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1.  INTRODUCTION. BACKGROUND  

The Spanish Geological Survey (IGME) has been involved during the last years in many 

infrastructure and metalogenetic research projects located in the South-Portuguese and Ossa-

Morena zones of the Variscan Iberian Massif. These zones are characterized by the exceptional 

mine and metalogenetic orebodies. In fact, in the southwest of Spain are located some of the most 

important massive sulphurs of the world and some remarkable metallic crustal anomalies.  

Following this events, the 6th of May 2009, IGME signed as a co-partner the project "Nano-

particle products from new mineral resources in Europe" (ProMine, NMP-2008-4.0-5) (contract 

228559) of theseventh UE Forward Program, together with 25 partners. The project was led by the 

Finland geological survey (GTK). Out of the 7 work packages of Promine, the IGME has been 

actively involved in WP1, WP2 and WP4. 

The objective of WP2 was to obtain the 3D model of the main orebodies representative of the 

Ossa Morena Zone and South Portuguese Zone. Specifically the work was focused in Aguablanca 

and Cala Mine of the Ossa Morena Zone and the Río Tinto orebody of the Pyritic Belt. 

This report is the result of the geological and geophysical investigation and the 2.5 and 3D 

geological and geophysical models of the Cala area, within the WP2. 

In this case, IGME and LUNDIN Mining Corporation, through their representatives, established a 

specific agreement, signed on 16-9-2011, in order to set up the “Gravimetric characterisation of 

the geological structure of the Cala area and Santa Olalla de Cala (Badajoz)”, within the 

framework of the European Project ProMine. Key aspects of the agreement were: 

-The agreement would fulfill the provisions of the ProMine Project (Seventh Framework 

Program), between IGME and LUNDIN, signed in May 2009. 
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-The term of the Agreement was set at 15 months from the signing. 

-IGME should report technical-scientific results once processed and analysed the gravity survey. 

This is the report presented here. 

 -LUNDIN-IGME shared property of new data and knowledge derived from the Agreement was 

established but not of the previous information of any Part. Each Part may use its previous owned 

information to improve their role in the Agreement. 

-The Parts agreed to maintain the confidentiality of the information obtained within the 

Agreement, during a year. After that period of confidentiality, each Part could release and make 

public the agreement results. 

-In terms of the results dissemination, LUNDIN recognized the right of IGME and their 

researchers to publish the results of the Project. IGME and the concerned research shall inform 

LUNDIN with at least one (1) month in advance of any publication, dissemination, dissertation or 

conference they undertake in connection with the Project. In any documentation, poster, 

propaganda or publication prepared by each Part, mention should be made to the Agreement and 

the financing entity. 

-Regarding economic conditions, LUNDIN funded with 5,000 € the execution of the Agreement. 

IGME contributed 8,000 €, so the total Agreement budget was 13,000 €, of which 11,000 € were 

allocated for field work and data acquisition in the Cala area; 500 € to perishable goods (field 

material) and 1,500 € for petrophysical laboratory analysis. The budget has been executed with a 

deviation of +/-15% (up to 15,000 € approx.) afforded with the funding received by the IGME 

directly from the ProMine project. 

-Uploading of agreement results to public corporative IGME databases will occur after the period 

of confidentiality. 

2.  OBJECTIVES. METHODOLOGY  

2.1. Objectives. Study area 

The aim of the project "Gravimetric characterisation of the geological structure of the Cala area 

and Santa Olalla de Cala (Badajoz)" is to obtain the geophysical characterization of the geological 

structure located in Cala mine and Santa Olalla de Cala (Badajoz-Huelva). We use the appropriate 
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methodology of collection, processing and interpretation of gravity and petrophysical data. For 

the geophysical characterization magnetic and radiometric airborne data from the institutional 

IGME databases are also analysed and interpreted.  

The area, covering c. 400 km2 (red square, n.6, in figure 2.1), has been previously studied for its 

high interest in economic mineralizations of Ni, Cu, Fe and Au. Therefore, besides a regional 

gravity covering the all study area, a detailed gravity survey was specifically planned in the Cala 

Mine (figure 2.1, blue square, n. 3). At the start of the project, a detailed compilation of previous 

gravimetric and petrophysical data available in the IGME databases, publications, thesis etc., was 

made. After this compilation, in order to integrate all the available data, a substantial expansion of 

the study area provided at the beginning was necessary. The Table 2.I summarizes the compiled 

and newly acquired surveys shown in figure 2.1: 

GRAVIMETRIC ZONES OF 
CALA AREA Origen-date Xmin Xmax Ymin Ymax 

New IGME regional gravity (1+2 on 
figure 1) 

Agreement 
estimate 729000 743000 4200000 4210000 
Acquired 
2011/2012 729000 748000 4195000 4210000 

New IGME Cala Mine detailed 
gravity (3-fig 1) 

Acquired 
2011/2012 731000 735000 4202000 4205000 

Gravity from Romeo Ph. Thesis 
(Regional; 4-fig 1) 

Compilation 
(2006) 743000 759000 4196000 4210000 

Detailed gravity of Aguablanca 
(Romeo; 5-fig 1) 

Compilation 
(2008) 746000 748000 4204000 4206000 

Total gravity data (IGME+Romeo: 
1+2+3+4+5=6)   729000 759000 4195000 4210000 

Table 2.I. Coordinates UTM ED50 zone 29 N, from the compilation and measured data. 

2.2. Methodology 

It includes the following aspects: 

- Compilation of gravity data. 

- Acquisition of new gravity data with the appropriate number of points per km2 (chapter 3 of this 

report). 

- Topographic data acquisition using GPS, operating simultaneously with the gravity meter, 

lowering the cost and reducing acquisition time (chapter 3). 
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detailed 

Magnetic - Grids from flights 1996-97 

Radiometric 221 sites Grids from flights 1996-97 

Petrophysic 180 samples 234 samples 

Table 2.II. Data used for the geological characterization 

Following the agreement IGME-LUNDIN was due to measure around 1000 gravity points (plus 

10-15% repeated sites), covering about 2 points per km2 in the regional survey of Cala (between 

Cala and Santa Olalla del Cala, around 400 gravity points) and 50 points per km2 (around 600 

gravity points) in the Cala Mine. Moreover the number of samples for petrophysical 

characterization was due around 50 samples. As seen in Table 2.II, the forecast have been 

overcome in the case of regional gravity (490 of 852 gravity points) and the petrophysical samples 

(180), but not in the detailed gravity survey due to logistic constraints (it was not possible to 

measure all the intended points due to the rough topography in the mine). 

The data from the Project “Exploración aeromagnética y radiométrica de la Faja Pirítica y áreas 

limítrofes” (Bates, M. and García-Lobón, J.L., 1998) present an airborne geophysical survey of an 

area of 15,185 km2, covering the Pyritic Belt and adjacent areas (within the provinces of Badajoz, 

Huelva and Sevilla). The objective was to obtain geophysical information that would help to 

identify potential prospective areas, seeking for mineralised bodies. Later, the derived geophysical 

cartography has helped to support another research projects. 

The flight was completed between 1996 and 1997, by the Canadian Company Sander Geophysics 

Ltd., and supervised by IGME. It flew 69,019 km N-S strike with 250 m spaced of lines and 

altitude clearance 80 m. The processing of magnetic (levelling and gridding size of 50 x 50 m) and 

radiometric data (microlevelling, data reduction and gridding of 100 x 100 m) was undertaken. 

As final products there were produced a series of maps at scale 1:50,000, 1:100,000 and 1:200,000 

total magnetic field, reduced to the pole, vertical gradient and radiometric values (%K, ppm Th 

and ppm U). 

In the figure 2.2 the reduced to the pole total field aeromagnetic map is shown at scale 1:200,000 

with the study area delimited with a green square. 
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3.2. Gravity meter. Observed gravity  

In gravimetry, we want to determine the density distribution of subsurface rocks through the 

observation of the perturbations that the geological structures cause in the Earth's gravitational 

field, measured on the surface (Plata et al., 2002). The gravity meters are the instruments used for 

this task and, are, in essence, mechanical escales with a mass supported with a spring. The gravity 

changes will produce variations in the weight of the mass, and therefore in the length of the 

spring, being this variation what is measured by the gravity meter. The gravity meters measure the 

vertical gravity. 

In this work, for the acquisition of the gravity data has been used the Scintrex CG5 gravity meter 

of IGME. Originally this gravimeter Scintrex was a CG3 model, which was upgraded to the CG5 

model in 2009. The nominal features of this device are: 

Reading accuray: 1 microGal 

Repeatability of standard field: < 5 microGal 

The gravity meters are instruments of very high sensitivity, and should be used with great care 

since they are affected from variations over time, reflected in the values of the readings, 

phenomenon which is called drift. Different types of drift can be determined depending on the 

type of control that is carried out with the gravity meter. If the gravity meter is kept repeating the 

measurement at the same fixed point, the drift is called static, which gives an idea of the 

mechanical condition of the device. During a survey, drifting of mechanical and tidal origin can be 

called instrumental drift. In order to minimize the working drift, each working day is divided in 

what we call programme which duration (from one to several hours) depends on each gravity 

meter and on the accuracy we need for each survey. The alternation of the gavity meter measures 

at a fixed point and during the survey, controlled every 24 h provides the secular drift. 

Figure 3.6 shows the registration at a fixed point of the facilities of the IGME carried out in April 

2012, before one of the surveys. The record presents a drift less than 0.05 mGal/24 hours, proving 

the stability of the gravity meter. 
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Figura 3.6. Measurement at fixed point for 24 hours with Scintrex CG-5 gravity meter. In x-axis 
are represented sequentially the gravity meter readings, taken at 4 minute intervals during the 
April 8, 2012. 

During the field survey, control of the instrumental drift (the drift of each programme), and secular 

drift (control at fixed point, in this case the base of opening and closing of programs) has been 

made. Graph of the secular drift is shown in figure 3.7. 

Figures 3.6 and 3.7 demonstrates that the gravity meter has shown a normal behavior, not seen 

large drifts or sudden jumps throughout the survey. More rigorous control is carried out through 

the repetitions, as it will indicate later.  
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Figura 3.7. Graph of secular drift of the gravimeter Scintrex during the different programs of the 
survey. Measures were carried out in the gravimetric base when you open and close the daily 
programme  
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3.2.1. Measurement points. Bases. Control of repetitions of field survey 

During the survey, a single base has been used. It is located in the town of Monesterio and its 

characteristics can be observed in the figure 3.8. This base was established by the IGME in 2005 

and linked to the IGRS67 trough the IGN base of Fuente de Cantos. 

The UNE 22-611-85, referred to the gravimetric method, establishes: "the accuracy of the 

measurements will be checked as follows: at least 5% of the stations will be measured twice in the 

course of different programmes". In the case of gravimetric data acquired in this project, scale 

1:50000 of work and 2 points for km2, the recommendation of the UNE norm states that the root 

mean square (RMS) of differences in the observed gravity obtained by two readings at the same 

point should be less than 0.15 mGal 
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CLS is the tide correction, which takes into account the influence exerted by the Moon and the 

Sun on the terrestrial gravity. The gravity meter Scintrex provides the value of lpk+CLS, since it 

has implemented in the device the program for its calculation. 

The formulas used are based on 1959 Longman equation (Longman, 1959) to predict the values of 

the acceleration of tides for certain intervals of time at any point on the Earth's surface. 

3.3. Calculation of the Bouguer anomaly 

The observed gravity (gobs) is a measured value that depends on several factors: geographical 

latitude, elevation of the station, the actual distribution of densities under it and its surroundings, 

and the time of the acquisition (corrected for drift and tide variation). 

This value should be compared with a theoretical one gt obtained from normal gravity g0 into the 

geoid (gn) but corrected to the height where gobs has been measured. This correction takes into 

account the difference of height z between the measured point and the geoid, the existing mass 

between these heigths and the influence of the surrounding topography. The value  

B = gobs - gt 

is called Bouguer anomaly and should rely solely on theoretical and real densities relationship.  

The aim of the gravimetric data process is to get the value of the Bouguer anomaly in each of the 

measurement points. With these values we can build the map of Bouguer anomalies, the basemap 

on gravimetric cartography. Based on this cartography, documents with which to perform the 

analysis and interpretation of anomalies located by gravimetric prospecting can be obtained. 

3.3.1. Normal gravity. Corrections: air free, Bouguer, and topographic   

The data procedure to calculate the Bouguer anomaly has been made using the software OASIS 

MONTAJ from Geosoft Company, complemented with some software developed by IGME. 

Value of the normal gravity 

Theoretical gravity is established from the normal g0 gravity existing on a surface of reference or 

geoid (approximated by an ellipsoid of revolution) and depends on the geographical latitude.  

In this work the normal gravity has been calculated using geodetic reference syatem GRS67 

(Datum Potsdam g = 981260 mGal): 
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This system used for the calculation of the normal gravity the expression of the international 

gravity Formula 1967 (Formula Somigliana; Somigliana, 1929) developed in series: 

g0= 978031.85 * [1 + 0.005278895 * sen2(φ) + 0.000023462 * sen4(φ)] 

where φ is the latitude in the ED50 reference system. 

Correction of altitude (free air correction)  

Historically, the altitude correction has been called free-air correction and is defined as the 

difference between the gravity observed at one point of the Earth's physical surface and the normal 

gravity on a reference surface, ellipsoid or the geoid. 

For its calculation has been used the so-called first order formula: 

δgFA = 0.30854 * h;  

where is h the orthometric height in meters and δgFA it is expressed in mGal. 

Bouguer correction 

Bouguer correction corrects the gravitational efect of the landmass between the   datum plane and 

the station. To calculate the effect of this mass, it is considered an infinite slab of thickness h and 

density ρ (known as reduction density). The effect of this slab in the station is given by:  

δgBA = 2π*G*h*ρ (mGal) 

where G is the constant of universal gravitation, (6.673±0.001) 10-11 m3kg-1s-2, h is the height of 

the station in m and ρ is the density of the plate in kg/m3. Substituting G and π the formula 

becomes: 

δgBA = 4.192 10-5 *h*ρ (mGal) 

Calculation of topographic correction  

The topographic correction accounts for the variations in the observed gravity caused by variations 

in the topography near each observation point. Because of the assumption made during the slab 

correction, topographic correction is always positive regardless whether the local topography is a 

mountain or a valley. 
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- Una campaña de detalle del stock de Aguablanca cuyo objetivo es modelizar la geometría en 

detalle de dicho plutón y del yacimiento de Ni-Cu-(EGP) que tiene asociado, así como realizar 

una prospección de hipotéticas nuevas mineralizaciones por descubrir. El estudio fue realizado en 

colaboración con la empresa explotadora del yacimiento Río Narcea Gold Mines. Este estudio 

cubre un área de 2.24 km2 donde se midieron 605 estaciones gravimétricas, distribuidas con una 

densidad media de 270 estaciones por km2. La modelización gravimétrica combinada con los 

datos estructurales ha permitido establecer un modelo de emplazamiento concreto para el stock 

de Aguablanca y los cuerpos mineralizados de Ni-Cu-(EGP). 

Ambas campañas se realizaron utilizando un gravímetro LaCoste&Romberg 953 perteneciente al 

Departamento de Geodinámica de la Universidad Complutense de Madrid con una precisión de + 

0.01 mGal y una deriva inferior a 1mGal al mes. La posición de cada estación en la campaña 

regional fue determinada mediante GPS (SILVA) y mapas 1:25000 del IGN; mientras que en el 

caso de la campaña de detalle del stock de Aguablanca se utilizó un GPS diferencial 

perteneciente a Río Narcea Gold Mines. En los recorridos diarios se ha tomado como base la 

iglesia del pueblo Monesterio (gravedad observada: 979862.77 mGal). Esta base ha sido 

enlazada con la base de la red fundamental del I.G.N. Fuente de Cantos, con un valor de 

gravedad observada de 979912.99 mGal. 

Para la modelización de la campaña regional se utilizó el programa GM-SYS 4.9.39b de la 

compañía Geosoft, que utiliza una aproximación 2¾D donde cada polígono de roca del modelo 

corresponde a un prisma con una longitud diferente por delante y por detrás del plano de 

modelización. Además el programa permite establecer los contrastes de densidad entre el prisma 

y el cuerpo adyacente, pudiendo ser diferentes también por delante y por detrás del plano de 

modelización. Se realizaron 5 perfiles ensamblados que sirvieron para obtener una visión 

tridimensional del Complejo Ígneo de Santa Olalla. 

Sin embargo en el caso de la campaña gravimétrica de detalle del stock de Aguablanca se obtuvo 

un mapa de anomalías residuales sencillo, caracterizado por un solo máximo provocado por el 

contraste de densidad de las gabronoritas de Aguablanca con las rocas que las rodean. Esta 

geometría de la anomalía residual adjudicable a un único cuerpo resulta ideal para llevar a cabo 

directamente una modelización tridimensional dada la relativa sencillez del problema a resolver. 

