Olivine major and trace element compositions coupled with spinel chemistry to unravel the magmatic systems feeding monogenetic basaltic volcanoes
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Abstract
Monogenetic basaltic volcanic systems, despite their considerable smaller size and shorter lifetime compared to polygenetic volcanoes, can have complex pre-eruptive histories and composite volcanic facies

architectures. Their source-to-surface investigation is essential for our better understanding of monogenetic volcanism and requires high-resolution mineral-scale analyses.

In this study, we focus on diversely zoned olivine crystals and their spinel inclusions from alkaline basaltic volcanics that are the result of mixing of numerous magmas, crystals and fragments of various origins. The
Fekete-hegy volcanic complex is one of the largest and most composite eruptive centers in the intracontinental monogenetic Bakony-Balaton Highland Volcanic Field (western Pannonian Basin, Eastern Central Europe). It is a
compound multi-vent system built up by multiple eruption episodes: initial maar-forming phreatomagmatic eruptions were followed by massive lava flows and magmatic explosive activity. We performed stratigraphically
controlled sampling in order to reveal the history of the successively erupted magma batches represented by the distinct eruptive units, as well as to discover the petrogenetic processes that controlled the evolution of the
magmatic system.

The juvenile pyroclasts of the phreatomagmatic eruption products (unit 1) contain a remarkably diverse mineral assemblage including five different olivine types and three distinct spinel groups. In addition, they

comprise various xenoliths. Based on detailed textural investigations combined with in situ electron microprobe analyses, high-resolution laser ablation ICP-MS trace element mapping and single spot measurements on the



variably zoned olivines of unit 1 samples, eight distinct environments are inferred to have been involved in their formation. Four of these environments account for the significant compositional variation of the olivine-hosted
spinel inclusions. A complex set of open- and closed-system petrogenetic processes operated during the evolution of the magmatic system: magma stalling, accumulation, storage, fractionation, mixing, replenishments,
cumulate remobilization, incorporation of foreign fragments and crystals from the wall rocks. All these diverse environments and processes resulted in the mixed character of the erupted magmas during the initial
phreatomagmatic eruptive phase.

In contrast, the uniform petrological features and the small variations shown by the olivines and spinels from unit 2--3 indicate that the later magmatic explosive - effusive phase was preceded by a considerable change
in the magmatic system; it experienced a simple evolution through olivine + spinel fractional crystallization without any of the complexities seen during the initial phase.

The present study emphasizes the importance of high-resolution mineral-scale textural and chemical investigations to unravel the complexity of the sub-volcanic magmatic systems feeding monogenetic basaltic

volcanoes. Compared to the application of whole-rock geochemistry alone, this approach enables a direct and more detailed insight into the architecture and evolution of these systems.
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1.1 Introduction

Mineral-scale studies on various volcanic rocks have long been demonstrated as being key to understanding sub-volcanic systems. As minerals respond both texturally and compositionally to changing magmatic environments,
they retain abundant information concerning the history of magmatic compositions and processes in their crystal growth stratigraphy (e.g., Davidson et al., 2007; Ginibre et al., 2007; Blundy and Cashman, 2008; Streck, 2008). Thus,
detailed investigation of the textures, zoning patterns and compositions of rock-forming minerals allows us to detect distinct populations and to reveal the origins of single crystals, making it a powerful tool in discovering the evolution

of magmatic systems.

Olivine crystals are valuable recorders of deep-seated petrogenetic processes and involved magmas. Their high-resolution textural, zoning and chemical analysis provides a particular insight into the pre-eruptive evolution of
various magmatic systems (e.g., Landi et al., 2009; Kahl et al., 2011, 2013, 2015, 2017; Marti et al., 2013; Ruprecht and Plank, 2013; Longpré et al., 2014; Beuvet-de Maisonneuve et al., 2016; Oeser et al., 2018). Additionally, spinel
that crystallizes as one of the liquidus phases in primitive mantle-derived magmas has proven to be a useful petrogenetic indicator, sensitively reflecting the melt composition (e.g., Irvine, 1965, 1967; Dick and Bullen, 1984; Allan et al.,
1988; Arai, 1992; Roeder, 1994; Clynne and Borg, 1997; Kamenetsky et al., 2001; Roeder et al., 2003). Integrating all the information yielded by these two early crystallizing phases in mafic magmas enables us to untangle in detail the
processes of partial melting and crystallization of basaltic magmas, as well as to unveil complexities during their ascent histories (e.g., Reubi et al., 2002; Smith and Leeman, 2005; Jankovics et al., 2012, 2015; Harangi et al., 2013).
Contrary to the direct and comprehensive insight these minerals provide, whole-rock geochemistry usually obscures the real details of magmatic evolution since it represents the resultant (erupted magma) composition, often derived

from a complex set of distinct magma pockets having interacted through various processes and recycled an assortment of crystals (e.g., Reubi and Blundy, 2009; Ubide et al., 2014).

In spite of this, detailed studies on monogenetic basaltic volcanic centers - which have already been proven to be formed by complex volcanological and pre-eruptive histories - generally only rest on whole-rock major, trace
element and isotopic compositions that show significant compositional variations through their successions and between eruptive phases. These variations are attributed to complex melting and mixing processes within the mantle
sources, changes in melting conditions and mixing of different magma batches during ascent (e.g., Strong and Wolff, 2003; Smith et al., 2008; Brenna et al., 2010, 2011; Erlund et al., 2010; McGee et al., 2012; Sohn et al., 2012; van
Otterloo et al., 2014; Boyce et al., 2015). Conversely, in-depth mineral-scale investigations on basaltic volcanics from distinct eruptive units through the sequence of an individual monogenetic complex (or center) have only scarcely

been performed (e.g., Jankovics et al., 2015; Gernon et al., 2016; Re et al., 2017).

In recent decades, extensive investigations on monogenetic volcanic fields suggest that different (simple vs. complex) petrographic types of small-volume basalts can be distinguished. Numerous examples are known for
petrographically simple monogenetic products which are common in all volcanic fields (e.g., McGee and Smith, 2016; Brenna et al., 2018) hosting only a simple phenocryst assemblage (olivine * clinopyroxene) potentially accompanied
by xenoliths + xenocrysts. In contrast, petrographically complex basaltic rocks - comprising diverse crystal populations with variable zoning and disequilibrium features - from monogenetic eentres-centers have been reported more

rarely (e.g., Jankovics et al., 2013, 2015; Re et al., 2017).

This paper focuses on the Fekete-hegy volcanic complex which is one of the largest (~12km?) and most composite eruptive centers in the intracontinental monogenetic Bakony-Balaton Highland Volcanic Field (western
Pannonian Basin, Eastern Central Europe). It is characterized by a complex volcanic facies architecture consisting of the phreatomagmatic products of at least four maars overlain by massive lava flows and two scoria cones (e.g., Auer
et al., 2007), suggesting multiple eruption episodes. In this study, we carried out stratigraphically controlled sampling in order to characterize the successively erupted magma batches represented by the distinct eruptive units, as well

as to reveal the petrogenetic processes that occurred during their ascent histories.



Here, we investigate complex populations of olivine crystals and their spinel inclusions in the alkaline basaltic volcanics of the Fekete-hegy volcanic complex, which serve as an excellent example for basaltic rocks resulting
from the interaction of numerous melts, crystals and fragments of various origins. Detailed textural investigations (with SEM) and in situ EMPA analyses were combined with LA-ICP-MS trace element mapping and single spot
measurements to unravel the remarkably diverse olivine zoning record. High-resolution LA-ICP-MS trace element mapping of igneous minerals (clinopyroxenes, amphiboles, feldspars, olivines) has been used to unveil the complex
evolution of magma plumbing systems by only a few studies so far (Ubide et al., 2015; Kahl et al., 2017; Astbury et al., 2018; Ubide and Kamber, 2018), which infer this technique is a promising and useful tool. The present study is the
first example of the application of this method to detect olivine compositional zoning at the trace element level in monogenetic basaltic systems. Our aim is to explore the olivine and spinel assemblage to discover the pre-eruptive

evolution of the magmatic system beneath the Fekete-hegy volcanic complex through its entire lifespan.

2.2 Geological setting

The Carpathian-Pannonian Region is situated in the north-eastern part of the Alpine-Mediterranean region and comprises the Carpathians arcuate orogenic belt and the Pannonian Basin behind it (Fig. 1A). The Pannonian
Basin is a Miocene extensional back-arc basin surrounded by the Alpine, Carpathian and Dinarides orogenic belts. It is characterized by thin lithosphere (50-80 km) and crust (22-30 km) coupled with high heat flow (up to 140 mW/m?;
e.g., Csontos et al., 1992; Fodor et al., 1999; Tari et al., 1999; Bada and Horvath, 2001; Lenkey et al., 2002; Horvath et al., 2006, 2015). These characteristics are the results of the initial syn-rift phase (ca. 20-12 Ma; Horvath et al.,
2006) of the Pannonian Basin that involved back-arc extension and significant thinning of the lithosphere. Various hypotheses exist for the driving mechanism of the considerable lithospheric extension (e.g., gravitational collapse of the
over-thickened lithosphere, subduction roll-back, asthenospheric flow from the Alpine collision zone) that are summarized by Harangi et al. (2015) (and references therein). The Late Miocene-Pliocene post-rift phase was accompanied
by thermal subsidence, thickening of the lithosphere and fast sedimentation in the pull-apart sub-basins (e.g., Horvath, 1995; Horvéth et al., 2015). Neotectonics of the Pannonian Basin is characterized by tectonic inversion in the form
of multi-scale folding of the lithosphere since the Late Pliocene due to the push of the Adriatic microplate in the southwest and blocking by the East European Platform in the east (e.g., Horvath and Cloetingh, 1996; Bada et al., 1999;
Horvéth et al., 2015).
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Fig. 1 (A) Geological sketch map of the Carpathian-Pannonian Region. Alkaline basaltic volcanic fields are signed with numbers: 1 - Styrian Basin; 2 - Burgenland; 3 - Little Hungarian Plain, 4 - Bakony-Balaton Highland, 5 - Stiavnica-Négrad-Gemer, 6 -
Kecel, 7 - Banat, 8 - Persani. (B) Simplified geological map of the Bakony-Balaton Highland Volcanic Field (after Jugovics, 1968; Harangi, 2001) with the locality of the studied volcanic complex (and the names of some other eruptive centers). (C) Relief map of

the Fekete-hegy volcanic complex showing the distribution of the distinct eruptive units (after Auer et al. (2007)) and the sample locations (1--7 corresponding to L1-L7 in the text) for the present study.
alt-text: Fig. 1

In the Carpathian-Pannonian Region, post-extensional alkaline basaltic volcanism took place from ~11 to ~0.11 Ma, resulting in the formation of scattered monogenetic volcanic fields mostly in the marginal areas of the region

(e.g., Martin and Németh, 2004; Seghedi et al., 2004; Harangi and Lenkey, 2007). Generation of the alkaline basaltic magmas in the Pannonian Basin is connected to decompressional partial melting of the asthenosphere, however, the



geodynamic relationships of this volcanism are still controversial. Proposed models are discussed in detail by Harangi et al. (2015) (and references therein) who, in contrast to previous studies (e.g., Kovacs et al., 2012), suggested that
the significantly stretched Pannonian Basin (with 50--70 km lithospheric thickness in its central areas) could act as a thin-spot providing suction in the sublithospheric mantle. This could generate mantle flow from below the thick (up

to 160 km) lithospheric roots of the Alps and the North European Platform resulting in the partial melting of the asthenosphere along the marginal areas of the basin.

