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Klaszteranalizis a Nograd—Gomor Vulkdni Teriiletrél (észak Pannon-medence) szdrmazo
felsokopeny xenolit sorozaton

Osszefoglalds

A No6grad—Gomor Vulkani Teriilet feltehetSen a legalaposabban kutatott fels6kopeny xenolit lelShely a Kérpat—Pannon
régidban. A kutatdk a begyijtott fels6kopeny xenolitok tucatjait szdmos nézSpont alapjan vizsgaltdk az elmuilt évtizedek-
ben. Jelen tanulmanyhoz kapcsoléddan a teriiletrdl elérhetd tudomanyos kozleményeket éttekintettiik, és a benniik kozolt,
xenolitokra vonatkoz6 féelemgeokémiai adatokat kigyjtottiik egy adatbdzis felépitésének a céljabdl. A 1étrehozott adatba-
zis 112 xenolit kdzetalkotd dsvanyainak a geokémiai adatait tartalmazza. Ezt kdvetSen az 6sszegy(jtott adatokon klaszter-
analizist hajtottunk végre a CluStress algoritmus alkalmazdsaval, amely 2 f6csoport (I és II) és azokon beliil tovabbi 17
csoport elkiilonitését eredményezte. Az I-es f6csoport két alegységre oszthatd I/a és I/b f6csoportok). Az I/a f6csoporthoz
tartoz6 xenolitok nagy ortopiroxén/klinopiroxén dsvanyos Osszetétel arannyal (tobbnyire >1,5) és olivin Mg-szamokkal
(uralkod6an >0,89) jellemezhetSk. Ezzel szemben az I/b fécsoportba sorolt xenolitok kis ortopiroxén/klinopiroxén dsva-
nyos 0sszetétel hanyadossal (tobbnyire <1) és olivin Mg-szamokkal (uralkod6an <0,89) birnak. A legtobb xenolit (a besorolt
xenolitok ~50%-a) az I/a f6csoporton beliili 1-es csoportba keriilt, amely N6grad—Gomor majdnem minden xenolit lelShe-
lyénel6fordul. Az 1-es csoport xenolitjai a f6elem-geokémidjuk vonatkozdsdban sziik tartomdnyban véltoznak. Ezeket aks-
zeteket az el6forduldsi gyakorisdguk és térbeli elterjedésiik okdn a teriilet alatti dtlagos (hattér) litoszferikus kopenyként
azonositottuk. A tobbi csoport fejlédéstorténetét geokémiai tulajdonsdgaiknak koszonhetSen tobbnyire képesek voltunk
meghatdrozni. A megkiilonboztetett 17 csoporton beliil legaldbb 11 csoport xenolitjai esetén (a besorolt xenolitok ~35%-a)
feltételezhetd, hogy kialakuldsuk szorosan kapcsolddik a neogén alkali bazaltos vulkanizmushoz. Ez azt sugallja, hogy a
Karpéat—Pannon régié vulkéni teriileteinek preneogén gyokérzondja jelentdsen atalakulhatott a felfelé mozgd bazaltos olva-
dékok és a falkézet intenziv kolesonhatdsdnak az eredményeként az utébbi ~10 milli6 évben.

Tdargyszavak: Nograd—Gomor Vulkdni Teriilet, felsGkopeny xenolitok, féelem-geokémia, klaszteranalizis

Abstract

The N6grad—Gomor Volcanic Field is one of the most thoroughly studied upper mantle xenolith-bearing localities in the
Carpathian—Pannonian region. Dozens of upper mantle xenoliths collected there have been investigated from various aspects
in the past decades. Major element compositions of upper mantle xenoliths available in scientific papers on the Nograd—
Gomor xenoliths were extracted to build a database. This database includes the geochemical composition of the rock-forming
minerals (olivine, pyroxenes, spinel) of 112 upper mantle xenoliths. Using the data compiled in this database, we applied the
CluStress algorithm to perform cluster analysis. The results led to the division of 2 supergroups (I and II) and 17 groups within
them. Supergroup I was split into two subgroups (Supergroup I/a and I/b). The xenoliths of Supergroup I/a and I/b are
distinguished by their orthopyroxene/clinopyroxene modal composition ratios (mainly >1.5 and <1, respectively) as well as
their olivine Mg-numbers (dominantly >0.89 and <0.89, respectively). Most of the xenoliths (~50% of all classified xenoliths)
were sorted into Group 1 within Supergroup I/a, and they appear at almost all xenolith-bearing localities in the Nograd—
Gomor. The Group 1 xenoliths exhibit narrow compositional ranges regarding their major element relationships. Due to their
common occurence and spatial distribution, these rocks were considered to represent an ambient lithospheric mantle under-
neath the study area. The geochemical characteristics of the other groups allowed their linking to different events described in
former scientific works. Atleast 11 out of the 17 distinguished groups (i.e. ~35% of the classified xenoliths) are strongly related
to the Neogene alkali basaltic volcanism. This suggests that the pre-Neogene rootzones of volcanic fields in the Carpathian—
Pannonian region were significantly modified by intensive melt-rock reactions between upward migrating basaltic melts and
wall rocks, which took place in the last ~10 million years.
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Introduction

In science, similar to other areas of life, increasing
amounts of data are being accumulated. Geology is no ex-
ception, although gathering data is often challenging (e.g.,
requires time-consuming field or lab work). The wide appli-
cation of analytical techniques led to a compilation of geo-
logical databases consisting of rock and mineral composi-
tions [PetDB (http://www.earthchem.org/petdb) and GEOROC
(http://georoc.mpch-mainz.gwdg.de/georoc/)], geochrono-
logical data [Geochron (https://www.geochron.org/)], pa-
leomagnetic and partition coefficient values [Earth Refer-
ence Data and Models (https://earthref.org/)], spectral charac-
teristics of nominally anhydrous minerals [PULI (http://puli.
mfgi.hu/)], etc. Such compilations help with finding rele-
vant references comparable to our results and making re-
gional to global inferences. Despite their easy accessibility,
databases are hard to overview and relationships, which are
too complex to be extracted by descriptive statistics, may
remain hidden.

In this situation, machine learning (ML), a branch of ar-
tificial intelligence, can help as it is capable of exploiting
information stored in large datasets. ML is a set of algo-
rithms and techniques that can automatically explore rela-
tions in the data to make predictions or decisions (MURPHY
2012). The major application fields of machine learning are
classification, clustering, regression, dimensionality reduc-
tion and preprocessing (PEDREGOSA et al. 2011). Clustering
is an unsupervised ML method aimed at grouping similar
instances into sets known as clusters. In various branches of
geology, such as geochemistry (DAWSON & STEPHENS 1975),
volcanology (CORTES et al. 2007, GLEESON et al. 2021, Bos-
CHETTY et al. 2022, HENCZ et al. 2023), sedimentology (Bo-
ROVEC 1996, KALKREUTH et al. 2010, Kim et al. 2013), miner-
alogy (JERRAM & CHEADLE 2000, LACH-HAB et al. 2010) and
exploration geology (JANSSON et al. 2022, GONCALVES et al.
2024, SADEGHI et al. 2024), the use of various clustering
methods is prevalent. These prior examples demonstrate
that although geological databases are often limited in size,
clustering is a useful tool to answer questions in the diverse
field of geology.

