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ABSTRACT 

Ground based metal exploration is labour intensive and thus expensive. Data acquisition by satellite and 

aircraft, and subsequent image processing seem to offer a cheaper and attractive strategy to replace 

some of this effort, notably in the screening phase of a new project. However, realizing this promise 

requires considerably more than an image processing system and some satellite data. A vital component 

is a calibration area with known mineralization where the geology is sufficiently well known to permit a 

sound interpretation of the remote sensing data. This thesis studies the interpretation of remote sensing 

and data integration in regional exploration for granite related mineralization in central Western Spain. 

The calibration area is located in the Vicinity of the Los santos tungsten skarn, at the N.W. Margin of the 

Hercynian central System Batholith. 

The Los Santos (1.5 million tonnes, O.79%W03) garnet-pyroxene-scheelite skarn has formed by 

replacement of Cambrian limestones in an area where the contact aureole reaches its widest extent. The 

adjacent granite is strongly zoned, ranging from biotite bearing granodiorites in its core to muscovite 

and cordierite bearing monzogranites at its margins near Los santos. The main REE variations in the 

intrusion are compatible with In Situ crystal fractionation of one magma. The regional zoning of the 

intrusion can be explained for an important part by gradual segregation of intercumulus melt during 

crystallization. Variations in biotite composition indicate that during differentiation the melt became 

progressively more peraluminous, reducing and enriched in volatiles. The most fractionated and volatile

enriched monzogranites are located adjacent to the Los santos deposit. Locally, contamination 

processes have interfered with fractionation and obscured the diagnostic trace element patterns. in 

particular those for Ba and Sr. Enhanced Ba and Sr levels and depletion Of Rb in the monzogranites near 

the Los Santos deposit, in combination with systematic Rb enrichment in the adjacent contact 

metamorphic rocks suggest exchange of magmatic flUid, possibly related to the mineralizing event. 

The contact metamorphic setting is the main diagnostic feature that all mineralization in this area has 

in common. A significant correlation has been found between the degree of contact metamorphism and 

Jelated features (mineralogy, volatile content and the Fe++IFetotal ratio), and the chemical and 

mineralogical composition of the overlying soils. Soils overlying the contact rocks are generally better 

developed than those on the surrounding granites and regional metamorphic sediments, and are richer 

in kaolinite and goethite. This is in turn reflected in more intense and diverse land use within the contact 

aureole. It is these features that can be related to spectral and textural variations in the Thematic 

Mapper image and therefore makes it possible to map contact metamorphic terrain using satellite data. 

Combined analysis of airborne radiometric thorium, uranium, potassium and total count data permitted 

adequate classification of the different granite types and of the sedimentary rocks, which in turn enabled 

mapping of the intrusive contact. The magnetic expression of the contact metamorphic rocks is different 



compared to that of the regional metasediments, due to resetting of the remanent magnetism during
 

heating. This particular feature enabled detection of metasedimentary rocks that underwent contact
 

metamorphic heating, using airborne magnetic data.
 

It is a common experience that the results of remote sensing and data integration in mineral exploration
 

are disappointing. In this stUdy a number of important reasons for this are identified:
 

1) The basic relation between geology and the original data is often obscured by complex data
 

manipulation, which obstructs the understanding of the final output.
 

2) The risk of removing potentially important information during the interpretation of the data is
 

considerable, and very hard to control.
 

3) The decision criteria with respect to the correctness of classification and interpretation are often
 

arbitrary and not quantifiable.
 

4) Error- and quality assessment is often SUbjective and therefore not reproducible under different
 

circumstances.
 

No tailor-made solution can be presented for these problems, as this varies with each particular situation
 

and depends on the nature of a particular data set. Nevertheless some rules of thumb can be presented.
 

Concerning the first problem, it is very important that the link between the data, the interpretation and
 

the geology is kept as direct as possible and soundly based on the experiences obtained in the
 

calibration area. For example, the identified relation between metamorphic grade, soil composition and
 

spectral signature is a feature that can be used for the detection of contact metamorphic soils with a
 

minimum of statistical or other kinds of complicated data manipulation. The data manipulation should
 

be very straightforward and aimed at the recognition of specific features that are known to be diagnostic
 

for the setting in which the mineralization occurs.
 

The second problem is perhaps the most difficult to deal with, in particular when a large, poorly known
 

area is investigated, as each step in the data processing, e.g. masking, filtering and classification,
 

automatically implies loss of information. The potential damage can only be controlled by quantifying
 

each step, so that all steps are reproducible. If, in the course of the investigation it turns out that relevant
 

data may have been lost, the steps can be repeated with other parameters, and the results can still be
 

compared.
 

With respect to the third problem it is important that the nature of the surrounding pixels of a certain
 

classified pixel is involved in the decision whether the classification is correct. For example, in the case
 

of mapping kaolinite pixels, using a TM image, one might use the concentration of classified pixels in
 

a certain area as a criterion. A single classified pixel that is located close to other Similarly classified
 

pixels is more likely to be classified correctly than a single classified pixel that is far away from similarly
 

classified pixels.
 

In the case of rock classification based on radiometric data, the size of a classified surface can be a
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valuable criterion. The larger the size of a classified area, the greater is the chance that the classification 

is correct. 

In order to deal with the fourth problem, weights have been assigned to the degrees of uncertainty within 

an interpretation. This is where the role of the calibration area is very important. For example, the pixels 

classified as kaolinitic are not unique for the contact aureole, as they also occur elsewhere. However, 

their concentration is much larger inside the aureole than outside. By contouring the classified image, 

a concentration map has been obtained. The range in concentrations was divided into several classes, 

and weights were given to each of these classes. As high concentrations were most typical for the 

contact zone, these classes were assigned the highest weights The classes with the lowest 

concentrations, that were more typical for the area outside the contact aureole, were thus assigned low 

weights. 

The subsequent integration of the data into a map that expresses for each location the probability that 

mineralization will be present, is a very important step, because the result is that pixels, that were 

misclassified for some reason in one data set, will not be confirmed by other data. They will therefore 

end up with low probabilities in the final map. 

The ultimate aim of the study was to develop a data integration methodology that is a powerful tool in 

the regional phase of exploration for granite related mineralization. Therefore the methodology, 

developed for the calibration area, was tested on a regional scale (approximately 200*150km), in order 

to: 1) determine the nature of the complications that can be expected if the methodology is applied to 

a large area with little ground information; 2) examine whether known mineralization could have been 

predicted using this methodology and; 3) investigate whether new prospective areas can be proposed. 

Apart from the fact that the only ground information available was a 1:200.000 geological map, which 

made interpretation of the data much more complicated, a number of additional problems were 

encountered: 

1) information that was relatively unique for the contact aureole in the calibration area turned out not to 

be unique on a regional scale. For example, the spectral signature of Tertiary sediments and associated 

soils is very similar to that of the kaolinite rich soils overlying the contact metamorphic rocks; 2) The 

quality of the results of the satellite data interpretation depend strongly on the acquisition date of the 1lv'I 

scene; 3) On a regional scale, situations were encountered that were not present in the calibration area. 

For example, certain granite types and parts of the Tertiary terrain had similar radiometric signatures; 

4) The quality of the airborne survey was poor. For example, there are indications that the coordinate 

system of the airborne data set is not correct, causing a shift of the data of at least 2km to the north. 

However, the methodology of data integration proved to be very efficient for dealing with these 

problems, as most of the larger known deposits coincide with zones that are mapped as very 
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prospective. In addition a number of other zones with good prospectivity are mapped. Clearly these 

require follow-up fieldwork. 

In conclusion it can be said that this study demonstrates that remote sensing and data integration can 

indeed be valuable tools for identification of target areas in mineral exploration, provided that a sound 

understanding is available, on the basis of properly identified rock- and oreforming processes, 

concerning the variations in remotely sensed data that can be expected in relation to the diagnostic 

features one is searching for. 
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SAMENVATTlNG 

Mineraal exploratie is arbeidsintensiel en dus duur. Remote Sensing en beeldverwerkings-technieken 

lijken een goedkoper en aantrekkelijk alternatiel te bieden om een deel van dit werk te vervangen, vooral 

in de verkenningsfase van een nieuw project. Om dit waar te maken, is echter heel wat meer nodig dan 

aileen een beeldverwerkings systeem en wat satellietgegevens. Essentieel is de beschikbaarheid van een 

calibratiegebied met bekende mineralisatie, waar de geologie goed genoeg van bekend is om een 

degelijke interpretatie om de remote sensing data te kunnen uitvoeren. Oit proelschrift bestudeert 

interpretatie van Remote Sensing gegevens (Thematic Mapper beerden en airborne geolysische 

gegevens) en de integratie van databestanden ten behoeve van regionale exploratie naar graniet

gerelateerde mineralisatie in centraal west Spanje. In het calibratie-gebied bevindt zich de wollraam 

skarn-verertsing van Los santos, gelegen aan het noord-westelijke contact van de Hercynische Systeem 

centraal Batholiet. 

De granaat-pyroxeen-scheeliet skarn van Los santos (1.5 miljoen ton, 079% W03) is gevormd door 

vervanging van Cambrische kalksteen. De ligging van de skarn valt samen met de plaats waar het 

contact aureool anomaal breed is. De aangrenzende graniet-intrusie is sterk gezoneerd, varierend van 

biotiet-houdende granodioriet in de kern tot muscoviet en cordieriet-houdende monzograniet aan het 

contact bij Los Santos. 

De REE variaties binnen deze peralumineuze, i1meniet houdende batoliet wijzen op In Situ kristal 

lractionatie binnen een magma als het belangrijkste genetische proces. De regionale zonering van de 

intrusie kan voor een groot deel verklaard worden door graduele segregatie van intercumulus smelt 

gedurende de kristallisatie. Variaties in biotiet compositie geven aanwijzingen dat gedurende dit 

differentiatieproces de smelt in toenemende mate peralumineus, reducerend en verrijkt met vluchtige 

stoffen werd. Het meest gelractioneerde en "volatile" aangerijkte deel van de monzograniet grenst aan 

de Los santos verertsing. 

Plaatselijke zijn spore-element patronen, typisch voor lractionele kristallisatie (met name die van Ba en 

Sr), sterk verstoord door contaminatie van het magma. Verhoogde gehaltes aan Ba en Sr, en verarming 

van Rb in de monzogranieten nabij Los Santos, in combinatie met systematische Rb aanrijking in de 

aangrenzende contact metamorie gesteentes. wijzen op uitwisseling van magmatische v1oeistoffen met 

het sedimentaire nevengesteente. Mogelijk is dit direct gerelateerd aan het verertsings-proces. 

De meeste verertsingen in dit gebied bevinden zich binnen het contactmetamorie aureool, hetgeen als 

diagnostisch beschouwd kan worden. Er bestaat een signilicante correlatie tussen de mate van contact 

metamoriose en gerelateerde gesteente eigenschapen (de mineralogie, het gehalte aan v1uchtige stoffen 

en de Fe++/Fetotaal ratio) enerzijds, en de chemische en mineralogische eigenschappen van de 

bovenliggende bodems anderzijds. Bodems gevormd op de contactmetamorie gesteenten zijn meestal 
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beter ontwikkeld dan die op de omringende granieten en regionaal metamorle gesteenten. Zij bevatten
 

meer kaoliniet en goethiet.
 

Dit heeft op zijn beurt weer een intenser en diverser landgebruik binnen het contact aureool tot gevolg.
 

Het zijn met name deze fenomenen die gerelateerd kunnen worden aan spectrale en texturele variaties
 

in het satelliet bee/d. Hierdoor is het mogelijk contactmetamorl gesteente Ie karteren op basis van
 

satellietgegevens.
 

Diverse graniet-types en sedimentaire gesteenten kunnen onderscheiden worden op basis van
 

verschillen in radioactieve eigenschappen (thorium-. uranium-, kaliumgehalte en de totale straling).
 

Gebruik makend van "airborne" radiometrische gegevens kunnen dientengevolge de verschillende
 

gesteentetypes geclassificeerd worden. Dit houdt in, dat het granietcontact gekarteerd kan worden vanuit
 

de lucht.
 

De magnetische eigenschappen van het contact metamorfe gesteente zijn verschillend ten opzichte van
 

de regionaal metamorfe gesteenten, als gevolg van verhitting en rekristallizatie van het gesteente tijdens
 

de graniet-intrusie. Daardoor kunnen regionaalmetamorle gesteenten die contactmetamorfe
 

veranderingen hebben ondergaan, geidentificeerd worden op basis van "airborne" magnetische
 

gegevens.
 

De resultaten van Remote sensing en data-integratie lechnieken zijn regelmalig leleurslellend. Hiervoor
 

is een aarilal oorzaken aan te wijzen:
 

1) De fundamentele relalie tussen de geologie en de originele data is vaak vertroebeld door ingewikkelde
 

slalislische manipulalie van gegevens. Dil slaal een goed begrip van hel uileindelijke producl in de weg.
 

2) Er is een aanzienlijk risico aanwezig dal gedurende de inlerprelalie van de gegevens potentieel
 

belangrijke informalie verioren raakt.
 

3) De crileria op basis waarvan geoordeeld wordl over de juistheid van classificatie en interpretatie zijn
 

vaak arbitrair en getalmatig meestal slecht weer te geven.
 

4) Schatting van fouten en kwaliteil is vaak subjectief, en daardoor slecht te reproduceren onder andere
 

omstandigheden.
 

Het antwoord op deze problemen zal verschillen per situatie, en is daarbij afhankelijk van de aard van
 

de beschikbare gegevens. Hoewel het dus niet goed mogelijk is een pasklare oplossing voor deze
 

moeilijkheden te bieden, kunnen er wei enige vuistregels gegeven worden, die het makkelijker maken
 

met deze problemen om te gaan.
 

Met betrekking tot het eerste probleem is het van groot belang om de relatie tussen gegevens,
 

interpretatie en geologie zo helder mogelijk te houden, en name te baseren op de ervaring verkregen
 

in het calibratiegebied. Het is van groot belang dat de datamanipulatie direct gericht is op het herkennen
 

van fenomenen, waarvan bekend is dat zij diagnostisch zijn voor de omgeving waarin de verertsing
 

verwacht kan worden.
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De geobserveerde relatie bijvoorbeeld tussen metamorlose graad, bodemsamenstelling en spectrale 

eigenschappen is zeer geschikt om, met een minimum aan statistische manipulatie, zeer doelgericht te 

zoeken naar contactmetamorle gebieden. 

Mogelijkerwijs is het tweede probleem wei het lastigste te verhelpen. Dit is vooral het geval, wanneer een 

groot gebied, waar weinig over bekend is, onderzocht wordl. ledere stap in de dataverwerking (bijv. 

filteren, classificatie, etc.), houdt automatisch verlies van inlormatie in. Het belangrijkste is in faite, om 

controle te hebben over de mate, waarin gegevens verioren raken. De beste manier om dit te bereiken 

is door elke slap te kwantificeren, zodat het interpretatie proces reproduceerbaar wordt, en dus 

vergelijkbaar met alternatieve interpretatie methodes. 

Het derde probleem is grotendeels te ondervangen door deeigenschappen van omringende "pixels" van 

een geclassificeerde pixel, te betrekken bij de beslissing aangaande de juistheid van een 

classificatie/interpretatie. Voor een pixel die bijvoorbeeld als "kaolinitisch" geidentificeerd wordt in een 

TM- beeld, zou de concentratie van soortgelijke pixels in zijn directe omgeving maat kunnen zijn voor 

de juistheid van de identilicatie: Een geTsoleerde "kaolinief'-pixel die dicht bij meerdere soortgenoten in 

de buurt ligt, heeft meer kans om correct geklassificeerd te zijn dan een die daar ver van af ligl. 

In het geval van gesteente-classificatie op basis van radiometrische data kan bijvoorbeeld het oppervlak 

van het geklassiliceerde gebied als beslissings criterium gebruikt worden: Hoe groter het oppervlak van 

het gebied, des te groter de kans dat de klassificatie correct is. 

Om het vierde probleem te ondervangen kan men gewichten toekennen aan de mate van onzekerheid 

binnen een interpretatie. Hierbij is de rol van het calibratiegebied van essentieel belang. Bijvoorbeeld: 

pixels die als "kaoliniet" geklassificeerd zijn zijn niet uniek voor het contaclaureole; erbuiten worden ze 

ook aangetroffen, om wat voor reden dan ook. Zij zijn echter veel talrijker binnen het contact aureool 

dan erbuiten. Contouren van het geclassificeerde beeld levert een concentratiekaart. Vervolgens kan men 

aan verschillende concentratieklassen gewichten toegekennen, wat in dit geval inhoudt, dat het 

toegekende gewicht hoger wordt, naarmate de concentratie hoger is. 

Als op daze wijze aan elke interpretatie gewichten zijn toegekend, worden ze geTntegreerd tot een kaart 

die voor elke locatie de waarschijnlijkheid uitdrukt dat mineralisatie aanwezig is. Daze stap is belangrijk 

om dat het resultaat ervan is, dat pixels die (om wat voor reden dan ook) onjuist geclassificeerd zijn in 

een dataset, niet bevestigd worden door andere gegevens. Daze zullen dus met lage waarschijnlijkheden 

eindigen in een ge'integreerde kaart. 

Het uiteindelijke doel van dit onderzoek was een data-integratiemethode te ontwikkelen die als een 

betrouwbaar hulpmiddel kan dienen tijdens de regionale lase van een exploratie programma. De 

methodologie, die ontwikkeld is voor het calibratie gebied, is daarom getest op regionale schaal 

(ongeveer 200*150Km). Het doer hiervan was drieledig: 

1) Te bepalen welke complicaties men kan verwachten als een dergelijke methodologie wordt toegepast 

op een groot gebied waar weinig over bekend is; 
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2) Te testen, of de locatie van bekende ertsafzettingen voorspeld hadden kunnen worden op basis van
 

de onlwikkelde methode en;
 

3) Nieuwe locaties te idenlificeren waar mogelijkerwijs mineralisatie is opgetreden.
 

Afgezien van het feit dat wij slechts beschikten over een regionaal-geolog!sche kaart op schaal 1:200.000
 

(hetgeen aileen al de interpretatie van de gegevens aanzienlijk bemoeilijkte), deden zich een aantal
 

nieuwe problemen voor:
 

1) Informatie die, op calibratie-schaal redelijk diagnostisch was voor het contactaureool, bleek op
 

regionale schaal vaak veel minder diagnostisch te zijn. De spectraJe reflectie-karakteristieken van het
 

Tertiair bleken bijvoorbeeld erg te Iijken op die van de kaoliniet-rijke bodems aangetroffen op contact
 

metamorf gesteente;
 

2) De kwaliteit van de satellietbeeld-interpretatie bleken erg sterk af te hangen van de opname datum
 

van het TM beeld;
 

3) Er deden zich situaties voor, die niet voorkwamen op calibratie-schaal. Bepaalde graniet types bleken
 

bijvoorbeeld radiometrisch sterk te Iijken op delen van het Tertiair;
 

4) De kwaliteit van de Airborne-survey was niet al te best. Er zijn bijvoorbeeld aanwijzingen dat het
 

coordinaten systeem van deze data set niet correct is. Mogelijk is de dataset meer dan 2Km naar het
 

noorden verschoven.
 

De resultaten van deze test geven echter aan, dat de ontwikkelde methodologie voldoende flexibel is
 

om derge/ijke complicaties het hoofd te bieden, aangezien de grotere bekende verertsingen samenvallen
 

met zones die, in het onderhavige onderzoek, als gunstig geclassificeerd werden.
 

Tevens kwam als resultaat van deze test een aantal prospectieve gebieden naar voren, waar nog geen
 

mineralisatie bekend is. Voor deze zones zou extra veldwerk aan te bevelen zijn.
 

Concluderend kunnen wij stellen dat deze studie laat zien dat Remote sensing en data-integratie
 

technieken geschikte hulpmiddelen zijn bij de identificatie van doelen in mineraal-exploratie, mits een
 

goed fundamenteel begrip aanwezig is met betrekking tot de variaties die verwacht kunnen worden in
 

Remote sensing datasets in relatie tot de diagnostische fenomenen, waar men naar op zoek is.
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QIAPTER 1 

INlROOUcnON 

1.1 SYNOPSIS 

Ground based metal exploration is labour intensive and thus very expensive. Remote sensing and image 

processing seems to offer a cheaper and attractive strategy to replace some of this effort, notably in the 

screening phase of a new project. However, realizing this promise requires considerable more than an 

image processing system and some satellite data. This thesis studies the interpretation of remote sensing 

data and data integration in regional exploratioan for granite related mineralization in central Western 

Spain. 

1.2 DEFINITION OF THE PROBLEM 

An inevitable part of mineral exploration programs is the decision making as to whether certain areas 

are prospective or not. The ability to make the right decisions, which is crucial to success, depends, 

apart from the human skills, on three main factors: I the availability of information: II the interpretation 

of the data and: III the amount of money that can be invested. 

I. Fast development of data acquisition methods (routine multi element chemical analyses, airborne and 

satellite data acquisition, digital mapping systems) in the last decades have led to an exponential 

increase of the amount of information. This has improved the ability to understand the processes that 

have resulted in mineralization, as well as the capacity to recognize specific anomalies and expressions 

that are related to mineral deposition. 

II. The often overwhelming quantities of information, such as derived from remote sensing platforms,
 

require very sophisticated ways of data management. Adequate interpretation of the data
 

is often very complex. The results can be disappointing, as it is often very difficult to separate relevant
 

and less relevant information.
 

III. At present metal prices are extremely low, as a result of which exploration budgets are very tight. 

Cost cutting does not so much affect the data acquisition, since this is a relatively cheap part of the 

exploration program, as it does affect the expenses related to data compilation and interpretation. 

With the development of geographical information systems in the 1970's, it became technically possible 

to deal efficiently with large amounts of information, in a cost effective manner. Geographic information 

systems (GIS) have become a valuable tool in many geo-oriented activities. Initially developed as a 

digital database for maps. the ability of GIS' to manipulate spatial data sets has strongly increased, which 



made it an indispensable tool in many decision-making and predicting studies. The possibility to 

combine raster and vector data of many different kinds, using digital image processing techniques, offers 

great potential in the analysis of spatial data. The analysis of combined data sets can reveal more 

information than a combination of interpretations of separate data sets. During the last two decades, a 

considerable amount of work has been done to test the applicability of digital image processing and data 

integration techniques in mineral exploration. A main task in these studies was to define how procedures 

of feature recognition and digital data integration should be applied in order to extract the most relevant 

information from multiple data sets. 

While geographical information systems are, in many different professional fields, successfully applied 

to support decision making, it is surprising to observe that, in spite of all the effort, data integration 

techniques are stm not incorporated as a standard procedure in regional exploration programs. 

The aims of the study presented here are: I) to define the nature of the problems that seem to hamper 

a more widespread use of data integration in metal exploration, and II) to develop a data integration 

methodology that, in spite of these problems, can effectively support the decision making as to whether, 

at a certain location, mineralization can be expected or not. 

1.3 REGIONAL EXPLORATION FOR GRANITE RELATED MINERALIZATION 

This study was carried out in central western Spain. Mineralization of tungsten, tin, lead, zinc, copper, 

gold and uranium is associated with Hercynian granitic intrusions. 

Identification of individual mineral deposits during a regional exploration survey is a very difficult task 

because of the strong diversity in style of mineralization, size of the deposits, and, most important for 

exploration, the anomalies that are a result of the mineralizing processes. For example, some of the 

small sulphidic vein systems are associated with strong iron staining of the overlying soils, others are 

accompanied by minor greisenization, while the largest deposit in the region, the tungsten skarn of Los 

Santos, which partly crops out at surface, has hardly any visible surface expression. Although some 

small scale exploitation of tungsten is reported from 40-50 years back (Garcia Sanchez pers. comm.), 

the full significance of the deposit was discovered in 1980, during a survey in the contact metamorphic 

zone, using a UV lamp. In addition, also the scale at which data are collected during a regional survey 

makes it rather difficult to detect individual deposits. For example, the resolution of Thematic Mapper 

data is 3O*30m. Although theoretically it should be possible to detect surface anomalies related to one 

single deposit, the information is usually not sufficientlydetailed to distinguish individual mineral deposits. 

Regional airborne magnetic and radiometric surveys usually have a line spacing of more than 1km. 

Smaller deposits are thus easily missed. 

In a regional survey, it is therefore not very sensible to search for individual mineral deposits. It is much 
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more effective to look for features diagnostic of the setting in which a specific type of deposit is most 

likely to occur. For granite related mineralization this setting is often the margin of the intrusion and the 

contact metamorphic aureole. Once favourable zones are delineated in a regional investigation, it can 

be decided where follow up exploration and detailed fieldwork should be carried out. This is, in fact, very 

well demonstrated by the way the Los santos deposit was discovered. 

1.4 THE PROCEDURE 

The data that are used for the integration part of this study exclusively comprise remotely sensed data: 

airborne magnetic and radiometric data and Thematic Mapper data. These data were used for two 

reasons: a) They provide a good starting point for a regional exploration survey in areas where little or 

no ground data are available and; b) They provide the best opportunity to study the difficulties related 

with data integration, as the interpretation of remote sensing data is much more subject to uncertainties 

than any type of ground data. 

Anyone who wants to use remote sensing, digital image processing and data integration techniques for 

purposes of mineral exploration, has to be aware of the fact that for successful application of these 

methods, understanding of the features diagnostic of the geological setting of the mineralization, and 

the processes that resulted in the formation of the mineral deposits, is an absolute prerequisite. This is 

why we started with a very detailed ground study in a calibration area (20*20km) with known significant 

mineralization. CHAPTERS 2,3 and 4 report on the study of the processes that actually resulted in 

mineral deposition: the emplacement of granitic magma, using geochemical methods. 

For this calibration area it was subsequently determined how the effects of the mineralizing processes 

can be recognized in remotely sensed data, and how image processing and data integration techniques 

should be applied to map potentially mineralized rocks (CHAPTERS 5 and 6). 

With the knowledge obtained from the calibration area, remote sensing data were used to map the 

mineral potential of a much larger area (200*150km, CHAPTER 7). As the only ground reference for this 

area was a 1:200.000 regional geological map, it was to be expected that additional difficulties would 

be encountered during the interpretation of the data. These difficulties were identified and suggestions 

for future work are given. 
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CHAP7ER2 

REE-lRENDS IN A PERALUMINOUS, ILMENITE BEARINGGRANITOID; PE1ROGENETlCMODELSFORTHE 

HERCYNIAN GRANODIORITE-MONZOGRANITE SERIES OF LOS SANTOS, WESTERN CENTIW... SPAIN. 

2.1 ABSTRACT 

The biotite-rich granodiorites, muscovite and cordierite-bearing monzogranites and the aplitic dikes of the 

granitoid of Los Santos, in the western part of the Hercynian Spanish Sistema Central are cogenetic. 

Tonalitic xenoliths, which are widespread in the entire batholith, are probably early derivatives of the same 

magma. The position of the xenoliths in trace-element variation diagrams rules out mixing between mantle

derived melt and crustal anatectic material as a major reason for the geochemical variations in the 

granodiorite. REE modelling demonstrates that a 60% In Situ crystal fractionation in a parent magma that 

has the same composition as the average intrusion, yields a residual melt that corresponds with the average 

composition of the monzogranites. Although the main REE variations in the batholith are compatible with 

In Situ crystal fractionation of plagioclase, K-leldspar, apatite, zircon and monazite, gradual segregation of 

part of the intercumulus melt is responsible for the regional geochemical zoning of the batholith, from 

intercumulus depleted granodiorites to intercumulus enriched monzogranites. The monzogranitic, 

intercumulus enriched melt locally developed cryptic intrusive contacts with the granodioritic rocks. 

Regional low grade metamorphic sediments of the Complejo Esquisto Grauvaquico, and gneisses, abundant 

as xenoliths in the batholith, were examined as potential source rocks. A granitic melt with the composition 

equal to that of the average intrusion can be derived better from gneisses than from the low grade 

metasedimentary rocks. 30% partial batch melting of a gneiss source rock with O.011wt% monazite produces 

a melt composition identical to that of the average intrusion. 

2.2 INTRODUCTION 

The majority of the geochemical information on Spanish Hercynian granitic intrusions consists of 

conventional major- and trace element analyses (e.g.Barr and Areias 1980; Aparicio et a1.1983; Guijarro et 

al. 1984; Neiva et a1.1987; Bea et al.1988; Garcia et aI.1989). Rare Earth Element data are relatively scarce 

(Albuquerque 1987; Neiva et al. 1987; Carracedo et aI.1989; Rottura et a1.1989) although these highly 

immobile trace elements are in general very effective for modelling magmatic processes and for 

determinati~n of potential source rock, due to their specific partitioning behaviour during magma generation 

(McCarthy and Cable 1978) and its successive crystallization (Gromet and Silver 1983). In this study, whole 

rock chemistry and in particular REE-data are presented for the granodiorite-monzogranite-aplite sequence 

south of Los Santos (Fig.1a), part of the Spanish Central System Batholith (CSB, Rottura et al. 1989), and 

the surrounding metasedimentary rocks (Fig.1b). 
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biotite-rich granodiorites in the core to muscovite + 1- cordierite monzogranites and leucogranitic aplites 

near the margin (Fig.1a). A small area of granodiorites is present in the NW-corner of the intrusion, near 

the village of Linares, separated from the main granodiorite mass by the monzogranites. Our field 

observations indicate that granodiorites and monzogranites cover a surface at a ratio of approximately 

6:4. The aplites are volumetrically insignificant, except in vicinity of the Los Santos skarn. The most felsic 

monzogranites occur adjacent to this large tungsten skarn, together with fine-grained tourmaline-bearing 

aplitic dikes. Rounded xenoliths with a diameter normally less than 30 cm. occur dispersed throughout 

the entire batholith. The majority consists of magmatic textured, biotite-rich xenoliths of varying grainsize, 

but gneissose xenoliths are also abundant. Metasedimentary hornfels xenoliths are most frequent in the 

monzogranites near the margin of the intrusion. The granitic intrusion is surrounded by a well developed 

contact aureole. Near the village of Bejar, the granitic rocks grade into anatectic migmatites and 

gneisses (Ugidos 1974,1985). Based on the abundance of magmatic xenoliths Rottura et al.( 1989) 

propose a magma mixing model to explain the geochemical variations in granodiorites and 

monzogranites. Ugidos and Bea (1916) suggest a crustal anatectic origin for the monzogranitic rocks 

and propose a mixing model between this crustal melt material and deep seated calc-alcaline magma 

to explain for compositional variations within the granodioritic rocks. However, Bea and Moreno (1985) 

claim that all intrusive rocks can be explained by means of crustal anatexis. 

The purpose of this paper is to explain the geochemical variations in the intrusive sequence, to compare 

fractional crystallization models with magma mixing, to examine the differentiation oHhe monzogranites 

from the granodiorites by mainly In Situ crystallization and to model partial melting, in order to evaluate 

the surrounding crustal materials as potential source rocks. 

2.3 SAMPLING AND ANALYSES 

Out of an initial set of 83 samples, ten granodioritic and eight monzogranitic samples were selected for 

detailed investigation (Fig.1a). Eleven of these were collected along a cross section from the core of the 

intrusion towards the Los Santos deposit in order to obtain optimal information about the transition from 

the most mafic granodiorites to the most felsic monzogranites. Five samples (A1 to A5) were collected 

from aplitic dikes near Los Santos. Sample A5 is from a dike that intruded into the granodiorite, near 

sample 15, A3 from a dike that intruded the monzogranite, near sample 13 and A1, A2 and A4 are from 

dikes intruding the contact with the metasediments, near sample 2. Six representative samples were 

collected from mafic xe'loliths. Two of them (XS,X6) were sampled in the granodiorites, near sample 

12 and four (X1 to X4) in the monzogranites, near sample 13. In addition, a gneiss xenolith (X7) and a 

hornfels xenolith (X8) were sampled in the monzogranites, near sample 13. Forty metasediment samples 

were collected and analyzed for major and trace elements. Eleven of these were selected for REE

analysis. Five (CLS1 to 5) were collected within the contact metamorphic aureole near Los Santos, at 

respective distances of SOm, 200 m, 500 m, 850 m and 1200 m perpendicular to the contact. The other 
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six samples are representative for the major lithologic units that crop out between the city of Salamanca 

and the granite intrusion (Fig.1 b). 

Granitic and contact metamorphic samples consisted each of approximately 1 Kg of small chips, 

collected on a surface of at least two square metres. The regional metamorphic rocks were chip 

sampled over the entire width of each lithologic unit. In quarries rocks were collected containing one 

or more xenoliths. The sampled xenoliths were usually less than 20 em. in diameter, which precluded 

the possibility of taking large samples. In the laboratory, small fragments of a few cubic centimetres were 

separated from the cores of the xenoliths using a diamond saw, in order to avoid contamination with 

the surrounding granite material. 

All samples were analyzed for major-, trace- and rare earth element composition and thin sections were 

studied. Whole rock major element composition was determined in lithium metaborate glass beads and 

whole rock trace element composition in pressed powders with a Philips PW-1400 XAF. The precision 

is better than 5% for Na20, K20 and MnO analyses, better than 2% for the other major elements and 

better than 5% for the trace elements. The FeO-content has been determined following Pratt's method 

(Pratt 1894), with better than 5% precision. REE compositions were determined by Instrumental Neutron 

Activation Analyses, With 1% analytical error. The neutron activation analyses were carried out in five 

batches. Two of these have yielded very poor quality results for Nd (23% too high) and Yb (13% too 

low). The precision for these elements is better than 7% in the other three batches. For La, Sm, Eu Tb 

and Lu the precision is better than 5% in all batches. 

2.4 PETROLOGY 

The granodiorites consist of a medium-grained crystal mush of biotites and strongly zoned plagioclase 

(AnSS_1S)' with variable amounts of interstitial quartz, plagioclase and perthitic K-feldspar. Biotite coexists 

with ilmenite, apatite, zircon and minor monazite in all samples. No muscovite was observed. 

The monzogranites additionally contain euhedral quartz and abundant K-feldspar megacrysts. The 

plagioclases in the monzogranites are occasionally strongly zoned (An49-An6). Primary as well as 

secondary muscovite is present in the monzogranites (Rottura et al. 1989). The amount of cordierite is 

usually less than 2 vol%. Although a xenocrystic origin for cordierite is inferred by Ugidos (1983, 1985), 

available textural and chemical data favour a magmatic origin (Bea 1982, Rottura et al. 1989). K-feldspar 

megacrysts are predominant in the monzogranites. Their abundance increases towards the aplite rich 

contacts, where they occasionally develop a cumulate character. In the monzogranites they are 

frequently oriented, locally in circular patterns. 

The aplites are rather fine grained rocks consisting of anhedral perthitic K-feldspar, quartz, muscovite 

and minor plagioclase and biotite.The plagioclase is usually unzoned. In addition, A1 and A2 contain 

biotite and A4 tourmaline. Zircon and apatite are accessories. 

The xenoliths X1-X6 consist of a fine grained groundmass of plagioclase, quartz and biotite with some 
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large quartz grains and idiomorphic zoned plagioclase crystals, and contain little K-feldspar. The 

plagioclases in the xenoliths sampled in the monzogranite (X1-X4) are more albitized than those sampled 

in the granodiorite (X5,X6). Biotite occurs both as euhedral grains of variable size and as small flakes 

with irregular edges. Zircon usually appears as clusters of tiny grains, both within the biotites and in the 

ground mass. Apatite typically is needle-shaped. sample X7 is a fine-grained gneiss enclave, whose 

texture and mineralogy is rather similar to that of the groundmass of X1-X6. Needle-shaped apatites are 

absent. K-feldspar is very abundant in this sample. Sample X8 is a hornfels xenolith, with abundant 

quartz, muscovite, cordierite, andalusite, sillimanite, ilmenite, chalcopyrite and enveloped by a 

tourmaline-rich rim. The low grade metasedimentary rocks outside of the contact aureole are 

predominantly fine-grained green slates with a chlorite, chloritoid, sericite and quartz association (Diez 

Balda 1982). Sedimentary rocks of higher metamorphic grade are mapped further away from our study 

area (Fig.1 b, from Diez Balda 1982). Contact metamorphism is notified by the successive development 

of biotite and cordierite isograds. 

2.5 GEOCHEMICAL RESULTS. 

The whole rock compositions of the plutonic rocks, and the averages of the tonalitic xenoliths, 

granodiorites, monzogranites and aplites are listed in table 1a. In these four rock types, from the most 

mafic to the most felsic, the average contents of 1i02, Fe20 3, MnO, MgO and CaO decrease while Si02 

and K20 increase. 

c) MgO 
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Table la. Major- and trace element compositions of magmatic xenol iths, granodiorites, monzogranites and apl ites. 

