
This is a repository copy of Formation of ultrapotassic magma via crustal contamination 
and hybridization of mafic magma: an example from the Stomanovo monzonite, Central 
Rhodope Massif, Bulgaria.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/181875/

Version: Accepted Version

Article:

Marchev, P, Raicheva, R, Georgiev, S et al. (2 more authors) (2022) Formation of 
ultrapotassic magma via crustal contamination and hybridization of mafic magma: an 
example from the Stomanovo monzonite, Central Rhodope Massif, Bulgaria. Geological 
Magazine, 159 (1). pp. 81-96. ISSN 0016-7568 

https://doi.org/10.1017/S0016756821000868

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



For Peer Review

Formation of ultrapotassic magma via crustal contamination 

and hybridization of mafic magma: an example from the 

Stomanovo monzonite, Bulgaria

Journal: Geological Magazine

Manuscript ID GEO-21-2714.R1

Manuscript Type: Original Article

Date Submitted by the 

Author:
n/a

Complete List of Authors: Marchev, Peter; Geological Institute Strashimir Dimitrov Bulgarian 

Academy of Sciences

Raicheva, Raya; Geological Institute Strashimir Dimitrov Bulgarian 

Academy of Sciences

Georgiev, Stoyan; Geological Institute Strashimir Dimitrov Bulgarian 

Academy of Sciences

Savov, Ivan; University of Leeds, School of Earth and Envinronment

Jelev, Danko; Eastern Resources

Keywords:
ultrapotassic monzonite, green-core clinopyroxene, crystal-melt mixing, 

crustal contamination, Rhodope Massif

Abstract:

Generally all orogenic ultra-potassic (U-K) rocks are formed after melting 

of metasomatised sub-continental lithospheric mantle via crustal mica-

bearing lithologies. Here we present another possible model, based on 

the study of the small Stomanovo U-K subvolcanic intrusion in the 

Central Rhodope Massif, Bulgaria. The Stomanovo monzonite porphyry 

straddles an age of a 30.50 ± 0.48 Ma and is intruded into the 

voluminous Oligocene (31.63 ± 0.40 Ma) Bratsigovo-Dospat felsic 

ignimbrite. The monzonite hosts both normally- and reversely-zoned 

clinopyroxene (CPX) phenocrysts. The normally-zoned CPX is 

characterized by gradually diminishing core-to-rim Mg# (89-74), 

whereas reversely-zoned CPX has green Fe-rich cores (Mg# 78-55) 

mantled by normally-zoned CPX (Mg #87-74). Neither the core of the 

normally-zoned CPXs, nor the Fe-rich green cores are in equilibrium with 

the host monzonite. This U-K monzonite shows more radiogenic Sr 

isotopes [(87Sr/86Sr)i =0.71066] and εNd(t) = (-7.8 to -8.0) that are 

distinct from ignimbrites with (87Sr/86Sr)i = (0.70917-0.70927) and 

εNd(t)= (-4.6 ─ -6.5). Isotopic data and the presence of copious zircon 

xenocrysts from the underlying metamorphic basement suggest 

extensive crustal assimilation. Our observations indicate that the 

Stomanovo U-K monzonite formed after extensive lower or middle 

crustal fractional crystallization from an evolved magma producing 

cumulates and their subsequent hybridization with primitive mantle-

derived magma during continuous crustal contamination. We suggest 

that instead of inheriting their high K2O and LILE enrichments from slab-

derived/metasomatic fluids, the Stomanovo U-K monzonite may owe at 

least some of its unusually high alkalinity to the assimilation of biotite-

muscovite-K-feldspar from the metamorphic basement of the Rhodope 

Massif.
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Formation of ultrapotassic magma via crustal 

contamination and hybridization of mafic magma: an 

example from the Stomanovo monzonite, Bulgaria

Peter Marchev1, Raya Raicheva1, Stoyan Georgiev1, Ivan P. Savov2, Danko 

Jelev3

1 Geological Institute of Bulgarian Academy of Sciences, St. Acad. G. Bonchev bl. 24, 1113 

Sofia, Bulgaria

2 School of Earth and Environment, Institute of Geophysics and Tectonics, University of 

Leeds, Leeds LS2 9JT, United Kingdom

3 Eastern Resources Ltd., Sofia, Bulgaria, 1000 Sofia, Bulgaria

Abstract

Generally all orogenic ultra-potassic (U-K) rocks are formed after melting of metasomatised 

sub-continental lithospheric mantle via crustal mica-bearing lithologies. Here we present 

another possible model, based on the study of the small Stomanovo U-K subvolcanic 

intrusion in the Central Rhodope Massif, Bulgaria. The Stomanovo monzonite porphyry 

straddles an age of a 30.50 ± 0.48 Ma and is intruded into the voluminous Oligocene (31.63 ± 

0.40 Ma) Bratsigovo-Dospat felsic ignimbrite. The monzonite hosts both normally- and 

reversely-zoned clinopyroxene (CPX) phenocrysts. The normally-zoned CPX is characterized 

by gradually diminishing core-to-rim Mg# (89-74), whereas reversely-zoned CPX has green 

Fe-rich cores (Mg# 78-55) mantled by normally-zoned CPX (Mg #87-74). Neither the core of 

the normally-zoned CPXs, nor the Fe-rich green cores are in equilibrium with the host 

monzonite. This U-K monzonite shows more radiogenic Sr isotopes [(87Sr/86Sr)i =0.71066] 

and εNd(t) = (-7.8 to -8.0) that are distinct from ignimbrites with (87Sr/86Sr)i = (0.70917-
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0.70927) and εNd(t)= (-4.6 ─ -6.5). Isotopic data and the presence of copious zircon 

xenocrysts from the underlying metamorphic basement suggest extensive crustal assimilation. 

Our observations indicate that the Stomanovo U-K monzonite formed after extensive lower or 

middle crustal fractional crystallization from an evolved magma producing cumulates and 

their subsequent hybridization with primitive mantle-derived magma during continuous 

crustal contamination. We suggest that instead of inheriting their high K2O and LILE 

enrichments from slab-derived/metasomatic fluids, the Stomanovo U-K monzonite may owe 

at least some of its unusually high alkalinity to the assimilation of biotite-muscovite-K-

feldspar from the metamorphic basement of the Rhodope Massif.

Keywords: ultrapotassic monzonite, green-core clinopyroxene, crystal-melt mixing, crustal 

contamination, Rhodope Massif

1. Introduction

Ultrapotassic (U-K) magmas (K2O >3wt %; K2O/Na2O >2; Foley et al., 1987) are widely 

distributed among the collisional and post-collisional orogenic belts of the Mediterranean 

region (Boari & Conticelli, 2007; Prelević et al. 2008, 2012, 2015; Conticelli et al. 2009; 

Gülmez et al. 2016). They are predominantly lamproites, which are associated with leucite-

bearing ultramafic rocks and more evolved trachytes, shoshonites and high-K calc-alkaline 

rocks (group III of Foley et al. 1987). As a rule, the mafic U-K magmas are characterized by 

more radiogenic isotope signatures with 87Sr/86Sr > 0.710, which can be explained by melting 

of metasomatised sub-continental lithospheric mantle caused by interaction with sediment or 

continental crust- derived melts percolating through the upper mantle (e.g. Conticelli, 1998; 

Conticelli et al. 2009; Foley et al. 1987; Peccerillo & Martinotti, 2006; Prelević & Foley, 

2007; Zhang et al. 2017; Förster et al. 2019). Such melts re-fertilize the otherwise refractory 
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lithospheric mantle and help to establish new mineralogy and complex metasomatised vein 

networks (Foley, 1992; Müntener et al. 2001; Tomanikova et al. 2019). 

Compared to other Mediterranean regions, the Paleogene U-K rocks in the Rhodope 

Massif are rare. Until recently, such rocks have only been recognized in the eastern Rhodopes, 

in particular from basaltic and trachyte lava flows from the periphery of the Oligocene 

Borovitsa caldera (Marchev et al. 1998, 2004; Yanev, 2003; Yanev & Ivanova, 2009). The 

petrogenesis of these rocks and their relationship with the wide spread shoshonites 

(K2O/Na2O > 1) remains as subject of controversy. Some authors have suggested the Eastern 

Rhodope U-K rocks were derived from a partially molten, phlogopite-bearing, metasomatized 

mantle source (Yanev & Ivanova, 2009), possibly re-fertilized by a subduction component 

(Kirchenbaur et al. 2012a), while the role of crustal contamination was considered minimal. 

Conversely, other authors, based on the variations of the isotopic data with crustal thickness 

in the Rhodopes, have argued that magma crustal contamination was indeed an important 

factor (Marchev et al. 1998, 2004).

Until recently, U-K rocks from the western Rhodope Massif have not been reported. A 

2007 gold exploration project produced 15 drill holes within the hydrothermally altered 

Stomanovo prospect, located in the SE part of the Bratsigovo-Dospat volcanic district (Fig. 

1). One of them (SV010; coordinates: 41°47'54.88" N; 24°22'55.75" E) intersected a 

monzonite porphyry interpreted as a shallow intrusion stock which was proposed to be the 

cause for the hydrothermal alteration observed at the surface (Harkovska & Velinov, 2002). 

Preliminary petrological studies of the monzonite porphyry (Marchev & Jelev, 2011), 

designated as monzonite from here onward, revealed that the rock contains high-Mg 

clinopyroxene (CPX) with inclusions of high-Fe green CPX, suggesting a rather complex 

magmatic evolution. Here we present new data, which include age determinations, whole rock 

and mineral major and trace element abundances, and Sr and Nd isotope ratios for these rare 
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U-K Stomanovo monzonites. We use these data to offer an alternative view on the K2O and 

LILE enrichments characteristic for the U-K post-collisional magmatism globally.

2. Geological setting

The Rhodope Massif represents a major tectonic zone in the Alpine- Himalayan mountain belt 

of the Eastern Mediterranean region (Fig. 1 inset) occupying a large part of southern Bulgaria 

and northern Greece. It was actively involved in the Alpine orogeny, with nappe stacking and 

crustal thickening events, which may have started by the Late Jurassic (Papanikolaou, 2009; 

Krenn et al. 2010; Turpaud & Reischmann, 2010; Burg, 2012; Froitzheim et al. 2014) and 

lasted until the Late Cretaceous to Early Tertiary (Burg et al. 1990, 1996; Collings et al. 

2016). The nappes were successively exhumed in the Middle Tertiary, followed by Late 

Eocene to Early Oligocene syn- and post-orogenic extension (Burg et al. 1990, 1996; 

Koukouvelas & Doutsos, 1990; Kilias et al. 1999; Bonev & Beccaletto, 2007). We use Janak 

et al. (2011) model, who separate 4 nappes: the Lower, Middle, Upper and Uppermost 

Allochthon. 