The Bakony-Balaton Highland Volcanic Field (Fig. 1B) comprises of >50 eruptive centers which are the erosional remnants of maars, tuff rings, scoria cones, spatter cones, lava flows and shield volcanoes (e.g., Jugovics, 1968;
Németh and Martin, 1999a, 1999b; Martin et al., 2003). This volcanic field is characterized by the largest amount of erupted magmas in the region, with an estimated magma productivity of 3--4 km® (Kereszturi et al., 2011). The
volcanic activity lasted from ~8 to ~2 Ma (e.g., Balogh et al., 1986; Wijbrans et al., 2007). The whole-rock geochemistry of the majority of these alkaline basaltic volcanics as well as their xenoliths of lithospheric mantle and lower
crustal origins have been extensively studied over the last decades (e.g., Embey-Isztin et al., 1989, 1990, 1993, 2001, 2003; Downes et al., 1992; Downes and Vaselli, 1995; Embey-Isztin and Dobosi, 1995; Kempton et al., 1997; Dobosi
et al., 2003a, 2003b; Seghedi et al., 2004; Szabé et al., 2004; Hidas et al., 2007; Dégi et al., 2009). These studies have provided important information on the characteristics of the lithospheric mantle and lower crust, the nature of the
upper mantle source and the partial melting processes beneath the area. However, little attention has been paid to the petrologic and geochemical investigation of distinct eruptive units through the succession of individual volcanic
centers, as well as to the detailed mineral-scale analysis of the basaltic rocks. Despite the fact that the volcanism is essentially monogenetic, complex ascent histories have been reported for the basaltic magmas from this area and the

nearby Little Hungarian Volcanic Field (Jankovics et al., 2009, 2012, 2013, 2015, 2016).

3.3 Volcanological features

The Fekete-hegy volcanic complex is a large (~12km?), aligned multi-vent system with a composite volcanic facies architecture resulting from contrasting eruption styles and distinct eruption episodes. The roughly NNE-SSW-
trending distribution of the volcanics implies that this complex could have developed in a NNE-SSW valley system and/or been influenced by pre-existing structural elements of the same orientation (Martin et al., 2003; Martin and
Németh, 2004; Auer et al., 2007). The volcanic complex consists of pyroclastic successions dominantly formed by phreatomagmatic explosive eruptions that produced at least four maars. The basal maar-forming pyroclastic units are
overlain by massive lava flows (forming a capping lava plateau) and remnants of two scoria cones (Fig. 1C). These volcanics are considered here as three different eruptive units: unit 1 - phreatomagmatic products, unit 2 - lava rocks
and unit 3 - scoria cone deposits that also can be considered as volcanostratigraphic units. According to Németh and Kereszturi (2015), the Fekete-hegy volcanic complex belongs to the polycyclic monogenetic volcanoes based on its

complex facies architecture, similar to some other eruptive eentres-centers in the Bakony-Balaton Highland Volcanic Field (Bondord-hegy: Kereszturi et al., 2010; Tihany: Németh et al., 2001).

Detailed descriptions and interpretations of the field relationships alongside with the documentation of the characteristics of the phreatomagmatically fragmented pyroclastic rocks are reported in detail by Auer et al. (2007).
Based on their results and available geochronological data, Auer et al. (2007) concluded that the phreatomagmatic explosive activity started in the northern part of the volcanic complex, followed by effusive eruptions in the same
location. A centrally located maar was formed contemporaneously or slightly later. Subsequently the volcanic activity continued mostly in the southern part of the complex with further maar-forming eruptions that were followed by lava

effusion. The volcanic complex completed its activity by forming two scoria cones (in the central part) by Strombolian style explosive eruptions and intermittent Hawaiian style lava fountaining.

Only few K/Ar ages (Balogh et al., 1986) and one “°Ar/*°Ar age data (Wijbrans et al., 2007) have been published for the capping lava rocks (unit 2). These results were summarized by Kereszturi et al. (2011). Although the

available ages show some scatter, the time of volcanic activity can be considered to be between 3 and 4 Ma.

In this study, we have divided the volcanic activity into two main eruptive phases: the initial phreatomagmatic activity and the subsequent magmatic explosive - effusive eruptions. The formation of unit 2 (effusive) and unit 3

(explosive) can be treated as one eruptive phase after the formation of the basal maars (unit 1).

]
4.4 Samples and analytical methods
We performed stratigraphically controlled sampling, i.e., representative samples were collected from each of the three eruptive units. Lapillistones and lapilli tuffs from the phreatomagmatic products (unit 1) were sampled at
three locations, lava rocks from the columnar and platy jointed lava flows (unit 2) at two locations, and scoria and bomb samples from the scoria cone deposits (unit 3) at two locations. The sampling sites (1-=7) are shown in Fig. 1C

which correspond to L1-L7 in the text.

Petrographic analyses were carried out with a Nikon YS2-T polarizing microscope and an AMRAY 1830 I/T6 scanning electron microscope at the Department of Petrology and Geochemistry, E6tvos Lordnd University (Budapest,

Hungary).

Whole-rock major and trace element compositions were measured at AcmelLabs (Vancouver, Canada). Major and minor elements were measured by ICP-emission spectrometry, and trace elements were determined by ICP-MS

following a lithium borate fusion and dilute acid digestion.



In situ major and minor element analysis of olivine crystals and their spinel inclusions was performed with a CAMECA SX100 electron microprobe equipped with four WDS and one EDS detectors at the Department of
Lithospheric Research, University of Vienna (Austria). Operating conditions were: 15 kV accelerating voltage, 25 nA beam current, 20 s counting time on peak position, focused beam diameter of 1 pm size, and PAP correction procedure

for data reduction. Calibration was based on the following standards: quartz (Si), olivine (Mg), almandine (Al, Fe), wollastonite (Ca), rutile (Ti), spessartine (Mn), Mg-chromite (Cr), Ni-oxide (Ni) and apatite (P).

In the case of the phreatomagmatic products (unit 1), we also carried out olivine trace element measurements. Both single spot analyses and high-resolution crystal maps were performed by laser ablation-inductively coupled
plasma-mass spectrometry (LA-ICP-MS) at the Petro-Volcanology Research Group (PVRG) facility, Department of Physics and Geology, University of Perugia (Italy). We used a Teledyne Photon Machine G2 laser ablation system coupled

to a Thermo Fisher Scientific iCAP-Q ICP-MS. Helium was utilized as carrier gas with Ar and N, added just after the ablation cell to avoid plasma destabilization and heighten the instrumental sensitivity, respectively.

Single spot measurements were carried out on the cores, growth zones and rims of olivine crystals showing diverse textures, zoning patterns and compositions. Data were collected for Li, Na, Al, P, Ca, Sc, Ti, V, Cr, Mn, Co, Nj,
Zn, Y, Zr and Nb, using spot sizes of 15 and 25 um, depending on the size of the cores and on the width of the zones and rims being analyzed, with a repetition rate and fluence of 8 Hz and 3.5 J/cm?, respectively. Dwell times were 10 ms
per analyte. The NIST 610 reference material was used as the calibration standard, and USGS BCR2G glass was our quality control. Si concentrations determined by EMPA were used as an internal standard. Data Reduction was
carried out using the “Trace FElements” Data Reduction Scheme of the Iolite v.3 software package (Paton et al., 2011). Under the reported analytical conditions, precision and accuracy are typically better than 10% (Petrelli et al., 2008,
2016). Repeated analyses (n.=10) of the USGS BCR2G reference material performed in the same analytical session of the data reported in present study confirmed the expected figures of merits with the only slight deviations of Cr and

P, showing divergences from the reference values of 11 and 13-%, respectively (Supplementary Table 5).

Fifteen representative olivines were imaged following the line rastering technique proposed by Ubide et al. (2015) to produce multi-elemental crystal maps. Crystals were pre-ablated before mapping (as suggested by Kahl et
al. (2017)), using a spot size of 100 pm, repetition rate of 20 Hz and fluence of 2.5 J/cm®?. A range of spot sizes (5, 8, 12 and 15 um) and scan speeds (2, 4, 5 and 7 pm/s) was implemented depending on the size of the area being mapped.
Repetition rate and fluence were fixed at 8 Hz and 3.5 J/cm?, respectively. Crystal maps were produced using the Iolite module “Images from selections” and additional transects were created using CellSpace (Paul et al., 2012). Average

compositional data from crystal zones were extracted using Monocle (Petrus et al., 2017) for further investigation of compositional relationships.

5.5 General petrology

5.1.5:1 Petrographic characterization

The lapillistones and lapilli tuffs representing the phreatomagmatic products of unit 1 are characterized by varied textural and componentry appearances. As juvenile pyroclasts they contain sideromelane and tachylite glass
shards (=-3mm) and lapilli- and bomb-sized (0.2--15 cm) basalt fragments. The glass shards have variable vesicularity and crystal content. The basalt fragments show medium to highly vesicular, porphyritic textures. The accidental
lithics (~0.1--10 cm) include by peridotite, limestone, sandstone, phyllite, siltstone and mudstone. Amphibole, clinopyroxene (colorless and green under the optical microscope), olivine, orthopyroxene and quartz occur as dispersed

crystals and crystal fragments (=-1.5 mm) in the deposits.

The juvenile pyroclasts contain a remarkably diverse mineral assemblage (=-4 mm-sized crystals) of olivine + clinopyroxene + orthopyroxene + spinel + amphibole + quartz +-K-feldspar-+ plagioclase. In addition, they also
comprise various xenoliths (=-7 mm) of peridotite, sandstone, siltstone and mudstone (Fig. 2A--B). The minerals recognized in the juvenile pyroclasts show highly variable appearances with a significant amount of crystals showing
disequilibrium textures (Supplementary Fig. 1): rounded and embayed olivines with diffuse rims; anhedral and ragged orthopyroxenes with fine-grained reaction rims; subhedral clinopyroxenes with variably resorbed, colorless (under
the optical microscope) cores (often with spongy parts) and pale brown, sector zoned rims; anhedral and rounded spinels with spongy rims; ragged and anhedral amphiboles often with reaction rims. All these textural features suggest
a xenocrystic origin for these minerals (olivines, orthopyroxenes, spinels, amphiboles and rounded clinopyroxene cores) which are originated from the subcontinental lithospheric mantle (together with the peridotite xenoliths). Very
similar mineral assemblages characterized by the same disequilibrium textures were reported from the alkaline basalts of the adjacent Fuzes-té scoria cone and Bondoré-hegy eruptive centers (Fig. 1B), where these anhedral olivines,
orthopyroxenes, spinels and colorless clinopyroxene cores were proved to be lithospheric mantle-derived xenocrysts based on their textures and compositions (Jankovics et al., 2009, 2013, 2016). The Fekete-hegy samples contain
anhedral, resorbed quartz and K-feldspar crystals, which are interpreted as xenocrysts derived from the crust (together with the siliciclastic xenoliths). Glomerocrysts of olivine and/or clinopyroxene are often observed. The

microphenocrysts (=-150 pm) in the juvenile components are olivine, clinopyroxene, plagioclase and Fe-Ti-oxides, and the groundmass consists of the same mineral phases with the addition of a small amount of glass.

Some differences can be observed in the phreatomagmatic products between the three sample locations (L1, L3 and L5) (Fig. 1C). For example, they differ in abundance and type of lithic fragments, the appearance and size of
the sideromelane glass shards, and the amount of the xenocrysts in the juvenile pyroclasts. In addition, at sample location 1 (L1) the deposits contain abundant megacrysts (0.5--3 cm) of amphibole->>>- clinopyroxene-—=>> mica,
which are present as independent pyroclasts as well as inside the juvenile basalt fragments. Compared to L1 and L3, the juvenile basalt fragments from L5 comprise the largest amount of crustal siliciclastic xenoliths which show

textural features resulting from partial melting by the host basaltic magma (Supplementary Fig. 1A).



