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ABSTjiACT ties of soils and to relate them to their physical,
chemical and mineralogical characteristics.

Soil reflectance is a cumulative property which
derives from the inherent spectral behavior of the
combination of mineral, organic and fluid matter
which composes soils. Besides the composition
itself, the particle size and organization of the dif-
ferent components also play a role in the reflectan-
ce properties of soils. This means that soil reflec-
tance spectra can carry dual information: informa-
tion relating to the soil structure, and infonnation
relating to specific components. By examining the
shape of reflectance spectra one can extract
valuable information on the physico-chemical cha-
racteristics of soils. Spectral variations are normal-
ly associated with speciHlc absorption phenomena
and can be quantified by using different proce-
dures. These identification possibilities make
reflectance spectroscopy an important tool for iden-
tifying soil composition in the laboratory, in the
field, and through satellite imagery.

Efforts have also been made to apply the prin-
ciples teamed flom the laboratory and field spectral
studies to image analysis. Remotely-sensed satelli-
te data has great potential for providing area esti-
mation of soil classes, soil color, soil moisture and
organic matter content. This potential relies on the
existence of characteristic spectral differences in
the soil scene.

When analyzing multispectral imagery to distin-
guish diHerent soil types, not only radiometric data
must be considered. Geological, topographical,
hydrological, vegetation, etc. data must also be
used to extract soil infonnation conectly.

The development of soil spectrometry is relative-
ly new and most of the literahire on the subject is
only about 30 years old, though some early docu-
ments were published more than 65 years ago
(ANGSTK6M (1925) for example). Since then some
very important contributions have been made, and a
few comprehensive reviews on the subject have
been published. (BAuucAitoNEK and STONER, 1 982;
BAUMCARDNEK ef a/, 1 985; MYERS, 1983; MurDERS

1987). In this paper we try to highlight the basic
aspects of soil reflectance, and the relationships

I'he absorptiolt of light tesuttillgfrom etectrutic
enid molecular processes, takittg place in clay
}ttinerals, }lletat oxides attd hvdroxides, cctrbotlcites,

sutlates. orgattic lltatter, water etc... deter'quine spe-
cificjeatures in soil re$ectance spectra that ccllt be
used jor their identi$catiott altd, in some cases,

quanti$cation. These possibilities, makes from
spectra! re$ectatice data obtainable in labotcitoq,
in the Bald. through aircrclft or spclcecraft plat-
fortns, a prontising tooUor idetlti$ccltiol ofminelal
components, lttonitoring of orgwtic matter curd soil
water conteltts.

I'he use ofre$ectattce spectral data jor soil cha-
t'acterizatiolt is more ej$cient when bctsed on the
knowledge ofeclch colttpotlent elects on the spec-
trtttlt, and on the way their associatiott prontote
deviatiotts of the individual chcllacteristics. In this
paper we review some of the research works thclt
have colltributed to claris the spectral characteris-
tics of the rejected tightfrottl soils in the visible to
}l\ediuttt infrared, ttteasuted by di$erent techtliqttes.
I'he objective ofthis paper is to cctlt attentiott otl the
possibilities oJJbt'ed by the spectra altall'sis child to
show the di:$culties, imposed by the complex t!atu-
}'e ofsoils, in gettetalizingprocedules applicable to
all soil types.
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Soil scientists have, since the beginning of the
systematic pedological studies, used reflected light
in the visible spectrum as a criterion for identifying
profiles and horizons. Color is the way in which the
human sensors - the eyes - "measure" light reflec-
ted frown objects in the visible electromagnetic
spectrum. We have also learned how to correlate
the existence of some soil components (organic
matter and iron oxides for example) with soil color.
The development of instruments which naeasure

radiant energy in a large range of wavelengths has
led several authors to study the reflectivity proper-
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between reflectance spectrum features and soil
components, texture and colors.

Other soil materials however also leave their
marks in the reflectance spectra. Among these are
the clay minerals such as kaolinite and montmo-
rillonite; the oxides of aluminum, and titanium,
calcite, gypsum etc. Extensive work has been
published by HUNT and SAI.isBUKV (1970, 1971,
1 971a, 1973) and HUNT ef a/ r1971), describing the
spectral properties of minerals and rocks, providing
a valuable source of information for those interes-

ted in the reflectance properties of soils. We will
restrict ourselves to the presentation of a limited
number of examples of minerals in soils.

1 - THE INFORMATION CONTENT OF
SOILSPECTRA

Authors who have studied a large number of soil
spectra could define a number of characteristic
curves representing the main variations of the
reflectance curves. OnuKnov and ORLov ( 1 964)
and CoNDiT (1970, 1972) presented three basic
curve types for the spectral region of 0.4 to 0.8 pm.
STONER and BAuucAKDNER (1981) studying 485
soils in the 0.52 to 2.32 Hm wavelength range dis-
tinguish five curvetypes.

Other authors have been able to reduce the
dimensionality of the spectral data by applying sta-
tistical techniques. These techniques consist in
defining a minimum amount of bands which, when
combined with key curves (detennined by multiva-
riate analysis), reproduce the entire reflectance
spectra. PRicE (1990) shows that just four broad
bands: 0.93-1.13 pm; 2.03-2.31 pm; 0.63-0.74 pm;
and 1.61-1.80 pm and four key curves account foi
more than 99% of the variability of the 0.55 to
2.32 pm reflectance data of 564 soils. HuETK and
EscAOAFAL (1991) also show that with four key
bands (410 nm, 900 nm, 610 nm and 540 nm) and
four key curves, to which they could relate the bio-
physical properties of the soils, the spectral (400 to
900 nm) reflectance curves of 46 soils could be
reproduced within i:0.17% reflectance. The com-
ponents found to determine the key curves were
organic matter, hematite and goethite.

ll-SPECTR.ALDETECTABILITYOF
SOME SOIL COMPONENTS

2 - I Clay minerals

The clay minerals most frequently found in soils
are kaolinite and montmorillonite. Their reflectan-
ce spectra have characteristic sharp features in the
reflected infrared region, centered at 1400 nm and
2200 nm and are due respectively to the overtones
of fundamental OH- stretching mode and to combi-
nations involving OH- stretching and Al-OH ben-
ding modes. As inontmorillonite also contains
bound water, a strong absorption band due to the
H2O is also present at 1400 and 1900 nm (HUNT
and SALISBURY, 1970).

Even though the absorption of the two minerals
overlaps at 2200 nm, the shape of the bands are
quite diKerent. HAurr ef a/ (1990) and KRUSE er a/
(1991) discuss the identification of kaolinite and
smectite in materials containing mixed layer mine-

rals and alsothe possibility of
estimating the proportion of
kaolinite by considering the
asyinmetiy of the absorption
band at 2200 nm.

