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Abstract
This work investigates the relationships between partial melting, melt extraction, pluton growth and silicic volcanism in 
garnet-bearing felsic volcanic rocks that were extruded in the Iberian Pyrite Belt, at ca. 345 Ma. The garnets are of peritectic 
origin, displaying textural and chemical features of disequilibrium crystallization during partial melting reactions involving 
biotite at high temperatures (up to 870 °C) in the middle-lower crust. Major element composition suggests compositional 
equilibrium with the entrained and pinitized peritectic cordierite, but reveals some subsequent homogenization by diffusion. 
Trace element maps and spot analyses of garnet show, nonetheless, significant trace element variations, reflecting biotite and 
Y-REE-P-rich accessory phase breakdown during partial melting reactions. Peritectic garnet and cordierite growth resulted 
in the preservation of Th- and Y-rich prograde suprasolidus monazite, which constrains the timing of partial melting of 
the metapelitic protolith at ca. 356.8 ± 2.4 Ma. The zircon cargo further shows that a significant amount of zircon crystals 
from previously crystallized felsic melts were also remobilized and erupted. These were likely stored in an upper crustal 
pluton that grew episodically since ca. 390 Ma during voluminous melt generation periods within the middle to lower crust, 
which also resulted in voluminous volcanism. The geochemical trends of the felsic volcanic rocks reflect the entrainment 
of xenoliths of peritectic garnet, cordierite and feldspar, and as such, the garnet-bearing felsic volcanic rocks represent an 
erupted mixture of a lower-temperature (ca. 770 °C) silicic melt and autocrysts, and peritectic phases and zircon crystals 
from previously crystallized and stored felsic melts.
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Introduction

Crustal-derived water-undersaturated and peraluminous 
felsic plutonic and volcanic rocks, broadly corresponding 
to S-type granites of Chappell and White (1992), 
represent a major component of the upper continental 
crust. They are typically generated by partial melting of 
a metasedimentary crust under variable temperature and 
pressure conditions, involving the breakdown of muscovite 
and biotite (Clemens et al. 2020; Johnson et al. 2021).

Experimental work and petrology studies on upper 
amphibolite- to granulite-facies metasedimentary 
migmatites and plutons in the lower and middle crust 
have provided deep insights into partial melting and 
melt extraction in the crust (e.g., Brown 2013; Clemens 
et al. 2020), whereby melt is generated via incongruent 
fluid-present or fluid-absent melting reactions. These 
commonly generate peritectic phases found in melt-
depleted migmatites (e.g., Taylor et  al. 2010; Rocha 
et al. 2017; Charette et al. 2021), which can be entrained 
and transported during segregation and extraction from 
the source (Taylor and Stevens 2010). Peritectic phases 
are not common in felsic plutons, as entrained peritectic 
phases may be rapidly assimilated into the melt (Clemens 
et al. 1997) or react with the host melt, generating other 
stable phases (Lavaure and Sawyer 2011; Rong et  al. 
2017). Nevertheless, numerous works have identified 
compositionally and texturally modified peritectic phases 
in felsic plutons (Erdmann et  al. 2009; Villaros et  al. 
2009a; Taylor and Stevens 2010; Lavaure and Sawyer 

2011; Dorais and Tubrett 2012; Jung et al. 2022; Dorais 
and Campbell 2023). The geochemical variation in major 
and trace elements of felsic plutonic and volcanic rocks 
has thus been increasingly interpreted as resulting from 
the entrainment and assimilation of peritectic phases (e.g., 
Stevens et al. 2007; Villaros et al. 2009b; Farina et al. 
2012; Clemens et al. 2017b; Garcia-Arias and Stevens 
2017; Zhu et al. 2020, 2021; Bailie et al. 2020).

The relationship between felsic plutons and volcanic 
rocks (the volcanic–plutonic relation), however, remains 
debated (e.g., Clemens et al. 2022). The most common 
view encountered in the literature is that felsic volcanic 
rocks represent melts (and their corresponding crystal 
cargo) extracted from crystallizing silicic crystal mushes 
(e.g., Bachmann et al. 2007; Wallrich et al. 2023). Other 
studies have shown that felsic melts can form and extrude 
from incrementally emplaced plutons without evidence of 
significant fractionation in crustal reservoirs, and preserve 
source-inherited geochemical signatures (e.g., Clemens et al. 
2011a, 2017b; Fiannacca et al. 2017). The major challenge 
in linking the petrogenesis of felsic volcanic rocks to source-
related processes is the scarcity of preserved peritectic 
phases (e.g., garnet) and granulite-facies xenoliths in the 
volcanic record, although they have been reported (Harangi 
et al. 2002; Cesare et al. 2009; Acosta-Vigil et al. 2010).

Garnet-bearing felsic volcanic rocks are found in the 
Cotovio area in the Iberian Pyrite Belt (IPB), the most 
important tectonostratigraphic unit of the South Portuguese 
Zone (SPZ) (Fig. 1). These garnet-bearing volcanic rocks 
are part of a suite of voluminous crustal-derived felsic 
magmas erupted in the IPB during the Paleozoic, but their 

Fig. 1  A Simplified paleogeographic reconstruction showing the 
South Portuguese Zone before the fragmentation of Pangea (adapted 
from Pastor-Galán et al. 2020); B map of the Iberian Terrane (adapted 

from Ribeiro et al. 2010); C geological map of the South Portuguese 
Zone, adapted from Luz et al (2021)
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petrogenesis is yet to be fully understood. This work aims 
to identify the origin of garnet crystals and constrain the 
petrogenesis of these garnet-bearing felsic volcanic rocks, 
providing insights into the source to surface evolution of this 
crustal-derived magmatism.

Geological background

The closure of the Rheic Ocean during the Variscan orogeny 
culminated with the collision of Gondwana with Laurasia, 
whose suture can be found from Central America through 
Central Europe (Nance et al. 2012). In SW Iberia, the suture 
separates the Ossa Morena Zone (OMZ), the northern 
margin of Gondwana, and the SPZ on the Laurasian side 
(Fig. 1A; Ribeiro et al. 2007; Braid et al. 2011b).

The SPZ–OMZ collision developed under an oblique 
tectonic setting, generating transtensional pull-apart basins 
(Oliveira 1990; Quesada 1991; Tornos et al. 2002), which 
constitute one of the biggest volcanogenic massive sulfide 
(VMS) metallogenic districts in the world—the Iberian 
Pyrite Belt (IPB) (Tornos et al. 2002). These basins were 
infilled by a siliciclastic-dominated stratigraphic sequence 

(up to 5–10 km thick), with ages ranging from the Middle 
Devonian up to the Carboniferous (Pereira et al. 2007; 
Mendes et al. 2020). These sediments were derived from 
eroded crustal basement, possibly the Meguma terrane 
(Braid et al. 2011, 2012; Luz et al. 2021). From the Visean 
onward, the SPZ was deformed and metamorphosed 
under low-grade metamorphic conditions, up to lower-
greenschist facies, generating a SW-verging thin-skinned 
fold–thrust belt (Munhá 1990; Abad et al. 2001).

Crustal-derived felsic volcanic rocks (rhyolites to 
dacites) often dominate the bimodal volcanism in the 
IPB (Mitjavila et  al. 1997; Tornos 2006), although 
mafic volcanic and subvolcanic intrusive rocks can be 
voluminous in some sectors. Intermediate clinopyroxene-
bearing volcanic rocks also crop out in the IPB and formed 
by crustal contamination and/or mixing of mantle-derived 
mafic magmas with crustal-derived felsic melts (Mitjavila 
et al. 1997; Codeço et al. 2018; Donaire et al. 2020a). 
U–Pb age dating of the felsic volcanic rocks in the IPB 
indicate that magmatism spanned from ca. 380 to 335 Ma 
(Rosa et al. 2009; Oliveira et al. 2019; Albardeiro et al. 
2023).

Fig. 2  Geological map of the Neves-Corvo area, adapted from Pereira et al. (2021) with a simplified lithostratigraphic column of the area
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The Rosário–Neves-Corvo anticline (Figs.  1C, 2) 
represents a SW-verging major Variscan structure in the SPZ 
(Oliveira et al. 2004, 2013). The anticline gently plunges 
to the SE, and associated deformation comprises intense 
foliation near thrust faults with associated folding and 
moderate foliation development elsewhere in a thin-skinned 
deformation style. The stratigraphy in the Neves-Corvo 
area resembles the classical IPB stratigraphic sequence 
comprising from bottom to top: (i) the phyllite–quartzite 
group (PQG), of Givetian–Fammenian age (as old as ca. 
387–384  Ma), with abundant sandstones, graywackes, 
mudstones and marls (Oliveira et al. 2004; Mendes et al. 
2020); (ii) the volcano-sedimentary complex (VSC), 
dominated by Late Famennian to Visean (ca. 366–332 Ma) 
pelitic rocks (Oliveira et  al. 2004; Pereira et  al. 2021) 
with abundant felsic volcanic rocks of rhyolitic to 
dacitic composition, representing effusive felsic domes/
cryptodomes and explosive volcanic pyroclastic deposits 
(Rosa et al. 2008; Oliveira et al. 2013); and (iii) the Baixo 
Alentejo Flysch Group (BAFG), deposited during the 
Visean, and composed of siliciclastic flysch-type turbidites 
(Pereira et al. 2007). In the SE termination of the Rosário 
anticline, two mineral exploration drill holes intersected a 
thick garnet-bearing felsic volcanic unit in the hanging wall 

stratigraphic sequence of the giant Sn-rich Cu–Zn Neves-
Corvo VMS deposit (Carvalho et al. 2017) (Fig. 2).

