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ARTICLE INFO ABSTRACT

Handling Editor: Okay Gimen The Iberian Pyrite Belt (IPB) is a late Devonian — Early Carboniferous world-class polymetallic VMS province that
includes significant Cu-(Sn)-Pb-Zn-(Ag) deposits of massive sulphides and feeder zones. The Aljustrel brownfield

Keywords: region contains one of the highest concentrations of ore in the IPB in 6 known deposits (Gaviao, Sao Joao,

Bimodal volcanism
Protracted magmatic setting
Geochemistry

Sr-Nd isotopes

Moinho, Algares, Estacao and Feitais). To delve into the petrogenesis of the Aljustrel early Carboniferous (~355
Ma) felsic-dominated bimodal volcanism, new whole-rock trace elements and Sm—Nd isotopes, and U—Pb in
zircon were obtained.

U-Pb isotopes
VMS deposits
Variscan Orogeny

Based on Ga/Al and Y/Nb ratios, it is shown that Aljustrel felsic magmatism has the geochemical features of
A2-type melts, typical of post-collisional and back-arc settings. U—Pb in zircon for a juvenile felsic volcanic rock
point to antecrysts ages spanning from 387.9 to 366.6 Ma and a maximum emplacement age of 354.3 + 2.6 Ma.

These long-lasting melting events, present in both juvenile (ENdi = +1.79) and evolved felsic rocks (ENdi =
—5.07), imply heterogeneous sources dominated by zircon-bearing igneous rocks. The Sm—Nd model ages are in
accordance with previous Lu—Hf model ages in zircon, reinforcing that the isotopic variability is related to the
same petrogenetic process.

Subordinated Aljustrel mafic rocks, coeval with the abundant felsic volcanism, show orogenic signatures,
namely Nb-Ta-Ti negative anomalies and calc-alkaline affinities, whereas Sm—Nd isotopic data (ENdi = +1.54 to
+5.48) points to variable to no contamination with crustal material. These geochemical results suggest deri-
vation from an enriched mantle source modified by subduction metasomatism. In addition, the mafic rocks did
not provide zircons for geochronological analysis, with the exception of one sample, in which a Concordia age of
402.1 £+ 15.5 Ma was obtained from a single grain.

The combined geochemical signatures of mafic and felsic volcanic rocks suggest asthenospheric rise, but this
solely does not explain the abundance of zircon antecrysts in the felsic rocks. Therefore, a geodynamic model that
includes a continuous evolution from Devonian to Carboniferous times is inferred. This more complex and
broader geodynamic model for the Iberian Pyrite Belt in which successive metal remobilization occurred after
successive melting events, fits the present geochemical data and is more likely to explain why the Iberian Pyrite
Belt is a unique metallogenetic province.
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1. Introduction

Volcanogenic Massive Sulphides (VMS) or Volcanic-Hosted Massive
Sulphides (VHMS) are key polymetallic Cu-Pb-Zn-(Sn-Ag-Au) ore-
bearing deposits that often develop in extensional geodynamic settings
(Piercey, 2011), such as oceanic back-arcs or intracontinental rifts
(Hannington et al., 2005). Extensional regimes may be formed in active,
post-collisional and post-orogenic/anorogenic settings (Ishibashi et al.,
2015; Schandl and Gorton, 2002; Zenggian et al., 2003). These deposits
are often formed in deep seawater settings associated to bimodal
volcanism, that drives sea water hydrothermal circulation, although the
role of volcanism (and plutonism at deeper levels) and its influence on
the bearing-ore fluids composition is usually unclear (e.g., in the Iberian
Pyrite Belt: Barriga and Kerrich, 1984; Huston et al., 2011; Relvas et al.,
2006; Tornos, 2006; Tornos et al., 2005; Yesares et al., 2023). Under-
standing the precise nature, geodynamic setting and timing of the
magmatism hosting polymetallic giant VMS deposits (>200 Mt) is
crucial to understand the formation of these deposits that can provide
the critical raw materials necessary to fuel the global transition to a
more sustainable society.

The Iberian Pyrite Belt (IPB) is a late Devonian-Early Carboniferous
world-class VMS felsic-dominated province formed in a major intra-
continental extensional event related to abundant bimodal magmatism
after the onset of the oblique continental collisional between Laurussia
and Gondwana (Azor et al., 2008; Chopin et al., 2023; Dias da Silva
et al., 2018; Lains Amaral et al., 2022a; Munhd, 1983; Quesada et al.,
2019; Silva et al., 1990; von Raumer et al., 2017). The nature of the
mafic and felsic volcanism and the geodynamic setting of this province
has long been discussed (Mitjavila et al., 1997; Munha, 1983; Onézime
et al., 2003; Rosa et al., 2004; Rubio Pascual et al., 2013; Thiéblemont
et al., 1997; von Raumer et al., 2017). The occurrence of within-plate to
volcanic-arc felsic and mafic volcanic rocks (Mitjavila et al., 1997;
Thiéblemont et al., 1997) has favoured either a subduction-related or a
transtensional-related intracontinental rifting setting (Martin-Izard
et al., 2016; Onézime et al., 2003; von Raumer et al., 2017). Although
specific geodynamic scenarios are still being debated, most authors
agree that mafic and felsic magmatism were derived from diverse
sources: a broadly mantellic origin for the former and a crustal origin for
the latter. Munha (1983) suggested a heterogeneous mantle source to
account for the arc-like and alkaline basalts (see also Thiéblemont et al.,
1997), whereas Mitjavila et al. (1997) claimed that a E- and N-MORB
mixing source coupled with crustal contamination could explain the
variability of basic magmatism in the IPB (see also Morais et al., 2020;
Rosa et al., 2004). The source of the felsic volcanic rocks of the IPB have
been placed at the upper, middle and even lower crust (Codeco et al.,
2018; Donaire et al., 2020a; Rosa et al., 2009) of felsic-intermediate
composition (Munha, 1983) or involving amphibolites (Thiéblemont
et al., 1997). Valenzuela et al., 2011a, considering Sm—Nd isotopic
data, suggested a heterogeneous source composed of juvenile mafic
rocks and more evolved rocks. The more juvenile Sm—Nd isotopic
signature of the magmatic rocks relatively to the IPB sedimentary rocks
has also been used to suggest a Meguma Terrane affinity for the IPB
(Braid et al., 2011), which is in accordance with the Meguma-type zircon
detrital U—PDb age patterns of the oldest known sedimentary rocks of the
IPB of Middle-Upper Devonian age (Braid et al., 2011; Lains Amaral
et al., 2022b).

Many questions still exist regarding the nature of the volcanism that
led to the formation of the IPB. In this work, using new whole-rock trace
elements and Sm—Nd isotopes, and U—Pb in zircon, we will discuss the
petrogenesis of the felsic-dominated bimodal volcanic package of the
giant Aljustrel VMS region, containing the orebodies of Gaviao, Algares,
Sao Joao, Moinho, Feitais, and Estacao, totalling >300 million tons of
sulphides. We present a petrogenetic model that attempts to explain the
protracted igneous activity of the Aljustrel deposit, which may have
promoted the successive metal remobilization and their anomalous
concentration, making the IPB a unique metallogenetic province.
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2. Geological context

The South Portuguese Zone (SPZ), the southwesternmost branch of
the Iberian Massif (Fig. 1a), has been considered an exotic terrain (e.g.,
Silva et al., 1990) relatively to the rest of the Gondwanan Iberian Massif.
This branch has fauna assemblages and zircon detrital age patterns that
point to a Laurussian affinity (Braid et al., 2011; Lains Amaral et al.,
2022b; Pereira et al., 2018). In the SPZ southern sector, the Iberian
Pyrite Belt (IPB) (Fig. 1b), which is the subject of the present work,
comprises the Phyllite-Quartzite Group (PQG) and the Volcanic-
Sedimentary Complex (VSC). The PQG is a Middle-Upper Devonian
shallow-marine clastic sequence (Mendes et al., 2018; Moreno et al.,
1996), deposited in an epicontinental setting (Jorge et al., 2006; Oli-
veira et al., 2019). Its U—PDb detrital signatures point to Meguma affinity
(Braid et al., 2011; Lains Amaral et al., 2022b), a peri-Gondwana terrane
that is thought to have docked with Laurussia in the early Devonian (Van
Staal et al., 2009). In contrast to the PQG, the Upper Devonian-Lower
Carboniferous VSC is generally considered to have formed in a trans-
tensional tectonic setting (Silva et al., 1990), marked by felsic-
dominated bimodal volcanism (Munha, 1983), exhalative and hydro-
thermal precipitation (Barriga, 1983; Schermerhorn, 1970), and detrital
deposition, such as black-shales, siliceous shales and purple/green
shales (Oliveira et al., 2019, 2004). The Baixo Alentejo Flysch Group
(Fig. 1b), which overlaps VSC, is a middle Mississippian-early Pennsyl-
vanian turbiditic sequence that resulted from the denudation of the
Gondwanan and Laurussian crustal blocks (Rodrigues et al., 2015).

