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Abstract. Post-collisional Mg—K-rich mafic rocks with associated granitoids appear regularly in most orogens.
They are relevant to evaluate the mantle role in the genesis of granitoids and thereby of the continental crust itself.
The most characteristic Mg—K mafic rocks in the Variscan Iberian Massif are appinites and vaugnerites. Two ex-
amples with associated granitoids from NW Iberia have been compared to assess their mantle and crustal sources
and the magmatic processes involved in their formation. Related granitoids are tonalites, granodiorites and mon-
zonitic granites. Available whole-rock major and trace element compositions, as well as Sr and Nd isotopes,
were used for this comparison, along with new Sr—Nd isotopic data. The appinite—granitoid association is calc—
alkalic, whereas the vaugneritic one is calc—alkalic transitional to alkali—calcic. Vaugnerites are more enriched in
Mg and K, compatible and incompatible trace elements and display more fractionated rare-earth element (REE)
patterns than appinites. Associated granitoids provide similar differences. Appinites and vaugnerites have Sr and
Nd crustal isotopic signatures resulting from partial melting of a different subduction-type metasomatised man-
tle: amphibole spinel lherzolites for appinites and more refractory and deeper amphibole phlogopite + garnet
peridotites for vaugnerites. Further interaction of these basic melts with coeval granitoids occurred during their
ascent and emplacement. The monzonitic granites derived from partial melting of metaigneous acid granulites,
without discarding contribution of metasediments and/or an increasing role of biotite incongruent melting in
those related to vaugnerites. An assimilation with fractional crystallisation process between appinite magmas
and granulites could explain tonalites and granodiorites. This process was not confirmed for granodiorites re-
lated to vaugnerites.

1 Introduction Although subordinate to granitoids, the habitual occurrence

of these Mg—K mafic rocks raises the issue of mantle contri-
High K calc—alkaline magmatism has been recognised in bution to the granitoid genesis, with mass and/or heat trans-
most post-collisional settings since the late Archean (Bonin, fer, and therefore to the formation of new continental crust.
2004; Fowler et al., 2008; Fowler and Rollinson, 2012; Guo In the outcrops of the Variscan orogen in western and cen-
et al., 2014; Xiong et al., 2015; Couzinié et al., 2016; Wang tral Europe, these mafic rocks receive different names: ap-
et al., 2019). This magmatism includes highly heterogeneous pinites, vaugnerites, redwitzites and durbachites, with com-
Mg-K mafic rocks, closely associated with post-collisional positions that are clearly distinct from those of usual ig-
granitoids, which are particularly useful to understand the neous rocks (Sabatier, 1991). According to Sabatier (1991),
evolution of the lithosphere at the end of orogenic cycles. they more closely resemble calc—alkaline lamprophyres, es-
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pecially vaugnerites and durbachites, which display the high-
est Mg—K contents.

Following the Variscan collision (ca. 365-347 Ma)
(Gutiérrez-Alonso et al., 2018, and references therein), dif-
ferent types of granitoids intruded into the most internal ter-
ranes of this orogen (Bonin, 2004), which extends through
Europe and northern Africa (Diez Ferndndez et al., 2016,
and references therein). In the NW of the Variscan Iberian
Massif (Fig. 1a), the earliest granitoids were syntectonic
calc—alkaline type (Corretgé et al., 2004; Cuesta and Gal-
lastegui, 2004) and deserve special attention because they
are associated with ultramafic—mafic rocks of both appinite
(Bailey and Maufe, 1916) and vaugnerite (Michel-Levy and
Lacroix, 1887) types. More recently, appinites are described
as “group of coeval plutonic and/or hypabyssal rocks ranging
from ultramafic to felsic in composition, in which the horn-
blende is the dominant mafic mineral and typically occurs
both as large prismatic phenocrysts and in the finer grained
matrix” (Murphy, 2013). Vaugnerites are “a kind of mica-
ceous diorite, which may be defined as coarse-grained, meso-
cratic igneous rock assemblages of biotite, amphibole and
plagioclase, with interstitial quartz and potassium feldspar,
and abundant accessory apatite, zircon, allanite and titanite”
(Montel and Weisbrod, 1986; Sabatier, 1991). Although al-
ways subordinate to granitoids in the outcrops, the appear-
ance of appinites and vaugnerites raises not only the gen-
eral questions mentioned above, but also more specific ones
on the nature of the mantle source(s) involved in their gen-
esis, and the interaction processes with crustal components
prior to and during their emplacement. Similarities and dif-
ferences between Iberian appinites and vaugnerites were re-
cently shown by Bea et al. (2021), using whole-rock major,
trace element, and Sr and Nd isotopic compositions. They
are interpreted as being derived from a mixture of one mantle
and two crustal components. According to Bea et al. (2021),
the mantle component could be the same for appinites and
vaugnerites. One crustal component could have metasoma-
tised the mantle prior to the generation of the mafic melts.
The other crustal component could have been different and
interacted diversely with the mafic appinitic and vaugner-
itic melts during their emplacement. Bea et al. (2021) also
reached the conclusion that Iberian appinites and vaugnerites
differ from typical arc rocks.

In this study, we will explore the similarities and differ-
ences between two Iberian plutonic complexes of appinites
and vaugnerites, but we will also take into account the asso-
ciated granitoids, allowing us to gain further insights into the
nature of mantle and crustal sources and into the plausible in-
teraction of the resulting magmas. To make the comparison,
we will use previously published petrography, mineral major
element compositions, and whole-rock major, trace element,
Sr and Nd isotope compositions (Galdn, 1987; Galan et al.,
1996; Gallastegui, 2005), with new Sr—Nd isotopic data.
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2 Geological setting and field relationships
2.1 The appinite-granitoid association

The appinite—granitoid association is included in the Vivero
granitic massif (Galicia, NW Spain), which crops out at the
core of the Lugo Dome (Capdevila, 1969), in the north-
western part of the West Asturian—Leonese Zone (WALZ).
It is limited to the west by a major shear zone (the Vivero
fault) (Fig. 1a). This separates the WALZ from the Cen-
tral Iberian Zone (CIZ), both terrains of the Iberian Massif
(Fig. 1a). The general shape of the Vivero granitic massif
is a laccolith (Galan, 1987; Marcos, 2013) formed by syn-
tectonic meta- to peraluminous calc—alkaline granitoids and
peraluminous leucogranites (Galdn et al., 1996). The age of
the country rocks is controversial: it has been argued that
they are late Precambrian to early Cambrian metasediments
(Martinez Cataldn, 1985, and references therein) or that they
are just early Cambrian metasediments (Marcos, 2013).

This study is only concerned with the calc—alkaline gran-
itoids and associated ultramafic—mafic appinites (Galén,
1987). This association is located to the west of the Vivero
massif (Fig. 1b). The granitoids crop out as a multi-intrusive
layer of ca. 8 km long by 1-3 km wide, orientated N, NE—
S following the direction of the Vivero fault. These grani-
toids are tonalites, granodiorites and porphyritic monzonitic
granites. Sinuous contacts and concordant foliation between
them suggest a coeval intrusion, cross-cutting earlier recum-
bent folds related to the first Variscan deformation episode
(D1) conventionally established in the internal zones of the
Variscan orogen (Marcos, 2013, and references therein). The
ultramafic appinites appear mainly as decametric enclaves in
peraluminous leucogranites (Fig. 1b). However, the mafic ap-
pinites also crop out as microgranular enclaves in tonalites
and, as dykes, intruding into both the calc—alkaline grani-
toids and the country rocks. The ultramafic rocks, all horn-
blende bearing, are the most striking and common of the
Vivero appinites. Their sinuous contact and decreasing grain
size against the associated tonalites indicate their simultane-
ous injection (Galdn, 1987). The intrusion of the whole as-
sociation was facilitated by shear zones related to the major
thrusting Variscan deformation episode (D2) dated at 320 Ma
in the WALZ (Dallmeyer et al., 1997) or to the earliest move-
ment of the Vivero fault. This structure was recently rede-
fined as a crustal-scale extensional shear zone, postdating the
D3 Variscan deformation episode but active at least between
303 £2 and 287 £ 3 Ma (L6pez-Sanchez et al., 2015).

Five samples from Vivero (viz., a porphyritic monzonitic
granite and four appinites) have been dated (Fernidndez-
Sudrez et al., 2000; Lépez-Sanchez et al., 2015; Bea et al.,
2021). Despite the field relationships suggesting coeval in-
trusion of the calc—alkaline granitoids and appinites, U-Pb
geochronological results on zircons indicate older ages for
the granitoids (323-314 Ma; Fernandez-Sudrez et al., 2000;
Lépez-Sanchez et al., 2015) than for the appinites (293—
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Figure 1. (a) Location of the two associations studied in the NW Iberian Massif: WALZ, CIZ and GTMZ stand for West Asturian—-Leonese
Zone, Central Iberian Zone and Galicia—Tras-os-Montes Zone respectively. (b) Geological map of the Vivero (ultramafic—mafic) appinite—
granitoid association (modified after Galdn et al., 1996). (¢) Geological map of the southern part of the Bayo—Vigo (mafic-intermediate)

vaugnerite—granitoid association (modified after Gallastegui, 2005).

289 Ma) (Fernandez-Sudrez et al., 2000; Bea et al., 2021).
Therefore, only the age of the monzonitic granite agrees with
field data interpretation. By contrast, the age of appinites is
comparable to ages provided for the peraluminous two-mica
leucogranites, the intrusion of which is considered simulta-
neous with the latest movement of the Vivero fault (297-
287 Ma) (Lopez-Sanchez et al., 2015). Three possible expla-
nations are envisaged: (i) the age of the monzonitic granite
is influenced by zircon inheritance, the presence of which is
documented (Ferndndez-Sudrez et al., 2000; Lopez-Sanchez
et al., 2015); (ii) the zircon U-Pb isotope system of the ap-
pinites was reset by the younger intrusion of peraluminous
two-mica leucogranites (287 4= 3 Ma; Lopez-Séanchez et al.,
2015), which cross-cut and enclose both the appinites and
related granitoids; and (iii) the area was affected by pro-
longed igneous activity, starting at 314 Ma with the intru-
sion of appinites and related granitoids and remaining at el-
evated temperatures until 287 Ma, when the massive intru-
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sion of the peraluminous two-mica leucogranites took place.
It then cooled slowly to below the zircon U-Pb closure tem-
perature only after the cessation of igneous activity, as sug-
gested for other Variscan areas (Klotzli et al., 2014, and refer-
ences therein). The gap between 314 and 287 Ma may record
the occurrence and duration of the thermal peak at the Lugo
Dome, when all the rocks remained at elevated temperatures.
Thus, the age of 287 Ma provided by appinites would re-
flect final cooling to temperatures below the closure temper-
ature of U-Pb in Zircon. Taking into account that the age
of 314 Ma was estimated avoiding inherited zircon cores in
the monzonitic granite, either hypothesis (ii) or (iii) could
explain the disagreement between the radiometric ages and
field relationships. Hypothesis (iii) may require higher peak
temperature than that recorded by host metamorphic rocks
around the Vivero massif (620 °C according to Reche et al.,
1998). However, higher peak temperatures may have existed
near the appinitic exposures, where migmatisation of the host

Eur. J. Mineral., 35, 845-871, 2023
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metamorphic rocks is widespread. Whatever the reason and
based on field relationships, we will assume the simultane-
ous intrusion of both Vivero appinites and syntectonic calc—
alkaline granites at 314 Ma for the purpose of this study. We
favour this age because it was determined on selected zones
of five individual zircon grains in the monzonitic granite,
which yielded concordant ages by laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) (Loépez-
Sénchez et al., 2015). It is worth noting that a monazite frac-
tion of the same granite, determined by isotope dilution ther-
mal ionisation mass spectrometry (ID-TIMS) (Fernandez-
Sudrez et al., 2000), also provided a concordant U-Pb age
of 295 4 2 Ma, suggesting that the U-Pb system in this min-
eral may have also been reset by later granitic intrusions.

