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Abstract 
 
The lack of a comprehensive massive sulphide potential map is a major factor that holds back 
investment and development for massive sulphide exploration and mining in the Escambray terrain. 
To address this problem, new techniques and methods were applied to a complete geo-exploration 
dataset for predictive mapping of potential of the study area. 
 
The deposit recognition criteria were the bases for extraction spatial evidence from the geo-datasets 
based on the characteristics of massive sulphide deposits in the study area and elsewhere. The Crósta 
technique, the software defoliant technique and the mineral imaging technique were used to detect 
limonitic and clay alteration zones in Escambray terrain. Comparison between results of these 
techniques using coefficient of areal association showed the mineral imaging technique to be the best 
method to detect clay alteration zones related with massive sulphide deposits in heavy vegetated 
terrenes. Principal components analysis of stream sediment samples was applied to map geochemical 
anomalous zones.  The analytical signal of magnetic field and the first vertical gradient were studied 
to map structural and lithological features lacking in the available geological map. The aero- 
magnetic data proved to be useful for detecting of mafic/ultramafic and fault/lineaments respectively. 
 
In order to quantify the spatial association between the geological features and massive sulphide 
deposits, weights of evidence method was used. It produced statistically significant results and 
demonstrated that several geological features (e.g. geochemical evidence, proximity to fault/fractures, 
proximity to ultramafic/mafic rocks, hydrothermal alteration zones and host rocks) are spatially 
correlated with the massive sulphide deposits. 
 
Weights of evidence modelling was also demonstrated to be effective for predictive modelling in this 
area. The resulting predictive map indicates that about 28% of Escambray terrain has potential for 
massive sulphide deposits. The prediction rate of the predictive map is at least 71%. The predictive 
map can be used to guide further exploration work in the area. 
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1. Introduction 
In mineral exploration, it is ideal to combine many layers of geoscience maps (such as lithology, 
structure, geophysics, geochemistry, mineral deposits and remotely sensed data) to delineate potential 
areas for further investigation. Methods of integrating exploration data sets for mineral potential 
mapping, depending on the level of prior exploration, can either be data-driven or knowledge-driven. 
The integration procedures usually consist of studying the spatial characteristics of map features, the 
spatial interrelationships among features in and between maps and the representation of these features 
in numerical form (statistics) for finding the areas of interest. These integration methods are 
invaluable for (1) quantifying spatial associations of mineral occurrences with data layers, (2) 
formalizing exploration models, (3) identifying predictively prospective areas for follow-up 
(Bonham-Carter, 1997) and (4) for providing a basis of communication between individuals with 
differing backgrounds and perspectives. Spatial data integration for mineral exploration is tailor-
made for Geographic Information Systems (GIS), which in the last two decades have proved very 
useful to the geosciences. GIS provides computing environments for handling images, maps and data 
tables, with tools for data transformation, visualization, analysis, modelling and spatial data 
integration for decision support. 
 
 
1.1 Research problem definition 

A case study area where GIS can be further demonstrated to be useful in mineral potential mapping is 
the Escambray Terrain in central Cuba. The Escambray terrain constitutes one of the most complex 
and interesting metallogenic regions in Cuba. Unlike the other prospective belts for massive sulphide 
in the country, the terrain is less explored and less studied. Modern geological investigations in Cuba 
were initiated in the 1950’s. Much of the work since then remains unpublished. Since 1959, Cuban 
geologists aided by eastern European colleagues have added new knowledge about the geology of the 
island. During these years, the terrain has been the objective of several geological and mineral 
exploration studies. The terrain was studied in detail in the period from 1974 to 1981. The goal was 
to produce a geological map at scale of 1:100000 by using all the available information, including 
geochemical and geophysical inferences. Because of the geological mapping, major massive sulphide 
deposits such as the Victoria, Carlota and Guachinango deposits and other mineral occurrences have 
been discovered Apart from the three main deposits located in the northern portion of the terrain, the 
massive sulphide potential of the rest of this terrain has not been fully assessed. During the last 8 
years, some junior Canadian companies have been working irregularly in the area, but in most of the 
cases the exploration efforts have been concentrated solely on known targets and other zones have 
been practically left unexplored. 
 
The lack of a clear definition of the geological features related with the massive sulphide deposits 
and, consequently, the lack of a comprehensive massive sulphide potential map are among the major 
factors that hold back investment and development for massive sulphide exploration and mining in 
the terrain. There is therefore a need to search for new deposits in less-known areas within the 
Escambray Terrain, using other exploration techniques. So far, all the previous studies have been 
done using traditional exploration methods and some basic geological information has not been 
included. Hydrothermal alteration mapping, for instance, may have provided indispensable 
information for selection of target areas. Hydrothermal alteration as an indicator of massive sulphide 
mineralization has been mapped only in some sectors.  Remote sensing of hydrothermal alteration 
may prove useful in mapping mineral potential of the area. However, like many Third World 
countries, Cuba has difficulty in accessing remotely sensed data. On the other hand, alternative 
procedures for hydrothermal alteration mapping, for example, application of γ-ray spectrometric data 
may also prove useful. Similarly, however, such procedures have not been applied to the terrain. The 
geochemical data have also not been thoroughly analyzed, for example, by incorporation of the area 
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of influence of the catchment basin in the analysis. Moreover, the spatial associations between the 
different geological features and the massive sulphide deposits have not been thoroughly studied. As 
a result, previous works on the integration of all available geological information to map massive 
sulphide potential of the terrain, were   inadequate. 
 
 
1.2 Previous studies in integration of spatial data for mineral exploration 

The general steps for producing a mineral favorability map using GIS include (a) establishing a 
conceptual model, (b) building a spatial database, (c) processing of the data and (d) spatial data 
integration (Wright and Bonham-Carter, 1996). GIS-based approaches to mineral potential mapping 
essentially involve (1) selecting and enhancing data layers suitable as predictors of the mineral 
deposit type being considered and (2) combining these layers using operations and weights that differ 
according to the methods used (Bonham-Carter, 1997). Approaches to weighting and combining of 
selected layers can be subdivided into two types (Bonham-Carter et al., 1988): data-driven statistical 
approaches and knowledge-driven expert approaches. In data-driven methods, data integration is 
based on the measure of spatial associations between the location of known mineral deposits and the 
various map layers. In knowledge-driven methods, data integration is achieved through subjective 
weighting of map layers based on the opinion of ore-deposit experts (Reddy et al., 1992).  
 
The conceptual model guides many analytical decisions throughout a study. Deposit models and 
exploration models are cognitive frameworks of information that provide support for predictive 
mapping of mineral potential. Both models comprise subsets from vast arrays of potentially relevant 
information, the selection of which is determined by the purpose of the model. In such models, the 
linkages that are introduced between each segment of information are genetic for deposit models and 
both genetic and conceptual for exploration models. The models may be used with a far greater 
degree of flexibility and effectiveness in support of exploration (Henley and Berger, 1996). 
 
The process of building a spatial database, the most time-consuming phase of the GIS projects, 
involves transformation of real world data into a computational domain (Chung and Fabbri, 1993). 
The quantitative representation of geospatial data plays an important role in integration because it 
determines the types of combination rules that can be applied to them. The raster model of geospatial 
data, for example, is found to be satisfactory in representing spatial variability of geospatial data. 
 
Different methods have been developed to process data in order to extract more information relevant 
to spatial structures. The indicator favorability theory (Pan, 1993), for example, is designed for the 
pre-enhancement of information through indicator transformation of original variables. The weight of 
evidence methods (Bonham-Carter et al., 1988) has been used to determine spatial associations 
between the mineral deposits and geological features, to weigh the relative importance of evidential 
features and to integrate evidences. 
 
Data integration studies are not new in mineral exploration. Traditionally it involved stacking of 
maps over a light table. With the advent of sophisticated computer technologies, especially GIS, in 
the last two decades, numerous quantitative methods have been introduced to optimize the integration 
of a geo-exploration data. Notable methods, for example, include characteristic analysis (Botbol et 
al., 1978; McCammon et al., 1983, Pan and Wang, 1987; Pan and Harris, 1992a), favorability 
analysis (Pan and Harris, 1992b; Pan, 1993), and weights of evidence (Agterberg, 1989, 1992; 
Agterberg et al., 1990; Bonham-Carter et al., 1988). Expert systems based on GIS are also important 
in quantitative data integration (Bonham-Carter et al., 1990; Reddy et al., 1992). Although these 
techniques are formulated differently, their final products are measures of probability or favorability 
for mineral deposit occurrences. Favorability measures have been used for selecting mineral targets 
and as the basis for quantitative estimation of mineral resources (Pan and Harris, 1992a, 1992c; 
McCammon and Kork, 1992). 
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1.3 Research objectives 

The major objective of this study is to apply GIS-based techniques for the interpretation and 
integration of geological, geochemical, geophysical and remote sensing data in the Escambray terrain. 
These techniques should allow generation of an integrated geological database for predictive 
mapping of zones with potential for massive sulphide deposit in the western part of the study area. To 
support the major objective, the research specifically aims to: 

• define geological features that are genetically associated to and/or indicative of massive 
sulphide deposits based on genetic and exploration models of these deposits and extract these 
geological features from the data-sets; and  

• quantify spatial associations between the known massive sulphide deposits and the 
genetically associated and/or indicative geological features and use the quantified spatial 
associations to develop predictive models of areas favorable for massive sulphide deposits. 

 
1.4 The study area 

The study area is the western cupola of the Escambray Terrain in Central Cuba (Figure 1.1). 
 

 
 
1.4.1 Geographical information 

The study area covers more than 1000 square kilometres in the provinces of Cienfuegos, Villa Clara 
and Sancti Spiritus. The area is approximately 40 kilometres south of the major city of Santa Clara 
and about 15 kilometres southeast of the port city of Cienfuegos on the Caribbean Sea. It can be 
reached in about 3.5 hours of driving on a major highway from Havana City. Several major roads 
allow excellent access to the entire area. The topography of the area is mountainous. Elevations range 
from sea level, on the Caribbean coast, to above 1000 meters. The climate is typically tropical with 
hot and wet seasons. The vegetation is luxuriant. 
 
1.4.2 Generalized tectonic setting and massive sulphide deposits of Cuba 

Although Cuba is rich in mineral resources, there are few widely available reviews of the country’s 
deposits. Here, the general tectonic setting of Cuba and the volcanogenic massive sulphide deposits, 
which are grouped into the conventional Cyprus, Kuroko and Besshi classifications (Russell et al., 
2000) are briefly reviewed. 

Figure 1.1: Location schema of the study area. 
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The geological history of Cuba began with the break up of Pangaea and the formation of oceanic 
crust in Jurassic time. The Greater Antilles island arc was created when subduction began in Lower 
Cretaceous time and continued to mid-Eocene when the Cuban portion of the arc collided with and 
became attached to the North American Plate. The collision created three main tectonic belts: the 
carbonate and evaporite continental facies of the Bahamas Platform, the Ophiolite Belt and the 
Cretaceous-Paleogene island arcs that are in turn thrust over the ophiolites (Fig.1.2) (Iturralde-Vinent, 
1996a). On the north side of Cuba, carbonate facies are overthrust by a dissected ophiolitic 
assemblage of serpentinite, tholeiitic basalt and marine sedimentary rocks. The Cuban ophiolites, 
which crop out along almost the entire length of the island, are in turn over thrust by volcanic rocks 
of the Cretaceous island arc. The Paleogene arc, occurring only in eastern Cuba also host Kuroko 
type deposits, including El Cobre, the first copper mine discovered in the New World. A fourth, 
fragmented belt, consist of three blocks of metamorphosed continental margin deposits: the 
Guaniguanico block at the western end of Cuba, the Isle of Youth (Pines) off the south coast, and the 
Escambray Massif on the south coast of central Cuba. Iturralde-Vinent (1994) has named them 
collectively as the South-western Cuban Terrenes. Iturralde-Vinent (1994) has proposed that they are 
parts of the Yucatan Block that became separated during intra-continental rifting in Late Jurassic 
time. Other authors consider them part of the Bahamas Platform (Khudoley and Meyerhoff, 1971). 
 
In western Cuba, Cyprus type deposits occur in tholeiitic basalts and serpentinites of the ophiolites 
complex. Kuroko type, or arc-related, massive sulphide deposits occur in the lower part of the 
Cretaceous arc in central Cuba (Iturralde-Vinent, 1996b) and in the Paleogene arc. The host rocks are 
primitive island arc suites that have been described from other Greater Antilles islands. Kuroko type 
deposits are not known to occur in the upper, calc-alkaline portion of the arc. 
 
 

 
 
1.4.3 General geology and mineralization of the study area 

The Escambray Terrain comprises the remainder of a passive continental margin, which has been 
intensely metamorphosed and deformed during several phases. Its history includes continental 
fragmentation, various magmatic events and collision between a continent and a volcanic island arc. 
These events took place between the end of the Jurassic period and the Paleogene period. The whole 
stratigraphic sequence was zoned and tectonically dismembered during a regional poly-phase 
metamorphism, which started from low-grade greenschist metamorphism and then to high pressure 
low-temperature metamorphism forming glaucophane schists and eclogites (Millán and Somin, 

Figure 1.2: Generalized geologic map of Cuba. (Modified from Lewis and Draper, 1990; Iturralde-Vinent, 1994). 
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1981). The structurally complex terrain includes numerous phases of faulting and folding, including 
overthrusts or nappe folds. Finally, the terrain was exhumed in the form of cupola in recent times. 
 
To the north of the western part of the Escambray Terrain (Cupola de Trinidad), there are three main 
deposits (Carlota, Victoria and Guachinango), a number of smaller pyritic lenses and several mineral 
occurrences. The three main deposits are separated by about 10 km along strike, but pyritic lenses are 
found over a distance of 40 km, and all are closely associated with a major fault that dips moderately 
to the north (Cabrera, 1986). The Carlota deposit contains 1.13% Cu and 0.28% combined Pb and Zn. 
The Victoria deposit has an estimated reserve of 0.54 Mt, averaging 0.86% Cu and 0.39 % combined 
Pb and Zn. The Guachinango deposit with 5 Mt of 0.81% Cu, is estimated to be 800 m long, 20 m 
thick down-dip and up to 31 m wide. It occurs as a concordant lens of banded and massive sulphides 
in schistose and marbleized limestone. The sulphide minerals are almost exclusively pyrite, with 
minor pyrrhotite, chalcopyrite, sphalerite and galena, and the base metals are concentrated in the 
hanging wall.  Closely associated with the sulphides are altered peridotites and mafic rocks, as well 
as micaceous schists (Russel et al., 2000).  
 
 
1.4.4 Previous exploration work in the study area 

The first geological works in the terrain date back to the nineteenth century. During the last century 
there were numerous geological works. From 1976 to 1980, a geological mapping at a scale         
1:100 000 was carried out in the area (Stanik et al, 1981). It was complemented by geophysical   and 
geochemical methods to evaluate prospectivity for mineral deposits. The geological work exposed the 
extraordinary complex characteristics of the geological constitution of the terrain. The results of the 
previous exploration works suggest a pre-metamorphic exhalative-sedimentary origin of massive 
sulphide deposits. Maps of mineral prospectivity of the territory were generated with useful 
information about the metallogeny and the distribution of mineral deposits. 
Later geological surveys and evaluation of perspective zones at scale 1:50 000 to search for minerals 
targets were restarted by the Checa-Cuban expedition. These works updated the knowledge about the 
peculiarities of Escambray geological terrain. The knowledge of the tectonics, metamorphism and 
metallogeny of the region was increased and were evaluated the mineral prospects. 
 
Between 1994 and 1998 different international economic associations, which comprise Geominera 
SA and the companies Mineria Siboney Goldfields, Joutel Resources Ltd and Minamerica Corp., 
worked in the terrain. These exploration companies discovered new mineral occurrences but also 
made mistakes, for example, the geochemical characterization of the mineral occurrences was done 
using samples of redeposited rock fragments (not in situ) in most cases. These works found precious 
mineralization in the surface but not at depth. The work also did not cover areas far from the 
communication and/or transportation network. 
 
The previous geochemical works included stream sediment sampling. The stream sediment samples 
were analyzed by atomic absorption spectrometer for five elements (Pb, Cu, Zn, Mn and Ni). The 
method used was characterized by low analytical sensitivity. The detection limits of this method were 
5ppm for Zn and Cu, 10ppm for Ni and Mn and 15 ppm for Pb. The Pb, Ni and Zn were measured 
using the linear recorder. The results were obtained using the correspondent calibration curve lines. 
The anomalous zones were plotted as mono-elemental maps. The iso-lines were generated using the 
trend methods and the grid coordinates of topographic sheets at scale 1:50000. The grid cells covered 
1 km2. The disadvantage of the trend method is the smoothing of the anomalous values and hence 
masking local effects mainly if the anomalies are very small. Consequently, small local anomalies 
related to pyritic-polymetallic deposits in the Carlota-Guachinango zone were masked. Additive and 
multiplicative maps, on the other hand, delineated the anomalies better. 
 
