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Weakly differentiated rocks such as basaltic trachyandesites occur rather rarely in the Cenozoic Ceské Stiedohoii Volcanic
Complex (Central Europe, Czech Republic). We present mineralogical, petrological and geochemical data for a basaltic
trachyandesite sill located at the southern margin of the Ceské Stiedohoii Volcanic Complex, where several smaller
hills form a quasi-continuous belt between villages of Zahotany and Chotinéves. Uniform petrography and chemical
composition provide compelling evidence that all individual outcrops belong to a single large sill, probably with the
exception of the westernmost occurrence at the Kfemin Hill. The sill is almost 5 km long (SW-NE) and likely up to
3 km wide (NW-SE). The elongated shape of the sill and its position suggest that the basaltic trachyandesite magma
ascended along the Litomeétice Fault forming the south-eastern edge of the NE-SW trending Ohte (Eger) Rift.

The studied rocks are basic and alkali-rich (49.5-50.3 wt. % SiO,, sum K,O + Na,0 = 7.8-8.1 wt. %), but their silica
contents (volatile-free) approach the boundary of the intermediate domain. This correlates with low concentrations of
compatible trace elements such as Cr (15-23 ppm). The limited degree of differentiation is reflected by smooth chon-
drite-normalized REE patterns (La,/Yb, = 18.2-19.3) with the absence of any significant Eu and/or MREE anomaly.
The incompatible trace-element contents (Sr = 920-1080 ppm, Ba = 840-950 ppm, XREE = 280-330 ppm) typify
weakly differentiated alkaline volcanic rocks within the Ohie Rift. Based on the chemical composition we suggest that
these basaltic trachyandesites belong to the Ceské Stiedohoiti Volcanic Complex rather than to MgO-poor foidites of the
Central Bohemia Volcanic Field. The intrusive age of the sill has been determined using conventional whole-rock K—Ar
method at 29.12 £ 0.63 Ma (1o). The initial Sr-Nd isotope compositions (*’Sr/*Sr, = 0.7048, '*Nd/'"*Nd, = 0.51270),
compare well with existing data for the Ceské Stiedohofi trachybasalts and attest to their common origin. The single
large Zahotany—Chotinéves sill partly fills the apparent gap in the differentiation trend between basanites to trachybasalts
and trachyandesites to phonolites reported for the alkaline volcanism of the Ceské Stiedohoti Mts.
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1. Introduction

Differentiation of alkaline rocks and petrogenesis of
trachytes and phonolites remain the subject of debate
(e.g., Le Roex et al. 1990; Simonsen et al. 2000; Legen-
dre et al. 2005; Jung et al. 2013; Ackerman et al. 2015;
Biichner et al. 2015). Unfortunately, many of the alkaline
igneous complexes and volcanic fields tend to produce
bimodal suites represented by both primitive (olivine
nephelinites, basanites, trachybasalts) and highly dif-
ferentiated rocks (trachytes, phonolites, alkali rhyolites)
with a gap in between, known as the Daly gap (Daly
1914; Clague 1978). However, the understanding of the
complex processes leading to formation of differentiated

alkaline melts can be facilitated if complete differentia-
tion path is preserved in eruptive sequences associated
with a single common source (e.g., Maury et al. 1980;
Villemant et al. 1980, 1981; Hamelin et al. 2009; Ulrych
et al. 2016).

A group of separate hills forms a ~5 km long belt
on the south-eastern margin of the Ceské Stiedohoii
Volcanic Complex (CSVC) between villages Zahotany
and Chotinéves (Fig. 1). Even though these hills were
recognized to be built by trachybasalts to trachyandesites
(Domas ed. 1988), they were never a focus of any detailed
petrological study. Furthermore, their tectonic position at
the Litoméfice Fault is dubious. The entire group could
belong either to the Ceské Stfedohoti Volcanic Complex
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occupying central part of the Ohte (Eger) Rift (Cajz et al.
1999, 2009; Ulrych et al. 2002), or the compositionally
distinct Central Bohemia Volcanic Field (Ulrych et al.
1998; Randa et al. 2003; Jaklova et al. 2014).

The aims of this study were (i) to constrain the geo-
chemical affinity of the studied rocks to one of these
magmatic systems, and (ii) to characterize the evolution
of differentiated alkaline rocks.

2. Geological setting

The Bohemian Massif in Central Europe experienced
extensive magmatic/volcanic activity in several periods
during the Cenozoic (e.g., Ulrych et al. 2011 and refer-
ences therein). Most of the magmatism was concentrated
along the Ohte (Eger) Rift, which forms the NE branch of
the European Cenozoic Rift System (Dézes et al. 2004).
The Ohte Rift runs across the western part of the Bohe-
mian Massif in the ENE-WSW direction, roughly follow-
ing the Variscan suture between the Saxothuringian and
Tepla—Barrandian domains of the Bohemian Massif (see
Micoch and Konopasek 2010). The Cenozoic magmatism
of the Bohemian Massif represents an important part of
much wider alkaline circum-Mediterranean anorogenic
Cenozoic igneous province (Lustrino and Wilson 2007).

