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This work reports petrographical, mineralogical and geochemical data of a suite of mantle xenoliths from the
Morrón de Villamayor volcanic centre (MVM), which belongs to the Calatrava Volcanic Field (CVF), a part of the
Circum-Mediterranean Anorogenic Cenozoic Igneous Province. The MVM volcano is the only centre belonging to
the first stage of the CVF magmatism, an ultrapotassic stage that provides a sampling of the subcontinental litho-
sphericmantle beneath central Spain. TheMVMperidotites record a variable hostmelt interaction (spongy texture
and reaction zones), more intense toward xenolith-host leucitite contacts that it was formed during transport
within the volcanic melt. The studied mantle xenoliths are spinel lherzolites equilibrated at lower temperatures
(618–942 °C) and similar pressure ranges (8.8–13.6 kbar) than other studied CVF mantle xenoliths, and record a
lithospheric mantle before the main volcanic Calatrava event. The MVM lherzolites could be classified in two
groups by their chondrite-normalized rare earth element (REE) clinopyroxene patterns: group-1 lherzolites
showflat pattern, and group-2 lherzolites display a LREE-depleted (N-MORB like) pattern. Group-1 lherzolites rep-
resent a more residual lithospheric mantle (up to 9 partial melting %) than group-2 lherzolites (~ 5%), the latter
with similar partial melting degrees than other mantle xenoliths from the CVF. Moreover, group-1 lherzolites
have undergone a post partial melting refertilization by different metasomatic agents: silicate and alkaline silicate
melts different in composition to host leucitite. A primary clinopyroxene concentrate from these MVM lherzolites
provides high Sr (87Sr/86Sr = 0.706104) and intermediate Nd (143Nd/144Nd= 0.512830) initial radiogenic ratios,
not previously recorded in this volcanicfield. This sampling proves the presence of an enriched isotopemantlepole
in xenolith suites of the Calatrava area, trending in composition to an intermediate DMM-EMII component.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Peridotite xenoliths exhumed by Cenozoic alkaline volcanoes are an
essential source of information about the nature and evolution of the
subcontinental lithospheric mantle (e.g., Downes, 2001). In the Iberian
Peninsula there are four main Cenozoic volcanic fields that contain sig-
nificant mantle xenoliths suites: SE Spain (Avanzinelli et al., 2020;
Beccaluva et al., 2004), Olot (Bianchini et al., 2007; Galán et al., 2008),
Levante (Seghedi et al., 2002) and Calatrava (Ancochea and Nixon,
1987).

Previous studies of the mantle xenoliths in the Calatrava volcanic
field (CVF) have focused in the volcanic centres of El Aprisco
(González-Jimenez et al., 2014; Lierenfeld and Mattsson, 2015; Puelles
et al., 2016; Villaseca et al., 2010; Villaseca et al., 2019a), Los Tormos
(Andía, 2017; Andía et al., 2018), Cerro Gordo (Villaseca et al., 2019c)
trología, Facultad de Ciencias
sé Antonio Novais 12, 28040
and El Palo (Bianchini et al., 2010). The peridotite xenoliths from the
volcano Morrón de Villamayor (MVM) have been only preliminarily
studied (García Serrano et al., 2019), although their host leucitite volca-
nic rocks have been the subject of detailed studies (e.g., Humphreys
et al., 2010; Lustrino et al., 2016).

In this work, we characterize the mantle beneath the MVM volcano
distinguishing hostmelt interaction frommetasomatic processes occur-
ring atmantle depths. The ultrapotassic nature of the hostmagma com-
pared to the sodic-alkaline nature of the rest of the CVF volcanic rocks,
and its older eruptive age (7.4± 1Ma) comparedwith themore recent
ages of the rest of the Calatrava volcanoes (3.7–0.7 Ma) (Ancochea,
2004) provides a mantle sampling that record different mantle condi-
tions, partial fusion processes and metasomatic events. Mantle xeno-
liths are generally assumed to have been rapidly transported to the
surface, with little or no alteration of the primary mineralogy (O'Reilly
and Griffin, 2010), but even so, there are abundant reaction zones in
the studied samples that evidence host melt interaction in a stronger
degree than in other studied xenolith suites from the CVF (Andía et al.,
2018; Bianchini et al., 2010; Villaseca et al., 2010). We have distin-
guished textures that are of ancientmantle origin versus those imposed
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on the xenoliths during magma transport or residence period (Shaw
et al., 2006). Therefore, the aim of this study is to assess host melt inter-
action, metasomatic events and P–T conditions to characterize this sub-
continental lithospheric mantle sector compared to other mantle
xenoliths of the CVF. With this purpose, major and trace element
whole-rock and mineral compositions of MVM mantle xenoliths and
the host leucitite have been obtained, includingNd and Sr isotope ratios.
2. Geological setting

Alkaline and subalkaline mafic magmas erupted in different regions
of western and central Europe during the Cenozoic, defining the
Circum-Mediterranean Anorogenic Cenozoic Igneous Province
(CiMACI; Lustrino andWilson, 2007). The CVF represents an anorogenic
intracontinental alkaline magmatic zone formed in Neogene time
within the CiMACI. This volcanic field is located at the western termina-
tion of the SSW-NNE tectonic basin of the Guadiana River (Fig. 1), bor-
dered to the north-west by the Toledo Mountains. The CVF was
constructed over a Paleozoic basement later uplifted during the Alpine
orogeny (De Vicente and Vegas, 2009; López Ruiz et al., 2002). The vol-
canic vents distribution of the CVF is mainly conditioned by Variscan
shear bands reactivated by the Betic collision (Cebriá et al., 2011). The
geodynamic setting of the Calatrava volcanism is still controversial,
with the debate focussed on four main models: (1) volcanic clustering
related to asthenospheric-mantle upwelling (hot spots or diapiric insta-
bilities) in a pre-rifting stage (Ancochea and Brändle, 1982; López Ruiz
et al., 1993); (2) a megafault system affecting the western Mediterra-
nean European block (López Ruiz et al., 2002); (3) the reactivation of
previous NW-SE fractures during the extensional regime induced by
the accretion of the Betic ranges (Cebriá et al., 2011); (4) mantle
Fig. 1. (a) Geological sketchmap of the Calatrava Volcanic Field and location of the volcanic cent
mapof the Iberian Peninsula showing the location of the Cenozoic volcanicfields in Spain (Lustr
(4) Olot or NE region.

2

instabilities in a back-arc position during the roll-back of the Alboran
slab (Carminati et al., 2012; Granja Bruña et al., 2015).

The CVF is exclusively formed bymonogenetic volcanic centres, sug-
gesting small and short-livedmagma chambers. This volcanic field con-
sists of approximately 250 volcanic centres in an area of around
5500 km2. The main eruption centres are NNW-SSE aligned, generally
following the preferential directions of N135-150E, N40E and N80-85E
(Ancochea, 2004; Cebriá et al., 2011). Most edifices are strombolian
cones although more than 50 tuff rings and maars, and scarce lava
flows, have also been described. Peridotite xenoliths appear in a scarce
number of these three types of volcanoes. The volcanic activity of the
CVF begun in the Late Miocene, defining two different stages. The first
stage was a minor ultrapotassic event around 7.4 ± 1 Ma ago, forming
the leucititic MVM volcanic centre, the focus of this study. The main
stage was dominated by alkaline basanites, olivine nephelinites and
melilitites from 3.7 to 0.7 Ma (Ancochea, 1982, 2004; Herrero-
Hernández et al., 2015; Villaseca et al., 2019a).

The MVM volcano is a very small (<1 km2) monogenetic volcanic
edifice cropping out in the western sector of the CVF (Fig. 1). The out-
crop consists of a set of variable porphyritic olivine leucitite lava flows
showing large olivine macrocrysts. Columnar jointing through the lava
flows indicates that they form two cooling units. The peridotite xeno-
liths are scarce, showing small-size (<7 cm in maximum length) and
thin tabular shape (<1.5 cm in thickness), with a variable host melt-
interaction degree.
3. Analytical methods

Fourteen peridotite xenoliths and two host leucitite samples from
the MVM volcano were selected for this study. Modal xenolith
resmentioned in this study (modified fromAncochea, 1982; Cebriá et al., 2011). (b) Sketch
ino andWilson, 2007): (1) Calatrava or central region, (2) SE region, (3) Levante region and
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composition was estimated by point-counting (1575–714 points per
thin section, Table 1) and complemented by mass balance estimates
from those samples with whole-rock and mineral chemical analyses
(Albaréde, 1995). A problem with mantle xenoliths is to realize if the
counting surface is representative, due to the xenolith small size and
orientation (foliation) presented by some lherzolites that could gener-
ate a significant analytical error. Moreover, in the largest MVM xeno-
liths, thin sections were prepared at xenolith edges in order to obtain
themaximumsize forwhole-rock analysis, leading to anoverestimation
of reaction zones and host-melt interaction.

Major element mineral composition was analysed at the Centro
Nacional de Microscopía Electrónica (Complutense University of
Madrid) using a Jeol JXA-8900 M electron microprobe with four wave-
length dispersive spectrometers. Analytical conditions were an acceler-
ating voltage of 15 kV and an electron beam current of 20 nA, with a
beam diameter of 5 μm. Elements were counted for 10 s on the peak
and 5 s on each background position. Corrections were made using an
online ZAF method. Detection limits are 0.02 wt% for Al, Na, K, and P;
0.03 wt% for Ti, Fe, Mn, Mg; Ni and Cr; and 0.04 wt% for Si.

We have determined the in situ concentrations of 30 trace elements
(REE, Ba, Rb, Sr, Th, U, Nb, Ta, Pb, Zr, Hf, Y, Sc, V, Co, Zn and Cr) inmineral
grains on >90 μm-thick polished sections using laser ablation (LA-ICP-
MS) at the Instituto Andaluz de Ciencias de la Tierra (CSIC) of Granada,
using an Agilent 8800 QQQ ICP-MS coupled to a Photon Machines Ana-
lyte Excite 193 laser source. The diameter of the laser beam was 40 to
85 μm (depending on the mineral size) associated to repetition rates
of 10 Hz and laser fluence at the target of ca. 8 J/cm2. A 40–30 s gas
blank was analysed first to establish the background, followed by 60 s
measurements for the remainder of the analysis. The NIST 611 glass
standardwas used as primary referencematerial to calibrate relative el-
ement sensitivities for analyses of the silicateminerals. Precision and ac-
curacy were assessed from repeated analyses of the USGS-BIR 1G
standard and are estimated to be between 2% and 10% for most of the
Table 1
Modal composition and textural features of theMorrón deVillamayorperidotite xenoliths.