The Lower Allochthon includes 3 orthogneiss dominated metamorphic domes- the 

Arda, Kesebir and Biala Reka, and the marble dominated Pangeon-Pirin dome. The protolith 

ages of the orthogneiss domes are Variscan and range between 328 and 300 Ma (Peytcheva & 

von Quadt, 1995; Ovtcharova et al. 2002; Peytcheva et al. 2004). The age of gneisses of the 

Pangeon-Pirin dome appear to be younger and fall between 291 and 270 Ма (P. Turpaud, 

unpub. Ph.D. thesis, Johannes-Gutemberg- Universität, Mainz, 2006). The rocks of the 

Middle Allochthon are heterogeneous, represented by amphibolitized ophiolites that are 

closely associated with marbles, ortho- and para-gneisses and eclogites. Their protolith ages 

vary from Neoproterozoic to Late Cretaceous (Turpaud & Reischmann, 2010; Liati et al. 

2011; Collings et al. 2016; Miladinova et al. 2018). Relevant to our study are the biotite 
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orthogneisses of Assenitsa and Startsevo units of the Middle Allochthon, which are Jurassic 

(163-134 Ма; Von Quadt et al. 2008; Turpaud & Reischmann, 2010). The Upper Allochthon 

crops out in the Serbo-Macedonian Massif (Vertiskos-Ograzhden unt), the Pirin mountains 

and in the eastern Rhodopes (incl. Kimi Complex; Mposkos & Krohe, 2006). The Vertiskos-

Ograzhden unit is composed of orthogneisses with protolith ages of 460-426 Ma (Macheva et 

al. 2006; Himmerkus et al. 2009; Peytcheva et al. 2009); The Kimi unit consists of HP and 

UHP gneisses, marbles, eclogites, amphibolites and metaperidotites with Lower Cretaceous 

age (Krohe & Mposkos, 2002; Kirchenbaur et al. 2012b). The Uppermost Allochthon includes 

Jurassic (177-164 Ma) greenschist facies sedimentary and volcano-sedimentary rocks of the 

Circum Rhodope Belt (Koglin et al. 2007; Bonev et al. 2015). 

From the Late Cretaceous to the Middle Eocene the Rhodope Massif was affected by 

widespread subduction-related and post- collisional magmatic activity represented by 

numerous felsic to mafic intrusions (Peytcheva et al. 1998; Kamenov et al. 1999; Marchev et 

al. 2006, 2013; Soldatos et al. 2008; Marchev & Filipov, 2012). This magmatism was 

followed by slab break-off and asthenospheric uplift in the Rhodopes, which caused heating, 

fast exhumation of the massif and core complex formation during 42-35 Ma. Following the 

core complex exhumation, steep faulting and wide-spread extension in the Late Eocene-

Oligocene resulted in emplacement of large volumes of volcanic and plutonic rocks (34-30 

Ma), covering almost the entire Rhodope Massif (Del Moro et al. 1988; Harkovska et al. 

1989, 1998; Jones et al. 1992; Yanev, 2003; Marchev et al. 2005, 2013). Generally, this 

magmatism is divided into 3 zones: the eastern Rhodope Magmatic Zone, the Central 

Rhodope Magmatic Zone and the Struma Magmatic Zone (Harkovska et al. 1998; Marchev et 

al. 1998). Most of the subvolcanic bodies in the eastern Rhodope Zone are intruded into the 

volcanic cover forming volcano-plutonic associations (e.g., Madjarovo, Zvezdel, Borovitsa; 

Mavrudchiev et al. 1993) closely associated with Pb–Zn–Cu and Ag–Au deposits (Marchev et 
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al. 2005). Much deeper and larger plutons, coeval with the volcanic eruptions, are known in 

the Struma Magmatic Zone in the western Rhodopes (e.g., Teshovo and Central Pirin plutons; 

Kolokotroni & Dixon, 1991; Soldatos et al. 1998; Filipov et al. 2017; Zagorchev et al. 2017). 

3. Bratsigovo-Dospat volcanic area

The Bratsigovo-Dospat volcanic area occupies the westernmost part of the Central Rhodope 

Magmatic Zone and comprises the largest felsic ignimbrite complex in the Rhodopes, 

covering ~700 km2 with ~200 km3 of erupted material (Fig.1). The geology of the area was 

studied by Katskov (1980) and Kackov (1987), who reported two altered andesite dykes, 

intruded into the Bratsigovo-Dospat ignimbrites. These ignimbrites are underlain by a 

sedimentary succession of Late Eocene (Priabonian- Early Oligocene) breccia-conglomerates, 

sandstones, siltstones and lenses of limestones. All of the volcano-sedimentary associations 

are underlain by the Rhodopean metamorphic basement, represented by the amphibolites, 

marbles and gneisses of the Middle Allochthon and migmatised biotite and amphibole-biotite 

orthogneisses and eclogites of the Lower Allochthon (Arda dome; Fig.1a). The entire 

volcano-sedimentary succession can be examined north of the town of Devin, ~2 km south of 

the studied Stomanovo U-K monzonite intrusion. The age of the Bratsigovo-Dospat 

ignimbrite is determined by K/Ar dating of biotite as 32-30 Ma (Harkovska et al. 1998). In the 

southern part of the Bratsigovo-Dospat volcanic area, the ignimbrites directly overlay the 

Paleocene Elatia- Barutin- Buynovo granodiorite (55.93 ± 0.28 Ma; U/Pb zircon; Soldatos et 

al. 2008).

The Stomanovo monzonite is intruded into the Bratsigovo-Dospat ignimbrites and 

forms an alteration halo (Fig. 1c). Alteration products are described in detail by Harkovska 

and Velinov (2002) and Velinov et al. (2007), who report quartz-sericite-alunite and quartz-

diaspore zones without mineralization. The alteration zone has an East-West elongated shape 
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(2.5×1 km) and, most probably, formed as the result of hydrothermal activity linked to the 

intrusion of the Stomanovo monzonite.

4. Sampling and analytical method

The Stomanovo monzonite is covered by only 10-12 m of altered ignimbrite. Three unaltered 

sections were selected from the SV010 drill core at depths of 62 m (SV010-62), 83 m 

(SV010-83) and 129 m (SV010-129).

The abundances of the major and selected low abundance trace elements (Sc, V, Cr, 

Co, Ni, Zn, Cu, Pb, Ga, Zr, Hf, Nb, U, Y, Th, Rb, Sr, Ba, La, Ce, Nd) were determined on 

fused and pressed pellets, respectively, using a Philips PW2400 spectrometer at the University 

of Lausanne. Freshly broken cross-sections of the fused pellets from the XRF analyses of 

samples (SV10-83 and SV010-129) were analyzed for trace and rare earth elements (Zr, Hf, 

Nb, Ta, U, Y, Th, Rb, Cs, Sr, Ba and REE), using a New Wave Research (NWR) Excimer 

193 nm laser-ablation system UP-193FX attached to a Perkin-Elmer ELAN DRC-e 

inductively coupled plasma mass spectrometer (LA-ICP-MS) at the Geological Institute of 

Bulgarian Academy of Sciences (GI BAS) in Sofia. We used 100 µm laser beam diameter and 

5 to 10 Hz repetition rate. The NIST 610 glass material was used for external calibration 

standard, and the XRF values for SiO2 were used as internal standard and cross-checking.

Major elements in minerals were determined using a JEOL 870 SUPERPROBE at the 

University of Florence. A 15 keV accelerating potential, 10 nA beam current and 1 μm beam 

diameter were used. In situ concentrations of trace-element abundances in CPX, plagioclase, 

biotite and sanidine crystals were determined on polished thin sections using the LA-ICP-MS 

at the GI BAS, Sofia. The laser-spot diameter was 50 to 35 μm and the energy of laser 

ablation was 5-10 Hz and 8 – 10 J/cm2. The NIST 610 glass standard was used for external 
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calibration with SiO2 and CaO from the microprobe measurements as internal standards for 

cross-checking.

Zircon crystals for age determination were extracted from sample SV10-129, hand-

picked and fixed in epoxy resin before polishing. Cathodoluminescence (CL) images and 

back-scatter electron images (BSE) were taken at the University of Belgrade, and used to 

check the internal structure of individual zircon grains. U-Pb ages of zircons were 

subsequently measured at the LA-ICP-MS laboratory of the GI- BAS. The laser crater was set 

at 35 μm and GEMOC-GJ1 zircon was used as an external standard. Fractionation correction 

and results were estimated using GLITTER 4.0 software (Macquarie University).

Thermal Ionization Mass Spectrometry (TIMS) was used for the analysis of 87Sr/86Sr 

and 143Nd/144Nd isotope ratios. Strontium (Sr) and Neodymium (Nd) were extracted from 

unspiked rock powders that were dissolved first in ultrapure HNO3: HF acid mixture (1:3), 

dried and re-dissolved in optima grade ultrapure HNO3 acid producing clear final solutions. 

The rock digestions were followed by conventional ion-exchange chromatographic techniques 

(Sr Spec and LN Spec resins) in a clean lab at the University of Leeds, UK. Sr and Nd isotope 

ratios were measured on a Triton series (Thermo Scientific) multi-collector mass spectrometer 

running in static mode. The normalization ratio used for Sr fractionation correction was 

86Sr/88Sr = 0.1194 and for Nd it was 146 Nd/144Nd = 0.7219. Instrument errors for 

determinations of 87Sr/86Sr and 143Nd/144Nd are reported as 2σ. External precision (2σ) for Sr 

and Nd isotopic ratios from successive replicate measurements of standards were < 20 ppm 

for the NIST SRM-987 standard, and < 20 ppm for the La Jolla Nd standard.

5. U-Pb zircon ages 

Recently Filipov et al. (2017) used LA-ICP-MS U-Pb zircon dating to show that the age of the 

host ignimbrites is between 30.93 ± 0.28 Ma and 30.55 ± 0.25 Ma. Here we report new results 
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from the host ignimbrites and the Stomanovo monzonite using U-Pb in zircon dating 

(Supplementary Table S1). The CL images of the zircon grains selected for our study show 

either prismatic or rounded to ovoid shapes. They have typical oscillatory magmatic zonation 

(Fig. 2a, b) with some xenocrysts or cores, mantled by 30-80 µm overgrowths with planar 

zonation (e.g. Fig. 2c, e). Many crystals show irregular surface or small embayments, 

indicative of resorption (Fig. 2d). Our newly determined age for the host ignimbrite of 31.63 

± 0.40 Ma (Fig. 3a) is based on determinations of twelve zircon grains. The age we report 

here is nearly identical to the ages reported by Filipov et al. (2017). Nine zircon analyses from 

the monzonite yield a concordant 206Pb/238U age of 30.50 ± 0.46 Ma, interpreted as the time of 

crystallization of the intrusion (Fig. 3). These ages, along with the field relationships, indicate 

that the intrusion occurred shortly after the ignimbrite eruption.