Two main volcanic complexes — Ceské Sttedohoii and
Doupovské hory volcanic complexes — have emerged
within the Ohfe Rift (e.g., Cajz et al. 1999, 2009; Ulrych
et al. 2002; Rapprich and Holub 2008; Holub et al. 2010;
Skala et al. 2014; Ackerman et al. 2015). The formation
of these major volcanic complexes was paralleled by
scattered monogenetic volcanism in several volcanic
fields on both rift-shoulders (e.g., Awdankiewicz 2005;
Rapprich et al. 2007; Biichner and Tietz 2012; Valenta et
al. 2014; Petronis et al. 2015; Tietz and Biichner 2015;
Awdankiewicz et al. 2016; Haase et al. 2017; Wenger et
al. 2017).

Activity of the Ceské Stiedohori Volcanic Complex
lasted from the Late Eocene until the Late Miocene and
its eruptive products represent a sequence of four forma-
tions (Cajz et al. 1999, 2009; Ulrych et al. 2002): basa-
nitic Usti Fm. (36.1-25.5 Ma), trachybasaltic D&in Fm.
(30.8-24.7 Ma), basanitic Dobrna Fm. (24.0-19.3 Ma),
and basanitic Strbice Fm. (13.9-9.0 Ma), respectively.
The Roztoky Intrusive Complex, representing the main
feeding system, was emplaced in the central part of the
Ceské Stiedohoii Volcanic Complex in the Early Oligo-
cene (Skala et al. 2014). Within the Roztoky Intrusive
Complex, Rapprich et al. (2017a) recently documented
a minor intrusion of silicocarbonatite, which are often
associated with alkaline silicate magmatism (e.g., Le
Bas 1977; Wooley and Kjarsgaard 2008; Stoppa and
Schiazza 2013). According to Ackerman et al. (2015), the

trachybasalts were derived from basanites of the Usti Fm.
through 6-42 % fractional crystallization of 20 % oliv-
ine and 80 % clinopyroxene from the parental basanitic
magma. The fractionation was associated, to some extent,
with assimilation, with the mass ratio of assimilation/
fractional crystallization estimated at 0.6. Further crystal
fractionation associated with assimilation of crustal rocks
produced trachytic and phonolitic magmas.

The Ceské Stfedohoti Volcanic Complex fills the
central segment of the Ohie Rift. In this sector, the Ohte
Rift is truncated by the Litoméfice Fault (syn. Ceské
Stfedohofii Fault; Cajz and Valecka 2010, and references
therein) in the south. The scattered occurrences of vol-
canic rocks on the southern rift-shoulder (south of the
Litométice Fault) are known as the Central Bohemia
Volcanic Field and are characterized by generally lower
MgO and higher P,O, contents compared with the Ceské
Stiedohoti Volcanic Complex proper (Ulrych et al. 1998;
Randa et al. 2003; Jaklova et al. 2014).

This study investigates the belt of flat-top hills
between the villages Zahotany and Chotinéves near
Litomeéfice (Fig. 1). This belt is parallel to the Litomefice
Fault, but located south of the fault on an uplifted shoul-
der. The hills consist of basaltic trachyandesite, which
intruded as a sill into clayey-glauconitic sandstones
of the Jizera Formation (Middle to Upper Turonian),
marlstones and limestones of the Teplice Formation
(Upper Turonian to Lower Coniacian) and claystones to
marlstones of the Bfezno Formation (Coniacian) of the
Bohemian Cretaceous Basin (Domas 1988). Erosional
relics of porcelanites representing remnants of original
sedimentary mantle of the intrusion are dispersed over
the surface of the volcanic body. Individual hills were
originally mapped as separate bodies (Domas 1988;
Valecka et al. 2002).

3. Methods

The detailed study of the Zahotany—Chotinéves basaltic
trachyandesite belt started with the new field mapping of
the area, involving also sampling.

3.1. Ground magnetometric survey

Variations of magnetic field over the entire area were
systematically mapped to localize the feeding conduit(s)
of the studied volcanic belt. Efficiency of this method for
the detection of basaltic volcanic conduits has been con-
firmed worldwide (e.g., De Ritis et al. 2005; Skacelova
et al. 2010; Blaikie et al. 2014; Marshall et al. 2015). The
field magnetic data were acquired using a PMG-2 Proton
precession magnetometer (Geofyzika Brno) in the mode
of separated individual measurements. The variations
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Fig. 1 Schematic map of the studied locality and its relation to the Ohie Rift and Labe (Elbe) Fault zone (a). CSVC — Ceské Stiedohoii Volcanic
Complex; DHVC — Doupovské Hory Volcanic Complex. Location of the studied belt of basaltic trachyandesites between Zahotany and Chotinéves (b).

of magnetic field were measured along several profiles,
with additional measurements added, where magnetic
anomaly was expected. Each measurement was individu-
ally localized using GPS. The total magnetic field in the
area according to the World Magnetic Model (Chulliat et
al. 2015) should be c. 49,100 nT.

