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A well-preserved set of partly eroded mid-Miocene scoria cones and tuff cones are exposed in the Jičín Volcanic Field, 
Czech Republic. Zebín Hill, a formerly quarried tuff cone with an exposed conduit and associated dikes, offers an 
opportunity to study magmatic processes within the high-level feeding system of a small monogenetic volcano. Two 
types of dikes and associated “blob-like” intrusions were observed. Pure basanite dikes predominate in the center of 
the cone, whereas its peripheries were intruded by mingled dikes. The mingled dikes consist of mm-scale basanitic 
domains enclosed in a network of trachyandesitic dikelets. Locally, hybrid domains with intermediate characteristics 
were observed. The basanite dikes and basanite enclaves within mingled dikes contain normally-zoned minerals 
(Fo90 to Fo70 olivine, Mg-rich to Mg-poor diopside, labradorite to andesine composition of plagioclase) indicative of 
basanite magma evolution during ascent. In contrast, the trachyandesite and hybrid enclaves in mingled dikes show 
reverse zoning of minerals (Mg-poor to Mg-rich diopside, sanidine to oligoclase feldspar composition) indicative 
of magma hybridization. 
This study suggests that the Zebín Volcano did not develop from a simple monogenetic system and through a single 
central axis feeder; rather, Zebín Hill evolved from a complex magma feeding/storage system and through a complex 
feeder network. We conclude that the simple external structure of a monogenetic volcano may sometimes hide rather 
complex magmatic plumbing systems encompassing compositionally contrasting rocks/magmas.
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fields of wider compositional spectra (e.g., Delacour et al. 
2007; Orozco-Esquivel et al. 2007; Hamelin et al. 2009; 
Büchner et al. 2015; Awdankiewicz et al. 2016; Ulrych 
et al. 2016). More diversified compositional settings are 
rather restricted to composite volcanic edifices, or to the 
eruptions from zoned chambers (e.g., Klügel et al. 2000). 

Though rare, complex magmatic systems feeding 
monogenetic volcanoes (Schreiber et al. 1999; Németh et 
al. 2003; Brenna et al. 2010; Erlund et al. 2010; Jankov-
ics et al. 2015) document that multifaceted magma feed-
ing/storage systems may develop even at small scales. 
Here we present textural and mineral chemistry evidence 
of complex basanite–trachyandesite magma evolution 
within a feeding system of an intra-continental monoge-
netic Zebín tuff cone in the Jičín Volcanic Field (Czech 
Republic). 

1. Introduction

Monogenetic volcanoes are generally described as rela-
tively simple and small volcanic systems with predictable 
magma evolution, emplacement dynamics and hazards 
(e.g., Németh 2010; Pérez-López et al. 2011). Recent 
studies show, however, that even small basaltic volca-
noes may display a complex sub-volcanic structure (e.g., 
Petronis et al. 2013, 2015; Blaikie et al. 2014; Shields 
et al. 2016), long-lived magmatic emplacement, and un-
predictable eruption scenarios including the production 
of mafic pyroclastic flows (Rosi et al. 2006; Di Roberto 
et al. 2014). From petrological point of view, individual 
monogenetic volcanoes are usually characterized by 
simple composition, although compositionally-simple 
monogenetic volcanoes may be clustered in volcanic 
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2. Geological setting

2.1. Jičín Volcanic Field

The Bohemian Massif in Central Europe experienced 
extensive episodic magmatic/volcanic activity during 
the Cenozoic (e.g., Ulrych et al. 2011 and references 
therein). The intra-plate alkaline magmas were derived 
from upper mantle due to extension-controlled adiabatic 
decompression. Most of the magmatism was concen-
trated along the Eger Rift, which represents the eastern-
most branch of the European Cenozoic Rift System (e.g., 
Dèzes et al. 2004; Rajchl et al. 2008). Apart from the 
main volcanic complexes (see e.g., Ulrych et al. 2002; 
Rapprich and Holub 2008; Cajz et al. 2009; Holub et al. 
2010; Skála et al. 2014; Ackerman et al. 2015), several 