6. Petrography and mineral chemistry

The Stomanovo U-K monzonite intrusion consists of visually undeformed rocks with 

porphyritic textures consisting of zoned plagioclase, K-feldspar, orthopyroxene, CPX and 

biotite, with accessory apatite, opaque minerals and zircons within a holocrystalline 

groundmass of plagioclase, sanidine and quartz.

6.a. Major element chemistry

Orthopyroxene is completely replaced by Fe-Mg hydrosilicates of the iddingsite-bowlingite 

group and was not analyzed as a result.

Clinopyroxene (CPX) is the most common mafic mineral and shows normally and 

reversely zoned major element compositions (Table 1). In the pyroxene quadrilateral they plot 

in the fields of diopside and augite (Fig. 4). Normally zoned CPX phenocrysts have a gradual 

core to rim decrease in Mg# (89-74) and Cr (3850-17 ppm; Fig. 5a). They also have low TiO2 

(0.35-0.17 wt %), Al2O3 (2.52-1.08 wt %) and Na2O (0.32 -0.12 wt %) and also similar Ti/Al 
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ratios (0.06-0.16). Reversely zoned CPX (Fig. 5b) have green Fe-rich cores with widely 

varying Mg# (78-55) and low Cr (118-24 ppm) and higher TiO2 (0.81-0.72 wt. %), Al2O3 

(3.29-3.02 wt%) and Na2O (0.55-0.46 wt%) abundances. They are wrapped by normally 

zoned CPX mantle (Mg# 87-74), compositionally similar to the normally zoned CPX.  

Plagioclase occurs as 2 populations (Supplementary Table S2): either as clear and 

normally zoned grains with An53-45 (Fig. 5c), or showing larger compositional variation (An67-

25) and sieved textured outer rims with abundant small glass inclusions (Fig. 5d).

Sanidine has a relatively homogeneous composition (Supplementary Table S2) Or75.5-

69.1Ab26.2-21.0 An1.1-2.1 Cn 2.8-1.2).

Mica (Supplementary Table S3) forms either phenocrysts or occurs as inclusions in 

the sanidine. It has Mg# (74.0-71.4), showing slight decreases from cores to rims and Mg# 

similar to outer rims of the normally-zoned CPXs. On the classification diagrams (not shown) 

it falls in the field of the phlogopite, close to the boundary with high-Mg biotite. The analyzed 

phlogopite is characterized by high TiO2 (6.37-5.64 wt%), Al2O3 (14.2-13.3 wt%) and K2O 

(10.04-9.18 wt%). The F content reaches up to 3.3 wt%. 

Ilmenite which is enriched in Mn (6.0-6.4 wt%; Supplementary Table S3) forms small 

crystals, and also contains a small amount of MgO (0.2-0.5 wt%).

6.b. Trace element chemistry

Clinopyroxene. Normally zoned CPXs and the mantles of the green cores have similar trace 

element concentrations (Table 2), characterized by high Cr and Sc and low Ti. The green 

pyroxene cores have higher Ti, V, Rb, Zr, Nb, U, Th and distinctively higher REE 

abundances. The CI-normalized REE patterns of the normally zoned CPXs and the mantles of 

the green core CPXs (Fig. 6a) display parallel and generally convex-upward REE patterns 

peaking at Nd and Sm and decreasing from Pr to La and Gd to Lu. The most Mg rich cores 
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have a small Eu* anomaly (0.91), increasing in the outer low Mg zones to 0.56. All green 

CPXs have more elevated REE abundances and a pronounced Eu* anomaly in the range 0.63-

0.51, with one of them showing slightly enriched flat profile from La to Sm (Table 2; Fig. 6a). 

The PM-normalized trace element patterns of these two groups (Fig. 6b) are rather similar, 

with troughs in Ba, Nb, Ta, Sr, Zr, Ti and peaks at Cs, Th, U, Pb, Nd, Sm, but these features 

are more pronounced in the green cores.

Plagioclase and sanidine. The CI-normalised diagram (Fig. 6c) shows a decreasing 

trend from La to Sm and positive Eu anomaly. With few exceptions, the MREE and HREE 

are below detection limit. The PM-normalized trace element patterns (Fig. 6d) are 

characterized by enrichments in Sr and Pb and Ba (Supplementary Table S4).

MIca has high Rb, Ba, Sr, Pb and Nb contents (Supplementary Table S4). These 

values are similar or slightly higher than those in the compositionally similar trachytes from 

Campi Flegrei, Italy (Fedele et al., 2015).

7. Whole rock major and trace element composition

The whole rock compositions of the Stomanovo monzonite are presented in Table 3. The 

samples span a narrow compositional range for SiO2 (56 to 59 wt. %), as well as for the other 

major elements. The monzonite has very high K2O (5.7-6.2 wt. %) and relatively low Na 

(~2.2 wt.%) contents and K2O/Na2O ratios ranging from 2.6 to 2.9, thus showing ultrapotassic 

affinity (Foley et al., 1987). Considering the presence of phlogopite, the loss on ignition (LOI) 

is low (0.8 to 2.3 %) suggesting only weak alteration. On the SiO2 vs. K2O diagram (Fig. 7a) 

the samples plot in the field of high-K (shoshonitic) series. On the total alkali-silica (TAS) 

diagram (Fig. 7b), the samples classify as monzonites, falling close to the quartz-monzonite 

field. Using the classification scheme of Foley et al. (1987), the Stomanovo monzonites fall in 

the Group III orogenic ultrapotassic series (see Fig. 7c).
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The Stomanovo monzonite has high Rb (~450 ppm) and Ba (2000-2600 ppm) 

contents, as well as low Nb (15.6-17 ppm). Their CI-normalized REE patterns (Fig. 8a) 

exhibit clear LREE enrichment (LaN/YbN=14.3-15.55), flat heavy REE (HREE) patterns 

(TbN/YbN= 1.7-2.1) and moderate negative Eu anomalies (Eu/Eu*=0.72-0.84) (Fig. 5a). In the 

PM-normalized multi-element diagram (Fig. 8b), the Stomanovo monzonite samples exhibit 

enrichments of large-ion lithophile elements (LILE: Cs, Rb, Ba, Th, U) and Pb, and negative 

high field strength element (HFSE; Nb-Ta and Ti) anomalies considered typical for orogenic 

ultra-K magmas (Foley et al. 1987).

8. Sr and Nd isotopes

Sr and Nd isotopic compositions of representative unaltered Stomanovo monzonite sample are 

given in Table 4 and shown in Fig. 9. The monzonite has relatively radiogenic 87Sr/ 86Sr 

(0.71062) and unradiogenic 143Nd/144Nd (0.51220-0.51219) ratios, corresponding to εNdi of -

7.8 to -8.0). In contrast, the host ignimbrite displays less radiogenic 87Sr/ 86Sr (0.70917-

0.70927) and more radiogenic 143Nd/144Nd (0.51228-0.51238), εNdi (-4.6 to -6.5) (Filipov et 

al. 2017).

9. Discussion.

9.a. Sources for the Stomanovo U-K monzonite 

The most notable feature of the Stomanovo monzonite is the large diversity of mineral 

compositions that is impossible to achieve via simple fractional crystallization and thus 

suggests mixing of two components: (i) mafic magma, containing high Mg CPXs (Mg# 89-

86) and (ii) green high-Fe- and high-Na CPXs, crystallizing before the high-Mg CPXs. In 

addition, we observe large quantity of zircon xenocrysts, demonstrating possible involvement 

of large volumes of crustal material from the underlying older basement.
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CPX-melt Fe-Mg exchange equilibrium (KdFe–Mg ~ 0.27 ± 0.03; Putirka, 2008) was 

used to calculate the composition of the magma from which both types of CPX crystallized. 

Our results show that the high Mg # 89-86 cores and rims of the normally and the reversely-

zoned CPX crystallized from mafic magmas with Mg # = 69-63. These Mg# are much higher 

when compared with the Mg# (55.9-53.3) of the whole rocks, signaling lack of equilibrium 

with the host magmas. CPX in equilibrium with such primitive mantle-derived melt, indicate 

significant mantle contribution to the source of Stomanovo monzonite. Such relationships 

have also been observed in the alkaline syenites from Armenia (Sokol et al. 2018). The rims 

of the phenocrysts with Mg # 74 have crystallized from differentiated magmas with lower 

Mg#s (~44), which is probably the composition of the magma at the place of solidification.

Green CPXs with Mg# 71-55, corresponds to highly fractionated magmas with Mg# 

40-25. Such high-Fe green cores of reversely-zoned CPXs with enriched LREE are more 

typical for OIB alkaline basalts (e.g. Brooks & Prinzlau, 1978; Wass, 1979; Duda & 

Schmincke, 1985; Dobosi, 1989; Neumann et al. 1999; Shaw & Eyzaguirre, 2000; Marchev et 

al. 2006). CPX with such compositions are not common in convergent margins but have been 

found in shoshonitic and ultrapotassic rocks in Italy (e.g., Varekamp & Kalamarides, 1989; Di 

Battistini et al. 1999); Leucite Hill, Wyoming (Barton & van Bergen, 1981); North 

Kazakhstan (Zhu & Ogasawara, 2004) and Yangtze craton (Xu et al. 2003; Huang et al. 

2010). Rare green CPX grains have been observed also in the high-K rocks from the eastern 

Rhodopes of Bulgaria (R. Raicheva, unpub, Ph.D. thesis, Geol. Inst. BAS, Sofia, 2013). The 

origin of the green high-Fe CPX has been interpreted as either: (1) cognate phases of high-

pressure origin that crystallized from evolved magmas (Barton et al. 1982; Duda & 

Schmincke, 1985; Dobosi, 1989; Xu et al. 2003; Marchev et al. 2006); 2) locally 

metasomatized upper mantle or lower crustal wall rock (e.g., Brooks & Printzlau 1978; Wass, 
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1979; Barton & Bergen, 1981; Dobosi & Fodor, 1992; Huang et al. 2010; Jankovics et al. 

2013;) or 3) xenocrysts from subducted continental materials (Zhu & Ogasawara, 2004). 