3.2. Petrology and mineral chemistry

The thin-section investigations were made by a petro-
graphical microscope Nikon Eclipse E200. The quanti-
tative chemical analyses of individual mineral phases
were performed using a Tescan MIRA 3GMU electron
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Fig. 2 Photomicrographs of the studied rocks: a — Plagioclase and clinopyroxene phenocrysts in fine-grained groundmass (JM01; plane-polarized
light); b — Plagioclase glomerocryst with oscillatory zoning, arrow points to a corona of inclusions (JMO01; cross-polarized light); ¢ — Zoned cli-
nopyroxene phenocryst (JM02; plane-polarized light); d — Close-up on the groundmass consisting of plagioclase, sanidine, clinopyroxene, biotite
and magnetite (JMO02; cross-polarized light). Bt — biotite, Cpx — clinopyroxene, Mt — magnetite, Pl — plagioclase, Sa — sanidine.

microprobe fitted with SDD X-Max 80 mm? EDS de-
tector and AZtecEnergy software (Oxford Instruments),
housed at the Czech Geological Survey, Prague. Point
analyses and the area analyses of selected minerals and
parts of the sample were acquired using the following
conditions: accelerating voltage 15 kV, working distance
15 mm, 3 nA probe current, 30 s acquisition time. The
SPI mineral set of standards was used for standardiza-
tion.

3.3. Bulk-rock chemistry

The collected fresh samples were crushed and pulverized
in an agate mortar. Geochemical analyses of three select-
ed rock samples were performed at the Czech Geological
Survey, Prague. The major-element analysis followed the
methods described by Dempirova et al. (2010) including
atomic absorption spectrometry, photometry and titration
with Complexon III.

Trace-element concentrations were determined with an
Agilent 7900x ICP-MS, housed at the Czech Geological
Survey, following dissolution in a mixture of concen-
trated HNO,-HF and equilibration with HCI. Reference
basalt BHVO-2 (USGS) and syenite JSy-1 (GSJ) were
analyzed together with unknown samples. Their results
were consistent with the published data within £10 %
for most elements (Jochum et al. 2005, see Electronic
supplementary material — ESM 1).

3.4. K-Ar geochronology

The K—Ar age determination of sample JM02 was per-
formed in the ATOMKI Laboratories, Debrecen, Hungary.
The sieved bulk-rock fraction 0.1-0.3 mm was repeat-
edly washed in distilled water prior to further analytical
procedures. Following acid digestion and 0.2 M HCI dis-
solution of the samples, the potassium content was deter-
mined by flame photometry using a Model 420 Industrial
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with a Na buffer and Li internal standard. Measurements
were checked by inter-laboratory standards (Asia 1/65,
LP-6, HD-B1 and GL-O). Argon was extracted from the
samples by high-frequency fusion in Mo crucible under
vacuum conditions. A ¥Ar-spike was added to samples
prior to gas-cleaning in Ti-sponge and SAES St 707 type
and liquid nitrogen traps, respectively. The Ar isotope
ratios were measured in the static mode using a 15 cm
radius magnetic sector-type mass spectrometer built in
ATOMKI in Debrecen (see Odin 1982 and Balogh 1985
for details). Age calculations were based on constants
proposed by Steiger and Jager (1977) and the results of
K—Ar dating are given with 1o errors.

3.5. Sr—Nd isotope data

A representative sample JM02 was selected for the Sr—
Nd isotope analysis. The analytical details for sample
processing and ion-exchange chemistry for Sr and
Nd separation are described in Walther et al. (2016).
Strontium and Nd isotope analyses were performed us-
ing a Triton Plus thermal ionization mass spectrometer
(TIMS; Thermo Fisher) housed at the Czech Geologi-
cal Survey, Prague. Strontium isotope composition was
measured in a static mode using a single Ta filament
whereas Nd isotope composition was measured in a dy-
namic mode using a double Re filament assembly. The
Nd/"Nd and ¥Sr/*¢Sr ratios were corrected for mass
fractionation assuming “*Nd/'"*Nd = 0.7219 and 3¢Sr/%Sr
= 0.1194, respectively. External reproducibility was
estimated from replicate analyses of the NBS 987 (Pin
et al. 2014: ¥Sr/%Sr = 0.710241+12; results from this
study: ¥Sr/%Sr = 0.710253 +£9, 20; n = 30, static mode)
and JNdi-1 (Pin et al. 2014: *Nd/'*Nd = 0.512103 +2;
results from this study: "*Nd/"*Nd = 0.512110+38, 2c;
n = 7, dynamic mode) reference materials. The initial
Sr—Nd isotope ratios (29 Ma; this study) were calculated
using decay constants given by Steiger and Jager (1977:
Ay, = 1.42x107") and Lugmair and Marti (1978: A, =
6.54x107"?), respectively. The €, values were obtained
using Bulk Earth parameters of Jacobsen and Wasserburg
(1980). The reliability of Sr—Nd methods was monitored
by the analyses of JB-3 reference basalt (¥’Sr/**Sr =
0.703449+8, "*Nd/"Nd = 0.513032+11), that were
in agreement with published data (Pin et al. 2014:
MNd/"Nd = 0.513049+ 3, ¥Sr/*Sr = 0.703422+9).

