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Single-lithology and composite xenoliths from Mindszentkálla (Bakony-Balaton Highland Volcanic Field) in the Carpathian-Pannonian region record geochemical evolution of the subcontinental lithospheric mantle. The dominant single-lithology xenoliths are orthopyroxene-rich (22 vol% on average) harzburgites. Three composite xenoliths contain either two or more domains including dunite, olivine-orthopyroxenite, orthopyroxenite, apatite-bearing websterite and amphibole-phlogopite-bearing vein. The presence of different lithologies is a result of at least two metasomatic events that affected the lithospheric mantle. The first event resulted in orthopyroxene enrichment thus formed harzburgitic mantle volumes (Group I xenoliths). Major- and trace element distributions of the bulk harzburgites differ from the geochemical trends expected in residues of mantle melting. In contrast, petrographic and geochemical attributes suggest that the harzburgite was formed by silica-rich melt - peridotitic wall rock interactions in a supra-subduction zone. Within the Group I xenoliths, two subgroups were identified based on the presence or lack of enrichment in U, Pb and Sr. Since these elements are fluid mobile, their enrichment in certain Group I xenoliths indicate reaction with a subduction-related fluid, subsequent to the harzburgite formation. The effect of a second event overprints the features of the Group I xenoliths and is evidenced in all domains of two composite xenoliths (Group II xenoliths). The general geochemical character involves enrichment of basaltic major and minor elements (Fe, Mn, Ti, Ca) in the rock-forming minerals and convex-upward rare earth element (REE) patterns in clinopyroxenes. We suggest that the different domains represent reaction products with variably evolved basaltic melts of a single magmatic event. The tectonic background to the formation of Group I xenoliths is likely linked to the subduction of oceanic crust during the Mesozoic–Paleogene. This happened far from the current position of Mindszentkálla, to where the lithosphere, including the metasomatized mantle volume, was transferred via plate extrusion. The Group II xenoliths appear to bear the geochemical signature of a younger (Neogene) basaltic magmatic event, likely the same that produced the host basalt transporting the xenoliths to the surface.
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1 INTRODUCTION
Mantle metasomatism is commonly understood as an interaction between melts/fluids varying from silicate to carbonate in composition and peridotitic or pyroxenitic wall- and host rocks (e.g., O’Reilly and Griffin, 2013 and references therein). Diverse conditions in different tectonic settings lead to variable metasomatic products in the mantle. In intraplate settings, the most common metasomatic agents are asthenosphere-derived basaltic melts, which dominantly cause olivine and clinopyroxene enrichment along melt migration paths (e.g., Shaw et al., 2018). If the basaltic melt reacts with refractory lithospheric mantle, the refertilization leads to a suite of compositions from lherzolites to websterites, on a wide range of observational scales (e.g., Garrido and Bodinier, 1999; Le Roux et al., 2007). In divergent settings, melting is a dominant process in the mantle. However, refertilization of the mantle is also possible further away from the melt channels (e.g., Hazra et al., 2021), since silica-undersaturated liquids such as olivine tholeiites along the ridges can crystallize both clinopyroxene and orthopyroxene (e.g., Green and Ringwood, 1967). In convergent tectonic environments, fluids released by the subducted slab can trigger partial melting in the mantle wedge (e.g, Iwamori, 1998; Grove et al., 2006). The intensive melt-rock reactions in the mantle wedge can modify the original composition of these melts, resulting in more evolved, silica-rich melts. During interactions between the silica-rich melts and the peridotites, wall rocks are usually enriched in orthopyroxene (e.g., Kelemen et al., 1992). The presence of small volumes of carbonated silicate melts in the mantle can be also linked to subduction (e.g., Yaxley et al., 2022), and often plays a role in the formation of wehrlitic compositions (e.g., Rudnick et al., 1993).
Upper mantle xenoliths being hosted by Neogene alkali basalts from the Carpathian–Pannonian region (CPR) have been extensively studied in the last decades, and metasomatic events related to different agents were identified. Dominantly, these events were either related to mafic melt migrations typical of intraplate settings, causing clinopyroxene enrichment (e.g., Liptai et al., 2017; Patkó et al., 2020), or silica-rich, more evolved melt infiltrations related to subduction environments which resulted in orthopyroxene-rich lithologies (e.g., Bali et al., 2007, 2008). The Bakony-Balaton Highland Volcanic Field (BBHVF), situated in the central part of the Pannonian Basin (Figure 1), is probably the most investigated xenolith-bearing volcanic field in the CPR, where several studies proposed mantle metasomatism by subduction-related melts/fluids (e.g., Embey-Isztin et al., 1989; Downes et al., 1992; Bali et al., 2002, 2007, 2008; Ntaflos et al., 2017). Despite the great number of research articles on the BBHVF mantle, the locality of Mindszentkálla was not investigated so far, except for two xenoliths (Créon et al., 2017b).
[image: Figure 1]FIGURE 1 | (A) Simplified geological map of the Carpathian-Pannonian region (CPR) with the boundary of the ALCAPA and Tisza-Dacia microplates, and the Mid-Hungarian shear zone (MHSZ) between them (Csontos and Nagymarosy, 1998 and references therein). Xenolith-bearing Neogene alkali basalt volcanic fields shown are the following: SBVF, Styrian Basin Volcanic Field; LHPVF, Little Hungarian Plain Volcanic Field; BBHVF, Bakony-Balaton Highland Volcanic Field; NGVF, Nógrád-Gömör Volcanic Field; PMVF, Persani Mountains Volcanic Field. (B) Mindszentkálla xenolith locality together with other xenolith-bearing sites (Szigliget, Szentbákkálla, Tihany) in the Bakony-Balaton Highland Volcanic Field (modified after Hidas et al., 2010 and references therein).
This study is focusing on 13 upper mantle xenoliths from Mindszentkálla, ten peridotites and three composites with both peridotitic and pyroxenitic domains. Our principal goals are to 1) decipher and characterize the metasomatic events that are responsible for the unusually heterogeneous lithology, and 2) constrain the possible links between the formation of different mantle domains and large-scale tectonic events affecting the lithospheric mantle of the study area.
2 GEOLOGICAL SETTING AND SAMPLING
The CPR is situated in East–Central Europe and includes the Pannonian Basin system framed by the Alpine, Carpathian and Dinaric orogenic belts (Figure 1A). The Pannonian Basin consists of two tectonic mega-units with different affinities referred to as ALCAPA in the northwest and Tisza-Dacia in the southeast (e.g., Csontos and Vörös, 2004), divided by the Mid-Hungarian shear zone (Csontos and Nagymarosy, 1998) (Figure 1A). The juxtaposition of the mega-units happened during the latest Oligocene to early Miocene after extrusion of the ALCAPA mega-unit (Kázmér and Kovács, 1985; Ratschbacher et al., 1991) due to the northward movement of the Adriatic microplate and slab rollback (e.g., Fodor et al., 1999). During the middle Miocene, large-scale extension dominated the region leading to significant thinning of the lithosphere and updoming of the asthenosphere (Horváth, 1993). Several theories were proposed for what process induced the extension: subduction roll-back (Royden et al., 1982), thermal erosion related to the asthenospheric doming (Stegena et al., 1975), gravitational instability of the mantle lithosphere (Houseman and Gemmer, 2007), or various combinations combination of these. Following this stage, the collision of ALCAPA and Tisza-Dacia with the stable European platform gradually led to a compressive phase starting in the late Miocene (Horváth and Cloetingh, 1996).
During the Neogene, widespread volcanism took place in the CPR including silicic, calc-alkaline and alkali volcanic products (e.g., Szabó et al., 1992; Seghedi and Downes, 2011). The study area of BBHVF (Figure 1B) is a monogenetic alkali basaltic province (Németh and Martin, 1999). The formation of alkali basalts can be attributed to extension-related adiabatic decompression melting of the upwelling asthenosphere (e.g., Embey-Isztin et al., 1993). Alternatively, compression appearing in the tectonic inversion stage (<8 Ma) of the evolution of the CPR may have squeezed partial melts from the hydrated asthenospheric dome (Kovács et al., 2020). The BBHVF comprises ∼100 alkali basaltic volcanic centers including scoria cones, tuff rings, maar volcanic complexes and shield volcanoes (Németh and Martin, 1999). The volcanism took place between 8–2 Ma, evidenced by both K-Ar (Balogh and Németh, 2005; Pécskay et al., 2006) and 40Ar/39Ar geochronology (Wijbrans et al., 2007). The eruptive centers are often characterized by extensive feeding systems with complex evolution history (Jankovics et al., 2019).
