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22Kissomlyó is a small-volume Pliocene alkaline basaltic eruptive centre located in the monogenetic Little
23Hungarian Plain Volcanic Field (western Pannonian Basin). It consists of a sequence of pyroclastic and
24effusive eruptive units: early tuff ring (unit 1), pillow and columnar jointed lava (unit 2), spatter cone
25(unit 3). The tuff ring sequence is overlain by a unit of lacustrine sediments which suggests a significant
26time gap in the volcanic activity between the tuff ring formation and the emplacement of the lava flow.
27High-resolution investigation of mineral textures, zoning and chemistry as well as whole-rock geochemical
28analyses were performed on stratigraphically controlled samples in order to characterise the magmas
29represented by the distinct eruptive units and to reveal the evolution of the deep magmatic system.
30Based on the bulk rock geochemistry, compositionally similar magmas erupted to the surface during the entire
31volcanic activity. However, olivine crystals show diverse textures, zoning patterns and compositions reflecting
32various deep-seated magmatic processes. Five different olivine types occur in the samples. Type 1 olivines
33represent the phenocryst sensu stricto phases, i.e., crystallised in situ from the host magma. The other olivine
34types show evidence for textural and compositional disequilibrium reflecting single crystals consisting of distinct
35portions having different origins. Type 2a and type 2b olivines have antecrystic coreswhich are derived from two
36distinct primitive magmas based on the different compositions of their spinel inclusions. Type 4 olivines show
37reverse zoning whose low-Fo cores represent antecrysts from more evolved magmas. The cores of type 3 and
38type 5 olivines are xenocrysts originated from the subcontinental lithospheric mantle. These xenocrysts are
39surrounded by high-Fo or low-Fo growth zones suggesting that olivine xenocryst incorporation occurred at
40different levels and stages of magma evolution.
41Olivine-hosted spinel inclusions show three distinct compositional groups. Group 1 spinels are very Al-rich
42(0–0.22 Cr#) and coexist with the antecrystic cores of type 2a olivines, group 2 spinels have 44.5–62.3 Cr#s
43and occur in the phenocryst s.s. (type 1) olivines, while group 3 spinels are very rich in Cr (68.4–81.3 Cr#)
44and appear in the antecrystic cores of type 2b olivines. Based on the integrated analysis of olivines and their
45spinel inclusions four magmatic environments were involved into the evolution of the magmatic system.
46These crystals bear evidence of various petrogenetic processes playing role in the formation of the erupted
47magma batches: fractional crystallization, olivine (+spinel) recycling, xenocryst incorporation, magma
48recharge and interaction of multiple small magma packets in a multi-level magmatic system.
49Clinopyroxene-melt thermobarometry yields an average pressure of 6.6 ± 0.9 kbar corresponding to a depth of
50about 25 km, implying that the main level of final clinopyroxene fractionation could have occurred around the
51Moho (in the lowermost crust).
52This study shows that high-resolution mineral-scale analyses carried out through monogenetic sequences
53provide a unique, more detailed insight into the evolution of these “simple”magmatic systems as crystal growth
54stratigraphy and compositions yield direct evidence for various petrogenetic processes which are usually
55obscured in the whole-rock geochemistry.

56 © 2015 Published by Elsevier B.V.
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61 1. Introduction

62 Terrestrial basaltic volcanic fields generally contain numerous small
63 edifices of cinder cones, tuff rings, maars, shield volcanoes and lava
64 flows representing small-volume and short-lived monogenetic eruptive
65 centres. Each of these volcanoes is produced by a single episode of volca-
66 nic activity lasting from several days to decades and emitting b1 km3

67 volumes of magma (e.g., Takada, 1994; Connor and Conway, 2000). On
68 closer inspection, regardless of their small size they often have complex
69 architecture reflecting multiple eruption phases which produced differ-
70 ent eruptive units (e.g., Smith et al., 2008; Brenna et al., 2010; Németh,
71 2010; Sohn et al., 2012). Detailed studies on single volcanic centres re-
72 vealed significant compositional variations through the sequences and
73 between phases of the eruption that were interpreted as the result of
74 complex melting and mixing processes within the mantle sources, vari-
75 ations in melting conditions or mixing of different magma batches dur-
76 ing ascent (e.g., Strong andWolff, 2003; Brenna et al., 2010, 2011; Erlund
77 et al., 2010;Mcgee et al., 2012; Sohn et al., 2012; Boyce et al., 2015). All of
78 these works rest on whole-rock major and trace element and isotopic
79 compositions, however, less focus has been put on the textures, zoning
80 and chemistry of rock-forming minerals that bear valuable information
81 about theprocesses acting during the evolution of themagmatic systems
82 (e.g., Streck, 2008). As shown by a number of studies (e.g., Dobosi, 1989;
83 Dobosi et al., 1991; Roeder et al., 2001, 2003, 2006; Reubi et al., 2003;
84 Smith and Leeman, 2005; Jankovics et al., 2009, 2012, 2013; Longpré
85 et al., 2014), the detailed textural and chemical analyses of the pheno-
86 cryst phases in basaltic rocks can provide unique insights into the details
87 of magma evolution as well as of the mantle source regions.
88 The Carpathian–Pannonian Region (in Eastern Central Europe)
89 includes several intracontinental monogenetic volcanic fields which
90 are not associated with large-volume composite volcanoes (like for ex-
91 ample in the case of Jeju or Etna). They were formed during the Late
92 Miocene–Quaternary alkaline basalt volcanism (e.g., Embey-Isztin
93 et al., 1993; Harangi, 2001a; Harangi and Lenkey, 2007). A number of
94 eruptive centres of these volcanic fields were the subject of extensive
95 research based on physical volcanology and whole-rock geochemistry
96 (e.g., Embey-Isztin et al., 1993; Harangi et al., 1994, 1995; Konečný
97 et al., 1995; Németh et al., 2001; Martin and Németh, 2004, 2005;
98 Seghedi et al., 2004; Auer et al., 2007; Kereszturi et al., 2010; Ali and
99 Ntaflos, 2011), but only a few of them were studied through both de-
100 tailed mineral-scale investigations and whole-rock chemical analyses
101 (Dobosi, 1989; Jankovics et al., 2009, 2012, 2013; Harangi et al., 2013).
102 Additionally, there are no examples of detailed studies of petrology
103 and geochemistry of the distinct eruptive units through the succession
104 of a given volcanic centre from this region.
105 This paper focuses on the Kissomlyó eruptive centre, located in the
106 Little Hungarian Plain Volcanic Field (western Pannonian Basin),
107 which shows a complex volcanological architecture consisting of differ-
108 ent eruptive units (tuff ring, lava flows, spatter cone). Based on earlier
109 physical volcanological observations a considerable timebreakwas sug-
110 gested during its volcanic activity (Martin and Németh, 2004, 2005). As
111 the sedimentary evidences of time breaks in monogenetic eruption
112 sequences are potential indications of shifts in eruption chemistry
113 (e.g., Sohn et al., 2012) our aim was to reveal whether there are signif-
114 icant compositional differences between the magmas erupted to the
115 surface before and after the quiescence period. Monogenetic volcanic
116 centres with intermittent activity are only rarely known. The eruptive
117 units of the well-studied Rangitoto volcano (Auckland Volcanic Field,
118 NewZealand) have been produced by two significantly different—an al-
119 kaline and a subalkaline—magma batches, it can be characterised by a
120 ~1000 years long intermittent activity and it is muchmore voluminous
121 than Kissomlyó (Mcgee et al., 2011; Needham et al., 2011; Shane et al.,
122 2013). In addition, there are also some examples for rejuvenating activ-
123 ity in the same locations with a difference of several thousand years
124 (western Saudi Arabian volcanic fields; Németh et al., 2014) or even of
125 millions of years (Hammerunterwiesenthal maar, Saxony; Suhr and

126Goth, 2013; although here the 2nd and 3rd phases were only represent-
127ed by subvolcanic intrusions).
128Whole-rock composition represents the composition of the erupted
129magma which in most cases is the result of several closed- and open-
130system petrogenetic processes involving discrete magma batches of
131similar/different compositions. We performed high-resolution textural
132and chemical investigations of the rock-forming minerals because
133they respond texturally and compositionally to changing magmatic en-
134vironments and preserve in their crystal growth stratigraphy a wealth
135of information concerning the magmatic processes and compositions
136(e.g., Ginibre et al., 2007; Streck, 2008). This mineral-scale study was
137integrated with the whole-rock geochemistry of stratigraphically con-
138trolled samples deriving from the three eruptive units of Kissomlyó.

