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Abstract 

Quantifying clay is a fundamental step in predicting and managing soil behaviors 

such as nutrient and water retention.  However, clay measurements are underestimated 

in soils characterized by oxides and amorphous clay minerals using standard methods.  A 

series of laboratory experiments manipulating dispersant concentration and 

ultrasonication energy were implemented to improve accuracy of clay measurements in 

oxidic and volcanic ash soils.  A secondary objective explored the use of 1500 kPa water 

as a potential substitute for clay in predicting soil behavior, and the use of visible near-

infrared diffuse reflectance spectroscopy (VNIR-DRS) as a rapid means to predict      

1500 kPa water.  Increasing ultrasonication energy levels significantly increased 

measured clay for all oxide and volcanic ash soils, and the response was dependent on 

soil carbon, oxide content, and surface charge (ΔpH).  Microscopy revealed porous sand-

sized pumice in some soils, suggesting that conventional particle size analysis may not 

adequately capture surface area-related behavior.  Overall, while 1500 kPa water 

improved prediction of cation exchange capacity over measured clay in tropical oxidic 

and volcanic ash soils, the low regression statistics (R2<0.46) indicated that 1500 kPa 

water is not an appropriate substitute for clay.  VNIR-DRS accurately predicted 1500 kPa 

water, which may be useful in other applications of 1500 kPa water, such as estimating 

plant available water.  While this research demonstrated that clay measurements can be 

improved by ultrasonication, further research is needed on improving interpretations of 

measured clay and 1500 kPa water for tropical soils by considering the role other soil 

factors, like pumice content, surface charge, and organic matter, play on soil behavior. 
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Chapter 1. Introduction 

 Particle size distribution measures the relative amounts of sand, silt, and clay 

size particles in a soil, and it is one of the most commonly used properties in soil 

management due to the influence these particles have on physical and chemical 

processes in soil (Gee and Or 2002; Soil Survey Laboratory 2004).  Of the three particle 

sizes, clay particles are the smallest, with a diameter of less than 2µm (SSL 2004), and 

characterized by high specific surface area (Uehara and Gillman 1981).  Due to high 

surface area, clays greatly influence water retention (Nagendran and Angayarkanni 

2010), nutrient retention (Banin and Amiel 1971; Curtin and Rostad 1997; 

Wiriyakitnateekul et al. 2005), and carbon storage (Wichern and Joergensen 2009).  As a 

result of this fundamental role in soil behavior, clay measurements are often used to 

predict soil behavior in lieu of missing data or costly and time-consuming measurements 

(Minasny and Hartemink 2011).  Thus, quantifying clay is an important step in predicting 

and managing soil behavior. 

 The standard method to quantify clay in the United States is the pipette method.  

The pipette method is based on sedimentation as described by Stokes’ Law, in which 

particles of larger diameter, i.e. sand, settle faster than smaller particles, i.e. clay, under 

certain assumptions regarding resistance and particle shape (Gee and Or 2002; SSL 

2004).  To ensure accurate measurements for clay, the pipette method requires 

complete dispersion of soil aggregates into discrete sand, silt, and clay particles.  This is 

usually accomplished through three steps: 1) removing organic matter (OM), soluble 

salts, and other agents responsible for soil aggregation; 2) increasing repulsion between 
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soil particles via a chemical dispersant; and 3) physically separating aggregates via 

shaking (Gee and Or 2002).   

 Although the pipette method is the standard method for clay determination, 

measured clay is usually underestimated in highly weathered oxide-rich and volcanic ash 

soils of the tropics that are abundant in crystalline and amorphous oxides (El-Swaify 

1980; Uehara and Gillman 1981; Nanzyo et al. 1993a).  The binding and cementation of 

oxides and clay particles results in the formation of stable silt- and sand-sized 

aggregates, also called pseudosand, which resist dispersion by the standard pipette 

method and result in an underestimation of measured clay (Nanzyo et al. 1993a; Brady 

and Weil 2010).  Incomplete dispersion of pseudosands can lead to discrepancies 

between inaccurate measurements of clay and predictions of soil behavior, such as that 

of a volcanic ash soil rich in amorphous minerals with 140 g kg-1 measured clay retaining 

1340 g kg-1 water at -1500 kPa, nearly twenty times that of a temperate soil with similar 

measured clay (National Cooperative Soil Survey 2013).  Such inaccurate estimates may 

lead to inaccurate predictions of soil behavior, which can in turn negatively impact soil 

management.  Given the importance of clay in predicting soil behavior, it is necessary to 

either find ways to improve clay measurement procedures for these types of soils or 

identify alternative soil properties that can serve as a proxy for clay. 

 Increasing the concentration of the chemical dispersant in the pipette method 

and using ultrasonication in place of standard shaking are two simple and rapid 

techniques that potentially can improve dispersion in the standard method, having 

increased dispersion and clay measurements in past studies (Edwards and Bremner 
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1967; Gregorich et al. 1988; Zhang et al. 2005).  This thesis research examines whether 

either of these techniques improve dispersion and clay measurement for oxide-rich and 

volcanic ash soils.  In the instance that increasing concentration and ultrasonication 

cannot properly disperse these soils, the research will examine whether 1500 kPa water 

content, a soil property also related to soil surface area (McKeague et al. 1991; Petersen 

et al. 1996), is a suitable substitute for measured clay.  Visible near-infrared diffuse 

reflectance spectroscopy (VNIR-DRS) will be explored as a rapid means to predict     

1500 kPa water in order to enhance the use of 1500 kPa water as a predictor of soil 

behavior. 

 

1.1 Literature Review 

1.1.1 Chemical Dispersion  

 Chemical dispersion involves the repulsion of individual soil particles through 

chemical means (Gee and Or 2002).  In the pipette method, soils are chemically 

dispersed by first removing aggregating agents, such as OM and salts, and then adding a 

chemical dispersant, which consists of a monovalent cation and an anion (Gee and Or 

2002; SSL 2004).  In principle, the monovalent cation replaces other polyvalent cations 

on the soil surface by mass action and promotes particle repulsion via its large hydrated 

radius that increases the distance between soil particles.  The anion complexes the 

displaced polyvalent cations responsible for aggregation and increases the amount of 

negative charge on the soil surface, furthering repulsion and dispersion.  The dispersant 
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pH is also kept at alkaline conditions to increase net negative surface charge and 

repulsion (Bohn et al. 2001; Nguyen et al. 2009; Brady and Weil 2010). 

 Sodium hexametaphosphate (Na-HMP), with a sodium bicarbonate pH buffer, is 

the chemical dispersant used in the standard pipette method (Gee and Or 2002; SSL 

2004).  Moderately large clay contents near 700 g kg-1 clay were measured in oxide-rich 

soils of the tropics with Na-HMP (El Swaify 1980; de Carvalho et al. 1988).  Studies of 

Oxisols that compared the strength of different dispersants to Na-HMP, such as sodium 

hydroxide (de Carvalho et al. 1988; Neto et al. 2009) and lithium hydroxide (Mauri et al. 

2011), revealed Na-HMP was an equal or sometimes better dispersant.  Yet, these 

Oxisols were not as highly weathered as dispersion-resistant Acroperox soils that are 

characterized by low measurements of clay less than 240 g kg-1 (NCSS 2013).   

Dithionite-citrate-bicarbonate (DCB) is another chemical that has been used to disperse 

soils and shown to result in higher estimates of clay than Na-HMP and sodium hydroxide 

(Pinheiro-Dick and Schwertmann 1996; Zhang et al. 2005).  However, DCB should not be 

considered a dispersant because it completely alters the chemical structure of oxide 

minerals through chemical reduction (El-Swaify 1980; Courchesne and Turmel 2008).  As 

seen in these previous studies, limited improvement in dispersion resulted from the use 

of different dispersant types compared to Na-HMP (de Carvalho et al. 1988; Neto et al. 

2009; Mauri et al. 2011).   

 Manipulating dispersant concentration has not been studied as extensively as 

has dispersant type, but it may be a simple technique to improve dispersion.  For 

example, Zhang et al. (2005) found that doubling the standard Na-HMP concentration of 
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0.5 g L-1 increased measured clay by 5%, while tripling and quadrupling the 

concentration produced no further increases.  However, this study did not specify the 

soil order, making comparison with other soils difficult.  The lack of research regarding 

the manipulation of dispersant concentration for oxide and volcanic ash soils prompts 

additional study on this topic. 

 

1.1.2 Mechanical Dispersion  

Mechanical dispersion involves the application of mechanical energy to a soil, 

resulting in the breaking of bonds within soil aggregates through physical means.  

Common methods for mechanical dispersion are rubbing or shaking the soil in solution, 

with dispersion resulting from the physical abrasion of particles against each other.  

Mechanical methods are usually combined with chemical methods for increased soil 

dispersion (Gee and Or 2002; Zhang et al. 2005; Korah et al. 2009). 

 Overnight shaking for approximately 16 hours at 120 oscillations per minute is 

used as the standard physical method by the Soil Science Society of America and 

National Soil Survey Laboratory (Gee and Or 2002; SSL 2004), but other studies have 

manipulated shaking procedures in an attempt to improve particle size determination.  

Ogunwole et al. (2001) studied three shaking times (5min, 24 hours, 48 hours) on 

measured clay for an Alfisol and Ultisol.  The 24 hour shaking time increased clay by 

large amounts of 70 to 120 g kg-1, but negligible increases in clay were obtained with 

additional shaking at 48 hours.  Building upon longer shaking times, Brazilian 

researchers found additions of 20-30 g of coarse sand (diameter=0.5-2mm) to 10 g of 
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soil during shaking led to statistically significant increases in measured clay for Oxisols 

(Tavares-Filho and Magellan 2008; Korah et al. 2009).  However, in these studies that 

altered shaking procedures, the long shaking times, large amounts of sand added as 

compared to the soil, and the pretreatment steps of the sand prior to addition can 

potentially incur large costs and increase analytical time requirements, making these 

alternatives impractical for routine analysis. 

 A rapid alternative to standard shaking or addition of sand is ultrasonication.  

Ultrasonication involves the application of high-frequency sound waves to a solution via 

a rapidly oscillating probe.  These vibrational waves create microscopic bubbles in the 

solution, which release energy upon their collapse.  Large amounts of energy from this 

process, called “cavitation,” are thought to break the bonds that aggregate soil particles, 

resulting in soil dispersion (North 1976; Ensminger 1988; Gregorich 1988; Gee and Or 

2002). 

 Research has found ultrasonication to be a more effective form of mechanical 

dispersion than the conventional 16 hours of shaking.  Three studies reported that 

ultrasonication alone produced higher clay measurements than overnight shaking in a 

dispersing solution (Edwards and Bremner 1967; Gregorich et al. 1988; Yang et al. 2009).  

Ultrasonication also mechanically dispersed soils quickly in several studies, with times 

ranging from 5 to 30 minutes (Edwards and Bremner 1967; Gregorich et al. 1988; Hunter 

and Busacca 1989; Morra et al. 1991; Roscoe et al. 2000; de Sa et al. 2002; Oorts et al. 

2005; Yang et al. 2009; Kaiser et al. 2012).  These studies also tested increasing 

ultrasonication energy levels on dispersion by increasing ultrasonication times, and they 
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found increased energy levels increased measured clay.  Clay amounts increased up to 

700 g kg-1 in Ustox soils with the application of 90-300 J mL-1 (de Sa et al. 2000; Roscoe 

et al. 2000).  Hunter and Busacca (1989) observed clay measurements approaching a 

plateau of 200 g kg-1 in their Vitrand and Cryand soils with 400 J mL-1 of energy, and 

Gregorich et al. (1988) observed a similar clay plateau in an Inceptisol with up to       

1500 J mL-1.  However, limited ultrasonication work has been done on highly weathered 

and dispersion-resistant oxidic and volcanic ash soils.  Even the Vitrand and Cryand 

studied by Hunter and Busacca (1989) are naturally less weathered and characterized by 

lower amorphous oxide minerals and higher volcanic glass content than the dispersion-

resistant Hydrudands (Shoji et al. 1993), and thus are likely to have low clay values.  

Further investigation is needed to assess the effectiveness of increased ultrasonication 

energy levels to improve dispersion of resistant Oxisols and Andisols. 

 A possible limitation to the use of ultrasonication in clay measurements is the 

potential that high energy levels will damage primary minerals and give false results.  

Edwards and Bremner (1967) reported minimal damage to primary minerals when soil 

samples were ultrasonicated for less than 30 minutes but showed sand-sized particles 

could be reduced to clay particles when ultrasonicated for several days.  Hunter and 

Busacca (1989) analyzed soil particles with scanning electron microscopy (SEM) and 

found that ultrasonicating at levels greater than 400 J mL-1 damaged the surface of 

sand-sized particles.  Similar damage was observed on silt particles by Kaiser et al. 

(2012) with the application of 1500 J mL-1.  This indicates a need to assess potential 
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particle damage during ultrasonication studies in order to prevent inaccurate clay 

measurements. 

 

1.1.3 1500 kPa Water Content 

 1500 kPa water content is the amount of water retained in a soil at vacuum 

pressures of -1,500 kPa (Soil Science Society of America 2013).  1500 kPa water is also 

called the permanent wilting point due to the high suction pressures preventing this 

water from being taken up by plants, resulting in plant wilt.  For this reason, 1500 kPa 

water is an important measurement in calculating plant available water content (Brady 

and Weil 2010).  1500 kPa water is held on micropore surfaces inside soil aggregates 

(Sharma and Uehara 1968; Tsuji et al. 1975), with higher porosity and water retention 

suggesting higher internal and external aggregate surface (Brady & Weil 2010).  As such, 

studies have found 1500 kPa water and surface area to be highly correlated on a range 

of soils from Israel (r=0.95), Tanzania (r=0.91), and Denmark (r= 0.86) (Banin and Amiel 

1971; McKeague et al. 1991; Petersen et al. 1996). 

 Due to its strong relationship to surface area, 1500 kPa water is also linked to 

key surface-related properties.  1500 kPa water and cation exchange capacity at pH7 

(CEC7) were strongly correlated in Israeli (r=0.90), Danish (r=0.96), Hawaiian (r=0.73), 

and Indian soils (r=0.71) (Banin and Amiel 1971; Petersen et al. 1996; Jackman et al. 

1997; Nagendran and Angayarkanni 2010).  1500 kPa also predicted phosphorus (P) 

sorption (R2=0.75) better than other soil properties for Hawaiian soils (Jackman et al. 

1997).  These studies also found 1500 kPa water to be more correlated to surface area, 
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CEC7, and P sorption than measured clay (Banin and Amiel 1971; Jackman et al. 1997), 

which supported the argument for 1500 kPa water being an appropriate proxy for clay 

in predicting soil behavior.  However, most of these studies, with the exception of 

Jackman et al. (1997), did not use any dispersion-resistant soils, but even for Jackman et 

al. (1997), the small sample size studied was not robust enough to make such a 

conclusion for 1500 kPa water.  To examine the predictive capabilities of 1500 kPa water 

on key soil behaviors in tropical and volcanic regions, further study of 1500 kPa water is 

needed on a range of soil types, especially dispersion-resistant soils. 

 

1.1.4 Visible Near-Infrared Diffuse Reflectance Spectroscopy 

 Visible near-infrared diffuse reflectance spectroscopy (VNIR-DRS) has been 

proposed as a rapid and efficient method to estimate various soil properties including 

particle size distribution (Islam et al. 2003; Viscarra Rossel et al. 2006).  The approach 

involves applying different wavelengths of the electromagnetic spectrum (light) to an 

object, in this case soil, measuring the absorbance of certain wavelengths by the soil, 

and estimating a specific property by its absorbance spectra.  Spectroscopy consists of 

three wavelength regions: visible (400-700nm), near-infrared (700-2,500nm), and mid-

infrared (2,500-25,000nm) light (Islam et al. 2003; Siesler 2002; Workman and Shenk 

2004).  When different wavelengths are applied, certain bonds absorb specific 

wavelengths and vibrate at distinct energy levels.  These energy levels are called 

“absorption bands,” with multiple groups of absorption bands being called “overtones.”  

Majority of the strong overtones in the near-infrared (NIR) spectrum are derived from 
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the vibrations of CH, OH, and NH bonds.  Spectrophotometers measure the absorbance 

intensities of these overtones and overtone combinations at observed wavelengths, and 

statistical methods are used to calibrate reference data to the absorbance data in order 

to predict desired properties (Heise and Winzen 2002; Siesler 2002; Workman and 

Shenk 2004). 

 For the past 30 years, VNIR-DRS has been used to predict various soil properties, 

such as pH, carbon, and clay content (McCarty et al. 2002; Reeves III 2009; Viscarra 

Rossel et al. 2006).  VNIR-DRS predicted pH moderately well on a range of soil types 

from Australia (r2=0.71) (Islam et al. 2003).  McCarty et al. (2002) observed a high R2 of 

0.82 for organic carbon predictions just over the NIR range for Central US Mollisols and 

Alfisols.  Reliable predictions for measured clay by VNIR-DRS were also found for soils 

from Texas (R2=0.84) (Waiser et al. 2007) and Australia (R2=0.82) (Islam et al. 2003).  

However, VNIR-DRS predicted these properties more poorly in other studies (Chang et al. 

2001; Viscarra Rossel et al. 2006; Summers et al. 2011), which may have been due to 

diverse soil composition and bond types that limited the identification of specific 

overtones.  Spectroscopic analyses of a property characterized by simpler and discrete 

forms of OH, CH, NH bonds may provide more consistently accurate predictions by VNIR. 

 The water molecule is characterized by very strong absorption bands near 900, 

1400, and 1900nm due to the vibration of OH bonds (Ozaki 2002; Siesler 2002; De Matte 

et al. 2004; Malley et al. 2004; Mouazen et al. 2006; Viscarra Rossel et al. 2006; 

Summers et al. 2011).  These absorption bands have been used to measure water 

content in the food, medical, textile, and agricultural industries (Siesler 2002; Workman 
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and Shenk 2004).  Soil scientists such as Islam et al. (2003) and Mouazen et al. (2006) 

predicted moisture contents well for a range of Australian soils (R2=0.82) and Belgian 

Inceptisols (R2=0.88) respectively.  The prediction of 1500 kPa water by VNIR-DRS also 

resulted in reliable predictions, with R2 of 0.81 in temperate US soils (Chang et al. 2001) 

and R2 of 0.76 in tropical Kenyan soils (Kinoshita et al. 2012).  These studies suggest that 

VNIR-DRS technology may provide accurate and rapid measurements of 1500 kPa water, 

but lacking in the literature is the spectroscopic analysis of 1500 kPa water for volcanic 

ash and oxide-rich soils.  Additional study of VNIR-DRS predictions for these soil types is 

needed. 

 

1.2 Research Goal and Objectives 

 The goal of this thesis research is to improve the measurement of clay in tropical 

and volcanic ash soils rich in oxides and amorphous minerals.  To achieve this goal, this 

study consists of the following objectives: 

1) Evaluate the effects of increasing dispersant concentration and ultrasonication 

energy levels on clay determination for oxide-rich and volcanic ash soils that 

resist dispersion. 

2) Evaluate and compare the predictive capabilities of 1500 kPa water content to 

measured clay for key surface-related soil behaviors in oxide-rich and volcanic 

ash soils. 

