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Abstract: The Iberian Pyrite Belt (IPB) represents one of the largest districts of volcanogenic massive
sulfide (VMS) deposits in the world, and is a critical source of base metals (Cu, Pb, and Zn) for
Europe. Confirmed resources exceed 1700 Mt of massive sulfides with grades of around 1.2% Cu,
1% Pb, and 3% Zn as well as more than 300 Mt of stockwork-type copper mineralization. Significant
resources of Sn, precious metals (Au and Ag), and critical metals (Co, Bi, Sb, In, and Se) have also been
evaluated. The genesis of these deposits is related to a complex geological evolution during the late
Devonian and Mississippian periods. The geological record of such evolution is represented by three
main lithological units: Phyllite-Quartzite Group, the volcano-sedimentary Complex (VSC), and the
so-called Culm Group. The sulfide deposits are located in the VSC, associated with felsic volcanic
rocks or sedimentary rocks such as black shales. The massive sulfide deposits occur as tabular bodies
and replacement masses associated with both volcanic and sedimentary rocks. Their mineralogical
composition is relatively simple, dominated by pyrite, chalcopyrite, sphalerite, and galena. Their
origin is related to three evolutionary stages at increasing temperatures, and a subsequent stage
associated with the Variscan deformation. The present paper summarizes the latest developments in
the IPB and revises research areas requiring further investigation.

Keywords: Iberian Pyrite Belt; IPB; massive sulfide deposits; volcanogenic massive sulfides; VMS;
black shales; volcanic rocks; metallogenesis; evolution; deformation

1. Introduction

The Iberian Pyrite Belt (IPB) contains the world’s largest concentration of massive
sulfide deposits associated with volcanic rocks. Spanning approximately 8000 km? from
southern Lisbon to the vicinity of Seville, the region also includes some of the largest
known accumulations of volcanogenic massive sulfide (VMS) deposits in the Earth’s crust
(Figure 1) [1].

Original mineral resources have been estimated at around 2000 Mt, with 1700 Mt
corresponding to massive sulfides and the remainder to stockwork-type mineralizations [1].
Evidence of mining exploitation in the region dates back over 5000 years, with several
periods of intense mining activity. Throughout history, 82 sulfide deposits have been
exploited to varying degrees, and numerous indications of deposits never mined have been
documented [1-6].

Currently, favorable metal prices and advancements in mining and mineral processing
techniques keep the mining province among the leading base metals producers in Europe.
Currently, there are seven operational mining centers: five in Spain (Las Cruces, Riotinto,
Sotiel, Magdalena, and Aguas Tefiidas) and two in Portugal (Aljustrel and Neves-Corvo).
Additionally, numerous projects are in the advanced exploration stages, including the
following: Escacena (Panglobal Resources), Lomero-Poyatos (Denarius Metals), San Telmo
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and Tharsis (Tharsis Mining) and La Infanta, El Cura, and Romanera (Emerita Resources).
Some other projects are in the design and permitting phases for exploitation: Los Frailes
(Grupo Mexico), Concepcion (MATSA), and Masa Valverde (Atalaya Mining).
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Figure 1. Geological sketch map of the IPB showing the location of the known VMS.

The abundance and diversity of massive sulfide deposits have garnered significant
interest within the scientific community. Despite the extensive body of work published
on various aspects of this metallogenic province, there is no general consensus unifying
the knowledge of a region with such exceptional metallogeny. Initial genetic models
debated two alternative models dominated by sedimentary processes or high-temperature
hydrothermal fluid replacement (see Bateman [7] and the included references).

Since the mid-20th century, globally applicable metallogenic models for VMS deposits,
both ancient and modern [8-10], have been widely applied for those in the IPB—see [11-15]
and the included references. However, many questions still remain under debate. These
include the geodynamic framework, depositional environment, metallogenetic processes,
nature of hydrothermal fluids, sources of sulfur and metals, and the thermal engine driving
regional-scale hydrothermalism. In order to compose a document covering the current
state of knowledge on IPB metallogenesis that can be also useful as a conceptual basis and
guide for future prospecting and exploration activities in the region, the present study
reviews the main contributions to the geology and metallogeny of the IPB and proposes a
synthesis model that integrates the aforementioned aspects.

2. Stratigraghy

The current concepts regarding the stratigraphy of the FPI are attributed to [16], who
unified previous nomenclatures based on local descriptions, cartographies, or synthesis
works [17-23] and grouped the outcropping rocks into three lithostratigraphic units of
different ranks, denominated from bottom to top as follows: “Phyllite-Quartzite Group”
(PQ), “Volcanic-Siliceous Complex (VS)” and “Culm Group”. Currently, Schermerhorn’s
original terminology appears slightly modified in the literature: the Phyllite—Quartzite
Group (PQ) is commonly referred to as the Shale and Quartzite Group, retaining the



Minerals 2024, 14, 860

30f34

acronym PQ); the Volcano-Siliceous Complex (VS) is cited as the volcanic and sedimentary
complex (VSC), and the Culm Group maintains its nomenclature and meaning, although
Portuguese authors often refer to it as the Baixo Alentejo Flysch Group. Figure 2 shows
a schematic representation of the IPB lithostratigraphic series and Figure 3 illustrates the
most representative sedimentary rocks in it.
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Figure 2. Generalized stratigraphic column of the IPB. Based on [24] and the references therein.

The PQ Group represents the base of the regional stratigraphic series. Its age has tradi-
tionally been assigned to the Late Devonian (late Famennian) period based on conodonts
recovered from the carbonate levels occurring toward the top of the unit [23,25-27]. More
recent palynological studies extend the chronological range of the PQ Group, increasing
down the age of the rocks to the Givetian and specifying the age of its top as Strunian.
Thus, with current data, the age of the outcropping rocks of the PQ Group ranges between
the early Givetian and the topmost Famennian [28,29]. The Givetian age only applies to
the oldest rocks dated so far. The age of the PQ Group base cannot be determined as
the underlying formation does not outcrop. Such indeterminacy is also applied to the
thickness, which has been tentatively estimated as more than 2000 m [21]. Its lithostrati-
graphic characteristics are consistent throughout the IPB and are very similar to those of
its stratigraphic equivalent unit in the southwest Portuguese region (Tercenas Formation).
Most of the stratigraphic series of the PQ Group, as well as the Tercenas Formation, is
composed of dark shales (gray to black) with centimeter-thick layers of fine sandstones
(quartz arenites and quartz wackes). Their facies represent deposition in a shallow marine
environment [20], specifically in a shallow marine platform of low energy, sporadically
affected by storms [30].
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Figure 3. Sedimentary rocks at the IPB. (a,e) PQ Group; (f,j) volcano—sedimentary complex; (k) to
(o) Culm Group. (a) Thick quartz-arenite levels from the top of the PQ Group standing out in
the landscape, (b) shale-quartz—arenite succession; (c) linguoid ripples in quart-arenite layers;
(d) conglomeratic channel intersecting sandstone bars; (e) conglomerates associated with gravity flow
deposits; (f,g) black shales; (h) massive sulfide deposits; (i) Mn-rich jaspers; (j) purple shales in the
foreground and Mn-rich jaspers in the background; (k) outcrop and (1) detail of the grauwacke—shale
succession characteristic of the Culm Group; (m) accumulation of Posidonia becherii in a shale layer;
(n) prod, bounce, and flute cast produced by turbiditic currents; (o) flaser, wavy, and lenticular
bedding produced by disparate density currents.

A chronostratigraphic, though not strictly lithostratigraphic, correlation has also been
established between the PQ Group and the youngest Devonian units of Pulo do Lobo (Santa
Iria, Horta da Torre, and Represa Formations) [15]. During the Upper Devonian, the IPB,
SW Portugal, and Pulo do Lobo must have belonged to the same realm. The latest Devonian
crisis, representing the onset of the Variscan orogeny in the region, affected these three
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areas in different ways, leading to the differentiation of such realms. The SW Portuguese
Domain, distant from tectonic disturbances, remained as a siliciclastic and occasionally
carbonate platform until the Bashkirian [31]. The IPB underwent a fragmentation process
caused by transtensive tectonics, resulting in the creation of numerous basins with uneven
sedimentation rates, the emergence of bimodal volcanism, and the formation of large
volumes of massive sulfides (see below). The Pulo do Lobo, close to the convergence zone
between the IPB and southern Iberia, was subjected to intense compressive activity from
that time onward; see [32] and the references therein.

Toward the top of the PQ Group, there is an increase in the sand/lutite ratio, the
thickness of sandstone beds, and the grain size of sandstones, resulting in a coarsening-
upward sequence. The sandstones become the dominant lithofacies, representing the
deposition of shoreline bars accumulated by wave action in a littoral environment that only
occasionally shows the effect of tides [30,33]. Generally, there is a gradual basin shallowing,
which locally favors subaerial exposure. This relative sea-level fall is a phenomenon
described globally for the Late Devonian—see [34] and the references therein—that in
the IPB coincides with the initial manifestations of the Variscan orogeny in the region.
Thus, the top of the PQ Group is characterized by a mosaic of lithofacies, some of them
indicative of highly energetic processes: slump deposits, mega-debris flows, deltaic fans,
poorly developed reef patches, and the previously described shoreline bars [33]. The most
representative outcrops are exposed in the area of Virgen de la Pefia (Puebla de Guzman,
Huelva) and at Cabezo de Migollas, near the Sotiel Coronada mine (Calafias, Huelva) but
outcrops showing these facies are scattered throughout the IPB [33,35].