The major compositional difference between the green CPX in most alkaline rocks 

and the Stomanovo green CPX is the lower Al2O3 in the latter. Compared to the high-Mg 

CPXs mantles, they have slightly higher Al2O3 (<3.3 wt.%) and overall higher trace element 

abundances, but Sr. Nevertheless, the green CPX and high-Mg CPX show similar PM-

normalized and CI-normalized multi-element patterns (Fig. 6 a, b) suggesting crystallization 

from common parental magma. We suggest that differentiated orogenic magmas can 

crystallize as gabbroic (CPX-plagioclase) to clinopyroxenite cumulates in the lower crust. 

Such xenoliths, composed of compositionally similar green clinopyroxenes, have been 

described in the Oligocene alkaline basalts from eastern Rhodopes (Marchev et al. 2006; 

2008). Intrusion of a later batch of mafic mantle-derived magmas into such cumulate rocks 

can trigger reaction and mixing between the melt and disrupted green Cpx. 

9.b. Conditions of magma crystallization

The documented crystal-melt mixing events precludes the calculation of meaningful 

crystallization temperatures and pressures of the monzonite based on mineral-melt or mineral-

whole rock equilibrium. Further, the use of two-pyroxene geothermometer is hindered by the 

complete alteration of the orthopyroxenes. However, we are able to estimate P-T conditions 

using compositionally similar CPX, coexisting with fresh orthopyroxene and high-Al 

amphibole, found in the coeval neighboring Mesta trachydacites (Marchev et al., in prep.). 

Two-pyroxene thermobarometer of Putirka (2008) for these rocks gave P ~ 3.8-4.5 kb (12-15 

km) and T of ~ 1030 ºC. Similar pressure (P~4.6 kb, ~15 km) and slightly lower temperature 

(T ~938 ºC) was obtained, when we used clinopyroxene Mg core (Mg# 80) – whole rock pair 

from Stomanovo, applying Putirka (2008) equation 31 and 33, respectively. However, 
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comparison of the CPX core composition with other similarly high Cr content (up to 3850 

ppm) and very low Al2O3 (< 2.5 wt%) CPX, reported for websterites crystallized from 

primitive mantle melts at the base of volcanic arc crustal section in Alaska and the Jijal 

complex, Kohistan (Jan & Howie, 1981; De Bari & Coleman, 1989) suggest that the 

crystallization of the CPX might have happened at much higher pressure. Such CPX has also 

been obtained from the experiments of high-Mg andesites at pressure of 12 kb (Müntener et 

al. 2001). Therefore, the core of the Stomanovo high-Mg CPX may have crystallized in a 

much deeper magma chamber within the lower crust. Overgrowth relationship between green 

CPX and their high-Mg rims indicate that green CPX must have formed at pressures similar to 

or higher than those of the high-Mg CPX grains.

For the temperature of crystallization in the late stage, we use plagioclase-K-feldspar 

thermometer of Putirka et al. (2008) yielding much lower temperature of (810-890ºC). We 

interpret this temperature as reflecting the post-mixing shallow crustal to sub-surface 

conditions. 

9.c. The role of crustal contamination

There is a general consensus that in continental arcs crustal contamination is an inevitable 

process and that more evolved magmas are complex hybrids of mantle-derived basaltic melts 

and crustal (cumulate) rocks (e.g., Hildreth & Moorbath, 1988; DePaolo et al. 1992; Davidson 

et al. 2005; McLeod et al. 2012 , Crummy et al. 2014). A surprising result of our study is the 

more radiogenic composition of 87Sr/86Srii (0.71062) and εNdi (-7.8 to -8.0) of the monzonite 

compared to the host felsic ignimbrites (87Sr/86Sr i =0.7092-0.7094; εNdi=-6.6 to -4.6; Fig. 6; 

Filipov et al. 2017). A possible explanation is the derivation of the monzonite by melting of a 

thoroughly metasomatized mantle source by previously subducted crustal sediments. 

However, this suggestion is at odds with the large amount of zircon xenocrysts in the 

monzonite, suggesting that a more reasonable explanation is extensive crustal contamination. 
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From the total number of 25 dated zircons 44 % were xenocrysts. It is worth nothing that 

zircon xenocrysts are more abundant than in the host ignimbrites. These zircons fall into 4 

major populations: (1) 51-39 Ma; (2) 261 – 271 Ma; (3) 466 Ma and (4) 857-552 Ma. The 

ages of the zircon xenocrysts can be easily correlated with the ages of the rocks from the local 

outcrops of the metamorphic basement of the Upper Allochton (462-426 Ма) and Lower 

Allochtons (345-261) of the Rhodope Massif. They are broadly similar to the spectrum of 

ages determined for the metamorphic core complexes of the entire Rhodope Massif (see the 

summary in Burg, 2012; Bonev et al. 2013; Abbo et al. 2020) and xenozircon age spectrums 

in other Oligocene magmatic rocks (e.g. Bonev et al. 2013; P. Filipov, unpub. Ph.D. thesis, 

Geol. Inst. BAS, Sofia, 2014). The youngest zircon xenocryst population (51-39 Ma) is 

similar in the age to the nearby Barutin-Buynovo pluton (56-42 Ma; Soldatos et al. 2008). 

In conclusion, it appears that the most possible places where the majority of the crustal 

contamination occurred are the middle crustal magma storage regions (12-15 km), as derives 

from the conditions of crystallization and, perhaps, lower crustal and even shallow 

subvolcanic magma chambers. On the other hand, the coincidence of the ages of the 

xenozircons with those from the basement lithologies clearly indicates that the entrainment of 

the zircons in the magma occurred during the entire route from the middle crust to the surface. 

Crustal contamination of the magma can be enhanced by its small volume and alkaline 

affinity, as well as the high temperature of the mafic magmas. The small volume magma can 

easily entrain foreign material during its travel to the surface, whereas its higher temperature 

and alkaline character can facilitate dissolution and contamination processes (see also next 

section) due to the low melt viscosities and thus increased mobility in the crust. 

The crustal contamination is evident also by the similarity of the whole-rock Sr-Nd 

isotope compositions of the Stomanovo monzonite and the Rhodope metamorphic rocks (Fig. 

9). Quantification of the process generally is made by AFC (assimilation-fractional-
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crystallization) or simple mixing models. However, the large variety of zircon xenocrysts in 

the Stomanovo monzonite reveals the complex composition of the underlying basement and 

potential participation of different contaminants, making the selection of end-member values 

difficult. Similarly, selection of the primitive magma composition is problematic, due to the 

scarcity of exposed mafic magmas, and the common fractionation and/or crustal 

contamination recorded in the crust of the Rhodopes (Marchev et al. 2004). Thus, the process 

of crustal contamination is difficult to reconcile quantitatively by any simple two-component 

crust-magma interaction (bulk mixing or AFC) models (McLeod et al., 2012). Nevertheless, 

just to demonstrate the potential role of crustal contamination, we constructed an AFC model 

using the equations of DePaolo (1981). A high radiogenic gneiss from the Lower Allochton 

(sample RH346; N. Cornelius, unpub. Ph.D. thesis, Johannes-Gutemberg- Universität, Mainz, 

2008), recalculated for 30 Ma and the least radiogenic absarokite (sample Bg109b) from the 

eastern Rhodopes (Kirchenbaur et al. 2012a) have been selected as possible end members. 

Details of the end member selection and the calculation are given as an electronic appendix 

(Supplementary figure S5). Using these isotopic end-member values, it seems that the 

Stomanovo monzonites can be produced by considerably large (50%) assimilation of gneisses 

by the absarokitic magma. 

9.d. Potassium enrichments

Most current models for the origin of mafic U-K and shoshonitic magmas propose derivation 

from a metasomatised sub-continental lithospheric mantle source. The metasomatic agent is 

assumed to be derived from subducted sediments or subducted continental crust (e.g., Foley et 

al. 1987; Conticelli, 1998; Prelević & Foley, 2007; Conticelli et al. 2009; Avanzinelli et al. 

2011; Crummy et al. 2014; Zhang et al. 2017). Recycled materials, in forms of fluids and/or 

melts re-fertilize the refractory lithospheric mantle aiding crystallization of new minerals, 

possibly accommodated in a vein network or through pervasive metasomatism of peridotites 
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(Foley, 1992; Conticelli et al. 2009; Tomanikova et al. 2019) or by forming a mantle-crustal 

mélange (Zhang et al. 2017). Based on experimental data and Sr, Nd, Pb and Hf isotopic 

evidence, large amounts of mica-bearing lithologies (e.g., glimmerite, phylites, blueschists, 

terrigenous siliciclastic sediments, marly sediments, among others) have been proposed to 

have a role in the metasomatic process (Prelević et al. 2008; Avanzinelli et al. 2011; Wang et 

al. 2017; Foster et al. 2018, 2020). 

Although the model of mantle metasomatism via subduction fluids and melts can 

explain the K-enrichment of the Stomanovo monzonite, they are inconsistent with the large 

quantity of zircons from the underlying Rhodopean metamorphic basement. It is interesting to 

point out that apart from the zircons, no other types of xenocrysts have been found. As 

already mentioned, prevailing rock lithologies comprising the underlying metamorphic 

basement of the Rhodope metamorphic core complex are biotite, K-feldspar and muscovite-

bearing gneisses and two-mica shists (Mposkos & Krohe, 2006; Collings et al. 2016 and 

references therein). Entrainment, disintegration, disaggregation and dehydration-melting 

reactions of xenoliths of such composition, which can reach complete fusion at magmatic 

temperature of ~ 1000°C and greater depth (Reiners et al. 1995; Beard et al. 1993), can 

explain the lack of xenocryst mineral diversity. Rohrmeier et al. (2013) demonstrated that 

micas and K-feldspars from the basement metamorphic rock have high 87Sr/86Sr ratios and 

high Rb (up to 1372 ppm in the biotite, 878 ppm in the muscovite and up to 897 ppm in the K 

feldspar). Therefore, elevated concentrations of Rb and Ba in the monzonite, along with the 

reported high 87Sr/86Sr ratio, can be explained by assimilation of biotite, muscovite and K-

feldspar lithologies. 

In summary, we propose that assimilation of biotite, K-feldspar, muscovite and other 

minerals in the underlying metamorphic rocks can increase K, Ba, Rb and LREE 

concentrations, as well as 87Sr/86Sr ratios of an originally lower K magma and reach the 
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values observed in the Stomanovo monzonite. Our small scale focused study supports the 

modelling results of Beard et al. (2005) that concerns crust-mantle mixing in silicic magmas. 

Perhaps a combination of age determination of zircon xenocryst populations and petrology 

and geochemistry of even larger high-K igneous bodies may prove a powerful method to 

decipher the true origins of such “exotic” and yet very informative magmatic rock varieties. 

