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CHAPTER 6: THE VOLCANIC SEDIMENTARY COMPLEX IN SPAIN 
 

 

6.1 Introduction 
This chapter begins with a brief review of the most recent physical volcanology studies completed in 

the Spanish part of the Iberian Pyrite Belt. The following sections describe and interpret the VS 

Complex at five locations in the central and eastern parts of the Iberian Pyrite Belt. 

 

The five sections selected for study are located along roads and rivers and are compared with the three 

study areas in the western (Portuguese) part of the Iberian Pyrite Belt. Particular attention was given to 

the occurrence and significance of pumice-rich (now fiamme) volcaniclastic units and peperite at top 

contacts of the igneous units. 

 

6.1.1 Previous work 

Recent physical volcanology studies in the Iberian Pyrite Belt have focused on the Spanish sector, and 

include studies by Boulter (1993a, 1993b, 1996, 2002; Boulter et al., 2001, 2004), Soriano and Marti 

(1999), Donaire et al. (2002), and Valenzuela et al. (2002). 

 

Peperite 

Research in the Rio Tinto mining district (e.g. Boulter, 1993a, 1993b, 1996, 2002; Boulter et al., 2001, 

2004) has reported the presence of laterally discontinuous and irregular breccia, comprising igneous 

and sedimentary components, at the upper contacts of some igneous units. These breccias were 

interpreted as peperite, formed at the margins of high-level syn-volcanic sills that intruded 

unconsolidated, probably wet sediment. Boulter (1993a, 1993b, 1996, 2002; Boulter et al., 2001, 

2004) concluded that the contact relationships at Rio Tinto indicate that the large majority of the 

igneous units were emplaced after the volcaniclastic and sedimentary units, and also after the massive 

sulfide deposits. The interpretation that the igneous units at Rio Tinto are late, high-level sills was 

innovative, since most previous authors considered those units to have been emplaced on the sea floor 

prior to formation of the massive sulfide deposits. This interpretation has major implications for the 

order of igneous, sedimentary and hydrothermal mineralising event(s), and hence also for the 

formation of the Rio Tinto massive sulfide deposits. Peperite has since been reported elsewhere in the 

central and eastern Iberian Pyrite Belt.  

 

Soriano and Marti (1999) conducted a regional study of the Spanish part of the Iberian Pyrite Belt. 

They described the contacts of felsic units with overlying purple shale and considered that in three of 

the five sections studied, the felsic units are intrusions with peperite at the upper contacts.  
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Tornos (1999a) described a dacite unit that contains several irregular domains of jasper, exposed in a 

quarry near Paymogo village, in the central Iberian Pyrite Belt. The jasper domains were interpreted to 

have been incorporated by the dacite during intrusion into unconsolidated jasper. 

 

Pascual et al. (1999) described a section along the Jarama River in the eastern Iberian Pyrite Belt, 

where several mafic and felsic igneous units are interleaved with a volcaniclastic sedimentary 

sequence. Breccia that occurs at the lower and upper contacts of the igneous units is in places defined 

by igneous and sedimentary components and interpreted to be peperite. The igneous units were 

considered to be shallow syn-volcanic sills. This section is now under water and inaccessible due to 

the construction of a reservoir on the river. 

 

Donaire et al. (2002) studied one rhyolitic sill in the Aznalcóllar massive sulfide mine area, in the 

eastern Iberian Pyrite Belt. They have identified peperite along the upper contact of the rhyolitic sill 

with sandstone. 

 

Valenzuela et al. (2001, 2002) described a section along the Odiel River in the eastern Iberian Pyrite 

Belt, where several felsic and one mafic unit are intercalated with a thick volcaniclastic sedimentary 

sequence. They have identified peperite along the lower and upper contacts of the igneous units and 

interpreted the igneous units to be shallow syn-volcanic sills. 

 

Felsic pyroclastic facies 

Relic pumice clasts (now fiamme) and shards have been recognised in volcaniclastic units throughout 

the Iberian Pyrite Belt, and taken as evidence that those volcaniclastic units were sourced from 

explosive eruptions (Boogaard, 1967 unpub; Lecólle, 1977; Routhier et al., 1980; Munhá, 1983; 

Barriga and Kerrich, 1984; Oliveira, 1990; Pascual et al., 1994; Munhá et al., 1997; Barriga et al., 

1997; Sáez and Moreno, 1997, 1999; Barriga and Fyfe, 1998; Carvalho et al., 1999; Tornos, 1999b; 

Pascual et al., 1999; Soriano and Marti, 1999; Valenzuela et al., 2001, 2002, 2003; Donaire et al., 

2002). However, other interpretations have been suggested for some of these units (e.g. Boulter, 

1993b; Mitjavila et al., 1997). 

 

Sáez and Moreno (1997, 1999) described a relatively thick, bedded volcaniclastic sequence that 

contains abundant fiamme and relic shards. This section is located on the southern limb of the Puebla 

de Guzman anticlinorium, near the El Almendro and Villanueva de los Castillejos villages, in the 

central Iberian Pyrite Belt. Sáez and Moreno (1997, 1999) interpreted the fiamme as being pyroclasts, 

sourced from a subaerial vent and deposited in a very shallow marine environment. 
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Pascual et al. (1999) described the Jarama River section, near the Nerva-Castillo de las Guardias road 

in the eastern Iberian Pyrite Belt. They identified two pyroclastic units at the base and top of the local 

VS Complex. 

 

Soriano and Marti (1999) described the VS Complex in five sections in the central and eastern Iberian 

Pyrite Belt. They identified several volcaniclastic units that contain relatively abundant relic shards, 

relic pumice clasts and clasts of welded tube pumice and glass shards. These units were thought to 

have been deposited from subaqueous high-density gravity currents. Relatively thin units, composed 

essentially of relic shards, were interpreted to be pyroclastic and the components to have been 

deposited by water-settled fall or from low-density turbidity currents. The source vents were not 

located, but were inferred to have been subaerial or shallow submarine. 

 

Valenzuela et al. (2001, 2002, 2003) described the VS Complex in two sections (the Odiel River 

section and the El Almendro-Villanueva de los Castillejos road section) in the eastern and central 

Iberian Pyrite Belt. The Odiel River section exposes several pyroclastic units that they interpreted as 

possibly having been sourced from a subaerial vent. The units were deposited from high-density, 

water-supported gravity currents. In the El Almendro-Villanueva de los Castillejos road section, the 

lower part of VS Complex comprises a pyroclastic unit that contains pumice clasts and is thought to 

have been deposited in a shallow submarine environment. 

 

6.2 Facies associations and organisation 
Some of the sections referred to above were included in this study, namely: the Paymogo quarry 

section, the El Almendro-Villanueva de los Castillejos road section and the Odiel River section, and 

were complemented with the Cerro de Andévalo and Aulaga road sections (Figs. 6.1 and 2.3). These 

study sections were selected because they are relatively well exposed, easily accessible and contain a 

variety of volcanic facies.  

 

The volcanic facies analysis carried out in the studied sections consisted of geological reconnaissance 

of the section and surroundings, followed by detailed logging of the section and description of the 

lithofacies characteristics. Field work was complemented by data from inspection of slabs and thin 

sections. Correlations among the five sections were not attempted due to their wide separation. 

 

The compositional names used by other authors for units in the studied sections were found to be 

consistent with the phenocryst mineralogy identified in those units. Therefore, the classifications used 

in previous studies have been maintained in this study. 
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Figure 6.1: Simplified geological map of the Spanish part of the Iberian Pyrite Belt, showing the 
location of the five study sections. Adapted from Thieblemont et al. (1994). Black box in inset shows 
location of the Spanish part of the Iberian Pyrite Belt (IPB).
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There are three main facies associations in the studied sections: (1) associations of coherent and 

monomictic breccia facies, (2) polymictic volcaniclastic facies, and (3) non-volcanic sedimentary 

facies. The coherent facies are surrounded by domains of monomictic breccia. One group is mafic, 

characterised by pyroxene and plagioclase phenocrysts (basalt or dolerite), whereas the other group is 

felsic, and contains quartz and feldspar phenocrysts (rhyolite or dacite). The polymictic volcaniclastic 

facies comprise variable proportions of fiamme, dense igneous clasts, crystal fragments and 

sedimentary clasts. They typically occur in thick, graded intervals. The main non-volcanic 

sedimentary facies is mudstone. 

 

6.3 Characteristics of the VS Complex at Paymogo quarry 
The Paymogo quarry section is located next to the Paymogo-Puebla de Guzman road (A-499), south of 

the Malagon Creek bridge, in the central Iberian Pyrite Belt (Figs. 6.1 and 6.2). This section shows the 

top of the VS Complex, near its contact with the younger BA Flysch Group, which in Spain is known 

as the Culm Group. The studied interval is approximately 35 m thick (true thickness) and part of the 

northern limb of an anticline. It consists of two graded volcaniclastic units overlain by a discontinuous 

layer of jasper, and a relatively thin dacite unit comprising coherent and monomictic breccia facies; 

massive brown or purple mudstone occurs at the top (Fig. 6.3A). 