In the BBHVF, the alkali basaltic volcanic activity brought numerous lower crustal (Török et al., 2014) and upper mantle xenoliths (Szabó et al., 2004) to the surface at 9 and 6 outcrops, respectively. Upper mantle xenoliths with depleted geochemical features are subordinate among the BBHVF xenoliths, but were thoroughly studied (Embey-Isztin et al., 1989; Downes et al., 1992). In contrast, mantle xenoliths from this region are abundantly metasomatized, formed by the reaction between melts and/or fluids. The metasomatizing fluids are dominated by CO2, but H2O, dissolved silicate melt component and S-bearing volatile phases were also detected in fluid inclusions (e.g., Hidas et al., 2010; Berkesi et al., 2012; Créon et al., 2017a). In the BBHVF, both carbonate (Bali et al., 2002; Demény et al., 2004) and silicate melts were revealed, the latter often with silica-rich compositions (Bali et al., 2007, 2008; Créon et al., 2017b; Németh et al., 2021). These suggest that crustal components played a key role in the evolution of the upper mantle beneath the study area.
The Mindszentkálla (MSZK) locality covers three sampling sites (Supplementary Figure S1) situated on the slopes of Kopasz Hill, ∼1 km to the west of Mindszentkálla village. Kopasz Hill is a vent complex that is one of the youngest (2.8–2.5 Ma) volcanic erosion remnants in the BBHVF (Kereszturi and Németh, 2011). Eighteen upper mantle xenoliths were collected at the MSZK locality, out of which 13 (Table 1) were selected for detailed petrographic and geochemical analyses. These selected tuff-hosted xenoliths have angular shapes and a size range of 4–7 cm in diameter. There is no macroscopic evidence of interaction between the host basalt and the xenoliths. The studied xenoliths are fresh and exhibit no sign of weathering.
TABLE 1 | Petrographic properties and calculated equilibration temperatures of the studied xenoliths. Equilibration temperatures were calculated using thermometers as follows: TBK, two-pyroxene method of Brey and Köhler (1990); TNG, Ca-in-opx method of Brey and Köhler (1990) modified by Nimis and Grütter (2010); TWES, Al and Cr in opx method of Witt-Eickschen and Seck (1991); TREE, REE method of Liang et al. (2013). Abbreviations: ol–olivine; opx–orthopyroxene; cpx–clinopyroxene; sp–spinel; amp–amphibole; phl–phlogopite; ap–apatite; mp–melt pocket; ol-orthopyroxenite - olivine-orthopyroxenite.
[image: Table 1]3 ANALYTICAL TECHNIQUES
Petrographic examination of the xenoliths was conducted with a Nikon Eclipse LV100 POL polarizing microscope at the Lithosphere Fluid Research Laboratory (LRG), and with an AMRAY 1830 I/T6 scanning electron microscope at the Department of Petrology and Geochemistry at Eötvös Loránd University (Budapest). The modal compositions were determined by applying a point counting method using the JMicroVision software (Roduit, 2006), counting at least 500 points per xenolith or 300 points per lithological domain in composite xenoliths.
The in situ major element analyses of the rock-forming minerals were determined using a CAMECA SX100 probe at the Dionýz Štúr State Geological Institute, Bratislava (Slovakia) with an accelerating voltage of 15 kV and a sample current of 20 nA. Beam diameter of 3–10 µm was used in dependence of available space for analysis and type of mineral: for silicates containing alkalis such as Na and K (amphibole, phlogopite) a larger (e.g., 10 µm), whereas for anhydrous, more stable and beam-resistant minerals (olivine, pyroxenes, spinel) a smaller beam size was applied (e.g., 3–5 µm). Counting times were 10–30 s to improve counting statistics. The detection limits of measured elements range from 0.02 to 0.05 wt%, and inaccuracies from 0.02 to 0.05 wt% (1σ), depending on the concentration. Raw X-ray counts were recalculated to weight percentages using the PAP correction program (Pouchou and Pichoir, 1991).
In situ trace element analyses of clinopyroxenes, orthopyroxenes, amphiboles, phlogopites and apatites were determined by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the Instituto Andaluz de Ciencias de la Tierra (IACT) in Armilla (Granada, Spain). This method covers the combination of Photon Machines Excimer (Analyte Excite) Laser technic attached to an Agilent 8800 QQQ based inductively coupled plasma mass spectrometer. The laser acquisition parameters were: 193 nm wavelength, ∼12 J/cm2 energy density, 10 Hz repetition rate and 40–110 μm spot size. After 30 s gas background analyses, samples were ablated for 60 s. The calibration standard was the NIST612 synthetic glass (Pearce et al., 1997). The internal standard was the 28Si isotope for orthopyroxene, amphibole and phlogopite and the 44Ca isotope for clinopyroxene and apatite. For quality control BIR-1G Glass (Jochum et al., 2005) was applied as a secondary standard. Data processing was carried out using the Iolite 2.5 software (Paton et al., 2011).
4 PETROGRAPHY
The studied xenoliths have peridotitic (dunite, harzburgite) and pyroxenitic (olivine-orthopyroxenite, orthopyroxenite, websterite) lithologies (Figure 2). Most of the xenoliths exhibit one lithology type (harzburgite), however, three xenoliths are composites. The MSZK1301D composite xenolith has domains of dunite (I. on Figure 3A) and olivine-orthopyroxenite (II. on Figure 3A); the MSZK1306B is composed of harzburgite, orthopyroxenite and websterite (I., II. and III. on Figure 3B, respectively); whereas the xenolith MSZK1305 is built up by harzburgite, orthopyroxenite, websterite and amphibole-phlogopite vein (I., II., III. and IV. on Figure 3C, respectively). The orthopyroxenite domains are situated between the websterite and harzburgite parts in the composite xenoliths (Figures 3B,C). The contact zone between the websterite and orthopyroxenite domains is irregular and characterized by eroded orthopyroxenes and numerous melt pockets with the size of 200–500 µm in the orthopyroxenite domain (Figure 3D). In contrast, the contact is sharp between both the dunite and olivine-orthopyroxenite and the orthopyroxenite and harzburgite domains. The orthopyroxenes of the orthopyroxenite domains occasionally reflect growth at the expense of olivines of the neighboring harzburgite domains in their contact zone (Figures 3B,C). However, this phenomenon was not observed between the olivine-orthopyroxenite and dunite domains. The amphibole-phlogopite vein crosscuts the orthopyroxenite domain in xenolith.
[image: Figure 2]FIGURE 2 | Modal composition of the studied BBHVF xenoliths on Streckeisen (1976) diagram, along with xenolith data from previous studies in the area (Embey-Isztin et al., 1989; Downes et al., 1992; Török and De Vivo, 1995; Bali et al., 2002, 2007; Falus et al., 2004; Hidas et al., 2007; 2010; Nédli et al., 2009; Berkesi et al., 2012; Ntaflos et al., 2017; Liptai et al., 2021) and the average composition of the European subcontinental lithospheric mantle (SCLM; Downes, 1997) indicated with a dashed line. Abbreviations: ol - olivine; opx - orthopyroxene; cpx - clinopyroxene.
[image: Figure 3]FIGURE 3 | Photomicrographs of upper mantle xenoliths from Mindszentkálla (Bakony-Balaton Highland Volcanic Field) showing different textural characteristics. (A) Composite xenolith with olivine-orthopyroxenite (I) and dunite (II) domains (transmitted, plane-polarized light) (MSZK1301D). (B) Composite xenolith with harzburgite (I), orthopyroxenite (II) and websterite (III) domains (scanned image) (MSZK1306B). (C) Composite xenolith with harzburgite (I), orthopyroxenite (II) websterite (III) and amphibole-phlogopite vein (IV) domains (scanned image) (MSZK1305). (D) Contact zone between orthopyroxenite (right side) and websterite domains (left side) with resorbed orthopyroxenes in the former in a composite xenolith (backscattered electron image) (MSZK1306B). (E) Detailed image of the amphibole-phlogopite vein (backscattered electron image) (MSZK1305). (F) Numerous spinel inclusions hosted in orthopyroxene in a harzburgite (transmitted, plane-polarized light) (MSZK0701). (G) Equigranular textured harzburgite (transmitted, plane-polarized light) (MSZK1302). (H) Coarse granular textured harzburgite (transmitted, plane-polarized light) (MSZK1301B). (I) Magmatic textured websterite in the upper part of the photo (transmitted, cross-polarized light) (MSZK1305). Abbreviations: ol–olivine; opx–orthopyroxene; cpx–clinopyroxene; sp–spinel; amp–amphibole; phl–phlogopite; ap–apatite; mp–melt pocket.