3) Assess the use of VNIR-DRS to rapidly and accurately predict 1500 kPa water 

content across a range of tropical soils. 
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This thesis research is presented in two chapters.  The first chapter focuses on 

improving dispersion and clay measurements by increasing Na-HMP concentration or 

ultrasonication energy level on a range of oxide-rich and volcanic ash soils.  The second 

chapter sets out to evaluate the relationship between 1500 kPa water and key soil 

behaviors, namely CEC7 and P retention, in order to determine if 1500 kPa water can 

serve as an appropriate substitute for clay when particle size data is inaccurate or 

unavailable.  Upon establishing the application of 1500 kPa water in predicting soil 

behavior, the ability of VNIR-DRS to accurately predict 1500 kPa water was analyzed.   
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Chapter 2. Improving Clay Measurements for Oxide-Rich and Volcanic Ash 
Soils with Increased Sodium Hexametaphosphate 
Concentration and Ultrasonication Energy Levels 

2.1 Introduction 

 Soil texture is a measure of the particle size distribution in soil, and it is a key soil 

property affecting physical and chemical behaviors of soil.  Clay particles, the smallest 

particle size class, are characterized by high specific surface area, ranging from             

30-80 m2 g-1 for 1:1 clay minerals and oxide minerals to as much as 400-1100 m2 g-1  for 

amorphous minerals (Carter et al. 1965; Perrott 1977; Borggaard 1983; Wada 1985).  It 

is because of this high surface area that the clay fraction exerts such a dominant role in 

determining soil behavior.  Indeed, clays have a strong influence on soil water retention 

(Nagendran and Angayarkanni 2010), cation exchange capacity (Banin and Amiel 1971; 

Curtin and Rostad 1997), phosphorus retention (Cox 1994; Wiriyakitnateekul et al. 2005), 

carbon and nitrogen storage (Wichern and Joergensen 2009), and microbial activity 

(Muller and Hoper 2004).  Given the critical role of clay particles in key soil processes, 

quantifying clay is an important step for predicting and managing soil behavior. 

 The standard method for measuring clay is the pipette method, which is based 

on the principle of sedimentation as described by Stoke’s Law (Soil Survey Laboratory 

2004).  In order to apply the principles of Stoke’s Law towards particle size 

determination, the complete dispersion of soil aggregates into discrete soil particle 

fractions is a fundamental requirement.  Dispersion is accomplished through chemical 

and physical treatments of the soil sample (Gee and Or 2002).  However, the 



14 
 

effectiveness of these standard treatments is questionable for some of the highly 

weathered oxidic soils of the tropics and volcanic soils composed of amorphous 

minerals.  In these soils, a combination of bonding between iron and aluminum oxide 

surfaces with organic matter (Alekseeva et al. 2009; Igwe et al. 2009), electrostatic 

attraction and bonding among oxide and amorphous minerals (Uehara and Gilman 

1981; Huygens et al. 2005), or irreversible drying of amorphous gel mixtures leads to the 

formation of stable silt and sand size aggregates (Uehara and Gilman 1981; Nanzyo et al. 

1993a).  These strongly bonded, cemented aggregates resist dispersion using standard 

methods, and as a result, measured clay is underestimated while silt and sand fractions 

are overestimated using the standard pipette procedure (Nanzyo et al. 1993; Gee and 

Or 2002). 

 The underestimation of clay can lead to discrepancies between measured clay 

and predictions of soil behavior.  To illustrate this problem, consider a Mollic Haploxeralf 

from the temperate Continental USA with reported 154 g kg-1 clay and 68 g kg-1        

1500 kPa water content in the B horizon.  The relatively low clay content is congruent 

with the very low water holding capacity at the permanent wilting point.  A Typic 

Epiaquert with 572 g kg-1 clay has, as expected, a relatively higher water holding 

capacity at 210 g kg-1 1500 kPa, following the logic that more clay results in higher water 

retention.  However, measured clay and water retention data of an oxide-rich Anionic 

Acroperox from Hawaiʻi provides an example of the problem: the B horizon clay 

measurment of 122 g kg-1 for the Acroperox, similar to that of the Haploxeralf, retains 

202 g kg-1 water at 1500 kPa, indicating significant surface area and micropore sites 
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inconsistent with the low reported clay value.  This discrepancy between measured clay 

and 1500 kPa water content is more dramatic and disconcerting in a highly weathered 

Hydrudand soil, which has a reported clay content of 147 g kg-1 but a 1500 kPa water 

content of 1342 g kg-1 (National Cooperative Soil Survey 2013).  These misleading results 

are an artifact of the standard pipette method, which overestimates sand and silt 

particles and underestimates the clay fraction because it fails to properly disperse soils 

rich in oxides and amorphous minerals.   

Adjustment of the chemical dispersant has been proposed as a simple way to 

improve clay determination using the pipette method.  Chemical dispersants repel 

discrete soil particles via one of three mechanisms: 1) cations of large hydrated radii 

increase the double diffuse layer between particles; 2) anions both complex polyvalent 

cations in solution and increase negative charge on the soil surface; 3) pH buffers 

deprotonate soil surfaces to increase net negative surface charge (Bohn et al. 2001; Gee 

and Or 2002; SSL 2004).  Buffered sodium hexametaphosphate (Na-HMP) is the 

dispersant used in the standard pipette method (SSL 2004).  Studies have already 

compared different dispersant types to Na-HMP, and Na-HMP has provided equal or 

better dispersion than other dispersants such as sodium hydroxide (de Carvalho et al. 

1988; Neto et al. 2009) or lithium hydroxide (Mauri et al. 2011).  Asio et al. (2000) 

reported Na-HMP as being ineffective for amorphous soils, but Na-HMP in this study 

was not buffered to alkaline conditions, so it could not increase net negative surface 

charge to a level necessary for dispersion (Nanzyo et al. 1993; Nakagawa and Ishiguro 

1994).  The effect of dispersant concentration has not been studied as extensively as 
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dispersant type.  Zhang et al. (2005) reported that doubling the standard Na-HMP 

concentration of 0.5 g L-1 increased measured clay by 5%, while tripling and quadrupling 

concentration produced no further increases.  However, similar to Asio et al. (2000), the 

unbuffered Na-HMP solution used did not buffer pH for the oxidic soils studied to 

necessary alkaline levels (El Swaify 1980; Mauri et al. 2011), which may have limited 

dispersion.  The apparently little known effect of dispersant concentration for oxide and 

amorphous-rich soils prompts additional study on this topic. 

In addition to chemical dispersants, mechanical methods are also an essential 

step in the pipette method used to increase dispersion efficiency (Gee and Or 2002).  

Standard mechanical dispersion involves shaking the soil sample in solution, with the 

collision and abrasion of particles against each other physically separating individual soil 

particles, allowing them to interact with the chemical dispersant (Gee and Or 2002; 

Zhang et al. 2005).  Studies that manipulated shaking times on oxide-rich Alfisols and 

Ultisols found increasing shaking times up to 24 hours greatly increased dispersion 

(Ogunwole et al. 2001).  Building upon longer shaking times, Brazilian researchers found 

additions of 20-30 g of coarse sand (diameter=0.5-2mm) to 10 g of soil during shaking 

significantly increased estimates of clay in Oxisols (Tavares-Filho and Magellan 2008; 

Korah et al. 2009), but the large amounts of sand required as compared to soil and the 

pretreatment steps for the sand prior to addition may be impractical for routine analysis.  

If mechanical methods are also to be explored, improved techniques should be rapid 

and both time and cost effective. 
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 Ultrasonication is a rapid technique used to disrupt soil aggregates, and it has 

been demonstrated to be an attractive alternative to standard shaking.  Three studies 

reported that ultrasonication alone not only produced higher measurements of clay 

than 10-16 hours of shaking but also dispersed soils quickly, with times at which clay 

plateaued ranging from 5-30 minutes (Edwards and Bremner 1967; Gregorich et al. 

1988; Yang et al. 2009).  Many studies have also found increasing ultrasonication energy 

levels increased soil dispersion and measured clay (Edwards & Bremner 1967; de Sa et al. 

2002; Gregorich et al. 1988; Hunter & Busacca 1989; Morra et al. 1991; Oorts et al. 

2005; Roscoe et al. 2000; Yang et al. 2009).  These energies ranged from 90-300 J mL-1 in 

Ustox soils (de Sa et al. 2000; Roscoe et al. 2000), 400 J mL-1 in Vitrand and Cryand soils 

(Hunter and Busacca 1989), and up to 1500 J mL-1 in Entisols and Inceptisols (Gregorich 

et al. 1988; Kaiser et al. 2012).  However, Hunter and Busacca (1989) and Kaiser et al. 

(2012) observed damage to sand and silt particles with energy application above 400 

and 1500 J mL-1 respectively, which may result in inaccurate particle size distributions.  

This indicates a need to assess potential particle damage during ultrasonication studies.  

Also, with the exception of Roscoe et al. (2000) and Hunter and Busacca (1989), the 

analysis of ultrasonication on improving dispersion for resistant oxide and amorphous 

rich soils is lacking in the literature.   To evaluate the improvement of clay determination 

using ultrasonication for these soil types, a range of ultrasonication energy levels should 

be studied on an array of oxide and volcanic soils.   

 Given the current uncertainties associated with clay measurements in tropical 

soils rich in oxide and amorphous minerals and the need to identify potential 
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improvements in determining particle size distribution, the present research consisted 

of the following two primary objectives: 

1) Evaluate the effect of increasing chemical dispersant concentration 

on clay determination for oxide and amorphous rich soils that resist 

dispersion. 

2) Evaluate the effect of increasing ultrasonication energy levels on 

measured clay. 

With respect to the first objective, increased dispersant concentration was hypothesized 

to increase clay measurements by increasing electrostatic and molecular repulsion 

between particles.  For the second objective, increased ultrasonication energy level was 

hypothesized to separate aggregated particles more effectively than standard shaking.  

The resistance to dispersion, or the energy required for the complete dispersion of 

aggregated particles, was also hypothesized to increase with higher concentrations of 

carbon, iron, and aluminum, especially with high surface area amorphous forms, based 

upon the important roles these constituents play in controlling the aggregation of clay 

and silt particles (Huygens et al. 2005; Li et al. 2005; Igwe et al. 2009). 
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2.2 Materials and Methods 

2.2.1 Chemical Dispersion 

 To address the first objective and hypothesis regarding the effect of chemical 

dispersant, a chemical dispersion experiment was conducted using four soils with 

increasing resistance to dispersion: the Lualualei (Fine, smectitic, isohyperthermic Typic 

Gypsitorrert), Leilehua (Very-fine, ferruginous, isothermic Ustic Kanhaplohumult), Haliʻi 

(Fine, ferruginous, isothermic Anionic Acroperox), and Hilo (Medial over hydrous, 

ferrihydritic, isohyperthermic Acrudoxic Hydrudand) soils.  Characterized by shrink-swell 

2:1 clay minerals that disperse easily, the Lualualei soil served as a control in this 

experiment.  Soils were collected from agricultural lands that are currently not in 

production, with dominant vegetation being grasses such as guinea grass (Megathyrsus 

maximus).  Soils were collected from the 0 to 15 cm depth.  Soil samples, except for the 

Andisol, were air-dried at ambient conditions over two days, sieved to <2 mm, and used 

for further analyses.  As Andisols are known to irreversibly dry (Nanzyo et al. 1993), they 

were sieved to <2 mm in field-moist conditions and stored at approximately 5°C in 

sealed containers to prevent moisture loss.   

Particle size analysis was conducted using the standard Natural Resources 

Conservation Service (NRCS) pipette method (Soil Survey Laboratory 2004), and all 

samples were run in triplicate.  Briefly, 10 g of oven-dry-equivalent soil were pretreated 

for organic matter removal using 37.5 mL of 30% hydrogen peroxide solution and 

subsequently treated to remove soluble salts by aspirating soils with deionized water 

using a filter candle vacuum assembly.  The quantity of applied hydrogen peroxide was 



20 
 

fixed at 37.5 mL due to the prevalence of manganese oxides in some Hawai‘i soils, which 

catalyze and excessively prolong the organic matter decomposition step (Gee and Or 

2002).  Pretreated soil samples were then treated with a sodium hexametaphosphate 

(Na-HMP) solution buffered with sodium bicarbonate.   

Three concentration levels were compared, the NRCS standard of 0.4408 g L-1 

Na-HMP, approximately double the standard concentration (0.8008 g L-1), and nearly 

triple the standard concentration (1.1606 g L-1).  Samples were shaken at 120 

oscillations min-1 for 16 hours, sand particles were separated by sieving to <0.047mm, 

and silt and clay particles were pipetted based on Stoke’s Law assuming a particle 

density of 2.65 g cm-1.  Sand (2000-50µm), silt (50-2µm), and clay (<2µm) fractions were 

oven dried at 110°C for 16 hours, and percentages were calculated based on the 

following equations (Eq. 1-5): 

Clay % = 100 x ((Clay Weight – Dispersant weight) x (40/10 g Oven-dry soil))         [1] 

Fine Silt % = 100 x ((Silt Weight-Dispersant weight) x (40/10 g Oven-dry soil)) -  

Clay %                [2] 

Coarse Silt % = 100 - (Clay % + Fine Silt % + Sand %)            [3] 

Silt % = Fine Silt % + Coarse Silt %              [4] 

Sand % = (Sand Weight /10 g Oven-Dry Soil) x 100               [5] 

where 40 is the ratio of 1000mL of suspension/25mL pipetted, and clay, silt, and sand 

weights are the oven-dry aliquot or sieved weights.  Sand, silt, and clay percentages 

were converted to gram of particles (sand, silt, clay) per kilogram of oven dry soil to 

conform to the International System of Units.  Linear and nonlinear regression of sand, 
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silt, and clay data were conducted in SigmaPlot version 10.0 (Systat Software, Inc., San 

Jose, CA). 

 

2.2.2 Mechanical Dispersion 

 To address the second objective and hypothesis, an ultrasonication experiment 

was conducted to determine if increasing ultrasonication energy levels could increase 

dispersion and measurements of clay for soils rich in oxides and amorphous minerals.  

Ten Hawaiian soils and one Californian soil, representing diverse soil mineralogy and 

degrees of weathering, were collected from agricultural lands that are currently not in 

production.  The Maile and Honoka‘a soils were collected from undisturbed sites on 

pasture and native forest lands, respectively.  Samples were collected from the 0 to 15 

cm depth.  The Lualualei and Salinas served as controls in this experiment, being 

characterized by easily dispersed minerals.  Soil taxonomic information of these soils is 

presented in Table 1.   

Prior to ultrasonication, the power output of the sonicator unit was calibrated 

calorimetrically using methods described by North (1976) and Roscoe et al. (2000), using 

Equation 6: 

P=[(mw*cw + Ccont)(ΔT/t)] + H    [6] 

where P is calculated power (W), mw is the mass of water (g), cw is the specific heat of 

water (4.186 J g-1 °C-1), Ccont is the heat capacity of the container (J °C-1), ΔT is the 

temperature change (°C), t is the time of sonication (s), and H is the rate of energy loss 

out of the system (J s-1).  The heat capacity of the container (Ccont) was measured by 
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heating 50 g of water (m1) to 50 °C (T1), adding the heated water to another 50 g of 

water (m2) at room temperature (T2), and measuring the equilibrium temperature (T3).   

The heat capacity was then calculated through the following equation: 

Ccont=m1cw[(T1-T2)/(T3-T2)] – m2cw   [7] 

where cw is the specific heat of water.  Rate of energy loss (H) was measured by heating 

100 g of water (mw) to approximately 50°C using the ultrasonic probe and then 

measuring the rate of heat loss.  The Equation 8 was used to calculate H: 

H=(mw*cw)(ΔT/t)     [8] 

where cw is the specific heat of water, ΔT is change in temperature (°C), and t is the total 

time of temperature change (s).  Once the output power was calculated, energy output 

was calculated from the following equation: 

E=(P*t)/V           [9] 

where E is energy output (J mL-1 suspension), P is calculated power (W), t is the time of 

ultrasonication (s), and V is volume of the suspension (mL).  The volume of the 

suspension was calculated using the bulk density of 2 mm sieved soil and the volume of 

water added to each soil sample.  Bulk density of 2 mm sieved soil was estimated by 

packing sieved soil into a 10 mL graduated cylinder and oven-drying the packed sample 

for 24 hours. 
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Table 1. Soil classification, chemical, and physical properties 

Soil Series Classification 
pH DI 
H2O 

pH 1 M 
KCl 

Bulk 
Density 

Total 
Carbon 

FeDC FeHH AlDC AlHH 

    
(g cm

-3
) ---------------------- (g kg

-1
) --------------------- 

Lualualei Fine, smectitic, isohyperthermic Typic Gypsitorrerts 7.18 5.52 1.16 10.63 12.12 4.10 3.11 5.47 

Salinas Fine-loamy, mixed, superactive, thermic Pachic 
Haploxerolls 
 

6.58 5.69 1.34 12.10 0.90 1.98 0.18 1.41 

Leilehua Very-fine, ferruginous, isothermic Ustic Kanhaplohumults 4.63 4.00 0.92 39.40 103.22 4.48 13.76 5.46 

Moloka'i Very-fine, kaolinitic, isohyperthermic Typic Eutrotorrox 6.91 6.08 1.07 14.67 95.17 2.55 7.20 3.27 

Wahiawa Very-fine, kaolinitic, isohyperthermic Rhodic Haplustox 5.89 5.00 0.89 20.00 77.23 2.20 6.03 5.34 

Pa'aloa Very-fine, sesquic, isothermic, humic Rhodic Kandiudox 4.91 4.02 0.84 36.23 178.77 7.06 15.72 5.04 

Kapa'a Very-fine, sesquic, isohyperthermic Anionic Acrudox 4.58 4.20 0.69 60.40 209.70 5.96 41.04 6.15 

Hali'i Fine, ferruginous, isothermic Anionic Acroperox 5.11 4.80 1.16 26.50 237.38 4.76 42.93 3.17 

Hilo Medial over hydrous, ferrihydritic, isohyperthermic 
Acrudoxic Hydrudands 

 

5.71 5.54 0.47 52.27 132.92 41.29 42.97 41.12 

Honoka'a Hydrous, ferrihydritic, isothermic Acrudoxic Hydrudands 4.96 4.31 0.25 145.93 134.37 36.97 36.96 27.96 

Maile Hydrous, ferrihydritic, isothermic Acrudoxic Hydrudands 5.37 4.17 0.32 232.50 114.78 72.47 19.48 21.24 

 

*Taxonomic information retrieved from: Soil Survey Staff, Natural Resources Conservation Service, United States Department of Agriculture. Official Soil Series 
Descriptions. Available online at http://soils.usda.gov/technical/classification/osd/index.html 
 
*pH DI H2O= soil pH measured in 1:10 ratio of soil:deionized water;  pH 1 M KCl=soil pH measured in 1:10 ratio of soil:1 M potassium chloride;  FeDC= dithionite-
citrate extractable iron;  FeHH=hydroxylamine hydrochloride-hydrochloric acid extractable iron; AlDC= dithionite-citrate extractable aluminum;                        
AlHH= hydroxylamine hydrochloride-hydrochloric acid extractable aluminum 
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The NRCS pipette method as described previously was used to measure the 

amount of clay in all eleven soils, with the following modifications: 1) the NRCS standard 

Na-HMP concentration of 0.4408 g L-1 was fixed for all samples; 2) mechanical 

dispersion included the NRCS standard shaking for the lowest energy level and 

ultrasonication for higher energy levels; and 3) the pH of each sample was buffered at 

pH 10 using 5 M sodium hydroxide.  This pH level was found by other researchers to 

improve dispersion conditions in variably charged oxidic and volcanic soils by increasing 

the pH far above the zero point of net charge, increasing the amount of net negative 

charge (Nanzyo et al. 1993; Nakagawa and Ishiguro 1994; Asio et al. 2000).  The pH of 

the Lualualei soil was not buffered because it was easily dispersed, partially due to the 

dominance of 2:1 clay minerals that are characterized by high net negative charge.   

Soil samples were placed in suspension using deionized water and a soil:water 

ratio of 1:10, as indicated by Christensen (1992).  The Lualualei, Salinas, Leilehua, Hilo, 

and Haliʻi soils were run in triplicate, while the other soils were run in duplicate.  Soil 

suspensions were sonicated using a Fisher Scientific Model 505 Sonic Dismembrator 

(Fisher Scientific, Waltham, MA), with a probe of 13.6 cm length and 1.3 cm diameter.  

