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ABSTRACT 

Surface soil samples from a climosequence were studied with the purpose 

of relating color, reflectance variations and texture to contents of organic carbon and 

free iron oxides. Information on the physicochemical properties of the soils were 

obtained with a fine resolution spectroradiometer, a chromameter and by laboratory 

analyses. 

The effect of soil organic carbon and free iron oxides is shown by the 

varying shape of the soil spectral curves. Both the chromameter and the 

spectroradiometer detected the varying amounts of organic carbon and free iron 

oxides in soil. Silt had a positive, highly significant relationship with organic carbon. 

Clay and silt had a positive highly significant relationship with free iron oxides. 



CHAPTER 1 

INTRODUCTION AND STATEMENT OF RESEARCH OBJECTIVES 

Historically, soil has been considered an important resource mainly due to 

its use to human kind, especially as a medium for food production. Recently soil has 

attracted increased attention because scientists recognize the need for a better 

understanding of this resource to help us solve our many environmental problems. 

The objective of the scientific study of soils is the understanding of this resource by 

means of establishing sound theories that explain and justify its condition and 

behavior (Jenny, 1941). There is a vast amount of soils data which is organized using 

Soil Taxonomy (Soil Survey Staff, 1975). The goals of soil taxonomy are the 

description, classification and mapping of soils. 

The arrangement of soil data, following the scientific model, poses a 

challenge to soil science in seeking relationships between well established numerical 

laws and quantitative theories. This is what has been done in sciences like physics 

and chemistry. It is thought that by following this approach, it will be easier to 

understand soil differentiation and geographical distribution of soil types. It is also 

hoped that this will lead to the formulation of quantitative relationships that will 

allow mathematical treatment of soil data (Jenny, 1941). 

Soil may be defined as an environmental laboratory for it is an open 

physical, chemical, and biological system which experiences the addition and removal 

of substances and energy, depending on the surrounding conditions under which it 

exists. Absorption of solar radiation is one of the most significant sources of energy 
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in the soil formation processes. It is also a triggering condition of many different 

reactions in soil. Temperature gradients affect biochemical processes and physical 

phases of matter, namely solid, gas and liquid (Obukhov and Orlov, 1963). At the 

same time reflection of solar energy depends on the intrinsic nature and the chemical 

and physical properties of soil constituents. This knowledge is the basis for using 

remote sensing techniques and soil reflectance as a tool in the diagnosis and research 

about the soils' condition and behavior. It is also the reason for attempting the 

assessment and establishment of predictive equations relating reflectance to soil 

constituents. 

The changing, dynamic nature of soils demands a quantification of its 

properties if it is to be studied scientifically. Also, the assumption that these 

properties are interrelated is a must for the system to exist. What this assumption 

implies is that the alteration of one property affects others (Jenny, 1941). 

Man's view about the soil has evolved from considering it as a medium in 

which to grow food to realizing that it is an integral part of the environment, with 

dynamic interaction with all of matter's physical phases and with the chemical and 

biological processes (Al-Abbas et al. 1972). Jenny (1941) has described the soil-

environment interaction as follows: "soil and environment form coupled systems." 

This means that "... many corresponding properties of the two systems pass 

continuously from the one to the other." Also, soil has the peculiarity of functioning 

as a record of the environmental conditions acting upon it. 
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This research focuses on a climosequence of soils and attempts to draw 

relationships and establish predictive equations among soil characteristics (organic 

carbon, free iron oxides, particle size and soil color) and relate these characteristics 

to soil spectral signatures and environmental factors (climate, temperature, altitude, 

vegetation) acting upon those soils. 

The specific objectives of this research were the following: 

1) To evaluate the effect of soil organic carbon and free iron oxides on the 

soil color and spectral characteristics of a climosequence located along the southern 

slope of the Santa Catalina Mountains (along the Mount Lemmon Highway). 

2) To evaluate the effect of soil organic carbon and free iron oxides on the 

general shape of the spectral curves. 

3) To determine if soil organic carbon, and free iron oxide levels can be 

predicted and/or correlated to the spectral signature, soil color characteristics and 

particle size of the soils in this climosequence. 
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CHAPTER 2 

LITERATURE REVIEW 

Organic Carbon in Perspective 

Organic carbon is found in the soil's organic matter. It is an essential 

component of the most biochemically active part of the soil (Kuz'min and 

Chernegova, 1981). Soil organic matter is one of the most complex of the naturally 

occurring materials; the existence of certain compounds found in it are unique to that 

environment (Keefer, 1963). 

Carbon plays a prominent role within the soil and in a myriad of 

environmental processes. It is vital in a soil-plant system, since the reduced carbon 

normally provides the energy to drive the energy cycles at the organism level as well 

as the basis on which to store many elements in organic form at the system level. 

The continuous chemical transformation of carbon in soil creates links between the 

soil, plants and the atmosphere. In this manner, carbon integrates the environmental 

cycles (McGill and Christie, 1983). In soil science, the terms organic carbon, organic 

matter and humus are often used synonimally to refer to the organic component of 

the soil. 

Soil science has recognized the importance of organic carbon as it directly 

affects the soil and, ultimately, the environment as well. The biochemistry that 

unfolds from the breakdown of organic matter is responsible for improved soil 

structure, water holding capacity, aeration and fertility. The direct benefits are 
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obvious; however, the less obvious implications refer to the soil's role in its biospheric 

functions. For example, for the scientist interested in studying the greenhouse effect, 

the major concern lies in the explanation of the production and consumption of the 

three important greenhouse gases C02, NzO and CH4 by soils, as a function of soil 

properties (Breemen and Feijtel, 1989). In this sense carbon is of vital importance 

with respect to our planet's global climate. Several authors have pointed out the 

importance of soil humus as a component of the terrestrial ecology of animals and 

plants (Utenkova and Nichiporovich, 1979), as an important part in the inventory of 

global carbon (Reiners, 1973), and as a key component in understanding the 

thermodynamics responsible for the earth's global warming (Bouwman, 1989 and 

Breemen and Feijtel, 1989). 

From a strict chemical point of view, carbon is one of the various essential 

elements needed in the creation of fundamental molecules to sustain life. Therefore, 

carbon's interaction, availability and movement in nature has been crucial for the 

development of life on earth and for the existence of the present global ecosystem 

(Bolin and Cook, 1983). 

In soil systems research the study of humus, its composition and its 

properties are very important, because they also give significant information about 

soil forming processes (Stevenson, 1986). For example, in the USSR humus content 

and its vertical distribution, with respect to elevational zonation, is considered an 

important diagnostic indicator for the genetic classification of soils (Curran et al., 

1990). Because soil fertility and soil's environmental functions are significantly 
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affected by carbon, it is important to monitor and assess the presence of organic 

matter in soil. Several different soil parameters have been established based on the 

fractionation of humus, its color and its reflective properties. 

Soil Color and Soil Spectral Reflectance 

Soil color is one of the major soil characteristics taken into consideration in 

Soil Taxonomy. It is used as an indicator of the presence or absence of certain 

constituents like organic matter, iron, water and salts found in soil (Montgomery et 

al., 1976). Color, the reflection of light by matter, yields information about the 

physical and chemical nature of the body (Hunt and Salisbury, 1970). It is 

subjectively interpreted by the brain and this is sometimes the cause for discrepancies 

between descriptions by different observers (Cooper, 1990). Nevertheless, 

researchers have established that a strong relationship exists between a soil's visible 

color and its organic matter content (Alexander, 1969; Shields et al., 1968; Page, 

1974; Steinhardt and Franzmeier, 1979; Leger et al., 1979; Fernandez et al., 1988). 