Hundreds of upper mantle xenoliths hosted by wide-
spread Neogene alkali basalts in the Carpathian—Pannonian
region (CPR) (Figure 1, a) have been intensively studied in
the last decades (EMBEY-IszTIN et al. 1989, BAL1 et al. 2007,
FaLus et al. 2008, HipAsS et al. 2010, BERKESI et al. 2012,
ARADI et al. 2017). Most of these studies include detailed
major and trace element analyses of the rock-forming min-
erals such as olivine, orthopyroxene, clinopyroxene and
spinel. Additionally, data are also available on accessory
phases including amphibole, apatite, ilmenite, zircon and
rutile (ZANETTI et al. 1995, VASELLI et al. 1995, COLTORTI et
al. 2007, BALI et al. 2018, LANGE et al. 2023). Therefore, a
robust geochemical knowledge of upper mantle xenoliths is
available in the literature, scattered in many publications.
Probably the most investigated locality among the xenolith-
bearing Neogene basalts in the CPR is the N6grad—Gomor

Volcanic Field (NGVF) (Figure 1, b). In the NGVF, the
number of both the studied xenoliths and the applied tech-
nics is large, including various geochemical (HOVORKA &
FEIDI 1980, SZABO & TAYLOR 1994, SZABO & BODNAR 1995,
SzABO et al. 1996, KONECNY et al. 1999, Liptal et al. 2017,
PATKO et al. 2020) and geophysical approaches (KLEBESZ et
al. 2015, Liptar et al. 2019, PATKO et al. 2021a).

This study focuses on 112 upper mantle xenoliths (with
114 lithologies due to composite xenoliths) collected in the
NGVF. Our principal goals were to 1) build a uniform geo-
chemical database including the major element composi-
tions of the rock-forming minerals based on former publica-
tions, and 2) implement cluster analysis on the assembled
database in order to reveal the geochemically, and thus
likely genetically different mantle volumes underneath the
study area.

Geological background

The Pannonian Basin is situated in Central Europe sur-
rounded by the Alpine, Carpathian and Dinaric orogenic
belts (Figure I, a). Understanding the complex tectonic evolu-
tion of this extensional back-arc basin has been the focus of
many studies (ROYDEN et al. 1982, FODOR et al. 1999, HOR-
VATH et al. 2006, KovAcs et al. 2012, BALAZS et al. 2016). 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 (CSONTOS & VOROS 2004),
divided by the Mid-Hungarian shear zone (CSONTOS &
NAGYMAROSY 1998) (Figure I, a). The juxtaposition of the

— Figure 1. (a) Simplified geological map of the Carpathian-Pannonian region
(after CsoNTOS & VOROs 2004) with the assumed ALCAPA - Tisza-Dacia
microplate boundary (after CSONTOS & NAGYMAROSY 1998). Xenolith-bearing
Neogene alkali basalt localities (SzABO et al. 2004) are depicted using abbrevia-
tions: SBVF: Styrian Basin Volcanic Field; LHPVF: Little Hungarian Plain Vol-
canic Field; BBHVF: Bakony-Balaton Highland Volcanic Field; NGVF: Nog-
rad-Gomor Volcanic Field; PMVF: Persani Mountains Volcanic Field. (b) Al-
kali basalt outcrops and xenolith sampling locations in the Nograd-Gomor
Volcanic Field (modified after Jugovics 1971); quarries or outcrops from NW
to SE can be divided into three parts as follows: northern segment: Podrecany
[Patakalja] (NPY), Maskova [Maskofalva] (NMS), Jelsovec [Jelséc] (NJS);
central segment: Fil'akovo-Kercik [Fiilek-Kercsik-tetd] (NFL), Trebel'ovce
[Terbeléd] (NTB), Fil'akovské Kovace [Fiilekkovacsi] (NFK), Ratka [Ratka]
(NFR), Macacia [Macskaké] (NMC), Magyarbanya (NMM), Eresztvény
(NME), Nagy-Salgdé (NNS) and southern segment: Barna-Nagyké (NBN),
Barna-Kisk6 (NBK)

— L dbra (a) A Kdrpat-Pannon régio egyszeriisitett foldtani térképe (CSONTOS &
Voros 2004 alapjdn) az ALCAPA és a Tisza-Ddcia mikrolemezek feltételezett ha-
tardval (CSONTOS & NAGYMAROSY 1998 alapjan). A neogén korii, xenolitot tartalma-
20 alkdli bazaltos lelohelyek (S24B0 et al. 2004) a kovetkezd roviditésekkel birnak:
SBVF: Stdjer-medence Vulkdni Teriilet, LHPVF: Kisalfold Vulkdni Teriilet, BBHVF:
Bakony-Balaton-felvidék Vulkdni Teriilet, NGVF: Nograd-Gomor Vulkani Teriilet,
PMVF: Persdany-hegység Vulkadni Teriilet. (b) Alkali bazalt eléforduldsok és xenolit
lel6helyek a Nograd-Gomaor Vulkdni Teriileten (Jucovics 1971 utdn modositva). A
kdfejték és feltardsok ENy-rl DK felé hdrom szegmensre oszthatok. Ezek név sze-
rint a kovetkezok: északi szegmens: Podrecany [Patakalja] (NPY), Maskovad [Mas-
kdfalva] (NMS), Jelsovec [Jelsoc] (NJS); kizponti szegmens: Fil'akovo-Kercik
[Fiilek-Kercsik-tetd] (NFL), Trebel ovce [ Terbeléd] (NTB), Fil akovské Kovace [Fii-
lekkovdcsi] (NFK), Ratka [Rdtka] (NFR), Macacia [Macskakd] (NMC), Magyar-
banya (NMM), Eresztvény (NME), Nagy-Salgo (NNS) és déli szegmens: Bdrna-
Nagyko (NBN), Barna-Kiskd (NBK)
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mega-units occurred during the latest Oligocene to early
Miocene after the extrusion of the ALCAPA mega-unit
(KAzMER & KovAcs 1985) due to the northward movement
of the Adriatic microplate and slab rollback (FODOR et al.
1999). Significant extension took place in the Pannonian
Basin during the Neogene (HORVATH et al. 2006) leading to
considerable thinning of the lithosphere and asthenosphere
doming (HORVATH 1993, HUISMANS et al. 2001, KALMAR et
al. 2023, RuBOCzKI et al. 2024). Finally, the collision of the
mega-units (ALCAPA and Tisza—Dacia) with the stable
European platform led to a compressive tectonic regime
from the late Miocene (HORVATH & CLOETINGH 1996, BADA
etal. 2007).

All stages of the basin evolution were accompanied by
widespread volcanism in the Carpathian—Pannonian region
(CPR) characterized by silicic, calc-alkaline and alkali vol-
canic products (SzaBO et al. 1992, SEGHEDI & DOWNES 2011).
In the study area, both garnet-bearing calc-alkaline (Ha-
RANGI et al. 2001) and alkali volcanic rocks (KONECNY V. et
al. 1995) occur (Figure 1, b). The formation of monogenetic
alkali basalts, such as the ones comprising the study area of
the NGVF (Figure I, b), can be explained by adiabatic de-
compression melting of the asthenosphere related to an ex-
tension-associated upwelling (~20-8 Ma) (EMBEY-ISZTIN et
al. 1993, HArRANGI et al. 2015). Since decompression melt-
ing raises temporal controversies, it has recently been pro-
posed that compression in the tectonic inversion stage of the
CPR evolution may have squeezed partial melts out from the
asthenosphere (KovAcs et al. 2020). The volcanic activity in
the NGVF took place between 6.17 Ma and 1.35 Ma based
on K—-Ar dating (BALOGH et al. 1981). New results of com-
bined U/Pb and (U-Th)/He geochronometry (HURALI et al.
2013) propose a slightly extended period for the volcanism
(7-0.3 Ma).

