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Abstract

A detailed study o. alkali-rich syenites from the Gfohl unit of the Moldanubian Zone in the
Bohemian Massif provides constraints on the exact origin and character of mantle source of
ultrapotassic magmatism in the Variscan orogenic root in Central Europe. The syenites are
characterized by highly alkaline composition (K,O 11.3-12.7 wt%; K,0/Na,O 6.8-7.5), crust-like
isotopic signatures (87Sr/86Sr335 ~0.7116; eNds35 < —7.8), and significant trace element enrichment (Th,
U, Zr, Hf, LILE, LREE). They host an extraordinary amount of zircon (0.5-5 vol%) along with
subordinate titanite and apatite, reflecting their miaskitic affinity. Mineral chemistry suggests that

syenites formed through fractional crystallization and accumulation from highly reduced,



metaluminous to slightly peraluminous mantle-derived alkaline magmas. Whole-rock geochemistry
and Sr-Nd isotopes provide direct evidence that they were produced by partial melting of metasomatic
phlogopite-bearing vein network (glimmerites) in the lithospheric mantle, generated by the interaction
of (U)HP fluids/melts derived from deeply subducted crustal material (Moldanubian granulites) with
wall-rock peridotites. Low-degree partial melting of pure vein component produced unusual
geochemical signatures of miaskitic syenites, compared to the composition of common ultrapotassic
rocks in the Bohemian Massif, reflecting relatively higher degrees of partial melting of mixed
glimmerite-peridotite mantle source.

The emplacement of alkali-rich syenites was almost conter ipo1. neous with the mantle source
enrichment and closely followed by initial fast cooling date { by **Ar/*’Ar amphibole-biotite ages
ranging between 329.8 + 1.6 and 331.4 = 0.7 Ma, corresp~...'in to rapid exhumation of the Variscan
orogenic root in Central Europe. The U-Pb apatite age of ©05. £ 5.3 Ma likely reflects further cooling
to lower temperatures. The syenite emplacement v s .inked to the early impulse of ultrapotassic
magmatism associated with the Andean-ty’ ¢ s’ oduction of the Saxothuringian domain beneath the
Moldanubian block. The close temporai ~ssociation of K-rich magmatism in the Saxothuringian and
Moldanubian Zone is indicated by idcat.ci. cooling ages of miaskitic syenites and other Saxonian
ultrapotassic rocks, as revealed by *.* r/*’Ar dates around 330 Ma.

Keywords: (ultra)potassic magma. sm, mantle metasomatism, phlogopite-rich source, low-degree

melting, Bohemian Massif

1. Introduction

Mantle-derived potassic to ultrapotassic magmatism, typically related to post-collision
extensional settings, represent magmatic proxy to trace lithospheric processes and thus allow to study
effects of crustal recycling in subduction zones. The ultrapotassic magmas in orogenic belts are
usually characterized by high K,O and MgO contents (Foley, 1992), elevated K,0O/Na,O ratios,
enrichment in large ion lithophile elements (LILE) and light rare earth elements (LREE), and

continental crust-like isotopic signatures (e.g. Altherr et al., 2004; Conticelli et al., 2009; Zhao et al.,



2009). It is widely accepted that such geochemical and isotopic composition of K-rich magmas is
generated by partial melting of lithospheric mantle domains previously modified by modal
metasomatism (e.g. Conticelli et al., 2015; Prelevic¢ et al., 2012). Metasomatic assemblages of hydrous
minerals, commonly forming vein networks entrapped within wall-rock mantle peridotite (Foley et al.,
2013), can be reactivated during later melting events, caused by a regional extension (Foley, 1992).
Therefore, ultrapotassic magmatic activity typically accompanies high and ultra-high pressure
(HP/UHP) metamorphism (Janousek and Holub, 2007) within deeper levels of subduction zones, as
demonstrates occurrences of alkaline K-Mg-rich rocks in many co’ isional belts, involving Variscan
and Alpine Orogen in Europe (e.g. Ersoy and Palmer, 2013; von Re amc - et al., 2014).

The internal orogenic domain of the Variscan belt in the .3ohemian Massif (Fig. 1a) hosts
diverse types of ultrapotassic rocks (Janousek et al., 2019, 22?0, KXrmicek et al., 2016; Kubinova et al.,
2017) and hence provide a unique insight into geodynam’ . ai.? magmatic evolution of deeper parts of
the Variscan Orogen during subduction-relate” -ver.ts. The deep Variscan burial of crustal
assemblages is recorded by a close spatia’ assciation of HP felsic granulites with garnet-bearing
ultrabasic rocks (Kube§ et al., 2022) a!~ng with the presence of UHP phases preserved in host
granulites (Kotkova et al., 2011; Perrak 2.0 i‘aryad, 2014).

This study focuses on min=i.'ogical, geochemical, and isotopic characteristics of alkali-rich
miaskitic syenites, combined witi, ~onventional geochronological dating, in order to shed light on the
petrogenesis and magma (¢ ¢ rolution of the highly evolved member of post-collision K-rich
magmatism in the Moldanu ian Zone (Bohemian Massif). The syenites geochemically correspond to
miaskitic rocks, however, their genesis differs from common miaskitic varieties, since they originated
through accumulation of mantle-derived alkali-rich magmas without significant prolonged subsequent
differentiation processes at shallow crustal levels (see Marks and Markl, 2017 for review).
Importantly, the major element composition and extreme trace element enrichment of the alkali-rich
syenites along with their crust-like Sr isotopic signatures identify an exact origin and nature of
enriched mantle source for (ultra)potassic magmas in the Bohemian Massif, corresponding to
phlogopite-bearing vein network enclosed in the subcontinental lithospheric mantle. Furthermore, our

geochemical data indicate that the alkali-rich syenites represent initial melts produced by a low-degree



melting of phlogopite-dominated component, whereas other ultrapotassic members (e.g. durbachites,
lamproites, lamprophyres) reflect relatively higher degrees of partial melting of rather mixed

peridotite-phlogopite material.

2. Geological settings

The studied intrusion of the alkali-rich syenites is situated southeast of the ultrapotassic Ttebic
pluton (Fig. 1b) belonging to the so-called durbachite series of the =2stern Moldanubian Zone — the
high-grade root of the Variscan Orogen in the Bohemian Massif (. anou Sek et al., 2020; Janousek and
Holub, 2007). The internal orogenic domain mostly consists o~ me lium- to high-grade metamorphic
rocks extensively intruded by numerous granitoid plutons /2a." e al., 2014).

The Moldanubian Zone is traditionally subdivided .nto .xree principal tectonostratigraphic units
differing in lithological assemblages and metamor sh, - ~ nditions: the Monotonous, Varied and Gfohl
units (e.g. Lardeaux et al., 2014). Mid-cr 'ste’, amphibolite-facies Monotonous and Varied units,
generally termed Drosendorf unit, mau.'v consist of garnet-sillimanite paragneisses along with
subordinate orthogneisses and amphibo.i'ss Neoproterozoic-Early Paleozoic sedimentation ages were
determined for the protolith of bc th id-crustal complexes (Kosler et al., 2014). The lower crustal
Gfohl unit is composed of anatecu. ~ orthogneisses and migmatites, and amphibolites accompanied by
HP granulites (Taj¢marove et a ., 2006). The HP felsic granulites usually enclose spinel and/or garnet-
bearing peridotites hosting ' yroxenite and eclogite layers (Kubes et al., 2022; Medaris et al., 2005).
The magmatic protolith of the Gfohl gneisses shows Cambrian-Devonian ages (Friedl et al., 2004).

The Variscan metamorphic evolution of the Moldanubian Zone was accompanied by extensive
plutonic activity taking place in contrasting geodynamic settings, mostly from Late Devonian to
Carboniferous (Zak, et al. 2014; references therein). These various igneous stages include: (1) calc-
alkaline and high-K calc-alkaline subduction-related suites of the Central Bohemian Plutonic Complex
(~373-340 Ma); (2) (ultra)potassic, Mg-rich plutons of the durbachite series, associated with rapid

exhumation of the Gfohl unit to mid-crustal assemblages (~340-355 Ma); (3) peraluminous anatectic



S-type and high-K, I-type granitoids (~330-326 Ma) followed by (4) small calc-alkaline intrusions
with I-type affinity of the Moldanubian Plutonic Complex (~320-300 Ma).

The vigorous (ultra)potassic magmatism of the Moldanubian Zone, a characteristic feature of
the entire European Variscan belt (von Raumer et al., 2014), is documented by widespread occurrence
of durbachitic plutons which form two NNE-SSW oriented belts within the Bohemian Massif (see
Janousek and Holub, 2007 for review). Most plutons of the Eastern Durbachite Belt, involving large
and smaller satellite bodies on Czech (Ttebic, Jihlava, Drahonin) and Austria territory (Rastenberg,
Ybbs), have been previously investigated in detail from a g¢ochemical, geochronological or
geophysical approach (e.g. Gerdes et al., 2000; Janousek et al., 201" 2020; Kotkova et al., 2010;
Leichmann et al., 2017). By contrast, the relatively small intru: ion « f alkali-rich syenites studied here
has remarkable geochemical composition and uncertain or.. ' \".eichmann et al., 2004) that has been
the focus of only a few petrological/mineralogical studies so .~r (Kubes et al., 2021; Leichmann et al.,
1998, 2004; Skoda et al., 2009). The syenites hav - at.racted attention especially because of their
significantly high radioactivity (U ~390 pr m, ’h ~700 ppm; Leichmann et al., 1998) dictated by
extreme high field strength elements (Hi “E) enrichment (e.g., ZrO, up to 2.3 wt%; Leichmann et al.,
2004) due to extraordinary amount of . ir.o . (up to 5 vol%; Skoda et al., 2009) and its extensive late

hydrothermal alteration (Kubes et ~1., 2021).

3. Sampling and analyt cal nethods

The relatively small intrusion of the alkali-rich syenites (up to 100 m long) from the Gf6hl unit
of the Moldanubian Zone was systematically sampled in order to cover all differentiated syenite
varieties (Fig. 2a—c) (10 samples for each variety), described in Section 4.1. Consequently, the
samples were processed to polished thin sections for detailed optical microscopy studies (Fig. 2d, e)
and subsequent analytical techniques described below.

Zircon crystals were separated by crushing and sieving of the central syenite variety to a
fraction of 64-512 um and subsequently were concentrated by magnetic and liquid

(tetrabromomethane) separation. Secondary electron (SEM) images, showing zircon morphology (Fig.



3a), were taken by a JEOL 6490 LV scanning electron microscope using an accelerating voltage of 15
kV and beam current of 1 nA. Back-scattered electron (BSE) images (Fig. 3b—f) along with major and
minor element chemistry of rock-forming and accessory phases (Table 1, 2), were obtained with a
Cameca SX 100 electron microprobe (EMP). Operating conditions for individual spot analyses were
as follows: wavelength-dispersive mode, an accelerating voltage of 15 kV, a beam current of 10 nA,
and a beam size of 2 um for common accessory minerals (zircon, titanite, ilmenite), 5 pm for silicates
(feldspars, amphibole, biotite, chlorite), and 10 um for apatite. The following natural and synthetic
standards were used: sanidine (Si, Al), orthoclase (K), baryte (Be, albite (Na), wollastonite (Ca),
pyrope (Mg), hematite (Fe), titanite (Ti), vanadinite (Cl, V, Pb), zirc \n (Zr), ThO, (Th), topaz (F),
fluorapatite (P).

Trace elements concentrations of major accessory .asc3 (Table 3) were measured by laser
ablation-inductively coupled plasma-mass spectrometry (_A-I”P-MS). The instrumentation consisted
of LSX-213 G2+ laser ablation device and Agilert "#0f ICP-MS analyser with an octopole reaction
cell. The laser operates at a wavelength of 212 nm with a pulse duration <4 ns. Using helium as a
carrier gas with a flow rate of 0.9 1 min ' The aerosol was mixed with argon serving as makeup gas
with flow rate 1 1 min" and transpo.ted o the ICP-MS. The mass spectrometer operated at the
forwarded power of 1550 W and A ~as tlow rate of 15 1 min™' (outer plasma gas). Ablation spot was
from 40 to 50 pm in diameter, rey ~raing the area analyzed. Repetition rate was 10 Hz and fluence 5 J
cm™. One spot was analyzed or 60 s. Total integration time was 4.1 s. External calibration was
performed using the standar | reference materials (SRM) NIST 610 and NIST 612. Quantification was
based on the sum of oxides. The total sum of all oxides (estimated from the elemental analysis by LA-
ICP-MS) was normalized to 100 wt%. Then the analytes were expressed as elements in ppm. This
method is internal standard independent and does not require the precise determination of the
reference element by another analytical method at the specific area of the ablation spot. If the sample
contains water or another component non-determinable by LA-ICP-MS (e.g. fluorine, hydrogen...),
the normalization has to be performed to the sum obtained by subtracting the content of this
component from 100 wt% (determined by another method or known from the general mineral

formula).