Many experiments have reported that water and oxygen regimes are reflected in soil 

color patterns. At the same time it has been recognized that soil color patterns can 

be used to predict soil behavior and suitability for various uses (Evans and 

Franzmeier, 1986). The objective quantification and analysis of color has recently 

been possible with the use of a Chromameter (Post et al., in press). 

Some processes and phenomena taking place in soil cannot always be seen 

or detected as a color change, but can be seen through spectral studies. Spectral 
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reflectance is the ratio of radiant energy within a specific wavelength range reflected 

by a body, to the incident energy within the same wavelength range (Mulders, 1987). 

For example, through spectral studies, some subtle changes in the moisture 

characteristics of the soil have been detected in the infrared portion of the spectrum 

(Kondrat'yev and Fedchenko, 1981a). Also various spectral studies have been 

successful at finding very similar relationships as the ones found by color studies. It 

has been shown that water in soil has the unique effect of decreasing reflectances 

(Coleman and Montgomery, 1987; Leger et al., 1979; Bowers and Hanks, 1965). 

Cipra et al. (1971) found that soil color is highly correlated with soil series 

characteristics, and that identifying soil series by spectral characteristics is possible. 

Also, the use of spectral reflectance for soil mapping and characterization has aided 

soil scientists in many ways as reported by many authors (Coleman and Montgomery, 

1987; Frazier and Cheng, 1989; Horvath et al., 1984; Johanssen and Da Costa, 1980; 

Kristof and Zachary, 1974, Latz et al., 1984; Mathews, 1973; Mathews et al., 1973). 

The Effect of Organic Carbon on Color and Spectra 

In 1929 Pokrovskiy determined that the luminance of soils strongly depends 

on its humus content. He developed a method for determining humus in soil based 

on the soil's reflectivity (Kondrat'yev and Fedchenko, 1982). Kononova (1961) has 

used the E4/E6 ratio, an optical density measurement, as an index of humification 

based on spectrophotometric absorbances of diluted solutions of humic and fulvic 

acids at 465 and 665 nm, respectively. Obukhov and Orlov (1963) studied the 
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differential reflective properties of pure humic and pure fulvic acids and recorded the 

meaning of these acids' optical properties. Stevenson (1986) defined the humification 

of organic matter as a series of polyelectrolytes termed humic and fulvic acids, which 

are discernible by optical analyses. 

Traditionally, humus in soil has been determined by means of chemical 

analyses dealing with the fractionation of organic matter. These have proven to be 

very accurate but their application is limited due to their lengthy, time consuming and 

complex procedures. Therefore, optical and reflective studies seem to be a viable 

alternative (Kondrat'yev and Fedchenko, 1982). 

Obukhov and Orlov (1963) determined that an increase in humus content 

in soil is more easily detected in the infrared region of the spectrum (700-750 nm) 

than in the blue-violet area (380-520) nm. Soil reflectance is always low (20-25%) 

in the blue violet area and it tends to be high (50-60%) in the red area. Since humus 

causes a general decrease in soil brightness, any changes are more noticeable in the 

red area. 

Soils are very complex, non-uniform systems exhibiting a vast number of 

properties. Organic and inorganic constituents coexist within them in all their 

different states (Huete and Escadafal, 1991). Because of this, the color of a soil or 

its spectral response cannot be attributed solely to the presence of humus in soil. 

Other soil constituents also contribute. Each one of them yields a characteristic color 

and spectra unique to their chemical and physical nature (Hunt and Salisbury, 1970). 

This knowledge is what makes it possible to infer the general nature and content of 
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a soil from its spectral reflectance (Huete and Escadafal, 1991). Also, this is the 

reason why generalizations such as the darker the soil, the greater the organic matter 

it contains does not hold universally since there are other factors responsible for soil 

darkening. When dealing with either soil color or soil reflectance data, one must 

analyze it carefully since each soil is a product of very specific environmental 

conditions and constituent interactions, all unique and subject to regional factors. 

The Effect of Iron Oxide on Color and Spectra 

Aside from organic matter, iron oxide is another spectrally significant soil 

constituent. It is considered a major stain in soils consisting of very minuscule crystal 

units. It easily coats all other soil particles; therefore it can mask or alter other soil 

colors. Iron affects soil color differently depending on its oxidation state. The 

formation of free iron oxide is subject to thermodynamic and/or kinetic conditions 

(Schwertmann, 1985 and 1988). The colors and spectra arising from iron compounds 

are a consequence of selective absorption/reflection of light in the visible range 

caused by electronic transitions. On the other hand, the colors and spectra arising 

from humus depend on its intrinsic vibrational processes (Hunt and Salisbury, 1970). 

Several authors have studied iron in soils and its effect on color and spectra. 

Karmanova and Lumumba (1981) studied the effect of various free iron compounds 

on soil color and soil reflectance. He found out that after the removal of these 

compounds, the soils acquired an achromatic grey color arising from the clay particles 

that had been stripped from iron coatings. He concluded that the effect of various 
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iron compounds on the spectral reflectance and color of soils is not proportional to 

their relative content and is manifested differently in different soils and genetic 

horizons. 

Schwertmann (1985) and Karmanova and Lumumba (1981) have pointed 

out that decreased ciystallinity generally causes increased darkening and that the size 

of the crystal often affects color. Karmanova and Lumumba (1981) concluded that 

weakly crystallized iron compounds had the strongest effect on spectral reflectance 

and color. Torrent et al. (1983) found a strong correlation between hematite in soils 

and the redness as the r2 = 0.816. Schwertmann and Lentze (1966) have pointed out 

that hematite dominates in color over other free iron oxides even when it is present 

in smaller quantities than the other free iron oxides. For this reason they have 

concluded that soil color is not a reliable guide to determine the mineralogical 

contents for free iron oxides. Il'Ina and Karpachevskiy (1988) have determined that 

the brown color of forest soils in Sikhote Alin' (former USSR) is due to uniform 

distribution of non-silicate free iron compounds on the surface of mineral grains in 

silt and clay. 

Types of Spectra 

The bonding of elements and molecules follows an energy-bond rationale 

that is directly related to the spectra they produce (Dillard and Goldberg, 1971). 
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There are three kinds of spectra: 

1. Rotational Absorption Spectra (liquids and gases). 

2. Vibrational Spectra 

3. Electronic Spectra 

Rotational absorption spectra is not discussed here since the soil samples in these 

study were dry and therefore, this kind of spectra had no relevance in this study. 

Vibrational spectra is the result of energy affecting, stretching, twisting or contracting 

chemical bonds or even changing its continuous vibration. Transitions between 

vibrational states occur over a narrow range of energies corresponding to an 

absorption band (Dillard and Goldberg, 1971). Electronic spectra is the result of 

transition between electronic energy levels in molecules which are relatively energetic. 

The contrast between the spectra of electronic versus vibrational processes is that the 

electronic processes produce very broad bands (being from hundreds to thousands 

of wave numbers wide), which occur mostly in the ultraviolet and extend to the visible 

in decreasing manner. Rarely do these bands appear in the infrared region. By 

contrast vibrational processes produce bands which are relatively sharp (generally less 

than one hundred wave numbers wide), and they occur in the mid and far infrared 

spectrum. The intensity and frequency of these bands diminishes toward the visible 

range as the complexity of the combinations increase (Dillard and Goldberg, 1971; 

Hunt and Salisbury, 1970). The importance of this knowledge is that the spectral 

bands produced by electronic processes are easily distinguishable from those 

produced by vibrational processes on the basis of their appearance, and from their 
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general location in the spectrum (Hunt and Salisbury, 1970). In general, iron oxides 

exhibit electronic spectra, while organic matter yields vibrational spectra. 