volcanic fields were formed also on the shoulders of the 
rift (Awdankiewicz 2005; Rapprich et al. 2007; Büchner 
and Tietz 2012; Valenta et al. 2014; Büchner et al. 2015; 
Petronis et al. 2015; Tietz and Büchner 2015; Awdankie-
wicz et al. 2016; Ulrych et al. 2016; Haase et al. 2017). 
Our study focused on the Zebín Volcano, located in the 
Jičín Volcanic Field (Rapprich et al., 2007; Petronis et 
al. 2015; Fig. 1) on the southeastern shoulder of the Eger 
Rift, where Miocene volcanic rocks were emplaced into, 
or erupted onto, Upper Cretaceous marine sediments 
of the Bohemian Cretaceous Basin and continental 
Permo–Carboniferous strata of the Krkonoše Piedmont 
Basin. This area experienced only a moderate degree of 
erosion since the Miocene exposing the magma feeding 
systems together with preserved superficial facies of 
volcanic edifices. 
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The tectonic framework in the wider area of the Jičín 
Volcanic Field located south of the NE–SW trending 
Eger Rift was influenced by the structure of the Bohe-
mian Cretaceous Basin. The basin formed in a dextral 
transpressional to transtensional fault system of NW–SE 
orientation (nearly perpendicular to the trend of Eger 
Rift; Fig. 1) with two dominant fault systems; Labe 
Fault Zone and Lusatian Fault Zone (e.g., Uličný 2001; 
Uličný et al. 2009; Coubal et al. 2014). The NW–SE 
trending system of faults controlled the formation of the 
basin and remained prominent until Quaternary. NNW–
SSE trending synthetic and N–S trending antithetic 
Riedel-shears are associated with these fault zones. 
The distribution of the Cenozoic volcanoes follows 
the above-mentioned dominant fault systems as they 
controlled the magma ascent (Vaněčková et al. 1993). 
The E–W trending tectonic grain, however, was the 
leading factor that influenced the geometry of the dikes 
and magma feeder conduits at shallow crustal depths 
(Rapprich et al. 2007; Petronis et al. 2015). Volcanic 
activity in the Jičín Volcanic Field occurred during two 
separate episodes: (1) Early Miocene (19–16 Ma) and 
(2) Early Pliocene (5–4 Ma). Eruptions occurred from 
scattered vents in the form of lava flows, lava lakes, 
phreatomagmatic craters, and scoria cones and tuff 
cones. Compositionally the rocks are intra-plate alkaline 
basalts sensu lato, including picrobasalt, basanite, and 
olivine nephelinite (Rapprich et al. 2007). 

2.2. Zebín Volcano

Zebín Hill (399 m a.s.l.) is a picturesque cone-shaped 
knob rising 100 m above the surrounding landscape 
(Fig. 2), about 2 km to the northeast from the historical 

center of Jičín Town. The volcanic activity of Zebín was 
dated by the K–Ar bulk rock method at 17.51 ± 0.74 Ma 
(Rapprich et al. 2007). The volcano was constructed 
upon marine marlstones and claystones of Late Turonian 
to Early Coniacian age (e.g., Čech 2013). The internal 
plumbing system and cone facies of Zebín Hill are well 
exposed in an abandoned quarry on the western slope of 
the volcanic remnant (Fig. 3). The quarry was operating 
mainly in the period between the 17th and the 19th cen-
turies and focused on mining the coherent feeder dikes 
used for building stones and crushed for road gravels. 

At Zebín Hill, the coherent dikes intruded into lapillis-
tone (Fig. 3). The pyroclastic deposits are well-sorted and 
clast supported with indistinctive outward dipping bedding 
suggesting the Zebín Hill represents a remnant of pyroclas-
tic cone with preserved wall facies (Rapprich et al. 2007). 
The pyroclastic deposits consist of angular non-vesiculated 
fragments of basanite with predominating size around 1 cm 
and with numerous xenoliths of underlying Cretaceous sed-
iments (Fig. 4a). The fine-grained character of the deposits 
and poor vesicularity of the magmatic fragments suggest 
quench fragmentation with inhibited vesiculation during a 
phreatomagmatic eruption. Apparently, in the course of the 
eruption, the explosive site did not propagate downwards to 
create a maar crater (sensu Lorenz and Kurszlaukis 2007); 
rather, it produced in a tuff cone. This assumption is also 
supported by the scarcity of lithics. A different eruptive sce-
nario is interpreted at Trosky Volcano (Petronis et al. 2015; 
Figs 2 and 4) in a contrasting paleo-environmental setting. 
While Trosky Volcano erupted upon well-drained and dry 
sandstones, the eruptions of Zebín took place in wetlands 
on impermeable marlstones and claystones (Fig. 4b). At 
the latter locality, slight variation was observed in the py-
roclastic deposits from the base upwards. The lower part is 

Zebín

Trosky

Fig. 2 View of Zebín Hill from south-
east. Nearby Trosky Volcano (Petronis 
et al. 2015) is also indicated. Photo by 
A. Tauchman.
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massive in structure and enriched in xenoliths and probably 
corresponds to a coarse-grained basal phreatomagmatic 
layer (sensu Schmincke 1977). Marlstone xenoliths content 
decreases upwards (from ~ 40 % to less than 10 %) as does 
the content of larger (> 5 cm) basanite fragments. In this 
study, we focused on coherent intrusive rocks that penetrate 
the pyroclastic deposits.