GRANOOIORITES MONZOGRANITES 

Nr 10 12 11 19 9 8 6 16 15 3 13 18 2 17 5 4 20 

Si02 64.6 65.4 66.0 66.0 67.5 67.8 68.2 68.3 68.7 69.5 68.3 68.8 70.1 70.1 70.3 70.4 70.7 70.7 
Ti02 0.82 0.79 0.87 0.72 0.57 0.85 0.64 0.71 0.54 0.58 0.43 0.45 0.39 0.34 0.49 0.37 0.33 0.44 
A1 03 15.4 15.5 15.5 15.8 15.2 15.3 15.4 16.0 16.1 15.1 16.0 16.0 14.9 15.9 15.3 15.0 15.2 15.6

2
Fe2034.41 4.37 3.87 4.04 3.73 4.64 3.85 3.87 3.55 3.64 2.81 2.88 2.6 2.25 3.03 2.34 2.31 2.68 
MnO 0.07 0.08 0.06 0.07 0.06 0.07 0.06 0.06 0.07 0.07 0.06 0.06 0.06 0.05 0.07 0.06 0.06 0.06 
MgO 1.44 1.58 1.3 1.23 1. 15 1.49 1.24 1. 30 1.14 1. 15 0.91 0.98 0.9 0.75 1 0.71 0.76 0.93 
CaO 2.93 2.83 2.61 2.44 2.18 2.89 2.37 2.1 2.34 2.21 1.77 1.89 1.62 1.64 1.8 1. 55 1.47 1.29 
Na20 3.33 3.36 3.26 3.05 3.55 3.59 3.26 3.19 3.57 3.24 3.25 3.49 3.52 4.13 3.46 3.49 3.58 3.28 
K20 4.27 3.82 4.46 5.31 4.12 3.53 4.3 4.85 4.45 4.24 5.65 5.0 4.26 4.84 4.19 4.83 4.75 5.13 
P205 0.26 0.24 0.25 0.28 0.21 0.25 0.25 0.28 0.21 0.21 0.22 0.24 0.25 0.29 0.27 0.22 0.24 0.33 

total 97.5 98.0 98.0 98.9 98.3100.3 99.6100.7100.6 99.91 99.5 99.9 98.6 100.1 99.8 99.0 99.6 100.5 

Fe* 0.91 0.78 0.99 0.91 n.d 0.93 0.85 0.81 n.d n.d 0.92 0.80 n.d n.d n.d 0.88 n.d n.d 

Zr 223 218 213 186 180 210 192 190 182 183 151 144 130 116 152 115 115 137 
La 49.7 44.4 42.5 38.8 34 40.3 34.9 37.6 37.2 33.7 29.8 26.7 28.3 21.6 31.5 25.1 23.1 30.2 
Ce 99. 91.9 90.0 84 75.1 81. 6 73.4 78.5 79.4 77.5 66.1 60 64.3 52 67.5 47.6 52 61.7 
Nd 51. 9 51.2 42.0 49.4 39.5 49.4 41.2 45.7 36.3 32.8 33.3 29 25. 22 30.3 26.6 26 37.3 
Sm 8.75 8.09 7.7 7.45 6.17 7.77 6.63 7.52 6.66 6.17 5.84 5.3 5.3 4.13 6.06 4.39 4.7 5.47 
Eu 1.4 1. 22 1.2 1.34 1.07 1.17 1.00 1. 16 1.28 1. 12 1.05 0.89 0.92 0.8 1.03 0.78 0.72 0.80 
Tb 0.95 1. 13 0.86 1.0 0.77 0.88 0.83 0.85 0.77 0.77 0.63 0.68 0.68 0.53 0.70 0.53 0.51 0.51 
Vb 2.18 2.19 2.32 1.9 2.45 2.48 2.18 1.97 2.34 2.34 2.06 1.6 2 1.22 1.97 1.42 1.38 1.23 
Lu 0.37 0.34 0.35 0.35 0.34 0.41 0.32 0.35 0.32 0.34 0.31 0.26 0.30 0.18 0.29 0.23 0.21 0.17 
Hf 8.26 5.84 6.5 5.5 5.93 7.11 5.81 5.3 6.52 5.9 4.21 4.41 4.41 4.06 5.5 3.98 3.14 3.9 
Th *20.4 19.8 18.1 17.1 15.3 16.6 15.6 16.2 13.9 14.8 15.1 13.4 13.2 10.6 15.2 11.5 11.9 13.8 
Eu/Eu 0.52 0.47 0.5 0.56 0.55 0.49 0.48 0.5 0.62 0.58 0.59 0.53 0.55 0.61 0.55 0.57 0.50 0.53 
La/Vb 13.9 12.3 11.1 12.3 8.4 9.8 9.7 11.6 9.6 8.7 8.710.11 8.57 10.7 9.69 10.74 10.14 14.9 
lREE 215 200 186 184 159 184 160 174 164 155 149 124 127 108 139 109 108 137 

APLITES XENOLITHS 

Si02 74.4 
TiO 0.16 
A1 263 13.7 
Fe203 1.23 
MnO 0.04 

74.4 
0.13 
14.7 
0.75 
0.06 

74.7 
0.21 
14.0 
1.42 
0.04 

75.0 
0.07 
14.6 
0.79 
0.01 

75.0 
0.07 
13.4 
0.39 
0.02 

62.1 
0.73 
16.6 
6.74 
0.10 

63.6 
1. 03 
16.9 
6.57 
0.09 

64.0 
0.85 
17.7 
5.51 
0.08 

64.6 
0.89 
16.5 
6.00 
0.09 

65.9 
0.78 
15.9 
5.28 
0.07 

67.1 
0.67 
16.8 
4.56 
0.07 

64.5 
0.83 
16.7 
5.77 
0.08 

67.1 
0.72 
15.6 
4.03 
0.07 

70.0 
0.41 
15.5 
2.61 
0.06 

74.7 
0.13 
14.1 
0.92 
0.03 

68.3 
0.59 
15.6 
3.46 
0.06 

MgO 0.39 0.17 0.4 0.06 0.03 4.36 2.16 1.87 1. 93 2.20 1.56 2.35 1.32 0.86 0.21 1. 14 
CaO 0.7 0.64 0.78 0.23 0.56 3.39 3.00 3.47 3.52 3.21 3.41 3.33 2.52 1.62 0.58 2.16 
Na20 
K20 
P205 

3.8 
4.45 
0.12 

3.7 
4.93 
0.19 

3.76 
4.1 

0.17 

3.7 
5.53 
0.3 

3.45 
5.09 
0.03 

2.91 
3.58 
0.17 

3.79 
2.71 
0.31 

4.58 
2.33 
0.30 

4.11 
2.32 
0.26 

3.27 
3.57 
0.29 

4.24 
1.94 
0.24 

3.81 
2.74 
0.26 

3.31 
4.36 
0.26 

3.53 
4.83 
0.24 

3.68 
4.82 
0.16 

3.40 
4.55 
0.25 

total 99.0 99.7 99.7 99.8 98.5100.8100.2100.7100.3 100.5100.6 

Fe* n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d 

Zr 68 40 68 32 37 162 167 226 234 196 181 194 198 133 49 172 
La 9.8 6.2 11.8 2.2 7.5 20.6 32.1 33.7 37.1 44.5 30.8 33.1 39.3 27.0 7.5 34.4 
Ce 24.4 12.5 28.6 3.9 15.7 42.7 72 72 82 93.9 69 71.9 83.1 58.4 17.0 73.2 
Nd 11 <9 15 <9 <9 21 32 34 36 46 33 33.7 43.9 28.8 37.8 
Sm 2.63 1. 24 3.13 0.49 1.85 4.36 7.68 6.73 7.5 7.8 6.1 6.7 7.29 5.14 1.86 6.4 
Eu 0.3 0.32 0.29 0.06 0.21 0.81 0.8 0.73 0.55 1.15 0.93 0.82 1.19 0.87 0.24 1. 06 
Tb 0.44 0.24 0.39 0.12 0.51 0.67 1.12 0.88 0.78 0.89 0.8 0.85 0.88 0.59 0.34 0.76 
Vb 1. 61 1.33 1.78 0.48 2.25 1.95 2.83 2.44 2.49 1.98 1.94 2.27 2.23 1. 61 1.49 1.98 
Lu 0.27 0.19 0.28 0.08 0.35 0.26 0.43 0.36 0.37 0.33 0.3 0.34 0.31 0.22 0.23 0.27 
Hf 2.33 1.5 2.49 1. 27 1.96 4.37 5.5 6.6 6.4 6.1 5.4 5.59 6.27 4.20 1. 91 5.44 
Th *7.44 3.3 8.63 1.4 5.4 6.9 12.5 10.4 16.2 15.7 14.0 12.6 16.8 13.1 5.23 15.3 
Eu/Eu 0.34 0.74 0.29 0.33 0.29 0.56 0.32 0.34 0.24 0.47 0.48 0.41 0.53 0.55 0.40 0.54 
La/Vb 3.7 2.8 4.0 2.8 2.0 6.4 6.87 8.37 9.03 13.6 9.62 9 11.5 10.1 3.8 10.9 
lREE 50 22 61 7 28 92 148 151 166 196 152 151 178 123 34 156 

1) biotite-muscovite aplitesj 2) biotite aplite; 3) biotite-tourmaline aplitej 
4) magmatic tonalitic xenoliths in monzogranitei 5) magmatic tonalitic xenoliths in 
the granodioritei 6) average composition of the intrUSion GD~/'1G=6:4j Major elements 
are in weight %, trace elements are in parts per million. Fe: Fe++/Fetotal' 
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Table lb. Major- and trace element composition of sedimentary rocks 

SEDIMENTARV ROCKS 

contact metamorphic low grade metamorphic Xenoliths Averages 

CLSl CLS2 CLS3 CLS4 CLS5 604 605 606 607 614 618 x7 x8 a b c 

Si02 60.7 62.9 64.2 75.0 64.1 77 75 66.7 67.1 63.8 64.8 58.9 53.3 65.4 69.0 64.4 
TiOiJ 0.81 0.82 0.87 0.4 0.79 0.48 0.46 0.79 0.69 0.82 0.8 1.00 1.24 0.73 1.12 0.78 
A1 2 3 20.3 19.7 19.3 12.4 18.6 11.8 8.5 19.2 17.2 20.5 19.1 19.9 26.8 18.1 16.0 19.2 
F~03 8.63 8.16 7.04 3.14 7.29 6.8 1.8 6.6 6.1 6.5 6.4 4.98 6.62 6.85 5.7 7.0 
M 0.11 0.12 0.04 0.04 0.1 0.05 0.06 0.07 0.06 0.08 0.08 0.07 0.20 0.08 0.07 0.09 
MgO 3.37 3.15 3.72 1.43 2.82 0.93 4.08 2.24 2.6 2.28 2.64 1, 54 2.21 2.89 2.46 2.74 
CaD 0.61 0.72 0.21 0.22 0.79 0.0 7.7 0.14 0.25 0.27 0.41 0.98 1.57 0.51 1.46 0.63 
NaiJO 1.221.2 1,38 1.09 1.48 2.26 0.22 0.2 1.62 1,63 1,30 2.34 3.11 3.95 1.48 1,43 
K2 4.01 4.17 4.08 5.4 3.64 2.89 2.41 3.55 4.09 3.93 3.71 9.46 4.47 4.26 3.38 3.87 
P205 0.15 0.17 0.14 0.13 0.15 0.2 0.11 0.16 0.17 0.16 0.16 0.13 0.18 0.15 0.16 0.15 

total 99.9101.3100.8 99.7100.6100.4100.3101,6 99.9 99.6 100.4 100100.7 

Fe* 0.82 0.78 0.86 0.74 0.63 0.57 0.53 0.65 n.d n.d n.d n.d n.d 

Zr 114 145 151 137 152 148 269 167 167 190 159 291 281 140 183 161 
La 24.3 41.2 43.9 43.3 45 34.6 43 36 31,3 44.3 38.3 54.7 67 39.5 39.7 38.6 
Ce 51 85 91.6 88 91 62.9 60.3 67 56 84 81 110 162 81,32 68.5 74.3 
Nd 21 37 39 39 44 27 29.8 32 24 42 36 53 73 36 31.8 33.7 
Sm 3.86 6.91 7.2 7.2 7.4 5.7 5.4 6.4 5.85 7.4 6.9 8.9 12.3 6.5 6.27 6.4 
Eu 0.83 1.45 1,47 1,47 1.43 1,24 1.02 1, 21 1, 15 1.6 1.6 1.26 2.22 1.33 1.30 1. 32 
Tb 0.58 0.9 0.75 1.03 0.9 0.65 0.6 0.73 0.81 0.99 0.96 0.82 1.45 0.83 0.79 0.81 
Vb 1.58 2.52 2.66 2.51 2.51 2.18 1. 59 2.50 2.1 3.17 3.12 1.99 4.73 2.35 2.40 2.40 
Lu 0.25 0.39 0.47 0.4 0.41 0.36 0.23 0.39 0.33 0.53 0.53 0.33 0.75 0.38 0.33 0.39 
Hf '3.22 4.13 4.1 3.82 4.2 4.12 8.94 4.35 4.85 4.95 4.74 10.7 9.32 3.9 5.32 4.67 

Eu/Eu*0.65 0.66 0.67 0.63 0.62 0.70 0.61 0.61 0.61 0.67 0.72 0.47 0.57 0.65 0.65 0.65 
La/Vb 15.3 16.3 16.5 17.3 17.9 15.8 27.0 14.4 14.9 13.9 12.27 16.6 8.6 16.7 17.0 16.0 
lREE 103 175 187 183 193 134 142 146 122 184 168 230 323 168 149 15 

X7: Gneiss xenol ith; X8; 5i 11 imanite-andalusite bearing hornfels
 
xenol ith. Average of five contact metamorphic sediments (a); of six
 
low grade metamorphic sediments (b); of total sediment dataset (c)
 
(40 major element and 11 REE analyses);
 

Figure 2a,b and c illustrate the linear relations of Fe20 3 with CaO. Fez03 with Si02, and li02 with MgO 

respectively. The relation between li02 and MgO is curved for the granodiorite-monzogranite-aplite 

sequence. The xenoliths have much higher MgO content compared to the granodiorites with similar li02 

content. The trace elements Zr, Hf and Th also decrease from granodiorites to aplites (Fig.3). However, 

the xenoliths have an average content of Zr, Hf and Th equal to or lower than that of the granodiorites, 

and form a separate cluster (Fig.3). As opposed to the straight trends for Zr and Hf with Fe20 3 as 

differentiation index, the trend for Th is curved. 

I:REE ranges from 215 to 155ppm in the granodiorites, from 149 to 48ppm in the monzogranites, from 

61 to 7ppm in the aplites and in the xenoliths from 196 to 92 (Table 1a). The Eu-anomalies, defined as 

Eu/Eu* by Henderson (1984) are in the same range for the granodiorites (0.47 to 0.62) and the 

monzogranites (0.50 to 0.61), whereas aplites have large Eu-anomalies (0.29 to 0.34). The xenoliths have 

Eu-anomalies ranging from 0.24 to 0.56. The xenoliths sampled in the monzogranite (X1-X4) display 

larger Eu-anomalies than those sampled in the granodiorite (X5,XS). 
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The chondrite normalized REE abundances (Haskin et al. 1968) display parallel patterns for all
 

granodiorites (LalYb = 9.7 to 13.4) and monzogranites (8.7 to 10.7), and illustrate a gradual decrease
 

(Fig.4a). The chondrite normalized patterns of the tonalitic xenoliths obviously display parallel trends too
 

(Fig.5a), and the average xenolith pattern is almost identical to the average paltern of the granodiorites
 

and monzogranites (Fig.5b). The palterns of the aplites (Fig.4b) demonstrate more variation in REE
 

abundance as well as in slope.
 

When plolted against Fe20 3• the chondrite normalized REE reveal linear trends for the granodiorite-aplite
 

sequence, which are notably curved for Sm, Eu and Lu, but not for La (Fig.6). The xenoliths plot in a
 

separate cluster for La, Sm and Eu, below the granitic trend. The Lu abundances in aplites are higher
 

than expected on the basis of their Fe20 3 content, whereas that of the xenoliths practically fit the curved
 

trend.
 

Eleven representative major element and REE-analyses of rocks of the surrounding CEG are given in
 

table 1b. The LREE of the contact metamorphic rocks ranges from 103 to 193ppm (average 168 ppm),
 

and from 122 to 184 ppm (average 149 ppm) in the regional metamorphic rocks, whereas the gneiss
 

and hornfels xenoliths have relatively high REE abundances (LREE 230 and 323 ppm respectively). The
 

Eu-anomaly of all sedimentary samples ranges from 0.61 to 0.72.
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2.6 DISCUSSION. 

The perfect linear relation between Fe20 3 and 5i02 (Fig.2a) suggests that the magmatic xenoliths, the 

granodiorites, monzogranites and aplites belong to one genetic trend, which could be explained with 

mixing as well as magmatic differentiation. The linear relation of Fe20 3 with CaO (Fig.2b) passes through 

the origin of the plot, which implies that magma mixing is at most of minor importance to the 

geochemical variation. The common occurrence of magmatic mafic, microgranular xenoliths in the 

granodiorites was interpreted as evidence for mixing processes between anatectic crustal melt 

(monzogranites) and possibly mantle derived magmas of different composition (Rottura et al. 1989). In 

that case it is expected that the granodiorites would have intermediate compositions between the mafic 

xenoliths and the felsic monzogranites. The diagrams of li02 with MgO (Fig.2c) and Fe20 3 with Zr, Hf 

and Th (Fig.3), and with REE (Fig.6) demonstrate that the granodiorites cannot be regarded as a mixing 

product, as they do not occupy the intermediate compositional field. 
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The curved relations of li0 with MgO and of Fe 0 with Th (Fig.3c), Sm and LUCn (Fig.6b,c2 2 3 cn, EUCn 

and d) are irreconcilable with magma mixing, which is marked by straight trends (Fourcade and Allegre 

1981; Neiva et al. 1987). They rather favour magma fractionation for the granodiorite-aplite sequence. 

As crystallization proceeds, the phases which are solid solutions, e.g plagioclase, should change 

composition systematically, resulting in curved trends on variation diagrams (Price 1983). 

The discussion above also forms an argument against the alternative possibility that the mafic xenoliths 

are a result of assimilation of pre-existing tonalitic rock. 

The chondrite normalized REE-patterns of the magmatic xenoliths (Fig.5a,b) are practically identical in 

shape to those of granodiorites and monzogranites (Fig.4a, 5b), suggesting that these rocktypes are part 

of one fractionation sequence, in spite of the relatively low rREE of the xenoliths. The Eu content in the 

xenoliths from the monzogranites is similar to the Eu content of the monzogranites, and therefore the 

large Eu anomaly for these xenoliths is probably due to loss of Eu, resulting from reequilibration with 

the surrounding monzogranitic melt. Metasomatism in the xenoliths is evidenced by the albitisation of 

the zoned plagioclases. The hornfels xenoliths indicate stoping during the ascent of the granitic melt 

rather than assimilation of metasedimentary material, as reported for Portuguese monzogranites (Neiva 

1981) as elements like AI20 3, Fe20 3 and MgO, whose concentrations are high in the metasediments, 

do not exhibit any enrichment in the monzogranitic rocks (Table 1a,b). 

Fractionation by crystal settling normally leads to changes in Eu-anomalies and La/Lu-ratios (Frey 1978, 

Henderson 1984). Only the aplites do display these changes, and as they are spatially related to 

cumulates like K-feldspar rich monzogranites, they may represent segregated residual products of 

fractionation by crystal settling in the latest crystallization phase of the monzogranites. The parallel 

shapes of the REE patterns in granodiorites and monzogranites are however irreconcilable with crystal 

settling and can be explained better with In Situ crystal fractionation, 

The REE patterns of the samples 2 to 12, represented by closed circles in Fig.4a, reveal a compositional 

gap between granodiorites (solid lines) and monzogranites (dashed lines) along the profile, since 

granodiorite sample 6 and monzogranite sample 5 are located very close to each other. As the tungsten 

deposit of Los Santos is nearby, this gap could be related to a front of hydrothermal leaching. However, 

leaching cannot have been very important, as the monzogranitic samples near the deposit geochemically 

perfectly fall on the trends between granodiorites and intrusive aplites. Because rocks with those 

intermediate compositions are present, a lew kilometres west of the profile (samples 13 to 20, open 

symbols), it is more likely that the compositional gap along the profile represents a local cryptic intrusive 

contact of segregated monzogranitic melt with the granodiorites. 
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Fractionation modellina 

In Situ crystal fractionation is supported by the relative scarcity of both evolved and cumulate rocks, as 

continuous separation of crystals and liquids would have produced a highly zoned pluton, composed 

of early crystallized cumulates and later crystallized evolved rocks, with generally urlZoned crystals 

(Michael 1984). The common occurrence of strongly zoned plagioclase, even in the most evolved 

monzogranites additionally supports In Situ crystal fractionation. 

On the other hand, if the magma would entirely have crystallized In Situ, the intrusion itself should have 

been practically unzoned. The observed continuous range of geochemical and mineralogical 

compositions, in combination with their spatial distribution requires that during the predominantly In Situ 

crystallization, part of the intercumulus melt segregated dispersedly, and migrated very gradually towards 

the roof and the northwestern margin of the intrusion, locally developing rocks of monzogranitic 

composition. 

In order to examine whether the monzogranites can represent mainly intercumulus melt, produced 

during In Situ crystallization of the granodiorites, the REE variations in the intrusion are modelled. The 

parental magma is assumed to be represented by the average composition of the intrusion, consisting 

of granodiorites and monzogranites at a ratio of 6:4. The xenoliths and aplites were not involved in the 

model because of their extreme compositions and their relatively small volume. 

Usually the accessory phases like monazite, allanite, zircon and apatite host more than 95% of all REE 

(Gromet and Silver 1983). Kd-va/ues for the REE in these minerals depend on melt composition (Mahood 

and Hildreth 1983, Nagasawa 1970). They are larger in acidic magmas than in mafic magmas (Nagasawa 

and Schnetzler 1971, Watson and Green 1981). 

As the cooling of an intrusive magma is normally extremely slow, it is expected that the In Situ 

crystallizing phases will be in total equilibrium with the surrounding melt (Arth 1976), in which case 

application of the formula for equilibrium fractionation is most appropriate: CliC; =1/[P + Ds( 1-F')]. The 

symbols are explained in table 2. The compositional zoning of the plagioclases however, argues for 

surface equilibrium between melt and solid, so that the trace element behaviour during crystallization 

should be described with the formula C1/Co=p(Ds-l), applied to Raleigh fractionation. 

The composition of the theoretical residual melt (C l ) is calculated for 60% crystallization, as this is the 

surface proportion of the granodiorites. The meltlsolid distribution coefficients for each element are 

given in table 3. The mineralogical composition of the crystallizing material is assumed to correspond 

with the average normative composition of the granodiorites (Table 4). 
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Table 2. Symbols used in the equations for partial melting and 
fractional crystallization. 

C1 : composition of the residual melt 
Ci : composition of the initial melt 

Co : composition of the source rocks 
P : weight fraction of melt remaining 
F : fraction of melting 
Os : bulk solid distribution coefficient Li nXiKd i 
Xi : weight fraction of mineral i in the solid 
Kd i : distribution coefficient of element n between mineral i 

and melt. 
Do : bulk solid distribution coefficient for a 

given trace element based on the mineral composition of the parent 
at the onset of melting 

P : bulk distribution coefficient LniPiKd; of the minerals that make 
up the melt 

Pi : normative fraction of mineral i in the melt 

Table 3.So1id/me1t distribution coefficents used for modelling of 
fractional crystall ization and partial melting. 

Zircon Apatite Monazite Plagioclase K-fe1dspar Garnet 

La 104 0.39 
Ce 0.31 29.6 104

3 
0.35 0.044 0.62 

Nd 0.55 57.1 8.10 0.29 0.025 0.63
3Sm 3.24 84.8 3.10 0.15 0.018 2.2
3Eu 1. 57 9.22 1. 10 2.81 1.13 0.7
3Tb 1. 10 

Vb 890 232 200 0.07 0.012 43 
Lu 1230 199 200 0.06 0.006 38 

Kd-va1ues for zircon and apatite are from Nagasawa (1970), 
for plagioclase and K-fe1dspar from Arth (1976), for monazite 
in granitic rocks from Condie (1978) and for garnet in dacitic 
rocks from Henderson (1984). Kd Nd for monazite is a hypothetical value. 
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Table 4. Normative compositions and aluminosity of the granitic rocks, 
gneiss x~nol ith and low-grade metamorphic sediments. 

Nr Biot An Or Ab Q Apat Zircon A/CNK 

12 GO 16.3 14.1 13.1 28.4 27.3 0.61 0.044 1.05 
9 GO 16.5 14.3 10.2 30.3 29.3 0.56 0.042 1. 03 
10 GO 15.8 14.5 16.0 28.1 24.6 0.58 D.045 1.01 
7 GO 14.1 12.1 23.1 26.5 24.1 0.58 0.037 1.03 
11 GO 14.D 12.9 18.2 27.6 26.2 0.65 0.043 1.04 
6 GD 14.D 10.4 17.6 26.9 30.4 D.65 0.038 1.12 
8 
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GD 
GD 

13.7 
13.1 

" .8 
10.8 

17.4 
16.7 

27.6 
30.3 

29.5 
27.8 

0.58 
0.49 

0.039 
0.036 

1. 08 
1.07 

15 GD 12.9 10.9 17.5 27.4 31.4 0.49 0.037 1. 08 
16 GD 12.6 11.6 18.9 30.2 27.5 0.49 0.037 1. 07 

17 MG 10.9 8.9 18.3 29.2 31.6 0.63 0.031 1.13 
3 MG 10.0 8.8 27.6 27.5 25.3 0.51 0.030 1.09 
13 MG 10.0 9.4 23.4 29.5 26.7 0.56 0.D3D 1.10 
18 MG 9.5 8.0 19.6 29.7 31.1 0.58 0.026 1.11 
4 MG 8.3 7.3 23.3 30.3 29.6 0.68 0.023 1.11 
2 MG 8.1 8.1 21.8 34.9 26.6 0.51 0.023 1.09 
5 MG 8.1 7: 7 23.8 29.4 29.4 0.56 0.023 1.09 
2D MG 6.1 6.4 26.6 27.7 31.3 0.77 0.027 1. 17 

a1 aplite 4.8 3.9 21.4 31.8 36.1 0.40 D.014 1.16 
a2 aplite 4.3 3.5 23.8 32.1 34.3 0.28 0.014 1. 13 
a3 aplite 2.4 3.2 27.7 31. 3 32.9 0.45 0.008 1. 17 
a4 aplite 1.9 1.1 28.9 31.3 33.7 0.70 0.006 1.17 
a5 aplite 1.0 2.8 32.1 29.2 32.7 0.07 0.007 1. 20 

X7 Gneiss 15.4 4.8 46.7 26.2 7.3 0.30 0.060 1.16 

AVE OFRAGES 
GRANITIC ROCKS 12. D 10.6 19.0 28.9 28.5 0.58 0.035 
GRANODIORITE 14.4 12.5 16.9 28.1 27.8 0.61 0.039 
SEDIMENTS 21.8 3.12 10.28 12.0 42.64 0.35 0.032 

weight normative contents of biotite, anorthit.e, K-feldspar. albite, quartz, 
apatite and zircon for granodiorites (GD), monzogranites (MG), ap1 ites 
and gneiss xeno1 ith. A/CNK: molar ratio of A1 20 /CaO+Na 0+K20.2
The average normative compositions of the granitic rocks, granodiorites, 
sediments and the gneiss composition are used for crystallization and 
partial melting modelling. 

Model 

Due to the difficulty to make correct estimates of the modal amount of monazite, in first instance the 

residual melt composition (C1) was calculated assuming that no monazite crystalli:z:ed, using both 

equilibrium and Raleigh fractionation models (Fig.7). For equilibrium crystalli:z:ation C1 for Eu, Vb and Lu 

agree reasonably well with their average abundance in the mon:z:ogranites (see solid line 4, Fig.7). The 

calculated concentratio:ls of ce, Nd and 8m are much too high. La abundance could not be modelled 

since Kd values for the minerals used are not available. The Raleigh fractionation model yields C1values 

which totally disagree with the actual monzogranite pattern (see dashed line 4, Fig.7). 

Monazite has very large Kd's for La and Ce (10.000), for 8m (3000) and Eu (1.000) while its Kd for Vb 

and Lu is low (200 Condie 1978). For the equilibrium model it is calculated that less than 0.016 wt% of 

monazite is sufficient to compensate for the difference for ce between the calculated and the real 
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concentrations in the monzogranites. The modelling is repeated with 0.016 wt% monazite, which leads 

to considerably improved results for the LREE and EU (see solid line 5, Fig.?). In the Raleigh 

fractionation model addition of monazite does not improve the results (Fig.?, dashed line 5). The 

similarity between predicted intercumulus melt (el ) for 60% equilibrium crystallization, and average 

monzogranite composition demonstrates that, with the assumptions made, the monzogranites could be 

considered as intercumulus melt. The results of equilibrium fractionation model, especially for the HREE, 

which are independent of monazite addition, are much more in agreement with the analytical data than 

those of the Raleigh fractionation model. This is additional evidence that In Situ fractionation dominated 

the crystallization process for the accessory minerals. 

200 

4., 1: average granodiorite 
2: average intrusion (parent melt) 10 4. 
3: average monzogranite 2""100 o 
4: C Ifor model without monazite 

~, : 5: C Ifor model with 0.016% monazite 
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Fig.7. Chondrite normalized results of crystal fractionation modelling for Equilibrium model (solid lines 

and Rayleigh model (dashed lines) without monazite (lines 4) and with 0.016 wt% monazite (lines 5) in the 

crystallized solid. 
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Oriain of the granitic magma 

The REE patterns of this pluton are similar to those of other Iberian granodioritic and monzogranitic 

rocks (e.g. Neiva et al 1987) and are explained with partial melting of sedimentary source rock (de 

Albuquerque, 1978). 

Two potential source rocks for the granodioritic magma, low grade metamorphic sediments and 

gneisses can be examined (Fig.1; Lorenc and saavedra 1985, Ugidos 1985). Gneiss fragments are 

common as xenoliths. The REE-patterns of low grade and contact metamorphic sedimentary rocks, a 

hornfels and a gneiss xenolith are presented in figure Sa. The average sediment composition (Table 5, 

column a) is similar to that of a mixture of shales and greywackes at a ratio 1:2 (Wedepohl, 1969, Table 

5 column c,d,e). The average REE-content resembles that of the North American Shale Composite 

(Haskin et al. 1968, Table 5, column b). The increase in REE content from low grade to contact 

metamorphic rock and hornfels xenolith suggests enrichment of REE during heating, perhaps as a result 

of removal of other elements. 

Table 5. Average sediment compositions. 

Wedepohl~ 

a b c d e f 

Si0 64.4 50.7 66.7 58.7 61.42
Ti02 0.78 0.78 0.6 0.69 0.66 
A1 203 19.2 15.1 13.5 14.3 14.0 
Fe20 7.0 6.7 5.5 6.1 5.93
MnO 0.09 0.08 0.1 0.09 0.1 
MgO 2.74 3.3 2.1 2.7 2.5 
CaO 0.63 7.2 2.5 4.8 4.06 
Na20 1.43 0.8 2.9 1.9 2.2 
K 0 3.87 3.5 2.0 2.75 2.52
P205 0.15 0.10 0.20 0.15 0.17 

Zr 161 
La 38.6 32 
Ce 74.3 73 
Nd 33.7 33 
Sm 6.4 5.7 
Eu 1.32 1. 24 
Tb 0.81 0.85 
Vb 2.4 3.1 
Lu 0.39 0.48 
Hf 4.67 

This study (a); North American Shale Composite (Haskin 
et al. 1968)(b); compositions of plattform shales (c) 
and greywackes (d) (Wedepohl 1969) and mixtures of these 
schists and greywackes at ratio 1:1 (e) and 1:2 (f). 
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Fig.8. a: Chondrite normalized REE patterns of low grade metamorphic sedlments (open circles), contact 

metamorphiC samples (solid circles), hornfels xenolith (solid squares) and gneiss xenolith (open squares). 

b: Average chondrite nonnalized pattern of all meta samples, average pattern of the total intrusion, and 

pattern of the gneiss xenol ith. 
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The average REE-patterns of the granodiorites and monzogranites and the sedimentary rocks are almost 

identical (Fig.Bb), which is a reason to suppose that the intrusion is derived from the metasediments. 

The fact that the Eu-anomaly of the granitic intrusion is slightly larger than that of the sediments implies 

feldspar in the residual rock. 

Compston and Chappel (1979) argue that 15-25% melting is an appropriate range for the generation of 

granitoid magmas. At more than 15% partial melting the melt is sufficiently mobile to move upwards 

away from its source region (van der Molen and Paterson 1979; Price 1983). The sedimentary rocks 

contain only 0.63 wt% CaO, which implies that partial melting of at most 30% is possible, if the liquid 

composition corresponds with the average of the intrusion. Therefore 15% and 30% partial melting is 

modelled. 

The chemical composition of the residue at 15% and 30% melting of sedimentary source rocks is 

calculated (Table 6). At low pressure conditions this composition will produce a mineralogy consisting 

of quartz, K-feldspar ~ plagioclase, biotite, cordierite and andalusite /sillimanite. Along the southern 

boundary of the intrusion, granitic rocks grade into low pressure anatectic migmatites and gneisses that 

indeed consist of this mineralogy (Ugidos 1974, 1985). Apart from feldspar all these residual rockforming 

minerals have Kd-values for the REE much below unity (Henderson 1984; Arth 1976), which means that 

accessory phosphate-minerals and zircon determine the REE-distribution between melt and residual 

solid. 

Table 6. Major element composition of residual solid 
after removal of 15% and 30% melt respectively. 

parent melt reSidue 
15% 30% 

Si02
TiO 
A1 263 
~~603 

64.4 
0.78 
19.2 
7.0 
0.09 

68.3 
0.59 
15.6 
3.46 
0.06 

63.5 
0.81 
19.5 
7.6 
0.09 

62.8 
0.86 
20.7 
8.5 
0.08 

MgO 2.74 1. 14 3.0 3.4 
CaO 0.63 2.16 0.35 0.0 
Nat 
K2 
P205 

1.43 
3.87 
0.15 

3.40 
4.55 
0.25 

1.08 
3.69 
0.13 

0.58 
3.56 
0.11 

Zr(ppm) 161 172 158 156 

A' 0.113 0.138 0.146 
F 0.025 0.033 0.028 
M 0.069 0.085 0.075 

The composition of the parent rocks is the average 
of the forty representative sediment samp1es. The melt 
composition is equal to the weighed average of the 
granodiorites and monzogranites. The composition of the 
residue after 15% and 30% melting are normal ized to 100%. 
A'=A1203-(K?0+Na20+CaOl. F=FeO-(Fe203+Ti02). M=M90 
(Winkler 1979) and Fe+ /Fe =0.6tot
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Compared to crystal fractionation, modelling of partial melting is complicated by an additional number
 

of uncertainties:
 

1) It is unknown which phosphate minerals were present in the sediment at the event of melting.
 

2) The dissolution kinetics for phosphate minerals and zircon and the behaviour of REE during anatexis
 

are complex (Harrison and Watson 1984, Weber et al 1985, Rapp and Watson 1986)
 

3) During partial melting the partition coefficients for the REE may vary considerably (McCarthy and
 

Kable, 1978);
 

4) The conditions under which partial melting occurred, the timing of separation of the melt from the
 

residue and whether there was melt-solid equilibrium are not known.
 

With these uncertainties in mind an effort is made to relate the REE abundances of metasediments and
 

granitic rocks. Therefore three main assumptions are made:
 

I: All REE in the source rocks are hosted by plagioclase, K-feldspar, apatite, zircon and perhaps 

monazite. 

II: The Kd's are constant during the partial melting and are the same as used for fractional crystallization. 

III: Modelling is done for 15% and 30% equilibrium melting respectively and batch removal only took 

place after 15% or 30% melting. 

In the batch melting model the trace elements in the melt and in the solid residue are in equilibrium until 

enough of the lower density melt accumulates so that it separates from the residual solids (Hanson 

1978). The formula used for modelling eqUilibrium melting is: C, IC = 1I [(Do-PF) + Fl (Hanson 1978). For o 

explanation of the symbols see table 2. The theoretical melt composition C" at 15% respectively 30% 

melting is listed in table 7. When monazite is assumed to be absent in the source rock, all REE 

abundances in the calculated melt are higher than those in the average granitic composition. It can be 

calculated that at most 0.0076 wt% of monazite would be needed in addition to the modal minerals, to 

match the computed Ce-concentration in the melt with that of the average granite. Modelling with 0.0076 

wt% monazite yields correct results for La, Nd and Sm. However, calculated Eu, Vb and Lu 

concentrations are still too high. Assuming more monazite in the source rocks would not improve the 

results for the HREE, and neither would higher or lower degrees of partial melting. Consequently, under 

the assumed limiting conditions it will be hard to explain the granitic REE compositions with partial 

melting of the low grade metasedimentary rocks. 

This remains surprising, just considering the strong similarity between the sedimentary REE patterns and 

that of the average intrusion. Perhaps melting conditions or the mineral assemblage were different than 

supposed in the partial melting model. Partial melting may have occurred at greater pressures, as garnet 

bearing metasediments occur further to the east along the contact (Fig.1b). Modelling with 1% garnet 

in the source rock improves the results for Tb and Lu, but still not for Eu (Table 7), which is probably 

related to the relatively low feldspar contents in the sedimentary source rock. 

Gneiss xenoliths are much more abundant throughout the intrusion than metasedimentary xenoliths, 

which are mostly confined to the monzogranite, and therefore the gneiss may be a more suitable source 
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rock. Unfortunately only one gneiss xenolith was sampled. Assuming that this xenolith is representative 

for the gneiss source rock, partial melting was modelled in the same way as was done for the 

metasediments. 30wt% partial melting of a source rock without monazite yields good results for Eu, Yb 

and Lu, whereas calculated concentrations of Ceo Nd and Sm are much too high. However, at most 

O.011wt% monazite in the source rocks would be needed to match the calculated melt composition with 

the average REE abundances in the granite intrusion. These results indicate that gneisses are more 

suitable as source rock for the granitic intrusion than the schists and greywackes of the Complejo 

Esquisto Grauvaquiqo. 