Different geophysical methods used during the previous surveys are magnetometry, radiometry, 
electric and gravimetric methods. By these different geophysical methods, several structural-facial 
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zones have been characterized and interesting anomalies have been delineated. The electric and 
gravimetric surveys do not cover the whole terrain but cover only areas where massive sulphide 
deposit has been discovered. Through these methods, massive sulphide deposits below the red gossan 
were discovered.  
 
 
1.4.5 Available data and materials 

The available data in the study area are the following. 
• Topographic maps at scale 1:100,000. 
• Geological maps at scales of 1:250,000 and 1:100,000. 
• Geochemical stream sediment data for Cu, Zn, Ni, and Mn pertaining to 13232 samples 

(Stanik et al., 1981). 
• Mineral occurrence data. 
• Landsat-TM imagery. 
• Geophysical data (Magnetic and radiometric grid data from a 1981 airborne geophysical 

survey over Escambray terrain at scale 1:500,000) 
• Geological reports from regional and detailed investigations and a number of papers with 

relevant information on the geology of the study area. 
 
 
1.5 Research methodology 

The research methodology includes four major steps (Table 1.1). The first step consists of input of 
spatial data into a GIS. The second step involves development of the conceptual model based on 
literature about empirical model of massive sulphide deposits in passive continental margin 
environment, study of general characteristics of the deposit minerals that occur in the area and 
establishment of criteria for the recognition of favorable zones for the occurrence of massive sulphide 
deposits. Based on the conceptual exploration model, the third step include procedures to extract and 
enhance geological features associated with the massive sulphide deposits in the study area and to 
create derivative or evidential maps that will be used in the predictive mapping of sulphide potential. 
The last step consists of integrating the evidence maps for massive sulphide deposits and validating 
of the predictive map(s). 
 
Table 1.1: Flowchart of methodology for predictive mapping of VMS mineral potential. 
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2. Deposits Recognition Criteria and Geo-
Exploration Datasets  
 
The conceptual model implemented in the GIS-based mineral potential mapping, is based on the 
mineral deposit model applicable to the deposit type of interest and the environment in which the 
deposits occur. However, because the deposit model usually focuses on the general characteristics of 
the geological environment at or near the deposits themselves, the conceptual model for favorability 
mapping is closer to the “exploration” model. The deposit exploration model is composed of all the 
deposit model components that provide criteria for  exploration and recognition of deposit indicators, 
from data derived from geological, geophysical and geochemical surveys and other data sources such 
as satellite imagery. The deposit exploration model therefore guides the choice of data sets, the 
operations employed to extract useful information for mineral prediction, and, where the expert 
system methods are used for data combination, the ranking or weighting data layer. 
 

2.1 General Characteristics of Massive Sulphide Deposits 

Massive sulphide deposits are an important source of base and precious metals in the past and 
continue to be an attractive exploration target.  Classification of massive sulphide deposits is difficult 
for several reasons (Guilbert and Park, 1985). They occur in several important geologic aspects 
according to geologic age, from earliest Archean to present (Hutchinson, 1965). Although they are 
recognized as having specific plate tectonic settings (Sillitoe, 1972; Pearce and Gale, 1980; Guilbert, 
1981; Sawkins, 1984), they were perhaps best developed in Archean and Proterozoic system at least 2 
billion years before plate tectonics as presently expressed had developed. They occur in several types 
of environments of deposition. Many of the wall-rocks alteration, mineralization system, including 
the sources of metals, their transportation, the behaviour of fluids when they enter the seawater 
medium, and the actual precipitation of hydrothermal fluids proximal and distal to the ore are still 
imperfectly understood. 
 
One major type of massive sulphide deposits is Volcanogenic massive sulphide deposits.Throughout 
the world and throughout the geological time column, VMS deposits occur in virtually every tectonic 
domain that has submarine volcanic rocks as an important constituent (from Franklin after Watkins). 
They may occur in any rock type, but the predominant hosts are volcanic rocks and fine-grained, 
clay-rich sediments. An ideal VMS occurs in lens-like or tabular bodies parallel to the volcanic 
stratigraphy or bedding (Figure 1). They are usually underlain by a footwall stockworks of vein and 
stringer sulphide mineralization and hydrothermal alteration. As a group, VMS deposits consist of 
massive accumulations of sulphide minerals (more than 60% sulphide minerals), consisting of 
ubiquitous iron sulphide (pyrite, pyrrhotite) with chalcopyrite, sphalerite, and galena as the principal 
economic minerals. Barite and cherty silica are common gangue accessory minerals. VMS deposits 
are major sources of Cu and Zn and contain significant quantities of Au, Ag, Pb, Se, Cd, Bi, Sn as 
well as minor amounts of other metals.  
 
There are different sub-types of VMS deposits. Cyprus type deposits hosted by mafic predominant 
mafic volcanic rocks occur in ophiolites belts along accretionary plate margin or back basins where 
ocean floor rocks have been obducted. Besshi type deposits are hosted by sequences of tholeiitic 
basalts with subordinate felsic volcanics in immature islands arcs. These VMS deposits are typically 
copper-rich and contain small abundances of lead and other lithophile elements. 
 
 
 



8 Chapter 2 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Essential aracteristics of an idealized volcanogenic massive sulfide deposit (modified from Lydon, 1984). Mineral 
abbreviations as follows: Sp, sphalerite; Gn, galena; Py, pyrite; Ba, barite; Cpy, chalcopyrite; Po, pyrrhotite; and Hem, 
hematite. 
 
 
Sedimentary exhalative, or briefly, Sedex deposits, have similar characteristics with volcanogenic 
massive sulphide deposits but they are different in host rock. While Cyprus and Besshi type deposits 
are hosted by predominantly volcanic suites and are clearly related to igneous activity, Sedex deposits 
are hosted by thick clastic piles with minor or no evidence for volcanic activity. The Sedex are 
generally hosted by shales, occasionally by fine grained carbonates (the Irish type carbonate-hosted 
Pb-Zn deposits) and rarely by coarser clastic sediments. 
 
2.2 Characteristics of massive sulphide deposits in the Escambray terrain 

Massive sulphide deposits that can be included in the VMS category are widespread throughout 
Cuba, but apart from El Cobre deposit in eastern Cuba, few have been mined successfully for their 
base metal content. The deposits occur in the Ophiolite Belt, the Southwestern Terranes and the 
lower parts of the Cretaceous and the Paleogene Volcanic Arcs. VMS deposits are notably absent in 
the upper calc-alkaline part of the Cretaceous Volcanic Arc. Traditionally, many of the Cuban 
massive sulphide deposits have not  been described as VMS deposits, but were usually considered to 
have formed in structural sites by replacement of the host rocks. Nowadays, many of the deposits, 
however, are recognized as of probably volcanogenic origin (Russell and other, 2000). More recently 
they have been considered similar to Irish type deposits (Montano et al, 2000). 
 
In the Escambray Terrain, a group of unusual massive sulphide deposits occurs on the northwest side 
of the metamorphic complex. These massive sulphide deposits have been classified as Besshi Type 
(Alvarez et al, 1989) or Sedex type (Pardo et al 1994). Tolkunov et al. (1974) and Russel et al. (2000) 
describe the deposits as Cyprus-type because sulphide bodies are always closely associated with 
ultramafic and mafic rocks that occur locally along a 70 km fault zone; however they believed that 
the deposits formed much later than the host rocks (i.e., by replacement) because the host rocks are 
predominantly marbles and schistose limestones. 
 
The current opinions of some foreign and Cuban geologists who have worked extensively in the 
Escambray metamorphic terrane differ from the opinions of previous workers. In reviewing 
information from other recent studies of these deposits, Stanik et al. (1981), Millán and Somin (1985) 
and  Dublan et al. (1986) be concluded that the volcanic rocks, with which the deposits are 
associated, are not tectonic slices of ocean floor that were incorporated into the Escambray Terrain 
during its attempted subduction but were originally components of the metamorphosed terrain and 
have undergone the same degree of high pressure metamorphism. They therefore consider the 
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deposits to be syngenetic and more closely related in origin to the Besshi-type deposits in the 
Guaniguanico area. In one the most recent discussion about the deposits, Alvarez et al. (1989) state 
that the deposits most closely resemble the Besshi-type. Pardo et al. (1994) considered the deposits to 
be of sedimentary-exhalative origin, later modified by regional metamorphism. It has been suggested 
that the ophiolitic rocks and association massive sulphides are fragments of ocean floor that were 
emplaced in the Escambray Terrane at the time of its collision with the Cretaceous volcanic arc 
(Iturralde-Vinent, 1996b). 
 
The massive sulphide deposits in the Escambray terrain occur mostly within sequences of graphitic-
crystalline limestones and carbonate-graphitic (and minor micaceous quartzitic) schists, which 
represent a progressive meta-sedimentary series. These lithologies are classified as Cobrito Fm, now 
belonging to Jurassic carbonate formations (see Fig.2.2). In these sequences, meta-intrusive bodies 
occur, whose protoliths are gabbros, diabases and at places, dioritic porphyries. These meta-intrusive 
bodies also occur within sequences of marblerized graphitic limestones represented by San Juan Fm, 
which are in contact with metamorphosed volcanic-intrusive rocks of the Mabujina Complex. The 
carbonate schists mainly occur in the hangingwall and are very schistose and rich in graphite. The 
metavolcanic rocks are conformable and flexured to the stratification. All sequences are affected by 
regional metamorphism of green-schist facies and also by a later event of dynamo-metamorphism. 
Two systems of faults are developed: the latitudinal system consists on potent tectonic zones of 50- 
400 m in width. They are concordant with the stratification and reflect a large overthrust fault zone. 
The sub-meridian system is represented by sub-vertical faults younger than the other system and they 
move the sequences about 100 meters.  
 
Individual massive sulphide bodies are stratiform and conformable to the host rocks. The 
mineralization is essentially pyritic with superposed weak polymetallic mineralization. The ore 
minerals, which are present in varying proportions from one deposit to another, include pyrite, 
chalcopyrite, pyrrhotite sphalerite, melknikovite, galena, marcasite, gray copper, pentlandite, 
tennantite, limonite, goethite, malachite, covelite, calsosine, digenite. The massive sulphide bodies 
exhibit weak mineralogical and chemical zonation. The Cu-rich zones are mainly concentrated in the 
lowest parts of the hangingwall of the massive sulphide bodies, while zinc and sulfur are enriched 
toward the upper parts of footwall. The massive sulphide bodies are surrounded by an envelope of 
hydrothermal dolomite.  
 
The alterations related to the mineralization are more developed in the hangingwall and they extend 
upward along zone of tectonic weaknesses, faulted fractured and schistose zones. The hydrothermal 
alteration of the bodies gives rise to different kinds of schist. Alteration includes: ankeritization, 
chloritization, dolomitization, silicification, sericitization, carbonitization.  
 
 
2.3 Exploration recognition criteria 

Based in the general characteristics of Cu-Zn massive sulphide deposits elsewhere and in the 
Escambray, the following are considered recognition criteria for exploration of similar deposits types 
in the terrain. 
• Presence of Jurassic and Cretaceous graphitic limestones and carbonate-graphitic schist 

(lithological evidence). 
• Proximity to or presence of ultramafic/mafic rocks (metal or heat sources evidence). 
• Proximity to faults/fractures (structural evidence). 
• Presence of or proximity to hydrothermal alteration zones (proximity geochemical evidence). 
• Presence of or proximity to Cu-Zn geochemical anomalies (secondary geochemical evidence). 
• Presence of or proximity to magnetic highs (geophysical evidence). 
These deposit recognition criteria will be extracted from the available geo-exploration datasets. 
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2.4 Geo-exploration datasets  
 
Database building is the most time consuming stage for mineral potential mapping (Bonham-Carter, 
1994). The establishment of appropriate working projection, importing and conversion of data are 
from others system, digitizing of analogue maps and assembling the various spatial data were the 
main tasks involved in this stage. The various spatial datasets was stored in logically queriable format 
so that the spatial components could be overlap correctly. 
 
 
2.4.1 Geological data 

The geological map, which was the result of geological survey at scale 1:100 000 (Stanik et. al, 
1981), is available in digital format (Autocad). After importing it to ILWIS, the map was edited and 
polygonized. Each polygon was labeled according to the name of each formation. Due to the 
complexity of the region and objectives of this research, the map was generalized. This was done by 
converting it from polygon to raster mode, and then reclassifying it. The main criteria for the 
reclassification were the lithology and age of the formations, by adopting the stratigraphic division by 
Iturralde-Vinent (1996a): (a) Passive continental margin, represented by Escambray massif, (b) 
Mabujina Complex; (c) Cretaceous volcanic arc; (d) Neo-autochthon platform. The most detailed 
classification was carried out in Escambray massif because of the metallogenic interest in this belt, 
taking into account the lithological description made by Millán (1981). The generalized lithologic 
map is shown in Fig.2.2. 
 
A. The stratigraphic sections of Escambray massif were first grouped into three groups by lithological 
composition: (1) terrigenous composition, (2) carbonated composition and (3) metavolcanic 
composition. Likewise, these units were subsequently grouped based on their age (Jurassic and 
Cretaceous formation).  Due to the controversial origin and lithology of “El Tambor”, this formation, 
as well as the different bodies found within the massif, was kept as an independent unit. The lower 
group is mainly of meta-terrigenous composition (terrigenous formations). The intermediate group is 
mainly carbonate (carbonate formation). The upper level group has a complex composition with 
sedimentation of deep-water calc-siltites and diverse types of flysh and volcanic units (metavolcanic 
formation). Likewise, these units were grouped based on their age.  
 
- Cretaceous terrigenous formations 
    -La Sabina Fm. Metasilicic quartzites 
- Cretaceous Carbonated formations 
     -K1 Los Cedros Fm. Gray marbles in thin slates, sometimes calcareous or graphitic   
     marbles. 
     -K1 Loma Quivican Fm. Light, gray and greenish marbles. 
- Cretaceous metavolcanic formation 
     -K Yaguanabo Fm. basic metavolcanic rocks. 
- K1-K2 El Tambor Fm Metaflysh-terrigenous carbonate metapsammitic-pelitic schist 
- Jurassic terrigenous formations 
     -J1-J3 Herradura Fm. Quartz-muscovite schist 
     -J1-J3 Loma La Gloria Fm. Meta-terrigenous schist 
     -J1-J3  El Algarrobo Fm. Crystalline polyminerals schist 
     -J1-J3 La Chispa Fm. Quarzitic moscovite metarrigenous 
     -J1-J3

ox La Llamagua Fm. Quarzitic meta-sandstones 
- Jurassic carbonated formations 
     -J3 Boquerones Fm. Black schistose marbles and calcareous-graphitic schist 
     -J3 Cobrito Fm. Black schistose marbles and muscovitic calcareous-graphitic schist 
     -J3 San Juan Fm. Gray marbles 
- Jurassic metavolcanic formation 
     -J2-J3 Felicidad Fm. Basic metavolcanic rocks (greenschists) 
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Inside the Escambray massif, different groups of mafic rocks are distinguished, which have been 
divided by its contrast metamorphism grade (Millan and Somin, 1981) into: 

- Serpentines 
- Metagabbro and metadiabase bodies  
- Basic metavolcanic bodies, mainly meta-basalts  
- Eclogites bodies 
- Quartzites 
- Metamorphites of high pressure 
 
B. The following formations were clustered as “Cretaceous volcanic rocks”: 
- Cretaceous volcanic rocks 
    - K2-P2 Vaqueria Fm. Microgranular limestones 
    - K1

ne Los Pasos Fm. Rhyolites, dacites,  
    - K2

al-K2
t Las Calderas Fm. Basalts, andesites, dacites 

    - K1
al Matagua Fm. Basalts, andesitic basalts, andesites 

    - K1
al Cabaiguan Fm. Cristallyne and glassy tuffs 

    - K1
ne Porvenir Fm. Bimodal volcanic sequence 

    - K1-K2
cm Guaos Fm. Limestones, marbleized limestones. 

    - K2
mn Monos Polimictic conglomerates. 

    - K2
m Cantabria Fm. Microgranular limestones. 

    - K2
st Moscas Fm. Nodular limestones. 

- K2
cp-m Volcanomictic conglomerate 

 
The granitoid formations mentioned below correspond to the different stages of the development of 
the Cretaceous volcanic arc. They are located to the north and east of the Escambray massif. 
     - Kcp Leucocratic granites of granite-granodiorite fm 
     - K2

cm-cp Plagio-granites of granodioritc-granitic fm 
     - K2

cm-cp Granodiorites, quarzidiorites, tonalies (Intrusives) 
     - K1

cp-K2
cm Diorites, quarzodiorites, tonalites 

     - J2-J3 Quarzidiorites, tonalites, plagiogranites  
 

C. The Amphibolic Complex, known as Mabujina Complex, is formed by regional metamorphism of 
volcanic-intrusive rocks with intercalations of sediments. Common rocks types are: 
    - J3-K1 Anphibolites 
    - J3-K1 Banded metagabbro 
    - J3-K1 Magmatic breccias composed by fragments of metagabbro 
 
D. The continental margin rocks range in age from early Jurassic to Late Cretaceous and are overlain 
frequently by younger Tertiary rocks and Recent deposits.  