The IPB is one of the largest sulphide provinces in the world with
>2500 million tons of sulphide-bearing minerals (Leistel et al., 1997;
Conde and Tornos, 2020) and currently with 9 operations producing
>500,000 tons per year of Copper and Zinc (Lains Amaral et al., 2024, in
press). This metallogenetic province has been divided into two main
sectors: i) the northern branch, where mostly early Carboniferous vol-
canic felsic rocks host the mineralization (e.g. Rio Tinto) with the
massive sulphides being interpreted as replacement ore; and ii) the
southern branch, where the massive sulphides are hosted in late Devo-
nian black shales and felsic volcanic rocks, being interpreted as exha-
lative ores (Tornos, 2006).

The IPB felsic volcanic rocks are often coherent associated with
monomitic breccias related to volcanic domes emplacement and its
dismembering (e.g., autoclastic and re-sedimented facies), flamme-rich
breccias, interpreted as proximal pyroclastic events and, the more
distal facies, occurring as fiamme-rich or crystal-rich sandstone-mud-
stones (Rosa et al., 2008; Valenzuela et al., 2011b). They are often
dacitic to rhyolitic in composition (Oliveira et al., 2013; Thiéblemont
et al., 1997). U—Pb zircon geochronology has been used to date the
emplacement of felsic volcanic rocks from ~390 Ma to ~340 Ma (Barrie
et al., 2002; Feitoza et al., 2023; Lains Amaral et al., 2021b; Mello et al.,
2018; Paslawski et al., 2020; Pereira et al., 2021; Rosa et al., 2009). In
some brownfield and greenfield mining districts (i.e., Neves-Corvo, Rio
Tinto, Aljustrel and Rosario Anticline), the felsic rocks may contain
significant antecryts population, spanning up to ~60 Ma before the
emplacement age (Albardeiro et al., 2023; Lains Amaral et al., 2021b;
Oliveira et al., 2013; Sola et al., 2015). In addition, rare xenocrysts have
also been identified (Lains Amaral et al., 2021a; Rosa et al., 2009). The
mafic rocks are subordinated to the felsic one, but basic magmatism can
be relevant is some mining districts (e.g., Lousal, Rio Tinto) (Gisbert
et al., 2021; Morais et al., 2020) and intermediate andesitic rocks are
significant in the northern branch of the IPB (Munha, 1983; Tornos
et al., 2015). The coherent mafic levels occur as sills and lava flows,
including pillow lavas, but may show ambiguous modes of emplacement
(Donaire et al., 2020b; Rosa et al., 2010; Valenzuela et al., 2011a). In
addition, mafic clast-supported breccia, mafic-sediment breccia and
epiclastic sandstone and siltstone have also been identified in the belt
(Conde and Tornos, 2020; de Mello et al., 2022; Gisbert et al., 2021;
Munha, 1983; Rosa et al., 2010). So far, basic rocks have not been dated
by precise geochronological methods, such as U—Pb in zircon. Indeed,
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Fig. 1. a) Configuration of peri-Gondwanan terranes and main cratonic areas at the end of the Paleozoic (adapted from Lains Amaral et al., 2022b and references
therein); b) Geological map of the South Portuguese Zone adapted from Lains Amaral et al., 2021b and references therein; c) Geological map of the Aljustrel adapted

from Lains Amaral et al., 2021b and references therein.

researchers have not been able to recover zircons or baddeleyites from
these mafic rocks (e.g., Luis Albardeiro, personal communication); thus,
precise age of the mafic rocks is yet to be confirmed.

2.1. Aljustrel district

The Aljustrel district is a unique deposit as it is located in the
northernmost sector of the southern branch (Lains Amaral et al., 2021b,
Fig. 1b), being a volcanic-dominated deposit in which the massive sul-
phides have been interpreted as exhalative ores (Inverno et al., 2008).

The Aljustrel district is composed of six deposits: Feitais, Estacao,
Algares, Moinho, Sao Joao and Gaviao (Andrade and Schermerhorn,
1971; Fig. 1c). The Aljustrel sequence is composed of a thick hydro-
thermally altered volcanic sequence of >250 m (Barriga and Fyfe, 1997)
erupted at 359-353 Ma (Lains Amaral et al., 2021b) with rare levels of
black shales (e.g., Silva et al., 1997) and impressive levels of massive
sulphides and jasper at the top of the volcanic sequence (Barriga, 1983).
The volcanic sequence mainly comprises felsic rocks (particularly
proximal facies), but discrete mafic levels have also been observed
(Leitao, 2009). This sequence has traditionally been divided into the
unmineralized Megacrystal Volcanic Unit, the Mine Volcanic Unit,
which hosts the economic mineralization, and are thought to have been
laterally emplaced, and in the Green Tuff Unit, overlying the other two
units (Andrade and Schermerhorn, 1971; Schermerhorn et al., 1987). In
Aljustrel, the Variscan Orogeny is expressed by large-scale asymmetric
folding related to thrusting. Tardi- to post-orogenic N-S to NE-SW faults,
including the major Messejana Fault, truncate some of these structures
(Barriga and Fyfe, 1997; Relvas et al., 2011).

3. Materials and methods

Sampling was carried out in 16 drill holes from the six deposits of
Aljustrel deposits (Sao Joao, Moinho, Algares, Feitais, Estacao and
Gaviao) and step-out drilling, totalling over 300 samples plus two sur-
face samples. 114 representative samples of half core, NQ and HQ size

and of ~0.3 to 0.8 m in length, were selected for geochemical analyses
and sawed into ~2x2x3 cm blocks at the DG-FCUL (Departamento de
Geologia da Faculdade de Ciéncias da Universidade de Lisboa, Portugal)
and crushed to <1 cm, using a jaw crusher at LNEG (Laboratério
Nacional de Energia e Geologia, Lisbon). Approximately 300 g of each
sample was sent to the ALS Minerals laboratory in Seville, Spain, for
pulverisation (laboratory code: PULP-31). Whole-rock geochemical an-
alyses were carried out at the ALS Minerals laboratory in Dublin, Ireland
under the package CCP-PKGO1l. Normalization values for primitive
mantle (§M) according to Sun and McDonough (1989) and for chondrite
(1(\:1) according to Nakamura (1974) have been used. Calculation of Eu/
Eu* as well as binary and ternary plots were performed using GCDkit
(Janousek et al., 2006).

Twenty sealed laboratory pulverised reject samples were selected for
Sm—Nd isotopes using ALS global services (laboratory code: Nd-
ISTPO1). The Sm—Nd isotopic analyses were carried out at the Univer-
sity of Alberta, Canada (see also Appendix SA1). Initial isotopic Nd
values, Nd-depleted mantle model ages (TDM) and two stage model ages
(2TDM) were calculated using the GCDKkit Software (Janousek et al.,
2006). This software uses the value of 6.54 x 10712 a1 for the ¥7Sm
decay constant after Lugmair and Marti (1978). Further, it considers the
143Nd/1*Nd and '¥Sm/'**Nd ratios of 0.512638 and 0.1967, respec-
tively, according to DePaolo and Wasserburg (1979) for the Chondritic
Uniform Reservoir (CHUR) to calculate ENd. For the calculation of
model ages, the equations of Liew and Hofmann (1988) were used.
2TDM of published Sm—Nd isotopes (Donaire et al., 2020a; Luz et al.,
2022; Mitjavila et al., 1997; Pascual et al.,, 2021; Valenzuela et al.,
2011a) were recalculated using the same software. For published Lu—Hf
isotopic data (Rosa et al., 2009), 2TDM and eHf were recalculated
following the procedures established in Bento dos Santos et al. (2011).
The 7%Lu - 176Hf decay constant of 1.867 x 107 a1 Y78Hf/ 77 Hf cyur
= 0.282785 and 7Hf/'""Hfcyyg = 0.0336 of Bouvier et al. (2008) for
CHUR, 7%Lu/"""Hfpy = 0.03976 and '7°Hf/'"Hfpy = 0.283238 of
Vervoort et al. (2018) for the Depleted Mantle (DM) were used. For the
average 7%Lu/Y77Hf of the crust the value of 0.015 after Griffin et al.
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(2002) was used. The KDE plots of 2TDM ages were done with IsoplotR
(Vermeesch, 2018).

Six half-core samples were selected for zircon separation. These
samples were sawn and crushed (see above), followed by gridding and
sieving (<250 pm) at DG-FCUL. Heavy mineral concentrates were ob-
tained from the Wilfley table at DG-FCUL using a technique similar to
that developed by Soderlund and Johansson (2002). Pyrite-rich con-
centrates were leached with nitric acid (n = 8) before hand-picking
under a binocular microscope. Individual zircon grains were mounted,
together with the TEMORA standard, in epoxy and then polished at the
High-Resolution Geochronology Laboratory (GeoLab-SHRIMP) of the
Institute of Geosciences, University of Sao Paulo, Brazil. Cath-
odoluminescence (CL) and backscattered electron (BSE) imaging, as well
as 15 U-Pb analyses, were also performed at GeoLab-SHRIMP. Further
details of the SHRIMP-Ile analytical procedures can be found in Sato
et al. (2014) and Lains Amaral et al. (2021b). In addition, five single
zircon grains were measured for U—Pb ages using LA-SF-ICP-MS tech-
niques at the GeoPlasma Lab, Senckenberg Naturhistorische Sammlun-
gen Dresden (Germany). Only two of these zircon grains showed a
measurable signal, and only one gave a concordant age. For further
details on analytical protocol and data processing see Appendix SA1 and
Gerdes and Zeh (2006). Age and Concordia distance for each LA-ICP-MS
or SHRIMP analysis, as well as radial plot and corresponding age cal-
culations were performed with IsoplotR (Vermeesch, 2021a, 2018).
Calculated age error in the main text and figures are in 1c. Errors for
individual analyses are presented in 1c. The R software uses the values
of 137.818 for 2*8U/?*°U ratio (Hiess et al., 2012), 0.155125 x 10 2 a~!
for 238y decay constant (Jaffey et al., 1971) and 0.98485 x 10 %a~! for
235y decay constant (Jaffey et al., 1971).