At a global scale, the so-called “Late Devonian Crisis” [36] has been attributed to
climate changes, ocean eutrophication related to the massive proliferation of land plants,
meteorite impacts, global warming, and the greenhouse effect, among other theories [37,38].
In the SPZ, this crisis is manifested by the fragmentation and collapse of the Upper De-
vonian basin and the subsequent formation of anoxic sub-basins where black shales and,
in some cases, massive sulfides were deposited [33]. An environment of high seismic
and magmatic activity was widely evidenced in the regional stratigraphic record [39,40].
Seismic activity affected both the IPB and the southwest Portuguese Domain [40], whereas
other geological aspects—manifested with intensity in the FPI—affected to a lesser extent
the northern Pulo do Lobo Domain. The initial tectonic regime was extensional (transten-
sive) and involved strong crustal thinning and the rise of deep-seated magmas [41-43].
Data derived from the IBERSEIS seismic profile suggest that the triggering phenomenon
of the IPB crisis was related to an intense mantellic activity [44,45]. Also, in the Pulo do
Lobo Domain, the magmatic activity was recorded as bundles of mafic dikes with MORB
affinity [46] intersecting the Pulo do Lobo Formation. In the absence of geochronological
data, the equivalence between the mafic rocks of both domains is here proposed.

The VSC represents the stratigraphic record corresponding to the time when magmatic
activity (effusive or subvolcanic) conditioned the dominant geological processes in the
region. Its age has been roughly established as between the late Famennian and the middle
Visean [16,47—49], although felsic volcanic rocks down to 374 Ma (the late Frasnian) have
been recently reported in the western sector of the basin, see [50] and the references therein.
Relatively recent palynological studies assign local ages ranging from the Strunian [51] to
the late Visean/Moscovian [52,53]. The synchronous/diachronous nature of the top and
base of the VSC has been widely debated. Currently, there is a general consensus regarding
the diachronous nature of the onset of Culm facies (and therefore the end of the CVS),
which progressed from north to south (according to the current position of the Iberian
Peninsula) ahead of the orogenic front, see [54,55] and the references therein. Regarding
the base of the CVS, the issue remains unresolved, both in terms of age and stratigraphic
relationships with the underlying PQ.

Regarding the age, initial models advocated for a S-N migration of the magmatic
onset in the IPB [16,27,48,56], SW-NE [57], or even NW-SE [58]. Rosa et al. [59] revisit the
topic of the S-N migration using U-Pb dates from magmatic zircons, at various locations in
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Portugal, and previously published data in the Spanish part of the IPB. Chronostratigraphic
data based on available palynological studies [52,60,61] suggest that regional volcanism
occurred in relation to the Late Devonian crisis, so that, although its regional distribution
was heterogeneous, the onset of magmatism and subsequent volcanic activity occurred, in
a generalized manner, throughout the region, in the late Famennian. From the above, it is
inferred that this is an unresolved issue and that detailed studies are needed on both sides
of the Spanish-Portuguese border to resolve it.

The stratigraphic relationships between the underlying PQ and the VSC have also been
a subject of debate. = Most authors consider the PQ-CVS contact as conform-
able [4,16,22,42,49,62,63]. Others, however, postulate the existence of an angular unconfor-
mity between both formations [47,48,64]. The Late Devonian unconformity, as proposed by
the French authors in [47,48], would be associated with a bulging of the IPB basin, the most
significant effect of which would be the rupture of the basin and the subsequent distribution
of volcanic and sedimentary lithofacies, including here the massive sulfides and the man-
ganese jaspers. An argument in favor of this hypothesis is the frequent intrusion of mafic
sills at the PQ-VSC contact [48,65] emplaced along the unconformity, according to the cited
authors. This is an observation evidenced in maps at scales smaller than 1:50,000; however,
at larger scales, it is observed that the mentioned mafic sills intrude near but not necessarily
right at the PQ-VSC boundary. For example, in the Jarama stream section, subvolcanic
mafic rocks are intercalated within a volcaniclastic sequence, rich in pumice fragments, at
the base of the VSC. The authors in [64,66] base their proposal of unconformity on local
mapping data, and although these are not discussed in detail, they are represented as a
certain fact in their Figure 2.

The unconformity between PQ and VSC cannot be argued as a secure fact for the entire
IPB, although the occurrence of some outcrops with high continental influence could indi-
cate punctual emersions and local paraconformity relationships. In general, observations
at the outcrop scale in different parts of the basin show a gradual transition between PQ
lithofacies and well-stratified volcaniclastic rocks. In other cases, the transition is marked
by a sequence of black shales, where bedding surfaces and stratigraphic relationships
are obscured by the deformation. In such cases, the existence of an unconformity cannot
rigorously be ruled out. However, no single borehole cutting the PQ-VSC transition has
provided evidence of the aforementioned unconformity.

From a lithological point of view, the VSC is constituted by a heterogeneous sed-
imentary series with intercalations of magmatic rocks with differences in texture and
compositions (Section 3). Among the sedimentary rocks, the most abundant are the detrital
and also the volcaniclastic rocks derived from the erosion and redeposition of non-cohesive
volcanic materials. It is also worth noting the common occurrence of chemical sedimentary
rocks, among which massive sulfides, manganese jaspers, and some discontinuous lenses of
fossiliferous limestone are included. The regional distribution of sequences dominated by
magmatic or sedimentary rocks is heterogeneous. Generally, sediment-dominated columns
predominate toward the south of the IPB, and magmatic rocks toward the north, with
subvolcanic rocks prevailing over volcanics among them.

The lutitic lithofacies consist of dark-colored shales and mudstones with variable
organic matter content [67-72]. In some cases, they are pure black shales with organic
carbon contents of up to 5%, but in most cases, organic carbon contents are less than
1% [70]. It is notorious that most giant deposits and many medium and small ones feature
dark-black shales associated with sulfides [73]. Toward the top of the VSC, there is an
oxidized sequence, ranging in color from red to violet and in grain size from clay to fine
sand. Its thickness, commonly decametric, occasionally reaches a hundred meters. By
contrast, its lateral continuity is significant, as it probably covered most of the IPB at
the time of deposition. Local geologists describe them as purple shales, purple tuffs, or
purple slates; French authors refer to them as “ardoises violettes”. Despite serving as a
key mapping horizon and representing one of the most characteristic lithofacies of the IPB,
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in the absence of textural or compositional data to deduce its origin, very little is known
about this lithofacies.

Siliceous rocks (chert) are another significant lithology in the IPB. They appear at
different levels within the stratigraphic series, and in some cases, they are associated
with Mn-rich deposits, exploited by ancient miners. Manganese mining in the IPB began
in 1858 [18] and reached its peak at the end of the 19th century. During that time, the
province of Huelva became the major Mn producer, supplying almost two-thirds of the
world’s consumption [2]. Throughout the second half of the 20th century, production
gradually declined until the closure of the last mine, Soloviejo, which permanently ceased
its operations in 1973. Siliceous rocks appear as discontinuous levels, metric to decametric
in thickness. Due to their resistance to weathering, their main outcrops stand out in the
regional landscape, forming steeply topographic ridges. Studies conducted to date have
primarily focused on evaluating possible geochemical relationships between siliceous
rocks and massive sulfides, yet no geochemical pattern has been found linking both
lithologies [74].

The volcanoclastic rocks exhibit highly variable grain sizes, ranging from fine sand
to boulders. Their composition is similar to that of the exposed volcanic rocks, with a
predominance of felsic over mafic components. Most volcanoclastic rocks show low indices
of textural maturity (sorting and roundness), suggesting mass transport and little reworking
in the deposition area. This general rule is often not observed toward the top of the VSC,
where volcanoclastic lithofacies with sand-sized grains that frequently show an internal
order appear. These lithofacies were grouped with the basal Culm shales as part of the
“Basal Shaly Formation” reported by Moreno and Sequeiros [75].

The Culm Group comprises the post-volcanic sedimentary rocks of the IPB, excluding
the molassic Viar Basins (Spain) and Santa Susana Basin (Portugal). It consists of three
stratigraphic units named by Moreno [62] and Moreno and Gonzalez [63] as follows:
Basal Shaly Series; Turbiditic Formation of Culm facies; and Shallow Platform Sandy Unit.
The Basal Shaly Series is a mixed sequence of volcanoclastic rocks and black shales with
abundant Posidonia and goniatite fossils and phosphate-rich concretions. Its thickness
reaches 50 m in some areas but it is absent in others. The goniatite remains contained in the
shales have provided a late Visean age [76]. The paleogeographic significance and detailed
description of this unit are found in the reference work by Moreno and Sequeiros [75]. The
Turbiditic Formation of Culm facies is a turbiditic sequence composed of shales, litharenites,
and sparse conglomerates, constituting the flysch deposits of the Variscan orogeny in
the IPB. Paleocurrents, facies distribution, and petrography of the sandstones suggest
both the OMZ and the IPB are source areas for the detritus constituting the sandstone
framework [62,77]. Its original thickness has been estimated at several thousand meters,
and its age ranges from late Visean to late Moscovian [16,21]. The Shallow Platform Sandy
Unit has limited outcrops. It is composed of alternations of shales and quartzose sandstones
with typical sedimentary structures of shallow marine environments [62,78]. The Culm
Group is referred to by some Portuguese authors as the Baixo Alentejo Flysch Group,
being divided into three formations (Mértola, Mira, and Brejeira) based on the type and
predominance of turbiditic facies [54].

