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Abstract: The felsic suite in the northern part of the Ditrău Alkaline Massif has previously been considered as a homo-
geneous, uniform unit of the igneous complex. However, these felsic rocks exhibit remarkable diversity on 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 (characterised by Eu/Eu* = 2.5–6.7, ΣREE = 125–206 ppm and Eu/Eu* = 1.0–1.1,  
ΣREE = 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 recognising 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 Ba, Sr, TiO2 and ΣREE concentrations in different domains of the zoned 
amphibole crystals and variations in the MgO, FeO, TiO2, 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.

Keywords: Eastern Carpathians, Ditrău Alkaline Massif, felsic cumulate, hybridisation, magma mixing, mineral  
chemistry

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 & Bachmann 2010; Coint et al. 
2013). In contrast, mineral textures and composition – parti
cularly mineral-scale trace element compositions and compo-
sitional variation – record igneous processes more accurately 
(e.g., crystal transfer and recycling, fractional crystallisation, 
magma mingling and mixing), including the associated hete
rogeneity of the magmatic system (Słaby et al. 2007, 2011; 
Coint et al. 2013; Barnes et al. 2016). During magma mixing 
or crystal recycling, the crystallising minerals come into con-
tact with magmas of distinct physicochemical properties 
(Słaby et al. 2007), which then create a subtle-to-drastic, crys-
tal-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 & 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 the changes in the melt composition or 
other intensive parameters (e.g., pressure and temperature;  
Słaby et al. 2007, 2011; Coint et al. 2013). In mafic-to-mode
rately 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 mine
rals may record near-liquidus to near-solidus evolution of 
magmas, which thus reflect their relatively large stability 
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fields and refractory nature (slow diffusivities for key compo-
sitional 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 crys
tallises over an extensive spectrum of magma compositions, 
as well as over a large range of temperature (e.g., Wiebe  
1968; Anderson 1984; Blundy & Wood 1991; Putirka 2005). 
Although the concentration of trace elements and the type of 
trace elements that are incorporated by plagioclase are signifi-
cantly lower than in clinopyroxene and amphibole crystals, 
some of the elements (e.g., Sr and Ba) are particularly useful 
for deciphering the igneous processes (Blundy & Shimizu 
1991; Ginibre et al. 2002; Grogan & Reavy 2002). Intracrys-
talline diffusion and thus the equilibration of major elements 
and several trace elements (e.g., Sr, Ba, REEs) is slow, and 
their concentration commonly records compositional and 
other changes of intensive parameters of the host magmas pre-
cisely (e.g., pressure and temperature; Smith et al. 2009).

The main objective of this research was to discern which of 
the studied mafic minerals (magmatic and secondary amphi-
bole, 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 composi-
tions are presented to further understand the petrogenesis of 
the felsic suite in the northern part of the Ditrău Alkaline 
Massif (DAM), thereby complementing previous field and 
petrographic observations.

Geologic setting

The DAM is situated in the Eastern Carpathians (Romania) 
and belongs to the Dacia Mega-Unit (Fig. 1A, B). It forms  
the south-western and southern areas of the Giurgeu Mts. and 
extends over an area of ca. 225 km2. The massif consists of 
different rock types in a spectrum from ultramafic cumulates 
to granitoid rocks (Streckeisen & Hunziker 1974; Jakab  
1998; Kräutner & Bindea 1998; Morogan et al. 2000; Pál-
Molnár 2000; Batki et al. 2014; Pál-Molnár et al. 2015a, b; 
Fig. 1C).

In the Middle-Late Triassic, an igneous event occurred near 
the southern margin of the East European craton in an intra-
plate, rift-related, extensional tectonic regime. Recent geo-
chronological data suggest a brief magmatic period 
(Ladinian–Norian) for the formation of the DAM (e.g., Pál-
Molnár et al. 2021; Klötzli et al. 2022). The Variscan meta-
morphic 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. 1B). An eastward-verging nappe system was 
established as a result of the Cretaceous (Austrian) tectogene-
sis. It is referred to as either Eastern Getides (Balintoni 1997) 
or Median Dacides (Săndulescu 1984). The Infrabucovinian, 

Subbucovinian, and Bucovinian Nappes (with pre-Alpine 
metamorphic rocks and Permo–Mesozoic cover series) make 
up the Median Dacides (Săndulescu 1984). Pre-Alpine, petro-
graphically-analogous tectonic units occur in the Subbuco
vinian and Bucovinian Nappes. The DAM is structurally 
associated with the Bucovinian Nappe (Fig. 1B) and juxta-
posed with four of its pre-Alpine metamorphic terranes (Bretila, 
Tulgheş, Negrişoara, and Rebra Lithogroups; 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 (Kräutner & Bindea 1995).

In the northern part of the DAM, from west to east, the mas-
sif comprises a sequence of ultramafic and mafic cumulates 
that grade into gabbro, diorite (s.l.), monzonite, syenite,  
quartz syenite, and granite (Fig. 1C). Nepheline syenite forms 
an extensive area in the central and eastern parts of the massif, 
associated with minor syenite and granite (Pál-Molnár 2000; 
Pál-Molnár et al. 2015a, b). The spatially-related (ultra)mafic 
rocks [hornblendite, gabbro, and diorite (s.l.)] in the north-
western part of the massif form a lithostratigraphic unit of  
a complex structure [referred to as the Tarnița Complex  
(Pál-Molnár 2000)]. Apart from the mingling structures of dif-
ferent diorite types (s.l.) (Fig. 2A) near the confluence of  
the Pietrăriei de 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 Ditrău–Hagota road (central part of 
the DAM), evidenced by mafic enclaves (Fig. 2B) and large 
mafic (Fig. 2C), as well as felsic cumulate fragments (Fig. 2D).  
The rocks of the massif are crosscut by lamprophyre, (nephe-
line) syenite, ijolite, and tinguaite dykes (Pál-Molnár 2000; 
Batki et al. 2014; Pál-Molnár et al. 2015a, b; Fig. 2A, E).  
Wall rock xenoliths are present along the contact between 
syenite, monzogranite, and the metamorphic country rocks 
(e.g., Kräutner & Bindea 1995; Kiri et al. 2022; Fig. 3C). 
Based on amphibole thermobarometry, the (ultra)mafic cumu-
lates are lower-crust derived (Pál-Molnár et al. 2015a); whereas 
granite was emplaced at middle to upper crustal depths  
(Pál-Molnár et al. 2015b). P–T conditions for the formation  
of other lithologies are not available (e.g., monzonite and 
syenite).