Sample Texture Calculated modal
abundances (vol%)

Ol Opx Cpx Sp n r.z.⁎⁎

(vol%)

Group 1
116352 Coarse grained-protogranular 65 18 16 2 1125 8.9
116352mb Coarse grained-protogranular 58 27 12 3 – –
116442 Coarse grained-protogranular 57 17 26 – 896 5.0

Group 2
116351 Fine grained-equigranular,

foliated
65 20 10 5 818 12.3

116428⁎ Coarse grained-protogranular 45 20 27 9 1076 9.0
116429⁎ Coarse grained-protogranular 47 28 21 4 714 15.7
116430 Coarse grained-protogranular 60 23 13 5 874 20.8
116431⁎ Coarse grained-protogranular 49 18 25 8 1244 14.8
116433 Coarse grained-protogranular 55 21 21 4 1239 21.1
116434 Coarse grained-protogranular 54 20 21 6 1318 7.1
116435 Coarse grained-protogranular 56 21 19 5 740 9.2
116435mb Coarse grained-protogranular 66 17 16 2 – –
116436 Coarse grained-protogranular 56 21 17 7 846 3.2
116436mb Coarse grained-protogranular 68 20 11 1 – –
116440mb Coarse grained-Protogranular 73 8 15 4 – –
117174 Fine grained-seried

equigranular, slightly foliated
51 23 21 5 1575 10.6

117183 Fine grained-seried
equigranular

60 17 20 4 842 9.4

117183mb Fine grained-seried
equigranular

65 19 14 2 – –

Ol: olivine; Opx: orthopyroxene; Cpx: clinopyroxene; Sp: spinel. n: number of points in
the modal counting; mb: modal estimation by mass-balance from chemical analyses
(Albaréde, 1995).
⁎ Large cpx crystals (up to 5 mm).
⁎⁎ Reaction zones.
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analysed trace elements. Each analysis was normalized to Si or Ca
using concentrations determined by electron microprobe.

The whole-rock major and trace element composition for six spinel
lherzolite xenoliths and two host olivine leucitite rocks were analysed
at ACTLABS. Whole-rock chemical analysis of these thin and small
sized xenoliths poses a challenge as it is not easy to avoid hostmelt con-
tamination, given the difficulty to discern by eye the incoming of volca-
nic material (small veinlets and reaction zones) into the crushed
material. Aswewill show below, someminor contamination in samples
is indicated by critical elements (LILE and LREE, due to the nature of the
host leucitite melt) and accordingly discussed. Two analysed lherzolites
(116440 and 117184) show a strong host melt interaction, but we in-
cluded these two samples in some diagrams and tables to observe the
contamination consequences. Samples were melted using LiBO2 and
dissolved with HNO3. The solutions were analysed by inductively
coupled plasma atomic emission spectrometry (IACP-AES) for major el-
ements, whereas trace elements were determined by ICP mass spec-
trometry (ICP-MS). Uncertainties in major elements are bracketed
between 1 and 3% except Mn (5–10%) and P2O5 (>10%). The precision
of ICP-MS analyses at low concentration levels was evaluated from re-
peated analyses of the international standards BR, DR-N, UB-N, AN-G
and GH. The precision for Rb, Sr, Zr, Y, V, Hf and most of REE were in
the range 1–5%, whereas they range from 5 to 10% for the rest of trace
elements, including Tm. Some samples have concentrations of certain
elements below detection limits (K2O 0.01%; Rb 1; Zr 1; Nb 0.2; Tb
0.01; Ho 0.01; Tm 0.005; Lu 0.002; Hf 0.01; Ta 0.01; Th 0.05; U 0.01).
More information on the procedure, precision and accuracy of
ACTLABS ICP-MS analyses is available at www.actlabs.com.

Sr-Nd isotope ratios were measured on five mantle xenoliths and
one separate of primary clinopyroxene crystals handpicked from two
coarse-grained protogranular lherzolites with large clinopyroxenes
(sample 116429). The study of unmodified original Sr-Nd isotopic sig-
nature of MVM lherzolites recorded from the clinopyroxene separate
is crucial for comparison purposes with later mantle sampling made
by Na-rich alkaline Calatrava volcanoes. The MVM lherzolites, the min-
eral separate and two host leucitite sampleswere analysed at the CAI de
Geocronología y Geoquímica Isotópica of the Complutense University of
Madrid, using an automated Phoenix-IsotopX Multicollector thermal
ionization mass spectrometer with data acquired in multidynamic
mode. Whole-rock samples and the clinopyroxene separate were dis-
solved in ultra-pure reagents and the isotopes were subsequently iso-
lated by exchange chromatography. The analytical procedures used in
this laboratory are described elsewhere (Reyes et al., 1997). Repeated
analyses on the NBS-987 standard gave 87Sr/86Sr = 0.710240 ±
0.00005 (2σ, n = 8) and for the La Jolla standard, values of the
143Nd/144Nd = 0.511847 ± 0.00003 (2σ, n = 14) were obtained. The
2σ internal analytical errors are 0.01% for 87Sr/86Sr and 0.006% for
143Nd/144Nd.
4. Results

4.1. Petrography

4.1.1. Host olivine leucitite
The olivine leucitite lava flows usually show highly porphyritic

texture with olivine, and more rarely clinopyroxene, macrocrysts
(up to 7 mm). The aphanitic groundmass is composed of olivine,
clinopyroxene, leucite, phlogopite/biotite, nepheline, apatite and
titanomagnetite. Olivine macrocrysts compose up to 30 modal% of
some of the leucitite lava samples and it is commonly well preserved
(except some altered iddingsite thin rims). This olivine is subeuhedral
and commonly fractured, often containing pseudo-inclusions of carbon-
ate as secondary vesicle and fracture infillings with clinopyroxene and
other groundmass phases. A more detailed petrographic description of
the MVM leucitites is in Lustrino et al. (2016).

http://www.actlabs.com
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4.1.2. Peridotite xenoliths
Within the volcanic rock, centimetre-sized mantle xenoliths appear.

They show different compositional and textural features. Xenoliths dis-
play a coarse- to medium-grained protogranular texture, except three
samples that present small-grained equigranular texture (Table 1). As
observed in mantle xenoliths from the El Aprisco volcanic centre
(Puelles et al., 2016), some of the studied peridotite thin sections (espe-
cially those of small-grained texture) show oriented microstructures
(foliation and banding) since grain shapes are significantly elongated,
contributing to the macroscopic rock foliation definition. This orienta-
tion could have influenced the small thickness and the slice or lamellar
shape of the MVM xenoliths. Other xenoliths from the CVF also show
systematic shape-preferred orientations (banding, foliation or macro-
scopic lineation) (e.g., Puelles et al., 2016) and common deformation
microstructures (undulose extinction in pyroxenes and subgrains in ol-
ivine) (e.g., Andía, 2017; Villaseca et al., 2010). The current scarce
petrofabric studies on CVF peridotite xenoliths do not suggest the exis-
tence of non-deformed subcontinental lithospheric mantle domains in
central Iberia, rather the contrary, they exhibit heterogeneous mantle
fabrics strongly dependent of the original nature of themantle protolith
and the subsequent interaction with metasomatic agents (Puelles et al.,
2016). Thus, no significant differences in deformation between xenolith
suites from the CVF are discernible with the current data.

Modal analyses (Table 1) indicate that theMVMperidotite xenoliths
are lherzolites, similarly to most studied CVF xenoliths (Supplementary
Fig. S1), although with less compositional variety due to the absence of
associated wehrlite or harzburgite types (Andía et al., 2018; Villaseca
et al., 2010).

The MVM lherzolites consist of olivine, clinopyroxene, ortho-
pyroxene, spinel and secondary minerals from the reaction zones with
the host magma (Figs. 2a and b). Modal hydrous metasomatic minerals
have not been found. Olivine grain boundaries vary from curvilinear to
straight with common 120o triple junctions with clinopyroxene.
Orthopyroxene grains are usually larger than clinopyroxene, except in
116428 and 116431 lherzolites, where clinopyroxene appears as big
crystals (up to 0.5 cm) (Table 1). Spinel grains occur in a wide size
range (up to 2 mm), as isolated globular to anhedral crystals occupying
interstitial position between rock-forming minerals, and characteristic
holly-leaf forms (Fig. 2c).

Some of these xenoliths display large reaction zones with the sur-
rounding volcanic groundmass (up to 21 modal%, Table 1), in a higher
degree than those observed in other CVF xenolith suites (Andía et al.,
2018; Bianchini et al., 2010; Villaseca et al., 2010). Locally,
orthopyroxene has thick reaction rims, similar to those observed in
many peridotite xenoliths hosted in alkaline melts (e.g. Marchev et al.,
2017; Shaw et al., 1998). The thickness of the reaction zone (and the
size of neoformed secondary minerals) decreases systematically from
the contact to the inner part of the xenolith. Reaction zones are charac-
terized by fine-grained aggregates of secondary minerals (Fig. 2): am-
phibole (richterite) (Fig. 2a), rounded olivine (Fig. 2d), clinopyroxene
as oriented rods (Fig. 2d), interstitial sanidine (Fig. 2d) and carbonate
patches, similar to those studied by Lustrino et al. (2016). Spongy-
textured clinopyroxene and spinel crystals also increase toward the xe-
nolith margins. This spongy texture appears at crystal rims and along
crystal microfractures but even as full (pseudomorphosed) crystals.
The spongy clinopyroxene has a cellular morphology filled by
microinclusions of secondary minerals (leucite, nepheline, olivine, sul-
phides and apatite) and vugs, similar to that described by Pan et al.
(2018) (Figs. 2e and f). Spongy texture in spinel occurs as thin rims or
by complete replacement by spongy chromite, developing finer-
grained secondary spinel crystals (Fig. 2f).

