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CHAPTER 7: CHARACTERISTICS OF THE VS COMPLEX AND 
COMPARISON WITH THE BATHURST MINING CAMP, AND THE 
MODERN OKINAWA TROUGH 
 

 

7.1 Introduction 
This chapter focuses on the characteristics of the volcanism that formed the VS Complex in the Iberian 

Pyrite Belt at a regional scale. The water depth, style of volcanism and type of volcanoes, and the 

relation of the volcanic centres to the massive sulfide deposits are discussed, using data from the 

western (chapters 3, 4 and 5), and central and eastern (chapter 6) parts of the Iberian Pyrite Belt. 

Particular attention is given to the mode of emplacement of the coherent units and the nature of their 

upper contacts, the proximity of the volcaniclastic units to source vents, and the intrabasinal versus 

extrabasinal location of the source vents. The final sections are dedicated to a comparison of the 

Iberian Pyrite Belt with the Ordovician Bathurst Mining Camp massive sulfide district (New 

Brunswick, Canada), and a discussion of a modern analogue for the VS Complex.  

 

7.2 Eruption styles and proximity to source, volcano types and water depth 

of the VS Complex 
7.2.1 Eruption styles and proximity to source 

The VS Complex is largely dominated by felsic units. Mafic units are minor, and those included in this 

study have very little evidence for being extrusive. In the study areas, the VS Complex is composed of 

different proportions of the products of felsic explosive and effusive eruptions, by their resedimented 

equivalents, and by syn-volcanic intrusions. The volume of effusive and pyroclastic facies, and the 

style and number of volcanic events, varied significantly from area to area.  

 

Felsic coherent and monomictic breccia facies are the most common facies in the study areas, 

occurring in all them. This association was formed by lavas and domes that mark intrabasinal vents. 

Peperite is very minor and restricted to the basal contacts of some felsic lavas or domes. Peperite was 

not identified at the top contacts of the felsic units and, in addition, bedded felsic monomictic breccia 

is abundant, clearly indicating that many of the felsic units were extrusive. In some areas, lavas/domes 

form the lowest volcanic units of the VS Complex but they also occur at several stratigraphic levels 

within the same section. 

 

Felsic pyroclastic facies are the second most abundant volcanic facies in the study areas. These facies 

were recognised in all areas with the exception of the Paymogo quarry and comprise abundant 

pyroclasts (fiamme, and quartz and feldspar crystal fragments) in a fine-grained phyllosilicate matrix. 
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In addition, felsic pyroclastic facies may contain abundant lithic clasts texturally similar to the 

lavas/domes, together with sedimentary clasts and minor milky quartz clasts at some locations. The 

fiamme in these facies are porphyritic, have lenticular shape, and are aligned parallel to bedding, 

suggesting that they have been compacted. Hence, they were presumably vesicular even though no 

vesicular texture is preserved in the groundmass. Some fiamme are isolated in laminated mudstone, 

suggesting that fiamme were deposited from suspension simultaneously with mud, and therefore, had 

similarly low densities.  

 

The felsic pyroclastic facies form relatively thick units with coarse, massive and polymictic breccia in 

the lower zone, that grades upwards to a mudstone top that commonly contains outsize fiamme and 

crystal fragments. The felsic pyroclastic facies also form fiamme- and crystal-rich breccia or sandstone 

bedded units. The pyroclastic facies were deposited by water-supported gravity currents and therefore 

proximity to source vents is difficult to evaluate, since gravity currents can travel long distances from 

source (Lowe, 1982). However, the relatively great thickness of these units and their very coarse 

nature, suggest that they are relatively proximal to source (e.g. Neves Corvo, Serra Branca, Paymogo 

quarry, Cerro de Andévalo, El Almendro-Villanueva de los Castillejos, Odiel River and Aulaga). 

Exceptions are some units of the pyroclastic facies in the Aulaga, Serra Branca and Albernoa sections 

that are well-bedded, and relatively thin and well sorted, suggesting that deposition occurred in a 

medial to distal setting relative to source.  

 

The areas containing the thickest intervals of lavas, intrusions and fiamme (pumice)-rich units are 

interpreted to be proximal to vent areas. For example, at Neves Corvo, proximal facies are 

approximately 400 m thick (drill-hole MB1), contrasting with a thickness of only ~25 m in the distal 

section (drill-hole SAN231). Felsic lavas or domes in proximal areas are typically dominated by 

coherent facies and in situ hyaloclastite (Albernoa, Neves Corvo, Serra Branca, Paymogo quarry, 

Odiel River). The pyroclastic units comprise relatively thick, coarse, and massive or normally graded 

fiamme (pumice)-rich breccia that may also contain dense volcanic and sedimentary clasts (Neves 

Corvo, Serra Branca and Odiel River). The felsic intrusions are characterised by coherent facies, and 

discordant upper contacts that may be defined by peperite. The partly extrusive cryptodomes may have 

marginal aprons of resedimented hyaloclastite (Serra Branca). Areas interpreted to be more distal in 

relation to the source vents of lavas or domes comprise aprons of resedimented hyaloclastite 

(Albernoa, Neves Corvo, Serra Branca, Cerro de Andévalo), or even farther from the source vent, 

crystal-rich sandstone facies intercalated with mudstone. In distal areas, the pyroclastic facies consist 

of diffusely to well-bedded fiamme (pumice)-bearing sandstone and mudstone. Hence, the diversity of 

facies among study areas probably reflects variations in proximity to source vents, and in the volume 

of eruptions. 
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The interval between eruptions within each study area is difficult to quantify, except for Neves Corvo, 

where the available biostratigraphic data (section 3.4) suggest that there is a time gap of at least 1 Ma 

between the felsic pyroclastic and effusive volcanic events. In other areas, relatively thin intervals of 

mudstone are intercalated within the VS Complex (e.g. lower part of the Serra Branca VS Complex), 

or erosional surfaces have been identified (e.g. Paymogo quarry), which suggest there were some 

breaks (of unknown significance) in accumulation of the volcanic successions. In contrast, other 

sections do not show any evidence for interruptions and may have aggraded continuously and also 

very rapidly (e.g. Albernoa, El Almendro-Villanueva de los Castillejos, Cerro de Andévalo, upper part 

of the VS Complex at Serra Branca). 

 

7.2.2 Volcano types in the VS Complex of the Iberian Pyrite Belt 

Detailed volcanic and sedimentary facies analysis of three areas in the western part of the Iberian 

Pyrite Belt, including the Neves Corvo massive sulfide deposit, and of five sections in the central and 

eastern parts, has allowed for the first time, reconstruction of the styles of volcanic activity and 

sedimentation recorded by the VS Complex. The lateral correlation of units in the VS Complex across 

the eight sections studied is impossible as they are widely separated, some of the sections do not 

include the entire VS Complex, and biostratigraphic and radiometric age constraints are insufficient.  

 

The most common volcanic facies identified in the VS Complex of the Iberian Pyrite Belt are: felsic 

coherent facies, felsic monomictic breccia, felsic fiamme-rich breccia and sandstone, felsic polymictic 

lithic- and fiamme-rich volcanic breccia, and volcanic sandstone and mudstone. The volcanic facies 

are interbedded with non-volcanic sedimentary facies, mainly mudstone, which comprises 

approximately 75% of the VS Complex (Tornos, 2006) and is therefore the most abundant lithofacies.  