Results

Volcanic facies and petrography

The garnet-bearing felsic volcanic rocks comprise thick 
and massive, variably muscovite- and chlorite-altered 
quartz–feldspar–phyric rhyolites (Fig.  3; Electronic 
Supplementary Material ESM 1). The volcanic sequence 
is dominated by the jigsaw-fit and clast-rotated breccia 
facies (Fig. 3). These consist of thick intervals of massive 
and poorly sorted clast-supported and clast- to matrix-
supported breccias, respectively, with angular and blocky 
clasts set in a fine-grained matrix composed of quartz, 
feldspar and microphenocrysts fragments. Coherent 
intervals of microporphyritic and massive facies are less 
thick (up to a few meters) and are enclosed by the jigsaw-fit 
and clast-rotated breccia facies, with gradational contacts 
(Fig.  3). This volcanic facies association is typical of 
submarine felsic effusive lava flows and cryptodomes and 
is common throughout the IPB, where coherent volcanic 

Fig. 3  A Geological cross section of the Cotovio area (adapted from Carvalho et al. 2017); B Detailed volcanic facies characterization of the 
CT-01 drill core
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rocks are enveloped within hyaloclastites and thick in situ 
autobreccias, resulting from quenching and interaction with 
seawater, with minor sedimentary transport and reworking 
(e.g., McPhie et al. 1993; Rosa et al. 2008; Donaire et al. 
2020b).

The matrix of the coherent volcanic rocks, devoid 
of fiamme, comprises micropoikilitic quartz feldspar 
(recrystallized volcanic glass) and muscovite, which also 
outlines the relict perlitic fractures (Fig. 4A, B). Phenocrysts 
account for up to 15%vol. Quartz phenocrysts are common 
and are up to 0.5  mm in size (average 100  µm). They 
have rounded and embayed anhedral shapes (Fig. 4B–D), 
which display undulose extinction and are commonly 
mantled by fine-grained quartz. Variably sized (up to 
4 mm) euhedral–subhedral porous and “dusty” albitized 
(?) feldspars are also abundant, and variably replaced 
by epidote (Fig. 4A–E) and muscovite. Epidote is also 
found as rounded crystal aggregates, replacing spherulites 
and the felsic matrix. Quartz and feldspars, although 
commonly found as individual microphenocrysts, are also 
found as rounded to subhedral crystal aggregates and as 
glomerocrysts. Biotite is rare, occurring as chloritized/
altered rounded microphenocrysts dispersed within the 
groundmass, exhibiting oxide-rich (opacitic) rims (Fig. 4C). 
Euhedral zircon crystals are common inclusions in feldspars 
(Fig. 4A), and are also found within the groundmass. Other 
accessory mineral phases include apatite and monazite, 
both disseminated in the matrix and as inclusions in 
feldspars. Primary oxide phases in the matrix and as 
inclusions in feldspars are often intensely replaced by  TiO2 
(rutile) + titanite ± chlorite (ESM1 Sfigs 1.3N). Rare sulfides 
(pyrite ± chalcopyrite ± sphalerite) are found within the 
matrix and associated with apatite + chlorite + epidote + m
onazite + sulfides and carbonate veinlets and fractures. The 
matrix in the clast-rotated and jigsaw-fit breccias resembles 
the matrix in the coherent volcanic facies and is composed 
of abundant microcrystalline quartz and feldspar with 
fragments of quartz and feldspar microphenocrysts, but it 
is more fine-grained, and muscovite and chlorite are more 
abundant. Regardless of the volcanic facies, variably sized 
garnets are common (Figs. 4, 5; ESM1).

Garnet textures

Garnet in the felsic volcanic rocks is found dispersed in 
the matrix as poikiloblastic garnet–quartz intergrowths 
(Figs. 4, 5 Electronic Supplementary Material 1), quartz-free 
euhedral to subhedral garnet crystals (Fig. 5), or as crystal 
fragments.

Poikiloblastic garnet–quartz crystal intergrowths are 
sub-rounded to subhedral, sometimes with well-developed 
garnet crystal faces (Fig. 4F, G, H) and are up to 0.5 cm 
diameter. These garnets are characterized by abundant 

elongated, filmy, rounded, euhedral, lobate to cuspate quartz 
intergrowths and inclusions (Figs. 4F–I, 5A, B). Rounded 
and irregular polycrystalline inclusions are found in the 
quartz intergrowths, possibly representing crystallized melt 
inclusions. Parts of the quartz intergrowths in garnet display 
optical continuity. Another feature of the garnet–quartz 
intergrowths is the common presence of amalgamated 
garnet–quartz interlocking crystal aggregates (Fig. 4G). 
Quartz-free garnet grains are smaller (up to 0.1 cm diameter) 
and display subhedral to euhedral shapes (Fig. 5C-G).

Garnets contain small (< 40  µm) inclusions of 
euhedral–subhedral zircon and monazite (Figs.  4, 
5), and occasionally inclusions of small aggregates 
(pseudomorphs?) of rutile, titanite and/or minor chlorite 
(ESM1.3, SFigs. B, F, I, J, M), which sometimes also 
have apatite and quartz inclusions. Inclusions occur in 
the core, mantle and near the rims of the garnet–quartz 
intergrowths and quartz-free euhedral garnets (Figs. 4, 5; 
ESM1). Furthermore, garnet crystals are variably replaced 
by chlorite or chlorite and muscovite (Figs. 4, 5C, E, F). 
In zones where garnets are intensely replaced, abundant 
rounded and irregularly shaped monazite is sometimes 
found, with occasional minor allanite, rutile, and apatite.

Other rounded muscovite–chlorite–quartz intergrowths 
are also rarely found (Fig. 5H, I). They are texturally similar 
to the garnet–quartz intergrowths in size (up to 0.3 cm), 
comprising rounded, lobate, and cuspate quartz, partially 
in optical continuity (Fig. 5H, I), intergrown with a parent 
phase which is completely altered to fine-grained aggregates 
of a muscovite and chlorite rich pseudomorph (pinite). 
These occur as complex replacements along microfractures 
that grew inward into the pseudomorphed phase (cordierite?) 
(Fig.  5H, I; ESM1). Accessory phases such as zircon, 
monazite, apatite and minor allanite are also found within 
the pseudomorphic aggregates (Fig. 5H).

Garnet major and trace element composition

The complete garnet EPMA and LA-ICP-MS dataset can 
be found in ESM2 Table 1, additional LA-ICP-MS trace- 
lement profiles in ESM3, and analytical methods are 
provided in ESM4. All garnets are FeO-rich and MgO-, 
MnO-, and CaO-poor, almandine-pyrope solid solution 
garnets, with minor spessartine and grossular components 
(between  Alm0.90–0.80Pyr0.10–0.04Sps0.05–0.01Grs0.03–0.01) 
(EPMA data in ESM2 Table  1). Garnets intergrown 
with quartz show major element zoning, with preserved 
normal prograde growth zoning characterized by rimward 
increases in  XAlm (0.85 up to 0.90) and  XPyr (0.05 up to 
0.06) and decreases in  XSps (0.03 down to 0.01) and  XGrs 
(0.02–0.01) (Fig. 6A, B). Quartz-free, euhedral garnets 
are characterized by similar compositions, but differ from 
the garnet intergrown with quartz by having lower  XSps 
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Fig. 4  Photomicrographs of the garnet-bearing silicic volcanic 
rocks. Red arrows represent zircon inclusions, orange arrows are 
monazite inclusions in garnet and quartz, and dark-green arrows are 
chlorite. Scale bars are 400  μm. A Zircon inclusions in a feldspar 
phenocryst (albite), set in a quartz- and K-feldspar-rich matrix with 
abundant perlitic fractures; B Embayed quartz and euhedral feldspar 

microphenocrysts. C Rounded biotite with opaque rims and quartz 
microphenocrysts. D and E Epidote replacing feldspars, F to I 
rounded to subhedral garnet intergrown with quartz, displaying filmy, 
elongated and lobate quartz inclusions. Note in G the presence of two 
amalgamated garnet–quartz intergrowths
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Fig. 5  Photomicrographs of the garnet-bearing silicic volcanic 
rocks. Red arrows are zircon inclusions, orange arrows are monazite 
inclusions in garnet and quartz and green arrows are chlorite. Scale 
bars are 400  μm. A Garnet intergrown with quartz displaying 
a quartz-free core and filmy and lobate quartz inclusions and 
intergrowths in the mantle and rim (trace element map in Fig. 7). B 

Chlorite-altered garnet intergrown with lobate quartz intergrowths, 
C to G smaller, euhedral quartz-free garnets, variably replaced by 
chlorite. H and I Muscovite–chlorite pesudomorphs intergrown with 
quartz. Note that quartz is not entirely in optical continuity, a similar 
feature to the garnet–quartz intergrowths and inclusions
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Fig. 6  A–C Representative rim-to-rim EPMA major element profiles of two garnets intergrown with quartz and one smaller euhedral garnet. 
Scale bars are 400 μm
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and comparatively higher  XGrs (Fig. 6C). Euhedral garnets 
often exhibit no major element zoning, although larger sized 
crystals display some major element chemistry zoning, 
with Ca- and Mn-enriched  (XGrs >  XSps) cores and slight 
rimward increases in Mg and Fe (Fig. 6C). Both garnet types 
occasionally show the presence of thin retrograde rims in 
contact with the groundmass, with small increases in Mn 
and Mg and similar decreases in Fe (Fig. 6C).