4.2. Mineral chemistry

TheMVMmantle xenoliths consist of variable proportions of olivine,
clinopyroxene, orthopyroxene, aluminous spinel, and secondary
4

minerals, whose compositions are summarized in Supplementary
Table S1. Major element mineral compositions are compared to others
previously studied CVF mantle xenoliths: El Palo (Bianchini et al.,
2010), Cerro Pelado (Villaseca et al., 2010) and mainly with El Aprisco
group-4 lherzolites (González-Jimenez et al., 2014; Villaseca et al.,
2010). The other El Aprisco mantle xenoliths groups (nomenclature
after González-Jimenez et al., 2014) define a wide compositional vari-
ety. According to clinopyroxenemajor and trace element chemical com-
positions, two groups of MVM lherzolite xenoliths are distinguished:
group-1, characterized by Ti-Al-poor clinopyroxene with flat
chondrite-normalized REE patterns, and group-2 having Ti-Al-rich
clinopyroxene, showing chondrite-normalized LREE-depleted (N-
MORB like) patterns.

4.2.1. Major element mineral composition
Primary olivine of MVM lherzolites has an homogeneous composi-

tion and a narrow Mg# [(100 x Mg2+/(Mg2+ + Fe2+) on a molecular
basis] range (89.4–91.2), similar to those from the El Aprisco
(90.0–91-2) and the Cerro Pelado (89.4–90.6) (Villaseca et al., 2010),
and higher than those from the El Palo (84.9–89.6) lherzolites
(Bianchini et al., 2010) (Fig. 3a). NiO content is slightly lower than in
El Palo lherzolites (Bianchini et al., 2010), but similar to those from
the El Aprisco group-4 and Cerro Pelado lherzolites (Villaseca et al.,
2010) (Fig. 3a). The Mg# values of the MVM olivine are slightly lower
in the group-2 (89.7–90.9) than in the group-1 (90.1–92.1) (Fig. 3a).
Primary olivine shows higher NiO and slightly higher CaO contents
than secondary olivine, while this latter shows wider Mg# range
(86.4–92.8) than the primary.

Orthopyroxene (enstatite) showsMg# ranging from 89.5 to 91.2, al-
though those from the group-1 may reach higher Mg# values (up to
92.7) (Fig. 3b). These values are slightly higher than those in the El
Aprisco group-4 and Cerro Pelado lherzolites (Villaseca et al., 2010),
and markedly higher than those in the El Palo samples (Bianchini
et al., 2010). Orthopyroxene from the group-1 lherzolites displays
higher Cr2O3 and lower Al2O3 contents compared with the group-2
peridotites. Additionally, orthopyroxene in studied MVM peridotite
xenoliths shows a wide range in CaO (0.15–1.92 wt%) content (Supple-
mentary Table S1), which is typical of abyssal peridotites (Bonatti and
Michael, 1989).

Primary clinopyroxene (diopside) from group-1 lherzolites has
higher Mg# (90.7–94.0) and lower Al2O3 (4.64–6.14 wt%), Na2O
(1.11–1.48 wt%) and TiO2 (0.07–0.24 wt%) contents than in group-2
(5.80–7.75 wt%, 1.15–1.89 wt% and 0.30–0.53 wt%, respectively)
(Fig. 4a and b). As shown by the other mafic minerals, clinopyroxene
Mg# is slightly higher than in the El Aprisco group-4 lherzolites, and re-
markably higher than those in the Cerro Pelado and El Palo lherzolites
(Villaseca et al., 2010). Secondary clinopyroxene shows lower Al2O3

contents than primary clinopyroxene, either from spongy sectors
(1.81–5.44 wt%) or neoblasts in reaction zones (0.19–0.85 wt%)
(Fig. 4a and b). Moreover, spongy clinopyroxene displays higher CaO
and TiO2, and lower Na2O compared to both primary clinopyroxene
and neoblasts from reaction zones. High Cr2O3 contents are shown by
clinopyroxene neoblasts (Supplementary Table S1).

Primary aluminous spinel shows two well differentiated composi-
tional ranges between the group −1 and −2 (Fig. 4c). Spinel from the
group-2 is characterized by a wide Mg# range (69.9-81-8), low Cr2O3

(8.75–12.69 wt%) and high Al2O3 (54.22–59.97 wt%) contents, as in
other Calatrava xenolith suites (Andía et al., 2018; Bianchini et al.,
2010; Villaseca et al., 2010). Only one sample of the group-1 lherzolites
contains spinel, which shows higher Cr2O3 (16.47–17.95 wt%) and
lower Al2O3 (49.74–52.56 wt%) contents compared to those of group-
1 (Supplementary Table S1). Secondary spinel from reaction zones dis-
plays lower Mg# (48.0–72.8) and Al2O3 (43.31–53.92 wt%), and higher
Cr2O3 (12.01–20.03 wt%) (Fig. 4c) TiO2 (0.18–3.04 wt%) and FeOtot

(12.36–28.69 wt%) contents compared to primary spinel (Supplemen-
tary Table S1). In the olivine-spinel mantle array (OSMA) plot (Fig. 5)



Fig. 2. Photomicrographs and BSE micrographs of representative MVM mantle xenoliths. (a) Foliated fine-grained equigranular lherzolite and reaction zone close to host leucitite
(116351); (b) protogranular lherzolite with partially reacted orthopyroxene (116442); (c) large orthopyroxene crystal showing interstitial reaction rims (116436); (d) reaction zone
showing secondary clinopyroxene as rods, rounded olivine grains and interstitial sanidine (116431); (e) spongy textured clinopyroxene showing microinclusions of secondary olivine,
clinopyroxene, leucite, acicular apatite and sulphides (116433); (f) spongy rims around spinel with associated secondary olivine, clinopyroxene, nepheline and leucite (116430). Ol,
olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Sp, spinel; Amph, amphibole (richterite), Ap, apatite; Leuc, leucite; Neph, nepheline; Olv-2, secondary olivine; Cpx-2, secondary
clinopyroxene.
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the averaged composition of both coexistingminerals in a group-1 sam-
ple plot farther from fertilemantle compositions (Arai, 1992) than sam-
ples of group-2 MVM lherzolites.

Other secondary minerals that appear in reaction zones are K2O-
rich minerals, especially leucite (17.95–19.48 wt%) and sanidine
(7.92–10.63 wt%), but some K-rich nepheline (4.23–4.43 wt%) and
richterite amphibole (1.22–1.96 wt%) may also appear. These minerals
5

clearly originated during the interactionwith the K-rich hostmelt (Sup-
plementary Table S1).

4.2.1.1. Geothermobarometry. Heat flow measurement studies in the
central region of the Iberian Peninsula (Fernández et al., 1998)
constrained the lithospheric thickness at around 110 km, being approx-
imately constant over a large area, while the depth to the Moho is



Fig. 3. Major element composition of olivine and orthopyroxene from the MVM
lherzolites. The mineral compositional ranges of lherzolite xenoliths from other CVF
volcanic centres are included for comparison (Bianchini et al., 2010; González-Jimenez
et al., 2014; Villaseca et al., 2010). (a) NiO vs. Mg# in olivine. (b) Al2O3 vs. Mg# in
orthopyroxene. Ol-2, secondary olivine. Mg# = [Mg/(Mg + Fe2+)] x 100, in mol.
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around32±2km. The depth ofMVMxenolith extraction is constrained
to less than 70 km (<20 kbar) by the absence of garnet in sampled
peridotites. Although for spinel lherzolites there are no precise
geobarometers (e.g., Ackerman et al., 2007; Pearson et al., 2005), we
have used the estimations of Nimis and Ulmer (1998) for clinopyroxene
in order to approximate the depth of extraction of the MVM xenolith
suite (Table 2). Estimated pressure in the MVM xenoliths ranges from
9.1 to 13.6 kbar, which is similar to that previously obtained in other
CVF xenoliths (Andía et al., 2018; Villaseca et al., 2010). This result sug-
gests that the MVM xenoliths were entrained at shallow lithospheric
mantle levels, close toMoho depths. Pressure estimates from secondary
6



Fig. 5. Mineral chemistry of the MVM lherzolites in the Olivine-Spinel Mantle Array
(OSMA) plot (Arai, 1994). The fields of peridotites from various tectonic settings and
from other Iberian mantle xenoliths are also plotted (see Fig. 1A): Olot volcanic field
(Bianchini et al., 2007; Galán et al., 2008); SE volcanic field (mainly from Tallante)
(Beccaluva et al., 2004). Fertile MORB mantle (FMM) and partial melting trends are
from Arai (1992). Forearc and abyssal peridotites compositional fields from Pearce et al.
(2000). CVF-Whz and CVF-Lhz are wehrlite and lherzolite fields from some Calatrava
volcanoes (Villaseca et al., 2010). Lhz, lherzolites; Hz, harzburgites Whz, wehrlites.
Cr# = [Cr/(Cr + Al] x 100, in mol.

Table 2
Geothermobarometer (P-T) estimates on the Morrón de Villamayor peridotite xenoliths.