 

6.3.1 Lower graded volcaniclastic unit 

The lower graded volcaniclastic unit (LVU) has a minimum thickness of 3.5 m. The base is not 

exposed. It comprises massive coarse breccia facies at the base, coarse sandstone facies in the middle, 

and laminated mudstone facies at the top (Fig. 6.2). The contacts among these facies are gradational. 

 

Massive coarse breccia facies 

The massive coarse breccia facies is 2 m thick, poorly sorted and clast-supported. This breccia consists 

of angular to sub-angular clasts (1 cm to 20 cm), with planar and curviplanar margins. The clasts are 

porphyritic dacite containing euhedral feldspar (7 modal %, 1 mm) and quartz (5 modal %, 1 mm), and 

some are flow-banded. Most clasts are white or beige and have abundant fine sericite in the 

groundmass. However, some clasts are green or purple due to the abundance of fine-grained 

disseminated epidote or hematite, respectively, in the groundmass. Rare, more phenocryst-rich dacite 

clasts are also present. The matrix between the clasts in the breccia consists of fine (<2 mm) dacite 

clasts, feldspar and quartz crystal fragments and phyllosilicates. 

 

Coarse sandstone facies 

The coarse sandstone facies overlies the massive coarse breccia facies. This facies is 1 m thick, 

massive and compositionally similar to the underlying massive coarse breccia facies.  

 



Figure 6.2: Location and detailed true-thickness log of the Paymogo quarry section. See Figure 6.1 for 
location of the section in the Iberian Pyrite Belt. LVU, lower graded volcaniclastic unit; UVU, upper 
graded volcaniclastic unit. Grid coordinates refer to the Universal Transverse Mercator System (UTM).
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Laminated mudstone facies 

This facies overlies the coarse sandstone facies. The laminated mudstone is 0.5 m thick, parallel 

laminated and composed of phyllosilicates. 

 

6.3.2 Upper graded volcaniclastic unit 

The upper graded volcaniclastic unit (UVU) is on average 4.5 m thick and comprises polymictic 

coarse breccia facies at the base, polymictic sandstone facies in the middle, and mudstone facies at the 

top (Fig. 6.2). It has an irregular lower contact that is interpreted to be erosive on the mudstone top of 

the underlying lower graded volcaniclastic unit, and a sharp top contact with the overlying jasper or 

dacite. Where the polymictic sandstone facies and the mudstone facies are absent, the contact between 

the overlying jasper and the polymictic coarse breccia facies is irregular and gradational. 

 

Polymictic coarse breccia facies 

The polymictic coarse breccia facies is 2.5 m thick, coarse, massive, poorly sorted and clast-supported. 

In order of decreasing abundance, this facies consists of: massive or flow-banded quartz- and feldspar-

phyric dacite clasts (similar to the dacite clasts in the lower graded volcaniclastic unit), chert and 

jasper. The dacite clasts are angular to sub-angular, have planar or curviplanar margins and vary from 

1 cm to 30 cm across. The flow-banded dacite clasts have abundant disseminated epidote in the 

groundmass. The chert and jasper clasts are up to 3 cm across and sub-angular. This facies is locally 

overlain by jasper. The contact is irregular and the jasper typically defines interconnected domains 

between the clasts in the polymictic coarse breccia facies (Figs. 6.3B to D). 

 

Polymictic sandstone facies 

The polymictic sandstone facies is up to 1.5 m thick, and is compositionally similar to the underlying 

polymictic coarse breccia facies. This facies is laterally discontinuous and has a gradational contact 

with the underlying polymictic coarse breccia facies. 

 

Mudstone facies 

The mudstone facies is 0.5 m thick but laterally discontinuous and has a gradational contact with the 

underlying polymictic sandstone facies. It consists of massive to laminated phyllosilicate- and quartz-

rich mudstone. 

 

6.3.3 Jasper  

The jasper facies consists of massive, discontinuous, lenticular units up to 6 m long and 20 to 80 cm 

thick. This facies occurs either at the contact of the upper graded volcaniclastic unit and the dacite 

unit, or as less extensive lenses inside the dacite. The lower contact of the jasper with the upper graded 

volcaniclastic unit is sharp and planar, or irregular. 
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6.3.4 Dacite facies association 

The dacite facies association comprises an approximately 20-m-thick interval of coherent dacite 

facies, monomictic dacite breccia facies, and dacite-sediment breccia facies. 

 

The coherent dacite facies is gradationally enveloped by the monomictic dacite breccia facies. The 

dacite-sediment breccia facies occurs at the lower contact of the dacite facies association and has an 

irregular contact with the underlying jasper, and with the upper graded volcaniclastic unit. Where 

exposed, the top contact of the dacite facies association with the mudstone facies is sharp and sheared. 

 

Coherent dacite facies 

The coherent dacite is evenly quartz- and feldspar-phyric. The phenocrysts (quartz, 7 modal %, 2 mm; 

feldspar, 12 modal %, 3-4 mm) are euhedral. The groundmass is microcrystalline and composed of 

fine-grained phyllosilicates, quartz and feldspar, and locally shows perlitic fractures. The dacite 

contains abundant mafic enclaves, probably of basaltic composition (thin section classification). The 

enclaves are aphyric and contain abundant disseminated chlorite in the groundmass. They range in size 

from 1 cm x 1 cm up to 1 m x 3 m, and have globular and irregular shapes with diffuse contacts, or 

blocky shapes with sharp and angular contacts. 

 

Monomictic dacite breccia facies 

The monomictic dacite breccia facies occurs at the margins of the coherent dacite facies. This facies is 

clast-supported and contains blocky dacite clasts with planar and curviplanar margins. The clasts have 

similar textures to the coherent dacite facies, and range in size from 1 cm to 50 cm across. Groups of 

clasts show jigsaw-fit texture. 

 

Dacite-sediment breccia facies 

Intervals of the dacite-sediment breccia facies are laterally discontinuous and massive. This facies 

consists of dacite clasts and irregular domains of jasper or more rarely, mudstone. The dacite clasts are 

texturally similar to those in the monomictic dacite breccia facies and have blocky or fluidal shapes. 

The jasper and mudstone are massive and similar to the jasper or mudstone facies, respectively (Fig. 

6.3E). These domains are up to 30 cm across and occur up to 10 m above the lower contact of the 

dacite facies association, but are more abundant near its lower contact. The jasper and mudstone 

domains also occur inside the mafic enclaves and display similar textures and modes of occurrence to 

those in the dacite unit (Fig. 6.3F). 
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6.3.5 Massive brown mudstone  

The brown mudstone is massive or locally thinly bedded and composed of phyllosilicates. Some 

mudstone is purple. This facies is relatively thick (>20 m) and overlies the dacite facies association.  

 

6.3.6 Interpretation of the VS Complex at Paymogo quarry 

The upper and lower graded volcaniclastic units have similar internal organisation and were probably 

deposited by similar mechanisms. Their internal organisation is typical of deposits from high-density 

water-supported gravity currents (e.g. Lowe, 1982). The coarse nature of the two units suggests they 

are proximal to source. Both units consist dominantly of texturally and compositionally similar dacite 

clasts, and they may have originated from the same source. The shapes of the igneous clasts in both 

units are consistent with fragmentation by quenching of hot dacite (e.g. Pichler, 1965; Yamagishi, 

1987). Hence, the two graded volcaniclastic units are interpreted to be a variety of resedimented 

hyaloclastite. The polymictic composition of the upper unit suggests that remobilisation of nearby 

sedimentary components also occurred. The lateral discontinuity of the polymictic sandstone facies 

and mudstone facies of the upper graded volcaniclastic unit, suggests that some erosion affected the 

top of this unit. Erosion also removed some matrix from the topmost exposed polymictic coarse 

breccia facies. 

 

The jasper probably has a hydrothermal origin as does jasper throughout the Iberian Pyrite Belt 

(section 4.2.6), and may have formed by lithification of a silica gel that was deposited on the sea floor. 

The jasper that occurs as matrix in the top of the polymictic coarse breccia facies probably formed by 

infiltration of colloidal silica into the void spaces between the clasts and eventually crystallised to 

jasper. 