In contrast to the juvenile pyroclasts of the phreatomagmatic eruptive products (unit 1), the lavas of unit 2 are less complex, with non-vesicular, porphyritic textures, only comprised of olivine->>>- clinopyroxene > plagioclase
phenocrysts (Fig. 2C). Olivines and/or clinopyroxenes often form glomerocrysts. In rare cases, they contain a few anhedral xenocrysts of olivine and orthopyroxene as well as sparse sandstone xenoliths. The microphenocrysts are

olivine, clinopyroxene, plagioclase and Fe-Ti-oxides, and the groundmass consists of the same mineral assemblage with the addition of apatite microlites. There are no significant textural differences between the lavas of L2 and L4.

Fig. 2 General petrographic features of the studied samples (photomicrographs, PPL). (A, B) Juvenile basalt fragments from the phreatomagmatic eruption products of unit 1 (from L1 and L5, respectively) with a diverse mineral assemblage (olivine, clinopyroxene, orthopyroxene,
amphibole, spinel, quartz) and various xenoliths (e.g., peridotite, sandstone). (C) Columnar jointed lava sample from unit 2 containing only olivine and minor clinopyroxene phenocrysts. (D) Scoria sample from unit 3 only with olivine phenocrysts. Ol - olivine, cpx - clinopyroxene, opx
orthopyroxene, am - amphibole, q - quartz.

alt-text: Fig. 2

The scoria and volcanic bomb samples of unit 3 are defined by the same characteristics of the lavas. They show medium - highly vesicular, porphyritic textures containing only olivine (often partially
iddingsitised)- »>>>- plagioclase > clinopyroxene phenocrysts (Fig. 2D). Sparse rounded olivine xenocrysts and siliciclastic xenoliths are also present. The microphenocrysts and groundmass are characterized by the same mineral phases

as described in the lava samples, with the addition of some glass in the matrix. No considerable textural differences are observed between the scoria cone deposits from L6 and L7.
The very similar petrographic features of the basaltic rocks from unit 2 and unit 3 supports the decision to treat them together as the same eruptive phase, thus they can interchangeably be referred to as unit 2--3.

It can be concluded that within the studied monogenetic volcanic complex the eruptive units represent different petrographic types of small-volume basalts: unit 1 samples are characterized by a complex petrography,

whitst-while unit 2--3 samples represent petrographically simple basaltic volcanics.

5.2.5:2 Whole-rock geochemistry

Previous whole-rock geochemical data from the northern and southern effusive rocks, as well as one of the scoria cones (corresponding to our L6) of the Fekete-hegy volcanic complex were reported by Jugovics (1976) and
Embey-Isztin et al. (1993). For this study, with the exception of L3 where the juvenile basalt fragments are more altered, samples were analyzed from each of the studied sample localities (Fig. 1C): juvenile basalt fragments from the

lapillistones and lapilli tuffs (unit 1), lavas (unit 2), scoria and volcanic bombs (unit 3). New whole-rock compositions are given in Supplementary Table 1.

The studied samples show basanitic, trachybasaltic and basaltic compositions based on their SiO, and total alkali contents (Fig. 3A). Their Mg# (Mg/(Mg + Fe?*)) ranges from 0.55 to 0.72. The juvenile basalt fragments from L1

and L5 have Mg# 0.66--0.68 and 0.72, respectively. The lava from L2 is characterized by a higher Mg# (0.67) than that of L4 (0.64). The lowest Mg# values are found in the scoria cone deposits: 0.56--0.63 (L6) and 0.55 (L7). All



samples have very similar, steep chondrite-normalized REE patterns, which are characteristic for basalt compositions in intraplate settings (Fig. 3B).

Na,0+K,0 sample/chondrite
16 e 1000 T I ————
14 Phonolite . E g 12::;22 ‘;] unit E
[ . ] i o location 2] ||
Tephri-
12 [ shoncite S ] @ location 4] i
10 | 0o E A location 6] L E
L il 4 E A location 7 |
Faidite Trachy- Trachydacite - -
8k andesite Riyolte L 4
L g ]
repmels™ andotie r 1
er pesene EATION: 1 wp -
5] Dasite E 3
s a | Andesite J E 3
Basaltic r -1
L 1 Basat  [andesite i F =
2k Picro- - B T
L basalt [ |
0 Lipap el A 1 L L L 't 1 1 L L L 1 1 1 1 L L B
35 40 45 50 55 60 65 70 75 La Ce Pr Nd PmSm Eu Gd Tb Dy Ho Er Tm Yb Lu
sio,

Fig. 3 Whole-rock compositions of the Fekete-hegy samples from the three eruptive units (from all studied localities with the exception of L3). (A) TAS diagram (after Le Bas et al., 1986). (B) Chondrite-normalized (Nakamura, 1974) REE variation plot. Locations 1--7 correspond to
L1-L7 in the text.
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6.6 Olivine textures, zoning and compositions

Aside from the striking differences observed between the appearance and modal mineralogy of the basaltic rocks from unit 1 and unit 2--3, there are also significant distinctions between the textures, zoning and chemistry of
their olivine crystals. While the olivines in unit 1 show a remarkably large diversity, the olivines of unit 2 and unit 3 are simple and uniform. Olivine compositions measured from all the three eruptive units are plotted in Fig. 4A--B, and

representative major and trace element compositions are given in Table 1. The complete olivine dataset is available in Supplementary Tables 2 and 3.

6.1.6-1 Zoning patterns and major element variations

In the juvenile pyroclasts (sideromelane and tachylite glass shards, lapilli- and bomb-sized basalt fragments) of the phreatomagmatic products, olivine ranges from euhedral to anhedral in shape, with various zoning patterns

(Fig. 5) accompanied by a large compositional variety (Fig. 7). Five different olivine zoning types can be distinguished, and are characterized by the following features:
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Fig. 4 Compositions of the studied olivine crystals and their spinel inclusions from the three eruptive units (L1-L7 samples). (A) Fo (mol%) vs. NiO (wt:%) and (B) Fo (mol%) vs. CaO (wt:%) plots of olivines. (C) TiO, (wt:%) vs. Cr# (100 * Cr/(Cr.+.Al)) and (D) Cr-Al-Fe3* diagrams of

spinels.

alt-text: Fig. 4

Table 1 Representative major (wt:%) and trace element (ppm) compositions of the studied olivine crystals from the three eruptive units.

alt-text: Tabl (Please insert narrow blank columns between the compositions of the different olivine types (in order to make the table more clear for the readers).)e 1

Eruptive
unit

Sample
location

Sio,
TiO,
Al,O4
FeO
MnO
MgO
CaO
Cr,04
NiO
P,04
Total
Fo

Li

Al

Sc

Ti

Cr

Type I
olivine

Core

ol2 2
Unitl

L1

40.14
0.04
0.02
12.48
0.22
46.91
0.22
0.04
0.22
0.11
100.39
87.02
2.12
91.4
256.2
181
1433
8.87
108.9
5.71
120.1

0l2 3
Unitl

L1

39.44
0.07
0.00
16.31
0.27
43.46
0.27
0.00
0.12
0.06
100.01
82.60
3.49
92
167.7
169
1360
8.45
81.5
3.79
81.2

Core

ol3 1
Unitl

L5

39.65
0.03
0.04
12.93
0.194
45.83
0.143
0.02
0.227
0.101
99.16
86.34
2.95
73.6
218.5
302
738
7.25
101.2
7.26
155

ol3 3
Unitl

LD

39.60
0.03
0.05
14.68
0.284
44.44
0.355
0.02
0.110
0.041
99.59
84.37
3.2
103
178.7
202
2290
10.4
114
3.31
80.4

Core

ol4 1
Unitl

L5

40.06
0.02
0.04
12.42
0.169
46.30
0.218
0.04
0.215
0.000
99.48
86.92
1.97
88.6
240.8
106.2
1514
8.58
99.5
5.38
161.8

ol4 4
Unitl

L5

39.36
0.06
0.03
16.10
0.276
43.41
0.273
0.01
0.153
0.008
99.67
82.77
2.68
113
216
144
1920
10.37
114
4.14
80.8

Type
II
olivine

Core

0135 1
Unitl

L1

39.33
0.04
0.03
16.76
0.293
42.89
0.322
0.02
0.105
0.025
99.81
82.02
3.01
75.2
183.2
155.3
1522
7.9
87.3
3.87
85

Rim

0135 2
Unitl

L1

39.11
0.03
0.03
17.33
0.327
42.34
0.372
0.03
0.098
0.032
99.68
81.33
3.1

170.2
118
2360
9.7
132
3.99
48.9

Core

0137 1
Unitl

L1

39.78
0.04

0.02

15.54
0.236
43.81
0.231
0.02

0.205
0.057
99.94
83.40

Rim

0137 2
Unitl

L1

39.36
0.04
0.04
16.58
0.280
42.63
0.279
0.01
0.138
0.025
99.38
82.08
2.88
87
164.6
187
1560

93.8
4.09
80.9

Core

0l39 1
Unitl

L1

39.59
0.04
0.04
15.98
0.244
43.44
0.219
0.04
0.184
0.043
99.82
82.89
3.1
83
239
182
1310
7.41
91.6
4.9
79.7

Rim

0139 2
Unitl

L1

39.35
0.04
0.03
16.04
0.257
43.67
0.247
0.03
0.143
0.014
99.81
82.91
3.3
74
303
187
2370
9.3
129
4.26
77

Type
111
olivine

Core

ol61 1
Unitl

L1

39.26
0.04
0.03
15.99
0.20
44.46
0.19
0.02
0.20
0.00
100.39
83.21
1.89
77.8
288.6
61.7
1066
8.47
101.2
7.54
13.2

Growth
zone

0l61 2
Unitl

L1

39.94
0.03
0.03
12.16
0.21
46.93
0.22
0.02
0.22
0.03
99.79
87.31
2.27
96
233.4
222
1380
10.55
92.3
4.72
136.6

Rim

ol61 3
Unitl

L1

39.14
0.03
0.00
16.50
0.30
43.70
0.30
0.04
0.13
0.05
100.17
82.52
3.61
70
175.6
156
1370
10.6
111.4
3.79
85

Core

0l62 1
Unitl

L5

39.38
0.02
0.04
16.27
0.20
43.80
0.16
0.01
0.15
0.08
100.10
82.75
2.02
82.4
310.6
56.3
1073
8.29
103.7
6.78
8.5

Growth  Rim
zone
ol62 2 o0l62_3
Unitl Unitl
L5 L5
39.95 39.57
0.04 0.03
0.00 0.01
13.91 15.80
0.23 0.26
45.67 44.20
0.24 0.28
0.03 0.02
0.22 0.18
0.05 0.01
100.33 100.36
85.41 83.29
3.7 3.3
92 71
190.4 198
186 105
1720 1560
10.49 9.5
104 103
5.19 4.74
146.2 129

Core

0166 1
Unitl

L1

39.68
0.03
0.04
15.83
0.191
43.85
0.175
0.02
0.170
0.005
99.98
83.16
2.59
62.6
276.6
106.6
1078
7.02
96.4
23.2
50.7

Growth
zone

0l66 2
Unitl

L1

40.32
0.01
0.04
12.35
0.209
46.33
0.217
0.02
0.231
0.022
99.76
86.99
2.43
81
301
191
1520
9.36
108.6
5.74
124.9

Rim

0l66 3
Unitl

L1

39.27
0.03
0.03
16.38
0.279
43.13
0.290
0.00
0.128
0.027
99.55
82.44
3.92
58
206
176.2
1930
8.9
129
4.37
101