Sample T (ºC) P (kbar)

BK WB W NU

Group 1
116352 713 801 710 9.1
116442 642 778 638 9.3

Group 2
116351 618 862 737 10.2
116428 908 958 840 12.5
116430 – – – –
116431 839 878 757 13.7
116433 – – – –
116434 740 740 607 11.1
116435 942 917 801 13.6
116436 941 815 685 11.3
117174 749 762 634 9.5
117183 858 902 774 13.1

Secondary cpx
116351 (spongy) 627 1182 1113 4.5
116442 (spongy) 887 1162 1089 3.2
117183 (spongy) 796 – – 2.6
117183 (spongy) 786 – – 3.3
117183 (spongy) 799 1170 1096 2.9
117174 (spongy) 876 1166 1085 4.5
116431 (RZ) 1081 – – 2.5
116431 (RZ) 1043 – – 1.3
116431 (RZ) 1083 – – 3.9
117174 (RZ) 1063 – – 3.4
117174 (RZ) 1092 – – 3.4

Abbreviations: BK, Brey and Köhler (1990); WB, Wood and Banno (1973); W, Wells
(1977); UN, Nimis and Ulmer (1998). RZ: reaction zone.
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clinopyroxene (both spongy types and neoblasts) yield markedly lower
pressures (2.9–4.5 kbar and 1.3–3.4 kbar, respectively; Table 2 and
Fig. 6), indicating that xenoliths recrystallised after magma entrapment
during the transport toward the surface. The lowest pressure estimates
are recorded by secondary neoblasts in reaction zones with host
magma. The lack of spinel replacement by plagioclase in mantle xeno-
liths is explained by the rapid xenolith transport along the volcanic con-
duit (O'Reilly and Griffin, 2010).

Three different calibrations of two-pyroxene thermometry (Brey
and Köhler, 1990; Wells, 1977; Wood and Banno, 1973) were consid-
ered to estimate the temperatures of mantle equilibration of primary
minerals in the MVM lherzolite xenoliths (Table 2). In general, these
temperature estimates yield similar results, although the Brey and
Köhler (1990) calibration gives lower temperatures (especially in sec-
ondary clinopyroxenes). The temperatures range from 618 to 942 °C
(at pressures previously estimated), which are values that plot aligned
along the geotherm of the south Tajo basin (central Spain) in Fig. 6
(Jiménez-Díaz et al., 2012). The obtained temperature estimates on
Fig. 4.Major element composition of clinopyroxene and spinel from theMVM lherzolites.
The mineral compositional ranges of lherzolite xenoliths from other CVF volcanic centres
are included for comparison (Bianchini et al., 2010; González-Jimenez et al., 2014;
Villaseca et al., 2010). (a) Al2O3 vs. Mg# in clinopyroxene. (b) Al2O3 vs. TiO2 in
clinopyroxene; the group-1 clinopyroxene defines a trend (blue arrow) of increasing
partial melting according to Uysal et al. (2007). (c) Cr2O3 vs. Al2O3 in spinel.RZ cpx,
reaction zone. Mg#= [Mg/(Mg + Fe2+)] x 100, in mol.
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MVM lherzolites are significantly lower compared to those estimates
from other CVF xenolith suites (Villaseca et al., 2010; Andía et al.,
2018; Fig. 6), except for samples of the El Aprisco group-4 lherzolites,
which also plot close to this geotherm (Fig. 6). The low temperature of
the MVM xenoliths could be because this volcanic centre is about
3Ma older than themain Calatravamagmatic event.Moreover, temper-
ature estimates on clinopyroxene neoblasts show a wide temperature
Fig. 6. Pressure vs. temperature diagram showing the estimated values obtained in the
MVM lherzolites using the geobarometer of Nimis and Ulmer (1998) and the two-
pyroxene geothermometer of Brey and Köhler (1990). P-T estimations on lherzolite
xenoliths from other CVF volcanic centres are also included for comparison (Andía,
2017; Andía et al., 2018; Bianchini et al., 2010; Villaseca et al., 2010). South Tajo basin
geotherm (red line) from Jiménez-Díaz et al. (2012). P-T path of the Calatrava volcanism
from Villaseca et al., 2019b.
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range (627–1092 °C), converging their lower temperature values with
those of primary clinopyroxene. The xenolith reaction with high-T
host melts (1250–1300 °C are experimental liquidus temperatures for
silica-undersaturated alkaline magmas; Perinelli et al., 2008) may ex-
plain the high temperature values obtained in these MVM secondary
clinopyroxenes. Accordingly, estimated P-T crystallization conditions
of clinopyroxene-2 transits from the MVM subcontinental lithospheric
mantle (MVM primary paragenesis) toward the P-T path of the CVF al-
kaline magmatism (Villaseca et al., 2019b) (Fig. 6), indicating their var-
iable neoformation conditions during volcanic transport.

4.2.2. Trace element mineral composition
Trace element analyses of rock-forming minerals from the two

lherzolites groups are reported in Tables 3 and 4. Chondrite-normalized
REE diagrams for the two clinopyroxene groups from MVM lherzolites
(Fig. 7a and b) show common flat MREE and HREE (Sm-Lu) trends
(between 3 and 10 x chondrite values) and two different LREE patterns,
with higher degree of LREE depletion (MORB type) for the group-2,
suggesting cryptic metasomatism, as explained below. In the primor-
dial mantle (PM)-normalized multitrace diagrams (Fig. 7c and d),
clinopyroxenes from both lherzolite groups become positively fraction-
ated toward almost flat at moderate incompatible elements, except for
small Ti-(Zr)-P negative anomalies. Clinopyroxenes from the group-1
shows slight Sr-LREE-HFSE (Th, U, Nb, Ta, Pb) enrichments and low
HREE and Ti contents compared to those of the group-2. These patterns
are similar to those of clinopyroxene from depleted mantle, in contrast
with the more abundant LREE-rich xenolith suites from the CVF, except
for the El Aprisco group-4 lherzolites, which shows similar composition
to the MVM lherzolites (Fig. 7a and c) (González-Jimenez et al., 2014;
Table 3
Average trace element composition (ppm) of clinopyroxenes from the Morrón de Villamayor p

Sample Group 1 Group 2

116352 116442 116351 116428 116430 116435 1164

No. spots 4 9 3 8 10 4 7

P 3.30 2.53 530 15.8 72.1 10.38 6.86
K 95.5 32.2 88.6 2.63 65.6 2.58 0.307
Sc 56.3 68.6 74.4 56.7 70.5 63.6 31.9
Ti 1029 635 2365 2413 2366 2153 1238
V 205 205 297 245 252 221 137
Cr 5430 11,423 6657 7313 5743 5190 3693
Mn 537 879 610 750 704 692 464
Co 15.5 18.3 21.4 23.0 22.8 18.5 13.6
Ni 219 269 305 351 303 261 199
Rb 0.024 0.001 0.037 0.021 0.002 0.026 0.004
Sr 18.0 66.5 5.19 11.2 9.67 10.5 3.29
Y 8.80 8.29 19.4 16.5 23.2 22.5 11.4
Zr 4.16 8.72 8.55 8.49 10.88 12.9 6.13
Nb 0.053 0.283 0.002 0.018 0.002 0.004 0.004
Ba 0.021 0.093 0.001 0.511 0.073 0.002 0.001
La 0.29 0.64 0.01 0.04 0.04 0.02 0.01
Ce 1.03 2.20 0.29 0.56 0.52 0.45 0.24
Pr 0.18 0.45 0.15 0.23 0.22 0.20 0.12
Nd 1.11 2.84 1.66 2.15 2.06 1.80 1.02
Sm 0.49 1.03 1.19 1.19 1.26 1.12 0.68
Eu 0.23 0.37 0.51 0.57 0.57 0.51 0.30
Gd 0.93 1.32 2.11 2.11 2.58 2.12 1.16
Tb 0.19 0.22 0.41 0.43 0.48 0.49 0.25
Dy 1.40 1.49 3.28 2.86 3.66 3.32 1.76
Ho 0.35 0.30 0.72 0.68 0.85 0.79 0.41
Er 1.10 0.88 2.16 1.96 2.62 2.89 1.22
Tm 0.15 0.13 0.32 0.29 0.38 0.33 0.18
Yb 1.03 0.68 2.13 1.73 2.30 2.07 1.03
Lu 0.13 0.11 0.28 0.24 0.32 0.35 0.14
Hf 0.12 0.26 0.47 0.53 0.67 0.67 0.32
Ta 0.003 0.017 0.001 0.001 0.001 0.001 0.001
Pb 0.006 0.165 0.011 0.097 0.059 0.013 0.007
Th 0.003 0.028 0.001 0.010 0.003 0.002 0.002
U 0.001 0.005 0.001 0.002 0.004 0.001 0.001
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Villaseca et al., 2010). In Fig. 7c, the group-4 clinopyroxenes from the El
Aprisco lherzolites display similar Nb-Ta and Zr negative anomalies to
those defined by the MVM group-2 lherzolites. Nevertheless, primary
clinopyroxenes of theMVM lherzolites showmore LREE-Th-U-Nb-Ta de-
pleted patterns than those from the Fe-Ti-rich xenolith suites of the CVF
(Fig. 7b and d) (Bianchini et al., 2010; Villaseca et al., 2010).

Spongy clinopyroxene displays higher trace-element contents than
primary types (Table 3) (Fig. 7), showing extremely enriched LREE,
LILE (Rb, Ba, Th, U, Sr, Pb) and HFSE (Nb, Ta, Zr, Hf) contents, along
with prominent Th-U and K spikes in PM-normalized diagrams, ap-
proaching a trace element pattern similar to the host leucitite rocks.
Moreover, spongy clinopyroxene has similar composition irrespective
of their lherzolite group.

Trace element compositions of orthopyroxene, olivine and spinel do
not mimic the patterns of coexisting clinopyroxene in chondrite and
PM-normalized trace element diagrams. Orthopyroxene from MVM
lherzolites presents positively fractionated REE patterns with HREE ap-
proaching chondrite values and LREE down to 0.01 x chondrite. MVM
orthopyroxenes show the same LREE depletion than orthopyroxenes
from other studied CVF xenoliths (Bianchini et al., 2010; Villaseca
et al., 2010) (Supplementary Fig. S2). Multitrace normalized diagrams
of olivine, orthopyroxene and spinel (Supplementary Fig. S2) show
the same Pb-P positive and Ce–Sr–Nd negative anomalies.

4.3. Whole-rock composition

4.3.1. Major and trace elements
Whole-rockmajor and trace element composition of six MVMman-

tle xenoliths and two host leucitite samples are reported in Table 5. In
eridotite xenoliths.