2.2 The vaugnerite-granitoid association

The vaugnerite—granitoid association crops out in more in-
ternal zones of the Variscan basement, the Galicia—Tras-os-
Montes Zone (GTMZ) (Farias et al., 1987), an allochthonous
terrane that overthrusts the CIZ (Diez-Balda et al., 1990)
(Fig. la). Vaugnerites and associated granitoids form the
multi-intrusive Bayo—Vigo massif, of ca. 100km long by
< 10km wide. This elongated intrusion, orientated N, NW-
S, SE except in its northern section (N, NE-S, SW) (Fig. 1c¢),
follows a dextral shear zone (the Malpica—Lamego line)
(Llana Finez and Marcos, 2001), late to post-kinematic with
respect to the Variscan deformation episode D3, dated at
310+ 3Ma (**Ar—?Ar age; Gutiérrez-Alonso et al., 2015).
However, Llana Finez and Marcos (2001) proposed that this
fault reactivated a pre-existing crustal-scale thrust, which de-
veloped after the main Variscan collisional event (Diez Fer-
nandez et al.,, 2011). The geological setting is, therefore,
similar to that of the Vivero appinite—granitoid association.
The country rocks are metasediments and metaigneous rocks
(Malpica-Tuy and Monteferro—Rosal-Lanzada—Xuno units)
whose age is uncertain: Neoproterozoic to Silurian (Gal-
lastegui, 2005, and references therein). The contacts between
the Bayo—Vigo granitoids and these country rocks are intru-
sive and concordant with the main foliation (D2), although
this foliation is locally cross-cut by granitoid veins.

The granitoids related to vaugnerites include three types
of porphyritic granodiorites (viz., Cangas, Festifianzo,
Udra) and monzonitic granites (Fig. 1c). Previous to Gal-
lastegui (2005), nearby vaugnerites and related granitoids
were studied by Gil Ibarguchi (1981) and Gil Ibarguchi et
al. (1984). These authors proposed a lower crustal origin for
the granitoids from pelites and greywackes or a mixture of
both, the partial melting of which would have been triggered
by the intrusion of mantle-derived vaugnerites at the lower
crust. The granodiorites crop out as parallel bands and con-
cordant with the internal foliation and main direction of the
intrusion. The monzonitic granites are in diffuse contact with
the Cangas granodiorite. Vaugnerites crop out at the eastern
part of the massif as megaenclaves in the Cangas and Fes-
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tiflanzo granodiorites (Fig. 1c). They are very heterogeneous
because of variable grain size (coarse- to fine-grained), min-
eral mode, and the distribution of felsic and mafic minerals.
Bands and layers between vaugnerites and granodiorites with
lobated, sinuous and diffuse contacts are common. Vaugner-
ites also appear as microgranular enclaves, either scattered
in the granodiorites or as swarms hosted in monzonitic gran-
ites, with lobated, sinuous or diffuse contacts as well (Gal-
lastegui et al., 1984). The enclave swarms form composite
dykes or pods, up to 100m long and 20 m wide, in contact
with vaugnerites and the Cangas granodiorites. The orienta-
tion and internal foliation of the microgranular enclaves is
concordant with that found in the granodiorites, monzonitic
granites and vaugnerites, suggesting coeval intrusion of all
of them (Gallastegui, 2005). This intrusion was most likely
facilitated by D2 Variscan structures and took place before
the development of the D3 shear zone. Vaugnerites and re-
lated granitoids are orientated with mylonitic microstructure
in the most deformed outcrops. As in the Vivero association,
the Bayo—Vigo vaugnerite—granitoid association was sub-
sequently cross-cut by syntectonic peraluminous two-mica
granites and leucogranites, and post-tectonic granodiorites
(Fig. 1c).

Available U-Pb geochronological ages on zircons are con-
tradictory. ID-TIMS determinations on discordant zircons
from one vaugnerite and two granodiorites provided an up-
per intersect with the concordia at 350 &= 15 Ma (Gallastegui,
2005). Younger ages of 339.3+1.2 and 337+ 1 Ma were
obtained by LA-ICP-MS for a vaugnerite and granodiorite
respectively (Gutiérrez-Alonso et al., 2018). Nevertheless,
other ID-TIMS determinations still provided the youngest
ages of 322.8 = 1.8 and 319.6 £ 0.7 Ma for vaugnerites (Ro-
driguez et al., 2007). These are close to a sensitive high-
resolution ion microprobe (SHRIMP) age of 328 £2Ma
obtained for vaugnerites (Bea et al., 2021) and to chem-
ical abrasion (CA)-ID-TIMS and SHRIMP ages of 326-
315 Ma determined for the Bayo—Vigo porphyritic granodi-
orites (Gonzédlez-Menéndez et al., 2021). These younger ages
would corroborate the theory of simultaneous intrusion of
vaugnerites and granodiorites.

3 Methods

Mineral modes, mineral major element compositions, and
whole-rock major, trace element, Sr and Nd isotope compo-
sitions were compiled from Galdn (1987), Galan et al. (1996)
and Gallastegui (2005). The new whole-rock Sr and Nd iso-
topic data were determined by ID-TIMS on seven vaugner-
ites and two monzonitic granites at the Geochronology and
Geochemistry-SGlker facility of the Universidad del Pais
Vasco UPV/EHU, using a Finnigan MAT262 mass spec-
trometer. Chemical procedures for Sr extraction are from
Pin and Bassin (1992) and for Sm and Nd from Pin and
Santos Zalduegui (1997). A "ONd/'*°Sm mixed isotope

https://doi.org/10.5194/ejm-35-845-2023
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tracer was used. Blanks for Sm and Nd are negligible.
Sr, Nd and Sm were loaded over Ta filaments and mea-
sured by Faraday in multicollection with corrections for
mass fractionation by normalisation to 30Sr/38Sr=0.1194
and '4ONd/!#Nd = 0.7219 (Steiger and Jiger, 1977; Wasser-
burg et al., 1981). Analytical uncertainty was estimated to be
0.2 % on the '*7Sm/'**Nd ratio. The values and incertitude
for individual measurements of *3Nd/!**Nd and ®7Sr/30Sr
ratios for JNdi-1 and NBS-987 standards, under the same
conditions, over different periods of analyses are the fol-
lowing: *3Nd/'*Nd (JNdi-1) = 0.512097 £ 0.000001 (20;
n=2), ¥Sr/80Sr (NBS-987)=0.710261 + 0.000017 (20;
n = 2). The values obtained for the standards are compara-
ble to those published by most laboratories worldwide. They
lie within the certified range for the values obtained in the
validation test of the JNdi-1 (Tanaka et al., 2000) and for the
NBS-987 (Wise and Waters, 2007).

4 Petrography
4.1 Appinites and related granitoids

The Vivero appinite suite includes ultramafic rocks. Their
petrographic names, main microstructures, essential, acces-
sory and secondary minerals are included in Table 1 (see
also Fig. 2a for their modal classification). There are fine-
grained peridotites and pyroxenites (grain size < 1 mm) and
coarse-grained hornblendites (grain size up to 5Scm). Cu-
mulate microstructures are characteristic. Cumulus miner-
als are olivine, clinopyroxene and orthopyroxene. The main
intercumulus minerals are amphibole and, less frequently,
phlogopite (Fig. 3a). Olivine is only present in ultramafic
appinites forming embayed and skeletal crystals. Orthopy-
roxene (up to 10vol %) is subordinate to clinopyroxene
(1 vol %-50 vol %). Orthopyroxene appears as anhedral, of-
ten poikilitic, crystals including olivine and clinopyrox-
ene. Clinopyroxene forms anhedral crystals partially or
completely replaced by amphibole. Amphibole appears as
(i) large subhedral poikilitic crystals (Amp 1), with brown
cores that give way to fibrous colourless rims through green
zones; inclusions are mainly of anhydrous mafic silicates
(Fig. 3a); (ii) interstitial fibrous colourless crystals (Amp 2)
(Fig. 3b); and (iii) colourless crystals, pseudomorphosing
clinopyroxene (Amp 3) (Fig. 3a). Phlogopite is seen in-
tergrown with Amp 1 or forms isolated poikilitic crystals
(Fig. 3c¢).

In mafic appinites (Table 1; Fig. 2b) (M (mafic minerals)
> 40vol % or 50 vol %) amphibole mode, although variable,
is typically higher than biotite mode (amphibole / biotite ra-
tio ranges from 0.5 to 84). Olivine and orthopyroxene are
absent although some clinopyroxene crystals remain. Grain
size varies from coarse (up to 5cm in pegmatoid varieties)
to fine grained (1 mm). Coarse-grained rocks show cumu-
late microstructure with amphibole as the main cumulus

https://doi.org/10.5194/ejm-35-845-2023
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Table 1. Main types of rocks, microstructures and mineralogy of the two studied associations.