MSZK1305 (Figure 3C) and is accompanied by eroded orthopyroxene grains, newly-formed clinopyroxenes with orthopyroxene remnants in their core, and melt pockets (Figure 3E).
In the single-lithology harzburgites, olivine and orthopyroxene abundances vary between 68–85 and 12–27.5 vol%, respectively (Table 1). The only exception is xenolith MSZK1302, which has lower olivine (42 vol%) and higher orthopyroxene (52 vol%) content. Clinopyroxene and spinel are minor constituents in these xenoliths with <5 and <4 vol% modal proportion, respectively. The silicates, especially the orthopyroxenes contain dozens of small (10–50 µm) elongated and rounded spinel inclusions in certain harzburgites (MSZK0701, MSZK1302, MSZK1309, MSZK1311) (Figures 3F,G). In two harzburgite xenoliths (MSZK0702, MSZK1307), traces of amphibole (0.5 and 1 vol%, respectively) were also observed in the core of 300–500 µm-sized melt pockets composed of secondary olivine, clinopyroxene, spinel and glass (Supplementary Figure S2A). The harzburgitic domains of the composite xenoliths show modal compositions similar to the single harzburgite xenoliths (Table1). Harzburgites have dominantly equigranular (75%) and less frequently coarse granular (25%) textures. In the equigranular texture (Mercier and Nicolas, 1975), the subhedral grains meet in 120° triple points and the prevalent grain size is ∼500 µm in diameter (Figure 3G). The coarse granular texture (Lenoir et al., 2000) is characterized by larger subhedral olivines (∼1,000 µm) and smaller elongated pyroxenes (∼1,000 µm long and ∼300 µm wide) (Figure 3H).
In the coarse granular dunite domain (Figure 3A), pyroxenes and spinel only appear as accessories (<1 vol%) (Table 1). The olivine-orthopyroxenite domain contains some olivine (17.5 vol%), whereas it is completely absent in the orthopyroxenite domains. The traces of the pyroxenes occur as small (40–60 µm) inclusions within large olivines (>500 µm) in the dunite domain (Supplementary Figure S2B). In the olivine-orthopyroxenite domain the orthopyroxenes and the olivines host numerous tiny (10–50 µm) rounded and elongated spinel inclusions (Figures 3F,G). Both in the olivine-orthopyroxenite and the orthopyroxenite domains, which have equigranular texture (Figure 3G), clinopyroxene (except for the orthopyroxenite domain in xenolith MSZK1306B) and spinel are trace constituents (≤3 vol%).
Both websterite domains contain ∼30 vol% orthopyroxene and 70 vol% clinopyroxene. Interstitial and clinopyroxene-hosted, 10–80 µm-sized traces of apatite grains (≤0.5 vol%) also appear in the websterite domains (Figure 3D). The websterite domains have magmatic texture (Pike and Schwarzman, 1977) with large (3,000–5,000 µm), tabular clinopyroxene and smaller (500–800 µm) interstitial orthopyroxene grains (Figure 3I).
The amphibole-phlogopite vein is dominated by amphibole (70 vol%). The size of the frequently euhedral amphibole and phlogopite grains ranges between 200–600 µm (Figure 3E) and they show magmatic texture.
5 GEOCHEMISTRY
5.1 Major elements of minerals
Based on the major element geochemistry of the rock-forming minerals, two groups (Group I and II) can be distinguished within the MSZK xenolith series. Group I consists of the single-lithology harzburgite xenoliths and the dunite and olivine-orthopyroxenite domains of the composite xenolith MSZK1301D (Table 1). Group II includes all domains (harzburgite, orthopyroxenite, websterite, amphibole-phlogopite vein) of two, multiple composite xenoliths (MSZK1305; MSZK1306B) (Table 1).
The Mg# (=Mg/[Mg+Fe2+] of olivines in Group I xenoliths have a narrow range (0.90–0.91) (Figure 4A; Supplementary Figures S3A,B; Supplementary Table S1) corresponding to the average value characteristic for Phanerozoic mantle (Gaul et al., 2000). In contrast, olivines in the harzburgitic domains of Group II xenoliths have lower Mg# values (0.87; Supplementary Figures S3A,B). Group I xenoliths have lower MnO (0.13–0.15 wt%) and NiO (0.39–0.41 wt%) concentrations in olivine compared to those in the harzburgitic domains of Group II xenoliths (0.20 and 0.42–0.47 wt%, respectively) (Supplementary Figures S3A,B).
[image: Figure 4]FIGURE 4 | Major element composition of the studied MSZK xenoliths. (A) OSMA (olivine-spinel mantle array; Arai, 1994, indicated by solid lines); (B) variation of Mg# vs. Cr2O3 in orthopyroxene; (C) variation of Mg# vs. CaO in orthopyroxene; (D) variation of Mg# vs. SiO2 in clinopyroxene; (E) variation of Mg# vs. TiO2 in clinopyroxene. Published BBHVF upper mantle xenoliths: Embey-Isztin et al., 1989; 2001; 2014; Downes et al., 1992; Bali et al., 2002; 2007; 2018; Dobosi et al., 2003; 2010; Demény et al., 2004; Hidas et al., 2007; 2010; Berkesi et al., 2012; Ntaflos et al., 2017; Créon et al., 2017b. Data of supra-subduction xenoliths: McInnes et al., 2001; Ishimaru et al., 2007; Aradi et al., 2020. Mg#=Mg/[Mg+Fe2+]; Fo refers to the forsterite content of olivine; Cr#=Cr/[Cr+Al].
Orthopyroxenes of Group I xenoliths have narrow compositional ranges (Mg#: 0.90–0.91; Cr2O3: 0.36–0.66 wt%; CaO: 0.58–0.90 wt%) (Figures 4B,C; Supplementary Table S2). In contrast, in Group II xenoliths they have lower Mg# and Cr2O3, and variable CaO contents (Figures 4B,C). In the orthopyroxenes of Group II lithologies, Mg# and Cr2O3 is decreasing and CaO is increasing from the harzburgites through orthopyroxenites to websterites. (Figures 4B,C). The Al2O3 and SiO2 concentrations are higher in Group I xenoliths (1.76–3.07, 55.0–57.4 wt%, respectively) than in the Group II xenoliths (1.23–1.97, 53.3–56.1 wt%, respectively) (Supplementary Figure S3C). Contrarily, TiO2 and MnO contents are slightly elevated in the Group II (0.05–0.20, 0.21–0.42 wt%, respectively) with respect to Group I xenoliths (0.01–0.10, 0.14–0.19 wt%, respectively) (Supplementary Figure S3D).
In Group I xenoliths, clinopyroxenes have similar Mg# (0.91–0.94), SiO2 (52.2–54.2 wt%) TiO2 (0.02–0.25 wt%) to those in the harzburgitic domains of Group II xenoliths (0.91, 53.0–53.6, 0.13 wt%, respectively) (Figures 4D,E; Supplementary Table S3). In contrast, clinopyroxenes in the orthopyroxenite and websterite domains have lower Mg# (0.80–0.89) and higher TiO2 (0.33–0.55 wt%) contents (Figures 4D,E). The Al2O3, CaO and Na2O concentrations in the clinopyroxenes show no systematic variations between the different xenolith groups.
The Cr# (=Cr/[Cr+Al]) of spinels has a partially overlapping range between Group I (0.35–0.53) and the Group II xenoliths (0.44–0.62) (Figure 4A) (Supplementary Table S4). Spinel Mg# (0.65–0.71) and MnO (0.24–0.32 wt%) in Group I xenoliths are higher than in Group II xenoliths (0.21–0.59 and 0.33–0.42 wt%, respectively) (Supplementary Figure S3E). Spinel in the websterite domain of composite xenolith MSZK1306B is extremely rich in TiO2 (53.2 wt%), classifying it as ulvöspinel.
The amphiboles are pargasites in the harzburgite and the amphibole-phlogopite vein and Ti-rich pargasites in the websterite domain (Hawthorne et al., 2012; Supplementary Table S5). Amphiboles in Group I harzburgite xenoliths have higher Mg# (0.90), Cr2O3 (2.13–2.22 wt%) and lower TiO2 (0.27–0.43 wt%), MnO (0.06 wt%) and K2O (0.28–0.52 wt%) contents compared to those in Group II xenoliths (0.79–0.85, 0.14–0.52, 2.66–2.89, 0.08–0.12, 0.83–1.31 wt%, respectively) (Supplementary Figures S3F–H).
Micas only occur in a Group II composite xenolith (MSZK1305), and they are phlogopites based on their major element composition (Supplementary Table S6). Their Mg# shows a moderate range (0.86–0.89) and correlates positively with Al2O3 and negatively with the Cl content (Supplementary Figures S3I,J).