10. Conclusions

1. Compositional diversity and complex zoning of the CPXs, variable zircon populations and 

crustal Sr-Nd isotopic signatures indicate a complex origin for the Stomanovo U-K 

monzonite involving fractional crystallization, crystal-melt mixing and crustal 

contamination. 

2. The elemental and isotopic characteristics of the Stomanovo U-K monzonite can be 

explained as the result assimilation of K-rich minerals into a calc-alkaline primitive 

magma. The process is inferred by the high 87Sr/86Sr and low 143Nd/144Nd isotopic ratios 

and the abundant presence of zircon xenocrysts. Correspondence of the isotopic 

compositions and ages of the zircon xenocrysts with the underlying metamorphic 

basement indicates that the Rhodope metamorphic and igneous basement was the major 

crustal contaminant.

3. High-Fe CPX cores crystallized in a highly fractionated and probably contaminated 

magma, whereas high-Mg CPXs crystallized in a primitive mantle-derived mafic magma. 

Inclusion of the high-Fe CPX into high-Mg CPX, indicates mixing between disrupted 

evolved cumulate rocks and the primitive magma. 

4. Crystallization and crystal-melt mixing occurred at high to moderate pressure, most 

probably in the lower and middle crust. The final composition was formed by combined 

fractional crystallization and crustal contamination in the middle and upper crust.
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Table 1. Representative chemical analyses and structural formula (O = 6) of pyroxenes from 

the Stomanovo U-K monzonite

Sample SV010-83 SV10-128

reversely zoned normally zoned reversely zoned

green 
core

mantle 
of green 

core
rim core

inner 
rim

outer 
rim

green 
core

outer
green 
core

mantle 
of green 

core
rim

SiO2 50.92 53.48 53.56 53.24 52.47 51.95 52.29 49.38 52.00 52.48

TiO2 0.60 0.20 0.15 0.29 0.23 0.26 0.29 0.80 0.42 0.38

Al2O3 3.29 1.08 0.90 1.85 1.54 0.84 1.07 3.16 2.52 0.94

Cr2O3 0.00 0.00 0.01 0.16 0.00 0.00 0.00 0.00 0.01 0.04

FeO 10.38 4.98 6.91 3.73 7.86 9.15 9.97 15.30 4.43 9.27

MnO 0.44 0.19 0.45 0.09 0.29 0.54 0.45 0.32 0.20 0.50

MgO 14.34 17.47 15.92 17.54 15.65 14.68 13.65 10.50 16.44 14.80

CaO 21.13 22.60 22.74 23.55 22.87 21.90 22.02 19.79 24.52 21.70

Na2O 0.44 0.09 0.32 0.08 0.46 0.30 0.23 0.57 0.16 0.23

K2O 0.00 0.00 0.03 0.00 0.00 0.07 0.00 0.03 0.00 0.03

P2O5

Total 101.56 100.14 100.99 100.57 101.09 99.69 100.29 99.85 100.70 100.37

Mg# 71.1 86.2 80.4 89.3 78.0 74.1 70.9 55.0 86.9 74.0

Wo 42.7 44.4 44.9 46.2 44.8 43.9 44.8 42.5 48.1 43.5

En 40.3 47.7 43.7 47.9 42.7 40.9 38.6 31.4 44.8 41.2

Fs 17.1 7.9 11.4 5.9 12.5 15.2 16.6 26.2 7.1 15.3

cations

Si 1.866 1.951 1.954 1.927 1.908 1.939 1.957 1.886 1.886 1.947

Ti 0.017 0.005 0.004 0.008 0.006 0.007 0.008 0.023 0.011 0.011

Al(IV) 0.134 0.046 0.039 0.073 0.066 0.037 0.043 0.114 0.108 0.041

Al(VI) 0.008   0.006   0.004 0.028   

Cr 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.000 0.000 0.001

Fe3 0.125 0.047 0.067 0.052 0.138 0.092 0.039 0.082 0.107 0.060

Fe2 0.193 0.104 0.144 0.061 0.101 0.193 0.273 0.407 0.027 0.228

Mn 0.014 0.006 0.014 0.003 0.009 0.017 0.014 0.010 0.006 0.016

Mg 0.783 0.950 0.866 0.947 0.848 0.817 0.762 0.598 0.889 0.818

Ca 0.829 0.883 0.889 0.913 0.891 0.876 0.883 0.810 0.953 0.862

Na 0.031 0.006 0.023 0.006 0.032 0.022 0.017 0.042 0.011 0.017
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Table 2. Representative trace element (LA-ICP-MS) concentrations of clinopyroxene in the 

Stomanovo U-K monzonite

Sample SV010-83 SV10-128

normally zoned reversely zoned in Sa

Grain# cpx1 cpx2 cpx3 cpx4 cpx5 cpx6

core rim core core
green 
core

green 
core

mantle of 
green 
core

green 
core

green 
core

mantle of 
green 
core

Sc 72 135 88 83 40 46 118 51 59 87 168

V 94 143 114 82 326 333 147 270 264 178 251

Cr 715 17 3864 3000 35 118 1253 24 34 25 25

Co 36 37 29 31 48 47 32 40 40 43 34

Ni 147 20 116 130 29 39 123 20 27 95 14

Rb <0.12 0.56 0.81 0.78 5.37 6.51 4.43 0.56 0.38 <0.50 11.25

Sr 69 50 77 62 61 76 94 5.99 6.75 104 57

Y 8.5 46.5 12.3 6.2 22.5 28.0 8.7 32.6 36.2 14.7 57.7

Zr 9.86 54 10.10 4.14 125 136 22 109 108 33 49

Nb <0.07 0.14 <0.04 <0.03 0.66 0.55 <0.06 0.43 0.33 <0.16 0.61

Cs <0.05 <0.04 0.22 0.09 0.67 0.50 0.41 n.d. n.d. n.d. 0.90

Ba 0.40 1.79 2.70 0.59 2.87 6.27 1.65 <1.16 1.91 <1.09 35.64

La 1.87 8.32 2.92 1.29 9.27 25.44 2.35 9.81 10.34 4.27 11.06

Ce 7.01 35.73 10.65 4.91 33.99 69.55 9.29 36.01 37.75 14.89 43.61

Pr 1.36 6.20 2.02 0.99 5.29 9.25 1.76 5.99 6.75 2.72 7.74

Nd 9.33 35.94 10.24 5.47 26.03 47.62 10.77 33.07 34.11 13.83 41.86

Sm 2.38 13.67 3.62 2.26 7.13 11.65 3.51 9.28 10.60 4.50 13.34

Eu 0.60 2.22 0.68 0.57 1.31 1.66 0.77 1.51 1.73 1.27 2.07

Gd 3.02 10.65 3.14 1.64 5.67 8.22 3.52 8.89 9.37 5.08 13.16

Tb 0.45 1.59 0.44 0.20 0.82 1.19 0.34 1.23 1.27 0.66 2.07

Dy 1.52 10.08 2.29 1.24 4.08 5.47 2.08 6.53 6.78 2.95 12.46

Ho 0.28 1.83 0.45 0.23 0.81 1.00 0.34 1.16 1.24 0.53 1.99

Er 0.70 5.05 1.06 0.73 1.60 2.26 0.66 3.05 3.36 1.52 5.79

Tm 0.13 0.66 0.15 0.05 0.32 0.35 0.11 0.45 0.51 0.19 0.85

Yb 0.68 4.90 1.34 0.40 2.49 2.98 0.75 3.38 3.52 1.10 5.38

Lu <0.05 0.62 0.12 0.06 0.37 0.53 0.10 0.58 0.55 0.17 0.88

Hf 0.51 2.26 0.52 0.30 4.97 5.27 1.15 5.10 4.61 1.72 2.03

Ta <0.07 0.05 <0.03 <0.02 <0.06 <0.05 0.04 0.07 <0.06 <0.16 0.08

Pb 0.51 3.36 4.29 1.80 3.52 5.45 1.24 2.43 4.59 0.86 8.88

Th <0.06 0.35 0.11 0.05 0.53 5.51 0.31 0.34 0.56 0.61 0.97

U <0.04 0.10 0.04 <0.02 0.43 1.23 0.09 <0.08 0.10 0.14 0.26
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Table 3. Major and trace element analyses of the Stomanovo U-K monzonite.

Sample SV010-62 SV010-83 SV010-128
SiO2 58.71 58.96 56.11
TiO2 0.61 0.61 0.71
Al2O3 15.13 15.33 14.70
Fe2O3 5.52 6.09 6.98
MnO 0.13 0.16 0.14
MgO 3.18 3.89 4.26
CaO 3.62 3.24 6.73
Na2O 2.25 2.14 2.21
K2O 6.05 6.21 5.69
P2O5 0.53 0.54 0.66
LOI 2.34 1.88 0.75
Total 98.08 99.06 98.95
Mg# 53.3 55.9 54.7
Sc 8 9 4
V 143 135 165
Cr 48 40 48
Co 14 11 19
Ni 19 14 21
Zn 75 51 71
Cu 30 29 44
Pb 56 49 72
Ga 17 18
Zr 179 190 169
Hf 6 5.06 4.15
Nb 16 17.52 16.1
Ta 2.60 4.77
U 8 8.27 6.49
Y 31 22.79 24
Th 20 27.48 23.71
Rb 450 447 394
Cs 8.73 10.22
Sr 506 537 714
Ba 2119 2512 3002
La 44 38.89 38.10
Ce 88 77.68 81.04
Pr 9.04 9.76
Nd 37 36.69 40.56
Sm 7.58 8.13
Eu 1.59 2.06
Gd 6.05 6.88
Tb 0.71 0.81
Dy 3.89 4.31
Ho 0.78 0.77
Er 2.27 2.37
Tm 0.28 0.33
Yb 1.96 1.76
Lu 0.21 0.36
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Table 4. Sr and Nd isotopic composition of the Stomanovo monzonite

Sample Rb Sr 87Rb/86S

r

87Sr/86Sr ± 

2s

(87Sr/86Sr)

i

Nd Sm 147Sm/144N

d

143Nd/144Nd ± 

2s

(143Nd/144Nd)

i

et
CHUR

SV010-128 394 714 1.599 0.711351±12 0.710658 40.56 8.13 0.121 0.512225 ± 10 0.512201 -7.8
SV010-128* 40.56 8.13 0.121 0.512213 ± 08 0.512189 -8.0
*replicate

Figure caption:

Fig. 1. (Colour online) (a) Location of the Rhodope and Serbo-Macedonian Massifs in the 

structural system of the Alpine region in the Balkan Peninsula and western Turkey; (b) 

Geological map of the Central Rhodopes; (c) Geology of the Stomanovo area after geological 

map of Bulgaria, M 1: 50 000 (Sarov et al. 2009).

