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ABSTRACT 
8 

Digital analysis of thematic mapper images and digital 
elevation model (DEM) of the Puerto Libertad area, emphasized 
a NE-E structural pattern and a less evident N-S structural 
trend. These structures may correspond to the distensive 
mechanisms of the opening of the Gulf of California. Also, 
semicircular structures in the area were recognized. These are 
associated to plutonic bodies or local volcanic centers. 
Exploration targets are most likely to occur in the last type 
of structures. 

Analysis included multispectral ratios of bands 5/7 and 
5/1 to enhance lithologic discrimination and alteration zones 
especially hydroxyl-bearing and ferric iron alterations. 
Principal component analysis to enhance spectral data was also 
performed. Images reveled new lithologic subdivisions in units 
previously mapped. 

Analysis of DEM data and gradient operators from the first 
principal component image were analyzed to extract textural 
information. 
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1 INTRODUCTION 

1.X General 

Geologic remote sensing plays an important role in the 

study of mineralized areas. A common approach is to locate 

hydrothermal alteration zones that formed as part of the 

process that originated the ore deposit. Since many mineral 

deposits occur along or at the intersections of faults, 

where geologic conditions are favorable, a direct association 

between faults and mineral deposits has long been established 

(Hodgson, 1975, p. 155; Rowan, 1980, p. 553). Thus the search 

for minerals and possible ore deposits, by means of remote 

sensing techniques, is significantly improved if lineaments 

and altered rock distributions are studied together (Goetz,-

1981, p. 787). 

Remote sensing data consists of wavelength-intensity 

information acquired by measuring the intensity of elec

tromagnetic (EM) radiation leaving an object at specific 

wavelengths (Siegal and Gillespie, 1980, p. 6). Digital 

image processing offers the opportunity to handle multi-

spectral data displayed in the appropriate formats. It allows 

the extraction of structural and lithologic information from 

multispectral images. This information makes geologic 

features easier to understand, and appropriate discrimi
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nation can be performed. 

The most useful data contained in an image are usually-

tonal and textural information. Tone is a measure of reflected 

energy from the surface and is represented by the brightness 

or darkness of the surface in the image. Texture refers to 

the spatial frequency of tone changes throughout the image. 

In the Landsat Thematic Mapper (TM), morphology and 

drainage patterns produce the image texture. Enhancement of 

unprocessed data is essential for the extraction of the 

information. The low contrast and the spectral redundancy 

in multispectral images make tonal variations difficult to 

discriminate. For this reason, techniques in image processing 

have been developed to provide significant information. Such 

techniques include: contrast stretches, multispectral ratios 

and principal component analysis, among others. 

1.2 Area of Study 

Along the coastal zone of Sonora, north of Kino Bay and 

south of Puerto Lobos, there is a geomorphic and structural 

zone affected by faults and lineaments having mainly a 

northwest orientation. The development of this area has 

followed tectonic and depositional events that have concealed 

the original tectonic pattern. Consequently, discontinuous 
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faults and related structures are not immediately identi

fiable as continuous and coherent features. Mineral deposits 

in the studied area have not been reported; but, to the 

east, northeast and south of the area, small scale mining 

has taken place in the last decades. 

1.3 Objectives 

The objectives of this study are to: 

1. Provide image processing and interpretation of TM 

satellite images of the study area to enhance 

lithologic discrimination. 

2. Conduct image processing of TM satellite images and 

topographic data to enhance geologic structure. 

3. Produce an aerogeologic map of the area detailing 

geology, structure and possible targets for mineral 

resources. 

1.4 Selected Approach 

Prior to image enhancement, pre-processing of the raw 

data is required to calibrate the image radiometry and to 

correct geometric distortions. Thus, the first stage of this 

study involves image pre-processing (Chapter 4). 
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In order to accomplish the first objective, image pro

cessing to enhance spectral differences between major rock 

types is performed. The techniques used are multispectral 

ratios and principal component analysis (Chapter 5 and 6). 

To achieve the second objective, texture analysis is 

performed to enhance geologic structures (edges). The most 

common approach for edge enhancement is attained by image 

filtering. The method used in this work is the generation 

of a synthetic shaded relief image from digital topographic 

data (Chapter 7). This type of image can be processed as a 

Landsat image without cultural feature interference. Thus, 

edge detection will be related exclusively to topographic 

expressions. Another technique, to enhance edges, is the 

gradient operator, which involves a combination of filtered 

images in two orthogonal directions to produce an enhancement 

in all directions (Chapter 8) 

Finally a compilation of the results obtained with image 

processing will aid in the production of a preliminary 

aerogeologic map of the area (Chapter 9 and 10). 
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2 CONCEPTS MID DESCRIPTION OF IMAGERY 

A digital image is a discrete representation of a physical 

property being measured by a remote sensing system. It is 

composed of discrete picture elements known as pixels. Pixels 

are in a matrix or raster format. Each pixel represents a 

position in the image and the minimum dimension discernable 

on the ground. This is the spatial resolution of the digital 

image. The value for each pixel is derived from the intensity 

of the response in a particular waveband for that given position. 

In a bandpass, the interval of the electromagnetic spectrum 

being measured by the channel that produces the image determines 

the spectral resolution. The nature of these data allows the 

numerical values of the pixels to be change by mathematical 

operations. 

The Landsat TM images discussed in this work represent the 

intensity of the reflected electromagnetic radiation discre-

tized into 256 levels. A signal resolution of this magnitude 

requires an eight bit pixel. The Landsat TM quarter-scene 

covers approximately a 92 x 85 kilometer area, and has a 30 

x 30 meter ground resolution. The spectral ranges of the TM 

bands are described in Table 2.1. The scene of the area was 

obtained from unprocessed computer compatible tapes (CCT's). 
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A digital elevation model was created from 1:50,000 INEGI 

(formerly CETENAL) map sheets. The resulting model has a 50 

x 50 meter pixel size. The elevations were coded into 256 gray 

levels. Each gray level represents 2 meters of relief for the 

area studied. The accuracy of these data is not better than 

the contour maps from which they were created. Unknown errors 

may occur due to the operations performed during interpolation. 

Artifacts exist where two digitized images are merged. 

Characteristics of the images are listed in Table 2.2. All 

image processing was performed at the Laboratory for Advanced 

Subsurface Imaging (LASI) image processing system at the 

University of Arizona using the ERDAS software on a Compaq 

386/20e. Funding for this project was granted by the Inter

national Project Development Fund (IPDF) from the University 

of Arizona. 
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Table 2.1 Spectral range of TM bands, 

band wavelength (|im) 

1 0.45 - 0.52 
2 0.52 - 0.60 
3 0.63 - 0.69 
4 0.76 - 0.90 
5 1.55 - 1.75 
6 10.4-12.5 
7 2.08 - 2.35 

Table 2.2 Description of imagery. 

