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1.  INTRODUCTION 

The Geological Survey of Spain (IGME) has participated in recent years in many 

mineral resources research projects in the South-Portuguese and Ossa-Morena zones of 

the Variscan Iberian Massif. These areas are characterized by te presence of several 

mines and ore deposits. In fact, in the southwest of Spain are some of the most 

important massive sulphide deposits in the world and some notable metallic anomalies.  

Under the Seventh Framework Programme of the European Union, the 6th of May 2009, 

IGME signed,  as co-partner, the project "Nano-particle products from new mineral 

resources in Europe", (ProMine, NMP-2008-4.0- 5, Contract No. 228559), along with 

25 other members, including many geological services. The project was led by the 

Geological Survey of Finland (GTK). The IGME has actively participated in the work 

packages WP1, WP2 and WP4.  

This work is part of the work package WP2. The aim of this was to obtain the 3D model 

of several sites in the Ossa Morena Zone and South Portuguese Zone terranes. 

Specifically, within the project, the IGME worked in the area of Santa Olalla de Cala in 

Cala and Aguablanca mines in the Ossa Morena Zone and Rio Tinto mine in the Iberian 

Pyrite Belt.  This report is the result of geological research in the area of Río Tinto. 

The South Portuguese Zone (SPZ) is located in the south of Portugal and Spain, in the 

southwestern part of the Iberian Peninsula. It is divided into three domains, the 

northernmost of which is the Iberian Pyrite Belt (IPB. Figure 1.1a). The IPB is one of 

the most outstanding ore provinces in the world, probably having the largest 



2 
 

concentration of volcanogenic massive sulphide deposits worldwide and great economic 

interest because of the huge number of sulphide masses it hosts, that including world-

class deposits such as Río Tinto (Spain) or Neves Corvo (Portugal). The Río Tinto mine 

is the largest and historically most representative group of mining works amongst the 

several giant volcanogenic massive sulphide deposits of the Iberian Pyrite Belt, and is 

interpreted as the largest concentration of volcanic-hosted sulphides on Earth. 

Mining in Río Tinto have a long history. The earliest archaeological evidence of mining 

activity goes back to the beginning of the age of metals (Blanco and Rothenberg, 1981; 

Rothenberg and García Palomero, 1986; Pérez Macías, 1998). Roman mining was 

especially active between I and II centuries B.C. (Domerge, 1990). It was oriented to the 

extraction of gold and silver-bearing “jarositic sands”, located in the contact between 

the gossan and the underlying massive sulphides, as well as the copper-rich ores within 

the cementation zone. Mining activity increased in the transition between the 19th and 

20th centuries, In the Second Industral Revolution. Between the years 1873-1954, the 

mining became especially active when Río Tinto mine was acquired by U.K. 'Río Tinto 

Company Ltd'.  

Until the mid-19th century, Río Tinto was exploded almost exclusively by underground 

mining, through wells and galleries. It was from the end of the 19th century when the 

Río Tinto mining developed opencast, as for example Corta Atalaya, opened in 1907, or 

the Filón Sur open-pit, whose exploitation forced to relocate the original site of the old 

village of Río Tinto. 

In 1954, a Spanish company was created and took over the exploitation of the Río Tinto 

mine (Compañía Española de Minas de Río Tinto, S.A.). In the following years, Río 

Tinto was exploited by various mining companies. In 1970, Unión Explosivos Río Tinto 

(ERT). In 1977, Río Tinto Minera, S.A. (RTM). In 1995, it was transferred to the 

miners, changing again the property to a new company (Minas de Río Tinto Sociedad 

Anónima Laboral, MRT, S.A.L.). It was at this time, when mining experienced an 

economic crisis due to falling copper prices, that its activity was discontinuous. This 

situation culminated in the definitive closure of Rio Tinto in 2004. Currently, Rio Tinto 

mine belongs to EMED-TARTESSUS Company, which is carrying out exploration to 

reopen the mine. 
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The Variscan Orogen took place as a consequence of the closure of the Rheic Ocean, 

which ended with the Late Paleozoic plate amalgamation which led to the 

supercontinent of Pangea due to the collision between Gondwana and Laurussia (Matte, 

1986, 1991, 2001; Ribeiro et al., 1990a, b; Quesada, 1991). 

Volcanic Massive Sulphide (VMS) deposits constitute today one of the major sources of 

base metals on Earth. The VMS mineralization contains significant precious metal 

values, causing the resurgence of the exploration interests of Late Devonian and Early 

Carboniferous volcanic sequences at the IPB that host well documented VMS deposits 

with polymetallic mineralization.  