Studies conducted by Hunt and Salisbury (1970) showed that almost all the 

electronic features that appeared in their spectral studies on soil minerals were due 

to iron in some form. They reasoned that this was due to the omnipresence of iron 

in soil and due to its tendency to easily substitute in octahedral and tetrahedral sites 

for Al, Mg, and Si, respectively. Iron has been the most common source of electronic 

features, be it a principal constituent or an impurity. 

Soil Spectral Curves 

Soil reflectance and its relationship to its physicochemical characteristics has 

been established for quite a long time (Montgomery et al., 1976; Obukhov and Orlov, 

1963). Spectral features evidenced by bands or changes in slope of the spectral 

curves appear as a result of either electronic or vibrational processes. Since these 

curves indicate spectral properties of different soil constituents, this knowledge is 

used in their discrimination (Hunt and Salisbury, 1970). Stoner and Baumgardner 

(1981), Henderson et al. (1989), Mathews (1973) and others showed that humic 

substances decrease soil reflectance between 400 and 500 nm and between 620 and 

700 nm on the spectral curve. Coleman and Montgomery (1987), in their study of 

soil moisture, organic matter and iron content effect on the spectral characteristics 

of selected Vertisols and Alfisols in Alabama, concluded that the near infrared band 

(760 to 900nm) is the key band for organic matter. Henderson et al. (1989) 
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successfully designed an algorithm for the identification of the important spectral 

bands for the identification of soil organic matter: TM bands 3 and 4, (630-690nm, 

760-900nm respectively). The algorithm used was created following the shape 

dominancy concept of Karhunen-Loeve based on optimal features. This study 

allowed for a significant compression of data without any loss of accuracy in the 

classification. Other authors such as Baumgardner et al., 1985; Condit, 1970; Couralt 

and Girard, 1988; Obukhov and Orlov, 1963; Stoner and Baumgardner, 1981, have 

identified distinct soil spectral reflectance curve forms according to curve shapes, the 

presence or absence of absorption bands, and the predominance of soil organic 

matter and iron oxide. 

However, not all of the spectral research is in agreement. Obukhov and 

Orlov (1963) studied organic compounds in soil. Their research did not find a 

reflectivity decrease in the 450 to 500 nm area of their spectral curves, nor a decrease 

of reflection indices to zero in the soils they studied. Nevertheless, they were able 

to determine that the group of substances that darken the soil primarily includes 

humic and fulvic acids. Pure humic acid absorbs light very strongly and reflects less 

than 2% of the light received. This acid also has the characteristic of behaving 

achromatically, that is, it absorbs light evenly along the entire visible spectrum. Fulvic 

acids can be distinguished from humic acids in the fact that they have somewhat 

higher reflection coefficients in the green and red regions of the spectrum. For this 

reason, they compared reflectivity to the total amount of humic acids (considered as 

the major coloring component) and not to the total humus content. 
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Many studies have allowed scientists to identify specific narrow wavelengths 

for the detection of iron in soils. Couralt and Girard (1988) attempted to establish 

a model for the interpretation of soil spectral signatures related to total iron, organic 

matter and total carbon. They determined that the iron absorption band was placed 

between 700 and 900 nm, particularly at 870 nm. This finding agrees with research 

reported by Hunt, et al. (1971) and Karmanov (1970). Obukhov and Orlov (1963) 

found that the iron absorption region is between 500-640 nm for ignited samples. 

Hunt et al., (1971) observed out that the iron oxide absorption occurs around the 

500-600 nm area and the presence of imperfections of impurities can cause that edge 

to be sloped over an extended region. Authors like Krishna and Satyanaryana (1971), 

Montgomery et al. (1976), and Cipra et al. (1971) have also shown positive 

correlations between free iron oxide content in soils and their spectral behavior. 

Analysis and Processing of Soil Spectral Data 

Soil reflectance is a complex response arising from a great variety of soil 

constituents, and soil spectral curves usually show generalities about a soil. However, 

a wide analysis of the spectral data is possible by reducing the data into four color 

bands: blue, green, red and near infrared, copying those used on Landsat satellites. 

The entire soil spectral response may also be sectioned in intervals of 10 nm in order 

to isolate the sensitivity of a specific band increment with respect to the spectral 

signature of a constituent. 
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Frequently, the data has to be manipulated in order to isolate spectral 

signatures that would be otherwise overlapping, or to diminish noise. Torrent et al. 

(1983) and Krishna and Satyanaryana (1971) have shown that indices made from a 

combination of reflectances at different wavelengths permits the assessment of 

hematite and geothite considered to be pure in soils. Frazier and Cheng (1989) have 

used three TM waveband ratios for the detection of organic carbon (1/4,3/4,5/4) and 

three different waveband ratios for the detection of amorphous iron (5/3, 3/1, 4/5). 

In this study ratios 1/2, 1/3, 1/4 and 4/3 were used for the detection of both organic 

carbon and free iron oxides. Huete and Escadafal (1991) have pointed out that the 

use of waveband ratios can often aid in the quantification of spectral variations. This 

is due to the fact that such variations are generally associated with specific band 

absorption. Couralt and Girard (1988) and Frazier and Cheng (1989) also used the 

sectioning of the spectral curve into 10 nm increments in order to maximize the 

relationship between spectra and soil constituents. 

Soil Forming Factors and Their Effect on the 
Development of Soil Characteristics 

The characteristics which are essential for the definition of a system are 

known as conditioning factors. They are variable and independent of one another. 

In soils, these conditioning factors have been termed soil forming factors. The five 

independent variables that describe the soil system are: climate (cl), organisms (o) 

or vegetation (v), topography (t), parent material (p) and time Jenny (1941). The 
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following equation illustrates the relationship of these five variables with respect to 

soil. 

v,s = f(cl,o,r,p,t) 

Climate 

Climate is the most prominent single factor for establishing the distribution 

of plant species at a given site. It is also responsible for the biomass production and 

for the microbial activity in the soil. Therefore, climate is a key factor in determining 

the presence and quantity of organic matter in soil. There are two sub-components 

in climate: precipitation and temperature. General relationships drawn from the 

climate or either of their sub-components to the predicted soil development and 

vegetation-soil associations is discussed by Stevenson (1986). 

Soil formation and constituent interaction respond to kinetic and 

thermodynamic conditions. These are generally termed the energetics of soil 

formation (Volobuyev, 1958). On the other hand, humus formation depends on 

microbial activity aside from the kinetic and thermodynamic conditions. Laboratory 

experiments have shown that low moisture and high temperature negatively impact 

the activity of microbes in soil. The same negative result was seen with excessive 

wetness regardless of the temperature (Jenny, 1980). 

Several authors have carried out experiments with the intention of explaining 

and isolating the factors that are responsible for the climate-humus relationship. Sims 

and Nielsen (1986) studied the relationship of clay content and climate as related to 
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organic carbon content of soils in Montana. The correlation between organic carbon 

and clay content was not significant for any group of soils. They concluded that clay 

content has a much less influence on organic carbon accumulation in the cool soils 

of Montana than in the warmer soils of the southern Great Plains. However, Nichols 

(1984) reported a significant relationship between clay and organic matter content in 

Mollisols and associated soils in the southern Great Plains. He found a correlation 

coefficient of 0.86 which was highly significant. For the Montana soils, organic carbon 

was better predicted by elevation and mean annual precipitation. 