Kaolinite and gibbsite are
common mineral mixtures in

tropical soils. The proportions
of such minerals in the soils
are an important indicator of
the degree of weathering,
usually employed in soil map-
ping. MADnKA Nero (1993)
has shown that spectral data
between 2000 and 2300 nn]
allows clear identification of
the occurrence of those two
minerals and the determina-
tion of the ratio between kao-

linite and gibbsite in
Brazilian latosols. The proce-
dure applied takes into
account the intensities of
absorption of kaolinite and
gibbsite centered respectively

Figure 1: Di#bse re$ectance spectrultl(2000 to 2400 nm) ofa soil sample
with 39% kaolinite altd 40% gibbsite. The kaolinite and gibbsite.rental'es
It'e shown(Frottt Macteira Netto 1993).
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on 2205 nm and 2265 nm as shown in figure I
(MADEIRA NErTO e/ a/, 1995).

STONER and BAUMGARONER (1980) presented
averaged soil spectra for four mineralogy classes:
kaolinitic, montmorillonitic, gypsic and micaceous.
However, the description of the curves take into
account aspects that are not always directly related
to the intrinsic spectral features of the minerals.
Indeed, montmorillonitic soils are characterized by
lower reflectance in the visible to 1000 nm wave

length because of higher organic matter content,
and kaolinitic soils have a broader absorption band
at 900 nm attributed to the iron oxides which are
usually associated with these soils.

Landsat Thematic Mapper data has a large band
in the OH absorption region, which lies between
2080 and 2350 nm (TM7). This band has been
included mainly to allow for the determination of
hydrothermal alteration. Successful use of this
band, usually combined with TM band 5 (1550 -
1750 nin ) as a ratio TM5/TM7 has been reported in
the mapping of hydrothermal alterations by several
authors (ABRAMS ef a/, 1977; RowAN e/ a/, 1977;
RowxN and KAHLE, 1982 PoDwvsocKI er a/ 1983).

then found a good correlation between this location
and the relative proportions of the two minerals.

Numerous studies have shown that it is possible
to correlate color parameters extracted from soil
reflectance spectra with the iron oxide content of
soils. ToliRENT ef a/ (1980) found a high correlation
between a color index detennined with the Munsell
color notation of hue, cllrome and value and the
heinatite content of soils. Later, TORRENT ef a/
(1983) defined another equation based on the CIE
chromatic coordinates x, y, Y% which had a better
correlation with hematite than the previous one.
Finally, BARRON and TORRENT (1986) have optimi-
zed this relationship. MAOEiKA NETTO (1993) used
the color parameters: dominant wavelength, satura-
tion and brightness to define an expression that
could also be used to estimate the hematite content
ofsoils.

Recent studies show relationships between
indices derived from TM and SPOT bands and iron

oxides in soils. FRAsiER (1991) has shown the pos-
sibility of identifying the prevailing type of iron
oxide (goethite or hematite) in arid and semiarid
environments by using the TM3/TMI ratio. This
same ratio has been used by OKAMOTO ef a/ (1993)
to evaluate deposits of I'ed sediments in coral reefs.
The authors report a high correlation between the
TM3/TMI ratio and the free iron content in the
deposited sediments. The hee iron content was less
than 1.5%. MADElitA NETTO (1993) developed a
new chamlel ratio (TM32/(TM23*TMI)) which is
in close coivelation with hematite content of lateri-
tic soils. In the Brazilian savannas this ratio could
be used to map cultivated bare soils with diHerent
hematite contents.

2 -2 Iron oxides

Goethite (Fe00H) and hematite (Fe2O3) are the
most frequently occurring ferris iron (Fe3+) mine-
rals found in soils. They result from the oxidation
of iron present as Fe2+ in primary minerals in the
soil forming process. The predominance of one or
other of these minerals has been related to pedocli-
matic factors and the understanding of their occur-
rence is important in the study of tropical soils
(ScnwERTMANN and TAVLOR, 1977; KAUPr and
SCHWERTMANN, 1983; CURL and FRANZMEIER, 1984;
MACEoo and BRANT, 1987). DiKerent management

practices may also be inferred from the predomi-
nance of goethite or hematite (for example, the pre-
dominance of the former increases phosphorus
absorption).

These iron oxides have diHerent reflectance fea-
tures in the ultra violet, visible, and near infrared
spectra. Some of these features are responsible for
their colors: red for hematite and brown-yellow for

goethite. The exact position, attribution, and relati-
ve intensities of the absorption features have been
presented by SHERMAN and WANE (1985). Some of
the transitions are shown in the goethite and hema-

tite spectra in figure 2. One of the electronic transi-
tions (2(6At)--0 2(4TI) ) is located at 530 nm for
hematite and at 480 nm for goethite. This diHerent

position is responsible for their characteristic colors
(SHERMAN and WAirK, 1985, KOSUAS ef a/, 1984).

KOSMAS ef a/ (1984) used the second derivative
of the spectral data to define the exact location of
the absorption peak of the transition 2(6AI)
--.> 2(4TI) in goethite - hematite mixtures. They

2 - 3 Gibbsite (A12O3.3H2O)

Soils which have been subject to pronounced
alteration. like the oxisols located in the old erosion

surfaces, may present a large amount of gibbsite on
their compositions. In some cases it may be the
most important mineral in the clay fraction.

The spectral features of gibbsite are due to OH '
vibrations. FREDERiCKsoN (1954) has shown the
exact location of the stretching and bending mode

absorption features. The near and medium infrared
spectra contain the stretching harmonic
( nm) and the combination of the stretching
and bending mode (- 2300 nm) (HuNr ef a/, 1971)
as shown on figure 3.

The spectral resolution of LANDSAT and SPOT
sensors does not allow for the individualization of

clay minerals and gibbsite. However withthe deve-
lopment of hyperspectral resolution of new sensors,
which is presently available for aircraR and hope
fully will shortly be available.for spacecraft, this
limitation should be oval'come.