The IPB hosts one of the largest concentrations of massive sulphide deposits in the 

Earth's crust. This highly productive VMS belt contains more than 85 massive sulfide 

deposits, an estimate of 1600 Mt of massive sulphide ore and about 2500 Mt of 

stockwork ore (Leistel et al., 1998; Oliveira et al., 2005; Tornos, 2006 and references 

therein). General syntheses on the IPB include those of Strauss et al. (1977), Routhier et 

al. (1980), IGME (1982), Barriga (1990), Sáez et al. (1996), Leistel et al. (1998b), 

Carvalho et al. (1999), Junta de Andalucía (1999) and Tornos et al. (2000). Other 

general works deal with the volcanism (Munhá, 1983; Mitjavila et al., 1997; 

Thieblemont et al., 1998), the structure and regional metamorphism (e.g., Munhá, 1990, 

Silva et al., 1990, Quesada, 1998), or the facies architecture of the volcano-sedimentary 

complex (Soriano and Martí, 1999; Rosa, 2007). 

Petrochemical studies of volcanic rocks in other VMS districts (e.g., Lesher et al., 1986; 

Barrie et al., 1993; Stöltz, 1995; Lentz, 1998, 1999; Barrett and MacLean, 1999) have 

shown that their geochemical signatures can provide an insight into the paleotectonic 

setting and metallogenic evolution. Furthermore, they have shown that volcanism 

associated with VMS mineralization may provide a fingerprint of the ambient thermal 

and tectonic constraints that control the genesis of hydrothermal systems in VMS. 

Most of the general geology of Río Tinto is based on the pioneer works of Collins 

(1885), Finlayson (1910) and Williams (1934) that were partially modified by Rambaud 

(1969), García Palomero (1980) and Oswin (1986). The most important contribution to 

developing a regional stratigraphy was published by Schermerhörn (1971). These 

authors have established the classic geology of the area, proposing that the mine area 

consists of a main anticline structure with a minor syncline.  
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This paper presents a new geologic map and geochemical data for felsic and mafic 

volcanic rocks from the Río Tinto area, including those that do not host significant 

mineralization and those spatially associated to VMS deposits. The main objectives of 

this study are to interpret the lithogeochemistry and alterations of mafic and felsic 

volcanic rocks in Río Tinto and to study the use of geochemical parameters as 

exploration tools in others areas of the Iberian Pyrite Belt. 

All the maps coordinates on this report are referred to UTM Projection International 

Elipsoid, Datum ED50, zone 29. 

2. GEOLOGICAL SETTING 

The South Portuguese Zone (SPZ) constitutes the southernmost palaeogeographic and 

palaeotectonic unit of the Iberian Variscan orogen (Figure 1.1a). Some geological 

interpretations suggest that the SPZ is separated from the rest of the orogen by a suture 

zone delineated by the Beja-Acebuches amphibolite and the Pulo do Lobo accretionary 

terrain (Munhá et al., 1986; Ribeiro et al., 1990a; Quesada, 1991, 1992; Quesada et al., 

1991, 1994).  

The IPB is located in the northern part of the SPZ (Figure 1.1b). This region has been 

deformed and metamorphosed in very-low and low grade during the Variscan Orogeny 

(Munhá, 1990). Regional mapping in the IPB has identified a relatively simple 

stratigraphic sequence that comprises three major lithostratigraphic Paleozoic units 

(Schermerhörn, 1971): the Phyllite-Quartzite Group (P-Q), the Volcano-Sedimentary 

Complex (VSC) and a Carboniferous siliciclastic sequence (Culm Group); and a 

plutonic unit, at East represented by the Sierra Norte Batholith (SNB) (Simancas, 1983, 

De la Rosa, 1992). 

The P-Q Group is the oldest rock sequence exposed within the SPZ (Schermerhörn, 

1971). Mainly it is a turbiditic siliciclastic sequence consisting of a monotonous 

succession of interbedded shales, quartz-sandstones and quartzites, with limestones and 

conglomeratic quartzites at the top. The limestones are dated as Upper Devonian 

(Boogaard, 1967; Boogaard and Schermerhörn, 1975). At the top of the P-Q Group, 

under the base of the CVS, there is a level of black slates of Strunian age (Rodríguez et 

al., 2002). 
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The basic units are located in two stratigraphic positions: at the bottom and at the top of 

the volcanic sequence; the so-called ‘transition series’ (García Palomero, 1980; Matas et 

al., 1999b). 

The felsic volcanic units have been interpreted as lavas, domes, cryptodomes, sills and 

pyroclastic units. The volcaniclastic units are interpreted as pyroclastic, autoclastic and 

epiclastic deposits. The felsic volcanic rocks are considered to have been emplaced in a 

submarine setting, although some units have been interpreted as ignimbrites emplaced 

in a subaerial environment. 

The levels of black slates that appear in the VSC through the whole series of volcanic 

materials, having revealed as a good paleontological tool for dating the volcanic 

materials, allowing to establish correlations, with an accurate biostratigraphy, 

throughout the whole IPB. The basic volcanic sequence in the Jarama River, to the east 

of Río Tinto mine, provides a continuous series that has allowed to date precisely the 

duration of the volcanic activity in this area (Rodríguez et al., 2002). 

The top of the VSC is marked by a set of purple slate layers, jaspers and chert lenses, 

and a second basaltic unit, serving as a level guide for all the IPB (Matas et al., 1999a). 