The stratigraphic relationships between the VSC and the Culm Group are also subject
to discussion using the same arguments previously used for PQ-VSC contact. In principle,
the geometric relationships suggest concordance at the outcrop scale. From a conceptual
point of view, the Culm, representing the flysch facies of the Variscan orogeny, constitutes
the infill of the synorogenic basins dominated by a north-south migration of the orogenic
front, according to current coordinates. Petrographic study of the Culm sandstones [77]
reveals the presence of IPB-derived volcanic and sedimentary rock fragments among the
most abundant lithic components of the sandstone framework. This, along with additional
sedimentological and paleogeographical data referring to facies distribution and sediment
sources, suggests that at least part of the IBP emerged and was subjected to erosion [62]. The
onlap of Culm turbidites onto erosive surfaces and their correlative paraconformities would
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lead to local unconformities in proximal areas of the basin, as advocated by [49,62,78];
however, no outcrop has been described so far showing such relationships. It is to be
assumed that if they existed, they must have been eroded during the mountain uplift
associated with orogenic shortening. Other authors, such as [64] (in their Figure 2), also
argue for a discordance between both formations, although they do not provide reasons in
the text.

3. Magmatism

The massive sulfide deposits of the IPB were formed during a prolonged period of
magmatic activity, spanning from approximately 375 Ma (Frasnian) to 330 Ma (Visean),
see [50] and the references therein. This magmatic activity produced mafic (dolerites and
basalts), intermediate (andesites), and felsic (dacites and rhyolites) volcanic and subvolcanic
lithofacies [79-82]. The distribution of these lithofacies, as estimated from a 1:200.000
geological map [83], is 18% basic, 26% intermediate, and 58% acid.

Basic magmatism in the IPB is characterized by the presence of subvolcanic bodies,
pillow lavas (Figure 4a), and various types of autoclastic and syn-eruptive resedimented
volcaniclastic deposits (se McPhie et al. [84]) [79,80,85]. Intermediate and felsic rocks are
observed as sills [85,86], lava/dome complexes associated with in situ and resedimented
hyaloclastite (Figure 4b), or pyroclastic deposits [87-91]. Peperites are noted at the contacts
of sills or at the base of lava flows (Figure 4c). The volcanic facies architecture and the
compositional evolution of magmatism vary across different areas of the IPB. This magmatic
activity is commonly interpreted as occurring in multiple basins that evolved from subaerial
environments, with pyroclastic deposits (Figure 4d), to deeper submarine settings, where
lava flows and domes associated with hyaloclastite deposits and shallow-level subvolcanic
sills predominate [42,89,91,92].

Petrographically, mafic igneous rocks exhibit an intergranular to subophitic texture,
with fine to very fine grain size, primarily composed of plagioclase and occasionally
augite. Some alkaline mafic rocks contain titanian augite phenocrysts. Andesites display a
porphyritic texture with abundant medium-grained plagioclase phenocrysts embedded
in a groundmass of plagioclase microliths and interstitial chlorite (Figure 4e). Dacites are
petrographically similar to andesites but also feature engulfed quartz phenocrysts. Both
andesites and dacites can also include augite phenocrysts. Rhyolites are characterized by a
porphyritic aphanitic texture with phenocrysts of feldspar and quartz, smaller than those
in dacites, and included in a (glassy) quartz-feldspathic microcrystallized groundmass
(Figure 4f). The chemical and mineralogical compositions of these rocks are significantly
influenced by regional metamorphism and hydrothermal alteration [93], as well as by
secondary alteration stages related to massive sulfide mineralization [79,94].

The alteration processes produce loss or gain of mass in these rocks. For this reason, the
evaluation of the petrogenetic processes requires the use of elements that remained immo-
bile during alteration [95]. Primitive mantle-normalized immobile element patterns reveal
the existence of subalkaline (tholeiitic) and alkaline mafic igneous rocks (Figure 5a) [79,80].
The alkaline mafic rocks are enriched in light rare-earth elements (LREE) relative to heavy
rare-earth elements (HREE) and have a slight positive Nb anomaly. The tholeiitic mafic
rocks display slight HREE enrichment and a negative Nb anomaly compared to the alkaline
rocks (Figure 5b). Rhyolites are characterized by patterns showing high LREE enrich-
ment; pronounced negative Nb, P, Ti, and Eu anomalies; and relatively flat HREE contents.
Dacites exhibit similar REE patterns but with smaller negative Nb, P, Ti, and Eu anomalies
compared to most rhyolites (Figure 5c). Andesites also present similar patterns but have
the smallest negative anomalies in these elements (Figure 5b) [79,80,96]. Despite their close
spatial and temporal association, geochemical and isotopic data exclude any relationship
by fractional crystallization between mafic, intermediate, and felsic rocks [79,80,97].
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Figure 4. Field features of igneous rocks in the IPB. (a) Closely packed basic pillow lavas; (b) resedi-
mented hyaloclastite breccia; (c) peperite at the lower contact of a rhyolitic lava flow with a volcanic
sandstone; (d) eutaxitic texture in a welded ignimbrite containing “fiammes”; (e) highly plagioclase—
phyritic andesite; (f) quartz—feldspar—phyric rhyolite.

Although commonly considered a bimodal magmatism [1,48,79-81,98,99], the sig-
nificant presence of andesites [100] has sparked debate about the geotectonic context of
the IPB. Basic magmatism is considered tholeiitic with chemical traits transitional to arc
tholeiites [79], continental tholeiites [80,81], arc-related basalts [81], and calc-alkaline rocks
with variable to no contamination from crustal material [97]. In contrast, the alkaline mafic
rocks are comparable to recent within-plate alkaline basalts [79-81]. It is postulated that
mafic rocks originated initially as either a series of partial melts from a heterogeneous
peridotitic mantle at various depths and degrees of melting [79] through a single mixing
model between E-MORB and N-MORB with assimilation of crustal material [80], or by
melting of a spinel-lherzolite mantle source for tholeiitic rocks and a garnet-lherzolite
source for the alkaline rocks [97].

The diversity of chemical and Sr-Nd isotopic composition, along with the significant
proportion of inherited zircons (Proterozoic to Devonian) in felsic rocks, can be attributed
to the partial melting of a heterogeneous crustal source [79-81,101] containing older detrital
components [59,102]. The LREE/HREE ratio and the negative Eu anomaly indicate the
presence of feldspars (plagioclase and/or alkali feldspar) and a ferromagnesian phase
(amphibole or pyroxene), and the absence of garnet in the source area. Consequently,
partial melting of an amphibolite within the middle to lower continental crust is commonly
proposed [79,80,96,97,103,104]. The presence of peritectic garnet in some felsic rocks also
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suggests partial melting of biotite-bearing metapelites [105]. This acid magmatism was
likely driven by heat supplied by rising mafic magmas [59,79-81]. Andesites have been in-
terpreted as resulting from partial melting of the mantle [79] or from contamination/mixing
between basaltic magmas and upper crustal material [80,103,106].

In the IPB, two significant mineralization events have been identified: (1) at the
Famenian-Tournaisian boundary; (2) near the Tournaisian—Visean boundary (see below).
During the first event, sulfide deposits are associated with black shales or black shales
and coeval rhyolitic rocks [101,107], while in the latter, they appear at the top of coher-
ent rhyolitic facies. Despite the abundance of felsic igneous rock types, those associ-
ated with massive sulfide deposits exhibit distinct geochemical and isotopic characteris-
tics [82,103,104,108]. However, the emplacement depth of these rocks is also considered a
critical factor in explaining the presence of such deposits.
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Figure 5. Primitive mantle’s normalized [109] immobile element patterns for igneous units within
the IPB: (a) mafic rocks; (b) andesites; (c) felsic rocks. Chemical data are from [82,83,91,104].

4. Deformation and Metamorphism

The rocks of the SPZ were deformed and slightly metamorphosed during the Asturian
Phase of the Variscan orogeny. The manifestations of this orogeny vary in age and intensity
due to the migration of the orogenic front from north to south, according to present-day co-
ordinates [16,55,110]. The oldest deformation ages correspond to the middle-upper Visean
(342 Ma) and have been determined using “°Ar/3° Ar dating in the Beja amphibolites [111],
which overthrust the SPZ via a ductile shear with left oblique thrust kinematics [55,112].
The orogenic front reached southwest Portugal in the Moscovian [16,49].

The deformation presents a general tectonic model of the “thin-skinned” type [113,114],
characterized by a main system of thrusts rooted in the middle crust [44]. Near the boundary
with the OMZ, the deformation is intense, resulting in complex structures; toward the
south, these structures gradually simplify. The dominant vergence of the main structures is
toward the south, and the associated foliation presents a direction that evolves from NW-SE
at the NW end of the SPZ to E-W in the easternmost outcrops located north of Seville. The
general dip is toward the north and ranges around values close to 70°.

