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Abstract: Major and trace element composition of silicate melt inclusions (SMI) and their rock-forming minerals were 
studied in mafic garnet granulite xenoliths from the Bakony–Balaton Highland Volcanic Field (Western Hungary).  
Primary SMIs occur in clinopyroxene and plagioclase in the plagioclase-rich domains of mafic garnet granulites and in 
ilmenite in the vicinity of these domains in the wall rock. Based on major and trace elements, we demonstrated that  
the SMIs have no connection with the xenolith-hosting alkaline basalt as they have rhyodacitic composition with a distinct 
REE pattern, negative Sr anomaly, and HFSE depletion. The trace element characteristics suggest that the clinopyroxene 
hosted SMIs are the closest representation of the original melt percolated in the lower crust. In contrast, the plagioclase 
and ilmenite hosted SMIs are products of interaction between the silicic melt and the wall rock garnet granulite. A further 
product of this interaction is the clinopyroxene–ilmenite±plagioclase symplectite. Textural observations and mass  balance 
calculations reveal that the reaction between titanite and the silicate melt led to the formation of these assemblages.  
We propose that a tectonic mélange of metapelites and (MOR-related) metabasalts partially melted at 0.3–0.5 GPa to form 
a dacitic–rhyodacitic melt leaving behind a garnet-free, plagioclase+clinopyroxene+orthopyroxene+ilmenite residuum. 
The composition of the SMIs (both major and trace elements) is similar to those from the middle Miocene calc-alkaline 
magmas, widely known from the northern Pannonian Basin (Börzsöny and Visegrád Mts., Cserhát and Mátra volcanic 
areas and Central Slovakian VF), but the SMIs are probably the result of a later, local process. The study of these SMIs 
also highlights how crustal contamination changes magma compositions during asthenospheric Miocene ascent. 

Keywords: partial melting, crustal contamination, anatexis, peraluminous granitoid melt, silicate melt inclusion, mafic 
granulite, trace elements.

Introduction

The continental crust melts under different pressure (p) and 
temperature (T) conditions depending on the rock composition 
(X) and the presence of H2O. Migration of granitic anatectic 
magmas is the main process of crustal differentiation which 
leaving behind restitic granulites as residual, garnet- and pyro-
xene-rich complements of these magmas, devoid of amphi-
bole or biotite (Clemens 1990). 

Since water plays a fundamental role in decreasing the mel-
ting temperature of rocks, any form of it has a significant 
impact on melting. Crustal melting can be a water-fluxed pro-
cess in the presence of a free H2O phase or alternatively can  
be a fluid-absent melting. In the presence of aqueous fluids, 
the generated melt can be water-rich or water-saturated.  

In the absence of an aqueous fluid, the break-down of hydrous 
minerals such as muscovite or biotite controls melting in meta-
pelites or amphibole in metabasic rocks in order of increasing 
temperature. These latter processes are called dehydration 
melting reactions, where all water is derived from hydrous 
minerals and the generated melt is water-undersaturated (e.g., 
Weinberg & Hasalová 2015, and references therein).

Dehydration melting can be accompanied by infiltration of 
low H2O-activity fluids, which can be hypersaline or rich in 
CO2 or both (Peterson & Newton 1990; Manning & Aranovich 
2014; Aranovich 2017; Manning 2018). These fluids are cha-
racteristic of the lower crust and the lithospheric mantle (e.g., 
Touret 1985; Newton et al. 1998). The chemistry of the pro-
duced melt changes from granodioritic to tonalitic, depending 
on the pressure and temperature conditions of the melting,  
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the original mineral assemblage and the rate of the partial 
melting and (e.g., Castro et al. 1999; Qian & Hermann 2013). 
Where metamorphism is accompanied by magmatism, as in 
volcanic arcs, the crystallization of magmas in the deep crust 
leads to the input of externally derived magmatic fluids into 
deep-crustal metamorphic systems (e.g., Annen et al. 2005). 

Fluid and melt inclusions have been extensively used in 
igneous petrology because they can preserve chemical and 
physical information of the original magmatic system (e.g., 
Roedder 1992; Frezzotti 2001; Bodnar & Frezzotti 2020).  
In high-grade metamorphic rocks, the presence of fluid inclu-
sions is widely known (e.g., Touret & Huizenga 2020), but 
melt inclusions are less common (Cesare et al. 2015; Bartoli et 
al. 2016; Bartoli & Cesare 2020). Anatectic melt composition 
derived from various parental rocks are generally estimated 
based on the composition in magmatic leucosomes (e.g. 
Sawyer 1987) and from experimental works (e.g., Vielzeuf & 
Schmidt 2001). Leucosomes, however, might be modified by 
fractional crystallization or segregation processes, whereas 
experimental works rarely reproduce natural compositions at 
low degrees of partial melting. 

The aim of this research is to study granulite xenoliths in 
which melt migration can be observed in the form of melt 
pockets and associated silicate melt inclusions. The location of 
the studied mafic garnet granulite xenoliths is the Bakony–
Balaton Highland Volcanic Field (BBHVF), from the western 
Pannonian Basin. Although silicate melt inclusions are widely 
studied in mantle rocks in the Pannonian Basin (e.g., Török et 
al. 2003; Bali et al. 2007; Zajacz et al. 2007; Hidas et al. 2010; 
Créon et al. 2017), no report has been published on silicate 
melt inclusions of crustal origin. 

In the last few years, research on silicate melt inclusions in 
high-grade metamorphic rocks has come to focus (e.g., Nicoli 
& Ferrero 2021, and references therein). However, these stu-
dies show, that most of these inclusions are trapped in rocks 
with sedimentary protoliths and that such inclusions are par-
tially or completely crystallized and therefore called nanogra-
nites. These nanogranites are now widely known in felsic 
granulites and are attributed to crustal anatexis (e.g., Cesare et 
al. 2009, 2011, 2015; Ferrero et al. 2012, 2015; Barich et al. 
2014; Hiroi et al. 2019, 2020; Tacchetto et al. 2019; Bartoli & 
Cesare 2020). These primary silicate melt inclusions are 
thought to be trapped in peritectic minerals formed by incon-
gruent melting reactions. 

In this paper, glassy (glass + bubble) silicate melt inclusions 
were studied from mafic granulites. Primary silicate melt 
inclusions exist in the rock-forming minerals of the studied 
xenoliths, which provide melt composition and direct evi-
dence of partial melting processes, as well as melt/fluid-rock 
interactions in the deep crust. 

Highly refractory granulite xenoliths have been described 
from the BBHVF’s lower crust (Török 1995, 2012; Dobosi et 
al. 2003; Embey-Isztin et al. 2003; Török et al. 2005; Dégi et 
al. 2009, 2010) indicating an earlier partial melting process. 
Besides, some migmatite-like xenoliths with garnet–clino-
pyroxene–orthopyroxene–plagioclase melanosome and plagio-

clase + clinopyroxene ± orthopyroxene leucosome were also 
discovered. 

Fluid inclusions and mineral chemistry of the xenoliths in 
question were studied by Németh et al. (2015). They presented 
direct evidence for melt/fluid-rock interaction, such as melt 
inclusion-bearing, garnet-free, plagioclase – clinopyroxene 
veins and patches in the garnet granulites, clinopyroxene –
ilmenite ± plagioclase symplectites with titanite relics and 
embayed symplectites after garnets in the wall rock, next to 
the vein and patches. FTIR spectroscopic data showed that 
minerals in the plagioclase-rich domains were richer in struc-
tural hydroxyl groups than those in the host mafic garnet gra-
nulite, indicating partial rehydration of the highly dehydrated 
mafic garnet granulite by fluids and melts (Németh et al. 
2015). The minerals show chemically different compositions 
according to their petrographic positions (Németh et al. 2015). 
However, the composition and origin of the silicate melt meta-
somatizing the refractory garnet granulite remained uncertain. 
In this study, we address these questions using major and trace 
element analyses of melt inclusions and their host minerals as 
well as of the inclusion-free minerals in two garnet granulite 
xenoliths. 