3. Methods

3.1. Field work

Field studies included detailed geologic mapping of the 
Zebín Hill quarry walls and surrounding exposures, as 
well as sampling of the volcanic rocks. With an aim to 
continue with AMS and paleomagnetic studies, the sam-

ples were collected as oriented 
drill-cores using a portable 
gasoline-powered ECHO280E 
drill with a nonmagnetic dia-
mond-tipped bit. All samples 
were oriented using a mag-
netic and, when possible, a sun 
compass. The samples were 
thin-sectioned by High Mesa 
Petrographics, Los Alamos, 
NM, for further petrological 
research.

2 m

370 m a.s.l.

350 m a.s.l.

399 m
a.s.l.

100 m

quarry

N

SOUTHSOUTHNORTHNORTH

main
conduit

mingled dike
with blob

slightly altered
basanite dike

(perpendicular to view)

phreatomagmatic
lapillistone

mingled dike
(along trench wall)

mingled dike

phreatomagmatic
lapillistone

Zb03Zb03

Zb10Zb10

Zb12Zb12

Zb25Zb25

main conduit

phreatomagmatic
lapillistone

basanite
dikes

mingled
dikesZb03

Zb10

Zb12 Zb25

Zb20

Fig. 3 View of the abandoned quarry on Zebín Hill with sample locations indicated, shown also on the schematic map (left top corner).

well-drained sand-
stones of Hrubá Skála

swampy landscape
upon claystones in
the Jičín surroundings

Strombolian-style
eruption
in dry envi-
ronment

Surtseyan-style eruption
in wet conditions

Trosky scoria-
cone Zebín tuff-cone

a b

I

II

III
Fig. 4a – Lapillistone on Zebín Hill; 
b – Schematic comparison of eruptive 
history for Trosky and Zebín volca-
noes.



Magma mingling in Zebín tuff cone feeding system

219

4. Results

4.1. Petrography and major-element chemistry

The pyroclastic deposits of the Zebín Volcano were 
intruded by bodies of coherent magma. The central part 
of the hill is built by a main conduit plug associated 
with numerous thinner dikes. The main plug and dikes 
close to the main plug consist of coherent pure basanite, 
whereas the peripheral dikes are of mingled character and 
comprise a mixture of domains, enclaves, and veinlets 
of variable composition. Some of the peripheral mingled 
dikes (10–200 cm across) are associated with “blob”-like 
intrusions (3 × 4 m) emplaced into pyroclastic deposits 
(Fig. 3). Unlike the dikes, the pyroclastic deposits are 
compositionally homogeneous (except for mantle and 
crustal xenoliths), without any signs of presence of dis-
tinct magma batches.

The petrographic character of the pure basanites was 
studied on samples Zb25 (main plug) and Zb20 (dike 
close to the main plug). The basanite is fine-grained, 
porphyritic, and dominated by optically conspicuous 
olivine phenocrysts 1–4 mm across representing around 
8 vol. % of the rock. The olivine is altered along rims 
and fractures, but contains also fresh cores of the crystal 
fragments (Fig. 5a). Larger olivine grains (up to 7 mm) 
are fragmental with oval shapes; these appear to repre-
sent partly resorbed mantle-derived xenocrysts. Clino-
pyroxene phenocrysts are less frequent and smaller in 
size (mostly around 1 mm, scarcely 2 mm). Most of the 
phenocryst cores are colorless with pale pink-brownish 
rims, suggesting increased admixture of Ti and Al. Cores 
of some clinopyroxene phenocrysts display sieve texture 
and differ in brownish to greenish color. The ground-
mass is dominated by small acicular euhedral crystals of 
clinopyroxene, fresh olivine, magnetite and plagioclase 
intergrown with anhedral nepheline (Fig. 5a). The inter-
growth of plagioclase and nepheline is typical of the main 
plug, whereas brownish isotropic glass occurs in the dike, 
where more rapid cooling took place. Magnetite is cubic 
and blocky, present as variably sized grains (5–50 μm) 
throughout the rock. Small opaque grains (magnetite 
or chromite) are also present as inclusions in the larger 
clinopyroxene and olivine phenocrysts. Mantle xenoliths 
(peridotites, not exceeding 5 cm) consisting of olivine, 
orthopyroxene, clinopyroxene and opaque phases are 
commonly found in the thin sections as well as macro-
scopically on the hand-specimens and outcrops. Scarce 
quartz xenocrysts have reaction rims or are completely 
replaced by a mixture of glass and clinopyroxene. 

