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CHAPTER |

INTRODUCTION

Volcanic and igneous plumbing systems (VIPSs) or magma plumbing systems are a
combination of environments where magma is produced, transported, and stored. The holistic
approach in the research of VIPSs combines the results of disciplines such as field observations,
petrology, geochemistry, and geophysics to unravel the mechanisms occurring before, during,
and after magma ascent (Burchardt, 2018).

The high-level plutonic complexes exposed on the current surface are the “fossilized”
and solidified versions of the once-active igneous plumbing systems, providing a unique
opportunity to trace and understand the mechanisms operating deep beneath the volcanoes
(Ubide et al., 2021). The research of ancient plumbing systems is of both scientific and

economic importance.

I.1. Trans-crustal magma reservoirs

The scientific relevance is founded in our understanding of igneous processes and their effects
on volcanic activity. The classic conceptual models of magmatic processes and volcanism
hypothesized that the large, stable, long-lived, and shallow upper crustal magma reservoirs
(magma chambers) supplying volcanic eruptions are melt-dominated (e.g., Hildreth, 1979;
Bachmann and Bergantz, 2004). Nevertheless, the features unraveled by modern analytical
techniques (e.g., geophysical, geochronological, geochemical, petrological, and volcanological
investigations as well as numerical modeling) in the past decades disproved this theory and led
to a paradigm shift. According to the new approach, the unstable, multi-level, and vertically
extensive, so-called trans-crustal magmatic systems (TCMSs) are generally crystalline
(dominated by non-eruptible crystal mush) and contain heterogeneously dispersed minerals,
melt, and exsolved volatiles. In a mushy system, the melt is distributed in the continuous
framework of crystals. TCMSs usually exhibit a transition from deep crustal (ultra)mafic
cumulates to upper crustal granites (e.g., Marsh, 2004; Solano et al., 2014; Annen et al., 2015;
Cashman et al., 2017; Jackson et al., 2018; Holness et al., 2019; Sparks et al., 2019).

The new concept emphasizes the influence of open-system processes (such as repeated
invasion of replenishing magma batches, magma mixing and mingling as well as crustal
assimilation) on the evolution of magma chambers (Cashman et al., 2017).

The hot lower crust is the site of voluminous, compaction-driven melt segregation,

fractional crystallization, and cumulate formation. In contrast, the upper crust is characterized
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by a permanent, non-eruptible crystal mush. Unstable, melt-dominated segregations can
advance through mushy regions and get concentrated into shallow chambers; however,
substantial volumes of upper crustal melts are short-lived (Solano et al., 2014; Cashman et al.,
2017; Jackson et al., 2018). Magmas may stall in shallow reservoirs during their ascent and
interact with the surrounding country rock (e.g., crustal and mantle rocks or rocks of the same
igneous system). Vast blocks of the enveloping rock may fall into the magma (stoping) and get
completely or partially consumed (assimilation). Xenoliths are the vestiges of the country rock
(Jerram et al., 2018).

The upper crustal magma chambers get episodically replenished by recharge magmas.
The replenishing magmas are prone to interact with the previously emplaced magma pulses
(Cashman et al., 2017). Magma mingling involves the physical interplay of magmas, typical
when a voluminous felsic magma gets replenished by a comparably smaller amount of mafic
magma. A heterogeneous mixture is produced, with remnants of the mafic end-member forming
distinct units (Frost and Mahood, 1987), referred to as mafic magmatic/microgranular enclaves
(MMEs; Didier and Barbarin, 1991). Interaction between a volumetrically large mafic and a
minor felsic magma results in magma mixing (Frost and Mahood, 1987); however, this process
is more effective when the interacting end-members are of comparable composition and
rheological properties (e.g., Ubide et al., 2014b). Quasi-homogeneous, hybrid magmas of
intermediate geochemical composition are formed by blending of the end-members (Frost and
Mahood, 1987). Composition of the hybrids can be modified after the mixing event(s), for
instance by fractional crystallization (Campos et al., 2002).

The intrusion of replenishing magma batches is necessary for the development of
extensive magma bodies and it also triggers volcanic eruptions. The crystal mush can be
remobilized prior to an eruption by the recharge of mantle-derived, hot and mafic magmas that
provide additional heat. The frequency of recharge, the volume of the replenishing magma
batches, and the structure of the reservoir determine the efficacy of remobilization. Buoyant,
unstable, and ephemeral eruptible magmas are characterized by a voluminous melt fraction with
suspended crystals (Solano et al., 2014; Cashman et al., 2017).

Crystals of distinct origins (e.g., phenocrysts, antecrysts, and xenocrysts), carried by the
ascending magmas, are also known as crystal cargo. Phenocrysts are crystallized from their host
magma under equilibrium conditions. Antecrysts are formed in the same igneous system but
represent an earlier magmatic episode or a different magma batch. Xenocrysts are exotic to the
igneous system (e.g., originated from the country rock) and were incorporated during magma

ascent. The final igneous structures and textures, therefore, bear important information on
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complex processes such as assimilation, crystal transfer/recycling, fractional crystallization as
well as magma mixing and mingling events (Jerram et al., 2018).

Detailed investigation of the crystal cargo ejected by volcanoes (e.g., cumulate nodules,
crystal aggregates, and phenocrysts) or fossilized in plutonic rocks is the first stage in
understanding magmatic processes since they provide a window into the subvolcanic
mechanisms of igneous systems. Textural and compositional variations (e.g., complex zoning)
within and between individual minerals provide indirect insights into the physically yet-
impassable regions of magma plumbing systems and their mechanisms such as assimilation,
crystal transfer, fractionation, mixing and mingling as well as recharge (Cashman et al., 2017;
Jerram et al., 2018; Ubide et al., 2021). Crystal-scale data could thus help us to trace the
evolution of magmas from their source to emplacement and to unravel the main stages of their
evolution (Jerram et al., 2018).

Certain minerals (e.g., titanite and zircon) can be regarded as chronometers, bearing
important information on the time scales of igneous differentiation and magma transport
(Cashman et al., 2017; Ubide et al., 2021). Field and geochronological evidence confirm that
plutons are assembled by the incremental emplacement of multiple magma pulses over a period
of thousands to millions of years (Coleman et al., 2004; Glazner et al., 2004; Schoene et al.,
2012). This is in agreement with the theory of periodic magma extraction and transport and
reactivation of VIPSs. The emplacement time of a single magma batch is relatively rapid;
nevertheless, if there are long time gaps between pulses, the net emplacement time may be
significantly greater. Individual batches are preserved in rapidly emplaced and solidified
intrusions. However, the internal contacts of discrete pulses could be erased by crystallization,
melt segregation, and/or if the temperature of the pluton remains high for an extended period
of time (e.g., due to the intrusion of subsequent magma batches) (Cruden and Weinberg, 2018;
Morgan, 2018). The internal contacts may be difficult to identify if pulses of similar
composition are emplaced (Morgan, 2018).

Unraveling the inner dynamics of volcanoes is essential to appropriately interpret
volcanism and mitigate volcanic hazards. Volcanology plays an important part in this field of
research, focusing on surface and near-surface igneous processes. Nevertheless, the key factors
lie underground, in the deep crust, well beneath the volcanic edifices. The study of igneous
processes gives an improved comprehension of the architecture, behavior, and temporal
constraints of magma plumbing systems. Since the internal mechanisms (such as magma
recharge, mixing, and mingling) have a fundamental impact on volcanic activity, it is essential
to understand them from a hazard perspective (Cashman et al., 2017). The detection and

monitoring of magma pockets are crucial for prognosing volcanic eruptions (Ubide et al., 2021).
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1.2. The Ditrau Alkaline Massif
The exhumed magma storage system of the Ditrdu Alkaline Massif (DAM) presents an
exceptional natural setting for investigating the open- and closed-system igneous processes
occurring in trans-crustal magmatic systems. Due to the associated rare earth element (REE)
mineralization, the massif has the potential to become an economically feasible deposit in the
near future (Honour et al., 2018).

The DAM crops out in an area of approximately 225 km? and makes up the southern
and southwestern parts of the Giurgeu Mountains in the Eastern Carpathians (Romania). A
broad spectrum of rock types, varying from ultramafic cumulates to granitoid rocks, is exposed
in the area, exhibiting an intricate structural framework (Pal-Molnar, 2000; Batki et al., 2014;
Péal-Molnar et al., 2015a, b). The igneous event occurred at the southwestern periphery of the
East European Craton in the Middle—Late Triassic (Pal-Molnar et al., 2021). The magmatism
took place in an intra-plate, rift-related, extensional tectonic setting (e.g., Morogan et al., 2000;
Pal-Molnar, 2000, 2010b; Batki et al., 2014; Pal-Molnar et al., 2015b). The Tethyan rifting
resulted in a restricted igneous activity (Stampfli, 2000); therefore, the DAM does not belong
to any particular alkaline magmatic province (Honour et al., 2018). The Variscan metamorphic
rocks of the Eastern Carpathians had been intruded by the alkaline magmas of the DAM,
followed by nappe-forming Alpine tectonic events (Sandulescu, 1984; Balintoni, 1997).

Since the first scientific description of the massif (Lilienbach, 1833), the DAM has been
in the focus of research, with a significant emphasis on its mineralogy, petrology, structure,
evolution, and timing as well as on the economic potential of the rocks and mineralized zones.
At the beginning of the 20th century, the DAM was one of the most renowned igneous massifs
in Europe. Thanks to the research of Streckeisen (e.g., 1938, 1952, 1954, 1960), the DAM
earned its European and worldwide reputation. Scientific and economic interest grew after
World War Il and geophysical research began in the 1950s, focusing, among others, on the REE
and polymetallic sulfide mineralization (Pal-Molnar, 1994a).

Over the 190-years-long research of the DAM, several concepts and genetic models
have been proposed, including (a) assimilation and fractional crystallization of a basic intrusion
(Streckeisen, 1938; Morogan et al., 2000; Pal-Molnar, 2000); (b) fractional crystallization of a
syenitic parental magma (Streckeisen, 1960); (c) emplacement of a mantle-derived basic
magma and a crust-derived felsic magma (Anastasiu and Constantinescu, 1979); (d) intrusion
of dioritic, gabbroic, nepheline syenitic and syenitic magmas, the latter having undergone
crustal assimilation leading to the formation of granite (Streckeisen and Hunziker, 1974); (e)
emplacement of mantle-derived gabbroic-dioritic, crust-derived syenitic, and mantle-derived

nepheline syenitic magmas (Krdutner and Bindea, 1998).
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The timing of magmatism and the emplacement sequence of the different rock types
were also in the focus of research. Incipient field and structural inspections (e.g., Reinhardt,
1911; Streckeisen, 1952, 1954; Codarcea et al., 1957) were supplemented by numerous
investigations utilizing different dating techniques (such as “°Ar/*°Ar, K/Ar, and U-Pb age
determinations) on distinct rock types and mineral phases of the DAM. Conflicting evolution
theories have been proposed based on the interpretation of the age data varying between 237.4
+ 9.1 and 81.3 + 3.1 Ma. Pal-Molnar and Arva-Sés (1995) hypothesized that the DAM is the
product of prolonged magmatism and that the massif was formed in two stages: (1) ultramafic
rocks (hornblendite), nepheline syenite, and granite (Middle Triassic—Lower Jurassic) and (2)
syenite and diorite (Middle Jurassic-Lower Cretaceous). Kriutner and Bindea (1998)
summarized the available age data and proposed a three-stage emplacement model covering an
extensive time span of ~70 Ma in the Triassic and Jurassic. Nevertheless, based on zircon U-
Pb ages from syenite, Pana et al. (2000) suggested that the igneous event was significantly
shorter than formerly assumed and that the intrusion of syenite was almost coeval with that of
gabbro and diorite.

The archive age data had to be revised and supplemented for multiple reasons: (a) some
of the analyzes were performed on whole-rock samples (e.g., by Bagdasarian, 1972; Streckeisen
and Hunziker, 1974; Minzatu and Ardeleanu, 1980; Minzatu et al., 1981) containing variably
altered minerals with distinct closure temperatures; therefore, the results can be considered as
mixed ages; (b) the low closure temperature of biotite (300 £ 50°C; Purdy and Jager, 1976;
Harrison and McDougall, 1980) and feldspars (150 + 40°C; Dodson and McClelland Brown,
1985) make them less appropriate for K/Ar dating since their isotopic system can be easily
overprinted by post-magmatic processes. Amphibole has a higher closure temperature (510 +
25°C; Harrison, 1981), making it a preferred candidate for K/Ar age determination (Hart, 1961).
More consistent information can be obtained by U-Pb dating of chemically resistant accessory
phases with high closure temperatures [e.g., titanite: 635-780°C (Cherniak, 1993); zircon:
900°C< (Cherniak and Watson, 2001)] (Xie, 2018); (c) the conflicting age data and the resulting
evolution theories made it difficult to fit the DAM into the inherently complex palinspastic
framework of the Tethyan realm.

Evidence of open-system igneous processes was recognized early on in the research of
the massif: Streckeisen (1954) noted that syenite hosts abundant basic enclaves along the
peripheral areas of basic rocks. According to Kriutner and Bindea (1998), hybrid rocks were
formed by magma mingling and mixing of gabbroic-dioritic and syenitic magmas. “Pillowy

forms” infer the simultaneous emplacement, mingling, mixing, and hybridization of felsic and
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mafic magmas (Morogan et al., 2000). Nevertheless, details of the open-system mechanisms
remained unresolved.

Recently, structural investigations, whole-rock and mineral chemical analyzes shed light
on some of the features of the open-system processes (e.g., magma mixing and mingling,
country rock assimilation, crystal transfer and recycling) that have a significant impact on the
evolution of the DAM (e.g., Batki et al., 2018; Heincz et al., 2018; Odri et al., 2020).

Apart from some studies (e.g., Streckeisen, 1954; Krautner and Bindea, 1998; Morogan
et al., 2000), the felsic unit in the northern part of the massif has been considered as a uniform,
homogeneous suite of the DAM. Nevertheless, Batki et al. (2018) identified clinopyroxene
antecrysts, among others, in syenite and diorite, necessitating the reinvestigation of the felsic
rocks. Initial petrographic study of the archive syenite samples revealed that the studied rocks
bear important traces (e.g., mafic clots, two generations of apatites, inclusion-free rims of
feldspars) of magma mixing and mingling; however, the peculiarities of these processes
remained enigmatic (Kiri, 2018).

The previously collected samples could no longer be used since GPS technology was
not available at the time of the former fieldwork. Therefore, sampling sites are either unknown
or obscure and limited to the names of valleys, making it almost impossible to accurately retrace
the previous sampling locations. Archive but unpublished mineral geochemical data of syenite
are available. Nevertheless, these rocks were regarded homogeneous at the time of the analyzes
and the textural position of the minerals (e.g., isolated and clot-forming) was not taken into

consideration during the sample selection process, making these data less reliable.

1.3. Objectives, methods, and the structure of the dissertation
The main goal of the PhD research was the integrated study of the felsic rocks cropping out in
the northern part of the Ditrau Alkaline Massif, including field observations, petrographic
investigations, whole-rock and mineral-scale geochemical analyzes, and radiometric age
dating.

The following chapters are an anthology of accepted and published papers on the felsic
rocks in the northern part of the Ditrdu Alkaline Massif.

In Chapter I, the archive age data of the DAM were revised and supplemented by new
K/Ar (amphibole from amphibole- and pyroxene-rich cumulate, nepheline syenite and granite,
along with biotite from granite) and U-Pb (titanite and zircon from syenite and nepheline
syenite) geochronological data that refine the formerly recorded ages, challenge the age and
extent of the multi-stage evolution hypotheses (e.g., by Pal-Molnar and Arva-Soés, 1995;
Kréautner and Bindea, 1998; Morogan et al., 2000), and imply a short-lived igneous event. The
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age data were correlated with corresponding palinspastic reconstructions to locate the
paleogeographic setting in which the DAM was formed. The results were published in Central
European Geology.

The detailed petrographic study of the recently and systematically collected samples is
presented in Chapter I1l. The new samples were gathered from in situ outcrops during two
sampling campaigns in 2019 and 2021. Documentation included the recording of GPS
coordinates and field relations with other rock types (e.g., crosscutting relations). Not only
felsic but also some mafic (e.g., cumulates and lamprophyres) and metamorphic country rocks
were sampled and the most representative specimens were studied. Investigations were
performed on both hand specimens and thin sections. The latter were examined with Olympus
BX41 and Brunel SP300P optical microscopes. Mineral phases were determined by a
THERMO Scientific DXR Raman microscope. Compositional zoning as well as microtextural
and reaction relations were unraveled by an AMRAY 1830 SEM equipped with an EDAX PV
9800 EDS detector. The studied rocks are characterized by exceptionally complex macroscopic
and microscopic textural features. Most of the significant characteristics could only be unveiled
by classical polarized-light microscopy. Outcrop-to-micro-scale traces of felsic crystal
accumulation, flow fabrics, mafic clots, and metamorphic wall rock xenoliths imply that the
studied rocks crystallized in a dynamic, open-system magmatic environment. The paper was
published in Central European Geology.

Petrographic observations were supplemented by bulk-rock and mineral-scale major and
trace element data (determined by ICP-ES and ICP-MS along with EMPA and LA-ICP-MS,
respectively) in Chapter IV. Mineral chemical data (amphibole, clinopyroxene, and plagioclase)
were obtained from crystals of distinct textural situations (isolated and aggregated). Whole-
rock as well as amphibole, clinopyroxene, and plagioclase compositions imply the hybrid
nature of most of the investigated felsic rocks. The geochemical data are in accordance with
previous hypotheses, based mainly on petrography, and support the theory that the studied felsic
suite was formed in an open-system igneous setting, where country rock assimilation, mafic
and felsic crystal accumulation as well as magma mixing and mingling prevailed. The article
was published in Geologica Carpathica.

New results on the felsic rocks in the northern part of the Ditrau Alkaline Massif are
summed up in Chapter VV (Conclusions). The summarized reference list is provided at the end
of the dissertation.

Since the two journals (Central European Geology and Geologica Carpathica) use
different formats (e.g., grammar, citations, references), in order to keep the style of the PhD
Dissertation consistent, the format of Central European Geology was preferred and followed.
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Timing of magmatism of the Ditriau Alkaline Massif, Romania — A review based on new
U-Pb and K/Ar data

by: Elemér Pal-Molnar, Luca Kiri, Réka Lukacs, Istvan Dunkl, Anik6 Batki, Maté Szemerédi,
Enik6 Eszter Almasi, Edina Sogrik, Szabolcs Harangi

Abstract

The timing of Triassic magmatism of the Ditrdu Alkaline Massif (Eastern Carpathians,
Romania) is important for constraining the tectonic framework and emplacement context of this
igneous suite during the closure of Paleotethys and coeval continental rifting as well as
formation of back-arc basins.

Our latest geochronological data refine the previously reported ages, ranging between
237.4+9.1 and 81.3 + 3.1 Ma. New K/Ar and U-Pb age data combined with all recently (post-
1990) published ages indicate a relatively short magmatic span (between 238.6 = 8.9 Ma and
225.3 +£2.7 Ma; adding that the most relevant U-Pb ages scatter around ~230 Ma) of the Ditrau
Alkaline Massif. The age data, complemented by corresponding palinspastic reconstructions,
shed light on the paleogeographic environment wherein the investigated igneous suite was
formed.

The magmatism of the Ditrau Alkaline Massif could be associated with an intra-plate,
rift-related extensional tectonic setting at the southwestern margin of the East European Craton

during the Middle—Late Triassic (Ladinian—Norian) period.

I1.1. Introduction
The Ditrau Alkaline Massif (DAM), located in the Eastern Carpathians (Romania) is an igneous
suite characterized by a complex structure and lithology. Since its first mention by Lilienbach
(1833), the DAM has been studied, including its petrotectonic environment, petrogenetic
relations, and the timing of magmatism (e.g., Koch, 1876, 1879; Streckeisen, 1938, 1960;
Codarcea et al., 1957, 1958; Bagdasarian, 1972; Streckeisen and Hunziker, 1974; P4l-Molnar
and Arva-Sés, 1995; Dallmeyer et al., 1997; Krautner and Bindea, 1998; Morogan et al., 2000;
Pal-Molnar, 2000, 2010a; Pana et al., 2000; Batki et al., 2004, 2014, 2018; Fall et al., 2007;
Péal-Molnar et al., 2015a, b).

Several analyzes have been conducted with various dating methods (e.g., K/Ar,

OAr/°Ar, and U-Pb age determinations) on different rock types and mineral phases of the
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Ditrau Alkaline Massif. Interpretation of the results led to contradictory hypotheses on the
genesis of the igneous complex and its rock associations. In order to better understand the
evolution and magmatic processes of the massif, these data needed to be reconsidered and
supplemented by additional, up-to-date age determination.

The aim of our study — based on the revision of previous age data and interpretation of
new amphibole and biotite K/Ar as well as titanite and zircon U-Pb ages of amphibole- and
pyroxene-rich cumulate, syenite, nepheline syenite, and granite samples — is to review and
specify the age, time span, and sequence of the open-system magmatic processes (e.g., Batki et

al., 2018), that played an important role in the formation of the Ditrau Alkaline Massif.

11.2. Geologic setting
The Ditrau Alkaline Massif is located in the southern and southwestern part of the Giurgeu
Mountains (Eastern Carpathians, Romania) and crops out in an area of ca. 225 km? (Fig. 11.1A).
The DAM consists of diverse rock types in an elaborate structural relationship. The most
common rock types of the massif are as follows: mafic-ultramafic cumulates (e.g., hornblendite,
olivine-rich cumulate, amphibole- and pyroxene-rich cumulate, amphibole-rich cumulate),
alkali gabbro, alkali diorite, monzodiorite, monzonite, monzosyenite, syenite, nepheline
syenite, quartz syenite, and alkali granite (Fig. 11.1B). These rocks are crosscut by lamprophyre,
tinguaite, and syenite dykes (Pal-Molnar, 2000; Batki et al., 2014; Pal-Molnar et al., 2015a, b).
The DAM had intruded into the Mesozoic crystalline rocks of the Eastern Carpathians
and was subjected to nappe-forming Alpine tectonic events (Pal-Molnar, 1994a, b; Pal-Molnar
and Arva-Sos, 1995). The Central Eastern Carpathian Zone or Crystalline Mesozoic Zone is an
east-verging nappe system that was formed during the Austrian tectogenesis. It derives from
the marginal part of the Getic microcontinent that forms the basement of the Transylvanian
Basin. The nappe system is referred to as Median Dacides (Sandulescu, 1984) or Eastern
Getides (Balintoni, 1997). According to Sdndulescu (1984), the Median Dacides can be divided
into three Alpine nappes (Infrabucovinian, Subbucovinian, and Bucovinian), composed of pre-
Alpine metamorphic rocks and Permo-Mesozoic cover sequences. Pre-Alpine, west-verging,
petrographically uniform tectonic units of the Subbucovinian and Bucovinian Nappes and their
respective metamorphic terranes (or alternatively: lithogroups) are as follows: Rodna (Rebra
Terrane), Pietrosu Bistritei (Negrisoara Terrane), Putna (Tulghes Terrane), and Rardau Nappe
(Bretila Terrane and Haghimas Granitoids) (Balintoni et al., 1983; Voda and Balintoni, 1994;
Balintoni, 1997).
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Fig. 11.1. (A) Location of the Ditrau Alkaline Massif (marked by the black rectangle) in the structural system of
the Alpine—Carpathian—Dinaric region (after Haas et al., 2010). (B) Geologic map of the northern part of the Ditrdu
Alkaline Massif, displaying sample locations (Pal-Molnar et al., 2015a)

The Ditrau Alkaline Massif structurally belongs to the Bucovinian Nappe and is in direct
contact with four of its pre-Alpine metamorphic units (Bretila, Tulghes, Negrisoara, and Rebra
Terrane; Pal-Molnéar, 2000; Pal-Molnar, 2010b; Fig. I1.2). The massif was uprooted during the
Alpine tectonic events and cut by the Bucovinian shear zone at a depth of ca. 1800-2000 m.
Hence, the Subbucovinian Nappe and the DAM are bounded by a tectonic unconformity
(Krautner and Bindea, 1995).
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Fig. 11.2. Lithologic map of the pre-Alpine tectonic units of the Eastern Carpathians (after Krautner, 1996-1997;

Balintoni, 1997; Balintoni and Balica, 2013; Balintoni et al., 2014)

11.3. Timing of the Ditrau Alkaline Massif — previous work

Early investigations — based on field and structural observations (e.g., Reinhardt, 1911;
Streckeisen, 1952, 1954; Codarcea et al., 1957) — were complemented and specified by modern
instrumental analytical techniques providing more precise data (Table 11.1). The sample
locations of former studies are either unknown or the descriptions are constrained to the name
of valleys alone. Since the previous sampling points are not accurately retraceable, these data
are not marked on the geologic map.

The first K/Ar dating of whole-rock samples (hornblendite, syenite, granite, nepheline
syenite) was carried out by Bagdasarian (1972): hornblendite yielded K/Ar mean ages of 196 +
6 — 161 = 2 Ma. The age of syenite ranges between 142 + 7 and 121.5 £ 0.5 Ma. Granite was
suggested to be formed 125 + 10 Ma ago. Nepheline syenite gave a K/Ar age of 152 + 1 Ma.

According to the results of Streckeisen and Hunziker (1974), the K/Ar ages of biotite
crystals from nepheline syenite are 153 = 3 and 151 £ 9 Ma. An age of 150 = 6 Ma was
determined for biotite of the contact metamorphic rock (hornfels). Whole-rock samples of
tinguaite yielded K/Ar ages of 161 £ 7 and 156 = 6 Ma. In their hypothesis, Streckeisen and

Hunziker (1974) assumed the following formation sequence for the different rock types of the
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massif: (1) intrusion of dioritic and gabbroic magmas into the crystalline country rocks; (2)
intrusion of syenitic magma and formation of granitoid rocks by assimilation in the marginal
zones of the massif; (3) intrusion of nepheline syenite magma, accompanied by metasomatism
and hybridization; (4) formation of lamprophyre, pegmatite and aplite dykes.

Considering the results of formerly conducted K/Ar age determinations, Kriutner et al.
(1976) assumed that the emplacement age of the DAM is 135 Ma.

Minzatu and Ardeleanu (1980) as well as Minzatu et al. (1981) performed K/Ar analyzes
on minerals and whole-rock samples as well. Muscovite separated from syenite yielded a K/Ar
age of 161.8 + 6.1 Ma, whereas the ages of biotite range between 139.3 + 5.1 and 113.6 + 4.6
Ma. Whole-rock samples of syenite gave K/Ar ages of 136 — 112 Ma. The ages of biotite of
metasomatically altered syenite are 126.0 £ 5 and 120.0 + 4.5 Ma. An age of 141.9 + 5.5 Ma
was obtained for whole-rock samples of granite aplite. Biotite of hornblendite yielded K/Ar
ages of 161.0 + 6.3 and 134.5 + 5.2 Ma. Measured ages of nephelines from nepheline syenite
are 150.9 £ 5.8 and 116.1 + 4.4 Ma. Biotite of metasomatically altered nepheline syenite gave
a K/Ar age of 136.9 + 5.1 Ma, while the ages of nephelines are 147.4 + 6 and 81.3 £ 3.1 Ma.
Whole-rock ages of tinguaite range from 172.0 £ 6.6 to 141.9 + 5.5 Ma. Whole-rock samples
of the contact rock (hornfels) yielded a K/Ar age of 138 Ma, whereas the age of biotite is 156.8
+ 5.9 Ma.

Based on Popescu (1985), the Rb—Sr whole-rock age of ultrabasic rocks and syenite is
200 and 160 Ma, respectively.

Zincenco (1991) reinterpreted the available K/Ar and Rb-Sr data. According to his
hypothesis, the DAM entered the subsolidus stage 171 = 3 Ma ago. Pneumatolytic and
hydrothermal phases ended 165 + 5 and 154 Ma ago, respectively. Based on supplementary
Rb—Sr whole-rock data, Zincenco et al. (1994) proposed an emplacement age of 201 + 1 Ma.

Pal-Molnér and Arva-Sos (1995) determined the K/Ar age of minerals of different rock
types (cumulate rocks, diorite, granite, nepheline syenite, syenite, and alkaline feldspar syenite).
Amphiboles of cumulate rocks gave K/Ar ages of 237.4 + 9.1 — 216.0 + 8.8 Ma. Amphiboles
of diorite display various ages between 218.7 + 8.3 and 176.6 + 6.7 Ma. The obtained K/Ar age
of biotite and feldspar of syenite is 107.6 + 4.1 and 182.7 + 6.9 Ma, respectively. Biotite and
alkaline feldspar of alkaline feldspar syenite yielded a K/Ar age of 102.6 =4 and 113.5 £ 4.3
Ma, respectively. Biotite and nepheline + sodalite of sodalite nepheline syenite reached their
closure temperatures at 182.4 + 6.9 and 232.7 + 8.8 Ma, respectively. K/Ar ages of biotite of
granite range from 217.6 + 8.3 to 206.3 = 7.8 Ma, whereas the age of alkaline feldspar is 142.7
+5.7—139.1 + 5.4 Ma. Based on the above results, Pal-Molnar and Arva-Sés (1995) developed
a two-stage evolution history for the massif: (1) Middle Triassic—Lower Jurassic (hornblendite,
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nepheline syenite, granite); (2) Middle Jurassic—Lower Cretaceous (syenite, alkaline feldspar
syenite, diorite).

Dallmeyer et al. (1997) estimated the age of hornblendes with “°Ar/*Ar method. The
DOAr/°Ar plateau age of amphibole from hornblendite and gabbro is 231.5 + 0.1 and 227.1 +
0.1 Ma, respectively.

Copious age data by Bagdasarian (1972), Streckeisen and Hunziker (1974), Kriutner et
al. (1976), Minzatu and Ardeleanu (1980), Minzatu et al. (1981), Popescu (1985), Zincenco
(1991), Zincenco et al. (1994), Pal-Molnar and Arva-Soés (1995), and Dallmeyer et al. (1997)
were summarized and interpreted by Krédutner and Bindea (1998). According to their
hypothesis, the DAM was formed by a five-stage magmatic process: (1) generation of a mantle-
derived gabbroic-dioritic magma in an extensional tectonic environment (at 230 Ma); (2) 215
Ma ago, the subsolidus gabbroic-dioritic magma intruded into the crust and interacted with the
crustal syenitic melt. Hybrid rocks were formed as a consequence of magma mixing and
mingling; (3) the parental melt of nepheline syenite was formed by the opening of the Civcin-
Severin Rift Zone (160 Ma ago). Mafic, feldspathoid-bearing rocks [ditro-essexite (alkali
gabbro or monzodiorite with essexitic-theralitic chemistry)] were generated by hybridization
and partial metasomatic substitution; (4) the magmatic system cooled to below 300°C at 135
Ma. Hydrothermal activity ceased 115 Ma ago; (5) closure of the Ar-system (115 Ma) can be
attributed to tectonic uplift caused by nappe transport (Krautner and Bindea, 1998).

Pana et al. (2000) conducted U—Pb analyzes on zircons of syenite; 116 separated grains
were examined by Thermal lonization Mass Spectrometry (TIMS). An age of 229.6 +1.7/-1.2
Ma (Mean Square of Weighted Deviations, MSWD = 1.7) was reported for syenite. They
concluded that syenite intruded almost at the same time as gabbro and diorite; hence, the
magmatic evolution of the massif was considerably shorter than previously presumed (e.g., by
Pal-Molnar and Arva-Sos, 1995; Krautner and Bindea, 1998).

24



Table 11.1. Results of the previously conducted age determinations on different rock types and mineral phases of
the Ditrau Alkaline Massif (Romania)

Source Rock type Locality Method Studied sample Age (Ma)
Hornblendite West of the conjunction of Teasc and Jolotca Creeks K/Ar Whole-rock 196 £ 6
Hornblendite West of the conjunction of Jolotca and Simo Creeks K/Ar Whole-rock 161 +£2
Hornblendite West of the conjunction of Jolotca and Holosag KIAr Whole-rock 161+ 10
Creeks
Hornblendite Ditrau-valley and the spring area of Putna Creek K/Ar Whole-rock 177+ 1
Syenite East of the conjunction of Jolotca and Simo Creeks K/Ar Whole-rock 128 +3
Bagdasarian
(1972) Syenite Central part of the Jolotca-valley K/Ar Whole-rock 121+£2
Syenite Road between Ditrau-valley and Putna Creek K/Ar Whole-rock 121.5+0.5
Syenite pegmatite | East of the conjunction of Teasc and Jolotca Creeks K/Ar Whole-rock 142+7
Nepheline syenite Road between Ditrau-valley and Putna Creek KI/Ar Whole-rock 152+1
Leucogranite Conjuction of Jolotca and Hompot Creeks K/Ar Whole-rock 125+ 10
Mica schist Basin of Putna Creek, Ditrau-Tulghes road, km 20 K/Ar Whole-rock 284 + 14
Nepheline syenite Comarnic plateau KI/Ar Biotite 151+9
Streckeisen Nepheline syenite Ditrau Creek, gallery I. K/Ar Biotite 153+£3
and
. Tinguaite Cianodul, 500 m E KI/Ar Whole-rock 161 +7
Hunziker
(1974) Tinguaite Prisca, 500 m NE KIAr Whole-rock 156 £ 6
Hornfels Teasc Creek, 750 m SE K/Ar Biotite 150+ 6
Biotitized joti
hornblendite Jolotca-valley KI/Ar Biotite 161.0+6.3
Biotite o
hornblendite Jolotca-valley K/Ar Biotite 1345+52
Whole-rock 112
Biotite syenite Ditrau-valley K/Ar
Biotite 117
Whole-rock 131
Biotite syenite Ditrau-valley, gallery VII. K/Ar
Biotite 1343 +4.8
Whole-rock 136
Biotite syenite Ditrau-Tulghes road, km 11 K/Ar
Biotite 139.3+5.1
Biotite syenite Ditrau-valley, quarry K/Ar Biotite 113.6 +4.6
Minzatu Syenite pegmatite Hereb-valley, gallery VI. K/Ar Muscovite 161.8 6.1
and ioti i
Biotite syenite Cianodul-valley KIAT Biotite 126.0 5.0
Ardeleanu with cancrinite
(1980); oyene (‘\"I’étlg) Ditrau-Tulghes road, km 7 KIAr Biotite 1200+45
Nepheline syenite Ditrau-valley K/Ar Nepheline 150.9+5.8
Minzatu Pegmatoidic
etal. nepheline syenite Ditrau-valley, quarry K/Ar Nepheline 116.1+4.4
(1981) Nepheline syenite Ditrau-valley K/Ar Nepheline 1474 £ 6.0
with cancrinite
Nephelme sye_nlte Ditrau-valley K/Ar Biotite 136.9+5.1
with cancrinite
Liebneritized . .
nepheline syenite Ditrau-valley K/Ar Nepheline 81.3+3.1
Aplite granite Borehole 120, m 2 K/Ar Whole-rock 141.9+55
Tinguaite Conjunction of Aurora and Belcina Creeks K/Ar Whole-rock 172.0 £ 6.6
Tinguaite Aurora-valley K/Ar Whole-rock 159.3 +6.1
Tinguaite Cianodul-valley K/Ar Whole-rock 141.9+55
Biotite hornfels Aurora, borehole F 144, K/Ar Whole-rock 138
Biotite hornfels Aurora-valley, gallery VII. K/Ar Whole-rock 172
Phlogopite marble Lazarea, borehole, 141, m 137 K/Ar Biotite 150.0 £ 6.0
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Table 11.1. Continued

Hornblendite V_V'th Jolotca, Tarnita de Sus Creek K/Ar Amphibole 237.4+9.1
textural ordering
Hornblendite V_V'th Jolotca, Pietrarilor Creek K/Ar Amphibole 216.0 £8.8
textural ordering
Hornblendite
without textural Jolotca, gallery VI. K/Ar Amphibole 226.0+9.6
ordering
Amphibole 234.7+10.8
Pegmatoidic Plagioclase 161.3+9.8
horgnblendite Jolotca, Tarnita de Sus Creek, gallery XXV. K/Ar
Biotite 162.4 £ 6.1
Biotite 1683+£7.2
Lo Amphibole 208.3 8.3
t'\:;tlji:;) g':gevr\?;h Jolotca, Teasc Creek K/Ar
9 Feldspar 1382+5.8
Lo Amphibole 176.6 6.7
tex?l:(r);:tgrg:r?n Jolotca, Teasc Creek K/Ar
9 Feldspar 1374455
Pal-Molnar
Lo Amphibole 218.7+8.3
and fel d?'::';e Wr:athates Jolotca, Tarnita de Jos Creek K/Ar
Arva-Sés par aggreg Feldspar 15544538
(1995) Biotite 107.6 £4.1
Syenite Jolotca, Teasc Creek, gallery XIX. K/Ar
K-feldspar 182.7+6.9
. Biotite 102.6 £4.0
Alkalsm:nfitilledspar Jolotca, Simo Creek K/Ar
4 K-feldspar 113.5+ 43
. . Biotite 182.4+£6.9
Sodallsteerrlﬁtzhelme Jolotca, Teasc Creek K/Ar Neoheline +
4 phetl 2327488
sodalite
Biotite 217.6 8.3
Granite Jolotca, Turcului Creek K/Ar
Feldspar 146.0 5.6
Biotite 213.5+£82
Granite Jolotca, Teasc Creek KI/Ar
K-feldspar 139.1+54
Biotite 206.3+7.8
Granite Jolotca, Creanga Mare Creek K/Ar
K-feldspar 142.7 +£5.7
Dallmeyer Gabbro Jolotca-valley OArPAr Amphibole 227.1+0.1
etal.
(1997) Hornblende diorite Ditrau-Tulghes road, km 7 OArAr Amphibole 231.5+0.1
Pana
etal. Syenite Jolotca, Jolotca Creek U-Pb Zircon 1227?612
(2000)
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11.4. Sampling and analytical techniques

11.4.1. Sampling and petrography

Eight rock samples (1 cumulate, 2 syenites, 2 nepheline syenites, and 3 granites) were collected
from surface outcrops of the DAM. The cumulate rock (VRG6546/b), syenite (VRG7404,
VRG7425), and nepheline syenite (VRG6836, VRG7546) were sampled in the valleys of the
Tarnita, Teasc, Holosag, and Fagului Plat Creeks. Granite samples (VRG6827, VRG6831,
VRG6853) were collected in the valleys of the Turcului and Creanga Mare Creeks (Fig. 11.1B).
Petrographic observations were carried out at the Department of Mineralogy, Geochemistry and
Petrology, University of Szeged, Szeged, Hungary with optical microscopes. Mineral phases
were identified with a THERMO Scientific DXR Raman microscope. Modal compositions
(vol%) in the petrographic descriptions were estimated from thin sections. Radiometric age data
were classified by the Geologic Time Scale of the ICS (2018/08) (Cohen et al., 2013, updated).

11.4.2. K/Ar geochronology

For the purpose of K/Ar age determination, the least-altered rocks were selected from more
than 100 samples. The investigations were performed on separated mineral phases (amphibole
and biotite) at the Institute for Nuclear Research, Hungarian Academy of Sciences, Debrecen,
Hungary, using a digital flame photometer and a magnetic mass spectrometer. The Asia-1/65
Russian, GL-O French, LP-6 American, and HD-B1 German reference materials were used as
external standards. The given errors only represent analytical errors (standard deviation);
consequently, geologic factors (e.g., Argon-loss, excess Argon) cannot be identified.
Description of the equipment, methodology of the analysis, and calibration of the device can be
found in studies by Odin et al. (1982) and Balogh (1985).

11.4.3. U-Pb geochronology

Titanite (VRG7404) and zircon (VRG7425) crystals were separated from two syenite samples
and from one nepheline syenite sample (VRG7546) from the northern part of the DAM (Fig.
I1.1B). Sample preparation for U-Pb geochronology included standard gravity and magnetic
separation from the 63-500 um size fractions. Zircon and titanite crystals were mounted in
epoxy resin mounts and were polished to a 1 pm finish. All mineral species were investigated
and mapped by optical microscopy, cathodoluminescence (CL), and back-scattered (BSE)
imaging. CL and BSE images of mineral separates from nepheline syenite were obtained at the
Department of Petrology and Geochemistry, E6tvos Lorand University, Budapest, Hungary,
using an AMRAY 1830 SEM equipped with a GATAN MiniCL (3 nA, 10 kV setup). Imaging
of crystals separated from syenite was carried out at the Department of Geosciences, Johann
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Wolfgang Goethe University, Frankfurt, Germany. In situ U-Pb geochronology was performed
at the GOochron Laboratories, Georg-August University of Géttingen, Gottingen, Germany,
using an excimer laser and a Thermo Finnigan Element2 sector field mass spectrometer.

Spot diameters were 23 and 33 um with an ablation system of ASI Resolution 155. The
method employed for the analysis is described in detail by Frei and Gerdes (2009). GJ-1
reference zircon (Jackson et al., 2004) was used as the “primary standard” and PleSovice zircon
(Slama et al., 2008) and 91500 zircon (Wiedenbeck et al., 1995) were measured as secondary
reference materials along with unknown zircon crystals. The MKED1 reference material
(Spandler et al., 2016) was used as the primary titanite standard, whereas the OLT1 (Kennedy
et al., 2010) and BLS (Aleinikoff et al., 2007) were applied as secondary reference materials.

The concordia plots were constructed by IsoplotR (Vermeesch, 2018).

11.5. Petrography of the dated samples

11.5.1. Amphibole- and pyroxene-rich cumulate

Amphibole- and pyroxene-rich cumulate (VRG6546/b) consists of idiomorphic—
hypidiomorphic cumulus amphibole (Fig. II.3A) with variable grain size (macrocrysts <11 mm;
microcrysts: 100-500 pm). Amphibole oikocrysts (larger than 10 mm) are rich in
clinopyroxene, titanite, magnetite, and apatite inclusions. Some of the amphiboles alter to
epidote and chlorite. Clinopyroxene (<16 vol%) occurs as macrocrysts or as inclusions in
amphibole oikocrysts and often shows alteration to secondary amphibole, chlorite, or epidote.
Hypidiomorphic biotite occurs in small amount (1-20 vol%). Hypidiomorphic—xenomorphic
intercumulus plagioclase (<12 vol%) fills up the residual space between mafic minerals.
Magnetite (<5 vol%), primary titanite (<3 vol%), and apatite (<5 vol%) occur as inclusions in

cumulus minerals and as intergranular crystals.

11.5.2. Syenite

Syenite (VRG7404, VRG7425) is phaneritic with a medium-to-coarse-grained, inequigranular,
serial, and hypidiomorphic texture. It consists of alkaline feldspar (67-81 vol%) and plagioclase
(18-26 vol%), accompanied by muscovite (0-1 vol%), cancrinite (0-7 vol%), and primary
accessory minerals (apatite, zircon, and titanite; 0—4 vol%) (Fig. 11.3B). Mafic minerals of the
“groundmass” (the phaneritic, holocrystalline, felsic mineral-rich domain of the rocks) occur in
negligible amounts (biotite: 0-1 vol%). Mafic components form aggregates enclosed in syenite,
comprising amphibole (4-83 vol%), biotite (3-59 vol%), clinopyroxene (0-7 vol%), minor
amounts of alkaline and plagioclase feldspars (1-13 and 1-10 vol%, respectively), accessory
(apatite, zircon, and titanite; 0—22 vol%) and opaque minerals (1-14 vol%).
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11.5.3. Nepheline syenite

Nepheline syenite (VRG6836, VRG7546) is holocrystalline and displays an equigranular,
medium-to-coarse-grained texture. The most common rock-forming minerals are idiomorphic
nepheline (7—35 vol%) and hypidiomorphic—xenomorphic alkaline feldspar (59-90 vol%) (Fig.
I1.3C). Nepheline is 5-15 mm in size, albeit it often occurs as microcrystals (~0.5 mm). Along
cracks and fissures, nepheline is replaced by cancrinite, sodalite, or analcime. The amount of
plagioclase is negligible (<10 vol%). The dominant mafic components are biotite (2—10 vol%),
clinopyroxene (2—7 vol%), and amphibole (2-5 vol%). Titanites occur in two generations: 0.1—
0.3 and 2.1-2.5 mm in size. Additional magmatic accessory phases are apatite, zircon,

magnetite, and ilmenite (3-5 vol%).

Fig. 11.3. Characteristic textural features of the studied rocks. (A) Cumulus amphibole and titanite with
intercumulus plagioclase in amphibole- and pyroxene-rich cumulate (VRG6546/b), +N (crossed polarized light).
(B) Biotite, zircon, and titanite in syenite (VRG7404), +N. (C) Biotite and nepheline in nepheline syenite
(VRG6836), +N. (D) Biotite aggregate in granite (VRG6831), +N. Abbreviations of the rock-forming minerals
are after Whitney and Evans (2010)
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11.5.4. Granite

Granite (VRG6827, VRG6831, VRG6853) is phaneritic and inequigranular. It is composed of
alkaline feldspar (24-45 vol%), plagioclase (21-35 vol%), and quartz (17-31 vol%) (Fig.
I1.3D). Microcline is often poikilitic and encloses plagioclase, quartz, and biotite. Two
generations of plagioclases can be recognized: (a) megacrystalline, zoned, and sericitic; (b)
smaller-sized and myrmekitic. Mafic constituents (3—25 vol%) are represented by biotite and
amphibole. Altered amphibole is often accompanied by opaque minerals, biotite, and epidote.
Secondary rutile and titanite aggregates occur along the cleavage faces of altered biotite. Zircon,

titanite, apatite, and magnetite are the most common primary accessory minerals.

11.6. Results

11.6.1. K/Ar geochronology

The results of K/Ar age dating can be found in Fig. 11.5 and Table I1.2. Amphibole of
amphibole- and pyroxene-rich cumulate yielded a K/Ar mean age of 238.6 = 8.9 Ma. An age
of 216.0 £ 8.1 Ma was determined for amphibole of nepheline syenite. K/Ar ages of biotite
from granite are 201.4 + 7.6 and 198.3 + 7.5 Ma. Amphibole of granite gave K/Ar mean ages
of 197.3 £ 7.4 and 196.3 = 7.4 Ma.

Table 11.2. Results of K/Ar dating of amphibole and biotite crystals from the Ditrdu Alkaline Massif (Romania)

Locality and GPS Studied K-content “OATradg OArrad
Sample Rock type coordinates fraction (%) (ncm?/g) (%) Age (Ma)
VRG6546/b Amf:;:glenigd Jolotea, Tarnifa de Sus |\ a0y 116 115105 | 781 | 238.6%89
Py Creek 46.87454, 25.49871 | A\mphibole : : : 6+8.
cumulate
VRG6836 Nepheline Jolotca, Fagului Plat Creek |\ il 162 1.4450 - 105 | 948 | 216.0=8.1
syenite 46.86841, 25.55315 mphibole : : ' V=8
VRG6827 Granite Jolotea, Turcului Creek 1\ pibol 3.41 27641 -10° | 936 | 197.3+7.4
G68 46.8706, 25.55029 mphibole : 7 : 737
Jolotca. Turcului Creek | Amphibole 133 10719105 | 87.7 | 1963+7.4
VRG6831 Granite !
46.88141, 25.55258 Biotite 3.46 28194105 | 924 | 1983475
VRG6853 Granite Jolotca, Creanga Mare Creek | - . ., 4.04 33468105 | 95 | 201.4+7.6
46.8743, 25.59169 fotite : : axl

11.6.2. U-Pb geochronology

The textural homogeneity of the studied titanite and zircon crystals was inspected using CL and
BSE images. The ideal spots for analyzes were selected based on these images, in order to avoid
crystal parts containing inclusions, different textures, or cracks. CL images usually show
normal magmatic zoning of the examined titanite and zircon grains. Older or texturally

disparate crystal domains were only observed in the case of zircon samples.
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11.6.2.1. Syenite

In situ U-Pb dating was performed on 15 rim and 16 core domains of titanite crystals. The
different growth zones did not yield distinguishable ages within uncertainty. The amount of
non-radiogenic 2°°Pb isotope is high; thus, one can consider the matrix-corrected lower intercept
age of 225.3 £ 1.5 Ma, with an MSWD value of 1.1 in the Tera-Wasserburg diagram as a
relevant datum (n = 31; Fig. [.4A) and an interpreted main crystallization age of 225.3 + 2.7
Ma (with 1% external uncertainties; Table 11.3).

In situ U-Pb dates of 32 zircon spots on 12 crystals were measured. The obtained data
were filtered according to their discordance (<5%) and resulted in 15 concordant dates, varying
between 238.1 and 226.3 Ma. The calculated concordia age is 232.4 £ 2.4 Ma that has a
relatively high (14) MSWD value (overdispersion is included in the uncertainty; Vermeesch,
2018; Fig. 11.4B). The interpreted main zircon crystallization age is 232.4 Ma, with an

uncertainty of + 3.3 Ma (including 1% external uncertainties; Table I1.3).

Table I11.3. Summary of the U-Pb titanite and zircon ages of syenite and nepheline syenite from the Ditrau Alkaline
Massif (Romania)

Number of Concordia Interpreted main
. . measured Lower age crystallization age (Ma)
Sample Rock type Gl;gi%'é%?:;es fsrt;g:gﬂ data/ interceptage | MSWD | (number of | MSWD with uncertainty
concordant (Ma) dates (including 1% external
data included) uncertainties)
VRGT7404 |  Syenite Teasc Creek Titanite 30/0 253+ 15 11 n.d nd 253+27
4 46.88086, 25.51715 ’ ’ ’ - h : :
Nepheline Teasc Creek -
VRG7546 syenite 46.88461, 25.5132 Titanite 25/0 230.6 2.6 15 n.d. n.d. 230.6 +3.5
. Holosag Creek . 2324+24
VRG7425 Syenite 46.87458, 2553758 Zircon 32/15 n.d. n.d. (15) 14 2324+33
Nepheline Teasc Creek . 230.6+0.8
VRG7546 syenite 46.88461, 255132 Zircon 105/82 n.d. n.d. @1) 6.9 230.6 +2.4

11.6.2.2. Nepheline syenite

The analyzed titanite crystals show around 10% non-radiogenic 2°°Pb contents; thus, one can
apply the fractionation-corrected lower intercept age of 230.6 + 2.6 Ma, with an MSWD value
of 1.7 in the Tera-Wasserburg diagram as a relevant datum (Fig. 11.4C) and an interpreted
crystallization age of 230.6 + 3.5 Ma (n = 25; with external uncertainties; Table I1.3).