- Q4 al Alluvial deposits 
     - Q3js Jaimanitas Fm. Massive biodetritic limestone 
All formations dated from Paleocene to Neocene are now grouped in the unit “Tertiary sedimentary 
formations”. 
 
- Tertiary sedimentary formations. 

 - N2-Q1 Vedado Fm. Limestones    
 - N1 Guines Fm.Fosiliferous, dolomitic, micritic limestone 

    - P3
2-N1

1 Las Cuevas Fm. Biogenic limestones 
    - P3

2-N1
1Lagunitas Fm. Sandstones, polimitic conglomerates 

  - P2-P3 Condado Fm. Sandstones, limolites, polimictic conglomerates, marls and biodetritic      
    limestones 
  - P2 Meyer Fm. Breccia-conglomerates, limestones 

    - P2
1Jucillo Fm. Metavulcanite breccia 
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Fig.2.2: Generalized lithological map of Escambray terrain. 

 

2.4.2 Mineral occurrences data 

 
The mineral occurrence database was obtained in digital format (Excel) from the Mineral Deposit 
Department of Geology and Paleontology Institute. It contains descriptions of all known mineral 
ocurrences in the Escambray terrain.  This database includes 128 records that are described by string 
fields: name, identifier, ore mineral and classification of the occurrences. The spatial locations of the 
points were recorded in Conformal Lambert coordinate system.  The mineral occurrences were 
classified based on size and importance as deposit, prospect, mineral manifestation and point of 
mineralization.  The mineral occurrences database was imported as table to ILWIS format. The 
locations of massive sulphide ocurrences are indicated on the lithological map  (figure 2.2). 
 
 
2.4.3 Geophysical data 

The geophysical spreadsheet database is derived from magnetic and radiometric grid maps at scale 
1:500 000  from a 1981 airborne geophysical survey over Escambray terrain. The flight lines of this 
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survey were spaced at 500m. Terrain clearance was 60m above ground level. The control points were 
accomplished using the tie-line method and a ground base station for temporal correction. For the 
radiometric survey a crystal volume of 31.5 liter was used. Down line interval is about 80m. The 
magnetic gridded data set is available in binary format with a cell size of 500m (Excel format). The 
radiometric gridded data sets (containing radioelement concentration of potassium (K%), equivalent 
thorium (ppm), equivalent uranium (ppm), and total radioactivity count (µR/h)) are also provided in 
binary file format with a 500m-cell size derived from original line data. The data-set were imported 
from Excel to Oasis Montaj for data processing: (1) generation of aero-magnetic and radiometric data 
and grid; (2) creation of enhanced images of aero-magnetic filed using filtering and another 
techniques and, (3) qualitative interpretation of both datasets. 
 
 
2.4.4 Geochemical data 

 
Geochemical data were obtained from a regional stream sediment survey (Stanik et al., 1981). A sub-
set of this data covers the study area with 6867 samples representing a sampling density of 
approximately 5 to 6 samples per km2. The samples were composed of stream sediments of 
disintegrated rocks. They were air dried and were sieved to obtain the 80 – 100 mesh fraction.  The 
samples were analyzed for Cu, Zn, Ni and Mn by ASS (atomic absorption spectrophotometry). The 
spatial and non-spatial attributes of the geochemical data were obtained from a table in digital format 
(Excel format). The spatial locations were recorded as X and Y Lambert Coordinates and the 
chemical attribute as numerical fields.  
 
Table 2.1 contains the elementary statistics of the subset geochemical data pertaining to the study 
area. As indicated by their skewness coefficients, all elements are positively skewed. However, a 
loge- transformation effectively reduces the skewness and therefore the log- transformed data will be 
used further in this study.  
 
Table 2.1: Elementary statistics of the subset data, Escambray terrain. All elements are in ppm except for Mn, 
which is %. 

Element Number of 
samples 

Minimum Maximum Mean Std. Dev Skewness Skewness 
(loge) 

Cu 6867 13 2015 63.82 35.50 27.39 -0.094 
Zn 6867 16 1060 108.25 50.34 3.79 0.184 
Ni  6867 8 3000 94.48 87.06 14.34 0.393 
Mn 6867 0.01 42 0.19 0.66 42.05 0.198 

 
The Cu, Zn Ni and Mn data were classified into background, moderately anomalous and highly 
anomalous values. Because the histograms of all element values approximate a Gaussian distribution 
(Figure 2.3), the means and standard deviations of the data were used in the classification (Rose et al, 
1979). The values equal to or less than the mean were considered background. Values between the 
mean and mean plus one standard deviation (x + s.d.) are high background. Moderately anomalous 
values are between mean plus one standard deviation and mean plus two standard deviations. Values 
greater than (mean plus two standard deviation) are highly anomalous. The results of this 
classification are shown in the table 2.2.   
 
Table 2.2.  Classes assigned to Cu, Zn, Ni and Mn values of stream sediment. 

 
Elements 

 
Background 

High background Moderately 
anomalous 

Highly anomalous 

Cu (ppm) 59 59-86 86-126 >126 
Zn (ppm) 99 99-148 148-154 >154 
Ni (ppm) 81 81-137 137-232 >232 
Mn (%) 0.12 0.12-0.27 0.27-0.62 >0.62 
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Figure 2.3 Histograms of Loge-transformed stream sediment geochemical data, Escambray terrain: a) Cu; b) Zn; c) Ni; d) 
Mn. 
 
 
2.4.5 Landsat TM imagery 

Landsat TM imagery was obtained in raster format. It has a resolution of 30 meter per pixel. The 
imagery was georeferenced using control points obtained from the available toposheet where the 
study area is located. The spatial attributes of selected control points were previously transformed 
from Geographic to Lambert Conformal system. After georeferencing these imagery were fitted to the 
study area using the Sub-map tool, in ILWIS. 
 
 
2.5 Concluding remarks 

The first part of this chapter involved: (1) the review and studies of conceptual model of the massive 
sulphide deposits in the world, mainly those deposits developed in similar geological setting to 
Escambray terrain (passive continental margin environment),  (2) study the general characteristics of 
the deposit minerals that occur in the area, (3) establish criteria for the recognition of favourable 
geological terrains for the occurrence of massive sulphide deposits, taking into account the geological 
features that can be identified from different geo-exploration datasets.  
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The geo-exploration datasets available in this study are (1) lithologic map, (2) locations of massive 
sulphide occurrences, (3) radiometric and magnetic datasets, (4) stream sediment geochemical data. 
These datasets are derived from geological surveys and published works of the Cuban Geological 
Service.  Another available dataset is Landsat (TM) imagery, which will be used to experiment detect 
hydrothermal alteration zones in the presence of dense vegetation. The lithologic map will be used to 
extract lithological evidence and will be combined with geo-information from aero-magnetic data to 
generate heat/metal source evidences of massive sulphide occurrence. The Landsat TM data and the 
radiometric data will be used to create an evidence map of hydrothermally altered zones.  The stream 
sediment data will be used to create a geochemical evidence map.   
 
In the next chapter the processing of geo-exploration spatial data inputs will be carried out to extract 
spatial evidence based on the DRCs. 
 



 

 

3. Extraction of Spatial Evidences 
 
In this chapter, the deposit recognition criteria (DRC) will be mapped as spatial evidential maps of 
massive sulphide deposits in the study area. 
 
3.1 Lithological evidence 

Lithological evidence for the massive sulphide occurrences in the area were extracted from the 
geological map and from the radiometric data. 
 
3.1.1 Lithological evidence from the geological map 

 
The presence of Jurassic and Cretaceous formations consisting of carbonates and terrigenous rocks is 
among the DRC defined in the previous chapter. These formations include (Fig 3.1): (1) Schistose 
marbles and graphitic schist bellowing to Jurassic carbonated formation; (2) Cretaceous grey and 
green marbles (carbonated formations); (3) Cretaceous metasilisitic quartzites (terrigenous 
formations); (4) Jurassic terrigenous formations comprising meta-terrigenous schist, muscovitic 
terrigenous schist and meta-sandstones; (5) metaflyhsh terrigenous carbonate schist from El Tambor 
formation.  
 
The mapped outlines of the evidential formational units were imported from the digital 1:100 000 
scale geological map of the area. The smallest polygonal area in lithological map is 0.52 km2 and the 
shortest distance between the massive occurrence points is 470 m. Therefore distance less than 470 m 
could be used as pixel size resolution pixel in the spatial analysis. In this case, however, 100 m was 
used as pixel size because its results in a lithologic raster map in which rocks units are more 
accurately spatially represented than when using larger pixel sizes. A pixel size of 100m was also 
used in the analysis of the other datasets. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.1: Lithological and mineral occurrence map of Escambray terrain. Red dots are locations of massive sulphide deposits. 



17 Chapter 3 

 

3.1.2 Lithological evidence from radiometric data 

Data from airborne gamma-ray surveys have proved useful in differentiating lithological units (e.g., 
Hoover et al., 1992).  In this work, the radiometric data were analyzed to determine its usefulness in 
identifying lithological evidence for the massive sulphide deposits. Minimum curvature gridding was 
used to interpolate the data because of the regular distribution of the data.  A minimum curvature 
surface is the smoothest possible surface that fits the given data values. The gridded values were 
stretched using histograms equalization to produce a pseudocolor image from each radiometric 
parameter. Grid files of gamma ray spectrometry data were displayed as single images. Of the single 
images, the image for potassium data (Fig 3.2), particularly with regard to the high values, shows 
geophysical signatures associated with the Jurassic terrigenous formation (consisting mainly 
muscovite schist) and the Cretaceous Tambor formation, consisting of pelitic schists. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.2: Variations in the Potassium Image from airborne �-ray spectrometric data. Black dots are locations of 
massive sulphide deposits. 

 

The high potassium signature related to the schists is expected because these types of rocks 
(particularly mica schist) are known to contain high amounts of potassium (Hoover et al. , 1992). 
Thus, radiometric data can prove useful in identifying spatial evidence for massive sulphide in the 
area. However, in the present work, the geological map data provide more spatial evidence than the 
radiometric data. The radiometric potassium signature will not used in the predictive modelling. In 
the absence of variable geological map data, the radiometric K signature could have been used further 
in this study. 

 

3.2 Geochemical evidence 

The presence of Cu-Zn geochemical anomalies is one of the DRCs defined in the previous chapter. A 
popular method for identifying a multi-element anomalous geochemical association is principal 
components analysis (e.g., Carranza and Hale, 1997). The use of this technique is to separate the 
elemental associations inherent in the structure of the correlation matrix into a number of groups of 
elements that together account for the greater part of the observed variability in the data. The inter-
element relationships inherent in geochemical data in the study area have been investigated through 
this analysis. The results of the principal components analysis are given in the Table 3.1. 
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Unfortunately, there are no universally agreed criteria for what indicates “significant” loadings. Some 
workers use the critical correlation coefficient at the 99% level of significance as an approximate 
guide (e.g Sinclair, 1974), which in this case (for n=6867 pairs) is ± 0.0085. 
 
Table 3.1 Principal component analysis of stream sediment geochemical data. 

 Principal component loadings 
 

    PC1         PC2             PC3            PC4 
 
 

Zn 0.810 0.126 -0.492 0.294 
Cu 0.860 -.0246 -0.176 -0.410 
Ni 0.668 0.665 0.327 -0.065 
Mn 0.747 -0.448 0.443 0.212 

% of Var 59.989 18.006 14.419 7.586 
 
 
The PC1 accounts about 60% of the variance. It has high positive loadings for Cu, Zn, Ni and Mn. 
The Cu-Zn-Ni-Mn association represented by PC1 is interpreted to be a multi-element geochemical 
signature reflecting the overall geochemical landscape due the combined effect of lithological 
controls (e.g. mafic/ultramafic rocks), chemicals controls (scavenging by Mn hydroxides), mineral 
deposits, etc. The PC1 cannot be considered therefore to represent an geochemical signature 
reflecting presence of only the massive sulphide deposits. 
 
The second component (PC2) explains at least 18% of the variance, and has high positive loading on 
Ni, low positive loading on Zn and negative loadings on Cu and Mn. The PC2 is interpreted to reflect 
presence of ultramafic bodies (represented by Ni-Zn association) and presence of scavenging effect 
of Cu by Mn hydroxides (represented by Mn-Cu association). The PC2 therefore is not considered to 
represent a geochemical signature indicating presence of massive sulphide deposits. 
 
The third component explains about 15% of the variance and represents two antipathetic associations, 
Zn-Cu and Mn-Ni. The Zn-Cu association is interpreted to indicate presence of mainly Zn anomalies 
due to massive sulphide mineralization (because of higher negative loadings on Zn than Cu) while the 
Mn-Ni association could be related with scavenging of Ni by Mn hydroxides  
 
At least 7% of the variance is explained by PC4, which has negative loadings on Cu and Ni and 
positive loadings on Zn and Mn. The Zn-Mn is interpreted to be due to scavenging effect of Mn-
hydroxides while the Cu-Ni association is interpreted to be mainly due to Cu anomalies related to 
massive sulphide mineralization (i.e., higher loading on Cu and insignificant loading on Ni). 
 
From the principal component analysis, the PC3 is considered to represent a multi-element 
association (Zn-Cu) indicative mainly of Zn anomalous zones related to massive sulphide deposits. 
Because of the negative loadings on Cu and Zn, the PC3 scores have to be negated (i.e, multiplied by 
-1) to highlight geochemically anomalous zones with high (negated) PC3 scores. The PC3 scores for 
the log-transformed data were calculated using the formula (George and Bonham-Carter, 1989): 

�
=

=
4

1j
ijcjci elS  (3.1) 

where: Sci=score for sample i on component c; cjl =loading of variable j on component c; and ije = 

concentration of elements j for sample i. The negated PC3 scores were attributed to the stream 
sediment sample points and then interpolation was performed to depict the spatial distribution. 
Because of expected anisotropy in the geochemical data due to genetic association of the deposits to 
particular lithological units, spatial interpolation was carried out by kriging. This interpolation 
method requires information from a semivariogram to find an optimal set of parameters that are 
applied to the data for estimation of values at non-sampled locations.  The semivariograms 
approximate exponential models and the parameters for the fitted curves were used to determine the 
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anisotropy ratio for the anisitropic krigging.  The PC3 scores exhibit weak anisotropy in spatial 
variation (Fig 3.3). While the difference between spatial variability along the NS and EW directions 
is not very remarkable, the EW direction has a smaller range and thus represents the anisotropy 
direction. The exponential model parameters, nugget effect (C0=0.50), sill (C1=0.97) and range 
(a=1000m) for the EW direction are shown in the figure 3.3. This model was used to krige the points 
and the result of this interpolation is shown in the Fig 3.4. 

      
 
 
 
 
 
 
 
 
 
 
 
   
 

Fig 3.3:  Semivariograms of PC3 scores in NS and EW directions.  The model pertains to NS direction.   
                                                   

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 3.4: Kriging estimates of PC3 scores based on stream sediment geochemical data. Black dots are locations of massive 
sulphide deposits.  
 
 
There is an apparent good spatial correlation between the higher values of PC3 scores and the 
locations of massive sulphide deposits (fig 3.4). The kriged PC3 scores will be analized spatially in 
chapter 4 to determine threshold PC3 scores level to define geochemically anomalous zones.  
 
The Cu-Ni association represented by PC4 was interpreted mainly as Cu anomalies related to massive 
sulphide mineralization and was also interpolated by krigging. Because of this, the kriged PC3 and 
kriged PC4 scores were combined using the directed principal components in order to generate 
integrated Zn-Cu geochemical evidence. The result of such principal components analysis is show in 
the Table 3.2. 
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Table 3.2: Directed principal components (DPC) analysis of  kriged PC3 and PC4 scores. 
Eigenvectors Principal 

component PC3 PC4 
Eigenvalues 

(%) 
DPC1 -0.902 0.432 58.52 
DPC2 -0.432 -0.902 41.48 

 
 
The second DPC represents an anomalous Cu-Zn geochemical stream sediment signature because of 
the same signs on the loading of PC3 and PC4 which indicate sympathetic association between the Zn 
(-Cu) and Cu (-Ni) association represented by these two PCs. Due to the negative loadings PC3 and 
PC4 images, negation of DPC2 was needed. The result is shown in the figure 3.5. A visual inspection 
of this map reflects a clear spatial association between the higher values of DPC2 and the massive 
sulphide ocurrences. Thus, the DPC2 of stream sediment samples will be studied in the next chapter 
for determining geochemical anomalous zone. 

 

 

 

 

 

 

 

 
Fig 3.5.Combined image of kriged PC3 and PC4 scores using DPC. Black dots are locations massive sulphide deposits. 

 

3.3 Structural evidence 

The presence of or proximity to faults/fractures in one of the DRC defined in chapter 2. The faults 
and tectonic features represented in the geological map are shown in Figure 3.6. 
 
