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ABSTRACT

Recent advances in providing spectral reflectance data of
soils indicate that remote sensing techniques may be an excellent
tool for delineating and monitoring soil erosion. The aééurate
classification of multispectral data requires that the classes of
interest be spectrally, or otherwise separable. The goal of classi-
fying soil erosion rests on our ;bility to define and understand
_the nature and degree of separability between classes of erosion.
The results of previous research efforts are testimony to the ex-
treme complexity of the interactions of many variables in determin-
ing a soil's reflectance characteristics. This complexity within
soils themselves coupled with the often localized nature of soil
erosion makes the accurate delineation of eroded areas with remote
sensing techniques a challenging objective.

The study of simulated erosion profiles has lead to the deve-
lopment of an approach for examining the relationship between soil
reflectance properties and erosion. The most important factors af-

fecting the spectral response of soils in this study appear to be
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iron oxide and organic matter contents. The interactions of these
two factors within an eroded soil has a significant effect on the
shape of the overall spectral response, and thus determines the
degree of separability between erosion classes.

The following equations are proposed as a model to predict

iron oxide and organic matter contents from soil reflectance.

y 4 Fe,0, = bl(R56o) + bz(Rl‘ss)

% OM = b3(RggoP + bylb; (Rygg) + by(Rygo)]

where:

b1 = 0.2690 R485 = Reflectance at 485 nm
b, = -0.2924 R560 = geflectance at 560 nm
b3 = 0.0768 Reeo = Reflectance at 660 nm
b, = -1.4786

Testing this model on naturally eroded soil and soil samples
simulating erosion classes resulted in r2 values of 0.94 for

organic matter, 0.96 for iron oxide, and 0.92 for organic matter/

iron oxide ratio prediction. This degree of accuracy confirms the
view that classes of soil erosion are spectrally separable, and
that the separability is significant for the soils examined. To
truly assess the significance and applicability of this result, it
must be tested in a field mapping study of soil erosion with remote

sensing techniques.




INTRODUCTIOR

Soil is a finite naturﬁl resource. Protection of this resource
from degradation is essential for the maintenance of its productive
capacity. New scientific agricultural methods and technologies have
enabled man to produce unprecedented amounts of food and fiber.
However, while fertilizers, pesticides, and improved crop varieties
have extended the limits of soil productivity they have also masked
damage to the land. Soil degradation in the form of accelerated soil
erosion threatens our ability to sustain the productive capacity of
our soil resource.

Many approaches to the study of soil erosion have Seen developed
in an effort to provide quantitative information on the cost of
erosion. The Universal Soil Loss Equation is one t00l which has
proved very useful for erosion prediction and conservation design
(Morgan, 1980). Several methods of mapping soil erosion to help
evaluate erosion risks have also been developed. One problem,
however, is that few of these mapping surveys contain any data on
measured rates of soil loss (Morgan, 1978). Recent advances in
providing multispectral scanner data on soils has prompted questions
regarding the use of remote sensing in the mafping of soil erosion.
Can remote sensing technology provide the researcher and land manager

with quantitative information on s0il erosion?




AL consensus on questions involving soil erosion and remote
sensinpg is not easily reported. The complexity within the soil
itself;, coupled with the variability of soil erosion, makes
generailizations about the spectral response of eroded soils almost
meaninggless. Remote sensing is often viewed in a global perspective,
but soiil spectral responses and soil érosion are both localized
phenomeena and must be studied as such;

Héow then, using the knowledge already at hand about remote
sensimg, the spectral reflectance of soils, and soil erosion, can
these interactions be studied so that meaningful results may be put
to uses?

The answer may lie in an approach described by Young (1978). He
suggests we be less ambitious with respect to scale in mapping soil
erosiom, and prefers a practice employed in Yugoslavia and the United
Kingdom. "Go to where the erosion is, and find out why it is there.”
He goes on to say that from studies of this kind, areas of high
erosiom risk can be identified.

A similar approach could be developed to implement remote
sensing techniques. Go to where erosion is, and find out why a soil
has a particular spectral response. By studying the complex
interactions within an eroded soil, or group of soils, we may learn
how to identify characteristics of eroded soils through their
multispectral responses. Detailed study of eroded soils will provide
answers to the questions of whether or not, and to what degree, soils
are spectrally separable. Only from this basic information can one
assess the ultimate goal of accurately delineating, monitoring, and

quantifying soil erosion with remote sensing techniques.




The research presented in this thesis will seek to establish the
feasibility of, and examine methods for, the following:

1.) determination of the optimal spectral bands for etoeion

studies of a soil, or soils.

2.) development of methods for defining the interaction of
orgaenic matter and iron oxides in the visible and near
infrared wavelengths.

3.) formation of a soil erosion model to be applied to remotely
sensed data for quantitatively delineating stages and
monjitoring rates of erosion.

In addition to the general objectives above a similar evaluation
will be made on the use of the Cﬁry spectrophotometer for the
following:

1.) use of the Cary spectrophotometer in soil reflectance

studies.

2.) evaluation of the second derivative of the spectral
response as a tool for studying and/or quantifying a soil's

reflectance with its physiochemical properties.




LITERATURE REVIEW

Iron Oxide

The type=s and distribution of iron oxides or hydroxides within
a s0il profilee determines the color of many soils (Schwertmann and
Taylor, 1977).. Goethite (aFeOOH) and hematite (GFe203) are the most
common forms ocn¥ iron oxides occurring in soils and both have high
pigmenting poweer even at low concentrations.

Schwertms=nn and Taylor (1977) present an excellent discussion
of the chemiczl and physical properties of iron oxides in the soil
environment. Teothite is reported as having the greatest
thermodynamic stability under most soil conditions and as being
responsible for the yellowish-brown color in soils. High
concentration= of geothite may assume dark brown or even black
colors. Syntketic geothite ususlly has an acircular structure while
in soils its meedle-like crystals are often poorly developed.

Hematite is the second most frequently occurring iron oxide and
is associated with goethite in many reddish soils. The pigmenting
effect of hematite is greater than that of geothite in that even low
concentrations will change the hue of geothitic soils to 5YR or
redder. The structure of hematite in soils is usually weakly

expressed as crystal plates of a hexagonal shape.




The influence of climate on the types of iron oxides formed is
discussed by Schwertmann and Taylor (1977). In geperal warm
climates favor hematite formation but hematite and goethite are
found closely associated in many regions with goethite located in
wetter and/or cooler areas. Hematite formation is inhibited by high
concentrations of organic compounds which complex iron as it is
released via weathering of primary rocks. This complexation
prevents the formation of ferrihydrite, which is a necessary
precursor of hematite, and thus results in geothite formatiom. If
ferrihydrite is formed low temperatures suppress its dehydration
which favors transformation of ferrihydrite via solution to
goethite. Ferrihydrite and eventually hematite, will form over
goethite in areas where the amount of organic matter available to
complex with iron is limited. High temperatureas then accelerate
the dehydration of ferrihydrite to hematite (Torrent et al., 1980).
These results concerning the formation of goethite and hematite are
generally accepted and confirmed in studies by Walker (1967),
Schwertmann (1971), Davey et al. (1975), Duchaufour and Souchier
(1978), and Torrent et al. (1980). In addition to climate and
organic matter influencing the formation of iron oxides other
factors such as aluminum substitution have been noted to change
their structure and color (Davey et =al. (1975), Konama and
Schnitzer (1977), Torrent et al. (1980)).

The color imparted to a material, such as iron oxide, in the
visible range of the spectrum may be due to specific absorptions in
this region, or intense absorptions in the ultraviolet and/or near-

infrared regions (Hunt and Salisbury, 1970). For iron oxides these




absorptions are the result of electron transitions within the
unfilled d-ortbitals of the iron ions. The theoretical explanation
for these effects has been established through crystal or ligand
field theory Kﬁallhausgn, 1962; McClure, 1959; and Burns, 1970).
White and Keester (1966), and Burms (1970) provide excellent
discussions of crystal field theory and use it to predict and
explain the absorption bandé of iron ioms.

Although the iron in s0il iron oxide is found in the ferric
(Fe3+) state & review of the literature concerning both ferric and
ferrous (Fe2+) iron absorption is presented as much of the early
work discussed both forms. Also agreement concerning the absorption
properties of ferric iron is relatively recent compared with thﬁf of
ferrous iron and this recent data warrants detailed review.

An early study by McClure (1962), as reported by Lehmann and
Harder (1970), presented polarized absorption spectra of ferric iron
but the absorption bands within the spectra were too weak to be
accurately assigned to specific electron transitions. White and
Keester (1966) studied crystals containing ferrous and ferric iron
and correlated absorption bands with the form of iron found in the
sample. Ferrous iron gave rise to a single intense absorption band
at 1100 nm wvhile the spectrum of ferric iron was poorly explained
due to the weak expressions of its absorption bands. In this report
the diffuse reflectance spectra of finely ground mineral powders
were also presented. The slight absorption in epidote at
approximately 600 nm (Figure 1) was attributed to the ferric ion
while the more intense absorption band at 1100 nm was attributed to

ferrous iron. Ferrous iron absorption also predominates the spectra
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Figure 1. Diffuse reflectance spectra of iron-

containing silicate minerals at 300°K,
(from White and Keester, 1966).




of the otherr iron containing silicate minerals studied (Pigure 1).

‘In the= early 1970's several researchers investigated the
optical speectra of ferric and ferrous iron (Lehmann and Harder,
1970; Burns;, 1970; Faye, 1971; and Lehmann, 1971). All of these
writings preesent results which indicate the presence of relatively
weak ferric. absorption bands in the near-infrared region while the
sharpest bgnndé occur in the 300-600 nm wavelength region. Typical
examples aree the spectra for ferric and ferrous iron presented by
Burns (1970)). The polariged absorption spectra of epidote which
contains 0.8364 Fe3+ ions per formula unit is presented in Figure 2.
The inset iss the spectrum of iron (III) in ferric ammonium sulphate
solution and is characterized by broad absorption'ﬁands at
approximatelly 550 and 800 nm, and sharper absorption peaks at
approximatelly 400 and 430 nm. By comparison the assorption spectrum
of aqueous Eb2+ in a solution of iron (II) ammonium sulphate (Figure
3) shows a strong absorption at 1000 nm due to the ferrous ion.

Hote that the scale on the y-axis of the ferrous plot indicated a
higher magnitude of absorption for ferrous iron. These spectra
illustrate the range of absorption levels which occur in the visible
and near-infrared wavelength regions for ferric and ferrous iron.