Table 7. Calculated melt composition derived from low grade sedimentary 
and gneiss source rocks, by different degrees of partial 1'llE!1ting and 
with varying proportions of monazite and garnet in the source rock. 

LOW GRADE METASEDIMENTS GNEISS XENOLITH 
I 
IAVERAGE 
IGRANITE II 

~ 0 0.000076 0 0.00011 ICOMPOSI II 
~ 0 0 0 0 I 0.0099 0 0 0 0 InON II 
%melt 15% 30% 15% 30% I 30% 15% 30% 15% 30% I II 

I I II 
La 42.4 36.4 I 36.4 43.7 39.0 I 34.4 II 
Ce 262 182 71. 2 63.6 I 63.2 320 234 76.2 70.1 I 73.2 
Nd 104 82.4 36.1 33.1 I 32.9 148 120 42.7 40.0 I 37.8 

"II Sm 16.7 14.1 10.4 9.40 I 9.16 23.4 19.8 12.9 11.4 I 6.40 II 
Eu 2.55 2.86 2.20 2.45 I 2.42 0.91 0.95 0.85 0.88 I 1.06 II 
Tb I I 0.76 II 
Vb 2.42 2.68 2.39 2.68 I 1.80 1. 71 1.86 1.68 1.83 I 1.98 II 
Lu 0.37 0.37 0.36 0.36 I 0.27 0.25 0.25 0.24 0.25 I 0.27 ! 

XM is the weight fraction of monazite assumed in the source rock, 
XG t:.he weight fraction of garnet. %melt is the weight percentage 
of melting for which is modelled. The normative mineral contents used 
for modelling are listed in Table 5. The average composition of the 
i ntrus i on is added for compari son. 

2.7 CONCLUSIONS 

1) The biotite-rich granodiorites, muscovite-bearing monzogranites, aplitic dikes and perhaps also the 

tonalitic xenoliths of the Western part of the Spanish Sistema Central are cogenetic. 

2) Major element and REE variation in the granodiorites and monzogranites is more compatible with In 

Situ fractionation than with magma-mixing or fractionation by means of crystal settling. 

3) REE-modelling demonstrates that the monzogranites have a composition similar to intercumulus melt 
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after In Situ crystallization of approximately 60% of the parental magma.
 

4) Gradual disperse segregation of the intercumulus melt caused geochemical and mineralogical zoning
 

of the intrusion, ranging from intercumulus depleted granodiorites in the core to intercumulus enriched
 

monzogranites near the margins. Migration of the segregated melt caused local development of cryptic
 

intrusive contacts with the granodiorites.
 

5) The REE-behaviour was mainly controlled by equilibrium crystallization of plagioclase, K-feldspar,
 

apatite, zircon and monazite.
 

6) Petrogenetic modelling based on the abundance of the HREE yields more reliable results than on the
 

basis of the LREE since the LREE preferentially fractionate into traces of monazite, of which the
 

abundance cannot be determined accurately.
 

7) Modelling of partial melting demonstrates that gneiss, present as xenoliths in the intrusion, is a more
 

suitable source rock than the metasediments of the Complejo Esquisto Grauvaquico.
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CHAPTER 3 

THE RELATION BETWEEN BIOTITE COMPOSmON AND MAGMATIC OFFERENTIATION IN THE 

PERALUMINOUS GRANODIORITE SEQUENCE OF LOS SANTOS. WESTERN CENlRAL SPAIN. 

3.1 ABSTRACT 

A Hercynian ilmenite bearing peraluminous granitic intrusion and its biotites are studied. The intrusion 

is zoned and consists of granodiorites in its centre, to muscovite-cordierite-bearing monzogranites and 

aplites near the intrusive contact with the metasediments of the Precambrian Complejo Esquisto 

Grauvaquico. The most felsic rocks occur near the village of Los santos, adjacent to a large tungsten 

skarn. The granodiorite-monzogranite-aplite sequence is characterized by gradual changes in whole 

rock and biotite composition. The entire sequence is cogenetic. With 01 increasing from 64 to 93, FeO 

in biotites decreases from 23 wt% to 19.5 wt%, MgO from 9 wt% to 7 wt%, Ti02 from 4.1 wt% to 3.2 

wt%, while AI20 3 increases from 15.5 wt% to 20 wt% and F from 0.25 wt% to 0.9 wt%. The ratio of 

AI20 3 /(FeO + MgO+ Ti02) increases from 0.44 to 0.65. Fe2+IFetotal in the biotites increases from 0.83 

to 0.94 and Fe2+ IFe2++ Mg from 0.54 to 0.60. Progressive AI- substitution at the expense of Fe and Mg 

is characteristic for the biotites of the granodiorite-aplite sequence. The AI-content of the biotites was 

buffered by the aluminosity of the melt, which increased with the degree of differentiation. The Ti02

content of the biotites decreases with 01 as a result of cooling of the magma during crystallization. 

During differentiation the temperature of the melt dropped from about 70SoC to approximately 66SoC 

while Log(fH20/fHF) decreases from 4.35 to 3.83. In the monzogranites and ap/ites, the biotites and 

muscovites are not in equilibrium. The biotite compositions in the monzogranites adjacent to the Los 

santos skarn were generally unmodified by hydrothermal processes, and therefore the strong whole 

rock zoning in this part of the intrusion is mainly attributed to magmatic differentiation, and not to 

hydrothermal alteration during the formation of the skarn. Because the composition of the biotites is 

a function of the conditions that prevail during crystallization of the magma, the ratio of 

AI20 3 /(FeO + MgO +Ti02) in unaltered biotites is proposed as a differentiation index for peraluminous 

granitic rocks, in addition to the existing whole rock differentiation indices. 

3.2 INTRODUCTION 

The peraluminous granodiorite-monzogranite sequence near Los Santos is part of the Spanish Systema 

central (CSB, Rottura et al. 1989), a syn- to late-tectonic (Oen Ing Soen 1970; Priem et al. 1970; 

Capdevila et al. 1973) Hercynian granite complex which is, like many Iberian granites of the same 

period, associated with mineralization of tungsten and tin. The skarn of Los santos is the largest known 

tungsten deposit related to the CSB, and is located at the intrusive contact (Fig.1) with pelitic 

metasediments and marbles of the Complejo Esquisto Grauvaquico (CEG). Saavedra et al. (1974) have 

recognized a regional chemical zoning in the batholith. Rottura et al. (1989) report porphyritic biotite 

31 



N 

Linares 

J 
Madrid 

o 

+ 
.+ 

Miranda del 
.x. Castanar 

+ 
+ 

+ 
+ 

+ 

+ 

0 granodiorites .0.0* sample locations ........
 

~ monzogranites mine ~--.....,~ 
0 5km. 

CEG-sediments abandoned workingD .x. 

D tertiary cover 0 village 

Fig.1. Simplified geological map showing granodiorites and monzogranites. Solid sample markers correspond 

with granodiorites, open ones with monzogranites. Sample 1 (asterisk) represents ap1 itic monzogranite (see 

text). The samples 2 to 12 are indicated with squares, samples 13 to 17 with circles. The large mine symbol 

corresponds with the Los Santos deposit. 

monzogranites-granodiorites (BG) and argue for distinction of muscovite.!. cordierite monzogranites 

(MeG) in the westernmost part of the intrusion. These authors suggest that the monzogranites cannot 

be easily interpreted either as differentiates of the dominant granodiorites, or as a result of different 
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degrees of partial melting of one source, but are more likely to be a result of mixing of two different 

magmas. Eighty chemical whole rock analyses, part of our own work, reveal a complex zoning, which 

is illustrated by the distribution of Zr as a representative example (Fig. 2). 

DiBO-200 

0>200 

Fig.2 Whole rock Zr (ppm) 

Fig.2. Distribution map of Zr (ppm) in the granitic rocks. Sample locations are indicated with small dots. 

A pronounced regional zoning in the granodiorites and a local concentric zoning in the monzogranites 

around the skarn deposit are observed. Whole-rock major element and REE modelling has 

demonstrated that the granodiorite-monzogranite-aplite sequence is cogenetic and probably a result 

of mainly In Situ crystal fractionation (CHAPTER 2). Gradual segregation of intercumulus melt caused 

the main differentiation between granodiorites and monzogranites. Leaching of the granitic rocks by 

hydrothermal fluids that formed the tungsten deposit could, however, not be ruled out as an additional 

cause for the local zoning around the Los Santos deposit. Discrimination between various, often 

interrelated, magmatic and hydrothermal processes based on whole rock chemistry is complicated, 

because the minerals that form the granitic rocks are often zoned, and each individual phase will be 

affected in a different way by magmatic processes, fluid interaction, alteration etc. The composition of 

micas and particularly that of biotites is very sensitive to magmatic (Speer 1984; Leake 1974; Barriere 

and Cotten 1979) and hydrothermal (Speer 1984; Konings et aI.1988; Moore and Czamanske 1973; 

Jacobs and Parry 1979) processes because it is restricted by conditions such as pressure and 

temperature (Jacobs and Parry 1979; Dymek 1983; Ahlin 1988), melt composition (Puziewicz and 

Johannes 1988, 1990; De Albuquerque 1973; Mahmood 1983; Rossi and Chevremont 1987), oxygen 

fugacity (Wones and Eugster 1965; Speer 1984) and composition of the coexisting fluids (Munoz 1984; 

Parry and Jacobs 1975; Gunow et aI.1980). This paper focusses on the compositional relationship 

between the whole rock and ils magmatic biotites in order to: ) determine more accurately the 
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magmatic conditions during the In Situ fractionation of the batholith; 2} examine whether the local 

zoning adjacent to the Los Santos skarn is a result of hydrothermal activity; and 3} to examine the 

interrelation between whole rock composition and biotite chemistry during magmatic differentiation. 

3.3 SAMPLING AND ANALYSES 

Seventeen granitic samples out of the original eighty were selected for detailed study of whole rock

and biotite major element composition. Samples 1 to 12 are located along a cross-section from the Los 

Santos mine towards the south east, perpendicular to the chemical zonation (Fig. 1), in such a way that 

they provide optimal information about the transition from BG and MCG. Because along the profile the 

transition from granodiorites to monzogranites turned out to be rather abrupt, samples 13 to 17 were 

collected away from the profile where the transition is more gradual. All samples represent normal 

medium grained granitic rock except sample 1, which is a fine grained aplitic monzogranite, located at 

the direct contact with the metasediments near Los Santos. Samples 87,86,67,78,32 and 31 are from 

aplites in vicinity of the Los Santos skarn. 

Each sample consists of ten chips of about 100 gram each, that were collected on a surface of at least 

two square metres. Thin sections were made of one chip of each sample. Whole-rock major element 

composition was determined in lithium metaborate glass beads with a Philips PW-14oo XAF. The 

precision is better than 5% for Na20, K20 and MnO analyses and better than 2% for the other major 

elements. Whole rock lithium concentration was determined with a Perkin Elmer PE-460 atomic 

absorption spectrometer, with a precision better than 10%. Microprobe analyses of the biotites were 

made with a JEOL 8600 Superprobe at the department of geochemistry of the University of Utrecht. 

Biotite concentrates were prepared with a Frantz magnetic separator and purified to > 95% under a 

binocular. The lithium content in biotite concentrates was determined with an ICP-AES ARL-34000. FeO

contents in the whole rock and biotite concentrates were analyzed following the procedure of Pratt 

(1894), with a precision better than 5%. 

3.4 GEOCHEMICAL AND PETROLOGICAL RESULTS. 

The intrusive body consists of rocks ranging from biotite-rich granodiorites in the centre to 

biotite +muscovite +cordierite monzogranites near the northwest contact with the CEG. Within this 

granitic complex no evident intrusive relationships exist, except for aplitic dikes. Geochemically the 

variation from granodiorites to aplites is very gradual (Table 1). In this sequence the contents of li02, 

Fe20 3, MgO and CaO systematically decrease while Si02 increases. The aluminosity, defined as the 

molar ratio of AI 20 3!(CaO+Na20+K20} (Clarke 1981), varies between 1.00 and 1.08 in the 

granodiorites (except sample 6), between 1.09 and 1.13 in the monzogranites and between 1.11 and 

1.21 in the aplites. ~, defined as the molar ratio of Mg!(Fetotal +MG} is constant for the entire 

intrusion. Fe+++!Fetotal varies between 0.01 and 0.20. The normative feldspar and quartz composition 

is calculated after correction for the amount of Si02, K20, Na20 and A120 3 hosted in biotite (Table 2). 
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Table 1. Major element compositions of granodiorites, monzogranites and apl ites. 

GRANODIORITES MONlOGRAN ITES APLITE5 

* Nr 10 12 11 7 9 8 6 16 14 15 3 13 2 17 5 4 1 31 32 87* 67* 86* 78 

5i02 64.6 65.4 66.0 66.0 67.8 68.2 68.3 68.7 69.3 69.5 68.3 68.8 70.1 70.3 70.4 70.7 74.9 74.0 74.0 74.4 74.4 74.7 75.0 

Ti02 0.82 0.79 0.87 0.72 0.85 0.64 0.71 0.54 0.51 0.58 0.43 0.45 0.34 0.49 0.37 0.33 0.2 0.07 0.05 0.16 0.13 0.21 0.07 

A1 203 15.4 15.5 15.5 15.8 15.3 15.4 16.0 16.1 15.6 15.1 16.0 16.0 15.9 15.3 15.0 15.2 14.914.29 14.8 13.73 14.74 14.014.59 

Fe2034.41 4.37 3.87 4.04 4.64 3.85 3.87 3.55 3.17 3.64 2.81 2.88 2.25 3.03 2.34 2.31 1.12 0.5 0.42 1.23 0.75 1.42 0.79 
MnO O. 07 0.08 0.06 0.07 0.07 0.06 0.06 0.07 0.06 0.07 0.06 0.06 0.05 0.07 0.06 0.06 0.04 0.05 0.01 0.04 0.06 0.04 0.01 
MgO 1.44 1.58 1.3 1.23 1.49 1.24 1.30 1.14 1.14 1.15 0.91 0.98 0.75 1.0 0.71 0.76 0.41 0.09 0.14 0.39 0.17 0.4 0.06 
CaD 2.93 2.83 2.61 2.44 2.89 2.37 2.1 2.34 2.16 2.21 1.77 1.89 1.64 1.8 1.55 1.47 1.11 0.47 0.46 0.7 0.64 0.78 0.23 
Na20 3.33 3.36 3.26 3.05 3.59 3.26 3.19 3.57 3.57 3.24 3.25 3.49 4.13 3.46 3.49 3.58 3.9 3.95 2.79 3.8 3.7 3.76 3.7 
K20 4.27 3.82 4.46 5.31 3.53 4.3 4.85 4.45 4.54 4.24 5.65 5.0 4.84 4.19 4.83 4.75 4.36 4.75 6.5 4.45 4.93 4.1 5.09 
P205 0.26 0.24 0.25 0.28 0.25 0.25 0.28 0.21 0.25 0.21 0.22 0.24 0.29 0.27 0.22 0.24 0.17 0.18 0.37 0.12 0.19 0.17 0.3 
Li(ppm) 56 51 72 72 82 85 145 n.a n.a n.a 132 115 216 n.a 153 169 133 n. a n.a n.a n. a n.a n.a. 

total 97.5 98.0 98.0 98.9100.3 99.6100.7100.6100.399.91 99.5 98.6100.1 99.8 99.0 99.6 101.1 98.4 99.5 99.0 99.7 99.6 99.8 

Fe* 0.09 0.12 0.01 0.09 0.07 0.15 0.19 n.a n.a n.a 0.08 0.20 n.a n.a 0.12 n.a n. a n.a n.a n.a n.a n.a n.a 
X 0.40 0.44 0.40 0.38 0.40 0.39 0.40 0.39 0.42 0.39 0.39 0.40 0.40 0.41 0.39 0.40 0.44 0.26 0.4 0.39 0.31 0.36 0.13

M9 
A/CNK 1.00 1.05 1.04 1.03 1.03 1.08 1.16 1.07 1.06 1.08 1.09 1. 10 1.09 1.13 1.09 1.11 1.13 1.14 1.19 1.11 1.17 1.16 1.21 

* +++Total Fe as Fe203' Fe : Fe /Fetotal' molar ratio of Mg/(Fe+f'l9)XMg : 
A/CNK: molar ratio of A1 20i(CaO+Na20+K20). n.a.= not analyzed. 
All aplites contain muscovite; those marked with * additionally contain 
biotite. 
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Table 2. Weight normative compositions of granodiorites, 
monzogranites and aplites. 

Nr Q Or Ab An Bi Mt	 probe An% 
max min 

GRANODIORITES 

10 23.5 14.7 28.0 12.1 18.3 39.4 30 32.6 31.8 
12 25.5 12.4 28.2 13.4 18.6 54.7 32 43.7 31.0 
11 24.6 17.2 27.4 12.1 15.7 10.5 31 49.3 31.5 
7 23.4 21.5 25.6 10.7 17.8 27 .2 29 45.7 22.1 
9 27.9 10.6 30.5 12.2 18.2 2.5 30 35.2 31.3 
6 26.9 19.7 26.7 10.4 15.6 12.2 28 33.9 21.5 
8 28.1 16.5 27.4 11.7 15.5 3.7 30 34.5 32.9 
16 25.5 17.7 30.2 11.6 15.0 3.8 28 57.6 12.6 
15 30.2 16.5 27.4 10.9 15.0 1.3 28 42.2 20.6 
14 26.1 19.8 30.0 10.3 13.6 2.1 26 26.4 17.7 

MONZOGRANITES 

3 24.6 26.1 27.1 8.7 12.4 1.1 24 46.9 17.3 
13 25.6 22.6 29.2 9.3 12.5 4.3 24 27.3 22.9 
2 25.6 20.9 34.7 8.1 9.5 4.2 19 14.6 12.3 
17 32.5 15.6 29.2 8.9 13.7 4.1 23 49.3 8.6 
5 28.5 22.4 29.2 7.7 10.6 34.1 21 38.9 23.3 
4 28.6 22.2 29.9 7.2 10.0 n.d 19 28.2 6.3 
1 32.8 22.6 32.6 5.4 5.0 12.0 14 13.9 12.9 

APLITES 

87 34.3 23.8 32.1 3.5 4.3 2.7 9 n.d n.d 
86 36.1 21.4 31.7 3.4 4.8 <0.2 10 n.d n.d 
67 
31 
78 

33.0 
32.1 
33.8 

27.7 
27.2 
28.9 

31.3 
33.4 
31.2 

3.2 
2.3 
1.1 

2.4 
1.5 
1.9 

2.4 
4.9 
1.3 

9 
7 
4 

(10.6)
(4.3) 

n.d n.d 
32 32.1 37.6 23.6 2.3 1.5 4.4 9 n.d n.d 

Biotite contents are the averages of the respective amounts in table 5. Normative 
compositions of quartz and feldspars are calculated after correcting the whole 
rock compositions for Si02 , K20 and Na20 hosted by biotite. Magnetite (ppm) is 
determined by separating as much as possible from the crushed sample using a hand 
magnet. An* is An/Ab+An *100%. The minimum and maximum An-percentages of zoned 
plagioclases are calculated on the basis of electron microprobe analyses. For 
aplites 67 and 31 only one analysis was available. n.d.: not determined. Aplite 
samples 87, 86, 67 and 31 are muscovite-biotite bearing and 78 and 32 muscovite 
bearing. 

The correction is necessary since in sample 12, for example, 54 wt'll, of all potassium is hosted by 

biotites, but in sample 1 only 9.6wt'll,. Misleading effects caused by non-uniform distribution of biotite 

are thus eliminated. The normative abundance of biotite is determined, assuming that all Ti0
2

, MgO and 

FeO is hosted by the biotites, by calculating [X]"hole rock![X]biotite (Table 7), where [X] is the 

concentration of Ti02, MgO and FeO respectively in the whole rock (Table 1) and biotites (Table 5). The 

amount of magnetite is determined semi-quantitatively, by separating as much as possible of this 

mineral from the crushed sample with a magnet. Normative feldspar and quartz are considered more 

accurate than the modal determinations of these minerals (Table 3). This is partly due to the fact that 

point counting was carried out mainly to determine the amounts of muscovite, biotite, cordierite and 

chlorite, while determination of K-feldspar and plagioclase was not very accurate, since they look 
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Table 3. Modal mineral composition of granodiorites, monzogranites and 
apl ites, determined by point counting. 

GRANODlOR ITES MONZOGRANITES 

Quartz 15 12 19 31 35 31 32 32 32 29 29 26 25 31 
P1agioc1ase 50 45 36 37 32 32 36 36 27 28 28 31 38 28 
feldspar 15 23 26 14 17 17 17 17 28 28 31 26 25 31 
Muscovite 0 0 0 0 0 0 1.7 1.5 1.3 0.9 1.9 2.1 2.9 3.4 
8iotite 19 17 18 18 15 18 13 12.1 12 12 9 13 7 3 
Cordierite 0 0 0 0 0 0 0 1 1 1 1.2 0.5 0.7 0.7 
Ch10rite 1.2 2.5 0.4 0.2 1 0.3 0.9 0.3 0 0 0.1 0.2 0.4 0.8 
Ilmenite a a a a a a a a a a a a a a 
Apatite a a a a a a a a a a a a a a 
Zircon a a a a a a a a a a a a a a 
Monazite a a a a a a a a a a a a a a 
Tounnal ine 0 0 0 0 0 D 0 0 0 0 0 0 0 a 

APLITES 

Quartz 33 39 32 33 32 33
 
P1agioc1ase 18 23 22 19 16 23
 
K-fe1dspar 39 31 38 37 40 34
 
Muscovite 4.4 2.3 1.1 4.7 3.5 6.6
 
Biotite 3.7 4.1 0 1 0 a
 
Cordierite 0.7 0.8 0 1.8 0 0.5
 
Chlorite 1.3 0.8 0 1.7 0 0.8
 
Ilmenite a a a a a a
 
Apatite a a a a a a
 
Zircon a a a a a a
 
Monazite a a a a a a
 
Tourmaline 0 0 7.6 0.9 8.3 2.1
 

For each thi n sect ion between 4000 and 5000 poi nts were counted I with a density of 7 counts per rrm. 
a=accessory m; nera1 

similar under the microscope.
 

The granodiorites are a crystal mush with variable amounts of biotite and zoned euhedral Ca-rich
 

plagioclase (see Table 2) with interstitial quartz, plagioclase and perthitic K-feldspar. Small euhdral, very
 

early biotites are included in large, zoned plagioclase crystals and the synchronous crystallization of
 

plagioclase and biotite is obvious in the granodiorites.The granodiorites contain between 23.4 and
 

30.2wt% normative quartz, between 10.6 and 21.5wt% orthoclase, between 25.6 and 30.5wt% albite,
 

between 10.3 and 13.4wt% anorthite and between 13.6 and 18.6wt% biotite. Ilmenite is the dominant
 

oxide mineral in all samples, but small amounts of magnetite (1-55ppm) are also present (Table 2).
 

Some muscovite is observed in samples 14 and 6 (Table 3). The biotites of sample 11 are slightly
 

chloritized. In the other samples chlorite is a very minor constituent (Table 3).
 

The monzogranite samples contain between: 24.6 and 32.8wt% normative quartz, 15.6 and 26.1wt%
 

orthoclase, 27.1 and 34.6wt% albite, 5.4 and 13.7wt% anorthite, 5.0 and 13.7wt% biotite and 0.9 and
 

3.4wt% modal muscovite. The plagioclases of the monzogranite contain calcic cores up to An43, but
 

are in general more albitic than in the granodiorites. Zoned K-feldspar phenocrysts with compositions
 

between Or86-97 Ab14_3, are common (Table 4). Their abundance increases towards the contact, where
 

they occasionally display a cumulate texture, locally oriented in small scale circular patterns. Muscovite
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is developed as: 1) a euhedral coarse grained magmatic phase, 2) a finer grained hydrothermal phase 

along cracks in feldspars and 3) a fine grained sericitic generation replacing feldspars (Rotlura et al 

1989). The amount of cordierite is usually less than 2 vol%. A xenocrystic origin for the cordierites is 

inferred by Ugidos (1983, 1985), but available textural and chemical data favour a magmatic origin 

(Rotlura et at 1989; Bea 1982). The majority of the cordierite is altered into green prisms of chlorite

pennine intergrowths. The monzogranites are dominantly ilmenite bearing, with even smaller amounts 

of magnetite (34-1.1 ppm) than the granodiorites. 

The aplites are divided in biotite + muscovite (samples 87,86,67 and 31) and muscovite bearing 

(samples 78 and 32) rocks. Cordierite is common in most aplites. In some aplites tourmaline is a major 

constituent. Magnetite is a trace constituent.5ericitisation and kaolinitisation of feldspars is subordinate 

in granodiorites and monzogranites, but more substantial in the aplites. 

Table 4 .. Representative electron micr-oprobe analyses of mineY'als 
that coexist with biotites in the granodiorites, monzogranites and 
ap1 ites. 

Plagioclase K-feldspar Muscovite 

(l c ) (2r ) (3c ) (4r ) (5) (6) (7) (8) (9) 

Si02 56.11 60.32 57.64 61.46 64.43 63.84 45.03 46.17 45.63 
TiO 0.00 0.00 0.00 0.00 0.04 0.00 0.18 0.65 1.3 
Alg63 27.58 25.14 26.37 23.63 19.01 18.61 32.52 35.98 35.71 
Fe 0.00 0.16 0.00 0.15 0.00 0.00 3.06 1.20 1.43 
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.00 0.00 0.00 0.00 2.09 0.91 0.78 
CaO 9.23 6.57 8.33 5.01 0.00 0.00 0.11 0.13 0.00 
BaO 0.00 0.00 0.00 0.00 0.31 0.37 0.00 0.07 0.00 
K20 0.16 0.28 0.23 0.24 16.46 14.56 10.84 10.52 10.55 
NagO 6.41 8.01 7.23 9.12 0.34 1.60 0.20 0.42 0.55 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
~~ 5 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 
F 0.00 0.00 0.00 0.00 0.00 0.00 0.33 0.00 0.23 
Total 99.49 100.5 100.0 99.62 99.82 99.01 94.43 96.05 95.86 

0.55 0.57 0.50 
0.03 0.14 0.03 0.06 0.072:Na

g 

Muscovite Cord Apatite Ilmenite Tourmal ine 

(10) (11 ) (12) (13) (14 ) (15) (16) (17) (18) (19) 

Si02 46.17 46.49 46.00 46.39 0.19 a 0.37 0.34 34.76 36.16 
TiO 0.63 0.92 0.00 0.00 0.34 0.01 51.52 52.1 0.67 0.7 

35.14 34.77 35.71 31.57 0.38 0.12 0.00 0.01 34.24 33.52~~g3 0.98 1.42 1. 35 8.51 0.56 0.45 36.89 19.18 19.29 10.32 
MnO 0.00 0.00 0.00 0.57 0.38 0.27 8.17 28.3 0.49 0.01 
MgO 0.48 0.70 1.09 6.87 0.00 0.00 0.19 0.01 2.32 4.03 
CaO 0.15 0.00 0.00 0.01 55.9 54.9 0.00 0.01 0.29 0.27 
8aO 0.10 0.07 0.00 0.00 0.00 0.00 0.37 0.29 0.02 0.1 
K20 10.89 10.56 9.58 0.02 0.00 0.00 0.09 0.01 1.87 2.04 
NagO 0.62 0.54 0.44 1.21 0.00 0.12 0.12 0.01 0.01 0.01 

0.00 0.00 0.00 0.00 38.9 42.0 0.00 0.00 0.00 0.00~~ 5 0.00 0.01 0.00 0.00 0.02 0.07 0.00 0.01 0.00 0.02 
F 0.15 0.00 0.00 0.00 4.20 3.96 0.00 0.07 0.41 0.51 
Total 95.31 95.53 94.44 95.14 100.6 101. 9 97.73 100.2 88.34 87.56 

XMg 0.47 0.47 0.59 0.59 0.82 0.59 
0.08 0.07 0.07XNa 

Plagioclase (1,2 core, rim) f.,...om sample 12, (3,4 core, rim) from sample 5. 
K-feldspar (5,6) f.,...om sample 13. Magmatic looking muscovite (see text. 10.11.12). 
replacement muscovite (7,8,9). Cordierite (13) from sample 13. Apatite (14,15) 
from samples 13 and 12. Ilmenite (16,17) from samples 5 and 31. Tourmaline (18,19) 
from samples 78 and 67. molar MgO/(MgO+FeO); X molar Na O/(Na 0+K O).XMg = Na = 2 2 2
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3.5 RESULTS OF MINERAL ANALYSES 

Representative analytical data for minerals coexisting with biotite are presented in Table 4. Tourmalines 

are Mg-rich. Ilmenite is MnO-rich, in particular in the aplites. Apatite is mostly F-saturated in all samples. 

Cordierite is Na20-rich. Similar sodium contents in cordierites from the Piedmont granites, USA, formed 

an argument for Speer (1981) to classify them as magmatic. Sodium values in metamorphic cordierites 

are generally less than 0.5wt% Na20 (Leake 1960). Three representative analyses of secondary 

muscovites, replacing other minerals (7,8,9), and three of large euhedral primary looking muscovite 

grains (10,11,12) are presented in Table 4. These data demonstrate large chemical variation and 

compositional overlap for both muscovite types. The average biotite compositions are listed in Table 

5. For each granodiorite and monzogranite sample two representative analyses are added. The formula 

proportions are calculated on the basis of 24(O,OH,F}. The average composition of biolites in 

granodiorites, monzogranites and aplites changes systematically, as is illustrated by the relation with 

whole rock 01 (Or+Ab+Q, Thornton and Tuttle 1960) in Figure 3. 
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Fig.3. Average biotite composition (wt%) of each sample plotted against the whole rock Differentiation 

Index (Q+Or+Ab). Symbols are the same as in Fig.l. Solid tr"iangles are b1ot1te+muscovite aplites, open 

triangles are muscovite aplites. 
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Table 5. Representative electon microprobe analyses of biotites and average biotite compositions for each sample. 
Cation compositions are based on 24(0+OH+F). n.d=not determined; d.1=be10w detection limit 

MONZOGRAN ITE5 

sample 1 mean sample 2 mean sample 3 mean sample 4 mean sample 5 mean sample 13 mean sample 17 mean 
nr of ana 1yses 21 45 46 61 10 9 19 

5i02 35.88 35.75 35.77 35.24 35.75 35.43 35.03 35.79 35.35 36.84 35.36 35.61 35.44 35.01 35.07 35.36 35.58 35.44 35.02 35.62 35.21 
Ti02 3.24 3.17 2.96 3.55 3.35 3.21 3.97 3.23 3.50 3.49 3.74 3.27 3.63 3.54 3.55 3.77 3.7 3.70 3.34 3.67 3.44 

A1 223 20.03 19.93 19.8 19.63 19.41 19.55 19.18 19.5 19.18 18.4 19.67 19.28 19.49 18.89 18.99 19.67 19.9 19.38 19.27 18.97 19.01 
FeO 19.67 21.29 20.04 21.15 20.11 20.42 20.58 20.35 20.08 18.2 20.25 19.87 20.54 19.71 20.67 20.04 20.01 20.17 21.55 20.52 20.91 
MnO 0.70 0.68 0.59 0.45 0.39 0.40 d.1 d.1 0.31 0.30 0.35 0.34 0.38 0.35 0.40 0.35 0.28 0.33 n.d n.d n.d 
MgO 6.96 7.61 7.49 7.61 6.65 7.05 7.65 7.91 7.69 7.41 7.96 7.80 7.25 7.39 7.13 7.69 7.91 7.62 7.40 7.28 7.24 
Li n.d n.d 1773 n.d n.d 1644 n.d n.d 852 n.d n.d 1183 n.d n.d n.d n.d n.d n.d n.d n.d n.d 
CaO d.1 0.13 0.03 0.17 d.1 0.116 d.l d.1 0.14 0.32 d.1 0.07 0.13 d.l 0.06 0.17 0.15 0.09 d.l d.l 0.01 
Na20 0.18 0.16 0.14 0.24 0.16 0.13 0.20 0.27 0.17 0.23 0.19 0.18 0.18 0.11 0.16 0.18 0.19 0.19 0.13 0.19 0.16 
K20 9.67 9.64 9.69 9.30 9.73 9.61 9.57 9.41 9.73 8.97 9.61 9.64 9.84 9.69 9.66 10.24 9.81 9.85 9.93 9.68 9.67 
F 0.89 0.76 0.76 0.88 1.10 0.91 0.65 0.67 0.50 0.88 0.86 0.78 0.59 0.53 0.56 0.46 0.68 0.52 0.94 0.78 0.69 
Cl 0.11 0.12 0.12 0.12 0.16 0.14 0.06 0.07 0.06 0.10 0.10 0.09 0.08 0.06 0.16 0.06 0.05 0.06 0.01 0.04 0.04 
Total 97.33 99.24 97.37 98.34 97.31 96.98 97.18 97.50 96.7 95.53 97.82 96.96 97.55 95.28 96.41 97.99 97.43 97.43 97.19 96.61 96.45 

Fe+++IF e
tot 0.09 0.11 0.06 0.08 0.07 0.07 n.d 

5i IV 5.41 5.33 5.40 5.29 5.45 5.39 5.32 5.39 5.37 5.62 5.31 5.40 5.34 5.38 5.37 5.31 5.31 5.35 5.33 5.41 5.39 
A1 IV 2.59 2.67 2.60 2.71 2.55 2.61 2.68 2.61 2.63 2.38 2.69 2.60 2.66 2.62 2.63 2.69 2.69 2.65 2.67 2.59 2.61 
A1 VI 0.98 0.83 0.93 0.77 0.94 0.90 0.75 0.86 0.8 0.92 0.79 0.85 0.79 0.80 0.80 0.78 0.82 0.80 0.78 0.81 0.81 

VITi 0.37 0.36 0.33 0.40 0.38 0.37 0.45 0.37 0.4 0.40 0.42 0.37 0.41 0.41 0.41 0.43 0.42 0.42 0.38 0.42 0.40 
Fe 2.48 2.65 2.53 2.66 2.56 2.60 2.61 2.56 2.55 2.32 2.54 2.52 2.65 2.6 2.65 2.51 2.50 2.55 2.74 2.61 2.68 
Mn 0.09 0.09 0.07 0.06 0.06 0.05 - 0.04 0.04 0.04 0.04 0.05 0.05 0.05 0.04 0.04 0.04 
Mg 1.57 1.69 1.69 1.7 1. 51 1.60 1.73 1.78 1. 74 1.68 1.78 1.76 1. 63 1.69 1.63 1.72 1. 76 1.71 1.68 1.65 1. 65 
Li 0.23 0.21 - 0.11 0.13 
Ca 0.02 - 0.03 0.02 0.02 0.05 - 0.02 - 0.03 0.02 
Na 0.05 0.05 0.04 0.07 0.05 0.04 0.06 0.08 0.05 0.07 0.06 0.05 0.05 0.03 0.05 0.05 0.06 0.05 0.04 0.06 0.05 
K 1.86 1.83 1.87 1. 78 1.89 1.87 1.85 1.81 1.88 1.75 1.84 1.87 1.89 1.90 1.89 1. 96 1.87 1.90 1.93 1.88 1.89 
OH 3.55 3.61 3.58 3.55 3.55 3.52 3.67 3.66 3.74 3.55 3.57 3.60 3.70 3.73 3.69 3.77 3.67 3.74 3.55 3.61 3.66 
F 0.42 0.36 0.36 0.42 0.42 0.44 0.31 0.32 0.24 0.42 0.41 0.37 0.28 0.26 0.27 0.22 0.32 0.25 0.45 0.37 0.33 
Cl 0.03 0.03 0.03 0.03 0.03 0.04 0.02 0.02 0.02 0.03 0.03 0.02 0.02 0.02 0.04 0.02 0.01 0.02 0.0 0.01 0.01 
LCations 15.40 15.52 15.70 15.47 15.39 15.66 15.45 15.46 15.59 15.23 15.47 15.60 15.50 15.50 15.48 15.51 15.49 15.47 15.55 15.43 15.48 

XMg 0.39 0.39 0.40 0.39 0.37 0.38 0.40 0.41 0.41 0.42 0.41 0.41 0.38 0.39 0.38 0.41 0.41 0.40 0.38 0.39 0.39 



Table 5 continued GRANOOIORITES 

sample 6 mean sample 7 mean sample 8 mean sample 9 mean sample 10 mean sample 11 mean sample 12 mean 
22 10 13 16 16 23 10 

------------------ ------------------ ------------------
Si02 35.53 35.43 35.40 35.67 34.70 35.12 35.47 35.43 35.02 36.67 35.53 35.69 34.91 35.29 35.48 35.60 36.60 35.92 35.78 35.94 34.97 
Ti02 4.05 4.00 3.93 4.13 4.09 4.06 3.92 3.94 3.73 4.05 4.12 3.88 4.23 3.85 4.12 4.05 3.90 3.89 4.25 4.17 4.02 