4. Results
4.1. Field observations and rock classification

The volcanic sequence of Aljustrel is a felsic-dominated sequence
with sparse mafic rocks identified in the Algares and Gaviao deposits.
The felsic sequence has been divided into three main units: the Mine
Unit, the Megacrystal Unit and the Green Tuff Unit. Considering the
geochemical classification proposed by Barrett (2008) and Barrett et al.
(2008), the latter two are geochemically distinguishable, and classified
as RHY M and RHY C, respectively, while the Mine Unit is divided in two
chemotypes: RHY A and B. Two more uncommon chemotypes have also
been identified: RHY Z and RHY X.

The Mine Unit, which host the economic sulphides, is composed of
coherent (Fig. SFla), autoclastic (Fig. SF1b) and pyroclastic (Fig. SFlc)
feldspar porphyritic felsic rocks (Barriga and Fyfe, 1997), as previously
described by Leitao (2009), and has been divided by Barrett (2008) into
two chemotypes (RHY A, RHY B). RHY A is spatial associated with
massive sulphide lens in the Estacao-Feitais deposits (Barrett et al.,
2008), whereas in other deposits, massive sulphides are related to RHY
B. Indeed, in this work, RHY A was only identified in the Feitais and
Estacao drill holes.

The very few high Al,03/TIO, samples, classified as RHY Z, were
also collected within the Mine Unit. This chemotype, however, was first
identified by (Barrett, 2008) as spatial associated with RHY C or above
it, in the lowermost sections of the Upper VS. The lack of a coherent
stratigraphic position for RHY Z, the low expression of this chemotype,
and even its relatively uncommon U-Pb-Th in zircon results (see Lains
Amaral et al., 2021b), points that the RHY Z signature should be taken
with caution.

Another chemotype defined by Barrett (2008), the more unusual
RHY X chemotype, is also plagioclase-phyric (Fig. SF2). According to
Barrett et al. (2008), RHY X may also contain quartz phenocryst in
addition to the feldspar phenocrysts. Although a 200 m sequence of this
chemotype has been identified in borehole ES16005, the chemotype
RHY X has not yet been found hosting significant sulphides.
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A visually distinctive crystal-rich volcanic unit, the Green Tuff Unit,
which corresponds systematically to chemotype RHY C, is often found
overlaying the massive sulphides and/or within the exhalative jasper-
chert unit. In addition, these levels of plagioclase-quartz-rich volcanic
rocks (Leitao, 2009) were also identified interlayered with the RHY M
(Fig. SF3a) in hole AS18005 or, according to Leitao (2009), at the top of
it. The crystal-rich unit is commonly massive and heavily altered by
sericite (Fig. SF3a), which makes it difficult to determine their origin.
Lains Amaral et al. (2021b) interpreted as coherent to autoclastic facies,
however, the occurrence of jaspers and radiolarites (Leitao, 2009) may
point out that, at least part of these levels may correspond to crystal-rich
deposits. They may also contain abundant magnetite (Lains Amaral
et al., 2021b). Chemotype RHY C also occurs at the bottom of three
Algares drill holes (AS18007, A18005 and AS18003), comprising mostly
pyroclastic units (Fig. SF3b), and rarely coherent levels (Fig. SF3c).

The Megacrystal Unit, composed of feldspar-quartz porphyritic vol-
canic rocks (Barriga and Fyfe, 1997; Fig. SF4), is unrelated to the sul-
phide mineralization and is visually distinguishable by the presence of
feldspar megacrysts (Fig. SF4). This unit also presents various volcanic
textures, but the fiamme-like textures, and other volcanoclastic alike
features, are likely a product of hydrothermal alteration (Fig. SF4), and
therefore, this massive unit is interpreted to be composed of coherent
facies (see also Leitao, 2009).

In addition, mafic rocks were identified in Algares and Gaviao de-
posits. The mafic rocks of Algares, in this work labelled as BAS VC, are
often volcanoclastic rocks and may contain vesicular-rich clasts
(Fig. SF5a—c), that have some resemblances with fluidal-clast breccias
(Simpson and McPhie, 2001). In addition, strongly altered, relatively
homogenous, mafic level was interpreted as a lava flow in hole
PM15001 (Fig. SF5c). The contacts with the felsic units are often diffi-
cult to assert, but sharp contacts with either black shale (Fig. SF5a) or
felsic rocks may occur. The mafic volcanic rocks that outcrop in the
Algares area, in this work labelled as BAS O, are composed of lavas and
volcanoclastic rocks. According to Leitao (2009) pillow-lavas also
outcrop in this area. The Gaviao mafic rocks, in this work labelled as BAS
D and BAS DA, are massive volcanic levels, interpreted as intrusive sills,
but the occurrence of ambiguous contacts, such as autobreccias and
monomitic breccias (Fig. SF6a,c), associated to sulphide veining in hole
GS18003, suggests that the emplacement of these albite sills (dos Santos,
2021) may have occurred soon after the formation of the host rocks.
However, the sills do not show significant deformation (dos Santos,
2021; Relvas, 1991). Finally, a single purplish sill was also observed in
the Gaviao, labelled as BAS E, affected by abundant quartz veining.
Considering the above, the mafic volcanism is both syn- and post-felsic
volcanism.

It is also worth to mention that although mafic minerals were only
identified in a section of a sill (Fig. SF6b), it is considered that mostly
mafic minerals were not preserved, particularly in BAS VC (Fig. SF5), as
elsewhere in the IPB (e.g., Gisbert et al., 2021; Valenzuela et al., 2011a,
2011b). Importantly, the mafic rocks, particularly BAS VC, BAS D-DA ad
BAS E, form a coherent geochemical group, including the sample in
which pyroxenes are preserved.

4.2. Whole-rock geochemistry and hydrothermal alteration

Hydrothermal alteration has been widely described in the volcanic
rocks of the IPB (Morais et al., 2020; Munha and Kerrich, 1980; Plimer
and de Carvalho, 1982; Relvas et al., 2006; Sanchez-Espana et al., 2000),
including the Aljustrel district (Barrett, 2008; Barriga, 1983; Relvas,
1991; Relvas et al., 2011). In the following subsections, the role of hy-
drothermal alteration in the composition of volcanic rocks is assessed.
The whole-rock analyses are reported in Table ST1, supplementary data.

4.2.1. Major elements
The volcanic rocks of Aljustrel only show a good co-variation be-
tween SiOy and Al;O3 and LOI (Fig. 2). Overall, the mafic rocks are
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discriminated against the felsic counterparts by their higher contents of
Ca0, MgO, TiOj, P20s and FeOt, which may suggest major element
mobility did not completely override the original composition. In
contrast, strongly altered felsic volcanic rocks, such as chloritites, show
exceptionally low silica contents (<35 %).

To attest the degree of hydrothermal alteration, the alteration pa-
rameters developed for VMS deposits, the chlorite-carbonate-pyrite
index (CCPI) and the Ishikawa alteration index (AI) (Large et al., 2001)
were used. The least altered box (Large et al., 2001) follows Gifkins et al.
(2006) guidelines, thus a CCPI Index between 20 and 65 % for felsic
rocks and between 65 % and 90 % for the mafic rocks are considered
least altered. For the Al Index, the box plot is constrained between 20

and 65 %. The sampled volcanic rocks plot inside and outside of the least
altered box, showing the variable intensity of hydrothermal alteration,
particularly chloritization, sericitization and pyritization (Fig. 3a). In
addition, the MFW diagram, which was initially developed to attest
weathering of igneous rocks (Ohta and Arai, 2007), is also considered.
The triangle alteration diagram corroborates the box plot and points that
some of the mafic and felsic volcanic rocks are relatively least altered
and closer to unaltered compositions (Fig. 3b). Both diagrams show that
all the RHY Z samples collected are significant altered, only a few least
altered samples of RHY A and RHY X were collected, and a sizeable
portion of the mafic rocks collected plot in the basalt fields, pointing to
relatively least altered compositions (Fig. 3a-b). The more altered BAS
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referred to the web version of this article.)
VC rocks follow the intermediate alteration trend (Fig. 3b).