Apatites, which occur only in the websterite domain of Group II composite xenoliths (MSZK1305; MSZK1306B), are rich in F (>0.9 wt%) and Cl (>0.9 wt%) (Supplementary Table S7).
5.2 Trace elements of minerals
Trace element compositions of the MSZK xenoliths are variable, and support the distinction between the Group I and II xenoliths, as well as allowing the subdivision of Group I xenoliths.
Trace element compositions of orthopyroxenes are listed in Supplementary Table S8. The orthopyroxenes of Group I xenoliths show positive Pb and Ti anomalies (Figures 5A,B). In some xenoliths (Figure 5B), U positive anomalies are also seen. The primitive mantle (PM)-normalized (McDonough and Sun, 1995) REY (REE+Y) patterns of orthopyroxenes in Group I xenoliths show homogeneous distribution with increasing values from La to Lu (Figures 5D,E). In Group II xenoliths, all lithologies show similar trace element contents except for Cr that indicates depletion in the websterite domain (Figure 5C). The PM-normalized REY patterns of Group II xenoliths are characterized by gradual increase from La to Sm, followed by a flat distribution from Sm to Lu (Figure 5F).
[image: Figure 5]FIGURE 5 | Primitive mantle (McDonough and Sun, 1995) normalized multi-element (A–C) and REY diagrams (D–F) for orthopyroxenes of MSZK xenoliths.
Clinopyroxenes in Group I xenoliths show low trace element contents (Supplementary Table S9) compared to the PM (Figures 6A,B). The normalized value for high field strength elements (HFSE) such as Nb, Ta, Hf, Zr or Ti are low, never exceeding the PM value (Figures 6A,B). In contrast, there is a significant enrichment in U, Pb and Sr with respect to their neighboring elements in some xenoliths classified as Group IB (Figure 6B). This is not the case for the other part of Group I xenoliths, defining Group IA subgroup (Figure 6A). The REY distributions are similar in Group IA and IB xenoliths with enriched and flat patterns characteristic in both groups. Except for two Group IA (MSZK1301A; MSZK1301B) and one Group IB (MSZK1311) xenoliths, clinopyroxenes in Group I xenoliths show U-shaped patterns (synchronous (La/Sm)N >1 and (Sm/Lu)N < 1, where N denotes normalization to the PM of McDonough and Sun (1995)) (Figures 6D,E; Supplementary Table S9). In a Group IB harzburgite (MSZK1309), a positive Eu anomaly is observed (Figure 6E). The clinopyroxenes of Group II xenoliths have uniform trace element distribution independent of their lithology, except for V and Cr, which are enriched and depleted, respectively, in websterites compared to other lithologies (Figure 6C). Group II clinopyroxenes have higher HFSE and REY concentrations with respect to those in Group IA and IB xenoliths (Figure 6), and show depressions at Pb-Sr (Figure 6C). All Group II xenoliths show convex-upward REY patterns with negative Eu anomalies (Figure 6F).
[image: Figure 6]FIGURE 6 | Primitive mantle (McDonough and Sun, 1995) normalized multi-element (A–C) and REY diagrams (D–F) for clinopyroxenes of MSZK xenoliths.
Amphiboles in Group II xenoliths have higher trace element concentrations compared to those in Group IB harzburgites, which in contrast show well-defined positive U, Pb and Sr anomalies (Supplementary Table S10; Figure 7A). The REY patterns of amphiboles in the Group IB harzburgites are flat with minor enrichment in La and Ce in xenolith MSZK1307 (Figure 7D). Enrichment of light rare earth elements (LREE) is articulated in the websterite domain of composite xenolith MSZK1306B (Figure 7D). The amphiboles in the amphibole-phlogopite vein show convex-upward pattern with a negative Eu anomaly (Figure 7D).
[image: Figure 7]FIGURE 7 | Primitive mantle (McDonough and Sun, 1995) normalized multi-element (A–C) and REY diagrams (D–F) for amphibole, phlogopite and apatite of MSZK xenoliths.
Phlogopites show enrichment in highly incompatible elements such as Cs, Rb and Ba (Supplementary Table S10; Figure 7B), but also in Ti and V. The REY diagram displays a gradual concentration decrease from LREE towards heavy rare earth elements (HREE) (Figure 7E). Apatites are extremely enriched in incompatible trace elements (Supplementary Table S10; Figure 7C). Their distribution shows depletions in HFSE elements, Pb and Sr (Figure 7C). The very high REY concentrations are characterized by very strong enrichment of LREE, which are >1,000 times higher than their PM values of McDonough and Sun (1995) (Figure 7F).
5.3 Whole-rock geochemistry
5.3.1 Major elements
Whole-rock compositions of the MSZK xenoliths (Supplementary Table S11) were determined based on mass balance calculations using the xenolith modal composition and the average mineral compositions.
The Group IA and IB single-lithology harzburgite xenoliths, and harzburgitic domains of the Group II xenoliths have homogenous whole-rock compositions (Supplementary Figure S4). In contrast, the dunite domain of xenolith MSZK1301D has higher MgO and lower SiO2 and Al2O3 contents compared to the harzburgites. The Group IB olivine-orthopyroxenite, and Group II orthopyroxenite and websterite domains have lower MgO, but higher SiO2, TiO2, and Al2O3 contents with respect to the harzburgites (Supplementary Figure S4). The geochemical trend defined by the harzburgites differs from those of peridotite residue after batch and fractional melting (Supplementary Figure S4).
5.3.2 Rare earth elements + yttrium
Whole-rock REY contents of the MSZK xenoliths were estimated by mass balance calculations and shown in Supplementary Table S11. Olivine, spinel and orthopyroxene compositions were estimated from clinopyroxene concentrations and mineral/cpx partition relationships using Dmineral/melt values of Ionov et al. (2002) and references therein. Yttrium results were calculated from Yb data based on their distribution in primitive mantle (Y concentration is ∼9.75 times more than Yb concentration) (McDonough and Sun, 1995).
According to the results, the websterite domains and the amphibole-phlogopite vein from Group II xenoliths have the highest REY concentrations. These domains show convex-upward pattern with a negative Eu anomaly (Supplementary Figure S5). The orthopyroxenite and harzburgite lithologies of Group II xenoliths have lower REY concentrations. The patterns of these domains are similar to those depicted by the websterites and the amphibole-phlogopite vein with the exception of the orthopyroxenite in xenolith MSZK1306B, which shows depletion in LREE (Supplementary Figure S5). The Group I xenoliths show flat or slightly LREE-enriched characters (Supplementary Figure S5). The slightly higher LREE and HREE contents compared to elements from Sm to Tb appear in multiple xenoliths, resulting in U-shaped patterns.
6 DISCUSSION
6.1 Formation of group IA xenoliths
6.1.1 The reactive origin of the group IA xenoliths
Group IA includes four single-lithology harzburgite xenoliths (MSZK0701; MSZK1301A; MSZK1301B; MSZK1310) and dunite domain of the composite xenolith MSZK1301D (Table 1).
The formation of orthopyroxene-rich mantle volumes is often explained by melt extraction and accompanying mantle depletion (e.g., Dick et al., 1984; Puziewicz et al., 2015). Alternatively, orthopyroxene enrichment can be a result of a melt-rock reaction between the lherzolitic wall rock and silica-rich agents leading to reactive harzburgites (e.g., Kelemen et al., 1992, 1998; Smith et al., 1999).
The orthopyroxene modes can be a powerful tool used to explain the origin of the harzburgites. This is because the residual orthopyroxene enrichment triggered by mantle melting is relative, driven by the consumption of clinopyroxene and spinel to a lesser extent (e.g., Hirschmann et al., 1998). In contrast, newly-formed orthopyroxene grains appear in reactive harzburgites at the expense of clinopyroxene (e.g., Zheng et al., 2001) or olivine (e.g., Arai et al., 2003, 2004). In the studied MSZK harzburgites, orthopyroxene contents are high and range between 12–52 vol% (with an average of 22 vol%) (Table 1.), which rather implies reactive origin. Such orthopyroxene-rich lithologies along with subordinate clinopyroxenes (≤4.5 vol%) require high-degree partial melting (>25%), which is irreconcilable with the proposed Cenozoic evolution of the CPR (Szabó et al., 2004). The reactive origin of harzburgites is further supported by the bulk rock major element trends (e.g., positive correlation between MgO vs. Na2O and MgO vs. FeO) of the MSZK harzburgites differing significantly from the trends of partial melting of Niu (1997) (Supplementary Figure S4). Similarly, the variably enriched trace element patterns of bulk rocks (Supplementary Figure S5) and clinopyroxenes (Figures 6D–F) are irreconcilable with mantle depletion (Niu, 2004) as depleted mantle rocks are typically strongly diluted of highly incompatible trace elements.