The mingled character typical of some peripheral dikes 
was represented by samples Zb03, Zb10, and Zb12. The 
complex magma mingling textures were not well visible 
in hand-sample, but were obvious in thin section. These 

3.2. Petrography and mineral chemistry

The thin sections were studied under a standard petro-
graphic microscope. The microscopic observations were 
supported by mineral chemistry. Quantitative chemical 
analyses of individual minerals were conducted on a Tes-
can MIRA 3GMU scanning electron microscope (SEM) 
at Czech Geological Survey, Prague-Barrandov fitted 
with SDD X-Max 80 mm2 EDS detector and AZtecEn-
ergy software (Oxford Instruments). 

Point analyses of selected minerals and area analyses 
on parts of the sample were acquired under the follow-
ing conditions: accelerating voltage 15 kV, working 
distance 15 mm, 3 nA probe current, 30 s acquisition 
time, focused electron beam diameter 30 nm. Mineral 
standards (SPI) were used for standardization, pure 
Co for quant optimization. The method of Vieten and 
Hamm (1978), which balances the deficiency of oxygen 
atoms corresponding to 4 cations (with all iron as Fe2+), 
was used to calculate Fe3+ contents in clinopyroxenes. 
The same method based on 3 cations was applied to 
Fe–Ti oxides. 

The areal (bulk-rock) analyses have reduced totals 
(95.1–99.3 wt. %), because all iron is presented as 
FeO, the analyses do not include volatiles, and small 
irregularities on the surface may reduce the amount of 
diffracted X-rays. Glasses in the basanite dike Zb20 
are partly hydrated resulting in reduced totals, but 
proportions among individual oxides appear stable 
(except for calcium which is discussed), suggesting the 
recalculation to water-free basis can be applied to these 
measurements. 

3.3. Whole-rock chemistry

Several dikes contain domains of distinct petrography. 
As the individual domains were too small for mechanical 
separation and application of routine bulk-rock analytical 
methods, their compositions were determined by integral 
analysis of defined quadrangles using the SEM. These 
zones yielded compositional data representative of the 
discrete magma batches. 

The chemical analyses of microscopic-scale domains 
obtained by SEM were compared to standard whole-rock 
chemical analysis of the coherent rock from the main 
plug (sample CR009). The major-element contents in this 
sample were determined by conventional wet analysis, 
following the methodology described in Dempírová et 
al. (2010). This method involves initial dissolution us-
ing HF + HNO3 + H2SO4 at 220 °C for determination of 
SiO2, followed by a digestion in a HCl + H2SO4 mixture 
for determination of the remaining oxides. The analytical 
data were visualized using GCDkit software (Janoušek 
et al. 2006).
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rocks consist of small droplets of basanite (4–8 mm) en-
closed in a network of trachyandesite veinlets (Figs 5b–c). 
The basanite droplets have the same porphyritic texture as 
the pure basanite in the main plug or proximal dike, with 
large but completely altered olivines in a fine-grained, dark 
groundmass rich in very fine opaque grains (Figs 5c, e–f). 
The trachyandesite is likewise present as scarce enclaves 
(4 mm) with fine-grained aphanitic texture (Fig. 5d) but 
prevails in the form of thin veinlets (under 0.2 mm thick) 
with rare thicker domains (Figs 5b, e–f). 

The trachyandesite differs from the basanite in color 
(Figs 5c, e) as well as in texture which is equigranular and 
more coarse-grained (Fig. 5b). The trachyandesite domains 
are dominated by sanidine with subordinate clinopyroxene. 
Opaque minerals are represented by coarser grains, rather 
than the fine grains typically dispersed throughout the basan-
ites. The composition of the opaque phases in trachyandesite 
domains corresponds to Ti-poor magnetite and ilmenite. 

Small pleochroic biotite flakes occur in both trachy-
andesite and basanite domains. Magmatic olivine and the 
mantle-derived xenocrysts (olivine and orthopyroxene) are 

completely altered. In some of the samples, hybrid domains 
were observed. The hybrid domains were distinguished by 
a moderate grey color (Figs 5d, g) and an assemblage of 
plagioclase, alkali feldspar and significant clinopyroxene 
(even larger phenocrysts up to 1 mm) with remnants of 
altered olivine (much smaller). Veinlets of hybrid rocks 
usually crosscut the mingled texture of basanite droplets 
enclosed in a network of trachyandesite veinlets (Fig. 5g). 