Vivero appinitic association

Bayo—Vigo vaugneritic association

Main rock Petrographic Micro Essential Accessory Secondary Petrographic Micro Essential Accessory Secondary
types names structures minerals minerals minerals names structures minerals minerals minerals
Ultramafic + Px—Amp Cumulates Ol, Cpx, Ap, Chr, Srp, Mag, - - - - -
peridotites mainly Opx, Amp,  Mag, IIm Cb, Tlc,
+ Px-01 poikilitic Phl sulfides Chl
hornblendites
Hornblendites
+ Ol-Amp
pyroxenites
Pyroxenites
Mafic Bt-Amp Cumulates, Amp, Bt, IIm > Ttn, Ser, Amp-Bt gabbros, Subhedral Cpx > Opx, Chr, Ilm, Ser,
diorites, subhedral =+ Cpx, Pl, Ap, Zrn, Saussurite, gabbro—diorites, granular, Amp, Bt, Pl, Ttn, Ap, Saussurite,
Qtz diorites, granular + Mc, Aln, Ep, Chl, Ttn, monzogabbro— ophitic— Kfs, Qtz Zrn, Aln, Chl
tonalites, +Qtz Sulfides Ep diorites, poikilophitic Ep,
monzonites, Qtz gabbro—diorites, varieties Sulfides
Qtz monzonites Qtz monzogabbro—
diorites,
monzodiorites,
monzonites,
tonalites,
granodiorites,
melagranites
Bt tonalites,
granodiorites,
monzonitic granites
Granitoids Amp-Bt Subhedral- Bt, Amp, Ttn > Ilm, Ser, Chl, Bt granodiorites Porphyritic, Bt, P, Kfs, Qtz  Ms, Zrn, Ap, Ser,
tonalites anhedral + Cpx, Pl, Ep, Zm, Ttn, Ep (Festinanzo, Udra, anhedral granu- Aln, = Tur, Chl
Bt tonalites, granular Kfs, Qtz, Ap, Grt, Cangas), Ms-Bt mon-  lar Ilm, Rt, = Fi
granodiorites protomylonitic £ Ms Sulfides zonitic granites
+ Ms-Bi to mylonitic
monzonitic porphyritic
granites in granodiorites
and
monzonitic
granites
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Figure 3. Microstructures of Vivero ultramafic and mafic appinites. (a) Large amphibole poikilitic crystal (Amp 1), with brown core with tiny
ilmenite inclusions and/or exsolutions in black, passing to green zones in hornblendites; other inclusions are of olivine and pseudomorphs
formed of white amphibole crystals (Amp 3). (b) Zoned Amp-1 crystal with fibrous rim, interstitial fibrous amphibole crystals (Amp 2) and
chlorite in hornblendites. (c¢) Phlogopite crystal including olivine, clinopyroxene and orthopyroxene in ultramafic appinites. (d) Relationships
between amphibole, ilmenite and biotite crystals in mafic appinites. (e) Clinopyroxene and amphibole cumulus crystals surrounded by
intercumulus plagioclase and K feldspar in an appinite (monzonite type) (f) Plagioclase crystal with a resorbed or skeletal calcic core
partially altered to sericite and surrounded by a more albitic rim in an appinite (quartz diorite). Mineral abbreviations after Whitney and

Evans (2010).

phase. Medium- to fine-grained rocks show subhedral gran-
ular microstructure. Amphibole shows brownish cores with
tiny ilmenite inclusions (Fig. 3d). In the coarsest grained
rocks, amphibole forms long hollow prismatic crystals (up to
7 cm). Felsic minerals fill the holes, a typical feature of crys-
tallisation under high Py,o conditions (Wells and Bishop,
1955; Key, 1997). Biotite is closely associated with amphi-
bole, either as inclusions or pseudomorphosing this mineral.
Microcline is only present in rare monzonites (Fig. 2b) as
large interstitial crystals enclosing mafic minerals (Fig. 3e).
Plagioclase (Any4_45) forms subhedral crystals, with nor-
mal discontinuous (Fig. 3f), oscillatory and patchy zon-
ing. Most mafic appinites follow the trondhjemitic (1) trend
of the calc—alkaline plutonic series (Lameyre and Bowden,

https://doi.org/10.5194/ejm-35-845-2023

1982) (Fig. 2b). Only three samples, with high modal K
feldspar (the monzodiorite, monzonite and quartz monzonite
in Fig. 2b), roughly follow the monzonitic (3) trend.

The nomenclature and the main mineralogical and petro-
graphic features of granitic rocks associated with appinites
are also shown in Table 1, and their modal classification is
in Fig. 2c. In Vivero, amphibole biotite tonalites outnumber
the other granitic rocks. These tonalites differ from mafic
appinites, which are locally included as microgranular en-
claves, by lower M index (< 35) and amphibole / biotite ratio
(2-0). They are medium-grained subhedral-anhedral granu-
lar rocks, with crystal orientation. They show clots of light-
green amphibole at the core with tiny quartz inclusions,
which give way to greener crystals and biotite at the rim.
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These clots occasionally enclose relic clinopyroxene. Plagio-
clase (Angs_32) is present as subhedral crystals with com-
plex zoning. K feldspar forms anhedral crystals, with a few
perthites and local microcline twinning. Myrmekites are fre-
quent at the contact between K feldspar and plagioclase.
Quartz ocelli or xenocrysts, with amphibole-biotite rims, are
occasionally observed. Biotite tonalites and granodiorites are
fine- to medium-grained subhedral-anhedral granular rocks.
They are orientated and with protomylonitic microstructure
in the most deformed outcrops. They also differ from am-
phibole biotite tonalites due to the presence of scarce K-
feldspar megacrysts, less calcic plagioclase (Angs_»7) and ac-
cessory garnet. Finally, porphyritic muscovite biotite mon-
zonitic granites are coarser-grained rocks, with K-feldspar
megacrysts (2-3cm) in an anhedral granular matrix. Pro-
tomylonitic to mylonitic microstructures are also frequent.
Their plagioclase (Ansz7_pg) is less calcic than that of the
granodiorites. The Vivero granitoids plot between the calc—
alkaline plutonic series (1) and (2) of Lameyre and Bow-
den (1982) (Fig. 2c).

4.2 Vaugnerites and related granitoids

The Bayo-Vigo vaugnerites were distinguished into two
groups (Table 1). One group, mainly megaenclaves, is mostly
melanocratic with few leucogabbros. Its amphibole / biotite
ratio ranges from 0.1 to 2.8, but it is usually < 1. Clinopy-
roxene (up to 13 vol %) and rare orthopyroxene are present.
The second group of vaugnerites, interlayered with coeval
granitoids and as microgranular enclaves, is mainly bi-
otitic and melanocratic. Grain size and microstructures of
vaugnerites are similar to those of mafic appinites, except
for the coarsest-grained rocks (gabbros), which show poik-
ilophitic microstructures: mafic minerals, biotite in particu-
lar, also include plagioclase crystals (Fig. 4a-b). Pyroxenes
are commonly surrounded by amphibole. The most char-
acteristic biotite crystals are large (up to Scm) and tabu-
lar shaped, including relic clinopyroxene rimmed by amphi-
bole, and plagioclase (Fig. 4a). In the gabbros, amphibole
forms large, brown-green crystals (similar to Amp 1 in ul-
tramafic appinites) with clinopyroxene and plagioclase in-
clusions (Fig. 4b). There are also fibrous colourless crystals
(similar to Amp 2) and others in pseudomorphs or clots (sim-
ilar to Amp 3). The amphibole clots (Fig. 4c) show colour-
less cores, which become greener towards the border and
can enclose small quartz inclusions, clinopyroxene relics, bi-
otite and opaque (Cr-rich spinel) =+ titanite crystals. Plagio-
clase crystals (Angp-17) can be isolated or grouped as glom-
erocrysts and display complex zoning. The most calcic com-
positions correspond to corroded or skeletal cores (Fig. 4d)
and to rims enveloping less calcic poikilitic cores, all in turn
mantled by more albitic compositions (Fig. 4e). The inclu-
sions are biotite, amphibole, quartz, opaques, apatite and
even plagioclase. Potassium feldspar is present as interstitial
anhedral crystals, at times poikilitic, and can replace plagio-
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clase. Quartz crystals are mostly interstitial and anhedral but
also appear as millimetric to centimetric quartz =+ feldspar
ocelli, surrounded by amphibole + biotite = titanite (Fig. 4f).
The three evolutionary trends of the calc—alkaline plutonic
series (Fig. 2¢), trondhjemite (1), granodioritic (2) and mon-
zonitic (3) are observed among the vaugnerites. This data
scattering is common among vaugnerites, which is in part
due to their high mafic mineral mode, particularly biotite
mode. In addition, the mingling between vaugnerites and as-
sociated granitoids (Gallastegui, 2005) can contribute to this
data dispersion.

In contrast to the appinitic suite, biotite porphyritic gran-
odiorites are more frequently found (Fig. 2c) among gran-
itoids related to vaugnerites. The three granodiorite types
(Table 1) are coarse-grained and texturally similar to the
porphyritic biotite monzonitic granites of Vivero. However,
they differ in the abundance and size of the K-feldspar
megacrysts, which increases from the Cangas (I-2cm at
the long axis) to the Udra type (4—12cm). They also vary
in showing decreasing An content in plagioclase crystals,
which usually show complex zoning (46 %—20 % in the Can-
gas type, 36 %—20 % in the Festifianzo type and 31 %—17 %
in the Udra type). Potassium-feldspar megacrysts usually dis-
play microcline twinning, perthites and myrmekites at the
contact with plagioclase. Replacement of plagioclase by K
feldspar is common in the matrix. Biotite (23 vol %-5 vol %)
in the granodiorites appears either as clusters (Festifianzo
and Cangas granodiorites), where the crystals show decus-
sate orientation, or as isolated crystals (Udra granodiorites).
It is usually associated with accessory minerals, including
muscovite, whose mode increases in the Udra granodiorite
(up to 2.6 vol %). As regards the + muscovite biotite mon-
zonitic granites, they are coarse- to medium-grained rocks,
mostly equigranular and anhedral, and more leucocratic than
the granodiorites. An range in plagioclase is similar to that of
the Cangas granodiorite, but this component increases when
these monzonitic granites enclose swarms of microgranular
enclaves. Similar to vaugnerites, related granitoids plot be-
tween trondhjemite (1) and monzonitic (3) series (Fig. 2c).
The great dispersion is in part explained by the effect of K-
feldspar megacrysts on the counting-point method used for
modal analyses (Gallastegui, 2005).

5 Mineral chemistry

Major element compositions of mafic minerals present in the
two associations, along with those of olivine only observed
in ultramafic appinites, will be used to highlight similarities
and differences (see Fig. 5) and to ascertain their origin.

Olivine in ultramafic appinites shows forsterite (Fo) con-
tent or magnesium number (Mg# =Mg/(Mg + Fet + Mn)),
in atoms per formula unit (apfu) from 82 to 68, decreasing
from peridotites to hornblendites.
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Figure 4. Microstructures of the Bayo—Vigo vaugnerites. (a) Clinopyroxene rimmed by amphibole, amphibole and saussuritised plagio-
clase crystals in poikilitic biotite. (b) Clinopyroxene and plagioclase within brownish-green amphibole. (¢) Amphibole clot surrounding relic
clinopyroxene with corroded biotite inclusions. (d) Resorbed or skeletal calcic plagioclase core surrounded by a more albitic rim. (e) Poikilitic
plagioclase core rimmed by a saussuritised calcic zone in turn mantled by more albitic compositions. (f) Quartz ocelli surrounded by amphi-

bole, biotite and titanite.