 

The coherent dacite groundmass was originally at least partially glassy, as indicated by the perlitic 

fractures (e.g. Ross and Smith, 1955; Friedman et al., 1966). The blocky clasts with planar and 

curviplanar margins and perlitic groundmass, and the presence of jigsaw-fit texture in the monomictic 

dacite breccia facies suggest this facies was formed by quenching of hot dacite (e.g. Pichler, 1965; 

Yamagishi and Dimroth, 1985). This facies is interpreted as in situ hyaloclastite. The gradation from 

the monomictic dacite breccia facies to the coherent dacite facies is consistent with the former being 

hyaloclastite formed at the margins of the coherent dacite. This association of coherent and 

monomictic autoclastic facies is characteristic of the proximal parts of subaqueous felsic lavas, domes 

or high-level intrusions (e.g. De Rosen-Spence et al, 1980; Yamagishi and Dimroth, 1985; Cas, 1992). 

The abundant mafic enclaves probably reflect the presence of immiscible mafic magma in the 

dominantly felsic magma. 
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The sedimentary domains of the dacite-sediment breccia are concentrated near the lower contact of the 

dacite unit, which suggests they were incorporated during the emplacement of the dacite over 

unconsolidated mud and silica gel. Hence, this facies is considered to be peperite (e.g. Kokelaar, 1982; 

Busby-Spera and White, 1987). The presence of jasper and purple mudstone domains in some mafic 

enclaves suggests that those mafic enclaves were molten at the time the dacite was emplaced, and also 

had the capacity to mingle with the unconsolidated sedimentary components. Because the upper 

contact of the dacite unit with the overlying mudstone is poorly exposed, a confident interpretation of 

the mode of emplacement of the dacite cannot be made. Therefore, the dacite is considered to be lava, 

dome or high-level intrusion. However, the upper and lower graded volcaniclastic units contain 

abundant dacite clasts with similar phenocryst assemblages to the dacite facies association, which 

suggests that extrusive dacitic units were present nearby. 

  

The relatively thick interval of massive brown mudstone facies was probably deposited by water-

settling of fine suspended particles or alternatively, by low-density gravity currents, and indicates that 

the depositional setting was subaqueous. 

 

6.4 Characteristics of the VS Complex in the El Almendro-Villanueva de los 

Castillejos road section 
The El Almendro-Villanueva de los Castillejos road section is located on road A-499 near the El 

Almendro and Villanueva de los Castillejos villages, in the central Iberian Pyrite Belt. This section 

occurs on the southern limb of the Puebla de Guzman anticlinorium (Fig. 6.1) and is approximately 

320 m thick (true thickness). The studied interval becomes younger to the south, includes the top of 

the PQ Group, and extends into the lower part of the VS Complex. The studied VS Complex 

succession comprises one felsic and two mafic coherent units intercalated with three relatively thick 

volcaniclastic units (Fig. 6.4). These volcaniclastic units include several fiamme-rich units. 

 

6.4.1 Lower volcaniclastic unit 

The lower volcaniclastic unit (LVU, Fig. 6.4) overlies massive brown mudstone of the VS Complex, 

although the contact is not exposed, and comprises three compositionally similar and overall graded, 

fiamme-rich units that are each approximately 10 m thick. The fiamme-rich units have irregular lower 

contacts with the top of the underlying fiamme-rich unit or the massive brown mudstone at the base of 

the section. Each fiamme-rich unit comprises three facies that are, from base to top: coarse fiamme 

breccia facies, massive fiamme sandstone facies and laminated mudstone facies. These three facies 

have gradational contacts.  
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Coarse fiamme breccia facies 

The coarse fiamme breccia facies is massive and approximately 5 m thick. It is clast-supported, and 

consists of fiamme (up to 30 cm across and only a few mm thick) and quartz and feldspar crystals and 

crystal fragments (1-3 mm and angular), in a phyllosilicate-rich matrix (Figs. 6.5A and B). The 

fiamme are quartz-phyric, and ragged in shape with wispy and feathery terminations. Their long axes 

are aligned parallel to bedding. The fiamme groundmass is quartzo-feldspathic or consists of variable 

combinations of sericite, quartz and chlorite. Some of the more siliceous fiamme have a linear 

groundmass fabric. On bedding planes, the linear groundmass fabrics in adjacent fiamme can be 

randomly oriented (Fig. 6.5C). 

 

Massive fiamme sandstone facies 

The massive fiamme sandstone facies is approximately 3 m thick, and compositionally similar to the 

coarse fiamme breccia facies but much finer grained. 

 

Laminated mudstone facies 

The laminated mudstone facies is approximately 2 m thick and parallel laminated. It is composed of 

phyllosilicates and microcrystalline quartz. 

 

6.4.2 Intermediate volcaniclastic unit 

The intermediate volcaniclastic unit (IVU, Fig. 6.4) is approximately 75 m thick and occurs above the 

lower volcaniclastic unit and between two mafic units. Its lower contact with the lower mafic unit is 

discordant and sheared. The upper contact with the upper mafic unit is locally sharp or else sheared. 

The intermediate volcaniclastic unit consists of three facies that are from base to top: polymictic 

breccia facies, fine breccia facies and coarse sandstone facies. The contacts among the three facies are 

gradational. The clasts diminish in size and abundance upwards in the unit. 

 

Polymictic breccia facies 

This facies is massive, clast-supported, polymictic, very coarse (Fig. 6.5D) and approximately 60 m 

thick. The matrix of the polymictic breccia facies consists of fine fiamme (<2 mm), abundant 

phyllosilicates, and angular quartz crystal fragments. Locally, it contains disseminated carbonate and 

epidote. The clasts are: 

 

Fiamme and irregular clasts – These clasts are ~65 modal %, and contain rare euhedral quartz 

phenocrysts in a groundmass of variable proportions of quartz, feldspar, sericite ± chlorite. The 

fiamme are up to 30 cm x 1-2 cm thick and have irregular and ragged shapes with wispy and feathery 

terminations. The irregular clasts are up to 15 cm x 6 cm. 
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 Figure 6.5: Volcaniclastic intervals in the El Almendro-Villanueva de los Castillejos road section. A - 
Outcrop of the coarse fiamme breccia facies (lower volcaniclastic unit) showing fiamme exposed on a 
bedding plane (arrows). B -  Sample (VC5) from A viewed at right angles to bedding. Aligned green 
wisps are fiamme (arrows). C -  Sample from B (VC5) showing randomly oriented fiamme (arrows) 
on a surface parallel to bedding. D -  Outcrop of the polymictic breccia facies (intermediate 
volcaniclastic unit) showing milky quartz clasts (white arrows) and lithic clast (black arrow). E - 
Polished slab (sample VC2) of the polymictic breccia facies showing milky quartz clasts (white 
arrows) and fiamme (black arrows). F - Polished slab (sample VC3) of the breccia facies (upper 
volcaniclastic unit), showing chlorite-rich fiamme (white arrows) and crystal fragments (black 
arrows).
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Milky quartz – These clasts are ~15 modal %, 0.5 to 10 cm across, and have irregular and blocky 

shapes with planar and curviplanar margins (Fig. 6.5E). The quartz is polycrystalline and contains 

inclusions of chlorite. Large quartz crystals show sub-granulation and crystal boundaries are 

commonly sutured. 

 

Rhyolite – The rhyolite (~10 modal %, 1 to 4 cm, quartz-phyric) clasts are blocky and irregular with 

planar and curviplanar margins. Some clasts contain rare recrystallised spherulites. 

 

Mudstone – The mudstone clasts are ~7 modal %, up to 15 cm long, and irregular or blocky with 

indistinct margins. The mudstone is phyllosilicate-rich. 

 

Chert – The chert clasts are ~5 modal %, up to 10 cm long and have planar margins. 

 

Pyrite – These clasts are rare, 1 to 2 cm across, irregular and polycrystalline. 

 

Fine breccia facies 

This facies is approximately 10 m thick, massive, and is compositionally similar to the polymictic 

breccia facies, but finer grained (all clasts <5 cm). 

 

Coarse sandstone facies 

The coarse sandstone facies is approximately 5 m thick, diffusely parallel bedded, and consists of 

fiamme, rhyolite and pyrite clasts (all <2 mm) that have similar characteristics to the components in 

the polymictic breccia facies. The coarse sandstone has a phyllosilicate-rich matrix. 

 

6.4.3 Upper volcaniclastic unit 

The upper volcaniclastic unit (UVU, Fig. 6.4) is approximately 60 m thick, occurs above the upper 

mafic unit and consists of alternating breccia and sandstone facies. The contacts between these two 

facies are gradational. 

 

Breccia facies 

Beds of breccia facies are poorly sorted, clast-supported and up to 2 m thick. This facies consists 

exclusively of fiamme, and quartz and feldspar crystal fragments (Fig. 6.5F). The fiamme are quartz- 

and feldspar-phyric and can be up to 12 cm. The fiamme are thin wisps aligned parallel to the bedding. 

Their groundmasses consist of variable proportions of sericite and chlorite. The matrix of the breccia 

facies consists of fine fiamme (<2 mm), quartz and feldspar crystal fragments, phyllosilicates and 

microcrystalline quartz. 
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Sandstone facies 

The sandstone facies is more abundant in the upper part of the upper volcaniclastic unit. The sandstone 

facies comprises massive beds up to 1 m thick and is compositionally similar to the breccia facies. 