The mapped garnet intergrown with quartz (Fig. 7) shows 
a decrease in Mn toward the rim and a small increase in 
the mantle area. Furthermore, there is prominent concentric 
trace element zoning, characterized by the presence of 
an inner core enriched in V, Sc, HREE, Zr and Ti, and an 
outer core marked by a sharp decrease in trace element 
concentrations (Fig.  7). Both core domains have well-
developed oscillatory zoning, as best displayed in the V 
and HREE maps (Fig.  7). The outer core is overgrown 
by a trace element-enriched mantle (HREE, Sc, V, Ti and 
Zr), with marked oscillatory zoning, and rimward trace 
element decreases (Fig. 7). The trace element-rich mantle 
is broader in size in the HREE, Sc and V maps, whereas the 
Zr and Ti maps display a thinner mantle (Fig. 7), although 
these differences can also be related to the thickness of the 
oscillatory zoning. Furthermore, the outer core–mantle 
transition seems to coincide with the appearance of filmy, 
lobate quartz intergrowths, but there is no evidence of 
dissolution between the core–mantle and mantle–rim 
domains. Also noticeable in some EPMA profiles in Fig. 6, 
the mantle area shows a slight increase in Mn (Fig. 7) and 
Ca (ESM3).

Garnets intergrown with quartz display a wide range in Y 
(167–3250 µg/g), P (119–733 µg/g), ∑REE (133–1773 µg/g) 
and ∑HREE (121–1758 µg/g), whereas smaller euhedral 
garnets have markedly lower trace element concentrations 
(Y 171–1486 µg/g, P 186–383 µg/g, ∑REE 133–1136 µg/g 
and ∑HREE 121–856  µg/g). Ti concentrations varies 
from 152 to 1870 µg/g in garnet intergrown with quartz, 
and 408 to 1061 µg/g for euhedral garnets, while Zr and 
Hf concentrations are overall similar in both euhedral 
garnets and garnets intergrown with quartz (20–260 µg/g 
and  30–250  µg/g, respectively). Chondrite-normalized 
REE patterns of all garnet analyses show strong LREE 
depletion and M-HREE enrichment, variably pronounced 
Eu anomalies (Eu/Eu* between 0.02 and 0.07) and highly 
variable  LuN/GdN ratios (Fig. 8). Garnet intergrown with 
quartz shows wider ranges in the  LuN/GdN ratios (from 
0.03–8.09) than the euhedral quartz-free garnet (0.06–0.73) 
(Fig. 8). LA-ICP-MS trace element profiles from other 
garnet–quartz intergrowths show Y + HREE rich cores 
and a variably trace element enriched mantle, with sharp 
decreases in trace element concentrations between both 
domains (ESM3). This zoning is particularly noticeable in 
Y, Lu and Yb in all the garnet transects, whereas MREE, 

Ti, Zr, P and Hf display wide variations in the core and 
mantle zones (ESM3). A trace element profile (rim-to-rim) 
of a euhedral garnet shows the presence of an inner core with 
high Zr, Ti, Hf, P and MREE, and low HREE + Y (Fig. 8). 
The sharp decrease in Zr, Ti and MREE in the outer core 
area coincides with increases in Y, Yb and Lu, whereas Y 
and HREE decrease toward the rim with the trace element 
profile showing a second mantle enrichment in Zr, Ti, 
MREE and P (Fig. 8).

Whole‑rock geochemistry

Major and trace element compositions of the garnet-bearing 
volcanic rocks are presented in ESM2 Table 3 and methods 
are in ESM4 (Fig. 9). All samples show moderate to high 
 SiO2 contents (67.2–80.1 wt%), with A/CNK > 1, mostly 
above 1.1. Most major elements and Zr define scattered 
and broad negative correlations with increasing  SiO2 
(Fig. 9; ESM2 Table 3).  FeOT + MgO (maficity),  Al2O3 and 
 TiO2 as well as Eu, U and Zr show quasi-linear negative 
correlations with  SiO2 (Fig. 9). A/CNK,  TiO2,  Al2O3, Mg# 
define positive trends with increasing  FeOT + MgO, as well 
as Zr, Hf, Yb, Sm and Nb, although with some scatter, 
whereas CaO and  SiO2 display negative correlations with 
 FeOT + MgO (Fig. 9).

The garnet-bearing felsic volcanic rocks are also 
characterized by variable, but overall high total REE 
concentrations (41–431  µg/g) and markedly negatively 
sloped C1-normalized REE patterns  (LaN/YbN from 
3.6–33.1). REE patterns have negative LREE and 
HREE slopes  (LaN/SmN and  GdN/LuN between 1.13–3.4 
and 1.2–5.9), negative Eu anomalies (Eu/Eu* =  EuN/
(SmNxGdN)0.5) of 0.28 to 0.40 (0.33 average) and mildly 
positive Ce anomalies (0.92–1.14, avg. 1) (Fig.  10A). 
Primitive mantle (PM)-normalized trace element diagrams 
show pronounced enrichments in LILE (e.g., Rb, Ba), Th and 
U over HSFE (e.g., Nb), with marked negative anomalies in 
Pb, Sr and Ti (Fig. 10B). Moreover, the garnet-bearing felsic 
volcanic rocks show low Nb (8–24 µg/g), Ta (0.8–1.6 µg/g) 
and sub-chondritic Nb/Ta (9–18), low Cr (< 0.5–8.3 µg/g), V 
(< 5 µg/g), and Ni (2–9 µg/g), and Zr concentrations between 
80 and 315 µg/g.

Zircon morphology, geochronology 
and geochemistry

All dated samples from both drill cores represent different 
facies of a specific volcanic deposit, as indicated by 
geological, stratigraphic, and physical volcanology data. 
Thus, U–Pb zircon data are integrated with geological and 
stratigraphic data, providing a robust framework with which 
to interpret the results. Zircon populations were calculated 
using the Sambridge and Compston (1994) method. All 
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Fig. 7  LA-ICP-MS trace element maps of a garnet intergrown with quartz. Scale bars are 400 μm. Additional maps of Ca, Ce, Gd and Dy and 
trace element spot analyses profiles of garnet–quartz intergrowths are provided in ESM3
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reported uncertainties for individual analyses and calculated 
zircon populations are 2σ. Data are provided in ESM2 
Table 5 and 6 and detailed methods are provided in ESM4.

SHRIMP U–Pb zircon geochronology

Zircon from the four CT-01 drill core samples comprise 
small (< 200 μm in length) euhedral to subhedral grains or 
fragments, and are transparent, prismatic, and elongated 
(from 2:1 to 4:1 length/width ratios). All the grains show 
homogeneous textures, fractures and the presence of 
inclusions in BSE images. Cathodoluminescence (CL) 

images show some variation of CL response and the common 
presence of typical magmatic textural features (as in Corfu 
et al. 2003) such as oscillatory zoning and sector zoning, and 
in some grains a homogeneous CL response (ESM1). Most 
grains are characterized by similar morphologies, with well-
developed {211} pyramids, dominating over {101}, and 
dominant {110} prisms over {100}. There is no relationship 
between specific textural features or CL response to any of 
the individual zircon populations. One important feature is 
the lack of overgrowths and texturally complex zircons.

Zircon U–Pb dates from all four samples (CT-01 drill-
core) display a wide range of concordant dates (Fig. 11A, 

Fig. 8  A and B Chondrite-normalized garnet REE data [values from McDonough and Sun 1995); C Trace element (Zr, REE, Y, P and Ti)] 
variations along a rim-to-rim profile A–B for a euhedral garnet (major element in Fig. 6)
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C), suggesting the presence of multiple zircon populations. 
The older 206Pb/238U dates (n = 4), from all samples, scatter 
between ca. 470 ± 12 Ma up to ca. 439 Ma, with variable 
Th/U ratios (0.12–1.98; Fig. 11E), whereas the remaining 
206Pb/238U dates (n = 47, from all samples) range from ca. 

400 Ma up to ca. 351 Ma. The analyses define four main 
zircon populations at 453 ± 6 Ma, 407 ± 5 Ma, 384 ± 6 Ma, 
and 365 ± 1.6 Ma (Fig. 11A), with Th/U ratios between 
2.01 and 0.11 (Fig. 11E).

Fig. 9  A to G Major element Harker plots for the Cotovio garnet-
bearing rhyolites (recalculated to a volatile-free basis). A  TiO2; 
B  Al2O3; C  FeOT + MgO; D CaO. E  K2O vs  FeOT + MgO; F TiO2 
vs  FeOT + MgO; G A/CNK vs  FeOT + MgO; H U  vs  SiO2; I Zr 
vs  SiO2; J Zr vs  FeOT + MgO; K Yb vs  FeOT + MgO; L Eu vs 
 SiO2; M Nd vs  FeOT + MgO; N Rb vs  K2O; O Hf vs  FeOT + MgO. 