The whole-rock major element composition (Table 4) was determined in the AcmeLabs
Vancouver (Bureau Veritas) by ICP-OES after fusion with lithium borate flux. Trace elements,
including rare earth elements (REE), were analyzed using ICP-MS with additional lithium tetraborate
fusion. In addition, incompatible transition metals (Cr, Ni, V, Sc) were determined by ICP-MS after
modified aqua regia digestion. For more analytical details, reproducibility, and detection limits see
https://www.acmelab.com. Whole-rock Sr-Nd isotopic analyses were performed at Activation
Laboratories Ltd., (ActLabs) Ontario. Sample dissolution in HF:HNO; and chemical separation
procedures for Sr and Nd follow the methodology of Creaser et : 1. (2004). Isotope analyses were
performed using a VG354 5-collector machine in a multi-dynami. da.y collection mod. Accuracy of
the Sr and Nd isotopic composition was monitored using th: N1°T SRM987 and JNdi-1 isotopic
standards. The long-term measured values of these standa- .- w.re as follows: *'Sr/*Sr = 0.710269 +
21 (1o, n = 50) and '*Nd/"**Nd = 0.512096 + 11 (1o, n = 1.\ For further analytical information see
https://www.actlabs.com.

The U-Pb apatite dating (Table 5) a’ong with mineral separation were performed at GeoSep
Services (GSS) laboratory, Idaho. Apat..» grains were separated from the original sample material
using standard procedures combined w.‘b sy ucific customized procedures described by Donelick et al.
(2005). Laser spot locations were s.'=cted using optical microscope Zeiss Axioplan with transmitted
light at 2000x magnification, wi.’ch allowed for the recognition of features below the surface of
individual grains. An Agil :nt ,700x quadrapole ICP-MS equipped with a New Wave Nd-YAG 213
nm laser ablation system wa ; used to acquire the U-Pb isotopic ratios. For all laser analyses, the beam
diameter was 20 um and the frequency was set at 5 Hz, yielding ablation pits 16—18 pum deep. Ultra-
high purity He and Ar gas were used to deliver the ablated material into the plasma source. The
isotopes measured included BCa, "Sm, 2™Pb, °Pb, *’Pb, *’Th, and **U (45 scans over 45 sec).
Approximately 20 seconds were allowed between each analysis in order to clear the system prior to
the next background data collection. Standards used included the Duluth complex FC, McClure
Mountain MM, and Durango DR, which encompasses a wide standard age range from 1099 to 31.44

Ma (see Weber et al., 2019 for further analytical information).



“Ar/*Ar dating experiments were conducted on single biotite and amphibole grains (Table 6)
extracted by gently crushing the samples. Loose grains were ultrasonically bathed in deionized water
and rinsed until no suspension was released, then dried in a vented oven at 50 °C and inspected under
a high-magnification binocular. The single grains were irradiated together for 10 h along with the
neutron flux standard sanidine FCs (28.305 = 0.036 Ma; Renne et al., 2010) in the dedicated Cd-lined
CLICIT neutron flux facility at TRIGA-Corvallis (OR, USA). The data were regressed and corrected
for instrumental parameters (blank, mass discrimination, SEM dead-time, post irradiation decay, and
atmospheric contamination, J-gradient monitoring). Typical blanks ( n fA) were 3 x 107 (m/e = 36), 3
x 107 (m/e = 37), 7 x 107 (m/e = 38), 4 x 107 (m/e = 39), 4 x 10" (m.'2 = 40). Individual and pooled
age errors are quoted at = 1o and include propagation of all ins rum: ntal and procedural uncertainties.
Plateau ages (PA) are calculated as the inverse-variance wr .z teC mean of contiguous steps featuring a
figure of merit (Mean Squared Weighted Deviation, MSY,/D) Mlling in the fiducial interval. Total-gas
ages (TGA) are calculated by individually summ ag *h~. Ar isotopes of all fractions and by linearly

propagating the associated errors (equivalen’ to = standard K/Ar age).

4. Results

4.1. Petrography

The petrography of t'.e alkali-rich syenites has been previously described by Leichmann et al.
(1998) and Kubes et al. (2021), and thus only a brief petrographic description of samples used in this
study are given here. The investigated syenite intrusion is exposed on the slopes of the Oslava river
valley (two outcrops up to 100 m long) situated ca. 4 km northwest of the city Namést’ and Oslavou
(Czech Republic), nearby the largest durbachitic body (Tiebi¢ pluton) (Fig. 1b) in the Bohemian
Massif (Janousek et al., 2020). The syenites intrude high-grade crustal assemblages of the Gf6hl unit
mainly consisting of migmatized gneisses and biotite-bearing migmatites. Both outcrops of alkali-rich
syenites are separated from ultrapotassic rocks of the Tiebi¢ pluton by a several hundred meters wide

zone of amphibole-biotite gneisses and biotite migmatites. The syenite intrusion consists of three



texturally, mineralogically and petrographically different syenite varieties (Fig. 2a—c), designated in
this study as follows: (1) central (2) marginal (3) nodule variety. The classification of individual
syenite varieties is based on the combination of both spatial (central-marginal) and textural (nodule)
features.

The central variety is built up by fine-grained, orange to red-colored leucocratic rock (Fig. 2a)
with a gradual transition to more melanocratic marginal variety. K-feldspar represents the dominant
rock-forming mineral (up to 92 vol%) reaching the highest modal amount in central variety. It usually
forms subhedral grains of relatively small size (~0.4 cm) compared to K-feldspar from marginal and
nodule varieties (up to 1.5 cm). Very fine inclusions containing irc a o ‘de are most likely responsible
for its orange to red colour, a typical feature observed within all desc ‘ibed syenite varieties (Fig. 2a—c).
Subhedral to euhedral amphibole is regularly dispersed in *..> r¢ >k (<5 vol%) and exhibits a relatively
high intensity of chloritization, which ordinarily progr ss .'ong cleavage plains of amphibole. A
characteristic feature of the leucocratic variety is uu. 1al y high modal abundances of metamict zircon
(~5 vol%) commonly surrounded by abunrant .nicrofractures (Fig. 2d). Quartz and plagioclase are
typically absent. Tabular grains of bioti.. are completely replaced by chlorite (<1 vol%). Accessory
phases commonly occur as U-thorite, ti‘anue, apatite and ilmenite. Rare relicts of strongly altered
thorianite and cheralite were observe ! exclusively within the central variety (Kubes et al., 2021).

The marginal variety is ci.-racterized by medium- to coarse-grained texture, orange colour,
lower K-feldspar abundanc s (, 7-82 vol%) and relatively high modal amount of amphibole (up to 10
vol%) and biotite (~1.8 vol% ) regularly dispersed in the host rock (Fig. 2b). The prevailing K-feldspar
usually occurs as subhedral grains with relatively variable sizes (0.6—1.5 cm). The green, pleochroic,
sub- to euhedral amphibole grains (Fig. 2e) are locally replaced by secondary chlorite along cleavage
plains. In contrast to central variety, zircon amount (0.5 vol%) considerably decreases in marginal
variety. Moreover, amount of quartz (~3.5 vol%) and partially chloritized biotite moderately increases
in marginal variety relative to central variety. Plagioclase is ordinarily absent or occurs in rare cases as
strongly altered relics. Its alteration products are white mica, albite, and scapolite—marialite. Accessory

phases usually include titanite, apatite, U-thorite and ilmenite.



The nodule variety was described based on amphibole grains clustering into small nodules (up
to 5 cm across) within the medium- to coarse-grained marginal variety (Fig. 2c). Such characteristic
feature of nodule variety reflects its high modal amount of amphibole reaching up to 17 vol%.
Accordingly, K-feldspar amount is lower (77 vol%) and zircon amount slightly increases (~0.8 vol%)
in the nodule variety compared to marginal variety. Plagioclase is mostly absent, whereas quartz (~2.5
vol%) and chloritized biotite (~2 vol%) amount is similar to marginal variety. Accessory phases are

titanite, apatite, U-thorite and ilmenite.

4.2, Mineral textures and chemistry (EMP)

4.2.1. Feldspars

The subhedral perthitic K-feldspar (Orgs4 ¢,> t'.e most wide-spread rock-forming phase in
syenites, exhibits quite uniform chemistry - mo'.g described varieties (Table 1), with K,O and BaO
content varying between 14.2-16.3 wt%, and 0.33-0.64 wt%, respectively. Plagioclase is ordinarily
absent or rarely occurs as elongated inc ur 10 s (<0.3 mm) in the K-feldspar and/or irregular aggregates
(0.5 mm) within the K-feldspar rin.. Both forms mainly consist of sodic plagioclase (An; g 7¢) with

similar chemistry.

4.2.2. Mafic phases

The sub- to euhedral amphibole dominates from mafic silicates and corresponds to Fe-rich
pargasite (Fe/(Fe+tMg) = 0.74-0.91; *(Na+K) up to 0.89 apfu) (Fig. 4a). Amphibole is commonly
intergrown with chloritized biotite or gradually replaced by secondary chlorite along its cleavage
planes. It has slightly higher total alkali contents (Na+K ~0.77-0.89 apfu) and lower Mg# (0.09-0.17;
Mg# = molar Mg/[Mg + FeO,y]) in marginal and nodule variety compared to central variety (Na+K

~0.61-0.81 apfu; Mg# 0.21-0.26). Note that amphibole in nodule variety and amphibole from direct



contact between central and marginal variety plot in the middle of the fractionation trend shown in
Mgt vs. Al diagram (Fig. 4b).

Fresh biotite occurs as tabular grains (<280 pm) enclosed in perthitic K-feldspar and/or closely
associated with amphibole. Biotite corresponds to annite (Fe/(Fe+tMg) = 0.82—0.92) with the lowest
Mg# values in marginal variety similar to amphibole (Table 1). Biotite is usually replaced by
secondary chlorite of chamosite-like composition (Fe/(Fe+Mg) = 0.72-0.83) without significant
chemical variations among syenite varieties. Besides, chlorite occurs as extremely fine-grained

alteration products of titanite.

4.2.3. Zircon

Zircon usually forms euhedral crystals ranging Ton. 100 to 350 pum is size. They have
dominantly well-developed pyramids (101) and psrs (100) (Fig. 3a), less frequently evolved
pyramids (121), (211), (301), and prism (117 1. F .rly magmatic inclusions in zircon typically consist of
U-thorite (Fig. 3b). The vast majority o1 ~ircon experienced self-induced structural radiation damage
(metamictization), followed by recryst. ll'zauon (Fig. 3b) and/or fluid-driven hydrothermal alteration
(Fig. 3c¢).

We present only EMP a.*a from unaltered partially recrystallized zircon since the post-
magmatic alteration exten ivel - affected zircon chemistry, as exemplified by enhanced contents of
non-formula elements (e.g. Ca, Fe, Al, P) and low ZrO, content, EMP analytical totals, and BSE
intensity (Fig. 3¢) (see Kubes et al., 2021 for details). Pristine zircon (Fig. 3d) has relatively high ZrO,
(~64—66 wt%) and SiO, (~32-33 wt%) contents, and low Th/U ratios (<1.5) with non-formula element
contents below EMP detection limits (Table 2). Concentrations of UO, (0-1.6 wt%) and ThO, (0-1.3
wt%) vary widely on the inter- and intra-grain scale. Zircon from central variety shows slightly
decreased HfO, content (0.98—1.23 wt%) and thus higher Zr/Hf ratios (~52—67) in contrast to marginal

and nodule variety (HfO, 1.07-1.96 wt%; Zr/Hf ~32-55).

4.24. U-thorite



U-thorite occurs as irregular to rounded relatively small inclusions (<15 pm) enclosed in
metamict zircon (Fig. 3b). The chemistry of early magmatic inclusions from only unaltered zircon
domains are presented within this section (Table 3). The pristine U-thorite usually exhibit high ThO,
(43.9-56.5 wt%) and UO, (19.3-30.0 wt%) contents, accompanied by variable ZrO, concentrations

(0.14-4.32 wt%) routinely below 1 wt%, together with high EMP analytical totals (99-101.6 wt%).

4.2.5. Titanite

Titanite in all described syenite varieties exhibits son swh. t distinct textural morphologies,
mineralogical associations, and zonation patterns. Titanit~ .nai.ly occurs as sub- to euhedral grains
varying from 100 to 700 pm in size, intergrown witl an.nhibole and/or closely associated with
ilmenite. It also forms euhedral diamond-shaped c. st7is (<350 um) enclosed in K-feldspar, often
displaying patchy zonation patterns. In some cas'.s, well-developed subhedral to euhedral crystals have
preserved original oscillatory and/or sec~rial zonation (Fig. 3e). Similar to zircon, titanite crystals
experienced late fluid-driven alteraticn resalting in partial replacement of titanite by secondary
anatase, reflected by high TiO, ¢ ntent and low EMP analytical totals and BSE intensities of
extensively altered titanite don.ins (see Kube$ et al., 2021 for details). Therefore, chemical
composition of pristine tita iite .5 reported in this study (Table 2).