The VSC is overlayed by the Culm Group. It is the uppermost IPB unit and consists of 

slate, litharenite and rare conglomerate beds with turbiditic features. The Culm Group 

ranges in age from Late Visean to Middle–Late Pennsylvanian; it is interpreted to as a 

synorogenic flysch deposit related to the Variscan tectonic event. 

An important magmatism occurred in the SPZ associated with the geodynamical 

evolution of this sector of the Variscan Belt. This magmatism is represented by the 

plutonic associations of the Sierra Norte Batholith (SNB) (Simancas, 1983; De la 

Rosa, 1992) and by the volcanic units of the Volcano-Sedimentary Complex (VSC). 

The SNB consists mainly of three types of plutonic associations. The first one is made 

up of basic rocks (gabbros-diorites) with some accumulated ultrabasic rocks. The 

second association comprises subvolcanic intrusions of tonalites, trondhjemites and 

granodiorites that show TTG series affinities (Schütz et al., 1987; Halsall, 1989; Díez-

Montes et al., 1999, 2008). The third one is represented by Al-K granitoids forming 

small plutons emplaced in the TTG-plutonics and in the volcanic successions, 

producing contact metamorphism around them (Díez-Montes et al., 2008). It is very 
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common to observe mixing and mingling zones in the contact between basic and TTG 

plutons. 

The geochemical similarities between TTG plutonic rocks and the materials of the 

volcanic succesions (Schütz et al., 1987; Thiéblemont et al., 1998; Díez-Montes et al., 

2008, 2011), as well as the available U/Pb evidence (Tucker Barrie et al., 2002; 

Dunning et al., 2002) suggest that TTG-plutonic unit is genetically related with the 

VSC. 

3. LITHOSTRATIGRAPHY OF RÍO TINTO MINE 

The reconstruction of the volcanic and volcano-sedimentary facies architecture is a 

powerful tool for in understanding the stratigraphy and structure of mineralized volcanic 

successions. An outline of the relationships between the different lithological facies of 

the VSC is shown in the stratigraphic column of the geological map of the Río Tinto 

Anticline (Figure 3.1). Facies names have been assigned using the terminology after 

McPhie et al. (1993). The presence of marine fossils, such as conodonts in the limestone 

of the P-Q Group, and radiolarians in the volcaniclastic rocks evidence a submarine 

geological environment for the VSC formation. Therefore, the composition, and 

stratigraphy of the VSC of the Río Tinto anticline mainly correspond to a submarine 

succession of basic and felsic volcanic rocks interbedded in mudstones and 

volcaniclastic sediments.  

The massive lavas, clast shapes, jigsaw-fit and perlitic textures, and monomictic 

composition of the non-stratified rhyolite-dacite units are typical of hyaloclastites 

associated to growth of submarine domes, crypto-domes and sills. A good definition 

and interpretation on the volcanic facies architecture in the IPB can be found in Rosa 

(2007). 

The fairly simple stratigraphy of the VSC becomes complicated because of a dense 

regional thin-skinned Variscan tectonic with the presence of several large thrusts and 

faults (Mellado et al., 2006; González-Clavijo and Díez-Montes, 2010), and the 

pervasive hydrothermal alteration that usually masks the original features. The 

stratigraphic column of the Río Tinto anticline, shown in Figure 3.2, agrees with the one 

described for the aforementioned outcrop in Jarama River (Rodríguez et al., 2002. 
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The first phase of volcanic activity in the Río Tinto area is represented by a sequence of 

basic volcanic rocks. These rocks outcrop to the north of Atalaya open-pit and also to 

the east of Filón Sur open-pit (to see Figure 3.1). The base of the volcanic rocks are not 

exposed in the Río Tinto anticline, but in the Jarama River, the bottom is a barren shale 

of Strunian age (Rodríguez et al., 2002). 

In the Río Tinto anticline, the basalts are usually fine grained and massive, ophitic to 

weakly porphyrytic and locally with flow banding. They contain abundant enclaves of 

the host rocks or of previous basalt randomly distributed. The basalts appear as pillow-

lavas with vesicular textures (Figure 3.3b). Vesicles are 0.2-1.5 cm in size, and they are 

commonly filled with quartz, sulphide, calcite and chlorite (Figures.3.3c and 3.3d). In 

other areas close to Río Tinto the basalts show columnar jointing, e.g. at south of Nerva 

and Jarama River. This basaltic sequence culminates with alternating layers of black 

shale’s and basic tuffs. 

The felsic volcanics rocks overlie the sequence of mafic volcanic rocks and black slates 

. They form mainly the outcrops in the Río Tinto anticline, where the massive sulphide 

ore deposits are hosted. Several volcanic facies related with the architecture of a 

complex of submarine dacite and rhyolite domes (coherent rhyolites, massive dacites to 

breccias and volcanosedimentary facies) and sills can be distinguished. Under the base 

of the domes, peperitic contacts between lavas and sediments can be seen, involving an 

emplacement on unconsolidated wet sediments. 