1392. Geological setting

140The Pannonian Basin is a Miocene extensional back-arc basin
141surrounded by the Alpine, Carpathian, and Dinarides orogenic belts
142(Fig. 1A). It is characterised by thin lithosphere (50–80 km) and crust
143(22–30 km) coupled with high heat flow (N80 mW/m2; Csontos et al.,
1441992; Fodor et al., 1999; Tari et al., 1999; Bada and Horváth, 2001;
145Lenkey et al., 2002). These features are due to the initial syn-rift phase
146(17–12 Ma; Horváth, 1995) of the Pannonian Basin that was
147characterised by subduction roll-back, related back-arc extension and
148lithospheric thinning (Csontos et al., 1992; Horváth, 1993; Tari et al.,
1491999). This was followed by the Late Miocene–Pliocene post-rift phase
150(e.g., Horváth, 1995) which was accompanied by thermal subsidence,
151thickening of the lithosphere and sedimentation in the basin areas.
152Tectonic inversion has characterised the Pannonian Basin since the
153late Pliocene because of the push of the Adriatic plate from the south-
154west and blocking by the East European platform in the east (Horváth
155and Cloetingh, 1996).
156Post-extensional alkaline basaltic volcanism occurred from 11 to
1570.13 Ma in the region, mainly on its marginal parts, which formed
158monogenetic volcanic fields (Fig. 1A) (e.g., Martin and Németh, 2004;
159Seghedi et al., 2004; Harangi and Lenkey, 2007). The geodynamic rela-
160tionships of the alkaline basaltic volcanism are still debated. Several re-
161searchers suggested that localised mantle plume fingers (deriving from
162a common mantle reservoir named “European Asthenospheric Reser-
163voir”; Hoernle et al., 1995) could be responsible for the alkaline basaltic
164volcanism inWestern and Central Europe, accordingly in the Pannonian
165Basin as well (Granet et al., 1995; Seghedi et al., 2004). However,
166Harangi and Lenkey (2007), Harangi (2009) and Q4Harangi et al. (2014)
167argued against the plume-related magmatism. They suggest that the
168significantly stretched Pannonian Basin provided suction in the
169sublithospheric mantle and generated mantle flow from below the
170thick lithospheric roots (Alps, North European Platform) which could
171lead to the partial melting of the heterogeneous upper mantle. The
172relatively hot asthenospheric material could ascend along the steep
173lithosphere–asthenosphere boundary.
174The Little Hungarian Plain Volcanic Field (Fig. 1B) consists of
175scattered eroded remnants of tuff rings, maars and scoria cones
176(e.g., Jugovics, 1968; Harangi et al., 1994, 1995; Martin and Németh,
1772004). These volcanic centers are located along strike–slip faults and
178near to a detachment fault (Rába line) (e.g., Jugovics, 1915, 1916; Tari
179et al., 1992). The volcanic activity commenced with trachyandesitic to
180trachytic volcanism (~11–12Ma) and built up a N1000m thick volcanic
181complex (Pásztori, northern part of the volcanic field) that is buried by
182~2000mof LateMiocene toQuaternary sediments (Harangi et al., 1995;
183Harangi, 2001b). The small basaltic volcanoes in the southern part of the
184volcanic field were formed during the Early Pliocene based on the earli-
185er K/Ar radiometric age data (~4.5–5.9 Ma; Balogh et al., 1986). The
186

40
Ar/

39
Ar dating carried out in the western part of the Pannonian Basin

187(Wijbrans et al., 2007) included only the Ság-hegy (5.48 ± 0.01 Ma)
188and the Kissomlyó (4.63 ± 0.02 Ma) eruptive centres from this region.
189This volcanic field can be regarded as a tectonically controlled field
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190 (afterQ5 Valentine and Hirano, 2007) that is characterised by very low
191 magma flux, small number of eruptive centres and long (even around
192 1 Myr) quiescence periods between the formation of individual small
193 volcanoes.

194 3. Volcanological features and eruptive volume

195 The Kissomlyó eruptive centre is a complex monogenetic volcano
196 that consists of different eruptive units produced by multiple eruption
197 phases (Fig. 1C). First, phreatomagmatic explosions built up a tuff ring
198 (consisting of a ~20 m thick sequence of lapilli tuffs and tuffs) in a ter-
199 restrial setting which was followed by the cessation of the volcanism
200 and the deposition of lacustrine sediments (a sequence of siltstone
201 and mudstone) in a crater lake. Later the volcanic activity rejuvenated
202 with lava flow emplacement that resulted in the formation of columnar
203 jointed lava and pillow lava intruding the lacustrine sediments (pillows,
204 pillow breccias, peperite) within the crater. Martin and Németh (2004,
205 2005) already described the tuff ring pyroclastics, lacustrine sediments
206 and lava flow unit. Based on the presence, features and thickness of the
207 crater lake lacustrine unit they estimated the time gap between the tuff
208 ring formation and the emplacement of the lava flow to be in the order
209 of thousands of years. On the top of the volcanic edifice a spatter cone
210 remnant (Királykő) can be found. The

40
Ar/

39
Ar age of the lava flow

211 unit is 4.63 Ma (Wijbrans et al., 2007). The formation of unit 2 and
212 unit 3 eruptive units can be treated as one main volcanic event after
213 the quiescence period based on their volcanological features.

214It would be important to quantify more precisely the time gap be-
215tween the above-mentioned two eruptive phases therefore we tried
216to rethink the sedimentary features of the lacustrine unit. As Martin
217and Németh (2005) have already described, the sedimentary structures
218of this unit are preserved only in its lower ~70 cm,while its other part is
219disturbed by lava. In the lower undisturbed ~70 cm it can be observed
220that the sediment is fine-grained, good sorted and dominantly
221parallel-laminated indicating suspension settling. It consists of fine
222(~1 mm thick) alternating dark and light laminae. The exact extent of
223this siliciclastic unit is difficult to determine, but Martin and Németh
224(2005) estimated its thickness to be maximum 5 m based on the fact
225that fluidised sediments occur between the pillows in the entire thick-
226ness (~5 m) of the pillow lava. Considering all of these observations
227they concluded that the lacustrine sedimentation could have taken
228place over a period of a few thousand years. However, it is notable
229that there are also some parts of the lacustrine unit characterised by
230non-uniform, low-angle cross-lamination which imply deposition dur-
231ingwater movement (currents) in addition to the predominate suspen-
232sion settling. This suggests that the laminae cannot be solely interpreted
233as the products of cyclic sedimentation but a part of them could have
234been formed throughwatermovement. In addition, itmay bemore like-
235ly that the original thickness of the lacustrine unit should not corre-
236spond with the whole thickness of the pillow lava but less sediment
237could have been enough to get everywhere between the pillows during
238the intense fluidisation. An additional possibility can be that an extreme
239weather event (e.g., sudden rainfall, intense wind) might have generat-
240ed the sedimentation in the crater. These latter three arguments can be

Fig. 1. (A)Geological sketchmapof theCarpathian–PannonianRegion. Alkaline basaltic volcanicfields are signedwith numbers: 1, StyrianBasin; 2, Burgenland; 3, LittleHungarian Plain, 4,
Bakony-Balaton Highland, 5, Štiavnica-Nógrád-Gemer, 6, Kecel, 7, Banat, 8, Perşani. (B) Simplified geologicalmap of the Little Hungarian Plain Volcanic Field (after Jugovics, 1968; Harangi,
2001c) with the names of the volcanic centres. (C) Map of the Kissomlyó volcano showing the outcrops and distribution of the three eruptive units. Contour intervals are 10 m.
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241 indicative of a shorter (centuries) time gap between the eruptive
242 phases. Nevertheless, we have to emphasise at this point, that presently
243 there is no unambiguous tool to quantify more precisely the length of
244 this time gap. Therefore, we can conclude now that the quiescence pe-
245 riod in the volcanic activitymight have lasted for hundreds to thousands
246 of years.
247 The compound volcanological architecture and the rejuvenation of
248 volcanic activity after a significant pause in the same location imply
249 that this monogenetic volcano could be characterised by a complex
250 evolution and can be regarded as a reactivated eruptive centre.
251 Concerning the eruptive volume of the Kissomlyó volcanicswe car-
252 ried out a simple geometric model calculation in absence of a LiDAR or
253 other high-resolution topographic dataset. As the Kissomlyó volcano
254 is an erosional remnant the observed volcanics represent significantly
255 smaller volumes than the original eruptive volumes. The erosion rem-
256 nant morphology was described by Martin and Németh (2005). The
257 tuff ring has a diameter of approximately 800 m and the thickness of
258 its sequence is ~20 m. Considering the effect of the erosion the bulk
259 volume of the tuff ring could have been around 0.01 km3. The DRE-
260 corrected volume was estimated using 30 vol.% juvenile content and
261 30 vol.% vesicularity following the method of Kereszturi et al. (2013)
262 that resulted in a value of about 0.001 km3. The bulk volume of the
263 lava unit (having ~400 m diameter and ~20 m thickness) can be esti-
264 mated to around 0.001 km3. Using 10 vol.% for void space and 15 vol.%
265 vesicularity (also after Kereszturi et al., 2013) the DRE-corrected vol-
266 ume is approximately 0.00064 km3. The volume of the spatter cone
267 remnant is very small and can be added to the volume of the lava
268 flows which means that the post-tuff ring DRE eruptive volume can
269 be around 0.001 km3 similarly to that of the tuff ring. Thus, the total
270 DRE volume of the erupted material can be estimated to be maximum
271 0.002 km3. This value is comparable with those of the smallest volca-
272 nic centres of the Auckland Volcanic Field (Kereszturi et al., 2013)

273when considering the centres built up by similar eruptive units like
274Kissomlyó.

2754. Samples and analytical methods

276In this study, we carried out stratigraphically controlled sampling:
277rock samples that were collected from the three different eruptive
278units: juvenile basalt fragments (cauliflower bombs) and lapilli
279tuffs from the tuff ring pyroclastics (unit 1), lava samples from the
280pillow and columnar jointed basalt (unit 2) and scoria and bomb
281samples from the spatter deposits (unit 3). During the sampling,
282our aim was to collect representative samples from each of the dis-
283tinct eruptive units. The tuff ring sequence does not contain any sed-
284imentary evidences (e.g., discontinuity/truncation surfaces, erosion
285contacts, event horizons, etc.) which would imply changes or breaks
286in the course of the deposition (it is a typical sequence of pyroclastic
287density currents that could have deposited continuously within
288hours), therefore a few sample can be considered as representative
289for unit 1. The poor exposure of unit 2 and unit 3 hindered amore de-
290tailed sampling.
291The petrographic investigations were performed with a Nikon
292YS2-T polarising microscope and an AMRAY 1830 I/T6 scanning elec-
293tronmicroscope at the Department of Petrology and Geochemistry of
294the Eötvös Loránd University (Budapest, Hungary).
295Whole-rock major and trace element geochemical compositions
296were analysed at AcmeLabs (Vancouver, Canada; http://acmelab.com/).
297Major andminor elements were determined by ICP-emission spectrom-
298etry and trace elements were analysed by ICP-MS following a lithium
299borate fusion and dilute acid digestion.
300The in situ analyses of the mineral phases and glasses were per-
301formed using a CAMECA SX100 electron microprobe equipped with
302four WDS and one EDS at the University of Vienna, Department of

Fig. 2. General textural features of the Kissomlyó basaltic rocks with phenocrysts and microphenocrysts of olivine (with Cr-spinel inclusions), clinopyroxene and minor plagioclase (BSE
images): (A) juvenile basalt fragment and (B) sideromelane glass shard from the tuff ring pyroclastics of unit 1; (C) columnar jointed lava sample formunit 2; (D) scoria sample from unit
3. Ol, olivine; cpx, clinopyroxene; gl, glass.
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303 Lithospheric Research (Austria). Operating conditions formineralswere
304 as follows: 15 kV accelerating voltage, 20 nA beam current, 20 s
305 counting time on peak position, focused beamdiameter and PAP correc-
306 tion procedure for data reduction. The same operating conditions with
307 7 μm defocused beam and 10 s counting time were applied for glass
308 analyses. Calibration was based on the following standards: quartz
309 (Si), albite (Na), olivine (Mg), almandine (Al, Fe), wollastonite (Ca), ru-
310 tile (Ti), spessartine (Mn), orthoclase (K), Mg-chromite (Cr), Ni-oxide
311 (Ni) and apatite (P).