PHOTO-\NTERPRETNrloN N ' 1996/2
61



Figure 2 : Disuse reFectattce spectra ofa gwthite(a) attd hemcltite(b). 'He assigttntalts
llldposition ofthe baltds ale indicated(Frottt MxonKa NKTTO, 1993).
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2 - 4 Magnetite and ilmenite erect of these features is intensified by the iron and
titanium metallic absorption bands that extend
from the ultraviolet to the visible spectrum (HUNT
.f«/, 1971)

Soils derived from magic materials may have a
significant amount of opaque minerals as magneti-
te and ilmenite. These minerals are inherited hom
the parent materials and are not products of altera-
tion, and their identification is very helpful in geo-
logical and pedological mapping

The reflectance spectra of these materials are fea-

tureless. The reflectance values of their spectra are
usually less than 5% in the entire visible to mid
infrared range (HUNT ef a/, 1 971) The absorption
responsible for this opacity has been attributed by
SIRENS and Wooo (1979) to the charge transfers
betweeen the ions Fe2+--->Fe3+; Fe3+-oO=
Fe2+--.>0, and to the intra-ionic transitions in the
Fe2+, Fe3+ ions. For ilmenite the absorption has
been attribut.ed to the Fe22+ -oO; Ti4+--->O;
Fe2+ ---> Ti4+ charge transfers and to the intra-
ionic transition in the Fe2+ ions. The combined

2 - 5 organic matter (OM)

Soil organic hatter is a generic term for a com-
plex mixture of carbon compounds with variable
physical and chemical characteristics. It is usually
classified into three broad categories: humins, ful-
vic acids (FA), and humic acids (HA). The propor-
tion of these compounds in soils can vary greatly,
depending on the fonnation factors such as climatic

conditions, the living organisms that originated
them, the composition of the inorganic soil mate-
rials etc. (FI.AIG ef a/, 1975).

Laboratory spectral data has shown that ref'lec-
tance characteristics of humid and fulvic acids are

very different (OBUKHov and Om,ov, 1964;

62
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Figure 3: Gibbsite re$ectance spectr }tl showing the hat'tltonic of the stretching mode (2s) ctt
1550 nell cold the stretching and bending trade cotllbincltioit (dks) at 226S ntn. Thejeatures due
to the water absorption at e also indicated(From MADEIRA NErro, !993)
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HENDntsoN e/ a/, 1992). Humic acids have an ove-
rall low reflectance due to a multitude of molecular
constituents that absorb in the visible spectrum,
such as phenolic compounds and their oxidation
products, amino acids and their condensation pro-
ducts (FLAGG, ef a/, 1975).

The nature of relationships between organic mat-
ter composition and soil reflectance is not well
understood. The Horst direct investigation of organic
fraction reflectance was conducted by OnuKuov
and ORLov (1964), using visible data (400
750 nm). Humic acid had extremely low reflectan-
ce (< 2%) throughout the entire range, and fulvic
acid reflectance reached a maximum of 20% at 750

nm. Since this study, several researchers have attri-
buted reflectance differences among soils with
similar organic carbon contents to differences in
organic matter composition (SHIELDS ef a/, 1968;
KARMONOV and ROZHKOV, 1972; VINOGRADOV,

1 981). However this assumption has not been expe-
rimentally detennined. HENDERSON e/ a/ (1992)
have fractionated organic matter from soils and
obtained reflectance data (400 nm to 2500 nm)
h'om four diHerent soils, but they could not clearly
identify the elects of organic matter composition.

A strong relationship between soil color - or
visible reflectance - and organic carbon content has
long been recognized, with darker soils containing
more organic hatter than lighter ones (ALEXANDER,
1969; STnNnAROT and FKANzuKiER, 1979).

Oxidation of organic matter in soils with H202 has
shown that the effects of organic matter on soil
spectra may be wavelength-dependent and vary
according to soil type. Bownis and HANKS (1965),
OBUBnOV and ORI.ov (1964) and COUKAUI.T and
GiKAKO (1988) showed that elimination of OM
resulted in an increase in reflectance from # 400 to

# 2 500 nin, although beyond 1300 nm the diffe-
rences become very small. MATHEws ef a/ (1973)
destroyed the OM in a soil with a 12.8 % OM
content. The reflectance increased in the range of
400 to 1300 nm but decreased slightly in the region
from 1500 to 2400 nm. MAonttA NETTO (1993)
shows for three oxisols with different iron oxide
contents that the erect of extracting organic matter
of reflectance was very different. When the iron
content was close to zero, reflectance increased for
the entire 400 to 2500 nm spectral range
(figure 4a). For soils with a high content of iron
oxides and no opaque minerals, elimination of
organic matter increased the reflectance in the
wavelength range below 600 nm and decreased for
the rest of the spectra (figure 4b). For soils rich in
opaque substances (magnetite and ilmenite) the
reflectance actually decreased in almost the entire
wavelength range after elimination of the organic
matter (figure 4c).

Numerous laboratory studies have attempted to
quantify organic matter flom measured soil reflec-
tance data (BowERS and HANKS, 1965; OKLov,
1966; SroNEK and BAUMGARTNER, 1981).
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FEKNANDEZ ef a/ (1988) found a high correlation
between the soil Munsell value calculated from
visible reflectance data and the organic carbon
content within a landscape. Other researchers,
using soils collected from large geographic areas,
had much poorer results (RICKMAN er a/. 1981;
ParTS ef a/., 1 983). Low conflation between reflec-
tance and organic carbon content has been attribu-
ted to the complicating effects of texture, moisture
and mineralogy. CURRAN e/ a/ (1990) showed that
for OM contents over 3%, an index based on the
chromatic coefHlcients (X, Y, Z) was highly correla-
ted to the OM content, regardless of the composi-
tion of the soil mineral fraction. However, for low
OM contents the inorganic composition was
the most important factor explaining these
variations.

HENOKRsoN ef a/ (1992) has shown the potential
of high dimensional reflectance data in specific
visible, near-infrared, and middle-infrared bands to
provide information about soil organic matter
content. Reflectance in the visible range (425 to
695 nm) has the highest correlation (r - 0.991 or
better) with organic carbon content (OC) for soils
having the same parent material. However this
wavelength range also responds significantly tQ.Fe
content which may mask the organic matter respon-
se. For soils formed on di#erent parent materials,
five middle-infrared bands (1955-1965, 2215,
2265, 2295-2295, and 23 15-2495 nm) gave the best
correlation (r- 0.964 or better) with OC.

A strong negative logarithmic relationship was
found between OM content and reflectance in the

red wavelength region (FuKunARA ef a/, 1979). This
fact was exploited by HxTXNAKA ef a/ (1989, 1990)
and OKAUOTO ef a/ (1990) to map organic naatter
content in diRerent regions of Japan. This same rela-
tionship was used by SHn'JGYOJI ef a/ (1990) to map
organic matter depletion of cultivated fields in a
region with volcanic ash soils. Wn.cox e/ a/ (1994)
also relate the surface organic carbon levels of soils
to a selected transformation of TM band ratios.
Significant regressions (with r2 of the order of 0.88
to 0.71) were observed between these parameters
for four diHerent locations in USA.

The effect of moisture on soil reflectance has

been the subject of many studies (BowERS and
HANKS, 1965; ShiELDS ef a/, 1968; CnRNiEwsKI,
1985; CELLS-CLUSTER 1980; BEOIDI ef a/, 1992).
BowERS and HANKS (1965) show examples of
almost constant overall reflectance decreasing with
increasing soil moisture content. However, for soils
presenting strong absorption bands like the lateritic
soils, BEolDI ef a/ (1992) have shown that the mois-
hue Greets depend on wavelength and on the posi-
tion and intensity of the solid component absorp-
tion bands.