The whole-rock composition of the main plug ba-
sanite (Tab. 1) falls on the boundary between basanite 
and basalt fields in the TAS diagram (Fig. 5h). This 
composition can be compared with data of individual 
enclaves from the mingled dikes. The basanite droplets 
plot in the fields of basalt and trachybasalt (higher silica 
probably results from selection of the domains without 
large olivine phenocrysts, this fact is also reflected by 
lower MgO – see Tab. 1). The trachyandesite vein-
lets plot in the trachyandesite field (Fig. 5h). Hybrid 
domains show wide range of compositions between 
basanite and trachyandesite end-members. General 
trends from basanite through hybrid rocks toward tra-
chyandesite can be observed also from binary plots of 
silica versus TiO2, FeO, MgO, and CaO (Fig. 6). Except 
for CaO, this trend is also followed by spot analyses 
of interstitial glasses. The data from spot analyses of 
glasses in the basanite dike Zb20 (Tab. 2) plot in the 
TAS diagram close to the trachyandesite veinlet (Fig. 
5h) analysis, despite having significantly higher Al2O3 
content (16.2–22.5 wt. % compared to 14.6 wt. %) and 
lower CaO content (0.2–0.8 wt. % compared to 6.8 
wt. %; Fig. 6d). The loss in calcium may correspond 
to slight alteration evident from the low totals. The 
interstitial glass measured in the main conduit (sample 
Zb25) differs by high amounts of Al2O3 (27 wt. %) and 
Na2O (11.6 wt. %), having strong phonolitic tendency 


Fig. 5 Rock textures and composition: a – Porphyric basanite of the 
main plug with 1.5 mm large olivine (Ol) phenocrysts (sample Zb25, 
PPL – plane polarized light) enclosed in groundmass of olivine, clinopy-
roxene, magnetite, plagioclase and nepheline; b – Droplets of basanite 
(B) with clinopyroxene phenocrysts (Cpx) separated by trachyandesite 
veinlet (T) (back-scattered electron image); c – Trachyandesite veinlets 
(T) branching between basanite droplets (B) with olivine phenocrysts 
(Ol) (PPL); d – Larger trachyandesitic clast (T) and basanite droplets 
surrounded by hybrid rock; e–f – Trachyandesite pocket (T) between 
two basanite clasts (B) (e – PPL, f – cross-polarized light); g – Contact 
of hybrid rock (H) with mixture of basanite droplets (B) and trachyan-
desite veinlets (T) (PPL); h – Total alkali–silica (TAS) discrimination 
diagram (Le Maitre et al. 2002) with glass and bulk-rock data. T-B – 
trachybasalt, B-T-A – basaltic trachyandesite.

Tab. 1 Major-element data (in wt. %) of the whole-rock sample CR009 from the main conduit, and microprobe areal analyses of individual magma 
batches in mingled dikes

Sample CR009 265 300 264 357 299 371 263
Unit Main conduit Mingled dikes
Rock sample Zb12 Zb12 Zb12 Zb10 Zb12 Zb10 Zb12

Domain basanite clast basanite clast hybrid clast hybrid clast hybrid veinlet hybrid veinlet trachyandesite  
veinlet

Area measured (μm2) 265 115 138 190  82 225 153
SiO2 43.13 44.30 46.77 54.56 49.81 52.53 49.04 58.41
TiO2 2.72 2.76 2.77 0.75 2.36 0.73 2.15 1.22
Al2O3 12.82 15.42 15.79 17.69 17.49 12.19 13.11 14.58
FeOt 10.96 11.30 9.15 5.23 9.05 5.99 8.03 4.40
MnO 0.22 0.21 0.15 b.d.l. b.d.l. 0.19 0.18 b.d.l.
MgO 10.86 6.49 5.13 3.62 5.00 7.17 7.13 3.71
CaO 10.14 9.44 10.39 8.40 8.83 10.42 10.06 6.82
Na2O 3.47 3.25 4.58 5.66 4.83 4.49 5.72 4.80
K2O 0.95 1.08 0.84 1.20 1.10 1.73 0.63 4.48
P2O5 0.62 0.85 0.94 b.d.l. 0.86 0.40 0.64 b.d.l.
Total 99.62 95.11 96.51 97.11 99.33 95.98 96.69 98.42
b.d.l. – below detection limit
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(Fig. 5h). On the other hand, the glass documented in 
the basanite droplet within the mingled dike has com-
position similar to whole-rock basanitic domains, with 
significant differences in increased P2O5 (5.3 wt. %) 
and decreased MgO (4.2 wt. %; Fig. 6c). Namely the 
disparity in MgO content can be explained in terms of 
presence (bulk rock) vs. absence (glass) of the olivine 
phenocrysts.