Five energy levels were imposed: 0 J mL-1 (control consisting of standard shaking),       

100 J mL-1, 200 J mL-1, 400 J mL-1, and 1600 J mL-1.  de Sa et al. (2002) found that          

100 J mL-1 effectively dispersed an Ustox, while Hunter and Bussaca (1989) and Kaiser et 

al. (2012) found 400 and 1500 J mL-1 damaged primary soil particles of a Vitrand and an 

Entisol, respectively.  The sonicator probe was submerged 3.8 cm below the soil 

suspension surface, and temperatures were kept below 35°C using an ice bath to 
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maintain cavitation efficiency (Christensen 1992; de Sa et al. 2002; Roscoe et al. 2000; 

Schmidt et al. 1999).  Pipetting and the determination of clay, silt, and sand fractions 

followed procedures described previously.  The Lualualei and Salinas soils served as 

controls in this experiment.   

 Potential damage of soil particle surfaces by ultrasonication was assessed 

qualitatively using scanning electron microscopy (SEM).  Clay and sand fractions from 

the Salinas, Leilehua, Haliʻi, Hilo, Honoka‘a, Maile, and Moloka‘i soils were oven-dried 

and adhered to aluminum holders with carbon tape and sputtered with gold-paladium. 

Dried silt fractions were not analyzed because pipetted silt aliquots contained both silt 

and clay fractions.  Only particles from the 0 J mL-1 level and energy level at which clay 

plateaued were analyzed.  Samples were analyzed using a Hitachi S-4800 Field Emission 

Scanning Electron Microscope (Hitachi High-Technologies Corporation, Northridge, CA) 

with Oxford INCA X-Act Energy Dispersive Spectroscopy (EDS) System (Oxford 

Instruments, Scotts Valley, CA).  SEM analyses were conducted at 5 keV, 10 µA, and a 

working distance of 15 mm.  SEM images analyzed with EDS were conducted at 20 keV, 

20 µA, and a 15 mm working distance. 

To investigate the mechanisms of soil aggregation and their relationship to 

dispersion, the slopes of measured clay increase per each energy level increase were 

regressed on soil ΔpH, total soil carbon, and selected iron and aluminum fractions.  Soil 

pH was measured in a 1:1 soil/solution suspension using either deionized water or a 1 M 

KCl solution.  ΔpH was calculated as the difference of pH in deionized water subtracted 

from the pH in KCl (Thomas 1996).  Total soil carbon (C) content was measured using a 
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Costech ECS 4010 CHNSO elemental analyzer (Costech Analytical Technologies, Inc., 

Valencia, CA).  Sodium dithionite-citrate (DC) and hydroxylamine hydrochloride-

hydrochloric acid (HH) were used to extract total free and amorphous iron and 

aluminum fractions, respectively.  Sodium DC extractable iron (FeDC) and aluminum 

(AlDC) were determined following the modified methods of Holmgren (1967), and HH 

extractable iron (FeHH) and aluminum (AlHH) following the modified methods of Ross, 

Wang, and Schuppli (1985) (Loeppert and Inskeep 1996; Courchesne and Turmel 2008).  

These extractions produced comparable results to the sodium dithionite-citrate-

bicarbonate (Sheldrick and McKeague 1975) and ammonium oxalate procedures (Chao 

and Zhou 1983; Ross et al. 1985).  Ammonium oxalate also can mistakenly dissolve 

crystalline oxide minerals, such as magnetite that is found in volcanic ash soils of Hawai‘i 

(Ross et al. 1985; Parfitt et al. 1988).  Hydroxylamine hydrochloride is known to dissolve 

considerably less amounts of crystalline oxides, such as magnetite, than ammonium 

oxalate (Chao and Zhou 1983; Ross et al. 1985), so hydroxylamine hydrochloride was 

chosen over ammonium oxalate to extract for amorphous oxides.  Iron and aluminum 

concentrations were measured by inductively coupled plasma optical emission 

spectroscopy (ICP-OES) using a Perkin Elmer Optima 7000 DV ICP-OES (Perkin Elmer, 

Waltham, MA).  All analyses were conducted in triplicate, except for the iron and 

aluminum extractions that were run in duplicate. 

 Linear and nonlinear regression of sand, silt, and clay data were conducted in 

SigmaPlot version 10.0 (Systat Software, Inc., San Jose, CA).  Nonlinear regression 
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consisted of the quadratic (Eq. 10), exponential rise to maximum (Eq. 11), and 

exponential decay equations (Eq. 12): 

y= ax + bx2 + c      [10] 

y=y0 + a(1-e-bx)      [11] 

y=y0+ae-bx     [12] 

The most appropriate model was selected based upon Kolmogrov-Smirnov normality, 

constant variance, lower P value, and lower mean square error (MSE).  Slopes of clay 

increases per increase in energy level were calculated and regressed on total C, FeDC, 

FeHH, AlDC, AlHH, and ΔpH using the three regression equations described above, but an 

intercept (y0) was not fitted to each equation in order to improve the fit of the 

regression.  In fitting these models, a variance inflation factor ≤ 10 was required.  The 

previously mentioned criteria were also used to select the most appropriate model.   
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2.3 Results  

2.3.1 Dispersant Manipulation 

 Contrary to what was hypothesized, increasing Na-HMP concentrations resulted 

in small changes in measured clay for the Hali‘i and Hilo soils and no change for the 

Leilehua soil (Fig. 1).  Increasing Na-HMP concentrations resulted in statistically 

significant (P=0.025) increases in clay measurements for the Hali‘i soil, but the changes 

in clay were negligible, increasing from 26 g kg-1 at the standard concentration to          

40 g kg-1 at triple the standard concentration.  Similarly, increasing Na-HMP significantly 

increased additions of clay particles in the Hilo soil (P=0.027), a Hydrudand, though 

these increases were also small.  Doubling and tripling Na-HMP for the Hilo only 

released an additional 80 and 50 g kg-1 of clay, respectively, to the 137 g kg-1 measured 

by the standard method.  Measured clay values for the Hilo at the doubled and tripled 

concentrations bordered the clay asymptote of 207 g kg-1 from the regression model. 

 

Figure 1. Clay contents of three Hawaiian soils with increasing Na-HMP concentrations 
    *Significant at P<0.05 
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Figure 2. Silt contents of three Hawaiian soils with increasing Na-HMP concentrations 
  *Significant at P<0.05 

 

This suggested that further increases in concentration above the double and triple 

concentrations would not further increase measured clay in the Hilo soil.  Silt 

measurements for the Hilo soil decreased (P=0.016) from 366 g kg-1 at the standard    

Na-HMP level to 296 g kg-1 at the triple level (Fig. 2).  The data implied that clay 

additions with increasing Na-HMP concentrations for the Hilo soil originated from the 

silt fraction.  Statistically significant changes in the silt and sand fractions were not 

observed in the Hali‘i and Leilehua soils.  No significant response from increased          

Na-HMP concentration was observed in the Lualualei soil (y=700.54 – 2.58x; P=0.874); 

clay levels remained constant across the standard, double, and triple concentrations. 

 

2.3.2 Ultrasonication Manipulation 

 In support of the second hypothesis, increasing ultrasonication energy levels 

significantly (P<0.0001) increased clay measurements in nine of the eleven soils studied       
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(Fig. 3-5).  These clay additions with ultrasonication came with associated decreases in 

the sand and silt fractions.  The magnitudes of the silt and sand decreases were nearly 

equal to the clay increases, which suggested the transfer of particles from sand and silt 

fractions into the clay fraction with ultrasonication.  Despite overall increases in clay for 

these soils, three distinct responses to ultrasonication were observed in particle size 

distributions.  The first response was characterized by sharp increases in measured clay 

at the first energy level followed by a plateau at the remaining energy levels.  This  

 

 

Figure 3. Particle size distributions with clay plateaus at 100 J mL-1 for a) Leilehua,             
b) Wahiawa, c) Pa‘aloa, and d) Honoka‘a soils  *Significant at P<0.05 

 

a b 

d c 
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response was observed in the Leilehua (Kanhaplohumult), Wahiawa (Haplustox), Pa‘aloa 

(Kandiudox), and Honoka‘a (Hydrudand) soils (Fig. 5a-d), which corresponded to 

respective increases in measured clay of 143, 317, 188, and 273 g kg-1.  Sand and silt 

fractions reached minima at similar energy levels that produced plateaus in the clay 

fraction, and changes in the sand and silt fractions as a whole were similar in magnitude 

to increases in the clay fraction. 

The second response was characteristic of the Hali‘i, Hilo, Kapa‘a, and Moloka‘i 

soils (Fig. 4a-d), where clay measurements increased at a more gradual rate and  

 

 
Figure 4. Particle size distributions with clay plateaus at 1600 J mL-1 for a) Hali‘i, b) Hilo, 

c) Kapa‘a, and d) Moloka‘i soils  *Significant at P<0.05 

a b 

c d 
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approached plateaus at the highest energy level of 1600 J mL-1.  Clay increases over the 

entire energy range were large for all four soils; increases in clay for the Hali‘i, Hilo, 

Kapa‘a, and Moloka‘i were respectively 523, 324, 574, and 592 g kg-1.  Clay plateaus 

estimated from the regression models suggested that further increases in the clay 

fraction were still possible in the Hali‘i and Kapa‘a soils, but were reached in the 

Moloka‘i and Hilo soils.  Similar to the first response, sand fractions approached 

apparent asymptotes at 1600 J mL-1 and mirrored decreases observed in the clay 

fractions.  These decreases were similar in magnitude to clay increases, which suggested 

the majority of clay additions were derived from the sand fraction.  Portions of the sand 

fraction were allocated to the silt fraction at higher energies, but given the significant 

quadratic model of the silt fraction in the Hali‘i, Kapa‘a, and Hilo soils, relative 

contributions appear to have been eventually transferred to the clay fraction by the 

1600 J mL-1 level.  The silt fraction of the Moloka‘i did not exhibit a quadratic 

relationship like the other soils, which suggested different processes occurred in this soil. 

 Despite a similar taxonomic class as the Honoka‘a soil, the Maile (Hydrudand) 

soil exhibited its own unique response to increasing energy, which appeared to be 

intermediate between the first and second responses.  Though the variation between 

replicates was slightly larger for this soil, the regression model suggested measured clay 

approached a plateau of 700 g kg-1 at the 400 J mL-1 energy level (Fig. 5).  The silt and 

sand fractions behaved more similarly to soils characterized by the first response, having 

decreased continuously throughout the range of energy levels. 
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Figure 5. Particle size distributions with clay plateau at 400 J mL-1 for the Maile soil   

*Significant at P<0.05 
 

Little to no increases in measured clay were observed for the Lualualei 

(y=69.96+1.49(1-e-0.018x); P=0.112) and Salinas soils (y=9.55+0.002x; P<0.0001).  

However, statistically significant decreases in the sand fraction were observed for the 

Salinas soil, which warranted the investigation of potential alteration and damage to 

particle surfaces. 

 
 
2.3.1 Iron, Aluminum, and Carbon Influences on Dispersion Patterns 

 Dispersion patterns observed from ultrasonication were partially explained by 

soil FeDC, AlDC, and ΔpH (Table 2).  AlDC and FeDC concentrations showed the strongest 

relationships with changes in measured clay, explaining 55% and 43% of the variation in 

clay increases, respectively, for the first energy increment of 0-100 J mL-1.  As 

hypothesized, soils high in AlDC and FeDC were resistant to ultrasonication, reinforcing 

the important aggregating role associated with oxide minerals (Fig. 6, 7).  Regression 
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analyses revealed that a more positive ΔpH significantly decreased (P=0.036) resistance 

to ultrasonication over the 400-1600 J mL-1 increment (Fig. 8).  However, this 

relationship may not have much meaning at this energy increment because many of the 

soils with clay increases below 0.2 mg (J mL-1)-1 reached clay plateaus at the 100 J mL-1 

energ level, and thus those soils did not contribute clay at higher energy levels.  Only the 

soils resistant to ultrasonication contributed relatively large clay increases at the       

400-1600 J mL-1 increment, suggesting that positive ΔpH may indeed increase resistance. 

This role of ΔpH can be seen in the slight negative relationship observed in Figure 9, 

which supports the idea that more positive surface charge, as indicated by positive ΔpH, 

leads to more electrostatic attraction between positive and negative surfaces. 

 
 

 

Figure 6. Clay increases regressed against dithionite-citrate aluminum (AlDC) for the       
0-100 J mL-1 increment   *Significant at P<0.10 
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Table 2. Slopes of Clay Increase Regressed on Total Carbon, Iron and Aluminum, and ΔpH 

 

Slopes of Clay Increase 

 

0-100 J mL-1 100-200 J mL-1 200-400 J mL-1 400-1600 J mL-1 

Property R2 P Model R2 P Model R2 P Model R2 P Model 

AlDC 0.550 0.022 ExpDec 0.087 0.441 ExpGrow 0.193 0.236 Linear 0.298 0.128 Linear 

FeDC 0.429 0.056 ExpDec 0.222 0.200 ExpDec 0.337 0.101 Linear 0.318 0.114 Linear 

ΔpH 0.231 0.191 Linear 0.151 0.301 ExpGrow 0.186 0.246 ExpGrow 0.488 0.036 ExpGrow 

FeHH 0.152 0.300 ExpDec 0.210 0.215 Linear 0.063 0.516 ExpDec 0.059 0.528 Linear 

AlHH 0.109 0.386 ExpDec 0.157 0.291 Linear 0.096 0.418 ExpDec 0.011 0.784 ExpDec 

Total C 0.095 0.421 ExpDec 0.191 0.239 ExpDec 0.036 0.623 ExpDec 0.146 0.311 Linear 

 

 

*Significant at P < 0.10 
  Models: ExpDec= Exponential decay (y=ae-bx) 
                  ExpGrow= Exponential growth (y=aebx) 
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Figure 7. Clay increases regressed against dithionite-citrate iron (FeDC) for the                  
0-100 J mL-1 increment   *Significant at P<0.10 

 

 

 

Figure 8. Clay increases regressed against ΔpH for the 400-1600 J mL-1 increment 
*Significant at P<0.10 
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Figure 9. Clay increases regressed against ΔpH for the 0-100 J mL-1 increment 
*Significant at P<0.10 

 
Statistically significant relationships were not observed for other soil properties across 

all energy increments. 

 When all soils were analyzed together, the high concentrations of Total C, FeHH, 

and AlHH for the Andisols may have over-influenced the regression, thus potentially 

masking important relationships present in other soils.  Therefore, a subset of 

regressions was conducted without the three Andisols.  Though regressions only 

consisted of six data points, slightly stronger and more statistically significant 

relationships resulted from the removal of Andisols from the regression estimates 

(Table 3).  As hypothesized, higher concentrations of Total C (Fig. 10a), AlDC (Fig. 10b), 

FeDC, FeHH (Fig. 10c), and more positive ΔpH (Fig. 10d) resulted in higher resistance to 

ultrasonication and less clay released at the first energy increment.  This suggested that 

different forces affected aggregation and clay release in oxide and amorphous systems.   
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Table 3. Slopes of Clay Increases Regressed with Total Carbon, Iron and Aluminum, and 
ΔpH with and without Andisols 

  
All Soils Without Andisols 

Property Slope (J mL-1) R2 P Model R2 P Model 

Total C 0-100 0.095 0.421 ExpDec 0.535 0.099 ExpDec 
FeDC 0-100 0.429 0.056 ExpDec 0.679 0.044 ExpDec 
AlDC 0-100 0.550 0.022 ExpDec 0.770 0.022 ExpDec 
FeHH 0-100 0.152 0.300 ExpDec 0.664 0.048 ExpDec 
ΔpH 0-100 0.231 0.191 Linear 0.680 0.044 Linear 

 

 
 
 
 

 

Figure 10. Clay increases regressed without Andisols against a)Total C 0-100 J mL-1,                       
b) dithionite-citrate aluminum (AlDC) 0-100 J mL-1, c) hydroxylamine hydrochloride 
iron (FeHH) 0-100 J mL-1, d) ΔpH 0-100 J mL-1  *Significant at P<0.10 

*Significant at P < 0.10 
Models: ExpDec= Exponential decay (y=ae-bx) 
              ExpGrow= Exponential growth (y=aebx)  

 

a b 

c d 
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2.4 Discussion 

2.4.1 Dispersant Manipulation 

 Increasing Na-HMP concentration was hypothesized to increase measured clay 

due to increased electrostatic repulsion among negatively charged clay particles.  

However, the results clearly show the inadequacy of Na-HMP to overcome strong 

aggregating forces in oxide-rich and volcanic ash soils.  While increasing Na-HMP 

concentration has effectively increased clay measurements in soils lacking oxide 

minerals (Zhang et al. 2005), there is less evidence in the literature that increasing 

dispersant concentration improves dispersion in oxide-rich and volcanic ash soils.  Some 

studies noted Na-HMP to be a flocculant in some Andisols (Nanzyo et al. 1993a; Asio et 

al. 2000), but small positive changes in the silt and clay fraction for the Hilo soil in this 

study suggested that Na-HMP acted as a dispersant, albeit a weak one. 

 The most likely explanations for the negligible effect of Na-HMP concentration to 

increase measured clay involved the inadequacy of mechanical shaking and the inability 

of Na-HMP to sufficiently alter the surface charge of particles.  Sodium and phosphate 

ions in Na-HMP are only effective if soil particles can be physically separated, allowing 

these ions to be adsorbed between individual particles to prevent re-aggregation (Gee 

and Or 2002).  For the Hilo and Hali‘i soils, visual observation of the soil samples during 

the horizontal shaking procedure revealed a distinct separation between a clear soil 

suspension and larger particles that had settled to the bottom.  This separation 

indicated that the standard method of shaking at 120 oscillation minute-1 was not 
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abrasive and vigorous enough to separate aggregated particles and allow Na-HMP to 

react with and keep particles in suspension. 

  The lack of response to increased dispersant concentration may also have been 

influenced by Na-HMP not having buffered soil pH at high enough levels needed to 

develop an abundance of negative charge.  In tropical and volcanic ash soils 

characterized by variable charge, positive charge predominates with additional protons 

and protonation below the zero-point-of-net-charge (ZPNC), while negative charge is 

abundant with additional hydroxyl ions and de-protonation above the ZPNC (Uehara 

and Gillman 1980a,b; Uehara and Gillman 1981; Nanzyo et al. 1993b).  The bicarbonate 

buffer in the standard Na-HMP solution serves a similar role as the hydroxyl ion by 

increasing sample pH through de-protonation, thus raising net negative charge of the 

sample, and reducing electrostatic attraction that can re-aggregate particles.  Literature 

ZPNC values for the Hilo and Hali‘i soils are 5.45-7.3 and 4.0, respectively (Tama and El-

Swaify 1978; Stoop 1980; Manrique 1985).  For this experiment, the Na-HMP solution 

buffered samples above these ZPNC levels (Hilo=7.44, Hali‘i=8.85; Leilehua=8.00), but 

these levels still may have been too low for sites to be dominantly negatively charged, 

given that previous studies found clay and dispersion for Andisols and Oxisols plateaued 

only when buffered pH levels exceeded 10 (Tama and El-Swaify 1978; Nakagawa and 

Ishiguro 1994).  The pH levels achieved for this experiment may not have been high 

enough to generate sufficient net negative charge in soil samples.   
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2.4.2 Ultrasonication Manipulation 

 As hypothesized, increasing ultrasonic energy levels increased measured clay 

content for oxide-rich and volcanic ash soils, supporting the expectation that a more 

vigorous mechanical approach was needed to improve dispersion.  Experimental results 

demonstrated clay increases ranging from 140 g kg-1 (Leilehua) to more than 500 g kg-1 

(Kapa‘a, Hali‘i) at peak energy levels.  These values were comparable to other studies 

with clay increases of 40-120 g kg-1 (Genrich and Bremner 1972; Christensen 1985; 

Gregorich et al. 1988; Hunter and Busacca 1989; Morra et al. 1991; Yang et al. 2009) and 

greater than 500 g kg-1 (Roscoe et al. 2000; de Sa et al. 2002).  However, only the Hunter 

and Busacca, Roscoe, and de Sa studies included oxide or volcanic ash soils.  Previous 

research attributed an increase in measured clay to the disaggregation and release of 

clay particles from silt and sand particles as well as from aggregates (Edwards and 

Bremner 1967; Hunter & Busacca 1989; Morra et al. 1991; Levy et al. 1993).  This 

suggests that apparent clay, silt, and sand asymptotes indicate the complete dispersion 

of aggregates into discrete particles.  According to this model, stabilization of clay, silt, 

and sand fractions in this experiment indicated ultrasonication completely dispersed 

aggregated soil particles of oxide-rich and volcanic ash soils studied.  However, as will be 

discussed later, clay and silt increases may not be derived completely from the 

disaggregation of discrete particles. 