Clinopyroxene-spongy

36 117183 116352 116442 116351 116428 116430 117183

5 3 3 4 4 4 5

12.5 262 123 563 1305 430 713
1.22 8067 7113 10450 9675 13733 9160
66.0 68.1 62.9 85.0 56.6 62.0 68.9
1980 3520 2763 3928 7085 5658 4096
222 211 137 227 155 140 170
7158 8400 11,283 7798 5193 4506 6828
523 528 496 468 503 477 390
17.5 20.1 23.0 20.0 21.5 21.7 17.3
263 231 243 231 123 195 199
0.002 121 71.8 120 112 138 86.4
14.8 279 260 268 514 308 251
14.9 12.2 8.38 13.3 15.2 11.6 12.7
11.7 56.7 70.9 65.3 194 100 84.8
0.009 7.70 11.0 9.78 7.38 12.7 7.46
0.051 126 134 55.0 55.8 95.5 64.9
0.05 9.57 8.33 13.58 26.45 11.46 13.16
0.68 26.03 24.23 34.18 71.75 32.95 31.94
0.26 4.15 3.64 4.52 10.20 5.10 4.71
2.05 18.23 18.23 21.31 43.70 24.20 21.28
1.10 3.86 3.87 4.37 9.65 5.58 4.43
0.52 1.01 1.00 1.02 2.29 1.26 1.09
1.89 2.59 2.76 3.07 5.58 3.36 3.45
0.38 0.35 0.34 0.39 0.75 0.40 0.43
2.63 2.10 1.60 2.44 3.48 2.06 2.35
0.54 0.45 0.26 0.46 0.57 0.42 0.40
1.71 1.22 0.70 1.18 1.58 1.18 1.19
0.25 0.16 0.10 0.17 0.17 0.16 0.16
1.53 1.01 0.52 1.04 1.15 1.09 0.98
0.25 0.13 0.07 0.14 0.15 0.13 0.16
0.55 1.07 1.23 1.26 5.46 2.26 2.08
0.001 0.446 0.617 0.495 0.603 0.856 0.422
0.023 2.24 2.37 17.8 5.18 5.05 4.32
0.006 4.13 6.10 7.28 9.18 11.1 5.81
0.013 1.09 1.32 1.32 1.03 2.57 1.06



Table 4
Average trace element composition (ppm) of orthopyroxene, olivine and spinel from the Morrón de Villamayor peridotite xenoliths.

Sample Orthopyroxene Olivine Spinel

Group 1 Group 2 Group 1 Group 2 Group 1 Group 2

116352 116442 116435 116436 117183 116352 116442 116435 116436 117183 116352 116435 116436 117183

No. spots 7 7 6 6 6 7 7 7 7 6 5 6 6 5

P 2.75 4.76 12.3 16.9 21.8 1.01 1.30 8.57 6.86 1.08 100 183 105 386
K 0.61 3.11 28.5 2.72 41.9 4.24 17.8 1.02 3.93 6.43 4.20 28.7 36.8 4.20
Ca 9071 6279 5135 5622 6262 8.57 57.9 98.7 161.9 19.3 4.60 15.1 7.57 24.9
Sc 22.7 18.9 22.2 20.1 19.1 2.28 2.61 2.97 2.69 2.04 28.8 30.8 18.3 145
Ti 463 261 736 738 619 7.13 6.14 13.6 13.6 24.9 1.55 3.65 1.36 0.530
V 116 83 110 106 94.9 1.75 2.15 5.48 2.72 1.20 550 712 644 191
Cr 4730 5430 2550 2814 3327 22.7 37.5 65.0 66.6 7.26 496 414 379 395
Mn 1008 913 1154 1140 1083 979 801 1060 1026 949 1315 1225 1203 812
Co 50 46 48 49 49 134 117 138 135 125 226 248 342 364
Ni 640 570 560 589 605 2779 2563 2730 2627 2708 1626 2387 2577 1613
Rb 0.014 0.011 0.152 0.030 0.231 0.019 0.010 0.012 0.007 0.006 0.035 0.058 0.060 0.015
Sr 0.216 0.595 0.091 0.046 0.436 0.015 0.009 0.024 0.031 0.001 0.034 0.095 0.045 0.070
Y 1.05 0.427 1.05 1.15 1.12 0.004 0.027 0.032 0.012 0.010 0.001 0.014 0.043 0.001
Zr 0.624 0.438 0.702 0.668 0.647 0.032 0.012 0.035 0.019 0.006 0.106 0.137 0.101 0.120
Nb 0.003 0.005 0.008 0.007 0.027 0.001 0.020 0.004 0.004 0.012 0.037 0.035 0.025 0.012
Ba 0.019 0.006 0.511 0.019 0.303 0.003 0.005 0.034 0.004 0.012 0.002 0.249 0.029 0.049
La 0.004 0.007 0.004 0.004 0.006 0.001 0.001 0.003 0.002 0.003 0.008 0.011 0.006 0.006
Ce 0.012 0.019 0.007 0.003 0.008 0.002 0.002 0.002 0.001 0.002 0.002 0.001 0.001 0.004
Pr 0.005 0.005 0.003 0.002 0.005 0.002 0.002 0.002 0.002 0.002 0.002 0.003 0.005 0.002
Nd 0.013 0.041 0.014 0.017 0.028 0.001 0.011 0.003 0.001 0.002 0.010 0.005 0.004 0.001
Sm 0.018 0.022 0.015 0.017 0.007 0.003 0.007 0.005 0.001 0.002 0.010 0.006 0.020 0.001
Eu 0.015 0.013 0.011 0.009 0.012 0.003 0.005 0.004 0.002 0.005 0.014 0.009 0.010 0.010
Gd 0.046 0.018 0.040 0.048 0.060 0.003 0.002 0.001 0.010 0.013 0.019 0.011 0.023 0.008
Tb 0.013 0.007 0.011 0.015 0.012 <0.001 <0.001 <0.001 <0.001 <0.001 0.001 0.001 0.001 0.001
Dy 0.147 0.058 0.116 0.123 0.120 0.001 0.006 0.003 0.001 0.001 0.007 0.004 0.005 0.013
Ho 0.036 0.017 0.034 0.037 0.045 0.001 0.001 0.002 0.002 <0.001 0.004 0.005 0.005 0.001
Er 0.130 0.069 0.139 0.160 0.165 0.004 0.006 0.003 0.005 0.002 0.001 0.001 0.001 0.006
Tm 0.028 0.009 0.028 0.037 0.030 <0.001 0.001 0.002 <0.001 0.001 0.001 0.001 0.002 0.001
Yb 0.227 0.114 0.307 0.288 0.247 0.009 0.010 0.022 0.016 0.010 0.018 0.032 0.024 0.009
Lu 0.045 0.019 0.065 0.056 0.038 0.003 0.002 0.005 0.005 0.005 0.007 0.008 0.004 0.003
Hf 0.029 0.017 0.037 0.041 0.028 0.003 0.002 0.002 0.002 <0.001 0.012 0.011 0.013 0.002
Ta 0.002 0.001 0.001 <0.001 0.000 <0.001 <0.001 <0.001 <0.001 <0.001 0.001 0.001 0.001 <0.001
Pb 0.012 0.035 0.014 0.006 0.053 0.002 0.019 0.086 <0.001 0.008 0.046 0.149 0.080 0.115
Th <0.001 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.001 <0.001 <0.001
U <0.001 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.008 <0.001 <0.001 <0.001 <0.001 <0.001 0.001
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Harker diagrams of MgO versus major and trace elements, the MVM
lherzolites plot in the range of other CVF lherzolites, close to the primor-
dial mantle composition ormoderately depleted values. They also show
a small chemical compositional variety (Fig. 8). The MVM lherzolites
show negative correlation of Al2O3, CaO, FeO and TiO2 with MgO con-
tents, as other CVF xenolith trends (Fig. 8), a common feature in mantle
xenolith suites (e.g., Ackerman et al., 2007; Bianchini et al., 2007;
Downes, 2001). The MVM lherzolites do not have a Fe-Ti-rich trend as
El Palo (Bianchini et al., 2010) and Cerro Pelado lherzolite to wehrlite
samples (Villaseca et al., 2010) do, which also show low MgO values.
Compared to the El Aprisco mantle xenolith groups, the MVM
lherzolites have a more limited compositional range being similar to
the El Aprisco group-4 (González-Jimenez et al., 2014) (Fig. 8). The
only analysed MVM group-1 lherzolite (116352) contains less MgO
than any other MVM group-2 lherzolite.

Whole-rock chondrite-normalized REE patterns are less varied
than the previously studied Calatrava xenolith suites (Bianchini
et al., 2010; Villaseca et al., 2010) (Fig. 9a). They have flat REE pat-
terns and overall low trace element contents, with negative Nb-Ta
and marked positive U, K and Pb anomalies. Moreover, bulk-rock
patterns are not parallel with equivalent clinopyroxene patterns,
showing a marked LREE-LILE-HFSE (Th-U-Pb) enrichment with re-
spect to clinopyroxene compositions (Fig. 9). The only analysed
sample from the group-1 lherzolite presents similar REE values
than those in the group-2, although with slightly lower MREE and
HREE contents (Fig. 9a). Two lherzolite samples (117184 and
116440) have chemical compositions that resemble the host
9

leucitite magma, displaying the highest LILE (including K) and REE
contents of the MVM peridotite suite. In Fig. 9 these lherzolites
have chondrite-normalized REE patterns parallel to the host
leucitite, suggesting a significant host-melt contamination.