McDaniel and Munn (1985) studied the effect of temperature on the organic 

carbon-texture relationships in Mollisols and Aridisols in 143 grassland soils of 

Montana and Wyoming. They established that the grouping of the soils by 

temperature regime and classification at the order level, correlated the lowest organic 

carbon levels with the mesic Aridisol and the highest carbon levels with the cryic soils 

(Cryoborolls). The sand/clay ratios were significantly correlated with organic carbon 

only in the mesic soils. However, the prediction of organic carbon levels based on 

texture (sand/clay ratios) were unsuccessful, suggesting the unsuitability of this 

parameter in cold arid and semiarid soils. These findings point out the impact that 

the soil temperature regime has on the levels of organic carbon in soil. Therefore, 

the generalization that the organic matter content in soil is solely influenced by soil 

texture proves to be limited by other soil forming factors, within very specific 

conditions. The texture-humus relationship is subject to climate conditions since they 

dictate the thermodynamics in soil that determine such associations. 
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Jenny (1929, and 1930) conducted a variety of studies and developed 

equations to predict the amount of Nitrogen in soil with respect to temperature and 

moisture (climate determined factors). He calculated the effect of one factor by 

holding the other factors as constant as possible. His work was restricted to loams 

and silt loams of rolling uplands, and vegetation was uniform for all the soils, namely 

grass. He found nitrogen and organic matter to be dependent on temperature and 

rainfall. They both increased with increased rainfall and decreased with temperature. 

Jenny (1980) states that the realization that the soil as a resource that has 

developed due to its very local environmental conditions may be illustrated by the 

case where scientists from India tried matching their soils with those of Iowa. Indian 

soils showed very low N and C contents, which was a great surprise to them. The 

explanation at the time centered around the centuries of soil use in India versus the 

much less use in Iowa. Subsequently, later on it was determined that the N and C 

levels were dependent on climate. This justification fits the rationale followed in the 

humus-climate model relationship reported in Jenny (1980). Zonn (1958), Whittaker 

and Niering (1968), and the soviet scientists Utenkova and Nichiporovich (1979), and 

Kuz'min and Chernegova (1981) have conducted mountain studies in order to find 

relationships and possible explanations for the gradual continuous change in climate 

and its effect on humus quantities. 



27 

Organisms A'egetation 

Organisms and vegetation constitute the living environment or biosphere 

within the soil system and they have a definite influence on the development of soil 

(Donahue et al., 1983). Because of their close association, it is somewhat difficult to 

separate one from the other. While vegetation provides the raw material, microbes 

process and synthesizes it. The remaining four soil forming factors and their 

interaction determine which vegetation type and which microbial population can exist 

in a given environment. 

Multiple studies have shown that vegetation transitions from grassland to 

forest yield different soil development (Donahue et al., 1983 and Stevenson, 1986). 

The very determining influence of the organisms/vegetation soil conditioning factor 

is illustrated with the comparison between soils developed under grassland areas and 

those formed under a forest. Grassland soils have a significantly higher C content 

that those formed under a forest. When all the other variables are held constant, the 

explanation is subject to the following considerations as reported in Stevenson (1986): 

1 - The raw material available for humus production is greater in grassland 

soils than in forested soil associations. 

2 - The rhizosphere, laboratory of humus production, is larger under grass 

than under forest vegetation. 

3 - The deficient aeration under grass preserves organic matter. 

Multiple studies have pointed out that the microbial population in a given 

soil is a function of its environment. This implies that changes in soil properties 
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causes changes in microbial population. Changes in acidity, alkalinity and the pH 

conditions of soils may cause the extermination of one strain while other strains may 

be encouraged to break out of dormancy (Jenny, 1941). Nevertheless, Jenny (1941) 

has considered the microbiotic factor a constant since he argues that most soils have 

had a sample of most microorganism at one time or another given the fact that 

microbes are easily carried, spread and deposited by wind and water. 

Topography 

Topography, or land surface configuration, directly affects the carbon levels 

in soils since it affects climate, runoff, and evaporation. Slope plays a key role in 

both soil removal and soil formation (Jenny, 1941). Relief or topography modifies 

the plant microclimate, which is the immediate climate to the soil profile. 

Topographic variations within an area may cause some spots to be very humid and 

others are very arid, all depending on exposure and differential water retention 

(Stevenson, 1986). Topography may be responsible for creating a microclimate that 

differs from the general climate conditions over a lager area, and at times it may 

nullify the regional climate's effects by making microclimate conditions dominant. 

Slope aspect also has a determining influence on how dry and warm the 

soil's climate can become. Donahue, et al. (1983) describe how the exposure to 

direct sun rays on south and west facing slopes of the northern hemisphere affect the 

soil climate as compared to the north and east facing slopes. Haase and Schreiber 

(1972), carried out a study of the topographic relations of vegetation and soil in a 
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grassland in southeastern Arizona. The purpose of their study was to investigate the 

relationship of vegetation to aspect, slope position, and soil attributes based on the 

soil formation equation suggested by Jenny (1941) v, s = f (cl,o,r,p,t). With regard 

to this equation, the authors state the following: 

"Although this equation is useful in forming an approach to an 

investigation, the independent variables may not be ecologically 

independent and the complete equation is insoluble because 

precise quantitative values cannot be assigned to all terms." 

In Haase and Schreiber's case study (1972), the vegetation and soil variables 

are primarily a function of relief and parent material, if all other factors of the 

equation are held essentially constant. This study took two plant communities which 

were distributed in different areas and associated with different soils. The authors 

concluded that the limitation in distribution of one of the two plant species studied 

was due to the amount of the solar irradiation on the particular aspects where plants 

were found. This study points out the importance of setting up an equation from 

which the researchers can determine the independent or dependent nature of the 

variables within the model. It also emphasizes the importance of topography and its 

effect on soil attributes. 

Nath and Deori (1976) studied the effect of altitude on organic matter and 

forms of Nitrogen in India. They sampled soils in the Arunachal Province which 

ranged in altitude from 180 to 1800 m. The amount of organic matter ranged from 

1.03% at 180 m to 9.78% at 1800 m. The mean value was 2.71%. The correlation 
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coefficient (r) between organic C and altitude was 0.77, which was highly significant. 

The explanation for the variation of organic matter content with respect to elevation 

may be a consequence of the high rainfall which becomes heavier with increase in 

altitude, thus promoting an exuberant growth of the vegetation. Also, the 

atmospheric temperature progressively decreases with elevation. This favors the 

accumulation of biomass litter due to the slow rate of decomposition of the organic 

matter that is associated with lower temperatures. Despite the fact that the authors 

do not present a textural analysis of their soils, they also concluded that the increase 

of organic matter at higher altitudes may depend on higher clay content in soils, a 

decrease in soil pH, lower temperature and lower intensity of cultivation at higher 

altitudes. 

Parent Material and Organic Mineral Interactions 

It has been recognized that for a specific climatic zone, and while vegetation 

and topography are constant, that the quantity of carbon in soil depends on textural 

properties. This is partly due to the formation of organo-mineral complexes, where 

humic substances become adsorbed to the clay micelles. Consequently, soils with 

greater amounts of clay have a higher carbon content that those with a lesser amount 

of clay provided that all the other variables remain constant. The clay type is also 

significant in the adsorption and the retention of soil carbon. Montmorillonitic clays 

are much better absorbers than kaolinitic ones. This adsorption into the micelles also 
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translates as a sheltering of the organic substances from microbial degradation and 

chemical extraction (Stevenson, 1986). 

Sims and Nielsen (1986) study on Montana soils showed that Entisols had 

the highest mean clay percentage and the lowest mean amounts of organic carbon. 