The NGVF basalts host numerous crustal (KovAcs &
SzABO 2005; HURAIOVA et al. 2005, 2017) and ultramafic
xenoliths. Among the ultramafic xenoliths, based on the
classification of FREY & PRINZ (1978), both Type-I (EMBEY-
IszTiNn 1978, HovorkA & FEIDI 1980, SZABO & TAYLOR
1994, KONECNY et al. 1999, Liptal et al. 2017) and Type-II
rocks (i.e., cumulates) (HURAIOVA et al. 1996, KovAcs et al.
2004, Zaiacz et al. 2007) have been reported, representing
volumes of the heterogeneous lithospheric mantle and un-
derplated crystallized products in the vicinity of the Moho,
respectively. The geochemical characteristics of Type-I
xenoliths reveal that melt extraction (e.g. light rare earth
element — LREE — depletion) and metasomatism (e.g.
LREE enrichment) both occurred underneath the NGVF
(Liptaret al. 2017). The enrichment can be linked to migrat-
ing silicate melts (SzABO et al. 1996, ZaJacz et al. 2007,
Liptal et al. 2021), sulfide melts (SzZABO & BODNAR 1995,
ZAJACZ & SzABO 2003, PATKO et al. 2021b) and fluids (Hu-
RAIOVA & KONECNY 1994; SzABO & BODNAR 1996, 1998).
The metasomatic fingerprints are dominantly linked to a re-
cent (last 7 Ma) magmatic event that produced the xenolith-
bearing host basalts and their surface forms as well (PATKO
et al. 2020). Note that the effect of subduction-related fluids

has also been explored underneath the NGVF based on the
presence of Nb-poor amphiboles (LipTal et al. 2017). LIPTAI
etal. (2017) argued that this suprasubduction character is an
inherited feature representing a tectonic situation that exist-
ed in the Alpine collision zone, far from the current location
of the NGVF. It is the extrusion that moved suprasubduc-
tion mantle volumes to their current position (KovAcs &
SzaB6 2008).

Database

The cluster analysis in this study is based on the major
element geochemistry of the rock-forming constituents of
upper mantle xenoliths (Supplementary Table I). These
minerals and major elements are as follows: SiO,, FeO,
MnO, MgO, CaO, NiO for olivine, SiO,, TiO,, Al,O,, Cr,0O,,
FeO, MnO, MgO, CaO, Na,O for orthopyroxene, SiO,,
TiO,, Al,O,, Cr,0O,, FeO, MnO, MgO, CaO, Na,O, for
clinopyroxene and TiO,, Al,O,, Cr,0O;, FeO, MnO, MgO,
NiO for spinel. This database contains standardized electron
microprobe-based results published in the following papers:
Hovorka & Feip1 (1980) (4 xenoliths); SzABO & TAYLOR
(1994) (22 xenoliths and 2 extra lithologies appearing as
veins); KONECNY P. et al. (1995) (4 xenoliths); KONECNY et
al. (1999) (5 xenoliths); KovAcs et al. (2004) (6 xenoliths);
ARADI et al. (2013) (6 xenoliths); LipTAI et al. (2017) (53
xenoliths); PATKO et al. (2020) (12 xenoliths). Altogether,
geochemical data of 112 upper mantle xenoliths (114 dif-
ferent lithologies) were compiled.

Applied cluster analysis algorithm
(CluStress)

In this study, a clustering algorithm, named CluStress
(Czirok & KusLiTs 2018, CzIrROK et al. 2022) was applied
(the latest version of CluStress is available here: https://pypi.
org/project/clu-stress/). This algorithm does not require to
set hyperparameters (e.g. number of clusters, number of ele-
ments within a cluster, etc.). However, there is one optional
parameter that can be used for filtering outliers from the
input database.

The algorithm utilizes the non-reflexivity of the nearest
neighbor principle after calculating datapoint distances to
reveal linkages. The linkage rule in CluStress is significant-
ly simpler than in the methods of hierarchical clustering
(CamPELLO et al. 2013) or hierarchical density-based clus-
tering applications with noise (HDBSCAN) (MCINNES et al.
2017) methods.

An important peculiarity of the CluStress algorithm is
that it allows to find the clustered nearest neighbors of un-
clustered points instead of the other way around. Therefore,
CluStress leads to the separation of larger and more compact
clusters, and avoids their merging with adjacent point class-
es, which have their own internal compactness. Further-
more, anoptional parameter for outlier detection is also
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available to filter isolated and ‘confusing’ points. In this
study, the authors executed the Box-Cox transformation
(Box & Cox 1964) to filter the outliers from the initial
database. The operation of this outlier parameter in CluStress
is similar to the epsilon (Eps) value of DBSCAN (ESTER et
al. 1996, CAMPELLO et al. 2013) or HDBSCAN (MCINNES et
al. 2017), i.e., it sets a threshold for the distance of neighbor-
ing points. In this study, we fixed this Eps value to 1.5 to
extract inappropriate, isolated data from the input dataset.
The large number of sets is essentially a consequence of the
algorithmic logic because it separates several small groups
that have their own “clusterized” cores, which is useful
mainly because the larger sets then become more compact.
The applied Python code is available here: https://github.
com/lukacskuslits/clu-stress/tree/nearest_neighbors/tests.
The results (Figure 2, a) were illustrated using Umap
technique (MCINNES et al. 2020) that reduces the high-
dimensional data to two dimensions while reasonably pre-
serving the original distance relations of the data points. To
reveal how the major element composition of different rock-
forming minerals influences the clustering, vectors were
created in the field of the two major principal components
(Figure 2, b) (PEDREGOSA et al. 2011). The results suggest a
negative correlation for the xenoliths, especially when all
supergroups are considered (Figure 2, b). The obtained
xenolith distribution along with the vectors for different ma-
jor elements suggests that the classification is dominantly
based on the geochemistry of olivines (the different olivine

major element vectors align with the direction described by
the xenoliths) (Figure 2, b). In contrast, the composition of
orthopyroxenes only weakly influences the classification
(Figure 2, b). Among the elements, iron content might play
a key role in the classification, as it is represented by vectors
for several minerals (olivine, clinopyroxene, spinel) along
the xenolith trend (Figure 2, b).

Results

One hundred nine out of the 112 upper mantle xenoliths
(i.e., 111 out of the 114 lithologies due to composite (veined)
samples) were classified into two supergroups (Figure 2, a).
The other three xenoliths did not fit with any groups using
CluStress, and thus were not further considered (Supple-
mentary Table I). The supergroups were separated based on
the high-dimensional dataset visualized in two-dimensions
using the Umap technique (Figure 2, a). Xenoliths of Super-
group I and II are dominated by peridotites (>40 vol.% oli-
vine content) and pyroxenites (<40 vol.% olivine content),
respectively (Figure 3). Supergroup I was split into two sub-
groups (Supergroup I/a and I/b). The xenoliths of Super-
group I/a are mostly lherzolites by their modal composition,
with orthopyroxene/clinopyroxene ratios mainly >1.5 (Fig-
ure 3; Supplementary Table I). In contrast, xenoliths clas-
sified into Supergroup I/b are characterized by wehrlite domi-
nance, meaning low orthopyroxene/clinopyroxene modal
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Figure 2. (a) The resulting clusters in the high-dimensional parameter space (defined by the major elements) projected into a two-dimensional (x-y) plane using the
Umap technique (MCINNES et al. 2020). (b) Xenolith data points in the field of the first two principal components (PC1 and PC2) (PEDREGOSA et al. 2011). Vectors

show the contribution of different major element compositions

2. dbra. (a) Sokdimenzios adatok kétdimenzios térbe (x-y mezd) torténd redukdldsa Umap algoritmus (MCINNES et al. 2020) alkalmazdsaval. (b) Xenolit adatpontok a
két fokomponens (PC1 és PC2) mezdjében (PEDREGOSA et al. 2011). A vektorok a kiilonbizé féelemek csoportositasra gyakorolt hatdsat hivatottak reprezentdlni
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Figure 3. Modal composition of the (a) Group 1; (b) Group 2-13; (¢) Group 15-17 and (d) Group 18-21 NGVF xenoliths on a STRECKEISEN (1976) diagram. The
average composition of the European subcontinental lithospheric mantle (SCLM; DowNEs 1997) is indicated with a dashed line. Data of the NGVF xenoliths are
taken from: HOVORKA & FEIDI (1980), SZABO & TAYLOR (1994), KoVACs et al. (2004), ARADI et al. (2013), LipTal et al. (2017), PATKO et al. (2020)