 

The architecture of the VS Complex throughout the Iberian Pyrite Belt consists of different 

combinations and proportions of these facies. Felsic coherent and monomictic breccia facies form 

lavas and domes; fiamme-bearing facies represent pyroclastic facies, mainly from intrabasinal 

explosive eruptions. The close spatial relation and similarity of the phenocryst populations in the felsic 

lavas/domes and pyroclastic facies suggest they are genetically related. The numerous felsic lavas, 

domes and intrusions, and felsic pyroclastic units defined relatively small lava-cryptodome-pumice 

cone volcanoes throughout the VS Complex. These volcanoes were similar in size and facies 

associations to the submarine felsic “dome-cryptodome-tuff volcanoes” described by Horikoshi 

(1969), Kokelaar et al. (1985), Cas et al. (1990; “dome-top tuff cone volcanoes”), Allen et al. (1997; 

“cryptodome-tuff volcanoes”), and Stewart and McPhie (in press; “cryptodome-pumice cone 

volcanoes”). In the VS Complex, these volcanoes range in diameter from >2 km (Neves Corvo), to >5 

km (Serra Branca) and their thickest sections vary from >800 m (Odiel River) to ~400 m (Neves 
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Corvo). The intrusions are cryptodomes and partly-extrusive cryptodomes up to 2 km long and 200 m 

thick. 

 

The lava-cryptodome-pumice cone volcanoes of the VS Complex are rhyolitic (Neves Corvo) or 

dacitic (other areas) and range widely in complexity. The example at Albernoa represents the simplest, 

lava-dominated end member of these volcanoes, and consists mainly of lava(s) (up to 400 m thick and 

>8 km long) (Fig. 7.1A). The pyroclastic facies are limited to a thin unit (~20 m thick), with restricted 

lateral extent (Fig. 7.1A). The other end member is represented at Serra Branca, and consists of at least 

fourteen felsic lavas or domes and cryptodomes, intercalated with felsic pyroclastic units (Fig. 7.1B). 

 

The felsic pyroclastic facies appear to have been erupted from vents within the lava-cryptodome-

pumice cone volcanoes rather than from calderas. Single beds of pyroclastic facies in the study areas 

have relatively small extents (up to 5 km, Serra Branca) and are relatively thin (up to 60 m, but 

commonly less than 20 m; Neves Corvo). Total volumes of pyroclastic facies in each of the studied 

sections are very small (<< 1 km3; e.g. ~0.15 km3 at Neves Corvo), and not expected to have caused 

subsidence on the scale of caldera collapse. In contrast, intracaldera felsic pyroclastic facies in 

submarine successions are typically very thick (e.g. ~800-1000 m for the Mount Read Volcanics, 

McPhie and Allen, 2003), single depositional units may be more than 100 m thick (e.g. Mount Read 

Volcanics, McPhie and Allen, 2003) or up to 300 m thick (e.g. Skellefte District, Allen et al., 1997), 

and lateral extents are substantial (>10 km; Mount Read Volcanics, McPhie and Allen, 2003; several 

kilometres; Skellefte District, Allen et al., 1997). In addition, no structure that could be interpreted as a 

submarine caldera has been identified. In general, the VS Complex is a conformable lithostratigraphic 

succession and although internally complex, there are no marked lateral thickness variations, growth 

faults, large subvolcanic intrusions nor contrasting intracaldera versus outflow facies associations as 

expected for successions including calderas (e.g. Lipman, 1984; Busby-Spera, 1984). 

 

Even though there are few constraints on vent location, they were probably intrabasinal. At Neves 

Corvo, the lateral grain size and thickness variations of the pyroclastic facies strongly suggest the 

source was local and hence intrabasinal. In addition, the pyroclastic units lack extrabasinal- or basin-

margin-derived clasts (most non-juvenile clasts are intrabasinal), and are poorly sorted and rich in 

fiamme (former pumice lapilli), which could indicate the source vents were submerged (Whitham and 

Sparks, 1986; McPhie and Allen, 2003). However, at Serra Branca a relatively small pyroclastic unit 

contains abundant dasycladales fragments that may have basin-margin origin. The dasycladales were 

probably transported to deep parts of the basin, and subsequently incorporated in an eruption-fed 

pyroclastic gravity current, sourced from an intrabasinal vent. At Albernoa, units composed of 

pyroclastic facies are thin and uncommon, which suggests the source vent(s) were distal, and/or that 

very small volumes were produced by the explosive eruptions. 
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Figure 7.1: Facies models for the volcanoes of the VS Complex. A- Felsic lava/dome volcano with 
minor felsic pyroclastic facies (e.g. Albernoa). B - Complex polygenetic lava-cryptodome-pumice 
cone volcano (e.g. Serra Branca).

Pumiceous sandstone
and mudstone

Crystal-rich sandstone

Chapter 7 - Characteristics of the VS Complex   7-5

Lavas/domes: Pyroclastic facies:

Coherent facies and in situ 
hyaloclastite

Resedimented hyaloclastite

Crystal-rich sandstone

Lavas/domes: Pyroclastic facies:

Intrusions:

Resedimented hyaloclastite



Chapter 7 - Characteristics of the VS Complex   7-6 
 

The milky quartz clasts that were identified in the felsic pyroclastic units at the El Almendro-

Villanueva de los Castillejos, Cerro de Andévalo and Aulaga sections have uncertain origin. These 

clasts are uncommon, being less than 5 modal % of the framework clasts, except in the El Almendro-

Villanueva de los Castillejos section where they are approximately 15 modal %. If these clasts have 

extrabasinal origin, the felsic pyroclastic units that contain them would also have extrabasinal origin 

and were not genetically related to the intrabasinal lavas/domes. However, the absence of subaerial or 

basin margin clasts in the felsic pyroclastic units and the presence of quartz-phyric rhyolite and quartz- 

and feldspar-phyric dacite clasts that are texturally similar to the intrabasinal lavas/domes, strongly 

suggest that the felsic pyroclastic units were sourced from intrabasinal vents. Therefore, the milky 

quartz clasts are probably derived from hydrothermal quartz veins in the lavas/domes, or from quartz 

veins in the metamorphic basement. The margins of the Iberian Pyrite Belt basin are unknown, 

therefore, it is difficult to determine if the Aulaga and El Almendro-Villanueva de los Castillejos 

sections were located close to the basin margin. However, the present location of these areas within 

the Iberian Pyrite Belt suggests they were relatively far from the basin margin. 

 

7.2.3 Water depth 

Water depth was probably variable throughout the basin during the deposition of the VS Complex. 

The PQ Group consists mainly of thick intervals of mudstone that are typically interbedded with 

quartzite near the top, and probably accumulated in a relatively deep, below-wave-base setting. 

However, sedimentary facies near the top of the PQ Group are regionally variable, and interpreted to 

represent fan deltas, near-shore sand bars, mega-debris-flow deposits or carbonate reefs (Moreno et 

al., 1996; Sáez and Moreno, 1997, 1999), that formed in shallow offshore to relatively deep marine 

environments. This diversity of depositional environments suggests the basal units of the VS Complex 

formed at a range of water depths, probably on irregular topography in a compartmentalised basin 

(Moreno et al., 1996; Sáez and Moreno, 1997, 1999; Routhier et al., 1980; Oliveira, 1990; Oliveira 

and Quesada, 1998; Leistel et al., 1998a, 1998b; Relvas, 2000 unpub.; Tornos, 2006). In the studied 

sections, the top of the PQ Group consists of massive mudstone, or mudstone interbedded with 

quartzite beds with variable thickness. These facies lack structures formed by traction currents, which 

suggests that deposition occurred in below-wave-base environment. In most sections, the contact with 

the VS Complex is a fault.  

