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Abstract

This work studies a submarine volcanogenic apron forming the Nagyharsas Andesite Formation (Badenian —
Middle Miocene) in the Matra Mountains (North-Eastern Hungary), with the aim to identify volcanic
processes, from the sedimentary bed scale to the architecture of the whole apron. Fieldwork has been carried
out in two different localities (Tar and Sdmsonhaza villages), where eighteen logs have been measured and
correlated, reconstructing the stratigraphic variations of the sedimentary beds and the volcano-sedimentary
architectures of the proximal and distal part of the volcanogenic apron. Fifty-two samples have been
collected, cut into standard thin sections and petrographically studied to support the interpretation of
mechanisms that accumulated the volcanogenic detritus in the submarine realm, as well as to identify the
possible volcanic source and how it interacted with the marine environment. The results allow for the first
time to underline the importance of a correct interpretation of volcanongenic deposits in the constrain of
regional sea level variations, and to discuss the role of active volcanic edifices in shaping the proximal and
distal sedimentary architecture of volcanogenic aprons. In proximal areas, the correlation between eruptive
cycles and excavation-infill cycles of apron channels suggests that major eruptive events are responsible for
channel excavation, whereas minor eruptive events contributed to the infilling of those architectures. In
distal areas, the large supply of volcanogenic sediments cannibalizes the sedimentary system, temporally
inhibiting the progradation of carbonate platforms nearby the apron offshoots, as well as allows the bypass
of topographic barrier (e.g., ridges) favouring mechanisms of sediment spill-over in areas where otherwise
sedimentation would be prevented.
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1. Introduction

Submarine depositional systems are complex assemblages of sediments emplaced through time under
control of the exogenous and endogenous factors. Such a control is exerted at all stages that lead to the
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accumulation of sedimentary successions, from the generation of sediments, to their transport mechanisms
and development of depositional architectures (e.g., Sinclair and Tomasso, 2002; Mutti et al., 2009;
Catuneanu et al., 2011; Carey and Schneider, 2011; Schindlbeck et al. 2013; Marini et al., 2015; Henstra et
al., 2016; Cunha et al., 2017). Among endogenous and exogenous factors, volcanism is probably one of the
most significant, as it is able to provide large volumes of detritus to the sedimentary basins in a short time
(e.g., Smith, 1991; Critelli and Ingersoll, 1995; Allen et al., 2007; Manville et al., 2009; Di Capua et al., 2016;
Shumaker et al., 2018; Dodd et al., 2020). Volcanism can also produce the accumulation of a wide range of
volcanogenic deposits, whose characteristics depend on the parental volcanic events and transport
mechanisms (e.g., Trofimovs et al., 2004, 2008; Di Capua and Groppelli, 2016a, b). Furthermore, processes
governing the construction of volcanic edifices are often cyclical, with alternated pyroclastic and
volcaniclastic deposits that can be identified in the sedimentary records, which link volcanic activity and the
evolution of sedimentary basin (e.g., Smith, 1991; Marti et al., 2018; Di Capua and Groppelli, 2018; Bischoff
et al., 2019; Di Capua and Scasso, 2020). The integrated analysis of all the above-mentioned processes is
critical to improve models on volcano-sedimentary architectures in basins affected by pyroclastic and
volcaniclastic deposition.

This study presents the reconstruction of stratigraphy of a submarine volcanic apron accumulated in the
Pannonian basin during Miocene and exposed in the Mdatra Mountains (North-Eastern of Hungary — Fig. 1).
Lithostratigraphy, microscopic textures and petrography of the sedimentary record have been analysed and
compared to discuss: 1) the mechanisms leading to the generation, transport and underwater accumulation
of the volcanogenic beds; 2) the provenance of the detritus and possible multiple volcanic sources; 3) the
relationship between eruptive cycles and the development of architectural elements; 4) the relationship
between stages in the activity of the volcanic source and corresponding features of the proximal part of the
apron; 5) the interaction among volcanism, sedimentary processes and seafloor topography in the
development of the apron offshoots; 6) the importance of the correct interpretations of volcanogenic
sequences in the reconstruction of regional sea level variations.

2. Geological Setting

The Pannonian basin developed by considerable thinning of the continental lithosphere during the Miocene
in an area bounded by the orogenic belts of the Alps, the Carpathians and the Dinarides (Horvath et al., 2015).
The rifting started west-southwest at about 22 Ma and propagated towards east up to ca. 8 Ma (Baldzs et al.,
2016). The significant extension of the lithosphere was accommodated by suction effect of the retreating
subduction along the eastern Carpathians (Royden et al., 1982; 1983; Csontos et al., 1992). The complex
tectonic evolution was accompanied by intense volcanism characterized by eruptions of wide range of
magmas (from basalts to rhyolites; Szabo et al., 1992; Harangi, 2001; Seghedi et al., 2004; 2005; Pécskay et
al., 2006; Harangi and Lenkey, 2007; Seghedi and Downes, 2011). The onset of extension in the north-
northeast part of Pannonian basin was associated with large caldera-forming eruptions of silicic magmas
from 18 Ma to 14 Ma (Lukacs et al., 2015; 2018). Pyroclastic deposits of these explosive volcanic events
covered the surface of the major part of the Pannonian basin and therefore, they are important key-horizons
in the Miocene stratigraphy, like the Tar Dacite Tuff Formation (TDF) of Figure 1. This volcanism was partly
contemporaneous with calc-alkaline andesitic to rhyolitic volcanic activity yielding a chain of volcanoes from
west to east in the northern part of the Pannonian basin from ca. 16 Ma to 10 Ma, like the Hasznos Andesite
Formation (HAF) and the Nagyharsas Andesite Formation (NAF) of Figure 1 (Downes et al., 1995; Harangi et
al., 2001; 2007).

The diachronous lithospheric extension of the Pannonian basin formed several subbasins, mostly half-
grabens (Tari et al.,, 1992; 1999; Fodor et al., 1999) that were filled first by the large inland sea of the
Paratethys and then the Pannon lake (Magyar et al., 1999; Rogl, 1999). One of them (the Négrad Basin)
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developed in the northern part of the Pannonian basin system along the NNE-trending Zagyva trough (ZT)
(Hadmor, 1985; Tari et al., 1992; Fodor et al., 1999; Plspoki et al., 2017). In the study area, the trough is
delimited to SW by the Zagyva Fault (ZF), which separated it from the Matra Volcanic Complex, and to NE by
a fault here named as Sdmsonhdza Fault (SaF), which separated it from the Zagyva ridge (ZR). This latter
element is a horst with an elongation of SE to NW, bordered to SW by the SaF and to NE by the Szentkut fault
(SzF) (Fig. 1A - Hamor, 1985; Plispoki et al., 2017).

The progressive subsidence of the ZT, coupled with frequent sea level variations, controlled the evolution
of the sedimentary record in the Négrad basin (Figs. 1A and B), which opened with the accumulation of deep-
water sediments since the Karpatian (Garab Schlier Formation - GSF). Above the GSF, a regressive, shallow
marine sequence occurs (Fét Formation - FF), immediately overlain by the submarine volcanogenic deposits
of the HAF (Vakarcs et al., 1998; Pdka et al., 2004; Pispoki et al., 2017). This volcano-sedimentary cycle is
overlain by the TDF (Fig. 1B), a thick pyroclastic sequence emplaced by multiple eruptive events, partially
subaerially and partially in shallow marine environments (e.g., Hdmor, 1985; Karatson et al., 2001; Lukacs et
al., 2018). The TDF is one of the more prominent stratigraphic key-horizon in the Pannonian basin. The age
of the volcanic event was formerly considered to fall at the boundary between the Karpatian and the
Badenian time (16.4 Ma - e.g., Hdmor et al., 1980; Vakarcs et al., 1998). However, Lukacs et al. (2015; 2018)
determined the age of the TDF at ~14.9 Ma by zircon ID-TIMS technique and concluded that the TDF can be
correlated with the eruption of the Demjén ignimbrite in the Biikkalja area (NE of Hungary). Above the TDF,
the Nagyharsas Andesite Formation (NAF) was emplaced between 14.9 and ~14 Ma and form the massive
Matra and Cserhat volcanic complexes (e.g., Karatson et al., 2001; Pdka et al., 2004). The NAF comprises
terrestrial and subaqueous deposits. The terrestrial sequences form most of the volcanic morphologies and
deposits of the Matra Volcanic Complex, whereas the subaqueous part of the NAF is exposed in the Nograd
Basin (e.g., Karatson et al.,, 2001; Pdéka et al.,, 2004; Nagymarosy and Hamor, 2013). There, the NAF is
intercalated by the transgressive fossiliferous, clastic to calcareous deposits of the Pécsszabolcs Limestone
Member (PLM), Early Badenian in age (Fig. 1B). On top, it is erosively overlain by the clastic to calcareous
deposits of Rakos Limestone Member (RLM), Late Badenian in age (Fig. 1B). Both Members are part of the
Leithakalk Formation (LF) (Gyalog, 2005; Pelinkan and Ronai, 2005; Prakfalvi, 2005; Nagymarosy and Hamor,
2013).