4.2.2. Trace elements

The mafic volcanic rocks are characterized by relatively lower
Aly03/TiOy, Zr/Al;03, Th/Nb, La/Yb, Ga/Ti and Th/Zr than the felsic
volcanic rocks (Fig. 4). The felsic volcanic rocks have been divided in
several chemical groups based on specific immobile element plots, as
mentioned before (Barrett, 2008, 2009; Barrett et al., 2008). RHY A is
marked by its relatively higher Ga/Ti and Hf/Ti. RHY B is distinguished

by its relatively higher Th/Nb. RHY C is characterized by its relatively
lower Zr/Al;03. RHY M is evidenced by its relatively lower AloO3/TiOo,
Zr/TiOy, Hf/Ti, Yb/La and Ga/Ti. RHY X shows relatively higher Zr/
Aly0O3 and Zr/Th. RHY Z is characterized by its relatively higher Al,03/
TiO4, Nb/Zr and Ti/Ga (Fig. 4).

Using rock classifications with immobile elements, felsic rocks of
chemotype RHY A, RHY B, RHY C, RHY X and RHY Z are classified as
rhyodacite/dacite and rhyolite in Winchester and Floyd (1977) widely
used graph (Fig. 3c) and as rhyolites using a recent classification
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scheme, based on machine learning, that uses 13 immobile elements
(Lang et al., 2023). The felsic chemotype RHY X is classified as rhyo-
dacite/dacite (Fig. 3c) or rhyolite/trachytic, respectively (see
Table ST1). On the other hand, most mafic rocks in Fig. 3c plot in
Andesite/Basalt field (except one sample, BAS DA, that plots in the
Andesite filed). The machine learning method (Lang et al., 2023) clas-
sified the BAS D samples as basaltic andesite, the BAS DA sample as
andesite, the BAS VC samples as basalt or basaltic andesite, the BAS O
samples as basalts and the BAS E sample as andesite (see Table ST1).

Immobility of certain elements can be tested by plotting elements of
interest against Zr or Nb (Cann, 1970; MacLean and Barrett, 1993),
which was tested for each felsic chemotype proposed by Barrett (2008)
and Barrett et al. (2008) (Figs. 3c—d; SF7). To remove slightly mineral-
ized rocks, samples with Zn + Pb 4+ Cu > 1000 or S > 1 % were not
chosen for this geochemical study (Table ST1).

The high correlation coefficient (r > 0.80) for most of the REE, TiO»,
Al;03, Th, Hf, Nb, Y and Ga of RHY B strongly support their immobility
under the Aljustrel’s hydrothermal system (Fig. SF7). For the other
chemotypes, the correlation coefficients are poorer in comparison to
RHY B. Chemotype RHY A shows good correlation between Nb or Zr
with La, Nd, TiOg, Aly0s3, Th, Ta, Hf and Ga, whereas the higher corre-
lation coefficients are higher with REE, TiO3, Al,O3, Th and Hf and Ga
for RHY C (Fig. SF7). The Megacrystal unit (RHY M) presents good
correlation of Nb or Zr with LREE, most MREE, TiO,, Ta and Ga
(Fig. SF7). The chemotype RHY X has an overall strong correlation of the
REE with Nb and a good correlation between Nb or Zr with TiO, Al2Os3,
Ta and Hf (Fig. SF7). Notably, Zr and Nb decoupling is observed in RHY
M and RHY X, in which for the latter may represent heterogeneities of
the group, as shown in Barrett’s classification plot (Fig. 3d). Apart from
RHY B and X, HREE show poor correlation degrees either with Nb or Zr
(Fig. SF7).

4.3. Nd isotopes
The volcanism emplacement in Aljustrel took place between 353 and

359 Ma (Lains Amaral et al., 2021b), thus for the calculation of initial
values and single- and two-stage model ages an age of 355 Ma was used

Geochemistry 84 (2024) 126049

(Table ST1). ENd(sss5y of the mafic rocks mostly range from +1.54 to
+2.87, except for one BAS VC sample that presents a value of +5.48
(Fig. 5). For the felsic volcanic rocks, ENd3ss) ranges from —5.07 to
+0.54, except RHY X chemotype yielding systematically positive values
(+0.98 to +1.79), slightly overlapping the values of the mafic volcanic
rocks. Single-stage model ages (TDM) for felsic rocks varies between 1.1
and 1.6 Ga, except for one sample of RHY Z that yielded a value of 3.0
Ga. The two-stage model ages (2TDM) for this RHY Z sample yields a
value of 1.4 Ga. Otherwise, TDM and 2TDM yielded more similar ages
for each sample, with the latter yielding ~0.3 Ga younger ages than the
former (Fig. 5). More radiogenic samples yield younger model ages
(RHY X and one RHY B sample), and less radiogenic samples yield older
model ages.

4.4. U-Pb in gircon

Five mafic volcanic samples were selected for zircon extraction, of
which four (BAS E: GS18003_490; BAS VC: AS18005_491.5; BAS D:
GS18003_231; GS18003_326) did not provide any zircon for analyses.
The andesitic mafic sample (BAS DA: GS18003 318.4 m) provided 2
zircons (Appendix SA1), of which only one was concordant, yielding a
single-grain Concordia age of 402.1 + 15.5 Ma. Th/U ratio is 0.27,
typical of felsic melts (Table ST2).

Sample ES16005_864 of chemotype RHY X yielded abundant zircon,
and 15 were selected for analysis (Appendix SAl). The U—Pb data
(Table ST2) yielded concordant analyses (Concordia distance, Ver-
meesch, 2021a, between —1.0 and 2.1 %, and all ellipses at 1¢ intersect
the Concordia, not shown), single-grain Concordia ages (Vermeesch,
2021a) between ~341 and ~387 Ma, and Th/U ratios between 0.56 and
1.27, which are typical of magmatic suites. However, the results show
high common lead percentages (1.3-7.4 %), which may raise concerns
about the uncertainty of the analyses. Indeed, 2°’Pb/?%°U errors are
quite high (8 to 26 %).

For this work it is applied the IsoplotR’s radial plot method (Ver-
meesch, 2021a, 2021b). After excluding the youngest age (~341 Ma)
based on the age drop tail in the weighted average diagram (Fig. 6b)
(Spencer et al., 2016; see also Lains Amaral et al., 2021b), the automatic
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mode of the radial plot (Fig. 6a) yielded two age groups: 357.1 + 3.4 Ma
(n = 8; MSWD = 0.98), representing 53 % of the selected grains, and
377.5 + 3.7 Ma (n = 6, MSWD = 1.50), representing the remaining 47 %
of the selected grains, demonstrating the presence of a significant
inherited population. Assuming the existence of several inherited ages
(see Lains Amaral et al., 2021b), and careful visual inspection of the
radial and weighted average plots, the RHY X may contain a maximum
of 3 inherited ages (Fig. 6b—c). In this regard, the emplacement age of
the sample would be 354.3 + 2.6 Ma (n = 6, MSWD = 0.17), and the
maximum inherited fractions for the RHY X would be 366.6 + 4.3 Ma (n
=2, MSWD = 0.00), 377.1 + 3.0 Ma (n = 5, MSWD = 0.10) and the
single age of 387.9 + 6.3 Ma.

5. Discussion
5.1. Classifying hydrothermal volcanic rocks

5.1.1. Felsic volcanic rocks

There are several schemes for the geochemical classification of felsic
rocks (Barbarin, 1990; Bonin et al., 2020; Chappell and White, 1992;
Eby, 1992; Frost et al., 2001; Frost and Frost, 2008; Hart et al., 2004;
Irvine and Baragar, 1971; Lang et al., 2023; Le Bas et al., 1986; Leat
et al., 1986; MacLean and Barrett, 1993; Maniar and Piccoli, 1989;
Middlemost, 1994; Whalen et al., 1987; Winchester and Floyd, 1977).
Rock classification (Winchester and Floyd, 1977), alkalinity (Leat et al.,
1986) and ore-related classification schemes (Hart et al., 2004) are
widely used in hydrothermal altered volcanic rocks, as ratios of the most
immobile elements are applied (Fassbender et al., 2022; Piercey, 2010).
On the other hand, alphabetic and multi-geochemical index

classification schemes are mostly used in plutonic suites, involving
major elements (Frost and Frost, 2008), petrographic associations
(Chappell and White, 1992) or both (Bonin et al., 2020). In this regard,
there are three main aspects to consider when it comes to classifying
hydrothermally altered volcanic rocks. Firstly, there is no common
ground classification for the extrusive and intrusive counterparts (Frost
et al., 2016). Indeed, a recent review strongly suggests that granitoid
chemistry and volcanic chemistry may not be either equivalent or
complementary (Clemens et al., 2022). Secondly, chemical classification
of felsic volcanic rocks should be independent of their petrogenesis, thus
mantle-derived classification schemes must not be applied, as not all
felsic volcanic rocks are derived from the evolution of mafic melts.
Therefore, classifications based on the AFM (or their derivatives) (Irvine
and Baragar, 1971; Ross and Bédard, 2009) are not considered.
Furthermore, calc-alkaline and tholeiite evolved rocks overlap in the
AFM diagram, as noticed by Irvine and Baragar (1971). Thirdly, classi-
fication schemes that use trace elements are rare, and even rarer for
immobile elements. Indeed, a proper classification for hydrothermal
altered volcanic rocks should be based on immobile element ratios, as
these ratios are more probable to keep their original melt signatures
(MacLean and Barrett, 1993). Accordingly, only a very few classification
diagrams are applicable. Considering all the above, division between A-,
I- and S-type (Whalen et al., 1987) and ore-related classification schemes
(Hart et al., 2004) are adopted in this work.

