

that links multi-scalar observations of soil chemical compositions and 

physical wetting characteristics is essential to pursuing sustainable 

(environmental and economic) solutions for hydrophobicity in agro-

ecosystems. 

 

 The focus of this project is to manage the composition of soil 

organic matter in a way that leads to improved wettability. Hydrophobic 

Quincy soils from a semi-arid region in Oregon, under intense irrigation 

agriculture, were used as a model for this study. 
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Efforts to ameliorate these soils have been unsuccessful despite more 

than ten years of work. Increased irrigation, surfactant applications and 

furrow-sowing have all been tried but with little success.The molecular 

composition and structure of Quincy soil SOM was investigated at varying 

water contents in order to reveal how SOM and water interact to drive the 

creation of hydrophobic surfaces. This project aims not to find a new 

technique for treating the symptoms of hydrophobicity, but rather to solve 

the problem that creates it. 
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2.  Characterization of soil wettability 

 

2.1  Introduction 

 

Soils with reduced wettability do not spontaneously wet when water is 

applied to the soil. This is a phenomenon which is increasingly reported 

from around the globe (Goebel et al., 2011), and efforts to study reduced 

wettability have intensified over the last few decades (Dekker et al., 2005). 

Much of this work has been primarily focused on the consequences of 

reduced soil wettability (Dekker et al., 2005), yet there continues to be a 

growing interest in identifying a molecular origin for poor soil wettability. 

 

The impacts of poor soil wettability include reduced infiltration, 

overland flow, erosion, irregular wetting fronts and limited plant available 

water (Doerr and Shakesby, 2000). These effects can originate from 

physical and/or chemical soil characteristics (Fig. 2.1). Physical limitations 

to water imbibition can include soil compaction and reduced pore 

connectivity. Chemically induced soil hydrophobicity specifically refers to 

reduced surface-free energy of the soil particle surface due to non-polar 

SOM coatings and is the focus of the present investigation. In this text, soil 

hydrophobicity specifically refers to reduced surface-free energy of the soil 

particle due to non-polar SOM coatings. 
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Figure 2.1. Different origins of reduced soil wettability. 

 

Some soils that exhibit reduced wettability may not have obvious 

physical or chemical limitations to wetting, e.g. sandy soils that are not 

coated in hydrophobic compounds. Soils that fit this description have often 

been reported in the literature to exhibit seasonally hydrophobic behavior; 

sometimes these soils are hydrophobic and sometimes they are wettable. 

Seasonal hydrophobicity has been strongly linked to soil moisture content 

(Dekker and Ritsema, 1994). When soil moisture levels diminish below a 

‘critical threshold’ soils exhibit hydrophobicity. When soil moisture returns 

to relatively higher levels these soils no longer exhibit hydrophobicity. Soil 

hydrophobicity that responds to changes in soil moisture represents a 

unique form of hydrophobicity called ‘reversible hydrophobicity’ (RHP). 

Currently, it is not well known why moisture content impacts RHP. One 

explanation that has gained considerable interest is that the molecular 

structure of amphiphilic SOM on the soil particle surface responds to polar 

solvents, e.g. water, in such a way as to render the particle surface 

hydrophobic or hydrophilic (Roy and McGill, 2000). See Appendix J for an 

amphiphilic SOM model. 

surface roughness

compaction

hydrophobic

coatings



13 
 

(The processes involved in the restructuring of amphiphilic SOM are 

thoroughly explored in the Background presented in Chapter 3 of this 

text.) The objective of this study is to investigate the connection between 

soil moisture, SOM and physical considerations for seasonally 

hydrophobic soil. 
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2.2  Background  

 

2.2.1 Quantifying soil wettability  

 

The dynamic contact angle (CA) provides a quantitative foundation for the 

description of wettability. The CA of a liquid on a solid surface is 

determined by the interaction of respective interfacial energies of the three 

phases, and is measured at the three phase contact line: liquid-vapor (γlv); 

solid-vapor (γsv); solid-liquid (γsl) (Fig.2.2). The symbol γ refers to 

interfacial energy, and the subscripts l, s and v refer to the three phases of 

solid, liquid and vapor, respectively.  It has often been stated that water 

will not infiltrate granular surfaces, e.g. soil, when CA ≥ 90o (Letey et al., 

2000). When particle surface free energy is approximately less than the 

surface tension of water (72 dynes cm-1) the CA is ≥ 90o and the surface 

will not spontaneously wet.  However, more recently it has been shown 

that water may not infiltrate porous media when CA is ≥ 61o due to the 

variability of particle sizes and shapes present in soils (Shirtcliffe et al., 

2006).  

 

 
 
Figure 2.2. Three phase contact line and CA of liquid drop on solid 
surface. 

lv

sl sv
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 There are a number of available techniques for measuring the CA 

(indirectly and directly). While described in brief below, Appendix A 

contains a complete review of all of the standard methods used for 

evaluating soil wettability. The method most often used for indirect CA 

calculations is the Capillary Rise Method (CRM).  

 

The CRM methodology, as developed by Siebold et al (1997), is 

based on theoretical work presented by E. Washburn (1921) for the 

imbibition of water into cylindrical capillaries. The basic assumption behind 

this work is that the soil matrix behaves as a connected, bundle of 

cylindrical pores. The solid surface free energy of the pores relative to the 

surface tension of water is inferred by calculating the CA from rates of 

water imbibition. Slower imbibition times are the results of relatively larger 

CA values signifying lower surface energy, i.e. greater hydrophobicity. 

 

Generally, no method of contact angle measurement is fully 

accepted (Czachor et al., 2010), and the theoretical basis for many 

standard techniques has been questioned (Czachor et al., 2010; 

Bachmann et al., 2009). Specifically, the capillary bundle model for soil 

structure, which is the basis for many of the methods used, has come 

under much scrutiny (Shirtcliffe et al., 2006; Bachmann et al., 2009; 

Czchor et al., 2010). Recently, in work developed using coated glass 

beads, Bachmann et al. (2009) demonstrated that application of a 

roughness factor in CA calculations produced values in accordance with 

CA values measured using the Wilhelmy Plate Method (WPM). 
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The principle behind this approach is based on Young’s equation: 

 

     
(           

   
                                                                         (   

 

where θ is the equilibrium CA at the solid-liquid interface, γ is the 

interfacial tension (solid-vapor (sv), solid-liquid (sl), liquid-vapor (lv)) and π 

is the equilibrium spreading pressure. While some researchers argue in 

favor of this theoretical approach and the WPM method, the methods most 

commonly reported in the soil literature continue to include CRM and the 

Water Drop Penetration Time (WDPT) test.  

 

The WDPT is a measure of the amount of time it takes for a water 

droplet to infiltrate the soil surface. Greater imbibition times reflect lower 

solid surface energy and greater hydrophobicity. Recently, a study on soil 

wettability as an effect of different amendments compared WDPT and 

CRM measurements (Cosentino et al., 2010), and concluded that WDPT 

and CRM provide comparable indices of soil wettability. In order to make 

inter-study comparisons with findings reported in the literature, the CRM 

method was chosen for the present study because it provides an index for 

relative soil hydrophobicity that can be compared to the literature which 

often contains indices for soil wettability in terms of WDPT and CRM. 
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2.2.2 Theoretical support of physical soil wettability, and soil organic 
matter, measurements 
 

To investigate the link between soil wettability and soil organic matter 

required quantification of each of those two soil properties. Two methods 

for quantifying soil wettability are used in this manuscript: the Capillary 

Rise Method and the Sessile Drop Method (SDM). These two parameters 

for wettability were compared to data associated with soil organic matter. 

Soil organic matter characteristics were investigated using two methods: 

chemical measurements of the whole soil using carbon-to-nitrogen ratio 

(C:N), and chemical characterization using Photoacoustic Fourier 

transform infrared ppectroscopy (PAS-FTIR). The theory behind each of 

these methods is described below. 

 

The Capillary Rise Method (CRM) has been widely used for 

investigation of wettability characteristics for a wide range of materials. In 

industry this method is used mostly in regards to homogeneous packs of 

well sorted fine powders (Siebold et al., 1997). This technique has also 

been applied to studying the surface energy of soil particle surfaces (King, 

1981). In soil media, CRM in conjunction with Washburn’s Equation 

(based on theories of liquid penetration into porous media) are used to 

characterize the mean wetting behavior of the pore matrix. This 

methodology is based on an assumption that soil pores are straight 

capillaries of different sizes, connected in parallel. While the Washburn 

model for porous media is simple, the use of a perfectly-wetting liquid to 

characterize a priori the pore structure geometry eliminates any 

weaknesses in the simplifying assumptions by empirically normalizing for 

the effect of pore structure. 
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This method is especially valuable for soil, which is heterogeneous in pore 

shape, size and in particle surface energy, because the method provides a 

mean effective wettability value for the entire soil solid framework, rather 

than the specific surface energy of individual particles.  

 

 The Washburn equation (Washburn, 1921) states that the early 

time data for water sorption by porous media should follow a square root 

of time behavior and can be expressed by the following equation. 

 

    
        

 
                                                                                    (   

 

where w is the mass of the liquid imbibed, ρ the density of the liquid, γl the 

surface tension of the liquid imbibed and µ the dynamic viscosity,   is the 

liquid-solid dynamic contact angle at the three-phase line (Fig. 2.2), t is the 

time of imbibition, and c the media coefficient quantified by the ethanol 

tests. This method has been utilized in studies of homogenized, packed 

soil samples and soil aggregates (Siebold et al., 1997; Siebold et al., 

2000; Goebel et al., 2008; Ramírez-Flores et al., 2008; Cosentino et al., 

2010). 

 

For vertical sorption, later time data is affected by gravity, which is 

why only the early time data is used. There are two unknowns in Eq. (2), 

the contact angle and the parameter “c”. The parameter “c” can be 

obtained by using a different liquid of known contact angle. In this 

experiment the liquid selected is ethanol. The square of the absorbed 

mass of ethanol was graphed against the time of imbibition (Fig. 2.3).  
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The linear slope of the early time data is represented by the equation 

 

                                                                                                     (   

 

where w is the mass of ethanol imbibed at time t, and m is the slope of this 

line, and b = 0. The later time data is not used because it is affected by 

gravity. The value of the slope, m, contains within it fluid and geometric 

properties of the media and is used to calculate the media coefficient “c” 

(Equation 4). 

 

 

Figure 2.3. Capillary rise of ethanol in soil. This graph shows the squared 
mass (g2) of imbibed ethanol versus imbibition time (s). The slope “m” is 
used to calculate the media coefficient “c” in Eq.(3).   
 

 Because c is only a function of the geometric properties, once the 

value is quantified using the ethanol data, the same value can be used for 

sorption experiments with any other fluid. By this method, one of the two 

unknowns for the water sorption experiment is eliminated. 
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The CA is deduced by fitting Equation 3 to the CRM experimental data 

realizing that: 

 

   (
       

 
)                                                                                (   

 

where the fluid parameters in Equation 4 are for ethanol, and α is the 

ethanol liquid-solid contact angle, which is assumed to be zero. Since all 

of the fluid parameters are known, Equation (4) is used to obtain a value 

for “c”, which can then be used on all future water imbibition experiments 

(in Eq. 2).  

 

 The CRM provides a means to quantify the effect of hydrophobicity 

on the mean sorption properties of the media, because it averages 

heterogeneity in particle surface energies. The CRM is thus a 

representative index for the wettability of the whole soil. In order to isolate 

the behavior of water at the soil surface a surface-specific technique, 

which only represents the initiation of water imbibition into the soil surface, 

was also used to characterize soil wettability. 

 

 The Sessile Drop Method (SDM) is a surface-specific technique 

that is used to provide direct measurement of CA by visual inspection of 

the CA. While the method is commonly used in industrial settings 

(e.g.,Keene, 1993)  to measure wettability of very stable substances, it 

has also been used in soils. It is important that soils are sieved to obtain 

narrow particle size distributions in order to isolate physical 

heterogeneities of the surface so that the effects of surface roughness are 

limited. 
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A thin soil layer is achieved by gently pressing the soil surface (Buczko 

and Bens, 2006; Leelamanie et al., 2010). Liquid drops are placed on the 

soil layer with a syringe, and CA measurements are carried out by viewing 

the three-phase contact line of the droplet. 

 

 The carbon to nitrogen ratio (C:N) represents the bulk chemical 

characteristics of SOM. Carbon to nitrogen ratios are typically used as an 

index for litter quality in terms of microbial respiration dynamics (Sylvia et 

al., 2005). The product of microbial respiration, i.e. decomposition, is 

SOM. As a result of decomposition, complex organic molecules, e.g. 

biopolymers such as lignin, are broken down by soil organisms 

(Stevenson, 1994) into fragments with O-containing functional groups 

(Sposito, 2008). For our purposes, C:N is assumed to represent a bulk 

average of hydrophobic SOM on soil particle surfaces. As carbon from 

long-chain carbon compounds is assimilated by microbes and broken 

down into smaller, oxidized compounds, the C:N lowers and the surface 

energy of the substrate becomes relatively greater. Lower C:N values may 

then also represent an increase in SOM surface energy and a decrease in 

hydrophobicity. 

 

  Photoacoustic Fourier transform infrared spectroscopy (Pas-FTIR) 

is a mid-infrared technique (4000-400 cm-1) that allows for the surface, 

chemical condition of soil particles to be examined. The Pas-FTIR method 

is based on absorption of electromagnetic radiation by molecules. Local 

heating of the sample matrix results in pressure fluctuations (thermal 

expansions) which are detected by a sensitive microphone. 
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The resulting spectrum can be used to identify the presence and relative 

concentration of different molecules because different molecular 

structures absorb specific IR frequencies.  The penetration depth of 

incoming Pas-FTIR radiation is only tens of micrometers thick, so that the 

information obtained is not representative of an overall average, but is 

dominated by particle coatings. This is of great advantage to the 

investigation of hydrophobicity because, presumably, the coatings on 

mineral surfaces are most likely controlling surface wettability.  

 

 Hydrophobicity has also been inferred by calculating the A/B ratio 

from FTIR spectra (Ellerbrock et al., 2005). Most published works have 

derived A/B from calculations of peak maximum height from bands that 

originate from hydrophobic (A) and hydrophilic (B) SOM (e.g. Ellerbrock et 

al., 2005). Until now, A/B have only been reported for dry soils. The use of 

moist soils in the present study dictated that a different rationale be 

developed for calculating A/B because of the effect of water on band 

width. Band broadening generally occurs due to the ability of solvents, e.g. 

water, to hydrogen bond with other polar molecules, which affects 

intermolecular bonding (Coates, 2000).  Since the width of a band gives 

information about the nature of molecular bonds, the peak integral area for 

A and B were calculated in order to illustrate whether or not the impact of 

water on intermolecular bonding dynamics was different for hydrophobic 

and hydrophilic molecules. The method used for calculating peak area is 

not common in the literature and is unique to this study. While most of the 

Pas-FTIR methodology (including the peak area analysis) and all of the 

FTIR data are discussed in detail in Chapter 3, here some of the results 

are used to bring to light specific challenges associated with the methods 

used for measuring soil hydrophobicity (contact angle). 
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2.3 Materials and Methods 

 

2.3.1 Study site 

 

All soil samples used for this investigation where obtained from 

agricultural fields located in Umatilla County, Oregon. The study site was 

located in the Middle Columbia-Lake Wallula Watershed (45”47’15.21 N, 

119” 31’03.47 W) (Appendix I). About 20% of this area is Quincy and 

associated soils (1 - 80 m thick, slope 0 - 65%) that developed from 

sandy-textured fluvial and eolian materials. Soils from six different 

agricultural circles, representing two different approaches to soil 

management (M1 and M2), were collected and analyzed. See Appendix H 

for soil management history of M1 and M2 soils. As shown in Appendix H, 

M1 and M2 soils do have different management histories, but the original 

grouping of the data into M1 and M2 was driven by self-reported grower 

problems with hydrophobicity. Growers from M1 soils did not report soil 

hydrophobicity, whereas growers from M2 soils reported experiencing 

hydrophobic problems. Other differences between M1 and M2 soils, i.e. 

crops grown, methods of tillage, water chemistry and other considerations, 

are not discussed in this manuscript and are the prevue of future study.  

 

A total of 300 samples were obtained from nine field sites, and this 

manuscript reports on 180 samples from six field-sites, 15 samples were 

analyzed intensely. The samples analyzed for this manuscript come from 

circles An, Cf2, E, C1, C2 and C3 (see Appendix I for circle locations). 

Samples from the other field-sites that were not used in this study will be 

part of a future study.  
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 Quincy soil samples used in the CRM and SDM methods were 

collected in April 2007 from 0-30cm depth using an auger. Samples were 

sealed in bags and stored in a -20C freezer at field moisture content. The 

wettability measurements were compared to chemical data that included 

the C:N ratio of each sample and the Pas-FTIR absorption spectra. 

 

2.3.2  Physical measurement of wettability and soil organic matter 
characterization 
 

 The dynamic contact angle of water (CA) imbibing into soil was 

determined using the capillary rise method (CRM) after Siebold et al. 

(1997), and as described in Section  2.2.2. Soil samples were thawed in 

sealed plastic bags for 24 hours after removing from -20 oC freezer. The 

water content (WC) was determined gravimetrically by drying sub samples 

for 48 hours at 30oC. The drying temperature was kept low to prevent 

alteration of organic matter. Each sample was ground with a mortar and 

pestle and then passed through a 2 mm sieve. Each subsample was 

divided further into four sub-samples, two were used for ethanol 

absorption, and two were used for water absorption. Sub-samples were 

placed into identical PVC tubes (inner radius of 1.75 cm, and length of 10 

cm) fitted at the bottom with a stainless steel screen. The tubes were filled 

with 50 g of soil at field moisture content and packed by dropping from a 

height of 12.5 cm ten times. 
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 Tubes were clamped to a stand that rested on a mass balance 

(Ohaus, Scout Pro 4000g). After the initial mass was recorded, a beaker 

of liquid (water or ethanol) was raised so that the metal screen on each 

tube just contacted the surface of the liquid bath (Fig. 2.4). The beaker of 

liquid did not rest on the mass balance, so only the mass of liquid imbibing 

into the column of soil was recorded. The mass was recorded every two 

seconds for six minutes as it imbibed liquid. These data were recorded 

using a custom Visual Basic program. 