 

At some locations in the VS Complex, of the southern part of the Iberian Pyrite Belt, the presence of 

ripple marks in sedimentary units, and of evaporites suggest the depositional environment was above-

wave-base (Oliveira and Quesada, 1998). However, in the studied sections, the top of the VS Complex 

typically shows evidence for deposition in a below-wave-base setting (relatively thick intervals of 

massive mudstone, and absence of structures formed by traction currents). An estimate of relative 

water depth can be made on the basis of the oxidised (red) versus reduced (black/green) characteristics 
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of some mudstone units in the VS Complex. Although oxidised and reduced mudstone facies of the 

VS Complex typically have below-wave-base characteristics, the oxidised facies was probably 

deposited in a shallower setting than the reduced facies, at least where the influence of sulfide-related 

hydrothermal activity can be reasonably discarded (Routhier et al., 1980; Oliveira, 1983; Barriga and 

Oliveira, 1986; Barriga, 1990; Relvas, 1991 unpub.; Leistel et al., 1998a). Dasycladales (chlorophyte 

marine green algae) typical of very shallow marine environments (down to 15 m deep; Castro, 1997) 

occur in some units as remobilised fragments. Hence, they are not suitable for accurate water-depth 

estimation and do not necessarily indicate very shallow depositional settings.  

 

The VS Complex in the Albernoa area probably formed in one of the shallowest depositional 

environments of all the study areas. It contains thick and relatively abundant jasper units that have a 

very weak positive or absent Ce/Ce* anomaly, which suggests deposition in a relatively shallow, but 

probably below-wave-base marine environment (Shimizu and Masuda, 1977; Pracejus et al., 1990; 

Leistel et al., 1998a). It also includes the thickest and most widespread purple mudstone interval of all 

the study areas, possibly reflecting a dominantly oxidising depositional environment. In addition, 

dasycladales fragments are abundant in some volcaniclastic units at Albernoa, reflecting proximity to a 

shallowly submerged source area, perhaps a seamount, island or continent margin. 

 

At Serra Branca, remobilised dasycladales fragments occur in one volcaniclastic unit and do not 

indicate a very-shallow depositional environment. However, the presence of the dasycladales 

fragments at Serra Branca suggests proximity to a palaeo-shoreline, as for Albernoa. Both Serra 

Branca and Albernoa are located in the northern part of the northern branch of the Iberian Pyrite Belt 

(Oliveira, 1990), and may have been close to the northern margin of the basin. 

 

In opposition to Albernoa stands Neves Corvo that comprises very thick black and green mudstone 

units containing disseminated pyrite and massive sulfide deposits. Neves Corvo is also the only study 

area where purple mudstone was not recognised, although it is reported at the top of the VS Complex, 

well above the massive sulfide deposits and the volcanic units (Carvalho and Ferreira, 1994; Carvalho 

et al., 1997; Oliveira et al., 1997b, 2004). These characteristics suggest the VS Complex in the Neves 

Corvo area formed in a depositional environment that was dominated by reducing conditions. 

However, post-depositional reduction of the local VS Complex succession by hydrothermal fluids may 

have occurred. Reducing conditions at the depositional environment may have been consequence of a 

relatively deep depositional setting, of hydrothermally-controlled, redox-stratified water column, or a 

combination of both. 

 

Soriano and Marti (1999) studied the volcanic and sedimentary facies of the Spanish part of the 

Iberian Pyrite Belt in five sections, and considered the depositional basin to have been shallower in the 
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western and southern parts, deepening towards the north and east. Their conclusion was based on the 

identification of dasycladales and echinoderms, and pumice-rich volcaniclastic units in the western 

and southern parts of the basin. The pumice-rich units were interpreted as pyroclastic deposits sourced 

from explosive eruptions at very shallow submarine or subaerial vent(s). Sáez and Moreno (1997, 

1999) and Valenzuela et al. (2003) assumed that submarine explosive eruptions would have been 

restricted to very shallow depths, and concluded that the depositional setting for the El Almendro-

Villanueva de Castillejos (south; section 6.4) pumice-rich units was very shallow submarine or even 

subaerial.  

 

Water depth estimates for the source vents of explosive eruptions, based on the occurrence of pumice-

rich volcaniclastic units inferred to be pyroclastic, are contentious. The depth at which submarine 

felsic explosive eruptions can occur is in part controlled by the hydrostatic pressure exerted by the 

water column. Hydrostatic pressure can reduce, or even suppress the violent expansion of volatiles 

from magmas (McBirney, 1963; Kokelaar, 1986). The water depth at which the explosive expansion 

of volatiles can violently disrupt felsic magmas is estimated to be in the order of 1 km (McBirney, 

1963; Kokelaar, 1986). Nevertheless, modern observations of the sea floor reveal that pumice-rich 

pyroclastic deposits are abundant at even greater depths, such as the pumice-rich deposits of the 

Myojin Knoll volcano in the Izu Bonin arc, Japan (1350-1400 m, depth of the Myojin Knoll caldera 

floor; Fiske et al., 2001), or the pumiceous deposits of Healy volcano in the southern Kermadec arc 

(1150-1800 m, interpreted to have been erupted at a depth between 550 to 1000 m; Wright et al., 

2003). Felsic pumice-rich (now fiamme) pyroclastic units occur throughout the Iberian Pyrite Belt and 

are associated with purple or black mudstone, suggesting they were deposited in relatively shallow to 

relatively deep depositional environments. In most cases, there are no positive constraints on the 

setting of their source vents, although they typically lack components from shallow or subaerial 

settings, and vents can reasonably be interpreted to have been submerged. The exception is Neves 

Corvo, where grain size and thickness variations in fiamme breccia units A and B (section 3.2.3) 

imply their vent(s) were intrabasinal and in a relatively deep setting. 

 

The eruption style in the Iberian Pyrite Belt was apparently independent of water depth. The fiamme 

(pumice)-rich pyroclastic facies were sourced from intrabasinal vents, and occur at the base of the VS 

Complex in relatively shallow depositional settings, such as El Almendro-Villanueva de los 

Castillejos, and in relatively deep settings, such as Neves Corvo. The felsic effusive eruptions also 

occurred regardless of water depth; lavas or domes form the base of the VS Complex in relatively 

shallow settings such as Albernoa, and in relatively deep settings, such as the lower part of the VS 

Complex at Serra Branca.  
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7.3 Extrusive versus intrusive emplacement of the felsic units and 

occurrence of peperite 
In ancient successions, the distinction between lavas or intrusions depends on the correct interpretation 

of the nature of upper contacts of igneous units (Allen, 1992). In the Iberian Pyrite Belt, the contacts 

of many felsic igneous units are delineated by sediment-matrix igneous breccias. Sediment-matrix 

igneous breccias are complex combinations of igneous and sedimentary components that can be 

formed by a variety of processes, including, (1) the intrusion of magma into unconsolidated wet 

sediment, forming peperite (Schmincke, 1967; Kokelaar, 1982; Busby-Spera and White, 1987; 

Skilling et al., 2002), (2) infiltration of fine suspended sediment into the spaces between clasts at the 

tops of lavas or domes (Rawlings et al., 1999; Gifkins et al., 2002; Skilling et al., 2002), or between 

coarse water-settled pumice clasts (Reynolds et al., 1980; Fiske et al., 1998; Gifkins et al., 2002; 

Skilling et al., 2002), or (3) incorporation of unconsolidated basin sediments by gravity currents 

sourced from the collapse of domes or lavas (McPhie et al., 1993, Gifkins et al., 2002; Skilling et al., 

2002). The correct interpretation of their origin is of extreme importance in VHMS successions, 

particularly those at the top contacts of igneous units, because some types of sediment-matrix igneous 

breccia mark sea-floor positions whereas others (notably peperite) do not. 