Thematic Mapper 
Digital Elevation 

Model 

Scene ID 
Acq. date 
Bands 
Pixel size 

Bits/pixel 

45104617181x0 
011187 
7 

30x30 (band 1-5,7) 
120x120 (band 6) 

8 

1 
50x50 

8 
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3 GEOLOGY OP THE AREA 

The area of study is along coastal Sonora, north of El 

Desemboque, and about 10 km north of Puerto Libertad, Figure 

3.1. It covers an area of approximately 800 sq km and is located 

at latitude 30° N, and longitude 112° 35'W. The area of Puerto 

Libertad is sparsely populated, but most areas can be reached 

by paved roads. 

The geology of the area has been described by Gastil and 

Krummenacher (1977). The area consists mainly of Cretaceous 

granitic rocks intruded into volcanic and volcaniclastic strata 

of Mesozoic age. The Mesozoic formations are cut by swarms of 

late Cretaceous dikes and are overlain by coarse clastic and 

volcanic strata of middle to late Cenozoic age (Gastil and 

Krummenacher, 1977, p. 191). The granitic rocks range from 

gabbro to granite and have K-Ar derived cooling ages from 91 

to 30 m.y. Dikes of andesitic to dacitic composition of late 

Mesozoic or early Cenozoic.age cut the granitic rocks. This 

area displays northwest trending strike-slip (?) faulting 

(Gastil and Krummenacher, 1977, p. 189). 

3.1 Petrology 

A general description of the petrographic units along 

coastal Sonora is explained in Gastil and Krummenacher (1974, 

1977) (Figure 3.2) . A brief description of the outcrop units 
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in the studied area is given below. 

m® 114c 

CALIFORNIA ARIZDNA 

San Diego 

Tucson 

U.S.A. 

MEXICO 
Coborca 

SDNDRA 

100 200 300 kn 

Figure 3.1 Localization map. 

3.1.1 Carbonate-Clastic Rocks 

Carbonate and clastic rocks with no appreciable chert 

crop out at Santa Margarita, north of Puerto Libertad. 

One horizon containing an unidentified bivalve that 
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resembles one from the lower Jurassic strata of Santa 

Rosa, 100 km to the east, is found north of Santa Margarita. 

A carbonate, clastic rock of Mesozoic age outcrops east 

of Punta Cirio (Gastil and Krummenacher, 1974). 

3.1.2 Mesozoic Volcanic Strata 

Andesite and rhyolite are found in the Mesozoic 

section. These are abundant in Sierra Cirio and the area 

between Santa Margarita and Puerto Lobos. North of Sierra 

Cirio, dates of 126 m.y.b.p. (from isotopic U-Pb zircon) 

were identified by Anderson and Silver (1969). 

3.1.3 Late Cretaceous Granitic Rocks 

Anderson and Silver (1969) reported isotopic ages 

ranging from 80 to 100 m.y. for several granitic rocks. 

The oldest age corresponds to the granitoide at Punta 

Bola, west of Puerto Libertad. The plutons vary from gabbro 

to granite. To the north and west of the area the large 

bodies are mainly adamellite or granodiorite. In the 

central area leucocratic tonalite is predominant. 

Dikes of andesitic to dacitic composition are abundant, 

sometimes dikes constitute nearly half of the surface 

exposure. K-ar dates of 64 m.y. north of Puerto Libertad 

correspond to andesite porphyry dikes. To the southeast 

of Puerto Libertad these dikes are best exposed, trending 



19 

north-northwest. East of the area large bodies of quartz 

porphyry, highly oxidized due to sulfide mineralization, 

crop out near Rancho El Caracol (La Fortuna porphyry 

copper). 

3.1.4 Cenozoic Volcanic and Clastic Sequence 

Gastil and Krummenacher (1977, p. 193) described strata 

in numerical sequence determined by stratigraphy, 

deformation and K-Ar dating. Only the sequences existing 

in the area are described below. 

Sequence T2 is mainly hornblende andesite but includes 

rhyolitic units of 18 to 20 m.y. in the study area. 

Sequence T3 consists of sandstone and conglomerates 

apparently of nonmarine origin. These rocks in Sierra 

Cirio and the shore north of Puerto Libertad, are folded 

and tilted within Cenozoic volcanic rocks. Closets are 

mainly composed of Cenozoic volcanic rocks or granite and 

appear to be of local derivation. 

Sequence T4 consists of mostly rhyolitic rocks, from 

10 to 12 m.y. This sequence is the most widespread and 

the youngest of the tilted volcanic sequences. 
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Sequence T5 consists of post-tilting rocks and includes 

basalt, rhyoli.te and andesite (7 to 4 m.y. old) . To the 

southeast of the study area basaltic rocks are slightly 

tilted and range from 6.4 to 1.9 m.y. old. 

3.1.5 Metamorphism 

Gneissic rocks have been reported at Sierra Cirio, 

adjacent to the main strand of the Bacha fault (Figure 

3.2). Coarse-grained schists are only found close to the 

intrusive bodies (Gastil and Krummenacher, 1977, p. 194) . 

Essentially the highest grade of regional metamorphism is 

the greenschist facies of metasedimentary and metavolcanic 

rocks (Gastil and Krummenacher, 1977 p. 194). 

Gastil and Ortlieb (1981) describes a mylonitic gneiss 

exposed close to Bacha fault as a possible rotated fragment 

similar to the mylonitized older Precambrian granite 

observed southeast of Rancho Zopori (Gastil and Ortlieb, 

1981, p. 66). 

Gastil and Krummenacher (1977, p. 196) report, in one 

location southeast of Sierra Cirio, plutonic and meta-

morphic rocks strongly foliated which are interpreted as 

the product of a deep seated fault deformation. Apparently 

this rocks occur along the eastern border of the sierra. 
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3.2 Faults 

Rocks 10 m.y. old and older have been broken in most 

areas into tilted fault blocks. Most of the blocks dip to 

the east and southeast. In the coastal zone (Puerto Libertad, 

Sierra Cirio, Sierra Seri) the blocks are tilted to the east 

along northwest-trending faults that can be followed by 

several kilometers. Faults east of Libertad Fault, have 

little continuity and have diverse orientations (Gastil and 

Krummenacher 1977, p. 195). 

North of Puerto Libertad two north-trending faults appear 

to be traceable through the old fan deposits.. The northwest 

trending faults, Libertad and Bacha, have been described as 

probable strike-slip faults. These faults indicate major 

movements without important vertical offset. Southeast of 

Sierra Cirio plutonic and metamorphic rocks are strongly 

foliated suggesting deep seated fault deformation (Gastil 

and Krummenacher, 1977, p. 196). 