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; Kovács & Pál-Molnár 2005). 
Nevertheless, recent investigations have suggested that the 
felsic rocks were formed in an open-system magmatic envi-
ronment (e.g., Batki et al. 2018; Heincz et al. 2018; Ódri et al. 
2020; Kiri et al. 2022). A detailed petrographic study of the 
felsic suite in the northern area of the DAM revealed micro-
textural features (e.g., mafic clots, plagioclase crystals in 
synneusis relation, adjacent plagioclase feldspars with dis
parate zoning patterns, country rock xenoliths) indicative of 
dynamic magmatic conditions (e.g., crystal transfer and recy-
cling, cumulate formation, magma mixing and mingling, as 
well as wall rock assimilation; Kiri et al. 2022). However, 
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sparse geochemical data for the felsic rocks (e.g., Batki et al. 
2018; Ódri et al. 2020) and the lacking mineral-scale compo-
sitional 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: Magma1 (M1) of basanitic composition, 

parental to (ultra)mafic cumulates and rocks of the Tarnița 
Complex along with Magma2 (M2) that evolved to a phono-
litic 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).

Fig. 1. A — Position of the Ditrău 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 Săndulescu et al. 1981). C — Sampling sites of various rock 
types (details in legend) in the schematic geological map of the northern part of the massif (modified after Pál-Molnár et al. 2015a). The figure 
is modified after Kiri et al. (2022).
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Materials and analytical methods

Samples

A 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 1; Supplementary Table S1). 
In line with the classification schemes used in previous studies 
(e.g., Pál-Molnár 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 compara
bility. Two groups of felsic rocks were identified in accordance 
with field occurrences and microtextures: Group 1 – felsic 
rocks (diorite) with a minor mafic mineral content, spatially-
associated with mafic cumulates (plagioclase-bearing pyro

xene hornblendite) and Group 2 – felsic rocks (monzodiorite, 
monzogranite, monzonite, nepheline-bearing syenite, quartz 
monzonite, quartz syenite, syenite, syenogranite), which com-
prise mafic minerals and aggregates and are not spatially asso-
ciated with mafic cumulates (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. 3A). 
The 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 & Collins 2011;  
Fig. 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. 3B–D). 

Fig. 2. Field evidence for interactions between different magma batches. A — Syenite dyke crosscutting the host rock and the mafic enclaves 
in the Tarnița Complex. B — Mafic enclaves. C — Mafic cumulate fragment. D — Felsic cumulate fragment. E — Nepheline syenite and 
lamprophyre dykes in outcrops along the Ditrău–Hagota road.

http://geologicacarpathica.com/data/files/supplements/GC-74-4-Kiri-TablesS1-S9.xlsx
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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. 4E–H; Supplementary  

Table S1). 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 that of Group 1; 
thus indicating crystal accumulation (Fig. 4C, D).

Fig. 3. Macroscopic textural characteristics of the studied rocks (modified after Kiri et al. 2022). A — Disseminated biotite flakes. B — Contact 
(highlighted by a 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 a red dashed line. D — Isolated and 
clot-forming amphibole crystals. E, 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.

http://geologicacarpathica.com/data/files/supplements/GC-74-4-Kiri-TablesS1-S9.xlsx
http://geologicacarpathica.com/data/files/supplements/GC-74-4-Kiri-TablesS1-S9.xlsx
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Exposures are rare due to recent recultivation and dense 
vegetation; hence, samples were collected from in situ out-
crops from hillsides and the valleys of creeks.

The rocks to be analysed for bulk rock and/or mineral com-
positions (Table 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.

Bulk-rock major and trace element analyses

The representative felsic rock samples were powdered  
and analysed at the Bureau Veritas Mineral Laboratories 
(ACMELabs, Vancouver, Canada). The whole-rock composi-
tion of plagioclase-bearing pyroxene hornblendite and lam-
prophyre was not determined (they were only characterised 
petrographically) as comprehensive data for similar rock types 
are readily available in previous research (e.g., Batki et al. 
2014; Pál-Molnár 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. The samples were split and a 0.2 g sample was used 
for LiBO2/Li2B4O7 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 mea
surements). After ignition at 1000 °C for 4 hours, the weight 
difference was applied to calculate the loss on ignition (LOI).

In situ mineral major and trace element analyses

Mineral major and trace element concentrations were deter-
mined on crystals from polished thin sections (30 μm thick-
ness). 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) – inclu
ding amphibole and clinopyroxene crystals of plagioclase-
bearing pyroxene hornblendite (LB16m) and lamprophyre 
(LO52/1; Figs. 3E, F and 4I, J) that were measured for compa
rison. 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 composi-
tional differences. It must be elucidated that the term “ground-
mass” 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.

The zonation and compositional variation of the minerals 
were investigated optically (by transmitted light and back-
scattered electron microscopy) and characterised quantita-
tively (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, Eötvös 
Loránd University, Budapest, Hungary was applied to acquire 
backscattered electron images (Fig. 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.