In addition to studies of the optical properties of iron ions
of various crystals several researchers have examined goethite and
hematite iron oxides (Hunt and Salisbury, 1970; Hunt, Salisbury and
Lenhoff, 1971; and Marusak, Messier and White, 1980).

Hunt, Salisbury and Lenhoff (1971) recorded the spectra of
mineral and rock samples using a Cary 14 spectrophotometer fitted

with a specially constructed bi-directional reflectance attachment.
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Percent reflection relative to a magnesium oxide standard was
measured. Four spectra each of goethite and hematite of various
size fractions are presented in Figures 4, 5 and 6.

The explanations for the features of these spectra are
described by Hunt and Salisbury (1970) and are interpreted from the
writings of White and Keester (1966, 1967). In particular Hunt and
Salisbury note that the spectrum of ferric iron is less weil known
than that of ferrous iromn but that White and Keester did assign five
absorption bands for ferric iron in chlorite. These bands are all
transitions from the 6A1g ground state to 4'1‘18 at .0.87U; to 4T28 at
~0.7u (this is noted as the strongest Feo' band); to A2g and 2T18 at

4 4

~0.49 and 0.45y; and to either the A‘B or Eg level at about O0.4Uu.
It may be noted that the diffuse reflectance spectrum of the
chlorite sample was not obtained by White and Keester (1966) and
therefore was unavailable for comparison in Figure 1. However, from
these assignments Hunt, Salisbury, and Lenhoff explained the
reflectance changes which occurred in the spectra of goethite and
hematite. The ferric ion was described as producing a feature near
0.9u and a fall-off short of O.SSuvdue to the presence of a
conduction band with a quite well resolved sbsorption edge. The
absence of the "strongest” absorption band, as reported by White and
_Keester (1966), at ~.0.7u was not discussed.

Hunt et al. (1971) also present three spectra of Limonite
(2Fe203-3H20) (Figure 6). Limonite is described as a poorly
characterized ferric oxide material with a typical water content of

12-14% by weight. The band near 0.9p is reportedly due to ferric

iron while the bands at 1.4y and 1.9u arise from water of hydration

11




ZIOO em:

g E

< < 74-280u

¢ € [ o | 250-1200%
gso éso. \ O-Tau

- & [

: P ——
3 3 —m—— T
2 0 ECLAJ.‘““,.... N
g ] 10 1.5 20 28
r W"AVE:.EWM t WAVELENGTH IN MICRONS .

Figure 4. Spectral reflectance of
Goethite 36 Biwabik, Minn. (from
Hunt et al., 1971).

Em_ Bm
£ :
g ¢ §
g | : om
o 0-Su -250p
g [ g L —
» -
£ [ ¥
; cllljlljj‘A.A)lLllll
§c § 1.0 1.8 20 28
W ] WAVELENGTH IN MICRONS

Figure 5. Spectral reflectance of
Hematite 45 Irontown, Minn. (from
Hunt et al., 1971).

g e
gmr- gloo
-
« - <
g ¥
w L 05
g i # g 0-T4p
;0‘- i Eclllllllllljl_Lllllll
§ 04 05 06 07 ¢ 1) ) 20 25
w WAVELENGTH ¥ WAVELENGTH IN MICRONS
a IN MICRONS

Figure 6. Spectral reflectance of
Limonite 41 Tuscaloosa Co.,
Alabama, (from Hunt et al.,
1971).




13

and are quite clear at the larger particle sizes. It should be
noted that the intensity of the ferric iron band does not diminish
with increased particle size as is the case for the unhydrated
oxides shown in the goethite and hematite spectra. This lack of
decreased intensity, and slight shift in the 250-1200y sige fraction
spectrum to a higher wavelength, at ~0.9u to 1.0y may be due to the
influence of absorption bands for the water molecule at 0.942u aﬁd
1.135u. This possibility was not discussed by Hunt et al. (1971)
who attributed the apparently more highly resolved features to a
more transparent sample.

In their report on the optical absorption spectra of hematite
Marusak, Messier and White (1980) review the previous works and
optical transition assignments of Bailey (1960), Tandon and Gupta
(1970), and Tossel et al. (1973). Table 1 summarized the
transitions and assignments reported by various researchers as well
as the calculated transitions obtained from energy-level diagrams as
presented by Marusak et al. (1980).

The optical absorption spectrum of hematite (Marusak et al.,
1980) (Figure 7), can be divided into three regions. The bands at
~12000, 16670 and 18690 cm-1 arise from spin-forbidden ligand or
crystal field transformations and have been reported by Bailey
(1960), and Tandon and Gupta (1970). The bands at 20408 and 23800
cm are considered to arise from spin-flip transitions among the
21:8 and 3eg states. The bands at 26670, 31750, 38900, and 44840
em™! arise from 02" to Feo' charge transfers between the 02p

nonbonding orbitals and the 2t and/or 3eg orbitals. Agreements

2g

between the observed bands and those calculated by Tossell et al.
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Table 1. Observed transitions and assignments

of the absorption bands in O!.F'ezo3
(from Marusak et al., 1980).

s — et e

11,560 {11,580) 11,630 12,000

12,900 (11,850)

16,670 (16,100) 16,000

18,690 (18,530) 18,250

" 20,408 21,050 2% 21,500

23,800 24,040 24,500

26,670 25,330 "

31,750 29,380 23 28,570

38,900 35,750 34,480

44,840 42,860 43,290
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Figure 7. Absorption coefficient as a function
of wavelength for aFe20 at 298 K,
(from Marusak et al., '}980).
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(1973) (Table 1), are excellent. From this data Marusak et al.
(1980) attribute the strong absorbing characteristics of hematite in
the visible and ultraviolet regions of the optical spectrum to
aliowed transitions which are either spin flip or charge transfer in
origin, and place little emphasis on spin-forbidden ligand field
transformations in determining the color of hematite.

Although no attempt was made to assign transitions to
absorption bands Bryant (1981) obtained diffuse reflectance spectra
of goethite and hematite samples. The spectra were recorded on a
Cary 17D spectrophotometer in the range from 380 to 800 nm relative
to a magnesium carbonate standard (Figure 8). Since no strict
moisture equilibration was attempted Bryant (1981) accounted for
variation in moisture content by normalizing the spectra of
hematite-geothite mixutres at a point of minimal absorption (800
nm). With the exception of the 100% hematite or goethite samples
there was a regular increase in absorption near 480 nm with
increasing goethite content and near 565 nm with increasing hematite
content. A comparison of the spectra of these mixutres with those
of soil samples showed that the absorptions were much less distinct
in 2 natural soil system.

The effects of iron oxides on the spectral reflectance
properties of natural soil samples has been observed in several
early studies (Obukhov and Orlov (1964); Orlov et al. (1966);
Karmanov and Rozhkov (1972); Mathews et al. (1973); and Leger et
al. (1979)).

Obukhov and Orlov (1964) determined that iron oxides were

responsible for the hue of soils and produce a characteristic
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Figure 8. Normalized absorption curves for hematite -
goethite mixtures in the range 380 to 800
nm, (from Bryant, 1981).
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inflection in the spectral curve at 530-580 nm. The intensity of
the reflection in the 500-640 nm region was inversely proportional
to the iron content and a straight line equation for artificial
mixtures of SiOz-Fe203 with an iron oxide content from 2-9% was
developed. Percent reflection is represented by R, and C is the
percent Fe203 content.
R(Z) = 85 - (4.9)C

In another measure Obukhov and Orlov (1964) used the value of
reflectance at 450 nm subtracted from that at 650 nm to quantify
iron content for specific soil groups:

Reso = Bas0 = A * K C

A and K are coefficient constants which vary with each soil group.
The proportionality coefficient K is almost the same for all soils
studied but the general reflectivity, expressed by constant A,
differed noticeably with soil group (Table 2).

Karmanov (1970, 1972) did extensive studies into the use of

computing the chromaticity of soils and also examined the effect of

different degrees of hydration upon iron oxide reflectance in soils.

The reflection intensity of iron hydroxides containing little water
and having a dark brown-red color increased most strongly in the
wavelength interval from approximately 554 to 596 nm. Iron oxides
containing a large amount of water had the greatest increase in
reflection intensity in the wavelength range from approximately 500
to 540 nm. The total reflection intensity of the highly hydrated
oxides was markedly higher than that of oxides containing little

water.
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Table 2.

Quantification of irom content for
specific soil groups as a function
of soil reflectivity (Obukhov and
Orlov, 1964).

Parameters of equafion Rggo =~ Rego = A +K°C

for various soils

Range of
Soil FegO3 A K
content, %
Thick podzol 2-6 12,0 2,6
Gray forest 2-6 15.5 3.0
Ordinary cher-
nozem 2~-6 8.5 2.7
Weakly podzolic
red earth 6.5-10 11.5 2,6
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Mathews et al. (1973) found that the spectrum of a Hagerstown
silt loam (Typic Hapludalf) had a significant increase in
reflectance in the visible range and also a decrease in the degree
of absorption at 0.9um after free iron removal by the sodium
dithionite-citrate-bicarbonate procedure of Mehra and Jackson (1960)
(Figure 9). Leger et al. (1979) also removed free iron via the
same procedure and found the largest change in reflectance occurred
in the 450 to 570 nm region.