Por este motivo en la campaña de detalle se optó por utilizar el módulo GMSYS-3DTM (3D 

Gravity and Magnetic Modeling para Oasis montajTM version 1.2; Northwest Geophysical 

Associates, Inc. 2005) y realizar un modelo de densidades tridimensional definido por un 
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Figura 3.11. Bouguer aanomaly map with density 2.0 g/cm3 made with triangulation algorithm 
using all the gravimetric points: Romeo (2006-2008) and IGME (2011-2012). Scale in mGal. 
UTM Coordenates ED50 H29N. 

3.4. Gravimetric data processing  

3.4.1. Bouguer anomaly map  

Regional Gravimetry 

Once calculated the value of the Bouguer anomaly in each measured point, next step is to obtain a 

regular grid in order to create the map of Bouguer anomalies. The chosen grid spacing has been 

250 m. The gridding algorithm selected was Minimum Curvature that has been considered the one 

that best fits the available point distribution. Figure 3.12A shows the map of Bouguer anomalies 

with a reduction density of 2.0 g/cm3. 

Detailed Cala mine gravimetry 

In this case the espacing grid has been 50 m. The gridding algorithm has also been that of 

minimum curvature. Figure 3.12B shows the map of anomalies of Bouguer obtained for a density 

of reduction of 2.0 g/cm 

3.4.2. Reduction density 

 Reduction density we use to obtain the Bouguer correction, and represents the equivalent density 

of a spherical cap limited by the geoid and the Earth's surface made of the materials that 

characterize the uppermost layer of the study area. 
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Determinación of the degree of the polinomial trough analysis of upward continuations. 

Zeng thecnic 

It is based on the assumption that if the gravity field were measured from a certain elevation, the 

resulting anomalies would correspond only to the deeper structures (regional). The determination 

of polynomial that represents the regional anomaly, we have proceeded as follows:: 

1- From the Bouguer anomaly grid, we have built maps of analytic upward continuation from 1 to 

10 km, at 500 m intervals. 

2- Theses surfaces have been compared in consecutive pairs to see from which pair the variation 

was minimal. One of the surface pairs is taken as the most representative of the anomalies of 

deeper origin. In our case we did choose the continuation to 5000 m. for regional gravimetry and 

to 2000 m for detailed gravimetry. 

3- We have fitted to the chosen analytical continuation, various polynomial surfaces (of varying 

degree between 1 and 9). Calculating the standard deviation of the fit, it has been observed that the 

minor error is achieved with a surface of 5th grade in the case of the regional gravimety, and with 

a surface of 3rd grade in the case of the detailed gravimetry. A grid with these values using the 

same parameters as the general gravimetry have been built. The ready-made maps correspond to 

the map of regional anomalies, for the regional gravimetry (Figure 3. 16A) and for the detailed 

gravimetry (Figure 3. 16B). 

The map of residual anomalies is the result from the sustraction of the Bouguer anomalies, the 

regional anomalies. The residual anomalies are shown in Figure 3.17 for regional gravimetry and 

Figure 3.18 for the detailed one. 

For detailed gravimetry in the Cala Mine zone, the maps of figures 3.15 and 3.18,  that represent 

Bouguer anomalies and residual anomalies must be analysed with caution. In the histogram of 

figure 3.19 values for total topographic correction for the chosen reduction density are shown. We 

can appreciate highs values, in the range between 1.5 and 2.5 mGal, so the image representad in 

the maps at intervals of 1 mGal could be distorted by the topographic effects. 
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Figure 3.19. Histogram of the total topographic correction values for the chosen reduction density 
of 2.6 g/cm3. 

4. PETROPHYSICS OF THE SANTA OLALLA DEL CALA AREA  

4.1. Introduction 

This chapter describes the variation of petrophysical properties measured in laboratory from 

surface rocks of the Cala area (southern flank of Monesterio Antiform, MA, in the Ossa-Morena 

Zone, OMZ). The goal of this analysis is twofold: to help the interpretation of the available 

geophysical data, and to constrain a regional 3D geological model of the area with the appropriate 

petrophysical properties. It is shown how the natural variation of the measured parameters 

explains some conspicuous anomalies recorded in recent ground gravity, and airborne magnetic 

and radiometric surveys carried out over the region of Cala (including Cala and Aguablanca 

mines). The gravity survey was made in collaboration with Lundin mining company, within the 

framework of the ProMine project (7EUFP). 

The approach incorporates petrophysical parameters commonly measured, as density and 

magnetic susceptibility. In this work 180 rock samples have been collected and measured. 
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Petrophysical data from a previous IGME project have also been used (234 samples, see García-

Lobón et al, 2006 and other references therein). Moreover some references about the natural 

gamma radiometric characteristics of some igneous and metasedimentary rocks and ores are also 

included (221 measures), acquired in an “in-situ” radiometric survey carried out with a hand 

spectrometer. 

The studied area is located in the westernmost segment of the Variscan orogen that form the pre-

Mesozoic basement in most of the Iberian Peninsula and western and central Europe (Figure 1A). 

More precisely, it is placed in the south-western flank of Monesterio Antiform, within Ossa-

Morena Zone (OMZ in figure 4.1B), and represents one of the major tectonic units of the Iberian 

Massif. The information contained in geophysical and petrophysical databases of IGME (Figures 

4.1C and 4.1D) have been used. Data are available in SIGECO Geophysical Databases (on line, 

IGME, 2014). 

The Ossa-Morena Zone (OMZ) records a polyphase and poly-orogenic cycle with a complex 

geological history. It represents a continental arc accreted to the Iberian Autochthon during the 

Late Proterozoic- early Cambrian Cadomian orogeny. A subsequent Cambrian-Early Ordovician 

rifting event is recorded in this zone which was accompanied by intrusion and eruption of large 

volumes of igneous rocks. This is followed by a passive margin development in Ordovician-

Devonian times. In late Palaeozoic the Variscan Orogeny took place (Quesada et al, 1991; Eguiluz 

et al, 2000, Tornos et al, 2006; Sánchez-García et al, 2003; 2008, among others authors). 

The Monesterio Antiform (MA) is one of the largest OMZ structures (>200 km long), which 

consists of a Late Proterozoic, mainly crystalline core, flanked by well-developed Early Cambrian 

rift sequences. Many Variscan plutons intruded later throughout this large structure.  

The studied area, ie, Cala Region (rectangular areas in figures 4.1 and 4.2), is located within the 

southern flank of MA. In the north-northeastern segment of figure 4.2, part of the largely intruded 

core of MA is seen (Unit-1, light brown), while in the south-southwestern segment, Cambrian-rift 

followed by passive margin Ordovician to Devonian materials occur. Important Variscan 

intrusions of this southern area are Santa Olalla Complex and related Aguablanca Stock and Cala 

and Teuler granitoids (labelled SOC, Agb, Cg, and Tg, in figure 4.2).  
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Figure 4.3 shows an example of one of the geological cross-section (F4) prepared for the 3D 

modelling process of the Cala area, before (B) and after (A) geophysical adjustment (2D 

modelling with GM-SYS). 

4.2. Measurements. Sampled units and lithologies 

Collected samples come from the geological record exposed in the studied Cala area, as 

determined in the ProMine project (red rectangle in figure 4.2). Density laboratory measurements 

have been made on hammer-cut samples (0.3–0.6 kg) by weighing them in air and water 

(Archimedes principle). These samples derived from 3-4 kg of rock collected in the field. From 

each of these samples, powder (2 mm grid pass) is obtained and magnetic susceptibility 

determined in a kappabridge (KLY-3 instrument of AGICO); the mass of the powder is measured, 

and the kappabridge values are converted to a mass susceptibility, then multiplied by the density 

of the sample to obtain volume susceptibility. Sensitivities are of the order of 0.01 g/cm3, and 

2*10-7cgs units, respectively. Precisions are 0.02 g/cm3 for density, and better than 5% for the 

magnetic measurements. Figure 3 displays samples and sampled groups ordered by age. 

The complete petrophysical sampling referred to in figure 4.4 and used in this study consists of 

414 measurements of density and magnetic susceptibility. The samples specifically collected for 

the ProMine project comprises 180 rocks from an area of c.406 km2 (part of the sheets 897, 898, 

918 and 919, of the Topographical Spanish National Map, 1:50.000 scale series: red rectangle in 

figure 4.2). 

Since some lithologies are not entirely represented in the area of figure 4.2, the sampling has been 

reinforced with 234 rocks collected and analysed in an IGME FEDER previous project (García-

Lobón et al, 2006; granted by project 1FD97-1177 of the Spanish DGI-FEDER agreement). 

For more detailed geological description see Sánchez-García et al, 2014 (this project). 

In summary: 

-320 samples from 9 metasedimentary successions: 53 from SerieNegra (greywackes, sands, 

quartzites, slates, schists), 75 from Lower Detrital Formation (LDF: slates, porphyroids, tuffs, 

lavas, arkoses, sands, hornfels), 41 from Carbonate Detrital Formation (CDF: limestones, 

dolomites, marbles, slates; 10 out of these 41 are skarn samples derived from CDF rocks), 77 from 

the Upper Detrital Formation (UDF: sands, greywackes, hornfels, acid and basic volcanites- tuffs 
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samples samples
SNegra Fm (1) 53 PRE-VARISCAN GRANITES   
LDF-Bodonal Fm (2) 35 CASTILLO Pluton (CTg,16) 7 
LDF- Torreárboles Fm 40 SANTA OLALLA COMPLEX   
CDF (4) 31 CALA pluton (Cg,24) 5 
CDF-Skarn (5) 10 TEULER pluton (Tg,23) 12 
UDF (6) 77 SOM/MIGMATITIC (Mg,17) 6 

MRV (7) 35 
SOM/CANTERAS  
(TC,19)+COMÚN  (TCF,18) 

18 

CUBITO Fm (CF) (8) 13 
SOM/ SULTANA 
(St,20)+DIORITOIDES (D,21) 

14 

Barrancos Fm (BF) (9) 16 
AGUABLANCA stock 
(Agb,26,27,28) 

15 

Terena Fm (TF) (12) 10 Ore Deposits 17 
Subtotal 320 TOTAL 414 

Table 4.I. Summary of petrophysical sample distribution by group and intrusion (Units coloured 
as in figure 4.2). 

METASEDIMENTARY ROCKS 
N  
samples 

INTRUSIVE ROCKS 
N 
samples

SNegra Fm (SN,1) 0 PRE-VARISCAN GRANITES   
LDF-Bodonal Fm (2) 45 CASTILLO Pluton (CTg, 16) 4 
LDF- Torreárboles Fm (3) 2 DRUFINO (Rg,16) 3 

CDF (4) 15 SPADRONA(SPg,16) 4 

CDF-Skarn (5) 34 SANTA OLALLA COMPLEX   
UDF (6) 4 HELECHOSO pluton (Hg, 23) 3 

MRV (7) 0 CALA pluton (Cg, 24) 22 

CUBITO Fm (CF) (8) 0 TEULER pluton (Tg) (23) 20 

Barrancos Fm (BF) (9) 0 SOM/MIGMATITIC (Mg) (17) 6 

Terena Fm (TF) (12) 1 SOM/Común  (TCF,19) 8 
ORE CALA 6 SOM/CANTERAS  (TC,18)  5 
ORE TEULER 4 SOM/ SULTANA (St, 20) 9 
TAILINGS 10 SOM/DIORITOIDS (D,21) 3 
SUBTOTAL 121 SOM/LEUCOGRANITES (Lg,25) 4 
    Agb-Leucogabbros (26) 6 
    Agb-Melanogabbros (27) 3 
    SUBTOTAL 100 
    TOTAL 221 

Table 4.II. Summary of gamma natural sampling distribution by group and name of intrusion 
(colour code as in Figure 4.2). 
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4.3.  Density, magnetic susceptibility and natural gamma radiation classified by rocks group 

4.3.1. Metasedimentary groups. 

  Density d (g/cm3) Susceptibility k (ucgs *10-6) 

Sampled units Nº range avg range avg 

Main 

ferromagnetic 

mode 

SNegra Fm (SN,1) 53 2.27 – 2.88 2.61 2 – 3,017 124 - 

LDF-Bodonal Fm (2) 35 2.18 – 2.74 2.56 1 – 5,734 784 ~1,500 

LDF- Torreárboles Fm (3) 40 2.39 – 2.81 2.62 13 – 3,727 330 - 

CDF (4) 31 2.36 – 2.95 2.73 5 – 1,336 135 - 

CDF-Skarn (5) 10 2.72 – 3.51 3.06 22 – 3,853 780 >2,500 

UDF (6) 77 2.81 – 2.25 2.58 1 – 3,697 1289 >2,500 

MRV (7) 35 2.59 – 2.96 2.80 2 – 14,576 3774 5 

CUBITO Fm (CF) (8) 13 2.29 – 2.85 2.63 2 – 2,847 420 ~1,000 

Barrancos Fm (BF) (9) 16 2.27 – 2.93 2.67 6-59 33 - 

Terena Fm (TF) (12) 10 2.27 – 2.71 2.56 13 - 58 34 - 

TOTAL 320 2.25 – 3.51 2.68 1-14576 770   

ORE DEPOSITS 17 2.96 – 4.37 3.71 
222 – 

16,2500 
51,411 ~15,000 

Table 4.III. Density (g/cm3) and Magnetic Susceptibility (ucgs*10-6) of 320 rock samples that 
belong to the metasedimentary sequences (including volcanics). 

Petrophysical results (range, average, and ferromagnetic mode) are presented in Tables 4.III 

(metasedimentary groups) and 4.V (igneous rocks), and in a comprehensive summary, in Figure 

4.7. This figure represents a pseudo-log with Density and Magnetic susceptibility results sorted by 

group in different colours, and according to lithology, represented by different symbols (See 

figure caption for more explanation). 

The results of natural gamma radiation (average, maximum and minimum) are presented in Table 

4.IV. A total of 221 “in situ” measurements of K, Th and U have been done in the studied area; 

100 correspond to igneous rocks and 121 to metasedimentary. In addiction more measurements 

were obtained along four profiles in the Cala Ore mine, Bodonal Unit and Teuler granite (see 

figures 4.8, 4.9 and 4.10). Using appropriate software and the calibration parameters (both 

provided by the company RS-125 of Radiation Solutions Inc) the K (%), Th (ppm) and U (ppm) 
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have been obtained. In the next chapter the description of each cartographic group is accomplished 

with the radiometric analysis related to ternary map (Broome, J. H., 1987, 1990; Darnley, A. & 

Ford, K. L. 1989). 

The table IV shows the gamma natural results data for metasedimentary rocks. Notice that in some 

groups field radiometric data are not available: 

 

Metasediments N Kmin Kmax Kav Umin Umax Uav Thmin Thmax Thav 

LDF-Bodonal Fm (2) 45 1.10 4.70 2.60 0.00 15.30 6.82 3.00 19.50 10.12

LDF- Torreárboles Fm (3) 2 3.10 3.90 3.50 3.10 3.10 3.10 11.70 11.80 11.75

CDF (4) 15 0.50 3.50 1.69 1.40 21.60 4.73 1.70 11.10 5.83 

CDF-Skarn (5) 34 0.00 2.50 0.99 1.40 25.20 13.69 2.10 12.70 6.70 

UDF (6) 4 2.20 3.30 2.95 0.20 3.50 2.28 11.00 17.40 14.30

MAGNETITE.CALA 6 0.00 1.70 0.67 0.00 28.10 13.95 3.20 26.50 10.45

MAGNETITE.TEULER 4 0.50 1.10 0.83 14.20 76.40 31.18 3.70 7.50 5.43 

Terena Fm (TF) (12) 1 3.10 3.10 3.10 3.30 3.30 3.30 17.40 17.40 17.40

TAILINGS 10 0.20 2.30 1.04 4.80 16.50 9.74 4.70 11.30 7.53 

Table 4.IV.-Natural gamma radiation measurements (average, maximum and minimum) for the 
metasedimentary group. 
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RESULTS BY SEDIMENTARY GROUPS  

Serie Negra Formation (SN) 

Serie Negra formation (53 samples) comprises an extensive lithology variety with 21 sandstones, 

greywackes and quartzites, 8 slates, 24 schists and 1 calc-schist (Unit 1 in Figure 4.2). Density 

ranges between 2.27 and 2.88 g/cm3 with an average of 2.61 g/cm3. Throughout Ossa-Morena 

Zone, this formation always displays minimum gravimetric responses in Bouguer anomaly maps. 

The Schists samples correspond to the FEDER project. They correspond to Lower Serie Negra, 

outcropping immediately northward of the Cala area, but not in this region itself. Its density is 

slightly higher than typical lithologies of upper Serie Negra (d=2.63 g/cm3). 

