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ABSTRACT

Amphibole phenocrysts, xenocrysts and cumulate xenoliths from Cenozoic volcanic rocks of the Bohemian Massif
(BM) belong to the magnesio-hastingsite—pargasite-kaersutite series. Their host rocks are mostly basaltic lavas,
stocks, dykes and breccia pipe fills, less commonly also felsic rocks. Felsic rocks with amphibole cumulate xeno-
liths represent differentiated magmas which have undergone polybaric fractionation of the mafic minerals. The
calculated p-T conditions suggest that almost all amphiboles crystallized in a relatively narrow temperature
range (1020-1100 °C) at depths of ~20-45 km (0.7-1.2 GPa) during the magma ascent. These p-T estimates
are compatible with the published experimental data on the stability of kaersutite. We therefore suggest the
presence of a deep magma chamber situated close to the crust-mantle boundary where amphibole xenoliths
to megacrysts could have formed. Nevertheless, crystallization of rare amphibole rims during the magma ascent
was observed in a hornblendite cumulate in sodalite syenite from “Giegelberg”. The lowest concentration of in-
compatible elements in the amphiboles was found in xenocrysts in alkaline basaltic rocks and mantle xenoliths
and megacrysts, followed by phenocrysts/xenocrysts in lamprophyric rocks, xenocrysts of cumulates in felsic
rocks, and phenocrysts in subvolcanic rocks. Amphibole compositional and Sr-Nd isotope characteristics resem-
ble those of amphiboles from metasomatic clinopyroxene/amphibole veins in mantle peridotites. The initial
143Nd/"*4Nd and 87Sr/#5Sr ratios of amphiboles (0.51266-0.51281 and 0.70328-0.70407, respectively) are similar
to those of their whole rocks (0.51266-0.51288 and 0.70341-0.70462, respectively). Amphiboles of the
magnesio-hastingsite-pargasite-kaersutite series of the BM are mostly chemically homogeneous, with no pro-
nounced Mg-Fe fractionation and zoning. The amphiboles are characterized by relatively homogeneous €Nd;
= +1.4to +3.8 values: only a single sample from the Ceské Stfedohoii Volcanic Complex (CSVC) yielded a neg-
ative eNd;) (—0.6). This testifies to locally elevated proportions of recycled Variscan crustal material during melt-
ing of mantle peridotites rich in clinopyroxene-amphibole veins. These veins were formed by metasomatic fluids
enriched in High Field Strength Elements (HFSE) and are isotopically similar to Enriched Mantle1 (EM1)-type
mantle. Amphibole host rocks occur in areas with a significant concentration of basaltic magmas in rift zones
along lithospheric block boundaries of the BM. Lithospheric mantle beneath such zones was probably strongly
influenced by metasomatic fluids during the formation of clinopyroxene-amphibole veins in mantle peridotite
that facilitated the generation of basaltic magma with amphibole.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

minerals have, among others, a substantial influence on the origin of
primitive magmas (Martin, 2007 and references therein), acting as fun-

Hydrous mineral phases have also been recognized in the Earth's
upper mantle region (Frost, 2006 and references therein). These
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damental sources of water, potassium and titanium essential for their
genesis. Amphiboles of kaersutite composition and/or phlogopite are
supposed to be the most relevant candidates.

The mineral composition and the chemical character of fertile man-
tle xenoliths show that they are commonly metasomatically enriched in
K, Fe, light rare earth elements (LREE), Ti and other incompatible large
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ion lithophile elements (LILE), together with H,O and CO,, thus
representing products of cryptic metasomatism as expressed in
clinopyroxene and glass compositions, or of modal metasomatism by
amphibole and phlogopite crystallization.

1.1. Stability of amphiboles of the magnesio-hastingsite-pargasite—
kaersutite series

Experimental results show that kaersutite in both water-rich basalts
and peridotites (Frost, 2006 and citation therein) is stable at upper man-
tle p-T conditions. A series of publications presented stability data on
amphiboles in the temperature range of 1000-1300 °C and the pressure
range of 1.5-3.0 GPa (Green et al,, 2010; Pilet et al,, 2010). Amphiboles
of the pargasite-kaersutite series show a relatively wide range of depth
stability, not exceeding the depth of 80-100 km (Class and Goldstein,
1997; Mayer et al.,, 2013; Robinson and Wood, 1998). Dawson and
Smith (1982) presented the as yet not fully resolved question: is
kaersutite the source of magma or its product?

1.2. Paragenesis of amphiboles of the pargasite-kaersutite series

Wilshire (1987) recognized four fundamental mineral parageneses
in mantle xenoliths, two of them associated with mantle metasoma-
tism: (i) mafic water-bearing xenoliths (hornblendite, glimmerite),
and (ii) megacrysts (amphibole, phlogopite, clinopyroxene). Amphibole
and clinopyroxene megacrysts commonly represent either (i) high-
pressure cognate phenocrysts (Ellis, 1976 and references therein), or
(ii) disrupted fragments of cumulates and/or pegmatitic rocks that
formed from mafic magmas (Righter and Carmichael, 1993; Shaw and
Eyzaguirre, 2000). Surfaces of the amphibole crystals often indicate cor-
rosion by the host magma and disequilibrium phenomena. Alterna-
tively, the phenocrysts/xenocrysts show perfect crystal faces
indicating either an equilibrium with the host basaltic rock at a certain
stage of their development or a rapid ascent to the surface.

The chemical composition of amphiboles in mantle xenoliths varies
considerably: pargasite is present prevalently in peridotites of the Cr-di-
opside series, whereas kaersutite is common in pyroxenite and
websterite inclusions of the Al-augite series. Most amphiboles in volca-
nic rocks, including phenocrysts (sensu lato) to megacrysts (discrete
nodules), belong to the kaersutite series. They occur together with sim-
ilar phenocrysts/xenocrysts of clinopyroxene (Al-diopside) and rare K-
feldspar, garnet and ilmenite.

Amphibole and clinopyroxene megacrysts in basalts of the
Pannonian Basin, Hungary (Dobosi et al., 2003) represent fragments of
cumulates and/or pegmatitic veins that crystallized from basaltic
melts at lithospheric mantle conditions of 1.1 to 1.4 GPa. Compositions
of the calculated hypothetical melts in equilibrium with the megacrysts
are similar to those of the host basalts, only the 87Sr/8Sr ratios of the
megacrysts are lower and the **Nd/'**Nd ratios higher than those of
the host rocks. Subsequently, the Sr-Nd isotope-enriched magma
passed through older amphibole-bearing intrusions and reached the
surface carrying fragments of the earlier amphibole megacrysts.

Similarly, Ubide et al. (2014 ) explained the two-phase origin of phe-
nocrysts of amphiboles and clinopyroxenes in lamprophyres by the ex-
istence of antecrysts in such open systems. The antecrysts are recycled
mineral phases which started crystallization at an earlier stage in the
same magma plumbing system (Francalanci et al., 2012 and references
therein). Their cores crystallized at a depth of ca. 25 km in a magma
chamber that received repeated injections of hydrous magma that
mixed with the residual magma, inducing evolved crystallization of
mafic macrocrysts.

2. Geological setting

The young intraplate alkaline volcanism of the Bohemian Massif
(BM) is an integral part of the Late Cretaceous and Cenozoic Central

European Volcanic Province (CEVP, Ziegler, 1994) (see Fig. 1). It is a
manifestation of a large, sheet-like region in the upper mantle upwell-
ing (Hoernle et al., 1995) or several passive diapiric upwellings of the
partially melted upper mantle in the absence of significant thermal
anomalies (Lustrino and Wilson, 2007). CEVP volcanic products are spa-
tially and genetically linked to the European Cenozoic rift system
(ECRIS, Dézes et al., 2004), which evolved in the Variscan-consolidated
foreland of the Pyrenean-Alpine thrust front at ca. 37-17 Ma. The origin
and evolution of graben structures were largely governed by pulses of
compressive stress transmitted from the orogen (Bourgeois et al., 2007).

The heterogeneous subcontinental lithospheric mantle beneath the
BM which had undergone extensive partial melting was subsequently
metasomatically affected by fluids and melts associated with the sub-
duction processes of the late stages of the Variscan orogeny (Dostal et
al., 2017; Krmicek et al., 2016; Lustrino and Wilson, 2007; Ulrych et
al., 2002). The presence of hydrous mineral phases such as amphibole
and/or phlogopite in the mantle source accelerated the processes of its
partial melting, which were followed by the ascent of mantle-derived
magma. The presence of suites of anhydrous xenoliths and hydrous xe-
noliths with pargasitic amphibole testifies to lithospheric mantle het-
erogeneity in the CEVP.