Geological setting

The Miocene to Quaternary Pannonian Basin (central Europe) 
is superimposed on the Alpine–Carpathian–Dinaridic orogen, 
which formed during long-lasting contractional deformation 
started in the late Jurassic (Schmid et al. 2008). The pre-rift 
formations of the Pannonian Basin (PB) are built up by the 
ALCAPA (ALpine–CArpathian PAnnonian) and the Tisza–
Dacia units juxtaposed along the Mid-Hungarian Zone (MHZ) 
(Csontos et al. 1992; Fig. 1a). The northern ALCAPA block 
was extruded from the Alps (Kázmér & Kovács 1985; Schmid 
et al. 2008) and it presumably had similarly thickened crust that  
of the Eastern Alps. The driving force of this process was  
the post-collisional shortening between the stable European 
and the Adriatic plates (Csontos & Vörös 2004). During  
the extrusion, the ALCAPA unit displaced eastward as a crustal 
flake or a single lithospheric unit during the late Oligocene–
early Miocene (Fodor et al. 1999; Kovács & Szabó 2008; 
Horváth et al. 2015) meanwhile Adria moved northward. This 
event was followed by the early to middle Miocene exten-
sional phase of the Pannonian Basin partly caused by subduc-
tion processes beneath the Carpathians and the Dinarides 
(Royden 1988; Maƫenco & Radivojević 2012). This syn-rift 
extension was accompanied by intensive calc-alkaline volca-
nism (e.g., Szabó et al. 1992; Harangi & Lenkey 2007).  
The syn-rift extension migrated in space and terminated only 
in the early late Miocene (up to ~9 Ma) in the basin centre 
(Balázs et al. 2016) while modest extension was still active up 
to 8.7 Ma in the study area (Fodor et al. 2021). The  extension 
could be associated with an asthenosphere upwelling (Horváth 
1993) followed by OIB type alkaline basaltic magmatism 
(Embey-Isztin et al. 1993). 
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Fig. 1. Schematic map of the studied area with the present-day crustal thickness and the locations of the lower crustal granulite xenoliths.  
a — Schematic map of the present-day crustal thickness of the Carpathian–Pannonian Region modified after Horváth et al. (2015) with  
the main tectonic units (ALCAPA and Tisza–Dacia). The red lines refer to major changes in lithospheric thickness. Note that the thickness of 
the crust is growing towards the Alps. The colour of the different crust-thickness regions become darker with thickness, starting in green then 
following in grey and finishing in blue. The white numbers mark the thickness in km. b — Schematic map of the Bakony–Balaton Highland 
Volcanic Field with the locations of the lower crustal xenoliths hosted by basaltic lava and pyroclast modified after Jugovics (1968) and 
Harangi (2001). The two highlighted locations, Sabar Hill and Bács Hill show the location of the studied granulite xenoliths. The brackets hide 
the closest village names to the locations. The mark on both side of the map frame is the square grid from the original map to help mark the 
map as accurately as possible.
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There are five alkaline basaltic volcanic fields (VF) known 
on the surface within the CPR where the xenoliths from  
the deep lithosphere were transported to the surface (Fig. 1a). 
These are the Styrian Basin VF, the Little Hungarian Plain VF, 
the Bakony–Balaton Highland VF (BBHVF), the Nógrád–
Gömör VF, and the Perșani Mountains VF. In the study  
area, the BBHVF, this alkaline basaltic volcanism occurred 
between 7.9 and 2.8 Ma ago (Balogh et al. 1994; Wijbrans et 
al. 2007).

The BBHVF is located in the western-central PB, on the 
ALCAPA unit (Fig. 1a and b). This volcanic area is the richest 
in lower crustal xenoliths within the CPR. Six xenolith bearing 
locations are known in the BBHVF. These are Rókarántó 
(Szigliget village), Tihany, Áldozótető (Bondoró Hill, close to 
Kapolcs village), Szentbékkálla, Bács Hill (46°51’57.2”N, 
17°31’41.0”E; near Mindszentkálla village), and Sabar Hill 
(46°51’03.3”N, 17°31’44.9”E; near Káptalantóti village),  
(Fig. 1b). The xenoliths can be found scattered throughout  
the local vineyards.

The dominant lower crustal xenoliths are garnet-bearing 
mafic granulites (Török 1995; Kempton et al. 1997; Dégi & 
Török 2003; Dobosi et al. 2003; Embey-Isztin et al. 2003; 
Török et al. 2005; Dégi et al. 2009, 2010), but there are 
metasedimentary ones as well (Embey-Isztin et al. 2003; 
Downes et al. 2015). Other types of granulites, include clino-
pyroxene–plagioclase felses, buchites (ultrahigh temperature, 
low pressure metamorphic rocks), and some felsic granulites 
from the middle crust (e.g., Török 2002, 2012; Török et al. 
2014), whereas fragments of the upper crust also occur (Török 
et al. 2005; Török 2012). Two types of mafic granulite were 
observed and distinguished based on their mineral assem-
blages. The “dry” granulites are composed of clinopyroxene + 
garnet + plagioclase ± orthopyroxene ± quartz ± scapolite ± oxides. 
The “wet” granulites contain additional OH-bearing minerals 
such as amphibole or biotite. A continuous lithostratigraphic 
lower crustal profile was proposed by these workers with  
a paleo-depth range from 35 to 58 km, which indicates  
a thicker, paleo-lower crust than the present-day one beneath 
the Pannonian Basin (25–32 km; Posgay et al. 1991; Kalmár  
et al. 2018) and shows values similar to the present-day  
thickness of the crust beneath the Alps (50–56 km; Török 
2012). 

Analytical techniques

The major element composition of the minerals and SMIs 
were measured by Cameca SX-100 type electron microprobe 
equipped with wavelength-dispersive spectrometers at the 
Institute of Earth Sciences, Vienna University. The accelera-
ting voltage was 20 keV and the beam current was 20 nA.  
The electron beam diameter changed between 1–5 microns. 
ZAF correction was applied for the precise quantitative deter-
mination of elements. Some of the BSE images were also 
taken by an AMRAY 1830 I/T6 type scanning electron micro-
scope equipped by EDAX PV 9800 energy-dispersive 

spectrometer at the Institute of Earth Sciences, Eötvös 
University Budapest. The accelerating voltage and the beam 
current were the same as in Vienna.

Trace element composition of the minerals and the unheated 
SMIs were measured by Laser Ablation–Inductively Coupled 
Plasma Mass Spectrometry (LA–ICPMS) at ETH Zürich.  
The system consisted of a prototype ArF excimer UV (193 nm) 
laser ablation system (analogue to Geolas) coupled with  
an ELAN 6100 DRC quadrupole mass spectrometer. About  
8 J/cm2 energy density on the sample surface and a repetition 
rate of 10 Hz was used. The energy density was homogeneous 
across the laser beam profile (Heinrich et al. 2003). The beam 
diameter was adjusted between 20 to 80 μm to a slightly larger 
value than the actual size of the inclusions to avoid incomplete 
sampling of the SMIs. 10 ms dwell time was used for the ele-
ments. The external standard was Glass NIST SRM 610. 
Unheated SMIs (containing only glass ± bubbles) were ablated 
with their host minerals (Halter et al. 2002). Quantification of 
the SMI analyses followed the method of Zajacz & Halter 
(2007). We used the average K2O content of the melt inclu-
sions, determined by EPMA, as an internal standard. The data 
processing was carried out by the data analyses software 
SILLS (Guillong et al. 2008). For the host minerals of the SMIs, 
the beam diameter was the same as for the inclusions. For 
inclusion-free minerals, the beam size was 40–70 µm and 
100 % major element oxide total was used as internal standard 
(Halter et al. 2002; Heinrich et al. 2003). 

Results

Petrography

Lower crustal garnet granulite xenoliths from the BBHVF 
can be divided into two major groups based on microscopic 
observations. One group is characterized by a microstructural 
equilibrium mineral association with 120° grain boundaries 
(e.g., Embey-Isztin et al. 1993; Török 1995; Kempton et al. 
1997; Dobosi et al. 2003), whereas the other group contains 
xenoliths with different mineral reaction domains (e.g., sym-
plectites and reaction coronas after garnet and titanite) and 
thus texturally non-equilibr. The latter xenoliths provide 
valua ble information of crustal evolution in extensional envi-
ronment. There are xenoliths with relics of OH--bearing 
 minerals (biotite or amphibole, Fig. 2a) and there are some 
with metasomatic amphiboles. However, anhydrous minerals 
can also be affected during these reactions, such as breakdown 
of garnet, titanite or scapolite, moreover, in some cases, peri-
tectic crystallization of garnet (Fig. 2b). 

In this paper, we focused on two xenoliths which have 
SMIs.