3. dbra. A nogrdad-gomaori xenolitok dsvanyos dsszetétele STRECKEISEN (1976 ) diagramon dbrdzolva az (a) 1 csoport; (b) 2- 13 csoportok; (¢) 15-17 csoportok és (d) 18-21
csoportok vonatkozasdban. Az dbrdn az eurdpai szubkontinentdlis litoszferikus kopeny (SCLM; DOwNES 1997) megjelenitése szaggatott vonallal tortént. A nograd-gomaori
xenolitok adatainak forrdsa: Hovorka & FEIDI (1980), Sz4B0 & TavLOR (1994), Kovics et al. (2004), ARapI et al. (2013), Liptal et al. (2017), PATKO et al. (2020)

— Figure 4. Major element composition of the NGVF xenoliths. (a) Variation of Mg# vs. NiO in olivine; (b) variation of Mg# vs. MnO in orthopyroxene; (c)
variation of Na,O vs. AL, O, in clinopyroxene; (d) variation of Mg# vs. SiO, in clinopyroxene; (e) variation of Mg# vs. TiO, in clinopyroxene; (f) variation of AL,O,-
Cr,0,-TiO, x 100 in spinel. Data of the NGVF xenoliths are taken from: Hovorka & FEiDI (1980), SzaBO & TAYLOR (1994), KONECNY P. et al. (1995), KONECNY
etal. (1999), KovAcs et al. (2004), AraDI et al. (2013), LipTal et al. (2017), PATKO et al. (2020)

— 4. dbra. Nograd-Gomor Vulkdni Teriilet xenolitiainak foelem-geokémidja. (a) Mg# és NiO dsszefiiggése olivinben; (b) Mg# és MnO dsszefiiggése ortopiroxénben; (c)
Na,0 és Al,0, osszefiiggése klinopiroxénben; (d) Mg# és SiO, dsszefiiggése klinopiroxénben; (e) Mg# és TiO, Osszefiiggése klinopiroxénben; (f) Al,0;-Cr,0,-TiO, x 100
osszefiiggese spinellben. A nograd-gomori xenolitok adatainak forrdsa: Hovork4 & FEIDI (1980), Sz4B0 & TAYLOR (1994), KONECNY P et al. (1995), KONECNY et al. (1999),
Kovics et al. (2004), Arapi et al. (2013), Liptal et al. (2017), PATKO et al. (2020)
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Table I. Modal and geochemical compositional ranges and average values (latter in brackets) of the supergroups defined by the applied cluster analyses

Abbreviations: ol - olivine; opx - orthopyroxene; cpx - clinopyroxene; sp - spinel

L. tablazat. A klaszteranalizis dltal meghatdrozott szupercsoportok dsvanyos és kémiai dsszetételének tartomdnyai és dtlagertékei (utobbi zdrdjelben)

Roviditések: ol - olivin; opx - ortopiroxén; cpx - klinopiroxén; sp - spinell

Supergroup l/a Supergroup I/b Supergroup |l
ol opx cpx sp ol opx cpx sp ol opx cpx sp
Con”]“::;t'ion 26-91(72) | 4-48(16) | 219(9) | 05(2) |72:88(79) | 0517 (3) | 524(15) | 057(2) | 3-85(38) | — | 12:96(52) | 15(2)
Si0s 39.8-43.3 54.1-58.0 50.6-56.2 _ 39.3-41.2 | 54.1-55.9 50.5-53.2 _ 37.5-43.1 _ 47.1-54.3 _
(40.8) (55.5) (52.1) (40.1) (55.2) (51.6) (39.8) (50.5)
TiO, _ 0.01-0.25 0.05-1.16 | 0.03-0.49 _ 0.05-0.25 0.19-0.96 0.32-1.08 _ _ 0.14-1.97 | 0.14-0.93
(0.08) (0.35) (0.14) (0.10) (0.48) (0.61) (0.86) (0.56)
ALOs _ 1.86-5.00 2.02-764 | 4.89-64.5 _ 1.95-3.91 3.39-6.15 22.9-51.0 _ _ 2.39-9.09 | 32.0-60.4
(3.73) (5.26) (47.8) (2.86) (4.88) (36.9) (5.88) (50.3)
CrOs _ 0.08-0.67 0.18-1.41 1.98-46.4 _ 0.30-0.56 0.77-1.36 10.9-39.9 _ _ 0.07-1.01 | 0.14-33.9
(0.42) (0.91) (18.6) (0.46) (1.09) (23.0) (0.57) (10.9)
FeO 8.37-13.1 5.31-8.05 1.64-3.86 | 9.96-20.3 | 9.78-16.6 | 6.23-9.21 2.67-4.86 13.3-24.0 | 8.88-25.2 _ 2.27-6.51 11.2-24.6
(9.94) (6.33) (2.81) (12.7) (13.4) (8.04) (3.97) (20.0) (15.8) (4.36) (19.5)
MnO 0.04-0.24 0.08-0.23 0.04-0.13 | 0.07-0.55 | 0.15-0.28 | 0.14-0.29 0.08-0.17 0.13-0.31 | 0.15-0.38 _ 0.07-0.15 | 0.07-0.23
(0.15) (0.15) (0.08) (0.12) (0.22) (0.21) (0.12) (0.20) (0.25) (0.11) (0.15)
MgO 45.8-50.5 31.5-34.7 14.2-17.7 | 13.8-22.7 | 44.1-50.2 | 31.4-341 15.2-16.8 12.2-18.4 | 37.1-49.2 _ 13.6-17.4 | 14.4-229
(48.9) (33.2) (15.9) (19.3) (46.7) (32.4) (16.0) (16.1) (44.0) (14.9) (17.5)
ca0 0.04-0.16 0.50-0.99 18.0-23.2 _ 0.08-0.20 | 0.63-1.52 20.1-21.8 _ 0.03-0.24 _ 17.2-22.5 _
(0.08) (0.74) (21.2) (0.13) (1.09) (20.6) (0.12) (21.0)
NaxO _ 0.004-0.16 | 0.25-2.06 _ _ 0.07-0.14 | 0.82-155 _ _ | 031154 _
(0.07) (1.19) (0.08) (1.09) (0.90)
NiO 0.27-0.42 _ _ 0.16-0.43 | 0.22-0.35 _ _ 0.13-0.32 | 0.07-042 | _ _ 0.09-0.29
(0.37) (0.32) (0.31) (0.25) (0.22) 0.17)
Mg 0.86-0.91 0.88-0.92 0.88-0.95 | 0.64-0.88 | 0.83-0.90 | 0.86-0.91 0.85-0.91 0.56-0.75 | 0.72-0.90 _ 0.79-0.93 | 0.61-0.88
(0.90) (0.90) 0.91) (0.78) (0.86) (0.88) (0.88) (0.67) (0.83) (0.86) (0.70)
Cri B _ B 0.02-0.64 _ _ _ 0.13-0.54 _ _ _ 0.002-0.42
(0.22) (0.29) (0.13)

composition ratios (<1) (Figure 3; Supplementary Table 1).
Olivine, orthopyroxene and clinopyroxene have higher aver-
age Mg-numbers in Supergroup I/a (0.90, 0.90, 0.91, respec-
tively) compared to the Supergroup I/b xenoliths (0.86,
0.88, 0.88, respectively) (Figure 4, a, b, d, e; Table I).