Cretaceous and Cenozoic volcanism of the BM shows a broad span of
ages (81 to 0.26 Ma), nevertheless, the main pulse of magmatic activity
culminated at ~32-24 Ma (Ulrych et al., 2011). It was controlled in par-
ticular by the ENE-WSW-trending Ohie/Eger Rift (OR), and its products
have been preserved in the rift graben whose early evolution was
governed by stress fields characteristic for the ECRIS but later by NE-
SW and NW-SE tensional fields typical throughout the BM (Coubal et
al., 2015). Volcanic products include lava flows, volcano-sedimentary
deposits, dykes, breccia-filled vents, and subvolcanic intrusions. The
volcanic rocks are alkaline silica-undersaturated, sodic (Na,0 > K;0)
types, forming two main series: (i) a prevailing basanite-phonolite se-
ries, and (ii) a subordinate trachybasalt-trachyte series (Dostal et al.,
2017). Mafic rocks strongly predominate over felsic and medium
types (<10%) in both rock series.

The aim of the study is to establish the variation in bulk and trace el-
ement chemical compositions and Sr-Nd isotope characteristics of am-
phiboles of the kaersutite series from various mineral parageneses and
to evaluate their role in the genesis of host alkaline volcanic rocks. The
aim is also to obtain information on subcontinental lithospheric mantle
metasomatic processes based on thermobarometric studies of amphi-
boles, and hence contribute to the interpretation of sources of primary
magmas.

3. Sampling and analytical methods

Amphiboles and their host rocks were sampled at thirty representa-
tive sites in the BM. Locations of the sampling points are given in Sup-
plement S1A in the electronic appendix to this paper and in Fig. 1. The
amphibole and clinopyroxene fractions were prepared by crushing
free crystals to a grain size of 0.125 to 0.250 mm and by a double centri-
fugation in a dioxane-methylene iodide medium. The final fraction was
>98-99% pure. The separated amphibole and clinopyroxene fractions
with gravities of 3.22-3.26 and 3.33-3.38 g.cm >, respectively, were
used for trace element and isotope study. All specific gravity values
were obtained using a suspension method. The mineral separates
were leached in strongly diluted HCl and HNOs; to eliminate
contamination.

Major element concentrations of amphiboles were obtained from
thin sections of megacrysts and host rocks using a CAMECA SX-100 elec-
tron probe microanalyser (EPMA) equipped with four wavelength dis-
persive X-ray spectrometers, housed at the Institute of Geology of the
Czech Academy of Sciences, Praha. Accelerating voltage of 15 kV, sample
current of 8 nA, and the electron beam of 2 um in diameter were applied
for all analyses. Ko spectrum lines were used for analyses of all ele-
ments. The following elements were analysed (standards, spectrometer



310 J. Ulrych et al. / Lithos 312-313 (2018) 308-321

CESKA KAMENICE B
= °

> &
KA LIPA

>d

g CES
p/ob ) ‘
® .

= Basaltic rocks
‘ Trachytic rocks

\

|
L)

o O LOVOSICE '(CJ 0 5 km

Tertiary continental
sediments of the BM

Cretaceous sediments

of the BM
EI superficial volcanics
' limits of the BM
subsurface occurrences
EI of volcanic rocks post-Cretaceous normal

and strike-slip faults

re-Cretaceous rocks -
gf A . post-Cretaceous 0 50 100 km

reverse faults

Fig. 1. (a) A schematic map showing the distribution of Cenozoic volcanic areas (black fields and dots), principal rift-related sedimentary basins (dark grey) and Variscan massifs (medium
grey) in the Central and Western European volcanic provinces and the location of the Ohfe/Eger Rift and the CSVC (Ulrych et al,, 2011). Important post-Variscan faults are shown as thin
black lines, Alpine thrust front and main Variscan sutures are shown as black and grey barbed lines, respectively. Segments of the Variscan Orogen: RHEN - Rhenohercynian, SAX -
Saxothuringian, MOLD - Moldanubian. Locations of grabens, faults and the Alpine front in the western part of the map are taken from Dézes et al. (2004). (b) A simplified geological
sketch map of the CSVC showing the occurrences of the amphibole sampling sites (for names of localities and their coordinates see Supplement S1A in the electronic appendix) in the
Bohemian Massif: 1 - Lukov, 2 - Licha, 3 - LeStina, 5 - “Plundrichs Kuppe”, 6 - “Miickenhiibel”, 7 - “Giegelberg”, 11 and 12 - Téchlovice, 13 - Divoka rokle, 17 - Vitov, 18 - Kalich, 19
- Holoméf, 21 - Kostomlaty, 22 - Kletecn4, 23 - Kupa, 24 - Dolanky, 25 - Kamyk. (c) A geological sketch map of the Bohemian Massif showing occurrences of Upper Cretaceous and
Cenozoic volcanic rocks (black fields and dots) and the amphibole sampling sites outside the CSVC in the northern and western Bohemian Massif: 4 - Plesny, 26 - Veseli, 27 - Janav
Dtil, 29 - Straz nad Ohif, 30, 31 - VI&i hora, 33 - Mytina, 34 - Zelezna htirka, 9 - Hradist'sky kopec.
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crystals and detection limits, respectively, are given in parentheses): Si
(diopside, TAP, 600 ppm), Ti (rutile, LPET, 350 ppm), Al (jadeite, TAP,
590 ppm), Cr (Cr,03, LLIF, 600 ppm), Fe (magnetite, LLIF, 1100 ppm),
Mn (rhodonite, LLIF, 900 ppm), Ni (Ni, LLIF, 1100 ppm), Mg (periclase,
TAP, 450 ppm), Ca (diopside, LPET, 400 ppm), Na (jadeite, TAP,
890 ppm), K (sanidine, LPET, 300 ppm), P (apatite, LPET, 350 ppm).
The X-phi correction procedure was used for spectra processing. Back-
scattered electron (BSE) images were taken using the Tescan Vega
3XMU scanning electron microscope housed at the Institute of Geology
of the Czech Academy of Sciences, Praha, operated at resolution-opti-
mized conditions.

Trace element concentrations were determined using the Thermo
Element 2 sector-field ICP-MS at the Institute of Geology of the Czech
Academy of Sciences, Praha. In brief, 0.1 g of sample powder was
decomposed in a mixture of HF-HClO,4 acids in open Teflon beakers,
the remaining residue was thereafter dissolved using 2% HNOs and
transferred to a 100 ml volumetric flask. This solution was finally diluted
for ICP-MS measurements. Instrumental calibration was performed
using aqueous multi-element calibration solutions and !'°In as an inter-
nal standard for the correction of instrumental drift. The accuracy of 5%
was obtained comparing the long-term reproducibility of the USGS ref-
erence material BCR-2 against the recommended values (Jochum and
Nohl, 2008).

The Sr and Nd isotope measurements were performed at the
Ludwig-Maximilian-Universitdt in Miinchen on a Spectromat-upgraded
MAT 261 in a static data collection mode. Sample powders were dis-
solved in HF-HClO4 in PFA closed vessels for 3 days at ca. 90 °C. Sr and
Nd were separated using chromatographic procedures as outlined in
Hegner et al. (1995). '3*Nd/'**Nd were normalized to '“°Nd/'*Nd =
0.7219 and Sr isotopic ratios to 86Sr/38Sr = 0.1194. For the period of
sample analysis the JNdi-1 reference material yielded **Nd/'#*Nd =
0.512104 4+ 15 (20, n = 15). The NIST NBS987 Sr standard gave
87Sr/86Sr = 0.710211 + 7 (20, n = 6). Strontium data were corrected
for the machine bias by strontium, by adding 0.000035 to all ratios. Pro-
cedural blanks are <200 pg for Nd which are not significant with respect
to sample concentrations.

4. Results
4.1. Samples and petrographic characteristics

The studied amphiboles occur in numerous parageneses in a wide
range of associations/petrographic types of host alkaline magmatic
rocks (cf. data in Supplement S1A and S1B in the electronic appendix
to this paper):

Type A

Phenocrysts (1-3 mm) in subvolcanic mafic alkaline rocks forming in-
dividual subhedral crystals and rare rims on clinopyroxene phenocrysts
in essexite stocks (Licha stock - sample 2 and Lestina dyke - sample 3)
in the Roztoky Intrusive Centre (RIC) of the CSVC (Skala et al., 2014).