Xenolith petrography

The basic petrographic observations in the two selected gra-
nulite samples (Sabar Hill-Sab28 and Mindszentkálla-Mi26) 
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Fig. 2. Photomicrographs of the characteristic textural features in garnet granulite xenoliths. Mineral abbreviations follow Kretz (1983).  
a — Photomicrograph of amphibole inclusions in clinopyroxene from A9 granulite xenolith, from Áldozótető location. b — Backscattered 
electron image of peritectic garnet with quartz inclusions from Sab122 granulite xenolith. c — Photomicrograph of the silicate melt inclu-
sion-bearing plagioclase–clinopyroxene mineral assemblage, and of the surrounding silicate melt inclusions-free minerals in Mi26 granulite 
xenolith. d — Photomicrograph of the silicate melt inclusion-bearing plagioclase–clinopyroxene vein at the edge of Sab38 granulite xenolith, 
with the adjacent wall rock with melt inclusion-free minerals. e — Photomicrograph of primary silicate melt inclusions in the rock-forming 
minerals, such as plagioclase and clinopyroxene in Mi26 granulite xenolith. Note that glassy (type G) and vapour dominated (type V) silicate 
melt inclusions are together in plagioclase host minerals. f — Photomicrograph of primary melt inclusion in a clinopyroxene host mineral from 
Sab38 granulite xenolith. g — Photomicrograph of primary melt inclusions in plagioclase host mineral from Sab38 granulite xenolith.  
h — Backscattered electron image of a primary silicate melt inclusion in ilmenite host mineral from Sab38 granulite xenolith.
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were published by Németh et al. (2015). Here we present  
only the main features. Xenolith Sab38 is layered, whereas  
the xenolith Mi26 shows a “patchy” microtexture (Fig. 2c), 
but both share a migmatitic texture with garnet–clinopyroxene–
orthopyroxene–plagioclase-bearing melanosome and a clino-
pyroxene-bearing plagioclase-rich leucosome (Fig. 2c and d). 
Both xenoliths show mostly curved grain boundaries with irre-
gular mineral shapes and many symplectitic reaction domains. 
This was interpreted as non-equilibrium microtexture in Németh 
et al. (2015), which is a fundamental difference compared to 
the other studied xenoliths from the area. Among accessory 
phases, orthopyroxene (only in Sab38 xenolith), titanite, apa-
tite, zircon, and opaque minerals (mostly ilmenite) were also 
identified. 

In the Sab38 xenolith, the clinopyroxene+plagioclase-   
bea ring leucosome contains quartz as an accessory mineral. 
Gar nets are mostly resorbed kelyphitic remnants (Fig. 2c  
and d) or sometimes symplectitic pseudomorphs (Supple-
mentary Fig. S1) of plagio clase–orthopyroxene–spinel with 
rare relict garnet. The breakdown of titanite to clinopyro-
xene – ilmenite ± plagioclase symplectites (Fig. 2d and Suppl. 
Fig. S2) is observed frequently at the contact between the 
SMI-free melanosome (wall rock) and the plagioclase-rich 
inclusion-bearing leucosome domains. Thin melt films along 
the grain boundaries (Fig. 2e and Suppl. Fig. S2) and glassy 
melt pockets from the infiltrating alkaline basalt are also 
observed.

Silicate melt inclusion petrography

Both Sab38 and Mi26 xenoliths contain the same types  
of SMIs, in the same SMI-bearing minerals (clinopyroxene, 
plagioclase, and ilmenite) with similar appearances (Suppl. 
Table S1). Two types of primary SMIs coexist in plagioclase 
(Fig. 2e): a colourless glass dominated (70–100 vol. %)  
SMI  (type G) and a volatile dominated black SMI with  
a low amount of glass (up to 20 vol. %) referred to as type V 
silicate melt inclusion. The G type SMIs have a size between 
15–30 µm, sometimes up to 100 µm. These SMIs consist  
of a colourless glass phase + bubble(s), have a negative crystal 
shape and their boundary is slightly ragged (Fig. 2g).  
The vapour bubble (up to 30 vol. %) in the plagioclase hosted 
SMIs is dark and consists of one phase at room temperature 
(Fig. 2g). The vapour dominated type V SMIs have also a nega-
tive crystal shape. Their size ranges between 20 and 50 µm. 
These SMIs always show a decrepitation halo. The SMIs 
trapped in clinopyroxene contain mostly brown glass  
(95–100 vol. %). They are also always decrepitated (Fig. 2f) 
and their size is usually between 20–30 µm. These SMIs  
usually contain one bubble (up to 5 vol. %) with two fluid 
phases (liquid and vapour) at room temperature (Fig. 2f).  
The liquid phase occupies about 60 vol. % of the bubble.  
The ilmenite trapped SMIs were detected only by SEM. Their 
size is around 30 µm. These SMIs have rounded or oval shapes 
with no visible sign of decrepitation (Fig. 2h) and consist of 
glass ± bubble (up to 10 vol. %) (Fig. 2h). 

Major element analyses of the glass phase in SMIs

Most of the glass in the plagioclase and clinopyroxene 
hosted SMI is dacitic, trachydacitic, or rhyolitic in composi-
tion, whereas the ilmenite hosted SMIs are more scattered 
over a wide range in composition from trachybasaltic to tra-
chydacitic (Fig. 3a and c). The glassy SMIs trapped in clino-
pyroxene in the Mi26 xenolith have an average FeO-content 
of 5.7 wt. % (Figs. 4a, c and 5a). Their MgO-content is  
0.8 wt. % and their K2O/Na2O is around 3.0 (Figs. 4b, d, 5b 
and Suppl. Table S2). The clinopyroxene hosted SMIs in  
the Sab38 xenolith show an average FeO-content of 4.7 wt. % 
(Figs. 4a, c and 5a), whereas their MgO-content is 0.1 wt. % 
and K2O/Na2O is around 2.2 (Figs. 4b, d, 5b and Suppl.  
Table S2).

The plagioclase-hosted SMIs in the Mi26 granulite xenolith 
show an average FeO-content of 1.5 wt. % (Figs. 4a, c and 5a), 
their MgO-content is 0.2 wt. %, whereas their K2O/Na2O ratio 
is around 1 (Figs. 4b, d, 5b and Suppl. Table S2). In contrast, in 
the Sab38 granulite xenolith, the plagioclase hosted SMIs 
have an average FeO-content of 6.3 wt. % (Figs. 4a, c and 5a), 
their MgO-content is 0.7 wt. % and their K2O/Na2O ratio is 
around 1.2 (Figs. 4b, d, 5b and Suppl. Table S2). 

The ilmenite hosted SMIs in Mi26 granulite contain much 
lower amounts of SiO2 (45.9–54.3 wt. %) than in Sab38 
 gra nulite (60.1–62.5 wt. %) (Fig. 3a, c and Suppl. Table S2).  
The FeO-content is much higher (17.0–22.0 wt. %) in the glass 
of the ilmenite hosted SMIs in the Mi26 xenolith than in Sab38 
granulite (7.0–9.0 wt. %; Fig. 5a). The Na2O-content is lower 
in SMIs from the Mi26 granulite (1.6–2.2 wt. %) compared to 
those in Sab38 granulite (2.4–3.7 wt. %), whereas the K2O-
content is almost the same in the SMIs from both xenoliths 
(Mi26: 3.6–4.2 wt. %; Sab38: 3.9–4.2 wt. %) (Fig. 5b). 

Trace element composition of mineral phases

All plagioclases in both samples have similar trace element 
pattern regardless of their location (Fig. 6a, b and Suppl.  
Table S2). The SMI-bearing plagioclases show LILE (large 
ion lithophile element) enrichment, especially in Cs and Rb, 
compared to the SMI-free plagioclases, when normalized to 
the primitive mantle (Sun & McDonough 1989) (Fig. 6f).  
The trace element content of the plagioclase is enriched in 
light rare earth elements (LREE) compared to heavy REEs, 
with positive Eu anomalies (Fig. 6a and b). 