Additional information on peritectic assemblage entrainment (PAE) 
and fractional crystallization (FC) modeling are provided in ESM2 
Table  4. Plots A–G show also the vectors calculated for peritectic 
phase entrainment (in red), of garnet, cordierite, K-feldspar (20%) and 
ilmenite (2%), and fractional crystallization (in blue) of plagioclase, 
K-feldspar, biotite, garnet and cordierite (10%), and ilmenite (2%)
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LA‑ICP‑MS U–Pb zircon geochronology

Zircon grains from the four LA-ICP-MS dated samples 
of the CT08001 drill core are small (< 200 μm in length). 
The euhedral zircon grains and zircon fragments with 
length–width ratio of 2:1 to 4:1. Common CL textures 
include oscillatory zoning or a homogeneous CL response. 
Zircons also show well-developed {211} pyramids and 
{110} prisms, dominating over {101} pyramids and {100} 
prisms.

The zircon LA-ICP-MS U–Pb data of all four samples 
also show a wide variation in concordant 206Pb/238U dates 
(n = 104 analyses within 10% concordance) spanning 
in a multi-peak age spectrum (Fig. 11B). The youngest 
dates (n = 69, from all samples) range from 338 ± 4 up to 
378 ± 6 Ma, and comprise most of the data. They define four 
major peaks at 345 ± 1 Ma, 359 ± 1 Ma, 366 ± 1 Ma, and 
374 ± 1 Ma. These overlap with the main volcanic episodes 
in the stratigraphy in Neves-Corvo (Fig. 11B), whereas the 
remaining older 206Pb/238U dates (n = 35, from all samples) 
range from 387 ± 6 and 453 ± 6 Ma, defining several minor 
peaks between 390 and 400 Ma (Fig. 11B).

Zircon trace element geochemistry

The LA-ICP-MS zircon trace element data is presented in 
ESM2 Table 7 and the analytical methods in ESM4. The 
zircon crystals from all individualized populations display 
coherent REE patterns (Fig. 12A), characterized by strong 
MREE and HREE enrichment, variable MREE–HREE 
segments  (YbN/DyN between 0.68 and 6.65), low  GdN/
YbN (0.03–0.67) and ∑LREE (0.44–47.78  µg/g), and 
variable negative Eu and positive Ce anomalies (0.02–0.7 

and 0.83–4.89, respectively; Fig. 12). Noticeably, a few 
zircon analyses with ages from ca. 350–370 Ma (defining 
a ca. 365 Ma main population) display lower  GdN/YbN 
values and flat REE patterns (Fig.  12A).Other trace 
element compositional ranges of the zircon populations 
are also similar, with variable Hf (9560–15100 µg/g), Y 
(1079–11400 µg/g), Ti (3.42–34.2 µg/g, two outliers of 59 
and 72 µg/g) concentrations (Fig. 12B–E). The majority of 
the zircon grains show LREE-I values (Dy/Nd + Dy/Sm) 
above 10, indicating no significant post-crystallization 
alteration (Bell et al. 2019). Ti is positively correlated 
with Th/U (Fig. 12D), and negatively correlated with Hf 
(Fig. 12F), the latter suggesting decreasing temperatures 
with magmatic differentiation. Hf also displays a positive 
correlation with Y (Fig. 12E), and the data appear to define 
two main trends, one with higher Y (above 9000 µg/g) and 
one with lower (up to 6000 µg/g) Y contents. Additionally, 
Y shows a broad and scattered negative correlation with Ti, 
also displaying two main compositional trends (Fig. 12H). 
Furthermore, Y is positively correlated with Gd/Yb 
ratios. Eu anomalies show a positive correlation with Hf 
(Fig. 12G). The overall low positive Ce/Ce* values suggest 
crystallization under reducing conditions, due to the 
higher compatibility of tetravalent Ce in relation to  Ce3+. 
Oxygen fugacity estimates, calculated using the zircon 
oxybarometer of Loucks et al. (2020) yield similar  fO2 
estimates for all zircon analyses, mostly under reducing 
melt conditions and ∆FMQ values between 1.1 and –5.6. 
The average  fO2 of the ca. 365 Ma zircon population is 
-16.7 ± 2.1 (ESM3 Table 7). (Fig. 12, I, J). These results, 
although rather low, are within the range of  fO2 estimates 
for other reduced granites and silicic volcanic rocks (e.g., 
Pichavant et al. 1988, 2024; Bucholz et al. 2018; Zhu et al. 

Fig. 10  A C1 Chondrite-normalized REE (values from McDonough and Sun 1995); B PM-normalized (values from Palme and O’Neill 2014) 
trace element plot of the garnet-bearing rhyolites whole-rock samples
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2021; Li et al. 2021; Bell and Kirkpatrick 2021; Nazari-
Dehkordi and Robb 2022; Sun et al. 2023; Huang et al. 
2023; Vogt et al. 2023; Manor et al. 2023). Furthermore, 
there is a general trend of increasing ∆FMQ with Eu/Eu* 
(Fig. 12F), suggesting the role of additional processes 
in controlling the Eu anomalies besides plagioclase 
fractionation (Holder et al. 2020; Bell and Kirkpatrick 
2021).

Monazite geochemistry and in situ geochronology

Monazite geochemistry

Monazite EPMA data is presented in ESM2 and analytical 
methods in ESM4. There are four different monazite 
textural types with distinct compositions: (i) euhedral to 

Fig. 11  A and B Probability density functions for the SHRIMP and 
LA-ICP-MS geochronology datasets with ranked U–Pb SHRIMP 
206U/238Pb dates of the garnet-bearing felsic volcanic rocks; box 
heights are 2σ. Uncertainties in the individualized zircon populations 

ages are calculated at the 95% (2σ) confidence level; C and D 
Concordia diagrams of the SHRIMP and LA-ICP-MS datasets; E Th 
vs U plot of the SHRIMP zircon analyses
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subhedral inclusions in garnet (Fig. 13A–H); (ii) inclusions 
in muscovite–chlorite pseudomorphs (Fig.  13I); (iii) 
inclusions in feldspars (Fig. 13J–K) and (iv) small (< 10 µm) 
anhedral grains near intense garnet replacements by chlorite 
and included in feldspars (Fig.  13L–M). All monazite 
analyses show  XMnz-rich compositions (0.88–0.99; ESM2 
Table 8), and their geochemical composition is controlled 
by the huttonite and minor cheralite substitutions (Fig. 13). 
Euhedral monazite inclusions in garnet and chlorite-
muscovite pseudomorphs show variable ∑LREE and Y 
concentrations  (YO2 from 5.18–1.09 wt%, avg. 2.78 wt%), 
high Th  (ThO2 > 2.88 wt%) and low Si (apfu) (Fig. 13N–Q). 
These euhedral monazite inclusions are unzoned in Th and 

Y, although some grains display some Y and Si variations 
(Fig. 13N–Q). Euhedral to subhedral inclusions in feldspar 
display textural and chemical features similar to the euhedral 
monazite inclusions in garnet and chlorite–muscovite 
pseudomorphs (Fig. 13N–Q). Anhedral monazite grains 
(rimming garnet and as feldspar inclusions) show the 
highest LREE contents, lower Th, and Y concentrations, 
and variable Si (apfu), up to 0.28 (Fig. 13N–Q).

Monazite U–Pb geochronology

Seventeen LA-ICP-MS U–Pb spots were obtained from four 
subhedral–euhedral Y- and Th-rich monazite inclusions in 

Fig. 12  Zircon trace element geochemistry A and B Chondrite 
C1-normalized (from McDonough and Sun 1995) zircon REE 
patterns; C LREE-I vs ∑LREE; D Ti vs Th/U; E Y vs Hf; F Ti vs 
Hf; G Eu/Eu* vs Hf; H Ti vs Y; I ∆FMQ vs Eu/Eu*; J logfO2 vs 
 TTi-in-zircon (ºC). The plotted Ti-in-zircon and  fO2 average data is from 

the ca. 365 Ma zircon population (see text for details). Data in blue 
(J) compiled from Li et al. (2021), Yang et al. (2000), Bucholz et al. 
(2018), Manor et  al. (2023), Vogt et  al. (2023) and Pichavant et  al. 
(2024)
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garnet intergrown with quartz and one Th-rich euhedral 
monazite inclusion in feldspar (Fig. 13A, D, E, F, J; ESM2 
Table 9; methods in ESM4). One highly discordant analysis 
(> 10%) was rejected from the dataset (Fig. 13A, R). The 
remaining sixteen analyses are below 10% discordance, 
suggesting low common Pb contents. The 206Pb/238U 
data define a Tera–Wasserburg lower intercept age of 
356.8 ± 2.4  Ma (MSWD = 1.6; Fig.  13R), anchored at 
0.859 ± 0.02, derived from the Stacey and Kramers (1975) 
terrestrial Pb evolution model. This date overlaps, within 
uncertainty with the youngest zircon dates from the ca. 
365  Ma major population of the SHRIMP dataset, and 
significantly overlaps with the ca. 360 Ma age main zircon 
population in the LA-ICP-MS dataset (Fig. 11).