Type B

Phenocrysts/xenocrysts (1-2 cm) to megacrysts (up to 6 cm) in dykes of
alkaline lamprophyres associated with the RIC of the CSVC (Skala et al.,
2014): camptonite (Téchlovice - sample 12), and maenite with the
local name “gauteite” (Téchlovice and Divoka rokle - samples 11, 13).
Similar phenocrysts/xenocrysts come from camptonite with the local
name “wesselite” from Veseli (sample 26) and camptonite dykes from
Jandv Dul (sample 27) in northern Bohemia (Ulrych et al., 2014).

Type C

Xenocrysts (1-4 cm) to megacrysts (5-8 cm, max. 12 cm - VI&i hora)
in alkaline basaltic volcanic rocks occur in (i) basaltic breccia fills of vents
(Lukov, Holoméf, Klete¢na and Kupa - samples 1, 19, 22, 23), (ii) altered
basanitic and tephritic rocks flows, intrusions and tuffs (“Plundrichs

Kuppe”, “Miickenhiibel”, Kostomlaty, Dolanky, Kamyk - samples 5, 6,
21, 24, 26). Xenocrysts to megacrysts come also from the VI¢i hora
basanite scoria and lava flow (samples 30, 31), Hradist’sky kopec
tephrite lava flow (sample 9), and StraZ nad Ohii xenoliths of cumulate
from nephelinite lava (sample 29). Amphibole and clinopyroxene
xenocrysts in alkali pyroxenite xenoliths were presented by Ulrych et
al. (2005) from volcanic breccia of the Lou¢na-Oberwiesenthal Volcanic
Centre, western Bohemia. Amphibole xenocrysts occur in basanites rich
in disintegrated peridotite mantle xenoliths at PleSny (sample 4) in
northern Bohemia (Ackerman et al., 2015a).

Amphibole xenocrysts are often accompanied by diopside
clinopyroxene xenocrysts to megacrysts (up to 5 cm) of diopside com-
position in scoria and lavas (samples 9, 30, 31) and tuffs (VI¢i hora -
sample 36).

Type D

Xenocrysts, xenoliths (autoliths) of cumulates in felsic massive alkali
rocks occur together with clinopyroxene in trachytic and
trachyandesitic intrusions (Vitov, Kalich - samples 17, 18; Ackerman
et al, 2015b). Voluminous hornblendite to pyroxene hornblendite xeno-
liths occur in sodalite syenite of “Giegelberg” (sample 7).

Type E

Primary constituents of mantle xenoliths and xenocrysts to megacrysts
in scoria and tephra occur in rare xenoliths of hornblende
clinopyroxenite to clinopyroxene hornblendite (Geissler et al., 2007)
and in the form of partially melted kaersutite megacrysts (0.5 to 4 cm
in size) in tephra of the Plio-Pleistocene Mytina maar (sample 33) and
scoria of the Zelezna hrka cinder cone.

The study is focussed on amphiboles of discrete euhedral crystals
often set free by weathering of altered basaltic pipe fills (e.g., Lukov,
“Miickenhiibel”), volcaniclastic products such as tuffs (Fig. 2a), and
tephra/scoria deposits of volcanoes and cinder cones (e.g., VI¢i hora,
Klete¢nd, Mytina-Zelezna hiirka) and altered porous basaltic rocks
(e.g., “Plundrichs Kuppe”, Kamyk). Homogeneous crystals with primar-
ily subhedral forms, often broken, are typical for amphiboles in fresh/
unaltered basanitic intrusions (e.g., Kamyk, VI¢i hora). The shapes of
perfect amphibole crystals range from short, columnar (Lukov) to
long, thinly columnar (“Miickenhiibel”) and thickly columnar (VI¢i
hora).

The text follows the classification of large crystals in rocks by Streck
(2008). Larger crystals embedded in finer crystalline groundmass are
commonly called phenocrysts (s.l.). Phenocrysts (s.s.) are crystals
growing in situ from a magma, while antecrysts are cognate crystals
that did not grow from the magma in which they occur. Xenocrysts
are crystals derived from various country rocks. Macrocrysts
(megacrysts if >5 mm) is a non-genetic term. Cumulate is a magmatic
rock formed by the accumulation of crystals implying gravitational
setting.

Homogeneous smaller phenocrysts are a characteristic form of am-
phibole in essexites (e.g., Licha); rare amphibole rims on diopside phe-
nocrysts were also observed. Amphibole macrocrysts (phenocrysts and
xenocrysts) in lamprophyres are subhedral to euhedral, lacking sub-
stantial zoning features (e.g., Téchlovice, Fig. 2g). Amphiboles of large
xenoliths of cumulates are characterized by subhedral, parallel-elon-
gated thin columns of amphibole (Fig. 2b, “Giegelberg”) and thickly co-
lumnar amphibole aggregates (Straz n. 0.).

Amphibole crystals only rarely show distinct zoning in an optical mi-
croscope (Fig. 2c) and BSE images (Fig. 2e). Only amphiboles of xeno-
liths of a hornblendite cumulate in sodalite syenite from “Giegelberg”
show an indistinct zoning, partly reflected in higher Mg contents in
the cores and Fe contents in the rims (see Supplement S2, analyses 7.1
and 7.2), suggesting some fractionation. A rather subtle difference in
the Mg-Fe contents was displayed in amphibole zoning in camptonite/
basanite from Jan{iv Dl (Supplement S2, analyses 27.1 and 27.2).



312 J. Ulrych et al. / Lithos 312-313 (2018) 308-321

Fig. 2. (a) A discrete euhedral megacryst of amphibole of magnesio-hastingsite with melted edges from scoria of VIZi hora (sample 30); (b) A hornblendite xenolith/cumulate in sodalite
syenite with parallel-elongated hornblende prisms from “Giegelberg” (sample 7); (c) A photomicrograph of an optically homogeneous magnesio-hastingsite megacryst weathered from
altered analcimite from Kostomlaty pod MileSovkou (sample 21); (d) A photomicrograph of homogeneous amphibole of kaersutite series with opacite reaction rims set in a fine-grained
groundmass of basanite from Jantv Dul (sample 4); (e) A BSE image of an idiomorphic homogeneous crystal of indistinctly zoned kaersutite in altered tephrite from “Miickehiibel”
(sample 6); (f) A BSE image of zoned amphibole of the kaersutite series in a xenolith of hornblendite cumulate in sodalite syenite from “Giegelberg” (sample 7); (g) A BSE image of an
indistinctly zoned kaersutite phenocryst in fine-grained groundmass of camptonite from Téchlovice (sample 12); (h) A BSE image of an indistinctly zoned kaersutite xenocryst in
altered basaltic breccia from Kletecna (sample 22).
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Titanian magnetite and magnetite, often growing parallel to amphi-
bole cleavage, form the most common inclusions in all amphiboles. Less
common are apatite (Kostomlaty, Vitov, “Giegelberg”), ilmenite (Vitov,
Divoka rokle) and diopside (Straz n.O., Divoka rokle). Very rare inclu-
sions are represented by enstatite, labradorite and alkali feldspar, occur-
ring exclusively in amphibole megacrysts from VI¢i hora.

A disequilibrium is manifested by minor peripheral dissolution and a
slight roundness of crystal edges of amphibole megacrysts of
xenocrystic character, e.g., from VI¢i hora, “Miickenhiibel” and Mytina.
Perfect discrete crystals with no signs of surficial dissolution are charac-
teristic for amphibole xenocrysts, e.g., from Lukov, Holoméf and Kupa.
These characteristics are probably connected with a very rapid ascent
of lava or with paroxysm during the ascent of volcaniclastic material
(cf. Han et al., 2008). Opacite breakdown textures resulting from the
disequilibrium between the xenocrystic amphibole and the basaltic
groundmass are typically developed at Jantiv Dal (Fig. 2d). Reaction
rims around amphibole crystals progress to affect the entire crystals
(De Angelis et al., 2015).

BSE studies supplemented by a set of about 600 electron microprobe
analyses of amphiboles revealed a considerable homogeneity (Fig. 2e, g)
of the amphibole crystals studied, with only inexpressive/weak zoning
(Fig. 2f, h).