3.3 Economic Geology 

In past years, small scale mining has taken place at 

Mina Margarita (Cu), southwest of Puerto Lobos. In Sierra 

Seri, at Mina Santa Cleotilde, Au; Cu, Ag, Pb, Zn sulfides 

and scheelite (W) have been found. Abandoned prospects, have 

been found to the north at Pozo Negro (Au) and northeast of 
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Kino Bay (W) . Most of these prospects were in contact aureola 

deposits, mostly between Mesozoic granitic rocks and cal

careous metasedimentary rocks. The most important deposit 

is La Fortuna porphyry copper deposit, 2 km west of Rancho 

El Americano. Sulfide mineralization and silicification are 

largely limited to pre-Cenozoic volcanic rocks and late 

Mesozoic or early Cenozoic intrusions of dacitic to rhyolitic 

porphyry. The age of these porphyries is based on the fact 

that they usually cut the Mesozoic plutonic rocks and on a 

K-Ar age of 62 m.y. porphyry dike north of Puerto Libertad 

(Gastil and Krummenacher, 1977, p. 196). 
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Figure 3.2 Geologic map of the Puerto Libertad area 
(After Gastil and Krummenacher, 1974). 
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4 PRE-PROCESSING ANALYSIS 

The data for this study were acquired from the Landsat TM 

computer compatible tapes, described in Chapter 2. The first 

step was to locate and extract the image scenes. Once the area 

was located, data sets of 1161 pixels by 1031 lines were 

subsampled from the seven bands. 

4.1 Image Registration 

All images contain geometric distortions of some kind. 

These can be produced by optical and mechanical distortions 

derived from the system and earth rotation (Siegal, 1980). 

Rectification of the image was performed to restore objects 

to their correct relative position by fitting them to a set 

of map coordinates. The first step to rectify image data is 

to select concise reference points or ground control points 

(gcp's). These gcp's are physical features which can be 

precisely detected in a scene and on a reference map. For 

a reliable rectification, several accurate and disperse 

gcp's should be located throughout the scene. 

Once the gcp's are registered, a transformation matrix 

is determined to transform the image x, y coordinates to 

the reference x, y coordinates of the map. The coefficient 

matrix describes two polynomial equations which are used to 

account for the distortion of the image: 
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x'=a0+alx+a2y 

y ' = b 0 + b l x + b 2 y  

where x', y' are the new image coordinates and x, y are the 

old image coordinates (ERDAS, 1988). To determine the 

accuracy of this procedure a RMS (root mean square) error 

is chosen to evaluate the original image coordinates of the 

gcp's and the transformed image coordinates of the gcp's. 

In this study the image was registered to topographic maps 

of INEGI. Over 20 gcp's were used with a RMS error of 1.5, 

from which 17 gcp's were selected (Appendix A). More gcp's 

than necessary were selected to provide the best possible 

selection and spacing of the control points. To interpolate 

the input data, the ERDAS program Rectify was used to create 

an image in the reference coordinates and projection desired. 

The algorithm used was the bilinear (first order) inter

polator which uses a two by two window to estimate the output 

pixel. More detail of this method is discussed by Schowengerdt 

(1983, p. 111). After the image registration, the data set 

was reduced to 1115 pixels and 967 lines (Figure 4.1). 

4.2 Radiometric Correction 

Radiance values derived from spectral bands of multi-

spectral scanners do not reflect the true ground reflectance 

levels. Atmospheric scattering of visible wavelength 
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radiation affects high altitude imagery. This causes an 

increase in gray level values in the visible and near infrared 

spectral region, although it has little effect on the spectral 

bands in the mid-infrared. 

A common atmospheric correction technique is based on 

the histograms of multispectral images containing deep water 

bodies. Reflectance values for water in an image scene should 

exhibit irradiance values of zero in the near infrared 

(Schowengerdt, 1983, p. 152). Deep and clear water bodies 

provide the best sites for evaluating atmospheric scattering 

effects upon multispectral imagery scenes. A large body of 

water, the Sea of Cortez, is located west of the study area. 

The correction procedure involved subtracting the lowest 

gray level value from each pixel in each spectral band. 

Figure 4.2a depicts the full scene gray level histograms 

for each band of the TM imagery plotted on the same graph. 

If it is assumed that the displacement of the low end of 

the histograms is due to atmospheric scattering, then all 

bands should have pixels with zero values (Schowengerdt, 

1983, p. 152) . Therefore, the minimum pixel gray level value 

in each band was subtracted from all pixels in the corre

sponding image. After this operation, the water was masked 

to extend the dynamic range of the data (Figure 4.2b). 



Figure 4.1 Geometric corrected image. 
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Figure 4.2 Atmospheric correction using image histograms. 
(a) Uncorrected image, 
(b) Corrected image with water masked. 
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5 MULTISPECTRAL RATIOS 

5.1 Spectral Properties of Rock and Minerals 

Rocks are assemblages of minerals, and so the spectrum 

of a rock is a composite of the individual spectra of its 

constituent minerals (Drury, 1987, p. 6; Siegal and Gil

lespie, 1980, p. 28) . The spectral emittance for each 

wavelength is different due to varying physical and chemical 

properties. In the visible and near-infrared region (0.4-1 

|xm), electronic processes are prevalent, while vibrational 

processes dominate within the near and far-infrared region 

(1-2.5 nm) (Goetz, 1983, p. 576). These processes occur 

within a transition element's crystalline structure. The 

absorption or emission of specific wavelengths of EM 

radiation takes place as changes from one energy state to 

another occur. 

The most important spectral features in the visible and 

near-infrared region, between 0.85-0.92 pim is associated 

with the electronic transition of iron ions (Figure 6.1). 

These distinct reflectance minima are characteristic of iron 

oxides and hydrous iron oxides (limonite). The short-

wavelength infrared region (1-3 pm) provides more spectral 

information about the composition of minerals and rocks. 

Atmospheric absorption bands at 1.4 and 1.9 pm prevent the 
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use of any mineralogical absorption bands (Goetz, 1981, p. 

782) . The 1.6 |im region exhibits the highest reflectance for 

most rocks because it is in the midway between the iron 

absorption bands and a strong vibrational transition of the 

hydroxyl (OH) group at 2.74 Mm. Clays in particular exhibit 

decreasing spectral reflectance beyond 1.6 Mm, and this broad 

band has been used to identify clay-rich minerals (Figure 

5.1). Alunite, pyrophyllite, and muscovite also reduce the 

reflectance in this region (Goetz, 1983, p. 576). 

Thenatic Mapper Bands 

'Iron band' 

1.2 2.0 0.4 

Wavelength (un) 

Figure 5.1 Reflectance spectrum of phyllically altered 

dacite. 
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5.2 Ratio Images 

The generation of ratio images is a point operation in 

which two spatially registered images are divided pixel by 

pixel to produce a new ratio image. The ratio image usually 

has a low dynamic range in brightness. Therefore, a contrast 

stretch is generally performed for visual enhancement of 

the variations produced in this process. Computing ratios 

enhances differences in the shape of spectral reflectance 

curves and suppresses brightness variations due to surface 

and albedo (Abrams et.al., 1977, p. 717; Drury, S.A. , 1987, 

p. 136). 