However, the moisture regime for most of those soils is aridic, a limiting factor for 

grass growth. On the other hand, the Mollisols studied were low in clay and had 

higher organic carbon levels, but Mollisols are the product of adequate moisture 

regimes where grass grows well and conditions are conductive to the synthesis and 

preservation of organic carbon. 

Nichols (1984) found a significant correlation between clay and organic 

matter content, with a lesser relationship with precipitation. Despite the 

consideration of the other variables, they did not improve the predictive equation. 

The soil populations in Nichols experiment were uniform with respect to many of the 

determining variables. All soils were Mollisols, with grassland vegetation, occurred 

on upland sites, were low in high shrink swell clays, and they were not excessively wet 

(excessive wetness is a condition than hampers microbial activity regardless of any 

other variable). 

Arshad and Lowe (1966) carried out a study of organo-complexes from clay 

separated from a Solentz Bnt horizon. The clay was fractionated into coarse (2-0.2 

microns), medium (0.2-0.14 microns), fine (0.14-0.08 microns). The experimental 

results showed that the largest portion of the complexed organic matter was 

associated with the coarse clay fraction, which contained large amounts of kaolinite. 
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However, a small percentage of the complexed organic matter was associated with 

the fine clay fraction, which contained kaolinite only in trace amounts. Also, the 

percentage of extractable organic matter increased with decrease in clay particle size. 

However, the experiment showed no evidence for the adsorption of organic matter 

in the clay lattices as other scientists had found. 

Broersma and Lavkulich (1980) fractioned the surface horizons of some 

Sombric Brunisols and Podzols to determine the distribution of organo complexes. 

Their experiment determined that 5% of the organic matter is associated with sand, 

12% with coarse silt and 49% with fine silt. In the sombric soils of Vancouver Island 

the close association of organic matter and minerals is apparent since the soils are 

coarse sandy loams and they exhibit 15% of organic matter. The interest in 

determining organo-silt or organo-sand complexes arises from the presence of such 

a high organic matter content in these coarse textured soils. McKeague (1971) has 

shown that a considerable amount of organic matter can be associated with the fine 

and medium silt fractions. Broersma and Lavkulich (1980) argue that the association 

of organo-silt complexes in their soils responds to the fact that the clay content is low 

(5-15% of coarse clay and 1.0%-1.8% fine clay). Silt content in these soils is between 

20-45%. 

Anderson et al. (1981) evaluated the organo-mineral complexes in various 

size fractions from the surface horizons of two Chernozemic (Mollisols) soils (Typic 

Argiboroll and Udic Haploboroll). They determined that 55-58% of the organic C 

was in the clay fraction, with greatest absolute amounts in the coarse clay (2-0.2 
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microns). The coarse clay and fine silt contained humic acids (HA-A). The small 

amount of organic matter associated with the fine clay was largely composed of fulvic 

acids (FA-A, FA-B) and humic acids (HA-B). The fact that different compounds of 

the humus associate with different soil fractions shows the effectiveness of the 

technique used in this study which used ultrasonic dispersion in water followed by size 

fractionation. The differential association of S, N and C with the various soil 

fractions allows for the use of the C/N/S ratios may be an aid in explaining different 

conditions in soil formation. This points out the importance of researching organo-

mineral complexes so that the dynamics of soil organic matter can be better 

understood. 

Time 

Geologic time is an enormous parameter with respect to human life span. 

In order to fully evaluate this factor's effect, one has to look at the soil profile as a 

record of centuries or even thousands of years, with the awareness that the 

phenomena and processes recorded within a soil profile will not be witnessed by any 

single human being. Road cuts, mud flows, sand dunes and moraines of receding 

glaciers have been very useful chronosequences for the assessment of time as a factor 

on humus levels in soil. This work, has been reviewed and discussed in Stevenson 

(1986). 
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MATERIALS AND METHODS 

Description of Soils and Soil Sampling Procedure 

The soil samples used in this study were obtained from the Santa Catalina 

Mountains north of Tucson, AZ. The altitude of this mountain range extends from 

900 m at the base to 2700 m. Associated with this elevation range is a distinct 

climatic and associated biotic zonation referred to as a climosequence in this thesis. 

The study considers the southern slope extending from a desert biome at the base to 

a subalpine fir forest at the top of Mount Lemmon. The soil samples were collected 

by Thomas R. Galioto (1985) and is described in his M.S. thesis entitled "The 

influence of elevation on the humic-fulvic acid ratio in the soils of the Santa Catalina 

Mountains, Pima County, Arizona." 

Galioto's description of his soil sampling techniques was as follows: 

"Sites representing 19 elevations were selected for sampling on the 
southface of the Santa Catalina Mountains along the Mount 
Lemmon highway. There were six soils selected at each of the 19 
elevations and the A horizons of the six soils were collected to a 
depth of 15 cm within an area of about 300 m2. Soils were 
sampled without regard to aspect at 100 m intervals between 900 
and 2700 m. All samples were collected in the spring of 1982. 
Soils sampled at each elevation included the range of 
microclimates present such as under trees and in the open 
uncanopied areas. The soils were photographed for vegetation, 
location and topographic information. All soil samples were air 
dried and sieved to separate the fine earth (<2 mm) material from 
the coarse fragments. A topographic map showing the roads was 
marked to locate the sites, and they were visited in the fall of 1984 
and additional classification, aspect and vegetation data were 
collected." 
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Galioto (1985) describes the various biome types ranging from desert shrub 

and cacti, semi-arid grasslands, oak woodland, pine forest, to spruce forest. The soils 

were classified in four soil orders, namely Aridisols, Entisols, Inceptisols, and 

Mollisols. Galioto (1985) computed a mean for each of the six soils sampled at each 

elevation, and these means were used to evaluate relationships between soil 

characteristics and elevation. He reported a curvilinear relationship between % total 

carbon and elevation, and reported an r2 = .83. He also measured and correlated 

the humic carbon, humic acid carbon, and fulvic acid carbon vs elevation and 

obtained r2 of .78, .81, and .99 respectively. (The r2 =.99 may to be in error because 

the scattergram data appears to be more scattered.) These are very significant 

relationships; however a review of the raw data included in the appendix shows there 

is great variability among the six samples collected at each site. 

A subsample from Galiotos bulk sample was used for the spectroradiometric 

and chemical analyses of this study. For this research, I used three of the six 

replicates from each of the 19 sample sites. This gave me a total of 57 samples (19 

sites x 3 samples/site = 57 samples.) The sample sites were numbered #1 at the 900 

meter altitude and #19 at 2700 m altitude, and at each site the replicate samples 

were identified as 1-1, 1-2, 1-3, 2-1, etc. 
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Soil Phvsico-Chemical Analyses 

The following laboratory analyses were completed on the <2 mm soil 

fraction: particle size distribution, determination of free iron oxides, determination 

of % organic carbon, and soil color. The procedures are given below. 

The conventional Pipet Method was utilized for the textural determination 

as described by McKeague (1978). For this technique, 20 grams of soil were used, 

with Na-Pyrophosphate as a dispersing agent. The determination of the free iron 

oxides was carried out using the dithionite-citrate extraction method of Holmgren 

(1967) as modified by Blakenmore et al. (1987). The method extracts total "free" 

iron oxides. The determination of soil organic carbon utilized the heat of dilution 

method as described by Metson et al. (1979). Prior to analysis the soil samples were 

spread over paper with a small brush and the large obvious raw organic debris were 

removed by hand with tweezers. All analyses were carried out in duplicate and the 

mean of the two replicates were used. 

Soil color measurements to determine the Hue, Value, and Chroma color 

of the soils were made using a Minolta Chroma Meter (Model CR-200) colorimeter. 