4.2. Mineral chemistry

4.2.1. Olivine

Olivine occurs unaltered in the basanite plug and un-
mingled basanite dikes, whereas olivine in the mingled 
rocks, even in the basanite clasts and droplets, is com-
pletely altered. Olivine is present as both, large phe-
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Tab. 2 Major-element spot-analyses of interstitial glass (in wt. %)

Sample 104 173 174 195 204 228 276

Unit Main conduit Basanite dike Basanite clast 
in mingled dike

Rock sample Zb25 Zb20 Zb20 Zb20 Zb20 Zb20 Zb12
Domain glass glass glass glass glass glass glass
SiO2 50.84 54.22 54.61 54.01 65.50 53.74 44.43
TiO2 0.53 1.20 1.30 1.19 0.71 1.27 b.d.l.
Al2O3 26.96 21.75 22.46 21.68 16.25 21.58 18.76
FeOt 1.91 3.94 3.87 3.57 1.59 4.04 9.60
MnO b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
MgO 2.05 0.75 0.63 0.60 1.19 1.11 4.24
CaO 3.64 0.71 0.62 0.74 0.20 0.80 9.67
Na2O 11.56 4.05 4.14 3.50 3.59 3.25 3.38
K2O 1.80 4.23 4.03 3.08 3.32 2.96 1.87
P2O5 b.d.l. 0.36 0.33 0.31 b.d.l. 0.32 5.30
Total 99.29 91.21 91.99 88.76 92.36 89.08 97.23
b.d.l. – below detection limit
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nocrysts and smaller groundmass crystals. It is also a 
dominant mineral phase in the ubiquitous mantle xeno-
liths (microprobe data from olivines from both, basanite 
and mantle xenoliths, are presented in Supplementary 
Tab. 1). The cores of larger phenocrysts are rich in Mg 
(Fo84–92), suggesting that some of these cores might rep-
resent xenocrystic mantle olivine (Fo≥90). Occasionally, 
the olivine cores enclose inclusions of nickel sulfides 
(NiS and [NiFe]S). The outer rims show significantly 
lower MgO contents (Fo70–77.5) and the most evolved 
(Mg-poor) compositions (Fo69–70) were observed in small 
groundmass crystals.

4.2.2. Clinopyroxene

Clinopyroxene is present in all rock types documented on 
Zebín Hill. As it crystallizes under a wide range of condi-
tions, this mineral provides an optimal record of evolu-
tion of alkaline melts (e.g., Rapprich 2005; Ronick and 
Renno 2010; Jankovics et al. 2015). The studied clino-
pyroxenes occur as both larger phenocrysts and smaller 
groundmass crystals in pure basanite rocks as well as 
in all rock-types observed in the mingled hybrid rocks 
(see Supplementary Tab. 2). The basanites also contain 
mantle-derived xenoliths with clino- and orthopyroxene 
with high MgO contents. The orthopyroxene xenocrysts 
are coated with small crystals of Ca-poor augite. 

In the Fig. 7, symbols for individual analyses reflect 
the petrology and position of each analysis within the 
crystals. Most of the analyzed clinopyroxenes fit into the 
field of diopside on a quadrilateral composition diagram 
(Morimoto 1988; Fig. 7a), but their relatively low Ca 
contents (mostly under 0.9 apfu – atoms per formula unit) 
suggested that these better classify as augites (Fig. 7c; 
Rapprich 2005). 

