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Abstract. The Carajas Province is located on southeast of Brazilian Amazon with a dense forest cover at humid
weather. In this environment, radar has a potential for geological surveys due the all-weather sensing capability
to and to the enhancement of the terrain, specially topography and roughness. The N1 deposit is located in the
Carajas Province, which encompasses the world's largest iron deposits, with a lateritic cover showing units
related to iron mineralizations and to specific savanna-type vegetation. The research was based on the degraded
airborne SAR obtained from Surveillance of the Amazon System (SIVAM/SIPAM, L - hh, hv, vv) aiming of
simulation of orbital Multi-Application Purpose SAR (MAPSAR). The images were analysed through textural
classifications derived from second order measures (GLCM) aiming at the mapping of the laterites. Textures
were sensitive to the sensor and can be used as a practical tool for a preliminary mapping, but the surface
roughness measurements were not sensitive at L band to discriminate the laterites.
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1. Introduction

Airborne and spaceborne C-band SAR data have played an important role in the acquisition of geological
information in the Carajas Province of Brazil (Paradella et al., 1997; Paradella et al., 2000). The Province,
located on the easternmost border of the Amazon Region, is the most important Brazilian mineral province with
the world's largest iron deposits. The area has a mountainous terrain (altitudes near 800 m), surrounded by
southern and northern lowlands (altitudes around 150-200 m), and has thick oxisols (“latosols") as a result of
deep chemical weathering and few outcrops. The vegetation cover is typical of the Ombrophilous Equatorial
forest with complex, multilevel canopies and numerous species (Paradella et al., 1994).

The iron deposits were discovered in 1967, when a remarkable geobotanical control given by the iron-
mineralised laterites and specific vegetation types has been recognised. The deposits are related to a set of
plateaux covered by thick hard iron-rich crusts developed over volcanic rocks and ironstones. A specific low-
density savanna-type vegetation, called “Campus Rupestres” (Silva et al. 1996) is associated with the deposits,
and shows a strong contrast (“clearing”) with the dense equatorial forest.

The Province was almost completely covered by. Details of the SAREX' 92 can be found in Wooding et al.
(1993). The preliminary evaluation of C band, conduced by airborne imageries during the SAREX' 92 (South
American Radar Experiment) campaigns, has shown that the backscattered responses are sensitive to this
geobotanical contrast in depicting variations in the duricrust/ vegetation associations (Morais, 1998, 2002). As
changes in the lateritic compositions play an important role in the expression of the macro and micro (roughness)
topography, it was considered worthwhile to evaluate SAR texture classification aiming at the automatic
mapping of the lateritic units through L band.

Due of the economic importance of this area, there is a practical need to provide accurate and up-to-date
surface maps to support mineral exploration and environmental programs. The province has been extensively
covered by various airborne (RADAMBRASIL, INTERA, SAREX) and spaceborne (ERS-1, JERS-1,
RADARSAT-1) systems and the practical utility of textural SAR classification for mapping remains to be
demonstrated. In addition, with the advent of the forthcoming satellites that will carry SAR systems (ALOS
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PALSAR, RADARSAT-2, and MAPSAR) with new characteristics (resolution, polarisation, incidence,
wavelength), textural classification will also receive much attention for applications in the moist tropics.

2. Objectives

The research was based on the degraded airborne SAR obtained from Surveillance of the Amazon System
(SIVAM/SIPAM, L - hh, hv, w) aiming the simulation of orbital Multi-Application Purpose SAR (MAPSAR).
The characteristics of SAR data were showed on Table 1. The images were analysed through textural
classifications derived from second order measures (GLCM). Further, roughness measures collected in the field
were used for the evaluation of the classification results. Thus, the main is the mapping of the laterites from N1
as tool for mapping similar areas.

Table 1 — SAR characteristics.

Plataform Sensor Acquisitio Incident Spatial Image Illumination
n Date Angle (deg) Resolution(m) Format Geometry
SAR-R99B march 0 . Look Azimuth
EMB -145 L(hh, hv, w) 2005 48/53 11x11 8-bits —282 0

3. Study Area

The Carajas Province is located on the Southeast part of the Amazonian Craton, which is part of the Brazilian
Platform, subdivided into the Guyana and the Central Brazil Shields (Figure 1). Based on geochronological data,
the tectonic model for the area is characterised by marginal mobile Proterozoic belts surrounding Archean
cratonic nuclei (Cordani and Brito Neves, 1982). Thus, granulites and migmatites in the northern border of the
Carajds Mountain range are related to the Maroni-Itacailnas Belt of Early Proterozoic age. The gneisses,
metavolcanic and metasedimentary rocks from the bulk of the Carajas area are related to the Central Amazonia
Province of Early Proterozoic/Archean age. A distinct model has been proposed based on geophysical and
structural data (Hasui et al., 1984). It is characterised by several independent Archean crustal blocks. Granitoids
and volcanic-sedimentary sequences are common in the nucleus of these blocks.

