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“For what it’s worth… 

It’s never too late to be whoever you want to be. 

There’s no time limit, start whenever you want. 

You can change or stay the same, 

There are no rules to this thing. 

We can make the best or the worst of it. 

I hope you make the best of it. 

And I hope you see things that startle you. 

I hope you feel things you never felt before. 

I hope you meet people with a different point of view. 

I hope you live a life you’re proud of. 

If you find that you’re not, 

I hope you have the courage to start all over again.” 

 

Eric Roth 
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ABSTRACT 
 

A petrological study has been conducted on three volcanic districts (Tafresh, 

Nowbaran and Bijar-Qorveh) of NW Iran with the purpose to give a contribution to the 

scientific community about the tectono-magmatic framework of the Arabia-Eurasia 

collision zone. These volcanoes belong to the so-called Urumieh-Dokthar Magmatic Arc 

(UDMA) running from NW to SE along the western margin of Iran, whose volcanism is 

related to the NE-ward Neotethys Ocean subduction beneath the Iranian plate since 

Early Cretaceous time, evolved into Arabia-Iran continental collision during early 

Cenozoic.  

Tafresh investigated rocks mainly range from basaltic andesites to rhyolites and are 

probably linked to closed-system magma evolutionary processes. Such processes 

involved fractionation of i) mainly ferromagnesian minerals and plagioclase, followed 

by ii) removal of plagioclase and lesser amphibole (with minor clinopyroxene) and 

finally iii) lesser alkali feldspar and minor amphibole in the most evolved terms. LILE-

enriched and HFSE-depleted geochemical signature (likely originated from a hydrous 

primitive melt equilibrated with a spinel-bearing peridotite source) inferred the typical 

subduction-related trend emplaced in a subduction-related setting. Strongly evolved 

rocks are supposed to be derived from crustal anatexis of a mixed meta-sedimentary 

source. One sample shows distinctive adakitic signature (high La/Yb and Sr/Y ratios, low 

Yb and HFSE contents) which are interpreted as the product of the melting of a meta-

mafic source rock (i.e., subducted oceanic slabs) with residual garnet and amphibole.  

Differently, Nowbaran Quaternary melanephelinites result by far the most peculiar 

igneous rocks of the entire Bitlis-Zagros Orogen. The absence of feldspars and melilite 

is coupled with extremely low SiO2 content and very high CaO and Al2O3 abundances, 

leading to ultracalcic compositions. Moreover, these rocks show high Mg# and very 

high Ni and Cr values, which likely suggest a primitive character of these melts. Isotopic 

ratios and primitive-mantle normalized pattern indicate hybrid sources, as their trend 

exhibits subduction-related imprinting mixed with HiMU-OIB features. Such uncommon 

compositions are thought to be unlikely derived from a classic four-phase (i.e. C-H-free) 

peridotitic mantle or from digestion of carbonatic compositions. More likely, they are 

generated from carbonated apatite-hornblendite-rich metasomes which are 
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considered as the products of interaction between peridotitic matrix and partial melts 

derived from arc cumulates (formed by crystallization of hydrous and CO2-bearing 

magmas generated during previous subduction-related arc). 

On the other hand, two main volcanic cycles have been recognized in Bijar-Qorveh 

area. Upper Miocene (~9.2-8.3 Ma) compositions mostly range from trachy-andesites 

to trachytes (with minor rhyolitic terms) whereas Pleistocene (~1.3-0.5 Ma) samples 

are mostly represented by trachybasalts and tephrites, with lesser alkali basalts. Major 

and trace elements of Miocene rocks (i.e., Dehgolan and Qorveh) likely suggest 

fractional crystallization of ferromagnesian minerals then followed by removal of 

plagioclase and amphibole. These rocks exhibit high-K calcalkaline affinity, as also 

shown by primitive mantle-normalized patterns characterized by strong LILE and LREE 

enrichments, typical of subduction-related magmas. Only three Dehgolan samples 

show by far higher K2O-TiO2-P2O5 and Rb contents, which are thought to be related to a 

Ti-phlogopite-rich source rock. Quaternary samples (i.e., Qezelke Kand, Bijar and 

Takab) consist of alkaline series showing mainly sodic to strictly potassic (i.e. Takab) 

affinity. They show high Mg#, Ni and Cr content which probably is indicative that 

primary magma was not affected by extensive fractionation. Moreover, isotopic ratios 

and incompatible multielemental patterns show mixed features of both intraplate-like 

and subduction-related end members. Takab rocks always cluster distinctly, showing 

higher K2O and Rb abundances which could be linked to a phlogopite-rich mantle 

source. Noteworthy, Qezelke Kand outcrops are characterized by the association of 

basic products with four high silica rocks which have been referred to as adakites, likely 

deriving from the melting of subducted basalts in eclogite facies. Bijar-Qorveh Miocene 

high-K volcanic products represent the final magmatic phase of the calcalkaline 

volcanism occurring in Central Iran during Tertiary period, whereas Quaternary basic 

magmatism is to be considered as the expression of regional tensional tectonics or 

related to variations in the source mineralogy during melting processes. 
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AIM OF THE PhD AND STRUCTURE OF THE THESIS 

Aim of the PhD project is the investigation of three volcanic districts in NW Iran 

(Nowbaran, Tafresh and Bijar-Qorveh areas; Fig. 1) in terms of petrographic 

characterization, major and trace elements and isotopic compositions, with the 

purpose to better understand the mechanisms governing the petrological evolution of 

the Cenozoic magmatic system in western Iran. 

The PhD thesis is divided in three main chapters: 

▪ Chapter 1 is a paper in press in “Periodico di Mineralogia” (2021) about Tafresh 

volcanic area. The paper has been written by Giulia Salari (Dipartimento di Scienze 

della Terra, Sapienza Università di Roma) in collaboration with Michele Lustrino 

(Dipartimento di Scienze della Terra, Sapienza Università di Roma), Mohammad 

Reza Ghorbani (Department of Geology, Tarbiat Modares University, Tehran), 

Samuele Agostini (CNR – Istituto di Geoscienze e Georisorse, Pisa) and Lorenzo 

Fedele (Dipartimento di Scienze della Terra, dell’Ambiente e delle Risorse, 

Università degli Studi di Napoli Federico II). 

▪ Chapter 2 is a paper submitted at “Journal of Petrology” about Nowbaran volcanic 

zone. This paper has been written by Michele Lustrino (Dipartimento di Scienze 

della Terra, Sapienza Università di Roma), Giulia Salari (Dipartimento di Scienze 

della Terra, Sapienza Università di Roma), Bahman Rahimzadeh (Department of 

Geology, Shahid Beheshti University, Tehran), Samuele Agostini (CNR – Istituto di 

Geoscienze e Georisorse, Pisa), Lorenzo Fedele (Dipartimento di Scienze della 

Terra, dell’Ambiente e delle Risorse, Università degli Studi di Napoli Federico II) 

and Fariborz Masoudi (Department of Geology, Shahid Beheshti University, 

Tehran). 

▪ Chapter 3 is a manuscript in preparation about Bijar-Qorveh volcanic field. 

Concluding remarks resume the three chapters, exposing the main findings and the 

final discussions of the thesis. 
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Following Appendix Tables include whole-rock compositions, Sr-Nd-Pb isotopic ratios 

and Electron Microprobe Analyses of Chapters 1-3. 

Supplementary Material S1 contains Chapter 2 (Nowbaran) experimental procedures of 

high-pressure forced multiple saturations which have been performed at the Institute 

of Geochemistry and Petrology (D-ERDW) at ETH Zürich, in collaboration with Prof. Max 

W. Schmidt. 

Supplementary Material S2 is the paper “Leucitites within and around the 

Mediterranean area” written by Lustrino M., Fedele L., Agostini S., Prelević D. and 

Salari G. and published in Lithos, 2018, Vol. 324-325, pp. 216-233. 

  

Fig. 1: Geographic map of the studied regions (East Kurdistan and Markazi Provinces) in NW 

Iran. Black rectangles indicate the location of sampling sites. 
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INTRODUCTION AND STATE OF THE ART 

The Mediterranean Region is one of the world’s most studied area and probably 

represents the most complex geodynamic settings on Earth. Its present-day geological 

configuration is the result of the creation and ensuing consumption of two major 

oceanic basins (i.e. Paleotethys and Neotethys) within an overall regime of prolonged 

interaction between the Eurasian and the African-Arabian plates (Cavazza and Wezek, 

2003). The closure of these oceanic domains produced a system of orogenic belts 

which vary in terms of timing and tectonic setting (Cavazza and Wezek, 2003) and are 

interpreted as the end product of the Alpine-Himalayan orogenic cycle. 

This complex scenario has been largely governed by several subduction zones and 

rifting environments (Carminati et al., 2012) where then magmatism and tectonics 

result strictly related. 

As part of the Alpine-Himalayan Belt, the Zagros Orogen in western Iran has 

experienced an extremely complex geodynamic evolution, which stimulated a number 

of geological investigations on several interconnected topics dealing with geophysics, 

active tectonics, igneous and metamorphic response, as well as sedimentary evolution 

(Agard et al., 2005; Molinaro et al., 2005; Mouthereau et al., 2006, 2012; McQuarrie 

and van Hinsbergen, 2013; Koshnaw et al., 2018; Karasözen et al., 2019; Rabiee et al., 

2020). Mesozoic-Cenozoic magmatism in Iran developed as a consequence of the NE-

directed subduction of the Neotethyan oceanic lithosphere beneath the Eurasian plate 

which led to widespread volcanic products widely ranging for compositions, age and 

geographical distribution.  

However, compared with its western (i.e. Alps) and eastern (i.e. Himalaya) 

counterparts, the Zagros Orogen remains less documented and numerous are the 

topics that still need to be solved (e.g. the timing of collision, the position of suture 

zone and the geochronological, chemical and spatial evolution of the igneous activity). 

In such a framework, multidisciplinary geological studies are extremely useful to 

unravel the uncertainties that still characterize the geodynamic reconstruction of the 

area, similarly to what has been instead proposed in the western Alpine-Himalayan Belt 

(e.g. Carminati et al., 2012; Faccenna et al., 2014; van Hinsbergen et al., 2020). A useful 

tool is represented by the petrological features inferred from petrography and whole-
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rock geochemistry of the igneous rocks emplaced during the geological evolution of the 

orogenic belt. In the Zagros Orogen case, informations regarding the associated long-

lasting magmatism occurring in the two subparallel NW-SE-oriented magmatic belts of 

the Sanandaj-Sirjan Zone and the Urumieh-Dokthar Magmatic Arc (covering more than 

150 Myr; e.g. Omrani et al., 2008; Chiu et al., 2013), are however relatively limited. 

 

Alkaline ultrabasic magmatism 

The issue of alkaline ultrabasic rocks deserves some emphasis as these were found in 

one of the study area, i.e. Nowbaran (Chapter 2).  

These very particular compositions did not found counterparts anywhere else in the 

entire Iranian plate and result completely different from the bulk of the Cenozoic 

andesitic-to-rhyolitic rocks cropping out in the Urumieh-Dokthar Magmatic Arc 

(hereafter UDMA, a >2000 long Cenozoic tectono-magmatic belt running NW-SE along 

the western margin of Iran (e.g., Rabiee et al., 2020; Chaharlang et al., 2020; Salari et 

al., 2020). UDMA compositions result embedded within an overall subduction-related 

framework and upper mantle partial melts generated in subduction systems are 

characterized by variable compositions, showing intermediate to acid SiO2-

oversaturated compositions with alkali content ranging from low (e.g. andesite to 

rhyolite association, Straub and Zellmer, 2012; Howe et al., 2015; Erràzuriz-Henao et 

al., 2019; Zheng, 2019), to high (with potassic to ultrapotassic affinities; e.g., Avanzinelli 

et al., 2009; Soder and Romer, 2018; Forster et al., 2019). UDMA rocks mostly have 

intermediate to acid compositions with subalkaline to mildly alkaline affinity, 

commonly with CIPW quartz- and hypersthene-normative mineralogy, whereas 

ultrabasic (i.e., <45 wt% SiO2) and strongly SiO2 undersaturated (i.e., CIPW larnite-

normative) compositions are extremely rare if not completely absent. 

 Alkaline basic-ultrabasic compositions always drew the attention of researchers in 

igneous petrology field as their origin cannot be related to normal H- and C-free upper 

mantle paragenesis (e.g. Pilet, 2015; Tucker et al., 2019). Sodic and potassic variants of 

this volumetrically restricted field occur in different tectonic environments, such as 

continental and oceanic mid-plate settings, continental rifts as well as supra-

subduction mantle wedges (e.g., Pilet, 2015; Lustrino et al., 2019a). These rocks are 
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mainly characterized by an enrichment of incompatible elements with respect to the 

primitive mantle, explained invoking tapping of sources at different depths, several 

styles of partial melting as well as variable volatile and lithology mixes in upper mantle 

regions. 

Around the end of ‘60s and the beginning of ‘70s new experimental studies started to 

propose for strongly ultrabasic compositions partial melting conditions of ~3 GPa, T 

<1200 °C and f <5%, provided both H2O and CO2 are present (XCO2 <0.5; e.g., Green, 

1969 CaO-rich compositions) do require the presence of carbonates in their mantle 

sources or at least interaction with carbonates at shallow depths (e.g., Lustrino et al., 

2019b). This is reflected by the common association of these lithologies with plutonic 

and volcanic carbonatites (e.g., Mitchell, 2005; Woolley and Kjarsgaard, 2008; Tappe et 

al., 2020). The origin and the tectonic meaning of carbonatites have been debated for 

over 50 years (e.g., Mitchell, 2005; Yaxley et al., 2019). Essentially all the models 

require the obvious presence of mantle carbonates. Low degrees partial melting would 

generate dolomitic to magnesitic melts which are strongly reactive with the peridotitic 

matrix, making their reaching to the surface very hard (e.g., Hammouda and Keshav, 

2015). Alternative (but overall similar) views include separation by immiscibility of CO2-

bearing SiO2-poor/free liquids from CO2-poor/free SiO2-richer melts (e.g., Freestone 

and Hamilton, 1980, Amundsen 1987; Wallace and Green, 1988; Kjarsgaard and 

Hamilton, 1989; Baker and Wyllie, 1990; Lee and Wyllie 1994, 1997; Brooker, 1998; 

Harmer and Gittins, 1998; Dasgupta et al., 2006; Thomsen and Schmidt, 2008).  

According to experimental petrology (Wyllie and Huang, 1975; Eggler, 1976; Eggler 

and Mysen, 1976; Wyllie, 1980; Falloon and Green 1989; Dalton and Presnall 1998; 

Presnall et al. 2002; Gudfinnsson and Presnall, 2005; Dasgupta and Hirschmann, 2006; 

Keshav and Gudfinnsson, 2013; Novella et al., 2014; Hammouda and Keshav, 2015) 

they can be produced by a carbonated peridotite through different partial melting 

degrees and different depth of source.   

The carbonate ledge is a key feature of the CO2-bearing peridotite solidus determined 

experimentally more than 50 years ago, marked by an abrupt decrease of solidus 

temperature at pressures ranging from ~2 to ~3 GPa (e.g., Wyllie, 1989). The sudden 

decrease of solidus temperature is determined by the appearance of dolomite in 

equilibrium with CO2 vapor phase, forsterite, diopside and enstatite in an invariant 
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point whose exact position in T-P space is function of the overall chemical composition 

of the investigated ultramafic system, as well as the possible presence of other 

volatiles (e.g., Wyllie, 1989). In its most general view, volumes of upper mantle 

departing from the invariant point towards lower temperatures are characterized by 

the presence of dolomite + enstatite as the reacting products between CO2 + olivine + 

diopside along the univariant line. At higher pressure (>3 GPa) a second carbonation 

reaction occurs, forming Mg-carbonate instead of Ca-Mg-carbonates according to the 

reaction: dolomite + enstatite = magnesite + olivine + diopside (e.g., Wyllie and Huang, 

1976; Gudfinnsson and Presnall, 2005). Near-solidus partial melts at depths higher than 

the invariant point have carbonatitic compositions (e.g., Gudfinnsson and Presnall, 

2005; Hammouda and Keshav, 2015). At pressures <2 GPa, these carbonatitic melts 

usually react with peridotitic matrix, exsolving CO2 and consuming enstatite. The 

production of wehrlitic (i.e., enstatite-free) peridotitic fronts or channels allows 

stability of further carbonatitic melts at depths shallower than 2 GPa, eventually 

leading to the possibility of carbonatitic magma survive up to the surface. 

Near-solidus partial melts of a carbonated peridotite at ~2-8 GPa (at corresponding T 

~1000-1400 °C; Gudfinnsson and Presnall, 2005; Green, 2015) are carbonatitic (~40 

wt% CaO and <10 wt% SiO2) in compositions. These melts become richer in SiO2 and 

poorer in CO2 and CaO with increasing temperature as a consequence of the 

exhaustion of the carbonate component and the increased involvement of the main 

silicate and spinel phases in the melting process (e.g., Wyllie and Huang, 1975; Eggler, 

1978; Falloon and Green, 1989; Gudfinnsson and Presnall, 2005; Dasgupta and 

Hirschmann, 2007; Foley et al., 2009; Hammouda and Keshav, 2015). A compositional 

transition, with a continuum from primary carbonatitic to melilititic (CaO ~25 wt% and 

SiO2 ~25) and kimberlitic (CaO <20 wt% and SiO2 ~30) melts with increasing 

temperature is experimentally demonstrated (e.g., Gudfinnsson and Presnall, 2005). 

Going farther from the solidus, the increasing melting temperature produces melts 

approaching nephelinitic and basanitic compositions (CaO ~10% wt% and SiO2 ~40-45 

wt%) and eventually alkali basalts at the highest degrees of partial melting (Hirose, 

1997; Gudfinnsson and Presnall, 2005; Hammouda and Keshav, 2015). According to this 

view, the role of CO2 in the genesis of “normal” alkaline basaltic magmas is minor, 

being this component strongly “diluted” in a volumetrically dominant peridotite-
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derived melt flux. Thus increasing melting of carbonated peridotites is considered a 

relevant process to explain the genesis of SiO2-undersaturated ultrabasic melts.   

 

Investigating adakitic signature 

Anomalous compositions referred to as adakites have been found both in Tafresh and 

Bijar-Qorveh studied areas. Adakitic compositions have been found throughout the 

Iranian magmatic arc: from northwest UDMA (Jahangiri, 2007; Azizi et al., 2014: 

Torkian et al., 2019) to the central part (Ghorbani and Bezenjani, 2011; Omrani et al., 

2008) to southeast UDMA (Khodami et al., 2009; Omrani et al., 2008), thus it is worth 

investigating such unusual and particular compositions. 

The term adakite was used for the first time by Defant and Drummond (1990) which 

refer to particular geochemical characteristics such as SiO2 ≥ 56 wt%, Al2O3 ≥ 15 wt% 

(rarely lower), usually MgO < 3 wt% and low concentration of Y (≤ 18 ppm) and HREE (≤ 

1.9 ppm). Other characteristics are also low HFSE and 87Sr/86Sr usually < 0.7040, 

suggesting an origin by melting of subducted basalts in eclogite facies. Martin (1986) 

introduced La/Yb and Sr/Y ratios as discriminating features of adakitic magmas, 

confirming a mafic source in which garnet and/or amphibole are residual phases (Rapp 

et al., 1991). The term adakite and the origin of such unusual compositions are still 

controversial as it is used in a variety of contexts. Moreover, they encompass 

compositions sometimes showing an extremely wide range of values, without any 

specific mineralogical or petrographic evidences that could allow their identification in 

regardless of the geochemical signature. Thus the genetic interpretation of these rocks 

is not yet well defined. In any case, two main hypotheses have been proposed for 

adakites petrogenesis, namely the melting of subducted oceanic slab (Defant and 

Drummond, 1990; Martin et al., 2005; Castillo, 2012), which remains the most 

accredited theory, and the melting of the lower crust by underplating or delamination 

(Petford and Atherton, 1996; Chung et al., 2003; Ma et al., 2012; Ribeiro et al., 2016). 

Thus definition of adakite actually encompasses both notions of pristine subducted slab 

melts and crustal melts which interacted with mantle peridotite (Castillo, 2006). Indeed 

some adakites show high-MgO values (and high Ni-Cr contents) which are may linked 
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to re-equilibration with peridotitic matrix during slab melts ascent (Rapp et al., 1999; 

Martin et al., 2005).   

The UDMA likely experienced a transition from calcalkaline to adakitic magmatism 

during the final stages of subduction with a southeastward migration of adakitic 

activity (Oligo-Miocene in the NW UDMA, Early Miocene in the central part and Middle 

to Late Miocene in the SE UDMA; Chiu et al., 2013; Kouhestani et al., 2017) which is 

commonly interpreted to be a consequence of the crustal thickening due to the 

diachronous continental collision (Chiu et al., 2013). Moreover, these rocks usually 

result associated with high-Nb basalts (HNB) which whose formation is thought to be 

linked to similar metasomatic processes originated from slab melts (Sajona et al., 1994; 

Wang et al., 2006), namely melting of mantle wedge peridotite extensively 

metasomatized by slab-derived melts (and after the releasing of HFSE due to 

amphibole breakdown).  