 In agreement with results reported by Levy et al. (1993) and Yang et al. (2009), 

these experiments showed that energy levels at which measured clay plateaued differed 

among soils.  Clay particles were either: 1) weakly-bound and rapidly-released with only 
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100 J mL-1 of applied energy or 2) more strongly-bound, requiring at least 1600 J mL-1 to 

reach plateaus of measured clay.  There are varied explanations for different responses 

to ultrasonication.  Roscoe et al. (2000) and Field et al. (2006) suggested rapid clay 

increases at low energy levels was derived from the breakdown of weaker 

macroaggregates, while clay increases at higher energy levels were derived from the 

disaggregation of stronger microaggregates.  Levy et al. (1993) took it a step further and 

related mineralogy to aggregate strength.  Soils characterized by negatively charged 

smectites and irregularly shaped illites resulted in weaker bonds and rapid dispersion, 

while positively and negatively charged surfaces of kaolinitic soils bonded more 

frequently and strongly, which resulted in more dispersion resistance.  Kaiser et al. 

(2012) speculated that the presence of iron oxide and organic matter required higher 

energy levels to disperse Alfisols and Inceptisols in their study, but since no statistical 

comparisons between these soil properties were conducted, a mechanism for aggregate 

strength could not be concluded. 

 In this experiment, clay response to ultrasonication energy could, in part, be 

explained by the following soil properties: oxide content, surface charge, and, to a lesser 

degree, organic matter.  First, overall there was a significant inverse relationship 

between AlDC and FeDC concentrations with clay release due to ultrasonic energy.  These 

findings agreed with Sung (2012) and Li et al. (2004), who reported that higher 

aggregate stability in oxide-rich soils was related to higher concentrations of AlDC and 

FeDC.  Fractions extracted with dithionite-citrate represent free, reactive forms of oxides, 

which include both crystalline and amorphous forms (McKeague and Day 1966).  In 
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many studies, amorphous Fe and Al have been linked to increased aggregate strength 

(Kostophoulou and Panayiotopoulos 1993; Imhoff et al. 2002; Duiker et al. 2003; Li et al. 

2004; Igwe et al. 2009).  Utilizing electron microscopy, Jones and Uehara (1973) 

observed these amorphous oxides as “gel-like” coatings that bridged soil particles 

together, most likely through electrostatic attraction and hydrogen bonding between 

positively and negatively charged amorphous and crystalline oxide surfaces (El-Swaify 

and Emerson 1975; El-Swaify 1980; Uehara and Gillman 1981).  In our experiment, 

however, amorphous FeHH and AlHH showed no significant relationship to aggregation 

strength when all soils were included in the analysis.  When the Andisols were removed 

from the analysis, the amorphous FeHH fraction showed a significant relationship, 

explaining 66% of the variation in aggregate strength.  Compared to the Oxisols and 

Ultisol, the Andisols are comprised of up to ten times the concentration of amorphous 

Al and Fe oxides, which should have corresponded with high aggregate strength, but did 

not.  Without more Andisols in the analysis, it is difficult to gain an overall picture of the 

role of amorphous minerals in aggregate strength. 

 Clay response to ultrasonication was also influenced by soil surface charge 

properties.  ΔpH was used as a rapid measure of net surface charge, where more 

negative ΔpH values indicated more negative surface charge and less negative values 

meant increasing positive charge (Uehara and Gillman 1980a, 1981).  Similar to oxide 

content, ΔpH also showed a strong relationship with aggregate strength, especially with 

the removal of Andisols.  As ΔpH became less negative due to increasing amounts of 

positive charge on oxide surfaces, aggregate strength increased from the electrostatic 
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attraction between positively and negatively charged surfaces (El-Swaify and Emerson 

1975; Uehara and Gillman 1981; Nanzyo et al. 1993b).  On the other end, when ΔpH was 

more negative, dominance of negatively charged minerals reduced electrostatic 

attraction and increased dispersion and clay release, as was observed for more easily 

dispersed soils.  Abayneh et al. (2006) also found that soil with more negative ΔpH 

showed increased dispersion and clay measurements, which agreed with our findings 

that surface charge plays a role in aggregation.   

 Although organic carbon is known to increase aggregate stability in soil through 

hydrogen bonding and cation bridging provided by polysaccharides and other 

carbohydrates (Kostopoulou and Panayiotopoulos 1993; Nelson et al. 1999; Duiker et al. 

2003), its role in the aggregation of soils in this experiment was less apparent.  When all 

soils were analyzed together, organic C showed no relationship to aggregate strength.  

The relationship between carbon content and aggregate strength improved with the 

removal of Andisols from regression analyses.  Due to negatively charged carboxyl 

groups in these carbohydrates, organic matter can preferentially bind to minerals with 

positive charge, such as kaolinite and oxides, and aggregate particles together (Wiseman 

and Püttmann 2005), which may explain the relationship observed in the oxidic and 

kaolinitic Oxisols and Ultisol.  However, as with the previous two soil properties 

discussed, the inclusion of Andisols yielded non-significant results that could not explain 

aggregation from C concentration.  In Andisols, carboxyl groups can specifically bind 

with Al and Fe to form metal-humus complexes, which consequently can inhibit the 

formation of oxide minerals (Dahlgren et al. 1993; Nanzyo et al. 1993b; Escudey et al. 
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2004).  Due to the reduction of reactive carboxyl groups and oxide minerals in organic C 

rich Andisols, organic C may not aggregate soil particles as described for oxidic and 

kaolinitic soils.  Organic C may play a different role in aggregation for Andisols, but since 

the literature is lacking in detailed mechanisms regarding organic carbon on aggregation 

in Andisols, further research is needed for these volcanic ash soils.  

Despite poor relationships for overall soil types, Al and Fe oxide contents, 

surface charge, and organic C more accurately explained aggregate strength and clay 

response to ultrasonication for the Oxisols and Ultisol.  A priori knowledge of each 

constituent could potentially guide energy level requirements to improve dispersion and 

clay measurements, but further research may be needed to solidify the relationship 

between aggregate strength and specific soil properties.  For example, although the 

strongly bound Hali‘i and Kapa‘a soils were both characterized by high FeDC, AlDC, and 

more positive ΔpH, these two soils contained noticeably different C concentrations, 

which suggested that C played a lesser role in aggregate strength.  The rapid increase in 

measured clay with ultrasonication in the Pa‘aloa soil showed that high concentrations 

of amorphous Fe alone could not explain aggregate strength in that soil.  The highly 

variable response of the Andisols further complicated interpretations as the measured 

soil properties showed inconsistent relationships to dispersion behaviors.  Increasing the 

sample size is needed to better understand the mechanisms that control dispersion. 
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2.4.3 Influence of Soil Mineralogy and Formation 

 Soil taxonomy intends to classify soils with similar properties and behaviors into 

distinct taxonomic groups (Soil Survey Staff 2010).  Soil selection in this experiment was 

guided by Soil Taxonomy to capture a range of weathering sequences and associated 

mineralogy.  The resistance to dispersion was expected to proceed along a weathering 

sequence, with highly weathered oxide-rich soil (e.g. Udox and Perox) being most 

resistant, followed by less resistance in the less weathered kaolinitic suborders           

(e.g. Humult≈Ustox>Torrox), and no resistance to dispersion in the high activity clay soils 

(e.g. Torrert and Xeroll).  Results showed that soils other than Andisols generally 

responded to ultrasonication according to the proposed weathering sequence, with two 

notable exceptions, while the Andisols showed distinctly different responses despite 

similar taxonomic classification. 

 For the soils with non-andic properties, the Pa‘aloa and Moloka‘i soils departed 

from expected responses as suggested by Soil Taxonomy.  The Pa‘aloa soil was expected 

to behave similarly to the Kapa‘a soil, given both soils being classified with Sesquic 

mineralogy classes and Udox suborders.  However, measured clay in the Pa‘aloa        

(618 g kg-1) was higher even without ultrasonication, in contrast to the much lower 

amount of measured clay of the Kapa‘a (42 g kg-1).  Furthermore, the Pa‘aloa soil 

released the majority of its clay with low ultrasonication energy, similar to the less-

weathered soils.  A potential explanation for the Pa‘aloa soil’s behavior may be related 

to its low AlDC concentration, which was approximately one-third that of the Kapa‘a (15 

vs 41 g kg-1).  In support of this, El-Swaify and Emerson (1975) found that Al oxides were 
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responsible for stronger bonding of soil particles, as compared to Fe oxides.  Lower Al 

concentrations in the Pa‘aloa may have reduced aggregate strength, explaining the 

higher initial clay measurements and rapid release of clay at the first energy level.  

Lower initial clay measurements and higher dispersion resistance of the Kapa‘a and 

Hali‘i soils may have been due to high AlDC concentrations and the presence of stable 

oxide nodules that are high in both Al and Fe and formed by the repeated dehydration 

and crystallization of amorphous oxides (Sherman et al. 1969). 

 Contrary to expectations, the Moloka‘i soil showed surprisingly low measured 

clay (148 g kg-1) prior to treatment by ultrasonication.  Given its kaolinitic mineralogy 

and torric moisture regime, chemical treatment was expected to have similar effects on 

measured clay for the Moloka‘i soil as the kaolinitic and ustic Wahiawa soil.  

Furthermore, the Moloka‘i soil responded to ultrasonication like the more weathered 

Kapa‘a and Hali‘i soils.  However, oxide content, surface charge, and carbon content 

data of the Moloka‘i soil could not elucidate reasons for such unexpected behaviors; 

these soil properties only explained clay release for the first energy increment             

(Fig. 10a-d), but they could not explain behaviors at higher energy levels.  Mechanisms 

based on the taxonomic weathering regime and mineralogy of the Moloka‘i soil were 

also explored, but no answers were revealed. 

 Despite nearly identical taxonomic classification (Ferrihydritic, Acrudoxic 

Hydrudands), the three Andisols diverged in response to ultrasonication as well as 

mineralogical composition (Table 4).  The Hilo soil was most dispersion-resistant and 

high in Al oxide and FeDC, the Maile was intermediate in dispersion resistance and  
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Table 4. Carbon and Oxide Concentrations for the Hilo, Honoka‘a, and Maile Andisols 

Soil Series Total C FeDC FeHH AlDC AlHH 

 

--------------------------------------(g kg-1)--------------------------------------
- 

Hilo 52.27 132.92 41.29 42.97 41.12 
Honoka'a 145.93 134.37 36.97 36.96 27.96 
Maile 232.50 114.78 72.47 19.48 21.24 

 

*FeDC= dithionite-citrate extractable iron;  FeHH=hydroxylamine hydrochloride extractable iron;  
  AlDC= dithionite-citrate extractable aluminum;  AlHH= hydroxylamine hydrochloride extractable aluminum 

 

characterized by the highest Total C and amorphous Fe concentrations, while the 

Honoka‘a was easily dispersed and characterized by high FeDC and intermediate levels 

for the other mineral fractions.  There also was an increasing trend in rainfall and 

temperature among the soils, with the Hilo soil being the warmest and wettest (22°C, 

3683 mm), the Honoka‘a intermediate (18.9°C, 3170 mm), and the Maile the coolest 

and driest (17.2°C, 1900 mm) (Soil Survey Staff 2013).  These differences in rainfall, 

temperature, and their effects on soil formation may explain the divergent responses 

and mineralogy observed in the three Andisols.   

In a general model of soil formation and weathering in Andisols, rainfall and 

temperature govern the accumulation of organic C and the transformation of 

amorphous oxides into crystalline forms.  High rainfall leads to the accumulation of 

organic C in Andisols due to high productivity and organic matter input (Hudnall 1977; 

Dahlgren et al. 2004).  Increased rainfall also drives the desilication of primary minerals, 

leading to the enrichment of Al and Fe ions and oxides (Hudnall 1977; Parfitt 1988; 

Gérard et al. 2007).  Organic C may preferentially bind Al ions to form Al-humus 

complexes, reducing the concentration of Al and thus the formation of amorphous Al 
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minerals (Dahlgren et al. 2004; Rasmussen et al. 2010).  If amorphous Al or Fe oxides are 

present in the soil, binding of organic C onto amorphous oxide surfaces can inhibit the 

eventual crystallization of these amorphous oxides into stable forms such as gibbsite or 

goethite (Schwertmann and Taylor 1989; Escudey et al. 2004).  Cool temperatures and 

moist conditions promote the abundance of amorphous oxides (Hudnall 1977; 

Rasmussen et al. 2010).  However, if the system is subjected to warm temperatures, 

then crystallization of both Al and Fe oxides may proceed due to the reduction in 

organic carbon stocks via microbial decomposition (Hudnall 1977; Dahlgren et al. 2004).  

The crystallization process is further enhanced in dry periods via dehydration of 

hydrated amorphous oxides (Sherman et al. 1968; Parfitt et al. 1988; Schwertmann and 

Taylor 1989).  Utilizing this soil formation model, the dispersion-resistant behavior and 

mineralogical composition of the Hilo soil will be discussed. 

High rainfall and warm temperatures resulting in the formation of the Hilo soil 

likely drove the formation of stable, crystalline oxide minerals, which may have 

increased aggregate strength and dispersion resistance (Fig. 11).  Desilication of primary 

minerals and the accumulation of organic carbon can result from the high rainfall of the 

Hilo soil, but warm temperatures can also lead to the eventual decomposition of 

accumulated organic carbon stocks to relatively low levels, as was measured (52 g kg-1) 

(Hudnall 1977; Parfitt 1988).  Dehydration of amorphous oxides can also result from 

these higher temperatures.  Lower organic carbon concentrations coupled with 

increased desilication and dehydration could drive the formation of amorphous oxides 

into crystalline forms such as gibbsite (Sherman et al. 1968; El-Swaify and Emerson 



50 
 

 

Figure 11. Oxide crystallization processes for the Andisols 
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1975; Wada and Wada 1976; Parfitt et al. 1988; Escudey et al. 2004).  Gibbsite can form 

stable sand sized particles in Andisols (Wada and Wada 1976; Parfitt et al. 1988), which 

may explain the low initial clay measurements in the Hilo soil (188 g kg-1).  Along with 

gibbsite, Al oxide concentrations were the highest in the Hilo soil (>40 g kg-1) and may 

explain its relatively higher positive charge (Fig. 9).  Increased positive charge may have 

increased aggregate strength in accordance with the findings of El-Swaify and Emerson 

(1975).   

 Although the mineralogical properties of the Honoka‘a and Maile soils also 

conformed to this soil formation model, their dissimilar responses to ultrasonication 

remain difficult to explain.  High rainfall and cool temperatures of the Honoka‘a and 

Maile soils explain the large accumulation of organic C, reduction in amorphous Al 

contents due to the formation of Al-humus complexes, and high concentrations of FeDC 

and FeHH oxides from desilication (Table 4).  However, contrary to higher organic carbon 

and oxide concentrations, the Honoka‘a quickly dispersed at 100 J mL-1, while the Maile, 

with lower FeDC and AlDC concentrations than the Honoka‘a, required more energy for 

clay release.  Although purely speculation, opaline silica observed in the Maile using      

X-ray energy dispersive spectroscopy may have influenced resistance to ultrasonication 

in this soil (Drees et al. 1989; Dahlgren et al. 1993) (Fig. 12).  Silica minerals are thought 

to aggregate particles together through hydrogen bonding, similarly to Fe and Al oxides 

(Uehara and Jones 1974; Shoji et al. 1993), which may have increased aggregate 

strength and resistance to ultrasonication of the Maile soil.  The divergent behaviors of 
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Figure 12. Scanning electron microscopy image of Maile clay fraction                       

(arrows indicate opaline silica particles) 

 
the Honoka‘a and Maile soils still are unexplained from mineralogical data measured in 

this study. 

Further research on the soil constituents that control aggregate stability in these 

Andisols, as well as some of the peculiar Oxisols, is needed to mechanistically explain 

aggregate strength and response to dispersion.  Such studies could guide energy 

recommendations for future ultrasonication experiments.  Soil Taxonomy also could not 

provide mechanisms for differences in aggregate strength in the soils studied.  Soil 

Taxonomy was utilized in the selection of various soil types and guided expected 

outcomes based on weathering stage and mineralogy.  However, many unexpected 

behaviors in both oxide-rich and volcanic ash soils were encountered.  Amendments to 

soil classification that capture finer details in weathering and mineralogical differences 

may be needed to improve predictions of soil behavior based on taxonomic name.   
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2.4.4 Role of Pumice Grains and Oxide Nodules in Clay-Like Behavior 

 Clay particles impart large specific surface area and thus large retentive 

properties to soil (Brady and Weil 2010).  As the original driver for this study, if 

measured clay is low and does not account for behaviors associated with high surface 

area, such as for Andisols, then poor dispersion of clay particles is thought to have 

occurred (Nanzyo et al. 1993a).  However, this model does not account for the vastly 

different constituents and minerals that comprise soil; high retention capacity and low 

clay content may in fact be due to the very nature of the particles themselves.  For 

example, internal surface area can be provided by 2:1 clay minerals like smectite, while 

only external surfaces result from kaolinitic clays (Schulze 1989).  Due to the prevalence 

of quartz in the sand fraction of many soil types, sand particles are assumed to contain 

low external surface area and low retentive capacities (Drees et al. 1989; Brady and Weil 

2010).  However, sand particles like pumice and oxide nodules, comprised of internal 

surface area, may deviate from this convention and actually impart clay-like behaviors 

to soil. 

Scanning electron microscope analysis revealed porous particles with irregular 

surfaces in the sand fraction of the Maile and Hilo soils.  These sand particles (Fig. 13a,b) 

showed the presence of internal pores and indentations, suggesting much more surface 

area in contrast to smooth surfaces observed on the sand particles of the Salinas soil 

(Fig. 14).  The porous particles observed in the Maile and Hilo soils are likley pumice 

grains, silt and sand sized volcanic material that consist of both inter- and intra-particle  
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Figure 13. Scanning electron microscopy images of porous sand particles in the               

a) Maile b) Hilo soils 

 

 
Figure 14. Scanning electron microscopy image of smooth Salinas sand particle in the 

control shaking treatment 

 
pores.  As a result of internal and external pore space, specific surface area of 

weathered pumice grains can exceed 600 m2g-1, and 1500 kPa water contents greater 

than 1000 g kg-1 (Warkentin and Maeda 1980).  Pumice pore spaces not only retain 

water via capillarity, but also house organic matter and amorphous minerals, which 

further enhance surface area, water retention, and ion retention (Maeda and Warkentin 

1975; Gamo-Castro et al. 2000; Van Ranst et al. 2002; Buytaert et al. 2005; Gérard et al. 

2007).  While the conventional model of particle size attributing low specific surface 

a b 
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area and reactivity to sand particles may hold true for much of the non-volcanic soils of 

temperate regions, such a model has not worked well for volcanic and highly weathered 

soils of the tropics (Brady and Weil 2010; Drees et al. 1989).  Indeed the presence of 

porous pumice grains in the sand fraction of Andisols may help explain their high      

1500 kPa water values and high chemical reactivity.  Porous particles were also 

observed in the sand fraction of the Hali‘i soil (Fig. 15).  These particles are likely oxide 

nodules composed of Al and Fe oxides cemented under repeated wet-dry cycles 

(Sherman et al. 1969).  The presence of internal surfaces observed in these nodules 

suggested that the conventional model is also inconsistent in nodule-bearing oxidic soils.  

The presence of sand-sized pumice grains and oxide nodules with high potential surface 

area and their resistance to dispersion may explain why conventional approaches to 

particle size analysis are misleading and inappropriate for volcanic ash and oxidic soils. 