Structural information could also be obtained from aeromagnetic data. For identifying presence of 
linear features such as faults and fractures from aeromagnetic data, the first vertical derivative was 
investigated (Carballo, 1998). First vertical derivates are essentially a measure of the rate of change 
of the field with the height (Alvarez, 2000). The calculation of the first vertical derivate of the 
aeromagnetic field is physically equivalent to measuring the magnetic field simultaneously at two 
points vertically above each other (magnetic gradiometer), subtracting the data and dividing the result 
by the spatial separation of the measuring point. The magnetic vertical gradient enhances shallow 
magnetic anomaly sources (e.g., faults/fractures) suppressing deeper ones, and gives a better 
resolution of closely spaced sources without introducing directional bias. A colour-shaded relief of 
the first vertical derivate of total magnetic intensity was produced using grey scale colour model and 
displayed by means of histogram equalization. For producing theses images, an illumination with an 
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inclination of 45º and declination of 35º was employed.  Structural features from the geological map 
were overlayed on the first vertical derivate image (Fig 3.6) and used during the interpretation 
process. After studying this image the identification of several faults and lineaments mainly in sub-
meridian system has been possible.  The faults and fractures were recognized by the linear anomalies 
and interruptions or discontinuities in the field pattern. The lineaments are shown in the image 
(Figure 3.7) 

 

 

 

 

 

 

 

 

 

Fig 3.6: Faults and lineaments from the geological map. Green line is the boundary of study area. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 3.7: Grey scale image of the shaded relief of first vertical gradient of the total magnetic intensity. Dots are locations of 
massive sulphide deposits. 
 
 
 3.4 Heat/metal source evidence 

One of the DRCs defined in chapter 2 is the presence of or proximity to meta-mafic/ultramafic rocks, 
which are here thought of as possible heat or metal sources for the massive sulphide mineralization. 
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The outcrops of these rocks in the area are not very extensive (figure 3.8) due to thick vegetation and 
overburden. Therefore, the geological map is not enough for taking the mapped meta-
mafic/ultramafic rocks as spatial evidence. In this work, indications of un-mapped meta-
mafic/ultramafic bodies are interpreted from the stream sediment geochemical data and aeromagnetic 
data and are considered as spatial evidences for massive sulphide occurrences. 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.8: Meta-intrusive outcropping bodies in Escambray terrain. 

 

 3.4.1 Indications from stream sediments geochemical data 

In the principal components analysis of the stream sediments geochemical data (section 3.2), the PC2 
was interpreted to represent presence of ultramafic bodies (represented by Ni-Zn association). The 
PC2 scores were then calculated using eq. 3.1, were attributed to the stream sediment sample points 
and were used in a kriging interpolation to map their spatial distribution in the study area. The 
exponential semi-variogram model was used to model these data and the parameters that allowed 
better fit were: nugget 0.52, sill 0.94 and range 2400m. The results of kriging interpolation are shown 
in the Figure 3.9. 
 
The kriged values of PC3 shown in the figure 3.9 exhibit an apparently good spatial correlation with 
the location of outcropped ultramafic bodies in the area. For this reason the kriged values will be 
analyzed spatially in the next chapter to determine threshold PC2 scores level to define ultramafic 
bodies that are not represented in the geological map. 
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Fig3.9: Kriging estimates of PC2 scores. Polygons in black outlines are known meta-intrusive bodies. 
 
 
3.4.2 Indications from aeromagnetic data 

Aeromagnetic data offer a mean of extrapolating observations of solid geology into areas of surface 
cover and also give important information on the subsurface extension of geological units (Carballo, 
1998). Analytical signal provides a measure of the amount of magnetization, regardless of its 
directions. The amplitude of the analytical signal of the total magnetic field reaches maximum values 
over the edges of magnetic bodies (Nabighian, 1972). This means that all bodies with the same 
geometry have the same analytical signal. However, when the geometry of the sources is more 
complicated than simple vertical contacts, sharp anomaly peaks are not obtained over anomaly edges, 
and instead, diffuse and less clear peaks can be obtained. It is also possible to use the analytical signal 
shape to determine the depth to the magnetic sources (Mac Leod, 1993). Consequently, it could show 
contact between the structural blocks. Furthermore, it could allow the identification of shallow 
sources superimposed upon regional anomalies. Grey scale and HIS (hue, intensity, saturation) colour 
composite images with shaded relief of the aeromagnetic total fields and its analytical signal were 
used in the qualitative analysis of indications of meta-mafic/ultramafic rocks.  Then an analysis was 
done in order to characterize qualitatively how much information they were individually able to 
supply, based on the known geological data. Then, those most representatives ‘outputs’ (or associated 
signal pattern) were used to generate the evidence maps. The qualitative analysis was done using the 
geological map as reference. 
 
The gridding of the aeromagnetic data was carried out based on survey parameters and specifications 
of the flight lines. A grid cell size of 150 m was selected after considering that the spacing between 
flight lines was 500 m. Bi-directional gridding was used because of the regular distribution of the 
data. This method inherently tends to strengthen trends perpendicular to the direction of the survey 
lines and rapidly interpolates roughly parallel line-based data. Using the gridded aeromagnetic data, a 
colour-shaded relief of the colour of the analytical signal of total magnetic intensity was produced 
using HIS scale colour model (Carballo, 1998). The dynamic range of the colour table was stretched 
by means of histogram equalization method.  For producing theses images, an illumination with an 
inclination of 45º and declination of 35º was employed.  On the HIS image of the analytical signal, 
the outlines of mapped ultramafic rocks were overlayed and analysis of the magnetic signals of these 
units was carried out to define their magnetic pattern. Anomalous values of analytical signal 
approximately between 0.04 and 0.06 are related with mapped ultramafic bodies (Figure 3.10 A). 
Consequently, the delineation of some blocks that include metagabbros, metadiabases and basic 
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metavolcanic rocks was possible. In addition, interpretation of some bodies altered into serpentines 
was been possible (Fig 3.10 B). The mapped serpentines related analytical signal values (greater than 
0.24). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 3.10 HIS scale shaded relief of the analytical signal of the total field: (A) showing outlines of mapped and interpreted 
ultramafic bodies and (B) showing outlines of mapped and interpreted serpentines. 
 
 
3.5 Hydrothermal evidence 

The presence of or proximity to hydrothermal alteration zones is among the DRCs defined in the 
Chapter 2. This spatial evidence is mapped using Landsat TM imaging. Landsat-TM imagery has 
pixels that represent approximately 30m x 30m on the ground, excellent radiometric qualities and 
excellent geometric qualities (Richards, 1993). It has spectral channels (bands 1-5 and 7), which 
represent surface characteristics of radiation in the wavelength ranges between 0.45 and 2.35 
micrometers. According to Moore and Guo (1990), the most useful Landsat TM bands for general 
geological applications are bands TM5 (1.55-1.75 µm) and ‘clay band’ TM7 (2.08-2.35µm), whilst 
TM1 (0.45-0.52µm) and TM3 (0.63-0.69µm) are useful for mapping mafic rocks and iron rich 
materials and soils. The available Landsat –TM imagery of the Escambray terrain was processed in 
order to map iron oxide and clay alteration zones, which could be associated with the massive 
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sulphide mineralization. The available Landsat –TM imagery of the Escambray terrain was processed 
in order to map iron oxide and clay alteration zones, which could be associated with the massive 
sulphide mineralization. 
 
Table 3.3 Elementary statistics of spectral bands of Escambray terrain Landsat TM data. 

 

                          Band 1             Band2             Band 3              Band 4               Band 5              Band 7 

Minimum           52                      14                    9                        1                          0                        0 
Maximum         255                    151                194                    164                       249                   157 
Mean                69.69                27.82              27.62                 54.71                    65.53                24.99 
SD                    8.95                   6.44               11.15                 20.69                    33.41                15.37 

 

The elementary statistics of the spectral Landsat TM bands are shown in the 3.3. The visible bands 1, 
2 and 3 have higher minimum values than the infrared bands 4, 5 and 7. The higher minimum values 
in the visible bands are due to atmospheric dispersion due to haze. On the other hand, the lower 
minimum values in the infrared bands is due to atmospheric absorption in this wavelength. The 
highest standard deviation is shown by the band 5 due to large variations in spectral response of the 
various materials contained in the image. 
 

Table 3.4 Correlation matrix of spectral bands of Escambray terrain Landsat TM data. 
 

                        Band 1                Band2              Band 3               Band 4               Band 5              Band 7 
 

Band 1             1.00 
Band 2             0.88          1.00 
Band 3             0.88          0.97       1.00 
Band 4             0.17          0.53       0.44                  1.00 
Band 5             0.70          0.88       0.90                  0.64                1.00 
Band 7             0.79          0.90       0.95                  0.47                0.97             1.00 

 

 

The table 3.4 shows the correlation coefficient between pixels values in the spectral bands. The 
spectral bands 2 and 3 are highly correlated, as well as the bands 5 and 7 and the bands 3 and 7. So, 
these pairs of spectral bands provide redundant information. In opposition, the band 4 is poorly 
related with band 1, thus the data from these bands can be used to differentiate between areas of 
vegetation and areas of iron oxides alteration. Also, the correlation coefficient between bands 3 and 4 
is low; therefore, these bands can be used with same purpose. The data in bands 4 and 7 are not well 
correlated and these bands can be useful to distinguish areas of vegetation from areas of clay 
alteration. 
 
The Landsat TM bands were radiometrically corrected for the effect of haze. Haze is due to 
particulates present in the atmosphere, which obscures the spectral response of ground objects and 
has an additive effect to the overall image. The haze correction was done for each band by computing 
the histogram of pixels values and determining and subtracting the minimum value from all the pixels 
in a specific band (Richards, 1999).  
 
Visual inspection of the natural color composite image (Fig 3.11a) and with pixel information from 
NDVI (calculated as (TM4-TM3)/(TM3-TM4) image (Fig 3.11b) for bare soils pixels, sparsely 
vegetated pixels, density vegetated pixels and water pixels lead to a classified NDVI map (Fig 3.11c), 
which indicate that about 30 % of the study area is densely vegetated, about 40 % is sparsely 
vegetated and about 30 % is bare soil and water.  
 
Different techniques to detect hydrothermally altered rocks in the presence of vegetation using 
Landsat TM data have been developed in the last years. The Crósta technique (Crósta and Rabelo, 
1993) the software defoliation technique (Fraser and Green, 1987) and mineral image mapping 
(Carranza, 2002) are among the techniques developed for areas with vegetation cover. These 
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techniques are applied in this work to detect indication of alteration zones in the presence of 
vegetation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 3.11 TM-derived images of Escambray terrain: (a) natural color composite; (b) NDVI; (c) classified NDVI images.  
 

b) 
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a) 
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3.5.1 Application of the Crósta Technique 

 The Crósta technique (Crósta and Rabelo, 1993) is based in the examination of principal component  
(PC) eigenvector loadings to decide which of the PC images will concentrate information related 
directly to the theoretical spectral signatures of specific target materials. The technique is able to 
predict whether the target material is represented by bright pixels in the PC images according to the 
magnitude and sign of the eigenvectors. Limonitic alteration zones are mapped by using Landsat TM 
bands 1, 3, 4 and 5; clay alteration zones by Landsat TM bands 1, 4, 5 and 7 (Crósta and Rabelo, 
1993, Ruiz-Armenta and Prol-Ledesma, 1998) 
 
Limonitic (or iron-oxide) alteration can be differentiated from vegetation because (a) iron oxides 
have a strong reflectance in the spectral region of band 3 and strong absorption in the spectral region 
of band 1 while vegetation has absorption features in these spectral regions and (b) iron oxides have 
an absorption feature in the spectral regions of band 4 and reflectance features in the spectral regions 
of bands 7 and 5 while vegetation has strong reflectance features in these spectral regions. Clay 
alterations can be differentiated from vegetation because (a) vegetation has a strong reflectance in the 
spectral region of band 4 and absorption features in the spectral region of band 1 while clay have 
absorption features in these spectral regions and (b) clay have reflectance features in the spectral 
region of band 5 and absorption features in the spectral region of band 7 while vegetation has 
reflectance features in these spectral regions. 
 
The results of principal components analysis of bands 1, 3, 4 and 5 (Table 3.5) show that the Fe-
oxides are mapped by PC4. The positive sign of the loading on band 3 and the negative sign of the 
loadings on band 1 indicate that limonitic alteration is mapped as bright pixels (Fig 3.12a).  
 
Table 3.5 Principal components analysis for limonitic alteration using the Crósta technique. 

Eigenvector Principal 
components Band 1 Band 3 Band 4 Band 5 

 
Eigenvalues (%) 

PC1 0.156 0.258 0.403 0.864 83.56 
PC2 -0.313 -0.251 0.873 -0.275 14.13 
PC3 -0.729 -0.481 -0.273 0.403 2.02 
PC4 -0.588 0.799 -0.020 -0.123 0.29 

 
The results of the principal components analysis of bands 1, 4, 5 and 7 (Table 3.6) show that clay 
alteration is mapped by PC4. The positive sign of the loadings on band 7 indicate that clay alteration 
is mapped as bright pixels (Figure 3.12b). 
 
Table 3.6 Principal components analysis for clay alteration using the Crosta technique. 

Eigenvector Principal 
components Band 1 Band 4 Band 5 Band 7 

 
Eigenvalues (%) 

PC1 0.152 0.377 0.836 0.370 84.47 
PC2 -0.283 0.885 -0.215 -0.300 13.84 
PC3 -0.922 -0.240 0.299 -0.052 1.46 
PC4 0.215 -0.129 0.408 -0.878 0.23 

 
The Crósta technique has another advantage in that the limonitic alteration (F) image and the clay 
alteration (H) image can be combined into an integrated limonite-clay alteration image by way of 
directed principal components analysis. The principal components in which both loadings on the 
input images have a the same sign represent the combined alteration image. The result of such 
principal components analysis is show in the Table 3.7. The combined limonitic and clay alteration 
image is represented by PC2. The negative sign of both loadings in the input images indicate that 
negation of image is required. The result of this procedure is shown is the Figure 3.12c. The 
combined limonitic and clay alteration zones are mapped as bright pixels. 
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Table 3.7 Principal components analysis for limonite-clay alteration using the Crósta technique 
Eigenvectors Principal 

component  F 
Eigenvalues 

(%) 
PC1 -0.772 0.636 72.87 
PC2 -0.636 -0.772 27.13 

 

 

 
 
 
 
 
 
 
 
   
 

 

 

 

 

 

 

          

 

   

 

 

 
 
 
 
 
 
 

Fig 3.12 Alteration zones (bright pixels) mapped by the Crósta technique: (a) limonitic alteration zones and (b) clay 
alteration zones; (c) limonitic and clay alteration zones (H+F) 
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3.5.2 Application of the software defoliant technique  

An image enhancement technique based on a directed principal components (DPC) analysis of two 
band ratio images is called the software defoliant technique (Fraser and Green 1987). The input band 
ratio images are selected on the basis that one band ratio contains information related to the 
component of interest (e.g. hydrothermal alteration), the spectral response of which suffers 
interference from the spectral response of another component ( i.e. vegetation) . The second band 
ratio should thus contain information about this spectrally interfering component. Fraser and Green 
(1987) aver that the input band ratio images, which are computed from unstretched data, need to be 
standardized through a histogram equalization stretch so that their range extends from 0 to 255 and 
their means approximate 128. Once computed, the DPC that has loadings of similar signs on both 
input band ratio images explains the variance due to similarities in the spectral responses of the 
interfering component and the component of interest. The other DPC, whose loadings are of different 
signs on either of the input band ratio images, highlights contributions unique to each of the 
components. The sign of the loadings dictates whether the component of interest is represented as 
bright or dark pixels in the DPC image; a positive loading implies bright pixels, a negative loading 
implies dark pixels. Based on the generalized reflectance curves of selected cover types, band ratio 
4:3 serves as an excellent vegetation indicator while band ratios of 3:1 and 5:7 are commonly used to 
enhance iron oxides and clays, respectively ( Fraser and Green, 1987). 
 
The results of DPC analysis using band ratio 3:1 and 4:3 to map limonitic alteration are shown in 
Table 3.8. The positive sign of the loading on the ratio 3:1 suggests that the DPC2 image represent 
zones of limonitic alteration zones as bright pixels (Fig 3.13 a). 
 
Table 3.8 Directed principal components analysis of band ratio Landsat TM images for limonitic 
alteration detection by the software defoliant technique. 

 

The results of DPC analysis on band ratio image 4:3 and 5:7 to map clay alteration are given in Table 
3.8. The DPC2 should map zones of clay alteration. The negative sign of the loading on ratio 5:7 
suggests that DPC2 should be negated to represent clay alteration zones as bright pixels (Fig 3.13 b)  
 
Table 3.9 Directed principal components analysis of band ratio Landsat TM images for clay alteration detection 
by the software defoliant technique. 