However the current literature on adakite becomes confusing because of the wide 

range of compositions and tectonic environments which do not allow direct 

identification in the processes involved in the genesis of these rocks. The origin of this 

term has been extensively debated over the past decades (Martin, 1986; Defant and 

Drummond 1990; Schiano et al., 1995; Castillo et al., 2007; Ribeiro et al., 2016) but 

nevertheless, their investigations have certainly enriched our understanding of 

material recycling at subduction zones and crustal evolutionary processes (Castillo, 

2006). 
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GEOLOGICAL SETTING 

The present-day geological framework of Iran belongs to the complex tectonic setting 

seeing the formation and evolution of the Mediterranean region, the eastward escape 

of the Anatolian plate directions (e.g. Bitlis-Zagros fold-and-thrust belts), overall 

grouped in the Alpine-Himalaya Orogenesis (Fig. 2). 

 

 

Fig. 2: Tectonic setting of the Arabia-Eurasia collision zone in the Eastern Mediterranean region. 

Velocities of Arabia with respect to Eurasia are also shown after ArRajehi et al., (2010). From 

Zhang et al., (2018).  

 

 

Turkey, Iran, Afghanistan and the terranes of Tibet were once the main components 

of the Cimmerian continent postulated by Sengör et al., (1984). These continental 

fragments peeled off the northern margin of Gondwana in Late Permian time and 

accreted to the southern margin of Eurasia by the end of Triassic (Dewey et al., 1973; 

Alavi, 1994; Ramezani and Tucker, 2003; Pang et al., 2004) during the so-called 

Cimmerian Orogeny (Fig. 3). 



Petrogenesis of the Cenozoic magmatism in NW Iran  

 

12 
 

 

 

Fig. 3: a) Cimmeria continent as Gondwana Superterrane during Early Permian time (~300 Ma). 

b) Cimmeria continent separated from northern Gondwana and collided with southern margin 

of Eurasia around Late Triassic time (~200 Ma) as Neotethyan Ocean opened and Paleotethys 

nearly completely subducted. Ab, Alboran; Ad, Adria; Ag, Aladag; Aj, Ajat; Ap, Apulia; Ar, Arna 

accretionary complex; Bd, Beydaghlari; Bk, Bolkardag; By, Beyshehir; Cn, Carnic-Julian; Do, 

Dobrogea; gC, great Caucasus; Gd, Geydag; Hy, Hydra; Is, Istanbul; ; Jf, Jeffara rift; Kb, 

Karaburun; Ki, Kirshehir; Ma, Mani; Mn, Menderes; Mr, Mrzlevodice fore-arc; Mz, Munzur dag; 

nC, north Caspian; Pl, Pelagonian ; Pm, Palmyra rift; Rh, Rhodope; Si, Sicanian; Sk, Sakarya; sK, 

south-Karawanken fore arc; Sl, Slavonia; SM, Serbo-Macedonian; tC, Transcaucasus; TD, Trans-

Danubian; To,Talea Ori; Tu, Tuscan ; Tv, Tavas+Tavas seamount;Tz, Tizia. After Stampfli and 

Borel (2002).  

 

 

The NE-directed continental drift of Cimmeria is coupled with the opening of the 

Neotethyan Ocean during the Late Permian time and the consequent closure of the 

ancient Paleotethys Ocean during Late Triassic (Davoudzadeh and Schmidt, 1984; 

Stampfli and Pillevuit, 1993; Stampfli and Borel, 2002; Hassanzadeh et al., 2008; 

Wilmsen et al., 2009; Verdel et al., 2011; Stampfli et al., 2013) along the border of the 

Central-East-Iranian Microcontinent (CEIM). The closure of the Paleotethys Ocean is 
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identifiable in a discontinuous suture zone now cropping out along northern and 

eastern Iran from Alborz Mountains (south of Caspian sea) to Binalud Mountains (close 

to the boundary with Afghanistan and Turkmenistan; Fig. 4). 

 

Fig. 4: Simplified geological sketch map of Iran (after Shafaii Moghadam et al., 2016) with black 

rectangles indicating the location of the study areas (Tafresh, Nowbaran and Bijar-Qorveh). 

 

 

As consequence of the Late Jurassic-Early Cretaceous South Atlantic Ocean opening 

and the following counter-clockwise rotation of Africa-Arabia, Neotethys oceanic 

domain evolved to a diachronous collision of the Arabian plate along the southern 

Eurasian plate represented by the Gondwana-derived Iranian micro-continents (Dewey 

et al., 1973; Alavi, 1980, 1994: Berberian and King, 1981; Sengör, 1984, 1988; Pang et 

al., 2004; Agard et al., 2005).  

From Cretaceous to the present, the continuous convergence between Arabian and 

Iranian plates has been accommodated by progressive continental crust thickening and 
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shortening (Berberian and King, 1981; Hassanzadeh and Wernicke, 2016). The 

continent-continent collision led to the formation of the E-W trending Bitlis Orogen in 

northernmost Arabia-Anatolia and of the NW-SE trending Zagros Orogen along the NE 

Arabia-SW Iran zones (Dewey et al., 1973; Sengör and Yilmaz, 1981 Yilmaz et al., 1993; 

Alavi, 1994; Parlak, 2006; Agard et al., 2011; Robertson et al., 2013). The exact timing 

of such collisional event is still debated, as several different lines of evidence provide 

estimates spanning a ~175 Myr time interval [i.e. from Late Triassic to Miocene; Agard 

et al., (2011); Verdel et al., (2011); Koshnaw et al., (2018)]. But detailed zircon U-Pb age 

data on the igneous products associated with this phase argue for an oblique 

convergence, which thus resulted in a progressively younger onset of the continental 

collision from NW to central up to SE Iran (from ~22 to ~10-6 Ma; Chiu et al., 2013). 

This is also in line with present-day kinematic data indicating Arabia-Eurasia 

convergence of ~20-30° oblique to the Zagros Orogen (Masson et al., 2007) and with 

the oceanic subduction being still active in the Makran zone at the south-easternmost 

tip of Iran (Burg, 2018). 

Such a complex geodynamic evolution led to diffuse calcalkaline magmatism 

throughout time, developed along the western margin of Iran during latest Triassic-

Early Jurassic time, culminating at ~170 Ma (Hassanzadeh and Wernicke, 2016). Other 

igneous districts related to the Arabia collision crop out in eastern Anatolia (e.g. Di 

Giuseppe et al., 2017; Karaoglu et al., 2020), the Lesser Caucasus/Alborz belt (northern 

Iran, where it merges with north-western UDMA; e.g. Asiabanha and Foden, 2012), 

Central Iran and the Lut-Sistan region (easternmost Iran; e.g. Pang et al., 2013). 

The Zagros Orogen represents a NW-SE trending fold-and-thrust belt which extends 

from the Anatolian-Iranian border to the Makran area (Ellouz-Zimmermann et al., 

2007; Smith et al., 2010b), with an overall SW-directed tectonic transport associated to 

the NE-directed oceanic subduction prior to the continental collision. The Zagros 

Orogenic Belt in western Iran is classically divided into three main NE-SE-directed 

tectono-magmatic units running parallel to each other (Fig. 4): 1) the Zagros fold-and-

thrust belt (hereafter ZFTB), 2) the Sanandaj-Sirjan Zone (SSZ) and 3) the Urumieh-

Dokthar Magmatic Arc (UDMA; Alavi, 1994; Mohajjel and Fergusson, 2000; Azizi and 

Jahangiri, 2009). The SSZ and UDMA zones belong to the hanging-wall plate (i.e. 

Eurasia) whereas the ZFTB represents the deformed Phanerozoic cover belonging to 
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the foot-wall plate (i.e. Arabian foreland; Agard et al., 2011). The Main Zagros Thrust is 

considered as the main suture zone defining the boundary between the Arabian and 

the Iranian plates (Stöcklin, 1968; Agard et al., 2005, 2006, 2011).  

The ZFTB forms the most external part of the orogen and mainly consists of faulted 

and folded Paleozoic and Mesozoic successions (~4-7 km thick) overlain by Cenozoic 

silicoclastic and carbonate rocks (~3-5 km thick; Mehdipour Ghazi and Moazzen, 2015). 

The SSZ contains the most extensive and best preserved record of key events in the 

formation and evolution of the Neotethyan Ocean (Hassanzadeh and Wernicke, 2016). 

Its basement is formed by Late Proterozoic-Mesozoic metamorphic rocks such as gneiss 

and amphibolites (Horton et al., 2008; Mehdipour Ghazi and Moazzen, 2015; 

Hassanzadeh and Wernicke, 2016) overlaid by Mesozoic shallow-water sediments of 

the formerly passive continental margin, later intruded by large gabbroic and granitoid 

plutons (Leterrier, 1985; Rachidnejad-Omran et al., 2002; Mazhari et al., 2009; Dilek et 

al., 2010; Chiu et al., 2013; Mohajjel et al., 2013; Mehdipour Ghazi and Moazzen, 2015; 

Hassanzadeh and Wernicke, 2016). Magmatism in the SSZ comprises also scattered 

Paleocene to Late Eocene occurrences (~60-35 Ma; Mazhari et al., 2009; Azizi et al., 

2011; Mahmoudi et al., 2011). SSZ igneous products thus comprise both volcanic and 

plutonic rocks, mostly with calcalkaline serial affinity classically interpreted to reflect an 

Andean-type arc system (Berberian and King, 1981; Agard et al., 2005, 2011; Shahbazi 

et al., 2010; Hassanzadeh and Wernicke, 2016; Deevsalar et al., 2017).  

The igneous activity ceased in SSZ and shifted progressively northeastward to form 

the subparallel UDMA during Late Cretaceous-Paleogene time (Hassanzadeh and 

Wernicke, 2016). This NE migration occurred diachronously along strike and is 

considered to be interpreted as the flattening of the Neotethyan subduction angle 

(Agard et al., (2011; Berberian and King, 1981; Shahbpour, 2007; Verdel et al., 2011; 

Chiu et al., 2013). The UDMA reaches a maximum width of ~250 km and a total length 

of ~1800 km and comprises various plutonic and volcanic rocks with associated 

pyroclastic and volcanoclastic successions (Berberian and King, 1981; Alavi, 2004; Agard 

et al., 2011; Ghazi and Moazzen, 2015). As a whole, the igneous rocks range from basic 

to acid, with ultrabasic compositions not yet reported. A detailed geochronological 

scheme for UDMA magmatism is reported in Chiu et al., (2013) on the basis of an 

extensive set of zircon U-Pb absolute age data. According to these authors, the earliest 
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(~81-72 Ma) magmatic manifestations crop out in SE UDMA followed by a prolonged 

quiescent period. Magmatism peaked during Eocene (~55-45 Ma), emplacing products 

with calcalkaline (plus rarer transitional shoshonitic) affinity with the typical 

geochemical signature of subduction-related magmas (Farhoudi, 1978; Berberian and 

King, 1981; Emami, 1993, 2000; Shahabpour, 2005; Omrani et al., 2008; Verdel et al., 

2011; Chiu et al., 2013). During Late Eocene the igneous activity in UDMA decreased in 

intensity (Emami et al., 1993) ceasing in the northwestern sector in Late Oligocene (~23 

Ma) but continuing in the Central sector up to Early Miocene (~17 Ma) and in the 

southeastern portion of UDMA up to Late Miocene (~9-6 Ma; Chiu et al., 2013).  

Omrani et al., (2008) argued this magmatic quiescence in the UDMA during Oligocene-

Miocene time and linked it to the Arabia-Eurasia continental collision (Chiu et al., 

2013). Starting from Late Miocene, magmatic activity appeared to be less extensive 

across the Arabia-Eurasia suture zone and mostly concentrated towards the Anatolian 

border during Pliocene-Quaternary time (Davidson et al., 2004; Walker et al., 2009; 

Allen et al., 2013). Such magmatic activity was quite variable in terms of compositions 

(from basic to evolved, including adakitic types), serial affinity (from calcalkaline to 

alkaline, plus lesser shoshonitic and ultrapotassic) and even geochemical signature 

(varying from subduction-related to within-plate; Sengör and Kidd, 1978; Alberti, 1990; 

Pearce et al., 1990; Davidson et al., 2004; Jahangiri, 2007; Omrani et al., 2008; 

Kheirkhah et al., 2009, 2013; Walker et al., 2009; Ahmadzadeh et al., 2010; Lustrino et 

al., 2010, 2019; Verdel et al., 2011; Allen et al., 2013; Chiu et al., 2013; Pang et al., 

2013; Neill et al., 2015; Fazlnia, 2019). The youngest rocks in UDMA consist of Pliocene 

to Quaternary lava flows and pyroclastics with calcalkaline affinity in Makran 

subduction system (~6-0.8 Ma) and intraplate basalts (~14-1.6 Ma) in southeast UDMA 

(Berberian and King 1981; Chiu et al., 2013).  

Verdel et al. (2011) group the evolution of the Mesozoic-Cenozoic magmatism of Iran 

into three distinctive stages. The first began in Cretaceous with the flattening of the 

NE-directed subducting slab (which was steeper during the relatively low-volume SSMA 

magmatism), and was accompanied by the emplacement of arc-type magmas in the 

Alborz Mountains and Central Iran. This stage was probably crucial for the successive 

ones, as the long-lasting period (~50 Myr) of relatively slow (~3 cm/yr) flat slab 

subduction resulted in an extensive “preconditioning” of the mantle wedge via slab 
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fluids release. The successive stage is marked by Eocene extension and crustal thinning 

accompanying slab roll-back, which triggered mantle melting. This caused the 

emplacement of large volumes of igneous rocks with subduction-related geochemical 

fingerprint in continental and shallow submarine extensional basins. Finally, during the 

Oligocene, upwelling asthenosphere became the main source of magmas as 

lithosphere had significantly thinned. Decompression melting of such mantle sources 

produced mostly weakly evolved magmas with “within-plate-like” geochemical 

signature. 

An alternative model for the switch in the geochemical signature of Cenozoic magmas 

of Iran is that of Allen et al. (2013), which assumes no asthenospheric upwelling 

because of the absence of regional scale extensions in the area, where lithosphere is 

~150-200 km thick. The same author rather proposed a change in the mineralogy of the 

metasomatized lithospheric mantle. More in detail, Allen et al. (2013) propose that 

during this latest magmatic phase melting occurred in the garnet stability field during 

tectonic compression which forced peridotitic mantle out of pargasite stability field 

(i.e., to depths >3 GPa). The disappearance of amphibole caused a sharp decrease in 

the peridotite water storage capacity, leading to H2O saturation, and, consequentially, 

to an abrupt decrease of solidus temperature. This generated both magmas with high 

La/Nb (similar to the subduction-related ones) at lower melting degrees, when 

amphibole and accessory rutile were residual phases, and magmas with lower La/Nb 

(more akin to within-plate ones), when amphibole and rutile were exhausted. 
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ANALYTICAL TECHNIQUES 

A detailed petrographic investigation has been carried out on twenty-six samples 

from Tafresh volcanic district, twenty-one samples from Nowbaran and fifty-nine from 

Bijar-Qorveh area. Whole-rock chemical analyses and weight loss on ignition (LOI) for 

studied rocks were determined by ICP-AES (Inductively-Coupled Plasma Atomic 

Emission Spectrometry) and ICP-MS (Inductively-Coupled Plasma Mass Spectrometry), 

respectively, at Activation Laboratories (Ancaster, Ontario, Canada). Average detection 

limits range from 0.001 to 0.01 wt% from major elements, 0.1 to 30 ppm for trace 

elements and from 0.004 to 0.1 ppm for REE (www.actlabs.com for full details). 

As deep weathering involves Tafresh samples (LOI up to ~9.5 wt%), neither mineral 

characterization by electron microprobe (EMP) analyses nor isotopic study have been 

performed on these rocks. On the other hand, nine representative samples from 

Nowbaran and nineteen from Bijar-Qorveh areas were instead selected for 

determining the main mineral compositions by EMP analyses at the laboratory of the 

Istituto di Geologia Ambientale e Geoingegneria (CNR, Rome) using a Cameca SX50 

electron microprobe equipped with five wavelength-dispersive spectrometers (WDS). 

Minerals were analysed operating at 15 kV accelerating voltage and 15 nA beam 

current using 1 μm beam diameter for olivine, pyroxene and opaque minerals and 10 

µm for foids in order to minimize the alkali loss. Counting times for all elements were 

20 s for the peak position and 10 s for the background on each side of the peak. 

Standards used for calibration are: Na2O = jadeite; MgO= periclase; TiO2 = rutile; FeO = 

magnetite, SiO2 and CaO = wollastonite; Al2O3 = corundum; MnO = rhodonite; K2O = 

orthoclase; BaO = barite; SrO = celestine; NiO = pure nickel; FeO and MgO = olivine. 

Two samples from Nowbaran have been also selected for X-ray powder diffraction 

(XRD) analysis carried out at Dipartimento di Scienze della Terra of Sapienza University 

of Rome. The powders were loaded into 0.7 mm diameter borosilicate capillary and the 

data were collected in transmission mode (5°-90°) using a parallel-beam Bruker AXS D8 

Advance diffractometer operating in θ-θ geometry. The diffractometer was equipped 

with Göbel mirrors on the incident beam, Soller slits on both incident and (radial) 

diffracted beams, and a PSD VÅNTEC-1 detector.  
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A Sr-Nd-Pb isotopes study was carried out at the Istituto di Geoscienze e Georisorse – 

CNR of Pisa (Italy). Seven representative samples from Nowbaran and eighteen 

samples from Bijar-Qorveh areas have been selected for whole-rock isotopic ratios. 

Rock powders were dissolved in HF and HNO3 and, after through drying, Sr and REE 

were purified in HCl solution through Ion Exchange Chromatography (IEC). Nd is 

separated from other REE using diluited HCl solution passing through an Eichrom® Ln 

Resin. Lead is extracted from the matrix after eluting with HBr and HCl. Strontium 

separates were loaded on Re filaments and analyzed using a Finnigan MAT 262 

Thermal Ionization Mass Spectrometer (TIMS) running in dynamic mode, whereas Nd 

and Pb were performed with a ThermoFisherTM Neptune Plus MC-ICP-MS equipped 

with a combined cyclonic and Scott-type quartz spray chamber, Ni-cones, a MicroFlow 

PFA 100 µl/min self-aspiring nebuliser and a Teledyne Cetac ASX-560 Autosampler. Sr 

isotopic compositions were corrected for mass fractionation using 86Sr/88Sr=0.1194. 

During the analytical period, the Sr standard NIST SRM 987 yielded average values of 

87Sr/86Sr=0.710239± 0.000017 (2SD; n=43) and measured values were adjusted at 

0.710250 for 87Sr/86Sr.  Instrumental mass fractionation during Nd analyses was 

corrected using the 146Nd/144Nd ratio (= 0.7219). Mass interference correction was 

done using the ratios 147Sm/144Sm (= 4.838710), and 147Sm/148Sm (= 1.327400). The 

analytical accuracy and long-term external reproducibility for 143Nd/144Nd of reference 

material J-Ndi-1 was 0.512098 ± 5 (average of 17 replicates). For Pb correction, samples 

were spiked with an in-house Tl standard (203Tl/205Tl = 0.4188924) to correct for mass 

bias fractionation. Measurements were carried out with Faraday cups set as follows: L3 

202Hg, L2 203Tl, L1 204Pb, C 205Tl, H1 206Pb, H2 207Pb, H3 208Pb. Cups L3 and L1 were 

coupled to 1012 Ohm amplifiers, whereas 1011 Ohm amplifiers were coupled with 

remaining cups. 202Hg is measured to correct isobaric interferences of 204Hg on 204Pb, 

using the ratio 202Hg/204Hg (= 4.350370). However, 202Hg values were always below 

detection limit. Analytical and instrumental blanks were measured for each mass and 

subtracted from sample signal. Sample/blank ratio is typically above 10^4. Accuracy 

and reproducibility are tested over each analytical session by replicates of international 

standards SRM 981. 28 replicates of SRM 981 standard gave results of 16.9355±0.0057, 

15.4876±0.0040 and 36.6873±0.0130 (2σ errors) for the 206Pb/204Pb, 207Pb/204Pb and 

208Pb/204Pb ratios, respectively.  
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CHAPTER 1 – TAFRESH 

1.1 Sampling area 

The investigated rocks were collected in the Tafresh area, at the northwestern tip of 

the central UDMA (Fig. 5). According to the 1:100.000 Geological Maps of Tafresh 

(Hajian, 1977) and Farmahin (Hajian, 1970), the igneous rocks are mainly massive lavas 

and pyroclastic deposits with amphibole-rich andesitic composition, intruded by dykes 

and dioritic/granitoid bodies and associated sedimentary strata. A stratigraphic type-

sequence for the central/north-western UDMA is exposed in the Tafresh area (Verdel 

et al., 2011), beginning with Mesozoic carbonatic and silicoclastic deposit, covered by 

Paleocene-Eocene volcanic and sedimentary deposits, and by the Upper Eocene to 

Lower Oligocene sedimentary and subordinate volcanic deposits of the Lower Red 

Formation. The sequence continues with the Oligocene to Lower Miocene Qom 

Formation, made of shallow marine carbonates and mafic volcanic rocks, then by 

Miocene gypsum deposits of the Upper Red Formation, and is closed by Pliocene-

Quaternary continental deposits. 