The investigated NGVF xenoliths were classified into 17
groups based on the cluster analysis (Figure 5; Supplemen-
tary Table 1). Supergroup I/a contains the Groups 1-9 (Fig-
ure 5) with altogether 82 xenoliths (Supplementary Table 1),
whereas Supergroup I/b includes Groups 10-13 (Figure 5)

with 17 xenoliths (Supplementary Table I). Supergroup II
contains four groups (Group 14-17) with 10 xenoliths and
two veins that appear within wall rocks classified into Super-
group l/a (Figure 5; Supplementary Table I). The most
populous group is Group 1 with 58 members. The rest of the
groups contain <9 xenoliths (Figure 5). There is one group
(Group 11) with only one member (Figure 5).

Group 1 xenoliths are present in all localities except
Nagy-Salgé (NNS) and Bérna-Kiské (NBK), and they are
dominant (>50%) in six localities (Podrec¢any [Patakalja]
(NPY); Maskova [Maskofalval
(NMS); Jelsovec [Jels6e] (NJS);

SUPERGROUP l/a

60|
52%
50
40
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20

Fil’akovo-Kerc¢ik [Filek—Ker-
csik-tetd] (NFL); Trebel’ ovce
[Terbeléd] (NTB); Eresztvény
(NME) (Figure 6). Among the
other groups with more than one
member, there are some which
appear to be restricted to certain
localities, such as Group 3 to
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Figure 5. Column chart showing the prevalence of different xenolith groups. The frequency of each group is given in
percentage on the top of all columns. Note that one of the xenoliths of the two-membered Group 13 belong to

Supergroup I/a and the other to Supergroup I/b

5. dbra. A xenolitcsoportok gyakorisdgat bemutato oszlopdiagram. A csoportok gyakorisdgdnak szdzalékban kifejezett
érteke leolvashato az oszlopok tetején. A két xenolitot magaba foglalo 13-as csoport egyik tagja az I/a mig a mdsik az 1/b

szupercsoporthoz tartozik
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Béarna-Nagykd (NBN) or Group
4 to Fil’ akovské Kovace [Fiilek-
kovacsi] (NFK) (Figure 6). The
xenoliths of Group 7, Group 8
and Group 13 were collected in
neighboring localities (Fil’ako-
vo-Kercik [Fiilek—Kercsik-tetd]
(NFL) and Fil’akovské Kovace
[Fiilekkovacsi] (NFK); Masko-
va [Maskoéfalva] (NMS) and Jel-
Sovec [JelsGc] (NJS); Fil”akovo-
Kercik [Fiilek—Kercsik-tetd]
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Figure 6. Spatial distribution of xenolith groups in the Nograd-Gomor Volcanic Field. Alkali basalt outcrops are modified after Jugovics (1971)

6. d@bra. A xenolitcsoportok teriileti eloszldsa a Nograd-Gomaor Vulkani Teriileten. Alkdli bazalt eldforduldsok Jucovics (1971) utdn médositva

(NFL) and Ratka [Ratka] (NFR), respectively) (Figure 6).  Supergroup II xenoliths is limited to the central part of the

The occurrence of more than 80% of Supergroup I/b and NGVF (Figure 6).
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Group 1 xenoliths dominantly have lherzolitic modal
composition with only one dunite xenolith (Figure 3, a). It
is only Group 3 and Group 7 within Supergroup I/a, where
other peridotitic lithologies, dunite and harzburgite also
appear (Supplementary Table I). Besides the peridotites,
one pyroxenite xenolith, namely an olivine websterite,
was also classified with the Supergroup I/a xenoliths,
constituting a two-membered group (Group 8) (Figure 3,
b). Among the 17 xenoliths representing Supergroup I/b,
only four have lherzolitic modal composition (Figure 3,
c). Two out of these lherzolites have equal or higher
clinopyroxene content over the orthopyroxenes (Supple-
mentary Table I). Similarly, xenoliths that belong to
Supergroup II are rich in clinopyroxene (>12 vol.%), but
completely lack orthopyroxenes and have variable olivine
contents (3—85 vol.%) leading to wehrlite, olivine-clino-
pyroxenite and clinopyroxenite lithologies (Figure 3, d,
Table I).

There are significant differences among the supergroups
with respect to the major elements of the rock-forming min-
erals (Figure 4; Table I). Supergroup I/a xenoliths have
higher Mg# (0.86-0.91 with both an average and median of
0.90) and NiO (0.27-0.42 with an average of 0.37 wt.%)
contents in olivine compared to those for Supergroup I/b
(0.83-0.90 with an average and median of 0.86 and 0.22—
0.35 with an average of 0.31 wt.%, respectively) and Super-
group IT (0.72-0.90 with an average and median of 0.83 and
0.84, respectively, and 0.07-0.42 with an average of 0.22
wt.%, respectively) xenoliths (Figure 4, a; Table I). The
ranges of Mg# and MnO in orthopyroxenes for Supergroup
I/a (0.88-0.92 with an average of 0.90 and 0.08-0.23 with
an average of 0.15 wt.%, respectively) and Supergroup I/b
(0.86-0.91 with an average of 0.88 and 0.14-0.29 with an
average of 0.21 wt.%, respectively) are overlapping well
with only slight differences for average values (Figure 4, b;
Table I). The Al O, content in clinopyroxenes is somewhat
higher in Supergroup II (2.39-9.09 with an average and me-
dian of 5.88 and 5.76 wt.%, respectively) with respect to the
xenoliths of Supergroup I/a (2.02-7.64 with an average of
5.26 wt.%) or Supergroup I/b (3.39-6.15 with an average of
4.88 wt.%) (Figure 4, c; Table I). In contrast, the xenoliths of
Supergroup I/b have unequivocally lower Mg# (0.85-0.91
with an average of 0.88) and SiO, (50.5-53.2 with an aver-
age of 51.6 wt.%) and higher TiO, (0.19-0.96 with an aver-
age of 0.48 wt.%) content in clinopyroxenes compared to the
Supergroup I/a xenoliths (0.88—0.95 with an average of 0.91;
50.6-56.2 with an average of 52.1 wt.% and 0.05-1.16 with
an average of 0.35 wt.%, respectively). Supergroup II xeno-
liths show even lower clinopyroxene Mg# (0.79-0.93 with
an average of 0.86) and SiO, (47.1-54.3 with an average of
50.5 wt.%) concentrations and the highest TiO, (0.14-1.97
with an average of 0.86 wt.%) data (Figure 4, d-e; Table I).
In spinels, Supergroups I/b-II have higher TiO, contents
(0.32-1.08 with an average of 0.61 wt.% and 0.14-0.93 with
an average of 0.56 wt.%) compared to Supergroup I/a (0.03—
0.49 with an average of 0.14 wt.%) depicted on the Al,O;-
Cr,0,-TiO,*100 triangle (Figure 4, f; Table I).

Discussion

Ambient mantle characteristics — significance of
Group 1 xenoliths (Supergroup I)

The cluster analysis revealed that Group 1 contains a
markedly larger number of samples than any other identified
groups (Figure 5). This group includes 58 xenoliths which
make up 52% of all successfully classified xenoliths. This
type of xenoliths occur in all localities with the exception of
Nagy-Salgé (NNS) and Barna-Kiské (NBK) (Figure 6).
These observations suggest that Group I xenoliths can be
interpreted as the background or ambient mantle in the
NGVF (Table 2) that was geochemically modified along
melt and fluid migration paths leading to rocks of other
groups.