In a more recent study of soil reflectance properties Stoner
and Baumgardner (1980) measured the bidirectional reflectance factor
of over 240 different soil series and compared spectral
characteristics with physicoéhemical properties. The wavelength
range measure extended from 0.52um to 2.32um and therefore excluded
some of the visible region. Ferric iron absorption bands are
observed and discussed with reference being made to the writings of
Hunt et al. (1970, 1971). An absorption band at .0.87\m was
described as a sharp, well defined ferric band and was noted in
samples with only small amounts of iron oiide (Figure 10). This
absorption band due to ferric iron at ~0.9um has been observed as a
rather weak, broad absorption in previogsly discussed studies. A
sharp ferric iron absorption band was noted in the Leon sand (Figure
11), even though only a trace of free iron oxides was measurable
(Stoner and Baumgardner, 1980). A similar observation was made for
the ferrous iron absorption band near 1.0um which was frequently
noted by Hunt et al. (1970, 1971). Stoner and Baumgardner (1980)
state that this band was more difficult to identify in the soil

samples studied but did suggest evidence of its occurrence in
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Mathews et al., 1973).
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TOQUOP(NV)

Typic Torripsamment -
mixed, thermic

arid zone
deep sandy alluvium
Clark Co.
Al horizon Al horizon
A slope A slope
excessively drained excessively drained
fine sand fine sand
92%s 52s1 31C 94XZs 3281 32C
5YR 6/6 (moist) 7.5YR 5/6 (moist)
7.5YR 7/6 (dry) 7.5¥YR 7/6 (dry)
0.0Z 0.M. 0.232 0.M.
9.0 meq/100g CEC 4.9 meq/100g CEC
0.202 Fe203 0.302 re203
11.9 MWZs 14.5 MUZs . __
30+
201
101+
0 -+ttt i
.4 . 1.6 2.2

1
.7 1.3 1.9
HWAVELENGTH (uM)

Figure 10. Reflectance curves, soil analyses and
site characteristics of duplicate sam-
ples of the Toquop soil series, (from
Stoner and Baumgardner, 1980).
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several more poorly drained soils. The Leon sand shown in Figure 11
is one examplile presented of the slight ferrous absorption band at
1.0ym. Howeever, the presence of a ferrous abgsorption band in soils
is not consizstent with present knowledge of soil iron. Buol et al.
(1973) state that the free iron contents of soils decrease with
increasingly poor natural drainage. This is a result of the
tranélocationn of ferrous or reduced iron from the soil profile.
Therefore thez absorptions noted as being due to iron in the ferrous
form are unl-ikely to occur in soils. A possible explanation for
these sharp ~vands in the near-infrared, either ferric or ferrous,
could be rel==ted to the water content of the soil samples.
Specifically the expression of overtoneé-or combination tones of the
fundamental -—ibrational frequencies of the isolated water molecule
which occur =t 0.942 and 1.135um (Hunt and Salisbury, 1970).

Latz et al. (1981), using methods similar to Stoner and
Baumgardner {1980), studied the reflectance of eroded and
depositional soils of various toposequences. Simulated Landsat
reflectance curves showed an increasingly convex appearance as the
degree of ercsion increased (Figure 12). Increased iron oxide
content was highly correlated with the a decrease in slope between

Landsat Bande 3 and 4 (0.75 to 0.9um).

Organic Matter

Soil organic matter may be separated into two major groups
based largely on the state of decompositon of organic debris

(Kononova, 1966):

1) Unsltered materials, which include fresh debris and non-
transformed components of older debris.
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LEON(FL)

Aeric Haplaquod
sandy, siliceous, thermic
humid zone
acid marine sands

Bay Co.
Al-A2] horizom Al-A21 horizom
A slope A slope
poorly drained poorly drained
sand sand
9728 2781 1XC 992s 02si 1xC

7.5YR 4/1 (moist)
10YR 7/1 (dry)

10YR 5/1 (moist)
10YR 6/1 (dry)

0.85Z 0.M. 1.072 0.M.

2.1 meq/100g CEC 3.4 meq/100g CEC
trace Fe203 trace Fe203

12,1 MAZs 16.8 MUZs . ___

.7 1.3 1.8
WAVELENGTH (M)

Figure 11. Reflectance curves, soil analyses and

site characteristics of duplicate sam-
ples of the Leon soil series, (from
Stoner and Baumgardner, 1980).
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Figure 12. Simulated Landsat reflectance curves
for an eroded Miami toposequence,
(from Latz, 1981).
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2) Transformed products, or humus, bearing no morphological
resemblance to the structures from which they were
derived.

The transformed products, or humus, can be subdivided as

follows:

2a) Amorphous, polymeric, brown colored humic substances which
are differentiated on the basis of solubility properties
into humic acids, fulvic acids, and humins.

2b) Compounds belonging to recognizable classes, such as
polysaccharides, polypeptides, altered lignins, etc.

These can be synthesized by microorganisms or can arise
from modifications of similar compounds in the original
debris.

Of these materials which we classify as organic matter the
humic substancesl(primarily humic and fulvic acids), have the
strongest influence on the feflectivity and color of soils (Obukhov
and Orlov, 1964). In an early study Obukhov and Orlov (1964)
provide an excellent discussion of the effects of humic substances
on soil reflectance. They state that pure humic acid absorbs light
very strongly and that the total amount of light reflected by dried
humic acids extracted from a thick chernozem (Mollisol) hardly
reaches 2%. Powered humic acid is practically achromatic, or
absorbs light evenly along the entire spectrum, while fulvic acid
has a somewhat higher reflection coefficient in the green wavelength
and red wavelength regions of the spectrum. They also provide an
explanation as to why it is easier to detect the effect of humic
substances in the red region of the spectrum. From 700-750 nm the
reflection coefficients of soils are high, reaching 50-60%, while in
the blue-violet region 380-450 nm they rarely exceed 20-25%. For

this reason a uniform effect of reflectance due to the humus content

is more easily detected in the red region of the spectrum.




The exact nature of humic substances is still a subject of much
research and debate. Studies indicate the presence of phenolic,
various aromatic, and possibly aliphatic functional groups ;hich act
as chromophores in the ultraviolet and visible regions of the
spectrum (Hayes and Swift, 1978). The visible spectra of humic
substances are nearly featureless with some materials expressing
shoulders or inflections which may indicate the presence of
particularly strong or abundant chromophores. As a rule reflectance
increases gradually with increasing wavelength.

Although the visible spectra of humic substances are
featureless attempts have been made to characterize differences in
" their color or hue by describing changes in the gradient of the
spectral response (Kononova, 1966; Orlov, 1972; Chen, Senesi and
Schnitzer, 1977; Ghosh and Schnitzer, 1979). The E4/E6 ratio is the
optical density or absorbance of dilute aqueous solutions of humic
substances measured at 465 and 655 nm, and is used as a measure of
the gradient of the spectrum. Kononova (1966) found the ratio to be
independent of concentration and believes that its magnitude is
related to the condensation of aromatic humic constituents. Chen
et al. (1977) tested this hypothesis and found that the magnitude
of the ratio is goverened by the particle sizes and weights of the
materials. They also found secondary relationships between the
ratio and pH, free radical concentration, and total acidity bﬁt
could not find any direct relationship to the concentration of
condensed aromatic rings. Although changes in the magnitude of the
E4/E6 ratio are not fully understood Hayes and Swift (1978) note

that red-brown materials have higher ratios than grey-brown
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materials and believe this is related to the degree of oxidation
and/or moliecular weight of the humic substances.

In mcore recent attempts to characterize humic substances Ghosh
and Schnittzer (1980) studied the fluorescence excitation spectra of
both humic: and fulvic acids and identified well defined bands at 465
nm. They concluded that humic substances have characteristic
absorption- bands near 465 nm but that theseAbands cannot be detected
in absorpt:ion spectra because of excessive overlapping by
neighborinyz bands.

The influence of organic matter on the reflectance of whole
s0il sampl-es has been studied by many researchers(Obukhov and Orlov,
1964; Bowers and Hanks, 1965; Orlov, 1966; Shields et al., 1968;
Hoffer and Johannsen, 1969; Al-Abbas et al., 1972; Mathews et al.,
1973; Leger et al., 1979; Krishnan et al., 1980; Stoner and
Baumgardner, 1980.). The results of these works are inconsistent
with respect to conclusions about the accurate measurement of
organic matter contents of soils. Variations in other factors
affecting s0il reflectance make it difficult to quantify the
influence of organic matter on reflectance properties. Several
general observations concerning soil reflectance and organic matter
have been widely accepted:

1) As organic matter content increases soil reflectance
decreases throughout the visible and near-infrared
wavelength region (Hoffer and Johannsen, 1969).

2) The visible wavelength region provides better information
than the near infrared wavelength region for determining
organic matter content (Krishnan et al., 1980).

3) Organic matter plays a dominant role in bestowing spectral

properties on soils when its content exceeds 2.0%. As
organic matter drops below 2.0% it becomes less effective
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in ~ masking out the effects of other soil constituents on
the : spectral response (Baumgardner, et al., 1970).

Soil Moisture

The interraction of radiant energy and the water associated with
soils is a cormplex phenomenon. The basis of this interaction can be
explained thrcough an understanding of the absorptive properties of
water itself.

Hunt and Salisbury (1970) provide a detailed explanation of
common water zzbsorption bands associated with the spectra of rocks
and minerals. The water molecule has three fundamental vibrational

modes: v1, trne symmetric OH stretch; V2, the H-0-H bend; and V

39
the asymmetric: OH stretch. All of these are infrared active and
their positior. shifts depending of the state (gas, liquid, or solid)
of the water. In the near-infrared water absorption bands are due
to overtones co'r combination tones of these fundamental vibrational
modes. In the case 6f the isolated water molecule the five bands
which appear relatively strong are the (v2 + v3) at .1.875 , (2v2 +
y) at 1.454 , (v + v5) at 1.379 , (V) + v, + V) at 1.135, and (2
% + \3) at 0.¢42um. Water present in rocks and minerals produces two

\
characteristic bands. One appears at 1.41m due to 2 v, and the

other appears at 1.%m due to v, + Vs According to Hunt and
Salisbury (1970) the shape of these bands indicates the location of
the water. Sharp bands usually indicate that the water molecules
are located in well defined ordered sites, while broad bands
indicate relatively unordered sites and/or that more than one site

is occupied by the water molecule. The presence of both bands is

indicative of undissociated water molecules in the structure, as in
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water of hydration or water trapped in the lattice, but the
appearance of the 1.4um band without the 1.9um band means that OH
groups other than those associated with the water molecule are
present.

Moisture content was one of the first factors influencing
reflectance of soils to be studied quantitatively. Angstrom (1925),
as reported by Planet (1970), measured soil reflectance under wet
and dry conditions from the visible to 4.0 ym wavelength region.

His study attempts to define the reason for the decrease in
reflectance of natural soils after they have been wetted. Angstrom
proposed that the reduction in reflectance was due to the internal
totalifeflections of the thin water layer covering the soil,
surface, in that a portion of the reflected energy is not reflected
out into space but is rereflected to the surface itself. He then
developed an equation relating reflectance of wet and dry soils to
the index of refraction of the iiquid. Planet (1970) supports
Angstrom's explanation that the observed darkening is due to the
optical effects of a thin layer of water on the surface of the soil.

The presence of water in the soil affects the level of
reflectance and also influences the overall shape of the spectral
response. Lindberg and Snyder (1972) demonstrated how hydration
state changes the reflectance spectra of montmorillonite (Figure
13). In addition to strong water absorption bands at 1.45um and
1.92um, Lindberg and Snyder (1972) also observed very weak bands at
0.97ym, 1.19um and 1.78ym.