Orthopyroxene in the ultramafic appinites is enstatite or
aluminian enstatite (Wog7-2.5 En74-go Fsj7-25), with Mg#
ranging from 81 to 75. It shows lower amounts of Al,O3 (<
3.0wt %), TiO; (< 0.20 wt %) and Cr,O3 (< 0.19 wt %) than
orthopyroxene from mantle fertile lherzolites (e.g. Galan et
al., 2011), from which it also differs in having lower Mg#.
By contrast, the rare orthopyroxene in vaugnerites is en-
statite or ferrian enstatite (Woys_3.8 Ensg_g1 Fs3s5_41), with
lower Mg# (61-58) and Al,O3 concentration (0.59 wt %—
1.92 wt %) than in ultramafic appinites.

Clinopyroxene is diopside and augite close to diopside
(Wous_50 Enaa_so Fsap-10) in ultramafic appinites. A few
analyses can be qualified as chromian and occasionally
aluminian—chromian. Mg# (94-84) is significantly higher
than in orthopyroxene and olivine. TiO;, Al,O3 and CryO3
are below 0.23 wt %, 2.79 wt % and 0.86 wt %, respectively.

https://doi.org/10.5194/ejm-35-845-2023

The concentration of these three components is also lower
than in typical mantle lherzolite clinopyroxene (e.g. Galdn
et al., 2011), but their Mg#’s overlap. It is worth noting that
clinopyroxene in tonalites of the granitoid sequence, corre-
sponding to a relic crystal in an amphibole clot, shows sim-
ilar composition to clinopyroxene in ultramafic appinites,
which suggests it is a xenocryst. Clinopyroxene in vaugner-
ites is also diopside or augite close to diopside (Wo39_50
En3zy_43 Fsy1-24), with a few analyses classified as aluminian
or aluminian—chromian. It mainly differs from that found in
appinites in that it has lower Mg# (79-58). Ti vs. Ca+ Na
for clinopyroxene of basic and intermediate rocks formed at
0.4—1.0 GPa pressure (Fig. 5a; Leterrier et al., 1982; Molina
et al., 2009), the most likely conditions for the intrusion
of appinites and vaugnerites, does not allow the discrimi-
nation of the origin of this mineral, either from alkaline or
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while trend 2 is for biotites from related granitoids.

subalkaline magma type: clinopyroxene from both appinites
and vaugnerites straddles both fields, and most analyses plot
within the field shared by clinopyroxene in equilibrium with
alkaline or subalkaline melts (Molina et al., 2009). Never-
theless, the fact that clinopyroxene and orthopyroxene co-
exist, especially in the ultramafic appinites, points to SiO;-
saturated melts more akin to subalkaline types.

Amphiboles from the two associations display similari-
ties and differences (Fig. 5b—d). Large amphibole crystals

Eur. J. Mineral., 35, 845-871, 2023

(Amp 1) in the ultramafic appinites are pargasite at the
brown cores and tremolite, actinolite, and cummingtonite
at the colourless rims (Fig. 3a-b), passing through green
zones of magnesio ferri hornblende and magnesio horn-
blende (Hawthorne et al., 2012). Mg# ranges from 64 to 86
(Fig. 5b) and can increase from the core towards the rim of a
single crystal. TiO, reaches up to 1.5 wt % (Fig. 5c—d). Most
Amp-1 type compositions show a slight decrease in Al at the
T site (AlT) and Na and K at the A site [(Na+K)], with

https://doi.org/10.5194/ejm-35-845-2023



G. Galan et al.: Contrasting appinites, vaugnerites and related granitoids 855

decreasing TiO, (trend 1; Fig. 5c—d). Compositions of in-
terstitial amphibole (Amp 2) are tremolite, magnesio horn-
blende and, more rarely, cummingtonite, with the Mg# range
(92-79) overlapping values of the Amp-1 rims (Fig. 5b).
Maximum TiO; (0.64 wt %) concentration is lower than in
Amp 1 (Fig. 5c—d). Amphibole in pseudomorphs (Amp 3;
Fig. 5a) is tremolite—actinolite, also with Mg# from 93 to 78
and low TiO; (up to 0.33 wt %). In mafic appinites, amphi-
bole is also pargasite or magnesio hornblende but with much
lower Mg# (66—43) than in the ultramafic ones. TiO; is be-
low 1.1 wt %. Finally, amphibole is magnesio hornblende or
magnesio ferri hornblende in the tonalites of the granitoid se-
quence, with similar Mg# (63-49) and TiO;, concentrations
(up to 1.1 wt %) to amphibole in mafic appinites. All these
amphiboles are characterised by a stronger decrease of AlT
and [(Na+ K)a] with TiO, (Trend 2; Fig. 5c—d) than in ul-
tramafic appinites. Trend (1) and (2) in Fig. 5c—d are compa-
rable to those defined by primary (1) and by both primary
and secondary amphiboles (2), in other Iberian appinites
(Molina et al., 2009; Cambeses et al., 2021). In vaugner-
ites, most analyses correspond to amphiboles in clots, which
are actinolite grading to magnesio hornblende or magnesio
ferri hornblende from colourless cores towards the greener
rims (Fig. 4c). These amphiboles have less AlT, [(Na+K)al
and higher Mg# (81-43), for similar TiO, concentration,
than amphiboles from mafic appinites, being more similar to
amphiboles from tonalites of the Vivero granitoid sequence
(Fig. 5b—d). Compositions of pargasite or magnesio hast-
ingsite, equivalent to those of brown cores in ultramafic ap-
pinites (Amp 1), were only found in vaugneritic gabbros
(Fig. 4b), but those from vaugnerites show lower Mg# (81—
43) and slightly higher TiO; values (< 2.2 wt %). Neverthe-
less, this difference is not general, because primary Amp 1
in other Iberian appinites shows higher TiO, contents (up
to 5wt %) (Molina et al., 2009) than in the appinites and
vaugnerites of this study. However, it should be borne in
mind that TiO; in Amp 1 from Vivero ultramafic appinites
could have been influenced by the co-existence of ilmenite
(Fig. 3a).

Phlogopite compositions were analysed in ultramafic ap-
pinites. Mg# ranges from 89 to 77. Al,O3 concentration
varies from 14.7 wt % to 17.1 wt %, and TiO; can reach up to
2.0 wt %. These compositions show lower Mg# than typical
mantle phlogopites and are characteristic of ultramafic camu-
lates (McDonough and Rudnick, 1998). Biotite compositions
in mafic appinites and vaugnerites have Mg# < 89 and pro-
vide a positive correlation in the total Al (Alt; apfu) vs. Mg
diagram (Nachit et al., 1985; trend 1 in Fig. 5e). By contrast,
Mg and Alr show a negative correlation in granitoid biotites
(trend 2 in Fig. 5e), although those related to vaugnerites
plot more scattered and show higher Mg values for similar
Alt values. Monzonitic granites from the two associations
are highlighted with different symbols in Fig. Se, because
those related to vaugnerites follow a distinct evolution trend,
with variable Alt at constant Mg. Interestingly, these gran-
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ites include swarms of vaugneritic microgranular enclaves
(Gallastegui, 2005, and references therein). Figure Se also
illustrates that biotites from mafic appinites and from related
hornblende—biotite tonalites of the granitoid sequence com-
pare well with vaugnerite biotites, except that TiO, contents
are higher in vaugnerites (up to 4.3 wt %) than in appinites
(up to 3.0 wt %).

6 Whole-rock geochemistry
6.1 Major and minor elements

The ultramafic appinites from Vivero are mostly basic rocks
with total alkalis <2 wt % (Fig. 6a) and aluminium satura-
tion index (ASI) < 1.09 (Frost et al., 2001). The mafic ap-
pinites are basic to intermediate with ASI < 1.08. The SiO,
range of vaugnerites varies from basic to acid. Most of
them are metaluminous (0.6 < ASI < 1.2), except for those
forming microgranular enclaves, which are the most pera-
luminous and acid. In the granitoids related to appinites,
SiO, concentration increases from tonalites towards mon-
zonitic granites (Fig. 6a—d), and their ASI ranges from
0.9 in tonalites to 1.5 in one granodiorite. The Bayo—Vigo
granodiorites and monzonitic granites exceed SiO, con-
centration of most acid vaugnerites and are peraluminous
(1.0< ASI < 1.2).

In the total alkalis vs. SiO, diagram (TAS) (Le Maitre,
2002), most rocks of the appinite—granitoid association are
subalkaline, whereas most rocks of the vaugnerite—granitoid
association straddle the limit between the subalkaline and
alkaline series (Fig. 6a). Both associations are magnesian
(Fig. 6b), although this is more accentuated in the vaugnerite
one, calc—alkalic in Vivero, and range from calc—alkalic to
alkali—calcic in Bayo—Vigo (Fig. 6¢) (Frost et al., 2001).