Regionally, the study area was affected by reverse and dextral faulting associated 

with thrusting of the Eocene volcano-sedimentary series over the Qom Formation and 

Pliocene conglomerates (Hajian, 1977; Raeisi et al., 2019). The dominant NW-SE 

striking of the thrusts is parallel to the regional tectonic fabric of the UDMA, with 

minimum perpendicular stresses allowing the emplacement of near E-W granitoid 

magmas (Raeisi et al., 2019). 

The earliest geochronological estimates for the Tafresh area igneous rocks were 

mainly based on the fossiliferous record of the interbedded sedimentary deposits, 

suggesting an Eocene age (Hajian, 2001). Whole-rock K-Ar absolute age data for two 

adakitic rocks and one basaltic lava sample range from Upper Oligocene (~27 Ma) to 

Middle Miocene (~15 Ma; Ghorbani et al., 2014). A Lower Miocene zircon U-Pb age of 

17.4 Ma has been provided for a granodioritic body from the nearby Qom locality (Chiu 

et al., 2013). Significantly older U-Pb and 40Ar/39Ar ages have been also reported by 
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Verdel et al. (2011), covering approximately the 57 to 44 Ma time interval (i.e., Upper 

Paleocene to Middle Eocene).  

 

 
 

Fig. 5: Simplified geological sketch map of the Tafresh area (after Hajan, 1970, 1977) with red 

white dots indicating sample locations. 
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1.2 Results 

1.2.1 Petrography 

Tafresh igneous rocks are generally not well preserved, with abundant secondary 

phases partially to totally replacing primary minerals, and some calcite veins in the 

deeply altered samples (related to interaction with hydrothermal fluids and/or 

superficial weathering). A rough first-level distinction can be made between four 

groups of rock samples with different degrees of evolution, as inferred from mineral 

paragenesis and phase abundances (Fig. 6). 

Weakly evolved rocks (samples F1-22, F1-33, F1-36, F2-12, F2-34, F3-24, F4-49, F4-58) 

generally show a fine/moderate-grained holocrystalline intergranular doleritic texture, 

almost entirely made by plagioclase and ferromagnesian minerals (plus accessory 

opaques) in approximately similar proportions (Fig. 6a). Plagioclase laths are generally 

better preserved (in some samples occurring also as few larger phenocrysts) with 

respect to mafic phases, with the latter being generally not easily distinguishable as 

they are totally replaced mainly by serpentine minerals or serpentine and calcite, more 

rarely by chlorite. Relatively fresh (or only partially replaced) crystals of clinopyroxene, 

fewer olivine and rare amphibole can be occasionally observed. Large plagioclase 

crystals (up to 1.2 cm in length and sometimes with “clast-like” appearance, possibly 

xenocrystic in origin) have been also recognized in samples F3-24 and F4-58. 

Intermediate rocks (F1-9, F1-11A, F1-11B, F1-13, F3-6, F3-13, F3-23, F4-1, F4-10, F4-

11, F4-15) display both moderately to strongly porphyritic (with both microcrystalline 

and devitrified groundmass; Fig. 6b,c) and holocrystalline fine- to moderate-grained 

hypidiomorphic textures (plus fewer finer-grained intergranular; Fig. 6d) dominated by 

plagioclase and amphibole. Plagioclase is the most abundant phase, occasionally 

present also as larger phenocrysts or grains up to 6 mm in length (Fig. 6b) and in 

monomineralic glomerules. Amphibole is the main mafic mineral (Fig. 6b,c,d), occurring 

both as fresh crystals and partially replaced by chlorite and calcite aggregates, 

sometimes forming larger phenocrysts/grains up to 5 mm in length. In samples F1-11A 

and F4-1, large anhedral amphibole (~3-4 mm in length, likely xenocrystic), in some 

instances poikilitically enclosing plagioclase laths (up to 8 mm in diameter, likely 



Petrogenesis of the Cenozoic magmatism in NW Iran  

 

23 
 

representing cumulitic intergrowths), are also observed. Rarer clinopyroxene crystals, 

mostly replaced by serpentine and calcite aggregates, and accessory opaques are also 

present. 

Evolved rocks (F1-8, F1-29, F1-46) show moderately porphyritic (with devitrified 

groundmass) to holocrystalline fine/moderate-grained intergranular textures 

dominated by feldspar crystals plus fewer ferromagnesian minerals (Fig. 6e). 

Plagioclase is still the main phase, forming large crystals up to 6 mm in length. Some 

alkali feldspar is also present, sometimes as large phenocrysts (~4 mm in length) or 

making monzonitic glomerules with plagioclase. The main mafic mineral is amphibole, 

commonly found as phenocrysts/grains (~3-4 mm) partially or totally replaced by 

chlorite or aggregates of chlorite and calcite/clay minerals. A few large biotite 

phenocrysts (~2 mm in length) have been found in sample F1-46. Opaque minerals are 

diffusely present as an accessory phase, occasionally as larger microphenocrysts/grains 

(up to 1 mm in diameter). 

Strongly evolved rocks (F1-17, F1-18, F2-21, F3-3) have weakly- to moderately-

porphyritic textures, generally with devitrified groundmass, and a remarkably 

leucocratic paragenesis dominated by plagioclase, alkali feldspar and quartz (Fig. 6f). 

Ferromagnesian minerals are extremely rare, typically represented by sparse 

amphibole microcrysts, commonly altered to chlorite and/or calcite. A few accessory 

opaques are also present as small groundmass phases. Sialic mineral clasts (mainly 

quartz, up to 1 mm) and holocrystalline fine-grained xenoliths made of feldspar and 

lesser amphibole, have been also observed in samples F1-17 and F1-18. 
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Fig. 6: Representative plane-polarized light view photomicrographs for the investigated rock 

samples from the Tafresh area. a) Weakly evolved rock sample F3-24 showing a holocrystalline 

intergranular texture consisting of plagioclase (colourless, note the larger crystal on the right) 

and weathered altered ferromagnesian minerals (brownish green); b) intermediate rock sample 

F3-6 displaying a moderately porphyritic texture with phenocrysts of amphibole (yellow-green) 

and plagioclase set into a weathered altered (possibly devitrified?) groundmass; c) intermediate 

rock sample F4-11 showing a moderately porphyritic texture with phenocrysts of weathered 

altered plagioclase (dusty-looking), amphibole (light green) and clinopyroxene (colourless, e.g., 

right of the centre) set into a weathered Altered microcrystalline groundmass; d) intermediate 

rock sample F4-15 with a holocrystalline hypidiomorphic texture essentially made of plagioclase 

and amphibole crystals; e) evolved rock sample F1-8 showing a weakly porphyritic texture with 

phenocrysts of feldspars and amphibole set into a weathered altered (devitrified?) groundmass; 

f) strongly evolved rock sample F3-3 displaying a moderately porphyritic texture with 

phenocrysts of feldspars and quartz (e.g., embayed crystal at the lower right) set into a 

devitrified groundmass. 
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1.2.2 Whole rock geochemistry 

As previously observed, the investigated Tafresh rock samples generally show the 

evidence for variable alteration processes, which surely modified the original 

concentrations of major oxides and trace elements. In order to have a rough idea of 

the general preservation state, LOI values and CIPW-normative mineralogy have been 

taken into account, which allowed to make a distinction between (relatively) “fresh” 

(reported as green symbols in the petrochemical diagrams), “spoiled” (yellow) and 

“altered” (red) samples. 

“Fresh” samples (n = 14) have LOI <4.0 wt.% (1.80-3.95 wt.%), and a SiO2-

oversaturated normative mineralogy that is overall in line with rock petrography 

(Appendix – Table 1). Decreasing mafic minerals (mainly hypersthene, from 20.7-21.0 

to 13.9-17.9, down to 10.3 vol.%) and increasing quartz (from 2.53 to 7.60-16.7, up to 

19.1 vol. %) and sum of sialic minerals (approximately from 73 to 74-81, up to 86 

vol.%), are indeed observed moving from weakly evolved to intermediate, up to 

evolved rocks. The strongly evolved rocks have the lowest hypersthene (5.63-7.21 

vol.%) and the highest quartz (27.6-35.3 vol.%) and sum of sialic minerals (88.5-90.2 

vol.%), as well as also some CIPW-normative corundum (2.09-2.81 vol.%), indicative of 

their peraluminous character.  

“Spoiled” samples (n = 10) have LOI between 4.0 and 6.5 wt.% (4.24-6.21 wt.%) and 

still show some rough consistency between their SiO2-oversaturated normative 

mineralogy and observed petrography. Moving from weakly evolved to intermediate 

and more strongly evolved samples, an increase of quartz (from 4.30-8.81 to 5.35-13.4, 

up to 12.1-13.9 vol.%), and of the sum of sialic minerals (from 69.9-75.3 to 71.3-77.9, 

up to 79.0-84.5 vol.%), can be still envisaged. Some major inconsistencies are however 

evident, e.g.: 1) high diopside and anorthite of some weakly evolved (summing to >55 

vol.%) and intermediate rocks (~45-50 vol.%), likely caused by relatively CaO-rich 

compositions associated to calcite plagues and veins, coupled with very low 

hypersthene (<1.16 vol.%); 2) intermediate sample F1-9 having corundum (1.63 vol.%), 

low quartz (5.35 vol.%) and very high albite (50.6 vol.%) and hypersthene (20.0 vol.%); 

3) evolved sample F1-29 displaying some corundum (0.92 vol.%) and very high albite 

(47.3 vol.%) and hypersthene (15.9 vol.%). The relatively high CIPW-normative albite 
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could be related to selective removal of CaO from the original plagioclase during very 

low grade metamorphism or normal weathering. 

“Altered” samples are represented by two weakly evolved rocks with LOI >9.0 wt.% 

(9.09-9.48 wt.%) and some unusual normative mineralogy. Sample F1-33 has relatively 

high quartz and hypersthene (respectively 3.57 and 26.9 vol.%) and low orthoclase 

(3.04 vol.%) and anorthite (21.1 vol.%), especially if compared to weakly-evolved fresh 

samples. On the other hand, F1-36 is SiO2-undersaturated, with olivine (2.10 vol.%) and 

some nepheline (0.67 vol.%), and with anorthite and diopside summing to ~69 vol.%, 

likely due to the presence of secondary calcite veins, lowering the absolute SiO2 whole-

rock content. The high CIPW-normative hypersthene could be related to the common 

presence of serpentine-group minerals. 

Well bearing in mind the above observations, the alteration effects on changing the 

composition of the investigated samples are evaluated through a comparison with 

literature data from the same area and from the entire UDMA. The latter group of data 

was restricted to rocks with “orogenic” affinity and filtered by removing analyses likely 

suffering from intense alteration, i.e., those with LOI >4.0 wt.% and with sum of major 

element oxides <98.0 wt.% or >102.0 wt.%. Data for which LOI values are not reported 

were cautiously discarded as well. 

 

 

Classification and serial affinity 

The investigated Tafresh rocks have been categorized using different classification 

schemes. Based on the TAS classification, Tafresh samples plot in the subalkaline field, 

with rock compositions being largely consistent with petrography, regardless of the 

degree of alteration (Fig. 7a). The weakly evolved rocks are mainly basaltic andesites 

(SiO2 = 53.7-55.6 wt.%; Na2O+K2O = 3.24-5.67 wt.%), with one altered sample plotting 

in the basalt field with the lowest SiO2 (49.0 wt.%) and sum of alkalis (3.03 wt.%). 

Intermediate rock samples are mostly andesites with 57.8-61.3 wt.% SiO2 and 4.48-6.43 

wt.% Na2O+K2O, except for two spoiled samples and one fresh sample falling in the 

field of basaltic andesites (the latter almost at the boundary with the andesite field) 

and one spoiled sample falling just above the andesite-trachyandesite divide. Evolved 
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rocks are quite homogeneous in terms of SiO2 (62.8-63.5 wt.%), but display some larger 

variability in the sum of alkalis (4.59-7.32 wt.%), with two samples straddling the 

boundary between andesite and dacite and the alkali-richest spoiled sample falling in 

the latite field. Finally, the fresh strongly evolved rocks are all classified as rhyolites, 

with SiO2 ranging from 71.6 and 74.0 wt.% and sum of alkalis in the range of 6.74-8.10 

wt.%.  

In order to compare the investigated Tafresh samples with those from the existing 

literature, the latter have been distinguished based on their main parageneses into: 1) 

“basaltic” (pl + cpx ± ol), 2) “andesitic” (pl + amph ± cpx), 3) “dacitic” (feld + amph ± bt) 

and 4) rhyolitic (feld + qtz). Although there is an overall consistency between literature 

and present samples in terms of general degree of rock evolution and SiO2 content, 

literature samples display some major variation for the sum of alkalis, which spans a 

very wide compositional spectrum for all the lithotypes, except the rhyolitic ones. 

Notably, an overall good consistency is also evidenced with literature “orogenic” rocks 

from the UDMA. Worth noting, UDMA rocks also include dacitic compositions in the 

SiO2 range of 64.0-70.0 wt.% (not represented in Tafresh rocks), as well as a few 

samples with high sum of alkalis, possibly belonging to a shoshonitic rock series. 

Similar observations arise from the K2O vs. SiO2 diagram of Fig. 7b, where the 

investigated Tafresh rocks define mostly a medium-K to high-K calcalkaline series, with 

only a few K2O-poor rock samples (0.29-0.51 wt.%) falling in the field for low-K 

tholeiitic rock series. Literature Tafresh samples are still very scattered due to their 

extremely variable K2O contents, but they mainly lie in the fields for medium-K and 

high-K rock series. Finally, also literature UDMA rocks with “orogenic” affinity belong 

mainly to the medium- and high-K series, although there are also some samples with 

shoshonitic serial affinity and a few K2O-poor outliers. 

Additional classification plots, specifically thought for altered samples using immobile 

elements, are also taken into account in Fig. 8. The Zr/TiO2 vs. Nb/Y plot again confirms 

the subalkaline serial affinity and the overall consistency between petrographic types 

and chemical compositions for the Tafresh samples from both this work and the 

existing literature, being classifiable mostly as andesite and dacite/rhyodacite. Similar 

considerations can be made for in the Th vs. Co diagram, where the investigated 

Tafresh samples mostly plot in the calcalkaline series field. Literature UDMA samples 
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are again largely consistent with Tafresh samples, defining a full calcalkaline rock series 

and including the most evolved compositions with shoshonitic affinity. 

 

Fig. 7: a) TAS (Total Alkali vs. Silica) and b) K2O vs. SiO2 (Le Maitre, 2002) classification diagrams 

for the Tafresh area rock samples from this work (of different degree of evolution and 

preservation; see text) and from the available literature (Ghorbani and Bezenjani, 2011; 

Khademi et al., 2019). Selected literature data for the UDMA rocks with “orogenic” affinity 

(Boccaletti et al., 1977; Riou et al., 1981; Jahangiri, 2007; Omrani et al., 2008; Sherafat et al., 

2012; Maanijou et al., 2013; Yeganehfar et al., 2013; Azizi et al., 2014; Honarmand et al., 2014) 

are also reported for comparison (see text for further details). Abbreviations for rock names (in 

black): A = andesite; B = basalt; bA = basaltic andesite; D = dacite; L = latite; P = phonolite; pTep 

= phonotephrite; R = rhyolite; T = trachyte; tB = trachybasalt; tbA = trachybasaltic andesite; 

tepP = tephriphonolite. 
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Fig. 8: a) Zr/TiO2 vs. Nb/Y (Winchester and Floyd, 1977) and b) Th vs. Co (Hastie et al., 2007) 

classification diagrams for the Tafresh area rock samples (this work and available literature) 

and for selected literature data for the UDMA rocks with “orogenic” affinity. Symbols and 

sources of bibliographic data as in Fig. 7. Abbreviations for rock names (in black): B = basalt; bA 

= basaltic andesite; D/R = dacite/rhyolite (* indicates that latites and trachytes also fall in these 

fields). Abbreviations for rock series (in grey): CA = calcalkaline; H-K = high-K calcalkaline; SHO = 

shoshonitic. 
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Major and trace elements variations 

The investigated Tafresh samples define some overall coherent differentiation trends 

in major element binary variation plots (Fig. 9), which are especially evident if only 

relatively fresh samples are taken into account. With increasing silica contents, a quite 

regular decrease is observed for TiO2, Al2O3, Fe2O3tot, MgO and CaO, whereas K2O 

increase, and Na2O and P2O5 faintly increase up to the evolved rock samples and then 

decrease in the strongly evolved ones. Some major scattering is observed for spoiled 

and altered samples, mostly in some weakly evolved rocks with unusually high (19.7-

20.4 wt.%) or low (15.0 wt.%) Al2O3, high Fe2O3tot (14.8 wt.%), low MgO (1.23-2.54 

wt.%) and high CaO (11.2-15.2 wt.%, likely due to secondary calcite). Tafresh literature 

samples, although roughly in line with the above differentiation trends, display some 

more evident data scattering for most of the major elements. The observed trends are 

on the whole in line with those depicted by UDMA “orogenic” rocks. 

Binary variation diagrams for trace elements (Fig. 10) are remarkably more scattered. 

A general decreasing trend can be envisaged for Sc and V only, well consistent with the 

trend defined by the UDMA “orogenic” rocks. On the other hand, Rb, Sr (very 

scattered), Ba, Zr and Nb define a trend of broad increase with increasing 

differentiation, while Y is mostly constant except from a few outliers. Among the 

evolved rocks, sample F1-46 generally plots close to a group of literature dacitic 

samples due to its relatively high Sr (506 ppm), Ba (866 ppm), Th (23 ppm), Cr and Ni 

(respectively 40 and 20 ppm), and low Y (8 ppm). It is interesting to note that many 

incompatible trace elements remain roughly constant or even record some slight 

decrease in the transition from the evolved to the strongly evolved samples (e.g., Sr, 

Ba, Y, Zr and Nb).  
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Fig. 9: Major elements vs. SiO2 binary variation diagrams for the Tafresh area rock samples (this 

work and available literature) and for selected literature data for the UDMA rocks with 

“orogenic” affinity. Symbols and sources of bibliographic data as in Fig.7. 
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Fig. 10: Selected trace elements vs. SiO2 binary variation diagrams for the Tafresh area rock 

samples (this work and available literature) and for selected literature data for the UDMA rocks 

with “orogenic” affinity. 
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Chondrite-normalized Rare Earth Elements patterns 

The Rare Earth Elements (REE) concentrations of the investigated Tafresh rocks have 

been normalized to CI chondrite average estimate in Fig. 11. The patterns for the least 

evolved samples are slightly enriched in Light REE (LREE; LaN/LuN 1.91-5.12, N for 

normalized abundances) and nearly flat in Middle and Heavy REE (MREE and HREE; 

DyN/LuN 1.07-1.13), with normalized abundances for the most enriched REE at 28-83 

times chondrite abundances (xCI; Fig. 11a). Some small troughs at Eu are also 

observed, with Eu/Eu* [EuN/(SmN*GdN)0.5] in the range of 0.83-0.93. No substantial 

differences can be observed in rocks with different degree of preservation, with the 

slightly more enriched patterns of the relatively fresh samples possibly only reflecting 

their slightly more evolved character. Literature data for the Tafresh area and UDMA 

“orogenic” rocks with similar degrees of differentiation are in line with the present 

data, although three “anomalous” basaltic samples from Tafresh are also evidenced 

(samples T7, T19 and T2; Fig 8a).  

Intermediate samples display very homogeneous patterns that are on the whole 

similar to the weakly evolved ones, reaching also slightly more enriched compositions 

with the highest normalized abundances in the range of 46-103 xCI, LaN/LuN 3.31-6.53, 

DyN/LuN 0.95-1.14 and Eu/Eu* = 0.70-0.90 (Fig. 11b). Tafresh andesitic rocks from the 

literature are mostly overlapping, although some slightly less enriched samples  are 

also present. As for the evolved samples, two rocks display nearly identical patterns 

that are very similar to those for the intermediate rocks, (Fig. 11c). On the other hand, 

the spoiled sample F1-46 has not only the highest LREE (up to ~175 xCI), but also strong 

LREE/HREE (LaN/LuN 49.4), LREE/MREE (LaN/SmN 6.53) and even MREE/HREE (DyN/LuN 

1.78), coupled with Eu/Eu* = 0.95. The pattern of this sample matches perfectly with 

the available literature data for Tafresh dacitic rocks.  

