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Abstract — The objective of this work was to verify if reflected energy of soils can characterize and
discriminate them. A spectroradiometer (Spectral reflectance between: 400-2,500 nm) was utilized in
laboratory. The soils evaluated are located in Bauru region, SP, Brazil, and are classified as Typic
Argiudall (TR), Typic Eutrorthox (LR), Typic Argiudoll (PE), Typic Haplortox (LE), Typic Paleudal f
(PV) and Typic Quartzipsamment (AQ). They were characterized by their spectral reflectance as for
descriptive conventional methods (Brazilian and International) according to the types of spectral
curves. A method for the spectral descriptive evaluation of soils was established. It was possible to
characterize and discriminate the soilsby their spectral reflectance, with exceptionfor LR and TR. The
spectral differences were better identified by the general shape of spectral curves, by the intensity of
band absorption and angletendencies. These characteristicswere mainly influenced by organic matter,
iron, granulometry and mineralogy constituents. A reduction of iron and clay contents, which influ-
enced higher reflectance intensity and shape variations, occurred on the soilsLR/TR, PE, LE, PV and
AQ, onthat sequence. Soils of the same group with different clay textures could be discriminated. The
conventional descriptive evaluation of spectral curveswasless efficient on discriminating soils. Simu-
lated orbital data discriminated soils mainly by bands5 and 7.

Index terms: remote sensing, infrared spectrophotometry, reflectance, absorbance.

Caracterizagdo e discriminacédo de solos pela sua energia eletromagnética refletida

Resumo — O presente trabal ho teve por objetivo verificar se aandlise daenergiaeletromagnéticarefle-
tida por solos permite sua caracterizagdo e discriminagdo. Foi utilizado espectroradidmetro em labora-
torio (Faixa espectral: 400-2.500 nm). Os solos avaliados, ocorrentes na regido de Bauru, SP, foram:
Latossolo Roxo (LR), Terra Roxa Estruturada (TR), Podzdlico Vermel ho-Escuro (PE), Latossolo Ver-
melho-Escuro (LE), Podzdlico Vermelho-Amarelo (PV) eAreiaQuartzosa (A Q). Os solosforam carac-
terizados espectralmente pelos métodos convencionais (naciona e internacional). Foi idealizado um
método paraavaliagdo espectral descritiva. Foi possivel caracterizar e discriminar solos pelarefletancia,
e as diferencas espectrais foram identificadas pela forma geral das curvas, intensidade das bandas de
absorcdo e pelatendéncia de angulagdo. Essas caracteristicas foram influenciadas principal mente pela
matéria organica, ferro, granulometria e constituintes mineral 6gicos. Nos solos LR/TR, PE, LE, PV e
AQ, nestaseqiiéncia, ocorreu diminui¢do nosteoresdeferro eargila, queinfluenciaram no aumento da
intensidade de refleténcia e variagdes na forma. Solos de uma mesma classe, com texturas diferentes,
puderam ser discriminados. A avaliagdo descritivaconvencional mostrou-se pouco eficaz nadiscrimina-
¢&o dos solos. Os dados orbitai s simulados permitiram discriminar os sol os, principal mente nas bandas
5e7.

Termos para indexacdo: sensoriamento remoto, espectrofotometria de infravermelho, refletancia,
absortividade.
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itisdistributed through three distinct processes, i.e.,
reflection, absorption and transmission. Therefore,
reflection + absorption + transmittance = 1, with this
unit being equivalent to the energy of the incident
rays. Transmittance of opague mineralsthat occur in
soils is zero. High amount of reflectance leads to a
relative proportional decreasein absorptioninequiva
lent proportion. The possibility of moist in the ther-
mal region (~1.900 nm) haveto be considered. Cer-
tain soil characteristicsthat influence soil processes,
such as moisture, must be taken into consideration
when determining energy absorption (Stoner &
Baumgardner, 1981). The energy of incident rayscan
be evaluated by a sensor, which can be used in a
variety of platforms, such as satellites, aircrafts, in
thefield or laboratory. However, each type of sensor,
has different characteristics, depending on thelevel
of data acquisition. The device used in laboratory
and fieldwork coversdifferent ranges of the el ectro-
magnetic spectrum and is known as a spectro-
radiometer. Soil studiesnormally involveevauations
intherangeof 400to0 2,500 nm (Epiphanioet d., 1992).