3. Methodology

Stratigraphic logs have been compiled through a geological survey in two different areas, near the villages of
Tar and Sdmsonhaza (Fig. 1C) with the aim to constrain the paleoenvironment where the volcanogenic
deposits were emplaced. On the NAF, eighteen logs have been measured near the village of Tar on top of an
abandoned quarry and along two parallel creeks, and near the village of Sdmsonhaza in an ancient quarry
and 1.3 km to NE of it (Figs. 1 and 2). A total of fifty-two samples have been collected and cut into standard
thin sections for compositional and textural analyses. The combination of stratigraphic and petrographic
results has been used to define nine facies. Measured logs have been correlated through key features,
including the marker beds defined by similar petrographic and stratigraphic features, erosive surfaces and
formations’ boundaries. Six facies associations (three in Tar and three in Sdmsonhaza) have been defined on
the base of the spatial facies distribution and subsequently correlated together to reconstruct the
stratigraphic architectures characterizing the NAF in the study area.

4. Stratigraphy of the NAF in the Zagyva Trough

Figure 1C shows the general stratigraphy of the study area as documented during fieldwork. In the Tar area,
fieldwork documented that the NAF closes a volcano-sedimentary sequence, opened by almost 10 m of
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submarine marl deposits ascribed to the Garab Schlier Formation. This Formation is overlain by a ca. 10 m
chaotic to bedded andesite tuff-breccias and tuffs that belong to the submarine HAF. Above it, an almost 30
m-thick rhyodacitic ignimbrite deposit of the TDF is exposed below the studied sedimentary sequence. Where
documented, the contact between the TDF and the upper NAF is erosional and scour directions have been
measured (Fig. 2). In the Sdmsonhaza area, the studied sequence has been logged in three main sites named
SA, in the Zagyva Trough, SB and SC, on the Zagyva Ridge (Fig. 1A). In this area, fieldwork revealed that the
NAF is included between the TDF at the bottom and the RLM on top. In site SA, the NAF crops out 10 m above
the top of the TDF and could be followed up until its top. It is composed of a volcanogenic sequence,
interbedded by a thin marly limestone layer of the PLM at the bottom, and two concordant andesite layers
on top (Fig. 3A). The contact between these andesite bodies and the clastic sequence is fluidized (Fig. 3B),
therefore the andesite bodies are interpreted as sills in disagreement with previous authors who consider
them as lava flows (e.g., Nagymarosy and Hamor, 2013). The uppermost andesite sill caps the NAF and is
erosively overlain by the carbonate sequence of the RLM (Fig. 3C). In site SB, the NAF has a limited thickness
of 5 m, comprised between the TDF and the RLM. Site SC is the only place where the contact between the
TDF and the NAF (not erosive) is visible.

5. Facies description and interpretation

Fieldwork and petrographic analyses allowed the identification of nine facies, described and interpreted in
terms of sedimentation mechanisms, and correlated to the TDF, NAF and PLM through petrographic features.

5.1 Facies A

Field description: Facies A has been observed in Tar exposed along a hummock, dipping toward SE in site A
and toward NW in site B. It consists of two units: a basal ungraded ash layer, almost 1 m-thick, and an upper
monomictic moderately sorted, matrix- to clast-supported, normally graded lithic breccia layer, almost 3 m-
thick (Fig. 4A). Weak wavy stratification characterizes the deposits and, along it, many blocks and megablocks
(up to 2 m) are aligned. Megablocks often present jigsaw cracks (Fig. 4B), some of which are open and filled
up by ash matrix and minor small angular blocks, forming diapiric flame-like structures with sigmoidal-shaped
laminae running parallel to the fracture walls (Fig. 4C). Some blocks are flattened and completely broken (Fig.
4D).

Petrographic description: Facies A matrix is mainly composed of loose phenocrystals of plagioclase (Fig. 4E),
irregular to rounded pumices (Figs. 4E and F), and rare black scorias with micrometric laths of plagioclase
(Fig. 4G). All the particles are dispersed in a vitric, locally highly vesiculated groundmass that shows colours
ranging from yellow to dark brown. Vesicles have glassy rims, sometimes palagonitized, and are rarely filled
up by fine ash (Figs. 4E and F). Pumices are often deformed forming a continuum with the groundmass (Fig.
4F). Intergranular contacts among the scoriaceous particles are generally constituted of glass, which locally
shows palagonitization (Fig. 4E). Megablocks and blocks observed in the field show a banded fluidal texture,
locally embedding phenocrystals of plagioclase (Fig. 4H), but are never observed as a constituent of the
matrix deposits.

Interpretation: geometry and sedimentological structures (ungraded to normally graded breccia) of Facies A
are akin to those of block and ash flow (BAF) deposits (Schwarzkopf et al., 2005). The basal ash unit of the
BAF corresponds to the basal shear zone of Cardona et al. (2020), characterized by a high shear stress
(Branney and Kokelaar, 2002). Groundmass vesiculation highlights that gases trapped as pore fluids among
the particles lowered the internal friction resistance to flow deriving from the intraparticle collisions. The
upper normally graded part includes blocks and megablocks colliding among each other while rafting on top
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of the flow (De Blasio and Elverhoi, 2011). Deformation and breakage of blocks, generated by differences in
stress applied to different parts of the block, were enhanced by collision during the flowage (e.g., Ui et al.,
1986). Once the flow decreased its velocity, blocks induced overpressure over the underlain ash, which was
squeezed upward intruding the space between blocks (Branney and Kokelaar, 2002; Douillet et al., 2015;
Roverato et al.,, 2018). Groundmass palagonitization occurred soon after the BAF emplacement, and
highlights water circulation inside the still hot deposit. This also indicates that BAF was accumulated in a
submarine realm.

5.2 Facies B

Field description: Facies B corresponds to reverse graded tuff-breccias (Fig. 5A). These beds are generally
matrix-supported at the base and become clast-supported on top (Fig. 5B-C). The grey matrix is composed of
fine ash, but occasionally becomes coarser. Blocks are angular to subangular, rarely sub-rounded, and are
mainly represented by lava blocks composed of phenocrysts of plagioclase and pyroxene in a massive to
vesiculated, red to green groundmass. Very rare accidental rhyodacitic blocks have also been observed.
Among the lava blocks, the most representative lithotype is green massive lava (50-60%), followed by red
lavas (20-32%) dark green lavas (14-20%), and light green lavas (1-6%). Blocks have mean size around 10— 12
cm, with a maximum dimension of 70 cm (a red lava block).

Petrographic description: Facies B appears poorly sorted and mainly composed of lithics and minor loose
crystals of plagioclase and clots of pyroxene, surrounded by a brown to dark brown microcrystalline
groundmass (Figs. 5D-1). The lithic fraction comprises particles with irregular, ameboid and rounded shapes
made of porphyritic lavas, with phenocrystals and clots of plagioclase and minor pyroxene, embedded in a
grey, pale brown or brown microcrystalline groundmass (Figs. 5D-E). In some cases, lava fragments present
vesicles rimmed by palagonite (Fig. 5E). Many particles are characterized by a light-yellow reaction rim of
weathered glass (Figs. 5D, 5E, 5H and 51), whereas minor lithics show a pale brown reaction rim (Fig. 5H).
Groundmass is partially impregnated by a yellow to brown cement of phyllosilicates and palagonite, grown
onto the previous glass (Figs. 5E and 5H). Palagonite and phyllosilicates also form veins that crosscut the
lithics and substitutes their internal glassy groundmass (Figs. 5D and 5G).