All the samples are paramagnetic (k<250*10-6ucgs). The Serie Negra depicts minimum magnetic 

field anomalies, although some high magnetic axes occur related to either ferromagnetic volcanic 

rocks or non-outcropping skarn. 

Concerning to natural gamma radiation no measurements have been taken in this unit. 

Lower Detrital Formation (LDF) - Bodonal Formation (LF) 

The geologically heterogeneous Bodonal Formation (35 samples) consists of slates, and acid 

volcanites, porphyroids, tuffs and lavas (Unit 2 in Figure 4.2). It includes a characteristic 

subvolcanic type Bodonal-Cala porphyroid too, with K-Feldspar phenocrysts. Density ranges 

between 2.18 and 2.74 with an average of 2.56 g/cm3. 

In good coincidence with the petrophysical results, in the Bouguer map (Figure 4.6) this formation 

depicts minimum gravimetric responses. Nevertheless surrounding the Teuler granite (see 

geological map, figure 4.2, and residual Bouguer anomaly map, figure 4.6: Tg) a remarkable 

positive Bouguer anomaly is shown, probably due to the skarn heavier rocks presented in the area, 

although a contribution of underlying SOC is also likely. 

Some ferromagnetic samples have been collected (11 Bodonal Fm samples, with ferromagnetic 

mode of ~1,500*10-6ucgs, equivalent to almost 0.6% of magnetite; magnetic susceptibility k 

ranging from 688 to 5,737*10-6ucgs), being the rest of the samples paramagnetic (k ranging from 

1 to 137*10-6ucgs). This anomalous magnetic character is depicted in the total field reduced to 

pole magnetic map (figure 4.5); where acidic porphyroids of the Bodonal formation display 

remarkable positive magnetic anomalies in some areas, while in other areas the magnetic field is 
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flat. Some of the non-linear magnetic anomalies (e.g. around Teuler granite pluton) could be due 

to the skarn processes too. In the northeastern segment of the studied area there is a strong band-

folded magnetic anomaly that coincides roughly with LDF, where Bodonal Fm and Torreárboles 

Fm juxtapose. 

In this unit 45 measurements of natural gamma radiation have been done with the average results 

of 2.6 % of K; 10.12 ppm of Th and 6.82 ppm of U (Table 4.IV and Figures 4.8, 4.9 and 4.10). In 

general they are radioactive rocks with high values of K, Th and U; moreover they depict high 

variability too as it is observed in the ternary map (figure 4.15). The heterogeneous volcano-

sedimentary composition of the formation enables this high variability in radiometric content. The 

Th-K graph (figure 4.11) shows a general positive trend increasing the two values. Nevertheless 

some samples depict high potassium-low thorium and high thorium-low potassium. Opposite the 

Th-U graph (figure 4.12) informs of a negative trend of increasing thorium and decreasing 

uranium. 

LDF- Torreárboles Formation 

Samples from Torreárboles formation comprise 40 arkoses, sandstones and slates with a range of 

density between 2.39 and 2.81 g/cm3, and an average of 2.62 g/cm3 (Unit 3 in Figure 4.2). Some 

hornfels are included, providing the highest values in density. As arkoses (average of 2.60 g/cm3) 

are the main lithology, low values of Bouguer anomaly are expected. However in the areas close 

to the intrusive bodies (e.g. Sultana and Edge Facies of SOC, see geological map, figure 4.2) some 

maximum gravity anomaly values are depicted, probably due to the deepward prolongation of 

heavier SOC rocks under Torreárboles formation (the same as in the Bodonal Fm case, but north 

and northeastern of SOC area). 

The collected samples are paramagnetic in general (k<250*10-6ucgs), but some scarce samples 

show high values of magnetic susceptibility (one of them in Soldado mine, and the other is close 

to Valuengo Complex, belonging to FEDER sampling). Yet those samples of high values do not 

explain the remarkable positive anomalies seen in the total field reduced to the pole magnetic map 

(figure 4.5), constituted by strong band-folded magnetic anomalies in the northeastern segment of 

the studied area (east of El Real de la Jara village), that coincides roughly with LDF, where 

Bodonal Fm and Torreárboles Fm must be tightly imbricated, so rocks of the former are the likely 

origin of these bands. These zones depict similar geophysical signatures to the Cala and Teuler 

mines (see Ternary map, Figure 5.11). 
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LF, Bodonal Fm; basic spilites in the case of MRV Fm) nearby provides the high magnetic values 

observed in places on this formation. 

In relation to the natural gamma radiation 15 sites have been measured with average values of 1.69 

% K, 5.83 ppm Th and 4.73 ppm U (see table IV and figures 4.8, 4.9 and 4.10). The ternary map 

(figure 4.15) clearly depicts the low radioactivity of the unit represented by white colours. In the 

Th-K graph (figure 4.11) two trends can be seen: high potassium-high thorium and decreasing Th 

with increasing K. In the Th-U graph (figure 4.12) a diffused trend of high U-high Th is depicted. 

CDF- Skarn 

The group of skarn rocks are also named CDF because they originally derived from the same 

protolith as rest of CDF rocks (Unit 5, skarn outcrops are labelled Sk in Figures 4.2, 4.5, and 4.6). 

10 samples have been collected including diopsidite, garnetite and calk-silicate rocks that present 

higher densities with an average of 3.06 g/cm3, and a range between 2.72 and 3.51 g/cm3. The 

maximum value corresponds to a granitite collected in Cala Mine. These petrophysical results are 

in good coincidence with the Bouguer anomaly shown in the Figure 4.6 where the skarns (Sk) are 

always related to gravity maxima. 

Most of the samples are paramagnetic (k<250*10-6ucgs), but some of them show remarkable 

ferromagnetic character (k>2,500*10-6ucgs, or more than 1% of magnetite content) explaining 

partially the positive magnetic anomalies on figure 4.5. The Cala Mine, the largest iron deposit of 

the OMZ (Carriedo&Tornos, 2010), depicts an intense positive magnetic anomaly that exceeds the 

Skarn cartography limits, which could suggest the deepward prolongation of the ore deposits 

(dipping northward?). The response of the Cala Mine in the residual Bouguer anomaly map is 

marked by a positive anomaly of about 1 mGal. Moreover in the Teuler area an old mine located 

between CDF and Teuler granite is formed by magnetite ore deposits, also skarn related, showing 

an outstanding both gravity and magnetic anomaly. 

Natural gamma radiation has been measured in 34 sites with the following values in average: 0.99 

%K, 6.7 ppm Th and13.69 ppm U (see table IV and figures 4.8, 4.9 and 4.10). These skarn rocks 

show similar values to the CDF unit but less potassium and higher uranium. The ternary map 

(Figure 5.11) is clearly depicted by the greenish-bluish colours related to this unit in the contact 

areas with Cala, Teuler and Aguablanca stock. Cala and Teuler ore mineralization is produced by 

magnetite with minor of chalcopyrite and pyrite, named as “uranium salts” in the Teuler ore mine 

(IGME, 1975). In the K-Th and Th-U graphs (figures 4.10 and 4.11) no clear trend is depicted. 
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Upper Detrital Formation (UDF) 

The 77 rock samples of this Unit include sandstones, greywackes, slates and bimodal volcanic 

rocks (lavas and tuffs, either basic -5 samples- or acid -9 samples-, and epiclastic rocks -9 tuff 

volcanites-, Unit 6 in Figure 4.2). Also a hornfel sample is included. The density varies from 2.25 

to 2.81 g/cm3, and the average is 2.58 g/cm3. The gravimetric response is mainly weak with some 

positive values related to: 1) the basic volcanism (basic spilites), and, 2) the influence of near 

widespread intrusive bodies (Cala granite and Santa Olalla Massif). 

Upper Detrital Formation comprises paramagnetic samples (k<250*10-6ucgs) corresponding to the 

sedimentary rocks. However the volcanic rocks are magnetically bimodal, showing both 

paramagnetic and ferromagnetic character (250*10-6ucgs< k <2,500*10-6ucgs), being these 

volcanic ferromagnetic bands the most probable cause of the magnetic high signatures of this 

formation. 

In the Cortijo de los Cerrajeros area (west-northwest near of Cala village) UDF displays a gravity 

minimum and a magnetic maximum, but in this area no volcanic rocks outcrop, and this behaviour 

could be interpreted as response to higher concentration of magnetite of covered volcanites. 

Four sites have been measured for natural gamma radiation with average values of 2.95 %K, 14.3 

ppm Th and 2.28 ppm U (see table IV and figures 4.8, 4.9 and 4.10). The ternary map (figure 

4.15) does not show a clear homogeneity in the whole formation; medium to high values of K are 

depicted in the west part of the area and green-blue colours in the east area of Santa Olalla Massif, 

related to enriched thorium-uranium. In the Th-K and Th-U graphs (figures 4.11 and 4.12, 

respectively) no trend is clearly marked. 

Ore Deposits 

A total of 18 samples of Ore deposits are available in the Ossa-Morena Zone (OMZ). Concerning 

the studied area the sampling includes 1 sample of Cala Mine, 1 sample of Teuler Mine and 1 

sample of Aguablanca mine. Their density ranges between 2.96 to 4.37 g/cm3 with average of 3.71 

g/cm3. The highest density value corresponds to the sample located in the Cala Mine. 

Most of the Ore deposits are ferromagnetic (very high magnetite content, higher than 7%), with an 

outstanding ferromagnetic mode (15,000 *10-6ucgs). Nevertheless some samples are 

paramagnetic, which could correspond to higher pyrite content. 
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The use of airborne geophysical data in mineral exploration has proven to be very useful. As an 

example joining the aeromagnetic and radiometric data provide a good correlation with the 

existing ore mines and would be helpful to identify new areas for future exploration, e.g. eastern 

of Santa Olalla (SOM) and north of the Teuler stock (see related LDF text above). 

Concerning the natural gamma radiation 10 measurements have been taken in this unit: 6 

correspond to Cala ore mine and 4 to Teuler ore mine. In the Cala ore mine the mineralization 

corresponds mainly to magnetite with minor concentration of pyrite and chalcopyrite Average 

values are 0.67 %K, 10.45 ppm Th and 13.95 ppm U (see table IV and figures 4.8, 4.9 and 4.10). 

With respect to the Teuler mine, the mineralization corresponds to the magnetite, with minor of 

pyrite and chalcopyrite. In the IGME, 1975 report, the presence of uranium salts in this mine is 

pointed out. Moreover chemical analyses in the present study reveal higher values of uranium 

content (364 ppm) Average values are 0.83 %K, 5.43 ppm Th and 31.18 ppm U (see table IV and 

figures 4.8, 4.9 and 4.10). 

These results are in concordance with the radiometric maps (see figures 5.8, 5.9 and 5.10 in 

chapter 5) where Uranium element depicts a maximum in the Cala ore mine and mine dump; also 

in the Teuler ore mine and north of it. In the ternary map (figure 4.15) green-blue colours inform 

of this composition. 

In the Th-K (figure 4.11) and Th-U (figure 4.12) graphs these mineralization show positive trend, 

a bit less clear in the second graph. 

Regarding the use of radiometric data for mineral location, its applicability is based on the fact 

that mineralized processes are associated to geochemical changes related to concentration of 

radioelements, e.g. potassium content or U/Th, U/K or Th/K relationships. In some cases the ore 

mines alterations (argilitic, propilitic or others) have been successfully detected by radiometric 

prospecting (Darnley&Ford, 1989; Doyle, 1990; Shives et al, 1997). 

In the studied area there is a good correlation between ore deposits of Fe, Cu and radiometric data 

but not between the metals Ni, Cr and precious metals (Au and platinoids), some of which are 

currently being exploited in Aguablanca mine. 

Main Rift volcanic (MRV) 

This Unit is characterised by bimodal volcanic rocks (Unit 7, light green in Figure 4.2). Most of 

the 35 collected samples (31 from the FEDER Project) are basalts and spilitised basaltic andesites, 
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but also included acid equivalent rocks (tuffs and lavas). The density ranges between 2.59 and 

2.96 g/cm3 with an average of 2.80 g/cm3 (excluding a sandstone sample of 2.59, the average is 

2.81 g/cm3, which can be considered representative of this unit, see Garcia Lobón et al, 2006). 

They present a high ferromagnetic mode (3,100*10-6ucgs) due to the bimodal volcanism (acid and 

basic). Although this formation is one of the outstanding magnetic and gravimetric markers in the 

OMZ, in the studied Cala area the outcroppings are very scarce, yielding non-relevant gravimetric 

and magnetic responses. 

No natural gamma radiation measurements have been taken in this unit. 

El Cubito Formation 

This unit represents a shear band involving Barrancos Formation and, to a lesser extent, other 

materials similar to those found in the Massif de Aracena. It consists of phyllites and schists with a 

very penetrative foliation and its main characteristic is the abundance of quartz segregations 

sometimes chlorite. This last aspect is what distinguishes them from the Barrancos slates. This 

unit includes amphibolites that may represent metamorphosed Ribera Huelva metabasites. The 

density of the metasedimentary rocks ranges between 2.29 and 2.76 g/cm3 with an average of 2.59 

g/cm3. Density values of volcanic derived rocks range between 2.68 and 2.85 and g/cm3, with an 

average of 2.77 g/cm3. 

Metasedimentary rocks of the El Cubito formation are paramagnetic (k<250*10-6ucgs), being the 

amphibolites responsible for the maximum magnetic anomalies seen in Figure 4.5, with 

kavg1,000*10-6ucgs. 

No natural gamma radiation measurements have been taken in this unit. 

Barrancos Formation (BF) 

The 16 samples collected correspond to slates (10) and metabasites (6) (Ribera de Huelva 

Metabasites, Unit 9 in Figure 4.2). The density of the metasedimentary rocks varies between 2.27 

and 2.73 g/cm3 with an average of 2.60 g/cm3. Density values of volcanic rocks range between 

2.58 and 2.93 and g/cm3, with an average of 2.78 g/cm3. The minimum value corresponds to a 

meta-rhyolite included in this formation. 

While western outcroppings of BF are related to intermediate gravity fields in Figure 4.6, those of 

the southeast area produce high gravity fields (Figure 4.6). These high values cannot be only 
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justified by the band of Ribera de Huelva metabasites, not separated in the geological map of 

figure 4.2 (Unit 9), where metabasites samples were collected. Moreover, the high gravity field 

should be also related to the near southern outcropping of high density formations, e.g. 

metabasites and amphibolites of El Cubito and Pulo do Lobo zone (8 and 14 in figure 4.2). 

The Barrancos formation sampling provides paramagnetic rocks (k<250*10-6 ucgs). In the reduced 

to the pole magnetic map, some of the low magnetic field areas of southern formations are related 

to the Barrancos Formations, constituting paramagnetic materials located south of the Zufre fault 

and also in the southwest part of the map. 

No natural gamma radiation measurements have been taken in this unit. 

Terena Formation (TF) 

The 10 rock samples of this unit include sands, greywackes and slates (Unit 12 in Figure 4.2). In 

detail, petrography determines the presence of zirconium which can yield to remarkable values of 

Thorium and Uranium in the radiometric maps. The density ranges between 2.27 and 2.71 g/cm3, 

and the average density is 2.56 g/cm3. 

In the Bouguer maps this formation depicts both medium values (north of Zufre faults) and high 

ones (south of Zufre fault). As in the case of Barrancos formation, high gravity fields, south of the 

Zufre fault, are related to the near southern outcropping of high density formations, e.g. 

metabasites, and amphibolites of El Cubito and the Pulo do Lobo zone. 

We can conclude that both Barrancos and Terena Fms do not display low gravity responses 

corresponding to light metasedimentary rocks (i.e., average densities of 2.60 and 2.56 g/cm3, 

respectively), but responses that are strongly influenced by near heavier rocks. 

Samples are distinctively paramagnetic (k<250*10-6 ucgs) depicting the lowest values in the 

reduced to the pole magnetic map both north and south of the Zufre faults. 

In this unit one measurement of natural gamma radiation has been achieved with average of 1.58 

% K, 17.40 ppm Th and 3.30 ppm U and similar values of LDF (slightly higher value of Th) (see 

table IV). The high value of potassium could be attributed to the volcanic composition of the unit 

characterized by their high potassium positive anomaly. Thorium and Uranium levels are 

connected to the presence of zircon detected in the composition (petrographic study). Also the 

high value of K could be due to the high proportion in lithic fragments, generally rich in this 

mineral. 
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this pluton depicts a clear anomaly K+Th. In many parts of the pluton the black colours in the 

ternary map (figure 4.15) shows the abundance in the three radiometric elements (K+Th+U). 

Don Rufino granitePluton (Rg) 

Don Rufino Granite is emplaced in the Serie Negra formation (Unit 16 in Figure 4.2, Rg in figures 

4.5 and 4.6); it has been considered as pre-variscan although no dating is available. Its 

composition is mainly biotitic, medium grain size and grey colour. It is characterized by some 

slate enclaves and aplitic dykes. 