312 5. Petrography

313 Each of the studied samples has porphyritic textureswithphenocrysts
314 and microphenocrysts of olivine (with spinel inclusions), clinopyroxene
315 (with titanomagnetite inclusions) and minor plagioclase. Compared to
316 the other basaltic rocks of this region, only theKissomlyó samples contain
317 clinopyroxene as a phenocryst phase. Frequent glomerophyric aggre-
318 gates of clinopyroxenes, olivines and clinopyroxenes + olivines are also
319 present (Fig. 2). The groundmasses consist of microlitic plagioclase, oliv-
320 ine, clinopyroxene, Fe–Ti-oxides, apatite and glass. Some textural differ-
321 ences can be observed between the samples of the individual eruptive
322 units. The juvenile basalt fragments of unit 1 (Fig. 2A) have medium
323 to highly vesicular textures and are characterised by phenocryst sizes
324 of b0.8 mm where only olivine (b0.8 mm) and clinopyroxene
325 (b0.65 mm) represent the phenocryst and microphenocryst phases, pla-
326 gioclase occur only in the fine-grained groundmass. The lapilli tuff sam-
327 ples contain abundant fresh sideromelane glass shards (0.15–2 mm in
328 size) which are low to highly vesicular and have the same phenocryst as-
329 semblage of olivine and clinopyroxene (Fig. 2B). The textures of the lava
330 rocks of unit 2 (Fig. 2C) have low vesicularity and are coarser-grained
331 compared to the juvenile basalt fragments of unit 1. Phenocrysts have
332 sizes of b1.8 mm (olivine: b0.9 mm, clinopyroxene: b1.8 mm, plagio-
333 clase: b0.37 mm), and the groundmass is also coarser-grained and
334 have the highest crystallinity (i.e., contain the smallest amount of
335 glass among the studied samples). The scoria and bomb samples of unit
336 3 (Fig. 2D) have medium to highly vesicular textures and can be
337 characterised by phenocryst sizes of b1.5 mm (olivine: b0.9 mm,
338 clinopyroxene: b1.5 mm, plagioclase: b0.16 mm) and their groundmass
339 contains a small amount of glass.
340 Olivine and clinopyroxene often occur together: they are attached to
341 each other or more frequently clinopyroxene surrounds or encloses
342 partly or entirely the olivine (Fig. 2). These features imply that some
343 of the olivines could have crystallised together with the clinopyroxenes,
344 butmost of the olivines predated the crystallization of clinopyroxene. In
345 the juvenile basalt fragments of unit 1 there can be also found numerous
346 anhedral quartz xenocrysts (surrounded by tiny clinopyroxenes and
347 glass) and scarce crystal clots of anhedral olivine and orthopyroxene.

348 6. Whole-rock geochemistry

349 Earlier bulk rock geochemical data for the Kissomlyó volcanic centre
350 were reported by Embey-Isztin et al. (1993) and Harangi et al. (1994,
351 1995). For our stratigraphically ordered study samples were analysed
352 from each of the three eruptive units: juvenile basalt fragments
353 from the tuff ring sequence (unit 1), pillow and columnar jointed
354 lava (unit 2) and lava spatter deposits (unit 3). The new bulk rock com-
355 positions are given in Table 1 (major element abundances are
356 normalised to 100%, the ratio Fe2O3/FeO is set to 0.2 for the calculation
357 of Mg-number). Besides, we have also included and plotted the
358 whole-rock data of Harangi et al. (1995) which represent unit 1 and
359 unit 2 (Fig. 3).
360 The samples have basanitic, trachybasaltic and basaltic composi-
361 tions based on their SiO2 and total alkali contents (Fig. 3A). Compared
362 to the other basaltic rocks in the Little Hungarian Plain Volcanic Field
363 all of the Kissomlyó samples show slightly lower Mg#s (60.4–65.7;
364 100 * Mg/(Mg + Fe2+)), MgO (6.9–8.7 wt.%) and Cr contents (189–

365263 ppm) and significantly lower Ni concentrations (84–127 ppm)
366indicating that they represent more differentiated magmas (as it was
367also noted by Harangi et al., 1995). Fig. 3B shows that the studied
368compositions of each eruptive unit of Kissomlyó show very similar
369chondrite-normalised REE patterns, which are characteristic for basalt
370compositions in intraplate settings. From unit 2–unit 3 (which compo-
371sitions almost entirely overlap with each other) to unit 1 the samples
372show decreasing MgO, Cr and Ni contents as well as almost constant
373Al2O3/CaO ratios and Nd concentrations (Fig. 3C–F).
374When comparing the compositional variation from unit 1 to unit 3
375(1.8wt.%MgO, 75 ppmCr and 44 ppmNi)with those described through
376the successions/time of other volcanic centres from other monogenetic
377fields, it can be observed that the intra-centre chemical variation of
378Kissomlyó is smaller than each of the others (Fig. 4).

3797. Mineral textures, zoning and chemistry

380In order to characterise and compare the distinct eruptive units in
381more detail, careful analyses of mineral textures, zoning and composi-
382tions were performed from all of the three units. Compositions of

t2:1Table 1
t2:2Bulk rock compositions of the studied samples from the three eruptive units.

t2:3Unit 1 Unit 2 Unit 3

t2:4KS01 KS02 KS03 KS04 KS05 KS06 KS07

t2:5SiO2 46.30 45.75 45.66 45.90 46.29 46.43 45.89
t2:6TiO2 2.37 2.43 2.35 2.40 2.44 2.48 2.44
t2:7Al2O3 15.38 15.93 15.04 15.56 15.28 15.54 15.77
t2:8FeO 7.95 8.24 8.31 8.60 8.42 9.09 8.66
t2:9Fe2O3 1.59 1.65 1.66 1.72 1.68 1.82 1.73
t2:10MnO 0.16 0.15 0.17 0.19 0.17 0.18 0.17
t2:11MgO 6.92 7.07 8.32 8.65 8.59 8.73 8.25
t2:12CaO 11.55 10.96 9.61 9.63 9.82 9.87 10.05
t2:13Na2O 3.87 3.19 4.43 2.57 2.82 2.22 2.63
t2:14K2O 1.97 2.64 2.56 2.90 2.61 1.78 2.48
t2:15P2O5 1.04 1.01 0.89 0.91 0.89 0.81 0.92
t2:16Mg# 60.80 60.48 64.10 64.19 64.53 63.12 62.93
t2:17Ni 84 94 114 113 117 127 115
t2:18Cr 203 189 236 254 246 263 250
t2:19Co 33.1 34.9 40.0 37.9 40.2 39.5 34.1
t2:20Sc 17 19 18 19 19 19 19
t2:21V 200 201 212 200 216 218 190
t2:22Cs 8.6 0.8 0.7 1.2 1.1 0.7 0.9
t2:23Rb 117.3 60.0 60.5 65.5 60.0 32.8 53.9
t2:24Ba 931 979 867 856 921 863 1438
t2:25Sr 985 1000 958 1020 988 938 1517
t2:26La 53.8 52.1 52.3 54.4 53.2 51.6 55.5
t2:27Ce 104.8 102.0 104.6 108.2 104.6 101.5 104.7
t2:28Pr 11.71 11.53 11.75 12.89 11.76 11.66 12.99
t2:29Nd 45.1 45.6 45.2 50.3 47.4 47.5 51.8
t2:30Sm 8.05 7.80 8.04 8.76 8.24 8.04 8.67
t2:31Eu 2.35 2.31 2.40 2.56 2.45 2.46 2.59
t2:32Gd 6.87 6.89 6.96 7.03 6.95 6.90 7.25
t2:33Tb 0.97 0.94 0.96 0.84 0.97 0.97 0.87
t2:34Dy 4.81 4.79 4.82 5.18 4.70 4.77 5.11
t2:35Ho 0.84 0.84 0.84 0.85 0.82 0.84 0.87
t2:36Er 2.05 2.02 2.13 2.22 2.11 1.98 2.19
t2:37Tm 0.30 0.29 0.29 0.32 0.29 0.29 0.30
t2:38Yb 1.74 1.73 1.74 1.78 1.74 1.73 1.81
t2:39Lu 0.27 0.25 0.25 0.26 0.25 0.24 0.26
t2:40Hf 6.60 6.80 6.30 7.40 6.50 6.80 7.50
t2:41Nb 76.7 75.7 78.3 84.5 79.9 77.3 83.5
t2:42Ta 4.70 4.50 4.90 4.80 4.90 4.60 5.40
t2:43Th 9.30 9.10 8.50 8.50 8.90 8.40 9.20
t2:44U 2.20 2.30 2.80 2.40 2.40 1.70 2.60
t2:45Pb 12.1 14.5 29.9 7.5 9.3 10.4 7.6
t2:46Zr 279 277 278 295 285 279 284
t2:47Y 23.8 22.9 23.0 26.2 23.8 23.7 26.3

t2:48Major elements are in wt.%; minor and trace elements are in ppm. Analyses are
t2:49recalculated to 100% loss free.
t2:50Mg#=100*Mg/(Mg+ Fe2+), whereMg and Fe2+ are cation fractions; Fe2+ is calculated
t2:51assuming Fe2O3/FeO = 0.2.