Both major- and minor element concentrations of minerals 
were determined by electron microprobe in wavelength dis-
persive 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, utilising a focused beam. 
Elements analysed for all sample phases (10 and 5 second 
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; Al2O3: Al; andradite: Ca; Fe2O3: Fe; MnTiO3: Mn, Ti; 
olivine: Mg; orthoclase: K), of which albite, andradite, and 
olivine were also repeatedly analysed as quality control.

The 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 analysed as for the EMPA. Ablation was 
performed with a round laser beam of different diameters 
(amphibole: 20 and 30 μm; clinopyroxene: 30 μm; plagioclase: 
20, 30, and 50 μm) with a frequency of 10 Hz and a fluence of 
4 J cm–2 on the sample surface. The ablations were performed 
in a mixed Ar (~0.9 l/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 mea
sured respectively, each with a dwell time of 10 ms. Three 

Fig. 4. Characteristic micro-scale textural features of the studied rocks. A — Impinging plagioclase crystals (marked by the red arrows), +N 
(crossed polars); B — Chain structure of plagioclase crystals in parallel orientation (the aggregate is highlighted by a 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 a red dashed line), +N; E, F — Amphibole aggregates, 1N (plane polarised light); G — Polymineralic AmpCpxTtnOpqBt 
aggregate, 1N; H — AmpBt clusters, 1N; I, J — Orbicular inclusions with a clinopyroxene core rimmed by amphibole and biotite crystals, 1N. 
Clot type abbreviations: AmpBt – amphibole + biotite cluster, AmpCpxTtnOpqBt – amphibole + clinopyroxene + titanite + opaque minerals  
± biotite aggregate. The names of the minerals were abbreviated following the classification scheme of Whitney & Evans (2010).
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Fig. 5. Representative SEM images of the studied crystals showing where individual analyses were performed. Symbols with black rim mark 
analyses on clot-forming crystals. A, B — Groundmass and orbicular inclusion-derived clinopyroxene, respectively; C — Groundmass actin-
olite; D, E — Clot-forming amphibole; F — Isolated amphibole; G — Reversely-zoned and H — complexly-zoned plagioclase crystal.
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analyses of the external standard NIST610 were followed  
by analysis of quality control reference materials NIST612 
and BCR-2G, as well as twelve analyses 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. Ablation signals were individually 
screened for contaminated analyses. To determine trace ele-
ment concentrations off-line, Glitter software (van Achter
bergh et al. 2001) was used with a linear extrapolation across 
external standards and SiO2 determined by electron micro-
probe as the internal standard. Reference material composi-
tions are the preferred values provided at GeoReM (http://
georem.mpch-mainz.gwdg.de/).

Results

Whole-rock major and trace element data

The results of the bulk-rock geochemical analyses can be 
found in Table 1. Based on their Chemical Index of Alteration 
(CIA; Nesbitt & Young 1982), the studied samples were sub-
jected to either no weathering or weak weathering. The SiO2 
composition of the analysed rocks covers a wide spectrum 
(53.4–75.7 wt %; Fig. 6A). Due to their high Na2O+K2O con-
tent (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. 6A).

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

There is a negative correlation between the concentration of 
SiO2 and Fe2O3, MgO, TiO2, MnO, and CaO (Fig. 6D–H).  
In contrast, the data points are scattered for Na2O and K2O 
(Fig. 6I, J).

The differentiation index (D.I., 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 1].

Three trends can be identified according to the chondrite-
normalised REE patterns of the rocks (Fig. 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 (HREEs; 
Table 1). These samples have the highest positive Eu anomaly 
(Eu/Eu* = 2.5–6.7; Fig. 7A); (b) the majority of the analysed 
samples [LB8 and LB16f (diorites), LI18c–f and LTa29  
(monzonites) and LTo35 (monzogranite)] have overlapping, 

parallel REE patterns (Fig. 7C) and an insignificant Eu ano
maly (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 ΣREE concentration (104–523 ppm). Similarly to the 
rocks of trend (a), the latter are also characterised by a marked 
enrichment in LREE and a minor increase in the HREE  
content (Table 1); whereas (c) sample LN50/1 (monzogranite) 
has a distinct negative Eu anomaly (Eu/Eu* = 0.53; Fig. 7E).  
It shows modest enrichment in both the LREEs and HREEs 
(Table 1).

The same three trends can be distinguished in the chon-
drite-normalised spider diagrams (Fig. 7B, D, F): the rocks of 
trend (a) are characterised by elevated La, Sr, Zr, Hf, and Eu 
contents. Negative anomalies occur in Ta, Nd, Sm, and Tb 
(Fig. 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 ano
maly in U, Nd, and Tm (Fig. 7D); while trend (c) has positive 
Ta and Hf along with negative Nb, Sr, and Eu anomalies  
(Fig. 7F).

Mineral textures and chemistry

Clinopyroxene

The most important textural features of the studied clino
pyroxene crystals are summarised in Supplementary Table S2. 
The analysed clinopyroxenes were classified according to 
Morimoto et al. (1988) (Supplementary Fig. S1). Supplemen
tary Table S3 contains the major and trace element composi-
tions of the analysed crystals.

The clinopyroxenes of different textural positions in LB16m 
(plagioclase-bearing pyroxene hornblendite) have distinct 
geochemical compositions (Fig. 8; Supplementary Fig. S1): 
(a) groundmass clinopyroxene (Fig. 5A) is aluminian diopside   
(Wo48En37Fs15; mg# = 0.77) with a convex REE pattern  
(Fig. 8A). It is characterised by high Zr and Hf concentrations 
and low Sm, Eu, and Tb contents (Fig. 8B). Clot-forming 
clinopyroxene in LTa29 (monzonite; Fig. 4G) exhibits over-
lapping composition (Fig. 8A, B; Supplementary Fig. S1);  
(b) clinopyroxene in the centre of the orbicular inclusions 
(Figs. 4I and 5B) is diopside (Wo48En41Fs11; mg# = 0.85).  
Its REE pattern is concave (Fig. 8C); Sm, Eu, and Tb are pre
sent in high concentrations (Fig. 8D). Groundmass clinopy-
roxene and clinopyroxene in the centre of the orbicular 
inclusions in LO52/1 (lamprophyre; Fig. 4J) are of compara-
ble composition (Fig. 8C, D; Supplementary Fig. S1).