Geothermobarometric constraints

Ti‑in‑zircon and zircon saturation temperatures

The reduced zircon  fO2 estimates preclude rutile 
crystallization  (aTiO2 = 1), which is a typical feature 
of oxidized melts (e.g., Schiller and Finger 2019). 
This strongly suggests that  aTiO2 should be below 1. 
Independent  aTiO2 estimates are not available, especially 
due to the widespread alteration of primary oxide phases 
into rutile + titanite + chlorite, possibly resulting from the 
low-grade metamorphic recrystallization of ilmenite (e.g., 
Luvizotto et al. 2009; Angiboust and Harlov 2017). Such 
sub-solidus alteration is also supported by the widespread 

Fig. 13  A–M Monazite BSE images with EPMA and LA-ICP-MS spot analyses. Scale bars are 100  µm; N–Q EPMA monazite chemical 
composition; R Tera–Wasserburg concordia diagram of the LA-ICP-MS U–Pb monazite results
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porous feldspar textures, and replacement of euhedral albite 
feldspars by epidote and muscovite (e.g., Plümper and 
Putnis 2009), hindering the use of oxide phases to estimate 
magmatic  aTiO2 values. Ilmenite-stable silicic melts have 
variable  aTiO2, ranging from at least 0.3 up to 0.9 (Teixeira 
et al. 2024), although typically considered between 0.4 and 
0.5 (Schiller and Finger 2019). Furthermore, variations in 
 aTiO2 are expected during the cooling and evolution of felsic 
melts, and thus the use of a fixed  aTiO2 may also introduce 
significant discrepancies in the calculated Ti-in-zircon 
temperatures (Teixeira et al. 2024). As such, we calculate 
zircon crystallization temperatures using the Ti-in-zircon 
calibration of Ferry and Watson (2007), excluding two 
analysis with anomalously high Ti concentrations (59 and 
72 µg/g), and considering  aSiO2 = 1 and  aTiO2 at 0.5 and 
0.9. Calculated temperatures with  aTiO2 of 0.5 are high and 
range from 710 up to 965 °C (Fig. 12F, J), whereas those 
obtained considering  aTiO2 of 0.9 are lower, and range 
between ca. 660 and 890 ºC. Furthermore, the average 
temperatures of the ca. 365 Ma population is 837 ± 66ºC 
(aTiO2 of 0.5) and 774 ± 60ºC (aTiO2 of 0.9) (Fig. 12J). 
These latter estimates  (aTiO2 of 0.9) are thus preferred 
but are considered as minimum zircon crystallization 
temperatures  (TZirc).

Experimental work on Zr solubility in felsic melts resulted 
in the development of zircon saturation models, which 
enables predicting the temperature at which a melt with a 
given composition (M factor) saturates in zircon (Watson 
and Harrison 1983; Boehnke et al. 2013). Most garnet-
bearing rhyolites are within the calibrated compositional 

range of 0.9 < M < 1.9 (M = (Na + K + 2Ca)/Al·Si in cation 
proportions), resulting in zircon saturation temperatures 
 (TSatZirc) between 696 and 800 ºC, using the Boehnke et al 
(2013) model.  TSatZirc is inversely correlated with  SiO2 and 
is positively correlated with  FeOT + MgO (ESM2 Table 3), 
and the most silicic compositions (71.5–78.3  SiO2 wt%) 
display  TSatZirc between 696 and 772 ºC (ESM2 Table 3). 
The presence of inherited zircon implies that the melts were 
zircon oversaturated or near saturation. As such, the  TSatZirc 
are considered as maximum temperatures of the melts. 
 TSatZirc values overlap with most of the minimum zircon 
crystallization temperatures  (TZirc).

TitaniQ: Ti‑in‑quartz

Quartz intergrown with garnet shows a bright and 
homogeneous CL response and exhibits rounded and 
smooth-walled embayments (Fig. 14A–D). Five LA-ICP-MS 
analyses of quartz intergrown with garnet show Ti contents 
between 92 and 108 µg/g (Fig. 14A–D; ESM2 Table 11). 
Ti incorporation into the quartz lattice is sensitive to 
temperature, pressure, melt composition and  aTiO2 (e.g., 
Wark and Watson 2006; Osborne et al. 2022). We use the 
Ti-in-quartz calibration of Osborne et al. (2022) to model 
the effects of varying P–T–aTiO2 conditions (Fig. 14E). 
Quartz crystallization in equilibrium with rutile  (aTiO2 = 1) 
is only shown for comparison, as zircon oxybarometry 
indicates reduced magmatic  fO2 conditions. The average 
minimum Ti-in-zircon temperature estimates  (aTiO2 = 0.9) 
are typically lower than those required for dehydration 

Fig. 14  A–D BSE and cathodoluminescence (CL) features of the analyzed quartz intergrown with garnet; E P-T-aTiO2 results of the analyzed 
quartz intergrown with garnet
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melting involving biotite (> 820–850  °C), although the 
highest calculated  TZirc for the 350–370 Ma zircon analyses 
are compatible with dehydration melting involving biotite 
(up to 870 °C). Considering these high-temperatures and 
high  aTiO2 values (0.9), quartz crystallization is calculated 
at high pressure conditions (8–10 kbar), whereas a lower 
 aTiO2 of between 0.3 and 0.5 during quartz crystallization 
results in lower pressure estimates, between 6 and 7 kbar 
(Fig. 14E). This large range in potential pressure conditions 
further highlights the importance of constraining  aTiO2. The 
amount of  TiO2 in a melt  (aTiO2), however, is not constant 
in natural systems (Schiller and Finger 2019; Teixeira et al. 
2024).  aTiO2 in felsic melts may either increase during 
cooling and crystallization of Ti-poor minerals or decrease 
due to crystallization and efficient removal of Ti–rich phases. 
As such, it is likely that different  aTiO2 values should be 
considered when using the Ti-in-quartz and Ti-in-zircon 
geothermometry (Teixeira et al. 2024).

Discussion

Garnets in silicic volcanic rocks: origin and growth

Origin of the garnets

While more common in low- to high-grade metamorphic 
rocks, garnet also occasionally occurs as a rock-forming 
phase in felsic volcanic (Harangi et al. 2002; Lucci et al. 
2018; Sieck et  al. 2019) and plutonic rocks (Dahlquist 
et  al. 2007; Villaros et  al. 2009a; Dorais and Tubrett 
2012; Dorais and Spencer 2014; Narduzzi et  al. 2017), 
and in highly differentiated and pegmatitic felsic rocks 
(Zhang et al. 2001; Breiter et al. 2005; Samadi et al. 2014). 
Interpretations on the origin of garnets in felsic volcanic and 
plutonic rocks range from: (i) xenocrystic garnets, derived 
from the incomplete assimilation of the protolith or other 
metamorphic country rocks (e.g., Clarke 2007; Scallion et al. 
2011); (ii) a peritectic origin, generated during incongruent 
partial melting reactions and entrained into the extracted 
melt (Erdmann et al. 2009; Villaros et al. 2009a; Taylor and 
Stevens 2010; Dorais and Tubrett 2012; Jung et al. 2022); 
(iii) a phenocryst/liquidus phase, directly crystallizing from 
the felsic melt (e.g., Lucci et al. 2018; Sieck et al. 2019; 
Devoir et al. 2021), including in highly fractionated felsic 
melts or pegmatites (e.g., Samadi et al. 2014; Maner et al. 
2019). Textural, major- and trace element data of these 
phases provide critical insights into the petrogenesis of the 
host rocks (Clarke 2007; Erdmann et al. 2009; Dorais and 
Campbell 2022).

Comparing the major element chemistry from garnets 
of this study with those compiled in Schönig et al. (2021), 
the garnets from this study overlap with compositions of 

those from felsic igneous rocks and metamorphic rocks in 
metasediments (ESM3), which are characterized by low 
Ca and Mn contents (ESM3). Furthermore, metamorphic 
garnets are commonly characterized by a variety of 
metamorphic mineral inclusions, usually display textural 
evidence of deformation and/or metamorphic mineral 
growth (e.g., snowball structures), and significant major 
element core-to-rim compositional zoning (e.g., Groppo 
et  al. 2012). Xenocrystic garnets in felsic plutonic and 
volcanic rocks also frequently show an association with 
partially disaggregated and assimilated crustal material 
(Scallion et al. 2011) or show textural and chemical features 
that indicate significant resorption, replacement or chemical 
exchange with felsic melts (Clarke 2007; Devoir et al. 2021). 
The absence of metamorphic mineral inclusions and of 
pronounced major element core-to-rim zonation and the lack 
of other xenolithic material strongly argues an origin of the 
garnets related to assimilated metamorphic country rocks.

Garnets that crystallize from evolved felsic melts 
sometimes exhibit similar textural features such as quartz 
intergrowths and rounded- or lobate-shaped inclusions 
and graphic-like intergrowths (e.g., Zhang et  al. 2001; 
Breiter et al. 2005; Samadi et al. 2014). Despite the textural 
similarities, these garnets display strong enrichments in Mn 
and typically  XSps dominates over other components. The 
role of Mn in stabilizing garnet at lower pressures has been 
widely documented, enabling magmatic and metamorphic 
crystallization at low pressures (< 5 kbar) in the upper 
crust (e.g., Green 1977; White et al. 2014b). The overall 
low  XSps contents  (XSps < 4%) of the garnets strongly argues 
against garnet crystallization during emplacement and melt 
evolution in a shallow crustal magmatic reservoir (Lucci 
et al. 2018; Sieck et al. 2019; Devoir et al. 2021), consistent 
with our Ti-in-quartz pressure constraints that indicate 
crystallization between 6 and 7 kbar, in the middle–lower 
crust (Fig. 14).