The N-1 is the first of a series of similar plateau related to these sequences, located in the northern border of
the Province. It has an iron-ore deposit with an estimated reserve of 854 million metric tons with 66.4 % iron
concentration. The plateau area is 24 km? with altitudes around 700 m. The N1 area is related to rocks of the
Grao Para Group, displaying complex patterns of folding and faulting. The Grdo Para Group has been
subdivided into two units: volcanic rocks of the Parauapebas Formation (Meirelles et al. 1984), and the
ironstones of the Carajads Formation (Beisiegel et al., 1973). The volcanic rocks are a bimodal sequence of
basalts, dolerites and rhyolites. Based on geochemical data, these volcanic rocks are related to continental
tholeiites. The ironstones of the Carajas Formation are composed of several types of iron ore from oxide facies.
They are mainly jaspelite and interlayered hematite and silica, which are distinguished by hardness (soft
hematite, hard hematite, etc.). Under the humid tropical climate of the Amazon region, ferruginous duricrusts
and latosoils are extensively developed in the plateau. These weathered products show varying degrees of
alteration that are responsible for the differences in composition, hardness and textures.

The N-1 plateau was mapped during the economic evaluation of the iron reserves in the Province (Resende
and Barbosa, 1972). The following types of ferruginous crusts were identified in the area: duricrust (in situ
duricrust with limonite blocks), chemical crust (hematite fragments with goethitic pisolites), iron-ore duricrust
(hematite ore blocks and subordinately specularite, cemented with hydrous ferric oxides), and hematite (mainly
hematite outcrops). In addition, a latosoil unit was also mapped in a restricted area, associated with arboreal
vegetation. The surficial map of the plateau is seen in Figure 2.

4. Methodology

The investigation was based on textural descriptors extracted from the GLCM and GLDV used as input for
an unsupervised classification scheme. The textural analysis based on an statistical approach known as Grey
Level Co-ocorrence Matrix (GLCM) is a common technique which showed to be effective in earlier studies, e.g.
Shanmugan et al. (1981), Ulaby et al. (1986), Yanasse et al. (1993), Baraldi & Parmiggiani (1995), and
Kurvonen & Hallikainen (1999), but few examples have focussed on geological applications in tropical
environments (Azzibrouck et al., 1997).
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Figure 1. Main tectonic units related to the study area. Source: Dall’ Agnol et al. (1994).
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Figure 2. Lateritic units in the N1 plateau (adapted from Resende and Barbosa 1972).
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The gray tone spatial dependence approach characterises texture by the spatial relationships among gray
tones in a local area. The gray tone co-occurrence can be specified in a matrix of relative frequencies P in which
two neighbouring resolution cells separated by distance d occur on the image, one with gray tone i and the other
with gray tone j. Such matrices of spatial gray tone dependence frequencies are symmetric and are a function of
the angular relationship between the neighbouring resolution cells as well as a function of the distance between
them (Haralick, 1979). Several statistical parameters can be extracted from the GLCM, which can be used as
input data in automatic classification process. However, the main disadvantages of the GLCM parameters are the
requirement of large memory and computational time (Weska et al., 1976; Welch et al., 1990). Thus, the authors
consider a class of local properties based on absolute differences between pairs of gray levels. The Grey Level
Difference Vector (GLDV) is based on the absolute differences between pairs of grey levels i and j at a distance
d and at a angle 6.

No speckle filtering was applied to the images. Representative samples of nine classes were chosen, on the
basis of field observations and the geological map: C1 = Latosoil, C2 = Soil (anthropogenic effects), C3 =
Duricrust (chemical), C4 = Duricrust, C5 = Iron-ore duricrust (with shadow), C6 = Iron-ore duricrust, C7 =
Hematite (with shadow), C8 = Hematite, and C9 = Lake. Based on these samples, second order measures derived
from GLCM (mean, homogeneity, contrast, dissimilarity, entropy, energy, correlation) and from Gray-Level
Difference Vector-GLDV (energy, entropy, mean, contrast) were analysed. The second order measures were
computed with nine configurations of distance (d), i.e., (-2,0), (-2,1), (-2,2), (-1,2), (0,2), (1,2), (2,2), (2,1), and
(2,0). Since 82 measures were made, it became impracticable to use such a large number of measures in the
classification.