The K>O vs. SiO, diagram (Le Maitre, 2002; Fig. 6d)
illustrates that, although the two associations largely over-
lap with respect to KO concentrations, the highest K,O
abundances correspond to the vaugneritic type. Thus, the
appinite—granitoid association is mainly a high-K calc—
alkaline series, whereas the vaugnerite—granitoid associa-
tion straddles the limits from medium-K calc—alkaline se-
ries to shoshonite series. However, the similarity between
shoshonitic and vaugneritic series in this diagram is only ap-
parent (Scarrow et al., 2009a; Bea et al., 2021). According
to these authors, vaugnerites differ from shoshonites in be-
ing more magnesian, richer in light ion lithophile and high
field strength elements (LILEs and HFSEs, respectively) and
in having higher light rare-earth / heavy-rare earth ratios than
the latter. Another difference is that Sr and Nd isotopic com-
positions of vaugnerites are crust or lithospheric mantle-like,
whereas shoshonites have depleted, asthenospheric mantle
isotope signature.
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Figure 6. (a) Total alkalis vs. SiO, (TAS) diagram indicating the equivalent volcanic rocks of the two associations. Boundaries between
alkaline and subalkaline series of Kuno (1966), MacDonald (1968), and Irvine and Baragar (1971) are also illustrated. (b) Fe number
(Fe* =FeO1/(FeOt1 + MgO)) vs. SiO5, oxides in wt %, with the boundary between ferroan and magnesian plutons (Frost et al., 2001).
(¢) Modified alkali-lime index (MALI) (Frost et al., 2001) vs. SiO, with the boundaries between alkalic, alkali—calcic, calc—alkali and
calcic series. (d) K»O vs. SiO; diagram with the subdivision for subalkaline rocks of Le Maitre (2002) (dashed lines). The band between
shoshonite series and high K series is from Rickwood (1989). (e) K# vs. Mg# for Vivero appinites and Bayo—Vigo vaugnerites, contrasting
the evolving trends. Excluding the ultramafic rocks, K# remains almost constant for variable Mg# in mafic appinites, whereas in the related
granitoids K# displays scattered. By contrast, K# and Mg# show a positive correlation in vaugnerites (trend 1) and a negative one in related
granitoids and some of the vaugneritic microgranular enclaves (trends 2). The Bayo—Vigo vaugnerites are less potassic than those from the
Massit Central, France (C16; Couzinié et al., 2016). (f) MgO vs. CaO diagram showing that the studied associations are more calcic than
magnesian, excepting ultramafic appinites (not represented) and a few vaugnerites; vaugnerites are closer to the 1:1 ratio than appinites,
and both mafic appinites and vaugnerites plot within the field of post-collisional Variscan mafic magmatism from the eastern Massif Central
(C16; data from Couzinié et al., 2016).
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The diagram of K number
(K#=100-K>0/(K20 + Nay0)) Vs. Mg#
Mg#=100-MgO/(MgO + FeOr)) (all oxides in moles)
(Fig. 6e) serves to illustrate different evolving trends of
the two associations. Excluding the ultramafic appinites,
which plot apart from the general trend due to their camulus
character, the mafic appinites show nearly constant K#
with decreasing Mg#, whereas in the related granitoids K#
displays scattered with no clear trend. By contrast, most
vaugnerites are characterised by simultaneous decreasing of
both K# and Mg# (trend 1; Fig. 6e), whereas in the related
granitoids and several vaugnerite microgranular enclaves,
K# increases when Mg# decreases (trend 2; Fig. 6e).
Trend (1), defined by decreasing alkalis, especially K>O,
with the differentiation of most vaugnerites (see also Fig. 6a,
d) is typical of the vaugnerites from the Massif Central of
France (MCF) (Sabatier, 1991), representing the most typi-
cal Variscan post-collisional mafic magmatism of this area
(Couzinié et al., 2016). However, MCF vaugnerites can be
more potassic than those from Bayo—Vigo (Fig. 6e), which
would be classified between redwitzites and vaugnerites,
as previously observed by Errandonea-Martin et al. (2018).
Also, trend (1) in Fig. 6e could be correlated with the
trondhjemite calc—alkaline plutonic trend defined by the
Bayo—Vigo vaugnerites (Fig. 2b): biotite and amphibole
modes might decrease with magmatic differentiation,
causing lower Mg#, whereas quartz increases at constant
K feldspar and decreasing plagioclase reducing K#. By
contrast, trend (2) in Fig. 6e could reflect decreasing biotite,
amphibole at decreasing plagioclase, and increasing quartz
and K feldspar and thus be correlated with the granodioritic
calc—alkaline plutonic trend of vaugnerites in Fig. 2b.

The two studied associations can be also differenti-
ated by using the MgO vs. CaO diagram (Sabatier, 1984;
Fig. 6f), where the ultramafic appinites (not represented)
show MgO > CaO abundance and a negative correlation be-
tween the two components. This is mainly due to olivine
fractionation. By contrast, the other appinites and related
granitoids display MgO < CaO, just as most vaugnerites and
related granitoids do. However, the vaugnerites can show
MgO > CaO, which is the case of similar rocks in the MCF
(data from Couzinié et al., 2016).

Regarding minor components, the two associations show
similar TiO» contents in mafic rocks and related granitoids
(Supplement, Fig. Sla), but they differ in the amount of
P,0s, which reaches higher values for similar Mg# in the
vaugnerites than in the appinites (Fig. S1b). This reflects a
higher amount of apatite in the former than in the latter. Gran-
itoids from both associations show lower TiO, and P,O5 than
related mafic rocks, and their trends deflect from those of ap-
pinites and vaugnerites. Titanium and P were compatible el-
ements in granitoids, whereas they behaved as incompatible
during the evolution of the associated mafic rocks.

https://doi.org/10.5194/ejm-35-845-2023

6.2 Trace elements

Compatible elements, such as Ni and Cr, reach high val-
ues and decrease drastically from ultramafic to mafic ap-
pinites (Fig. 7a-b), as a result of the different olivine (Fig. 2a)
and chromite modes of the ultramafic cumulates. Vaugner-
ites follow the same trend, but in most of them Ni and Cr
have higher concentrations for similar Mg# than in mafic ap-
pinites. Concentrations of Ni and Cr in granitoids from the
two associations overlap and plot scattered, particularly those
related to appinites (Fig. 7a-b). Incompatible elements (e.g.
Rb, Ba, Sr, Nb) have low concentrations in the ultramafic ap-
pinites and increase towards mafic appinites and vaugnerites.
Both types of mafic rocks display scattered (Fig. 7c—f), but
vaugnerites reach higher values of incompatible elements for
similar Mg# than most mafic appinites. Most incompatible
elements in granitoids show similar contents to those in re-
lated mafic rocks. These elements display scattered and over-
lap between granitoids of both associations, except for Rb,
which shows a higher concentration in those associated with
vaugnerites (Fig. 7c). Rubidium increases from vaugnerites
to related granitoids, whereas it is nearly constant in the gran-
itoids associated with appinites (Fig. 7c). The Rb/Sr ratio
vs. Mg# diagram (Fig. S2) illustrates that mafic appinites
and vaugnerites show similar Rb/Sr values, and this ratio
increases slightly or remains nearly constant with decreas-
ing Mg# in vaugnerites and appinites, respectively (trend 1
and 1’ in ST Fig. S2). By contrast, Rb/Sr ratio increases with
decreasing Mg# in the granitoids related to vaugnerites and
their microgranular enclaves (trend 2 in Fig. S2), while it
stays broadly constant in the granitoids associated with ap-
pinites.

Total rare-earth elements ()} _REE) in Vivero ultra-
mafic appinites range from 17 to 60 times chon-
drite, with (La/Yb)x (2.0-7.3), (La/Nd)n (1.0-1.8) and
(Gd/Yb)ny (1.4-2.7). Eu anomaly varies from nega-
tive to positive (Eu/Eu* =0.4-1.5) (Fig. 8a). Mafic ap-
pinites are REE enriched (44-70 times chondrite) with
respect to ultramafic rocks, especially in heavy REE
(HREE) (Fig. 8b). (La/Yb)N (4.8-5.2), (La/Nd)N (1.4—
1.6) and (Gd/Yb)n (1.5-1.9) ratios are comparable to
those of ultramafics. The Eu anomaly is always negative
(Eu/Eu* = 0.6-0.8). Granitoids display a > _REE range (34—
80 times chondrite), which is similar to that of mafic ap-
pinites, especially in tonalites and granodiorites (Fig. 8c).
Nevertheless, these granitoids differ in having slightly
lower HREE, higher REE fractionation: ((La/Yb)N =5.2—
42, (La/Nd)y =2.0-2.5, (Gd/Yb)n=0.9-5.5) and no Eu
anomaly Eu/Eu* = 1.1-1.7). Monzonitic granites stand out
as they have lower HREE and significant fractionation be-
tween them, with (Ga/Yb)ny =4.5-5.5.

> REE are higher in the Bayo-Vigo vaugnerites (55-252
times chondrite) than in appinites. REE patterns are also
more fractionated compared to those of appinites (Fig. 8d):
((La/Yb)y =10-47; (La/Nd)ny = 1.7-2.5; (Gd/Yb)n = 1.7—

Eur. J. Mineral., 35, 845-871, 2023
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Figure 7. (a—f) Covariation diagrams between different trace elements against Mg# as differentiation index.

5.2). This is due to both light REE (LREE) increase
and HREE decrease in the vaugnerites. Eu anomaly is
mostly negative (Eu/Eu*=0.5-1.1). Granodiorites share
common REE patterns and are more LREE enriched
(3_REE =103-179 times chondrite) and REE fractionated
than vaugnerites, with (La/Yb)ny = 18-60, (La/Nd)N =2.0—
3.0 and (Gd/Yb)n =2.5-5.0. The Eu anomaly is invariably
negative (Eu/Eu* =0.5-0.9). Compared with tonalites and
granodiorites related to appinites, granodiorites associated
with vaugnerites are LREE enriched, whereas their HREE
overlap. Only the monzonitic granites related to appinites
have similar HREE fractionation to the granodiorites asso-
ciated with vaugnerites (Fig. 8f). Finally, the monzonitic
granites related to vaugnerites show lower ) REE (46—
110 times chondrite), especially LREE, than the granodior-
ites and comparable REE fractionation: (La/Yb)n =18-46,
(La/Nd)N =2.3-2.9, (Gd/Yb)n = 2.5-50. Their Eu anomaly

Eur. J. Mineral., 35, 845-871, 2023

is insignificant or negative (Eu/Eu* = 0.6-1.0). REE patterns
of these monzonitic granites compare well with those related
to appinites (Fig. 8f).

Multielement diagrams of all these rocks show LILEs,
Th and U enrichments and negative Nb and Ti anomalies
(Fig. 9a—f). The main differences between the two associa-
tions are that the vaugnerite—granitoid one is more enriched
in Rb, Th and U and have negative anomalies in Ba, Sr and P
(Fig. 9b—f). Differences between rocks of the same associa-
tion are the following: (i) mafic appinites are LILEs and HF-
SEs enriched with respect to the ultramafics (Fig. 9b); (ii) the
patterns found in granitoids are similar to those in related
mafic appinites (Fig. 9¢), but the former show the highest
LILE and the lowest Ti content; (iii) LILEs increase from
tonalites to monzonitic granites, whereas Ti does the oppo-
site; (iv) vaugnerites and related granodiorites show simi-
lar multielement diagrams, but the granodiorites have less

https://doi.org/10.5194/ejm-35-845-2023
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normalisation values of McDonough and Sun (1995).

Ti (Fig. 9d—e); and (v) Ti also decreases in the Bayo—Vigo
monzonitic granites with respect to granodiorites (Fig. 9f).

7 Isotopic compositions

Sr and Nd isotopes for the appinite—granitoid association
(Galan et al., 1996) were recalculated at 314 Ma (Table S1
in the Supplement), assumed to be the most likely age for
the intrusion of granitoids (Lopez-Sanchez et al., 2015) and
appinites (see previous comments in the geological setting
section). Sr—Nd isotopic results for the vaugnerite—granitoid

https://doi.org/10.5194/ejm-35-845-2023

association include previously published data (Gallastegui,
2005) (Table S1) and new data (Table 2). All isotopic results
for vaugnerites and associated granitoids of Bayo—Vigo were
recalculated at the concordant zircon age of 320 Ma (Ro-
driguez et al., 2007), similar to that of the Vivero association
and hence convenient for comparative purposes.