Post et al. (in press) has described in detail the procedure used in this study. To 

evaluate the Hue color component, the Munsell notation (such as 9.8YR, 7.8YR, 

5.6YR, etc. as recorded by the Chroma Meter) was assigned a numerical notation. 

This system assigns the seven Hues in the Munsell Soil Color Book a number from 

1 to 7, with 10R = 1, 2.5YR - 2, 5YR = 3, 7.5YR = 4,10YR = 5, 2.5Y = 6, and 5Y 
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= 7. The Value and Chroma color notations were used as recorded by the Chroma 

Meter, which records the color observation to the nearest tenth. 

Spectroradiometric Analyses of the Soils 

A portable spectroradiometer (Spectron II) was used for the spectral 

analysis of the soils. The nature of the measurement is such that it requires a 

location outdoors, under clear skies and in a large open space away from buildings. 

All data were collected under these conditions at the Campus Agricultural Center. 

The sun angle also plays a key role in how the energy interacts with matter as it 

determines the amount and the direction in which the energy is received by the 

target. All data was therefore collected when the sun angle was between 57 and 63 

degrees above the horizon. 

The soil samples were prepared in 10 cm diameter petri dishes with a soil 

depth of about 1.5 cm. The spectroradiometer was mounted on a tripod at a height 

of 28.5 cm from the sample. This height was determined by the 6 degree field of 

view of the spectroradiometer. With the constraints of field of view, area of soil 

sample, and the spectroradiometer's distance from the target, the viewing area turned 

out to be a rectangle of 3 cm in width within a 10 cm diameter area of the petri dish. 

Consequently, there was enough room for two non-overlapping positions (scanning 

areas) and each of the two different areas were scanned four times. The four 

readings were averaged internally in the spectroradiometer's microprocessor and sent 

to the paravant (portable field computer). The spectroradiometer was calibrated by 
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scanning the reference BaS04 plate, and calibrations were done every 15 samples. 

The paravant recorded the target's reflectance in voltages which was then brought to 

the office computer and processed into percent reflectance. The computer program 

yielded a spectral signature for each sample ranging from 380 to 900 nm. This 

spectral curve signature is recorded in 53 discrete 10 nm increments by the computer 

program, and curves are generated from these readings. The data is the further 

reduced to 4 bands, corresponding to the TM bands, for spectral analyses. 



CHAPTER 4 

RESULTS AND DISCUSSION 

Characteristics of the Mt. Lemmon Soils 

This research studies the relationship among organic carbon and percent 

free iron oxide with the color and spectral characteristics of the 57 samples collected 

in the Santa Catalina Mountains. The great variability within a site as to its organic 

carbon content precluded me from stratifying the data and analyzing the results in 

that way (Figure 1). Therefore, all 57 soils were considered to be one data set and 

all relationships reported in this thesis pertains to all 57 samples. The term 

climosequence may also be misleading, because the assumption is that all soil forming 

factors are the same, but only the climate varies. This isn't exactly the situation due 

to slope angle and aspect variations; however all soils in the sequence were formed 

from similar parent material. I will use the climosequence term in this thesis, but 

recognize that it may be somewhat different as defined by Jenny (1941). 

Table 1 presents descriptive statistics on selected soil characteristics and the 

data for each individual soil is included in Appendix B. Fifty six of the 57 soils were 

either a sandy loam or loamy sand, and the clay content ranged from 0 to 16%, and 

the sand from 46 to 86% with a mean of 4.2% clay and 75.6% sand. The organic 

carbon content ranged from 0.32% to 7.1% with a mean of 2.2%. The free iron 

oxide content ranged from 0.24% to 1.5% with a mean of 0.65%. 
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Table 1 also includes information about soil color and soil reflectance 

characteristics of the 57 soils in the blue (420-520) nm, green (520-600) nm, red (630-

690) nm, near infrared (NIR) (760-900) nm, and soil brightness. Soil brightness is 

defined as being the sum of the four bands. 
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Figure 1. Organic carbon's variability within each site. 
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Table 1. Descriptive statistics on soil and reflectance characteristics of the 57 soil 
samples. 

Minimum Maximum Mean 

% SAND 46 86 75.596 

% SILT 13 47 23.158 

% CLAY 0 16 4.246 

% O. C. 0.32 7.08 2.238 

% Free Iron Oxide 0.24 1.54 0.654 

HUE 4.2 5 4.63 

VALUE 3 5.9 4.239 

CHROMA 1.5 3.1 2.061 

BLUE (420-520) nm 0.042 0.249 0.11 

GREEN (520-600) nm 0.054 0.326 0.147 

RED (630-690) nm 0.079 0.42 0.202 

NIR (760-900) nm 0.131 0.511 0.289 

SOIL BRIGHTNESS 0.311 1.506 0.749 
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Spectral Curves 

The spectral curves for each soil sample are presented in Figures 2,3,4, and 

5. Each graph corresponds to each site sampled (19 sites total) and each site has 

three samples. The spectral curves range from 380 nm to 900 nm with increments 

of 10 nm each. Changes in the shape of the curves indicate the variability in the 

contents of soil organic matter and free iron oxide in general terms. The soil order 

taxonomic classification of the soils at each site (Aridisol, Entisol, Inceptisol, and 

Mollisol) are also noted. 

One objective in this thesis was to evaluate the effect of soil organic carbon 

and free iron oxides on the general shapes of the spectral curves. Soils with low 

contents in organic carbon and with appreciable percentage of free iron oxides show 

an abrupt increase in reflectance in the 450 to 600 nm range and yield a sigmoidal 

curve shape. Soils with a dominant organic carbon signature show a general concave 

shape from 400 to 900 nm. The reflectance in these curves, however, is still higher 

in the 700-900nm region than anywhere else and that is expected. The smooth 

ascending linear spectral curves, also called monotonically rising, are a result of 

moderate organic carbon contents (between 1% and 2%) and low free iron oxide 

content (around .5% or below). Both constituents, at these amounts, evened out the 

signature. 

From the curves presented here, three general shapes were found. Figure 

6 shows these three soil spectral curves and Table 2 summarizes the soil character-
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Table 2. Soil texture, % O.C. and % free iron oxides of the three characteristic soil 
spectral shapes. 

Shape Alt Soil Text. % % % % % % Shape 
(m) Sample Clay Silt Sand O.C. O.M.* FePs 

sigmoidal 900 Sl-3 SL 8 20 72 0.36 0.72 1.12 
monotone 1800 S10-3 LS 1 13 86 1.65 3.30 0.34 
concave 2600 S18-3 SL 5 35 60 7.08 14.16 0.64 

*% O.M. in this research is calculated by multiplying % O.C. by 2. This figure was 
suggested by D. W. Nelson as cited by Steinhardt and Franzmeier (1979). 

istics of each curve. The shapes are: sigmoidal, monotonically rising and concave. 

My sigmoidal curve (Figure 6) is similar to the class d curve defined by Couralt and 

Girard (1988). They describe the characteristic abrupt change in slope as a transition 

from the characteristic organic absorptance to ferrugineous reflectance. Stoner and 

Baumgardner (1981) call this curve iron affected (low organic matter, medium iron 

content). The monotonically rising curve is defined as an organic affected curve with 

moderately coarse texture by Stoner and Baumgardner (1981). The low concave 

curve indicates an organic dominated soil and moderately fine texture by Stoner and 

Baumgardner (1981). 