Reflected electromagnetic energy can be repre-
sented as the ratio between the spectral radiation
reflected by the soil surface and the spectral radia-
tion reflected by the reference material. Thisratiois
used to generate the “bidirectional spectral reflec-
tance factor”. When thistype of study is performed,
spectral curves are evaluated, where the x axis pre-
sentswavelengths and the'y axisthe reflectance fac-
tor which can be represented as a percentage or asa
fraction. Thus, each soil sample can have a spectral
“signature” or “spectral curve”, whichisacumula-
tive property derived fromitsintrinsi c heterogeneous
characteristics, such as mineralogy, organic materi-
als, particledistribution and chemistry which consti-
tute the soil.

Condit (1970) evaluated American soils by de-
scriptive spectral analysis, and determined threetypi-
cal patterns. Asa complement to the observations
of thisauthor, Stoner & Baumgardner (1981) deter-
mined other two types. In 1980, these authors pub-
lished the first atlas about soil characteristics and
spectral data, showing theimportance of determina-
tion of patterns and its practical application. Since
then, many works have been produced to determine
therelationship between soil attributes and reflected
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energy, such as those of Coleman & Montgomery
(1990) and Henderson et al. (1992).

Despite the importance of the subject, few stud-
ies have been carried out in Brazil, and Formaggio
(1983) can be mentioned. Afterwords, Epiphanioet al.
(1992) drew up an atlas of the spectral patternsof the
main soils found in the State of S&o Paulo, Brazil.
Later, Formaggio et al. (1996) determined the exist-
ence of four types of curves depicting four soil pat-
terns. Madeira Netto (1996) evaluated the mineral-
ogy of tropical soils, determining the gibbsite band.

The appearance of new sensors such asAVIRIS
(Aircraft) and TM and ETM+ (Landsat) and more
sophisticated spectroradiometers, motivated stud-
ies. However, Brazil, a country with continental di-
mensions, hasalack of pedologists (Damolin, 1999)
to carry out the task of mapping.

The spectral reflectance of tropical soilshasbeen
neglected, which has implication for mapping, as
performed by Dematté et al. (1999). Thelack of de-
scriptive data on soil reflectance limits progressin
this subject. The key question was: Would it be pos-
sible to characterize and verify differences among
soilssimply by reflected electromagnetic energy? It
was expected that different soil constituents would
lead to differences in their spectral curves, permit-
ting discrimination and characterization.

The purpose of this study was to determine
whether analysis of reflected el ectromagnetic energy
from soilsallowed for their characterization and dis-
crimination.

Material and M ethods

The studied areawas located in Séo Paulo State, (lati-
tude 22°45'-22°70' and longitude 48°60'-49°0"), which in-
cluded the counties of Lencéis Paulista, Macatuba and
Bauru. In geological terms, theregion is characterized by
rocky outcrops of the Serra Geral Formation (Basalts).
The outcrops are of the basic eruptive type, occupying
river valleys, such as the Lengdis river. Over this forma
tion are extensive depositions of variably textured mate-
rial, principally intermediate to sandy texturethat belongs
to the sandstones of Botucatu Formation. Material of the
sandstone from Bauru Group is also found in this region
(Instituto de Pesquisas Tecnol dgicas, 1981). The area has
a Cwa (K6ppen) type climate, characterized by dry, cold
winters and hot, humid summers. Mean annual tempera-
tureis21.6°C and precipitationis 1,238 mm (Prado, 1997).
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Soilswere selected based on their geographical relevance
and wide occurrence in the State of S&o Paulo and classi-
fied according to Camargo et al. (1987). Asin that work
authors compare soil classification of diverse papers, the
same nomenclature was maintained in the present work to
facilitate discussion. However, looking forward the new
Brazilian Classification and international community, the
following soil classifications have been correlated: United
States (1990), Embrapa (1999) and Camargo et al. (1987)
(abreviations), respectively: Typic Eutrorthox, Latossolo
Vermelho, LR; Typic Argiudoll, Nitossolo, TR; Typic
Argiudoll, Argissolo, PE; Typic Quartzipsamment,
Neossolo, AQ; Typic Paleudalf, Argissolo Vermelho-
Amarelo, PV; and aTypic Haplortox, Latossolo Vermelho,
LE. Typic Haplortox was divided in three categories ac-
cording to the clay content in B horizon, i.e., above 350 g kgt
for the first one (LEL), 220 to 350 g kg! for the second
category (LE2) and 150 to 220 g kg! for the third soil
type (LE3). Soil profileswereevauated (Lemos & Santos,
1996), and samples collected at the surface and subsurface
horizons of each soil profile (C horizon for AQ).