Appinites and related granitoids display very heteroge-
neous and decoupled Sr-Nd isotopic compositions (Galdn
et al., 1996). Two ultramafic and one mafic appinites (VGI-
2, 5, 13 in Table S1) have variable Sr; (27-60) for similar
eNd; (from —0.1 to —0.3), which led Galan et al. (1996) to
suggest a role of HyO-fluid interaction (Fig. 10a) (Dickin,

Eur. J. Mineral., 35, 845-871, 2023
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2005, and references therein), not related to post-magmatic
perturbations but reflecting complex petrogenesis. Addition-
ally, appinites and related granitoids show considerable com-
positional overlapping, although the former have higher ¢eNd;
and lower eSr; than the latter (¢Nd; and ¢Sr; for appinites:
from —0.1 to —3.9 and 27-60, respectively; eNd; and &Sr;
for granitoids: from —2.1 to —6.2 and 34-61, respectively)
(Fig. 10a—c, Table S1). Moreover, each rock type is heteroge-
neous. There are five ultramafic appinites (VGI-2, 3, 4, 5, 9)
showing Nd isotopes (¢Nd;: from —0.2 to —1.4) and four of
them also Sr isotopes (¢Sr1;: from 29 to 35) within a narrow

Eur. J. Mineral., 35, 845-871, 2023

range. Two other ultramafics (VGI-6, 11) stand out as having
less radiogenic Nd (¢Nd;: from —2.0 to —2.1) and similar ra-
diogenic St (eSr;: 32-36). Mafic appinites are even more het-
erogeneous (Fig. 10a—c). Finally, the most primitive isotopic
granitoids are amphibole biotite tonalites with similar eNd;
and eSr; to ultramafic and mafic appinites (Fig. 10a; samples
VGI-18, 22 in Table S1), whereas the monzonitic granites
are the most isotopically evolved, with biotite tonalites and
granodiorites having intermediate compositions between the
two granitic extremes (Fig. 10a, assimilation with fractional
crystallisation, AFC, line).

https://doi.org/10.5194/ejm-35-845-2023
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coeval granitic melts.

Vaugnerites show less radiogenic Nd than most appinites
and are more homogeneous between them (¢Nd;: from —3.8
to —5.3; Fig. 10a—c). Other similarities and differences are
the following: (i) the 87Sr/30Sr; ratios of vaugnerites over-
lap with those of the appinites, but Sr is more radiogenic in
the former (¢Sr;: 1-71) than in the latter (¢Sr;: 27-60); (ii) Sr
isotopes of vaugnerites are also decoupled with respect to Nd
isotopes (reflecting possible interaction with H, O-rich fluids)
(Fig. 10a); (iii) there are no Nd isotopes for the granodior-
ites related to vaugnerites, but the monzonitic granites differ
from those associated with appinites showing higher ¢Sr; and
lower eNd; (Fig. 10a—c); and (iv) the vaugneritic trend does
not point to related monzonitic granites (Fig. 10a, c).

https://doi.org/10.5194/ejm-35-845-2023

8 Discussion
8.1 Comparison between the two associations

Similarities between the two case studies are the following:
(i) common lithologies among the mafic-intermediate rocks
and the granitoid sequence (Fig. 2b—c); (ii) amphibole and/or
biotite are the main mafic minerals in both appinites and
vaugnerites; (iii) both are magnesian—potassic associations
(Fig. 6b); (iv) both have negative anomalies at Nb and Ti
with respect to neighbouring elements in multielement dia-
grams (Fig. 9); and (v) there are crustal isotopic signatures
in both appinites and vaugnerites (Fig. 10a). Differences be-
tween the two case studies are the following: (i) ultramafic
cumulates with olivine and pyroxenes are common in the ap-

Eur. J. Mineral., 35, 845-871, 2023
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pinites and absent in the vaugnerites; (ii) amphibole is either
subordinate to biotite or absent in vaugnerites, in contrast to
the appinites; (iii) the vaugnerite—granitoid association rocks
are more magnesian and enriched in K>O than those from
the appinite—granitoid association (Fig. 6b—d); (iv) the evolu-
tion of K# vs. Mg# shows positive correlation in vaugnerites
and no correlation in appinites; this correlation is reversed
in granitoids related to vaugnerites (Fig. 6e); (v) vaugner-
ites are enriched in P,Os5 (Fig. S1b), in compatible (Ni, Cr)
and incompatible elements (LILEs, Th, U, Nb, LREE), have
lower HREE and negative anomalies at Ba, Sr and P, com-
pared to appinites (Figs. 7-9); related granitoids show sim-
ilar differences in minor and trace elements; (vi) the Rb/Sr
ratio is similar in both appinites and vaugnerites, but it stays
constant with decreasing Mg# in the former and tends to in-
crease in the latter (Fig. S2); (vii) the Rb/Sr ratio is higher
in granitoids related to vaugnerites than in those associated
with appinites (Fig. S2); (viii) Sr isotopic compositions of
vaugnerites and appinites overlap, but the former show the
least and the most radiogenic Sr; vaugnerites also differ by
showing the least radiogenic Nd (Fig. 10a—c); and finally (ix)
monzonitic granites of both associations show similar REE
patterns, but they differ because those related to vaugnerites
have lower eNd; and higher Sr; (Fig. 10a—c).

8.2 Mantle sources

Chemical compositions of mafic minerals in appinites and
vaugnerites could be influenced by co-existing melt com-
positions and solid phases and by crystallisation conditions
(viz., T, P, Py,0, fO2). Most authors agree that these mafic
rocks were derived from mantle basic melts that intruded co-
evally with related granitoids (Sabatier, 1991; Galan et al.,
1996; Gallastegui, 2005; Scarrow et al., 2009a; Couzinié
et al., 2014; Pe-Piper and Piper, 2018; Gutiérrez-Alonso
et al., 2018). The mantle origin is reflected in concentra-
tions of SiOy < 52 wt %, MgO + FeOr > 12 wt % and com-
patible transition elements (Cr > 250 ppm, Ni > 120 ppm) in
the mafic rocks (Figs. 6, 7a-b). The fact that pyroxenes of
appinites and vaugnerites differ in their Mg#, along with
the presence of olivine only in the appinite suite, suggests
that the parental mantle melts were different and might have
evolved under different crystallisation conditions. In addi-
tion, this is consistent with the different initial Sr—Nd isotopic
compositions of the two types of ultramafic—mafic rocks
(Fig. 10a, c).

Since ultramafic appinites are cumulates, the composition
of the co-existing melts must be inferred from the composi-
tions of cumulus minerals. Olivine was the first phase to crys-
tallise in ultramafic appinites. Its maximum Fo content (or
Mg# =82 %) and the Fe-Mg exchange coefficient between
this mineral and the co-existing melt (Kp =0.30+0.03)
(Roeder and Emslie, 1970) were used to estimate the Mg#
of the latter (58 &2) (Putirka, 2008). This is within the
range of basalt values and similar to the highest Mg# of

https://doi.org/10.5194/ejm-35-845-2023



G. Galan et al.: Contrasting appinites, vaugnerites and related granitoids 863

Vivero mafic appinites (Fig. 6e). Clinopyroxene composi-
tions in appinites and vaugnerites do not discriminate the al-
kaline or subalkaline affinity of their parental basaltic melts
(Fig. 5a). Regarding the whole-rock alkali abundances, the
appinite basaltic melts are expected to be subalkaline to
transitional (Fig. 6a). Interestingly, in ultramafic appinites,
clinopyroxene has higher Mg# (84-94) than olivine (68—
82), despite both minerals being among the earliest phases
to crystallise as they are included by orthopyroxene and es-
pecially by Amp 1 and phlogopite (Fig. 3a, c). Several hy-
potheses could be envisaged to account for this difference:
(i) the Mg-Fe cation exchange reaction between olivine
and clinopyroxene, whose partition coefficient [K 8¥§$g =
(Fe/Mg)o1/(Fe/Mg)cpx] is strongly dependent on tempera-
ture (Loucks, 1996); (ii) subsolidus re-equilibration between
the two minerals (Antonicelli et al., 2020); (iii) reactive melt
flow through a melt-poor olivine-rich crystal mush (Anton-
icelli et al., 2020) or, alternatively, mixing between an ear-
lier olivine bearing magma and a new melt injection (Galdn
et al., 2017), both processes causing olivine dissolution; and
(iv) increasing P,o during the crystallisation of the ultra-
mafic appinites. Firstly, increasing K g%:/ec/ijl(g with decreasing
temperature during the crystallisation of a basaltic system
could explain higher Mg# in clinopyroxene than in olivine.
However, this dependence is limited to systems with wa-
ter content < 3 wt % (see below), which include plagioclase
co-existing with olivine, clinopyroxene, orthopyroxene and
melt (Loucks, 1996); plagioclase is almost absent in ultra-
mafic appinites, where amphibole dominates. Secondly, sub-
solidus re-equilibration between olivine and clinopyroxene
is not likely: both phases are usually as isolated inclusions
mainly within Amp-1 type crystals, which have similar Mg#
(64-86) to that of olivine. The re-equilibration is more prob-
able between olivine and Amp 3 forming pseudomorphs after
olivine and especially after clinopyroxene. However, Amp 3
has a Mg# range (78-93) more similar to that of clinopyrox-
ene than to that of olivine. In addition, there is no evidence
of recrystallisation in ultramafic appinites (e.g. granoblastic
microstructures or subsolidus equilibrium temperatures; An-
tonicelli et al., 2020). The two-pyroxene thermometer pro-
vides equilibrium temperatures of 938 &35 °C for Vivero ul-
tramafic appinites (Galdn, 1987), which are over the solidus
of a HyO-saturated basaltic system at 0.5 GPa (e.g. Green
1982), the estimated pressure for the emplacement of these
rocks (Galan, 1987). Thirdly, reactive melt flow through a
melt-poor olivine-rich crystal mush causing olivine dissolu-
tion and the formation of the other mafic phases (Antonicelli
et al., 2020) may have occurred, but there is no evidence of it
(e.g. host olivine-rich rocks or melt—peridotite reaction at the
contact zone). Alternatively, mixing between different man-
tle melts in a magma chamber was suggested for the origin
of other Iberian ultramafic appinites (Galén et al., 2017), but
no evidence of this process (e.g. spinel zoning) exists in the
Vivero ultramafic appinites. In such a scenario, dissolution
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of olivine crystals from an earlier magma might appear when
they get in contact with a new more primitive melt giving
clinopyroxene with higher Mg#. It is worth noting that if
any of these two reactive processes took place, subsequent
magmatic evolution should have occurred at increasing H,O
concentration to explain the high amphibole mode. This is
documented experimentally for subalkaline basalts with high
water content (Gaetani et al., 1993): pyroxenes are followed
by amphibole in the crystallisation sequence, not by plagio-
clase. Finally, increasing H>O concentration over 3 wt % dur-
ing the clinopyroxene crystallisation with respect to that of
olivine could explain higher Mg# of the former (hypothe-
sis iv): higher water content might trigger increasing f O,
leading to simultaneous magnetite and clinopyroxene forma-
tion (Table 1). Earlier crystallisation of olivine from an ini-
tial hydrous, but perhaps subsaturated melt, and/or H,O as-
similation during the magma ascent could explain this Py,0
increasing and, therefore, saturation of the magmatic sys-
tem. Hypothesis (iv) is supported by hydrous experimental
data on phase relations and compositions in a basaltic sys-
tem (Gaetani et al., 1993; Feig et al., 2006). High volatile
content is characteristic of most appinite suites worldwide
(Murphy, 2013). The origin of this water could be predomi-
nantly juvenile (i.e. an inherited character of the mantle melt
itself) (Castro et al., 2003, 2010), but later H,O increasing
by contamination from the host rock during the magma as-
cent is also possible (Galén et al., 1996; Roberts et al., 2000;
Murphy, 2013; Bea et al., 2021). Interestingly, partial melt-
ing of a hydrated mantle could have contributed not only to
generate hydrous basaltic melts, but also to focus strain and
cause nucleation of lithospheric-scale strike-slip shear zones
(Vaughan and Scarrow, 2003), such as the ones related to the
NW Iberian appinites and vaugnerites (Vivero and Malpica—
Lamego shear zones, respectively). These shear zones might
have facilitated the ascent of these mafic magmas (Atherton
and Ghani, 2002) and potentially have promoted further in-
teraction of them with crustal H>O fluids. In addition, assim-
ilation of crustal H>O fluids by the appinite magmatic sys-
tem might contribute to its saturation and significantly shift
its solidus temperature to lower values. This fact could ex-
plain the following: (i) the embayed and skeletal crystals of
olivine; they would not be the result of dissolution, but of su-
percooling (MacKenzie et al., 1982; Vernon, 2004); (ii) the
general transformation of clinopyroxene and olivine into am-
phibole forming pseudomorphs (Amp-3 crystals; Fig. 3a);
and (iii) decoupling of ¢S; and ¢Nd; due to increasing Sr;
at constant ¢Nd; in one of the Vivero ultramafic appinites
(Fig. 10a). Thus, the trend followed by the Vivero appinites
in the Ba/La vs. Th/Yb diagram (Fig. 10d) could corroborate
both an origin from partial melting of a hydrous metasoma-
tised mantle and differentiation processes, mainly dominated
by crystal fractionation, taking place under high Py,o. This
trend is characterised by increasing Ba/La ratio at constant
Th/Yb values, the variation in the latter ratio being more in-
fluenced by sediment input (Woodhead et al., 2001). In sum-
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mary, either hypotheses (iii) or (iv) could explain composi-
tional and microstructural characteristics of ultramafic ap-
pinites, but whatever the case, differentiation of these rocks
must have taken place under high Py,0.