Unaltered titanite has 1 uniform chemical composition (TiO, 36-38 wt%, SiO, 30-31 wt%, CaO
~29 wt%) among individual syenite varieties and distinct textural types. It contains relatively high
concentrations of Nb,Os reaching up to 0.32 wt% (Table 2). Most titanite crystals show somewhat

high Ti*"/(Al + Fe’") ratios commonly ranging between 8.3—16.2.

4.2.6. Apatite

Apeatite is typically present as sub- to euhedral short-prismatic crystals about maximum sizes of

250 um and/or forms rounded grains reaching up comparable sizes (~200 pm). Apatite is usually



enclosed in perthitic K-feldspar and/or closely associated with amphibole. Apatite displays no visible
effects of late alteration in contrast to zircon and titanite. The oscillatory magmatic zoning of apatite
grains is commonly preserved (Fig. 3f).

It chemically corresponds to fluorapatite (F ~3.40-3.85 wt%). Concentrations of P,Os and CaO
are similar among syenite varieties and vary between 40.743 wt% and 55-56 wt%, respectively.
Apatite shows uniform and relatively high MnO and SiO, contents in described varieties, reaching up

to 0.13 wt% and 0.67 wt% (Table 2).

4.2.7. Ilmenite

Ilmenite occurs as irregular grains in the form of s-..-ll (aclusions within amphibole cleavage
plains (<10 pm), larger intergrowths with titanite (650-9J ..M, and subhedral crystals enclosed in K-
feldspar (250-500 pm). Ilmenite has uniform chen.-al _omposition (TiO, ~52 wt%, FeO ~46 wt%)

with Nb,Os content routinely varying betwer a 0 .2—0.3 wt% (Table 2).

4.3. Trace elements in minerals (LA-L C"*- v4S)

4.3.1. Zircon

With respect to the p esence of abundant early magmatic U-thorite inclusions in zircon (Fig.
3b), we provide data obtained for inclusion-free grains and/or domains of pristine zircon (Fig. 3d), in
line with time-resolved LA-ICP-MS spectra. The partially recrystallized zircon domains with no
visible effects of alteration display considerably variable } REE, Y, Th, and U contents, within and
between syenite varieties, regularly varying from several hundred up to tens of thousands of ppm
(Table 3).

Chondrite-normalized REE patterns (McDonough and Sun, 1995) differ among individual
varieties (Fig. 5a). Zircon in central variety typically features heavy rare earth elements (HREE)-

enriched patterns (Smy/Yby <0.13) with negative Eu anomalies (Eun/Eun® 0.46-0.71; Euy* = Al (Gdy x



Smy)) and more pronounced LREE enrichment relative to zircon in other syenite varieties (Fig. 5a).
Zircon in marginal variety has relatively flat REE patterns, slightly enriched in HREE (Smy/Yby 0.36—
1.29), with strong negative Eu anomalies (Eun/Euy® 0.28-0.55), similar to zircon from nodule variety

(SmN/YbN 017—158, EuN/EuN* 035—059)

4.3.2. Titanite

Titanite hosts significant amounts of incompatible trace elem uts such as REE + Y and HFSE,
particularly Nb and Ta (Table 3). Titanite is characterized by subst nti..'ly variable > REE abundances
within and between individual varieties, reaching up the high st ci\ ntents in marginal variety (up to
6477 ppm) in contrast to titanite from central (1748-5027 pym) and nodule variety (<960 ppm).
Yttrium exhibits similar decreases from marginal (301364 ~pm) through central (37—475 ppm) to
nodule variety (46—273 ppm). Niobium and Ta shew - re'atively uniform distribution in titanite among
syenite varieties, varying between 356—112¢ ppr 1 and 39-195 ppm, respectively. Other HFSE such as
Th, U, and Zr reach up somewhat lower . ~utents ranging from tens to several hundreds of ppm (Table
3), occasionally Zr content rises to tho i s of ppm. Titanite usually has low Th/U ratios (0.5-2.9)
and Ga concentrations (<23 ppm).

Chondrite-normalized REL. patterns of titanite ordinarily feature convex-upward trends
(Cen/Yby up to 21.7) wih considerably variable Eu anomalies, involving well-marked positive
(Eun/Eun® 1.98-7.01) as w:ll as strong negative Eu anomalies (Eun/Eun® 0.37-0.74) even within
syenite variety itself, as demonstrated by titanite chemistry from marginal variety (Fig. 5b). It should
be noted that Y REE + Y contents rapidly decreases with the increasing magnitude of positive Eu

anomaly (Fig. 5b).

4.3.3. Apatite

Apatite contains rather low HFSE contents compared to zircon and titanite although it

commonly reaches up relatively significant amounts of REE and Sr (Table 3). Apatite from central



variety exhibits the highest Y REE (16344188 ppm) and Y (630-1560 ppm) contents in contrast to
apatite from marginal variety (3 REE 1811-3285 ppm, Y 238-397 ppm) that shows values similar to
those from nodule variety (3REE 1684-3269 ppm, Y 161-496 ppm). Concentrations of Sr are lower
in apatite from the central variety (132—196 ppm) compared to apatite in marginal (257-311 ppm) and
nodule variety (218-297 ppm).

Chondrite-normalized REE patterns of apatite display slight variations among syenite varieties
(Fig. 5¢). Apatite from central variety features relatively flat REE patterns (Cen/Yby 1.8-2.6) caused
by enrichment in HREE (Luy 279-755). By contrast, apatite in mar_inal and nodule variety has more
pronounced convex-upward REE patterns reflected by higher Cen/ (by 6.0-20.7) due to lower HREE
contents (Luy 50-164). Apatite shows deep negative Eu anom ‘lies without any significant variations

among described syenite varieties (Eun/Euy® 0.25-0.71).

4.4. Whole-rock geochemistry

4.4.1. Major and minor elements

The alkali-rich syenites are g merally characterized by significantly high K,O content (up to
12.7 wt%) and K,0/Na,O ratio (v R—7.6) along with moderately high SiO, (up to 64 wt%) and Al,O;
(~17 wt%), and low MgC (<L 47 wt%), CaO (<1.62 wt%), TiO, (<0.82 wt%), P,Os (<0.08 wt%)
contents. Syenites have con iderably low Mg# (<0.17) and show somewhat variable FeO,, (0.9-5.07
wt%), reaching the highest contents in nodule and marginal variety, similar to MgO, CaO, TiO,, and
P,0Os concentrations (Table 4). Total alkali content (particularly K,O) and SiO, gradually increases
from nodule through marginal to central variety (Fig. 6a). Due to pronounced K,O enrichment, all
syenite varieties fall in the shoshonitic field (Fig. 6b) within the SiO, vs. K,O diagram (Peccerillo and
Taylor, 1976). The central variety is slightly peraluminous (A/CNK 1.01-1.05; molar Al,O;/[CaO +
K,0 + Na,O], whereas marginal and nodule variety display a rather metaluminous character (A/CNK
0.94-0.99; Fig. 6¢) (Shand, 1943). By contrast, peralkalinity slightly decreases from marginal and

nodule variety (A/NK up to 1.10-1.12; molar Al,O;3/[K,O + Na,O]) to central variety (A/NK 1.06—



1.08). The K-rich syenites are highly ferriferous and geochemically resemble quartz syenite
composition within the multicationic plot B vs. Mg/(Fe + Mg) (Fig. 6d) (Debon and Le Fort, 1988),

illustrating a relationship between maficity and Mg# values.

4.4.2. Trace elements

The syenites exhibit various enrichment in total REE contents, with a decreasing trend from
central through nodule to marginal variety (3 REE 177-270 pya, 128-212 ppm, 84-96 ppm,
respectively). Chondrite-normalized REE patterns slightly differ a non, individual varieties (Fig. 7a).
Marginal and nodule variety are characterized by convex-upw. rd h EE patterns (Cen/Yby 2.85-8.84)
with more pronounced negative Eu anomaly typical for n- . le -ariety (Eun/Eun*® 0.53—0.87) relative
to marginal variety (Eun/Eun* 0.79-0.96). By contrast, cen.al variety displays LREE- and HREE-
enriched U-shaped patterns with pronounced MREY *=p!:tion (Fig. 7a), featuring weak or no negative
Eu anomaly (Eun/Eun™® 0.85-1.00).

Primitive mantle-normalized (Mconough and Sun, 1995) extended trace element patterns
show strong HFSE (Zr, Th, U, Hf) and .J_t (Cs, Rb, Ba, K, Pb) enrichment and significant Nb and Ti
depletion along with deep trove.~ for P (Fig. 7b). All syenite varieties have notably low
concentrations of transition meta.” (Cr 3.1-5.4 ppm, Ni 0.7-1.7, Sc 6-26 ppm). High LILE/HFSE,

Th/Ta, Rb/Sr and low K/R!' anc Rb/Cs ratios represent a typical signature of syenites.

4.5. Sr-Nd isotopic composition

Strontium and neodymium isotope data were recalculated for the precise (CA-ID-TIMS) U-Pb
zircon age of 335.127 £ 0.061 Ma obtained for the Tiebi¢ pluton (Schaltegger et al., 2021),
corresponding to contemporaneous emplacement of alkaline (ultra)potassic intrusions in the Gfohl unit
(Fig. 1b; see Section 5.5. for details). Whole-rock Sr-Nd isotope geochemistry of central and marginal
variety (Fig. 8a; Table 4) of the alkali-rich syenites is characterized by highly radiogenic *’Sr/**Sryss

(~0.7116), similar to those of potassic to ultrapotassic magmas of durbachitic and lamproite series



within the Moldanubian Zone of the Bohemian Massif (see Janousek et al., 2019, 2020; Krmicek et
al., 2016 for review). Moreover, unradiogenic Nd of syenite samples (eNds3s < —7.8), along with Sr

isotopic signatures, strikingly resemble those of mature continental crust (Fig. 8a).

4.6. Geochronology

4.6.1. U-Pb apatite dating

As stated above, apatite has not experienced extensive dissolu ion during the post-magmatic
hydrothermal alteration in contrast to titanite and metamict ‘irco1 (Kube§ et al., 2021), and thus
represents an ideal phase for dating of (post-)magmatic hi<.c v { syenites. Overall, twenty-six apatite
crystals from marginal variety were analyzed (Table 5). on. nts of U and Th in dated apatite grains
regularly vary between 4.7-157.3 ppm and 5.7-32% » rpm, with U/Th values of 0.31-1.07 (median
0.63). Twenty-six spots yield a well-definec 1so’ nron date of 305.9 + 5.3 Ma (MSWD of 2.2; Fig. 9),

corresponding to a cooling age of miaski..~ syenites.

4.6.2. ®Ar/*Ar dating of mafic s*i. tes

The age spectra of a aphiHole and biotite reveal variable “’Ar/*’Ar degassing patterns among the
samples (Fig. 10a, b). An phibole 4NL yielded a first, highly discordant, spectrum featuring a
prominent hump over the first 80 % of Ar released and culminating near 320 Ma at 40 % of
cumulative loss (run N319.MS3; Fig. 10a). The trend ends with a final (fusion) step at 329.8 + 1.6 Ma.
The age trend is paralleled by large and progressively declining *°Ar/*’Ar ratios early through the gas
release, indicating progressive exhaustion of a secondary atmospheric component in the course of the
experiment (and most probably associated to degassing of secondary intergrown biotite). A duplicate
run on another single crystal produced a much more regular spectrum with a concordant plateau
spanning more than 80 % of the total release at 329.4 + 0.7 Ma (run N320.MS3; Fig. 10a). Biotite

3GN (run N317.MS3; Fig. 10b) shows initially constant apparent ages clustering about a short plateau



segment at 332.1 = 0.7 Ma (35 % of initial *Ar released) before evolving into an erratic pattern
featuring consecutive deeps (down to 100 Ma) as the extraction proceeds. Conversely, biotite 2AM
(run N318.MS3; Fig. 10b) produced a discordant (though less irregular) pattern converging to a short
plateau segment at 331.4 + 0.7 Ma (1) in the last 25 % of *Ar released.

All in all, the different experiments appear to have isolated a common radiogenic component
near 330 Ma (Table 6) despite sample-specific irregularities due to secondary alteration to chlorite,
both in amphibole and biotite. The near-concordance of the biotite and amphibole data at 330.9 + 0.39
Ma (pooled mean of four preferred ages noted above) is significant and gives robustness to this
estimate with a MSWD score of 2.84 (i.e., just above the fiducial I'mnt »f 2.60 at the 95 % confidence
interval). The concordance is all the more so compelling gien he distinctive retention behavior
characterizing these phases (McDougall and Harrison, 1279), clearly pointing to a cooling of the

syenite intrusion below ca. 500 °C close to 330 Ma.

5. Discussion

5.1. Mineral assemblages unraveling .a 1g natic evolution of syenites

The alkali-rich syenites hos. ~ significant amount of HFSE-bearing phases dominated by zircon
along with subordinate tit. nite and apatite, reflecting their miaskitic affinity. Although the syenites
mineralogically and geochr mically correspond to miaskitic magmas, they genetically differ from
common miaskitic varieties, considering their formation through the accumulation of alkali-rich melts
(see below) without subsequent extensive differentiation stage of mafic and/or ultramafic assemblages
(e.g. nephelinites, basanites, alkali basaltic rocks) that are typically associated with miaskitic rocks
(Marks and Markl, 2017; references therein). The accessory minerals together with major rock-
forming phases provide a unique insight into the (post-)magmatic history of the syenites and shed light
on their mutual petrogenetic relation with the host rocks.