A12~3 18.72 19.27 18.9 16.76 16.96 16.94 16.55 16.85 17.04 16.72 16.78 16.46 15.52 15.61 15.80 15.91 16.08 16.01 15.73 15.67 15.70 
FeO 20.11 19.27 20.12 21.33 22.65 22.27 21.95 20.91 21.55 21. 25 20.79 21.43 22.06 21.75 22.75 22.19 21.12 21.82 22.11 22.71 22.67 
MnO 0.25 0.32 0.29 0.25 0.26 0.25 0.31 0.34 0.32 0.32 0.34 0.34 0.22 0.21 0.23 0.35 0.27 0.31 0.30 0.30 0.29 
MgO 8.52 7.76 7.99 8.26 8.32 8.30 8.72 8.46 8.31 8.49 8.77 8.49 8.53 8.81 8.55 8.94 8.85 8.94 8.51 8.72 8.55 
Li n.d n.d 450 n.d n.d n.d n.d n.d n.d n.d n.d 362 n.d n.d n.d n.d n.d 334 n.d n.d n.d 
CaO 0.25 d.1 0.08 d.l d.1 d.l d.1 d.l 0.08 0.14 0.28 0.07 d.1 d.1 d.l 0.22 0.13 0.13 d.1 0.08 d.l 
Na20 0.34 0.30 0.28 0.16 0.17 0.19 0.19 0.20 0.20 0.18 0.22 0.20 0.18 0.07 0.11 0.15 0.08 0.11 0.13 0.16 0.13 
K20 
F 

9.32 
0.26 

9.59 
0.35 

9.58 
0.31 

9.42 
0.54 

9.21 
0.40 

9.51 
0.42 

9.52 
0.26 

9.42 
0.27 

9.47 
0.30 

9.44 
0.30 

9.52 
0.30 

9.60 
0.27 

9.07 
0.24 

9.88 
0.51 

9.62 
0.33 

9.30 
0.29 

9.65 
0.36 

9.46 
0.32 

9.60 
0.46 

9.50 
0.36 

9.49 
0.46 

C1 0.09 0.09 0.1 0.14 0.10 0.13 0.09 0.11 0.10 0.15 0.10 0.13 0.15 0.11 0.11 0.08 0.12 0.08 0.09 0.12 0.12 
Total 97.44 96.38 96.98 97.23 97.05 97.39 97.11 96.16 96.04 97.84 96.99 96.67 95.21 96.09 97.1 97.08 97.47 96.99 96.96 97.73 96.56 

Fe+++/Fe
tot 0.04 0.15 0.1 0.08 0.17 0.15 0.17 

S;IV 5.33 5.36 5.35 5.44 5.32 5.38 5.42 5.44 5.40 5.52 5.42 5.47 5.45 5.47 5.45 5.44 5.55 5.48 5.49 5.48 5.42 
Al IV 

A1 VI 
2.67 
0.65 

2.64 
0.80 

2.65 
0.72 

2.56 
0.46 

2.68 
0.38 

2.62 
0.43 

2.58 
0.40 

2.56 
0.49 

2.60 
0.49 

2.48 
0.49 

2.58 
0.43 

2.53 
0.44 

2.55 
0.30 

2.53 
0.33 

2.55 
0.31 

2.56 
0.31 

2.45 
0.43 

2.52 
0.36 

2.51 
0.33 

2.52 
0.29 

2.58 
0.29 

Ti VI 0.46 0.46 0.45 0.47 0.47 0.47 0.45 0.46 0.43 0.46 0.47 0.45 0.49 0.45 0.48 0.47 0.44 0.45 0.49 0.48 0.47 
Fe 2.52 2.44 2.54 2.73 2.91 2.85 2.8 2.69 2.78 2.68 2.65 2.75 2.88 2.82 2.92 2.84 2.68 2.79 2.84 2.89 2.94 
Mn 0.03 0.04 0.04 0.03 0.03 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.03 0.03 0.03 0.05 0.03 0.04 0.04 0.04 0.04 
Mg 1.91 1.75 1.8 1.88 1.9 1.89 1.99 1.94 1.91 1. 91 1. 99 1.94 1.99 2.04 1. 96 2.04 2.00 2.03 1.95 1. 98 1.98 
Li 0.05 - 0.05 - 0.05 - - 0.05 
Ca 0.04 0.01 0.01 0.02 0.05 0.01 - - 0.04 0.02 0.02 0.01 
Na 0.10 0.09 0.08 0.05 0.05 0.06 0.06 0.06 0.06 0.05 0.07 0.06 0.05 0.02 0.03 0.04 0.02 0.03 0.04 0.05 0.04 
K 1.79 1.85 1.85 1.83 1.8 1.86 1.86 1.85 1.86 1.81 1.85 1.88 1.8 1.95 1.88 1.81 1.87 1.84 1.87 1.84 1.88 
OH 3.85 3.81 3.83 3.70 3.78 3.77 3.85 3.84 3.83 3.82 3.83 3.84 3.84 3.74 3.81 3.84 3.80 3.82 3.75 3.80 3.75 
F 0.12 0.17 0.15 0.26 0.19 0.20 0.13 0.13 0.14 0.14 0.14 0.13 0.12 0.25 0.16 0.14 0.17 0.15 0.22 0.17 0.22 
Cl 0.02 0.02 0.03 0.04 0.03 0.03 0.02 0.03 0.03 0.04 0.03 0.03 0.04 0.03 0.03 0.02 0.03 0.02 0.02 0.03 0.03 
~Cations 15.50 15.43 15.54 15.45 15.54 15.59 15.60 15.53 15.63 15.46 15.55 15.62 15.54 15.64 15.61 15.60 15.49 15.61 15.56 15.58 15.68 

XMg 0.43 0.42 0.41 0.41 0.40 0.40 0.42 0.42 0.41 0.42 .0.43 0.42 0.41 0.42 0.40 0.42 0.43 0.42 0.41 0.41 0.40 
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Table 5 continued GRANOO IORITES APLITES 

sample 14 mean sample 15 mean sample 16 mean 87 86 67 31 
32 12 17 18 17 5 2 

------------------ ------------------ ------------------ ------------------------
Si02 35.96 35.00 35.39 36.07 36.11 35.88 35.51 36.45 35.71 35.20 35.39 35.03 35.28 
Ti02 3.54 3.46 3.59 3.87 3.42 3.66 3.94 3.4 3.60 3.28 3.33 3.12 2.53 

A12~3 19.21 18.47 18.81 17.14 17.72 17.46 17.78 18.48 18.19 19.09 19.21 19.69 19.89 
FeD 20.73 19.75 20.03 21.41 22.14 21.65 21.00 21.01 21.00 20.84 20.30 22.52 21.13 
MnO 0.79 0.56 0.34 n.d n.d n.d n.d n.d n.d 0.49 0.38 0.53 0.58 
MgO 6.61 8.69 8.05 8.26 7.93 8.10 7.56 7.54 7.78 6.93 7.12 5.68 5.69 
Li n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d 
CaO d.l 0.14 d.l d.l 0.13 d.l d.l 0.13 0.07 0.05 0.06 0.05 0.06 
Na20 0.08 0.21 0.18 0.19 0.13 0.14 0.12 0.12 0.13 0.15 0.13 0.10 0.06 
K20 9.25 9.50 9.51 9.44 9.37 9.68 9.77 9.75 9.70 9.14 9.26 9.22 9.06 
F 0.67 0.61 0.49 0.55 0.49 0.41 0.56 0.47 0.48 0.56 0.92 0.12 0.01 
Cl 0.08 0.03 0.04 0.07 d.l 0.08 0.05 0.07 0.06 0.08 0.10 0.07 0.13 
Total 96.92 96.42 96.43 96.75 97.25 97.06 97.5 96.61 96.82 99.24 99.27 99.95 98.34 

Fe+++/Fe
tot n.d n.d n.d 

Si IV 5.45 5.34 5.38 5.48 5.47 5.46 5.44 5.49 5.44 5.40 5.42 5.38 5.46 
A1 IV 2.55 2.66 2.62 2.52 2.53 2.54 2.56 2.51 2.56 2.60 2.58 2.62 2.54 
A1 VI 0.89 0.66 0.75 0.56 0.63 0.59 0.65 0.77 0.70 0.86 0.88 0.94 1.09 
Ti VI 0.40 0.40 0.41 0.44 0.39 0.42 0.45 0.39 0.41 0.38 0.38 0.36 0.29 
Fe 2.63 2.52 2.55 2.72 2.80 2.75 2.69 2.65 2.67 2.68 2.60 2.89 2.74 
Mn 0.10 0.07 0.04 0.06 0.05 0.07 0.08 
Mg 1.49 1.98 1.82 1.87 1.79 1.84 1. 73 1.69 1.77 1. 59 1. 62 1.30 1.31 
Li 
Ca 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 
Na 0.02 0.06 0.05 0.06 0.04 0.04 0.04 0.04 0.04 0.05 0.04 0.03 0.02 
K 1. 79 1.85 1.84 1.83 1.81 1.88 1.91 1.87 1.88 1. 79 1.81 1.80 1. 79 
OH 3.66 3.70 3.75 3.72 3.77 3.78 3.72 3.76 3.75 3.71 3.53 3.92 3.96 
F 0.32 0.29 0.24 0.26 0.23 0.20 0.27 0.22 0.23 0.27 0.45 0.06 0.00 
Cl 0.02 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.02 0.03 0.02 0.03 
LCations 15.32 15.56 15.41 15.48 15.48 15.52 15.47 15.43 15.48 15.42 15.39 15.40 15.33 

0.36 0.44 0.42 0.41 0.39 0.40 0.39 0.39 0.40 0.37 0.38 0.31 0.32XMg 

Within individual biotite crystals compositional variation eXists, as is illustrated for single grains in 

samples 17, 16, 15,4 and 2 in Table 6. At the scale of the present study, systematic variation between 

cores and rims is seldomly observed, and the zoning of the biotite may be rather complex. 

3.6 DISCUSSION 

Whole Rock chemistry 

The reduced, ilmenite dominant and peraluminous nature and the relatively high K20 and Na20 content 

are similar to properties found to be characteristic for S-type granites (White and Chappel 1983). 

Chemically, the intrusive rocks are similar to other Iberian Hercynian granitoids considered to be of 

crustal origin (De Albuquerque 1973; Barr and Areias 1980; Aparicio Vague et al. 1983; Bea and 

Morena-Ventas 1985; Neiva et al. 1987). The least evolved granodiorites, which resemble plagioclase 

and biotite rich crystal mushes, have an A/CNK-ratio just over one, whereas the most evolved 
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intercumulus elYiched monzogranites have an A/CNK-ratio of 1.13, and the aplites an A/CNK-ratio 

between 1.11 and 1.21. Feldspars have an AI CNK ratio of 1, while biotites are variably peraluminous. 

Therefore, the aluminosity of the melt can only increase with differentiation if the original magma was 

more peraluminous than the crystallizing granodiorites. 

Table 6. Compositional variations within single biotite 
grains in samples 16, 15, 17, 4 and 2. 

Sample Si02 Ti02 A1 20 MgO FeD Na20 K20 C1 Total
3 

16 35.6 3.9 17.33 7.44 20.76 0.13 9.47 0.1 0.42 95.81 
Grano 35.24 3.72 17.55 7.16 20.75 0.12 9.71 0.08 0.44 95.09 
diorite 35.34 3.55 18.04 8.19 21.18 0.16 9.59 0 0.41 96.81 

34.91 3.67 18.04 7.35 20.88 0.15 9.37 0.07 0.37 95.1 
35.98 3.82 18.14 7.51 20.58 0.18 9.94 0.07 0.57 97.19 
36.28 3.89 18.18 7.68 20.47 0.13 9.59 0.06 0.54 97.19 
36.45 3.4 18.48 7.54 21.01 0.12 9.75 0.07 0.47 97.88 
35.47 3.65 18.54 7.66 21.33 0.11 9.89 0.06 0.51 97.47 

15 36.5 3.8 16.95 8.27 21.2 0.22 9.81 0.1 0.54 97.5 
Grano 36.07 3.87 17.14 8.26 21.41 0.19 9.44 0.07 0.55 97.45 
diorite 35.51 3.87 17.16 8.11 21.41 0.19 9.64 0.08 0.44 96.71 

35.96 3.8 17.16 7.91 21.84 0.12 9.82 0.09 0.42 97.38 
35.09 3.65 17.19 8.61 22.17 0.11 9.61 0.09 0.51 97.43 
35.96 3.9 17.23 8.11 21.75 0.19 9.7 0.1 0.37 97.72 
35.77 3.79 17.67 8.06 22.23 0.19 9.78 0.07 0.56 98.23 
35.53 3.97 17.95 8.24 21.27 0.07 9.81 0.07 0 97.03 

17 34.89 3.49 18.91 7.08 20.84 0.15 9.81 0.03 0.5 95.7 
Monzo 35.62 3.67 18.97 7.28 20.52 0.19 9.68 0.04 0.78 96.95 
9ranite 34.68 3.6 19.07 7.61 20.44 0.15 9.68 0.05 0.57 95.96 

35.36 3.44 19.16 6.98 20.62 0.18 9.75 0.03 0.67 96.19 
34.87 3.49 19.18 6.85 20.61 0.16 9.55 0.04 0.65 95.41 
35.04 3.14 19.42 7.35 20.38 0.16 9.5 0.04 0.6 95.81 
34.64 3.42 19.5 7.03 21.64 0.2 9.66 0.03 0.6 96.72 
35.94 3.37 19.67 7.2 20.87 0.19 9.53 0.04 0.56 97.37 
35.86 3.52 19.71 7.23 21.11 0.19 9.44 0.05 0.76 97.87 

4 32.95 2.84 16.55 5.5 21.03 0.12 8.28 0.09 0.4 88.15 
Monzo 32.65 3.24 17.55 6.86 21.18 0.13 9.46 0.09 0.88 92.35 
9ranite 34.57 3.49 18.18 7.48 20.06 0.2 9.61 0.09 0.75 94.84 

34.49 3.77 18.67 7.53 20.37 0.22 9.13 0.09 1.03 95.75 
34.59 3.45 18.86 7.44 19.88 0.22 9.61 0.1 0.71 95.34 
36.01 3.39 19.67 8.03 20.19 0.2 9.5 0.09 0.92 98.5 
37.14 3.55 20.14 8.14 19.98 0.19 9.83 0.07 0.81 100.12 

2 35.45 3.85 18.44 6.85 20.15 0.13 9.62 0.13 0.77 95.75 
Monzo 35.51 3.00 18.91 6.81 21.79 0.08 9.95 0.14 0.94 97.5 
9ranite 35.53 3.24 18.99 6.75 21.68 0.09 9.83 0.12 0.78 97.29 

35.28 3.14 19.1 6.96 20.79 0.12 9.71 0.13 0.45 96.03 
35.49 3.52 19.16 6.86 21.38 0.18 9.64 0.14 0.71 97.45 
35.00 3.30 19.29 7.06 21.34 0.03 9.84 0.13 0.77 97.22 
35.68 3.52 19.33 7.21 21.60 0.15 9.75 0.13 0.74 98.42 
35.71 3.74 19.41 6.9 20.93 0.16 9.91 0.13 0.73 97.92 
35.51 3.59 19.61 6.86 20.85 0.08 9.66 0.15 1.03 97.77 
35.58 2.94 19.67 7.06 20.94 0.08 9.84 0.12 0.91 97.62 
36.05 3.05 19.86 7.23 19.86 0.12 9.97 0.16 0.81 97.6 
35.13 3.20 19.95 6.73 20.57 0.11 9.76 0.12 0.77 96.82 
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The crystallization sequence is illustrated by the position of the samples in the normative ternary 

feldspar diagram (FigA). Arbitrarily assuming that the magma was water-saturated and that Ptot =PH20 

=5 Kbar, the samples are projected on the corresponding solidus surface (Winkler, 1979). The 

granodiorite samples follow a curved trend, almost perpendicular to the An-Ab axis. The granodiorite 

crystallization would have occurred between 705°C and 680°C. This is a relatively small temperature 

range, compatible with In Situ crystallization. The monzogranite samples do not show a trend, but plot 

in a cluster near the cotectic line. We have no direct explanation for the amount of scatter in the 

monzogranites nor for the fact that they plot above the cotectic line. A possible explanation might be 

a rising F-activity in the melt during differentiation as the average fluorine content of the biotites 

increases from 0.27 wt% in the granodiorites (Fig.3) to 0.91 wt% in the monzogranites. Manning (1981) 

has demonstrated that an increase in the amount of fluorine in the system Qz+ Ab + Or causes a shift 

of the eutectic point towards the albite apex. The aplites plot on a trend on the opposite side of the 

cotectic line, suggesting mainly K-feldspar fractionation. 

An 

Ab Or 

Fig.4. Weight nonnative feldspar composition of the granitic rocks, projected on the sol idus surface at 

Ptot=PH20=5Kbar (Winkler 1979). The symbols are the sarre as in Fig.3. The dashed line indicates the trend 

for the granodiorites 
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The micas
 

Compositions of magmatic muscovites and biotites are easily altered during hydrothermal events, and
 

therefore we have examined the micas in order to determine whether the rocks near Los Santos have
 

undergone hydrothermal overprint.
 

Textural differences amongst muscovites suggest the presence of both magmatic and hydrothermal
 

phases. However, the lack of correlation between texture and chemistry (Table 4) indicates that the
 

muscovites cannot simply be identified as magmatic and hydrothermal minerals on the basis of texture.
 

The secondary muscovite grains (7,8,9, Table 4) all replace feldspar. Additionaly, (7 and 8) are
 

intergrown, and microscopically identical. Nevertheless the chemical variation is large. Muscovites 8 and
 

9 have high 1102-content, which is often an important argument for the recognition of igneous
 

muscovite (Miller 1981; Speer 1984). On the other hand, one of the primary looking muscovites (12)
 

contains no 1102' suggesting that it is secondary.
 

All available muscovite analyses from monzogranites and aplites are plotted in a ternary Fe20 3-MgO


1102 diagram (Fig.sa,b).
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Fig.5. a,b: Ternary diagrams with muscovite compositions (wt%) in monzogranites (a), in aplites (b): Fields 

I, II and III represent the compositional fields typical for magmatic, late magmatic and hydrothermal 

muscovites (Monier et al. 1984). P and S indicate the primary and secondary muscovites presented in Table 

4. c: average biotite compositions; I, II and II are the compositional fields of igneous biotites 

associated with muscovite. no other mafic mineral, and with hornblende, pyroxene Or olivine (Nockolds 1947) 

respectively. d: average biotite compositions in relation W"ith the Magnetite-Hematite, Ni-NiO and Quart.z

Magnetite-Fayalite buffers. Symbols in c and d are the same as in Fig.3. 
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This diagram is used to distinguish between magmatic, late magmatic and post-magmatic hydrothermal 

muscovite (Monier et aL 1984). The primary and secondary muscovites presented in Table 4 are 

marked. The majority of the muscovites from the monzogranite plot in the magmatic field. The 

muscovites that plot below the magmatic but above the post magmatic fields, could be primary 

muscovites that have undergone hydrothermal reequilibration. The muscovites from the different aplites 

form separate clusters (Fig. 5b). On the basis of this plot, muscovites from sample 87 are mainly 

hydrothermal, those from sample 67 mainly late magmatic. The muscovites of the remaining samples 

should mainly be magmatic. The low MgO content of all muscovites of sample 78, and some of samples 

31 and 32 may be an effect of partitioning of Mg into tourmaline. 

Granitic textures of biotites are often preserved during hydrothermal reequilibration, while their original 

chemistry is modified. Jacobs and Parry (1979) report a progressive increase of ~ and 5i02 with a 

simultaneous decrease of Ti02 and AI20 3 in biotites from granodiorite porphyries during sequential 

potassic, argillic, phyllic and prophyllic alteration. Moore and Czamanske (1973) report significantly 

higher ~ and lower Ti02 in hydrothermally altered biotites from monzogranites relative to unaltered 

magmatic bioliles from the same rocks. 

The linear relation between biotite composition and 01 (Fig. 3) suggests that the biotites in all rocks are 

primary magmatic. If the biotites near Los santos would have been affected hydrothermally they would 

not form such a continuous compositional trend with those further away from the skarn. The primary 

nature of the biotites is supported by their relatively high Ti02 content (3 to 4 wt%), their low Fe+++

content and their low ~ (0.41). 

The analyzed bioliles showed no microscopic indication for alteration to muscovite or chlorite. However, 

this type of alteration can form submicroscopic solid solutions, resulting not only in increasing AI and 

5i contents and decreasing Mg, Fe and Ti contents but also in deficient octahedral or interlayer 

occupancy (I:cations < 15, Konings et al 1988). However, I:cations is high for all bioliles (15.4-15.7, 

Table 5), proving that no substantial alteration to muscovite took place. In addition, the relatively large
 

compositional variation in individual biotite grains (Table 6) indicates that pervasive hydrothermal re


equilibration did not occur, since this would have resulted in a much more uniform composition within
 

single grains.
 

Apparently, the systematic variation in biotite chemistry is not caused by alteration, which implies that
 

the local chemical zoning in the monzogranitic part of the complex near the tungsten skarn is not an
 

effect of a late-post magmatic hydrothermal overprint.
 

In order to understand the changes in biotite chemistry, the major substitution schemes are examined.
 

The cation compositions of the biotites differ from the theoretical range of the phlogopite-annite series
 

by low magnesium piuS iron (Table 5). Mg and Fe are substituted by AI, Ti or Li and vacancies.
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Most relevant substitutions involve replacement of Mg and Fe++ by AJ and Ti on the octahedral site, of
 

Si by AI on the tetrahedral site (after Dymek 1983 and Guidotti 1984) and by Li on the octahedral site
 

(Konings et al. 1988):
 

R++ + Si IV = AlvI + AI IV (1)
 

3R++ = 2 AlvI + [] (2)
 

2R++ = AlvI + LiVI (3)
 

R++ + 2Si IV = TiVI + 2AJIV (4)
 

2R++ = TiVI + [] (5)
 

Substitution of Fe+++ is not taken into account as Fe+++/Fetot ratios in the biotites are low. The
 

contribution of these five substitution reactions to the substitution of octahedral (Fe,Mg) was calculated,
 

departing from the theoretical phlogopite-annite composition, for those biotites in which Li was
 

determined. The results (Fig. 6) demonstrate that with 01 increasing from 68 to 88, the substitution of
 

(Fe,Mg) increases from 1.2 to 1.87 cations. In the biotites of the granodiorites and monzogranites most
 

of the AlvI and Ti VI is substituted according to reactions (1), and (5). Substitution of TiVI according to
 

reaction (4) occurs only in the granodiorites. Substitution of AlvI following reactions (2) and (3) only
 

occurs in the monzogranites.
 

2 

Fig.6. Amount of (Fe,Mg)VI-cations 
substituted by A'. Ti I Li and vacancies,c; 

~ following substitution reactions 1 to 
If-l.5 5 (see text), as a function of the ",hole 
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-------------------------------------

Apparently Fe and Mg are substituted in equal proportions for the granodiorites and most 

monzogranites, as the \,g remains fairly constant 0.39.:t.0.02 (Fig.7a). The biotites of some 

monzogranites and the aplites tend to prefer Mg-replacement, as these biotites have lower \,g. This 

may be due to preferential partitioning of Mg (Puziewicz et al. 1990) into muscovite (\,g =0.48, Table 

4), cordierite (\,g =0.59) and tourmaline (Xmg =0.59 to 0.82), While at the same time \,g in the whole 

rock remains (Table 1). 

The sUbstitution Fe and Mg by p.JVI follows a clear trend for the entire intrusive sequence (Fig. 7b). The 

trend is almost parallel to the line that represents substitution (1), and is offset from line (1) due to 

substitution by TiV1 in reactions (4) and (5), as the length of the arrow corresponds with 0.79 cations. 

the amount of [Ti + coupled vacancies] in sample 11 (Fig. 6). 

The relation between AI 1V and A/VI is presented in Fig. 7c. Line (1) represents the composition of the 

biotites according to substitution scheme (1). The vertical distance of a sample to line (1) can be 

regarded as the amount of excess AIV1 , the amount of A/VI that is not compensated with substituted 

AI1V, which is negative for the samples below the line and positive above the line. The arrow indicates 

the general trend, showing that excess A/VI increases with the differentiation index. The relation between 

excess Alv1 and Li is displayed in Fig.7d. If all excess Alv1 is coupled with Li, the samples would plot 

on line (3). They plot on the dashed line, which corresponds with 2/3(reaction 3) + 1/3(reaction 2), 

suggesting that excess A/VI is coupled for only two-thirds with Li, and for one-third with vacancies. 

Table 7. Biotite concentrations (weight% and modal%) 
in apl ites, monzogranites and granodiorites 

Normative Modal 
Sample MgO FeO Ti02

Ap1ites	 31 1.6 2.1 2.8 <1 
67 3.0 3.0 4.1 1
 
86 5.6 6.2 6.3 4
 
87 6.8 5.3 4.8 4
 

Monzo	 1 5.5 5.1 6.5 3
 
granite	 4 9.8 10.4 10.7 9
 

5 9.9 10.1 10.4 12
 
2 10.6 9.9 10.6 7
 
3 11.8 12.6 12.2 13
 
13 12.8 12.8 12.7 12
 
17 13.8 13.0 14.2 n.d
 

Grano	 14 14.1 14.2 14.2 12
 
diorite	 15 14.2 15.1 15.8 n.d
 

11 14.3 15.6 16.8 17
 
16 14.7 15.2 15.0 n.d
 
7 14.8 17.3 19.7 18
 
8 14.8 16.1 16.2 15
 
6 16.3 17.3 15.8 13
 
10 16.3 17.8 21.0 18
 
9 17.6 19.0 18.0 18
 
12 18.5 17.3 19.7 19
 

Normative biotite concentrations were calculated using 
MgO-, FeO-, Ti02-contents (in wt%) and modal biotite 
concent.rations were determined by point counting (in vol%)o 
n.d=not determined. 
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Conditions of biotite crystallization 

The biotite compositional differences are not a result of post magmatic alteration, and they therefore 

could either be a result from changes in melt conditions, such as melt and fluid composition, 

temperature, pressure and 102 during magma differentiation, or from coexistence in different AFM 

mineral assemblages. The AFM mineralogy changes from biotite in the granodiorites to 

biotite + muscovite +cordierite in the monzogranites and aplites, which is an indication for crystallization 

pressures between 3 and 5 Kbar (Speer 1984). The composition of the samples in the ternary plot of 

Fe-Mg-AI (Fig 5c), with respect to the different fields of igneous biotites associated with muscovite (I), 

unaccompanied by other mafic minerals (II) and associated with hornblende, pyroxene or olivine (after 

Nockolds 1947), plots on a range which corresponds with the expected position on the basis of the 

mineralogy of the granodiorites, monzogranites and aplites. Were the biotite compositions controlled 

by equilibria in the AFM mineral assemblage, one would expect two clusters of biotite compositions, 

one for the biotite assemblage (granodiorites) and one for the biotite-muscovite-cordierite assemblage 

(monzogranites and aplites). However, the compositional range (Fig. 5c) and the almost linear 

continuous decrease of FeO, MgO and Ti02 and the increase of AIP3' MnO. F and Li with 01 (Fig. 3) 

indicate that the biotite composition in the granodiorites, monzogranites and aplites changed as a result 

of gradually changing conditions in the melt during magmatic differentiation. 

The most important changes in the biotite composition with increasing 01 are a decrease of Ti and an 

increase of AI at the expense of Fe+ Mg. Various authors (e.g. Ahlin 1988; Fershtater 1973) report a 

positive correlation between the Ti02-content of biotites, that coexist with other titaniferous phases. and 

temperature of equilibration. As the biotites in this study coexist with ilmenite, the decrease of Ti02 in 

the biotites suggests decreasing equilibrium temperatures during crystallization of the magma. This was 

already argued on the basis of the feldspar composition (Fig. 4). 

AI20 3 in the biotites does not correlate with AI20 3 in the whole rock (Fig.8a), while a clear correlation 

exists with the A/CNK-ratio (Fig. 8b), indicating that the Alp3-content of the biotites is buffered by the 

aluminium activity in the melt. 
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This is in accordance with the findings of De Albuquerque (1973), who suggested that the increasing 

Alv1 in biotites reflects the increasing aluminium activity in the magma during crystallization, and of 

Puziewicz and Johannes (1988) who argued that, under conditions where biotite and cordierite are 

stable (2-5 Kbar, 710-880 °C), an increasing Ai-activity (the molar ratio A/CNK) in granitic melts leads 

to higher AI20 3 and lower (FeO +MgO) and contents in the biotites. 

Oxygen fugacity 

An approximation of the oxygen fugacity of the granitic rocks during differentiation can be made from 

estimates of the composition of biotite solid solutions in the ternary system Mg - Fe2+ - Fe3+ (Eugster 

and Wones, 1965). The compositions of the biotites are plotted in the ternary system with magnetite

hematite, Ni-NiO, and fayalite-quartz-magnetite buffers (Fig. 5d). The granodiorite samples 10,12,11 and 

7 plot just above the Ni-NiO buffer, while all other samples plot below the Ni-NiO buffer. All samples plot 

above the fayalite-quartz-magnetite buffer. This implies that magnetite must have been present in 

addition to ilmenite, as true ilmenite-series granitoids plot on or below the QFM-buffer (Albuquerque 

1973; Burkhard 1992). It is shown in Table 2 that small amounts of magnetite are present indeed, and 

that the samples above the Ni-NiO buffer contain higher amounts of magnetite than those below this 

buffer. The Fe3+IFe2+ ratio in biotites (Fig. 5d) and the amount of magnetite (Table 2) in the rocks 

decreases from granodiorites to aplites, implying that the oxygen fugacity decreased during magma 

differentiation. Perhaps magnetite was a relatively early crystallizing phase compared to ilmenite, so that 

the oxygen fugacity was increasingly buffered by ilmenite during the differentiation. The ratio of 

Fe2+I (Fe2++ Mg) in the biotites ranges from 0.54 in the granodiorites to 0.60 in the monzogranites. This 

implies that the decrease in temperature must have been relatively small during crystallization (Speer 

1984). On the basis of the feldspar assemblage (Fig. 4), it was already suggested that the entire 

intrusion crystallized over a rather limited temperature range of 30-40oC. 

Fluorine fugacity 

Unlike the apatites, which are fluorine saturated in all rocktypes, the biotites in the granitic rocks 

adjacent to the Los Santos skarn contain significantly higher amounts of fluorine than those in the rocks 

further away from the deposit. The association of tungsten deposits with fluorine enrichment is reported 

by many authors (Boissavy-Vinau and Roger 1980; Munoz 1984; Kooiman et al. 1986; Baker and 

Hellingwerf 1988 ). Fluorine is predominantly hosted in the micas, where it replaces the hydroxyl. The 

most important factors that govern the extent of halogen replacement are: 1) the actiVity of the halogen 

ion or acid during crystallization; 2) the cation population of the octahedral sheet; 3) the temperature 

at the moment of hydroxyl-halogen exchange; and 4) the effects of post crystallization leaching or 

enrichment by hydrothermal fluids (Munoz 1984). The systematic increase of fluorine in the biotites 

(Table 5) can either be explained with increasing activity of F in the melt during progressive 

differentiation of the magma (Bailey 1977; Keith et al. 1989), or with subsolidus re-equilibration (Parry 

and Jacobs 1975; Barriere and Cotten 1979; Gunow et al. 1980). In the case of magmatic differentiation, 

the volatiles, H20, F and CI are controlling factors in the partitioning behaviour of ore forming elements 
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between crystals, melt and associated magmatic fluids and therefore can be important in the formation 

of magmatic hydrothermal ore deposits (Manning 1984; Candela 1989).
 

The biotites become enriched in F with increasing 01 (Fig. 3), in contrast to CI, which does not show
 

a systematic variation (Table 5). Fluorine partitions into the melt, and therefore may be retained in the
 

melt portion of the magma until an advanced stage of crystallization is reached , as opposed to CI,
 

which partitions in the exsolved aqueous fluids (Bailey 1977; Kwak 1987).
 

In order to determine whether the F-enrichment is related to the magmatic differentiation process,
 

intercept values (IV(F» for biotites and muscovites are calculated and plotted against the 01 (Fig. 9).
 

The formulas for calculation of IV(F) are from Munoz (1984):
 

IV(F)bi 0 =1.52X,.,g + O.42XAn +O·20"si d-Log(XF/ XeH);
 

N(F)musc =1.52X,.,g + 0.42XFe-0.11XAl-Log(~/XeH);
 

"sid = [(3-Si/ AJ)/1.75][1-\og1 and XAn = H\og +"sid)
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For the biotites average IV(F) values are plotted as well as the ranges, which are indicated by the solid 

vertical lines. Analyses from the aplites are indicated with the corresponding sample number. For the 

muscovites only ranges are indicated (dashed vertical lines), since many muscovites, in particular in 

the monzogranites, had F-contents below the detection limit. The average IV(F) in biotites decreases 

gradually from about 2.2 in the granodiorites, to about 1.6 in the monzogranites. As smaller IV(F) mean 

higher degrees of F-enrichment, these data suggest that the granitic melt became enriched in F during 

differentiation. The biotites in the aplites 86 and 87, which have lower DI (89 to 90.2) also have low 

intercept values, and therefore high fluorine activities. The biotites in the most felsic aplites. 67 and 31 

however demonstrate a strong increase in IV(F), which may indicate that during the latest magmatic 

stages, F has escaped from the crystallizing aplitic melt. All muscovites yield higher IV(F) than the 

biotites from the same sample. Using the relation Log[t(HP)/f(HF)] =2100/T + IV(F) (Munoz 1984) at 

crystallization temperatures for granodiorites and monzogranites obtained from the feldspar mineralogy 

feldspar (approximately 705°C-665°C), the variation in Log[t(H20)/f(HF)] can be estimated. For biotites 

this ratio decreases from 4.35 to 3.83. Assuming a crystallization temperature of 660°C for the 

muscovites, Log[f(H20)/t(HF)] must have been 4.5 or higher. Consequently the muscovites were in 

disequilibrium with the biotites and therefore they either crystallized later than the biotites or suffered 

post magmatic leaching. Disequilibrium for the micas is supported by the different ~ values for biotites 

(0.39+2) and muscovites (0.47-0.59). In the case of leaching, it obviously did not affect the biotites, 

since otherwise these minerals would have yielded intercept values similar to the muscovites, or the 

ranges should at least overlap. 

Sensor function 

Usually the concentrations of major (or trace) elements are proposed as an index for fractionation e.g.: 

Fe20 3 (Neiva et al. 1987), Si02 (Pearce et al. 1984), normative Q+Ab+ Or (Hudson and Arth 1983). The 

disadvantage of this type of indices is that it is based on whole rock composition, which can be very 

much altered by late stage magmatic fluids and additional postmagmatic alteration processes. 

Leaching may cause significant variations in CaO- and Fe20 3- content while silicification and quartz 

veining may mask the magmatic Si02 signature. The feldspar composition can be affected by processes 

like albitisation, k-feldspatisation, kaolinitisation, muscovitisation etc. Additionally, inhomogeneous 

distribution of the various minerals are responsible for considerable variation in whole rock chemistry. 

The additional availability of a mineralogical differentiation index, like the biotite composition may 

provide a possibility to distinguish magmatic differentiation from other processes more adequately. 

The magmatic processes can be defined more accurately if the investigation is focused on the 

composition of magmatic biotite instead of the whole rock (e.g. Nockolds 1947; Heathcote and 

McCormick 1989). Biotite is a very useful tool in this study of magmatic differentiation processes 

because: 1) it crystallized as the major mafic mineral throughout the entire magmatic sequence; 2) 

petrologically and chemically all biotites are unaltered; 3) any late hydrothermal alteration can, if 

present, easily be detected in the chemical composition of the biotites and visibly altered biotites are 

excluded from electron microprobe analyses; 5) the mafic elements strongly concentrate into the biotite 
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and: 6) the relative variation of these elements in the biotites is larger than in the whole rock. 

In this study the variation.in AI20 3, FeO, MgO and TI02 in biotites reflects the changes in magma 

composition during differentiation. Because of the negative correlation of A120 3 with FeO, MgO and 

TI02, the ratio wt% A120 3! (FeO + MgO +TI02) may serve as a fractionation index. Even if biotite is 

present in very small amounts this index may be applicable. 

In order to compare the validity of this index it is plotted against the indices Fe20 3, 5i02 and Or +Ab +Q 

(Fig. 10). 
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For the granodiorites the biotite index is more discriminative than Fe20 3, Si02 and Or +Ab +Q, as there 

is less compositional overlap. For the monzogranites Fe20 3 and Or +Ab +Q are as discriminative as the 

biotite index, while Si02 is less indicative due to the overlap with the more felsic granodiorites. For the 

aplites the results correspond less well with the quartz content and the 01 of the whole rock. This is due 

to the fact that the aplites are enriched in quartz and K-feldspar. On the basis of these results it seems 

that this ratio is applicable as an additional, mineralogical differentiation index. Its wider application 

requires however additional study of the effects of biotite alteration on this ratio, and comparison with 

biotites from other granitic intrusions. 

3.7 CONCLUSIONS 

1) The composition of the rocks in the granodiorite-monzogranite sequence near Los Santos changes
 

systematically from the centre of the intrusion towards the margin.
 

2) Systematic variations in whole rock composition and biotite composition indicate that the
 

granodiorites and monzogranites are produced during differentiation of one single magma.
 

3) The biotite composition correlates with the Differentiation Index of the surrounding rock. With
 

increasing 01 the contents of FeO, MgO, and Ti02 decrease while A120 3, Li, F and K20 increase.
 

4) The biotites of the granodiorites are AI-undersaturated whereas those of the monzogranites contain
 

AlvI in excess of AI IV. Progressive AI-substitution is characteristic for the entire sequence. A normal
 

Tschermak AI-substitution is dominant in the biotites of the granodiorites whereas in the biotites of the
 

monzogranites AlvI _ substitution additionally takes place coupled with Li and vacancies.
 