Finally, the strongly evolved rocks have very homogeneous and peculiar REE patterns 

with no counterparts in the Tafresh literature. Indeed, these display slight LREE/HREE 

enrichment (LaN/LuN 5.27-5.99), MREE/HREE depletion (DyN/LuN 0.84-0.92, except for 

one sample with 1.00), strong Eu troughs (Eu/Eu* = 0.59-0.82), and normalized 

abundances up to 76-89 xCI (Fig. 11c). 
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Fig. 11: Chondrite-normalized (King et al., 2020) kingREE plots for the Tafresh area rock samples 

of a) weakly evolved (plus  literature “basaltic”, with a highlight on the “anomalous” samples 

T2, T7 and T19; see text for further details), b) intermediate (plus literature “andesitic”) and c) 

evolved (plus literature “dacitic”; a highlight on sample F1-46 is also provided) and strongly 

evolved compositions. In a) literature data for weakly evolved (MgO >6 wt.%) UDMA rocks with 

“orogenic” affinity are also reported. Sources of bibliographic data as in Fig. 7. 
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Primitive mantle-normalized multielemental patterns 

In primitive mantle-normalized (hereafter PM-normalized)multielemental diagrams, 

the Tafresh least evolved rocks display some spiky patterns with major scattering for 

the most incompatible elements. This is likely due to their mobility in aqueous fluids, as 

observable from the differences of the patterns for spoiled and altered samples (Fig. 

12a). The remaining least incompatible elements show significantly lower scattering, 

with marked enrichment in LILE (Large Ion Lithophile Elements) with respect to the 

HFSE (High Field Strength Elements), peaks at K and Pb, as well as troughs at Nb, Ta and 

Ti. These strongly resemble the patterns for average upper crustal rocks (e.g., Rudnick 

and Gao, 2014), the average composition of the Global Subducting Sediments (GloSS; 

Plank, 2014), and the typical subduction-related magmas (e.g., Zheng, 2019). Literature 

rocks from the Tafresh area and the UDMA with similar degree of differentiation show 

similar patterns, again excluding the three outliers, previously defined as “anomalous” 

basaltic samples (see previous section).  

As observed for CI-normalized patterns, PM-normalized patterns for the intermediate 

rocks are extremely homogeneous (except for some scattering in the most 

incompatible fluid-mobile elements; Fig. 12b). Overall, a strong similarity can be 

envisaged with patterns for the weakly evolved rocks, although some general 

displacement to slightly higher abundances and a faint to moderate peak at Zr-Hf are 

also observed. Tafresh andesitic rocks from the literature are perfectly in line with 

these patterns, with some few exceptions (e.g., higher K, Pb peak and Zr-Hf depletion). 

Evolved Tafresh rocks define two distinctive groups of rocks with peculiar PM-

normalized patterns, both characterized by the overall LILE-HFSE enrichment observed 

for the weakly evolved and intermediate samples (Fig. 12c). Sample F1-46 and dacitic 

rocks from the literature have the strongest LILE enrichment of the entire dataset, 

coupled with a marked depletion for MREE, Y and HREE and a small but evident peak at 

Sr. On the other hand, the remaining two evolved samples display a pattern virtually 

identical to that of the most enriched intermediate rocks. The patterns for the strongly 

evolved Tafresh rocks is also very similar, except for having smaller Pb peaks and a 

marked depletion at Sr and P. 
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Fig. 12: Primitive mantle-normalized (Lyubetskaya and Korenaga, 2007) multielemental plots 

for the Tafresh area rock samples of a) weakly evolved (plus literature “basaltic”, with a 

highlight on the “anomalous” samples T2, T7 and T19; see text for further details), b) 

intermediate (plus literature “andesitic”) and c) evolved (plus literature “dacitic”; a highlight on 

sample F1-46 is also provided) and strongly evolved compositions. The pattern for the 

estimated composition of Global Subducting Sediments (GloSS-2; Plank, 2014) is included for 

comparison. In a) literature data for weakly evolved (MgO >6 wt.%) UDMA rocks with 

“orogenic” affinity are also reported. Sources of bibliographic data as in Fig. 7. 
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1.3 Discussion 

The investigated rocks from the Tafresh area include a relatively large variety of 

lithotypes, covering the entire compositional spectrum for a typical subduction-related 

“orogenic” subalkaline to mildly alkaline series. Intermediate compositions are by far 

the most represented, with much rarer weakly evolved and evolved lithotypes and 

some strongly evolved leucocratic compositions. Field and petrographic evidence 

suggest that the outcropping rocks were emplaced not only in a “volcanic” 

environment, but also at various depths within the crust (e.g., textures including both 

porphyritic, possibly with glassy groundmass, as well as holocrystalline medium- to 

coarse-grained hypidiomorphic and fine- to medium-grained intergranular “dolerite-

like” types). Notwithstanding the overall poor preservation due the alteration 

processes, geochemical data define on the whole some generally coherent trends that, 

at least at a first level of investigation, support the existence of some genetic relation 

linking them. However, several observations suggest that additional processes other 

than simple closed-system fractional crystallization were also active: 1) presence of 

possibly xenocrystic large crystals in textural disequilibrium; 2) presence of large 

amphibole oikocrysts (with plagioclase inclusions), likely cumulitic in origin; 3) presence 

of xenoliths in the strongly evolved rocks; 4) observation of some sparse “anomalous” 

geochemical features (e.g., sample F1-46, incompatible element contents not linearly 

increasing with the degree of differentiation) that do not seem to be related to 

alteration processes only.  

It is therefore evident that reconstructing the petrogenetic processes operating 

together in the Tafresh area could be a particularly hard task, with numerous processes 

possibly acting together and thus overlapping their effects. In the following sections, a 

qualitative/semi-quantitative treatment of such processes in tentatively undertaken, 

with the aim of shedding some light on the petrogenesis of the outcropping rocks and 

making some inferences in the larger framework of the geodynamic evolution of the 

UDMA. 
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1.3.1 Magmatic lineages and differentiation processes in the 

Tafresh area 

Assessing whether the investigated Tafresh rocks represent a single liquid line of 

descent or rather include two or more independent magmatic lineages is greatly 

complicated by the aforementioned bad preservation state that generally characterizes 

them. Alteration processes not only variably (and rather unpredictably) modified 

original rock compositions, but also significantly obscured the primary paragenesis, 

thus making also the proposed lithological distinction not completely reliable. 

Consequently, the recognized rock types should not be considered as coherent, 

homogeneous groupings, and some overlap between rocks with similar degrees of 

evolution should be expected. 

Bearing this in mind, a quite regular evolutionary trend seems to be recognizable 

from the weakly evolved to the intermediate rocks based on both variation and CI- and 

PM-normalized diagrams. The main fractionating phases are likely represented by 

ferromagnesian minerals (mostly clinopyroxene and olivine) and plagioclase, then 

followed by an assemblage made up of plagioclase, amphibole and minor 

clinopyroxene (e.g., CaO being roughly constant up to ~53 wt.% SiO2, then firmly 

decreasing), in broad good accordance with petrography. This trend possibly extends 

also to the evolved rock samples (with a decrease in fractionating amphibole and the 

onset of alkali feldspar fractionation), with the only exception of sample F1-46, which 

has been observed to display some rather “anomalous” features. This sample, collected 

in a different location, ~20 km N from the main sampling area, is characterized by high 

Sr, low Y, coupled with high LREE/HREE, LREE/MREE and MREE/HREE ratios, typical of 

adakitic magmas (as well as for tonalite-trondhjemite-granodiorite “TTG” suites, 

widespread during the Archean; e.g., Martin et al. 2005; Palin et al., 2016). The 

occurrence of such compositions is widely recognized in the literature for both the 

Tafresh area (“dacitic” rocks; Ghorbani and Bezenjani, 2011; Ghorbani et al., 2014) and 

the entire UDMA (Jahangiri, 2007; Khodami et al., 2009; Omrani et al., 2008; Sherafat 

et al., 2012; Yeganehfar et al., 2013; Azizi et al., 2014, 2019; Ghorbani et al., 2014; Pang 

et al., 2016; Alirezaei et al., 2017; Torkian et al., 2019; Kheirkhah et al., 2020). The 

genesis of these peculiar rock compositions will be considered in a following section. 
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Numerous lines of evidence suggest that Tafresh strongly evolved rocks are not 

genetically linked with the main products cropping out in the area. The large 

compositional gap of ~5 wt.% SiO2 separating them from the evolved rocks (not taking 

into account the rocks with adakitic signature) suggests the absence of a continuous 

spectrum of magma compositions. In addition, the transition from the two lithotypes is 

not characterized by a clear decrease in elements that are strongly partitioned in 

feldspars such as Na2O, K2O and Ba (although there is a decrease in Eu and, less 

evident, in Sr). For this reason, a focus on this group of rocks is provided in a further 

following section. 

We therefore conclude that most of the Tafresh rocks likely represent the products of 

a single liquid line of descent with the typical features of a magma series generated 

from subduction-modified mantle sources. These include: 1) Al-rich, Fe-poor whole 

rock compositions, likely reflecting water-rich and oxidized source regions; 2) 

plagioclase-phyric, olivine-poor hydrous mineral-bearing paragenesis; 3) LILE-enriched 

and HFSE-depleted PM-normalized patterns; 4) predominance of intermediate 

“andesitic” lithotypes; 5) scarcity (or even complete lack) of primitive lithotypes. Based 

on the latter, it is clear that no specific inferences can be made on the nature of the 

mantle source(s), which can be only approximately assumed to be represented by a 

metasomatized peridotite in the spinel stability field (as indicated by the flat HREE PM-

normalized pattern of the least evolved Tafresh rocks). Primitive melts were likely 

hydrous, as also confirmed by presence of abundant amphibole in the intermediate 

rocks, which also suggests that differentiation processes occurred at shallow to 

moderate depths. Following experimental results for “orogenic” magmas, the observed 

crystallisation sequence with plagioclase appearing on the liquidus before amphibole 

requires that primitive melts were not particularly rich in H2O [<4.5 wt.%, based on the 

phase diagrams of Melekhova et al. (2015) for a high-MgO basalt] and that these 

evolved at ~4 kbar [see the phase diagram of Pichavant et al. (2002) for a basaltic 

andesite with ~6 wt.% H2O]. 
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1.3.2 Genesis of the strongly evolved rocks from the Tafresh area 

The genesis of strongly evolved rocks is likely unrelated to that of the main magmatic 

suite emplaced in the Tafresh area. The frankly peraluminous nature of such rocks 

[A/CNK = Al/(Ca+Na+K) = 1.16-1.22, compared to the 1.22-1.45 range in literature 

samples] makes them more akin to melts generated from crustal anatexis of 

metaigneous or metasedimentary protoliths (e.g., I- and S-type granites; e.g., Clemens 

et al., 2011; Chappell et al., 2012), rather than to typically highly fractionated melts 

from metaluminous parental magma (e.g., M-type granites). The latter could be also 

weakly peraluminous, if substantial fractionation of metaluminous phases such 

amphibole occurs (Chappell et al., 2012), but this does not seem the case of Tafresh 

strongly evolved rocks, in which amphibole remains as a subordinate phase. This is also 

supported by the lack of a marked MREE depletion that would be expected if 

significant amphibole fractionation had occurred, given the high amphibole/meltDMREE (e.g., 

Nandedkar et al., 2016). Therefore, the Tafresh strongly evolved rocks can be related 

either to partial melting of Al-rich (meta-) igneous or sedimentary rocks from the local 

crust, (e.g., the Neoproterozoic and Paleozoic and Mesozoic basement rocks; Bagheri 

and Stampfli, 2008; Horton et al., 2008) or to interaction of metaluminous evolved 

magmas with Al-rich crustal rocks.  

The first hypothesis (crustal anatexis) is somewhat more in line with the leucocratic 

nature of such rocks, indicating a composition that is possibly close to that of the 

granite minimum in the petrogeny’s residua system. However, a discrimination 

between a meta-igneous or meta-sedimentary source seems not so straightforward, as 

high-SiO2 melts from these two sources share many similarities (e.g., Chappell, 1999; 

Chappell and White, 2001; Clemens and Stevens, 2012; Jagoutz and Klein, 2018). The 

very low CaO/FeO (0.61-0.86, plus one literature sample with 1.18) and low Sr (47-137 

ppm) of Tafresh strongly evolved rocks is more consistent with a sedimentary source. 

On the other hand, the quite regular major and trace element variation trends and the 

linear decline of P2O5 at increasing SiO2 would rather suggest a metaigneous source 

rock. In addition, other geochemical parameters reveal some evident differences 

between strongly evolved samples from this study and the two literature samples from 

Khademi et al. (2019). The latter have low Na2O (1.94-2.86 wt.%) and Al2O3/TiO2 (25.2-
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35.8), very low Rb/Sr (0.25) and Rb/Ba (0.02-0.03) and relatively high CaO/Na2O (0.29-

0.68), suggestive of a (relatively) plagioclase-rich, clay-poor source (e.g., Sylvester, 

1998). On the other hand, the strongly evolved Tafresh rocks reported here have 

relatively high Na2O (3.26-4.20 wt.%), Rb/Sr (0.55-1.03) and Rb/Ba (0.11-0.16), plus 

slightly higher Al2O3/TiO2 and generally lower CaO/Na2O (0.14-0.41), more in line with 

a meta-pelitic source rock. On such basis, it could be tentatively proposed that Tafresh 

strongly evolved rocks originated from the melting of a heterogeneous 

metasedimentary source consisting of both meta-pelitic and (relatively) plagioclase-

rich meta-greywacke components. 

As an alternative, a process of interaction between a metaluminous melt with upper 

crustal Si-Al-rich lithologies is also viable, provided that some phase in which MREE are 

preferentially partitioned is simultaneously fractionating, in order to produce the 

observed slight MREE depletion. This could be obtained through both some limited 

amphibole fractionation (see above), or fractionation of accessory phases such as 

apatite and titanite, which also preferentially host MREE with respect to LREE and HREE 

(e.g., Prowatke and Klemme, 2006a,b). 

 

 

1.3.3  Genesis of the Tafresh area evolved rocks with adakitic 

geochemical fingerprint 

As highlighted in a previous section, Tafresh evolved rocks include products 

resembling adakitic compositions that deserve additional considerations. The supposed 

adakitic signature can reflect primary features or rather it could be acquired due to 

alteration processes. For this reason, we decided to compare their overall 

geochemistry with those of adakitic/TTG magmas as reported by Martin et al. (2005). 

With respect to the latter, Tafresh rocks have: 1) slightly lower SiO2 (61.4-63.8 wt.%, vs. 

mostly >64 wt.%); 2) relatively low Na2O (i.e., 3.7-4.9 wt.% vs. 3.0-7.0 wt.%); 3) higher 

K2O/Na2O (0.4-0.8 vs. <0.5); 4) higher sum of ferromagnesian elements (Fe2O3tot + MgO 

+ MnO + TiO2 = 7.5-8.3 wt.% vs. <5.0 wt.%); 5) LaN/YbN only moderately high (34-49 vs. 

up to 150). Finally, when plotted in the classical adakite discrimination diagrams (Fig. 

13) these rocks plot well within the field for adakitic melts (along with numerous other 
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UDMA occurrences from the existing literature). It is therefore concluded that such 

evolved rocks should be actually considered as adakites, and some of the above small 

deviations from the typical adakite geochemical fingerprint might be due to secondary 

mobilization of some major elements during alteration. 

Adakitic melts are classically interpreted to represent the product of slab melting in 

active and hot subduction zones, with variable extents of interaction with the 

peridotitic matrix (e.g., Defant and Drummond, 1990; Drummond and Defant, 1990; 

Martin et al., 2005; Moyen, 2009; Castillo, 2012; Ma et al., 2012; Breitfeld et al., 2019; 

Liu et al., 2019). 

Adakite occurrences have also been reported for subduction-unrelated geological 

settings, supporting alternative models involving, e.g., melting of the lower crust (e.g., 

Chung et al., 2003; Wang et al., 2006; Ma et al., 2012). Finally, more recent models 

proposed to produce the high Sr/Y and La/Yb “adakitic” signature (e.g., Macpherson et 

al., 2006; Rodríguez et al., 2007; Kamei et al., 2009; Moyen, 2009; Castillo, 2012; 

Ribeiro et al., 2016; Bellver-Baca et al., 2020), point to different mechanisms, including 

melting of a high Sr/Y crustal source at 5-10 kbar, fractionation of Sr-rich and Y-poor 

amphibole (± apatite) at shallow depths, or fractionation of garnet and Mg-rich 

amphibole at high pressure.  

In the genesis of Tafresh adakites, garnet and amphibole seem to have both played 

some role. As for the first, the crucial observation is the depletion in HREE with respect 

to both LREE and MREE, given the well known preferential partitioning of HREE within 

garnet lattice (i.e., garnet/meltDHREE >60; e.g., Taylor et al., 2015). On the other hand, the 

depletion of MREE, which are preferentially partitioned in amphibole (see previous 

section), with respect to LREE, is the best evidence for the latter. Although the 

common presence of amphibole in the intermediate Tafresh rocks renders 

fractionation of this phase a likely process, no evidence has ever been reported for 

garnet fractionation. This suggests that Tafresh adakites originated from the melting of 

a mafic source rock with residual garnet and amphibole, possibly represented by the 

metamorphosed subducted slab or by the lower continental crust. Since there is no 

geochemical parameter that could help to unequivocally assess which of the above two 

sources could be the most likely, some clues in this sense could be tentatively retrieved 
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by taking into account the overall geodynamic setting in which Tafresh rocks have been 

emplaced. This is discussed more in detail in the following section. 

 

 

 

Fig. 13: a) Sr/Y vs. Y and b) La/Yb vs. Yb diagrams [Drummond and Defant (1990), modified 

after Richards and Kerrich (2007)], used to distinguish adakites from “normal” arc andesite, 

dacite and rhyolite (ADR), for the Tafresh area rock samples (this work and available literature) 

and for selected literature data for the UDMA rocks with “orogenic” affinity. Symbols and 

sources of bibliographic data as in Fig. 7. 
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1.3.4  Geodynamic implications 

The investigated rocks from the Tafresh area display a large variety of petrographic 

and geochemical features attesting for numerous magmatic processes, including 

genesis and differentiation of “normal” subduction-related subalkaline series (from a 

variably metasomatized peridotite mantle source), genesis of subordinate magmas 

with adakitic signature and of crustal anatectic strongly evolved magmas. Such large 

variability is common in post-collisional geodynamic settings (e.g., Prelević and Seghedi 

2013; Couzinié et al., 2016; Fedele et al. 2016), which is thus the most likely scenario 

for the emplacement of the studied rocks. This is also in line with geochronological 

data for the onset of continent collision in NW/central UDMA around 22-16 Ma, 

although the range of ages obtained for the rocks from the Tafresh area (~57-15 Ma) 

suggests that magmatism developed also during pre-collisional stages.  

Within this framework, of particularly interest is the occurrence of rocks with adakitic 

signature throughout the UDMA. The genesis of such magmas is classically retained to 

mark the final stages of the subduction process or even the stages immediately 

following the onset of continental collision, being thus ascribed to melting of the 

subducted oceanic lithosphere during a post-collisional phase (adakites from Tabriz, 

Marand and Jolfa, NW UDMA, Isfahan, central UDMA, Dehaj, SE UDMA; Jahangiri, 

2007; Khodami et al., 2009; Shaker Ardakani, 2016), a slab break-off (Anar, central/SW 

UDMA; Omrani et al., 2008) or a slab roll-back event (Tafresh and Nain, central/NW 

UDMA; Ghorbani and Bezenjani, 2011; Yeganehfar et al., 2013; Ghorbani et al., 2014). 

A few reports of rocks with adakitic signatures related to deep-level fractionation have 

been also documented for NW (Sanandaj, Upper Miocene; Azizi et al., 2014), central 

(Yazd Province, Pliocene-Quaternary; Sherafat et al., 2012) and SE UDMA (Kerman, 

Middle Miocene; Alirezaei et al., 2017). 

More recently, Pang et al. (2016) questioned the slab melting models, proposing that 

Pleistocene Anar adakites are the product of the melting of lower crustal cumulates 

(metamorphosed to eclogite-facies rocks). These mafic lithologies were possibly 

induced to partially melt by the thermal perturbations associated with the post-

collisional magmatism of Iran. The increase of the geothermal gradient was ascribed 

either to asthenospheric upwelling associated to the formation of a slab window or to 
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lithospheric thickening during collision. Such alternative model, which was also 

proposed by Torkian et al. (2019) and by Kheirkhah (2020) for the genesis of the 

Miocene adakites from NW UDMA (Sheyda volcano) and of the adakites from Dehaj (SE 

UDMA), respectively, seems consistent with the collisional setting in which the studied 

Tafresh adakites were likely emplaced. 