 

 
 
Figure 2.4. Capillary rise set-up.  
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 Soil surface hydrophobicity was quantified by directly measuring 

the contact angle of water (CA) on the soil surface. About 100 g samples 

were air-dried at constant temperature and humidity. The samples were 

then sieved to pass 2 mm, placed into small dishes and the soil surface 

gently tapped to create a smooth surface. The prepared samples were 

placed on the stage of a digital high speed (Hi-Spec) camera and a drop 

of de-ionized water (1mL volume) was allowed to drop on the soil surface 

(three replicates) from a height of 2.5 cm. High speed video (250 f/s) of 

the horizontal view of the water drop was taken for the entire sequence, 

from drop placement to initial imbibition. The CA of each sample was 

measured using the digitized videos and special digital MaxTraq software, 

which allows the user to measure the angle of the droplet on the soil by 

placing three points on a digitized image (Fig. 2.5). This procedure was 

repeated for the same soils wetted to a gravimetric water content of 4 and 

8% (g/g) (samples allowed to equilibrate for 24 hours). 

 

A rationale had to be developed to determine at what point the 

contact angle would be measured, because an impacting water droplet 

exhibits a lot of elastic motion including flattening and rebounding,  Each 

video was paused as soon as the droplet came to rest on the soil surface 

and immediately prior to imbibition initiation. This generally occurred 

between frames 5 and 6.  
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Figure 2.5. Resting water droplet immediately prior to soil imbibition. 

 
Two different SOM characterization techniques were used in this 

study: C:N and Pas-FTIR. The C:N ratio represents bulk SOM 

components and, as described in Section 2.2.2, and it is interpreted that 

lower C:N ratio corresponds to lower proportion of hydrophobic 

compounds in the soil. Coarse root fragments and isolated rock fragments 

> 2 mm were removed from the soil sample by sieving. A total of thirty soil 

samples from circles An, Cf2, E, C1 C2, C3 were analyzed for this study 

(see Appendix I for circle location). Water extraction was performed by 

suspending triplicate aliquots of 20 g of soil in 100 ml of deionized water in 

250 ml polyethylene bottles. Bottles were shaken for 1 hour and 

centrifuged at a relative centrifugal force (RCF) of 1855 g for 10 minutes. 

The suspension was filtered using Whatman Schleicher Schuell (S&S) - 

Laboratory Filters Grade 589/5 (red ribbon) with a pore size of 2-4 μm. 

The filtrate was analyzed for total soluble organic carbon and total soluble 

organic nitrogen (TOC/TON) using a Shimadzu TOC-Vcsh Total Organic 

Carbon Analyzer. Results are expressed with reference to dry soil (dried 

for 24h at 105oC). The mean TOC and TON from each sample is provided 

in Appendix G (Table G.1). 
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 The Pas-FTIR method is described in detail in Chapter 3. Here it is 

important to state that the samples used for this method were not whole 

soil samples (as for the previously described three methods) but represent 

a specific soil size fraction between 0.01-0.1 mm, which will be referred to 

as “SF” throughout the rest of this study. Selection of this size fraction was 

based on two important factors. 

 

 Previous analyses, using the Water Drop Penetration Time test and 

the Ethanol Drop Penetration Time test, determined that, for Quincy soils, 

the majority of the hydrophobic character was segregated to the silt and 

clay soil fraction. By sieving the whole soil to this specific soil fraction we 

aimed to provide a more chemically homogeneous surface for the Pas-

FTIR measurements. Secondly, because Quincy soil contains at least 

60% sand fraction, which is minimally hydrophobic, the preparation of the 

surface (by flattening the surface) on such small sample volumes (Pas-

FTIR sample volume has a surface area of less than 1 cm2) could result in 

some samples having a greater proportion of non-hydrophobic particles on 

the surface, making comparison between samples more difficult. Thus, for 

the purpose of eliminating this additional heterogeneity between and 

within samples, soils were sieved to preselect the hydrophobic particles. 

Methods used for quantifying organic compounds in soils for Pas-FTIR are 

described in detail in the “Materials and Methods” section of Chapter 3. 
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2.4 Results 

 

2.4.1 Comparison of Capillary Rise Method, moisture content and 
carbon:nitrogen ratio  
 

Values of the dynamic contact angle of water obtained using the capillary 

rise method (CA(CRM) show the majority of samples exhibit a general 

decrease in CA with increasing soil water content (Fig.2.6). However, 

close examination of Fig.2.6 reveals a non-linear behavior. A cluster of 

soils around the median water content (WC~8-11%) display much lower 

CAs than the majority of soils within the 8-11% (g/g) domain.  

 

 
 
Figure 2.6. Dynamic contact angle determined using the capillary rise 
method (CA(CRM) versus water content (g/g) at time of sampling. Unique 
cluster of samples that generate very low CAs between WC ~8-11% are 
circled in black. 
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The CRM based wettability measurements (CA) were compared to 

C:N values in order to determine whether bulk SOM characteristics impact 

CA measurements. The C:N ratio is used as a proxy for the relative 

amount of hydrophobic materials present. Higher C:N ratios indicate the 

presence of more hydrophobic moieties. When all soils are considered, 

there is evidence to suggest that increasing C:N results in larger CA 

(CRM) values after WC has been accounted for (P<0.01) (Fig.2.7) (P 

indicates the level of significance evaluated from an ANOVA test). 

 

Though there is a concomitant increase in CA and C:N for most of 

the CA displayed in Figure 2.7, this behavior was not exhibited by a 

unique cluster of soils that have C:N < 10 and display a range of CA 

including very low CA (<55o). The soils that display CA < 55o and have 

WC~8-11%, shown in Figure 2.6, are the same soils that display CA < 55o 

in Figure 2.7. Thus there exists a group of soils within a narrow range of 

WC (8-11%), with C:N < 10, that have distinctly lower CA (CA < 55o) than 

the other soils within either the same moisture range or the same C:N. 

Attempts to further restrict the range of C:N displayed by soils with CA < 

55o  revealed that the C:N by itself could not account for the very low CA 

values (ANOVA, P>0.1).  While it is compelling that CA < 55o are only 

displayed by soils with C:N < 10 at WC~8-11 %, it remains that most soils 

display increasing CA with increasing C:N (Fig. 2.8). When CA and C:N 

are compared according to soil management group (M1 or M2) (Fig. 2.9), 

it is revealed that soils with very low CA (which have a WC ~8-11% ) 

represent M1 and M2 soils. 
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 This observation could suggest that the relationship between WC 

and bulk SOM (as represented by C:N) is not a sufficient diagnostic of 

hydrophobic potential, or that field scale behavior, as observed by growers 

and used to define M1 and M2, can include significant spatial 

heterogeneity in hydrophobic behavior across a single field (large scale 

variability in erosion was observed during field visits). What remains is that 

the combination of WC and C:N did isolate a group of soil, indicating the 

possibility that there is a peculiar SOM composition that may interact with 

WC to render soils with this particular property less hydrophobic. 

 

 
 
Figure 2.7 Capillary rise contact angle (CA) versus C:N for 180 soil 
samples. 
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Figure 2.8. Capillary rise contact angle (CA) versus C:N. Soils with WC 8-
11% shown as (X); these include the “cluster” of soils (Fig. 6) that have 
CA<55o and C:N<10. All other soils (WC<8% and WC>11%) shown as 
(O). 

 
 
Figure 2.9. Capillary rise contact angle (CA(CRM) versus C:N for 
management styles M1 and M2. M1 shown in black ( ), and M2 shown in 
orange( ). 
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 The role of C:N ratio is more clearly indicated by Figure 2.10, 

showing that, while there is a lot of scatter in the plot, two populations are 

delineated according to C:N ratio. Soils with a high C:N ratio (C:N>10) 

have consistently higher contact angles (with the exception of two 

outliers), whereas soils with lower C:N ratios (C:N<10) will exhibit high CA 

when dry and the full range of high to low CA when WC is ~10% (g/g). 

This indicates that if the C:N ratio is low, there is an effect occurring at 

about WC = 10% that changes the wetting properties of the media. (These 

soils form the “cluster” outlined in black in Figure 2.6). Possible 

explanations for this effect follow in the Discussion Section. 

 

 
 
Figure 2.10. The CA (CRM) compared to WC according to C:N. C:N>10 is 
shown as (O), C:N<10 is shown as (X). 
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2.4.2  Sessile Drop Method (SDM) and Photoacoustic Fourier transform 
infrared spectroscopy (Pas-FTIR) 
 

A Hi-Speed camera and MaxTRAQ software were used to directly 

measure the CA of sessile water droplets (SDM) on the soil surface. The 

CA was investigated for soil (< 2 mm) that were air-dried, and at 4% and 

8% water content (g/g). The data allows comparison of the change in the 

CA as the soil is moistened to different water contents (Figs. 2.11-2.13). 

Soils at 8% (g/g) produce consistently lower CA values compared to CA 

values from their air-dried state. The difference in CA between the two 

moisture states (∆CAairdry-8% WC = CAairdry - CA8% WC) shows that all values 

are positive, meaning that CA at 8% is always lower than under air dried 

conditions (Fig. 2.11). The data in Figure 2.11 were graphed along the 

abscissa according to the ordinate value to show the smooth distribution in 

the disparity of change in the CA in response to moisture. Interpretation of 

these data will be discussed later. Soils at 4% (g/g) produce mostly 

smaller but also a few greater CA values compared to CA values from air-

dried soils (∆CAairdry-4% WC) (Fig. 2.12). Figures 2.11 and 2.12 show that an 

amount of water between 4-8% (g/g) is needed in order to overcome the 

reduced wettability of air-dried soil. This is further supported by CA values 

of moist soils, which were consistently lower for soils at 8% WC compared 

to soils at 4% WC (g/g) (Fig.2.13).  
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Figure 2.11. The difference between the contact angle (∆CAairdry-8% WC) of 
water on the surface of air-dried soil and soil at 8% WC (g/g) for 15 
samples, with three reps per sample. Data distribution along the x-axis 
from high to low value of ∆CA was selected for convenience.  
 

 
Figure 2.12. The difference between the contact angle (∆CAairdry-4% WC) of 
water on the surface of air-dried soil and soil at 4% WC (g/g). 
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Figure 2.13. The difference between the contact angle (∆CA4-8% WC) of 
water on the surface of soil at 4% and 8% WC (g/g). 
 

Contact angle data were also compared to C:N data and Pas-FTIR 

data. The C:N data represent bulk SOM quality, and the Pas-FTIR method 

is a surface-specific technique used to identify molecular scale SOM 

components on the soil particle surface. The integral area between 

absorption frequencies 3000-2800 cm-1 in each Pas-FTIR spectrum was 

calculated relative to a baseline and is denoted as (A). Area (A) 

represents hydrophobic moieties. The integral area between 1740-1600 

cm-1 was also calculated and represents hydrophilic molecules. This area 

is denoted as (B). It is assumed that the area represents in some direct 

way the magnitude of the intermolecular bonding between molecules that 

are near the outer surface of the organic matter complex.  
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Because Pas-FTIR is a surface specific measurement, the CA data used 

for comparison with Pas-FTIR measurements were obtained using the 

SDM method, which is also a surface measurement. 

 

 Comparison of CA (SDM) values to C:N ratios and WC data indicates 

two overlapping populations that are separated according to WC and 

show disparate trends with respect to C:N (Figure 2.14). Soils at 4% WC 

(Fig. 2.14) behave similarly with respect to C:N as those shown in Fig. 2.7, 

which used a different technique for measuring contact angle (CRM), but 

with an ANOVA test P > 0.1. While in Fig, 2.14 there is a suggestion that 

CA increases with increasing C:N for soils at 4% WC, the trend is more 

obvious in Figure 2.7 and statistically significant. However, for soils at 8% 

WC, the behavior is quite different and the correlation more constrained. 

An ANOVA test (P < 0.05) suggests that C:N does impact CA (Fig. 2.14) 

when soils are at 8% WC, but unlike Fig.2.7, as CA (SDM) decreases, C:N 

increases. One of the peculiar differences between Figures 2.7 and 2.14 is 

that in Figure 2.7 there is a notable group of soils with low CA. This 

grouping is not seen in Figure 2.14. Possible causes for this discrepancy 

are expounded on in the Discussion section noting that the only difference 

in these two data sets is the method used for measuring the CA.  

 

While, the C:N data is related to CA (SDM) for soils at 8% water 

content, the A/B ratio is not (Fig. 2.15). Both visually and statistically the 

A/B ratio does not impact the CA for soils at either WC group (P > 0.1). 

However, graphing the data (Fig. 2.15) does show a visual pattern where 

a far greater range of CA values are expressed when the A/B ratio 

approaches one.  
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Lack of a correlation between A/B and CA(SDM) does not mean that 

specific attributes of the FTIR data are not reflected in the CA 

measurements. Other ways of analyzing the FTIR data are expounded on 

in Chapter 3, and some of these do correlate with CA. In this chapter we 

focused on using the A/B ratio because it is related to classic 

measurements mentioned in the published literature. 

 

 
 
Figure 2.14. CA (SDM) versus C:N for soils at 4% (X) and 8% (O) WC 
(g/g). 
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Figure 2.15. CA (SDM) versus A/B for soils at 4% and 8% WC (g/g).  
 

 The changes in CA (SDM) with WC were compared to C:N (Fig. 

2.16). While the relationship between ∆CA 4-8% WC and C:N is not 

significant (P > 0.05), visual analysis shows clearly that at low C:N ratios 

the ∆CA are consistently low. The scatter broadens for C:N ratios greater 

than about seven. When the difference between CAs (∆CA 4-8% WC) was 

plotted against A/B determined for the air-dried soil, there was no 

statistically significant relationship (P > 0.1). However, there is a small 

cluster of soils that exhibit greater change in CA (∆CA 4-8% WC) when A/B = 

1 (Fig. 2.17). 
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Figure 2.16. Difference in CA (SDM) with moisture content graphed as 
∆CA4-8% WC versus C:N.  
 

 
 
Figure 2.17. Difference in CA (SDM) with moisture content graphed (∆CA4-

8% WC) versus A/B. Increasing A/B indicates more hydrophobic molecules 
at soil particle surface. 
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2.5 Discussion 
 

2.5.1 Bulk-scale wettability: Comparison of results from CA (CRM) and 
C:N 
 

Physical and chemical characteristics that affect soil wettability were 

investigated using two bulk-scale parameters: the contact angle of water 

imbibing into soil (CA) and the ratio of carbon to nitrogen (C:N) present in 

the soil organic matter (SOM). These two methods are considered bulk-

scale, because they inherently represent the average values for a larger 

sample of the media, a type of representative elementary volume rather 

than a pore scale analysis. Contact angles evaluated with the Capillary 

Rise Method (CRM) represent the average affinity of water over a range of 

pore sizes. Relatively higher CA values represent increased soil 

hydrophobicity. The C:N is a proxy for the relative amount of hydrophobic 

SOM. It is assumed in this work that relatively higher C:N values indicate 

increased chemical hydrophobicity. 

 

 Soil hydrophobicity is considered to be caused mainly by SOM 

coatings on soil particle surfaces (e.g. Horne and McIntosh, 2000), yet the 

magnitude of hydrophobicity is also impacted by water content. Generally, 

soil hydrophobicity increases as the soil dries and declines again as the 

moisture content increases. While not tested in this study, it has been 

reported that hydrophobicity then reappears after soils dry out again below 

a ‘critical soil moisture threshold’ (Dekker and Ritsema, 1994). 
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In the present study, having quantified wettability (in terms of CA) 

for a number of soils at varying water contents (WC), three behaviors are 

clear. All soil samples with moisture contents less than ~8% exhibit 

hydrophobicity regardless of C:N. With regards to C:N ratio, it is clear that 

two different populations exist in the data. Water content has a near-linear 

impact on CA for soils that have C:N > 10 (Fig. 2.10). These soils will be 

referred to as P1. A second population of soils (P2), with C:N < 10, display 

an additional clustering behavior and will be discussed separately. 

 

Soils within the P1 population (C:N > 10) display an increase in CA 

(increasing hydrophobicity) as soil moisture decreases. This behavior is 

congruent with a number of studies that have shown an increase in 

hydrophobicity with decreasing soil moisture content (Doerr and 

Shakesby, 2011). For these soils, preventing hydrophobicity is dependent 

on maintaining moisture contents above the ‘critical threshold.’ The 

presence of a ‘critical threshold’ has serious implications in agricultural 

settings where plant available water and surface run-off are consequences 

of soil hydrophobicity (Wallis and Horne, 1992; Shakesby et al., 2000), 

and maintaining soil moisture is challenging, e.g. in arid and semi-arid 

environments. Possible management solutions to prevent hydrophobicity 

induced by low moisture levels could include shortening intervals between 

irrigation events. This would sustain soil moisture contents above the 

observed ‘threshold’ for hydrophobicity (Wallach and Graber, 2007). The 

interval between irrigation events would be determined by soil drying 

processes. For example, the degree of hydrophobicity (affecting capillary 

rewetting of surface soils at night), soil texture, plant water use, canopy 

cover and local climatic conditions would all have to be considered when 

designing an irrigation schedule.  
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The wettability of soils that have C:N < 10 (P2) behave very 

differently in response to WC compared to P1. Some of the P2 population 

generates relatively higher CA with a general trend that coincides with the 

near-linear relationship between CA and WC (Fig. 2.10) of population P1. 

However, P2 also includes a subgroup with relatively low CA. Correlation 

with neither WC or C:N is able to explain the low CA values within the P2 

population. It should be noted that a number of published studies have 

shown a relationship between WC, SOM and soil wettability (Goebel et al., 

2011). Following the concept of Figure 6 of Goebel et al. (2011), P2 may 

be showing ‘critical moisture content’ at 10%, meaning that this soil would 

be hydrophobic below 10% and hydrophilic above 10%. This explanation 

does not elucidate why there are at least 4 data points that exhibit 

hydrophobicity with moisture contents > 10%, nor the large group of 

hydrophobic points at 10% WC. While greater clarity would have been 

obtained had soils at higher moisture contents been measured, the 

peculiarity of the P2 subgroup stands that at 10% moisture content the full 

range of contact angles is observed.  

 

The non-linear response of soil hydrophobicity to WC (as seen in 

P2) is not unique to the present study. Doerr and Thomas (2000) also 

reported non-reversible behavior. Soils collected under forested areas 

were air-dried, wetted under ponded conditions and then re-dried (soils 

were not oven-dried). Hydrophobicity measurements (quantified with 

WDPT) were taken after each moisture phase. Results from this study 

indicated that soils classified as hydrophobic in the initial air-dry state 

ceased to exhibit hydrophobicity when moisture contents exceeded 28%. 

However, these soils did not necessarily regain hydrophobicity after the 

subsequent re-drying phase.  
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Other studies have also shown that soil hydrophobicity does not 

consistently increase with decreasing soil moisture. Verheijen and 

Cammeraat (2007) reported a double peak for hydrophobicity values 

(WDPT) as an effect of soil moisture content for mulch (high in organic 

matter) and soil (crust layer below the top 2 cm). In other words, 

hydrophobicity peaked once at relatively lower moisture contents and 

again at mid-range moisture contents. While there is no known 

mechanism to describe this behavior, the authors suggested that microbial 

activity and surface roughness may provide possible explanations for the 

first and second peak, respectively. Similarly, deJonge et al. (1999) 

reported, for their sandiest soils, twin peak behavior of hydrophobicity.  