 

Correct identification of peperite relies on careful observations of the characteristics of the igneous 

and sedimentary components, their organisation, distribution, and relationships to adjacent 

sedimentary and igneous facies. Peperite is relatively common in subaqueous volcanic successions 

where volcanic activity is contemporaneous with sedimentation (Skilling et al., 2002). Peperite can 

form at the contacts of intrusions, at the basal contact of lavas or at the base and sides of domes and 

the deeper, intrusive parts of cryptodomes (McPhie et al., 1993; Skilling et al., 2002; Kokelaar, 1982; 

Busby-Spera and White, 1987). In subaqueous volcanic successions, infiltration of sediments into 

open spaces between clasts in the carapace breccia of lavas or domes (infiltration breccia), can also 

form sediment-matrix igneous breccia (Rawlings et al., 1999) at the top contacts of igneous units. This 

facies can easily be mistaken for peperite (Gifkins et al., 2002). 

 

Discrimination of peperite versus infiltration breccia in the Iberian Pyrite Belt has implications for 

definition of the stratigraphy and relative ages of the igneous and sedimentary units. Distinguishing 

between these two types of sediment-matrix breccia relies mainly on the characteristics of the 

sedimentary component. Infiltration breccias can have massive or stratified sedimentary domains 

between the igneous clasts. Beds are undisturbed, parallel in adjacent sedimentary domains, parallel to 

the regional bedding and can drape igneous clasts. In peperite, the sedimentary component between 

the igneous clasts is typically massive, or the beds are disturbed and contorted, whereas beds are 

undisturbed away from the igneous clasts. Given that in both infiltration breccia and peperite, the 
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sedimentary domains may be massive, genetic interpretation of sediment-matrix igneous breccias can 

be difficult or impossible. 

 

Fluidisation of wet, unconsolidated sediment may occur in proximity to intrusions by heating and 

diffusion of pore water (Reynolds, 1954; Kokelaar, 1982). In this context, the expansion and 

movement of pore fluid typically causes rearrangements of the sedimentary particles, which can 

destroy any pre-existing sedimentary structures and form massive domains. Originally massive or 

bedded sediments subjected to fluidisation show fines-depleted pipe-like structures oriented 

perpendicular to bedding (e.g. Kokelaar, 1982; Busby-Spera and White, 1987), or planar or 

“apparently folded” structures that can resemble bedding (e.g. Brooks et al., 1982; Brooks, 1995; 

Doyle, 2000; Skilling et al., 2002). This “false bedding” may be better defined than the original 

bedding (Doyle, 2000) and may differ in orientation (e.g. Brooks et al., 1982; Brooks, 1995). 

Sediments invading fractures in the igneous component (intrusion or clasts) typically show laminae 

parallel to the margins of the fractures; such laminae can be oriented at right angles to the sedimentary 

laminae in the host sequence (e.g. Brooks, 1995; Doyle, 2000; Skilling et al., 2002). 

 

At Albernoa and Serra Branca, the sedimentary component of the sediment-matrix dacite breccias 

preserves laminae that are similar and parallel to the bedding in the overlying bedded facies (sections 

4.2.1, 4.5.2 and 5.2.1). This sedimentary component grades to the overlying sedimentary facies. The 

laminae in the sediment-matrix dacite breccia facies drape the dacite clasts, or are conformable and 

planar, and are considered to be genuine bedding. 

 

Peperite has been widely reported in the Spanish part of the Iberian Pyrite Belt (Boulter, 1993a, 

1993b, 1996; Boulter et al., 2001, 2004; Soriano and Marti, 1999; Tornos, 1999a; Pascual et al., 1999; 

Donaire et al., 2002; Valenzuela et al., 2001, 2002). However, infiltration breccia has not been 

reported or identified. In this study, well established occurrences of peperite are associated only with 

the lower contacts of felsic igneous units (e.g. Neves Corvo, Albernoa, Serra Branca and Paymogo 

quarry). At Albernoa and Serra Branca, well-exposed sediment-matrix dacite breccia facies occurs at 

the upper contacts of dacite units. The preferred interpretation of these breccias is that fine sediment 

infiltrated spaces between clasts in a pre-existing monomictic dacite breccia (hyaloclastite) forming 

the autoclastic carapace of lavas (or domes). Other sediment-matrix igneous breccia facies identified at 

Albernoa were generated by the collapse of the quenched margins of the lava and formation of gravity 

currents that incorporated unconsolidated sediment from the seafloor. 

 

Sediment-matrix igneous breccias identified at the upper contacts of felsic igneous units in the study 

areas of the central and eastern Iberian Pyrite Belt could not be confidently interpreted, since in most 

cases, the sediment-matrix igneous breccias are poorly exposed and confined to restricted outcrops 
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with limited lateral extent. These breccias are clast-supported, monomictic igneous breccias that have 

massive mudstone between the igneous clasts. The massive texture of the mudstone is consistent with 

both infiltration of fine sediment into the clastic carapace of lavas or domes, and with peperite, and no 

other outcrop or textural features favour one interpretation over the other. Therefore, the nature of the 

associated felsic igneous units remains uncertain. 

 

This study shows that several different processes have formed sediment-matrix igneous breccia facies 

in the VS Complex. Infiltration breccia is abundant in the VS Complex, and some occurrences may 

have been misinterpreted as peperite. Therefore, sediment-matrix igneous breccia should be 

interpreted with care, especially examples that occur at the top contacts of igneous units. 

 

7.4 Massive sulfide deposits and volcanic facies 
The massive sulfide deposits of the Iberian Pyrite Belt are considered to occur near the top of volcanic 

facies within the VS Complex, and to be related to volcaniclastic facies (Routhier et al., 1980; Barriga, 

1990; Barriga et al., 1997), black mudstone (Barriga et al., 1997; Tornos et al., 1998), or both (Barriga 

et al., 1997; Sáez et al., 1999; Relvas, 2000 unpub.). Their position in the VS Complex is considered 

to be variable, and possibly related to different volcanic episodes at a regional, or even local scale 

(Sáez et al., 1999; Barriga, 1990; Tornos, 2006). Sáez et al. (1999) defined three sectors (northern, 

central and southern) in the Iberian Pyrite Belt, as a function of the geographical location and relation 

of the orebodies to volcanic intervals in the VS Complex. In the southern sector, the massive sulfide 

deposits were related to a lower felsic volcanic interval of the VS Complex, whereas the central and 

northern sectors include massive sulfide ore deposits thought to occur higher in the stratigraphy and 

hosted by an upper (second) felsic volcanic interval. Sáez et al. (1999) included Neves Corvo in the 

southern sector. However, the results presented in this study show that the Neves Corvo massive 

sulfide deposits are not related to the lowest local volcanic interval. In fact, the massive sulfide 

deposits overlie and have similar ages to rhyolitic lavas that are stratigraphically above the lower felsic 

volcanic interval, which comprises fiamme breccia units A and B. Relvas (2000 unpub.) also proposed 

that the Neves Corvo ore deposits were related to felsic lavas. 

 

Absolute ages (U/Pb, Re/Os, Rb/Sr) for samples from several massive sulfide ore deposits and from 

felsic volcanic rocks in the footwall of some deposits, indicate the mineralising events that formed 

those ore bodies occurred in a time span ~356 to ~345 Ma (Table 7.1). This time span is broadly the 

age of the entire VS Complex (late Famennian until the Tournaisian-Visean), which suggests the ore 

deposits do not relate to a specific volcanic interval, or that the resolution of the dating techniques is 

too poor. In contrast, recent biostratigraphic age determinations of the black mudstone that hosts the 

Neves Corvo (Oliveira et al., 1997a, 1997b; Oliveira et al., 2004), Tharsis (González et al., 2002) and 

Aznalcóllar (Pereira et al., 1996) massive sulfide deposits indicate they have formed in a relatively 
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short time interval. These biostratigraphic studies revealed that the black mudstone hosting the 

massive sulfides at these three localities contains similar miospore assemblages, attributed to the LN, 

western Europe biozone zonation, that is of Strunian age in the Upper Famennian. These results 

suggest that at least some ore deposits formed in a short time interval, possibly related to a broad-scale 

mineralising event. 