Predictions of soil moisture based on the analysis
of spectral data has been studied by several authors.
The 1940 nm absorption band is the host sensitive
to soil water content. BowEKS and SMITH, (1972)
report a linear relationship between the intensity of
this absorption band and soil water content. Based
on near infrared (1 100 to 2500 nm) data measured
in laboratory for samples from different types of
soils, DAI.AL and HEAR.Y (1986) made predictions
of soil moisture by using a multiple correlation
(three wavelengths) with absorbencies (log(I/R),
whole R = reflectance). They found the three best
wavelengths: 1926, 1954 and 2150 nm. The stan-
dard error of prediction was only of 0.58%.

YAMAuoTO ef a/ (1 991) studied the quantitative
relations between soil moisture and the visible to

near infrared spectra (400 to 1 100 nln) of four dif-
ferent types of soils. They found a good conelation
(coefhcient of determination greater than 0.95) bet-
ween water content (Vol %) and reflectance. The
equations that best fitted the data were of the expo-
nential type. However the wavelength with the best
coefHcient of determination was dependent on the
soiltype.

Satellite data have also been used to estimate soil

moisture content as reported by Hatanaka ef a/
(1995). The diHerences between the CCT counts of
TM band 5 (1550 - 1750 nm) on two dates were
proportional to the available water ' in an area of dif-
ferent soils in northem Japan.

lll-PARTICLESIZEEFFECTS
2 - 6 Soil moisture

A general explanation of the effect of the particle
size on reflectance has been given by SIMMONS

(1972). He presents an equation that shows an
inverse relationship between particle size and
reflectance. The explanation for this behavior is
that finer particle materials have a more even surfa-
ce with fewer pores to trap incoming light.

Experimental work confirms this theory. BowERS

and HANKS (1965) studying kaolinite and bentonite
reflectance and Om,ov (1966) studying soil aggre-

gates have found similar results. There was an
exponential relationship between particle size and
reflectance. For particles greater than 2 mm in dia-
meter there is practically no variation in reflectan-

Soil moisture affects soil reflectance due to the
water absorption bands at 760, 970, 1 190, 1450 and
1940 nm (CuRclo and PETTY, 1951) and decreases
the reflectance values throughout the entire spectra.
The absorption bands are overtones and combina-
tions of the three fundamental vibration ftequencies
of the water molecule.

Already in 1925, ANGSTRoM (1925), explained
the reduction of the reflected light with moisture
duc to total internal reflections in the water film
covering the soil particles, which cause a portion of
the energy to be reflected not to space but to the soil
itself.
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ce. ORLOV (1966) proposed the following equation
below to explain his results:

R = k* 10-nd + R,

(CIERNIEWSKI, 1984, 1987; ESCADAFAI., 1989;

COURAULT e/ a/, 1993).

Attempts have been made to find quantitative
relationships between reflectance intensities and
particle size. LKU (1977) found that reflectance
intensities in the spectral ranges of 430 - 470 nm
and 5 10 - 530 nm are correlated to the grain size of
beach sands. However, GERBERMAN and NKHEK

(1979) studying reflectance in the 460 - 860 nm
spectral range for clay soil and sand mixhtres
reported a logarithmic relationship between reflec-
tance intensities and the amount of sand in the
mixture.

Where R is the reflectance ; d is the aggregate
diameter, R is the reflectance for the aggregates
above which there is no further effect due to par-
ticle size, k and n are constants that depend on soil

The reflectance of undisturbed soils measured in

the field tends to show opposite results to those
obtained in the laboratory, i.e. the reflectance for
the clay soils is usually lower than for sandy soils.
The structure of fine textured soils, in undisturbed
conditions, generally presents aggregates of size
coarser than sand (MYERS and ALLEN, 1968).
Om,ov (1966) studying a Sod- Podzolic soil also
concluded that the erect of structure was dominant
over that of texhire.

For disturbed soil surfaces (by tillage for
example), the surface roughness decreases soil
reflectance (STONER and HoR\uTn, 197 1, EpipHANro
and ViTOKKU.o, 1984). This is due to the shado-
wing erect created by clods. The measured lcflec-
tance depends then not only on the plods characte-
ristics but also on the illumination and viewing geo-
metry. Successful attempts have been made to
model roughness elects taking this geometric mea-
surement conHlguration into consideration

A different approach was used by MADEIRA
NETTO (1993) to determine the texture for latosols.
Kaolinite and gibbsite are the main components of
the clay-size particles of these soils, and so there is
a good correlation between the sum of these com-
ponents and the clay-size particle content. As kaoli-
nite and gibbsite have spectral features in the TM7
wave range, and in the TM5 band there are no spe-
cific features related to the minerals occurring most
frequently in latosols, it was possible to use the
ratio (TM5 - TM7/TM5 + TM7) to estimate the
sum of kaolinite and gibbsite content. This same
ratio is also well correlated to the clay particle
content. Figure 5, shows the reflectance spectra
(1500 - 2500 mn) of two soils where kaolinite +
gibbsite totals and band ratio are 0.82 and 0.33 res-

Figure 5: Examples ofdi#use re$ectaltce spectrum(1550 - 2500 }lm)jor two soils presenting di#erent kao-
.trite -F gibbsite totals. and the ratio ofsimutated TM battds 5 and 7(TM5 - TM7)/(TM5 'F TM7). Kaotinite
b gibbsite totals and battd t'cttio at'e }'espectively 0.82 attd 0.33 jor the salnpte with darrel' re$ectance cube
attd 0. 12 and 0. 015jor the grayish color'ed re$ectattce cube.
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pectively for the sample with the darker reflectance
curve. For the grayish colored reflectance curve the
values were 0.12 and 0.015 respectively. A regres-
sion analysis of 52 samples showed a significant
correlation between the ratio (TM5 - TM7/TM5 +
TM7) and clay content with an error of less than
5% and a correlation coefficient r = 0.80. When
applied to a Landsat TM image this ratio was effec-
tive in discriminating four soil surface texture
classes.
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COURAULT D., BERrUZZI P., GIRARO M.C., 1993;
Monitoring surface changes of bare soils due to sla-

IV-CONCLUSIONS

This paper reviews some of the research results
conceming the relationships between soil composi-
tion and its spectral properties. An analysis of these
results brings some very general conclusions which
may be useful for extracting information from soil
spectral data:

- Spectral data may be a valuable aid in the study
of soil components. Radiometers can be used to
collect data in the laboratory, in the field, in air-
craft, or in spacecraft. These data are affected by
certain soil components which are important for
soil classification, cartography, degradation, and
management studies.