Amphiboles

Based on their textural characteristics and geochemical 
composition, the examined amphiboles can be categorised as 
primary and secondary.

The analysed actinolite crystals are characterised by Si > 7.3 
and exhibit depletions in Na, K, Fe, and Ti, thereby implying 

http://georem.mpch-mainz.gwdg.de/
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that they were produced by subsolidus reactions (Leake 1978; 
Chivas 1981; Hendry et al. 1985).

Supplementary Table S4 provides a summary of the tex
tural characteristics of the investigated actinolites (Fig. 5C). 
The nomenclature of Leake et al. (1997) was applied to 
classify the analysed crystals. The major and trace element 

compositions of the studied actinolites from sample LTa29 
(monzonite) are listed in Supplementary Table S5.

Actinolite is characterised by mg# varying between 0.40 
and 0.76 and the amount of AlIV is 0.0–0.7 atoms per formula 
unit (apfu) (Supplementary Fig. S2). The chondrite-nor-
malised REE pattern of actinolite exhibits a marked 

Fig. 7. Chondrite-normalised REE diagrams (left) and multielement spider diagrams (right) for the analysed rocks. For comparison, the shaded 
fields in (A) and (B) cover the whole-rock composition of felsic xenoliths in the Tarnița Complex from Pál-Molnár (2021). The coloured fields 
in (C) and (D) represent the bulk-rock composition of Group 2 rocks from this study. Normalising values are after Sun & McDonough (1989).

Fig. 6. A — Classification of the examined rocks based on the total alkali versus SiO2 diagram (after Le Maitre et al. 2002).  
B — Classification of the studied rocks in the cation norm diagram for plutonic rocks (after Streckeisen & 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 SiO2 for the analysed samples. Whole-rock data from Kovács & Pál-Molnár (2005), Batki et al. (2014, 2018), Pál-Molnár et al. 
(2015a, b), and Pál-Molnár (2021) are given for comparison, highlighted by the coloured fields. Symbol colours are the same for samples in all 
figures, which are given in (B).
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enrichment in LREEs and a slighter enrichment in HREEs 
(Fig. 9; Supplementary Table S5). The REE, as well as the 
trace element patterns of the analysed crystals, mostly overlap, 
with a general enrichment in Zr and Hf and a negative anom-
aly in U and Pb (Fig. 9); however, there are some clot-forming 
crystals with a pronounced negative Eu anomaly (Fig. 9C) or 
with elevated U and Pb contents (Fig. 9D).

The other group of the analysed crystals generally have  
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 amphi-
boles are listed in Supplementary Table S6. The analysed crys-
tals were classified according to Leake et al. (1997). The major 
and trace element compositions of the magmatic amphiboles 
are summarised in Supplementary Table S7.

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

Type I is represented by the isolated and clot-forming 
amphibole (hastingsite) of LB16m (plagioclase-bearing 
pyroxene hornblendite; Fig. 5D). The mg# (0.5–0.6) and AlIV 
(1.8–2.0 apfu) composition of the crystals shows limited 
variation (Supplementary Fig. S2). The amphiboles of this 
group have straight REE patterns with a continuous decrease 
from LREEs to HREEs (Fig. 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. 10B). Based on its major and trace element compositions 
(Figs. 10A, B and 11; Supplementary Fig. S2), the groundmass 
and megacrystic amphibole (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 II) is represented by 
hastingsite [LBH2 (monzodiorite), LI18c–f (monzonites)], 
Mg-hastingsite and Fe-pargasite [LTa29 (monzonite); Fig. 5E]. 
The mg# varies between 0.2 and 0.5 and the amount of tetra-
hedral aluminium is 1.8–2.2 apfu, making it indistinguishable 
from Type I amphiboles (Supplementary Fig. S2). Never
theless, this amphibole variety is characterised by a convex, 
U-shaped REE pattern with a marked enrichment in LREEs 
and a relatively limited increase in the HREE concentration 
(Supplementary Table S7). The amphiboles of this group show 
negative anomalies in U, Ta, and Pb along with positive ano
malies in Nb, Zr, and Hf (Fig. 10C–H).

The third amphibole type (Type III) is characteristic of 
sample LTo35 (monzogranite) exclusively (Fig. 5F). It is 
Fe-hornblende with limited variations in the mg# (0.37–0.39) 
and AlIV (1.3–1.4 apfu) concentrations, forming a unique 
group in the mg# vs. AlIV diagram (Supplementary Fig. S2).  
It has a distinct, seagull-shaped REE pattern with a marked 
negative Eu anomaly (Fig. 10I). Pb and Zr also exhibit nega-
tive anomalies (Fig. 10J). Certain elements, for example, Nb, 
Ta, Nd, Sm, and Tb are present in anomalously high concen-
trations (Figs. 10J and 11B).

Fig. 8. Chondrite-normalised REE diagrams (left) and multielement spider diagrams (right) for selected, representative clinopyroxene compo-
sitions. A, B — Groundmass clinopyroxene in LB16m (plagioclase-bearing pyroxene hornblendite) and clot-forming clinopyroxene in LTa29 
(monzonite). C, 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 Pál-Molnár et al. (2015a). Normalising values are according to Sun & McDonough (1989).
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In addition, complexly-zoned amphibole crystals with zones 
characterised by different REE and trace element patterns and 
element concentrations are also present in the studied rocks 
(Figs. 10 and 11).