Nevertheless, since post-Eocene igneous rocks from the Tafresh area have been 

emplaced during a time lapse from pre- to post-collisional stages, the slab break-off 

and slab roll-back hypotheses could not be definitively rejected. This is even more 

evident in the light of the very recent recognition of pre-collisional (Paleocene, ~58-56 

Ma) granitoids with adakitic signature in NW UDMA (Saqqez-Takab), which Azizi et al. 

(2019) ascribed to the partial melting of lower crustal rocks due to the asthenospheric 

upwelling related with slab roll-back (or even to deep-level amphibole fractionation of 

“normal” calcalkaline magmas). In the light of the previously recalled progressive 

inception of the continental collision moving from NW to SE, it could be also 

reasonable to hypothesize that more than just a single kind of process could have been 

active to produce the UDMA adakites. Further studies on these rocks are thus needed, 

including detailed petrochemical characterization and accurate absolute age data. 

 

 

1.4 Conclusions 

Igneous rocks from the Tafresh area of the UDMA testify for widespread Cenozoic 

magmatism resulting in a large spectrum of rock types, variably affected by secondary 

processes. Most of the investigated igneous products, ranging in composition from 

weakly evolved to evolved lithotypes (with intermediate andesitic rock types being the 

most common) likely belong to a calcalkaline suite with orogenic affinity.  

Primitive magmas (not represented in the geological record) likely originated from a 

peridotite mantle source, previously metasomatized by addition of subduction-related 

fluids (as indicated by the typical LILE-enriched and HFSE-depleted geochemical 

signature), which melted in the spinel stability field. Differentiation processes were 

mainly driven by fractional crystallization of 1) ferromagnesian minerals (mostly 

clinopyroxene and olivine) and plagioclase, 2) plagioclase and amphibole, and finally 3) 
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plagioclase and alkali feldspars, in good accordance with both petrographic and whole-

rock geochemical evidence.  

Additional rock types include rarer evolved rocks with adakitic geochemical 

fingerprint (Sr-enriched and Y- and HREE-depleted) and leucocratic peraluminous 

strongly evolved rocks. The first are ascribed to melting of a meta-mafic source rock 

(either the subducting oceanic slab or the lower continental crust) leaving a garnet and 

amphibole-bearing residue, while the second are likely the product of the anatexis of a 

mixed meta-sedimentary (i.e., including both pelitic and greywacke lithologies) crustal 

source.  

The association of such a large variety of magma types in a relatively narrow area is 

consistent with a post-collisional geodynamic setting, although additional more 

detailed petrological investigations, are still considered necessary in order to 

unequivocally elucidate the complex geodynamic scenario of the investigated area. 
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CHAPTER 2 – NOWBARAN 

2.1 Sampling area 

The investigated area is ~200 km SW of Tehran, in the Markazi Province, at an 

average elevation of ~1600-1800 m a.s.l. The volcanic rocks crop out west of the town 

of Nowbaran, between the Saveh and Hamadan cities (Fig. 14), covering a surface of 

less than 50 km2 over an area of ~1200 km2. The volcanic cones, with basal dimensions 

ranging from ~150x280 m2 to 2500x2400 m2, form small lava flows with minor 

pyroclastic deposits (Fig. 15), distributed in an eastern and a western district. The 

eastern volcanic outcrops are represented by the three rural areas of Dakhan, Fastaq 

and Chalfakhreh (Khalatbari Jafari and Alaie Mahabadi, 1998). The main volcanic cones 

of this district are located at Dakhan and consists of 9 coalescent N-S trending small 

volcanoes, aligned for a total length of ~7 km, ~20 km west of Nowbaran. Two small 

volcanic vents erupted ~7 km north of the Dakhan line, north of Chalfakhreh village, 

and another one crops out ~9 km east of Dakhan line, close to the village of Fastaq. 

Twenty-seven samples were collected and seventeen of them were analysed from the 

eastern district. Six additional samples were collected near the Qezel Hesar area from 

two main emission centres, in the western district, ~60 km southwest of Nowbaran and 

~17 km southeast of Famenin city. Four of them have been chosen for whole-rock 

chemical investigations. 

Lava flows are usually short (<3 km) and thin (<30 m thick). The emission centres 

reach a height lesser than 100 m. No literature data is available for these volcanic 

rocks, with the exception of small notes written in Farsi (the official language of Iran). 

According to the geological map of Geological Survey of Iran (1:100,000 scale, 

Noubaran sheet), Quaternary basanitic-nephelinitic lava flows and scoria deposits 

cover Oligo-Miocene marls and massive biomicritic limestones of the Qom Formation. 

No radiometric ages are available for the investigated samples, albeit the 

morphological features and the freshness of the samples are indicative of their young 

age. 
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Fig. 14: Geological sketch map of the Nowbaran area [modified from Khalatbari et al., (1998) 

and Alaie Mahabadi and Fodazi (2002)] with sampling locations. 
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Fig. 15: Representative field photographs for the Nowbaran area. a) View of a small shield 

volcano in the Dokhan area (~800x800 m and a maximum thickness of ~37 m), viewed to north 

cropping out Oligocene-Quaternary sedimentary rocks, with Jurassic-Eocene sedimentary rocks 

in the background; b) Emission centre with the highest eruptive thickness (~70 m) of all the 

volcanoes west of the Nowbaran, viewed to south; c) Contact between two lava units, viewed to 

north; d) Scoria-ash contact in Dokhan area with ~50 m thick scoria level in a cave front viewed 

to south-east; e) Close-up image of alternating ash and scoria units. 
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2.2 Petrography 

The investigated rocks are blackish, with a dark green colour in hand specimen. They 

are fine- to very fine-grained massive to vesicular porphyritic volcanic rocks, with a 

phenocryst load, essentially clinopyroxene ± olivine, ranging from ~5 to ~20% (Fig. 

16a,b). Nearly half of the samples are massive rocks showing hypocrystalline texture, 

whereas the remaining half is vesicular and shows mostly hypohyaline textures. In this 

second group, vesicles, often filled by calcite, reach up to 60% of the thin section 

surface. They range from <0.2 mm up to ~5 mm in size, with rounded to irregular 

shapes. The mineralogical assemblage is similar in both groups and mainly consists of 

abundant clinopyroxene and olivine, followed by widespread calcite, nepheline, 

phlogopite and accessory apatite, perovskite and opaques as groundmass phases. 

Euhedral tabular clinopyroxene (Fig. 16c) is the most abundant phase, occurring as 

the only microphenocrysts in about one third of the samples, whereas it is confined to 

the groundmass in two olivine-dominated samples. Clinopyroxene shows an average 

size of ~0.5 mm but it reaches up 1.5 mm in the most massive samples. It appears 

zoned and often clusters into aggregates or is included in larger calcite plagues (Fig. 

16d). Subhedral to euhedral olivine is missing in about one third of the samples. Olivine 

microphenocrysts (~0.2-0.5 mm in size, rarely up to 1 mm) are more abundant than 

clinopyroxene in vesicular samples. Olivine often shows iddingsitic rims (Fig.16e) and it 

is sometimes found as aggregated crystals together with clinopyroxene. Calcite occurs 

as widespread large plagues (Fig. 16d,f), up to 3 mm in size, and often includes smaller 

clinopyroxene, apatite or opaque crystals. Calcite is also locally observed as partially 

filling vesicles and fractures. Euhedral to subhedral tabular phlogopite commonly 

occurs in about half of the samples (both in massive and vesicular samples), with a 

common opacitic aspect due to diffuse replacement by opaque oxides (Fig. 16g). 

Average length is ~3 mm, reaching up 5 mm. Tabular apatite is disseminated in a few 

samples only from the Dakhan district, reaching up to 0.2 mm in size (Fig. 16h). 

Groundmass is composed by brownish glass plus variable amounts of small (<0.1 mm) 

clinopyroxene, widespread anhedral nepheline (Fig. 16i) and scarce iddingsitized 

olivine. In one Fastaq sample, rare perovskite crystals have been observed. Nepheline, 
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perovskite and other phases were identified by SEM-EMP analysis due to their very 

small grain sizes (Fig. 16j). 

 

 
Fig. 16: (caption on the next page) 
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Fig. 16: Representative photomicrographs (a-I, crossed polarizers view, except g, plane-

polarized light view) and SEM-back scattered electron image (j) for the investigated Nowbaran 

rocks. a) massive and b) vesicular porphyritic texture; c) zoned euhedral clinopyroxene set into a 

holocrystalline groundmass made of clinopyroxene, nepheline and opaque phases; d) large 

calcite plague including clinopyroxene crystals; e) subhedral olivine crystals with iddingsitic rims 

set into a holocrystalline groundmass; f) large calcite plague; g) euhedral phlogopite crystal 

partially replaced by opaque oxides; h) tabular apatite microcryst; i) anhedral groundmass 

nepheline microcysts; j) holocrystalline groundmass with clinopyroxene (cpx), nepheline (ne), 

magnetite (mt), apatite (ap) and perovskite (pv). 

 

 

2.3 Mineral Chemistry 

Nine representative samples were analysed for mineral chemistry. We report 

compositions of olivines, clinopyroxenes, carbonates, micas, foids, apatites, perovskites 

and opaque minerals for 313 analyses, fully reported in Appendix (Table 2 – Table 9).  

Olivine is Mg-rich (Table 2), with microphenocrysts (Fo85-90) largely overlapping in 

composition groundmass crystals (Fo85-91; Fig. 17a). CaO content is quite variable, 

ranging from ~0.03 to ~0.91 wt%. NiO ranges between 0.03 and 0.55 wt%, without any 

clear correlation with MgO. 

Clinopyroxenes fall exclusively in the diopside field (Wo46-50En40-48Fs6-10; Table 3), with 

~38% of the analyses showing a slight Ca-excess (Wo50-53En34-44Fs6-13; Fig. 17b). Diopside 

shows Mg# [i.e., Mg/(Mg+Fe2+)] ranging from 0.80 to 0.89 and FeO in the ~3.6-6.3 wt% 

range. Several oxides show a good negative correlation with SiO2 (TiO2 = 0.2-4.2, R2 = 

0.88; Al2O3 = 0.1-8.1 wt%, R2 = 0.91; FeO = 3.6-7.9 wt%, R2 = 0.91; MgO 11.3-16.9 wt%, 

R2 = 0.89), while the remaining are cloudy distributed with respect to silica. Diopside 

compositions with stoichiometric Ca-excess (i.e., Wo >50% mol) do not show 

substantial differences with “normal” diopside, albeit they tend to show lower Mg# = 

~0.72-0.88 vs. 0.80-0.89), slight higher FeO (~3.9-7.9 wt% vs. 3.6-6.3 wt%) and Al2O3 

(0.7-8.1 wt% vs. 0.1-5.0 wt%). About half of the clinopyroxenes has a slight deficiency 

of Si+AlIV to fill the tetrahedral site, and up to 0.06 apfu of Fe3+ is required to reach 

charge balance. Clinopyroxenes included in calcite plagues tend to have high MgO (av. 

~16.0 wt%) and CaO (av. ~24.6 wt%), but are not well distinguished from groundmass 

or phenocryst compositions. 
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Brown mica was found in Dakhan and Qezel Hesar samples only. It occurs as a diffuse 

groundmass phase, mostly characterized by high MgO (~16.6-21.0 wt%; Table 4) and 

Mg# (~83.1-91.3), falling in the phlogopite composition. Only one sample from Dakhan 

shows lower Mg# (~0.70) because of its much higher FeO (~13.6 wt% vs. 3.5-6.2 wt% of 

the other Nowbaran micas). Nowbaran mica shows variable Al2O3 (9.3-22.3 wt%), 

indicating abundant eastonite content (Fig. 17c) and remarkably high TiO2 (3.4-8.3 

wt%) and F (3.4-7.0 wt%). 

Carbonate minerals are CaO-rich (~52.2-57.7 wt%; Table 5) and generally have <1 

wt% MgO, leading to almost pure calcite composition [Ca# = Ca/(Ca+Mg) = 0.98-1.00], 

except for Qezel Hesar calcites (MgO = 2.2-3.2 wt%, Ca# = 0.92-0.95). Nowbaran calcite 

is iron-poor (FeO <0.23 wt%, except one Dakhan sample with FeO ~1.5 wt%) and Sr-

poor (SrO <0.1 wt%, with the exception of one Dakhan sample with SrO = 0.32 wt%). 

Opaque minerals are represented by Ti-magnetite s.s. only (Usp35-54; Table 6), with 

FeOtot ~69.0-81.3 wt% and TiO2 varying between ~8.0 and ~18.6 wt% (Fig. 17d). Al2O3 is 

always low (<1.5 wt%, with the exception of two outliers from Qezel Hesar with Al2O3 = 

2.5-2.7 wt%), similarly to Cr2O3 (<0.8 wt%, with the exception of two analyses from 

Qezel Hesar and one from Dakhan with Cr2O3 1.6-2.3 and 1.1 wt%, respectively). MgO 

varies in a larger range (1.9-5.7 wt%). 

Fluorapatite is a common groundmass phase, with CaO ranging from 51.1 to 55.3 

wt%, P2O5 from 35.3 to 39.9 wt%, and F from 0.8 to 5.2 wt% (Table 7). The britholite 

component is always low, with SiO2 <1.8 wt%. The SO3 content remains low (<1.5 wt%). 

Nepheline is a widespread groundmass phase with variable compositions: Ne69-84Ks8-

32Sil0-18 (Fig. 17e; Table 8). The parameter Na# [=Na/(Na+K)] clusters in two ranges, 

from 0.88 to 0.90 in the Qezel Hesar samples, and from 0.69 to 0.74 in the remaining. 

Qezel Hesar samples are also characterized by lower ferric iron (expressed as FeO = 

1.0-1.9 wt%) compared to the rest of the samples (FeO = 1.8-2.1 wt%). CaO is always 

low (<0.6 wt%), with only three Qezel Hesar samples in the 1.0-1.6 wt% range. 

Sodalite-group minerals are S-dominated and are roughly subdivided into two main 

types (Table 8). Qezel Hesar samples show relatively low SO3 and Al2O3 content (~5.0-

6.0 wt% and ~21.7-29.7 wt%, respectively) with relatively high silica (~34.6-39.9 wt%) 

and Cl (~1.0-1.9 wt%). The remaining sodalite crystals are characterized by higher SO3 

(~8.1-10.5 wt%), basically higher Al2O3 (~26.6-30.1 wt%) and slightly lower silica and Cl 
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(~32.6-34.8 wt% and ~0.4-1.0 wt%, respectively). Na2O, K2O and CaO vary in the same 

range in both sodalite types (~12.4-18.9 wt%, ~0.3-2.1 wt% and ~2.8-12.1 wt%, 

respectively). Based on these compositions, they correspond to the hauyne-lazurite 

solid solution series (though with lower CaO; Fig. 17f). 

Perovskite is present as tiny accessory phase and only in one sample from Fastaq 

(NB24) it was possible to obtain three quantitative analyses (Table 9). One analysis 

approaches the perovskite sensu stricto end-member (CaTiO3), while the other two 

show a Ti-Si substitution to form a still unnamed CaSiO3 end-member (Mitchell et al., 

2017). One of the two Si-bearing perovskites is also alkali-rich (Na2O = 5.0 wt%; K2O = 

2.0 wt%). 

Whole rock X-ray powder diffraction analyses (XRPD) clearly revealed the presence of 

hydrous alumosilicates referred to as zeolites. More specifically, analcime was 

identified in almost all the SiO2-richest samples (whole-rock SiO2 >39.8 wt%, from 

Dakhan and Qezel Hesar), showing very high silica content (~50.0-57.0 wt%) and Al2O3 

between ~22.0 and 23.8 wt%. Na2O is highly variable (~4.4-10.0 wt%), K2O is low (~0.2-

0.8 wt%) and CaO is <1.9 wt%. Only four Qezel Hesar analyses show high CaO (~8.6-

10.7 wt%) compared to the average Nowbaran zeolites (~0.3-2.8 wt%), thus 

approaching the laumontite composition. 
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Fig. 17: Composition of a) olivine, b) clinopyroxene, c) brown mica, d) opaque minerals, e) 

nepheline and f) sodalite from the investigated Nowbaran rocks. 
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2.4 Major oxide content and variation 

Twenty-one Nowbaran rocks collected in four main districts (Dakhan, Fastaq, 

Chalfakhreh and Qezel Hesar) have been analysed for major oxide and trace element 

composition. The results are reported in Table 10.  

The studied rocks are ultrabasic, with SiO2 ranging from ~35.4 to ~41.4 wt% and a 

modest though variable alkali content (Na2O = 1.8-5.4 wt%, K2O = 0.2-2.3 wt%, 

Na2O+K2O = 2.2-6.2 wt%; Fig. 18a). The MgO (8.7-13.3 wt%) and Mg# (0.69-0.74) are 

particularly high. Another fundamental peculiarity of these rocks is their ultracalcic 

nature, i.e., CaO/Al2O3 >1 (1.1-1.9). 

With the exception of Al2O3, (R2 = 0.75), none of the major oxides is correlated in any 

way with SiO2. CO2 shows an interesting negative correlation with SiO2 (R2 = 0.82), but 

no correlation with CaO (R2 = 0.17). The mass loss on ignition (LOI) is high (average 4.4 

wt%) and without any correlation with SiO2. It mostly varies between 2.6 and 5.1 wt% 

(with three samples in the 6.0-10.4 wt% range) and shows no correlation with SiO2. No 

systematic difference can be found between the rocks from the four districts, except 

for Qezel Hesar rocks showing the highest SiO2, Al2O3 and Fe2O3tot, and the lowest CaO, 

K2O and CO2. If these latter are not taken into account, Nowbaran rocks display a good 

Fe2O3tot vs. MgO correlation (R2 = 0.87). 

As already outlined, the peculiarity of Nowbaran rocks lies in their extremely low SiO2 

content, particularly evident when compared to Iran and SE Anatolia Cenozoic igneous 

rocks (i.e., those related to the Bitlis-Zagros suture zone; Fig. 19). Nowbaran rocks 

cluster towards the Si-poor end of major oxide trends, which in some cases are 

relatively well defined, while in other instances the relationships are cloudier. 

Nowbaran rocks have also the highest MgO (up to 13.3 wt%), CaO (up to 18.3 wt%) and 

P2O5 (up to 3.4 wt%), as well as the lowest Al2O3 (down to 9.4 wt%), as well as very high 

TiO2 (2.0-2.6 wt%) and Fe2O3tot (8.6-11.3 wt%), among the highest values recorded in 

the area. On the other hand, large spreads characterize Na2O and K2O (1.8-5.4 wt% and 

0.2-2.3 wt%, respectively), spanning the entire literature range for these oxides (Fig. 

19). 
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Fig. 18: a) Total Alkali vs. Silica (TAS; Le Maitre, 2002), b) K2O vs. Na2O (Middlemost, 1975), c) 

CaO+Na2O+K2O vs. SiO2+Al2O3 and d) CIPW normative albite vs. CIPW normative nepheline (Le 

Bas, 1989) classification diagrams for the investigated Nowbaran rocks from the various 

sampled locations. In a) literature data for Iran and SE Anatolia Cenozoic rocks (ISA) are also 

reported for comparison.  
 

 

2.5 Mineralogical-geochemical classification 

The extremely low SiO2 of Nowbaran volcanic rocks is definitely atypical and 

uncommon when compared with the other Cenozoic UDMA igneous rocks. This 

peculiarity is clearly noticeable in the TAS diagram (Fig. 18a), where most of the 

Nowbaran samples fall into the foidite-melilitite field, with a few Qezel Hesar samples 

straddling the basanite-tephrite and the picro-basalt fields (Le Bas, 2000). About 60% of 

the analysed Nowbaran rocks plot in the sodic field in the K2O vs. Na2O diagram of 

Middlemost (1975; Fig. 18b), with only a few samples (from Dakhan and Chalfakhreh) 

falling in the potassic field. 
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If recalculated on a LOI-free basis (not shown), a few of the Nowbaran rocks plot in 

the basanite-tephrite and picrobasalt fields in the TAS diagram. The lack of feldspars in 

all the Nowbaran rocks makes both the basanite and tephrite definitions as 

inappropriate. According to IUGS (Le Maitre, 2002) a picrobasalt is defined on chemical 

grounds only, i.e., a volcanic rock with SiO2 41-45 wt%, Na2O+K2O <3 wt% and MgO <12 

wt%. However, for the sake of clarity and considering only the measured major oxide 

content (i.e., not recalculated to LOI-free basis) we would refer to the Nowbaran rocks 

as strongly ultrabasic foidites, with details provided below. 

Given their peculiar mineralogical and whole-rock chemical composition of the 

investigated rocks, the appropriate classification scheme is that of Le Bas (1989) for 

nephelinitic and basanitic rocks. Following this diagram, Nowbaran rocks fall in the 

melilitite and nephelinite fields (Fig. 18c). However, the relatively low CIPW normative 

larnite content (<7%), and, above all, the absence of modal melilite do not allow us to 

classify Nowbaran rocks as melilitites (by definition volcanic rocks with >10% modal 

melilite and >10% CIPW normative larnite; Le Maitre, 2002). Taking into consideration 

the CIPW normative nepheline vs. CIPW normative albite diagram (Fig. 18d; Le Bas, 

1989), Nowbaran rocks fall mostly in the melanephelinite field, showing <20 wt% 

normative nepheline and <5 wt% normative albite. Two samples from Dakhan and 

Qezel Hesar having higher CIPW normative nepheline fall in the nephelinite field. 