Among the 11 localities where Group 1 xenoliths are
present, in six outcrops, namely in Podrecany [Patakalja]
(NPY), Maskova [Maskéfalva] NMS, JelSovec [JelsSc]
(NJS), Fil’akovo-Kercik [Fiilek—Kercsik-tet6] (NFL), Tre-
bel’ovce [Terbeléd] (NTB) and Eresztvény (NME) more
than half of the studied xenoliths belong to the Group 1 (Fig-
ure 6). In the NPY locality, exclusively Group 1 xenoliths
were found (Figure 6). Three (NPY, NMS, NJS) out of these
six localities are situated in the northern part of the NGVF
(Figure 1, b). These localities represent the oldest volcanic
phase in the NGVF that occurred 7-5.9 Ma ago (HurAl et al.
2013). This first volcanic phase was followed by five further
phases (Hural et al. 2013). The youngest volcanic edifices
on the surface have ages of <1 Ma (HURrAI et al. 2013). The
discovery of a low electrical resistivity (<1 m) volume un-
derneath the Moho in the central-NGVF using long period
magnetotelluric (MT) measurements and subsequent nu-
merical modelling concluded that small amount (2—-3 vol.%)
of interconnected melt may occur in the lithospheric mantle
of the NGVF even today (PATKO et al. 2021a). Note that
similar low electrical resistivity (<10 m) volumes were re-
cently discovered underneath the Moho in the rootzones of
young (Pleistocene—Holocene) monogenetic volcanic fields
in northeast China (ZHAO et al. 2022, DONG et al. 2023, Liet
al. 2024) and West Bohemia (PLATZ et al. 2022).

All these suggest that intensive migration of melts and
fluids took place in the upper mantle beneath the NGVF
during the last 7 Ma and this process is likely still happening
now, resulting in various metasomatic alterations at sub-
crustal depths. The effect of these metasomatic reactions is
likely less pronounced in xenoliths that were transported to
the surface during the first (oldest) volcanic phase. In con-
trast, mantle xenoliths that had been entrained into younger
host basalts were likely subjected to more fluid and melt
fluxes linked to the long-lasting alkali basaltic volcanism.
Indeed, Group 1 xenoliths are less-frequently the dominant
rocks within the central and southern segments of the NGVF
(in 3 out of 10 localities) (Figure 6) which formed during
younger volcanic phases (<3 Ma). This suggests that the
ambient mantle represented by the Group 1 xenoliths (Table
IT) most likely represent mantle segments formed before the
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Table II. Estimated modal and geochemical composition of the background
(ambient) mantle underneath the NGVF using the average values of the Group
1 xenoliths. Bulk rock data were determined based on mass balance calcula-
tions using the average modal and mineral compositions

Abbreviations: ol - olivine; opx - orthopyroxene; cpx - clinopyroxene; sp - spinel

1. tablazat. A Nograd-Gomor Vulkani Teriilet alatti dtlagos (hdtter) felsékdpeny
becstilt dsvdnyos és geokémiai dsszetétele az I-es csoportba tartozo xenolitok alap-
Jan. A teljeskozet (bulk rock) adatok az dtlagos dsvdnyos dsszetételek és dsviny-
geokémiai adatok felhaszndldsa mellett, tomegegyensiily-szamitdssal késziiltek
Roviditések: ol - olivin; opx - ortopiroxén; cpx - klinopiroxén; sp - spinell

ol opx cpX sp bulk

modal composition 72 17 9 2 —
SiO2 40.8 55.4 52.0 — 43.5
TiO2 — 0.08 0.36 0.13 0.05
Al203 - 377 5.42 48.5 2.10
Cr20s — 0.44 0.97 18.8 0.54
FeO 9.78 6.27 2.78 124 8.60
MnO 0.14 0.14 0.08 0.12 0.14
MgO 49.1 33.2 15.9 19.4 42.8
CaO 0.07 0.75 21.1 — 2.08
Na.0 - 0.08 1.26 - 0.13
NiO 0.39 — — 0.32 0.28

Mg# 0.90 0.91 0.91 0.78 —

Cr# — — — 0.21 —

initiation of the alkali basaltic volcanism. After astheno-
spheric melts reached shallower depths, the lithospheric
mantle was intensely modified especially along melt and
fluid migration paths leading to rocks classified into other
groups.

Group 1 xenoliths are dominantly lherzolites with only
one exception (NBN23 dunite xenolith). Most of the sam-
ples correspond to the modal composition of the average Eu-
ropean subcontinental lithospheric mantle (SCLM; DOWNES
1997) using the classification of STRECKEISEN (1976) (Fig-
ure 3, a). Only 15 out of the 58 Group 1 xenoliths contain
amphibole with a maximum of 3 vol.% modal content, sug-
gesting that modal metasomatism is not a general event af-
fecting these xenoliths. The major element composition of
the olivines in Group 1 xenoliths is within a narrow range.
The Mg# [Mg#=Mg/(Mg/Fe**)] of olivines varies between
0.88-0.91 (with an average of 0.90) (Figure 4, a) agreeing
with the average value characteristic for Phanerozoic litho-
spheric mantle (~0.90; GauL et al. 2000). Similarly, the
orthopyroxenes and clinopyroxenes show uniform geochem-
istry (Mg# range is between, 0.88-0.92 and 0.89-0.94, re-
spectively) (Figure 4, b and d). Note that data on 38 out of 58
Group 1 xenoliths were published by LipTAl et al. (2017),
who classified the 51 xenoliths they studied into four groups
(TA, IB, TTA, 1IB) based on the major- and trace element
characteristics of their rock-forming minerals. In order to
clearly distinguish the groups defined by Liptar et al. (2017)
from the groups established in this study, we use the fol-
lowing terms for prior groups hereafter: LIP-IA, LIP-IB,
LIP-ITA, LIP-IIB. Group LIP-I and LIP-II xenoliths have
olivine Mg# of 0.89-0.91 and <0.89, respectively. Further
division is based on the LREE enrichment (LIP-B subgroup)
or depletion (LIP-A subgroup) in pyroxenes. Although trace
elements were not considered in the current study, the re-
sults revealed that the Group 1 xenoliths dominantly belong

to the LIP-IA (14 xenoliths) and LIP-IB (18 xenoliths)
groups following the classification of LipTAI et al. (2017)
(Supplementary Table I). In contrast, Group LIP-IIA and
LIP-IIB xenoliths are subordinate (NPY 1310, NPY 1311,
NJS1302, NJS1304 and NMC1309, NMMO318 xenoliths,
respectively) among the Group 1 xenoliths (Supplementary
Table I). Lirtal et al. (2017) proposed that the Group LIP-TA
xenoliths represent mantle segments affected by a minimum
of ~7-10% melt extraction. Since Group IA xenoliths, apart
from two amphibole-bearing xenoliths (NMS 1308; NFL.1329),
show no evidence of metasomatism (e.g., presence of hy-
drous phases such as amphibole, LREE enrichment) over-
printing the depleted character, LipTAl et al. (2017) consid-
ered these xenoliths as having formed during the oldest
episodes in the NGVF evolution history. In contrast, LIP-IB
xenoliths were affected by metasomatism linking to the
migration of a mafic melt within intraplate settings (LIPTAI
etal. 2017). This metasomatism left the major element com-
position of the rocks unchanged, which is the basis of our
cluster analysis, and only led to U-Th-Nb-Ta-LREE enrich-
ment in clinopyroxenes (LIPTAI et al. 2017). This explains
why many of the Group LIP-IA and LIP-IB xenoliths were
classified into the same group using the CluStress algorithm
despite their different proposed origin. The six Group 1
xenoliths classified to the LIP-IIA and LIP-IIB xenolith
groups by Liptal et al. (2017) have olivine Mg# values (0.88;
Supplementary Table I) close to the arbitrarily chosen value
of 0.89 distinguishing Group LIP-I and LIP-II.

Depletion and enrichment events in
the mantle of the NGVF

Evolution of Group 2-9 xenoliths
(Supergroup I/a)

The total number of xenoliths in Groups 2-9 (24 xeno-
liths) is much lower compared to the number of xenoliths
belonging to Group 1 (58 xenoliths) (Figure 5; Supplemen-
tary Table I). The groups within Supergroup I/a, with the
exception of Group 1, contain small numbers of xenoliths
(maximum of six; Group 6; Figure 5). Note that among the
9 groups belonging to Supergroup I/a, six groups have 3 or
fewer members (Figure 5).