 

Table 7.1: Absolute ages of some massive sulfide deposits from the Iberian Pyrite Belt (Fig. 2.3). 

Deposit Age (Ma) Method Author 

Los Frailes 345.7±4.6 U/Pb isotopes in zircons from 
dacite Nesbitt et al. (1999)

358±29 Re/Os isotopes from sulfide and 
tin ores Munhá et al. (2005) 

Neves Corvo 
347±25 Rb/Sr isotopes from sulfide and 

tin ores Relvas et al. (2001) 

Rio Tinto 346±26 Re/Os isotopes from sulfides Mathur et al. (1999)

Rio Tinto 349.8±0.9 U/Pb isotopes in zircons from 
rhyolite Barrie et al. (2002) 

Aljustrel 352.4±1.9 U/Pb isotopes in zircons from 
the “green tuff” rhyolite Barrie et al. (2002) 

Tharsis 353±44 Re/Os isotopes Mathur et al. (1999)

Las Cruces 353.97±0.69 U/Pb isotopes in zircons from 
dacite Barrie et al. (2002) 

Lagoa Salgada 356.3±0.7 U/Pb isotopes in zircons from 
rhyolite Barrie et al. (2002) 

 

 

Of the study areas, a massive sulfide ore body is present only at Neves Corvo. The VS Complex at 

Neves Corvo consists of relatively thick, widespread fiamme (pumice)-rich volcaniclastic units 

overlain by thick rhyolitic lavas, all of which are hydrothermally altered in proximity to the massive 

sulfide deposits. In addition, the massive sulfides and the felsic lavas at Neves Corvo are of similar 

age (section 3.4). 

 

The stockwork feeder zones of the five Neves Corvo ore bodies display two main styles: one style is 

disseminated, widespread and stratabound, and contrasts with the other style of well-developed, 

fracture-controlled and cone-shaped stockwork. These two morphologies are widely recognised 

throughout the Iberian Pyrite Belt (Sáez et al., 1999). The differences in stockwork morphology at 

Neves Corvo could result from marked differences in the primary porosity and permeability of the 

host facies. In particular, the fiamme (pumice)-rich clastic facies could have allowed widespread and 

non-chanellised, diffuse circulation of fluids. The presence of a thick, permeable and porous substrate 

(fiamme (pumice)-rich facies), the proximity to intrabasinal effusive felsic centres and a depositional 
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environment dominated by reducing conditions, may have been important factors that contributed to 

accumulation of a large amount of massive sulfides at Neves Corvo. 

 

At Serra Branca, there is a relatively small stockwork associated with a zone up to 1 km long where 

the volcanic rocks are intensely altered. The volcanic succession in the Serra Branca area is 

significantly different from the succession at Neves Corvo, and consists of intercalated felsic lavas and 

fiamme (pumice)-rich pyroclastic facies. At Serra Branca, the lowest VS Complex units were sourced 

from effusive felsic eruptions, and thick fiamme (pumice)-rich units occur high in the stratigraphy, 

above a thick lava unit. The stockwork veins occur above the thick felsic lava and are associated with 

an interval where the lavas and fiamme (pumice)-rich units alternate and are relatively thin. These 

veins occur preferentially in the fiamme (pumice)-rich facies. 

 

At Serra Branca, any relation between volcanism and hydrothermal alteration is more difficult to 

establish. One syn-volcanic intrusion (banded quartz-phyric rhyolite facies association) occurs 

stratigraphically above and near the altered zone, but is not hydrothermally altered, which suggests it 

is younger.  

 

The sulfide clasts identified in some volcaniclastic units at Serra Branca, El Almendro-Villanueva de 

los Castillejos and Cerro de Andévalo, if massive sulfide-derived, indicate that ore deposits may have 

existed, or still exist, even in areas where massive sulfide deposits have not been found. The 

occurrence of these clasts also indicates that massive sulfides were probably forming on the sea floor 

in proximity to volcanic centres. 

 

7.5 Regional correlations of the VS Complex 
Boogaard (1967 unpub.) defined the local stratigraphy of the Pomarão area, at the western termination 

of the Puebla de Guzman anticlinorium on the border between Portugal and Spain (Fig. 7.2). He 

identified three different felsic volcanic and volcanic-sedimentary cycles that were designated VA1, 

VA2 and VA3. These cycles were later extrapolated to other areas of the Iberian Pyrite Belt with the 

aim of correlating the VS Complex throughout the province (e.g. Strauss and Madel, 1974; Routhier et 

al., 1980; Oliveira, 1990; Sáez et al., 1996, 1999; Leistel et al., 1998a, 1998b; Carvalho et al., 1999). 

 

VA1 (Cerqueirinha Formation, 10-40 m thick) comprises quartz- and plagioclase-rich tuffs, banded 

felsic tuffs and breccia-tuffs (e.g. Silva et al., 1997a; Boogaard, 1967 unpub.).  

 

VA2 (Touril Formation, 180-200 m thick) consists of, from base to top: (1) Lower Phyllite Member 

(dacitic lavas, chert, phyllites and siltites), (2) Quartzite Member (quartzite and siltites and phyllites 

with Fe-Mn nodules), (3) Intermediate Phyllite Member (felsic tuffs, siliceous and grey shale, and 
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jasper and chert) and (4) Upper Red Phyllite Member (red and purple shale) (e.g. Silva et al., 1997a; 

Boogaard, 1967 unpub).  

 

VA3 (Águia Formation, ~100 m thick) comprises dacitic crystal-tuffs, banded felsic tuffs and phyllites 

(e.g. Silva et al., 1997a; Boogaard, 1967 unpub.). 

 

 
Figure 7.2: Simplified geological map of the Pomarão area, showing the distribution of the 
Cerqueirinha, Touril and Águia Formations (VA1, VA2 and VA3, respectively). Inset shows location 
of the Pomarão area in the Iberian Pyrite Belt. Adapted from Silva et al. (1997a). 
 

VA1 and VA2 are separated by an interval of black mudstone, chert and minor sandstone, whereas 

VA2 and VA3 are separated by siliceous mudstone and purple mudstone. Mafic and felsic intrusions 

occur throughout the area at several stratigraphic levels. Radiolarians have been identified in VA2 and 

VA3; VA2 is locally cross-bedded. 

 

Although locally significant and applicable, the subdivision of the VS Complex at Pomarão has 

limited regional significance. All study areas have a complex volcanic architecture composed of the 

products of a variable number of volcanic episodes. For example, the VS Complex at Serra Branca 

was constructed by a minimum of eight distinct volcanic events, whereas at Neves Corvo a minimum 

of four distinct volcanic events were identified. Therefore, the internal architecture or succession of 
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volcanic facies in different sections through the VS Complex are unlikely to be similar on a regional 

scale.  

 

7.6 Evolution of the VS Complex 
The sedimentary facies at the top of the PQ Group are diverse and imply that the basin in which the 

VS Complex formed was compartmentalised (Moreno et al., 1996; Sáez and Moreno, 1997). Most 

parts were submerged, but some parts were in only shallow sea water (above wave base). In the 

studied sections, the base of the VS Complex consists of relatively thin mudstone intervals with 

characteristics of having been formed in a submarine below-wave-base environment. Deposition of 

non-volcanic mud was probably continuous away from the volcanic centres (Fig. 7.3 - 1). 