The first peak (at the lowest moisture content) was assigned to heat 

effects from oven-drying, which has been shown in other studies to 

increase hydrophobicity (e.g. Franco et al., 1995).  The second peak was 

assigned to WC only, and no explanation for increasing hydrophobicity as 

an effect of increasing WC was given. 

 

In the present study, P2 soils mirror this behavior; an increase in 

soil moisture does not necessarily lead to a decrease in hydrophobicity for 

soils with C:N < 10. For these soils, an unknown parameter(s) is 

contributing to soil wettability, but only within a small range of WC (~8-

11%). There was no evidence of twin-peak behavior in plots of CA versus 

WC. However, had CA been tested at higher water contents, behavior 

similar to that observed by Verheijen and Cammeraat (2007) may have 

been evident. Interestingly, when dual threshold for hydrophobicity is 

superimposed on the data (Fig. 2.18), the data resemble compaction 

curves for sand.  
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Typical compaction curves for sand indicate an initial drop in dry 

unit weight with moisture content increase because capillary pressure 

inhibits particles from densely packing. This occurs around 8% WC (Das, 

2002). Similarly, the sandy soils in this study may be prone to relatively 

less dense packing between ~8-11% WC. Less dense packing during 

capillary column preparation would result in a relative abundance of 

connected, larger pores; larger pores which facilitate initially, faster rates 

of water imbibition and lower CA values. If this were the case, then data 

from soils ~10% WC represent a laboratory condition not likely to occur in 

the field unless accompanied by a compaction event, e.g. heavy 

machinery. 

 

 
 
Figure 2.18. Plot of CA (CRM) versus WC (g/g) for Quincy soils. The 
orange, dotted line is used as a visual guide to indicate a possible double-
peak phenomenon that may be evident from CAs calculated for soils at 
higher WC. 
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 Artifacts of pore connectivity affected by laboratory soil 

preparations may also provide an explanation for the behavior displayed 

by the P2 population, but pore connectivity is assumed to be accounted 

for in the CRM methodology. Differences in packing and subsequent bulk 

densities are managed by using a “perfectly wetting” liquid to characterize 

the pore structure of each sample. The pore geometry in the present soils 

was inferred by evaluating capillary rise of ethanol in soil (Eqn. 3).  After 

standardizing pore geometry, CA calculations using the imbibition time of 

water into the soil are assumed to be solely dependent on chemical 

properties. However, the assumption that local topography impacts 

ethanol and water similarly may not be accurate. More recently, some 

researchers have questioned the accuracy of estimating pore geometry 

with “perfectly” wetting liquids (e.g., Bachmann et al., 2009). In a study on 

soil wettability, Matthews et al. (2008) found that n-hexane was imbibed 

into soils at similar rates irrespective of soil bulk density. They concluded 

from these data that n-hexane is a poor indicator of soil structure 

(Matthews et al., 2008). This study calls into question whether or not 

differences in pore geometry and connectivity were accurately captured in 

the present study, and suggest that the broad wetting behavior of P2 soils 

may reflect unique physical characteristics. 

 

 While there may be a physical characteristic contributing to the 

wetting behavior of P2 soils, it seems to be related to a chemical 

parameter as well, i.e. all P2 soils have C:N < 10. A possible explanation, 

suggested often in the literature (e.g., Ma’shum and Farmer 1985; Doerr 

and Thomas, 2000), is that changes in the molecular structure of 

amphiphilic SOM during wetting and drying are partly responsible for 

hydrophobic behavior.  
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The C:N may be useful as a bulk-scale representation of hydrophobic 

SOM, but it would not be able to capture an impact of molecular- scale 

SOM dynamics on soil wettability (CA). In order to further restrain the type 

of SOM that may be driving the behavior of P2 soils, smaller-scale SOM 

data is needed. 

 

2.5.2 Surface-scale wettability: Comparison of results from CA (SDM) 
and Pas-FTIR  
 

Two surface-specific techniques were also utilized for characterizing soil 

wettability and soil organic matter composition: Sessile Drop Method 

(SDM) and photoacoustic Fourier transform infrared spectroscopy (Pas-

FTIR). Relatively larger CA (SDM) values indicate increased soil 

hydrophobicity, and changes in  A/B values (calculated from Pas-FTIR 

spectra) changes in the molecular structure of SOM on soil particle 

surfaces. 

 

 Surface scale measurements (SDM and Pas-FTIR) show no (near) 

linear relationship between hydrophobicity (CA (SDM) and A/B (Fig. 2.15). 

This was unexpected, as it was posited that a re-orientation of amphiphilic 

molecules at the soil particle surface would be an effect of increasing WC 

and these changes in molecular structure would be captured as changes 

in A/B ratios and lower CA values. While lower CA values are related to 

higher WC, the A/B ratio is not related to CA or WC (Fig. 2.15). However, 

comparing A/B ratio (of air-dried soils) to the change in contact angle 

between moist soils (∆CA4-8% WC) shows an interesting behavior; a small 

cluster of soils exhibit greater ΔCA when A/B = 1 (Fig. 2.19).   
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 The ΔCA is the difference in contact angle for the same sample, so 

as moisture content changes between 4% and 8% WC (g/g), it effectively 

shows how sensitive hydrophobic behavior is to changes in soil moisture. 

It was posited that soils with initially higher A/B ratios (air-dried state) 

would exhibit greater sensitivity (revealed by CA) to changes in water 

content (from 4% to 8% WC), because higher A/B represented a greater 

likelihood for molecular re-orientation to take place, as hydrophobic SOM 

was shielded from increasing amounts of water. However, when A/B = 1, 

there appears to be a greater effect of WC on CA. 

 

 
 
Figure 2.19. The difference in CA between the sample at 4% and 8% 
moisture content (∆CA = CA4% - CA8%) compared to A/B. A/B is the ratio of 
hydrophobic to hydrophilic SOM functional groups. 
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It should be noted that the CA (SDM) measurements were collected for 

soils that were sieved to pass a 2 mm sieve and the A/B ratio represents 

the 0.01-0.1 mm fraction of soils (SF). The 0.01-0.1 mm fraction was 

chosen for investigation because previous experiments (completed by a 

collaborator in 2002) showed that this size range exhibited the greatest 

hydrophobicity as indexed by WDPT (Fig. 2.20). Future work should 

include direct comparisons of these data for the same particle size 

fractions. 

 

 
 
Figure 2.20. The particle size distribution (% mass) for Quincy soils 
(shaded area) and the corresponding WDPT (s) of each size fraction 
(black line). The black arrow indicates the average WDPT when all size 
fractions are present, i.e. soils that are sieved only to pass a 2 mm sieve. 
 

 While there is no indication of a relationship between CA (by SDM) 
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This means that the sensitivity of hydrophobicity to moisture content 

increases with decreasing WC for soils with higher C:N. 

 

 These data support the previously stated position that soils with 

relatively more hydrophobic SOM would have increased sensitivity to 

wetting following that if 1) higher C:N represents relatively more 

hydrophobic SOM and 2) soils with more hydrophobic SOM would 

undergo relatively more SOM re-orientation during wetting which would 3) 

result in greater differences between CA measurements taken at different 

water contents for soils with initially higher amounts of hydrophobic SOM.   

In the present study, soils with higher C:N exhibit greater differences in 

hydrophobicity between 4 and 8% WC than soils with lower C:N. Thus, 

these data point to a difference in hydrophobic behavior as an effect of 

bulk SOM characteristics. 

 

 The CA (SDM) data also support the existence of some ‘critical 

threshold’ for hydrophobicity related to soil moisture content. All air-dried 

soils exhibit greater CA than soils at 8% WC, yet not all air-dried soils 

exhibit CA greater than the CA at 4% WC (Figs. 2.11, 2.12). Somewhere 

between 8 and 4% WC these soils become increasingly hydrophobic 

regardless of WC. As mentioned before, shortening intervals between 

irrigation events could prevent hydrophobicity induced by low moisture 

levels near the ‘critical threshold’ (Wallach and Graber, 2007). However, it 

is clear from the scatter in the data and from the range of values obtained 

by the different methods, that determining at what moisture content the 

‘critical threshold’ exists is impacted by the method used for investigating 

soil wettability. 
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For example, in the present study the CA by CRM method indicates a 

hydrophobicity threshold of ~7-10% WC, and the CA by SDM method 

indicates the threshold lies between 4% and 8% WC. 

 

 While other studies, using natural soils and hydrophobized sands, 

have shown comparable CA between CRM and SDM methods 

(Bachmann et al., 2000b; Leelamanie et al., 2008), these studies only 

compare CAs for air-dried samples and not for a range of moisture 

contents. There is an open question as to whether these two methods 

should give the same threshold value. A possible explanation for the 

discrepancy between ‘critical threshold’ values is the effect of surface 

roughness. Recent studies have provided theoretical and experimental 

insights which show that wetting dynamics induced by surface chemistry 

are altered by topography (e.g. McHale et al., 2007; Bachmann et al., 

2009).  

  

 Surface topography (i.e. roughness) reflects the arrangement of soil 

particles as well as the heterogeneous distribution of SOM on soil particle 

surfaces. In addition, for loose particulate media, patchiness of surface 

energy on the particle surface can lead to rearrangement of particles 

during water droplet impact in SDM experiments, something that is 

unlikely to occur for a packed media, as used in CRM experiments. 

Secondly, while the CRM method includes consideration for pore 

geometry, SDM measurements, as performed in this study, do not.  
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In order to determine whether or not the ‘critical threshold’ for WC is 

impacted by the measurement technique, or if that difference corresponds 

to different mechanisms between surface and internal hydrophobicity, or if 

the difference represents simple scatter from sample variability, can only 

be established by investigating both methods (CRM and SDM) using a 

much larger and more well controlled porous media samples set. 
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2.6 Conclusion 

 

It is clear that, for most of the soils studied herein, moisture content 

significantly impacts soil wettability. These soils are only wettable when 

soil moisture contents are above a ‘critical threshold.’ The overarching 

question, though, is why does water content drive changes in soil 

wettability? Except for a unique group of soils, there is a distinct 

relationship between bulk-scale measurements of CA (CRM) and SOM 

status (C:N). For most of these soils, CA values increase concomitantly 

with increasing C:N. 

 

 While bulk-scale measurements of soil hydrophobicity and SOM 

were related, surface-scale measurements did not show similar 

correlations. Many uncertainties remain with respect to the meaning that 

can be attributed to the different methods for measuring hydrophobicity 

and SOM characteristics. If C:N values are able to capture differences in 

soil hydrophobicity, it is not clear why Pas-FTIR spectra were not able to 

elucidate how molecular SOM variability affected CA. To answer this 

question will require more detailed investigation of the Pas-FTIR data (see 

Chapter 3) and of the organic matter status. However, one peculiar feature 

was elucidated; there exists a unique phenomenon yet to be explored 

where soils with A/B = 1 display increased sensitivity to changes in WC.  

 

 Even though the effects of poor soil wettability (e.g. erosion, run-off, 

limited plant available water) are critical in agricultural systems, this 

phenomenon is still not well understood. 
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In order to provide amelioration and preventative techniques for managing 

water repellency, a better understanding of the mechanisms involved in 

the development of poor soil wettability is needed. By identifying a critical 

moisture content, above which hydrophobicity can be reversed, we have 

been able to show the potential for a viable management option for 

seasonally hydrophobic soils. The interplay between wettability, moisture 

content and SOM has also been shown, yet the mechanisms driving this 

interplay remain unclear. Further research on the role of how water drives 

changes in SOM wettability are needed in order to further our 

understanding of the reversible hydrophobic phenomenon. 
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3. Photacoustic Fourier Transform Infrared Spectroscopy to explore 
mechanisms of soil water repellency 
 

3.1 Introduction 

 

Water repellent soils do not spontaneously wet when water is applied to 

the surface. Soils that exhibit water repellency (hydrophobicity) are being 

reported from around the globe (Doerr and Shakesby, 2011). Early reports 

included permanently hydrophobic sandy soils (Ma’shum and Farmer, 

1985), but soils with seasonal hydrophobicity (water repellent behavior 

that changes throughout the year) are appearing more frequently in the 

literature (e.g. Buzcko et al., 2005; Keizer et al., 2007). The negative 

effects of water repellency in soils include (but are not limited to) 

increased surface run-off, reduced plant available water, and accelerated 

leaching of nutrients and contaminants into surface and groundwater 

sources (Diehl et al., 2010).  

 

 The term “poor soil wettability” is often interchanged with the terms 

“soil water repellency” and “soil hydrophobicity,” but these concepts are in 

fact hierarchical. While a hydrophobic surface is commonly understood as 

a surface that appears to repel water, poor wettability in soils can result 

from factors other than surface hydrophobicity of individual soil particles. 

For example, soil compaction may create a pore structure that prevents 

water from infiltrating and thus lead to similar repercussions as caused by 

chemically induced soil hydrophobicity. The repercussions may be 

identical, but the mechanisms are different. On the one hand there is poor 

soil structure, and on the other there are changes in chemical surface 

characteristics of the soil particles involved. 
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It follows that poor soil wettability represents a macro-scale phenomenon 

that can be the result of either physical factors (e.g. compaction), or 

chemical factors (such as a hydrophobic mineral surface or organic 

surface coatings), or a combination of both. Hydrophobicity, as it is 

understood in this text, represents a particle-surface phenomenon in 

which the molecular surfaces of soil particles exhibit low specific surface 

energy (relative to water). For the purpose of this paper, the term soil 

hydrophobicity is used to specifically refer to molecular-scale chemical 

dynamics that impart non-wettable characteristics to soil particle surfaces. 
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3.2 Background: The nature of soil organic matter and its implications 
for soil hydrophbicity 
 

It has long been suggested that the origin of soil hydrophobicity is soil 

organic matter (SOM) (Ma’shum et al., 1988), yet an understanding of 

molecular scale associations between soil hydrophobicity and SOM 

remains elusive (Kleber et al., 2007). Previous research has also 

produced conclusive evidence to show that the expression of soil 

hydrophobicity can be affected by soil water content (WC) (Doerr and 

Thomas, 2000). Soil wettability that responds to changes in WC is 

recognized as a unique form of surface hydrophobicity referred to, in this 

text, as “reversible hydrophobicity” (RHP). A solid understanding of RHP is 

needed in order to optimize soil management strategies that prevent RHP 

in cultivated soils This is especially important for agricultural settings 

under intense irrigation. Achieving this understanding is thus a high priority 

for the scientific community involved in designing sustainable forms of 

irrigated agriculture. 

 

 Until recently, widely accepted models for SOM (Stevenson, 1994) 

did not include mechanistic explanations for the occurrence of RHP. 

However, a recently proposed model for SOM (Sutton et al., 2005) 

suggests that the onset of hydrophobicity may represent a change in the 

spatial orientation of amphiphilic SOM molecules (moieties that contain 

both polar and nonpolar regions) in response to WC (Kleber et al., 2007).  

See Appendix J for an amphiphilic model for SOM. Pursuing the link 

between SOM, WC and RHP has become increasingly important as 

reports of (reversible) hydrophobicity are becoming relatively common 

(Doerr and Shakesby, 2011). 



58 
 

 For a number of years, concepts trying to explain the origin of water 

repellency in soils were based on a premise that hydrophobic SOM was 

comprised of waxy coatings on mineral grains. This idea gained 

considerable support following two studies which were designed to identify 

the chemical composition of hydrophobic substances extracted from 

hydrophobic Australian soils.  In the first of these two papers, Ma’shum 

and Farmer (1985) found that hydrophobic Australian sands were 

rendered wettable after hydrophobic SOM components were removed 

using aqueous and alkali extraction techniques. An increase in 

hydrophobicity with chloroform treatment after aqueous extraction 

suggested that 1) removal of hydrophobic SOM with aqueous extractions 

was incomplete and 2) that chloroform-enhanced hydrophobicity 

represented a re-orientation of hydrophobic SOM towards the soil-water 

interface and not a dispersion of hydrophobic molecules across particle 

surfaces.   

 

 A few years later Ma’shum et al. (1988) extracted hydrophobic 

materials from soils using amphiphilic extractants.  Using DRIFT and 13C-

NMR techniques, they examined the chemical composition of the extracts; 

the most hydrophobic extract contained molecules with long 

polymethylene chains.  Extracted hydrophobic materials were then applied 

to acid-washed sand. Generally, the extent of hydrophobicity in extracted 

materials (as indicated by Molarity of Ethanol Drop (MED) measurements) 

was directly related to the abundance of alkyl carbon moieties. 

Concentration and surface area calculations indicated that sand grains 

needed a close-packed monolayer minimum before hydrophobicity could 

be measured using the MED method. 
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These two studies support the premise that non-wettable soils can be an 

effect of hydrophobic coatings on mineral grains, but a hydrophobic 

coating cannot explain the occurrence of RHP. 

 

 It wasn’t until a number of years later that a mechanism(s) for RHP 

was published. In 2000, Horne and McIntosh found that soil wettability 

(measured using MED) was not related to the amount of hydrophobic 

fractions present in the bulk soil. It was specially noted that even very 

small amounts of lipids could impart hydrophobicity, and SOM extracts 

from hydrophobic as well as non-hydrophobic soils could render model 

soils hydrophobic.  This work also demonstrated that MED measurements 

for hydrophobic sand grains alternated when grains were treated to a 

series of organic extractions which removed either lipid or 

polar/amphiphilic compounds.  To explain this phenomenon, they 

proposed a zonal model for SOM that was comprised of layers of 

associated amphiphilic fragments (fragments that contain both polar and 

non-polar regions). When soil moisture is relatively high, polar functional 

groups are oriented toward the soil solution, and hydrophobic molecules 

are screened from the soil-water interface. The soil is hydrophilic in this 

state. As soil moisture is lost, a re-orientation of amphiphilic molecules 

exposes the hydrophobic moieties toward the soil solution and the soil 

particles thus become hydrophobic. 

 

 A short time later, Ellerbrock et al. (2005) compared soil 

hydrophobicity and FTIR spectra using the capillary rise method (CRM) 

and the peak height ratio of hydrophobic to hydrophilic moieties (A/B 

ratio). 
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Soil hydrophobicity was found to be related to SOM content and 

composition, yet the occurrence of increased soil hydrophobicity in the 

presence of low A/B ratios suggested that the relative amount of these 

functional groups did not define the surface conditions represented by 

CRM measurements of hydrophobicity.  As suggested by Horne and 

McIntosh (2000), it is not necessarily the amount of any specific functional 

group that matters, but the orientation of these functional groups relative 

to the soil-water interface.  