Interpretation: Reverse grading and large amounts of angular and subangular blocks similar in mineralogical
compositions indicate that Facies B deposits were accumulated by BAFs dominated by a granular flow regime
(Sulpizio et al., 2014). Texture differences documented among blocks suggest that the probable source of
such BAFs was a complex lava dome with different internal fabrics (e.g., Zavada et al., 2009; Szepesi et al.,
2019). Few rounded blocks and rhyodacite blocks have been probably eroded from the substratum during
the BAF motion and incorporated into the final deposits (e.g., Trofimovs et al., 2008; Di Capua and Scasso,
2020). Reaction rims, yellow to brown cement and fracturing/weathering of lithics indicate that post-
emplacement water circulation occurred when particles were still hot, favouring hydrothermal reactions that
transformed the glassy components into phyllosilicates/palagonite (McPhie et al., 1993; Di Capua and
Groppelli, 2016b).

5.3 Facies C

Field description: Facies C comprises amalgamated strata of polymictic tuff-breccias, lapilli-tuffs and tuffs, in
metric to plurimetric layers (Figs. 6A — E). The coarser layers are generally massive or weakly laminated, with
elongated blocks parallel to the lamination or accumulated in pockets (Fig. 6A). The finest parts of the
deposits are massive, parallel to wavy or cross-bedded laminated, but laminations are generally truncated
(Figs. 6B and C). Pluricentimentric blocks are frequently dispersed in the deposits. Some of them present ball
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and pillow structures at their bottom and are characterized by flanks and top onlapped by the surrounding
sediments (Fig. 6D). Although intermediate lava fragments and scorias are the most representative particles
in the detritus, lapilli- to ash-size subrounded pumices arranged in pluricentimetric thick, metric wide dune
structures (Fig. 6E) has been frequently observed (e.g., Log 8 - Fig. 2).

Petrographic description: Facies Cincludes two distinct petrofacies named C1 and C2. Petrofacies C1 is mainly
composed of detritus intermediate in composition (plagioclase + pyroxene; plagioclase). The coarse-grained
beds of this facies are clast-supported layers almost entirely composed of sub-rounded lithics, with rare loose
crystals of plagioclase. Particles within the beds are coarse, subangular to subrounded in shape and rimmed
by devitrified glass and dark brown palagonite (Figs. 6F-G). In addition, brown palagonite also substitutes
most of their glassy textures (Fig. 6F). Groundmass among particles is well developed in coarser beds,
showing a microcrystalline texture embedding um-scale laths of plagioclase (Fig. 6G). In finer beds,
groundmass becomes highly vesiculated, with vesicles elongated in shape and rarely filled up by palagonite
(Fig. 7A). It wraps lathwork and porphyritic lava fragments, dark orange scoriae, loose crystals of plagioclase
and clots of clinopyroxene with vesicles rimmed by palagonite (Figs. 7B-D). As shown in Figure 7D, particles
are also often rimmed by dark brown to grey devitrified glass and may have green zeolites grown on
plagioclase crystals (Fig. 7D). Other lava fragments have an ameboid shape, and they are characterized by
frequent palagonite that substitutes the vitric groundmass without obliterating the primary vesiculation
(Figs. 7E - 7H).

Petrofacies C2 has been observed only in few deposits directly overlaying the TDF (Fig. 2 —Log 1), and
includes beds almost entirely composed of highly vesiculated rhyolitic fragments, loose crystals of quartz,
plagioclase, sanidine and biotite, and rare accidental lava fragments intermediate in composition, all
embedded in a grey, microcrystalline to cryptocrystalline groundmass (Figs. 71-K). Fluidal structures,
consisting of glass weathered into clay, rarely wrap particles (Fig. 71). Plugs of well sorted particles (Fig. 7J)
and gas pipe-like structures, formed by vertical well sorted particles and a dark brown cement (Fig. 7K), have
been rarely documented.

Interpretation: Massive appearance, truncated erosion surfaces and dune accumulation result from
repetitive deposition, erosion and self-channelization of high- to low-concentrated unsteady flows generated
by PDCs (Douillet et al., 2013, 2018). Flow-boundary conditions influenced the microscopic textures of the
beds: when fluid-escape worked efficiently, fines were depleted by the flow, the flow lost its concentration
and the resulting deposits are well sorted (Branney and Kokelaar, 2002). When flow-boundary conditions
were traction-dominated, gases still entertained within the high-concentrated flows and fines were not
elutriated (Branney and Kokelaar, 2002; Sohn et al., 2008). Largest blocks are interpreted as ballistics and ball
and pillow structures resulted from their impact on the underlying beds (Douillet et al., 2015). Once settled,
the submarine water circulating in the deposits reacted with the still hot particles, favouring the partial
sintering of rims and vitric groundmass (when present), as well as the subsequent palagonitization of the
glass (McPhie et al., 1993; Wadsworth et al., 2014; Di Capua and Groppelli, 2016b). Deposits characterized
by petrofacies C2 probably represent the final phase of the TDF emplacement.

5.4 Facies D

Description: Facies D includes moderately sorted, matrix-supported, massive, rarely reverse-graded lapilli-
tuff and tuff deposits (Figs. 8A and B). Thickness ranges between 10 and 100 cm. Accidental outsize
(maximum 100 cm) lithics are frequent and have a rhyodacitic composition in both study areas. In Tar, angular
to subrounded lithics of more intermediate nature are also present.

Petrographic description: Facies D is largely composed of vesiculated scoriae and lava fragments,
intermediate in composition, with loose crystals of plagioclase in minor amount (Figs. 8C-G). Scoriae and
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lithics are mainly irregular (Figs. 8B and C) and ameboid in shape (Fig. 8F), with minor sub-rounded particles
(Fig., 8E), and show groundmass that varies from porphyritic to microcrystalline in textures, from yellow, red
to black in colour (Figs. 8C-G). All the particles are generally rimmed by glass and/or palagonite (Figs. 8B and
8D). Deposit groundmass is mainly glassy to microcrystalline (Figs. 8B and 8D) and is often palagonitized (Figs.
8B-D). Vesiculation is diffuse in all samples, with vesicles rimmed by glass and palagonite (Figs. 8F and 8G).
In Sdmsonhaza (Fig. 2 — Log 18), rare fragments of obsidian, showing a glassy fluidal texture embedding
crystals of quartz, have also been observed (Fig. 8H).

Interpretation: The absence of grading, the massive aspect of the deposits and its moderate sorting indicate
that Facies D was accumulated by PDCs, whose motion was sustained by a fluid-escape dominated regime
(Branney and Kokelaar, 2002). The recognition of a good degree of hydrothermal weathering within the
groundmass reveal that all deposits were accumulated by hot flows that interacted with water (McPhie et
al., 1993; Sohn et al., 2008). Provenance of obsidian detritus is discussed in paragraph 7.1.

5.5 Facies E

Field description: Facies E groups together all those deposits that are characterized by a reverse to normal
grading, which has been observed in both areas (Figs. 9A). The stratigraphy comprises a basal medium sandy
layer, overlain by a coarser main body, and a muddy, weakly laminated to massive layer. Traction carpets
and grain-size variation are rarely observed in the central layer of the deposits. All the deposits are composed
of intermediate detritus, which generally shows a porphyritic texture, with phenocrystals of plagioclase, and
are sometimes vesiculated. In the Samsonhdza area, rounded pumices are sometimes included in these
deposits.

Petrographic description: Facies E includes deposits mainly composed of intermediate lava fragments,
pumices and loose crystals of plagioclase (Figs. 9B — G). Lithics are often ameboid in shape (Figs. 9B-D) and
show a yellow to brown porphyritic groundmass with phenocrystals of plagioclase. Pumices can wrap
phenocrystals of plagioclase (Fig. 9C), and often create a continuum with the microcrystalline groundmass,
becoming undistinguishable from it (Figs. 9B and 9F). Vesicles are rarely rimmed by glass or filled by zeolites
(Figs. 9B and 9F). Groundmass is generally microcrystalline, as shown in Figs. 9D and 9E. Yellow to dark yellow
patches on it indicate that it has been subsequently weathered into palagonite. These patches also grew onto
the glassy parts of the lithics. As shown in Fig. 9G, particles can also be rimmed by yellow to dark brown
palagonite. In a deposit of Sdmsonhdza (upper part of Log 14 — Fig. 2), a lava fragment ascribable to the
megablocks of Facies A (cfr Fig. 4H), characterized by palagonitized rimmed vesicles, has been observed (Fig.
9G).

Interpretation: Facies E includes deposits accumulated by concentrated density flows, in which the basal part
moved supported by grain-to-grain interaction, favouring the elutriation of fines later accumulated as fallout
(Mulder and Alexander, 2001; Branney and Kokelaar, 2002). Rimmed particles and rimmed vesicles, together
with palagonite, indicate a strong interaction between the hot detritus and the surrounding water. Therefore,
these flows, accumulated as turbidity currents sensu lato, were generated by the disaggregation of PDCs in
the submarine realm (e.g., Trofimovs et al., 2008; Di Capua and Groppelli, 2016a).