Several researchers have used diffuse reflectance techniques to

show the effect of moisture on soil reflectance. Obukhov and Orlov
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Figure 13. Changes in the reflectance spectra of

montmorillonite as a result of changes
in hydration state. Curve (a) original
sample; (b) sample after heating to 120°
C; (c) sample after heating to 600°C;
(d) sample from curve b after humidifi-
cation for two weeks; (e) sample from
curve ¢ after humidification for two
weeks, (from Lindburg and Snyder, 1972).
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(1964) demonstrated that reflectivity decreases very strongly when
soils are wetted but the spectral curve does not change its
appearance on wetting nor when various fractions are measured. In
addition the ratio of the reflectivity of moist to that of dry soils
remains practically constant in the entire visible portion of the
spectrum. The effect of mo;sture content on s0il color was studied
by Shields et al. (1968). Using spectrophotometric techniques they
concluded that moisture had no significant effect on the hue or
chroma of Chernozemic and Gray Wooded Soils but the addition of
moisture caused a decrease of 1.1 to 2.0 Munsell value units.

Bowers and Hanks (1965) determined that at all wavelengths measured,
on all samples, reflectance decreased and absorbance increased as
moisture content increased. Data for the Newtonia Silt Loam (Figure
14) represents six moisture contents and illustrates the effect of
increased moisture content on percent reflectance. Hoffer and
Johannsen (1969) and Condit (1970) also using diffuse reflectance
techniques present similar general results and conclusions
concerning moisture content and reflectance of soils.

In an effort to explain how water influenced the shape of
reflectance spectra Bowers and Hanks (1965) identified three
absorption bands located at approximately 1440 nm, 1900 nm, and 2200
nm (Figure 14). The first two bands centered on wavelengths
strongly absorbed by water and specifically represent overtones of
the fundamental frequencies at which water molecules vibrate. Hunt
and Salisbury (1970) attributed the band noted but unidentified by

Bowers and Hanks (1965) at 2200 nm (Figure 11) to the stretching



Figure 14. Percent reflectance vs. wavelength of
incident radiation at various moisture
contents (moisture contents indicated
directly above each curve) (from Bowers
and Hanks, 1965).
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mode of the hydroxyl ion. The exact position of this band depends
on the site in which the OH is located.

The control of the moisture variable in soil refectance studies
has received considerable attention. Recent research has found that
maintaining a uniform moisture tension between samples yields
repeatable results (Shields et al., 1968; Mathews et al., 1973;
Beck et al., 1975; Leger et &al., 1979; Stoner and Baumgardner,

1980).

Particle Size

Particle size is a significant factor influencing reflectance
from soil surfaces. Writings by Obukhov and Orlov (1964), Bowers
and Hanks (1965), and Orlov (1966) provide excellent discussions on
the effects of particle or aggregate size on reflectance.

Bowers and Hanks (1965) used clay minerals to study the effects
of particle size on reflectance. The sieving of clay samples
eliminated differences in mineralogy which could have occurred if
s0il samples of various size fractions were studied. Results at
nearly all wavelengths indicate that the most noticeable increases
in reflectance occur at sizes less than 400 ym (Figure 15). The
changes in reflectance appeared to be a function of surface
roughness.

Reinforcing the conclusions of Bowers and Hanks (1965), Orlov
(1966) emphasized that the determining factor relating particle size
and reflectance are the diameter of the aggregates and the form of
their surface. Fine particles give a more even surface by filling a

volume more completely. Coarse aggregates usually have an irregular



% REFLECTANCE
3 ¥ 3 8

WAVELENGTH=1000mu

Figure 15.

Percent reflectance vs. particle
size for incident radiatjon of
1000 my wavelength, (from Bowers
and Hanks, 1965).
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shape with a large number of pores or cracks that act as light traps
and reduce total reflectance.

Obukhov and Orlov (1964) determined that changes in the level
of reflectance occur with differing diameters and shapes of
particles but the energy distribution along the spectrum does not
change. Fractions less than 0.25 mm in diameter had a maximum
reflectance compared to a minimum response for the 5-10 mm fraction.
The spectral response for undisturbed soil was found to coincide

with the 1-2 mm and 2-3 mm size fractions.



METHODS AND MATERIALS

Soil Samples: Selection, Collection, and Preparation

Three sets of samples were used to aid examination of the
effects of erosion on the spectral response of soils. The first set,
designated as "simulated eroded” samples, was obtained through
collection and mixing of soil cores for each of three common Indiana
Typic Hapludalfs (Russell, Miami and Morley). The second set
consisted of samples of an eroded Morley which were previously
collected by the National Soil Erosion Laboratory for their study on
80il productivity and erosion. The third set consisted of surface
80il samples collected and classified by the Soil Conservation
Service for the Purdue University Soil Characterization Laboratory
(Russell, Miami, and Morley soils).

The Russell, Miami, and Morley soils were chosen because they
have very similar properties and are commonly susceptable to erosion.
Detailed descriptions of some of the sites and soils examined are
presented in Appendices A and B. Those presented represent the range
of properties found within any of the three soils and/or the family
as a whole. The Russell soil collected at the Purdue Agronomy Farm
characteristically is formed in 20-40 inches of loess over glacial
loam till. A Miami soil collected in Montgomery County differs from
the Russell in the depth of the loess (10-20 inches) over loamy

glacial till. The Morley soil samples which were collected in
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Whitley County typically have 10-20 inches of loess over clay loam
glaciml till.

Typically, as erosion proceeds, the A horizon is slowly removed,
while with each successive pass of the plow more of the subsoil (E,
BE or B horizons) is mixed into the Ap horizon. This sequence of
events is the basis for differences in the appearance of eroded soils
as compared to n&n-eroded or depressional soils. It is important to
remember that differences seen in eroded soil classes are as unique
as the original soil profiles themselves. For this reason this study
focused on three soils of the taxonomic classification Typic
Hapludalf.

For the "simulated eroded” samples of the Russeli; Miami and
Morley soils, four soil cores, 3 inches in diameter and 16 inches in
depth, were collected for each soil. The cores were obtained from
none-slightly eroded areas. These cores were then mixed in a manner
which produced subsamples that simulated five different erosion
classes. The uppermost 8 inches of the cores (<2 mm, dried and
crushed) were mixed and a specific volume of this mixture was placed
in a larger container. This initial total volume of soil will be
referred to as a unit and represents a none-slightly eroded Ap
horizon. From this volume 1/4 unit was removed to constitute the
first sample or the none-slightly eroded soil. This left 3/4 of a
unit in the container, to which a 1/4 unit volume of soil which
represents the 8-10 inch section of the same set of cores was added.
The total volume was mixed and a 1/4 unit subsample was removed to
constitute the second or slightly eroded soil. This procedure was

continued until the last sample represented a very severely eroded
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80il. This dilution of the original surface "plow layer" with
subsoil was used because it best represented the in situ condition of
eroded cultivated soils. The rationale for this method lies in the
fact that soils often erode slowly over a period of years, and that
with each successive cultivation the plow layer is mixed, buffering
any drastic changes one might observe in an undisturbed soil profile.

The second set of samples consisted of ten field samples of the
Ap horizons of various Morley erosion classes. Samples were
collected in Whitley County by staff from the National Soil Erosion
Laboratory. (Note the core samples for the Morley simulated erosion
samples were also obtained in Whitley County.) The physical and
chemical data for these samples are found in Appendix A.

Descriptions of the sampling sites are found in Appendix B.

The third set of samples consisted of an additional fourteen Ap
horizon field samples representing various erosion classes of the
Russell, Miami, and Morley soil series. These samples were obtained
from the Purdue University Soil Characterization Laboratory. They
were classified with respect to their degree of erosion by the Soil
Conservation Service. Physical and chemical data are presented in
Appendix A. Descriptions of the site locations for these soils are
found in Appendix B. Samples of a Typic Argiaquoll (Brookston) and a
Typic Paleudult (Frederick) collected for the Purdue University Soil

Characterization Laboratory were also used for comparison.

Soil Samples: Chemical and Physical Analyses

Physical characterization of the soil samples consisted of
crushing the air dry sample, collecting the fraction <2 mm, and then

measuring the particle size distribution. Eight size fractions were




measured by the Soil Characterization Laboratory of the Department of
Agronomy at Purdue University. The distribution was dgtermined using
the pipette method (Franzmeier et al., 1977).

Total carbon was determined on the Leco Carbon Determinator
WR12. Organic matter content was computed by multiplying the percent
total carbom by 1.724. |

The citrate-bicarbonate-dithionite (CBD) method was used to
determine the amount of total free iron in the soil samples. The
extraction method was described by Franzmeier et al. (1977).

However, the iron content was determined with an atomic absorption
spectrophotometer and a nitrous oxide air-acetylene flame rather than

a colorimeter. Also, organic matter was not removed from the sample

used in the extraction.

Spectral Measurement of Soils

The spectral data collected in this study was obtained from the
Cary 17D spectrophotometer. This unit was equipped with an
integrating sphere and measured diffuse reflectance, in an absorbance
mode, relative to a barium sulfate standard. A thin glass cover
slide was placed over the sample port to prevent soil from falling
into the sphere. A second glass cover slide was placed over the
standard port to eliminate the effects of the sample port slide which
protected the sphere. The spectral scan was from 1220 ﬁm in the
near-infrared to 380 nm in the visible wavelength region. A change
from the lead sulfide detector to a photomultiplier tube took place

at 650 nm. Since this region of the spectrum lacks any strong
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absorption bands, the spectral response has a relatively constant
slope suitable to such a detector change.

The preparation of soil samples for spectral measurement by the
Cary spectrophotometer presented an interesting problem since mounts
were held in a vertical position. Loose soil was lightly packed into
a rubber stopple which had a hole in its base. Care was taken to
provide a uniform "natural” surface between all samples in the
stopple. The hole was filled with cotton to act as a wick. The
stopple was placed in a tray of water allowing the sample to saturate
and was then removed to air dry. This process produced an aggregated
soil plug which could be removed from the stopple, placed in a sample
holder, and mouﬁfed vertically on the sphere of the spectrophoto-
meter.

Each soil sample was equilibrated in a desiccator at 77%
relative humidity for six days to attain & uniform moisture temnsion.
Samples were essentially air dry during the spectral measurement.

Digital data was collected by the Cary 17D spectrophotometer and
recorded on tape by an HP 2645A computer terminal. This data was
then shipped to files on the Agricultural Data Network and processed
into its final form. Calculation of various plot files and
derivatives was also done on the HP 2645A terminal through the

Agricultural Dats Network.