The Cpx from basanite displays normal zoning, with 
Mg-rich cores and more Fe-rich rims and small crystals 
in groundmass. On the other hand, the Cpx phenocrysts 
in trachyandesite and hybrid domains show reverse 
zoning. Negative correlation in the Mg–Ti (apfu) plot 
(Fig. 7d) is a normal crystallization trend reflecting 
increasing role for Ca–Ti–Tschermak’s substitution  
(CaTiAl2O6 instead of CaMgSi2O6) during closed-system, 
decompression crystallization. This substitution results 
in Ti-rich rims and groundmass microcrysts compared 
to Mg-rich cores (e.g., Tracy and Robinson 1977; Rap-
prich 2005; Haloda et al. 2010). The clinopyroxenes from 
trachytic rocks are generally poorer in both Mg and Ti 
(e.g., Scott 1976; Carbonin et al. 1984; Rapprich 2005), 
which corresponds well to the observed composition of 
clinopyroxene cores in the trachyandesite domains in the 
mingled dikes from Zebín (Fig. 7d). The rims of the same 
phenocrysts and the smaller groundmass crystals ap-
proach the composition of Cpx from basaltic rocks. The 
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composition of Cpx from hybrid rocks plotts on mixing 
lines and follows the normal basaltic trend.

4.2.3. Fe–Ti oxides

Fe–Ti oxides are represented by Ti-magnetite and chro-
mite in basanite, and Ti-magnetite and ilmenite in tra-
chyandesite and hybrid rocks (Supplementary Tab. 3). 
The cores of larger spinelide crystals have chromite 
composition with Mg-admixture and very low Ti con-
tents (Fig. 8a). The chromites in the cores of idiomorphic 
crystals differ from Fe-poor mantle-derived chromite–
magnesiochromite found in the peridotite xenolith. 
The composition of spinel-group oxides in basanites 
follows a trend of decreasing Cr and Mg and increas-
ing Ti and namely Fe from cores towards rims of larger 
crystals and groundmass microcrysts (Fig. 8a). Later 
magnetites from basanite are typical Ti-magnetites close 
to ulvöspinel. Similar compositions were observed in the 
hybrid rocks, whereas the trachyandesites contain Ti-low 
magnetite associated with ilmenite (Fig. 8b). 

In several domains, coexisting magnetite and ilmen-
ite grains were documented providing a possibility for 
equilibrium test according to Bacon and Hirschmann 
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(1988; Fig. 9). Coexisting Fe–Ti oxides occur in basan-
ite and trachyandesite domains in the Zb03 mingled dike 
and hybrid domains in the Zb10 mingled dike. In addi-
tion, magnetite and ilmenite lamellae from the exsolved 
larger ilmenite crystal in the Zb12 mingled dike are 
also plotted. Despite the magnetite cores from basanite, 
enriched in Mg and Cr, plot out of the equilibria belt, 
their rims appear to be in equilibrium with the ground-
mass ilmenite. Also Fe–Ti oxides in trachyandesite 
domains are equilibrated, as well as groundmass of the 
hybrid domains, where disequilibrium can be expected 
among larger phenocrysts or between phenocrysts and 
groundmass. 

4.2.4. Feldspars and feldspathoids

Feldspars also reflect a wide compositional range of 
rocks observed within the dikes of Zebín Volcano 
(Supplementary Tab. 4). Coherent pure basanites con-
tain plagioclase of labradorite composition (Fig. 10). 
The labradorite in the basanite is associated with  
K-nepheline containing 0.1–0.14 K (apfu; Supplemen-
tary Tab. 4). The composition of plagioclase in the ba-
sanite droplets within the mingled dikes is more sodic 
(andesine). Most of the feldspars in the trachyandesite 
veinlets are sanidines, but some anorthoclase and oli-
goclase crystals are also present. An even wider range 
of feldspar compositions has been documented from the 
hybrid domains, including a continuous compositional 
trend from sanidine to andesine. Neither trachyandesite, 
nor hybrid domains contain any nepheline. Analcite 
present in basanite and hybrid domains contains variable 
admixtures of Ca (up to 0.11 apfu), and Fe (0.025 apfu; 
Supplementary Tab. 4).

5. Discussion

The predominance of basanite compositions in the conduit, 
dikes, and droplets in the mingled dikes suggests that 
the Zebín Volcano originated from eruption of primitive 
mantle-derived magma. The relationships of the composi-
tion and liquidus temperatures of olivine and basaltic melts 
are derived from well-established experimental results 
and phase equilibrium analyses (e.g., Roeder and Emslie 
1970; Bender et al. 1978; Walker et al. 1979; Langmuir 
and Hanson 1981; Nielsen and Dungan 1983; Weaver and 
Langmuir 1990; Kinzler and Grove 1992). Based on the 
defined phase equilibria between olivine and melt, the 
cores of olivines from the main plug and non-mingled dike 
(Fo84–92) correspond to primitive magma with Mg# (molar 
MgO/(MgO + FeOtot)) values in the range 0.62–0.74. These 
values are in good agreement with bulk-rock analysis of 
the main plug (CR009), with Mg# = 0.66. 