Olivine was not found in the Bayo—Vigo vaugnerites, al-
though it could have been completely pseudomorphosed by
amphibole =+ biotite + Cr-rich spinel clots (Sabatier, 1991;
Gallastegui, 2005). Compared to appinites, vaugnerites have
higher Mg# and K;O contents (Fig. 6b, d—e), and the
most mafic terms have a transitional-alkaline geochemistry
(Fig. 6a). Hence, they might derive from mantle melts more
akin to calc—alkaline lamprophyres of spessartite or kersan-
tite types (Sabatier, 1991). Early biotite fractionation from
such parental melts would explain the positive correlation
between K# and Mg# values (Fig. 6e) and possibly the neg-
ative anomaly at Ba in these rocks (Fig. 9d). Interestingly,
pyroxenes in vaugnerites show lower Mg# values than in ul-
tramafic appinites. This observation, along with the fact that
plagioclase appears earlier in the crystallisation sequence of
vaugnerites (as inclusions in earlier amphibole and biotite;
Fig. 4a-b), points to lower Py,o during the crystallisation of
vaugnerites than that of the ultramafic appinites. Moreover,
earlier crystal fractionation of plagioclase could also have
contributed to the characteristic negative anomalies at Ba
and Sr of vaugnerites (Fig. 9d—e). Nevertheless, interaction
with HoO fluids during the metasomatism of the vaugner-
ite mantle protolith previous to its melting and/or during the
vaugnerite magma ascent is reflected in the U enrichment
with respect to Th (U is considered more mobile than Th in
aqueous fluids; Fig. 9d) (Schmidt et al., 2004; Kessel et al.,
2005), in the increasing Ba/La ratio at constant Th/Yb ratio
displayed by most of vaugnerites (Fig. 10d), and possibly in
their variable ¢Sr; for similar eNd; (Fig. 10a). Interestingly,
a few vaugnerites display the opposite trend in Fig. 10d: in-
creasing Th/YD ratio at constant Ba/La ratio. This suggests
either input of sediments and/or sediment-derived melts dur-
ing the mantle metasomatism (Woodhead et al., 2001), or
later mingling and mixing with crustal melts comparable to
the associated granitoids. The latter hypothesis is more prob-
able as this trend is defined by vaugnerites cropping out as
microgranular enclaves in monzonitic granites or as interlay-
ered bands with granodiorites showing intense mingling and
mixing at the contacts.

Several hypotheses exist to explain the heterogeneous
crustal isotopic signature of appinites and vaugnerites. All
of them agree that a mix of mantle and crustal components
must have occurred, but they differ over the depth and time at
which mixing took place. These hypotheses are the follow-
ing: (i) the parental melt was isotopically depleted, or close
to bulk-earth composition, and later contaminated by crustal
components (namely H>O fluids and/or partial melts) dur-
ing the ascent (Galdn et al., 1996); (ii) the mantle source
was previously metasomatised in a supra-subduction zone
(Roberts et al., 2000; Castro et al., 2003; Bonin, 2004; Scar-
row et al., 2009a; Zhang et al., 2012; von Raumer et al., 2014;

Eur. J. Mineral., 35, 845-871, 2023

Contrasting appinites, vaugnerites and related granitoids

Couzinié et al., 2016). The subduction-type mantle metaso-
matism could be early Variscan (von Raumer et al., 2014;
Cougzinié et al., 2016) or older (Janousek et al., 2000; Vila et
al., 2005; Scarrow et al., 2009a). In an alternative interpreta-
tion, the basic melts derived from such metasomatised man-
tle interacted with felsic crustal material during their ascent
through the crust (Sabatier, 1991; Fowler et al., 2008; Scar-
row et al., 2009b; Kuvinova et al., 2017; Bea et al., 2021)
or even at the intrusion level; (iii) melting of a tectonically
imbricated mixture of mantle and crustal rocks took place ei-
ther in an earlier Variscan subduction zone or at the lower
crust-mantle interface (Bea et al., 1999, 2021; Castro et al.,
2003, 2010; Lopez-Moro and Lépez-Plaza, 2004); and fi-
nally (iv) that melting of a subduction-related metasomatised
mantle took place with minor involvement of asthenospheric
melts (Jia et al., 2019).

Crustal contamination of depleted mantle melts during
their ascent (hypothesis i) is more likely for the appinites
(Galan et al., 1996) than for the vaugnerites, because the
latter have much lower ¢Nd; than depleted mantle melts
(Fig. 10a). Nevertheless, the mantle melts of appinites could
not have been highly depleted, otherwise the necessary con-
tamination by crustal components would also have increased
their SiO, contents to higher values than those observed.
Therefore, a source with the isotopic composition simi-
lar to the bulk earth would be more likely for Vivero ap-
pinites than a mid-ocean ridge basalt (MORB)-type depleted
mantle. However, shifting of their Sr; to the right of the
bulk earth suggests that this type of source interacted with
H,O-rich fluids (Galén et al., 1996). Also, the presence of
quartz £ feldspar ocelli (Fig. 4f) could support the hypoth-
esis of interaction with crustal magmas during their ascent.
They could be xenocrysts or xenoliths derived from this acid
crustal component. However, these ocelli are rare in the ap-
pinites, suggesting that crustal melts (Fig. 10d) did not af-
fect their differentiation trend much. Consequently, most ap-
pinites follow nearly horizontal trends in the &Sr; vs. 1/Sr
and eNd; vs. 1/Nd diagrams (Fig. 10b—c), reflecting crys-
tal fractionation from basic melts with similar ¢Sr; and very
close ¢Nd; values. Crystal fractionation is also supported by
the evidence of increasing REE from ultramafic to mafic ap-
pinites (Fig. 8a—b). By contrast, vaugnerites follow neither a
crystal fractionation trend nor a clear mixing trend (Fig. 10a—
c¢). Their low ¢Nd;, along with high number of both com-
patible and incompatible elements (Fig. 7a-b, d—f), supports
the hypothesis that they originated from partial melting of a
subduction-type metasomatised mantle. However, common
quartz =+ feldspar ocelli in vaugnerites (Fig. 4f) could have
resulted from further interaction between vaugneritic mag-
mas and crustal material during the ascent and emplacement

At present, we consider hypothesis (ii) or hypothesis (iii)
(mentioned above) as the most realistic interpretations to ac-
count for the geochemical and isotope data of both appinites
and vaugnerites, i.e. melting of subduction-type metasoma-
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tised mantle, with further interaction of the resulting ba-
sic melts with crustal materials (Fig. 10a—d) at the lower
crust and/or during their ascent and emplacement. Neverthe-
less, based on higher values of Mg#, K#, P,Os, (La/Yb)n,
(Gd/Yb)n and higher contents of compatible elements in the
vaugnerites compared to the appinites (Figs. 6e, 7, 8, 9 and
S1b in the Supplement), it is suggested that their metasoma-
tised mantle sources were different: a fertile peridotite source
(e.g. amphibole-bearing spinel lherzolites) for appinites and
a more refractory peridotite source, with amphibole, phlo-
gopite & apatite & garnet, for vaugnerites. The role of phlo-
gopite in the mantle source of vaugnerites is experimentally
demonstrated by Condamine et al. (2022). Their results could
explain the characteristic negative anomaly at Ba with re-
spect to Rb of vaugnerites (Fig. 9d), implying mantle partial
melting at P < 3 GPa. In addition, stronger REE and HREE
fractionation in the vaugnerites might be related to higher
partition coefficients for HREE-middle(M)REE than for
LREE of residual garnet in the mantle source. Also, vaugner-
itic melts co-existing with garnet would have inherited lower
Sm/Nd ratios than appinitic melts derived from amphibole
spinel peridotites. Thus, time-integrated '**Nd/!**Nd ratios
would be lower in vaugnerites than in appinites (Fig. 10a).
Similar differences in the mantle source and depth of melt-
ing have also been suggested for Variscan vaugnerites and
less potassic calc—alkaline gabbro—diorites, comparable to
appinites, in Corsica (Cocherie et al., 1994; Ferré and Leake,
2001).