Through chemical analysis, the pH (H2O and CaCl,),
organic material (OM), P, K*, Ca2*, Mg?*, Al3* and H*
(Raij et ., 1987) were determined. Granulometric analy-
sismeasured sand, silt and clay. Sulphuric acid digestion
was carried for Fe,O3 determination (Camargo et a., 1986).
Sand, silt and clay fractions were analyzed by X-ray dif-
fraction (XRD), using Ni-filtered CuKa radiation
(Jackson, 1969). Kaolinite and gibbsite were determined
semi-quantitatively by thermo-differential analysis based
on standard mixtures of kaolinite and gibbsite (Dixon,
1966). Iron oxides were identified by XRD on samples
treated with 5M NaOH (Norrish & Taylor, 1961; Kampf
& Schwertmann, 1982). The2:1 minerals, particularly the
micas and chloritized-vermiculite, were identified by the
peaks at 0.10 and 0.14 nm peaks. The iron oxides in the
clay fraction (iron not in the crystalline structural of the
mineralsand amorphousiron) were measured by the CBD
- citrate-bicarbonate-dithionite method (Fey) (Mehra &
Jackson, 1960). Amorphous materia of Si and Al was
quantified by the difference: 1000 - (kaolinite + gibbsite +
2:1 minerals+freeiron).

The Infra-Red Intelligent Spectroradiometer (IRIS),
Mark V (manufacturer), sensing system, with aresolution
of 2 nmin the range of (450-1,000 nm) and 4 nm (1,000-
2,500 nm), was used to obtain spectral curves. Samples
were oven-dried at 45°C for 24 hours (Stove), after which
they were ground and sieved (2 mm mesh). The sensor
was positioned vertically at a distance of 27 cm over the
soil sample. The samples were placed in a9 cm-diameter
Petri dish, forminga1,5 cmlayer of soil. Thelight source,
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a 650 W halogen lamp with non-collimated rays for the
sample plane, was positioned 61 cm from the sample con-
tainer at a15° zenithal angle. A grey plate with 50% reflec-
tance was used as a primary standard, and corrected for
100% afterwards (Epiphanio et a., 1992). Three reflec-
tance readings were taken for each sample.

Spectral curves were described according to the fol-
lowing points: (Figure 1), (1) Soil types (Stoner &
Baumgardner, 1981): 1-with predominance of organic mat-
ter, 2-minimally altered by oxides, 3-affected by iron ox-
ides, 4-affected by organic matter, and 5-with predomi-
nanceof ironoxides; (1) Soil types(Formaggioet a., 1996):
a-spectral curves typically from A1 horizon of LR,
b-spectral curvefrom“Ap” horizon of PV, c-spectral curve
of A1l horizon of a Pachic Umbriorthox and d-spectral
curve of the B2t horizon of a Podzolic Dark Red soil;
(11 Angles: for bands centered at 400, 500, 600 and
1,600 nm, the angle formed with a vertical axis perpen-
dicular to the x axis (wavelength, nm) and the inclination
of the curve was measured with a one-degree precision
protractor; bands were chosen based on specific positions
of thespectral curve; (1V) Shape: different degreesof curve
concavity and convexity were qualitatively characterized
between 400 and 600 nm, and between 780 and 1,000 nm
(occurrence of iron oxides); (V) Bands: parameters were
established for the bands appearing at 1,400, 1,900, 2,200
and 2,265 nm so as to compare them within the same
curve.

At alater stage, the same data obtained by the IRIS
sensor were used to simulate superficial layer bands ac-
cording to the Thematic Mapper (TM) sensor of
Landsat-5. A calculation was made of the mean spectral
responses obtained by IRIS sensor in the wavelengths
corresponding to TM bands. These responses (hm) were:
450-520, 520-600, 630-690, 760-900, 1,550-1,750, and
2,080-2,350, which correspond, to bands 1, 2, 3, 4, 5
and 7, respectively.