5M.É. Jankovics et al. / Journal of Volcanology and Geothermal Research xxx (2015) xxx–xxx

Please cite this article as: Jankovics, M.É., et al., A complex magmatic system beneath the Kissomlyó monogenetic volcano (western Pannonian
Basin): Evidence from mineral textures, zoning and ..., J. Volcanol. Geotherm. Res. (2015), http://dx.doi.org/10.1016/j.jvolgeores.2015.04.010

http://dx.doi.org/10.1016/j.jvolgeores.2015.04.010


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

383 olivine, spinel and clinopyroxene crystals (Fig. 5) aswell as glasseswere
384 analysed from juvenile basalt fragments and fresh sideromelane glass
385 shards of unit 1, from lava samples of unit 2 and from scoria and
386 bomb samples of unit 3.

387 7.1. Olivine

388 Olivine crystals of the studied rocks show variable textures, zoning
389 patterns and compositions; five different types can be distinguished:
390 type 1, type 2, type 3, type 4 and type 5 olivines (Fig. 6). Type 1 olivines
391 (Fig. 6A) are normally zoned, euhedral-subhedral, often skeletal with
392 Fo81–86 cores and Fo75–85 rims. From their cores to rims, they have in-
393 creasing CaO (from 0.16–0.36 wt.% to 0.23–0.46 wt.%) and decreasing
394 NiO contents (from 0.12–0.31 wt.% to 0.08–0.22 wt.%). Type 2 olivines
395 (Fig. 6B) are normally zoned, euhedral to subhedral, and they have
396 subhedral–anhedral Fo86–95 cores and often skeletal Fo80–85 rims. Their

397cores contain 0.10–0.62 wt.% CaO and 0–0.41 wt.% NiO, while their
398rims have 0.25–0.48 wt.% CaO and 0.09–0.21 wt.% NiO contents. The
399type 2 olivine crystals can be divided into two subtypes—type 2a and
400type 2b—based on the chemistry of the spinel inclusions in the cores
401of the host olivines: the cores of type 2a olivines contain Al-rich spinels,
402while those of type 2b olivines have Cr-rich spinels (Fig. 8B, D). Type 3
403olivines (Fig. 6C) have normal zoning; they are euhedral to anhedral
404and contain 89–91mol% Fo in their anhedral cores (often with irregular
405shapes) and 79–85 mol% Fo in their often skeletal rims. The cores have
4060.02–0.05 wt.% CaO and 0.34–0.45 wt.% NiO concentrations, whereas
407the rims contain 0.28–0.31 wt.% CaO and 0.11–0.23 wt.% NiO. Type 4 ol-
408ivines (Fig. 6D, E) are reversely zoned, euhedral to subhedral; they have
409subhedral–anhedral (rarely patchy) cores and their rims are frequently
410skeletal. Their cores have Fo contents varying between 66 and 85 mol%,
411which are either surrounded by only a (10–40 μm thick) Mg-richer rim
412of 82–84 mol% Fo or by a normally zoned rim Fo76–86 (i.e., a 20–60 μm

Fig. 3.Whole-rock compositions of the Kissomlyó samples from the three eruptive units: (A) TAS diagram (afterQ1 LeBas et al., 1986); (B) chondrite-normalised (Nakamura, 1974) REE var-
iation diagram; (C)MgO (wt.%) vs. Al2O3/CaO plot; (D)MgO (wt.%) vs. Cr (ppm) diagram; (E) Cr (ppm) vs. Ni (ppm); (F) Nd (ppm) vs. Ni (ppm) plot. Glass compositionsmeasured from
the sideromelane shards (unit 1) and groundmass glass (unit 3) are also plotted in (A) and (C). The ol, ol + cpx, cpx, Cr-sp arrows are indicative of trends of olivine,
olivine+ clinopyroxene, clinopyroxene, Cr-spinel fractionation, respectively. Frac.cryst. arrow represents a fractional crystallization trend. In the case of two samples, Niwas not analysed.
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413 thick growth band of Fo80–86 and a 10–40 μm final rim Fo76–84). They
414 contain 0.10–0.31 wt.% CaO and 0.02–0.27 wt.% NiO in the cores, and
415 0.22–0.39 wt.% CaO and 0.08–0.27 wt.% NiO in the rims. Type 5 olivines
416 (Fig. 6F) are multiple-zoned; they have an anhedral rounded core of
417 Fo89–90, 0.02–0.03 wt.% CaO and 0.36–0.38 wt.% NiO (with rare
418 orthopyroxene inclusions) that is surrounded by a growth zone of
419 Fo83–85, 0.22–0.24 wt.% CaO, 0.18–0.22 wt.% NiO and a normally zoned
420 skeletal rim of Fo82–86, 0.22–0.38 wt.% CaO and 0.10–0.25 wt.% NiO.
421 Fig. 7 shows the different core-to-rim compositional variations ob-
422 served within type 1, type 2, type 3, type 4 and type 5 olivine crystals.
423 Representative olivine compositions are given in Table 2.
424 Olivine crystals of the five different types occur in the samples of
425 each eruptive unit. Type 1 olivines are the most common ones in each
426 sample. The sideromelane glass shards of unit 1 contain only type 1 ol-
427 ivines. Type 2, type 3 and type 5 olivines occur with very similar fre-
428 quencies in the three eruptive units, however, type 4 crystals are
429 much more frequent in the juvenile basalt fragments of unit 1 (their
430 amount is twice as much as in the unit 2–unit 3 samples). Type 2a oliv-
431 ines are present in the samples of unit 2 and unit 3, and type 2b olivines
432 were found in those of unit 1 and unit 2. Unit 1 samples can be
433 characterised by the broadest range of olivine Fo contents (66–
434 91 mol%) caused by the variety of the cores of the type 4 (reversely
435 zoned) crystals that is much more limited in unit 2 and unit 3.

436 7.2. Spinel

437 Spinels occur as inclusions in several portions of each olivine type: in
438 all parts of type 1 olivines, in the cores and rims of type 2a and type 2b
439 olivines, and in the rims of type 3, type 4 and type 5 crystals (Figs. 6 and
440 8). The cores of type 3, type 4 and type 5 olivines do not contain any spi-
441 nel inclusions in the studied samples. The sizes of the spinels range from
442 2 to 20 μm; they are euhedral to subhedral crystals and have a homoge-
443 neous interior. Based on their locations and characteristics, three spinel
444 groups can be distinguished. Group 1 spinels (occurring in unit 2 and
445 unit 3 samples) have a light green colour; they are very Al-rich (57.3–
446 63.1 wt.% Al2O3 and 0–0.21 wt.% Cr2O3); their Cr#s (100 ∗ Cr/(Cr + Al))
447 are very low (0–0.22) and contain 0.03–3.3 wt.% TiO2 (Fig. 8C). They
448 occur only in the cores of type 2a olivines (Figs. 6B and 8D). Group 2
449 spinels (occurring in the samples of each unit) represent the dominant
450 spinel group; they are light brown, have 10.9–23 wt.% Al2O3 and 14.8–
451 34.3 wt.% Cr2O3 concentrations; their Cr# varies from 44.5–62.3 and
452 show variable TiO2 contents (1.9–7.2 wt.%) (Fig. 8C). They are present
453 in all portions of type 1 olivines (Figs. 6A and 8A), in the rims of type

4542a and type 2b olivines (Fig. 8B, D), as well as in the rims of type 3
455(Fig. 6C), type 4 (Figs. 6D and 8E) and type 5 (Fig. 6F) crystals. Group
4563 spinels (occurring in unit 1 and unit 2 samples) are dark brown
457to black; they are very rich in Cr (41.4–51.1 wt.% Cr2O3 and 7.9–
45812.9 wt.% Al2O3); their Cr#s are the highest (68.4–81.3) and contain
4590.57–1.8 wt.% TiO2 (Fig. 8C). They occur only in the cores of type 2b
460olivines (Fig. 8B). It is important to note that in the case of type 2a
461and type 2b olivine crystals spinels of the distinct compositional groups
462were found to be inclusionswithin the same olivine crystals (Fig. 8B, D).
463Representative spinel compositions are presented in Table 3.

4647.3. Clinopyroxene

465Clinopyroxene phenocrysts are euhedral to subhedral andmost often
466appear as glomerocrysts. They frequently contain olivine crystals as inclu-
467sions (Fig. 9A) or partly enclose them (Fig. 9B). Characteristically they
468show sector zoning that displays highly variable appearances and usu-
469ally, oscillatory zoning is associated with hour-glass zoning (Fig. 9A, B).

Fig. 5. Mineral compositions of the Kissomlyó samples from the three eruptive units: (A)
olivine Fo (mol%) vs. CaO (wt.%) plot; (B) spinel TiO2 (wt.%) vs. Cr# (100 * Cr/(Cr + Al))
diagram; (C) clinopyroxene Mg# (Mg/(Mg + Fetot)) vs. TiO2 (wt.%) variation.

Fig. 4. MgO (wt.%) vs. Cr (ppm) plot showing the chemical variations through time/
successions also in the case of other monogenetic volcanoes: Crater Hill (Smith et al.,
2008) and Motukorea (Mcgee et al., 2012), Auckland Volcanic Field; Udo (Brenna et al.,
2010), Songaksan (Brenna et al., 2011) and Ilchulbong (Sohn et al., 2012), Jeju Island
Volcanic Field; El Hierro, 2011–2012 activity, Canary Islands (Martí et al., 2013). Symbols
for the Kissomlyó data as in Fig. 3.
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Fig. 6. Textural and zoning characteristics of the studied olivine crystals (BSE images): (A) subhedral type 1 olivinewith normal zoning; (B) clot of subhedral type 2a olivine crystals with
normal zoning; (C) type 3 olivine with an anhedral core, a subhedral–euhedral rim and normal zoning (note the irregular shape of the core which is only partly surrounded by the rim);
(D) euhedral type 4 olivine with reverse zoning, a subhedral core and a skeletal rim; (E) euhedral type 4 olivine showing reverse zoning and a subhedral, patchy core; (F) type 5 olivine
characterised bymultiple zoning: an anhedral high-Fo core (with an orthopyroxene inclusion), a growth zonewith lower Fo and a normally zoned skeletal rim. All types of olivines contain
spinel inclusions in some of their portions: sp1 and sp2 refers to group 1 and group 2 spinels, respectively seen in Fig. 8. Sp, spinel; opx, orthopyroxene.