 

 More recent experimental results (Diehl et al., 2009; Kajiura et al., 

2012) appear to support the emerging mechanistic understanding of 

amphiphilic SOM. In Diehl et al. (2009), they found a positive correlation 

between the presence of hydrophobic moieties (-CH) and increasing 

drying temperatures. They also demonstrated a positive correlation 

between the relative extent of hydrophobicity, as determined with the 

water drop penetration time (WDPT) method, and increasing drying 

temperatures. In the presence of relatively higher drying temperatures, an 

increase in hydrophobic –CH molecules and greater WDPT 

measurements suggested that conformational changes in SOM may be 

occurring as an effect of water removal. Conformational changes in 

surface SOM could not be confirmed, though, because the spectroscopic 

method used (DRIFT) probes a relatively thick SOM layer on the soil 

particle surface (Diehl et al., 2009).  

 

 Similar conclusions were made by Kajiura et al. (2012) in a study 

that compared soil moisture content (WC), water-extractable SOM 

(WEOM), total SOM and MED measurements. The relative extent of water 

repellency (as measured by MED) was only weakly explained by WEOM. 
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However, WEOM was able to account for variations in MED better than 

total SOM and WC. The variation in MED values was best explained by 

WC and total SOM when these two factors were combined (the higher the 

WC, the lower the MED value at a given SOM content). After treating 

WEOM and SOM with n-hexane (a technique that only extracts very 

hydrophobic moieties), the correlation between WEOM and MED was 

greater than the correlation between SOM and MED. These findings are 

consistent with results reported by Franco et al. (2000) which showed that 

WEOM can impart repellent properties to soils, i.e. WEOM is amphiphilic 

in nature.  

 

 These studies all indicate that variations in hydrophobicity (as 

measured by the presence of –CH groups) and hydrophobicity (as 

measured by MED and WDPT tests) are strongly correlated to WC and 

SOM.  Although amphiphilic SOM may only comprise 25% of total SOM 

(Doerr et al., 2005), it has been shown to play a dominant role in the 

expression of hydrophobicity. What has not been directly demonstrated, 

however, are conformational changes in the orientation of amphiphilic 

moieties as an effect of WC. Until now, studies of SOM, WC and 

hydrophobicity were limited to either dry soils used in spectroscopic 

studies or soils submitted to wet chemical techniques. In order to infer 

conformational changes in SOM as an effect of soil moisture, a more 

direct approach that utilizes untreated, moist soils is needed.  

 

 In a recent study by Du et al., (2007), it was suggested that Pas-

FTIR may provide a simple and fast way to directly analyze the chemical 

constituents, i.e. functional groups, in SOM. 
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This method is unique from other spectroscopic techniques in a few 

distinct ways: 1) this method relies on total sample absorbance of the 

incoming radiation, 2) this method is often used without special pre-

treatment of samples before analysis and 3) the thermal penetration depth 

of the incoming radiation can be adjusted so that only the very outer layers 

of OM coatings on the soil particle surface can be measured.  

  

 Currently, Pas-FTIR is the most direct method available for testing 

the hypothesis that SOM re-orientation is an effect of water content.  

Although soil samples do not require pre-treatment prior to Pas-FTIR 

analysis, there is an operational parameter that must be managed.  

The presence of water vapor in the Pas-FTIR detector causes spectral 

interference and photoacoustic signal generation interference. Previously 

reported Pas-FTIR results have only been reported for dry soil samples, 

because of this operational drawback, 

 

 The goal of this study is to identify changes in surface SOM as an 

effect of WC in order to elucidate the stimulus for RHP.  In this study, a 

novel application of Pas-FTIR for the investigation of reversibly 

hydrophobic soils is proposed. If a soil is wetted, than the surface 

molecules, as determined by using Pas-FTIR, would be different from the 

surface molecules present on air-dried soil as an effect of the re-orienting 

of amphiphilic molecules in response to hydration. For this purpose, the 

abundance of functional groups is not as relevant as the behavior of 

functional groups in the presence of water. 
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 Photoacoustic Fourier transform infrared spectra from hydrophobic 

soils that were air-dried and wetted were compared in the present study. 

This allows changes, in the structure of SOM molecules that are present 

on the surface on soil particles, to be identified as an effect of soil wetting. 

Previous work completed by the authors of this study (not published) 

suggest that changes in  specific Pas-FTIR bands and peaks represent a 

structural change in surface SOM driven by the presence of water.  
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3.3 Materials and Methods 

 

3.3.1 Soil organic matter: Pas-FTIR and C:N 

 

All soil samples used for this investigation where obtained from 

agricultural fields located in Umatilla County, Oregon. The study site was 

located in the Middle Columbia-Lake Wallula Watershed (45”47’15.21 N, 

119” 31’03.47 W). About 20% of this area is Quincy and associated soils 

(1 - 80 m thick, slope 0 - 65%) that developed from sandy-textured fluvial 

and eolian materials. Soils from six different agricultural circles, 

representing two different approaches to soil management (M1 and M2), 

were collected and analyzed. See Appendix I for soil management history 

of M1 and M2 soils and circle locations. While a total of 300 samples 

where obtained from the field sites and are being preserved for future 

analysis, this manuscript reports on 180 samples, 15 of which were 

analyzed intensely using Pas-FTIR. 

 

 Photoacoustic Fourier transform infrared spectroscopy (Pas-FTIR) 

is a surface-specific technique used to look at the outside layers of soil 

microaggregates. Soils do not require much preparation for use in Pas-

FTIR, i.e. soils do not need to be sieved, ground or homogenized. 

However, previous results from physical wettability experiments, using 

WDPT, indicated that Quincy soils exhibited the greatest hydrophobicity in 

the 0.01-0.1 mm particle size range (Fig. 2.20, Ch 2). In order to 

characterize the surface SOM of the most hydrophobic size fraction, soil 

samples (150 g) were air-dried in a drying closet at constant temperature 

(20oC) and passed through a series of sieves clay (sieve numbers 10, 60, 

140 and 0.01 mm) in order to obtain the 0.01-0.1 mm fraction.  
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A sonic sifter (autosieve) was used in order to prevent horizontal scraping 

of the soil particles which can mechanically degrade OM coatings on soil 

particles. The sonic sifter (Advantech Mfg., New Berlin, WI) was 

programmed to run for 10 minutes at 60Hz. The amplitude of the sonic 

pulse was set to nine.  

 

The sieved, air-dried samples were stored in airtight polyethylene 

containers prior to Pas-FTIR analysis. From each sample, 5 g of sieved, 

air-dried soil were removed and wetted with deionized (DI) water to 

gravimetric water content (WC) of 4% (g/g). Wetted samples were allowed 

to equilibrate for 24 hours in airtight polyethylene containers. The same 

procedure was followed for soils wetted to 8% WC (g/g). All samples were 

transferred to a Pas-FTIR sample cup (diameter 10 mm) without applying 

pressure to the surface.  

  

All spectra presented herein were obtained for soils sieved between 

0.01 -0.1 mm and will be referred to as SF (soil fraction) for the remainder 

of the discussion. The FTIR spectra were obtained using a Nexus 670 FT-

IR spectrometer equipped with a PAC 300 photoacoustic detector (MTEC 

Photoacoustics, Ames, IA). One spectrum (reference black carbon, 100 

scans, resolution 8 cm-1) was collected for each sample. This procedure 

was repeated for the wetted samples. Peak and band locations were 

determined using OMNIC software after spectra were smoothed over 15 

points using the Savitsky-Golay algorithm. Spectra for kaolin and quartz 

sand were similarly processed in order to aide in identification of bands 

originating from mineral components. For SF at 4% WC, spectra were 

processed again and smoothed over 22 points using the Savitsky-Golay 

algorithm.  
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From these spectra, the peak and band locations in the 1740-1560 cm-1 

domain were determined from the second derivative (multiplied by -1) after 

Eusterhues et al. (2011) in order to resolve differences displayed in this 

region between air-dried and moist samples. 

 

Peak integral areas below peaks originating from hydrophobic 

(3000-2800 cm-1) and hydrophilic (1740-1600 cm-1) molecules were 

calculated using the peak area function in OMNIC. The hydrophobic peak 

integral is denoted as ‘A’ and the hydrophilic peak integral area is denoted 

as ‘B.’ The A/B ratio was used to represent how the molecular bonding 

environment of hydrophobic and hydrophilic molecules changed relative to 

one another as an effect of adding water. Previously reported A/B ratios 

(for soil SOM) were calculated from peak height (measured between two 

tangential points between peak absorbance minima on a baseline) (e.g. 

Ellerbrock et al., 2009). Peak height is directly proportional to absorbance, 

so differences in peak height (of the same frequency) between two 

spectra indicate differences in the concentration of a specific bonding 

structure. In another study on SOM hydrophobicity (Capriel et al., 1995) 

the integrated peak area (2920-2850 cm-1) was calculated and used as an 

index for the amount of hydrophobic SOM in soil extractions. In these 

studies, however, only dry materials were used for FTIR analyses. In the 

present study, preliminary investigations of moist soil using Pas-FTIR 

showed that band widths broaden and shift in frequency as an effect of 

increasing moisture. In order to account for the effects of water on band 

widths originating from hydrophobic and hydrophilic molecules a different 

rationale was developed for calculating A/B ratio.  
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The peak integral area for the hydrophobic region (A) was 

calculated between 3000-2800 cm-1 for air-dried and moist SF in order to 

capture the entirety of the hydrophobic (alkyl carbons) bands displayed on 

the broad ―OH shoulder at 3400 cm-1.  For the hydrophilic domain in air-

dried SF, peak area was calculated to include the whole range of broad 

peaks centered between 1740-1600 cm-1.  The peak integral area for 

moist SF was adjusted to include peaks between 1550-1640 cm-1 and 

1640-1740 cm-1. By doing this, peak area calculations for moist SF 

captured the entire range of C=O vibrations displayed in this domain 

(Appendix E, Table E.1). It is important to reiterate that the A/B presented 

in this study is not comparable to A/B presented in previously reported 

studies. 

 

Soil organic matter composition was indexed according to total 

carbon (TOC) and total nitrogen (TOC) concentrations, and 

carbon:nitrogen ratio (C:N). Coarse root fragments and isolated rock 

fragments > 2 mm were removed from the soil sample by sieving. Water 

extraction was performed by suspending triplicate aliquots of 20 g of soil in 

100 ml of deionized water in 250 ml polyethylene bottles. Bottles were 

shaken for one hour and centrifuged at a relative centrifugal force (RCF) 

of 1855 g for 10 minutes. The suspension was filtered using Whatman 

Schleicher Schuell (S&S) - Laboratory Filters Grade 589/5 (red ribbon) 

with a pore size of 2-4 μm. The filtrate was analyzed for total soluble 

organic carbon and total soluble organic nitrogen (TOC/TON) using a 

Shimadzu TOC-Vcsh Total Organic Carbon Analyzer. Results are 

expressed with reference to dry soil (dried for 24h at 105oC). The mean 

TOC and TON from each sample is provided in Appendix G (Table G.1). 
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3.3.2 Physical Wettability 

 

The Sessile Drop Method (SDM) was used as the physical method to 

quantify soil hydrophobicity. Hydrophobicity was quantified by measuring 

the contact angle of water (CA) on the soil surface. About 100 g samples 

were air-dried at constant temperature and humidity. The samples were 

then sieved to pass 2 mm, placed into small dishes and the soil surface 

gently tapped to create a smooth surface. The prepared samples were 

placed on the stage of a digital Hi-Spec camera and a drop of de-ionized 

water (1mL volume) was allowed to drop on the soil surface (three 

replicates) from a height of 2.5 cm. High speed video (250 f/s) of the 

verical view of the water drop was taken for the entire sequence, from 

drop placement to initial imbibition. The CA of each sample was measured 

using the digitized videos and special digital MaxTraq software. This 

procedure was repeated for the same soils wetted to a gravimetric water 

content of 4% and 8% (g/g) (moistened samples allowed to equilibrate for 

24 hours).  

 

 An impacting water droplet exhibits a lot of elastic motion including 

flattening and rebounding, so a rationale had to be developed to 

determine at what point the contact angle would be measured. Each video 

was paused as soon as the droplet came to rest on the soil surface and 

immediately prior to imbibition initiation. This generally occurred between 

frames 5 and 6. 
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3.4 Results 

 

All spectra presented herein were obtained for soils sieved between 0.01 -

0.1 mm and will be referred to as SF (soil fraction). Photoacoustic Fourier 

transform infrared spectroscopy (Pas-FTIR) was used to collect useful 

spectra for SF (0.01-0.1 mm) that were air-dried (Fig. 3.1) and wetted to 

moisture contents of 4% and 8% (g/g) (Figs.3.2, 3.3).  

 

 
 
Figure 3.1. Spectra for 15 Quincy SF that are air-dried. Black lines (―) 
represent M1 soils and orange lines (―) represent M2 soils. 
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Figure 3.2. Spectra for 15 Quincy SF (same SF samples as Fig. 3.1) with 
water contents of 4% (g/g). Black lines (―) represent M1 soils and orange 
lines (―) represent M2 soils. 
 

 
 
Figure 3.3. Spectra for 15 Quincy SF (same SF samples as Fig. 3.1) with 
water contents of 8% (g/g). Black lines (―) represent M1 soils and orange 
lines (―) represent M2 soils.  

4000 3500 3000 2500 2000 1500 1000 500

  
 

Wavenumber (cm
-1)

4000 3500 3000 2500 2000 1500 1000 500

 
 

 

Wavenumber (cm
-1

)



71 
 

There are three main absorption regions of interest to this study in 

the Pas-FTIR spectrum of air-dried Quincy SF (AD): 1800~500, 3000-

2800, 3800-3000 cm-1 (Fig.3.4). Spectral peaks in these regions originate 

primarily from the mineral phase and hydrophilic organic matter, 

hydrophobic organic matter, and ―OH (from water, SOM and mineral 

origins), respectively (Table F.1). Prominent features in the spectrum for 

AD include a broad band between 3500-3200 cm-1 due primarily to water, 

phenol and alcohol ―OH stretching vibrations, with possible contributions 

from amide N-H stretching vibrations (Baes and Bloom, 1989; Du et al., 

2007). Two vibrational bands at ~2920 cm-1 and 2850 cm-1 originate from 

asymmetrical (CH2) and symmetrical (CH3) stretching of aliphatic carbons, 

respectively (Baes and Bloom, 1989).  

 

A shoulder between 3800-3600 cm-1 is attributed to mineral ―OH 

stretching (Frost et al., 2001). A broad peak between 1660-1600 cm-1 

represents overlapping of bands originating from C=C of aromatic ring 

structures, water bending vibrations (v2), asymmetric C-O stretch of COO-, 

and C=O of Amide I (Kacurakova et al., 1999, Pucci et al., 2008; 

Eusterhues et al., 2011). The shoulder at ~1730 – 1715 cm-1 

superimposed on the broad peak between 1660-1600 cm-1 is attributed to 

C=O stretching vibrations of COOH (Fig. 3.4) (Baes and Bloom, 1989). 

Bands arising from the mineral matrix are centered at ~1995, 1870, 1160, 

1040 and 800 cm-1 (Du et al. 2010; Pedersen et al., 2011) (Fig. 3.4). See 

Figure 3.5 for reference spectra of quartz sand and lab grade kaolin. 
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Figure 3.4. Sample Pas-FTIR spectrum for air-dried (AD) Quincy SF using 
only the 0.01-0.1 mm particle size fraction, showing the distribution of 
peaks discussed in Table 1.  
 

 
 
Figure 3.5. Reference spectra for quartz sand and lab grade kaolin. Black 
labels indicate stretching vibrations of mineral ―OH and Si-O. 
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The spectrum for SF wetted to 4% (g/g) (WT) differs from AD in 

three of the primary regions discussed above: ~3800-3100 cm-1, ~2850-

2920 cm-1, and ~1730-1510 cm-1 (Fig. 3.5). Various bands move, or 

change in intensity, with wetting of the sample. The broad ―OH band 

occurring ~3400 cm-1 in AD moves to a lower frequency at ~ 3100 cm-1 in 

WT. Conversely, the band at ~3600 cm-1 in AD moves to a higher 

frequency at ~3700 cm-1 in WT (Fig. 3.5). While bands originating from 

aliphatic carbons do not shift in frequency with SF wetting, the bands at 

~1920 and 1850 cm-1 display weaker intensities in WT than AD (Fig. 3.6).  

Bands originating from hydrophilic moieties display at higher and lower 

frequencies in WT compared to AD. Specifically, the broad band that 

centers between ~1660-1600 cm-1 in AD appears to split into two adjacent 

bands in WT (Fig. 3.6). 
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Figure 3.6. Sample spectra for Quincy SF under air-dried (AD) and wetted 
to 4% (g/g) (WT) conditions. Dotted lines indicate peak centers. Peak 
labels in red represent a peak that changes wavenumber (cm-1) between 
AD and WT. Peak labels in black represent peaks that do not change 
wavenumber (cm-1) between AD and WT. 
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Figure 3.7. Sample Pas-FTIR spectrum for Quincy SF that are air-dried 
(AD) and wetted to 4% (g/g) (WT). The shaded areas indicate the domains 
for hydrophobic moieties (A) and hydrophilic moieties (B). The A/B ratio 
shown in the figure is the average for 15 SF samples. For WT, A/B = 1.0 
(σ = 1.3), and for AD, A/B = 0.94 (σ = 0.33).   
 

There were noticeable visual differences between Pas-FTIR 

spectra for air-dried SF (AD) and moist SF (WT). When spectra for dry SF 

are compared spectra within and between management groups (M1 and 

M2) all look very similar (Fig. 3.1). After wetting SF a couple key 

differences evolve between the spectra. The location of peaks between 

3600-3400 cm-1, in the spectra for dry SF, shift to higher and lower 

frequencies, respectively, in the spectra for SF at 4% WC (Fig. 3.2).  
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These visual observations were supported by differences between 

the A/B ratios quantified from Pas-FTIR spectra. The A/B ratio was 

calculated in order to capture differences in molecular structure between 

hydrophobic molecules and hydrophilic molecules (on particle surfaces) as 

an effect of wetting. The area representative of hydrophobic molecules 

(aliphatic carbons) is shown as ‘A’ and the area representative of 

hydrophilic molecules is shown as ‘B.’  

 

Previously reported A/B ratio (for soil SOM) were calculated from 

peak height (measured between two tangential points between peak 

absorbance minima on a baseline) (e.g. Ellerbrock et al., 2009). Peak 

height is directly proportional to absorbance, so differences in peak height 

(of the same frequency) between two spectra indicate differences in the 

concentration of a specific bonding structure. In another study on SOM 

hydrophobicity (Capriel et al., 1995) the integrated peak area (2920-2850 

cm-1) was calculated and used as an index for the amount of hydrophobic 

SOM in soil extractions. A different method for calculating A/B, combining 

elements from both Ellerbrock et al. (2009) and Capriel et al. (1995),  was 

employed in this study in order to account for the effects of water on band 

widths originating from hydrophobic and hydrophilic molecules.  