4. Results

4.1. Geology and petrography

During detailed geological mapping of the area, small
outcrops and dispersed blocks of basaltic trachyandesite

were newly documented also in the saddles between
individual elevations (ESM 2). Thus, the individual
bodies seem interconnected. The Cretaceous sediments
within the bounds of the volcanic body, if present, are
represented by porcelanites rather than intact marlstones.
The presence of porcelanites suggests proximity of vol-
canic rock as a source of heat underneath. In addition,
digital elevation model based on 5™ generation LiDAR
(provided by the State Administration of Land Surveying
and Cadastre of the Czech Republic; Fig. 1) was used to
improve geometry of the intrusive body. The only excep-
tion is the westernmost Kfemin Hill (JM04), representing
an isolated occurrence. The geometry of the Kiemin Hill
was significantly modified by construction of early me-
dieval fortification. However, no outcrops were found on
this elevation, and frequent fragments of basaltic rocks
might be derived from the fortification walls. Therefore,
this site was sampled only for thin section investigations
and electron-microprobe studies.

In the remaining part of the belt, five principal out-
crops were found and sampled for thin sections; three
macroscopically freshest outcrops were sampled also
for geochemistry. Most samples from the entire belt
have identical composition of a basaltic trachyandesite
varying solely in the degree of weathering. The only ex-
ception is Kfemin Hill (JM04) with sanidine prevailing
over plagioclase, slightly lower amount of clinopyroxene
and higher amount of magnetite compared with the other
samples. All other studied rocks are dominated by plagio-
clase, which prevails in the groundmass, but also forms
euhedral to subhedral phenocrysts up to 3 mm (Fig. 2a).
The largest plagioclase phenocrysts were observed in
sample JMO1, where plagioclase crystals tend to form
glomerocrysts up to 5 mm in size (Fig. 2b). The larger
plagioclase phenocrysts display oscillatory zoning, with
the outermost growth zone marked by a corona of inclu-
sions (Fig. 2b).

Clinopyroxene phenocrysts are more abundant than
plagioclase ones but still represent only ~5 vol. % of
the rock. They are euhedral, up to 3.5 mm across, and
consist of up to three optically visible growth zones. The
outermost growth zone is marked with frequent magnetite
inclusions (Fig. 2c). Sanidine phenocrysts occur scarcely
with a size not exceeding 1.2 mm. Biotite is pleochroic
from ochre (direction o) to brown (direction 3 or y) co-
lour and adopts the preferred orientation of groundmass.

Pseudomorphs after amphibole (up to 2 mm) consist of
clinopyroxene, magnetite, biotite and, to a lesser extent,
plagioclase and analcime. Occasionally, a pseudomorph
after quartz (1 mm across) replaced by a mixture of clino-
pyroxene and plagioclase was observed.

Euhedral plagioclase (up to 0.4 mm) dominates over
sanidine in the groundmass in all samples, except for
JMO04. Both feldspar types display a strong preferred

321



Jakub Myslivecek, Viadislav Rapprich, Yulia V. Kochergina, Tomas Magna, Patricie Halodova, Zoltan Pécskay, Michal Poriavic

14°12'E 14°14'E
-
dT (nT) Vi
(base field
Z  49100nT) .
3 @-888-- -
3 - Velky Ujezd

@ 45- 120
O 120 - 210
210 - 350
350 - 700
@1200 - 1275

50°32'N
| 7

Encovany
-~ /
S|cef ——
Labe/Em S~ o \X
14°12'E 14°14'E

orientation (Fig. 2d). Brownish subhedral clinopyroxene
(up to 0.2 mm) with magnetite (up to 0.1 mm) frequently
occur in the groundmass. The spaces between smaller
crystals are filled with anhedral analcime. Apatite, which
is the main accessory phase, was not observed optically
(due to its size) but it was detected during microprobe
survey. Cracks in the rocks are filled with small amounts
of secondary calcite.

2.0

14°16'E

14°16'E

Wollastonite

~_Chotinéves

50°33'N

50°32'N

—/\lelnky
Fig. 3 Ground magnetometry data,
‘ showing position of the principal ano-
800 1600 m malies, plotted over the Digital Eleva-

tion Model of the studied area.

4.2. Ground magnetic survey

Ground magnetometry data are presented in the ESM
3, and visualized on map (Fig. 3). The overall magnetic
image is plain, generally with only weak anomalies of
low amplitudes (on the order of several hundreds nT in
both positive and negative values). Stronger anomalies
(up to 1,275 nT) with sharp boundaries were detected

only on the western slope of the

Holy vrch Hill and on the sum-
J mit of the Skalky Hill (Fig. 3).
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Hofidla Hill. Only negligible
variations were detected in this
most extensive occurrence. The
magnetic image of the Kiemin
Hill is characterized by mod-
erate (up to 430 nT), sharply
bordered anomalies.

4.3. Mineral chemistry

Clinopyroxene Composi-
tion of studied clinopyroxenes
(ESM 4) varies along a rela-
tively short differentiation trend