The miaskitic syenites originated by crystal accumulation mechanism rather than crystallization

from residual melt, for the following reasons. Zircon from central variety has lower HfO, content and



higher Zr/Hf ratio relative to zircon from marginal variety (Table 2), reflecting a degree of magma
fractionation (Hoskin and Schaltegger, 2003). Since zircon is generally considered as an early
magmatic phase, the extreme ZrO, saturation of the central variety (ZrO, up to 2.6 wt%; Table 4)
triggered the crystallization of accumulated zircon pockets prior to zircon crystallization in marginal
parts of the syenite intrusion. Likewise, higher total alkali content and decreased Mg# of amphibole
from marginal variety (Fig. 4a, b; Table 1) demonstrate that amphibole crystallized from more evolved
melt. Considering variations in the amphibole chemistry among syenite varieties, best illustrated by
the fractionation trend in the Mg# vs. Al diagram (Fig. 4b), n< dule variety likely represents a
transitional member between central and marginal variety and en pha. izes the importance of crystal
accumulation. The above-mentioned observations are further st opoi ‘ed by different whole-rock trace-
element composition of syenite varieties. Significant HRFZ ~nc¢ HFSE (Zr, Hf, Th, U) enrichment in
central variety reflects zircon accumulation (Fig. 7b; T?ule *). The nodule variety ordinarily shows
intermediate contents of trace elements compared t> « nt-al and marginal varieties (Fig. 7b), indicating
its transitional character. By contrast, the owr st trace element concentrations typical of marginal
variety suggest possible AFC-style crustal contamination (see Section 5.2.).

The magmatic origin of zircon s dc.umented by low Th/U ratios (Hoskin and Schaltegger,
2003) and its morphological featvre. (Fig. 3a) resembling those of high-temperature igneous zircons
associated with mantle-derived ai.alme magmas (Skoda et al., 2009). LREE-enriched zircon patterns
(Fig. 5a), usually ascribed ‘o oc currences of micro- to submicroscopic inclusions (Zhong et al., 2018;
references therein), likely re lect the variable intensity of metamictization and/or recrystallization (see
Kubes et al., 2021 for details), indicating that zircon chemistry cannot be considered as a suitable
petrogenetic tracer to decipher the magmatic evolution of the host rocks.

Trace element signatures of titanite correspond to those from igneous rocks worldwide (e.g.
Kontonikas-Charos et al., 2019), considering relatively high Y REE and HFSE contents (Table 3) and
convex-upward REE patterns (Fig. 5b), mimicking the whole-rock composition (Fig. 7a). Conversely,
positive Eu anomalies and variable Y REE + Y contents relate to a late metasomatic overprint of
syenites (Kubes et al., 2021), as suggested by negative Eu anomalies on whole-rock and apatite REE

patterns (Fig. 5c, 7a) along with Y REE + Y decrease in titanite depending on the magnitude of



positive Eu anomaly (Fig. 5b). By contrast, relatively high Ti*"/(Al + Fe’") ratios of pristine titanite
(up to 16.2) can indicate a mantle-related magma source (Piuzana et al., 2008). Low Fe,03/Al,0;
ratios and Ga contents in unaltered titanite and its preserved negative Eu anomalies (Fig. 5b; Table 3)
likely reflect reduction state of the parental magma, since under reducing conditions divalent cations
such as Fe*", Ga", and Eu®" are not favored by titanite, leading to their low contents (Xu et al., 2015).
This is in agreement with petrological observations such as the presence of abundant ilmenite and the
absence of allanite, whose formation requires high Fe** proportions in magmas (Sha and Chappell,
1999).

In contrast to other HFSE-bearing phases, igneous fluorapat te s*ows no visible effects of later
alteration and thus represent a suitable petrogenetic tracer. The increase in HREE and Y with
decreasing Sr contents in apatite from central to mar_.~a1 variety (Fig. S5c; Table 3) reflects
geochemistry of host magma, particularly increased alum’ aos.v accompanied by higher SiO, contents
(Fig. 6c; Table 4) (e.g. Chu et al., 2009). Re'a.” rel; high MnO contents in apatite (Table 2),
resembling those from highly fractionat .d -aetaluminous to slightly peraluminous granitoids
(Belousova et al., 2002), indicate inc.~asing aluminosity and/or reducing conditions (Sha and
Chappell, 1999). Taken together, trace 21.m unt systematics in apatite is highly sensitive to increasing
aluminosity and SiO, content of the “ost rocks rather than a degree of magma fractionation, which in

turn is reflected by zircon and amj. “ibole chemistry, as discussed above.

5.2. Ultrapotassic affinity v 2rsus the role of AFC-style crustal contamination

Although the miaskitic syenites are of cumulate origin, the considerably high K,O content and
K,0/Na,O ratio (Table 4), extreme enrichment in HFSE (Th, U, Zr, Hf) and LILE (Cs, Rb, Ba, Pb)
(Fig. 7b), and crust-like isotopic signatures (Fig. 8a) indicate their alkaline, ultrapotassic affinity (e.g.
Altherr et al., 2004; Conticelli et al., 2015; Foley et al., 1992). High LILE/HFSE, Th/Ta, Rb/Sr as well
as low K/Rb and Rb/Cs ratios are generally considered as a characteristic fingerprint of ultrapotassic
rocks of the durbachite series (Janousek and Holub, 2007). Primitive mantle-normalized trace element

patterns also suggest a genetic link to ultrapotassic magmatism in the Bohemian Massif (Fig. 7b), as



further indicated by a close spatial association of the alkali-rich syenites with the Ttebi¢ pluton (Fig.
1b). Moreover, the syenites share some geochemical and isotopic features with Group II lamprophyres
from Vosges and Schwarzwald (Soder and Romer, 2018), indicating a similar magma source (Section
5.3).

On the other hand, the highly ferriferous character of the syenites (Fig. 6d), significantly low
contents of transition metals (Table 4) and the composition of Fe-rich mafic silicates (Fig. 4) point
towards the AFC-style crustal contamination of source magmas of the alkali-rich syenites, as
previously proposed for other syenitoids in the Moldanubian Zone (! anousek et al., 2019). In addition,
the presence of quartz and biotite xenocrysts exclusively in mar2ina' and nodule variety indicates
assimilation of felsic crustal material during magma ascent (<ubiiova et al., 2017). However, the
highly unusual major- and trace-element whole-rock finger,.. m. of miaskitic syenites (extremely high
Ba, K, Rb, Th, U, Zr; Fig. 7b; Table 4) cannot be simrply oscribed to the hybridization of syenite
parental melts by mature crustal material since crn. ate of these elements in the syenites are by far
higher than those of crustal continental rock . an . sediments (e.g. Rudnick and Fountain, 1995). Thus,
unreasonably high proportions of crustai ~ssimilants would be required to generate LILE- and HFSE-
rich melts of miaskitic composition (Z ey .. al., 2009). Accordingly, the alkali-rich syenites show a
different geochemical trend in the A/CNK vs. A/NK diagram (Fig. 6¢) compared to strongly
contaminated marginal facies of .~e [Tebi¢ pluton, usually exhibiting notably low K,O, Rb, Ba, Th,
and U contents (Janousek t al. 2020). From this follows that extreme K,O, LILE and HFSE (Th, U,
Zr, Hf) enrichment makes tt > syenites almost entirely insensitive to crustal contamination and provide
constraints on the source nature and concurrently its degree of melting (Section 5.4.).

Similarly, crust-like isotopic signatures of the syenites (87Sr/86Sr335 ~0.7116; eNdj3s < —7.8)
could not have been produced solely by continental crustal assimilation (Fig. 8b), instead the
involvement of a long-term enriched reservoir is necessary to generate such highly radiogenic isotopic
composition (Gerdes et al., 2000; Tabaud et al., 2015). Furthermore, as already shown for durbachitic
rocks of the Ttebi¢ pluton (Janousek et al., 2020), likely crustal assimilants are isotopically less
evolved (87Sr/86Sr337 <0.7102; eNds3; > —6.5) than the ultrapotassic primary magma (87Sr/86Sr337

>0.7112; eNds3; > —7.6). These observations unequivocally preclude the contribution of crustal



contamination as a major mechanism producing the typical crust-like isotopic composition of the
syenites, indicating negligible and/or only limited dilution of source isotopic signatures (Fig. 8b).

Trace element modelling confirms that low degree (~1 %) melting of a phlogopite-bearing
mantle source (see Section 5.4. for details) would generate appropriate parental melt compositions. We
use the batch melting model of Shaw (1970) for the starting composition glimmerite (Forster et al.
2017) and for mineral/melt partition coefficients, we use the values reported in Condamine et al.
(2022). The most obvious difference between the modeled melt composition and the studied miaskitic
syenites is that the proposed parental melt have higher LREE, Sr an ‘ Nb (Fig. 7c). The content of Nb
in the melt produced by partial melting of the mantle is strongly ¢ tfec.>d by the presence of rutile in
melting residue (Altherr et al., 2004) which is not incorporatec in « ur model. High contents of these
elements reflect LREE and Sr enrichment in the source ccup'2a with small degrees of melting. These
differences indicate that the parental melts were dJ.ring emplacement partially modified by
fractionation and assimilation of crustal material (Fig. 7=, 8c, d).

Results from AFC modelling (Boh: ‘-on and Spera, 2001) confirm that the assimilation of
anatectic melts into fractionated magma c>n explain the composition of studied rocks (Fig. 7c, 8b—d).
The mineral composition requires low d:gice crystal fractionation (3—5 %) of a parental magma in
combination with anatectic melt g.-erated by partial melting of the Moldanubian crust (5SGB/9;
Burianek 2008). The depletion in - and an insignificant negative Eu anomaly suggest that plagioclase
(~60 %) and biotite (~25 % ) renuined the main crystallizing phase during magma evolution. However,
the assumed presence of ac :essory phases strongly controls the modelled HFSE and REE contents.
The crystallization of monazite (1 %; monazite group minerals are typical accessory minerals in
durbachites of the Tiebi¢ pluton; Burianek et al. 2022), apatite (0.5 %), and allanite (0.5 %) depleted
modelled melt composition mainly in LREE. In addition, variations in the content of accessory phases

(e.g. titanite/apatite ratio) can affect REE content in individual samples (Fig. 8d).

5.3. Origin and nature of enriched mantle source



General agreement exists that highly alkaline ultrapotassic magmatism relates to the melting of
heterogeneous lithospheric mantle source contaminated by crustal material (e.g. Avanzinelli et al.,
2009; Conticelli et al., 2015; Foley, 1992; Jung et al., 2020; Prelevi¢ et al., 2012). The significant
contribution of mature continental crust to the source region of miaskitic syenites is demonstrated by
crust-like isotopic signatures (Fig. 8a), HFSE (Zr, Th, U, Hf) and LILE enrichment (Fig. 7b), and
slight negative Eu anomalies (Fig. 7a; Table 4). Depletions in Nb, Ta and Ti suggest the presence of
Ti-rich phase in their melting residue (Altherr et al., 2004), a typical feature observed in convergent
tectonic settings (e.g. Zhao et al., 2009), signalizing that the input o " crustal component was probably
subduction-related. Peralkaline composition of syenites along with sig. ficantly high K,O content and
K,0/Na,O ratio (Table 4), exceeding those of lamproite series ( ig. \ b) (Krmicek et al., 2016), suggest
a predominance of K-rich phase within their source, most '...~ly phlogopite (Soder and Romer, 2018).
LREE-enriched patterns with negative Eu anomalies o” m«-ginal and nodule variety, showing no
visible effects of crystal accumulation in contrast *o0 -=n’,al variety (Fig. 7a), possibly indicate partial
melting in the presence of residual phlogor te / {ubinova et al., 2017). High Rb/Sr, Ba/Rb, and low
Ti/K ratios, admittedly at least partially . ~odified by cumulus processes, may also suggest derivation
of syenites from a phlogopite-bearing n ar.tli. source (Jung et al., 2020).

Indeed, a key role of phlng.nite within the enriched mantle source of ultrapotassic rocks
worldwide has been previously ac monstrated by many authors (e.g. Conticelli et al., 2015; Prelevi¢ et
al., 2008; Zhao et al., 2009 . Hc vever, the exact origin and nature of the mantle source of ultrapotassic
magmatism in the Bohemia 1 Massif remain unclear. Basically, two possible alternatives have been
proposed by Janousek et al. (2020): (1) phlogopite-bearing harzburgitic mantle, and/or (2) phlogopite-
veined refractory peridotite. With respect to the results of experimental studies (Forster et al., 2019;
references therein), the extreme K,O-enrichment of syenites (up to 12.7 wt%) provide direct evidence
that highly evolved miaskitic melts were derived from almost pure phlogopite component concentrated
within a vein network. Since experimentally produced melts of uniform phlogopite-bearing peridotite
exhibit relatively limited K,O enrichment (<4 wt% K,0; Condamine et al., 2016). Instead, partial
melting of phlogopite-veined refractory peridotite has successfully generated such extremely K-rich

melts (K,O up to 12 wt%; Forster et al., 2017).