The presence of numerous tiny (10–50 µm), elongated or rounded spinel inclusions hosted by orthopyroxenes in the MSZK harzburgites (Figures 3F,G) also cannot be explained by depletion via partial melting, because it never leads to spinel crystallization. Additionally, these inclusions are unlikely to form during mineral breakdown reaction (e.g., garnet) or exsolution because other phases (e.g., clinopyroxene) or pseudomorphs of the decomposing phase would also be expected to appear in such scenario (Falus et al., 2000). However, the metasomatic effect of silica-enriched fluids may play a key role in forming symplectitic intergrowth of orthopyroxene and spinel as proposed by Johan et al. (2017). Also note that the high amounts of Al2O3 (>5 wt%) and Cr2O3 (>5 wt%), which is required for subsolidus exsolution of spinel inclusions, is impossible to be incorporated in orthopyroxenes. Spinel inclusions, although less frequently, were also described in olivines of harzburgites (Figure 3G), similarly as in reactive harzburgites from Kamchatka (Arai et al., 2003) and the Philippines (Arai et al., 2004).
All prior considerations suggest that the MSZK harzburgites have a reactive origin. This orthopyroxene enrichment fits the definition of stealth metasomatism (O’Reilly and Griffin, 2013). Since there are no microstructures showing reaction (e.g., secondary orthopyroxene appearing at the expense of olivine or clinopyroxene) in the MSZK xenoliths, it is challenging to determine the precursor rock composition. Nevertheless, the MSZK harzburgites are among the BBHVF xenoliths with the highest olivine contents (dominantly >70 vol%; Figure 2). Thus, the dissolution of clinopyroxene may occur at larger amounts than that of olivine. This potentially implies a lherzolitic precursor, a lithology rare in MSZK xenoliths (Créon et al., 2017b), but frequent in other BBHVF localities (Figure 2). The possible reason why the metasomatism leaves no precursor lherzolites in MSZK locality is its pervasive style.
The only non-harzburgite lithology belonging to the Group IA is the dunite domain of the composite xenolith MSZK1301D (Table 1). It is adjacent to an olivine-orthopyroxenite domain with a well-defined contact zone between them (Figure 3A). Dunite veins in harzburgite are widely interpreted as intensive reactions between olivine-saturated melts and orthopyroxene-rich wall rocks (e.g., Kelemen et al., 1995). This suggests that the formation of the dunite vein may have followed the formation of the olivine-orthopyroxenite domain. Since intensive melting of the pyroxenes during metasomatic reactions requires high melt-rock ratios, dunite veins could represent possible melt migration pathways (Yoshikawa et al., 2018) as it was verified by experiments as well (Morgan and Liang, 2005). This interpretation can be applied to the dunite domain of the xenolith MSZK1301D because of the coarse granular texture dominated by stress-free olivines (Figure 3A). Note, however, that recrystallization after the magmatic event can result in similar petrographic features and also explains the lack of reaction textures in other Group I xenoliths.
6.1.2 Possible melt agent forming the group IA xenoliths
Orthopyroxene-enrichment via metasomatism requires silica-rich, orthopyroxene-saturated melts. Such melts appear most commonly in volcanic arc environments. Beneath volcanic arcs, the liberation of fluids from a subducting slab can trigger partial melting in the mantle wedge overlying the slab (e.g., Iwamori, 1998; Grove et al., 2006). These melts formed at high pressure saturate first in olivine only, leading to the dissolution of pyroxenes during melt-rock reactions and the formation of dunites (Kelemen et al., 1992). However, ongoing melt-rock reactions can lead to gradual modification of the melt from basalt to basaltic andesite composition, resulting in orthopyroxene saturation (Morgan and Liang, 2005) at lower pressure in constant temperature circumstances (Kelemen et al., 1992). This process can explain the co-precipitation of orthopyroxene and olivine with simultaneous clinopyroxene dissolution; in other words, the formation of harzburgites (Kelemen et al., 1998), even when the magma mass is decreasing (Kelemen et al., 1992).
The migration of silica-rich (even quartz-oversaturated) melts is not unprecedented in the BBHVF. Bali et al. (2008) described a highly unusual quartz-bearing orthopyroxene-rich websterite xenolith from Szigliget (∼10 km southwest of Mindszentkálla; Figure 1B). The quartz appeared as rounded or needle-shaped crystal inclusions in orthopyroxenes and was interpreted to have co-crystallized with its host. The quartz-bearing xenolith was also rich in silicate melt inclusions (SMIs) hosted by pyroxenes. The metasomatic melt represented by the primary SMIs was found to be rich in SiO2 (66–72 wt%) -and alkalis, and poor in MgO, FeO and CaO. Furthermore, it was strongly enriched in LREE and large ion lithophile elements (LILE), and displayed negative Nb, Ta and Sr and slightly positive Pb anomalies. These geochemical characteristics led Bali et al. (2008) to conclude that a quartz-saturated silicate melt was released from metasedimentary rocks of a subducted oceanic slab. Other studies also suggested migrating subduction-related melts beneath the BBHVF (e.g., Downes et al., 1992; Bali et al., 2002, 2007), occasionally evidenced by silica-rich (>55 wt%) glass veins (Créon et al., 2017b).
We suggest that beneath MSZK, subduction-related extensive metasomatism was caused by a silica-rich, orthopyroxene-saturated melt. In addition to the metasomatism-induced orthopyroxene enrichment, several lines of geochemical evidence point to the supra-subduction zone (SSZ) origin of the MSZK harzburgites. The most important geochemical characteristics are the high Mg# (>0.90; Figures 4B,C) and low Al2O3 in orthopyroxenes (mostly <2.5 wt%; Supplementary Figure S3C), as well as the Cr2O3-rich spinels (>29 wt%; Figure 8A). The presence of clinopyroxenes displaying U-shaped REY patterns (Figures 6D,E) is also in accordance with SSZ environment (Parkinson and Pearce, 1998). However, the LREE and HREE enrichment compared to Eu, Gd, Tb depletion is not as pronounced (Figures 6D,E) as in other BBHVF xenoliths (Bali et al., 2007; Dobosi et al., 2010; Berkesi et al., 2012; Embey-Isztin et al., 2014). The only Group I xenoliths showing no U-shaped REY patterns are MSZK1301A, MSZK1301B and MSZK1311 samples. The latter two xenoliths are also located outside the field constrained by SSZ xenoliths on the Al2O3-CaO diagram of orthopyroxenes (Figure 8B). The reason for this geochemical deviation from the rest of the Group I xenoliths could be due to the influence of a basaltic melt (probably the same as the one responsible for the formation of Group II xenoliths; see chapter 6.3), based on enrichment of these two xenoliths in some basaltic elements (Ti, Al, Fe in clinopyroxene; Ti, Al and Ca in orthopyroxene; Al in spinel). Note that one single-lithology harzburgite xenolith (MSZK1309) in Group I shows a positive Eu anomaly (Figure 6E). Such a positive anomaly is commonly explained by the dissolution of plagioclase in the subducting oceanic crust (Dai and Zheng, 2019), which is in agreement with the proposed evolution of that xenolith.
[image: Figure 8]FIGURE 8 | Relationship between (A) Al-Cr-Fe3+ in spinel (supra-subduction spinels are based on Arai et al., 2004); (B) Al2O3 vs. CaO in orthopyroxene (supra-subduction orthopyroxenes are based on Arai and Ishimaru, 2008); (C) Ti/Nb vs. Zr/Nb in amphibole (supra-subduction and intraplate amphiboles are based on Coltorti et al., 2007) for studied MSZK xenoliths.