 

Band broadening generally occurs due to the ability of solvents, 

e.g. water, to hydrogen bond with other polar molecules, which affects 

intermolecular bonding (Coates, 2000).  Since the width of a band gives 

information about the nature of molecular bonds, peak area (A/B) was 

calculated in order to illustrate whether the impact of water on 

intermolecular bonding dynamics was different for hydrophobic and 

hydrophilic molecules. 
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Calculations of A/B (in terms of peak area ratio) indicate that SF with 8% 

WC display larger A/B ratios than air-dried SF or SF with 4% WC. While 

this suggests that A/B increases with water content, the trend for A/B 

follows such that 4% < AD <  8%.  

 

In order to place A/B calculations (in terms of peak area ratio) in a 

context of soil wettability, physical measurements for the contact angle of 

water on the soil surface (CA), for dry and moist soils, were compared to 

Pas-FTIR data.Contact angles were measured from the three-phase line 

(solid-liquid-vapor) using soils sieved to pass a 2 mm sieve and the 

Sessile Drop Method (Fig. 2.5 Ch.2).The CA is a standard metric used to 

index the degree of soil hydrophobicity. Higher CA values represent 

greater hydrophobicity, so it was expected that the two indices would be 

correlated. See Appendix A for a discussion on the standard techniques 

available for quantifying CA and soil wettability. 

 

The difference between CA for air-dried soil and soil with 8% WC 

(∆CAairdry-8% WC), is always positive indicating that CA values for soil at 8% 

WC are consistently smaller (less hydrophobic) than CA values for air-

dried soil (Fig. 3.8). However, this was not the case for soils at 4% WC.  

The difference between CA of air-dried soil and soil with 4% WC (∆CAairdry-

4% WC) show that, while for most soils the difference between CA values is 

positive, there are a few soils that display greater CA at 4% WC (indicated 

by negative ∆CAairdry-4% WC values).Variations in the sign of ∆CA values , 

i.e. positive as well as negative, between air-dried soil and soil at 4% WC 

was not emulated by differences between CA of soil at 4% and 8% WC 

(∆CA4-8% WC).For all soils, CA values at 8% WC were lower than CA values 

at 4% , which is reflected by all positive ∆CA4-8% WC values in Figure 3.9.  
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While the sign of ∆CAairdry-4% WC varies, the absolute value of the 

difference spans a smaller range than that of ∆CAairdry-8% WC. For example, 

the largest value of ∆CAairdry-4% (absolute value) is about 30 degrees, 

whereas the largest value of ∆CAairdry-8% WC is almost 40 degrees. 

The biggest difference between CA, however, is apparent between moist 

soils (∆CA4-8% WC). In Figure 3.9 a difference of almost 60 degrees is 

shown, yet it appears that for most soils the difference between CA 

(absolute value) for soil at different moisture contents is somewhere 

between 0 and 20 degrees. These data indicate that, somewhere between 

8% and 4% WC, the expression of hydrophobicity becomes consistently 

high. In other words, there is ‘critical threshold’ for moisture content. 
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Figure 3.8. The difference in the contact angle of water on the soil surface 
between soil that is air-dried and at 4% (g/g) water content (∆CAairdry-4% WC) 
( ), and 8% (g/g) water content (∆CAairdry-8% WC) ( ). The average A/B ratio 
from 15 soil samples (integral peak area from Pas-FTIR spectra) is shown 
next to each treatment. CA was measured using the Sessile Drop Method. 
For soils wetted to 8% (g/g) A/B = 1.0. For soils wetted to 4% (g/g) A/B = 
0.47. Vertical bars represent standard error for ∆CA. Points above and 
below each other do not represent points from the same soil sample. 
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Figure 3.9. The difference between CA values calculated for the same 
Quincy SF at 4% and 8% water content (∆CA4-8%). 
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This behavior does not appear to be related to either M1 or M2 soils and 

may indicate a unique process related to soil wettability that will be 

discussed in the next section.  

 

 
 
Figure 3.10. CA(SDM) versus A/B for 15 SF from M1 and M2 fields at 4% 
and 8% water content (g/g).  
 

 
 
Figure 3.11.  ∆CA4-8% (SDM) versus A/B for 38 SF from M1 and M2 fields. 
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 While a relationship between SOM (in terms of A/B) and wettability 

was not evident, there remains a clear visual difference between the Pas-

FTIR spectra of M1 and M2 SF when wetted to 4% WC (Fig. 3.2). Spectra 

for M1 SF (black spectra, Fig. 3.2) generally display a steeper gradient 

between peaks ~3700 and 3500 cm-1, and between peaks ~3500 to 3100 

cm-1, compared to spectra for M2 SF (orange spectra, Fig. 3.2). Another 

distinct difference between spectra from M1 SF and M2 SF was the 

location of peaks that resolved in region ‘B’ (Fig. 3.7) after wetting SF to 

4% WC.  The broad band centered ~1660-1600 cm-1, in air-dried SF, 

resolves into two adjacent bands in spectra for moist SF. Visually, it 

appears that the two adjacent peaks are further apart in spectra for moist 

SF from M1 compared to spectra for moist SF from M2. Further 

investigation of this apparent difference was aided by calculating the 

second derivative of each spectrum (multiplied by -1), which is a method 

often used to reveal the peak location of overlapping bands (e.g. 

Eusterhues et al., 2011). The distance between peak maxima 

(∆Wavenumber) from the resolved bands in region ‘B’ was then calculated 

for each spectrum (Fig. 3.12). The mean ∆Wavenumber (cm-1) for M2 SF 

is larger than that for M1 SF, but there is little evidence of a relationship 

between soil group and peak location in region ‘B’ of spectra for moist SF 

(Fig. 3.13) (P>0.1, P indicates the level of significance evaluated from an 

ANOVA test). The example shown in Figure 3.12 is shown only to indicate 

the visual extreme seen between some of the spectra that prompted this 

line of investigation.  
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Figure 3.12. The peak location(s) of peaks representing the hydrophilic 
region in two different soils at 4% WC. This figure shows the second 
derivative (multiplied by -1) of two different soils at 4% WC. Black labels 
indicate the position of two peaks in a moist spectrum that resolved from 
one broad band in the air-dry spectrum. A sample spectrum from an M1 
soil is shown in black (―) (mean difference=81.1, σ=19.9)., and a sample 
spectrum from an M2 soil is shown in orange (―) (mean difference = 97.0, 
σ=13.1). 
 
 The ∆Wavenumber is not able to capture differences between 

spectra from M1 and M2 soils (Fig. 3.13), but it is related to SOM quality 

and hydrophobicity. When the molecular response of SOM 

(∆Wavenumber) was directly compared to SOC and CA, e.g. CA as an 

effect of ∆Wavenumber, there were no indications of a relationship 

between these parameters. However, when these data are graphed on the 

same ordinate axis a pattern in the data for M2 soils is revealed (Fig. 

3.14).  
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Figure 3.13. Change in peak location(s) of peak representing hydrophilic 
region ‘B’ going from AD to 4% WC. The difference in peak location 
(Wavenumber cm-1) is calculated between two peaks that resolve in wet 
spectra (4% WC) at ~ 1700-1670 and ~1600-1590 cm-1 from one broad 
peak in air-dried spectra that centers ~1660-1600 cm-1. 
 

 For M2 soils at 4% WC, when SOC peaks both CA and 

∆Wavenumber hit a low point (Fig. 3.14). From these relationships it is 

clear that the molecular response of SOM to soil moisture is related to 

SOC and the relationship between these two characteristics drives 

changes in the expression of hydrophobicity. It should be noted that this is 

not an effect of the order of the data points, as these relationships remain 

when the data points are randomized. There is no indication of a 

relationship between SOC, ∆Wavenumber and hydrophobicity (CA) for M1 

soils (Fig. 3.15). Similarly, when comparative analyses were made for 

soils at 8% WC, there was no relationship between these characteristics 

for M1 or M2 soils. 
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 The relationship between SOC and the molecular response of SOM 

to moisture is different between M1 and M2 soils and is only revealed in 

the data for M2 soils. This suggests that 1) field-scale management is 

connected to molecular scale SOM dynamics and 2) there is a ‘critical 

threshold’ for soil moisture; below this threshold SOM quality impacts the 

expression of hydrophobicity, and above this threshold some other group 

of parameters is driving the expression of hydrophobicity.  

 

 
 
Figure 3.14. Comparison between molecular SOM, bulk SOM and 
hydrophobicity for M2 soils. All data share the same ordinate axis. 
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Figure 3.15. Comparison between molecular SOM, bulk SOM and 
hydrophobicity for M1 soils. All data share the same ordinate axis. 
 
 

A connection between field-scale SOM parameters, soil 

management and physical wettability (CA) are also apparent from 

comparisons of management group and hydrophobicity (CA). Interestingly, 

CA (SDM) values tend to group according to field-site and management 

group when moisture contents are low (4%) (Fig. 3.16), but do not show 

this behavior when moisture contents are high (8%) (Fig. 3.17). When CA 

values for soils at 4% WC are compared, field sites that correspond to M1 

management (An, Cf2, E) tend to group around the median CA value for 

all soils (~105 degrees), while soils under M2 management (C1, C2, C3) 

display CA values across the entire range of CA (Fig. 3.16). A similar 

pattern is not evident when soils are at 8% WC (Fig. 3.17). It is also clear 

that C:N values are generally higher for M1 soils compared to M2 soils 

(Fig. 3.18). This could be an effect of a number of things, including SOC 

sequestration in soil aggregates in the upper profile of M1 soils or 

differences in additions of crop materials that have higher C:N.  
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Figure 3.16. The contact angle (CA) measured with the Sessile Drop 
Method (SDM) for Quincy soils collected from fields under different soil 
management. CA values are for moisture content of 4% (g/g).  An, Cf2, E 
(M1); C1, C2, C3 (M2). Field site labels and locations are described in 
Table H.1, Appendix H, and Fig. I.1, Appendix I. 
 

 
 
Figure 3.17. The contact angle (CA) measured with the Sessile Drop 
Method (SDM) for Quincy soils collected from fields under different soil 
management. CA values are for a moisture content of 8% (g/g). An, Cf2, E 
(M1); C1, C2, C3 (M2). Field site labels and locations are described in 
Table H.1, Appendix H, and Fig. I.1, Appendix I. 
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Figure 3.18. The mean carbon:nitrogen (from three reps) for soils under 
M1 (σ=5.0) ( ) and soils under M2 (σ=2.4)( ). 
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3.5 Discussion 

 

 Until now, the use of phtotoacoustic Fourier transform infrared 

spectroscopy (Pas-FTIR) has been limited to investigating dry soils (e.g. 

Du et al., 2007). This manuscript presents a novel application of Pas-FTIR 

in which sieved, moist soils were used in Pas-FTIR, so that the surface 

condition of wet soils compared to dry soils could be explored directly. 

From these initial investigations (Figs. 3.1, 3.2, 3.3) it was clear that useful 

spectra could be obtained for wet soils using the Pas-FTIR technique.  

 

 The spectrum for air-dried SF (AD) and moist SF (WT) are 

conspicuously different in three main regions: ~3800-3100 cm-1, ~2920-

2850 cm-1, and ~1730-1510 cm-1 (Fig. 3.6). Absorbance bands which 

originate from non-polar (aliphatic) carbons (~2850-2920 cm-1) (Capriel et 

al., 1995) do not shift in frequency but do broaden in the WT spectrum. 

This indicates that the molecular structure of hydrophobic moieties is 

impacted by water, which suggests that these hydrophobic molecules 

actually have an amphiphilic nature. The response of hydrophilic moieties 

(~3800-3100 cm-1;  ~1730-1510 cm-1) to soil wetting is not clear, as these 

bands move to higher and lower frequencies and intensity varies between 

bands. While bands displayed in these domains represent ―OH and C=O 

vibrations, they also overlap with band contributions from NH, C-N and 

C=C (Eusterhues et al., 2011). 
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Determining the specific chemical species contributing to overlapping 

bands in the ‘hydrophilic’ domains is beyond the scope of this of study, 

however, the stark difference between AD and WT spectra between 

~3800-2800 cm-1 and ~1730-1510 cm-1 is evidence that the molecular 

structure of SOM on the soil particle surface responds to changes in soil 

moisture. 

 

 A clear response of vibrational frequencies to soil moisture (Fig. 

3.6) was supported by changes in peak integral areas (A/B) as an effect of 

water content. It was posited that changes in peak area (A/B) between dry 

and moist SF would indicate a change in the bonding structure of the 

molecules that regions ‘A’ and ‘B’ represent. The rationale for this is based 

on that, in general, the width of infrared bands for solid and liquid samples 

is determined by the number of chemical environments (types of bonding 

structures), which is related to the number and strength of hydrogen and 

intermolecular bonds. Increased band widths indicate an increase in 

hydrogen bonding and intermolecular bonding (Coates, 2000).  Thus it 

was expected that the mean area for region ‘A’ would remain relatively 

unchanged in the presence of water because hydrophobic molecules do 

not participate in hydrogen bonding. Conversely, the mean area for region 

‘B’ was expected to increase because of hydrogen bonding between 

hydrophilic molecules and water. Were this the case, A/B ratio would 

decrease as soil water content increased. However, the mean A/B 

calculated for each treatment showed that 4% < AD< 8%. Closer 

investigation of these data revealed the mean area of ‘B’ did  in fact 

increase with each addition of water, but the area of ‘A’ decreased going 

from AD to 4% and then increased going from 4% to 8% WC. 
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While A/B ratios did not change consistently with increasing water content, 

it is clear that soil moisture drives changes in the molecular bonding 

environments of hydrophilic and hydrophobic SOM.  

 

 Another interesting observation is that  when A/B ratio of soils in the 

air-dried state were compared to the sensitivity of hydrophobicity to 

moisture content (∆CA4-8% WC), the sensitivity to changes in moisture 

content appear to peak when A/B = 1 (Fig. 3.11). Samples with A/B = 1 

can exhibit small or large changes in hydrophobicity (quantified by ∆CA4-

8% WC). A mechanism for this behavior is not known at this time, but there 

is also the possibility that the behavior indicated by our data is not truly 

representative of surface SOM conditions, or of hydrophobicity, for two 

reasons. First, the contact angle measurements by Sessile Drop Method 

were performed on the whole soil sample, which contained the fine 

hydrophobic soil size fraction (0.01-0.1 mm), as well as the coarse non-

hydrophobic soil size fraction (0.1-2 mm), whereas the FTIR 

measurements were made on only the fine size fraction. It is possible that 

pore-scale capillary effects caused by the coarse size fraction may have 

caused greater scatter in the CA data. Secondly, the A/B ratio, as it was 

calculated for this study, represents the number and strength of 

intermolecular bonds. Thus A/B likely served as a reporter diagnosing H-

bonding between SOM molecules and changes in molecular structure, but 

was not necessarily indicative of surface exposure of hydrophobic SOM, 

which would impact the surface energy of soil particles and thus impact 

values obtained for hydrophobicity (CA).  
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 The relationship between soil moisture and SOM structure, as 

shown by A/B, was further elucidated with ∆Wavenumber, which showed 

a direct link between the response of SOM structure on the soil particle 

surface to changes in WC and hydrophobicity. It is clear that for M2 soils, 

at 4% WC, the molecular response of surface SOM (∆Wavenumber) is 

related to bulk SOM quality (SOC) and the relationship between these 

characteristics drives changes in the expression of hydrophobicity (CA) 

(Fig. 3.14).  

 

  A relationship between SOC and hydrophobicity is unique to this 

study, as a number of studies in the literature have reported that there is 

no relationship between SOC and the expression of hydrophobicity (e.g., 

Ellerbrock et al., 2005). The absence of a relationship between these 

same parameters in M1 SF at 4% WC verifies a strong link between field-

scale agronomic practices and molecular scale SOM response to soil 

moisture. The absence of a relationship between these parameters for M1 

and M2 SF at 8% WC also supports the existence of a critical moisture 

condition for the expression of hydrophobicity.  

 

 The existence of a ‘critical threshold’ for WC was also evident when 

comparing hydrophobicity (CA) between soils that were air-dry and 

moistened to 4% and 8% WC (Fig.3.8).  Soils at 8% WC were consistently 

less hydrophobic than soils that were air-dry, while soils at 4% WC 

sometimes exhibited hydrophobicity equal to or even greater than that of 

air-dry soils. When moisture contents fall below 8% (g/g) all Quincy soils 

exhibit hydrophobicity. For moisture contents above 8% (g/g), the 

magnitude of hydrophobicity responded to other parameters that continue 

to be defined, including cropping history.  
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 A relationship between field-scale characteristics and soil wettability 

was also apparent from comparisons of hydrophobicity and field-site. The 

expression of hydrophobicity (in terms of CA) is related to field-site, but 

not to management group. When moisture contents are low (4% WC) (Fig. 

3.16) CA values tend to group according to field-site and management 

group, yet at high WC (8%) CA values appear to be randomly distributed 

(Fig. 3.17). Once more, a relationship between hydrophobicity and 

management group are apparent at low moisture contents, but this 

relationship is not evident once WC exceeds the ‘critical threshold’. 
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3.6 Conclusion 

 

This study has successfully shown that there is a direct link between 

molecular SOM structure (using Pas-FTIR), bulk SOM quality (SOC), and 

soil hydrophobicity (CA). This is the first time that Pas-FTIR has been 

successfully used to observe these changes in moist soil media. 

All of the observations reported also indicate a strong connection between 

field-scale soil management and the type of SOM structure that leads to 

reversible hydrophobicity (RHP).   

 

  The relationships presented herein suggest that 1) water drives 

changes in the structure of SOM on soil particle surfaces, 2) field-scale 

level management impacts the molecular response of SOM to changes in 

soil moisture and 3) there is a ‘critical threshold’ for soil moisture, below 

which all Quincy soils express hydrophobicity. While there remains an 

open question as to the mechanisms responsible for the relationships 

observed, the findings in this study further support an amphiphilic model 

for SOM coatings on soil particle surfaces, which drive the expression of 

reversible soil hydrophobicity. 

 

 

 

 

 

 

 

 

 



95 
 

 
Bibliography 

 

Arshad, M., S. Martin. 2002. Identifying critical limits for soil quality 
indicators in agro-ecosystems. Agriculture, Ecosystems and 
Environment 88: 153-160. 

 
Bachmann, J. and G. McHale. 2009. Superhydrophobic surfaces: a model 

approach to predict contact angle and surface energy of soil 
particles. European Journal of Soil Science 60: 420-430. 