 

 

Figure 15. Scanning electron microscopy image of a porous sand particle in the Hali‘i soil 
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Figure 16. Relationship between 1500 kPa water and measured clay from 

ultrasonication 

 
Internal surface area provided by pumice grains and oxide nodules not only 

suggested the inadequacy of particle size data for volcanic ash and oxidic soils, but also 

explained inconsistencies in measured clay.  For 1500 kPa water content data measured 

on eight of the eleven soils studied, the Maile and Hilo soils were characterized by the 

two highest 1500 kPa water contents but by the lowest clay measurements (Fig. 16).  

The Hali‘i soil also exhibited water retention similar to soils characterized by 200 g kg-1 

more clay.  As indicated by clay plateaus observed in this study, these soils probably 

released the majority of clay particles and were fully dispersed from ultrasonication.  

This suggests that these high clay-like behaviors of the Maile, Hilo, and Hali‘i soils may in 

fact have been due to additional surface area and micropores contributed from pumice 

grains, oxide nodules, and their associated soil constituents like organic matter.  Further 

research should include surface area, pore size distribution, and water retention 

measurements of pumice grains and oxide nodules to quantify the retentive capacities 
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contributed by these particles.  Characterization of oxide nodules and pumice grains will 

also be needed to confirm that these particles are in fact discrete sand sized particles. 

 

2.4.5 Particle Damage from Ultrasonication 

 Some studies have reported alterations and potential damage to soil particle 

surfaces as a result of high energy levels acting upon soil particles during ultrasonication 

(Hunter and Busacca 1989; Gee and Or 2002; Kaiser et al. 2012).  Unexpected decreases 

in the sand fraction of the Salinas soil at high ultrasonication energy levels prompted the 

examination of particle surfaces for potential damage.  As seen in Figure 17, a 

statistically significant decrease of 108 g kg-1 was observed in sand measurements of the 

Salinas soil with 1600 J mL-1 of energy.  However, given its mineralogy and temperate 

climate, this soil was expected to be easily and completely dispersed using the standard 

pipette method, and was not expected to show changes in particle size distribution due   

 
Figure 17. Particle size distribution of the Salinas soil using ultrasonication 
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to treatments.  Damage to the surfaces of discrete sand particles was suspected to 

cause these decreases and was investigated using scanning electron microscopy.     

A comparison of sand particles from the control and 1600 J mL-1 treatments 

clearly revealed alterations to the particle surface with ultrasonication.  Sand particles 

shaken using the standard method were characterized by smooth, intact surfaces       

(Fig. 18a), while particle surfaces from the ultrasonicated samples were characterized by 

an “etched” surface, indicating that material had been physically removed from the 

surface (Fig. 18b).  Although etching has been observed in naturally weathered quartz 

particles (FitzPatrick 1993), the distinct and abrupt differences between control and 

ultrasonicated samples was likely caused by ultraonication.  Damaged sand particles 

were also observed in the Hali‘i soil. 

 

      
Figure 18. Scanning electron microscopy images of Salinas sand particles at x5000          

a) control, b) ultrasonicated at 1600 J mL-1 

a b 
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Figure 19. Scanning electron microscopy images of Hali‘i sand particles at x300                          

a) control, b) ultrasonicated at 1600 J mL-1 

 

As compared to the smoother sand particle from the control treatment (Fig. 19a), 

ultrasonicated particles from the Hali‘i were characterized by crater-like features        

(Fig. 19b).  Hunter and Busacca (1989) and Kaiser et al. (2012) both observed alterations 

and damage to ultrasonicated samples, and Kaiser et al. (2012) attributed the formation 

of the crater-like features to the explosion of microscopic cavitational bubbles from the 

ultrasonic process.  The force from the explosion physically dislodged material from and 

damaged discrete sand particles.   

 The SEM imagery of the Salinas and Hali‘i soils suggest that ultrasonication can 

alter the surfaces of sand particles either through the detachment of silt and clay 

particles from sand surfaces or to the damage and fragmentation of discrete sand 

particles into smaller silt and clay particles.  However, the contribution of these 

fragmented pieces to other particle size classes may be considered negligible.  Although 

the sand fraction decreased by 108 g kg-1 in the Salinas soil, the allocated portion to the 

clay fraction (40 g kg-1) was very small relative to other soils, in which clay increases of 

a b 
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150 g kg-1 or more were observed.  If damage is thought to have occurred to a similar 

extent in the Hali‘i soil, then this 40 g kg-1 increase in clay is negligible compared to the 

overall 522 g kg-1 clay increase of the Hali‘i.  Considering that damaged particles only 

qualitatively constituted a small proportion of the total sand particles analyzed under 

SEM, this 40 g kg-1 clay increase from damage becomes even less.  Also, damaged 

particles were only observed in two of the seven soils analyzed with SEM.  While 

damage was observed on the surfaces of some sand particles, decreases in the sand 

fraction may not have been completely due to particle fragmentation, but rather from 

the detachment of silt and clay particles.  Despite evidence of some damage to sand 

particles, ultrasonication shows promise as a rapid technique to improve dispersion and 

clay content measurements for oxide-rich and volcanic ash soils.  The accuracy of 

measured clay data determined using ultrasonication may be improved with further 

SEM analyses of sand particles ultrasonicated across low, intermediate, and high energy 

levels, which may reveal the specific energy at which damage begins. 
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2.5 Conclusion 

 In conclusion, increasing chemical dispersant concentration was not effective in 

increasing dispersion and clay measurements for oxide-rich and volcanic ash soils that 

otherwise resist standard methods of dispersion.  On the other hand, application of 

ultrasonic energy significantly increased measured clay in these dispersion-resistant 

soils.  Soils higher in C, iron and aluminum oxides, and positive surface charge required 

higher energy levels for clay measurements to plateau.  This study was among the first 

to quantitatively relate variations in aggregate strength and dispersion resistance with 

ultrasonication to mineralogical and charge properties, and it also added ultrasonication 

data on a range of oxidic and volcanic ash soils to the limited knowledge pool in the 

literature.  These findings can help guide ultrasonic energy requirements for these soils 

based on available mineralogical data.  However, inconsistent and unusual responses to 

ultrasonication encountered in Andisols and some oxidic soils demand further 

investigation to better understand processes controlling response to ultrasonication.   

Scanning electron microscopy revealed porous pumice grains and oxide nodules 

in the sand fraction of some of the volcanic ash and oxidic soils, which suggested that 

clay-like behaviors associated with these soils may be due to intra-particle pores of 

these pumice grains.  These porous particles also suggested that the conventional 

particle size model does not accurately capture surface area and its related behaviors 

for volcanic ash and oxidic soils.  This study raises important questions regarding the 

appropriateness of particle size data in these soils given the presence of these porous 

particles.  Low clay measurements accompanied by high water retention in these soil 



62 
 

types may be due to internal surfaces and micropores of discrete sand and silt particles 

that cannot be dispersed.  Pumice and oxide nodules may substantially contribute to 

surface-related behaviors such as water retention in volcanic ash and oxidic soils, but 

the characterization and quantification of this contribution requires further research.   

Ultrasonication shows promise as a form of mechanical dispersion to improve 

the routine determination of particle size data for volcanic ash and oxidic soils.  Higher 

clay measurements were rapidly derived using ultrasonication, with negligible or no 

damage to discrete particles in most soils.  The NRCS may benefit from incorporating 

ultrasonication procedures in their routine clay measurements, including buffering 

sample pH above 10 to increase particle repulsion.  As for recommended energy levels, 

mineralogical data revealed that highly weathered oxidic soils that were generally 

higher in Al and Fe oxides, carbon, and positive charge required large energy levels near 

1600 J mL-1 to achieve plateaus of measured clay.  Less weathered soils lower in oxide 

content were easily dispersed at low energy levels of 100 J mL-1.  However, given the 

variable responses of the three Andisols, further investigation with a larger number of 

representative soils is needed.  The presence of porous sand particles in the highly 

weathered Andisols and Oxisols raises important questions regarding the 

appropriateness of using measured clay to explain “clay-like” behaviors.  Particle size 

data may be misleading for these soils.  Another surface-related property, such as    

1500 kPa water content, may provide more information on soil behaviors and should be 

explored further as a possible substitute for particle size data. 
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Chapter 3. Evaluating the Predictive Capabilities of 1500 kPa Water 
Content and Visible Near-Infrared Diffuse Reflectance 
Spectroscopy in Soils Lacking Accurate Particle Size 
Distribution Data 

3.1 Introduction 

Accurate measurements of clay are difficult to attain in highly weathered, 

volcanic ash and oxidic soils.  A combination of strong bonding between oxide and 

amorphous minerals (Uehara and Gilman 1981; Huygens et al. 2005) and irreversible 

drying of amorphous gels leads to the formation of highly stable sand and silt sized 

aggregates in these soils (Uehara and Gilman 1981; Shoji et al. 1993).  These strongly 

bonded, cemented aggregates resist dispersion via the standard pipette method, which 

results in the underestimation of clay (Nanzyo et al. 1993a; Gee and Or 2002).   

Measured clay is often used as a conventional predictor of soil behavior because 

of the high specific surface area of clay particles that disproportionately influences key 

soil behaviors (Carter et al. 1965; Borggaard 1983; Soil Survey Laboratory 2004; Minasny 

and Hartemink 2011).  Due to high surface area, clay particles greatly influence water 

retention (Nagendran and Angayarkanni 2010), cation exchange capacity (Banin and 

Amiel 1971; Curtin and Rostad 1997), and phosphorus retention (Cox 1994).  Clay 

measurements have thus been used in models to predict important soil properties, such 

as cation exchange capacity, plant available water, and soil erosion, that otherwise may 

be too costly or time-consuming to measure directly (RUSLE 2001; Minasny and 

Hartemink 2011).  For volcanic ash and oxidic soils, however, measured clay is limited as 

a predictor of soil behavior due to the difficulty in accurately measuring clay for these 
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soils.  Thus, there is a need to identify other soil properties that can substitute for clay 

and be used to explain important surface-related behaviors. 

Soil water content at the permanent wilting point (1500 kPa water) is a soil 

property, in part, dependent on surface area in soil and thus could serve as a potential 

substitute for measured clay in explaining soil behavior.  1500 kPa water content is the 

amount of water tightly bound to particle surfaces at vacuum pressures of -1,500 kPa 

(Soil Science Society of America 2013) and is strongly held in micropore spaces (Sharma 

and Uehara 1968; Tsuji et al. 1975).  Several studies have demonstrated that 1500 kPa 

water was correlated to surface area across a range of soil types (Banin and Amiel 1971; 

McKeague et al. 1991; Petersen et al. 1996).  Similarly to clay, 1500 kPa water has 

correlated strongly (r=0.73-0.95) with cation exchange capacity (Banin and Amiel 1971; 

Petersen et al. 1996; Nagendran & Angayarkanni 2010) and phosphorus sorption 

(Jackman et al. 1997).  These strong relationships suggest that 1500 kPa water may 

substitute for clay in explaining surface-related behaviors, but there is a need to conduct 

a systematic investigation on the predictive capacities of 1500 kPa water, especially in 

volcanic ash and oxidic soils of the tropics. 

Even if 1500 kPa water accuratelys explain surface-related soil behaviors, 

measurements of 1500 kPa water can be excessively time-consuming and not practical 

for routine analysis (Gee et al. 2003; Soil Survey Laboratory 2004).  Visible near-infrared 

diffuse reflectance spectroscopy (VNIR-DRS) is a rapid technique that may enable the 

routine measurement of 1500 kPa water in soil.  Visible near-infrared spectroscopy 

relates light reflectance patterns of CH, OH, and NH bonds to known properties of a 
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sample (Workman and Shenk 2004), and it has the potential to accurately predict     

1500 kPa water due to the very strong absorption bands of OH bonds in the water 

molecule near 900, 1400, and 1900 nm wavelengths (Siesler 2002; Malley et al. 2004; 

Mouazen et al. 2006).  1500 kPa water has been predicted relatively well with VNIR-DRS 

(R2=0.81) on a range of temperate soils (Chang et al. 2001).  Only one study to date has 

utilized VNIR-DRS to predict 1500 kPa water in oxide-rich Ultisols of Kenya, with 

predictions producing a moderate R2 of 0.76 (Kinoshita et al. 2012).  Aside from this 

study, there is no evidence in the scientific literature of the use of VNIR-DRS to predict 

1500 kPa water in oxidic and volcanic ash soils of the tropics. 

The present research explored the potential of using 1500 kPa water as a proxy 

for clay data with the following two objectives: 

 
1) Evaluate and compare the predictive capabilities of 1500 kPa water to that of 

measured clay for cation exchange capacity and phosphorus retention. 

2) Assess the use of VNIR-DRS to predict 1500 kPa water across a range of tropical 

soils. 

 
The research set out to test the general hypothesis that 1500 kPa water is as good or 

better a predictor of key soil properties than measured clay.  Specifically, 1500 kPa 

water and clay were hypothesized to have similar predictive capabilities in 2:1 clay soils, 

which easily disperse.  On the other hand, in oxide and amorphous soils that resist 

dispersion, 1500 kPa water was hypothesized to explain soil behaviors better than clay.  
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In pursuit of the second objective, VNIR-DRS was hypothesized to accurately predict 

1500 kPa water due to the strong water absorption bands associated with VNIR spectra.  

 

3.2 Materials and Methods 

3.2.1 Clay and 1500 kPa Water Content Comparison 

The predictive capabilities of 1500 kPa water and clay were compared by 

evaluating the relationships of these factors to other key soil properties for oxidic and 

amorphous soils.  The predictive role of measured clay was first evaluated in easily 

dispersed 2:1 clay soils to establish that clay can predict key soil behaviors in soils with 

accurate clay measurements.  For this step, cation exchange capacity at pH 7 (CEC7), a 

soil property that is a surface area phenomenon, was regressed on clay.  Next, CEC7 was 

regressed on 1500 kPa water to verify that 1500 kPa water can predict similar behaviors 

as measured clay in easily dispersed soils, justifying further exploration of using        

1500 kPa water as a substitute for clay.  Predictive capacities of 1500 kPa water and clay 

were then compared in dispersion-resistant oxide and amorphous soils.  

Soil data of the Continental US and Hawaiʻi were assembled from the Natural 

Resource Conservation Service (NRCS) National Cooperative Soil Survey Soil 

Characterization Database (NCSS 2013).  Soil data included clay, 1500 kPa water, CEC7, 

and New Zealand phosphorus (NZP).  CEC7 and NZP were studied because these 

properties are surface area phenomena that describe the innate retentive behaviors for 

essential plant nutrients, and they were also the most available properties provided by 
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the NRCS.  Soil properties were determined using standard analytical methods found in 

the NRCS Soil Survey Laboratory Methods Manual (SSL 2004).   

Multistage stratified random sampling was used to reduce the entire database to 

a manageable size.  The Continental US, excluding Alaska, was divided into the four 

major time-zones: Pacific, Mountain, Central, and Eastern.  Three states from each time 

zone were randomly selected using a random number generator, and then ten counties 

were randomly selected from each state for analysis.  Similar methods were used for 

Puerto Rico and data from all four counties from Hawai‘i.  Table 5 lists the states and 

counties analyzed.  Soil samples that lacked either clay or 1500 kPa water data were 

removed from the dataset to provide equal sample sizes for both properties.  Samples 

that lacked taxonomic information were also removed to allow for analyses based on 

soil mineralogy.  Air dry samples were used for all soils except the highly weathered 

Andisols of Hawai‘i where field moist samples were used due to irreversible drying 

associated with these soils (Nanzyo et al. 1993a).   
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Table 5. Randomly Selected States and Counties from the US, Puerto Rico, and Hawai‘i 

Time Zone State Counties 

Eastern 

Georgia 
Atkinson Decatur Jasper Lee Liberty 

Peach Screven Sumter Thomas Worth 

Michigan 
Allegan Antrim Calhoun Crawford Iron 

Lenawee Mackinac Montmorency Newaygo Oceana 

Pennsylvania 
Berks Carbon Clarion Greene Lebanon 

Luzerne Mifflin Snyder Susquehana Wayne 

Central 

Minnesota 
Benton Blue Earth Clearwater Grant Marshall 

Norman Otter Tail Pennington Roseau Waseca 

Missouri 
Caldwell Callaway Cedar Harrison Jackson 

Mercer Morgan Saline Shelby Stoddard 

Oklahoma 
Canadian Garfield Hughes Kiowa Logan 

Mayes Okfuskee Pawnee Texas Wagoner 

Mountain 

Idaho 
Adams Bannock Blaine Canyon Custer 

Elmore Fremont Kootenai Owyhee Payette 

New Mexico 
Bernalillo Catron Chaves Grant Mora 

Otero Roosevelt Sierra Torrance Valencia 

Utah 
Beaver Cache Duchesne Grand Morgan 

Salt Lake Summitt Wasatch Washington Weber 

Pacific 

California 
Alpine Amador Contra Cosa Imperial Kern 

Lassen Orange River Side Santa Cruz Sierra 

Nevada 
Clark Douglas Esmerelda Eureka Lander 

Lincoln Nye Pershing Washoe White Pine 

Washington 
Chelan Clallam Island King Kittitas 

Pend Oreille Skamania Snohomish Stevens Yakima 

Puerto Rico 
Aguadilla Arecibo Guayanilla Lajas Las Piedras 

Morovis Rio Grande Sabana Grande San Juan Yabucoa 

Hawai‘i Kaua'i O'ahu Maui Hawai'i   
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To compare the predictive capacities of clay and 1500 kPa water, cation 

exchange capacity and phosphorus data were regressed on clay and 1500 kPa water 

using SigmaPlot version 10.0 (Systat Software, Inc., San Jose, CA).  For relationships in 

which phosphorus retention maxima were observed, nonlinear regressions were fitted 

to the following exponential model: 

y=a(1-e-bx)     [13] 

Normally distributed residuals and constant variance were assessed by the normal 

probability and fits vs. residuals plots.  To address issues of normality and 

homoscedasticity of the data, square root transformations were utilized for both 

explanatory and response variables.  Using mineralogical information at the family level 

of Soil Taxonomy, soils were divided into three mineralogical classes for analyses: 

smectitic, kaolinitic/oxide, and amorphous.  The smectitic class consisted solely of 

smectitic mineralogy; the kaolinitic/oxide class of kaolinite, parasesquic, ferruginous, 

and ferritic mineralogy; and the amorphous class of amorphic, ferrihydritic, and glassy 

mineralogical classes.  Due to higher heterogeneity at the continental level, certain 

zones and states that exemplified one of the three classes were analyzed individually.  

Missouri soils, dominated by smectite mineralogy, were used for the smectitic class; 

Puerto Rico was used for the kaolinitic/oxide class; and Hawai‘i was used for both the 

kaolinitic/oxide and amorphous classes.  A higher coefficient of determination (R2) and 

lower mean square error (MSE) indicated a stronger relationship and better model 

performance.     
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Table 6. Soils Analyzed for Clay, 1500 kPa Water, and Surface Area 

SERIES CLASSIFICATION 

Lualualei Fine, smectitic, isohyperthermic Typic Gypsitorrerts 
Kaena Very-fine, smectitic, isohyperthermic Typic Natraquerts 
Waialua Very-fine, mixed, superactice, isohyperthermic Pachic Haplustolls 
Haleiwa Fine, mixed, active, isohyperthermic Cumulic Haplustolls 
Hanalei Very-fine, mixed, semiactive, nonacid, isohyperthermic Typic Endoquepts 
Keahua Fine, kaolinitic, isohyperthermic Ustic Haplocambids 
Kahana Very-fine, kaolinitic, isohyperthermic Oxic Dystrustepts 
Makawao Very-fine, parasesquic, isothermic Ustic Palehumults 
Leilehua Very-fine, ferruginous, isothermic Ustic Kanhaplohumults 
Moloka'i Very-fine, kaolinitic, isohyperthermic Typic Eutrotorrox 

Wahiawa Very-fine, kaolinitic, isohyperthermic Rhodic Haplustox 
Pa'aloa Very-fne, sesquic, isothermic Humic Rhodic Kandiudox 
Kane'ohe Very-fine, ferruginous, isohyperthermic Rhodic Acrudox 
Hali'i Fine, ferruginous, isothermic Anionic Acroperox 
Koko Medial, amorphic, isohyperthermic Typic Haplotorrands 
Waimea Medial, amorphic, isothermic Humic Haplustands 
Kula Medial, amorphic, isothermic Humic Haplustands 
Hilo Medial over hydrous, ferrihydritic, isohyperthermic Acrudoxic Hydrudands 
Maile Hydrous, ferrihydritic, isomesic Acrudoxic Hydrudands 
Jaucas Carbonatic, isohyperthermic Typic Ustipsamments 

 

Twenty Hawaiʻi soils, listed in Table 6, were also used to compare the 

relationships of clay and 1500 kPa water to surface area.  These soils spanned a range of 

soil mineralogy and weathering regimes in order to obtain a diverse dataset.   