Fig. 2. (Colour online) Cathodoluminescence images showing the range of textures and ages 

observed in zircons from Stomanovo monzonite porphyry, sample SV10-129: (а) grain c09-

prismatic oscillatory zoned crystal; (b) grain a10- rounded crystal with resorbed core, 

followed by oscillatory outer rim; (c) grain a13- rounded crystal with corroded planar core, 

followed by oscillatory zone resorbed by light outer rim; (d) grain c15-embayed oscillatory 

zoned crystal; (e) grain a06- planar xenocrysts (642 Ma) with thin light rim;(f) grain a15- 

xenocryst with older (747 Ma) corroded core and younger (466 Ma) oscillatory rim. Circles: 

location of LA-ICP-MS U-Pb analyses. Ages for LA-ICP-MS analyses in Ma.

Fig. 3. (Colour online) Zircon U-Pb concordia diagrams: (a) for the Stomanovo monzonite; 

(b) for the host ignimbrite

Fig. 4. (Colour online) Clinopyroxenes from the Stomanovo monzonite plotted in 

conventional Ca-Mg-Fe+Mn diagram (Morimoto et al. 1989).

Fig. 5. (Colour online) Microphotographs showing zoning types of clinopyroxenes and 

plagioclase. (a) Normally zoned clinopyroxene with Mg-rich core and lower Mg rim; the 

lowest value is measured in the very thin rim. (b) Reversely zoned clinopyroxene with Fe-rich 

green core and Mg-rich rim. (c) Normally zoned plagioclase. (d) Sieve-textured plagioclase.

Fig. 6. (Colour online) Chondrite-normalized REE patterns (left panel) and primitive mantle-

normalized multi-element patterns (right panel) for clinopyroxene (a, b), feldspars (c, d) and 

biotite (e, f). Chondrite and PM normalization values are from Sun & McDonough (1989).
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37

Fg. 7. Classification diagrams of the Stomanovo intrusion. (a) K2O vs. SiO2 classification 

diagram after Peccerillo and Taylor (1976). (b) Total Alkali vs.SiO2 (TAS) diagram 

(Middlemost, 1994). 

Fig. 8. (Colour online) Chondrite-normalized REE patterns: (8a) and primitive mantle-

normalized multi-element patterns, (8b) for bulk rocks of the Stomanovo monzonite porphyry.

Normalizing values are from Sun & McDonough (1989). Average composition of OIB (Sun 

& McDonough, 1989) and upper and lower continental crust (Rudnick & Gao, 2003) are 

given for comparison. 

Fig.9. (Colour online) Sr and Nd isotopic compositions of the monzonite, compared with 

those of the host ignimbrites. Data for the Bratsigovo-Dospat ignimbrite are from Filipov et 

al. (2017).

Supplementary table S1. Results of Laser Ablation Inductively Coupled Plasma Mass 

Spectrometry measurements of zircon

Supplementary table S2. Representative major element composition and structural formula 

(O=8) of feldspar from the Stomanovo U-K monzonite

Supplementary table S3. Representative major element composition and structural formula 

(O=22) of biotite and ilmenite from the Stomanovo U-K monzonite

Supplementary table S4 Representative trace element (LA-ICP-MS) concentrations of 

feldspars and phlogopite in the the Stomanovo U-K monzonite

Supplementary figure S5. Assimilation and fractional crystallization (AFC) models
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Fig. 1. (Colour online) (a) Location of the Rhodope and Serbo-Macedonian Massifs in the structural system of 

the Alpine region in the Balkan Peninsula and western Turkey; (b) Geological map of the Central Rhodopes; 

(c) Geology of the Stomanovo area after geological map of Bulgaria, M 1: 50 000 (Sarov et al. 2009). 
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Fig. 2. (Colour online) Cathodoluminescence images showing the range of textures and ages observed in 

zircons from Stomanovo monzonite porphyry, sample SV10-129: (а) grain c09-prismatic oscillatory zoned 

crystal; (b) grain a10- rounded crystal with resorbed core, followed by oscillatory outer rim; (c) grain a13- 

rounded crystal with corroded planar core, followed by oscillatory zone resorbed by light outer rim; (d) grain 

c15-embayed oscillatory zoned crystal; (e) grain a06- planar xenocrysts (642 Ma) with thin light rim;(f) 

grain a15- xenocryst with older (747 Ma) corroded core and younger (466 Ma) oscillatory rim. Circles: 

location of LA-ICP-MS U-Pb analyses. Ages for LA-ICP-MS analyses in Ma. 
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Fig. 3. (Colour online) Zircon U-Pb concordia diagrams: (a) for the Stomanovo monzonite; (b) for the host 

ignimbrite 

170x71mm (300 x 300 DPI) 
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Fig. 4. (Colour online) Clinopyroxenes from the Stomanovo monzonite plotted in conventional Ca-Mg-Fe+Mn 

diagram (Morimoto et al. 1989). 
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Fig. 5. (Colour online) Microphotographs showing zoning types of clinopyroxenes and plagioclase. (a) 

Normally zoned clinopyroxene with Mg-rich core and lower Mg rim; the lowest value is measured in the very 

thin rim. (b) Reversely zoned clinopyroxene with Fe-rich green core and Mg-rich rim. (c) Normally zoned 

plagioclase. (d) Sieve-textured plagioclase. 
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Fig. 6. (Colour online) Chondrite-normalized REE patterns (left panel) and primitive mantle-normalized 

multi-element patterns (right panel) for clinopyroxene (a, b), feldspars (c, d) and biotite (e, f). Chondrite 

and PM normalization values are from Sun & McDonough (1989). 
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Fg. 7. Classification diagrams of the Stomanovo intrusion. (a) K2O vs. SiO2 classification diagram after 

Peccerillo and Taylor (1976). (b) Total Alkali vs.SiO2 (TAS) diagram (Middlemost, 1994). 
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Fig. 8. (Colour online) Chondrite-normalized REE patterns: (8a) and primitive mantle-normalized multi-

element patterns, (8b) for bulk rocks of the Stomanovo monzonite porphyry. 

Normalizing values are from Sun & McDonough (1989). Average composition of OIB (Sun & McDonough, 

1989) and upper and lower continental crust (Rudnick & Gao, 2003) are given for comparison. 
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Fig.9. (Colour online) Sr and Nd isotopic compositions of the monzonite, compared with those of the host 

ignimbrites. Data for the Bratsigovo-Dospat ignimbrite are from Filipov et al. (2017). 
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Marchev et al. Formation of ultrapotassic magma via crustal contamination and hybridization of mantle magma: an example from the Stomanovo monzonite, Bulgaria

Supplementary table S1.  U(-Th)-Pb isotope data for zircons of samples BD and SV

sample BD
Isotope ratios

Analysis_# grain # 207Pb/206Pb 1σ 206Pb/238U 1σ 207Pb/235U 1σ 208Pb/232Th 1σ
12au20a04 1r d 0.06039 0.00861 0.00499 0.00014 0.04155 0.00583 0.00215 0.00018
12au20a05 2r * 0.04690 0.00628 0.00493 0.00012 0.03188 0.00422 0.00148 0.00011
12au20a06 4c * 0.04788 0.00718 0.00501 0.00012 0.03308 0.00491 0.00147 0.00009
12au20a07 6r * 0.04649 0.00709 0.00493 0.00011 0.03160 0.00479 0.00163 0.00011
12au20a08 7r d 0.05173 0.00255 0.00491 0.00007 0.03500 0.00171 0.00147 0.00009
12au20a09 8cr d 0.05534 0.00343 0.00495 0.00008 0.03779 0.00232 0.00155 0.00009
12au20a10 9cr d 0.07796 0.00712 0.00490 0.00012 0.05269 0.00469 0.00194 0.00013
12au20a13 11r * 0.04627 0.00661 0.00493 0.00013 0.03145 0.00443 0.00160 0.00014
12au20a14 12r x 0.04458 0.00471 0.00852 0.00016 0.05238 0.00548 0.00268 0.00021
12au20a15 13r x 0.05550 0.00277 0.06910 0.00110 0.52885 0.02591 0.02012 0.00151
12au20a16 11c * 0.04825 0.00172 0.00490 0.00007 0.03262 0.00115 0.00156 0.00012
12au20a17 16c d 0.03803 0.00634 0.00495 0.00010 0.02593 0.00430 0.00161 0.00013
12au20a18 16r d 0.05935 0.00620 0.00497 0.00011 0.04068 0.00419 0.00175 0.00015
12au20a19 17r d 0.06286 0.00508 0.00492 0.00010 0.04268 0.00338 0.00160 0.00014
12au20a20 18r d 0.05218 0.00777 0.00490 0.00014 0.03528 0.00517 0.00154 0.00016
12au20b04 19r d 0.07446 0.00583 0.00492 0.00010 0.05050 0.00387 0.00188 0.00011
12au20b05 20r d 0.05401 0.00553 0.00495 0.00011 0.03684 0.00372 0.00187 0.00012
12au20b06 20c * 0.04652 0.00561 0.00493 0.00010 0.03160 0.00377 0.00152 0.00008
12au20b07 21r * 0.04676 0.00613 0.00495 0.00011 0.03190 0.00414 0.00161 0.00011
12au20b08 21c d 0.05268 0.00212 0.00476 0.00007 0.03455 0.00137 0.00140 0.00007
12au20b09 23cr * 0.04647 0.01114 0.00487 0.00013 0.03117 0.00744 0.00150 0.00010
12au20b10 24r * 0.04617 0.00431 0.00491 0.00009 0.03128 0.00289 0.00149 0.00010
12au20b13 25r * 0.04842 0.00626 0.00486 0.00011 0.03247 0.00416 0.00143 0.00011
12au20b14 26c x 0.05478 0.00210 0.06730 0.00094 0.50832 0.01926 0.02010 0.00133
12au20b15 27r d 0.10061 0.00735 0.00493 0.00011 0.06838 0.00484 0.00215 0.00015
12au20b16 31cr d 0.08577 0.01614 0.00495 0.00020 0.05856 0.01079 0.00129 0.00018
12au20b17 33r * 0.04645 0.00966 0.00495 0.00016 0.03170 0.00653 0.00135 0.00013
12au20b18 35r * 0.05056 0.00623 0.00489 0.00013 0.03408 0.00413 0.00156 0.00013
12au20b19 35c d 0.05796 0.00356 0.00489 0.00008 0.03905 0.00237 0.00146 0.00010
12au20b20 36r x 0.05607 0.00232 0.06867 0.00101 0.53088 0.02166 0.02098 0.00193
12au20b21 36c x 0.11383 0.00340 0.18619 0.00255 2.92228 0.08617 0.05653 0.00410
sample SV
12au20c04 2r d 0.07015 0.00496 0.00470 0.00009 0.04543 0.00315 0.00166 0.00009
12au20c05 3r * 0.05070 0.00453 0.00467 0.00009 0.03266 0.00288 0.00134 0.00008
12au20c06 4c x 0.05331 0.00120 0.04294 0.00053 0.31561 0.00719 0.01260 0.00062
12au20c07 6c * 0.04651 0.00394 0.00468 0.00009 0.03002 0.00251 0.00134 0.00007
12au20c08 7r * 0.04656 0.00626 0.00481 0.00011 0.03091 0.00412 0.00147 0.00011
12au20c09 10cr d 0.07327 0.01072 0.00499 0.00018 0.05038 0.00718 0.00229 0.00020
12au20c10 11c x 0.06305 0.00173 0.10656 0.00138 0.92637 0.02543 0.02928 0.00168
12au20c13 11r d 0.31028 0.00903 0.14218 0.00219 6.08269 0.17171 0.20487 0.01351
12au20c14 13r * 0.04666 0.00496 0.00481 0.00011 0.03095 0.00324 0.00141 0.00011
12au20c15 15r * 0.04768 0.00781 0.00468 0.00015 0.03077 0.00495 0.00155 0.00015
12au21a04 18r x 0.05497 0.00326 0.08940 0.00147 0.67761 0.03980 0.02842 0.00555
12au21a05 19c d 0.29007 0.01397 0.00732 0.00017 0.29281 0.01296 0.00601 0.00030
12au21a06 20cr x 0.05925 0.00165 0.10479 0.00139 0.85617 0.02391 0.02555 0.00107
12au21a07 21c * 0.04559 0.00888 0.00474 0.00013 0.02978 0.00575 0.00130 0.00010
12au21a08 22cr * 0.04656 0.00530 0.00485 0.00010 0.03113 0.00351 0.00137 0.00008
12au21a09 25r d 0.09753 0.02013 0.00486 0.00027 0.06530 0.01301 0.00150 0.00024
12au21a10 26cr * 0.04891 0.00413 0.00471 0.00009 0.03179 0.00265 0.00141 0.00008
12au21a13 27r * 0.04595 0.00989 0.00482 0.00018 0.03057 0.00649 0.00144 0.00015
12au21a14 29c x 0.06406 0.00174 0.12302 0.00163 1.08665 0.02951 0.03579 0.00208
12au21a15 29r x 0.05544 0.00135 0.07499 0.00096 0.57328 0.01408 0.02252 0.00147
12au21a16 32r d 0.06283 0.00845 0.00505 0.00015 0.04379 0.00577 0.00149 0.00015
12au21a17 35c d 0.16926 0.00968 0.00605 0.00013 0.14130 0.00769 0.00285 0.00020
12au21a18 36c d 0.05723 0.00977 0.00482 0.00015 0.03801 0.00639 0.00176 0.00017
12au21a19 34cr d 0.35194 0.01348 0.00793 0.00016 0.38506 0.01361 0.00664 0.00050
12au21a20 37cr x 0.05135 0.00715 0.04127 0.00101 0.29222 0.04027 0.01220 0.00146