 
Bachmann, J., R. Horton, R.R. Van Der Ploeg, S. Woche. 2000b. Modified 

sessile drop method for assessing initial soil-water contact angle of 
sandy soil. Soil Science Society of America Journal 64: 564-567. 

 
Bachmann, J., S.K. Woche, M.-O. Goebel, M.B. Kirkham, R. Horton. 2003. 

Extended methodology for determining wetting properties of porous 
media. Water Resources Research 39(12): 1353-1359. 

 
Baes, A, P. Bloom. 1989. Diffuse reflectance and transmission Fourier 

transform infrared (DRIFT) spectroscopy of humic and fulvic acids. 
Soil Society of America Journal 53: 695-700. 

 
Bhardwaj, A., P. Jasrotia, S. Hamilton, G. Robertson. 2011. Ecological 

management of intensively cropped agro-ecosystems improves 
quality with sustained productivity. Agriculture, Ecosystems and 
Environment 140: 419-429. 

 
Bially, P.T., S. Kostka, R.C. Buckman. 2005. Improving the infiltration of 

water through repellent soils using synergistic surfactant blends 
based on alkyl glucosides and ethylene oxide-propylene oxide 
block copolymers. Journal of ASTM International 2(10): 1-7. 

 
Bisdom, E., L.Dekker, J. Schoute. 1993. Water repellency of 

sievefractions from sandy soils and relationships with organic 
material and soilstructure. Geoderma 56: 105–118 

 
Blackwell, P. 1993. Improving sustainable production from water repellent 

sands. Journal of Agriculture--Western Australia 34: 160-167. 
 



96 
 

Bond, R. 1972. Germination and yield of barley when grown in water-
repellent sand. Agronomy Journal 64: 402-403. 

 
Buczko, U., O. Bens. 2006. Assessing soil hydrophobicity and its 

variability through the soil profile using two different methods. Soil 
Science Society of America Journal 70: 718-727. 

 
Buczko, U., Bens, O., Huttl, R. 2005. Variability of soil water repellency in 

sandy forest soils with different stand structure under Scots pine 
(Pinus sylvestris) and beech (Fagus sylvatica). Geoderma 126: 
317–336. 

 
Capriel, P., T. Beck, H. Borchert, J. Gronholz, G. Zachman. 1995. 

Hydrophobicity of the organic matter in arable soils. Soil Biol. 
Biochem. 27(11): 1453-1458. 

 
Clothier, B. and I. White. 1981. Measurement of sorptivity and soil water 

diffusivity in the field. Soil Science Society of America Journal 
45(2): 241-245. 

 
Coates, J. 2000. Interpretation of infrared spectra, a practical approach. 

Encyclopedia of Analytical Chemistry. John Wiley and Sons Ltd: 
Chichester. 

 
Cosentino, D., P.D. Hallett, J.C. Michel, C. Chenu. 2010. Do different 

methods for measuring the hydrophobicity of soil aggregates give 
the same trends in soil amended with residue? Geoderma 159: 
221-227. 

 
Crockford, H., S. Topalidis., D. Richardson. 1991. Water repellency in a 

dry sclerophyll eucalypt forest-measurements and processes. 
Hydrological Processes 5: 405-420. 

 
Czachor, H., S.H. Doerr, L. Lichner. 2010. Water retention of repellent and 

subcritical repellent soils: New insights from model and 
experimental investigations. Journal of Hydrology 380: 104-111. 

 
Czarnes, S., P.D. Hallett, A.G. Bengough, I.M. Young. 2000. Root- and 

microbial-derived mucilages affect soil structure and water 
transport. European Journal of Soil Science 51: 435-443. 

 



97 
 

Das, Braja. Principles of Geotechnical Engineering, 5th ed. Thomson 
Engineering: Toronto. 

 
DeBano, L.F. 2000. The role of fire and soil heating on water repellency in 

wildland environments: a review. Journal of Hydrology 231-232: 
195-206. 

 
deJonge, L.W., O.H. Jacobsem, P. Moldrup. 1999. Soil water repellency: 

Effects of water content, temperature, and particle size. Soil 
Science Society of America Journal 63: 437-442. 

 
Dekker, L.W., K. Oostindie, C.J. Ritsema. 2005. Exponential increase of 

publications related to soil water repellency. Australian Journal of 
Soil Research 43: 403-441. 

 
Dekker, L.W., and C.J. Ritsema(b). 1994. How water moves in a water 

repellent sandy soil, 2. Dynamics of fingered flow. Water Resources 
Research 30(9): 2519-2531. 

 
Diehl, D., J.V. Bayer, S.K. Woche, R. Bryant, S.H. Doerr, G.E. 

Schaumann. 2010. Reaction of soil water repellency to artificially 
induced changes in soil pH. Geoderma 158: 375-384. 

 
Diehl, D., R.H. Ellerbrock, G.E. Schaumann. 2009. Influence of drying 

conditions on wettability and DRIFT spectroscopic C-H band of soil 
samples. European Journal of Soil Science 60: 557-566. 

 
Doerr, S.H. and R.A. Shakesby. 2011. Soil water repellency. Handbook of 

Soil Science, 2nd ed. Taylor Francis: London. 
 
Doerr, S.H., R.A. Shakesby, W.H. Blake, C.J. Chafer, G.S. Humphreys, 

P.J. Wallbrink. 2006. Effects of differing wildfire severities on soil 
wettability and implications for hydrological response. Journal of 
Hydrology 319: 295-311. 

 
Doerr, S., C. Llewellyn, P. Douglas, C. Morley, K. Mainwaring, C. Haskins. 

2005. Extraction of compounds associated with water repellency in 
sandy soils of different origin. Australian Journal of Soil Research 
43: 225–237. 

 



98 
 

Doerr, S.H., and A.D. Thomas. 2000. The role of soil moisture in 
controlling water repellency: new evidence from forest soils in 
Portugal. Journal of Hydrology 231-232: 134-147. 



99 
 

Doerr, S.H. 1998. On standardizing the ‘water drop penetration time’ and 
the ‘molarity of an ethanol droplet’ techniques to classify soil 
hydrophobicity: a case study using medium textures soils. Earth 
Surface Processes and Landforms 23: 663-668. 

 
Du, C., G. Zhou, J. Deng, J. Zhou. 2010. Characterization of soil clay 

minerals using mid-infrared spectroscopy. Molecular Environmental 
Soil Science at the Interfaces in the Earth’s Critical Zone: 265-268. 

 
Du, C., R. Linker, A. Shaviv. 2007. Characterization of soils using 

photoacoustic mid-infrared spectroscopy. Applied Spectroscopy 61 
(10): 1063-1067. 

 
Ellerbrock, R.H., H.H. Gerke, J. Bachmann, M.O. Goebel. 2005. 

Composition of organic matter fractions for explaining wettability of 
three forest soils. Soil Science Society of America Journal 69: 57-
66. 

 
Eswaran, H., Beinroth, F. & Reich, P. 1999. Global land resources and 

population supporting capacity. American Journal of Alternative 
Agriculture 14: 129-136. 

 
Eusterhues, K., T. Rennert, H. Knicker, K. Totsche, U. Schwertmann. 

2011. Fractionation of organic matter due to reaction with 
ferrihydrite: coprecipitation versus adsorption. Environmental 
Science and Technology 45: 527-533.  

 
Fallow, D. and D. Elrick. 1996.   Field measurement of air-entry and water-

entry soil water pressure heads with a modified Guelph Pressure 
Infiltrometer. Soil Science Society of America Journal 60: 1036-
1039. 

 
Franco, C.M.M., P.J. Clarke, M.E. Tate, J.M. Oades. 2000. Hydrophobic 

properties and chemical characterization of natural repellent 
materials in Australian sands. Journal of Hydrology 231-232: 47-58. 

 
Franco, C.M.M., M.E. Tate, J.M. Oades. 1995. Studies on non-wetting 

sands. I. The role of intrinsic particulate organic matter in the 
development of water-repellency in non-wetting sands. Australian 
Journal of Soil Research 33: 253-263. 

 



100 
 

Frost, R.L., E. Makó, J. Kristóf, E. Horváth, J.T. Kloprogge. 2001. 
Mechanochemcial treatment of kaolinite. Journal of Colloid and 
Interface Science 239: 458-466. 

 
Goebel, M.O., J. Bachmann, M. Reichstein, I.A. Janssens, G. 

Guggenberger. 2011. Soil water repellency and its implications for 
organic matter decomposition- Is there a link to extreme climatic 
events? Global Change Biology 17: 2640-2656. 

 
Goebel, M.O., J. Bachmann, S.K. Woche. 2008. Modified technique to 

assess the wettability of soil aggregates: comparison with contact 
angles measured on crushed aggregates and bulk soil. European 
Journal of Soil Science 59: 1241-1252. 

 
Hallett, P. and I. Young. 1999. Changes to water repellence of soil 

aggregates caused by substrate-induced microbial activity. 
European Journal of Soil Science 50: 35-40. 

 
Harper, R. and R. Gilkes. 1994. Soil attributes related to water repellency 

and the utility of soil survey for predicting its occurrence. Australian 
Journal of Soil Research. 32: 1109-1124. 

 
Horne, D., J. McIntosh. 2000. Hydrophobic compunds in sands in New 

Zealand- extraction characterization and proposed mechanisms for 
repellency expression. Journal of Hydrology 231-232: 35-46. 

 
Imeson, A.C., and P.D. Jongerius. 1974. Landscape stability in the 

Luxembourg Ardennes as exemplified by hydrological and 
micropedological investigations of a catena in an experimental 
watershed. Catena 1: 273-295. 

 
Kačuráková, M., N. Wellner, A. Ebringerová, Z. Hromadkova, R. H. 

Wilson, P.S. Belton. 1999. Characterization of xylan-type 
polysaccharides and associate cell wall components by FT-IR and 
FT-Raman spectroscopies. Food Hydrocolloids 13: 35-41. 

 
Kajiura, M., T. Tokida, K. Seki. 2012. Effects of moisture condition on 

potential soil water repellency in a tropical forest regenerated after 
fire. Geoderma 181-182: 30-35. 

 



101 
 

Karlen, D., C. Ditzler, S. Andrews. 2003. Soil quality: why and how? 
Geoderma 114: 145-156. 

 
Keene, B.J. 1993.  Review of data for the surface tension of pure 

materials. International Materials Review 38: 157-192. 
 
Keizer, J., S.  Doerr, M. Malvar, A. Ferreira, V. Pereira. 2007. Temporal 

and spatial variations in topsoil water repellency throughout a crop-
rotation cycle on sandy soil in north-central Portugal. Hydrological 
Processes 21: 2317–2324 

 
King, P.M.. 1981. Comparison of methods for measuring severity of water 

repellence of sandy soils and assessment of some factors that 
affect its measurement. Australian Journal of Soil Research 19: 
275-285. 

 
Kleber, M., P. Sollins, R. Sutton. 2007. A conceptual model of organo-

mineral interactions in soil: self-assembly of organic molecular 
fragments into zonal structures on mineral surfaces. 
Biogeochemistry 85: 9-24. 

 
Krough, K., B. Halling-Sorensen, B. Mogensen, K. Vejrup. 2003. 

Environmental properties and effects of nonionic surfactant 
adjuvants in pesticides: a review. Chemosphere 50: 871-901. 

 
Leelamanie, D.A.L., J. Karube, A. Yoshida. 2010. Clay effects on the 

contact angle and water drop penetration time of model soils. Soil 
Science and Plant Nutrition 56: 371-375. 

 
Letey, J., M.L.M. Carillo, X.P. Pang. 2000. Approaches to characterize the 

degree of water repellency. Journal of Hydrology 231-232: 61-65. 
 
Letey, J., 1969. Measurement of contact angle, water drop penetration 

time, and critical surface tension. Water Repellent Soils, 
Proceedings of the Symposium on Water Repellent Soils. Univ. 
Calif., Riverside, pp. 43–47. 

 
Ma’shum, M., M.E. Tate, G.P. Jones, J.M. Oades. 1988. Extraction and 

characterization of water-repellent materials from Australian soils. 
Journal of Soil Science 39: 99-110. 

 



102 
 

Ma’shum, M. and V.C. Farmer. 1985. Origin and assessment of water 
repellency of a sandy South Australian soil. Australian Journal of 
Soil Science 23: 623-626. 

 
Matthews, G., C. Watts, D. Powlson, J. Price, W. Whalley. 2008. Wetting 

of agricultural soil measured by a simplified capillary rise technique. 
European Journal of Soil Science 59(4): 817-823. 

 
McHale, G., N.J. Shirtcliffe, M.I. Newton, F.B. Pyatt. 2007. Implications of 

ideas on super-hydrophobicity for water repellent soil. Hydrological 
Processes 21: 2229-2238. 

 
Mulligan, C.N., R.N. Yong, B.F. Gibbs. 2001. Surfactant-enhanced 

remediation of contaminated soil: a review. Engineering Geology 
60: 371-380. 

 
Nobels, I. P. Spanoghe, G. Haesaert, J. Robbens, R. Blust. 2011. Toxicty 

ranking and toxic mode of action evaluation of commonly used 
agricultural adjuvants on the basis of bacterial gene expression 
profiles. PLoS ONE 6(11): 1-10. 

 
Park, D.M., J.L. Cisar, K.E. Williams, G.H. Snyder. 2004 Alleviation of 

water repellency in sand based Bermudagrass in South Florida. 
Acta Hort. (ISHS) 661:111-115. 

 
Pedersen, J., M. Simpson, J. Bockheim, K. Kumar. Characterization of soil 

organic carbon in drained thaw-lake basins of Artic Alaska using 
NMR and FTIR photoacoustic spectroscopy. Organic Geochemistry 
42: 947-954. 

 
Perroux, K. and I. White. 1988. Design for disc permeameters. Soil 

Science Society of America Journal 52: 1205-1215. 
 
Philip, J. 1969. Theory of infiltration. Advances in Hydroscience 5: 215-

296. 
 
Powelson, D., P. Gregory, W. Whalley, J. Quinton, D. Hopkins, A. 

Whitmore, P. Hirsch, K. Goulding. Soil management in relation to 
sustainable agriculture and ecosystem services. Food Policy 36: 
S72-S87. 



103 
 

Pucci, A., L. P. D’Acqui, L. Calamai. 2008. Fate of prions in soil: 
 interactions of RecPrp with organic matter of soil aggregates 
 as revealed by LTA-PAS. Environmental Science 
 Technology 42: 728-733. 

 
Ramé, E. 1997. The interpretation of dynamic contact angles measured by 

the Wilhelmy Plate Method. Journal of Colloid and Interface 
Science 185: 245-251. 

 
Ramírez-Flores, J.C., S.K. Woche, J. Bachmann, M.O. Goebel, P.D. 

Hallett. 2008. Comparing capillary rise contact angles of soil 
aggregates and homogenized soil. Geoderma 146: 336-343. 

 
Roper, M.M.. 2005. Managing soils to enhance the potential for 

bioremediation of water repellency. Australian Journal of Soil 
Research 43: 803-810. 

 
Roy, J.L. and W.B. McGill. 2002. Assessing soil water repellency using the 

molarity of ethanol droplet (MED) test. Soil Science 167(2): 83-97. 
 
Roy, J.L., W.B. McGill. 2000. Flexible conformation in organic matter 

coatings: An hypothesis about soil water repellency. Canadian 
Journal of Soil Science 80(1): 143-152. 

 
Schaumann, G. 2006. Review article: Soil organic matter beyond 

molecular structure. Part 1: Macromolecular and supramolecular 
characteristics. Journal of Plant Nutrition and Soil Science 169: 
145-156. 

 
Shakesby, R.A., S.H. Doerr, R.P.D. Walsh. 2000. The erosional impact of 

soil hydrophobicity: current problems and future research 
implications. Journal of Hydrology 231-232: 178-191. 

 
Shirtcliffe, N.J., G. McHale, M.I. Newton, F.B. Pyatt, S.H. Doerr. 2006. 

Critical conditions for the wetting of soils. Applied Physics Letters 
89: 1-3. 

 
Siebold, A., M. Nardin, J.Schultz, A. Walliser, M. Oppliger. 2000. Effect of 

dynamic contact angle on capillary rise phenomena. Colloids and 
Surfaces A: Physicochemical and Engineering Aspects 161: 81-87. 

 



104 
 

Siebold, A., A. Walliser, M. nardin, M. Oppliger, J. Schultz. 1997. Capillary 
rise for the thermodynamic characterization of solid particle surface. 
Journal of Colloid Interface Science 186: 60-70. 

 
Sposito, G. 2008. The Chemistry of Soils, 2nd ed. Oxford University 

Press, Inc: New York. 
 
Stevenson, F. J. 1994. Humus Chemistry: Genesis, Composition, 

Reactions, 2nd ed. John Wiley & Sons, Ltd: New York. 
 
Sutton, R. and G. Sposito. 2005. Molecular structure in soil humic 

substances: The new view. Environmental Science and Technology 
23: 9009-9015. 

 
 Sylvia, D., P. Hartel, J. Fuhrmann,  D. Zuberer. 2005. Principles and 

Applications of Soil Microbiology, 2nd ed. Pearson Prentice Hall: 
New Jersey. 

 
Tillman, R.W., D.R. Scotter, M.G. Wallis, B.E. Clothier. 1989. Water-

repellency and its measurement by using intrinsic sorptivity. 
Australian Journal of Soil Research 27: 637-644.  

 
van Apledoorn, D., M. Sonneveld, K. Kok. 2011. Landscape asymmetry of 

soil organic matter as a source of agro-ecosystem resilience. 
Agriculture, Ecosystems and Environment 140: 401-410. 

 
Verheijen, F.G.A., and L.H. Cammeraat. 2007. The association between 

three dominant shrub species and water repellent soils along a 
range of soil moisture contents in semi-arid Spain. Hydrological 
Processes 21: 2310-2316. 

 
Wallach, R. and E.R. Graber. 2007. Infiltration into effluent irrigation-

induced repellent soils and the dependence of repellency on 
ambient humidity. Hydrological Processes 21: 2346-2355. 

 
Wallis, M.G. and D.J. Horne, 1992. Soil water repellency. Advances in Soil 

Science 20: 91-146. 
 
Wang, Z., L. Wu, Q.J. Wu. 2003. Water-entry value as an alternative 

indicator. Soil water repellency: occurrence, consequences and 
amelioration. Elsevier Science: Amsterdam. 

http://books.google.com/books?id=1l4GAAAACAAJ&dq=soil+microbiology+sylvia&ei=thzbR9j6Hpu8swPmxOXzAQ
http://books.google.com/books?id=1l4GAAAACAAJ&dq=soil+microbiology+sylvia&ei=thzbR9j6Hpu8swPmxOXzAQ
http://books.google.com/books?id=1l4GAAAACAAJ&dq=soil+microbiology+sylvia&ei=thzbR9j6Hpu8swPmxOXzAQ


105 
 

 
Ward, P.R. and J.M. Oades, 1993. Effect of clay mineralogy and 

exchangeable cations on water-repellency in clay-amended sandy 
soils. Australian Journal of Soil Research 31: 351-364. 