Clay, 1500 kPa water, and surface area were measured using methods described in the 

Soil Survey Laboratory Methods Manual (SSL 2004).  Clay was measured using the 

pipette method, 1500 kPa water using a pressure membrane extractor, and surface area 

was determined using N2 adsorption.  Clay and 1500 kPa water of Andisols were 

determined on field moist soil to prevent irreversible drying of these soils (Nanzyo et al. 

1993a), but surface area could only be determined using oven-dried soil.  Linear 
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regression was used to compare the relationships of measured clay and 1500 kPa water 

to surface area. 

 

3.2.2 Visible Near-Infrared Diffuse Reflectance Spectroscopy 

 The ability of VNIR-DRS to predict 1500 kPa water of Hawaiʻi soils was assessed 

by relating 1500 kPa water data of select Hawaiian soils to VNIR spectral data.  Spectra 

were developed from 161 soil samples collected from the soil archive at the NRCS 

National Soil Survey Center in Lincoln, Nebraska.  These soil samples originated from 

both surface and subsurface horizons and consisted of the following soil orders to 

increase variability amongst the samples: Andisol, Aridisol, Histosol, Inceptisol, Mollisol, 

Oxisol, Spodosol, and Ultisol (Appendix C).  Soil samples were air-dried and sieved to         

2 mm by the Soil Survey staff prior to archiving, and thus were ready for spectra 

collection.  1500 kPa water data for these soil samples were collected from the National 

Cooperative Soil Survey Soil Characterization Database (NCSS 2013).  Only data for   

1500 kPa water measured on air dry soil was used for analysis to minimize differences in 

moisture and particle size between spectral and 1500 kPa water datasets, which can 

decrease prediction accuracy (Minasny et al. 2009; Mouazen et al. 2006; Waiser et al. 

2007).   

 Spectra were measured using an AgriSpec VNIR spectrometer and a muglight 

light source covered with a 3.2 cm diameter sample cup with transparent bottom 

(Analytical Spectral Devices, Inc., Boulder, CO).  The Agrispec spectrometer measured 

reflectance in the wavelength range of 350 to 2500 nm, at a sampling interval of 1 nm.  
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Spectral resolutions ranged from 3 to 10 nm between 700 and 1400 nm wavelengths.  A 

reference spectrum using Spectralon (Labsphere, North Sutton, NH) white reference 

was collected prior to each scanning and at every 30 minutes thereafter.  Each spectrum 

was compiled from 30 scans, and three spectra were measured for each sample, with 

the sample cup rotated 20° between each spectrum.  An average spectrum of the three 

replicate spectra was used for each sample in data analysis.  The wavelengths between 

990 to 1010 nm were removed from spectra due to offsets in reflectance between the 

VNIR and short wave infrared detectors. 

Partial least square regression (PLSR) was used to analyze spectral and 1500 kPa 

water data.  PLSR is a statistical method used in developing calibration models and 

overcomes multiple correlated variables in the spectral data by selecting factors or 

components in spectra that explain the covariance between the spectra and reference 

data (Bjørsvik and Martens 2001; Westerhaus et al. 2004).  PLSR was conducted in 

Unscrambler X Software (CAMO Software Inc., Woodbridge, NJ), and different pre-

processing transformations were applied to the spectral data in order to determine the 

transformation that best explained 1500 kPa water patterns in the spectral data.  These 

transformations included smoothing using a moving average or the Savitzky-Golay 

algorithm (Savitzky and Golay 1964; Martens and Næs 1989); normalizing by the mean, 

maximum, or range (CAMO Technologies Inc. 2006); derivative transformations using 

Norris Gap, Gap Segment, or Savitzky-Golay derivatives (Savitzky and Golay 1964; Norris 

and Williams 1984); and no transformation.  Window segments of 5, 7, and 9; gap 

segments of 3, 5, 7, and 11; first and second order derivatives; second and third order 
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polynomials; and the combinations of each were applied in each transformation 

explored (Vasques et al. 2008).  All PLSR analyses were mean-centered (CAMO 

Technologies Inc. 2006). 

Leave-one-out cross validation, with eight random observations per segment, 

was used to determine the ten best transformations and models (Mouazen et al. 2006).  

Higher R2 and lower root mean square error (RMSE) indicated the best models.  After 

determination of the ten best transformations, the entire dataset was randomly divided 

into 70% calibration (n=113 samples) and 30% validation (n=48 samples) datasets, and 

the performance of models developed on the calibration set were reassessed using the 

independent validation set (Vasques et al. 2008).  Descriptive statistics of the whole, 

calibration, and validation datasets revealed similar characteristics among the three sets, 

which suggested the calibration and validation datasets were equivalent and 

representative of the population studied (Table 7).  For each PLSR model, the optimal 

number of factors occurred where the explained variance plateaued at a maximum 

value but did not include an excessive number of factors.  The R2, RMSE, and residual 

prediction deviation (RPD) statistics were used to assess model performance.  RMSE and 

RPD were calculated as follows: 

RMSE = √∑(Y-X)2 / n       [14] 

RPD = SD / RMSE     [15] 

where Y is the spectral data, X is the reference data, n is number of samples, and SD is 

the standard deviation of the validation set.  Higher R2 and RPD and lower RMSE 

indicated better model performance (Malley et al. 2004). 
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Table 7. Descriptive Statistics of 1500 kPa Water Data for the Whole, Calibration, and 
Validation Datasets 

  1500 kPa Water (g kg-1) 

Statistics Whole Calibration Validation 

Observations 161 113 48 
Mean 364.0 364.6 362.6 
RMS 409.1 410.0 407.0 
Median 299 295 315.5 
Standard Deviation 187.3 188.3 186.7 
Variance 35065.2 35471.7 34839.8 
Skewness 1.50 1.49 1.59 
Kurtosis 2.08 2.04 2.56 

Range 942 942 861 
Max 1098 1098 1027 
Min 156 156 166 

  
Student's  t test: P=0.951 

    Levene's test:      P=0.749 
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3.3 Results 

3.3.1 Clay vs. 1500 kPa Water 

 At the Continental US scale, measured clay and CEC7 exhibited a statistically 

significant positive relationship (Fig. 20a), but due to likely heterogeneity of climate and 

mineralogy accumulated at the continental scale, high variation among the samples 

resulted in a weak R2 of 0.422.  However, when smectitic soils were localized to the 

state level for Missouri, the relationship between clay and CEC7 improved, with clay 

measurements explaining nearly 90% of the variation in CEC7 (Fig. 20b).  This 

reconfirmed that under the conventional model for soils that disperse properly, clay can 

serve as an appropriate predictor of soil behavior such as CEC.    

 

 
Figure 20. CEC7 vs. measured clay of smectitic soils for a) Continental US, b) Missouri 

 
 
 
 
 

a b 
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Table 8. Clay vs. 1500 kPa Water for Smectitic Soils of the Continental US 

Region Mineralogy Y Variable X Variable P-Value R2 MSE 

Continental Smectitic 

CEC7 Clay 0.0001 0.422 0.89 

CEC7 1500kPa 0.0001 0.774 0.35 

NZP Clay 0.026 0.052 20.39 

NZP 1500kPa 0.082 0.032 20.83 

Missouri Smectitic 
CEC7 Clay 0.0001 0.885 0.07 

CEC7 1500kPa 0.0001 0.922 0.05 

*Significant at P<0.05 

  

 
Figure 21. CEC7 vs. 1500 kPa water of smectitic soils at the a) Continental US, b) Missouri levels 

 
Results of regression analyses revealed that, as hypothesized, 1500 kPa water 

predicted CEC7 just as well as clay in smectitic soils (Table 8).  Even with heterogeneity 

at the continental scale, 1500 kPa water was strongly and positively related to CEC7, 

explaining 35% more variation in CEC7 than clay measurements (Fig. 21a).  The 

strongest relationship observed for this smectitic class was between CEC7 and 1500 kPa 

water at the Missouri level (R2=0.922; MSE=0.049)   (Fig. 21b).  This indicated that    

1500 kPa water was a better predictor of CEC than clay.  On the other hand, phosphorus 

retention was poorly related to both 1500 kPa water and clay at the continental scale,  

a b 
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Table 9. Clay vs. 1500 kPa Water for Kaolinitic and Oxidic Soils of the Continental US, 
Puerto Rico, and Hawai‘i 

Region Mineralogy Y Variable X Variable P-Value R2 MSE 

Continental 
US 

Kaolinitic 
CEC7 Clay 0.003 0.053 0.53 

CEC7 1500 kPa 0.0001 0.377 0.35 

Puerto Rico Kaolinitic 

CEC7 Clay 0.0001 0.114 0.81 

CEC7 1500 kPa 0.0001 0.457 0.50 

NZP Clay 0.0001 0.007 3.42 

NZP 1500 kPa 0.0001 0.375 2.15 

Hawaii 

Ferritic, 
Ferruginous, 
Kaolinitic, 
Parasesquic 

CEC7 Clay 0.0001 0.132 10.51 

CEC7 1500 kPa 0.0001 0.085 11.09 

NZP Clay 0.0035 0.048 13.48 

NZP 1500 kPa 0.0027 0.051 13.45 

*Significant at P <0.05 

 

likely due to the inability of smectitic minerals to retain phosphorus. 

As hypothesized for soils comprised of weathered 1:1 clay and oxide minerals, 

1500 kPa water was a better predictor of soil behavior than measured clay, but the 

relationships of both properties to surface-related behaviors were generally weak  

(Table 9).  For Continental US soils characterized by kaolinitic and parasesquic 

mineralogy, 1500 kPa water predicted CEC7 (R2=0.377) better than clay, which was 

weakly related to CEC7 (R2=0.053), but the prediction power of 1500 kPa water was low.  

Similarly, in kaolinitic soils from Puerto Rico, an area abundant in weathered Oxisols and 

Ultisols, 1500 kPa water predicted CEC7 and P retention better than clay.  1500 kPa 

water was positively related to CEC7 (Fig. 22a) and NZP (Fig. 22b) and explained 

statistically more variation than clay measurements, which poorly explained CEC7 and 

NZP (R2=0.114, 0.007).  Yet, the explained variance by 1500 kPa water was still less than  
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Figure 22. Regressions for kaolinitic Puerto Rican soils of 1500 kPa water with a) CEC7, b) NZP 

 

Table 10. Clay vs. 1500 kPa Water for Amorphous Soils of the Continental US and Hawai‘i 

Region Mineralogy Y Variable X Variable P-Value R2 MSE 

Continental 
US 

Amorphous, 
Glassy 

CEC7 Clay 0.0001 0.422 1.52 

CEC7 1500 kPa 0.0001 0.799 0.53 

NZP Clay 0.674 0.001 45.02 

NZP 1500 kPa 0.0001 0.223 35.03 

Hawaii 
Amorphous, 
Ferrihydrite, 
Glassy 

CEC7 Clay 0.0001 0.064 34.71 

CEC7 1500 kPa 0.0001 0.290 26.34 

NZP Clay 0.625 0.001 19.41 

NZP 1500 kPa 0.0001 0.372 12.19 

* Significant at P<0.05 

 

50%.  In the oxide-rich soils of Hawai‘i, very weak relationships were observed for clay, 

1500kPa water, CEC7, and NZP (Table 9). 

In soils characterized by amorphous mineralogy, 1500 kPa water served as a 

better predictor of CEC7 and NZP than clay, as hypothesized (Table 10).  Amorphous 

soils of the Continental US, primarily from Washington state, exhibited a very strong 

relationship between 1500 kPa water and CEC7, much stronger than that for clay (Fig. 

23a,b).  Nearly 80% of the variation in CEC7 was explained by 1500 kPa water, and 

a b 
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Figure 23. CEC7 vs. a) 1500 kPa water, b) clay for amorphous soils of the Continental US 

 
 

the MSE was one third that of clay.  Although the R2 was low, 1500 kPa water explained 

slightly more variation in NZP than was explained by measured clay, which was          

non-significant.   

1500 kPa water was still a better predictor of CEC7 and NZP than clay in 

amorphous soils of Hawai‘i, as hypothesized, but R2 values were very low.  A slightly 

positive relationship between CEC7 and 1500 kPa water was observed (R2=0.290), but 

much variation was still unexplained by1500 kPa water (Fig. 24a).  For NZP, a positive 

exponential relationship was observed between 1500 kPa water and NZP, with a plateau 

reached near a 1500 kPa water of 400 g kg-1 (Fig. 24b).  This suggested that 1500 kPa 

water may be able to describe phosphorus retention in these soils.  Measured clay was 

weakly related to CEC7 (R2=0.064) and showed no relationship to P retention. 

a b 
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Figure 24. 1500 kPa water vs. a) CEC7, b) NZP for amorphous soils of Hawai‘i 

 

 

Figure 25. Surface area vs. a) 1500 kPa water, b) Clay for twenty Hawaiian soils 

 

In the twenty Hawai‘i soils of varying mineralogy, surface area was weakly 

related to both measured clay and 1500 kPa water (Fig.25a,b).  High variation in surface 

area was observed within a small range at the lower 1500 kPa water measurements.   

Yet, soils with the highest 1500 kPa water values yielded the highest surface area 

measurements, which resulted in a significantly positive relationship (P=0.004).  Surface 

area measurements did not follow such a trend with measured clay, which resulted in a 

a b 

a b 
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non-significant relationship for clay (P=0.185).  Observed results suggested that surface 

area may be closer related to 1500 kPa water than measured clay in these oxidic and 

volcanic soils. 

 

3.3.2 Visible Near-Infrared Diffuse Reflectance Spectroscopy 

 Models developed using VNIR-DRS to predict 1500 kPa water of Hawai‘i soils 

produced high R2 and low RMSE values, which supported the hypothesis that VNIR-DRS 

can accurately predict 1500 kPa water.  The ten-best models developed using cross-

validation are summarized in Table 11.  Values for R2 were moderately high at 0.813 or 

higher, with corresponding RMSE values below 81 g kg-1.  Based on higher R2 and lower 

RMSE values, spectral transformations normalized by the range, maximum, or mean 

predicted 1500 kPa water noticeably better than other transformations.  Between the 

third and fourth best models, R2 and RMSE differed by 0.03 and 8g kg-1 respectively.  

The five best transformations that were then analyzed using a 70:30 

Calibration:Validation ratio were the following: range normalized, maximum normalized, 

mean normalized, smoothed with a moving average window of nine, and no 

transformation. 

Calibration models developed using the five best transformations were very 

accurate.  Spectra developed from VNIR-DRS explained 88 to 91% of the variation in         

1500 kPa water, and the fit between spectra and water data was tight at RMSE of         

63 g kg-1 or lower (Table 12).  For model validation, validation statistics decreased  
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Table 11. Summary Statistics of the Ten Best Transformations Using Cross-Validation 

Transformation 
# of 

Factors 
R2 of 

Validation 
RMSE 
(g kg-1) 

Normalize- By the Range 9 0.874 66.717 

Normalize- By the Maximum 9 0.871 67.880 

Normalize- By the Mean 8 0.865 69.027 

None 9 0.833 77.233 

Smoothing-Moving Average, Segment Window=9 9 0.832 77.066 

Derivative- Gap Segment, 1st order derivative, 
Gap=3, Segment Window=5 

4 0.832 76.975 

Smoothing-Moving Average, Segment Window=5 9 0.829 78.421 

Derivative- Savitzky Golay, 1st order derivative, 1st 
order polynomial, Segment Window=9 

4 0.825 78.492 

Smoothing- Savitzky-Golay, 2nd order polynomial, 
Segment Window=9 

8 0.821 79.591 

Derivative- Norris Gap, 1st order derivative, Gap=5 4 0.819 80.215 

Smoothing- Savitzky-Golay, 3rd order polynomial, 
Segment Window=9 

9 0.813 81.327 
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Table 12. Summary Statistics of 1500 kPa Water and Spectral Data using 70% Calibration 
and 30% Validation Datasets 

  
Calibration Validation 

Transformation 
# of 

Factors 
R2 

RMSE 
(g kg-1) 

R2 
RMSE 
(g kg-1) 

RPD 

Normalize- By the Maximum 9 0.912 55.783 0.869 66.917 2.789 

Normalize- By the Range 9 0.909 56.551 0.868 67.245 2.776 

Normalize- By the Mean 9 0.919 53.218 0.844 73.009 2.557 

Smoothing-Moving Average, 
Segment Window=9 

9 0.886 63.383 0.809 80.659 2.314 

None 9 0.892 61.643 0.799 82.867 2.252 

 

slightly for each transformation as compared to those observed from cross-validation.  

Yet, despite this slight decrease, VNIR-DRS predictions of the validation set were 

moderately accurate.  The strongest model resulted from the maximum normalized 

transformation, which had R2 and RMSE similar the best model found by cross-validation.  

As observed in Figure 26a, predicted and observed values of the validated model for 

maximum normalized data followed a 1:1 relationship.  Similarly strong and accurate 

relationships were observed for range (R2
validation=0.87; RMSEvalidation=67.25) and mean 

(R2
validation=0.84; RMSEvalidation=73.01) normalized transformations (Fig. 26bc).  These 

observations suggested VNIR-DRS could accurately formulate a model and predict 

future observations for 1500 kPa water, as was observed in this Hawai‘i dataset.  
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Figure 26. Predicted vs. observed plot of the validation dataset normalized by the a) maximum, 
b) range, c) mean 

 

 

 

 

 

 

 

 

a b 

c 
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3.4 Discussion 

3.4.1 Clay vs. 1500 kPa Water 

 As hypothesized, 1500 kPa water predicted soil retentive capacities as well or 

better than measured clay.  However, the strength of 1500 kPa water and clay 

predictions depended on soil mineralogy.  In smectitic soils, both 1500 kPa water and 

clay strongly predicted CEC7, specifically when localized at the state scale for Missouri, 

with respective R2 of 0.92 and 0.89.  Banin and Amiel (1971) and Nagendran and 

Angayarkanni (2010) also observed strong relationships between 1500 kPa water, clay 

content, and CEC in 2:1 clay soils of Israel and India, which were attributed to increased 

specific surface area with increasing clay contents that allowed for greater water and 

nutrient retention (Banin and Amiel 1971; Petersen et al. 1996). 

Internal surface area and constant negative charge of smectitic minerals likely 

are responsible for strong predictive capacities of 1500 kPa water and measured clay 

towards CEC7 in these soils.  The structure of smectite is comprised of an interlayer 

space of 1.0-2.0 nm between each 2:1 (tetrahedral:octahedral) layer due to weak Van 

der Waals attractions between tetrahedral sheets.  This interlayer space provides 

internal surface area on which nutrient and water are adsorbed (Borchardt 1989; 

Douglas 1989; Brady and Weil 2010).  Smectitic surfaces are also characterized by 

constant negative charge due to isomorphous substitution of cations in tetra and 

octahedral sheets, resulting in large and constant CEC (Uehara and Gillman 1981; 

Borchardt 1989).  With charge held constant for a given mass of smectite, CEC and 

water retention can be expected to increase with increasing surface area and measured 
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clay, as was observed.  Constant charge and weak bonding between clay minerals is also 

the reason why smectitic clays are easy to disperse, allowing for unobstructed and likely 

accurate measurements of clay.  However, constant negative charge results in the 

inability of smectite to retain anions like phosphate (Borchardt 1989), which explains 

the poor relationship between measured clay and NZP observed for smectitc soils.  