Eigenvector Principal 
components Band 4: Band 3 Band 5: Band 7 Eigenvalues (%) 

DPC1 -0.825 -0.566 88.41 
DPC2 0.566 -0.825 11.59 

 
 
In order to map limonitic and clay alteration zones in an integrated map, these images were combined 
by using Crósta technique. The principal component analysis was carried out between these images 
and the result is shown in the Table 3.10. The positive sign of loadings of PC1 indicates that limonite 
and clay alteration zones image are mapped on bright pixels (Fig 3.13c). 
 
 
 
 
 

Eigenvector Principal 
components Band 3: Band 1 Band 4: Band 3 

 
Eigenvalues (%) 

DPC1 0.037 0.999 96.47 
DPC2 0.999 -0.037 3.53 
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Table 3.10 Principal components analysis of limonite and clay image (defoliant technique) for limonitic and clay 
alteration detection by the Crósta technique. 

Eigenvector Principal 
components Limonite image Clay  image 

 
Eigenvalues (%) 

PC1 0.214 0.977 69.26 
PC2 0.977 -0.214 30.04 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 3.13 Alteration zones (bright pixels) mapped by software defoliant technique: (a) limonitic alteration zones; (b) clay 
alteration zones; (c) limonitic and clay alteration (H+F) 
 
 
 
 
 

a) 

b) 

 c) 
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3.5.3 Application of the mineral imaging technique 

 
The mineral imaging methodology (Carranza, 2002; Carranza and Hale, 2002) include (1) application 
of DPC analysis of the band ratio images to enhance the spectral responses of each alteration mineral 
into separate mineral images based on published reflectance spectra of minerals (figure 3.14, Clark et 
al., 1993); (2) application of GIS to extract training areas for known hydrothermal alteration zones; 
(3) supervised classification of the mineral images to map hydrothermal altered zones; and (4) 
application of digital elevation model (DEM) image for improving results of the classification. 
 

Generation of Mineral images 

The predominant hydrothermal alteration minerals described in Escambray terrain are quartz, sericite 
or illite, and chlorite for the silicification, sericitization and chloritization, respectively. To enhance 
the spectral response of each of these minerals in the presence vegetation, two band ratio images were 
generated. Based on the analysis of different laboratory spectra representative of alteration minerals 
of interest (Fig 3.14), optimum input band ratios in Table 3.11, the band ratios to create the mineral 
images were selected (Table 3.11,Carranza, 2002; Carranza and Hale, 2002). Due to the spectral 
response similarities between illite and sericite, the optimum combination of band ratio image for 
illite was used to map sericite in the mineral image.   
 
Table 3.11. Optimum band ratios to enhance spectral response of mineral constituents of hydrothermal   
alterations (adopted from Carranza (2002) and Carranza and Hale (2002)). 

Alteration mineral to map                    Band ratio images input to DPC analysis 
Quartz 2/3; 7/1 
Illite 4/2; 7/1 

Chlorite 4/2; 5/1 
Limonite 2/3;5/1 

 
 
The results of the DPC analysis of band ratio image 2:3 and 7:1 to detect presence of quartz alteration    
are given in Table 3.12. The vegetation component (DPC2) has positive loading in both input images. 
The quartz component (DPC1) has positive loading on the input band ratio images with theoretically 
higher ratio for quartz than for vegetation; therefore, quartz is mapped as bright pixels in the mineral 
image (figure 3.15a).  

 
Table 3.12 Directed principal components analysis of Landsat TM band ratio for quartz alteration      detection 
by mineral imaging technique. 

Eigenvector Principal 
component    Ratio band 2/3 Ratio band 7/1 

 
Eigenvalues (%) 

DPC1 -0.633 0.774 84.00 
DPC2 0.774 0.633 16.00 

 
 
The results of DPC analysis of band ratio images 4:2 and 5:1 to detect presence of chlorite alteration 
are given in Table 3.13. The vegetation component (DPC1) has loading with the same sign for the 
input images. The DPC2 is the chlorite component. The high negative loading on the input band 
image with theoretically higher ratios for chlorite than for vegetation indicate that negation of the 
DPC2 image is needed to map chlorite as bright pixels in the mineral image (Figure 3.15b).  
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Table 3.13 Directed principal components analysis of band ratio Landsat TM images for chlorite   
alteration detection by mineral imaging technique. 

Eigenvector Principal 
component Ratio band 4/2 Ratio band 5/1 

 
Eigenvalues (%) 

DPC1 -0.785 -0.620 87.41 
DPC2 0.620 -0.785 12.59 

 
 

For the results of DPC analysis to detect presence of sericite (Table 3.14), the mineral component 
(DPC2) also has negative loadings on the band ratio input image with theoretically higher ratios for 
sericite than for vegetation and therefore the DPC2 image needs to be negated to map sericite as 
bright pixels (Figure 3.15c).  
 
 
Table 3.14 Directed principal components analysis of band ratio Landsat TM images for illite alteration 
detection by mineral imaging technique. 

Eigenvector Principal 
component Ratio band 4/2 Ratio band 7/1 

 
Eigenvalues (%) 

DPC1 -0.992 -0.128 93.79 
DPC2 0.128 -0.992 6.21 

 
The results of DPC analysis to detect presence of Fe oxides alteration zones are given in table 3.14. 
The goethite component (DPC1) has positive loading value on the band ratio input image with 
theoretically higher ratios for goethite than for vegetation. Thus, DPC1 was used to generate map 
limonite as bright pixels (Figure 3.15d). 
 
 
Table 3.14 Directed principal components analysis of band ratio Landsat TM images for goethite   
alteration detection by mineral imaging technique. 

Eigenvector Principal 
component Ratio band 2/3 Ratio band 5/1 

 
Eigenvalues (%) 

DPC1 -0.068 0.998 98.07 
DPC2 0.998 0.068 1.93 
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Fig 3.14: Laboratory reflectance spectra of (a) quartz, (b) illite, (c) chlorite, (d) goethite (from Clark et al. 1993). 
Wavelength coverages of Landsat TM bands are indicated.  
 
 

 
Fig 3.15: Mineral images generated by mineral imaging method (Carranza and Hale, 2002): (a) quartz image; (b) sericite 
image; (c) chlorite image; (d) limonite image. 
 
 

a
) 

b
) 

 
c

d
) 



Extraction of spatial evidence 34 

 

 
Supervised classification of the mineral image 
 
Provided that the mineral images can be considered indications of relative abundance of the different 
hydrothermal alteration minerals, the statistical paremeters of training data of known hydrothermal 
alterations units can be used to compute the statistical probability of unknown pixels being members 
of particular hydrothermal alterations units can be computed (Carranza, 2002; Carranza and Hale, 
2002).  This was carried out througth supervised classification (Richard 1999). 
 
Selection of training areas were selected on the basis of information of predominant alteration 
mineral associated with each of the massive sulphide deposits. The mineral deposits with 
predominant alteration minerals composed of quartz, sericite and chlorite were grouped to compose 
training /testing pixels for a combined clay alteration assemblages. The mineral deposits with 
predominant limonite alteration composed the training pixels for the limonitic alteration.  There are 
15 deposits with predominant “clay” alteration; 11 of theses points were randomly selected to 
compose the training pixels and the remainder composed the testing pixels. There are 16 deposits 
with predominant limonitic alteration; 12 points of these deposits were selected randomly to compose 
the training pixels and the remainder composed the testing pixels. However, the number of training 
pixels is much less than the recommended number of training pixels (i.e at least 150 times the number 
of input images) in supervised classification; (Swain and Davis, 1997). This problem was addressed 
by buffering all the mineral deposits used as training/testing pixels at 250m. The buffer distance was 
derived from a point pattern analysis (Boots and Getis, 1988) to determine the distance from each 
deposits point at which there is zero probability for a neighbouring deposit point. Buffering the 
mineral deposit to establish training/testing pixels is considered graphically valid because 
hydrothermal alteration zones usually cover much larger space than the deposits to which they are 
associated with. Hence, the buffered training pixels are used in the supervised classification of the 
mineral image and the buffered testing pixels are used to measure the accuracy of the classification. 
The unaltered training/testing pixels were selected from lithological map. Due to the lack of 
alteration in the lithological map, the rocks units that do not host the massive sulphide mineralization 
were assumed and used as unaltered zones. Training/testing pixels for water areas were also extracted 
from the lithological map. 
 
In addition to minerals images, an image of the DEM was used in the supervised classification 
(Carranza and Hale, 2002) because many of the deposits in the area occur in certain elevations 
(Figure 3. 16). Different conventional supervised classification approaches were used and the 
maximum-likelihood classifier was found to provide the best results to map known hydrothermal 
alteration in the area. The result of this classification is shown in the Figure 3.17. 
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Fig 3.16: Classified Digital Elevation Model and locations of massive sulphide deposits (black dots). 

 

 

 

 

 

 

 

 

 

 
Fig 3.17: Classified hydrothermal alteration map using mineral images. Black dots are locations of massive sulphide 
deposits. 
Validation of hydrothermal alteration classification 

The overall accuracy (measure of agreement between the classified image and the buffered testing 
pixels) was calculated using the classification error matrix. The classified hydrothermal alteration 
map has an overall accuracy of 91%. According to Anderson et al. (1976), the acceptable overall 
accuracy is 85%. Therefore, the classified hydrothermal alteration map is considered valid and 
acceptable. 
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3.5.4 Indications of hydrothermal evidence using radiometric data 

 
Spectrometric estimates of potassium, uranium and thorium (K, eU, eTh) concentrations and 
derivative ratios have been applied to mapping of deposits related-alteration haloes (e.g, Moxham et 
al., 1965). As mass changes in hydrothermally altered rock are best viewed relative to immobile 
elements, thorium and uranium concentrations can be rationed to immobile potasium (Huston and 
Wellman, 1998). Ratio images of eU/K and eTh/K were generated and evaluated as potential source 
of hydrothermal alteration evidence for the massive sulphide deposits in the area. Of these two 
images, the eTh/K showed variations or patterns that are better associated spatially with the known 
deposits (Fig. 3.18). High eTh/K values extend into the different Jurassic and Carbonaceous 
formations, which host the known deposits. The patterns of high eTh/K values are probably due to 
hydrothermally altered rocks associated with the deposits. This image will be processed in the chapter 
4 to determine threshold eTh/K ratios to define haloes alteration zones related with the massive 
sulphide mineralization in this zone.  
 

 
 
 
 
 
 
 
 
 

 

 

 
 
 
 
 

 
Fig 3.18 Variations of eTh/K ratio from airborne �-ray spectrometric data 
 
 

3.6 Concluding remarks 

In this chapter different the geo-exploration data sets  have been processed and analyzed in order to 
extract and map evidence for predicting massive sulphide mineralization in this area based on the 
DRC. 
 
The favorable host rocks or lithological information was extracted from geological data. The 
radiometric data was also analyzed to determine its usefulness in identifying lithological evidence, 
however, it will not used in the predictive modeling because the geological data provide more spatial 
evidence than radiometric data. 
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For identifying anomalous geochemical associations, a principal component analysis was used. The 
mapped PC3 scores (which represent mainly Zn anomalies) show spatial correlation between higher 
PC3 scores and the locations of massive sulphide deposits. The combination of PC3 and PC4 scores 
(representing integrated Cu-Zn anomalies) also showed good spatial association between PC3 and 
PC4 scores and the massive sulphide deposits. 
 
The structural evidence was obtained from the geological map and from aeromagnetic data. The first 
vertical derivative of the aeromagnetic data was investigated to identify linear features and fractures 
that would not have been revealed through geological mapping. 
 
The possible heat or metal source was extracted from analysis of geological, geochemical and 
geophysical data sets. The ultramafic bodies were interpreted from the stream sediment using 
principal analysis component. The PC2 scores show spatial relation with these bodies. Anomalous 
values of analytical signal demonstrate spatial relation with the mapped ultramafic bodies and the 
delineation of some blocks was possible. 
 
Different techniques (e.g., Crósta technique, the software defoliation technique and mineral image 
mapping) to detect hydrothermally altered zones were used during this work. Also aero-gamma 
radiometric data have been analyzed to detect hydrothermal alteration zones. The eTh/k image 
showed spatial association with the massive sulphide deposits. 
 
In the next chapter the spatial association between the known deposits and the geological features or 
evidences extracted here will be characterized.  
 
 
 
 
 
 

 
 
 



 

 

4. Spatial Association Analysis 
In this chapter, the weights of evidence method is used for the quantitative characterization of spatial 
associations between mineral deposits and geological features. 
 
 
Introduction 
 
The geological environment of any area probably is the most important indicator of its mineral 
potential. The qualitative knowledge of the spatial associations of known mineral deposits with the 
different geological features is the basis for the mineral exploration. However as each mineral 
occurrence is unique, its association with geological features differs from place to place. Therefore 
for discovering new deposits a qualitative knowledge alone is inadequate. A quantitative knowledge 
of the spatial association between known occurrences and the geological features present is also very 
important in mineral exploration (Carranza and Hale, 2000). Different geological features involved in 
the formation of mineral deposits do not play the same role.  Quantification of spatial association can 
provide insight as to which geological features are significant predictors of mineral deposits. 
 
Weights of evidence method (Bonham-Carter et al., 1988, 1989; Watson and Rencz, 1989; Agterberg 
et al., 1990; Bonham-Carter, 1991-1994; Turner, 1997; Carranza and Hale, 1999b, 1999c, 2000, 
2001g) is a statistical method for quantifying spatial association between mineral deposits and 
geological features. Weights of evidence is normally applied to exploration situations in which there 
are an adequate number of mineral deposits or occurrences already discovered. The number of known 
mineral occurrences in Escambray terrain is fairly adequate so this method will be used in this study. 
 
Weights-of-evidence is a discrete multivariate method first applied to combine spatial data and make 
predictive mineral potential maps about 12 years ago (Bonham-Carter et al., 1988). It is easily 
implemented within a GIS computing environment. This method employs Bayesian conditional 
probability to determine the optimum binary pattern of a geological feature that shows spatial 
association with a set of mineral deposits. The following formulation of a Bayesian probability model 
was synthesised from Bonham-Carter (1994) and Bonham-Carter et al. (1989). 
 
If a study area is divided into cells (or pixels) with a fixed size, s and the total area is t, the N{T}=t/s 
is the total number of units cells in the study area. If there are a number of unit cells, N{D}, 
containing a mineral occurrence D, equal to the number of occurrences if s is small enough (i.e., one 
occurrence per cell) then the prior probability of a mineral occurrence is expressed by 
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DP =                                                                                                                        (Eq. 4. 1) 

 
Now suppose that a binary predictor (i.e., anomaly) pattern B, occupying N{B} unit cells occurs in the 
region and that a number of known mineral deposits occurs preferentially within the pattern, i.e., 

}{ BAN ∩ . Clearly, the probability of mineral deposits occurring within the predictor pattern is 
greater than the prior probability. Conversely, the probability of a mineral deposit occurring outside 
the predictor pattern is lower than the prior probability. The favourability of finding of a mineral 
deposit given a presence of a predictor pattern can be expressed by the conditional probability 
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where P{D/B} is the conditional or posterior probability of a mineral deposit given the presence of 
the predictor pattern B, P{D/B} is the conditional probability of a predictor pattern B given the 
presence of a mineral occurrence  D, and P{B} is the prior probability of the predictor pattern. The 
favourability of finding a mineral occurrence given the absence of a predictor pattern can be 
expressed by the conditional probability 
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where }{ BDP  is the posterior probability of a mineral deposit given the absence of a predictor 

pattern, }{ DBP  is the posterior probability of absence of predictor B given the presence of a 

mineral deposit D, and BP{ } is the prior probability of absence of the predictor pattern. 
 
Equations 4.2 and 4.3 satisfy Bayes’ theorem. The same model can be expressed in an odds 
formulation, where odds, O, are defined as )1( PPO −= . Expressed as odds, Equations 4.2 and 
4.3,  respectively,  become 
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where O{D�B} and }{ BDO  are respectively the posterior odds of a mineral deposit given the 
presence and absence of a binary predictor pattern, and O{D} is the prior odds of a mineral 
occurrence. The weights for the binary predictor pattern are defined as 
 
 

+W = elog
}{

}{

DBP

DBP
                                                                                                                (Eq. 4.6) 

 
 

-W = elog
}{

}{

DBP

DBP
                                                                                                                 (Eq. 4.7)                              

 
                                                                                                                          
Where W+ and -W  are the weighs of evidence when a binary predictor pattern is present and absent, 
respectively. Hence, 
 
 

elog O += }{log}{ e DOBD +W                                                                                           (Eq. 4.8)               
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elog O += }{log}{ e DOBD -W                                                                                           (Eq. 4.9) 
 
The weights provide a measure of spatial association between deposits points and an evidential 
pattern. A positive value of the weight indicates positive spatial association, thus there are more 
deposits in an  evidential class than would occur due to chance; conversely, a negative value indicates 
that fewer deposits occur than expected. A value of zero, or very close to zero, indicates that the 
number of deposits is distributed randomly with respect to evidential pattern; therefore there is a lack 
of spatial association.       
         