 

6.4.4 Lower mafic unit 

The lower mafic unit (LMU) is approximately 75 m thick, and occurs above the felsic unit and the 

lower volcaniclastic unit, and below the intermediate volcaniclastic unit (Fig. 6.4). The lower contact 

is not exposed and the upper contact is discordant and sheared. This unit comprises coherent dolerite 

facies and monomictic dolerite breccia facies. 

 

Coherent dolerite facies 

The coherent dolerite facies is evenly plagioclase- and pyroxene-phyric in a chlorite-rich groundmass. 

The plagioclase (15-20 modal % and up to 3 mm) and pyroxene (7 modal % and up to 5 mm) 

phenocrysts are euhedral. Some domains of the coherent dolerite include plagioclase phenocrysts up to 

7 mm across. The coherent dolerite has some irregular amygdales (up to 10 modal %, and up to 1 mm) 

filled by chlorite and carbonate. Fine-grained disseminated pyrite and pyrrhotite are locally abundant.  

 

Monomictic dolerite breccia facies 

The monomictic dolerite breccia facies consists of blocky and irregular, jigsaw-fit clasts that have a 

similar composition and texture to the coherent dolerite facies. This facies occurs in thin (up to 5 m 

thick) intervals at the base and top of the thick coherent dolerite facies, with which it has gradational 

contacts. 

 

6.4.5 Upper mafic unit 

The upper mafic unit is approximately 40 m thick and has sheared contacts with the volcaniclastic 

units below and above (UMU, Fig. 6.4). This unit consists of fine coherent basalt facies. 

 

Fine coherent basalt facies 

The fine coherent basalt facies is evenly porphyritic and contains up to 15 modal % euhedral 

plagioclase phenocrysts, up to 3 mm, and approximately 5 modal % euhedral pyroxene, in a 

microcrystalline feldspar and chlorite groundmass. 

 

6.4.6 Felsic coherent unit 

This unit occurs above the lower volcaniclastic unit, in a very small exposure (5 x 2 m). The lower 

contact with the laminated mudstone facies of the lower volcaniclastic unit is irregular (Fig. 6.4) and 

the top contact is not exposed. The felsic coherent unit is evenly quartz- and feldspar-phyric, which 
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suggests a rhyolitic or dacitic composition. The quartz is 5 modal %, 1 mm and euhedral. The feldspar 

is 3 modal %, 1 mm and euhedral. 

 

6.4.7 Interpretation of the VS Complex in the El Almendro-Villanueva de los Castillejos road 

section 

The poor exposure of the felsic unit and of its upper contact do not allow confident interpretation of its 

mode of emplacement. Therefore, the felsic unit could be the coherent facies of a lava or intrusion. 

 

The two mafic units are compositionally similar (phenocryst content) but have different groundmass 

textures. The upper contacts are faults. Therefore, the mode of emplacement remains uncertain. The 

lower mafic unit has a medium grained groundmass all the way through its entire thickness, suggesting 

that it may be an intrusion. The absence of mafic clasts in the associated volcaniclastic units is 

consistent with both of the mafic units being intrusive. 

 

The volcaniclastic units consist mainly of fiamme and crystal fragments. The fiamme are porphyritic, 

suggesting an igneous origin, and the phyllosilicate groundmass may have been volcanic glass that is 

now altered. The lenticular shape and parallel-to-bedding alignment of the fiamme suggest they have 

been compacted, and hence were presumably vesicular. Therefore, fiamme are interpreted to have 

been pumice clasts that were altered and compacted. The components of the volcaniclastic units are 

likely to be pyroclasts, given their high abundance, porphyritic texture and relatively fine grain size. 

Despite being composed almost exclusively of pyroclasts, the fiamme-rich units show no evidence of 

hot emplacement, such as perlitic matrix, columnar joints, or high-temperature crystallization textures 

(e.g. Fisher and Schmincke, 1984; Stix, 1991; McPhie et al., 1993). The depositional environment was 

probably submarine as marine fossils (dasycladales) are reported to be abundant in some volcaniclastic 

units in this section (Soriano and Marti, 1999). The high abundance of pumice lapilli (now fiamme) in 

these units is also consistent with a submarine location for the source vent(s) (e.g. McPhie and Allen, 

2003; Kano et al., 1996). 

 

The distinct grading in the lower and intermediate volcaniclastic units is consistent with transport and 

deposition from waning, high-density water-supported gravity currents (e.g. Lowe, 1982). The fine 

tops are probably deposits from the dilute tails of the gravity currents and/or from suspension. The 

substantial thickness and coarse nature of the breccia facies in each unit could indicate that this 

location was relatively close to source. The breccia facies and sandstone facies of the upper 

volcaniclastic unit consist of massive, tabular and parallel beds, which suggest that deposition was 

from low-density gravity currents (e.g. Lowe, 1982). 
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The lower and upper volcaniclastic units are very thick (>30 m), uniform in componentry, and lack 

any interbedded sedimentary facies. These characteristics suggest that each unit was eruption-fed and 

that successive units aggraded continuously (e.g. Fiske and Matsuda, 1964; Fiske, 1969; Mueller and 

White, 1992; Doucet et al., 1994; White et al., 2003; McPhie and Allen, 2003).  

 

The great thickness (~75 m) and overall graded nature of the intermediate volcaniclastic unit, lacking 

any interbedded sedimentary facies, suggest that this unit was eruption-fed (e.g. Fiske and Matsuda, 

1964; Fiske, 1969; Mueller and White, 1992; Doucet et al., 1994; White et al., 2003; McPhie and 

Allen, 2003). The intermediate volcaniclastic unit contains more abundant, and more diverse dense 

lithic clasts than the lower and upper volcaniclastic units. The fiamme in the intermediate 

volcaniclastic unit are quartz-phyric, whereas fiamme in the lower and upper volcaniclastic units are 

quartz- and feldspar-phyric. These compositional differences may indicate the intermediate 

volcaniclastic unit has a different source from the lower and upper volcaniclastic units. The relatively 

abundant rhyolite clasts could have been sourced from the vent, and the mudstone, chert and pyrite 

clasts could have been collected from the substrate during outflow. All these clasts have an 

intrabasinal origin. The milky quartz fragments have uncertain origin. They could be metamorphic 

quartz sourced from the basement, or have an extrabasinal/basin-margin origin. However, the 

abundant fiamme (formerly pumice) lapilli in this unit suggest an intrabasinal source for the 

volcaniclastic unit, and its thick and coarse nature suggest that deposition was proximal to source. 

Hence, the milky quartz clasts are probably accessory lithic clasts sourced from the basement 

underlying an intrabasinal vent.  

 

6.5 Characteristics of the VS Complex in the Cerro the Andévalo road 

section 
The Cerro the Andévalo road section is approximately 150 m thick (true thickness), and located on the 

Cerro de Andévalo-Calanas A-485 road, between Tamujoso Creek and the railway. This section is in 

the eastern Iberian Pyrite Belt and exposes part of the VS Complex in an asymmetric anticline that 

verges to the south and trends E-W (Fig. 6.1). Both limbs of the anticline occur in the studied section. 

The upright northern limb dips gently to the north and the southern limb is vertical or dips steeply to 

the south (Fig. 6.6). However, most of the section shows sub-horizontal (hinge zone), or gentle dips of 

the bedding. 

 

The VS Complex comprises one polymictic volcaniclastic interval and one fiamme-rich volcaniclastic 

interval, neither of which is fully exposed in the section. Other volcaniclastic units could be present in 

the gaps in outcrop along the road and the railway. 
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6.5.1 Polymictic volcaniclastic interval 

This interval comprises five polymictic volcaniclastic beds that consist of similar, very coarse 

polymictic breccia. 

 

Very coarse polymictic breccia facies 

The very coarse polymictic breccia facies is poorly sorted and clast-supported. Beds of this facies are 

up to 30 m thick and massive or normally graded, with coarse bases (boulders to cobbles) and finer 

tops (granules to cobbles) (Figs. 6.7A and B). The clasts are typically angular and have planar or 

curviplanar margins (Fig. 6.7A) regardless of their size and composition. The clasts in the very coarse 

polymictic breccia facies are, in order of decreasing abundance: 

 

Rhyolite – These clasts are ~60 modal %, 1 cm to 1 m, aphanitic or quartz-phyric (5% quartz 

phenocrysts) with a phyllosilicate- and quartz-rich groundmass. Some clasts are perlitic and the 

groundmass is altered to chlorite, sericite, hematite or epidote. Rare clasts contain thin (1-5 mm) 

planar milky quartz veins and disseminated pyrite. 