5.6 Facies F

Field description: Facies F comprises normally graded matrix- to clast-supported deposits of volcanogenic
sandstones (Fig. 10A). Matrix of the lowermost deposit in Tar (Log 11 — Fig. 2) is composed of rhyodacitic
detritus, with rare rounded accidental lithics (up to 80 cm) of lavas intermediate in composition, volcaniclastic
sandstones and minor ignimbrite, sometimes arranged in traction carpets. All the other beds are
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characterized by matrix with an intermediate composition. Outsize accidental rounded blocks of ignimbrite
(50 cm) are documented in two beds of Sdmsonhaza (Log 15 — Fig. 2).

Petrographic description: Facies F comprises two different petrofacies, named F1 and F2 and defined on the
base of the mineralogical composition of their detritus. Petrofacies F1 groups all those beds constituted by
detritus intermediate in composition (Figs. 10B-F), and includes ameboid, irregular to subrounded porphyritic
lava and scoria fragments with plagioclase and minor pyroxene as phenocrystals, irregular to flattened
pumices, in case wrapping phenocrystals of zoned plagioclase and pyroxene, loose crystals of angular
plagioclase (Fig. 10D). At Sdmsonhaza (Log 15 - Fig. 2), rare fragments of obsidian have been also documented
(Fig. 10G). Groundmass has a light brown colour and is characterized by a pervasive palagonitization (Figs.
10B and C).

Petrofacies F2 is documented for that bed directly overlaying the TDF in Log 11 (Fig. 2). It is composed
of a lithic fraction that includes vesiculated rhyodacitic fragments with a fluidal texture, ascribable to the TDF,
shards, rare lithics with lathwork texture and phenocrystals of plagioclase, and a loose mineral fraction of
quartz, plagioclase, biotite and minor sanidine (Figs. 10H and 10l). Grey groundmass is cryptocrystalline,
locally weathered into clay.

Interpretation: The subsequent accumulation of massive sand, laminated sand, and massive mud reflects
changing flow regimes, passing from granular, to traction-domitated (e.g., Mulder et al., 2001; Sulpizio et al.,
2014). This transformation finds correspondence in the superimposition of facies F5, F7 and F9 of Mutti et
al. (2003) in flows that passes from concentrated density flows to turbidity flows due to the decrease in
density (Mulder and Alexander, 2001; Pierce et al., 2018). This change is controlled by the decrease in particle
concentration that occurs during the motion of the flows. The uppermost and finest part collects particles
elutriated during the flow and settled down by direct fallout (Branney and Kokelaar, 2002; Trofimovs et al.,
2008; Di Capua and Groppelli, 2016a). When the concentration is still enough to sustain grain-to-grain
collision flow mechanisms, currents can become erosive and incorporate loose detritus along its path (Di
Capua et al., 2016). Differences in detritus composition are indicative of different magmatic source that
generated the flows. It is probable that the lower deposits, rhyodacitic in composition, had genetic
relationship with the TDF. Absence of vesiculation and low- to no-grade of weathering, together with the
presence of fresh shards and rounded accidental lithics differing in dimensions, indicates that they were
accumulated by lahars (Di Capua and Scasso, 2020) that reworked the loose rhyodacitic deposits of the TDF.
On the contrary, the abundant weathering occurring in the flows intermediate in composition highlights that
they were generated by PDCs that mixed with sea water during their motion and transformed into water-
supported flows (e.g., Trofimovs et al., 2008; Duraiswami et al., 2019). Provenance of obsidian detritus is
discussed in paragraph 7.1.

5.7 Facies G

Field description: Facies G has been recovered only at Sdmsonhdaza (Logs 14 and 15 — Fig. 2). It is constituted
by well sorted, massive layers characterized by the large amounts of angular pumices, sometimes mixed with
normally graded dark grey to black scoriaceous lava fragments (Fig. 11A).

Petrographic description: matrix-free samples of Facies G are characterized by pumices and scoriaceous
fragments showing a good degree of palagonitization (Fig. 11B). Pumices are also characterized by rimmed
vesicles (Fig. 11C). Scoriaceous fragments are generally composed of a dark grey to black matrix (Fig. 11B),
with small laths of plagioclase embedded in a massive matrix. In addition, on top of Log 15 (Fig. 2), a
scoriaceous fragment characterized by a fluidal texture wrapping laths of plagioclase, with vesicles rimmed
and/or palagonitized, has been recovered (Fig. 11D). Petrography and texture of such fragments are alike to
those of megablocks in Facies A (Fig. 4H).
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Interpretation: Facies G includes fallout deposits, as indicated by the large abundance of angular pumices.
Glassy rims and glass palagonitization indicate that pumices were still hot when entering the water, and
consequently rapidly sank without rafting. This accords to field and experimental data (Jutzeler et al., 2016;
Fauria et al., 2017) demonstrating that hot and large pumices are generally prone to rapid sink unlike cold
pumices, which in turn raft away. The presence of scoriaceous fragments with petrography and texture alike
to those of Facies A blocks suggests that Sdmsonhdza area was downwind with respect to the volcanic source.

5.8 Facies H

Field description: Facies H comprises thin, muddy deposits (Fig. 12A), characterized by weak wavy
laminations. Each single lamina is generally well sorted, and the coarse-grained laminae are often matrix-
free.

Petrographic description: Facies H is characterized by alternations of submillimeter (hundreds of um) to
micrometer particles, sometimes show a normal grading, packaged in parallel laminations (Fig. 12B). Particles
included are loose minerals of plagioclase and pyroxene, dark intermediate lithics with rare phenocrystals of
plagioclase and glassy fragments (Figs. 12C-F). Glass, replaced by amorphous palagonite, commonly embeds
single particles or fills the intergranular porosity (Figs. 12D-F).

Interpretation: Facies H deposits were accumulated by direct fallout (Mulder et al., 2001) of hot detritus, as
testified by the intense palagonitization. Unlike Facies F, these deposits are the very distal tails of
disaggregated PDCs (cfr Trofimovs et al., 2008).

5.9 Facies |

Field description: Facies | includes a layer cropping out in the Sdmsonhaza quarry (Log 14 — Fig. 2). It is
constituted of very fine, massive, grey, fossiliferous marly limestone (Fig. 13A). Fossil content includes
bivalves (Fig. 13B) and gastropods (putative Cirsonella - Fig. 13C).

Petrographic description: Microscopic analyses reveal that the layer is characterized by a micrite matrix
embedding few fragments of porphyritic lavas (Fig. 13D), single minerals of plagioclase and quartz (Fig. 13E),
as well as fossils (Fig. 13F). Volcanic fragments and minerals are often substituted by secondary, obliterating
sparry calcite (Fig. 13G).

Interpretation: this massive and fine grain size layer is a wackestone according to Dunham (1962) and is alike
to those described by Randazzo et al. (1999) in the PLM.

6. Facies association and depositional architectures
6.1 Facies Associations

Based on the spatial distribution of the nine facies six facies associations (three in Tar and two in Sdmsonhaza)
have been identified (Figs. 14 and 15).

6.1.1 Facies Association 1 (FA1)

Description: FA1 has been documented in Tar and groups together beds of Facies A, B and C, with rare drapes
of Facies E and G. In site A, FA1 is observed at the bottom of Logs 2 and 4 (Figs. 14A and 15). In Log 2, coarse
amalgamated beds of Facies C are erosively overlain by a thick deposit of Facies A and other fine
amalgamated deposits of Facies C. Field evidences indicate that this sequence was accumulated in a scour
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excavated into rhyodacitic deposits of Log 1 (Figs. 2 and 15). In Log 4, FA1 is represented by amalgamated
fine deposits accumulated at the bottom of a channel, with dispersed pluricentimetric blocks on the channel
floor. In site B, FA1 includes Facies A, B and C of Logs from 5 to 8 and Log 10. In Logs 5 and 6, FA1 is again
represented by the sequence Facies C, A, C, in which Facies A erosively overlain the lowermost deposits, but
all the layers are thinner and finer rather than those of site A. In Log 7, FA1 comprises a thick deposit of
amalgamated layers, mainly ashy in grain size, with blocks aligned along NW-trending bedforms. In Log 8,
FA1 erosively overlies deposits of Facies D, and is composed of amalgamated strata of Facies C, mainly blocky
in grain size, intercalated by a layer of Facies E. Wavy bedforms have been observed in an ash-size layer (Figs.
14B and 15). In the uppermost Log of this site (Log 10), FA1 is represented by thin layers of Facies B and C,
interdigitated with layers of other Facies Associations. In site C, FAl is documented in Logs 12 and 13, and is
mainly composed of thick deposits of Facies B, rarely intercalated by thin drapes of Facies G. The bottom of
FAlin Log 13 is erosive.