In situ U-Pb dating was performed on two grain-size fractions of zircon crystals. The
obtained 105 data were filtered according to their discordance (<5%). There was no difference
in age between the grain size fractions. The analyzes yielded 82 concordant ages, ranging
between 238.7 and 220.1 Ma. One older, xenocrystic date of 757.8 Ma was detected. The
concordia age is 230.6 + 0.8 Ma, with an MSWD of 6.9 (uncertainty includes the overdispersion
of MSWD; Vermeesch, 2018; Fig. 11.4D). The main zircon crystallization age is 230.6 Ma, with

an uncertainty of + 2.4 Ma (including 1% external uncertainties; Table I1.3).
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Fig. 11.4. Results of U-Pb geochronology. (A) Syenite U-Pb age data of titanite spots in the Tera-Wasserburg
concordia plot. (B) Concordant zircon U-Pb isotopic data of syenite in the Wetherill plot with concordia age. (C)
Nepheline syenite U-Pb age data of titanite spots in the Tera-Wasserburg concordia plot. (D) Concordant zircon
U-Pb isotopic data of nepheline syenite in the Wetherill plot with concordia age

11.7. Discussion

According to our field structural and petrographic observations, the following inferences can
be drawn: (a) based on petrographic and genetic aspects, cumulate rocks (e.g., hornblendite,
olivine-rich cumulate, amphibole- and pyroxene-rich cumulate, amphibole-rich cumulate),
gabbro, and diorite should not be classified into different rock complexes (e.g., Anastasiu and
Constantinescu, 1979; Zélya and Zdlya, 1985, 1986; Pal-Molnar, 1988). It can be noticed that
these rock types occur adjacently (Fig. 11.1B) with either abrupt or gradual transition to each
other. After Pal-Molnar (2000), the rock association of this structurally and tectonically
complex lithostratigraphic unit is referred to as the Tarnita Complex. Detailed petrogenetic
interpretation of this unit can be found in Pal-Molnar et al. (2015a) and Heincz et al. (2018);
(b) the gradual transition between diorite, monzodiorite, monzonite, and syenite is difficult to
trace in the field; (c) the transition between syenite, quartz syenite, and granite can also be
continuous; (d) different-sized metamorphic xenoliths occur in syenite and granite; (e) rocks of
the Tarnita Complex, diorite-Syenite and syenite-granite transition zones are crosscut by
nepheline syenite; (f) syenite intruded into the Tarnita Complex; (g) nepheline syenite and rocks
of (a)—(f) are crosscut by tinguaite dykes; (h) lamprophyre dykes intersect all other rock types
of the massif.
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11.7.1. Geochronological data
Comparing the results of previous work with our new K/Ar and U-Pb data (Tables 11.1-3), the
diversity of the obtained ages, ranging between 238.6 + 8.9 Ma and 81.3 + 3.1 (Fig. I1.5) can
be observed. This phenomenon can be explained by the fact that different authors performed
K/Ar analyzes on various minerals with different closure temperatures; however, interpretation
of these data should be carried out with caution. Bagdasarian (1972), Streckeisen and Hunziker
(1974), Minzatu and Ardeleanu (1980) as well as Minzatu et al. (1981) determined whole-rock
ages. The results of these analyzes are mostly mixed ages, due to the different closure
temperatures and resistance of the minerals. K/Ar data of biotite and feldspars — considering
the low closure temperatures of these phases — yield the age of post-magmatic events. This
means that the ages obtained from minerals with higher closure temperatures for the K/Ar decay
system [i.e., amphibole: 510 £ 25°C (Harrison, 1981); Péal-Molndr and Arva-Sos, 1995;
Dallmeyer et al., 1997] and the U-Pb ages of titanite and zircon (Pana et al., 2000; this study)
could provide the most relevant information about the timing of the magmatic events. The K/Ar
ages of amphiboles yield reliable information solely when the solidus of the crystallizing
magma and the closure temperature of amphibole are comparable. It must be noticed that the
amphibole of this study, dated by K/Ar method, originates from a cumulate rock that — based
on previous thermobarometric calculations of Almasi et al. (2015) and Pal-Molnar et al. (2015a)
— crystallized at considerably higher temperatures (900-1050°C) than the typical closure
temperature of amphibole. Hence, the K/Ar age of the studied amphibole sample displays the
minimum crystallization age of the amphibole- and pyroxene-rich cumulate rock. The analyzed
titanite and zircon crystallization dates of syenite and nepheline syenite samples are mostly
equal within uncertainty and are concordant with the 229.6 +1.7/-1.2 Ma ID-TIMS age of the
zircon crystals from a syenite sample published by Pana et al. (2000). This is also in age-
agreement with the amphibole data of hornblendite determined by Pal-Molnéar and Arva-Sés
(1995) and with the amphibole data of gabbro and diorite analyzed by Dallmeyer et al. (1997).
The emplacement sequence of the different rock types of the massif — considering field
occurrences and overlapping age data — is as follows: cumulate rocks, diorite, monzodiorite,

monzonite, syenite, quartz syenite, granite, nepheline syenite, tinguaite, and lamprophyre.
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Fig. I1.5. Previously published results and our new geochronological data from the Ditrau Alkaline Massif

Taking into account all age data from the examined rock types in this study, they reveal
a slightly broad age span, from 238.6 £ 8.9 Ma (amphibole from cumulate rock by K/Ar
method) to 196.3 + 7.4 Ma (amphibole from granite by K/Ar method). Nevertheless, the
younger dates are possibly affected by post-magmatic fluids, similarly to those younger ages
from previous studies using K/Ar and Rb-Sr methods. Therefore, the lower limit of the
magmatic event age is questionable since both the archive data and the new K/Ar ages exhibit
wide scattering. The upper limit is also ambiguous, as the highest age value (238.6 + 8.9 Ma of
amphibole from amphibole- and pyroxene-rich cumulate; this study) was determined by K/Ar
method and shows a significant error, overlapping the U-Pb ages.

According to these, it can be concluded that the igneous event age could be most
plausible between 238.6 + 8.9 Ma (amphibole from amphibole- and pyroxene-rich cumulate;
this study) and 225.3 + 2.7 Ma (titanite from syenite; this study), keeping in mind that the most
significant U-Pb data scatter around ~230 Ma.

Using the methodology we have so far, there is no resolvable age difference between

the early emplaced cumulate rocks and the late nepheline syenite. These data contradict the age-
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range of the multi-stage evolution theory of the DAM proposed by Morogan et al. (2000) and
disprove the age-range of the two and multi-stage formation hypothesis of Pal-Molnar and
Arva-Sés (1995), Kriutner and Bindea (1998) as well as of Pal-Molnar (2000, 2008).

11.7.2. Palinspastic reconstruction

Based on previous geochemical results (e.g., Morogan et al., 2000; Pal-Molnar, 2000, 2010b;
Batki et al., 2014; Pal-Molnar et al., 2015a), the DAM was emplaced in an intra-plate, rift-
related tectonic environment. Considering the age and geochemical data, formation of the
massif can be attributed to the evolution of Western-Tethys. Several authors (e.g., Kozur, 1991,
Stampfli and Borel, 2002, 2004; Hoeck et al., 2009; Pana, 2010) have made attempts to interpret
the rifting and subducting events of the separate oceanic basins of Tethys. Contrasting
palinspastic reconstructions have been developed due to the complex structure and tectonic
evolution of the area. Formation of the Alps and Carpathians is coherent with the evolution of
the Meliata-Maliac/Vardar Oceans (Stampfli and Borel, 2002).

According to Stampfli and Borel (2002), the Neotethys started to open in the Late
Carboniferous—Early Permian period. This process initiated the drifting of the Cimmerian
Block from Pangea and the subduction of Paleotethys in the Middle—Late Triassic period. Slab
roll-back of Paleotethys resulted in the formation of back-arc basins along the southern Eurasian
margin. Some of these basins evolved into an oceanic basin. Several back-arc basins (e.g.,
Karakaya, Kiire) closed due to the Cimmerian collision in the Jurassic. The Meliata, Maliac,
and Pindos oceanic branches remained open until the Late Jurassic. Their subduction initiated
the opening of further back-arc basins (e.g., Vardar). Subduction of the Kiire Ocean was
accompanied by the closure of the Meliata-Maliac Ocean in the Late Triassic—Early Jurassic
(Stampfli and Borel, 2002).

Kozur (1991) made two Middle-Late Triassic palinspastic reconstructions for the
Eastern Carpathians: (a) the postulated Central Dinaric Ocean was situated between the High
Karst Zone and the Lim/Bosnian Zone. The two branches of this ocean were the Hallstatt and
Meliata Oceans. The Transylvanian—Pieniny Ocean occupied an adjacent but separate basin;
(b) according to the second hypothesis of Kozur (1991), a triple junction was formed in the
Eastern Carpathians. One of its branches, the Pieniny Ocean, opened up during the Early
Anisian, whereas Meliata evolved in the Middle Anisian. The Transylvanian Ocean extended
through the Strandzha Zone to the Pontides. Based on Kozur (1991), the Meliata Ocean closed
in the Late Jurassic (Oxfordian); its remnants are represented by obducted nappes enclosing

ophiolites.
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Fig. 11.6. Middle—Late Triassic palinspastic reconstruction (modified after Stampfli and Borel, 2002). Legend: Ad
— Adria (s.s.); Bu — Bucovinian; Bii — Bilkk; Da — Dacides; Do — Dobrogea; Gt — Getic; Kk — Karakaya forearc;
Pn — Pienniny rift; Rh — Rhodope; Sc — Scythian platform; TD — Trans-Danubian; Ts — Tisia

Middle—Late Triassic ophiolite breccias and olistholites occur in the Late Barremian—
Early Albian Wildflysch of Rardu, Haghimas, and Persani Mountains (Eastern Carpathians).
Hoeck et al. (2009) proposed that these rocks are the remnants of a subducted oceanic crust,
formerly located between the Bucovinian, Infrabucovinian, and Northern Apuseni continental
panels. Emplacement of the DAM can be attributed to the opening of the oceanic basin.
Analogous Middle Triassic intrusions occur in the Southern Alps (Castellarin et al., 1982) and
Dinarides (Pami¢, 1984). Opening of the VVardar Ocean induced the subduction of the oceanic
branch beneath the Northern Apuseni and Infrabucovinian units. The ocean closed in the Late
Triassic—Early Jurassic (Hoeck et al., 2009).
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Pana (2010) did not agree with the hypothesis of Hoeck et al. (2009), considering that
(a) the entire ophiolite suite is not represented, (b) the studied rocks are located in an intra-
continental tectonic setting, and (c) the reported age data are not precise enough. Pana (2010)
questioned the credibility of the palinspastic reconstruction of Hoeck et al. (2009). According
to Hoeck et al. (2009), the Northern Apuseni block was located north of the Meliata Ocean,
albeit Triassic sediments and volcanic rocks of the Northern Apuseni Mountains can be
correlated with rocks formed south of the Meliata Ocean (Channell and Kozur, 1997). In the
absence of geologic evidence, Pana (2010) argued the hypothesis that the oceanic crust
subducted beneath the Northern Apuseni and Infrabucovinian continental domains in the Late
Triassic—Early Jurassic.

The geochronological data are in correspondence with the reviewed palinspastic
reconstructions and petrogenesis of the DAM. Considering this information, the Ditrdu Alkaline
Massif was formed in an intra-plate, rift-related extensional tectonic setting at the southwestern
margin of the East European Craton (Fig. 11.6; the postulated area of emplacement is marked
by the red rectangle) during the Middle—Late Triassic.

11.8. Concluding remarks

Previous, mostly K/Ar geochronological data of the Ditrau Alkaline Massif have been
supplemented and refined by new, more precise K/Ar and U-Pb age data. U-Pb geochronology
of accessory minerals is the most reliable method to determine the age of magmatic processes,
while post-magmatic thermal events can be traced by the K/Ar decay system.

A K/Ar age 0f 238.6 + 8.9 Ma was obtained for amphibole of amphibole- and pyroxene-
rich cumulate. Based on in situ U-Pb dating, titanite and zircon from syenite were formed at
225.3+2.7 Maand 232.4 + 3.3 Ma, respectively. Nepheline syenite yielded an amphibole K/Ar
age of 216.0 + 8.1 Ma as well as titanite and zircon U-Pb ages of 230.6 + 3.5 and 230.6 + 2.4
Ma, respectively. K/Ar ages of amphibole and biotite from granite range from 196.3 + 7.4 to
197.3 £ 7.4 and 198.3 + 7.5 to 201.4 £ 7.6 Ma, respectively. Considering the new and previous
(post-1990) K/Ar and U-Pb data, crystallization of the massif took place between 238.6 + 8.9
and 225.3 £ 2.7 Ma (noting that the most relevant U-Pb ages scatter around ~230 Ma).

Age data and tectonic analogies suggest a short magmatic span (Middle—Late Triassic,
Ladinian—Norian) of the Ditrau Alkaline Massif. The magmatism could be associated with an
intra-plate, rift-related extensional tectonic setting at the southwestern margin of the East
European Craton.
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Petrographic evidences of open-system magmatic processes in the felsic rocks of the

northern part of the Ditrau Alkaline Massif (Eastern Carpathians, Romania)

by: Luca Kiri, Maté Szemerédi, Elemér Pal-Molnar

Abstract

Over the almost 190-years-long research of the Ditrau Alkaline Massif (Eastern Carpathians,
Romania), felsic rocks have been regarded as homogeneous, uniform units of the igneous
complex. Nevertheless, our detailed textural study revealed that the felsic suite (diorite—alkaline
feldspar syenite and nepheline-bearing syenite—granite series), cropping out north of the Jolotca
Creek valley is more heterogenous at the micro-scale than previously thought. This
heterogeneity partly derives from abundant mafic mineral-rich clusters; nevertheless, felsic
minerals also exhibit various, remarkable textural features. Outcrop-to-micro-scale traits of
felsic crystal settling, mafic mineral aggregates, and flow fabrics along with metamorphic
country rock xenoliths suggest that the studied rocks crystallized under dynamic magmatic
conditions. Cumulate formation, shear flow, convection currents as well as various open-system
magmatic processes (e.g., magma recharge, magma mixing and mingling, crystal or mush
transfer and recycling, country rock assimilation) played a significant role in the petrogenesis
of the examined felsic suite.

Based on field observations as well as on the microtextural relationship of the minerals,
two major groups of felsic rocks were distinguished: (1) felsic rocks (lacking or containing
sparse mafic minerals) spatially associated with mafic rocks and (2) felsic rocks (with mafic
minerals and clots) spatially unassociated with mafic rocks. Rocks of the former group are
dominated by plagioclase, accompanied by minor alkaline feldspar, biotite, and accessory
titanite. Distinct structural and textural features suggest the physical accumulation of the rock-
forming phases. Such textural properties can also be observed in some rocks of the second
group. Isolated mafic minerals are rather scarce in the latter; nevertheless, different types of
aggregates made up of either identical or various mafic phases are more common. Clustered
minerals are either intact or show different stages of alteration.

A detailed petrographic study of the above-mentioned peculiarities has been

implemented in order to define their potential origin(s) and petrogenetic significance.
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I11.1. Introduction

The Ditrau Alkaline Massif (DAM) is a unique locality with a presently tilted vertical cross-
section of a preceding alkaline magma storage system (Pal-Molnar et al., 2015a), exposing
different rock types on a spectrum from ultramafic cumulates to granitoid rocks. Outcrops
provide an excellent in situ insight into different stages of the evolution of the alkaline igneous
suite.

Felsic rocks have been regarded — at both macro and micro-scales — as homogeneous,
uniform units of the DAM throughout almost the entire research history of the massif. Recently,
some studies (e.g., Batki et al., 2018; Heincz et al., 2018; Odri et al., 2020) drew attention to
distinct structural, textural, and geochemical features, implying open-system processes that had
operated during the formation of the examined felsic rocks. The application of in situ
geochemical analysis made a significant contribution to the appropriate interpretation of these
rocks. However, in spite of the new findings of the above-cited articles, several questions
regarding the genesis of the felsic suite (e.g., provenance, composition, and evolution of the
parental magma) have still remained unanswered.

Péal-Molnér et al. (2015a) revealed that the accumulation of mafic minerals has played
a crucial role in the petrogenesis of some rock types of the DAM (e.g., olivine-rich cumulate,
amphibole- and pyroxene-rich cumulate, amphibole-rich cumulate). The existence of a
hypothetic felsic cumulate pile in the massif has been proposed by Heincz et al. (2018).
Furthermore, Odri et al. (2020) presumed that some felsic rocks (e.g., syenite and quartz
syenite) could have been formed by crystal accumulation as well.

According to Chappell et al. (1987), the viscosity of felsic melts does not favor the
segregation of crystals. However, a 1-3% volatile-content may decrease the viscosity of felsic
magmas so effectively that it allows crystals to settle and accumulate on the floor of a magma
chamber (e.g., Dingwell et al., 1985, 1996; Baker, 1996, 1998). Furthermore, crystals could
also separate from high-temperature felsic melts with low volatile-content since melt viscosity
decreases with increasing temperature (Dingwell et al., 1996; Clemens et al., 1997). Miller and
Miller (2002), Wiebe et al. (2002) as well as Collins et al. (2006) recognized that in the case of
felsic systems, settling of multi-crystalline aggregates is more effective than sinking of single
crystals. Numerous structural and textural attributes may point to the mechanical accumulation
of felsic rock-forming minerals (Vernon and Paterson, 2006; Vernon and Collins, 2011).

Rocks of the diorite—alkaline feldspar syenite and nepheline-bearing syenite—granite
series not only comprise isolated ferromagnesian phases but also include mafic clots (also
known as: aggregates, blobs, clumps, clusters, lumps, nodules) containing multiple crystals of

either identical or various ferromagnesian minerals.
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Several theories and interpretations can be found in the literature concerning the origin
of mafic aggregates: (1) mineral accumulation, (2) magma mixing and mingling, and (3) the
involvement of exotic (e.g., crustal or restitic) materials.

Cumulate or chilled-margin phases originating from the border zones of the pluton,
incorporated as solid or partly solid enclaves (Wiebe et al., 1997), are also known as cognate
(autolith) inclusions (Kumar and Singh, 2014). Such enclaves are cogenetic with the host rock
and consist of early-formed — mostly mafic — mineral phases identical to those of the enclosing
rock (Hughes, 1982; Wall et al., 1987). Convection currents are highly capable of dragging and
transporting crystal clots and fragments. These aggregates could survive the high temperature
in the interior of the chamber without being dissolved; thus, they could be preserved as
(recrystallized) autolithic enclaves (Bea, 2010). Klaver et al. (2017) defined the term
“microcumulate” as a cluster of 5-50 crystals that are only recognizable in thin section. They
often exhibit non-equilibrium textures such as reaction-replacement of ferromagnesian minerals
along cleavage planes, rims, and fractures.

Mafic microgranular enclaves (MMES) can be formed by (1) the replenishment of the
magma chamber (Frost and Mahood, 1987; Wiebe and Collins, 1998; Vernon and Paterson,
2006; Vernon and Collins, 2011); (2) break-up of a basal sheet in a compositionally layered
intrusion (Wiebe et al., 1997); (3) magma mixing and mingling (Kumar and Singh, 2014).
Disruption of the enclaves may lead to the formation of mafic clots (Wiebe, 1973).
Nevertheless, single crystals or mineral aggregates of more basic composition can also be
incorporated into the enclave-bearing felsic magma (Didier, 1987). Micro-enclaves (up to 1 cm)
are sub-spherical clusters of ferromagnesian minerals along with titanite and Ca-plagioclase.
Convection currents may drag and carry these phases and distribute them throughout the magma
storage system. The presence of micro-enclaves and contrasting zoning of neighboring
feldspars implies the initial, practically thorough mixing phase (Fernandez and Barbarin, 1991).
Interaction between mafic magma-derived crystals (e.g., pyroxene) and a volatile-rich, felsic
magma leads to the formation of polycrystalline, amphibole-rich clusters (Vernon, 1984, 1990;
Zorpi et al., 1991; Castro and Stephens, 1992). Further hybridization (hydration and mass-
transfer of the chemical components) may result in the replacement of amphibole by biotite
(Tate et al., 1997; Ubide et al., 2014b).

The residual source material (restite) is a patch of unmelted mafic substance (single
crystals or small mineral aggregates) from the source region that got carried by the ascending
magma (White and Chappell, 1977). During this process, crystals either remain intact (primary
restite; Chappell et al., 1987) or recrystallize due to lower P-T and more hydrous conditions
(Wall et al., 1987) in order to reach equilibrium with the host magma (secondary restite).
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Restitic minerals can be derived either straight from the source region, following partial melting
or from the host magma-induced dismemberment of restite enclaves (Huang et al., 2018).
According to Presnall and Bateman (1973), White and Chappell (1977), Chappell (1978) as
well as Chappell et al. (1987), many of the amphibole and biotite crystals occurring as clots in
granites are products of the reaction between restitic pyroxenes and the host granitic melt.

The detailed petrographic study presented herein is the first step in the revision and
reinterpretation of the felsic rocks (diorite—alkaline feldspar syenite and nepheline-bearing
syenite—granite suite) occurring in the northern part of the DAM (the region north of the Jolotca
Creek, bordered by the Teasc and Rezu Mare Creeks), based on a systematically collected and
documented new set of samples. The aim of this paper is to shed light on and emphasize the
importance of micro-scale textural features that bear important information on the genesis of
the studied rocks. The examined felsic rocks seem to be of more considerable petrographic
complexity than presented in previous interpretations. The objective here is to illustrate and
describe the diverse petrographic characteristics of the studied felsic rocks and to introduce a

preliminary discussion concerning their genetic peculiarities.

111.2. Geologic setting
The Ditriu Alkaline Massif covers an area of approximately 225 km? in the Eastern
Carpathians, Dacia Mega-Unit (Romania; Fig. 111.1A) and makes up the southern and
southwestern parts of the Giurgeu Mountains. The DAM comprises various rock types
occurring in an intricate structural framework: ultramafic cumulates (olivine-rich cumulate,
amphibole- and pyroxene-rich cumulate, amphibole-rich cumulate), alkali gabbro, alkali
diorite, monzodiorite, monzonite, monzosyenite, syenite, nepheline syenite, quartz syenite, and
alkali granite (Fig. 111.1C). The above-mentioned rock bodies are intersected by lamprophyre,
syenite, and tinguaite dykes (P4al-Molndar, 2000; Batki et al., 2014; Pal-Molnar et al., 2015a, b).
The igneous event took place during the Middle—Late Triassic (Pal-Molnar et al., 2021)
at the southwestern margin of the East European Craton and can be attributed to an extensional,
rift-related, intra-plate tectonic environment. The DAM had intruded into the Variscan
metamorphic rocks of the Eastern Carpathians, that were exposed to subsequent nappe-forming
Alpine tectonic phases (Fig. 111.1B). The Cretaceous (Austrian) tectogenesis resulted in an east-
verging nappe system. In the literature, it is cited as Median Dacides (Sandulescu, 1984) or
Eastern Getides (Balintoni, 1997). The Median Dacides are composed of three Alpine nappes
(Infrabucovinian, Subbucovinian, and Bucovinian Nappe) comprising pre-Alpine metamorphic
rocks and Permo-Mesozoic cover sequences (Sandulescu, 1984). The Subbucovinian and

Bucovinian Nappes are made up of pre-Alpine, petrographically identical tectonic units (Rodna,
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Pietrosu Bistritei, Putna, and Rarau Nappe) of western vergence (Balintoni et al., 1983; Voda
and Balintoni, 1994; Balintoni, 1997).

Within a structural aspect, the DAM forms part of the Bucovinian Nappe (Fig. 111.1B)
and is directly related to four of its pre-Alpine metamorphic terranes (Bretila, Tulghes,
Negrisoara, and Rebra Lithogroup; Balintoni et al., 2014).

The massif and the Subbucovinian Nappe are divided by a tectonic unconformity since
the DAM was uprooted amidst the Alpine tectonic processes and was slit by the Bucovinian

shear zone at a depth of approximately 18002000 m (Krautner and Bindea, 1995).
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Fig. I1.1. (A) Location of the Ditrau Alkaline Massif (DAM) in the structural framework of the Alpine—
Carpathian—Dinaric region (after Haas et al., 2010). (B) Position of the DAM in the Alpine structural units of the
Eastern Carpathians (Sandulescu et al., 1981, modified). (C) Schematic geologic map of the northern part of the
DAM, exhibiting sampling sites (Pal-Molnar et al., 2015a)
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111.3. Sampling and analytical techniques

To better understand the felsic rocks and their relationship with other rock types of the Ditrau
Alkaline Massif, a set of new, systematically collected and documented samples has been
acquired. Fieldwork took place in late 2019 and covered the northern part of the DAM (the area
north of Jolotca the Creek, bounded by the Teasc and Rezu Mare Creeks). Exposures are rather
poor (Fig. 111.2A) due to the dense vegetation and recent recultivation; thus, sampling points
were mostly situated in the valleys of creeks and on the hillsides (Figs. 111.1C and I11.2).
Samples were collected from in situ outcrops. All characteristic felsic rock types as well as the
metamorphic country rocks of the northern area were sampled and the most representative
specimens were studied. Samples were named after their sampling locality (i.e., the names of
the creeks). Out of the 49 specimens, 46 thin sections were prepared at the Department of
Petrology and Geochemistry, E6tvos Lorand University, Budapest, Hungary. Petrographic
observations were implemented on both hand specimens and thin sections at the Department of
Mineralogy, Geochemistry and Petrology, University of Szeged, Szeged, Hungary. Thin
sections were investigated under Olympus BX41 and BrunelSP300P optical microscopes.
Mineral phases were determined using a THERMO Scientific DXR Raman microscope. Modal
compositions (vol%) in the petrographic descriptions were estimated using the JMicroVision
image processing software (Roduit, 2019), by counting 2000 randomly positioned points in
each thin section. Backscattered electron (BSE) images were taken with an AMRAY 1830 SEM
equipped with an EDAX PV 9800 EDS detector at the Department of Petrology and
Geochemistry, Eotvos Lorand University, Budapest, Hungary. BSE imaging was applied to
reveal compositional zoning as well as microtextural and reaction relations among the adjacent

mineral phases.

111.4. Results

111.4.1. Field observations

The contact between the mafic and felsic rocks cannot be directly traced in the study area due
to the adverse exposures and soil formation processes (Fig. 111.2A); therefore, their field
relationship is not unambiguous.

The macroscopic and microscopic appearances of the studied rocks are remarkably
complex. Felsic rocks display various petrographic features (e.g., grain size, type of mafic
minerals and/or clots, degree of alteration and/or replacement of the ferromagnesian
components, textural orientation) in different parts of the massif. Decimeter—meter-scale mafic
microgranular enclaves have not been observed; nevertheless, smaller-sized mafic aggregates

(Fig. 111.3A-D) and metamorphic country rock xenoliths are common (Figs. 111.2D and 111.3E,
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F). Several late-stage mafic (lamprophyre) and felsic (alkaline feldspar syenite, syenite,

monzonite, and quartz syenite) dykes crosscut the felsic igneous bodies (Fig. I11.2E).
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Fig. 111.2. Outcrops of the studied felsic rocks. (A) Plagioclase-bearing pyroxene hornblendite overlain by diorite.
(B) and (C) Monzonite and monzogranite exposures, respectively. (D) Metamorphic country rock xenolith

(marked by the turquoise dashed line), enclosed by syenite. (E) Syenogranite, intruded by syenite and lamprophyre
dykes. The former is highlighted by blue, whereas the latter is distinguished by green dashed lines

111.4.2. Petrography
Detailed petrographic description and interpretation of the mafic rocks of the study area are the
subject of companion studies (e.g., Pal-Molnar, 2000; Pal-Molnar et al., 2015a). Hence,
attributes of the felsic rocks are emphasized and discussed in detail and only the relevant field,
mineralogical, and textural observations of the mafic rocks are interpreted in this paper.

Many significant textural characteristics of the studied rocks can only be revealed by
classic polarized-light microscopic investigations; thus, the presented descriptions are based on

optical microscopic observations. However, features that are controlled by the chemical
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composition may only be unraveled by SEM imaging. Hence, the optical microscopic analyzes
were complemented by the interpretation of SEM images.
Felsic rocks can be classified into two major groups in line with their spatial occurrence

and petrographic features (Fig. 111.4).

Fig. 111.3. Characteristic macroscopic textural features of some of the studied felsic rocks. Mafic clots in (A)
monzonite dyke, (B) monzonite, (C) nepheline-bearing syenite, and (D) monzonite. (E) Hornfels xenolith,
enclosed by granite along the contact with the metamorphic country rock. (F) Hornfels xenolith in monzodiorite
with oriented texture. The margins of the xenoliths are highlighted by turquoise, whereas the contact with the
metamorphic wall rock is marked with green dashed lines
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Fig. 111.4. Tree diagram illustrating the hierarchy of the studied rocks and the various types of mafic aggregates

111.4.2.1. Group 1 — Felsic rocks (lacking or containing sparse mafic minerals) spatially
associated with mafic rocks (hillside west of the Bordea Creek)

The associated mafic rock is composed of plagioclase, green amphibole, biotite, scarce
clinopyroxene, and accessory phases (apatite, titanite) and shows evident textural features of
mineral accumulation processes (Fig. 111.6A). Based on its fabric and paragenesis, the rock can
be classified as plagioclase-bearing pyroxene hornblendite.

Felsic rocks of this group (Fig. 111.4) are white, medium-to-coarse-grained, phaneritic,
inequigranular, and composed mainly of plagioclase, a minor amount of alkaline feldspar,
accompanied by biotite flakes in variable amount (up to 9 vol%) (Table I11.1). Titanite is the
most common accessory mineral. In accordance with their modal composition, the studied felsic

rocks can be regarded as diorite (Fig. 111.5).

= Group 1
= Group 2

/A \\

N/ | N V=

Fig. 111.5. QAP diagram illustrating the classification of the studied felsic rocks based on their modal composition
(Le Maitre et al., 2002). Abbreviations: Q — quartz, A — alkaline feldspar, P — plagioclase
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Table I11.1. Sampling locality and modal composition (vol%, without mafic clots) of the investigated felsic rocks
of the Ditrau Alkaline Massif (Romania)

Modal composition of the felsic host without mafic clots (vol%)

Locality and GPS

Group | Sample Rock type coordinates Pl | Afs | Qtz | Neph | Cpx | G-Amp B-Amp | Act | Bt | Ms | Ttn | Opq | Ep
L Bordea Creek
LB8 Diorite 46.86246, 2551698 87| 2 9 1 1
1
Diorite
. . Bordea Creek
LB16 with oriented 46.86235, 2551704 85| 8 4 2 1
texture
Monzodiorite | Hillside west of the
LBH2 with oriented Bordea Creek 62 | 31 3 2 1 <1
texture 46.86200, 25.51558
Hillside west of the
LBH3 Monzonite Bordea Creek 51| 43 4 <l]| <1 1
46.86202, 25.51570
Monzonite Hillside west of the
LBH4 dvke Bordea Creek 42 | 56 <1 <l]| <1 |1
Y 46.86198, 25.51574
. Bordea Creek
LB12 Monzonite 46.86376, 25.51694 47 | 51 2
Monzonite
dyke Bordea Creek
LB14 | with oriented | 46.86257, 2551718 | “6 | 0 ! ! 2
texture
L118 Monzonite Behind the school
fine- with oriented in Jolotca 43 | 53 1 2 1
grained texture 46.86448, 25.52762
L118 Behind the school
coarse- Monzonite in Jolotca 50 | 43 6 <1 <1
grained 46.86448, 25.52762
Hillside west of the
LHH23/1 | Monzonite Holosag Creek 56 | 38 6
46.86579, 25.53452
Hillside west of the
LHH23/2 | Monzonite Holosag Creek 42| 55 2 <1| <1
46.86579, 25.53452
2 .
Syenite .
. h Simo Creek
LS25 with oriented 46.86425, 25.52344 31| 64 <1 4 <1
texture
Nepheline-
bearing .
. Simo Creek
LS28 .syen_lte 46.86456, 2552324 25| 70 2 1 1 1
with oriented
texture
. Teasc Creek
LTa29 Monzonite 46.86344, 25.50844 42 | 51 2 1 1 2 1
. Turcului Creek
LTo32 Monzogranite 46.87757, 25.55223 43131 | 20 2 4
. Turcului Creek
LTo35 Monzogranite 46.8887, 25.55766 36| 35 | 24 3 2
. Turcului Creek
LTo37 Monzogranite 46.86908, 25.54919 32| 41| 22 <1 4 | <1 <1 <1
Quartz Turcului Creek
LTo38 syenite | 46.86829, 25.54906 | 11| 72 | 15 2
. Turcului Creek
LTo40/1 Monzonite 46.86803, 25.54850 34| 62 2 <1 <1 1
LTo4l Syenite Turcului Creek 1, | 7¢

46.86815, 25.54878
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Table 111.1. Continued

Modal composition of the felsic host without mafic clots (vol%)

Locality and GPS

Group | Sample Rock type coordinates

Pl | Afs | Qtz | Neph | Cpx | G-Amp B-Amp | Act | Bt | Ms | Ttn | Opq | Ep

Quartz Jolotca Creek
LOA3L | genite | 46.86636, 25.58108 | 20| 72 | © 1 <1
Quartz Jolotca Creek
LO43/2 | ronzonite | 46.86636, 25.58108 | 3° | 45 | 16 <1 <1 8
LO44 Quartz Jolotca Creek 24|56 | 17 <1 1 2

syenite dyke | 46.86637, 25.58113

. Jolotca Creek
LO46 Syenite dyke 46.86652, 25.58135 40 | 50 <1 <1 9 | <1

. Jolotca Creek
LO47 Syenite dyke 46.86653, 2558107 22 | 64 6| 8

. Jolotca Creek
LO48 Syenogranite 46.86658, 25.58144 22|56 | 21 <1 <1 <1

Granite Rezu Mare Creek
LN50/1 + hornfels 46.86842, 25.58544 20 | 28 | 46 6
country rock
Alkaline
feldspar
. Jolotca Creek
LO51 syenlte_dyke 46.86651, 25.58117 8 | 78 3|11
with oriented
texture
Monzodiorite
with oriented | Hillside west of the
LBH55/1 texture Bordea Creek 71| 22 7
+ hornfels | 46.86196, 25.51556
xenolith

Monzodiorite | Hillside west of the
LBH55/2 | with oriented Bordea Creek 61 | 30 8 | <1 <1
texture 46.86196, 25.51556

Hillside west of the
LBH56 Monzonite Bordea Creek 35| 63 2
46.86196, 25.51564

Abbreviations: Act — actinolite (secondary), Afs — alkaline feldspar, B-Amp — blue amphibole, Bt — biotite, Cpx —
clinopyroxene, Ep — epidote (secondary), G-Amp — green amphibole, Ms — muscovite (secondary), Neph —
nepheline, Opg — opaque minerals, Pl — plagioclase, Qtz — quartz, Ttn — titanite
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Idiomorphic-hypidiomorphic plagioclase (400-2.500 pm) is the dominant phase,
making up almost 90 vol% of the studied rocks (Fig. I11.6A, B). Idiomorphic—hypidiomorphic
apatite (90-500 um) and titanite (80—400 pum) occur as inclusions within. The typical zoning
pattern of plagioclase is defined by a variously altered (sericitized), occasionally resorbed,
sieve-textured core, mantled by a fresh, inclusion-free, unaltered rim (Fig. I11.6C, D). Larger-
sized (up to 9 mm), idiomorphic—hypidiomorphic plagioclase megacrysts are also common
(Fig. 111.6B). Idiomorphic—xenomorphic alkaline feldspar (300—-800 pwm) often shows a perthitic
texture and occurs in a minor amount (2-8 vol%). It fills up the intergranular space between the
framework of larger-sized plagioclase crystals; however, it sporadically appears as a rock-
forming phase along with plagioclase (Fig. 111.6A—C). Feldspars in contact generally have
straight crystal faces and are frequently aligned parallel to them; thus, forming aggregates of
multiple crystals and defining an oriented texture as well (Fig. 111.6A, C). Furthermore,
impingement of feldspar grains with separate cores is also prevalent (Fig. 111.6D, marked by the
red arrow). There are clusters of multiple, molded, sericitized, sieve-textured feldspar crystals
that are mantled by a common, inclusion-free overgrowth (Fig. 111.6D, marked by the yellow
arrow).

Biotite (200-5.000 um) is hypidiomorphic—xenomorphic (Fig. I11.6A, B, D); sagenitic
texture as well as idiomorphic—hypidiomorphic apatite (80-300 pum) and titanite inclusions are
its common features (Fig. 111.6D). Titanite is completely or partially enclosed by biotite and has
two generations (90-300 and 600—1.000 um sized). Biotite occurs sporadically (Fig. I11.6B):
some domains are completely devoid of it, whereas in other areas it is concentrated into local
accumulations of multiple grains (showing no evidence of a touching framework).

Idiomorphic-hypidiomorphic apatite (~200 um) and titanite appear along the main
rock-forming phases as well (~1 vol%) (Fig. 111.6B). Interstitial titanite has two populations:
200-600 and 900-1.500 um in size. Secondary minerals are represented by muscovite (0—2
vol%) and epidote (1 vol%). Fine-grained epidote either forms intergrowths with sagenitic
biotite or occurs as inclusions. It also fills up the space between feldspars in the form of well-
developed crystals or as microcrystalline aggregates (2 vol%) (Fig. 111.6A, C). Epidote, along
with titanite, is present as vein-filling as well.

The contact between the mafic and felsic rocks in the same outcrop can only be traced
in a single hand specimen. Nevertheless, this sample perfectly preserves the continuous
transition between the two rock types, forming an interlocking texture. Signs of sharp, abrupt

changes or intrusive processes have not been identified (Fig. I11.6A).
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Fig. 111.6. Characteristic textural features of the studied felsic rocks belonging to Group 1. (A) Continuous
transition between plagioclase-bearing pyroxene hornblendite and the mostly idiomorphic plagioclase-dominated
diorite. The latter exhibits an oriented texture, +N (crossed polars). (B) Diorite, containing disseminated biotite
and feldspar megacrysts, +N. Note the straight crystal faces of the touching plagioclases. (C) Aggregate of multiple
feldspar grains with straight crystal faces in parallel orientation, +N. (D) Two impinged plagioclase crystals
(marked by the red arrow) with separate cores. The yellow arrow is pointing at a cluster of multiple, sericitized,
and molded cores mantled by a pure rim, +N. Abbreviations of the rock-forming minerals are after Whitney and
Evans (2010)
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111.4.2.2. Group 2 — Felsic rocks (with mafic minerals and clots) spatially unassociated
with mafic rocks (area between the Teasc and Rezu Mare Creeks)

Felsic rocks of this group (Fig. 111.4) are white to (pale)pink and have a medium-to-coarse-
grained, phaneritic, (in)equigranular texture (some of them contain megacrysts of up to 11 mm)
(Fig. 1l.3A-D). They cover the entire spectrum of felsic rocks from alkaline feldspar syenite
to monzodiorite as well as from nepheline-bearing syenite to granite (Fig. 111.5). These rocks
vary in the modal proportion of felsic minerals and the presence or absence of feldspathoids
and quartz (Table I11.1). Alkaline feldspar (orthoclase and microcline) commonly exhibits a
perthitic microtexture. Most of the plagioclases have a distinct, somewhat resorbed, sericitized,
sieve-textured core, rimmed by an inclusion-free mantle. Nevertheless, some rocks contain a
minor amount of reverse-zoned feldspar crystals. It is common that smaller plagioclase crystals
are enclosed by alkaline feldspar. Plagioclase in contact with alkaline feldspar exhibits irregular
grain boundaries. Additional accessory phases (most commonly apatite, titanite, and zircon) are
also prevalent.

It is conspicuous that mafic minerals (clinopyroxene, blue and green amphiboles,
biotite) tend to occur in different types of clots comprising multiple grains of either identical or
disparate ferromagnesian phases, accompanied by minor amounts of feldspars, quartz,
accessory and opaque minerals (Figs. 111.4 and 111.7-9; Table 111.2). The aggregated crystals are
either completely intact or exhibit different stages of alteration. The number of single mafic
minerals occurring in the groundmass varies from sample to sample, however, it is rather
limited.

Clots associated with mafic microgranular enclaves have not been identified; however,
certain varieties can be unequivocally attributed to metamorphic country rock xenoliths (Fig.
II.7E, F)

The type, amount, and form of appearance of the ferromagnesian mineral assemblages
could provide important information on the evolution of the encircling felsic rocks and may
guide us to better understand their genesis. Thus, rather than describing the mineralogical and
textural features of the different host rocks in detail, in the following subsections, we will focus
on the petrographic characteristics of the distinct mafic phases. It must be elucidated beforehand
that the phrase “groundmass” is applied to the phaneritic, holocrystalline, predominantly felsic
mineral-rich domain of the so-called “host rock™ enclosing mafic aggregates.

Based on their characteristic petrographic features (e.g., type and texture of the main
ferromagnesian components), the clusters can be classified into the following characteristic
groups (Fig. 111.4; Table 111.2).
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Table 111.2. Type, distinctive features, and mineral assemblages of the mafic aggregates occurring in the felsic rocks of the Ditrdu Alkaline Massif (Romania)

Clot-forming minerals (appearance, size [mm] and modal proportion in the aggregates

[vol%])
Size of Shape of Oriented pr,c\)/:)%?'?ilon Grain-size
Clot type Sample | the clots the texture in the host of the host Cpx G-Amp Act B-Amp Bt Ep Ttn | Opq | PI
(mm) clots (v0l%) (mm)
LBH2
LI118 If the N N +
LTa29 0.6-6 host has 1-H IG |
G-Amp LTo35 max. 8 oriented 0.6-13 0.2-4 0.1-4 (I)_‘Eﬁ Iggr or |IG
LTo37 texture ' RC
LO43/2
+
H-X
(moderately
altered)
0.1-05
LO43/1 — 1-X
B-Amp LO44 1-5 2-3 0.3-3 01.3
amorphous—
prismatic
(uralitic
pseudomorphs)
0.3-2
o max. 0.5
}—E 2 (width), Pta;ratl::I (adjacent to
o Bt-Xen LBH55/1 | armoring foliation the selvedge); I-H +
= LBH55/2 the of the max. 2 0.1-2 IG
e xenolith host (away from
§ the xenolith)
I-H
0.6-4 0.1-2
(wispy Some are In wispy (in clots); + +
Bt-Dom LHH23/1 bands: | subspherical bands 18 0.1-1 0.08-0.3 RBt | IG
0.8-3) (in wispy
bands)
LHH23/2
LS25
LTo32
LTo35
LTo37
LO46 Isometric or 0.2-2 I-H + +
Bt-Ran LO47 0.4-4 elongated max. 5 0.1-3 0.1-2 RBt | IG
LO48
LO51
LBH55/1
LBH55/2
LBH56
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Table 111.2. Continued

Clot-forming minerals (appearance, size [mm] and modal proportion in the aggregates
[vol%])
Size of Shape of Oriented pr,(;/:ntz)dr?ilon Grain-size
Clot type Sample | the clots the texture in the host of the host Cpx G-Amp Act B-Amp Bt Ep Ttn Opq | PI
(mm) clots (vol%) (mm)
o LBH3 Amorphous,
= LBH4 . .
g LB12 isometric or If the
E Ep LB14 04.3 stubby to | host has 0.1-6 0.1-2 1-X
g LTa29 slightly oriented max. 3 0.03-1
é LBHS55/1 t:’lroi:rg]a;?g texture
LBH55/2
LBH2
I'_‘élzi Isometric or If the N +
Ls28 13 SWOby 10 it has X H-X X A R
G-AmpBt L Ta29 max. 5 moderately oriented 1-6 0.2-3 0.1-3 0.3-2 0.1-2 1-X G |G
' elongated 39-70 ) 30-59 0.1-0.9
LTo32 rismatic texture max. 17 max. 7
LTo35 P :
%’ LO43/2
5 Amorphous H-X H
£ B-AmpBt LO44 2-4 or stubby 0.8 0.3-3 0.2-2 0.8-2
g prismatic 93 7
g H-X
0.07-1
Stubby to 0.2-2 H-X p | (inclusions . . S )
AmpCpxTtnOpgBt LTa29 5 slightly 2 (megacrysts: 0.5-1 0.05-2 G-;ﬁl\rr:’1p)' G G 07171 IG G
elongated max. 5) 11 42 . ’
max. 0.6 5
(patches)
42

Abbreviations: Act — actinolite, B-Amp — blue amphibole, Bt — biotite, Cpx — clinopyroxene, Ep — epidote, G-Amp — green amphibole, Opq — opaque minerals, Pl — plagioclase, Ttn —
titanite;

I — idiomorphic, H — hypidiomorphic, X — xenomorphic;

IG — intergranular, RBt — along the rims of biotite, RC — along the rims of the clot;

clot name abbreviations can be found in the text
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111.4.2.2.1. Monomineralic mafic clots

111.4.2.2.1.1. Green amphibole-rich aggregate (abbreviated as G-Amp)

These clusters comprise multiple crystals of intact green amphibole (magnesiohastingsite,
determined by Raman spectroscopy; Fig. llI1.7A, B; Table I11.2). If zoned, a brown core is
surrounded by a green rim. Amphibole might contain idiomorphic-hypidiomorphic apatite
(Fig. 11.12A), titanite, and occasionally opaque or zircon inclusions. Titanite and opaque grains
are present either in the intergranular space between the amphibole crystals or along the outer
rim of the aggregates (Fig. 111.7A, B). In certain monzonite and monzogranite samples, the
groundmass contains less intact actinolitic amphibole and it also appears in some of the G-Amp
clots. In case the host rock exhibits an oriented texture, the amphiboles are aligned with their
long axes parallel to the foliation. Thus, both the clusters and the minerals in them are oriented
(Fig. 111.7B). Otherwise, randomly-aligned crystals make up the clumps. Isolated amphibole

crystals have a similar color and habit related to their aggregated counterparts (Fig. l11.7A, B).

111.4.2.2.1.2. Blue amphibole-rich aggregate (B-Amp)
Randomly oriented blue amphibole (riebeckite) crystals make up these clots (Fig. I11.7C, D;
Table 111.2). Most of the grains are entirely intact (Fig. 111.7C), whereas others exhibit a spongy
texture due to numerous feldspar inclusions (Fig. 111.7D). Idiomorphic apatite, idiomorphic—
hypidiomorphic opaque minerals, and hypidiomorphic zircon are encircled by blue amphibole.
Although it is not prevalent, a few of the clusters contain moderately decomposed
clinopyroxene (aegirine; Fig. 111.7D). Amorphous masses as well as prismatic uralitic
pseudomorphs after clinopyroxene are present in some of the clumps.
The amount of individually occurring blue amphibole is limited and some of them also

show a spongy fabric. Scarce, isolated clinopyroxene may be present in the groundmass.

111.4.2.2.1.3. Biotite-rich aggregate (Bt)
Based on their spatial distribution, three subtypes of Bt clumps can be distinguished:
(1) metamorphic country rock xenolith-related clots, (2) clusters occurring in distinct domains

of the enclosing rock, and (3) randomly dispersed aggregates (Fig. 111.4).
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Fig. 111.7. Characteristic textural features of the monomineralic mafic clots occurring in the felsic rocks of Group
2. (A) G-Amp aggregate, adjoined by isolated amphibole and biotite, 1N (plane-polarized light). (B) Elongated G-
Amp clump exhibiting oriented texture, 1N. (C) B-Amp cluster, 1N. (D) B-Amp clot comprising spongy blue
amphibole with minor clinopyroxene, 1N. (E) Biotite-rich selvedge (Bt-Xen) along the contact of the hornfels
xenolith and the monzodiorite host rock, 1N. (F) Texture of the enclosing rock in the proximity of the biotite-
dominated fringe (Bt-Xen), IN. (G) Aggregated and isolated groundmass biotite in the monzodiorite host further
away from the hornfels xenolith, 1N. Abbreviations of the rock-forming minerals are after Whitney and Evans
(2010)
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111.4.2.2.1.3.1. Metamorphic country rock xenolith-related biotite-rich aggregate (Bt-Xen)
This clot type is spatially associated with an approximately 20 cm long, ellipsoidal hornfels
xenolith that becomes flattened towards its edges (Figs. 111.3F and III.7E, F). It is strongly
decomposed and comprises profoundly sericitized plagioclase, — mostly aggregated — intact
biotite blades and plates as well as masses of xenomorphic biotite intergrown with epidote.
There are bands and almost isometric clumps of randomly-oriented muscovite flakes, some of
which enclose xenomorphic remnants of corundum (Fig. l11.7E).

The hornfels xenolith is armored by an up to 2 mm wide, discontinuous selvedge (also
known as selvage) of moderately to strongly elongated (= minor amount of equant) biotite (Fig.
I11.7E, F; Table I11.2). Sagenitic biotite is also present in a minor amount. Inclusions of biotite
are represented Dby idiomorphic apatite, idiomorphic—hypidiomorphic titanite, and
hypidiomorphic zircon. Titanite also occurs in the intergranular space between biotite crystals
(Fig. HHL.7F). In the proximity of the xenolith, biotite of akin properties makes up intermittent
mafic bands (schlieren; Fig. I11.7E).

The aggregated biotite crystals have straight grain boundaries and either exhibit a shape-
preferred orientation (aligned parallel to their long axes and to the orientation of the selvedge
and schlieren as well) or lie at high angles to the main foliation (resembling a herringbone
pattern) (Fig. I11.7E, F). These mafic bands follow the outline of the xenolith and are aligned
parallel to the foliation of the enclosing rock.

Adjacent to the selvedge, the plagioclase-dominated monzodiorite host exhibits a
honeycomb-like, fine-grained texture with interstitial biotite (Fig. I11.7E, F). Further away from
the xenolith, the host rock progressively passes into a coarser-grained, oriented texture with
more abundant alkaline feldspar. In this domain, clots of equant-to-strongly-elongated,
randomly or crystal face-parallel aligned biotite occur (Fig. 111.7G); however, mafic schlieren
are totally absent. Isolated grains of equidimensional-to-slightly-elongated platy biotite are also
common and are aligned parallel to the foliation of the rock (Fig. 111.7G). Some of the
aggregated and isolated groundmass biotite are embayed by feldspar grains.

111.4.2.2.1.3.2. Biotite-rich aggregate in distinct domains of the host rock (Bt-Dom)
Clots of this group are concentrated into certain domains of the monzonite host. There are other
areas in the enclosing rock that are entirely devoid of mafic minerals, whereas further zones
contain exclusively isolated biotite crystals (Fig. I11.8A).

Equant-to-slightly-elongated biotite makes up this clump type (Fig. 111.8A-C; Table
111.2). Idiomorphic zircon and hypidiomorphic—xenomorphic opaque minerals occur as
inclusions. Opaque phases might also be present along the cleavage planes and rims of certain
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biotite grains (Figs. 111.8B, C and 111.12B). Biotite flakes are either randomly oriented or aligned
parallel to their crystal faces.

Occasionally, cluster-forming biotite becomes elongated towards the edge of the
aggregate. These crystals are accompanied by more prolonged and smaller-sized biotite blades
(£ mostly equant feldspar and opaque phases); hence, some of the clumps are connected by
these sinuous, wispy bands. In some places, these aggregates of elongated biotite grains can be
as narrow as a single crystal. The orientation of the prolonged grains (and most of the slightly
elongated, clot-forming biotite) coincides with the direction of the mafic bands (Fig. 111.8B). A
few of the blade-like biotite crystals are rimmed by microcrystalline muscovite. Some of the
interconnected clusters resemble a subspherical shape (Fig. 111.8C).