- Depending on the way the data is acquired
(laboratory or satellite, for example), it may
contain "undesirable" information about factors
other than the one we may want to determine.
Surface roughness, moisture, etc. can introduce
important modifications in an index sensitive to
organic matter determinations, for example. The
understanding of such effects is important when
defining the accuracy of predictions.

- A universal formula for analyzing the spectral
data of all types of soils has yet to be found. The
relationships deHlned between some soil compo-
nents and spectral characteristics are usually valid
for a set of conditions which must be experimental-
ly defined. Much work is still necessary to study
the effects of the interactions of diHerent soil com-
ponents.

Radiometric data in the visible - mid infrared

range refers to the interaction between light and
matter of a very narrow soil layer (only a few inilli-
ineters). Soil scientists using ]adiometric data -
mainly from satellites - need to understand how the
properties of this thin layer relates to entire soil
cover to derive valuable pedological infonnation.
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PROPRIETES DE LA REFLECTANCE
SPECTRALE DESSOLS

Jose da Silva MADEIRA NETTO

La reflectance des sold est une propri6t6 cumula-
tive qui r6sulte de la combinaison des caract6ris-
tiques spectrales propres de leurs composants
min6raux, organiques et liquides. En plus de la
composition chimique elle-meme, la dimension des
particules et I'organisation des composants jouent
6galement un r61e important dans la reflectance dcs
sols. Les spectres de reflectance des sols peuvent
ainsi apparter une double information : I'une relati-
ve au processus de formation des sais et I'autre
relative a leurs composants sp6ciHlques. En analy-
sant les tonnes des spectres de reflectance, on peut
ainsi extraire des informations pertinentes sur les
caract6ristiques physisco-chimiques des sobs. Les
variations spectrales sont g6n6raleinent associ6es a
des banded sp6cifiques d'absorption et peuvent 6tre
quantifi6es en utilisant diH6rentes procedures. Ces
possibilit6s d'identification, font de la spectrosco-
pie de la reflectance, un outil important pour 6tu-
dier la composition des cols au laboratoire, sur le
terrain et a partir d'images satellitaires.

La diversity des courbes de reflectance des sold
pout se r6sumer par quelques courbes caract6ris-
tiques de leurs principaux constituants. La dimen-
sion des donn6es spectrales pout 6galement 6tre
r6duite en appliquant des techniques statistiques.
Cela revient a d6finir le nombre minimum de
bandes spectrales n6cessaires pour reproduire le
spectre complet de reflectance lorsqu'elles font uti-
lis6es conjointement avec des courbes-cIGs (d6ter-
min6 a I'aide d'une analyse multi-variables). Ces
courbes-cIGs stent influenc6es par un certain
nombre de composants tels que la matidre orga-
nique, I'h6matite et la goethite.

Les argiles rencontr6es le plus ft6queminent dana
les sols - kaolinite et montmorillonite - possddent
d'6troites banded d'absorption caract6ristiques
dans le domains de I'infrarouge r6f16chi, centr6es
sur 1400 nln et 2200 mn. Comme la montmorillo-
nite possdde 6galement de I'eau lice, elle pr6sente
6galement une intense bande d'absorption due a
H20 a 1900 nm. Bien que les spectres d'absorption
de ces deux min6raux se recouvrent a 2200 nm, la
forme des bandes d'absorption est relativement dif-
Krente. C'est pourquoi, Landsat Thematic Mapper
possdde une bande large dans le domaine corres-
pondant a I'absorption de I'ion OH ' entry 2080 et

2350 nm (TM7) quia 6t6 instal16e principalement
pour d6tecter les alterations hydrothennales.

La goethite (Fe00H) et I'hematite (Fe2O3) font
les min6raux ferriques (Fe3+) rencontr6s le plus
fr6quemment dans les sais. La predominance de
I'un ou I'autre de ces nain6raux a 6t6 mise en rela-
tion avec des facteurs p6doclimatiques et jour un
r61e important dans les systdmes de classification.
Ces oxydes de fer ont des formes de spectres de
reflectance di#6rentes dans I'ultraviolet, le visible
et le proche-infrarouge. Certaines des transitions
61ectroniques responsables de ces diH6rences, sont
montr6es sur les spectres de reflectance de la goe-
thite et de I'h6matite pr6sent6s sur la figure 2. La
transition situ6e a 530 nm pour I'h6matite et a
480 nm pour la goethite est responsable de leurs
couleurs caract6ristiques : rouge pour I'h6matite et
brun-jaune pour la goethite. Un certain nombre
d'6tudes a ainsi permit de inontrer la possibility de
corr61et les paraindtres de couleur, extraits des
spectres de reflectance, avec la teneur en fer des
cols

Des indices d6riv6s des bandes de TM de Landsat
et de SPOT ont 6t6 con616s a la tencur en oxydes de
fer des sols. Le type dominant d'oxydes de fer
(goethite ou h6matite) pout ainsi 6tre estiin6 dads
les enviromlements aride et semi-aride en utilisant

le rapport des banded de Thematic
Mapper (TM3/TMI). Un rapport inter-
canaux (TM32/(TM23*TMI)) est 6troitement cor-
r616 a la teneur en h6matite des sobs lat6ritiques.
Dans les savants br6siliennes, ce rapport a 6t6 utili-
se pour cartographier les sols nus cultiv6s avec dif-
Brentes teneurs en h6matite.

La gibbsite (A1203.3H2O) est souvent lm coinpo-
sant important des sais tropicaux fortement alt6r6s,
et sa proportion dans la fraction argileuse est un
moyen utile pour discriminer les classes de sobs.
Les bandes d'absorption de la gibbsiste sont dues
aux vibrations de I'ion OH '. Dana le proche et le

moyen infrarouge, se trouvent les harmoniques
correspondent aux mouveinents d'6tirement
( mn) et a la combinaison des modes d'6tire-
ment et de rotation (- 2300 nm) coinme cola est
montr6 sur la figure 3. L'intensity de bette del'nidre
banda d'absorption a 6t6 montr6e comine 6tant pro-
portionnelle a la concentration en gibbsite dans les
latosols.
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Les sais d6riv6s des mat6riaux inaniques peuvent
contenir une quantity signiHlcative de mat6riaux
opaques tels que la magn6tite et I'ilmenite.
L'absorption responsable de cette opacit6 a 6t6
attribute aux transferts de charges entre les ions
Fe2+ --.> Fe3+ ; Fe3+ -.-> O ; Fe2+ ---> O, et aux
transitions intra-ioniques dana les ions Fe2+, Fe3+.
Pour I'ilnlenite I'absorption a 6t6 attribute aux
transferts de charge Fe2+ --.> O ; Ti4+ --.o. O ; Fe2+
--.o. Ti4+ et aux transitions intra-ioniques dana les
ions Fe2+. Les sold avec de fortis quantit6s de ces
min6raux possddent un "applatissement" caract6-
ristique des courbes de reflectance.