The variances of the weighs can be calculated by the following expressions (Bishop et al., 1975): 
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The contrast C is defined as 
 
C= +W - -W                                                                                                                                      (Eq. 4.12) 
 
and provides a useful measure of the spatial association between a binary predictor pattern and 
mineral deposit points. For a positive spatial association, C is positive; C is negative in the case of 
C/s(C). The maximum C usually gives the cutoff distance buffer at which there is optimal spatial 
association between a given domain and a set of points (Bonham-Carter et al., 1989). In cases of 
small number of deposits, the uncertainty of the weights could be large so that C is meaningless. 
Thus, a useful measure to determine an optimal cutoff distance is to calculate the studentised value of 
C (Bonham-Carter, 1994). The Studentised C, calculated as the ratio of C to its standard deviation, 
C/s(C), indicates the statistical significance of the spatial association. The standard deviation of C is 
calculated as: 
 

S(C)= )(Ws)(Ws -22 ++                                                                                                     (Eq. 4.13) 
  
Ideally, a studentised C greater that 2 suggest a statistically significant spatial association (Bonham-
Carter, 1994).  
 
The calculation of weights to determine quantitatively spatial association requires polygonal 
domains. Since the deposits can be located proximal to some features on an evidence map and not 
necessarily on top of them, distance buffering could be used to represent linear features (e.g., faults) 
into polygonal domains.  
 
A set of training points for calculating weights is evidently a requirement of this method. Of the 36 
massive sulphide deposits known in the study area, 27 were randomly selected and used to determine 
their spatial association with the geological features. The remainder was used to validate the model. 
As mineral deposits are usually represented as points (or one deposit per pixel), the calculated prior 
probability and posterior probabilities may not be representative of reality because the number of 
pixels of the study area is fairly large compared to the number of deposits pixels. Thus, the training 
deposits points were represented as “mineralized zones” by buffering them at certain distances. Point 
pattern analysis (Boots and Getis, 1988) was used to determine the optimum distance buffer in which 
there is zero probability that a buffered zone contains two deposit points. The optimum distance 
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derived from this analysis is 250 m, which was used to buffer and represent the training points as 
individual mineralized zones.  
 
4.1 Massive sulphide deposits and favourable host rocks 

Due to complexity geology of the area, the host rocks are the most discussed and unfortunately less 
clear evidence for massive sulphide deposits. For this reason the calculations of weights (W+ and W-) 
and contrast could represent one significant test for proving the spatial association between the 
favourable host rock and massive sulphide deposits. 
 
The lithological map was defined in the last chapter as source of favorable host rock for providing 
more spatial evidence than the radiometric data. The favorable host rock map comprises several units. 
To determine spatial association between the hosts rock units and the massive sulphide deposits, the 
lithological map was re-classified into a binary map of host rocks and non-host rocks.  
 
The calculation of weights and contrasts for favourable host rock is shown in Table 4.1. The value of 
W+ is positive and very near to zero, and the value of W- is strongly negative, which indicate weak 
positive association between the host rocks and the deposits. However, the positive spatial 
association statistically significant as indicated by studentised C. 
 
 
Table 4.1 Values of weights and contrast for favorable host rock with respect to massive sulphide deposits 

 

Evidence No. of pixels 
in Dp 

No. of  m.s. 
in Dp 

 
Wp 

 
stdWp 

 
Wn 

 
stdWn 

 
C 

 
stdC 

 
sigC 

Host rock 97430 501 0.0741 0.0448 -0.4333 0.1233 0.5074 0.131 3.87 
Dp= domain is present; m.s. = massive sulphide deposits 
 
 
4.2 Massive sulphide deposits and stream sediment anomalies 

In the previous chapter, the values of PC3 scores and the combined values of PC3 and PC4 scores, 
obtained by using DPC, were defined as geochemical evidence for massive sulphide deposits. Here, 
the thresholds of these variables are determined to define geochemical anomalous zones. The PC3 
scores and PC3-PC4 combined scores were classified into 10 percentiles classes (0-10, 10-20, 20-30, 
30-40, 40-50, 50-60, 60-70, 70-80, 80-90 and 90-100) in order to determine the class or classes that 
show spatial association with the mineral deposits. 
 
The variation in contrast for percentile classes of PC3 scores with respect to massive sulphide 
deposits is shown in Table 4.2. The contrast between 80 and 100 percentiles are not significantly 
greater than zero, which indicate lack of or negative spatial association. Between 80 and 20 
percentiles the contrast is significantly positive, which indicate positive spatial association. The 
positive spatial association is optimal at 60 percentiles as indicated by the highest studentised C. 
Therefore, PC3 scores equal to or greater than the 60 percentile were selected for generating a binary 
map of geochemical anomalous areas.   
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Table 4.2 Variation of weighs and contrast for percentiles classes of PC3 scores of stream sediment elemental 
contents with respect to massive sulphide deposits 

 

Percentile
s  classes 

No. of 
pixels in 

Dp 

No. of 
m.s in 

Dp 

 
W+ 

 
S(W+) 

 
W- 

 
S(W-) 

 
C 

 
S(C) 

 
C/S(C) 

90-100  11955      53 -0.0742  0.1377  0.0080 0.0442 -0.082  0.145 -0.568 
80-90  23892    145  0.2399  0.0833 -0.0707 0.0488 0.3106  0.097 3.2173 
70-80  35893    244  0.3533  0.0642 -0.2028 0.0558 0.5561  0.085 6.5377 
60-70  47688    334  0.3831  0.0549 -0.3759 0.0656 0.7590  0.086 8.8729 
50-60  59259    384  0.3054  0.0512 -0.4397 0.0740 0.7451  0.090 8.2802 
40-50  70895    436  0.2531  0.0480 -0.5563 0.0875 0.8094  0.100 8.1101 
30-40  83914    493  0.2074  0.0452 -0.8099 0.1164 1.0173  0.125 8.1470 
20-30  95172    509  0.1134  0.0444 -0.6632 0.1315 0.7766  0.139 5.5954 
10-20 107068    534  0.0436  0.0434 -0.5249 0.1743 0.5685  0.180 3.1650 
0-10 118750    567  0.0000  0.0421      

Table entries in bold pertain to optimal association. Dp= domain is present; m.s. =massive sulphide deposits 
 
The variation in contrast for percentile classes of PC3-PC4 combined scores with respect to massive 
sulphide deposits is shown in Table 4.3. There is a positive spatial association between PC3-PC4 
combined scores and massive sulphide deposits (Table 4.3). The highest studentised C indicates 
optimal positive spatial association at 70 percentile. Thus, PC3-PC4 combined scores equal to or 
greater than the 70 percentile were considered for creating another binary map of geochemically 
anomalous zones.  
 
Table 4.3 Variation of weighs and contrast for combined PC3 and PC4 scores percentage of stream    sediment 
data with respect to massive sulphide deposits 

 

Percentiles  
classes 

No. of 
pixels 
in Dp 

No. of 
m.s in 

Dp 

 
W+ 

 
S(W+) 

 
W- 

 
S(W-) 

 
C 

 
S(C) 

 
C/S(C) 

90-100 11955 53 0.9581 0.0847 -0.1857 0.0485 1.1438 0.098 11.7189 
80-90 23892 145 0.7702 0.0617 -0.3861 0.0576 1.1563 0.084 13.6990 
70-80 35893 244 0.7190 0.0557 -0.5239 0.0644 1.2429 0.085 14.5973 
60-70 47688 334 0.5174 0.0493 -0.7433 0.0812 1.2607 0.095 13.2713 
50-60 59259 384 0.4142 0.0473 -0.8410 0.0929 1.2552 0.104 12.0405 
40-50 70895 436 0.3367 0.0455 -1.0080 0.1119 1.3447 0.121 11.1319 
30-40 83914 493 0.2875 0.0437 -1.4567 0.1582 1.7442 0.164 10.6273 
20-30 95172 509 0.1553 0.0429 -1.5561 0.2183 1.7114 0.222 7.6925 
10-20 107068 534 0.0765 0.0426 -1.4827 0.2888 1.5592 0.292 5.3411 
0-10 118750 567 0.0000 0.0421      

Table entries in bold pertain to optimal association. Dp= domain is present; m.s. =massive sulphide deposits 
 
In order to select the best binary map of anomalous geochemical zones related with the 
mineralization, the Taylor coefficient was determined. This coefficient is defined as the total area 
where binary patterns match (positive and negative) divided by the total area. With areal data, this 
coefficient is known in the geographic literature as the coefficient of areal association, eg. Taylor 
(1977). To calculate the Taylor coefficient, the binary map of PC3 scores and the binary pattern of 
the combined PC3 and PC4 scores were each crossed with the binary pattern of the deposits to 
determine pixels of positive and negative match. The result of this analysis is shown in the Table 4.4 
 
Table 4.4 Taylor coefficient for geochemical anomalous zones mapped using different PC 

 Matched pixels 
(positive + negative) 

 

Taylor Coefficient 

PC3 244 + 82531 0.6971 
PC34 325 + 85337 0.7214 
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The Taylor coefficient indicates a higher areal association between the massive sulphide deposits and 
the geochemical anomalous zones defined by PC3-PC4 combined scores. Hence, the binary map of 
geochemical anomalous zones based on the combined PC3 and PC4 scores will be used as evidence 
for mapping potential for massive sulphide deposits.  
 
 
4.3 Massive sulphide deposits and fault/lineaments 

The multi-class map of distance from faults or lineaments was generated using 13 distances buffers 
spaced at 100 m interval. The weights and contrast at successive cumulative distances intervals is 
shown in the Table 4.5. There is positive association between the faults/lineaments and the massive 
sulphide deposits. The positive spatial association is statistically significant in all range of buffering 
values as indicated by studentised C but the spatial association is optimal within 300m. Therefore, the 
structure map “thresholded” at 300 m will be used as the binary predictor of the massive sulphide 
occurrences. 
 
Table 4.5 Variation of weighs and contrast for cumulative distances from faults/lineaments with respect to 
massive sulphide deposits 

Distance 
Buffer 

(m) 

No. of 
pixels in 

Dp 

No. of 
m.s in 

Dp 

 
W+ 

 
S(W+) 

 
W- 

 
S(W-) 

 
C 

 
S(C) 

 
C/S(C) 

0-100 11743 100 0.5786 0.1004 -0.0899 0.0464 0.6685 0.111 6.0441 
100-200 19103 160 0.5620 0.0794 -0.1562 0.0497 0.7182 0.094 7.6672 
200-300 27925 220 0.5008 0.0677 -0.2229 0.0538 0.7237 0.086 8.3690 
300-400 34570 255 0.4349 0.0629 -0.2533 0.0567 0.6882 0.085 8.1267 
400-500 40895 281 0.3640 0.0599 -0.2622 0.0592 0.6262 0.084 7.4355 
500-600 49567 316 0.2891 0.0564 -0.2746 0.0632 0.5637 0.085 6.6547 
700-800 56621 338 0.2233 0.0546 -0.2588 0.0662 0.4821 0.086 5.6181 
800-900 61992 350 0.1676 0.0536 -0.2222 0.0680 0.3898 0.087 4.5019 

900-1000 67008 365 0.1317 0.0525 -0.2013 0.0705 0.3330 0.088 3.7884 
1000-1100 72811 385 0.1020 0.0511 -0.1866 0.0743 0.2886 0.090 3.2004 
1100-1200 78682 413 0.0947 0.0493 -0.2170 0.0807 0.3117 0.095 3.2961 
1200-1300 82940 446 0.1189 0.0475 -0.3458 0.0911 0.4647 0.103 4.5231 

>1300 118750    567 0.0000 0.0421      
Table entries in bold pertain to optimal association. Dp= domain is present; m.s. = massive sulphide deposits 
 
 
4.4 Massive sulphide deposits and heat/metal source evidence 
 
In this section, the mafic/ultramafic bodies extracted from the lithological map and the interpreted 
indications of these bodies from the aeromagnetic data analysis were combined into one heat/source 
raster map. The geophysical patterns detected in the previous section were digitized and converted 
into a raster map (Figure 4.1). Spatial associations between the known massive sulphide occurrences 
and the heat/metal source rocks are reflected in this figure. Most of massive sulphide deposits are 
located near the boundaries/or proximities of the bodies that represent the heat/metal source evidence 
(Figure 4.1). 
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Fig 4.1 Heat/source evidence map  
 
 
The PC2 of stream sediment elements contents as determined in the previous chapter was interpreted 
as reflecting ultramafic bodies. Consequently, the PC2 scores are analyzed spatially to determine the 
threshold that defines ultramafic bodies. The PC2 scores were classified into five percentiles classes 
(0-50, 50-75, 75-90, 90-95 and 95-100). A quantitative spatial analysis between these classes and the 
mafic/ultramafic bodies detected from geological map was performed. The classes with values 
between 90 and 100 percentile demonstrated spatial association with the mapped ultramafic bodies. 
So, zones with > 90th percentile PC2 scores were added to the previous heat/metal source map to form 
new heat/metal evidence.  
 
After this procedure, the weights and contrasts for cumulative distance from mafic/ultramafic rocks 
are calculated (Table 4.6). The contrast is mostly positive, which implicates positive spatial 
association between mafic/ultramafic rocks and massive sulphide deposits. The highest value of 
Studentised C is at 1000m, within which the positive spatial association is optimal. 
  
Table 4.6 Variation of weighs and contrast for cumulative distances from mafic/ultramafic rocks with respect to 
massive sulphide deposits 

Distance 
Buffer 

(m) 

No. of 
pixels in 
Dp 

No. of 
m.s in 

Dp 

 
W+ 

 
S(W+) 

 
W- 

 
S(W-) 

 
C 

 
S(C) 

 
C/S(C) 

0-200 35328 176 0.0425 0.0756 -0.0185 0.0507 0.0610 0.091 0.6701 
200-400 46234 249 0.1204 0.0635 -0.0851 0.0562 0.2055 0.085 2.4234 
400-600 56752 326 0.1849 0.0555 -0.2056 0.0645 0.3905 0.085 4.5892 
600-800 67963 406 0.2241 0.0498 -0.4096 0.0789 0.6337 0.093 6.7919 

800-1000 76796 461 0.2289 0.0467 -0.6365 0.0973 0.8654 0.108 8.0184 
1000-1200 84856 487 0.1840 0.0454 -0.7046 0.1119 0.8886 0.121 7.3584 
1200-1400 92525 512 0.1475 0.0443 -0.8227 0.1350 0.9702 0.142 6.8284 
1400-1600 99112 556 0.1612 0.0425 -2.1429 0.3016 2.3041 0.305 7.5649 
1600-1800 104323 567 0.1295 0.0421      
1800-2000 108524 567 0.0900 0.0421      
2000-2200 111313 567 0.0647 0.0421      
2200-2400 113233 567 0.0476 0.0421      

>2400 118750 567 0.0000 0.0421      
Table entries in bold pertain to optimal association. Dp= domain is present; m.s. = massive sulphide deposits 
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4.5 Massive sulphide deposits and hydrothermal alteration evidence 

In the previous chapter, different techniques were analyzed in order to detect hydrothermal alteration 
zones related with the massive sulphide deposits in the study area. Limonitic and clay alteration 
zones were delineated using Crósta technique, defoliant software technique and mineral imaging 
mapping. The ratio eTh/K from aero-gamma data was another source for selecting of hydrothermal 
alteration zones. For determining usefulness of the remotely sensed hydrothermal altered zones 
detected from each method, the threshold of the limonitic alteration images, clay alteration images 
and combined images were determined. The images were classified into 10 percentile classes (Table 
4.7 to Table 4.10) in order to determine the percentile class, which show optimum spatial association 
with the mineral deposits. This procedure was carried out to generate a binary alteration map based 
on each method. Finally, in order to select the best binary map of alteration zones to be used as 
evidence map, the coefficient of areal association (eg. Taylor (1977)) was used.  
 
 
4.5.1 Hydrothermal alteration zones detected by Crósta technique 

 
The contrast for percentile classes of PC scores representing limonitic and clay alteration zones with 
respect to the massive sulphide deposits are shown in Table 4.7.  The spatial association is optimal at 
30 percentiles. So, a binary map representing combined clay and limonitic zones are generated using 
the 30th percentiles as threshold value. This binary map was validated by crossing it with the  
“mineralized zones” with predominant clay and limonitic alteration. About 77 % of the mineralized 
zones overlap with the combined alteration zones defined from spatial association analysis. It 
indicates that this map could be useful for determining combined alteration related with massive 
sulphide deposits. 
 
 
Table 4.7 Variation of weighs and contrast for percentiles classes of PC scores representing combined alteration 
zones detected by Crósta technique. 