Despite poor predictions of P retention, the positive relationships among clay, CEC7, and 

1500 kPa water provided the logical foundation to test the ability of 1500 kPa water to 

predict surface phenomena like CEC7 and NZP in oxidic and volcanic ash soils, where 

accurate clay measurements are difficult. 

Although the hypothesis that 1500 kPa water was a better predictor of soil 

behavior than clay in kaolinitic soils was supported, the predictive power of 1500 kPa 

water was low.  These poor predictions contradict results found by Cox (1994) and 

Jackman et al. (1997), who found clay content and 1500 kPa water were strongly related 

with CEC and P retention in oxide-rich Ultisols and Oxisols.  Smaller sample sizes in their 

studies may have reduced heterogeneity and improved predictions.   

Poor predictions of CEC7 by 1500 kPa water and measured clay in kaolinitic and 

oxidic soils may have been due to variable surface charge of kaolinite and oxides.  As 

opposed to the constant negative charge of smectite, crystalline and amorphous iron 

(Fe) and aluminum (Al) oxides and kaolinite are characterized by variable or pH 

dependent charge, where positive charge predominates with an excess of protons 

below the pH level of zero-net-charge (ZPNC) and negative with an excess of hydroxyl 

ions above the ZPNC (Uehara and Gillman 1980b, 1981; Dixon 1989).  Not only does 
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charge vary with pH, but it also will vary in the overall soil system based on the relative 

proportions of these minerals (Stoop 1980; Uehara and Gillman 1980b; Manrique 1985), 

which are each characterized by different ZPNC (McBride 1989).  Different proportions 

of these minerals affect surface charge properties and may cause CEC to vary 

independently of measured clay or 1500 kPa water, resulting in discrepancies between 

low CEC values for high clay or 1500 kPa water soils.     

Phosphorus retention can also vary independently of clay and 1500 kPa water 

due to the preferential sorption of P to Fe and Al oxides.  In this study, some oxidic soils 

of Hawai‘i were characterized by low clay and 1500 kPa water measurements              

(30- 300 g kg-1) but NZP values near the maximum level of 1000 g kg-1.  

Trakoonyingcharoen et al. (2005) and Wiriyakitnateekul et al. (2005) both found that 

maximum P sorption was linked to crystalline and amorphous Fe and Al oxide levels 

rather than clay content.  Under acidic conditions, protonated hydroxyl groups on the 

edges of Fe and Al oxides form specific and strong mono or bidendate ligand bonds with 

the phosphate ion, promoting P sorption (Hsu 1989; Schwertmann and Taylor 1989).  

Jackman et al. (1997) found that P retention by oxide hydroxyl groups increased with 

higher surface area, and thus hydroxyl charge density.  Lower and less specific P 

sorption in kaolinitic soils was attributed to lower surface area and hydroxyl charge 

density of kaolinite as compared to oxides (Jackman et al. 1997).  Weak relationships of 

clay to CEC7 and NZP in kaolinitic and oxidic soils may have also been due to the 

underestimation of measured clay as a result of strong aggregation between oxides and 

kaolinite via electrostatic attraction (Uehara and Gillman 1981; Gee and Or 2002).  
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Improved predictions of CEC7 and NZP using 1500 kPa water were likely due to 1500 kPa 

water measurements not being affected by strong aggregation and dispersion resistance.  

However, unexplained variance in 1500 kPa water predictions were quite large in 

kaolinitic and oxidic soils and may need to be resolved by including another predictor 

variable that describes surface properties of the dominant mineral, such as charge 

density or pH. 

 In Andisols dominated by amorphous minerals, 1500 kPa water predicted CEC7 

and NZP better than clay, but overall the predictive capacity was weak.  In the 

predominantly vitric Andisols of the Continental US, there was a strong relationship 

between 1500 kPa water and CEC7, but this relationship disappeared in the highly 

weathered Andisols of Hawai‘i characterized by large amounts of weathered amorphous 

oxides.  Vitrands are weakly weathered and low in amorphous minerals and surface area, 

while highly weathered Andisols of Hawai‘i are abundant in both (Shoji et al. 1993; 

Nanzyo et al. 1993b).  Like crystalline oxide minerals, amorphous minerals are 

characterized by variably charged surfaces (Nanzyo et al. 1993b).  Higher amorphous 

mineral content and thus variable charge in the Hawai‘i Andisols may have led to 

increased variability and a weaker relationship between 1500 kPa water and CEC7 as 

compared to the Vitrands.  Amorphous minerals also have large hydroxyl charge density 

and thus specific P retention due to high surface area (Nanzyo et al. 1993b; Jackman et 

al. 1997; Pigna and Violante 2003), likely explaining P retention varying independently of 

1500 kPa water and clay in the Hawai‘i Andisols.  However, given lower amorphous 
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mineral contents of Vitrands, reasons for the weak prediction of NZP in the Continental 

US Andisols remain unclear. 

 In Andisols, organic matter and pumice grains impart surface area and retentive 

capacities that are unaccounted by measured clay, supporting the use of 1500 kPa water 

rather than clay data in these soils.  Organic matter is a controlling factor in water 

retention for Andisols due to increased micropore space with higher organic matter 

contents (Warkentin and Maeda 1980; Nanzyo et al. 1993a; Buytaert et al. 2005), and 

organic matter also imparts considerable CEC to Andisols (Nanzyo et al. 1993b; Chorover 

et al. 2004).  Sand-sized pumice grains contain internal pore space, which can retain not 

only water but also organic matter and amorphous oxides that further increase water 

retention and CEC (Warkentin and Maeda 1980; Gama-Castro et al. 2000).  Water 

retention and CEC are interconnected and behave independently of clay in the presence 

of organic matter and pumice, suggesting 1500 kPa water may be more applicable to 

explaining surface behaviors in Andisols than clay. 

For a limited set of twenty Hawai‘i soils, 1500 kPa water was a better predictor 

of surface area than clay.  However, the relationship between 1500 kPa water and 

surface area was weak, explaining only 38% of the variation.  The weak relationships 

observed for 1500 kPa water and clay are likely due to the oven-drying of soil samples at 

105°C as a routine step prior to surface area measurements in the procedure followed.  

Oven-drying oxidic and volcanic soils can lead to the irreversible drying of hydrated 

oxide minerals and the collapse of micropore structures, resulting in reduced surface 



90 
 

area and water retention (Maeda and Warkentin 1975; Uehara and Gillman 1981; 

Nanzyo et al. 1993a).   

Experimental results revealed that 1500 kPa water is a better predictor of soil 

behavior than measured clay, but due to the complex nature of soils, predictions of 

CEC7 and P retention using only clay or 1500 kPa water data were inadequate.  Soils rich 

in oxide and amorphous minerals are characterized by variable charge and specific P 

retention, which may cause CEC7 and P retention to behave independently of clay and 

1500 kPa water.  Other soil constituents in Andisols, namely organic matter and porous 

pumice grains, also may have influenced surface charge and retention independently of 

clay content.  1500 kPa water improved predictions of CEC7, P retention, and surface 

area compared with measured clay in most soils, but this primarily physical property 

was unable to explain chemically based behaviors such as surface charge, resulting in 

large amounts of unexplained variance.  Future research predicting key soil behaviors 

using 1500 kPa water will need to incorporate more predictor variables in regressions to 

account for the inherent complexity of soil.  Possible variables may include organic 

matter, pH, or even ΔpH. 
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3.4.2 Visible Near-Infrared Diffuse Reflectance Spectroscopy 

 As hypothesized, VNIR-DRS accurately predicted 1500 kPa water on a range of 

soils from Hawai‘i.  Predictions were strong for both calibration and validation datasets, 

with the best models explaining more than 89% of the variation in the calibration set 

and 80-87% in the validation set.  The accuracy of these predictions for 1500 kPa water, 

as indicated by R2 and RPD, was much higher than that observed by Chang et al. (2001) 

and Kinoshita et al. (2012).  Agreement between measured and predicted values of  

1500 kPa water were likely due to strong absorption bands of OH bonds in the water 

molecule, as hypothesized.  Analyses of the regression beta coefficients for the 

normalized data, as described by McDowell et al. (2012), revealed the wavelengths that 

contributed most positively to the calibration model were 1390, 1890, and 2200 nm (Fig. 

27).  These wavelengths likely correspond to the 1400 and 1900 nm absorption bands of 

the water molecule (Malley et al. 2004; Mouazen et al. 2006; McDowell et al. 2012), 

which suggests that VNIR-DRS predicted 1500 kPa water from these water absorption  

 
Figure 27. Beta coefficients for specific wavelengths in the normalized by the maximum model 
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bands.  The 2200 nm wavelength also contributed strongly to 1500 kPa water 

predictions, which may be due to the strong association between this wavelength and 

hygroscopic water that is released at pressures exceeding -1500 kPa (Malley et al. 2004). 

Experimental results revealed normalized transformations by the maximum, 

range, and mean produced the best prediction models.  Normalized transformations 

probably improved prediction accuracy best because as seen in Figure 28a, VNIR 

reflectance spectra among eight different soil orders varied in shape and scale.  

Normalizing the spectra by either the maximum, range, or mean reduced variation 

among the different spectra and brought all spectra to a common scale (Fig. 28b), 

allowing for improved comparison of differences in key wavelengths (CAMO 2006; 

Mouazen et al. 2006).  In the spectral analyses of diverse tropical soils, normalizing the 

spectral data may be a necessary step to ensure accurate predictions (Udelhoven 2003; 

Vasques et al. 2008; Minasny et al. 2009; McDowell 2012). 

 

 
Figure 28. Reflectance spectra of eight soil orders a) untransformed, b) normalized by 

the maximum 

a) b) 
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Although the 1500kPa water alone cannot predict soil behaviors in oxide and 

volcanic soils, the rapid prediction of 1500 kPa water by VNIR-DRS may still be useful for 

other applications.  As suggested previously, 1500 kPa water may provide accurate 

predictions of soil behavior in conjunction with other soil properties that capture 

information about surface charge, such as pH or organic matter.  In cases of 

underestimated clay data, 1500 kPa water is the next best property to estimate surface 

area in soil.  1500 kPa water is also used in the estimation of plant available water in 

soils, a key property used to effectively manage agricultural operations (Brady and Weil 

2010).  Thus, the prediction of 1500 kPa water by VNIR-DRS may still contain 

agronomical benefits.  To improve the prediction of 1500 kPa water by VNIR-DRS, future 

research may include VNIR prediction of 1500 kPa water and other properties in field 

conditions, which will prevent irreversible drying that alters physical and chemical 

properties of volcanic soils (Nanzyo et al. 1993a).  
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3.5 Conclusion 

 In conclusion, 1500 kPa water was a better predictor of CEC7 and P retention 

than measured clay, but soil mineralogy greatly influenced the reliability of these 

predictions.  Predictions of CEC7 by 1500 kPa water and clay were very strong in 

smectitic soils characterized by constant negative charge and easy dispersion, but 

prediction accuracy decreased for oxide-rich and volcanic ash soils characterized by 

variable charge and specific P retention.  Weak predictions by 1500 kPa water in these 

soils limits the substitution of clay by 1500 kPa water.  Predictions of CEC7 and NZP may 

improve with the inclusion of other soil properties as predictor variables, such as pH and 

oxide content.  Surface charge and CEC of variably charged minerals are pH dependent 

and would be expected to be explained by pH.  Phosphorus is preferentially adsorbed to 

oxide minerals, with P sorption likely increasing in the abundance of oxides.  In Andisols, 

organic matter and pumice content may provide additional information regarding pore 

space and surface area, possibly providing a stronger link between 1500 kPa water and 

other surface-related behaviors.  The extent to which these variables will improve 

prediction accuracy in addition to 1500 kPa water is not known and requires further 

investigation. 

 Visible near-infrared diffuse reflectance spectroscopy accurately predicted    

1500 kPa water on a diverse range of tropical soils due to the strong association of key 

wavelengths with absorption bands of the water molecule.  Prediction accuracy 

improved with the transformation of spectral data via normalizing by the maximum, 

range, or mean, which may be a necessary procedure in future VNIR-DRS predictions of 
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1500 kPa water on the diverse soils of the tropics.  This study was one of only a few that 

analyzed and accurately predicted 1500 kPa water using VNIR-DRS.  Although 1500 kPa 

water alone may not accurately predict soil behaviors, utilizing 1500 kPa water in 

combination with other predictor variables or as an estimator of plant available water 

still support the rapid measurement of this key soil property.  The spectroscopic analysis 

of soil in the field is an area of study that should be explored further as it may improve 

the accuracy and rapidity of 1500 kPa water and other soil measurements. 
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Chapter 4. Conclusions 

 The goal of this thesis research was to improve the measurement of clay in 

tropical and volcanic ash soils rich in oxides and amorphous minerals.  In pursuit of this 

goal, increasing Na-HMP concentration and ultrasonication energy levels were two 

simple techniques investigated for their ability to improve the standard clay 

measurement method in oxidic and volcanic ash soils.  1500 kPa water was also 

evaluated as a potential substitute for clay in predicting CEC and P retention for these 

soil types, and VNIR-DRS was assessed for its ability to rapidly estimate 1500 kPa water.   

 In the first study, increasing Na-HMP concentration did not improve dispersion 

and clay measurements in oxide-rich and volcanic ash soils, likely due to inadequate pH 

buffering and physical abrasion from Na-HMP and horizontal shaking, respectively.  In 

contrast, applying ultrasonication significantly increased measured clay in these soils, 

but soils higher in carbon, iron and aluminum oxides, and positive surface charge 

required higher energy levels to disperse.  These findings can help guide ultrasonic 

energy requirements based on available mineralogical data.  However, unusual 

responses to ultrasonication were encountered in Andisols and some oxidic soils that 

could not be explained by carbon, oxide content, or surface charge.  Further 

investigation is needed to understand processes controlling response to ultrasonication 

in these soils. 

 Despite unexplained behaviors in Andisols and some oxidic soils, results support 

the use of ultrasonication in improving routine measurements of clay for         

dispersion-resistant soils.  The NRCS may benefit from incorporating ultrasonication in 
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their standard protocol for measuring clay.  When measuring clay for Oxisols and 

Ultisols, lower energy levels of 100 J mL-1 are adequate to disperse soils low in oxides, 

carbon, and positive charge, while much higher energies near 1600 J mL-1 are necessary 

for soils rich in these constituents.  Energy levels needed to disperse Andisols did not 

follow such trends in this study, requiring further investigation. 

 Interestingly, porous pumice grains and oxide nodules were observed in the sand 

fraction of some volcanic ash and oxidic soils, which suggested that retentive clay-like 

behaviors may be partially controlled by intra-particle pores and surfaces of these   

sand-sized particles.  If this holds true, then the conventional particle size model does 

not accurately describe surface area and retentive behaviors for these soil types.  This 

finding questioned the appropriateness of interpreting soil behaviors from particle size 

data in volcanic and oxidic soils given the presence of these porous soil particles.  

Further research that characterizes and quantifies surface area and retentive capacities 

provided by pumice and oxide nodules may improve estimations of water and nutrient 

retention in these soils. 

 In the second study, 1500 kPa water generally predicted CEC and P retention 

more strongly than clay.  Predictions of CEC7 by 1500 kPa water and clay were strong 

and similar in strength for smectitic soils, suggesting that 1500 kPa water explains 

similar behaviors as and could substitute for clay in these soils.  However, weak 

predictions by both 1500 kPa water and clay in oxidic and volcanic soils limited the 

application of 1500 kPa water as a substitute for clay in these soils.  1500 kPa water 

alone could not capture the complex mechanisms controlling retentive behaviors in 
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these soils.  Prediction models using 1500 kPa water or clay as predictor variables may 

need to evaluate the added value of incorporating other soil properties, such as organic 

matter, oxide content, and pH, in improving prediction accuracy.  1500 kPa water was 

accurately predicted by VNIR-DRS, due to strong water absorption bands detected by 

VNIR-DRS.  Improved use of 1500 kPa water in predicting soil behaviors or the 

estimation of properties like plant-available-water from 1500 kPa water may benefit 

from the rapid determination of 1500 kPa water by VNIR-DRS. 
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Appendix A. Particle Size Distributions for the Concentration Experiment 

Series 
Concentration 

(g L
-1

) 
Replicate 

Clay        
(g kg

-1
) 

Silt         
(g kg

-1
) 

Fine Silt  
(g kg

-1
) 

Coarse Silt  
(g kg

-1
) 

Sand      
(g kg

-1
) 

Lualualei 

0.4408 1 707.25 197.44 190.77 6.67 95.31 

0.4408 2 709.66 197.17 190.06 7.10 93.17 

0.4408 3 681.89 217.26 203.04 14.22 100.85 

0.8006 1 712.52 193.93 186.10 7.83 93.56 

0.8006 2 700.90 205.60 190.72 14.88 93.50 

0.8006 3 680.78 221.75 196.43 25.32 97.46 

1.1606 1 708.88 204.90 185.77 19.13 86.22 

1.1606 2 701.00 213.13 182.73 30.40 85.87 

1.1606 3 683.34 218.17 186.55 31.62 98.49 

Leilehua 

0.4408 1 629.68 466.50 233.25 7.30 129.77 

0.4408 2 648.87 410.04 205.02 26.60 119.51 

0.4408 3 679.93 410.45 205.22 18.53 96.32 

0.8006 1 641.57 435.89 217.94 21.58 118.91 

0.8006 2 695.45 404.85 202.43 15.50 86.63 

0.8006 3 712.79 400.56 200.28 16.48 70.45 

1.1606 1 631.64 447.89 223.94 27.23 117.19 

1.1606 2 637.67 426.18 213.09 17.35 131.89 

1.1606 3 699.32 435.09 217.54 18.58 64.56 

Hali'i 

0.4408 1 28.83 260.83 188.45 72.38 710.34 

0.4408 2 23.43 135.50 77.52 57.98 841.07 

0.4408 3 26.69 236.57 167.23 69.34 736.73 

0.8006 1 29.19 233.07 155.24 77.83 737.74 

0.8006 2 26.37 127.33 67.63 59.70 846.31 

0.8006 3 34.48 239.89 168.48 71.41 725.63 

1.1606 1 36.68 240.86 168.56 72.30 722.47 

1.1606 2 32.37 137.30 72.25 65.05 830.33 

1.1606 3 49.69 230.12 168.33 61.79 720.19 

Hilo 

0.4408 1 152.54 350.71 316.21 34.50 496.75 

0.4408 2 148.70 351.82 336.20 15.61 499.48 

0.4408 3 110.39 396.10 365.78 30.32 493.51 

0.8006 1 208.63 292.50 256.11 36.39 498.86 

0.8006 2 225.30 286.94 249.49 37.45 487.76 

0.8006 3 209.11 281.01 253.24 27.77 509.88 

1.1606 1 181.83 293.67 258.86 34.82 524.50 

1.1606 2 192.67 279.81 245.32 34.49 527.52 

1.1606 3 175.95 313.31 250.94 62.37 510.74 
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Appendix B. Particle Size Distributions for the Ultrasonication Experiment 

Series 
Energy Level  

(J mL
-1

) 
Replicate 

Clay        
(g kg

-1
) 

Silt         
(g kg

-1
) 

Fine Silt  
(g kg

-1
) 

Coarse Silt  
(g kg

-1
) 

Sand      
(g kg

-1
) 