Finally, the Qezel Hesar sample previously referred to as picrobasalt shows ~12 wt% 

CIPW normative albite, falling in the basanite field of Fig. 18d, a term that we will not 

use, though. 

The term melanephelinite originally indicated a special group of nephelinites with 1) 

abundant clinopyroxene and little or no olivine among the modal mafic phases, 2) little, 

if any, nepheline confined in the groundmass, and 3) CIPW normative nepheline (Le 

Bas, 1989). Being Nowbaran rocks clinopyroxene- and olivine-phyric, and having <20% 

CIPW normative nepheline (with two exceptions) and <5% CIPW normative albite (with 

only one exception), the omni-comprehensive melanephelinite term will be used in this 

work. 
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Fig. 19: Selected major- elements vs. Silica variation diagrams for the investigated Nowbaran 

rocks. Literature data for Iran and SE Anatolia Cenozoic rocks (ISA) are also reported for 

comparison. 
 

 

2.6 Trace element content and normalized 
diagrams 

The variation of the trace elements in Nowbaran rocks is noteworthy, because no 

trend can be defined when compared to SiO2, MgO or CaO. The investigated four 

districts fully overlap as concerns both the incompatible and compatible element 

contents. The only comments can be made comparing the Nowbaran rocks to the Iran 
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and SE Anatolia Cenozoic igneous rocks (hereafter referred to “ISA” rocks). Nowbaran 

rocks show a general enrichment in Sr (~1900-3900 ppm; Table 10), which is striking, 

considering that >99% of ISA rocks have Sr <2000 ppm). Albeit not as extreme, 

Nowbaran rocks are also particularly enriched in Ba (~1300-2500 ppm) compared to 

>90% of neighbouring rocks, whereas Rb (~14-61 ppm) and Cs (mostly <2 ppm) are fully 

within the literature range of ISA rocks. Among transition metals, Sc (~14-19 ppm), V 

(~130-260 ppm) and Cu (~50-100 ppm) are well within the ISA rock range, while Cr 

(~260-480 ppm), Co (~43-54 ppm), Ni (~230-360 ppm) and Zn (~120-180 ppm) cluster 

close to the rare highest concentrations recorded in ISA rocks. High Field Strength 

Elements (HFSE) and Y are relatively enriched in Nowbaran rocks (Zr ~280-420 ppm; Nb 

~53-81 ppm; Hf ~6.0-8.5 ppm; Ta ~3.0-4.5 ppm), clustering together with the basic-

ultrabasic ISA rocks. 

Concerning the Rare Earth Element (REE), the lightest REE (LREE, from La to Eu) are 

particularly more abundant in Nowbaran rocks (e.g., La ~120-290 ppm; Eu ~4-7 ppm) 

than in the ISA rocks (>99% of the samples having La <150 ppm and Eu <4 ppm). On the 

other hand, the heavier REE (HREEE, from Gd to Lu) of Nowbaran rocks fully overlap 

the bulk of ISA rocks. Pb (~11-40 ppm), Th (~15-42 ppm) and U (~2-6 ppm) are 

moderately enriched in Nowbaran rocks, whose compositions are matched by a 

minority of ISA magmas. 

CI-chondrite-normalized patterns (normalization after King et al., 2020) for Nowbaran 

rocks are mildly to strongly fractionated, as typically observed for ultrabasic, CaO-rich 

lithologies (Fig. 20a). The (La/Lu)N ratios (where the “N” subscript means CI-chondrite-

normalized values) range from ~60 to ~150, with LaN ~380-950 and LuN ~5-7, without 

any substantial difference among the four investigated districts. Nowbaran rocks are 

also characterized by a moderate/high MREE/HREE fractionation [e.g., (Sm/Yb)N ~11-

23; average = 15 ± 3]. The correlation of La with the other REE decreases with 

increasing atomic mass, from R2 = 1.00 for Ce to R2 = 0.05 for Lu. No Eu anomaly 

(Eu/Eu* = 0.99-1.07) and no correlation between REE fractionation with SiO2, MgO or 

CaO has been observed.  

Primitive mantle-normalized incompatible multielemental patterns (normalization 

after Lyubetskaya and Korenaga, 2007) for Nowbaran rocks are reported in Fig. 20b. 

Patterns are quite fractionated, with deep troughs at Rb and K, minor troughs at Pb 
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and Ti and peaks at Cs, Th-U and La-Ce. Most of the incompatible elements are 

clustered between 10 and 1000 times the primitive mantle estimate, with HREE 

showing the lowest degree of enrichment. The composition of the rocks from the four 

districts is overlapping in terms of interelemental fractionation, but Qezel Hesar 

samples (those with the highest SiO2 and the lowest CaO) show the lowest enrichment 

in the most incompatible elements (left portion of the diagram), except for Ce, and the 

highest enrichment for the least incompatible elements (i.e., HREE; Fig. 20b). Fastaq 

rocks have commonly the highest incompatible element contents, and the two other 

districts of Dakhan and Chalfakhreh plot in between these two extremes. 

When compared to the classical HiMU-OIB (High-Mu Ocean Island Basalts, where Mu 

= µ = 238U/204Pb) of St. Helena Island (Kawabata et al., 2011), Nowbaran rocks do not 

show peaks at Nb-Ta and Ti, but share the troughs at K and Pb (albeit less pronounced) 

and have much lower HREE (Fig. 20b). Nowbaran rocks often plot in intermediate 

position between HiMU-OIB and the average composition of global subducting 

sediments (GloSS, considered as a reference of the enrichment factor registered in 

subduction zones; Plank, 2014), especially for the Nb-Ta pair. Despite Nowbaran rocks 

do not show any peak at Pb, typical of GloSS and other magmas emplaced in 

subduction-related settings, their Pb content is higher than the GloSS average (11-41 

ppm, average 23.5 ppm, compared to 21.2 ppm for GloSS). Similarly to what observed 

for GloSS, Nowbaran rocks are also characterized by evident Ti troughs. 
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Fig. 20: a) CI-chondrite-normalized (after King et al., 2020) REE patterns and b) primitive 

mantle-normalized (after Lyubetskaya and Korenaga, 2007) incompatible multielemental 

patterns for the investigated Nowbaran rocks. In b) the field for HiMU-OIB basalts from St. 

Helena Island (from Kawabata et al., 2011) and the average composition of the global 

subducting sediments (GloSS; Plank, 2014) are also reported for comparison. 
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2.7 Sr-Nd-Pb isotope ratios 

Seven representative samples were selected for Sr-Nd-Pb isotopic ratio 

measurements, namely four samples are from Dakhan and one for each from the 

Fastaq, Chalfakhreh and Qezel Hesar districts. The measured isotopic ratios are 

reported in Table 10.  

No recalculation to initial values has been performed due to the very young age, likely 

<1 Ma, low Rb/Sr (<0.02), Sm/Nd (<0.16), U/Pb (<0.3) and Th/Pb (<1.4). In the 

143Nd/144Nd vs. 87Sr/86Sr diagram (Fig. 21a), Nowbaran rocks cluster in a relatively 

narrow field (87Sr/86Sr = 0.70519-0.70564; 143Nd/144Nd = 0.51263-51269), straddling the 

ChUR (Chondritic Uniform Reservoir) estimate but displaced towards Sr isotopic 

compositions more radiogenic than BSE (Bulk Silicate Earth). Both 87Sr/86Sr and 

143Nd/144Nd values do not show any correlation with SiO2 (R2 = 0.05 and 0.25, 

respectively; only 87Sr/86Sr reported in Fig. 21b) or vs. MgO (R2 = 0.19 and 0.04, 

respectively). Nowbaran rocks also show narrow 206Pb/204Pb (18.54-18.66), 207Pb/204Pb 

(15.66-15.68) and 208Pb/204Pb ranges (38.66-38.79), clustering in a small area on the 

right of the 4.56 Ga Geochron and above the NHRL (Northern Hemisphere Reference 

Line; Fig. 21c, d). 

Isotopic ratios of Nowbaran rocks fully plot within those of literature ISA rocks, in 

between the DMM (Depleted MORB Mantle) and EM-II (Enriched Mantle II) mantle 

end-members in the 143Nd/144Nd vs. 87Sr/86Sr diagram, and define almost the same 

isotopic field as that of the western Mediterranean arc magmas (e.g., Lustrino et al., 

2011). The same can be held also for Pb isotopes, albeit Nowbaran and ISA rocks are 

displaced towards slightly lower 206Pb/204Pb. In 208Pb/204Pb and 207Pb/204Pb vs. 

206Pb/204Pb diagrams, Nowbaran rocks mostly overlap the EM-II mantle end-member. 

As observed for Sr and Nd isotopes, no substantial correlation among Pb isotopic ratios 

and SiO2 is observed, and only a crude negative correlation with MgO is found for 

206Pb/204Pb (R2 = 0.52) and 208Pb/204Pb (R2 = 0.60). 
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Fig. 21: a) 

143
Nd/

144
Nd vs. 

87
Sr/

86
Sr, b) 

87
Sr/

86
Sr vs. SiO2, c) 

207
Pb/

204
Pb vs. 

206
Pb/

204
Pb and d) 

208
Pb/

204
Pb vs. 

206
Pb/

204
Pb for the investigated Nowbaran rocks. Literature data for Iran and SE 

Anatolia Cenozoic rocks (ISA) are reported for comparison. Also shown are the isotopic 

compositions for BSE (Bulk Silicate Earth) and ChUR (Chondritic Uniform Reservoir), the DMM 

(Depleted MORB Mantle), HiMu (high-μ) and EM-I and EM-II (Enriched Mantle I and II) end-

members (Lustrino and Anderson, 2015), the 4.56 Ga Geochron and the Northern Hemisphere 

Reference Line (NHRL; Hart, 1984). 
 

 

2.8 Discussion 

2.8.1 Fractional crystallization and crustal contamination 

The general lack of correlation between major oxides for the Nowbaran 

melanephelinites prevents a clear identification of the minerals potentially involved 

during fractional crystallization processes and points to the existence of slightly 

different magma batches in each of the four investigated districts. The high MgO, Mg#, 

Cr and Ni match the compositions of melts in equilibrium with mantle paragenesis 

(Righter and Rosas-Elguera, 2001; Downes et al., 2004; Azizi et al., 2014; Witte et al., 
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2017), despite Nowbaran magmas are very different from the typical basaltic 

compositions generated by volatile-free four-phase peridotitic rocks. 

Any process involving contamination with typical felsic upper crustal lithologies is 

untenable for Nowbaran rocks, not only for their ultrabasic composition, but also for 

their abundances of the most incompatible elements, as well as other features (e.g., Ti 

troughs, relatively high Nb-Ta contents and extremely high Sr values), by far higher 

than the typical continental crust values (e.g., Rudnick and Gao, 2014, and references 

therein). Above all, the absence of major oxide and trace element correlation with any 

other parameter can be hardly explained in terms of crustal digestion by mantle-

derived melts. As an example, Nowbaran trace elements ratios (e.g., Zr/Nb = 4.2-6.5, 

Ba/Nb = 17-42, Ba/La = 5-15) are much different from typical continental crust values 

(Zr/Nb = ~14; Ba/Nb = ~84; Ba/La = ~27; Rudnick and Gao, 2014), as also supported by 

the lack of correlation between 87Sr/86Sr and SiO2 (Fig. 21b) or MgO. Crustal 

contamination involving CaO-rich lithologies is considered in the following section. 

 

 

2.8.1.1 Interaction with sedimentary carbonates 

Calcium-rich lithologies belonging to the Oligo-Miocene Qom Formation occur in the 

substratum of the Nowbaran area. These carbonate-rich rocks rarely crop out, being 

mostly covered by Miocene and Plio-Quaternary volcanic deposits. Near the Qom 

Basin, the Qom Formation reaches a maximum thickness of ~1 km (Reuter et al., 2009), 

which may be relevant when considering the ascent of small volumes of magma. 

Experimental petrology studies indicate the possibility for silicatic magma to digest 

high amounts of sedimentary carbonatic rocks, resulting in hybrid SiO2-poor, CaO-rich 

compositions (e.g., Lustrino et al., 2019b, 2020). In some cases, the production of 

exsolved carbonatitic melts (e.g., Di Rocco et al., 2012; Shaw, 2018) or magmatic calcite 

crystallized from CaO-doped magma (e.g., Gozzi et al., 2014) is reported. 

Carbonatites sensu stricto (i.e., mantle-derived) are considered as the solidification 

products of melts strongly enriched in incompatible elements, in particular LREE, Sr, Ba 

and P (Jones et al., 2013; Song et al., 2016). On the other hand, sedimentary rocks like 

limestones and marls are sterile rocks, showing low incompatible element contents 
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(e.g., La ~2-40 ppm; Di Battistini et al., 2001; Lustrino et al., 2020). In the La vs. CaO 

diagram (Fig. 22), average compositions of worldwide volcanic carbonatites and 

plutonic Ca-carbonatites are reported together with the typical compositions of CaO-

rich sedimentary rocks (marls and limestones) from central Italy (Lustrino et al., 2020). 

Nowbaran rocks are far away from the typical composition of volcanic carbonatites and 

plutonic Ca-carbonatites, having much lower CaO (<19 wt%) and La (<280 ppm). 

Interestingly, Vosighi Abedini (1981), quoting unpublished radiogenic 87Sr/86Sr isotopic 

ratios, assumes that the carbonate fraction in Nowbaran rocks is of secondary origin. 

The impossibility to check any data renders this statement at least dubious. 

No Ca-rich rims nor any reaction rims around olivine, or limestone xenoliths have 

been observed in Nowbaran thin sections. Also, the absence of significant trends in 

major oxides and incompatible elements, as well as Sr-Nd-Pb isotopic ratios, are 

inconsistent with a process of crustal assimilation involving sedimentary carbonates. 

Consequently, the possibility that the original magma was significantly modified after 

digestion of limestones and/or dolostones is considered negligible. 

 

 

Fig. 22: La vs. CaO diagram for the investigated Nowbaran rocks from the various sampled 

locations. The Ca-carbonatites from GEOROC site (pink circles), together with marls, marly 

limestones and limestones from central Italy (Di Battistini et al., 2001; Lustrino et al., 2020) are 

shown for comparison. 
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2.8.2 The Nowbaran rocks in the context of the Bitlis-Zagros 

Orogen 

Despite the extremely widespread area of comparison and the variable age of 

emplacement (>65 Myr), the bulk of ISA rocks define roughly coherent trends of 

evolution (Fig. 19). Assuming SiO2 as indicative of the degree of evolution of a magma, 

ISA rocks show negative correlation for TiO2, Fe2O3tot, MgO and CaO, classically 

associated to fractionation of ferromagnesian minerals (mostly olivine, clinopyroxene 

and Ti-magnetite). Alumina shows the typical bell-shaped trend, peaking at ~55 wt% 

SiO2, indicating the strong involvement of feldspars in the cumulating assemblages of 

mildly to strongly evolved melts. In this framework, the position of Nowbaran rocks is 

outstanding. The rocks from this small and up to now unknown volcanic district cannot 

be explained with a model involving the generation of partial melts from a classical 

four-phase H-C-free peridotite. The absence of feldspars, the low SiO2 and high CaO 

require the presence of additional lithologies in the mantle sources. 

The strong REE fractionation of Nowbaran magmas, as testified by (La/Lu)N up to ~150 

(Fig. 20a), may be indicative of residual garnet, albeit the overall source mineralogy is 

not consistent with a classical garnet lherzolite. Indeed, partial melts of such kind of 

source (e.g., Grove et al., 2013) are significantly different from Nowbaran rocks in 

terms of major oxide contents and mineral parageneses (e.g., much higher SiO2 and 

Al2O3, coupled with lower CaO and TiO2, as well as plagioclase-rich assemblage). 

Some petrographic and geochemical characteristics of Nowbaran rocks have been 

found also in Quaternary nephelinites from Mahabad lavas (Iran Azerbaijan, ~500 km 

northwest of Nowbaran; Kheirkhah et al., 2013) and Çatak (SE Anatolia, Bitlis Massif, 

Turkey; Özdemir et al., 2019). 

Mahabad small-volume mafic lavas result comparable to Nowbaran rocks from a 

petrographic point of view. Indeed, despite being classified mostly as basanites with 

minor nephelinites and alkali basalts, these rocks are plagioclase-free clinopyroxene- 

and olivine-phyric lavas with a nepheline-bearing fine-grained groundmass. Excluding 

the few compositions with the highest SiO2 (46.6-47.0 wt%), the Mahabad rocks show 

lower TiO2 (<1.7 wt%) and higher Al2O3 (>12.4 wt%) with respect to Nowbaran 

melanephelinites (>2 wt% and <11.4 wt% for TiO2 and Al2O3, respectively). Moreover, 
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Mahabad rocks show generally lower CaO (13.5-14.9 wt% vs. 13.1-18.3 wt%) and lower 

P2O5 (1.5-1.7 wt% vs. 1.4-3.3 wt%), and higher SiO2 (40.6-42.3 wt% vs. 35.4-41.4 wt%). 

The high Mg# (0.6-0.7), Ni (~250-300 ppm) and Cr (~300-400 ppm) of the ultrabasic 

Mahabad rocks are close to Nowbaran compositions and likely indicate equilibrium 

with peridotitic mantle. These features, coupled with homogeneous low 87Sr/86Sr 

(0.70441-0.70445) and high 143Nd/144Nd (0.51269-0.51270) of Mahabad ultrabasic 

rocks excludes significant crustal contamination. Worth nothing, also Mahabad lavas 

pierced limestone successions (of Jurassic-Cretaceous and Miocene age). 

The comparison of Nowbaran rocks with Mahabad lavas is particularly relevant also 

because both districts cover a very restricted area and are relatively young 

manifestations (late Quaternary, although no absolute age determination is available). 

The primitive mantle-normalized incompatible element patterns of the two districts 

share remarkable similarities and nearly complete overlap. Mahabad rocks are only 

displaced toward slightly less enriched compositions, but with intra-elemental 

fractionation similar to what recorded at Nowbaran. Kheirkhah et al. (2013) proposed 

that Mahabad magmas derive from amphibole-rich metasomatic veins or eclogite from 

the lithospheric mantle, but provided no quantitative constrains. 

Also the Quaternary (~0.6 Ma) rocks from Çatak are petrographically comparable with 

Nowbaran melanephelinites, being characterized by clinopyroxene, olivine, Ti-

magnetite and nepheline, and lacking feldspar. Regarding major oxides, a partial 

overlap with Nowbaran rocks can be observed only for TiO2 (2.05-2.39 wt%), K2O (0.94-

1.99 wt%) and P2O5 (1.56-1.84 wt%). The remaining oxides are either higher (Al2O3 = 

12.9-13.3 wt%, Fe2O3tot = 13.3-14.3 wt%, MnO = 0.18-0.19 wt%, Na2O = 4.65-5.92 wt%) 

or lower (MgO = 8.44-9.68 wt%, CaO = 9.90-11.6 wt%) in Çatak rocks. On the other 

hand, the primitive mantle-normalized multielemental patterns share several 

similarities, among which the deep troughs at Rb-K and Ti are the most striking (Fig. 

20b). A complex and poorly constrained petrogenetic model involving extreme melt 

extraction (23%) from a phlogopite and apatite-bearing garnet peridotite, followed by 

~2% metasomatic enrichment by a “MORB type melt”, and eventually 4% of further 

melt extraction has been proposed by Özdemir et al. (2019) to explain the genesis of 

Çatak volcanic rocks. The same authors also proposed a blended origin for Çatak 

magmas as generated by two melts mixing in a ratio ranging from ~30:70 to ~95:5. 
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These two melts should derive from 0.5-0.75% melting of a phlogopite garnet 

peridotite and from 20-30% melting of hornblendite veins. 

 

 

2.8.3 Carbonated-peridotite origin 

Several lines of evidence (i.e., diamond inclusions, high CO2 output from arc 

volcanoes, carbonatitic magmas) indicate significant carbon storage in Earth mantle 

(e.g., Yaxley et al., 2019). Partial melting of subducted carbonated rocks, dissolution of 

carbonate minerals (e.g., dolomite breakdown) or serpentinite dehydration in 

subduction zones are able to release carbon dioxide from slab into fluids percolating 

mantle wedges. Thus, the release of COH fluids deriving from carbonates and hydrous 

minerals influences both the carbon recycling and magmatism at subduction zones 

(e.g., Scambelluri et al., 2016; Sun and Dasgupta, 2020). 

As already mentioned above, low-degree partial melting of a carbonate-bearing 

peridotite would generate dolomitic to magnesitic melts characterized by strong 

mobility due to the high density and viscosity contrast with the upper mantle matrix. 