Plagioclase

The main textural characteristics of the analysed plagioclase 
crystals are summarised in Supplementary Table S8. The stu
died rocks are made up of plagioclase of variable composition 
(albite and oligoclase; Supplementary Fig. S3; Supplementary 
Table S9). It has to be noted that in some zones, the concentra-
tion of the analysed rare earth elements was below the detec-
tion limit of the analyses, resulting in anomalously low ΣREE 
value of these domains.

Clear groundmass plagioclase (Type I) 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. 12A; Supplementary Table S9).

The normally-zoned plagioclase (Type II) megacryst in 
LTa29 (monzonite) has the highest anorthite content among 
the analysed plagioclase samples (Fig. 13A, B; Supplementary 
Fig. S3; Supplementary Table S9). The different zones are 
characterised by distinct REE concentrations (Fig. 12B).

Groundmass plagioclase with sericitised core (Fig. 5G) in 
LBH55/1 (monzodiorite) exhibits reverse zoning (Type III): 
its rim is relatively enriched in anorthite, FeO, and TiO2  

(Fig. 13A, B) and exhibits a marked positive Eu anomaly  
(Fig. 12C; Supplementary Table S9).

Complexly-zoned groundmass plagioclase with sericitised 
core (Fig. 5H) in LI18f (monzonite) is characterised by two 
(inner and outer) transitional zones relatively enriched in An 
content, FeO, TiO2, and Ba (Fig. 13; Supplementary Table S9). 
The REEs exhibit a continuous decrease from the core towards 
the rim (Fig. 12D).

The core and the outer transitional zone of the complexly-
zoned plagioclase with clear core in LI18f (monzonite) exhibit 
elevated anorthite and FeO contents, whereas the inner transi-
tional zone and the rim are characterised by lower anorthite 
and FeO concentrations (Fig. 13A; Supplementary Table S9). 
The inner transitional zone is the most enriched in REEs and 
shows no Eu anomaly (Fig. 12E).

Aggregated plagioclase crystals occurring in synneusis rela-
tion exhibit distinct zoning patterns.

The complexly-zoned crystals are characterised by a transi-
tional zone with the highest anorthite content and the highest 
concentrations of TiO2, La, and Ce (Fig. 13B, D; Supplemen
tary Table S9). There is no systematic difference in the REE 
pattern of the zones (Fig. 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. 13B, C; Supplementary Fig. S3; 
Supplementary Table S9). The transitional zone is the most 
enriched in REEs (Fig. 12G).

Fig. 9. Chondrite-normalised REE diagrams (left) and multielement spider diagrams (right) for the analysed actinolite crystals from sample 
LTa29 (monzonite). A, B — Compositions of the isolated, groundmass actinolite crystals. C, D — Composition of the clot-forming actinolites. 
Shaded fields show compositional trends of groundmass clinopyroxene in LB16m (plagioclase-bearing pyroxene hornblendite) and clot-
forming clinopyroxene in LTa29 (monzonite) for comparison. Normalising values are according to Sun & McDonough (1989).
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Fig. 10. Chondrite-normalised REE diagrams (left) and multielement spider diagrams (right) for representative magmatic amphibole crystals. 
Symbols with a black rim mark the data of clot-forming crystals. The shaded fields show compositional trends of cumulus amphibole  
(Pál-Molnár et al. 2015a) and amphibole of alkali gabbro (Morogan et al. 2000) for comparison. Normalising values are according to Sun & 
McDonough (1989).
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The clear and unzoned crystals have a core and rim with 
overlapping compositions (Supplementary Table S9); never-
theless, the core is characterised by a distinct positive Eu ano
maly and significantly-lower REE concentrations (Fig. 12H).

Discussion

In the following, the results of the whole-rock analyses 
along with clinopyroxene, amphibole, and plagioclase data 
will be interpreted in combination with microtextures and 
field observations. The aim is to provide insight into the 
igneous history of the DAM and identify the key processes 
during the evolution of the felsic suite in the northern part of 
the massif.

Interpretation of the whole-rock major and trace element data

When combining our new bulk-rock data with the pre
viously-published data sets in the TAS diagram, the bulk-rock 
compositions of the recently analysed samples partly overlap 
with and connect the trends of the rocks formed by magma 
mingling in the Tarnița Complex [diorite (s.l.), monzodiorite, 
and monzonite)] and that of the syenite–granite series (Fig. 6A).

Based on their mineralogy and microtextures (Figs. 3A and 
4A, B), LB8 and LB16f (diorites) were regarded as felsic 
cumulates (Group 1; Kiri et al. 2022). However, these samples 
are characterised by only a slightly positive Eu anomaly  
(Eu/Eu* = 1.3 and 1.1, respectively) along with a high differen-

tiation index (D.I. = 95.3 and 95.0, respectively; Table 1). 
Furthermore, their REE patterns overlap with those of the 
other analysed 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. 7C). Therefore, based on 
their bulk-rock geochemical composition, LB8 and LB16f 
(diorites) cannot be distinguished from the above-listed  
samples. The advanced cumulate (Kumar & 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. 7A). Their high Eu/Eu* (6.7 and 2.5, respectively), 
in accordance with the low REE concentration (ΣREE = 125 
and 206 ppm, respectively), elevated La and Sr contents  
(Table 1), high abundance, and the microtextures of plagio
clase (e.g., chain structure, impingement; Kiri et al. 2022;  
Fig. 4C) point to the less-differentiated, early felsic cumulate 
nature of these rocks (Kumar & Singh 2014). Based on the 
felsic xenoliths in the Tarnița Complex, Heincz et al. (2018) 
hypothesised the existence of a felsic cumulate pile in the 
DAM. Nevertheless, their bulk-rock composition (Pál-Molnár 
2021) is completely different from that of LHH23/1 (monzo
nite) and LBH55/1 (monzodiorite; Fig. 7A, B). This implies 
that samples LHH23/1 (monzonite) and LBH55/1 (monzodio-
rite) represent the felsic cumulate phase of a magma different 
from that of the parental magma of the Tarnița Complex 
(Magma1; Batki et al. 2018).