The least altered felsic rocks occur in a zone located in the western half of Río Tinto 

anticline, whereas in the eastern half, the felsic rocks show an important alteration, 

being more intense in the vicinity of the stockwork and the mineralization. 

The coherent rhyolites are mainly quartz-phyric (Figure 3.4a and 3.4c), also quartz-

plagioclase-phyric, and contain sparse plagioclase phenocrystals. In thin section, it is 

possible to differentiate two quartz-types. The first type corresponds to euhedral to 

subhedral phenocrystals, with some fragments 1-3 mm in size and the second type is 

represented by euhedral or subhedral microphenocrystals. 
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in basalts with chloritic alteration. e) Textural microscopic appearance of basaltic lava. 
f) Photomicrograph of a vacuole (v) filled with chlorite, quartz and pyrite core, in basalt 

with chloritic alteration. 

Two types of alterations can be distinguished in the field, sericitic and chloritic, both 

associated with the mineralization (Figures. 3.4e, f, g and e). In the volcanic rocks whith 

chloritic alteration it is possible to distinguish two types of quartz crystals: 

phenocrystals and other smaller crystals; both are euhedral to subhedral, and show 

regrowth at their edges (Figures. 3.4g and h). 

At the west of the Río Tinto anticline, the rhyolite shows a distinct flow foliation 

defined by planar and parallel to contorted and folded, millimetre- to several centimetre 

wide bands having slightly variegated colours (Figures 3.5a and 3.5b). Columnar 

jointed rhyolite has also been reported in the Cerro Colorado open-pit (Figure 3.5c). 

There are a second type of rhyolites that only can be identified geochemically . They are 

characterized by a higher Zr content. These rhyolites are studied in the 

lithogeochemistry section and they show in the field similar characteristics than the first 

rhyolite type. 

Finally, there is a third type of felsic volcanic rocks represented by the rhyolites-dacites 

of the Atalaya dome. This felsic rocks outcrop mainly in two places, the first one is  

Atalaya open-pit (Figure 3.6a) and the second one is  the north of Cerro Colorado open-

pit (Figure 3.6d). These domes intrude the stockwork, as can be seen in Figure 3.6d. 

They show no alteration, although they are very close to massive sulphides and the 

stockwork (Figures 3.6a and b). In the Corta Atalaya dome, enclaves of massive 

sulphides within the felsic volcanic rocks can be observed (Figure 3.6c). These evidence 

shows that the intrusion of these volcanic rocks occurred slightly later than the 

formation of massive sulphides. 
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This conglomerate is black shale-supported and includes fragments of shales, quartzites, 

felsic rocks (rhyolite and dacite) and pyrite nodules. For the latter, a hydrothermal 

replacement is proposed (Tornos, pers. com.). 

The stratigraphic position of this conglomerate is controversial, since the presence of 

rhyolite and massive sulphide pebbles suggest that this lithology has been formed at the 

same time as the massive sulphides or subsequently. 

Purple shales and jaspers association outcrops mainly at the top of the volcanic 

sequence, and they are only found in the western zone; in the eastern zone, purple shales 

do not outcrop due to tectonic causes. Jaspers are red coloured and are enclosed by 

purple shales, suggesting that both rocks are genetically related. In purple shale and 

jaspers outcrops, numerous small manganese oxides occurrences are found. A detailed 

study of the jaspers and cherts of the IPB can be found in Leistel et al. (1998). 

The presence of fine hematite in the upper parts of the column results in tuffaceous units 

with a fine purple matrix, and in a purple shale layer which are a stratigraphic reference 

level. Hematite and pyrite are abundant in this facies, and the colour variations in the 

purple shale probably relate to the iron oxidation state . The presence of radiolarians is 

common in purple shales. 

Jaspers and other silica-iron-rich deposits are common in submarine volcanic provinces 

hosting massive sulphide deposits (e.g. Large, 1977; Franklin et al., 1981), as is the case 

in the IPB and in other massive sulphide provinces and districts. 

The upper volcaniclastic unit outcrops above the main level of purple shales. This unit 

is mostly composed of felsic volcanic epiclastic deposits. It consists mainly of 

sandstones, siliceous siltstones and green and purple shales. 

The Culm Group is formed by black shales and sandstones with turbidite facies, 

tectonically overlying the materials of the previous sequence. Its minimum thickness in 

the Río Tinto area is 500 m. These deposits possibly have been formed in a synorogenic 

basin located to the north of this area. 
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4. LITHOGEOCHEMISTRY 

46 new samples of volcanic rocks from the Río Tinto Zone were analysed at the 

Geological Survey of Spain (IGME) and details of the analytical methods are presented 

in the table I. The complete dataset for this paper has been completed with data from 

Halsall (1989), Silveira (1996) and Matas et al. (1999b). In total, 220 geochemical 

analysis of volcanic rocks,  with coordinate references, have been used in this study. 