The textural features of the garnet–quartz intergrowths 
strongly suggests crystallization in the presence of melt. 
The abundant quartz inclusions and intergrowths and 
amalgamated garnet–quartz grains closely resemble those 
found in granulite-facies migmatites (White et al. 2004; 
Taylor and Stevens 2010; Taylor et  al. 2010; Ferrero 
et al. 2012; Yakymchuk et al. 2015; Blereau et al. 2017; 
Goncalves et al. 2021), and also quartz–garnet intergrowths 
formed during fluid-absent partial melting experiments 
of biotite-bearing metapelites (Vielzeuf and Montel 
1994; Waters 2001; Barbey 2007). Similar peritectic 
phases and quartz intergrowths can also be found in 
amphibolite-facies anatectic terranes (Dyck et al. 2019), 
where fluid-absent muscovite breakdown reactions form 
peritectic K-feldspar and sillimanite. Film-like, rounded 
to lobate quartz inclusions and intergrowths are common 
in peritectic phases, generated during sluggish, kinetically 
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controlled partial melting reactions under disequilibrium 
conditions (Waters 2001; Barbey 2007). Quartz intergrown 
with garnet partially exhibits optical continuity within the 
garnet–quartz aggregates, but the variable shapes of the 
quartz intergrowths and inclusions (from film-like and lobate 
to euhedral inclusions) may also suggest variable effects of 
post-crystallization shape change and maturation processes 
(Cesare et al. 2021). However, the CL images of quartz 
inclusions in garnet show the presence of disequilibrium 
textural features such as embayments, consistent with 
rapid quartz crystallization during peritectic garnet growth 
(e.g., Barbee et al. 2020). The above observations show the 
garnets are unambiguously of peritectic origin, entrained 
during melt extraction from the partial melting region.

Despite ample evidence that garnet does not typically 
survive melt extraction and upper-crustal emplacement and/
or eruption due to rapid dissolution–reprecipitation and/
or compositional homogenization (Clemens et al. 1997; 
Villaros et al. 2009a; Taylor and Stevens 2010; Devoir et al. 
2021; Jung et al. 2022), our results suggest that diffusion 
was responsible for major element homogenization of 
garnet, instead of dissolution–reprecipitation processes. 
This is further supported by the lack of textural and 
chemical evidences of dissolution–reprecipitation processes, 
indicating that peritectic garnets preserve their chemical and 
textural features. This evidence suggests little interaction 
and/or re-equilibration of the peritectic garnets with the 
melt. This may be due to equilibrium with the melt or 
sluggish diffusivities at the garnet–melt interface, inhibiting 
dissolution–reprecipitation reactions (Acosta-Vigil et al. 
2017), or that the peritectic phases and silicic melt were 
rapidly extracted from the source region. Indeed, rapid melt 
loss from the source is required to preserve the anhydrous 
high-temperature peritectic phases, as melt crystallization 
and cooling would result in significant garnet back-reaction 
and replacement (White and Powell 2002; Clemens and 
Stevens 2016). These processes require the existence of an 
interconnected melt network in the protolith, which may 
form at low melt fractions (below 7%; Clemens and Stevens 
2016) and possibly enhanced by deformation, ensuring that 
during the melting reactions the entrained peritectic products 
are preserved, and transported along with the generated melt.

Trace element zoning and peritectic garnet growth

The trace element LA-ICP-MS spot analyses profiles from 
garnet-quart intergrowths are broadly consistent with the 
zoning pattern shown in the mapped garnet grain. However, 
the smaller (sub)euhedral garnet grains display somewhat 
distinct trace element distributions, showing an HREE 
and Y-poor core (Fig. 8), in contrast to the larger garnets 
intergrown with quartz (Fig. 7). While it can be argued that 
the garnet transects do not cross the geometric garnet core, 

the major  (XGrs >  XSps) and overall lower trace element 
concentrations of the smaller euhedral garnets suggest these 
crystallized after the garnet intergrown with quartz. Hence, 
we interpret the crystallization of the euhedral garnets 
during partial melting reactions, after the crystallization of 
the early peritectic garnet–quartz intergrowths.

The oscillatory zoning displayed in the core and 
mantle mapped garnet intergrown with quartz could have 
developed during subsolidus metamorphic garnet growth 
(Konrad‐Schmolke et  al. 2022). However, there is no 
textural and/or compositional evidence for the presence 
of dissolved xenocrystic sub-solidus garnet cores (e.g., 
Rubatto et al. 2020; Devoir et al. 2021; Jung et al. 2022). 
The highest estimated minimum zircon crystallization 
temperatures (> 800  °C) and the presence of Th-Y-rich 
monazite inclusions in the core, mantle and rim of the 
peritectic garnet further shows garnet crystallization at high-
temperatures and in the presence of a melt and thus under 
supra-solidus conditions. The pronounced oscillatory zoning 
in the garnet core, mantle, and rim in most trace element 
maps is thus interpreted as resulting from the competing 
effects of trace element incorporation during peritectic 
garnet crystallization and the supply rate from the melt via 
diffusion during partial melting. More importantly, the inner 
core and mantle are similarly enriched in V, Sc, Zr, Ti and 
HREE and display sharp compositional gradients. Therefore, 
the mapped zoning should reflect the breakdown of major 
and accessory phases during partial melting reactions. While 
V and Sc indicate the breakdown of biotite during melting 
reactions (Yang and Rivers 2000; Dorais and Tubrett 2012), 
the HREE, Zr, Ti and Y zoning attest to the dissolution 
of accessory phases such as zircon, monazite or apatite 
during partial melting reactions involving biotite (Dorais 
and Tubrett 2012; Yakymchuk 2017; Rubatto et al. 2020; 
Johnson et al. 2021).

Garnet‑bearing rhyolites: geochemistry, zircon 
cargo, and source constraints

Geochemical variation of the garnet‑bearing rhyolites

There is a clear lack of magma mixing indicators, such 
as microgranular intermediate-mafic igneous enclaves, 
resorption, and disequilibrium textures in feldspar and 
other minerals, besides garnet and pinitized cordierite. The 
low Mg#, Zr contents and other geochemical features (e.g., 
the strongly peraluminous character) also attest to magma 
mixing processes with mafic or intermediate melts as not 
being a significant process in the generation of the IPB 
garnet-bearing rhyolites (e.g., Mitjavilla et al. 1997).

The broad positive correlation of  K2O vs  FeOT + MgO 
is an unusual feature among granitoids and S-type volcanic 
rocks (Clemens and Stevens 2012) and may indicate a role of 
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biotite fractionation (Clemens et al. 2017a). However, biotite 
is scarce in all the samples, and its modal amount is not 
compatible with significant amounts of biotite fractionation. 
The positive correlation of K and maficity and the constant 
K/Rb suggests no fractionation of K-feldspar and overall 
low K melts, whereas the increase of peraluminosity and 
Yb with maficity highlights the absence of garnet, cordierite 
and biotite fractionation (e.g., Champion and Bultitude 
2013), in agreement with the fact that garnet and cordierite 
are peritectic and not liquidus phases. Considering all the 
plots in Fig. 9, no coherent fractionating assemblage seems 
capable of reproducing the main major element geochemical 
trends, and thus, fractional crystallization is ruled out as 
a main driver of the geochemical variation of the garnet-
bearing volcanic rocks.

Recently, several studies have proposed and shown that 
the geochemical variability of S- and I-type volcanic and 
plutonic rocks reflects, in some cases, the entrainment of 
peritectic phases (Stevens et al. 2007; Villaros et al. 2009b; 
Dorais and Spencer 2014; Clemens et al. 2017b; Bailie 
et al. 2020; Zhu et al. 2021; Dorais and Campbell 2022). 
The range in maficity and the positive correlations with A/
CNK,  TiO2, Y, Yb, Sm, Zr, Hf, Th, La, Eu and Ce are all 
hallmarks of PAE. More specifically, the negative correlation 
of Ca with maficity suggests entrainment of Ca-poor garnet 
(Stevens et al. 2007), which is similar to the composition of 
the entrained peritectic garnets in this study. Furthermore, 
the positive correlation between maficity and A/CNK, 
K and Y, Yb, Sm and Nd suggests the entrainment of 
peritectic cordierite, K-feldspar and garnet. The small slope 
in the Ti vs  FeOT + MgO plot (Fig. 9F) further indicates 
a small proportion of peritectic ilmenite entrainment, also 
in accordance with the textural and mineralogical data. 
Furthermore, the negative anomalies in K and Rb further 
support the presence of peritectic/residual K-feldspar. The 
lack of knowledge on the chemical composition of the 
protolith, the melt it generated and the composition of the 
peritectic phases other than garnet, means that the modeling 
presented in Fig. 9 can only provide a semi-quantitative/
qualitative approach of the role of PAE. Nevertheless, the 
geochemical trends defined by the garnet-bearing rhyolites 
can be satisfactorily reproduced by entrainment of up to 
15% of peritectic garnet, cordierite, and K-feldspar, and 
less than 1% peritectic ilmenite, into a highly silicic melt. 
The systematic positive correlation of Zr, Hf, La, Ce and 
zircon saturation temperatures with maficity also highlights 
the role of zircon and monazite co-entrainment, generated 
and/or liberated from the breakdown of biotite during 
melting reactions (e.g., Villaros et al. 2009b), which are 
common inclusions in the entrained peritectic garnets and 
pinitized cordierite and also in intergrown quartz and in 
feldspar crystals. Ilmenite and Ti–rich biotite are the most 
common residual phases generated during partial melting of 

metasedimentary rocks (White et al. 2014a) and are often 
found in high-temperature migmatites. The strongly negative 
Ti anomalies compared to continental crust, together with 
the marked Ta and Nb (Ta < Nb) anomalies suggest that 
ilmenite and Ti–rich biotite were residual phases during 
melting reactions and were not significantly entrained into 
the extracted melt (Stepanov et al. 2014). The geochemical 
trends defined by the garnet-bearing rhyolites thus mainly 
reflect entrainment of peritectic minerals (garnet, cordierite, 
K-feldspar and minor ilmenite), generated during partial 
melting reactions involving fluid-absent breakdown of 
biotite into a highly silicic melt.