Biotite in the host is of similar size and appearance as its aggregated counterparts. Its
shape-preferred orientation is not as pronounced; thus, it defines a weak foliation that is parallel
to the mafic bands (Fig. 111.8A, B). Some biotite crystals (both in the encircling rock and in the
clots) are embayed by feldspars.

111.4.2.2.1.3.3. Randomly distributed biotite-rich aggregate (Bt-Ran)

Clumps of this group consist of equant to moderately (and minor strongly) elongated
biotite crystals (Fig. 111.8D; Table 111.2). Idiomorphic—hypidiomorphic apatite and zircon along
with hypidiomorphic—xenomorphic titanite and opaque minerals are the most common
inclusions. In a few instances, opaque phases are dispersed along the cleavage planes and rims
of biotite plates. Touching biotite grains have straight crystal faces and are either aligned
parallel to them or lie at an angle.

Single biotite of akin characteristics also occurs in the host. Isolated and clot-forming
biotite crystals are occasionally embayed by feldspars. Scarce, isolated green or blue

amphiboles and clinopyroxene might be present in the groundmass as well.

111.4.2.2.1.4. Epidote-rich aggregate (Ep)
The cluster-forming epidote grains are either randomly oriented or aligned parallel to their
crystal faces (Fig. 111.8E). If the host exhibits an oriented fabric, the long axis of the prolonged
aggregates coincides with the direction of the foliation (Table 111.2).

Apart from the clumps, epidote might be present as isolated crystals between the main
rock-forming minerals or as inclusions within feldspars and biotite. It can also be intergrown
with platy groundmass-biotite.

The host is either devoid of or contains a minor amount of single green amphibole.

58



Fig. 111.8. Characteristic textural features of the monomineralic and polymineralic mafic clots in the felsic rocks
of Group 2. (A) Bt-Dom aggregates in distinct domains of the monzonite host, 1N (plane-polarized light). (B) Bt-
Dom clumps, interconnected by wispy bands made up of elongated, blade-like biotite crystals, 1N. (C)
Subspherical Bt-Dom cluster on the right side of the photomicrograph, 1N. (D) Slightly elongated, randomly
distributed Bt-Ran clot, 1N. (E) Ep aggregate, +N (crossed polars). (F) Isometric G-AmpBt cluster, adjoined by
amphibole and biotite of the monzogranite host, 1N. (G) Elongated G-AmpBt clump, 1N. Abbreviations of the
rock-forming minerals are after Whitney and Evans (2010)

59



111.4.2.2.2. Polymineralic mafic clots

111.4.2.2.2.1. Green amphibole + biotite aggregate (G-AmpBt)

Petrographic characteristics of this cluster type can be found in Table I111.2. Idiomorphic—
hypidiomorphic apatite, titanite, and zircon crystals are enclosed by green amphibole (Fig.
I11.8F, G). Isolated amphibole crystals might occur in the host rock as well.

Biotite (Fig. I11.8F, G) contains idiomorphic—hypidiomorphic apatite, titanite, and
zircon along with hypidiomorphic—xenomorphic opaque inclusions (Fig. 111.12C). Single
biotite plates of akin habit and optical properties may be present in the groundmass as well.
Some of them as well as of the clot-forming biotite crystals exhibit a spongy fabric due to
abundant feldspar inclusions. A single sample also includes scarce isolated blue amphibole.

Amorphous, isometric, or prismatic aggregates of similar petrographic features,
however, with altered versions of the comprising minerals, were also observed (Fig. I11.9A, B).
There are other decomposed, isometric or prismatic clusters containing remnants of green
amphibole (some of them have an actinolitic core), accompanied by chlorite, intact biotite
flakes, titanite, and opaque minerals (Fig. 111.9C, D). Isometric or prismatic clumps of altered
as well as fresh biotite, titanite, and opaque phases associated with minor muscovite and quartz
occur in some of the samples (Fig. I11.9E). Clots of isometric or prismatic shape comprising
decomposed along with intact biotite, epidote, titanite, and opaque minerals were also found
(Fig. I11.9F).

111.4.2.2.2.2. Blue amphibole + biotite aggregate (B-AmpBt)

Petrographic features of this cluster type are summarized in Table 111.2. Aggregated blue
amphibole (Fig. 111.9G) encloses idiomorphic apatite, idiomorphic—-hypidiomorphic opaque,
and hypidiomorphic zircon crystals. Isolated blue amphibole is rarely present in the
groundmass. Blue amphiboles of both the clumps and the host may exhibit a spongy texture,
owing to abundant feldspar inclusions (Figs. 111.9G and 111.12D).

Clot-forming biotite includes idiomorphic apatite, hypidiomorphic zircon, and
hypidiomorphic—xenomorphic opaque inclusions. The host rock contains minor single biotite.
The amount of isolated clinopyroxene crystals is negligible.

Amorphous or prismatic aggregates of akin petrographic characteristics, albeit
comprising altered versions of the cluster-forming phases, were also found (Fig. 111.9H). A
reaction corona has developed around certain biotite flakes that are in contact with quartz grains
of the groundmass. The peripheral area of such textures is composed of fine-grained blue
amphibole and/or clinopyroxene, whereas the internal zone is made up of feldspars that are
occasionally accompanied by opaque phases (Fig. I11.9H). There are other decomposed,
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prismatic clusters made up of altered along with intact biotite, titanite, opaque minerals, and
clinopyroxene. The latter is present as an inclusion enclosed by biotite, interstitially among the
clot-forming biotite crystals as well as along the outline of the aggregates. In the case of the
latter, the clinopyroxene rim occurs exclusively in places where the cluster-forming biotite is

adjoined by quartz crystals of the syenogranite host rock (Fig. 111.91).

111.4.2.2.2.3. Amphibole + clinopyroxene + titanite + opaque minerals * biotite aggregate
(AmpCpxTtnOpqBt)
Amphibole is present in two distinct forms (Table 111.2). Magnesiohastingsite with cuspate
boundaries (Fig. 111.9J) contains idiomorphic— hypidiomorphic apatite and titanite inclusions.
The other variety, namely actinolite, is less intact and has a sieved or fibrous texture. It occurs
either as numerous tabular or prismatic inclusions within magnesiohastingsite (and thus,
producing a poikilitic fabric) or forms adjoining patches (Fig. 111.9J). The two amphibole types
not only make up the clumps but also occur as single grains in the monzonite host rock.

Pale brown as well as green clinopyroxenes (augite, diopside) are present as crystal
fragments (Figs. 111.9J and 111.12E). In some aggregates, they are encircled by actinolite (Figs.
111.9J and I11.12F). Isolated clinopyroxene is totally absent from the groundmass. Biotite occurs

in a very limited number in the host rock.

111.4.2.2.3. Other peculiar textural features of the felsic rocks belonging to Group 2
111.4.2.2.3.1. Spongy mafic megacrysts

Idiomorphic-hypidiomorphic  stubby-to-strongly-elongated  prismatic  or  columnar,
occasionally chloritized, randomly distributed biotite megacrysts (up to 14 mm) occur in some
of the host rocks. They exhibit a spongy microtexture due to abundant feldspar inclusions (Fig.
[11.10A).

111.4.2.2.3.2. Feldspar-rich aggregate (Fsp)

Not only rocks of Group 1 but also many mafic clot-bearing rocks include clusters of multiple,
idiomorphic-hypidiomorphic feldspar crystals that are aligned parallel to their crystal faces and
have a separate, sericitized, sieve-textured and/or inclusion-laden core, rimmed by an inclusion-
free zone (Fig. 111.10B, C, marked by red dashed lines). Some of the feldspar grains in contact
exhibit a truncated zoning pattern due to the embayment of one crystal in another. Aggregates
of plagioclase crystals also occur as inclusions within groundmass microcline (Fig. 111.10C, D,

highlighted by red and purple dashed lines, respectively).
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Fig. 111.9. Characteristic textural features of the polymineralic as well as of the altered mafic clots in the felsic
rocks of Group 2. (A) and (B) Altered clusters composed of green amphibole, biotite, titanite, and opaque minerals,
with (B) containing additional actinolite, 1N (plane-polarized light). (C) and (D) Altered clots comprising chlorite,
biotite, titanite, and opaque minerals, with (D) including additional green amphibole with an actinolitic core, 1N.
(E) Aggregate of decomposed biotite, titanite, and opaque minerals, accompanied by minor muscovite and quartz,
IN. (F) Clump containing decomposed biotite, epidote, titanite, and opaque minerals, 1N. (G) Polymineralic B-
AmpBt aggregate, 1N. Note the spongy fabric of blue amphibole. (H) Decomposed clusters of blue amphibole,
biotite, and clinopyroxene, 1N. Note the presence of a reaction corona in places where biotite is in contact with
quartz crystals of the quartz syenite host. (I) Clot composed of altered biotite, clinopyroxene, titanite, and opaque
minerals, 1N. Note that clinopyroxene occurs along the periphery of the cluster where biotite is adjoined by quartz
crystals of the syenogranite host. (J) Polymineralic AmpCpxTtnOpqBt clumps, 1N. Note the two clinopyroxene
types (brown and green) occurring in the distinct clots. Abbreviations of the rock-forming minerals are after
Whitney and Evans (2010)

62



111.4.2.2.3.3. Feldspar megacrysts
Idiomorphic-hypidiomorphic alkaline feldspar (orthoclase and microcline) megacrysts (up to
11 mm) appear in the host rocks. Many of them enclose several fine-grained, idiomorphic—
hypidiomorphic plagioclase crystals with a separate, sericitized, sieve-textured core, mantled
by a fresh rim. The plagioclase inclusions are either randomly oriented or are aligned parallel
to the crystal faces of the host mineral. Aggregates of multiple plagioclase grains encircled by
alkaline feldspar megacrysts are also common (Fig. 111.10E, distinguished by red and purple
dashed lines, respectively).

Likewise, (alkaline feldspar)syenite dykes include copious idiomorphic—
hypidiomorphic, tabular or columnar, randomly or slightly oriented alkaline feldspar
(orthoclase and microcline) megacrysts (Fig. 111.10F, highlighted by purple dashed lines). Their

size varies between 1 and 4 mm, nevertheless, some of them may reach 8 mm.

111.4.2.2.3.4. Adjacent feldspar crystals with different zoning sequences

The most common zonation pattern of feldspars is represented by a sericitized, sieve-textured,
occasionally resorbed core, mantled by an inclusion-free rim (Figs. 111.10B-E and 111.12G).
Rarely, some crystals exhibit complex zoning and the clear rim is succeeded by another
sericitized, sieve-textured zone, armored by a pure rim (Figs. 111.10G, marked by the red arrow
and 111.12H).

In a monzonite sample, feldspar grains exhibiting reverse, multiple-zoning (Fig. 111.10H,
marked by the red arrow) occur along with the more frequent, normal-zoned crystals (Fig.
I11.10H, marked by the yellow arrow). In this case, an idiomorphic, fresh core is enclosed by a
sericitized, sieve-textured sector, followed by a peripheral zone of different width where
inclusions are absent (Figs. 111.10H, marked by the red arrow and 111.121). Conspicuously, these
reverse-zoned crystals are spatially related to mafic clots (i.e., directly attached to the clusters

or else, occurring in their proximity), namely to G-AmpBt aggregates.
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Fig. 111.10. Other peculiar features of the felsic rocks of Group 2. (A) Spongy biotite megacrysts, 1N (plane-
polarized light). (B) and (C) Fsp clusters (highlighted by red dashed lines) consisting of multiple grains (humbered)
with separate cores in parallel orientation, with (C) containing additional microcline (marked by the purple dashed
line) with plagioclase inclusions in synneusis relation (highlighted by the red dashed line), +N (crossed polars).
(D) Microcline (distinguished by the purple dashed line), encircling plagioclase crystals (numbered and
highlighted by the red dashed line) in synneusis orientation, +N. (E) Alkaline feldspar megacryst (marked by the
purple dashed line), enclosing several separate or aggregated (highlighted by red dashed lines) plagioclase grains
with a sericitized, sieve-textured core, +N. (F) Slightly oriented alkaline feldspar megacrysts (distinguished by
purple dashed lines) in alkaline feldspar syenite dyke with oriented texture, 1N. (G) Multiple-zoned feldspar crystal
(marked by the red arrow), +N. (H) Normal-zoned feldspar (marked by the yellow arrow) adjoined by a reverse-
zoned crystal (marked by the red arrow), 1N. Note that the latter is spatially associated with a mafic clot.
Abbreviations of the rock-forming minerals are after Whitney and Evans (2010)
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111.4.2.2.3.5. Biotite clusters in the metamorphic country rock spatially associated with
granite and in the incorporated xenoliths
Approximately 10 cm sized, ellipsoidal, intact country rock xenoliths can be found along the
contact of granite and the metamorphic rocks of the Tulghes Lithogroup (Fig. I11.3E). The
xenoliths become narrow towards their edges and pass into utmost 800 um wide, contact zone-
parallel bands (Fig. 111.11A). Both the hornfels xenoliths and the identical wall rock contain
abundant idioblastic—hypidioblastic almandine garnet (up to 600 um) (Fig. [1l1.11).
Approximately 1 cm further away from the contact, max. 1 mm sized garnets occur in the
metamorphic country rock (Fig. I11.11A). Garnet crystals of the xenoliths are completely intact
(Fig. 111.11B), whereas in the wall rock, some of them exhibit a reaction texture with biotite.
Another special feature of both the hornfels xenoliths and the country rock is the
presence of 0.5-4 mm-sized, isometric or elongated aggregates of randomly oriented,
idiomorphic-hypidiomorphic biotite laths and plates (up to 800 um) along with minor anatase
and relict garnet (the latter two occur exclusively in biotite clumps of the wall rock) (Figs. 111.11
and 111.12J). Some of the biotite crystals are chloritized. Not as abundant as the biotite-rich
clusters, however, subspherical, microcrystalline muscovite-rich clots (up to 800 pum) also

appear in the metamorphic country rock (Fig. 111.11C).
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Fig. 111.11. Characteristic textural features of the hornfels wall rock and xenolith. (A) The contact of granite and
the hornfels country rock, 1N (plane-polarized light). Note that the xenolith passes into a contact-zone parallel
band. The margins of the xenolith are highlighted by turquoise, whereas the contact with the country rock is marked
by green dashed lines. (B) Biotite-rich aggregates and garnet crystals of the metamorphic xenolith, 1N. The rim of
the xenolith is distinguished by the turquoise dashed line. (C) Anatase-bearing biotite-clots and a muscovite-
dominated cluster of the metamorphic wall rock, 1N. Abbreviations of the rock-forming minerals are after Whitney
and Evans (2010)
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Fig. 111.12. SEM images of the clot-forming ferromagnesian minerals and the felsic minerals in the groundmass.
(A) Zoned green amphibole crystal with apatite inclusions in a G-Amp aggregate. (B) Biotite plates rimmed by
opaque minerals in a Bt-Dom cluster. (C) G-AmpBt clot comprising both zoned and unzoned amphibole crystals.
(D) B-AmpBt clump with spongy blue amphibole. (E) Green amphibole encircling clinopyroxene with minor
actinolite in an AmpCpxTtnOpqBt aggregate. (F) Actinolite surrounding clinopyroxene in an AmpCpxTtnOpqgBt
cluster. (G) Typical zoning pattern of groundmass plagioclase with a sericitized core mantled by inclusion-free
domains. (H) Multiple-zoned plagioclase exhibiting a sericitized core and zone. (1) Reverse-zoned plagioclase with
a pure core encircled by a sericitized domain, followed by a rim where inclusions are absent. (J) Biotite-rich
isometric clot in a hornfels xenolith. Abbreviations of the rock-forming minerals are after Whitney and Evans
(2010)
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I11.5. Discussion

111.5.1. Indications of felsic crystal accumulation and other dynamic magma chamber
processes from the Ditrau Alkaline Massif

The studied felsic suite of the DAM is considerably more diverse than previously thought. The
heterogeneities are generally not of outcrop or macro-scale but rather occur at the micro-scale.

Both types of felsic rocks (Group 1 and 2) contain abundant, idiomorphic—
hypidiomorphic, touching feldspar crystals that are aligned parallel to their crystal faces and
define a shape-preferred orientation (Fig. 111.6A, C). If present, mafic minerals, clots, and
schlieren are also arranged accordingly (Fig. 111.7B, E, G). Such an arrangement results in
strongly foliated igneous rocks, showing no signs of solid-state deformation. Feldspar
lamination can be attributed either to gravity-driven compaction or to the magmatic flow-
induced shearing of the crystal mush (lldefonse and Fernandez, 1988; Féménias et al., 2005;
Vernon and Paterson, 2006 and references therein).

On a smaller scale, there are examples of aggregates, embedded in the felsic
groundmass, comprising multiple feldspar crystals with a separate core and growth zones,
adhered in a parallel orientation (Fig. 111.10B, C). Furthermore, analogous clusters of smaller-
sized plagioclase crystals occur as inclusions within alkaline feldspar of the felsic rocks (Fig.
I11.10C, D) as well as in alkaline feldspar megacrysts (Fig. 111.10E). Such clumps are also
known as ““chain structure” (Vernon and Collins, 2011) and can be formed by a phenomenon
Vogt (1921) described as “synneusis”: suspended crystals may be episodically drifted together
by turbulent currents (e.g., as a consequence of replenishment) or by gravitational segregation
(Brown, 1956; Brothers, 1964; Vance, 1969). Synneusis requires a high melt-to-crystal ratio;
thus, it operates mostly in the early stages of crystallization. Based on these findings, feldspar
crystals of such clusters — both in the groundmass and as inclusions — represent an earlier
generation and may record turbulence due either to the injection of new magma batch(es)
(Vance, 1969) or to convection currents. Polycrystalline aggregates of felsic minerals are more
capable of settling in viscous (felsic) magmas (Vernon and Collins, 2011) and the abundance
of such clots implies physical accumulation.

Some of the feldspars are embayed by another crystal (Fig. I11.6D, marked by the red
arrow); nevertheless, clusters composed of multiple feldspar grains mutually impinging each
other were also observed (Fig. 111.6D, marked by the yellow arrow). These crystals exhibit an
irregular contact and a locally truncated zoning pattern. The embayed minerals have a separate,
sericitized/sieve-textured core, completely isolated by a few, continuous growth-zones. In most
cases, the crystals in such a textural relation are mantled by a common, inclusion-free rim (Fig.

I11.6D). Contact melting and embayment of the accumulated, touching crystals may be related
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to the compaction of the crystal mush (Park and Means, 1996; Vernon et al., 2004; Vernon and
Collins, 2011). The pure rim is inferred to represent interstitial melts trapped among the
accumulated crystals.

The different zonation of adjoining feldspars (Figs. 111.10B-E, G, H and 111.12G-1I)
indicates distinctive crystallization and reaction histories. Zoning patterns of feldspars retained
disequilibrium textures and thus, recorded evidence of dynamic magmatic events. Most of the
feldspars show a common zonation: a sericitized/sieve-textured core is encircled by a pure rim
(Figs. I11.6C, D, 111.10B-E, and 111.12G). This texture implies that significant changes occurred
in the intensive variables (such as P, T, or aH20) and/or in the magma composition, which
could be related to an interaction with a more primitive magma. Bindea et al. (2020) interpreted
the two-feldspar core-mantle textures (albite core rimmed by alkaline feldspar) as a resorption
or replacement texture of a formerly-grown plagioclase by a subsequent alkaline feldspar,
amidst open-system magmatic circumstances.

Though not as abundant, there are some examples of feldspars exhibiting multiple (Figs.
I11.10G, marked by the red arrow and I11.12H) as well as reverse (Figs. 111.10H, marked by the
red arrow and I11.121) zoning. In the first case, the core of the crystals is Ca-rich, assumed by
its profound sericitization. The core is mantled by a zone with a more sodic composition. It is
followed by another domain of calcic spike, which is armored by a Na-rich rim. The calcic core
and zone might have originated from a magma of higher temperature and more mafic
composition, whereas the sodic areas represent a lower-temperature and relatively felsic
environment. The different zones record compositional changes in feldspars that can be
attributed to variations in the magmatic conditions and thus, may imply multi-stage mixing
events. Nevertheless, such multiple-zoned crystals are relatively scarce. Hence, it is more likely
that their texture is the result of a smaller-scale/less-widespread process and indicates
crystallization amidst fluctuating parameters (e.g., T and magma composition). Such conditions
can easily be conceived during crystal transfer, caused e.g., by turbulent currents. Turbulence
IS not necessarily independent of magma mixing/mingling; indeed, it is probable that single
crystals of both end-members have been dragged by these currents during the invasion of the
replenishing magma and became introduced into the new environment characterized by
contrasting composition and intensive variables. Subsequent and repeated transport of single
crystals from one magma into the other could have resulted in the observed textural features.
Nevertheless, chamber-scale convection currents may also carry crystals and circulate them
between various domains of the magmatic system defined by different chemical compositions,

P, and T. Based on the dimension of the zones with different textures, the transported feldspar
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crystals either had not spent much time in either environment before they were introduced into
the other one or became notably resorbed in the new setting.

Similarly, reverse zoning of feldspars (Figs. I11.10H and 111.121) hints that such crystals
originate from an environment of different temperature and/or composition and that their
particular textural characteristics were formed by crystal transfer and/or interaction between
different magma batches (Wiebe, 1968; Baxter and Feely, 2002; VVernon and Paterson, 2006).
Their intact, inclusion-free core implies a more sodic composition. It is succeeded by a
relatively wide, extensively sericitized zone of supposedly more Ca-rich chemical composition.
Such crystals are mantled by a possibly sodic rim, where inclusions are absent. The core may
have originated from the felsic magma and later became introduced into another environment
of higher temperature and/or contrasting composition and — based on the dimension of the
sericitized domain — spent there a relatively long time before being transported back into its
original setting. The outer rim is likely to represent the felsic end-member. The observation that
reverse-zoned feldspars are spatially associated with mafic clots further supports the hypothesis
that (at least some of) the latter originated from other regions of the magma storage system
and/or were introduced into their present setting by magma mixing/mingling. The presence of
antecrysts and mantled xenocrysts adjoining their mantle-free equivalents can also be explained
by the felsic cumulate hypothesis (Vernon and Collins, 2011).

Based on these observations, the evolution of the investigated felsic rocks was driven
by multiple magma chamber processes. Textural features — implying settling of felsic minerals,
magmatic flow, strain of the crystal mush, magma mixing/mingling as well as turbulent
convection — reveal the dynamic conditions that prevailed in the magmatic system. Crystal
accumulation and flow fabrics indicate the presence of heterogeneous domains within the
chamber. The former was confined to areas where shear flow and/or convection was limited,
whereas the latter occurred in active regions where melt was more abundant. Repeated injection
of more primitive magmas into the felsic crystal mush, interaction of the two end-members as
well as replenishment-induced convection and stirring, along with temperature and/or density

gradient-driven currents also played a crucial role in the development of the observed features.

111.5.2. Mafic clots in the felsic suite of the Ditrau Alkaline Massif: origin and significance
Felsic rocks of Group 2 appear to be homogeneous at the macro-scale (Fig. 111.3A-D); however,
their microtextural features indicate that they comprise — besides minor isolated ferromagnesian
minerals — mafic aggregates of various petrographic characteristics (Figs. 111.4 and 111.7-9;
Table 111.2). The observation that such clots are present in practically all of the felsic rocks of

Group 2 indicates that cluster-formation was a widespread and common mechanism. They
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make a considerable contribution to enhancing the mafic mineral content of the host rocks since
not all of the ferromagnesian phases are considered to be of primary, direct magmatic origin.

Synneusis is a generally accepted concept for the genesis of felsic (plagioclase, alkaline
feldspar, or quartz) clusters (Vance, 1969); nevertheless, according to Vernon and Collins
(2011), mafic clots may be formed by the same process as well. However, it should be noted
that mafic clumps could be the products of various alternative mechanisms, details of which
will be discussed henceforth.

Carvalho et al. (2017) found that the maficity of diatexite magmas can be significantly
increased by the raft and grain-scale disaggregation of mafic schollen. Lavaure and Sawyer
(2011) focused particularly on country rock xenoliths and they also found that the
dismemberment of these inclusions plays an important role in increasing the modal proportion
of ferromagnesian minerals (especially biotite) in the host. Based on the results of Batki et al.
(2018), open-system processes such as magma mixing and mingling, crystal transfer as well as
recycling were significant in the petrogenesis of some rock types of the DAM (e.g., diorite,
ijolite, syenite, tinguaite). The study by Odri et al. (2020) shed light on the contribution of 20—
60% upper crustal material during the evolution of the felsic suite (syenite, quartz syenite,
quartz monzonite, granite).

Keeping in mind the above-mentioned information, it is likely that at least some of the
mafic clumps are composed of replacive minerals after a precursor phase. Comparing all
observed aggregate types, one can notice a continuous transition from almost intact clot-
forming crystals through partial to complete replacement (pseudomorphism). Thus, different
clusters might represent the distinct stages of substitution of the entrained materials. Some
clump types are presumed to be of different origin. Identification of the processes prevailing in
the magma storage system is rather challenging and it is assumed that a combination of multiple,
complex mechanisms resulted in the formation of the observed features. Figure 111.13 is a
schematic illustration of how the modal proportion of the ferromagnesian phases could have
been modified during these processes.

It is supposed that the base of the magma chamber comprises a mafic cumulate pile that
is overlain by a felsic crystal mush. This system is periodically replenished by magma batches

of a more primitive composition (Fig. 111.13/1).
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MPrlagioclase (O Sericitized, resorbed plagioclase K] Alkaline feldspar (O Garnet
@ Clinopyroxene @ Green amphibole (mafic suite) @ Green amphibole (felsic suite)
@ Secondary green amphibole @ Secondary actinolite [l Biotite [JSecondary biotite
I Titanite [TSecondary titanite [ Secondary opaque minerals € Secondary epidote
mmmm Schliere with primary clinopyroxene and green amphibole
mmmm Schliere with primary green amphibole, secondary green amphibole, and biotite
Em=m Schliere with secondary biotite

Fig. 111.13. Schematic interpretation of the processes involved in the formation of the studied mafic clots.
Mechanisms associated with the development of felsic clots and cumulates are not represented for visual clarity.
The relative size of the crystals and structural elements is not illustrated to scale. See text for details

Due to the movement of the host magma, coherent magmatic enclaves and isolated
ferromagnesian minerals are formed by the disruption of the mafic dyke (Fig. 111.13/2). Owing
to the interaction with the igneous body, metamorphic wall rock xenoliths and country rock-
derived isolated crystals become introduced into the felsic crystal mush. Turbulent currents —
induced either by the invasion of the replenishing magma or by thermal and/or density gradients
— may drag and deposit mafic cumulus mineral aggregates in the felsic system (Fig. 111.13/2).

The flow of the felsic melt leads to the separation of plagioclase from biotite and of
elongated biotite crystals from the equant ones. The latter is introduced into the low shear strain
(plagioclase-dominated) zones (Fig. 111.13/3). Shearing also promotes the disaggregation of the
entrained inclusions. Continuous erosion of the incorporated magmatic enclaves and
metamorphic xenoliths reduces their dimensions, adds ferromagnesian minerals into the felsic

host, and thus, leads to the formation of swarms comprising mafic phases. In this way,
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clinopyroxene- and amphibole-bearing short and wide schlieren develop along the edges of the
magmatic enclaves. The mafic bands are parallel to the margins of the rafts (Fig. 111.13/3). This
mechanism strongly increases the maficity of the felsic lithologies. The interaction between the
host and the incorporated substances leads to progressive changes in the mineral assemblage of
the latter. Following their incorporation into the felsic system, exotic materials become
extensively modified and their ferromagnesian constituents are systematically replaced by
secondary minerals (Fig. 111.13/3). Isolated clinopyroxene crystals begin to be replaced by
actinolite (Castro and Stephens, 1992). Garnet crystals are replaced by minor biotite (White et
al., 2005) both in the mush and in the xenoliths. Due to the effect of the igneous body, replacive
phases may develop in the metamorphic wall rock as well. Country rock xenoliths become
completely mantled by a rim of biotite crystals (Fig. 111.13/3). The Bt-Xen aggregate (Fig.
I1I.7E, F) can be interpreted as a selvedge formed along the interface of the metamorphic
xenolith and the host magma due to a chemical reaction between the two phases. The K-content
of the host may decrease due to the development of the biotite-dominated fringe. This
phenomenon may have an effect on the amount of alkaline feldspar crystallizing from the melt
(Kriegsman, 2001) and most possibly that is the reason why alkaline feldspar of the enclosing
rock becomes more abundant further away from the enclave. Secondary green amphibole and
actinolite, along with biotite are formed after clot-forming cumulus clinopyroxene and green
amphibole, respectively. Some of the cumulate-derived amphiboles develop a spongy texture,
implying that they are not in equilibrium with their current setting (Fig. 111.13/3).

As the magmatic strain increases, schlieren containing minor primary green amphibole
along with secondary green amphibole and biotite after clinopyroxene and amphibole,
respectively, become elongated. Short and wide, biotite-rich schlieren become detached from
the periphery of the metamorphic xenoliths. The incorporated primary minerals are further
replaced by secondary phases (Fig. 111.13/4). Since clinopyroxene and amphibole can
accommodate Ca, Y, and rare earth elements (REES) in higher concentrations compared to
biotite, the formation of secondary biotite after clinopyroxene or amphibole is accompanied by
the crystallization of Ca-, Y-, and REE-bearing accessory minerals (Ubide et al., 2014b). This
could account for the abundance of apatite, titanite, zircon, and opaque phases occurring both
in the interstices and on the margins of the studied clusters (e.g., Figs. 111.8D, F, G and 111.9D,
J). The rims of exotic plagioclase become resorbed in the new environment characterized by
different intensive variables and composition. Simultaneously, plagioclase crystals begin to be
sericitized (Fig. 111.13/4).

Biotite completely replaces amphibole in the magmatic enclave-related schlieren (Fig.
I11.13/5). Intact growth-zones develop around the resorbed and sericitized plagioclase cores.
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Xenolith-related biotite-rich schlieren become elongated. Some garnet crystals (both in the
country rock and in the mush) are completely replaced by biotite, forming biotite-rich clumps
and such pseudomorphs are further incorporated into the felsic system. The distribution of the
different minerals within the rock as well as the extent of the chemical potential gradient and
the diffusion coefficient bear a strong influence on the local reactions (Foster, 1986) and this
could be the reason why pseudomorphs of garnet occur in the proximity of intact crystals (Figs.
I11.11 and 111.13). Equant biotite crystals of the feldspar-rich domains form aggregates (Fig.
111.13/5). By this stage, the plagioclase-rich domain has attained the rigid percolation threshold
and thus, shear strain becomes more significant in the mafic mineral-rich bands. In the latter,
biotite aggregates are formed initially, followed by imbrication of the elongated crystals. New
magmatic amphibole crystallizes on some of the secondary mineral-bearing clots (Fig. 111.13/5).

Schlieren are weaker than the feldspar-dominated host rock; hence, the postsub-
magmatic strain is more pronounced in the mafic bands, which leads to the development of
strongly elongated biotite-rich schlieren (Fig. 111.13/6). Development of the Bt-Dom clots (Fig.
I11.8A—C) could be explained by the heterogeneous mineral and shear strain distribution of the
magma (Milord and Sawyer, 2003). In domains of a higher magmatic strain, biotite-rich
aggregates formed after garnet also become elongated and form schlieren; otherwise, they retain
the habit of the preceding crystal (Fig. 111.13/6). Schlieren-derived, detached biotite crystals
become dispersed; thus, further increasing the maficity of the host. Actinolite and secondary
biotite completely replace the isolated clinopyroxene and the spongy green amphibole,
respectively (Fig. 111.13/6), which implies that the latter was not in equilibrium with the melt.
Flow of the host magma might completely disrupt the enclaves and xenoliths as well as the
schlieren and then may thoroughly distribute the detached crystals (mostly biotite), developing
a homogeneous texture in the host (Fig. 111.13/6). Formation of the opaque fringe and inclusions
along the cleavage planes of biotite (Figs. 111.8B, C and 111.12B) can be attributed to
temperature-drop and/or deformation. Decreasing temperature, associated with a chemical
reaction between biotite and the trapped melt may result in the crystallization of a muscovite
rim enveloping biotite as well as the exsolution of opaque phases (Milord and Sawyer, 2003).
Primary minerals of the clusters are either completely replaced (e.g., Fig. 111.8C, D) or are
preserved as crystal relicts (e.g., Figs. 111.8F, G and 111.9J). Complete substitution is inferred to
be favored in melt-rich, more hydrous regions of the system. The replacive phases may
recrystallize into a larger grain-size in order to decrease the surface area and energy and thus,
attain greater stability (Fig. 111.13/6).

Some of the G-AmpBt aggregates (Fig. 111.8F, G) and Bt-Ran clusters (Fig. 111.8D)
perfectly preserve the transition from intact green amphibole (Fig. 111.14/1), through biotite
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partially replacing and retaining the shape of amphibole (Fig. 111.14/2) along with biotite-
dominated clumps containing minor amphibole (Fig. 111.14/3) to complete replacement by
biotite and elongation of the clusters (Fig. 111.14/4).

Fig. 111.14. Textural changes during the progressive interaction of the incorporated green amphibole with the
monzogranite host. (1) Hypidiomorphic, almost intact green amphibole in the host rock, 1N (plane-polarized light).
(2) Green amphibole, partially replaced by biotite, with accessory zircon and opaque minerals, 1N. (3) Stubby
schliere comprising minor green amphibole and secondary biotite, 1N. (4) Elongated schlieren, made up of biotite
with a well-developed shape-preferred orientation completely replacing amphibole, 1N. Abbreviations of the rock-
forming minerals are after Whitney and Evans (2010)

Groundmass and clot-forming epidote (Fig. I11.8E) is most likely a hydrothermal,
secondary phase that formed after amphibole and plagioclase (Bird and Spieler, 2004; Pandit
et al., 2014; Kobylinski et al., 2020). Aggregates comprising decomposed mafic phases (Figs.
I11.9A-F, H, | and 111.13/6) are likely to be the products of post-magmatic processes (e.g.,
hydrothermal or deuteric alteration of the primary ferromagnesian minerals and/or the mafic
clusters comprising intact crystals).

It should be noted that some of the ferromagnesian minerals, defined as single mafic
phases and considered as original, primary constituents of the felsic host rocks, may not be
related to their present enclosing rock, but were derived from the disaggregation of the exotic
inclusions, clots and/or the incorporation of single exotic crystals that have been thoroughly
dispersed in the felsic system. This hypothesis is supported by the fact that some of the isolated
ferromagnesian minerals exhibit irregular grain boundaries as well as a resorbed and spongy

fabric, implying that they are not in equilibrium with their current setting (Fig. 111.13/3-6).
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The origin of isolated blue amphibole along with the different types of clusters
containing blue amphibole (B-Amp, B-AmpBt, and their altered versions; Figs. 111.7C, D, 111.9G,
H, and 111.12D) is rather puzzling. Riebeckite is a common, primary mineral in Na-rich alkaline
igneous rocks (such as nepheline syenite, syenite, granite); nevertheless, it also occurs in
crystalline schists as well as in rocks that were subjected to alkali metasomatism (e.g.,
fenitization) (Miyashiro, 1957; Verschure and Maijer, 2005; Nesse, 2017). The studied rocks,
containing single clinopyroxene along with different types of blue amphibole-laden aggregates,
crop out in the proximity of nepheline syenite. Hence, some kind of relationship could be
presumed between the clot-bearing rocks and nepheline syenite. Verschure and Maijer (2005)
described replacement and corona textures identical to those observed in the studied rocks (Fig.
I11.9H). Such features can be interpreted as the products of a two-phase fenitization. In the first
stage, breakdown of the original amphibole and biotite crystals had been initiated by the
metasomatic process, leading to the formation of a reaction corona comprising Na-pyroxene
and feldspars (Fig. 111.91). It was followed by a second phase, where, among others, Na-
amphibole replaced the formerly generated Na-pyroxene as well as primary amphibole and
biotite (Fig. 111.9G, H). Na-metasomatism has previously been reported from the DAM, e.g.,
by Streckeisen (1960), Streckeisen and Hunziker (1974), Jakab et al. (1987), Krdutner and
Bindea (1998) as well as by Pal-Molnar (2000). Thus, it could be a plausible mechanism for
forming the isolated blue amphiboles and the blue amphibole-bearing clots.

Summarizing our observations, metamorphic country rock xenoliths can be traced along
the border zone of the igneous body (Figs. 111.2D, 111.3E, F, lIL.7E, F, and I11.11A, B); whereas,
farther into the center of the pluton, schlieren are more characteristic and different types of
mafic clusters are abundant (Figs. 111.7A-D, 111.8, and I11.9). The metamorphic rocks
enveloping the DAM as well as the country rock xenoliths contain abundant garnet crystals that
are accompanied by aggregates of randomly-oriented biotite laths and plates (Figs. I11.11 and
IT1.12)). These clots are identical to the “biotite atolls” described by White et al. (2005) and
they have been interpreted as pseudomorphs after garnet. Disaggregation of the enclaves,
entrainment of garnet, and its subsequent replacement by biotite (Fig. 111.13/2-6) or
alternatively, involvement of the previously replaced grains (pseudomorphs; Fig. 111.13/5-6)
could account for (at least some of) the biotite-rich aggregates observed in the felsic rocks of
the DAM.

Origin of the clots in the inner areas of the massif is less clear since, in most cases,
secondary minerals replace the primary ones; furthermore, the robust evidence of magma
chamber processes has either been obliterated or cannot be observed due to the poor exposures.

However, there are a few locations where proofs of open-system magmatic processes (e.g.,
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magma mixing/mingling) can be investigated (e.g., Heincz et al., 2018). If such an interaction
was involved in the formation of the studied felsic suite and it occurred at the early stages of
crystallization, the felsic and mafic end-members could have thoroughly mixed, leading to the
complete homogenization of the mafic intrusion. The absence of mafic microgranular enclaves
may be explained by this mechanism (Fernandez and Barbarin, 1991). With advanced
crystallization of the felsic mush, hybridization of the mafic magma becomes progressively
hindered and thus, magma mingling prevails. This process favors the formation of mafic
enclaves. Such magma blobs can be distributed in the chamber, e.g., by large-scale convection
currents. Enclaves are likely to be disaggregated during their transport or due to the movement
of the host magma (Fernandez and Barbarin, 1991). This second hypothesis seems to be more
feasible to interpret the lack of the aforementioned structural features, adding that the scarcity
of outcrops could also prevent one from recognizing and investigating the magmatic enclaves.
Thus, it is likely that some of the mafic aggregates occurring in the studied felsic rocks retain
the vestiges of magma mixing/mingling event(s).

Assuming that dynamic conditions prevailed in the magma chamber, thermal and/or
density gradient-related convection or replenishment-induced currents could have accounted

for crystal/mush transfer and/or recycling that resulted in the formation of certain mafic clusters.

111.6. Concluding remarks
The presence and combination of the observed micro-textural features (e.g., feldspar clots,
adjoining feldspars with different zoning sequences, mafic aggregates, metamorphic country
rock xenoliths) infer that the studied felsic rocks of the Ditrdu Alkaline Massif (Eastern
Carpathians, Romania) crystallized under dynamic magmatic conditions. Such circumstances
can easily be conceived in an open magma storage system, periodically invaded by new magma
batches. Interaction of the distinct magmas resulted in mixing and mingling event(s);
furthermore, magmatic stirring was induced by the injection of the replenishing magma.
Convection currents may have also developed as a consequence of thermal and/or density
gradients. Heterogeneous domains are likely to have been formed within the chamber with
regions of limited shear flow and/or convection. This environment favored the accumulation of
felsic minerals. Magmatic flow and turbulent currents prevailed in the melt-rich domains.
Felsic rocks of Group 1 (occurring on the hillside west of the Bordea Creek) exhibit
distinct textural features characteristic of felsic cumulates. Rocks that had previously been
classified into different types might be interpreted as accumulations of felsic minerals in

different proportions.
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Felsic rocks belonging to Group 2 (exposed between the Teasc and Rezu Mare Creeks)
also bear traces of felsic crystal accumulation. Furthermore, they enclose different types of
mafic aggregates. Mafic clots could have been formed by several mechanisms. However, based
on their modal compositions and textural features, complemented by the results of former
studies, some of the clusters are potential polycrystalline pseudomorphs after antecrysts and/or
xenocrysts that were incorporated either by an interaction between different magma batches, by
crystal transfer/recycling, and/or by wall rock contamination. Aggregates show the different
stages of replacement of the precursor phase(s). Certain biotite-rich clumps could have been
formed by a chemical reaction between the metamorphic wall rock xenoliths and the host as
well as by the heterogeneous distribution of shear strain in the crystal mush. Some of the
clusters comprising decomposed mafic minerals could be related to late-stage or post-magmatic
modification of the ferromagnesian phases and/or mafic aggregates.

Crystal accumulation, crystal transfer/recycling, magma mixing and mingling as well as
the incorporation of exotic materials cannot be proved by macroscopic and microscopic
structural and textural features alone. Hence, recent data of the ongoing mineral-scale
geochemical analyzes will be applied to unravel further details of the presumed open-system
magmatic processes to understand more about the genesis of the felsic suite of the Ditrdu

Alkaline Massif.
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Bulk-rock and mineral-scale geochemical evidence of open-system magmatic processes
in the felsic rocks of the northern part of the Ditrau Alkaline Massif (Eastern

Carpathians, Romania)

by: Luca Kiri, Maté Szemerédi, Saskia Erdmann, Anik6 Batki, Elemér Pal-Molnar

Abstract
The felsic suite in the northern part of the Ditrdu Alkaline Massif has previously been
considered as a homogeneous, uniform unit of the igneous complex. However, these felsic rocks
exhibit remarkable diversity at the micro-scale. Petrographic observations were complemented
by bulk-rock and mineral-scale geochemical data to further support this hypothesis.

Whole-rock composition of the studied rocks validates the presence of two,
compositionally-different felsic cumulate piles in the massif (characterized by Eu/Eu” = 2.5
6.7, XREE = 125-206 ppm and Eu/Eu” = 1.0-1.1, *REE = 358-688 ppm, respectively). Mineral
chemical data (amphibole, clinopyroxene, and plagioclase) were acquired from crystals of
different textural positions (clot-forming and isolated) to understand which of the
ferromagnesian minerals and plagioclase have the highest potential for recognizing distinct
magmatic environments and open-system magmatic processes. The composition of
clinopyroxenes (diopside with mg# = 0.77 and 0.85, respectively) overlaps with the formerly
published data. Moreover, a new, cumulus-phase occurrence of the clinopyroxenes with a
convex REE pattern has been identified. Abrupt changes of the Ba, Sr, TiO2, and XREE
concentrations in different domains of the zoned amphibole crystals and variations in the MgO,
FeO, TiOy, Sr, Ba, La, Ce, and anorthite content in plagioclase crystals, together with the bulk-
rock data, point to the hybrid nature of the majority of the investigated rocks.

Our recent geochemical data support the previous, predominantly petrography-based
assumptions, that the felsic suite in the northern area of the massif was formed in a dynamic,
open-system magmatic environment, wherein crystal settling, magma mixing, crystal/mush

transfer and recycling as well as country rock assimilation prevailed.
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IV.1. Introduction

Many plutonic rocks are partial cumulates or were formed by open-system igneous processes.
Therefore, it is difficult, if not impossible, to evaluate the evolution of their parental melt from
bulk-rock data (Deering and Bachmann, 2010; Coint et al., 2013). In contrast, mineral textures
and composition — particularly mineral-scale trace element composition and compositional
variation — record igneous processes more accurately (e.g., crystal transfer and recycling,
fractional crystallization, magma mingling and mixing), including the associated heterogeneity
of the magmatic system (Staby et al., 2007, 2011; Coint et al., 2013; Barnes et al., 2016). During
magma mixing or crystal recycling, the crystallizing minerals come into contact with magmas
of distinct physicochemical properties (Staby et al., 2007), which then create a subtle-to-drastic,
crystal-scale variation (Barnes et al., 2016): complex growth and/or disequilibrium textures and
zones with different geochemical compositions are formed within individual crystals (Hibbard,
1981; Baxter and Feely, 2002; Perugini et al., 2006; Kahl et al., 2011, 2015, 2017; Gros et al.,
2020). Shifts in the major and trace element concentrations across a single crystal can be used
as a proxy to track changes in the melt composition or in other intensive parameters (e.g.,
pressure and temperature; Staby et al., 2007, 2011; Coint et al., 2013). In mafic-to-moderately
evolved metaluminous-to-peralkaline granitic magmas, clinopyroxene and/or amphibole are
common liquidus or near-liquidus phases (e.g., Scaillet et al., 2016; Huang et al., 2019), which
incorporate a large spectrum of trace elements that range from large ion lithophile over rare
earth to high field strength elements (LILEs, REEs, HFSEs, respectively; e.g., Naney, 1983;
Marks et al., 2004). In combination, both minerals may record near-liquidus to near-solidus
evolution of magmas, which thus reflect their relatively large stability fields and refractory
nature (slow diffusivities for the key compositional constituents; e.g., Costa, 2021). Therefore,
amphibole and clinopyroxene chemistry can be applied to unravel the igneous evolution and,
ideally, the composition of the parental melt (e.g., Piwinskii, 1968; Naney, 1983; Schmidt,
1992; Marks et al., 2004; Ubide et al., 2014a). Similarly, plagioclase crystallizes over an
extensive spectrum of magma compositions as well as over a large range of temperatures (e.g.,
Wiebe, 1968; Anderson, 1984; Blundy and Wood, 1991; Putirka, 2005). Although the
concentration of trace elements and the type of trace elements that are incorporated by
plagioclase are significantly lower than in clinopyroxene and amphibole crystals, some of the
elements (e.g., Sr and Ba) are particularly useful for deciphering igneous processes (Blundy
and Shimizu, 1991; Ginibre et al., 2002; Grogan and Reavy, 2002). Intra-crystalline diffusion
and thus equilibration of major elements and several trace elements (e.g., Sr, Ba, REES) is slow,
and their concentration commonly records the compositional and other changes of intensive

parameters of the host magmas precisely (e.g., pressure and temperature; Smith et al., 2009).
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The main objective of this research was to discern which of the studied mafic minerals
(magmatic and secondary amphibole as well as clinopyroxene) and plagioclase have the highest
potential to distinguish different igneous environments and to reveal open-system magmatic
processes. New mineral major and trace element data along with whole-rock compositions are
presented to further understand the petrogenesis of the felsic suite in the northern part of the
Ditrau Alkaline Massif (DAM), thereby complementing previous field and petrographic

observations.

IV.2. Geologic setting

The DAM is situated in the Eastern Carpathians (Romania) and belongs to the Dacia Mega-
Unit (Fig. IV.1A, B). It forms the southwestern and southern areas of the Giurgeu Mountains
and extends over an area of ca. 225 km?. The massif consists of different rock types in a
spectrum from ultramafic cumulates to granitoid rocks (Streckeisen and Hunziker, 1974; Jakab,
1998; Krautner and Bindea, 1998; Morogan et al., 2000; Pal-Molnéar, 2000; Batki et al., 2014;
Pal-Molnér et al., 2015a, b; Fig. IV.1C).

In the Middle—Late Triassic, an igneous event occurred near the southwestern margin
of the East European Craton in an intra-plate, rift-related, extensional tectonic regime. Recent
geochronological data suggest a brief magmatic period (Ladinian—Norian) for the formation of
the DAM (e.g., Pal-Molnar et al., 2021; Kl16tzli et al., 2022). The Variscan metamorphic rocks
of the Eastern Carpathians had been penetrated by the alkaline magmas of the DAM and were
collectively subjected to consecutive nappe-forming Alpine tectonic processes (Fig. IV.1B). An
eastward-verging nappe system was established as a result of the Cretaceous (Austrian)
tectogenesis. It is referred to as either Eastern Getides (Balintoni, 1997) or Median Dacides
(Sandulescu, 1984). The Infrabucovinian, Subbucovinian, and Bucovinian Nappes (with pre-
Alpine metamorphic rocks and Permo-Mesozoic cover series) make up the Median Dacides
(Sandulescu, 1984). Pre-Alpine, petrographically-analogous tectonic units occur in the
Subbucovinian and Bucovinian Nappes. The DAM is structurally associated with the
Bucovinian Nappe (Fig. 1V.1B) and juxtaposed with four of its pre-Alpine metamorphic
terranes (Bretila, Tulghes, Negrisoara, and Rebra Lithogroup; Balintoni et al., 2014). A tectonic
discontinuity separates the DAM from the Subbucovinian Nappe because the massif was
uprooted during the Alpine tectonic events and was thus split by the Bucovinian shear zone
(Kréutner and Bindea, 1995).
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Fig. IV.1. (A) Position of the Ditrdu Alkaline Massif in the Alpine-Carpathian-Dinaric realm (modified after Haas
et al., 2010). (B) Location of the massif in the Alpine tectonic units of the Eastern Carpathians (modified after
Sandulescu et al., 1981). (C) Sampling sites of various rock types (details in the legend) in the schematic geological
map of the northern part of the massif (modified after Pal-Molnar et al., 2015a)

In the northern part of the DAM, from west to east, the massif comprises a sequence of
ultramafic and mafic cumulates that grade into gabbro, diorite (s.l.), monzonite, syenite, quartz
syenite, and granite (Fig. IV.1C). Nepheline syenite forms an extensive area in the central and
eastern parts of the massif, associated with minor syenite and granite (Pal-Molnar, 2000; Pal-
Molnar et al., 2015a, b). The spatially-related (ultra)mafic rocks [hornblendite, gabbro, and
diorite (s.1.)] in the northwestern part of the massif form a lithostratigraphic unit of a complex
structure (referred to as the Tarnita Complex; Pal-Molnar, 2000). Apart from the mingling
structures of different diorite types (s.l.) (Fig. IV.2A) near the confluence of the Pietrariei de
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Sus and Jolotca Creeks (Heincz et al., 2018), no other intrusive contacts were found in this
region. Mingling structures of diorite (s.l.) and nepheline syenite can be studied in the outcrops
along the Ditrau—Hagota road (central part of the DAM), evidenced by mafic enclaves (Fig.
IV.2B) and large mafic (Fig. 1V.2C) as well as felsic cumulate fragments (Fig. 1V.2D). The
rocks of the massif are crosscut by lamprophyre, (nepheline)syenite, ijolite, and tinguaite dykes
(Pal-Molnar, 2000; Batki et al., 2014; Pal-Molnar et al., 2015a, b; Fig. IV.2A, E). Wall rock
xenoliths are present along the contact between syenite, monzogranite, and the metamorphic
country rocks (e.g., Krautner and Bindea, 1995; Kiri et al., 2022; Fig. IV.3C). Based on
amphibole thermobarometry, the (ultra)mafic cumulates are lower-crust derived (Pal-Molnar et
al., 2015a); whereas, granite was emplaced at middle-to-upper-crustal depths (Pal-Molnar et
al., 2015b). P-T conditions for the formation of other lithologies are not available (e.g.,

monzonite and syenite).