Type IV olivine

Core Rim
ol81 2 0181 3
Unitl Unitl
L1 L1
38.70  39.27
0.03 0.04
0.02 0.02
19.26  16.05
0.24 0.24
41.80 44.05
0.13 0.27
0.00 0.01
0.09 0.17
0.07 0.10
100.35 100.23
79.46  83.02
2.91 3.7
58
340 319
108 179
940 2270
7 9.3
134 173
20.7 6.1
240



Mn 1553 1950 1690 2275 1527 2158 1895 2700 2040 1903 2430 1557 1560 2035 1647 1969 2027 1476 1691 2220 1954 2468

Co 153.6 165.2 133.3 151.2 149.1 163.8 156.1 168.9 162.9 163.2 166.3 176 146.5 156.9 179.9 157.5 151.3 175.8 153.4 154 202 157.3

Ni 1808 1255 1911 983 1562 1097 1308 764 1218 1432 931 1557 2042 1163 1087 1446 1417 1358 1808 1041 437 821

Zn 95.3 158 112.8 152 97.6 150.9 1289 167 155.1 140 160 119.8 102.5 157.3 136.7 150.2 135 124 106.7 145 197 165

Y 0.083 0.094 0.086 0.069 0.047 0.165 0.083 0.146 0.073 0.075 0.174 0.062 0.101 0.108 0.054 0.098 0.084 0.101 0.097 0.145 0.172 0.18

Zr 0.219 0.099 0.059 0.15 0.05 0.152 0.054 0.079 0.051 0.17 0.42 0.051 0.154 0.131 0.082  0.068 0.1 0.442 0.71 0.87 0.19

Nb 0.191 0.064 - i i 0.019 - i i i 0.025 0.26 i i i i i i 0.584 0.92 0.061 1.39 0.201 -

Fig. 5 Textural and zoning characteristics of the various olivine populations from the unit 1 samples (BSE images). (A) Skeletal type I olivine with normal, single step zoning; euhedral core and rim. (B) Skeletal type II olivine with normal, progressive zoning. (C) Type III olivine with
multiple (reverse to normal), double step zoning; subhedral core, growth zone and rim. (D) Large type III olivine with an anhedral, fragmented core (subgrains on its left side), surrounded by a euhedral growth zone and rim, enlarged in (E). (F) Type IV olivine with reverse, single ste

zoning; the anhedral core is overgrown by a skeletal rim. (G) Type V olivine with multiple (normal to reverse), double step zoning; anhedral core, followed by a rounded growth zone and a skeletal rim.

alt-text: Fig. 5



Type I olivine - normal, single step zoning (Fig. 5A): one of the most abundant zoning types, crystals range in size from 70-_to 1500 pm, and are mainly skeletal, euhedral-subhedral in shape. Cores are mostly euhedral-subhedral
(rarely anhedral) and have high Fo contents (Fogs_go), while rims have lower Fo (Fog,.g5). The compositional change from the crystal core to the rim is usually sharp, and therefore defined as single step zoning. Occasionally, however,
some crystals display a more gradual core-rim transition. Compared to the rims, cores are lower in CaO and MnO, and similar in NiO. One of the type I olivine cores separates from the others due to higher Fo and NiO contents (Fig.

7A).

Type II olivine - normal, progressive zoning (Fig. 5B): this population is as abundant as type I olivines. Crystals are euhedral-subhedral, predominantly skeletal (50--700 um). These olivines show continuously changing

compositions representing mild, progressive zoning: decreasing Fo (from Fogs to Fog,) and NiO, and increasing CaO and MnO concentrations from their cores to the rims (Fig. 7A--C).

Type III olivine - multiple (reverse to normal), double step zoning (Fig. 5C—-E): euhedral-subhedral, often skeletal crystals, with a wide range of sizes (100--4500 um). This zoning type has the same frequency as the type I and II
olivines. These crystals consist of subhedral-anhedral, often rounded, Fogy g5 cores mantled by a Fogs. 55 growth zone, with an often skeletal, Fog,. g, rim (Fig. 7). Fo-rich growth zones have variable forms: usually skeletal in appearance;
constant or varying thickness through a given crystal; regular or irregular contour; not always continuous through the entire crystal. Both zone boundaries (i.e., between the core and the growth zone and between the growth zone and
the rim) are sharp, representing abrupt compositional changes. This zoning type can therefore be considered as a “double” step zoning. It is worth noting that the growth zone and the rim together display the same overall appearance

and composition as the core and rim of the type I olivine crystals.

Type IV olivine - reverse, single step zoning (Fig. 5F): the least abundant zoning type, crystals are comparably smaller (90--400 ym) and euhedral-subhedral. Cores are anhedral and rounded showing lower Fo (Fo;g.g,) and CaO,

variable NiO and similar MnO, compared to the frequently skeletal rims (Fog,.g3) (Fig. 7A=-C).

Type V olivine - multiple (normal to reverse), double step zoning (Fig. 5G): this is also a sparse population with subhedral to anhedral olivines (260--2100 pm). Crystal cores are anhedral and rounded with higher Fo (Fogz.o;) and

NiO, and lower CaO and MnO compared to the surrounding rounded growth zone (with constant thickness; Fo;.g,) and the often skeletal outermost rim (Fo;g.g4) (Fig. 7A=C).

Aside from the five different olivine types, we also observed a crystal clot (500 pm in size) of olivines in a sideromelane glass shard (Fig. 9D). These olivine crystals are euhedral-subhedral and range between 20- and 100 pm in

size. They show weak progressive normal zoning and coexist with spinel crystals (they are attached to, or partly or entirely included by the olivines). Their compositions vary in a restricted range (e.g., Foge_gg) (Fig. 7A=-C).

The large variability in shape, texture, zoning appearance and composition of the olivine crystals in the unit 1 samples is not only observed throughout the entire olivine assemblage but also within the individual olivine types

(this is particularly characteristic of the type V crystals). All five olivine types occur in the phreatomagmatic products from each of the three studied sample localities (L1, L3 and L5).

In contrast, the euhedral-subhedral, occasionally skeletal olivine crystals of the lavas (unit 2), scoria and volcanic bombs (unit 3) are always normally zoned (progressive zoning) (Fig. 6) and do not show the variety of zoning
patterns observed in olivines from the phreatomagmatic products. This simple progressive zoning is defined by gradual, rather than abrupt, core-to-rim variation in major elements: decreasing Fo and Ni, increasing Ca and Mn (Fig.

4ALB).



scoria cone deposits.

alt-text: Fig. 6

The lava samples from unit 2 show some differences between sampling localities. Lava-hosted olivines from L2 have lower Fo (Fo;q.g) and NiO contents than those from L4 (Fogg.g,). However, they contain similar

concentrations of CaO and MnO (Fig. 4A--B).

Olivines from unit 3 scoria and volcanic bombs are characterized by very similar compositions. For example, the scoria from L6 comprises olivines with Fog,_g5, and the olivines of L7 contain Foq_g5 (Fig. 4A--B).

6.2.6:2 Trace element characteristics

In addition to major element analyses, trace element measurements were also carried out for each of the olivine populations from unit 1. Major and trace element analyses show a good agreement between Ni, Ca and Mn data.
Plots of Fig. 7D--H show the trace element variations for the olivine single spot measurements as a function of their Fo contents. There are no clear correlations between Fo and trace elements in either the individual olivine types, or
the entire olivine dataset, however there are definite relationships between cores, growth zones and rims of each olivine population. The cores of type I olivines have the highest Fo contents but cover a range of trace element
concentrations, e.g., ~50--190 ppm Cr and ~60--300 ppm P. Type II cores have a more constrained range of trace element concentrations, e.g., ~60--90 ppm Cr and 130--150 ppm Zn. Type III olivine cores are generally characterized by
lower values of Cr and P than those of type I and II (~10--50 ppm and ~60--110 ppm, respectively) and higher Co (~170--180 ppm). Type III growth zone compositions consistently overlap with type I cores. Type IV olivine cores have
lower Cr (~0--60 ppm) and higher Zn (~170--300 ppm) concentrations compared to the type II olivines and all crystal rims. Type V cores tend to yield a wide variation of compositions, with the exception of Cr and P which occupy a low,
restricted range of concentrations, ~20--30 ppm and ~70--90 ppm, respectively. Type V growth zones are very similar in composition to type IV cores. Rim compositions for all olivine types generally overlap, in both Fo content and

trace element concentration. Rims are also consistent in composition with type II cores (Fig. 7D--H).
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Fig. 7 (A-C) Major and (D-H) trace element compositional variations against Fo (mol%) content in the different olivine populations from the phreatomagmatic unit 1 samples. Major elements are in wt:%, trace elements are in ppm.

alt-text: Fig. 7

Trace element maps displaying intra-crystal compositional variations for each olivine type are presented in Fig. 8. The different zoning patterns shown in the BSE images (Figs. 5, 8) and described above for each olivine type
(Fig. 7) are clearly reproduced in the high-resolution trace element crystal maps. The maps illustrate that the intra-crystal compositional changes of trace elements Ni, Cr, Mn and Zn mostly correlate with Fo contents. Ni and Fo
variations correlate positively across olivine types I, II, III and V, but show negative correlation in the representative type IV crystal (Fig. 8D). Cr correlates positively with Fo across the type I, II, III and IV crystals, however this is not

the case in the type V olivines. The representative type V crystal map (Fig. 8E) shows that both the core and the growth zone (which significantly differ in Fo; Figs. 6--7) have the same, low-Cr concentrations surrounded by a Cr-richer



rim. The other mapped type V crystal (Fig. 5G, Supplementary Fig. 2), however, displays a growth zone that is poorer in Cr than the core (corresponding to the Fo variation) and it is followed by a Cr-richer rim. Mn and Zn behave

similarly and show negative correlation with Fo in all olivine types excepting the type IV crystal where these two elements change oppositely (Mn correlates positively but Zn negatively with Fo).

Co, P, Sc, V and Ti have relatively homogeneous concentrations across all crystals and do not mirror the zoning observed for Fo, Ni, Cr, Mn, Zn, nor any additional zoning features. In the case of type III olivines, however, the

crystal cores display a slight enrichment in Co and a slight depletion in P compared to their growth zones and rims. Additionally, the slight depletion in P can be also detected in type V crystals.