 

The onset of volcanism throughout the Iberian Pyrite Belt generated felsic lavas/domes (Albernoa and 

Serra Branca) and thick normally graded felsic pyroclastic units (Neves Corvo and El Almendro-

Villanueva de los Castillejos). The felsic lavas/domes and pyroclastic units form lava-cryptodome-

pumice cone volcanoes at submerged intrabasinal vents. The effusive volcanism produced thick (up to 

400 m) lavas/domes throughout the Iberian Pyrite Belt (Fig. 7.3 - 2). The lavas or domes probably 

constructed topographic highs and the collapse of unstable parts formed aprons of resedimented 

hyaloclastite (Fig. 7.3 - 3). 

 

The felsic pyroclastic units are apparently less voluminous than the felsic lavas/domes, and are mainly 

composed of wispy fiamme (formerly pumice) and crystals or crystal fragments (Fig. 7.3 – 4). The 

pyroclastic units have lower aspect ratios than the felsic lavas or domes and cover relatively large 

areas. The thick, coarse pyroclastic units were sourced from water-supported high-density gravity 

currents. Finer grained but compositionally similar facies (fiamme-rich sandstone and mudstone) were 

sourced from more dilute gravity currents and from suspension. The pyroclastic units are interbedded 

with the lavas/domes, or occur above them, reflecting the alternation of effusive and explosive 

eruptions at lava-cryptodome-pumice cone volcanoes. 

 

Syn-volcanic intrusions in the form of cryptodomes and partly extrusive cryptodomes are also part of 

the lava-cryptodome-pumice cone volcanoes (Fig. 7.3 - 5). These units comprise coherent and 

autoclastic facies and some have peperite at their upper contacts with pyroclastic units. At Serra 

Branca, the emplacement of the cryptodomes and partly extrusive cryptodomes may have post-dated 

the hydrothermal event that produced the Serra Branca stockwork. The partly extrusive cryptodomes 

have aprons of resedimented hyaloclastite and may have domed up and deformed the sea floor. 
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Figure 7.3: General model for the volcanism and sedimentation of the VS Complex in the Iberian Pyrite Belt.
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Mafic units are largely subordinate to the felsic units. In the study areas they occur mainly as 

intrusions but some have uncertain origin (Fig. 7.3 - 6). The temporal relation between the mafic 

events and felsic events of the VS Complex is not well known. However, at Albernoa the mafic units 

are younger than the felsic units. 

 

Fine-grained volcaniclastic facies (sandstone and mudstone) that consist of crystal fragments, fine 

felsic igneous clasts (including fiamme), and phyllosilicates are ubiquitous in the study areas and were 

mainly sourced from turbidity currents. They probably accumulated during periods of volcanic repose, 

when resedimentation of loose fine volcanic particles was possible. Syn-sedimentary slump folds and 

faults that affected these units indicate local instability in the depositional basin (Fig. 7.3 - 7). 

 

Hydrothermal activity forming massive sulfide deposits occurred throughout the Iberian Pyrite Belt 

(Fig. 7.3 - 8) but probably at different times. At Neves Corvo, the massive sulfide deposit formed after 

much of the volcanic succession was in place, in proximity to explosive and effusive felsic volcanic 

centres, and immediately above felsic lavas.  

 

After the volcanic activity ceased, the volcanic centres and laterally equivalent distal deposits were 

covered by thick intervals of non-volcanic mudstone (Fig. 7.3 - 1). The mudstone records deposition 

in a below-wave-base environment, and is locally associated with limestone, sandstone, or quartz-rich 

sandstone. 

 

7.7 The Bathurst Mining Camp 
7.7.1 Introduction 

The traditional view of the Iberian Pyrite Belt as a Volcanic-Hosted Massive Sulfide (VHMS) 

province (e.g. Barriga and Carvalho, 1983; Barriga, 1990; Leistel et al., 1994, 1998b; Barriga et al., 

1997; Carvalho et al., 1999) has been challenged in recent years, with the recognition that the ore 

deposits have characteristics of both VHMS and SEDEX (Sedimentary Exhalative) deposit types. 

They are better classified as Volcanic-Sedimentary Hosted Massive Sulfides (VSHMS) (Sáez et al., 

1999; Relvas 2000 unpub.; Tornos, 2006). A massive sulfide province comparable to the Iberian 

Pyrite Belt is the Ordovician Bathurst Mining Camp (New Brunswick, Canada) (e.g. Goodfellow, 

2002) (Fig. 7.4). 

 

The Bathurst Mining Camp occurs at the northeastern end of the Miramichi anticlinorium and covers 

an area of approximately 60 km x 60 km (McCutcheon et al., 2003). The Bathurst Mining Camp hosts 

45 known massive sulfide deposits and about 100 occurrences, including the giant Brunswick Nº12 

deposit, with approximately 230 Mt of sulfides (McCutcheon et al., 2003). The Bathurst Mining Camp 

was selected for comparison with the Iberian Pyrite Belt because both provinces contain large total
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Bathurst Mining Camp, showing the most important massive sulfide deposits. Adapted from Goodfellow (2002) and 
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amounts of massive sulfides (e.g. >1700 Mt for the Iberian Pyrite Belt, Leistel et al., 1998b; ~500 Mt 

for the Bathurst Mining Camp; McCutcheon et al., 2003), include some of the world’s largest massive 

sulfide deposits (e.g. Rio Tinto, ~500 Mt and Neves Corvo, >300 Mt in the Iberian Pyrite Belt, Leistel 

et al., 1998b; Brunswick Nº12, ~230 Mt, McCutcheon et al., 2003) and have abundant sedimentary 

units. The massive sulfide deposits in both provinces apparently have hybrid characteristics between 

VHMS and SEDEX deposits, including their large size, anoxic seafloor environment, metal content 

and hydrothermal alteration patterns (e.g. Goodfellow, 2002; Goodfellow and McCutcheon, 2003).  

 

The massive sulfide deposits in the “Brunswick Horizon” (e.g. Brunswick-type of ore deposits; van 

Staal et al., 1992) are the most economically important and largest ore deposits (32 ore deposits 

amounting to ~400 Mt of reserves; Goodfellow, 2002; Goodfellow and McCutcheon, 2003) in the 

Bathurst Mining Camp, and are hosted by the Nepisiguit Falls Formation of the Tetagouche block. 

Hence, this summary will be focused on the Tetagouche block. 

 

7.7.2 General geology 

The Bathurst Mining Camp formed in a Japan Sea-style back-arc basin, designated the Tetagouche-

Exploits back-arc basin (van Staal et al., 1991; van Staal, 1994; Rogers and van Staal, 2003) at the 

margin of Gondwana, behind the Popelogan arc (van Staal et al., 2003; Goodfellow et al., 2003a). The 

Bathurst Mining Camp is composed of the Ordovician Fournier, California Lake, Tetagouche, and 

Sheephouse Brook blocks, and the blueschist and Bamford Brook slivers, which are collectively 

referred to as the Bathurst Supergroup (van Staal et al., 2003). Each block is interpreted to represent a 

different part of the Tetagouche-Exploits back-arc basin. The Tetagouche block hosts the ore deposits 

of the “Brunswick Horizon” and associated iron formations. The Bathurst Supergroup consists mostly 

of a marine sedimentary and volcanic sequence that was deformed during the Late Ordovician-Late 

Silurian closure and subduction of the Tetagouche-Exploits back-arc basin (McNicoll et al., 2003; van  

Staal et al., 2003). The deformation produced complex folds and thrusts in the Bathurst Supergroup. 