2 e WP ;
Mafic cumulate fragment ;

Fig. 1V.2. Field evidence for interactions between different magma batches. (A) Syenite dyke, crosscutting the
host rock and the mafic enclaves in the Tarnita Complex. (B) Mafic enclaves, (C) mafic cumulate fragment, (D)
felsic cumulate fragment, and (E) nepheline syenite and lamprophyre dykes in outcrops along the Ditrau—Hagota
road
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Previous studies have interpreted the felsic suite of the northern part of the DAM as a
homogeneous, uniform unit of the massif (e.g., Jakab, 1998; Kovacs and Pal-Molnar, 2005).
Nevertheless, recent investigations have suggested that the felsic rocks were formed in an open-
system magmatic environment (e.g., Batki et al., 2018; Heincz et al., 2018; Odri et al., 2020;
Kiri et al., 2022). A detailed petrographic study of the felsic suite in the northern area of the
DAM revealed microtextural features (e.g., mafic clots, plagioclase crystals in synneusis
relation, adjacent plagioclase feldspars with disparate zoning patterns, country rock xenoliths)
indicative of dynamic magmatic conditions (e.g., crystal transfer and recycling, cumulate
formation, magma mixing and mingling as well as wall rock assimilation; Kiri et al., 2022).
However, the sparse geochemical data for the felsic rocks (e.g., Batki et al., 2018; Odri et al.,
2020) and the lacking mineral-scale compositional data needed to be supplemented to validate
this concept.

Batki et al. (2018) distinguished two parental magmas based on the composition of
clinopyroxene populations from olivine-rich and pyroxene-rich cumulates, diorite, syenite,
nepheline syenite, camptonite and tinguaite dykes, along with ijolite enclaves: Magmal (M1)
of basanitic composition, parental to (ultra)mafic cumulates and rocks of the Tarnita Complex
along with Magma2 (M2) that evolved to a phonolitic composition. Interaction between the two
magmas was evidenced by the presence of green clinopyroxene antecrysts in diorite, syenite,
and tinguaite. However, the evolution of the felsic suite [e.g., the open-system processes
involved in the formation of syenite (crustal assimilation, magma mixing) and its genetic

relation to the other rock types of the massif] remained partly unresolved (Batki et al., 2018).

IVV.3. Materials and analytical methods

IV.3.1. Samples

The detailed description of the sampling area along with the macroscopic and microscopic
characteristics of the collected rocks can be found in Kiri et al. (2022) since only a brief
summary is presented here (Table IV.1; Supplementary Table IV.1). In line with the
classification schemes used in previous studies (e.g., Pal-Molnar et al., 2015a; Heincz et al.,
2018; Kiri et al., 2022), the nomenclature used in this paper is based on the modal composition
of the studied rocks to ensure comparability. Two groups of felsic rocks were identified in
accordance with their field occurrences and microtextures: Group 1 — felsic rocks (diorite) with
a minor mafic mineral content, spatially associated with mafic cumulates (plagioclase-bearing
pyroxene hornblendite) and Group 2 — felsic rocks (monzodiorite, monzogranite, monzonite,
nepheline-bearing syenite, quartz monzonite, quartz syenite, syenite, syenogranite) which

comprise mafic minerals and aggregates and are not spatially associated with mafic cumulates
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(Kiri et al., 2022). Plagioclase (85-87 vol%) predominates in the rocks of the first group;
whereas, biotite (4-9 vol%), alkaline feldspar (2—8 vol%), and titanite (max. 1 vol%) occur in
minor amounts (Fig. IV.3A). Structural and textural characteristics of the rock-forming
minerals [e.g., impinging plagioclase feldspars with separate cores, clusters of multiple
plagioclase crystals in parallel orientation (“chain structure”; Vernon and Collins, 2011); Fig.
IV.4A, B] imply that these rocks were formed by crystal accumulation. In the rocks of Group
2, the felsic rock-forming minerals are represented by plagioclase (8—71 vol%), alkaline
feldspar (22-78 vol%), and quartz (0-46 vol%) (Fig. I1V.3B-D). Discrete, primary mafic
minerals are rare (amphibole: max. 6 vol%; biotite: max. 9 vol%); however, various clusters
(max. 18 vol%) which comprise either one or multiple mafic mineral types are prevalent (Fig.
IV.4E—H; Supplementary Table IV.1). Titanite is the most common accessory mineral (max. 2
vol%). Some of the rocks in the second group also exhibit textural traits that are analogous to
those of Group 1, thus, indicating crystal accumulation (Fig. IV.4C, D).

Exposures are rare due to recent recultivation and dense vegetation. Hence, the samples
were collected from in situ outcrops on the hillsides and in the valleys of creeks.

The rocks to be analyzed for bulk rock and/or mineral compositions (Table 1V.1) were
selected according to the following criteria: (a) to include the most important felsic rock types
(diorite, monzodiorite, monzogranite, monzonite) as well as ferromagnesian minerals
(amphibole and clinopyroxene) from mafic rocks (plagioclase-bearing pyroxene hornblendite
and lamprophyre) for comparison, which are all typical of the northern area of the massif; (b)
to represent all textural types; and (c) to include all textural-mineralogical mafic and felsic

(feldspar-rich) crystal-clot varieties.
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Table IV.1. Nomenclature, sampling locations, main petrographic features, and whole-rock major and trace element compositions of the studied rocks from the Ditrau Alkaline Massif

(Romania)

LB16f LB16m L118f L118c

Sample LBH2 LB8 (felsic (mafic . . . LHH23/1 LTa29 LTo35 LN50/1 LO52/1 LBH55/1
(fine-grained) | (coarse-grained)
part) part)
Rock type
(modal MDo D Do PIPXH Mo M M M MG MG L MDo
composition
and texture)
Rock type
(total alkali M S S - M S M M QM G - M
vs. SiO2)
Rock type
g:i'gﬁ'ated FMD FMD FMD - FM FM FS FM oM MG - FM
norms)
Locality Hillside west of the Bordea Bordea Bordea Behind the Behind the Hillside west of the Teasc Turcului Rezu Mare Jolotca Hillside west of
and Bordea Creek Creek Creek Creek school in Jolotca | school in Jolotca Holosag Creek Creek Creek Creek Creek the Bordea Creek
GPS 46.86200, 46.86246, | 46.86235, | 46.86235, 46.86448, 46.86448, 46.86579, 46.86344, | 46.8887, 46.86842, 46.86653, 46.86196,
coordinates 25.51558 25.51698 25.51704 25.51705 25.52762 25.52762 25.53452 25.50844 25.55766 25.58544 25.58137 25.51556
Rock group 2 1 1 - 2 2 2 2 2 2 - 2
Mineral PI (62)
Pl (43) PI (50) Pl (42) PI (36) PI (60)

?;f_f:;‘::;;@'e ﬁfflp(ig ;If%)) PI (85) gr'»(f(?) Afs (53) Afs (43) PI (56) Afs(51) | Afs (35) :]Js((zgg) Cpx (2) PI (72)

Afs (8) Amp (1) Amp (6) Afs (38) Amp (2) Qtz (24) Amp (21) Afs (22)
and modal Bt (2) Bt (9) Amp (5) Qtz (46)
composition Ttn (1) Ttn (1) Bt (4) Bt (30) Bt (2) Bt (<1) Bt (6) Bt (1) Amp (3) Bt (6) Bt (15) Bt (7)
(vol%) Opq (<1) Ttn (1) Ttn (<1) Ttn (2) Bt (2) Ttn (2)
Major elements (wt%o)
SiO2 53.43 62.60 60.74 n.d. 57.71 58.74 55.65 55.69 63.72 75.68 n.d. 57.19
TiO2 2.06 0.48 0.66 n.d. 0.83 1.02 1.13 1.69 0.74 0.13 n.d. 0.77
Al,03 18.02 20.52 21.65 n.d. 20.08 19.27 18.94 18.55 17.01 12.84 n.d. 21.13
Fe,03 8.50 2.02 2.13 n.d. 5.01 4.47 8.22 6.64 4.18 1.77 n.d. 4.90
MnO 0.22 0.03 0.03 n.d. 0.16 0.14 0.18 0.12 0.09 0.03 n.d. 0.08
MgO 1.74 0.57 0.53 n.d. 0.61 0.78 2.62 1.48 0.92 0.15 n.d. 0.96
CaO 5.77 2.19 3.09 n.d. 3.44 3.31 1.14 4.56 2.06 0.54 n.d. 2.84
Na,0 6.14 9.54 8.53 n.d. 6.31 6.00 6.44 5.44 472 411 n.d. 6.77
K20 2.46 0.91 1.49 n.d. 411 4.99 3.55 4.00 4.84 4.24 n.d. 3.64
P20s 0.35 0.05 0.07 n.d. 0.12 0.19 <0.01 0.30 0.22 0.02 n.d. 0.28
Cr:03 0.00 0.00 0.00 n.d. <0.002 <0.002 0.02 <0.002 <0.002 0.00 n.d. <0.002
LOI 0.80 0.80 0.70 n.d. 0.80 0.50 1.70 0.80 1.20 0.40 n.d. 1.00
Total 99.57 99.83 99.74 n.d. 99.43 99.64 99.71 99.59 99.79 99.92 n.d. 99.76
mg# | 0.29 0.36 0.33 n.d. 0.19 0.26 0.39 0.31 0.30 0.14 n.d. 0.28
Normative minerals (wt%)
Ne 2.04 1.58 2.45 n.d. 3.05 2.52 0.37 0.41 0.00 0.00 n.d. 3.68
ol 1.38 0.99 0.93 n.d. 0.74 0.71 4.57 1.94 0.00 0.00 n.d. 1.68
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Table IV.1. Continued

LBI16F | LB16m Li18f Li1sc
Sample LBH2 LB8 (felsic (mafic (fine-grained) | (coarse-grained) LHH23/1 LTa29 LTo35 LN50/1 LO52/1 LBH55/1

part) part)
D.I. 79.50 95.25 94.98 n.d. 90.22 89.84 81.46 84.76 90.2 96.62 n.d. 89.56
Trace elements (ppm)
Be 6.00 2.00 2.00 n.d. 8.00 2.00 2.00 2.00 6.00 12.00 n.d. 2.00
Sn 3.00 <1 <1 n.d. 3.00 2.00 <1 2.00 3.00 2.00 n.d. <1
\W 0.70 <0.5 <0.5 n.d. 0.60 <0.5 0.50 <0.5 1.60 2.00 n.d. 1.50
Sc 3.00 <1 <1 n.d. 1.00 2.00 1.00 3.00 3.00 <1 n.d. 3.00
\Y 92.00 21.00 22.00 n.d. 32.00 36.00 46.00 87.00 33.00 <8 n.d. 98.00
Co 10.20 3.60 5.90 n.d. 3.50 4.00 9.20 10.30 5.00 1.00 n.d. 7.70
Ni <20 <20 <20 n.d. <20 <20 40.00 <20 <20 <20 n.d. <20
Ga 22.50 16.10 19.20 n.d. 25.30 21.00 22.60 18.10 22.30 22.00 n.d. 21.10
Rb 45.90 20.20 30.30 n.d. 80.60 99.00 103.00 46.90 156.60 143.00 n.d. 102.60
Sr 1404.00 1238.90 1676.30 n.d. 2455.10 1587.70 412.50 2040.10 557.50 44.80 n.d. 1171.60
Y 42.20 7.30 11.10 n.d. 32.40 29.30 3.80 32.50 20.60 23.70 n.d. 6.40
Zr 523.40 64.70 135.30 n.d. 913.60 459.30 1009.40 248.70 483.00 126.90 n.d. 179.30
Nb 245.80 36.60 56.80 n.d. 206.00 138.30 36.00 186.00 87.90 114.40 n.d. 39.80
Cs 0.70 <0.1 0.30 n.d. 1.40 0.90 1.00 0.30 2.80 1.90 n.d. 0.80
Ba 1009.00 856.00 770.00 n.d. 1978.00 1943.00 636.00 2561.00 912.00 86.00 n.d. 1494.00
La 174.50 25.60 38.70 n.d. 233.50 104.60 60.30 125.70 41.00 16.40 n.d. 73.60
Ce 311.00 43.20 67.50 n.d. 328.90 184.30 48.20 228.50 90.70 33.40 n.d. 89.80
Pr 29.60 4.35 6.79 n.d. 27.76 18.29 2.67 22.79 7.78 4.05 n.d. 6.82
Nd 96.40 14.90 22.70 n.d. 83.00 61.20 6.10 75.90 27.70 15.10 n.d. 19.90
Sm 13.77 2.38 3.60 n.d. 10.90 9.19 0.44 10.83 5.16 3.75 n.d. 2.36
Eu 4.07 0.90 1.20 n.d. 3.28 2.70 0.96 3.25 1.52 0.67 n.d. 1.75
Gd 10.49 1.89 2.94 n.d. 7.86 7.32 0.43 8.35 4.49 4.01 n.d. 1.89
Th 1.54 0.27 0.43 n.d. 1.12 1.08 0.06 121 0.68 0.73 n.d. 0.20
Dy 8.12 1.54 2.25 n.d. 6.18 5.59 0.50 6.36 4.01 4.81 n.d. 1.18
Ho 1.47 0.24 0.40 n.d. 1.13 1.10 0.13 1.17 0.74 0.93 n.d. 0.22
Er 413 0.67 1.16 n.d. 3.43 3.22 0.47 3.49 2.24 3.08 n.d. 0.59
Tm 0.56 0.09 0.15 n.d. 0.46 0.40 0.08 0.41 0.32 0.46 n.d. 0.09
Yb 3.39 0.53 0.82 n.d. 2.99 2.65 0.70 2.63 2.27 2.94 n.d. 0.66
Lu 0.45 0.06 0.10 n.d. 0.48 0.39 0.14 0.30 0.33 0.45 n.d. 0.10
Hf 12.90 1.50 2.90 n.d. 16.50 9.30 19.10 6.70 10.60 5.50 n.d. 3.40
Ta 15.50 3.10 4.70 n.d. 11.00 7.80 0.70 12.50 5.80 13.20 n.d. 1.20
Th 16.10 3.40 10.90 n.d. 40.90 11.00 1.70 9.30 16.50 61.00 n.d. 8.20
U 3.80 0.80 3.90 n.d. 6.00 2.40 0.90 1.50 3.20 9.80 n.d. 1.50
XREE 1493.09 209.03 360.81 n.d. 1888.00 1040.67 1189.56 970.79 794.14 376.42 n.d. 429.10
(La/Sm)n 7.91 6.72 6.71 n.d. 13.38 7.11 85.58 7.25 4.96 2.73 n.d. 19.48
(Gd/Yb)n 2.50 2.89 2.90 n.d. 2.13 2.23 0.50 2.57 1.60 1.10 n.d. 2.32
Eu/EU” 1.03 1.29 1.12 n.d. 1.08 1.00 6.73 1.04 0.96 0.53 n.d. 2.53

Rock type abbreviations:
D — diorite,
Do - diorite with oriented

texture,

FM - foid-bearing
monzonite,

FMD -  foid-bearing

monzodiorite,

FS — foid-bearing syenite,
G — granite,

L — lamprophyre,

M — monzonite,

Mo - monzonite with
oriented texture,

MDo — monzodiorite with
oriented texture,

MG - monzogranite,
PIPxH - plagioclase-
bearing pyroxene

hornblendite,
QM — guartz monzonite,
S — syenite
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Fig. 1V.3. Macroscopic textural characteristics of the studied rocks. (A) Disseminated biotite flakes in diorite. (B)
Contact (highlighted by the red dashed line) between monzonite and monzonite dyke. (C) Hornfels xenolith in
monzogranite. The margin of the xenolith is marked in yellow, while the contact of monzogranite and the
metamorphic wall rock is highlighted by the red dashed line. (D) Isolated and clot-forming amphibole crystals in
monzodiorite. (E) and (F) Orbicular inclusions with a clinopyroxene core rimmed by amphibole and biotite of the
host (marked by green dashed lines) in plagioclase-bearing pyroxene hornblendite and lamprophyre, respectively
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Fig. IV.4. Characteristic micro-scale textural features of the studied rocks. (A) Impinging plagioclase crystals
(marked by red arrows), +N (crossed polars). (B) Chain structure of plagioclase crystals in parallel orientation (the
aggregate is highlighted by the pink dashed line), +N. (C) Parallelly-aligned biotite and plagioclase, +N. (D)
Plagioclase megacryst with smaller-sized grains in synneusis relation (the cluster is highlighted by the red dashed
line), +N. (E) and (F) Amphibole aggregates, 1N (plane-polarized light). (G) Polymineralic AmpCpxTtnOpqgBt
aggregate, IN. (H) AmpBt clusters, IN. (1) and (J) Orbicular inclusions with a clinopyroxene core rimmed by
amphibole and biotite crystals, 1N. Clot type abbreviations: AmpBt — amphibole + biotite cluster,
AmpCpxTtnOpgBt — amphibole + clinopyroxene + titanite + opaque minerals + biotite aggregate. The names of
the minerals were abbreviated following the classification scheme of Whitney and Evans (2010)
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I1VV.3.2. Bulk-rock major and trace element analyzes

The representative felsic rock samples were powdered and analyzed at the Bureau Veritas
Mineral Laboratories (ACMELabs, Vancouver, Canada). The whole-rock composition of
plagioclase-bearing pyroxene hornblendite and lamprophyre was not determined (they were
only characterized petrographically), as comprehensive data for similar rock types are readily
available in previous research (e.g., Batki et al., 2014; Pal-Molnar et al., 2015a). Major element
concentrations were determined by ICP-ES (detection limit: 0.01-0.04 wt%), whereas trace
element compositions were measured using ICP-MS. Samples were split and a 0.2 g sample
was used for LiBO./Li,B4O7 fusion decomposition for ICP-ES and a 0.2 g sample for ICP-MS.
The STD SO-19 and QUARTZ_KRA (pure quartz) internal geological reference materials were
applied to control the analytical accuracy (better than + 1.5%). Duplicate samples were used in
each analytical set to verify the precision (better than 0.5% for the repeated measurements).
After ignition at 1000°C for 4 hours, the weight difference was applied to calculate the loss on
ignition (LOI).

IVV.3.3. In situ mineral major and trace element analyzes

Mineral major and trace element concentrations were determined on crystals from polished thin
sections (30 um thickness). Minerals selected for analysis were those that are common in almost
all rock types of the northern part of the massif (amphibole, clinopyroxene, and plagioclase) —
including amphibole and clinopyroxene crystals of plagioclase-bearing pyroxene hornblendite
(LB16m) and lamprophyre (LO52/1) (Figs. IV.3E, F and 1V.4l, J) that were measured for
comparison. Mafic and felsic minerals in different textural positions (occurring as isolated
crystals in the “groundmass” as well as clot-forming minerals) were selected to track any
compositional differences. It must be elucidated that the term “groundmass” used in this paper
refers to the main mass of the host rock: the holocrystalline, phaneritic, and generally felsic
mineral-rich domain that encircles mafic crystal clusters.

Zonation and compositional variation of the minerals were investigated optically (by
transmitted light and back-scattered electron microscopy) and characterized quantitatively (by
SEM BSE, EMPA, and LA-ICP-MS). An AMRAY 1830 SEM coupled with an EDAX PV
9800 EDS detector at the Department of Petrology and Geochemistry, E&tvos Lorand
University, Budapest, Hungary was applied to acquire backscattered electron images (Fig.
IV.5). The BSE images along with microphotographs were implemented to reveal
compositional zonation and to determine the position of the analytical spots. In the absence of
optical and SEM zoning, the analytical points (core, transition, rim) were located based on

geometric parameters.
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Both major- and minor element concentrations of minerals were determined by electron
microprobe in wavelength dispersive mode, carried out at the Institut des Sciences de la Terre
d’Orléans — Centre National de la Recherche Scientifique (ISTO-CNRS), Orléans, France,
using a Cameca SX Five electron microprobe, operated at an acceleration voltage of 15 kV and
a beam current of 10 nA, utilizing a focused beam. The elements analyzed for all sample phases
(10 and 5 seconds counting times on peaks and background, respectively) were Si, Ti, Al, Mg,
Mn, Fe, Ca, Na, and K, which are reported as oxide concentrations, with Fe recorded as FeO.
Calibration standards were natural and synthetic mineral phases (albite: Si, Na; Al.Os: Al;
andradite: Ca; Fe2Os: Fe; MnTiO3z: Mn, Ti; olivine: Mg; orthoclase: K), of which albite,
andradite, and olivine were also repeatedly analyzed as quality control.

Trace element concentrations (including REE) were determined by LA-ICP-MS,
employing a RESOlution SE laser ablation system connected to an Agilent 8900 QQQ
inductively-coupled plasma mass spectrometer at the Institut des Sciences de la Terre d’Orléans
— Centre National de la Recherche Scientifique (ISTO-CNRS), Orléans, France. The same spots
were analyzed as for the EMPA. Ablations were performed with a round laser beam of different
diameters (amphibole: 20 and 30 pm; clinopyroxene: 30 pm; plagioclase: 20, 30, and 50 pm)
with a frequency of 10 Hz and a fluence of 4 J cm on the sample surface. Ablations were
carried out in a mixed Ar (~0.9 I/min) and He (~400 ml/min) atmosphere. The ICP-MS was
operated at 1480 W. For the mafic minerals and plagioclase, 33 and 22 isotope concentrations
were measured, respectively, each with a dwell time of 10 ms. Three analyzes of the external
standard NIST610 were followed by the analysis of the quality control reference materials
NIST612 and BCR-2G as well as twelve analyzes of samples unknown in sequences of 100—
200 points. Each analysis comprised a measurement of 20 s gas blank before 30 s laser ablation
and a 10 s washout at the end. The ablation signals were individually screened for contaminated
analyzes. To determine trace element concentrations off-line, the Glitter software (van
Achterbergh et al., 2001) was used with a linear extrapolation across external standards and
SiO. determined by electron microprobe as the internal standard. Reference material

compositions are the preferred values provided at GeoReM (http://georem.mpch-

mainz.qwdg.de/).
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IV.4. Results

IVV.4.1. Whole-rock major and trace element data

Results of the bulk-rock geochemical analyzes can be found in Table IV.1. Based on their
Chemical Index of Alteration (CIA; Nesbitt and Young, 1982), the studied samples were either
subjected to no weathering or weak weathering. The SiO, composition of the analyzed rocks
covers a wide spectrum (53.4—75.7 wt%; Fig. IV.6A). Due to their high Na,O+K>O content
(ranging from 8.4 to 10.9 wt%), the studied rocks are classified as alkaline. In the TAS diagram,
the samples are aligned along a single compositional array, which involves the monzonite,
syenite, and quartz monzonite compositional fields. The only exception is sample LN50/1
(monzogranite), which deviates from this trend (Fig. IV.6A).

Although feldspathoids were not identified during our petrographic investigations,
CIPW norm calculations imply that most of the analyzed rocks — with the exception of the
quartz-bearing samples LTo35 and LN50/1 (monzogranites) — are nepheline-normative (0.4—
3.7 vol%) and their composition plots in the “foid-bearing” field in the cation norm
classification diagram (Streckeisen and Le Maitre, 1979; Fig. IV.6B; Table 1V.1).

There is a negative correlation between the concentration of SiO2 and Fe.O3, MgO,
TiO2, MnO, and CaO (Fig. IV.6D-H). In contrast, the data points for Na.O and KO are
scattered (Fig. IV.6l, J).

The differentiation index (D.l., the sum of normative quartz, albite, orthoclase,
nepheline, kaliophilite, and leucite; Cross et al., 1902) varies from 79.5 [LBH2 (monzodiorite)]
to 96.6 [LN50/1 (monzogranite)] (Table 1V.1).

Three trends can be identified according to the chondrite-normalized REE patterns of
the rocks (Fig. IV.7A, C, E): (a) LHH23/1 (monzonite) and LBH55/1 (monzodiorite) show a
strong enrichment in light rare earth elements (LREES) and a slight enrichment in heavy rare
earth elements (HREESs) (Table 1V.1). These samples have the highest positive Eu anomaly
(Eu/Eu” = 2.5-6.7; Fig. IV.7A); (b) the majority of the analyzed samples [LB8 and LB16f
(diorites), L118c—f and LTa29 (monzonites) and LTo35 (monzogranite)] have overlapping,
parallel REE patterns (Fig. IV.7C) and an insignificant Eu anomaly (Eu/Eu” ~1). Samples LB8
and LB16f (diorites) are the exceptions since they have a slight positive Eu/Eu” value (1.1 and
1.3, respectively). The rocks of this trend differ only in their XREE concentration (104-523
ppm). Similarly to the rocks of trend (a), the latter are also characterized by a marked
enrichment in LREEs and a minor increase in the HREE content (Table 1V.1); whereas (c)
sample LN50/1 (monzogranite) has a distinct negative Eu anomaly (Eu/Eu” = 0.53; Fig. IV.7E).
It shows a modest enrichment in both LREEs and HREEs (Table 1V.1).
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Fig. IV.6. (A) Classification of the examined rocks based on the total alkali versus SiO. diagram (after Le Maitre
etal., 2002). (B) Classification of the studied rocks in the cation norm diagram for plutonic rocks (after Streckeisen
and Le Maitre, 1979). Field numbers of the diagram: 1 —alkali feldspar granite, 2 — syenogranite, 3 — monzogranite,
4 — granodiorite, 5 — tonalite, 6 — calcic tonalite, 7 — quartz alkali feldspar syenite, 8 — quartz syenite, 9 — quartz
monzonite, 10 — quartz monzodiorite/monzogabbro, 11 — quartz diorite/quartz gabbro, 12 —alkali feldspar syenite,
13 — syenite, 14 — monzonite, 15 — monzodiorite/monzogabbro, 16 — diorite/gabbro, 17 — foid-bearing alkali
feldspar syenite, 18 — foid-bearing syenite, 19 - foid-bearing monzonite, 20 - foid-bearing
monzodiorite/monzogabbro, 21 — foid-bearing diorite/gabbro, 22 — foid syenite, 23 — foid monzosyenite, 24 — foid
monzodiorite/monzogabbro, 25 — foid diorite/gabbro. (C) to (J) Major element oxides plotted against SiO; for the
analyzed samples. Whole-rock data from Kovacs and Pal-Molnar (2005), Batki et al. (2014, 2018), Pal-Molnar et
al. (20154, b), and Pal-Molnar (2021) are given for comparison, highlighted by the colored fields. Symbol colors
are the same for the samples in all figures, which are given in (B)
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The same three trends can be distinguished in the chondrite-normalized spider diagrams
(Fig. IV.7B, D, F): the rocks of trend (a) are characterized by elevated La, Sr, Zr, Hf, and Eu

contents. Negative anomalies occur in Ta, Nd, Sm, and Tb (Fig. IV.7B); the rocks belonging to

trend (b) show a slight positive anomaly in Nb and Ta (with some samples showing a positive

Zr and Hf anomaly as well) and a negative anomaly in U, Nd, and Tm (Fig. I\VV.7D); while trend

(c) has positive Ta and Hf along with negative Nb, Sr, and Eu anomalies (Fig. IVV.7F).
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Fig. IV.7. Chondrite-normalized REE diagrams (left) and multielement spider diagrams (right) for the analyzed
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1V.4.2. Mineral textures and chemistry

IVV.4.2.1. Clinopyroxene

The most important textural features of the studied clinopyroxene crystals are summarized in
Supplementary Table 1V.2. The analyzed clinopyroxenes were classified according to
Morimoto et al. (1988) (Supplementary Fig. 1V.1). Supplementary Table V.3 contains the
major and trace element compositions of the analyzed crystals.

Clinopyroxenes of different textural positions in LB16m (plagioclase-bearing pyroxene
hornblendite) have distinct geochemical compositions (Fig. 1V.8; Supplementary Fig. IV.1): (a)
groundmass clinopyroxene (Fig. IV.5A) is aluminian diopside (Wo4sEnsz7Fsis; mg# = 0.77) with
a convex REE pattern (Fig. IV.8A). It is characterized by high Zr and Hf concentrations and
low Sm, Eu, and Tb contents (Fig. IV.8B). Clot-forming clinopyroxene in LTa29 (monzonite;
Fig. IV.4G) exhibits an overlapping composition (Fig. IV.8A, B; Supplementary Fig. 1V.1); (b)
clinopyroxene in the center of the orbicular inclusions (Figs. IV.41 and 1V.5B) is diopside
(WosgEnsiFs11; mg# = 0.85). Its REE pattern is concave (Fig. IV.8C); Sm, Eu, and Tbh are
present in high concentrations (Fig. 1V.8D). Groundmass clinopyroxene and clinopyroxene in
the center of the orbicular inclusions in LO52/1 (lamprophyre; Fig. 1V.4J) are of comparable

composition (Fig. IV.8C, D; Supplementary Fig. IV.1).
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Fig. 1V.8. Chondrite-normalized REE diagrams (left) and multielement spider diagrams (right) for the selected,
representative clinopyroxene compositions. (A) and (B) Groundmass clinopyroxene in LB16m (plagioclase-
bearing pyroxene hornblendite) and clot-forming clinopyroxene in LTa29 (monzonite). (C) and (D) Orbicular
inclusion-derived clinopyroxene in LB16m (plagioclase-bearing pyroxene hornblendite) along with isolated and
orbicular inclusion-derived clinopyroxene in LO52/1 (lamprophyre). For comparison, the shaded fields show the
compositional trends of clinopyroxenes from Batki et al. (2014, 2018) and Pal-Molnar et al. (2015a). The
normalizing values are according to Sun and McDonough (1989)
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1V.4.2.2. Amphiboles
Based on their textural characteristics and geochemical composition, the examined amphiboles
can be categorized as primary and secondary.

The analyzed actinolite crystals are characterized by Si > 7.3 and exhibit depletions in
Na, K, Fe, and Ti, thereby implying that they were produced by subsolidus reactions (Leake,
1978; Chivas, 1981; Hendry et al., 1985).

Supplementary Table IV.4 provides a summary of the textural characteristics of the
investigated actinolites (Fig. 1V.5C). The nomenclature of Leake et al. (1997) was applied to
classify the analyzed crystals. Major and trace element compositions of the studied actinolites
from sample LTa29 (monzonite) are listed in Supplementary Table IV.5.

Actinolite is characterized by a mg# varying between 0.40 and 0.76 and the amount of
Al is 0.0-0.7 atoms per formula unit (apfu) (Supplementary Fig. IV.2). The chondrite-
normalized REE pattern of actinolite exhibits a marked enrichment in LREESs and a slighter
enrichment in HREEs (Fig. 1V.9; Supplementary Table 1VV.5). The REE as well as the trace
element patterns of the analyzed crystals, mostly overlap, with a general enrichment in Zr and
Hf and a negative anomaly in U and Pb (Fig. IV.9); however, there are some clot-forming
crystals with a pronounced negative Eu anomaly (Fig. 1V.9C) or with elevated U and Pb

contents (Fig. 1V.9D).
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Fig. IV.9. Chondrite-normalized REE diagrams (left) and multielement spider diagrams (right) for the analyzed
actinolite crystals from sample LTa29 (monzonite). (A) and (B) Compositions of the isolated, groundmass
actinolite crystals. (C) and (D) Compositions of the clot-forming actinolites. The shaded fields show the
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clot-forming clinopyroxene in LTa29 (monzonite) for comparison. The normalizing values are according to Sun
and McDonough (1989)
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The other group of the analyzed crystals generally has a maximum Si < 7.3 and they are
not depleted in elements, such as Na, K, Ti, and Fe, classifying them as truly magmatic (Leake,
1978).

The major textural features of the studied magmatic amphiboles are listed in
Supplementary Table IV.6. The analyzed crystals were classified according to Leake et al.
(1997). Major and trace element compositions of the magmatic amphiboles are summarized in
Supplementary Table IV.7.

The studied magmatic amphiboles exhibit significant intercrystalline variations in their
major and trace element concentrations and can be classified into three separate types in line
with their composition.

Type | is represented by the isolated and clot-forming amphibole (hastingsite) of LB16m
(plagioclase-bearing pyroxene hornblendite; Fig. IV.5D). The mg# (0.5-0.6) and Al'Y (1.8-2.0
apfu) composition of the crystals show limited variations (Supplementary Fig. IV.2).
Amphiboles of this group have straight REE patterns with a continuous decrease from LREES
to HREEs (Fig. 1V.10A). Minor negative Eu (Eu/Eu” min. 0.77) and Tm together with
significant negative U and Pb anomalies are the characteristic features of this group (Fig.
IV.10B). Based on their major and trace element compositions (Figs. IV.10A, B and IV.11;
Supplementary Fig. 1V.2), groundmass and megacrystic amphiboles (Fe-kaersutite and Mg-
hastingsite + Fe-pargasite, respectively) of sample LO52/1 (lamprophyre) can also be ascribed
to this group.

The second amphibole type (Type 1) is represented by hastingsite [LBH2
(monzodiorite), L118c—f (monzonites)], Mg-hastingsite and Fe-pargasite [LTa29 (monzonite);
Fig. IV.5E]. The mg# varies between 0.2 and 0.5 and the amount of tetrahedral aluminium is
1.8-2.2 apfu, making it indistinguishable from Type | amphiboles (Supplementary Fig. 1V.2).
Nevertheless, this amphibole variety is characterized by a convex, U-shaped REE pattern with
a marked enrichment in LREEs and a relatively limited increase in the HREE concentration
(Supplementary Table 1V.7). Amphiboles of this group show negative anomalies in U, Ta, and
Pb along with positive anomalies in Nb, Zr, and Hf (Fig. IV.10C-H).

The third amphibole type (Type Il1) is characteristic of sample LTo35 (monzogranite)
exclusively (Fig. IV.5F). It is Fe-hornblende with limited variations in the mg# (0.37-0.39) and
Alv (1.3-1.4 apfu) concentrations, forming a unique group in the mg# vs. Al'Y diagram
(Supplementary Fig. 1V.2). It has a distinct, seagull-shaped REE pattern with a marked negative
Eu anomaly (Fig. 1V.101). Pb and Zr also exhibit negative anomalies (Fig. 1VV.10J). Certain
elements, for example, Nb, Ta, Nd, Sm, and Th, are present in anomalously high concentrations
(Figs. IV.10J and 1V.11B).
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Fig. 1V.10. Chondrite-normalized REE diagrams (left) and multielement spider diagrams (right) for the
representative magmatic amphibole crystals. Symbols with a black rim mark data of the clot-forming crystals. The
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In addition, complexly-zoned amphibole crystals with zones characterized by different
REE and trace element patterns and element concentrations are also present in the studied rocks
(Figs. 1V.10 and 1V.11).
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Fig. IV.11. Trace element compositions of the analyzed amphibole crystals. Actinolite data are marked by empty
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1V.4.2.3. Plagioclase

The main textural characteristics of the analyzed plagioclase crystals are summarized in
Supplementary Table 1V.8. The studied rocks are made up of plagioclase of variable
composition (albite and oligoclase; Supplementary Fig. 1V.3; Supplementary Table 1V.9). It
has to be noted that in some zones, the concentration of the analyzed rare earth elements was
below the detection limit of the analyzes, resulting in the anomalously low ZREE value of these
domains.

Clear groundmass plagioclase (Type 1) in sample LBH2 (monzodiorite) shows no
compositional zonation: its core and rim have similar major and trace element concentrations.
Both zones have high Eu/Eu” values (core: 3.7 and rim: 5.3; Fig. IV.12A; Supplementary Table
1V.9).

The normally-zoned plagioclase (Type Il) megacryst in LTa29 (monzonite) has the
highest anorthite content among the analyzed plagioclase samples (Fig. IV.13A, B;
Supplementary Fig. IV.3; Supplementary Table IV.9). The different zones are characterized by
distinct REE concentrations (Fig. 1V.12B).

Groundmass plagioclase with a sericitized core (Fig. IV.5G) in LBH55/1 (monzodiorite)
exhibits reverse zoning (Type I11): its rim is relatively enriched in anorthite, FeO, and TiO>
(Fig. 1V.13A, B) and exhibits a marked positive Eu anomaly (Fig. 1V.12C; Supplementary
Table 1V.9).

The complexly-zoned groundmass plagioclase with a sericitized core (Fig. IV.5H) in
L118f (monzonite) is characterized by two (inner and outer) transitional zones that are relatively
enriched in An content, FeO, TiO», and Ba (Fig. 1V.13; Supplementary Table IV.9). The REEs
exhibit a continuous decrease from the core towards the rim (Fig. 1VV.12D).

The core and the outer transitional zone of the complexly-zoned plagioclase with a clear
core in LI18f (monzonite) exhibit elevated anorthite and FeO contents, whereas the inner
transitional zone and the rim are characterized by lower anorthite and FeO concentrations (Fig.
IV.13A; Supplementary Table 1V.9). The inner transitional zone is the most enriched in REES
and shows no Eu anomaly (Fig. IV.12E).
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Fig. IV.12. Chondrite-normalized REE patterns of the analyzed isolated plagioclase crystals. (A) Clear, unzoned
plagioclase. (B) Normally-zoned megacryst. (C) Reversely-zoned plagioclase with a sericitized core. (D)
Complexly-zoned plagioclase with a strongly sericitized core. (E) Complexly-zoned plagioclase with a clear core.
(F) Large, complexly-zoned plagioclase crystal with an inclusion-rich and strongly sericitized core, in synneusis.
(G) Smaller-sized, normally-zoned plagioclase with a sericitized core, in synneusis. (H) Clear, unzoned plagioclase
crystal, in synneusis. The normalizing values are according to Sun and McDonough (1989)
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The aggregated plagioclase crystals occurring in synneusis relation exhibit distinct

zoning patterns.

The complexly-zoned crystals are characterized by a transitional zone with the highest

anorthite content and the highest concentrations of TiO2, La, and Ce (Fig. 1V.13B, D;

Supplementary Table 1V.9). There is no systematic difference in the REE patterns of the zones

(Fig. IV.12F).

The normally-zoned crystals have a core with the highest anorthite content as well as Sr

and Ba concentrations among the aggregated crystals (Fig. 1V.13B, C; Supplementary Fig.

IV.3; Supplementary Table 1V.9). The transitional zone is the most enriched in REEs (Fig.

IV.12G).

The clear and unzoned crystals have a core and a rim with overlapping compositions

(Supplementary Table 1V.9); nevertheless, the core is characterized by a distinct positive Eu

anomaly and significantly lower REE concentrations (Fig. IV.12H).
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Fig. 1V.13. Major and trace element compositions of the analyzed plagioclase crystals. The compositions of
plagioclase crystals in synneusis are identified by empty symbols. Data of clot-forming plagioclase are marked by
symbols with a black rim
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IVV.5. Discussion

In the following, results of the whole-rock analyzes along with clinopyroxene, amphibole, and
plagioclase data will be interpreted in combination with microtextures and field observations.
The aim is to provide an insight into the igneous history of the DAM and to identify the key

processes during the evolution of the felsic suite in the northern part of the massif.

IV.5.1. Interpretation of the whole-rock major and trace element data
When combining our new bulk-rock data with the previously-published data sets in the TAS
diagram, bulk-rock compositions of the recently analyzed samples partly overlap with and
connect the trends of the rocks formed by magma mingling in the Tarnita Complex [diorite
(s.l.), monzodiorite, and monzonite] and those of the syenite—granite series (Fig. IV.6A).

Based on their mineralogy and microtextures (Figs. 1V.3A and IV.4A, B), LB8 and
LB16f (diorites) were regarded as felsic cumulates (Group 1; Kiri et al., 2022). However, these
samples are characterized by only a slightly positive Eu anomaly (Eu/Eu” = 1.3 and 1.1,
respectively) along with a high differentiation index (D.l. = 95.3 and 95.0, respectively; Table
IV.1). Furthermore, their REE patterns overlap with those of the other analyzed samples [Group
2 (Kiri et al., 2022): LBH2 (monzodiorite), LI18c—f and LTa29 (monzonites), and LTo35
(monzogranite)]; the only difference is the Eu anomaly and a slight depletion in HREEs (Fig.
IV.7C). Therefore, based on their bulk-rock geochemical compositions, LB8 and LB16f
(diorites) cannot be distinguished from the above-listed samples. The advanced cumulate
(Kumar and Singh, 2014) nature of LB8 and LB16f (diorites) may explain the observed
geochemical features.

Nevertheless, samples LHH23/1 (monzonite) and LBH55/1 (monzodiorite) (Group 2;
Kiri et al., 2022) exhibit a different trend (Fig. IV.7A). Their high Eu/Eu” (6.7 and 2.5,
respectively), in accordance with the low REE concentrations (XREE = 125 and 206 ppm,
respectively), elevated La and Sr contents (Table 1V.1), high abundance and the microtextures
of plagioclase (e.g., chain structure, impingement; Kiri et al., 2022; Fig. 1VV.4C) point to the
less-differentiated, early felsic cumulate nature of these rocks (Kumar and Singh, 2014). Based
on the felsic xenoliths in the Tarnita Complex, Heincz et al. (2018) hypothesized the existence
of a felsic cumulate pile in the DAM. Nevertheless, their bulk-rock composition (Pal-Molnar,
2021) is completely different from that of LHH23/1 (monzonite) and LBH55/1 (monzodiorite)
(Fig. IV.7A, B). This implies that samples LHH23/1 (monzonite) and LBH55/1 (monzodiorite)
represent the felsic cumulate phase of a magma that is different from that of the parental magma

of the Tarnita Complex (Magmal; Batki et al., 2018).
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The negative Eu anomaly (Eu/Eu” = 0.5) of sample LN50/1 (monzogranite; Fig. IV.7E)
indicates that it crystallized from a highly differentiated (D.l. = 96.6), evolved melt or from an
expelled residual liquid. The low REE concentration (XREE = 114 ppm) can be attributed to
crustal assimilation (Kumar and Singh, 2014) and this is strongly supported by the oxygen
isotope data of Odri et al. (2020).

IVV.5.2. Implications from the clinopyroxene data

Batki et al. (2018) identified two distinct parental magmas based on the compositions of the
clinopyroxene populations: Magmal (M1), with a basanitic composition, was identified as the
parental magma of the (ultra)mafic cumulates in the Tarnita Complex, whereas Magma2 (M2)
evolved to a phonolitic composition, giving rise to nepheline syenite.

Isolated clinopyroxene of LB16m (plagioclase-bearing pyroxene hornblendite; Fig.
IV.5A) as well as clustered clinopyroxene of LTa29 (monzonite; Fig. IV.4G) exhibit a convex
REE pattern (Fig. IV.8A) and a trace element composition (Fig. 1VV.8B) similar to that of the
green clinopyroxene crystals (classified as Type I1) reported from ijolite and tinguaite dykes as
well as from diorite and syenite (Batki et al., 2018). They are considered to be antecrysts in the
tinguaite dykes, diorite, and syenite (Batki et al., 2018). Nevertheless, LB16m (plagioclase-
bearing pyroxene hornblendite) has a microtexture typical of cumulates and the isolated
clinopyroxene is present as a primary, cumulus mineral (autocryst). Its composition does not
overlap with that of the M1-derived clinopyroxene in the orbicular inclusions (Fig. 1V.8;
Supplementary Fig. I1V.1). Thus, LB16m (plagioclase-bearing pyroxene hornblendite)
represents the cumulate phase of a different parental magma (M2; Batki et al., 2018) from which
the Type Il diopsides crystallized.

The clinopyroxene of the orbicular inclusions in LB16m (plagioclase-bearing pyroxene
hornblendite; Fig. IV.5B) and LO52/1 (lamprophyre), along with the sparse isolated crystals of
LO52/1, have a concave REE pattern (Fig. IV.8C). Pal-Molnar et al. (2015a) reported similar
clinopyroxene compositions from the olivine-rich as well as from the pyroxene-rich cumulates.
The clinopyroxene described from the camptonite and tinguaite dykes, pyroxene-rich
hornblendite, and ijolite enclave has very similar geochemical features (Batki et al., 2018; Fig.
IV.8C, D). According to the classification of Batki et al. (2018), these clinopyroxenes are
primitive diopsides (classified as Type 1) that crystallized in a closed system from Magmal.
However, in LB16m (plagioclase-bearing pyroxene hornblendite) and LO52/1 (lamprophyre),
such primitive diopside crystals are present in the orbicular inclusions (Figs. IV.3E, F, IV.41, J,
and 1V.5B). The fact that these diopsides occur in the aggregates, being mantled by amphibole
and biotite crystals of the host, strongly implies their antecrystic origin. Periodic replenishment
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of M1 triggered the transport of the previously-crystallized clinopyroxenes into a new magmatic
environment. Lamprophyres are feasible candidates for transporting these crystals. Mechanical
break-up of the inclusions led to the fragmentation of the aggregates and the scant occurrence
of isolated clinopyroxene crystals in the lamprophyres.

The interaction between M1 and M2 magmas (Batki et al., 2018) is supported by the
observation that orbicular inclusions with primitive diopside crystals from M1 magma were
found in the M2 magma-derived LB16m rock (plagioclase-bearing pyroxene hornblendite;
Figs. IV.3E, IV.4l, IV.5B, and IV.8C-H). Clinopyroxenes of M2 were also mobilized and
distributed throughout the magmatic system. This resulted in the formation of mafic mineral
aggregates, some of which still preserve relics of antecrystic clinopyroxene (Batki et al., 2018;
Kiri etal., 2022; Figs. IV.4G and 1V.14H). Actinolite (Fig. IV.5C) is characterized by high mg#
values (0.4-0.8) that overlap with those of the Type Il diopsides (mg# = 0.6-0.9). The REE and
trace element patterns of actinolite (both groundmass and aggregated) in LTa29 (monzonite)
are similar to those of the groundmass clinopyroxene in LB16m (plagioclase-bearing pyroxene
hornblendite) and the aggregated diopside in LTa29 (monzonite) (Fig. 1V.9). This suggests that
the antecrystic clinopyroxene was replaced by actinolite at lower temperatures (e.g., Vernon,
1984, 1990; Castro and Stephens, 1992; Hibbard, 1995; Choe and Jwa, 2004; Fig. IV.14G, H).

1VV.5.3. Implications from the amphibole data
The most important features of the analyzed amphibole crystals and their interpretation are
summarized in Fig. 1V.14.

The intra-crystalline major and trace element compositions of Type | amphiboles are
practically identical and uniform in both LB16m (plagioclase-bearing pyroxene hornblendite;
Fig. IV.5D) and LO52/1 (lamprophyre). Their REE and trace element patterns as well as trace
element compositions completely overlap with those of the amphibole in olivine-rich,
pyroxene-rich, and amphibole-rich cumulates (Pal-Molnar et al., 2015a) as well as in alkali
gabbro (Morogan et al., 2000) (Figs. IV.10A, B and 1V.11). This means that although M1 and
M2 magmas can be distinguished on the basis of clinopyroxene data, amphiboles do not show
such systematic differences in their composition. Thus, the M1 and M2-derived cumulus
amphibole crystals (Type I; Fig. IV.14A) are indiscernible from each other.

Type Il amphiboles are represented by groundmass amphibole in LI118f, clot-forming
amphibole in LI118c as well as isolated and aggregated amphiboles in LTa29 (monzonites) (Fig.
IV.14B). Although their major element composition is less distinct from that of the Type |
amphiboles (Supplementary Fig. 1V.2), they are characterized by a convex REE pattern. The
homogeneous internal texture and composition of these amphiboles suggest that they formed
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from the magma that currently hosts them (Barnes et al., 2016) and were not involved in crystal
transfer and/or recycling.

Groundmass and clot-forming amphiboles of LTo35 (monzogranite; Figs. 1V.4H,
IV.5F, and IV.14C), which belong to Type 111, form a distinct group in the mg# vs. Al'Y diagram
(Supplementary Fig. 1V.2). Amphiboles of both textural positions exhibit a distinct, seagull-
shaped REE pattern (Fig. 1V.101). The marked negative Eu anomaly (Eu/Eu” = min. 0.2) and
the highest XREE concentration (1000 ppm) of all analyzed crystals (Supplementary Table
IV.7) indicate that these amphiboles are late crystallization products (Kumar and Singh, 2014).
Depletions in Pb, Zr, and Eu (Fig. 1V.10J) suggest that this amphibole variety was formed after
alkaline feldspar, zircon, and plagioclase, respectively (Marks et al., 2004; Barnes et al., 2016;
Tang et al., 2020). The homogeneous intra-crystalline composition (Fig. 1V.101, J) infers that
the amphiboles of this group were not involved in crystal transfer/recycling.

Some crystals show variable intra-crystalline zoning patterns and trace element
concentrations (Figs. IV.10A-H and 1V.11; Supplementary Fig. IV.2), implying their different
origins and crystallization under various circumstances. The REE patterns and the trace element
compositions of the core as well as the core and transitional zone of some amphibole crystals
in samples LBH2 (monzodiorite) and L118f (monzonite) overlap with those of the Type |
amphiboles of cumulate origin (Figs. 1V.10A, B and IV.11). Nevertheless, their rims are
characterized by a different, convex REE pattern (Fig. IV.10A), which is typical of the Type Il
amphiboles. This implies that the cores and the transitional zone originated from the cumulate
pile of either M1 or M2 (Wiebe et al., 1997; Klaver et al., 2017) and were dragged either by
convection currents or by dykes (e.g., L118f) that deposited them in their current, relatively
more felsic environment (Bea, 2010), where the rims were formed (Barnes et al., 2017) (Fig.
IV. 14D). Compositions of the core of the LBH2_31 (Fig. 1V.10C, D; Supplementary Table
IV.7) along with the core and inner transitional zone of the L118_43 amphibole crystals (Fig.
IV.10E, F; Supplementary Table 1V.7) suggest that they were derived from a relatively mafic
environment. Nevertheless, the absolute content of Ba, Sr, and TiO does not approach that of
the mafic cumulate-derived amphibole (Fig. IV.11A, C; Supplementary Table 1V.7). Although
these domains originated from a mafic magma, they represent its more evolved stage. On the
other hand, the transitional zone in LBH2_31 and the outer transitional domain in LI18_43
show an abrupt decrease in the TiO2, Sr, and Ba content (Fig. IV.11A, C; Supplementary Table
IV.7) and imply interaction (mixing) with a more evolved magma (Barnes et al., 2017). The
rims are characterized by an intermediate composition representing the present host (Figs.
IV.10C, E and IV.14E). In contrast, L118_42 in LI118c (monzonite) shows a continuous increase
in ¥REE (Fig. IV.10G), Ba, Sr, and TiO> from the core to the rim; nevertheless, their absolute
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concentrations are rather low (Fig. IV.11A, C, D; Supplementary Table 1V.7). This suggests
that the core crystallized from a felsic magma and the outer zones were formed under the influx

of a magma with a slightly more mafic composition (Fig. I1V.14F).

IV.5.4. Implications from the plagioclase data
The key characteristics of the examined plagioclase crystals and their interpretation are
summarized in Fig. 1V.14.