Fig. 8 High-resolution LA-ICP-MS trace element crystal maps (Ni, Cr, Mn and Zn) and corresponding BSE images of the different olivine types from the phreatomagmatic unit 1 samples.
alt-text: Fig. 8
L] 3
7.7 Spinel occurrence and chemistry

Spinel occurs as inclusions in olivines in the studied rocks of each eruptive unit (Figs. 4, 5, 8 and 9). Spinel compositions measured from all the three units are plotted in Fig. 4C--D and representative compositions are shown in

Table 2. The spinels are euhedral to subhedral crystals with a homogeneous interior (no zoning), ranging in size between 1 and 20 pm.
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Fig. 9 Occurrence (BSE images) and chemistry of olivine-hosted spinel inclusions from the phreatomagmatic unit 1 samples. Spinels usually occur (A) in the cores of type I olivines, (B) in various portions of type II olivines, (C) in the growth zones and rims o

type III olivines, and (D) in the studied olivine crystal clot.
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Table 2 Representative analyses of the studied olivine-hosted spinel inclusions from the three eruptive units.

| alt-text: Tab
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Host olivine

sp position
in ol

Eruptive unit

Sample
location

Sio,
TiO,
Al, 0,4
Fe,O,
FeO

Groupl spinel

Type Il

In the growth

Unitl

0.23
0.77
58.50
7.79
11.49

spl

zone

L1

sp4
Type il

In the
core

Unitl
L1

0.27
0.72
57.13
6.77
9.56

sp9
Type il

In the
core

Unitl

L1

0.17
0.94
52.86
7.23
10.96

Group2 spinel

sp22

In ol crystal
clot

Attached to
olivine

Unitl

L3

0.18
1.40
23.04
10.70
19.95

Type 111

In the growth

Unitl

0.16
1.40
27.09
6.90
16.53

sp24

zone

L3

Type #4111

In the growth

Unitl

0.20
1.41
22.96
8.19
15.19

sp27

zone

L5

Group 3a
spinel

Type 111

In the growth

Unitl

0.14

34.75
9.71
15.86

sp74

zone

L3

Group3b spinel

sp38
Type il

In the
rim

Unitl
L1

0.17
5.95
18.08
23.25
24.91

sp82
Type il

In the
rim

Unitl

L3

0.14
3.25
25.21
18.28
19.02

~Group?2 spinel

sp95

Progressive
normal

In the core
Unit2
L2

0.10
2.27
18.27
20.14
25.06

spl24

Progressive
normal

In the core
Unit2
L4

0.12
3.27
22.65
13.67
22.10

spl42

Progressive
normal

In the core
Unit3
L6

0.10
1.33
20.11
18.63
21.46

spl50

Progressive
normal

In the core
Unit3
L7

0.11
2.96
23.33
12.26
20.39



MnO 0.10 0.11 0.12 0.32 0.23 0.17 0.24 0.32 0.26 0.31 0.27 0.31 0.24

MgO 19.96 21.03 19.65 10.34 13.24 13.73 14.39 9.23 12.18 6.90 10.07 8.94 11.22
Cr,03 1.53 4.55 8.10 32.02 32.91 36.35 22.69 16.04 19.39 24.51 25.85 26.87 28.08
NiO 0.19 0.21 0.26 0.11 0.25 0.17 0.19 0.12 0.14 0.16 0.16 0.14 0.14
Total 100.57 100.45 100.34 98.38 98.88 98.40 99.12 98.24 98.13 97.96 98.42 98.10 98.92
Cr# 1.72 5.07 9.32 48.25 44.91 51.51 30.46 37.30 34.04 47.36917 43.360+ 47.26487 44.66917
Mg# 0.76 0.80 0.76 0.48 0.59 0.62 0.62 0.40 0.53 0.32943 0.44815 0.42643 0495150

FepO3 is calculated on the basis of stoichiometry; Mg# = Mg/(Mg_+_Fe2+); Cr# = 100% % Cr/(Cr.+Al).

In the phreatomagmatic unit 1, spinels are found as inclusions in discrete portions of the different olivine types: in the cores and rims of type I, in all parts of type II, in the growth zones and rims of type III (only one type III
crystal was found containing spinels in its core as well), in the rims of type IV and in the rims of type V olivines (Figs. 5, 8 and 9). Spinel inclusions (1--14 pm in size) were additionally observed in the studied olivine crystal clot where
they are attached to or partly or entirely encapsulated by the olivines (Fig. 9D). Unit 1 spinels show a similarly large compositional diversity to the unit 1 olivines and they can be divided into three major groups (Fig. 10A). Group 1
spinels are characterized by low Cr-numbers (Cr#; 100%x Cr/(Cr,+.Al)) between 0.24 and14.9 and low TiO, (0.61--1 wt:%). They occur mainly in type I olivine cores and occasionally in the growth zones of type III olivines (there are
some rare occurrences of group 1 spinels in type II and type III crystal cores). Group 2 spinels, present in the olivine crystal clot (Fig. 9D) and growth zones of type III olivines, have relatively high Cr# (41.8--52.8) and a slightly larger
range in TiO, contents (1.4--3.1 wt:%). Group 3 spinels, the most dominant spinel group, are defined by moderate Cr# (25.1:-40.5) in comparison to group 1 and 2, and variable TiO, concentrations ranging from 1.1 to 8.7 wt:%. They

occur in type II olivine cores and in all olivine rims. Rarely, group 3 spinels are found in type III olivine growth zones. Group 3 spinels are divided into two subgroups based on their TiO, contents: group 3a comprises the lower-TiO,

(<~2 wt:%) spinels, whilst-while group 3b represents those with >~2 wt:% TiO, concentrations (the majority of the group 3 spinels belongs to the latter subgroup). Additionally, there are some spinel inclusions that show transitional
compositions (17-219.9 Cr#, 1.6--2.1 wt:% TiO,) between the group 1 and 3 spinels. Group 1 and 3 spinels occur in the phreatomagmatic deposits from all three of the investigated sample locations, whereas group 2 spinels are only

present in samples from L3 and L5.
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(phreatomagmatic eruptive phase - unitl). Symbols are as in Fig. 7.
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The simple normally zoned olivine crystals from the later magmatic explosive - effusive eruption products (unit 2--3) contain spinel inclusions throughout, and these inclusions frequently occur as clusters or chains (Fig. 6).
Compared to the spinels found in unit 1 samples, the spinels in unit 2--3 samples show a restricted range of compositions (Fig. 4C--D) and they can be grouped together. The lavas from unit 2 contain spinels with slightly different
compositions: L2 spinel inclusions have 42.4--52.4 Cr# and 1.9--3.5 wt:% TiO,, while those from L4 have 40.3--46.3 Cr# and 3.1--5.8 wt:% TiO,. Similarly, the spinels in the scoria and volcanic bomb samples of unit 3 show some

differences in their chemistry: L6 spinels are characterized by 46--57.3 Cr# and 1.3--3.6 wt:% TiO,, whereas those from L7 contain 42.5--47.2 Cr# and 2.6--4.6 wt:% TiO,.

8.8 Discussion



The significant differences in the petrographic features, modal mineralogy, olivine textures, zoning and chemistry as well as spinel compositions observed between the discrete eruptive units (unit 1 vs. unit 2--3) indicate
considerable differences in the evolution of the Fekete-hegy magmatic system prior to the phreatomagmatic and the magmatic explosive - effusive phases. Based on our results, the phreatomagmatic eruptions were preceded by a very

complex pre-eruptive history. We begin by revealing the evolution of the magmatic system before the initial maar-forming eruptions, following by unraveling the history that preceded the later magmatic explosive - effusive activity.

8.1.8:1 The magmatic system that fed the initial phreatomagmatic explosive eruptive phase

8.1.1.8-1-1 Magmatic environments and their relationships recorded by olivine and spinel

The studied olivine crystals are characterized by distinct and diverse zoning patterns recorded by fast-diffusing elements such as Mg, Fe, Ni and Mn (Figs. 5, 8). These elements respond to changes in magma composition due to magma recharge or
mixing, however, their compositional gradients in olivine may be extensively diffused in a few years and eliminated in a few decades (e.g., Chakraborty, 2010). This suggests that the observed zoning features in the olivines from Fekete-hegy must have been

formed through relatively rapid processes. The preservation of their original zoning without any significant diffusive equilibration indicates that these olivine crystals could not have spent much time in the magmatic system prior to eruption.

Based on the diverse olivine and spinel assemblages, several distinct environments can be identified which were involved in the complex evolution of the magmatic system. Except for the type II olivines, all olivine populations show step zoning
(Figs. 5 and 8), indicating the stepwise growth of the type I, III, IV and V crystals within different environments and hence the dominant role of open-system petrogenetic processes. Similar complexities and evolution were revealed through a similar olivine-
focused approach by Kahl et al. (2011, 2013, 2015, 2017) in the case of Mt. Etna (Sicily). Fig. 12B displays the crystal growth stratigraphy and evolution of each olivine type in our samples. The discrete olivine portions (cores, growth zones and rims)
represent the distinct environments in which they were formed and the relationships of these environments are manifested in the different zoning types. We define eight environments (A, B, C, D, E, F, G and H) that are inferred to account for the significant
compositional variety of olivines. These environments can be principally distinguished in the olivine Fo vs. Cr plot (Fig. 10B). Four of these environments contributed to the formation of the diverse spinel populations (Fig. 10A). First, we introduce and

characterize the individual environments and their interactions. Then, we discuss the origin and formation of these environments as well as the processes operating in the magmatic system.

Environments A, B and C: primitive basaltic magmas (‘primitive magma A, B and C’) in which the type I olivine cores and the type III olivine growth zones crystallized. Based on the Fo contents of these olivines (Fogs_gg) each of these magmas is
characterized by 0.63--0.70 Mg# (calculated equilibrium melt Mg#), however they produced different spinel populations. Group 1 and 2 spinels were formed in primitive magmas A and B, respectively. The studied crystal clot (Fig. 9D), consisting of high-Fo
olivines and group 2 spinels, also derived from primitive magma B. In the case of group 3 spinels, only the group 3a spinels originate from primitive magma C (Figs. 10A, 12B). The chemistry of spinel is primarily dependent on the composition of the melt in
which it crystallizes (e.g., Irvine, 1965, 1967; Dick and Bullen, 1984; Allan et al., 1988; Arai, 1992; Roeder, 1994; Kamenetsky et al., 2001). Therefore, the significant differences observed between the Cr#s (at similar TiO, and Fe3* contents) of the distinct
spinel groups (Figs. 4C--D, 10A) reflect that they could have precipitated from separate primitive basaltic melts characterized by different Cr and Al concentrations. In addition, the presence of these three distinct primitive magmas is also supported by the

variable Ni and trace element contents of the type I olivine cores and the type III olivine growth zones (Fig. 7) (see Subsection 8.1.2. for details).

Environment D: a fractionated magma which is mainly represented by the cores of the type III olivines and occasionally by type V olivine cores. There are no relatable spinel compositions for this magmatic environment. These olivine compositions

(Fogs..g5) indicate Mg#s between 0.58 and 0.62 for this magma. Although similar in some aspects, this crystallization environment is distinguishable from environment E by lower Cr, P, Ca, Mn and Zn, and higher Co concentrations (Fig. 7).

Environment E: a fractionated magma that produced the type II olivine crystals, the rims of all olivine types and the group 3b spinels (the majority of the group 3 spinels). This magmatic environment was the place for the final crystallization

history characterized by variable Mg# ranging between 0.50-and 0.62 based on these olivine compositions (Fo;g.gs).

Environment F: an evolved magma in which the cores of the type IV olivines and the growth zones of the type V olivines crystallized. Their compositions (Fo;q.go) indicate low Mg# varying between 0.40-_and 0.54 for this magmatic environment.

Aside from lower Mg#, it differs from environment E in its lower-Cr and -Sc and higher-Zn olivines (Fig. 7) as well as the fact that it did not crystallize any spinels.

Environment G: lithospheric mantle peridotite wall-rock, represented by the rare high-Fo (90.6--90.9 mol%), high-NiO (0.39--0.41 wt:%) and low-CaO (0.07--0.12 wtz%) cores of type I and type V olivines. These compositions are characteristic of

olivines from lithospheric mantle-derived peridotites (e.g., Boudier, 1991; Hirano et al., 2004). Thus, these olivine cores are inferred to be olivine xenocrysts, similar to occurrences in nearby volcanic centers (e.g., Jankovics et al., 2009, 2012, 2013).

Environment H: a magma distinct from the others where most of the type V olivine cores and one of the type III olivine cores were formed without spinel inclusions. It is characterized by 0.63--0.65 Mg# on the basis of these olivine compositions

(85.7--86.3 mol% Fo). This Mg# range and the olivine Ca, Mn, Co, Zn and Ti contents partly overlap with those of environments A, B and C, however, these olivines show dominantly higher Ni and lower Cr, P and Sc contents (Fig. 7).

In summary, with the exception of environment G (lithospheric mantle peridotite) all identified environments are inferred to be magmatic in origin. Magmas from these environments experienced a variety of interactions with one another prior to

eruption.