5) The concentration of FeO, MgO, Ti02 and AI20 3 in biotites depends on aluminosity, temperature,
 

oxygen fugacity and volatile content of the melt. The aluminosity of the melt increased during fractional
 

crystallization, causing AI20 3 in the biotites to rise at the expense of (FeO + MGO) contents. The entire
 

sequence may have crystallized between 705°C and 665°C.
 

During differentiation the oxygen fugacity of the melt decreased, while the fluorine fugacity increased.
 

The fluorine enrichment is most notable in the rocks near the tungsten skarn of Los santos.
 

6) Biotite compositions indicate that the zoning in the granitic rocks near the skarn of Los santos is a
 

result of magmatic differentiation and not of hydrothermal interaction.
 

7) The ratio of AI20 3!(FeO+ MgO+ Ti02) in biotites is proposed as a useful mineralogical sensor for
 

magmatic fractionation, in addition to the existing indices based on whole rock chemistry.
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CHAP1ER4 

UNRAVELLING OF CRYSTAL FRACTIONATION AND CONTAMINATION, USING Ba, Sr, Rb AND Zr 

MODELLING AND COMPOSmONS OF ZONED MINERALS. 

4.1 ABSTRACT 

The Hercynian granitic complex between Bejar, Linares and Miranda del Castai"lar (Salamanca, Spain) is 

geochemically and mineralogically zoned in a complex manner. A combination of detailed geochemical 

mapping, major and trace element modelling and electron microprobe analyses of zoned minerals 

demonstrates that the complex zoning is probably a result of interaction of crystal fractionation and possibly 

four different types of contamination processes. Original Ba, Sr, Rb relationships characteristic for crystal 

fractionation were locally destroyed by addition of more than 100 ppm Sr and up to 300 ppm Ba due to: 

1) early contamination with CaO, Sr and Ba derived from Cambrian limestones and Precambrian schists and 

greywackes; 2) contamination with Ba along intrusive contacts with pelitic metasediments; 3) contamination 

with Ba along faults and; 4) interaction of late magmatic hydrothermal fluids with metasedimentary rocks. 

This occurred in the most felsic part of the monzogranites, and is probably related to significant 

mineralization of tin, tungsten, lead, copper and uranium. Fluid loss into the nearby sedimentary rocks may 

additionaly have depleted these monzogranites in Rb and 0. 

4.2 INTRODUCTION 

The granitic rocks in the study area (Fig 1'> are zoned and range in composition from granodiorites in the 

core to muscovite + cordierite bearing monzogranites and aplites near the north western intrusive margin (see 

CHAPTERS 2 and 3), Ugidos and Bea (1976) and Rottura et al. (1989) suggest a crustal anatectic origin for 

the monzogranitic rocks and propose a mixing model between this crustal material and deep-seated calc

alkaline magma to explain compositional variations within the granodioritic rocks. According to Bea (1985) 

all granitic rocks can be explained by means of crustal anatexis. Our work has demonstrated that there is 

no convincing evidence for magma mixing, and that the most significant geochemical and mineralogical 

variations in this part of the batholith can be explained with In Situ crystal fractionation of a single magma 

(CHAPTERS 2,3). 

As a result of this geochemical stUdy it can be concluded that the zoning of the intrusion is most likely the 

result of more processes than magma fractionation alone. Good understanding of the processes that caused 

the zoning is particularly important, as most mineralization in the area is spatially related to the 
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Fig.1. Simplified geological map of the study area with sample locations. Closed squares: uncontaminated main 

granodioritei Open squares: contaminated main granodiorite (see section on contamination modelling)i Closed 

c1rcles: Linares granod1oritesj Closed t.riangles: mon2ogranites; Open triangles: contaminated monzogranite; Open 

circle: two-mica microgranite. Aplites (asterisks in the follDwing plots) are not plotted on the map, but are 

all from the vicinity of the skarn. The samples with numbers 1 to 17 are used for microprobe analysis. 
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parts of the intrusion where the zoning is most strongly developed. In vicinity of the Los Santos tungsten 

skarn, the intrusion changes from granodiorite to granite composition within a few kilometres distance, and 

the most felsic part is situated adjacent to the tungsten skarn (Goossens, 1991). 

Petrogenetic processes in granitic intrusions can be studied well, using trace elements. The use of trace 

elements on behalf of modelling magma differentiation processes is extensively documented, and often it 

seems quite well possible to assess the role of various magmatic processes in the petrogenesis of an 

intrusive complex. Much more difficult is it however to deal with processes like magma contamination. 

Contamination processes usually occur randomly and cannot easily be described by petrogenetic modelling. 

In addition it is usually very difficult to determine the source of the contamination and its composition. 

In the previous chapters a petrogenetic model is proposed on the basis of a selected number of samples, 

located in a strongly zoned part of the intrusion. 

The aim of this study is: 1) to map the geochemical variations in entire study area in detail; 2) to estimate 

the influence of crystal fractionation and contamination on the basis of our geochemical data; 3) to propose 

a realistic petrogenetic model for the zoned intrusion based on trace element modelling and zoned mineral 

chemistry. 

4.3 SAMPLING AND ANALYSES 

Rock samples were collected during three successive fieldwork campaigns, in order to optimize the 

precision of the documentation on the chemical zoning. Each sample consisted of chips of about 100 gram, 

with a total weight of at least one Kg. Wherever possible, samples were collected in quarries. Samples were 

subsequently crushed, split and analyzed for major and trace elements. Whole rock major elements were 

determined in Lithium metaborate glass beads, and trace elements in pressed powder tablets, with a Philips 

PW-l400 XRF. The precision is better than 5% for Na20, K20 and MnO, better than 2% for the other major 

elements and better than 5% for the trace elements. Microprobe analyses of feldspars, micas and cordierites 

in selected samples were made with a JEOL 8600 Superprobe at the department of Geochemistry of the 

University of Utrecht. 

4.4 PETROLOGY AND MAJOR ELEMENT GEOCHEMISTRY 

The granitic area studied covers a surface of approximately 600 Km2 (Fig.l). The squares represent 

granodiorites, and the triangles represent monzogranites. Granodioritic rocks are also found near Linares 

(closed circles). These rocks are separated from the main granodiorite body by a monzogranite zone. The 

transition between granodiorites and monzogranites is gradual without any mutual intrusive relationship. In 

addition to these rock types, a two-mica microgranite with strong aplitic affinities is developed near the 

contact with the Los Santos skarn (Fig.l, open circle). Aplites are locally abundant near the contact, in 

particular near Los Santos. Centimetre to decimetre-sized microgranular enclaves of tonalitic-dioritic material 

are abundant throughout the intrusion (Aparicio et al. 1983; Rottura et al. 1989). 

The granodiorites show clear cumulus-intercumulus relationships of biolites and zoned Ca-rich plagioclases 
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For calculation of the weight-norms the average biotite composition for this part of the intrusion (CHAP1ER 

3), K2(FeMgTi}6(Si2AI2}020(OH}4 is used. The normative data are plotted in a Q'-ANOR diagram (Fig.2), 

proposed by Streckeisen and Le Maitre (1979) for conversion of normative data to the modal QAPF

nomenclature. The figure shows that the rocks range from granodiorites (squares and closed circles) to 

granites (asterisks). Four granodiorite samples plot in the monzogranite field. These samples have essentially 

granodioritic characteristics, but are relatively intercumulus rich. 
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Fig.2. Chemical classification of the intrusive rocks (after Streckeisen and Lemaitre 1979) The symbols and the 

numbers correspond with those in Fig.1. The Roman numerals correspond with those in the conventional QAP

diagram. 

The normative minerals are plotted against a Differentiation Index (Q+Or+Ab, Thornton and Tuttle 1960) in 

figure 3. Biotite (Fig.3a) and anorthite (Fig.3b), and to a lesser extent K-feldspar (Fig.3c) correlate well with 

DI. Biotite forms one trend. For anorthite two trends appear, one (I) for the main granodiorite (squares) and 

another (II) , with slightly enhanced An-content, for the Linares granodiorites (circles), monzogranites 

(triangles) and aplites (open circle and asterisks). The variation of albite is more complex (Fig.3d). Sample 

44, which has a deviate composition (Table 4), is collected near a migmatite contact (Fig.n. It contains 

abundant cordierite, sillimanite and andalusite and is therefore expected to be strongly contaminated with 

metasedimentary material. 
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Fig.3. Normative composition of the rocks plotted against the Differentiation Index (Q+Or+Ab, Thornton and 

Tuttle 1968). The solid lines indicate the directions of the nonnative trends. For symbols see Fig.1. 

Major elements 

The samples are plotted in a diagram (Fig.4) proposed by Debon and Le Fort (1983) to classify magmatic 

associations. They defined the term "association" to describe a group of samples showing a community of 

characteristics and originating from the same igneous body or from a related set of bodies. They 

distinguished aluminous (I) , alumino-cafemic (II) and cafemic (III) associations. The compositional fields for 

the three types of associations are indicated. Cafemic associations may proceed either from an exclusively 

mantle source, or from a mixed crustal and mantle source with prevailing mantle component. The alumino 

cafemic associations probably also have a mixed origin, with either predominantly crustal or mantle 

contribution. The aluminous associations are mainly or totally derived from the anatexis of sialic material 

(Debon and Le Fort 1983). The arrows represent a number of different plutonic associations from Hercynian 

terrains: Pyrenees (PV, domain III), Corsica (BS, domain II), Massif Central (AU, GU, domain I). All samples 

are peraluminous (A> 0). All monzogranites and the majority of the granodiorites plot within the aluminous 

domain (I). The remaining granodiorites plot either within the aluminocafemic domain (II) or in the overlap 

between I and II. 
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Fig.4. A-B diagram (after Debon and Lefort 19B3) to identify magmatic associations. Meaning of the fields I,II, 

and III and the four arrows (GU, AU, BS, PY) is explained in the text. For symbols see Fig.l. 

Most samples seem to be part of one magmatic association. Whether this is an aluminous or 

aluminocafemic association is not clear, but because of its relatively high aluminosity, it can be expected 

that the magma was formed predominantly by melting of crustal material. This would confirm earlier 

conclusions made on the basis of REE-modelling (CHAPTER 2). 

Feldspars 

The texture, chemistry and abundance of the plagioclase is very variable in all rocktypes. The anorthite 

percentage of zoned crystals in the granodiorites ranges from 55% (cores) to 20% (rims) (CHAPTER 3). In 

the monzogranites, plagioclase crystals are generally less euhedral. Individual grains may have calcic cores, 

with up to 50% anorthite. The rims generally have An-contents between 10% and 20%. The occasional high 

anorthite content indicates that the cores of some of the plagioclases in the monzogranites are relatively old 

in the magmatic evolution. 

While the whole rock anorthite content decreases from 15 wt% in the granodiorites to 6 wt% in the 

monzogranites, the average An content in plagioclase drops from 37 wt% to less than 20% (Fig.5). However, 

samples 16, 3 and 5 have rather enhanced average An contents compared to the rest of the samples, and 

the compositional ranges of samples 16 and 17 and 3 are relatively large (Fig.5). This will be discussed in 

a later section. 
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Fig.5. Anorthite content of plagioclases (electron microprobe analyses) as a function of the Differentiation 

Index of the corresponding sample. Vertical lines represent the compositional range in each sample and the 

symbols mark the average composition. The symbols and numbers correspond with those in Fig.1. 

K-feldspar is developed both as intercumulus perthitic mineral and as large euhedral phenocrysts up to 10 

cm. in size. The intercumulus perthitic feldspar occurs in all granitic rocks, representing, together with quartz, 

a later crystallization stage. The normative amount of K-feldspar generally increases with 01 of the rock 

(Fig.3c). Euhedral phenocrysts are particularly abundant in the MCG. Their abundance in the monzogranites 

is in the order of 100 to 200 crystals per m2 outcrop and may locally reach cumulus like amounts, while the 

granodiorites contain usually less than 60 phenocrysts per m2 outcrop. In the monzogranite, the phenocrysts 

are mostly oriented, more or less parallel to the intrusive contact with the metasedimentary country rocks. 

On a small scale, they occasionally show a whirly circular orientation, presumably indicating magma flow. 

The phenocrysts are compositionally zoned, which is emphasized by bands of small biotite inclusions 

parallel to the crystal planes. This typical zoning is attributed to a pulsed growth (Aparicio et al. 1983). The 

chemical composition of the feldspars will be discussed in a later section. 

Micas 

Biotite is the main mafic mineral in all granitic rocks. The normative amount varies between 20% and 15% 

in the granodiorites, and between 12% and 3% in the monzogranites (CHAPlER 3). There is an excellent 

negative linear correlation between the normative amount of biotite and the 01 (Fig. 3a). 

The biotites of ten granodiorite, six monzogranite, and one microgranite samples were analyzed with electron 

microprobe. The main compositional variation in the biotites is related to changes in magma composition 

during differentiation (CHAPlER 3). 

66 



Muscovite exclusively occurs in the monzogranites (Rottura et al. 1989), and is developed as : 1) a 

magmatic looking coarse grained phase, in cases coexisting with biotite; 2) a fine grained hydrothermal 

phase along cracks in feldspars and; 3) a fine grained sericitic generation replacing plagioclase. The wide 

compositional range of the magmatic muscovites (CHAPTER 3) indicates that the crystallisation of primary 

muscovite may have started at the magmatic stage, but continued in the postmagmatic stage. The 

magmatic origin of part of the muscovite implies that the granite is peraluminous by itself and therefore that 

the crystallization of muscovite does not automatically imply addition of aluminium due to contamination. 

Cordierite 

The occurrence of cordierite is restricted to the monzogranites and aplites, where it constitutes between 1 

and 5 modal %. It occurs as prismatic crystals of about one em. in size, and is normally totallly altered to 

greenish chloritic-muscovitic aggregates. Fresh cordierites are rare. The ideas about the origin of the 

cordierite are controversial. According to Ugidos (1974) the cordierites represent xenocrystic, residual 

minerals from assimilated pelitic material, implying strong contamination with metasedimentary material. 

According to Bea (1982) it is of orthomagmatic origin, and crystallized relatively late in the magmatic 

process. Our study reveals a number of features that support the orthomagmatic theory. 1) Electron 

microprobe analyses of fresh cordierites reveal high Na20 contents (between 0.99 and 1.58, Table 2). Similar 

sodium contents in cordierites from the Piedmont granites, USA, formed an argument for Speer (1981) to 

classify them as magmatic. Sodium values in metamorphic cordierites are generally less than 0.5 wt% (Leake 

1960). 2) Comparison with analyses of cordierites from sedimentary hornfels xenoliths in the monzogranite 

reveals very clear differences between the two types of Table 2. Average composition of cordierites 
from monzogranite and hornfels xenolith. 

cordierite (Table 2). The cordierites in the monzogranite 

have lower Si02, AI20 3 and totals, and significantly higher granites xenol ith 
avg stdev avg stdev 

Na20 than those from the xenolith. Would the cordierites 
46.5 0.3 47.8 0.24 

in the monzogranite represent residual minerals from 0.0 0.0 0.0 0.0 
31.8 0.15 32.9 0.13 

assimilated metasedimentary material, the compositions of 8.9 0.49 9.0 0.24 
0.5 0.08 0.6 0.02 

the two types would be expected to be more similar, 6.3 0.29 6.3 0.16 
0.0 0.00 0.0 0.00 

unless the granitic cordierite has reequilibrated while O. 012 0.010 0.03 0.03 
1.22 0.17 0.89 0.07 

the xenolithic cordierite has not. The absence of zoning 95.4 0.29 97.7 0.44 

within a single crystal however precludes reequilibration.
 

3) Cordierite is abundant in many aplites, and reaches a crystal size of more then 10 em. in pegmatitic dikes.
 

Accessories
 

The accessory minerals in all granitic rocks are ilmenite, apatite, zircon, monazite and magnetite. These
 

minerals are all closely associated with and often enclosed by biotite. Ilmenite composition is highly variable 

with respect to its MnO content (CHAPTER 3). Apatite occurs as both rounded and elongated hexagonal 

crystals, and is always rich in fluor. Zircon occurs as small rounded grains and as larger idiomorphic 

crystals, which are often zoned. Tourmaline is exclusively encountered in the monzogranite and aplites. 
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4.5 lRACE ELEMENTS 

Representative whole rock trace element analyses are fisted in Table 1. Since trace element patterns usually 

give a better insight in magmatic processes, more samples were analyzed for trace elements than for major 

elements. In order to correlate the variation of the trace elements with magmatic diHerentiation an alternative 

DiHerentiation Index is required. As the 01 and Zr (Fig.6a) correlate strongly, Zr is used in this section as 01. 
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Fig.6a-f. Relation between Zr and D1 (OtOr+Ab), and relation between Zr, used as D1 and Ti, Th, Rb, Sr and Ba. 

Dashed arrows represent inferred compositional trends (I and II) for Sr and Ba. For symbols see Fig.1. 
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Fig.7. Zoning of the intrusive complex, illustrated by a contour map of Zr in ppm. Small asterisks indicate the 

sample locations. For contour map of Zr/Rb ratio see CHAPTER 6. 

The spacial distribution of 0 (Fig.7) demonstrates the complex zonal pallern of the intrusion. In addition to 

a general decrease in Zr from east to west, it drops strongly in vicinity of the Los Santos tungsten skarn. 

The zonal pallern is confirmed by the results of an airborne radiometric survey (CHAPTER 6). 

Two types of element associations can be distinguished on the basis of the correlation with Zr: elements 

like T1, Y, Th and La (Fig.6b,c) that correlate well, and elements that show a more complex relation with 0: 

Rb, Sr and Ba (Fig.6d-f). In contrast to Rb, which shows a curved but continuous trend, Ba and in particular 

Sr display two very distinct trends. Trend I, with relatively low Sr and Ba is formed exclusively by the Main 

granodiorites (squares). Trend II, with high Sr and Ba includes the Linares granodiorites (solid circles), 

monzogranites (triangles), microgranite (open circle) and aplites (asterisks). A few Main granodiorites (trend 

I) have relatively elevated Ba- and Sr content (open squares). The granodiorites of trend II are more felsic 

than many samples of trend I (Figs.2,4,Ga-e). The behaviour of Sr and Ba was an important reason for 

Rollura et al. (1989) to propose two different magmas for the granodiorites and the monzogranites. However, 

as the data presented in CHAPTERS 2 and 3 strongly argue for one magma, alternative explanations, like 

magmatic contamination and hYdrothermal alteration, have to be considered to explain the deviate behaviour 

of Sr and Ba. 
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Trace element modelling 

The elements Sr, Sa and Rb are normally prEreminently suitable for fractionation modelling and process 

identification, because of their well known partitioning behaviour between the rock forming minerals 

plagioclase, K-feldspar and biotite (TIndle and Pearce 1981, Michael 1984). Modelling is one way to assess 

the influence of crystallization, magma mixing and contamination. 

For trace element modelling of granite fractionation a number of assumptions must be made concerning 

initial melt composition, solid / melt distribution coefficients, mineralogy of the crystallizing solid, physical and 

chemical crystallization conditions and the type of fractionation. The complications related to these factors 

are extensively discussed by many authors (e.g. Arth 1976, McCarthy and Hasty 1976, Allegre and Minster 

1978, see CHAPTER 2). Obviously the complexity of the fractionation process, combined with the high 

degree of uncertainty concerning the above factors usually forces one to model qualitatively rather than 

quantitatively. 

Our model will be based on a number of assumptions, thus simplifying the extremely complicated process 

of crystal fractionation. 

1) The type of crystallization lies somewhere between the extremes of equilibrium and perfect Rayleigh 

crystallization, as high viscosities in granitic melts usually prohibit efficient separation of solid from melt 

(TIndle and Pearce 1981). 

2) The formula used for modelling is that for Rayleigh fractionation (Hanson 1978) : C1/ Co = F(D-1), where 

C1 is the residual melt composition, Co the original melt composition, F the fraction of melt left and D the 

bulk distribution coefficient for the crystals settling out of the melt. 

3) Mineral/melt distribution coefficients are constant. The distribution coefficients used for Rb, Sa and Sr 

in plagioclase (Table 3) and K-feldspar are from McCarthy and Hasty (1976) and in biotite from Hanson 

(1978). 

Table 3. Distribution coefficients, 1) from McCarthy 
and Hasty (1976), 2) from Hanson (1978), used 
for trace element modelling. 

Plagioclase1 ) K-feldspar 1) bioti te2) 

~I 
0.4 6 6.36 
0.04 0.8 3.26 
3.35 3.6 0.12 

4) The starting composition for the melt is chosen at: Sa = 520ppm, Sr = 150ppm, Rb = 200ppm and 

Zr =205ppm, which is approximately the average composition of the uncontaminated granodiorite 

(Table 4). Changing this starting composition would not affect the directions of the melt and cumulus lines 

in interelement plots, but only shift their starting points. 

5) The normative compositions encountered in the granitic intrusion change from granodiorite to granite 

(Table 1). In order to assess the influence of this changing mineralogy on the positions of cumulus and melt 

composition lines, they are calculated on the basis of both constant mineralogy and changing mineralogy. 
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The changing mineralogy is based on the average data presented in Table 4. 

Table 4. Average composition of various granite types and sedimentary rocks. 

avg1 avg2 avg3 avg4 avg5 avg6 44 lime sed; 

$i02TiO 
A1 263Fe

6
03

Mn 

67.1 
0.65 
15.4 
4.04 
0.07 

67.9 
0.59 
15.6 
3.81 
0.06 

68.7 
0.51 
15.7 
3.37 
0.07 

69.4 
0.45 
15.4 
2.91 
0.07 

70.3 
0.34 
15.4 
2.22 
0.05 

74.6 
0.11 
14.2 
0.79 
0.03 

66.6 
0.72 
16.3 
5.19 
0.08 

na 
na 
na 
2.68 
0.14 

64.4 
0.78 
19.2 
7.00 
0.09 

MgO 1.32 1.26 1.14 0.97 0.75 0.19 1.81 na 2.74 
CaO 2.49 2.33 2.21 1.78 1.56 0.61 3.93 53.3 0.63 

Nat 
K2
P205
Total 

3.34 
4.20 
0.24 
98.7 

3.32 
4.40 
0.24 
99.6 

3.48 
4.35 
0.23 
99.9 

3.44 
4.45 
0.25 
99.2 

3.64 
4.80 
0.24 
99.4 

3.59 
5.12 
0.19 
99.4 

1.17 
2.81 
0.12 
98.8 

na 
na 
0.17 

1.43 
3.87 
0.15 
97.5 

Bi (wt%) 14.5 13.7 12.2 10.5 8.07 2.57 18.9 
Kf(wt%) 16.4 18.0 18.6 20.2 23.7 28.8 5.58 
Ab(wt%) 28.3 28.1 29.4 29.1 30.8 30.3 9.88 
An(wt%) 12.4 11.6 10.9 8.86 7.73 3.01 19.5 
Q(wt%) 28.0 28.5 28.6 29.8 28.4 33.1 43.0 

Nb 14 13 11 12 12 9 15 6 13 
Zr 209 179 167 148 122 50 178 54 169 
Y 34 32 31 29 27 20 35 9 32 
$r 162 158 214 163 177 63 182 272 104 
Rb 193 193 191 248 264 268 183 <6 143 
Th 16 15 13 13 11 5 11 7 14 
Pb 23 26 30 26 28 30 27 9 19 
Zn 67 63 62 59 56 25 94 99 99 
La 31 26 21 20 14 2 35 na na 
Ba 525 619 598 450 500 167 553 0 757 
Cs 11 11 16 25 22 18 11 0 8 

Avgl :main granodiorite, uncontaminated (solid squares); Avg2:main granodiorite, 
contaminated (open squares); Avg3:Linares granodiorite (solid circles); 
Avg4:monzogranite (solid triangles); Avg5:monzogran1te, contaminated (open triangles); 
Avg6:aplites (open circle and asterisks)i 44:contaminated granodiorite near Bejari 
Lime: limestone near Los Santosi Sed;: average of 42 schist- and greywacke samples. 
na:not analyzed. 

As their bulk distribution coefficient is greater than 1, Sa and Sr contents in the residual melt usually 

decrease during magmatic differentiation processes. For Rb usually the opposite is the case. Therefore Sa 

and Sr are plotted against Rb (Fig.sa,c). The solid arrows represent cumulus and melt composition lines for 

progressive Rayleigh fractionation during crystallization of a solid with constant average granodiorite 

composition. Most of the main granodiorites (squares) fall between those compositional limits, indicating 

crystal fractionation indeed. The scatter in the main granodiorite can be attributed to variations in the 

proportions of cumulus and intercumulus (McCarthy and Robb 1978). Some of the main granodiorite 

samples plot above the melt line, particularly for sa, implying enrichment of Sa and Sr. 

The Linares granodiorite samples (closed circles) and the monzogranites (triangles) plot outside of the 

granodiorite fractionation field. They also plot outside of the cumulus-melt lines that are calculated on the 

basis of a changing mineralogy during crystallization (Fig.8b,d). Therefore the deviation from the main 

granodiorite trend cannot be explained with just a change in mineralogy. These samples all contain too 

much Sr and Sa. If we would assume a different magma for these rocks, and repeat the modelling with a 

different starting position of the melt (dashed arrows), we observe that only a small part of the monzogranite 

samples (mostly the solid triangles) can be fitted between the cumulus-melt composition lines for 
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crystallization of monzogranite material. The rest of the monzogranite samples display considerable scatter.
 

It is important to note that, in particular for Sr, the Linares granodiorites (solid circles) cannot be fitted in a
 

fractionation trend, since they follow a nearly horizontal direction. Either Sa and Sr, or Rb. or both must have
 

been added from outside to the melt.
 

The aplites plot on the extension of the main granodiorite trend, which suggests that they represent very late
 

residual melts that are expulsed from the main granodiorite body.
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Fig.8a-d. Logarithmic Sr-Rb (a,b) and Ba-Rb (c,d) diagrams. For symbols see Fig.1- The solid and dashed arrows 

in a and c represent calculated melt-cumulus relationships using average granodiorite (GO) and monzogranite (MG) 

mineralogy respectively. Parental melt compositions are hypothetical (see text). The curved lines in band d 

represent melt-cumulus relationships based on gradually changing mineralogy during fractionation. The symbols 

(b,d) indicate the mineralogical composition of the sol id used for the calculation (see Table 4) at successive 

steps of 10% crystallisation. The dotted tie-lines connect melt compoSition with corresponding cumulus 

composition. Some asterisks are not plotted as they have low Ba and Sr content. Small arrows mark a number of 

monzogranites that may be depleted in Rb (see Fig.9). 

Modellina for contamination
 

Although it is fairly clear that some elements have been introduced into the magma from an outside source,
 

the relationships observed above do not indicate whether the addition concerns only Sr and Sa, or also Rb.
 

An attempt to define the nature of the contamination more accurately, is made by modelling Sa, Sr and Rb
 

separately, using Zr as an independent fractionation index.
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represent the theoretical melt-cumulus relations. but for enhanced Sr- and Sa contents (vertical arrows. For 

symbols see Fig.1. Aplites with less than 50ppm Zr are not plotted. Marked triangles (small arrows) are 

monzogranites that are probably depleted in Rb. 
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The results of course have to be interpreted with caution, since Zr generates its own mineral: zircon. This 

causes uncertainties in the use of the solid/melt distribution coefficient (D / But the results may serve our z

purpose, which is to test whether Rb, Ba and Sr are likely to have suffered from contamination. Since we 

found that the Main granodiorite trend (Fig.8) represents fractionation, not influenced by contamination, we 

determined DZr by fitting the melt- and cumulus lines along trend I, resulting in a DZr of 4000. This value 

seems realistic as the calculated 0, [Zr (solid»)/[Zr(melt)] (Haskin 1984), lies between 5000 and 2500 for the 

monzogranites and granodiorites. The melt lines and associated cumulus lines are again based on observed 

changes in mineralogy. The results show that as far as Rb (Fig.9c) is concerned, the general trend is parallel 

to the calculated liquidus trend, implying that the enrichment in Rb can be a result of magmatic 

differentiation, and that it is not necessary to assume Rb contamination. For Sr (Fig.9a) most Main 

granodiorite samples plot between the melt-cumulus lines. For Ba (Fig.9b) a part of these samples plot 

however above the cumulus line. These samples have been distinguished by open squares, as they probably 

were contaminated with Ba, and to a smaller extent also with Sr. All Linares granodiorite and all 

monzogranite samples plot above the calculated cumulus line and must therefore have been enriched in Sr 

and Ba. Would these rocks represent a second magma, enriched in Ba and Sr, but for the rest nicely 

fractionated, it should be possible to fit their compositions between the melt-cumulus lines by shifting the 

lines in vertical direction (arrows). As this is not possible (Figs.9a,b), we must conclude that contamination 

of Sr and Ba interfered with fractionation indeed. 

When we look more carefully at this contaminated group of samples, we may be able to separate the effects 

of contamination and fractionation. 

The Linares granodiorite (solid circles) shows a small compositional trend that, in particular for Sr, crosses 

the melt composition line. Such a trend probably indicates that the magma was progressively contaminated 

during crystallization of the Linares granodiorite, and more strongly so for Sr than for Ba. 

The monzogranites (triangles) can be divided empirically into two groups, on the basis of their Sa content 

(Fig.9b). Those that seem to plot within the calculated melt-solid compositional range (black triangles), are 

distinguished from those that have too high Ba (and Sr) to fit the fractionation trend (open triangles). The 

black triangles, which are the least felsic of the monzogranites (Fig.2), are the same as those that also fit 

between the melt-solid lines in figures sa,c. Therefore the compositional variation of this group is compatible 

with fractionation of a melt that was already enriched in Sr and Ba: e.g. the Linares granodiorite. The open 

triangles represent more felsic monzogranites (Fig.2). They are enriched in Ba as well as Sr, compared to 

the black triangles. For this group, crystal fractionation trends are obscured by the addition of Ba and Sr. 

The high degree of scatter within this group indicates however that the process that caused the enrichment 

was irregular. Additionaly, it might be that some of these rocks are depleted in Rb. We refer in particular to 

the four open triangles that plot below the dashed cumulus line in Figure 8a, which correspond with the four 

marked triangles in Figure 9c. Loss of Rb-enriched fluids would be compatible with the observation, that the 

contact metamorphic metasediments near Los Santos show a systematic enrichment in Rb (CHAPTER 5). 

In addition, the data (Fig.9) indicate depletion of Zr in the most fractionated monzogranites (open triangles) 

and aplites (asterisks). These rocks may have been affected by late stage volatile-rich phases, which have 

the capacity of mobilizing or removing relatively immobile elements (Hanson 1978). 
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It is probably VefY confusing to distinguish the effects of all the processes described above (fractionation,
 

contamination, depletion), as they all intefact to some degree.
 

Thefefore we summarize the effects of the these processes in Figure 10. A: crystal fractionation (Main
 

granodiorites); B: 51' and Ba contamination (some Main granodiorites and the Linares granodiorite); C: 51'
 

and Ba contamination and some fractionation (Linares granodiorite); 0: fractionation of contaminated
 

magma (least fractionated monzogranites); E: contamination with 51' and Ba, fractionation and loss of Zr
 

(most fractionated monzogranites and aplites); F: loss of Rb in addition to E.
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Fig.10a-c.. Surrmary of the effects that various combinations of fractionation, contamination and depletion have 

on the magma composition during the various stages of its evolution (see section on contamination modelling). 
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4.6 POSSIBLE SOURCES OF ENRICHMENT FOR Sr AND Sa 

The origin of the contamination can either be magmatic (e.g. magmatic fluids), hydrothermal (e.g. along fault 

zones) or sedimentary (e.g. along the intrusive contact). In addition, sedimentary contamination may have 

been selective for certain elements only. In order to have more clues on the origin of the Ba and Sr, we have 

looked at the spatial distribution of the various granitic groups (Fig.1). 

The uncontaminated Main granodiorites (solid squares) are located in the central part of the intrusion. A 

number Of contaminated granodiorite samples (open squares) is clearly related with faults. Another group 

of open squares is located near the tungsten skarn of Los Santos. Two open squares, near Bejar, are near 

to the contact with the migmatites. 

The Linares granodiorite {solid circles} is exclusively found along the northern contact, west of Los Santos, 

exactly where the intrusion intersects with the Cambrian limestone formation. The presence of both giant 

skarnoid limestone blocks and metasedimentary xenoliths within the granite prove that stoping took place 

(Saavedra 1978), and as large parts of the limestone formation between Los Santos and Linares have 

disappeared, there is little doubt that reaction with the magma took place. One available analysis of a 

limestone (Table 4) indicates that the Sr content of these rocks is sufficiently high to cause contamination. 

It may not be responsible for the enrichment of Ba however, as the Sa content of this sample is very low. 

Alternatively, Sa could be that from the schists and greywackes, as these rocks have high average Ba 

content (Table 4). Individual samples may even contain up to 1300 ppm Ba. 

The monzogranites represented by solid triangles form a zone directly adjacent to the Linares granodiorites. 

The results of trace element modelling indicate that Sa and Sr variation in these samples could represent 

a fractionation sequence, but that they are derived from a readily contaminated source magma. Their 

position adjacent to the contaminated Linares granodiorites therefore indicates that these granodiorites and 

monzogranites originate from the same melt, that was contaminated early, during the crystallization of the 

Linares granodiorites, but before crystallization of the monzogranites. 

The monzogranites represented by open triangles are more felsic compared to the other monzogranites 

(black triangles), and as they are located in zones contiguous to the zone of solid triangles, we suggest that 

they belong to the same fractionation series as the contaminated Linares granodiorites and the derived 

monzogranites (CHAPTER 2). 

Results of trace element modelling however strongly suggest considerable, but very variable contamination 

and as the location of both of these open triangles coincides with mineralization of tungsten and tin, near 

Los santos and Miranda del Castanar, we conclude that these monzogranites are additionally contaminated 

very late in the crystallization history, due to fluid interaction with the metasediments during the mineralizing 

event. It was already demonstrated in CHAPTER 3, that fluids played a more important role in the magma 

adjacent to Los santos than in the rest of the intrusion. 

Petrological evidence for contamination 

If the contamination occurred locally during the magmatic stage, it is expected that the composition of 

zoned feldspars and biotites prOVide additional evidence, since these minerals are the main hosts for those 
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elements and may have recorded changes in chemical composition of the melt. Therefore the major element 

composition as well as the Sr and Sa content of a number of zoned plagioclases, K-feldspar phenocrysts, 

biotites and also late interstitial K-feldspar from samples representative for trend I: Main granodiorites (closed 

squares, samples 9,10,11,12,15, and open squares, samples 6,7,8) and trend II: Linares granodiorite (closed 

circles samples 14, 16), and associated monzogranites (closed triangles, sample 17, and open triangles, 

samples 2,3,4,5) were investigated in detail, using electron microprobe analysis. 

Sr turned out to be below the detection limit in most analyses, but a parallel behaviour to that of Sa is 

expected on the basis of the similar variations of whole rock Sa and Sr. The Sa content in the K-feldspars 

is plotted against Na20/K20(wt%) (Fig. 11a). Analyses of a phenocryst from sample 6 are marked "f'. All 

other analyses are from interstitial K-feldspar. The symbols are the same as in the previous figures. The 

phenocryst has higher Sa content than most of the interstitial feldspar. The Sa content in the interstitial 

feldspar is generally below 0.25%, except for two analyses from sample 16, with very high Sa-contents, and 

one from sample 2. The phenocryst analyses were made on a profile from core to rim. The Sa content is 

presented as a function of the distance to the core (Fig. 11b). The drastic rise of the Sa content near the 

rim provides evidence that the magma indeed was contaminated with Sa, perhaps towards the final stage 

of crystallization. 
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Fig.11a,b. Sa content (electron microprobe analyses) of K-feldspars plotted versus the Na20/K20 ratio. Symbols 

are the same as used in Fig.1. The numbers represent the sample numbers (see Fig.l). The analyses marked by an 

"fit are frame a profile through one K-feldspar phenocryst, which is presented separately in Fig.l1b. 
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The Sa content of the plagioclases is presented (Fig.12) in a similar way as their An content in (Fig.5). This 

demonstrates the large contrast between the Sa content of samples 16 and 17 (0 to 0.11 %) and that of all 

others (0%). 
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Fig.12. BaO content of plagioclases as a function of the Differentiation Index CQ+Or+Ab) of the corresponding 

sample. Ranges of each sample are represented by vertical lines. Average are indicated with symbols. For symbols 

and numbers, see Fig.1. 