The same equilibrium equations can be applied on 
estimation of olivine crystallization temperatures. The 
most-magnesian cores correspond to crystallization 
at around 1260 °C, the outermost rims of the crystals  
(Mg-poor) at 1130 °C, and fine microcrysts in the ground-
mass at 1130 °C.

The trachyandesitic veinlets in the mingled dikes could 
be interpreted as unrelated anatectic magma or as a dif-
ferentiate of the parental basanite magma. However, it is 
unlikely that the Zebín system included discrete additions 
of silicic magmas, as there are no known trachytic or 
phonolitic bodies within the entire Jičín Volcanic Field 
(Rapprich et al. 2007). Hence, our preferred interpreta-
tion is that the trachyandesite magma is a differentiate of 
the parental basanite melt. Derivation of trachyandesitic, 
trachytic and phonolitic magmas from parental basa-
nitic melts through fractionation and assimilation was 
described by Ackerman et al. (2015) from the neighbor-
ing České Středohoří Volcanic Complex. In addition, 
interstitial glass in the basanite domains in most cases 
approaches trachyandesitic composition, supporting the 
idea that the trachyandesite melt represents residual melt 
after fractionation of basanite magma. 

The basanite dikes and basanite domains in mingled 
dikes show normal mineral zonation trends in olivine, 
clinopyroxene, and plagioclase indicative of common 
crystallization with mineral composition reflecting the 
evolving chemistry of crystallizing magma in a nearly-
closed system (e.g., Tracy and Robinson 1977). 

The trachyandesite domains in mingled dikes contain 
alkali feldspar, low Mg- and Ti-clinopyroxene with 
reverse zoning (more magnesian rims), and a range of 
plagioclase feldspar compositions suggestive of magma 
mixing. The reverse zoning of clinopyroxene suggests 
that the partly crystallized trachyandesitic magma was 
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invaded by a new batch of basanitic melt, resulting in 
mineral compositions becoming more magnesium-rich 
(e.g., Nakagawa et al. 2002). The basic composition 
of the glass in the basanite domain within the mingled 
dike of the sample Zb12 (Tab. 2) may suggest that fresh 
basanite melt was chilled in the contact with cooler tra-
chyandesitic magma resting in the zoned chamber.

The data overall imply that a zoned magma chamber 
had to evolve temporarily underneath the Zebín Vol-
cano during the eruption, which was of Surtseyan style 
(Fig. 11a). The uniform basic composition of pyroclastic 
deposits documents that the differentiated magma was 
not available for mingling in the early phase of magmatic 
activity. Early basanite dikes reached the near-surface 
without interaction with other magma batches and prob-
ably started to infill a temporary magma reservoir (Fig. 
11b), where fractionation of basanite to trachyandesite 
took place (Fig. 11c). Later additions of primary basan-
ite intruded the zoned crystal–melt system, and mingled 
and mixed with the trachyandesite to produce the mafic 
droplets and intermediate domains of the mingled dikes 
(Fig. 11d). Wide spectra of clinopyroxene and feldspar 
compositions, as well as reverse zoning of clinopyroxene 
suggest that the intermediate domains originated through 
the hybridization. Still Fe–Ti oxides in the groundmass 
imply that the melt became equilibrated at the final stage. 
The basic input, having a higher solidus temperature than 
the trachyandesite differentiates, remobilized the system 
and induced eruption of the mingled dikes. Such reactiva-
tion of silicic magma by intrusion of basaltic melt was 

observed also during recent volcanic eruptions including 
Ilopango Tierra Blanca Jóven (TBJ; Richer et al. 2004), 
Pinatubo 1991 (Pallister et al. 1992), and Eyjafjallajökull 
2010 (Sigmundsson et al. 2010; Sigmarsson et al. 2011). 
On the other hand, mingling of compositionally highly 
contrasting magmas underneath monogenetic volcanoes 
is rather scarce (Schreiber et al. 1999), especially during 
the course of the eruption.

6. Conclusions

• Petrological data suggest that Zebín Volcano evolved 
from a parental basanitic magma that differentiated to 
more silicic compositions, including trachyandesite. 
The system was repeatedly injected by fresh basanite 
magma, which mingled and mixed with trachyandesite 
differentiates to produce hybrid melt domains with a 
wide range of phenocryst compositions (namely clino-
pyroxenes and feldspars). 

• Complex magma feeding/storage systems with mag-
matic processes including fractional crystallization or 
mingling/mixing may develop also underneath small 
monogenetic volcanoes at scales of hundreds of meters.
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