8.1.2.8-1.2 Origin and formation of the magmatic environments



The primitive magnesian olivines (type I olivine cores and type III olivine growth zones) show an extremely wide range of NiO contents (0.03--0.35 wt:%; Figs. 7A, 11A). Notably, these considerable NiO fluctuations can also be detected within the
cores of single type I olivine crystals (even changing from 0.03 to 0.21 wt=%). Such significant Ni variations, at given high Fo contents, are commonly interpreted to be generated during partial melting of the mantle where distinct mantle lithologies are
involved and melting takes place at different pressures (e.g., Sobolev et al., 2005; Herzberg, 2011). This implies that distinct batches of primitive mantle melts arrived, probably derived from different mantle source regions. Therefore, the observed large
variation in the Ni concentrations of this olivine population is explained as the result of mixing between dissimilar primitive melts. To further clarify this process, we employ the three different spinel groups (group 1, 2 and 3a) which distinguish the three
primitive magmas (A, B and C) (Fig. 10A). Based on the chemistry of the group 1 and 2 spinel inclusions and considering their positions within the individual olivine types, primitive magma A and primitive magma B are inferred to be two distinct, end-
member primary mantle melts which could have originated from two separate mantle source regions. Similar conclusions (open-system processes and involvement of magmas derived from different mantle sources) were drawn regarding the evolution of
primitive mafic magmas at long-lived polygenetic stratovolcanoes along subduction zones, using olivines and their spinel inclusions (e.g., Reubi et al., 2002). The compositions and the intra-olivine positions of our group 3a spinels indicate that primitive

magma C can be considered to be a hybrid primitive basaltic magma resulting from the mixing of primitive magmas A and B.
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Fig. 11 Interpretation of petrogenetic processes related to the origin of the distinct environments from which the different olivine populations derived (phreatomagmatic eruptive phase - unitl).
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The compositional trends shown by the group 3b spinels, i.e., the continuously increasing TiO, and Fe3* contents (Figs. 4C--D, 10A), indicate that they were formed through fractional crystallization (e.g., Barnes and Roeder, 2001; Roeder et al.,
2003). This process is also shown by the compositional variation displayed by the type II olivine crystals and all olivine rims, i.e., the continuously decreasing NiO and increasing CaO and MnO along with the continually diminishing Fo contents (e.g., Simkin
and Smith, 1970; Sato, 1977) (Figs. 7A--C, 11A--B). This suggests that fractional crystallization was the dominant process in environment E. In addition, based on the compositional relationships between the type I cores + type III growth zones and the type
II olivine crystals + all olivine rims, as well as between the group 3a and 3b spinels, environment E originated from the hybrid primitive magma C via fractionation (Figs. 10A, 11). This explains the already fractionated character of environment E.

Accordingly, the fractionation of the mixed primitive magma C produced another magmatic environment (E) where individual olivine crystals (type II) together with all olivine rims were formed (final crystallization of all olivines).

The type III olivine cores together with sparse type V olivine cores define environment D. Although a similarly fractionated environment to E, environment D differs with regard to several elements in its olivines (Figs. 7, 10B, 11). It is important to
note that aside from the smaller olivines, numerous large (1--4.5 mm) crystals occur as the cores of type III olivines (Fig. 5D). One of the studied samples contains several such large (3--5 mm) olivine crystals attached to a ~2 cm-sized clinopyroxene
megacryst (colorless under the optical microscope) (Supplementary Fig. 3). These olivine grains show very similar appearances as the large type III olivine cores. They consist of numerous subgrains, mainly in their marginal parts. A number of
clinopyroxene and amphibole megacrysts were found at L1, which have the same appearances and textural features as the well-studied clinopyroxene and amphibole megacrysts commonly found in other alkaline basaltic volcanics from the Bakony-Balaton
Highland Volcanic Field (e.g., Embey-Isztin et al., 1990; Dobosi et al., 2003a; Jankovics et al., 2013, 2016). They generally occur together with pyroxenite (Type II) xenoliths consisting of clinopyroxene + olivine + spinel = amphibole. Based on their major

and trace element and isotopic characteristics, these megacrysts and pyroxenite xenoliths were inferred to share a common origin representing fragments of igneous cumulates crystallized from earlier alkaline basaltic magmas which did not reach the



surface. These earlier magmas stalled and accumulated in the uppermost part of the lithospheric mantle, near the crust-mantle boundary and crystallized as veins, dykes and sills characterized by compositions very similar to those representing the host
alkaline basalts (e.g., Embey-Isztin et al., 1990; Dobosi et al., 2003a; Jankovics et al., 2013, 2016). Considering the co-existence of the above-mentioned large olivine grains with a clinopyroxene megacryst in our studied sample, and the appearance of the
large type III olivine cores (textural features implying disaggregation; Fig. 5D), we can interpret the type III olivine cores as originating from the same igneous cumulates as the clinopyroxene and amphibole megacrysts and the pyroxenite xenoliths.
Assuming a clinopyroxene + amphibole + olivine mineral assemblage for these earlier accumulated alkaline basaltic magmas, this origin can be also supported by the composition of type III olivine cores. The intermediate Fo and Ni contents of the type III
olivine cores can be attributed to olivine crystallization, their low Cr concentrations could be the result of co-crystallization of clinopyroxene and their lower Ca contents may have been caused by the co-crystallization of both clinopyroxene and amphibole.
Additionally, it can be assumed that during slow cooling and crystallization, these olivine crystals equilibrated, resulting in their quite homogeneous compositions observed within individual type III olivine cores. This scenario also explains why their Fo and

Ni concentrations are similar to those of the olivines crystallized from environment E (because the earlier stalled alkaline basaltic magmas, represented by the cumulates, are similar in composition to the final crystallization regime, i.e., environment E).

The compositions of the type IV olivine cores and the type V olivine growth zones indicate the presence of an evolved magmatic environment (F) which according to the frequency of these olivine compositions could have played a lesser (but
important) role in the magmatic system. Its origin can probably be related to environment H on the basis of the Fo vs. NiO and CaO relationships: the olivine compositions of environment F can be derived from those of environment H through fractionation
(Fig. 11). Thus, the olivines of environment H occurring only as cores (of type V crystals and one type III olivine) could represent the early products of this fractionation process (as near-liquidus phases). Negative correlation between Fo and CaO contents
of olivines indicates continuous crystallization with decreasing pressure, while constant or decreasing CaO can be the result of cooling at constant pressure (Stormer, 1973). This suggests that the kinked character of the Fo - CaO fractionation trend
(consisting of a nearly flat and a negative part; Fig. 11B) is the result of crystallization at a nearly constant depth, followed by crystallization at continuously decreasing pressure. In general, a flat or slightly positive Fo - CaO trend dominantly at a lower Fo
range can also imply the co-crystallization of olivine and clinopyroxene, as Ca is more compatible in the latter phase (Kawabata et al., 2011). The genetic relationship between environment H and F can be also proved by the trace element maps of type V
olivine (Fig. 8E). This type V growth zone has the same Cr concentration as its core, suggesting that these olivine portions crystallized from petrogenetically related melts. Furthermore, the decreasing Ni and increasing Mn and Zn contents from the core to
the growth zone imply that they are parts of a fractional crystallization sequence. It is noteworthy that the olivines from environment H display Ni contents much higher and Ca concentrations lower than expected for their Fo contents (Fig. 11). This

suggests that this distinct magma possibly originated from a pyroxene-rich mantle source region, due to the fact that basaltic melts derived from a pyroxenitic source crystallize olivines with high Ni, and low Ca and Fo contents (e.g., Sobolev et al., 2005,
2007; Herzberg, 2011).

8.1.3.8-1.3 Evolution of the magmatic system

Here we summarize the interpretations on magmatic environments with the addition of spatial and temporal information on the pre-eruptive evolution of the sub-volcanic system. Our suggested model for the possible architecture of the magmatic

system that fed the phreatomagmatic eruptive phase is shown in Fig. 12A.
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Fig. 12 (A) Possible schematic model for the evolution of the Fekete-hegy magmatic system preceding the initial phreatomagmatic eruptive phase (unit 1) (see also text for further discussion). A-H letters refer to the inferred environments. Figure is to scale vertically but is



exaggerated horizontally (approximately sevenfold). Event 1: Primitive magmas (dominantly primitive magma A) ascended and intruded into the (still stable) near-Moho igneous cumulate beneath the entire area of the present-day volcanic complex. In this stage the primitive magma:
intensively interacted with the cumulate having fragmented, disaggregated and remobilized it through multiple intrusions (resulting in the abundant megacrysts in the northern samples). After the variable petrogenetic processes (mixing, replenishments, fractionation) magma
batches reached the surface and produced phreatomagmatic eruptions in the northern part. Event 2: With time, the cumulate could have been more and more heated and consumed trough the multiple intrusions of the replenishing primitive magmas (primitive magma B could have
become more dominant). Again, the same various processes operated as during event 1, however, it was easier for the magmas to get through the already disrupted cumulate and less material was entrained from it. The magmas incorporated a number of crustal fragments from
shallower depths and erupted in the southern part. (B) Summary of the different olivine types (crystal growth stratigraphy) and spinel inclusions with the inferred distinct environments that were involved in the evolution of the magmatic system prior to the phreatomagmatic eruptiv:
phase (unit 1).

alt-text: Fig. 12

Existence of an igneous cumulate body (environment D) is confirmed by the type III olivine cores (and rarely by type V olivine cores) and by the occurrence of clinopyroxene and amphibole megacrysts. This cumulate represents earlier accumulated

alkaline basaltic magmas that did not reach the surface but stalled and crystallized near the crust-mantle boundary in the uppermost mantle, and have similar compositions as the host alkaline basalts.

The compositional variations of type I olivine cores and type III olivine growth zones as well as the occurrence of the three spinel groups indicate that two different primitive basaltic melts (A and B) probably arrived from two distinct mantle source
regions and subsequently mixed with each other resulting in the formation of a hybrid primitive magma (C). This mixing could have taken place both at depth below the cumulate and within this environment as well. Each of the three primitive magmas is
assumed to have intruded into environment D, as all three spinel groups occur in the growth zones of type III olivines. The fact that the type III olivine cores are overgrown by the primitive growth zones (representing environments A, B and C) implies that
during replenishments these primitive magmas incorporated a number of olivine crystals from the cumulate, carrying them to shallower levels. In contrast to the type III olivine cores and growth zones, the type I olivine cores record the olivine
crystallization process in primitive magmas A, B and C, without incorporating any cumulate-derived olivines. The type I cores (and the type III growth zones as well) are mostly skeletal, indicating rapid crystal growth and significant undercooling (e.g.,
Lofgren, 1974; Crabtree and Lange, 2011). According to the experiments of Lofgren (1974) and Hammer (2006), skeletal crystal growth can take place when a hotter magma intrudes into an environment characterized by lower temperature. This suggests
that the skeletal cores of the type I olivines could have been formed during the intrusion of the hot primitive magmas (A, B and C) into the lower-temperature cumulate (environment D). Among the type I olivines, a smaller number of non-skeletal euhedral-
subhedral cores occur, implying that the intruding primitive magmas could have already carried their high-Fo olivines (having crystallized in greater depths) to this environment. Based on these processes the ascending primitive basaltic magmas both

intersected and remobilized the igneous cumulate (environment D).

Fractionation of the hybrid primitive magma C, producing the magmatic environment E, could have occurred after the intersection and remobilization of the cumulate. This fractionation process is directly indicated by sparse type I olivine crystals
where the core-to-rim compositional change is continuous rather than abrupt. However, the step zoning that dominantly characterizes the type I olivines implies that these two environments (C and E) must have also co-existed in the magmatic system at
some point in time. This allowed the arrival of primitive magma C carrying high-Fo olivines (type I cores) into environment E where they were overgrown by lower-Fo olivine (type I rims). This magmatic environment (E) was the final place for olivine

crystallization where the rims of each olivine types were formed through polybaric crystallization.