Fig. 7. Forsterite (mol%) vs. CaO (wt.%) plot of the studied olivines. The arrows of different colours indicate the observed intra-crystal core-to-rim compositional variations in the case of the
five different olivine types. Antecryst 1a + 1b, antecryst 2, xenocryst and phenocryst s.s. refer to the distinct origins of olivines (see text for explanation).
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t3:1 Table 2 (continued)

t3:2 Type 3 olivine Type 4 olivine Type 5 olivine

t3:3 Rim Core Rim Core Rim Core Normally zoned rim Core Normally zoned rim Core Growth zone Normally zoned rim Core Growth zone Normally zoned rim

t3:4 ol10_2 ol11_1 ol11_2 ol12_1 ol12_2 ol13_1 ol13_2 ol13_3 ol14_1 ol14_2 ol14_3 ol15_1 ol15_2 ol15_3 ol15_4 ol16_1 ol16_2 ol16_3 ol16_4

t3:5 SiO2 39.59 37.10 39.17 39.55 39.83 38.81 39.82 39.30 37.35 38.87 38.04 40.94 39.65 40.00 39.77 41.11 40.15 40.20 39.78
t3:6 MgO 42.75 33.34 42.60 44.01 45.31 41.66 44.53 41.98 36.07 42.13 38.87 48.39 43.15 44.79 43.92 47.75 44.30 44.99 42.87
t3:7 FeOtot 16.68 28.59 17.12 15.66 13.92 18.17 14.92 17.85 24.33 17.07 21.40 9.62 15.91 13.78 15.18 10.35 14.57 13.56 15.63
t3:8 CaO 0.29 0.17 0.37 0.22 0.25 0.25 0.29 0.35 0.17 0.31 0.36 0.02 0.24 0.26 0.31 0.03 0.22 0.22 0.29
t3:9 NiO 0.16 0.04 0.13 0.20 0.21 0.14 0.21 0.10 0.14 0.15 0.08 0.38 0.18 0.21 0.18 0.36 0.20 0.25 0.13
t3:10 MnO 0.29 0.40 0.35 0.28 0.23 0.30 0.27 0.36 0.49 0.33 0.51 0.14 0.28 0.26 0.27 0.15 0.23 0.24 0.32
t3:11 Total 99.87 99.78 99.74 100.01 99.83 99.40 100.12 100.06 98.66 99.01 99.39 99.52 99.53 99.42 99.72 99.76 99.78 99.56 99.13
t3:12 Fo (mol%) 82.04 67.51 81.60 83.36 85.30 80.34 84.17 80.74 72.54 81.47 76.40 89.97 82.86 85.28 83.76 89.16 84.42 85.54 83.02

t3:1 Table 2
t3:2 Representative compositions of the studied olivine crystals.

t3:3 Type 1 olivine Type 2 olivine Type 3 olivine

t3:4 Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim Core

t3:5 ol1_1 ol1_2 ol2_1 ol2_2 ol3_1 ol3_2 ol4_1 ol4_2 ol5_1 ol5_2 ol6_1 ol6_2 ol7_1 ol7_2 ol8_1 ol8_2 ol9_1 ol9_2 ol10_1

t3:6 SiO2 39.98 39.32 39.86 39.02 39.31 38.97 40.96 39.54 40.92 39.50 40.38 40.00 40.49 39.64 41.19 39.67 41.16 40.06 40.92
t3:7 MgO 45.18 43.56 44.54 41.28 43.11 39.82 48.43 43.62 47.55 42.42 46.42 44.54 47.63 44.00 48.69 43.08 49.40 45.50 48.54
t3:8 FeOtot 13.88 15.49 15.01 18.58 16.36 20.02 9.94 15.94 11.06 16.99 12.50 14.28 11.17 15.62 9.41 16.44 9.17 14.20 9.51
t3:9 CaO 0.21 0.30 0.26 0.33 0.24 0.29 0.12 0.31 0.28 0.29 0.19 0.27 0.19 0.31 0.05 0.31 0.02 0.28 0.02
t3:10 NiO 0.26 0.13 0.24 0.12 0.16 0.10 0.30 0.17 0.11 0.16 0.19 0.20 0.35 0.16 0.39 0.16 0.41 0.23 0.38
t3:11 MnO 0.27 0.31 0.28 0.37 0.29 0.42 0.14 0.27 0.19 0.29 0.24 0.27 0.17 0.28 0.14 0.30 0.16 0.26 0.13
t3:12 Total 99.93 99.17 100.27 99.83 99.64 99.71 99.97 99.95 100.21 99.75 99.98 99.63 100.07 100.06 99.88 100.04 100.35 100.60 99.52
t3:13 Fo (mol%) 85.29 83.36 84.10 79.83 82.45 78.00 89.67 82.99 88.46 81.66 86.88 84.76 88.37 83.39 90.22 82.36 90.57 85.10 90.10

FeOtot = total amount of iron; ol = olivine.
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470 Table 4 contains representative compositions of the studied
471 clinopyroxenes; they are ferroan diopsides (according to the I.M.A.
472 classification of pyroxenes; Morimoto et al., 1988). Their Mg#s
473 (Mg/(Mg + Fetot)) ranges from 0.65 to 0.84 which decrease with
474 increasing TiO2 (1–5.5 wt.%) and decreasing Cr2O3 (0–0.97 wt.%) con-
475 tents. These compositional variations follow the normal pyroxene frac-
476 tionation trend (e.g., Tracy and Robinson, 1977). In addition, the
477 observed trends reflect their sector zoning feature: the two trends rep-
478 resent the compositional variation of the Ti-rich and Ti-poor sectors

479(Fig. 5C) (Dobosi et al., 1991). The clinopyroxene compositions and
480trends of the three eruptive units are very similar (Fig. 5C).

4817.4. Glass

482Glass compositions were measured from the fresh sideromelane
483glass shards of the lapilli tuff samples of unit 1 and from groundmass
484glasses of the scoria and bomb samples of unit 3 (Table 5). The glass in
485the sideromelane shards (unit 1) are fairly homogeneous and have

Fig. 8. Textural control of the distribution of olivine-hosted spinel inclusions and their compositional variation. Spinels occur (A) in various portions of type 1 olivines, in the cores and rims
of (B) type 2b and (D) type 2a olivines, (E) in the growth zones/rims of type 4 olivines. (C) Plot of TiO2 (wt.%) vs. Cr# (100 * Cr/(Cr+Al)) that shows three distinct compositional groups of
the studied spinels. The coloured points with letters indicate the compositions of spinels which are marked with coloured letters in the BSE images.
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486 phonotephritic compositions (Fig. 3A)with 3.1–3.3wt.%MgO,while the
487 groundmass glasses (unit 3) have more variable and more evolved
488 tephriphonolitic compositions (Fig. 3A) with 1.1–2.3 wt.% MgO.

489 8. Thermobarometry

490 Mineral-melt thermobarometric calculations were performed to es-
491 timate the pressures and temperatures of clinopyroxene crystallization.
492 We applied the clinopyroxene-melt geothermobarometer of Putirka
493 et al. (2003) which is based on the jadeite–diopside/hedenbergite–
494 liquid and jadeite–liquid exchange equilibrium. The standard error of
495 estimate of this calibration is 1.7 kbar and 33 °C. For the calculations
496 we used the compositions of clinopyroxene rims and glasses, i.e., we
497 estimated the conditions of the last equilibration. All of the studied
498 clinopyroxene crystals show sector zoning which is a common feature
499 of clinopyroxenes in basaltic rocks. As the two sectors grow contempo-
500 raneously from the same liquid (e.g., Wass, 1973), the appropriate way
501 for using these crystals for the calculations is to measure their rim
502 compositions in both sectors and average these values for each crystal.
503 Pressure and temperature values were calculated for all of the three
504 studied eruptive units which contain the same clinopyroxene popula-
505 tion, i.e., their clinopyroxene rim compositions are very similar. In
506 order to test whether the melt compositions are in equilibrium with
507 the clinopyroxene rim compositions, first the observed and predicted
508 values of clinopyroxene components (DiHd, EnFs, CaTs) were com-
509 pared. Predicted components were obtained by the clinopyroxene satu-
510 ration model of Putirka (1999) which should be matched by the
511 measured components within the ±2σ level. Additionally, we tested

512the Fe–Mg exchange equilibrium between clinopyroxene and melt:
513KD(Fe–Mg) are expected to be 0.28 ± 0.08 (Putirka, 2008). For unit 1
514we used the average glass composition of the sideromelane glass shards
515(which show a restricted range of compositions) from the lapilli tuff
516samples; for unit 2 there are not any available glass compositions be-
517cause of the high crystallinity of the groundmass of the lava samples;
518for unit 3 we used the compositions of the groundmass glasses.
519Clinopyroxene–liquid pairs of unit 1 are in equilibrium with each
520other; however, those of unit 3 failed the equilibrium tests because
521the compositions of the groundmass glasses are too evolved to be in
522equilibrium with the clinopyroxene rims.
523Fig. 3C shows that the glass compositions of the sideromelane shards
524can be derived from the whole-rock compositions through olivine +
525clinopyroxene crystallization, and the more evolved groundmass glass
526compositions can be the result of additional clinopyroxene crystalliza-
527tion. This suggests that in the case of unit 2–unit 3 the average glass
528composition of the sideromelane shards from unit 1 can be also used
529as an appropriate liquid composition that is in equilibrium with all of
530the measured clinopyroxene rim compositions of each unit.
531For all of the three units the thermobarometric calculations yield
532pressures ranging from 5.2 to 8.5 kbar with an average of 6.6 ±
5330.9 kbar. Calculated crystallization temperatures range between 1058
534and 1089 °C (with an average of 1071 ± 8 °C).