Random noise, often uncorrelated within bands, is, 

unfortunately, also enhanced with this procedure. It can be 

removed with a median filter (Drury, 1987, p. 216; Scho-

wengerdt, 1983, p. 94). Atmospheric effects may also become 

visible in ratio images due to the diverse response of 

scattering in the different spectral bands. For this reason, 

an atmospheric correction is advisable prior to creating a 

ratio image (Gillespie, 1980, p. 203). 

Topographic shading is mainly a geometric factor and 

tends to affect all wavelengths equally for a given pixel. 

Therefore ratio images will be unaffected by the overall 

topographic effect. 
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The most important property of ratio images is that 

features in the spectral signature curve of a particular 

surface material are accentuated (Drury, 1987, 136). If the 

bands used are selected to cover peaks, absorption troughs 

and changes in slope on the curve, they exaggerate spectral 

differences, enhancing subtle variations among materials. 

This property is useful in geologic applications, because 

many problems require the distinction between rock types 

that may appear to be similar in the visible portion of the 

spectrum (Gillespie, 1980, p. 203) . 

Selection of the best ratio pair to map spectral 

reflectance data of altered and unaltered rocks to create 

color ratio composite images is discussed by King et.al. 

(1990). This method uses in situ spectral reflectance data 

or multispectral images of known lithologies, ternary and 

chromaticity diagrams, to obtain the optimum spectral 

separability of lithologic units to improve the intepretation 

of color ratio composite images. The selection of bands used 

in this work, was based on selection from previous studies 

on which ratios have proven to be useful. 
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Abrams, M.J. (1977), Spatz, D.M. (1989), Sultan, M. 

(1986b) and Sultan (1987) evaluated different reflectance 

ratios that maximize discrimination of individual rock types 

on the basis of their respective mineralogies. These analysis 

led to the following conclusions: 

a). The ratio of band 1.6/2.2 pirn (5/7) is used because 

band 1.6 is not affected by the hydroxyl-related absorption 

features, which dominate the 2.2 pm. Therefore, the ratio 

of TM bands 5/7 will enhance clay-rich areas. 

b) . Bands 1.6/0.48 (im (5/1) display variations in sur-

ficial ferric iron content, since band 0.48 |Jm is located 

in the absorption band due to the intense charge transfer 

of iron. In this case Fe-bearing minerals will be enhanced. 

A product of TM band ratios 1.6/0.83 (5/4) and 0.66/0.83 

(3/4) was used by Sultan, M. (1987, p. 757) to enhance rocks 

rich in Fe-bearing aluminosilicates as compared with rocks 

that are relatively deficient in those phases. Rickman, 

(1983, p. 30) created a color composite image with 5/1, 4/2 

and 5/7 (red, green and blue, respectively). The 4/2 ratio 

is highly correlated to the presence of vegetation. Non-

vegetated zones with ferric iron and hydroxyl concentrations 

will therefore be magenta. 
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From the TM band ratio data, a new detailed lithologic 

map was constructed using individual band ratio images (5/1, 

5/7/ 4/2 an(* 5/4) and using a color composite image of the 

ratios (5/1, 4/2, 5/7; 5/7, 5/2, 5). Field data is critical 

for accurately discrimination in mapping rocks units, the 

lack of significant information from the area only allowed 

for subdivisions of geological units. Results are discuss 

in Chapter 9. 
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6 PRINCIPAL COMPONENT ANALYSIS 

In most cases, rock reflectance in one waveband is similar 

to the high reflectance curves in other wavebands. This 

indicates that the individual bands of a multispectral image 

are highly correlated. High correlation indicates that there 

is a redundancy among the data, i.e., they are visually and 

numerically similar. So, analysis of the original spectral 

bands can be inefficient due to this redundancy. A method to 

improve analysis of such data is to redistribute them about 

another set of coordinates in multidimensional space. In order 

to achieve a better improvement, this redistribution needs to 

emphasize pixel variability among bands. This procedure is 

called principal component analysis. 

If data from one band are plotted against another band, 

the points usually lie on a diagonal line passing through the 

origin of the graph or scattergram. In a bivariate scattergram, 

Figure 6.1a, the points are used to locate the means and to 

express the relative variances of the two bands. The covariance 

measures how the two variables change one with respect to the 

other. A positive covariance indicates that data are positively 

correlated and vice versa. A value of zero indicates independent 
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data. In multidimensional data sets, a covariance matrix ]T is 

usually computed from the original data to express the internal 

structure of data variability. 

Geometrically, principal components are linear transfor

mations to rotate and shift the original coordinate system. 

The first step in computing principal components is to set the 

means to zero by shifting the origin, Figure 6.1b. Once this 

is done the axes are rotated to align the greatest spread of 

the data with one of the axes. This new axis corresponds to 

the axis of the first principal component (PCI), Figure 6.1c. 

In a n-dimensional system, data are projected onto n-principal 

component axes as linear, additive combinations of the original 

data. In computing principal components, one needs to obtain 

the eigenvectors, e„ and eigenvalues, Kt, of the covariance 

matrix The ith principal component, Y ,  ,  

Yj = e'jX 

where: e ' t  is the rfch eigenvector corresponding to the ith largest 

eigenvalue Kir and X  is a data vector. Mathematical description 

of this technique is explained in detail in Davis (1973, p. 

478) and Siegal (1980, p. 195). 
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6.1 Analysis of the Landsat TM bands 

Unlike ratio images, the principal component transfor

mation does not require prior knowledge of the data to select 

the bands for this type of spectral enhancement. The principal 

component analysis is applied to emphasize the capability 

of this technique to contribute to structures and lithologic 

discrimination. 

Four bands were selected as the input for the principal 

component analysis. The image of the area of Puerto Libertad 

was subsampled from the original TM image for bands 3, 4, 

5 and 7. The numerical characteristics of the principal 

component analysis were obtained from the computer output 

(Appendix B). 

In this case, the covariance matrix could indicate the 

scatter between two bands. The correlation matrix indicates 

that the selected bands (3, 4, 5 and 7) are highly and 

positively correlated. They are very similar visually and 

numerically. Therefore it is difficult to detect the tonal 

difference resulting from variations in the reflectance of 

diverse lithologic units among the original multispectral 

imagery. 

The eigenvalues of the covariance matrix are arranged 

by decreasing order and represent the variance of the data 

in each dimensional band. The eigenvectors are the weights 
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of the linear transformation for each transformed image. 