The felsic volcanic rocks of Aljustrel are sub-alkaline (Fig. 3b), like
most of the IPB felsic rocks (Quesada et al., 2019). They show typical
Ga/Al ratios of A-type, as defined by Whalen et al. (1987) (Fig. 7a), and
present Y/Nb ratios belonging to the subdivision A2-type (Eby, 1992)
(Fig. 7b).
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According to ore related classification (Hart et al., 2004), Aljustrel
felsic rocks are classified as FII-type. According to Hart et al. (2004), FII-
type rock can be associated to mineralized deposits, particularly those
that were generated at depths of 10-15Km (upper crust - middle crust
transition).

In other brownfield and greenfield regions of the IPB, the chemo-
types of each region can also show Ga immobility under hydrothermal
circulation as in Aljustrel. Thus, Ga/Al > 2.6 and Y/Nb > 1.2 of the great
majority of the IPB felsic volcanic rocks (Fig. 7a-b) (e.g., Neves-Corvo,
Rosario Anticline, Ervidel-Roxo, Aguas Tenidas; Barrett, 2010; Codeco
et al., 2018; Gisbert et al., 2021; Oliveira et al., 2013) and their melt
inclusions (Marques et al., 2020) point out that A2-type magmatism was
widespread in the IPB from the late Devonian, in the southern branch (e.
g., Neves Corvo), to the early Carboniferous, in the northern branch (e.
g., Aguas Tefidas). In Phanerozoic times, A-type melts are more
frequent in back-arc settings and post-collisional orogens (Condie et al.,
2023), which has petrogenetic and geodynamic implications that will be
addressed in the Section 5.2.5.

It should be mentioned that contrary to what is usually expected for
A2-type rocks, the least altered rocks of the IPB plot systematically in the
peraluminous and magnesian field (not shown). However, index-based
classification schemes (Frost et al., 2001) are defined using major
(mobile) elements and their meaning is difficult to assert and may
produce biased results. Indeed, Barrett et al. (2008) has shown signifi-
cant Mg, Fe, Al, Na, and Ca mass changes related to chloritization and
sulphidation in the Aljustrel volcanic rocks, being the former also sig-
nificant across the IPB (e.g., Codeco et al., 2018). Interestingly, the
major elements of melt inclusions in quartz in the volcanic rocks of
Figueirinha-Albernoa, Neves-Corvo and Serra Branca (Marques et al.,
2020) also points to magnesian and peraluminous compositions. How-
ever, the abnormal Aluminous Saturation Index (ASI) values in the melt
inclusion (ASI >2, not shown) points to some modification of the orig-
inal melt, likely due to seawater interaction. In this regard, the
magnesian and peraluminous character of the volcanic rocks of the IPB
are likely meaningless.

Taking into to account the intrinsic issues regarding a proper clas-
sification for the hydrothermal volcanic rocks, in this work it is
considered that the volcanic rocks of Aljustrel (as most other volcanic
rocks of the IPB) are best classified as FII-A2-type sub-alkaline rhyolitic
to dacitic volcanic suites.

5.1.2. Mafic volcanic rocks

Mitjavila et al. (1997) and Munha (1983) identified tholeiite and
alkaline basalts in the IPB. Conversely, these authors used mostly major
elements to attribute the tholeiite affinity of the IPB sub-alkaline basalts.
For the sub-alkaline mafic rocks of Aljustrel and other areas of the IPB (e.
g., El Almendro-Villanueva de los Castillejos and Aguas Tenidas) major
element-based classification is ambiguous. They plot in the tholeiitic
field of the FeOt/MgO-SiOy diagram (Miyashiro, 1974; not shown).
However, in the AFM (Irvine and Baragar, 1971; not shown) and ATM
(Vermeesch and Pease, 2021; not shown) diagrams, these sub-alkaline
basalts plot in the calc-alkaline field. Nonetheless, these diagrams use
mobile elements such SiO, and Total Alkalis and, as a rule of thumb, the
present work solely considers immobile trace element ratios.

The mafic volcanic rocks of Aljustrel have sub-alkaline affinity
(Fig. 3), plot in the volcanic arc array (Pearce, 2008) (Fig. 8b) and in the
calc-alkaline or “transitional” fields (Cabanis and Lecolle, 1989; Ross
and Bédard, 2009) (Fig. 8a,c), and have Th/Yb > ~0.3 and Ce/Yb > 5
ratios, which are considered of calc-alkaline affinity (Pearce, 1982).
Furthermore, they have Ti/V ratios (30-50) higher than tholeiitic arc
rocks (i.e., Ti/V > 20), which are typical of calc-alkaline suites (Sher-
vais, 2022). Conversely, some of the mafic rocks that are classified as
“transitional” in Fig. 8c have 2 < (La/Nb)ﬁM < 3, whereas others clas-
sified as calc-alkaline in Fig. 8c have 1.5 < (La/Nb)§M < 2. For com-
parison, mafic volcanic rocks from other IPB areas were plotted together
with Aljustrel samples on the immobile diagrams (Fig. 8). The El
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Almendro-Villanueva de los Castillejos (Pascual et al., 2021) and Aguas
Tenidas (Gisbert et al., 2021) mafic rocks have some similarities with the
mafic volcanic rocks of Aljustrel. They plot in the Andesite/Basalt field
and have sub-alkaline affinity (Nb/Y < 0.67, Winchester and Floyd,
1977). In addition, they plot in the volcanic arc array (Fig. 8b) and have
calc-alkaline affinity in the Pearce (1982) classification diagram (not
shown). In the Zr/Y-Th/Nb diagram most rocks are classified as transi-
tional (Fig. 8c). However, El Almendro-Villanueva de los Castillejos plot
in the tholeiitic field in the La/10-Y/15-Nb/8 diagram (Fig. 8a), but
have (La/Nb)f™ > 2. This suggests that the degree of Nb anomaly is
independent of its geochemical affinity. Thus, the sub-alkaline mafic
rocks selected in this work, including Aljustrel, show a geochemical
fingerprint that ranges between tholeiitic to calc-alkaline affinities.
Nonetheless, overall, the mafic volcanic rocks of Aljustrel show a closer
affinity to calc-alkaline. Undisputed calc-alkaline affinity has only been
described in the intermediate mafic volcanic rocks (e.g., Serra Branca;
Rosa et al., 2006) (Fig. 8).

In contrast to the sub-alkaline affinity of mafic rocks of the IPB,
minor alkaline basalts (Nb/Y > 0.67, Winchester and Floyd, 1977) have
also been identified (Mitjavila et al., 1997; Munha, 1983; Oliveira et al.,
2013; Rosa et al., 2004). These have been found in the Rosario Anticline
(Oliveira et al., 2013), plotting in the MORB-OIB array (Fig. 8b), being
classified as OIB tholeiitic basalts or OIB alkaline basalts in the Nb/Yb-
TiO2/Yb diagram (not shown) (Pearce, 2008). The OIB affinity is also
depicted by their common high Ti/V ratios (>43; Shervais, 2022).

Considering these observations, the mafic volcanic rocks of Aljustrel
are regarded as having calc-alkaline affinity, similar to the basalts of
Aguas Tenidas, and in between the calc-alkaline andesites of Serra
Branca and the more tholeiitic basalts of El Almendro-Villanueva de los
Castillejos, clearly contrasting with the OIB basalts of the Rosdrio
Anticline.

5.2. Assessing the role of the continental crust

5.2.1. Mantle magmatism and crustal contamination

The mantle is composed of distinctive isotopic reservoirs as attested
by primitive basic magmatism. Primitive MOR basalts record a highly
Nd radiogenic isotopic source (i.e., ~+ 10), the depleted mantle,
whereas intermediate Nd isotopic signatures (i.e., ~+5), PREMA and
HIMU, are often recorded in primitive OIB and arc-related basalts. Less
Nd radiogenic sources (i.e., ~ —5) of primitive arc-related basalts, EM1
and EM2, are attributed to subduction-related metasomatism (Zindler
and Hart, 1986). On the other hand, mantle-derived magmas may
modify their composition through the interaction with the Nd unra-
diogenic (i.e., ~—15) continental crust (or their partial melting prod-
ucts) (De Campos et al., 2011; DePaolo and Wasserburg, 1979). In this
regard, the slightly depleted signature of most mafic rocks of Aljustrel,
€Ndss5) from +1.54 to +-2.87 (Fig. 5a) may indicate a depleted mantle
source affected by subduction-related metasomatism, a PREMA source
or continental crust contamination. However, one mafic sample, clas-
sified as basalt (Lang et al., 2023) (Table ST1), yielded a high Nd
radiogenic signature, ENd(3ss5) = +5.48, the highest value so far regis-
tered in the IPB, more radiogenic than the radiogenic alkaline basalt (FP-
40) (Mitjavila et al., 1997) with ENd(ss0) = +3.62, which has a positive
Nb anomaly (Fig. 9a). This suggests that the orogenic signature of the
Aljustrel samples, Nb-Ta-Ti negative anomalies and Th positive anomaly
is related to the mantle source (Fig. 9) and not related to crustal
contamination, which is corroborated by the lack of zircons in the heavy
concentrates (see Section 4.4). Furthermore, this sample falls in the OIB-
fertile mantle array (Fig. 10a). Thus, the orogenic signature and calc-
alkaline affinity of the Aljustrel mafic rocks can be envisaged as a pri-
mary feature attributed to the mantle source. This is in agreement with
Munha (1983), which suggested the involvement of two mantles sources
to explain the geochemical variability of the mafic rocks in the IPB: an
enriched subduction-related source, such as the Aljustrel calc-alkaline
rocks, and a depleted source, such as the OIB-like rocks of the Rosario
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Anticline or sample FP-40 (Figs. 8, 10). In addition, (Tb/Yb)RM values
below 1.8 of Aljustrel volcanic rocks (1.07 to 1.41) and IPB sub-alkaline
and OIB tholeiitic basalts (~1 to ~1.6) (Gisbert et al., 2021; Oliveira
et al., 2013; Pascual et al., 2021) suggests a spinel-lherzolite, garnet-
free, mantle source (see Wang et al., 2002). In contrast, the OIB alkaline
basalt of the Rosario Anticlinal has a ratio (Tb/Yb)X of ~2.1 suggesting
that partial melting occurred at deeper sections of the mantle, where
garnet is stable.