Accordingly, K-rich syenites together with durbachitic rocks of the Ttebi¢ pluton (Janousek et
al., 2020) have Sr-Nd isotopic compositions similar to Moldanubian HP granulites and phlogopite-rich
veins collectively termed as glimmerites (Fig. 8a) (Becker et al., 1999) that could account for a major
source of ultrapotassic magmatism in the Bohemian Massif, as demonstrated above. These glimmerite
veins, occurring within ultrabasic massifs in the Moldanubian Zone of Lower Austria, formed through
the interaction of wall-rock peridotites with F-rich fluid released during the HP-HT breakdown of
phlogopite in the felsic granulites (Becker et al., 1999). The supercritical fluids and/or possibly (U)HP
melts derived from subducted felsic metaigneous lithologies (Janou iek et al., 2004), have percolated
through overlaying heterogenous subcontinental mantle, which has lea ‘o the formation of phlogopite-
rich vein network. There is mounting evidence that Moldanubi: n gr. nulites have truly reached mantle
depths, as demonstrated by the spatial association with m-..:'e-"erived ultrabasic rocks (Kubes et al.,
2022), preservation of UHP phases in granulites (Kotkov” et .! , 2011; Perraki and Faryad, 2014), and
PT estimates of their prograde mineral assemblagzs le-.licka et al., 2015). Moreover, HP granulites
are spatially and temporally associated wi‘1 u'.rapotassic rocks of the durbachite series and share
mutual chemical affinities (Janousek and folub, 2007).

A similar petrogenetic scenari w.s previously proposed for durbachites and Group II
lamprophyres from the Vosges an1 .chwarzwald (Soder and Romer, 2018; Tabaud et al., 2015). The
notable geochemical and isotopic ~imilarities between the lamprophyres and the alkali-rich syenites,
involving almost identice: Ri’E patterns and Sr-Nd isotopic composition resembling those of
Moldanubian granulites (Fis . 7a, 8; see Soder and Romer, 2018), indicate comparable mantle source
enrichment. However, partial melting of higher proportions of glimmerite component would be
required to produce the unusual major and trace element composition of the syenites (Fig. 7c; see
Section 5.4.). From this follows that our whole-rock geochemical data demonstrate a derivation of the
alkali-rich syenites from a pure vein system consisting of phlogopite-bearing assemblages resembling

glimmerites.

5.4. Low-degree partial melting of phlogopite-veined mantle domains



The conspicuous variable enriched composition of miaskitic syenites compared to closely
associated ultrapotassic rocks of the Tiebi¢ pluton is suggestive of heterogeneous lithospheric mantle
source and particularly a different degree of its partial melting. Assuming that the metasomatic
component is concentrated within the vein network, a low degree of partial melting of pure glimmerite
material would produce the K-rich melts with extreme trace element enrichment (Fig. 7b, c; Table 4)
(Forster et al., 2017, 2019), as demonstrated in case of (ultra)potassic rocks from the Mediterranean
region (Conticelli et al., 2009) and Lhasa terrane (Zhao et al., 2009). Taking into account the results of
experimental studies investigating melting of mixed peridotite-glir merite mantle source (Forster et
al., 2017), metasomatic assemblages of vein network usually hav  a . wer solidus than surrounding
refractory lithospheric mantle. Hence with increasing temperat wre, (uring a short thermal pulse likely
caused by slab break-off (Janousek et al., 2020), the .:.'ogopite-veined mantle domains should
preferentially partially melt, whereas partial melting of -val ock peridotite would occur only if the
temperature has sufficiently raised. Accordingly, » s fivient heat flux of the invading asthenosphere
would trigger partial melting of the ohlr gopite-bearing metasomatized mantle, producing
(ultra)potassic magmas (e.g. Avanzinelli . ¢ al., 2009; Becker et al., 1999; Prelevi¢ et al., 2008).

These observations together with 0. trace element-based partial melting models (Fig. 7c)
clearly indicate that the alkali-richi <yenites represent an initial product of low-degree melting of
metasomatically enriched subcon. nental lithospheric mantle beneath the Variscan orogenic root. By
contrast, the origin of com non members of ultrapotassic magmatism in the Moldanubian Zone of the
Bohemian Massif is linked t ) relatively higher degrees of partial melting of the similar metasomatized
source (Janousek and Holub, 2007; Krmicek et al., 2016; Kubinova et al., 2017), inevitably increasing
the contribution of a lithospheric mantle component to the hybrid vein-derived magmas (Janousek et
al., 2020). In this context, extreme HFSE and LILE enrichment along with unusually high K,O content
of miaskitic syenites (Fig. 6b, 7b; Table 4) indicate the dominant contribution of the pure metasomatic
component to their parental magmas, with almost negligible input of mixed peridotite-glimmerite
source. Since trace element enrichment in partial melting products of the phlogopite-veined depleted
mantle are strongly dependent on temperature and therefore on a degree of melting (Fig. 7c); the

highest enrichment generally reflects the lowest degree of melting, as was experimentally



demonstrated by Forster et al. (2017). Accordingly, low-degree melting of K-rich mantle domains with
non-peridotitic mineral assemblages may produce small-volume partial melts with unique geochemical
characteristics (e.g. Foley, 1992), providing a possible explanation for low Mg# of the syenites along
with negligible Cr, Ni and V contents (Table 4). Since glimmerites represent unusual mantle rocks
with crust-like geochemical and isotopic signatures inherited from their precursors (Moldanubian
granulites; Becker et al., 1999), the initial melts (alkali-rich syenites) would be dominated by vein
components, whereas later melts (ultrapotassic rocks; Janousek et al., 2020) will include components
from the peridotitic wall rocks.

An analogous vein-plus-wall-rock melting model was appli :d 1 lamproitic magmatism in the
Western Mediterranean region (Conticelli et al., 2009), whe e v. riable geochemical and isotopic
composition between lamproites and less evolved ca'. ~lk.line to shoshonitic members were
attributed to different degrees of partial melting of lherzr iitic mantle along with different proportions

of phlogopite and clinopyroxene entering these me'ts.

5.5. Timing of K-rich magmatism in th. Variscan orogenic root

The newly acquired U-Pb apa.’*e age of 305.9 £ 5.3 Ma in the current study (Fig. 9) corresponds
to the cooling of the miaskitic syc. ites instead of their emplacement, considering a higher temperature
of crystallization of alkali1 ¢ ul.-apotassic melts (>800 °C; Kotkova et al., 2010) relative to the U-Pb
closure temperature of ap: tite (~375-570 °C; Cochrane et al., 2014). Accordingly, the almost
contemporaneous emplacement of highly alkaline ultrapotassic rocks in the Moldanubian Zone of the
Bohemian Massif is recorded by U-Pb zircon, titanite, and rutile ages in a range of 335-338 Ma
obtained for durbachitic plutons (Janousek et al., 2020; Kotkova et al., 2010; Schaltegger et al., 2021),
subordinate two-pyroxene syenitoids (Janousek et al., 2019) and vaugnerite and syenite porphyry from
an ultrapotassic dyke swarm (Kubinova et al., 2017). These coeval intrusions reflect the first pulse of
ultrapotassic magmatism in the Variscan orogenic belt (Soder and Romer, 2018), near-synchronous

and shortly following the exhumation of (U)HP crustal complexes (Janousek and Holub, 2007).



The initial fast cooling of the alkali-rich syenites recorded by new *Ar/*’Ar amphibole-biotite
dates ranging between 329.8 £ 1.6 and 331.4 £ 0.7 Ma (Fig. 10a, b; Table 6) indicates that exhumation
of the internal orogenic domain in the Bohemian Massif must have been a short-lived event, probably
driven by buoyancy forces (Medaris et al., 2005), as suggested by relatively narrow time gap between
the peak stage of high-grade Variscan metamorphosis (~340 Ma; O'Brien and Rétzler, 2003) and
cooling ages of the mantle-derived alkaline syenites. The rapid exhumation of the Variscan orogenic
root in Central Europe, accompanying the ultrapotassic magma emplacement (Leichmann et al., 2007),
is further supported by: (1) *Ar/*Ar dating of units overridden by tl ¢ Gfohl nappes (Dallmeyer et al.,
1992); (2) cooling rates given for mantle-derived rocks (Medaris et al., .)005); (3) presence of granulite

clasts in the Culmian foreland basin (Copjakova et al., 2005).

5.6. Possible geodynamic implications

Our results also shed light on possibls ger Jynamic settings of the emerging subduction channel
between Moldanubian and Saxothuringi.~ domains during the Variscan collision (Schulmann et al.,
2014; references therein). Whole-rock 2rocuemical and isotope data indicate that miaskitic syenites
originated by partial melting of ~u.= glimmerite component veining mantle wedge (Section 5.3.),
derived from Moldanubian granu.’tes (Becker et al., 1999). Assuming that HP granulites represent a
deeply buried Saxothuringiin f¢'sic metaigneous material (Janousek et al., 2004), relatively short-lived
Andean-type subduction ( _.ate Devonian—Early Carboniferous) appears to be a most likely
geodynamic scenario (Schulmann et al., 2009). During subduction of Saxothuringian domain
underneath the eastern continental Tepla-Barrandian-Moldanubian block, a local lithospheric mantle
could have been extensively affected by melts/fluids derived from the down-going slab material. The
mantle enrichment leading to glimmerite veins formation dated at 337 Ma (Becker et al., 1999) was
almost contemporaneous with K-rich magmas emplacement (~335 Ma; e.g. Schaltegger et al., 2021).
Such widespread mantle refertilization is probably recorded by the presence of K-rich melt inclusions
trapped in Saxonian eclogites from Granulitgebirge (Borghini et al., 2020), exhibiting chemical

features typical of common durbachitic rocks (Janousek et al., 2020). Accordingly, occurrences of



genetically related yet widely separated lithospheric mantle fragments in the Moldanubian and
Saxothuringian Zone (Schméidicke et al., 2010) may suggest a similar mantle source of ultrapotassic
rocks in both major tectonic zones of the Bohemian Massif.

After the formation of phlogopite-rich vein network within the subcontinental lithospheric
mantle, a sudden heat pulse was necessary to reactivate these subduction-derived metasomatic
assemblages (Janousek et al., 2020). In our case, buoyancy forces following slab break-off (Medaris et
al., 2005) likely triggered low-degree partial melting of glimmerite-veined mantle producing highly
alkaline miaskitic and ultrapotassic melts (Foley, 1992; Avanzine li et al., 2009; Conticelli et al.,
2015). The subsequent passage of these melts through continental blo. ks, accompanied by extensive
crustal assimilation (Janousek et al., 2020), has caused (unly limited dilution of their initial
geochemical and isotopic signatures (Fig. 7c, 8b—d) during ...~g...a ascent to shallow crustal levels (ca.
815 km; Leichmann et al., 2017). The relatively slow solfication rate of these hot dry magmas
and/or possibly their slow ascent through the crust “<ckova et al., 2010) is reflected by the U-Pb
cooling age of apatite (Fig. 9) following the mit’al fast cooling of miaskitic syenites below ca. 500 °C
(McDougall and Harrison, 1999) recora.od by *"Ar/*Ar dates (Fig. 10a, b). Our *Ar/*’Ar ages are
nearly identical to the cooling ages of ¢ b .r .trapotassic members from the Saxothuringian Zone (e.g.
Meissen massif; see Wenzel et al. 1"97), highlighting the close temporal yet wide spatial association

of mantle-derived K-rich magmat.m within the European Variscides.