4.1. Alteration 

Numerous authors have shown that the destruction and replacement of primary phases 

(feldspar and glass) by secondary alteration phases are the most common reactions 

during hydrothermal alteration of felsic rocks in the Volcannic Hosted Massive 

Sulphides (VHMS) environment (e.g., Munhá et al., 1980; Lentz, 1999; Large et al., 

2001). Feldspar destruction reactions result in the loss of alkalis (particularly Na and 

Ca) during the formation of sericite (Ishikawa et al., 1976), whereas, replacement of 

feldspars and sericite by fixation of Mg (±Fe) from solution to form chlorite leads to 

gains in Mg (±Fe) in the rocks (Saeki and Date, 1980; Hajash and Chandler, 1981; Date 

et al., 1983; Lentz, 1999). These results lead us to assume that the alkalis, SiO2, and Fe-

Mg have been mobile in the rocks of Río Tinto Zone. Other major elements such as 

TiO2 and Al2O3 are considered immobile (Barrett and MacLean, 1999) except under 

extreme conditions (Finlow-Bates and Stumpfl, 1981). However, given the level of 

preservation of samples in this study, TiO2 is assumed to be immobile, while the Al2O3 

is mobile with extreme chloritic alteration. The low field strength elements (LFSE; Ba, 

Rb, Cs, Sr) are considered to be mobile during hydrothermal alteration (e.g., MacLean, 

1990; Lentz, 1999) and so they are assumed to be in the rocks of the Río Tinto Zone.  

The rare earth elements (REE) can be mobile during intense hydrothermal alteration 

(e.g., Valsami and Cann, 1992), but under low-grade alteration (sericite) conditions they 

remain immobile (Whitford et al., 1988), and in this study we assumed they were 

immobile. The exception, however, is Eu, which can be very mobile in the 

hydrothermal environment. The high field strength elements (HFSE) appear to be 

immobile in nearly all circumstances (e.g., MacLean, 1990; Barrett and MacLean, 1999; 
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Lentz, 1999) with minor exceptions. The coherent HFSE behavior in the rocks of the 

Río Tinto Zone suggests they remained immobile during alteration and metamorphism. 

The geochemical data for all rocks of the Río Tinto area are illustrated in an alteration 

box plot in figure 4.1a (Large et al., 2001). In this diagram, it can be seen that the 

alteration trend for basic rocks is directed towards the chlorite apex. On the other hand, 

five alteration trends for acid rocks can be distinguished. The most important is the 

chloritic alteration, and many samples define an alteration line trending towards the 

chlorite apex.. Four more alteration trends for the acid rocks (rhyolites and dacites), 

leading to sericite, muscovite+k-feldspar, paragonite+albite, albite apex, can be 

observed. 

On an AFM plot (Figure 4.1b; Irvine and Baragar, 1971), the most felsic rocks from Río 

Tinto area appear to follow calc-alkaline trends, with some exceptions from samples 

with MgO>2% content. The samples that plot on the tholeiitic field, toward the FeO* 

apex and the FeO*-MgO line of the diagram, reflect the presence of pyrite and the 

important chloritic trend alteration. 

The (Fe2O3
T+MgO)/(K2O+Na2O) ratio, or FeMg/KNa alteration index (Lentz, 1999; 

Lentz and McCutcheon, 2006), is used to characterize the intensity of alteration around 

the deposit. The least-altered rocks have FeMg/KNa < 1.5, therefore, anything greater 

than 1.5 is interpreted to reflect hydrothermal alteration. This alteration index increases 

with chloritization and sulfidation in the rocks of the Río Tinto area (FeMg/KNa > 10). 

The parallel increase in the proportion of sulphides (pyrite, calcopyrite) in the proximal 

alteration zones results in a pronounced increase in the FeMg/KNa ratio. 

The (Fe2O3
T+MgO)/(K2O+Na2O) alteration index was plotted against selected major 

elements for basic and acid rocks (Figure 4.2), in order to discern the major 

compositional trends related to the alteration process. The fresh and least altered acid 

rocks have FeMg/KNa<1, and the SiO2 content decrease slightly with increasing 

alteration, the Al2O3 content decreases with increasing alteration, and CaO, K2O and 

Na2O contents decrease strongly with increasing alteration, while the Fe2O3
T and MgO 

contents increase strongly with chloritization and sulfidation. 

The fresh and least altered basic rocks have 1<FeMg/KNa<10. The SiO2 content 

increases slightly with increasing alteration. As for Al2O3, CaO, K2O and Na2O 
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contents, they decrease with the alteration, and Fe2O3t and MgO contents increase 

strongly. 

With the increase of chloritic alteration, as in many other volcanogenic massive sulfide 

districts, K2O and Na2O are readily leached from the system (Figure 4.2). K2O would be 

expected to decrease with albitization and increase with sericitic alteration, without a 

corresponding increase in the FeMg/KNa ratio (Figure 4.2). 

The TiO2 content in the acid and basic rocks does not show variations, so it is 

considered as an immobile element. 