Results and Discussion

LRwascharacterized asvery clayishsoil (Table 1).
Mineral ogically, these soilsare predominantly kaoli-
nitic, although occurring gibbsite and, to a lesser
extent, mica, with a 0.10 nm reflection, as well as
0.14 nm chloritized-vermiculite mineras (Figure 2).
The average of kaolinite content in these soils was
323 g kgt whilefor gibbsitewas 98 g kg Total iron
was 207 g kgL Similarly to TR, the silt and sand frac-
tionsin LR showed a predominance of quartz, and
with magnetic minerals, such as magnetite and il-
menite.
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The TR soil was characterized asclayishtohighly  but was still lower than 240 mmol. dm clay (low-
clayish (Table 1). Saturation by bases, varied from  activity clay). Organic matter (OM) contentintheA
43 to 72% in the superficial horizon and from53to  horizonwas 27 g kg1, decreasingto 18 g kgt inthe
63%inthe B horizon. Cation exchange capacity (CEC) B horizon. These soils presented kaolinite as the
was high in comparison with the other soilsstudied, dominant mineral, with reflectionsat 0.72 and 0.35;

Table 1. Chemical, physical and mineralogical results of the soil attributes and the respective statistical analysis®.

Soil@ Horizon® Chemical anaysis® Granulometry
OoM SC CEC V Sand Silt Clay
(gkg™) -- (mmol.dm”®) -- (%) (9kg™)
LR A 22.3b 50.3 77.6 62.0 263.0de 113.0ab 623.3ab
B 17.0 19.0 61.3 29.3 230.0 123.0 646.0
TR A 27.0a 61.5 107.0 55.3 206.0e 180.0a 641.6a
B 18.0 53.0 88.6 59.0 121.6 148.3 730.0
PE A 16.8c 52.0 76.0 67.2 634.0c 100.0bc 266.0c
B 13.0 29.8 105.2 40.6 554.0 86.0 360.0
PV A 12.1c 21.8 43.1 61.5 793.0ab 60.0de 147.0d
B 9.6 10.3 37.0 40.5 738.0 65.0 197.0
LE1 A 21.3b 41.3 91.0 45.6 396.0d 116.0ab 486.0b
B 17.6 14.6 77.0 23.3 326.0 116.0 556.0
LE2 A 16.5¢ 73.3 98.8 52.0 703.3c 61.7cde  235.0c
B 12.6 15.8 535 30.2 643.3 68.3 288.3
LE3 A 16.4c 23.8 52.0 47.2 780.0b 52.0e 168.0d
B 12.0 9.0 42.6 25.0 768.0 52.0 180.0
AQ A 11.0d 21.2 38.2 55.7 846.7a 53.0de 99.0e
C 9.8 8.0 325 27.2 838.0 62.0 100.0
Fe,05 Clay fraction mineralogy Amorphous  Moist
Kaolinite Gibbsite Vermiculitechlo- Freeiron ~ Si+Al color®
ritized+micas
----- (gkg™)
LR A 207.1a 323a 98 42 143a 15 25YR3/4
B 212.6 363 97 38 142 6 25YR3/4
TR A 215.0a 296a 94 47 151a 43 25YR2/4
B 2121 359 118 57 152 44 2.5YR3/4
PE A 86.2c 133c 40 14 75c 13 25YR3/4
B 94.0 203 39 30 80 32 25YR3/6
PV A 32.0e 81d 18 10 25cd 13 5YR 3/4
B 34.0 105 31 14 34 12 5YR 4/4
LE1 A 127.0b 260b 78 21 102b 25 25YR2/4
B 144.0 312 75 28 130 18 25YR2/6
LE2 A 58.0d 120c 19 15 46¢d 33 25YR3/4
B 62.0 160 29 19 53 27 25YR3/6
LE3 A 38.0e 85d 34 15 32d 10 25YR2/4
B 34.0 94 24 14 29 14 2.5YR3/4
AQ A 11.0f Se 18 6 10e 11 5YR 3/4
C 10.0 56 18 5 9 12 5YR 4/6

(WFor organic matter, sand, silt, clay, Fe,Os, kaolinite and free iron, averages followed by a same letter on the column, do not differ at 5% significance
(t test). ALR: Typic Eutrorthox, Latossolo Vermelho; TR: Typic Argiudoll, Nitossolo; PE: Typic Argiudoll, Argissolo; AQ: Typic Quartzipsamment,
Neossolo; PV: Typic Paleudalf, Argissolo Vermelho-Amarelo; LE: Typic Haplortox, Latossolo Vermelho, divided in three categories, according to clay
texturein B horizon, i.e., above 350 g kg (LEL), between 220 and 350 g kg! (LE2), and between 150 and 220 g kg (LE3). @Main horizons, of surface
(A) and subsurface (B or C). WOM: organic matter, respectively 3, 6, 5, 5, 3, 6, 5, 6 repetitions for each soil; SC: sum of cations; CEC: cation exchange
capacity. ®Extracted from Munsell color charts.
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Figure 2. X-ray diffractograms of clay fraction with iron
removed and K* satured in superficial and subsuperficia
horizons of Typic Eutrorthox (LR), Typic Argiudoll (TR)
and Typic Paleudalf (PV) soilsshowing the Kaolinite (K),
gibbsite (G), micas (M), vermiculite chloritized (VC) and
quartz (Q) peaks.
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gibbsite with reflections at 0.48 and 0.44, and
chloritized-vermiculite reflections at 0.14 nm (Fig-
ure 2). High magnetic attraction indicated the occur-
rence of magnetite and ilmenite in the coarsest frac-
tion. X-ray diffractograms (XRD) patterns of silt
showed a predominance of quartz, with some heavy
metals, such as magnetite.