 

Fiamme – The fiamme are ~20 modal %, 1 to 30 cm long and up to 3 cm thick. They contain quartz 

and feldspar phenocrysts in a sericite and chlorite groundmass. 

 

Dacite – These clasts are uncommon (<5 modal %). Some are flow banded. They are 1 to 50 cm long, 

feldspar-phyric and the groundmass is typically altered to chlorite. 

 

Milky quartz – These clasts are 5 to 10 cm across and angular. The quartz is macroscopically similar 

to the quartz in the veins of the rhyolite clasts.  

 

Pyrite – Pyrite clasts are rare, up to 3 cm and irregular. 

 

The matrix of this facies consists of granule- and sand-size clasts compositionally similar to the 

framework, together with quartz and feldspar crystal fragments and phyllosilicates. 

 

The very coarse lower zone of each bed has an irregular contact, interpreted to be erosive, with the 

finer top of the underlying bed (Fig. 6.7C). 

 

6.5.2 Fiamme-rich volcaniclastic interval 

A 30-m-thick fiamme-rich volcaniclastic interval (FVI) overlies the very coarse polymictic breccia 

(Fig. 6.6) with a gradational contact, and grades into the overlying mudstone. The fiamme-rich 

volcaniclastic interval consists of alternating fiamme breccia facies and fiamme-
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Figure 6.7: The VS Complex in the Cerro de Andevalo road section. A - Very coarse polymictic 
breccia composed of dense felsic igneous clasts that have planar and curviplanar margins (arrows). 
Clast R contains several planar, milky quartz veins. B - Polished slab of a sample (CA2) from the top 
of one very coarse polymictic breccia bed, cut parallel to the bedding plane, showing sericite (S)- and 
hematite (H)-altered rhyolite clasts, one porphyritic dacite clast (P) and fiamme (arrows). C - Irregular 
lower contact of one bed of very coarse polymictic breccia with the finer top of the underlying 
polymictic breccia. D - The fiamme breccia facies in the fiamme-rich volcaniclastic interval at the top 
of the VS Complex. The fiamme breccia is composed of fiamme altered to chlorite (dark wisps in the 
outcrop - arrows) and quartz crystal fragments.
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and crystal-rich sandstone facies. The contacts between these facies are gradational. The lower ~17 m 

of the fiamme-rich volcaniclastic interval is dominated by thick and coarse (dense clasts up to 6 cm, 

fiamme up to 20 cm) beds of fiamme breccia facies. The upper ~8 m of the fiamme-rich volcaniclastic 

interval is dominated by beds of fiamme- and crystal-rich sandstone facies intercalated with finer 

grained fiamme breccia facies (dense clasts up to 3 cm, and fiamme up to 8 cm). 

 

Fiamme breccia facies 

Beds of this facies are massive and range from 10 cm to 1.5 m in thickness. The fiamme breccia facies 

contains quartz- and feldspar-phyric fiamme (0.5 cm thick and up to 20 cm long) (Fig. 6.7D) and 

quartz crystal fragments in a phyllosilicate-rich matrix. This facies also contains dense rhyolitic and 

rare dacitic clasts that are compositionally similar to the components in the very coarse polymictic 

breccia facies.  

 

Fiamme- and crystal-rich sandstone facies 

The fiamme- and crystal-rich sandstone facies is compositionally similar to the fiamme breccia facies 

but finer grained, and contains more quartz crystal fragments and fewer dense lithic clasts.  

 

6.5.3 Interpretation of the VS Complex in the Cerro the Andévalo road section 

The gradational contact and similar composition of the facies in the polymictic volcaniclastic interval 

and the fiamme-rich volcaniclastic interval suggest that they are genetically related, and probably part 

of one very thick volcaniclastic unit from a single source. The very coarse nature and weak grading in 

each bed of the very coarse polymictic breccia indicate that transport and deposition involved highly 

energetic currents in which density sorting during transport was limited. Deposition of the very coarse 

polymictic breccia facies was probably proximal to source. The absence of intercalated sedimentary 

facies suggests that the successive beds aggraded more or less continuously. 

 

All facies have abundant fiamme that are interpreted to be former pumice clasts, and together with 

quartz and feldspar crystals and crystal fragments, are probably pyroclasts generated by felsic 

explosive eruptions. The rhyolite clasts in the very coarse polymictic breccia have similar phenocryst 

populations but are variably altered, and some have milky quartz veins, which suggest they were 

altered prior to fragmentation. They may have been part of a variably altered felsic lava/dome that was 

destroyed by dome-seated explosions. Some rhyolite clasts are perlitic and have planar and curviplanar 

margins, which suggest that they were formed by quenching of hot glassy rhyolite with water (e.g. 

Pichler, 1965). The milky quartz clasts could be fragments of hydrothermal quartz veins in the 

lava/dome, since the rhyolite clasts contain abundant quartz veins. Alternatively, the quartz clasts 

could be metamorphic, basement-derived, as appears to be the case in the intermediate volcaniclastic 

unit of the El Almendro-Villanueva de los Castillejos section (section 6.4.2). The pyrite clasts may be 
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fragments of massive sulfide that was present at the source of the gravity current, or on its path. The 

dacite clasts may have been sourced from the vent area, or collected en route by the gravity current. 

 

The abundant pyroclasts and substantial thickness of the very thick volcaniclastic unit (polymictic 

volcaniclastic interval and fiamme-rich volcaniclastic interval) are in accord with a syn-eruptive 

eruption-fed pyroclastic deposit (e.g. White et al., 2003; McPhie and Allen, 2003). The abundant 

pumice lapilli (now fiamme) suggest that the source vent(s) was submarine. Waterlogging of pumice 

lapilli is more effective if the pumice clasts are delivered hot directly into the subaqueous environment 

(Whitham and Sparks, 1986; McPhie and Allen, 2003). These characteristics, and the absence of clasts 

from shallow or subaerial settings are consistent with deposition in a subaqueous setting. 

 

6.6 Characteristics of the VS Complex in the Odiel River section 
This section is located in the eastern Iberian Pyrite Belt, to the south of the intersection between the 

Odiel River and the Huelva-Jabugo N435 road, and is part of the northern limb of an antiform (Fig. 

6.1). The studied VS Complex is approximately 800 m thick (true thickness), becomes younger to the 

north and consists of one mafic unit and four relatively thick felsic units intercalated with several 

polymictic volcaniclastic units (Figs. 6.8 and 6.9A). 

 

6.6.1 Polymictic volcaniclastic units 

These units are better exposed in the lower part of the studied section, but also occur in the 

intermediate and upper parts where they are intercalated with the felsic units. The three polymictic 

volcaniclastic units at the base of the section are each up to 20 m thick and comprise four facies, from 

base to top: coarse polymictic breccia facies, fine polymictic breccia facies, coarse sandstone facies 

and laminated mudstone facies. The contacts among these facies are gradational. The contacts with 

underlying units are irregular. 

 

The polymictic volcaniclastic units that occur higher in the Odiel River section have fewer fiamme 

(~10 modal %) than similar facies in the lower part of the section (~30 modal %). These units consist 

of fine polymictic breccia facies, coarse sandstone facies and laminated mudstone facies. The 

laminated mudstone facies is not present in all the units.  
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Coarse polymictic breccia facies 

Intervals of this facies are up to 3 m thick and massive. The coarse polymictic breccia facies is very 

coarse, clast supported and poorly sorted (Figs. 6.9B and C), and its components are: 

 

Dacite – These clasts are up to 50 modal %, angular and blocky and vary from 1 to 60 cm across. The 

dacite is aphyric to poorly quartz- and feldspar-phyric (~10 modal %) and the groundmass consists of 

feldspar, quartz and phyllosilicates. Some dacite clasts have a linear fabric (flow-bands?) and/or fine-

grained hematite disseminated in the groundmass. 

 

Fiamme – The fiamme are aphyric to poorly quartz- and feldspar-phyric (~10 modal%). The 

groundmass consists of fine-grained quartz, feldspar, sericite, chlorite and epidote. The fiamme are up 

to 25 modal % and vary from 1 to 12 cm long.  

 

Aphanitic rhyolite – These clasts are up to 15 modal %, angular and blocky and vary from 5 to 10 cm. 

Their groundmass consists of a very fine mosaic of quartz and feldspar. 

 

Chert and mudstone – These clasts have blocky shapes with irregular and indistinct margins. They are 

up to 5 modal % and can be up to 20 cm across. 

 

The matrix of this facies consists of small clasts compositionally similar to the framework, together 

with quartz and feldspar crystal fragments and phyllosilicates. 

 

Fine polymictic breccia facies 

Intervals of this facies are up to 7 m thick. The fine polymictic breccia facies is compositionally 

similar to the coarse polymictic breccia facies, but finer grained and contains more fiamme (up to 35 

modal %).  