Second Derivative Spectroscopy

Second derivative spectroscopy was used to aid detection of
subtle absorptions in the spectral response of soil. This method was

introduced as early as 1955 as a means of extracting more information



42

from the spectral distribution (Giese and French, 1955). Derivative
measurements can aid in determining quantitatively the position and
intensity of a weak absorption band overlaid or obscured by another
absorption band. To accomplish this measurement the first and second
derivatives of the reflectance spectra were calculated as a function
of wavelength. The result is a plot which quantifies the slope or
curvature in the spectral response. Thus information can be gained
by looking forrmore specific features in the spectral response
(Hager, 1973). Detailed descriptions of the mathematical and
applicatior aspects of this technique have been published (Giese and
French, 1955; Hager, 1973; Hawthorne and Thorngate, 1978; Whitbeck,

1981).




RESULTS AND DISCUSSION

Repeatability

To determine the repeatability of data collection, the spectrum
of a Miami, very severely eroded, was obtained on five different
occasions (Figure 16). All of the spectra were collected after
samples were air dried and equilibrated in a desiccator at 777
relative humidity for a minimum of two days. The first four spectra
were obtained over a three-day period while the fifth was obtained
three weeks later. The consistency of these results indicate that
the method of sample preparation and data collection provided

excellent repeatability for quantitative soil reflectance studies.

Spectral Reflectance of Soil Components

In order to understand the effects of iron oxides and organic
matter on soil reflectance the spectra of goethite, hematite, and
humic acid were collected. The literature review illustrates many
of the problems encountered when interpreting soil reflectance
properties from studies of pure mineral samples. However, despite
these complexities it was hoped that the study of samples similar to
those of the major soil components affecting reflectance would
provide a more complete explanation of their influence.

The reflectance spectra of two iron oxides (Figure 17) were

obtained from the same samples used by Bryant (1981) (Figure 8).
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The goethite was synthetically prepared while the hematite was
ground from a mineral sample. Curi (1982) characterized both
samples with X-ray diffraction and described them as crystalline and
pure with the exception of small amounts of chlorite contamination
in the hematite sample. The small quantities of these samples
available for study required that a thin sample mount be prepared
for analysis.

An analysis of the goethite and hematite spectra with respect
to their chemical composition and absorptive properties provides
insight into how these iron oxides influence soil color. In the
visible wavelength region (380-720 nm) the level of reflectance and
shape of the sféctra appear to be determined primarily by absorption
bands within this visible region, rather than by absorptions in the
ultraviolet or near infrared regions. The absorption band in the
near infrared has little effect on the spectra in the visible
region, as witnessed by the peaks in reflectance at approximately
750 nm.

The basic difference in the color of the two iron oxides is
determined by the position and intensity of iron absorption bands in
the visible region. The goethite sample has a strong iron
absorption band at 520 nm and its reflectance increases sharply
from 540 to 600 nm. There is a weaker absorption band centered at
650 nm. Note this is also the position of the change from the lead
sulfide to the photomultiplier detector which causes the gap in the
goethite spectfum. The reflectance of goethite is generally high in
the green, yellow, and red regions of the spectrum. The hematite

sample also has a strong absorption band in the visible region but
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it is at a higher wavelength (560 nm) than that in goethite. 1In
addition, the reflectance of hematite does not increase quite as
quickly as that of goethite.

Prom these spectra it is clear why hematite has a higher
pigmenting power in the soil than goethite. A so0il which contains
goethite as its predominant pigmenting agent will reflect light in a
window spanning the green, yellow and red regions of the spectrum.
This results in a bright brownish-yellow soil color. When even
small amounts of hematite are present the green, and to a lesser
degree, the yellow, wavelengths are absorbed very strongly. This
narrows the window of highly reflected light to the red region of
the spectrum and results in hematite expressing a bright orange-red
color. Thus the presence of goethite is masked by hemétite because
of hematite's strong absorptive capacity in the green wavelength
region of the spectrum. 1In other words, light which would have been
reflected by goethite to yield a brownish-yellow color is strongly
absorbed by hematite causing the soil to be redder in color.

The reflectance properties of goethite and hematite in the near
infrared wavelength region are considered important in determining
the shape of a soils spectral response. Previous research offers
several different interpretations of the nature of iromn oxide
absorption in this region. The spectra collected in this study
provide insight into the absorption characteristics of iron oxides.
Although the explanation proposed may differ from that of previous
researchers, it is consistent with the results they obtained.

In order to define the interactions and absorptions taking

place in the near infrared region of the spectrum, the chemical




properties of the iron oxides under study must be understood.
Goethite and hematite in their pure mineral form contain no water.
However, when these iron oxides are formed in soil they occur in a
hydrated state. Both goethite and hematite have the ability to
tightly hold several layers of water through hydrogen bonding. Thus
wher discussing soil iron oxide it is understood that the hydroxide
forr will predominate. Water absorption bands at 940 nm and 1130 nm
may be influencing the spectral response of iron oxides. The
limonite sample presented by Hunt et al. (1971) (Figure 6) is one
illustration of this interaction. Limonite (typically containing
12-14% water by weight) showed absorption bands assigned tp water of
hydration at 1.4 and 1.9 m in the largest particle size fraction
sample., There was, however, a marked shift to higher wavelengths
for the "iron absorption band" of this sample. Hunt et al. (1971)
did not note this shift but attributed the increased intensity of
absorption at 0.9 m to the transparent nature of the sample. In
contrast the goethite and hematite spectra presented by Hunt et al.
(1971) were obtained from ground mineral samples and contained
little water.

The spectra of goethite and hematite presented (Figure 17)
illustrate the influence of water of hydration on the reflectance
spectra of iron oxides. As previously stated, the hematite sample
was ground from a mineral and contains little or no hydrated water.
It exhibits a characteristic iron absorption band at 870 nm. The
goethite sample was synthetically prepared and contains hydrated
water. Note the shift and broad nature of the absorption band at

940 nm. These results indicate that overtones of the fundamental
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vibrational modes of the water molecule at 940 and 1130 nm are
having a dramatic effect on the shape and magnitude of the
reflectance spectrum of this synthetic goethite in the near infrared
wavelength region.

This interaction may also help explain the results obtained by
Stoner and Baumgardner who noted sharp absorption bands at 900 and
1000 nm in soils with only a trace of iron oxide. In these cases
the two water absorption bands in the near infrared wavelength
region may have had a pronounced effect on the reflectance spectra,
particularly since the spectra of the soils were obtained at O.1 bar
moisture tension, or near field capacity.

The second derivatives of the goethite and hematite spectra
help illustrate the position and intensity of some of the absorption
bands found in their respective reflectance spectra (Figure 18).

The slopes of the broad absorption bands in the near infrared
wavelength region change so slowly that the second derivatives in
this region do not contain detailed information on the shape of the
spectral response. However, the second derivative does help to
quantify the position and intensity of the stronger iron absorption
bands in the visible wavelength region. Note that the gap in the
second derivative at 650 nm is a result of the previously mentioned
detector change.

A closer examination of the second derivative of the region
from 380 to 620 nm yields specific information on the microstructure
of the spectral responses of goethite and hematite (Figure 19). The
peaks of the second derivative correspond to change in the slope of

the spectral response. Specifically, the peak at 518 nm in the
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goethite second derivative corresponds to the iron absorption band
maximum seen in the reflectance spectrum (Figure 17). Similarly,.
the peak at 555 nm in the hematite second derivative corresponds to
its iron absorption band maximum. The exact nature of the
absorption maximum shift to a higher wavelength in the hematite
sample is well illustrated in this comparative second derivative
plot with the goethite sample. In addition, the height of these
peaks is a measure of the intemnsity of the inflection in the
reflectance spectra caused by a corresponding absorption.

The reflectance spectra of a humic acid sample extracted from a
muck soil is also plotted for comparison in Figure 17. Its
refiectance is typically low and featureless in all wavelength

regions at the high concentration used.

Soil Spectral Reflectance Comparison

The knowledge obtained through the study of various soil
components can be used to interpret the reflectance spectra of
natural soils. Three soils with different colors and chemical
properties (Table 3) were compared to determine the najor factor or
factors influencing the shape of their spectral response.

Figure 20 shows the reflectance spectra of the Frederick, Miami
and Brookston soils. The Frederick and Miami soil samples have
similar concentrations of organic matter and iron oxide. The
slightly higher amounts of both of these constituents in the
Frederick soil results in its lower level of reflectance. The
shapes of these two spectra are also very similar except for

differences in the region of strong iron absorption (460 to 560 nm).
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Table 3. Selected chemical and physical data for soils
used in a general soil reflectance comparison.
MUNSELL
COLOR
SOIL SUBORDER (HUE) Z oM % Fe203
FREDERICK Udult 5 YR 1.85 1.88
MIAMI Udalf 10 YR 1.37 1.64
BROOKSTON Aquoll 10 YR 5.40 1,21
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To accurately describe the nature of these subtle changes from the
reflectance spectra is a difficult task. However, a comparison of
the second derivatives of the reflectance spectra provides valuable
information on these subtle differences (Figure 21). The Frederick
second derivative contains two major peaks, one at 476 nm, and a
second at 538 nm. Note that the negative peak at 440 nm is the
resﬁlt of absorptions taking place at higher wavelengths, as stated
in the discussion of the properties of the second derivative. The
Miami second derivative contains one major peak at 476 nm.
Comparison of this data with the reflectance spectra indicates the
positions of absorptions caused by iron oxide compounds. The
Frederick soil has two absorptions withiﬁ its reflectance spectrum.
One is in the same position as the major inflection of the Miami
s0il while the second is at & slightly higher wavelength.

A reason for this difference can be proposed by comparing the
colors of the two soils. The Frederick soil was developed from
limestone parent materials and is highly weathered. This favors the
formation of hematite and thus a reddish soil color. The Miami soil
was developed from glacial parent materials of Wisconsin age and is
not highly weathered. This results in the brownish-yellow color
which is typical of goethitic soils. The second derivatives
indicate the presence of a major absorption in the green wavelength
region for the Frederick soil while no such absorption is present in
the Miami soil. This absorption in the green wavelength region by
the Frederick soil results in a narrow window of reflected light and
therefore a reddish color. The reflectance in the Miami increases

sharply in this region resulting in a wider window of reflected
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light and i-ts brownish-yellow color. A similar effect was described
for the purre iron oxide samples of hematite and goethite. The fact
that the Frrederick soil contains a strong absorption in the same
position as the Miami soil (476 nm) suggests that goethite is
present in the Frederick s0il but that its influence on soil color
is being ma:sked by hematite. This analysis, when supported by some
knowledge o= the types of iron oxides present, illustrates the power
of the secomd derivative in detecting subtle differences in the
reflectance spectra of soils.