In Fig. 10a, the IPB alkaline sample FP-40 (Mitjavila et al., 1997) falls
in the OIB field, suggesting the rather primary feature of this sample
(Mitjavila et al., 1997). On the other hand, the more radiogenic sample
retrieved in hole PM15001 falls between the fertile mantle and OIB
fields, which could suggest some degree of mixing between them, e.g.,
modified subduction-related metasomatized source by asthenospheric
upwelling or magma mixing with OIB basalts.

The other less radiogenic Aljustrel and the IPB mafic rocks require a
three-component partial melting and mixing between depleted and
enriched sources and a crustal contaminant (Fig. 10a) (see also Pollock
etal., 2015). From Fig. 10a, the crustal contaminant in the IPB andesites
was likely significant. Indeed, Mitjavila et al. (1997) suggested that
andesites may have formed by assimilation of crustal materials (see also
Rosa et al., 2004). Other distinctive features between andesite and other
mafic rocks of the IPB have been established. The IPB intermediate rocks
have negative Eu anomalies and basalts show near flat Eu/Eu*. In
addition, the IPB andesites have more pronounced REE fractionation
than the IPB basalts (Mitjavila et al., 1997; Munha, 1983). Indeed, the
andesites of Serra Branca have moderate negative to near-flat Eu
negative anomalies (Eu/Eu* = 0.5-0.9; Rosa et al., 2006) and (La/Yb)I(\}
= 3.08-6.80, whereas basalts from El Almendro-Villanueva de los Cas-
tillejos (Eu/Eu* = 0.86-1.12; (La/Yb)§ = 1.16-2.60) and Aguas Tenidas
(Euw/Eu* = 0.74-1.08; (La/Yb)§ = 2.01-2.79) show near-flat, slightly
negative to slightly positive, Eu anomalies and lower LREE/HREE
fractionation. In Aljustrel, most mafic rock have near-flat Eu anomalies
(Eu/Eu* = 0.82-1.19) and moderate REE fractionation (La/Yb)ﬁ
1.33-2.81, but two more hydrothermal altered BAS VC rocks show
moderate Eu negative anomalies (Eu/Eu* = 0.53-0.56) and slightly
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more pronounced REE patterns ((La/Yb)§ = 2.61-4.38) suggesting that
they might represent more evolved composition (see also Fig. 3b).
Interestingly, andesite BAS DA has a moderate positive anomaly (Eu/
Eu* = 1.39, Fig. 9b), which is unusual for the andesitic rocks of the IPB,
precluding its origin by fractional crystallization of plagioclase from
basaltic melts or significant contamination by crustal material. How-
ever, it does not exclude fractional crystallization dominated by olivine
and pyroxene.

5.2.2. Source and origin of the A2 type magmatism

It has long been established that the felsic rocks of the IPB did not
derive from basaltic magmas through AFC processes (Mitjavila et al.,
1997; Munha, 1983). This is corroborated by the different mafic and
felsic trends on immobile element ratios, such as Zr/Nb versus ENdsss)
(Fig. 11a) and REE fractionation patterns (Figs. 9b and 11b-c). In
addition, the felsic rocks have a great proportion of inherited zircons
(Lains Amaral et al., 2021b), implying a significant role of crustal ma-
terial in their genesis (see discussion in Section 5.2.4).

The felsic volcanic rocks of Aljustrel are characterized by weak to
moderate LREE/HREE ((La/Yb)§ ~ 2.5-7) and LREE/MREE ((La/Sm)$
~ 2-3) fractionation, and near flat MREE/HREE to weak fractionation
((Gd/Yb)ﬁ ~ 0.9-2.5) (Fig. 11d-f). These have a negative correlation to
ENd(ss5), with the most juvenile rhyolite (RHY X) yielding less frac-
tionated REE patterns, more similar to the moderately radiogenic mafic
rocks (Fig. 11d-f). The flat HREE pattern suggests a garnet-free source
(Fig. 11b). In addition, according to Hart et al. (2004), the LREE frac-
tionation typical of FlII-type rocks (Fig. 7c) suggests an amphibole-
plagioclase bearing source. This is in agreement to the view that A2-
type melts may have derived from hydrous mineral-bearing sources
(Gao et al., 2016; Patino Douce, 1997). In addition, the negative Eu/Eu*
anomalies (Fig. 11c), which has been related to feldspar-bearing sources
in the IPB (Donaire et al., 2020a), may explain the high Ga/Al ratios of
the Aljustrel A2-type rocks, as Ga is favorably excluded from the An-rich
plagioclase relatively to Al (Collins et al., 1982 and references therein).
Considering the possibility of magma mixing between mantle- and
crustal-derived melts, which have been also described in A2-rocks
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(Bonin, 2007; Kerr and Fryer, 1993; Wang et al., 2019; Yang et al.,
2006), the higher Ga/Al ratios of the felsic rocks relatively to the mafic
rocks coupled with the Eu negative anomaly of the former reinforces
that the A2-type signature of Aljustrel felsic rocks must be related to
intracrustal partial melting.