The regional metamorphic grade increases towards the SW, where it reaches the upper greenschist 

facies (van Staal et al., 1992). 

 

The Bathurst Supergroup includes thick sedimentary units (black, grey and green shale) (Goodfellow 

and McCutcheon, 2003). The volcanic rocks are both mafic and felsic, and are intruded by cogenetic 

intrusions (McNicoll et al., 2003; Rogers and van Staal, 2003; Rogers et al., 2003). The felsic volcanic 

rocks are considered to have formed by partial melting of continental crust (Rogers et al., 2003), occur 

intercalated with abundant black shale and comprise lavas, domes, intrusions and pyroclastic facies 

(Rogers et al., 2003; Goodfellow et al., 2003a). The massive sulfide deposits in the Bathurst Mining 

Camp occur in four horizons, however the “Brunswick Horizon” is the most important and hosts the 

giant Brunswick Nº12 orebody (van Staal et al., 1991; van Staal et al., 2003). 
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The Tetagouche block consists of the Tetagouche Group (Arenig-Caradoc) and the underlying 

Miramichi Group (Tremadoc) (Table 7.2). The Miramichi Group consists of turbidites interpreted to 

have formed in a continental passive margin (van Staal and Fyffe, 1991; Fyffe et al., 1997). 

 

Table 7.2: Simplified stratigraphic divisions of the Tetagouche block. $$ - Massive sulfide deposits of 
the “Brunswick Horizon”. $ - Other massive sulfide deposits. 

Tomogonops
Formation 
Little River 
Formation 

 

Roger Brook Member 
Flat Landing 

Brook 
Formation 

$  Reids Brook 
Member 

Moody Brook and 
Forty Mile Brook 

Members 
Tetagouche 

Group 

Nepisiguit 
Falls 

Formation 

Grand 
Falls 

Member 
$$ 

Little Falls 
Member  

$$ 

Lucky Lake 
Member 

Vallée 
Lurdes 

Member

Patrick 
Brook 

Formation 
Knights 
Brook 

Formation 

Tetagouche 
block 

Miramichi 
Group 

Chain of 
Rocks 

Formation 

 

 

The Nepisiguit Falls Formation of the Tetagouche Group (Table 7.2) ranges from 10 to at least 750 m 

thick (McCutcheon et al., 2005). The volcanic rocks of the Nepisiguit Falls Formation (late Arenigian 

to Llanvirnian; McCutcheon et al., 2005) are associated with shale and mainly composed of 

subalkaline quartz- and feldspar-phyric dacite to rhyolite lavas, crystal-rich sandstone (interpreted to 

have had pyroclastic origin) and rare intrusions (McCutcheon et al., 2005). Four, approximately time 

equivalent members constitute the Nepisiguit Falls Formation: the Grand Falls, the Little Falls, the 

Lucky Lake and the Vallée Lourdes Members (Table 7.2) (Langton and McCutcheon, 1993; Rogers et 

al., 2003). The Grand Falls Member grades laterally into the Little Falls Member and comprises facies 

more proximal to source than the Little Falls Member (Langton and McCutcheon, 1993; McCutcheon 

et al., 2005). The Grand Falls Member consists of quartz- and feldspar-phyric lavas and rare 

intrusions, crystal-rich sandstone that contains rare fiamme and greenish-grey siltstone (Langton and 

McCutcheon, 1993; Rogers et al., 2003; McCutcheon et al., 2005). The Little Falls Member consists 

of medium- to fine-grained quartz- and feldspar-rich sandstone and greenish-grey shale (Rogers et al., 
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2003). The Lucky Lake Member consists of quartz- and feldspar-rich reworked volcaniclastic rocks 

(Langton and McCutcheon, 1993; Rogers et al., 2003). The Vallée Lourdes Member comprises cross-

bedded calcarenite, shale, sandstone and minor conglomerate (van Staal et al., 2003). 

 

The Flat Landing Brook Formation (Table 7.2) overlies the Nepisiguit Falls Formation, has uncertain 

thickness and extends over a large area in the central part of the Bathurst Mining Camp (McCutcheon 

et al., 2005). The Flat Landing Brook (top of the Arenig and lower Llanvirn; van Staal et al., 2003; 

McCutcheon et al., 2005) hosts massive sulfide ore deposits that are not included in the “Brunswick 

Horizon” (e.g. Stratmat and Taylor Brook). The Flat Landing Brook Formation is mainly composed of 

the Reids Brook and the Roger Brook Members (Table 7.2). The Reids Brook Member comprises 

aphyric and feldspar-phyric dacitic to rhyolitic lavas (Wilson et al., 1998; Rogers et al., 2003; 

McCutcheon et al., 2005). The Roger Brook Member comprises minor felsic lavas and pyroclastic 

rocks that contain shards, fiamme and lithic clasts. The pyroclastic rocks have perlitic fractures and 

chlorite-filled amygdales in the matrix, suggesting that they were densely welded (e.g. Wilson et al., 

1998; Rogers et al., 2003). 

 

The Little River and Tomogonops Formations (Table 7.2) are dominantly composed of sedimentary 

rocks. The Little River Formation comprises red shale, siltstone, chert and minor alkaline pillow 

basalts, and typically contains Fe-Mn-rich red and green shales at the contact with the underlying Flat 

Landing Brook Formation. The Fe-Mn-rich red and green shales are interpreted to have formed in 

oxidising conditions, and probably during a period of volcanic quietude (Goodfellow et al., 2003b). 

 

7.7.3 Massive sulfide deposits 

The massive sulfide ore deposits of the Bathurst Mining Camp occur in four intervals (e.g. 

Goodfellow et al., 2003a; Goodfellow and McCutcheon, 2003; van Staal et al., 2003) that have distinct 

ages, spanning 12 to 14 Ma, from the Arenig to the early Llanvirn (Goodfellow et al., 2003a; van Staal 

et al., 2003). They occur in the Sheephouse Brook block, the Tetagouche block (two intervals) and the 

California Lake block (Goodfellow, 2002; van Staal et al., 2003). The felsic volcanic rocks associated 

with the four mineralized intervals amount to an approximate volume of 3500 km3 (Goodfellow and 

McCutcheon, 2003). However, the most voluminous felsic unit (Flat Landing Brook Formation) 

contains only a few small massive sulfide ore deposits (Rogers et al., 2003). The massive sulfide 

deposits seem to have formed preferentially in periods of volcanic quietude in third-order, anoxic, 

deep and restricted basins (Goodfellow and McCutcheon, 2003). The massive sulfide deposits of the 

“Brunswick Horizon” occur in the lowest volcanic interval of the Nepisiguit Falls Formation, and are 

associated with proximal to distal submarine pyroclastic units that overlie felsic lavas or intrusions, or 

with black or grey shale (Peter and Goodfellow, 1996; Rogers et al., 2003; van Staal et al., 2003; 

Goodfellow and McCutcheon, 2003). Water depth in the depositional basin was probably variable. 
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Some members of the Nepisiguit Falls Formation and Flat Landing Brook Formation are interpreted to 

have been deposited in relatively deep settings (Great Falls Member and the Reids Brook Member), 

whereas others may have been deposited in subaerial or very shallow submarine settings (Lucky Lake 

Member or the Roger Brook Member) (McCutcheon, 1992; Peter and Goodfellow, 1996; Rogers et al., 

2003; van Staal et al., 2003; Goodfellow et al., 2003a). 

 

The similarities between the Iberian Pyrite Belt and the Bathurst Mining Camp include: 

(1) Both provinces formed on continental crust and involved felsic-dominated magmatism in a 

dominantly anoxic depositional basin. 