It showmld be noted at this point that absorption bands in the
near infrar=d wavelength region appeared only as weak broad features
in all the soils examined in this study. The significant
absorptions in this region found in the pure iron oxide samples are
apparently masked and reduced when the iron oxides occur in the
presence of other soil constituents. This result indicates that
more informztion may be obtained about the iron oxides of soils by
examination of the visible wavelength region.

The spectral reflectance of a Brookston soil with an organic
matter content of 5.4%, is presented for comparison in Figure 20.
The increase in organic matter results in a lower overall level of
reflectance and a rather featureless spectrum. The second
derivative, however, does provide some detailed information on the
slight inflection in the visible wavelength region. Comparison of
the Brookston and Miami second derivatives (Figure 22) shows the
influence of iron oxide absorption on the reflectance spectrum of
the Brookston s0il. Use of the second derivative for this type of

analysis should aid in determining the point at which one soil
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constituent begins to mask the effect of another on soil
reflectance.

To further illustrate the influence of organic matter on soil
reflectance three Brookston soil samples are presented (Figure 23).
The increase in organic matter content causes both a lowering of the
level of reflectance and a change in the general overall shape of
the spectral response from convex to concave. The second
derivatives of these_spectra (Figure 24) show how this increase in
organic matter content masks the influence of iron oxides on the
shape of the spectra in the visible wavelength region. The increase
in organic matter content results in a decreased intensity of
expression of the iron oxidé absorptions. The influence of
increased organic matter content on the second derivative near
440 nm suggests that the shape of the reflectance spectrum is

affected by this soil component to some degree.

So0il Erosion Study

The development of a model from which basic questions about
reflectance and soil erosion can be answered requires a detailed
knowledge of the chemical and physical properties of the soils under
study. The characterization of how these chemical and physical
properties change as erosion progresses is also essential for
accurate assessment of soil erosion.

This study examined three common Alfisols developed under
forest vegetation on slightly different glacial parent materials. A
detailed description of sample site selection and the method used to

simulate erosion within these soils is presented in the methods and
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materials section. The important point with regards to the results
obtained is that three very similar Alfisols were used to try to
represent the range of soil properties most likely to occur in the
field for any one of these three potentially erosive soils. The
results of chemical and physical analyses are presented in Table 4.
Two factors which strongly affect soil reflectance and are highly
correlated with the deéree of soil erosion are organic matter and
iron oxide content. Chemical analysis showed that organic matter
content decreased as the degree of erosion increased (Figure 25).
Conversely the iron oxide content increased as the degree of erosion
increased (Figure 26). Note that the range of organic matter
contents for the three soils is much greater than the range of iron
oxide contents. Also note that the range in either of these two
factors is very small within a progress}on of erosion classes for
any one soil.

Since these two factors, organic matter and iron oxide, are
inversely related with respect to the degree of soil erosion, the
ratio of organic matter to iron oxide content (OM/Fe oxide) is
proposed as an aid in the classification of these eroded soils.
This ratio helps to excentuate the differences between the erosion
classes and should provide for a more accurate classification. The
OM/Fe oxide ratios are plotted in Figure 27 for the three soils
under study. The plot indicates that the OM/Fe oxide ratio for each
s0il decreases with an increase in the degree of soil erosion. The
major objective in formulating a model for these soils is to
determine how best to estimate this ratio from spectral reflectance

datas.




Table 4. Organic matter and iron oxide contents
of the simulated erosion sequences.

Simulated

Soil Erosion Class %7 oM % Fe,0,
RUSSELL None - Slight 3.17 0.96
Slight 2.71 1.04
Moderate 2.36 1.10
Severe 2.09 1.17
Very Severe 1.82 1.22
MORLEY None - Slight 2.47 1.11
Slight 2.20 ) 1.14
Moderate 2.03 1.21
Severe 1.63 1.30
Very Severe 1.44 1.43
MIAMI None - Slight 1.60 1.25
Slight 1.50 1.34
Moderate 1.30 1.44
Severe 1.11 1.51
Very Severe 0.97 1.59
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The information obtained through the study of how various soil
components affect the spectral response was utilized to determine
the optimum wavelength bands for predicting soil organic matter and
iron oxide contents. The spectral reflectance of three erosion
classes of the Miami, Morley, and Russell soils are presented in
Figures 28, 29 and 30. In these soils the level of reflectance
generally incfeases as the severity of erosion increases. The
comparison of pure soil components suggests that the shape of the
spectral response may help to more accurately predict the content of
a specific factor influencing reflectance. An examination of the
second derivatives of these soils should determine if significant
differences in the shape of the spectra do indeed éxist. The Miami
second derivatives (Figure 31) indicate that the shape of the
spectral response changes only slightly in the 380-620 nm wavelength
region regardless of the chemical analysis or erosion class. The
Morley second derivatives (Figure 32) indicate that the intensity of
the inflection at 476 nm increases as the severity of erosion
increases. This poincides with an increase in the iron oxide
content. A similar trend is observed in the Russell soil (Figure
33). The influence of organic matter on the shape of the Russell
none-glightly eroded soil spectrum is suggested by the shoulder in
the second derivative at 450 nm. The usefulness of the second
derivative in evaluating the spectra of these soils is limited by a
lack of information concerning the combined effects of iron oxide
and organic matter on the absorption bands of the visible wavelength
region. Although further study is needed in this regard the data

presented above indicates that organic matter may be influencing the
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shape of the spectra when its content in soils reaches approximately
2.5%. This result is very close to the 2.0%Z level which was
proposed by Baumgardner et al. (1970) as the point at which organic
matter begins to mask the influence of other soil constituents, such
as iron oxides.

A measure of the shape, or more specifically the slope, of the
spectrum from 485 to 560 nm was found to be directly related to the
content of iron oxide in these s0il samples. The difference between
the reflectance values (R560—R485) for all fifteen soil samples
resulted in a coefficient of determination (rz) of 0.73. Adding

this value (R ) to the percent reflectance at 660 nm produced

560”485

the best predictor of iron oxide content (r2=0.91).

R, )

+ (Bygp = Rygs

#Fe,05 = Rego

The reflectance at 660 nm was also the best predictor of
organic matter content. The coefficient of determination (r2) for
organic matter content prediction at 660 nm was 0.94. The fact that
the percent reflectance at 660 nm was an aid in predicting both
organic matter and iron oxide contents is a function of the inverse
relationship within the simulated erosion sequences. However,
prediction of organic matter at 660 nm is justified by the lack of
strong iron absorption bands in this region. Also, the high level
of reflectance in this region enhances the separation of soils with
different organic matter contents. This is illustrated with the

Brookston soil samples (Figure 23).
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The use of reflectance values at 485, 560, and 660 nm
corresponded with the first three spectral bands of the Landsat D
MSS, and provided an accurate prediction of % iron oxide, ¥ organic
matter, and the OM/Fe oxide ratio calculated from chemical data
resulted in a coefficient of determination (r2) of 0.95. These
predicted ratios (solid symbols) are plotted with the ratios
determined from chemical analysis (open symbols) in Figure 34. The
accuracy of this prediction suggests that the classification of
eroded soils is possible if prior knowledge of the specific soil
series being classified is available. This site specific
information is required because the range and variation in the OM/Fe
oxide ratio is unique for each soil sefies.

Given this restraint the model developed above was tested on
ten Morley soil samples which were collected and classified in the
field with respect to their degree of erosion by the Soil
Conservation Service. Chemical analyses for the ten samples show
that the OM/Fe oxide ratio is an excellent predictor of erosion
class when referenced to the simulated Morley erosion sequence
(Table 5). The consistency of this classification was enhanced by
the fact that the Morley field samples were all located in Whitley
County. This was the same county sampled to provide data for the
Morley simulated erosion sequence.

The application of the model developed for obtaining the
OM/Fe oxide ratio from spectral reflectance data of the simulated
soil erosion sequences did not result in the accurate classification
of erosion for the ten Morley field samples (Table 5). Organic

matter was generally overestimated in the high iron oxide soils
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Table

r

P

Erosion classification for Morley flield samples using

chemical and reflectance data.

Chemically Reflectance
Predicted Predicted
Erosion Predicted Erosion
Class from Class
Soil Erosion Chemical from Reflectance from
No. Class %OM %Fe203 OM/Fe ratio Ratio %ZoM ZFe203 OM/Fe ratio Ratio
1 NS (1) 2.44 1.08 2.26 NS 0.63 1.50 0.42 Vs
2 NS(1) 2.34 1.25 1.87 SL 2.21 1.12 1.97 SL
3 NS (1) 2.99 1.23 2.43 NS 2.03 1.16 1.75 MO
4 M(2) 1.91 1.43 1.33 SE 1.71 1.32 1.29 SE
5 M(2) 1.31 1.55 0.84 VS 1.04 1.51 0.69 Vs
6 M(2) 1.94 1.38 1.40 SE 1.39 1.39 1.00 VS
7 M(2) 2.03 1.85 1.10 SE 1.14 1.48 0.77 Vs
8 S(3) 1.39 2.20 0.63 VS 2.08 1.29 1.61 MO
9 S(3) 1.29 1.79 0.72 Vs 2.44 1.19 2.05 SL
10 VS(4) 1.50 1.89 0.79 Vs 2.32 1.23 1.89 MO

LL



which resulted in high OM/Fe oxide ratios for the severely eroded
soils. The explanation for this poor classification is related to
the inability of the simulation to account for the effects of high
iron oxide contents on the percent reflectance at 660 nm (Note
Morley samples 8, 9 and 10). This result can be explained in that
both iron oxide and organic matter cause a decrease in total soil
reflectance in this region of the spectrum. Since the simulated
samples did not contain very high (>1.6%) amounts of iromn oxide, the
equation for predicting iron oxide content failed when applied to
field samples with higher iron oxide contents. In essence most of
the reflectance changes observed at 660 nm in the simulated samples
were due to decreases in organic matter content.

Since the ten Morley field samples provide a wider range of
chemical properties than the simulated samples, a model was
developed with the Morley field samples as the data base. Given the
results of the previous analysis, a predicfor of iron oxide may be
more useful if it is determined from the reflectance at only two
wavelengths, 485 nm and 560 nm. The 485 to 560 nm region appears to
be essentially an independent predictor of iror oxide content. The
following equation is proposed to predict iron oxide content:

£Fe,0

= b1(R ) + b2(R

3 560 485)

Computer analysis using the ten Morley samples yielded an r2 of
0.98 between chemical and predicted iron oxide contents. The final
form of the equation contains the parameters b1 = 0.2690 and b2 =
-0.2924.
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The next step in the analysis involved using the prediction of
iron oxide to help predict organic matter content at 660 nm. Ip the
previous mathematical approach organic matter was over predicted at
high concentrations of iron oxide. With this in mind the equation
below was developed to predict organic matter at 660 nm more
accurately by taking advantage of our ability to predict iron oxide

from another wavelength region.

