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ABSTRACT

Prinicipal Component Analyses (PCA) of Landsat-TM data covering parts of the Red Sea Hills, Sudan were conducted.
Improved lithologic discrimination has been achieved, comapred to commonly used band composites like 7 4 1 and principal
component images obtained from covariance matrix, through standardized transformation. The obtained image enhancement
is corroborated by improved signal-to-noise ratio. Using feature-oriented PCA intended to enhance iron-rich and hydroxylated
minerals, followed by low-pass filtering, it has been possible to successfully map alteration bodies related to sulphide and gold
mineralisations. By computing band ratios and applying a GIS matrix-overlay technique substantial improvement has been
achieved in mapping the alteration bodies enhanced through both processings. The latter appear less useful for lithologic
mapping due to lack of marophological features and incorporation of noise.

1. INTRODUCTION

The Red Sea Hills (RSH) of the Sudan is an arid to semi-arid
and rugged terrane with litte or no vegetation cover.
Geologically the region makes part of the Nubian Shield and
is mainly covered by basement rocks that comprise of the
older. gneissic complexes, calc-alkaline metavolcano-
sedimentary sequence of arc assembleges, migmatites and
calc-alkaline granitoids, and mafic-ultramafic complexes
related to ophiolitic suites (Vail, 1985). The tectono-thermal
events that prevailed in the region are thought to be
dominated by accretion tectonics of the Pan-African orogeny
that gave rise to the development of prominant shear zones,
complex fold patterns and related collisional structures.
These geodynamical processes are thought to have also
dictated the associated mineralizations (eg. Wipfler, 1994).
In addition to the basement rocks there are isolated
occurrances of younger sediments and Cenozoic volcanic
rocks in a few localities over the RSH (Hassan, 1991).
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Figure 1. Location of the study areas; “D" for lithologic
and “A” for alteration mappings.
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As part of an on-going research on Landsat-data applications
for geological studies, TM-imageries covering parts of the
RSH (fig. 1) have been processed and interpreted. In this
paper we present examples for which improved lithologic
discrimination has been obtained and detection of alteration
zones made possible using PC transformations.

2. LITHOLOGIC MAPPING

Part of a TM scene, path/row 171/48, captured on
06/10/1985 covering an area with diverse lithologies has
been selected (area D, fig. 1) and geometrically corrected.
Fast atmospheric correction was also applied following the
method given by Chavez (1975). Commonly used band
composites like 7 4 1.in R G B, respectively (Crippen, 1989)
gave very impressive color, however, distincton among
similar looking rocks such as rhyolte and dacite,
metavolcano-sedimentary rocks with and without amphibole,
graphitic schist and migmaitzed graphitic gneiss etc. appear
difficult. PC transformation of the six reflective bands were
conducted for the area of interest using covariance matrix
(table 1), and individually analysed. As expected PC1, with
94.83% variance and positive loadings from all the TM
bands, contains significant albedo - and tpographic
information. PCs 2, 3, and 4 mapped both morphological
and spectral information pertaining to mineral composition in
decreasing order, wheras PCs 5 & 6 are more of noise.
Composites 1 2 3, and 1 2 4, in R G B, respectively, have
been found to provide a better contrast. These composites,
however, display no noticeable improvement over the row
data composite in context of lithologic discrimination.