Clinopyroxenes that contain SMIs are enriched in LILE 
(especially Cs) compared to SMI-free clinopyroxenes in  
both xenoliths (Fig. 6c and d). All clinopyroxenes are enriched 
in LREE relative to HREE (heavy rare earth element)  
(Fig. 6c, d and Suppl. Table S2). However, there is a variation 
of La/Yb ratios in both xenoliths (1.26±0.71 in the Mi26 
 granulite xenolith and 1.42±1.29 in the Sab38 xenolith, 
respectively, norma lized to the average lower crust of Rudnick 
& Gao 2003). In addition, all analysed clinopyroxene show 
negative Eu anomaly (EuN/Eu*N <1 normalized to the average 
lower crust), but the degree of this anomaly is different  
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(Fig. 6c, d and e). Two clinopyroxene groups can be distin-
guished in the Sab38 xenolith based on the Eu anomaly and 
the La/Yb ratio (Fig. 6e), which do not completely coincide 
with petrographic features. One of the clinopyroxene groups 
shows a high La/Yb ratio (2.46–4.74) with a smaller Eu ano-
maly (EuN / Eu*N = Eu /(Sm*Gd)0.5 = 0.65–0.99). SMI-free cli-
no pyroxenes belong to this group. They occur either in the 
garnet-bearing melanosome or the plagioclase-rich leucosome 
segment. The other clinopyroxene group consists of clino-
pyroxene with a low La/Yb ratio (0.52–1.22) and a larger  
Eu anomaly (EuN / Eu*N = 0.23–0.54). Clinopyroxenes, which 
belong to this group, appear mostly in the clinopyro xene– 

plagioclase-rich leucosome assemblage from the Sab38 
 xenolith and contain SMIs. Some inclusion-free clinopyro-
xene from the plagioclase-rich assemblage also belongs  
here as well as some clinopyroxene from the wall-rock  
(Fig. 6e). Similar groups cannot be distinguished in the Mi26 
xenolith. The clinopyroxene compositions predominantly  
plot between the values of the two observed groups from  
the Sab38 xenolith (Fig. 6e). However, the group charac-
terized by a noticeable Eu anomaly and small La/Yb ratio  
is also significant and mostly appears in SMI-bearing mine-
rals within the clinopyroxene–plagioclase-rich pockets of  
the xenolith. 

Fig. 3. The genetic processes of the silicate melt inclusions according to their chemical composition with major element variations compared 
to natural melts and rocks (a and b) and to experimental melts (c and d). Fig. 3b and d shows the corrected composition of the silicate melt 
inclusions according to the post entrapment processes. For more details, see section “Reconstruction of the major element composition of 
SMIs”. Mineral abbreviations follow Kretz (1983). a — Total alkali–silica (TAS) diagram for variation of silicate melt inclusion composition 
trapped in plagioclase, clinopyroxene and ilmenite from Mi26 and Sab38 granulite xenoliths, respectively compared to natural melts and rocks. 
b — A/CNK–A/NK diagram showing the peraluminous affinity of the studied SMIs compared to natural melts and rocks. c — Total alkali– 
silica (TAS) diagram for variation of silicate melt inclusion composition trapped in plagioclase, clinopyroxene and ilmenite from Mi26 and 
Sab38 granulite xenoliths, respectively compared to experimental melts. d — A/CNK–A/NK diagram showing the peraluminous affinity of  
the studied SMIs compared to experimental melts.
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Trace element composition of SMIs

The multicomponent trace element patterns of silicate melt 
inclusions (Fig. 7a, c and e) are broadly similar regardless of 
the host minerals. The exceptions are the SMI trapped in 
ilmenite with positive Nb and Ta anomalies caused by addi-
tional signals from ilmenite (Fig. 7e). Caesium, Rb, Th, U, and 

Pb show positive anomalies, but Ba, Nb, Ta, and Sr shows 
minima with negative anomalies relative to the adjacent ele-
ments (Fig. 7a, c, e and Suppl. Table S2). Additionally, there is 
a significant negative Zr anomaly in the SMIs in some Sab38 
plagioclases (Fig. 7a). The REE pattern of the SMIs (Fig. 7b, 
d and f) show a steady decrease from La to Lu in all the host 
minerals. 

Fig. 4. The genetic processes of the silicate melt inclusions according to their post entrapment processes corrected chemical composition with 
major element variations compared to natural melts and rocks (a and b) and to experimental melts (c and d). For more details, see section 
“Reconstruction of the major element composition of SMIs”. Mineral abbreviations follow Kretz (1983). a — Na2O/K2O–FeOtot diagram 
shows that alkaline basalts from the Bakony–Balaton Highland Volcanic Field (BBHVF) cannot be the source of the silicate melt inclusions. 
Also, only a part of the plagioclase hosted silicate melt inclusions show similarities to the calc-alkaline rock from the northern Pannonian 
Basin, just as to the eclogite and metasediment hosted natural nanogranitic melts. The long black arrow shows how the fractional crystallization 
of a clinopyroxene–plagioclase assemblage changes the melt composition. b — MgO–CaO diagram also shows that alkaline basalts from  
the Bakony–Balaton Highland Volcanic Field cannot be the source the studied silicate melt inclusions, and the inclusions fits to the composition 
of the calc-alkaline rocks from the northern Pannonian Basin. Also, only a part of the plagioclase hosted silicate melt inclusions show simila-
rities to the ultramafic, eclogite and metasediment hosted natural nanogranitic melts. c — Na2O/K2O–FeOtot diagram shows that neither pure 
amphibolite nor pure metasediment cannot be the source of the silicate melt inclusions. Xs means the ratio of the sediments in the starting 
material of the experimental melts. The long black arrow shows how the fractional crystallization of a clinopyroxene-plagioclase assemblage 
changes the melt composition. d — MgO–CaO diagram shows that the clinopyroxene hosted silicate melt inclusions are more primitive than 
the plagioclase hosted ones. Xs means the ratio of the sediment in the starting material from the mélange and the arrow shows the increase of 
this ratio towards the pure metasedimentary starting material.
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The concentration of some REEs (Nd, Sm, Eu, Yb) was 
below the detection limit in some SMIs with smaller size 
(Suppl. Table S2). To complement the lack of REE concen-
trations in the clinopyroxene hosted SMIs, we determined  
the Cpx/meltKD for those elements. The distribution of the trace 
elements between clinopyroxene and the melt is influenced in 
SiO2-rich melts both by the structure of the clinopyroxene and 
the structure of the melt (Gaetani 2004; Huang et al. 2006). 
Therefore, we used distribution coefficients to determine equi-
librium melt compositions from those experimental studies in 
which the composition of the melt and the clinopyroxene is  
the closest to the one we measured (Huang et al. 2006). By these 
values (Suppl. Table S2), it is now possible to determine REE 
patterns and ratios. The LaN/YbN ratio (normalized to C1 chon-
drite) is highly variable (av =18.17±10.77) and it shows a wider 
range in the Mi26 xenolith (4.51–45.78) than in the Sab38 
xenolith (6.57–23.53). Otherwise, REE concentrations show  
a decrease from La to Lu with a negative Eu anomaly (Fig. 7d). 

Reconstruction of the major element composition of SMIs 

Petrographic observations (Fig. 2) showed that the edges of 
some melt inclusions are ragged, and clinopyroxene hosted 
melt inclusions are decrepitated. These suggest potential che-
mi cal modifications of the silicate melt after entrapment. 
Based on SMI compositions, and their host minerals, it is clear 
that many of the SMIs are not in chemical equilibrium with 

their host (e.g., KD(Ab–An)Pl-melt ranges from 0.11 to 0.23). 
Therefore, in order to reconstruct the composition of the pri-
mary melt inclusions at the time of entrapment, we needed to 
correct the melt compositions for post entrapment processes. 

Post entrapment changes in the composition of the glass can 
be caused by crystallization or melting. The post entrapment 
crystallization means that even the melt inclusions seem to be 
glassy, partial crystallization of the host mineral occurred on 
the wall of the inclusion in a few vol. % (e.g., Steele-Macinnis 
et al. 2011). For the correction, one must add the composition 
of the host mineral back into the composition of the silicate 
melt inclusion. However, post entrapment melting means  
the opposite process, when host mineral was added into the 
glass of the silicate melt inclusion due to high temperature, 
e.g., when the alkaline basalt brought up the xenoliths. This 
melting process can be corrected by subtraction of the compo-
sition of the host mineral from the composition of the silicate 
melt inclusion (e.g., Halter et al. 2004; Rasmussen et al. 2018). 