Therefore, texture measure selection was based on a decision rule based on Discriminant Factor which
evaluates the separability between classes (Renno et al., 1998). Thus, for two hypothetical classes A and B, and
one texture measure k, the Factor Discriminant was computed according to the variation between and within
these classes, given by equation:

nA.i(X ALK —Ys,k)z + nB.i(X Bik —YA,k)2
DFAB,k = In:A1 _ inzal _
Ny (XAi,k —XA,k)2+nB.Z(XBiYk —XB,k)2
i-1 i-1

where X, is the in sample of class o for the measure k, X ok 1S the mean value of measure k class o, and n,, is
the number of samples of class . Details of this method can be found in Renn6 et al. (1998)

The next step was the generation of the selected textural channels through the Texture Analysis. For a better
control of the grey levels, the textural channels were processed with 32-bits. A cell of size 7 x 7 pixels was
selected in order to keep the GLCM sensitivity to the smallest details of the targets while reducing both noise
effects and computation time. An unsupervised Isoclus classifier was used for the classification. The
classifications were based on the best sets of texture measures for each polarisation isolated (hh, hv, and vv) and
combined (hh and hv; hh and vv; hv and vv; hh, hv, and vv). In order to refine the results, a post-classification
Mode filter algorithm was also applied.

The classification results were analysed through confusion matrix to estimate the amount of correctly and
incorrectly classified pixels for each class. The method used to evaluate the accuracy classification with
confusion matrix was the Kappa coefficient of agreement (Foody 1992) which was evaluated through test
samples extracted from the Surficial Cover Map (see Figure 2). On each classified maps, 50 points were
randomly allocated for two classes: hematite and no hematite. The test statistic used for evaluate the significant
differences for two classifications is given by equation below. All tests for significant difference between results
of classifications were carried out at 95 % confidence level. At this level, two results may considered

significantly different if Ak >1.96 (Benson & DeGloria, 1985).
ki—K2
\/ai[kl} + a;{kz}

Where K kappa and o> [K ] is the variance kappa.
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As roughness is a very important target parameter that influences the performance of the textural
classification, roughness measurements were also collected at 73 representative sites of the main classes. Surface
roughness is generally difficult to measure accurately at the field, but the in situ measurements were considered a
first approximation to categorise a natural crust surface as smooth, intermediate and rough. The height values
from each unit were obtained, in RMS (root mean square) values, by inserting a thin plate into the surface,
photographing it, and digitising the profile. The roughness classification was based on the criterion proposed by
Peake and Oliver (1971). This kind of field information was fundamental to the understanding of the causes of
the textural variations in the SAR data.

5. Results

Table 2 shows, for each SAR configuration, the best selected textural measures used in the classifications, with
the distances d (distance in pixels at considered direction for measures related to GLCM). The mean and GLDV
contrast measures were sensitive for all data.

Table 2 - Best selected textural measures with the distances d for each SAR configuration used in the classification.

SAR data set Measures d
Mean -2,1
L-hh Dissimilarity 1,2
GLDV contrast 1,2
GLDV energy 2,1
Mean 1,2
L-hv Contrast -2,1
GLDV Contrast 2,2
Entropy -2,2
Mean -1,2
Entropy -2,0
Lwv Homogeneity 1,2
GLDV contrast -2,1

The set of selected measures was used as input for the unsupervised classification with hh, hv, vv - L bands
and their combinations, hh and hv, hh and vv, hv and vv, hh, hv and vv. The best textural classification for L
band is shown on Figure 3 (hh and vv). The results indicate that not all classes were discriminated on SAR
images when compared with the Surficial Cover Map (see Figure 2). The latosoil, duricrust (chemical), iron ore
duricrust, and lake were not classified. Although the soil (anthropogenic effects), duricrust, and hematite were
relatively well classified, they presented confusion with another classes. For this reason, the statistical analysis
was made between hematite and no hematite. These results are due:

= The soil (anthropogenic effects) presented a grassy cover that occurs on others areas, like the dry lakes

and duricrust (chemical).

= The duricrust presents a high occurrence in the Surficial Cover Map and the occurrence of grassy in

some areas with duricrust caused confusion with the soil.

= The iron ore duricrust exhibits stronger influence of the macro-topography on the east of plateau

(Figure 4) given by bright returns and shadows (front/back slopes).