We suppose that only amphiboles of rock associations of types A
and partly B can be classified to phenocrysts s.s., while types C, D, and
E probably represent xenocrysts; the characteristic signs of
antecrysts (cf. Ubide et al, 2014) in lamprophyres were not
ascertained. However, Streck (2008) pointed to difficulties in classi-
fying individual amphibole megacrysts. Amphibole phenocryts and
xenocrysts are mostly homogeneous. The rare indistinct zoning is re-
lated to compositional variations from core to rims, which corre-
sponds to a liquid line of descent during cooling (cf. Mayer et al.,
2014).
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In the studied magmatic rock associations, amphibole is often ac-
companied by clinopyroxene. Most clinopyroxene crystals are discrete
euhedral to subhedral xenocrysts (0.5 to 5 cm) often set free by
weathering of altered basaltic pipe fills, tuffs, and scoria of volcanoes.
However, they were studied only in association with the Rb-Sr isotopic
study of megacrysts from the site of VI¢i hora (samples 30C, 31C, 36C).
They occur as discrete perfect short columnar euhedral megacrysts in
scoria and tuff with no signs of dissolution. Subhedral xenoliths—
megacrysts are rare in the basanite lava. These clinopyroxenes com-
monly display only a mild zoning. The site of Hradi$t’sky kopec locality
(sample 9C) is characterized by subhedral to euhedral megacrysts of
clinopyroxene in partly digested xenoliths. These megacryst character-
istics are probably associated with the very rapid ascent of lava or par-
oxysm during the ascent of volcaniclastic material containing both
amphibole and clinopyroxene (cf. Han et al., 2008).

4.2. Major and trace element geochemical characteristics

4.2.1. Amphiboles of the magnesio-hastingsite-pargasite-kaersutite series

In the classification schemes of both Hawthorne et al. (2012) and
Leake et al. (1997), the analysed amphiboles belong to the magnesio-
hastingsite-pargasite-kaersutite series (Supplement S2; Fig. 3a, b).
Compositions of the amphiboles show mostly minor variation from
core to rims, from Ti-rich magnesio-hastingsite to ferri-kaersutite, see
Supplement S2.

Nevertheless, Ti contents show a moderate variation (~0.4 to
0.6 apfu) not only within a single site but even within a single
megacryst. The cores are rather Ti-poor, formed by magnesio-
hastingsite and the rims are rather Ti-rich, formed by kaersutite. Amphi-
boles from the BM, much like those from the Rhon area (Mayer et al.,
2014), plot in the marginal part of the field of amphiboles from veined
peridotites (Fig. 3c).
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Fig. 3. (a) The analysed amphiboles in classification diagrams of Hawthorne et al. (2012) and (b) Leake et al. (1997) based on formulae as calculated by the program of Locock (2014). The
classification parameters for the plot (a) are A* = A(Na + K + 2Ca) and C* = C(Al + Fe*" + Cr + 2Ti) - WO. Amphiboles correspond to magnesio-hastingsite, pargasite and kaersutite.
Kaersutite amphiboles differ from magnesio-hastingsite and pargasite amphiboles in the Mg/(Mg + Fe'") vs. Ti plot (c). Fields V and D in plot (c) correspond to vein amphiboles from
peridotites and disseminated amphiboles from peridotites, respectively, as compiled by Mayer et al. (2014). Field R corresponds to amphiboles from the Rhon area (Mayer et al., 2014).
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Amphibole macrocrysts are mostly compositionally homogeneous
(Supplement S2) with only rare distinct zoning. Nevertheless, amphibole
crystals show minor core-rim variations (see Supplement S2, analyses
27.1 and 27.2 from Jantv Ddl; Fig. 2d). Only amphiboles from a xenolith
of hornblendite cumulate (Fig. 2b) in sodalite syenite from “Giegelberg”
(type D) show a substantial zoning with concentrations of Mg in the
cores (Supplement S2, analysis 7.1; Fig. 2f) and Fe in the rims (Supple-
ment S2, analysis 7.2; Fig. 2f), suggesting a fractionation. Amphibole
from the Licha essexite (type A) forms mostly homogeneous phenocrysts
and rarely thin rims on clinopyroxene phenocrysts. Amphiboles of the
kaersutite series from rock association of type E, represented by xenolith
sample 33 from Mytina tephra, are characterized by low Si atoms per for-
mula unit (apfu) contents. Amphiboles from rock associations of types A
and D partly differ also in their low Mg and Ti contents. Low Ti contents
(apfu) and high Mg contents are typical for amphibole xenoliths in the
rock association of type E (Supplement S2).

The primitive mantle (PM)-normalized incompatible trace element
patterns of amphiboles of the BM show distinct Cs, Th, U, Pb and Zr neg-
ative anomalies and Ba and Nb-Ta positive anomalies (Fig. 4a; Table 1
and Supplement S3). The LILE and HFSE concentration trends in amphi-
boles from the BM and the Rhon area (Mayer et al., 2014) are similar to
those of amphiboles from peridotite xenoliths (Ionov and Hofmann,
1995; Powell et al., 2004; Witt-Eickschen et al.,, 2003). The lowest con-
tents of incompatible elements in the amphiboles were found in rock
associations of types C and E (xenocrysts to megacrysts in alkaline ba-
saltic rocks and xenoliths) followed by type B (phenocrysts/xenocrysts
in lamprophyric rocks), type D (xenocrysts in felsic rocks), and type A
(phenocrysts in subvolcanic rocks), see Fig. 4a. Variations in the con-
tents of compatible elements such as Sc, Cr, V, Ni, Co in the amphibole
set are relatively small. Substantially differences were found only in am-
phiboles from the hornblendite xenolith (sample 7 - “Giegelberg”),
showing very low Ni and Cr contents and in a xenocryst of amphibole
of the kaersutite series (sample 33 - Mytina) characterized by high con-
tents of Ni and Cr, see Table 1 and Supplement S3.

The chondrite-normalized rare earth element (REE) patterns of am-
phiboles (Fig. 4b) from basaltic rocks of the BM are generally convex,
contrasting with the almost linear pattern of the basaltic host rocks
(Fig. 5) that show low to moderate enrichment in light REE (LREE) rel-
ative to heavy REE (HREE), as indicated by the Lay/Yby ratios, see Table
1 and Supplement S3. No Eu anomaly is present. The lowest REE con-
tents in the amphiboles were found in rock associations of types C and
E followed by types B, D and A (Fig. 4b), similar to the incompatible el-
ement distribution in Fig. 4a.

Chemical analyses of the clinopyroxenes and their trace element
contents are presented in Supplement S4. The studied clinopyroxenes
are exclusively diopsides in the classification of Morimoto et al. (1988).

4.2.2. Host rocks

Petrological characteristics of the twenty-six host rock samples are
difficult to evaluate and compare due to the contrasting rock composi-
tions (ultrabasic, intermediate, acid) and rock structures (massive, brec-
ciated, tuffs), particularly with respect to the strong alteration of most
rock samples. Volcanic rocks with amphibole megacrysts from the BM
are mostly of basaltic composition (Fig. 6; Supplement S5) in the TAS di-
agram (Le Maitre, 2002).

Variations in the chemical composition of the basaltic rocks are sub-
stantial: SiO, (39.1-44.3 wt%), Al,03 (11.2-15.1 wt%), MgO (4.9-
13.7 wt%), Nay0 (2.0-3.9 wt%), K50 (1.1-3.5 wt%). Rock compositions
are affected by the alteration processes (LOI = 8-12 wt%) and contam-
ination by volcaniclastic material (in vent breccias) and the presence of
disintegrated xenoliths. The basaltic rocks are exclusively sodic with
Na,O > K;0. Basaltic rocks usually show high TiO, concentrations,
while altered breccias of trachybasaltic composition usually display
lower TiO, contents, see Supplement S5.

Basaltic host rocks only partly match the criteria for the primary
mantle-derived melt sensu Frey et al. (1978). Variations in the Mg#
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Fig. 4. (a) Primitive mantle-normalized incompatible trace element patterns of
amphiboles in rock associations of types A-E. Normalization values were taken from
McDonough and Sun (1995). (b) Chondrite-normalized REE patterns of amphiboles in
rock associations of types A-E. Normalization values were taken from Boynton (1984).
The dark grey field represents vein amphibole from peridotite and the bright grey field
disseminated amphibole from peridotite (Ionov and Hofmann, 1995; Powell et al., 2004;
Witt-Eickschen et al., 2003).

(45-71) and moderately high contents of compatible elements such as
Cr, Ni, Sc and V are substantial, see Supplement S5. Lherzolite xenoliths
were found only in a limited number of samples; they are abundant
only in sample 4 - Plesny.

The contents of compatible elements are mostly directly propor-
tional to MgO contents. The contents of incompatible trace elements,
such as Sr, Ba, Y, Zr, Hf, Nb and Ta, show opposite trends relative to
MgO contents. Xenoliths and xenocrysts of the cumulates occur mostly
in trachytic rocks (samples 17, 18 and 7).