Post entrapment crystallization (PEC) and post entrapment 
melting (PEM) calculations were applied in the SMIs from 
clinopyroxene and plagioclase (Suppl. Table S3), which had 
complementary analyses adjacent to the SMIs in their host 
mineral (on an average 20 µm from the SMI) and coherent but 
more distant points were also analysed in the same mineral 
(>30 µm from the SMI). Mineral compositions analysed adja-
cent to the melt inclusions were added back or extracted from 
the silicate melt compositions until chemical equilibrium was 

Fig. 5. Major element composition of the silicate melt inclusions. The raw data (empty symbols) is compared to the post entrapment melting 
(PEM) and post entrapment crystallization (PEC) modified compositions (filled symbols) of the silicate melt inclusion showing the composi-
tional change. Post entrapment modifications are based on mineral/liquid partition coefficients of Putirka (2008). Mineral abbreviations follow 
Kretz (1983). a — FeOtotal–Al2O3 diagram shows that the plagioclase hosted silicate melt inclusions show higher compositional variation 
compared to the clinopyroxene hosted silicate melt inclusions. The PEM corrections resulted in a higher Al-content in the plagioclase hosted 
inclusions whereas the PEC correction resulted in a higher Fe-content in the clinopyroxene hosted silicate melt inclusions. b — MgO–K2O/
Na2O diagram shows that clinopyroxene hosted silicate melt inclusions have higher MgO-content than the plagioclase hosted ones. The K2O/
Na2O ratio shows differences between the composition of the glass of the melt inclusions in the different host minerals. 
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achieved between the silicate melt and the host mineral ana-
lysed further away from the SMI.

In SMIs trapped in clinopyroxene the equilibrium criteria 
was (KD(Fe–Mg)Cpx-melt) = 0.27±0.03 based on Putirka (2008), 
which is the most suitable model for these melt compositions. 
The SMIs trapped in clinopyroxene are broadly in chemical 

equilibrium with their host minerals from the Mi26 granulite 
xenolith, but the equilibrium KD of 0.27 is best matched with 
5 % post entrapment crystallization (PEC) recalculation (Suppl. 
Table S3). In the Sab38 xenolith, the SMIs in clinopyroxene 
are not in chemical equilibrium with their host mineral but  
can be corrected with up to 10 % PEC calculation. After this 

Fig. 6. Trace element distributions in the minerals. Symbols with green colour belong to the Mi26 granulite xenolith, and symbols with blue 
stand for the Sab38 granulite xenolith. Mineral abbreviations follow Kretz (1983). a — Trace element distribution in plagioclases from  
the Mi26 granulite xenolith normalized to the primitive mantle (PM, Sun & McDonough 1989). The light blue area in the background rep-
resents the composition of the plagioclases in the Sab38 granulite xenolith. b — Trace element distribution in plagioclases from the Sab38 
granulite xenolith normalized to PM. The light green area in the background represents the composition of the plagioclases in the Mi26 granu-
lite xenolith. c — Trace element distribution in clinopyroxenes from the Mi26 granulite xenolith, normalized to PM. The light blue area in the 
background represents the composition of the clinopyroxenes in the Sab38 granulite xenolith. d — Trace element distribution in the clinopy-
roxenes from the Sab38 granulite xenolith, normalized to PM. The light green area in the background represents the composition of the clino-
pyroxenes from the Mi26 granulite xenolith. e — La/Y vs Eu anomaly (EuN / Eu*N = Eu/(Sm*Gd)0.5 diagram (normalized to average lower 
crust Rudnick & Gao 2003). f — LILE enrichment in the SMI-bearing plagioclases normalized to average lower crust (Rudnick & Gao 2003). 
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correction, the chemical composition of the SMI hosted in 
clinopyroxene is similar to the ones trapped in clinopyroxene 
in the Mi26 xenolith (Figs. 3, 4 and 5).

The partition coefficient in plagioclase hosted SMIs was 
cal culated based on KD(Ab–An)Pl-melt from Putirka (2008), 
which should be in the range of 0.1±0.05 for temperatures 

<1050 °C. The SMIs and their host plagioclase show a wide 
range in their KDs (0.11–0.23) (Suppl. Table S3). Considering 
that the equilibrium temperature based on clinopyroxene-melt 
thermometry, presented in section 4.6., is close to 940 °C 
(Putirka 2008), we suggest that the majority of the plagioclase 
hosted SMIs are not in equilibrium with their host mineral, 

Fig. 7. Trace element distribution in silicate melt inclusions normalized to the primitive mantle and to chondrites (Sun & McDonough 1989). 
The triangles mark the plagioclase hosted silicate melt inclusions, while the squares stand for clinopyroxene hosted ones, and the circles stand 
for ilmenite hosted silicate melt inclusions. The coloured patterns in the background show the composition of the silicate melt inclusions 
trapped in the other two host minerals. Lilac belongs to plagioclase hosted silicate melt inclusions, orange to the clinopyroxene hosted silicate 
melt inclusions, and magenta to the ilmenite hosted ones. Mineral abbreviations follow Kretz (1983). a — Multi-element diagram of trace 
elements in the plagioclase hosted silicate melt inclusions in the Mi26 and Sab38 granulite xenoliths. b — REE diagram of the plagioclase 
hosted silicate melt inclusions with the same colour code as in Fig. 7a. c — Multi-element diagram of trace elements in clinopyroxene hosted 
silicate melt inclusions in the Mi26 and Sab38 granulite xenoliths. d — REE diagram of clinopyroxene hosted silicate melt inclusions with  
the same colour code as in Fig. 7c. e — Multi-element diagram of trace elements in ilmenite hosted silicate melt inclusions from the Mi26 and 
Sab38 granulite xenoliths. f — REE diagram of plagioclase hosted silicate melt inclusions with the same colour code as in Fig. 7e. 
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because the KD(Ab–An)Pl-melt values are beyond 0.15. We sug-
gest that most SMIs suffered post entrapment plagioclase 
melting (PEM) from the wall of the SMIs, which led to high 
KD(Ab–An)Pl-melt values. We extracted plagioclase from the 
SMIs to reach the equilibrium Pl/meltKD relevant for T<1050 °C 
(0.05–0.15). This needed 5 to 40 % plagioclase extraction 
(Suppl. Table S3). 

The SMIs in ilmenite were not corrected as there are no 
available equilibrium criteria to assess post entrapment pro-
cesses for this mineral. The melt composition of the SMIs after 
PEC and PEM calculations suggests that all the inspected 
SMIs trapped in clinopyroxene and plagioclase in both xeno-
liths have a peraluminous composition (Fig. 3b and d). How-
ever, clinopyroxene hosted SMIs show the least peraluminous 
compositions and have slightly higher MgO content (Figs. 4 
and 5) compared to plagioclase hosted ones. 

Results of mineral-melt thermobarometry

We calculated equilibrium pressure (p, based on Putirka et 
al. 2003) and temperature (T based on Putirka 2008) condi-
tions for the crystallization of SMI-bearing minerals. We used 
PEC and PEM corrected melt inclusion compositions and  
the composition of the host minerals analysed further away 
from the SMI for this calculation. In the Mi26 granulite xeno-
lith, the clinopyroxene hosted SMIs give a 937±5 °C equilib-
rium temperature and a 3.7±0.4 kbar pressure (Suppl. Table S3, 
see below). In the Sab38 granulite xenolith, the clinopyroxene 
hosted SMIs give a 931±9 °C equilibrium temperature (Putirka 
2008) and a 5.6±0.3 kbar pressure (Putirka et al. 2003).  
The variation in the calculated T and p is significantly smaller 
than the uncertainty of the thermobarometer’s calibration  
(± 45 °C and ±1.7 kbar).

In the case of SMIs trapped in plagioclase, the mineral-melt 
pairs suggest 864±36 °C based on Putirka (2008) in Mi26 gra-
nulite. In these conditions, the melt contained 4.5±0.6 wt. % 
H2O (Suppl. Table S3). For the Sab38 xenolith, 871±43 °C 
was calculated. The derived H2O content is 3.3±0.2 wt. %.  
A similar H2O-content was calculated in the case of the pla-
gioclase hosted SMIs based on Devine et al. (1995) with 
3.0±0.9 wt. % in the Mi26 granulite xenolith and 3.3±1.4 wt. % 
in Sab38 granulite xenolith, respectively (Suppl. Table S2). 
Note that the temperature estimates based on plagioclase-melt 
pairs have higher variations (1 σ stdev) than the calibration 
uncertainty (±36 °C in Putirka 2008). Also, the temperatures 
derived by plagioclase-melt thermometry are lower and vary 
significantly compared to those obtained by clinopyroxene- 
melt thermometry.