Vaugnerite primary melts might have interacted with
crustal components during their ascent and emplacement. In
addition to quartz—feldspar ocelli (Fig. 4f), further textural
evidence of this interaction is provided by the following:
() partially resorbed or skeletal calcic plagioclase cores and
plagioclase crystals with complex zoning, displaying sharp
gaps in An composition (Figs. 3f, 4d—e); and (ii) amphi-
bole + biotite clots including clinopyroxene relics (Fig. 4c)
(Castro, 2001; Baxter and Feely, 2002; Janousek et al., 2004;
Molina et al., 2012; Pietranik and Koepke, 2014; Ubide et
al., 2014). The felsic crustal component could have been co-
eval granitic magmas, which would explain their geochemi-
cal affinity with vaugneritic mafic rocks. Thus, granitoids re-
lated to vaugnerites show more alkalis (Fig. 6a), magnesian—
potassic character (Fig. 6b), higher Rb/Sr ratio (Fig. S2),
and REE, Th and U abundances (Figs. 8-9) than those re-
lated to appinites. In addition, REE and multielement pat-
terns of most granitoids and associated appinites or vaugner-
ites are alike (Figs. 8-9). Finally, the Rb/Sr vs. Mg# trend
of vaugneritic microgranular enclaves is similar to that of
the host granitoids (Fig. S2), suggesting that the evolution of
vaugneritic magmas was deeply influenced by the interaction
with coeval granitic melts (Gallastegui, 2005). Interaction of
appinite and vaugnerite magmas with the metamorphic coun-
try rocks at the level of emplacement were not observed as
the contacts are usually sharp and intrusive.
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The data of this study indicate lithospheric mantle sources,
at different depths, greatly refertilised by crustal components
in a supra-subduction setting, as the origin of the studied
mafic magmatism. The involvement of asthenospheric melts
in the generation of NW Iberian appinites and vaugnerites
(hypothesis iv by Jia et al., 2019) does not seem likely.
Notwithstanding this, after slab break-off, asthenospheric up-
surge onto metasomatised lithospheric mantle (von Raumer
etal., 2014; Laurent et al., 2017) could have triggered partial
melting in both lithospheric mantle and lower crust imbrica-
tions, either in an accretionary prism or in the lower crust.
This could produce syn- to post-collisional mafic—granitic
magmatism, as has been proposed for other collisional oro-
gens elsewhere (viz., Alps, Caledonides) (Davies and von
Blanckenbourg, 1995; Atherton and Ghani, 2002).

In summary, we prefer the hypothesis of melting of a
subduction-type metasomatised mantle as the origin of the
two types of high Mg—K mafic rocks studied: appinites and
vaugnerites. This mantle was most likely heterogeneous,
and melting must have occurred at different depths. The
Bayo—Vigo vaugnerites could form by partial melting of a
deeper, more refractory and enriched in phlogopite subcon-
tinental lithospheric mantle than the Vivero appinites, the
source of which could be a rather more fertile peridotite (e.g.
amphibole-bearing spinel lherzolites). The resulting hydrous
basic melts could further interact with crustal HyO-rich flu-
ids and possibly the associated granitoids, during their as-
cent and emplacement. Therefore, it is inferred that the post-
collisional metasomatised lithospheric mantle was heteroge-
neous across the Variscan NW Iberian Massif. This could
be the case in other post-collisional settings where different
types of high K-Mg mafic magmatism have been observed.

8.3 Crustal sources

The granitoid sequence of Vivero shows a typical AFC trend
in the eNd; vs. eSr; diagram (Fig. 10a). This process would
have operated at deep levels. Some tonalites show isotopic
compositions comparable to those of appinites, whereas oth-
ers have a more evolved isotopic signature but similar ma-
jor element compositions. This led Galdn et al. (1996) to
suggest the involvement of different mafic end-members in
the AFC process. This process would have started with ap-
pinitic melts, followed by another hybrid but more evolved
mafic magmas which, after interaction with the crustal com-
ponent, would have given rise to isotopically more evolved
tonalites and granodiorites. The hybrid character of tonalites
is also reflected in the compositions of relic clinopyrox-
ene in amphibole clots, similar to those of ultramafic ap-
pinites. Monzonitic granites are considered representative of
the crustal end component in this AFC process, because they
show the most evolved isotopic composition and strong frac-
tionation of HREE ((Gd/Yb)ny =4.5-5.5; Fig. 8c), which
suggests equilibrium with a garnet-rich residue. The HREE
fractionation would have been erased if the monzogranitic
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melts had interacted with more mafic ones (Galdn et al.,
1996). The equilibrium of the monzonitic granites with a
garnet-rich residue is consistent with their high Sr/Y (33-43)
and (La/Yb)n (32—41) ratios. If this hypothesis is assumed,
the crustal-end component in the AFC process was charac-
terised by moderately low ¢Nd3j4 (—6) and relatively low
radiogenic Sr (87Sr/ 86Qr314 = 0.708). Therefore, only crustal
rocks with moderate time-integrated Rb/Sr and with mod-
erate LREE enrichment, such as greywackes and/or acid-
intermediate metaigneous rocks, could be the crustal source.
A pure crustal origin is also assumed for the monzonitic
granites related to vaugnerites: they show comparable REE
patterns to those of Vivero and more evolved Sr—Nd iso-
topic compositions (Fig. 10a—c). Their high Sr/Y (13-28),
(La/Yb)n (18-45) and (Gd/Yb)N (2.5-5.0) ratios are also
consistent with a garnet bearing source. The Bayo—Vigo gra-
nodiorites show similar radiogenic Sr to vaugnerites but are
less radiogenic than the monzonitic granites (Fig. 10b). Al-
though Nd isotopic compositions are not available for these
granodiorites, their high Sr/Y (9.0-27), (La/Yb)n (34-60)
and (Gd/Yb)n (2.3-5.0) ratios and peraluminous character
are also consistent with partial melting of a crustal garnet
bearing source. However, the possibility that their origin was
related to mixing at depth between vaugnerite-forming and
monzonitic granite-forming magmas cannot be completely
ruled out.

Available Sr—Nd isotopic data for possible crustal sources
of the monzonitic granites indicate that only some metaig-
neous acid granulites would fulfil the requirements for both
cases. These granulites (Fig. 10a) could be similar to xeno-
liths found in post-Variscan lamprophyres of the Central
Iberian Zone (Fig. 10a), which are isotopically very hetero-
geneous (Villaseca et al., 1999). The crustal residence ages of
these xenoliths (Tcr = 1.524+0.27 Ma, 1 s) (Goldstein et al.,
1984) overlap those of Vivero (1.37 +0.02 Ma) and Bayo—
Vigo (1.79 £0.12 Ma) monzogranites. However, differences
between the monzonitic granites of the two associations con-
sidered here (viz., more aluminous biotites for similar Mg,
higher K#, Mg#, Rb, Rb/Sr, Th/Yb and 87Sr/868ri ratios,
and lower eNd; in those related to vaugnerites than in those
associated with appinites) indicate either greater involvement
of metasediments or of biotite incongruent melting in the ori-
gin of the former.

9 Conclusions

The following conclusions have been drawn from comparing
the two most representative Variscan post-collisional Mg-K
mafic rocks (appinites and vaugnerites) and their respective
associated granitoids in the NW Iberian Massif.

Similarities are as follows: (i) common mafic-intermediate
and granitoid lithologies, (ii) dominant amphibole and/or bi-
otite as mafic minerals, (iii) negative anomalies at Nb—Ti typ-
ical of calc—alkaline rocks, and (iv) crustal Sr—Nd isotopic
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signature of mafic-intermediate rocks. The main differences
are as follows: (i) amphibole-rich cumulates are frequent in
appinites and rare in vaugnerites; (ii) the appinite—granitoid
association is calc—alkalic, whereas the vaugnerite—granitoid
one is calc—alkalic transitional to alkali—calcic and has higher
Mg and K numbers than the appinitic—granitoid association;
(ii1) vaugnerites are more enriched in compatible and incom-
patible trace elements than appinites; (iv) LREE / HREE ra-
tios and fractionation between HREE are also more marked
in vaugnerites than in appinites; (v) related granitoids dis-
play similar differences in trace elements except from the
most evolved monzonitic granites, which show comparable
REE patterns in both associations; and (vi) vaugnerites differ
from appinites in having lower ¢Nd; and more variable £Sr;.

Appinites and vaugnerites are the result of interaction pro-
cesses between mantle and crust materials at two main lev-
els: firstly, in a supra-subduction zone, where the mantle ex-
perienced metasomatism prior to partial melting, and sub-
sequently at the lower crust and during the ascent and em-
placement of the resulting melts. The two types of Mg—
K mafic rocks were formed by different mantle melts, the
former by subalkaline to transitional basalts and the lat-
ter by basic melts akin to calc—alkaline lamprophyres. The
mantle source of these parental melts was heterogeneous.
Neodymium isotopic compositions of appinites would be
close to the bulk earth, but Sr isotopic composition would
be more radiogenic, possibly by interaction with HyO-rich
fluids. The vaugneritic mantle source would have less radio-
genic Nd than that of appinites. Trace elements, especially
REE patterns and fractionation between them, in appinites
and vaugnerites, also point to different mineral modes of the
mantle source and different depths of partial melting. Am-
phibole spinel lherzolites are the inferred sources for ap-
pinites, whereas more refractory peridotites with amphibole
and phlogopite + garnet & apatite are the inferred sources for
vaugnerites. These differences imply that the subcontinen-
tal lithospheric mantle resulting from the Variscan collision
differs from external terrains, such as the West Asturian—
Leonese Zone, where the studied appinites are located, to-
wards more internal Galicia—Tras-os-Montes Zone, where
the vaugnerites crop out.

Isotopic evidence of crystal fractionation as a differentia-
tion process is shown by the ultramafic appinites. This pro-
cess took place near the level of emplacement at the mid-
dle crust. However, fractionation of biotite, along with pla-
gioclase, from the vaugnerite melts would also explain their
typical positive correlation between Mg# and K#. Moreover,
variation in £Sr; at nearly constant eNd; of both appinites and
vaugnerites could indicate H,O-fluid interaction. This inter-
action might take place during the subduction-type metaso-
matism of the mantle protolith. Hence, it is highly likely
that the pristine mafic melts formed by partial melting of
this protolith were hydrous, but assimilation of H,O-rich flu-
ids might have also occurred during their ascent through the
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crust, along lithospheric-scale strike-slip shear zones and by
interaction with coeval granitoids.

Granitoids related to appinites follow an AFC trend, with
the mafic end similar to appinites and the crustal compo-
nent comparable to the most evolved monzonitic granites.
The most likely crustal source of the monzonitic granite
melts was metaigneous acid granulites. The same source
is deduced for the monzonitic granites related to vaugner-
ites, without discarding the involvement either of metased-
iments in this source or an increasing role of biotite incon-
gruent melting. Melting of these granulites could have been
enhanced by the intrusion of the Mg-K mafic magmas at
the lower crust. Compositional characteristics of granodior-
ites associated with vaugnerites are also consistent with a
pure crustal origin, but the possibility of hybridisation with
vaugnerite melts at depth cannot be ruled out.
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