Fig. 4 Composition of clinopyroxenes
in the studied samples: a — Q—J diagram
(Morimoto 1988); b — Quadrilateral
En-Fs—Wo diagram (mol. %; Morimo-
to 1988); ¢ — Classification diagram
based on apfu values of Fe, Mg and Ca
(Rapprich 2005); d — Binary diagram
Mg vs. Na (apfu).
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(0.25-0.35 Mg apfu, atoms per formula unit). More
evolved clinopyroxenes were observed in petrographical-
ly slightly different sample JM04. Most of the analyzed
compositions fall into the Quad field in the Q-J classifica-
tion diagram (Morimoto 1988; Fig. 4a), and therefore the
quadrilateral diagram (Morimoto 1988; Fig. 4b) was ap-
plied. Only the outer rims of the pyroxene phenocrysts in
the sample JM04 plot into the field of Ca—Na pyroxenes.
In the quadrilateral diagram (Fig. 4b), the analyzed
samples cluster predominantly in the diopside field, and
should be classified as ferroan diopsides according to
the IMA nomenclature. In contrast, the true Ca content
mostly does not exceed 0.9 apfu, suggesting that the
clinopyroxenes correspond compositionally rather to
augites (Fig. 4c). The overestimated wollastonite com-
ponent in the quadrilateral diagram is an effect of high
amount of Ca-Tschermak’s molecules admixture common
in clinopyroxenes of alkaline rocks (Rapprich 2005). The
outer rims of larger phenocrysts in the sample JM04 cor-
respond to aegirine—augite (Fig. 4a, c¢) with the content
of sodium increasing to ~0.25 apfu (Fig. 4d). Compo-
sition of the fine-grained groundmass clinopyroxene
microcrysts corresponds to the outer parts of the larger
phenocrysts. In several cases,
reverse zoning (Mg-enriched
rim compared to the phenocryst
core) may suggest some role of
magma replenishment during
formation of the sill.
Feldspars A wide composi-
tional range was observed in
the studied feldspars (ESM 5).
Larger phenocrysts and crys-

Fig. 6 Composition of magnetites in
ternary diagrams: a — Ti-Fe-Mg; b —
Ti-Mn-Mg; ¢ — Ti-Al-Mg. All values
in apfu.

tals in glomerocrysts have a composition of labradorite
to andesine. From these early formed calcic members,
microcrysts in the matrix show a continuous trend via
oligoclase and anorthoclase towards sanidine (Fig. 5a).
All feldspars analyzed in the sample JM04 (no larger
phenocrysts or glomerocrysts present) plot into the field
of sanidine. In some feldspars, a significant Ba content
was detected (up to 0.02 apfu; 1.2 wt. %). No clear sys-
tematics between Ba content and type/size of feldspar
was observed (Fig. 5b).

Magnetite Rather homogeneous composition was docu-
mented in the analysed Ti-magnetites (ESM 6, Fig. 6a).
In addition, magnetite from the sample JM04 does not
differ from magnetite in the other samples. Slight varia-
tion can be observed in the concentrations of Al, Mg, and
to lesser extent also Mn. A significant decrease in Mg
and slight increase in Mn can be observed from larger
crystals and inclusions enclosed in clinopyroxene and
feldspar towards microcrysts in groundmass (Fig. 6b).
The decrease in Mg is associated with decreasing Al, fol-
lowing a trend at Al:Mg ratio 3:2 to 1:1 (Fig. 6¢). Such
a trend indicates a role of spinel admixture (up to 15 mol.
%) during early crystallization of magnetite.
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Fig. 7 Classification of the studied rocks: a — TAS diagram (Le Maitre et al. 2002); b — Nb/Y vs. Zr/Ti classification plot (Pearce 1996). A.R. =
Alkali rhyolite. Data from Ceské Stiedohoti Volcanic Complex (CSVC; Ulrych et al. 2002; Ackerman et al. 2015) and Central Bohemia Volcanic
Field (CBVF; Ulrych et al. 1998; Randa et al. 2003; Jaklové et al. 2014) are also plotted.

4.4. Bulk-rock chemistry

The analysed rocks are relatively fresh, compared to other
Cenozoic alkaline rocks of the wider area, with H,O

content varying in the range 3.2-3.8 wt. %, and CO, <

Tab. 1 Major-element contents (wt. %) in the studied basaltic trachy-
andesites

Sample IMO1 IM02 IMO03
Location Holy vrch Skalky Hoftidla
North 50.52980 50.53651 50.54048
East 14.23503 14.25027 14.26730
Sio, 49.67 50.30 49.57
TiO, 2.11 227 221
ALO, 17.34 16.93 16.89
Fe,O, 3.45 3.45 3.62
FeO 4.44 4.53 4.26
MnO 0.20 0.19 0.19
MgO 2.55 2.64 2.62
CaO 7.70 7.59 7.75
Na,O 4.33 4.40 443
K,0 3.68 3.43 3.67
P,0, 0.563 0.535 0.550
H,0" 3.10 2.98 3.54
H,0" 0.23 0.24 0.26
F 0.111 0.108 0.100
Co, 0.02 0.01 0.13
Total 99.48 99.60 99.80

0.15 wt. %. They are basic and alkali-rich (49.5-50.3 wt.
% Si0,, sum K,0 + Na,O = 7.8-8.1 wt. %), but their sil-
ica contents (volatile-free) approach the boundary of the
intermediate domain. In the TAS classification diagram,
all samples cluster into the field of basaltic trachyandes-
ite (Le Maitre et al. 2002; Fig. 7a). Chemical variations
among individual samples are negligible (Tabs 1 and 2).
The studied rocks partly fill the gap in the differentiation
trend of the CSVC rocks. They project at the boundary
between foidite and tephriphonolite fields in the Nb/Y
vs. Zr/Ti diagram (Pearce 1996; Fig. 7b). Foidites of the
Central Bohemia Volcanic Field (CBVF) differ from the
Ceské Stiedohofi Volcanic Complex (including new data
from this study) in having higher contents of alkalis at
given silica content (Fig. 7a), despite sharing comparable
Nb/Y ratios (Fig. 7b). The contents of P,O, (0.53-0.56
wt. %), Sr (920-1,080 ppm), Ba (840-950 ppm), and
>REE (280-330 ppm) in the studied basaltic trachyandes-
ites are rather low compared to CBVF rocks associated
with the elevated concentrations of alkalis, P,O,, Sr, and
REE (Fig. 8).