Protracted zircon cargo: source area, incremental pluton 
growth and geochemistry

The zircon U–Pb data from the garnet-bearing rhyolites 
show a wide range of apparent ages, a common feature 
of crustal-derived granitic magmas (Villaros et al. 2012; 
Ferreira et al. 2019; Clemens et al. 2023; Vogt et al. 2023). 
Furthermore, the U–Pb dates in both the LA-ICP-MS 
and SHRIMP datasets show significant scatter but define 
overlapping zircon populations, and are interpreted by 
integrating the available geological (geochronological, 
palynological and lithostratigraphic) data.

The youngest zircon population (ca. 345  Ma, only 
seen in the larger LA-ICP-MS dataset) constrains the 
eruption age of the felsic volcanic rocks, and agrees with 
the available palynological and stratigraphic data (mid 
and upper VSC sediments) estimated at ca. 350–330 Ma 
(Figs. 3, 11; Oliveira et al. 2004; Carvalho et al. 2017). The 
main zircon population at ca. 365 Ma (which encompass 
zircon grains with ages from ca. 350 to 370 Ma) overlaps 
with the age of a major explosive volcanic episode in the 
Neves-Corvo area (rhyolite fiamme-facies volcanic rocks; 
Rosa et al. 2008), interbedded with the Corvo formation, 
dated from ca. 363 to 365 Ma (Oliveira et al. 2004; Pereira 
et al. 2021). These analyses might also include younger 
zircon grains which are not analytically distinguishable 
from the ca. 365 Ma major population due to the individual 
uncertainties (e.g., Large et al. 2020) dataset. This is further 
supported by the varying Y/Hf and Y/Ti trends and Gd/
Yb ratios of the zircon analyses, some of which display 
flat REE patterns, suggesting HREE partition into garnet 
prior to zircon crystallization (e.g., Taylor et al. 2015). The 
zircon geochemistry dataset also shows that Y is positively 
correlated with the Gd/Yb ratios, further supporting the role 
of garnet crystallization in controlling Y-HREE contents of 
zircon. Additionally, the high Th of the analyzed monazite 
grains (see discussion below), and positive correlation 
of zircon Ti with Th/U also suggests that monazite 
crystallization controlled the Th/U ratios of magmatic zircon 
(Pineda et al. 2022; Vogt et al. 2023).
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In both datasets, the individual zircon populations 
overlap, within uncertainty, with published zircon U–Pb 
ages in the Neves-Corvo and Rosário anticline, and also 
in other sectors of the IPB (Rosa et al. 2009; Albardeiro 
et al. 2023). The zircon populations inherited from the melt 
source region (400–414 Ma; 420–440 Ma; 450- 470 Ma) 
overlap within uncertainty with published zircon U–Pb 
ages in the Neves-Corvo and Rosário anticline, and also in 
other sectors of the IPB (Barrie et al. 2002; Rosa et al. 2009; 
Valenzuela et al. 2011; Lains Amaral et al. 2021; Pereira 
et al. 2021; de Mello et al. 2022; Albardeiro et al. 2023). The 
inherited zircon dates also broadly overlap with zircon ages 
found throughout Avalonia and in the Meguma terranes, 
especially with Ordovician metasediments from the upper 
Meguma Supergroup (Murphy and Hamilton 2000; Waldron 
et al. 2009; Braid et al. 2012; Shellnutt et al. 2019), further 
supporting a relationship between the peri-Gondwana 
Meguma terrane and the unexposed SPZ basement (e.g., 
Braid et al. 2012).

Palynological constraints from the oldest known PQG 
metasediments places the onset of sedimentation in the 
IPB to the Middle Devonian (387–384 Ma) (Mendes et al. 
2020), which indicates that zircon crystals younger than 
ca. 390 Ma cannot be source-inherited or derived from 
other country rocks. Instead, the abundant presence of pre-
eruption Devonian zircon grains can only be explained by 
the remobilization and extrusion of previously crystallized 
felsic melts (e.g., Albardeiro et al. 2023). These younger 
zircon populations overlap remarkably with major volcanic 
episodes in the Rosário–Neves-Corvo anticline and in other 
sectors of the IPB (Fig. 11), namely: ca. 360 and 365 Ma in 
the Neves–Corvo-Rosário region (Rosa et al. 2008; Pereira 
et al. 2021), and ca. 370–376 in the Cercal region (Rosa et al. 
2009). Older zircon ages (ca. 390–380 Ma) also overlap with 
previously recognized “xenocrystic” U–Pb zircon ages in 
felsic volcanic rocks of the IPB (Barrie et al. 2002; Rosa 
et al. 2009; Valenzuela et al. 2011; Lains Amaral et al. 2021; 
Pereira et al. 2021; Albardeiro et al. 2023). These medium- 
to high-temperature reduced felsic melts were thus stored at 
temperatures below the solidus in an upper-crustal pluton 
which records the episodic emplacement and crystallization 
of felsic melts in the upper crust since ca. 390 Ma, possibly 
marking the onset of the intracontinental rifting in the South 
Portuguese Zone basement.

Evidence for high‑temperature partial melting 
of the middle crust

Peritectic assemblages formed after biotite breakdown 
reactions are dominated by garnet, cordierite and/or 
orthopyroxene, depending mainly on the range of pressures 
and protolith compositions (e.g., Johnson et  al. 2021). 

Therefore, the entrained peritectic garnet and cordierite 
indicate incongruent melting reactions involving biotite.

While the low  XPyr contents of the entrained peritectic 
garnets may suggest low-temperature conditions, as Mg 
in garnet increases with temperature due to the Fe–Mg 
exchange with biotite, Fe-rich garnet compositions are 
common in the middle crust, due to Fe–Mg partitioning with 
coexisting cordierite (Hensen and Green 1972; Holdaway 
and Lee 1977). Cordierite is a common phase in low-pressure 
(< 5 kbar) metasedimentary migmatites and S-type granites 
(Clarke 1995; Barbey et al. 1999; Groppo et al. 2013; White 
et al. 2014b), but the stability of (Mg-rich) cordierite extends 
up to 7–8 kbar, in equilibrium with garnet, following the 
melt-producing reaction: biotite + aluminosilicate + quartz 
+ albite = garnet + cordierite + K-feldspar + melt (Holdaway 
and Lee 1977; Spear et al. 1999; Vielzeuf and Schmidt 
2001), and its stability should be expanded by increasing 
protolith Mg#. Hence, we interpret the low Mg- and high Fe 
as resulting from partial melting at temperature conditions 
near the onset of biotite dehydration melting (e.g., Ward 
et al. 2008) and from peritectic Grt–Crd equilibrium. This is 
consistent with the presence of pinitized cordierite(?)–quartz 
intergrowths, which are texturally similar to the peritectic 
garnet–quartz intergrowths, also indicating its peritectic 
nature. Furthermore, even though Ca contents in garnet 
from S-type melts are typically low, peritectic garnets in 
high-pressure granulite-facies migmatites commonly display 
higher  XGrs with increasing pressure even in cases of partial 
melting of low Mg# metapelitic protoliths (e.g., Li et al. 
2019). This further suggests partial melting at mid-crustal 
pressures.

The use of the Ti-in-quartz solubility model in estimating 
the pressures of quartz crystallization during early peritectic 
garnet crystallization yields widely varying pressures, from 
8 to 10 kbar when considering high  aTiO2 (0.9, also used 
to calculate  TZirc), to 6–7 kbar if lower  aTiO2 (0.5–0.4) are 
considered. The 8–10 kbar pressure range is significantly 
higher than that required for cordierite to be stable, and the 
pressure conditions of 6–7 kbar provide more reasonable 
estimates. This, however, implies variations in  aTiO2, which 
is common in evolving silicic melts (Teixeira et al. 2024). 
As such, considering varying  aTiO2 for quartz and zircon 
crystallization may provide a more realistic approach to 
the use of Ti-based geothermometers (Teixeira et al. 2024). 
Our quartz Ti contents are typically below 200, which 
suggest crystallization at  aTiO2 lower than 0.8 (Teixeira 
et al. 2024). The low Ti contents of the felsic volcanic rocks 
and our PAE modeling further suggests a low  aTiO2 for 
the melts, possibly due to efficient removal and/or lack of 
equilibrium of the melt and residual ilmenite, resulting in 
overall low  aTiO2 during the early partial melting reactions. 
After melt extraction from the source, however, cooling 
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and crystallization of other phases would likely result in 
increasing Ti contents of the melts (Teixeira et al. 2024).

The absence of additional  aTiO2 constraints, preserved 
minerals in equilibrium with garnet, the pervasive 
alteration and replacement of cordierite, and lack of 
whole-rock compositions that resemble the melt from 
which the phases crystallize hinders the use of garnet-
based geothermometers or pseudosections to precisely 
constrain P–T conditions during partial melting. 
Nevertheless, the geothermobarometric constraints from 
zircon and quartz intergrown with garnet are consistent 
with peritectic garnet and cordierite crystallization during 
fluid-absent incongruent melting reactions involving 
biotite of a metasedimentary protolith in the middle crust 
(6–7 kbar), at temperature conditions near the onset of 
biotite incongruent melting reactions (ca. 820–870 ºC).