Concerning the natural gamma radiation 3 measurements have been taken: 2.60 %K, 10.57 ppm 

Th and 2.70 ppm U. This low radioactivity is observed in the white colours depicted in the ternary 

map (figure 4.15). 

Sierra Padrona granite Pluton (SPg) 

Sierra Padrona Granite is emplaced in the Serie Negra formation (Unit 16 in Figure 4.2, SPg in 

figures 4.5 and 4.6); it has been considered as pre-variscan although no dating is available. It is a 

biotitic leucogranite of white-pink colours and fine-grained. It presents a great variability in 

textures and the emplacement is considered to be very shallow. 

Natural gamma radiation has been measured in four sites with an average of: 3.15 %K, 32.98 ppm 

Th and 5.30 ppm U (Table 4.VI and Figures 4.8, 4.9 and 4.10). 

In the ternary radiometric map (figure 4.15) greenish-bluish colours inform of the high content of 

U and Th (see also figures 5.8, 5.9 and 5.10, chapter 5). 

In the Th-K graph (Figure 4.13) the data are quite scattered and no trend can be seen. In the Th-U 

graph (Figure 4.14) the data are more gathered but neither a trend can be seen. 

Santa Olalla Plutonic Complex (SOC) 

This complex consists of the Helechoso, Cala and Teuler plutons, the Santa Olalla Massif itself 

(SOM), and the gabbroic stock Aguablanca. 

Helechoso Granite Pluton (Hg) 

Helechoso granite pluton, also called Garrote by Romero (2006) (Unit 2X in Figure 4.2, Hg) is a 

small granitic stock. Its drop-shaped outcropping occupied an area somewhat less than 1 Km2. The 

composition range between quarzosienite granite, pink colour and fine grained to very fine, with 
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plastic relations between different facies. It has been dated as 339+/- 3 Ma (Romeo, 2006) and it is 

emplaced between Bodonal Fm (LF) and Detrital Carbonate Fm (CDF). 

Concerning the natural gamma radiation 3 measurements have been taken: 3.87 %K, 14.67 ppm 

Th and 4.63 ppm U. This low radioactivity is observed in the white colours depicted in the ternary 

map (figure 4.15). 

Cala Granite Pluton (Cg) 

Cala and Teuler plutons are very similar granitoids (Units 24 and 23, respectively, in Figure 4.2; 

Cg and Tg in figures 4.5 and 4.6). Cala granite pluton is a small stock consisting of a biotitic-

granite, grey to pink, and inequigranular, fine to medium grained. It is dated as Carboniferous 

(352+/-4Ma, Romeo, 2006). 

Five samples of fine-grained biotitic granites have been collected. They are slightly heavier than 

Castillo pluton samples (densities between 2.65 and 2.67 g/cm3, with average of 2.66 g/cm3). They 

range from paramagnetic (k<250*10-6ucgs) to weakly ferromagnetic. The strong aeromagnetic 

anomaly located over Cala (figure 4.5) is due to magnetite ore deposits of Cala Mine (at least, 

k>7,000 *10-6ucgs, % of Fe3O4> 3). 

Concerning the natural gamma radiation 22 sites have been measured with average values of: 2.53 

%K, 13.22 ppm Th and 7.40 ppm U (Table 4.VI and Figures 4.8, 4.9 and 4.10). This small stock 

provides an outstanding radiometric response with greenish-bluish colours in the ternary map 

(Figure 5.11) showing the highest uranium values of all the intrusive rocks. 

In the Th-K graph (Figure 4.13) the positive trend is shared with the Th-U graph (Figure 4.14). 

Teuler Granite Pluton (Tg) 

Teuler granite pluton crops out westward of Santa Olalla complex, and it is emplaced within 

Bodonal-Cala volcanic sedimentary succession (Unit 23 in Figure 4.2). It is a fine grained biotitic, 

gray to pink granite, inequigranular, fine to medium grained, which generates a noticeable 

magnesium skarn with associated magnetite mineralization that partly rims the granite. Its age is 

middle Carboniferous (338+/-1Ma, Romeo, 2006). 

The data from 12 samples, corresponding to the fine-grained biotitic Teuler pluton granite (very 

similar petrographically and geochemically to Cala), show densities between 2.65 and 2.67 g/cm3, 

with average of 2.66 g/cm3. Teuler granite occurs on gravity maxima (figure 4.6), probably due to 
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underneath heavier rocks (from SOC complex gravity anomalies seem to prolong from SOC 

intrusion). 

The samples range from paramagnetic (k<250*10-6ucgs) to weakly ferromagnetic, with a median 

magnetic susceptibility of 630*10-6ucgs. In the magnetic map of figure 4.5 strong magnetic 

anomalies occur in the Teuler pluton area, likely due to high ferromagnetic skarn rocks. Magnetite 

contents and densities of Teuler samples are not sufficient to justify the magnetic and gravimetric 

anomalies on and around it. This area may be of interest for future mineral exploration. 

IGNEOUS INTRUSIVES 

  
Density 

Susceptibility k (ucgs*10-6) 
d (g/cm3) 

Nº Range avg range avg 
Ferromag- 
netic 
mode 

PRE-VARISCAN GRANITES   
CASTILLO pluton (CTg) 7 2.54 – 2.74 2.6 6-96 39 - 
SANTA OLALLA COMPLEX             
CALA pluton (Cg) 5 2.65 – 2.67 2.66 8 - 555 127 - 
TEULER pluton (Tg) 12 2.58 – 2.68 2.63 7 – 2,053 766 1,5 
SOM/MIGMATITIC (Mg) 6 2.53 – 2.73 2.65 3 – 3,138 1,835 2,2 
SOM/CANTERAS  18 2.64 – 2.78 2.74 21 – 1,269 213 - 
SOM/SULTANA 14 2.66 – 2.83 2.75 40 – 2,780 535 - 
AGUABLANCA STOCK (Agb) 15 2.86 – 3.64 3.05 30 – 13,135 2,438 - 
Total 77 2.53 – 3.64 2.73 3 – 13,135 851   

Table 4.V. - Density (g/cm3) and Magnetic Susceptibility (ucgs*10-6) of intrusive rocks. 

Concerning the natural gamma radiation 20 sites have been measured with the average values of: 

2.41 %K, 12.28 ppm Th and 4.68 ppm U (see Table 4.VI and Figures 4.8, 4.9 and 4.10). In the 

ternary radiometric map (Figure 5.11) they show a slightly radiation with white colours. In the Th-

K graph (Figure 4.13) the positive trend is contrasted with the negative trend shown in the Th-U 

graph (Figure 4.14). 

Santa Olalla Massif (SOM)  

This plutonic complex intrudes Proterozoic materials at the north. To the northwest and east, it is 

hosted by Bodonal-Cala volcanic sedimentary succession. Towards the SE, Santa Olalla pluton is 

limited by slates of Devonian-Carboniferous through a mechanical contact caused by Zufre Fault 

(figure 4.2). This complex has been dated as Visean (around 341+/-3Ma) by Romeo et al, 2006 

(see below). 
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INTRUSIVE ROCKS N Kmin Kmax Kav Umin Umax Uav Thmin Thmax Thav 
PRE-VARISCAN 
GRANITES 

                    

CASTILLO Pluton (CTg, 
16) 

4 4.74 5.40 4.96 3.37 6.16 4.94 19.34 22.48 20.73

DRUFINO (Rg,16) 3 1.30 3.90 2.60 1.20 3.60 2.70 7.40 13.90 10.57
SPADRONA(SPg,16) 4 1.10 6.50 3.15 3.50 7.70 5.30 24.60 44.50 32.98
SANTA OLALLA 
COMPLEX (SOC) 

                    

HELECHOSO pluton 
(Hg, 23) 

3 2.90 4.80 3.87 3.60 6.10 4.63 10.50 18.70 14.67

CALA pluton (Cg, 24) 22 1,30 4,30 2.53 3.40 14.70 7.40 6.00 22.60 13.22

TEULER pluton (Tg) (23) 20 0,50 3.70 3.87 3.60 6.10 4.63 4.20 20.40 12.28
SOM/MIGMATITIC 
(Mg) (17) 

6 2,10 4,30 3.18 2.00 4.30 3.32 8.00 21.90 14.72

SOM/Común  (TCF,19) 8 1,50 3,20 2.06 1.20 4.00 2.11 6.90 28.20 12.89
SOM/CANTERAS  
(TC,18)  

5 2,60 3,50 2.94 0.50 3.10 1.88 10.40 19.20 25.74

SOM/ SULTANA (St, 20) 9 0,40 1,70 1.37 0.90 5.60 2.13 3.80 12.70 7.71 
SOM/DIORITOIDS 
(D,21) 

3 0,50 2,90 2.00 3.00 5.50 4.40 10.50 13.70 12.50

SOM/LEUCOGRANITES 
(Lg,25) 

4 1,10 4,50 2.75 1.90 8.00 4.35 22.50 22.50 17.98

Agb-Leucogabbros (26) 6 0,20 1,50 0.64 0.08 2.10 0.53 1.93 6.40 3.43 
Agb/Melanogabbros (27) 3 0,60 0,70 0.67 0.00 0.60 0.20 1.20 3.90 3.00 

Table 4.VI. Natural gamma radiation measurements (%K, ppmU and ppmTh) of the intrusive 
rocks. 

Within Santa Olalla pluton six facies have been distinguished (“Canteras” granodiorite-tonalite, 

“Común” tonalites, Sultana diorites, migmatites, dioritoids and leucogranitoids); although for 

petrophysical characterization they are grouped into three facies as described below. The 38 rocks 

sampled from this pluton include migmatitic granites, granodiorites, tonalites and quartzdiorites. 

A total of 35 sites have been measured for natural gamma radiation corresponding to the 

migmatitic facies (Mg, unit 17), 8 to Común facies (TCF, unit 18), 5 to Canteras facies (TC, unit 

19), 9 to Sultana (St, unit 20), 3 to Dioritoids (D, unit 21) and 4 to leucogranites (Lg, unit 25). 
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character varies between paramagnetic and ferromagnetic, with a high ferromagnetic mode (close 

to 2,500*10-6ucgs). This moderately ferromagnetic granitic facies, within SOM (magnetite content 

close to 1%), enables a relatively easy magnetic mapping of these facies. Migmatitic granites of 

SOM are clearly seen as a magnetic band in figure 4.5; while on the gravity map, a negative 

anomaly perfectly outlines this group (Figure 4.6). 

Six sites have been measured for natural gamma radiation with the results of 3.18 %K, 14.72 ppm 

Th and 3.32 ppm U (table VI and Figures 4.8, 4.9 and 4.10). This facies represents a maximum in 

the Santa Olalla Massif (SOM) with the highest values of K, Th and U. In the ternary map (Figure 

5.11) black colours are characterized (greenish-bluish). 

In the Th-K graph (Figure 4.13) positive trend is not shared with the Th-U (Figure 4.14) graph 

where the data are gathered showing no trend and medium values. 

Común (TCf) and Canteras Facies (TC) 

Común Facies and Canteras Facies (Units 19 and 18 respectively in Figure 4.2, TCF and TC in 

figures 4.5 and 4.6) consist mainly of tonalites and granodiorites, respectively. Their geological 

contacts are transitional; the main difference is that the grain size is bigger in the Canteras facies. 

Six samples of Canteras Facies and 12 of Común Facies have been sampled. They show typical 

densities of granodioritic-tonalitic lithologies (between 2.64-2.78 g/cm3; average of 2.74 g/cm3). 

Both facies, have nearly identical petrophysical properties, are not split in table 4.III; this results 

are included in a whole sample average density that is typical of tonalites. 

They are mostly paramagnetic, with only two samples displaying a weak ferromagnetic character. 

In the magnetic map the outline of the SOC is perfectly drawn by a negative magnetic anomaly, 

while a gravity positive anomaly occurs over both facies, Común and Canteras, with slightly lower 

field intensities towards the Común facies (away from Zufre fault) than on Canteras Facies (close 

to Zufre fault), which implies either the likely more tonalitic character of Canteras Facies, or that 

the intrusion thickens to the south, towards Zufre fault (or both things at the time). In any case, the 

important fact is that these potential field anomalies, positive in the case of gravity, negative in the 

case of magnetic field, indicate that: 

- Most of SOC is denser than its metasedimentary environment. 

- Most of SOC is less magnetic than its environment. 
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From these two facies 16 sites have been measured: 8 for the Común facies (TCf, unit 18) and 8 

for the Canteras facies (TC, unit 19). 

The Común facies (TCf, unit 18) shows average data: 2.06 %K, 12.89 ppm Th and 2.11 ppm U. 

The total radiometric content is very low as is reflected in the white colours of the Ternary map 

(Figure 5.11). In the Th-K graph (Figure 4.13) the trend is clearly positive; opposite to the Th-U 

graph (Figure 4.14) where the trend is negative (decreasing Th and increasing U). 

In the Canteras facies 5 sites have been measured for natural gamma radiation with the results of 

2.94 %K, 25.74 ppm Th and 1.88 ppm U (table VI). In the Ternary map (Figure 5.11) this facies is 

clearly marked by its greenish-yellowish colour (high Thorium content). In the Th-K graph 

(Figure 4.13) the trend is positive and in the Th-U graph (Figure 4.14) two trends can been 

distinguished: a positive and a negative trend. 

Sultana Facies (St)   

Sultana Facies consists mainly of quartzdiorites (Unit 20 in Figure 4.2). They present mingling 

relationships with both migmatitic granitic facies and Aguablanca gabbros. 

A set of 14 samples have been measured, with densities between 2.66-2.83 g/cm3, and average 

density of 2.75 g/cm3. Their ferromagnetic mode is close to 3,000*10-6ucgs. 

At the eastern segment of SOC, these facies depict an irregular gravimetric response with a 

minimum trend on its northwestern side, and a maximum at the eastern side. Therefore mapped 

outcropping outline of quartzdiorites does not reflect mass distribution underneath. The magnetic 

response (opposite to the gravity) appears with a maximum in the northwest and a low in the 

southeast. At the northwestern corner of SOC (where the Sultana facies outcropping) relative 

minima both in gravity and magnetic maps are depicted. Finally, within this facies there is another 

band of NW-SE trend which represents a relative magnetic maximum. 

In summary, Santa Olalla Complex displays an average density of 2.73 g/cm3, which is slightly 

higher than the complete sampled average; while paramagnetic rocks predominate. SOC potential 

field responses are in accordance with these two facts, being reasonably well mapped by gravity 

high and a magnetic low (although some discrepancies between geological and geophysical 

features need to be explained, as in the case of more mafic facies). 

From the Sultana facies nine sites have been measured for natural gamma radiation with the 

results of 1.37 %K, 7.71 ppm Th and 2.13 ppm U (table VI). This is a very low radioactive facies 
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depicting white colours in the Ternary map (Figure 5.11). In the Th-K and Th-U graphs (Figures 

4.13 and 4.14) no clear trends can be distinguished. 

Aguablanca stock (Agb) 

Aguablanca stock is located at the north-central limit of Santa Olalla Complex, being surrounded 

mainly by granitic facies of SOC. The stock is mapped as Units 26, 27 and 28 in Figure 4.2. It is a 

small sub-circular pluton (with diameter of 1.27 km2), composed by phlogopite-rich gabbros and 

piroxenites, passing southward to diorites and quarzt-diorites. In the cartography three different 

facies, Leucogabbros, Melanogabbros and Dioritoids have been distinguished, nevertheless for the 

petrophysical study all samples have been considered together. 

Average density of 15 samples is 3.05 g/cm3 (range of 2.86 to 3.64 g/cm3). The maximum value 

(3.64 g/cm3) corresponds to a mineralised leucogabbro. Their magnetic character varies between 

paramagnetic to ferromagnetic, but in the magnetic map gabbros are not characterized by 

outstanding magnetic anomalies. This stock also produces a weaker gravimetric anomaly than 

previously expected. Modelling must explain this behaviour; probably due to surroundings rocks 

(less dense and more ferromagnetic than the gabbro itself). 

Concerning the natural gamma radiation 9 sites have been measured from this stock, showing all 

of them low radiometric values (the less radioactive of this work). Related to this stock is the most 

important Ni ore mine in the region. The radiation is absent in the Ternary map (Figure 5.11) but 

there are some traces of U and Th in the carbonate units around this stock. 

From the leucogabbros facies of the Aguablanca stock (Agb, unit 26) 6 sites have been measured. 

The average values are 1.5 %K, 3.43 ppm Th and 0.53 ppm U. In the Th-K graph (Figure 4.13) a 

positive trend is shown, so in the Th-U graph (Figure 4.14). 