The chondrite-normalized concentrations of REE pro-
duce a smooth, moderately inclined patterns (La,/Yb, =
18.2-19.3; Fig. 9) with no Eu anomaly. The REE patterns
correspond well to those of trachybasaltic and trachyan-
desitic rocks of the CSVC, whereas CBVF basalts have
significantly higher concentrations of all REE.
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4.5. K-Ar geochronology and Sr-Nd isotope
composition

The measured Ar isotope ratios indicate that 56.3 % of
the “Ar is radiogenic. With 2.94 wt. % of potassium
(atomic), the calculated K—Ar age of sample JMO2 is
29.12+0.63 Ma (1o; Tab. 3). Based on this age, the initial
ratios of radiogenic isotope compositions were calcu-
lated: *’Sr/**Sr, = 0.70475 and '“Nd/"*Nd, = 0.512700
(Tab. 3). These data resemble trachybasalts from the
CSVC (Fig. 10; Ulrych et al. 2002; Ackerman et al.
2015), whereas they differ significantly from basanites
of the same volcanic complex (Ulrych et al. 2002; Cajz
et al. 2009).

5. Discussion

5.1. Magma emplacement

The field geological mapping, supported with LiDAR-
based digital elevation model and ground magnetomet-
ric survey, suggests that with a single exception of the
Ktemin Hill the individual topographic peaks are inter-
connected to form a single 4.4 km long (SW-NE) and
up to 2 km wide (NW-SE) intrusion. This assumption
appears to be supported by ground magnetometry sur-
vey, which did not identify magma feeder for the largest
occurrence at Hofidla to the northeast. The overall mag-
netometric image with negligible variations suggests the
presence of a continuous magmatic body, with slightly
varying thickness (irregular base and top), according to
ground magnetometric survey. The two detected stronger
anomalies (up to 1,275 nT) can be interpreted in terms
of two narrow feeders (Holy vrch and Skalky hills) that
supplied the sill with magma. The presence of a single
larger intrusion is also supported by petrological data.
The bulk-rock chemical composition, mineral propor-
tions as well as composition of rock-forming minerals are
rather homogeneous across all sampled outcrops except
for the Kfemin Hill.

The more disturbed magnetic image acquired for
the Kifemin Hill with a rapidly increasing and dropping
intensity of the magnetic field supports the possibility
of a small independent dike although no volcanic rocks
crop out on the hill. The absence of natural outcrops may
result from extensive construction works and building of
a medieval fortification which might have consumed all
local rock sources. The sample studied for petrography

Tab. 2 Trace-element concentrations (ppm) in the studied basaltic
trachyandesites

Sample IMO1 IMO02 JMO03
Ba 949 900 842
Co 14.6 15.2 13.9
Cr 16 23 15
Cs 1.42 0.86 2.56
Cu 18.0 22.7 20.6
Ga 242 23.1 21.1
Hf 11.15 10.18 9.52
Nb 118.0 110.0 104.0
Ni 16 21 14
Pb 162 11.6 10.9
Rb 93.49 73.35 67.47
Sc 11.46 10.15 9.59
Sr 1082 940 919
Ta 7.45 6.79 6.36
Th 10.0 10.1 8.7
U 2.67 2.90 2.52
\Y% 187 185 177

W 2.10 2.00 1.74
Zn 115 102 98

Zr 568 526 489

Y 30.81 27.97 26.19
La 73.1 68.0 62.6
Ce 150.5 138.7 128.7
Pr 15.99 14.66 13.19
Nd 55.6 51.0 47.7
Sm 9.43 8.63 8.10
Eu 2.80 2.58 2.46
Gd 8.13 7.41 6.91
Tb 1.09 0.99 0.92
Dy 5.63 5.04 4.72
Ho 1.07 0.95 0.89
Er 2.89 2.56 2.40
Tm 0.38 0.33 0.30
Yb 2.70 2.37 2.21
Lu 0.40 0.35 0.32

Cr and Ni by XRF, others by ICP-MS

differs from the rocks of the main sill, suggesting that
the Kiemin dike is not directly connected with the sill.