Lualualei 

0 1 707.25 197.44 190.77 6.67 95.31 

0 2 709.66 197.17 190.06 7.10 93.17 

0 3 681.89 217.26 203.04 14.22 100.85 

100 1 721.88 185.36 178.40 6.96 92.77 

100 2 702.98 204.00 174.96 29.03 93.03 

100 3 711.23 199.85 172.68 27.17 88.93 

200 1 719.39 185.78 176.27 9.51 94.83 

200 2 709.38 199.51 170.59 28.92 91.11 

200 3 711.64 199.99 171.97 28.02 88.37 

400 1 730.78 186.95 185.85 1.10 82.28 

400 2 714.68 200.19 166.86 33.34 85.13 

400 3 718.18 195.40 176.25 19.15 86.42 

1600 1 706.21 219.15 196.82 22.32 74.64 

1600 2 711.80 214.69 196.91 17.78 73.51 

1600 3 706.87 222.01 211.32 10.69 71.12 

Salinas 

0 1 93.99 140.50 83.06 57.44 765.51 

0 2 94.19 145.96 78.38 67.57 759.85 

0 3 92.51 158.16 82.42 75.74 749.33 

100 1 103.16 150.72 89.74 60.98 746.12 

100 2 99.67 169.69 94.06 75.63 730.64 

100 3 104.46 177.63 98.03 79.60 717.91 

200 1 98.83 153.45 92.81 60.63 747.72 

200 2 86.61 159.82 94.05 65.77 753.57 

200 3 104.25 174.74 102.73 72.01 721.01 

400 1 102.62 180.86 104.37 76.49 716.52 

400 2 105.09 172.21 110.50 61.70 722.71 

400 3 111.22 192.97 117.45 75.52 695.80 

1600 1 121.51 193.00 122.44 70.56 685.49 

1600 2 139.20 230.91 187.93 42.98 629.89 

1600 3 139.73 226.25 145.14 81.11 634.02 

Leilehua 

0 1 738.55 219.43 199.19 20.24 42.02 

0 2 762.46 201.59 192.50 9.10 35.94 

0 3 709.10 237.65 215.13 22.52 53.25 

100 1 884.91 108.64 116.62 -7.98 6.45 

100 2 875.85 117.47 121.60 -4.13 6.67 

100 3 880.46 112.50 113.81 -1.31 7.04 

200 1 893.96 100.75 114.89 -14.14 5.29 
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200 2 885.01 109.90 115.42 -5.52 5.09 

200 3 888.00 106.75 108.14 -1.39 5.25 

400 1 898.83 95.45 109.45 -14.00 5.73 

400 2 888.39 108.27 109.07 -0.80 3.34 

400 3 898.60 97.42 106.81 -9.39 3.97 

1600 1 886.99 110.92 105.72 5.20 2.08 

1600 2 883.65 113.59 113.97 -0.38 2.76 

1600 3 886.41 111.27 108.07 3.19 2.32 

Molokai 

0 1 117.77 590.74 348.26 242.49 291.49 

0 2 178.40 557.67 335.70 221.97 263.92 

100 1 392.83 455.70 342.71 112.99 151.47 

100 2 398.57 451.49 351.19 100.29 149.94 

200 1 499.56 424.03 335.21 88.82 76.42 

200 2 487.83 414.83 349.63 65.20 97.34 

400 1 603.25 355.25 306.21 49.04 41.50 

400 2 597.18 355.54 323.39 32.16 47.28 

1600 1 748.56 230.61 205.54 25.07 20.83 

1600 2 733.06 245.20 229.30 15.89 21.74 

Wahiawa 

0 1 528.65 353.79 260.44 93.35 117.56 

0 2 508.95 374.71 282.69 92.02 116.34 

100 1 819.91 149.31 111.36 37.96 30.77 

100 2 852.03 116.65 108.89 7.76 31.32 

200 1 858.25 122.02 92.64 29.38 19.73 

200 2 871.07 104.70 100.46 4.25 24.22 

400 1 871.18 111.99 78.46 33.53 16.83 

400 2 897.68 85.48 89.04 -3.56 16.84 

1600 1 908.20 81.41 69.26 12.14 10.39 

1600 2 914.46 75.38 77.98 -2.60 10.16 

Paaloa 

0 1 607.68 315.20 256.19 59.01 77.12 

0 2 628.93 300.61 253.13 47.47 70.47 

100 1 801.26 193.70 182.73 10.97 5.04 

100 2 790.04 202.23 185.57 16.66 7.73 

200 1 823.05 173.21 164.70 8.51 3.74 

200 2 813.26 182.10 172.80 9.30 4.64 

400 1 825.95 170.65 155.03 15.62 3.40 

400 2 824.86 170.85 169.11 1.74 4.29 

1600 1 818.53 180.01 153.07 26.94 1.46 

1600 2 837.91 160.47 157.92 2.55 1.63 

Kapaa 

0 1 58.99 236.64 166.80 69.84 704.37 

0 2 25.11 219.22 128.37 90.85 755.67 

100 1 153.07 258.84 196.88 61.96 588.09 
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100 2 148.40 276.68 197.83 78.85 574.93 

200 1 273.21 315.32 258.93 56.39 411.48 

200 2 277.69 323.39 240.66 82.72 398.92 

400 1 442.84 318.27 285.23 33.04 238.89 

400 2 449.18 374.06 311.53 62.53 176.76 

1600 1 625.00 274.96 255.70 19.26 100.04 

1600 2 606.40 313.91 272.93 40.98 79.69 

Halii 

0 1 17.99 252.38 176.02 76.36 729.63 

0 2 20.56 264.32 181.38 82.94 715.11 

0 3 27.28 252.36 179.68 72.68 720.36 

100 1 145.77 341.34 254.92 86.42 512.89 

100 2 112.62 309.90 231.37 78.52 577.48 

100 3 120.58 263.10 183.97 79.13 616.32 

200 1 235.44 335.26 265.07 70.18 429.30 

200 2 188.95 284.62 229.40 55.23 526.42 

200 3 191.02 292.68 226.27 66.41 516.30 

400 1 344.81 337.61 282.86 54.75 317.58 

400 2 314.13 314.10 261.73 52.37 371.76 

400 3 337.88 328.32 276.19 52.12 333.80 

1600 1 539.82 273.20 256.02 17.19 186.98 

1600 2 548.02 293.70 280.59 13.11 158.29 

1600 3 545.53 283.03 270.14 12.89 171.44 

Hilo 

0 1 207.80 299.52 239.86 59.66 492.68 

0 2 189.56 286.94 234.52 52.43 523.50 

0 3 169.12 285.38 234.17 51.22 545.50 

100 1 276.06 304.52 241.29 63.23 419.42 

100 2 283.26 297.68 238.32 59.36 419.06 

100 3 279.90 303.44 231.72 71.72 416.67 

200 1 324.40 313.09 240.58 72.51 362.51 

200 2 325.02 306.02 241.39 64.63 368.96 

200 3 308.11 316.45 236.33 80.12 375.45 

400 1 376.26 315.89 242.25 73.64 307.85 

400 2 369.10 316.71 245.09 71.62 314.19 

400 3 364.95 304.28 244.08 60.20 330.78 

1600 1 509.86 302.13 275.65 26.48 188.01 

1600 2 528.42 287.03 286.25 0.77 184.55 

1600 3 501.56 305.81 287.77 18.04 192.63 

Honokaa 

0 1 548.13 388.11 354.91 33.20 63.76 

0 2 558.33 400.42 400.54 -0.11 41.25 

100 1 804.37 181.31 160.12 21.18 14.32 

100 2 847.42 140.31 153.50 -13.19 12.27 
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200 1 794.99 193.73 138.55 55.18 11.28 

200 2 875.04 114.46 150.70 -36.23 10.49 

400 1 810.27 179.99 123.45 56.54 9.73 

400 2 862.57 128.93 149.93 -21.00 8.50 

1600 1 841.23 151.22 134.87 16.35 7.55 

1600 2 853.34 139.34 148.95 -9.61 7.32 

Maile 

0 1 442.11 406.80 350.97 55.83 151.09 

0 2 476.72 395.03 402.08 -7.04 128.24 

100 1 575.46 378.87 256.57 122.30 45.67 

100 2 654.41 301.32 266.47 34.85 44.27 

200 1 561.47 406.70 242.96 163.73 31.84 

200 2 682.10 282.97 258.18 24.79 34.93 

400 1 653.14 320.29 233.11 87.17 26.58 

400 2 699.71 277.00 229.31 47.68 23.29 

1600 1 701.27 281.84 228.25 53.59 16.90 

1600 2 762.07 218.64 220.58 -1.94 19.28 
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Appendix C. Soils Used to Develop VNIR-DRS Spectra 

Series Soil Order Layer Key Pedon Key Horizon 1500 kPa (g kg-1) 

(unnamed) Andisol 94P05272 94P0703 Oa 109.8 

Ainakea Andisol 91P07760 91P1162 Ap 33.2 

Akaka Andisol 88P00289 88P0048 Ap1 31.9 

Akaka Andisol 07N01920 07N0376 Oa 61.7 

Hapuna Andisol 95P02911 95P0373 A 19.4 

Hapuna Andisol 95P02905 95P0371 A 21.6 

Hilo Andisol 89P03693 89P0658 Bw1 25 

Hilo Andisol 89P03694 89P0658 Bw2 25.1 

Hilo Andisol 89P03695 89P0658 Bw3 26 

Hilo Andisol 89P03686 89P0657 Ap1 27.7 

Hilo Andisol 89P03692 89P0658 Ap2 27.7 

Hilo Andisol 89P03691 89P0658 Ap1 28.4 

Hilo Andisol 89P03705 89P0661 Ap1 29.6 

Hilo Andisol 89P03696 89P0659 Ap1 30.4 

Hilo Andisol 86P06005 86P1002 Ap1 31.2 

Ho‘okena Andisol 98P00876 98P0135 A1 / 2C1 54.7 

Hokukano Andisol 98P00887 98P0138 A 57 

Holikau Andisol 92P03778 92P0626 A 17.9 

Honoka‘a Andisol 88P00275 88P0046 A1 42.3 

Honoka‘a Andisol 00P05742 00P0955 A 43.3 

Honomanu Andisol 97P01640 97P0246 A 72 

Honomanu Andisol 97P01647 97P0247 Oa 79.1 

Honuaulu Andisol 00P05017 00P0806 A1 37 

Honuaulu Andisol 00P05023 00P0807 A1 39.5 

Honuaulu Andisol 00P05027 00P0808 A1 43.2 

Honuaulu Andisol 00P05044 00P0811 A1 43.6 

Honuaulu Andisol 00P05031 00P0809 A 50 

Honuaulu Andisol 00P05037 00P0810 A1 50.7 

Hua Andisol 94P05286 94P0705 A 43.8 

Kahua Andisol 92P03795 92P0629 A 31.6 

Kahua Andisol 94P01023 94P0172 Ag 36.1 

Kahua Andisol 03N04674 03N0909 A 45.4 

Kaipoioi Andisol 83P04477 83P0880 Ap1 51.9 

Kaiwiki Andisol 07N01916 07N0375 A 36.2 

Kehena Andisol 91P07754 91P1161 A1 34.5 

Ki Andisol 99P00672 99P0132 A1 25.5 

Kikoni Andisol 05N03361 05N0577 Bw1 31.5 

Kikoni Andisol 05N03363 05N0577 Bw3 35.9 
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Kikoni Andisol 05N03364 05N0577 Bw4 36.5 

Kikoni Andisol 05N03362 05N0577 Bw2 39 

Kikoni Andisol 05N03360 05N0577 A 59.4 

Koke‘e Andisol 01N06210 01N1215 Oa 25.7 

Koke‘e Andisol 01N06202 01N1214 Oa 36.9 

Kukaiau Andisol 82P03803 82P0734 Ap1 33.4 

Kula Andisol 83P04458 83P0878 Ap1 36.2 

Kulalio Andisol 98P00870 98P0134 A1 36.7 

Lalamilo Andisol 95P02928 95P0376 A 20.4 

Maile Andisol 03N04669 03N0908 3Bw2 37.7 

Maile Andisol 03N04668 03N0908 A 41.1 

Maile Andisol 03N04672 03N0908 4Bw5 44.4 

Maile Andisol 03N04670 03N0908 4Bw3 44.7 

Maile Andisol 03N04673 03N0908 4Bw6 45.1 

Maile Andisol 82P01449 82P0271 A 51.9 

Maile Andisol 03N04671 03N0908 4Bw4 52 

Na‘alehu Andisol 88P00270 88P0045 Ap 28.7 

Niuli‘i Andisol 82P03800 82P0733 Ap 37.5 

Oli Andisol 01N06187 01N1212 A1 46.2 

Olinda Andisol 83P04469 83P0879 Ap 29.3 

Pa‘auhau Andisol 88P00282 88P0047 Ap 32.9 

Palapalai Andisol 92P03745 92P0621 Ap1 44.6 

Palapalai Andisol 03N04649 03N0905 A1 64.7 

Palapalai Andisol 03N04654 03N0906 Ap1 70.8 

Palapalai Andisol 03N04662 03N0907 Ap1 72.9 

Pane Andisol 83P04486 83P0881 Ap 41.5 

Piha Andisol 92P05064 92P0821   47.3 

Pi‘ihonua Andisol 92P05084 92P0825   44.2 

Pi‘ihonua Andisol 92P05078 92P0824   51.1 

Pu'iwa Andisol 98P02349 98P0405 A1 26.6 

Pu‘u Pa Andisol 92P03772 92P0625 A 20.4 

Pu‘u Pa Andisol 92P03789 92P0628 A 26.3 

Waimea Andisol 05N03373 05N0580 A 29.9 

Waimea Andisol 92P03782 92P0627 A 35.6 

Waimea Andisol 92P03755 92P0622 Ap1 41.4 

Auwaiakeakua Aridisol 95P02924 95P0375 A 29.5 

Holikau Aridisol 95P00861 95P0127 A1 / A2 16.6 

Holikau Aridisol 92P03761 92P0623 A 18.5 

Holikau Aridisol 92P03766 92P0624 A 20.2 

Kawaihae Aridisol 95P01673 95P0259 A 15.7 

Kawaihae Aridisol 94P02520 94P0384 A 16.3 
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Kawaihae Aridisol 94P05232 94P0698 A 22.8 

Keahua Aridisol 84P00180 84P0043 Ap1 20.4 

Keahua Aridisol 84P00175 84P0042 Ap 21.3 

Keahua Aridisol 84P00176 84P0042 Bw1 21.5 

Keahua Aridisol 84P00177 84P0042 Bw2 21.9 

Keahua Aridisol 84P00178 84P0042 Bw3 22.4 

Keahua Aridisol 84P00179 84P0042 Bw4 23.1 

Alaka‘i Histosol 01N06200 01N1213 A1 67.8 

Alaka‘i Histosol 01N06201 01N1213 A2 72.1 

Alaka‘i Histosol 01N06199 01N1213 Oe2 76.4 

Alaka‘i Histosol 01N06196 01N1213 Oa2 77.9 

Alaka‘i Histosol 01N06197 01N1213 Oa3 78.5 

Alaka‘i Histosol 01N06198 01N1213 Oe1 83.4 

Alaka‘i Histosol 01N06195 01N1213 Oa1 102.7 

Amalu Inceptisol 97P01653 97P0248 A1 72 

Amalu Inceptisol 97P01658 97P0249 A1 94.3 

Kolekole Inceptisol 94P05283 94P0704 AB 19.8 

Kolekole Inceptisol 94P05281 94P0704 Ap1 20 

Kolekole Inceptisol 94P05284 94P0704 2Bt1 20.4 

Kolekole Inceptisol 94P05285 94P0704 2Bt2 20.5 

Kolekole Inceptisol 94P05282 94P0704 Ap2 21.6 

Kainaliu Mollisol 00P05012 00P0804 2C5 / Bk 23.7 

Kainaliu Mollisol 00P05007 00P0804 A1 26.5 

Kainaliu Mollisol 00P05009 00P0804 Bw1 / 2C2 27.1 

Kainaliu Mollisol 00P05010 00P0804 Bw2 / 2C3 30.9 

Kainaliu Mollisol 00P05013 00P0805 A1 35.8 

Kainaliu Mollisol 00P05011 00P0804 2C4 / Bw3 37.4 

Kainaliu Mollisol 00P05008 00P0804 A2 / 2C1 39.7 

Keahua / Kamaole Mollisol 84P00188 84P0044 Bw2 21.9 

Keahua / Kamaole Mollisol 84P00187 84P0044 Bw1 22.2 

Keahua / Kamaole Mollisol 84P00189 84P0044 Bw3 22.3 

Keahua / Kamaole Mollisol 84P00190 84P0044 BC 24.4 

Keahua / Kamaole Mollisol 84P00186 84P0044 Ap 25.6 

Waiakoa Mollisol 84P00192 84P0045 Cr 15.6 

Waiakoa Mollisol 84P00191 84P0045 Ap 18.1 

Hali‘i Oxisol 82P01451 82P0272 Ap 18.2 

Hali‘i Oxisol 82P01452 82P0272 B1 20.2 

Hali‘i Oxisol 82P01453 82P0272 B2 21.3 

Kunuweia Oxisol 94P06399 94P0814 Oe 67.6 

Lahaina Oxisol 82P03809 82P0735 Ap1 22.1 

Lahaina Oxisol 82P03810 82P0735 Ap2 22.8 
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Lahaina Oxisol 82P03811 82P0735 B 23.8 

Lahaina Oxisol 82P03812 82P0735 Bw1 24.3 

Lahaina Oxisol 82P03813 82P0735 Bw2 25.7 

Lahaina Oxisol 82P03814 82P0735 C1 26.6 

Lahaina Oxisol 82P03815 82P0735 C2 27.5 

Moloka‘i Oxisol 89P03676 89P0654 Bo2 20.6 

Moloka‘i Oxisol 89P03675 89P0654 Bo1 20.9 

Moloka‘i Oxisol 89P03677 89P0655 Ap1 21.3 

Moloka‘i Oxisol 89P03661 89P0652 Ap 21.4 

Moloka‘i Oxisol 89P03666 89P0653 Ap 21.5 

Moloka‘i Oxisol 89P03681 89P0656 Ap 21.5 

Moloka‘i Oxisol 83P04499 83P0883 Ap 21.6 

Moloka‘i Oxisol 89P03673 89P0654 Ap1 21.8 

Moloka‘i Oxisol 89P03674 89P0654 Ap2 22.1 

Wahiawa Oxisol 82P03820 82P0736 Bw2 22.6 

Wahiawa Oxisol 82P03816 82P0736 Ap1 24.4 

Wahiawa Oxisol 82P03818 82P0736 B 24.5 

Wahiawa Oxisol 82P03817 82P0736 Ap2 24.8 

Wahiawa Oxisol 82P03819 82P0736 Bw1 25.2 

Wahiawa Oxisol 82P03822 82P0736 Bw4 25.5 

Wahiawa Oxisol 82P03821 82P0736 Bw3 26 

Wai‘ale‘ale Spodosol 97P01677 97P0251 Bg1 43.5 

Wai‘ale‘ale Spodosol 97P01678 97P0251 Bg2 44.1 

Wai‘ale‘ale Spodosol 97P01675 97P0251 Ag1 47.1 

Wai‘ale‘ale Spodosol 97P01674 97P0251 Oa 53.4 

Wai‘ale‘ale Spodosol 97P01676 97P0251 Ag2 53.9 

Wai‘ale‘ale Spodosol 97P01679 97P0251 Cr 65.5 

Wai‘ale‘ale Spodosol 97P01673 97P0251 Oe 69.7 

Wai‘ale‘ale Spodosol 97P01665 97P0250 Oa 78.4 

Alaeloa Ultisol 05N02925 05N0496 Ap 26.7 

Alaeloa Ultisol 05N02934 05N0498 Ap 27 

Alaeloa Ultisol 05N02928 05N0496 2BCt 31.8 

Alaeloa Ultisol 05N02927 05N0496 Bt2 34.1 

Alaeloa Ultisol 05N02926 05N0496 Bt1 34.2 

Honolua Ultisol 05N02929 05N0497 A 24.2 

Makawao Ultisol 83P04494 83P0882 Bt1 17.3 

Makawao Ultisol 83P04493 83P0882 Bw 17.8 

Makawao Ultisol 83P04492 83P0882 Ap 20.4 

Makawao Ultisol 83P04495 83P0882 Bt21 20.6 

Makawao Ultisol 83P04496 83P0882 Bt22 21.1 

Pu‘u ‘Opae Ultisol 01N06182 01N1211 A 31.4 
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