The first image accounts for more than 95% of the total 

variance in the original image data whereas the other 

components highlight areas of spectral differences among 

the original bands. Random noise and periodic noise that is 

uncorrelated between bands will be more apparent in the 

higher order component images. 

In addition to the results obtained from multispectral 

ratios (Chapter 5), each individual PC image was analyzed 

to extract lithologic information. Figure 6.2 shows the 

principal component images. It can be seen that the first 

principal component (Figure 6.2a) is highly correlated with 

the original data. It contains a minimum amount of noise 

and appears free from stripping. PC2 and PC3 contain small 

amount of tonal variance but they are excellent to dis

criminate lithologic variations. They show separation of 

major units difficult to observe from the original data. 

The creation of a color composite image enhanced visually 

the detection of the data. 

Texture analysis of the PCI image is discuss in more 

detail in Chapter 8. Results for lithologic discrimination 

and structures are discussed in Chapter 9. 
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Figure 6.1 Principal component Transformation 

a). Bivariate scattergram. 
b). Shifted origin of plot. 
c). Rotation of axes to align with 

maximum variance of the data. 



TM principal component images of bands 
7, 5, 4 and 3. (a) PCI, (b) PC2. 



Figure 6.2 TM principal component images of bands 
7, 5, 4 and 3. (c) PC3, (d) PC4. 
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7 DIGITAL ELEVATION MODEL 

Techniques in cartography to analyze stereo aerial pho

tographs have been used for many years to produce the illusion 

of a three dimensional map, since topography is essentially 

related to rock structures. This has led to the development 

of digital elevation model (DEM) to produce shaded relief 

images from digitized topographic data. These models are useful 

because they portray the terrain surface. They have at least 

four advantages over aerial photographs and remotely sensed 

imagery (Batson and others, 1975? Schowengerdt and Glass, 

1983): 

a) The images are derived from contour maps, so they represent 

true map projections with no distortion. 

b) Tonal variation is identified with relief, rather than 

with snow, vegetation or cultural features. 

c) The source and intensity of illumination may be placed 

anywhere in the hemisphere above the terrain surface and, 

d) In the case of Landsat Multispectral scanner, DEM has 

better resolution if skillfully done. 

A common problem with remotely sensed data is the effect 

of varying illumination caused by topography. Although this 

problem can be solved by using band ratios, better results can 

be achieved by using digital elevation to correct the image 

data for slope effects (Drury, 1937, p. 203) . Digital elevation 
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is used, as well, to correct raw gravity anomalies. In areas 

of high relief, Bouguer anomalies show a strong correlation 

with topography; by combining both types of data better results 

are attained. A more ingenious use of digital elevation is to 

impart parallax to a remotely sensed image, thus creating a 

stereoscopic effect normally reached in overlapping pairs. 

Uses and applications of digital elevation have been described 

by several authors (Batson and others, 1975; Woodham, 1980; 

Arvison and others, 1982; Schowengerdt and Glass, 1983; Batten 

and Francica, 1984). 

In this work, the DEM corresponds to an approximately 30 

km by 30 km area. The topographic data were manually digitized 

from 1:50,000 INEGI map sheet H12C15 (Puerto Libertad) and 

H12C25 (El Desemboque). A 200 m line separation was used to 

register the elevations. 

The topographic data were converted to a raster format to 

create a gray level image (256 gray level); each gray level 

representing 2 meters of vertical relief (Figure 7.1), with 

a 50 x 50 meter pixel resolution. These type of data are very 

important and a great deal of information can be extracted 

from them when spatial filtering techniques are applied. 

Directional filtering can give the impression of shadowing due 

to solar illumination. This technique produces a three-

dimensional image. The main object of this analysis is to 
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extract structural information from this type of imagery and 

to register the digital elevation data with the Landsat TM. 

A shaded relief in which the inclination and declination of 

the illumination are controlled is also performed (Figure 7.2) . 

The algorithm used to generate the shaded relief images was 

a vector approach, described by Horn (1981). Due to the res

olution acquired the information obtained was general. This 

can be improved by re-sampling the area to accomplish a closer 

grid, thus producing a better resolution. Detailed description 

of the procedures followed to enhance texture are explained 

in the next chapter. 



Figure 7.1 DEM gray level representation. 



Figure 7.2 Shaded relief image with different 
declination angles. 



8 TEXTURE ANALYSIS 
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One of the problems in image processing is the detection 

of sudden changes in gray level from one pixel to another. 

Such changes indicate a boundary (edge) between two objects 

in the image (Schowengerdt, 1983, p. 83). A common approach 

to solve this problem is to apply high pass filters. Directional 

high-pass filters produce images whose gray levels are pro

portional to the difference in neighboring pixel gray levels 

of the original image. However a single filter produces 

directional enhancement in one direction. 

Edge enhancement in all directions is accomplished by 

filtering the image in two orthogonal directions, then the 

results are combined in a vector calculation (Schowengerdt, 

1983, p. 83). This technique, the gradient operator, enhances 

edges and boundaries associated with landforms. It is the most 

common edge operator. 

Gradient images were created by convolution of the first 

principal component image using several filter weights (Figure 

8.1). The magnitude of the local image gradient is given by 

the length of the composite vector, the direction or orientation 

is given by the angle between the composite vector and the 

coordinate axis (Figure 8.2). The gradient image was calculated 

for each pixel. This calculation determined a difference of 

pixels on either side of a central pixel in two orthogonal 
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directions. The kernels used enhanced linear features in the 

vertical and horizontal direction. The gradient image which 

combines the two orthogonal enhanced images, enhances all 

directional linears. Besides the sets of filters shown in 

Figure 8.1, the Sobel and Roberts filters were analyzed to 

determine textural features. High pass filters and laplacian 

filters were used as well, but were not as effective as the 

gradient operator. Figure 8.3 shows an image generated using 

the gradient filters. Textural information corresponds to 

geologic structural trends represented by linear topographic 

ridges and tone lineaments (Figure 8.3, A and A1). B is the 

result of drainage patterns of alluviated areas, and C is the 

road. 

The DEM image was studied for the extraction of textural 

information. The gray level image (Figure 7.1) enhanced the 

major drainage systems which are related to structures. From 

this image an obvious NE-E structural pattern was determined. 

Gradient operators applyed to the DEM gave the impression 

of three dimensional image due to solar illumination. Compared 

to the shaded relief image generated with Horn's algorithm, 

the gradient operator was not as efficient. Low resolution 

might be the cause. 
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Figure 8.1 Pairs of gradient filters. 



50 

GL, 

GL GL2 

G L \ ~ G L X - G L  
G L \  =  G L 2 - G L  

+ 

gl; 

0 \ 
+ + 

gl; 

G L ' m a g  =  ̂ ( G L ' v ) 2  +  ( G L \ ) 2  

0  =  t a n  ~ \ G L '  V / G L '  h )  

Figure 8.2 Vector calculation of image gradients (After 
Schowengerdt, 1983). 
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Figure 8.3 Image generated using the gradient filter. 
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9 RESULTS MJD DISCUSSIONS 

Results generated from digital image processing of TM data 

in the study area can be divided in three parts: lithologic 

mapping, textural enhancement and mineral deposits. 