5. Geodynamic Setting

Despite the extensive geological research on the IPB, its geodynamic evolution re-
mains a subject of debate [16,79,80,100,109,115-117]. Most geodynamic models propose an
oblique subduction and subsequent collision of two continental plates during the Variscan
orogeny [44,49,64,113]. This collision, which is diachronous within the Variscan orogen,
occurred between 340 and 335 Ma in southwest Iberia, involving left-lateral transpressional
kinematics [44,49,64]. In this context, geodynamic models differ in the plate where mag-
matism occurs, distinguishing two main groups: those that locate the IPB magmatism in
the continental crust of the subducting tectonic plate, and those that place it overriding the
continental tectonic plate.

In the first scenario, magmatism in the IPB would develop in a series of pull-apart
continental-to-marine basins formed during the left-lateral transcurrent faulting generated



Minerals 2024, 14, 860

11 of 34

by the oblique subduction [16,49,113,118]. During this process, rapid decompression caused
by lithospheric thinning [80], lithospheric mantle foundering and delamination [117],
or the involvement of a deeper mantle [44,50] could be the triggering mechanisms for
asthenospheric melts.

In the second scenario, the IPB magmatism is considered to have occurred under
various geodynamic contexts: (a) in an active continental margin evolving into the initial
stages of the opening of an ensialic back-arc basin [79]; (b) in a volcanic arc associated with
two separate northward-dipping subduction zones [100]; (c) in a forearc basin over an
accreted crustal segment [81]; or (d) through asthenospheric upwelling related to slab break-
off in response to the Neo-Acadian collision between Meguma and Avalonia (Laurussia),
soon followed by an intracontinental extensional setting as a result of the Variscan collision
between Gondwana and Meguma (Laurussia) [97].

6. IPB Metallogeny

The IPB is characterized by its significant metallogenic productivity, to the extent that it
is considered one of the largest massive sulfide reserves in the world. In addition to massive
sulfide deposits, the region has an abundance of stratiform Mn-rich deposits [1,2,22,48,119]
and vein-type mineralizations, most of which are related to the late- and post-Variscan evo-
lution of the region [120-124]. The vein-type deposits include base metal mineralizations
(Cu, Pb, and Zn), as well as Ni-Co, Sb, As, F, Ba, and Sn-W. Generally, they are smaller
than the massive sulfide deposits, although they have played an important role as a metal
source in prehistoric times and at the onset of metallurgy in the southwestern part of the
Iberian Peninsula [125,126].

6.1. Massive Sulfides

Massive sulfides of the IPB generally appear as stratiform deposits concordant with the
host rocks and, occasionally, exhibit more complex geometric relationships due to replace-
ment. They are primarily composed of pyrite with minor amounts of base metal sulfides
(chalcopyrite, sphalerite, and galena). The grain size is generally fine, and poikiloblastic
textures are abundant. Historically, this has complicated the mineral separation processes,
leading mining activities to focus mainly on the exploitation of pyrite for sulfuric acid
production and Cu leaching from the roasting ashes. Technological advancements since
the second half of the 20th century have enabled the application of efficient grinding and
flotation techniques for the differential concentrations of various metals. Recently, a patent
was registered under the acronym E-LYX for a system designed for the direct production of
Cu cathodes at Riotinto Mine. This kind of technology could open new perspectives for the
exploitation of texturally complex sulfide deposits, such as those from the IPB. Currently,
this region is one of the most significant metallogenic provinces for the production of base
and precious metals in Europe.

In addition to these resources, some deposits rich in Sn have been exploited, includ-
ing Neves-Corvo. Anomalous Sn contents have been identified in potentially economic
quantities in recent exploration projects, such as those by Panglobal Resources near the
historic district of Aznalcéllar, and in some intersections reported by Emerita Resources in
Romanera. The potential for the IPB as a source of strategic metals (e.g., Co in Tharsis [127];
In and Se in Neves-Corvo [128]) remains to be defined.

At aregional scale, the location of massive sulfide deposits and occurrences appears
to follow a banded distribution generally aligned with major regional Variscan struc-
tures [14,42,48,129], as shown in Figures 1 and 6. Such distribution may be related to the
original paleogeography of the Devonian-Carboniferous IPB basin, controlled by E-W and
NE-SW fractures [33,42,62].
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Figure 6. Geological map of the IPB showing the division into bands that group deposits with
equivalent characteristics and the location of the main deposits exploited along the mining history of
the region. Modified from [4].

The northern band exhibits an exceptionally high concentration of medium to small-
sized sulfide deposits (1-50 Mt), generally associated with felsic volcanic rocks. They
are rich in base metals (Cu, Zn, and Pb) and precious metals (Au and Ag). Within this
band, between the meridians of Pefia de Hierro and the Portuguese border, an area of
approximately 300 km? hosts around 30 mines, indicating that there is an economic deposit
roughly every 10 km?.

The southern band is characterized by a much lower concentration of ore deposits.
They are significantly larger and are preferentially associated with black shales. In terms
of metal content, they range from base-metal-rich deposits, such as Neves-Corvo, Sotiel-
Migollas, or Aznalcdllar-Los Frailes, to essentially pyritic deposits like Tharsis. This band
hosts five of the eight supergiant (>100 Mt) massive sulfide deposits identified to date in
the IPB (see Figure 6). The central band is more heterogeneous and includes giant deposits
such as Riotinto, La Zarza, and possibly Aljustrel, along with several other smaller deposits.
These deposits are associated with both volcanic and sedimentary rocks and their metal
contents vary from one case to another.

Examining the metallogenic province as a whole, a heterogeneous distribution of
massive sulfide deposits is observed. The density of deposits in the Spanish part of the
IPB is significantly higher than in the Portuguese counterpart (Figures 1 and 6). The
obvious reason is that the proportion of VSC outcrops, the lithostratigraphic unit hosting
the deposits, is much smaller in Portugal. There, this unit is mostly covered by rocks of
the overlying Culm Group or by the Sado Basin cover deposits. Considering that there are
no known paleogeographic reasons controlling the decrease in massive sulfide deposits
toward the west of the IPB, the gradual improvement of exploration methods, associated
with technological innovations, should open new perspectives for the future of mining in
the region.

Despite the intense tectonic deformation affecting the IPB, the massive sulfide deposits
relatively conform well to the conventional model of exhalative sulfide deposits: lenticular
or tabular masses of massive sulfides, essentially concordant with stratification, positioned
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above disseminated or stockwork mineralization. This arrangement is often modified by
Variscan deformation, with several cases described where stockwork-type mineralization
has been thrust over the massive sulfide mineralization. This model has been described at
Aznalcollar [41], Neves-Corvo [130], and Sotiel-Migollas [131], and also appears to be the
structure of the La Zarza deposit [132].

Most of the giant deposits are composed of several massive sulfide bodies located at
the same stratigraphic level (see Table 3 in [129]). An exception to this rule is La Zarza,
where a single massive body totals more than 100 Mt of massive sulfides (Strauss et al. [132]
reported 161 Mt at 1.24% Cu, 1.9% Pb, 2.9% Zn, 47 g/t Ag, and 1.79 g/t Au).

6.2. Relation with the Hosting Rocks

From a stratigraphic perspective, the IPB massive sulfides are associated with black
shales and felsic volcanic rocks, with no known cases of association with mafic rocks.
Toward the top, the presence of siliceous rocks is common, although only exceptionally (e.g.,
Aljustrel and Magdalena) are they in direct contact with the massive sulfides [74,133-135].
The schematic N-S profile in Figure 7 illustrates the nature of the sulfide deposit host rocks
according to their location within the metallogenic province.

THARSIS NEVES CORVO RIOTINTO AGUAS TENIDAS
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+C. de Pasto *Sotiel *La Zarza *Monte Romero
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Figure 7. Idealized N-S profile indicating the position and nature of the hosting rocks and substrate
of the sulfide deposits according to their location.

Black shales occur as the dominant lithofacies in relation to the massive sulfides, as ob-
served in Tharsis [22,136,137], Lousal [22,138], Sotiel-Coronada [131,139], Aznalcéllar [41],
Masa Valverde [140], and Herrerias [141], or as a subordinate lithofacies, as in San Miguel [11],
Riotinto [142], La Zarza [132], Neves-Corvo [92,130], Las Cruces [143], and Torerera [141].
The replacement of black shales by massive sulfides is a relatively common process [135].

When massive sulfides are hosted by volcanoclastic rocks, these are felsic and generally
fine-grained. In exceptional cases, massive silfides are directly deposited on coherent rocks
(e.g., some deposits in the Riotinto district or the central part of the San Miguel deposit). In
these cases, a continuous transition occurs from stockwork-type mineralization to massive
sulfide, with a gradual increase in the vein/host rock ratio, leading to the replacement of
volcanic rock by massive sulfides [115]. A similar process has been described for coarse-
grained volcanoclastic rocks with high primary porosity [129,135].