Discussion 

Characteristics of the metasomatizing melt 

The composition of the SMIs reconstructed by PEC and 
PEM calculations (Suppl. Table S3) suggests that clinopyro-

xene and plagioclase hosted SMIs in both xenoliths have per-
aluminous composition (Fig. 3b and d). Clinopyroxene hosted 
SMIs show slightly higher MgO content (Figs. 4 and 5) com-
pared to plagioclase hosted ones. Furthermore, the clinopyro-
xene crystallization temperatures are higher and cover a much 
smaller range than those calculated for plagioclase (Suppl. 
Table S3). This suggests that clinopyroxene might have crys-
tallized before plagioclase in the leucosome and their SMIs 
might be more representative of the original metasomatic melt 
than those trapped in plagioclase. 

The composition of the PEC and PEM corrected SMIs were 
compared with the composition of nanogranite SMIs (col-
lected in Nicoli & Ferrero 2021) formed in similar p–T condi-
tions as described for mafic garnet granulite xenoliths from 
the BBHVF. The relevant inclusions were all in rocks with 
metasedimentary origin (Cesare et al. 2007; Ferrero et al. 
2011, 2012, 2016, 2018b; Tacchetto et al. 2019; Carvalho et al. 
2020; Ferri et al. 2020; Gianola et al. 2020; Safonov et al. 
2020). Figure 4a shows that these nanogranite inclusions are 
similar to the plagioclase hosted SMIs, whereas the inclusions 
trapped in Cpx have different characteristics with lower SiO2-, 
higher FeO- and CaO-contents, as well as the Cpx hosted 
SMIs are the least peraluminous ones (Figs. 3b, 4a and b).  
The ultramafic granulite (Ferrero et al. 2018a) and the eclogite 
hosted (Borghini et al. 2018) nanogranite inclusions show 
very little or no overlap (Figs. 3a, b and 4a, b) with the com-
position of the studied SMIs. In the TAS diagram the compo-
sition of Cpx hosted SMIs fall between the compositional 
fields of nanogranites with metasedimentary and ultramafic 
origin (Fig. 3a).

The major element composition of clinopyro xene hosted 
SMIs is similar to melts derived by partial melting of biotite–
quartz–plagioclase mine ral assemblages from metagrey-
wackes or gneiss (Vielzeuf & Montel 1994; Patiño-Douce & 
Beard 1995; Montel & Vielzeuf 1997; Figs. 3c, d, 4c, d and 
Suppl. Table S2). The composition of the SMIs differs from 
melts, which originated by partial melting of mafic granulite 
or quartz amphibolite since they have low alkali contents and 
a higher Na2O/K2O ratio (Hacker 1990; Springer & Seck 
1997; Figs. 3c and 4c). The chemical compositions of SMIs 
also resemble that of the silicate melts produced by melting  
of a metabasalt– metasedi ment mélange (Castro et al. 2010; 
Figs. 3c, d and 4d). If we assume that a metasedimentary 
source contained biotite and/or K-feldspar minerals, these 
minerals had to be consumed during the partial melting 
 process. Biotite relics in ortho pyroxenes and garnets in the 
pre sence of CO2-dominated fluid inclusions in granulite xeno-
liths were observed from the same localities.

SMIs trapped in clinopyroxene are also charac terized by 
positive LILE such as Cs and Rb, and negative HFSE anoma-
lies (Figs. 7c, d and 8b, c). The HFS anomaly can be explained 
by the pre sence of residual hornblende or a Ta–Nb–Ti- bearing 
phase, such as rutile, ilmenite, or titanite, during the partial 
melting (Qian & Hermann 2013). In the studied granulite 
xenoliths, ilme nite appears as accessory phase, moreover, it 
contains SMIs (Fig. 2). The elevated U and especially Th 
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concentrations in the SMIs (Fig. 7a, c and e) and 
their host relative to the SMI-free granulitic mine-
rals (Suppl. Table S2), might be consistent with 
the presence of metapelitic component in the melt 
(Ewing et al. 2014). Such melts are typical for 
magmas from island arc volcanism (e.g., Saunders 
et al. 1991).

Evidence of melt-wall-rock interactions 

Plagioclase hosted SMIs 

Most of the SMIs in plagioclase (and ilmenite) 
are predominantly characterized by lower Yb-con-
tent and higher Ce/Yb ratio (Fig. 8a) as well as 
higher Al2O3-content than those trapped in clino-
pyroxene (Figs. 3b and 5a). However, some SMIs 
trapped in plagioclase (and ilmenite) (Fig. 7) 
show chemical compositions in both xenoliths 
similar to those observed in the clinopyroxene 
hosted ones. This chemical difference and the 
large variation in composition (Fig. 7) suggest 
that the plagioclase (and ilmenite) hosted melt 
inclusions represent reaction products during 
trapping in their host minerals after a various 
degree of interaction between the original melt 
and granulite wall rock. The reactant wall rock, 
which is now garnet-free, however, contains clino-
pyroxenes that preserved the chemical charac-
teristics being in equilibrium with garnet (high 
La/Yb ratios and the lack of significant negative 
Eu-anomaly, Fig. 6e) as REE diffusive re-equi li-
bration under lithospheric conditions is very slow 
(Van Orman et al. 2001). The low and variable 
 plagioclase crystallization temperatures (Suppl. 
Table S3) support a prolonged reaction between 
the original metasomatic melt and the granulite 
wall rock.

Ilmenite–clinopyroxene ± plagioclase symplec-
tites 

The dominant nonequilibrium texture of these 
xenoliths with the presence of ilmenite–clinopy-
roxene ± plagioclase sym plectites and the resorbed 
pseudomorphs after garnet, next to the SMI-
bearing plagioclase-rich domains, all indicate 
reactions initiated by the infiltrating melt/fluid 
noted in Németh et al. (2015). Clinopyroxene–
ilmenite symplectites (Suppl. Figs. S1, S2) are 
quite common in lower crustal mafic garnet 
granulite xenoliths and in garnet-pyroxenites 
from the BBHVF. Occasionally, titanite inclu-
sions can also be observed in the symplectites 
(Suppl. Fig. S1). We demonstrate with mass- 
balance calculations (Suppl. Table S4) that  

Fig. 8. Origin of the metasomatizing melt based on trace element distributions.  
The considered earliest composition of the melt trapped in clinopyroxenes suggests 
a hybrid origin by melting of a metasediment-metabasalt mélange leaving behind  
a garnet-free residuum. a — Yb(N) vs Ce/Yb(N) diagram normalized to C1 (Sun & 
McDonough 1989) suggests the melting of a mélange with 50–75 % metasediment 
and 25–50 % amphibolite composition is responsible for the formation of the silicate 
melt now trapped in clinopyroxene. The silicate melt inclusions trapped in plagio-
clase and ilmenite host minerals show a nearly continuous change in their composi-
tion with a small Yb concentration and a high Ce/Yb ratio. They represent varying 
degrees of re-equilibration between the original metasomatizing melt and the wall 
rock that contains clinopyroxenes preserving the equilibrium REE composition with 
garnets now present as symplectites. b — This diagram shows the trace elements 
pattern of the clinopyroxene hosted silicate melt inclusions compared to those of  
the experimental melts in equilibrium with various residual mineral assemblages 
with or without garnet. The best match is observed with a melt composition that 
leaves behind a garnet-free residuum (Castro et al. 2010; Qian & Hermann 2013). 
The Ti* was calculated from the major element data. c — This diagram shows  
the trace elements pattern of the clinopyroxene hosted silicate melt inclusions com-
pared to those of the natural melts in eclogite (Borghini et al. 2020) and natural rocks 
from the Pannonian Basin (Embey-Isztin et al. 1993; Harangi et al. 2001).
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the composition of the clinopyroxene–ilmenite ± plagioclase 
symplectites differs from that of the titanites. When clinopy-
roxene and ilmenite are mixed in the proportion, observed in 
the symplectites, the amount of Fe and Mg and Al is too high 
compared to the composition of titanite, whereas the Ti and Ca 
content is too low (Suppl. Table S4). The addition of pla-
gioclase surroun ding the clinopyroxene–ilmenite intergrowth 
changes the bulk symplectite composition by increasing the 
Al, the alkaline elements, and the Si contents as well (Suppl. 
Fig. S2). Therefore, we suggest the following reaction for 
symplectite formation in these xenoliths:

titanite + melt = Cpx + Ilm + Pl + melt2                                        (1)

in which the felsic melt1 facilitates the formation of symplec-
tites by adding heat, alkalis, SiO2 and possibly H2O, whereas 
melt2 might transports away primarily CaO and TiO2 from  
the symplectites and may be similar to those observed as melt 
inclusions in ilmenite. 