Various profiles across zoned plagioclases were analyzed, and representative examples demonstrate a large 

compositional contrast between the plagioclases representative of the main granodiorite trend (Fig.13a) and 

the others (Figs.13b-e). In the plagioclases of the main granodiorite trend (samples 7, 11 and 15; Fig. 13a), 

Sa was below the detection limit, while in the plagioclases of samples 16 and 17, Sa is very variable. Also 

the anorthite content of the plagioclases in sample 17 (Fig.13b,c) and 16 (Fig.13d,e) is different to that of 

the main granodiorite trend (Fig.13a). The An content for is more irregular and much higher in the cores, 

but at the same time much lower in the rims, compared to the plagioclases of the main trend. The 

compositional range from core to rim in samples 16 and 17 is much wider (58% to 15%) than in the 

plagioclases of the main trend (45% to 25%). This is a curious situation, if we consider that, in many 

respects (see also CHAPTERS 2,3), the Linares granodiorites are more felsic than the Main granodiorites, 

but less felsic compared to the monzogranites. This suggests a large amount of Ca that was suddenly added 

to this magma, was rapidly buffered by crystallization of An-richer plagioclases. The high BaO and relatively 

high CaO values in the cores of the plagioclases of samples 16 and 17 indicate that the magma must have 

been enriched in these elements in a very early stage, and the high Ba contents in the rims of the 

plagioclase indicate that the magma was rich in Ba at least until most of the plagioclase crystallized. The 

high degree of variation in Sa and An in the plagioclases of these samples indicates pulsewise contamination 

of the magma during its crystallization. The plagioclases of the contaminated monzogranites (samples 2-5 

and 13, open triangles) have a low Sa content, but the interstitial feldspar of sample 2 is rather high, which 

may support relatively late magmatic. We realize however than many more K-feldspar analyses should be 
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Fig.l3a~. BaD and An percentage along profiles through zoned plagioclases as a function of the distance to the 

core. Fig.13a: samples 7,11,15 (BaO was below detection limit in these samples); F1g.13b,c: Sample 17; 

Fig.l3d,e: Sample 16. 

carried out before this conclusion can be drawn with certainly. 

Many of the biotites are chemically zoned (CHAPTER 3). The zoning is however difficult to interpret in terms 

of timing of crystallization since, unlike for plagioclase, there is no way to tell petrographically which part 

of a biotite is early and which is relatively late. The results indicate anyway that often the core of a biotite 

is not the earliest crystallized part. Therefore we only present the compositional range and the average 

composition of the biotites (Fig.14a,b). Most biotites have a wide range of Ba values, up to 0.3 wt% BaO, 

but the average Ba content is fairly constant, slightly decreasing towards the more fractionated rocks. Again 

sample 16 distinguishes from the others, with a large compositional range (0 to 0.53 wt%), and a high 

average value (0.29 wt%). Ba is the only element by which the biotites of sample 16 distinguish from those 

of the other samples. For all other elements analyzed sample 16 nicely fits the chemical trend, as is 

exemplified by A120 3 (Fig.14b, see CHAPTER 3). In this figure only the biotites of sample 6 have a higher 

A120 content than expected on the basis of its DI. 3 

In samples 16 and 17 late carbonate veins are present. Electron microprobe analysis reveals that these are 
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pure calcite, not containing any detectable Sr or Ba. This indicates that post magmatic Sr and Ba 

contamination may not be of much importance. 
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Fig.l4a,b. Compositional range (vertical lines) and averages (symbols) for BaD and A1 203 in biotites, as a 

function of the OiffeY'entiation Index (Q+QI"'+Ab) of the corresponding samples. FoY' symbols and numbers see Fig. 1. 

The dashed 1 ine in Fig.14b indicates the infeY'Y'ed Y'elation between 01 and A1 03 content in biotite.2

4.7 CONCLUSIONS 

1) Based on the Ba and Sr content, the rocks of the intrusion south of Los Santos can be divided into 

populations: Low Ba and Sr Main granodiorites and high Ba and Sr Linares granodiorites and associated 

monzogranites, suggesting two different magmas. Previous studies (CHAPTERS 2 AND 3) have however 

demonstrated that all rocks are likely to be part of one single magma fractionation sequence. 

2) Trace element modelling with Ba, Sr, Rb and Zr, in combination with information derived from the 

chemistry of zoned minerals enables recognition of complex interference of contamination processes with 

crystal fractionation in one single magma. 
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3) Trace element modelling shows that the Main granodiorites are part of one fractionation sequence (trend
 

I), and that the variation of Ba and Sr in the Linares granodiorites and associated monzogranites (trend II),
 

cannot be explained satisfactorily with fractionation.
 

4) The rocks of trend II represent a magma that was derived from the main intrusive body (CHAPlER 2).
 

This magma became contaminated with Ba, Sr and Ca derived from metasedimentary rocks.
 

5) Although crystal fractionation continued in the contaminated magma, the expected trace element patterns
 

were additionaly obscured by late, local hydrothermal contamination near faults and mineralization channels.
 

6) Combining geochemical, petrological and cartographic evidence, a relatively simple mechanism emerges
 

to explain the observed variations:
 

A: In first instance a granodioritic magma was crystallizing In Situ. Only locally, near faults and intrusive 

contacts, this magma was contaminated with Ba, and to a lesser extent with Sr. 

B: Part of the intercumulus melt segregated from the main intrusive body and formed an intrusion by itself, 

west of the Main granodiorite (see CHAPlER 2). 

C: The removed melt reacted with carbonate rocks and became enriched in Ca, Sr and Ba. Subsequently 

crystal fractionation started again, evolving southward and eastward 

D: During the last crystallization stages hydrothermal interaction with metasedimentary rocks, probably 

related to mineral deposition near Los Santos and Miranda del Castai'lar, again caused enrichment of Ba 

and Sr and probably depletion of Rb and 0. 
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CHAPTER 5 

SPEC1RAL DISCRIMINATION OF CONTACT METAMORPHIC ZONES AND ns POTENlW. FOR 

EXPLORATION FOR GRANITE RELATED MINERAlIZATION. 

5.1 ABSTRACT 

A procedure is presented that successfully distinguishes soils overlying contact metamorphic rocks, 

using Thematic Mapper Imagery. Detection of contact metamorphic soils is based on expected spectral 

variation due to differences in clay mineralogy. In the mineralized contact aureole of Los Santos, Spain, 

contact metamorphic grade and clay mineralogy in soils correlate systematically. From the exocontact 

towards the granite intrusion the proportions of kaolinite, illite and free iron in soils increase, while the 

proportions of chlorite and smectite decrease. Laboratory reflectance spectra of soil samples 

demonstrate that with the increase of the proportion of kaolinite, illite and free iron and the decrease of 

chlorite, ratios of band2/ band3, band2/ band5 and band2/ band7 decrease while ratios of band3/ band4, 

band4/band7 and band5/band7 increase. Soil reflectance is significantly affected if more than 1.5% 

organic carbon is present. In the TM image, pixels that correspond with kaolinitic soils are identified by 

elimination of other pixels during a process of stepwise masking various band ratio images. The first step 

was to eliminate the effect of vegetation and organic material, by masking high values of the ratio of 

(band4*band5)/(band3*band7). The second step was to eliminate chloritic soils by masking the ratio 

of band2/band7. The third step was to isolate the most kaolinitic and limonitic soils using the ratio of 

band3/band4. Finally a maximum likelihood classification was performed on original band ratio images, 

using the result of the masking as training set, in order to optimize the classification results. 

5.2 INTRODUCTION 

Since the introduction of digital satellite data, much work has been done on the understanding and 

interpretation of spectral reflectance data. With the help of advanced digital processing techniques 

exploration geologists have started using the data to identify areas of potential interest for mineralization 

(e.g. Agterberg et al. 1972). Mapping of these areas is often performed using supervised classification 

methods, based on thorough studies of a specific pilot area. As a consequence it is often difficult to 

apply the training data in other regions, where geological, geomorphological and climatic conditions may 

be entirely different. In this study an effort is made to develop a classification technique that is not 

supervised, but based on expected spectral variations as a result of differences in soil mineralogy, in 

order to discriminate contact metamorphic zones. The detection of areas underlain by granite bodies, 

by means of classification of contact metamorphic zones may help to locate potentially mineralized 

areas (e.g. Rowan et al. 1987, Ant6n Pacheco 1989). Many ore deposits are genetically related to granite 
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intrusion. The granitic rocks of the western part of the Spanish Central System Batholith are associated 

with (sub)economic mineralization of base metals, uranium and gold. Most mineralization occurs close 

to the granite contact, usually within the contact metamorphic zone. The granite contact between Linares 

and Guijelo (Fig.1) is of special interest, because of the occurrence of the large (15.0001 W03) tungsten 

skarn of Los Santos. The width of the contact aureole at the surface is variable and ranges from 7oom. 

to 22OOm. 
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Fig.l. Simplified geological map showing the granitic, contact metamorphic and regional metamorphic terrain, 

the location of mineralization and the sample locations. 
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The area is geochemically (CHAPTERS 2-4) and geologically (Diez Balda 1982, Billiton International 

Metals 1980-1986) well- documented and provides a good opportunity to study the relation between 

contact metamorphic rocks and spectral response from TM imagery. 

The contact metamorphic terrain is marked by a zone of bright white and bluish green colours on a 

colour composite image of TM134 (plate 1). Initial fieldwork, combined with interpretation of aerial 

photographs and TM images showed that a strong correlation exists between rock type, soil 

composition, degree of weathering and land use. 

The aims of this work are to: 1) document the relation between contact metamorphism, soil type and 

land use; 2) study the relation between variations in soil mineralogy and reflectance spectra; 3) 

demonstrate how soils underlain by contact metamorphic rocks can be detected in a TM-image, on the 

basis of expected spectral variations due to differences in soil compositon. 

5.3 DATA COLLECTION 

In order to study the relation between the degree of contact metamorphism, the composition of the 

corresponding soils and their spectral reflectance, rocks and overlying soils were sampled along two 

lines perpendicular to the granite contact (Fig.1). The width of the contact aureole is very variable, and 

mineralization seems to be related to the wider parts of the aureole. Therefore one sample line (Clin) 

transverses the narrow part of the contact aureole, near Linares, while the the second line (Cis) is 

located in the broadest part of the aureole, near Los santos. In addition to the samples along the 

profiles, three samples (Cls11, Cls12, Cls13) were taken of anomalously red soil, which predominantly 

occurs within the contact zone, formed by deep weathering of hornfelses. Soil samples were taken from 

the surface, where possible in ploughed fields, in order to enable correlation of laboratory spectra with 

TM-data. 

Major and trace elements in the rocks were analyzed with XAF (Philips PW-1400) in glass beads and 

pressed powder tablets respectively. Major and trace elements in the soil fractions < O.5mm. were 

analyzed with ICP after digestion with HF. Thin sections of the rock samples were prepared for 

petrographical description. Clay mineralogy, organic carbon, free iron and moisture content of the soils 

were determined at the Department of Soil Science and Geology, Agricultural University of Wageningen. 

Laboratory reflectance spectra of soils were determined at the German Aerospace Institute, 

Oberpfaffenhofen, using an IRIS IV spectrometer. The percentage reflectance was calculated using a 

polytetrafluorethytene (Halon) reference standard. 
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5.4 SEDIMENTARY ROCKS 

Petrography 

The rocks outside the contact aureole predominantly consist of very fine grained low grade metamorphic 

green chlorltic schists. The mineralogy of these rocks mainly comprisis chlorite, chloritoid, white mica 

and quartz (Diez Balda 1982, Liefllnk 1991). The first sign of contact metamorphism is the occurrence 

of microscopic biotite blasts, at a distance of 3500 m from the contact in the Los Santos profile and at 

1200 m in the Linares profile. The cordlerlte isograde is the first macroscopic sign for contact 

metamorphism at a distance of 2200 m in the Los Santos profile and at 700 m in the Linares profile. In 

the direction of the contact muscovite, biotite and cordierite increase In abundance. The endocontact 

opaque mineralogy consists of ilmenite, pyrrhotite and chalcopyrite while the exocontact opaque 

mineralogy comprises anatase and minor amounts of ilmenite. 

Geochemistry 

Major and trace element compositions of the rock samples are listed in Table 1. The distance of the 

samples along the two traverses (Cis and Clin) towards the contact is given in meters. Approaching the 

contact, systematic variation is observed for a number of chemical components: the volatile content 

(Fig.2b) decreases and Fe++ IFetotal (Fig.2a), Co and MnO increase. Close to the contact the value for 

the Fe++ IFetotal ratio is similar to that in the granitic rocks (O.SS, CHAPTER 3). Additionally, in the Los 

Santos profile there is enrichment of Rb and Cs (Fig.2c,d) towards the contact. For the remaining 

lements no relation with the distance to the contact is observed and their rather large standard deviation 

in regional metamorphic rocks (Table 1) points to primary variation in sediment composition, rather than 

variation as a result of contact metamorphism. Studies that have examined the variation of whole-rock 

composition with grade in contact aureoles indeed show that there is generally little chemical variation 

with grade, apart from loss of volatiles (Pattison and Tracy, 1991). Pelitic rocks in contact aureoles are 

commonly depleted in volatiles relative to their protoliths (Labotka 1991), because the formation of biotite 

and cordierite in originally low grade chlorite-muscovite bearing peUtes implies dehydration and loss of 

H20 (Guidotti 1984). The contact metamorphic rocks studied here typically lack chlorite and contain 

biotite and cordierite, and the decreasing volatile content (Fig.2b) therefore can be explained by 

progressive dehydration as a result of increasing grade of contact metamorphism. The systematic 

change of the Fe++ IFetotal ratio towards the intrusive contact suggests that originally trivalent iron, 

present in chlorite and oxide minerals in the pelites is reduced to divalent iron as a result of increasing 

temperature. sedimentary rocks normally contain organic matter, which recrystallizes to graphite upon 

increasing metamorphism. The oxygen fugacity in a pelitic environment containing graphite and H20 

is buffered by iron minerals (Labotka 1991). From temperature-102 phase diagrams presented by this 

author it can be concluded that the Fe++ IFetotal ratio will increase with temperature in the presence of 

graphite In order to maintain equilibrium in oxygen fugacity. Therefore the increasing Fe++ content 
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No els1 els2 els3 els4 els5 els7 elsB els9 elslO els12 els13 els14 elinl elin2 elinJ e1in5 elin6 elin7 AIIG1 STOl 

D4stance 100 200 500 850 1200 2700 3700 4800 6000 1850 8000 10 200 700 1500 3000 1000 
Si02 72.53 61.39 62.12 59.84 62.39 58.68 62.49 59.77 59.86 58.9 57.76 56.74 58.78 62.78 57.65 55.98 57.24 59.4 62.8 5.35 
T;02 0.39 0.8 0.84 0.8 0.76 0.8 0.69 0.77 0.89 0.84 0.74 0.79 0.8 0.69 0.87 0.9 0.75 0.76 0.73 0.15 
A1 20 12.06 19.26 18.74 20.01 18.12 19.57 18.18 19.22 19.82 20.6 20.54 21.33 20.9 19.42 20.08 20.96 20.26 19.23 17.61 3.793 
Fe203 3.04 7.96 6.81 8.5 7.09 8.02 6.49 7.73 7.34 8.1 7.73 8.03 7.96 7.12 7.58 8.5 8.01 7.5 6.2 1.54 
MnO 0.04 0.12 0.04 0.11 0.1 0.09 0.09 0.11 0.08 0.12 0.09 0.08 0.12 0.09 0.11 0.08 0.07 0.09 0.08 0.03 
MgO 1.38 3.07 3.59 3.32 2.74 3.24 2.58 2.98 2.81 3.07 3.02 3.21 3.09 2.83 2.78 3.31 3.25 2.91 2.4 0.71 
CaD 0.21 0.7 0.2 0.6 0.77 0.46 0.51 0.44 0.16 0.48 0.32 0.17 1.11 0.82 0.36 0.04 0.12 0.75 0.6 1. 55 
Na20 1.43 1.34 1.06 1. 18 2.19 1.89 2.26 1.27 1.46 1.42 1.14 1.04 2.04 2.05 1.48 1.21 0.81 2.24 1.2 0.53 
K20 5.22 4.07 3.95 3.95 3.54 3.21 3.82 4.33 3.54 3.76 4.49 3.74 4 3.47 4.01 3.83 3.93 3.15 3.43 0.67 

0.13 0.17 0.14 0.14 0.15 0.15 0.15 0.14 0.14 0.17 0.17 0.14 0.17 0.15 0.17 0.11 0.14 0.15 0.14 0.02 
10i 1.5 2.49 3.3 3.3 2.81 4.52 3.16 4.42 5 2.97 4.28 5.42 1.66 1.28 4.61 5.27 5.38 4.06 4.97 1. 65 
total 97.9101.37100.79 101.7100.66100.63100.42101.18 101.1 100.25100.28100.69100.63 100.7 99.7100.19 99.96100.24 100.3 0.62 

P205 

Fe* 0.82 0.77 0.86 0.79 0.73 0.61 0.56 0.54 0.55 0.72 0.76 0.65 0.76 0.84 0.56 0.59 0.68 0.64 

Nb 8.59 15.81 15.04 14.75 14.83 14.14 14.06 14.07 15.83 15.7 14.65 15.07 15.73 13.77 15.03 15.5 14.4 13.3 13.1 2.82 
Zr 114 145 151 137 152 140 152 170 179 143 136 135 145 131 157 157 140 138 188.6 72.44 
y 23 33 33 33 32 30 22 29 34 32 33 32 31 27 34 43 30 29 33.5 10.16 
Sr 115 100 75 138 161 129 130 75 106 127 130 95 185 169 114 82 55 161 88.9 20.95 
Rb 199 164 183 157 145 131 151 143 141 144 177 151 152 125 165 158 148 130 129 37.09 

"1 "4Zn 48 115 132 108 122 95 97 107 120 114 117 123 103 120 134 115 91.2 27.64 
Ni 26 53 51 54 50 56 47 46 43 58 48 50 54 49 56 61 49 52 39.9 13.37 
Co 109 49 30 36 37 29 16 21 23 44 23 34 54 64 24 27 20 27 25.7 10.18 
Sa 928 654 732 715 648 525 776 953 659 704 729 668 628 727 742 679 659 538 771.6 196.4 
Cs 20 20 8 13 6 8 6 6 6 8 8 7 10 8 8 9 5.92 3.19" " 
Table 1 . Whole rock major and trace element composition of sedimentary rocks. 

Fe * =Fe++ I Fetota1 • AVG1 average composition and STD1 standard deviation of 

18 representative regional metamorphic schist and greywacke samples. 
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towards the contact will correlate with grade of metamorphism. The increase of Rb, Cs, Co and MnO 

towards the contact suggests that these elements were essentially supplied by fluids probably derived 

from the granitic intrusion. Relatively high contents for these elements (up to 275ppm, 26ppm, 200ppm 

and 2.5% resp) in the tungsten skarn of Los Santos suggest hydrothermal enrichment. The contact rocks 

near los Santos are enriched in Rb and Cs while those near Linares are not, which can be explained by 

the fact that the granitic rocks near Los Santos are more evolved and richer in Rb and Cs than those 

near Linares (CHAPTER 4). Whereas the increase of Rb, Cs, Co and MnO towards the contact has 

probably to do with metasomatic processes due to external supply of fluids and not directly with the 

temperature effect, the systematic changes in volatile- and Fe++-content are a direct consequence of the 

contact metamorphic heating. These changes are obviously reflecting diagnostic differences in mineral 

assemblages: disappearance of chlorite and appearance of biotite, cordierite and ilmenite. This is 

illustrated by the position of the biotite-in and cordierite-in isograds (Fig.2). Therefore the relative volatile 

content and Fe++ I Fetota1-ratio should be useful as indicators for the degree of contact metamorphism. 

5.5 SOILS 

Field description 

The soil cover on top of the chlorite schist is usually poorly developed, with a depth normally less than 

10 em. although locally deeper soils are observed (Table 2). These greyish-green soils are often very 

stoney, with a rather low clay content. In contrast, the contact metamorphic soils are deeper, clay-richer 

and usually have a patchy red to yellow-red colour. The most common soil colour in this zone is 7.5 VR 

to 10 VR on the Munsell colour scale. Locally intense red patches, up to 2.5 VR, are developed. 

7 A 10 A 10-14 A 14 A colour depth rock 

c1s1 67 33 0 0 7.5 YR 3/2 20 Hornfels 
c1s2 60 32 5 3 10 YR 5/4 20 Hornfels 
c1s3 57 36 5 2 5 YR 4/4 Hornfels 
c1s4 53 29 0 18 7.5YR4/4 20 Hornfels 
c1s5 68 23 5 4 7.5 YR 4/4 10 Hornfels 
c1s13 73 18 3 6 7.5 YR 4/6 10 Hornfels 
c1s6 47 35 6 12 10 YR 3/6 10 Spotted slate 
c1s7 35 45 6 14 10 YR 4/4 20 Spotted slate 
cls8 37 48 5 10 10 YR 4/6 20 Spotted slate 
cls9 36 45 0 19 10 YR 5/4 10 Schist 
c1s10 39 31 0 30 10 YR 5/6 5 Schist 
c1s14 45 30 0 25 2.5 Y 5/4 2 Schist 
c1s11 72 23 5 0 2.5 YR 4/6 20 Hornfels 
c1s12 76 10 5 9 2.5 YR 4/8 25 Hornfels 
C1s15 29 33 0 38 10 YR 5/4 20 Schist 
c1in1 59 25 8 8 10 YR 4/4 20 Hornfels 
c1in2 54 23 12 11 10 YR 3/4 30 Hornfels 
c1in4 51 25 12 12 10 YR 4/4 >40 Hornfels 
c1in3 54 28 3 15 7.5 YR 5/4 10 Spotted slate 
c1in5 42 21 2 35 10 YR 5/6 5 Schist 
c1in6 49 27 0 24 N.D 5 Schist 

Table 2: Relative peak height of clay minerals, Munsell colour, distance of 
surface to saprol ite (in em.) and underlying rocktype for soil samples. 
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clsl cls2 c1s3 cls4 cls5 c1s6 cls7 cls8 cls9 clsl0 cls13 cls14 c1s15 cls11 cls12 c1inl c1in2 clin3 c1in4 c1in5 c1in6 

Dist 100 200 500 850 1200 1900 2700 3700 4800 6000 1850 8000 10 200 700 450 1500 3000 

A1 203 11.2 11.4 13.6 16.7 15.5 14.7 14.2 11.3 10.4 13.6 18.3 16.8 10.7 19.7 21. 7 14.4 13.1 16.4 15.8 23.9 15.1 
Ti02 0.46 0.61 0.81 0.96 0.91 1.13 0.96 0.75 0.61 1.43 0.91 1.08 1.11 0.85 0.85 0.63 1.15 0.95 0.83 1.18 0.78 

Fe203 2.55 3.54 4.81 7.18 7.32 5.44 5.35 4.36 3.24 5.76 8.09 7.11 3.44 7.41 10.7 3.47 5.54 7.09 5.36 9.72 5.19 
MnO 0.07 0.07 0.07 0.12 0.07 0.14 0.12 0.10 0.05 0.12 0.06 0.10 0.07 0.08 0.05 0.10 0.15 0.29 0.13 0.10 0.21 
MgO 0.58 0.68 1.13 1.63 1.71 1.29 1.58 1.18 1.05 1.78 1. 13 2.31 1.01 1. 30 1.53 0.86 1.66 1.55 1.03 3.26 1.03 
CaO 1.4 0.43 0.15 0.21 0.15 0.18 0.32 0.18 0.12 0.25 0.15 0.09 0.15 0.15 0.08 0.40 0.43 0.33 0.29 0.14 0.22 
Na 0 0.45 0.51 0.30 0.37 0.30 0.48 0.87 0.79 1. 29 1.15 0.32 0.51 1.35 0.35 0.22 0.78 0.37 0.39 0.45 0.55 0.39

2
K20 3.08 3.01 3.39 3.37 2.91 2.96 2.90 2.60 2.21 2.51 2.98 3.07 1. 94 3.22 2.37 6.01 2.54 2.94 2.71 4.01 3.38 

0.21 0.14 0.11 0.16 0.09 0.14 0.13 0.10 0.09 0.14 0.13 0.18 0.10 0.11 0.11 0.26 0.28 0.26 0.17 0.14 0.17P205 

Fe* 0.39 0.48 0.36 0.39 0.41 0.37 0.27 0.33 0.26 0.20 0.60 0.16 0.46 0.63 0.28 0.39 0.40 0.48 0.20 0.25 
0 4 3.1 0.9 1.8 0.6 1.5 2 1.3 1.1 2.2 0.8 3.5 0.5 0.2 2 1.4 6.9 4.9 0.8 10.7 
M 1.5 1.3 0.6 1.4 1.3 0.4 1.4 0.8 0.5 0.9 1.3 1.2 1 0.9 1.1 1.4 2.6 2.6 2 3.2 

Sr 52 43 24 47 30 37 57 46 46 73 33 54 85 26 25 83 58 51 49 72 42 
Ce 72 80 101 96 105 125 80 75 53 87 108 69 69 103 82 89 78 104 98 158 94 
Co 5 12 17 31 20 23 17 15 11 21 15 18 81 20 22 8 15 25 15 26 20 
Sa 568 580 580 724 523 532 524 482 532 483 588 518 453 643 536 659 461 594 502 723 546 
Zn 76 64 145 142 203 145 174 85 169 201 217 152 79 273 144 85 212 141 116 153 199 
Cu 17 19 51 43 45 31 28 24 20 35 48 35 18 45 54 13 40 41 29 45 30 
Li 33 42 58 94 58 45 47 38 28 43 54 55 70 74 72 45 66 60 66 70 
Zr 105 129 132 116 121 114 109 135 95 121 127 119 142 114 120 186 112 115 126 142 117 
Ni 20 21 34 53 52 43 39 33 25 41 50 47 53 62 58 16 42 65 40 65 44 
Cr 35 44 68 86 91 71 66 43 37 65 90 81 42 103 66 33 63 80 71 98 64 

Table 3.	 Major (%) and trace (ppm) element ana1yse~ of soil samples (fraction <0.5mm.). Distance to contact in m. 
O:organic carbon, M: moisture content 1 Fe : Fefree/Fetotal 
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Chemistry 

The chemical analyses of fractions < 0.5mm. of the soil samples are presented in Table 3. Most major 

elements are slightly depleted in the soils with respect to the underlying rocks. AI, Ti, Fe, Mg and Na 

tend to be slightly more depleted in soils overlying the contact metamorphic rocks. The only real 

significant variation, related to the distance from the contact is found for the ratio Fefree/Fetota1 

(Fig.3al. 
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fig.3. a: Fefree/Fetota1 in soi ls overlying the rock samples presented in Fig.2. b: the relation between 
Fe++/Fetotal(rocks) and Fefree/Fetota1 (overlying soils); Closed circles: hornfe1ses and overlying soils; 
closed squares: spotted slates and overlying so; 15; open circles: chlorite schists and overlying so; 15. The 

numbers correspond with the sample numbers (Fig. 1.) 

This ratio was found to be a particularly sensitive indicator of relative soil development, reflecting the 

degree of primary mineral alteration and the amount of clay formed (Rebertus and Suol 1984). The 

increasing Fefree/Fetota1 value towards the granite contact indicates an increasing degree of soil 

development in the contact metamorphic zone. The ratio of Fefree/Ferot~l in soils is plotted against 
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Fe++ IFetotal in the rocks (Fig. 3b), in order to illustrate the relation between the degree of 

metamorphism and weathering. The endocontact samples except Cls7, ClsS and Clin3, plot in a cluster 

with high values for both Fe++IFetotal in rocks and Fefree IFetota1 in soils and can clearly be 

distinguished from the exocontact samples. This implies that soil develops better on top of contact 

metamorphic rocks. 

The samples Cls7, Clsa and Clin3 have relatively low Fe++-content for contact metamorphic rocks. This 

may be explained by the fact that they are the least metamorphic samples of the contact aureole. 

Clay Mineralogy 

The relative peak heights in the diffractograms of the clay fractions are listed in Table 2. The peak 

heights are normalized to the sum of all 7A, 10A, mixed-layer and 14A minerals. Except for 

Cis1,2,11,12,13 smectite is present in all samples, as the 10A/14A ratio increases after heating to 600°C. 

Chlorite is present in samples Clin3,5,6 and Cls2,6,7,9,10,14 as in these samples the 14A peak is still 

present both after treatment with glycerol and heating to 600°C. Kaolinite (7A) and illite (10A) are present 

in all samples. Mixed layer minerals are present in minor quantities in most samples. The normalized 

peak heights can be used as an indication for the proportion of each of these minerals in the clay 

fraction as the diffraction peaks are fairly sharp. The relative peak heights are plotted as a function of 

distance to the granite contact (Fig.4) for the profiles at Los Santos and Linares. 
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Fig.4. Relative heights of l4A, loA and 7A peaks in soil samples as a function of the distance to the 
contact. Sample numbers are added. 

The proportion of chlorite + smectite steadily decreases from >25% in the regional metamorphic terrain 

to 0% near the contact. In the Los Santos profile two populations of contact metamorphic soils are 

encountered: an inner ZOde (Q-2000m.) with relatively high (>45%) kaolinite proportions, and an outer 

zone (20QO-SOOOm.) with relatively high ( >40%) illite contents. The proportion of mixed-layer minerals 
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• • • 

is generally very low and does 110t vary with the distance to the contact. The Linares profile shows, 

although on a smaller scale, similar features to the Los Santos profile. The ratio Fefree/Fetota1 

increases with Kaolinite (Fig.S) and decreasing chlorite +smectite. 
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Fe(free)/Fe(total) in solis 

Fig.5. Relation between the proportions of free iron and kao1inite(a, normative height of 71>. peak), and 
ch1orite+smectite(b. 141\) in the soil samples. Open triangles: Linares profile; closed triangles: Los Santos 
profile; closed circles: anomalously red soils (C1s", C1s12 and C1s13). 

The chlorite content in samples from the Linares profile is generally higher than for the Los Santos 

profile. The correlation between Fefree/Fetota1 ratio in soils and both soil mineralogy and the 

Fe++IFetota1 ratio in the underlying rocks indicates that the degree of weathering and the mineralogical 

composition of the soils are related to the degree of contact metamorphism of the underlying rocks. 

Differences in Fe++'content, original mineralogy and texture of the rocks may determine both the ability 

of the rocks to weather and the weathering products. 

The contact metamorphic rocks contain much biotite, cordierite and white mica. During weathering 

biotite weathers to kaolinite. accompanied by phases like goethite and gibbsite, and minor amounts of 
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vermiculite (Harris et al. 1985), which explains the correlation between Fefree/Fetotal and kaolinite. X

ray diffractograms of weathered cordierite nodules indicate that cordierite altered to a mixture of quartz, 

illite and goethite. White mica transforms to illite. Chlorite under similar climatic conditions may weather 

to chlorite/vermiculite interstratifications, as demonstrated for chlorite rocks in the Massif central, France 

(Proust 1982), or ultimately to Fe3+-rich smectite, as demonstrated for chlorite rocks in northwestern 

Spain (Buurman et al. 1988) 

The contrast in kaolinite and illite content between inner and outer contact may find its origin in different 

ages of the inner contact and outer contact soils (Buurman pers.comm.). The inner contact soils. 

overlying hornfelses, may be older soils, protected from erosion, while the outer contact soils, overlying 

spotted slates are more recent. The inner contact soils may have been protected from erosion because 

the hornfelses show a deep, torwise, chemical weathering, while the (spotted) slates weather much more 

superficially. The fact that illite is much more abundant in the outer zone suggests that under the present 

conditions white mica and cordierite in the rocks weather faster than biotite. 

5.6 LAND USE 

Information on the land use in the study area is available in the form of field data, aerial photography 

and 1:50000 land-use maps. All data demonstrate very obvious contrasts in land use for regional 

metamorphic, contact metamorphic and granitic terrains: 

1) Agricultural fields are concentrated in the contact zone, and are relatively scarce in the chlorite schist 

terrain. As the soils underlain by contact metamorphic rocks are much better developed than those 

underlain by chlorite schist, it seems logical to relate the relative abundance of these fields to the type 

of underlying rocks. 

2) The contact area has more relief than the regional metamorphic terrain. Consequently the scale of 

land use in the the contact zone is much smaller than that on the chlorite schists. Small valleys are 

usually occupied by trees, bushes and other green vegetation. 

3) Due to crop rotation most fields remain fallow for 3 to 5 years before being ploughed and sown. The 

result of this is a patchwork of small fields with different degrees of vegetation cover. 

4) The granitic terrain has intermediate topographic relief, due to the presence of many joints and faults. 

Generally little soil is developed. Abundant granite crops out, but is mostly covered with lichen (Rowan 

et al. 1987, Ager and Milton 1987). The terrain is mainly used for pasture. 

Obviously the geology to a great deal determines the type and scale of land use. Therefore it should be 

possible to extract information from a TM-image concerning the geology by looking at the vegetation 

cover. This is illustrated in figure 6, showing the diversity in a TM image of band3/ band4. This figure was 

produced using a 15·15 diversity filter. A diversity filter counts the number of different digital numbers 

within the direct environment (in this case 15·15 pixels) of the central pixel. The regional metamorphic 

terrain is obviously rather homogeneous in land use, characterized by low diversity values (0-67). A 
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greater heterogeneity is found for the granitic terrain, characterized by higher diversity values (up to 

103). The highest diversity (up to 140) in land use is found, as expected, in the contact metamorphic 

terrain. 

Fig.5. Spectral diversity in the ratio image of TM3/TM4. This is a product of diversity filtering with a 

15*15 kernel, and represents the amount of different digital numbers within the 15*15 pixel environment 

around each pixel. White: diversity 0-67; grey: diversity 68-102; black: diversity 103-140. The boundaries 

of granite and contact aureole are indicated with sol id 1ines. 

5.7 SPECTRAL VARIATION 

Laboratory spectra were determined of samples Cls1 to Cls14 and Clin5 and 6. Representative 

reflectance spectra are shown in Fig.7. ClsS, 11,12, 13 are kaolinite and goethite rich soils. Cls6,7,8 are 

illite rich soils and Clin5 is a chlorite rich soil. The absorption band near 900nm in Cls5,11,12,13 is due 

to the presence of Fe+++ in the form of limonite, while the Fe-absorption band in clin5 is caused by the 

presence of Fe+++ in chlorite. The size of this absorption band in chlorite depends on the amount of 

Fe+++ in six-fold coordination (Hunt and salisbury 1970). All samples show clear hydroxyl absorption 

peaks at 1400nm, 1900nm and between 2000nm and 2600 nm, typical for the clay minerals involved. 
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Fig.7. Representative spectral reflectance curves of soil samples obtained from laboratory measurements. 

The horizontal bars indicate the range of the corresponding TM bands. 

It is hardly possible to relate the laboratory spectral curves directly to soil mineralogy, as we did not 

determine the amount of each mineral phase in the soil samples. In order to interprete the spectral 

variation in terms of general changes in soil mineralogy, degree of weathering, and indirectly, contact 

metamorphic grade, band ratios are plotted against the ratio Fefree/Fetotal (Fig.a) 

The Fefree/Fetotal ratio increases with the degree of weathering, with the relative amount of kaolinite 

(7A, Fig.5a), with decreasing chlorite + smectite (14A, Fig.5b) and with increasing degree of contact 

metamorphism of the unclerlying rocks (Fig.3). 

Significant differences in kaolinite/illite ratios content occur between inner and outer aureole (Fig.4), and 

as illite and kaolinite have quite distinct reflectance spectra (Fig.10), it is expected that soil reflectance 

depends on the ratio of 7A/ 1oA. Therefore the samples were subdivided into two groups: 7A/10A > 2 

(open symbols), which corresponds with the relatively kaolinite rich soils of the inner aureole, and 

7A/1oA < 2 (closed symbols), corresponding with the relatively illite and chlorite rich soils of the outer 
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Fig.a. Band ratios, calculated froo the laboratory spectra of soil samples, plotted against their proportion 
of free iron. Circles: samples with more than 1.5% organic carbon; squares: samples with less than 1.5% 

organic carbon. Open symbols: samples with a ratio of 7A/10A >2; closed symbols represent those with a ratio 
<2. The direction of the arrow (Fig. Sa) indicates the increasing degree of weathering, and grade of ccntact 
metamorphism in the underlying rocks. 

aureole and the low grade metamorphic terrain. Using band ratios at this stage has the advantage that 

they can be compared with band ratios from TM-images, since they are not influenced by differences 

in brightness and illumination angle (Lillesand and Kiefer 1987). 

All band ratios are to a certain extent affected by the amount of organic carbon in the soils. The most 

illustrating examples are presented in figure 9. The reflectance appears to be seriously affected if organic 

carbon exceeds 1.5 wt%, which is similar to results in other studies (e.g. Stoner and Baumgartner 1981). 

Therefore two groups of samples were distinguished: with more than 1.5% (circles) and less than 1.5% 

(squares) organic carbon. The plots in Fig.S demonstrate that the kaolinite rich samples and the illite rich 

samples form two discrete groups, and form either two separate trends (Fig 8b,c,d,e) or one continuous 

trend (Fig.8a,1) with the Fefree/Fetotal ratio. The carbon-rich samples plot in all figures outside the " " ' 

trends indicated by the dotted outlines. The general directions of the trends can be understood if the":'~~:: 
gross mineralogical changes are compared with laboratory spectra of pure minerals (Fig.10l. Ratios of 

band2/3 and band3/4 mainly represent variations in free iron. The ratio of band3/band4 is high both 

for chlorite-rich and goethite-rich samples. This is due to the fact that the Fe-dip in band4 is present in 

both goethite and chlorite. The positive slope for the ratio of band 5/7 is a result of the simultaneous 

decrease of chlorite and increase of kaolinite + illite. Ratios of band2/7, band 2/5 and band3/7 especially 
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show the combined effect of increasing free iron, (negative slope), and increasing kaolinite (enhanced 

ratios for open squares). Kaolinite has a much larger water absorption peak in band7 than the other clay 

minerals and a negative slope in the band 5. Therefore the dominance of kaolinite in samples ClsS,11, 12 

and 13 compared with the other samples causes higher values for ratios with band7 and band5. 