Fig. 11. Trace element compositions of the analysed amphibole crystals. Actinolite data are marked by empty symbols. The data of aggregated 
crystals are identified by symbols with a black rim. The shaded fields show compositional trends of cumulus amphibole (Pál-Molnár et al. 
2015a) and amphibole of alkali gabbro (Morogan et al. 2000) for comparison. Normalising values are according to Sun & McDonough (1989).
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The negative Eu anomaly (Eu/Eu* = 0.5) of sample LN50/1 
(monzogranite; Fig. 7E) indicates that it crystallised from  
a highly differentiated (D.I. = 96.6), evolved melt or from  
an expelled residual liquid. The low REE concentration  

(ΣREE = 114 ppm) can be attributed to crustal assimilation 
(Kumar & Singh 2014), and this is strongly supported by  
the oxygen isotope data of Ódri et al. (2020).

Fig. 12. Chondrite-normalised REE patterns of the analysed isolated plagioclase crystals. A — Clear, unzoned plagioclase; B — Normally-
zoned megacryst; C — Reversely-zoned plagioclase with sericitised core; D — Complexly-zoned plagioclase with strongly sericitised core;  
E — Complexly-zoned plagioclase with clear core; F — Large, complexly-zoned plagioclase crystal with inclusion-rich and strongly seri-
citised core, in synneusis; G — Smaller-sized, normally-zoned plagioclase with sericitised core, in synneusis; H — Clear, unzoned plagioclase 
crystal, in synneusis. Normalising values are according to Sun & McDonough (1989).
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Implications from the clinopyroxene data

Batki et al. (2018) identified two distinct parental magmas 
based on the composition of the clinopyroxene populations: 
Magma1 (M1), with a basanitic composition, was identified  
as the parental magma of the (ultra)mafic cumulates in the 
Tarnița Complex, whereas Magma2 (M2) evolved to a phono-
litic composition, giving rise to nepheline syenite.

Isolated clinopyroxene of LB16m (plagioclase-bearing 
pyroxene hornblendite; Fig. 5A), as well as clustered clinopy-
roxene of LTa29 (monzonite; Fig. 4G), exhibit a convex REE 
pattern (Fig. 8A) and a trace element composition (Fig. 8B) 
similar to that of the green clinopyroxene crystals (classified 
as Type II) reported from ijolite and tinguaite dykes, as well as 
from diorite, and syenite (Batki et al. 2018). They are conside
red 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 cumu-
lates 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. 8; Supplementary Fig. S1). Thus, LB16m 
(plagioclase-bearing pyroxene hornblendite) represent the 
cumulate phase of a different parental magma (M2; Batki et al. 
2018) from which the Type II diopsides crystallised.

The clinopyroxene of the orbicular inclusions in LB16m 
(plagioclase-bearing pyroxene hornblendite; Fig. 5B) and 
LO52/1 (lamprophyre), along with the sparse isolated crystals 
of LO52/1, have a concave REE pattern (Fig. 8C). Pál-Molnár 
et al. (2015a) reported similar clinopyroxene compositions 
from the olivine-rich, as well as from the pyroxene-rich cumu-
lates. 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. 8C, D). According to the classification of Batki et 
al. (2018), these clinopyroxenes are primitive diopsides (clas-
sified as Type I) that crystallised in a closed system from 
Magma1. However, in LB16m (plagioclase-bearing pyroxene 
hornblendite) and LO52/1 (lamprophyre), such primitive 
diopside crystals are present in the orbicular inclusions  
(Figs. 3E, F, 4I, J, and 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 of M1 triggered the transport of the 
previously-crystallised clinopyroxenes to a new magmatic 
environment. Lamprophyres are feasible candidates for trans-
porting these crystals. The mechanical break-up of the inclu-
sions led to the fragmentation of aggregates and the scant 
occurrence of isolated clinopyroxene crystals in the lampro-
phyres.

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 rocks (plagioclase- 
bearing pyroxene hornblendite; Figs. 3E, 4I, 5B, and 8C–H). 
Clinopyroxenes of M2 were also mobilised and distributed 

throughout the magmatic system. This resulted in the forma-
tion of mafic mineral aggregates, some of which still preserve 
relics of antecrystic clinopyroxene (Batki et al. 2018; Kiri et 
al. 2022; Figs. 4G and 14H). Actinolite (Fig. 5C) is characte
rised by high mg# values (0.4–0.8) that overlap with those of 
the Type II diopsides (mg# = 0.6–0.9). The REE and trace ele-
ment patterns of actinolite (both groundmass and aggregated) 
in LTa29 (monzonite) are similar to those of the groundmass 
clinopyroxene in LB16m (plagioclase-bearing pyroxene horn-
blendite) and the aggregated diopside in LTa29 (monzonite; 
Fig. 9). This suggests that the antecrystic clinopyroxene was 
replaced by actinolite at lower temperatures (e.g., Vernon 
1984, 1990; Castro & Stephens 1992; Hibbard 1995; Choe & 
Jwa 2004; Fig. 14G, H).

Implications from the amphibole data

The most important features of the analysed amphibole 
crystals and their interpretation are summarised in Fig. 14.

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

Type II amphiboles are represented by groundmass amphi-
bole in LI18f, clot-forming amphibole in LI18c, as well as 
isolated and aggregated amphiboles in LTa29 (monzonites; 
Fig. 14B). Although their major element composition is less 
distinct from that of the Type I amphiboles (Supplementary 
Fig. S2), they are characterised by a convex REE pattern.  
The homogeneous internal texture and composition of these 
amphiboles suggest that they formed from the magma cur-
rently hosting them (Barnes et al. 2016) and were not involved 
in crystal transfer and/or recycling.