From the Melanogabbros facies (Agb, unit 27) three sites have been measured for natural gamma 

radiation with the results of 0.67 %K, 3 ppm Th and 0.20 ppm U. In the Th-K, Th-U graphs 

(Figures 4.13 and 4.14 respectively) a positive trend is depicted. 
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5. UNDERSTANDING REGIONAL GRAVITY, MAGNETIC AND RADIOMETRIC 

MAPS OF THE CALA AREA  

5.1. Bouguer and residual anomaly maps 

The Bouguer anomaly map of the Cala Area (30x20 km: average of c. 2.5 point per km2), is 

represented in figure 5.1. 

A broad and intense, several kilometers long, gravity gradient is observed in figure 5.1 from the 

northwest to the southeast. This gradient, that characterizes the transition from Ossa Morena Zone 

(OMZ) to South Portuguese Zone (SPZ) in the studied area (see figure 1, in petrophysics section), 

brings Bouguer gravity anomaly from +11 to +37 mGal. On the basis of anomaly intensity, three 

zones can be distinguished: 

1) North Zone, where Bouguer map displays anomaly values between +11 to +23 mGal (mainly 

blue-green colours in the Bouguer map), over low density metasediments of Serie Negra, SN, and 

LDF (Lower Detrital Series, that is, Bodonal & Torreárboles Fms), and pre-variscan and variscan 

granitoids (Castillo, CTg; Rufino, Rg; Sierra Padrona, SPg etc). 

2) Central Zone. Yellow-orange colours shown in the map represent medium values of anomalies 

in between +23 and +27 mGal, mainly corresponding to the SOC (Santa Olalla Complex, 

consisting of Helechoso, Teuler and Cala granites, Santa Olalla Massif, SOM, and Aguablanca Stock, 

Agb) and surrounding areas. 

3) South Zone, located southward of Zufre fault, ZF, where the Bouguer image displays mainly 

reddish colours, comprising anomaly values over +27 mGal. In this area higher gravity fields 

reflect changes of upper crustal thicknesses and character, and type of igneous masses involved, in 

transition to Pulo do Lobo area and SPZ, with remarkable anomalies caused by mafic volcanics 

and basic intrusive bodies, SW of Zufre fault. 
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The gravity maximum over SOM, that shows a density mean slightly higher than the total 

sampling mean (see petrophysical chapter 4), is a complex anomaly that includes two northward 

trends, from the Zufre fault, following the tonalitic facies (Canteras and Común –TC,TCF- in 

figure 5.3) and the Sultana and dioritic facies (St-D). In between these two trends the gravity 

minimum maps the less dense migmatitic granites of SOM (Mg). 

Gravity footprint of SOC extends beyond its mapped limits: high residual values to the east should 

imply occurrence of mafic and dense rocks (D, edge facies, skarn facies, Sk) under LDF of this 

area; at the opposite end, the limit of SOC could be delineated 1 km apart to the west. In this 

western area, the Sultana Facies (St, tonalites and quarz-diorites) should represent a thin intrusive 

sheet, not producing a gravity signature in concordance with mapped facies. 

To sum up, although most of the SOM, being heavier than its environment (chapter 4), is well 

delineated by gravity anomalies, it depicts a multifaceted gravity pattern showing some 

discrepancies with respect to the updated geological mapping (done by the geological ProMine 

team). 

Aguablanca gabbroic stock (Agb), hosting a well known Ni-Cu deposit related with calc-alkaline 

plutonism, with  an average density of 3.05 g/cm3, provide a remarkable maximum (2 mGal) in 

the Residual Bouguer anomaly map (a little bit shifted northward with respect to the mapped 

stock). Gravity modelling provides the interpreted shape of the ore mine with a maximum depth of 

c. 1000 m below sea level. 

Teuler biotitic monzogranite (Tg, average density of 2.65 g/cm3) displays an unexpected 

maximum, so denser basic rocks should be emplaced underneath it (moreover, gravity image 

suggest that these could be related to SOC basic facies). In fact in this area some basic rocks have 

been described but their outcropping is not mappable.  

Some short-wavelength maximum gravity anomalies around Teuler could be related to the skarn 

facies outcropping in the area (Sk) and/or the magnetite deposit of Teuler mine. Notice also, that 

the shortest shortwavelength maximum anomalies of the image appear over Cala granite (Cg). 

These could be connected to the Cala magnetite deposit, although a noisy origin is not disregarded 

due to the high terrain gravity corrections in this particular area. 

South of Zufre fault the highest values of residual gravity occur both over Terena, Barrancos and 

Cubito units (see anomalies TF, BF and EC on southeast of the map). As stated before, all these 

anomalies are related to the volcanosedimentary and intrusive mafics that characterizes the limit 
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Line spacing: 250 meters. Altitude clearance: 80 metres 

Airborne magnetometer: Geometrics G-822. Magnetometer sensibility: 0.01 nT 

Navigation system: differential GPS 

Date of the flight: November 1996 - April 1997 

IGRF correction: to the flight date. Medium IGRF correction: 43245 nT 

In figure 5.7 grid size is 50 meters and colouring method histogram equalization. As in the case of 

the residual Bouguer anomaly map, on the basis of anomaly intensity, two zones can be readily 

established in the total field reduced to the pole aeromagnetic map of figure 5.7: 

1) High field areas of intensity over 50 nT (yellow-red colours) 

2) Low field areas of intensity below 50 nT (green-blue colours) 

High magnetic field areas coincide mainly with north gravity zone of negative residual Bouguer 

anomalies, while low magnetic field areas broadly correspond to the south gravity zone, with 

positive residual Bouguer anomalies. Only in the surroundings areas of SOM there are some 

coincidence of magnetic and gravity positive anomalies. 

This apparently contradictory situation is due to the fact that the aeromagnetic image of Cala 

region is mainly dominated by NW-SE maximum anomaly trends running over outcropping belts 

of low density-paramagnetic metasedimentary rocks (sandstones, greywackes and slates of Lower 

and Upper Cambrian detrital formations, LF, LDF, UDF), containing bands of Lower Cambrian 

acid volcanism (acidic porphyroids, in the case of LF, Bodonal Fm) and Medium Cambrian basic 

spilites in the case of MRV), being these volcanic ferromagnetic bands the most probable cause of 

the magnetic signature of these northern formations. For detailed data on magnetic susceptibilities, 

please refer to chapter 4 of this report. Low magnetic field areas of southern formations, are 

mainly related to the paramagnetic materials (greywacke and slate rocks) of the Terena and 

Barrancos Formations (TF and BF in figure 5.7) located in the southwest part of the map. South of 

the Zufre fault (ZF) appear signatures caused by the mafics of this region, within TF, BF and EC 

(El Cubito). In the southeastern of the map the positive magnetic anomalies are related to the 

limestones, dolomites and marbles skarn (CDF). 
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(+550 nT) of the region. In conclusion, the strong magnetic signatures around SOM and Teuler in 

this western area are likely due to ferromagnetic skarns. 

Framing the Santa Olalla Complex (SOC) on the north and east a group of maximum values are 

arranged in a way not cleared related to the outcropping materials. Those maximum could be 

caused by a few outcropping skarns (Sk); closed to them the mainly paramagnetic limestones, 

dolomites and marbles (CDF) and the arkoses and sands (LDF) produce relative magnetic 

maximum too, that could be explained by the prolongation of the skarn influence into this 

formations. 

Low values of magnetic intensities are related to the pre-variscan granitoids (Castillo, CTg, and 

Sierra Padrona, SPg) located in the north and east of the area. The biotitic granite of Cala (Cg) 

provides a noteworthy magnetic dipole delineating a wider anomaly than the already mapped ore 

deposits of Cala mine. 

Finally, south of Zufre fault (ZF), toward the South Portuguese Zone (SPZ), magnetic trends 

change of direction with several medium-wavelengths, E-W trend, maximum anomalies, that are 

related to the schists and metabasites of the El Cubito formation (EC). 

To sum up granitoids provide medium to low values of magnetic anomalies, with the exception of 

the biotitic granite of Cala and the biotitic monzogranite of Teuler, although these anomalies are 

not due to granitic rocks. Strong positive anomalies in the area could be related to the influence of 

the ferromagnetic skarn affecting the surrounding materials of these granitoids. 

5.2.2. Potassium, Thorium and Uranium contents. Ternary map 

The airborne Potassium radiometric map (figure 5.8) displays a range of values between 0.4% and 

9% of K. According to the anomaly intensity, two areas can be distinguished. Those areas with 

content of potassium between 0 and 5 % (the most extended in the map, green-blue colours) and 

some areas over 5 % of potassium (red colours, Figure 5.8). 

High concentration on this radioactive element is located on the pre-variscan granitoid of Castillo 

(CTg) coinciding with very low values in density and magnetic susceptibility (see residual 

Bouguer anomaly map and magnetic map and petrophysical chapter 4). Also there are some 

noteworthy high anomalies in some areas in the northwestern of the map associated to the 

Bodonal formation (LF), composed by pyroclasts, porphyroids, tuffs acid and slates, in good 

correspondence of low density and low content of magnetite materials. These anomalies are 
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remarkable minimum is mapping the volcanic sub-unit into the whole series (Rivera de Huelva 

metabasites included in the Barrancos formation); and 3. Limestones, dolomites and marbles 

(CDF) provide low concentration of potassium (less than 3.5 % K, green-blue colours) mapping 

the outcropping of those materials, delimited by the Upper detrital formation (UDF) which 

represent content of potassium higher than 4 % (yellow colour). 

The Thorium concentration (figure 5.9) varies between 1.5 and 54.5 ppm Th. Three areas can be 

distinguished considering the concentration of this radiometric element. 

1. Values between 1.5 and 10 ppm Th (blue colours): in the north area the Serie Negra 

formation (SN) appears quite well delimited as a minimum (values below 10 ppm Th). As 

in the case of Potasium radioactive element Aguablanca stock depicts a minimum (below 3 

ppm Th) and there is a clear band in the north of the Barrancos formation (BF), south of 

Zufre fault, with minimum values. In this case the limestones, dolomites and marbles 

(CDF) appear perfectly mapped by outstanding northwest-southeast bands of thorium low 

concentration (less than 10 ppm Th, blue colours) westward of the Santa Olalla Complex. 

2. Values between 10 and 24 ppm Th (green colours) mapping perfectly the Castillo pre-

variscan granitoid (CTg), Comun facies (TCF) and Teuler granite (Tg) and the 

metasedimentary units of Bodonal formation (LF), Torreárboles formation (LDF), east of 

SOM, upper detrital formation (UDF), Barrancos formation (BF) and El Cubito formation 

(EC). It is noteworthy that the Torreárboles Formation depicts medium values of thorium, 

high values of uranium and medium values of potassium. Moreover in this area (close to 

Cala intrusion) high values of gravity and magnetic fields are shown which yields to an 

outstanding area for mining interest not described until now. 

3. Values over 24 ppm Th (yellow-red colours). The most noteworthy maximum is related to 

the coarse-grained tonalites of the Canteras facies (TC), reaching values over 40 ppm Th. 

Nevertheless the anomaly does not fit perfectly with the outcropping shape being located 

in the centre of the intrusive body which could represent some facies variation inside this 

igneous body. 

The Uranium contents (figure 5.10) range between 0 and 10 ppm U. Most of the area depicts low 

concentration of this radioactive element (less than 4.5 ppm U, in green-blue colours). Some 

maximums can be seen on the east area where sedimentary materials outcrop (LDF+UDF) with an 

unclear significance. The Cala biotitic granite (Cg) displays a noteworthy maximum with values 

over 8 ppm U. 
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  Intensity Anomaly type 
Geochemical 
Character 

Mining interest? 

Pre-
variscan 
granitoids 

Castillo High K Alkaline no 

Sierra 
Padrona 

Medium U+Th Calc-alkaline (?) no 

Rufino Low K(medium)+Th+U Calc-alkaline no 

Cala Pluton High U Calc-alkaline Yes (Fe, Cu), U?

Santa Olalla Massif 
Medium-
High 

Th+U Calc-alkaline   

Aguablanca stock Low K+Th+U Calc-alkaline Yes (Ni, Cu) 

SN (Serie Negra) Low K+Th+U     

Teuler Pluton     Calc-alkaline Yes (Fe, Cu) 

LF (Bodonal Fm.) 
Medium-
High 

K Calc-alkaline   

LDF (Lower detrital 
Fm.) 

High U   Yes(Fe,Cu?) 

CDF+Sk (detrital-
carbonate Fm.) 

Low 
K+Th+U (high in 
some spots) 

    

UDF+MRV 
(detri+volca Fm.) 

Medium-
High 

K Tholeitic/Alkaline Yes (Fe) 

BF (Barrancos Fm: 
detrital-volcanic) 

Low-
Medium 

K+Th+U Tholeitic   

CF (Cubito Fm) 
Medium-
High 

K+Th+U Tholeitic (?)   

TF (Terena Fm.) 
Medium-
High 

K+Th+U (high in 
some spots) 

    

Table 5.I. Airborne radiometric anomalies of the main granitoids and metasedimentary units of the 
Cala area. 
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This information will be imported in gOcad for surface interpolation or in 3D GeoModeller for 3D 

potential field inversion and finally obtaining a 3D geological model that will be represented in 

voxet format (figure 3C). 

6.3. 3D modelling 

6.3.1. 3D Cala Regional model. Introduction 

For this work, we have compiled and reinterpreted old geophysical surveys of Cala area (gravity, 

magnetic and radiometric data) available at IGME databases (SIGECO Geophysical Database, on 

line, 2014) and also other works as those of Romeo (2006, 2008). We have also incorporated the 

available information from the few existing boreholes. A new gravity survey was carried out in 

order to complete de coverage of the gravity data. Although no seismic reflection profiles have 

been acquired to date, the spatial resolution of the gravity and magnetic data is suitable to build up 

a regional model. 

In order to build up a 3D model, we started by carrying out 2.5D gravity and magnetic modeling 

along nine geological cross-sections. As we had petrophysical data, the observed anomalies were 

fit mainly by changes in the geometry of the different lithologies. In some cases, the changes were 

significant, as we will discuss in section 6.3.1.2. The final 3D model was constructed from the 

modified geological cross-sections. 

We use the geological data produced in this project (Sánchez-García et al., 2014). 

6.3.1.1. Initial geological model 

The geological map is an improved version of the Ossa-Morena Zone Geological compilation 

(Quesada and Sánchez-García, 2002, Figure 2.1). The mapping of the stratigraphic units, plutons, 

faults and fractures has been revised and modified in order to have a more detailed cartography of 

the Santa Olalla de Cala plutonic complex (SOC) as well as Aguablanca, Cala and Teuler mines 

in an area of about 406 km2 (29 km x 14 km). 

Previous samples of the MAGNA databases have been petrographically studied (SIGECO 

Databases, on line, IGME, 2014). New samples were collected and new geochemical analysis 

(XRF and ICP-MS) were made (see Table 6.I).  As a result, in the new cartography, several 

plutonic facies have been identified within the Santa Olalla de Cala Massif (SOM), and 

relationships between them have been established. New mapping has also highlighted the 
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relationship between the families of faults, emphasizing the importance of a N70-90E sinistral 

shear. This has led to greater consistency when constructing the 3D geological model. 

The information contained in geophysical and petrophysical databases of IGME has been used 

(section 3.1.2). Data are available in SIGECO Databases (on line, IGME, 2014). 180 new samples 

have been collected for petrophysical study; we have also used other 234 samples from previous 

projects (García-Lobón et al., 2006). In the petrophysical study parameters commonly measured, 

as density and magnetic susceptibility have been determined. Moreover, natural gamma 

radiometric characteristics of some igneous and metasedimentary rocks and ores are also included 

(221 measurements); the radiometric data have been acquired in an “in-situ” radiometric survey 

carried out with a hand spectrometer (Table 6.I). 

  
Petrography Chemical 

analysis 

Petrophysics Natural 

gamma 
 New Compiled  New Compiled 

Regional 

Cala 
276 137 96 180 234 221 

Cala Mine 32 - 6 - - - 

Aguablanca 120 - 120 - - - 

total 565 222 414 221 

Table 6.I. -Summary of the samples used in the project 

In the study area (outlined by the red rectangle in figure 6.2) 20 geological cross sections have 

been build up crossing the main geological structures, 18 of them with SW-NE orientation and 2 

running from E to W. These sections were carefully constructed taking into account the surface 

geology and radiometric maps. Whenever the information was available, depth estimations of the 

different lithologies taken from the literature were considered. Stratigraphic columns with 

estimated thickness are mainly from MAGNA 1:50000 geological maps (published by IGME, 

Geological Survey of Spain), and the initial thicknesses of granitoids are from Romeo (2006) and 

Romeo et al., (2006a, 2006b, 2008), which estimated a maximum depth of c. 4,000 m for Santa 

Olalla pluton. 
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Carbonate-Detrital Formation (CDF, unit 4) 

This unit is a guide level throughout the OMZ. In this area it appears in several bands from 

northwest to southeast forming several folds that can be cut by faults and intruded by igneous 

rocks (i.e. Cala granite or Aguablanca stock or Santa Olalla Massif). It has a low degree of 

metamorphism, except in the contact of Santa Olalla Massif and Aguablanca stock, where it could 

present contact metamorphism, in pyroxene hornfels facies. This unit can show folds of metric and 

decametric scale. In this unit it has been recognized Lower Cambrian fossils corresponding to 

Lower Cambrian (Liñán et al., 2002; 2004; Perejón et al., 2004 among others). The estimated 

thickness of this formation ranges between 500-700 m. 