5.S CLASSIFICATION OF THE TM IMAGE 

The previous section demonstrates that on laboratory scale it is possible to distinguish soils overlying 

contact metamorphic rocks on the basis of characteristic spectral differences. The next step is to 

examine whether the observed variations are also present in TM images. If this is the case, digital 

classification of contact metamorphic areas provides a helpful tool in the exploration for granite related 

mineralization. 

Classificaton of the TM image was done using an ILWIS image processing system, developed by the 

International Institute of Aerospace Survey and Earth Sciences, Enschede, the Netherlands. In the first 

instance a supervised classification, based on field mapping, aerial photograph interpretation, and 

topographic data was carried out in order to classify contact metamorphic soi/. The spectral 

characteristics of the various classes were however not in agreement with the variations expected on 

the basis of soil mineralogy and laboratory spectra. Apparently supervised classification does not enable 

sufficient control over the data. For example the amount of organic carbon in the soils could not be 

accounted for, neither could the amount of organic litter on top of the soils be estimated. Therefore 

another approach was developed, using the variations expected on the basis of the trends in Fig.S. 

Images of selected band ratios were stepwise masked in order to systematically remove all pixels with 

the least favourable spectral signatures. Before calculating the ratio images, haze was corrected for by 

subtracting the digital numbers recorded for the lake of Santa Teresa (Fig.1lfrom the original images. 

The first step in the procedure was to eliminate the effect 01 organic carbon, litter and green vegetation. 

This could be done masking TM3/TM4, but better results were obtained by using a ratio of two band 

ratios, TM3/TM4 and TM5/TM7 (Fig.11). Both green vegetation and soils with much organic material 

appear brighter in this ratio image. The result (Fig.12a) gives the locations of bare soil and rock. The 

next step was to remove pixels that correspond with chlorite rich soils from the resulting image. This was 

done by masking the pixels with the highest values for TM2/TM7 (Fig.12b). Similar results were obtained 

using TM2/TM3, but this image contained more noise, presumably due to the strong correlation of these 

two bands and therefore TM2/TM7 was preferred. Once the chlorite pixels were removed, the pixels 

corresponding with the most kaolinite and free iron rich soils were obtained by removing the pixels with 

the lowest TM3/TM4 ratio. The remaining pixels were assigned the value 1. In the resulting image, small 

amounts of isolated single pixels occurred. It is assumed that, if these single pixels are not located close 

to other pixels, they are not significant and therefore have to be filtered out. The (binary) filtering was 

done in three steps. First an eight-neighbour expansion, followed by an eight-neighbour erosion (Fabbri 
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1964) was carried out in order to connect single pixels that are situated close to each other. Next a 

"pepper-and-salt filter" was applied to remove isolated pixels. The resulting image (Fig. 12c) reveals the 

locations of the most weathered soils, most of which are inside or very near to the contact aureole, and 

clearly associated with the wider parts of the contact aureole. Two groups (G and I) of pixels in the 

regional metamorphic area, classified as "kaolinite" coincide with the location of large villages, Guijuelo 

and Inigo resp. Probably the tiles in the roofs of the houses, which are made from clay, look similar to 

kaolinitic soils. 
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Fig.ll. Relation between the band ratios TM3/TM4 and TM5/TM7. The symbols are the same as used in Fig.8. 

The lines indicate constant values for the ratio of (TM5/TM7)/(TM3/TM4), which is used to remove pixels from 

the TM image that are contaminated by the presence of organic material. 

The result shown in figure 12 is one example of the application of the classification method described 

above. The technique can be carried out using different masking levels and also other sets of band 

ratios. This implies that numerous combinations of band ratios and masking levels are possible, some 

of which may yield better results. As it would be extremely time consuming and inefficient to carry out 

all possible combinations, it is proposed to add an extra step to the classification procedure. 

The map in Fig.12c only reveals the most "kaolinitic" and "goethitic" pixels. From this map appropriate 

pixels are selected and used as training pixels for maximum likelihood classification of the original band 

ratio images. More band ratio images can be included, and the classification threshold, the Mahalanobis 

Distance (MD) can be varied. The MD expresses the probability (Mather 1987) that a classified pixel 

belongs to a certain class. By increasing MD more pixels will be classified but the accuracy of the 

classification decreases. By increasing the MD, the optimum classification threshold for the test area can 

be defined. In doing so the results of the classification are quantified and can be compared. This is 

illustrated by the results in Table 4. The image presented in Fig.12c was used as sample map, and a 

maximum likelihood classification was carried out with band ratios TM5*TM4/TM3*TM7, TM3/TM4, 

TM2/TM7 and TM5/TM7. In Table 4 the amount of "kaolinite" pixels in each unit (contact metamorphic, 
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granites and regional metamorphic terrains resp.) is listed for the original (Fig.12c) classification (bS), 

and for the maximum likelihood classification with Mahalanobis Distances (MD) of 10, 15,20,25 and 30, 

prior to and after filtering out isolated pixels. 

contact 

pixels % 

b3 1348 1. 50 
b3* 1688 1.88 

MD=10 344 0.38 
MD=10* 464 0.51 

MD=15 1126 1.25 
MD=15* 1516 1. 68 

1668 1.85MD=20 
MD=20* 2078 2.31 

MD=25 2003 2.23 
MD=25* 2478 2.76 

2271 2.53MD=30 
MD=30* 2759 3.07 

granites 

pixels % 

236 0.050 
199 0.042 

34 0.007 
7 0.001 

189 0.040 
161 0.034 

397 0.085 
427 0.091 

622 0.133 
702 0.150 

879 0.188 
1024 0.219 

schists 

pixels % 

733 0.165 
890 0.200 

141 0.031 
135 0.030 

500 0.112 
580 0.130 

892 0.201 
1080 0.244 

1265 0.285 
1595 0.359 

1699 0.382 
2122 0.478 

Table 4. Amount of pixels classified as contact metamorphic 

R/W 

6.79 
7.77 

10 
16.5 

8.22 
10.2 

6.47 
6.90 

5.33 
5.42 

4.44 
4.40 

in: contact 
aureole, granitic area and low grade metamorphic area. The % columns 
give the surface percentage of each area that is classified as 
contact metamorphic. 83 corresponds with result of the stepwise masking, shown 
in fig. 12c. MD is the Mahalanobis Distance used for maximum 
likelyhood classification (see text). *represent the results after 
filtering out isolated pixels (see text). R(ight)/W(rong) is the ratio 
%(contact)/%(granite)+%(sediments) , which is the percentage of 
misclassification 

The % columns give the pecentage of the surface of each unit that is classified as "kaolinite". The column 

R(ight)/W(rong) is the ratio of the columns (% contact)/(% granite + % schists) and is a measure for the 

degree of misclassification. 

With increasing MD the number of classified pixels increases, but the ratio of R/W decreases. Up to 

MD=25 the removal of isolated pixels improves the result. The best results are obtained with MD= 10, 

but the number of pixels classified is low. The original result, b3, is slightly better than a classification 

with MD=20. It may be remarked that there are still a fair number of incorrectly classified pixels. In the 

contact aureole the kaolinite pixels are concentrated in a narrow zone, while in the granites as well as 

the schists the kaolinite pixels are distributed much more randomly. Furthermore the possibility kaolinitic 

spots are also present in soils outside the contact aureole must not be excluded. 
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Fig.12. Results of masking. a: black pixels represent those that have a value below 118 for 

[(TM5/TM7)/(TM3/TM4)]*50. displaying the areas with relatively small amounts of organic material; b: black 

pixels represent those that additionaly have a value below B6 for (TM2/TM7)*200; c: black pixels represent 

those pixels that in addition have a value above 177 for (TM3/TM4)*200. These are most likely to correspond 

with kaolinitic, goethitic soils. The boundaries of the intrusion and of the contact aureole are indicated 

with black 1ines. The clusters of pixels that are indicated with "G" and "I" correspond with the location 

of the vi 11 ages of Guijuelo and Iiiigo respectively 

5.9 CONCLUSIONS 

1) The chemistry and mineralogy of the rocks correlate with the metamorphic grade of the rocks. From
 

the exocontact towards the intrusion biotite, muscovite and cordierite as well as the Fe++ IFetotal ratio
 

of the rocks increase systematically while simultaneously the amount of chlorite and the volatile content
 

decrease.
 

2) The degree of weathering of the soils increases with the metamorphic grade of the underlying rocks.
 

3) The increasing degree of weathering of the soils accompanied by increasing proportions of kaolinite,
 

illite and Fefree/Fetotal' and decreasing proportions of chlorite.
 

4) Variations in laboratory spectra of soils show a systematic correlation with the changing mineralogy
 

of the soils.
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5) Using the systematic correlation between selected band ratios and soil mineralogy, pixels that 

correspond with kaolinite and free iron rich soils are classified in a TM image, by subsequent masking 

of various band ratio images. 

6) This classification technique is based on the understanding of spectral variations due to differences 

in soil mineralogy, in contrast to supervised classification techniques that depend on the selection of 

training pixels from a fieldwork area. The results are more reliable and can be interpreted more 

accurately, and it is expected that the technique will be useful in regions where local conditions may be 

different and no extensive ground study has been carried out. 

7) The land use is strongly related to underlying rock type and geomorphology. Agricultural fields are 

mostly restricted to the contact metamorphic terrain, as a result of the presence of well developed soils. 

Since the landuse in the contact aureole typically is small scale, the diversity in vegetation is high. This 

high diversity zone is mapped using an image of TM3/TM4 

8) Direct search for soils overlying contact metamorphic zones, using the stepwise masking procedure, 

is useful in the exploration for granite related mineralization, in particular in the case of blind cupolas. 
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CHAP1ER6 

INlEGRATION OF LANDSAT TM, AIRBORNE MAGNETIC AND RADIOMETRIC DATA, AS AN 

EXPLORATION TOOL FOR GRANITE RELATED MINERALIZATION. 

6.1 ABSTRACT 

This study demonstrates how remote sensing and data integration techniques can be successfully used 

as a tool in the exploration for granite related mineralization. A methodology is developed to overcome 

a number of problems that hamper efficient incorporation of these techniques as a standard routine in 

exploration for potentially mineralized ares: 1)The basic relation between geology and the original data 

is often obscured by complex data manipulation, which obstructs the understanding of the final output. 

2) The risk of removing potentially important information during the interpretation of the data is normally 

considerable, and therefore needs to be controlled. 3) The decision criteria with respect to the 

correctness of classifications are often arbitrary and therefore need to be quantified. 4) Error- and quality 

assessment is often subjective and therefore not reproducible under different circumstances. 

6.2 INTRODUCTION 

Since the introduction of relatively cheap, PC-based image processing systems in the 1970's, exploration 

geologists have been testing the applicability of satellite and airborne remote sensing, data integration 

and image processing techniques for characterisation and classification of mineralized areas (e.g. Amor 

et al. 1989, Rheault et al. 1990). A main task in these studies is to define how the procedures of feature 

recognition (Fabbri 1984) and digital data integration (Bonham-Carter et al.1990) should be applied in 

order to extract the most relevant information from available data sets. 

At present much effort goes into developing methodologies of combining multiple data sets. Powerful 

statistical analysis and classification techniques are applied to cluster the information into relevant 

classes (e.g. Franklin and Gillespie 1990). Red-green-blue and intensity-hue-saturation visualisation 

methods are commonly used as output to present the final data set (e.g. Harris 1990). These techniques 

however have disadvantages when used by exploration geologists. The interpretation of the final output, 

and understanding of its basic relationship with geology is obscured by the high degree of statistical 

manipulation and by the often complex colour representation of the data. Additionally, when good results 

are obtained for a specific calibration area, it is often difficult to apply the methodology elsewhere to less 

well documented areas. 

In mineral exploration, after initial survey data have been collected, three steps are involved (Mellinger 

1990): 1) Interpretation of each survey; 2) integration of relevant information from several surveys; 3) 

decision making, concerning the potential presence of mineralization. Mineralization is often 
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accompanied by anomalies which, although sharing general characteristics, are highly variable and 

typical only of individual mineral deposits, as is illustrated by the vast amount of literature published on 

individual mineral occurrences. Therefore, successful application of remote sensing data and data 

integration techniques in exploration is highly dependent on the flexibility of the predicting procedure. 

This paper presents a study which investigates, in a calibration area with a diversity of known granite 

related mineralization: 

1) how the variation in airborne magnetic and radiometric data and Landsat Thematic Mapper data relate 

to geology and mineralization and; 2) how digital image processing and data integration can be used 

to develop a flexible decision-making tool for the prognostication of granite-related mineralization. 

6.3 GEOLOGICAL BACKGROUND 

The study area is located in central-western Spain (Fig.1). Granitic rocks of the Hercynian Central 

System Batholith intruded metasediments of Precambrian to Silurian age. The contact aureole is host 

to a large tungsten skarn deposit and a number of small vein deposits of tungsten (wolframite and 

scheelite), tin, lead, zinc, copper, uranium and gold. The vein deposits are located in fracture systems 

of Hercynian age (Diez Balda 1982) with NE and WNW strike. The area is well documented due to 

exploration and mining activities by Billiton Espanola SA and the Junta de Castilla y Le6n, and scientific 

studies, mainly conducted by the University of salamanca (e.g. Ugidos 1974, Saavedra and Garcia 

1974, Pellitero 1980, Diez Balda 1982, Bea 1982, Lorenc and Saavedra 1985, Rottura et al. 1989) 

The tungsten skarn of Los santos 

The situation in the vicinity of the skarn deposit, east of the village of Los Santos, is of particular interest 

to this study for a number of reasons: 1) it is a large and potentially economic deposit; 2) it is genetically 

related to the intrusive event (Villadeval et al. 1980); 3) the study of the granitic (CHAPTERS 2-4) and 

contact metamorphic (CHAPTER 5) aureole has revealed well developed geological and geochemical 

anomalies in the environment of the skarn; 4) the mineralization is well documented as a result of the 

development of the deposit, undertaken by Billiton between 1980 and 1985. 

The skarn deposit, located at the granite contact near Los santos, has an estimated reserve of 1.5 

million tonnes at a grade of 0.79% W03. It is hosted by Cambrian limestones and its mineralogy mainly 

comprises garnet and pyroxene and smaller amounts of wollastonite, plagioclase and sUlphides. 

Tungsten occurs alomost exclusively as scheelite. It is intersected by a major NE-trending fault-zone, 

which was active during granite emplacement. This fault-zone probably provided the necessary pathways 

for mineralizing fluids (Westerhof, pers.comm). 
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The granitic rocks 

The intrusion south of Los Santos is geochemically and mineralogically zoned. This is illustrated by the 

contour map (Fig.1) of the Zr/Rb-ratio, which is based on more than 83 whole rock analyses. The 

granitic rocks grade from granodiorites in the core of the intrusion to muscovite + cordierite bearing 

monzogranites at its margin. The most fractionated part of the intrusion occurs adjacent to the tungsten 

skarn, and is accompanied by numerous aplitic dikes and sills. Ratios of Zr/Rb ) 0.8 correspond with 

granodiorites (Fig.2), while ratios <0.8 correspond with muscovite + cordierite bearing monzogranites. 
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Fig.2. Relation between Zr and Rb in samples from the zoned intrusion. Field 1 corresponds with the 

compositional field of the granodiorites, field 2 with that of the monzogranites and field 3 with that of 

"the aplitic dikes. 

Study of biotite compositions shows that the magma in the vicinity of the skarn was richer in fluorine 

than in other parts of the intrusion (CHAPlER 3) which is a reason to suspect that the granitic magma 

provided the fluids that reacted with the limestone. Whether the granite also provided the tungsten is 

debated. The tungsten was probably derived from volcanogenic formations within the Precambrian 

sedimentary rocks of the Complejo Esquisto Grauvaquiqo (Pellitero 1980, Saavedra 1982, Billiton 1983). 

Contact metamorphic rocks 

Along the granite contact a clear thermal aureole developed in the greenschist facies metamorphic 

sediments. Significant variation exists in the surface width of the aureole. In non-mineralized parts the 

biotite isograd is located at a distance of 100m but in the vicinity of the skarn (Fig.1) the isograd is 

situated at more than 2000m perpendicular to the contact. The reason for this variation is not yet clear. 

It may be that the granite contact is shallower near Los Santos than in other parts of the contact, 

although drillcore data, available down to a depth of 150m, indicate a fairly steep contact. The contact 

metamorphic rocks, which grade from biotite-bearing spotted slates at the outer boundary to cordierite

biotite hornfelses at the granite contact were sampled along two profiles perpendicular to the contact, 
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one in the wider part of the aureole and the other in the narrow part (Fig.1). In the direction of the 

contact, chlorite gradually disappears while biotite, cordierite and muscovite increase in abundance. The 

changing mineralogy is accompanied by clear geochemical variations (CHAPTER 5), e.g. by increasing 

Fe++ IFetot-ratio (Fig.3a) and decreasing LOI-content (Fig.3b). Metasomatic activity in the aureole near 

Los Santos is evidenced by increasing contents of Rb, Cs, Co and MnO when the contact is 

approached. 
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F1g.3. Variation of Fe++/Fetotal and LOr in whole rock sedimentary samples as a function of the distance 
from the intrusion, along two profiles perpendicular to the contact (see Fig. 1.) Contact metamorphic biotite 
and cordierite isograds are indicated in both profiles by Band C respectively. 

6.4 INTERPRETATION OF THE REMOTE SENSING DATA 

Our objective is to develop a data processing methodology that provides the exploration geologist with
 

the flexibility necessary for the prediction of potentially mineralized areas in poorly known REGIONS.
 

Although ground data provided the basic understanding of the significance of variations in the remote
 

sensing datasets, the procedure is demonstrated using only remote sensing data (TM-imagery and
 

airborne geophysics), without the involvement of ground data for two reasons: 1) in many
 

reconnaissance exploration surveys, detailed ground data are absent; 2) the need for such a
 

methodology is much higher for remotely sensed data than for ground data, since the risk of
 

misinterpretation is much greater for remotely sensed data.
 

Our primary target is to detect features related to the intrusive contact, such as the contact itself and
 

contact metamorphic rocks, as most of the mineralization in this region is confined to the contact
 

aureole, and gossans or other anomalies specifically related to the mineralization are absent.
 

First, the significance of variations in the remote sensing data in relation to the geology is explained. All
 

image processing was performed using an IIwis GIS, developed by the International Institute of
 

Aerospace Survey and Earth Sciences, Enschede, the Netherlands.
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Landsat Thematic mapper data 

In the Los Santos area soils overlying the contact metamorphic rocks are distinguished in TM-images 

(acquisition date 12 Nov.1984) from other soils by means of subsequentially masking various band ratio 

images (CHAPTER 5). This masking procedure is based on the difference in clay mineralogy of soils 

overlying contact metamorphic rocks and regional metamorphic rocks. Soils overlying the contact rocks 

are relatively rich in kaolinite, illite and free iron, and poor in chlorite and smectite, WHEN compared to 

exocontact soils. Laboratory spectra demonstrate that the mineralogical variations are accompanied by 

well defined changes in ratios of TM2/TM3, TM2/TM5, TM2/TM7, TM3/TM4, TM4/TM7 and TM5/TM7. 

The systematic relation between clay mineralogy and spectral behaviour is used to identify pixels that 

are likely to represent contact soil overlying contact metamorphic rocks (Fig.4a). 

In addition to the pure spectral information, the TM-data provide very useful textural data, with particular 

reference to the type and scale of land use (CHAPTER 5). In the Los Santos area the land use is closely 

related to underlying rock type. The regional metamorphic terrain has low relief, little soil cover, has a 

rather uniform vegetation cover and is predominantly used for cattle grazing. The granite terrain has 

intermediate relief, variable soil cover and vegetation and, although locally used for agricultural purposes, 

it mainly serves for pasture. The contact metamorphic area however has well developed soils, relatively 

high relief, diverse vegetation cover and is predominantly used for small scale agricultural purposes. This 

variation in land use and vegetation cover is detectable by passing a diversity filter over an image of 

TM3/TM4. A diversity filter replaces the central value in a kernel by the total amount of different values 

that are present within the kernel. For a 15·15 kernel the diversity theoretically can range between 1 and 

225. Highest diversity is found for the contact area, with small scale land use, intermediate diversity for 

the granitic terrain, while low diversity predominates in the low grade metamorphic terrain (Fig.5a) 

Airborne geophysical data 

The airborne data were acquired during a survey carried out in 1980 for the ENUSA, the Spanish 

uranium consortium. The survey was flown at a height of 120m above ground level, with a line spacing 

of 1 km. Gamma ray data were collected using four Nal crystals, each of a size of 4·4·16 inch. A 

separate crystal of 4·4·10 inch was carried to correct for atmospheric radiation. The magnetic data were 

collected using a precision proton magnetometer, reading every second with a resolution of 0.25 

gammas. severe levelling problems were encountered for the magnetic data, since tie lines were not 

flown. For the purpose of this study, contoured maps were digitized and the data were re-gridded using 

GEOSOFT software, to a pixel size of 30m., in order to be compatible with the TM data. All data were 

georeferenced to UTM projection zone 30, Hayford ellipsoid, to conform to the projection used in 

topographic maps published by the Spanish military geographical service. 
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Radiometric data 

Average airborne radiometric values for %K20, eU and eTh in the granitic, contact metamorphic and 

regional sedimentary terrain are listed in Table 1. Whole rock contents for these elements are also listed 

in this table. These were analyzed using both X-Ray Diffraction and Neutron Activation. For U and Th 

the quality of the Neutron Activation analyses is better than that of the XRF analyses, but fewer samples 

were analyzed with Neutron Activation, since these analyses are much more expensive. 

Table 1. Average K20(wt%), U(ppm) and Th(ppm) content 
of granitic, contact metamorphic and regional metamorphic 
terrain. 

K20 U Th n 

granite' ) 3.04 4.15 13.74 90736 
contact' ) 2.48 3.12 11.57 485079 
sediments' ) 2.21 2.78 10.17 429094 

granite2) 

contact2) 

sediments2) 

4.55 
3.93 
3.29 

4.31 
<4 
<4 

13.9 
13.8 
12.7 

86 
16 
15 

granite3) 
contact3) 

sediments3) 

4.57 
3.97 
3.71 

4.46 
2.08 
2.52 

15.7 
12.4 
12.0 

13 
5 
6 

') From gridded airborne radiometric data, 2) Whole rock 
X-Ray Fluorescence Analyses, 3) Whole rock Neutron 
Activation Analyses. n represents the nuber of 
data used for calculation of averages. 

Notwithstanding the fact that the average values for airborne K20 and Th are lower than those for the 

whole rock data, there is a good correlation with the ground data. Granites are distinguished from 

sedimentary rocks by higher average K20, U and Th contents. The average data suggest that the 

granites could be distinguished from metasediments using individual radiometric datasets, however this 

is not the case, as is illustrated by the Th map (Plate 4a). Low Th values do not exclusively occur in the 

sedimentary terrain, and high values are not restricted to the granite terrain. This is partly due to the 

zoned character of the granite intrusion. The contour pattern in the granite area is similar to the element 

distribution patterns based on whole rock analyses (Fig.1). When the gridded values of eTh in the 

granitic rocks are plotted against those of whole rock Zr/Rb (Fig.6), two clusters appear. Ninety-five 

percent of the data plot in cluster (a), with a correlation coefficient of 0.67. High thorium values 

correspond with granodiorites while the lowest Th values correspond with the fractionated 

cordierite + muscovite bearing monzogranites. The second cluster (b), with relatively high Th contents, 

corresponds with an area near known mineralization of Sn, Th and U in the southwestern corner of the 

image. 
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Fig.5. Relation between gridded airborne eTh in granitic terrain and gridded whole rock Zr/Rb. 95% of the 

data plot in cluster (a), with a correlation coefficient of 0.67. the correlation of the total data set is 

0.42. 

As demonstrated, adequate distinction between granites and sediments is not possible on the basis of 

individual radiometric datasets. However, combined classification of %K, eTh, eU images by means of 

a maximum likelihood classifier produces useful results. Because the intrusion is geochemically zoned, 

with a large compositional range for the three radioelements, five different granite training classes were 

sampled. One additional training class in the metasedimentary terrain was sufficient to allow good 

discrimination between granites and sediments. The average values and standard deviation for the 

radioelements in each sampled class are listed in table 2. 

eU(ppm) eTh(ppm) K2O(percent) 
.-----------_.-- ---------------- --------------_. 

Mean	 Stdv Mean Stdv Mean Stdv 

S 3.62 0.23 10.2 0.6 2.03 0.24 
G1 4.58 0.44 17.5 0.54 3.26 0.11 
G2 4.4 0.28 14.4 0.24 2.9 0.09 
G3 3.85 0.21 12.9 0.62 2.75 0.08 
G4 3.71 0.16 10.7 0.34 2.97 0.0 
G5 3.17 0.11 8.5 0.64 2.45 0.4 

Table 2. Average and standard deviation for eU. eTh and K 02in training sample sets, used for supervised classification 
of radiometric data. (S) sedimentary rocks and (Gl-G5) granitic 
rocks. 

The maximum likelihood classification is carried out with various Mahalanobis Distances (Mather 1987, 

Richards 1986), in order to define how optimum distinction between the rock types can be obtained. The 

Mahalanobis Distance (MD) expresses the probability that a classified pixel belongs to a certain class. 
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As pixel values with high MD are relatively far away from the mean of the training class, as opposed to 

those with a low MD, increasing the MD has the effect that more pixels will be classified but the 

accuracy of the results decreases. By varying MD, the optimum classification parameters can be 

determined. The results of classification with different MD are listed in table 3. With increasing MD the 

degree of misclassification slightly increases, but the percentage of unclassified pixels decreases 

significantly. In spite of some misclassification, most useful results are obtained with MD = 100 (Plate 4b). 

Table 3. Results of supervised classification with different 
Mahalanobis distances. 

Rocktype: CONTACT METAMORPHIC ROCKS 
Classified 
as (in %): U S G1 G2 G3 G4 G5 

MD= 20 83.9 10.0 0.6 0.1 3.9 0.9 0.4 
MD= 35 69.0 21.7 1.4 0.2 5.5 1.3 0.6 
MD= 50 55.7 31.8 2.1 0.3 6.9 1.8 1.0 
MD= 70 38.2 45.1 2.9 0.9 8.9 2.2 1.4 
MD= 100 22.0 55.3 5.1 2.9 10.4 2.2 1.7 
median25 21.0 56.7 5.3 3.2 10.0 2.2 1.3 
median127 13.7 69.5 6.1 8.7 1.5 0.2 0 

Rocktype: INTRUSIVE ROCKS 
Classified 
as (in %): U S G1 G2 G3 G4 G5 

MD= 20 47.2 0.8 11.1 17.3 16.6 3.2 3.4 
MD= 35 25.0 3.0 17.5 23.0 22.3 4.0 4.9 
MD= 50 17.1 4.5 19.6 24.5 23.8 4.4 5.7 
MD= 70 11.7 5.8 21.0 25.2 24.9 4.6 6.4 
MD= 100 7.5 7.7 21.5 25.4 25.8 4.8 6.9 
median25 7.0 7.0 21.4 26.5 26.5 4.6 6.7 
median127 4.2 6.9 22.5 32.5 24.1 5.1 4.4 

Rocktype: LOW GRADE SEDIMENTARY ROCKS 
Classified 
as (in %): U S G1 G2 G3 G4 G5 

MD= 20 84.5 14.3 0.0 0.0 0.1 0.0 0.8 
MD= 35 67.5 29.5 0.2 0.0 0.2 0.0 2.4 
MD= 50 50.9 43.5 0.5 0.2 0.3 0.1 4.1 
MD= 70 29.2 61.9 0.7 0.7 1.3 0.1 5.7 
MD= 100 11.8 75.6 1.0 1.2 2.8 0.2 7.1 
median25 9.8 79.1 1.2 1.2 2.4 0.1 5.8 
median127 3.4 93.3 2.5 0.0 0.0 0 0.5 

This table shows the surface percentage of each of the mapped rockunits: granites, contact metaroorphic and 
regional metamorphic that is unclassified (U), classified as sediment (5) or as granite (Gl-G5,see table 2.), 
using different Mahalanobis Distances (MD). Median25 and Median127 are the results of passing a 25*25 and 
127*127 median filter over the classified 
image (MD=100). 
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Apart from a good separation of granites and sediments, the zonal pattern within the intrusion is also 

retrieved. The contact aureole is predominantly classified as sediment (55.3%), however a considerable 

part (22%) of the contact remains unclassified. Misclassification of the contact aureole occurs mainly in 

the southwest corner of the image, and may be due to the facts that: 1) the flight lines end here; 2) there 

are fairly steep mountain ridges, so effects of topography may be present; 3) mineralization of U and 

Th is present in this part of the area, causing radiometric anomalies. The main part of the aureole is 

classified as sediment, which implies that the intrusion of granites did not cause any radiometric 

anomaly. Of the intrusive rocks 7.5% remains unclassified and 7.7% is misclassified as metasediment. 

Of the metasediments 11.8% remains unclassified while 12.3% is misclassified as granite. Most of the 

misclassified sediments are similar to granite type 5, which corresponds with the monzogranitic part of 

the intrusion (Fig.1), and a part of the monzogranite is classified as metasediments. 

Residual aeromagnetic data 

The image of the residual airborne magnetic data is presented in Plate Sa. There is a strong contrast in 

magnetic field over the granites and the sediments. The sediments are more magnetic and exhibit 

greater magnetic contrast than the granites. The absence of magnetic relief in the granitic area is 

probably related to the fact that the intrusion is uniformly ilmenite bearing. The linear features in the 

magnetic image over the sediments suggest the presence of faults. Unfortunately the flight line direction 

is the same as the dominating fault strike direction (NE). As mentioned before, severe levelling problems 

were encountered, and although some of the variations may coincide with faults, it was decided that the 

magnetic data should not be used for structural interpretation. Levelling errors only seem to be present 

in the metasedimentary area, probably due to the greater magnetic contrasts in these rocks. 

More relevant is the fact that the magnetic field over the wider part of the contact aureole is similar to 

that over the granite intrusion, while the narrower part of the aureole is more similar to the sedimentary 

rocks. The flat magnetic relief over the contact is presumably a result of resetting of the rock magnetism, 

due to contact metamorphic heating. The systematic increase of Fe++IFetota1 towards the contact 

(Fig.3a) proves that during heating and recrystallization of the sedimentary rocks, Fe+++ was reduced 

to Fe++ (CHAPTER 5). The recrystallization and reduction of ferric iron probably caused resetting of the 

magnetic field, which resulted in low magnetic values and little magnetic contrast. Resetting of the 

remanent magnetism in rocks adjacent to intrusive rocks is a well known phenomenon (e.g.Speer 1981, 

Buchan and Schwartz 1985, Schwartz and Buchan 1989). The distance over which resetting occurred 

corresponds well with the width of the aureole, as is illustrated by the Fe++/Fetotal variation along the 

two profiles as a function of distance to the contact (Fig.3a). 
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6.5 FURTHER DATA PROCESSING 

In this section it is demonstrated how the data presented above can be used to predict the presence 

of contact metamorphic rocks. It is not pretended that the results presented here are optimal since the 

purpose is to demonstrate how information can be handled interactively in a flexible manner, how errors 

in the interpretation can be estimated, how various decision criteria can be adjusted and what the 

consequence is for the predictive model. Optimization would not significantly change the methodology, 

it would only make the data handling more complex. The procedure that was followed is schematically 

presented in Fig.7. 

Data collection 
STORAGE OF SPATIAL georeferenclng
DATA preprocsselng 

Comparison of different Interpretation8 
Identification of target ansa8 for further exploration 

IDATA PROCESSING 

IDATA INTEGRATION 

Statistical analyse8 
Claseiflcation 

FI~ering 

Interpretation 
Removal of mlacl888ification8 

Error estimation 

Fig.7. Schematic representation of the different phases of data processing in this study. All arrows are 

in two directions because most steps are iteY'ative. 

The image in Fig.4a shows the location of soils classified in a TM image as overlying contact 

metamorphic rocks. Most of the black pixels are in clusters that form a zone within the contact aureole. 

However, they are not unique for the contact aureole, as many, usually smaller, clusters occur in the low 

grade sedimentary as well as in the granitic terrain. At this point it must be decided which pixels are 

probably misclassified, and therefore have to be removed. During this step it is inevitable that valuable 

information is either regarded as misclassified, or unintentionally lost during the subsequent filtering. This 

can however be obviated by linking a reproducible numerical value to the decision whether a pixel, or 

a group of pixels is classified correctly or not, so that during a later stage of interpretation the decision 

can be reconsidered and modified if necessary. In this case the amount of black pixels within a given 

area is a useful criterion on whether they are classified correctly or not, and also provides such a 

numerical link. A rank order filter is very appropriate to assess which pixels were misclassified, as is 

demonstrated by the example of a 5*5 kernel and a threshold of 17 in (Fig.Ba). The kernel covers an 

area of 25 pixels, with values between 1 and 25. When ranked from low to high, the 17th value in this 

range of numbers is seventeen and therefore the central value in the kernel (16) will be replaced by 17. 

As the classified image is a binary one, all clusters below a desired size can be removed by passing a 
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rank order filter over the image, using the proper threshold. For example, using a 5·5 filter and a rank 

of 17, all clusters consisting of less than 9 black pixels (binary 1) are removed (Fig.8b). 

1 o
 
1 24 8 9 25 

3 23 14 

4 15 

6 5 

12 11 

17~ 0"' 
1 

0 0 1 1 1 

0 0 0 0 1 

0 0 :1I 0 1 

1 0 0 o :0 

0 0 0 0 1 

A) 25 B) 1 

Fig.B. Illustration of a 5·5 rank order filter, using a threshold of 17. a: for a grey scale image; b: for 

a binary image. 

The result of passing this filter over the classified image (Fig.4a) is that most black pixels outside of the 

contact aureole disappear (Fig.4b). However, although most classified pixels are restricted now to the 

contact aureole, a large part of the aureole is unclassified. This is mainly due to the relative scarcity of 

well exposed soils. In order to assess whether the unclassified pixels in between the classified pixels 

might also be contact metamorphic, the sphere of influence of the classified pixels can be extended. This 

could be done using binary dilation (Fabbri 1984), but this method has the disadvantage that small 

clusters "grow" relatively faster, and thus become relatively more important than larger clusters. Rather, 

the extension of the sphere of influence should be related to the concentration of pixels in an area. The 

classified image (Fig.4b) is therefore contoured with a 50·50 kernel. The result was subsequently level 

sliced into three classes (Plate.1c); 1-3 pixels per window (green), 4-18 (blue) and 19-44 (red). The 

significance of each specific contour value is illustrated in the diagram (Plate 2). The blue line shows the 

surface percentage of the contact metamorphic aureole (left axis) with a specific contour value (X-axis). 

The orange line does the same for the granites + metasediments. The purple line gives the ratio (right 

axis) of the two lines for each contour value, demonstrating that values higher than 18 are most specific 

for the contact aureole. The vertical dashed lines indicate the various class boundaries that were used 

for level slicing the image. 

The diversity image (Fig.5a) enables the selection of areas with the highest diversity in land use, which 

are most typical for the contact area. All pixels with a diversity value above 101 are reset (Fig.5b) to 1 

(black), all other pixels to 0 (white). Again, the high diversity pixels are not uniquely confined to the 

contact aureole, but also occur in the granite terrain. Therefore it has to be decided which black pixels 
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are likely to correspond with contact aureole. By analogy to the way the classified TM image was 

handled, this decision can be based on the concentration of black pixels. After contouring the image 

with a 50*50 kernel, the result was level sliced (Plate 3) into four classes: 1-2(blue), 3-7(green), 8

36(yellow) and 37-85(red). In this way the interpretability of the results is strongly improved, as the 

diagram demonstrates that high diversity is more frequent in the contact aureole than in the granite 

terrain. 

The classified radiometric data can be used to map the granite contact by calculating the boundaries 

between areas classified as granite and areas classified as sediment. It is however likely that a certain 

degree of misclassification occurred, as relatively small areas classified as granite occur in the 

sedimentary terrain and vice versa. In order to avoid granite boundaries being drawn along misclassified 

sediments and granites, a criterion is needed that enables to decide which pixels are misclassified. These 

pixels can subsequently be corrected.. An obvious criterion for misclassification is the dimension of a 

specific group of classified pixels, as smaller areas of a given class are more likely to be misclassified 

than larger ones. Areas with an extension below a desired threshold can be removed by passing a 

median filter over the classified image. A median filter is in fact a special rank-order filter, that replaces 

the central value in a kernel by the median of all values in the kernel. When the size of filter is small, only 

small areas will be replaced by the class value of the surrounding pixels. The effect of increasing the size 

of the filter is that larger areas will be regarded as misclassified and reset to the class of the surrounding 

pixels, which is demonstrated by passing a 25*25 and a 127*127 median filter over the classified image 

(Table 3). Best results for the study area are obtained with the 127*127 filter (Plate 4c). Only areas 

classified as granite and metasediment that are larger than 8065 pixels remain intact. On the basis of 

this image the granite boundaries are established. 