6.2 Formation of group IB xenoliths
Group IB, similarly to Group IA, includes orthopyroxene-rich lithologies, namely six single-lithology harzburgites (MSZK0702; MSZK1301C; MSZK1302; MSZK1307; MSZK1309; MSZK1311) and the olivine-orthopyroxenite domain of the composite xenolith MSZK1301D (Table 1). The Group IB xenoliths are characterized by high U, Pb and Sr concentrations in clinopyroxenes, showing positive anomalies on the normalized multi-element diagram (Figure 6B). In contrast, Group IA xenoliths lack these anomalies (Figure 6A). Among these elements, Pb enrichment is particularly unusual in the upper mantle. However, in subduction zones, where crustal rocks are recycled to the mantle, Pb is transported to sub-Moho depths in large amounts. The main factor of Pb distribution in the lithosphere is its highly incompatible behavior during mantle melting (e.g., Hauri et al., 1994), thus Pb is delivered to the crust by melts, resulting in its enrichment above the Moho and depletion beneath it. Another phenomenon leading to increased Pb concentrations in the crust is the radioactive decay of U. Since U is a highly incompatible element as well (e.g., Hauri et al., 1994), magmatism gradually increases its concentration from the mantle towards the crust. Further U enrichment in the oceanic crust can be attributed to its hydrothermal alteration (Staudigel, 2003). According to Tenthorey and Hermann (2004), sediments are the major host of Pb in the oceanic crust, however altered oceanic crust basalts also contain significant amounts of Pb. Regelous et al. (2010) showed that subducting sediments and altered oceanic crust basalts release Pb-bearing aqueous fluids or hydrous melts at shallower and greater depths, respectively, within the subduction zone. These agents transport notable amounts of Pb from different sources to the mantle wedge (Chauvel et al., 1995; Saha et al., 2005) leading to Pb-enriched lavas (Miller et al., 1994) and peridotite xenoliths originating from such environment (Grégoire et al., 2001; Ishimaru et al., 2007; Aradi et al., 2020).
The difference between Group IA and IB xenoliths is best highlighted by U-Pb vs. Ti-HFS element ratios (e.g., U/Ti; U/Zr; Nb/U; Pb/Ti; Pb/Ta; Pb/Hf) (Figure 9). The Group IB xenoliths have higher U/Ti, U/Zr, Pb/Ti, Pb/Ta; Pb/Hf and lower Nb/U ratios compared to Group IA xenoliths (Figure 9). The ratios peculiar to Group IB xenoliths match with xenoliths from areas with ongoing (Papua New Guinea: Grégoire et al., 2001; Kamchatka: Ishimaru et al., 2007) or ceased subductions (Styrian Basin: Aradi et al., 2020) (Figure 9.). If the oceanic crust and the related subducted materials are rich in Pb and U, the subducted materials are not enriched in HFSE (Bebout, 2007). Therefore, the subducted oceanic materials normally have high U-Pb vs. Ti-HFS ratios. These ratios do not change dramatically during fluid liberation, since U and Pb partition into the fluids, whereas HFSE and Ti preferentially remain in the solid at a lower temperature (<1,000°C) up to high pressures (4 GPa) (Keppler, 1996; Manning, 2004; Kessel et al., 2005; Hermann et al., 2006). Therefore, migrating fluids can extend these characteristic element ratios to the mantle wedge. Strontium, whose solubility is high in aqueous fluids in high p-T conditions (900–1,200°C, 4–6 GPa; Kessel et al., 2005), is also enriched in Group IB xenoliths compared to Group IA (Figure 6). The REE, especially from Sm to Lu, is similar to HFS and Ti, and prefer to remain in the solid phase and barely soluble in aqueous fluids (Kessel et al., 2005). Nevertheless, Ti/LREE (especially Ti/Nd) ratio is a reliable tool to discriminate between Groups IA and IB (Figure 9C), and so is the ratio of Sc/Lu (Figure 9E).
[image: Figure 9]FIGURE 9 | Relationships between (A) Pb/Ti vs. U/Ti; (B) Pb/Ti vs. Nb/U; (C) U/Zr vs. Ti/Nd; (D) Pb/Hf vs. Pb/Ta; (E) Sc/Lu vs. Ti (F) Pb/Ti vs. TCa-in-opx, where all trace element composition and ratios refer to clinopyroxenes. Thermometer of TCa-in-opx is after Nimis and Grütter (2010). Published Bakony-Balaton Highland Volcanic Field (BBHVF) upper mantle xenoliths: Embey-Isztin et al., 1989; 2001; 2014; Downes et al., 1992; Bali et al., 2002; 2007; 2008; Hidas et al., 2007; 2010; Nédli et al., 2009; Dobosi et al., 2010; Berkesi et al., 2012; Créon et al., 2017b. Worldwide supra-subduction xenoliths with Pb positive anomalies are taken from Grégoire et al., 2001; Ishimaru et al., 2007; Aradi et al., 2020.
All these imply that the upper mantle represented by Group IB xenoliths experienced metasomatism by subduction-related aqueous fluids. More than half of the Group I xenoliths shows U, Pb and Sr enrichment (i.e., belong to the Group IB subgroup) (Table 1). This suggests that the fluid infiltration likely followed the orthopyroxene enrichment (melt metasomatism), but was restricted to a smaller mantle volume. Since both the melt and fluid metasomatism are assumed to have happened in a mantle wedge environment, they are likely linked to the same subduction event. The Group IB xenoliths generally have equilibration temperatures (TCa-in-opx: 899–1,016 with an average of 919°C) similar to the Group IA xenoliths (TCa-in-opx: 897–986 with an average of 934°C) (Figure 9F; Table 1), implying that both melt and fluid metasomatism affected the mantle wedge in similar depth ranges. The akin equilibration temperatures may also suggest that the fluid infiltration did not affect the Ca content of the rocks.
Two Group IB harzburgite xenoliths (MSZK0702; MSZK1307) contain minor pargasitic amphibole (≤1 vol%; Table 1) within melt pockets (Supplementary Figure S2A). Based on the high Ti/Nb (>600) and Zr/Nb (>4) ratios of these amphiboles, their formation is suggested to link to SSZ environments (Figure 8C; Coltorti et al., 2007). These amphiboles are enriched in U, Pb and Sr (Figure 7A) similarly to the Group IB clinopyroxenes. Along with the lack of REY enrichment (Figure 7D), these geochemical signatures suggest that the amphibole formation is likely related to the fluid metasomatism.
The only non-harzburgite lithology belonging to the Group IB is the olivine-orthopyroxenite domain of the composite xenolith MSZK1301D (Table 1). The reason of the higher orthopyroxene content of this domain could be explained by the modal composition of the precursor. If it is assumed that clinopyroxene is the major mineral that was converted to orthopyroxene during the metasomatism, as it was proposed in section 6.1.1., then the olivine-clinopyroxenite described from the Szentbékkálla locality of BBHVF earlier (Figure 1B; Bali et al., 2002; Falus et al., 2004) is an appropriate candidate for such a precursor.
The reason why the olivine-orthopyroxenite domain shows fluid metasomatism-related U, Pb and Sr enrichment (i.e., belonging to Group 1B; Figure 6B), while its neighboring dunite lacks it (Figure 6A) is probably due to textural characteristics. Clinopyroxene in the dunite domain only appears as small inclusions (40–60 µm) hosted by large olivine grains (>500 µm) (Supplementary Figure S2B). The olivine hosts might have hindered direct contact between the fluid agent and the clinopyroxenes by acting as a physical barrier. This interpretation is further supported by the generally slow diffusion rate for trace elements in the olivine structure (Spandler and O’Neill, 2010).
6.3 The formation of group II xenoliths
6.3.1 General observations and their implications in group II xenoliths
Group II xenoliths consist of variable lithologies (harzburgite, orthopyroxenite, websterite) of two composite xenoliths (MSZK1305; MSZK1306B) (Table 1). Generally, these lithologies have higher Ti, Mn, Ca and lower Si, Cr, Ni, and Mg# compared to those of Group I (Figure 4; Supplementary Figure S3). The enrichment in basaltic elements is weak in the harzburgite, moderate in the orthopyroxenite and significant in the websterite domains (Figure 4; Supplementary Figure S3). These characteristics, along with the convex-upward REY patterns of clinopyroxenes (Figure 6F), point to an interaction with mafic melts. However, the lack of melt infiltrations, reaction coronas and compositional zoning at the margins of the MSZK xenoliths all suggest that the host basalt is likely not the metasomatic agent. This is further supported by the fact that xenoliths were collected from pyroclastic sequences (Supplementary Figure S1B), which can preserve the original physical and chemical properties of the xenoliths better, due to their fast cooling on the surface.
A general geochemical feature in all lithologies of Group II xenoliths is the negative Eu anomaly (Figure 6F). It may either be related to the crystallization of plagioclase during magma evolution, or to redox state changes affecting the distribution of Eu compared to other REE (Griffin and O’Reilly, 2007). The alkali basaltic melts in the BBHVF originate from the asthenosphere far deeper than the stability field of plagioclase (e.g., Embey-Isztin et al., 1993), thus residual plagioclase retaining Eu in the source region is out of option. In the BBHVF, only one upper mantle xenolith is reported containing plagioclase (Embey-Isztin, 1976), hence the mass accumulation of plagioclase in the lithospheric mantle is also unlikely. Therefore, it is suggested that the negative Eu anomaly results from changing redox conditions of the melt during its upward migration.