The group of skarn rocks are also named as CDF because they originally derived from the same 

protolith as the rest of CDF rocks (Unit 5, skarn outcrops are labelled Sk in Figures 2, 5and 

profiles). They include diopsidite, garnetite and calk-silicate rocks and sometimes are not 

representable at the scale of this study work. They appear around Cala, Teuler, Aguablanca mines 

and west of the Santa Olalla Massif, in the Sierra Cerrada. The thickness of this unit is widely 

variable. 

Ore Deposits  

The main mineralizations in the study area correspond to Aguablanca, Cala and Teuler mines. 

In the Cala mine the mineralization is hosted in a calcium skarn and it is composed of layers and 

irregular shaped masses of magnetite separated by skarn zones between the limestone and 

dolomite layers of the CDF. The ore corresponds mainly to magnetite with minor pyrite and 

chalcopyrite. This deposit is in the contact with the Cala granite (Cg, unit 24) that thrust on 

mineralization and CDF. 

Teuler mine ore deposits is in the southern and the western contact of the granite massif with the 

same name (Tg, unit 23) and is associated with the formation of a magnesium skarn on calcareous 

levels included in shales (CDF, unit 4). The mineralization corresponds to the magnetite, with 

minor pyrite and chalcopyrite. In the IGME report (1975) the presence of uranium salts in this 

mine was revealed and chemical analysis in the present study evidence out high uranium content. 

The Aguablanca mineralization consists in a large Ni-Cu magmatic deposit with minor platinum 

group elements hosted in pyroxenites, gabbro and gabbro-diorites (Agb, units 26, 27 and 28). The 

ore body is a breccia pipe about 500m in length, 60 to 100m wide and more than 700m deep, 
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which dips about 70° S (Tornos et al., 1999). The ore consists mainly of pyrrhotite, chalcopyrite 

and pentlandite. 

Post-Cambrian units (Paleozoic) 

The remaining Palaeozoic units, that include from map unit 8 until 12 (Figures 2 and 3), have been 

grouped for this study. The total thickness for this set varies between 1,100-1,400m. 

Igneous intrusives 

In the Cala region five different plutons have been studied in this work. Their petrophysical 

characteristics are shortly described below (results shown in Figure 4.7 and Table 4.I). 

The maximum thickness considered for the plutonic units is 4,000m. This value is taken from 

published data (Romeo, 2006, Romeo et al., 2006a, 2006b, 2008). 

Pre-variscan granites (Unit 16)  

This unit includes three different plutons: Castillo Granite Pluton (Ctg), Don Rufino Granite 

Pluton (Rg) and Sierra Padrona Granite pluton (SPg) that intrude on Serie Negra Formation. 

Castillo Granite pluton (CTg) produces a contact metamorphism aureole in host rocks. They 

outcrop in the north of the study area. It could present deformation bands with formation of 

banded gneisses. It is alkaline biotite-anfibol granite, associated with the Cambrian rifting event. It 

is the oldest studied pluton, dated as Cambrian (502 +/-5 Ma, Montero et al., 2000). 

Don Rufino granite pluton (Rg) outcrops in the north of El Real de la Jara village. It is biotite 

granodiorite fine-grained, with plenty of host mega-enclaves. Basic dikes and aplites cut it. It is 

not dated. 

Sierra Padrona granite pluton (SPg) outcrops in the NE of the study area. It is biotite granite, 

irregular grain size varying between fine and very fine grain, white and pink coloured. It is not 

dated. 

Santa Olalla Plutonic Complex (SOC) 

This complex consists of the Cala and Teuler plutons, the Santa Olalla Massif itself (SOM), the 

gabbroic Aguablanca stock and Helechoso stock. 
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Helechoso Granite stock (Hg, unit 22) 

Helechoso granite pluton, also called Garrote by Romeo (2006) (Unit 22 in Figure 2.1, Hg) is a 

small granitic stock and it has a drop shaped outcrop with an area somewhat less than 1 Km2. Its 

composition varies between quartz syenite and granite, pink coloured and fine to very fine 

grained, with plastic relations between different facies. It is emplaced between LF (2) and Detrital-

Carbonate Fm (CDF, 4). It is dated as 339+/- 3 Ma (Romeo, 2006) and this author cites the 

observation of an intrusive contact of this granite with Aguablanca gabbronorites in a drill core. 

Teuler Granite Pluton (Tg, unit 23) 

Teuler pluton is a biotite granite stock located about 5 km northwest of the town of Santa Olalla 

de Cala. It outcrops at the west of Santa Olalla Massif (SOM), and it is emplaced within LF 

volcano sedimentary succession (Unit 2). Its outcrop has a vaguely rectangular shape with some 

lateral expansions westward. The outcrop has a length of about 2 km and a width of 1 km, oriented 

EW elongated and intrudes on meta-cinerites, tuffs and shales with interbedded rhyolitic 

porphyries. 

Metamorphic materials located at the north of the stock show a fairly high grade metamorphism, 

with localized phenomena of migmatization observed in some points.  

It is a biotite granite, gray to pink, inequigranular, fine to medium grained, which generates a 

noticeable magnesium skarn with associated magnetite mineralization in host rocks. 

Age data of Salman (2004) by Kober method on zircon, supplies an age of 348 +/- 4 Ma. 

Subsequently, Romeo (2006) determines an age of 338 +/- 2 U Ma by the method U-Pb (TIMS) 

zircon from a biotite granite with muscovite. 

Cala Granite Pluton (Cg, unit 24) 

Cala granite pluton is a small stock with lenticular shaped outcrop (700 m x 300 m). It is located 

in the south-west of Cala town. It consists in a biotitic-granite, grey to pink, inequigranular, fine to 

medium grained. Its contact with skarn mineralized material is mechanical in favor of a brittle 

thrust (N145E/ 50-NE). This granite can present magnetite skarn enclaves. It is dated (U-Pb 

(TIMS) zircons) as Carboniferous (352+/-4 Ma, Romeo, 2006). 

Santa Olalla Massif (SOM)  

This plutonic complex intrudes Proterozoic metasedimentary rocks and materials, of the LF 

volcanic sedimentary succession (unit 2). Towards the SE, Santa Olalla pluton is limited by slates 
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of Devonian-Carboniferous through a mechanical contact caused by Zufre Fault (figure 2.1). This 

complex has been dated as Visean (around 341+/-3Ma) by Romeo et al., 2006 (see below). This 

massif produces contact metamorphism and skarn in the surrounding areas. 

Six facies have been distinguished in this plutonic complex (“Canteras” granodiorite-tonalite, TC, 

18; “Común” tonalites, Sultana diorites, TCf, 19; Migmatites, Mg, 17; Dioritoids and 

leucogranitoids, D, 21), although for 3D modelling they are grouped into three facies as described 

below. 

Migmatitic granites (Mg, 17) 

The migmatitic granitoids include migmatites, migmatitic granites and leucogranites rocks. The 

presence of these granitoids is restricted to eastern pluton Santa Olalla de Cala. Their outcrop is 

triangular shaped with a main axis with approximate N135E direction and with a length of 

approximately 4 km long and 1.8 km at its widest point and just 130 m at its narrowest at the 

outcrop NW. 

These granitoids are relatively poor in mafic minerals, medium to medium-fine grained, 

heterogeneous and variably foliated, with locally gneisic-migmatitic appearance. These granitoids 

present a contact "plastic looking" with the granitoids of the Común facies (TCf), and locally 

phenomena of mingling among them are observed. 

Común (TCf, unit 18) and Canteras Facies (TC, unit 19) 

Común Facies and Canteras Facies (Units 19 and 18 respectively) consist mainly of biotite 

amphibole tonalites and biotite granodiorites, respectively. Their contacts are transitional and the 

main difference consists in the bigger size of the Canteras facies and the presence of amphibole in 

the Común Facies. These facies constitute the main body of the massif. 

The predominant rock types in the Común Facies (TCf) are biotite amphibole tonalites. The most 

common textures are heterogranular, xenomorphic, sometimes slightly deformed, with 

deformational magmatic foliation.  

The predominant rock types in the Canteras Facies (TC) are biotite tonalites and granodiorites. 

Textures are hypidiomorphic heterogranular, very coarse grained, sometimes with magmatic 

foliation. 
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Sultana Facies (St, 20)  

Sultana Facies composition varies between tonalites and quartzdiorites (Unit 20). It can present 

mingling relationships with both migmatitic granitic facies (Mg) and Aguablanca gabbros (Agb).  

These facies outcrops in NW of SOC as an isolate body and forming an irregular band in the NE 

margin that widens towards SE. 

It intrudes into the complex materials of LF (2) and Serie Negra Fm (SN, 1) at the NW and into 

the LDF and DCF limestones in the east. 

Romeo (2006) dated this facies (U-Pb method (TIMS) zircon age) as 341 +/- 3 Ma for the 

crystallization of the rocks. 

Aguablanca stock (Agb, units 26, 27 and 28) 

Aguablanca stock is located at the north-central limit of Santa Olalla Complex (SOC), being 

surrounded mainly by granitic rocks of SOC in its southern half. The stock is mapped as Units 26, 

27 and 28 in Figure 2.1. It is a small sub circular pluton (with diameter of 1.27 km2), composed by 

phlogopite-rich gabbros and piroxenites, passing southward to diorites and quarzt-diorites. In the 

map three different facies are distinguished, Leucogabbros, Melanogabbros and Dioritoids, but for 

their petrophysical study they are considered as a whole. 

This is a small mafic intrusive body and ultramafic character, consisting of a discontinuous outer 

halo gabbroic rich pyroxene rocks, an intermediate zone of hornblende and biotite 

melagabbronorites (Leucogabbros) and a core of diorites and biotite-amphibole quarzt-diorites 

with clinopyroxene (Melanogabbros and dioritoids). 

This intrusion has undergone major endo-skarnification processes along its northern edge, due to 

contact interactions with Lower Cambrian marbles. On the northern half of Aguablanca stock a 

pipe of magmatic breccias with a significant mineralization of Ni and Cu appears. These igneous 

breccias are partially cemented by pyrrhotite, pentlandite and chalcopyrite that according to 

Casquet et al (2001) come from the separation and injection of immiscible sulphide phase. This 

mineralization includes minor amounts of Co, Pt, Pd and Au (Ortega et al., 1999).  

In an area of mingling between Aguablanca gabronorites and SOC granitoids Romeo (2006) dated 

zircons from the felsic rocks by U-Pb method (TIMS), yielding an age of 341 +/- 1.5 Ma. 

Considering plastic relations between felsic rocks and gabbronorites this age represents the age of 

crystallization of both lithologies. 
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6.3.1.2. Magnetic and gravimetric modelling in 2.5 D along selected geological cross sections 

The objectives were to refine the geometry of the different formations, delimit the depth and 

geometry of the granitoids and have an image of the physical properties distribution in the study 

area. To accomplish this goals, 2.5 D quantitative interpretation of the residual Bouguer anomaly 

and the reduced to pole total magnetic field has been carried out along nine selected profiles (eight 

approximately perpendicular to the strike of the anomalies, and one with E-W orientation, dashed 

lines on Figure 6.2) that are representative of the main structures crossed by the geological cross-

sections described in section 6.3.1.1. The reduced to the pole magnetic field has been modelled 

with an IGRF of 43245nT, I=90º, D=0º and considering that all the magnetic field is induced (i.e., 

no remanence). The models extend far enough at both ends of the profiles in order to avoid edge 

effects. Calculations of the gravity and magnetic model response have been carried out using the 

latest version of GMSYS software (by Geosoft), and are based on the methods of Talwani et al., 

1959, and Talwani and Heirtzler, 1964, and the algorithms described in Won and Bevis, 1987. 

Densities and magnetic susceptibilities have been taken from the petrophysical data (see chapter 4 

of this report). Because the main uncertainties are the geometry of the bodies, for the densities, we 

have used its average in the majority of the cases (see Table 6.II) or a value within the range of 

uncertainty (±0.05 mGal); for the magnetic susceptibilities, given the significant changes within 

the lithologies, we have employed values within the minimum and maximum for the range of each 

lithology (Table 6.II). 

Because the constraint of the petrophysical data, the observed anomalies were fit by forward 

modelling, mainly changing the geometry of the geological structures. The fitting was considered 

adequate when the RMS of the difference between observed and calculated anomalies was less 

than 5% of the total amplitude of the observed anomaly. The modelled cross-sections were 

incorporated into the gOcad software in order to build up the 3D model. 

The colour code and numbers are the same as the ones of the geological map (see figure 2.1, 

chapter 2 of this report). In all the figures, in the anomaly panels, points correspond to the 

observed residual Bouguer and reduced to pole magnetic data and the thin black line is the 

response of the model. The green lines dividing the formations correspond to lateral changes of 

the physical properties. Black lines indicate faults. The images show the modelled profile with the 

geological section underneath for comparison.  
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F5 fault, the thickness of the CDF in c. 500 m and that of LF in c. 700 m and the progressive thinning of the 

metasedimentary layers. The first relative maximum is fitted by dividing, between faults F5 and F4, the 

UDF in three layers: Between the upper and lower layer, made up mainly by sandstones, there is an 

interbedded layer of basic volcanic rocks. The second relative maximum is fitted by assigning a slightly 

higher than average density to the UDF east of F4. The magnetic anomalies present a positive SW-NE 

gradient from -4 to 206 nT, with two relative maxima of c. 40 and c. 220 nT in amplitude, that does not 

coincide with that of the gravity anomalies. The gradient is fitted by lateral changes in magnetic 

susceptibility within the Serie Negra Fm and LF. The two relative maximum are due to the MRV, east to F5, 

and the combined effect of the rather high susceptibility of the two UDF and LF bodies located immediately 

next to F4.  

RMS of the gravity anomalies is 0.26 mGal and for the magnetic anomalies is 17 nT. 

 

PROFILE T7 

The series represented in the cross-section (Figure 6.5) include at its base the oldest OMZ materials, those of 

Serie Negra Fm (SN, unit 1). Unconformably upon these lie Cambrian formations (LF, CDF, UDF and 

MRV), and overlying Cambrian, also uncomformably, appear Ordovician detrital materials of Barrancos 

Fm (BF, unit 9). The youngest metasedimentary materials are represented by detrital formation of Terena 

(TF, unit 12). Variscan granitic stock of Cala intrudes in all these metasedimentary succession. In the 

contact zone of the granitic rocks with detrital carbonate formation (CDF) outcrops the iron skarn 

mineralization (magnetite) of Cala mine. 

South of Cala Mine the sequence is affected by folds with subvertical axial planes, while in the north zone 

the axial planes show gentler south verging dips. 

Most of the faults in the profile correspond to the group of N110-120E faults showing high dips (> 70 °). 

This family of faults is affected by the F5 fault (N120E) that produces the thrust of Cala Granite (Cg, unit 

24) on the skarn and the CDF. 

The northern end of Cala massif is affected by the F9 fault (N70-80E) and displaces N110-120E group of 

faults. In the fitted geophysical model (top of figure 6.5), Cala granite pluton has been reduced in size and 

depth with respect to the original shape, its bottom lying at c. 3,400 m instead of c. 4,000 m. 
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Changes made in the metasedimentary sequence’s thickness needed to adjust the gravity anomaly have been 

very small (in the range of c. 200 m). The most relevant change is the thickening of the CDF sequence in 

order to adjust the steep gradient from F6 fault to the SW end of the profile. 

It is noteworthy that the magnetic anomaly remains practically flat at about 0-150 nT except for a prominent 

central maximum of c. 2,500 nT in amplitude; the susceptibility values of 25,000*10-6 SI that has been 

assigned to the outcropping mineralised CDF-skarn respectively are needed to adjust the maximum in the 

magnetic anomaly could be due to the proximity of magnetite rich bodies.  

RMS of the gravity anomalies is 0.28 mGal and for the magnetic anomalies is 94 nT. 

 

PROFILE F4 

This profile (Figure 6.6) is parallel to the previous one running about 500m east of the Teuler mine. 

Metasedimentary series represented in this profile are the same as in the previous profile (T7). Variscan 

intrusive correspond to Santa Olalla de Cala Massif (SOM, 19-20) and Teuler pluton (Tg, 23). Cambrian 

plutonic materials (Castillo granite pluton, CTg, 16) are also represented. 