Stoner and Baumgardner (1981) have reported > 2% organic matter as 

high, a range from 1 to 4% iron content as medium, (these values are also the basis 

for distinguishing iron-affected soils from those minimally altered) and > 4% iron 

oxide contents as high and virtually capable of masking out even the effects of high 

organic matter contents. 
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Figure 2. Soil spectral curves for sites from 900 to 1400 meters in elevation. 
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Figure 3. Soil spectral curves for sites from 1500 to 2000 meters in elevation. 
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Huete and Escadafal (1991) have stated: "The general shape of a spectral 

curve provides information on the size, geometry, and surface composition of 

particles. In the visible portion of the spectrum, absorption features among soils are 

not generally sharp but instead are weak and broad." and "Brightness represents the 

dominant or principal source of spectral variance among soils whereas spectral curve 

shapes differences are secondary. Spectral variations are normally associated with 

specific absorption phenomena and are often quantified through the use of waveband 

ratios". 

In this experiment it was not feasible to distinguish soil orders from the 

spectral signatures, and that is a logical result of this particular experimental model 

(set up). That is to say that the climate, aspect and microclimate variables precluded 

this experiment from achieving taxonomical classification of the soils by their 

reflectance alone. The fact that the climosequence is a function of aspect, slope, as 

well as elevation, and that all these were variables in this experiment, made it difficult 

to establish any generalizations. 
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Figure 6. The three general curve shapes of the Mount Lemmon soils. 



51 

Simple Linear Repression Relationships Between Variables 

I plotted a series of simple linear regressions to evaluate the relationships 

among the organic carbon and free iron oxide (dependent variables) and selected soil 

variables. The graphs of these regressions include the limits of confidence at a 5% 

level. Those limits appear as boundaries to each side of the regression line, and they 

help in showing where the majority of points fall within these limits of predictability. 

Figure 7 presents the simple linear regression relationships between organic 

carbon and free iron oxides with the particle size separates. The objective of these 

simple linear regressions were to test the strength of the relationships between 

particle size separates and the two soil variables. Sand has a negative highly 

significant correlation with both % O. C. and % free iron oxides, and those 

correlations are expected. Silt has the highest correlation with % O.C. and clay the 

highest correlation with free iron oxides, and both r values are highly significant. 

Figure 8 shows relationship between organic carbon and free iron oxides and 

the soil color components. Organic carbon is better correlated to value than to hue 

or chroma. For free iron oxides value has the highest r but the correlation is much 

less than that of organic carbon. Organic carbon as a function of value yielded an 

r = -.781; free iron oxides as a function of value yielded an r = -.406. Both r's are 

highly significant. The negative highly significant relationship of percent organic 

carbon to value is expected and supported by previous research (Escadafal et al., 



1989; Batchily, 1991; Blume and Helsper, 1987). Chroma also has a negative highly 

significant relationship with percent O. C. 

In the case of percent free iron oxides, the negative highly significant 

relationship of percent free iron oxides with respect to value suggests that the free 

iron oxide might have been in non-crystalline form and this might have had an 

influence on the darkening of the soil (Schwertmann, 1988). Karmanova and 

Lumumba (1981) have pointed out that nonsilicate iron compounds are principally 

responsible for the variation in color saturation and the various forms of iron affect 

mostly the variation in hue. This is a consequence of hematite's overwhelming color 

and spectral signature even when it is present in small quantities. The fact that hue 

shows no relationship to free iron oxides could be of further support in speculating 

about the non-crystalline nature of these oxides. In this experiment, hue shows no 

relationship with regard to percent free iron oxides. Also these authors point out 

that ferrous iron compounds (bluish, grayish or greenish hues) have an effect on 

chroma. Chroma in this case has a positive significant relationship with respect to 

free iron oxides. This might indicate hematite's dominant signature masking the 

geothite and non-crystalline free iron oxides. 

Percent O.C. as a function of the 4 spectral bands and soil brightness are 

given in Figure 9. All of the bands (blue, green, red, NIR) and soil brightness have 

a negative highly significant relationship with respect to organic carbon, and the red 

band has the strongest relationship. Research by Obukhov and Orlov (1963) supports 



53 

these results as far as the blue and red bands and soil brightness. Coleman and 

Montgomery (1987) concluded that the NIR band is the key band for the detection 

of organic matter, therefore supporting the relationship found here. Henderson et 

al., (1989) concluded that both red and NIR are important for the detection of 

organic matter. However, the negative highly significant relationship of organic 

carbon to the green band is not supported by literature. 

Three bands (blue, green, NIR) and soil brightness have a highly significant 

relationship with respect to free iron oxides (Figure 10). The red band has a negative 

significant relationship with respect to these oxides. Couralt and Girard (1988), 

Karmanov (1970) and Hunt et al. (1971) have found the 700-900 nm range to be the 

iron absorption bands. Hunt et al. (1971) also mentioned that the iron oxide 

absorption occurs around the 500-600 nm area and that the presence of imperfections 

or impurities can cause the narrow spectral region to go over an extended region. 

Frazier and Cheng (1989) found the red/blue band ratio helpful for isolating free 

iron's spectral signatures. The previous studies support my results as far as the green 

and the NIR bands. 
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Figure 11 summarizes the r2 of the spectral signatures with respect to 

percent organic carbon and percent free iron oxides as a function of wavelength. 

These graphs indicate that organic carbon can be best detected by the red band (600-

700 nm). This is in agreement with Frazier (1989) and Baumgardner et al. (1970). 

Figure 11 also shows that the 420 nm blue band increment is the best for the 

detection of free iron oxides based on its reflectance. Iron's minimal correlation 

occurs between bands 630 and 690 nm. Since this study has climate as a variable, it 

is expected to have red iron oxides (hematite) and yellowish iron oxides (geothjte) 

due to the difference in moisture levels. This could cause a shift of the spectral 

preference found in a study where moisture levels were not variable. When, the 

detection of the free iron oxides falls out of the expected wide waveband ranges, 

most likely it is due to impurities. 

The percent organic carbon correlations with respect to waveband ratios is 

shown in Figure 12 and the NIR/RED ratio had the highest correlation. Figure 13 

presents the correlation of free iron oxides to waveband ratios and the BLUE/RED 

had the highest correlation. This, again, falls within expected results. 

Figure 14 shows the simple linear regressions of % O.C. against the four 10 

nm waveband ratios (520/660), (520/690), (520/770), (770/690). The 10 nm 

increments were selected by the computer as optimal. The ratio 770/690 was highly 

significant and increments (520/660) and (520/770) were also highly significant with 

4 = .369** and r = .363** respectively. 
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Figure 15 shows the simple linear regressions to predict iron oxide from four 

different 10 nm increment waveband ratios. The ratios are (420/530), (420/690), 

(420/900), (900/690). Ratio (420/690) showed the highest highly significant 

relationship to free iron oxides with r = -.655". Ratio 420/530 had an r = -0.547" 

and ratio 420/900 r = -0.468". Ratio 900/690 did not help in the prediction of iron. 

Table 3 summarizes all correlations between % organic carbon and % free 

iron oxides and the independent soil parameters. It can be concluded from Table 3, 

that silt content, color value, and the red, NIR, and green bands and soil brightness 

were very important parameters in the detection of organic carbon. Further 

manipulation of the data showed that the NIR/Red waveband ratio was better than 

any of the previous parameter of detection, even the 770/690 10 nm increment ratio 

for evaluating organic carbon. On the other hand, free iron oxides were best 

predicted by clay content, and the blue/red or blue/green waveband ratio. The 10 nm 

increment ratio did not improve the prediction capability over the broader 

wavebands. 
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Table 3. Correlation matrix showing the r and r2 values for the relationships among 
the soil research variables. 