4.3.2. Sr-Nd isotopes
Sr-Nd isotope composition of five MVM peridotite xenoliths, one

clinopyroxene separate and two host leucitites are reported in Table 6.
The clinopyroxene separate from lherzolite 116429 represents an orig-
inal pre-entrainment isotopic signature of the sampled lithospheric
mantle beneath this volcano. Isotope data from most of the other
MVM lherzolite xenoliths are variably mixed with the host leucitite
melt, as discussed below. Thus, lherzolite whole-rock data define a
trend toward the EMII lithospheric component, plotting close to the
compositional field of host leucitites (Fig. 10). This isotopic composition
strongly contrastswith the characteristic FOZO-HIMU isotopic signature
exhibited by the bulk CVF volcanism andmost of the studied CVF xeno-
lith suites (Fig. 10). The MVM lherzolites have strontium isotope ratios
similar in range to the host leucitite, which are higher compared to
the rest of studied CVF xenoliths (Bianchini et al., 2010; Villaseca et al.,
2010) (Fig. 10). Xenoliths from this K-rich volcanic centre also show a
low radiogenic neodymium composition, defining a compositional
field converging to their host leucitite, while xenoliths from the rest of
the CVF display compositionsmore similar to their host Na-rich alkaline
melts (Fig. 10). Nevertheless, the MVM clinopyroxene separate defines
a singular lithospheric mantle in the CVF as displayed by its initial
high Sr (87Sr/86Sr = 0.706104) and intermediate Nd (143Nd/144Nd =



Fig. 7. (a, b) Chondrite-normalized REE and (c, d) primordial mantle-normalized trace element diagrams for averaged values of clinopyroxene from the MVM lherzolites compared to
averaged clinopyroxene compositions of mantle xenoliths groups from previously studied CVF xenolith suites: (a, c) the El Aprisco maar volcano (González-Jimenez et al., 2014), (b,
d) the Cerro Pelado and El Palo scoria cones (Villaseca et al., 2010; Bianchini et al., 2010; and author's unpublished data). Host leucitite whole-rock and spongy clinopyroxene
compositional fields from the MVM are also included. Normalizing values from McDonough and Sun (1995).
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0.512830) radiogenic ratios (Table 6), not previously recorded in other
xenolith suites of this volcanic field (Fig. 10).

5. Discussion

5.1. Host magma-xenolith reaction and decompression during transport

Studied reaction textures are the result of interaction betweenMVM
mantle xenoliths and their host leucititemagmaduring or after entrain-
ment. Clinopyroxene and spinel close to the xenolith rims inmostMVM
lherzolites present spongy texture (Fig. 2) similar to that described
in many mantle xenoliths worldwide (e.g., Marchev et al., 2017;
Matusiak-Małek et al., 2017; Pan et al., 2018; Shaw et al., 2006; Shaw
and Dingwell, 2008; Su et al., 2011). The MVM spongy clinopyroxene
is characterized by its lower Al2O3, Na2O and higher MgO, CaO contents
than coexisting primary crystals (Fig. 4a and b), indicating that these
textures have a melt interaction origin (Pan et al., 2018; Shaw et al.,
2006; Shaw and Dingwell, 2008). The equilibration temperature of sec-
ondary clinopyroxene is higher (627–1092 °C) than primary types
(618–942 °C) and closer to the P-T estimates for the Calatrava volcanism
(Fig. 6). Moreover, pressure estimations of these secondary clino-
pyroxenes indicate their shallow formation conditions (1.3–4.5 kbar).
In an AlIV vs. AlVI diagram (Fig. 11) it is clear that mineral chemical
changes may be related to a decompression process, and therefore the
formation of spongy clinopyroxene over primary clinopyroxene grains
would be generated during volcanic transport. In addition, in PM-
10
normalized trace element diagrams, spongy clinopyroxenes show simi-
lar patterns than the host leucitite (Fig. 7) suggesting a strong host melt
interaction during its recrystallization (Su et al., 2011). The presence of
leucite and apatite neoblasts (Fig. 2e) indicates a significant K- and P-
enrichment in spongy and reacted clinopyroxene domains, which has
been induced by host leucitite melt infiltration during the xenolith en-
trainment and transport, since these elements are highly concentrated
in the MVM leucitites (Fig. 9). Whole-rock analyses of both lherzolite
groups in PM-normalized trace element diagrams show patterns with
positive anomalies in LILE and LREE enrichment (Fig. 9) compared to
clinopyroxene trace element compositions, which may be explained
by the inclusion of reaction zones in the crushed sample.

Reaction zones on orthopyroxene crystals also increase toward the
host leucitite contact (Fig. 2a). According to Shaw et al. (2006),
orthopyroxene strongly reacts with compositionally contrasted infil-
trating melts, especially with those of silica-undersaturated composi-
tion. The MVM lherzolite spinels display a Cr# increase from
unreacted core to secondary reaction rims (Figs. 4c and 11c) due to re-
action with moderately siliceous melts from orthopyroxene dissolution
(Fig. 2c) (ShawandDingwell, 2008).Moreover, Bonadiman et al. (2005)
suggest that reaction textures generated by the influx of ultrapotassic
melts into the lithospheric mantle may generate new potassic minerals,
as those described as fine-grained neoblasts in the MVM lherzolites
(leucite, sanidine, K-rich nepheline and richterite).

The xenolith ascent rate to surface has been assumed to be too rap-
idly to experience any residence at shallow levels (O'Reilly and Griffin,



Table 5
Whole-rock major (wt%) and trace element (ppm) analyses of the Morrón de Villamayor peridotite xenoliths and host leucitite.

Sample Lherzolitic xenoliths Host leucitite

Group 1 Group 2

116352 116435 116436 116440 117183 117184 114409 117189

SiO2 44.5 44.1 44.2 41.7 44.6 45.2 43.3 44.9
TiO2 0.056 0.089 0.078 0.098 0.068 0.225 1.84 2.30
Al2O3 2.54 2.91 2.57 2.77 2.54 3.84 8.29 10.16
Fe2O3 8.84 8.72 8.94 8.69 8.56 8.82 10.30 9.68
MgO 39.2 39.5 40.9 40.8 40.3 32.3 18.45 11.85
MnO 0.125 0.129 0.130 0.132 0.142 0.144 0.15 0.16
NiO 0.274 0.269 0.269 0.258 0.234 0.218 0.08 0.03
Cr2O3 0.889 0.699 0.631 0.950 0.877 0.693 0.21 0.24
CaO 2.47 3.23 2.66 3.33 3.09 4.03 10.06 12.17
Na2O 0.230 0.390 0.280 0.590 0.260 0.800 2.27 2.34
K2O 0.140 0.340 0.220 0.480 0.140 1.24 3.47 3.56
P2O5 0.006 0.007 0.005 0.008 0.009 0.100 0.93 1.09
Total 98.1 99.4 99.9 98.6 100.2 99.0 100 100
Sc 12.0 14.0 13.0 12.0 12.0 14.0 20.0 26.0
V 63.0 68.0 64.0 67.0 58.0 78.0 173 222
Cr 3040 2390 2160 3250 3000 2370 720 820
Co 107 106 106 107 116 103 75.0 54.0
Ni 2150 2110 2110 2030 1840 1710 640 200
Cu 30.0 40.0 40.0 60.0 40.0 40.0 60.0 70.0
Zn 50.0 50.0 40.0 60.0 80.0 40.0 90.0 100
Ga 3.00 3.00 2.00 3.00 2.00 2.00 14.0 19.0
Ge <0.9 <0.9 <0.9 <0.9 0.80 0.90 1.40 1.60
Rb 4.00 10.00 6.00 23.0 5.00 66.0 263 255
Sr 24.0 31.0 12.0 55.0 62.0 93.0 973 1076
Y 1.50 2.60 2.30 2.10 1.90 4.20 22.3 26.1
Zr 4.00 7.00 4.00 8.00 5.00 26.0 357 423
Nb 0.1 0.7 0.1 0.6 0.4 2.6 53.4 73.2
Cs <0.2 <0.2 <0.2 <0.2 0.2 3.2 14.2 17.0
Ba 23.0 49.0 18.0 89.0 17.0 160 997 1290
La 0.340 0.500 0.190 0.940 0.330 6.40 65.1 79.4
Ce 0.630 1.07 0.430 2.20 0.780 14.9 147 173
Pr 0.120 0.150 0.070 0.290 0.120 1.90 19.3 22.7
Nd 0.370 0.710 0.340 1.350 0.680 8.20 82.8 97.2
Sm 0.130 0.250 0.100 0.350 0.190 1.64 15.5 18.6
Eu 0.042 0.073 0.050 0.094 0.070 0.368 3.41 4.05
Gd 0.170 0.320 0.250 0.380 0.240 0.960 9.35 11.4
Tb 0.030 0.060 0.050 0.060 0.050 0.140 1.06 1.24
Dy 0.220 0.440 0.350 0.370 0.310 0.780 4.95 5.97
Ho 0.050 0.100 0.080 0.070 0.070 0.150 0.82 0.98
Er 0.170 0.310 0.260 0.220 0.220 0.450 2.17 2.48
Tm 0.027 0.044 0.040 0.035 0.033 0.062 0.279 0.318
Yb 0.180 0.290 0.260 0.230 0.220 0.400 1.66 1.94
Lu 0.028 0.046 0.042 0.035 0.034 0.067 0.231 0.268
Hf <0.1 <0.1 <0.1 0.1 <0.1 0.500 7.60 11.00
Ta 0.006 0.009 0.005 0.008 0.007 0.150 3.70 4.41
W <0.5 <0.5 <0.5 <0.5 <0.5 2.10 3.30 7.00
Tl <0.05 <0.05 <0.05 <0.05 <0.05 0.060 0.520 0.420
Pb 7.00 7.00 4.50 12.0 4.50 4.50 31.0 35.0
Bi <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.100 0.100
Th 0.240 0.610 0.060 0.640 0.450 3.09 42.7 53.0
U 0.750 0.670 0.620 0.650 0.460 0.690 10.7 12.8
Ti 336 534 468 588 408 1349 11055 13789
#Mg 91.6 91.7 91.8 92.0 92.0 90.0 81.4 75.0
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2010), avoiding strong host melt interactions. Nevertheless, the small
size and especially narrow thickness (<1 cm) of tabular shaped MVM
lherzolite xenoliths may explain the extension of their host-melt reac-
tion zones. This laminar shape could be due to the original foliated
structure of the lithospheric mantle beneath central Spain (Puelles
et al., 2016).