The arrival of these carbonatitic melts at the surface is controlled by the carbonate 

ledge, an invariant point which governs the melting processes in the upper mantle (i.e. 

P ~ 2-8 GPa; Gudfinnsson and Presnall, 2005) in function of the overall compositions 

and of the temperature. Thus ultrabasic compositions such as those observed at 

Nowbaran, strongly depends on the presence of carbonates in their mantle sources 

(Wyllie and Huang, 1976; Brey and Green, 1977; Eggler, 1978; Wendlandt and Mysen, 

1980; Wallace and Green, 1988; Falloon and Green, 1989; Hirose, 1997), as a link 

between ultrabasic magmas and carbonatitic liquids is reflected by the common 

association of nephelinites, melilitites with plutonic and volcanic carbonatites. 

Alternatively, the linkage of carbonatitic melts with silicatic melts with increasing SiO2 

could be interpreted as the effect of strongly ultrabasic melts dissolving mantle 

enstatite during their upwelling, crystallizing olivine and increasing the SiO2 content of 

the reacted magma. According to this view, the sequence of carbonatitic to melilititic 

to kimberlitic and eventually nephelinitic, basanitic and alkali basaltic compositions is 

not related to increasing temperature (and consequent increase of melting degree), 
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but it is simply the effect of the reaction between carbonatitic-silicatic strongly 

ultrabasic melts with normal peridotite matrix (e.g., Gervasoni et al., 2017). 

 

 

2.8.4  Hornblendite-derived origin 

Low-degree melts of amphibole-rich (hornblendite) metasomatic veins in the 

lithosphere is another hypothesis to explain the origin of SiO2-undersaturated alkaline 

melts in oceanic islands and in intracontinental settings. Low-degree melts of H2O- or 

CO2-bearing garnet peridotitic mantle could infiltrate within the lithospheric mantle 

producing anhydrous and hydrous metasomatic fronts (Pilet et al., 2008, 2011; Pilet, 

2015). These lithologies are characterized by lower solidus temperature compared to 

average volatile-free peridotite, making them prone to melting at normal upper mantle 

conditions and producing basic-ultrabasic alkaline magmas (Pilet et al., 2008, 2011; 

Pilet, 2015). Melting experiments carried out at 1.5 GPa and 1150 °C on natural 

hornblendite and clinopyroxene-hornblendite produced liquids with nephelinitic to 

basanitic compositions, as a consequence of the dominant incongruent melting of 

amphibole (Pilet et al., 2008). With increasing temperature (~1275 °C), the role of 

clinopyroxene melting becomes predominant, producing compositions progressively 

richer in silica and alkali poorer (Pilet et al., 2008, 2011; Pilet, 2015). Consequently, 

ultrabasic magmas can be, at least in line of principle, generated within the lithospheric 

mantle by melting of amphibole-rich cumulates, which are actually expected to form 

also beneath arc volcanoes (e.g., Medard et al., 2006; Tiepolo et al., 2014; Wang et al., 

2019). 

Medard et al. (2006) investigated the melting behaviour of amphibole wehrlites, in an 

attempt to reproduce the rare ultra-calcic nepheline-normative melt inclusions found 

in arc magmas by carrying out melting experiments at 1.0 GPa at various temperatures. 

Initial melts (~1175 °C), generated at ~20% partial melting of an amphibole wehrlite 

(more properly an amphibole olivine websterite), are strongly nepheline-normative 

and highly enriched in Na2O, K2O and Al2O3 (>19 wt%), but relatively depleted in CaO 

(<11 wt%) and MgO. With increasing temperature (~1350 °C) and at very high melt 

fraction (f ~80%), ultra-calcic melts (CaO up to ~18 wt%) with low Al2O3 (<10 wt%) and 



Petrogenesis of the Cenozoic magmatism in NW Iran  

 

71 
 

high MgO (~14 wt%) are produced. These compositions mimic in some instances the 

composition of Nowbaran rocks, but they have lower TiO2 (~1.5 wt%), and Na2O (~1.5 

wt%), and, more strikingly, much higher SiO2 (~46 wt%). Slightly silica-poorer ultrabasic 

compositions (SiO2 ~44 wt%) can be produced from an amphibole wehrlite only for 

lower degrees of melting (f ~35-40%), but in this case CaO and MgO are lower than in 

Nowbaran rocks (~15 wt% and ~10 wt%, respectively). 

Hornblendite experimental melts obtained by Pilet et al. (2008) match closer the 

Nowbaran melanephelinite compositions, with SiO2 ~36.8-39.2 wt%, K2O ~1.2-2.0 wt% 

and Na2O ~2.6-3.9 wt%. However, the similarities between the hornblendite-derived 

experimental melts and the natural compositions found at Nowbaran stop here, as the 

first are significantly more enriched in TiO2 (~3.6-6.9 wt%) and Al2O3  (~11.4-14.2 wt%; 

Fig. 23) and more depleted in P2O5 (0.1-1.7 wt%). As concerns the remaining major 

oxides, hornblendite-derived melts produced with different starting compositions and 

at different temperatures are roughly overlapping with Nowbaran rocks, but define 

completely different evolutionary trends with SiO2. 

 

 

Fig. 23: Selected major- elements vs. SiO2 variation diagrams comparing the composition of the 

investigated Nowbaran rocks with that of hornblendite experimental melts (Pilet et al., 2008). 
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2.8.5  Metasomatic phase (amphibole, phlogopite, apatite) 

constraints 

Nowbaran melanephelinites show marked troughs in K and Rb in primitive mantle-

normalized diagrams, which possibly suggest the presence of a residual K-bearing 

phase in the mantle source (e.g., phlogopite or K-richterite). Amphibole, mica and 

apatite are the major hosts for lithophile elements in the upper mantle (Adam et al., 

1993; LaTourette et al., 1995; Ionov et al., 1997). Amphibole and mica commonly occur 

in metasomatic veins (produced by fluid percolation and metasomatic reactions with 

the originally dry peridotite matrix; Ionov et al., 1997; Pilet, 2015) and/or cumulates in 

the lithospheric mantle, and thus always play an important role for trace elements 

distributions in magmatic processes.  

Phlogopite in basaltic melts shows high KDRb (1.9-5.8; Green et al., 1993; LaTourette 

et al. 1995; Adam and Green, 2006) and KDBa (3.7-10; Villemant et al., 1981; LaTourette 

et al. 1995), whereas amphibole behaves as an incompatible host both for Rb (KDRb = 

0.14-0.58; Adam et al. 1993; Green et al., 1993; Brenan et al., 1995; LaTourette et al. 

1995; Adam and Green, 2006) and Ba (KDBa = 0.12-0.60; Matsui et al. 1977; Adam et al. 

1993; Green et al., 1993; Brenan et al., 1995; LaTourette et al. 1995). Given the marked 

K and Rb troughs observed in Nowbaran rocks, the presence of residual phlogopite in 

the mantle sources of the area could be taken into account. Several observations, 

however, seem to be odd with this. 

First, no correlation can be observed between K and Rb in Nowbaran rocks. 

Furthermore, Ba is quite enriched in Nowbaran lavas, decoupled from Rb. 

Consequentially, phlogopite is probably not (the only) responsible for the Rb-Ba-K 

content of Nowbaran melanephelinites. It is rather possible to ascribe such 

enrichments to the melting of another volatile-bearing mineral, e.g., amphibole. 

Indeed, as evidenced in the previous paragraph, amphibole-bearing metasomatic veins 

may have been involved in the genesis of ultrabasic magmas. This is also consistent 

with the Rb/Sr vs. Ba/Rb and Rb/Ba vs. Ba/Sr diagrams of Fig. 24, where the major 

involvement of amphibole over phlogopite is clearly evidenced. Amphibole occurrence 

in the source is also consistent with the generally high Na2O and Na2O/K2O of 

Nowbaran rocks (mostly >3.0 and 1.5, respectively). However, the strong enrichment in 



Petrogenesis of the Cenozoic magmatism in NW Iran  

 

73 
 

U-Th-LREE-Sr of Nowbaran rocks cannot be simply related to the presence of 

amphibole in the source, but rather also the requires presence of some apatite, being 

this phase a major host for U, Th, LREE and Sr (Ionov et al., 1997). This could also 

explain the high P2O5 (1.4-3.3 wt%) of the investigated rocks and the relatively good 

positive correlation observed between P2O5 and CaO (R2 = 0.77). 

 

 

 

Fig. 24: a) Rb/Sr vs. Ba/Rb and b) Rb/Ba vs. Ba/Sr diagrams for the investigated Nowbaran 

rocks, showing the effects of amphibole and phlogopite in the source. In b) the fields for 

amphibole and phlogopite (from Hawkesworth et al., 1987) are also reported. 
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2.8.6  P-T conditions of formation 

Estimating geothermobarometric conditions of formation for igneous rocks is a hard 

task because of the presence of several problems and hardly quantifiable parameters. 

First of all, the concept itself of equilibrium melts is valid essentially in laboratories 

only. Mantle partial melts are typically generated in variable temperature and pressure 

ranges. Even the single chemical composition of igneous rock represents the sum of 

fractionated liquids produced during increasing degrees of melting and accumulated 

during polybaric magma extraction (e.g., Lee et al., 2009; Hole and Natland, 2020). In 

addition, primitive melts (e.g., Foley and Pintér, 2018) reach the surface only rarely, 

because magmas usually experience variable amounts of fractional crystallization (e.g., 

O’Hara, 1968). Several models have been proposed to back-calculate the composition 

of primitive compositions from the parental melts in a rock suite (e.g., Lee et al., 2009; 

Danyuschevsky and Plechov, 2011; Herzberg and Asimow, 2015), but a complete 

agreement on such procedures – mostly related to the fact that magmas can be 

saturated also in plagioclase and clinopyroxene in addition to olivine – has not been 

reached (e.g., see discussion in Hole and Natland, 2020). The presence of cognate 

phases (i.e., minerals or glomerules derived from more primitive melt compositions 

belonging to the same magmatic lineage, commonly referred also to as antecrysts) or 

xenocrysts/xenoliths (of upper crustal to upper mantle origin), as well as the presence 

of secondary minerals, have the potential to bias the original composition of the 

investigated melt. In addition, typical geothermobarometers represent best-fit 

equations of melts and melt-mineral pairs obtained in laboratory and only rarely are 

based on calorimetric and volumetric data (e.g., Putirka, 2008). 

Many of the geothermobarometers used in igneous petrology are designed for 

basaltic compositions (e.g., Lee et al., 2009; Hora et al., 2013; Plank and Forsyth, 2016) 

in equilibrium with olivine + orthopyroxene (± clinopyroxene ± spinel/garnet) sources, 

and more rarely for differentiated compositions (e.g., Masotta et al., 2013). Virtually no 

specific efforts have been devoted to geothermobarometric calibrations on ultrabasic 

melts. Very recently, Sun and Dasgupta (2020) filled this gap, proposing a new 

geothermobarometric model based on 202 literature experiments carried out in a large 

range of T (900-1968 °C) and P (1.6-10 GPa), and with CO2 ranging from 0 to 45 wt% 
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and H2O from 0 to 57 wt%. The resulting experimental melts cover the entire range 

from nearly pure carbonatitic to nearly pure basaltic compositions (e.g., SiO2 = 6.6-48.8 

wt%; Al2O3 = 0.3-18.3 wt%; CaO = 3.9-45.0 wt%; MgO = 8.8-38.2 wt%). Although the 

proposed model is expressly designed for kimberlitic magmas, it can be used for a large 

spectrum of ultrabasic compositions including melilites, nephelinites and basanites. 

The application of Sun and Dasgupta (2020) geothermobarometer gives equilibrium 

temperatures in the 1214-1347 °C range (average = 1282 °C, ± 31 °C) and P range of 

2.2-2.9 GPa (average = 2.5 GPa, ± 0.2 GPa; Fig. 25). These are the estimates calculated 

if uncorrected measured whole-rock compositions are employed (option 0 of Sun and 

Dasgupta, 2020). The pressures would indicate derivation close to the spinel-garnet 

peridotite facies transition, calculated in literature at ~1.9-2.4 GPa range for average 

geotherms (Klemme and O’Neill, 2000; Ziberna and Klemme, 2016). This result agrees 

with the moderately fractionated MREE/HREE ratios of Nowbaran rocks [(Sm/Yb)N ~11-

23], compatible with a mixed spinel-garnet mantle assemblage (but in this case 

amphibole-rich). 

Fractionation of olivine and CO2 degassing of Nowbaran primitive magma en-route to 

the surface could have modified the composition of the analysed rocks. The 

hypothetical amount of olivine lost can be calculated assuming step-by-step addition of 

small amounts of olivine until reaching a whole-rock composition in equilibrium with 

the hypothetical KD(Fe-Mg)olivine/melt. The results of the experimental studies reviewed 

by Sun and Dasgupta (2020) indicate KD(Fe-Mg)olivine/melt in CO2-bearing ultrabasic 

systems ranging from 0.28-0.66, higher than the value accepted in literature (i.e., 0.30 

± 0.03; Mollo and Hammer, 2017). The amount of CO2 lost during magma degassing at 

shallow depths can be calculated using the CO2-SiO2 correlation proposed by Sun and 

Dasgupta (2020), i.e., CO2 = 43.77 – 0.90*SiO2. Back-adding given amounts of olivine to 

the analysed rocks and increasing the CO2 amount until reaching the hypothetical value 

for a given SiO2 content of the analysed rock, led to different geothermobarometic 

estimates (option 3 of Sun and Dasgupta, 2020). These values indicate much hotter 

(1410-1504 °C; average = 1455 °C, ± 27 °C) and deeper conditions (4.0-4.8 GPa; average 

= 4.4 GPa, ± 0.2 GPa; Fig. 25). These new geothermobarometric estimates are 

considered very unlike because Nowbaran magmas have the features of low-degree 

and low-volume melts and are certainly not entirely equilibrated in the garnet stability 
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field. Compared with the measured values, the increase of CO2 only, to reach 

equilibrium with SiO2 (option 2 of Sun and Dasgupta, 2020) would produce only slightly 

higher P (2.5-3.3 GPa; average = 2.8 GPa, ± 0.2 GPa) at slightly lower T estimates (1198-

1309 °C; average = 1261 °C, ± 30 °C). In conclusion, the hypothetical equilibrium 

temperature and pressure equilibrium of Nowbaran magmas indicate the base of the 

lithosphere under normal thermal regimes. 

 

 

Fig. 25: (caption on the next page) 
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Fig. 25:  Temperature-Pressure diagram showing: (1) = simplified haplo-peridotitic system CAMS 

(CaO-Al2O3-MgO-SiO2) solidus (Gudfinnsson and Presnall, 2005); (2) = fertile peridotite volatile-

free solidus (Herzberg and Asimow, 2015); (3) = fertile peridotite volatile-free solidus 

(Hirschmann, 2000); (4) = simplified haplo-peridotitic system CMS (CaO-MgO-SiO2) + CO2 solidus 

(Eggler, 1978); (5) = simplified haplo-peridotitic system CAMS + CO2 solidus (Gudfinnsson and 

Presnall, 2005); (6) = lherzolite (HP = Hawaiian Pyrolite) + CO2 solidus (Falloon and Green, 

1989). The three solidi with CO2 (lines 4, 5 and 6) show an abrupt decrease of temperature at 

variable depths, known as the "carbonate ledge", caused by the appearance of dolomite after 

the reaction: CO2 (vapour) + forsterite + diopside = dolomite + enstatite. With increasing 

complexity of the system (i.e. from CMS to lherzolitic compositions) the zerovariant point 

connecting CO2 vapour + solid dolomite + dolomitic melt + olivine + diopside + enstatite + 

spinel/garnet moves towards lower temperature and lower pressure. In the diagram are also 

reported the spinel/garnet stability fields in CAMS systems (Klemme and O'Neill, 2000) and the 

spinel/spinel+garnet/garnet fields in a depleted mantle xenolith natural sample (Pali-Aike, 

Argentina; sample LS1) calculated by the thermodynamic model of Ziberna and Klemme (2016). 

The dashed lines departing from the three zerovariant points separate the stability of dolomite-

bearing mantle and CO2-bearing mantle. The other dashed lines indicate the stability limits of 

dolomite- and magnesite-bearing mantle. Four set of geothermobarometric estimates of 

Nowbaran rocks using the models of Sun and Dasgupta (2020) are reported. Details in the text. 

 

 

2.8.7  Geodynamic setting derived from petrological 
considerations 

Oceanic and continental intraplate regions are the typical tectonic settings where to 

find ultrabasic melts (e.g., Lustrino and Wilson, 2007; Pfander et al., 2018; Mazzeo et 

al., 2020). No ultrabasic melts have ever been found along oceanic ridges and they 

rarely occur in intra-oceanic arcs or in continental supra-subduction/collisional 

regimes. Basic-ultrabasic compositions particularly rich in K2O (e.g., leucitites) or CaO 

(e.g., kamafugites) occur in subduction settings too (e.g., Melluso et al., 2010; Lustrino 

et al., 2019a, 2020), and are to some degree associated to digestion of shallow 

carbonates in upper crustal magma chambers (see discussion in Lustrino et al., 2019b, 

2020). Interestingly, the presence of CaO-rich melilitites and kamafugites in central 

Italy is also interpreted in a completely different way, i.e., not linked to any recent 

subduction activity (e.g., Di Battistini et al., 2001) or any subduction event at all (e.g., 

Stoppa et al., 2016). With some important exceptions, strongly alkaline potassic 

(leucitites) and sodic (nephelinites) ultrabasic melts define settings away from typical 

oceanic subduction, requiring either mid-plate conditions or subduction of marly 

components. 
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Plagioclase-free ultrabasic melts with nephelinitic to melilititic compositions are 

almost never found above active or fossil supra-subduction mantle wedges. To the best 

of the authors’ knowledge, the only exceptions are represented by the nephelinitic-

limburgitic occurrences in Japan and in Colombia. Yamaguchi (1964) report the 

presence of mantle xenolith-bearing limburgites (feldspar-free, olivine-clinopyroxene-

phyric hyalo nepheline-basanites, according to Le Maitre, 2002) in SW Japan 

(Sukumozuka and Ogusoyama, northern Chugochu district) with ultrabasic composition 

(SiO2 = 42.9-43.8 wt%), moderate content of alkalis (Na2O+K2O = 3.8-4.5 wt%), CaO 

(11.2-12.3 wt) and Al2O3 (10.7-13.4 wt%). These compositions are less extreme than 

those of Nowbaran rocks, with which they show limited compositional overlap. The 

presence of plagioclase in SW Japan limburgites is another fundamental difference with 

Nowbaran rocks. More recently, Tatsumi et al. (1999) reported the presence of 

melilite-olivine nephelinite at Hamada, very close to Ogusoyama locality reported by 

Yamaguchi (1964). Hamada nephelinites have SiO2 (36.2-38.0 wt%) and MgO (8.3-9.8 

wt%) clustering in the lower end of Nowbaran melanephelinites (35.4-41.3 wt% and 

8.7-13.3 wt% for SiO2 and MgO, respectively). On the other hand, TiO2 (2.50-2.65 wt%) 

and Al2O3 (11.1-11.8 wt%) in Hamada nephelinites plot in the upper end of Nowbaran 

rocks (2.03-2.61 wt% and 8.61-11.4 wt%, respectively), while Fe2O3tot (14.0-15.0 wt%) is 

much higher in Hamada than Nowbaran rocks (8.6-11.3 wt%). The low Mg# (0.56-0.61; 

average = 0.58) and Ni (65-87 ppm) of Hamada nephelinites are very different from 

Nowbaran melanephelinites and indicate lack of equilibrium with typical peridotitic 

mantle rocks. Despite this, the abundant presence of lherzolite and wehrlite xenoliths 

in Hamada nephelinites led Tatsumi et al. (1999) to assume equilibrium with mantle 

lithologies, but leaving unexplained the origin of the low Mg# and Ni. Paradoxically, 

Nowbaran melanephelinites, which show much more primitive compositions, at least 

theoretically in equilibrium with typical peridotitic lithologies, are mantle xenolith-free, 

whereas melts with evolved compositions such as the Hamada nephelinites are 

characterized by the abundant presence of mantle xenolith cargo. In addition, Hamada 

nephelinites are surprisingly low in radiogenic 87Sr (87Sr/86Sr = 0.7038-0.7039) and 

strongly enriched in radiogenic 143Nd (143Nd/144Nd = 0.51280-0.51285), ratios extremely 

different from those recorded in Nowbaran melanephelinites (87Sr/86Sr = 0.7052-

0.7056; 143Nd/144Nd = 0.51263-0.51269). 
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Experimental results using one Hamada nephelinite doped only with water (0.57 wt% 

H2O) and with mixed water-carbon dioxide (0.57 wt% H2O + 5-8 wt% CO2) at 1.05 to 1.8 

GPa and 1200 to 1300 °C (Tatsumi et al., 1999) indicate saturation with olivine and 

clinopyroxene and the complete absence of orthopyroxene. These evidences led 

Tatsumi et al. (1999) to hypothesize for Hamada nephelinites a wehrlitic mantle source, 

formed after interaction of a carbonatitic melt with mantle enstatite to produce a 

forsterite-diopside-rich wehrlitic metasomatic fronts. No comment on the anomalous 

subduction setting is reported. 