Regardless of their textural position (isolated or clustered), plagioclase crystals in the
studied felsic rocks (even in single samples) exhibit a wide range of different zonation patterns
(Fig. IV.12; Supplementary Fig. IV.3).

Ca-rich zones in feldspars (e.g., LI118_01_02-03 and LI118_02_03; Supplementary Fig.
IV.3; Supplementary Table 1V.9) denote a shift in their composition as a result of changing
physicochemical conditions (e.g., in the melt composition and/or temperature). This can be
related to the transport of individual crystals into a new magmatic environment (recycling) or
to the change of the physicochemical parameters around the crystal itself (Nixon and Pearce,
1987; Barbarin, 1990; Hattori and Sato, 1996; Grogan and Reavy, 2002; Kahl et al., 2011, 2015,
2017). Intermittent recharge of mafic magmas results in the coupled increase in the MgO, FeO,
TiOo, Sr, Ba, La, Ce, and anorthite content of plagioclase (Hattori and Sato, 1996; Staby et al.,
2002, 2007, 2011; Smith et al., 2009). Nevertheless, no evidence of such a process has been
identified (e.g., mafic microgranular enclave swarms in the felsic suite in the northern part of
the DAM) and none of the analyzed plagioclase compositional zones show such systematic,
concurrent geochemical trends (Fig. 1V.13; Supplementary Table 1V.9). This inconsistency
could be explained by the nature of the interacting end-members. Differentiation may
fractionate mafic magmas towards intermediate, so that the concentration of the above-
mentioned elements gradually decreases. Mixing with a differentiated, more evolved mafic
magma — which still preserves some of its typical mafic features (e.g., high mg#, Ba, Sr, and
TiO2 contents; Coint et al., 2013) — could result in the observed geochemical patterns.
Composition of the rims corresponds to that of their respective, evolved hybrid host (Figs.
IV.12D, E and IV.14L, M).

Synneusis texture (Fig. 1V.4D) indicates a period of turbulence and stirring in the system
(Brown, 1956; Brothers, 1964; Vance, 1969; Grogan and Reavy, 2002). Plagioclase crystals
occurring in synneusis relation (e.g., LTo35 14 and LTo35_19) are characterized by different
zoning patterns (Fig. IV.12F—H; Supplementary Fig. IV.3; Supplementary Table 1VV.9), proving

their distinct origin and crystallization history within the magmatic system (Fig. IV.14N).
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the Ditrau Alkaline Massif
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IV.5.5. Implications for the evolution of the Ditrau Alkaline Massif

The rocks of the DAM were formed by the emplacement and interaction of different magma
batches in an open-system igneous environment (e.g., Batki et al., 2018; Heincz et al., 2018;
Odri et al.,, 2020; Fig. IV.15). The clinopyroxene-based study of Batki et al. (2018) has
confirmed the presence of two, compositionally-different parental magmas and associated
evolutional trends. Magmal of basanitic composition (Batki et al., 2018) fractionated towards
a monzodioritic/monzonitic composition. Not only mafic but also felsic roof cumulates were
formed from this magma (Pal-Molnar et al., 2015a; Heincz et al., 2018; Fig. IV.15A, B, I).
Intermittent replenishment by magmas of higher temperature and less-evolved composition
produced mafic microgranular enclaves in the Tarnita Complex. Concurrent turbulence dragged
and dispersed the felsic cumulate fragments into the lower part of the system (Heincz et al.,
2018; Figs. 1V.140 and 1V.15)).

The evolution of Magma2 resulted in the formation of a phonolitic magma, parental to
nepheline syenite (Batki et al., 2018; Fig. 1V.15D). Bulk-rock composition of the Magma1-
derived felsic xenoliths in the Tarnita Complex (Pal-Molnar, 2021) is completely different from
that of LHH23/1 (monzonite) and LBH55/1 (monzodiorite) (Fig. IV.7A, B). This implies that
these samples were formed concurrently from Magmaz2 in those areas where convection was
restricted and the thermal and compositional gradients diminished (Figs. 1VV.14P and IV.15C).

The composition of groundmass clinopyroxene in LB16m (plagioclase-bearing
pyroxene hornblendite; Fig. IV.8A, B) and the texture of the rock (Fig. IV.3E) imply that this
sample could be the so-far unrecognized cumulate phase of M2 (Batki et al., 2018; Fig. IVV.15C).
Orbicular inclusions of LB16m (Figs. 1V.3E and 1V.41) contain clinopyroxene crystals (Fig.
IV.5B) of a composition overlapping with that of the cumulus clinopyroxene of M1 (Fig. 1V.8C,
D). This suggests that an interaction between the two magma bodies took place in the deeper
sections of the igneous system (Fig. IV.15C, D). Tinguaite with ijolite enclaves was formed by
magma mingling of the fractionated derivatives of M1 and M2 (Fig. IV.15E-G).

During the emplacement of M2 magma, excess heat caused partial melting in the
country rocks, which resulted in the formation of syenitic magma (Hildreth and Moorbath,
1988; Bergantz, 1989; Fig. IV.15H). As Odri et al. (2020) suggested, the proportion of the upper
crustal material could be approximately 20-25% in syenite. Abundant syenite dykes (e.g.,

crosscutting the Tarnita Complex; Fig. IV.2A) support the presence of the syenitic magma.
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112



In the TAS diagram, bulk-rock compositions of the recently-analyzed samples partly
overlap with and connect the trends of the rocks formed by magma mingling in the Tarnita
Complex and those of the syenite—granite series (Fig. IV.6A). There is a distinct, widespread
group of amphiboles (Type 1I) occurring in almost all of the analyzed felsic samples (Figs.
IV.5E and IV.14B). However, these rocks also contain zoned amphibole crystals (Fig. 1V.14D)
and the composition of their core resembles that of the amphibole in cumulate rocks (Type 1)
of either M1 (Pal-Molnar et al., 2015a) or M2 (Fig. IV.10A, B), whereas the composition of
their rims overlaps with that of the Type 1l amphiboles. The amphibole and plagioclase crystals
are diverse in terms of their size along with their inter- and intra-crystalline zoning patterns
(Figs. IV.10, V.11, IV.12, and IV.13; Supplementary Figs. IV.2 and IV.3). These features
indicate the hybrid nature of the studied rocks (Staby et al., 2007; Barnes et al., 2016) and
strongly suggest that they were formed by the interaction (magma mixing) of the syenitic
magma and the fractionated (most likely intermediate) derivative of M1 (Fig. IV.15K), with the
latter still preserving some of its pristine mafic features (e.g., relatively high mg#, TiO>, Sr, and
Ba contents; Coint et al., 2013). The interaction between the end-members with comparable
rheological properties, temperature, and relatively similar, felsic composition resulted in
thorough mixing rather than mingling (Sparks and Marshall, 1986; Bateman, 1995; Poli et al.,
1996; Ubide et al., 2014b). This could explain the absence of mafic microgranular enclaves and
other, outcrop and macro-scale evidence of open-system igneous processes in the northern part
of the massif (between the Tarnita and Turcului Creeks). This region [exemplified by samples
LBH2 (monzodiorite), LI118c—f, and LTa29 (monzonites)] represents the early stage of the
interaction (Bateman, 1995) and/or the structurally-higher section of the hybrid zone, where
low crystallinity and convection favored thorough mixing. Along the Ditrau—Hagota road
(central part of the DAM), magma mingling is exposed, which is evidenced by mafic enclaves
and large mafic as well as felsic cumulate blocks (Fig. IV.2B-D). This was formed
subsequently in the thermal history of the massif (Bateman, 1995) and/or it could be the lower
part of the hybrid zone, where the locked crystal mush hindered magmatic stirring and resulted
in structural inhomogeneities.

Fractionation of the hybrid magma (Campos et al., 2002) resulted in the formation of
amphibole autocrysts/phenocrysts of uniform composition (Type IlI; Fig. 1V.14B). Their
homogeneous internal texture and composition (Fig. IVV.5E) imply that they were formed from
the magma currently hosting them (Barnes et al., 2016) and that they were not involved in
crystal transfer and/or recycling.

Amphiboles of LTo35 (monzogranite; Figs. IV.4H, IV.5F, IV.101, J, and 1V.14C;
Supplementary Fig. 1V.2) crystallized from an evolved magma batch that developed from
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further fractionation of the hybrid magma (Campos et al., 2002) and simultaneous assimilation
of additional crustal material (Fig. IV.15K). The latter is supported by the findings of Odri et
al. (2020), according to which quartz monzonite contains 50% lower crustal material, while
granite is characterized by 35-65% upper crustal contribution.

The intrusion of lamprophyre, ijolite, tinguaite, and (nepheline)syenite dykes (Fig.
IV.2A, E) marked the last stage of the igneous activity. They represent M1, M2, and the syenitic
melt respectively.

IV.6. Concluding remarks

Previously, the felsic rocks of the northern part of the Ditrau Alkaline Massif (Eastern
Carpathians, Romania) were regarded as a homogeneous, uniform assemblage. However, there
is a great micro-scale diversity (e.g., mafic clots, felsic aggregates, distinct zonation patterns of
adjacent plagioclase crystals) in the felsic suite north of the Jolotca Creek valley.

The whole-rock major and trace element data support the previous hypotheses deduced
from petrographic observations and prove the existence of two, compositionally different felsic
cumulate piles in the DAM.

Bulk-rock data, amphibole, and plagioclase compositions attest to the hybrid nature of
the majority of the felsic rocks occurring in the northern part of the massif. Crystal transfer and
recycling as well as hybridization were unraveled by the unique compositions in the different
zones of amphibole and plagioclase crystals. All these features suggest that the studied rocks
were formed by the mixing of magmas with relatively similar composition, temperature, and

rheological properties.
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CHAPTER YV

CONCLUSIONS

The felsic rocks in the northern part of the Ditrau Alkaline Massif (DAM) were studied in this
doctoral research. Field, macroscopic, and microscopic petrographic observations, bulk-rock
and mineral-scale major and trace element data, amphibole and biotite K/Ar along with titanite
and zircon U-Pb ages were utilized to unravel the genesis and evolution of the investigated
felsic suite and to locate the geodynamic environment wherein the DAM was formed.

The exhumed magma storage system of the DAM is a unique natural laboratory where
the products of open- and closed-system igneous processes characteristic of trans-crustal
magmatic systems can be directly accessed and studied.

The massif has been in the focus of research over the past 190 years and multiple
hypotheses have emerged regarding its genesis, source region, evolution, timing, and
paleogeographic environment (e.g., Streckeisen, 1938, 1960; Anastasiu and Constantinescu,
1979; Pal-Molnar and Arva-Sés, 1995; Kriutner and Bindea, 1998; Morogan et al., 2000; Pal-
Molnar, 2000; Pana et al., 2000). The felsic rocks in the northern part of the massif (north of
the Jolotca Creek valley) were mostly regarded as a homogeneous, uniform unit of the DAM.
Recent structural, bulk-rock and mineral chemical major and trace element data revealed that
these rocks are more heterogeneous than previously thought and that open-system processes
(e.g., country rock assimilation, crystal transfer and recycling, along with magma mingling and
mixing) were involved in their genesis (e.g., Batki et al., 2018; Heincz et al., 2018; Odri et al.,
2020). These findings put a pressing need for the re-examination of the felsic suite of the DAM.

The timing of the igneous event is crucial to understand the geodynamic context, the
tectonic framework of the massif, and the emplacement sequence of the different magmas. The
reviously published age data (K/Ar ages of whole-rock samples, alkaline feldspar, amphibole,
biotite, muscovite, nepheline, nepheline + sodalite, and plagioclase as well as Rb—Sr bulk-rock,
DOArAr amphibole, and U-Pb zircon ages) had to be revised and supplemented by new data
acquired by state-of-the-art dating techniques to determine the age and time span of the alkaline
magmatism. K/Ar geochronology was performed on amphibole crystals of amphibole- and
pyroxene-rich cumulate (238.6 = 8.9 Ma), nepheline syenite (216.0 = 8.1 Ma), and granite
(197.3 £ 7.4 and 196.3 £+ 7.4 Ma). Biotite from granite yielded K/Ar mean ages of 201.4 + 7.6
and 198.3 + 7.5 Ma. The U-Pb crystallization age of titanite from syenite is 225.3 = 2.7 Ma,
while, the crystallization age of zircon is 232.4 + 3.3 Ma. Titanite and zircon from nepheline

syenite yielded U-Pb crystallization ages of 230.6 + 3.5 Ma and 230.6 + 2.4 Ma, respectively.
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The archive data, complemented by our recent K/Ar and U-Pb ages, cover a broad time interval
from 238.6 + 8.9 to 81.3 £ 3.1 Ma. Due to their low closure temperature, the K/Ar ages of
biotite and feldspar can only be used for the timing of post-magmatic processes. Some authors
(Bagdasarian, 1972; Streckeisen and Hunziker, 1974; Minzatu and Ardeleanu, 1980; Minzatu
et al., 1981) used whole-rock samples; therefore, the results of their analyzes can be regarded
as mixed ages owing to the distinct resistance and closure temperatures of the rock-forming
minerals. With this in mind, the U-Pb ages of titanite and zircon and the K/Ar data of amphibole
(with some restrictions) should be considered when it comes to the timing of the magmatic
event. Both the previous and the recent K/Ar data are scattered, making the lower limit of the
igneous event age ambiguous. The oldest age data is 238.6 = 8.9 Ma, determined by K/Ar
method on amphibole from amphibole- and pyroxene-rich cumulate. It shows a considerable
error coincident with the U-Pb data. Considering the recent and post-1990 K/Ar and U-Pb
results, the magmatic event could be dated between 238.6 £ 8.9 Ma (amphibole from
amphibole- and pyroxene-rich cumulate) and 225.3 + 2.7 Ma (titanite from syenite). These data
disprove the age and time range of the multi-phase evolution hypothesis of Pal-Molnar and
Arva-Sés (1995), Kriutner and Bindea (1998), Morogan et al. (2000), and Pal-Molnar (2000,
2008) and infer a brief magmatic activity, without a significant time gap between the formation
of the early emplaced (ultra)mafic cumulates and the subsequent intrusion of the felsic suite
(e.g., syenite, granite, and nepheline syenite).

Previous geochemical analyzes (e.g., Morogan et al., 2000; Pal-Molnér, 2000, 2010b;
Batki et al., 2014; Pal-Molnar et al., 2015b), combined with the geochronological data, are in
line with the palinspastic reconstructions and imply that the DAM was emplaced at the
southwestern margin of the East European Craton and its genesis is related to the rifting of the
oceanic basins of the Western-Tethys in the Middle—Late Triassic (Ladinian—Norian) (e.qg.,
Kozur, 1991; Stampfli and Borel, 2002, 2004; Hoeck et al., 2009; Pana, 2010).

Recently, Kl1otzli et al. (2022) published in situ zircon SIMS U-Pb ages of nepheline
syenite from different regions of the DAM. Based on the petrochronological and geochemical
data, three intrusion events were distinguished: 232.1 + 0.8 Ma (Ghidut suite), 230.7 + 0.2 Ma
(Ditrau suite), and 224.9 + 1.1 Ma (Lazarea suite), supporting the theory that the DAM was
built incrementally by the emplacement of multiple magma pulses. Klotzli et al. (2022)
emphasized that there is no evidence of magmatic or hydrothermal activity younger than 215 +
1 Ma. These geochronological data correspond well with our results and support our
interpretation that the massif is the product of a brief igneous event.

Additional fieldwork and sampling were inevitable since the locations of previous
sampling sites could not be retraced in the absence of GPS data. A set of new samples were
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collected during two field campaigns in 2019 and 2021, focusing on the felsic rocks of the
DAM. Not only their GPS coordinates but also their field and structural relations with other
rock types (e.g., mafic rocks, metamorphic country rocks, mafic and felsic dykes) of the massif
were documented. Detailed petrographic investigations were implemented on hand specimens
and on thin sections from the northern part of the massif. Mineral phases were analyzed by
Raman and scanning electron microscopy.

The relationship between the mafic and felsic rocks is not apparent, as it cannot be traced
in the field due to poor exposures. Mafic microgranular enclaves have not been observed in the
studied area; however, wall rock xenoliths and aggregates of mafic minerals are common and
dykes (e.g., lamprophyre, alkaline feldspar syenite, syenite, and tinguaite) crosscutting the
felsic rocks are prevalent.

The studied rocks seem to be uniform at the macro-scale; nevertheless, most of their
significant textural characteristics can be revealed under the microscope. At this scale, the felsic
rocks exhibit a substantial petrographic heterogeneity (including grain size, type of
ferromagnesian minerals and their occurrence in mafic clusters, and textural orientation).

The studied felsic rocks were categorized into two groups based on their spatial
occurrence and petrographic characteristics. Felsic rocks of Group 1, occurring on the hillside
west of the Bordea Creek, are spatially associated with mafic rocks (plagioclase-bearing
pyroxene hornblendite) and they are either devoid of or contain a minor amount of mafic
minerals (biotite). Idiomorphic-hypidiomorphic plagioclase with a sieve-textured, variably
sericitized core and an intact rim is the dominant rock-forming mineral, accompanied by minor
perthitic alkaline feldspar, biotite, and accessory titanite. Plagioclase crystals are aligned
parallel to their straight crystal faces, making up aggregates of multiple grains and defining a
shape-preferred orientation. Feldspar-rich clusters (“chain structure”; Vernon and Collins,
2011) are formed by gravitational segregation (Brown, 1956; Brothers, 1964; VVance, 1969) or
synneusis (when suspended crystals get episodically drifted together by turbulent currents;
Vogt, 1921; Vance, 1969). Polycrystalline felsic crystal clusters are more prone to settling in
felsic and viscous magmas (Vernon and Collins, 2011) and their abundance implies
gravitational accumulation. Gravity-driven compaction or magmatic flow-induced shearing
may have resulted in feldspar lamination (Ildefonse and Fernandez, 1988; Féménias et al., 2005;
Vernon and Paterson, 2006 and references therein). Impinging plagioclase crystals with
separate cores are also common, implying compaction of the crystal mush (Park and Means,
1996; Vernon et al., 2004; Vernon and Collins, 2011).

Felsic rocks of Group 2, cropping out in the area between the Teasc and Rezu Mare
Creeks, are spatially unassociated with mafic rocks. They are made up of felsic minerals
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(alkaline and plagioclase feldspars + quartz + feldspathoids) in variable amounts. Feldspars are
characterized by similar textural features as in the rocks of Group 1. Amphibole, biotite, and
clinopyroxene are mostly present in different types of mafic aggregates. Subordinate accessory
and opaque phases, feldspars, and quartz also occur in the clusters. The clot-forming minerals
are either intact or show different extents of alteration. Clusters related to mafic microgranular
enclaves have not been recognized; nevertheless, some of the aggregates can be attributed to
metamorphic wall rock xenoliths. Single, isolated ferromagnesian minerals of the
“groundmass” (the phaneritic, holocrystalline, felsic mineral-rich domain of the host rock) are
represented in limited amounts. Based on the type and textural features of the mafic
components, the clots were classified as monomineralic (green amphibole-, blue amphibole-,
biotite-, and epidote-rich aggregates) and polymineralic (green amphibole + biotite; blue
amphibole + biotite; amphibole + clinopyroxene + titanite + opaque minerals + biotite
aggregate). Mafic clusters can be produced by cumulate formation and recirculation (Wiebe et
al., 1997; Bea, 2010; Klaver et al., 2017), synneusis (Vogt, 1921; Vance, 1969), and by the
disaggregation of mafic microgranular enclaves and country rock xenoliths (Lavaure and
Sawyer, 2011; Carvalho et al., 2017), resulting in the entrainment of exotic minerals. It is likely
that some of the aggregates are made up of minerals that partially or completely replace the
primary antecrysts and/or xenocrysts. Rocks of the second group also contain spongy mafic
megacrysts, feldspar megacrysts, and adjoining feldspar crystals with different zonation
patterns. The latter points to the distinct crystallization and reaction histories of feldspars,
involving mixing with a more primitive mafic magma and crystal recycling between different
environments (Wiebe, 1968; Baxter and Feely, 2002; Vernon and Paterson, 2006).

The combined occurrence of the observed microtextural characteristics implies that the
studied felsic rocks were formed under dynamic, open-system magmatic conditions, wherein
convection, country rock assimilation, crystal or mush transfer and/or recycling, cumulate
formation, incorporation of exotic materials, magma recharge, magma mixing and mingling as
well as shear flow prevailed.

The field, macroscopic and microscopic structural and textural observations had to be
supported by whole-rock (ICP-ES and ICP-MS) and mineral-scale (SEM BSE, EMPA, and LA-
ICP-MS) major and trace element analyzes to better understand the open-system igneous
mechanisms that formed the studied felsic rocks and to decipher their relationship with the
previously defined igneous environments [Magmal of basanitic composition, parental to
(ultra)mafic cumulates and rocks of the Tarnita Complex; Magma? that evolved to a phonolitic
composition and produced nepheline syenite (Batki et al., 2018)]. For this purpose, the most

common felsic rock types (diorite, monzodiorite, monzogranite, monzonite) of the northern part
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of the massif were selected for analysis. The selected samples covered all textural variations
and all mineralogical-textural felsic and mafic aggregate types. Amphibole, clinopyroxene, and
plagioclase were selected for mineral chemical analysis since they occur in practically every
rock type in the northern area of the DAM. For comparison, the compositions of amphibole and
clinopyroxene crystals of lamprophyre and plagioclase-bearing pyroxene hornblendite were
analyzed. Mafic and felsic minerals in various textural positions (aggregated and isolated single
crystals of the groundmass) were included to determine whether they exhibit any compositional
variation.

The bulk-rock major and trace element compositions support the previous
interpretations deduced from the petrographic features and confirm the presence of two felsic
cumulate piles of different compositions. Diorite samples of Group 1 — formerly classified as
felsic cumulates based on their mineralogy and microtextures — exhibit a slightly positive Eu
anomaly (Eu/Eu” = 1.1-1.3) and a high differentiation index (D.l. = 95.0-95.3). Their REE
patterns overlap with those of the majority of Group 2 rocks. They only differ in their Eu
anomaly and the concentration of HREEs, making them indistinguishable from the rocks of
Group 2. Nevertheless, certain monzonite and monzodiorite samples of Group 2 are
characterized by different trends, with a marked positive Eu anomaly (Eu/Eu” = 2.5-6.7) and a
low REE content (ZREE = 125-206 ppm). Additionally, many of their abundant plagioclase
crystals are impinged or occur in chain structures. These features suggest that these rocks are
early felsic cumulates (Kumar and Singh, 2014). Their whole-rock composition does not
overlap with that of the previously described, Magmal-derived felsic xenoliths of the Tarnita
Complex (Heincz et al., 2018; Pal-Molnar, 2021), evidencing that they represent the felsic
cumulate phase of a different parental magma (Magmaz2).

The studied plagioclase-bearing pyroxene hornblendite contains clinopyroxenes in two
different textural configurations. Clinopyroxene crystals in the center of the orbicular inclusions
of plagioclase-bearing pyroxene hornblendite exhibit a concave REE pattern (typical of
Magmal-derived clinopyroxenes; Batki et al., 2018) and are mantled by amphibole and biotite
of the host rock, suggesting their antecrystic origin. Unlike the (ultramafic)cumulates of
Magmal (Batki et al., 2018), the studied plagioclase-bearing pyroxene hornblendite contains
isolated clinopyroxene cumulus crystals characterized by a convex REE pattern, typical of
clinopyroxenes crystallized from Magma2 (Batki et al., 2018). Thus, the studied plagioclase-
bearing pyroxene hornblendite could be the so-far unrecognized mafic cumulate of Magmaz2.
The presence of Magmal-derived pyroxene inclusions in plagioclase-bearing pyroxene
hornblendite proves that Magmal and Magmaz2 interacted in the deeper regions of the igneous
system. The mobilization and redistribution of Magma2-derived clinopyroxenes produced
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mafic crystal clusters, some of which still retain fragments of antecrystic clinopyroxene (Batki
et al., 2018). The high mg# (0.4-0.8) along with the REE and trace element patterns of
groundmass and clot-forming actinolites imply that these are replacive minerals after
clinopyroxene antecrysts.

In the TAS diagram, whole-rock compositions of the recently analyzed samples partially
overlap with and connect the trends of the rocks formed by magma mingling in the Tarnita
Complex [diorite (s.l.), monzodiorite, and monzonite] and those of the syenite—granite series.
Amphibole and plagioclase crystals are diverse in size and are characterized by variable intra-
crystalline zoning patterns and trace element contents, indicating their distinct origins and
crystallization histories, which involve crystal transfer and recycling as well as magma mixing,
hybridization, and fractionation (Staby et al., 2007; Barnes et al., 2016).

Variations in the Ba, Sr, and TiO2 concentrations of zoned amphiboles (Barnes et al.,
2017) and in the MgO, FeO, TiO», Sr, Ba, La, Ce, and anorthite contents of plagioclase crystals
(Hattori and Sato, 1996; Staby et al., 2002, 2007, 2011; Smith et al., 2009) imply magma mixing
with a differentiated (evolved) mafic magma, that still preserved some of its typical mafic
features (e.g., high mg#, Ba, Sr, and TiO2 concentrations; Coint et al. 2013). This magma is
represented by the fractionated (most likely intermediate) derivative of Magmal. The other
magma involved in the interaction is syenite, formed by crustal assimilation of Magma2. The
interplay between magmas with similar temperature, rheological properties, and felsic
composition induced thorough mixing rather than mingling (Sparks and Marshall, 1986;
Bateman, 1995; Poli et al., 1996; Ubide et al., 2014b). This could be the reason why outcrop
and macro-scale evidence of open-system magmatic processes (e.g., mafic microgranular
enclaves) are absent in the northern part of the massif (between the Tarnita and Turcului
Creeks).

Amphibole autocrysts with uniform composition and homogeneous internal texture
were formed by fractionation of the hybrid magma (Campos et al., 2002). These features
indicate that they were not involved in crystal transfer and that they were formed from the
magma currently hosting them (Barnes et al., 2016).

Further fractionation of the hybrid magma (Campos et al., 2002) and simultaneous
assimilation (Odri et al., 2020) led to the formation of granite. Amphibole crystals with a
marked negative Eu anomaly (Eu/Eu” = min. 0.2) and a high ZREE concentration (1000 ppm)
crystallized from this evolved magma batch.

The last stage of the igneous activity is marked by the intrusion of lamprophyre, ijolite,
tinguaite, and (nepheline)syenite dykes, representing Magmal, Magmaz2, and the syenitic melt,
respectively.
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SUMMARY

Introduction and the aims of the study

The Ditrau Alkaline Massif (DAM; Eastern Carpathians, Romania) is a Middle—Late Triassic
igneous complex (Pal-Molnar et al., 2021) that formed in an intra-plate, rift-related, extensional
tectonic environment (e.g., Morogan et al., 2000; Pal-Molnar, 2000, 2010b; Batki et al., 2014;
Pél-Molnar et al., 2015b). The massif is made up of a wide variety of rock types, ranging from
ultramafic cumulates to granitoid rocks, crosscut by lamprophyre, syenite, and tinguaite dykes
(Pal-Molnar, 2000; Batki et al., 2014; Pal-Molnér et al., 2015a, b). It is a remarkable natural
site for studying the open- and closed-system magmatic processes of trans-crustal igneous
systems. Rare earth element (REE) mineralization makes the massif one of the potential,
economically viable deposits in Europe (Honour et al., 2018).

Numerous and often conflicting theories and genetic models have emerged during the
190-years-long scientific exploration of the massif (e.g., Streckeisen, 1938, 1960; Krautner and
Bindea, 1998; Morogan et al., 2000; Pal-Molnar, 2000). Researchers attempted to unravel the
timing of the igneous event and to determine the emplacement sequence of the different magma
batches (e.g., Streckeisen, 1952, 1954; Pal-Molnar and Arva-Sos, 1995; Kriutner and Bindea,
1998; Pana et al., 2000). Early on in the study of the massif, Streckeisen (1954), Krautner and
Bindea (1998) as well as Morogan et al. (2000) emphasized the importance of open-system
igneous processes in the evolution of the DAM. Some details of these mechanisms have been
unraveled by recent structural observations, bulk-rock and mineral-scale geochemical data
(e.g., Batki et al., 2018; Heincz et al., 2018; Odri et al., 2020). With a few exceptions (e.g.,
Streckeisen, 1954; Krautner and Bindea, 1998; Morogan et al., 2000), the felsic rocks in the
northern area of the DAM have generally been regarded as homogeneous, uniform units.
Clinopyroxene antecrysts were described from diorite and syenite (Batki et al., 2018), raising
the importance of re-examining the felsic rocks.

The PhD research focuses on the felsic suite exposed in the northern area of the DAM.
The objectives were the following: (1) the revision of the previous geochronological data and
to implement them with new K/Ar and U-Pb radiometric ages; (2) the detailed petrographic
examination of the systematically collected and documented new set of felsic rock samples; (3)
the whole-rock and mineral-scale geochemical analysis (including major and trace elements) of
the samples; (4) to come up with a conceptual evolution model by integrating all recently

obtained knowledge about the massif.
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Applied methods

The most conventional methods (field observations, macroscopic and microscopic petrography,
whole-rock and mineral-scale major and trace element geochemistry, K/Ar and U-Pb
geochronology) were applied in the study of the felsic rocks cropping out in the northern part
of the DAM.

Age determination was performed on a previously collected, archive set of samples.
K/Ar geochronology was implemented on separated amphibole and biotite crystals by a digital
flame photometer and a magnetic mass spectrometer at the HUN-REN Institute for Nuclear
Research, Debrecen, Hungary. Titanite and zircon crystals were separated for U-Pb
geochronology by standard gravity and magnetic separation methods. Backscattered electron
(BSE) and cathodoluminescence (CL) imaging were performed at the Department of Petrology
and Geochemistry, E6tvos Lorand University, Budapest, Hungary and at the Department of
Geosciences, Johann Wolfgang Goethe University, Frankfurt, Germany. In situ U-Pb age
determinations were carried out at the GOochron Laboratories, Georg-August University of
Gottingen, Gottingen, Germany, utilizing an excimer laser and a Thermo Finnigan Element2
sector field mass spectrometer.

A new set of samples was collected in two sampling campaigns in 2019 and 2021.
Documentation involved the registration of GPS coordinates and the relationship of the felsic
rocks with other rock types (e.g., country rocks, dykes, mafic rocks). Thin sections were
prepared at the Department of Petrology and Geochemistry, E6tvos Lorand University,
Budapest, Hungary. Petrographic observations were performed using Brunel SP300P and
Olympus BX41 optical microscopes at the Department of Mineralogy, Geochemistry and
Petrology, University of Szeged, Szeged, Hungary. A THERMO Scientific DXR Raman
microscope was also utilized to determine certain mineral phases. Compositional zonation and
microtextural relations were revealed by BSE imaging, using an AMRAY 1830 SEM equipped
with an EDAX PV 9800 EDS detector at the Department of Petrology and Geochemistry,
Eo6tvis Lorand University, Budapest, Hungary.

The samples selected for bulk-rock geochemistry were prepared and analyzed at the
Bureau Veritas Mineral Laboratories (ACMELabs) in Vancouver, Canada. Major element
concentrations were determined by ICP-ES; whereas, trace elements (including rare earth
elements) were analyzed by ICP-MS.

The major and trace element compositions of single minerals were determined from
polished thin sections of 30 pum thickness. Amphibole, clinopyroxene, and plagioclase were
selected for analysis since they occur in nearly all rock types in the northern part of the massif.
Amphibole and clinopyroxene from Ilamprophyre and plagioclase-bearing pyroxene
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hornblendite were also analyzed for comparison. To determine whether there are any
compositional variations, ferromagnesian and felsic minerals in various textural positions
[including aggregated minerals and single crystals occurring in the “groundmass” (the
phaneritic, holocrystalline, felsic mineral-rich domain of the so-called host rock)] were
investigated. Major- and minor-element compositions of the minerals were analyzed at the
Institut des Sciences de la Terre d’Orléans — Centre National de la Recherche Scientifique
(ISTO-CNRS), Orléans, France, utilizing a Cameca SX Five electron microprobe. The same
spots were measured during the trace element (including rare earth elements) analyzes as for
the EMPA. Trace element concentrations were also determined at the Institut des Sciences de
la Terre d’Orléans— Centre National de la Recherche Scientifique (ISTO-CNRS), Orléans,
France by LA-ICP-MS, using a RESOlution SE laser ablation system connected to an Agilent

8900 QQQ inductively coupled plasma mass spectrometer.

New scientific results

The integrated investigation of the felsic rocks cropping out in the northern part of the Ditrau
Alkaline Massif has provided significant novel results regarding the age, time span, and
paleotectonic environment of the igneous event, the textural heterogeneity of the felsic rocks,
the complex history of the constituent mafic and felsic minerals, the evolution of the felsic suite,

and the genesis of the massif.

T1 Felsic rocks of the Ditrau Alkaline Massif were formed by a short-lived igneous event
in the Middle-Late Triassic.

The age and time span of the felsic magmatism were specified by new K/Ar (amphibole:
nepheline syenite and granite; biotite: granite) and U-Pb ages (titanite and zircon: nepheline
syenite and syenite), combined with the thoroughly revised archive age data. Titanite and zircon
from syenite yielded U-Pb ages 0f 225.3 2.7 Ma and 232.4 + 3.3 Ma, respectively. Amphibole
from nepheline syenite formed at 216.0 + 8.1 Ma; whereas, U-Pb ages of titanite and zircon are
230.6 + 3.5 and 230.6 + 2.4 Ma, respectively. K/Ar ages of amphibole and biotite from granite
range from 196.3 = 7.4 to 197.3 = 7.4 and 198.3 = 7.5 to 201.4 £ 7.6 Ma, respectively.
Considering new and previous (post-1990) K/Ar and U-Pb data, there is no resolvable age
difference between the early emplaced mafic cumulates and the felsic rocks. These findings
disprove the age and time span of the previous, multi-phase evolution theories (e.g., Pal-Molnar
and Arva-Sos, 1995; Krautner and Bindea, 1998; Morogan et al., 2000; Pal-Molnéar, 2000,
2008) and infer that the Ditrau Alkaline Massif'is the product of a relatively short-lived igneous

event.
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T2 The felsic suite, cropping out in the northern part of the Ditrau Alkaline Massif, is
more heterogeneous at the micro-scale than previously presumed.

Felsic rocks have been mostly regarded as homogeneous, uniform units of the magmatic
complex. However, a detailed textural study has revealed that the felsic rocks occurring north
of the Jolotca Creek valley exhibit considerable micro-scale heterogeneity. The studied rocks
were categorized into two groups based on their field occurrence and microtexture: Group 1 —
lacking or containing scant ferromagnesian minerals, spatially associated with mafic rocks and
Group 2 — containing mafic minerals and clusters, spatially unassociated with mafic rocks. All
rocks of Group 1 and some of Group 2 bear micro-scale traces of the gravitational accumulation
of felsic minerals and the compaction of the crystal mush [e.g., feldspar lamination, feldspar-

rich aggregates (chain structure), mutually impinging crystals].

T3 The mafic minerals of Group 2 rocks generally occur in different types of clots
comprising multiple grains of either identical or disparate ferromagnesian phases.

The microtextural heterogeneity of the rocks from Group 2 partly derives from the presence of
different types of mafic mineral clusters with various petrographic features. Monomineralic
(green amphibole-, blue amphibole-, biotite-, and epidote-rich) and polymineralic (green
amphibole + biotite; blue amphibole + biotite; amphibole + clinopyroxene + titanite + opaque
minerals + biotite) aggregates were distinguished in the studied felsic rocks. Some of the clots
are made up of replacive minerals after a precursor phase (antecryst and/or xenocryst) and the
different clusters exhibit distinct stages of substitution of the entrained materials. The presence
of aggregates contributes significantly to the increased modal proportion of ferromagnesian
minerals in the host rocks. Clots associated with mafic microgranular enclaves have not been
observed; however, certain types are associated with metamorphic country rock xenoliths. The

amount of isolated mafic minerals is rather limited.

T4 The accumulation of both mafic and felsic crystals played a significant role in the
formation of the Ditrau Alkaline Massif.

T4a A new mafic cumulate type was revealed by the trace element composition of cumulus
clinopyroxene.

Clot-forming clinopyroxenes with a convex REE pattern have previously been reported as
antecrysts, among others, in diorite and syenite. Clinopyroxenes of identical composition were
described for the first time as cumulus minerals (autocrysts) from plagioclase-bearing pyroxene
hornblendite, which represents the cumulate phase of the parental melt of nepheline syenite.
Mobilization and redistribution of clinopyroxene crystals of this type resulted in the formation
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of mafic mineral clusters in the felsic rocks, some of which still preserve relics of antecrystic

clinopyroxene.

T4b Two types of felsic cumulates of different origins were distinguished by their whole-
rock major and trace element composition.

Certain monzonite and monzodiorite samples of Group 2 are characterized by a high Eu/Eu”
value (2.5-6.7), low XREE (125-206 ppm) as well as elevated La and Sr concentrations. These
features, combined with the high abundance and microtexture of plagioclase (e.g., chain
structure, impingement), suggest that these rocks are less differentiated, early felsic cumulates.
Based on their mineralogy, microtexture, and geochemical properties, the felsic xenoliths of the
Tarnita Complex were previously described as felsic cumulates. Nevertheless, the whole-rock
composition of these enclaves differs from that of the Group 2 monzonite and monzodiorite,

implying that they are felsic cumulates of different parental magmas.

T5 A nomenclature based on the bulk-rock composition of the studied rocks can be
misleading due to cumulate formation and the incorporation of exotic materials.

Most of the examined rocks are cumulates or partial cumulates, characterized by the
accumulation of felsic minerals in varying modal proportions. In addition, some of the samples
contain polycrystalline clusters of mafic minerals with antecrysts. It has been pointed out that
the whole-rock data should be treated with caution, as cumulate formation (both mafic and
felsic) and the incorporation of crystals of different origins have a significant impact on the
modal mineralogy and subsequently on the overall composition of the rocks. These findings
challenge the conventional use of nomenclature based on the bulk-rock composition and
demonstrate that the integration of microtextural investigations and mineral-scale geochemical
analyzes is crucial for selecting an appropriate nomenclature for the studied rocks and also for

understanding the processes that occur during pluton emplacement.

T6 A conceptual evolution model was created by integrating all available knowledge about

the Ditrau Alkaline Massif.

The rocks of the DAM were formed by the emplacement and interplay of multiple magma

batches derived from two different parental magmas in an open-system magmatic environment.
Two types of felsic cumulates with distinct whole-rock compositions were formed in

regions where convection was limited. Not only felsic but also (ultra)mafic cumulates were

produced. The latter can be distinguished by the composition of cumulus clinopyroxene;

however, cumulus amphibole crystals exhibit overlapping geochemical features. Orbicular
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inclusions with primitive clinopyroxene crystals in their core occur in plagioclase-bearing
pyroxene hornblendite, suggesting that the two parental magmas have already interacted in the
deeper part of the igneous system. Whereas, tinguaite with ijolite enclaves was formed by
mingling of the fractionated derivatives of the parental magmas.

The syenitic magma was formed by crustal assimilation of the parental melt of nepheline
syenite during its emplacement.

Bulk-rock compositions of the recently analyzed felsic rocks partially overlap with and
connect the trends of the syenite—granite series and those of the rocks formed by magma
mingling in the Tarnita Complex [diorite (S.l.), monzodiorite, and monzonite]. Amphibole and
plagioclase crystals are characterized by variable intra-crystalline zoning patterns and element
contents (particularly Ba, Sr, and TiO; as well as MgO, FeO, TiO», Sr, Ba, La, and Ce,
respectively) and are diverse in terms of their size. These features imply that the studied felsic
rocks have a hybrid origin and were formed by mixing of the syenitic magma and the
fractionated (most likely intermediate) derivative of the basanitic parental magma. The
interaction between magmas of comparable temperature, rheological properties, and
composition favored thorough mixing rather than mingling. This explains the lack of outcrop-
to-macro-scale evidence (e.g., mafic microgranular enclaves) of open-system magmatic
processes in the northern part of the DAM (between the Tarnita and Turcului Creeks).

Further fractionation of the hybrid magma and simultaneous crustal assimilation
resulted in the formation of granite.

The last stage of the igneous event was marked by the intrusion of lamprophyre, ijolite,

tinguaite, and (nepheline)syenite dykes.
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OSSZEGZES

Bevezetés és célkitiizések

A Ditroi Alkali Masszivum (DAM; Keleti-Kérpatok, Romania) egy kozépsoé-késo triasz kora
(Pal-Molnar et al., 2021) magmas komplexum, amely lemezen beliili, riftesedd, extenzids
tektonikai kornyezetben alakult ki (pl. Morogan et al., 2000; Pal-Molnar, 2000, 2010b; Batki et
al., 2014; Pal-Molnar et al., 2015b). A masszivum valtozatos kdzettani felépitésii, folyamatos
atmenetet mutat az ultramafikus kumuldtumoktol a granitoid kdzetekig. A DAM koézeteit
lamprofir, szienit és tinguait telérek jarjak at (Pal-Molnar, 2000; Batki et al., 2014; Pal-Molnar
et al., 2015a, b). A DAM kivalo lehetéséget nytjt a kérget atszeld (trans-crustal) magmas
rendszerek nyilt és zart rendszerli magmas folyamatainak tanulmanyozaséara. A ritkafoldfém
(RFF) ércesedésnek koszonhetden a masszivum Eurdpa egyik potencidlis, gazdasagilag
hasznosithato RFF-lel6helye (Honour et al., 2018).

A masszivum 190 éves kutatastorténete soran szamos, gyakran egymasnak ellentmondé
keletkezési modell latott napvilagot (pl. Streckeisen, 1938, 1960; Kriutner ¢s Bindea, 1998;
Morogan et al., 2000; P4l-Molnar, 2000). A DAM-hoz kapcsolddé kordbbi kutatasok soran tobb
kisérletet is tettek a magmas esemény kordnak megéllapitdsira ¢és a kiilonbozo
,magmacsomagok” (magma batches) benyomulasi sorrendjének meghatarozasara (pl.
Streckeisen, 1952, 1954; Pal-Molnar és Arva-Sés, 1995; Krautner és Bindea, 1998; Pani et al.,
2000). A kutatas korai szakaszaban Streckeisen (1954), Krdutner és Bindea (1998), valamint
Morogan et al. (2000) is kihangsulyozta a nyilt rendszerli magmas folyamatok szerepét a
masszivum kozeteinek kialakuldsaban. E folyamatok bizonyos részleteit a kdzelmultbeli
szerkezeti megfigyelések, valamint teljes kézet- €s dsvanygeokémiai adatok (pl. Batki et al.,
2018; Heincz et al., 2018; Odri et al., 2020) segitségével sikeriilt feltarni. Néhany kivételtdl
eltekintve (pl. Streckeisen, 1954; Kriutner és Bindea, 1998; Morogan et al., 2000), a DAM
északi teriiletén felszinre bukkano felzikus kdzeteket homogénnek €s egységesnek tekintették.
Batki et al. (2018) klinopiroxén antikristalyokat irt le tobbek kozott dioritbdl és szienitbdl,
felvetve a felzikus kdzetek ujraértelmezésének sziikségességét.

A doktori kutatds kozéppontjdban a DAM északi részén feltarulo felzikus kdzetek
allnak. A tanulmany célja: (1) a korabbi geokronolodgiai adatok feliilvizsgalata, valamint 0j
K/Ar és U-Pb radiometrikus korokkal torténd kiegészitése; (2) a szisztematikusan begytijtott
¢s dokumentalt 1) felzikus kézetmintak részletes petrografiai vizsgalata; (3) a mintak teljes
kozet- €s dsvanygeokémiai f6- és nyomelem Osszetételének meghatirozasa; (4) egy elméleti
fejlodési modell kidolgozasa a masszivummal kapcsolatos valamennyi tjjonnan szerzett ismeret

alapjan.
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Alkalmazott vizsgalati modszerek

A DAM északi részén felszinre bukkan6 felzikus kézetek vizsgéalata soran a magmas kdzetek
tanulmanyozasara altaldnosan hasznalt modszereket (terepi megfigyelések, makroszkopos €s
mikroszkopos petrografia, teljes kdzet- és asvany f6- és nyomelem geokémia, K/Ar és U-Pb
geokronologia) alkalmaztam.

A kormeghatarozas egy korabban begyiijtott, archiv mintasorozat kdzetein késziilt. A
K/Ar kormeghatéarozast szeparalt amfibol és biotit kristdlyokon, digitalis langfotométerrel €s
magneses tomegspektrométerrel végezték a debreceni HUN-REN Atommagkutatd Intézetben.
Az U-Pb kormeghatarozas standard gravitacios €s magneses modszerekkel szeparalt titanit és
cirkon kristalyokon tortént. A visszaszort elektron (BSE) és katdédlumineszcens (CL)
képalkotast a budapesti E6tvos Lorand Tudomanyegyetem Kozettani és Geokémiai Tanszékén
¢s a frankfurti Johann Wolfgang Goethe Egyetem Foldtudomanyi Tanszékén végezték el. Az
in situ U-Pb kormeghatdrozast a gottingeni Georg-August Egyetem GOochron
Laboratériumaban, excimer lézer és Thermo Finnigan Element2 szektoros tomegspektrométer
segitségével végezték el.

Az 1) mintasorozat kdzeteit 2019-ben €s 2021-ben, két terepbejards soran gyljtdttem
be. A dokumentalds magéaban foglalta a GPS-koordinatak, valamint a felzikus kdzetek és mas
kozettipusok (pl. mellékkdzetek, telérek €s mafikus kézetek) terepi viszonyanak rogzitését is.
A vékonycsiszolatok a budapesti E6tvos Lorand Tudomanyegyetem Kdézettani és Geokémiai
Tanszékén késziiltek el. A petrografiai megfigyeléseket Brunel SP300P és Olympus BX41
optikai mikroszképokkal végeztem a Szegedi Tudomanyegyetem Asvanytani, Geokémiai és
Kdzettani Tanszékén. Egyes dsvanyfazisok meghatarozasdhoz a tanszéken rendelkezésre allo
THERMO Scientific DXR Raman mikroszkopot hasznaltam. Az Osszetételi zonéciot és a
mikroszoveti kapcsolatokat BSE képalkotassal vizsgaltam egy EDAX PV 9800 EDS
detektorral felszerelt AMRAY 1830 pésztazd elektronmikroszkop (SEM) segitségével a
budapesti E6tvos Lorand Tudomanyegyetem Kdzettani és Geokémia Tanszékén.

A teljes kozet geokémiai vizsgalatra kivalasztott mintdkat a vancouveri Bureau Veritas
Mineral Laboratories (ACMELabs) elemezte. A féelemek koncentracidjat ICP-ES eljarassal
hatéroztdk meg, mig a nyomelemeket (beleértve a ritkafoldfémeket is) ICP-MS modszerrel
elemeztéek.

Az egyes asvanyok f6- és nyomelem Osszetételét 30 um vastagsagu, polirozott
vékonycsiszolatokbol hatdroztam meg. Amfibol, klinopiroxén és plagioklasz kristalyok
Osszetételét elemeztem, mivel ezek az asvanyok szinte minden, a masszivum északi részén
eléforduld kozettipusban jelen vannak. A lamprofir, valamint a plagioklasz-tartalmt piroxén

hornblendit amfibol és klinopiroxén kristalyainak Osszetételét az Gsszehasonlitas érdekében

128



vizsgaltam. Az ,alapanyagban” [groundmass; az un. befogadd koézet (host rock)
fanerokristalyos, holokristalyos, felzikus dsvanyokban gazdag tartomdnyaban] megjelend
izolalt szemcséket, valamint az dsvanyaggregatumokat felépité mafikus és felzikus dsvanyokat
is elemeztem annak feltarasara, hogy a kiilonbozo szoveti helyzetben el6forduld kristalyok
Osszetételében mutatkozik-e eltérés. Az asvanyok fbelem Osszetételét az Orléans-i
Foldtudomanyi Intézet — Francia Nemzeti Tudomanyos Kutatokozpont, Cameca SX Five
elektronmikroszonddjaval (EMPA) vizsgéltam. A nyomelemek (beleértve a ritkafoldfémeket
is) elemzése soran ugyanazokban a pontokban hataroztam meg az dsvanyok Osszetételét, mint
az EMPA mérések esetében. A nyomelem koncentracidkat szintén az Orléans-i Foldtudomanyi
Intézet — Francia Nemzeti Tudomanyos Kutatokozpontjadban, LA-ICP-MS segitségével
vizsgaltam, egy RESOlution SE 1ézerablacids rendszerrel, amelyhez egy Agilent 8900 QQQ

induktiv csatolast plazma tomegspektrométert csatlakoztattak.

Az eredmények tézisszerii 6sszefoglalasa

A Ditroi Alkali Masszivum ¢északi részén eléforduld felzikus kozetek integralt vizsgalata
jelentds 1y eredményekkel szolgalt a magmas esemény korat és id6tartamat, a felzikus kdzetek
szOveti heterogenitdsat, a kdzetalkotdé mafikus és felzikus dsvanyok komplex torténetét, a
felzikus kozetegyiittes fejlodését, valamint a masszivum kozeteit 1étrehozo folyamatokat

illetéen.

T1 A Ditroi Alkali Masszivum felzikus kézetei egy rovid magmas eseményhez kothetoen,
a kozéps6—késo triaszban alakultak ki.

A felzikus magmatizmus korat €s id6tartamat uj K/Ar (amfibol: nefelinszienit és granit; biotit:
granit) és U-Pb (titanit és cirkon: nefelinszienit és szienit) korok alapjan, valamint az archiv
koradatok ujraértelmezésével pontositottam. A szienitb6l szarmazo titanit és cirkon U-Pb kora
2253 + 2,7, illetve 232,4 + 3,3 millié év. A nefelinszienit amfiboljanak K/Ar modszerrel
meghatarozott kora 216,0 + 8,1 milli6 év; mig a titanit €s a cirkon U-Pb kora 230,6 & 3,5, illetve
230,6 £ 2,4 millid év. A granitbol szarmazd amfibol és biotit K/Ar kora 196,3 + 7,4 és 197,3 £
7,4 millio év, illetve 198,3 £ 7,5 és 201,4 £ 7,6 millio év kozott valtozik. Az 1 és archiv (1990
utani) K/Ar és U-Pb koradatok figyelembevételével megallapitottam, hogy nincs jelentds
iddbeli eltérés a korai mafikus kumulatumok és a felzikus kozetek kialakuldsa kozott. Ezek az
eredmények cafoljak a korabbi, tobbfazisu fejlédési modelleket (pl. Pal-Molnar és Arva-Sos,
1995; Kréutner és Bindea, 1998; Morogan et al., 2000; Pal-Molnar, 2000, 2008) és arra utalnak,

hogy a Ditréi Alkali Masszivum egy viszonylag rovid idétartami magmas esemény eredménye.
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T2 A Ditroi Alkali Masszivum északi részén felszinre bukkano felzikus kozetek a korabbi
feltételezésekkel ellentétben jelentos mikroléptékii heterogenitast mutatnak.