Interpretation: FA1 includes deposits that open the channel sedimentation, accumulated in the lows of the
channel surfaces (e.g., Shanmugam and Moiola, 1988; Covault et al., 2016). From a volcanological point of
view, FA1 reflects moments of intense and particularly destructive volcanic activity, such as dome collapses,
resulting in the accumulation of very thick and very coarse deposits such as those of Facies A, B and C. The
different superimposition of Facies is the result of the type of eruptive event and how it evolved during time.

6.1.2 Facies Association 2 (FA2)

Description: FA2 appears in all the Tar logs with beds, mainly tabular, of Facies from D to G (Fig. 15). In site
A, it includes a single reverse-to-normal graded thick deposit of Facies E, overlain by thin deposits of Facies
D and rare drapes of Facies E and F (Log 2). In Log 3, FA2 is characterized by a thickening and coarsening
upward sequence that includes layers of Facies D, E and F. This sequence is also bounded at the bottom and
on top by erosional channel surfaces. In Log 4, FA2 includes a thick deposit of Facies D, which overlies the
lower amalgamated sequence included in FA1. In site B, FA2 appears in Log 7 overlaying an erosional surface
with thin layers of Facies B and D, which are laterally equivalent to a thick layer of Facies A included in FAL.
FA2 also groups layers of Facies D and G on top of Log 7. In Log 8, FA2 is represented by a thin, lapilli-size
layer of Facies D, erosively closed up by a sequence of FA1. In Logs 9 and 10, FA2 groups thin lapilli-tuff
deposits. In site C, FA2 has been detected in Log 12 as characterized by reverse-graded layers typical of Facies
D and lapilli- to ash-size layers of Facies F. In Log 13, FA2 has a higher variability in terms of Facies, including
thinning upward beds of Facies B, and lapilli- to ash-size layers of Facies D and F.

Interpretation: FA2 groups together packages of medium to fine-grained deposits that generally mantle those
of FA1, therefore constituting the later stage of channel-fill sedimentation (e.g., McHargue et al., 2011). From
a volcanological point of view, FA2 includes deposits accumulated by a less catastrophic and powerful
volcanic activity when compared with FA1. This is indicated by the accumulation of medium to thin and
medium to fine grain size deposits of Facies from D to G. In this scenario, the amounts of detritus supplied
by the transformation of PDCs moving underwater (Facies E and F) becomes important (e.g., Di Capua and
Groppelli, 2018; Di Capua and Scasso, 2020).

6.1.3  Facies Association 3 (FA3)

Description: FA3 is composed of all those Facies C and F with petrofacies C2 and F2, always detected at the
boundary between the TDF and the NAF (Fig. 15). Therefore, it includes all the beds of Log 1 and the basal
layer of Log 2 ascribed to Facies C, as well as a single layer of Facies F deposited into a channel structure, as
depicted in Log 11 (Fig. 15).

10
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Interpretation: these channel-fill deposits were accumulated (soon) after the TDF settling on the erosional
surface on top of the TDF deposit.

6.1.4 Facies Association 4 (FA4)

Description: FA4 has been documented in site SA of Sdmsonhaza (Figs. 14C and 15). It includes beds of Facies
from D to F, with single beds of Facies B, G and H intercalated (Logs 14 and 15). Most of the beds of Facies F
are characterized by a coarse lapilli-size basal unit, which passes upward to an ashy to fine ashy unit. In Log
14, these beds are a thinning-then-thickening upward, characteristic that is weakly replicated in beds of Log
15. Beds of Facies D are rare and ashy with rarely dispersed blocks. It has been observed that different beds
have a convex shape, pinching out laterally (Fig. 14C).

Interpretation: The geometrical arrangement of FA4 deposits, characterized by a nested offset stacking with
beds that pinch out laterally one against the other, indicates that the deposit was accumulated in a confined
sub-environment (Henstra et al., 2016).

6.1.5 Facies Association 5 (FA5)

Description: FA5 has been observed in all the Sdmsonhaza sites (Fig. 15). In site A, it characterized the upper
part of Log 15 and the entire Log 16, composed of thin to thick tabular beds of Facies D and F, with rare
drapes of Facies E intercalated. In site B, where the thickness of the NAF is reduced to 5 m, FAS includes thin
beds of Facies F on top of the sequence. In site C, FA5 overlays the TDF with two layers of Facies D.

Interpretation: Deposits of FA5 are sheet-like deposits accumulated in a relatively unconfined sub-
environment (Etienne et al., 2012; Henstra et al., 2016).

6.1.6 Facies Association 6 (FA6)
Description: FA6 includes only the thin layers of Facies G accumulated in Sdmsonhaza site B (Log 17 — Fig. 15).

Interpretation: deposits of facies FA6 are accumulated in confined and unconfined environments as fallout.

6.2 Depositional Architecture of the NAF in the Nogrdd Basin

The studied areas of Tar and Sdmsonhdza are characterized by distinctive Facies Associations and
architectural elements that allow the identification of sub-environments where volcanogenic detritus was
accumulated (Figs. 15 and 16).

The stratigraphy of Tar is dominated by the superimposition of channels with an incising-to-aggrading
vertical trajectory that progressively migrated toward NE. This kind of accretionary behaviour is typical of
turbidite systems (Jobe et al., 2016). All the observed channels are filled and characterized by low rate of
overbank aggradation and low accumulation of very fine-grained drapes. The stratigraphic sequence of these
channels is composed of thick layers of FA1 overlain by thinner layers of FA2 (Fig. 15), truncated upward by
the subsequent channel basal surface. FA1 includes pyroclastic breccias and amalgamated sequences, which
are all typical of channel axes (McHargue et al., 2011; Covault et al., 2016; Li et al., 2016). The finer deposits
of FA2 are, instead, layers that could identify axis, off-axis and margin elements, on the base of their
stratigraphic position. Most of the logged layers of FA2 are channel axis deposits that overlie FA1 beds, such
as those of Logs 2, 7, 12 and 13. Reduced thickness (Log 4) and rapid succession of coarse and fine deposits
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(Log 13) identify the off-axis elements of channels in site A and C (McHargue et al., 2011). FA2 layers of Log
3, deposited directly on a channel erosional surface, are interpreted as deposits of a lateral migrating margin
(Covault et al., 2016). On a larger scale, the presence of Facies A, B and/or C as channel-fill deposits allows
the identification of two main channel systems. The first channel system (A) includes channels of sites A and
B, where the sedimentation is opened by thick sequences of Facies A and C, overlain by finer and thinner
beds, whereas Facies B is extremely rare. The second channel system (B) is that of site C, located to the west
with respect to the first one. Here, beds of Facies B are preponderant, whereas no layers of Facies A and C
have been documented.

The stratigraphy of S&msonhdza is dominated by three lobe architectural elements (lobe axis, off-axis
and fringe lobe), defined through the characterization of the bed arrangement of FA4, FA5 and FA6 (Figs. 15
and 16). The first architectural element (lobe axis) is defined by beds arranged in a thinning-then-thickening
upward, pinching out laterally (Prélat et al., 2009; Kane and Pontén, 2012; Prélat and Hodgson, 2013). This
upward becomes an off-axis (second architectural element), characterized by beds of FA5 deposited in an
unconfined environment, with 1) a general thickening upward trend like in Log 16, or 2) a constant thickness
like at the base of Log 14, as well asin Logs 17 and 18 (Etienne et al., 2012; Prélat and Hodgson, 2013; Henstra
et al., 2016). Fringe lobe deposits (third architectural elements) are identifiable in the fine and thin beds at
the base of Log 17 (FA6) (Prélat et al., 2009; Kane and Pontén, 2012). Due to its different sedimentary nature,
the bed of Facies | recovered in Log 14 and ascribable to the PLM represents an interlobe deposit (Prélat et
al., 2009), accumulated during a quiescence in the volcanic activity (Randazzo et al., 1999).