The major element zoning of the entrained peritectic 
garnets mimics common growth zonation of peritectic 
garnets generated during high-temperature incongruent 
partial melting reactions (Cesare 2000; Groppo et  al. 
2012). Garnet zoning is mainly controlled by the diffusion 
rate during growth (Clarke 1981). At temperatures below 
640 ± 50 ºC, major element diffusion is negligible (Yardley 
1977), whereas at temperatures above 700 ºC, diffusion 
rates of Fe, Mn and other major elements exponentially 
increase.  Our Ti-in-zircon  (TZirc)  thermometry 
results indicate magmatic zircon crystallization at 
high temperatures, between ca. 690–870 ºC, but the 
preservation of garnet growth zoning suggests a limited 
residence time at high-T conditions (> 700 °C), preventing 
chemical exchange and interaction with the host melt. 
This further implies relatively fast extraction rates from 
the partial melting region and migration through the 
crust, which is possibly the cause of the intense garnet 
fracturing. This, however, would likely promote reaction 
with the melt and replacement. Given the lack of cordierite 
and/or biotite-dominated replacements of garnet along 
the fractures, it is also possible that garnet fracturing was 
due to increasing pressure (above lithostatic pressure) 
conditions, during magma recharge and eruption.

Additionally, the reduced estimated  fO2 magmatic 
conditions and the aluminous peritectic assemblages 
further indicate that the melt and peritectic phases 
were generated through the partial melting of reduced 
aluminous metasedimentary protoliths. Although melting 
of metagraywackes can produce garnet and cordierite as 
peritectic phases, in the range of the previously discussed 
P–T estimates (< 870 ºC and 6–7 kbar) orthopyroxene 
typically dominates peritectic assemblages (Vielzeuf and 
Montel 1994), indicating partial melting of a reduced 
aluminous pelitic source in the middle crust.

Such high-temperature melting processes in the middle 
crust indicates high geothermal gradients (above 40 ºC/

km), a scenario previously suggested for the Paleozoic 
Iberian Pyrite Belt, a significantly base metal-endowed 
mining district (Tornos 2006). Such high geothermal 
gradients are likely induced by the mid to lower crustal 
emplacement of hot mantle-derived melts (Mitjavilla et al. 
1997), providing the required heat to melt the crust, while 
deformation associated with the transtensional opening of 
the IPB basins may have further enhanced melt extraction 
and upper-crustal emplacement (Brown 2013; Clemens 
and Stevens 2016; Clemens et al. 2020; Johnson et al. 
2021).

Preserved suprasolidus prograde monazite

Monazite in felsic magmatic rocks commonly grows during 
magma cooling and crystallization, after melt extraction 
from the source (Spear and Pyle 2010; Yakymchuk 2017). 
Suprasolidus prograde monazite has, nonetheless, been 
documented in migmatites (e.g., Johnson et  al. 2015; 
Blereau et al. 2016; Rocha et al. 2017).

The higher partitioning of Th into monazite in 
equilibrium with a melt (Xing et al. 2013) indicates that the 
high-Th monazite inclusions in the peritectic garnets and 
pinitized cordierite crystallized from a melt. Although the 
lack of monazite HREE data from the analyzed monazite 
grains hinders a complete assessment of the monazite-garnet 
equilibrium, the Y-rich composition of these inclusions 
further indicates monazite crystallization prior to peritectic 
garnet, as Y is highly compatible in garnet (e.g., Pyle 
and Spear 2003). The Th–Y-rich monazite inclusions in 
peritectic garnets are thus interpreted as preserved prograde 
suprasolidus monazite, crystallized during earlier stages 
of partial melting. As temperature and melt connectivity 
increases in the partial melting area, prograde monazite 
is often subsequently dissolved into the melt (Yakymchuk 
2017). However, the preservation potential of monazite can 
increase if included into co- or subsequently precipitated 
peritectic minerals, such as garnet. This is the mechanism 
most likely for the preservation of the suite of monazite 
grains included in garnet and pinitized cordierite. Therefore, 
the U–Pb monazite age of 356.8 ± 2.4 Ma is interpreted as 
representing the timing of peritectic garnet growth during 
partial melting reactions and overlaps within uncertainty 
with the with the ca. 360  Ma zircon population in the 
LA-ICP-MS dataset (Fig. 11), which we interpret as the 
timing of garnet growth. Although increasing evidence 
shows that the duration of partial melting and felsic melt 
extraction and emplacement processes are typically fast (< 1 
Myr; Coulson et al. 2002; Devoir et al. 2021; Jung et al. 
2022), felsic melts may also have long residence times in 
the lower to upper crust, prior to eruption (e.g., Cesare et al. 
2003, 2009) as discussed below.
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Eruption and preservation of peritectic phases

Our results clearly show that the erupted melts carried 
a significant amount of previously crystallized crystal 
cargo from older melt batches, which also fed voluminous 
eruptions. This attests to the presence of an upper-crustal 
reservoir that stored crystallized melts from previous 
voluminous crustal melt generation, storage and eruption 
episodes. Their preservation and eruption, however, requires 
that these phases survive subsequent melt recharge and 
extrusion, at ca. 345 Ma, after ca 15 Ma of storage below 
the solidus.

The lack of geochemical data from the youngest 
zircon grains hinders a complete assessment of some 
critical intensive parameter of the erupted melts such 
as temperature. Nevertheless, their clear K-poor and 
silicic nature, combined with the lower zircon saturation 
temperatures of the most silicic whole-rock compositions 
(700–770 ºC) suggests these melts were generated at lower 
temperatures and possibly from a biotite-poor source in 
the middle crust. This points to fluid-absent muscovite 
breakdown of a lower-grade protolith, which also commonly 
results in the crystallization of peritectic/residual K-feldspar 
(e.g., Dyck et  al. 2019). Regardless of the nature of 
the source, the lower temperatures of the erupted melt 
would likely inhibit significant crystal cargo dissolution, 
offering a plausible explanation for the preservation of 
the abundant xenocrysts of older peritectic phases. Such 
scenario closely resembles the El Hoyazo dacites (Acosta-
Vigil et al. 2010), which extruded at ca. 6 Ma a suite of 
remelted older (9 Ma) granulite-facies middle to lower 
crust glass-rich xenoliths, with abundant peritectic phases 
such as garnet and cordierite. As discussed in Acosta-Vigil 
et al (2010), the upper-crustal emplacement of felsic melts 
and entrained peritectic phases would largely induced melt 
crystallization, whereby subsequent water exsolution would 
remove most  H2O from the melt. As such, during subsequent 
voluminous magma recharge and consequent eruption of 
lower-temperature felsic magma, at ca. 345 Ma, melting, 
dissolution and replacement of the stored crystallized melts 
and peritectic phases would be inhibited, further promoting 
the preservation of the abundant xenoliths up to eruption.

Conclusions

In this study, we integrate geological, petrological, major 
and trace element whole-rock geochemical data of garnet-
bearing rhyolites with major and trace element composition 
of garnet, Ti-in-quartz intergrown with garnet, trace element 
analysis and U–Pb isotopic dating of monazite and zircon to 
reach the following conclusions:

(1) Textural and chemical data from garnets-quartz 
intergrowths and smaller euhedral garnets clearly show 
that they represent entrained peritectic phases. These 
were generated during incongruent melting reactions 
involving biotite of a pelitic source in the middle crust, 
at temperatures up to 870 ºC.

(2) Garnet  major  e lement  composi t ion show 
homogenization by diffusion processes, but growth 
zoning is still preserved in large (up to 1 cm) garnet 
grains. The overall Fe-rich and Mg-poor composition 
of the peritectic garnets indicates compositional 
equilibrium with peritectic cordierite, which is also 
entrained and preserved as pinitized cordierite–quartz 
intergrowths.

(3) Despite the limited major element variation, garnets 
also exhibit prominent trace element oscillatory zoning 
and significant core-to-rim variations, recording the 
breakdown of biotite at high temperatures and also 
the dissolution of accessory phases during melting 
reactions.

(4) The preservation of the peritectic phases and lack 
of evidence for compositional modification via 
dissolution–reprecipitation processes suggests rapid 
melt extraction from the source, but also no significant 
compositional re-equilibration with the melt during 
extraction up to extrusion.

(5) The Th- and Y-rich monazite inclusions in peritectic 
garnet and cordierite are interpreted as preserved 
prograde suprasolidus monazite and place the timing 
of partial melting at 356.8 ± 2.4 Ma. This age overlaps 
with the 360 ± 1 Ma younger zircon population and 
represents one of the older major volcanic episodes in 
the region.

(6) Our data shows that the extruded silicic melts also 
carried a significant amount of pre-eruption zircon 
cargo, containing not only source-inherited zircon 
crystals, but also zircon that crystallized from previous 
moderate to high-temperature reduced felsic melts, 
possibly stored in an episodically and incrementally 
grown pluton, since ca. 390 Ma.

(7) The whole-rock geochemical data of the garnet-
bearing volcanic rocks mainly reflects the entrainment 
of peritectic phases such as garnet, cordierite and 
K-feldspar, and our results thus show that a significant 
amount of xenoliths of peritectic and accessory phases 
from previously crystallized felsic melts were extruded 
along with a lower-temperature silicic magma, at ca. 
345 Ma.

(8) This work further supports the view of protracted and 
incremental growth processes of magmatic reservoirs 
by accretion of several melt batches in a subsolidus 
low-temperature reservoir, which may be partly remo-
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bilized and extruded during subsequent melt recharge 
and extrusion episodes.
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