The breakdown of plagioclase, in both groundmass and phenoclasts, coupled with the 

formation of sericite account for the pronounced decrease in Na2O, the increase in K2O 

and a pronounced increase in K/Na with the proximity to mineralization. The Na 

depletion zone coupled with high K/Na ratio is quite useful tool in regional 

lithogeochemical explorations. 

For felsic rocks, the LFSE (Ba, Rb, Cs, Sr) are considered mobile during hydrothermal 

alteration (MacLean, 1990; Lentz, 1999) and are assumed to be mobile in the rocks of 

the Río Tinto zone. Therefore, they show strong decreases in their content with high 

values of FeMg/KNa alteration index, corresponding to chloritic alteration processes. 

Under low-grade alteration (sericite) conditions, these elements present very weak 

variation in their contents. 

The REE and HFSE (Sc, Y, Zr, Nb, Th, Hf), under low-grade alteration (sericite) 

conditions, remain immobile, and, in this study, we assumed they were. However, they 

can be slightly mobile during intensive hydrothermal alteration (chloritization), so they 

present very weakly depressed contents. 
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4.2. Major elements 

Figure 4.3, shows plots of SiO2 contents versus major elements which represent the 

characteristic primary geochemical variations in the volcanic rocks of the Río Tinto 

area.  

TiO2 can be considered as an immobile element; it is not affected by alteration 

processes, even though they are very intense. 

Al2O3 is generally considered immobile in volcanogenic massive sulphide systems, 

particularly with hydrothermal sericite-muscovite alteration. But under intensive 

chloritic alteration conditions, in acid and basic rocks, the Al2O3 becomes mobile and its 

content decrease with increasing alteration (Figure 4.2 and 4.3). 

MnO content is typically low in the least-altered rocks, and is slightly higher in the acid 

rocks with chloritic alteration; but in basic rocks its content shows little change. 

FeOt and MgO contents increase with increasing hydrothermal chloritic alteration, both 

in basic and acid rocks.  

There is a pronounced decrease in Na2O (Figures 4.2 and 4.3), which is coincident with 

the presence of micaceous alteration in the area (see Figure 4.1a). This decrease is more 

important in the choritic alteration zone. Albitization processes result in strong Na2O 

contents increases with intensive albitic alteration. 

K2O shows an increase in the sericitic and muscovite+k-feldspar alteration, whereas a 

decrease is observed in the albitic alteration. The chloritic alteration results in a strong 

decrease both in basic and acid rocks. The K2O content shows a strong decrease in the 

proximity of the chlorite alteration related to the sulphide stringers in the stockwork 

zone. 

The classification of Río Tinto rocks was carried out according to field, petrographic 

and geochemical criteria (Figure 4.4). The samples are plotted in a total alkalis versus 

silica plot (Figure 4.4a; TAS diagram of Le Bas et al., 1986). It can be seen the Río 

Tinto rocks showing a bimodal character, with a gap (SiO2: 57-65%) between basic and 

acidic rocks, but in the SPZ, rocks do not show such a bimodal compositional character. 
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Also, it can be seen that the alkali (Na2O, K2O) elements are highly mobile and its 

content decreases strongly with chloritic alteration. Other type of alterations produce 

least important changes in the contents of these elements, and this can be observed in 

the Shand’s index (Maniar and Piccoli, 1989). Most samples exhibit variable A/CNK 

and A/NK ratios, which suggest alkali mobility during feldspar destruction. Alkali 

mobility is also reflected in the high Al2O3/Na2O ratios (Spitz and Darling, 1978). 

In the Figure 4.4b, acid rocks show a vertical path with decreasing content in SiO2. And 

there is a group of rhyolites with Zr/TiO2>0.1. This rhyolites form a new group called 

“High-Zr rhyolites”. Basalts also show a vertical tendency, with a slight enrichment of 

SiO2 for the sample more altered. 

Calc-alkalic rhyolites-dacites from the Río Tinto area has moderate Zr/TiO2 and Nb/Y 

ratios, values that suggest a subalkaline affinity (Figure 4.4c). HFSE contents (Nb, Ta, 

Ga, Zr, Hf, Y) within these rocks are moderate to low, which are characteristic of 

volcanic arc rocks. 

Zr/Y, La/Yb and Th/Yb ratios have been shown to be useful in discriminating felsic 

volcanic rocks associated with calc-alkaline versus tholeiitic sequences (Pearce and 

Norry, 1979; Lesher et al., 1986; Barrett and MacLean, 1999). Using Zr/Y ratios along 

with the divisions suggested by Barrett and MacLean (1994), it can be seen that  

tholeiitic sequences have lower Zr/Y (2-4.5) and calcalkaline rocks Zr/Y (>7), while 

existing a transitional group having Zr/Y (4.5 to 7). The majority of felsic volcanic 

rocks in the Río Tinto zone exhibit Zr/Y ratios between 2 and 4.5, which are compatible 

with the association of tholeiitic volcanic rocks (Figure 4.5a). Some samples of the 

high-Zr rhyolites show higher Zr/Y (4.5 to 7) indicative of transitional affinity. The 

felsic Río Tinto rocks with stockwork (Rhy-Dac) contain only 71-190 pp Zr and 28-83 

ppm Y, which are contents more characteristic of calcalkaline than tholeiitic lavas 

(Lentz, 1998; Barret and MacLean, 1999) 
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possibly from different parts of a large zoned magma chamber. This interpretation 

agrees with the relationships found in the field, as seen in section 3. Rhyolite-Dacites 

with stockwork are cut by the more recent rhyolites of Domo-Atalaya type. 