A felzikus kézeteket eddig tobbnyire a magmas komplexum homogén, egységes részének
tekintették. A kozetek részletes mikroszoveti vizsgalatdval azonban bizonyitottam, hogy az
Orotva-patak volgyétdl északra eléforduld felzikus kozetek jelentds mikroléptékii
heterogenitast mutatnak. A vizsgalt kozeteket két csoportba soroltam a terepi eléforduldsuk és
mikroszoveti bélyegeik alapjan: 1. csoport — egyaltalan nem, vagy csak kis mennyiségben
tartalmaz mafikus asvanyokat, térben a mafikus kozetekkel egyiitt fordul eld, illetve 2. csoport
— mafikus asvanyokat és asvanyaggregatumokat tartalmaz, térben a mafikus koézetektol
fiiggetlentil fordul el6. Az 1. csoport valamennyi kézetében és a 2. csoport kdzeteinek
mikroléptékli nyomai fedezheték fel [pl. a foldpatok iranyitott elrendezédése (feldspar
lamination), foldpat-gazdag aggregatumok (,,lanc szerkezet”; chain structure), egymasba

¢kelddo kristalyok (impingement)].

T3 A 2. csoportba tartozé kozetek mafikus asvanyai altalaban Kkiilonb6z6 tipusu
aggregatumokban fordulnak eld, amelyek tobb, azonos vagy eltéré6 mafikus
asvanyszemcsébol épiilnek fel.

A 2. csoportba tartozé kozetek mikroszoveti heterogenitasa részben a petrografiailag eltéro,
kiilonb6z6 tipust mafikus kristalycsomok (mafic aggregates/clots/clusters) jelenlétébol ered.
A vizsgalt felzikus k6zetekben monomineralikus (z61d amfibol-, kék amfibol-, biotit- és epidot-
gazdag) ¢s polimineralikus (z6ld amfibol + biotit; kék amfibol + biotit; amfibol + klinopiroxén
+ titanit + opak asvanyok =+ biotit) aggregatumokat kiilonboztettem meg. Az asvanyhalmazok
egy része a prekurzor fazist (ante- €és/vagy xenokristaly) helyettesité asvanyokbol all és a
kiilonbozé aggregatumok a bekebelezett szemcsék helyettesitésének kiilonbozo fazisait
mutatjadk. A kristadlycsomok jelenléte jelentdsen megndveli a mafikus asvanyok modalis
részaranyat a befogadod kozetben. Mafikus finomszemcsés keveredési kozetzarvanyokhoz
(mafic microgranular enclave) kapcsolodd aggregatumokat nem azonositottam; bizonyos
tipusok azonban metamorf mellékkdézet zarvanyokhoz kothetden fordulnak eld. Az

»alapanyagban” 6nalldan eléforduld mafikus dsvanyok mennyisége elhanyagolhato.
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T4 A mafikus és felzikus Kkristalyok akkumulacidja egyarant jelentds szerepet jatszott a
Ditroi Alkali Masszivum kialakulasaban.

T4a A kumulusz klinopiroxén nyomelem osszetétele alapjan egy uj mafikus kumulatum
tipus kiilonboztethet6 meg.

Az asvanyhalmazokban el6forduld, konvex RFF-lefutast klinopiroxéneket korabban tébbek
kozott diorit és szienit antekristalyaként irtdk le. Azonos 0Osszetételii klinopiroxéneket
azonositottam kumulusz fazisként (autokristaly) plagioklasz-tartalmu piroxén hornblenditben,
amely a nefelinszienit sziildolvadékanak kumulatum féazisat képviseli. A klinopiroxén
kristalyok mobilizaciojaval magyarazhat6 a felzikus kézetek mafikus asvanyaggregatumainak
kialakuldsa, amelyek koziil néhdnyban még felfedezheték a klinopiroxén antekristalyok

maradvanyai.

T4b A felzikus kumulatumok két kiilonb6z6 eredetii tipusa kiillonboztetheté meg a teljes
kozet f6- és nyomelem osszetételiik alapjan.

A 2. csoport bizonyos monzonit és monzodiorit mintdit nagy Eu/Eu’-érték (2,5-6,7), kis ZREE
(125-206 ppm), valamint nagy La- és Sr-koncentracio jellemzi. Ezek a tulajdonsagok, valamint
a plagioklasz jelentds modalis részaranya és mikroszovete (pl. lanc szerkezet, egymasba
¢kelddé szemcsék) arra utalnak, hogy ezek a kézetek kevésbé differencialt, korai felzikus
kumulatumok. Asvényos Osszetételilk, mikroszovetiik és geokémiai jellemzdik alapjan a
Tarnita Komplexum felzikus xenolitjait korabban felzikus kumuldtumokként irtdk le. Azonban
ezeknek a kézetzarvanyoknak a teljes kdzet dsszetétele eltér a 2. csoportba sorolt monzonit és
monzodiorit Osszetételétdl, amelybdl arra kovetkeztettem, hogy kiillonbozd sziilémagmak

felzikus kumulatumait képviselik.

TS A vizsgalt kozetek teljes kozet osszetételen alapulé nevezéktana félrevezeto lehet a
kumulatum képzédés és a magmas rendszer eltérd régioibol szarmazé asvanyok
bekebelezése miatt.

A vizsgalt kdézetek tobbsége kumulatum vagy részleges kumuldtum, amelyeket a felzikus
asvanyok élterd modalis részaranyu felhalmozddasa jellemez. Ezen kiviil néhany minta mafikus
asvanyok aggregatumait tartalmazza, amelyek némelyikében még azonosithat6 a prekurzor
antekristdly. Ramutattam, hogy a teljes kozet Osszetételre vonatkoz6 adatokat kelld
koriiltekintéssel kell kezelni, mivel a kumuldtum képzddés (mind a mafikus, mind a felzikus)
¢és a kiilonbozo eredetii kristalyok bekebelezése (entrainment) jelentds hatassal van a kézetek
modalis asvanyos €s ezen keresztiil a teljes kdzet geokémiai dsszetételére. Ezek az eredmények

megkérddjelezik a hagyomanyos, teljes kdzet osszetételen alapuld nevezéktan hasznalatat €s
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bizonyitjak, hogy a mikroszoveti vizsgéalatok €és az asvanygeokémiai elemzések egyiittes
értelmezése elengedhetetlen a kdzetek megfelelé nevezéktananak kivalasztasahoz, valamint a

plutonok kialakuldsa soran lejatszodé folyamatok megértéséhez.

T6 A Ditroi Alkali Masszivum elméleti fejlodéstorténeti modelljének felallitasa a
rendelkezésre allo ismeretek alapjan.

A DAM kozeteit két, kiilonbdzd sziildmagmabol szarmazé magmacsomagok benyomulésa €s
kolcsonhatéasa alakitotta ki egy nyilt rendszerti magmas kornyezetben.

Kétféle, eltérd osszetételii felzikus kumulatum alakult ki a magmatarozé azon régidiban,
ahol a konvekcio korlatozott volt. Nemcsak felzikus, hanem (ultra)mafikus kumuldtumok is
keletkeztek. Utdbbiak a kumulusz klinopiroxén dsszetétele alapjan kiilonboztethetok meg; a
kumulusz amfibol kristalyok azonban hasonl6 geokémiai jellemzdéket mutatnak. A plagiokléasz-
tartalma piroxén hornblenditben el6forduld, a magjukban primitiv klinopiroxén kristalyokat
tartalmazd kerekded zarvanyok (orbicular inclusions) jelenléte arra utal, hogy a két
szillémagma mar a magmas rendszer mélyebb régidiban is kolcsonhatasba 1épett egymassal.
Az ijolitos kdzetzarvanyokat tartalmazé tinguait a sziildmagmék frakcionalt olvadékainak
keveredésével (magma mingling) jott 1étre.

A szienit magma a nefelinszienit sziildolvadékanak kéregasszimilacidjaval keletkezett.

A tanulmanyban vizsgélt felzikus kdzetek teljes kozet Osszetétele részben atfed a
szienit—granit sorozat ¢s a Tarnita Komplexum magmakeveredéssel keletkezett kézeteinek
[diorit (s.l.), monzodiorit és monzonit] dsszetételével és Osszekoti azok trendjeit. A valtozatos
szemcseméretll amfibol- és plagioklasz kristalyokat eltérd zonacid €s elemkoncentracio
(kiilonosen a Ba, Sr és TiOy, illetve a MgO, FeO, TiO2, Sr, Ba, La, Ce esetében) jellemzi. Ezek
a tulajdonsagok arra utalnak, hogy a vizsgalt felzikus kdzetek hibrid eredetiiek, a szienit magma
¢és a bazanitos sziildmagma frakcionalt (valdsziniileg intermedier) olvadékanak
kolcsonhatasabol keletkeztek. A hasonld hdmérsékletii, reoldgiai tulajdonsagu €s Osszetételll
magmak kozotti kolcsonhatdas magmaelegyedésnek (magma mixing) kedvezett. Ezzel
magyarazhato, hogy a DAM északi részén (a Tarnita- és a Torok-patak kozotti teriileten) nem
fedezhetdk fel nyilt rendszerli magmas folyamatokra utalo, feltaras- és makroléptékii szerkezeti
elemek (pl. mafikus finomszemcsés keveredési kdzetzarvanyok).
kéregasszimilécioval alakultak ki.

A magmas esemény utolsd szakaszat a lamprofir, ijolit, tinguait és (nefelin)szienit

telérek benyomulésa jellemezte.
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Supplementary Fig. 1V.1. Compositional variation of the analyzed clinopyroxenes in terms of the En—-Fs—-Wo
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Supplementary Fig. 1V.2. Compositional variation of the analyzed amphiboles in terms of their mg# and Al'Y
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Supplementary Table I1.1. Results of U-Pb dating of titanites and zircons from syenite from the Ditrdu Alkaline Massif (Romania)

Isotopic data Ages RDC age
Rock Nr. Sl\?l?.t fSrteljcci:g(rj] (p;l)Jm) (plz)?n) 27pp 235 5(;3 206pp238 z;z; rho | 27pp/2%pp 5(;3 207pp/235 (jl\:/lzg) 206pp/238 (il\j;) 207ppy/206pp (jl\:/lzg) ?;)‘;- 206pp/238 (iMz;)
136 23 135 0.72685 3.7 0.03653 16 | 042 0.14433 3.4 554.7 32.0 231.3 7.1 2279.8 58.4 | 58.3 n.d. n.d.
137 25 110 0.75060 35 0.03912 16 | 045 0.13916 3.1 568.6 30.6 247.4 7.6 2216.9 545 | 56.5 n.d. n.d.
138 24 134 0.73909 4.4 0.03820 15 | 0.35 0.14033 4.1 561.9 38.0 241.7 7.1 2231.3 71.1 | 57.0 n.d. n.d.
139 23 118 0.79848 3.9 0.03866 18 | 045 0.14982 35 596.0 35.6 244.5 8.5 2343.9 60.2 | 59.0 n.d. n.d.
143 23 118 0.77044 3.8 0.03878 14 | 0.37 0.14408 3.6 580.0 34.3 245.3 6.9 2276.9 619 | 57.7 n.d. n.d.
144 24 116 0.80808 3.6 0.03705 16 | 045 0.15820 3.2 601.4 33.0 234.5 7.4 2436.6 55.1 | 61.0 n.d. n.d.
145 25 189 0.72811 3.4 0.03788 14 | 041 0.13939 3.1 555.4 29.4 239.7 6.6 2219.7 54.3 | 56.8 n.d. n.d.
146 Titanite 22 112 0.97697 3.6 0.04056 1.8 | 0.49 0.17471 3.2 692.1 36.6 256.3 8.8 2603.3 53.2 | 63.0 n.d. n.d.
147 (core) 22 133 0.76930 4.2 0.03853 18 | 043 0.14482 3.8 579.4 37.0 243.7 8.5 2285.7 65.0 | 57.9 n.d. n.d.
148 21 130 0.74806 4.7 0.03774 1.8 | 0.38 0.14376 4.3 567.1 41.1 238.8 8.2 2273.1 749 | 57.9 n.d. n.d.
149 22 129 0.71685 4.2 0.03714 1.8 | 043 0.13998 3.8 548.8 36.3 235.1 8.3 2227.0 66.8 | 57.2 n.d. n.d.
150 19 119 0.74282 4.3 0.03785 1.8 | 043 0.14235 3.9 564.0 37.6 239.5 8.7 2256.1 67.5 | 57.5 n.d. n.d.
151 19 126 0.78341 3.8 0.03881 1.7 | 0.46 0.14641 3.4 587.4 341 245.4 8.3 2304.5 58.2 | 58.2 n.d. n.d.
152 21 142 0.75546 4.6 0.03755 19 | 041 0.14592 4.2 571.4 40.6 237.6 8.8 2298.7 72.3 | 58.4 n.d. n.d.
153 23 100 0.90703 3.8 0.03936 1.7 | 0.46 0.16712 34 655.5 36.8 248.9 8.4 2529.0 56.8 | 62.0 n.d. n.d.
VRG7404 7154 26 119 | 083752 | 3.3 | 003831 | 1.6 | 048 | 015856 | 2.9 | 617.8 | 312 | 2423 | 7.6 | 24404 | 502 | 608 | nd. | nd.
155 19 124 0.73359 4.4 0.03749 2.0 | 0.46 0.14192 3.9 558.7 37.7 237.2 9.3 2250.9 67.1 | 57.5 n.d. n.d.
156 20 131 0.68042 45 0.03771 1.8 | 0.40 0.13086 4.1 527.0 375 238.6 8.4 2109.5 729 | 54.7 n.d. n.d.
157 20 128 0.72551 3.9 0.03708 16 | 041 0.14191 35 553.9 334 234.7 7.3 2250.7 61.4 | 57.6 n.d. n.d.
158 19 119 0.75104 4.6 0.03814 1.8 | 040 0.14282 4.2 568.8 40.2 241.3 8.7 2261.7 726 | 57.6 n.d. n.d.
159 18 122 0.79154 4.6 0.03882 19 | 041 0.14789 4.2 592.0 42.1 245.5 9.1 2321.8 73.0 | 58.5 n.d. n.d.
163 23 121 0.82517 4.3 0.03842 18 | 041 0.15577 3.9 610.9 39.9 243.0 8.4 2410.3 67.0 | 60.2 n.d. n.d.
164 | Titanie | 68 409 | 045308 | 30 | 003603 | 1.2 [039 | 009120 | 28| 3794 [191| 2282 | 53 | 14508 | 527 [39.9] nd | nd
165 (external 21 132 1.04638 4.0 0.04026 16 | 040 0.18850 3.7 727.1 42.1 254.4 8.0 2729.2 60.9 | 65.0 n.d. n.d.
166 rim zone) 21 132 0.70461 4.1 0.03727 16 | 040 0.13712 3.8 541.5 35.0 235.9 7.6 2191.2 66.2 | 56.4 n.d. n.d.
167 19 148 0.69969 4.6 0.03817 16 | 0.35 0.13295 4.3 538.6 38.7 241.5 7.7 2137.3 75.3 | 55.2 n.d. n.d.
168 19 126 0.79403 4.3 0.03852 14 | 0.33 0.14950 4.1 593.5 39.5 243.7 6.8 2340.3 70.6 | 58.9 n.d. n.d.
169 25 183 0.64632 4.1 0.03778 15 | 0.37 0.12409 3.8 506.2 32.6 239.0 7.1 2015.9 67.1 | 52.8 n.d. n.d.
170 22 165 0.70375 4.3 0.03734 1.8 | 042 0.13669 3.9 541.0 36.1 236.3 8.3 2185.7 67.8 | 56.3 n.d. n.d.
171 76 405 0.47834 2.4 0.03593 1.0 | 042 0.09657 2.2 396.9 15.7 227.5 45 1558.9 41.0 | 427 n.d. n.d.
173 19 121 0.80402 5.2 0.03884 21 | 041 0.15015 4.8 599.1 47.9 245.6 10.3 2347.7 81.9 | 59.0 n.d. n.d.
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Supplementary Table 11.1. Continued

Isotopic data Ages RDC age
Rock Nr. S’\lfgt 2?&:% (p[L)Jm) (pl:)l:n) 207pp235Y E;:; 206p 238 2;2; rho | 27pp/ospp E;:; 207pp235 (ﬁ;) 206p /238 (ﬁg) 207pp,2%6pp (ﬁ;) ?()'/50()3- 206pp/238 (i'\ig)
186 110 90 0.26723 | 2.9 | 0.03563 | 0.9 | 0.31 | 0.05440 | 2.7 240.5 12.3 225.7 3.9 387.8 615 | 6.2 228.0 55
187 613 1014 0.35413 | 1.4 | 0.03677 | 0.7 | 0.49 | 0.06986 | 1.2 307.8 7.6 232.8 3.2 924.2 26.1 | 24.4 233.9 5.0
188 269 453 0.35170 2.2 0.04026 0.8 | 0.36 0.06336 2.0 306.0 11.6 254.4 3.9 720.5 435 | 16.9 256.2 5.8
189 143 163 0.50105 | 2.2 | 0.03831 | 0.9 | 0.38 | 0.09485 | 2.1 412.4 15.2 242.4 4.1 1525.1 39.2 | 412 244.6 5.9
190 63 29 0.25208 | 4.0 | 0.03671 | 1.1 | 0.28 | 0.04980 | 3.9 228.3 16.6 232.4 5.2 185.9 90.3 | -1.8 235.1 6.4
191 76 37 0.27668 2.8 0.03580 1.0 | 0.36 0.05604 2.6 248.0 125 226.8 45 454.2 58.7 8.6 229.4 5.8
192 527 1503 0.26969 1.6 0.03744 0.7 | 045 0.05224 14 2424 6.9 236.9 3.3 296.1 32.8 2.3 238.1 5.1
193 550 1240 0.25668 | 1.6 | 0.03649 | 0.7 | 0.41 | 0.05102 15 232.0 6.7 231.0 3.0 241.6 340 | 0.4 232.2 4.9
194 455 923 0.25928 | 1.5 | 0.03662 | 0.7 | 0.45 | 0.05136 | 1.3 234.1 6.3 231.8 3.1 256.9 312 | 1.0 233.1 5.0
195 52 21 0.26020 4.6 0.03607 1.2 | 0.25 0.05232 45 234.8 19.5 228.4 53 299.3 1024 | 2.7 231.3 6.6
196 66 33 0.51201 | 3.2 | 0.03880 | 1.2 | 0.37 | 0.09571 | 3.0 419.8 22.0 245.4 5.7 1542.2 55.8 | 415 248.2 7.1
197 65 27 0.31322 | 35 | 0.03551 | 1.1 | 0.32 | 0.06398 | 3.3 276.7 17.0 224.9 4.9 741.0 70.2 | 18.7 227.6 6.2
198 588 476 0.25556 | 1.5 | 0.03578 | 0.7 | 0.44 | 0.05180 | 1.3 231.1 6.2 226.6 29 276.6 312 | 1.9 227.9 4.8
199 145 110 0.29792 | 2.0 | 0.03829 | 0.9 | 043 | 0.05643 | 1.8 264.8 9.4 242.2 4.1 469.3 40.6 | 85 244.5 5.9
203 52 22 1.02762 | 25 | 0.04170 | 1.1 | 043 | 0.17871 | 2.3 717.7 26.0 263.4 5.6 2641.0 38.2 | 63.3 266.5 7.2
VRG7425 204 Zircon 784 1286 0.25988 | 1.5 | 0.03602 | 0.7 | 0.45 | 0.05232 13 234.6 6.1 228.1 2.9 299.6 301 | 27 229.1 4.9
205 539 1703 0.26807 1.6 0.03719 0.7 | 0.42 0.05228 15 2411 7.0 235.4 3.1 297.7 34.2 2.4 236.5 5.0
206 406 866 0.29035 | 1.7 | 0.03628 | 0.7 | 0.44 | 0.05805 | 1.5 258.8 7.7 229.7 3.3 531.7 33.1 | 113 231.1 4.9
207 237 336 0.26695 2.0 0.03549 0.7 | 0.38 0.05456 1.8 240.3 8.4 224.8 3.3 394.2 40.7 6.4 226.6 4.8
208 63 31 0.25580 | 3.8 | 0.03823 | 1.2 | 0.31 | 0.04853 | 3.6 231.3 15.7 241.8 5.5 125.4 85.0 | -4.6 244.7 7.0
209 251 247 0.25428 2.1 0.03544 0.8 | 0.35 0.05204 2.0 230.0 8.8 224.5 3.3 287.0 46.1 24 226.3 5.1
210 626 849 0.26920 15 0.03631 0.6 | 0.42 0.05377 14 242.1 6.5 229.9 2.9 361.4 31.2 5.0 231.1 4.6
211 59 23 0.32810 | 4.1 | 0.03641 | 1.2 | 029 | 0.06536 | 4.0 288.1 20.8 230.5 5.3 786.1 83.3 | 20.0 233.3 6.7
212 228 150 0.25211 2.2 0.03576 0.8 | 0.35 0.05113 2.1 228.3 9.2 226.5 35 246.8 48.5 0.8 228.4 5.2
213 293 182 0.27302 1.8 0.03559 0.8 | 043 0.05563 1.6 245.1 7.8 225.5 3.4 437.7 36.3 8.0 227.2 5.1
214 74 48 0.72322 2.9 0.03765 1.2 | 042 0.13931 2.6 552.6 249 238.3 5.7 2218.7 46.0 | 56.9 240.9 6.9
215 153 297 0.35895 | 2.4 | 0.03658 | 0.8 | 0.35 [ 0.07118 | 2.2 311.4 12.9 231.6 3.8 962.5 45.9 | 25.6 233.6 5.3
216 58 22 0.25210 4.0 0.03649 1.1 | 0.28 0.05011 3.9 228.3 16.6 231.0 5.2 200.1 90.0 | -1.2 233.8 6.3
217 1464 3459 0.25582 1.3 0.03640 0.6 | 045 0.05098 1.2 231.3 5.6 230.5 2.8 239.8 28.1 0.4 231.0 4.6
277 133 130 0.30481 | 2.5 | 0.03862 | 1.0 | 0.39 | 0.05724 | 2.3 270.1 12.1 244.3 4.7 500.8 519 | 9.6 246.6 6.3
278 1336 2526 0.26004 | 1.4 | 0.03635 | 0.6 | 0.46 | 0.05189 | 1.2 234.7 5.7 230.1 29 280.5 281 | 1.9 230.8 4.6
279 512 770 0.25622 17 0.03709 0.8 | 0.45 0.05010 1.6 231.6 7.3 234.8 3.7 199.9 365 | -14 236.1 5.3

149



Supplementary Table 11.2. Results of U-Pb dating of titanites and zircons from nepheline syenite from the Ditrdu Alkaline Massif (Romania)

Isotopic data Ages RDC age
Rock Nr. Sl\?l?.t fSrteljcci:g(rj] (p;l)Jm) (plz)?n) 27pp/235Y 5(;3 206pp/238 z;z; rho | 27Pb/2%pp z;z; 27pp/235 (jl\:/lzg) 206pp/238 (il\j;) 207pp206pp (jl\:/lzg) [?o'/i‘;- 206pp/238y (iMz;)

212 66 | 155 | 154659 | 2.8 | 0.04607 | 1.6 | 059 | 024346 | 22 | 9491 | 345 | 2904 | 93 | 31428 | 365 | 69.4 | nd. n.d.
213 31 | 120 | 0.77526 | 49 | 003948 | 2.0 | 041 | 014243 | 44 | 5828 | 436 | 2496 | 98 | 22570 | 767 | 57.2 | nd. n.d.
214 40 | 158 | 071918 | 42 | 003807 | 21 [050| 0.13701 | 37 | 5502 | 36.2| 2409 | 100 | 21898 | 639 | 56.2 | n.d. n.d.
215 39 | 165 | 067799 | 53 | 0.03652 | 2.2 |041| 0.13464 | 48 | 5256 | 437 | 2312 | 98 | 21595 | 841 | 560 | n.d. n.d.
216 37 | 143 | 074720 | 47 | 003777 | 2.1 |045| 014347 | 42 | 5666 | 416 | 2390 | 99 | 22696 | 734 | 57.8 | n.d. n.d.
217 41 | 137 | 086524 | 36 | 0.04055 | 1.9 |053| 0.15474 | 3.1 | 6330 | 344 | 2563 | 97 | 23990 | 526 | 595 | n.d. n.d.
218 38 | 137 | 164935 | 3.3 | 0.04719 | 1.9 [0.60| 025350 | 2.6 | 989.3 | 416 | 297.2 | 11.3 | 32068 | 419 | 700 | n.d. n.d.
219 25 | 127 | 067242 | 58 | 003860 | 25 |042| 0.12634 | 53 | 5222 | 480 | 2442 | 11.8| 20477 | 932 | 532 | nd. n.d.
223 24 | 137 | 071374 | 51 | 003837 | 2.1 |042| 013492 | 46| 5470 |436| 2427 | 102 | 21631 | 811|556 nd nd.
224 55 | 223 | 0.74245 | 3.6 | 0.03774 | 1.6 |0.46| 0.14266 | 3.2 | 5638 | 31.0| 2388 | 7.7 | 22598 | 547 | 57.6 | n.d. n.d.
225 75 | 289 | 068795 | 3.2 | 003925 | 15 |048| 0.12712 | 28 | 5316 | 26.7 | 2482 | 7.5 | 20585 | 499 | 533 | n.d. n.d.
226 27 | 121 | 070438 | 51| 003791 | 21 |041| 013477 | 46| 5414 | 432 | 2308 | 99 | 21611 |[s812[557| nd nd.
227 | Titanite | 24 | 130 | 0.85630 | 5.4 | 003958 | 25 | 0.46| 0.5689 | 48 | 6281 | 513 | 2503 | 122 | 24225 | 818 | 602 | nd. n.d.
228 24 | 134 | 077055 | 53 | 003900 | 2.1 |0.40| 0.14330 | 48 | 5801 | 47.2 | 2466 | 103 | 22675 | 835 | 575 | n.d. n.d.
229 20 | 117 | 072502 | 5.8 | 0.03821 | 2.3 [0.39| 0.13780 | 54 | 5542 | 50.6 | 2417 | 10.9 | 21997 | 936 | 56.4 | n.d. n.d.
230 50 | 160 | 0.68620 | 4.1 | 0.03795 | 1.9 | 046 | 0.13113 | 36 | 5305 | 343 | 2401 | 90 | 21132 | 642 | 547 | n.d. n.d.
231 37 | 138 | 071482 | 53 | 003725 | 2.3 [045| 013916 | 47 | 5476 | 450 | 2358 | 109 | 22169 | 819 | 56.9 | n.d. n.d.
232 32 | 128 | 061333 | 42 | 003810 | 20 |046| 011676 | 3.7 | 4857 | 329 | 2410 | 93 | 19073 | 676 | 504 | n.d. n.d.
233 22 | 120 | 214270 | 39 | 005327 | 22 [055| 029170 | 3.3 | 11627 | 552 | 3346 | 142 | 34267 | 515 | 71.2 | nd. n.d.
VRGT7546 [ 934 21 | 118 | 073109 | 6.4 | 0.03692 | 2.3 [0.36| 0.14380 | 6.0 | 5577 | 555 | 2337 | 105 | 22735 |102.8| 581 | n.d. n.d.
235 21 | 114 | 066111 | 6.3 | 003738 | 2.2 |0.34| 012829 | 59 | 5153 | 516 | 2365 | 101 | 20747 |1045]| 541 | nd. n.d.
236 31 | 122 | 067883 | 49 | 003804 | 22 |045| 0.12044 | 44 | 5261 | 41.0 | 2406 | 10.6 | 20904 | 776 | 543 | n.d. n.d.
237 50 | 167 | 1.04936 | 3.1 | 0.04245 | 1.9 [0.60| 017929 | 25 | 7286 | 327 | 2680 | 9.8 | 26464 | 420 | 632 | n.d. nd.
238 50 | 173 | 0.74667 | 3.7 | 003987 | 1.6 | 0.44| 013581 | 33 | 5663 | 323 | 2521 | 7.9 | 21745 | 582 | 555 | n.d. n.d.
239 47 | 169 | 075969 | 3.8 | 0.03881 | 1.7 |0.44| 014197 | 3.4 | 5738 |333| 2455 | 80 | 22514 | 587 | 57.2| nd. nd.
2 163 | 123 | 029791 | 3.1 | 003647 | 1.1 | 0.35| 005924 | 2.9 | 2648 | 144 | 2309 | 49 | 5758 | 630 | 128 | 2330 | 63
8 719 | 588 | 0.25134 | 1.7 | 003622 | 0.7 |0.38 | 0.05032 | 16 | 227.7 | 7.1 | 2294 | 30 | 2097 | 375 | 08 | 2306 | 49
9 396 | 183 | 0.25785 | 2.6 | 003641 | 0.8 |0.30 | 0.05136 | 25| 2329 | 108 | 2306 | 35 | 257.0 | 56.8 | 1.0 | 2321 | 52
10 260 | 115 | 0.25341 | 2.6 | 003638 | 1.0 |0.38 | 0.05051 | 2.4 | 2293 | 105 | 2304 | 44 | 2187 | 550 | -05 | 2322 | 59
11 758 | 481 | 0.25583 | 2.0 | 003731 | 0.8 |0.38 | 004973 | 18 | 231.3 | 82 | 2361 | 35 | 1825 | 430 | 2.1 | 237.3 | 54
1 122 | 87 | 035852 | 35 | 003783 | 1.4 | 039 | 006873 | 33 | 3111 | 101 | 2394 | 66 | 890.6 | 675 | 230 | 2417 | 7.7
13 | .| 85 [ 825 [025138 |19 008642 |07 [037] 005005 18| 2277 [ 79 | 2306 | 32 [ 1074 [418 [ -13] 2317 | 49
14 273 | 411 | 039439 | 2.4 | 004008 | 1.0 |0.43 | 007136 | 21 | 337.6 | 136 | 2534 | 51 | 967.8 | 439 | 249 | 2551 | 65
15 2338 | 4194 | 025509 | 1.4 | 0.03642 | 0.6 | 0.40 | 005098 | 1.3 | 2314 | 60 | 2306 | 27 | 2398 | 308 | 04 | 2309 | 46
16 632 | 830 | 0.30083 | 2.1 | 0.03800 | 0.7 | 0.33 | 0.05740 | 20 | 2671 | 100 | 2405 | 33 | 507.1 | 442 | 100 | 2417 | 51
17 513 | 370 | 0.25407 | 1.8 | 0.03636 | 0.9 | 0.47 | 0.05067 | 16 | 2299 | 7.5 | 2303 | 39 | 2260 | 376 | 0.2 | 231.6 | 56
18 346 | 190 | 0.23856 | 2.3 | 003601 | 0.8 |0.35| 004804 | 21 | 2172 | 90 | 2281 | 36 | 1013 | 510 | 50 | 2297 | 52
19 58 19 | 027159 | 5.7 | 0.03527 | 1.6 | 0.28 | 005585 | 55 | 2440 | 248 | 2234 | 7.1 | 4464 |1213| 84 | 2262 | 80
20 58 | 22 | 025220 | 5.1 | 0.03528 | 1.4 | 0.28| 005185 | 49 | 2284 | 211 | 2235 | 63 | 2786 |1131| 21 | 2262 | 72
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Supplementary Table 11.2. Continued

Isotopic data Ages RDC age
Rock Nr. Sl\?l?.t fSrteljcci:g(rj] (p;l)Jm) (plz)?n) 27pp/235Y 5(;3 206pp/238 z;z; rho | 27Pb/2%pp z;z; 27pp/235 (jl\:/lzg) 206pp/238 (il\j;) 207pp206pp (jl\:/lzg) [?o'/i‘;- 206pp/238y (iMz;)
21 614 566 0.28735 2.0 | 0.03626 0.7 | 0.35| 0.05747 18 256.5 8.9 229.6 3.1 509.7 40.5 | 10.5 230.9 4.9
22 428 336 0.24654 2.3 | 0.03588 0.8 | 0.35| 0.04983 2.1 223.8 9.2 227.3 3.6 187.1 498 | -1.6 228.7 5.2
27 303 235 0.34566 | 2.3 | 0.03696 | 0.8 | 0.35| 0.06783 | 2.2 301.5 12.3 234.0 3.8 863.3 459 | 22.4 235.7 5.3
28 145 84 0.83472 | 2.0 | 0.04177 | 1.2 | 0.62 | 0.14493 1.6 616.2 18.8 263.8 6.4 2287.0 282 | 57.2 266.2 7.6
29 684 358 0.26225 17 0.03752 0.6 | 0.36 | 0.05069 16 236.5 7.1 2374 2.8 227.0 36.4 | -04 238.7 4.8
30 883 534 0.26774 | 1.8 | 0.03691 | 0.7 | 0.37 | 0.05260 1.7 240.9 7.8 233.7 3.1 311.8 386 | 3.0 234.7 5.0
31 187 97 0.25814 | 2.9 | 0.03574 | 1.0 [ 0.36 | 0.05238 | 2.7 233.2 12.1 226.4 4.7 302.0 61.8 | 2.9 228.4 5.8
32 410 245 0.25477 2.3 | 0.03615 0.7 [ 0.32 0.05111 2.2 230.4 9.5 229.0 3.3 2457 50.3 0.6 230.5 4.9
33 321 213 0.24952 | 2.6 | 0.03669 | 0.9 | 0.33 | 0.04932 2.4 226.2 10.5 232.3 3.9 163.0 57.1 | -2.7 234.0 5.6
34 356 321 0.25461 | 2.6 | 0.03638 | 0.7 | 0.26 | 0.05075 | 2.5 230.3 10.6 230.4 3.0 229.6 575 | 0.0 232.0 4.9
35 329 318 0.25435 | 2.4 | 0.03601 | 0.9 [ 0.35| 0.05123 | 2.3 230.1 10.1 228.1 3.8 251.1 527 | 0.9 229.7 55
36 182 158 0.24532 3.5 | 0.03471 1.0 | 0.29 | 0.05125 2.6 222.8 14.0 220.0 4.3 252.2 76.9 1.2 221.9 5.7
37 295 375 0.24633 | 2.8 | 0.03531 | 0.9 [ 0.34 | 0.05060 | 2.6 223.6 11.2 223.7 4.2 222.6 60.5 [ 0.0 225.3 5.4
38 205 215 0.29938 | 2.8 | 0.03565 | 0.8 | 0.30 | 0.06091 2.6 265.9 12.9 225.8 3.7 636.0 56.6 | 15.1 227.7 5.1
39 978 796 0.26487 | 1.8 | 0.03655 | 0.7 | 0.36 | 0.05255 1.7 238.6 7.7 2315 3.0 309.3 384 | 3.0 232.4 4.9
40 1064 845 0.25724 1.6 | 0.03617 0.7 | 041 0.05157 15 232.4 6.8 229.1 3.0 266.4 345 14 230.0 4.9
41 779 825 0.25774 | 1.6 | 0.03640 | 0.7 | 0.47 | 0.05135 1.4 232.8 6.5 230.5 3.4 256.7 321 | 1.0 231.6 4.9
42 167 39 0.27072 | 3.2 | 0.03657 | 1.0 [ 0.32 | 0.05369 | 3.1 243.3 14.0 2315 4.7 358.1 69.3 | 4.8 233.7 6.0
47 213 58 0.24678 3.2 0.03625 0.9 [0.28 | 0.04936 3.1 224.0 131 229.6 4.2 165.2 727 | -25 231.6 5.6
VRG7546 48 Zircon 65 23 0.26598 4.4 | 0.03566 15 |0.33| 0.05410 4.1 239.5 18.7 225.9 6.5 375.1 92.6 5.7 228.6 7.7
49 65 26 0.28945 4.6 | 0.03597 1.2 | 0.26 | 0.05835 4.5 258.1 21.2 227.9 5.4 542.9 979 | 11.7 230.6 6.6
50 235 191 0.25644 | 2.5 | 0.03552 | 0.8 [ 0.33 | 0.05236 | 2.4 231.8 10.4 225.0 3.6 301.2 543 | 29 226.8 5.1
51 571 720 0.25764 2.0 | 0.03677 0.7 [ 0.36 | 0.05082 19 232.8 8.5 232.8 3.3 2325 44.1 0.0 234.0 5.0
52 551 677 0.24864 2.0 | 0.03646 0.7 [ 0.34 | 0.04946 19 225.5 8.0 230.9 3.0 169.6 436 | -2.4 232.1 4.9
53 306 147 0.25863 | 2.5 | 0.03588 | 0.8 | 0.30 | 0.05227 2.4 233.6 10.6 227.3 3.5 297.1 553 | 2.7 229.0 5.2
54 315 198 0.24386 | 2.1 | 0.03561 | 0.9 | 0.40 | 0.04966 1.9 221.6 8.5 225.6 3.8 179.0 456 | -1.8 227.3 5.5
55 133 51 0.25036 3.7 0.03603 1.1 |10.29 | 0.05039 3.6 226.9 15.2 228.2 4.9 213.2 82.7 | -0.6 230.5 6.2
56 577 1293 0.26913 2.1 0.03632 0.8 [0.39 | 0.05373 19 242.0 9.0 230.0 3.7 359.8 43.8 4.9 231.2 5.2
57 219 189 0.25893 | 2.7 | 0.03533 | 0.9 [ 0.34 | 0.05315 | 25 233.8 11.3 223.8 4.0 335.4 57.7 | 43 225.7 5.4
58 429 253 0.25053 2.1 0.03627 0.9 [ 0.44 | 0.05010 19 227.0 8.7 229.7 4.2 199.6 444 | -1.2 231.2 5.5
59 216 197 0.25083 3.0 | 0.03587 0.9 [0.30 | 0.05071 2.9 227.3 12.4 227.2 4.1 227.8 67.2 0.0 229.1 55
60 361 220 0.25474 2.0 | 0.03617 0.8 | 0.37 0.05107 1.9 230.4 8.4 229.1 34 244.2 43.8 0.6 230.7 5.2
61 519 375 0.25554 2.1 0.03596 0.7 [ 0.33 | 0.05154 2.0 231.1 8.7 227.7 3.1 265.1 45.9 14 229.1 4.9
62 384 256 0.27256 2.3 | 0.03625 0.7 | 0.33 | 0.05452 2.2 244.7 10.0 229.6 3.4 392.8 48.6 6.2 231.1 4.9
66 27 12 1.10886 45 | 0.12338 1.3 [0.30 | 0.06518 4.7 757.6 48.7 750.0 19.1 780.2 90.6 1.0 757.8 22.1
67 303 166 0.24457 | 2.6 | 0.03599 | 0.8 | 0.31 | 0.04927 25 222.2 10.5 228.0 3.6 161.0 585 | -2.6 229.7 5.2
68 483 803 0.25976 1.8 | 0.03710 0.7 | 0.42 0.05077 16 234.5 7.5 234.9 3.4 230.6 376 | -0.2 236.2 5.0
69 248 170 0.24450 3.1 0.03592 1.0 | 0.31 0.04936 2.9 222.1 12.4 227.6 4.3 164.8 68.8 | -2.5 229.4 5.8
70 69 28 0.28168 | 4.8 | 0.03614 | 1.5 [ 0.30 | 0.05652 | 4.6 252.0 21.6 228.9 6.6 472.9 101.7 | 9.2 231.6 7.8
71 126 70 0.26269 | 3.5 | 0.03634 | 1.1 |0.33| 0.05242 33 236.8 14.7 230.1 5.1 303.9 749 | 2.8 232.4 6.3
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Supplementary Table 11.2. Continued

Isotopic data Ages RDC age
Rock Nr. Sl\?l?.t fSrteljcci:g(rj] (p;l)Jm) (plz)?n) 27pp/235Y 5(;3 206pp/238 z;z; rho | 27Pb/2%pp z;z; 27pp/235 (jl\:/lzg) 206pp/238 (il\j;) 207pp206pp (jl\:/lzg) [?o'/i‘;- 206pp/238y (iMz;)
72 967 1462 0.25258 17 0.03593 0.8 | 0.44 | 0.05098 15 228.7 7.0 227.6 3.4 239.8 35.8 0.5 228.5 5.2
73 296 284 0.26067 2.4 | 0.03706 0.8 | 0.34| 0.05101 2.3 235.2 10.2 234.6 3.8 241.2 52.6 0.3 236.3 5.3
74 143 51 0.24486 | 3.3 | 0.03552 | 1.2 [ 0.37 | 0.04999 | 3.0 222.4 131 225.0 5.3 194.6 709 | -1.2 227.2 6.5
75 696 688 0.26251 | 1.9 | 0.03601 | 0.7 | 0.39 | 0.05287 1.7 236.7 7.9 228.1 3.3 3233 39.2 | 36 229.2 4.9
76 149 28 0.24971 3.7 0.03543 1.1 {0.29 | 0.05111 35 226.3 15.0 224.5 4.7 245.7 81.1 0.8 226.7 6.1
77 890 424 0.24788 | 1.7 | 0.03577 | 0.7 | 0.41 | 0.05025 1.6 224.9 7.0 226.6 3.2 206.6 37.0 | -0.8 227.7 4.8
78 446 121 0.25187 | 2.0 | 0.03572 | 0.8 | 0.38 | 0.05113 19 228.1 8.3 226.3 3.5 246.9 436 | 08 227.8 5.1
79 378 102 0.26057 | 2.2 | 0.03704 | 0.9 | 0.38 | 0.05102 2.1 235.1 9.5 234.5 4.0 241.6 48.0 | 0.3 236.1 5.7
80 517 711 0.24154 2.1 0.03541 0.7 [ 0.35 | 0.04947 1.9 219.7 8.1 224.3 3.2 170.2 450 | -2.1 225.6 4.8
81 859 922 0.26900 | 1.8 | 0.03631 | 0.7 | 0.37 | 0.05372 1.7 241.9 7.7 230.0 3.0 359.5 379 | 49 231.0 4.9
82 810 882 0.25301 1.8 | 0.03571 0.7 [ 0.39 | 0.05137 1.7 229.0 75 226.2 3.2 257.6 39.1 1.2 227.3 4.8
347 788 843 0.25886 | 1.9 | 0.03673 | 1.0 | 0.50 | 0.05112 1.7 233.7 8.0 2325 4.3 246.3 385 | 05 233.6 6.0
348 220 104 0.26570 | 2.6 | 0.03712 | 1.1 | 0.42 | 0.05192 2.3 239.3 11.0 234.9 5.0 282.0 539 | 1.8 236.9 6.4
349 540 409 0.25685 | 2.1 | 0.03729 | 1.0 | 0.46 | 0.04995 1.8 232.1 8.6 236.0 4.5 192.9 43.0 | -1.7 237.4 6.0
350 538 443 0.25604 | 2.0 | 0.03610 | 0.9 | 0.46 | 0.05143 1.8 2315 8.4 228.6 4.2 260.4 415 | 1.2 230.0 55
351 1138 | 547 0.25040 | 1.9 | 0.03584 | 1.0 | 0.51 | 0.05067 1.6 226.9 7.6 227.0 4.3 225.9 374 | 0.0 227.9 5.8
352 1209 | 661 0.26116 | 1.8 | 0.03589 | 0.9 | 0.49 | 0.05277 1.6 235.6 7.7 227.3 4.0 319.0 36.8 | 35 228.2 55
353 1102 | 564 0.25674 | 1.8 | 0.03638 | 1.0 | 0.53 | 0.05118 1.6 232.0 7.6 230.4 4.4 249.0 36.1 | 07 231.3 5.9
354 286 286 0.24608 | 2.7 | 0.03603 | 1.1 |[0.42 | 0.04953 | 2.5 223.4 10.9 228.2 5.0 173.0 575 | -2.2 229.9 6.2
VRG7546 355 Zircon 435 494 0.26319 2.3 | 0.03680 1.0 | 043 | 0.05187 21 237.2 9.7 233.0 45 279.6 47.5 1.8 234.4 6.0
356 134 46 0.26488 3.8 | 0.03556 1.1 | 0.30 | 0.05402 3.6 238.6 16.0 225.3 5.0 371.8 80.7 5.6 2275 6.2
358 252 255 0.25008 | 2.5 | 0.03630 | 1.0 | 0.40 | 0.04997 2.3 226.6 10.3 229.9 4.6 193.5 54.2 | -1.4 231.6 5.9
359 168 74 0.24981 3.2 0.03608 1.1 | 0.33 | 0.05022 3.0 226.4 13.0 228.5 4.7 205.1 70.2 | -0.9 230.6 6.2
364 150 69 0.16750 4.8 | 0.03571 1.2 | 0.24 | 0.03402 4.6 157.3 14.0 226.2 5.2 0.1 0.0 | -43.8 228.3 6.5
365 412 304 0.24596 2.6 | 0.03548 11 041 0.05029 24 223.3 10.5 224.7 4.8 208.3 55.2 | -0.6 226.2 6.1
367 120 66 0.21858 4.1 0.03522 1.2 | 0.30 | 0.04501 3.9 200.7 14.9 223.1 5.4 0.1 02 |-11.2 225.4 6.5
368 447 299 0.24771 2.7 0.03657 1.2 | 043 | 0.04913 25 224.7 11.0 231.5 53 154.0 57.8 | -3.0 233.0 6.7
369 300 215 0.25628 2.9 | 0.03739 1.1 | 0.38| 0.04971 2.7 231.7 12.2 236.6 5.2 181.7 63.3 | -2.1 238.4 6.4
370 419 377 0.25357 2.1 0.03715 1.0 | 0.47 0.04951 1.9 229.5 8.8 235.1 4.6 172.1 443 | -25 236.6 6.0
371 755 596 0.25527 2.2 0.03588 1.0 | 046 | 0.05160 19 230.8 9.0 227.2 45 267.8 44.6 1.6 228.4 5.8
372 1302 1870 0.26212 1.8 | 0.03642 0.9 (0.49 | 0.05221 1.6 236.4 7.7 230.6 4.1 294.5 36.5 2.5 231.3 55
373 321 221 0.26007 2.7 0.03058 11 041 0.06167 25 234.7 115 194.2 4.3 662.8 535 | 17.3 195.7 53
374 508 322 0.25522 | 2.2 | 0.03647 | 1.0 | 0.48 | 0.05075 1.9 230.8 9.0 230.9 4.8 229.7 441 | 0.0 232.3 5.9
375 447 260 0.25287 2.4 | 0.03598 10 | 041 0.05097 2.2 228.9 9.8 227.9 4.4 239.5 50.2 0.4 229.4 5.8
376 845 506 0.25212 2.0 | 0.03588 0.9 | 0.46 | 0.05096 17 228.3 8.0 227.3 4.0 239.0 40.1 0.5 228.3 55
377 226 131 0.27130 | 4.0 | 0.03662 | 1.2 [ 0.31| 0.05373 | 3.8 243.7 17.3 231.9 5.5 359.9 854 | 49 233.8 6.7
378 747 454 0.25565 2.0 | 0.03654 0.9 | 0.46 | 0.05074 18 231.2 8.4 2314 4.2 229.0 419 | -0.1 232.5 5.6
379 390 247 0.24105 2.6 | 0.03581 1.0 [ 0.38 | 0.04882 2.4 219.3 105 226.8 45 139.1 576 | -34 228.4 5.8
383 368 134 0.25856 | 2.2 | 0.03557 | 1.0 | 0.46 | 0.05272 2.0 2335 9.2 225.3 4.4 316.6 447 | 35 226.9 5.8
384 353 154 0.24551 2.6 | 0.03595 1.0 | 0.37 0.04954 25 222.9 10.6 227.7 4.3 1734 57.3 | -2.1 229.3 5.8
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Supplementary Table 11.2. Continued

Isotopic data Ages RDC age
Rock Nr. Sl\?l?.t fSrteljcci:g(rj] (p[L)Jm) (p'?)?n) 27pp/235Y z;z; 206pp/238 z;z; rho | 27Pb/2%pp 5(;3 27pp/235 (jl\:/lzg) 206pp/238 (il\j;) 207pp206pp (jl\:/lzg) [?o'/i‘;- 206pp/238y (iMz;)
385 210 109 0.24320 3.3 0.03443 12 [0.35| 0.05124 3.1 221.0 133 218.2 5.0 251.5 71.8 1.3 220.1 6.3
386 181 41 0.26851 34 0.03588 11 (031 0.05427 3.2 2415 14.6 227.3 4.7 3824 725 5.9 229.3 6.2
387 219 154 0.24940 | 3.4 | 0.03547 | 1.3 [ 0.38 | 0.05100 | 3.1 226.1 13.9 224.7 5.8 240.9 726 | 0.6 226.6 6.9
388 56 19 0.19895 | 7.6 | 0.03552 | 1.6 | 0.22 | 0.04063 | 7.4 184.2 25.7 225.0 7.2 0.1 01 |-221 227.8 8.1
389 355 452 0.27273 25 0.03676 10 | 041 0.05380 2.2 2449 10.8 232.7 4.6 362.8 50.9 5.0 234.4 6.0
VRG7546 | 390 | Zircon 65 27 0.27183 | 4.7 | 0.03519 | 1.7 [ 0.37 | 0.05602 | 4.3 244.2 20.3 223.0 7.6 453.2 96.1 | 8.7 225.6 8.4
391 61 23 0.25265 | 6.6 | 0.03455 | 1.5 [ 0.23 | 0.05303 | 6.5 228.7 27.4 219.0 6.6 330.3 1465 | 4.3 221.6 7.5
392 66 22 0.22581 | 5.2 | 0.03558 | 1.4 |[0.28 | 0.04603 | 5.0 206.7 19.5 225.4 6.4 0.1 9.6 -9 228.1 7.3
393 179 199 0.26902 | 3.6 | 0.03580 | 1.1 [0.30| 0.05451 | 3.4 241.9 15.4 226.7 4.8 392.1 76.3 | 6.3 228.7 6.2
394 253 307 0.24991 | 3.1 | 0.03537 | 1.1 [0.36| 0.05125 | 2.9 226.5 12.8 224.0 5.0 252.2 676 | 1.1 225.8 6.1
395 145 69 0.24820 | 3.4 | 0.03574 | 1.2 | 0.36 | 0.05037 | 3.2 225.1 13.8 226.4 5.4 212.2 738 | -0.6 228.5 6.5
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Supplementary Table 1V.1. Mafic clot types and analyzed minerals of the studied rocks from the Ditrdu Alkaline
Massif (Romania). Modal compositions are given in vol%

LB16f | LB16m | LI18f LI18c
Sample | LBH2 | LB8 | (felsic | (mafic (fine- (coarse- | LHH23/1 | LTa29 | LTo35 | LN50/1 | LO52/1 | LBH55/1
part) part) | grained) | grained)
Rock type | MDo | D Do PIPxH Mo M M M MG MG L MDo
Mafic Amp-A x (13) X (2) X (8) X (3) x (1)
clot Bt-Xen X (20)
type Bt-Dom x (18)
and modal | Bt-Ran X (2) X (3)
’I’;‘;ﬁg?g;‘ AAmgBt X (4) X0 | x® x(2) | x6)
(vol%) Ttr:gpgét x(2)
Act X
Analysed Amp X X X X X X X X
phases Cpx X X X X
Pl X X X X X X X X X X X