The almost linear chondrite-normalized REE patterns with negligi-
ble Eu anomalies (~0.9) in basaltic rocks show a medium LREE enrich-
ment (Fig. 5) with a fractionation of the LREE with respect to HREE, as
indicated by the Lay/Yby ratios (see Table 1 and Supplement S5) in com-
bination with Luy mostly below 10. This fractionation reflects melting of
deeper garnet-bearing sources. Trachytic rocks have different REE pat-
terns with classic U-shaped forms, and the Lay/Yby ratios (see Table 1
and Supplement S5).

4.3.375r/56Sr and "3Nd/"*Nd isotopic systematics

4.3.1. Amphiboles of the magnesio-hastingsite-pargasite-kaersutite series

The initial eNd values of amphibole samples from the BM lie in a very
narrow range of eNd;) = +1.4 to +3.8, see Table 2 and Fig. 7. Only one
kaersutite sample (sample 1 - Lukov) shows a slightly lower €Nd;,



Table 1

Trace element contents of representative amphiboles from volcanic rocks of the Bohemian Massif.

Amphibole

Sample No. 2 11 26 27 12 5.1 6 19 21.1 24 25 4 22 29.1 30.1 7.1 18 33
Locality Licha Téchlovice Veseli JantvDal Lukov  “Plundrichs K.” “Miickenhiibel” Holoméf  Kostomlaty  Dolanky Kamyk PleSny Klete¢na Strdzn.0. VI&ihora “Giegelberg” Kalich Mytina
Rock type E GA CA CA BAlava TE breccia TE breccia BA breccia BA xenocryst BA BA BA BA breccia BA xenocr. BAscoria HinSS TA OM tephra
Petrogr. type A B B B C C C C C C C C C C C D D E

Zr (ppm) 166 101 127 126 59.2 113 116 70.3 58.0 58.1 63.9 46.4 79.2 133 58.7 176 174 343
Nb 250 245 262 245 12.8 322 25.0 14.8 143 18.5 124 18.2 15.7 24.2 14.0 29.7 29.7 119
Hf 6.03 3.61 457  4.80 2.64 471 4.74 3.66 2.56 2.38 298 1.93 3.52 5.44 2.67 6.55 6.22 1.65
Ta 1.73 148 2.09 1.90 0.97 1.85 1.71 1.19 1.17 1.42 1.05 1.19 1.25 2.19 1.12 1.63 1.75 1.00
Y 21.0 133 125 178 9.23 143 14.0 116 112 10.7 8.80 129 11.1 11.7 114 224 134 798
La 182 145 144 116 6.24 10.8 111 6.45 5.73 7.23 5.65 3.84 6.62 14.0 5.18 15.3 153 351
Ce 480 30.6 390 346 20.0 35.1 34.7 20.2 17.9 193 17.5 125 22.6 39.2 174 454 429 11.6
Pr 720 448 536  5.06 339 5.61 5.65 3.53 3.12 2.96 3.01 2.21 3.66 5.57 3.06 7.34 6.70 1.99
Nd 37.7 212 257 255 16.4 27.6 274 19.6 16.9 153 16.3 11.1 19.9 273 16.9 35.7 282 109
Sm 850 5.02 558  6.07 4.24 6.34 6.35 4.69 4.27 3.79 3.98 3.20 4.80 5.85 4.38 8.36 636 292
Eu 258 164 173 188 138 2.00 2.00 145 143 1.29 1.30 1.00 1.55 1.78 1.46 2.52 180  0.99
Gd 756 458 497  6.00 3.85 5.51 5.46 4.49 4.15 3.85 372 347 454 5.06 437 7.63 5.31 2.99
Tb 0.99 0.60 063 081 0.52 0.71 0.67 0.60 0.54 0.50 0.46 0.50 0.57 0.61 0.56 1.01 062 039
Dy 547 3.26 328 452 2.40 3.68 3.70 2.88 2.88 2.78 242 2.85 2.95 3.16 3.06 545 3.71 2.19
Ho 095 057 056 082 0.42 0.61 0.63 0.48 0.50 0.50 0.41 0.53 0.50 0.54 0.53 0.95 056 037
Er 239 136 138  2.04 1.00 1.52 1.50 1.11 1.16 1.17 0.94 132 117 1.26 1.25 2.37 154 091
Tm 030 0.17 015 023 0.11 0.18 0.18 0.13 0.13 0.13 0.10 0.16 0.13 0.13 0.13 0.29 019  0.10
Yb 156 0.92 0.83 131 0.58 0.95 0.95 0.63 0.68 0.71 0.52 0.91 0.64 0.74 0.71 1.65 097 050
Lu 025 0.13 0.12 019 0.08 0.13 0.13 0.10 0.09 0.10 0.07 0.12 0.09 0.11 0.10 0.24 0.14 007
Sc 612 748 702 518 72.7 65.3 67.2 722 64.6 772 55.1 50.2 61.0 726 66.3 47.1 726 528
\' 312 490 350 348 498 374 361 412 489 510 439 495 433 384 461 454 368 465
Cr 140 219 329 182 190 272 354 688 215 385 302 110 399 9.20 168 222 119 1558
Co 36.1 55.1 448 422 66.1 54.9 54.2 51.5 60.7 50.1 56.2 583 534 62.0 50.9 375 520 513
Ni 683 158 112 78.9 175 126 188 251 189 205 174 263 206 65.2 115 135 136 352
Cu 148 38.0 116 112 274 293 6.09 9.82 16.4 103 26.1 70.1 4.59 158 522 30.6 150  2.60
Zn 48.6 386 321 426 34.8 50.5 45.1 289 27.0 275 27.1 36.6 31.6 425 243 68.2 632 244
Rb 520 177 279 105 14.0 9.30 104 10.3 11.0 36.6 14.0 9.13 14.2 10.6 9.04 7.90 11.3 14.5
Sr 403 557 510 405 434 618 651 595 506 436 435 377 497 523 494 487 615 274
Cs 0.10 022 0.08  0.05 0.03 0.03 0.05 0.03 0.02 0.08 0.07 0.01 0.04 0.25 0.01 0.06 0.10  0.02
Ba 232 530 486 255 351 432 452 409 293 346 275 271 379 263 292 365 412 197
Pb 510 164 343 1.04 0.45 3.14 2.67 0.62 0.28 0.63 0.50 0.52 1.06 1.67 144 1.58 157 038
Th 0.83 070 1.09  1.01 0.33 0.63 0.23 0.26 0.15 0.50 0.22 0.12 0.20 0.84 0.11 0.60 119 014
U 021 090 035  0.65 0.10 0.10 0.09 0.07 0.04 0.15 0.07 0.03 0.05 0.68 0.03 0.34 0.57  0.03
3 REE 142 89 104 101 61 101 100 66 59 60 56 44 70 105 59 134 114 39
Lan/Yby 7.9 10.6 11.7 6.0 7.3 7.7 7.9 6.9 5.7 6.9 7.3 2.8 7.0 12.8 49 6.3 106 47
Eu/Eu” 098 1.05 1.00 095 1.04 1.03 1.04 0.97 1.04 1.03 1.03 0.92 1.02 1.00 1.02 0.96 0.95 1.02

BA - basanite, TE - tephrite, E - essexite, H - hornblendite, SS - sodalite syenite, CA - camptonite, GA - gauteite, TA - trachyandesite, OM - olivine melilitite.

Petrographic types: A - phenocrysts in subvolcanic rocks, B - phenocrysts/xenocrysts in lamprophyric rocks, C — xenocrysts in alkaline basaltic rocks, D - xenocrysts/cumulates in felsic rocks, E — mantle xenoliths and megacrysts.
* Calculated value.

1Z2£-80¢ (8102) £1€-T1€ soynT / v 32 yohuyn

Sle



316 J. Ulrych et al. / Lithos 312-313 (2018) 308-321

Sample/REE chondrite

T T T TTTT

Lo

T T T TTTTT

10 = —-.

Sample/REE chondrite

Host rocks

— Mafic (basaltic) rocks
—— Hornblendite xenolith

L 1 1 1 | I 1 1 1 1 I I 1 1 1
La Ce Pr Nd Pm Sm Eu Gd Tb DY Ho Er Tm Yb Lu

Fig. 5. Chondrite-normalized REE patterns of amphiboles (orange field) and host rocks.
Normalization values were taken from Boynton (1984).

value of —0.6, Table 2 and Fig. 7. This kaersutite sample is characterized
by very low REE, Y, Zr, Hf, Nb, Ta, Pb, U and Th concentrations and high
Rb contents (see Table 1; Supplement S3). However, similar geochemi-
cal characteristics are also displayed by five other amphibole samples of
the rock association of type C (samples 4 — Plesny, 21 - Kostomlaty, 33A
- Mytina, 30 and 31 - VI¢i hora, 9A - Hradist'sky kopec) which, how-
ever, do not show negative eNd values.