6.3. Mineralogy and Zonation

The mineralogical composition of massive sulfides and stockworks is qualitatively
similar in terms of ore mineralogy. In both types, the dominant sulfide mineral is pyrite.
Subordinate phases include sphalerite, galena, chalcopyrite, and tetrahedrite. A large num-
ber of minor minerals have been described, including pyrrhotite, marcasite, arsenopyrite,
stannite, Cu-Pb and Bi-Pb sulfosalts, bismuthinite, cobaltite, barite, siderite, ankerite, cassi-
terite, magnetite, hematite, bismuth, gold, and electrum [22,41,48,135,144-147]. Based on
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the relative proportions of the major phases, three major types of mineralizations have been
distinguished, referred to as follows: pyritic, cupriferous, and polymetallic. The special case
of Neves-Corvo also includes tin-rich ores as a metal type. Ore mineral distribution within
the deposits usually follows common zonation patterns of massive sulfides, although in
many cases, the original arrangement of the types of mineralization has been modified by
the Variscan deformation and associated remobilizations (Figure 8).

black shale

£
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black shale =
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black shale
remains

Figure 8. (a) Framboidal and diagenetic cube-shaped pyrite disseminated in black shale. Vitrinite
miospore partially corroded during BSR activity. Scale bar 50 microns; (b) coalescence and recrystal-
lization of framboidal pyrite in black shales. Scale bar 50 microns; (c) collophorm pyrite (py) growing
after early framboids. Late galena (gn) fill voids and corrode early pyrite. Scale bar 100 microns;
(d) late chalcopyrite (cpy) growing over early framboidal pyrite. Scale bar 50 microns; (e) late stage of
mineralogical and textural evolution during massive sulfide genesis. Early and recrystallized pyrite
(py 1 and py 2, respectively) included in galena (gn) and sphalerite (sp), which also show chalcopyrite
disease. Scale bar 100 microns; (f) tectonic fabric produced in massive sulfide ore by unusual behavior
of sulfide minerals. Pyrite porphyroclasts are surrounded by a fine-grained groundmass made by
galena (gn), sphalerite (sp), and pyrite. Fractures generated due to brittle behavior of pyrite are filled
by galena. This pattern resembles common protomylonitic textures. Scale bar 50 microns.
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Generally, the cupriferous facies are preferentially related to the stockworks and the
central-lower parts of the massive sulfide bodies. Polymetallic facies are typically located
at the top and lateral zones of the deposits, while pyrite-rich mineralizations, with low
base-metal content, usually constitute the main body of the massive sulfides and part of
the stockwork. Examples of zoning according to this description include the ore deposits
of Monte Romero [148] and Feitais in Aljustrel [149]. However, this general model is not
always followed. In the IPB, there are frequent occurrences of pyrite-rich mineralizations
without associated cupriferous or polymetallic facies. Filon Norte, in the Tharsis mining
district, serves as an example [22]. Pyrite—along with other sulfides to a lesser extent—also
appears as disseminations in the vicinity of veins or more generally in the altered rocks
at the footwall of the massive sulfides. In most stockworks, these disseminations consist
primarily of pyrite. However, there are exceptional cases where base metal sulfides are
disseminated within the stockworks. One such example is the mineralization locally
referred to as “pyroclast,” which was exploited in Aznalcéllar for its copper content, or
the mineralization at Monte Romero, exploited by Asturiana de Zinc for the production of
Cu, Pb, and Zn concentrates. Additionally, there are base-metal-rich mineralizations with
no apparent relationship to significant masses of sterile pyrite, as seen in the Sierrecilla
deposit [150].

Textural analysis of the massive sulfides reveals complex relationships dominated by
recrystallization and deformation textures over primary textures, both in massive sulfides
(Figures 8 and 9) and the stockworks (Figure 10). Excluding textural features related to
the Variscan deformation, a general progression can be observed from framboidal and
colloform textures (Figure 8a,b) to more mature textural forms characterized by widespread
recrystallization and replacement of primary phases (Figure 8d,e) [135,151]. Variscan
deformation results in cataclastic textures, mainly in pyrite, and banded textures where
ductile deformation and the flow of sphalerite, chalcopyrite, and galena produce mylonite-
like microstructural patterns (Figure 8f).
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Figure 9. Mineralogy and main textural features of the massive sulfides from the IPB. (py: pyrite;
mc: marcasite; ga: galena; sph: sphalerite; apy: arsenopyrite; cpy: chalcopyrite; po: pyrrhotite;
tt: tetrahedrite-tennantite; st: stannite; stn: stannoidite; bar: barite; boul: boulangerite; bour: bournon-
ite; co: cobaltite; Bi: bismuth; Au: gold.)
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Figure 10. (a) Free gold together with pyrite (py), calcopyrite (cpy), and bismuthinite (bt) in a
quartz (qz) vein from San Guillermo stockwork (Tharsis district). Scale bar 50 microns; (b) cataclastic
texture in stockwork vein from San Guillermo orebody (Tharsis district). Interstitial galena (gn) and
sphalerite (sp) fill voids in fractured pyrite, chalcopyrite (cpy), and bismuthinite (bt) also mobilized
during deformation. Scale bar 50 microns.

Stockwork mineralization consists of a network of veins that are essentially composed
of pyrite, chlorite, and quartz. Other sulfides, including chalcopyrite, galena, sphalerite,
arsenopyrite, cobaltite, bismuthinite, and Pb-Bi and Cu-Pb sulfosalts occur in smaller
amounts. Carbonates (ankerite and siderite), occasional oxides (magnetite and cassi-
terite), and precious metals (gold, electrum, and Au-Ag-Hg amalgams) are also present
(Figure 10a). The grain size of the crystals is larger than in massive sulfides. Pyrite tends
to form idiomorphic or subidiomorphic crystals that are often fractured and cemented
by chalcopyrite and, occasionally, by other sulfides or sulfosalts (sphalerite, galena, or
tetrahedrite) or by quartz and/or carbonates. The resulting texture exhibits cataclastic
features similar to those developed in massive sulfides (Figure 10b). Sphalerite, galena, and
chalcopyrite are usually interstitial, and in the case of sphalerite, chalcopyrite exsolutions
(chalcopyrite disease) are very common.

Microtextural analysis of pyrite using high-resolution techniques (FE-SEM; EPMA;
EBSD; LA-ICP-MS; HR-TEM-STEM; TEM_EDS) [127,152] has revealed the existence of
nano-zonations determined by the As content and, in some cases, by Co within the pyrite
lattice. These studies also show the presence of micron-sized nanoparticles of economi-
cally significant metallic minerals (e.g., tetrahedrite, galena, chalcopyrite, cobaltite, gold,
and electrum). This research opens new perspectives regarding the mechanisms of metal
transport and provides new insights into the relationships between the evolution of mas-
sive sulfide-generating systems and the textural evolution of pyrite in both massive and
stockwork mineralizations.

6.4. Hydrothermal Alteration

Figure 11 represents the spatial distribution of the hydrothermal alteration in the IPB.
This alteration affects rocks from the PQ and CVS units and occurs in two distinct contexts:

1.  Onaregional scale, most rocks are affected by low-temperature hydrothermal alter-
ations, with the most evident features being the widespread albitization of feldspars
and the partial destruction of ferromagnesian minerals. This type of alteration has
been termed “hydrothermal metamorphism” [93] or “regional alteration” [4,153]. The
extensive volume of affected rocks and the homogeneity of the processes involved
indicate the necessity for an immense amount of fluids to generalize the process.
Isotopic data (8D; 8'80) [93,154] suggest that the primary chemical agent was sea-
water with very high fluid /rock ratios. In mafic rocks, regional alteration involves
the albitization of plagioclases and the hydration of ferromagnesian minerals, form-
ing amphibole (actinolite) and chlorite. Calcium derived from plagioclase alteration
is fixed in the form of epidote, pumpellyite, and carbonates. In felsic rocks, the
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most evident feature of regional alteration is the widespread albitization of feldspars,
typically accompanied by sericitization, slight chloritization, and in some cases, adu-
larization [42]. Rocks of the underlying sequence (PQ Group) are also affected by
regional alteration, with the most evident effects being enrichment in K and significant
loss of Na+Ca [155]. These processes involve intense water—rock interactions, with
seawater playing a significant role as basin fluids, potentially contributing to the
pre-concentration of metals involved in the genesis of the IPB massive sulfides;

On a local scale, intense hydrothermal alteration halos develop in the footwall of
massive sulfide orebodies. The most characteristic features of these halos are the
widespread chloritization and/or sericitization of the rocks [4,42,48,142,156-161]. Ad-
ditionally, silicification and carbonatization of the rocks are common, often occurring
in association with these processes [157,162]. Sericite alteration is typically associated
with the initial stages of the hydrothermal system, located in the outer zones and
related to relatively low-temperature fluids. The transition from sericite to regional
alteration is gradual, often making it difficult to delineate the boundary between the
two types. Geochemically, this implies a generalized loss of Na+Ca and a relative gain
of K+Al [161]. Chlorite alteration is associated with the core of hydrothermal systems
and related to later and higher-temperature processes [41,42,163]. The chlorite asso-
ciated with the alteration zone is classified within the range of clinochlore, with its
composition in terms of Fe/Fe+Mg and Si/ Al varying among deposits and from the
periphery to the core of the alteration halos [41,160,161,164]. The dioctahedral mica
present in the inner alteration halo has a muscovite composition and anomalously
high Ba contents [41,157]. Carbonate alteration is evidenced by the presence of Fe-
carbonates (e.g., siderite, Fe-dolomite—ankerite), which appear as very thin veins or
are pervasively disseminated in the altered rocks. When disseminated, the dominant
textural feature is nodules nucleating on chlorite or pyrite. Compositionally, they are
characterized by Fe/Fe+Mg ratios between 0.7 and 0.9, with increasing Fe content
toward the core of the hydrothermal system. Isotopic ratios (!0, §13C) suggest a
hydrothermal fluid derived from modified seawater with a minor contribution of C
from the mineralization of organic matter contained in the black shales hosting the
studied ore deposits [157,165]. This type of carbonate alteration has been explained in
relation to partial boiling processes of the hydrothermal fluids due to decompression
during ascent to the seafloor [165]. Silica alteration has been associated with two
types of processes. The first involves low-temperature fluids, which leach silica to
be deposited in the upper parts of hydrothermal systems, creating siliceous levels
through the replacement of shales or volcanic rocks, or by direct deposition on the
seafloor [42,74,133,134]. The second involves high-temperature processes associated
with the core of hydrothermal systems [41,132]. In some cases, the silicified core of
the hydrothermal system is enriched in gold and silver, as occurs in the siliceous
mineralization at La Zarza [132,166]. Geochemically, the intensity of the alteration is
indicated by the enrichment in Fe+Mg and the loss of Na+K toward the interior of
the alteration halo [160]. Some authors have proposed using the Fe/(Fe+Mg) ratio
in chlorite and the (Ba+K)/Na ratio in muscovite (sericite) as criteria for evaluating
the intensity of the alteration and as vectors for guiding mineral exploration [1,161].
Mineralogically, the neoformation and recrystallization of zircon strongly enriched
in rare-earth elements (REE) are characteristic of the inner zone of the alteration
halo [167,168].
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Figure 11. Schematic distribution of different types of alteration in relation to the position of massive
sulfides (in black) and stockworks.