= The hematite, which is the most relevant class in economic context, has presented areas on the ground

which were well classified.

The Table 3 shows the kappa values for all classifications, where the classes duricrust and soil
(anthropogenic effects) were grouped into no hematite and evaluated with hematite class. According this table,
the classifications were successful and the hh polarisation was superior to vv and hv, and the cross polarization
presented the worst result. The best result is the classification obtained from hh and vv data. The confusion
matrix for this classification was obtained by test samples based on the points investigated in the field and it is
shown on Table 4. The application of the Kappa ranking, as proposed by Landis and Koch (1977), indicates the
following: (1) the best results (very good in the ranking) were obtained when the classifications were based on
both polarisation under hh and vv, (2) the best classification with only one band occurred when using hh (bad in
the ranking), and (3) the cross polarisation was considered the worst result on classifications.

According this results, textural L-band SAR attributes may not be totally sufficient to express the phisico-
chemical variations of laterites as expressed in Surficial Cover Map, except for hematite. It was possible to
observe from these classifications that the textural features are sensitive to the sensor properties (frequency,
polarisation, and illumination geometry). The influence from grassy caused strong returns on the vv data and it
caused confusion with another classes.
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Thematic Map from lateritic cover - N1 (Carajas-PA)
Obtained from textural classification of L-band (HH and VV) data

575000 577000 579000 581000
1 1 1
- K
g g
g g
3 -3
8 8
o o
g | L &
g g
[ Mo hematite
B Hematite
I I I
575000 ST7000 579000 581000
VM Ea e e — .
Figure 3 - Textural classification for the L (hh and vv) data.
N1 (Carajas_PA)
Obtained from L-hh data.
575000 ST7000 579000 581000
1 1 1
(=3 i=]
g . g
21 + T 2
& a
illumination
2 g
=3 =]
3 -3
i b4
= 2
S L&
° 8
@ @
L I L]
575000 577000 572000 581000
UTM Zone 22 - SAD 69 0 500 1000 2.000
[ P, e

Figure 4 - N1 obtained from L-hh SAR.
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Table 3 - Kappa Coefficients for the supervised classifications
obtained by test samples from field.

Sar data K (%) Kappﬁég//oa;rlance
L-hh-vv 0.720 0.009
L-hv-vv 0.560 0.011
L-hh-hv 0.450 0.013
L-hh-hv-wv 0.400 0.012
L-hh 0.372 0.013
L-wv 0.360 0.013
L-hv 0.320 0.016

Table 4 - Confusion Matrix for the classification based on textural attributes extracted from airborne SAR data
(hh, hv, and vv). The rows present the results of the classification in percent and the columns are the truth
obtained from random test samples.

Classified Reference data
data No hematite Hematite Totals
No hematite 24 6 30
Hematite 1 19 20
Totals 25 25 50

In relation to surface roughness, the texture attributes were not sensitive to the variations at L-band. Figure
5 shows the roughness classification for the lateritic units derived from 73 situ measurements, based on a scheme
proposed by Peake and Oliver (1971), and Figure 6 shows the roughness characteristics on N1 plateau.
According to these results, the most classes were classified as intermediate and the duricrust (chemical) and soil
(anthropogenic effects) were classified as smooth. As the plateau was located in the centre of swath, it shows a
small variation of incident angles. As a consequence, the influence of the macro-topography, given by bright
returns and shadows (front/back slopes) is most perceptible on the east of the plateau that presented medium
slopes.

Class and Surface Roughness

307
25+
20+
15+
10+
5,
[ —¢ [ ‘ 7
0 T T T T f
Hematite Iron-ore Duricrust Duricrust Soil
duricrust (chemical) (anthropogenic
effects)
@ Smooth @ Intermediate O Rough

Figure 5 — Roughness classification for all classes.
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Shaded Relief from N1 plateau
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Figure 6 — Roughness characteristics on N1 plateau.

6. Conclusions

Textures derived from SAR L-band, especially hh and vv polarisations, derived from the second order measures
(GLCM) can be used as a practical tool for a preliminary map as a guide for detailed mapping of iron
mineralised laterites, like the hematite, in similar areas of the Amazon. The investigation has also shown that
textural descriptors were sensitive to the (1) SAR polarisation, (2) SAR illumination geometry (look azimuth),
and (3) target parameters (macro-topography). The surface roughness was poorly classified at L-band, the most
of classes were classified as intermediate. Finally, an additional approach will deserve attention for future
research in the Province is the use of polarimetric SAR data.
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