The initial 8Sr/%5Sr ratios of amphibole samples from the BM show a
wider range (0.70328 and 0.70407), similar to that of the host rocks
from the BM, see Figs. 7 and 8. This reflects either a variation in isotopic
composition of the mantle source or an assimilation of material with
more radiogenic Sr isotope composition during magma ascent.
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Fig. 6. The TAS diagram (Le Maitre, 2002) showing the composition of amphibole host
rocks.

In general, the Nd and Sr isotopic compositions of amphiboles of the
kaersutite series are independent of the petrographic character of the
host rock and the location in the BM (Fig. 7 - Ulrych et al., 2005,
2011) and lie within, or overlap with, the range for the CEVP volcanic
rocks (Lustrino and Wilson, 2007).

Initial Sr-Nd isotope data of clinopyroxenes from VI¢i hora (samples
30, 31, 36) and Hradist'sky kopec (sample 9), see Table 2, are similar to
those of amphiboles from the same localities: eNd;) = +2.4 to +3.8
and ¥7Sr/®Sr ;) = 0.70334 to 0.70355 (see Fig. 7).

4.3.2. Host rocks

The studied amphibole host rocks plot in the field near the Bulk Sil-
icate Earth (BSE) close to the position of the European Asthenospheric
Reservoir (EAR) (Lustrino and Wilson, 2007), see Fig. 8. Similar initial
Sr-Nd isotopic data are characteristic for the majority of primary mafic
Cenozoic volcanic rocks of the BM (Ulrych et al.,, 2011) and the whole
CEVP (Lustrino and Wilson, 2007). Primary mafic rocks from western
Bohemia (Ulrych et al., 2016), and northern Bohemia (Ulrych et al.,
2008) and those from the CSVC (Ulrych et al.,, 2002) are characterized
by largely similar isotopic ratios, see Fig. 8.

The studied set of amphibole host rocks is characterized by Sr-Nd
isotope ratios, very similar to those of the Cenozoic volcanic rocks of
the BM (Ulrych et al., 2008, 2011), see Fig. 8.

5. Discussion
5.1. Metasomatic processes

Three major types of metasomatic patterns have been recorded by
Ackerman and Medaris Jr. (2017) in mantle xenoliths of the BM: (i) sil-
icate (basaltic) melt metasomatism, (ii) (alkaline)-silicate melt Fe-
metasomatism, and (iii) metasomatism by carbonatitic-silicate melts
in mantle xenoliths, as indicated by large-scale chromatographic frac-
tionation and HFSE depletion recorded in clinopyroxenes. Based on
these data, the lithospheric mantle seems to be compositionally hetero-
geneous beneath the OR. While the central part of the rift was
metasomatized by silicate melts of basaltic composition at high melt/
rock ratios, the terminal NE and SW parts of the rift underwent metaso-
matism by more evolved melts of alkaline and/or alkaline/carbonatitic
composition.

Amphibole phenocrysts, xenocrysts, xenoliths of cumulates and
their host rocks are genetically associated with metasomatically veined
lithospheric mantle rich in (amphibole-bearing) pyroxenite and
hornblendite veins. The veins are products of metasomatism of perido-
tites by fluids enriched in HFSE and originated from EM1-type mantle
(Mayer et al., 2014; Witt-Eickschen et al., 2003) associated with meta-
somatic processes related to the late Variscan subduction events in the
BM.

Published data for kaersutites from hornblende-bearing basaltic
rocks from the Rhon area (Mayer et al,, 2013) and those for vein and dis-
seminated amphiboles from peridotite mantle xenoliths (Ionov and
Hofmann, 1995; Powell et al., 2004; Witt-Eickschen et al., 2003) were
used for comparison with amphiboles from volcanic rocks of the BM.
Amphiboles of the BM and the Rhon area (Mayer et al., 2013) have
partly higher TiO,, FeO and K5O concentrations but lower MgO, Na,0O
and SiO, concentrations compared to the amphiboles from peridotite
xenoliths (lonov and Hofmann, 1995; Powell et al.,, 2004; Witt-
Eickschen et al., 2003).

Geochemistry of basaltic host rocks of the studied amphiboles corre-
sponds to that of Cenozoic alkaline rocks of the BM (Ulrych et al., 2011)
and the CEVP (Lustrino and Wilson, 2007) in their common enrichment
in highly and moderately incompatible elements (Supplement S5), with
an enrichment in light LREE relative to heavy HREE.

Amphiboles of the kaersutite series from alkaline volcanic rocks of
the BM and the Rhon area (Mayer et al., 2014) show very similar distri-
butions of incompatible trace elements (Fig. 4a). Moreover, the
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Isotope composition of amphibole and clinopyroxene from volcanic rocks of the Bohemian Massif.

Sample No. and locality Age Rb Sr 87Rb/%6Sr 87Sr/86sr 875r/85Sr (t) Nd ~ Sm  '¥7Sm/'Nd '**Nd/'**Nd 5Nd/™Nd (t) eNd (t)
(Ma) ppm ppm ppm  ppm
Amphibole

Ceské Stfedoho¥i Mts.
1.1. Lukov 30 12.5 400 0.090 0.703556 +9  0.70352 135 3,55 0.1589 0.512592 £ 9 051256 —0.6
2. Licha 30 104 197 0.153 0.704132 & 11 0.70407 684 138 0.1219 0.512685 £ 7 0.51266 14
3. LeStina 30 5.1 374 0.039 0.703406 + 11 0.70339 40.1 8.80 0.1326 0.512697 £ 6 0.51267 1.5
5.1. “Plundrichs Kuppe” 30 93 618 0.044 0.703865+9 0.70385 276 634 0.1388 0512713 £7 0.51269 1.8
5.2. “Plundrichs Kuppe™® 30 9.8 632 0.045 0.703884 4+ 11 0.70386 27.01 6.29 0.1407 0.512816 £ 13 0.51279 3.8
6. “Miickenhtibel” 30 104 651 0.046 0.703859 +9 0.70384 274 635 0.1400 0512731 +£7 05127 22
7.1. “Giegelberg Hill” 30 79 487 0.047 0.704082 +9 0.70406 357 836 0.1415 0512704 £ 7 0.51268 1.7
7.2. “Giegelberg Hill"* 30 7.7 486 0.045 0.704098 4 12 0.70408 356 8.65 0.1468 0.512751 £ 13 0.51272 2.5
7.3. “Giegelberg Hill™ 30 7.7 495 0.046 0.704088 + 10 0.70407 368 810 0.1331 0.512755 £ 13 0.51273 2.7
12. Téchlovice 30 93 611 0.044 0.703595 + 11 0.70358 224 550 0.1484 0512782 £ 8 051275 3.1
13. Divoka rokle 30 17.5 552 0.092 0.703775+9 0.70374 255 576 0.1365 0512755 +£9 051273 2.7
17. Vitov 30 116 620 0.054 0.703710 &+ 8 0.70369 287 6.17 0.1299 0.512746 £ 7 0.51272 25
19. Holoméf* 30 103 595 0.050 0.703547 £ 11 0.70353 196 4.69 0.1445 0.512800 + 12 0.51277 35
21.1. Kostomlaty p. M. (xenocryst) 30 11.0 506 0.063 0.703456 +£9 0.70343 169 427 0.1527 0512764 £8 051273 2.8
21.2. Kostomlaty p. M. (megacryst) 30 79 529 0.043 0.7035154+ 7 0.7035 158 4.15 0.1587 0.512775 £ 8 051274 3.0
22. Klete¢na 30 142 497 0.083 0.703684 + 10 0.70365 199 366 0.1111 0512752 £9 051273 2.7
23. Kupa 30 124 475 0.076 0.703644 +9 0.70361 194 354 0.1103 0.512739 +7 0.51272 25
24. Dolanky 30 36.6 436 0.243 0.703459 + 8 0.70336 153 296 0.1169 0512782 4+ 7 0.51276 33

Northern Bohemia
26. Veseli 30 280 510 0.159 0.703866 + 14 0.7038 257 558 0.1312 0512748 +8 0.51272 25
27. Janav Dul 30 10.5 405 0.075 0.703331 +£8 0.7033 255 6.07 0.1438 0512778 £ 6 0.51275 3.1