 

Coarse sandstone facies 

The coarse sandstone facies is up to 4 m thick, massive or diffusely stratified and relatively well 

sorted. It contains fiamme, quartz and feldspar crystal fragments, and rare, fine (<1 cm), dense, 

aphyric felsic clasts.  

 

Laminated mudstone facies 

Intervals of this facies can be up to 5 m thick. The laminated mudstone is composed of phyllosilicates 

and microgranular quartz. The laminae are 1 to 5 mm thick.  
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6.6.2 Felsic units 

The four felsic units in the Odiel River section are all quartz- and feldspar-phyric and have similar 

texture. The felsic units can be up to 170 m thick and comprise coherent dacite facies, dacite breccia 

facies and dacite-sediment breccia.  

 

The lowermost felsic unit consists of a central, relatively thick (70 m) interval of coherent dacite facies 

overlain and underlain by dacite breccia facies up to 30 m thick. The columnar joints in the coherent 

dacite facies are sub-perpendicular to the lower contact of the unit. The other felsic units consist of 

dacite breccia facies, and their contacts with the enclosing polymictic volcaniclastic units are marked 

by dacite-sediment breccia, or are sharp, planar and concordant with the bedding in the polymictic 

volcaniclastic units.  

 

Coherent dacite facies 

The coherent dacite is evenly quartz- and feldspar-phyric. The feldspars (10 modal % and 1-3 mm) are 

euhedral plagioclase and K-feldspar. The quartz phenocrysts are also euhedral (5-7 modal %, 1-2 

mm). The phenocrysts are set in a microcrystalline quartz, feldspar and phyllosilicate groundmass. The 

groundmass locally shows abundant planar or folded, flow-bands (1-2 mm thick, up to 5 cm thick). 

Columnar joints occur locally in the lower part of the coherent dacite facies. Columns are sub-vertical 

and typically have hexagonal or pentagonal sections 20 cm across on average (Fig. 6.9D). 

 

Dacite breccia facies 

The dacite breccia facies is monomictic, and clast- to matrix-supported, consisting of blocky and 

irregular dacite clasts that have similar textures and phenocryst populations to the coherent dacite. The 

clasts have planar and curviplanar margins, and groups of clasts show jigsaw-fit and clast-rotated 

textures. The matrix of this breccia consists of quartz and feldspar crystal fragments and fine (<2 mm) 

dacite clasts. Flow-banded clasts are locally abundant, whereas clasts with abundant macroscopic 

perlitic fractures typically occur at the contacts of the felsic units. 

 

Dacite-sediment breccia facies 

The dacite-sediment breccia can be up to 1 m thick and consists of dacite clasts separated by 

sedimentary domains (Fig. 6.9E). This facies occurs both at the upper and lower contacts of the felsic 

units. The dacite clasts have similar textures and shapes to the clasts in the dacite breccia facies and 

typically show abundant macroscopic perlitic fractures. The sedimentary domains consist of fine (<0.5 

mm) phyllosilicates and quartz, and are massive or show contorted and disturbed laminae. However, 

the sedimentary domains of the dacite-sediment breccia facies that occur at the upper contact of the 

felsic units are typically massive. The dacite-sediment breccia is internally massive, and grades one 
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way to the dacite breccia facies, and the other way to the coarse sandstone facies or laminated 

mudstone facies of the polymictic volcaniclastic units. 

 

6.6.3 Mafic unit 

This unit is up to 50 m thick and occurs in the lower part of the section. The mafic unit comprises the 

mafic breccia facies and the mafic-sediment breccia facies. 

 

Mafic breccia facies 

This facies is clast-supported, consisting of jigsaw-fit angular clasts with planar and curviplanar 

margins. The mafic clasts are evenly feldspar- and pyroxene-phyric and pyroxene occurs locally in 

glomeroporphyritic aggregates. This phenocryst assemblage is consistent with a basaltic composition. 

The plagioclase phenocrysts are 5 modal %, 1 mm, and euhedral. The pyroxenes are 5 to 10 modal %, 

1-2 mm but up to 5 mm, and euhedral. The groundmass consists of feldspar laths with interstitial 

chlorite, oxides, epidote and some carbonate. The groundmass locally contains perlitic fractures, fine-

grained disseminated pyrite and pyrrhotite, and irregular vesicles (<5 mm) filled with chlorite, 

carbonate, epidote and quartz. Near both contacts, the mafic breccia facies is matrix-supported, and the 

matrix consists of fine (<2 mm) mafic clasts. 

 

Mafic-sediment breccia facies 

The mafic-sediment breccia facies can be up to 50 cm thick, and is laterally discontinuous. This facies 

occurs at both contacts of the mafic unit and grades into the mafic breccia facies, or has oblique 

contacts with the bedding in the polymictic volcaniclastic units. Locally the upper contact with the 

lower felsic unit or the polymictic volcaniclastic unit is sharp and planar, and interpreted to be a fault. 

This facies comprises mafic clasts similar to the clasts in the mafic breccia facies, and mudstone 

matrix that grades into parallel-laminated mudstone of the laminated mudstone facies (polymictic 

volcaniclastic unit). The mudstone matrix of the mafic-sediment breccia is massive, or shows 

contorted laminae. 

 

6.6.4 Interpretation of the VS Complex sequence in the Odiel River section 

The abundant fiamme and crystal fragments in the polymictic volcaniclastic units are probably 

juvenile pyroclasts produced by explosive felsic eruptions. The dense felsic clasts have planar and 

curviplanar margins, and may be pyroclasts, or alternatively, might have been sourced from 

hyaloclastite (e.g. Pichler, 1965; Yamagishi, 1987). The fiamme and dense clasts have similar 

phenocryst populations and may have originated from the same source.  

 

The coarse grain size, substantial bed thickness and overall normal grading of the polymictic 

volcaniclastic units in the lower part of the section are consistent with deposition from high-density 
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gravity currents, in a subaqueous setting (e.g. Lowe, 1982). The coarseness and thickness could also 

indicate proximity to the source. The concentration of fiamme and fine clasts in the fine polymictic 

breccia facies and coarse sandstone facies, and of coarse, dense clasts in the coarse polymictic breccia 

facies, reflects sorting of clasts according to density, probably in the same stratified gravity current. 

The polymictic volcaniclastic units that occur at the top of the section are overall finer and less thickly 

bedded, and locally graded, which is consistent with deposition from low-density gravity currents (e.g. 

Lowe, 1982). 

 

The blocky, perlitic clasts in the dacite breccia facies were probably formed by quenching of hot 

dacite, and this facies is interpreted to be in situ and clast-rotated hyaloclastite (e.g. Pichler, 1965; 

Yamagishi, 1987). The association of coherent facies with in situ hyaloclastite and clast-rotated 

hyaloclastite is typical of the proximal facies of felsic lavas, domes or shallow intrusions (e.g. De 

Rosen-Spence et al, 1980; Yamagishi and Dimroth, 1985; Cas, 1992; McPhie et al., 1993). 

 

The dacite-sediment breccia that occurs at the lower contact of some felsic units is interpreted to be 

peperite (Kokelaar, 1982; Busby-Spera and White, 1987), and indicates emplacement of the 

lavas/intrusions over wet, unconsolidated sediments. The upper contacts of the felsic units are more 

difficult to interpret. Where exposed, the felsic units have concordant contacts with the bedding in the 

overlying polymictic volcaniclastic units, and the contacts are marked by the dacite-sediment breccia. 

However, the poor exposure does not allow confident interpretation of the origin of this dacite-

sediment breccia. This facies could be peperite (e.g. Kokelaar, 1982; Busby-Spera and White, 1987), 

or an infiltration breccia (e.g. Rawlings et al., 1999). Therefore, the felsic units could be lavas or 

intrusions. The abundance of dacite clasts in the polymictic volcaniclastic units suggests that at least 

some felsic units were extrusive. 

 

The mafic unit is probably a shallow sill because it is discordant and the mafic-sediment breccia at its 

margins has characteristics typical of peperite (e.g. Kokelaar, 1982; Busby-Spera and White, 1987). 

 

6.7 Characteristics of the VS Complex in the Aulaga road section 
The studied road section at Aulaga is approximately 205 m thick (true thickness), and located on the 

road A-476 between the Aulaga village and the Crispinejo Creek. This section is in the eastern Iberian 

Pyrite Belt (Fig. 6.1). The studied VS Complex exposed in the discontinuous outcrops comprises, at its 

base, one mafic and one thin felsic unit, above which occurs a thick volcaniclastic interval. There are 

at least six volcaniclastic units in the volcaniclastic interval (A to F), many of which contain abundant 

fiamme and dense volcanic fragments (Fig. 6.10). 
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6.7.1 Mafic unit 

This unit occurs at the base of the studied section and has a minimum thickness of 100 m. Its lower 

contact is not exposed and the upper contact is sharp and in contact with the felsic unit, or concordant 

with the bedding of volcaniclastic unit A. The mafic unit is plagioclase- and pyroxene-phyric and has 

a feldspar- and chlorite-rich groundmass in which there are abundant vesicles infilled with chlorite and 

carbonate. This mineralogy is consistent with a basaltic composition. This unit contains rare irregular 

fragments, up to 15 cm long, of grey mudstone.  