Paleozoic metamorphic materials occur mainly in the southern half of the profile, being the folding style and 

faults similar to that observed in the profile T7. 

In the geophysical model, the main modifications regarding the post Serie Negra Fm metasediments have 

been the decrease in thickness of the LF (unit 2), the localized increase in thickness of the CDF Fm (unit 4) 

and the localized growth of the MRV (unit 7). 

The Teuler granite (Tg, unit 23) in this profile reaches a maximum depth of about 1,800 m. The tonalitic 

rocks of the Común facies of the Santa Olalla Massif (TCF, unit 19) have two rooting zones, one at its 

southernmost end of about 2,600m and another in the northern edge which reaches 355 m and is flanked by 

a small mass of tonalites-quartz-diorites of Sultana facies (St, unit 20).The shape and depth of these plutons 

have been significantly modified respect to its initial geometry in order to fit the central part of the 

gravimetric profile.The negative gravimetric gradient at the NE end of the profile is due to a depth density 

decrease inducted by the Castillo granite (CTg, unit 16). 

There is a good correlation between the successive magnetic maxima and the LF materials affected by 

contact metamorphism, and also with respect to LF roof pendants within the SOC. The medium and long 
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It can be seen in the geological profile, that faults F4, F5 and F10 cause a rise in the SW block of Teuler 

pluton. 

It is remarkable the extent and continuity of the segment of the magnetic profiles that connects the platform 

in the southwestern part of it with the sharp maximum located on the southern border of the Teuler Massif. 

This could be interpreted as the existence of magnetic mass in depth. The baseline of the magnetic profile is 

higher on its northern part, over the outcrops of El Castillo granite (CTg) and 'SerieNegra' schists. 

RMS of the gravity anomalies is 0.26 mGal and for the magnetic anomalies is 80 nT. 
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Along this profile (Figure 6.7), there is a negative gradient rather steep that can be divided in three 

segments. 1- The first one, from 4.4 to 1.7 mGal, ends near the contact between LF and Canteras facies. 

This portion of the profile has been adjusted by making small changes in the metasedimentary sequence, the 

most noticeable being that the fold made of CDF and LF (LF), NE to El Cubito fm (EC), which has been 

made a bit tighter than it was in the cross-section. NE to F5, both sides of the Terena “fold” have been made 

up to 200 m thicker to fit the anomalies. 2- The central section is made of two relative maxima, one wider, 

of c. 2 mGal in amplitude, centered over Canteras and other smaller with amplitude of c. 0.5 mGal over 

Sultana facies; to fit those anomalies, thickness of Canteras have been reduced from its initial 4,000 m to c. 

800-1,000 m; from the gravimetric point of view, there is no evidence of the presence of tonalities beneath 

Canteras, so the body with label 18 on the cross-section has been left out. Moreover, Sultana facies have 

also been made smaller. 3- from the contact between CDF and Serie Negra Fm to the contact between El 

Castillo granite and the Serie Negra Fm sandwiched in it the gravity anomaly shows another section of the 

gradient running from -0.91 to -5.7 mGal mainly due to the density contrast between the intrusives and the 

granite; from that contact to the NE, the anomaly remains almost flat at c. -5.7 mGal; El Castillo granite has 

been left approximately with its original shape. The main difference between the modelled granite and the 

geometry on the cross-section is that the depth of Serie Negra Fm next to F3 has been increased from c.450 

m to 1,350 m and the bit of Serie Negra Fm at the base of the granite has been “substituted” for granitic 

material (of lower density). 

The magnetic anomaly is characterized by a succession of maxima and minima of different lenght and 

amplitude that have been adjusted with lateral changes within Serie Negra Fm, LF, and the granitoids. The 

highest values lie in Serie Negra Fm, east of F6 and the point located at 5,500 m in horizontal distance. 

Along this profile, the granitoids appear moderately magnetic (within Canteras there are parts with different 

magnetization) and El Cubito, Barrancos and Terena Formations are non-magnetic. It is worth noting that 

the high amplitude (about 250 nT) short wavelength relative maximum over the LF next to Sultana facies 

has been assumed to be originated by the high magnetisation in LF. 

RMS of the gravity anomalies is 0.31 mGal and for the magnetic anomalies is 30 nT. 
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PROFILE F5 

Along this profile (Figure 6.8), there is an overall SW-NE gravity gradient from c. 6 to c. -3 mGal that can 

be divided in different sections. 1- the first section, presents an slight increase from 5.5 to 6 mGal over the 

metasedimentary layers from the origin of the profile to the F24; 2- there is a steeper gradient up to 3,800 m 

in horizontal distance and from there, the gravity anomaly decreases gently until the contact between Serie 

Negra Fm towards the end of the profile; superimposed on this gradient there is a broad low amplitude 

relative maximum of c. 0.5 mGal and near to it, a narrow, low amplitude relative minimum of c. 1 mGal; 

due to this pattern of the residual Bouguer anomaly, the interpretation of the granitoids’ shape in depth have 

been revised and dramatically changed: Canteras facies (SOM), the leucogranite facies (SOM) next to it and 

Sultana facies (SOM) have been modified in order to fit the data. In the original profile, Canteras facies 

(SOM) had a thickness of c. 4,000 m to a thickness whereas in the modelled profile, thickness varies 

between 2,400 and 500 m. The geometry of the adjacent leucogranite facies (SOM) as well as Sultana facies 

(SOM) have been substantially reduced, being its thickness of less than 250 m. F5 fault seems to have 

channelled the magma flow, therefore supporting the view that along profile F4 this fault runs beneath the 

base of the granitoids (profile F4 is only a few km apart from this profile). Helechoso (Hg) and El Castillo 

(CTg) granites plutons have also been reduced significantly to almost half his original size. In the NE part of 

this portion of the profile, two small black quartzite levels were introduced in order to adjust a very small 

relative maximum towards the end of the gradient. 3- At the end of the gradient the anomaly becomes flat at 

c. -3 mGal due to the almost flat bottom of LF combined with the termination of the quarzite levels to the 

NE. 

The series of maxima and minima of different amplitude, from tens to hundreds of nT, that delineate the 

magnetic anomalies, have been modelled mainly with variable magnetite contents within the 

metasedimentary rocks. Canteras and Castillo appear to be non magnetic along this profile, whereas 

Helechoso is relatively magnetic. 

RMS of the gravity anomalies is 0.26 mGal and for the magnetic anomalies is 51 nT. 
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PROFILE T5  

This profile (Figure 6.9) is parallel to the previous ones running next to Aguablanca mine. 

Regarding the Paleozoic metamorphic rocks, it should be emphasized that in this profile appear also El 

Cubito schists (EC, unit 8). At the northern, end detrital materials of Lower Series (LDF, unit 3) outcrop. 

With respect to variscan plutonic bodies, migmatitic granites facies (Mg, unit 17), Tonalites-cuarzodiorites 

Sultana facies (St, unit 20) of the Santa Olalla Massif and Aguablanca gabbros (Agb, units 26, 27 and 28) 

appear. Cambrian granites are represented by Don Rufino pluton (Rg, unit 16).The styles of folding and 

faulting are similar to what is observed in the previous sections, with the exception of the Zufre fault (F12). 

This major fault has a main sinistral tear component and produces the elevation of the northern block, 

causing mechanical contact of Paleozoic materials with granitoids of the Massif of Santa Olalla (SOM) and            

Serie Negra Fm (SN, unit 1). 

In the adjusted model, the most important change is that thicknesses of all the Variscan intrusive bodies have 

been dramatically reduced in order to fit the gravity data (consistently with the other profiles). The SOM 

shape shows three roots, peak-like shaped, that reach about 1,000 m in depth. The northernmost peak 

possibly corresponds to shared feeder conduits for Santa Olalla Massif (SOM) and Aguablanca stock (Agb) 

respective magmas. The other two maximum deep points are associated with SOM materials and may also 

correspond to feeder roots although in the most southern end, next to Zufre Fault (F12), the modelled feature 

could be due to a tectonic thickening produced for such fault. Also Don Rufino’s geometry (Rg, unit 16) has 

been greatly reduced. 

Please note that Aguablanca stock, which gives the highest amplitude gravity maximum of the profile, has 

been modelled as a body that extends 2,000 m into the direction parallel to the strike. The modelled 

Aguablanca stock is not as massive as it is known to be due to the fact that our starting gravity data is a 250 

m grid that comes from the regional gravity survey (distributed approximately as 1 point every km2) and this 

relatively large cell size can produce a smoothing effect on the anomaly peak. 

At the SW part of the profile, from F24, there is a change in gravimetric gradient with a broad relative 

maximum of small amplitude that is due to changes in thickness within the folded metasedimentary 

sequences. 

Magnetic profile has five peaks with different intensity, and shows a strong increasing trend of the magnetic 

anomaly from the middle to the NE end. 
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Figure 6.9. Results of the 2.5 D gravity and magnetic modelling of profile T5. A) Dotted line, observed 
magnetic anomaly; continuous line: calculated magnetic anomaly. B) Dotted line, observed gravity anomaly; 
continuous line: calculated gravity anomaly.C) Modelled cross-section. D) Geological cross-section prior 
modelling. E) Physical properties table.  

PROFILE F6 

This NE-SW profile (Figure 6.10) crosses the town of El Real de la Jara. 

Metasedimentary assembly represented in the profile is the same as in the previous cross-section (T5). The 

type of folding and faulting are also similar to the previous profile. 

Variscan plutonic materials are represented here only by migmatitic facies (Mg, unit 17) and Sultana facies 

(St, unit 20) of the Santa Olalla Massif, presenting a root with a maximum depth of 1,500 m, passing 

towards the SW to a tabular zone with a thickness of 670 m. 

The pre-Variscan Massif Don Rufino (Rg, unit 16) has an elongated section dipping to the NE and extending 

to a depth of 2,100 m. 

The almost flat gravity anomaly up to 3,000 m in horizontal distance is due to the metasedimentary 

succession, whose contact with the Serie Negra is maintained at almost constant depth; here the geometries 

of the metasedimentary formations have been changed between than 50-100 m or even less to fit the gravity 

data. The thickening of the metasedimentary sequences together with the influence of the Sultana (St, 20) 

and migmatitic facies (Mg, 17) of SOM, east of F12, gives the gravimetric response to adjust the negative 

gradient that ends at c. 5,400 m in horizontal distance. A broad relative maximum in the central part of the 

profile, between F12 and F3, is caused by the thickening of Sultana (St,20) and migmatitic facies (Mg, 17) 

of SOM together with the effect of the CDF (4) and LDF (3); in order to fit the anomalies, the most 

important changes occur in the granitoids, where its thickness has been reduced almost the 70% and their 

geometry has been changed from a near vertical intrusion to a more tear-shape. To the NE of the Sultana 

facies (SOM), the thicknesses of the LDF and CDF (4) have been increased by 200 an 150 m respectively. 

This segment ends in a narrow small amplitude minimum (c. 0.5 mGal) that has been adjusted by modifying 

the Don Rufino pluton (Rg, 16), where its bottom has been made shallower (from 4,000 m to c. 2,000 m). 

The last portion of the profile in the last segment is a broad and very low amplitude relative maximum that 

has been adjusted without having to change the thickness of LDF (3), CDF (4) and the easternmost outcrop 

of LF (2). 

The magnetic profile displays many anomalies, within a positive gradient towards the NE. The southernmost 

peak of the profile is located over outcrops of basic materials of ‘El Cubito’ Fm. (EC, 8), between F24 and 
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continuous line: calculated gravity anomaly.C) Modelled cross-section. D) Geological cross-section prior 
modelling. E) Physical properties table.  

 

PROFILE F7 

In this profile (Figure 6.11) the gravity anomaly has a sharp negative gradient from 6.3 to -1.30 mGal that 

goes from the beginning of the profile to c. 10,100 m (in horizontal distance) near F1, with a medium 

wavelength and small amplitude (c. 30 mGal) maximum over the outcrop of LDF between F11 and F3, 

which has modelled with slight higher density than the average (2.65 g/cm3 instead of 2.62 g/cm3). In this 

portion of the profile, few small changes were required in the metasedimentary formations, in order to fit the 

anomalies. The most relevant modifications are an important reduction in the Terena thickness (c. 50%) and 

an increase of the thickness of Barrancos in the same proportion between faults F16 and F12. SW to F16, 

Barrancos has been thinned by c. 175 m and MRV has been thickened the same extent.  

From c. 10,100 m (in horizontal distance), the gravity anomaly is almost flat with a low amplitude medium 

wavelength relative maximum (c. 0.40 mGal) overlapped, which has been adjusted by increasing the 

corresponding portion of Serie Negra Fm from 2.6 to 2.62 g/cm3. El Castillo granite have been modified 

from its original vertical intrusion like to a more tear-shape that runs along F17 fault and extends to the SW 

parallel to the surface; given its size, in the model it is not cut by F1 (obviously). 

The magnetic anomaly is mainly flat with overlapping maxima of different amplitude and wavelength. The 

first maximum (c. 150 nT in amplitude) at c. 1,000 m in horizontal distance has been modelled with lateral 

changes in the MRV susceptibility. Two smaller relative maxima of few tens of nT in amplitude between 

F16 and F12 have been adjusted considering lateral changes in Terena Fm. The high amplitude (up to 950 

nT) medium wavelength central maximum is adjusted assuming susceptibility changes within the Serie 

Negra Fm and LDF. In order to adjust the southernmost end of the profile, a susceptibility of 1,000*10-6 

ucgs has been assigned to Castillo as well as the surrounding Serie Negra Fm rocks. 

RMS of the gravity anomalies is 0.24 mGal and for the magnetic anomalies is 45 nT. 
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PROFILE T1 

This profile (Figure 6.12) has been modelled in order to constrain the structures in the EW direction but has 

the added difficulty that does not run perpendicular to the strike and therefore the RMS for the gravity 

anomalies is slightly higher than in the other models, 0.32 mGal. The physical properties as well as the 

shape of the different lithologies are consistent with the crosscutting SW-NE profiles. 

The RMS for the magnetic anomalies is similar to the other profiles, 38 nT.  

Both the gravity and magnetic anomalies depict a series of maxima and minima of rather short wavelength 

and amplitudes ranging from few cmGal to near 2 mGal in the gravity data and from few nT to tens of nT in 

the magnetic data. 

In order to fit the residual Bouguer anomalies, thickness of the metasedimentary sequences have been 

changed in places by some tens of meters with the only exception of the LDF immediately east of  

Aguablanca, where its thickness have been increased up to 300 m in order to fit the gravity anomalies. Other 

relevant changes are the increase in thickness of LF, east of F5, by c. 250 m and the consequent decrease of 

the limestones. Between F18 and F13, both, LF and the CDF have been thinned in order to fit the relative 

minimum above. By far, the most important changes are the granitoids, whose shape and thickness have 

been reduced from its initial 4,000 m to 1,000 m for Sultana and less than 1,800 m for Canteras, whose 

depth decreases up to 300 m at the centre of the batholith. 

The assumed portion of Cala granite depicted in the geological cross-section has been removed in the model 

because it is not necessary to fit the anomalies. If it exists, it must have the same density as the Serie Negra 

Fm and therefore there is no density contrast to model its shape. 

Aguablanca stock has also been modified in order to fit the relative maximum, which has amplitude of 1.55 

mGal; its thickness ranges from c. 140 m at the edges of the structure to c. 1,450 m at the deepest part.  

The RTP anomalies have been fitted by lateral changes in the magnetic susceptibility within the Serie Negra 

Fm, the LDF formations and the intrusive bodies. 
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The faults have been digitized from its trace on the geological map and extrapolated downwards taking into 

account their dips and the cross cutting relationships between them. The different surfaces have been created 

considering its temporal relationships. This is particularly important in the case of the plutons, where the 

youngest bodies have to be built first because they cut the oldest ones. 

The problem faced here is that the intrusions are almost simultaneous, i.e. the age difference found by 

radiometric dating is small. Therefore, the order of intrusion has to be determined with the help of the 

relationships between units seen in the field. The followed order for the construction of the bodies is as 

follows (numbers correspond to the ones on the geological map and cross-sections, figure 2.1): Teuler 

Granite (Tg, 23), Helechoso Granite (Hg, 22), Aguablanca Stock (26, 27 and 28), Santa Olalla Massif (17, 

18, 19, 20 and 21), Cala Granite (24), and finally, Castillo Granite (CTg, 16). Among the units that make 

Santa Olalla Massif, although they all have the same age, three intrusive episodes have been established. 

First, we have modelled the migmatitic granites (Mg, 17), then the Común and Canteras facies (18 and 19), 

and finally, the Sultana and Dioritoids facies (20 and 21). 