The low number of the xenoliths within these groups
made it challenging to constrain their evolution history
properly. Nevertheless, there are several groups where all
group member xenoliths were also classified into the same
group by LipTAl et al. (2017). This suggests a similar origin
to all group members, also extending this assumption to
xenoliths discussed in other studies such as HOVORKA &
Feip1 (1980), SzaBO & TAYLOR (1994), KONECNY P. et al.
(1995), KONECNY et al. (1999), ArADI et al. (2013), often
resorting to a scant number of analyzed elements (especially
trace elements), because of the less advanced instruments
available at the time.

Group 2 contains only amphibole-free LIP-IA xenoliths,
proposed to have been affected exclusively by depletion,
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which was not followed by any episodes of enrichment (L1p-
TAI et al. 2017). Similarly, the Group LIP-IIA xenoliths that
correspond to Groups 1 and 8 dominantly have a proto-
granular texture (Supplementary Table I). They were sub-
jected only to low degree (<5%) melt extraction, meaning
that these xenoliths represent the most fertile upper mantle
domain in the NGVF (Liptal et al. 2017). Such xenoliths
with protogranular texture and fertile composition were also
found in the Bakony—Balaton Highland Volcanic Field
(BBHVF) and were interpreted as prior asthenospheric do-
mains newly accreted to the lithosphere after tectonic inver-
sion (KovAcs et al. 2012, PATKO et al. 2024). These BBHVF
xenoliths had higher equilibrium temperatures, which may
indicate a deeper origin. If we compare the results of the rare
earth element-based thermometer (Tyg,; LIANG et al. 2013)
for the LIP-ITA and the other xenoliths from the northern
segment of the NGVF, we get higher values in the former
(1052-1145 with an average of 1076 °C) than in the latter
(980-1097 with an average of 1030 °C) xenoliths (LIPTAI et
al. 2017). This difference is notable even when we consider
the uncertainties of the Ty, thermometer. These data sug-
gest that the LIP-IIA xenoliths may also represent a greater
depth of the lithospheric mantle compared to the LIP-IA and
LIP-IB xenoliths of the northern segment of the NGVF. The
Tree data are >100 °C higher than Ty (two pyroxene ther-
mometer of BREY & KOHLER (1990)) of the same xenoliths,
which suggests a recent cooling event in the lithospheric
mantle (WANG et al. 2015). The reason for this may be the
tectonic inversion and gradual deepening of the lithosphere-
asthenosphere boundary in the Pannonian Basin (HORVATH
& CLOETINGH 1996, BADA et al. 2007).

Group 7 consists partly of the only LIP-IB xenolith
(NFL1315A) not classified into the Group 1 (Supplemen-
tary Table I). LIP-IB xenoliths were affected by mafic melt
metasomatism within intraplate settings leading to U-Th-
Nb-Ta-LREE enrichment in clinopyroxenes according to
Lipraretal. (2017). The reason why xenolith NFL1315A was
not classified into Group 1 is probably its harzburgitic
modal composition and thus different major element geo-
chemistry such as its slightly lower Al and Ti content for
rock-forming minerals compared to those in Group 1 xeno-
liths (Supplementary Table I).

Members of Groups 6 and 9 consist only of xenoliths
that were classified into the LIP-IIB (Supplementary Table
I). Liptaret al. (2017) suggested that these LIP-IIB xenoliths
were formed recently, linking to subcrustal melt migration
of the Neogene alkali basalt volcanism. Such silica under-
saturated melts interact with peridotite wall rock, which can
lead to the formation of clinopyroxenes at the expense of
orthopyroxenes resulting in clinopyroxene-rich lithologies
(MiTcHELL & GROVE 2016). Indeed, the LIP-IIB xenolith of
Group 6 xenoliths has an orthopyroxene/clinopyroxene ratio
<1 (Supplementary Table I). The role of basaltic melt in the
formation of Groups 6 and 9 xenoliths are further proved by
their so-called basaltic element (Fe, Mn, Ti)-rich character
compared to other xenoliths belonging to Supergroup I/a
(Figure 4).

There is one group (Group 7), where the members
include both LIP-IB and LIP-IIB xenoliths (Supplemen-
tary Table 1). Note, however, that the evolutionary history
of both the LIP-IB and LIP-IIB xenolith groups is related
to migrating mafic melts, which makes their major ele-
ment geochemistry similar to each other (LipTAl et al.
2017).

The reason why xenoliths formed in a single event were
often classified into more groups is possibly due to minor
geochemical differences in the products reflecting distinct
starting materials, different degree of metasomatism / par-
tial melting, metasomatic agent changes along migration
channels, etc.

Wehrlitization — formation of Group 10-13
xenoliths (Supergroup 1I/b)

Supergroup I/b dominantly has wehrlite xenolith mem-
bers classified into four groups (Group 10, 11, 12, 13) (Fig-
ure 5; Supplementary Table I). In addition to the wehrlites,
four lherzolites were also classified into Supergroup I/b.
Two out of these four lherzolites have an orthopyroxene/
clinopyroxene ratio <1 (Supplementary Table I). The xeno-
liths classified into Supergroup I/b, except for one xenolith
(NBNO311) originate from southern Barna-Nagykd (NBN),
and were all collected in the central part of the NGVF (Fig-
ure 6). Twelve wehrlite xenoliths were investigated by PAT-
KO et al. (2020) in detail. PATKO et al. (2020) defined these
rocks as iron-wehrlites, which are known in various tectonic
settings all over the world and suggested to have formed as a
result of intensive melt-rock reactions between peridotitic
wall rocks and silica-undersaturated basaltic melts (PESLIER
et al. 2002, IoNov et al. 2005, X1a0 et al. 2010, SHAW et al.
2018, LiN et al. 2020). The NGVF wehrlites can be consid-
ered as extreme products of the metasomatic event that also
led to the formation of LIP-IIB xenoliths, which are domi-
nantly clinopyroxene-rich (clinopyroxene>orthopyroxene)
lherzolites. The reason why in some xenoliths almost all
orthopyroxene was consumed, whereas in others, the ortho-
pyroxene remained in a high modal presence (sometimes
>10 vol.%) can be due to the various melt-rock ratios during
the interactions (PATKO et al. 2020). The melt-rock ratio is
determined by the distance from melt migration channels,
meaning that the LIP-IIB lherzolites and wehrlites were
likely formed farther away and closer to them, respectively.
PaTkO et al. (2020) suggested that the clinopyroxene-enrich-
ment is associated with a recent melt generation and migra-
tion process, which is linked to the same magmatic event as
the host basalt volcanism in the Neogene.

The reason why the CluStress algorithm distinguished
four groups within Supergroup II can be the different de-
grees of metasomatism in case of the wehrlites. Note that
PATKO et al. (2020) classified the wehrlites into three groups,
namely highly, moderately and weakly metasomatized
xenoliths, referring to the degree of metasomatism con-
strained mostly by the major element characteristics of the
rock-forming minerals. Wehrlite xenoliths in Group 10 are
weakly metasomatized (PATKO et al. 2020). This weakly-
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metasomatized character is further supported by the third
member of Group 10, which has a lherzolitic composition
(Supplementary Table I). Similarly, half of the Group 13
xenoliths are lherzolitic suggesting only a weak metasomat-
ic effect on them (Supplementary Table I). The most popu-
lous Group 12 contains highly, moderately and weakly
metasomatized wehrlites equally. This suggests that the
degree of metasomatism alone is not enough to explain the
existence of the four groups within Supergroup I/b. The
major element composition of the subordinate orthopy-
roxenes can be the major factor in distinguishing these
groups. Orthopyroxenes in the Group 10, 11 and 13 have nar-
row compositional ranges, which clearly differs from that of
the Group 12 xenoliths (Figure 4, b).