6.5. Supergene Alteration

Massive sulfide and stockwork mineralizations exposed at the surface commonly un-
dergo weathering processes, leading to supergene enrichment in Au-Ag within the gossan
cap, and Cu in the redox transition zone [169,170]. In the IPB, the resulting mineralizations
have been exploited since the dawn of metallurgy in prehistoric times [126]. In recent
times, these types of mineralizations have yielded significant Au-Ag [171] and Cu [172]
resources. The internal structure of the alteration profile in the IPB mineralizations has
been well-described in recent works [173,174]. The upper zone is primarily composed of
Fe oxyhydroxides (goethite and hematite) and barite, with Au enrichment due to mass
loss. The intermediate zone exhibits complex mineralogy with an abundance of sulfates
and sulfoarsenates from the jarosite family (jarosite, natrojarosite, Pb-jarosite, Ag-jarosite,
and beudantite) with Au and Ag enrichment. The redox transition from the vadose zone
to the saturated zone involves the precipitation of Cu dissolved in percolating waters and
significant enrichment of this element in the form of sulfides (chalcocite and covellite) and
oxides (cuprite and tenorite). This zone is not extensively represented in many of the IPB
deposits [174], although in some (e.g., Riotinto, Las Cruces) it has been of great economic
importance. In districts with a less extensive mining history, the existence of gossans has
been used as a guide in mineral exploration programs [175]. The long mining history of the
IPB [2] means that any surface evidence has already been thoroughly examined, so only
those covered by recent sediments (e.g., Las Cruces, Lagoa Salgada) have been preserved
to the present day [172,176].

6.6. Mineralogenesis

Currently, there is a general consensus that relates the genesis of the IPB massive
sulfides to submarine exhalative processes, in which the stockworks represent the channels
for the ascent of hydrothermal fluids [1,4,11-13,42,48,86,129,162,177-179]. This general
model shares common features with many of those proposed for the genesis of massive
sulfides in various locations around the globe, including the current deposits on the ocean
floor [8-10,180-187]. However, discrepancies arise when establishing specific genetic
models based on the physicochemical and paleogeographic aspects that influence the
genesis and preservation of the IPB massive sulfide deposits.
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6.7. Classification

To define the mineralogenetic characteristics of a deposit, it is useful to establish
reference models to determine similarities and differences. On a global scale, massive
sulfides are traditionally grouped into two major categories—volcanogenic massive sulfides
(VMS) and sedimentary exhalative (SEDEX)—although the boundaries between both
categories are not precisely defined and hybrid models between the two types can occur in
certain geological contexts [8].

The ultimate classification criteria are based on the presence or absence of a genetic
relationship with contemporaneous volcanism, and particularly on the characteristics of
the involved hydrothermal fluids. Those responsible for the genesis of VMS deposits
are composed of seawater injected into convective cells, where it is heated and modified
through interactions with volcanic rocks, generally admitting the possible, albeit limited,
participation of fluids of magmatic origin. In the case of SEDEX deposits, hydrothermal
activity is related to basin fluids mobilized in anomalous geothermal environments where,
if contemporaneous magmatism exists, its role is limited to that of the thermal driver of
the system.

Chemically, the major difference lies in that fluids related to VMS deposits transport
sulfur and metals, subsequently deposited on the seafloor, whereas SEDEX-related flu-
ids transport only metals and require an additional source of reduced sulfur, generally
associated with biogenic processes (BSR: bacterial sulfate reduction).

Considering only VMS deposits, the current trend for classification is to use the
composition of the host rocks as the discriminating criterion. Based on this criterion, the
IPB massive sulfides have been classified as bimodal-siliciclastic-type VMS [187] or the
siliciclastic—felsic type [8]. The standard for siliciclastic—felsic VMS deposits would be
volcanogenic massive sulfide mineralizations hosted in sequences composed of ~80% felsic
volcaniclastic rocks with some lavas and domes and their equivalent intrusive forms, and
the rest (~20%) comprising mafic rocks (tholeiitic to alkaline) composed of lavas, sills, and
some volcaniclastic materials (~10%), typically located in the capping sequence. Lutite
sedimentary rocks and chemical sediments rich in Fe, Mn, Ca, and Ba would also be part of
the capping sequence.

It is evident that any resemblance to the sequences hosting the IPB massive sulfides
is merely coincidental, and the classification of the IPB within the “felsic—siliciclastic”
provinces [8] is imprecise. Barrie and Hannington’s [187] proposal is to classify the IPB
within the “bimodal-siliciclastic” group. Such a bimodal-siliciclastic type is characterized
by similar proportions of volcanic and siliciclastic rocks, with felsic volcanic rocks being
more abundant than mafic ones. The felsic rocks are of calc-alkaline nature, while the
mafic ones range from tholeiitic to subalkaline. Most deposits are Phanerozoic, and their
average size is larger compared to other types. Generally, they are the poorest in Cu and
the richest in Pb among the five types of VMS considered by [187]. However, assignment
to this bimodal-siliciclastic group fails when examined district by district. The reason lies
in the great diversity of types present within the IPB.

Considering the nature of the host rocks as criteria, two subtypes can be distinguished
in the IPB, both representing the extremes of a range of intermediate cases. The two
subtypes are as follows: (i) deposits predominantly associated with black shales with little
or no presence of volcanic rocks (e.g., Tharsis and Lousal); (ii) deposits hosted by volcanic
rocks with little or no presence of black shales (e.g., Sierrecilla, San Platén, Aguas Tefiidas,
and Magdalena).

The distribution of these subtypes appears to be conditioned by paleogeographic
factors. When considering an approximate N-S section (Figure 7), there is a predominance
of black shales as the hosting rock for the sulfide deposits in the southern part of the
province. Toward the north, coherent or felsic volcaniclastic lithofacies constitute the major
host rocks, although in many cases, black shales are also observed as a subordinate lithology
(e.g., Concepcidn, Cueva de la Mora, and Pefia del Hierro).
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6.8. Age of Sulfide Deposits

Radiometric dating of metallic mineralizations using conventional methods (e.g.,
U-Th-Pb, Sm-Nd, and Rb-5Sr) presents some difficulties due to the absence of suitable
mineral phases in many cases. The Re/Os system is considered one of the best methods
for direct dating since the siderophile and chalcophile nature of these metals facilitates
their incorporation into the crystal structure of sulfides and oxides [188,189]; however,
its application is limited due to the analytical challenges involved. In the case of the
IPB, the ages obtained using the Re-Os system [189-191] coincide, within error margins,
with those derived from chronostratigraphic studies, although in most cases, these error
margins appear too broad. Additionally, massive sulfides from the Aznalcollar—Los Frailes
district have been directly dated using the U-Th-Pb system on zircons overgrown during
hydrothermal alteration [167]. The results, in this case (347 & 4.7 Ma), do not align well
with palynological studies dating the host black shales to the Strunian [192]. Lastly, dating
using U-Pb in cassiterite [193] offers a new tool for direct dating, although its application is
limited to mineralizations with relatively coarse-grained cassiterite, restricting it so far to
the tin mineralization of Neves-Corvo.

Indirectly, radiometric methods (U-Th-Pb system) using magmatic zircons contained
in the host rocks have been applied. Dating zircons from the footwall rocks affected by
hydrothermal alteration provides a minimum age for the mineralizations but not their
absolute age. Another frequently used indirect dating method in the IPB is chronos-
tratigraphy, based on palynological analysis of the black shales associated with many
deposits, see [15,137,139,192,194] and the references therein. Although this biostrati-
graphic tool is certainly accurate, evidence of replacement processes in the black shales
during the genesis of massive sulfides [135] introduces some uncertainty in the age as-
signment. Despite these limitations, published chronostratigraphic and geochronological
results [53,102,137,181,189,192,195,196] suggest two massive sulfide mineralization events
in the IPB: one at the latest Devonian, in the vicinity of the Devonian—Carboniferous
boundary, and another around the Tournaisian—Visean boundary.