A first 3D geological model has been created from geological cross-sections (figures 9 to 12, part D). The 

magnetic and gravity fitting of these geological cross-sections provides new insight in the geometry of some 

of the igneous bodies and sedimentary materials which yields to a new 3D geological model (figure 6.13), 

improved by geophysical data. Some important facts must be pointed out: 

‐ No significant changes in the thickness or on the geometry of the metasedimentary units, between the 

starting and the final models, are observed. 

‐ The most relevant results are the reduction in volume of the plutons deduced from the gravity and 

magnetic modelling. In order to adjust the anomalies, their geometry had to change from an inverted 

drop shape to a more irregular, laccolithic appearance, with different rooting zones. Some of these 

rooting zones can be associated to fault’s displacement as in the case of the dragging of Zufre fault. 
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profiles have NNW-SSE and ENE-WSW orientation and the purpose is to provide additional information in 

order to build up a more detailed geometry of the mineralized area. 

Modelled lithologies 

For the modelling, the lithology units of the geological map (Figure 6.3) have been simplified by grouping 

them according to their structural equivalence. From the base to the top: 

At the bottom of the Cambrian stratigraphic series appears the LF formation, with thicknesses between 

1,500-1,800 m. It crops out to the NE of Cala mine. 

The Carbonate Detrital Formation (CDF) lies on top of LF and hosts the mineralization; it has a tight 

asymmetric anticlinal shape, faulted at its northern border. This fault thrusts upwards the granitic stock and 

shales of unit 4. Its thickness is about 300 m, almost constant through the area.  

The Upper Detrital Formation has been divided into two series. The first one is UDF1, composed of three 

subunits: unit 3 (arkoses, greywackes and shales), unit 4 (shales) and unit 5 (alternating sandstones and 

shales). This series presents a thickness of c. 500 m. The second series is UDF2 (unit 6) located on top of 

UDF1 and made of shales and sandstones with a maximum thickness of 150 m.  

The Main Rift Volcanic (MRV) is the last Cambrian unit and presents thicknesses up to 150 m towards the 

western part of the area. 

Terena Fm, Devonian-Carboniferous in age, is placed uncomformably over the Cambrian formations. To the 

SW it erodes the top Cambrian units, lying on top of the CDF at the SE of the mine. 

Ore bodies intrude the skarn rocks and show a wedge-like geometry, thinning in depth. From the geological 

mapping and borehole data it has been deduced that the structure of the ore bodies has, towards the N, the 

same dip as the CDF, 65º to 70º (Figure 6.15, section II), progressively thinning in depth at least up to 400 

m, taking as a reference the actual mine pit deepest level, and limited by the granitic stock. The boreholes do 

not crosscut entirely the mineralization, thus opening the possibility that its extension in depth is higher than 

previously considered. 

Cala granite (Cg) is biotite granite. At present, its outcrop is mainly buried beneath a slag heap. It is 

intrusive into the UDF. At its southern border, Cala granite has thrust over the mineralization. This thrust 

has a 130ºN orientation and a dip c. 60-70º. The base of the granite before the modelling was unknown. 
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positive anomalies due to the CDF and MRV units. After small changes in the initial model and once the 

patters of the calculated anomalies were very close to the observed, we have proceeded with the stochastic 

inversion. 

The calculations were set for 1000000 iterations, allowing small variations in the densities (because they 

come from rock samples) and allowing more variation in the lithostratigraphic interfaces because the 

geometry is only constrained from the geological data. The RMS varies from 0.97 mGal at the beginning of 

the calculations until 0.27 mGal at the last iteration (Figure 6.17). 

 

Figure 6.17. RMS versus iterations. 

The calculated residual anomaly from the inversion is shown in Figure 6.18. The range of the anomalies is -

2.24-3.48 mGal. The pattern of these anomalies (direction, intensity and range) is very similar to the 

observed ones. The mineralization is well delimited by the central maximum and the shape of the positive 

NW-SE gradient together with the NE-SW interruptions of the anomaly, corresponding to the faulting. They 

are alike to the one depicted in the observed residual Bouguer. 

Figure 6.19 shows the surface density variations resulting from the inversion. The average variation is very 

small, 0.02 g/cm3 with a SD of 0.1 g/cm3. In the mineralization zone, the density after the inversion has 

increased by 0.4 g/cm3, resulting in a calculated density for the ore bodies of 3.48 g/cm3 which is closer to 

the obtained from the samples. 
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7. DISCUSSION AND CONCLUSIONS 

7.1. Petrophysics 

The regional petrophysical investigation constitutes a methodological effort to integrate geological 

interpretation of ground gravity and magnetic and radiometric high-resolution flights of the Cala region. 

Furthermore the data set will help to calibrate and constrain a 3D geological model of the whole area. Three 

main conclusions have been set in terms of: 

A) Variability 

- Lithologies and geological formations in the studied Cala region show a great variety of density, magnetic 

susceptibility and natural gamma radiation values; some of the lithologies are homogeneous displaying 

distinct physical properties, i.e., low magnetization, with moderate to high radioactive actinide content rocks 

as the pre-variscan granites. The Variscan granites and granodiorites are in general low density 

paramagnetic rocks with a wide spectrum of radiometric signatures. With respect to acid and basic 

volcanites and gabbros, the variation of the analysed properties is also significant, being always of 

polymodal character (concerning susceptibility and magnetization). The basic rocks exhibit low radiometric 

levels but with subtle differences of radioelement concentrations. 

- Although a thorough sampling has been carried out to characterize the different lithologies and units of the 

area, using adequate techniques of collection and analysis, the sampling of the Cala area is limited 

considering its wide lithological variety; consequently a previous (FEDER project) sampling has been taken 

into account. 

- While Sultana facies of SOC show geochemical properties alike to diorites, their heterogeneous 

geophysical responses prevent a clear outcropping mapping. 

B) Petrophysical character  

The petrophysical character of the main lithological groups and units has been established from the analysed 

data and their geophysical responses. Some remarkable differences between metasedimentary (less dense 

and paramagnetic rocks) and igneous (wide variability) have been established. 

- In the metasedimentary set the principal markers are the skarn (CDF) and the ore deposits with some 

magnetic positive markers in volcanic as acid (LF, UDF) and basic (MRV). 
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- The main geophysical markers of the Cala region correspond to the granitic set, some volcanites, and skarn 

rocks (those related to remarkable ore mining traces). In general, geophysical responses map very well SOC 

outline and are in good agreement with its petrophysical data, with some uncertainties that are mentioned 

below. 

- Similarly, regarding the stock of Aguablanca, magnetic and gravimetric anomalies do not correspond 

exactly with the stock boundaries. Considering the composition of this pluton, higher gravity anomalies 

would be expected. 

- High measured magnetic susceptibilities yield to a clearer cartography in the case of granites and tonalites, 

than in the case of more basic rocks, characterized by a difficult magnetic mapping. 

- Regarding the magnetic susceptibility sampling is a little bit short being many of the ferromagnetic 

lithologies only represented by less than ten samples, and very few with magnetic susceptibilities higher 

than 2,000-2,500*10-6ucgs. Although the modes are not well defined, they do show the probable anomalies 

related to a variety of sources: acid and basic volcanics, not outcropping in many cases, basic and acid 

intrusive bodies, and, especially, skarns and mineralizations. The effects of contact metamorphism induce 

significant changes in the magnetic properties of the materials involved. 

C) Geophysical data application in mineral exploration 

Related to the use of natural gamma radiometry in mineral exploration, its applicability is based on the fact 

that many mineralized processes are associated to geochemical changes related to concentration of 

radioelements, e.g. potassium or uranium contents or U/Th, U/K or Th/K relationship changes. In the Cala 

area there is a good correlation between ore deposits of Fe, Cu and radiometric anomalies (high U contents), 

but not regarding Ni, Cr and precious metals (Au and platinoids), some of which are currently being 

exploited in Aguablanca mine. 

Direct prospecting 

Teuler granite (Tg) and Cala (Cg) areas are considered as the most interesting places for mineral 

prospecting, regarding the high magnetic response. 

Although Santa Olalla Massif (SOM), including Aguablanca gabbros (AGB), does not reflect a clear 

magnetic response, the ternary map outlines precisely the Massif reflecting low contents in radioactive 

actinides. Surrounding the Aguablanca stock some remarkable magnetic anomalies might suggest the 

presence of magnetite in the hosting stock. 
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The Serie Negra Fm depicts relatively low magnetic anomalies. There are only two small ore veins in this 

series (Cu, Au, Bi) showing no relationship with radiometric anomalies in the area. 

In the UDF there are some ore mineralization of Fe, Cu (in the lower right corner of the map of the study 

area), some of which produce magnetic anomalies, but have very low values in the content of K, Th and U. 

Regarding mining exploration using in situ radiometrics, it seems that mineralized skarn Fe, Cu produce 

high radiometric U responses in mines as Teuler and Cala. However radiometric response Aguablanca Mine 

(mineralization Ni-Cu-PGE) is not significant. 

7.2. Gravity, magnetic and radiometric maps 

The residual Bouguer anomaly map displays a broad and intense, several kilometers long, gravity gradient 

from the northwest to the southeast, where three zones can be distinguished:  

1) North Zone over low density metasediments of Serie Negra and pre-variscan and variscan granitoids.  

2) Central Zone mainly corresponding to the Santa Olalla Complex and surrounding areas. Most of the 

SOM, being heavier than its environment, is well delineated by gravity anomalies. It depicts a 

multifaceted gravity pattern that will be unraveled during the modelling process.  

3) South Zone, located southward of Zufre fault. In this area higher gravity fields reflect changes of 

upper crustal thicknesses and character, and type of igneous masses involved, in transition to Pulo do 

Lobo area and SPZ, with remarkable anomalies caused by mafic volcanics and basic intrusive 

bodies, SW of Zufre fault. 

Granitoids provide medium to low values of magnetic anomalies, with the exception of the biotitic granite of 

Cala and the biotitic monzogranite of Teuler, although these anomalies are not due to granitic rocks. Strong 

positive anomalies in the area could be related to the influence of the ferromagnetic skarn affecting the 

surrounding materials of these granitoids. 

The compilation of the three radioactive elements yields the following main characteristics:  

1. Low radioactivity in Serie Negra (SN);  

2. Pre-variscan granitoids of the Castillo (CTg) and Sierra Padrona (SPg) are rich in radioactive 

elements (K+U and Th+U);  

3. The Cala biotitic granite (Cg) provides high U content; and  
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4. Coarse-grained tonalites and medium-grained and heterogranular (TC, Canteras facies) of the Santa 

Olalla Massif are rich in Th+U. 

Possible areas for future mining research  

-There is a potential interesting mining area eastern of Santa Olalla plutonic massif (SOM), related to a 

strong magnetic anomaly, and blue-green colours on the ternary map, which might indicate the presence of 

possible mineralization. 

- Over Teuler area there is a high magnetic and positive gravimetric anomaly. This cannot be justified only 

by the presence of Teuler granite, since neither its density nor its contents in magnetite justify such maxima. 

- In general Iron-rich calcic-skarns are widespread in the OMZ (Casquet and Velasco, 1978; Casquet and 

Tornos, 1991). Most are located at the contacts between Variscan plutons of the mafic to intermediate 

composition and carbonate rocks of Early Cambrian age. Most of these skarns replace wall rocks peripheral 

to the plutons, with only minor endoskarns (Carriedo and Tornos, 2010). A long standing debate persists 

regarding the source of the iron within these deposits that are adjacent to major intrusions or shear zones: 1- 

magmatic-hydrotermal derivation or 2- Variscan hydrothermal remobilization or metamorphic 

recrystallization of pre-existing Early Cambrian exhalative mineralization (see Carriedo and Tornos, 2010). 

Regarding predictivity mineral resources (i.e Fe) and processes of mineralization, the common  assumption  

that deposits are related to major intrusions or shear zones is today under debate. One of the outputs of the 

project after a detailed rock geochemical analysis of different mineralizations shows significant differences 

of composition (i.e. U contents). That drives us to establish a generic searching rule: prospectivity areas are 

those close to igneous intrusions, or skarn zones affected by contact metamorphism, and displaying positive 

gravity and magnetic anomalies, in conjunction with high U signatures. Unfortunately, the intensity of 

anomalies is not a reliable indicator of the amount of reserves of unexplored ore bodies (Figure 7.1).  

As zones of interest for mining research for Fe (Cu) three areas have been identified: the first one located at 

the north of Teuler massif and at the NW Santa Olalla Massif, the second is the extension toward SE of 

Cala mine, and the third to the E of the town of El Real de la Jara. 
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For 3D modeling we have followed a methodology based in an adequate selection of the surfaces to model 

(stratigraphic limits, faults and intrusions), and an exhaustive analysis and processing of the reviewed 

geological data within the gOcad environment, where surfaces are built by interpolation of the 3D data 

sources.  

Our methodological approach is based on the adjustment of geological cross-sections to fit potential field 

anomalies. Thus, adequate processing of gravity data to obtain the residual anomalies to model plays an 

important role because it greatly affects the outcome of the modeling. In particular, the selection of the 

reduction density greatly affects the final results.  

In our study, the starting intrusive body geometries of the geological cross-sections were based on the 

previous works of Romeo who used a density reduction of 2.75 g/cm3. As justified in previous chapters, our 

best estimate for the reduction density in this area was 2.60 g/cm3. Because we have density data for the 

different lithologies, our degree of freedom was to modify the geometry in order to fit the gravity anomaly.  

In our final model, the intrusive bodies and adjusted geological cross-sections differ greatly of previous 

studies in the area (Romeo et al., 2006, 2008). The differences involve a major change in the volume and 

geometry in depth of Santa Olalla Complex (SOC), showing a drastic decrease in overall thickness of the 

body relative to the pre-existing model.  

The 2.5 and 3D modeling has revealed a tabular geometry for Santa Olalla Massif with three possible zones 

of root. One of them is located in the south and is adjoined to Zufre fault while the other two are located in 

the northern boundary of the massif. These northern roots areas correspond to plutonic feeder zones. The 

one related to the Aguablanca stock, presents a pipe-shaped architecture (Romeo et al., 2006, 2008). The 

second one is associated to Santa Olalla Massif. Also, the update of the SOC surface geology induces 

significant changes in the overall obtained model geometry. Conversely, major changes in the thickness and 

geometries initially proposed in the geological cross sections were not required for adjustment of 

gravimetric and magnetic responses in the case of the metasedimentary successions. 

Finally, with repect to the model quality, it is worthy to point out that our work has fulfilled the most 

demanding rules of geophysical modelling: full honouring of geological data and starting cross-sections, 

best processing practice, model properties based on petrophysical measurements and analysis, and the use of 

an adequate density profile mesh providing a great number of intersections where profile consistencies are 

proven in a 3D environment. 

- Cala mine 
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Even though the slag heaps have not been included in the modelling, the results of the inversion are good, 

with an RMS of 0.27 mGal (about a 5% of the total amplitude of the residual Bouguer anomaly). 

The volume of the unit 9 (skarn and the ore body in Cala mine map, figure 6.14) calculated from the final 

3D model is about 43 Mm3 .Using as reference the density obtained from the inversion, 3.48 g/cm3, the 

approximate weight for this unit is 150 Mt. From this quantity, 75-60 Mt corresponds to the ore body. 

These values are in the range proposed by Tornos et al (2004), who estimated a minimal resource of 90 Mt 

@ 39% Fe and 0.27% Cu and Carriedo et al (2009), that proposed 60 Mt @ 39% Fe and 0.27% Cu. 

The geometry obtained from the 3D gravity inversion shows that the ore body is affected by two families of 

faults, so it could be expected the occurrence of mineralization north of the N80º to 90º E faults, although 

located at a higher deep. The increase in density of the CDF and the UDF1 towards the SE, where the 

residual Bouguer anomaly presents relative maxima, suggests the possible occurrence of new deposits. The 

most probable location of those deposits would be next to the sinistral faults associated to that family. 

3D local Cala Mine model locates the top of the Cala granitic stock closer to subaerial exposure than the 

regional model.  

- Aguablanca ore deposit 

The volumes of the ore bodies obtained with gOcad have allowed the evaluation of the mineral resources 

and the estimation of the amount of mineral deposits that might be available for exploitation. 
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V. 3D Model 

It contains 3D models in 3D pdf format of Santa Olalla de Cala zone and Cala mine area. Adobe Reader XI 

is recommended. 

www.igme.es/Publicaciones/PubliGratuitas.htm/Informe10_Annex_V_SantaOlalla_IGME_3D.docx?dl=0 

www.igme.es/Publicaciones/PubliGratuitas.htm/Informe10_Annex_V_SantaOlalla_IGME_3D.pdf?dl=0 

 

It includes a video-clip of 4D evolution of Río Tinto zone and Santa Olalla de Cala-Aguablanca areas. 

 

www.igme.es/Publicaciones/PubliGratuitas.htm/Informe8_10_Annex_III_Iberian_Belt_IGME_SP_4D_170

42013.docx?dl=0 

 

 

 