5359. Discussion

5369.1. Sources for the diverse olivine and spinel populations

537Olivine crystals of the studied samples from the three eruptive units
538show a large diversity of textures, zoning patterns and compositions
539(Figs. 5–7) reflecting a complex evolution history of the deepmagmatic
540system in which both open- and closed-system processes operated.
541Fig. 10 summarises the characteristics of the different olivine types
542together with our interpretations concerning their origin and history.
543Type 1 olivine crystals (Fig. 10A) being the most frequent olivine
544type in each eruptive unit and based on their textures and chemistry
545(Figs. 6A and 7), represent the olivine phenocryst s.s. (phenocryst
546sensu stricto) phases, i.e., the olivines which grew in situ from the host
547magma. However, the observed core-to-rim zoning in the case of the
548other olivine types (Figs. 7 and 10B–F) must have been caused by per-
549turbations in intensive variables over their history. Since the Fe2+/Mg
550ratio of the liquid has the dominant control on the Fo content (Roeder
551and Emslie, 1970), significant steps in Fo within a given olivine crystal
552must be due to changes in the composition or oxidation state of the
553liquid. In the case of the type 2, type 3, type 4 and type 5 olivines the ob-
554served zoning in Fo is accompanied by variations in Ca andNi, which are
555insensitive to fO2. Thus, we conclude that these zoning characteristics

t4:1 Table 3
t4:2 Representative analyses of the studied spinel inclusions in olivines.

t4:3 Group 1 sp Group 2 sp Group 3 sp

t4:4 sp1 sp2 sp3 sp4 sp5 sp6 sp7 sp8 sp9

t4:5 SiO2 0.68 0.13 1.28 0.08 0.08 0.09 0.09 0.07 0.07
t4:6 TiO2 1.75 0.04 0.05 2.61 4.13 5.61 1.81 0.57 0.93
t4:7 Al2O3 60.71 63.11 61.09 21.59 17.28 12.95 9.64 7.91 8.86
t4:8 Cr2O3 0.01 0.21 0.02 27.38 22.99 20.95 46.29 51.14 48.59
t4:9 Fe2O3 5.45 5.27 6.12 15.95 20.44 24.72 10.62 7.84 10.15
t4:10 FeO 5.74 9.18 9.15 18.98 20.65 23.34 18.54 23.53 21.19
t4:11 MnO 0.08 0.11 0.12 0.27 0.30 0.35 0.25 0.45 0.30
t4:12 MgO 24.78 21.26 22.18 11.64 10.47 9.25 10.07 5.86 7.88
t4:13 NiO 0.00 0.12 0.13 0.18 0.18 0.17 0.12 0.02 0.09
t4:14 Total 99.19 99.44 100.14 98.83 96.57 97.62 97.47 97.39 98.06
t4:15 Mg# 0.88 0.80 0.81 0.52 0.47 0.41 0.49 0.31 0.40
t4:16 Cr# 0.01 0.22 0.02 45.96 47.16 52.03 76.32 81.26 78.63

t4:17 Fe2O3 is calculated on the basis of stoichiometry; Mg# = Mg/(Mg + Fe2+); Cr# =

t4:18 100*Cr/(Cr + Al); sp = spinel.

Fig. 9.General features of clinopyroxene phenocrysts: sector zoning and associated concentric zones. (A) Clinopyroxene containing olivine grains (with spinels) as inclusions in the core as
well as Ti-magnetite inclusions in the rim; (B) large clinopyroxene phenocryst and a partly enclosed small olivine in its rim. Ol, olivine; sp, spinel; Ti-mt, titanomagnetite.
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556 are the result of open-system processes involving multiple melts of dif-
557 ferent compositions.
558 Type 2 olivines (Figs. 6B and 10B, C) contain a resorbed high-Mg core
559 whose xenocrystic origin can be ruled out due to their higher CaO
560 (0.10–0.62 wt.%) and variable NiO (0–0.41 wt.%) contents. In addition,
561 the shapes, sizes and compositions of the spinel inclusions encapsulated
562 in these cores clearly infer that these olivines have magmatic origin.
563 Consequently, they can be regarded as antecrysts, i.e., cognate crystals
564 that originate from a magma genetically related to the one in which
565 they are found. These antecrysts are surrounded by rims of phenocryst
566 s.s. origin.
567 The anhedral, resorbed high-Fo, low-CaO, high-NiO cores of type 3
568 and type 5 olivines (Figs. 6C, F and 10D, F) have compositions character-
569 istic for olivines found in lithospheric mantle-derived peridotites
570 (e.g., Boudier, 1991; Hirano et al., 2004). Thus, they represent olivine
571 xenocrysts derived from the wall rock in the lithospheric mantle
572 which are overgrown by magmatic olivine (as described also in the
573 case of other eruptive centres from the western Pannonian Basin;
574 Jankovics et al., 2013). Occasionally, these olivine cores contain
575 orthopyroxene (enstatite) inclusions (Fig. 6F) and in some cases
576 orthopyroxene (enstatite) crystals are also attached to anhedral olivines
577 having compositions very similar to those of the magnesian cores of
578 type 3 and type 5 olivines. As these orthopyroxenes show compositions
579 (e.g., Mg#(Fetot) = 0.91) characteristic for mantle-derived peridotites
580 (e.g., Embey-Isztin et al., 2001), this observation also support the litho-
581 spheric mantle origin for the cores of the type 3 and type 5 olivines. In
582 the case of type 3 crystals the skeletal overgrowth rim is only of

583phenocryst s.s. origin, however, the cores of type 5 olivines are
584surrounded by a rounded lower-Fo growth zone followed by the pheno-
585crystic (s.s.) final rim. This latter feature indicate that the xenocrystic
586cores of type 5 olivines were incorporated by a more evolved (com-
587pared to the host) magma and then a final rim crystallised from the
588host magma (phenocryst s.s.).
589The reverse zoning itself indicates open-system processes (Streck,
5902008) in the case of type 4 olivines (Figs. 6D–E and 10E). The resorbed
591cores of these olivines can be characterised by variable Fo contents
592(66–85 mol%) and represent antecrysts (antecryst2; Fig. 7) deriving
593from a magma other than the host. The often normally zoned rims sur-
594rounding these cores have phenocryst s.s. origin. Cores of reversely
595zoned olivines can represent crystals which were formed through
596magma differentiation in a magma reservoir/storage zone. The more
597magnesian growth bands and rims (i.e., the normally zoned rims) sur-
598rounding these cores can be attributed to the arrival of more primitive
599magma into the more evolved reservoir (replenishment) followed by
600crystal fractionation (e.g., Kahl et al., 2011; Martí et al., 2013).
601The diverse olivine populations are accompanied by the variety of
602spinel inclusions. Group 2 spinels representing the dominant spinel
603group can be regarded as phenocryst s.s. phases based on their abun-
604dances, appearance and chemistry (Fig. 8A, C). They are included in all
605portions of type 1 olivines and in the rims of the other olivine types
606(Fig. 10). The within-group chemical variation of these spinels (rapidly
607increasing TiO2 and Fe3+ contents and restricted range of Cr#) reflects
608the effect of fractional crystallization of olivine that was the only
609phase co-precipitating with spinel (the studied clinopyroxenes contain
610titanomagnetites).
611The cores of type 2a (Fig. 10B) and type 2b (Fig. 10C) olivines contain
612spinel inclusions of very different compositions: the former have group
6131 spinels, while the latter have group 3 spinels (Fig. 8B–D). Such a strik-
614ingly large difference (more than 68 in their Cr#s) that is observed be-
615tween the compositions of group 1 and group 3 spinels is inconsistent
616with crystallization from the same melt (e.g., Sack and Ghiorso, 1991).
617Since the composition of spinel depends primarily on the melt compo-
618sition (e.g., Irvine, 1965, 1967; Dick and Bullen, 1984; Allan et al.,
6191988; Arai, 1992; Roeder, 1994; Kamenetsky et al., 2001), this signifi-
620cant difference in the Cr#s more likely reflects the group 1 and group
6213 spinels having precipitated from two distinct melts characterised by
622different compositions. This means that the cores of type 2a olivines to-
623gether with the group 1 spinels and the cores of type 2b olivines togeth-
624er with the group 3 spinels crystallised from two separate primitive
625magmas of dissimilar compositions. Thus, the cores of the type 2a and
626type 2b olivine crystals do not represent antecrysts of the same origin
627(antecryst 1a and antecryst 1b; Fig. 7).

t5:1 Table 4
t5:2 Representative compositions of the studied clinopyroxenes.

t5:3 cpx1 cpx2 cpx3

t5:4 Sector 1 Sector 2 Sector 1 Sector 2 Sector 1 Sector 2

t5:5 Core Rim Core Rim Core Rim Core Rim Core Rim Core Rim

t5:6 SiO2 49.94 44.31 46.51 41.99 50.53 47.48 47.32 43.13 50.86 47.14 47.21 43.08
t5:7 TiO2 1.35 3.29 2.41 4.78 1.18 2.37 2.12 4.00 1.05 2.29 1.99 4.10
t5:8 Al2O3 3.75 8.73 6.98 10.25 3.62 5.40 6.65 9.22 3.47 5.80 6.72 9.54
t5:9 Cr2O3 0.30 0.00 0.48 0.01 0.43 0.00 0.60 0.02 0.57 0.00 0.95 0.00
t5:10 Fe2O3 2.82 4.71 3.49 4.46 2.36 3.26 3.34 5.71 1.61 3.73 3.08 4.85
t5:11 FeO 3.17 3.83 3.14 4.60 3.22 4.16 2.94 2.70 3.66 3.56 2.99 3.63
t5:12 MnO 0.16 0.11 0.09 0.13 0.11 0.17 0.11 0.14 0.14 0.15 0.10 0.11
t5:13 MgO 14.77 11.42 12.93 10.34 15.11 13.12 13.23 11.10 15.33 12.99 13.31 11.03
t5:14 CaO 23.00 22.58 22.65 22.28 22.63 23.08 22.74 23.07 22.40 23.24 22.35 22.88
t5:15 Na2O 0.38 0.58 0.53 0.61 0.48 0.35 0.59 0.64 0.41 0.38 0.60 0.54
t5:16 Total 99.68 99.58 99.25 99.44 99.69 99.39 99.63 99.77 99.51 99.31 99.30 99.76
t5:17 Mg# 0.82 0.72 0.79 0.68 0.83 0.77 0.80 0.72 0.84 0.77 0.80 0.71
t5:18 En 42.69 35.42 39.43 33.07 43.87 38.84 40.13 34.53 44.60 38.59 40.75 34.44
t5:19 Wo 47.79 50.33 49.67 51.23 47.24 49.10 49.58 51.56 46.83 49.63 49.18 51.36
t5:20 Fs 9.51 14.25 10.90 15.70 8.88 12.06 10.29 13.91 8.57 11.79 10.08 14.20

t5:21 Fe2O3 is calculated on the basis of stoichiometry; Mg# = Mg/(Mg + Fetot); cpx = clinopyroxene.