La matidre organique (OM) des sobs, terme g6n6-
ral d6signant un m61ange complexe de composes
carbon6s avec des caract6ristiques physico-chi-
miques trds variables, est g6n6ralement class6e en
trois grander categories : humines, acides fulviques
(FA) et acides humiques (HA). Les acides
humiques ont une reflectance trds faible (< 2 %)
dans le visible, tandis que les acides fulviques peu-
vent avoir une reflectance maximum qui atteint
20 % a 750 nm. L'oxydation de la inatidre orga-
nique du sol par un traitement par H202 a montr6
que I'Chet de la matidre organique sur les spectres
des cols, depend de la longueur d'onde et vane d'un
sol a I'autre, comma le montre la figure 4. Pour des
teneurs en fer proches de zero, la reflectance aug-
ments sur I'ensemble du domaine spectral de 400 a
2500 nm (figure 4a). Pour les sais avec une teneur
61ev6e en oxydes de fer maid sans min6raux
opaques, 1'61imination de la matidre organique
diminue la reflectance pour les longueurs d'andes
inKrieurcs a 600 nm et I'accroit pour les plus
grandes longueurs d'andes (figure 4b). Pour les
sais riches en substances opaques (magn6tite et
ilmenite), la reflectance d6croit pratiquement dans
I'ensemble du domains de longuetus d'ondes aprds
1'61imination de la inatidre organique (figure 4c).
Une relation 6troite entre la couleur du sol ou sa
reflectance dans le visible et la teneur en carbone
organique est connue depuis longtemps avec les
sobs fonc6s qui contiennent plus de matidre orga-
nique queles sold clairs.

Une 6troite relation logarithmique negative a 6t6
trouv6e entre la teneur en matidre organique et la
reflectance dans le domains du rouge. Cette rela-
tion a 6t6 exploit6e pour cartographier la teneur en
matidre organique du sol et 1'6puisement des sold
en matidre organique dans les zones cultiv6es a par-
tir d'images satellitaires.

L'humidity afFecte la reflectance du sol en raison
des banded d'absorption a : 760, 970, 1 190, 1450 et
1940 nm. Elle a pour effet une diminution des
valeurs dc la reflectance sur I'ensemble du spectre.
Des courbes de reflectance pratiquement homoth6-
tiques peuvent 6tre observ6es pour des sols qui ne
pr6sentent pas de banded d'absorption prononc6es,
ellis montrent une d6croissance de la reflectance
avec I'accroissement de I'humidity. Pour les sols

qui pr6sentent de cortes bandes d'absorption

comme les sols lat6ritiques, I'effet de I'humidity
depend de la longueur d'onde. Dans ce cas, la posi-
tion et I'intensity des bandes d'absorption de la
phase solids, sant les facteurs dominants. ll est
ainsi possible d'estimer I'hutnidit6 du sol a partir
de donn6es spectrales. La banda d'absorption a
1940 nm est la plus sensible a la teneur en eau du
sol. Cependant, des donn6es satellitaires ont 6gale-
ment 6t6 utilis6es pour estimer I'humidity du sol en
dehors de cette banda spectrale.

La taille des particules et la reflectance sont lifes
par une relation logarithmique inverse parke que les
particules les plus Hines tendent a presenter lme sur-
face plus uniforms avec moms de pores pour pi6ger
le rayonnement incident. Cependant, la reflectance
de sais non perturb6s, mesur6e sur le terrain, tend a
presenter un r6sultat inverse car la taille des agr6-
gats des cols argileux est g6n6ralement plus gros-
sidre que cello des particules sableuses.

Des relations quantitatives entre I'intensity de la
reflectance et la taille des particules ont 6t6 recher-
ch6es a travers diff6rentes approches. Ainsi, pour
certains types de sais lat6ritiques, le rapport
(TM5 - TM7/TM5 + TM7) montre une bonne cor-
r61ation avec la somme des teneurs en gibbsite et en
kaolinite (figure 5). Ces deux min6raux constituent
la quasi totality des particules de la fraction argileu-
se des sols lat6ritiques.

Pour les sais travail16s (labour par exemple) la
rugosit6 de la surface induit une importante reduc-
tion de la reflectance. Cela est d(ia I'eHet d'ombre
des mottes qui depend non seulement des caract6.
ristiques des mottes maid aussi de la g6oin6trie de
1'6clairement et de la vis6e. Des mod61isations ont
pennis de rendre compte avec succds des efFets de
la rugosit6 de surface.
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Figure 1 : Spectre de re$ectatlce diffuse (2000 a
2400 ttm) d ' un 6chcultillotl de sol culteltant 39% de
kclotinite et 40o%o de gibbsite. Les zules de kaolinite
3t de gibbsite sort tepr6seFtt6es(d'aprds MaoEIKa
Memo 1993)

Figure 2 : Spectre de re$ectallce diffuse de a)
gathite et b) }tfmatite. Les attributions et positions
]es baltdes sort indiqtldes. (D'aprds MADEIRA
NEn'0, 1993).

Figure 3 : Spectre de reFectance de gibbsite tttotl-
;rant I'hattttonique du mode d'dlongation (2s) d
1550 tltll et la combinaisolt des modes d'dlongatiotl
et dellexiolt (dts) d 2265 ltm. Les particularit6s
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t'fsultant de t'absorptioll par I'eau sant fgateluetlt
indiqudes (D'aptas MAOEIRA NEn'o, }993).

Figure 4 : L'efyet de I ' liltlination de la tuatidre
organiqtle sur les spectres de re$ectattce de trots
miysots. Les traits gras repr&sentent les spectres des
dchatltiltotts cotttettant de ta tnatidre orgattique
atoms que tes traits ttormatlx }eprfsetttent les

spectres des dchantillotts apras dtiminutiolt de lct
lttcitidte organique. (a) 6chatttillott de sol avec trig
faibte tetteur en oxides de fer (Fe2O3 - 1.2 %),
telleur en cctrbone orgattique (CO) - 2.05 % ; (b)
dchautillott de sol ctvecfot'te tettetlr ett oxides defer
(Fe2O3 - 10.1%) et sans }uindtaux opaques,
CO = 1.84 % ; (c) 6chatttillotl de sol avec forte

tetteur en oxides defer (Fe2O3 - 21.9 %) et tttagn6-
tite, CO = 2.32 %). (D'aptes MaoEiKX NETTO,