PE soil presented medium texture with intermedi-
ate clay contents (Table 1). Silt content waslow, with
averagevaluesof 100 g kg! (A horizon) and 86 g kgt
(B horizon). Cation exchange capacity (CEC) wasless
than 240 mmol . dm3. Minera ogically, these soilscon-
tained kaolinite with gibbsite and 2:1 minerals in
smaller proportions. Gibbsite was identified by the
endothermic peak of 300 to 350°C. Tota iron content
was 86 g kg1, with considerablevariation. Silt frac-
tion XRD patterns for silt fraction indicated a pre-
dominance of quartz. On the diffractograms of clay
fractiontreated withNaOH 5 M, for thesoilsLR, TR
and PE, was found a series of spacements (in nm),
typicd of hematite, asfollows: 0.269, 0.184 and 0.163.
Although the spacement at 0.269 can be common for
both hematite and goethite, there was no diagnostic
spacement at 0.240 and 0.418 of goethite.

The PV are usually present in association with
sandier-textured LE or LV that occupy a mid-slope
position. This favors a slight textural gradient that
causes it to be present in a transitional position in
terms of morphology. Thus, physical, chemical and
morphological characteristicsof PV werevery simi-
lar tothose of the LE3and AQ (Table 1). Theminer-
alogy of PV soil includes kaolinite asindicated by a
strong X-ray reflectionsat 0.72 and 0.35 nm and some
vermiculite-chloritized manifested by abroad X-ray
reflection near 0.14 (Figure 2).

The differences between the LE studied herewas
on the clay content, total iron and organic matter
(Table 1). These are deep, well-drained, dark red,
25YRfor LE1and LE2 and, in some cases, 5Y R for
LE3. Organic matter and total iron content in the A
horizon decreased from LE1 to LE3. The Al,O3/Fe,03
relationshipin the soilswithintermediate clay (LE2)
and intermediate sandy texture (L E3) waslower than
3.14, which differentiates these soils from LV. Clay
fraction mineralogy in these soils was represented
mainly by kaolinite, followed by gibbsite and
2:1-typemineralsin smaller quantities. Silt and sand
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fractionswere predominantly well-crystallized quartz.
The peaks of gibbsite, as observed on the
thermographicsof LE2 and LE3 soilswerefar more
evident than the same peaksin LEL, indicating that
thegibbsitein LE2 and LE3 soilswas better crystal-
lized thanthat in LE1 soil, despite of the higher con-
tentsof gibbsite occurringin LE1 (Table 1).

The AQ was the sandiest soil studied here, with
clay contents less than 150 g kg™ on both horizons
(Table 1). Thesearedeep, well-drained soilswith5YR
hues dlightly darkened by organic matter. Silt con-
tent was extremely low as occurred with cation ex-
change capacity, sum of cations and organic matter
(Table 1). Mineraogicdly, the clay fraction wasdomi-
nated by kaolinite, with presence of gibbsite and
small amounts of 2:1-type minerals. Total iron con-
tent was around 11 g kg'* (Table 1), while sand and
silt fractions showed a predominance of quartz.

Variations of shape configurationsand reflectance
intensity in both A and B horizons for all the soils
studied were observed on the spectra curve (Fig-
ures 3and4). Stoner & Baumgardner’s(1981) Typel
curve is characterized by a slight concavity in the
region until 1,000 nm and contained aconstant incli-
nation from 1,000to 1,300 nm (Figure 1). Type 2 curve
presented aclearly convex festurefromvisiblewave-
lengths up to 1,300 nm, with an inclination between
600 and 700 nm. Thisisnormally attributed to soils
with low contents of organic matter. Type 3 curve
has a strong ascending inclination and then aslightly
descending curve up to 600 nm, followed by an al-
most zero inclination from 620 to 740 nm, or evena
negative slope from 760 to 880 nm. Beyond 880 nm,
the inclination increased as the wavelength in-
creased. This was due to soils with a moderately
high iron content. The Type 4 curve showed a de-
scending inclination from 880to 1,000 nm, leveled to
zero and even became negative from 1,000 to
1,300 nm. Curve Type 5wasidentified as character-
istic of aLatosol “Typic Haplortox” and wassimilar,
in some aspects, to the Type 3 curve, although with
an inclination dropping to zero and becoming nega-
tivefrom 750to 1,300 nm (Figure 1).