5.2. Geochemistry and magma origin

Petrography of the studied rocks suggests that they do not
represent primary magmas. Such assumption is supported
by the chemical composition of the samples with low
Mg# (37; [Mg# = 100 xMg/(Mg+Fe_ ) mol. %]), and
low concentrations of compatible elements (15-23 ppm
Cr, 14-21 ppm Ni). These data provide additional evi-

Tab. 3 Sr—Nd and K—Ar isotopic data from the studied basaltic trachyandesite

sample ~ ¥Sr/*Sr_ 2se(M) ¥Sr/*Sr,

SNJ/#Nd_ 2 se(M) "“Nd/"Nd,,

K (%) *“Ar,_, (ccSTP/g) *Ar_, (%) K/Arage+lc (Ma)

IMO02 0.704867 47 0.704753 0.512719 6

0.512700

2.944 3.3596x10° 56.3 29.12+0.63

Initial isotopic ratios were calculated to the age of 29 Ma

325



Jakub Myslivecek, Viadislav Rapprich, Yulia V. Kochergina, Tomas Magna, Patricie Halodova, Zoltan Pécskay, Michal Poriavic

o} )
o
0 S
ol N L 4
o
o 4 4
g ~ TS 2
< ‘s .
S| o
1 9 o @
. //I \
N_ 8_ \( e / \
. S
“090
—l| A ol
B| &
G2
o l L 4 o
0 5  MgO 10' 15 0 5 Mgo 10' 15
s S
o
Sl 3
o -
m—
. N
o = ¢ o
o
o *e
N_ i 3 *
X - so,
P\ : :
S \ \
o \
¢ ; )] \
¢ >
o 3 ()
0 5  MgO 10 15 0' 5 MgO 10' 15

Fig. 8 Selected Fenner diagrams (MgO and P,O, in wt. %, Sr, Ba, and La in ppm) for the studied rocks and published data from the Ceské Stiedo-
hofti Volcanic Complex (Ulrych et al. 2002; Ackerman et al. 2015) and the Central Bohemia Volcanic Field (Ulrych et al. 1998; Randa et al. 2003;

Jaklova et al. 2014). Symbols correspond to Fig. 7.

dence that Zahotany—Chotinéves basaltic trachyandesites
do not belong to the Central Bohemia Volcanic Field that
is characterized by generally elevated P,O,, Sr and REE
contents (Fig. 8). Instead, the studied basaltic trachyan-
desites more closely fit the composition of weakly differ-
entiated alkaline rocks of the Ceské Stiedohofi Volcanic
Complex, with major- and trace-element concentrations
on the interpolated line between trachybasalts (Ulrych et
al. 2002) and trachyandesites (Ackerman et al. 2015; Figs

7-8). Relation of the studied rocks to trachybasalt and

trachyandesite is also significant, given parallel trends
of chondrite-normalized REE concentrations (Fig. 9).
Even though few individual clinopyroxene phenocrysts
display weak reverse zoning, commonly indicative of
magma mixing (e.g., Nakagawa et al. 2002; Streck 2008;
Tomiya et al. 2013; Rapprich et al. 2017b), most of the
clinopyroxene crystal population evidenced common
trend from Mg-rich (cores of larger phenocrysts) towards
Fe-rich (phenocryst rims and groundmass microcrysts)
members (Fig. 4). No signs of magma mixing were
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Fig. 9 Chondrite-normalized (Boynton 1984) spider-plot for the studied
rocks and published data from the Ceské Stiedohoii Volcanic Complex
(Ulrych et al. 2002; Ackerman et al. 2015) and the Central Bohemia
Volcanic Field (CBVF; Ulrych et al. 1998; Randa et al. 2003; Jaklova
et al. 2014). Symbols correspond to Fig. 7.

observed in feldspars, with crystallization trend from
labradorite (phenocrysts) towards sanidine (groundmass
— Fig. 5), or in magnetite (with decreasing Mg admixture
towards late smaller crystals in groundmass — Fig. 6).
Overall textures and compositional zoning of rock-
forming minerals document the origin of studied basaltic
trachyandesites through fractional crystallization rather
than by mixing of two distinct magma batches.
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Fig. 10 Sr—Nd isotopic composition of sample JM02 compared with
published data from Ceské Stiedohoii Volcanic Complex (CSVC; Ulrych
et al. 1998, 2002; Cajz et al. 2009; Ackerman et al. 2015) and Central
Bohemia Volcanic Field (CBVF; Ulrych et al. 1998). Bulk Silicate Earth
(BSE) after Faure (1986) for Sr and Jacobsen and Wasserburg (1980) for
Nd; isotopic composition of HIMU and EM2 reservoirs after Hart (1988),
while Rb/Sr and Sm/Nd values are averages from the compilation of
Willbold and Stracke (2006). All data recast to initial values at 29 Ma.

Tab. 4 Numeric model of fractional crystallization: a — derivation of studied basaltic trachyandesite (JM01) from trachybasalt (sample 1358 in
Ulrych et al. 2002), chemistries of potentially fractionating minerals from Cajz et al. (2009); b — fractionation of studied basaltic trachyandesite
(JMO1) to trachyandesite (Ackerman et al. 2015), mineral chemistries from this study.

a — trend trachybasalt (1358: Ulrych et al. 2002) — basaltic trachyandesite JMO01; degree of fractional crystallization 58 %; £R? = 0.595