7. Discussions
7.1 Signatures of volcanogenic detritus and related sources

The stratigraphic and petrographic data identify three main signatures of the volcanogenic detritus. The first
signature is preponderant and composes almost all the layers identified in this study. It groups all the
porphyritic particles and associated loose minerals which have been provided by a single volcanic source. The
second signature is marked by the presence of clastic components with a fluidal banded texture wrapping
phenocrystals of plagioclase (Figs. 2, 4H, 9G and 11D). This signature is predominant in the deposits of Facies
Ain Tar channel system A, as well as in a layer of Facies G in SSmsonhaza lobe axis and is present as secondary
signature in a layer of Facies E in Sdmsonhdza lobe axis. Its specific position in the sedimentary sequence
stratigraphically confirms the active role of channel A in feeding the lobe axis of Sdmsonhaza. The third
signature is ephemeral, generally diluted by the first signature, and is marked by the presence of the putative
obsidian particles found in two layers of Sdmsonhaza (Figs. 2, 8H and 10G). Similar coeval rocks, described as
rhyolite extrusions, are documented in the Matra Volcanic Complex (Karatson et al., 2001 and ref. therein).
It is difficult to say why signature three has never been encountered in the proximal area of the NAF apron.
The most likely way to transport such obsidian particles might have been by thin ash plumes which bypassed
the Tar area and accumulated the detritus in the Sdmsonhaza area, being subsequently mixed with the
preponderant submarine sedimentation of signature one. The absence of other kind of detritus, either
volcanic or not, indicates that the apron was fed only by PDCs and ash plumes produced and immediately
transferred to the basin by an island volcano or, less probable, a littoral volcano.

The rapid and unique accumulation of Facies A and related detritus intercalated in the volcano-
sedimentary sequence could be interpreted as the result of the temporal growth and rapid collapse of a small
dome on the flank of such volcano during a single eruptive period, similarly to what has been recently
observed on the Kadovar Volcano (Plank et al., 2019). This event could be also taken as a marker level for
further discussions on the evolution of the sedimentary system. The occurrence of Facies A at the base of
channel system A, together with the occurrence of its peculiar detrital signature in the medial and upper part
of the Sdmsonhdza sequence at SA could indicate that channel system A fed the upper part of the
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Samsonhaza sequence SA, whereas the channel system B fed the lower part. This would suggest that channel
system A was activated after channel sequence B, but further geochronological constrains are needed to
validate this hypothesis.

7.2 Importance of the correct interpretation of volcanogenic sequences on basin scale

As shown by many authors, explosive eruptions change their physical behavior when interact with water,
resulting in the accumulation of sequences with peculiar stratigraphic and petrographic characteristics (e.g.,
Trofimovs et al., 2008; Cuitino and Scasso, 2013; Jutzeler et al., 2014; Di Capua and Groppelli, 2016a, b;
Duraiswami et al., 2019). Such eruptions also deliver large amounts of detritus forcing the accumulation of
sediments even where other factors (e.g., climate, tectonics) inhibit it (Di Capua and Scasso, 2020). Therefore,
combining a good interpretation of mechanisms driving the accumulation of volcanogenic sequences with
the possibility to gain precise geochronological constrains from them reveals the potential role that
volcanogenic sequences could have in enabling the better resolution of sequence-stratigraphic tasks. The
stratigraphic record of Tar and Sdmsonhaza offers a good example in this sense.

The accumulation of the TDF eruptive events (~14.9 Ma - Lukacs et al., 2018) is temporal equivalent
to the beginning of the Early Badenian transgressive phase in the Central Paratethys, that set up in the North
Croatian Basin at ca. 15.35 (Brlek et al., 2020) and reached the Pannonian basin system around 15.1 Ma (e.g.,
Sant et al., 2017, 2019; Kovac et al., 2018; Vicek et al., 2020). In the study area, high sedimentation rates
controlled by these multiple eruptive events initially contrasted the sea-level rise. This locally delayed the
onset of the transgression, inducing the progradation of thick volcanogenic sequences that rapidly infilled
the shallow-marine basins (Karatson et al., 2001). Such progradation ceased around 14.9 Ma, when the TDF
sedimentation rates drastically decreased, and sea-level started to shift landward. During this shift, waters
excavated a ravinement surface (erosional surface at the base of Log 11 - Fig. 2) associated with transgressive
lag deposits corresponding to the subaqueous rhyodacite layers (Logs 1 and 11 - Fig. 2). The rhyodacitic
submarine mudstones and siltstones documented in the Matra Volcanic Complex (Karatson et al., 2001) own
the same significance. Soon after, the onset of an andesite volcanism started to accumulate the NAF. The
ravinement surface is absent in Sdmsonhdza because this is the distal part of the depocenter that was never
exposed during the previous regression stage (Hdmor, 1985).

In the Nograd basin, voluminous amounts of NAF volcanogenic detritus were organized in the
submarine apron during the transgression phase, as confirmed by the recovery of the bed of PLM intercalated
in the NAF. In contrast, in the Matra Volcanic Complex the volcanic morphologies and related deposits of the
NAF were often accumulated subaerially (Karatson et al., 2001 and ref. therein). This difference indicates
that the sea-level rise alone was again not able to contrast the volcanogenic sedimentation rates, therefore
the increase in accommodation space in the Nograd basin resulted from the combination of sea-level rise
and strong subsidence rates (e.g., VI¢ek et al., 2020) driven by the activity of Zagyva Fault.

The sedimentary sequence of Sdmsonhdaza gives constrains on what occurred from the onset of the
NAF deposition during a transgressive phase until the end of the depositional cycle at ~ 14.4 Ma (Strauss et
al., 2006; Kovac et al., 2018). Although geochronological ages are missing, it could be possible to speculate
that the accumulation of the NAF ended further before the regression stage, because time was required to
intrude and partially erode its sedimentary sequence. This would indicate that the NAF was accumulated in
less than 400 ky, a time frame comparable to the mean lifespan of an eruptive centre similar to those of the
Matra Volcanic Complex (e.g., Price et al., 2012; Francalanci et al., 2013).

7.3 Volcanic control on the evolution of the volcanogenic apron evolution
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The construction of submarine aprons proceeds through the aggradation of detritus during waxing-waning
cycles that control the erosion and infill of channels and relative overbank deposits. These cycles have long
been recognized in turbidite systems (e.g., Mutti and Normark, 1987, 1991), and their significance has been
well described by McHargue et al. (2011 and ref. therein) as follows: during the waxing phase, dense and
large flows tend to erode the channel conduit, which is then filled up during the waning phase by smaller
flows. In classical turbidite systems, this cyclicity is controlled by allogenic processes (eustasy, climate and/or
tectonics) (e.g., Catuneanu et al., 2011; Henstra et al., 2016) with a still unknown impact of one relative to
another (McHargue et al., 2011).

In the proximal area of the NAF, each channel sequence, composed of the superimposition of FA2
onto FA1, corresponds to a sedimentation cycle, whose accumulation was controlled by volcanism, acting as
the only allogenic process (Fig., 17A). In this case, the recognition of eruptive processes and their products,
as well as their grouping into different Facies Associations on the base of their sedimentological and
volcanological significance, allow to correlate the sedimentation cyclicity with the style of eruption that drove
it. Waxing sedimentation phases occur when catastrophic and/or sustained eruptions produce flows alike to
the high energetic flows of McHargue et al. (2011), which excavate scours/channels and accumulate thick,
chaotic sequences of Facies A, B and C. Similar processes are very common around volcanic islands and
generate scours and channels through which volcanogenic sediments are then easily transferred from the
volcano to the basin (e.g., Casalbore et al., 2010, 2015; Watt et al., 2020). Waning sedimentation phases
occur when minor eruptions produce flows alike to the low energetic flows of McHargue et al. (2011), which
fill channels and accumulate overbank deposits rather than erode new paths. According to this model, each
channel sequence and the correlated waxing-waning sedimentation cycle is a waxing-waning cycle of the
volcanic activity.