Abbreviations: r, rim; c, core; rc, rim and core part;
* Analyses used for concordia age; d - discordant  value; x - xenocryst
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rho -  error correlation of 206Pb/238U and 207Pb/235U defined as (206Pb/238U%err)/(207Pb/235U%err)
Discordance rate: (1 - (207Pb/235Uage)/(206Pb/238Uage))*100
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rho Age estimates (Ma) Discordance
207Pb/206Pb 1σ 206Pb/238U 1σ 207Pb/235U 1σ 208Pb/232Th 1σ %

0.20 617.5 281.2 32.1 0.9 41.3 5.7 43.5 3.7 22.3
0.18 43.9 292.7 31.7 0.8 31.9 4.2 29.9 2.1 0.6
0.16 92.1 322.3 32.2 0.8 33.0 4.8 29.8 1.9 2.4
0.15 23.0 330.2 31.7 0.7 31.6 4.7 32.8 2.2 -0.3
0.29 273.6 109.2 31.6 0.5 34.9 1.7 29.8 1.9 9.5
0.26 425.8 133.0 31.8 0.5 37.7 2.3 31.3 1.8 15.6
0.28 1145.8 171.5 31.5 0.8 52.1 4.5 39.2 2.6 39.5
0.19 11.9 311.7 31.7 0.8 31.4 4.4 32.3 2.8 -1.0
0.18 0.1 161.5 54.7 1.1 51.8 5.3 54.1 4.2 -5.6
0.32 432.3 107.1 430.7 6.6 431.0 17.2 402.7 29.9 0.1
0.41 111.8 82.1 31.5 0.4 32.6 1.1 31.4 2.4 3.4
0.12 0.1 0.0 31.8 0.7 26.0 4.3 32.5 2.6 -22.3
0.21 580.1 212.2 32.0 0.7 40.5 4.1 35.4 3.1 21.0
0.26 703.5 163.3 31.7 0.6 42.4 3.3 32.4 2.8 25.2
0.19 293.5 308.3 31.5 0.9 35.2 5.1 31.0 3.2 10.5
0.27 1053.7 150.6 31.6 0.7 50.0 3.7 38.0 2.2 36.8
0.22 371.4 215.6 31.8 0.7 36.7 3.6 37.8 2.4 13.4
0.17 24.6 266.4 31.7 0.7 31.6 3.7 30.7 1.7 -0.3
0.17 36.8 287.3 31.8 0.7 31.9 4.1 32.6 2.3 0.3
0.37 315.1 88.8 30.6 0.4 34.5 1.4 28.4 1.5 11.3
0.11 22.2 492.7 31.3 0.9 31.2 7.3 30.4 2.0 -0.3
0.20 6.3 210.5 31.6 0.6 31.3 2.8 30.1 1.9 -1.0
0.18 119.8 279.4 31.3 0.7 32.4 4.1 28.9 2.2 3.4
0.37 403.3 82.9 419.8 5.7 417.3 13.0 402.3 26.3 -0.6
0.32 1635.3 129.9 31.7 0.7 67.2 4.6 43.4 3.1 52.8
0.22 1332.9 326.3 31.8 1.3 57.8 10.4 26.0 3.7 45.0
0.16 20.8 435.3 31.8 1.0 31.7 6.4 27.3 2.6 -0.3
0.22 220.8 262.1 31.4 0.8 34.0 4.1 31.5 2.6 7.6
0.27 527.8 129.5 31.4 0.5 38.9 2.3 29.5 2.1 19.3
0.36 454.6 89.7 428.2 6.1 432.4 14.4 419.6 38.2 1.0
0.46 1861.5 52.9 1100.7 13.9 1387.7 22.3 1111.5 78.5 20.7

0.28 932.8 138.6 30.2 0.6 45.1 3.1 33.5 1.9 33.0
0.22 227.0 194.1 30.0 0.6 32.6 2.8 27.1 1.6 8.0
0.54 342.1 50.2 271.0 3.3 278.5 5.6 253.2 12.4 2.7
0.23 24.1 191.7 30.1 0.6 30.0 2.5 27.0 1.5 -0.3
0.17 26.7 294.3 31.0 0.7 30.9 4.1 29.6 2.1 -0.3
0.25 1021.6 270.7 32.1 1.1 49.9 6.9 46.3 4.1 35.7
0.47 709.8 57.3 652.8 8.1 665.7 13.4 583.4 33.0 1.9
0.55 3522.3 44.2 857.0 12.3 1987.8 24.6 3767.1 226.7 56.9
0.22 31.7 236.8 30.9 0.7 30.9 3.2 28.5 2.2 0.0
0.20 82.6 349.0 30.1 1.0 30.8 4.9 31.3 3.1 2.3
0.28 410.8 127.0 552.0 8.7 525.3 24.1 566.5 109.0 -5.1
0.52 3418.0 72.9 47.0 1.1 260.8 10.2 121.2 5.9 82.0
0.47 576.4 59.4 642.4 8.1 628.0 13.1 509.9 21.0 -2.3
0.14 0.1 390.7 30.5 0.9 29.8 5.7 26.2 2.0 -2.3
0.18 26.9 252.8 31.2 0.7 31.1 3.5 27.6 1.6 -0.3
0.28 1577.3 343.5 31.2 1.7 64.2 12.4 30.2 4.8 51.4
0.23 143.4 187.2 30.3 0.6 31.8 2.6 28.6 1.6 4.7
0.18 0.1 445.5 31.0 1.2 30.6 6.4 29.2 3.1 -1.3
0.49 743.5 56.3 747.9 9.4 746.9 14.4 710.8 40.6 -0.1
0.52 429.8 52.9 466.1 5.8 460.1 9.1 450.2 29.2 -1.3
0.23 702.3 262.9 32.5 1.0 43.5 5.6 30.2 3.0 25.3
0.39 2550.4 92.8 38.9 0.9 134.2 6.8 57.5 4.1 71.0
0.19 499.7 337.8 31.0 1.0 37.9 6.3 35.5 3.5 18.2
0.57 3715.4 57.1 50.9 1.0 330.8 10.0 133.8 10.0 84.6
0.18 256.5 292.0 260.7 6.3 260.3 31.6 245.2 29.2 -0.2
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Supplementary table S2. Representative major element composition and structural formula (O=8) of feldspar from the Stomanovo U-K monzonite

SV010-83 SV010-83 SV010-83 SV010-83 SV010-83 SV10-128 SV10-128 SV10-128 SV10-128
2-1 2-2 2-3 3-1 3-2 3-1 3-2 3-3 3-4
Pl Pl Pl Sa Sa Pl Pl Pl Pl

core intermediat
e zone rim core rim core intermediat

e zone
intermediat

e zone rim

SiO2 51.10 56.51 61.58 64.04 65.26 54.87 55.82 55.24 56.89
TiO2 n.d. n.d. n.d. n.d. n.d. 0.02 0.05 0.00 0.03
Al2O3 31.34 28.81 23.89 19.63 19.27 28.47 27.75 27.93 27.06
FeO 0.52 0.46 0.25 0.09 0.23 0.41 0.35 0.34 0.56
MnO 0.20 0.06 0.08 0.00 0.10 0.02 0.02 0.02 0.02
MgO 0.00 0.01 0.07 0.00 0.00 0.05 0.05 0.04 0.07
CaO 13.89 10.10 5.29 0.36 0.23 11.30 9.88 10.59 9.22
Na2O 3.53 5.71 8.59 2.94 2.81 5.18 5.84 5.56 6.12
K2O 0.37 0.39 0.50 11.84 13.02 0.59 0.70 0.58 0.32
BaO 0.03 0.05 0.00 1.45 0.67 n.d. n.d. n.d. n.d.
SrO 0.38 0.07 0.65 0.00 0.05 n.d. n.d. n.d. n.d.