Abbreviations: D — diorite, Do — diorite with oriented texture, L — lamprophyre, M — monzonite, Mo — monzonite
with oriented texture, MDo — monzodiorite with oriented texture, MG — monzogranite, PIPxH — plagioclase-
bearing pyroxene hornblendite;
Act — actinolite, Amp — amphibole, Bt — biotite, Cpx — clinopyroxene, Opq — opaque minerals, Ttn — titanite;

Amp-A — amphibole-rich aggregate, AmpBt — amphibole + biotite cluster, AmpCpxTtnOpgBt — amphibole +
clinopyroxene + titanite + opaque minerals + biotite aggregate, Bt-Dom — biotite-rich clot in certain domains of
the rocks where feldspars are absent, Bt-Ran — randomly distributed biotite-rich aggregate, Bt-Xen — xenolith-
related biotite-rich cluster

Supplementary Table 1V.2. Characteristic textural features of the studied clinopyroxene crystals from the Ditrau
Alkaline Massif (Romania)

Groundmass clinopyroxene Clot-forming clinopyroxene
. . . . Proportion
Sample Rock Optlca}l Habit Size Texture Abundance Op"C?' Habit Size Texture Clot type in the clots
type | properties (mm) (vol%) properties (mm) (vol%)

LB16m . . .

mafic | PIPxH | Pl 0reen | g4 o - 4 Pale green, | ) s | 011 | Granoblastic | OrPicular inclusion 40

part pale brown pale brown (Cpx + Bt)

LTa29 | M - - - - - Pale green, |\ g5 1| LA AmpCpxTNOpgBt 10

pale brown mantle
Colorless, Bt Colorless, Chloritized, | Orbicular inclusion

LO52/1 L pale brown X052 1 ontle 2 pale brown HX1 052 | "5t mantle (Bt + Cpx + Amp) 0-20

Abbreviations: L — lamprophyre, M — monzonite, PIPxH — plagioclase-bearing pyroxene hornblendite;
Act — actinolite, Amp — amphibole, Bt — biotite, Cpx — clinopyroxene;
AmpCpxTtnOpgBt — amphibole + clinopyroxene + titanite + opaque minerals + biotite aggregate;
H — hypidiomorphic, X — xenomorphic
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Supplementary Table 1V.3. Major (wt%) and trace element (ppm) compositions of the analyzed clinopyroxene
populations from the Ditrau Alkaline Massif (Romania). Clot-forming clinopyroxene data are marked in bold

Sample LB16m (mafic part) LTa29 LO52/1
Rock type pPrlggle?wzlisoer_:t?fe rrlwr:j?te Monzonite Lamprophyre
Location G G G (o] C C G G Ol
Spot LB16 | LB16 | LB16 | LB16 | LTa29 | LTa29 [ LO52 1| LO52 1 |LO52 1
22 01 (32013202 |3301]0401|0402] 1201 12 02 38 01
Area Core Core Rim Core Rim Core Core Rim Rim
Mineral | ALDI | DI [AMFE| b | A Ao | A S“?:S:C'C e
Major elements (wt%
SiO2 52.28 | 52.61 | 51.58 | 53.50 | 50.22 | 51.21 49.18 42.85 49.86
TiO2 0.78 0.67 0.97 0.32 0.74 0.78 2.00 1.22 1.88
Al,O3 2.75 2.06 3.15 1.13 3.10 2.54 6.54 11.84 6.25
Fe:03 2.32 2.80 4.22 2.58 5.17 3.14 3.40 16.81 3.70
FeO 6.68 6.26 6.85 4.35 6.64 7.01 3.42 0.43 2.48
MnO 0.12 0.25 0.36 0.35 0.52 0.45 0.08 0.33 0.10
MgO 1253 | 12.71 | 11.48 | 14.27 | 10.89 | 11.79 12.50 10.30 13.26
CaO 22.17 | 2256 | 21.54 | 23.38 | 21.83 | 21.88 21.50 12.75 21.41
NaO 1.21 1.17 1.54 0.90 1.33 1.17 154 2.88 1.62
K20 0.02 0.00 0.04 0.00 0.00 0.00 0.05 1.16 0.05
Total 100.86 | 101.10 | 101.72 | 100.78 | 100.45 | 99.97 | 100.20 100.57 100.60
mg# [ 077 [ 078 [ 075 | 085 [ 074 | 075 | 086 0.82 0.90
En 37.45 | 37.39 | 34.63 | 40.76 | 32.79 | 35.42 39.50 41.47
Fe 1492 | 1491 | 1864 | 11.25 | 19.97 | 17.34 11.65 10.38
Wo 47.64 | 47.70 | 46.72 | 48.00 | 47.23 | 47.24 | 48.85 48.15
Jd 5.65
Aeg 21.90
Ca-Mg-Fe 72.45
Trace elements (ppm)
Sc 49.56 | 71.24 | 7253 | 44.05 | 31.19 | 25.97 46.44 60.37 61.53
\Y% 207.66 | 245.23 | 252.68 | 135.39 | 133.99 | 129.43 | 201.55 301.06 263.53
Cr 139.32 | 192.40 | 195.81 | 68.46 | 3.31 1.93 | 1292.85 | 3623.38 | 1569.87
Ni 7092 | 81.81 | 66.67 | 63.74 5.25 9.13 94.73 216.38 207.87
Rb <0.44 231 <0.27 | <0.23 | <0.111 | 0.71 3.23 3.33 <0.37
Sr 64.18 | 54.86 | 58.36 | 91.65 | 51.91 | 73.54 | 157.98 119.84 124.53
Y 21.00 | 1833 | 13.60 | 20.87 | 17.70 | 19.80 21.87 15.39 18.88
Zr 465.84 | 611.41 | 588.04 | 253.57 | 497.89 | 317.52 | 114.29 123.52 82.12
Nb 1.42 1.51 1.07 0.48 1.80 1.27 1.56 1.58 1.26
Cs <0.209 | <0.140 | <0.120 | <0.109 | <0.063 | <0.065 | <0.237 <0.26 <0.221
Ba 0.71 9.25 1.34 0.16 0.20 3.12 5.34 11.52 1.59
La 22.00 | 21.23 | 15.22 | 17.65 | 30.37 | 2459 | 10.91 9.25 6.75
Ce 51.60 | 46.20 | 31.17 | 44.20 | 66.09 | 60.28 | 34.93 30.51 22.21
Pr 6.37 5.49 3.56 6.17 7.31 7.54 5.62 5.32 3.86
Nd 2561 | 21.32 | 13.95 | 25.57 | 24.16 | 27.39 26.27 2491 18.47
Sm 5.46 4.58 3.29 6.44 4.15 5.27 6.60 6.94 5.42
Eu 1.61 1.31 0.99 1.89 1.15 1.49 2.44 2.23 1.93
Gd 4.82 4.34 291 6.27 3.49 4.30 6.28 6.59 551
Th 0.68 0.61 0.40 0.78 0.54 0.69 0.93 0.92 0.78
Dy 4.23 3.78 2.42 4.69 2.98 3.60 5.11 4.35 4.23
Ho 0.72 0.64 0.51 0.84 0.63 0.75 0.94 0.70 0.81
Er 2.23 1.86 1.55 2.08 1.88 214 2.25 1.30 1.87
Tm 0.35 0.28 0.23 0.28 0.34 0.33 0.29 0.11 0.23
Yb 2.55 2.25 1.97 1.84 2.60 2.41 1.48 0.62 1.28
Lu 0.47 0.49 0.38 0.31 0.59 0.48 0.21 0.13 0.17
Hf 13.44 | 1752 | 14.40 7.31 13.28 8.64 4.10 5.30 3.60
Ta 0.19 0.15 0.04 0.06 0.15 0.16 0.31 0.33 0.22
Pb 0.25 0.79 0.36 0.28 0.35 1.70 0.55 1.19 0.39
Th 0.10 0.61 0.27 0.06 0.11 0.14 0.16 0.13 0.19
U 0.01 0.02 0.01 0.01 0.01 0.03 0.06 0.04 0.10
(La/Sm)n 0.70 2.89 1.71 5.56 291 7.31 0.83 0.78 0.20
(Gd/Yb)n 0.77 1.20 2.76 0.46 1.44 2.00 8.56 3.47 0.54

Abbreviations: C — clot, G — groundmass, Ol — orbicular inclusion;
Agt — aegirine-augite, Di — diopside
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Supplementary Table 1V.4. Distinct textural characteristics of the analyzed actinolite crystals from the Ditrau
Alkaline Massif (Romania)

Groundmass actinolite Clot-forming actinolite
. . . . Proportion
Rock | Optical .. | Size Abundance | Optical .. | Size .
Sample type | properties Habit (mm) Texture (vol%) properties Habit (mm) Texture Clot type |n(§/t:)el‘;i;>ts
Sieved,
fibrous;
. . . mantles
LTa20 | M | Blueish | | gqq | Sieved 1 Blueish | » 1011 | Cpx | AmpCpxTtnOpgBt 40
green fibrous green . .
inclusion
in
Amp

Abbreviations: M — monzonite;
Amp — amphibole, Cpx — clinopyroxene;

AmpCpxTtnOpgBt — amphibole + clinopyroxene + titanite + opaque minerals + biotite aggregate;
H — hypidiomorphic, X — xenomorphic
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Supplementary Table 1V.5. Major (wt%) and trace element (ppm) compositions of the analyzed actinolite
crystals from the Ditrau Alkaline Massif (Romania). Clot-forming actinolite data are marked in bold

Sample LTa29
Rock type Monzonite
Location C G C C G
Spot LTa29 | LTa29 | LTa29 | LTa29 | LTa29
04 03 | 12 02 | 20 01 | 32 01 | 51 03
Area Core Rim Rim Core Rim
Mineral Act l\l—/ilgl Act Act
Major elements (wt%o)
SiO2 66.80 | 52.95 | 49.95 | 5254 | 54.21
TiO2 0.00 0.16 0.05 0.19 0.12
Al,O3 21.01 3.18 4.85 3.12 1.22
Fe203 0.00 5.48 5.05 4.87 1.07
FeO 0.36 8.74 13.15 | 10.55 | 13.44
MnO 0.04 0.93 0.96 0.90 1.07
MgO 0.13 15.19 11.76 | 14.25 | 14.10
CaO 0.79 12.06 | 11.93 | 11.99 | 12.48
Na.O 10.15 0.49 0.65 0.60 0.19
K20 1.03 0.19 0.28 0.15 0.06
Total 100.29 | 99.37 | 98.63 | 99.14 | 97.96
mgt [ 040 | 076 | 061 [ 071 | 0.65
T Si 9.43 7.51 7.31 7.52 7.86
TAIVY 0.00 0.49 0.69 0.48 0.14
CAIV 3.50 0.04 0.15 0.05 0.06
CTi# 0.00 0.02 0.01 0.02 0.01
CFe? 0.04 1.04 1.61 1.26 1.63
CFe® 0.00 0.58 0.56 0.52 0.12
C Mg# 0.03 3.21 2.56 3.04 3.05
C Mn%* 0.01 0.11 0.12 0.11 0.13
B Ca? 0.12 1.83 1.87 1.84 1.94
B Na* 1.88 0.17 0.13 0.16 0.06
A Na* 0.90 0.06 0.00
AK* 0.18 0.03 0.05 0.03 0.01
Trace elements (ppm)
Sc 41.69 | 39.05 | 31.33 | 41.45 | 38.15
\Y% 206.21 | 146.31 | 188.74 | 176.97 | 177.20
Cr 2.82 5.90 56.24 2.86 5.53
Ni 7.22 1132 | 16.72 | 11.73 | 6.11
Rb 4.26 5.49 19.58 | 0.52 1.05
Sr 51.49 32.27 17.15 | 76.24 | 34.22
Y 11.36 5.87 10.62 | 12.84 7.44
Zr 600.39 | 349.01 | 128.50 | 597.02 | 402.10
Nb 1.93 3.66 2.38 6.52 0.12
Cs <0.082 | <0.104 | 0.20 | <0.059 | <0.095
Ba 416.10 | 15.74 | 23.70 | 552 9.26
La 5.60 10.91 1.99 3.29 3.29
Ce 22.48 19.02 1054 | 12.34 7.65
Pr 3.55 2.02 2.35 2.13 1.19
Nd 13.69 6.28 11.93 9.50 4.83
Sm 291 1.27 3.07 2.32 1.05
Eu 0.51 0.52 0.26 0.79 0.27
Gd 2.50 1.10 3.07 2.33 0.99
Th 0.41 0.15 0.46 0.40 0.20
Dy 2.27 1.01 2.48 2.18 1.14
Ho 0.43 0.22 0.47 0.49 0.26
Er 1.15 0.63 1.02 1.48 0.89
Tm 0.18 0.11 0.14 0.24 0.15
Yb 1.23 0.91 0.79 2.01 1.49
Lu 0.29 0.21 0.10 0.53 0.42
Hf 16.14 14.41 6.65 17.00 | 12.17
Ta 0.17 0.07 0.23 0.16 0.02
Pb 5.53 0.56 0.39 0.38 2.22
Th 0.11 0.42 0.04 0.43 0.24
U 0.03 0.07 0.00 1.03 0.03
XREE 110.24 | 89.27 80.62 | 94.33 | 69.41
(La/Sm)n 1.20 5.36 0.40 0.89 1.96
(Gd/Yb)n 1.65 0.97 3.14 0.94 0.54

Abbreviations:

C —clot,

G — groundmass;
Act — actinolite,
Hbl — hornblende
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Supplementary Table 1V.6. Characteristic textural features of the studied amphibole crystals from the Ditrau
Alkaline Massif (Romania)

Groundmass amphibole Clot-forming amphibole
. . . . Proportion
Rock Optical .| Size Abundance | Optical .. | Size .
Sample type | properties Habit (mm) Texture (vol%) properties Habit (mm) Texture Clot type |n(§/t:)el‘;i;>ts
Green— - . Green—
dark ggeg;g‘ dark Ap, Opg, Amp-A ~100
LBH2 MDo browm-sh I-X | 0.1-4 Ttn, Zrn 3 brown|§h I-X |0.1-3 _Ttn, Zrn AmpBt 20
green; inclusions green; inclusions
+ zoned + zoned
Yellow— Yellow—
LB16m dark dark
(mafic | PIPxH | brownish | I-H [05-2 | AP TN 5 brownish | I-H | 0.5-2 | AP TN Amp-, 100,
X inclusions X inclusions AmpBt 50
part) green; green;
+ zoned + zoned
LIS o Sk it loga| ™ ) Sk i loss| ™ Amp-A, ~100,
(i brownish | 7 | inclusions brownish | 7 | inclusions AmpBt 50
grained)
green green
L118c Green— Green—
dark Ap, Ttn dark Ap, Ttn Amp-A, ~100,
(cogrse— M brownish H 0.25 inclusions 6 brownish H 24 inclusions AmpBt 70
grained)
green green
Green— Green—
Amp-A, ~100,
LTa29 | M dark H o |022]| AP TN 2 dark H o012 | AP TN AmpBt, 50,
brownish inclusions brownish inclusions
AmpCpxTtnOpqBt 40
green green
Green— Green—
Ap, Ttn, Ap, Ttn,
dark dark Amp-A, ~100,
LTo35 | MG | \ownish | FH [01-2] 2m 3 brownish | H [ 032 Zm AmpBt 60
inclusions inclusions
green green
Yellow— Yellow— Amp-A,
dark dark 0.1- Orbicular ~100,
LOs211 L brownish | —H | 011 . 20 brownish | "M | 05 ) inclusion 0-30
green green (Bt + Cpx + Amp)

Abbreviations: L — lamprophyre dyke, M — monzonite, Mo — monzonite with oriented texture, MDo — monzodiorite
with oriented texture, MG — monzogranite, PIPxH — plagioclase-bearing pyroxene hornblendite;
Amp — amphibole, Ap — apatite, Bt — biotite, Cpx — clinopyroxene, Opq — opaque minerals, Ttn — titanite, Zrn —

zircon;

Amp-A — amphibole-rich aggregate, AmpBt — amphibole + biotite aggregate, AmpCpxTtnOpgBt — amphibole +
clinopyroxene + titanite + opaque minerals + biotite aggregate;

I —idiomorphic, H — hypidiomorphic, X — xenomorphic
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Supplementary Table 1V.7. Major (wt%) and trace element (ppm) compositions of the analyzed amphibole
populations from the Ditrdu Alkaline Massif (Romania). Clot-forming amphibole data are marked in bold

Sample LBH2
Rock type Monzodiorite with oriented texture
Location G G G G G C C C C C C C C
Spot LBH2 | LBH2 [ LBH2 | LBH2 | LBH2 [ LBH2 | LBH2 | LBH2 | LBH2 |[LBH2 |LBH2 | LBH2 LBH2
2901 | 2902|3101 3102 [3103| 5301 | 5302|5601 | 5602 |5603]|6001 60 02 60 03
Area Core Rim Core | Transition | Rim Core Rim Core | Transition | Rim Core TE?:S;';)“ Tzzziétr';m
Mineral Hst Hst Hst Hst Hst Hst Hst Hst Hst Hst Hst Hst Hst
Major elements (wt%o)
SiO2 37.57 37.75 | 38.94 38.53 38.17 38.09 37.93 37.99 37.98 38.65 | 39.45 38.87 38.84
TiO2 3.47 2.16 3.44 111 1.84 2.08 1.72 2.03 2.73 2.45 3.39 2.87 2.80
Al,Os 11.87 12.37 | 11.05 12.08 12.52 12.40 12.16 12.27 11.54 12.06 | 11.60 11.46 11.35
Fe203 4.33 7.38 3.04 8.54 6.82 7.42 7.20 6.47 3.68 5.46 3.54 3.00 5.03
FeO 18.31 16.60 | 16.43 14.88 16.80 16.99 17.32 17.96 19.54 18.70 | 16.87 17.83 17.44
MnO 0.73 1.13 0.71 0.91 0.98 1.02 0.89 0.88 0.71 1.12 0.69 0.90 0.85
MgO 6.43 6.17 8.65 7.42 6.43 6.19 6.05 5.79 6.15 6.15 8.29 7.24 7.18
CaO 10.43 10.10 | 10.78 10.46 10.21 10.24 10.22 10.23 10.51 10.72 | 10.71 10.38 10.62
Na.O 2.80 2.84 2.79 2.77 2.88 2.76 2.79 2.72 293 2.80 2.95 2.90 2.83
K20 1.73 197 1.94 2.00 2.06 2.08 2.00 1.98 1.81 1.89 1.85 1.88 1.66
Total 97.66 98.48 | 97.77 98.72 98.72 99.27 98.29 98.32 97.58 100.00 | 99.35 97.32 98.59
mg# [ 038 [ 040 [ 048 | o047 [ 041 [ 039 [ 038 [ 037 036 [ 037 | 047 0.42 0.42
T Si 5.89 5.87 6.02 5.94 5.91 5.88 5.92 5.93 5.98 5.94 6.01 6.07 6.00
TAIWY 211 2.13 1.98 2.06 2.09 2.12 2.08 2.07 2.02 2.06 1.99 1.93 2.00
CAIV 0.08 0.14 0.03 0.14 0.20 0.14 0.16 0.19 0.13 0.13 0.09 0.18 0.07
CTi% 0.41 0.25 0.40 0.13 0.21 0.24 0.20 0.24 0.32 0.28 0.39 0.34 0.32
CFe? 2.40 2.16 2.13 1.92 2.18 2.19 2.26 2.35 2.58 2.40 2.15 2.33 2.25
CFe® 0.51 0.86 0.35 0.99 0.80 0.86 0.85 0.76 0.44 0.63 0.41 0.35 0.59
C Mg* 1.50 1.43 1.99 1.71 1.48 1.43 1.41 1.35 1.44 141 1.88 1.68 1.65
C Mn?* 0.10 0.15 0.09 0.12 0.13 0.13 0.12 0.12 0.09 0.15 0.09 0.12 0.11
B Ca?* 1.75 1.68 1.79 1.73 1.70 1.69 1.71 1.71 1.77 1.77 1.75 1.74 1.76
B Na* 0.25 0.32 0.21 0.27 0.30 0.31 0.29 0.29 0.23 0.23 0.25 0.26 0.24
A Na* 0.60 0.54 0.62 0.55 0.56 0.52 0.56 0.53 0.67 0.60 0.62 0.61 0.61
AK* 0.35 0.39 0.38 0.39 0.41 0.41 0.40 0.40 0.36 0.37 0.36 0.37 0.33
Trace elements (ppm)
Sc 11.01 9.82 12.71 12.79 10.98 20.47 22.37 20.35 10.43 8.76 11.75 12.14 13.63
\% 184.24 | 276.41 | 202.21 | 188.17 | 278.96 | 282.14 | 283.19 | 266.22 215.29 261.24 | 229.47 213.90 193.27
Cr 3.45 3.10 0.98 <0.39 3.55 3.96 4.31 7.00 1.50 3.25 <0.37 <0.37 0.54
Ni 4.61 4.85 531 3.52 4.89 3.61 341 4.24 4.73 4.72 4.65 4.60 5.56
Rb 12.06 20.05 | 14.60 10.14 20.09 22.59 24.55 20.84 15.10 21.66 | 16.35 15.82 11.13
Sr 492.04 | 129.90 | 138.60 53.04 117.72 | 88.29 88.51 | 81.71 158.64 151.50 | 79.76 93.12 202.26
Y 31.49 15.74 | 25.70 8.87 16.36 19.84 18.35 22.46 19.70 16.28 | 24.88 18.71 24.74
Zr 558.58 | 833.52 | 761.42 454.09 912.02 | 1419.75 | 1425.10 | 972.65 698.53 989.15 | 877.47 767.62 482.56
Nb 145.20 | 113.50 | 179.45 53.26 127.52 | 142.48 | 137.55 | 192.15 139.06 98.03 | 175.80 145.59 156.30
Cs <0.068 | <0.067 | <0.068 | <0.075 | <0.077 | <0.069 0.15 <0.078 <0.072 <0.080 | <0.067 0.19 <0.060
Ba 716.79 | 106.32 | 177.95 29.17 87.12 52.73 52.27 52.29 95.63 116.31 | 21.74 18.30 371.89
La 58.17 | 53.36 | 67.11 29.73 68.70 | 71.09 69.02 | 80.58 56.12 55.08 | 84.74 63.65 58.07
Ce 129.72 | 92.86 | 130.99 53.07 117.13 | 116.71 | 111.93 | 136.10 104.60 94.52 | 154.60 114.46 119.59
Pr 16.25 8.58 13.59 5.42 10.49 10.35 10.01 12.18 10.34 8.74 15.24 11.56 13.46
Nd 60.65 2439 | 42.08 16.79 29.80 28.46 27.49 35.37 32.13 25.30 | 4594 35.10 45.16
Sm 11.45 3.56 7.01 2.61 4.29 4.51 4.03 5.39 4.89 3.61 6.35 5.55 7.68
Eu 3.06 1.30 1.98 0.68 1.24 1.31 1.27 1.49 1.54 1.32 1.68 1.48 2.10
Gd 9.18 3.02 5.43 2.01 3.46 3.61 3.45 4.28 3.91 3.02 5.07 4.15 5.95
Th 1.26 0.50 0.85 0.29 0.48 0.55 0.48 0.66 0.59 0.46 0.80 0.60 0.94
Dy 6.70 2.54 4.42 1.36 2.69 3.13 2.76 3.48 3.30 2.62 4.64 3.30 4.69
Ho 1.23 0.63 0.98 0.34 0.63 0.69 0.64 0.78 0.73 0.57 0.86 0.71 0.94
Er 3.23 1.68 2.67 0.87 1.74 2.02 1.88 2.17 2.04 1.73 2.59 1.95 2.33
™m 0.39 0.27 0.40 0.14 0.27 0.33 0.26 0.36 0.30 0.28 0.39 0.30 0.33
Yb 2.80 2.28 2.80 1.19 2.16 2.42 2.01 2.78 2.30 2.32 297 2.39 2.39
Lu 0.51 0.52 0.56 0.29 0.52 0.58 0.49 0.62 0.52 0.50 0.61 0.47 0.47
Hf 14.73 17.61 | 18.48 10.80 21.11 43.09 44,97 28.99 16.11 18.81 | 24.93 18.55 11.81
Ta 5.98 1.19 2.93 0.83 1.11 0.84 0.90 1.01 1.69 1.13 3.13 2.38 3.35
Pb 1.80 161 3.28 1.05 1.53 1.60 1.67 1.65 141 1.29 1.21 1.97 1.34
Th 0.35 0.35 2.22 0.07 0.25 1.01 0.95 0.94 0.25 0.31 0.35 0.19 0.19
U 0.06 0.04 0.05 0.01 0.07 0.21 0.11 0.22 0.07 0.17 0.10 0.05 0.06
YREE 347.11 | 221.04 | 319.27 136.45 270.93 | 286.06 | 276.44 | 329.04 253.44 225.12 | 363.11 276.52 302.46
(La/Sm)n 3.17 9.36 5.98 7.11 10.00 9.84 10.70 9.34 7.17 9.53 8.33 7.16 4.72
(Gd/Yb)n 2.65 1.07 1.57 1.37 1.30 1.21 1.39 1.25 1.38 1.05 1.38 1.40 2.01
Eu/EU" 0.91 1.20 0.98 0.90 0.98 0.99 1.04 0.94 1.07 1.22 0.90 0.94 0.95
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Supplementary Table IV.7. Continued

Sample LBH2
Rock type Monzodiorite with oriented texture
Location C C C C C G G G G C C C
Spot LBH2 | LBH2 | LBH2 | LB16 | LB16 | LB16 LB16 LB16 LB16 LB16 LB16 | LB16
60 04 | 61 01 | 61 02 | 35 01 | 35 02 | 36_01 36_02 36_03 36_04 3701 3702 | 37_03
Area Rim Core Rim Core Rim Core Tr(?rr:i'etr';) n Tr(izstgr';) "| Rim Transition | Core Rim
Mineral Hst Hst Hst Hst Hst Hst Hst Hst Hst Hst Hst Hst
Major elements (wt%)
SiO2 37.98 | 38,51 | 38.68 | 39.55 | 40.47 | 40.37 41.00 41.18 40.17 39.68 40.67 | 40.30
TiO2 2.43 2.54 2.17 5.25 3.10 5.38 3.94 3.30 3.09 3.44 4.92 1.79
Al.03 1225 | 1159 | 11.80 | 12.35 | 12.12 | 12.69 11.85 11.48 12.03 12.17 12.30 | 12.27
Fe203 5.37 6.57 6.00 0.00 2.82 0.00 0.00 2.98 2.69 2.09 0.00 4.32
FeO 17.93 | 16.67 | 17.17 | 14.11 | 13.89 | 12.43 14.56 12.79 14.23 15.71 13.65 | 14.49
MnO 1.07 0.85 0.90 0.37 0.42 0.29 0.29 0.49 0.50 0.36 0.28 0.43
MgO 6.18 7.08 6.41 | 1050 | 10.31 | 11.63 10.86 10.86 9.96 9.41 10.95 9.53
CaO 10.41 | 10.48 | 10.21 | 10.89 | 10.97 | 11.11 11.10 10.81 11.02 11.10 11.27 | 10.90
Na.0 2.86 2.86 2.66 3.04 2.85 3.24 3.08 2.89 2.84 2.72 3.12 2.92
K20 1.85 1.70 1.76 1.37 1.65 1.09 1.37 1.23 141 1.78 1.25 1.84
Total 98.34 | 98.85 | 97.76 | 97.43 | 98.59 | 98.23 98.05 98.01 97.95 98.47 98.40 | 98.79
mg# 0.38 0.43 0.40 0.57 0.57 0.63 0.57 0.60 0.55 0.52 0.59 0.54
TSi 5.92 5.94 6.03 5.99 6.08 6.01 6.16 6.17 6.08 6.02 6.09 6.09
TAIY 2.08 2.06 1.97 2.01 1.92 1.99 1.84 1.83 1.92 1.98 1.91 1.91
CAIV 0.17 0.05 0.20 0.20 0.22 0.24 0.26 0.20 0.23 0.20 0.26 0.27
CTi* 0.29 0.29 0.25 0.60 0.35 0.60 0.45 0.37 0.35 0.39 0.55 0.20
CFe? 2.34 2.15 2.24 1.79 1.74 1.55 1.83 1.60 1.80 1.99 1.71 1.83
C Fes* 0.63 0.76 0.70 0.00 0.32 0.00 0.00 0.34 0.31 0.24 0.00 0.49
C Mg* 1.44 1.63 1.49 2.37 2.31 2.58 2.43 2.43 2.25 2.13 2.44 2.15
C Mn?* 0.14 0.11 0.12 0.05 0.05 0.04 0.04 0.06 0.06 0.05 0.04 0.05
B Ca** 1.74 1.73 1.70 177 177 1.77 1.79 1.74 1.79 1.80 1.81 1.76
B Na* 0.26 0.27 0.30 0.23 0.23 0.23 0.21 0.26 0.21 0.20 0.19 0.24
A Na* 0.60 0.59 0.51 0.66 0.60 0.71 0.69 0.58 0.62 0.61 0.71 0.62
AK* 0.37 0.34 0.35 0.27 0.32 0.21 0.26 0.24 0.27 0.34 0.24 0.35
Trace elements (ppm)
Sc 9.38 16.89 | 10.27 | 29.58 | 23.27 | 22.40 22.05 22.73 22.78 21.92 25.55 | 26.42
\Y 255.68 | 246.42 | 262.89 | 304.40 | 257.94 | 280.08 | 234.46 243.18 | 294.73 242.41 277.48 | 27171
Cr 2.71 19.74 | 252 |248.78 | 180.74 | 262.17 | 206.23 191.64 | 255.82 119.97 131.96 | 203.95
Ni 4.28 11.35 | 4.24 |152.09 | 139.24 | 182.01 | 158.99 159.90 | 138.32 135.87 174.09 | 114.03
Rb 2196 | 13.34 | 18.19 | 6.62 7.74 6.61 6.51 7.73 7.95 7.12 6.99 6.68
Sr 149.28 | 120.92 | 131.68 | 619.63 | 218.46 | 719.47 | 461.51 255.96 | 300.73 434.86 541.86 | 318.63
Y 16.85 | 17.32 | 17.32 | 24.82 | 11.87 | 27.16 31.07 29.23 10.90 26.48 26.98 | 18.75
Zr 1026.46 | 811.34 | 834.97 | 126.61 | 219.88 | 147.99 | 258.68 307.80 | 251.64 243.47 185.12 | 317.50
Nb 110.33 | 144.69 | 131.32 | 58.96 | 67.59 | 84.97 146.28 117.86 61.19 112.72 100.09 | 116.85
Cs <0.058 | <0.060 | <0.058 | <0.24 | <0.24 | <0.26 <0.26 <0.25 <0.25 <0.231 <0.230 | <0.233
Ba 85.05 | 158.26 | 81.15 | 382.76 | 289.71 | 369.62 | 363.12 259.08 | 316.57 373.00 367.39 | 317.47
La 59.32 | 64.84 | 58.77 | 14.17 | 13.34 | 17.80 29.73 36.08 17.51 29.89 2241 | 29.28
Ce 102.16 | 113.63 | 102.61 | 40.65 | 29.18 | 52.10 78.31 83.14 38.15 72.64 61.29 | 67.36
Pr 9.45 10.95 | 10.17 | 6.33 4.22 8.01 11.17 10.90 5.30 9.54 8.84 8.82
Nd 27.91 | 32.03 | 30.50 | 30.90 | 18.96 | 38.55 47.66 46.22 22.38 43.76 40.86 | 36.88
Sm 3.99 4.87 471 7.89 4.92 9.07 9.93 9.37 4.73 9.22 9.42 7.43
Eu 1.37 1.37 1.47 2.52 1.17 2.92 2.99 2.86 1.22 2.54 2.88 2.01
Gd 3.24 3.78 3.80 7.27 4.39 9.25 8.87 8.52 4.43 8.05 8.42 6.59
Th 0.47 0.53 0.56 1.00 0.56 1.20 1.24 1.18 0.57 1.09 1.04 0.82
Dy 2.89 3.06 3.16 5.47 3.11 5.87 6.49 6.07 2.88 6.17 6.10 4.50
Ho 0.62 0.62 0.60 0.98 0.47 1.09 1.20 1.15 0.44 1.07 1.06 0.77
Er 1.76 2.02 1.85 2.51 1.12 2.42 3.01 2.79 1.00 2.62 2.83 1.81
Tm 0.28 0.26 0.30 0.27 0.12 0.35 0.36 0.31 0.14 0.32 0.28 0.18
Yb 2.51 2.07 2.27 1.61 0.87 1.84 2.43 2.11 0.90 1.98 1.85 1.07
Lu 0.49 0.52 0.55 0.18 0.17 0.24 0.31 0.32 0.18 0.29 0.26 0.23
Hf 20.63 | 21.44 | 1895 | 3.71 6.20 451 7.18 7.46 6.20 6.66 5.31 7.80
Ta 1.41 2.55 2.05 2.77 4.00 3.98 6.74 4.85 3.61 5.29 4.97 6.01
Pb 1.29 1.42 1.77 1.20 1.09 1.40 1.07 2.78 0.98 1.37 1.68 1.00
Th 0.35 0.78 0.38 0.10 0.02 0.14 0.15 0.12 0.08 0.18 0.15 0.08
U 0.17 0.33 0.03 0.01 | <0.00 | 0.02 0.00 0.01 0.00 0.01 0.04 0.00
XREE 242.68 | 274.76 | 248.89 | 176.15 | 117.76 | 200.27 | 256.83 262.98 | 133.52 237.59 220.07 | 212.92
(La/Sm)n 9.28 8.31 7.79 1.12 1.69 1.23 1.87 2.40 2.31 2.02 1.49 2.46
(Gd/Yb)n 1.04 1.48 1.35 3.65 4.07 4.07 2.95 3.27 3.97 3.29 3.68 4.99
Eu/Eu” 1.16 0.97 1.06 1.01 0.77 0.97 0.97 0.98 0.81 0.90 0.99 0.88
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Supplementary Table IV.7. Continued

Sample L118f (fine-grained) L118c (coarse-grained)
Rock type Monzonite with oriented texture Monzonite
Location G G C C C C C C C C C C G G
Spot LI18 LI18 L118 L118 L118 L118 L118 L118 L118 L118 L118 L118 LI18 LI18
0501 |0502|0701| 0702 |[0703]2803)|2804[3201| 3202 |3203| 3301 [3302]|4201| 4202
Area Core Rim Core | Transition | Rim Core Rim Core | Transition | Rim Core Rim Core | Transition
Mineral Hst Hst Hst Hst Hst Hst Hst Hst Hst Hst Hst Hst Hst
Major elements (wt%
SiO2 25.80 6.07 38.43 37.95 37.23 | 38.07 | 37.30 | 38.91 38.27 36.97 37.51 38.36 | 37.19 38.64
TiO2 1.22 0.07 341 2.35 171 2.36 1.52 3.17 0.51 1.80 2.06 1.84 0.98 1.76
Al,Os 7.86 2.13 12.42 12.39 12.43 | 11.77 | 12.66 | 11.31 11.94 12.82 12.61 11.92 | 12.53 11.94
Fe203 4.31 0.00 4.40 6.94 7.56 6.23 10.11 4.49 9.34 8.01 5.57 4.95 7.61 7.46
FeO 15.62 1.60 16.22 16.98 18.60 | 17.99 | 17.94 | 16.88 16.17 17.69 17.23 19.97 | 17.63 15.67
MnO 0.92 0.11 0.95 1.06 1.17 1.06 1.03 1.08 1.01 1.01 0.99 1.20 111 1.04
MgO 2.21 0.64 7.41 5.64 4.61 5.77 4.26 7.34 5.74 4.88 6.13 4.96 5.34 6.63
CaO 7.71 1.17 10.31 10.05 9.86 10.24 9.43 10.45 9.57 9.74 10.26 10.22 9.99 9.87
Na.O 1.14 0.34 2.98 2.70 2.80 2.62 2.97 2.76 2.66 2.75 2.70 2.85 2.77 2.58
K20 1.60 0.26 1.55 1.36 2.07 1.83 2.06 1.68 2.46 2.16 1.98 1.92 2.44 2.14
Total 68.40 | 12.38 | 98.06 97.41 98.03 | 97.94 | 99.28 | 98.06 97.67 97.83 97.05 98.18 | 97.58 97.73
mg# [ 020 [ 042 | 045 0.37 031 [ 036 [ 030 [ 044 039 [ 033 [ 039 [ 031 [ 03 [ 043
TSi 5.95 7.17 5.92 5.94 5.88 5.97 5.83 6.02 6.02 5.83 5.91 6.04 5.89 6.01
TAIY 2.05 0.83 2.08 2.06 2.12 2.03 2.17 1.98 1.98 2.17 2.09 1.96 2.11 1.99
CAIV 0.09 2.13 0.18 0.23 0.20 0.14 0.16 0.09 0.23 0.22 0.25 0.25 0.23 0.21
CTi% 0.21 0.06 0.39 0.28 0.20 0.28 0.18 0.37 0.06 0.21 0.24 0.22 0.12 0.21
CFe? 3.01 1.58 2.09 222 2.46 2.36 2.34 2.19 2.13 2.33 2.27 2.63 2.34 2.04
CFe® 0.75 0.00 0.51 0.82 0.90 0.74 1.19 0.52 1.10 0.95 0.66 0.59 0.91 0.87
C Mg# 0.76 1.13 1.70 1.32 1.09 1.35 0.99 1.69 1.35 1.15 1.44 1.16 1.26 1.54
C Mn?* 0.18 0.11 0.12 0.14 0.16 0.14 0.14 0.14 0.13 0.14 0.13 0.16 0.15 0.14
B Ca? 1.90 1.48 1.70 1.69 1.67 1.72 1.58 1.73 1.61 1.65 1.73 1.72 1.70 1.65
B Na* 0.10 0.52 0.30 0.31 0.33 0.28 0.42 0.27 0.39 0.35 0.27 0.28 0.30 0.35
A Na* 0.42 0.26 0.59 0.50 0.53 0.52 0.48 0.56 0.42 0.49 0.56 0.59 0.55 0.42
AK* 0.47 0.38 0.30 0.27 0.42 0.37 0.41 0.33 0.49 0.44 0.40 0.39 0.49 0.42
Trace elements (ppm)
Sc 3.86 1.38 11.68 7.79 8.50 16.67 | 15.92 | 20.98 17.19 7.97 27.65 3.49 15.29 13.93
\Y% 105.47 | 28.86 | 103.74 99.39 191.21 ] 198.10 | 232.26 | 187.71 198.90 207.87 | 241.06 | 204.15 | 196.46 182.92
Cr <0.53 0.50 14.10 271 1.15 191 1.84 1.89 10.63 7.65 1.45 0.50 2.50 3.18
Ni 1.47 0.44 22.46 11.38 1.97 3.05 3.04 2.52 1.87 1.10 2.60 151 2.16 2.74
Rb 11.57 4.04 9.68 10.93 21.96 | 14.61 | 2458 | 12.79 15.08 23.05 23.76 17.79 | 18.63 21.64
Sr 81.45 | 19.90 |992.06 | 1120.77 119.73 | 137.85 | 67.82 | 135.61 45.19 105.69 | 57.60 | 108.93 | 52.75 70.88
Y 13.58 3.84 32.73 30.61 2557 | 20.45 | 16.97 | 22.14 4.09 24.33 30.48 14.37 6.13 13.28
Zr 480.42 | 122.30 | 589.40 734.83 775.95 | 572.69 | 743.88 | 516.21 354.88 778.90 | 1197.03 | 457.39 | 433.91 541.10
Nb 116.11 | 21.25 | 155.62 156.81 135.56 | 129.61 | 93.66 | 141.85 7.53 124.70 | 132.42 | 93.80 | 26.24 58.95
Cs <0.167 | <0.037 | <0.22 <0.21 <0.21 | <0.136 | <0.144 | <0.133 <0.135 <0.140 | <0.136 | <0.137 | <0.144 | <0.147
Ba 47.48 | 1454 | 851.74 | 1087.19 83.58 | 139.18 | 54.87 | 185.26 17.40 71.76 55.28 70.03 | 29.21 46.48
La 32.93 9.49 52.05 72.53 54.05 | 54.64 | 45.24 | 60.63 6.88 55.16 67.60 36.05 | 19.38 34.07
Ce 72.31 | 17.87 | 134.52 172.89 110.75 | 104.50 | 80.80 | 114.54 12.97 110.93 | 120.51 | 70.71 | 32.26 56.11
Pr 7.89 1.86 18.59 22.80 11.50 | 10.25 7.89 11.58 1.33 11.50 11.33 7.02 3.03 4.93
Nd 25.03 6.28 75.97 86.43 39.50 | 32.73 | 26.06 | 38.76 4.63 37.27 36.44 22.14 9.84 15.22
Sm 3.53 0.92 13.48 15.70 5.53 4.76 3.84 5.46 0.66 5.47 5.46 3.19 1.34 2.43
Eu 1.06 0.27 3.60 3.82 1.72 1.43 1.23 1.58 0.37 1.63 1.48 1.04 0.52 0.80
Gd 3.11 0.83 10.74 10.92 4.42 3.99 3.71 4.47 0.62 4.55 5.01 2.82 1.17 1.75
Tb 0.37 0.10 1.42 1.37 0.70 0.57 0.52 0.64 0.08 0.70 0.73 0.37 0.18 0.31
Dy 2.36 0.66 7.80 7.10 4.33 3.38 2.94 3.84 0.55 4.07 4.70 2.27 1.09 1.66
Ho 0.51 0.14 1.31 1.15 0.94 0.68 0.57 0.79 0.13 0.78 1.07 0.47 0.21 0.41
Er 1.36 0.42 3.30 2.99 2.68 2.15 1.81 2.16 0.41 2.50 3.27 1.37 0.63 1.56
™m 0.23 0.06 0.41 0.46 0.50 0.33 0.26 0.32 0.10 0.42 0.56 0.25 0.10 0.28
Yb 2.48 0.62 2.82 3.33 4.98 3.03 2.81 2.42 1.20 3.83 4.75 2.26 1.15 2.75
Lu 0.50 0.13 0.67 0.73 0.87 0.62 0.79 0.43 0.31 0.87 1.01 0.50 0.42 0.57
Hf 13.51 3.42 16.86 27.70 2248 | 14.28 | 2251 | 12.45 8.78 22.45 39.96 10.56 | 13.02 13.18
Ta 0.82 0.20 4.34 5.06 1.05 1.37 0.90 1.55 0.01 1.00 0.98 0.57 0.07 0.15
Pb 0.85 0.35 1.82 212 1.56 1.30 1.80 1.34 1.22 1.52 1.46 1.25 1.19 1.22
Th 0.20 0.93 0.27 1.61 0.37 0.29 0.35 0.08 0.01 0.39 0.67 0.14 0.07 0.58
U 0.02 0.02 0.06 0.15 0.03 0.03 0.02 0.01 0.01 0.03 0.08 0.03 0.00 0.05
XREE 171.10 | 44.88 | 371.09 440.63 276.54 | 260.18 | 211.36 | 290.75 51.51 271.97 | 322.05 | 168.32 | 92.74 150.06
(La/Sm)n 5.83 6.45 241 2.88 6.10 7.17 7.36 6.93 6.52 6.30 7.73 7.06 9.03 8.76
(Gd/Yb)n 1.01 1.08 3.08 2.65 0.72 1.07 1.07 1.49 0.41 0.96 0.85 1.01 0.83 0.51
Eu/EU" 0.97 0.95 0.91 0.89 1.06 1.00 0.99 0.98 1.75 1.00 0.86 1.05 1.26 1.18
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Supplementary Table IVV.7. Continued

Sample L118c (coarse-grained) LTa29
Rock type Monzonite Monzonite
Location G G G G G G G C C C C C C
Spot LI118 LI118 LI18 LI18 LI18 | LTa29 | LTa29 | LTa29 | LTa29 | LTa29 | LTa29 | LTa29 | LTa29
42 03 | 43 01| 4302 4303 |4304]0101|0102|0404]|0405]|3103]|3104]3503]3504

Area Rim Core Tr(?gﬁ:etrl;)n Tr(z:l)r:]st:etrl;)n Rim Core Rim Core Rim Core Rim Core Rim

. Mg- Mg- Mg- Mg- Mg- Mg- Mg- Mg-
Mineral Hst | Hst Hst Hst Mot | Ve | v | vsr | vt | st | er | bt | mst
Major elements (wt%
SiO2 37.58 | 3891 39.02 38.80 37.35 | 39.92 | 39.79 | 40.43 | 39.92 | 39.84 | 39.57 | 40.18 | 40.40
TiO2 2.28 2.52 2.90 0.88 1.80 3.16 2.77 3.20 3.14 3.59 2.82 2.95 2.57
Al.Os3 12.61 | 11.59 11.53 12.42 12,70 | 11.51 | 11.36 | 11.33 | 11.61 | 11.54 | 11.31 | 11.12 | 11.32
Fe203 7.53 5.47 4.40 9.11 8.16 4.14 3.86 3.85 2.08 1.22 2.64 4.38 3.91
FeO 17.71 | 17.90 17.83 15.00 19.17 | 15.13 | 15.12 | 15.12 | 1591 | 16.66 | 15.71 | 14.68 | 14.93
MnO 1.28 112 1.00 0.71 1.05 0.81 0.84 0.81 0.85 0.67 0.62 0.64 0.78
MgO 5.18 6.18 7.04 6.75 4.28 8.61 8.77 9.02 8.95 9.03 8.94 9.19 9.08
CaO 9.91 9.91 10.44 9.76 9.82 1094 | 11.37 | 11.09 | 11.29 | 11.27 | 11.17 | 11.40 | 11.36
Na.O 2.82 297 2.99 2.82 2.92 2.01 1.80 2.15 2.24 2.46 2.21 1.82 1.81
K20 2.00 1.88 1.81 2.09 2.07 1.87 1.76 1.76 1.79 1.79 1.81 1.64 1.90
Total 98.89 | 98.44 98.95 98.35 99.32 | 98.10 | 97.42 | 98.77 | 97.77 | 98.05 | 96.79 | 98.00 | 98.07
mg# I 0.34 | 0.38 0.41 0.44 0.28 0.50 0.51 0.52 0.50 0.49 0.50 0.53 0.52
TSi 5.86 6.04 6.01 5.99 5.84 6.10 6.12 6.12 6.11 6.09 6.12 6.12 6.16
TAIWY 2.14 1.96 1.99 2.01 2.16 1.90 1.88 1.88 1.89 1.91 1.88 1.88 1.84
CAIV 0.17 0.16 0.11 0.26 0.18 0.17 0.17 0.14 0.21 0.17 0.19 0.12 0.19
CTi% 0.27 0.29 0.34 0.10 0.21 0.36 0.32 0.36 0.36 0.41 0.33 0.34 0.29
CFe? 2.31 2.33 2.30 1.94 2.51 1.93 1.94 1.91 2.04 2.13 2.03 1.87 1.90
CFed® 0.88 0.64 0.51 1.06 0.96 0.48 0.45 0.44 0.24 0.14 0.31 0.50 0.45
C Mg* 1.20 1.43 1.62 1.55 1.00 1.96 2.01 2.04 2.04 2.06 2.06 2.09 2.06
C Mn?* 0.17 0.15 0.13 0.09 0.14 0.10 0.11 0.10 0.11 0.09 0.08 0.08 0.10
B Ca?* 1.65 1.65 1.72 1.62 1.65 1.79 1.87 1.80 1.85 1.85 1.85 1.86 1.86
B Na* 0.35 0.35 0.28 0.38 0.35 0.21 0.13 0.20 0.15 0.15 0.15 0.14 0.14
A Na* 0.50 0.54 0.62 0.46 0.53 0.38 0.41 0.43 0.52 0.57 0.52 0.40 0.39
AK* 0.40 0.37 0.35 0.41 0.41 0.36 0.34 0.34 0.35 0.35 0.36 0.32 0.37
Trace elements (ppm)
Sc 25.06 | 16.85 12.99 12.46 1247 | 16.38 | 18.46 | 16.39 | 16.80 | 14.26 | 15.75 | 16.21 | 16.95
\% 222.88 | 184.25 | 185.28 172.26 | 217.71 | 233.49 | 249.11 | 219.15 | 238.59 | 222.09 | 220.88 | 236.91 | 220.62
Cr 1.44 1.33 2.93 2.97 1.89 9.05 8.11 9.44 12.05 413 5.50 4.34 10.34
Ni 1.83 2.20 2.29 3.05 1.95 12.14 | 13.62 | 13.98 | 13.00 | 11.48 | 11.56 | 12.29 | 11.43
Rb 21.14 | 11.29 16.84 15.27 18.71 | 1299 | 12.46 | 11.29 | 1269 | 12.26 | 12.45 | 13.00 | 13.31
Sr 76.21 | 122.40 88.19 83.38 74.36 | 175.25 | 162.50 | 193.10 | 196.48 | 197.24 | 199.43 | 182.85 | 183.53
Y 27.96 | 21.17 21.82 10.42 1951 | 17.35 | 10.21 | 18.79 | 16.30 | 17.99 | 1855 | 15.28 | 14.41
Zr 970.94 | 565.17 | 628.08 422.46 | 558.61 | 537.83 | 451.77 | 482.13 | 554.93 | 440.72 | 487.01 | 486.47 | 555.23
Nb 124.95 | 130.78 136.02 51.21 99.37 | 155.60 | 47.42 | 137.57 | 113.55 | 124.24 | 134.29 | 106.79 | 89.11
Cs <0.150 | <0.137 <0.143 <0.137 <0.133 | <0.077 | <0.079 | <0.086 | <0.071 | <0.077 | <0.081 | <0.084 | <0.086
Ba 71.03 | 163.69 53.40 70.72 59.83 | 168.00 | 144.94 | 150.75 | 158.41 | 154.55 | 150.30 | 148.08 | 147.84
La 60.40 | 56.86 63.08 30.03 41.71 | 44.46 | 41.18 | 5455 | 54.07 | 52.77 | 54.01 | 50.92 | 49.97
Ce 112.61 | 107.71 115.74 53.87 75.69 | 79.65 | 64.99 | 103.33 | 96.29 | 100.03 | 103.97 | 92.92 | 84.83
Pr 10.94 | 10.95 11.03 511 7.34 7.94 5.98 10.28 9.27 9.71 10.25 9.07 8.00
Nd 36.19 | 3541 34.48 16.28 23.80 | 25.38 | 17.48 | 30.91 | 27.41 | 29.23 | 30.70 | 27.51 | 23.73
Sm 5.70 5.68 5.06 2.58 3.20 4.07 2.59 4.58 4.04 4.22 4.77 4.26 3.58
Eu 1.46 1.48 1.56 0.83 1.02 1.29 0.89 1.55 1.46 1.50 1.67 1.40 1.35
Gd 4.95 4.74 414 2.15 3.08 3.47 1.86 3.78 3.22 3.49 3.61 3.34 2.80
Th 0.70 0.60 0.59 0.29 0.47 0.53 0.31 0.61 0.48 0.53 0.54 0.51 0.42
Dy 4.42 3.84 3.71 1.60 3.12 2.82 1.55 3.13 2.67 2.88 3.13 2.65 2.29
Ho 0.97 0.74 0.74 0.37 0.72 0.65 0.34 0.66 0.55 0.66 0.66 0.55 0.47
Er 3.04 2.22 217 1.06 214 1.72 0.91 1.87 1.72 1.77 1.77 151 1.42
m 0.53 0.36 0.36 0.19 0.32 0.25 0.16 0.28 0.28 0.30 0.27 0.23 0.24
Yb 4.79 3.12 2.77 1.83 3.64 1.77 0.96 1.93 1.74 2.05 1.93 1.59 1.63
Lu 0.98 0.68 0.56 0.46 0.78 0.33 0.22 0.39 0.37 0.39 0.39 0.32 0.33
Hf 27.91 | 1359 16.15 9.30 13.64 | 1291 | 1143 | 12.34 | 12.37 | 10.35 | 10.68 | 10.89 | 11.88
Ta 1.14 151 1.26 0.52 0.56 2.74 0.72 2.05 1.50 1.95 1.85 1.90 1.26
Pb 1.44 1.23 1.25 131 1.44 3.44 1.87 1.05 1.04 1.00 1.57 1.38 1.07
Th 0.45 0.16 0.20 0.11 0.31 1.22 0.07 0.19 0.18 0.21 0.26 0.15 0.11
U 0.02 0.01 0.01 0.01 0.02 0.37 0.01 0.01 0.01 0.05 0.05 0.01 0.01
YREE 300.71 | 272.40 280.80 139.53 199.00 | 208.05 | 168.09 | 253.02 | 236.66 | 241.78 | 251.96 | 228.26 | 212.40
(La/Sm)n 6.62 6.25 7.78 7.27 8.14 6.82 9.93 7.44 8.36 7.81 7.07 7.46 8.72
(Gd/Yb)n 0.84 1.23 1.21 0.95 0.68 1.59 1.57 1.59 1.50 1.37 1.52 1.70 1.39
Eu/Eu” 0.84 0.87 1.04 1.07 0.99 1.04 1.24 1.14 1.23 1.19 1.23 1.13 1.30
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Supplementary Table IVV.7. Continued