Evolution of the crustal domain represented by the granulite 
xenoliths 

The dominantly non-equilibrium microtexture of the garnet 
granulite xenoliths with a few equilibrium domains is different 
from the previously described lower crustal granulites from 
the region ( Török 1995; Dégi & Török 2003; Török et al. 
2005; Dégi et al. 2009, 2010). Although most of the lower 
crustal mafic granulites show equilibrium microtextures, 
locally some disequilibrium domains representing later reac-
tions. These are resorbed relics of hydrous minerals in nomi-
nally anhydrous ones in the presence of CO2-rich fluid 
inclusions which are signs of dehydration melting of hydrous 
minerals (amphibole and biotite, or kelyphitic coronas as 
breakdown reactions of garnet, Dégi et al. 2010). In the stu-
died xenoliths, the observed few equilibrium domains in the 
Mi26 and Sab38 xenoliths contain garnet–clinopyroxene–pla-
gioclase assemblage, which represents a former equilibrium 
garnet granulite (Fig. 9 – t1 step). These domains equilibrated 
at 1.2 GPa pressure (~45 km) and 820–930 °C temperatures in 
our samples (Németh et al. 2015). This fits the p–T interval of 
1.0–1.6 GPa and 800–1000 °C, deduced from mafic garnet 
granulite xenoliths with similar mineralogy (Török et al. 
2005). According to Raman and IR spectroscopy, this mineral 
assemblage is water-free and contains CO2-dominated ± CO + H2S 
fluid in Pl hosted pseudosecondary fluid inclusions (Németh 
et al. 2015). These domains are remnants of the thick crust that 
characterized the region before crustal extension.

This early Miocene pre-extension equilibrium stage was 
followed by an extension (crustal thinning), which resulted in 
uplift of the lower crustal material. This process was accompa-
nied by decompression melting during the Miocene. This par-
tial melting in the lower crust generated felsic magmas and 
garnet-free granulite restites with Fe–Ti oxides. During the exten-
sion, cracks opened up and provided pathways to the migra-
ting melt (Fig. 9 – t2 step). On the basis of the textural evidence, 
lower crust domains represented by xenoliths Mi26 and Sab38 

were already out of the garnet stability field when partial mel-
ting affected their lithology (Fig. 9). Non-equilibrium micro-
texture and atoll-shape symplectites after the garnet show that 
these reactions were active in the final stages of crustal exhu-
mation when the decreasing pressure induced the breakdown 
of garnets (early late Miocene, Németh et al. 2015).

Following partial melting, the original garnet granulitic 
mineral assemblage (garnet–clinopyroxene–plagioclase–titanite) 
was overprinted by newly formed, primary SMI-bearing 
 plagioclase, clinopyroxene, and ilmenite mineral assemblages 
in veins (Sab38) and pods (Mi26) (Fig. 9 – t3 step). This  
newly formed mineral association was garnet-free (Figs. 2c, d, 
8a and b) indicating that the crystallization occurred out of  
the stability field of the garnet (Fig. 9) sometime after the Mio-
cene. Clinopyroxene-melt barometry confirms the pressure 
decrease (3.7 and 5.6 kbar for the Mi26 and Sab38 granulites) 
compared to the equilibrium stage of the garnet granulite  
(12 kbar, Németh et al. 2015). Moreover, this is in agreement 
with the geophysical data of the present-day thickness of  
the lower (18–20 km) and upper crust (10–12 km) (Mituch & 
Posgay 1972; Posgay et al. 1991, Horváth et al. 2015).  
The maximum depth of the lower crust is inferred from the 
garnet breakdown, which could have occurred shallower than 
about 30 km (Török et al. 2005; Dégi et al. 2010). This roughly 
corresponds to the base of the present-day crust where the stable 
mineral assemblage of the mafic granulites is clinopyroxene–
orthopyroxene–plagioclase (Török 2012). The lower crust then 
extended upwards towards shallower depth, into the stability 
field of the olivine–plagioclase assemblage (Fig. 9). Thus,  
the melt-rock reactions took place at depths similar to the pre-
sent-day lower crust with the final recrystallized garnet-free 
clinopyroxene–plagioclase pockets and veins. This means that 
silicate melt / rock interactions may have happened during  
the latest stage of crustal thinning or just after it in the early 
late Miocene (ca. 8–9 Ma; Fig. 9 – t3 step) when garnet was 
not stable.

We calculated equilibrium T conditions around 930 °C for 
the SMIs and their host clinopyroxene on the basis of Putirka 
(2008). This overlaps with the results of equilibrium T calcu-
lated between plagioclase and melt (860–890 °C). This tem-
perature range is close to the maximum of the calculated 
equilibrium temperature of the granulite itself (850–930 °C in 
Németh et al. 2015). This suggests that the crystallization of 
the newly formed plagioclase and clinopyroxene in the leuco-
somes happened at the same temperature as the equilibrium 
temperature of the granulitic melanosome part.

The calculated temperature between plagioclase and melt 
depends on the H2O content of the melt, which was around  
4.5 wt. % in the Mi26 granulite and 3.3 wt. % in Sab38 granu-
lite, respectively (Suppl. Table S3). These values have been 
calculated with the plagioclase-melt hygrometer of Putirka 
(2008) and were verified by the thermometer (Putirka 2008). 
Similar values can be obtained by the method of Devine et al. 
(1995) (Suppl. Table S2). These values are in good agreement 
with Németh et al. (2015), who showed that the melt re-hydra-
ted the originally dry garnet granulite minerals with ~400 ppm 
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“H2O”-content in the leucosome part of the xenoliths com-
pared to <100 ppm “H2O”-content in the melanosome. 

Cenozoic crustal evolution beneath the BBHVF 

Based on radiogenic and oxygen isotopic studies of garnet 
granulites, Dobosi et al. (2003) concluded that a part of the 
mafic lower crust beneath the BBHVF is the result of meta-
morphism of variously altered oceanic crust. The composition 
of the SMIs in our study also suggests the presence of MORB-
derived rocks in the lower crust. However, the substantial 
 contribution of a metasedimentary source is also required to 
explain its chemical composition. The MORB composition of 
the metabasalt component refers to a subduction-related origin. 
The age of such subduction is unconstrained but could have 
happened during the protracted contraction of the Alpine–
Carpathian–Dinaridic orogen (Schmid et al. 2008, 2020). 

On the other hand, the major and trace element composition 
of the SMIs show similarities to that of the middle Miocene 
calc-alkaline magmas (e.g., Harangi et al. 2001, Figs. 3, 4, 8a 
and c), which are widely present in the CPR (Fig. 1a). Based 
on geochemical evidence, Harangi et al. (2001) suggested that 
mixing of lower crustal metasediments with mantle-derived 
magma was responsible for the generation of the calc-alkaline 
rocks in the CPR. They calculated mixing between these two 
suspected end members and suggested 20–25 % to 40–50 % 
lower-crustal component in the andesites to rhyodacites. Such 
a large amount of assimilation requires a high heat flow 
beneath the PB, which could be connected to the upwelling of 
hot asthenosphere associated with the extensional thinning of 
the lithosphere and the intrusion of mantle-derived magmas 
(e.g., Szabó et al. 1992; Falus et al. 2000; Harangi 2001; 
Šumanovac 2015). Present-day heat flow ranges between 
80–120 mW/m2 but thermal modelling, and modern numerical 
modelling demonstrate higher values at the end of the rifting 
process (Dövényi & Horváth 1988; Lenkey et al. 2002; Balázs 
et al. 2017). 