Western Bohemia
9. Hradist'sky vrch 9 10.7 411 0.075 0.703464 + 11 0.70345 293 6.70 0.1382 0.512815 + 12 0.51281 3.7
29.1. Straz nad Ohfi 28 106 523 0.059 0.703673 & 11 0.70365 273 585 0.1295 0512746 +6 0.51272 25
29.2. Straz nad Ohfi* 28 8.26 505 0.047 0.703655 4+ 11 0.70364 299 6.28 0.1266 0.512800 + 12 0.51278 3.6
30.1. VIEi hora, scoria 12 9.00 494 0.053 0.703482 + 11 0.70347 169 4.38 0.1566 0512748 £8 051274 24
30.2. VIEi hora, scoria® 12 9.28 461 0.058 0.703443 + 11 0.70343 16.39 4.32 0.1592 0.512781 £ 12 0.51277 3.0
31.1. VICi hora, lava 12 8.50 512 0.048 0.703530 4+ 20 0.70352 159 419 0.1592 0.512775+£7 051276 29
31.2. VIEi hora, lava® 12 8.89 520 0.049 0.703418 - 11 0.70341 164 429 0.1587 0.512820 £ 11 0.51281 3.8
33. Mytina 03 145 274 0.153 0.703284 + 13 0.70328 109 292 0.1619 0512815+ 6 0.51281 3.6

Clinopyroxene
9C. Hradist'sky vrch® 9 1.0 20.2 0.140 0.703524 4 13 0.70351 13.6 3.64 0.1616 0.512806 £ 22 0.5128 35
30.1C. VI&i hora, scoria® 12 0.6 20.6 0.084 0.703403 + 12 0.70339 132 3.65 0.1682 0.512795 + 23 0.51278 33
30.2C. VI&i hora, scoria® 12 0.6 16.7 0.100 0.703487 £ 11 0.70347 759 2.04 0.1626 0.512822 +£ 18 0.51281 3.8
31C. VIEi hora, lava® 12 1.5 229 0.189 0.703374 & 11 0.70334 8.85 238 0.1623 0.512808 £ 16 0.5128 3.5
36C. VIEi hora, tuff 12 0.76 115 0.019 0.703550 +9 0.70355 148 396 0.1617 0512752 £ 9 051274 24

143Nd/'*4Nd ratios are normalized to '#Nd/"**Nd = 0.7219. Measured '**Nd/"#*Nd ratio of the in-house Ames Nd standard solution was 0.512142 + 12 (N = 35), corresponding to
0.511854 in the La Jolla Nd reference standard material. The eNd,y) values were calculated with the parameters of Bouvier et al. (2008). Present-day values for the chondrite uniform res-
ervoir (CHUR): '¥Sm/'#Nd = 0.1960, '**Nd/"**Nd = 0.512630. #”Sr/*%Sr ratios are normalized to ®®Sr/%3Sr = 0.1194. The NIST 987 reference material yielded /Sr/*®Sr = 0.710246 + 6

(2SD, N = 22) at the time of sample analysis.

a

samples measured in 2008: '“*Nd/"#Nd ratios normalized to '“Nd/"**Nd = 0.7219 (number of ratios in parentheses, error 20mcan refers to last digit of ratio). Fifteen analyses of JNdi-

1 during the course of this study yielded '#>Nd/"**Nd = 0.512104 + 15 (2SD). eNd calculated with the parameter of Bouvier et al. (2008). 87Sr/%6Sr ratios normalized to %°Sr/%8Sr = 0.1194.

Six measurements of NIST NBS987 gave 87Sr/%6Sr = 0.710211 & 7.

compositional trends of the studied amphiboles from the BM and the
Rhon area and those of vein and disseminated amphiboles from mantle
peridotites widely overlap in most trace elements. Only Ti concentra-
tions in amphiboles from the BM and the Rhon area are similar to
those in vein amphiboles but substantially differ from those in dissem-
inated type of amphiboles, with the latter being only one-third of the
former on average (cf. Powell et al., 2004Witt-Eickschen et al., 2003).
Moreover, amphiboles of basaltic rocks from the BM and the Rhén
area show specific normalized REE patterns, which are similar to those
for amphiboles from veins in peridotite xenoliths (Fig. 4b). This is also
confirmed by their position in the Nb/Th vs. Lu/Hf diagram, where am-
phiboles of the BM as well as those from the Rhon area plot in the
field of vein amphiboles (Mayer et al., 2013), see Fig. 9.

5.2. p-T conditions of amphibole crystallization

The geochemical composition of amphibole is sensitive to pressure
and temperature conditions as well as to the host rock composition.
Thus, amphibole is very suitable for the estimation of p-T conditions
under which it crystallized from the host magma (Mutch et al., 2016).
Several amphibole-based thermobarometers have been proposed for

different igneous systems (e.g., Putirka, 2016; Ridolfi and Renzulli,
2012). Regarding the geochemistry of the basaltic host rocks the amphi-
bole thermometer of Ridolfi and Renzulli (2012) was chosen as the
most relevant for the calculation of temperatures of crystallization. On
the other hand, the Ridolfi and Renzulli (2012) barometer may be too
sensitive for subtle compositional variations in amphibole and may in-
troduce large uncertainty in the estimation of the depth of magma em-
placement. We used an empirical barometrer of Pal-Molnar et al. (2015)
based on the Al,03 contents in amphibole, which was calibrated using
data of experimentally produced amphiboles. Temperature and pres-
sure ranges calculated for most amphibole samples of all rock associa-
tions of types A-E are 1024-1100 °C + 23.5 °C and 0.7-1.2 GPa (i.e.,
~20-45 km), see Fig. 10. These p-T calculations are compatible with
the experimental data on the stability of kaersutite supposedly derived
from the upper mantle (Green et al., 2010; Pilet et al., 2010 and refer-
ences therein). Generally, amphibole samples of the rock association
of type B (phenocrysts/xenocrysts in lamprophyres) yielded slightly
higher temperatures. Amphibole samples of the rock association of
type D (partly disintegrated xenoliths of hornblendite cumulates in so-
dalite syenites) can be divided into a group forming cores of amphi-
boles, yielding 1050-1070 °C and 0.7-1.0 GPa (~20-35 km), and a
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Fig. 7. Initial 37Sr/%Sr vs. eNd isotopic values of amphiboles and clinopyroxenes from
Cenozoic volcanic rocks of the Bohemian Massif. The grey area marks isotopic
composition of their host rocks listed in Supplement S5. Data for clinopyroxene from
amphibole-bearing xenoliths from the Lou¢nd-Oberwiesenthal Volcanic Centre were
taken from Ulrych et al. (2005).

group forming outer rims of amphibole crystals, characterized by tem-
peratures between 980 and 1000 °C and lower pressures between
0.47 and 0.57 GPa (~15 km) originating en route of magma ascent.
Hornblendites should represent either side-wall contamination of the
host salic magma, or a disrupted and ascended product of mafic melt
observed in the late stage of lamprophyre dykes genesis (cf. Ditrau Alka-
line Massif - Batki et al,, 2014). An amphibole xenocryst of the rock as-
sociation of type E showed p-T conditions of 1030-1040 °C and 0.95-
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Fig. 8. Initial ®7Sr/%6Sr vs.'#3Nd/'#4Nd isotope ratios for amphibole and clinopyroxene from
Cenozoic volcanic rocks of the Bohemian Massif. Amphibole samples show a trend towards
EM1-type mantle which can be partly shifted towards HIMU. Plotted for comparison are
the fields for the Cenozoic volcanics of the Bohemian Massif (Haase and Renno, 2008;
Lustrino and Wilson, 2007; Ulrych et al., 2008, 2013, 2016, 2017); for Urach and Hegau
(Alibert et al., 1983; Hegner et al.,, 1995; Wilson et al., 1995); for the Rhon area (Mayer et
al,, 2013 - amphibole-bearing lavas; Mayer et al., 2014 - amphibole samples); for the
Loucna-Oberwiesenthal Volcanic Centre (LOVC; Ulrych et al, 2005 - clinopyroxene
samples) and for the Massif Central/Vosges (Alibert et al, 1983) are plotted for
comparison. BSE = Bulk Silicate Earth; CHUR = Chondritic Uniform Reservoir; DMM =
Depleted MORB Mantle; EAR = European Asthenospheric Reservoir; HIMU = high p
(?8U/2°4pb); EM1 = Enriched Mantle 1; EM2 = Enriched Mantle 2 (Cebria and Wilson,
1995; Granet et al., 1995; Hart, 1988; Zindler and Hart, 1986).
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Fig. 9. Nb/Th vs. Lu/Hf diagram for the studied amphiboles, and published representative
vein amphibole and disseminated amphibole compositions from peridotites (Ionov and
Hofmann, 1995; Powell et al., 2004; Witt-Eickschen et al., 2003).