Groundmass and clot-forming amphiboles of LTo35 (mon-
zogranite; Figs. 4H, 5F, and 14C), which belong to Type III, 
form a distinct group in the mg# vs. AlIV diagram (Supplemen
tary Fig. S2). Amphiboles of both textural positions exhibit  
a distinct, seagull-shaped REE pattern (Fig. 10I). The marked 
negative Eu anomaly (Eu/Eu* = min. 0.2) and the highest 
ΣREE concentration (1000 ppm) of all analysed crystals 
(Supplementary Table S7) indicate that these amphiboles  
are late crystallisation products (Kumar & Singh 2014).  
The depletions in Pb, Zr, and Eu (Fig. 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 
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composition (Fig. 10I, J) infers that the amphiboles of this 
group were not involved in crystal transfer/recycling.

Some crystals show variable intra-crystalline zoning pat-
terns and trace element concentrations (Figs. 10A–H and 11; 
Supplementary Fig. S2) implying their different origin and 
crystallisation under various circumstances. The REE patterns 
and the trace element composition of the core, as well as the 
core and transitional zone of some amphibole crystals in sam-
ples LBH2 (monzodiorite) and LI18f (monzonite), overlap 
with those of the Type I amphiboles of cumulate origin  
(Figs. 10A, B and 11). Nevertheless, their rims are characte
rised by a different, convex REE pattern (Fig. 10A), which is 
typical of Type II 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., 
LI18f) that deposited them in their current, relatively more 
felsic environment (Bea 2010) where the rims were formed 
(Barnes et al. 2017; Fig. 14D). The composition of the core of 
the LBH2_31 (Fig. 10C, D; Supplementary Table S7), along 
with the core and inner transitional zone of the LI18_43 
amphibole crystals (Fig. 10E, F; Supplementary Table S7), 
suggests that they were derived from a relatively mafic envi-
ronment. Nevertheless, the absolute content of Ba, Sr, and 
TiO2 does not approach that of the mafic cumulate-derived 
amphibole (Fig. 11A, C; Supplementary Table S7). 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. 11A, C; Supplementary Table S7) and imply interaction 
(mixing) with a more evolved magma (Barnes et al. 2017). 
The rims are characterised by an intermediate composition 
representing the present host (Figs. 10C, E and 14E). In con-
trast, LI18_42 in LI18c (monzonite) shows a continuous 
increase in ΣREE (Fig. 10G), Ba, Sr, and TiO2 from the core  
to the rim; nevertheless, their absolute concentration is rather 
low (Fig. 11A, C, D; Supplementary Table S7). This suggests 
that the core crystallised from a felsic magma and the outer 
zones were formed under the influx of a magma with slightly 
more mafic composition (Fig. 14F).

Implications from the plagioclase data

The key characteristics of the examined plagioclase crystals 
and their interpretation are summarised in Fig. 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. 12; Supplementary Fig. S3).

Ca-rich zones in feldspars (e.g., LI18_01_02–03 and 
LI18_02_03; Supplementary Fig. S3; Supplementary Table S9) 
denote a shift in their composition as a result of changing 
physicochemical conditions (e.g., in 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 & Pearce 1987; Barbarin 1990; Hattori & 

Fig. 13. Major and trace element compositions of the analysed plagioclase crystals. The composition of plagioclase crystals in synneusis is 
identified by empty symbols. Data of clot-forming plagioclase are marked by symbols with a black rim.
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Fig. 14. Summary of the analysed amphibole and plagioclase crystals with respect to their zonation, texture and occurrence as well as  
the interpretation of their origin and crystallisation history. Abbreviations: Act – actinolite, Amp – amphibole, Cpx – clinopyroxene,  
Ol – olivine; M1 – Magma1, M1a – Magma1a, M2 – Magma2, M2a – Magma2a, M2b – Magma2b, referring to the magmatic environments 
in the Ditrău Alkaline Massif.
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Sato 1996; Grogan & Reavy 2002; Kahl et al. 2011, 2015, 
2017). Intermittent recharge of mafic magmas results in the 
coupled increase in the MgO, FeO, TiO2, Sr, Ba, La, Ce, and 
anorthite content of plagioclase (Hattori & Sato 1996; Słaby et 
al. 2002, 2007, 2011; Smith et al. 2009). Nevertheless, no evi-
dence of such a process has been identified (e.g., mafic micro-
granular enclave swarms in the felsic suite in the northern part 
of the DAM), and none of the analysed plagioclase composi-
tional zones show such systematic, concurrent geochemical 
trends (Fig. 13; Supplementary Table S9). This inconsistency 
could be explained by the nature of the interacting end-mem-
bers. 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 con-
tents; Coint et al. 2013) – could result in the observed geo-
chemical patterns. The composition of the rims corresponds to 
that of their respective, evolved hybrid host (Figs. 12D, E and 
14L, M).

Synneusis texture (Fig. 4D) indicates a period of turbulence 
and stirring in the system (Brown 1956; Brothers 1964; Vance 
1969; Grogan & Reavy 2002). Plagioclase crystals occurring 
in synneusis relation (e.g., LTo35_14 and LTo35_19) are 
characterised by different zoning patterns (Fig. 12F–H; 
Supplementary Fig. S3; Supplementary Table S9), proving 
their distinct origin and crystallisation history within the mag-
matic system (Fig. 14N).