Generally, the black shales hosting sulfide deposits in the southern band contain paly-
nological assemblages [137,139,192,194] assigned to the LN biozone of the Western Europe
biozonal scheme by Streel et al. [197]. Available geochronological results [98,180,182,188]
are also compatible with this age within their error margins. In the northern band and
intermediate zones, sulfide deposits associated with volcaniclastic rocks predominate, and
the limited available data [102,195] indicate an age near the Tournaisian—Visean bound-
ary. An exceptional case is found in the Aljustrel district, where published results [196]
suggest some diachrony among the different masses, with a fertile period between ~353
and ~359 Ma. This diachrony and the absence of age data of many ore deposits open up
the possibility that the metallogenic activity in the IPB extended over approximately 8 Ma,
from the Devonian—-Carboniferous boundary to the end of the Tournaisian.

6.9. Nature and Origin of Hydrothermal Fluids

Fluid inclusion studies conducted to date [41,67,198-204] reveal regional salinity
values ranging between 2 and 13 wt % NaCl equivalent. These measurements have
primarily been taken from quartz in stockwork veins. The values conceal significant
variability among different deposits, indicating that a homogeneous mineralizing fluid
cannot be considered in the IPB. Although salinity varies, the ranges are more similar to
the SEDEX-type deposits than to typical VMS deposits [42,184].

The interpretation of these results suggests several possibilities, including seawater
modified by interaction with rocks of the underlying volcano—sedimentary
pile [198,199,201,202], basin fluids equilibrated with volcanic and sedimentary rocks over
long periods, or magmatic-origin fluids with high salinity and metal content [205], at least
for the Sn-Cu mineralization of Neves-Corvo [94,206].

Published 5'80 and 5D isotopic data suggest that the hydrothermal fluids responsible
for massive sulfide mineralization derive from seawater highly modified by interactions
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with underlying magmatic and/or sedimentary rocks [42,129,154,203,206-208]. The result-
ing fluids would have characteristics similar to connate or basin fluids [42,129]. Tornos and
Heinrich [209], and previously Saez et al. [42], postulated that the sedimentary pile of shales
and quartzarenites of the PQ Group represented the main source of hydrothermal fluids.
Other authors have suggested significant involvement of magmatic fluids [204,206] or deep
metamorphic fluids related to tin-bearing granites, at least for the Sn-Cu mineralization of
Neves-Corvo [94,206,210].

6.9.1. Sulfur Source

Available $%*S data show a wide range of values (-34.2%o to 12.4%0) for massive
sulfides and a narrower range (—4.5%o to 11.7%o.) for stockwork-type mineralizations [151].
Isotopic signatures of massive sulfides with such broad value ranges are more common
in SEDEX deposits than in VMS deposits. The analysis of the relationships between S
isotopic composition and the textures of massive sulfides reveals an evolution toward
heavier signatures parallel to textural evolution [151]. Primitive textures (framboidal and
colloform) exhibit lighter S isotopic signatures, whereas sulfides showing more mature
textural patterns (idiomorphic crystals, recrystallizations, etc.) have heavier S.

Most authors addressing this topic propose the existence of two sources of reduced S: one
generated in situ within the depositional basin by bacterial sulfate reduction (BSR) processes
and another of deeper origin carried by hydrothermal fluids [42,43,67,129,136,151,211-213].
This hydrothermal S may also be derived from marine sulfates but the reduction mechanism
would be related to inorganic interaction processes at high temperatures with underlying
rocks. Although less commonly suggested, a magmatic S source, or at least S equilibrated
with magmatic rocks, has also been proposed to explain §**S values close to 0%o, which
predominate in the higher temperature parageneses of the stockworks [42,151,214].

6.9.2. Metal Source

Pb isotopic composition of IPB massive sulfides indicates a very homogeneous metal
source [215]. Regional values exhibit a standard deviation similar to that observed in the
Riotinto district [216]. Such a homogeneous lead source could be related to the underlying
VSC [217] or to the PQ Group, with minor contribution from the VSC [42]. Tornos and
Heinrich [209] reached a similar conclusion based on the modeling of hydrothermal fluids
through thermodynamic calculations.

Studies on the provenance of metals using the Re-Os system reveal a clearly defined
crustal source in the massive sulfides from Tharsis and Riotinto [190], as well as in Lagoa
Salgada, Aljustrel, and Neves-Corvo [191]. However, the initial 187(0g /188 g ratios around
0.14 in the high-temperature parageneses of the Tharsis and Aznalcéllar stockworks suggest
the involvement of a mantle source [189,217], at least for the checked deposits. This could be
influenced by the interaction of hydrothermal fluids with mafic magmatic rocks emplaced
in epizonal crustal levels.

Isotopic studies based on unconventional isotopes (i.e., Cu, Zn, Fe, and Mo) could
provide new insights into the origin of metals in the IPB VMS deposits. Published data
are scarce and generally pertain to low-temperature processes with environmental im-
plications [218,219]. The results from the study of samples from Neves-Corvo [220] are
inconclusive in this regard. Concerning Mo isotopes, they have been used to discriminate
the environmental conditions of two paleogeographically related settings, Filon Norte
(Tharsis) and Pozo San Jorge [221].

6.9.3. Hydrothermal Systems

The high concentration of massive sulfide deposits in the IPB requires highly efficient
hydrothermal systems from a metallogenetic perspective. Conventional models based on
simple convective systems [134,154,222] do not seem capable of generating the enormous
deposits found in the IPB [129]. The involvement of basin fluids, primarily stored in
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the sediments of the PQ Group and integrated into the hydrothermal circuits, has been
proposed as an alternative model [4,42,86,129,209].

The heat required to activate the hydrothermal systems could be related to the dyke
and sill system associated with the ascent of a magmatic fluid source of the VSC volcanic
rocks [86], an anomalous geothermal gradient associated with the ascent and emplacement
of mafic magmas—currently represented by the IPB basalts and dolerites [4,42]—or the
plutonic roots of the IPB volcanics [129]. These models, which involve basin fluids stored in
thick sedimentary piles, are similar to those proposed for SEDEX-type deposits (e.g., [223]).

There is a widespread consensus regarding the nature of hydrothermal fluids asso-
ciated with VMS systems. These fluids are chloride-rich, reduced, and moderately acidic
solutions [224]. Their specific nature depends on the context in which the system has devel-
oped and, consequently, on the nature of the rocks that they are in equilibrium with [224].
The temperature in the deeper zones of the hydrothermal systems has been estimated to
range between 300 and 400 °C and decreases dramatically in the near-surface zones of
the system [8]. Metals are transported as chloride complexes such as FeCl*~ and FeCl?~,
CuCI?~ and CuCl32~, ZnCly?~ and PbCI*~, PbCl4%~, and PbCl, [209]. The solubility of
metals in this state increases dramatically with temperature, and copper, in particular, has
limited potential to enter solutions at temperatures below 350 °C [224]. The potential for
co-transport of reduced sulfur and metals in hydrothermal fluids at temperatures below
350 °C is very limited, see [224] and the references therein. Among the common metals
in massive sulfides, Fe, Pb, and Zn exhibit high solubility at relatively low temperatures,
while Cu requires temperatures >350 °C for efficient transport [224]. Precipitation occurs
primarily due to the temperature decreasing and fluid mixing [225].

The application of knowledge derived from studies on both modern and ancient sys-
tems on a global scale has been underdeveloped for the specific case of IPB deposits. Tornos
and Heinrich [209] propose a model based on solubility and thermodynamic calculations,
suggesting that hydrothermal fluids are derived from basinal fluids in equilibrium with the
thick detrital sequences characterizing the PQ Group. Although the model is compelling,
it was developed with reference to the Filon Norte (Tharsis) deposit, which has some
peculiarities that may not be applicable to most IPB deposits.

7. Genetic Model

Metallogenic processes that resulted in the IPB massive sulfide deposits are linked
to the regional geodynamic and paleogeographic evolution during the Late Devonian to
Mississippian times. The Devonian—Carboniferous transition marked a radical change
in the geodynamic context. During the Middle and Upper Devonian, the sediments
comprising the PQ Group accumulated in an epicontinental basin dominated by wave and
storm activity [30]. At the end of the Devonian, there was a radical shift in the tectonic
regime, leading to a compartmentalized basin model with smaller sub-basins undergoing
different subsidence rates [33]. The currently most accepted model relates this change to a
transtensive regime that resulted in the generation of pull-apart basins, see [15] and the
included references. Regardless of the geodynamic regime, the evident regional-scale shift
in the geological context during the Devonian—Carboniferous transition was critical for the
genesis of the massive sulfide deposits.

From a stratigraphic perspective, sedimentation in a shallow, essentially homogeneous
marine basin rapidly changed to black shales and felsic volcaniclastic rocks. The generation
and preservation of the sulfide deposits were conditioned by the existence of oxygen-
deficient environments and low sedimentation rates. S isotopic data, with the lighter
signatures associated with the most primary textures, indicate that BSR processes played
an important role in the accumulation of reduced S in depositional environments. Heavier
534S values for more evolved textural patterns and the incorporation of metals such as Co
and Ni into the hydrothermal fluids suggest a greater involvement of mafic magmatic rocks
both in the hydrothermal fluids and the metal contents.
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Results from the IBERSEIS seismic profile suggest the emplacement of large volumes
of mafic magmas at mid-levels (OMZ) and high levels (SPZ) of the southwestern Iberian
crust [44]. In the IPB, the ascent and emplacement of large volumes of mafic magmas created
an anomalous geothermal environment that, interacting with a strongly compartmentalized
basin [33], favored the development of exceptionally efficient hydrothermal systems. In
this general context, and considering the diversity of massive sulfide types known in the
IPB, a four-stage metallogenic model is here proposed:

Stage 1: basin compartmentalization and initial sulfide precipitation
(Figures 8a,b, 9, and 12a).