 

Interpretation 

Because the upper contact is poorly exposed, the nature of the mafic unit remains uncertain, and it 

could be either a lava, or a sill. However, mafic clasts are present in the overlying volcaniclastic units, 

which suggests that at least part of the mafic unit was extrusive. 

 

6.7.2 Felsic unit 

The felsic unit is thin (<5 m thick) and irregular, and has highly contorted and oblique contacts with 

both the mafic unit and volcaniclastic unit A. The felsic unit is evenly quartz- and feldspar-phyric. The 

feldspar phenocrysts (~15 modal %, 1-3 mm) and quartz phenocrysts (~10 modal %, 1-2 mm) are 

euhedral. The groundmass consists of microcrystalline feldspar, quartz, and phyllosilicates, and locally 

includes aligned recrystallised spherulites. 

 

Interpretation 

The contacts of the felsic unit are consistent with it being an intrusion emplaced at the contact between 

the mafic unit and the volcaniclastic unit A. 

 

6.7.3 Parallel-bedded brown mudstone and chert 

The parallel-bedded brown mudstone consists of phyllosilicates and is interbedded with rare beds of 

massive chert (up to 10 cm thick). The parallel-bedded brown mudstone occurs in beds up to 20 cm 

thick. Intervals of this facies are up to 20 m thick and occur above the mafic unit, or intercalated with 

the volcaniclastic units (Fig. 6.10). The parallel-bedded brown mudstone may occur laterally 

equivalent to volcaniclastic units C and D, where it typically onlaps them.  

 

Interpretation 

Given the fine grainsize and tabular bedforms, the parallel-bedded mudstone was probably deposited 

from suspension or from low-density gravity currents (e.g. Lowe, 1982). The chert may have a 

biogenic origin, or originated from a hydrothermal silica gel precursor that accumulated on the sea 

floor (e.g. Barriga and Oliveira, 1986). 
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6.7.4 Volcaniclastic units 

Six volcaniclastic units (volcaniclastic unit A to F) occur above the mafic and felsic units (Fig. 6.10). 

 

Volcaniclastic units A and F 

Two graded volcaniclastic units at the base and top of the section are very similar and comprise, from 

base to top: massive coarse fiamme breccia, massive fine fiamme breccia and massive to diffusely 

stratified sandstone. These facies have gradational contacts within each of the graded units (Fig. 6.10). 

The lower unit (A) is 15 m thick and the upper unit (F) has a minimum thickness of 10 m. The lower 

contacts of both units are sharp and irregular. The upper contacts are not exposed.  

 

Massive coarse fiamme breccia facies 

This facies is approximately 7 m thick and the clasts include: 

 

Fiamme – The fiamme amount to ~50 modal %, and are up to 15 cm long and 1-5 mm thick. They 

contain abundant euhedral feldspar phenocrysts and rare quartz phenocrysts in a sericite- and chlorite-

rich groundmass (Fig. 6.11A).  

 

Dense felsic igneous clasts – These clasts have irregular shapes, are approximately 25 modal %, 

quartz- and feldspar-phyric and up to 5 cm (Fig. 6.11A). 

 

Chert – The chert clasts are approximately 15 modal %, irregular and up to 3 cm. 

 

The matrix of this facies consists dominantly of fine fiamme (<2 mm), feldspar and quartz crystal 

fragments and phyllosilicates. 

 

Massive fine fiamme breccia facies 

This facies is massive, approximately 3 m thick and compositionally similar to the massive coarse 

fiamme breccia, but finer grained (maximum clast ~5 cm). 

 

Massive to diffusely stratified sandstone facies 

The massive to diffusely stratified sandstone facies occurs only in volcaniclastic unit A and is 

approximately 5 m thick. This facies consists of fiamme, feldspar and quartz crystal fragments and 

abundant phyllosilicates (Figs. 6.11B and C). 
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Interpretation 

Volcaniclastic units A and F are dominantly composed of fiamme that has a felsic composition 

(phenocryst mineralogy) and was probably originally pumice that had a pyroclastic origin. The 

internal grading and substantial thickness of these units indicate deposition from high-density, water-

supported gravity currents in which clasts were sorted according to density and size (e.g. Lowe, 1982). 

The gradational contacts between the facies in these units and the lack of other interbedded facies 

suggest that they aggraded continuously and rapidly, and could have been eruption-fed (e.g. White et 

al., 2003; McPhie and Allen, 2003). The coarse grain size and substantial thickness could indicate that 

this section is relatively close to source. The abundance of lapilli-size pumice (now fiamme) could 

indicate rapid waterlogging of hot pumice delivered directly into water, and hence that the source 

vent(s) were submarine (e.g. Whitham and Sparks, 1986; McPhie and Allen, 2003). 

 

Volcaniclastic units B and E 

Volcaniclastic units B and E are similar and occur in two separate intervals in the intermediate part of 

the section (Fig. 6.10). Volcaniclastic unit B is at least 25 m thick (base not exposed) and 

volcaniclastic unit E is approximately 15 m thick. Volcaniclastic units B and E are diffusely to well-

stratified, and consist of three facies, coarse polymictic breccia facies, coarse sandstone facies and fine 

sandstone facies.  

 

The coarse polymictic breccia facies, the coarse sandstone facies and the fine sandstone facies have 

gradational contacts. The coarse polymictic breccia facies is less abundant than the two other facies. 

The fine sandstone facies and the coarse sandstone facies define intervals up to 20 m thick, and 

contain more fiamme and crystal fragments than the coarse polymictic breccia facies. 

 

Coarse polymictic breccia facies  

The coarse polymictic breccia facies is massive, matrix- to clast-supported (Fig. 6.11D), occurs in 

intervals up to 4 m thick, and is composed of clasts of: 

 

Rhyolite – The rhyolite clasts are quartz- and feldspar-phyric. The clasts are 35 modal %, blocky and 

irregular with planar and curviplanar margins, and 1 to 20 cm across. Some clasts contain planar, 

milky quartz veins (up to 0.5 mm thick). The rhyolite groundmass is locally perlitic, and consists of a 

fine-grained mosaic of quartz and feldspar with variable amounts of chlorite and sericite. 

 

Fiamme – Fiamme are 25 modal %, up to 3 mm thick by 10 cm long, and quartz- and feldspar-phyric. 

The groundmass consists of fine chlorite and sericite. 

 

Chert – The chert clasts are 15 modal %, blocky and angular, and vary from 1 cm to 20 cm across. 
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Milky quartz clasts – These clasts are 2 modal %, up to 10 cm across, and angular and irregular. The 

quartz is macroscopically similar to the quartz veins in the rhyolite clasts. 

 

The matrix of this facies consists dominantly of feldspar and quartz crystal fragments and 

phyllosilicates. 

 

Coarse sandstone facies 

The coarse sandstone facies is compositionally similar to the coarse polymictic breccia facies but 

significantly finer (clasts <2 mm), and occurs in massive, up to 50 cm thick beds. Beds from 10 cm to 

50 cm thick are coarser than beds thinner than 10 cm.  

 

Fine sandstone facies  

The fine sandstone facies occur in beds up to approximately 20 cm thick. The sandstone is massive or 

diffusely stratified and contains abundant crystal fragments (quartz and feldspar) and phyllosilicates.  

 

Interpretation 

Volcaniclastic units B and E were probably deposited from strongly density-stratified gravity currents 

that allowed sorting of the components according to density. The components in these units may have 

been sourced from dome-seated explosive eruptions, the fiamme, and quartz and feldspar phenocrysts 

being juvenile pyroclasts and the rhyolitic clasts being non-juvenile pyroclasts sourced from the dome. 

The milky quartz clasts may be fragments of hydrothermal veins in the dome, such as the veins in the 

rhyolite clasts. Alternatively, they can be metamorphic quartz from the basement. Micro-textural study 

of the quartz clasts can help to distinguish between a hydrothermal or metamorphic source. The chert 

clasts may be accidental lithic clasts collected from the substrate by the gravity currents. 