6. Conclusions

The studied alkali-rich syenites, located in the high-grade Gfohl unit of the Moldanubian Zone,
represent a “missing puzzle piece” to decipher the exact origin and nature of enriched mantle source of
ultrapotassic magmatism in the Bohemian Massif. The syenites are characterized by having a highly
alkaline composition (K,O <12.7 wt%; K,O/Na,O <7.5), miaskitic affinity, radiogenic Sr and
unradiogenic Nd isotopes (87Sr/86$r335 ~0.7116; eNds;s < -7.8), and significant trace element

enrichment (e.g. Th, U, Zr, Hf, LILE, LREE). They originated as a result of fractional crystallization

and accumulation from highly evolved mantle-derived alkaline magmas. Their extreme major and



trace element geochemistry along with crust-like isotopic signatures bear witness that syenites
correspond to products of partial melting of metasomatic phlogopite-rich vein network (glimmerites)
in the subcontinental mantle, generated by the percolation of (U)HP fluids/melts released from the
deeply subducted continental crust (Moldanubian granulites) during the Variscan collision. Low-
degree melting of high proportions of almost pure phlogopite component produced unusual miaskitic
melts, compared to common members of ultrapotassic magmatism in the Bohemian Massif (e.g.
durbachites, lamprophyres, lamproites), linked to higher degrees of partial melting of mixed
glimmerite-peridotite mantle source. The almost contemporaneous ‘mplacement of alkaline magmas
with mantle source enrichment was closely followed by initia~ fa.t cooling dated by *"Ar/*’Ar
amphibole-biotite ages (<331.4 Ma), indicating rapid exhuratio1 of the high-grade root of the
Variscan Orogen, whereas U-Pb apatite age of 305.9 .1~ icther reflects subsequent cooling to
relatively lower temperatures. The initial cooling ages of syc. ites, recorded by *°Ar/*’Ar plateau ages
clustering at 330 Ma, strikingly resemble thos> - “axothuringian K-rich intrusions, reflecting
simultaneous ultrapotassic activity in both - 1ajc. tectonic zones of the Bohemian Massif. The short-
lived Andean-type subduction of the S.~othuringian domain beneath the continental Moldanubian

block is the most likely petrogene ic 1.0del of coeval K-rich magmatism in these widely

geographically separated tectonic ~o. =s.
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Figure captions

Fig. 1 (a) Location of the Bohemian Massif and occurrences of the Variscan basement within the
regional frame of western-central Europe (b) Simplified geological map of the eastern Moldanubian
Zone hosting widespread ultrapotassic intrusions. Modified on the basis of the Czech Geological

Survey on-line maps application (https://www.geology.cz)

Fig. 2 Representative hand specimens of major syenite varieties: (a) central (b) marginal (¢) nodule.
Microphotographs of common mineral assemblages in alkali-rich sy ~aites: (d) significant amount of
metamict zircon typically surrounded by abundant microfracturcs (ci ntral variety; plane-polarized
light) (e) subhedral amphibole enclosed in perthitic K-feldspar ( narginal variety; plane-polarized

light). Abbreviations: Kfs = K-feldspar, Zrn = zircon, Amy = « nphibole

Fig. 3 (a) Characteristic zircon morphology from all al:-r ch syenites (central variety; SEM image) (b)
Strongly metamict zircon showing dissoluti ,n-i 2prcsipitation textures particularly within its crystal
interiors, containing early magmatic U-thorite .. clusions (central variety; BSE image) (¢) Partially
altered zircon typically displaying low 3> I intensity (nodule variety; BSE image) (d) Inclusion-free
zircon exhibiting only limited effect ot .'teration (marginal variety; BSE image) (e) Subhedral titanite
with sector zoning within the cue . d oscillatory zonation in rims (marginal variety; BSE image) (f)
Euhedral apatite showing v ¢!~ oscillatory zoning in the crystal core (marginal variety; BSE image).

Abbreviations: Zrn = zirco. U-Thr = U-thorite, Bt = biotite, Kfs = K-feldspar, Chl = chlorite, Ttn =

titanite, Amp = amphibole, Ap = apatite

Fig. 4 (a) Binary plot °(Al + 2Ti) vs. *(Na + K) and (b) Mg# [Mg/(Mg + Fe)] vs. VAl diagram
showing compositional variations in amphiboles from individual syenite varieties compared to
amphibole chemistry from the ultrapotassic Ttebi¢ pluton (JanousSek et al., 2020). Amphiboles from
direct contact between central and marginal variety are marked in the Mg# vs. VAl plot (see Section

5.1. for details)

Fig. 5 (a—¢) Chondrite-normalized (McDonough and Sun, 1995) REE patterns of accessory phases



Fig. 6 Classification diagrams for syenite varieties (a) Binary plot SiO, vs. Na,O + K,O (Middlemost,
1994) (b) SiO; vs. K,O (Peccerillo and Taylor, 1976) (¢) A/CNK vs. A/NK (Shand, 1943) (d)
Multicationic plot B vs. Mg# (Debon and Le Fort, 1988). The whole-rock composition of ultrapotassic
rocks of the Tiebi¢ pluton (TP) and its marginal facies (Janousek et al., 2020) along with lamproites

(Krmicek et al., 2016) from the Bohemian Massif is illustrated for comparison

Fig. 7 (a) Chondrite-normalized REE patterns and (b) primitive-mantle-normalized multielement
spider plot for syenite varieties, standardized values are from McDonough and Sun (1995). Grey
compositional fields for ultrapotassic rocks of the Ttebi¢ pluton base. on data from Janousek et al.
(2020). (c) Results of trace element-based partial melting mode!~ - y-blue and hatched fields show
the composition glimmerite and melt generated by glimme- te welting experiments at 10 kbar and
1125 °C respectively (Forster et al., 2017). Red lines sho.” m 1t compositions modelled by 0.1 and 5
% (red numbers denote the amount of melt in %) ba’ch melting of a phlogopite-bearing mantle source
(composition as that proposed by Forster et 1. 2L 7). Source was 0.45 olivine, 0.30 clinopyroxene,
0.20 phlogopite, and 0.15 orthopyroxene; with melting proportions of 0.30 olivine, 0.20
clinopyroxene, 0.40 phlogopite, and 0.1 ~rth. pyroxene. Mineral/melt distribution coefficients used in
the modelling are from Condamine ¢. al (2022). Green line showing results of the best-fit AFC model.
This model requires a total of > % (green number denotes the amount of melt in %) fractional
crystallization in combination - ith assimilation (assimilation rate/fractionation rate is 0.8) of
leucogranitic melts genei.“2u vy partial melting of the Moldanubian crust (sample III; Burianek 2008).
The fractionating mineral assemblage from melt generated by 1 % batch melting of a phlogopite-
bearing mantle source was modeled as P1 (60 %) + Bt (35 %) + Mnz (1 %) + Ap (0.5 %) + Aln (0.5
%), and mineral/melt distribution coefficients are taken from Stepanov et al. (2012), Padilla et al.

(2016), Were et al. (2021)

Fig. 8 (a) Binary plot 87Sr/*Sr335 vs. eNdsss illustrating the isotopic composition of the miaskitic
syenites relative to other mantle and crustal lithologies from the Moldanubian Zone together with
hybrid rocks of glimmerite veins and the durbachitic Tiebi¢ pluton (TP), adapted after Janousek et al.

(2020). (b) Zoomed part binary plot of *’St/**Srs;5 vs. €éNdsss showing the possible mixing hyperbola



between the crustal contaminant and enriched mantle source for durbachitic analyses from the Ttebic
Pluton according to Janousek et al. (2020). (c¢) Binary Ba vs. Rb and (d) Ce vs. Rb/Sr (logarithmic
scale) diagrams show result batch melting modelling of a phlogopite-bearing mantle source (red vector
correspond to 30 % melting mantle source) and assimilation and fractional crystallization (AFC)
modelling (green vector correspond to 5 % fractionation). Details of modelling are the same as
reported in Fig. 7c, and the number denotes the amount of melt in %. Grey-blue and hatched fields
show the composition glimmerite and melt generated by glimmerite melting experiments at 10 kbar
and 1125 °C respectively (Forster et al. 2017). PM = primitive-me 1tle composition values are from

McDonough and Sun (1995)

Fig. 9 Tera-Wasserburg concordia diagram with results of &; atitc dating; grey band represents the U

decay constant uncertainty. MSWD = mean square of weightec deviations

Fig. 10 Results of *“’Ar/*’Ar dating for (a) amphibo.~ ~ad (b) biotite from miaskitic syenites. PA =

plateau ages, MSWD = me .n square of weighted deviations
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Table 1 EMP analy

Minera
1 K-feldspar Plagioclase Amphibole Biotite Chlorite

Centra Centra Margina Margina Nodul Nodul Margina Margina Nodul Nodul Centra Centra Margina Margina Nodul Nodul Contact Contact Centra Centra Margina Margina Nodul Nodul Centra Margina Nodul
Variety 1 1 1 1 e e 1 1 e e 1 1 1 1 e e ° ° 1 1 1 1 e e 1 1 e

Major oxides (Wt%)
SiO, 64.58  65.23 64.45 64.95 6525  64.94 68.16 67.82 68.65 68.02 4294  41.03 38.82 38.34 38.61 39.81  39.19 3840  33.89  35.09 33.56 34.89 3434 3343 2529 29.03 25.71

TiO, 1.06 1.94 2.10 2.37 2.26 2.49 2.51 1.88 2.72 3.53 6.00 5.99 6.09 5.94 0.26 0.07 0.13
ALO; 18.30  18.48 18.31 18.47 1823 18.75 20.14 20.78 20.09  19.63 8.66 10.40 11.06 10.91 10.55  11.05 11.26 11.42 1455  14.42 13.43 14.07 13.71 1435 18.86 16.49 17.38
FeO b.d.l. b.d.l. b.d.l 0.07 b.d.l. b.d.l. b.d.l b.d.l. b.d.l 0.12 2591 2695 29.39 29.87 28.12 2839  29.60 27.62 3322 29.90 32.84 30.52 29.99 3047  40.26 33.81 40.57
MgO 5.20 3.91 1.70 1.77 2.96 3.16 2.32 3.03 3.73 3.22 1.73 2.27 3.79 2.37 5.79 5.91 4.81
CaO b.d.l. b.d.l. b.d.l b.d.l. b.d.l. 0.06 0.92 1.30 0.77 0.44 11.58 1154 11.18 11.29 11.60  11.32 11.43 11.43 b.d.l 0.10 b.d.l 0.08 b.d.l 0.09 b.d.l 0.40 0.17
MnO 0.49 0.53 0.49 0.50 0.41 0.49 0.50 0.55 0.24 0.28 0.31 0.19 0.30 0.27 0.38 0.38 0.46
BaO 0.55 0.49 0.42 0.41 0.57 0.64 b.d.l b.d.l. b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 0.17 b.d.l b.d.l 0.11 0.43 0.40 0.52 0.40

K,0 16.19 1531 16.23 15.27 15.16  14.23 0.14 0.15 0.13 0.11 1.12 1.61 1.99 2.17 1.92 1.87 1.99 2.11 7.46 8.88 9.07 8.80 8.90 8.09 0.39 0.69 0.16
Na,O 0.39 1.33 0.38 1.25 1.24 1.44 11.11 11.06 1096  11.17 1.27 1.53 1.55 1.28 1.48 1.46 1.36 |9 CdlL b.d.l b.d.l 0.08 0.10 0.12 b.d.l 0.11 b.d.l
F bdl  bdl b.d.l b.d.L bdl  bdl b.d.l b.d.L 0.09 b.d.l 0.17 0.10 0.10 b.d.l. 0.10 0.09 b.d.L 11 0.11 b.d.l b.d.L b.d.L b.d.l b.d.L

Cl 0.29 0.27 0.38 0.39 0.35 0.34 0.4 9.7 0.41 0.55 0.29 0.30 0.31 0.25

Total 100.0  100.8 99.8 100.4 100.4  100.1 100.5 101.1 100.7 99.5 98.7 101.6 98.7 100.6 98.4 102.4 02. 0.2 96.3 96.1 97.7 101.3 98.1 99.6 91.2 86.9 89.4
Cation proportions (apfu)

Si 2.996  2.984 2.994 2.984 3.001  2.998 2.974 2.940 2989 299 6720 6.417 6.260 6.196 6226 6 41 6.12 6.178 2,743 2.821 2.711 2.768 2717 2.701  2.784 3.320 2.916
Ti 0.124  0.229 0.255 0.288 0274 "2 0.298 0.227 0.166  0.213 0.365 0.358 0362  0.361  0.021 0.006 0.011
Al 1.001  0.996 1.002 1.000 0.988  1.020 1.035 1.062 1.031  1.019 1.597 1917 2.103 2.078 2.00 2.042  2.097 2.165 1.388  1.366 1.279 1.316 1.278  1.366  2.447 2.223 2.324
Fe 0 0 0 0.003 0 0 0 0 0 0.004 3391 3.525 3.964 4.028 *.92 3.722 3910 3.716 2.248  2.010 2.219 2.025 1.984  2.059  3.707 3.234 3.848
Mg 1.213 0912 0.407 G 127 0...1  0.738  0.545 0.727 0.450  0.386 0.208 0.268 0.447  0.285  0.951 1.007 0.813
Ca 0 0 0 0 0 0.003 0.043 0.060 0.036  0.021 1942 1.933 1.931 L.955 2.005  1.902 1.935 1.970 0 0.009 0 0.007 0 0.008 0 0.048 0.021
Mn 0.065  0.071 0.078 0.069 0.056  0.065 0.067 0.075 0.017  0.019 0.021 0.013 0.020  0.019  0.035 0.037 0.044
Ba 0.010  0.009 0.008 0.007 0.010  0.012 0 0 0 0 0 0 0 0 0 0 0.011 0 0 0.004 0.013 0.012 0.016  0.013

K 0.958  0.893 0.962 0.895 0.889  0.838 0.008 0.008 0.007  0.006 0.223 0.7.2 0. 19 0.447 0.395  0.375 0.400 0.432 0.770 0911 0.935 0.890 0.898  0.834  0.055 0.101 0.023
Na 0.035  0.118 0.035 0.111 0.111  0.129 0.940 0.930 0925  0.954 0386  0.46’ *.486 0.402 0.463  0.444 0415 0.474 0 0 0 0.012 0.016  0.018 0 0.024 0