Underplating near the Moho — formation of
Group 14—17 xenoliths (Supergroup II)

There are four groups (Group 14, 15, 16, 17) that belong
to Supergroup II (Figures 2, 5). Group 14 consist of five
xenoliths including three wehrlites (Supplementary Table I).
These wehrlites resemble the Supergroup I/b xenoliths re-
garding their modal composition (Figure 3, d) and geo-
chemical characteristics (Figure 4). The reason why the
cluster analyses sorted these wehrlites in Supergroup II can
be the missing orthopyroxenes in them. Note that the lack of
orthopyroxenes is a common feature in all Supergroup II
xenoliths (Supplementary Table I).

The other three groups (Group 15, 16, 17) are all com-
posed of cumulate xenoliths with olivine clinopyroxenite,
clinopyroxenite and wehrlite modal compositions (Figure 3,
d). According to HURAIOVA et al. (1996), KovAcs et al.
(2004) and Zasacz et al. (2007), the cumulates are crystal-
lized from basaltic melts near the Moho, resulting in under-
plated bodies. The cumulate formation, similar to the LIP-
IIB and Supergroup I/b xenoliths, is likely related to the al-
kali basaltic volcanism of the Neogene volcanic activity
(KovAcs et al. 2004). Magmatic underplating is a well-
known process dominantly related to the stagnation of as-
thenosphere-derived melts in the vicinity of the Moho,
leading to local thickening of the crust (GAHLAN et al. 2012,
PERINELLI et al. 2017).

Implications of alkali basalt volcanism in
lithospheric mantle evolution underneath
the NGVF

According to our results and the outcomes of prior stud-
ies (KovAcs et al. 2004, Liptatet al. 2017, PATKO et al. 2020),
the Neogene alkali basalt volcanism significantly altered the
lithospheric mantle underneath the NGVF by forming vari-
ous new domains (Figure 7). Some of these domains were
located farther away from melt migration paths and thus
were buffered by the pre-Neogene mantle characteristics
from petrographic and geochemical points of view. These
rocks were classified into Groups 6 and 9 and also appear in
Group 7 (Supplementary Table I), and were defined as LIP-
IIB by Liptal et al. (2017) (Figure 7). In areas where the
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Figure 7. Schematic illustration of the supposed upper mantle domains under-
neath the NGVF (modified after Liptal et al. 2017). Group numbers in brack-
ets refer to the results of the current study, which can unambiguously link to
mantle volumes defined by prior studies (LIPTAI et al. 2017: LIP-IA, LIP-IIA,
LIP-IB, LIP-IIB; PATKO et al. 2020: wehrlite and KovAcs et al. 2004: cumulate
xenoliths). Depth of Moho and LAB (lithosphere-asthenosphere boundary) in
the NGVF are taken from KLEBESzZ et al. (2015). (For abbreviations of the
sampling sites see Figure 1, b)

7. abra. A Nograd-Gomor Vulkdni Teriilet alatti felsokopeny feltételezett egységeit
bemutato sematikus dbra (LiPTAl et al. 2017 alapjan). A zdardjelben megjelend cso-
portok a jelen tanulmanyban keriiltek meghatdrozasra és egyértelmiien kotédnek
kordbban definidlt kopenytérfogatokhoz (Liptai et al. 2017: LIP-IA, LIP-IIA, LIP-
IB, LIP-IIB; PATKO et al. 2020: wehrlit [wehrlite] és Kovics et al. 2004: kumuldtum
[cumulate] xenolitok). A KLEBESZ et al. (2015) dltal meghatdrozott Moho és lito-
szféra-asztenoszféra hatar (LAB) mélységek Nograd-Gomdrre vonatkoznak. (A
xenolit-eldforduldsok roviditései megtaldlhatok az 1b dbra aldirdsdaban)

melt-rock ratio was higher (i.e. closer to melt migration
channels) wehrlite bodies were formed (Groups 10-13). The
appearance of wehrlite xenoliths being largely restricted to
the central-NGVF (Figures 6, 7) is probably due to tectonic
reasons as proposed by PATKO et al. (2021a). The xenoliths
included in Group 14, although being sorted in another
supergroup (Supergroup II instead of Supergroup I/a), are
similar to those appearing in Groups 1013 (Supplementary
Table I). The reaction textures (irregular-shaped orthopy-
roxenes in the core of newly formed clinopyroxenes; figure
2g in PATKO et al. 2020) and the geochemical hetero-
geneities present even within grains suggest that wehrlite
xenoliths are in disequilibrium. These observations further
support that these rocks were formed shortly before their
entrapment into the host basalt. The upward migrating melts
may stagnate and crystallize to form cumulates (Groups 14—
17) in the vicinity of the Moho (Figure 7), the most
pronounced discontinuity in the lithosphere. All these reveal
that at least 11 groups out of the distinguished 17 (i.e. ~35%
of the classified xenoliths) are strongly related to the alkali
basaltic volcanism.

In case of xenoliths that were unaffected by the Neogene
alkali basaltic melts, further events, including both deple-
tion and enrichment associated with partial melting and
metasomatism, respectively, were explored (LIPTAI et al.
2017) (Figure 7). However, these xenoliths (e.g., members
of Group 1, 2, 3, 4, 5, 8) show only moderate variation
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considering their major element characteristics (Figure 4)
suggesting that a large proportion of the upper mantle was in
chemical equilibrium before the introduction of the first
basaltic magma batches in the Neogene. Based on these
findings, we assume that in the rootzones of other volcanic
fields of the CPR, where intensive basaltic melt migration
occurred (HARANGI et al. 2015) in the last ~10 million years
(PEcskAY et al. 2006), the pre-Neogene petrographic and
geochemical characteristics of the lithospheric mantle were
overprinted significantly.

Conclusion

1) In this study a database was compiled using the data of
112 upper mantle xenoliths (114 lithologies due to compos-
ite samples) from the N6grad—Gomor Volcanic Field. The
database is composed of the major element compositions of
the rock-forming minerals (olivine, pyroxenes and spinel).
Subsequently, a cluster analysis was implemented on these
data leading to the discrimination of three supergroups (I/a,
I/b and II) and 17 groups within them.

2) Most of the xenoliths (~50% of all classified xeno-
liths) were sorted into Group 1 and appear in almost all
xenolith-bearing localities in Nograd—Gomor. The Group 1
xenoliths exhibit narrow compositional ranges with an
olivine Mg# of ~0.90. These rocks were considered to
represent an ambient lithospheric mantle underneath the
study area based on their frequency and spatial distribution.

3) Most of the resulting groups are possibly linked to
different events described by former scientific works. For
example, Group 2 only includes xenoliths that were af-
fected by variable melt extraction (~5-25%). In contrast,
members of Group 1013 are products of intensive melt-
rock reactions, whereas Group 14—17 xenoliths are cumu-

lates formed by basaltic melt crystallization in the vicinity
of the Moho.

4) At least 11 groups out of the distinguished 17 (i.e.
~35% of the classified xenoliths) are strongly related to the
Neogene alkali basaltic volcanism. This suggests that the
pre-Neogene rootzones of volcanic fields in the Carpathian—
Pannonian region were significantly modified due to inten-
sive melt-rock reactions between upward migrating basaltic
melts and wall rocks taking place in the last ~10 million
years.
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Supplementary Table I. Petrographic and geochemical data of the NGVF xenoliths involved in this study. The localities can be deduced from the sample names or
from the abbreviations provided in brackets following the sample names. For explanation of the abbreviations of the sampling sites, see Figure 1b

1. kiegészitd tabldzat. A jelen tanulmdnyban vizsgalt nograd-gomari xenolitok petrogrdfiai és geokémiai adatai. A mintalelohelyek kikovetkeztetheték a mintanevekbal,
ritkdbban a mintanevek mogott zardjelben szerepelnek. A mintagyiijtési helyek roviditéseinek a magyardzatdt az 1. dbra képaldirdsa rogziti