The comparisons of curve Types are better visu-
alized by mean reflectance of each studied soil (Fig-
ures 3 and 4) and defined at Table 2. Soil curvesorigi-
nated from basic rock demonstrated aslight concav-
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ity in the range of 400 to 500 nm, with a strongly
ascending inclination up to 750 nm, followed by a
moderate concavity from 750to 1,200 nm. Afterwards,
curves increase with a slight inclination up to
1,300 nm, followed by aslight slope up to 2,000 nm,
where a negative inclination begins.

These characteristicsallowed LR and TR soilsto
be related with Stoner & Baumgardner’s(1981) curve
Type 5. These soil curves were also observed by
Epiphanio et al. (1992), sincethey have high magne-
titeand ilmenite contentsand alow reflectance. These
compounds generated a curve with practically no
bandsat 1,400 and 1,900 nm (Table 2) which are char-
acteristics of water as also observed by Epiphanio
et al. (1992). Moreover, the high Fe content favors
el ectromagnetic energy absorption and generates|ow
reflectance intensity. The Fe oxides, mainly hematite
and goethite, are responsible for the concavities at
450 and 850 nm (Figure 3) confirming the 850 nm ob-
served by Vitorello & Galvao (1996).

PE curves were characterized as Type 5 for both
horizons (Table 2). The concavities between 400 and
600 nmand 850 and 1,000 nm were cons dered weak
in both layers, though lower than those of the LR
and TR (Figure 3). The angulations in the bands at
400, 500, 600 and 1,600 were 128, 78, 42 and 86 de-
grees, respectively, in the first horizon and 128, 77,
35 and 88 degrees in the second horizon (Table 2).
These angles show that the intensity and shape of
the spectral curves of this soil began to present an
ascendance from 850 to 2,000 nm (Figure 3). This
behavior may be associated with soil constituents.
It starts to present lower contents of Fe and clay.
Quartz presented ahigh intensity reflectance (White
et a., 1997) and itspresencein coarser fractionswas
a contributing factor, which was not mentioned in
Stoner & Baumgardner (1981).

Mean spectral curvesof LE1 showed Type5 char-
acteristics (Figure 3) and were similar to the other
soilswith high clay, i.e.,, LRand TR (Table 2). Con-
cavitiesfrom 400 to 600 nm and from 850 to 1,000 nm
were similarly weak in both horizons of LEL. They
were presented asweak and medium, and again simi-
lar to the correspondent curves of clayey soils. The
angleswere 124, 75, 45 and 86 degreesfor A horizon,
and 130, 77, 35 and 85 degreesfor B horizon (Table 2),
thus revealing sample homogeneity in the two hori-
zons(Figure 3).
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Figure 3. Mean spectral curve of Typic Eutrorthox (LR), Typic Argiudall (TR), Typic Argiudall (PE) and Typic
Haplortox with clay texture above 350 g kg (LE1) soilsfrom surface (-----) and subsurface (—) horizons.
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Characterization and discrimination of soils

The spectral curves of LE3 and PV soils fit
Type 3 for both horizons, while AQ fit curve Type 2
(Figure 4), differentiating from those originated from
diabase. This occurred due to the slight alteration
on spectral curve shape at 850 nm, being more con-
cave on the B horizon, asaresult of the lower or-
ganic matter content, allowing the Fe effect to ap-
pear. Indeed, B horizon samples usually presented
higher intensity reflectance in comparison to sur-
face samples (Figure 4), in agreement with Galvéo
eta. (1997).

When moving from clayish soilsLR and TR with
high Fe contents, to intermediary PE, LE1 and LE2
soilsand thento sandier soilsLES3, PV andAQ, with
lower Fe contents, differences on the angles of spec-
tral curves shape also changes. It passes from
horizontal to a positive ascendancy tendency
(Figures3and 4).

Stoner & Baumgardner’s (1981) curve Typeswere
obtained based on a descriptive analysis of moist
soil samples, whilehereand in Epiphanio et a. (1992)
dry samples in stove were used. Moisture affects
spectral curve and absorption band intensity
(Formaggio et a., 1996). Moreover, most soilsused
by Stoner and Baumgardner were from the United
States, except for Type 5 soil.