F 0 0 0 0 0 0 0 0 0.012 0 00 650 0.050 0 0.053  0.046 0 0.055 0.029 0 0 0 0 0

Cl .078  0.0/1 0.103 0.106 0.097  0.091 0.111 0.128 0.057  0.075 0.040 0.040 0.041  0.034

Fe/(FetMg) (74 0.79 0.91 0.90 0.84 0.83 0.88 0.84 0.83 0.84 0.91 0.88 0.82 0.88 0.80 0.76 0.83
Mgt .26 0.21 0.09 0.10 0.16 0.17 0.12 0.16 0.17 0.16 0.09 0.12 0.18 0.12 0.20 0.24 0.17
An % 0 0 0 0 0 0.3 4.4 6.0 3. 2.1

Ab % 3.5 11.7 3.5 11.0 11.1 13.3 94.9 93.1 AT 73

Or % 96.5 88.3 96.5 89.0 88.9 86.4 0.8 0.8 67 0.6

Cation proportions calculated based on a total of five (feldspars), ten (chlorite) cations and elc - . (biotite), twenty-four (amphibole) oxygen atoms per formula unit
FeO in amphibole, biotite, and chlorite corresponds to total iron oxide content

Direct contact between central and marginal variety (see text for details)

b.d.1.: below detection limits

Empty entries: not determined



Table 2

Mineral Zircon U-thorite Titanite
Variety Central Central Central Marginal Marginal Marginal Nodule Nodule Nodule Central Marginal Nodule Central Central Central Marginal Marginal Marginal Nodule Nodule Nodule

Major oxides (Wt%)

Si0, 3248 32.64 3248 32.94 32.30 32.68 33.06 32.64 32.15 20.08 19.01 2090 30.29 30.85 30.61 30.76 29.98 30.09 30.69  30.70  30.07
TiO, bdl  bdl  bdl b.d.l. b.d.l. b.d.l. bdl  bdl  bdl  bdl b.d.l. b.dl  38.66 3735 36.35 36.27 36.14 36.46 36.88  37.05 3691
ZrO, 64.55 6391  64.67 65.49 64.54 64.01 66.22 6523 64.35 431 1.56 1.99 bdl  bdl  bdl b.d.l. b.d.l. b.d.l. bdl  bdl  bdl
HfO, 1.09 1.23 1.08 1.60 1.94 1.25 1.51 1.82 1.96

U0, 0.79 1.30 0.92 0.23 b.d.l 0.56 bdl  bdl  bdl 2998 19.38 2675 bdl  bdl  bdl b.d.l. b.d.l b.d.l. bdl  bdl  bdl
ThO, 0.34 1.14 b.d.L b.d.L b.d.L b.d.L bdl  bdl  bdl 4396 56.48 4394 bdl  bdl  bdl b.d.l. b.d.lL b.d.l. bdl  bdl  bdl
ALO; bdl  bdl  bdl b.d.l b.d.l b.d.l bdl  bdl  bdl  bdl b.d.l 0.10 1.28 1.40 1.84 1.66 1.90 2.07 1.66 1.71 1.75
Ce;0; 0.23 b.d.l. 0.30 0.24 b.d.lL 0.12 0.30 b.dl  bdl
Dy,0; 0.21 b.d.l 0.26

Y205 bdl  bdl  bdl b.d.l. b.d.L b.d.l. bdl  bdl  bdl 1.35 b.d.L 1.09 b.d.l. 0.08 b.d .. L1l b.d.l 0.10 bdl  bdl  bdl
P,0s bdl  bdl  bdl b.d.l b.d.l b.d.l bdl  bdl  bdl 0.41 b.d.l 0.22

Nb,Os 0.08 0.74 b. .L 0.11 0.09 0.15 0.13 0.22 0.18
FeO bdl  bdl  bdl b.d.l b.d.l b.d.l bdl  bdl  bdl  bdl 0.14 0.26 0.35 L 77 13 1.07 1.23 1.18 0.92 0.81 0.92
CaO bdl  bdl  bdl b.d.l. b.d.L b.d.l. bdl  bdl  bdl  bdl 2.18 2.81 290 U8 2856 28.77 28.53 28.90 28.56 2877 28.82
MnO b.d.l .10 b.d.l 0.08 0.10 0.08 b.d.l 0.15 0.13
F 0.27 0.25 0.31 0.28 0.33 0.32 0.28 0.30 0.32 0.32 0.51 0.6” v.62 0.59 0.58 0.71 0.75 0.85 0.51 0.67 0.67
Cl

Total 99.5 100.5  99.7 100.5 99.1 98.8 101.1  100.0  98.8 100.6 753 99.0 100.7  99.7 99.3 99.7 98.7 100.0 99.7 100.1 99.4
Cation proportions (apfu)

Si 1.007  1.009  1.005 1.008 1.004 1.015 1.005 1.005 1.003 1.6.7 0..76 1.039 0991 1.016 1.015 1.018 1.003 0.996 1.013  1.010  0.997
Ti 0 0 0 0 0 0 0 0 0 0 0 0 0.952 0926 0.907 0.903 0.909 0.908 0916 0917 0.921
Zr 0.976 0963  0.976 0.977 0.978 0.970 0982 0979 0979 0.1.5 0.040 0.048 0 0 0 0 0 0 0 0 0
Hf 0.010 0.011 0.010 0.014 0.017 0.011 0.013  0.016 0.0,

U 0.005  0.009  0.006 0.002 0 0.004 0 0 I 0.534 0.226 0.296 0 0 0 0 0 0 0 0 0
Th 0.002  0.008 0 0 0 0 0 0 0 0.502 0.674 0.497 0 0 0 0 0 0 0 0 0
Al 0 0 0 0 0 0 0 0 0 0 0 0.006 0.049 0.054 0.072 0.065 0.075 0.081 0.064  0.066 0.069
Ce 0.003 0 0.004 0.003 0 0.002 0.004 0 0
Dy 0.003 0 0.004

Y 0 0 0 0 0 0 9 0 0 0.036 0 0.029 0 0.001 0 0 0 0.002 0 0 0
P 0 0 0 0 0 0 0 0 0.018 0 0.009

Nb 0.001  0.004 0 0.002 0.001 0.002 0.002  0.003  0.003
Fe 0 0 0 0 0 0 0 0 0 0 0.006 0.011  0.010 0.021  0.028 0.030 0.034 0.033 0.025  0.022  0.025
Ca 0 0 0 0 0 0 0 0 0 0 0.122 0.150  1.023  1.000 1.015 1.020 1.023 1.025 1.010 1.014 1.024
Mn 0 0.003 0 0.002 0.003 0.002 0 0.004  0.004
F 0.027  0.024  0.030 0.027 0.032 0.032 0.027  0.029 0.032 0.050 0.085 0.103  0.064 0.062 0.061 0.074 0.079 0.089 0.053  0.069 0.071




Table 2

Mineral ~ Apatite llmenite
Variety  Central Central Central Marginal Marginal Marginal Nodule Nodule Nodule Central Marginal Nodule

Major oxides (Wt%)

SiO, 0.44 0.44 0.67 0.27 0.62 0.18 0.25 0.28 0.29 b.d.L b.d.l. b.d.l.
TiO, 51.79 52.12 51.01
Cey0; 0.17 b.d.l. 0.17 0.16 0.29 b.d.l 0.19 b.d.l. b.d.L

Dy,0;

Y-0; b.d.l. 0.35 0.44 b.d.l. 0.15 b.d.l b.d.L b.d.l. 0.23

P,0s 42.41 42.48 41.52 41.23 41.74 42.60 41.94 43.03 42.43

Nb,Os 0.20 0.13 0.21
FeO 0.08 b.d.l. 0.09 0.11 0.12 0.21 0.08 b.d.l. 0.21 46.61 46.23 46.00
CaO 55.85 55.38 54.94 55.04 54.54 55.44 55.57 55.27 55.56 0.04 0.07 b.d.l.
MnO 0.12 0.09 0.08 0.10 0.08 0.07 0.11 0.08 0.07 1.96 2.11 2.77
F 3.64 3.59 3.56 3.76 3.59 3.85 3.55 3.74 3.16

Cl 0.16 0.10 0.17 0.28 0.14 0.13 0.20 0.14 0.14

Total 102.9 102.4 101.6 101.0 101.3 102.5 101.9 102.6 102.1 100.6 100.7 100.0
Cation proportions (apfu)

Si 0.036 0.037 0.057 0.02 0.052 0.015 0.021 0.024 0.024 0 0 0
Ti 0.977 0.983 98 7@
Ce 0.005 0 0.005 0.005 0.009 0 0.006 0 0

Dy

Y 0 0.016 0.020 0 0.007 0 0 0 0.010

P 2.974 2.987 2.953 2.967 2.971 3.002 2.977 3.017 2.987

Nb 0.6 2 0.002 0.002
Fe 0.005 0 0.006 0.008 0.008 0.015 0.005 0 rs 0.978 0.969 0.970
Ca 4.958 4.929 4.946 5.013 4914 4.945 4.993 4.905 4050 0.001 0.002 0
Mn 0.008 0.006 0.006 0.007 0.006 0.005 0.008 0.N6 con, 0.042 0.045 0.059
F 0.954 0.942 0.947 1.010 0.954 1.013 0.941 .99 2.830

Cl 0.022 0.014 0.025 0.040 0.021 0.019 0.029 019 0.020

Cation proportions calculated based on a total of three (ilmenite), four (zircon, U-th rite). ‘Gve (titanite), and twelve (apatite) oxygen atoms per formula unit
b.d.1.: below detection limits
Empty entries: not determined



Table 3 LA-ICP-M¢

Litannt Apatit

Mineral ~ Zircon e e

Centra Centra Centra Margina Margina Margina Nodul Nodul Nodul Centra Centra Margina Margina Margina Nodul Nodul Nodul Centra Centra Centra Margina Margina Margina Nodul Nodul Nodul
Variety 1 1 1 1 1 1 e e e Central 1 1 1 1 1 e e e 1 1 1 1 1 1 e e e
Sc 528 470 527 583 511 504 464 440 388 7.6 12.2 17.6 10 15.2 25.2 21.6 27.7 34.9 b.d.l b.d.l b.d.l 5.9 2 b.d.l 1.5 b.d.l 1.1
Ga 4.4 4 4.1 2.8 1.7 2.1 3.7 1.0 0.8 15.5 14.9 15.3 18 13.7 18.8 6.9 5.7 6.7 9.6 11.6 4.4 7 10.6 11.5 5.9 5.6 9.8
Ge 5.9 5.1 5.1 4.1 3.0 2.7 5.8 b.d.l b.d.l 20.4 16.0 16.4 26 17.3 21.9 9.2 6.8 6.9 11 13.2 4.6 7.5 12.2 15.5 6.6 4.7 12
Sr 18.6 12.5 80.8 3.1 1.1 1.5 1.3 1.1 0.5 28.5 26.9 29.9 20.6 20.6 23 259 27.6 26.0 211 196 138 311 274 266 286 218 245
Y 2090 2357 2161 2291 446 578 697 1277 192.0 475 812 353 1597 996 1434 99.8 37 455 1472 1560 630 238 281 397 331 161 496