 

Volcaniclastic units C and D 

Volcaniclastic units C and D occur in the intermediate/upper part of the section. The lower unit is 10 

m thick and the upper unit is 2 m thick (Fig. 6.10). These units have irregular lower contacts with the 

volcaniclastic unit B and the parallel-bedded brown mudstone. The parallel-bedded brown mudstone 

also occurs laterally equivalent to volcaniclastic units C and D. Both volcaniclastic units comprise 

massive, unsorted, polymictic breccia in which the clasts are supported by a massive phyllosilicate-

rich mudstone matrix (Fig. 6.11E). The clasts are: 

 

Rhyolite – The rhyolite clasts are 30 modal %, quartz-phyric (~5 modal %), blocky and angular, and 

vary from 1 cm to 80 cm. The rhyolite groundmass is perlitic, amygdaloidal (~5 % modal %) and 
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composed of fine sericite and quartz. In some clasts, the groundmass is altered to chlorite or hematite 

and in other clasts, contains planar, narrow (1-5 mm) milky quartz veins. 

 

Dacite – The dacite clasts are 10 modal %, quartz- and feldspar-phyric (~15 modal %), blocky and 

angular, and up to 30 cm across. The groundmass is altered to chlorite and sericite. 

 

Sedimentary clasts – These clasts are up to 20 modal % and consist of chert and bedded mudstone 

with diffuse and irregular margins. They vary from 1 cm to 30 cm across. 

 

Milky quartz clasts – These clasts are 5 modal %, irregular and blocky in shape and up to 12 cm 

across. 

 

Fiamme – The fiamme are 5 modal %, up to 12 cm long and only few mm thick. Quartz phenocrysts 

are set in a sericite- and chlorite-rich groundmass. 

 

Crystal fragments – These components consist of angular quartz and feldspar crystal fragments. 

 

Basalt – The basalt clasts are rare, irregular, up to 10 cm across and texturally similar to the coherent 

facies of the mafic unit. 

 

Interpretation 

The characteristics of volcaniclastic units C and D are consistent with deposition from high-density 

gravity currents, probably muddy debris flows (e.g. Lowe, 1982). The high cohesive strength of the 

muddy interstitial fluid probably inhibited clast interaction and sorting of clasts according to density 

during transport. The irregular and diffuse margins of the sedimentary clasts suggest they were 

unconsolidated when incorporated in the gravity currents. The rhyolite and dacite clasts have blocky, 

angular shapes typical of brittle fragmentation. The fiamme in these units are lenticular, whereas the 

rhyolite and dacite clasts preserve their original shapes. Therefore, the fiamme have been compacted, 

suggesting that they were originally vesicular. 

 

The rhyolite clasts and fiamme (formerly pumice) may be juvenile pyroclasts. The high-abundance of 

sedimentary clasts and mud matrix suggests remobilisation of the unconsolidated/semi-consolidated 

substrate, close to the vent. The dacite and basalt clasts may be non-juvenile clasts sourced from the 

vent area, or accidental lithic clasts collected by the gravity current on its path. The milky quartz clasts 

may have been sourced from hydrothermal quartz, similar to the quartz veins in the rhyolite clasts, or 

metamorphic quartz sourced from the basement. 
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6.8 Discussion 
6.8.1 Depositional setting 

Several authors have recognised marine fossils throughout the Iberian Pyrite Belt, including in its 

central and eastern parts, which constrains the depositional environment to submarine. Marine fossils 

(dasycladales) have been reported in the El Almendro-Villanueva de los Castillejos study section by 

Soriano and Marti (1999), however, in this study they were not found. Nevertheless, all the studied 

sections include facies that are typical of subaqueous depositional settings, such as hyaloclastite, very 

thick graded volcaniclastic units, and thick mudstone intervals. The water depth cannot be well 

constrained, although the presence of very thick, graded volcaniclastic gravity current deposits, 

indicates that deposition occurred in a below-wave-base environment. 

 

6.8.2 Eruption styles and volcanic centres 

Units thought to be felsic lavas, domes or shallow intrusions consist entirely of coherent facies (e.g. El 

Almendro-Villanueva de los Castillejos, Aulaga), comprise thick in situ hyaloclastite (e.g. Odiel 

River), or consist of coherent cores surrounded by relatively thick hyaloclastite margins (e.g. Paymogo 

quarry and Odiel River). Aprons of resedimented hyaloclastite may occur laterally to the lavas/domes 

(e.g. Paymogo quarry). The upper contacts of the felsic units are typically complex and marked by an 

igneous-sediment breccia (e.g. Odiel River). The mechanism that formed the igneous-sediment breccia 

could not be confidently determined in most cases. The main alternatives are infiltration of fine 

sediment into pore spaces between clasts of the clastic carapace of felsic lavas or domes, or intrusion 

of felsic magma into unconsolidated sediments, which formed peperite. However, the volcaniclastic 

units that occur interbedded with the felsic units contain abundant felsic clasts with similar phenocryst 

content and groundmass textures to the felsic units. Their presence in the interbedded volcaniclastic 

facies suggests that most of the felsic units were at least partly extrusive. The felsic clasts in the 

volcaniclastic units are commonly variably altered, implying that syn-volcanic hydrothermal alteration 

operated on the source lavas/domes. Peperite was confidently identified only at the lower contacts of 

some felsic units (e.g. Paymogo quarry, Odiel River). The thick felsic coherent units (e.g. Paymogo 

quarry, Odiel River) are likely to be part of effusive volcanic centres characterised by lavas, domes or 

shallow intrusions.  

 

The mafic units are far subordinate in volume to the felsic units. They comprise coherent and/or 

monomictic clastic facies, and may be high-level intrusions. 

 

Units largely composed of felsic pyroclasts (fiamme, interpreted to have been pumice clasts, and 

crystal fragments) are abundant throughout the central and eastern Iberian Pyrite Belt (e.g. El 

Almendro-Villanueva de los Castillejos, Cerro de Andévalo, Odiel River and Aulaga), and lack 

evidence of hot emplacement. These units are relatively thick and have characteristics typical of 
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deposits from water-supported syn-eruptive high-density gravity currents. The vents for the explosive 

eruptions have uncertain location, however, the poorly sorted nature of the felsic pyroclastic units, 

abundant pumice lapilli and absence of clasts derived from shallow/subaerial sources favour vents 

being located within the basin and being submerged. The wide distribution of syn-eruptive pyroclastic 

facies throughout the Iberian Pyrite Belt and their occurrence at several stratigraphic levels in single 

sections, suggest that felsic explosive eruptions were frequent and vents were present throughout the 

basin. 

 

Some volcaniclastic units are rich in dense felsic clasts, as well as felsic pyroclasts (pumice clasts that 

are now fiamme, and crystal fragments). These units are relatively thick and abundant, and were 

deposited from high-density water-supported gravity currents. They occur laterally equivalent to, or 

intercalated with felsic lavas/domes (e.g. Odiel River and Aulaga, and possibly Cerro de Andévalo and 

El Almendro-Villanueva de los Castillejos). The association of pumiceous and dense clasts could have 

resulted from the explosive destruction of lavas/domes at the source vent. This association is typical of 

deposits from dome-seated explosive eruptions, where domes are explosively disrupted (e.g. Cas et al., 

1990; Allen et al., 1997) and suggests that vents for the lavas/domes were also sources for at least 

some felsic pyroclastic units. Modern examples of this type of explosive dome-seated eruption 

occurred in the Manus basin at Tuluman in 1956 (Reynolds et al., 1980), and at Myojinsho in the 

submarine Izu-Ogasawara arc in 1952-1953 (Fiske et al., 1998). 

 

The source of the milky quartz clasts that occur in some of these felsic pyroclastic units is unknown. 

None of the formations of appropriate age and presently exposed would have been a source of such 

quartz in the Iberian Pyrite Belt. In the El Almendro-Villanueva de los Castillejos section, the quartz 

clasts are probably derived from a metamorphic basement that may be, or have been, beneath the PQ 

Group. The milky quartz clasts in the Cerro de Andévalo and Aulaga sections could have a similar 

source, or alternatively, may be derived from hydrothermal quartz veins in the lavas/domes. Therefore, 

the pyroclastic units that contain the milky quartz clasts are considered to have intrabasinal origin. 

These pyroclastic units lack other clasts with basin-margin or extrabasinal origin. They also contain 

abundant volcanic clasts (felsic and mafic) that are texturally similar to the intrabasinal lavas/domes, 

and abundant pumice (now fiamme) lapilli that are interpreted to have been delivered directly into 

water.  
 

6.9 Summary 
The VS Complex in the central and eastern parts of the Iberian Pyrite Belt is dominated by felsic 

coherent and monomictic breccia facies related to submarine lavas, domes and shallow intrusions, and 

fiamme-bearing felsic volcaniclastic facies produced by explosive eruptions. These facies were 

sourced from multiple volcanic centres, in most cases located within the basin. The pyroclastic units 
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were deposited from water-supported high-density gravity currents. They were non-welded although 

the original pumice lapilli are now fiamme that show a strong bedding-parallel, compaction foliation. 

The felsic coherent units lack positive evidence for peperite at their upper contacts. The facies 

associations and facies architectures in the studied sections are broadly similar to those identified in 

the VS Complex in Portugal (western Iberian Pyrite Belt). 