Standardized PC transformation (Singh & Harrison, 1985)
was conducted for the study area using correlation coefficent
(table 2) of the same input bands. Here the input bands are
more or less uniformly weighted in the first PC, although the
least correlated bands 1, 4 and 7 contribute relatively low.
Bands 5 & 7 of the TM, that are dominant in the 1st PC in
case of the unstandardized transformation (table 1) because
of their larger variance, appear to contribute the highest in the
2nd PC for the standardized transformation. Examination of
the variance distribution shows that in the latter case
significant increament has been achieved for components 2,
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a)
TM bands 1 2 3 4 5 7
1 135.14
2 103.31  82.60
3 17627 141.66 248.62
4 15275 123.92 217.80 199.58
5 268.44 21798 386.27 346.35 692.95
7 16736 135.66 240.15 213.62 436.94 288.65
b)
PC1 PC2 PC3 PC4 PC5 PC6
1 0.27 0.45 -0.59 -0.35 -0.44  -0.25
2 0.22 0.30 -0.15 -0.01 0.14 0.90
3 0.39 0.44 0.04 0.16 072 -034
4 0.35 0.34 0.59 0.39 -0.52  -0.01
5 0.66 -0.44 0.26 -0.55 0.03 0.02
7 0.42 -0.45 -0.47 0.63 -0.07 -0.01
Eigenv. 1562.29 62.14 12.13 6.76 3.34 0.87
Var. (%) 94.83 3.77 0.74 0.41 0.20 0.05
B2 arphite graise
Table 1. Unstandardized PCA transformation; a) shows the I ey g o EE outstod etz o enphisomn
. . N . B . : o BEE unditt. gneiss
covariance matrix and b) indicates the corresponding eigen matrices. ‘72 oacte TT1 cophis schist .
: i iR Acidio metwvoléanscs = Faults A
=1 Undifl, sadimant lerianactist facies)
a) Senetone Z2) und. muw
TM-bands 1 2 3 4 5 7 10 km
; (l)gg 1.00 F_igurg 3. Geological interpretation map of the Odi sub-scene. Block-
3 096 099  1.00 size is the same as fig. 2.
4 0.93 097 0:93 1.00 . i
5 088091 093 ©093 100 - also revealed that PC2 (fig. 2, right’) shows the best lithologic
+7 085 .08 050 085 058 1.00 contrast and significant topographic information, followed by
b) the 3rd and 5th components while the remaining PCs appear
PClI PC2 PC3 PC4  PC5  PC§ to be less informative in the present context. This gave
1 040 -044 -060 -047 -0.16 0.19 bands 2 3 5 in R G B, respectively, as the composite with
2 041 032 -008 041 018 -0.72 maximum spectral contrast.
3 042 -021 019 049 027 066
4 041 013 071 -032 -045 -008 On this composite similar looking rock units such as basalt
5 041 048 006 -043 064 -0.07 -and metasediments constituted by marble, metamorphosed
7 040 064 -030 030 050 002 siltstone, conglomerate, and graphitic schists etc. are well
discriminable. - Younger Phanerozoic sediments such as
Table 2. Correlation coefficient (a) and the corresponding eigen sandstone appear also distinct from - undifferentiated
matrix and variance (b) used for standardized PC transformation. sediments of 'mainly mudstone and conglomerates.

Discrimination between rhyolite and dacite is well enhanced
on this composite than on those from 7 4 1 of raw data or 1
2 3 composite from unstandardized PCA. Graphite rich
3, 5 and 6 (compare tables 1 & 2) making them much more rocks generally appear in bluish hue and well separable from
informative. Consequently, study of the individaul PC images the more acidic metavolcano-sedimentary sequence. The

Figure 2. Second PC images for unstandardized (left) and standardized (right) transfomations. Note the spectral contrast and morphologic
information contained in the latter. Block-size 77 km X 62 km.
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obtained enhancement by using correlation coefficient
instead of band covariance matrix is also supported by the
improvement in signal-to-noise ratio. Following Ready &
Wintz (1973) signal-to-noise ratio (SNR) may be determined
as the ratio between the first eigen value and the maximum
spectral band covariance. For the Ariab sub-scene;

using covariance matrix (table 1);
SNR = 1562.29/692.95 = 3.53 dB

whereas using correlation coefficient (table 2):
SNR = 5.65/1.0=7.52 dB

It can be seen that the obtained improvement is in the order
of 3.99 dB, signifying the superiority of the standardized PC
transformation.  Furthermore, it should be noted that
topographic expressions are well preserved in most of the
PCs obtained from correlation coefficient and noise
distribution is generally less, unlike the unstandardized
components, facilitating more band combinations.

3. ALTERATION MAPPING

The Ariab Mininig District (AMD) of the central RSH is known
for gold mineralisation associated with silica-barite lenses and
dissiminated sulphides (Wipfler, 1994). These
mineralisations are often surfacially represented by
gossaniferous bodies of variable dimensions showing intense
oxidation effects. Magnetite is the most abundant oxidation
product observed in the massive sulphides (pyrite, sphalerite
and chalcopyrite). The country rocks display effects of
chloritization, sericitization, carbonisation, and silicification;
whereas high flourine content & the formation of hydroxylated
minerals added to the occurrance of alunite in the silica-barite
suggest involvement of hydrothermal solutions (Wipfler,
1994). Figure 4 shows a generalized geological map of the
Ariab area and the known gossaniferous bodies.