6.3.2 Origin of harzburgite domains within group II composite xenoliths
The harzburgite domains in Group II composite xenoliths likely represent a mantle volume originally belonging to Group I, subsequently affected by a younger event. This is based on the observation that petrographic features, including modal composition and textural characteristics, do not differ in the single-lithology harzburgites and the harzburgite domains of composite xenoliths (Figure 3; Supplementary Figure S4; Table 1), implying a common origin for them. However, they have several different geochemical features as follows. The harzburgite domains of the composite xenoliths are out of the OSMA (olivine-spinel mantle array; Arai, 1994) range (<87 forsterite content in olivine along with 0.47–0.48 Cr# in spinel; Figure 4A). Furthermore, they are among the harzburgites with the lowest Mg# in their pyroxenes (∼0.88 and ∼0.91 Mg# for orthopyroxene and clinopyroxene, respectively; Figures 4B–E). The subordinate clinopyroxenes in harzburgite xenoliths have lower REY contents (6–24 ppm ΣREY; Figures 6D,E; Supplementary Table S9) compared to the harzburgite domains of composite xenoliths (∼148 ppm ΣREY; Figure 6F; Supplementary Table S9). The other difference is the REY pattern showing flat and enriched distributions in the former (Figures 6D,E) and convex-upward distribution in the latter group (Figure 6F). All these geochemical features suggest that the single-lithology harzburgites and the harzburgite domains of composite xenoliths have different evolution.
The convex-upward pattern of clinopyroxenes in harzburgite domains of the composite xenoliths is also characteristic for clinopyroxenes of the orthopyroxenite and websterite domains in composite xenoliths (Figure 6F). This similarity suggests that the younger geochemical event, presumably linked to mafic melts, that likely added the orthopyroxenite and websterite lithologies to the mantle volume, overprinted the trace element characteristics of the neighboring parts of the presumably older harzburgites via chromatographic processes (Navon and Stolper, 1987), leading to cryptic metasomatism (Dawson, 1984). In other words, the harzburgite host rock of the composite xenoliths likely failed to preserve its original trace element attributes during the formation of orthopyroxenite and websterite lithologies.
6.3.3 The formation of orthopyroxenites within group II composite xenoliths
The orthopyroxenite lithology, albeit in a subordinate amount, is present in various settings below the Moho, including ophiolitic mantle (e.g., Le Roux et al., 2014) orogenic peridotites (e.g., Malaspina et al., 2006) and upper mantle xenoliths (e.g., Chen and Zhou, 2005; Wang et al., 2008). Most of the studies explain the formation of orthopyroxenites with melt/fluid and peridotite interactions based on resorbed olivines. Several studies suggest that siliceous melts and fluids derived from an oceanic slab could be the most probable metasomatic agents responsible for orthopyroxenite formation (Ertan and Leeman, 1996; Chen and Zhou, 2005). Indeed, orthopyroxene-rich reactive boundary layers were described to form between basaltic andesite melt and peridotite at high pressure (≥2.5 GPa) and temperature (≥1,375 °C) (Mallik and Dasgupta, 2012). However, the crystallization of orthopyroxene-oversaturated reacting melt prevents further melt-rock reactions (Wang et al., 2016). Alternatively, reactions between hydrous ferro-basalt and peridotite in upper mantle conditions (0.8–2 GPa; 1,250–1,385°C) can also lead to the formation of orthopyroxenites as suggested by experimental runs of Wang et al. (2016). Based on their model, the diffusion of water from the hydrous melt into the host peridotite can induce melting in the peridotite, resulting in olivine-rich residues. The mixing of the migrating melt with the melt produced in the host rock results in a third, hybrid melt. This hybrid melt is responsible for the olivine dissolution and orthopyroxene precipitation along the melt-rock interface. Other studies on natural samples also emphasize the possible role of basaltic melt (Arai et al., 2006) and water (Smith et al., 1999; Tamura and Arai, 2006) in the formation of orthopyroxenites. The significance of water is further supported by the common appearance of hydrous phases such as amphibole or phlogopite in orthopyroxenites (Ertan and Leeman, 1996; Chen and Zhou, 2005). The reacted melts assumed to contribute to orthopyroxenite formation have similar water contents in experimental runs (0.61–0.66 wt%; Wang et al., 2016) and natural samples (0.57–1.24 wt%; Arai et al., 2006). Note that orthopyroxenite lithology was only described from the Little Hungarian Plain Volcanic Field (LHPVF; Figure 1A) in the CPR so far (Szabó et al., 1995).
In the MSZK composite xenoliths, the growth of orthopyroxene of the orthopyroxenite domain at the expense of olivine of the neighboring harzburgite domain (Figures 3B,C) suggest that the orthopyroxenite domain was formed later than the harzburgite host rock. It also means that the websterite domains and the amphibole-phlogopite vein, which are in contact with the orthopyroxenite domains only (Figures 3B,C), must have formed after the harzburgite parts.
As it was indicated before, we also suggest that mafic melts are responsible for the orthopyroxenite formation beneath the MSZK locality, based on their basaltic element enrichment (Figure 4; Supplementary Figure S3) and convex-upward REY patterns of clinopyroxenes (Figure 6F). Analyses concluded high water contents for the BBHVF basalts (2.0–2.5 wt%; Kovács et al., 2020), which is capable promoting orthopyroxenite vein formation in the mantle according to the experiments of Wang et al. (2016). Furthermore, the upward-moving basaltic melts likely contacted harzburgite volumes beneath the MSZK locality, which were produced by orthopyroxene enrichment during a previous metasomatism by subduction-related melts and fluids. The dissolution of the orthopyroxenes resulted in more evolved melt compositions, and possible orthopyroxene-saturation and even oversaturation after interacting with large volumes of harzburgite. These processes resulted in the orthopyroxenite formation. The role of harzburgite lithology, as a source of melts responsible for the formation of orthopyroxenite veins, was also highlighted by Bénard et al. (2022). Without orthopyroxene dissolution, basaltic melts would remain orthopyroxene undersaturated with their movement restricted to the olivine-clinopyroxene cotectic line on schematic olivine-clinopyroxene-SiO2 phase diagram (Kelemen, 1990).
We estimated the equilibrium melt composition for orthopyroxenites as well, using clinopyroxene-basaltic melt and orthopyroxene-basaltic melt distribution coefficients (Ionov et al., 2002; Adam and Green, 2006) (Figure 10A). The estimated equilibrium melt compositions (Supplementary Table S12) show the best fit with SMI reported by Szabó et al. (2009) (Figure 10A). These SMI are hosted by amphibole-bearing spinel lherzolite xenoliths from Szigliget (Figure 1B). The trapped SMI likely represent a melt with a trace element content similar to that of the host alkali basalts, but more enriched in silica (Szabó et al., 2009). According to Szabó et al. (2009), such melt may have formed by the interaction between an alkali mafic melt rising from the asthenosphere and a mantle portion previously metasomatized by a slab-derived melt. This evolution history is very similar to what we suggest for the melt responsible for the orthopyroxenite formation in the upper mantle beneath the MSZK locality. Note that the trace element composition of several studied SMI shows enrichment in U and Pb (Szabó et al., 2009), a feature also characteristic of the Group IB harzburgites of the MSZK xenoliths (Figure 6B). These properties were likely inherited from the metasomatized mantle wedge harzburgites representing the wall rocks next to the upward migrating mafic melts.
[image: Figure 10]FIGURE 10 | Estimated trace element composition of melt responsible for the formation of (A) orthopyroxenite and (B) websterite domains of composite xenoliths (MSZK1305; MSZK1306B). The silicate melt-orthopyroxene/clinopyroxene partition coefficients are taken from Ionov et al. (2002) and Adam and Green (2006). Primitive mantle (PM) (McDonough and Sun, 1995) normalized trace element distributions are compared to trace element compositions of melt modelled from Bakony-Balaton Highland Volcanic Field (BBHVF) xenoliths (Bali et al., 2008; Szabó et al., 2009). Abbreviations: opx–orthopyroxene; cpx–clinopyroxene; smi–silicate melt inclusion; mp–melt pocket.