41858 46567 41910 49093 45940 46051
Zr 5 5 8 455701 479897 488165 9 2 8 136 417 405 221 299 456 131 131 1040 1.3 1.5 0.2 12.8 0.5 1.5 3.4 13.5 6.5
Nb 57.4 49.8 52.7 8.25 4.6 5.4 4.5 5.4 1.6 1026 680 1049 1124 587 712 763 679 453 b.d.l b.d.l b.d.l 0.6 b.d.l 0.1 b.d.l b.dl  bdl
La 135 184 143 12.1 10.3 11.6 29.9 15.0 35 392 240 273 191 162 234 62.8 124 51.4 279 315 164 119 214 260 116 191 237
Ce 339 338 320 118 107 121 287 96.3 36.3 1398 1032 1190 1086 738 1054 238 321 140 941 1061 432 519 825 1030 487 615 947
Pr 31.9 37.9 31.9 325 21.8 26.4 63.5 15.0 10.1 226 192 206 272 163 238 50.2 37 24.8 183 198 67.5 109 149 203 112 98.9 190
Nd 153 139 122 252 169 200 395 91.6 83.7 1093 970 981 1733 1007 1464 259 136 L1 2129 1121 391 610 827 1030 623 501 1081
Sm 55 40 39.6 224 84.0 96.4 153 49.1 453 251 257 253 649 365 548 65.7 24.1 '0.6 342 390 138 192 238 328 196 110 325
Eu 10.8 11 14.0 24.9 11.5 11.6 23.1 10.5 5.8 128 79.1 105 86.1 71.4 76.3 87.4 3.8 4.7 28.9 33.8 26.2 12.8 18.6 223 14 15 28.7
Gd 90.9 95.2 91.7 245 65.9 73.2 119 70.2 31.1 155 176 150 465 237 378 38.6 1 7 16.7 345 352 141 128 156 209 132 74 221
Tb 21.2 222 21.6 41.5 9.0 10.2 16.1 14.5 3.6 18.5 23.4 16.8 61.4 32.4 50.2 o0 1.5 2.0 46.5 48.7 17.1 12.6 13.9 21.9 14.2 7.4 233
Dy 203 226 207 321 59.3 72 97.2 129 25 94.9 142 86.6 347 190 284 21.7 /.5 10.4 260 272 109 57.9 66 96.3 72.7 383 113
Ho 69.9 74.2 70.8 78.63 15.4 18.7 22 38.6 6.5 18.6 30.2 13.6 62.9 373 52.9 o't 1.2 1.9 52.6 56.1 23.4 8.8 10.4 15.8 12.5 5.9 18.7
Er 327 346 325 332 60.4 72.3 86.9 169 27.2 57.8 99.8 37.7 180 107 1> 11. 3.8 5.4 155 166 64 23.5 25.7 37.7 29.2 14.3 46.7
Tm 63.1 72.0 68.8 62.1 12 14.4 16.1 34.8 6 8.79 14.8 5.5 25.3 151 22.4 1.69 0.6 0.8 20.2 21.1 8.1 2.75 32 4.4 3.6 1.7 5.3
Yb 604 622 663 523 107 127 135 308 66 71.4 105 38.1 165 13 148 11.7 4.6 5.6 133 1344 451 13.6 17.4 24.4 19.1 9.5 30
Lu 114 114 123 90.1 22.6 25.6 28.1 55.9 14.8 11.8 15.6 5.9 22.6 16.3 20.3 1.72 1.0 0.9 18.3 18.6 6.9 1.79 23 33 2.35 1.4 3.9
Hf 8063 10195 8319 9785 15478 12690 14959 11872 12219  76.8 24.6 25.1 24.9 20.4 26.8 42.0 4.0 352 b.dl  b.dl b.d.l b.d.l b.d.l b.d.L b.dl  bdl  bdl
Ta 6.99 7.4 6.4 1.2 0.5 0.6 0.8 1.1 0.5 124 383 83.1 62.9 51 52.5 180 83.8 39.4 b.dl  b.dl b.d.l b.d.l b.d.l b.d.L b.dl  bdl  bdl
Pb 339 209 286 53.7 7.5 9.5 16.9 35.4 43 50 10.7 1.6 6 7.2 43.2 44.6 9.3 49.5 8.7 8.5 33 35.7 8.3 10.1 7.46 2.8 4.5
Th 7090 10189 10261 3118 221 619 334 1028 113 643 235 317 56.3 162 332 41.6 136 60.6 219 203 349 99.6 422 823 50.2 26.1 75.7
U 6500 7544 5785 3160 1340 1392 1333 2199 1247 403 2% 04 47.4 124 279 81.2 46.7 114 154 119 49.4 19.8 17.4 38.6 24.9 25.8 55.9
YREE 2217 2320 2241 2358 755 880 1473 1098 365 3925 3376 3363 5347 3255 4721 859 709 454 3835 4188 1634 1811 2568 3285 1833 1684 3269
Cen/Yby  0.15 0.14 0.13 0.06 0.26 0.25 0.56 0.08 0.14 5.15 259 8.21 1.73 1.72 1.87 5.33 18.38 6.59 1.86 2.07 2.52 10.04 12.46 11.08 6.69 17.08 8.29
Smy/Yby  0.10 0.07 0.06 0.46 0.85 0.83 1.23 0.17 0.7¢ 3.2 2.66 7.23 4.29 3.51 4.03 6.09 5.73 5.95 2.80 3.16 3.34 15.38 14.91 14.60 .12 1270 11.77
Eun/Eu
. 0.46 0.53 0.71 0.32 0.47 0.42 0.52 0.55 .4 .98 1.14 1.65 0.48 0.74 0.51 5.29 5.16 5.74 0.26 0.28 0.57 0.25 0.29 0.26 0.26 0.51 0.33

b.d.L: below detection limits



Table 4 Whole-rock major (wt%) and trace element (ppm) composition together with Sr-Nd isotopic geochemistry of syenites

Variety Central Central Marginal Marginal Nodule Nodule
SiO, 64.03 61.74 62.24 62.59 60.85 62
TiO, 0.26 0.58 0.6 0.79 0.82 0.75
ALO; 17.65 17.13 17.02 17.22 16.71 17.13
FeOy 0.9 1.69 4.06 2.88 5.07 3.53
MgO 0.06 0.17 0.26 0.33 0.47 0.31
CaO 0.13 0.61 1.16 0.98 1.62 1.07
MnO 0.01 0.04 0.05 0.04 0.07 0.05
Na,O 1.74 1.65 1.7 1.59 1.61 1.64
K,O 12.7 12.16 11.53 12.03 11.31 11.82
P,0s 0.05 0.03 0.06 0.06 0.05 0.08
LOI 0.8 0.9 0.7 0.6 0.6 0.8
Total 98.65 97.11 99.76 99.77 99.62 99.68
Sr 502 507 463 541 465 468.4
Rb 591 466 549 591 554 535.8
Ba 3051 3624 3208 6112 4190 4536
Cs 5.8 3.6 44 ¥ 47 48
Ga 13.8 11.4 15.3 14.5 18.8 13.7
Th 312 698 22.5 85.0 53.4 43.4
U 147 330 12.8 6.4 17.8 19.9
Ta 1 14 1.1 2.3 24 23
Nb 9.1 17.9 253 25 26.9 24.1
Zr 8408 19266 674 479 1551 1412
Hf 191 434 14.9 12.4 37.8 35.2
Y 67.1 119 18.8 11 31.9 19.3
Pb 40.3 37 9.9 7.5 73

Co 1.1 1.7 32 2.4 5 3.4
Sc 6 13 14 17 26 18
Ni 1.5 0.7 1 0.3 1.1

Cr 5.4 45 43 4.8 3.1

\Y b.d.l. b.d.l cdl 1 1

Zn 32 9 18 10 21

Cu 14.7 23 413 12.5 12.6

La 182 350 7.1 8.7 17.3 9.8
Ce 478 90 3 24.2 30.3 64.8 43.1
Pr 9.15 1.1 4.48 5.65 12.34 7.25
Nd 455 461 24.3 29.4 66 37.7
Sm 12.07 .95 7.26 8.49 20.05 10.91
Eu 2.91 2.94 1.52 2.02 2.74 237
Gd 9.1 0.94 4.79 4.89 12.38 6.35
Tb 1.2 1.6 0.63 0.58 1.54 0.85
Dy 7.55 12.78 3.61 2.7 7.34 4.11
Ho 1.80 3.73 0.69 0.44 1.15 0.68
Er 757 15.78 2.02 1.13 33 1.87
Tm L 2.96 0.33 0.16 0.44 0.3
Yb 1D 24.0 2.23 0.9 2.63 2.05
Lu B 455 0.35 0.15 0.41 0.31
SREE 177 270 84 96 212 128
Cen/Yby 1.14 0.99 2.85 8.84 6.47 5.52
Eun/Eux* 0.85 1.00 0.79 0.96 0.53 0.87
87Sr/*6Sr 0.72793 0.72795

87S1/*6S 1335 0.71166 0.71156

N/ **Nd 0.51216 0.51222

3N/ **Ndass 0.51181 0.511832

8Nd335 -7.8 -7.3

LOI: loss on ignition; b.d.1.: below detection limits; empty entries: not determined; FeO,, represents total iron oxide content
Sr-Nd isotope data recalculated for the U-Pb zircon age of 335 Ma determined for the ultrapotassic Ttebi¢ pluton (Schaltegger et al., 2021;
see Section 4.5. for details)



Table 5 Results of U-Pb geochronological dating of apatite

Atomic ratios Concentrations

Grai  2%U/%p Error 26 207pp,206p Error 26 207pp,235 Error 26 206pp,238 Error 26 8] Th Sm Apparent Ages Error
n_ b %) b (%) U %) U %) (ppm) _ (ppm) _ (ppm) (Ma) corr.
1 13.509 0.369 0.290 0.023 2.965 0.205 0.074 0.0031 60.9 97.9 482 337.2 0.07
2 15.942 0.644 0.278 0.022 2.409 0.169 0.063 0.0032 71.7 108 1123 291.8 0.15
3 10.505 0.434 0.417 0.035 5.470 0.422 0.095 0.0049 27.5 38.2 264 346.0 0.20
4 8.128 0.301 0.509 0.039 8.635 0.567 0.123 0.0060 334 33.7 194 364.5 0.14
5 12.422 0.458 0.390 0.031 4.325 0.315 0.081 0.0039 4.7 5.7 352 309.1 0.18
6 15.854 0.487 0.220 0.015 1.917 0.117 0.063 0.0028 122 227 572 319.7 0.14
7 11.205 0.353 0.358 0.028 4.407 0.302 0.089 0.0040 8.7 14.7 56.2 362.1 0.12
8 11.220 0.518 0.369 0.028 4.539 0.282 0.089 0.0050 334 43.8 276 354.5 0.17
9 16.210 0.510 0.263 0.022 2.235 0.165 0.062 0.0028 83.8 151 565 294.1 0.11
10 15.390 0.552 0.241 0.018 2.161 0.140 0.065 0.0031 121 242 510 319.5 0.10
11 16.248 0.676 0.212 0.015 1.801 0.116 0.062 0.0032 21.9 71 121 315.7 0.23
12 12.150 0.590 0.334 0.028 3.788 0.240 0.082 0.0048 37.5 64.1 265 348.8 0.02
13 10.901 0.441 0.439 0.035 5.557 0.374 0.092 0.0047 26.7 333 265 3189 0.12
14 13.187 0.416 0.324 0.024 3.387 0.218 0.076 0.0034 60.7 66.2 281 327.1 0.08
15 10.876 0.343 0.396 0.030 5.025 0.329 0.092 0.0041 50.2 72.2 235 347.8 0.07
16 14.924 0.580 0.300 0.024 2.768 0.199 0.067 0.0034 85.9 155 632 301.3 0.15
17 13.813 0.522 0.270 0.020 2.691 0.177 0.072 0.0036 79.5 1o. 528 340.6 0.17
18 16.876 0.495 0.178 0.013 1.456 0.097 0.059 0.0026 157 N 910 318.6 0.16
19 14.734 0.545 0.238 0.020 2.231 0.163 0.068 0.0033 73.8 78.: 247 3349 0.10
20 16.348 0.785 0.214 0.016 1.806 0.129 0.061 0.0035 10° .8 58.2 3129 0.38
21 13.971 0.611 0.274 0.022 2.709 0.197 0.072 0.0039 8 .8 82.1 269 334.4 0.26
22 14.397 0.574 0.291 0.022 2.790 0.177 0.069 0.0035 10. 121 403 316.3 0.16
23 12.644 1.073 0.324 0.029 3.536 0.293 0.079 0.0071 5 13.9 73.9 340.7 0.47
24 11.529 0.533 0.357 0.034 4.266 0.359 0.087 0.0048 5.5 8.4 120 353.0 0.11
25 9.342 0.405 0.446 0.035 6.584 0.435 0.107 0.005 1.9 38.3 321 365.9 0.16
26 11.186 0.650 0.365 0.044 4.496 0.490 0.089 0.005¢ 169 37.7 100 358.6 0.12




Table 6

Sample (run #) J +1s 36 Aty/> Aty +1s 3T Arca/* Arg +1s  BArgPArg +1s %Y Ar* “Art/Arg  £1s  TGA(Ma) =1s PA(Ma) +1s MSWD /N
Bt3GN (N317.MS3)  0.002709 0.00002885  0.001336  0.0002121  0.0009265  0.02023  -0.000619 0.0001868  99.43 68.67 0.1109  307.8  3.048 332.1 0.65692418 1.73890745 18/62
Bt2AM (N318.MS3)  0.002706 0.00002882 -0.0002706 0.0001634  0.0004341  0.01413 -0.0009627 0.0001257 100.1 7435 0.09118 3307 3239 3314  0.6422102 1.7135574 28/98
Amp 4NL (N319.MS3)  0.002708 0.00002883 0.018 0.0003434  -0.003677  0.03014  0.001629  0.0002802  92.07 61.78 0.1609 279 2834 NA NA NA
Amp 4NL (N320.MS3)  0.002708 0.00002883 -0.00001488 0.0003362 0.3696 0.05169  0.01451  0.0003289 100 74.85 0.1755 3329 3315 3294  0.65618299 1.83 33/74

J: irradiation factor from co-irradiated flux monitor FC sanidine (28.305 + 0.036 Ma; Renne et al. 2010)

%0 Ar*: % of radiogenic argon
TGA: total gas age

PA: plateau age integrated over selected, contiguous steps

MSWD: mean squared weighted deviation of plateau steps about the corresponding PA

n/N: number of steps included in PA over total number of steps



Decla

XThe authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this
paper.

[Irhe authors declare the following financial interests/personal relationships which may be considered as potential competing interests:



Gli Journal Pre-proof

Melting of phlogopite-veined mantle produced alkali-rich syenites (K,O 11.3—12.7 wt%)
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