5.2. Partial melting and nature of lithospheric mantle sources

Major element compositions of mafic primary mineral phases,
particularly the MgO and Al2O3 pyroxene contents and the spinel
Cr# are indicators of partial melting processes in the mantle
(Bonadiman and Coltorti, 2011; Norman, 1998; Upton et al.,
2011). Thus, in a MgO-Al2O3 diagram, clinopyroxene and
11
orthopyroxene compositions from the MVM lherzolites (Fig. 12a
and b) plot at different melting degree, with the group-1 xenoliths
displaying higher values (10–15%) compared to group-2 (around
5% partial melting), despite having less depleted REE patterns. The
slightly enriched LREE pattern of clinopyroxenes of the MVM
group-1 lherzolites might be explained by later metasomatic im-
print, as discussed below. Moreover, spinel from the MVM group-
2 lherzolites display lower Cr# compared to the group-1 for similar
TiO2 content, which also indicates different partial melting degrees,
in the same way as that of pyroxene chemistry (i.e., 5% and 10%, re-
spectively) (Fig. 12c). A similar melt depletion degree in the MVM
peridotites is also inferred from the OSMA diagram between Cr#
in spinel andMg# in associated olivine (Fig. 5), being slightly higher
in the group-1 lherzolites. Estimated melting degrees based on



Fig. 8. Whole-rock variation diagrams for selected major oxides (Al2O3, CaO, SiO2, FeOtot, TiO2 in wt%) and Ni (in ppm) as function of MgO (wt%) of the MVM lherzolites (grey field).
Compositions of mantle xenoliths from other volcanic centres in the CVF are also included (Bianchini et al., 2010; Villaseca et al., 2010; González-Jimenez et al., 2014; and authors'
unpublished data). The composition of primitive mantle (PM) (McDonough and Sun, 1995) is represented by a filled circle.
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major element mineral compositions of MVM lherzolites are within
the range of values found in other CVF xenolith suites (Andía et al.,
2018; Villaseca et al., 2010).

Depletion processes could be also modelled through mineral trace
elements. Thus, the partial melting degree of a mantle protolith is also
estimated by their clinopyroxene HREE-Y contents, good indicators of
the extent of melt extraction (Bedini and Bodinier, 1999; Norman,
1998). MVM lherzolites have primary clinopyroxene Y-Yb contents
that yield highermelting degrees for the group-1 (up to 9%, Supplemen-
tary Fig. S3) than for group-2 lherzolites. Even so, this moderate partial
melting degree range (5 to 10%) contrasts with data from other Iberian
mantle xenolith suites (Fig. 5). In the Olot volcanic field, lherzolite xeno-
liths yield modelled melting fractions up to 17% and even higher when
involving harzburgite types (up to 30–40%) (Fig. 5) (Bianchini et al.,
2007; Galán et al., 2008). In the Tallante volcanic centre (SE Spain),
thepresence of harzburgite and orthopyroxene-rich lherzolite xenoliths
also suggest a large degree of partial melting of its sampled lithospheric
12
mantle, illustrated by their high spinel Cr#, which defines a more resid-
ual mantle xenolith suite (Fig. 5) (Avanzinelli et al., 2020; Beccaluva
et al., 2004; Shimizu et al., 2004). The low Cr, Ni and Mg contents of
mafic minerals of the MVM mantle xenoliths is also indicative of a
more fertile character of the lithospheric mantle beneath central Spain
when compared to mantle xenolith suites of the rest of alkaline Iberian
volcanic fields.

The LREE-depleted signature of theMVM group-2 lherzolites can be
an original MORB type signature, with no later metasomatic interac-
tions, as discussed below. This mantle protolith has only been men-
tioned in the group-4 of the El Aprisco xenolith suite (Villaseca et al.,
2010). Nevertheless, the recorded MVM clinopyroxene Sr-Nd isotopic
values in a concentrate of lherzolite primary crystals imply an isotopic
composition different to that previously obtained in Calatrava xenolith
suites (Fig. 10). Moreover, despite the Sr-Nd isotopic differences be-
tween the MVM clinopyroxene separate and the El Aprisco group-4
lherzolites, these two suites plot away from the chemical compositional



Fig. 9.Whole-rock chondrite-normalized REE (a) and primordial mantle-normalized trace element (b) diagrams of theMVM lherzolites and host leucitite. Group-1 and -2 clinopyroxene
compositional fields from the MVM lherzolites are also included for comparison. Normalizing values from McDonough and Sun (1995).

Table 6
(Sr-Nd) isotope composition of the Morrón de Villamayor mantle xenoliths and host leucitite.

Sample (87Sr/86Sr)m 1SE (87Sr/86Sr)0 εSr0 (143Nd/144Nd)m 1SE (143Nd/144Nd)0 εNd0

Lherzolite xenoliths
116352 Whole rock 0.706389 0.000004 0.706348 26.9 0.512725 0.000005 0.512716 1.8
116428 Whole rock 0.706504 0.000003 0.706401 28.5 0.512425 0.000001 0.512418 −4.0
Cpx⁎ 116429 Primary clinopyroxene crystals 0.706105 0.000003 0.706104 22.9 0.512845 0.000004 0.512830 4.2
116435 Whole rock 0.706562 0.000003 0.706483 29.4 0.512738 0.000002 0.512730 2.1
116436 Whole rock 0.707101 0.000003 0.706978 37.0 0.512870 0.000005 0.512863 4.7
116440 Whole rock 0.706740 0.000003 0.706637 31.9 0.512444 0.000001 0.512438 −3.6

Host leucitite
114409 Whole rock 0.706553 0.000003 0.706487 28.3 0.512394 0.000001 0.512389 −4.7
117189 Whole rock 0.706960 0.000003 0.706902 34.2 0.512381 0.000003 0.512376 −5.0

Initial isotopic ratios calculated at 7 Ma.
⁎ Clinopyroxene separate.
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Fig. 10. Initial 143Nd/144Nd vs. 87Sr/86Sr ratios of the MVMmantle xenoliths and their host
leucitites compared to other Calatrava mantle xenolith suites (Bianchini et al., 2010;
Villaseca et al., 2010; González-Jimenez et al., 2014; and authors' unpublished data).
Volcanic rocks from the CVF (López Ruiz et al., 2002; Villaseca et al., 2020) and mantle
end members (HIMU, EMI and EMII) (Zindler and Hart, 1986) are also plotted. Two
isotope mixing lines between the MVM primary clinopyroxene separate and the
leucitite 117,189 (crystal-poor, not porphyritic sample) poles are marked for two
different Sr/Nd ratios (32 and 6, respectively). Note that tick marks above 5% or 10%
(depending of the mixing model) of leucitite contamination are not included due to its
overlapping with the leucitite pole composition due to the extremely high Sr and Nd
contents of the ultrapotassic melt (1076 and 97.2 ppm, respectively, Table 5).

Fig. 11. AlIV vs. AlVI (apfu) diagram showing primary and secondary clinopyroxene
(spongy and small neoblasts from reaction zones) compositions from the MVM
lherzolites. The boundary lines separating eclogite, xenolith in basaltic rocks and igneous
rocks fields are from Aoki and Kushiro (1986).
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field of the HIMU-source, as the rest of studied CVF xenolith suites
(Bianchini et al., 2010; Villaseca et al., 2010). In addition, MVM
lherzolites (whole-rock data) show evidence of contamination, as
they plot toward the narrow isotopic field of the host leucitites
(e.g., sample 116440, Table 6), suggesting that most of the MVM sam-
ples (either from group-1 or − 2) reflect minor mixing processes with
the leucitite host magma. It should be noted that the high Sr and Nd
contents of the host K-rich melt (1076 and 97.2 ppm, respectively),
compared to those of MVM lherzolites (12 and 0.37 ppm, respectively)
14
(see caption to Fig. 10), cause a remarkable change in mantle isotopic
ratios, even at low mixing degrees (<5% of leucitite contamination)
(Fig. 10).

The isotopic composition of the MVM clinopyroxene separate sug-
gests the presence of an enriched isotope mantle source beneath the
Calatrava area intermediate between DMM and EMII components. It is
worth noting that the EMII isotopic mantle composition was sampled
in the Central Iberian Zone by basic magmatism previous to this Ceno-
zoic alkaline intraplate CVF, during orogenic Variscan events and later
Early Jurassic tholeiitic intrusions related to the opening of the central
Atlantic Ocean (e.g., Villaseca et al., 2004). The existence of EMII mantle
sources in the lithospheric mantle beneath central Spain should be a
common feature, even if it has not been yet recorded in other studies
on xenolith suites from the CVF.

5.3. A low temperature lithospheric mantle

Lherzolites from the MVM display markedly lower equilibration
temperatures than those previously estimated in the Calatrava mantle
xenolith suites (Andía et al., 2018; Bianchini et al., 2010; Villaseca
et al., 2010). Importantly, the MVM geothermobarometric data plot
along the geotherm of Central Iberia estimated by Jiménez-Díaz et al.
(2012) (Fig. 5). The MVM volcanic centre is the only edifice generated
during the first ultrapotassic magmatic stage in the CVF, when litho-
spheric mantle of central Iberia had not yet been heated by the later
widespread Na-rich alkaline magmatism of the CVF. The second CVF
magmatic stage generated hundreds of volcanic centres suggesting a
significant local magma infiltration and a high thermal impact into the
subcontinental lithospheric mantle of central Spain. The xenolith suite
more chemically similar to the MVM lherzolites is the El Aprisco
group-4 lherzolites, which display slightly higher equilibration temper-
atures and pressures, but also approaching the Central Iberian geotherm
(Fig. 5). The El Aprisco volcanic centre belongs to the second Na-rich al-
kaline magmatism (with an estimated age of 2.8 Ma, Villaseca et al.,
2019a), but this similarity of group-4 xenoliths with depleted MVM
lherzolites indicate that these two Calatrava magmas sampled low-T
lithospheric mantle levels with different compositional nature (either
originally or by metasomatic interaction), as indicated by the different
isotopic signatures of both xenolith suites (Fig. 10).