Implications for the evolution of the Ditrău 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; Ódri et al. 2020; Fig. 15). The clinopyroxene-based 
study of Batki et al. (2018) has confirmed the presence of  
two, compositionally-different parental magmas and associa
ted evolutional trends. Magma1 of basanitic composition 
(Batki et al. 2018) fractionated towards monzodioritic/monzo-
nitic composition. Not only mafic, but also felsic roof cumu-
lates were formed from this magma (Pál-Molnár et al. 2015a; 
Heincz et al. 2018; Fig. 15A, B, I). Intermittent replenishment  
by magmas of higher temperature and less-evolved composi
tion produced mafic microgranular enclaves in the Tarnița 
Complex. Concurrent turbulence dragged and dispersed the 
felsic cumulate fragments into the lower part of the system 
(Heincz et al. 2018; Figs. 14O and 15J).

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

The composition of the groundmass clinopyroxene in LB16m 
(plagioclase-bearing pyroxene hornblendite; Fig. 8A, B) and 
the texture of the rock (Fig. 3E) implies that this sample could 
be the so-far unrecognised cumulate phase of M2 (Batki et  
al. 2018; Fig. 15C). The orbicular inclusions of LB16m  
(Figs. 3E and 4I) contain clinopyroxene crystals (Fig. 5B) of  
a composition overlapping with that of the cumulus clinopy-
roxene of M1 (Fig. 8C, D). This suggests that an interaction 
between the two magma bodies took place in the deeper sec-
tions of the igneous system (Fig. 15C, D). Tinguaite with 
ijolite enclaves was formed by the magma mingling of the 
fractionated derivatives of M1 and M2 (Fig. 15E–G).

During the emplacement of M2 magma, excess heat caused 
partial melting in the country rocks, which resulted in the  
formation of a syenitic magma (Hildreth & Moorbath 1988; 
Bergantz 1989; Fig. 15H). As Ódri et al. (2020) suggested,  
the proportion of the upper crustal material could be appro
ximately 20–25 % in syenite. Abundant syenite dykes (e.g., 
crosscutting the Tarnița Complex; Fig. 2A) support the pre
sence of a syenitic magma.

In the TAS diagram, the bulk-rock compositions of the 
recently-analysed samples partly overlap with and connect the 
trend of the rocks formed by magma mingling in the Tarnița 
Complex and that of the syenite–granite series (Fig. 6A). 
There is a distinct, widespread group of amphiboles (Type II) 
occurring in almost all of the analysed felsic samples (Figs. 5E 
and 14B). However, these rocks also contain zoned amphibole 
crystals (Fig. 14D), and the composition of their core resem-
bles that of the amphibole in cumulate rocks (Type I) of either 
M1 (Pál-Molnár et al. 2015a) or M2 (Fig. 10A, B), whereas 
the composition of their rims overlaps with that of the Type II 
amphiboles. The amphibole and plagioclase crystals are 
diverse in terms of their size along with their inter- and intra-
crystalline zoning patterns (Figs. 10, 11, 12, and 13; Supple
mentary Figs. S2 and S3). These features indicate the hybrid 
nature of the studied rocks (Słaby 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. 15K), with the latter still preserving some of its pristine 
mafic features (e.g., relatively high mg#, TiO2, Sr, and Ba 
contents; Coint et al. 2013). The interaction between the 
end-members with comparable rheological properties, tempe
rature, and relatively similar, felsic composition resulted in 
thorough mixing rather than mingling (Sparks & 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 Tarnița and Turcului Creeks). This region 
[exemplified by samples LBH2 (monzodiorite), LI18c–f, and 
LTa29 (monzonites)] represents the early stage of the interac-
tion (Bateman 1995) and/or the structurally-higher section of 
the hybrid zone, where low crystallinity and convection 
favoured thorough mixing. Along the Ditrău–Hagota road 
(central part of the DAM), magma mingling is exposed, which 
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Fig. 15. Schematic emplacement model for the Ditrău Alkaline Massif (modified after Batki et al. 2018). The relative size of the structural and 
textural elements is not illustrated to scale. Mineral illustrations and abbreviations of the magmatic environments can be found in Fig. 14 and 
in Batki et al. (2018). See text for details.
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is evidenced by mafic enclaves and large mafic, as well as 
felsic cumulate blocks (Fig. 2B–D). This was formed subse-
quently 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 II; Fig. 14B). Their homoge-
neous internal texture and composition (Fig. 5E) imply that 
they were formed from the magma currently hosting them 
(Barnes et al. 2016) and were not involved in crystal transfer 
and/or recycling.

Amphiboles of LTo35 (monzogranite; Figs. 4H, 5F, 10I, J, 
and 14C; Supplementary Fig. S2) crystallised from an evolved 
magma batch that developed from further fractionation of the 
hybrid magma (Campos et al. 2002) and simultaneous assimi-
lation of additional crustal material (Fig. 15K). The latter is 
supported by the findings of Ódri et al. (2020), according to 
which quartz monzonite contains 50 % lower crustal material, 
while granite is characterised by 35–65 % upper crustal 
contribution.

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

Conclusions

Previously, the felsic rocks of the northern part of the Ditrău 
Alkaline Massif (Eastern Carpathians, Romania) were regar
ded as a homogeneous, uniform assemblage. However, there 
is great micro-scale diversity (e.g., mafic clots, felsic aggre-
gates, distinct zonation patterns of adjacent plagioclase crys-
tals) 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 hybridisation were unravelled by the 
unique composition 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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Supplement

Fig. S1. Compositional variation of the analysed clinopyroxenes in terms of the En–Fs–Wo end-members (Morimoto et al. 1988). The clot-
forming and orbicular inclusion-derived clinopyroxene data are marked with symbols with a black rim. 

Fig. S2. Compositional variation of the analysed amphiboles in terms of their mg# and AlIV concentration. Actinolite data are marked by empty 
symbols. The compositions of the clot-forming crystals are identified by symbols with a black rim.
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Fig. S3. Compositional variation of the analysed plagioclase crystals in terms of the Ab–An–Or end-members. Data of plagioclase in synneusis 
are marked by empty symbols. The composition of the clot-forming crystals is identified by symbols with a black rim.