The genetically related environments F and H are assumed to mutually represent a distinct magmatic body, located below the igneous cumulate (environment D), where F and H could have been separated from one another. Similar to the case of
environments C and E, these two environments should also have existed simultaneously, based on the step zoning observed in type V olivines, with cores originating from environment H. These type V olivines record the process when the evolved magma (F)
could have incorporated olivines from environment H and brought them further into environment E. One of the type III olivine cores also derives from environment H and is surrounded by a primitive growth zone containing both group 2 and group 3a
spinels (Fig. 9C). This suggests that primitive magma B could have incorporated olivine crystal(s) from environment H during its ascent and carried it/them into the cumulate body (environment D) where a possible interaction with primitive magma C might

have occurred based on the co-existence of group 2 and 3 spinels.

The presence of sparse lithospheric mantle-derived olivine xenocrysts, occurring as rare cores of type I and type V olivines, implies that these foreign crystals were entrained into the ascending primitive magmas from the peridotite wall rock

(environment G). These xenocrysts were transported directly into environment E (in the case of type I olivine) or first into environment F (in the case of type V olivine) and then transported further by the evolved magma (F).

In summary, the evolution of the magmatic system that fed the initial phreatomagmatic phase is characterized by a remarkable complexity involving a number of distinct environments with multiple magma pockets and various interactions between

them. Magma stalling, accumulation, storage and fractionation are considered as closed-system processes, whilst-while open-system processes are represented by mixing, replenishments, cumulate remobilization and incorporation of foreign fragments and

crystals from the wall rocks.

Various olivine populations were reported by Ruprecht and Plank (2013) and Oeser et al. (2018) from the 1963--65 eruption products of Irazi, one of the most voluminous active volcanoes in Costa Rica. In its hybrid magmas (resulted from the
mixing of basaltic and dacitic end-members; Alvarado et al., 2006) three different olivine types were distinguished, showing characteristics very similar to those of our type I, II and III olivines. These Irazu olivines were inferred to have experienced very

similar processes during their formation; mixing of high-Fo mantle melts, remobilization of an igneous cumulate by the ascending primitive melts, a common late-stage crystallization history for all olivine types (Ruprecht and Plank, 2013; Oeser et al.,



2018). It is notable that in our case, the magmatic system can be characterized by such a complex evolution and even more olivine types are present, indicating the involvement of more environments and processes. This emphasizes our important

conclusion that small-volume basaltic monogenetic systems (after Németh and Kereszturi, 2015; Smith and Németh, 2017) tend to show very complex pre-eruptive histories, a well-known aspect of plumbing systems of voluminous polygenetic arc volcanoes.

8.2.8.2 The magmatic system that fed the magmatic explosive - effusive eruptive phase

The studied samples of unit 2 and 3 show considerable differences compared to those of unit 1. They are characterized by a simple petrographic appearance, the olivine crystals are unvaried and only display progressive
normal zoning (Fig. 6). The core-to-rim compositional variations of these olivines, i.e., the continually decreasing NiO and increasing CaO alongside continuously diminishing Fo contents (Fig. 4A—-B) indicate a normal olivine
fractionation trend (e.g., Simkin and Smith, 1970). The olivine-hosted spinel inclusions have a small range in Cr# (40.3--57.3) and show increasing TiO, and Fe3* contents (Fig. 4C--D), implying that they were formed through fractional
crystallization (e.g., Barnes and Roeder, 2001). Their compositions are very similar to those of the group 2 spinels in the unit 1 samples, suggesting that these spinels may have crystallized from magmas very similar to primitive magma B

of unit 1.

According to the petrographic features, the main crystallizing phase was olivine accompanied by spinel. In these unit 2--3 samples, we did not observe any signs of open-system petrogenetic processes, nor the complexities

discovered in the unit 1 samples. This suggests that only simple, closed-system fractional crystallization of olivine + spinel could have occurred in the case of the magmas that fed the later magmatic explosive - effusive eruptions.

Based on the whole-rock compositions of the lava, scoria and bomb samples (Fig. 3) these magmas are characterized by different degrees of fractionation. The most primitive magma erupted in the northern part (L2), the
southern lava (L4) is less primitive and the scoria cones (L6 and L7) were fed by the most evolved magmas. Consequently, during the magmatic explosive - effusive phase, primitive magma batches rarely reached the surface. Most of

them likely stalled near the Moho, resulting in the formation of a magma accumulation zone where they experienced a simple evolution through fractional crystallization.

8.3.8.3 Implications for the spatial and temporal evolution of the volcanic complex

A few differences were observed between the northern and southern phreatomagmatic eruptive products, yielding implications for the spatial and temporal evolution of the volcanic complex (Fig. 12A). Megacrysts of
amphiboles and clinopyroxenes occur only in the northern area, with the amount of large type III olivines being much higher. This implies that the primitive magmas incorporated a large number of fragments and crystals from the

near-Moho cumulate in the northern part of the magmatic system, indicating that, in this area, the cumulate and its remobilization could have played a much more significant role during the evolution of the magmatic system.

Juvenile basalt fragments from L5 contain a large amount of crustal siliciclastic xenoliths showing textural characteristics resulted from partial melting by the host basaltic magma. This implies that ascending magmas in the

southern part of the system also effectively interacted with the wall rocks at upper and/or mid-crustal level(s) after the incorporation of numerous fragments from lithospheric mantle peridotites.

Group 1 spinels are more frequent in the northern part, while group 2 spinels are only present in the southern part. This suggests that primitive magma A could have played a more dominant role in the northern part,
whitst-while primitive magma B could have been the predominant primitive mantle melt in the southern part of the magmatic system. However, both primitive melts must have been present in the entire system to enable their mixing
and the subsequent formation of environment E, through the fractionation of the hybrid primitive magma C. In addition, the simple olivines from unit 2--3 only host spinel inclusions similar in composition to the group 2 spinels from
unit 1. This could illustrate that after the initial phreatomagmatic eruption phase, primitive magmas with very similar compositions to primitive magma B could have occupied the magmatic system, experienced various degrees of

fractionation and fed the later eruptive phase.

Similar or even more pronounced petrographic differences were shown by Re et al. (2017) within a much smaller (~2 km?) monogenetic complex, where they suggested that at least two physically separate (although near to one

another) magma batches, originating from a shared source at depth, erupted at different times.

Our results provide important new data to complete our understanding of the Fekete-hegy volcanic complex. Auer et al. (2007) revealed the shallow subsurface processes and the main external forces governed the magma
fragmentation, pyroclast transportation and deposition. Here, we targeted the deeper processes and unraveled the evolution of the sub-volcanic magmatic system through its entire lifespan. Together, these two works yield a source-to-

surface petrogenetic-volcanological model for the volcanic complex.

According to our petrogenetic study, we propose the following model for the magmatic and volcanic history for the Fekete-hegy volcanic complex (Fig. 12). Primitive magmas (dominantly primitive magma A) ascended and
intruded into the (still stable) near-Moho igneous cumulate beneath the entire area of the present-day volcanic complex. In this stage, the primitive magmas intensively interacted with the cumulate having fragmented, disaggregated
and remobilized it through multiple intrusions. Following the variable petrogenetic processes (mixing, replenishments, fractionation), magma batches reached the surface and produced phreatomagmatic eruptions in the northern part.
Over time, the cumulate could have undergone progressive heating and consumption through multiple intrusions of the replenishing primitive magmas (primitive magma B could have become more dominant). Again, the same various

processes operated as before, however, it became easier for the magmas to get through the already disrupted cumulate, and less material was entrained from it. The magmas incorporated a number of crustal fragments from shallower



depths and erupted in the southern part (Fig. 12A). Alternatively, the cumulate may have been thicker in the northern part, and therefore more difficult for the magmas to intersect, subsequently carrying abundant cumulate-derived
crystals. Later, after phreatomagmatic activity concluded, the new eruptive phase (fed from the already simple, i.e., evacuated magmatic system), produced lava flows which covered the whole area of the volcanic complex, as well as
magmatic explosive eruptions building scoria cones. In spite of the lack of information concerning the exact time interval between the initial phreatomagmatic eruptive phase and the subsequent magmatic explosive - effusive phase,

the significant change in the architecture and evolution of the magmatic system after the maar-forming eruptions suggests a considerable time gap between the two phases.

9.9 Conclusions

This study demonstrates that the combination of detailed textural investigations with SEM, in situ EMPA analyses, high-resolution LA-ICP-MS trace element crystal mapping and single spot measurements on diversely zoned

olivines, coupled with the detailed analysis of the chemistry and occurrence of their spinel inclusions, serves as a powerful tool to unravel the evolution of basaltic systems.

Both complex and simple petrographic types of small-volume basalts are present within the studied monogenetic volcanic complex, represented by unit 1 and unit 2--3, respectively. Our results indicate a significant change
during the evolution of the sub-volcanic magmatic system feeding the Fekete-hegy volcanic complex; the initial phreatomagmatic eruptive phase (unit 1) was preceded by an unexpectedly complex and well-preserved history, while the

pre-eruptive processes of the later magmatic explosive - effusive phase (unit 2--3) were much simpler.

With regard to unit 1, detailed analysis of the crystal growth stratigraphy of the various olivine types suggests the involvement of eight distinct environments, with diverse origins and interactions. Four of these environments
are inferred to account for the significant compositional variation of the olivine-hosted spinel inclusions. A complex set of open- and closed-system petrogenetic processes operated during the evolution of the magmatic system: magma
stalling, accumulation, storage, fractionation, mixing, replenishments, cumulate remobilization, incorporation of foreign fragments and crystals from the wall rocks. All these diverse environments and processes resulted in the mixed

character of the erupted magmas.

In contrast, the uniform petrological features and the small variations displayed by the olivine and spinel crystals from unit 2--3 indicate that this later eruptive phase was preceded by a considerable change in the magmatic

system; it experienced a simple evolution through olivine + spinel fractional crystallization without any of the complexities seen during the initial phase.

Following the findings of our previous works in the western Pannonian Basin (Jankovics et al., 2012, 2013, 2015, 2016), the present study further emphasizes the importance of high-resolution mineral-scale textural and
chemical investigations to discover the complexity of the magmatic systems feeding monogenetic basaltic volcanoes. This method enables a direct and more detailed insight into the architecture and evolution of these systems, which is
essential to complement the whole-rock geochemical analyses. This is also markedly indicated by the significant difference between the range of Mg#s shown by the whole-rock data (0.66--0.72) and the equilibrium liquid compositions

(0.40--0.70) calculated from the Fo contents of the diverse olivine crystals (unit 1).

It is important to highlight that the petrogenesis of a single magma batch - usually considered as representing a given eruptive unit - can be as complex as involving multiple small magma pockets from various magmatic
environments, as well as diverse closed- and open-system processes, which together finally result in the bulk-rock (erupted magma) composition. These results provide fundamental advances in our view about the evolution of sub-

volcanic magmatic systems through the entire lifespan of compound monogenetic volcanic complexes.
Supplementary data to this article can be found online at https://doi.org/10.1016/j.jvolgeores.2018.11.027.
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- E-Extra

Single spot measurements were carried out on the cores, growth zones and rims of olivine crystals showing diverse textures, zoning patterns and compositions. Data were collected for Li, Na, Al, P, Ca, Sc, Ti,
V, Cr, Mn, Co, Ni, Zn, Y, Zr and Nb, using spot sizes of 15 and 25 pym, depending on the size of the cores and on the width of the zones and rims being analyzed, with a repetition rate and fluence of 8 Hz and 3.5 J/cm?,
respectively. Dwell times were 10 ms per analyte. The NIST 610 reference material was used as the calibration standard, and USGS BCR2G glass was our quality control. Si concentrations determined by EMPA were
used as an internal standard. Data Reduction was carried out using the “Trace Elements” Data Reduction Scheme of the Iolite v.3 software package (Paton et al.,, 2011). Under the reported analytical conditions,
precision and accuracy are typically better than 10% (Petrelli et al., 2008, 2016). Repeated analyses (n,=10) of the USGS BCR2G reference material performed in the same analytical session of the data reported in

present study confirmed the expected figures of merits with the only slight deviations of Cr and P, showing divergences from the reference values of 11 and 13-%, respectively (Supplementary Table 5).