5.2.3. Significance of model ages: Avalonian (s.L) crust and magma mixing

Model ages of igneous rocks are useful to estimate the residence time
from which a given crustal material was extracted from the mantle (Bea
et al., 2023). In this regard, model ages of mantle-derived melts have
little significance (Eberz et al., 1991). For crustal-derived melts, model
ages are indicators of the (average) age of the source. As pointed out by
Bea et al. (2023) two-step model age calculations (2TDM) are least
affected by Sm/Nd fractionation during partial melting, and thus, are
adopted in this work (see also Fig. 10a). The 2TDM of the felsic volcanic
rocks of Aljustrel varies between 0.93 and 1.46 Ga (Fig. 5b). These ages
are younger than the 2TDMs of the Tournaisian sedimentary cover of
Aljustrel (1.36-1.74 Ga, Luz et al., 2022) and of the Middle Devonian-
Visean sedimentary cover of the Iberian Pyrite Belt (1.36-1.90 Ga, Luz
et al., 2022) (Fig. 12a,c). Indeed, this feature, similar to the TDM found
in Nova Scotia, has been used as an argument favoring an affinity of the
IPB to the Meguma Terrane (Braid et al., 2011). Recently, zircon detrital
age patterns of the oldest known rocks of the IPB have also been related
to Meguma Terrane (Lains Amaral et al., 2022b). In addition, whole rock
Sm—Nd of the volcanic rocks of the IPB and Hf isotopes in zircon are also
similar to those reported for the Devonian-Carboniferous igneous rocks
of Meguma Terrane (Fig. 10) (de la Rosa et al., 2002). Thus, considering
a Meguma affinity for the IPB, the metasedimentary and meta-igneous
xenoliths retrieved in the Late Devonian Tangier dike system (Dostal
et al., 2006) are crucial to understand the nature of the crust beneath
Meguma Terrane (Eberz et al., 1991; Shellnutt and Dostal, 2022). It has
been suggested that the ~1.0 Ga Sm—Nd model ages and minor
occurrence of Mesoproterozoic zircons in the metasedimentary xeno-
liths are indicative of an Avalonian crust beneath the Meguma Terrane
as a result of thrusting of Meguma over Avalonia during their amal-
gamation in the Devonian (Eberz et al., 1991; Shellnutt et al., 2019). On
the other hand, zircons retrieved from the mafic xenoliths have the so-
called “West African Craton signature” and lack Mesoproterozoic zir-
cons, suggesting that unknown middle and/or lower crust of Meguma
Terrane was deprived of Mesoproterozoic rocks, and composed of
Neoproterozoic and Paleoproterozoic rocks (Shellnutt and Dostal,
2022). The felsic volcanic rocks of the IPB fall in the field of the meta-
sedimentary and meta-igneous xenoliths of Tangier (Fig. 10b), so
melting of a crust similar to these xenoliths could explain the isotopic
variability of the felsic rocks of the IPB. Taken together, the late
Neoproterozoic-middle Mesoproterozoic 2TDM of the felsic rocks of the
IPB (Fig. 12a,d) (0.89-1.46 Ga; this work; Donaire et al., 2020a; Mit-
javila et al., 1997; Pascual et al., 2021; Valenzuela et al., 2011a, 2011b)
might be interpreted as a result of: i) melting Avalonian crust (TDM =
1.0-1.2 Ga; Murphy and Nance, 2002) followed by contamination by
Meguma crust (2TDM = 1.20-2.21 Ga; Barr et al., 2022), considering a
continental crust composed of Avalonia below Meguma; ii) melting of
both Cadomian juvenile rocks and Eburnean-derived crust, considering
a West African-type basement; iii) melting of igneous rocks crystallized
from melts as referred in previous point; and iv) melting Proterozoic
felsic crustal rocks and Devonian mafic igneous rocks (see Lains Amaral
et al., 2021b). These sources are in agreement with the negative corre-
lation between REE fractionation and ENd(sss) (and model ages)
(Fig. 11d-f) and positive correlation between Eu/Eu* and ENd(3ss)
(Fig. 11c¢). Indeed, crustal contamination of Avalonian-derived magmas
by Meguma crust; or relative increment of the Eburnean felsic crust
relatively to the more juvenile crust would tend to increase REE frac-
tionation and model ages and decrease ENd(3s5) and Eu/Eu* anomalies.
As such, the variable model ages of the Aljustrel and other IPB zircons
(Fig. 12) and volcanic rocks suggest that the Eburnean crust may have
(indirectly) took part of their genesis.
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A previous Lu—Hf in zircon study in the IPB (Rosa et al., 2009) shows
a significant variation of €Hf; (—15 to +8). Disequilibrium melting has
been claimed to cause the high variability Lu—Hf in some felsic rocks, as
Hf is mainly controlled by zircon melting. Experimental studies
concluded that partial melting and partial dissolution of zircon would
generate melts with higher Lu/Hf and more radiogenic Hf than the
source (Wang et al., 2018). In addition, isotopic variability of the partial
or total dissolved zircon could be “transferred” to the autocryst or crystal
overgrowth due to Zr slow diffusion in felsic melts (Farina et al., 2014).
Thus, considering the significant inherited zircon population found in
the Aljustrel volcanic rocks, the Hf isotopic variability could have
resulted from different degrees of partial melting, where the zircons with
quite high EHf; (4-8) represent melts generated by low degrees of partial
melting (i.e., low zircon dissolution efficiency) or have been acquired
from the zircons of the protolith(s). The strong correspondence between
Sm—Nd whole-rock and Lu—Hf in zircon 2TDM model ages (~1.3 Ga)
at Aljustrel (Fig. 12a,b), but also at IPB (~1.2 Ga; Fig. 12d,e), strongly
suggests that Hf isotopic variability is not a result of disequilibrium
melting. Furthermore, it also suggests that the petrogenetic process that
gave rise to the observed Hf isotopic variability in zircon is also
responsible for the Sm—Nd isotopic range of the whole-rock in the felsic
volcanic rocks of Aljustrel and the IPB. Although the above crustal-
dominated model(s) can explain the observed isotopic signatures of
the Aljustrel and IPB felsic volcanic rocks and Lu—Hf signatures in
zircon autocrysts (i.e., inherited from previous zircons), magma mixing
has also been proposed to account for the high isotopic variability in
felsic rocks (Griffin et al., 2002). Furthermore, magma mixing has been
recently suggested to be an important mechanism in the IPB (Marques
etal., 2020) and coupling between Hf and Nd model ages, indeed, favors
such model. In this regard, strongly juvenile (up to EHf; = +7.94) and
unradiogenic Hf (down to EHf; = —15.28) zircon autocrysts of Aljustrel
and variable ENd; (—5.07 to +1.79) may indicate the involvement of
metasedimentary and juvenile melts. Thus, the volcanic rocks of IPB
could have originated by magma mixing between juvenile mantle melts
and isotopic variable crustal-derived melts. This process seems to
explain the intermediate compositions and the high contents of V and V/
Y, up to 188 ppm and 31.4, respectively, in the Albernoa melt inclusions
of felsic rocks (Marques et al., 2020). However, in Aljustrel, the che-
motype with the highest vanadium content (V = 36-57 ppm, V/Y =
0.8-1.2, V/Sc = 3.25-5.4), RHY M, contains the most unradiogenic
sample with a value €Nd(sss) of —5.07, whereas the more juvenile
chemotype, RHY X, has lower values of vanadium (V = 5-18 ppm, V/Y
= 0.03-0.5, V/Sc = 0.28-2.25). This implies that the slight radiogenic
signatures of RHY X cannot have been derived from mafic melts. In this
scenario, model ages of the Aljustrel felsic rocks represent source het-
erogeneities, in which the more unradiogenic signatures point to crustal
sources as old as 3.23 Ga for Lu—Hf isotopes (Fig. 12b) and 1.47 Ga for
Sm—Nd isotopes (Fig. 12d), unfolding a long-time crustal residence
source, such as the West African basement. Taken together, two main
petrogenetic processes can be envisaged for the chemical variability of
the volcanic rocks of IPB: i) mantle-derived basic melts variably affected
by crustal material (with felsic melt mixing or upper crust assimilation),
generally characterized by high values of vanadium (such as in e.g.,
Albernoa samples); and ii) felsic-derived melts, that likely have not
mixed with mafic melts and were barely affected by country rocks,
generally characterized by much lower values of vanadium (such as in e.
g., Aljustrel samples).

5.2.4. Zircon inheritance and crustal recycling

U—Pb zircon age spectrum can also be useful in assessing the nature
of the continental crust. The felsic volcanic rocks of Aljustrel are char-
acterized by a significant antecryst zircon population (i.e., 40-50 Ma
continuous zircon populations preceding the emplacement zircon pop-
ulation; Lains Amaral et al., 2021b). In Roséario Anticline, including
Neves-Corvo mine, similar inherited zircons have also been identified
(Oliveira et al., 2013; Pereira et al., 2021; Sola et al., 2015). These
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antecrysts must be related to recent igneous activity and not to sedi-
mentary contributions, as the latter would provide large proportions of
pre-Phanerozoic zircons, namely Cadomian-Pan-African fractions (see e.
g. Braid et al., 2012), which is not the case as only a tiny fraction of the
analyzed zircons in the volcanic rocks of the IPB yield pre-Phanerozoic
ages (Lains Amaral et al., 2021b).

Thus, antecrysts can be envisaged as a direct result of previous
igneous rocks, such as plutons, dykes, or other melt form entrapped in
the crust, pointing to protractive melting scenarios, such as prolonged
crystal mushes, MASH (melting—assimilation-storage-hybridization)
zones and or successive remelting of zircon-bearing rocks (Annen et al.,
2006; Bindeman and Simakin, 2014; Jackson et al., 2018). Indeed, it has
been suggested that a lower crustal hot zone (heated by mafic under-
plating) may be suitable for segregation and incubation of melts for
extended periods (up to >30 Ma), producing zircons that latter can be
incorporated in the melts that ascend to middle and upper crustal levels
(Archibald et al., 2021; Bickerton et al., 2022; Hoseong et al., 2024;
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Miles and Woodcock, 2018). Nonetheless, in such conditions, partial
remelting of igneous intrusions (pluton or dykes) is also possible (Hil-
dreth and Moorbath, 1988), which is consistent with zircon inheritance
in felsic magmas as deriving mostly from the source (Bea et al., 2021).
This would require that, at depth, magmas with high water contents
were being formed by the breakdown of hydrous minerals (e.g.:
amphibole) at the source and exsolving water from underplated mafic
intrusions. In addition, mantle-derived magma underplating induces an
increase in heat flux that allows larger and faster melt extraction rates,
which prevents the melt from reaching Zr sub-saturation, thus reducing
dissolution of the zircons incorporated from the source (Bea et al.,
2021). A felsic MASH, developed at the middle crust, might have also the
proper ingredients to provide water-rich melts and fast rates of melt
extraction. Indeed, granitoid intrusions may provide heat to the crust
inducing fast enough melting and exsolving water into the crust, pro-
ducing water-rich magmas (Schwindinger and Weinberg, 2017). Fast
extraction rates, in mafic or felsic MASH zones, would prevent isotopic
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Aljustrel
.§ . I Ie felsic melts from igneous bodies j—3» Upper Crust Source
S B T\ < — =5} — (including mafic bodies?) Aljustrel:
T 2 [ ‘?- Devonian zircon inheritance and Nd isotopic variability
o (;) in A2-type felsic rocks
.w ()
T q
g . felsic melts and andesites —> IpB:
[+) from mantle-derived melts High-V felsic rocks and
g contaminated by crustal material andesites
g
£
T5 o LR T O ( : = Sl = @ felsic melts from igneous bodies —3 Fe-lsic MASH Source
8 g e e — Dy (including mafic bodies?) Aljustrel:
E 3 "felsic hot-wet zohe" Devonian zircon inheritance and Nd isotopic variability
< in A2-type felsic rocks
gL
=3
= felsic melts from a
tal mugh (2) @ Neoproterozoic & Eburnean crust
. - . ® |ong-lasting Mush Reservoir MASH Source
mafic hot-wet zone (lower crust melts and f > Aljustrel:
%’ g mafic replenishment) Devonian zircon inheritance and Nd isotopic variability
Q= ) - in A2-type felsic rocks
ko) ‘r’:’ X+4— mafic magma mixing (?)
g g
S -
subduction-related
metasomatized @——@ mafic melts from
SCLM depleted and enriched sources |———> Mantle Sources )
(plus hybrid mantle source?) Aljustrel: transitional calc-alkaline mafic rocks
Asthenosphere IPB: transitional calc-alkaline to tholeitic mafic rocks
upwelling and OIB mafic rocks
@ melting source - magma chambers emplacement [3 crustal material contamination
B) ©)

Syn-subduction to post-collisional Variscan Orogeny

AN

Lower Devonian

Ro/lback<‘
Asthenospheric rise‘

Upper Devonian-Lower Carboniferous

Post-collisional Neo-Acadian to Variscan Orogenies

\Break-aff

Lower Devonian

Break-off

Asthenospheric rise

o

.