%o = by (Re) + [b, (b (Byp) + by(R,g0)]

or
= 3 . Iy lg

y 40).4 bj(RGGO) + [b4(Equat10n for predicting @ Fe203)]

The final form of the equation contains the parameters b3 =

0.0768 and b, = -1.4786. The r2 between chemical and predicted

4

organic matter contents of the ten Morley samples used as the data
base is 0.98.

This model was tested on the entire set of simulated samples.
The results of the predictions are presented in Table 6 and provide
both promise and insight into our ability to classify eroded soils.
Several trends are apparent when the data set is analyzed as a
whole. One very significant result is that the OM/Fe oxide ratio
(r'2 = 0.91) generally decreases with increased erosion. This trend,
which is proposed as & predictor of erosion class, was not well

estimated with the simplified model using the simulated erosion

samples which was previously presented. Also, the prediction of the



Table 6. Comparison of chemically determined and predicted organic matter and {iron
oxide contents for the simulated erosion samples using reflectance data.

Predicted
from
Soil Erosion Chemical Reflectance
Sample Class 7%0M e, 0, OM/Fe ratio %OM ’ﬁezoB OM/Fe ratio
Russell NS 3.17 0.96 3.30 2.40 1.01 2,37
SL 2,71 1.04 2.61 2,02 1.26 1.61
MO 2,36 1.10 2,15 1.92 1.41 1.37
SE 2,09 1.17 1.79 1.79 1.55 1.54
VS 1.82 1.22 1.49 1.98 1.49 1.33
Morley NS 2,47 1.11 2,23 2.47 1.01 2,44
SL 2,20 1.14 1.93 2.59 1.04 2,49
MO 2,03 1.21 1.68 2,43 1.15 2,12
SE 1.63 1.30 1.25 2,27 1.35 1.68
Vs 1.44 1.43 1.00 2,21 1.41 1.57
Miami NS 1.60 1.25 1.28 1.78 1.70 1.05
SL 1.50 1.34 1.12 1.66 1.74 0.95
MO 1.30 1.44 0.90 1.66 1.80 0.92
SE 1.11 1.51 0.74 1.55 1.90 0.82
Vs 0.97 1.59 0.61 1.70 1.91 0.89

08
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iron oxide content is very good with some estimates extremely
accurate. The prediction of organic matter content (r? = 0.93),
although not as accurate as those for iron oxide (r2 = 0.95), are
much improved over the previous attempt. In summary, the results of
this model tested on all three soil series provide an optimistic
view of our ability to accurately classify erosion in the field.

Particular attention should be given to the Morley simulated
samples. Since the equations were constructed with data from ten
Morley field samples, one would expect that if any samples would
classify accurately it would be the Morley simulated samples. 1In
fact this is the case in that the OM/Fe oxide ratio yielded a range
which could.be used to classify erosion. In addition it is
important to remember that the simulated samples represent a
narrower range of properties than is found in the Morley field
samples. Thus, it is proposed that field samples at either end of
the range would be even easier to classify than the simulated
samples.

To test this hypothesis a group of fourteen field samples were
analyzed both chemically and spectrally (Table 7). The samples
represent Russell, Morley, and Miami soils from various regions of
Indiana. They were collected by the Soil Conservation Service for
description and study by the Purdue University Soil Characterization
Laboratory. Note that the range of properties is very similar to
those of the Morley field samples used to develop the equations.
However, the geographic distribution of these samples introduces
variability in climatic and other soil forming factors beyond those

present in the ten Morley field samples which are the base for the
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equations. Spectral analysis of these soils helps determine the
extendability of a model developed from Morley field samples to
other very similar Alfisols (Table 7). The results are promising
with an r2 = 0.94 for the prediction of organic matter, r2 = 0.96
for prediction of iron oxide, and r2 = 0,92 for the prediction of
the OM/Fe oxide ratio. Closer examination of the data verifies
their significance. All four soils classified in the field by the
Soil Conservation Service as none-slightly eroded have very high
OM/Fe oxide ratios. The one soil classified as severely eroded has
a very low OM/Fe oxide ratio. Also of interest is the observation
that some soils classified by the Soil Conservation Service as
moderately eroded have chemical aﬁd spectral properties which would
indicate that they may be either none-slightly or severely eroded.
One possible explanation for this is that soil surveyors in the
field have a tendency to classify those soils which are not near the
extremes of the scale as moderately eroded. This illustrates the
fact that field classification of erosion is a difficult and often
subjective task. The surveyor is asked to map soil which is no
longer present. This human judgment is eliminated with spectral
classification once the class limits have been assigned.

These results also suggest that the narrower ramnge of
properties found in the "simulated erosion” samples are a function
of our inability to simulate biological, chemical, and other soil

forming factors through a laboratory mixing procedure.
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General Comments

Throughout this study the accuracy and consistency of the
spectral data are testimony to the viability of the method of study
and procedures used in this research. The ability of the Cary
spectrophotometer and accompanying instrumentation to perform high
quality soil reflectance research is unquestioned. Indeed the
applications of the knowledge gained through this type of research
approach are unlimited with respect to many soil mapping procedures
and problems, not just soil erosion mapping.

In most research projects questions arise from resultant data
and interpretations which the experiment was neither designed nor
ih£ended to answer. This study is no exception in that the data
presented invite discussion of issues unanticipated at its outset.
These issues relate not only to the mapping of soil erosion but also
to the process and study of soil erosion itself.

The results of this study should be viewed in perspective, with
the objectives of the experiment held as a guide to ascertain their
validity. We began by asking "Can remote sensing technology provide
the researcher and land manager with quantitative information on
80il erosion?"” More specifically, our objective was to assess "the
ultimate goal of accurately delineating, monitoring, and quantifying
80il erosion with remote sensing techniques."” In assessing this
goal the initial question regarding the degree of spectral
separability of soil erosion classes was given highest priority.

Viewed in this light the results indicate that classes of soil
erosion are spectrally separable, and that the degree of this

separability is significant for those soils examined. The proposed
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use of the OM/Fe oxide ratio as a quantitative method of
classification is justified by the results of chemical and spectral
analyses. However, when this information is used to assess "the
ultimate goal of accurately delineating, monitoring, and quantifying
s0il erosion with remote sensing techniques”, it must again be
viewed in perspective. This is not to say that the conclusions will
necessarily be negative, but rather to promote examination of the
data in a detailed and constructive manner. Thus the applicability
of the results of this study must be tested in the field in order to
truly assess their significance.

It is clear that the study of erosion as a "localized
phenomenon" offers great opportunities to learn more about the
natural dynamics of the soil erosion problem and its solutionms.
There is every reason to believe that remote sensing technology can
provide quantitative information on soil erosion to aid in the

control of this worldwide crisis.
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SUMMARY AND CORCLUSIONS

The analysis of goethite and hematite spectra with respect to
théir chemical composition and absorptive properties provides insight
into how these iron oxides influence soil color. The basic
difference in the color of the two iron oxides is determined by the
position and intensity of iron absorption bands in the visible
region. Goethite has a strong absorption band at 520 nm while
hematite's is at a slightly higher waveléngth (560 nm). When even
small amounts of hematite are present in the soil the green, and to a
lesser degree, yellow, wavelengths are absorbed very strongly. Thus
the presence of goethite is masked by hematite because of hematite's
strong absorptive capacity in the green region of the spectrum.

Also, water absorption bands at 940 and 1130 nm may have a dramatic
effect on the shape and magnitude of the reflectance spectra of iron
oxides in the near-infrared wavelength region.

The use of the computer-interfaced Cary 17D spectrophotometer
for soil reflectance studies exceeded expectations. This timely
method of data collection consistently provided high quality results
in a digital form ready for manipulation. The second derivative of
the spectral response aided in quantifying the micro-structure of a
soil's reflectance. Subtle changes in a soil's reflectance

characteristics are quickly identified with this technique.
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The characterization of how chemical and physical properties
change as erosion progresses is essential for accurate assessment of
80il erosion. The chemical analyses of simulated erosion sequences
show that two important factors are related to the degree of soil
erosion. Organic matter content decreases as the severity of erosion
increases while the iron oxide content increases as the severity of
erosion increases.’ These two soil components are also the major
factors influencing the spectral reflectance of the eroded Alfisols
used in this study.

Since these two factors, organic matter and iron oxide, are
inversely related with respect to the degree of soil erosion, the
ratib.of organic matter/iron oxide content is proposed as an aid in
the classification of these eroded soils. This ratio helps to
accentuate the differences between erosion classes and should provide
for a more accurate classification.

A measure of the shape, or more specifically the slope, of the
spectrum from 485 to 560 nm is directly related to the iron oxide
content in the soils studied. The reflectance at 660 nm is the best
predictor of organic matter when adjusted for iron oxide content by
use of the bonds at 485 and 560 nm. These wavelengths correspond to
the first three spectral bands of the Landsat D MSS. The following
equations are proposed to predict iron oxide and organic matter

contents from soil reflectance.

)

%Fe203 = b1(R560) + b2(R485 g |

BOM = by (R ) + [, (b (Ryg) + b,(R,o0)] |
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When these equations are tested with field samples, the results
indicate an r2 = 0.94 for organic matter, r2 = 0.96 for iron oxide,
and r2 = 0.92 for the OM/Fe oxide ratio prediction. This degree of
accuracy confirms the view that classes of s0il erosion are
spectrally separable, and that the separability is significant for
those soils examined. To truly assess the significance and

applicability of this result, it must be tested in a field mapping

study of soil erosion with remote sensing techniques.
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Appendix A

Physical and chemical data for the soil samples presented.