 
Washburn, E.W.. 1921. The dynamics of capillary flow. The Physical 

Review 17(3): 273-283. 
 
Watson, C. and Letey. 1970. Indices for characterizing soil-water 

repellency based on contact angle-surface tension relationships. 
Soil Science Society of America Journal 34: 841-844. 

 
Watts, C.W. and A. R. Dexter. 1998. Soil friability: theory, measurement 

and the effects of management and organic carbon content. 
European Journal of Soil Science 49 (1): 73–84. 

 
Wessel, A.T. 1988. On using the effective contact angle and the water 

drop penetration time for classification of water repellency in dune 
soils. Earth Processes and Landforms 13: 555-561. 

 
White, I., and M.J. Sully. 1987. Macroscopic and microscopic capillary 

length and time scales from field infiltration. Water resources 
Research 23(8): 1514-1522. 

 
Zhang, X.X., L.K. Deeks, A.G. Bengough, J.W. Crawford, I.M. Young. 

2005. Determination of soil hydraulic conductivity with the lattice 
Boltzman method and soil thin-section technique. Journal of 
Hydrology 306: 59-70. 

 
 
  



106 
 

Appendices 
  



107 
 

Appendix A: Measuring Wettability 

 

Hydrophobic soils inhibit water infiltration when water is applied at 

zero or negative potential. Less severe forms of repellency are 

characterized by spontaneous wetting but at reduced rates of infiltration. 

This phenomenon has been referred to as sub-critical repellency (Tillman, 

1989).  While a number of methods for quantifying and classifying sub-

critical repellency have been introduced since the turn of the 20th century 

(Cosentino et al., 2010), quantifying soil wettability in terms of infiltration 

rate is common. 

 

Infiltration is the movement of water from the soil surface into the 

soil. Reports of water flow through soils commonly include calculations of 

sorptivity, hydraulic conductivity and water drop penetration time. 

Infiltration is given by the following 

 

    
 

  ⁄       
 

 ⁄                                                                                        (             

                 

where I is total infiltration and S, A, B and C are fitting parameters. If only 

early time infiltration is considered, Eq. (1) can be shortened to  

 

    
 

  ⁄                                                                                                                       (   

  

A graph of I versus t1/2 typically shows a linear relationship during 

the first few minutes of infiltration. Sorptivity (S) is defined by this time 

range, and thus represents the capacity of a soil to imbibe water on 

contact, and A is the hydraulic conductivity.   
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Both S ( m/s2) and A (m/s) are affected by the shape, size and tortuosity of 

soil pores. While early time imbibition (S) typically decrease as water 

content and pore size distribution increase, A tends to increase as water 

content and pore size distribution increase. In extremely water repellent 

soils, S will be equal to zero. 

 

Tillman et al. (1989) used the ratio of the apparent intrinsic 

sorptivity (S*) of ethanol (with an assumed contact angle of 0o) to that of 

water to generate an index of soil water repellency. Small tubes lightly 

packed with moist soil are placed on a Haines’ apparatus with zero 

pressure potential at the plate, and the rate of inflow is measured during 

imbibition.  The intrinsic sorptivity (Phillip, 1969) is defined as 

 

   (                                                                                                                          (   

                        

where  is the dynamic viscosity (N s m-2), σ is the surface tension (N m-1) 

and S is the sorptivity (m s-1/2). Sorptivity values (S) are determined from 

the slopes of cumulative absorption (I) versus time (t1/2) where I is the 

absorption height in mm and t is measured in seconds. If two liquids with 

different surface tensions are used and the same S* value is obtained for 

both, than the contact angles of the liquids on the soil are the same, i.e. 

both liquids have the same soil-wetting characteristics. 
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Similar data was obtained in situ using a sorptivity tube (Clothier and 

White, 1981). The pressure head was scaled to accommodate the 

different surface tensions of water and 95% ethanol according to the 

following equation: 

 

                                                                                                                                (   

                 

where ρ is the liquid density (kg m-3) in the hanging column, g (m s-2) is the 

acceleration due to gravity, h (m) is the negative pressure head at the 

supply surface, and σ is the surface tension (N m-1).  

 

This method also accommodates the use of a disc permeameter 

(Perroux and White, 1988), which is similar to the apparatus used by 

Wang et al. (2003) to represent soil wettability in terms of water-entry 

values. In the method used by Wang et al., the soil-water interface is 

initially supplied with negative hydraulic pressure (suction). The suction is 

gradually decreased until water enters the soil. The water entry value is 

used as a “hydraulic indicator” to represent soil wettability. For a complete 

description on the mechanics of using a pressure infiltrometer see Perroux 

and White (1988), Fallow and Elrick (1996) and Wang et al. (2003). 

 

Similar to the approach of Tillman et al. (1989), Hallett and Young 

(1999) and Cosentino et al. (2010) obtained a Repellency Index (R) using 

an infiltration device to measure sorptivity. In these studies, water and 

ethanol were applied to the surface of aggregates with a micropipette from 

a source of constant hydraulic head (Hallett and Young, 1999). 
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Liquid uptake was recorded with a microbalance and sorptivity calculated 

as follows  

 

  √(
  

   
⁄ )                                                                                                              (   

                  

 

where S is sorptivity (mm s -0.5), Q is the flow rate (mm3 s-1), f is the air-

filled porosity (m3 m-3), r is the radius of the infiltrometer tip (mm) and b is 

a constant that depends on the soil-water diffusivity function (a value of 

0.55 was used for both ethanol and water after White and Sully, 1987). 

The value for R is calculated as 

 

      (
        

      
⁄ )                                                                                          (   

 

where 1.95 accounts for the differences of the surface tension and 

viscosity between water and ethanol, i.e. the RI cannot exceed 1.95 in 

non-repellent soils which is the ratio of (µ/σ)1/2 of ethanol to water (Tillman 

et al., 1989). When R=1, the soil is not repellent and wets the same with 

both liquids. 

 

Water drop penetration time (WDPT) is similar to sorptivity in that it 

is a measurement of early time imbibition. The WDPT method consists of 

placing a drop of water on the soil surface and recording the amount of 

time it takes for the water to penetrate the surface of the sample (Letey, 

1969). 
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The WDPT is a measurement of soil water repellence as an effect of time, 

so it is used as an index for the stability of hydrophobicity (Letey et al., 

2000). The classification times for WDPT tests are arbitrary. For example, 

Bisdom et al. (1993) report hydrophilic soils for WDPT < 5 seconds, while 

Doerr et al. (1996) report hydrophilic soils for WDPT <60 seconds. The 

amount of time it takes a water droplet to infiltrate the soil is also affected 

by pore geometry (Wessel, 1988), so samples are sieved and gently 

smoothed in order to standardize surface roughness (Wallis and Horne, 

1992). With the WDPT test, it is typically assumed that a water droplet will 

imbibe into the soil once the contact angle of water on the soil surface 

(CA) is <90o (Letey et al., 2000), but it has been shown that water may not 

infiltrate soil when CA>50o (Shirtcliffe et al., 2006). (Theoretical 

considerations for CA will follow). 

 

Watson and Letey (1970) developed a method for indexing soil 

hydrophobicity by calculating the surface tension of aqueous ethanol 

required to give a penetration time of 5s. The Molarity of Ethanol Droplet 

(MED) is an indirect measure of the surface tension of the soil surface 

(Doerr, 1998). A liquid drop with a higher surface tension than that of the 

soil surface will penetrate the soil surface slower than a liquid drop with a 

surface tension near or lower than that of the soil surface. Incrementally 

increasing the surface tension of the liquid (decreasing ethanol 

concentration), until penetration is significantly slowed, allows for the 

categorization of soil repellency between two ethanol concentrations. (This 

method, as proposed by King (1981), was modified after work completed 

in 1970 by a Watson and Letey.) 
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 Different categorization schemes were developed based on 

imbibition times of 10s (King, 1981; Harper and Gilkes, 1994), and 

imbibition times of 3s (Crockford et al., 1991; Doerr, 1998). In a paper 

published in 2002, Roy and McGill proposed a standardized MED protocol 

and categorization scheme in order to enable inter-laboratory comparisons 

of test results. As with WDPT, it is assumed that the ethanol solution 

infiltrates the soil when CA<90o.  

 

Another approach often used to characterize soil hydrophobicity is 

to measure the contact angle (CA) of water on the soil surface. The CA is 

defined by the boundary between a liquid, a bare solid surface and the air. 

When the interfacial tension of a solid surface is higher than that of the 

solid-liquid interface, the CA is smaller than 90o, and the liquid partially 

wets the surface. The liquid does not wet the surface if the CA is greater 

than 90o
.  

 

 The CA is indirectly measured from observations of the movement 

of water through the soil. It is assumed that the soil behaves like a 

collection of cylindrical capillaries.The CA is easily obtained using the 

Capillary Rise Method (CRM) (Washburn, 1921; Siebold et al., 1997; 

Siebold et al., 2000; Ramírez-Flores et al., 2008; Cosentino et al., 2010). 

A capillary is a small cylindrical tube through which the behavior of water 

is primarily influenced by forces of cohesion and adhesion. Water is held 

in soil by adhesive and cohesive capillary forces. Cohesion occurs as a 

result of the polar nature of water and the strong hydrogen bonding 

between water molecules. Adhesion is the attractive force between water 

molecules and a solid surface. 
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  The CRM is based on the movement of water through (theoretical) 

bundles of soil pores that are cylindrical and uniform in shape and size. 

This relationship is given as 

 

  
  

 
                                                                                                                                  (    

    

where z is capillary rise, γ is the surface tension of water and r is the pore 

radius. The smaller the pore size the greater the capillary rise. Extremely 

water repellent soils will have a capillary rise equal to zero.  

 

The equation that relates capillary rise to CA has two unknowns: 

the contact angle and the pore geometry. A common way to solve for one 

of the unknowns is to use a perfect liquid which has a CA of zero. The use 

of ethanol for this purpose (Letey et al., 1969) leaves the pore geometry 

as the only unknown (“c” in Equation (8)). After the pore geometry is 

quantified the same method can be used with water to unambiguously 

calculate the contact angle of water against the soil of interest. Generally, 

the CA is deduced by using experimental data in the following Washburn 

equation (Washburn, 1921): 

 

    
        

 
                                                                                                               (                   

                                                                                                                                  

where m is the mass of the liquid imbibed, ρ the density of the liquid, γl the 

surface tension of the liquid imbibed and µ the dynamic viscosity, αdynamic 

the gas-liquid contact, t the time of imbibition, and c the media coefficient 

quantified by the ethanol tests. 
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This method has been utilized in studies of homogenized, packed soil 

samples and soil aggregates (Siebold et al., 1997; Siebold et al., 2000; 

Ramírez-Flores et al., 2008; Cosentino et al., 2010). Modeling soil pore 

structure after cylindrical capillaries has been acknowledged as a “vast 

over-simplification,” (Letey et al. 2000), and a number of researchers have 

shown with thin cross sections of soils that the structure is indeed variable 

and tortuous (e.g. Imeson and Jongerious, 1974; Zhang et al. 2005). 

 

The Wilhemly Plate Method (WPM) can used to measure the entire 

range of CA (Ramé, 1997).  A platinum plate hanging from an electronic 

balance is partially inserted vertically into a test liquid and slowly retracted. 

The curved meniscus around the plate initially increases the wetting force 

when the plate is immersed but decreases as the plate is lowered. The 

buoyancy force increases linearly with plate immersion depth. The total 

force acting on the plate can be given as  

 

                                                                                           (                   

                                                                    

where W is the weight of the plate (kg), V is the volume of the immersed 

part of the plate (m3) and lw (m) is the length of the wetted sample. 

Rearrangement of Equation (9) allows for the calculation of the CA.  

Measurements of advancing and receding CA are made with a precision 

tensiometer. For the theoretical characterization of WPM refer to Ramé, 

1997 and Bachmann et al., 2003. 
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 The Sessile Drop Method (SDM) is used to provide a direct 

measurement of CA. Soils are sieved to obtain narrow particle size 

distributions (isolating physical heterogeneities of the surface is important 

in order to limit the effects of surface roughness). Specific fractions of 

sieved soils are then lightly sprinkled in a monolayer onto adhesive tape 

attached to a microscope glass slide (Bachman et al., 2003). A thin soil 

layer may also be achieved by pressing a similarly prepared glass slide 

onto a smoothed soil surface (Buczko and Bens, 2006; Leelamanie et al., 

2010).  Liquid drops are placed on the soil layer with a syringe. The CA 

measurements are carried out by immediately viewing the three-phase 

contact line of the droplet, i.e. liquid-vapor, solid-vapor, solid-liquid, under 

a microscope fitted with a goniometer scale (Bachman et al., 2000a, 

2000b, 2003; Buczko and Bens, 2006). Leelamanie and Karube (2009) 

measured CA using microphotographs obtained with a digital microscope 

camera.  

 

While each of these methods generates a different unit of 

measurement, they are all used to represent how easy or difficult it is for 

water to move into and through the soil. However, some of these methods, 

such as SDM and WDPT, are used in such a way that it is not possible to 

differentiate between soil water repellency as an effect of physical 

parameters, e.g. surface roughness, or as an effect of soil chemical 

characteristics, e.g. non-polar soil organic matter coatings. This is an 

important distinction when trying to identify whether or not a soil exhibits 

poor wettability as an effect of poor soil wettability or hydrophobicity. 
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Appendix B: Capillary Rise Method data 

 
Table B.1. Capillary rise dynamic contact angle (CA) for water content at 
time of sampling. 

 

 
 

Circle An Cf2 E 1 2 3 

Sample Wc CA Wc CA Wc CA Wc CA Wc CA Wc CA 

1 9.4 69.8 4.1 84.95 8.5 35.64 9.6 8 8.5      ―                                                                                                                                                                                                                                                                                          4.4 84.86 

2 10.6 87.16 5.8 83.6 10.9 69.58 10.7 68.98 9.1 72.04 3.4 87.33 

3 9.1 82.3 4.7 87.53 9.1 43.12 9.4 57.66 9.4 78.1 5.9 81.77 

4 9.6 84.06 5.6 87.32 10.7 60.33 9 75.4 9.3 77.57 6 83.65 

5 10.4 85.83 4.5 81.96 10.2 71.56 10.2 73.51 10 89.17 5.1 83.97 

6 9.8 74.84 4.9 78.95 11.4 65.24 9.8 75.75 10.1 73.83 6.2 82.52 

7 10.6 ― 6 81.23 13.5 67.35 8.9 81.02 8.4 75.42 3.7 85.6 

8 9.4 83.84 3.9 87.05 10.3 76.91 10.5 78.09 8.7 74.13 5.1 86.13 

9 11.8 60.97 4.4 85.33 10 59.93 10.9 73.88 9.8 66.41 6.5 87.89 

10 9.8 79.58 6.9 84.74 10.8 39.78 7.9 49.2 9.7 67.17 5.5 86.07 

11 9.4 71.62 5.1 84.52 9.8 71.91 9.8 74.99 9 73.1 3.9 83.73 

12 9.4 78.56 5.6 84.88 9.7 52.61 9.7 81.58 8.8 80.71 8.5 81.46 

13 10 72.34 5.1 84.57 10.5 63.68 9.2 72.88 8.9 83.85 5 84.74 

14 10.9 79.71 6.1 79.16 12.7 62.86 9.5 81.81 8.9 75.13 5.3 87.69 

15 9.9 71.7 4.7 85.52 10.8 ― 10.6 44.21 10.2 78.88 4.2 86.87 

16 9 72.78 5.9 83.4 9.4 64.48 9.2 59.42 9.3 69.85 6.6 87.88 

17 10.4 79.92 6.2 81.73 12.8 65.56 9.8 75.27 8.7 46.75 8 79.8 

18 13.6 76.95 8.6 83.32 10.3 79.04 11.2 68.06 8.4 77.68 6.1 84.15 

19 9.5 66.81 5 82.66 10.8 68.13 9.3 78.87 10.6 69.71 7.2 82.91 

20 8.7 63.26 5.8 78.19 9.6 36.36 10.3 64.88 9.6 55.33 5 77.55 

21 9.2 80.01 4.2 87.77 10.7 66.85 9.8 62.44 9.4 70.1 5 86.07 

22 9.7 79.85 6.3 77.99 10.6 77.57 9.4 65.52 9.6 67.32 5.7 86.93 

23 14.9 68.84 4.4 88.43 9.5 75.82 9.3 72.62 8.5 51.83 5.6 83.81 

24 7.9 86.51 4.6 87.19 10.3 46.18 9.9 68.78 10 79.12 4.7 85.71 

25 13 78.53 5.2 84.64 9.3 68.74 10.6 65.5 9.1 75.61 4.3 87.08 

26 11.6 77.67 4.2 76.24 10.6 51.37 10.3 64.78 9 73.07 7.5 86.25 

27 9.9 73.75 6.3 82.84 9.2 74.39 9.8 69.76 8.3 77.1 5.5 87.5 

28 12.2 77.2 5.5 86.66 9.7 73.71 8.8 59.55 9.2 80.43 6.6 86.41 

29 12.3 70.5 6.6 84.69 10.5 61.9 8.9 72.41 8.3 77.39 6.2 85.99 

30 10.7 76.19 4.5 85.62 8.9 45.33 10 73.23 11.3 69.1 7.1 85.76 

 



 
 

Appendix C Sessile Drop Method data 

Table C.1. Difference between CA (SDM) of soils at 4 and 8% WC (g/g). 

 

Soil ID Water 
content  

∆ CA4-8%  Soil ID Water 
content  

∆ CA4-8%  

 8% 4%   8%      4%  

 CA   CA  

C1_15 90 97 7 Cf2_18 76 116 40 

C1_6 92 107 8 Cf2_21 94 109 15 

C1_7 100 113 13 Cf2_22 66 117 50 

C1_10 90 94 4 Cf2_26 83 104 22 

C1_12 93 104 11 Cf2_29 76 114 38 

C1_13 86 104 18 E_20 94 120 26 

C1_14 95 108 13 E_22 94 113 20 

C1_22 88 94 6 E_24 89 104 15 

C1_1 85 107 22 An_24 86 92 6 

C1_9 88 93 5 C2_30 92 99 7 

An_12 90 113 23 C2_23 96 102 6 

An_2 80 110 30 C2_12 94 94 0 

An_18 92 107 15 C2_21 91 98 6 

An_20 80 101 20 An_9 98 104 6 

An_25 82 105 23 C2_25 82 106 24 

C2_20 92 114 22     

C2_28 78 101 24     

C3_12 83 128 45     

C3_15 113 132 19     

C3_22 110 129 19     

C3_26 97 128 31     

C3_27 101 130 29     

C3_29 101 118 17     
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Appendix D: Soil organic matter and contact angle data 
 
Table D.1. Soil organic matter data and physical wettability data for soils. 
Contact angle (CA) from capillary rise (CRM) represents CA at various 
water contents (see Table 1 for water contents). Sessile Drop Method 
(SDM CA) is given for 8 and 4% water content (g/g). 