Characterization of Brazilian soil spectral patterns
(Epiphanioet ., 1992) wasvery important. Later, with
regardto curveinterpretation, Formaggio et al. (1996)
used dry soil samples, which permitted additional
comparisons to those of Stoner & Baumgardner
(1981).

Formaggio et a. (1996) classified soil curvesin
S8o Paulo State into four Types (Figure 1). These
s0ils—LR, TR, PEand LE1-wereclassified as Type a,
whileAQfit class Type b. The LE2 and mainly LE3
and PV, presented intermediate behavior between
Typesa and b, since the curve from 1,000 nm on-
wards showed a different shape as compared with
the previous classes (Figures 1 and 4). The slope
was clearly positive, while curves of Type a were
almost horizontal . Furthermore, the 850 nm concav-
ity was still perceptible in these soils, which is not
the case in Typeb curves. Thus, this fact suggests
the possibility of afifth curve Typewhichisinterme-
diary to Typesa and b.

There was no difference among the soils, except
for AQ. Even so, some aspects do not fit into the
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Typesformulated by Formaggioet al. (1996). The PV
soils of the Bauru region, for instance, had areflec-
tance of 0,2 and 0,3 and a dlight concavity centered
at 850 nm, whilethe PV soilshad areflectanceinten-
sity of 0,5 with no concavity. These differences may
be explained by the differences on genetic and soils
evolution, although they have the same classifica-
tion.

Descriptive analyses of type curves, as proposed
by Stoner & Baumgardner (1981) and Formaggioet al.
(1996) did not allow for an adequate discrimination
of studied soils. Out of eight units, only two Types
fit. On the other hand, they help the interpreter in a
preliminary reconnaissance of soils and inferences
about their physical and chemical characteristics, for
which reason thistype of approach should continue
to be employed.

Other approaches for soil discrimination, would
be through mineralogy and the study of soil and
reflectance relations. Therefore, it was possible to
identify gibbsite, with absorption closeto 2,265 and
2,280 nm (Madeira Netto, 1996), ratified by X-ray
analysisand observed inthe LR soils (Figures 2, 3),
in agreement with observations of the LR soils of
Parana (Dematté & Garcia, 1999). The same holds
truefor thekaoliniteinthe PVs(Figure 4) detected at
2,200 nm, which, however, presented acharacteristic
step (Hauff et al., 1990).

Soilscan aso bedifferentiated according to their
reflectanceintensities, mainly in therange of 800 nm
upto 2,360 nm, aswell asthedifferent angulationsin
specific bands. In the case of more clayish red soils,
thisdifferentiation waslessevident, particularly be-
tweenthe LR andthe TR, although it was possible to
differentiatethem fromthe LE1, dlso clayish (Table 2).
The soil curve variations can be observed at
1,600 nm. Therefore, theangulation of the LR is87,3°
against 74° of the AQ. In other words, the AQ curve
presents a stronger positive tendency. The same
thing can be seen among the soilswith different tex-
tures. From the LE1 to the LE2 and from thereto the
LES3, the angulations decrease, with values 86°, 81°
and 77°, respectively, indicating the variation with a
positive tendency for the sandier soil.

The descriptive evaluation based on the absorp-
tion bandsis also useful in the discrimination of the
soils (Table 2). The concavity between 780 and
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1,000 nm, caused by iron oxides, goesfrom medium
intheLR to null intheAQ. Thisismainly duetofree
iron oxides, which influence the concavity on this
spectral band, in agreement with Dematté & Garcia
(1999). The same thing is found in the absorption
bandintensities. At 1,400 and 1,900 nm, these reflec-
tance intensities shift from weak to moderate in the
same soils. Inthekaoliniteband at 2,200 nm, they are
weak-moderate in the LR, shifting to intense in the
AQ. Although both soils contain kaolinite in their
composition, other factors, such as the presence of
opaque minerals (i.e., magnetite and ilmenite), con-
tributed to help them stand out more clearly in the
AQ. All the soils showed gibbsitein their composi-
tions; however, the descriptive evaluation was
difficultated, sincethey all presented very weak ab-
sorption intensities. In this case, the quantification
would have shown better results with quantitative
analyses of the spectral data such asthose performed
by MadeiraNetto (1996).