-~ Simulated erosion samples

Soii

RUNS
" RUSL
RUMO
RUSE
ROVS
MINS
MISL
MIMO
MISE
MIVS
MONS
MOSL
MOMO
MOSE
MOSV

- National

Soil
#

= AOONDUEWRN -

pA
Sand

12.6
12.3
11.5
11.1
11.0
17.8
16.3
15.4
16.0
17.8
32.8
31.8
29.5
28.1
26.3

Soil

4
Sand

31.3
28.9
31.7
26.7
33.8
38.9

9.2
22,7
34.1
26.1

Z
Silt

70.8
68.7
66.0
67.2
66.0
61.2
60.9
59.5
57.1
54.1
49.4
50.1
49.1
47.3
45.6

Z
Clay

16.6
19.0
22.5
21.7
23.0
21.0
22.8
25.1
26.9
28.1
17.8
18.1
21.4
24,6
28.1

Z

Texture OM

SI.
SIL
SIL
SIL
SIL
SIL
SIL
SIL
SIL
SICL
L
SIL
L

L
CL

3.17
2.71
2.36
2.09
1.82
1.60
1.50
1.30
1.11
0.97
2.47
2.20
2.03
1.63
1.44

Erosion Laboratory samples

yA
Silt

50.5
45.3
46.6
49.2
41.0
37.8
71.6
46.1
46.7
37.9

%
Clay

18.2
25.8
21.8
24,1
25.2
23.3
19.2
31.2
19.2
36.0

y4

Texture OM

L

2.44
2.34
2.99
1.91
1.31
1.94
2.03
1.39
1.29
1.50

%
Fe203

0.96
1.04
1.10
1.17
1,22
1.25
1.34
1.44
1.51
1.59
1.11
1.14
1.21
1.30
1.43

(Morley soil)

%
Fe203

1.08
1.25
1.23
1.43
1.55
1.38
1.85
2.20
1.79
1.89

Amor.
Fe203
0.53
0.52
0.53
0.54
0.55
0.55
0.58
0.61
0.64
0.67
0.36
0.36
0.36
0.37
0.39
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—— Characterization Laboratory samples

Soil

RU11
RUL2
RU13
RU21
RU22
MI1ll
MI21
MI22
MI23
MI24
MO21

MO22

MO23
MO31

Soil Key -- RU

Erosion Key -- NS

Erosion %

Class Sand
NS 12.3
NS 11.1
NS 12.0
MO 11.2
MO 7.1
NS 10.8
MO 19.0
MO 14.4
MO 20.7
MO 14.4
MO 18.0
MO 48.3
MO 31.4
SE 27.0

A
Silt

71.8
74.3
74.0
65.1
76.2
77.3
66.6
68.1
56.7
62.0
51.2
35.2
45.1
42.4

= Russell

SE

*Road, A. T., R. Protz and R. L. Thomas.

YA

yA Z % Amor.
*
Clay Texture OM Fe203 Fe203
15.9 SIL 2.05 1.01 0.29
14.6 SIL 2.89 0.93 0.36
14.0 SIL 2,15 0.81 0.44
23.7 SIL 1.16 1.74 0.64
16.7 SIL 2.80 1.17 0.44
19.9 SIL 3.08 1.15 0.49
14.4  SIL 2.78 1.18 0.40
17.5 SIL 1.96 1.25 0.42
22.6 SIL 1.86 1.46 0.37
23.6 SIL 1.37 1.64 0.58
30.8 sICL 2.27 1.35 0.43
16.5 L 2.49 1.22 0.31
23.5 L 2.33 1.38 0.32
30.6 CL 2.99 2.08 0.41
MI = Miami MO = Morley
none-to-slight; SL = slight; MO = moderate;
severe; VS = very severe.
1969. Determination
of Na-dithionite and NH4-oxalate extractable Fe, Al and
Can. J.

Mn in soils by atomic adsorption spectroscopy.
Soil. Sci. 49:89-94.
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Appendix B

Location and field information for naturally eroded
soil sites.

Morley soils from the National Soil Erosion Laboratory
are listed first (p93-102), followed by eroded soils collected
by the Soil Conservation Service for analysis by the Purdue
University Soil Characterization Laboratory (pl05-106).
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Soil Series: Russell (Code: RU21)

County: Wayne

Location: 2200' S & 260' W of NE corner of the Sec.22 T15N RI13E
Landform: Moraine, shoulder

Parent Material: Loess Wisconsinan (2) Till Wisconsinan

Slope: 4

Erosion: Moderate

Drainage: Well

Vegetation: Corn

Soil Series: Russell (Code: RU22)

County: Pranklin

Location: 1056' S & 300' W of the center of Sec.24 T.ION R1W
Landform: Head slope, backslope

Parent Material: Till Wisconsinan

Slope: 2

Erosion: B

Drainage: Well

Vegetation: Corm Stubble

Soil Series: Miami (Code: MI1ll)

County: Randolph

Location: 200' W & 2800' S of the NE corner of Sec.27 T20N RI3E
Landform: Till Plain, Swell

Parent Material: Till Wisconsinan

Slope: O

Erosion: None to Slight

Drainage: Well

Vegetation: Soybeans

Soil Series: Miami (Code: MI21)

County: Randolph

Location: 1100' W & 300' S of the NE cormer of Sec.l T16N R1W
Landform: Side slope, backslope

Parent Material: Till Wisconsinan

Slope: 3

Erosion: Moderate

Drainage: Well

Vegetation: Corn

Soil Series: Miami (Code: MI22)

County: Rush

Location: 1400' E & 500' N of the SW corner of Sec.8 TI3N RI1IE
Landform: Sideslope, backslope

Parent Material: Loess, Wisconsinan (2) Till Wisconsinan
Slope: 3

Erosion: Moderate

Drainage: Well

Vegetation: Corn



Soil Series: Miami (Code: MI23)

County: Franklin

Location: 800' W & 200' S of the NE corner of Sec.22 T8N RIW
Landform: Head slope, backslope

Parent Material: Till Wisconsinan

Slope: 2

Erosion: B

Drainage: Well

Vegetation: Corn Stubble

Scil Series: Miami - (Code: MI24)

County: Montgomery

Location: 2112' W & 600' S of the NE corner of Sec.35 T17 R6W
Landform: Till Plain, Swell

Parent Material: Till Wisconsinan

Slope: 9

Erosion: Moderate

Drainage: Well

Vegetation: Corn

Soil Series: Morley (Code: MO21)

County: Adams

Location: 1580' W & 1360' S of the NE % Sec.15 T25N RI14E
Landform: Till Plain Swell

Parent Material: Till Wisconsinan

Slope: C

Erosion: Moderate

Drainage: Moderately Well

Vegetation: Hay

Soil Series: Morley (Code: M022)

County: Fulton

Location: 1760' E & 2060' N of the SW corner of Sec.22 T30N RSE
Landform: Till Plain, swell

Parent Material: Till Wisconsinan

Slope: 4

Erosion: Moderate

Drainage: Well

Vegetation: Corn Stubble

Soil Series: Morley (Code: M023)

County: Whitley

Location: 2425' W & 2375' N of the SE corner of Sec.8 T3IN R9E
Landform: Convex Moraine

Parent Material: Till Wisconsinan

Slope: B

Erosion: Moderate

Drainage: Well

Vegetation:
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Scil Series: Morley (Code: MO31)

County: Randolph

Location: 1200' $ & 2000' W of the NE corner of Sec,9 T2IN RI13E
Landform: Till Plain, swell

Parent Material: Till Wisconsinan

Slope: 10

Erosion: Severe

Drainage: Well

Vegetation: Hay

Soil Series: Brookston (Code: BR11)

County: Henry

Location: 90' N & 660' W of the SE corner of Sec.27 T18N RYE
Landform: Till Plain, Swale

Parent Material: Loess, Wisconsinan

Slope: O

Erosion: None to Slight

Drainage: Very Poorly

Vegetation: Plowed

Soil Series: Brookston (Code: BR12)

County: Jasper

Location: 1000' W & 1300' N of the SE corner of Sec.1l T29N R7W
Landform: Convex Moraine

Parent Material: Till Wisconsinan

Slope: 1

Erosion: None to Slight

Drainage: Very Poorly

Vegetation: Soybean

Soil Series: Brookston (Code: BR13)

County: Fulton

Location: 120' E & 980' N of the SW corner of Sec.24 T31N R3E
Landform: Till Plain, Swale

Parent Material: Till Wisconsinan

Slope: O

Erosion: None to Slight

Drainage: Very Poorly

Vegetation: Plowed

Soil Series: Frederick (Code: FR21)

County: Washington

Location: 2500' S & 2000' W of the NE corner of Sec.4 T1S R3E
Parent Material: Loess Wisconsinan (2) Limestone

Slope: 15

Erosion: Moderate

Drainage: Well

Vegetation: Pasture
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Soil Series: Frederick (Code: FR22)

County: Jackson

Location: 590' W & 860' S of the NE corner of Sec.,26 T5N R2E
Landform: 8Side Slope, Shoulder

Parent Materjial: Limestone

Slope: 8

Erosion: Moderate

Drainage: Well

Vegetation: Hay



Reflectance data at 485, 560, and 660 nm for the soil
samples presented.

Appendix C

- Simulated erosion samples

Soil

RUNS
RUSL
RUMO
RUSE
RUVS
MINS
MISL
MIMO
MISE
MIVS
MONS
MOSL
MOMO
MOSE
MOVS

- National Soil Erosion Laboratory samples (Morley soil)

Soil #

Ut B~ W N

=0 00~ O

R85

37.50
36.12
36.94
37.18
38.47
30.71
38.23
38.39
38.73
39.86
38.64
40.37
40.00
40.72
41.28

R.85

44.78
39.93
41.29
40,28
41.22
41.27
41.08
37.66
37.09
36.98

Rs60

44,52
43.93
45,38
46.18
47.35
48.38
48.04
48.42
49,17
50.44
45.76
47.75
47.74
49,28
50.12

Rs60

53.43
47.32
48.71
49.66
51.62
50.68
51.35
47.90
46.86
46.94

Re60

50.70
50.53
52,08
53.17
54.50
55.78
55.15
56.27
56.82
58.96
51.65
53.73
53.71
55.55
56.02

Re60

59.38
53.04
53.77
53.03
57.73
56.33
57.33
53.55
52.13
52,58
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-~ Soil Characterization Laboratory samples

Soil

RU11
RU12
RU13
RU21
RU22
MIll
MI21
MI22
MI23
MI24
M021
M022

MO23

MD31

Soil Key - RU = Russell

Erosion Key - NS = none-to-slight; SL = slight; MO = moderate;

Erosion

Class R485 R560
NS 41.91 49.99
NS 41.16 48.85
NS 40.91 47.49
MO 37.21 47.82
MO 41.07 49.57
NS 38.93 45.11
MO 39.41 47.07
MO 39.25 48.16
M 36.85 47.08
MO 35.93 47.10
M0 40.29 48.14
MO 40.88 48.83
MO 39.46 48.55
SE 33.58 42.84

MI = Miami

660

56.67
54.66
53.75
56.38
56.46
51.12
53.67
55.11
53.57
54.89
54.19
54.10
54,36
49,20

MO = Morley

SE = severe; VS = very severe
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