T=200-300°C

T=300-400°C

[ IShales and sandstones [TFelsic rocks MM Mafic rocks Ml Black shales [==:Pyrite recristallization {F Stockwork = Massive sulfides =yHydrothermal system

Figure 12. Genetic model based on mineralogical, textural, and geochemical data discussed in
the main text. (a) Initial development stage of mineralizations dominated by BSR processes in an
anomalous geothermal environment at temperatures permitting sulfate-reducing bacteria activity.
Oxide and sulfate mineralization occurs on non-oxygen-deficient seafloors. (b) Focus of hydrothermal
activity through fracture systems and replacement of previously deposited sulfides. In oxidized
environments, primary sulfate (barite) and oxide (magnetite and hematite) mineralizations are
replaced by sulfides. (c) Widespread high-temperature replacement and distillation of mobile phases.
During this stage, enrichment in Cu, Au, and Co occurs toward the base of the massive sulfides and
the stockwork.

The first stage is related to the compartmentalization of the Late Devonian basin and
the generation of oxygen-deficient environments where the activity of BSR induced the
initial precipitation of iron sulfides characterized by primary textures (framboidal and
colloform). The correlation between these textural types and the highly negative §°*S
values—both in mineralizations associated with black shales and, in some cases, with
volcanic rocks—suggests that BSR processes were widespread. Despite this, some sulfide
deposits in the northern IPB show evidence of an initial stage in an oxidizing seafloor
environment, leading to the precipitation of barite and Fe-oxides, including hematite
and magnetite [135]. In this case, the chemocline (redox boundary) is located below the
water—sediment interface, and BSR occurs mainly in the interstitial fluids of the underlying
rocks or sediments. A similar process, occurring in a very low-temperature hydrothermal
environment, has been described by [226] in the Arctic Mid-Oceal Ridge. Here, the first
sulfides are produced by hydrothermal replacement of oxidized phases.

The incorporation of high contents of chalcophile elements (Cu, Pb, As, and Sb) into
the crystalline lattice of pyrite, as well as their presence in mineral nano-inclusions [127,152],
suggests strongly anomalous thermal conditions on the seafloor, as previously suggested
by [42,135]. These conditions, while anomalous, were suitable for the survival of sulfate-
reducing bacteria (i.e., <100 °C). Although there is no irrefutable evidence, this metallogenic
stage could have coincided with regional hydrothermal alteration processes;

Stage 2: recrystallization and hydrothermal activity (Figures 8c,d and 12b).

The second stage involves the recrystallization of sulfides derived from the previ-
ous stage within a relatively low-temperature hydrothermal context. During this stage,
complete or partial replacement of barite and Fe-oxides generated in more oxidizing
environments occurred. The resulting pyrite typically exhibits spongy-looking cores sur-
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rounded by a corona limited by crystalline faces. Compositionally, this pyrite appears
quite pure, though slightly enriched in Au and Bi [127]. This second stage is associated
with the focusing of hydrothermal activity [135] and, consequently, with the initiation of
stockwork-type mineralization and the associated hydrothermal alteration;

Stage 3: generalized recrystallization and sulfide replacement (Figures 8e, 9, and 12c).

The third stage represents the widespread recrystallization and partial or total replace-
ment of sulfides from the previous stages. The influence of high-temperature hydrothermal
fluids leads to ore-refining processes and the concentration of economically valuable metal-
lic minerals. The resulting parageneses vary significantly from one district to another.
Generally, in addition to pyrite, associations of galena, sphalerite, chalcopyrite as interstitial
crystals or micro-inclusions in sphalerite (chalcopyrite disease), tetrahedrite-tennantite,
arsenopyrite, gold, and electrum are common. Toward the footwall of the massive bodies
and in the stockwork zones, this phase often results in significant enrichment in Cu, and
in some cases, Co and Au. The pyrite associated with this stage is enriched in Cu, Ag, Ni,
Co, As, Zn, Pb, and Sb [127]. This pattern has been observed in deposits associated with
black shales (e.g., Tharsis and Masa Valverde) as well as in contexts dominated by volcanic
rocks (e.g., Magdalena and Aguas Tefiidas). The enrichment of pyrite in mantle-related
elements (i.e., Co and Ni), the neoformation of minerals such as cobaltite and gersdorffite,
and the initial values of 0.14 for the 170s/1880s ratio measured in parageneses from this
stage [189,217] suggest the interaction of hydrothermal fluids with mafic rocks emplaced in
epizonal crustal levels;

Stage 4: deformation and metamorphism related to the Variscan Orogeny
(Figures 8f, 9 and 10b).

As mentioned earlier, rocks in the IPB underwent intense deformation and low-grade
metamorphism during the compressive orogenic phase. The mechanical behavior of
sulfides differed significantly under the prevailing pressure and temperature conditions
affecting the IPB during this event. Pyrite behaved as a brittle mineral, while other sulfides,
including chalcopyrite, galena, sphalerite, and tetrahedrite, behaved ductilely. The conse-
quences for sulfide mineral deposits include the formation of a pseudomylonitic foliation
enveloping pyrite crystals, which resemble porphyroclasts with intense brittle fracturing.
This texture, common in many studied deposits, can affect both massive sulfides and stock-
works, often giving rise to ore shoots heavily enriched in some of these elements. Known
examples include the banded copper mineralizations (Rubanée) of Neves-Corvo [94,205],
similar lithofacies in Migollas [131,139], or the copper stockwork (“pyroclast”) exploited in
the Aznalcéllar deposit [41].

8. Conclusions

The following conclusions highlight the progress made in the IPB and the critical
areas requiring further investigation to enhance understanding of the geologic history and
metallogenic processes.

The general geological framework of the IPB is well understood, with established
consensus since the mid-20th century. The IPB’s massive sulfides formed in a relatively
short period (~8 Ma) between the late Devonian and the Tournaisian—Visean transition.
Their deposition was initially controlled by the presence of biologically reduced sulfur
linked to BSR processes. This initial depositional phase evolved through subsequent stages
of increasing-temperature hydrothermal-fluid injections that provided heavier sulfur and
economically significant metals. High-temperature stages facilitated distillation processes
and zonal mineral distribution. This mainly contributed to Cu-, Co-, and Au-rich miner-
alizations in some stockworks and in the base of massive sulfides. At Neves-Corvo, an
initial Sn mineralization stage involved different metal and fluid sources compared to other
known IPB deposits. A final remobilization stage, related to Variscan compressive phases,
played a crucial role in generating high-grade ore shoots in some deposits.

There is a fundamental issue, underlying many other unresolved problems, which
deals with the construction of a stratigraphic column useful at a regional scale, with
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local variations. Despite recent advances, further correlation between chronostratigraphic
and geochronological data is needed to establish the sequence of processes underlying
the regional geological context. Correlating the geochronological data with elemental
geochemistry of magmatic rocks is also necessary to determine the possible temporal
evolution of magmatism in the region.

Generally, a transtensive geodynamic context in a lateral collision environment be-
tween the continental masses of Laurussia and Gondwana is accepted. In this setting,
pull-apart basins would form, creating environments suitable for the generation and
preservation of massive sulfides. Although this proposal seems reasonable, an alternative
hypothesis of rifting processes in an extensional context associated with a mantle plume
has been underexplored. The temporal evolution of the geochemistry of the mafic rocks
implies increasingly deeper mantle sources. This evolution aligns better with a purely
extensional context than with a transtensive regime affecting a relatively small area of the
Earth’s crust.

Regarding magmatism, almost all published studies since the mid-20th century cite
bimodal magmatism (felsic-mafic), overlooking the substantial volume of geochemically
intermediate (andesitic) rocks in the IPB. The significance of these rocks remains to be
studied, as they occur, in part, with the source area of felsic and intermediate rocks. In
this regard, the published data suggest a heterogeneous crustal source with very active
partial melting processes. If this hypothesis is consistent, the homogeneity in the metal
source inferred from Pb isotope geochemistry of sulfide mineralizations needs reevaluation.
High-resolution geochemical studies are necessary to advance knowledge in this and other
critical areas.

More studies are also required on the nature and physicochemical properties of hy-
drothermal fluids involved in the genesis of sulfide deposits. Published data indicate
relatively low densities for most studied cases. Unless new data alter the current under-
standing, genetic models based on brine pool systems need revision.

The regional extent of hydrothermal fluid interaction with mantle-derived rocks—as
inferred from the Re-Os system for high-temperature mineralizations in the Aznalcéllar
and Tharsis districts—is another unresolved aspect. This phenomenon, and similar lesser-
studied ones, are critical as they may provide insights into the potential resources of some
high-interest technological elements (e.g., Co, Ni, Bi, Sb, In, and Se) scarcely investigated in
the IPB.
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