Spectral curves obtained with a laboratory sen-
sor presented greater details for shape, allowing for
better discrimination of soils (Figures 3 and 4), be-
cause of the greater number of bands (675) evalu-
ated. When the data were simulated for a Thematic
Mapper (TM) sensor, the number of bands was con-
siderably reduced to 6. For thisreason, TM spectral
curveswere much lessdetailed (Figure 5). However,
a series of differences, in terms of curve shape or
band intensity, allowed for discrimination between
soils.

The LR and TR soils presented the same spectral
curves (Figure 5), whilePE indicated similaritiesob-
served in the land data, with a positive inclination
starting at band 4, to the highest intensity found in
band 7. Onthe other hand, Demattéet a. (2000) dis-
criminated LR from TR by discriminant analysis, thus
demonstrating the limitation of descriptive evalua-
tion. The PV and AQ soils, with higher contents of
sand, were significantly discriminated by these same
bands.

As the soils present lower contents of opaque
minerals (such as magnetite=Fe2*Fe3*Qy,); getting
higher the contents of sand and presence of quartz;
the intensity of reflectance increased on the se-
quenceLR, TR,LEL, PE,LE2, LE3, PV,and AQ, owing
to these soil properties. Moreover, the shape of the
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spectral curves changed, with the sandier soils pre-
senting a positive tendency from bands 1 to 5, pro-
ceeding to almost null and being negativein bands 3
to7for LRand TR soils. Inthiscase, band 5 discrimi-
nated AQ soilsfrom the PE of TR. On the other hand,
on the visible interval, it was not possible to dis-
criminate them. Soils such as PV, LR and LE were
discriminated in all bands. These spectral curvesare
in agreement with Dematté et al. (2000). These au-
thors obtained data of similar soils from Piracicaba
region extracted from L andsat images.

Soilsfrom the same group but with different tex-
tural classes can bediscriminated. Clay andiron con-
tent decreased from the LE1 soil to the LE2 and to
the LE3. Reflectanceintensity increased inthissame
sequence. In fact, in band 4 (760-900 nm), which is
related to iron oxides, different intensitieswerefound
and are related to the iron content. Indeed, Frasier
(1991) describes the discrimination and identifica-
tion of iron oxides by Landsat images.

The descriptive analysis based on curve Types
hasits meritssinceit can discriminate between soils,

0.457
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0.351 onbands5and 7

0.301 Positive tendency for sandy soils

0.251 with less content of iron
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Figure 5. Radiometric smulated Landsat 5-TM orbital
data of spectral curves of soils evaluated for wavelinghts
(nm) at 450-520 (1), 520-600 (2), 630-690 (3), 760-900
(4), 1,550-1,750 (5) and 2,080-2,350 (7) bands.
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but it cannot determine beforehand their final dis-
crimination, because soilsare variable and the same
unit may possess different characteristics. Textural
classification (Embrapa, 1999) definesintermediary-
textured soilswith clay contentsof 150 to 350 g kgL,
In this study two soils fitted in the same textural
classification (LE2 and LE3), and were spectraly dis-
criminated. Moreover, this work indicated that the
best evaluation of these curves was not achieved
with only dry or only moist soils, but with both
(Demattéet a., 1998).

Thistechnique allowed to discriminate and iden-
tify descriptive information about soil sample con-
stituents, with no special soil treatment, as presents
to be fast and simple. Innumerable data can be ex-
tracted from this technique, ranging from the dis-
crimination of soil elementsto the classification of
soils, as realized by Stoner et a. (1980), Stoner &
Baumgardner (1981) and Epiphanio et al. (1992).

Finally, it isnecessary to continue obtaining and
analyzing spectral curve patterns, to assist in soil
survey and management. Thistechnology isstill an
integral and auxiliary part of the conventional meth-
ods; it can not supplant fieldwork.

Conclusions

1. The soilsLR, PE, PV, LE and AQ can be dis-
criminated by their electromagnetic refl ected energy.

2. Spectral differencesare better identified by the
genera shape of the spectral curves, absorption
bands, reflectance intensity, and by the angles of
the direction of their tendency.

3. Descriptiveevaluation of spectral curvesisnot
so efficient on the discrimination of soils, althouhgit
can provide assistence on their previous character-
ization.

4. Soilsfrom the same group, such asLE, but with
different textural classes, can bediscriminated; sandy
soils present a positive ascendancy shape curve
when compared with clayey soils.

5. Simulated orbital data, although less detailed,
enable to discriminate the soils under study, mainly
in1,550-1,750 nm and 2,080-2,350 nm wavel engths.
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