1.0 GPa (~35 km). This amphibole crystallized under a relatively lower
pressure than should be expected for mantle xenoliths (cf. Ducea and
Saleeby, 1996); however, the Moho discontinuity in western Bohemia
with the youngest Plio-Pleistocene volcanoes of the BM was detected
at a depth starting approximately at 27 km because of thinned litho-
sphere beneath the OR (Hrubcova and Geissler, 2009 and references
therein).

Genesis of the megacrysts and xenoliths of amphiboles took place in
a deep magma chamber situated close to the crust-mantle boundary
(cf. Bondi et al., 2002). Crystallization temperatures of our samples are
consistent with the hornblende p-T estimations of Mayer et al. (2014)
calculated using the thermobarometer of Ridolfi and Renzulli (2012).
All amphiboles fall into the stability field of kaersutite in mafic lavas
(Green et al.,, 2010).

5.3. Sr-Nd isotope signature of amphiboles

The similar "*>Nd/***Nd and 87Sr/25Sr ratios of amphiboles and the
host alkaline basaltic rocks (Fig. 8) is commonly explained by similar
fluid phase activities. The isotopic composition of amphibole is con-
trolled by such a fluid phase of asthenospheric affinity and parallels
that of the host basaltic rocks (Othman et al., 1990). Both amphibole
and clinopyroxene xenocrysts in host basaltic rocks from western Bohe-
mia show the same isotopic sources. However, Miller (1982) and Han et
al. (2008) suggested a non-cognate relationship between amphibole/
clinopyroxene megacrysts and host basalts.

Metasomatized composite peridotite xenoliths with clinopyroxene/
amphibole veins similar to those reported from numerous volcanoes
elsewhere (e.g.,, Western Victoria, Australia - Powell et al., 2004;
Meerfelder maar, Germany - Witt-Eickschen et al., 1998) have not
been found in the BM yet. Rare disseminated amphibole and phlogopite
crystals in mantle peridotite/pyroxenite xenoliths have been reported
from the Elbe Zone, Saxony (Kramer and Seifert, 2000), the Wilcza
Gora in Poland (Matusiak-Malek et al., 2017) and a cinder cone in the
Cheb-DomaZlice Graben, western Bohemia (Geissler et al., 2007).

Trace element contents and initial Sr-Nd isotopic ratios of amphi-
boles of the broad kaersutite series and their host rocks do not demon-
strate substantial regional variations in the lithospheric mantle
composition beneath the BM. The Sr-Nd isotopic ratios of kaersutites
from pyroxenite cumulate from the Lou¢na-Obwerwiesenthal Volcanic
Centre (Ulrych et al., 2005) plot also into the field of the studied amphi-
boles. The only exception is the amphibole megacryst from Lukov, sam-
ple 1.1 (eNd(;y = —0.6) from the central part of the CSVC, probably
showing a notable influence of recycled Variscan crustal material in
the upper mantle (Lustrino and Wilson, 2007) during the melting. Sim-
ilar negative eNd;) values (—4.0 to —2.9) for kaersutite from the Rhén
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Fig. 10. Pressures and temperatures of amphibole formation of the rock association types A-E were calculated using the equations of Pal-Molnar et al. (2015) and Ridolfi and Renzulli
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area (Mayer et al., 2014) are explained by the involvement of an ancient
crustal-derived metasomatic component within the mantle source dur-
ing the Variscan orogeny. Liew and Hofmann (1988) presented the fol-
lowing isotope data for the Variscan basement from the BM:
3Nd/"**Nd(my of 0.5109 to 0.5119, ¢Nd of —24.5 to —5.7 and
87r/86Sr as high as 0.72. The origin of geochemical domains, and partic-
ularly Nd-Sr isotope variations in volcanic domains, arise from local het-
erogeneities in metasomatically veined hydrous mantle (Menzies and
Murthy, 1980). A fertile domain in the mantle could have arisen from
the material of a Variscan buoyant slab not subducted into the deeper
mantle. After a thermal equilibration with the mantle this slab caused
the heterogeneity of the lithospheric mantle. Geophysical and geo-
chemical evidence for a continuous evolution of the post-Variscan man-
tle lithosphere in central Europe throughout the Mesozoic and Cenozoic
was presented by Meier et al. (2016). The mantle lithosphere in western
and central Europe evolved and was continuously modified during an
extensional Variscan and post-Variscan cycle.

6. Conclusions

The studied amphibole phenocrysts/xenocrysts and cumulate xeno-
liths from Cenozoic volcanic rocks of the BM belong to the magnesio-
hastingsite-pargasite—kaersutite series and their genesis is mostly di-
rectly associated with that of alkaline basaltic magmas. Amphibole
xenocrysts from disaggregated cumulate xenoliths of hornblendite cu-
mulate xenoliths occur in differentiated trachytic rocks. Chemical and
Sr-Nd isotopic characteristics of all studied amphiboles resemble those
of amphiboles from clinopyroxene/amphibole veins in peridotites,
rather than those of disseminated amphiboles in mantle peridotites.

Amphibole phenocrysts/xenocrysts of the Cenozoic volcanic rocks of
the BM are mostly chemically homogeneous, lacking prominent zoning.
Only amphiboles of the xenolith of hornblendite cumulate from
“Giegelberg” show a substantial Mg-Fe fractionation.

The studied amphiboles are characterized by variable incompatible
element concentrations. Their lowest concentrations were found in am-
phiboles of xenocrysts and megacrysts in alkaline basaltic rocks and
mantle xenoliths, followed by phenocrysts/xenocrysts in lamprophyric
rocks, xenocrysts in felsic rocks, and phenocrysts in subvolcanic rocks.

The presence of residual amphibole in the source(s) of magma is
characteristic for most Cenozoic primary volcanic rocks in the BM
(Ulrych et al., 2011) and requires melting conditions typical for the

asthenosphere-lithosphere boundary, near the supposed position of
the EAR.

The calculated p-T conditions do not contradict this model; almost
all amphiboles crystallized in a relatively narrow temperature range of
1020-1100 °C at depths corresponding to ~20-45 km (0.7-1.2 GPa).
We therefore suggest that amphibole (phenocrysts) crystallized at dif-
ferent depths of the lithospheric mantle near the crust-mantle transi-
tion during the magma ascent (Hrubcova and Geissler, 2009).
Xenocrysts and xenoliths-autoliths are products of side-wall contami-
nation en route of the basaltic magma ascent and/or in a deep magma
chamber (sensu Bondi et al., 2002). Anomalous rims of amphibole in xe-
noliths of cumulates from “Giegelberg” yielded calculated temperatures
between 980 and 1000 °C and pressures between 0.48 and 0.57 GPa
(~15 km). These p-T estimates are compatible with the published ex-
perimental data on the stability of kaersutite.

Initial *3Nd/'**Nd (0.51266-0.51281) and &’Sr/%6sr values
(0.70328-0.70407) of amphiboles are significantly similar to those of
their host rocks (**3Nd/"**Nd;, = 0.51266-0.51288 and 3”Sr/%Sr;) =
0.70341-0.70462). Amphiboles and their host rocks plot into the field
for Cenozoic volcanic rocks of the BM and CEVP, near the position of
the EAR. The studied amphibole set is characterized by homogeneous
positive eNd ;) values (+1.4 to +3.8), only a sole sample (sample 1 -
Lukov) has a negative eNd;, (—0.6). This testifies to the presence of a
locally prominent mantle domain enriched in recycled Variscan crustal
material during the melting.

The genesis of amphiboles of the kaersutite series in basaltic rocks in
the BM is associated with a metasomatically veined mantle peridotites,
generated by metasomatic fluids enriched in HFSE from the EM1-type
mantle.
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Appendix A. Supplementary data

Supplementary data to this paper are (i) Mineralogical and petro-
logic characteristics of amphibole localities in Cenozoic volcanic rocks
of the Bohemian Massif (S1A), (ii) Field relationships and observations
of the sampled amphibole localities (S1B), (iii) Representative chemical
analyses of amphibole from volcanic rocks of the Bohemian Massif (S2),
(iv) Additional trace element contents of amphiboles from volcanic
rocks of the Bohemian Massif (S3), (v) Chemical and trace element anal-
yses of clinopyroxene from volcanic rocks of Western Bohemia (S4), and
(vi) Chemical analyses and Sr-Nd isotope data of the kaersutite host Ce-
nozoic volcanic rocks of the Bohemian Massif (S5). Supplementary data
to this article can be found online at doi: https://doi.org/10.1016/j.lithos.
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