 

 

Soil ID Pas-FTIR SOM components SDM CA C:N CRM 

CA 

 Hydrophobic 

(A) 

Hydrophilic 

(B) 

A/B 8% 

Wc 

4% 

Wc 

  

C1_15 23.11 14.54 1.59 90.00 96.50 7.70 44.21 

C1_6 14.79 25.76 0.57 92.27 107.13 7.70 75.75 

C1_7 10.85 36.65 0.30 99.57 112.57 8.20 81.02 

C1_10 13.52 18.95 0.71 89.67 93.67 10.00 49.20 

C1_12 13.93 23.28 0.60 93.40 104.30 7.60 81.58 

C1_13 22.30 19.66 1.13 86.03 103.77 8.20 72.88 

C1_14 11.10 15.47 0.72 95.10 108.17 7.90 81.81 

C1_22 15.13 16.77 0.90 88.03 93.53 7.70 65.52 

C1_1 23.93 17.30 1.38 85.13 107.07 5.90 8.00 

C1_9 14.00 16.53 0.85 88.03 93.47 7.40 73.88 

An_12 13.53 22.64 0.60 90.43 112.97 8.30 78.56 

An_2 23.07 23.63 0.98 80.33 110.40 19.50 87.16 

An_18 23.02 27.24 0.85 91.73 107.10 17.20 76.95 

An_20 18.22 18.89 0.96 80.40 100.73 10.60 63.26 

An_25 13.97 21.12 0.66 82.20 105.07 12.50 78.53 

C2_20 19.27 18.33 1.05 92.30 114.47 3.70 55.33 

C2_28 17.83 19.14 0.93 77.50 101.20 5.10 80.43 

C3_12 24.58 26.30 0.93 82.67 128.07 6.60 81.46 

C3_15 20.17 24.58 0.82 112.53 131.93 8.20 86.87 

C3_20 16.21 12.27 1.32 80.83 ― 8.30 77.55 

C3_22 18.72 10.66 1.76 109.90 128.63 8.00 86.93 

C3_26 17.09 17.82 0.96 97.40 128.20 7.40 86.25 

C3_27 23.84 21.63 1.10 100.67 129.50 7.30 87.50 

C3_29 22.15 16.71 1.33 100.93 117.87 6.80 85.99 

Cf2_18 13.52 16.74 0.81 76.10 116.47 16.10 83.32 

Cf2_21 15.18 14.03 1.08 93.90 109.30 14.20 87.77 

Cf2_22 19.43 17.96 1.08 66.47 116.93 14.30 77.99 

Cf2_26 17.13 21.65 0.79 82.57 104.47 14.40 76.24 

Cf2_29 17.23 17.96 0.96 75.57 113.70 9.90 84.69 

E_20 14.08 23.67 0.59 93.70 119.57 3.90 36.36 

E_22 25.63 21.98 1.17 93.67 113.43 2.90 77.57 

E_24 19.44 32.37 0.60 89.20 103.93 1.50 46.18 

An_24 17.29 19.78 0.87 86.10 91.73 14.10 86.51 

C2_30 18.83 20.98 0.90 92.07 98.60 3.90 69.10 

C2_23 19.19 18.43 1.04 96.17 102.03 3.70 51.83 

C2_12 17.36 17.50 0.99 93.70 93.93 3.10 80.71 

C2_21 10.94 18.70 0.58 91.47 97.70 3.10 70.10 

An_9 21.46 15.03 1.43 98.03 104.17 9.00 60.97 

C2_25 17.53 23.94 0.73 81.53 106.00 3.70 75.61 
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Appendix E: Selected mid-infrared band assignments from literature 

Table E.1. Location of mid-infrared vibrational frequencies and associated 
functional groups. 

 

 

Band Origin Functional 

group 

Band 

centers 

(cm
-1

) 

Vibrational 

mode 

References 

Non-hydrogen 

bonded 

hydroxyls 

―OH ~3800-

3600 

Stretching Vinaykin and Benderskii, 2012 

(water)  

Du et al., 2010 (kaolin, smectite, 

illite) 

Frost et al., 2001(kaolin); Holgren et 

al., 1990 (peat) 

 

Hydrogen 

bonded 

hydroxyls 

(phenols, 

alcohols, water) 

H―OH ~3450-

3350 

Stretching Vinaykin and Benderskii, 2012 

(water); Pedersen et al., 2011 (OM);   

Du et al., 2007 (soils) 

Sharp et al., 2001 (aqueous 

solutions) 

Frost et al., 2001 (kaolin) 

Holgren et al., 1990 (peat) 

Baes and Bloom, 1989 (humic, 

fulvic acids) 

Alkyl carbon 

groups 

―CH ~2920, 

2850 

Asymmetric 

and symmetric 

stretch 

Ellerbrock et al., 2009 (SOM) 

Kacurakova et al., 1999 

(polysaccharides) 

Baes and Bloom, 1989 (humic, 

fulvic acids) 

Carbonyl of 

protonated 

carboxyl group 

― COOH ~1725 Stretching Eusterhues et al., 2011 (OM); 

Ellerbrock et al., 2005 (OM); Baes 

and Bloom, 1989 (humic, fulvic 

acids) 

Water H-O-H ~1645, 

1630 

(1650-

1600) 

Bend of 

covalent bond 

Frost et al., 2011 (kaolin); Marechal 

et al., 2011 (water);Pucci et al., 2008 

(SOM, protein); Grdadolnik and 

Marechal, 2000 (albumin) 

Carbonyl of 

carboxylate 

group 

―COO
-
 ~1631 Symmetric 

stretching 

Eusterhues et el., 2011 

(OM);Pedersen et al., 2011 (OM) 

Amide I 

carbonyl 

C=O (1660-

1600) 

Stretching Eusterhues et al., 2011 (OM); 

Pedersen et al., 2011 (OM); 

Takekiyo et al., 2009 (peptides); 

Ellerbrock et al., 2005 (OM); Walsh 

et al., 2003 (amino acids); 

Kacurakova et al., 1999 

(polysaccharides) 

Aromatic rings 

lignin 

molecules 

C=C ~1650, 

1606-

1594, 

1510 

Stretching Fialho et al., 2010; Kacurakova et 

al., 1999 (plant polysaccharides); 

Pedersen et al., 2011 (OM) 
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Appendix F: Infrared frequencies (wavenumber cm-1) for peak assignment 

Table F.1. Infrared frequencies (wavenumber cm-1) assigned to bands and 
peaks originating from organic and inorganic constituents. 

 

 

 

 

 

Date Author OM  IR 

Method 

 Wavenumber 

cm
-1

 

Assignment 

       

2012 Vinakykin 

& 

Benderskii 

Water SFG  3800-3600 Non-hydrogen 

bonded ―OH 

     3450-3350 Hydrogen 

bonded ―OH 

2011 Eusterhues 

et al. 

SOM FTIR  1725 C=O of COOH 

     1650 C=O of Amide  

     1548 N-H, C-N of 

Amide 

     1150 C-O-C of 

polysaccharides 

2011 Pedersen SOM Pas-

FTIR 

 3500-3200 ―OH of phenol, 

alcohol, COOH 
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Appendix G: Total organic nitrogen and carbon 

Table G.1. Total soluble organic nitrogen and carbon for 30 samples from 
each of six field sites.  

 

 

  

Total Soluble Organic Nitrogen and Carbon for soil samples 

                                                              mg kg 
-1

soil 

Circle 1 Circle 2 Circle 3 Circle An Circle Cf2 Circle E 

N C N C N C N C N C N C 

10.4 60.7 19.5 61.4 15.7 115.2 4.7 56.1 6.1 97.1 24.0 76.7 

9.8 57.6 17.7 67.4 15.4 102.0 3.7 71.8 6.4 97.3 27.1 78.2 

8.7 69.6 21.8 56.0 10.1 71.6 3.0 44.1 6.8 110.6 26.9 42.2 

9.0 68.7 28.8 86.1 11.6 77.7 3.8 50.3 8.7 128.1 28.0 71.4 

12.4 125.6 39.7 68.5 11.7 87.1 3.7 78.7 9.1 134.9 33.7 67.1 

10.0 77.0 32.9 77.5 16.0 116.2 5.7 49.2 8.6 129.2 32.4 60.5 

10.0 82.0 29.2 169.2 10.3 78.4 4.8 85.0 8.0 103.1 45.3 99.9 

10.4 90.5 25.9 70.7 12.9 160.5 4.0 59.6 8.1 131.3 20.2 49.9 

11.1 82.4 30.2 79.6 12.3 78.0 5.7 50.8 6.7 84.7 19.0 51.2 

11.6 117.2 23.9 69.7 13.9 89.0 8.3 85.0 9.6 98.5 34.4 61.3 

12.0 92.8 24.2 60.7 13.0 89.7 3.6 43.7 6.7 122.7 19.8 59.3 

8.5 64.6 19.0 58.2 12.1 79.9 4.3 35.3 8.2 137.3 35.6 76.8 

8.7 71.1 17.1 52.8 13.7 107.3 4.1 48.0 7.9 139.2 32.3 59.5 

13.4 106.4 26.3 108.4 9.8 62.2 25.4 196.1 11.1 133.6 25.2 58.1 

15.0 116.0 27.9 132.3 8.5 69.8 7.2 58.5 13.8 164.8 35.8 49.3 

9.8 61.4 17.5 67.0 13.5 106.8 2.8 51.3 5.4 69.2 32.0 80.0 

10.8 55.0 20.0 73.4 12.6 86.1 5.5 60.4 7.7 98.8 21.4 65.9 

8.8 46.4 14.9 66.4 20.0 139.1 4.0 68.0 6.9 110.9 26.4 91.0 

8.2 54.6 37.0 73.0 10.6 81.8 4.8 69.7 8.4 100.7 19.1 49.6 

10.8 92.2 20.8 78.5 12.8 106.4 3.8 40.0 10.5 106.4 21.3 82.7 

10.0 80.8 30.4 95.2 12.7 85.8 3.1 48.0 9.6 136.4 33.3 65.1 

11.7 89.8 19.7 91.1 10.6 85.0 4.7 74.9 7.1 101.2 32.1 94.8 

8.7 73.1 21.4 95.9 10.0 86.8 4.4 64.4 11.0 181.5 28.7 48.8 

8.8 56.2 15.2 67.1 12.3 125.5 8.8 106.0 7.3 97.4 35.4 52.0 

8.8 65.2 21.6 80.4 15.1 125.9 6.9 84.3 10.2 119.3 16.2 54.4 

10.5 122.2 19.6 71.6 14.6 108.6 7.1 88.5 8.7 118.8 27.7 68.5 

7.3 51.7 18.8 72.7 12.9 93.7 10.0 136.0 7.4 98.1 20.8 66.0 

6.1 49.8 14.2 71.9 17.3 139.9 5.6 56.4 10.9 141.1 31.1 59.6 

8.6 64.7 19.4 121.4 11.5 78.1 3.7 69.5 13.9 137.9 23.7 61.9 

13.7 108.0 21.4 137.8 14.3 77.7 3.8 50.0 16.1 156.6 20.8 74.1 
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Appendix H: Field site history and management approach 

Table H.1. Field-site history for 2001-2008. Field sites are categorized 
according to general approaches to soil management. Soil management 
approach  M1 represents filed sites that use no-till and/or rotate often with 
alfalfa, and M2 represents field sites that use conventional tillage and 
focus heavily on corn, onion and potato production. 

 

Field Site 

 An Cf2 E C1 C2 C3 

Management Approach 

Year M1 M1 M1 M2 M2 M2 

2001 Tall 
Fescue 

  Tall 
Fescue 

      

     1R       

2002 Tall 
Fescue 

Alfalfa Alfalfa Sweet 
Corn 

Alfalfa Shep 
Potato/  

           Mustard  

2003 Tall 
Fescue 

Alfalfa Alfalfa Chip 
Potato 

Alfalfa Sweet 
Corn 

             

2004 Tall 
Fescue 

Alfalfa Alfalfa Grass 
(seed) 

Chip 
Potato  

Chip 
Potato  

 1R Mustard/         

2005 Alfalfa Sweet 
corn 

Alfalfa Grass 
(seed) 

Sweet 
Corn 

Grass 
(seed) 

     DS       

2006 Alfalfa Chip 
Potato 

Tall 
Fescue 

Onion Chip 
Potato  

Grass 
(seed) 

             

2007 Alfalfa Onion Tall 
Fescue 

Chip 
Potato 

Onion Onions 

 DS           

2008 Bluegrass Wheat Tall 
Fescue 

Onions Sweet 
Corn 

Potato 
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Appendix I: Field site location 
 
 

 
 
Figure I.1. Aerial image of field-site locations. The study site was located 
in the Middle Columbia-Lake Wallula Watershed (45”47’15.21 N, 119” 
31’03.47 W). Thirty samples from each field site (outlined in black and 
white) were collected. Fields outlined in white represent fields that were 
analyzed and reported in this manuscript. Outlined area is enlarged and 
shown below in Fig. I.2. 
 

 
 
Figure I.2. Relative field-site location and indentification. 

Quincy soils

Associated soils

An

As23 1 E4

Cf2 Cf3

Csw
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Appendix J: A model for amphiphilic SOM 
 
 

 
 
Figure J.1. Model for amphiphilic SOM. When water comes into contact 
with hydrophobic SOM molecules a large contact angle is formed at the 
interface between water molecules and the soil particle surface (1). The 
soil surface is not wettable in this condition. Overtime, due to the presence 
of water, entropic processes start to drive the restructuring, or 
reorientation, of amphiphilic fragments (2). During this period of transition, 
the contact angle lowers, as water starts to form intermolecular bonds with 
some of the hydrophilic SOM molecules. Water begins to spread out over 
and wet the soil particle surface. Finally, a steady-state is achieved (3) in 
which most of the hydrophilic SOM is oriented toward the soil solution and 
most of the hydrophobic SOM is oriented away and shielded from the soil 
solution. The contact angle approaches zero and the soil particle surface 
is wettable. 
  

1) 2)

3)
Polar (hydrophilic)

Non-polar 

(hydrophobic)
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Appendix K: Quick Guide to Pas-FTIR 

 

1. Install Pas-FTIR accessory  

a. Always lift/ move Pas accessory by holding onto black, metal 

base.  

b. NEVER lift/ move the Pas accessory by the metal arms that 

attach the accessory to the metal base or by any other part 

of the accessory 

c. Securely plug white cable into the interlock connector on 

Nexus FTIR  

d. Secure black connector on the back of the PAS accessory to 

the three metal pins located next to the interlock connector 

on the Nexus FTIR 

2. Set pre-amp gain to “4” (clear knob on top of accessory) 

3. Make sure the white telephone connector next to the pre-amp 

control knob is secured 

4. Gently press the lever on the Pas accessory to the SEAL position 

5. IMPORTANT! SEAL SAMPLE CHAMBER NOW! 

6. Make sure gas gauge is properly attached 

7. Turn on helium tank 

8. Adjust helium flow from the gauge NOT the tank 

9. Helium flow should read between 5-7cc 

10. Turn on computer, log-in and click OMNIC icon on desktop 

11. Click “okay”… 
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Appendix K: Quick Guide to Pas-FTIR (Continued) 

 

12. Click on “Collect” in the gray menu bar at the top of the screen 

a. Click “Experimental set-up” 

b. Set the following parameters under the “collect” tab 

i. Resolution: 8cm-1 

ii. Number of scans: 100 

iii. Reference spectra browse to:  

C:\My Documents\OMNIC\Spectra\Kleber 

Spectra\March 31 BC Background 64.SPA 
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c. The “Collect” tab should look like this: 

  
 
Figure K.1. Screenshot (1) for Pas-FTIR set-up. 
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Appendix K: Quick Guide to Pas-FTIR (Continued) 

 
13. Next, open the “Bench” tab 

a. Set the following parameters under the “bench” tab: 

i. Sample compartment: Main 

ii. Detector: Photoacoustic 

iii. Beamsplitter: KBr (default) 

iv. Accessory: Photoacoustic 

v. Window: none 

vi. Max range: 4000 

vii. Min range: 400 

viii. Gain: 4.0 

ix. Velocity: 0.1581 

x. Aperature: 95 
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Appendix K: Quick Guide to Pas-FTIR (Continued) 

 

b. The “Bench” tab should look like this: 

 

 
 
Figure K.2. Screenshot (2) for Pas-FTIR set-up. 
  

  



129 
 

Appendix K: Quick Guide to Pas-FTIR (Continued) 

 
14. Open sample chamber by gently pressing lever to the “Open” 

position 

15. Load sample (See page 11 of Instrument Manual for photoacoustic 

cell) 

a. Make sure that sample volume does NOT extend past the 

rim of the brass sample cup holder or you will DAMAGE the 

microphone 

16.  Gently press lever to the “Open Purge” position. Leave in this 

position for 10-15 seconds (you may not need to purge for this long; 

test for the necessary amount of purge time needed for your 

samples by comparing spectra collected at various elapsed purge 

times) 

17. Gently lower lever to the “Sealed” position 

18. Click the “Collect Spectra” icon in the upper-left corner of the 

OMNIC screen 

19. Enter spectrum title and click “OK” 

20. Click “File” and save as a .SPA to your destination folder 

21. Click “File” and save as a .CSV to your destination folder 
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Appendix L: Quick guide for MaxTRAQ angle measurements 

1. Open MaxTRAQ program 

2. Navigate to the folder where .avi files are saved 

a. Open .avi file 

3. Click the ‘play’ video icon  

a. Watch video until desired frame is reached 

b. Click ‘stop’ at appropriate frame 

4. Click ‘digitize’ icon  

a. Lower right-hand side of screen 

5. Choose ‘3’ for the number of points 

a. Right-hand side of screen 

6. Place three points on image to indicate where angle is to be 

measured 

a. Use mouse to click the points consecutively 

7. Click on the ‘digitize’ icon again 

8. Click ‘activate angle tool’ icon 

a. Tool bar across top of screen 

9. Select ‘3-point’ option in box that appears in center of screen 

10. Click each of the three points previously marked with the mouse 

11. The angle measurement will appear on screen next to image 
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