Fieldwork reveals that the contact aureole is normally narrower than 2.5km. In order to identify rocks that 

are possibly contact metamorphic, pixels at less than 2.25km distance from the contact are mapped by 

calculating a corridor around the granite contact (plate 4d). However, it would not be realistic to assume 

that within this corridor all pixels are equally likely to represent contact metamorphic rocks, because the 

larger the distance to the constructed contact, the smaller the probability is that contact metamorphic 

rocks are present. Therefore the corridor is subdivided into three zones. As the minimum width of the 

aureole is approximately 750m, and the average width of the contact aureole in the study area is 1500m, 

the zone is divided in the distance classes; Q-750m, 75Q-1500m and 15OQ-2250m. Naturally, the width 

of the corridor can be varied. lt will be clear that not removing small misclassified areas prior to 

calculation of the corridors will have the effect creating multiple corridors across the entire image, and 

thus complicating the information content and reducing the interpretability. 
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Contact metamorphic rocks are predominantly classified as metasediments, but are simultaneously 

characterized by a magnetic signature similar to the granitic intrusion. Therefore the combined magnetic 

and radiometric data can be used to detect contact metamorphic rocks, by finding those pixels that are 

classified as sedimentary rock, and have the magnetic signature of granitic rocks. With respect to the 

magnetic signature, the contact metamorphic rocks are similar to the granitic rocks in two aspects: 1) 

the absolute value of the magnetic field in the contact zone is similar to that in the granite; 2) the relief 

of the magnetic field in the contact zone is flat. The second feature it is expected to be present in other 

contact metamorphic zones and in other regions, for reasons described above. The first feature may be 

more specifically related to this area and vary in other situations. Therefore sedimentary rocks that only 

have a flat field are distinguished from those thataddit;onally have the same magnetic value as the 

granites near the contact. Areas in green (Plate 5b) represent sediments with a low magnetic relief. Areas 

in red additionally have a magnetic value identical to that of the granites. 

6.6 IN1EGRATION OF THE RESULTS 

To this point, a number of maps have been obtained, each of which contains information about the 

possibility that contact metamorphic rocks are present at a certain location. By adding up these 

components (Plates 2,3,4d and 5b), all contained information is combined into a map which enables 

prediction where contact metamorphic rocks are most likely to be present. 

Before joining maps, weights should be assigned to each individual component. One could want to 

assign weights to each different dataset as a whole, but the importance of each piece of information is 

hard to assess. For example, in the case of exposed granites the information obtained from radiometric 

data may be more significant, while in the case of hidden intrusions, the magnetic and TM data may be 

more significant. It rather is recommended to assign weights to the- different classes within each 

component, as in that case the weights reflect the decisions made during the various phases of data 

interpretation. The quality of the final prediction is thus inherited from the steps that were taken during 

the interpretation of each data set. As demonstrated for the results of TM-interpretation (Plates 2,3), a 

measure of the quality is the ratio %contact:%granite + sediment for each contour value. This ratio can 

be used as a weight factor. The weights that were assigned to each class in this case are the average 

ratios for each class. The weights obtained in this way for the various components are listed in Table 

4. The result (Plate Sa) shows that the pixels with a high contact probability are all predicted in or near 

to the contact aureole as mapped in the field. Highest probabilities are found in the widest part of the 

aureole. The map very clearly demonstrates that the strength of this type of data-integration is that 

misclassifications, derived for some reason from the interpretation of one dataset are evident. They 

already had low weights and additionally they are not confirmed by other datasets, and thus end up with 

low probabilities in the final map. 
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Table 4. Internal weights for each of the four maps that 
were joined into a probability map (Plate 5). 

contact soils (plate 1c) 
Class weights 

a b 
(1-3) 4.75 1 
(4-18) 9.46 2 
(19-44) 51.8 3 

Diversity (plate 2c) 
Class weights 

a b 
(1-2) 0.95 1 
(3-7) 1.50 2 
(8-36) 4.75 3 
(37-85) 39.5 4 

Distance (plate 3d) 

I Class weights 
a b 

(0-750) 5.4 1 
(750-1500) 5.8 2 
(1500-2250) 4.1 3 

Magnetics (plate 4b) 
Class Weights 

a b 
"green" 2.3 1 
"red" 9.2 2 

a: weights for each class are computed using the average of the ratio 
described in the text for each class. b: weights are determined by 
the number of classes that were distinguished. 

6.7 DISCUSSION 

The map presented in Plate sa is just one example of a combined interpretation of remotely sensed 

datasets. The result may be improved by involving other datasets, e.g. lineament maps or topographic 

maps (Goossens, 1991), or by refining the decision criteria. It seems that the result (Plate Sa) is 

satisfactory for this particular situation and does not require significant improvement. It is however likely 

that for other areas the decision criteria will be different. The main difficulty with flexible integrated 

interpretation of datasets is to express the uncertainty whether a piece of information is useful, less 

useful or not useful; whether a decision is right, "less righf' or wrong. 

For this area it is known exactly where the granites and where the sediments are located. Therefore we 

know when misclassification occurs. But in the case of hidden granite bodies, or in relatively unknown 

areas, the discarding of useful data, during decision-making as to the usefulness of information, must 

be avoided. For example, in the case of the classified radiometric data this may mean that one does not 

want to filter out small areas before calculating a corridor, but wants to distinguish between corridors 

around large surfaces and around smaller surfaces. This means in fact giving the corridor a weight that 

represents the surface of the area that it surrounds. 

The weights assigned to the various classes were based on the degree of matching between the 

interpretation and the existing ground knowledge. It will often be the case in regional exploration 
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surveys, that hardly any ground reference is available. The weights thus cannot be derived in the way 

described above, but could for example depend on the number of classes that are distinguished. This 

is demonstrated by Plate 6b. The weights simply corresponded with the number of classes in each 

component (Table 4). The two maps are very similar, implying that, as long as the risk of 

misinterpretation during the processing of the data is translated inlo weights, different ways of 

processing, with different filters or thresholds can be tested and compared easily, even if no or very little 

ground information is available. When, in the course of a survey, the knowledge about local geological 

conditions increases, the decision model can interactively be updated and the value of the predictions 

will increase. 

6.8 SUMMARY AND CONCLUSIONS 

Some major problems that continue to hamper efficient and successful involvement of remotely sensed 

datasets in mineral exploration, were identified: 1) The basic relation between geology and the original 

data is often obscured by complicated data manipulation, which makes understanding of the output a 

difficult task; 2) The risk Of removing possibly important information during the interpretation is normally 

high and needs to be controlled; 3) The decision criteria as to whether misclassification occurred are 

often arbitrary and need to be quantified; 4) Error- and quality assessments are often subjective and 

therefore not reproducible under different circumstances. 

Using a well documented study area with granite related mineralization, a methodology has been 

developed to overcome these complications. This methodology supplies the necessary flexibility for 

successful application in less well documented areas. 

In summary, this study demonstrates that remote sensing and data integration are valuable tools for 

identification of target areas in mineral exploration, provided that a basic understanding is available 

concerning the variations in remotely sensed data that can be expected in relation to the geological 

features one is searching for. 
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CHAPTER 7 

A BLIND lEST OF THE DATA INlEGRATlON METHODOLOGY 

7.1 ABSTRACT 

The data integration methodology, developed in the foregoing part of this thesis is tested on a regional 

scale. The knowledge obtained for the Los Santos study area served as a basis for the interpretation of 

the data. The complexity of the data handling increased, not only due to the absence of regional ground 

knowledge, but also because a variety of factors was encountered that complicated the interpretation 

of the remote sensing data.lt is demonstrated that the proposed methodology is sufficiently flexible 

indeed to overcome these complications. On the produced probability maps, most of the known mineral 

deposits are located within or near high probability zones. A number of locations can be selected that 

require additional fieldwork, either because they are promising exploration targets, or because they left 

us with unanswered questions during the interpretation of the data. 

7.2 INTRODUCTION 

In the previous chapter (CHAPlER 6) a data integration methodology is developed to map potentially 

mineralized parts of the contact metamorphic aureole. It was demonstrated how very specific 

geochemical (CHAPlER 2,3 and 4), pedological and geomorphological (CHAPlER 5) features related 

to granite intrusion, magma fractionation and mineralization could be recognized and enhanced using 

airborne radiometric, airborne magnetic and Thematic Mapper data. As the methodology was developed 

in a small, very extensively documented, test area, it has probably become rather fine-tuned to the 

specific situation around the Los Santos tungsten deposit. 

One of the scopes of this investigation was however to present a technique for the prediction of granite 

related mineralization that is flexible enough to deal with complications that arise when applied to poorly 

known areas. Under such circumstances the interpretation of remotely sensed data will certainly be 

considerably more complex, and therefore the investigation would not be complete without testing the 

methodology in a much larger area. In this chapter an integrated analysis of airborne radiometric, 

magnetic and Thematic Mapper data is performed for a large area, using the knowledge obtained in the 

study area around Los Santos as a basis for the interpretation of the data. The aims of this chapter are: 

1) to determine what sort of complications can be expected if the methodology is applied to a much 

larger area; 2) to test whether known mineralization could have been predicted using this technique and; 

3) to investigate whether, with the use of the developed methodology, new locations can be 

recommended for future exploration. 
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7.3 PROCEDURE 

The procedure of data analysis and integration is essentially the same as described in CHAPTERS 5 and 

6, and for explanation of the processing sequence we refer to these chapters. 
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Fig.l. Simplified regional geological map of the investigated area. 
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This map was digitized from a 1:200.000 geological compilation (Carnicero 1983), and used as overlay 

for the various data sets. Apart from this map we have no knowledge about the area. 

Three Thematic Mapper scenes of different seasons, autumn (BA,Fig.2), winter (BC) and spring (BB) 

were used in order to examine the variation in information content as a result of changing seasonal 

conditions. No summer image was available, which is unfortunate, as the spectral contrast between the 

various surface materials is usually the best with high sun elevation angles. Due to hardware limitations, 

the TM images had to be subsampled to a pixel size of 9Om, since otherwise the data sets would be to 

large to handle. 

The airborne geophysical data in this case (K,U,Th and TC) were the original flight line data, in contrast 

to the study area for which digitized contour maps were used (CHAPTER 6). The original flight data were 

not available at the time that the pilot study was carried out. The flight line data were gridded to a pixel 

size of 180m. All data sets were georeferenced to UTM zone 30, ellipsoid Hayford. 

The coverage of the three TM scenes and Of the airborne data sets is shown in Fig.2, together with the 

locations of known mineralization, which are compiled from various sources (SGE 1976, JCL 1986, 

IGME, 1987). For the specific mineral content of each individual deposit we refer to the sources given 

above. Most deposits contain either tin or tungsten. Some deposits, mostly the uneconomic smaller 

ones, contain uranium, lead, zinc, copper or gold. The map in Figure 2 is not pretending to be 

complete, as the number of small showings that have been exploited to a greater or lesser degree in 

the past, is at least three times higher (Garcia Sanchez, pers.comm). These are not mapped, as they 

are economically unsignificant, and their relation with granite intrusion is not established. 

7.4 THEMATIC MAPPER DATA 

The October (BA) and March (BB) scenes are cloud free. The January (BC) scene contained few clouds,
 

but so much the more haze, which lowered the spectral contrast considerably, especially in the visible
 

part of the spectrum. Although the sun elevation angle for the October and March images is similar,
 

better spectral contrast seemed to be present in the October image.
 

The Thematic Mapper images were used to map kaolinite rich soils and zones with high diversity in land
 

use, as these were found to be typical for the contact metamorphic area near Los Santos.
 

Mapping of kaolinite soils
 

Kaolinite rich soils were mapped in the various TM-scenes using the band ratio masking sequence
 

described in CHAPTER 5. Before calculating the band ratios, an atmospheric correction was performed
 

(CHAPTER 5).
 

The thresholds for the various band ratio images, that were used to isolate the most "kaolinitic" pixels,
 

were established visually by trying to obtain optimum discrimination of the known kaolinitic zone near
 

Los Santos (table 1).
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Table 1. Threshold values used for masking Thematic Mapper ratio images. 

BA (Oct.12/1984) 

[(TM3/TM4)/ (TM5/TM7W200 < 76 
[TM2/TM7)*300 > 103 
[TM3/TM4)*200 < 176 

BB (Mar.12/1985) 

[(TM3/TM4)/(TM5/TM7»)*2oo < 100 
[TM2/TM7)*300 >105 
[TM3/TM4)*200 < 165 

BC (Jan.6/1987) 

[(TM3/TM4)/(TM5/TM7»)*2oo <72 
[TM2/TM7)*3oo >124 
[TM3/TM4)*2oo < 170 

< :pixels with value below threshold were reset to zero 
>:pixels with value above threshold were reset to zero 

The results of the masking procedure indicate that Tertiary soils are spectrally very similar to the 

kaolinitic soils, regardless the acquisition date of the TM-scene (Fig. 3a-c). Additionaly, in the January 

scene (BC), many classified pixels are located within the granite terrain. Best discrimination of the 

kaolinitic zone near Los Santos appears to be obtained from the October image. 

As argued in CHAPTER 6, the discrimination of kaolinitic pixels can be improved by SUbsequently 

carrying out a supervised classification, using the kaolinite pixels near Los Santos, that result from the 

masking procedure, as training samples. The supervised classification routine, part of the ILWIS software 

only allowed a maximum of four input bands. Therefore for each TM scene two classifications are 

presented, with different band combinations. The first classification for all three scenes was carried out 

using TM3,TM4,TM5 and TM7, while for the second classification different combinations of bands and 

band ratios were used (Table 2). The averages and standard deviations of the training set for each input 

band show that the highest average values for training pixels in the first classification are obtained for 

the October scene, lowest values for the January scene. In general it can be said that the higher 

reflection intensities of a particular scene are, the better one can discriminate between subtle spectral 

differences. Therefore, the best classification results are expected from the October image. 

The Mahalanobis Distance (MO), used as threshold for the classification, determines both the quality of 

the classification and the amount of classified pixels (CHAPTER 6). Increasing the Mahalanobis distance 

increases the number of classified pixels, but simultaneously decreases the accuracy of the 

classification, and consequently a useful result has to be a compromise between accuracy and the 

amount of obtained information. It was necessary to experiment with different MO's in order to come to 

satisfying results: a reasonable amount of classified pixels, and adequate discrimination of the kaolinite 
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Fig.3. Pixels that are identified as kaolinite soils, using the masking procedure, in the three TM scenes: 

a) October(BA); b) March(BB) and; c) January(BC). Geological outlines are shown. 

Table 2. Averages and standard deviations for training classes used for maximum 
likelihoOO classification of kaolinitic soils. 

BAl : 1lA2:
 
Band Average Std. Band Average Std
 
TM3 38.7 3.2 (TM2/TM5)*500 169 6.1 
TM4 42.3 3.8 (TM4/TM7)*200 129 6.3 
TM5 112.6 9.3 TM3 38.7 3.2 
TM7 66.8 5.4 TM4 42.3 3.8 

881: BB2: 
Band Average Std Band Average Std 
TM3 29.1 3.8 (TM3/TM4 )*200 162.9 6.9 
TM4 36.3 4.1 (TM5/TM7)*100 116.2 11. 7 
TM5 98.6 10.7 (TM3/TM7)*200 93.6 17.3 
TM7 56.3 7.6 (TM4/TM5)*200 68.94 9.7 

OCl : 1lC2: 
Band Average Std Band Average Std 
TM3 27 1.8 (TM2/TM7)*150 116 5.7 
TM4 29.6 2.7 (TM3/TM4 )*200 184 10.6 
TM5 57.2 3.6 (TM4/TM5 )*150 77 4.1 
TM7 29.0 2.5 (TM4/TM7)*60 61.9 5.0 

8A1 and 8A2: October imagei BB1 and BB2: March imagej Bel and Be2: January image. 

pixels near Los Santos (Figs. 4a-f). The quality of the classifications is hard to assess, as we have no 

knowledge about the regional soil mineralogy, except for the Los santos study area, and therefore it can 

only be estimated by comparing the results with those for the study area (Chapter 5). 
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Fig.4a-f. Results of fiY"'st supervised classification ( .... ith TM3, TM4, TM5 and TM7) of kaolinitic soils (black 

pixels). using different Mahalanobis distances (MD). fo the thl""ee TM scenes: a,b) October; c,d) March, elf) 

January. 
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Fig.5a-f. Results of second supervised classification of kaolinitic soils (black pixels), using different 

Mahalanobis distances (MD), fo the three T1'1 scenes: a,b) October; c,d) March; e,f) January. 
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Compared to the results of the masking procedure (Fig.3), the results are considerably improved by the
 

addition of the classification step, as most of the "contacf'pixels near Los Santos are preserved, while
 

the amount of classified pixels in both the Tertiary terrain and granite terrain is strongly reduced. This
 

is particularly well illustrated for the January image (BC). It is interesting to note in the March scene (BB),
 

that a cluster of black pixels located within the metasedimentary terrain in the masked image (Fig.3b),
 

has entirely disappeared.
 

Classification with combinations of band ratios, or combinations of band ratios and original TM bands
 

does not yield significantly different classification results (Figs.sa-f).
 

For each scene one classified image was selected for further processing: BA2 (MD =15); BB1 (MD =17)
 

and BC1 (MD =12). Isolated single pixels were removed from the classified image by passing a 5*5 rank
 

order over the image, using a threshold of 24 (Figs.6a-c). These were subsequently contoured using a
 

15*15 kernel, and divided into 4 frequency classes (Plates 7a-c).
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Fig.6a-e. Result of rank order filtering of classified TM images: a) October scene, classification 2, 

MD=l5; b) March scene, classification 1, MD=l7; c) January scene, classification 1, MD=12. 
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In contrast to what was found for the study area in CHAPTER 5, the highest frequency class appears 

to be most characteristic for the Tertiary soils in all images, while the kaolinitic soils near los Santos yield 

slightly lower frequencies. This might be a useful feature to distinguish between Tertiary soil and contact 

metamorphic soil, as is particularly well illustrated by the January scene (Plate 7c). The contour maps 

shown in Plate 7 enable another, possibly important observation, which was not made in the previous 

chapters: The kaolinite soils, typical for the mineralized contact zone near Los Santos do not occur 

along the full extent of all granite contacts, suggesting that extensive development of kaolinitic soils 

during the weathering of contact metamorphic rocks not only depends on the degree of contact 

metamorphism, but also on the degree of hydrothermal interaction on these rocks. This requires 

additional study. 

Land use Mapping 

The contact metamorphic zone near los Santos is distinguished from the regional metasediments by a 

higher diversity in land use (CHAPTER 5). In order to map the variation in land use, a 15*15 diversity 

filter was passed over the TM3/TM4 ratio images of October, January and March. The resulting images 

were divided into 5 frequency intervals (Plate Sa-c). These plates very clearly reveal that the diversity in 

land use strongly changes during the various seasons. Furthermore, it is obvious that high diversity is 

not a feature unique for the contact metamorphic aureole, but is also associated with a number of other 

features: 

October: The Los Santos contact is characterized by diversities) 101, while a major part of the Tertiary, 

the metasediments and the granites are characterized by diversities < 101. The east-west high diversity 

zone in the Tertiary near Salamanca, which further eastward bends to the south, exactly follows the 

course of river Tormes. It is no surprise that high diversity in land use is found near the river, as water 

for irrigation and sprinkling is plentyful available; An east-west high diversity zone about 10 Km north of 

Los Santos corresponds with a quartzitic formation; A high diversity zone west of Los Santos 

corresponds with a mountainous area with steep quartzite ridges. 

March: The diversity image is quite similar to that of October, except for the fact that diversities) 101 

are more abundant in the Tertiary terrain, while in the metasediments and granites the diversity is 

generally lower compared to October. 

January: The Tertiary terrain is characterized by higher diversities than the other mapping units. The 

contact zone near Los Santos is hardly noticeable. This image could be particularly useful for mapping 

the Tertiary terrain. 

In summary it can be said that discrimination of contact metamorphic rocks on the basis of the land use 

is most adequate using the October scene. The diversity in land use could provide a good mapping tool 

if the variation of land use, due to seasonal differences, is better stUdied. 
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7.5 AIRBORNE GEOPHYSICAL DATA 

The airborne geophysical data (magnetics, radiometric potassium, thorium, uranium and Total Count) 

are used to map granitic and metasedimentary rocks, to identify the granite contact, and to identify 

metasedimentary rocks that are possibly contact metamorphic. 

Radiometric data 

The granitic rocks generally have higher contents in radioelements than the sedimentary terrain, of which 

the clearest example is provided by potassium (Plate 9). In CHAPTER 6 it was demonstrated that the 

most effective way to map the intrusive rocks is to perform a supervised classification, using the 

combined radiometric data set. 

A first supervised classification was carried out using three granite training classes, as the granite 

intrusion is strongly zoned (CHAPTER 2,3,4,6), and one metasediment class. All training samples were 

selected in the original study area near Los Santos. The statistics of the training classes are listed in 

Table 3. The red pixels in the classified image (Plate 10) correspond with granodiorite, yellow with 

slightly more felsic granodiorites, while blue corresponds with monzogranites. Green corresponds with 

metasedimentary terrain. The positions of the training samples are indicated in black. The location of 

classified granite and metasediment corresponds rather well with the geological map, except for granite 

class 3 (monzogranite). Parts of the Tertiary and small parts of the metasedimentary terrain are also 

classified as monzogranite. 

Table 3~ Statistics of training classes used for supervised 
classification of the radiometric data sets. 

Class U (ppm) Th (ppm) K (%) Te 

X STD X STD X STD X STD 
----------- ----------- ----------- -----------

Granite1 4.81 D.71 16.D D.73 2.42 D.14 3.14 D.18 
Granite2 4.D5 D.67 13.2 D.69 2.13 D.12 2.67 D.12 
Granite3 3.65 D.95 1D.4 D.99 2.15 D.15 2.32 D.17 
Metased iment 3.99 D.89 9.94 D.87 1. 71 D.19 2.D3 D.23 
Tertiary1 3.D1 D.82 7.29 D.79 2.19 D.14 2.D1 D.13 
Tertiary2 2.67 0.59 8.06 0.86 1.06 0.15 1.26 0.14 

A second classification was carried out, adding two training classes in the Tertiary terrain to the sample 

set. The first class is sampled in the Tertiary that was classified as granite, while the second was selected 

in the Tertiary zone southwest of salamanca. The latter class was added because it would be very useful 

if the Tertiary could be mapped. This would help to decide which soils, classified in the TM image as 

kaolinite, in fact are Tertiary soils. 

The results of the second classification form an improvement compared to the first classification in the 

sense that Tertiary soils can be distinguished (Plate 11a). However this time some of the granites in the 
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north-west corner are also classified as Tertiary. These are apparently granites that have a lower Th and 

U-content than the other granites (Table 3). 

The binary diagram of the potassium content of the training samples against their thorium content (Plate 

11a), clearly demonstrates that the two Tertiary classes are radiometrically totally different. Perhaps this 

has to do with different origins of the soil material. It might be that the first class is derived from granites, 

while the second is derived from metasediments. Alternatively it might be that the first class overlies 

granitic rocks, as also the granites near Martinamor partly have a similar radiometric signature. Additional 

fieldwork would be required to explain this difference. 

Some experimenting with additional training classes indicates that the classification could be further 

refined. However, it is not our aim to reproduce the geological map, but rather to map granites and 

sediments as good as possible on the basis of the knowledge obtained in the study area around Los 

santos. Therefore it is decided to continue the data processing with the image obtained by the second 

classification. 

Small areas, which are probably misclassified, are removed with a median filter, prior to calculation the 

granite contact (see CHAP1ER 6). The size of the median filter used is 15-15 pixels, implying that areas 

with a size below 113 pixels are replaced by the class of the surrounding pixels. 

The filtered image (Plate 11b) is used to construct the position of the granite contacts. 

In order to define sedimentary rocks that are possibly contact metamorphic, the distance within the 

sedimentary rocks to the classified granite contact is calculated (Plate 11c). As it is very unlikely that 

contact metamorphic rocks occur at a distance greater than 3000m from the intrusive contact, all pixels 

at greater distance have been reset to zero. 

With this image, there is something very remarkable: if we look at the granite contact between Los 

santos and cabezas de Villar (see Fig.1) the shape of the classified contact is identical to that on the 

geological map, but it is shifted approximately 2km to the north. The same seems to be the case with 

the boundary of the Tertiary (Class 2, Plate 11b) in the north-west corner of the image, and perhaps also 

with the Tertiary just north of Los santos. This suggests either that the coordinates of the airborne data 

set are incorrect, or that the coordinates of the digitized geological map are wrong. The latter possibility 

is unlikely, since, when the geological map is overlain on a TM image, the boundaries of the lakes match 

correctly. Unfortunately there is no way to check the quality of the coordinate system of the airborne 

data set. 

Magnetic data 

The gridded residual airborne magnetic data are presented in Plate 12a. This image very clearly 

illustrates the disturbing effect of the levelling errors, due to the absence of cross flight lines. 

In order to reduce the effects of levelling errors, the flight line data were corrected using a cosine filter, 

which removes frequencies related to the flight line spacing. The filtering was done using GEOSOFT 

software. The filtered flight line data are regridded (Plate 12b), demonstrating that the effects of levelling 
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errors seem to have been removed. It is important however to realize that the filtering may have 

introduced new errors. 

The shift of the airborne data to the north, suggested on the basis of the radiometric data, seems to be 

confirmed by the magnetic data, if we look at the magnetic response of the large mafic dike, near Avila. 

This dike, which consists of gabbro, is presumably vertical, as it shows a straight intersection with the 

topography along its full extent (approx. 5OOkm, Garcia de Figuerola and Carnicero 1973). The positive 

magnetic anomaly related to such a dike, should on the northern hemisphere, occur south of the dike 

(Bredewout pers.comm.), while in this image it is located north of the dike. 

As discussed in the previous chapter, contact metamorphic rocks near Los Santos are recognized by 

two different magnetic features: 1} they have a low magnetic relief and; 2} they have the same magnetic 

field as the adjoining granites. 

As we want to determine which sedimentary rocks have a low magnetic relief, the magnetic relief image 

was calculated for those rocks that were classified as metasedimentary or Tertiary on the basis of the 

radiometric data, using a 13·13 diversity filter. With this filter, a high magnetic relief will be translated into 

high diversity values, while a low magnetic relief will result in low diversities (Plate 12c). 

Based on the situation around Los Santos it is decided that pixels with a diversity value below 35 may 

represent contact metamorphic rocks (Plate 12d, green). The pixels that additionaly have a residual 

magnetic field between -225 and -235 nanotesla are indicated in red. 

7.6 DATA INTEGRATION 

So far a number of maps are generated that contain information whether granite related mineralization 

may be present or not. This study however demonstrates very clearly that the situation is much more 

complicated than was the case for the study area near Los Santos, as in none of the maps the classified 

pixels are unique features for the contact aureole. For example high diversity in land use is not only 

mapped in the contact aureole, but also in the Tertiary terrain. The same is the case for kaolinite pixels. 

Therefore the integration step is even more important than was the case for the study area. True contact 

pixels will be enhanced, since they should appear in more than one map, while pixels that for some 

other reason are classified as contact metamorphic in one map only will not be enhanced. In this way 

we can distinguish between pixels that are probably correctly classified and those that are likely to be 

misclassified. 

In CHAPTER 6 the importance of assigning weights to the different classes within each single map was 

discussed, and two different methods were suggested for determining these weights for any particular 

map. 
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Table 4. Weights assigned to the various classes within each map. 

BA(Kao1inite) 
1-10 
11-30 
31-B9 
>89 

1 

BB(Kao1inite) 
1-10 
11-39 
40 83 
>83

BC(Kao1inite) 
1-20 
21-42 
43-105 
>105 

Magnetic map 
"Greenll 

"Red" 

a '" b* c '" 
5.7 1 1 
12.6 2 2 
32.B5 3 6 
0 4 1 

a'" b'" c '" 
1. 75 1 1 
2.53 2 2 
2.19 3 3 
0 4 1 

a '" b'" c '" 
2.11 1 1 
2.25 2 2 
6.89 3 3 
0 4 1 

a'" b'" c '" 
0.93 1 1 
1.6 2 2 

'" 

BA(Diversity) a* b '" '" c 
1-63 0.33 1 0 
64-79 0.41 2 0 
BO-89 0.69 3 0 
90-101 1.03 4 1 
>101 4.72 5 4 

'" '" '" BB(Diversity) a b c 
1-63 0.47 1 0 
64-79 0.47 2 0 
80 89 1.6 3 1 

1 -90-101 3.39 4 2 
>101 4.72 5 3 

BC(Diversity) 
.. 

a '"b '" c 
1-63 0.31 1 0 
64-79 1.35 2 0 
80-89 1.53 3 2 
90-101 0.8 4 1 
>101 0 5 0 

Di stance map '" a '" b '" c 
2251-3000m. 0.05 1 1 
1501-2250m. 0.69 2 2 
751-1500m. 2.4 3 3 
1-750m. 4.3 4 4 

a: ratio method; b: number of classes; c: final weight. 

The first method was to calculate, in the study area near Los Santos, the ratio between the surface 

percentage of the contact aureole that is covered by a certain class, and the surface percentage of the 

remaining area that is covered by the same class (Table 4, column a). 

The second method was much simpler, as the weight is determined by the number of classes in a 

certain map (Table 4, column b). The actual weights assigned to the various classes (Table 4 column 

c) are, although mainly based on a combination the two methods, also influenced by number of 

additional factors: 

1) The highest class in the kaolinite map would get a weight of 0 according to the first method, as it 

does not occur in the contact aureole of the study area. It could however be that in other contact zones 

these high frequencies do occur, and therefore it was given a weight 1. 

2) If the weights assigned to kaolinite map SA would be conform the ratio method, they would probably 

dominate too much in the integrated image, as they are very high compared to weights used in the other 

maps. Therefore these values have been divided by 5. 

3) The lowest classes in the diversity maps are assigned the weight 0, as they are not typical for contact 

metamorphic rocks. 

4) The distance map was divided in four classes, each with a width of 750m (see CHAPTER 6). The 

weights of the classes between 1500 and 3000m. would have been 0 according to the ratio method. 

However, this would mean that pixels at a greater distance than 1500m would be lost, which would be 

a waste of potentially useful information. 
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The maps resulting from the data integration are shown in Plates 13a-f. 

BA: (Plate 13a,b) The mineralized area near Los santos is well identified by high probabilities (7-16). 

Other areas showing probabilities of 7 or higher, that correspond with known mineralization are: south 

of salamanca, near the village of Martinamor; West of salamanca and; south of Tamames. The other 

zones with high probabilities do not correspond with known mineralization. It is curious that the Tertiary 

east of Martinamor has such a high probability. It is recommended that these high probability areas are 

checked out in the field. 

As it is most likely that mineralization occurs within sedimentary rocks, we have produced a second map 

that only gives the probabilities within the metasedimentary rocks (Plate 13b), which facilitates the 

interpretation. 

BB: (Plate 13c,d) This image indicates essentially the same areas as the previous, but there are higher 

probabilities in the Tertiary. The mineralized zone near Martinamor is clearer in this image. The 

probability map for the metasedimentary rocks is given in Plate 13d. 

BC: (Plate 13d,e) The difference between this map and the previous ones is small: Los santos is slightly 

less pronounced, while a number of interesting locations appear along the eastward extension of the 

contact near Los Santos. The Martinamor zone comes out slightly better compared to BA, but less clear 

compared to BB. 

7.7 DISCUSSION AND CONCLUSIONS 

In this chapter the data integration methodology developed in the foregoing part of this thesis was tested 

on a very large area, using the knowledge obtained in the Los santos study area as a basis for the 

interpretation of the data. The only extra ground reference available was a 1:200.000 scale geological 

map. As was expected, the interpretation of the data was more complex, not only because our ground 

knowledge was so limited, but also because in the large area a number of additional factors were 

encountered, that complicate the interpretation of the data: 

1) The spectral signature of Tertiary soil is very similar to that of the soils overlying contact metamorphic 

rocks; 2) Due to seasonal variations, the successful discrimination of kaolinitic soils is dependent on the 

acquisition date of the TM scene; 3) The degree of development of kaolinitic soil may not only be related 

to the degree of contact metamorphism, but also to the degree of hydrothermal interaction; 

4) High land use diversity is not unique for the contact metamorphic zone; 5) Due to seasonal variations 

the results of Land use diversity mapping depend strongly on the acquisition dat of the TM scene; 

6) The coordinate system of the airborne data is probably incorrect, causing a shift of the data of at least 

2km northwards; 7) Radiometric discrimination of granites is complicated due to the similarity between 

some granite types and parts of the Tertiary terrain; 8) The quality of the magnetic data set is strongly 

reduced due to serious levelling problems. These errors can be partly removed, but this may 

simultaneously introduce new errors. 
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In conclusion, a number Of remarks can be made: 

I: Based on the knowledge obtained in the pilot study area near Los santos, the remote sensing data 

for a much larger area were analyzed and integrated into maps that predict the presence of granite 

related mineralization in this region. 

II: The fact that most of the known mineralization does occur in high probability zones, indicates a good 

quality of these maps. 

III: Therefore the methodology is sUfficiently flexible indeed to deal adequately with the additional 

uncertainties and complications that are encountered when the scale is enlarged from a pilot 

investigation to a regional survey. 

IV: Based on these results a number of areas can be selected that require additional fieldwork, either 

because they are promising exploration targets, or because they left us with questions during the 

interpretation of the data. One of these areas would certainly be the Tertiary zone east of salamanca. 

Another area worth a Visit, would for example be the cluster of kaolinitic pixels, located within the 

sedimentary rocks (Figure 3b), that disappeared during the subsequent classification step. 
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• •
Plate 1. RGB colour composite image of TM 1, TM3, TM4 (12 October 1987). The granite contact and the 
approximate boundary of the contact aureole are indicated in red. Hammers indicate the position of the Los 
Santos tungsten mine. 
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Plate 2. Results of contouring the "kaolinite" pixels in the image presented in Fig. 4b (Chapter 6). 
The contoured image is sliced into three frequency classes. 
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Plate 3. Result of contouring the "high diversity" pixels in the image presented in Fig.5b (Chapter 6) with a 50'50 
kernel. The contoured image is sliced into four classes. 
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Plate 4a. Level sliced image of airborne radiometric eTh (ppm) 



Plate 4b. Result of maximum likelihood classification of airborne radiometric datasels, (Th, U, K), using a 
Mahalanobis Distancp. of 100. G1 corresponds with the most granodioritic, G5 with the most monzogranilic rocks. 

Plate 40, Result of smoothing the classified image presented in Plate 4b, using a 127"127 median filter, In order to 
correct for misclassified areas. 



Distance 
in meters 

1500 - 2250 

750 -1500 

0- 750 

Plate 4d. Corridor of 2.2Skm around granite boundary, predicting the presence of contact metamorphic rocks. 
The granite boundary is calculated using the image presented in Plate 4c. The corridor is subdivided into three 
distance classes. 
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Plate Sa. Level sliced image of residual airborne magnetic field. NE-trending linear features are predominantly an 
effect of levelling errors. 
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Plate 5b. Classified metasediments with magnetic properties similar to the granitic rocks, which therefore may be 
contact metamorphic. Green pixels represent sediments with a flat magnetic relief; Red areas additionaly have the 
same residual magnetic value (-225 to -229nT) as the granites. 
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Plate 6a. Map that predicts the presence of contact metamorphic rocks. This map is the sum of the images 
presented in Plates 2,3,4d and 5b, using the weights given in Table 4 (Chapter 6), column a. 



Plate 6b. Map thai predicts the presence of contact metamorphic rocks, using the weights given in Table 4, 
column b. 
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Plate 7a. Results of contouring the kaolinite map presented in Flg.6a (Chapter 7), using a 15'15 kernel. 
Oclober scene. 
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Plate 7b_ Results of contouring the kaolinite map presented in Fig.6b (Chapter 7), using a 15'15 kernel. 
March scene. 
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Plate 7e. Results of contouring the kaolinite map presented in Fig.6c (Chapter 7), using a 15-15 kernel. 
January scene. 
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Plate 8a. Land use diversity map. resulting from diversity filtering of TM3fTM4 ratio image (October scene). 

Plate 8b. Land use diversity map, resulting tram diversity IIItering 01 TM3fTM4 ralio image (March scene). 
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Plate 8e. Land use diversity map. resUlting from diversity filtering of TM3fTM4 ratio image (January scene). 

Plate 9. Airborne radiometric Potassium Image. 
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Plale 10. Results of supeNised classification of airborne radiometric data (K20, Th, U and Total Count), 
distinguishing three granite classes and one metasediment class. Locations of training samples are indicated 
in black. 
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Plale 11 a. Results of supeNlsed claSSification of airborne radiometric data, distinguishing three granite classes, 
one metasediment class and two Tertiary cover classes. Locations of training samples are indicated in black. 
The diagram presents the variation in potassium and thorium for the six training classes. 
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Plate 11 b. Result of passing a 15<15 median rilter over the classified image presented in Plate 11 a. 
Classified areas with a surface smaller than 113 pixels are replaced by the value of the surrounding class. 
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Plate 11c. Distance to the granite contacl. The granite contact Is constructed using the smoothed image 
presented in Plate 11 b. 
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Plate 12a. Image of raw residual airborne magnetic data. 
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Plate 12b. Residual airborne magnetic data aller cosine filtering or the original flight line data. This was done in 
order to remove the levelling errors. 
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Plate 12c. Magnetic relief in areas classified, on the basis of the radiometric data, as metasedimentary rocks. 

Plate 12d. Classified metasedimentary rocks, whose magnetic signature suggests contact metamorphism. 
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Plate 13a. Probability map for the area covered by the October scene; Orange coloured lines indicate the 
boundaries 01 the airborne geophysical data set. 
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Plate 13b. Probability map tor the area covered by the October scene, exclusively tor metasedimentary rock~. 
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Plate 13c. Probability map for the area covered by the March scene. 
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Plate 13d. Probability map for the area covered by the March scene, exclusively for metasedimentary rocks. 
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Plate 13e. Probability map for the area covered by the January scene. 
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Plate 13f. Probability map for the area covered by the January scene, exclusively for metasedimentary rocks. 