A new detailed lithologic map of the Puerto Libertad area 

was created using color composite of ratio images and color 

composite of the principal component images. The analysis of 

individual band ratios and principal component images were 

also used. Knowledge of general location of rock units is 

critical when mapping with ratio images and data overlaps 

considerably. Types of rocks with similar band ratio colors 

can be subdivided in more detail if field data are available. 

The utilization of bands 5, 7 and 1 (1.65, 2.2 and 0.56 

pun) makes it possible to locate alteration areas of interest. 

The 1.65 pm band is useful in geologic applications because 

rocks have their highest reflectance within this spectral 

region; in the 2.2 pm band hydrous minerals have a strong 

absorption feature, and the 0.56 pm band is a strong absorption 

feature within Fe-bearing minerals (Abrams, 1983). 

The color composite ratio image were created from ratios 

5/1, 4/2, 5/7; 5/7, 3/2, 4/5 and 5/7, 5/2, 5, as red, green 

and blue respectively. PCI, PC2, PC3 and PCI, PC2, PC4 were 

assigned a red, green and blue color to obtain a color composite 

image. 
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The principal component analysis contributed to lithologic 

discrimination. The principal component images were produced 

by using TM bands 3,4,5 and 7. Therefore four output principal 

component images (PCI, PC2, PC3 and PC4) were created from the 

input data. The first principal component image is highly 

correlated to the original data. PC2, PC3 and PC4 contain small 

amount of total variance, but they show the separation of major 

units that are difficult to observe from the original data. 

Mixtures of rock types occur at varying scales so assignment 

of units in these cases can be done based on the dominant color 

response. The occasional picture elements with significant 

difference can be included in the local rock type dominating 

that particular region. 

9.1 Lithologic Mapping 

The most striking contrast of the TM based lithologic 

map and the existing map occur in the Mesozoic unit previously 

mapped as Mv on the northern section of Sierra Cirio (Figure 

3.2, A). More detail is shown in the TM based map (Figure 

9.1). 

The study of the PC2 image effectively highlighted most 

of the volcanic units. These units, are of particular 

interest. Some for their semicircular structure, another, 

the southernmost, because it delineates a new contact for 
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the Mesozoic volcanic rocks and a granitic (?) rock (Figure 

3.2, A). The rest of the volcanic units correspond to the 

ones already mapped. Ratio and color composite images 

confirmed these units by the different types of alteration 

from the surrounding rocks. The volcanic units and their 

related structures are the result of several local volcanic 

centers. 

Along the eastern border of Sierra Cirio metamorphic 

rocks strongly foliated are interpreted by Gastil and 

Krummenacher (1977, p. 196) as a deep seated fault defor

mation. These rocks seem to form the eastern piedmont of 

the Sierra. Similar rocks where observed north of Sierra 

Cirio (Figure 9.1, A). 

9.2 Textural Enhancement 

This analysis aims to detect geologic structures to 

create a lineament map. Texture images were generated using 

DEM data and the gradient operator approach. 

The DEM did not always enhance linear features. However, 

the shaded relief images highlighted drainage patterns which 

helped to define structures and lineaments. This model 

recognized structures trending NE-E which had not been 

previously recognized. 



Figure 9.1 TM based geologic map of the Puerto Libertad 
area (Refer to Figure 3.2 for legend). 



Figure 9.2 Sketch of lineaments map based on image inter
pretation. 
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Tfee use of gradient operators proved to be a powerful 

tool to evaluate geologic structures. This technique detected 

abrupt changes (edges), and automatically mapped textures 

related to drainage and geologic structures. 

Gradient images produced more linear features than can 

be observed from the original data, but correlation of linear 

features enhanced in ratio images and principal component 

images were corroborated. To accomplish a successful lin

eament map, information from geologic and topographic maps 

were verified, aerial photographs where available were also 

analyzed. 

The objective of the textural analysis was to compare 

the lineament map prepared from the digital data with the 

geologic information available. All main structures pre

viously mapped in the study area have been recognized. Figure 

9.2 shows the lineament map derived from TM data. The term 

lineament is used in this work to define linear features 

greater than one kilometer. 

Results from this study reveal three new structural 

patterns: 

a) a set of structures with a NE-E predominant 

orientation, 

b) a less evident N-S structural pattern, and 

c) some semicircular structures. 
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9.2.1 Structures 

The main faults, Libertad and Bacha, have been related 

to the opening of the gulf and/or the San Andreas fault 

system (Merriam, 1965,1972; Gastil and Krummenacher, 1977; 

Colletta and Angelier, 1983). They are projected as 

prolongations of the San Jacinto fault into mainland 

Mexico. Colletta and Angelier (1983, Fig. 1), include them 

within the main Neogene and Quaternary structural features. 

Detailed structural studies along the eastern coast 

of Baja California up to the delta of the Colorado river 

have been conducted by several authors (Colletta and 

Ortlieb, 1979, 1984; Colletta et.al., 1981; Colletta and 

Angelier, 1983) . These studies analyzed the structures 

related to the opening of the gulf and the San Andreas 

fault system in northwestern Mexico. From these analysis, 

secondary and tertiary structural features associated with 

the main structural pattern affecting in a given region 

have been determined. Figure 9.3 shows the mechanism of 

fracturation from the tectonic analysis of Baja California. 

9.2.1.1 NE-E Structural Features 

The most prominent structures in the study area, 

after the primary NW-SE, are the NE-E features. Although 

these structures are not immediately recognized, this 
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Figure 9.3 Tectonic analysis of Baja California 
(After Colletta, 1981). 
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structural pattern is evident along the trend of Sierra 

Cirio. Just north of Kino Bay, Colletta (1984) , describes 

normal faulting striking 50°-58° E and dipping 20°-60° 

to the NW, which indicates an extension oriented NNW-SSE. 

North of Sierra Cirio field evidence indicates that 

there has been small sinestral displacement striking 

E-W. More evidence is needed to determine the total 

amount of the E-W displacement and to establish a 

relation of the NE-E structures with the former. 

9.2.1.2 N-S Structures 

The N-S structures have been recognized by Gastil 

and Krummenacher (1974). Two faults, north of Puerto 

Libertad, follow this trend. They dissect Quaternary 

units. More evidence of this structural pattern is found 

at Sierra Cirio. These structures are not as evident 

as the NE-E pattern. Ortlieb (1981, p. 139) assigns the 

N-S faults to the Basin and Range system. It is more 

likely that the NE-E as well as the N-S faulting 

corresponds to the distensive system of the Gulf of 

California. 