Percentiles 
classes of 
PC scores 

No. of  
pixels 
 in Dp 

No. of 
m.s  

in Dp 

 
W+ 

 
S(W+) 

 
W- 

 
S(W-) 

 
C 

 
S(C) 

 
C/S(C) 

>90 11469 55 0.0043 0.1352 -0.0005 0.0443 0.0048 0.142 0.0337 
80-90 22868 100 -0.0879 0.1002 0.0199 0.0464 -0.1078 0.110 -0.9763 
70-80 34439 163 -0.0088 0.0785 0.0036 0.0499 -0.0124 0.093 -0.1333 
60-70 48980 243 0.0383 0.0643 -0.0278 0.0557 0.0661 0.085 0.7770 
50-60) 60569 312 0.0759 0.0568 -0.0856 0.0628 0.1615 0.085 1.9073 
40-50 72420 374 0.0784 0.0518 -0.1364 0.0721 0.2148 0.089 2.4195 
30-40 83333 427 0.0706 0.0485 -0.1889 0.0847 0.2595 0.098 2.6587 
20-30 95561 474 0.0381 0.0460 -0.1744 0.1039 0.2125 0.114 1.8701 
10-20 106377 515 0.0138 0.0442 -0.1276 0.1390 0.1414 0.146 0.9694 
0-10 118750 567 0.0000 0.0421      

Table entries in bold pertain to optimal association. Dp= domain is present; m.s. = massive sulphide deposits 
 
The contrast for percentile classes of PC scores representing clay alteration zones are shown in Table 
4.8.  The spatial association is optimal at 50 percentile. The clay image is threshold of the 50th 
percentile PC score to generate a binary map that shows clay alteration zones. This binary map of 
clay alteration zones is validated by crossing it with the “mineralized zones” with predominant 
alteration minerals composed of quartz, sericite, illite and chlorite, which were grouped into clay 
alteration (Chapter 3). About 70 % of the “mineralized zones” overlap is into the clay alteration zones 
defined from the spatial association analysis. It means that this map could be helpful for detection of 
clay alteration minerals. 
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Table 4.8 Variation of weighs and contrast for percentages of clay alteration zones detected (number of bright 
pixels) with respect to massive sulphide deposits 

Percentiles 
classes of 
PC scores 

No. of 
pixels in 
Dp 

No. of 
m.s in 

Dp 

 
W+ 

 
S(W+) 

 
W- 

 
S(W-) 

 
C 

 
S(C) 

 
C/S(C) 

>90 12431      66 0.1061 0.1234 -0.0132 0.0448 0.1193   0.131 0.9087 
90 24572     145 0.2118 0.0833 -0.0635 0.0488 0.2753   0.097 2.8516 
80 36680     200 0.1327 0.0709 -0.0655 0.0523 0.1982   0.088 2.2496 
70 48376     264 0.1336 0.0617 -0.1034 0.0576 0.2370   0.084 2.8078 
60 60661     313 0.0776 0.0567 -0.0880 0.0629 0.1656   0.085 1.9555 
50 72946     389 0.1105 0.0508 -0.2059 0.0751 0.3164   0.091 3.4897 
40 84301     427 0.0591 0.0485 -0.1612 0.0847 0.2203   0.098 2.2571 
30 96011     476 0.0376 0.0459 -0.1766 0.1050 0.2142   0.115 1.8692 
20 106794     519 0.0177 0.0440 -0.1734 0.1446 0.1911   0.151 1.2643 
10 118750     567 0.0000 0.0421      

Table entries in bold pertain to optimal association. Dp= domain is present; m.s. = massive sulphide deposits 
 
 
 
4.5.2 Hydrothermal alteration zones detected by Defoliant technique 

 
The contrast for percentile classes of PC scores representing limonitic and clay alteration zones are 
shown in Table 4.9. The highest Studentised C indicates an optimum positive spatial association at 
the 10 cumulative percentiles, which is used to generate a binary map of clay/limonitic zones. This 
binary map was validated by crossing it with the  “mineralized zones” with predominant clay and 
limonitic alteration. About 92 % of the mineralized zones overlap is into the combined alteration 
zones defined from spatial association analysis. It indicates that this map could be very useful for 
determine combined hydrothermal alteration zones. 
 
 
Table 4.9 Variation of weighs and contrast for percentages of limonite and clay alteration zones detected 
(number of bright pixels) with respect to massive sulphide deposits 

Percentiles 
classes of PC 

scores 

No. of 
pixels in 

Dp 

No. of 
m.s in 

Dp 

 
W+ 

 
S(W+) 

 
W- 

 
S(W-) 

 
C 

 
S(C) 

 
C/S(C) 

>90 11746 64 0.1320 0.1253 -0.0156 0.0447 0.1476 0.133 1.1095 
80-90 23513 135 0.1844 0.0863 -0.0513 0.0482 0.2357 0.099 2.3845 
70-80 35451 185 0.0889 0.0737 -0.0404 0.0513 0.1293 0.090 1.4399 
60-70 47038 253 0.1191 0.0630 -0.0866 0.0566 0.2057 0.085 2.4288 
50-60 59134 309 0.0902 0.0570 -0.0983 0.0624 0.1885 0.085 2.2304 
40-50 71203 364 0.0683 0.0525 -0.1119 0.0703 0.1802 0.088 2.0538 
30-40 82441 407 0.0334 0.0497 -0.0802 0.0792 0.1136 0.094 1.2149 
20-30 94875 479 0.0558 0.0458 -0.2588 0.1068 0.3146 0.116 2.7073 
10-20 106611 529 0.0385 0.0436 -0.4222 0.1625 0.4607 0.168 2.7382 
0-10 118750 567 0.0000 0.0421      

Table entries in bold pertain to optimal association. Dp= domain is present; m.s. = massive sulphide deposits 
 
 
Variations in contrast C for percentile class of PC scores representing clay alteration zones are shown 
in Table 4.10. The spatial association is optimal at 20th percentile as indicated by the highest 
Studentised C. A binary map of clay alteration zones was generated using the 20th percentile as 
threshold. This binary map was validated by crossing. About 94 % of the “mineralized zones” overlap 
is into the clay alteration zones defined from the spatial association analysis. So, this map is useful 
for detecting clay alteration zones in this area.  
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Table 4.10 Variation of weighs and contrast for percentages of clay alteration zones detected (number of bright 
pixels) with respect to massive sulphide deposits 

Percentiles 
classes of PC 

scores 

No. of 
pixels in 
Dp 

No. of 
m.s in Dp 

 
W+ 

 
S(W+) 

 
W- 

 
S(W-) 

 
C 

 
S(C) 

 
C/S(C) 

>90   12085    51 -0.1235    0.1403   0.0131  0.0441 -0.1366  0.147   -0.9288 
90   21478   106  0.0331    0.0974  -0.0075  0.0467  0.0406 0.108    0.3759 
80   35075   175  0.0440    0.0758  -0.0190  0.0506  0.0630  0.091    0.6913 
70   47135   230  0.0217    0.0661  -0.0146  0.0546  0.0363  0.086    0.4234 
60   60013   306  0.0657    0.0573  -0.0719  0.0620  0.1376  0.084    1.6299 
50   72021   373  0.0813    0.0519  -0.1398  0.0719  0.2211  0.089    2.4934 
40   83989   431  0.0721    0.0483  -0.1992  0.0859  0.2713  0.099    2.7530 
30   95356   484  0.0611    0.0456  -0.2970  0.1100  0.3581  0.119    3.0073 
20  107094   534  0.0434    0.0434  -0.5227  0.1743  0.5661  0.180    3.1516 
10  118750   567  0.0000    0.0421      

Table entries in bold pertain to optimal association. Dp= domain is present; m.s. = massive sulphide deposits 
 
 
4.5.3 Hydrothermal alteration zones detected by Mineral Imaging Mapping 

 
Variations in contrast C for alteration zones mapped by the mineral imaging technique are shown in 
Table 4.11. The contrast indicates positive spatial association between the clay alteration zones and 
massive sulphide deposits. This spatial association is statistically significant. The negative contrast 
value for limonite alteration indicates negative spatial association between this type of alteration and 
the massive sulphide deposits.  
 
Table 4.11 Variation of weighs and contrast for alteration zones detected (number of bright pixels) with respect 
to massive sulphide deposits 

Alteration 
classes 

No. of 
pixels in 

Dp 

No. of m.s 
in Dp 

 
Wp 

 
stdWp 

 
Wn 

 
stdWn 

 
C 

 
stdC 

 
sigC 

Clay    56050     342   0.2452  0.0542 -0.2856   0.0668 0.5308  0.086  6.1705 
Limonite    47460     213  -0.0619  0.0687  0.0392   0.0533 -0.101  0.087 -1.1627 
Unaltered    13945      12  -1.7136  0.2888  0.1035   0.0426 -1.817  0.292 -6.2245 

Water     1295       0    0.0110   0.0421    
 
 
Two binary maps were created from this evidence map. One  binary map is the mapped limonitic and 
clay alteration zones. The other map is for clay alteration zones only. These binary maps will be 
compared with the maps based on the other mapping techniques.  
 
 
4.5.4 Hydrothermal alteration zones detected by eTh/K ratios 

 
The contrasts C between cumulative distances from the eTh/K anomalous zones and the massive 
sulphide deposits are negative and not significantly greater than zero (Table 4.12), which indicate 
negative or lack of spatial association. The studentised C indicates that the negative association is 
optimal within 2000m. Due to the negative association of this feature and the massive sulphide 
deposits, this evidence is not useful for mapping of sulphide deposits and therefore will not be 
considered further in the analysis. 
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Table 4.12 Variation of weighs and contrasts for alteration zones interpreted from radiometric data. 
Distance 
buffer  

(m) 

No. of 
pixels in 

Dp 

No. of 
m.s in 

Dp 

 

Wp 
 

stdWp 
 

Wn 
 

stdWn 
 

C 
 

stdC 
 

sigC 

200 24558 103 -0.1296 0.0987 0.0312 0.0465 -0.1608 0.109  -1.4738 
400 42569 205 0.0085 0.0700 -0.0048 0.0527 0.0133 0.088   0.1518 
600 59355 286 0.0091 0.0593 -0.0092 0.0598 0.0183 0.084   0.2173 
800 75847 345 -0.0485 0.0540 0.0804 0.0673 -0.1289 0.086  -1.4939 

1000 87715 390 -0.0713 0.0507 0.1777 0.0754 -0.2490 0.091  -2.7405 
1200 97320 440 -0.0546 0.0478 0.2161 0.0890 -0.2707 0.101  -2.6796 
1400 104751 480 -0.0411 0.0457 0.2636 0.1075 -0.3047 0.117  -2.6085 
1600 109664 513 -0.0205 0.0443 0.2189 0.1365 -0.2394 0.144  -1.6682 
2000 115282 525 -0.0473 0.0437 0.9308 0.1552 -0.9781 0.161 -6.0663 

>2000 118750 567 0.0000 0.0421      
Table entries in bold pertain to optimal association. Dp= domain is present; m.s. = massive sulphide deposits 
 
 
4.5.5 Comparison of binary maps of hydrothermal alteration zones 

 
The need to compare binary maps occurs regularly in geology, as for example in comparing two 
different kinds of binary anomaly pattern, or matching the presence of a particular lithology to a 
distinctive geophysical or geochemical indicator pattern (Bonham-Carter, 1994). In this case, the 
different binary alteration maps obtained from different techniques are compared with the binary map 
of mineralized zones to determine the coefficient of areal association, which would indicate which 
binary alteration map is optimum as evidence map. 
 
The binary maps of alteration zones (limonitic and clay alteration) based on Crósta, Defoliant 
Software and Mineral Imaging Mapping techniques were compared first. The areas matched of 
positive and negative between the combined hydrothermal alteration zones and the massive sulphide 
zones as well as the coefficients of areal associations are shown in the Table 4.13.  
 

   Table 4.13 Taylor coefficients for combined alteration zones mapped using different techniques 
 

Techniques 
Matched pixels 

(positive + negative) 

 

Coefficient 

Crósta 374+ 46137 0.388 
Software Defoliant Technique 529+ 12101 0.106 

Mineral Imaging (Clay mineral + Limonite) 555+15218 0.133 
 
 

      The binary map of combined alteration zones based on the Crósta technique has the highest 
coefficient of areal association with the binary map of mineralized zones. This result indicates that 
the combined hydrothermal alteration zones are best mapped by using Crósta technique. 
Consequently, the zones delineated through this techniques as hydrothermally altered are the best 
related with the massive sulphide mineralization in the study area. 
 
The same procedure was carried out for the binary maps of only clay alteration zones. The binary 
map of clay alteration based on the mineral imaging method has the highest coefficient of areal 
association with the binary map of mineralized zones (Table 4.14).  
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Table 4.14 Taylor coefficients for clay alteration zones mapped using different techniques 
 

Techniques 
Matched pixels 

(positive + negative) 
 

Coefficient 
Crosta 389+ 45626 0.387 

Software Defoliant Technique 483+ 23657 0.203 

Mineral Imaging 342+ 62415 0.528 

 
 

      The Crósta technique has demonstrated to obtain good results for mapping of combined clay and 
limonitic alteration zones. The Mineral Imaging Mapping has proved good results for mapping of 
clay hydrothermal alteration zone. However, the coefficient of areal association is greatest for the 
binary map of clay alteration based on the Mineral Imaging Mapping. Taking into count that 
limonitic alterations in tropical areas as this case do not only represent limonitic areas due to the 
weathering of sulphides (from mineralization) but also due to weathering process that are unrelated 
with the mineralization, the binary map of clay alteration based on the Mineral Imaging Mapping will 
be used as evidence map to mapping potential for massive sulphide deposits. 

 
 
4.5.6 Relation of mapped hydrothermal alteration zones with other geological features 

 
In this sub-section, spatial analysis was used as test to measure the relation between the different 
processes that are thought to be related with the mineralization. For this reason the crossing between 
the different maps were carried out. Due to the extension of the host rock, this evidence was excluded 
from this test.  
 
About 67 % of the hydrothermal alteration zones defined by weigh of evidence as related with the 
massive sulphide deposits are coincident with the optimum buffered zones of metal sources related 
with massive sulphide deposits. About 25% of the hydrothermal alteration areas are spatially 
coincident with the geochemical anomalous zones. On another hand, about 23% of this mentioned 
hydrothermal zones are spatially coincident with the buffered zones of the fault/lineaments developed 
in the area.  
 
 
4.6 General discussion  

The results of the quantitative characterization of the spatial association of the massive sulphide 
deposits with the different geological features demonstrated that the massive sulphide deposits are 
positively spatially associated with several geological features (Table 4.16). 
 
The geochemical evidence is the feature with the most statistically significant positive spatial 
association with the massive sulphide deposits. Cu and Zn are indicator elements for this type of 
deposit and this result reflects the high relationship between anomalies of Cu and Zn in stream 
sediment and the presence of occurrence of massive sulphide deposits in Escambray terrain.  
 
The structures are the features with the second most statistically significant positive spatial 
association with the massive sulphide deposits.  This result indicates that the faults and fractures are 
considered important structural controls of mineralization. They could be favorable channel ways for 
mineralizing fluids. 
 
The positive spatial association between metal/heat source rocks and the massive sulphide deposit is 
the third most statistically significant. The positive spatial association revealed by the weights of 
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evidence suggests the possible genetic association between the metal/heat source and the massive 
sulphide deposits.  
 
Although with smaller value of spatial contrast than the metal/heat source, the clay alteration zones 
showed statistically significant positive spatial association with the massive sulphide deposits. This 
result indicates that the clay alteration zones, mainly represented by kaolinite, illite, chlorite and 
quartz, play an important role in this type of deposits.   
 
The positive spatial association between host rocks and massive sulphide deposits is weakest 
however it is significant. The weakest could be result of the extension and complexity of this area. 
The large of the area extent has been consequence of similar lithologies, thought as host of 
mineralization, have been described in different units. Complexity, because of all this area has been 
metamorphosed and some units could have been not clearly described or identified. 

 
 

        Table 4.16 Geological features and their weights and contrasts with respect to massive sulphide deposits  
 

Geological 
features 

 

Cut off 
(unit) 

 

 

Wp 

 

 

stdWp 

 

 

Wn 

 

 

stdWn 

 

 

C 

 

 

stdC 

 

 

sigC 

Geoch.evidence  70-80 0.7190 0.0557 -0.5239 0.0644 1.2429 0.085 14.5973 
Structures 300 0.5008 0.0677 -0.2229 0.0538 0.7237 0.086 8.3690 

Met/heat source 1000 0.2289 0.0467 -0.6365 0.0973 0.8654 0.108 8.0184 
Hydr.alteration Clay 0.2452 0.0542 -0.2856 0.0668 0.5308 0.086 6.1705 

Host rock --- 0.0741 0 .0448 -0.4333 0.1233 0.5074 0.131 3.87 
 
 
The spatial analysis also indicated that a large part of the mapped clay alteration zones is spatially 
associated with the metal sources and this alteration zones are partially related with the geochemical 
and structural evidences. 
 
 
4.7 Concluding remarks 

Coefficient of areal association has been a useful tool to select optimum evidence map from a set    of 
evidence maps based on a particular theme but mapped by different techniques. 