t6:1 Table 5
t6:2 Representative analyses of the studied glasses (normalised to 100% on a volatile-free
t6:3 basis).

t6:4 Sideromelane glass shard Groundmass glass

t6:5 gl1 gl2 gl3 gl4 gl5 gl6

t6:6 SiO2 48.15 47.50 48.38 49.79 51.69 50.85
t6:7 TiO2 2.45 2.39 2.35 2.18 2.01 1.91
t6:8 Al2O3 19.03 19.09 19.32 20.47 22.06 21.54
t6:9 FeOtot 8.75 8.59 8.81 8.67 6.50 7.22
t6:10 MgO 3.32 3.19 2.98 2.34 1.27 1.60
t6:11 MnO 0.18 0.19 0.19 0.15 0.17 0.15
t6:12 CaO 8.20 8.31 7.41 4.15 4.65 5.06
t6:13 Na2O 4.89 5.81 5.55 4.99 3.27 4.19
t6:14 K2O 3.58 3.57 3.76 5.95 7.27 6.35
t6:15 P2O5 1.27 1.17 1.10 1.14 0.88 0.94
t6:16 Mg# 40.32 39.85 37.58 32.46 25.84 28.37

t6:17 FeOtot = total amount of iron; Mg#= molar MgO/(MgO + FeOtot); gl = glass.
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628 In mafic and ultramafic volcanic rocks Cr-rich spinel (15–70 wt.%
629 Cr2O3) is the most common spinel having compositions very similar to
630 those of our group 2 and group 3 spinels. However, Al-rich spinels
631 (Cr# b 5, Al2O3 N 50 wt.%) are rare in terrestrial volcanic rocks. Al-rich
632 spinels similar to our group 1 spinels were rarely described from scarce
633 continental mafic intrusions, lamproites, kimberlites and carbonatites
634 (Barnes and Roeder, 2001) as well as from some primitive arc volcanics
635 (Della-Pasqua et al., 1995). In the latter case, they also described
636 coexisting Cr-rich and Al-rich spinels (as inclusions in olivines) which
637 were inferred to have crystallised frommelts of different compositions.

638 9.2. Magmatic environments and processes

639 The large variety of the olivine and spinel crystals, i.e., the liquidus
640 phases indicates a complexmagmatic systemwith four magmatic envi-
641 ronments (Figs. 10 and 11) beneath the small-volume Kissomlyó volca-
642 no. The antecrystic cores of type 2a and type 2b olivines (i.e., antecryst
643 1a and antecryst 1b) derive from two primitive magmas (called
644 magma 1a and magma 1b) characterised by different compositions
645 based on the chemistry (group 1 and group 3) of their spinel inclusions.
646 These primitive olivines and spinels probably represent the earliest
647 stage of the evolution of the magmatic system. Differentiation of
648 magma 1a through fractional crystallization of antecryst 1a olivine to-
649 gether with group 1 spinel and that of magma 1b through fractional
650 crystallization of antecryst 1b olivine together with group 3 spinel
651 could have taken place in the deepest part of the magmatic system.
652 The majority of these early crystals were probably removed but a part
653 of them were recycled by subsequent magma packets. On the basis of
654 the studied olivines and spinels (Figs. 5–8) magma 1a could have been
655 present in the system only during the second evolutionary phase, but
656 magma 1b is inferred to have been involved during both evolutionary
657 phases of the magmatic system.
658 The antecrystic cores of type 4 olivines (i.e., antecryst 2) could have
659 been formed through magma differentiation in the shallower part of
660 the system and are related to another magma, called magma 2. The

661reversely zoned feature of these olivines suggests magma recharge. As
662recorded by the compositions of their normally zoned rims the recharge
663magma is represented by the already differentiated magmas formed at
664deeper levels. This rechargemagma recycled a number of more evolved
665olivine antecrysts and became dominant in the system. This dominant
666magma (representing the host magma) is called magma 3 from which
667type 1 olivines, the rims of each of the other olivine types and group 2
668spinels crystallised followed by the formation of clinopyroxene pheno-
669crysts as indicated by the textural relationships between olivines and
670clinopyroxenes.
671Lithospheric mantle-derived olivine xenocrysts were incorporated
672by magma 2 and magma 3 recorded by type 5 and type 3 olivine crys-
673tals, respectively. This suggests that olivine crystallization from both
674magma 2 and magma 3 occurred in the lithospheric mantle.
675The highly variable core compositions of the reversely zoned oliv-
676ines and the recycling of different olivine antecrysts suggest that the
677evolution of the magmatic system could have been characterised by
678the involvement of multiple small magma. In addition, the variety of
679core compositions of reversely zoned olivines suggests that the mafic
680magmas could have been variably differentiated before a new more
681primitive magma intrusion arrived from depth. For simplicity, magma
6821a, magma 1b, magma 2 and magma 3 refer to the four different mag-
683matic environments (including the several small magma packets)
684where the distinct olivine and spinel populations crystallised.
685In summary, the evolution of the magmatic system beneath
686Kissomlyó involved a complex set of petrogenetic processes: fractional
687crystallization, olivine (+spinel) recycling, xenocryst incorporation,
688magma recharge and interaction of small magma packets, and each of
689these processes was operating during the whole life of the system.
690Through the stratigraphic succession, the juvenile basalt fragments of
691unit 1 contain the largest amount of reversely zoned olivines, i.e., the
692magma batch of the first eruption cycle brought the highest amount of
693antecryst 2 olivines to the surface. Based on this observation the forma-
694tion of these more evolved olivine crystals could have been the most
695dominant during the first evolutionary phase, when magma packets

Fig. 10. Summary of olivine textures, zoning and chemical characteristics (together with their spinel inclusions) as well as their interpretation concerning the formation of the different
olivine types. M1a = magma 1a, M1b = magma 1b, M2 = magma 2, M3 = magma 3 which refer to the four magmatic environments.

13M.É. Jankovics et al. / Journal of Volcanology and Geothermal Research xxx (2015) xxx–xxx

Please cite this article as: Jankovics, M.É., et al., A complex magmatic system beneath the Kissomlyó monogenetic volcano (western Pannonian
Basin): Evidence from mineral textures, zoning and ..., J. Volcanol. Geotherm. Res. (2015), http://dx.doi.org/10.1016/j.jvolgeores.2015.04.010

http://dx.doi.org/10.1016/j.jvolgeores.2015.04.010


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

696 accumulated and trapped at a possible rheological/density boundary
697 giving way to magma differentiation.

698 9.3. Multi-level magmatic system

699 On the basis of the revealed magmatic environments and deep-
700 seated petrogenetic processes we propose a multi-level magmatic sys-
701 tem beneath Kissomlyó (Fig. 11). It consists of two levels (level 1 and
702 level 2) which are assumed being separated. At level 1 primitive
703 magma intrusions occurredwhichwent through olivine and spinel frac-
704 tional crystallization resulting in the formation of fractionated melts.
705 These melts ascended upwards, recycled primitive olivine antecrysts
706 (antecrysts 1a and 1b) and recharged level 2 where they recycled
707 antecryst 2 olivines from magma 2. This was followed by the in situ
708 crystallization of olivine + spinel and subsequent clinopyroxene (at
709 level 2).
710 Based on experimental studies carried out on alkaline basalts, olivine
711 crystallises as a liquidus phase (together with spinel) only at pressures
712 ≤10 kbar (e.g., Green and Ringwood, 1967). This corresponds to depths

713≤~37 km which means that level 1 of the system where early
714olivine + spinel crystallised from primitive magmas was located at
715depths of maximum ~37 km, i.e., in the upper part of the lithospheric
716mantle, considering that the crustal thickness is around 26–27 km be-
717neath the studied locality (Horváth, 1993).
718Pressure values obtaining from clinopyroxene-melt barometry using
719clinopyroxene rim and coexisting glass compositions are generally
720interpreted as major levels of magma fractionation (e.g., Schwarz
721et al., 2004; Klügel et al., 2005; Galipp et al., 2006; Stroncik et al.,
7222009; Hildner et al., 2012). This method was used for numerous ocean
723island basalts (see the former references) and its good applicability
724was confirmed by the nice correlation of barometric results with geo-
725physical data in the case of the recent El Hierro activity (Longpré et al.,
7262014).
727The estimated pressure values reflect the conditions of last
728clinopyroxene-melt equilibrationwhich is 6.6 ± 0.9 kbar average pres-
729sure in our case. This corresponds to a depth of about 25 km that can
730be placed just above the Moho (i.e., in the lowermost part of the
731crust). Since these data reflect the equilibrium conditions between

Fig. 11. Schematic model of the magmatic system beneath the Kissomlyó volcano (see text for discussion) with the petrogenetic processes of fractional crystallization, olivine (+spinel)
recycling, xenocryst incorporation, magma recharge and interaction of small magma packets. The figure is not to scale. FC = fractional crystallization, ol = olivine, sp = spinel, cpx =
clinopyroxene, LAB = lithosphere-asthenosphere boundary. M1a = magma 1a, M1b = magma 1b, M2 = magma 2, M3 = magma 3 which refer to the four magmatic environments.
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732 clinopyroxene rims and host melt (i.e., final clinopyroxene–melt equil-
733 ibration), deeper fractionation for the clinopyroxene cores are possible
734 (e.g., Hildner et al., 2012).
735 The textural relationships between olivine and clinopyroxene crys-
736 tals indicate that the crystallization of olivines usually preceded that of
737 clinopyroxenes. This can suggest that each type of olivines could have
738 been formed at greater depths than clinopyroxenes, i.e., around and
739 below the crust–mantle boundary. As level 1 is placed to a maximum
740 depth of ~37 km, the lower boundary of themagmatic system is expect-
741 ed to be at depths ≤~37 km, while its upper boundary (the upper part
742 of level 2) is given by the ~25 km depth indicated by the final
743 clinopyroxene–melt equilibration. The exact extent of level 1 and level
744 2 cannot be determined.
745 A similar model of a multi-stage system consisting of a deeper and a
746 shallower reservoirwas presented in the case of the 2011–2012 El Hierro
747 submarine activity on the strong basis of petrological, thermobarometric
748 and seismic data (Martí et al., 2013; Longpré et al., 2014). They also
749 described several types of olivines characterised by different zoning
750 patterns, which were also inferred to bear evidence of open-system
751 processes like magma replenishment and mixing.