In Figure 4.7, ratios of various immobile elements that remain constant during alteration 

processes are used to discriminate various rocks types; these samples form distinct 

groups on some immobile element plots and these groups display a systematic 

distribution within the Río Tinto zone. 

The degree of fractionation determined by Zr content and high Zr/Ti ratios indicate that  

rhyolites with high-Zr are the most fractionated ones, followed by rhyolites of Rhyolite-

Dacite and Atalaya-Dome types. Supposing that these magmas types were related to the 

same magma chamber, the eruption order would be: high-Zr Rhyolites, followed by 

Rhyolites-Dacites and finally Atalaya-Dome cutting the stockwork. 

In figure 4.8 REE spider diagrams are represented for those rocks that are least altered 

in the Rio Tinto zone. 

All felsic rocks display similar REE patterns (Figure 4.8), but small differences between 

the different types of rocks can be observed. These patterns exhibit moderate LREE 

enrichment, with moderate negative Eu anomalies and are unfractionated or slightly 

fractionated for HREE, with a flat configuration for these elements. 

In general, the REE spider diagrams of acid volcanic rocks normalized to chondrite, 

show enrichments in LREE [(La/Sm)cn>2], negative Eu anomalies, flat configurations 

for the HREE with (Gd/Yb)cn ratios close to one. These REE patterns are typical of 

series with transitional characteristics between tholeiitic and calc-alkaline series and can 

be found in associations derived from magmas originated by partial melting of 

amphibolites at low pressure. 

For basic rocks (Figure 4.8e; basalts), the spider diagrams show a downward sloping 

configuration, but with slightly negative slope for LREE and a flat configuration for 

HREE. This type of configuration is more typical of E-MORB rocks. If normalized to 

E-MORB, these rocks show a flat configuration. 
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negative anomaly has the same origin as the trondhjemitic granites. These anomalies 

may be due to the presence of titanite minerals in the residue and the crystallization of 

amphibole. 

The VHMS deposits become increasingly enriched in lead (Pb) with time, a pattern that 

is partly related to the greater abundance of felsic-dominated host successions for 

younger deposits and partly related to an apparent increase in the average content of 

lead in the crust. This can be seen in the primordial mantle-normalized multielement 

diagrams, where the lead presents an important positive anomaly. 

The geochemical signatures for felsic volcanic rocks are broadly similar as a whole and 

these suggest affinities to a calcalkalic continental arc. 

The primitive mantle-normalized patterns of the basaltic rocks are similar to the REE 

plot, with the exception of the negative Nb anomalies with respect to Th and La. Al and 

Sc are relatively depleted in these rocks, but notably the V values are elevated relative 

to Sc that suggests possible magnetite accumulation (Figure 4.10e). These basalts have 

primitive mantle-normalized patterns that are closely parallel to the pattern for tholeiite 

arc basalts. 

5. DISCUSSION 

5.1. Tectonic settings of volcanic-hosted massive sulfide deposits. 

The volcanic rocks of the Río Tinto zone indicate a scenario dominated by bimodal 

magmatism (felsic-mafic rocks), since in this zone there are no outcrops of intermediate 

rocks (see Figure 4.4). However, these outcrop in other areas of the Iberian Pyrite Belt 

(Munhá, 1983; Mitjavila et al., 1997; Thiéblemont et al., 1998; Matas et al., 1999; Díez 

Montes et al., 1999). 

Calc-alkalic volcanic felsic rocks from the Río Tinto zone have moderate Zr/TiO2 and 

Nb/Y values that suggest a subalkaline affinity (Figure 4.4c). The HFSE contents (Nb, 

Y, Yb, Ta) in the samples are moderate to low and are characteristic of volcanic-arc 

rocks (Figure 4.12). The HFSE and REE depleted signatures of these rocks, coupled 

with negative Nb and Ti anomalies on primitive mantle-normalized plots, are similar to 

those of the felsic rocks formed in arc environments (Pearce and Peate, 1995).  
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drive hydrothermal systems, whereas shifts of convergent plate speed, vector, and 

subduction polarity favour accretion and preservation of the resulting VHMS deposits. 

Both back-arc basins and rifted arcs are known to preserve major VHMS deposits 

(Gibson and Galley, 2007). Other overall convergent settings in which VHMS deposits 

are thought to be preserved include pull-apart basins associated with oblique 

convergence (e.g., Iberian Pyrite Belt; Silva et al., 1990; Tornos et al., 2005) and 

postcollisional extension environments (e.g., Mount Read Volcanics; Crawford and 

Berry, 1992).  