Parent (1358) Cpx (41 %) P1 (39 %) Mt(14%) Ol (6 %)  Daughter (JMO1) Parent calculated Difference Cumulate
Sio, 44.58 49.20 51.75 0.00 41.43 49.67 44.66 0.08 41.02
TiO, 3.37 1.76 0.00 21.60 0.00 2.11 2.92 -045 3.52
ALO, 15.35 5.16 30.54 2.80 0.00 17.34 15.34 -0.01 13.88
FeO, 9.69 5.90 0.00 66.50 8.71 7.54 9.84 0.15 11.50
MgO 6.13 14.25 0.00 1.40 49.88 2.55 6.04 -0.07 8.57
CaO 11.06 22.24 12.33 0.00 0.00 7.70 10.95 - 0.11 13.32
Na,O 3.40 0.47 4.07 0.00 0.00 433 2.82 -0.58 1.72
K,0 1.63 0.00 0.00 0.00 0.00 3.68 1.55 -0.08 0.00

b — trend basaltic trachyandesite JMO1 — trachyandesite (171: Ackerman et al. 2015); degree of fractional crystallization 33 %; XR? = 0.472

Parent JMO1)  Cpx (47 %) P1 (34 %) Mt (18 %) Daughter (171)  Parent calculated Difference =~ Cumulate
Sio, 49.67 47.96 53.73 0.00 54.87 49.82 0.15 39.50
TiO, 2.11 1.58 0.00 22.32 0.84 2.10 - 0.01 4.67
ALO, 17.34 4.56 29.24 0.92 19.75 17.16 -0.18 11.88
FeO, 7.54 8.24 0.00 68.34 3.48 7.55 0.01 15.84
MgO 2.55 12.68 0.00 0.99 0.54 2.31 -0.14 5.93
CaO 7.70 21.96 11.22 0.00 4.62 7.60 - 0.10 13.67
Na,0 4.33 0.61 4.72 0.00 5.52 4.31 -0.02 1.83
K,0 3.68 0.00 0.37 0.00 4.54 3.09 -0.59 0.12

The input data were the compositions of the representative trachybasalt (Ulrych et al. 2002), new data for basaltic trachyandesite (JMO01), represen-
tative trachyandesite (Ackerman et al. 2015), and chemistries of the probably crystallizing mineral phases (from Cajz et al. 2009 and this study).
The calculations were carried out for each of the fractionations steps separately, using the unpublished R-language plugin for the GCDkit software

(Janousek et al. 2016). £R? = sum of squared residuals.
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The relations of the Zahofany—Chotinéves basaltic
trachyandesite to known volcanic rocks from the Ceské
Stfedohoii Volcanic Complex was also tested using the
Sr-Nd isotopic data. They fit well the range of Sr—Nd
isotope compositions known from the trachybasalts and
trachyandesites (Ulrych et al. 2002; Ackerman et al.
2015) but differ significantly from those reported for
basanites (Ulrych et al. 2002; Cajz et al. 2009; Fig. 10).
This could imply that basaltic trachyandesites were
derived from trachybasalts by relatively closed-system
fractional crystallization without detectable assimilation
of crustal materials (e.g., Cretaceous sediments).

The possible derivation of basaltic trachyandesite
from trachybasaltic magma was verified by least-squares
major-element based modelling of fractional crystalliza-
tion (Janousek et al. 2016 and references therein). The
composition of trachybasalt was adopted from Ulrych et
al. (2002; sample 1358), chemistries of potentially frac-
tionating minerals from Cajz et al. (2009). The observed
composition (sample JMO01) was obtained following 58%
fractionation of 41 % clinopyroxene, 39 % plagioclase,
14 % titanomagnetite and 6 % olivine from a trachybasal-
tic melt (Tab. 4a).

A similar test was applied to further fractionation
towards a trachyandesitic melt, using mineral chemistry
data from this study. Following 33% fractionation of 47 %
clinopyroxene, 34 % plagioclase and 18 % titanomagne-
tite, a composition comparable to the published trachy-
andesites (Ackerman et al. 2015) was reached (Tab. 4b).

The published data indicate a significant compo-
sitional change between basanites and trachybasalts,
probably amplified by assimilation of ambient crustal
rocks (Ackerman et al. 2015). In contrast, according to
newly obtained data, the compositional shift between the
trachybasalts and basaltic trachyandesites then appears to
follow a simple fractional crystallization trend. In Ceské
Stiedohoii Volcanic Complex, significant assimilation
most likely took place when large amounts of basanitic
melts evolved to trachybasalts. In contrast, subordinate
portions of trachybasaltic magmas evolving to basaltic
trachyandesites and trachyandesites were less vulnerable
to further assimilation of crustal rocks.

6. Conclusions

» The belt of basaltic trachyandesites between Zahotany
and Chotinéves forms a single large sill with an irre-
gular surface only partly exposed by selective erosion.
This sill intruded at ~29 Ma and was most likely fed
by two smaller conduits located underneath the Holy
vrch and Skalky hills. The isolated occurrence at the
Kiemin Hill probably represents an independent intru-
sion with a slightly different petrography.

» Except for the isolated Kfemin Hill, the remaining
occurrences are compositionally homogeneous con-
firming the assumption of a single magmatic body.

» The composition of the basaltic trachyandesites from
the studied sill (e.g., low P,O, and Sr) suggests that
this magmatic body belongs to the Ceské Stfedohoti
Volcanic Complex. The studied rocks fill the existing
compositional gap between trachybasalts and trachy-
andesites known from the Ceské Stiedohofi Volcanic
Complex. Their position on the differentiation trend
was confirmed by radiogenic isotope data and major-
-element modelling of crystal fractionation.
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