Channels are then grouped into two different channel systems (Fig. 16), whose sedimentary record
opens with deposits of highly destructive events, and upward continues with deposits of eruptions that drove
the construction/reconstruction of the volcanic edifice. This trend individuates a second type of cyclicity of a
hierarchical rank higher than the first one, which can be correlated to main stages of construction of the
volcanic edifice (Fig. 17B). During these stages, eruptive style and frequency, as well as the eruptive centre
position are almost constant (Marti et al., 2018). This causes the progressive definition of a sediment pathway
and the construction of a channel system that progrades through time. Once major destructive events (e.g.,
sector collapse, caldera collapse) induce major modifications in the dynamics of the volcanic system, the
eruptive centre position changes, promoting the shift of the sediment pathway and the formation of a new
channel system. A modern example of such control is the Stromboli Island, where the progressive migration
of the eruptive vents through time was accompanied by the generation of sector collapses which strongly
influenced the development of the submarine aprons (Casalbore et al., 2010; Francalanci et al., 2013). Such
modifications can also induce the periodic drawn of the volcanic edifice (e.g. Krakatau — Zen, 1970), locally
controlling the frequency of the variation between sea level changes and sedimentary source: the faster the
volcano edifice raises above the water, the more subaerially generated pyroclastic deposits will be
accumulated into the basin, and the more failure events will affect the volcanic construction, leaving it below
or at the sea level, the more hydrovolcanic sequences will be accumulated into the basin.

7.4 Interaction among volcanic processes, climate and seafloor morphology in distal areas

Apron distal offshoots are the place where the volcanic control on sediment accumulation is progressively
dampened by other sedimentary processes, such as terrigenous sedimentation or biogenic accumulation of
carbonate sequences (e.g., Bischoff et al., 2019). At the same time, seafloor topography strengthens its
effects on the development of the sedimentary architectures (e.g., Prélat et al., 2009; Marini et al., 2015;
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Soutter et al., 2019). The sedimentary succession of the NAF in Sdmsonhdaza recorded both influences,
testified by intercalation of PLM beds from one side, progressive facies transitions on the other side.

According to Randazzo et al. (1999), the accumulation of limestone beds in the Sdmsonhaza area
occurred when the large amounts of sediments supplied by the syn-sedimentary volcanism temporally
ceased and carbonate platforms were able to prograde. Volcanogenic detritus, like terrigenous detritus in
mixed siliciclastic-carbonate sedimentary systems (e.g., Catuneanu et al.,, 2011), used to alter the
environmental conditions at which submarine organisms live, preventing the accumulation of carbonate
material. This mechanism controlled the alternation of limestone and volcanogenic beds in the basin, and it
could be possible to speculate that limestone / volcanogenic beds’ ratio is a function of the frequency of
volcanic eruptions: the more frequent the volcanic eruptions are, the slower progradation characterizes the
limestone sequences, as observed in the studied area.

On the other hand, seafloor topography controlled how the apron offshoots developed through
space and time. Volcanogenic inputs were first funnelled into the ZT, where lobes began to prograde (base
of Log 16). When sedimentation rates overcame accommodation rate into the trough, sediments started to
spill over, and lobe started to shift. This shifting is testified by the superimposition of Facies Association 5
(lobe axis) onto Facies Association 4 (off-axis to fringe) in the ZT, and the coeval appearance of lobe fringe
and off-axis deposits onto the ZR.

8. Conclusions

Improving the prediction on the distribution of volcanogenic sequences in the sedimentary records means to
identify and comprehend the volcanic dynamics leading to the emplacement of different types of
volcanogenic beds and the evolution of sedimentary architectures (e.g., Allen et al., 2007; Manwville et al.,
2009; Di Capua and Groppelli, 2018; Bischoff et al., 2019). In this view, this work studied the volcanogenic
sequence of the NAF with a multiscale approach, unravelling how volcanic dynamics control the development
of the sedimentary architecture of a submarine apron. The main results are below resumed.

1) The volcanogenic apron was constructed by the accumulation of volcanogenic detritus supplied by
PDCs whose genesis and emplacement mechanisms strongly controlled their stratigraphic and
petrographic features.

2) Petrographic analyses reveal that all the eruptive events were generated by the same source. Minor
volcaniclastic detritus derived from older volcanogenic sequences and/or other coeval volcanic
centres was taken in charge during the underwater motion of the flows.

3) The correct interpretation of volcanogenic deposits and their emplacement mechanisms represents
a fundamental tool in constraining paleoenvironments of sedimentary basins and, consequently,
variations of sea level in places where sedimentation is limited.

4) In the proximal area of the apron, channel infill-abandonment cycles correspond to waxing-waning
eruptive cycles, whereas changes in channel system position reflect changes in the sediment
pathway operated by major changes in the volcanic dynamics during the construction of the edifice.

5) In the distal apron offshoots, large supply of volcanogenic detritus has a so high impact on the
environments that can temporally inhibit the progradation of carbonate platforms. Consequently,
the more frequent are the explosive eruptions, the slower is the progradation of carbonate
platforms in the basin.

6) Sedimentation rates of volcanogenic sequences could be as high as to result in the overcoming of
structural seafloor barrier and the progradation of sedimentary architectures in areas where normal
clastic sedimentation is physically prevented.
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Figure 1: A) Geological sketch of the main tectono-magmatic structures of the Négrad Basin and geological
map of the study area modified from Pelikan and Ronai (2005), and Prakfalvi (2005). SzF = Szentkut Fault; SaF
= Sdmsonhdza Fault; ZR = Zagyva Ridge; ZT = Zagyva Trough; ZF = Zagyva Fault; TA = Tar site A; TB = Tar site
B; TC = Tar site C; SA = Samsonhaza site A; SB = Samsonhaza site B; SC = Sdmsonhaza site C; GBF = Garab
Schlier Formation; FF = Fot Formation; HAF = Hasznos Andesite Formation; TDF = Tar Dacite Tuff Formation;
NAF = Nagyharsas Andesite Formation; RLM = Rakos Limestone Member; ONF = other Neogene Formations
younger than the Leithakalk Formation (FF in Fig. 1B) and not object of this work. B) General stratigraphy of
the Nograd Basin in the study area. Ep. = Epoch; RS = Regional Stages; Lithostrat. = Lithostratigraphy; GBF =
Garab Schlier Formation; FF = Fot Formation; HAF = Hasznos Andesite Formation; TDF = Tar Dacite Tuff
Formation; NAF = Nagyhdrsas Andesite Formation; LF = Leithakalk Formation, subdivided into PLM
(Pécsszabolcs Limestone Member) and RLM (Rakos Limestone Member). Lithostratigraphy and
biostratigraphy according to Vakarcs et al. (1998) and Gyalog (2005); stratigraphic position of TDF according
to zircon ages of Lukacs et al. (2018); stratigraphic positions of HAF and NAF according to Hdmor (1985) and
K/Ar ages of Pdka et al. (2004). The upper boundary of HAF has no temporal constrains, but is older than TDF
(Hamor, 1985; Pdka et al., 2004). C) General logs compiled after fieldwork. GBF = Garab Schlier Formation;
FF = F6t Formation; HAF = Hasznos Andesite Formation; TDF = Tar Dacite Tuff Formation; NAF = Nagyharsas
Andesite Formation; PLM = Pécsszabolcs Limestone Member; RLM = Rakos Limestone Member.

Figure 2: Logs measured in the field. Numbers are depicted in Fig. 1A. LF = Leithakalk Formation; X = presence
of fluidal banded rock fragments described in Facies A; Y = presence of putative obsidian rock fragments (see
the Results and Interpretation paragraph for further details). Crossed parts indicate beds not studied because
covered by debris.

Figure 3: A) General view of the sequence exposed in the site SA of Sdmsonhaza. B) Fluidized contact between
the lowermost andesite sill (bottom) and the NAF (top). C) Erosional contact between the uppermost
andesite sill (bottom) and the RLF (top).

Figure 4: Main lithostratigraphic features of Facies A: A) basal ash unit overlain by normally graded breccia
unit. Megablocks are frequently fractured (B), and cracks are filled by injected ashy matrix characterized by
a sigmoidal lamination (C). D) Flattened and broken block. Main petrographic features of Facies A matrix: E)
phenocrystals of plagioclase (white arrow) and irregular pumices (in white) in a highly vesiculated brown
matrix. Note that vesicles are rimmed, and only ne is filed up by palagonitized glass (red arrow). F) Other
components of Facies A: dark scoriaceous fragments with vesicles (red arrow) in a vesiculated groundmass.
G) When not vesiculated, groundmass is very fine and glassy. Porphiritic rock fragments are also present (red
arrow). H) Main petrographic features of blocks and megablocks, constituted by phenocrystals and laths of
plagioclase embedded in a banded fluidal texture (white arrow). All the microphotographs were taken under
parallel nichols.