9.2.1.3 Semicircular Structures 

Southeast of Punta Cirio, where the largest semi

circular structure occurs, an intrusive body (granite) 



is surrounded on its northern and eastern side by a rim 

of volcanic rocks. Another semicircular structure 

concave to the SW exists where the Mv unit, of Gastil 

and Krummenacher (1974), and the T2 unit meet. The 

semicircular feature is within the Mv unit and is a rim 

of volcanic rocks. These two semicircular structures 

suggest magmatic structures such as intrusions of 

plutonic bodies or structures linked to their mode of 

emplacement, for the first one; and local volcanic 

centers (caldera ?) for the second one. 

9.3 Mineral Deposits 

In the metallogenetic study of Sonora, carried out by 

Perez (1985), mineral deposits existing in northwestern 

Sonora, which can be related to the study area, are of two 

types: gold deposits, and porphyry-type deposits. 

9.3.1 Gold Deposits. 

Silberman et. al. (1988), suggest, based on a recent 

compilation of mineral deposits in northern Sonora, a belt 

of gold deposits trending NW from Hermosillo (Figure 9.4) . 

A similar but wider belt is described by Perez (1985, Fig. 

21). The former authors describe four main environments 

of lode gold deposits: 
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Figure 9.4 Approximate trend of Sonora gold belt. 

(Silberman, M.L. et.al., 1988). 

1. Epithermal veins and breccias. The veins are hosted 

in volcanic rock and the breccias are related to volcanic 

domes. Examples are Tajitos and Cerro Colorado (Figure 

9.5) . 

2. Discontinuous quartz veins. They occur in volcanic, 

carbonate, and clastic sedimentary and metamorphic host 

rocks. Examples are Altar and Banco de Oro. 

3. Structurally controlled gold. It is spatially 

associated with low-angles shears and faults related to 

thrusting or detachment faulting. Host rocks include, 

Precambrian crystalline rocks, Paleozoic and Mesozoic 
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Figure 9.5 Geologic map of northern Sonora..Deposit types: (1) epithermal 
veins and breccias, (2) discontinuous quartz veins, (3) structurally & 
controlled Au, and (4) carbonate sedimentary-hosted disseminated Au. ^ 
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clastic sedimentary and volcanic rocks, Mesozoic granitic 

rocks, and Tertiary volcanic rocks. It probably includes 

several deposit types. Examples are Quitovac, La Cienega, 

Lluvia de Oro, Llano, La Choya, part of Banco de Oro, Las 

Laminas, and La Herradura. 

4. Carbonate sedimentary-hosted disseminated gold. 

Gold mineralization is in carbonaceous, silty, carbonate 

rocks and associated jasperoids and breccias. Example, 

east of Magdalena de Kino. 

9.3.2 Porphyry-type deposits. 

Porphyry type deposits in Sonora occur in two well 

defined domains (Figure 9.6). Other deposits such as 

Fortuna del Cobre, are scattered within the state (Perez, 

1985, p. 14) . Generally volcanic and intrusive rocks of 

Laramide age bear mineralization. Among the intrusive 

rocks, deposits occur mostly in hypabyssal granitoides or 

in plutons of the same composition. Volcanic rocks on the 

other hand, vary from andesites to rhyolites and ignim-

brites. La Fortuna del Cobre has been classified within 

granitic rocks of similar composition. 

Perez (1985), divides these types of deposits in two 

general subdivisions: 
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porphyry-typi 

porphyry-type deposit 

Breccias 

Laramidic intrusive rocks 

Laramidic volcanic rocks 

Normal fault 

Figure 9.6 Porphyry copper deposits in Sonora 
(After Perez, 1985)• 
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1. Porphyry type deposits. Include intrusive bodies 

emplaced in any kind of surrounding rock (country rock or 

plutonic rock). Examples of these deposits are Cananea, 

El Alacran, Cuatro Hermanos, and Fortuna del Cobre. 

2. Breccia pipes. They are divided in two groups: a) 

collapse breccia pipes, which are characterized by their 

tabular shape, the size and composition of the fragments, 

and the sharp contact with the surrounding rocks; and b) 

intrusion breccias, they have irregular shape and diffuse 

contacts but play an important roll in some deposits. 

Examples of the first type are Pilares, Washington and 

Cananea; for the second type Cananea and La Caridad. 

9.3.2.1 Mineralization and Hydrothermal Alterations 

Mineralization and alteration patterns in porphyry 

copper deposits are closely interrelated. Mineraliza

tion of porphyry-type deposits in Sonora are mainly 

copper-molybdenum (Perez, 1985, p. 21). The central 

portion of the porphyry type deposit is characterized 

by disseminated mineralization and potassic alteration 

(qtz-biotite±K-feldspar-anhydrite). Copper:iron ratios 

are high, sulfides may be present. Outward and upward 

from this zone the phyllic assemblages (qtz-sericite-

pyrite) appear. Copper:iron ratios decrease, mineral
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ization is in veinlets and sulfides reach their maximum. 

These zones are surrounded by a diffuse propylitic 

alteration (chlorite-epidote-carbonate) that can be 

interrupted by local zones of intense argillic alter

ation (qtz-kaolinite-chlorite). Mineralization in the 

outer zone, if present, occurs as sporadic discrete 

veins that may contain lead, zinc, and precious metals 

besides copper. Supergene mineralization is important 

in this type of deposits. Copper leached cappings develop 

increasing the production of the deposit. Examples 

include Cananea and La Caridad. 

These deposits are related to the magmatic events 

of the Laramide Orogeny (50-75 m.y.), which are con

sidered as calcalkaline rocks (Perez, 1985, p. 28). In 

a regional context porphyry-type mineralization is 

related to batholithic belts. Sillitoe (1976, p. B178), 

proposes a relation between the Fortuna del Cobre deposit 

and the tonal it ic belt (Figure 9.7). The age of the 

deposits decrease progressively from Baja California 

(El Arco), to Sonora. 

9.4 Exploration Targets 

Based on the above discussion, structural and litho-

logical evidence relate the study area to the porphyry-type 
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deposits. The relation of these deposits to batholithic 

emplacements of laramidic age and prevasive wall-rock 

alteration merit a closer investigation. In arid areas 

porphyry type mineralization is marked by strong coloration 

anomalies. Recognition of zonal alteration patterns is 

important as well as the erosion level of the deposit (Figure 

9.8) . 

As mentioned in Chapter 5, iron staining and clay 

alteration, thus, phyllic and propylitic alteration, can be 

discriminated. On these bases, were color composite images 

enhanced both features, and structures seem to be favorable, 

a possible exploration targets was selected (Figure 9.1, 

B). Point A exhibits the best evidence for mineralization, 

although field data is not available for verification. 
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Figure 9. • Erosion levels of porphyry copper deposits 
in Sonora (After Perez, 1985). 
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The use of remote sensing data in arid and semiarid regions 

discriminated favorably lithologic and structural features. 