Figure S : Exetttples de spectres de re$ectance dif-
fuse (1550 - 2500 ]tm) pour deut sold pr6sentattt

di#bretlts tatty de kaotinite F gibbsite, ainsi que le

rapport etltre bculdes TM 5 et 7 simulfes (TM5 -
TM7)/(TM5 t TM7). Les tank de kaolinite -t gibb-

site et {e rapport de vande pour I'dchatltillott avec
la cotlrbe de re$ectance plus sotttbte sort respecti-

velltent de 0,82 et 0,33, tatldis que pour la cottrbe

de reFectance grisatre, ceu;c-ci sort respectivetltettt

de 0,12 et 0.0}5 (D'apras MxDEtKX Nano. 1993).
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PROPRIEDADES DE LA REFLECTANCIA
ESPECTRAL DE LOSSUELOS

Jose da Silva MADEIRA NETTO

)

La reflectancia de los suelos es una propiedad
acumulativa que deriva del comportamiento espec-
tral del conjunto de los constituyentes minerales,
organicos y liquidos que componen los suelos.
Ademis de la composici6n misma, el tamafio de las
particulas y la organizaci6n de los constituyentes
representan influyen tambi6n en las propiedades de
reflectancia de los suelos. Asi, a travis de los
espectros de reflectancia se puede tenor una doble
informaci6n : una en relaci6n con los procesos de
formaci6n y otra en relaci6n con los constituyentes
especificos de los suelos. EI anflisis de los distintos
modelos observados en los espectros de reflectan-
cia permite tenor una informaci6n pertinente de las
caracteristicas fisico-quimicas de los suelos. Las
variaciones espectrales, generalmente ligadas a
fen6menos de absorci6n especiHica, pueden ser
cuantificadas utilizando diferentes procedimientos.
Estas posibilidades de identificaci6n hagen de la
espectroscopia de reflectancia una importante her-
ramienta para el estudio de la composici6n de los
suelos, en el laboratorio, en el terreno y a travis de
las imagines satelitales.

La diversidad de las cuivas de reflectancia puede
resumirse en algunas culvas caracteristicas de los
principales constituyentes del suelo. La simplifica-
ci6n de los datos espectrales se obtiene tambi6n
aplicando t6cnicas estadisticas. Esto consiste en
deHinir el nOmero minimo de bandas tal que, utili-
zadas conjuntamente con las curvas-pahones deter-
minadas por anflisis multivariable, puedan repro-
ducir el conjunto del espectro de reflectancia. Estas
curvas-patrones son influenciadas por algunos
componentes del suelo tales como la materia orga-
nica, la hematita o la goetita.

Los espectros de los minerales arcillosos mgs fie-

cuentemente encontrados en los suelos - caolinita y
montmorillonita - tienen formal caracteristicas en

el infiarrojo, entre 1400 y 2200 nm. En cuanto a la
montmorillonita, la presencia de aqua ligada, deter-
mina a 1900 nm una banda de absorpci6n fuerte,
que se dube al H20. A pesar de la superposici6n de
las curvas a 2200 nm, la forma de dichas curvas es

totalmente distinta. EI sensor Thematic Mapper
tiene una amplia banda en la zona de absoipci6n
de los OH ' (entry 2080 y 2350 nm). Se retuvo asta
banda para pennitir la determinaci6n de las altera-
ciones hidrotennales.

La goetita (Fe00H) y la hematita (Fe2O3) son
los minerales Hrricos (Fe 3+) mfs frecuentes en los
suelos. EI predominio de uno u otto de estos mine-
rales se relaciona con los factored pedoclimaticos y
representa un papal importante en los sisteinas de
clasificaci6n. Estes 6xidos de hierro tienen distin-
tas espectros de reflectancia en el ultravioleta, el
visible y el inftarrojo cercano. Algunas de las tran-
siciones electr6nicas responsables de las diferen-
cias espectrales entre hematita y goetita se presen-
tan en la figura 2. La transici6n, ubicada a 530 nm
para la hematita y a 480 para la goetita, es respon-
sable de sus colon'es caracteristicos: dojo para la
hematita y pardo-amarillo para la goetita. A travis
de numerosos estudios, se ha mostrado que es
posible establecer correlaciones entre los parame-
tros color, extraidos de los espectros de reflectan-
cia, y del contenido en 6xidos de hierro de los sue-

Los indices derivados de las bandas TM y SPOT
se conelacionan a los 6xidos de hierro presentes en
los suelos. EI tips de 6xido de hierro dominante
(goetita y hematita) se puede estimar en los medios
fridos y semi-fridos utilizando la relaci6n entre las
bandas Thematic Mapper (TM3/TMI). Una rela-
ci6n que combina los tres canales TM del visible
(TM32/TMI 'HTM23) este estrechamente relaciona-
da con el tenor en hematita de los suelos lateriticos.
En las cabanas brasilefias, se utiliz6 esta relaci6n
para cartograHiar los suelos desnudos con diferentes
tenores el] hematita.

A menudo, la gibbsita (A1203 3H20) es un
constituyente importante de los suelos tropicales
fuertemente meteorizados y su proporcion en la
h-acci6n arcillosa contribuye a la discriminaci6n de
las clases de suelo. Las caracteristicas espectrales
de la gibbsita se deben a las vibraciones del ion
hidr6xilo (OH '). La figura 3 muestra la ubicaci6n,
en el infra-rojo cercano y media, del arm6nico de
estiramiento ( 550 nm) y de la combinaci6n esti-
ramiento-rotaci6n (-2300 nm). Se mostr6 que la
intensidad de asta 61tima absorci6n es proportional
a la concentraci6n en gibbsita en los latosuelos.

Los suelos derivados de materiales mfficos pue-
den tenor lma cantidad signiHlcativa de minerales
opacos como la magnetita y la ilmenita. La absor-
ci6n responsable de esta opacidad se atribuye a las
transferencias de vargas entre los iones

los
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Fe2+-->Fe3+; Fe3+--+ O ; Fe2+-o O, y a las tran-
sicioncs intra-i6nicas en los iones Fe2+. Fe3+. Para
la ilmenita, la absorci6n se atribuye a las transfe-
rencias de carga entre Fe2+--.> O ; Ti4+--+ O ;
Fe2+-o Ti4+ y a las transiciones intra-i6nicas en
los iones Fe2+. Los suelos que contienen una canti-
tad importante de estos minerales presentan un
aplanalniento caracteristico de las cuivas de ieflec-
tancia.