It is possible that the origin of the calc-alkaline rocks in  
the region is connected to a melt, formed by the same mecha-
nism as suggested for the SMIs in the studied granulite xeno-

liths. Partial melting of a lower crustal MORB-like metamafic 
rock mixed with metasediments could occur in an extensional 
geodynamic setting at least in Börzsöny and Visegrád Mts. 
(Harangi et al. 2001). The melt inclusions themselves and  
the clinopyroxene–plagioclase veins and pockets are witnesses 
to such a process. Here we demonstrate that this melting 
beneath the BBHVF could have occurred during the late stage 
of crustal thinning, close to a situation with the present-day 
crustal thickness. However, according to the present state of 
knowledge on the evolution of the lithosphere in the Pannonian 
Basin, partial melting of the mafic granulite occurred during 
several stages (Török 2012). Furthermore, relics of hydrous 
minerals included in newly formed anhydrous reaction pro-
ducts (Fig. 2a) show evidence of dehydration melting/metaso-
matism at different depths in the lower crust (Fig. 9). Some 
(garnet–clinopyroxene–orthopyroxene–plagioclase, Sabar Hill) 
xenoliths indicate that garnets formed during these processes 
(quartz and apatite inclusions in garnet, Fig. 2b), i.e., melting 
took place at relatively high pressure, probably at the begin-
ning of crustal thinning. In other xenoliths, magmatic micro-
texture was observed at a pressure lower than the stability field 
of garnet (Török 2012), which is also visible in the two studied 
xenoliths. The newly formed clinopyroxene–plagioclase domains 
consumed the symplectites formed after garnets (Fig. 2), 
which suggests that the extension had already started by  
the time when the metasomatizing melt infiltrated/percolated 
the crust (Fig. 9). Considering the previously described petro-
graphic evidence from the granulite xenoliths from BBHVF, 
one might assume that partial melting primarily happened in 
the lower crust, where garnet–clinopyroxene–plagioclase res-
tite (garnet granulites) remained. Thus, peritectic garnet could 
have crystallized at this depth (Fig. 2b). Following garnet crys-
tallization, a fractionated melt migrated in the crust and formed 
the Pl-rich veins and pockets (Fig. 2) with a composition simi-
lar to the garnet-free Cpx–Pl granulites with magmatic micro-
texture (Török 2012). This option is supported by the presence 
of the garnet in every metapelitic granulite and in most meta-
basic granulites from the BBHVF (e.g., Török 1995; Dégi & 
Török 2003; Dégi et al. 2009, 2010; Downes et al. 2015). 

On the other hand, some petrographic features and geoche-
mical characteristics cannot be explained based on the present 

Fig. 9. Evolution of the crustal domain represented by the garnet granulite xenoliths. The upper right map is the present-day crustal thickness 
map of the Pannonian Basin from Fig. 1. Below that, three block diagrams show the evolution of the lithosphere under the Bakony–Balaton 
Highland Volcanic Field (BBHVF). On the right, the cartoons show the reconstructed evolution of the fluid-rock interaction history from t1 to t5. 
On the upper right there is a summary p–T–depth diagram with the known development history of the garnet granulite lower crust, based on 
xenoliths. Abbreviations: p – pressure; T – temperature; t – time; M –  the present-day MOHO (Posgay et al. 1991); L – the present-day lower 
crust (Mituch & Posgay 1972; Szafián et al. 1999, Horváth et al. 2015); LAB – Lithosphere–Asthenosphere Boundary. The abbreviation of  
the minerals follows Kretz (1983). The green box marks the equilibrium pressure and temperature range of the mafic garnet granulites from  
the BBHVF based on Török et al. (2005). The blue and green crosses mark the equilibrium p–T ranges of the melanosome part of the studied 
granulite xenoliths and of the leucosome part of the xenoliths based on clinopyroxene-melt equilibria (Putirka et al. 2003; Putirka 2008).  
The dotted black arrows show the p–T path of the studied granulite xenoliths. The two orange dashed lines delineate the pressure range of  
the observed breakdown reaction of garnets (Dégi et al. 2010; Török 2012). The yellow continuous and dashed arrows indicate the evolutionary 
pathway based on garnet granulite xenoliths and the uplift of the xenoliths by the alkaline basalt in general from the BBHVF. The t–p–T labels 
show the melt-rock interaction steps at a given point in time, pressure, and temperature. In addition to felsic lithology, the appearance of  
the garnet is marked by the orange dashed line at the top (Vielzeuf & Schmidt 2001). Reaction (1) indicates the stability of the forsterite +  
anorthite mineral assemblage (Kushiro & Yoder 1966), whereas Reaction (2) marks the lower equilibrium limit of the garnet in addition to 
mafic lithology (Irving 1974). The Bt-out and Am-out curves are after Nair & Chacko (2002), and Springer & Seck (1997), respectively. 
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data set. If garnet had crystallized from the melt even in a peri-
tectic reaction or during fractional crystallization, the HREE 
concentration of generated melt would have decreased to a grea-
ter extent than we observed in Fig. 8a. As we stated, earlier 
composition of the melt trapped in Cpx, considered to be  
the closest one to the initial melt composition, shows high Yb 
content with a low Ce/Yb ratio. This feature suggests that gar-
net was not in equilibrium with the generated melt and could 
not have crystallized earlier (Fig. 8a). At the same time a melt 
related to the partial melting of a plagioclase+clinopyroxene+ 
orthopyroxene+ilmenite residual assemblage might have been 
originated with a similar trace element signal (Fig. 8b). How-
ever, this model requires further natural examples since granu-
lites with this mineral association have not yet been found.

Numerical model of Annen et al. (2005) suggests that con-
tinuous emplacement of hydrous basaltic magma into different 
depths of the lower crust can generate a deep crustal hot zone. 
Numerical modelling of this hot zone shows that melts are 
generated from two distinct sources: partial crystallization of 
basaltic sills to produce residual H2O-rich melts, and partial 
melting of pre-existing crustal rocks. Geophysical measure-
ments can only detect sills beyond a certain thickness, and  
the deeper the sills are searched, the worse the resolution, so 
their presence in the lower crust below the BBHVF is ques-
tionable (e.g., Kiss et al. 2017). However, the geomagnetic 
studies suggest that most magnetic anomalies fit the location 
of the alkaline basaltic hills, not all anomalies are related to their 
necks/vents alone (Bence et al. 1988). Basalts trapped in 
Pannonian sediments have also been found (Bihari et al. 1987). 
The geophysical studies, therefore, confirm the presence of 
basaltic dykes and sills in shallow crustal depths, which sug-
gests that sills can be possibly present in the deep crust.

The continuous supply of the fresh mafic melt provides 
enough heat and volatiles for partially melting the surrounding 
lower crust and generating hybrid magmas, and the melting 
can affect metasedimentary and metaigneous basement rocks 
as we have shown in this study. Although this model is con-
tributed to the magma generation in a case of as thickened 
crust, its effectiveness is questionable in this scenario.  
As the late-stage of extension occurred during the late middle 
to early late Miocene in the Pannonian Basin (Fig. 9) it might 
have helped magma ascent but at the same time suppressed  
the development of lower crustal hot zones to some extent. 
Although the granulites under the BBHVF were generally dry, 
SMIs rich in fluid-mobile elements partly re-hydrated the dry 
garnet granulite (Németh et al. 2015). 

Conclusions

• The non-equilibrium microtextural domains, the clinopyro-
xene–ilmenite ± plagioclase intergrowth and the existence of 
the plagioclase-enriched SMI-bearing vein and pockets in 
gar net granulite xenoliths suggest an interaction between 
the mafic granulite wall-rock and a percolating felsic sili-
cate melt. 

• The major and trace element composition of the SMIs sug-
gests that the ones trapped in clinopyroxene are the closest 
to the original metasomatic melt, which is derived by  
the melting of a metasediment-(MORB) metabasalt (for-
merly amphibolite) mélange. 

• The plagioclase and ilmenite hosted SMIs represent melt 
droplets remaining after various degrees of melt-garnet 
granulite interaction. The reaction that formed clinopyro-
xene–ilmenite ± plagioclase symplectites required pre-exis-
ting titanite whose reaction with the felsic silicate melt to 
produce the mineral assemblage and a modified silicate melt, 
which can now be traced in the SMIs in the ilmenite.

• Continuous process of crustal thinning most probably linked 
with the extension of the Pannonian Basin. During progres-
sive steps of the extension, melting of the granulitic lower 
crust registered in the studied garnet granulite xenoliths,  
at least partly during the late stage of this process, probably 
at the early late Miocene.

• SMIs are similar in composition to the middle Miocene 
calc- alkaline magmas from the northern Pannonian Basin. 
Thus, we suggest that a peraluminous silicic crustal melt 
find in the SMIs formed by a similar mechanism, as des-
cribed here, might have contributed to the formation of CPR 
calc-alkaline rocks.
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