101.36 102.17 100.90 100.35 101.64 100.91 100.46 100.30 100.29

An 67.0 48.3 24.7 1.8 1.1 52.9 46.4 49.6 44.6
Ab 30.8 49.4 72.5 26.2 24.1 43.9 49.7 47.1 53.6
Or 2.1 2.2 2.8 69.4 73.6 3.3 3.9 3.2 1.8
Cn 0.1 0.1 0.0 2.6 1.2 0.0 0.0 0.0 0.0

Si 2.310 2.497 2.730 2.941 2.959 2.466 2.511 2.492 2.553
Ti 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.000 0.001
Al 1.670 1.500 1.248 1.062 1.030 1.508 1.471 1.485 1.431
Fe 0.020 0.017 0.009 0.003 0.009 0.015 0.013 0.013 0.021
Mn 0.008 0.002 0.003 0.000 0.004 0.001 0.001 0.001 0.001
Mg 0.000 0.001 0.005 0.000 0.000 0.003 0.003 0.003 0.005
Ca 0.673 0.478 0.251 0.018 0.011 0.544 0.476 0.512 0.443
Na 0.309 0.489 0.738 0.262 0.247 0.451 0.509 0.486 0.532
K 0.021 0.022 0.028 0.694 0.753 0.034 0.040 0.033 0.018
Ba 0.001 0.001 0.000 0.026 0.012 0.000 0.000 0.000 0.000
Sr 0.010 0.002 0.017 0.000 0.001 0.000 0.000 0.000 0.000

Abbreviations. Pl - plagioclase; Sa - sanidine
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SV10-128 SV10-128 SV10-128 SV10-128 SV10-128
5-3 5-4 5-1 5-5 5-6
Pl Pl Sa Sa Sa

core rim core intermediat
e zone rim

55.16 56.04 63.84 63.55 64.03
0.03 0.00 0.31 0.00 0.00

28.52 27.09 18.88 19.13 19.10
0.53 0.39 0.19 0.17 0.33
0.03 0.00 0.02 0.02 0.00
0.03 0.00 0.00 0.11 0.02

10.72 9.71 0.29 0.26 0.42
5.63 6.24 2.58 2.35 2.89
0.37 0.28 12.82 12.79 11.66
n.d. n.d. n.d. 1.27 1.54
n.d. n.d. n.d. 0.10 0.17

101.02 99.75 98.93 99.75 100.16

50.2 45.5 1.4 1.3 2.1
47.7 52.9 23.1 21.0 26.0

2.1 1.6 75.5 75.4 69.1
0.0 0.0 0.0 2.3 2.8

2.472 2.534 2.957 2.947 2.952
0.001 0.000 0.011 0.000 0.000
1.507 1.444 1.031 1.046 1.038
0.020 0.015 0.007 0.007 0.013
0.001 0.000 0.001 0.001 0.000
0.002 0.000 0.000 0.008 0.001
0.515 0.470 0.014 0.013 0.021
0.489 0.547 0.232 0.211 0.258
0.021 0.016 0.758 0.757 0.686
0.000 0.000 0.000 0.023 0.028
0.000 0.000 0.000 0.003 0.005
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Supplementary table S3. Representative major element composition and structural formula (O=22) of biotite and ilmenite from the Stomanovo U-K monzonite

Biotite Ilmenite
SV10-128 SV010-83 SV010-83 SV010-83 SV010-83
in sanidine core rim

SiO2 36.25 37.97 36.86 SiO2 0.03 0.11
TiO2 6.37 5.64 6.12 TiO2 42.55 42.69
Al2O3 14.22 13.90 13.26 Al2O3 0.00 0.03
Cr2O3 0.14 0.00 0.03 Cr2O3 0.15 0.00
FeO 11.84 11.37 12.28 FeO 49.48 47.73
MnO 0.11 0.09 0.12 MnO 6.04 6.40
MgO 16.47 18.12 17.32 MgO 0.51 0.23
CaO 0.05 0.02 0.00 CaO 0.08 0.47
Na2O 0.40 0.39 0.33 Na2O 0.00 0.07
K2O 9.18 9.73 10.04 K2O 0.02 0.02
BaO 1.46 0.54
F 0.68 3.18 3.29
SO3 0.33 0.09
Cl 0.22 0.23 0.30
Total 97.72 101.27 99.95 98.84 97.66

Mg# 71.3 74.0 71.5

H2O* 3.68 2.59 2.43
Subtotal 101.07 103.77 102.38
O=F,Cl 0.34 1.39 1.45
Total 100.73 102.38 100.93

Si 5.359 5.481 5.431
Al(IV) 2.478 2.365 2.303
Al(VI) 0.000 0.000 0.000
Ti 0.708 0.612 0.678
Cr 0.016 0.000 0.003
Fe 1.464 1.373 1.513
Mn 0.014 0.011 0.015
Mg 3.630 3.899 3.804
Ca 0.008 0.003 0.000
Na 0.115 0.109 0.094
K 1.731 1.791 1.887
Ba 0.085 0.031 0.000
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Supplementary table S3. Representative major element composition and structural formula (O=22) of biotite and ilmenite from the Stomanovo U-K monzonite
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Supplementary table S4. Representative trace element (LA-ICP-MS) concentrations of feldspars and phlogopite in the the Stomanovo U-K monzonite

SV010-83 SV10-128
Sa Sa Pl Pl Pl Pl Sa Bt Bt

core rim core core rim in Sa

Sc <1.84 <1.73 <2.68 <1.12 <1.19 <1.50 <1.32 17 17
V <0.62 <0.77 <1.16 <0.74 <0.63 0.87 <0.56 505 503
Cr <15.25 <14.03 <17.68 <8.77 <10.67 <11.83 <9.88 125 37
Co <0.40 <0.35 0.91 0.36 0.39 <0.33 <0.23 66 95
Ni 6.36 <12.84 <15.70\ <7.27 <10.44 <8.32 <9.74 85 100
Rb 605 536 5.08 9.78 11.19 8.34 599 1295 1244
Sr 1234 1442 1526 1303 938 1548 1244 81 72
Y 0.20 0.30 0.77 0.48 0.44 1.69 0.37 0.54 <0.22
Zr <0.15 <0.16 0.41 0.22 0.20 <0.17 <0.19 25 33
Nb <0.19 <0.19 <0.15 <0.13 <0.14 <0.15 <0.09 43 50
Cs 1.46 2.32 0.15 0.37 0.26 0.21 1.76 19 n.d.
Ba 9836 10110 330 265 218 655 16503 7067 7168

La 2.43 3.14 7.90 13.04 13.83 15.81 2.23 0.39 <0.16
Ce 1.74 1.94 12.27 17.63 20.48 24.15 1.56 0.85 0.15
Pr <0.10 0.13 1.23 1.64 1.68 2.41 0.12 0.11 <0.09
Nd <0.65 <0.39 5.09 5.21 4.37 8.06 0.26 0.42 <0.54
Sm <0.76 <0.85 0.84 0.62 0.47 1.52 <0.31 <0.31 <0.51
Eu 1.39 1.50 1.27 1.23 1.09 1.86 1.59 0.47 0.80
Gd <0.30 <0.32 <0.80 <0.49 <0.38 0.58 <0.56 0.19 <0.41
Tb <0.08 0.06 0.10 <0.06 0.07 <0.07 <0.06 <0.06 <0.07
Dy <0.36 <0.27 0.59 0.18 <0.23 0.38 <0.22 <0.15 <0.30
Ho <0.11 <0.08 <0.07 <0.04 <0.04 0.05 <0.03 <0.06 <0.08
Er <0.21 <0.42 <0.62 <0.14 <0.21 0.34 <0.20 0.23 <0.35
Tm <0.04 <0.07 <0.11 <0.03 <0.05 0.05 0.03 <0.05 <0.08
Yb <0.49 <0.30 <1.05 <0.27 <0.21 <0.36 <0.39 <0.28 <0.31
Lu <0.06 <0.04 <0.16 <0.05 <0.03 <0.08 <0.05 <0.04 <0.08

Hf <0.16 0.19 <0.35 0.14 <0.30 <0.15 <0.16 0.72 1.14
Ta <0.10 <0.06 <0.16 <0.04 <0.04 <0.05 0.05 0.87 1.66
Pb 60 82 31 35 57 38 81 53 37
Th <0.13 <0.08 0.29 0.20 0.08 0.24 <0.05 1.23 0.29
U <0.05 <0.05 0.14 0.05 <0.07 0.12 <0.09 1.37 0.36
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Supplementary table S4. Representative trace element (LA-ICP-MS) concentrations of feldspars and phlogopite in the the Stomanovo U-K monzonite

Page 56 of 56

Cambridge University Press

Geological Magazine

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For Peer Review

Supplementary figure S5. Assimilation and fractional crystallization (AFC) models 

Marchev et al. Formation of ultrapotassic magma via crustal contamination and hybridization of mantle magma: an 

example from the Stomanovo monzonite, Bulgaria
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Assimilation and fractional crystallization (AFC) models using equations of De Paolo (1981) for the Stomanovo 
monzonite. Basic end-member is absarokite (sample Bg109b, Sr=366.9, Th=6.02, 87Sr/86Sr=0.70641) from 
Kirchenbaur et al. (2012). The composition of the Carboniferous gneiss contaminant material (sample RH346, 
Sr=108.1, Th=19.73, 87Sr/86Sr=0.72820) is taken from Cornelius (2008). 
(r) is ratio of assimilated material to crystallized material. Marks on the AFC curves (F) represent the ratio of magma 
mass to original magma mass. Bulk partition coefficient used in the modeling are: DSr = 1.2, DTh = 0.004.  
The AFC curves are plotted with AFC-Modeler (Keskin, 2013). 
 
References: 
Cornelius, N. K. 2008. UHP metamorphic rocks of the Eastern Rhodope Massif, NE Greece: new constraints from 
petrology, geochemistry and zircon ages. PhD thesis. Mainz, Johannes Gutenberg University, 164 pp. 
http://doi.org/10.25358/openscience-4327 
Keskin, M. 2013. AFC-Modeler: a Microsoft® Excel© workbook program for modelling assimilation combined with 
fractional crystallization (AFC) process in magmatic systems by using equations of DePaolo (1981). Turkish Journal of 
Earth Sciences 22, 304–319. 
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