  
Quantitative characterization of the spatial association of the massive sulphide deposits with the 
different geological features has been studied in this chapter. Weights of evidence modeling show that 
ed on the DRC several of the geological features demonstrate positive spatial associations with the 
massive sulphide deposits.  

 
The most statistically significant positive spatial association with the massive sulphide deposits was 
proved by the geochemical evidence, followed by structural, metal/heat sources rocks and 
hydrothermal zones. In spite of the weak spatial association between the host rocks and the massive 
sulphide deposits, the outlined host rocks are indicated to be statistically significant predictors of 
massive sulphide deposits on the area.  

 
The results of the quantitative characterization of the spatial associations of the massive sulphide 
deposits and geological features in the study area will be used in the predictive mineral potential 
mapping in the next chapter. 



 

 

5. Spatial Data Integration for Predictive Modelling 
 
Introduction 
 
Mineral potential maps provide an overview of prospectivity of large regions. Mineral potential 
mapping requires simultaneous consideration of a number of spatial evidences - geological, 
structural, geochemical, geophysical etc. The capability of Geographic Information System (GIS) to 
integrate spatial evidence layers facilitates mineral potential mapping. In this chapter the quantified 
spatial association obtained in the last chapter will be used to generate binary predictor pattern for 
mapping massive sulphide potential. The binary patterns will be combined to generate mineral 
potential map using the weights of evidence method, which assumes that the input maps are 
conditionally independent of each other with respect to the mineral deposits. 
 
 
5.1 Generation of binary predictor patterns 

The results of the spatial association analysis summarized in Table 4.16 were the bases for generating 
binary predictor patterns. 
 
For the geochemical evidence, anomalous zones defined by greater than 70 percentile of combined 
PC3 and PC4 scores were oulined. These anomalous zones contain 244 deposits of the 567 
“mineralized pixels” in the area. The binary geochemical pattern is shown in figure 5.1a. 
 
The fault/fractures were buffered at 300 m to generate binary pattern of structural evidence (Figure 
5.1b). The patterns indicating presence of fault/fractures contain 220 of the 567 “mineralized pixels”. 
 
For the metal/heat sources, the binary predictor pattern (Figure 5.1c) was generated using the optimal 
distance of 1000m. Within this buffer distance 461 of the 567 “mineralized pixels” are present. A 
binary metal/heat source rocks is shown in Figure 5.1c. 
 
For the hydrothermal alteration predictor pattern the clay alteration zones detected by the mineral 
imaging method was extracted. The pattern of clay alteration contain 342 of the 567 “mineralized 
pixels” (Fig 5.1d). 
 
A binary pattern of host rocks was generated by reclassifying the lithological map. Of the 567 
“mineralized pixels”, 501 are present in the binary pattern of the host rocks (Fig 5.1e). 
 
For each of the different binary predictor maps, values of the W+ and the W- (Table 4.16), were 
assigned to patterns indicating presence and absence of spatial evidence, respectively. 
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Fig 5.1 Binary predictor pattern of geological features: a) Geochemical pattern b) Structural pattern, c) Metal/heat source 
pattern, d) Hydrothermal alteration, and e) Host rock pattern. 

 

5.2 Combining binary predictor patterns 

Combining predictor maps using weights of evidence method requires an assumption of conditional 
independence among the predictor maps with respect to the mineral deposits (Bonham-Carter, 1994). 
 
The conditional independence assumption leads to a model that, like most models, does not fit the 
data perfectly, but provides a simplification that, when used carefully, is useful for prediction and 
gives insight into the relative contributions of the separate sources of evidence. 

 

a) b) 

c) 
 
 

d) 

  

e) 
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5.2.1 Conditional independence: pairwise test 

 
From probability theory, it can be shown that the conditional probability of two mineral deposits 
given the presence of two patterns, B1 and B2 is  
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If B1 and B2 are conditionally independent of each other with respect to a set of points, it means that 
the followings relation is satisfied  
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This allows Eq (5.1) to be simplified, thus  
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Algebraic manipulation of equation 5.3 leads: 
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The left hand side of Eq. 5.4 is the observed number of deposits occurring in the overlap region 
where both B1 and B2 are present. The right-hand side is the predicted or expected number of deposits 
in this overlap zone. The spatial overlpas between two binary predictor patterns and a binary pattern 
of mineral deposits lead to a contingency table calculation for testing the conditional independence of 
two binary predictor patterns (Table 5.1). The four cells in the table correspond to the four overlap 
conditions between B1 and B2, where mineral deposits are present. The conditional independence is 
tested by calculating χ 2  using the following expression: 
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Table 5.1 Contingency table for a pairwise testing conditional independence based on pixels that contain mineral 
deposit. There is one degree of freedom. (Adapted from Bonham-Carter, 1994). 

 B1 Present B1 Absent Total 
B2 Present { }DBBN ∩∩ 21  { }DBBN ∩∩ 21  { }DBN ∩2  

B2 Absent { }DBBN ∩∩ 21  { }DBBN ∩∩ 21  { }DBN ∩2  

Total { }DBN ∩1  { }DBN ∩1  { }DN  
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Because the deposits are considered as points, or unit cells, the resulting values of χ 2  are unaffected 

by the units of area measurements. The calculated values of χ 2  can be compared with the critical 

values of χ 2  with one degree of freedom (Bonham-Carter, 1994). With small-expected frequencies it 
is necessary to apply Yates correction (Walker and Lev, 1953). The equation including the correction 
is   
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where the absolute value of the difference between the observed and predicted number of deposits is 
less than 0.5, the correction is not made in that cell. Snedecor and Cochran (1967) state that when the 
expected frequencies are less than 5 in any cell, the approximation to the χ 2 distribution becomes 
poor.  
 
If any pair of binary predictor binary pattern shows some degree of conditional dependence, based on 
the critical χ 2  used, they can still be combined to map mineral potential mapping according to 
equation 5.11, but the statistical validity of the resulting posterior probability map must be examined 
by applying and overall test of conditional independence. 
 
 

5.2.2 Generation of posterior probability map(s) 

 
Using the odds formulation, it can be shown that 
 
logeO }21{ BBD ∩ =loge{O}+W1++W2+                                                                                                 (Eq. 5.7) 
 
logeO }21{ BBD ∩ =loge{O}+W1++W2-                                                                                   (Eq. 5.8) 
 
logeO }21{ BBD ∩ =loge{O}+W1-+W2+    and                                                                    (Eq. 5.9) 
 
logeO }21{ BBD ∩ =loge{O}+W1-+W2-                                                                           (Eq. 5.10) 
 
 
Similarly, if more than two binary predictor patters are used, they can be added provided they are also 
conditionally independent of one another with respect to the mineral deposits points. Thus, with Bj 
(j=1,2…n) binary pattern, the logs posterior odds are 
 

{ } { }DOBBBBDO
n

j

k
j

k
n

kkk W ln......../ln
1

321 +=∩∩ �
=

                                                            (Eq. 5.11) 

   
where the superscript k is positive (+) or negative (-) if the binary predictor pattern is present or 
absent, respectively. The posterior odds can then be converted to posterior probabilities, based on the 
relation P=O/(1+O), which represent mineral potential. 
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5.2.3 Overall test of conditional independence  

The statistical validity of posterior probability map generated by combining binary predictor pattern 
is tested by an overall test of Conditional Independence. To perform an overall test of conditional 
independence, the number of predicted mineral deposits N{D}pred is calculated (Bonham Carter, 
1994); thus 
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where N{A} is the number of pixels with posterior probabilities P and k=1, 2, …m pixels in the map. 
In practice the number of predicted mineral deposits is usually larger than the observed number of 
mineral deposits. If the number of predicted deposits is larger by 15% than the number of observed 
mineral deposits, the assumption of conditional independence is seriously violated (Bonham-Carter, 
1994). Problematic maps should then be removed from the analysis or combined prior to calculation 
of the weights (Agterberg, 1992) 
 
 
5.3 Integrated predictive map of massive sulphide potential 

 
The results of carrying out pairwise conditional independence test are summarized in Table 5.2. The 
pairwise conditional independence tests showed that all evidences are conditional independent with 
respect to the mineral deposits. There is not any χ 2 values largest that 3.8, to reject the null 
hypothesis of conditional independence at the 95% confidence level. 
 
Table 5.2 Calculated χ 2  values for testing conditional independence between all pairs of binary patterns maps 
and massive sulphide deposits. 
 Geochemical structures Metal/heat Hyd. alter 
Host rock 1.73 0.08 0.38 0.08 
Geochemical  0.01 1.78 2.77 
Structures   0.17 1.39 
Metal/heat    0.48 

With 1 degree of freedom and a confidence level of 95%, critical X2 value is 3.84 (Davis, 1973).  
 

       
All the binary evidence maps are combined to create a probabilistic map of massive sulphide 
potential using Eq.5.11. The prior probability P{D} = 567/118750= 0.0047747 and the prior odds 
(logeO(D)) is - 5.33963. Posterior probability values are then classified and a map, in terms of 
favorability for mineralization potential, is produced (Figure 5.2). The posterior probability values 
less than prior probability (i.e., P posterior < P prior) represent unfavourable zones while values greater 
than the prior probability represent favourable zones. For defining different levels of favorability, the 
histogram of posterior probability map was analyzed. Three levels, low favorability, medium 
favorability and high favorability were defined (Figure 5.2). 
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Fig 5.2 Probabilistic map of massive sulphide deposits on Escambray terrain  
 
 
The classified posterior probability map indicates about 28% of the area has potential for massive 
sulphide mineralization (Figure 5.2). The number of “mineralized pixels” used in the modeling is 567 
and the number of predicted “mineralized pixels” based on the calculated posterior probabilities and 
Eq. 5.9 is 575, which is less than 2% greater than the former. This indicates statistical validity of the 
posterior probability map, which was classified into Fig. 5.2.  
 
The reliability of classified predictive map (Fig.5.2) was validated by comparing it with the known 
deposits not used for predictive mapping. Of the validation “mineralized pixels”, 134 are in the 
favourable zone, which means a prediction rate of at least 71%. The delineated favourable zones 
occupy about 28 % of the whole study area.  
 
 
5.4 Discussion  

The maximum value of contrast is useful in deciding suitable cut-off for  thresholding multi-class 
map into binary maps, Bonham-Carter et al (1988, 1989), Agterberg et al. (1990) and Bonham-Carter 
(1991). However, in Escambray terrain, even though the deposits points have been represented as 
“mineralized zones” by buffering them, the studentised C demonstrated more helpful than C to decide 
within which the spatial association between geological features and binary pattern is optimum. This 
is because the number of “mineralized pixels” is very small compared to the total number of pixels in 
the study area. Consequently, the studentised C, which incorporate uncertainty of the weights due to 
the relatively small numer of training points, was very useful in generating the binary evidential 
maps. This means that wegths of evidence modelling is sensitive of the size of the study area. 
 
The result of pairwise tests of conditional independence between the binary predictor patterns with 
respect to the binary pattern of mineral deposits showed that all binary predictor patterns can be 
combined to map massive sulphide deposits. A frequent problem of this test is that it may reveal the 
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statistical incorrectness of combining binary predictor maps known as genetically related with the 
mineral deposits. Nevertheless, this problem was not encountered,  the conditional overall test of 
conditional independence also showed that the assumption of conditional independence is not 
violated by the posterior probability map resulting from combining all binary evidential maps. the 
result of this combination is valid statistically. 
 
Considering that the favourable zones delineated is where furter exploration is recommended, the low 
percentage of favourable zones means that the search area for undiscovered massive sulphide 
deposits is narrowed down and thus the predictive map provides opportunity for mineral discover. 
 
 
5.5 Concluding remarks 

Weights of evidence modeling has demonstrated to be useful for probabilistic mapping of massive 
sulphide in Escambray terrain. The selection of cutoff distance through the studentised C was the 
base for generating binary evidential maps. The resulting probabilistic map is statistically validity.  
      
The probabilistic map has a prediction rate of at least 71%. It indicated that about 28 % of the area 
has potential for massive sulphide deposits. The respective probabilistic map could be used as guide 
for further exploration works in the study area. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

6. Conclusions and Recommendations  
 
6.1 Conclusions 

1. The main objectives of this research is to define the geological features related with the 
massive sulphide deposits, extract these geological features from the data-sets, quantify their 
spatial associations with the known massive sulphide deposits, and consequently, to use this 
quantified spatial association for developing of predictive mapping of massive sulphide 
potential. 

 
2. Even though opinions of geologists who have worked in Escambray terrain differ, the variety 

of models proposed about the formation of massive sulphide deposits in this area, due to the 
indeterminate or doubted interrelation-ships between some features and the known massive 
sulphide deposits, various attributes recognized as being essential to the formation of this 
type of deposits allowed the definition of deposit recognition criteria. 

 
3. The following deposits recognition criteria (DRC) for exploration of similar deposits types in 

the terrain were defined: 
a. Presence of Jurassic and Cretaceous graphitic limestones and carbonate-graphitic 

schist. 
b. Proximity to or presence of ultramafic/mafic rocks (metal or heat sources evidence). 
c.    Proximity to faults/fractures  
d. Presence of or proximity to hydrothermal alteration zones (proximity geochemical 

evidence).  
e. Presence of or proximity to Cu-Zn geochemical anomalies (secondary geochemical 

evidence). 
f. Presence of or proximity to magnetic highs (geophysical evidence). 

 
4. One spatial evidence for massive sulphide mineralization is hydrothermal alteration, which 

has not been used so far in the study area because of the difficulties that Cuba has in 
accessing remotely sensed data as well as software to process these data. As proven in 
previous works, remote sensing can also provide useful information to mineral potential 
mapping in heavily vegetated areas. In this research different methods to detect indication of 
hydrothermal altered areas were tested.  

 
5. The Crósta and the software defoliant technique showed to be useful for detecting clay and 

limonitic alteration zones in Escambray terrain. However, the limonitic alteration was not the 
most significant alteration considered in this analysis. Even though this alteration is generally 
associated with the massive sulphide mineralization, it also is very easy to find in tropical 
areas due to the weathering process that are unrelated with the mineralization. 

 
6. The application of Mineral Imaging method proved successful in the remote mapping of clay 

alteration. The Taylor coefficients lead the comparison between the different techniques and 
the selection of the best one for subsequent integration. 

 
7. Multi-elemental geochemical anomalies have also been not used thoroughly before as spatial 

evidence in predictive mapping in the area. The inter-element relationships inherent in 
geochemical data in the study area have been investigated in this research through the 
popular principal components analysis. The mapping of PC3 scores proved the existence of 
good spatial correlation between higher value scores and the locations of massive sulphide 



 

 

deposits. The combination of PC3 and PC4 using DPC also showed visually a high 
association between higher values scores and the massive sulphide deposits. 

 
8. Linear features such as faults and fractures were identified from aeromagnetic data, through 

the study of the first vertical derivative. Magnetic pattern or signals of ultramafic and mafic 
rocks has been defined by using of analytical signal of magnetic field. As a result, the 
delineation of some blocks that include meta-gabbros, meta-diabases and basic metavolcanic 
rocks was possible. In addition, interpretation of some bodies altered into serpentines was 
also possible.  

 
9.    Weight of evidence was the method used for characterizing the spatial association of the 

massive sulphide deposits with the different geological features. Several of the geological 
features demonstrated positive spatial associations with the massive sulphide deposits. The 
geochemical evidence was the feature with the most statistically significant positive spatial 
association with the massive sulphide deposits, followed by structural, metal/heat source 
rocks, hydrothermal alteration and host rocks evidences.  

 
10. Weights of evidence modelling demonstrated to be useful for probabilistic mapping of 

massive sulphide in Escambray terrain. Pair wise test of conditional independence between 
all parameters demonstrated to be useful in Escambray terrain. The statistical validity of the 
resulting probabilistic map is indicated by overall test of conditional independence. About 
28% of the Escambray terrain was delineated with high potential for massive sulphide 
deposits. The statistical validity probabilistic map has a prediction rate of at least 75%. 

 
 
6.2 Recommendations 

The weights of evidences modelling demonstrated the statistical validity of the resulting probabilistic 
map. This map is recommended as guide for further exploration works of massive sulphide deposits 
in the Escambray terrain. 
 
Although this studies have been done based on attributes or features recognized as essential in the 
formation of massive sulphide deposits, all the genetic inter-relationships between these features and 
the massive sulphide deposits are not undoubtedly defined.  Tectonic studies on the region in order to 
clear doubts about the geological setting of the massive sulphide deposits, is suggested. 
 
Structural studies on the area in order to define the genetic relationships between massive sulphide 
deposits and the different system of faults, as well as the volcanic rocks which are associated with the 
mineralization is recommended.  
  
As consequence of intensely and repeated metamorphism suffered by the Escambray terrain, 
lithological mapping have became one difficult task for geologists. Similarities between lithological 
units as well as metamorphic features have contributed to make the host rocks, an evidence not very 
clear. A follow up field investigations is recommended in this terrain, especially in favorable zones 
delineated by the probabilistic map. 
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