Figure 5: Main lithostratigraphic features of Facies B: A) massive, poorly sorted tuff-breccia deposits, with
angular to subangular intermediate lava blocks. Breccia deposits are generally matrix-supported (B) but
locally become clast-supported (C). Main petrographic features of Facies B: lithics are the main components,
and generally show a porphyritic texture with phenocrystals of plagioclase and pyroxene (D), or
phenocrystals and cumulate of plagioclase (E), with a groundmass colour that varies from light grey, to
yellow, dark red and brown (D-G). In minor amounts, loose crystals of plagioclase, pyroxene (H), rarely
arranged in clots (l), are present. Matrix is generally glassy and weathered into a yellow mixture of
phyllosilicate and palagonite (D and H — red arrows). Rarely, some components are rimmed by palagonite (I
— red arrows). All the microphotographs were taken under parallel nichols.

Figure 6: Main lithostratigraphic features of Facies C: amalgamated, massive to weakly laminated thick
deposits, where the juxtaposition of ash- to lapilli-size detritus is interrupted by blocks isolated or arranged
in elongated pockets (A). Crossbedding to parallel laminations are frequently truncated (B-C). D) Nlock with
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ball and pillow structures at the bottom. E) Coarse- to fine-grained beds overlain by a dune structure (white
arrows). Main petrographic features of Facies C — petrofacies C1: F) rounded intermediate lithics rimmed by
palagonitized glass (red arrows), juxtaposed one to each other (microphotograph under parallel nichols).
Note that palagonite also substitutes intragranular glass (black arrows). G) Microcrystalline groundmass
developed where particles are not in contact (black arrow). The bottom of the microphotograph is under
paraller nichols, whereas the top is under crossed nichols.

Figure 7: Main petrographic features of Facies C — petrofacies C1: A) Rimmed vesiculated groundmass,
hosting irregular yellow scoriae (B — in white). C) Pyroxene clot with a palagonitized glassy core (red arrow).
D) Lathworks in a dark, glassy and weathered groundmass. E and F) Ameboid porphyritic lithics with
phenocrystals and laths of plagioclase, embedding the partially palagonitized groundmass of the deposit (red
arrows). When groundmass is vitric and vesiculated, palagonite substitutes the vitric components but
preserves the groundmass structures (G and H — red arrows). Main petrographic features of Facies C —
petrofacies C2: 1) rhyolitic fragments characterized by a high vesiculation and fluidal texture, rarely wrapping
phenocrystals of quartz and biotite, embedded in a glassy matrix devitrified into clay (black arrows). J) Plugs
of well sorted particles, mainly composed of loose crystals of quartz, plagioclase, sanidine and biotite,
occasionally populate the samples, or (K) are arranged forming gas pipe-like structures (black arrow). All the
microphotographs were taken under parallel nichols.

Figure 8: Main lithostratigraphic features of Facies D: massive lapilli-tuff (A) and tuff (B) deposits of Facies D.
Main petrographic features of Facies D: ameboid or irregular intermediate scoria fragments, irregular to
rounded lava fragments and minor loose crystals of plagioclase, rimmed by a thin vitric boundary (white
arrows C — E). Groundmass is often vesiculated, and vesicles are characterized by a vitric rim (red arrows - F
and G) or filled up by palagonitized glass (black arrows - C and D). H) Microphotograph of an obsidian
fragment documented in Sdmsonhaza samples. All the microphotographs were taken under parallel nichols.

Figure 9: Main lithostratigraphic features of Facies E: A) Reverse-to-normal graded deposits, with a basal part
overlain by a coarser lapilli-size unit and an upper wavy fine-grained part. Main petrographic features of
Facies E: glassy to vesiculated matrix (B — white arrow), embedding loose crystals of plagioclase, occasionally
vesiculated (black arrows — C), and scoriaceous, dark brown lava fragments (black arrows - D).
Microphotographs were taken under parallel nichols. Groundmass is occasionally microcrystalline (E —
bottom under crossed nichols, top under parallel nichols) and vesicles could be rimmed (black arrows - F)
(under parallel nichols). Fragments of lava, with petrographic features similar to those described in Fig. 2H,
are highly vesiculated and rimmed by palagonite (white arrows - G) (under parallel nichols).

Figure 10: Normally graded deposits of Facies F (A). Main petrographic features of Facies F — petrofacies F1:
large amount of intermediate ameboid, irregular and subrounded porphyritic lava fragments (B and C) in a
brown devitrified groundmass (white arrows - B and C). All microphotographs were taken under parallel
nichols. D) Large pumice including loose phenocrystals of zoned plagioclase and pyroxene (C — bottom under
crossed nichols, top under parallel nichols). E) Loose crystals of plagioclase, pumices (white arrows) and
related fragments (red arrow). Microphotograph was taken under parallel nichols. F) Flattered pumices in a
dark brown groundmass, as arranged in a sample of Sdmsonhdza. Microphotograph was taken under parallel
nichols. G) Obsidian-like fragments encountered in a Facies F layer of Samsonhaza. Microphotograph was
taken under parallel nichols. Main petrographic features of Facies F — petrofacies F2: loose crystals of quartz,
plagioclase, biotite and minor sanidine, fluidal fragments of rhyodacite (black arrows), rare fragments of
intermediate lava (red arrows) (H) and shards (black arrows I). All microphotographs were taken under
parallel nichols.
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Figure 11: A) Well sorted, normally graded bed of Facies G with large angular pumices (white arrows) and
mixed with finer, dark and angular scoriaceous detritus. Main petrographic features of Facies G: B) Large
pumices and black scoriae with a good degree of palagonitization (red arrows). C) Large pumice with rimmed
vesicles (red arrows). D) Lava fragment with petrography and texture alike to those of megablocks in Facies
A are observed (cfr Fig. 4H). All microphotographs were taken under parallel nichols.

Figure 12: A) layer of Facies H in Tar (bordered in white). Main petrographic features of Facies H. B) Wavy
laminated, well sorted layers composed of fine to very fine ash. Facies H is generally composed of loose
crystals of plagioclase and pyroxene, dark intermediate fragments with rare phenocrystals of plagioclase and
glassy fragments (C). Often, palagonite wraps particles (black arrows - D and E). F) A well sorted lamina of
fine ash, where particles are cemented together by secondary palagonite (black arrows). All
microphotographs were taken under parallel nichols.

Figure 13: marly limestone layer of Facies | (A), where bivalves (in the white circle - B) and gastropods (C) are
included. Main petrographic features of Facies I: porphyritic lava fragment embedded in a carbonate matrix
(microphotograph under crossed nichols - D). Note that some plagioclase phenocrystals have been
substituted by secondary calcite (white arrow). E) Single minerals of quartz and plagioclase (white arrows)
and a lava rock fragment (red arrow). Parallel nichols on the left, crossed nichols on the right. F) Gastropod
fossil (parallel nichols). G) Porphyritic lava fragments almost entirely substituted by secondary calcite
(crossed nichols).

Figure 14: Examples of Facies Associations in three key areas. A) Facies Association 1 (Facies C, Facies A, Facies
C) overlain by Facies Association 2 in Log 2 (site TA of Tar). Red line corresponds to an erosive surface
observed between Facies C and Facies A. B) Facies Association 2 (Facies D) erosively overlain by Facies
Association 1 (Facies C) in Log 8 (site TB of Tar). Red line highlights the erosive contact. C) Facies Association
4 that upward evolves into Facies Association 5 in Logs 14 and 15 (site SA of Sdmsonhaza). Red arrow indicates
a lateral pinch out typical of beds in Facies Association 4.

Figure 15: Reconstruction of the apron sub-environments through log correlations and facies association
identification. LF = Leithakalk Formation.

Figure 16: Reconstruction of the volcanogenic apron on a basin scale. Lateral extension of the TDF is limited
to the study area. T = Tar; S = Samsonhaza; TDF = Tar Dacite Tuff Formation; red dash line = Sdmsonhaza
Fault; white lines are TA = Tar Site A; TB = Tar Site B; TC = Tar Site C; SA = SGmsonhaza Site A; SB = Sdmsonhaza
Site B; SC = Sdmsonhdza Site C. Green arrows indicate paleocurrents and paleochannel directions measured
in the field. Colours refer to Fig. 15.

Figure 17: Volcanologically - controlled hierarchy in the construction of the proximal apron architectures. A)
On a low hierarchical level, channel architectures are built up by the alternations among major and minor
eruptive events. During major eruptive events, channels are deeply eroded, whereas during minor eruptive
events they are filled up. B) On a higher hierarchical level, constructive phases during the growth of a volcanic
edifice favours the generation of a stable sediment pathway which constantly fills a channel system.
Destructive phases deeply change the morphology of a volcanic edifice and generally induce a major change
in the sediment paths that supply the submarine aprons, forcing the abandonment of old channel systems
for new ones.
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