Upper Devonian-Lower Carboniferous

Fig. 13. a) Multi-petrogenetic model for the Iberian Pyrite Belt (see text). b) Post-collisional and c¢) back-arc geodynamic model for the Iberian Pyrite Belt (see text).
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homogenization of the melts extracted from heterogeneous crustal
sources, and, thus, in this scenario, the isotopic Nd variability register in
the volcanic rock of Aljustrel can be related to a diversely isotopic
source.

Alternatively to middle-lower crustal melting, the incorporation of
antecrysts into the felsic melt at shallower levels (i.e., upper crust) has
also been shown to occur (Bindeman and Simakin, 2014). These authors
noticed that in some recent volcanic centers the 5'%0 in zircon and
whole-rock have relatively low values, suggesting that the low, but
diverse, 5'%0 in zircon was inherited from the remelting of igneous rocks
(plutons or feeding channels) that acquired lower §'0 bulk chemistry
due to meteoric circulation. According to the same authors, remelting of
pre-existing Si-rich igneous rocks is an easier and faster process than
crustal melting at the lower crust by underplating mafic magmas. In
addition, partial melting of the upper crust has been suggested by
several authors for the origin of Si-rich IPB magmatism (Codeco et al.,
2018; Mitjavila et al., 1997; Rosa et al., 2004; Valenzuela et al., 2011b).
Taken together, remelting of previous igneous bodies is also a valid
mechanism to explain the zircon antecrysts of the volcanic rocks instead
of protracted periods of melt incubation in the lower crust.

5.2.5. Petrogenetic and geodynamic inferences

The protracted magmatic history of the IPB, from ~390 Ma, or even
as early as ~415 Ma (Feitoza et al., 2023; Lains Amaral et al., 2021a;
Pereira et al., 2021; Sola et al., 2015), to 340 Ma (Barrie et al., 2002;
Paslawski et al., 2020), was most likely very complex with generation of
melts at several levels of the crust, concomitant with the ascent of
mantle-derived magmas that might not have interacted with felsic melts
during this protracted period, but were considerably important in
providing heat at different crustal levels (Fig. 13a) and, ultimately,
related to the heat of the hydrothermal system (Yesares et al., 2023). In
Fig. 13a, an attempt was made to summarize the multiple possible
processes that could explain the isotopic variability and geochemical
signatures, namely the A2-type, of the felsic volcanic rocks, as well as
the enriched and depleted mantle-derived signatures.

Considering that the petrogenetic models addressed in the previous
section are, indeed, plausible for the genesis of the felsic volcanism in
the IPB (see also Fig. 13a), in this work, we proposed a hybrid model that
accounts isotopic diversity, abundant zircon inheritance and A2-type
signature observed in the felsic volcanic rocks of Aljustrel. Firstly,
earlier melting was developed in mafic hot-wet zones triggered by the
onset of mafic underplating, producing and providing felsic and mafic
melts to the middle and lower crust. The felsic melts would carry the
isotopic signature of the West-African-like lower crust to the middle
crusta. The progressive and long-lived accumulation of granitoids and
other melts at the middle crust, forming a felsic MASH zone, would
culminate with the necessary heat and water to melt previous hydrous
mineral-bearing felsic bodies, promoting the generation of isotopic
diverse, antecryst-rich, A2-type melts (although the punctual contribu-
tion from Devonian-Carboniferous mafic bodies or sediments to the
isotopic variability of the melts cannot be ruled out). These felsic melts
would rise as upper crust sub-volcanic rocks, that could be further
remelted, or in volcanic extrusions. This sequence of geologic events
may have promoted the successive metal remobilization and their
anomalous concentration, making the IPB a unique metallogenetic
province.

In this petrogenetic context and considering the subduction-related
and OIB signatures of the IPB mafic rocks, a geodynamic model
involving asthenosphere rise related to disturbances of the subduction
system (e.g., break-off, tearing, roll-back, ridge-subduction) must be
considered. Recently, an extensive review of IPB volcanic ages suggested
that volcanism defined subparallel axes that become younger to the NE,
and along each axis, younger to SE-E (Albardeiro et al., 2023). In one of
their models, these authors suggested that migration of volcanic activity
to the NE in the IPB was related to a hot spot. However, asthenosphere
upwelling as a result of slab break-off could also provide the “deep-
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seated heat source” as stated by the authors. In this regard, a geo-
dynamic model involving asthenosphere rise in response to subduction
cessation under Meguma related to the Neo-Acadian Orogeny (Bickerton
et al., 2022; Van Staal et al., 2009), followed by an intracontinental
extensional setting as the result of the Variscan collision of Gondwana
with Meguma can be also envisaged (Fig. 12c). However, the decrease in
age of the volcanic activity from SW to NE (closer to the SW Iberian
suture) is more likely related to variations of slab dip in a back-arc
setting (see e.g., Caratori Tontini et al., 2019; Gallhofer et al., 2015;
Nicholson et al., 2004). In this regard, the IPB is envisaged as being
formed in a marginal basin (Munha, 1983; Rubio Pascual et al., 2013;
Tornos et al., 2015), in which steepening of the slab (e.g.: roll-back),
coupled with slab tearing, promoted migration of the volcanic centers
to the trench and to the side (Fig. 12b). This implies a long-lasting
subduction setting, since the Lower Devonian, dipping southwards
(present coordinates), and that complete closure of the ocean between
Ossa-Morena Zone and South Portuguese Zone (Meguma) is likely not
prior to the Carboniferous, favoring complex geodynamic models for the
latest stages of oceanic closure in southern Iberia (Lains Amaral et al.,
2022a; Murphy et al., 2016) (Fig. 12b).

6. Conclusions

The main conclusions of this work regarding the Aljustrel district of
the IPB, based on whole-rock immobile trace elements and isotopic
study, supported by geochronology, are:

1) Immobility/mobility of certain ratios or elements under hydrother-
mal alteration should be carried out in well-established chemotypes.
HREE may have been partly mobile, and Ga was shown to behave
mostly as immobile.

The felsic rocks of Aljustrel have Ga/Al and Y/Nb ratios of A2-melts
and (La/Yb)ﬁ ratios of FII melts.

Slight radiogenic initial isotopic values points that most mafic
Aljustrel rocks might have had some degree of contamination by
crustal material, but one high radiogenic sample argues against a
significant role of crustal contamination, suggesting that the
geochemical signatures of these rocks were derived from the mantle.
The Aljustrel mafic rocks show a calc-alkaline affinity and their
orogenic signatures, namely Nb-Ta-Ti negative anomalies, are
attributed to an enriched mantle source.

Felsic rocks have moderate unradiogenic to slightly radiogenic
Sm—Nd isotopic signatures, yielding two-stage model ages that are
in accordance with previously obtained two-stage model ages of
Lu—Hf in zircon.

Previous studies show that the slight to moderate unradiogenic
chemotype contains a significant antecrysts population. In this work,
abundant antecryts were also detected in the more juvenile felsic
rocks, suggesting that remelting of previous igneous rocks was a
significant petrogenetic process in all felsic volcanism in Aljustrel.
Notwithstanding, few xenocrysts identified in previous studies sug-
gest minor contribution of metasedimentary rocks.

7) The isotopic variability and the A2-type signature could have
resulted from melting of isotopically variable igneous felsic rocks
with or without the involvement of mafic igneous intrusions. In turn,
the isotopic variability of the source might have resulted from
melting of an isotopically diverse meta-igneous and meta-
sedimentary lower crust.

The combined mafic and felsic geochemical signatures of the IPB
volcanic rocks point to a geodynamic setting associated to astheno-
spheric rise that can be either related to i) slab break-off in response
to the Neo-Acadian collision between Meguma and Avalonia (Laur-
ussia), soon followed by the Variscan collision between Gondwana
and Meguma (Laurussia) or ii) roll-back and tearing of the subducted
oceanic crust formed between Gondwana and Meguma.
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