The TTG suite is interpreted as a consequence of shallow slab melting (Drummond and 

Defant, 1990) within a higher geothermal gradient and involving little to no interaction 

with the overlying mantle wedge (Martin and Moyen, 2002), or melting of 

overthickened crust, with or without basaltic underplating (Smithies, 2000). Regional 

alteration studies (Galley, 1993, 2003) of VHMS districts indicate that many of these 

systems are associated with subvolcanic intrusions, which appear to have driven 

hydrothermal fluid flow. We can find these features in the Iberian Pyrite Belt. 

The geochemical characteristics of a large part of the basic lavas are comparable to 

those of mantle-derived basalts emplaced in extensional tectonic settings, and the 

associated felsic rocks were produced by melting of a metabasic-amphibolitic crustal 

protolith at low- to medium-pressures and a steep geo-thermal gradient, thus, the 

sulphide-bearing volcano-sedimentary sequence differs strongly from recent arc-related 

series (Leistel et al., 1998). 

The basic rocks have tholeiitic characteristics and show a wide range of geochemical 

characteristics (La/Nb≈1-4, Y/Nb≈2-10). 

5.2. Relations between volcanism and plutonism in the ZSP. 

In the eastern part of the Sudportuguese Zone, within the Iberian Pyrite Belt Domain 

(Figure 1.1) the Sierra Norte Batholith outcrops (SNB; Simancas, 1986; de la Rosa, 

1992) which represents the continuation of outcrops of volcanic rocks of the SPZ (Díez 

Montes and Bellido, 2008). This Early Carboniferous plutonic suite of the SNB 

comprises three type of magmatism in the area: the TTG serie, the aluminous-potassic 

plutons and the mafic series. The TTG plutons have an age of 354 Ma and 346 Ma 
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(Dunning et al., 2002; Tucker Barrie et al., 2002). Field relations and textural, 

mineralogical, and geochemical characteristics of the TTG series are similar to the 

characteristics of the volcanic rocks. The plutonic rocks are contemporaneous and 

comagmatic with the extrusive-volcanic rocks and they have been interpreted as the 

roots of a Devono-Early Carboniferous volcano-plutonic arc in this part of the South 

Portuguese Zone (Díez Montes and Bellido, 2008; Díez Montes et al., 2011). 

The major and trace element abundances of the TTG suite show a strong Na2O 

enrichment and K2O depletion from mafic (~50 wt% SiO2) to felsic (>70 wt% SiO2) 

compositions. The plutons show a wide spectrum of compositions on normative Qz-Pl-

Or plots, with most samples lying in the tonalite-trondhjemite field and the diorite and 

quartz-diorite fields. The TTG suite of the SPZ belongs to the low-Al TTG (<15% 

Al2O3), calcalkaline trondhjemite-tonalite types which are characteristic of subvolcanic 

arc environments and usually have low abundances of Rb, Sr, slight enrichments in 

LREE, negative Eu anomalies and flat HREE patterns (Barker and Arth, 1976; Díez 

Montes and Bellido, 2008; Díez Montes et al., 2011). 

The chondrite normalized REE patterns for the SNB show a weakly fractionated LREE 

profile which corresponds to continental trondhjemites, a negative Eu anomaly and a 

flat or slightly depleted HREE profile similar to those of the oceanic arc trondhjemites. 

Primitive mantle-normalized plots for the SNB are characterized by weak to strong 

negative Nb anomalies relative to Th and La, a moderate sloping profile from LREE to 

the HREE, and a negative Ti anomaly relative to Eu and Gd. On Yb-Al2O3 tectonic 

discrimination diagram, the TTG suite of the SNB extends from the oceanic (low 

Yb/Al2O3 ratios) into the continental arc (lower Yb and higher Al2O3) fields (Díez 

Montes and Bellido, 2008; Díez Montes et al., 2011). 

The switch from subduction arc magmatism to within-plate rifting has regional tectonic 

implications, because rifting is characterized by high heat flow, rapid and shallow 

emplacement of intrusions and development of basins, so it can be an important period 

of VHMS generation. Large synvolcanic intrusions of quartz diorite-tonalite-

trondhjemite composition are spatially associated with many of the VHMS 

mineralizations (e.g., Noranda, Galley, 2003). 

Geochemical data for SPZ indicates that the tonalite-trondhjemite phases of the SNB 

plutons have low Al2O3 (<15 %), high SiO2 (>70 %) which are characteristic of the 
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synvolcanic trondhjemite-tonalite intrusive complexes that are known to be associated 

with VHMS mineralization. 

These volcanic (IPB) and plutonic (SNB) magmatic associations are contemporaneous. 

Subvolcanic intrusions have been linked to the majority of VHMS deposits (Galley, 

1996, 2003), so the spatial association of these intrusions in metavolcanic and 

siliciclastic rocks that host the VHMS mineralized zones may not be fortuitous and 

should be tested further as a potential exploration vector. 
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