5.4. Cryptic metasomatic signatures

The two MVM lherzolite groups suggest different types of meta-
somatic agents and/or variable effects of percolating melts within
them. The slight enrichment in LREE and other trace elements of
clinopyroxene from the MVM group-1 lherzolites cannot be explained
by partial melting processes and therefore may have originated by
metasomatic interactions. In contrast, the LREE-depleted signature of
MVM group-2 lherzolites can be an original MORB type signature,
with no clear evidence of metasomatic interactions (Fig. 7a)
(McDonough and Sun, 1995). Clinopyroxenes from the MVM group-1
show a slightly LREE-enrichment compared to group-2 lherzolites, but
all studied MVM lherzolites display LREE-depleted signatures in com-
parison to most of the CVF mantle xenoliths (González-Jimenez et al.,
2014; Villaseca et al., 2010). This slight LREE enrichment suggests
a metasomatic overprint with different effect in the group-1 mantle
xenoliths. Only the most incompatible LREE have been affected
(La, Ce, Pr), which could indicate that the group-1 lherzolites were
located far enough from percolating metasomatic agents, modifying
only the most incompatible trace element concentrations (Ionov et al.,
2002). One of these LREE enriched lherzolites (sample 116442) shows
clinopyroxene with a low Ti/Eu ratio (Fig. 13) and HREE content
suggesting a higher partial melting degree than depleted group-2
lherzolites (Supplementary Fig. S3). Thus, the group-1 lherzolites
could have been harzburgitic in nature prior to some LREE enriched
metasomatic event (Hill et al., 2011; Le Roux et al., 2007).



Fig. 13. Clinopyroxene composition of theMVM lherzolite groups compared to those from
El Apriscomantle xenoliths groups (González-Jimenez et al., 2014; Villaseca et al., 2019a).
(a) Ti/Eu vs. Zr/Hf ratios with trends for different metasomatizing agents from Uenver-
Thiele et al. (2017); (b) Ti/Eu vs. La/Yb chondrite-normalized (N) ratios and fields for
carbonatite (shaded area) and silicate melt metasomatism adapted from Coltorti et al.
(1999).
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Clinopyroxene compositions of group-1 lherzolites suggest slightly
different metasomatic agents. The clinopyroxene from 116352
lherzolite has similar Ti/Eu and Zr/Hf ratios than those from the MVM
Fig. 12. Partial melting trends of Bonadiman and Coltorti (2011) (grey) and Upton et al.
(2011) (blue) on pyroxene composition diagrams (a) and (b). (c) TiO2 vs. Cr#
compositional variation of spinel from the MVM lherzolites compared to the partial
melting trend of a fertile MORB mantle (FMM) from Arai (1992). Secondary spinel (Sp-
2) composition plots outside the partial melting trend (see black arrow).
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group-2 lherzolites, indicating that they have undergone a silicate melt
metasomatic event, but without a subduction component (Fig. 13a).
The clinopyroxene from 116442 lherzolite shows the lowest Ti/Eu
ratio, plotting closer to the compositional range of carbonatitic metaso-
matism (Fig. 12b). However, its Ti/Eu > 1500 and (La/Yb)N ratios <3–4
might be better related to carbonated-rich alkali silicate melt metaso-
matism (Coltorti et al., 1999). The MVM leucitite is rejected as metaso-
matic agent due to the lack of potassium positive anomaly in primary
clinopyroxene of 116442 lherzolite (Fig. 7c and d). Therefore, the com-
positional features of the MVM group-1 lherzolites suggest that they
were refertilized by different melts: (1) an alkaline silicate melt for
116352 lherzolite; and (2) a carbonate-rich alkaline silicate melt for
116442 lherzolite (Fig. 13a). Refertilization of fertile lherzolitic compo-
sition is incompatible with the high spinel Cr content and the relatively
Mg-rich olivine of these samples, more typical of harzburgite or
clinopyroxene-poor lherzolites. This process may have occurred in the
latest stages of a partial melting event, or later, by interaction with per-
colating melt within the peridotite matrix (e.g., Uenver-Thiele et al.,
2017).

Calculated melt compositions in equilibrium with clinopyroxenes
from the MVM group-1 lherzolites show an alkaline affinity that has
not been sampled in analysed CVF rocks (Fig. 14). The estimated meta-
somatic melt of lherzolite 116442 shows higher LREE and lower HREE
contents than the melt equilibrated with the other group-1 lherzolite
Fig. 14. Calculated melts in equilibrium with averaged clinopyroxene from the MVM
group-1 lherzolites. (a) Chondrite-normalized REE and (b) primordial mantle-
normalized trace element patterns. Host leucitite and representative CVF host melts
(Cebriá and López Ruiz, 1995; Villaseca et al., 2020) are also included for comparison.
Melt compositions have been calculated using cpx-basaltic melt partition coefficients
(Hart and Dunn, 1993; Zack and Brumm, 1998), except for Rb (Foley et al., 1996).
Normalizing values for chondrite and primitivemantle fromMcDonough and Sun (1995).
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116352 (Fig. 14a). The slight LREE upward pattern and the slightly pos-
itive Nb-Ta anomaly in PM-normalized diagrams (Fig. 14b) suggest an
alkaline melt as a metasomatic agent. Although the estimated melt is
not similar to Calatrava host alkaline melts, this could be the conse-
quence of aminormelt percolation or other spatial parameters involved
in this process (Ionov et al., 2002). However, in chondrite-normalized
diagrams, the estimated composition of the melt in equilibrium with
116352 clinopyroxene displays a flatter REE pattern than 116442, dif-
ferent to the trace element patterns shown by host ultrabasic Calatrava
alkaline melts (Fig. 14).

Major and trace element composition of clinopyroxene from the
MVM lherzolites are similar to those from the El Aprisco group-4
lherzolites (González-Jimenez et al., 2014) (Fig. 6), especially when
comparing with clinopyroxene from the depleted MVM group-2
lherzolites (Fig. 13a and b). The group-4 of the El Aprisco xenoliths
have been interpreted as the result of subduction-related silicate melt
metasomatism (González-Jimenez et al., 2014), but this effect is not rec-
ognized in the MVM samples with the current data.

In summary, the comparison to previously studied Calatrava mantle
xenolith suites fromNa-rich alkaline volcanoes, theMVM peridotite xe-
noliths show a significant Sr-LREE-HFSE-depleted composition. The de-
pleted MVM clinopyroxene trace element composition contrasts with
the marked LREE-Th-U-Nb-Ta-Pb enrichment of those from the El
Apriscomantle xenolith groups, except for the group-4, which is similar
to MVM group-2 clinopyroxene compositions (Fig. 7a and c). On the
other hand, the Cerro Pelado and El Palo volcanic centres contain Ti-
Fe-rich lherzolite/wehrlite xenoliths, interpreted as the result of large-
scale mantle refertilization induced by the reactive percolation of
silica-undersaturated melts similar in composition to their host Na-
rich Calatrava magmatism (Villaseca et al., 2010). Nevertheless, al-
though clinopyroxene composition from the MVM group-1 lherzolite
116442 suggests interaction with an alkaline silicate melt, its slight
LREE enrichment is markedly lower than the Cerro Pelado and El Palo
lherzolithic clinopyroxene compositions (Fig. 7b and d) (Bianchini
et al., 2010; Villaseca et al., 2010), indicating different alkaline metaso-
matic agents to those affecting the MVM xenoliths.

6. Conclusions

1. Studied lherzolites from theMVM volcano display a strong xenolith-
host melt interaction toward xenolith contacts, developing reaction
zones and spongy rims on primaryminerals (clinopyroxene and spi-
nel). Secondary mineral chemistry records a K, Th, U, Pb and LREE
rich values resembling those of the host leucitite. Whole rock analy-
ses and Sr-Nd isotopic composition also show variable contamina-
tion of some samples with the host melt during volcanic transport
within the high-temperature host melt.

2. The MVM mantle xenoliths consist exclusively of spinel-bearing
lherzolites that can be divided in two groups according to chondrite
and PM-normalized diagrams: group-1 lherzolites show flat REE pat-
terns, whereas group-2 lherzolites exhibit LREE-depleted patterns,
like N-MORB sources. The MVM lherzolites (based on data from a
primary clinopyroxene concentrate) show originally high Sr
(87Sr/86Sr = 0.706104) and intermediate Nd (143Nd/144Nd =
0.512830) initial radiogenic ratios, a singular isotopic composition
absent elsewhere in xenolith suites of the Calatrava Volcanic Field.
This implies a direct sampling of an enriched isotope mantle pole in
the Calatrava area (of EMII affinity). This isotopic signature is, never-
theless, very common in the long-lasting Central Iberian basic
magmatism previous to this Cenozoic alkaline intraplate volcanism.

3. The sampled lithosphericmantle from theMorrón deVillamayor vol-
cano shows similar pressure (depth range) conditions than the rest
of studied Calatrava mantle xenoliths, but lower equilibration tem-
peratures. The MVM is the only volcanic centre generated during
the first ultrapotassic event of the CVF, suggesting that at this time
the lithospheric mantle of central Iberia had not yet underwent
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significant thermal input, expected during the second widespread
sodic volcanic stage, that generated hundreds of volcanic centres,
and therefore promoting a higher heating of broad mantle sectors.

4. The slightly LREE enrichment shown by group-1 lherzolites suggest a
refertilization by a metasomatic event. Each analysed group-1
lherzolite suggests a different metasomatic interaction: (1) a silicate
melt for 116352 lherzolite; (2) an alkaline silicate melt for 116442
lherzolite. The subcontinental lithospheric mantle of central Spain
has undergone various alkaline metasomatic events before the
Calatrava magmatism and it is likely that some of them could have
refertilized these lherzolites. Moreover, group-1 lherzolites define a
more residual lithospheric mantle composition than group-2. The
MVM lherzolite xenoliths have a more Sr-LREE-HFSE-depleted com-
position compared to previously studied xenolith suites expatriated
during the widespread second magmatic stage (Na-rich) of the
Calatrava Field. In this way, MVM lherzolites do not show Fe-Ti en-
richment as Cerro Pelado and El Palo xenolith suites. TheMVM litho-
spheric mantle has not recorded any carbonatite enrichment
signature as is the case in some El Aprisco xenolith suites. The
MVM lithospheric mantle is only similar to that sampled within El
Aprisco group-4 lherzolites. In conclusion, MVM xenoliths are less
metasomatised than any other CVF xenolith suite.
Supplementary data to this article can be found online at https://doi.

org/10.1016/j.lithos.2020.105830.
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