358,

4
//////ﬂ//z;//////
e

Wy
b

ixl [ Jd /,-/'

.//// AN

\

=/
*‘=:~é

me &“

ﬂﬂMM{

“( illfm N

LY. .

Hif Grantte granadiorita

B con

Y winiave

(il aanzdinrne
2] Awat Acotmriba
woleanice

cintad

a0 bodié
it Tasaiva suprIdc

= Feult

Figure 4. Generalized gological map of the Ariab area showing the
major gossaniferous bodies (modified after Wipfler, 1924).

3.1 Feature Oriented PCA

The application of PC transformation for mapping alteration
zones has been introduced through a technique called
Feature Oriented PCA by Crosta & McM Moore (1989). In
this approach four input bands, out of which the desired
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target has characterstic contrasting spectral features in two of
them, are selected and processed. The eigen matrices
contributed by these two bands are then examined for their
significance in last two higher-order components. The
desired target is often mapped in one of these PCs with
opposite signs. Details of the method has been well
elaborated in Loughlin (1991).

Two four-band sets: TM 1, 3,4 & 7, and 1, 4, 5 & 7 covering
the Ariab sub-scene (area “A”", fig. 1) of the RSH (path/row
171/46) were selected to represent iron-oxide and hydroxyl-
rich minerals, respectively. The data were then geocoded,
atmospherically corrected and principal component
transformations performed. The 1st PCs mapped albedo
and topographic information whreas the 2nd PCs display the
VIS/IR versus SWIR bands in contrasting signs as often the
case is. The eigen vectors of PCs 3 & 4 were checked if
they contain significant loadings in opposite signs from input
bands of 1 & 3 and 5 & 7, as these band pairs are expected
to display contrasting response for iron and hydroxyl-rich

a) .
TM™M1 T™M3 T™4 T™M7
PC1 0.38 0.60 0.53 0.46
PC2 -0.07 -0.24 -0.43 0.87
PC3 -0.84 -0.06 0.52 0.18
PC4 0.39 -0.76 0.51 0.08
b)
T™1 T™M4 TM5 T™7
PC1 0.33 0.46 0.71 0.42
PC2 -0.30 -0.69 0.22 0.62
PC3 0.84 -0.25 -0.39 0.27
PC4 -0.30 0.50 -0.55 0.60

Table 3. Eigen vector loadings of the Ariab sub-scene; a) for “iron-
oxide” mapping using bands 1, 3, 5.and 7, b)for “hydroxyl” mapping
using TMbands 1, 4,5and 7.

minerals, respectively (Loughlin, 1991). In both of the
considered cases PC4 appears to have mapped the iron-
oxide (-0.76) and hydroxyl-rich (-0.55) minerals in dark pixels
(table 3), and to obtain them as bright pixels these images
have been negated. This operation excludes the effect of
vegetation from both PCs by mapping them in dark pixels.

The next important step was to filter the images by 3X3 low-
pass matrix in order to supress the obviously incorporated
high noise. The effect of noise is apparently well pronounced
in the “hydroxyl” image possibly due to band-5 that also has
the largest variance and overall reflectance. A “mixture”
image was also produced by linear combination of the two
images. A composite image has been finally obtained by
using the “hydroxyl”, “mixed” and “iron-oxide” imges in R, G
and B, respectively. Figure 5 shows the “iron-oxide” and
“hydroxyl” images before and after fileting.

Comparison of the the obtained composite with available
map (Wipfler, 1994) has shown that all the known
mineralisations have been mapped in a distinct yellowish
color against the bluish-red country rocks (Kenea, 1996). It
is also possible to suggest other potential sites which may
require field verificastions. Furthermore, it is to be interpreted
that the vyellowish hue suggests the dominance of
hydroxylated-silicates in the mineralisation, and could be
followed also along most slopes close to the insitu altered
rocks.
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Figure 5. “hydroxyl” (left) and “iron-oxide” (right) images.of the Ariab sub-scene before filtering. Block-size 53 km X 37 km.

potential mineralisations. Block-size is the same as in figure 5.