6.3.4 The formation of websterites and amphibole-phlogopite vein within group II composite xenoliths
The appearance of websterite followed the orthopyroxenite formation, as indicated by resorbed orthopyroxenes in the latter along the contact zone (Figure 3D). The large (3,000–5,000 µm), tabular, stress-free clinopyroxenes of the websterites, with enclosed orthopyroxenes, amphiboles and apatites (Figure 3D), are petrographic features typical of cumulates representing crystallized products (e.g., Perinelli et al., 2017). The enrichment of basaltic elements in the rock-forming minerals of the websterites is even higher compared to the orthopyroxenites (Figure 4; Supplementary Figure S3). Together with the convex-upward REY patterns of clinopyroxenes (Figure 6F), this suggests that websterite formation is related to mafic melts. To further test this hypothesis, the equilibrium melt of websterites was estimated with the use of distribution coefficients for clinopyroxene-basaltic melt and orthopyroxene-basaltic melt (Ionov et al., 2002; Adam and Green, 2006) (Figure 10B). The resulting equilibrium melt composition shows the best overlap with basaltic melts defined by the SMIs in the study of Szabó et al. (2009) (Figure 10B), similarly to what was found for the MSZK orthopyroxenites described above (Figure 10A).
Clinopyroxene is often the liquidus phase in basalts beneath the crust, leading to the formation of clinopyroxene-rich lithologies upon crystallization (e.g., Downes et al., 2004). Thus, the dominance of clinopyroxene in the websterites (∼70 vol%) suggests that they could represent crystallized melt migration paths. The significant modal abundance of orthopyroxenes (∼30 vol%) in the MSZK websterites can be explained by the incomplete alteration of orthopyroxenites or by orthopyroxene dissolution and subsequent orthopyroxene saturation in the basaltic melt. The higher equilibration temperatures of websterites (TNG>1,000°C; TREE>1,100°C) compared to orthopyroxenites (TNG<1,000°C; TREE<1,100°C) (Table 1) further indicate that melt crystallization is a more important process in websterite formation than melt-rock reactions, which often result in lower temperatures due to the mixing of melt with the colder wall rocks. All these suggest that the MSZK websterites likely represent mafic melts crystallized along melt channels. This is consistent with other studies interpreting websterite veins as products appearing along recrystallization fronts of pervasive melt migration channels (Garrido and Bodinier, 1999; Dantas et al., 2009).
The amphibole-phlogopite vein crosscutting the orthopyroxenite domain of xenolith MSZK1305 (Figure 3C) is likely a product of the last event in the upper mantle of the study area. It is possibly derived from the mafic melt that went through high-degree fractional crystallization and became highly enriched in incompatible elements (Figure 7). Amphibole-rich veins with similar proposed origin were found in composite xenoliths from Szigliget (Embey-Isztin, 1976; Bali et al., 2018) (Figure 1B).
6.4 Possible links between metasomatic events and the evolution of the Carpathian-Pannonian region
Based on the above-described observations, two events can be distinguished in the upper mantle beneath the MSZK locality (Figure 11). The first event is related to the migration of subduction-related melts and fluids leading to the formation of harzburgitic lithologies (Figure 11) and enrichment in fluid mobile elements such as U, Pb and Sr. The orthopyroxene grains in the MSZK harzburgites are subhedral with generally large grain size (500–1,000 µm). This is in contrast with newly-formed orthopyroxenes in reactive harzburgites, which often show fibrous texture, especially in areas with active volcanism related to ongoing subduction (McInnes et al., 2001; Arai et al., 2004). The well-equilibrated equigranular (Figure 3G) and coarse granular (Figure 3H) textures of the MSZK harzburgites suggests that the orthopyroxene enrichment is an event predating potential mantle equilibration (i.e., recrystallization and annealing). Such process could have been facilitated by the increased heat from the asthenospheric updoming during the extension in the central CPR (Horváth, 1993). Thus, the orthopyroxene enrichment is thought to have happened before the Neogene. This is further supported by Paleogene igneous rocks in the vicinity of the Middle Hungarian zone (MHZ) which have subduction-related characteristics (e.g., Pb enrichment) (Benedek et al., 2004). The influence of subduction-related melts and fluids leading to orthopyroxene enrichment in the subcontinental mantle occurs in some xenoliths in Szigliget (Bali et al., 2008) and Tihany localities (Berkesi et al., 2012) in the westernmost and in the easternmost part of the BBHVF, respectively (Figure 1B) as well as in sampling sites between them (Bali et al., 2007) such as the MSZK locality. This distance of at least 35 km suggests that the subduction was a regional event with major modification to the affected mantle volume. Note that a restricted number of harzburgites with possible reactive origin were also described from the LHPVF (Szabó et al., 1995), which is situated in the vicinity of BBHVF (Figure 1A).
[image: Figure 11]FIGURE 11 | Simplified cartoon showing the proposed lithospheric mantle evolution model beneath the western Carpathian-Pannonian region. The Cretaceous-Paleogene tectonic stage includes the formation of Group IA and IB harzburgite, olivine-orthopyroxenite and dunite lithologies in a mantle wedge environment related either the Budva-Pindos or Vardar Ocean subduction. This geodynamic stage was followed by the upward migration of asthenosphere-derived mafic melts in the Miocene-Pleistocene leading to the formation of Group II xenoliths having orthopyroxenite, websterite and amphibole-phlogopite veins. Lherzolite lithology from MSZK xenolith series is only described in Créon et al., 2017b.
During the Cenozoic, significant lateral tectonic movements (extrusion, rotations) occurred in the CPR (e.g., Csontos, 1995). It is assumed that during this tectonic evolution the lithospheric mantle was coupled to the crust (Kovács and Szabó, 2008). This means that the pre-Neogene mantle events and volcanic episodes happened at different geographic locations than their current position. Kovács et al. (2007) and Kovács and Szabó (2008) argued that igneous rocks and xenoliths in the vicinity of the Middle Hungarian zone (MHZ) (Figure 1A) are related to the subduction of either the Budva-Pindos or Vardar Ocean during the Mesozoic-Paleogene (Csontos and Vörös, 2004). This model suggests that the subduction-modified lithospheric mantle was coupled to the crust during the extrusion of the ALCAPA microplate.
The second metasomatic event can be linked to the migration of basaltic melt(s) in the upper mantle leading to orthopyroxenitic, websteritic and amphibole-phlogopite vein lithologies (Figure 11). It is younger than the orthopyroxene enrichment, as proved by the textural relationships of the different lithologies. It is reasonable to assume that this magmatic event manifesting in the lithospheric mantle is the same that produced the Neogene alkali basalt volcanism carrying the xenoliths to the surface (Figure 11). Most studies explain the alkali basalt volcanism with decompressional mantle melting caused by the asthenosphere upwelling subsequent to the extension in the CPR (e.g., Embey-Isztin et al., 1993; Seghedi et al., 2004). Alternatively, a recent interpretation suggests that compression appearing in the tectonic inversion stage (∼8–0 Ma) of the evolution of the CPR may have squeezed partial melts from the hydrated asthenospheric dome (Kovács et al., 2020). In both cases, the melting in the asthenosphere was followed by the upward migration of basaltic melt batches, causing interactions with harzburgitic mantle domains and vein formation in the upper mantle, shortly preceding xenolith entrapment in the host basalt.
7 CONCLUSION

1) Ten single-lithology harzburgite and three composite upper mantle xenoliths were studied from Mindszentkálla, central Pannonian Basin. The composite xenoliths consist of various combinations of dunite, olivine-orthopyroxenite, harzburgite, orthopyroxenite, websterite and amphibole-phlogopite domains. The evolution of these variable lithologies was linked to two major magmatic events.
2) The single-lithology harzburgites and one composite xenolith with dunitic and olivine-orthopyroxenitic domains (Group I xenoliths) were formed during the interaction between silica-rich melt and peridotitic wall rock. This event is assumed to have taken place in a mantle wedge environment.
3) Shortly after the orthopyroxene enrichment leading to the formation of harzburgite lithology with dunite veins, additional fluid infiltration occurred in some parts of the previously metasomatized mantle volumes. This led to the formation of Group IB xenoliths characterized by U, Pb and Sr enrichment in the rock-forming silicates. The fluid agent was likely liberated from the downgoing slab of the same subduction that is linked to the harzburgite formation. Contrarily, Group IA xenoliths represent mantle segments not affected by the fluid infiltration.
4) Formation of orthopyroxenite and websterite domains and amphibole-phlogopite veins of the composite xenoliths (Group II xenoliths) are related to variably evolved mafic silicate melts. The orthopyroxenites must have been formed via melt-rock reactions, whereas the websterite and amphibole-phlogopite veins are crystallized products of mafic melts.
5) Group I xenoliths are possibly linked to the subduction of either the Budva-Pindos or the Vardar Ocean during the Mesozoic–Paleogene, far from the current position of the Mindszentkálla locality, where the metasomatized lithosphere was transferred by extrusion. The Group II xenoliths represent a younger, Neogene basaltic magmatic event, possibly the same that produced the basalts transporting the xenoliths to the surface.
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