Sample LTo35 LO52/1
Rock type Monzogranite Lamprophyre
Location G G C C C C G G G
Spot LTo35 | LTo35 | LTo35 | LTo35 | LTo35 | LTo35 | LO52_1 | LO52_1 | LO52_1
3601 | 36 02 | 47 01 | 47 02 | 60 01 | 60 02 | 47 01 | 47 02 | 50 01
Area Core Rim Core Rim Core Rim Core Rim Core
Mineral l'—:iil l'—:iil Ef)l Ef)l Ef)l Ii:)l Mg-Hst | Fe-Prg | Fe-Krs
Major elements (wt%
SiO2 4386 | 4341 | 43.11 | 43.66 | 43.26 | 43.97 39.92 39.82 32.81
TiO2 1.81 1.62 1.88 1.54 1.57 1.60 0.89 2.27 29.17
Al,O3 7.47 8.13 7.85 8.06 7.87 7.36 13.26 12.84 4.18
Fe:03 7.48 6.37 7.09 6.78 7.72 6.49 6.21 2.00 0.00
FeO 18.01 | 18.88 | 18.76 | 18.91 | 18.08 | 18.50 13.91 16.76 4.09
MnO 0.96 1.15 1.04 0.96 1.10 0.88 0.31 0.38 0.00
MgO 6.55 6.11 6.16 6.46 6.58 6.74 9.07 8.78 2.24
CaO 10.23 | 10.25 | 10.12 | 10.55 | 10.63 | 10.27 10.92 11.34 23.60
NaO 1.66 1.93 1.98 1.88 1.76 1.77 2.80 2.86 0.62
K20 0.96 0.96 1.09 1.03 0.95 1.10 1.94 1.67 0.33
Total 98.98 | 98.81 | 99.06 | 99.83 | 99.53 | 98.69 99.22 98.71 97.04
mo# [ 030 [ 037 [ 037 [ 038 [ 039 [ 039 [ 054 0.48 0.49
TSi 6.68 6.65 6.60 6.62 6.59 6.73 6.01 6.05 6.42
TAIV 1.32 1.35 1.40 1.38 1.41 1.27 1.99 1.95 1.58
CAIV 0.03 0.12 0.02 0.07 0.00 0.05 0.37 0.35 0.00
CTi* 0.21 0.19 0.22 0.18 0.18 0.18 0.10 0.26 4.29
CFe? 2.30 2.42 2.40 2.40 2.30 237 1.75 2.13 0.67
C Fes* 0.86 0.73 0.82 0.77 0.89 0.75 0.70 0.23 0.00
C Mg* 1.49 1.39 141 1.46 1.49 1.54 2.04 1.99 0.65
C Mn?* 0.12 0.15 0.14 0.12 0.14 0.11 0.04 0.05 0.00
B Ca** 1.67 1.68 1.66 171 1.73 1.68 1.76 1.85 4.95
B Na* 0.33 0.32 0.34 0.29 0.26 0.32 0.24 0.15 -3.56
A Na* 0.16 0.26 0.25 0.27 0.26 0.21 0.58 0.69 3.80
AK* 0.19 0.19 0.21 0.20 0.18 0.21 0.37 0.32 0.08
Trace elements (ppm)
Sc 4490 | 35.40 | 32.66 | 36.88 | 58.07 | 36.77 14.67 23.43 22.64
\Y 240.91 | 244.60 | 248.60 | 253.22 | 244.26 | 232.23 | 325.68 | 338.13 | 303.86
Cr 19.05 | 17.17 | 1855 | 16.12 | 19.11 | 27.10 0.76 20.76 30.41
Ni 11.16 | 10.31 | 11.13 | 11.26 | 10.44 | 10.83 | 43.66 49.59 50.76
Rb 6.21 8.66 11.82 9.04 7.47 7.65 23.15 17.55 5.29
Sr 29.91 | 46.00 | 46.28 | 39.68 | 40.58 | 32.79 | 262.21 | 284.93 | 428.39
Y 155.87 | 219.85 | 232.53 | 193.37 | 222.81 | 165.06 | 25.46 34.66 25.02
Zr 54.17 | 66.83 | 67.78 | 50.29 | 68.36 | 50.64 | 517.38 | 371.35 | 339.36
Nb 278.67 | 311.25 | 318.27 | 287.75 | 352.98 | 270.21 | 118.42 | 119.00 81.20
Cs <0.065 | <0.061 | 0.13 | <0.058 | <0.052 | <0.052 | <0.23 0.30 <0.200
Ba 11.67 | 23.82 | 26.86 | 19.50 | 14.02 | 12.48 | 484.50 | 481.14 | 440.54
La 34.06 | 58.15 | 59.32 | 35.37 | 52.43 | 32.36 74.68 76.47 68.31
Ce 141.29 | 209.38 | 214.63 | 135.59 | 212.14 | 129.56 | 130.40 | 136.17 | 117.82
Pr 25.50 | 35.65 | 36.15 | 24.55 | 40.04 | 23.35 | 13.85 15.04 13.04
Nd 117.74 | 157.58 | 160.70 | 115.67 | 191.12 | 107.00 | 47.05 52.59 46.07
Sm 3450 | 4490 | 46.33 | 37.43 | 56.08 | 32.70 7.71 9.94 8.39
Eu 3.29 4.03 3.98 4.08 4.27 3.48 2.69 3.77 3.22
Gd 32.05 | 41.53 | 43.75 | 35.90 | 51.32 | 30.69 6.34 8.46 7.11
Tb 5.42 7.08 7.37 6.26 8.39 5.39 0.92 1.22 0.93
Dy 30.99 | 41.33 | 41.81 | 35.97 | 46.68 | 30.98 4.78 6.27 5.14
Ho 6.12 8.11 8.65 7.19 8.96 6.31 0.87 1.26 0.93
Er 15.70 | 22.23 | 23.38 | 19.56 | 22.69 | 16.92 2.36 3.40 2.28
Tm 2.29 3.23 3.44 2.85 3.16 2.49 0.32 0.48 0.29
Yb 13.83 | 19.23 | 20.70 | 17.59 | 18.69 | 15.24 2.33 2.94 2.06
Lu 2.08 2.86 3.03 2.64 2.76 2.32 0.43 0.51 0.37
Hf 3.91 4.47 4.45 3.23 5.94 4.49 12.29 6.73 6.58
Ta 9.54 1532 | 17.52 | 12.19 | 1291 | 12.14 3.44 4.13 3.70
Pb 3.99 2.94 3.13 2.72 2.93 2.67 2.10 2.18 2.16
Th 2.16 0.72 0.75 0.42 0.36 0.33 5.27 8.05 7.38
U 1.00 0.46 0.51 0.38 0.28 0.40 2.14 3.52 3.14
XREE 665.62 | 910.54 | 938.43 | 710.90 | 999.61 | 640.63 | 334.87 | 376.62 | 323.62
(La/Sm)n 0.62 0.81 0.80 0.59 0.58 0.62 6.05 4.80 5.08
(Gd/Yb)n 1.87 1.75 171 1.65 222 1.63 2.20 2.33 2.79
Eu/EU 0.30 0.28 0.27 0.34 0.24 0.33 1.17 1.25 1.27

Abbreviations:
C —clot,
G — groundmass;
Hbl — hornblende,
Hst — hastingsite,
Krs — kaersutite,
Prg — pargasite
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Supplementary Table 1V.8. The most important textural features of the studied plagioclase crystals from the
Ditrau Alkaline Massif (Romania)

Groundmass plagioclase Plagioclase in synneusis
Rock . Size Abundance .. | Size
Sample type Habit (mm) Texture (vol%) Habit (mm) Texture
Oriented;
+ sericitized
core;
LBH2 | MDo | I-X 0.2-3 Ap, Ttn, 60 - - -
Zmn
inclusions
Oriented;
Li1sf + sericit.ized
(fine- | Mo [ HX | 032 eore; 40 - - -
grained) Ap, T,
Zrn
inclusions
+ sericitized
0.2-2; core;
LTa29 M 1-X <5 Ap, Ttn, 40 - - -
(megacryst) Zmn
inclusions
+ sericitized + sericitized
0.3-2; core; core;
LTo35 MG I-H <5 Ap, Ttn, 40 I-H | 0.4-2 | Ap, Bt, Opq,
(megacryst) zZm Ttn, Zrn
inclusions inclusions

Abbreviations: M — monzonite, Mo — monzonite with oriented texture, MDo — monzodiorite with oriented texture,
MG — monzogranite;

Ap — apatite, Bt — biotite, Opq — opaque minerals, Ttn — titanite, Zrn — zircon;
I —idiomorphic, H — hypidiomorphic, X — xenomorphic
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Supplementary Table 1V.9. Major (wt%) and trace element (ppm) compositions of the analyzed plagioclase
populations from the Ditrau Alkaline Massif (Romania). Clot-forming plagioclase data are marked in bold, data
of plagioclase in synneusis orientation are marked in italics

Sample LBH2 LB8
Rock type Monzodiorite with oriented texture Diorite
. G G G G G G

Location ¢ ¢ ¢ ¢ G (impinged) | (impinged) | (impinged) | (aggregated) | (aggregated) | (aggregated)
Soot LBH2 | LBH2 LBH2 LBH2 LBH2 LB8 LB8 LB8 LB8 LB8 LB8

p 06_01 | 06_02 24 01 24_02 24 03 14 01 14 02 14 03 20 01 20_02 20_03
Area Core Rim Core Transition Rim Core Core Rim Core Core Rim

(clear) | (clear) [ (sericitized) (clear) (clear) | (sericitized) (clear) (clear) (sericitized) (clear) (clear)

Zonation Unzoned Complex Complex Normal

Major elements (wt%o)

SiO. 64.78 64.17 67.02 64.47 68.16 67.35 65.24 67.47 66.60 67.95 69.38
TiO2 0.01 0.00 0.00 0.00 0.07 0.03 0.00 0.07 0.00 0.00 0.02
Al20s3 21.53 21.53 20.27 21.59 19.49 20.32 22.15 20.41 20.49 20.52 19.71
FeO 0.23 0.11 0.00 0.04 0.00 0.00 0.00 0.00 0.06 0.05 0.05
MnO 0.06 0.00 0.01 0.01 0.00 0.00 0.05 0.05 0.00 0.08 0.06
MgO 0.00 0.01 0.05 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00
CaO 3.10 3.53 1.05 3.20 0.36 1.41 3.14 1.36 1.35 1.16 0.37
Na-0O 9.74 9.63 10.69 9.63 11.36 10.83 9.70 10.90 10.75 11.25 11.15
K20 0.18 0.10 0.04 0.06 0.06 0.05 0.10 0.10 0.10 0.05 0.01
Total 99.64 99.08 99.14 99.01 99.50 100.03 100.37 100.36 99.35 101.06 100.75
An 14.81 16.76 5.12 15.47 171 6.71 15.07 6.42 6.45 5.36 1.80
Ab 84.15 82.70 94.62 84.17 97.92 93.02 84.34 93.01 92.96 94.36 98.13
Or 1.03 0.54 0.26 0.36 0.37 0.27 0.59 0.57 0.60 0.28 0.08

Trace elements (ppm)

Rb 0.93 0.35 12.40 3.65 29.12 1.20 2.60 0.61 14.58 18.40 2.37
Sr 1880.40 | 1787.30 | 1477.55 1857.62 | 1190.99 | 1655.89 1589.35 837.66 1684.74 1757.42 1686.72
Y 0.02 0.02 0.03 0.04 0.66 0.04 <0.0071 0.01 0.02 0.03 0.09
Ba 391.02 | 345.01 598.58 324.73 | 1125.07 512.50 498.73 316.41 739.34 575.92 437.49
La 12.24 10.81 1.81 7.72 11.18 0.97 4.53 0.47 3.73 11.43 0.60
Ce 5.48 4.78 0.91 3.01 7.28 0.40 1.89 0.12 1.73 4.97 0.39
Pr 0.20 0.16 0.07 0.12 0.60 0.04 0.06 0.00 0.06 0.16 0.04
Nd 0.32 0.21 0.09 0.13 1.68 0.03 0.09 <0.00 0.09 0.21 0.08
Sm 0.01 0.00 0.01 0.01 0.24 <0.00 <0.00 <0.00 0.01 0.01 0.02
Eu 0.26 0.18 0.07 0.18 0.28 0.04 0.17 0.03 0.15 0.26 0.16
Gd 0.02 0.01 <0.00 <0.00 0.21 0.01 <0.0183 <0.0167 <0.0266 <0.026 0.01
Th 0.00 0.00 0.00 <0.00 0.02 <0.00249 <0.00 <0.00 <0.00 0.00 0.00
Dy <0.00 0.01 0.01 0.01 0.12 <0.00 <0.00 <0.00 <0.00 <0.00 0.01
Ho 0.00 0.00 <0.0035 0.00 0.03 <0.0026 <0.00 0.00 <0.00 <0.0041 0.01
Er <0.00 0.01 <0.00 0.00 0.03 <0.00 <0.00 <0.00 <0.00 <0.00 0.01
Tm <0.00 0.00 0.00 <0.00 0.01 <0.00248 0.00 <0.00 <0.00 <0.00 <0.00
Yb 0.00 <0.00 <0.00 0.00 0.03 0.00 <0.00 <0.00 <0.00 <0.00 0.01
Lu 0.00 0.00 0.00 0.00 0.01 0.00 <0.00 <0.00 0.00 0.00 <0.00
Hf 0.00 0.01 0.00 0.06 0.12 0.00 <0.00 <0.00 <0.00 <0.00 0.02
Pb 6.52 5.86 1.59 4.96 5.70 2.53 5.95 177 4.86 10.36 6.70
XREE 18.54 16.20 2.99 11.23 22.37 1.54 6.75 0.63 5.79 17.07 1.42
Eu/EU" 65.64 94.07 3.76 29.90
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Supplementary Table 1VV.9. Continued

Sample LB8 LB16f (felsic part) L 118f (fine-grained)
Rock type Diorite D|or|tet\é\:(|tt3rgr|ented Monzonite with oriented texture
Location G G G G G G G G G G G
Spot LB8 LB8 LB8 LB8 LB8 LB8 LB16 LB16 L118 LI118 LI118
3101 31.02 | 3103 52_01 52_02 53_01 12 01 12_02 01 01 01_02 01_03
Area _C(_)r_e Core Rim (;c')r.e Transition Rim Core Rim ('2(')r'e Tr(eilgrs]let:on Tr(e(\)rzjstgll’on
(sericitized) | (clear) | (clear) | (sericitized) (clear) (clear) (clear) (clear) [ (sericitized) clear)’ clear)‘
Zonation Normal Normal Normal Complex
Major elements (wt%o)
SiO2 67.38 68.03 68.19 64.60 64.63 68.78 65.05 67.43 67.16 65.08 65.42
TiO2 0.00 0.00 0.00 0.05 0.08 0.00 0.00 0.00 0.00 0.00 0.10
Al03 20.39 19.88 19.79 22.25 21.87 19.56 22.03 20.59 20.20 21.63 21.33
FeO 0.08 0.00 0.01 0.09 0.07 0.00 0.15 0.00 0.00 0.00 0.08
MnO 0.03 0.00 0.00 0.08 0.00 0.00 0.00 0.06 0.08 0.00 0.00
MgO 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00
CaO 1.25 0.93 0.73 3.53 3.09 0.49 3.05 1.50 1.43 3.02 2.64
Na.O 10.48 11.13 11.06 9.47 9.44 11.42 9.68 10.86 10.60 9.40 9.80
K20 0.00 0.15 0.06 0.11 0.05 0.05 0.06 0.01 0.06 0.11 0.10
Total 99.62 100.12 | 99.84 100.16 99.25 100.30 | 100.02 100.45 99.53 99.23 99.47
An 6.18 4.36 3.50 16.96 15.26 2.32 14.80 7.07 6.92 14.96 12.90
Ab 93.81 94.80 96.16 82.43 84.42 97.42 84.88 92.86 92.76 84.42 86.54
Or 0.01 0.84 0.34 0.61 0.32 0.26 0.32 0.07 0.32 0.62 0.56
Trace elements (ppm)
Rb 10.08 14.02 <0.30 1.49 27.36 131 0.29 11.07 8.96 <0.29 <0.29
Sr 1479.12 1779.50 | 568.46 1651.71 1131.81 | 1415.04 | 1743.44 | 776.73 3814.52 2817.56 2380.04
Y 0.13 0.02 | <0.0046 0.01 0.02 0.00 0.01 0.01 0.15 0.02 0.01
Ba 1307.30 829.54 | 83.30 883.37 1541.85 | 520.87 | 318.34 | 1040.82 202.72 225.84 228.81
La 67.25 5.92 0.66 9.90 0.53 0.71 5.24 0.74 21.41 8.30 3.25
Ce 30.44 2.73 0.22 5.68 0.29 0.43 2.28 0.19 14.93 341 2.10
Pr 1.24 0.12 0.01 0.23 0.01 0.01 0.08 0.00 0.78 0.35 0.08
Nd 1.97 0.11 <0.00 0.39 0.04 0.02 0.16 0.01 1.22 0.75 0.06
Sm 0.12 <0.029 0.01 0.02 <0.00 <0.0169 0.01 0.00 0.06 0.07 <0.0264
Eu 1.30 0.26 0.02 0.39 0.07 0.03 0.17 0.05 0.34 0.17 0.22
Gd 0.07 <0.00 0.02 0.03 <0.031 | <0.0230 0.01 <0.0065 0.08 <0.037 0.01
Tb 0.01 <0.00 <0.00 0.00 0.00 <0.00 0.00 <0.00097 0.01 <0.00 <0.00
Dy 0.02 0.01 <0.00 <0.00 0.01 <0.00 0.00 0.00 <0.00 0.01 <0.00
Ho 0.00 <0.00 <0.00 0.00 <0.00 <0.00 0.00 <0.00 0.01 0.01 <0.00
Er 0.02 <0.00 <0.00 <0.00 <0.00 <0.00 <0.00 <0.00 0.02 <0.00 <0.00
Tm 0.00 <0.00 <0.00 <0.00 <0.00268 0.00 <0.00 <0.00 0.01 <0.00 <0.00
Yb 0.02 <0.00 <0.00 <0.00 <0.00 <0.00 <0.00 0.00 0.01 <0.00 0.01
Lu 0.00 <0.00 <0.00 <0.00 <0.00 <0.00 | <0.00112 | <0.00 <0.00 <0.00 <0.00
Hf 0.03 <0.00 <0.00 <0.00 0.00 <0.00 <0.00 <0.00 0.14 <0.00 <0.00
Pb 7.28 5.33 1.69 4.25 1.49 1.83 8.12 13.74 8.90 7.00 6.11
YREE 102.60 9.17 0.94 16.66 0.98 121 7.95 1.01 39.02 13.08 5.73
Eu/Eu” 42.00 6.72 47.73 62.81 14.55
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Supplementary Table 1VV.9. Continued

Sample L118f (fine-grained) L118c (coarse-grained)
Rock type Monzonite with oriented texture Monzonite
Location G G G G G G G G G G G
Spot LI18 LI18 LI18 LI18 LI18 LI18 LI18 LI18 LI18 LI18 LI18
01_04 02_01 02_02 02_03 02_04 | 3801 38_02 38_03 38_04 40_01 40_02
R I e B e I Il e R B B Bl
sericitized) clear) sericitized) clear)
Zonation Complex Complex Complex Unzoned
Major elements (wt%o)
SiO2 68.93 64.48 67.87 65.26 68.86 65.33 67.88 64.19 65.10 65.02 65.40
TiO2 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.02 0.03 0.00
Al,03 19.77 21.40 19.97 22.09 19.95 21.15 20.01 22.12 21.62 20.93 21.61
FeO 0.04 0.03 0.06 0.13 0.00 0.03 0.06 0.09 0.00 0.15 0.17
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.01 0.00 0.00 0.01
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.00 0.00
CaO 0.59 3.10 0.85 2.99 0.64 2.67 0.70 3.46 3.00 2.68 3.02
Na.0O 11.03 9.56 10.94 9.67 11.20 9.90 10.99 9.71 9.55 9.84 9.69
K20 0.00 0.21 0.04 0.12 0.09 0.07 0.10 0.10 0.06 0.11 0.05
Total 100.36 98.78 99.73 100.26 100.74 | 99.14 99.84 99.70 99.34 98.77 99.94
An 2.85 15.01 4.10 14.48 3.04 12.91 3.38 16.34 14.73 13.01 14.65
Ab 97.15 83.77 95.64 84.83 96.43 86.71 96.07 83.07 84.94 86.33 85.09
Or 0.00 1.21 0.25 0.69 0.53 0.38 0.56 0.58 0.32 0.65 0.27
Trace elements (ppm)
Rb <0.29 <0.28 25.57 <0.27 <0.28 1.36 11.37 0.44 10.12 <0.209 | <0.205
Sr 2011.58 | 2656.49 | 2972.37 2569.77 | 899.59 | 1921.55 | 1720.75 1547.02 | 1902.91 | 2047.03 | 2098.25
Y <0.0051 0.01 1.15 0.01 0.00 0.01 0.05 0.01 0.01 0.01 0.01
Ba 99.29 273.24 673.63 329.15 51.99 | 262.26 331.14 266.31 365.89 | 252.29 | 221.13
La 0.73 6.20 86.13 7.17 0.16 6.33 9.92 12.20 9.42 6.53 7.04
Ce 0.58 2.88 41.96 3.88 0.10 3.63 5.36 5.88 4.68 3.37 3.13
Pr 0.02 0.11 5.96 0.15 <0.00 0.14 0.24 0.22 0.16 0.12 0.12
Nd 0.04 0.17 14.32 0.25 0.01 0.19 0.37 0.44 0.26 0.22 0.16
Sm 0.01 0.02 1.01 0.04 <0.00 0.01 0.01 0.00 0.01 0.01 0.00
Eu 0.07 0.23 0.28 0.22 0.01 0.29 0.32 0.28 0.27 0.23 0.18
Gd <0.0262 0.01 0.48 <0.00 0.01 0.01 <0.024 0.01 <0.031 0.00 <0.037
Th <0.00 <0.00 0.05 <0.0039 | <0.0039 | <0.00 0.00 0.00 0.00 <0.00 0.00
Dy <0.00 <0.00 0.25 <0.00 <0.00 <0.00 0.01 <0.0117 <0.00 <0.00 0.00
Ho <0.00 <0.00 0.04 0.00 <0.00 <0.00 0.00 <0.00 <0.00 0.00 <0.00
Er <0.00 <0.00 0.10 0.00 <0.00 <0.00 0.01 <0.00 0.00 <0.00 <0.00
m <0.00 <0.00 0.01 <0.00 <0.00 <0.00 0.00 <0.00 <0.00 | <0.00276 | <0.0039
Yb <0.00 <0.00 0.05 <0.00 <0.00 <0.00 <0.0120 <0.00 <0.00 <0.00 <0.00
Lu <0.00 <0.00 0.00 <0.00 <0.00 <0.00 <0.00 <0.00 <0.00 <0.00 <0.00
Hf <0.00 <0.00 0.03 <0.00 <0.00 0.00 0.03 <0.00 0.04 <0.0105 0.00
Pb 5.02 6.24 4.42 6.33 1.25 7.30 5.64 7.46 7.23 6.94 7.24
XREE 1.46 9.63 151.79 11.71 0.29 10.61 16.29 19.04 14.82 10.49 10.64
Eu/Eu” 58.16 1.22 103.27 141.00 123.48
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Supplementary Table 1VV.9. Continued

Sample LHH23/1 LTa29
Rock type Monzonite Monzonite
Location G G G C C G G G C C
Spot LHH_23_1 | LHH_23_1 | LHH_23_1 | LHH_23 1 | LHH_23 1 [ LHH_23 1 [ LHH_23 1 [ LHH_23 1 LTa29 LTa29
05_01 05_02 05_03 13 01 13 02 15 01 15_02 15_03 10 01 10_02
Area Qc_)r_e Transition Rim Core Rim Core Transition Rim qu_e Transition
(sericitized) (clear) (clear) (clear) (clear) (clear) (clear) (clear) (sericitized) (clear)
Zonation Complex Normal Complex Normal
Major elements (wt%o)
SiO2 67.80 66.00 68.86 65.92 68.96 65.55 67.36 66.15 63.43 63.41
TiO2 0.00 0.00 0.00 0.00 0.09 0.00 0.01 0.03 0.02 0.00
Al.03 20.56 21.42 19.39 21.46 19.60 21.31 19.90 20.89 23.48 22.93
FeO 0.00 0.00 0.12 0.17 0.24 0.05 0.05 0.03 0.12 0.09
MnO 0.01 0.00 0.06 0.03 0.02 0.01 0.00 0.05 0.00 0.05
MgO 0.01 0.00 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.03
CaO 1.43 2.38 0.46 2.66 0.38 2.58 1.14 2.28 4.73 411
Na.0 10.45 10.25 11.44 9.98 11.37 9.76 10.65 10.05 8.61 9.06
K20 0.03 0.03 0.10 0.09 0.06 0.02 0.02 0.08 0.16 0.20
Total 100.30 100.07 100.43 100.31 100.71 99.28 99.15 99.56 100.56 99.87
An 7.01 11.35 2.18 12.76 1.79 12.73 5.56 11.10 23.08 19.81
Ab 92.82 88.46 97.28 86.72 97.86 87.13 94.31 88.43 76.00 79.06
Or 0.17 0.19 0.55 0.52 0.36 0.13 0.12 0.47 0.92 1.13
Trace elements (ppm)
Rb 9.84 0.23 29.13 <0.198 0.52 8.56 0.72 3.37 19.60 <0.35
Sr 522.62 718.83 32.99 553.94 102.98 507.71 576.22 463.13 2575.57 2456.77
Y 0.02 0.01 1.18 <0.0035 <0.00 0.04 0.02 0.01 0.06 0.03
Ba 125.96 116.78 220.92 230.18 13.06 450.28 133.60 82.63 1119.43 627.24
La 14.60 7.01 1.61 34.22 0.97 14.90 18.81 9.91 13.17 12.24
Ce 4.38 1.71 2.70 9.08 0.24 3.36 4.35 2.45 7.58 5.92
Pr 0.18 0.05 0.29 0.20 0.01 0.09 0.09 0.05 0.31 0.23
Nd 0.28 0.10 1.07 0.19 0.02 0.16 0.09 0.09 0.54 0.28
Sm 0.01 <0.00 0.23 0.01 0.01 0.02 <0.0168 <0.00 0.03 0.01
Eu 0.17 0.11 0.17 0.65 0.07 0.36 0.60 0.30 0.48 0.31
Gd <0.0173 <0.0180 0.16 <0.00 0.01 0.01 <0.0162 0.03 0.02 0.01
Tb <0.00 <0.00 0.04 <0.00 <0.00 0.00 <0.00 <0.00 0.00 0.00
Dy <0.00 <0.00 0.21 <0.0115 <0.00 0.00 <0.00 <0.00 0.02 0.00
Ho <0.00 <0.00281 0.04 <0.00 <0.00 0.00 <0.00 <0.00 0.00 <0.00
Er <0.00 <0.00 0.11 <0.00 <0.00 <0.00 <0.00 <0.00 <0.00 <0.00
™ 0.01 <0.00 0.02 <0.00 <0.00 <0.00 0.01 <0.00 0.00 <0.00
Yb 0.01 <0.00 0.16 <0.00 0.00 0.00 <0.00 <0.00 <0.00 <0.00
Lu 0.00 <0.0029 0.02 <0.00 0.00 <0.00 <0.00 <0.00 0.00 <0.0024
Hf <0.00 <0.00 1.66 <0.00 <0.00 <0.00 <0.00 <0.00 <0.00 0.00
Pb 3.63 4.39 6.29 5.20 0.77 6.19 5.46 3.25 3.88 4.10
XREE 19.65 8.99 8.02 44.34 1.33 18.96 23.97 12.83 22.22 19.04
Eu/EU" 2.62 30.72 69.16 54.32 110.32

168



Supplementary Table 1VV.9. Continued

Sample LTa29
Rock type Monzonite
Location C C C C G G M M M M
Spot LTa29 LTa29 LTa29 LTa29 LTa29 LTa29 LTa29 LTa29 LTa29 LTa29
10 03 27 01 27 02 27 03 29 01 29 02 40 01 40 02 40 03 44 01
. - . . Transition Transition
Area ((:Ffe?r) (ser(i:c?triied) Tr(i?eselltrl)on (gé;) (ser(i:c(i)triied) (Sér:r) (cclg;er) (innermost, |- (intermediate, (g(e);?)
sericitized) clear)
Zonation Normal Reverse Reverse Normal
Major elements (wt%o)
SiO2 64.16 67.94 63.97 64.21 65.38 64.51 61.11 59.52 63.31 61.41
TiO2 0.00 0.00 0.00 0.00 0.05 0.08 0.04 0.00 0.00 0.00
Al,O3 22.55 20.04 22.89 22.60 21.56 22.38 24.55 24.30 23.20 24.25
FeO 0.26 0.17 0.12 0.07 0.00 0.19 0.14 0.09 0.00 0.02
MnO 0.10 0.15 0.01 0.00 0.00 0.00 0.03 0.09 0.00 0.05
MgO 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.01 0.03 0.00
CaO 3.97 0.69 4.05 3.97 2.78 3.97 6.11 5.38 4.82 6.03
Na.0O 9.25 10.51 9.26 9.03 9.81 9.24 7.88 5.75 8.20 7.77
K20 0.09 0.97 0.03 0.12 0.15 0.05 0.09 2.28 0.10 0.10
Total 100.39 100.46 100.33 100.01 99.73 100.45 99.96 97.43 99.66 99.61
An 19.07 3.29 19.44 19.40 13.43 19.16 29.81 29.08 24.39 29.84
Ab 80.38 91.17 80.40 79.88 85.70 80.55 69.66 56.26 75.02 69.59
Or 0.54 5.53 0.17 0.72 0.87 0.29 0.54 14.66 0.58 0.56
Trace elements (ppm)
Rb <0.37 23.23 7.96 2.04 34.33 <0.35 35.19 42.94 2.58 <0.35
Sr 2367.73 898.10 2385.17 2408.50 1949.33 2470.5 3518.83 5051.42 3600.01 3905.78
Y 0.04 0.20 0.02 0.01 0.06 0.01 0.05 0.94 0.02 0.02
Ba 538.68 313.51 796.80 423.80 1047.80 298.82 1429.38 443.80 726.28 813.81
La 9.91 2.28 6.45 7.20 4.28 8.30 19.68 39.66 12.57 15.74
Ce 4.50 0.80 2.57 2.84 2.17 3.35 12.65 28.41 6.99 9.09
Pr 0.15 0.10 0.09 0.08 0.07 0.11 0.55 2.00 0.25 0.36
Nd 0.27 0.29 0.15 0.15 0.14 0.16 0.89 3.92 0.41 0.55
Sm 0.01 0.06 0.01 <0.0149 0.01 0.02 0.05 0.43 0.02 0.01
Eu 0.21 0.04 0.21 0.22 0.09 0.24 0.52 0.82 0.45 0.42
Gd <0.00 0.03 <0.0142 <0.0144 <0.015 <0.0148 0.02 0.23 <0.0252 0.00
Th <0.00 0.01 <0.00 <0.00 <0.00249 <0.00 0.00 0.04 0.01 0.00
Dy <0.0094 0.04 <0.00 0.00 0.01 <0.00 0.01 0.19 <0.00 0.00
Ho 0.00 0.01 <0.00 <0.00 <0.00 0.00 0.00 0.05 0.00 <0.00
Er <0.00 0.02 <0.00 <0.00 <0.00 <0.00 0.00 0.12 0.00 0.00
™™ 0.00 0.00 <0.00 <0.00 <0.00 <0.00237 0.00 0.02 0.00 <0.00
Yb <0.00 0.01 <0.00 <0.0101 <0.00 <0.00 <0.00 0.13 0.00 0.00
Lu 0.00 0.00 <0.00 <0.00 <0.00 <0.00 0.00 0.01 <0.00 <0.00
Hf <0.00 0.05 <0.00 <0.00 0.01 0.00 0.00 0.02 0.00 <0.00
Pb 3.78 1.46 3.68 3.61 2.27 3.36 3.71 6.43 3.75 3.72
XREE 15.08 391 9.49 10.50 6.82 12.19 34.42 76.97 20.72 26.20
Eu/EU” 3.14 58.27 7.85 277.37
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Supplementary Table 1VV.9. Continued

Sample LTa29 LTo35
Rock type Monzonite Monzogranite
Location M M G G G G G G G G S
Spot LTa29 LTa29 LTo35 LTo35 LTo35 LTo35 LTo35 LTo35 LTo35 LTo35 LTo35
44 02 44 03 03_01 03_02 03_03 12_01 12_02 12_03 12_04 12_05 14 01
Transition . s - Transition Transition Transition .
Area (outermost, (cF:ér:r) (sericc(i)triied) Tr(ir;:grl)o ! (Sér;]r) (ser(i:c(i)triezed) (innermost, | (intermediate, | (outermost, (cFicler:r) (ser?c?triezed)
clear) clear) sericitized) clear)
Zonation Normal Normal Complex Complex
Major elements (wt%o)
SiO2 63.91 69.44 65.03 64.93 69.26 67.21 64.96 65.82 64.70 65.13 62.46
TiO2 0.06 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.02 0.01 0.00
Al03 22.67 19.37 21.21 21.10 19.13 20.29 21.47 21.21 21.48 21.61 22.87
FeO 0.05 0.03 0.00 0.09 0.07 0.00 0.17 0.04 0.07 0.07 0.23
MnO 0.02 0.00 0.00 0.01 0.00 0.07 0.00 0.00 0.07 0.00 0.00
MgO 0.01 0.00 0.00 0.04 0.00 0.06 0.03 0.00 0.00 0.00 0.00
CaO 417 0.05 2.72 2.79 0.19 1.36 3.25 2.58 2.88 3.18 4.93
Na.0O 8.87 11.50 10.11 9.82 11.64 10.68 9.73 9.99 9.76 9.51 8.49
K20 0.09 0.05 0.15 0.20 0.14 0.14 0.18 0.04 0.07 0.06 0.09
Total 99.84 100.44 99.22 98.99 100.44 99.81 99.79 99.68 99.05 99.58 99.08
An 20.51 0.24 12.82 13.43 0.91 6.50 15.40 12.45 13.96 15.56 24.18
Ab 78.95 99.48 86.33 85.46 98.31 92.68 83.57 87.34 85.65 84.09 75.28
Oor 0.54 0.27 0.85 1.12 0.78 0.82 1.02 0.20 0.39 0.34 0.55
Trace elements (ppm)
Rb 1.25 7.05 14.03 <0.31 <0.29 1.80 0.67 <0.28 31.59 <0.44 <0.29
Sr 2988.40 | 1780.27 876.56 788.96 254.57 1165.31 1527.10 826.67 1019.01 | 799.69 758.21
Y 0.02 0.09 0.07 0.03 <0.0051 0.07 0.08 0.03 0.30 0.03 0.03
Ba 713.35 495.97 61.31 149.06 9.24 95.48 547.44 87.47 280.57 90.44 63.72
La 12.99 1.53 1.15 4.67 0.07 3.27 17.79 5.82 5.92 3.91 1.70
Ce 6.28 1.76 1.41 4.45 0.07 3.72 17.97 4.48 6.60 3.69 1.94
Pr 0.23 0.07 0.13 0.29 0.00 0.28 121 0.28 0.58 0.25 0.16
Nd 0.35 0.14 0.32 0.57 0.01 0.68 2.75 0.69 1.40 0.48 0.36
Sm 0.00 0.02 0.02 0.05 <0.00 0.05 0.22 0.04 0.26 0.03 0.04
Eu 0.38 0.04 0.03 2.01 0.39 1.56 4.48 1.90 1.85 1.82 1.65
Gd <0.0156 | <0.0170 0.05 0.04 <0.0142 | <0.0154 0.07 0.02 0.06 0.01 0.01
Tb 0.00 <0.0027 0.00 0.00 <0.00 0.00 0.00 0.00 0.01 0.00 0.00
Dy 0.00 0.00 0.02 0.01 <0.00 0.00 0.02 0.01 0.04 <0.00 0.01
Ho <0.00 0.00 <0.00 <0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.00
Er 0.00 0.01 0.01 0.00 <0.00 0.00 0.00 0.01 0.02 <0.00 0.00
Tm 0.00 <0.0027 <0.00 <0.00 <0.00 <0.00 <0.00 <0.00 0.00 <0.00 <0.00
Yb 0.01 0.01 0.01 <0.00 <0.0100 | <0.0108 0.00 <0.00 0.03 <0.00 <0.00
Lu <0.00268 0.00 0.00 <0.00 <0.00 <0.0026 0.00 <0.00 0.01 0.00 <0.00
Hf <0.00 0.00 <0.00 <0.00 <0.00 <0.00 <0.00 <0.00 0.03 <0.00 <0.00
Pb 4.40 2.54 1.02 10.20 217 12.67 12.13 10.82 12.86 10.03 10.48
YREE 20.27 3.67 3.22 12.12 0.54 9.65 44.60 13.30 17.09 10.23 5.89
Eu/Eu” 2.94 140.37 11411 181.65 45.09 294.43 229.08
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Supplementary Table 1VV.9. Continued

Sample LTo35
Rock type Monzogranite
Location S S S S S S S G G G G G
Spot LTo35 LTo35 LTo35 LTo35 LTo35 | LTo35 LTo35 LTo35 LTo35 LTo35 LTo35 LTo35
14 02 14 03 14 04 14_05 14 06 | 19 01 19 02 43 01 43 02 43 03 43 04 63_01
e (Tt | || | |y | oy | o | | (B g
sericitized) clear) sericitized)
Zonation Complex Normal Unzoned Complex Complex
Major elements (wt%o)
SiO2 61.34 59.79 61.12 65.94 65.25 | 64.54 64.17 65.34 63.46 65.37 69.08 64.21
TiO2 0.05 0.00 0.05 0.00 0.00 0.00 0.04 0.00 0.01 0.00 0.07 0.04
Al03 23.60 20.48 24.39 21.59 21.93 | 22.18 21.75 21.69 21.06 21.65 19.15 22.50
FeO 0.07 0.08 0.05 0.00 0.06 0.15 0.19 0.02 0.80 0.05 0.00 0.09
MnO 0.10 0.00 0.00 0.00 0.13 0.00 0.04 0.03 0.02 0.00 0.04 0.01
MgO 0.01 0.04 0.01 0.01 0.00 0.00 0.00 0.01 0.23 0.00 0.00 0.00
CaO 5.49 3.54 5.98 3.18 331 3.27 3.54 3.21 2.50 2.98 0.15 341
Na.0O 8.07 8.20 8.14 9.70 9.61 9.30 9.38 9.75 9.58 9.87 11.38 9.51
K20 0.28 0.05 0.03 0.19 0.07 0.24 0.13 0.09 0.17 0.04 0.09 0.09
Total 99.02 92.18 99.77 100.62 | 100.37 | 99.69 99.25 100.14 97.83 99.95 99.95 99.86
An 26.88 19.22 28.83 15.16 1591 | 16.03 17.13 15.33 12.48 14.25 0.72 16.43
Ab 71.48 80.44 71.01 83.75 83.68 | 82.57 82.14 84.18 86.49 85.53 98.76 83.05
Oor 1.64 0.34 0.16 1.09 0.41 1.40 0.73 0.49 1.03 0.21 0.52 0.52
Trace elements (ppm)
Rb <0.30 1.17 0.84 25.50 <0.37 | 0.31 21.35 0.63 0.47 <0.27 <0.28 26.29
Sr 765.05 781.45 949.00 945.11 884.57 | 146.85 947.23 789.43 792.88 757.33 192.94 1004.12
Y 0.02 0.02 0.08 0.28 0.04 0.06 2.17 1.06 0.03 0.01 <0.0052 0.10
Ba 71.61 75.87 114.07 87.10 73.71 | 11.02 54.95 76.01 61.46 44.33 5.75 95.48
La 2.64 2.69 4.22 11.61 2.26 1.04 23.08 5.69 2.52 1.35 0.04 1.17
Ce 2.62 2.98 4.35 12.28 2.37 1.25 31.62 7.26 2.40 1.37 0.08 1.18
Pr 0.18 0.23 0.32 0.81 0.17 0.09 2.54 0.72 0.16 0.11 0.01 0.09
Nd 0.44 0.48 0.89 1.72 0.45 0.21 6.79 2.42 0.36 0.25 <0.00 0.14
Sm <0.0151 0.06 0.10 0.18 0.04 0.02 0.92 0.31 0.03 0.03 <0.00 0.03
Eu 1.66 151 2.13 111 1.73 0.17 0.32 1.85 1.55 1.40 0.14 0.15
Gd 0.03 0.05 0.07 0.08 <0.019 | 0.03 0.62 0.38 0.01 <0.0146 | <0.0146 | <0.0146
Tb <0.00234 0.00 0.00 0.01 0.00 0.00 0.09 0.03 0.00 0.00 <0.00 0.00
Dy 0.00 0.01 <0.00 0.03 0.01 0.02 0.44 0.21 0.01 0.01 <0.00 0.02
Ho 0.00 0.00 <0.00 0.01 0.00 0.00 0.09 0.04 0.00 <0.00 <0.00 0.00
Er <0.00 | <0.0107 0.03 0.01 <0.00 | 0.00 0.15 0.07 <0.00 0.00 <0.00 0.01
™ 0.00 <0.00 <0.00 0.00 <0.00 | 0.00 0.02 0.01 <0.00 0.00 <0.00 0.00
Yb <0.00 0.01 0.02 0.03 0.01 0.00 0.09 0.07 <0.00 <0.00 0.00 0.01
Lu <0.00 0.00 <0.00 0.00 <0.00 | <0.00 0.02 0.01 <0.00 <0.00 <0.00 0.00
Hf <0.00 <0.00 0.01 0.02 <0.00 | 0.02 0.29 <0.00 <0.00 <0.00 0.00 0.01
Pb 10.43 10.84 11.96 8.34 10.58 2.14 6.97 10.30 9.35 8.38 1.76 1.27
XREE 7.60 8.04 12.22 28.16 7.08 2.90 68.96 20.12 7.07 4.55 0.27 2.89
Eu/Eu” 86.28 79.78 28.22 19.72 1.30 16.47 256.86
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Supplementary Table 1VV.9. Continued

Sample LTo35 LN50/1 LBH55/1
Rock type Monzogranite Monzogranite Monzodiorite with oriented texture
Location G G G G G G G G G G G
Spot LTo35 LTo35 LTo35 LTo35 | LN50_1 | LN50_1 | LBH55_1 | LBH55 1| LBH55_1 |LBH55 1 | LBH55_1

63_02 63_03 63_04 63_05 | 28 01 | 28 02 04_01 04_02 20 01 20_02 20_03

_Transitipn Core Transition Rim Core Rim Core Rim Core Rim Transition

Area (intermediate, (outermost, L L

clear) (clear) clear) (clear) | (clear) (clear) | (sericitized) | (clear) | (sericitized) | (clear) (clear)
Zonation Complex Normal Reverse Complex
Major elements (wt%o)
SiO2 64.38 65.19 65.88 68.69 | 67.78 69.18 67.53 64.10 66.97 68.87 64.84
TiO2 0.10 0.06 0.00 0.05 0.03 0.00 0.00 0.06 0.00 0.00 0.08
Al,03 22.48 21.68 21.88 19.75 | 21.03 19.83 20.69 21.76 21.13 20.44 21.93
FeO 0.12 0.11 0.00 0.12 0.10 0.02 0.00 0.32 0.07 0.07 0.14
MnO 0.04 0.00 0.00 0.05 0.00 0.00 0.00 0.04 0.06 0.01 0.00
MgO 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.02 0.04 0.00 0.00
CaO 3.81 3.27 3.18 0.39 1.67 0.84 1.58 3.57 1.92 1.18 3.46
Na.0O 9.28 9.62 9.74 1128 | 10.72 11.40 10.48 9.12 10.57 10.92 9.44
K20 0.10 0.07 0.01 0.08 0.28 0.11 0.13 0.11 0.18 0.04 0.06
Total 100.32 100.00 100.68 100.43 | 101.61 | 101.39 100.41 99.10 100.94 101.52 99.95
An 18.39 15.76 15.27 1.85 7.79 3.89 7.64 17.67 9.04 5.64 16.78
Ab 81.02 83.85 84.67 97.70 | 90.64 95.51 91.62 81.71 89.95 94.12 82.85
Or 0.59 0.40 0.06 0.44 1.58 0.60 0.74 0.62 1.01 0.24 0.37
Trace elements (ppm)
Rb 0.37 31.83 0.60 <0.27 4.13 6.50 53.26 2.43 42.79 <0.24 0.67
Sr 787.91 780.68 762.98 77161 | 99.87 | 173.82 1371.54 1138.54 1223.05 830.69 1315.26
Y 0.03 0.31 0.04 0.03 1.60 2.58 0.19 0.02 0.30 0.02 0.01
Ba 89.56 71.99 70.67 55.17 | 85.66 | 147.03 1660.98 412.30 685.33 76.82 388.86
La 2.71 8.07 3.73 153 1.82 2.97 61.82 20.66 15.04 1.87 14.10
Ce 3.01 8.70 3.07 1.75 2.66 4.65 34.61 9.71 9.47 0.81 5.97
Pr 0.25 0.62 0.21 0.14 0.38 0.56 1.44 0.33 0.69 0.03 0.18
Nd 0.49 1.40 0.44 0.33 115 1.89 2.14 0.46 1.87 0.04 0.33
Sm 0.05 0.14 0.05 0.04 0.22 0.36 0.08 <0.0180 0.32 <0.00 0.01
Eu 1.73 1.19 1.61 1.34 0.06 0.10 2.41 0.77 0.69 0.10 0.54
Gd 0.03 0.05 0.02 0.01 0.23 0.31 0.04 0.02 0.12 <0.00 <0.00
Th 0.00 0.01 0.00 0.00 0.02 0.05 0.01 <0.00280 0.01 <0.0032 0.00
Dy 0.01 0.06 0.01 0.00 0.22 0.31 0.04 <0.0108 0.04 <0.00 <0.00
Ho 0.00 0.01 0.00 0.00 0.04 0.08 0.00 <0.00 0.02 <0.00 <0.00
Er 0.00 0.04 0.00 0.01 0.09 0.21 0.01 0.00 0.02 0.01 <0.00
Tm 0.00 0.01 <0.00230 0.00 0.01 0.04 0.00 0.00 0.01 <0.00311 <0.00
Yb <0.00 0.02 <0.00 0.00 0.08 0.21 0.02 <0.00 0.02 0.00 <0.00
Lu <0.00 0.00 <0.00 <0.00 0.02 0.03 0.00 <0.00 0.00 <0.00 <0.00
Hf <0.00 0.03 0.01 <0.00 0.97 1.46 0.09 <0.00 0.16 0.02 <0.00
Pb 10.24 8.07 8.82 9.06 2.99 4.66 3.76 5.08 3.76 1.31 5.06
XREE 8.31 20.64 9.17 5.19 8.60 14.36 102.82 31.96 28.61 2.88 21.14
Eu/EU” 151.65 41.89 181.10 19351 | 0.78 0.91 121.36 10.73
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Supplementary Table 1VV.9. Continued

Sample LBH55/1
Rock type Monzodiorite with oriented
texture
Location G G
Spot LBH55_1 LBH55_1
28 01 28 02
Area Core Rim
(clear) (clear)
Zonation Unzoned
Major elements (wt%o)
SiO; 64.70 64.63
TiO2 0.06 0.00
Al,O3 22.55 22.73
FeO 0.01 0.19
MnO 0.02 0.03
MgO 0.00 0.03
CaO 3.88 3.99
Na.O 9.40 8.99
K0 0.16 0.19
Total 100.79 100.78
An 18.39 19.48
Ab 80.72 79.44
Or 0.89 1.08
Trace elements (ppm)
Rb 3.83 1.94
Sr 1138.49 1225.30
Y 0.02 0.02
Ba 569.68 557.65
La 25.42 40.91
Ce 11.91 27.43
Pr 0.42 1.29
Nd 0.56 2.52
Sm 0.00 0.08
Eu 0.73 0.64
Gd <0.0168 0.04
Tbh 0.00 <0.0027
Dy <0.00 <0.00
Ho <0.00 <0.00
Er <0.00 0.00
™ <0.00 <0.00
Yb <0.00 <0.00
Lu <0.00 <0.00
Hf <0.00 0.00
Pb 4.59 4.65
YXREE 39.06 72.92
Eu/EU” 35.97

Abbreviations: C — clot, G — groundmass, M — megacryst, S — synneusis
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Where it all began: the author and her Dad at a drilling site in Altheim (Austria), 1998
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