The juvenile pyroclasts contain a remarkably diverse mineral assemblage (=-4 mm-sized crystals) of olivine + clinopyroxene + orthopyroxene + spinel + amphibole + quartz +-K-feldspar-+ plagioclase. In addition,
they also comprise various xenoliths (=-7 mm) of peridotite, sandstone, siltstone and mudstone (Fig. 2A--B). The minerals recognized in the juvenile pyroclasts show highly variable appearances with a significant
amount of crystals showing disequilibrium textures (Supplementary Fig. 1): rounded and embayed olivines with diffuse rims; anhedral and ragged orthopyroxenes with fine-grained reaction rims; subhedral
clinopyroxenes with variably resorbed, colorless (under the optical microscope) cores (often with spongy parts) and pale brown, sector zoned rims; anhedral and rounded spinels with spongy rims; ragged and
anhedral amphiboles often with reaction rims. All these textural features suggest a xenocrystic origin for these minerals (olivines, orthopyroxenes, spinels, amphiboles and rounded clinopyroxene cores) which are
originated from the subcontinental lithospheric mantle (together with the peridotite xenoliths). Very similar mineral assemblages characterized by the same disequilibrium textures were reported from the alkaline
basalts of the adjacent Fiizes-té scoria cone and Bondoré-hegy eruptive centers (Fig. 1B), where these anhedral olivines, orthopyroxenes, spinels and colorless clinopyroxene cores were proved to be lithospheric
mantle-derived xenocrysts based on their textures and compositions (Jankovics et al., 2009, 2013, 2016). The Fekete-hegy samples contain anhedral, resorbed quartz and K-feldspar crystals, which are interpreted as
xenocrysts derived from the crust (together with the siliciclastic xenoliths). Glomerocrysts of olivine and/or clinopyroxene are often observed. The microphenocrysts (=-150 pm) in the juvenile components are olivine,

clinopyroxene, plagioclase and Fe-Ti-oxides, and the groundmass consists of the same mineral phases with the addition of a small amount of glass.

Some differences can be observed in the phreatomagmatic products between the three sample locations (L1, L3 and L5) (Fig. 1C). For example, they differ in abundance and type of lithic fragments, the
appearance and size of the sideromelane glass shards, and the amount of the xenocrysts in the juvenile pyroclasts. In addition, at sample location 1 (L1) the deposits contain abundant megacrysts (0.5--3 cm) of
amphibole->>>- clinopyroxene—>>— > mica, which are present as independent pyroclasts as well as inside the juvenile basalt fragments. Compared to L1 and L3, the juvenile basalt fragments from L5 comprise the

largest amount of crustal siliciclastic xenoliths which show textural features resulting from partial melting by the host basaltic magma (Supplementary Fig. 1A).

Previous whole-rock geochemical data from the northern and southern effusive rocks, as well as one of the scoria cones (corresponding to our L6) of the Fekete-hegy volcanic complex were reported by Jugovics
(1976) and Embey-Isztin et al. (1993). For this study, with the exception of L3 where the juvenile basalt fragments are more altered, samples were analyzed from each of the studied sample localities (Fig. 1C): juvenile

basalt fragments from the lapillistones and lapilli tuffs (unit 1), lavas (unit 2), scoria and volcanic bombs (unit 3). New whole-rock compositions are given in Supplementary Table 1.

Aside from the striking differences observed between the appearance and modal mineralogy of the basaltic rocks from unit 1 and unit 2--3, there are also significant distinctions between the textures, zoning
and chemistry of their olivine crystals. While the olivines in unit 1 show a remarkably large diversity, the olivines of unit 2 and unit 3 are simple and uniform. Olivine compositions measured from all the three eruptive

units are plotted in Fig. 4A--B, and representative major and trace element compositions are given in Table 1. The complete olivine dataset is available in Supplementary Tables 2 and 3.

Trace element maps displaying intra-crystal compositional variations for each olivine type are presented in Fig. 8. The different zoning patterns shown in the BSE images (Figs. 5, 8) and described above for
each olivine type (Fig. 7) are clearly reproduced in the high-resolution trace element crystal maps. The maps illustrate that the intra-crystal compositional changes of trace elements Ni, Cr, Mn and Zn mostly correlate
with Fo contents. Ni and Fo variations correlate positively across olivine types I, II, III and V, but show negative correlation in the representative type IV crystal (Fig. 8D). Cr correlates positively with Fo across the
type I, II, IIT and IV crystals, however this is not the case in the type V olivines. The representative type V crystal map (Fig. 8E) shows that both the core and the growth zone (which significantly differ in Fo; Figs. 6:=7)
have the same, low-Cr concentrations surrounded by a Cr-richer rim. The other mapped type V crystal (Fig. 5G, Supplementary Fig. 2), however, displays a growth zone that is poorer in Cr than the core (corresponding
to the Fo variation) and it is followed by a Cr-richer rim. Mn and Zn behave similarly and show negative correlation with Fo in all olivine types excepting the type IV crystal where these two elements change oppositely

(Mn correlates positively but Zn negatively with Fo).



The type III olivine cores together with sparse type V olivine cores define environment D. Although a similarly fractionated environment to E, environment D differs with regard to several elements in its
olivines (Figs. 7, 10B, 11). It is important to note that aside from the smaller olivines, numerous large (1--4.5 mm) crystals occur as the cores of type III olivines (Fig. 5D). One of the studied samples contains several
such large (3--5 mm) olivine crystals attached to a ~2 cm-sized clinopyroxene megacryst (colorless under the optical microscope) (Supplementary Fig. 3). These olivine grains show very similar appearances as the large
type III olivine cores. They consist of numerous subgrains, mainly in their marginal parts. A number of clinopyroxene and amphibole megacrysts were found at L1, which have the same appearances and textural
features as the well-studied clinopyroxene and amphibole megacrysts commonly found in other alkaline basaltic volcanics from the Bakony-Balaton Highland Volcanic Field (e.g., Embey-Isztin et al., 1990; Dobosi et al.,
2003a; Jankovics et al., 2013, 2016). They generally occur together with pyroxenite (Type II) xenoliths consisting of clinopyroxene + olivine + spinel + amphibole. Based on their major and trace element and isotopic
characteristics, these megacrysts and pyroxenite xenoliths were inferred to share a common origin representing fragments of igneous cumulates crystallized from earlier alkaline basaltic magmas which did not reach
the surface. These earlier magmas stalled and accumulated in the uppermost part of the lithospheric mantle, near the crust-mantle boundary and crystallized as veins, dykes and sills characterized by compositions
very similar to those representing the host alkaline basalts (e.g., Embey-Isztin et al., 1990; Dobosi et al., 2003a; Jankovics et al., 2013, 2016). Considering the co-existence of the above-mentioned large olivine grains with a
clinopyroxene megacryst in our studied sample, and the appearance of the large type III olivine cores (textural features implying disaggregation; Fig. 5D), we can interpret the type III olivine cores as originating from
the same igneous cumulates as the clinopyroxene and amphibole megacrysts and the pyroxenite xenoliths. Assuming a clinopyroxene + amphibole + olivine mineral assemblage for these earlier accumulated alkaline
basaltic magmas, this origin can be also supported by the composition of type III olivine cores. The intermediate Fo and Ni contents of the type III olivine cores can be attributed to olivine crystallization, their low Cr
concentrations could be the result of co-crystallization of clinopyroxene and their lower Ca contents may have been caused by the co-crystallization of both clinopyroxene and amphibole. Additionally, it can be
assumed that during slow cooling and crystallization, these olivine crystals equilibrated, resulting in their quite homogeneous compositions observed within individual type III olivine cores. This scenario also explains
why their Fo and Ni concentrations are similar to those of the olivines crystallized from environment E (because the earlier stalled alkaline basaltic magmas, represented by the cumulates, are similar in composition

to the final crystallization regime, i.e., environment E).

- E-component

The following are the supplementary data related to this article.



Supplementary Fig. 1 (A) Textural appearance of a rounded, partially melted crustal siliciclastic xenolith consisting of quartz (q) and vesiculated glass (gl) and (A-C) characteristics of variable xenocrysts in the juvenile basalt fragments of unit 1 samples (from L5). K-feldspar

(Kfp) xenocrysts originate from the upper/middle crust probably together with the siliciclastic xenoliths, whitst-while the olivine (ol), clinopyroxene (cpx) and orthopyroxene xenocrysts (opx) derive from the subcontinental lithospheric mantle. Clinopyroxene xenocrysts occur as

anhedral, resorbed cores overgrown by phenocrystic clinopyroxene (A-B) and they often have a spongy margin (or more extended spongy parts) as well (B). Orthopyroxene xenocrysts are usually surrounded by a fine-grained reaction rim (consisting of olivine + Si-rich

glass + clinopyroxene-+ spinel) (B-C) and sometimes they contain poikilitically enclosed spinel (B).

alt-text: Supplementary Fig. 1




Supplementary Fig. 2 High-resolution trace element crystal maps (Ni, Cr, Mn and Zn) and corresponding BSE image of the type V olivine shown in Fig. 5G (unit 1).

alt-text: Supplementary Fig. 2




Supplementary Fig. 3 One of the studied thin sections from L1 (juvenile basalt fragment; unit 1) that contains several large (3--5 mm) olivine crystals attached to a ~2 cm-sized clinopyroxene megacryst (colorless under the optical microscope). These olivine grains consist of

numerous subgrains, mainly in their marginal parts, and show very similar appearances as the large type III olivine cores (like in Fig. 5D).

alt-text: Supplementary Fig. 3

Multimedia Component 1

Supplementary Table 1 Whole-rock compositions of the studied samples from the three eruptive units.

alt-text: Supplementary Table 1

Multimedia Component 2

Supplementary Table 2 Major element compositions (wt:%) of the studied olivine crystals from the three eruptive units.

alt-text: Supplementary Table 2

Multimedia Component 3

Supplementary Table 3 Trace element concentrations (ppm) of the studied olivine crystals from unit 1.

alt-text: Supplementary Table 3 |

Multimedia Component 4

Supplementary Table 4 Compositions of the studied olivine-hosted spinel inclusions from the three eruptive units.



alt-text: Supplementary Table 4

Multimedia Component 5
Supplementary Table 5 Repeated analyses (1=10) of the USGS BCR2G reference material, utilized as quality control. The table reports the average values of the analyzed elements, the resulting standard deviations (1 s), and the reference values by Gao
et al., 2002 (Li, Sc, Ti, V, Cr, Mn, Co, Ni, Zn, Y, Zr, and Nb; LA-ICP-MS) and Jochum et al., 2005 (Na, Al, P, and Ca; EPMA).

alt-text: Supplementary Table 5

Highlights

¢ A compound monogenetic basaltic system with distinct eruption episodes.
¢ High-resolution analysis of diversely zoned olivines and their spinel inclusions.
¢ Complex magmatic system with various magmatic environments and petrogenetic processes.

¢ Significant change during the evolution of the sub-volcanic magmatic system.
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