3.2 GIS Overlay

Close observation of the above composite also revealed that
Recent unconsolidated sediments along river channels partly
exhibit a signature similar to the gossan bodies. In order to

Cl 1 2 3 4 5 6 7 8
1176 | 86 4.1 131 1 0.4 | 09 1.0 0.1
2 1440 | 663 4.0 336 100} 90 | 100 | 00
31 82 1.2 60.9 61 |35 ] 47 1172 ] 0.0
41 82 6.2 4.4 16.0 l‘lk 3.6 49 0.4
5 1.0 0.0 4.1 1.5 19021 05 2.4 0.2
6104 ]| 94 147 | 158 { 24 (712 | 341 ] 00
71106 | 84 7.8 139 | 24 | 102 | 303 | 0.0
81 00 0.0 0.0 00 | 00 | 0.0 0.0 | 9935

Table 4. Error matrix of the training classes used for the
classification of the Feature-oriented PC image. The columns
show the classified data whereas the rows indicate the reference
data. Values are in percentage, rounded to the nearest decimal.
Classes 1 to 8 refer o Awat-vol., basic intrusives and volcanics,
epiclastic rocks, granodiorite, gossan, quartzdiorite, tuff/lava and
Quaternary sediments, respectively (fig. 4).

Figure 6. “Hydroxy!” (left) and “iron-oxide” (right) images of the Ariab sub-scene after low-pass filtering. White areas indicate the corresponding

avoid the coroboration of such undesired objects in the
“alteration map” a GIS overlay technique has been employed.
In this approach a ratio image of bands 5/7, 5/4, and 3/1 (in
R, G, B, respectively) was initially computed and checked if
the altered rocks could be discriminated. On this composite
image the gossan-bodies show a yellowish-green color in
contrast to the country rocks and are also well distinct from
the sediments, however not all the known mineralisations are
mapped in the latter (Kenea, 1996). The GIS matrix-overlay
technique is thus conducted in order to combine the
information from these two alteration mapping methods and
produce a map containig only alteration bodies related to the
mineralisations.

The above obtained two color composite images were then
separately classified into 8 classes using supervied
classificsation method based on a priori knowledge obtained
from available map (figure 4). The separability of the training
areas appears generally good and the computed error matrix
shows negligible misclassification between the gossans and
the unconsolidated sediments (table 4). This gave two GIS
files with 8 classes each. The obtained classified files were
then examined and it has been found out that the sediments
and the gossans have been mapped separately and the
mixture of pixels between the two is in the order of 28% for
the Feature-oriented PCA and 15% for the ratio images.
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The next step was to recode the different classes using an
off-set of 1, the alteration bodies were recoded as 1 whereas
all the remaining classes as 0. The obtained two recoded
files were then joined using a matrix overlay technique with
an ‘“intersection” function, whereby those pixels having a
value of 0 and 0, 0 and 1, or 1 and 0 in the GIS files obtained
form band-ratioing and Feature-oriented PC transformation,
respectively were regrouped accordingly as classes 1, 2, and
3 whereby they were given a new value of 0. Those pixels
having a value of 1 in both GIS files, and thus correspond to
the alteration bodies, were grouped as class 4 and obtained
a new value of 1. Further rifining was carried out to omit
isolated random pixels or group of pixels less than about
100mX100m size by runing a 3X3 low-pass fiter. The
resulting binary image appears to have succeeded in
excluding the undesired Quaternary sediments and has
substantially mapped the gossaniferous bodies (Kenea,
1996). Interestingly the image has also managed to exclude
basic metavolcanics that did exhibit a similar feature as the
altered rocks on the ratio image produced by List, et. al.
(1992, personal comm.) for the same area.

4. CONCLUSION

The applied standardized PC transformation has proven
useful for lithologic discrimination among rocks with subtle
chemical difference where commonly used band composites
failed to give good results. Furthermore, in addition to data
compression, it provided images with-higher signal-to-noise

ratio that allowed more band combinations thereby enabling -

improved mapping of the rock units in the area. Known
hydrothermally altered areas and gossaniferous bodies have
been successfully mapped by using Feature-oriented PCA
followed by low-pass filtering, making the method
recommendable for exploration in similar occurrances.
Computation of band-ratioc composites followed by a GIS
matrix-overlay technique have substantially improved the
result by excluding undesired objects. The latter operations
appear least useful for lithologic discrimination, mainly for
lack of morphological features useful for geologic image
interpretation, longer processing steps and involvement of
noise.
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