% O.C 
r 

% O.C. 
r2 

% Fe203 

r 
% Fe203 

r2 

% sand -0.603** .364" -0.590" .348* 
% silt 0.754" .569** 0.419" .176 
% clay -0.053 .003 0.607** .368" 
Hue -0.332* .110 -0.113 .013 
Value -0.781" .610** -0.406" .165 
Chroma -0.636" .405** 0.363** .132 
Blue (420-520) nm -0.676** .457** -0.491" .241 
Green (520-600) nm -0.743" .552** -0.385" .148 
Red (630-690) nm -0.777" .603** -0.316* .100 
NIR (760-900) nm -0.744" .553** -0.397" .158 
Soil Brightness -0.750** .563" -0.391" .153 
NIR/Red 0.842** .709** 0.060 .004 
Blue/Red 0.200 .040 -0.661" .437" 
Blue/Green 0.435" .190 -0.606" .367" 
Blue/NIR -0.412** .170 -0.516** .266* 
520/660 .369" 0.136 
520/690 .045 .002 
520/770 - .363" .132 
770/690 .825** .681** 
420/530 -.547" .299* 
420/690 -.655" .429** 
420/900 -.468** .219 
900/690 .039 .001 

'significant 

"highly significant 
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Multiple Linear Repression Relationships Between Variables 

I also computed the multiple linear stepwise regression relationships 

between % O.C. and % free iron oxides as dependent variables against hue, value, 

chroma, sand, silt, clay, blue, green, red, NIR, and Soil Brightness. The results of 

these analyses are given in Table 4. 

Four of the eleven independent variables were significant in predicting 

organic carbon and the multiple R2 was .842. (Note: A probability of including the 

variable was .15, and a .20 probability excluded the variable from the equation.) 

For free iron oxides, six of the independent variables were significant. The 

R2 was .738. Table 4 also presents the multiple stepwise linear regression to predict 

the two dependent variables (O.C. and free iron oxides) as a function of the 

instrument used (chromameter vs. spectroradiometer). The chromameter data has 

an R2 of .751 for predicting O.C. vs. the radiometer's data which yields an R2 of .652. 

For the prediction of free iron oxides, the spectroradiometer data gives an R2 of .674 

while the chromometer data yields a slightly lower R2 (.652). 

Further spectroradiometric data analyses showed that the use of the 10 nm 

band increment, for the prediction of both dependent variables, improved results. 

Percent organic carbon was predicted by band increments 650, 470 and 480 with an 

R2 of .670. Percent free iron oxides were best predicted by band increments 830,550 

and 440 with an R2 equal to .702. 
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The 10 nm best ratios did help improve the prediction of organic carbon 

from .670 to .732. The best ratios were (770/690) nm and (520/660) nm. However, 

the 10 nm best ratio for the prediction of free iron oxides yielded an R2 much smaller 

than the one obtained with the 10 nm band. The best 10 nm ratio for iron was 

(420/690) nm with R2 = .429. The best 10 nm band increment for the detection of 

iron were (830) nm, (550) nm and (440) nm with R2 = .702. This demonstrates that 

10 nm ratios do not always improve other results. 

This study corroborated the fact that generalities about the soil can be 

drawn from texture, color and spectral data. Some of the results here obtained, with 

regard to the presence of free iron oxides, still remains somewhat speculative due to 

the relative small soil population and relatively great variability of aspect. The color 

and spectral detection of free iron oxides poses a greater challenge than that of 

organic carbon due to multiple variables such as 1) wide range in color variability 

dependent on oxidation state, 2) size and degree of crystallization, 3) inclusion of 

impurities, 4) preponderance of signature of one oxide over another, 5) reversibility 

and altering of state as a function of kinetic and thermodynamic factors. 

The success of this research lies on the detection of the soil component of 

key importance to soil and environmental issues: organic carbon. The rather well 

known complexation of organic matter to a given soil texture allows for an accurate 

prediction of this variable as a function of particle size. Also, the fact that organic 

matter has a characteristic color allows for a successful prediction based on color and 
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spectra. In addition, organic matter only varies in amount along the climosequence, 

while free iron oxides vary not only in quantity but in intrinsic nature among 

themselves. 



Table 4. Multiple linear stepwise regression to predict % O.C. and % free iron oxide from soil and spectral parameters. 

Dependent 
Variable 

Independent 
Variables 

Partial R^ 
Xi X2 X3 X4 X5 X6 

Hue, Value, Chroma, Sand, Silt, Clay, Blue, Green, 
Red, NIR, SB 

% O.C. 

%Fe2C>3 

=11.14 - .68 (Value) -1.74 (Chroma) + 0.99 (Silt) 
- 1.023 (Hue) 

=.087 - 35.071 (Blue) + 43.633 (Green) - 3.776 
(SB) + .013 (Silt) + .307 (Hue) - .211 
(value) 

** 
.610 

*• 

.450 

** 
.709 

** 
.570 

** 
.832 

** 
.675 

** 
.842 

** 
.713 

** 
.727 

** 

.738 

Hue, Value and Chroma 

% O.C. 

% Fe203 

= 21.03 - 1.41 (Value) - 1.73 (Chroma) 
- 1.995 (Hue) 

= -.98 - .482 (Value) + .604 (Chroma) 
+ .524 (Hue) 

** 
.610 

.164 

. ** 
.709 

** 
.544 

** 
.751 

** 
.652 

Blue, Green, Red, NIR-Wide Bands 

% O.C. 

% Fe203 

= 5.90 - 33.98 (Red) + 29.26 (Blue) 

= 1.41 - 34.18 (Blue) + 30.81 (Green) 
- 5.34 (NIR) 

** 
.603 

.240 

** 
.650 

** 
.565 

** 
.674 

ON 
vo 



Table 4 - Continued. 

Blue, Green, Red, NIR best 10 Nanometer Band 

% o.c. 

% Fe2C>3 

= 5.874 - 21.0 (650 nm) + 612.48 (470 nm) 
- 584.8 (480 nm) 

= 1.53 - 5.7 (830 nm) + 28.0 (550 nm) 
- 34.2 (440 nm) 

** 
.604 

** 
.646 

** 
.653 

** 
.696 

** 
.670 

** 
.702 

10 nm Best Ratios 

% O.C. 

% Fe203 

= -29.7 + 22 (770/690 nm) + 7.2 (520/660) nm 

= 2.34 - 3.86 (420/690) nm 

** 
.681 

** 
.429 

** 
.732 

Significant 

Highly significant. 
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CONCLUSIONS 

The general effect of soil organic carbon and free iron oxides can be noticed 

by the varying shape of the soil spectral curves. 

Organic carbon's effect on soil color is sensed by the chromameter mostly 

as a function of value due to its characteristic dark color. 

For organic carbon, the chromameter three color component yields a higher 

R2 (.751**) than any of the 10 nm spectroradiometric data color bands (R2 = .732**). 

For iron oxides, the spectroradiometer yields a higher R2 (.702**) than the 

chromameter (R2 = .652**) probably due to the advantage of breaking up the 

wavebands in 10 nm increments. This allows for very specific color analyses and 

signature optimization. 

The 10 nm best ratios improved the R2 for organic carbon, however, they 

worsen iron's detection. This might be a result of the wide range of hues in iron 

oxides and the unsuitability of narrow waveband ratios to accommodate for this 

variability. 

This study showed that organic carbon and free iron oxide levels can be 

predicted by spectral signatures and soil color characteristics. 

Silt improved the R2 in the multiple linear stepwise relationships in the 

prediction of organic carbon and free iron oxides. Clay did not play a role. 
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