Results from this study were corroborated by the different 

techniques applied. It is obvious that spectral and textural 

information are important for spectral as well as structural 

research. The most important contributions are: 

1). A more detailed lithologic map, 

2). recognition of a NE-E structural pattern, 

3). more evidence of a N-S structural trend, 

4). recognition of semicircular structures, and 

5). a possible exploration target is suggested. 

A more detailed lithologic discrimination arised in the 

Mv unit, north of Sierra Cirio. A granitic (?) rock probably 

emplaced within this unit has been identified. A more precise 

delineation of the volcanic units was accomplished. 

The two structural patterns recognized in the area may 

correspond to distensive mechanisms related to the opening of 

the Gulf of California. 

The semicircular structures are associated to intrusions 

of plutonic bodies and structures linked to their emplacement. 

These structures are the most favorables for mineralized areas. 

Exploration target A (Figure 9.1) offers the best possibilities 

for mineralization. 



72 

10.1 Implementations 

Implementations for this study are suggested below: 

1) . In order to accomplish a better lithologic dis

crimination, spectral and geologic field data from this 

isolated area needs to be acquired. The lack of this 

information limited the preparation of the lithologic map. 

2). Once the collection of the above data is available, 

spectral corrections can be performed and better selection 

of ratios can be established using more sophisticated 

techniques. 

3). Geologic data are important to apply classification 

techniques for a more accurate lithologic discrimination. 

4) . Geochemical and geophysical research are recommended 

in order to determine favorable anomalies to detect min

eralized areas, and 

5) . A DEM of higher resolution can be obtained by closer 

resampling of elevation data. Structural information of 

higher regions can be improved and closer correlation can 

be established with the TM data. 
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Ground Control Points used in geometric correction 

Point Map Image pixels 
Number X Y X Y 

1 4225 -2400 135 136 
2 2000 -5800 80 267 
3 1250 600 13 51 
4 17300 -13040 649 424 
5 14520 -12400 551 420 
6 17800 -14550 676 475 
7 19430 -16350 • 744 528 
8 10020 -14260 406 513 
9 13450 -18250 546 630 
10 16570 -19400 664 649 
11 19620 -22150 784 728 
12 22950 -21600 897 688 
13 25320 -22550 985 707 
14 27850 -22630 1073 698 
15 22125 -24980 889 811 
16 17850 -28650 762 963 
17 31050 -6750 1086 120 

Transformation matrix used in geometric correction: 
Al= 0.7858211E+02 A2= -0.6188029E-02 A3= -0.3477658E-01 
Bl= -0.2568474E+02 B2= 0.3452052E-01 B3= -0.6018793E-02 

Computed results of the matrix above: 

Point Image X Pixel Image Y Pixel 
Number X Pixel Residual Y Pixel Residual 
1 134.61 —0.3904E+00 135.90 -0.9852E-01 
2 78.27 -0.1735E+01 297.91 0.9102E+00 
3 13 .85 0.8546E+00 49.98 -0.1019E+01 
4 650.01 0.1005E+01 425.02 0.1016E+01 
5 550.19 -0.8138E+00 419.96 —0.3848E—01 
6 676.35 0.3540E+00 474.43 -0.5656E+00 
7 743.46 —0.5438E+00 526.95 -0.1054E+01 
8 406.04 0.3886E-01 512.49 —0.5079E+00 
9 548.46 0.2459E+01 630.03 0. 2570E-01 
10 663.08 —0.9151E+00 650.71 0.1712E+01 
11 784.92 0.9241E+00 727.47 —0.5258E+00 
12 896.57 —0.4329E+00 687.74 -0.2590E+00 
13 984.10 -0.9014E+00 706.11 -0.8869E+00 
14 1071.92 —0.1083E+01 693.24 —0.7 605E+00 
15 888.43 —0.5688E+00 810.39 -0.6091E+00 
16 762.94 0.9450E+00 964.47 0.1475E+01 
17 1086.80 0.8043E+00 121.19 0.1186E+01 



X RMS error = 1.02219 Y RMS error = 0.88089 

Total RMS error = 1.34938 

Point Number Error 

1 0.4027 
2 1.9590 
3 1.3299 
4 1.4292 
5 0.8147 
6 0.6672 
7 1.1862 
8 0.5094 
9 2.4594 
10 1.9414 
11 1.0632 
12 0.5045 
13 1.2646 
14 1.3233 
15 0.8334 
16 1.7516 
17 1.4328 

Error contribution 
by point 

0.2984 
1.4518 
0.9855 
1.0591 
0.6037 
0.4944 
0.8791 
0.3775 
1.8226 
1.4387 
0.7879 
0.3738 
0.9371 
0.9807 
0.6176 
1.2981 
1.0618 
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COMPONENT ANALYSIS 
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Statistical parameters of the probability 
density function of gray levels in the 

registered image. 

Band Mean Standard Minimum Maximum 
deviation 

1 81.464 17.115 53 198 
2 33.948 13.197 14 85 
3 43.782 23.973 10 111 
4 38.099 23.694 2 93 
5 58.459 42.249 1 148 
7 35.528 24.929 1 93 

Covariance matrix: 

a). Cirio: 

band 3 4 5 7 
3 126.73 
4 112.47 109.04 
5 207.12 198.74 418.34 
7 127.95 121.11 253.33 160.06 

b). Puerto Libertad: 

band 3 
3 299.21 
4 236.57 208.88 
5 398.93 349.28 644.57 
7 258.85 221.56 407.55 264.46 



Correlation matrix: 

Cirio: 

band 
3 
4 
5 
7 

3 
1.000 
0.957 
0.900 
0.898 

4 

1.000 
0.930 
0.917 

5 

1.000 
0.979 

7 

1.000 

Puerto Libertad: 

band 3 4 5 7 
3 1.000 
4 0.946 1.000 
5 0.908 0.952 1.000 
7 0.929 0.943 0.987 1.000 

Eigenvectors: 

Cirio: 

band PCI PC2 PC3 PC4 

3 0.380 0.720 0.373 -0.445 
4 0.359 0.463 -0.542 0.602 
5 0.727 -0.450 -0.339 -0.393 
7 0.446 -0.253 0.673 0.534 

Eigenvalues 780.03 24.69 5.704 3.752 
Variance 95.805 3.033 0.701 0.461 

Puerto Libertad: 

band PCI PC2 PC3 PC4 

3 0.447 0.796 -0.354 -0.203 
4 0.382 0.236 0.845 0.292 
5 0.682 -0.510 0.015 -0.525 
7 0.436 -0.226 -0.401 0.774 

Eigenvalues 1362.13 40.45 10.83 3.719 
Variance 96.119 2.854 0.764 0.262 
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