La materia organica de los suelos (OM), t6rmi-
no general para designar una mezcla colllpleja de
compuestos carb6nicos con caracteristicas fisico-

quimicas muy variables, se clasifica generalmen-
te en tres Brandes categorias: las huminas, los fci-
dos fulvicos (FA) y los fcidos hQmicos (HA). Los
fcidos hQinicos tienen reflectancias muy d6biles
(<2%) en la parte visible del espectro, mientras
que los icidos fulvicos pueden alcanzar un mfxi-
mo de 20% dc rcflectancia a 750 nm. La oxida-
ci6n de la materia organica por los tratamientos
con aqua oxigenada H202, inuestra que los efec-
tos de asta materia organica sabre el espectro de
los suelos puede dcpender de la longitud de onda
y varia de un suelo a otro, homo lo muestra la
figura 4. Para los contenidos en hierlo pr6ximos
a cero, la reflectancia aumenta sobre el conjunto
del espectro, de 400 a 2500 nm (nigura 4a). Para
los suelos con contenidos elevados en 6xidos de
hierro pero sin minerales opacos, la eliminaci6n
de la materia orgfnica provoca una disminuci6n
de la reflectancia para las longitudes de onda
inferiores a 600nm y un aumento de etta reflec-
tancia para el resto del espectro (figura 4b). Para
los suelos ricoh en sustancias opacas (]nagnetita e
ilmenita), la reflectancia decrece efectivamente
en casi la totalidad del espectro despu6s de la eli-
minaci6n de la materia organica (figura 4c). Una
estrecha relaci6n entre el color del suelo, es dear
la reflectancia en el visible, y el contenido de car-
bons organico se ha puerto de manifiesto desde
hack largo ticinpo con los suclos oscuros quc
contienen mfs materia organica que los suelos
mfs claros.

Se ha encontrado una estrecha relaci6n logaritmi-

ca negativa entry el contenido en materia organica y
la reflectancia en las longitudes de onda del rojo.
Este hecho ha side aprovechado para cartografiar el
contenido en materia organica de los suelos y el
agotamiento en materia organica utilizando imf-
genes satelitales.

La humedad afecta la reflectancia de los suelos
debido a las bandas de absorci6n a 760, 970, 1 190,

1450 y 1940 nm. Esto tiene por efecto una dismi-
nuci6n de los valores de reflectancia sobre el
conjunto del espectro. Las curvas son sensiblemen-
te homot6ticas, sin bandas de absorcifn particular-
mente marcadas, y decrecen cuando la humedad de
los suelos aumenta. En cuanto a los suelos que pre-

sentan importantes bandas de absorci6n, coho es el

caso de los suelos lateriticos, los efectos de la
humedad dependen de la longitud de onda. Los fac-
tores deterininantes son, entonces, la posici6n y la
intensidad de las bandai de absorci6n de la faso
s61ida.

Es posible estilllar la humedad de los suelos a
partir de datos espectrales. La banda de absorci6n a
1940 nm es la mfs sensible a la cantidad de agua
contenida en los suelos. lgualmente, los datos sate-
litales han side utilizados para la estimaci6n de la
humedad de los suelos.

EI tamafio de las particulas y la reflectancia pre-

sentan una relaci6n de tipo logaritmico inversa, y a
que las particulas info minas presentan una superfi-
cie mgs unifoline con memos poros para captar la
luz incidents. Sin embargo, la reflectancia de los
suelos no perturbados mcdida en el terreno, tiendc a
mostrar resultados inversos, pues el tamafio de los
conglomerados en los suelos arcillosos es general-
mente mfs grosero que el de las particulas areno-

Las relaciones cuantitativas entry la intensidad de

la reflectancia y el tama6o de las particulas han side
investigadas a travis de enfoques diferentes. Asi,
para ciertos tipos de suelos lateriticos, la relaci6n
(TM5 - TM7/TM5 + TM7) presenta una buena cor-
relaci6n con la puma gibbsita + caolinita (figura 5).
Estos dos nlinerales constituyen la casi totalidad de
la ftacci6n arcillosa de los suelos lateriticos.

Para los suelos perturbados, por qemplo por la
labranza, la rugosidad de la supernlcie da lugar a
una disminuci6n de la reflectancia. Esto se debi a

los cfectos de sombra creados por los terrones; la
reflectancia depende no s61o de los terrones, sino
tambi6n de la geometria de la iluininaci6n y del
angulo de mira. Se han desarrollado modelos que
han permitido mostrar con 6xito los efectos de la
rugosidad de superficie.

sas
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Figure 1: Espectro de re$ectattcia difusa(2.000 a
2.400 }ltll) de una ttutestrct de suelo coll ml cottteni-
do det 39 % de caolillita y del 40 % de gibbsita. Se
han represetltado tas lotus de caolinita y de gibbsi-
ta(seghn MADEIRA NErro, 1993).
Figui'a 2: Espectro de re$ectallcia difusa de (a)
goetita y (b) heltlatita. Se halt indicado las atribu-
cianes y las posiciotles de las bandai (segatt
MADERA NERO, 1993).

Figure 3: Espectro de re$ectancia de gibbsita en el
(lue aparece et artlt6)rico de estilatnietito (2s) ai
1. 550 nm y la cotttbittaci6n estitatliiento-rotaci6tt
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(d + s) en 2.265 nhl. Se Itatt indicado asimisltto las
caracteristicas resuttalltes de ta absorci6tt por et
aqua(segatt MADERA NETvo, 1993).
Figure 4: Efecto de ta elitttinaci6n de la mctteria
orgdnica en los espectros de reflectallcia de ties
suelos cml tttateria orgattica oxidada. Las linens
ngotzadas teptesentan los espectros de las }tlues-
tras qtle contienett tltateria ol'gduica ntietttras que
las tinecis Roth\ales tepresentan los espectros de tas
muestras lttia vez elilttinada la tttateria orgdnica.
(a) Muestra de suelo con un cotttenido ntuy bajo de
6xidos de hierro (Fe203 = 1,2 %) y utl cotltetlido
de carbollo orgdttico (CO) = 2.05 %. (b) Muestra
de suelo con contettidos elevados de 6xidos de hier-

to (Fe2 OS - 10,1 %) ysin ittinetales opacos; CO =

1,84 %. (c) Muestra de suelo con alto colttenido de
6xidos de hierro (Fe2 03 = 21,9 %) y tnagnetita;
CO %(segatt MAOEIRA NErro, 1993).

Figure 5: Ejemptos de espectros de re$ectancia
di/usa (1.550 - 2.500 nttl) para dos suelos que pte-
sentatt distintos porcetltajes de la suttlcl caolinita t
gibbsita, y de la letaci6tl entre tas battdas TM5 y
TM7 simutadas(TM5 - TM7)/(TM5 + TM7). En ta
curve de re$ectatlcia }ttds oscura, et porcentcye de
caolittita -F gibbsita y !a relaci6r! entre battdas,
para ta ttutestra cottsidetada, sot\ del 0,82 y 0,33
t'espectivatnente, tttietttras que ui ta curve de
reFectatlcia grisdcea, las cifras son det 0,12 y
0,015 tespectivatttetlte (began MAt)ELBA NnTTO,
1993)
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