 

(2) Both successions are dominantly composed of sedimentary units, in particular black or grey 

mudstone, and the felsic volcanic rocks are relatively minor. 

 

(3) Both provinces have abundant pyroclastic units that are mostly interpreted to have been deposited 

from syn-eruptive water-supported gravity currents. These units contain abundant fiamme thought to 

have been pumice clasts and are intercalated with felsic lavas and domes consisting of coherent and 

autoclastic facies. 

 

(4) The massive sulfide deposits are among the largest in the world and probably spatially and/or 

temporally related to the felsic volcanism. They are hosted either by volcanic facies or black/grey 

mudstone. 

 

(5) Both provinces have abundant hydrothermal jasper and chert units. 

 

7.8 Modern analogue: The Okinawa Trough 
Finding a modern equivalent for the Iberian Pyrite Belt is particularly difficult because there is no 

consensus on its geotectonic setting, or on a petrogenetic model that can fully explain the 

characteristics of the range of magmas present. The most accepted geotectonic model for the Iberian 

Pyrite Belt involves the oblique collision and subduction, in a transtensional regime, of two continents 

(Silva, 1989 unpub.; Silva et al., 1990; Ribeiro et al., 1990; Quesada, 1991; Dias and Ribeiro, 1995). 

The volcanic activity and formation of massive sulfide deposits apparently occurred in “en echelon” 

extensional basins (e.g. Silva, 1989 unpub.; Silva et al., 1990) within a continent-continent oblique 

collisional environment. This setting contrasts with the settings of many VHMS provinces; most 

VHMS deposits occur at oceanic spreading centres, or in oceanic or continental back-arc settings (e.g. 

Tornos, 2006 and references therein). The huge amount of sulfides that occur in the Iberian Pyrite Belt 

(>1700 Mt, Leistel et al., 1998b; or >1850 Mt, Tornos, 2006), and the gigantic size of some single 

deposits such as Rio Tinto (>500 Mt of sulfides) or Neves Corvo (>300 Mt of sulfides), suggest that 
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very special, possibly unique geological conditions prevailed. An additional feature of the Iberian 

Pyrite Belt is the large volume of sedimentary facies (~75% of the Iberian Pyrite Belt geological 

record; Tornos, 2006) compared with the volcanic facies. 

 

The Okinawa Trough extending between Japan and Taiwan is a 1200-km-long back-arc basin on the 

eastern continental margin of Asia, behind the Ryukyu trench (Fig. 7.5) (Shiono et al., 1980; Halbach 

et al., 1989). The volcanism is calc-alkaline, and dacitic to rhyolitic in the northern part and bimodal in 

the middle and southern parts. The southern part of the Okinawa Trough is characterised by back-arc 

spreading, whereas the middle part is still in a continental crust extensional phase (Sibuet et al., 1987). 

The oblique collision of the Philippine plate with the Eurasian plate formed a system of “en echelon” 

grabens that extend along the central part of the Okinawa Trough. These grabens are oblique to the 

general trend of the Okinawa Trough, indicating a transtensional tectonic regime (Halbach et al., 1993; 

Sibuet et al., 1998). In the middle part of the Okinawa Trough, the volcanic activity is concentrated in 

these grabens and their immediate surroundings, and is concurrent with hemipelagic sedimentation 

(Halbach et al., 1993).  

 

Hydrothermal activity has been reported from several sites in the middle Okinawa Trough, including 

in the Iheya graben (e.g. Natsushima 84 Deep hydrothermal site, Yamano et al., 1989; Natsushima 84-

1 Knoll hydrothermal site, Kimura et al., 1988), and the Izena cauldron (e.g. Jade hydrothermal field; 

Halbach et al., 1989). The Izena cauldron is a pull-apart basin that has a diameter of ~5 km (Halbach 

et al., 1989). The hydrothermal activity at the Jade hydrothermal field, at approximately 1500 m deep, 

is forming a sulfide deposit that is considered to be the modern equivalent of the Kuroko type VHMS 

deposits. The sulfide ores occur in hydrothermal chimneys, polymetallic massive sulfide layers and as 

stockwork, hosted by hydrothermally altered rhyolite (Halbach et al., 1989). The type of volcanoes 

and the origin of the volcaniclastic units in the Izena cauldron are not well known. However, rhyolitic 

to andesitic lavas and pumice-rich volcaniclastic units have been identified (e.g. Parra et al., 1995; 

Shinjo and Kato, 2000). The felsic volcaniclastic rocks comprise tuff, tuff breccia and tuff-rich woody 

pumice (e.g. Parra et al., 1995). Unconsolidated sediments up to 30 m thick cover the Izena cauldron 

(Halbach et al., 1993). 

 

The combination of hemipelagic sedimentation and volcanism, the style of the sulfide mineralisation 

and the transtensional tectonic regime at a continental margin are features also shown by the Iberian 

Pyrite Belt. Nevertheless, the two provinces differ in tectonic setting, the Okinawa Trough being a 

continental back-arc basin, and the Iberian Pyrite Belt probably involving oblique collision and 

subduction of two continents (Silva, 1989 unpub.; Silva et al., 1990; Ribeiro et al., 1990; Quesada, 

1991; Dias and Ribeiro, 1995). 
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Figure 7.5: Location of the Okinawa Trough and Jade hydrothermal field. Adapted from Shinjo and 
Kato (2000). 
 

 

7.9 Summary 
The VS Complex of the Iberian Pyrite Belt consists of the products of felsic effusive and explosive 

eruptions, and resedimented volcaniclastic debris. The eruptions were sourced from numerous 

intrabasinal vents. The tempo of the effusive or explosive eruptions was particular to each area, 

resulting in the highly variable internal stratigraphy of the VS Complex on a regional scale. 

 



Chapter 7 - Characteristics of the VS Complex   7-25 
 

The lava-cryptodome-pumice cone volcanoes of the VS Complex comprise felsic coherent facies, 

monomictic breccia (mainly hyaloclastite), resedimented monomictic breccia, massive or normally 

graded fiamme-rich breccia and sandstone, fiamme- and lithic-rich volcanic breccia, and fiamme- and 

crystal-rich sandstone and mudstone. The fiamme are interpreted to have originally been pumice 

clasts. These volcanoes produced sections up to 800 m thick and extending up to 8 km. Their eruptions 

locally outweighed deposition of non-volcanic mud, which was otherwise widespread and continuous 

throughout the Iberian Pyrite Belt.  

 

The depositional environment of the VS Complex was submarine, as indicated by abundant marine 

fossils such as ammonoids, dasycladales and radiolarians (Korn, 1997; Soriano and Marti, 1999; 

Leistel et al, 1998b), and massive sulfide deposits (Herzig and Hannington, 1995; Barrie and 

Hannington, 1999). The water depth is not tightly constrained but was dominantly below storm wave 

base, given the abundance of turbidites and the great thickness of mudstone in the study areas, as well 

as abundant, very thick, graded volcaniclastic units deposited by gravity currents. 

 

Sediment-matrix igneous breccias outline the top contacts of the felsic lavas and domes, and formed 

by infiltration of fine sediment into the clastic carapace of the effusive units. These breccias could 

easily be mistaken for peperite. Peperite was identified only at the basal contacts of felsic lavas and 

domes. 

 

The Iberian Pyrite Belt is comparable to the Bathurst Mining Camp; both provinces contain some of 

the largest massive sulfide deposits known, in sedimentary facies-dominated and volcanic submarine 

successions. The modern Okinawa Trough has some similarities with the inferred setting and volcanic 

style of the Iberian Pyrite Belt. 