752 9.4. What represents the whole-rock composition?

753 Thewhole-rock geochemical data of the three studied eruptive units
754 (Fig. 3) do not show any abrupt, significant differences, thus the erupted
755 magmas were compositionally similar during the entire volcanic activi-
756 ty. Although the compositional variation of the whole-rock data
757 (Fig. 3C–F) do not indicate any complexities and could be explained
758 by fractional crystallization of olivine + spinel, the high-resolution in-
759 vestigation of mineral textures, zoning and chemistry unravelled the
760 complex evolution of the deep magmatic system. The erupted magma
761 compositions represented by the bulk rock geochemistry are the results
762 of various, closed- and open-systempetrogenetic processes and interac-
763 tion of multiple small magma packets in a multi-level system. The ob-
764 served small differences between the whole-rock geochemistry of unit
765 1 and unit 2–unit 3 are most likely due to the variation in the propor-
766 tions of the petrogenetic processes acting in the system during the
767 two evolutionary phases.
768 Distinct eruptive units observed through basaltic monogenetic se-
769 quences are generally interpreted as representing discrete magma
770 batches of different characteristics on the basis of their whole-rock geo-
771 chemistry (e.g., Brenna et al., 2010; Mcgee et al., 2012; Sohn et al.,

7722012). These magma batches were also inferred to have interacted/
773mixed with each other based on the presence of units having whole-
774rock compositions transitional between those of the discrete magma
775batches. Brenna et al. (2012) described a bimodal distribution of olivine
776Fo contents and awidewhole-rock variation at Songaksan volcano (Jeju
777Island Volcanic Field). Based on these observations they proposed a
778model of mixing of ascending magma pulses (in a main plumbing con-
779duit) which evolved in independent dykes before. However, in order to
780recognise the exact relationship between these magmas and to reveal
781the processes occurring during their ascent a detailed investigation of
782the olivine textures, zoning and chemistry would be necessary. It is im-
783portant to note that through the analyses of whole-rock samples only
784the features of the eruptedmagma batches can be recognised, however,
785through the detailed mineral-scale investigations we can reveal the
786exact formation of these erupted magma batches, i.e., what kind of
787magmas (magma packets) were involved in the magmatic system and
788through which processes have they undergone ultimately resulting in
789a given erupted magma batch.
790Our study indicates that the observed three eruptive units of
791Kissomlyó represent distinct magma batches having similar composi-
792tions but each magma erupted to the surface in the two main eruptive
793phases (represented by unit 1 and unit 2 +unit 3) is composed of sev-
794eral small magma packets which have interacted with each other in
795both evolutionary phases.
796Whilst the whole-rock geochemical data show a relatively small
797variation (60.4–65.7 Mg#), the Fo contents of the cores of the mag-
798matic (i.e., of type 1, type 2a +type 2b and type 4) olivines have a
799much broader range of compositions (Fo66–91) indicating equilibri-
800um liquid Mg#s ranging from 36 to 74 (Fig. 12). This large variation
801is due to the involvement of the four magmatic environments
802(magma 1a +magma 1b, magma 2 and magma 3) crystallising the
803different olivine (and spinel) populations. The very Fo-rich olivine
804clot (Fig. 6B) was excluded from the equilibrium liquid Mg# calcula-
805tion because of its too high Fo content that may suggest a non-
806eqilibrium/non-ideal/different KD(Fe–Mg) in this case. However,
807their enclosed spinel inclusions indicate that they have magmatic
808origin and belong to the antecryst 1a population.

8099.5. Comparison with other monogenetic sequences

810Fig. 4 shows a comparisonwith othermonogenetic eruptive centres:
811theCraterHill (Smith et al., 2008) andMotukorea (Mcgee et al., 2012) in

Fig. 12.Mg# (Mg/(Mg + Fe2+)) vs. Al2O3/CaO plot that shows the whole-rock data from the three eruptive units, the glass compositions of the sideromelane glass shards (unit 1) and
groundmass glass (unit 3) as well as a histogram showing the equilibrium liquid Mg#s calculated for the cores of type 1, type 2a + type 2b and type 4 olivines (transitional colours
are due to overlapping columns). Note the broad compositional range indicated by thesemagmatic olivines compared to the smallMg# variation of thewhole-rock andglass compositions.
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812 the Auckland Volcanic Field, the Udo volcano (Brenna et al., 2010), the
813 Songaksan volcanic centre (Brenna et al., 2011) and the Ilchulbong
814 tuff cone (Sohn et al., 2012), all of the latter three located in the Jeju Is-
815 land Volcanic Field. Additionally,we included the case of the 2011–2012
816 El Hierro activity, Canary Islands (analysed samples: from 15 October
817 2011 to 28 January 2012; Martí et al., 2013) that also represents a
818 monogenetic event. In the case of these eruptive centres the presented
819 geochemical datasets are the results of a higher-resolution sampling.
820 This can be explained by the presence of several discontinuity sur-
821 faces/event horizons through their sequences (resulted in the recogni-
822 tion of several subunits) and by the larger volumes of these volcanics
823 comparing to those of Kissomlyó. Nevertheless, our dataset is compara-
824 blewith these because our samplingwas appropriate for the given scale.
825 The detailed studies on thementioned volcanic centres do not infer sig-
826 nificant time gap(s) during their volcanic activities, i.e., their evolution
827 reflect a short period of time (within days to months). However, signif-
828 icant compositional variationswere observed through time/successions
829 between and/or within the individual eruptive units. Although most
830 of them show fluctuations in their compositional evolutions, their
831 trends have a significant reverse part moving towards more primitive
832 compositions through time/the units upward in the sequence. These
833 compositional variations suggest that monogenetic eruptive centres
834 are fed by dynamically changing magmatic systems. It is notable, that
835 in the case of the Kissomlyó volcano, where a considerable time gap is
836 assumed in the volcanic activity (recorded by the lacustrine sediments
837 between the tuff ring pyroclastics and the lava flow) the observable
838 chemical variation is smaller than those of the others.
839 In the evolution of a magmatic system the volume of the involved
840 magmas can have an important role: in the case of low-volumemagmas
841 they cool and quench rapidly which do not enable significantmagmatic
842 differentiation. The Kissomlyó volcanic centre can be characterised by a
843 small total eruptive volume (~0.002 km3) and if we consider separately
844 the volumes of the individual eruptive units (~0.001 km3) it would be
845 expected that the magma supply could have been very low. However,
846 the eruptive volume seen on the surface does not represent the real vol-
847 ume of magmas being involved in the evolution of the deep magmatic
848 system beneath the volcanoes. Therefore, the magma productivity can
849 be significantly larger than what is indicated by the total eruptive vol-
850 ume. This could be feasible in the case of the Kissomlyó volcanic centre
851 where thewhole-rock compositions aswell as the presence of abundant
852 clinopyroxene phenocrysts and more evolved olivine antecrysts indi-
853 cate fairly considerable magmatic differentiation.
854 The relationship between the sizes and compositions of eruptive cen-
855 tres was studied in the case of the Auckland Volcanic Field, New Zealand
856 byMcgee et al. (2013)who found strong correlations and concluded that
857 the size of a volcanic centre is controlled by processes in the deep as-
858 thenosphere. However, they have not discussed the relationship be-
859 tween the size (eruptive volume) of volcanic centres and their intra-
860 centre compositional variations. Based on their presented dataset the
861 compositional variations within the eruptive centres do not depend on
862 the eruptive volumes: a small centre can be characterised by the same
863 significant chemical variation that is observed in the case of a large centre
864 and also a large centre can have a compositional variation smaller than
865 that of a small centre. Volcanic centres showing a small intra-centre
866 chemical variation similar to that of Kissomlyó are rare. Additionally,
867 the centre having very similar small eruptive volume showsmuch larger
868 intra-centre compositional variation than Kissomlyó.
869 All of these imply that although the Kissomlyó volcano has a very
870 small eruptive volume and a small intra-centre whole-rock chemical
871 variation its deep magmatic system was characterised by a complex
872 evolution history.

873 10. Conclusions

874 The evolution of the magmatic system beneath the small-volume
875 Kissomlyó monogenetic volcano was inferred as being complex

876documented by mineral textures, zoning and chemistry. Five different
877types of olivine crystals and three distinct compositional groups of
878olivine-hosted spinel inclusions were recognised which represent four
879magmatic environments. These crystals bear evidence of several petro-
880genetic processes that played role in the formation of the erupted
881magma batches: fractional crystallization, olivine (+spinel) recycling,
882lithospheric mantle-derived xenocryst incorporation, magma recharge
883and interaction of multiple small magma packets.
884Reversely zoned olivines suggest the presence of evolved magmas,
885while high-Fo olivine cores imply primitive magmas at depth which
886did not erupt to the surface but are detectable by the olivine antecrysts
887found in the host magma.
888Barometric results of final clinopyroxene–melt equilibration indi-
889cate that clinopyroxene crystallization could have occurred around the
890Moho, which was preceded by the formation of the diverse olivine
891crystals.
892Our study implies that the petrogenesis of a single magma batch
893(usually defined as representing a given eruptive unit) can be complex
894involving several magmas and various, closed- and open-system mag-
895matic processes which finally result in the whole-rock (erupted
896magma) composition.
897Beyond the bulk rock geochemistry, the high-resolution investiga-
898tion of the textures, zoning and chemistry of minerals through the se-
899quence of monogenetic volcanoes provides a more detailed insight
900into the deep magmatic processes and into the characteristics of the
901magmas being involved in the evolution of the magmatic system. Such
902a detailed mineral-scale analysis is a very useful tool that yields a lot
903of important knowledge about the magmatic system which are essen-
904tial to our better understanding about the evolution of “simple” basaltic
905monogenetic systems.
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