Mantle xenolith-bearing nephelinites emplaced above a subduction system are 

recorded also in SE Colombia (Acevedo area; Kroonenberg et al., 1987; Rodriguez 

Garcia and Gonzalez, 2004; Borrero and Castillo, 2006). The only three partially 

complete whole-rock analyses available for these rocks (Kroonenberg et al., 1982, 

1987), plus three rock analyses for which only SiO2, Al2O3 and Na2O+K2O are reported 

(Rodriguez Garcia and Gonzalez, 2004) indicate ultrabasic compositions falling in the 

nephelinite and basanite fields (SiO2 = 40.2-43.4 wt%; Na2O+K2O = 2.8-5.3 wt%), rich in 

MgO (12.4-14.8 wt%). Also in this case, a detailed petrogenetic model has not yet been 

presented and at least three general processes have been proposed in literature. These 

are: 1) subduction of an oceanic spreading rift (Kroonenberg et al., 1987); 2) small 

degree partial melting caused by pull-apart basin opening above a subduction system 

(Rodriguez Garcia and Gonzalez, 2004) and 3) upwelling of the Galapagos mantle 

plume in a mantle window opened within the Nazca Plate as consequence of the arrival 

at the trench of the Carnegie Ridge and the Malpelo Rift (Borrero and Castillo, 2006). 

These models tend to explain the highly anomalous occurrence of very small volumes 

of very young sodic ultrabasic melts in a subduction setting, associated with magmas 

with clear and classical subduction-related geochemical signatures. 

The ultimate origin of the igneous activity in Nowbaran area shares the same 

problems evidenced for Japanese and Colombian subduction-related nephelinitic 

melts. In addition, in the Iranian melanephelinite rocks no active subduction is present, 

being the geological setting rather classifiable to as post-collisional. Evaluating the 

behaviour of elements with different mobility in fluids (e.g., Th, Ta and Yb) can furnish 

useful constraints on the petrogenetic processes responsible for specific trace element 

enrichments. The Th/Yb vs. Ta/Yb diagram (Fig. 26a) proposed by Pearce (1983) can be 
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used to test the role of metasomatic changes related to subduction in the genesis of 

Nowbaran rocks. About half of the samples lie within the mantle array, the remaining 

plotting towards slightly higher Th/Ta, thus suggesting the involvement of a subduction 

component. Such component can be observed also in the La vs. Nb diagram (Fig. 26b), 

where the high La/Nb (>2) is consistent with melts generated within supra-subduction 

mantle wedges. Although Ta/Yb values and Nb concentrations seem to suggest that the 

degree of partial melting for these melts was roughly constant, the clear positive 

correlation between La/Lu and La (R2 = 0.91) can be interpreted as the effect of 

variable degrees of partial melting from a common source. The absence of correlation 

between La/Lu and CaO (R2 = 0.09) indicates that at the lowest degrees of melting 

carbonate minerals are not significantly contributing to melt production. 

As a final observation regarding the general tectonic setting, it is to note that Pliocene 

active faults in the UDMA (Qom, Saveh and Indes), as well as older (late Cretaceous) 

fault systems (Tafresh, Kashan and Zefreh) are dominated by a prevailing right-lateral 

slip component (Babaahmadi et al., 2010). These fault systems accommodate the 

oblique motion of Arabia with respect to Eurasia (Tabaei et al., 2016). It is therefore 

possible that a fault transfer zone area accommodating the displacement of the main 

faulting structures allowed the passive sub-lithospheric mantle upwelling. The ultimate 

Quaternary volcanic activity in Nowbaran area would involve low-degree melt 

extraction from a subduction-modified fossil mantle wedge as consequence of a 

structural response to the extensional local tectonics, such as the N-S trending fissure 

zone of Nowbaran area seems to indicate. 
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Fig. 26: a) Th/Yb vs. Ta/Yb and b) La vs. Nb diagrams for the investigated Nowbaran rocks, with 

arrows indicating the effects of increasing degrees of partial melting and involvement of a 

subduction component. The field of Meso-Cenozoic ISA subduction-related igneous rocks and of 

circum-Mediterranean anorogenic ultrabasic igneous rocks(Lustrino and Wilson, 2007; Lustrino, 

2011) are reported for comparison. 
 

 

2.9 Conclusions 

Low-degree partial melts with exotic compositions have been emplaced during the 

Quaternary west of Nowbaran town (NW Iran). These magmas postdate the 

intermediate to acid volcanic rocks showing classical subduction-related geochemical 

characteristics of the post-collisional Urumieh-Dokhtar Magmatic Arc. The absence of 

plagioclase and melilite and the abundant presence of clinopyroxene phenocrysts plus 
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olivine, nepheline and other sodalite-hauyne-group feldspathoid confined in the 

groundmass allow classifying these rocks as melanephelinites. 

Nowbaran melanephelinites are by far the most peculiar igneous rocks of the entire 

Bitlis-Zagros Orogen, showing ultrabasic (SiO2 = 35.4-41.4 wt%) and ultracalcic 

(CaO/Al2O3 = 1.13-1.92) compositions. The high MgO (8.7-13.3 wt%) and Mg# (0.69-

0.74), together with high Ni (230-360 ppm) and Cr (260-480 ppm) indicate the primitive 

character of these melts. 

The Sr-Nd-Pb isotopic ratios of Nowbaran melanephelinites plot within the field of 

Urumieh-Dokhtar Magmatic Arc and SE Anatolia. Patterns in primitive mantle-

normalized multielemental diagram are intermediate between the classical 

subduction-related magmas and mid-plate HiMU-OIB. 

The mantle sources that generated the Nowbaran magmas cannot be identified in a 

C-H-free peridotite. A mixed source made up of carbonate-bearing apatite-

hornblendite metasomatic layers is considered to have developed during the 

prolonged NE-directed subduction of Neotethys Ocean before Arabia-Iran collision. 

Amphibole-rich metasomatic volumes may have formed as consequence of partial 

melting of amphibole-rich cumulates formed during fractional crystallization of arc 

magmas close to Moho depths. Several large-scale faults (Saveh, Indes, Qom) 

accommodate the oblique motion of Arabia with respect to Eurasia from Pliocene. A 

passive mantle upwelling along these transfer zones may have favoured formation and 

upwelling of the small volume Quaternary volcanic activity at Nowbaran in response to 

the extensional local tectonics, compatible with the N-S trending fissure zone of the 

studied volcanoes in Nowbaran. 

 

 

 

 

 



Petrogenesis of the Cenozoic magmatism in NW Iran  

 

83 
 

CHAPTER 3 – BIJAR-QORVEH 

3.1 Sampling area 

Petrographic and whole-rock chemical analyses were carried out on 59 rock samples 

from Bijar-Qorveh volcanic field. The investigated volcanic area is located ~50 km East 

of Sanandaj city, dispersed over a total area of ~3500 kmq between the cities of Bijar 

(North) and Qorveh (South) in the Iranian Kurdistan province (Fig.27).  

Three samples were collected in a small area which is approximately 35 km N of Bijar 

and ~35 km S of Takab town. Ten samples were collected along four different 

volcanoes being collocated from 10 to 40 km S of Bijar. Seventeen samples are from a 

semi-circular area adjacent to Qezelke Kand town, nearly 25 km N of Qorveh, whereas 

twelve further samples were collected ~ 18 E of Qorveh cities. Seventeen additional 

samples were located ~20 km W  the main volcanic field, about 15 km N Dehgolan 

town and ~40 km NE Sanandaj city.  

The area is considered to belong to the SSZ (Boccaletti et al. 1977; Keshavarzi et al. 

2011) or to the UDMA (Azizi and Jahangiri 2008; Azizi and Moinevaziri 2009). Azizi and 

Moinevaziri (2009) included the Bijar area in the Hamadan-Tabriz volcanic belt which is 

characterised by Miocene to Quaternary widespread volcanic activity. Indeed the 

magmatism in this area mainly developed in two phases: the first Upper Miocene 

phase (~9.2-8.3 Ma; Boccaletti et al., 1977), is represented by andesitic to rhyolitic 

domes and associated pyroclastic deposits (Boccaletti et al. 1977) with high-K 

calcalkaline affinity. The second Pleistocene phase (~1.3-0.5 Ma) is characterized by 

undersaturated alkaline products, generally as well preserved spatter and cinder cones 

often associated to thin and relatively large lava flows (Boccaletti et al. 1977). Note 

worthing that Boccaletti et al. (1977) reported the association of basic products with 

two rhyolitic domes in the south-easternmost outcrops (i.e. Qezelke kand area, near 

Sarajukh village). 

The whole region is characterized by Cenozoic carbonatic and silicoclastic sediments 

covered by widespread Paleocene-Eocene volcanic deposits, mainly consisting of 

andesitic lavas and pyroclastic. Volcanics are followed by Oligocene red conglomerate 



Petrogenesis of the Cenozoic magmatism in NW Iran  

 

84 
 

and sandstone (i.e. Lower Red Formation) covered by Oligo-Miocene marine Qom 

Formation, principally characterized by sandy marls with intercalations of thin bedded 

limestone. The sequence continues with Miocene red sandstone with intercalations of 

red sandy marls (Upper Red Formation) and Plio-Quaternary mafic volcanic rocks, up to 

recent alluviums and continental deposits. 

 

Fig. 27: Sketch map of the investigated volcanic area, showing Takab-Bijar-Qezelke Kand-

Dehgolan-Qorveh main districts. Modified after Boccaletti et al., (1977). 
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3.2 Results  

3.2.1 Petrography 

Dehgolan  

The rocks from Dehgolan area are fine-grained porphyritic massive rocks with 

isotropic to trachytic textures (Fig. 28a, b). Only one sample exhibits vesicles up to 3 

mm in size. Porphyric index (P.I. = the area occupied by phenocrysts over the total area 

of the thin section) ranges from ~5 to ~30%. The most abundant phenocryst is euhedral 

to subhedral plagioclase, followed by widespread hornblende, biotite, clinopyroxene, 

orthopyroxene, scarce quartz, rare sanidine and opaque minerals (Fig. 28). Large zoned 

plagioclase is up 3 mm in size and often shows sieve texture (Fig. 28a) at the core with 

widespread glass inclusions. Euhedral brown hornblende occurs in almost half of the 

samples and is ~0.2-0.5 mm in size. It is strongly zoned and often shows opacitic rims 

(Fig. 28c, d). Euhedral biotite is up 2 mm in size and is frequently altered in chlorite or 

sericite or characterized by opacitic rims as well. Biotite phenocrysts sometimes appear 

locally iso-oriented. Clinopyroxene is pale green augite and is usually smaller than 0.5 

mm. It occurs as anhedral to subhedral zoned crystals clustered in glomerules with 

orthopyroxene (Fig. 28e). Scarce quartz (~5%) appears as highly fractured phenocrysts 

reaching up 2-3 mm in size or with embayed texture (Fig. 28f), whereas rare sanidine 

(~2%) is 0.2-0.5 mm in size. Widespread secondary interstitial calcite and titanite are 

often observed in some of the samples. Holocrystalline to hypohyaline groundmass is 

mostly made up of plagioclase, hornblende, opaques and occasionally biotite and rare 

apatite (only in few samples). Note worthing that three samples show quarz rounded 

xenocrysts reaching up ~1 mm in size. 
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Fig. 28: Representative photomicrographs of Dehgolan thin sections: a) and b) crossed 

polarizers view showing porphyritic massive with isotropic to trachytic texture. Plagioclase 

phenocrysts often exhibit sieve texture; c) and d) plane-polarized light view of subhedral to 

euhedral amphibole phenocrysts often showing zonation and opacitic rims; e) glomerules of 

anhedral to subhedral clinopyroxenes occurring along with orthopyroxene (crossed polarizers 

view) ; f) quarz xenocryst showing embayed texture at crossed polarizers view. 
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Qorveh 

Samples from East of Qorveh are fine-grained massive exhibiting porphyritic 

hypohyaline to holocrystalline isotropic hiatal texture with P.I. ~20-30% (Fig. 29a, b). 

Only one sample shows P.I. <5%. The most abundant phenocrysts consist mainly of 

plagioclase, hornblende, clinopyroxene, orthopyroxene and opaques. Only in two 

samples plagioclase is joined by biotite, scarce sanidine and rare quartz (Fig. 29b). 

Euhedral to subhedral tabular plagioclase occurs as single crystal or as glomerophyric 

texture, with size ranging from less than 0.2 mm up to 5 mm. It often shows 

widespread alteration, strong zoning and sieve texture (Fig. 29c, d). Highly zoned 

brown hornblende is present in all but two samples with euhedral shape and size 

ranging from ~0.2 mm up to 3 mm (in one sample it reaches ~1 cm in size; Fig. 29e, f). 

Hornblende appears generally replaced by opaque minerals and rarely occurs as 

clustered into aggregates. Rare subhedral to anhedral clinopyroxene is diopside (size 

~0.5 mm) and in one sample occurs as locally altered glomerocrystals. Small (size ~0.5 

mm) and scarce orthopyroxene occurs only in two samples. In two rocks, mafic phase is 

mainly represented by euhedral biotite crystals, occurring along with scarce small 

sanidine and quartz. Biotite microphenocrysts are generally up ~1.0 mm in size, except 

when included in plagioclase (smaller than 0.2 mm). Nearly half of the samples show a 

hypocrystalline groundmass made up of feldspars (mostly plagioclase) and hornblende, 

whereas the remaining rocks exhibit a hypohyaline groundmass showing brownish 

glass associated to the same paragenesis. 
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Fig. 29: Representative photomicrographs of Qorveh thin sections at crossed polarizers view 

(except “f”, at plane-polarized view): a) and b) fine-grained massive porphyritic rocks showing 

hypohyaline  to holocrystalline isotropic texture. c) and d) euhedral phenocrysts of plagioclase 

with evident zonation and sieve texture. e) subhedral amphibole phenocryst showing strongly 

opacized rims. f) amphibole euhedral megacryst. 
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Qezelke Kand 

The volcanic district of Qezelke Kand includes a wider range of lithotypes, grouped in 

two main types: thirteen vesicular clinopyroxene-olivine phyric (P.I. ~5-15%) basalts 

(Fig. 30a, b) and four massive andesitic rocks. With the exception of these four massive 

samples, all the phyric basalts show rounded to elongated vesicles, sometimes 

interconnected, ranging from ~1 to ~80% (Fig. 30c). Fractured olivine consists of large 

crystals (up to 5 mm in size) varying from totally fresh to commonly altered to 

hiddingsite, whereas zoned pale green augite is smaller (maximum 0.5 mm in size) and 

is sometimes clustered in aggregates.  Holocrystalline to hypohyaline groundmass 

mainly consists of plagioclase and mafic phases (clinopyroxene and olivine).   

The four massive andesites show porphyric isotropic to trachytoid holocrystalline 

textures. Phenocrysts are hornblende, plagioclase, biotite and scarce sanidine. 

Euhedral to subhedral plagioclase ranges from ~0.2 to ~3 mm (one phenocryst even 

reaches 5 mm) and rarely appears as clustered aggregates. Plagioclase is zoned and 

always shows sieve textures. Brown hornblende is maximum 1 mm in length and is 

zoned and well preserved. It does not exhibit opacitic rim and sometimes appears as 

partially included in plagioclase. Widespread tabular biotite ~2 mm in size (Fig. 30d), 

sometimes altered in chlorite or replaced by opaque minerals. Rare tabular sanidine 

(<5%) occurs as small crystals reaching maximum 0.2 mm in size. It is worth noting that 

two samples exhibit rare large quartz xenocrysts often showing coronitic texture 

(overgrowth of clinopyroxene microcrysts). Groundmass mainly consists of plagioclase 

and hornblende. 
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Fig. 30: Representative photomicrographs of Qezelke Kand thin sections at crossed polarizers 

view (a-b) and plane-polarized view (c-d): a) and b) clinopyroxene-olivine phyric  rocks showing 

holocrystalline to hypohyaline groundmass mainly consisting of feldspars along with rarer mafic 

phases. c) vesicular hypohyaline texture with olivine and clinopyroxene phenocrysts. d) biotite 

anhedral tabular phenocryst occurring in high silica sample. 
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Bijar 

Rocks from Bijar area are fine-grained massive to vesicular porphyric basaltic rocks. 

Samples can be divided in two main groups: most of the samples are from barely to 

moderately vesicular with isotropic microcrystalline texture ranging from 

holocrystalline to hypohyaline groundmass (Fig. 31a, b), whereas three samples are 

massive and exhibit trachytic hypocrystalline texture. Vesicles are from ~5 to ~40% 

(only in one sample vesicles are up to 80%; Fig. 31c) and show circular or irregular 

shape. They are up to 6 mm in size and are empty to totally filled by calcite.  

Paragenesis of vescicular samples consists of euhedral to subhedral clinopyroxene 

and olivine. Abundant clinopyroxene is pale green augite, strongly zoned, commonly 

fractured and locally clustered in aggregates (Fig. 31d). Augite reaches 1.5 mm in size 

whereas euhedral olivine reaches a maximum size of 0.5 mm and is often rimmed by 

hiddingsite. One vescicular sample is also characterized by euhedral phenocrysts of 

biotite up to 1.5 mm in size which are frequently altered in chlorite. Note that biotite 

crystals often grow along the edges of the vesicles stretched along a preferred 

direction. In this sample also rare quartz xenocrysts are observed. Groundmass phases 

are feldspars, clinopyroxene, olivine and opaques.  

The massive samples instead exhibit abundant large olivine followed by 

clinopyroxene and feldspars. Subhedral to euhedral olivine shows alteration rim and 

common fractures are filled by pale green serpentine (Fig. 31e). Clinopyroxene (pale 

green augite) is often arranged in aggregates and also scarce euhedral sanidine occurs 

and it is from ~0.2 to ~1 mm in size (Fig. 31f). Groundmass exhibits the same 

mineralogical phases of vescicular rocks, with the addition of widespread interstitial 

serpentine. Interstitial calcite is also commonly observed. 
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Fig. 31: Representative photomicrographs of Bijar thin sections at crossed polarizers view: a) 

and b) fine-grained massive porphyric rocks showing phenocrysts of subhedral olivine and 

clinopyroxene with holocrystalline groundmass; c) highly vesiculated sample showing 

hypocrystalline groundmass; d) clinopyroxene micro and phenocrysts often occurring as locally 

clustered in aggregates; e) olivine phenocryst showing widespread fractures filled by 

serpentine; f) rare microphenocryst of sanidine. 
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Takab 

Three samples from Takab area are defined as fine-grained basalts with porphyric 

texture (Fig. 32a, b). The rocks display isotropic to trachytoid texture with 

holocrystalline to hypocrystalline groundmass. P.I. is around 10-15 % and the samples 

are massive except one which exhibits ~5% of vesicles 1 to 3 mm in size. Phenocrysts 

are represented by euhedral to subhedral olivine and clinopyroxene (Fig. 32). In some 

samples widespread biotite and zeolites occur as well. Abundant fractured olivine 

always shows hiddingsite rims (Fig. 32) and strong alteration in serpentine, reaching up 

5 mm in size. Clinopyroxene is diopside showing size smaller than 0.5 mm. It is 

moderately zoned and often appears in monocrystalline aggregates. More rarely 

clinopyroxene is in glomerocrystals with olivine. Biotite mostly appears as anhedral 

small crystal or more rarely as euhedral crystal (reaching up 0.5 mm in size) and is 

included in larger irregular zeolitic plagues. Groundmass consists of feldspars, 

hiddingsitized olivine, clinopyroxene and opaques. 

 

 

Fig. 32: Representative photomicrographs of Takab thin sections at crossed polarizers view: a) 

and b) porphyritic massive rock with isotropic to trachytoid texture and holocrystalline to 

hypocrystalline groundmass. Clinopyroxene microphenocrysts occur along with fractured 

anhedral olivine always showing hiddingsite rims and strong alteration in serpentine.  
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3.2.2 Mineral chemistry 

Electron microprobe analyses are reported in Appendix (Table 11-Table 16) and have 

been performed on 19 representative polished thin sections (3 from Bijar, 4 from 

Qezelke Kand, 2 from Takab, 4 from Dehgolan and 6 from Qorveh). A total of 418 

points were examined, specifically 31 olivines, 87 pyroxenes, 188 feldspars, 44 

amphiboles, 42 micas and 26 opaques. 

 

Olivine 

Olivine phenocrysts occur in the samples previously referred as alkaline compositions 

(i.e. Qezelke Kand, Bijar and Takab). The olivines of these groups do not show any 

particular differences except for Mg content from Qezelke Kand rocks (Fo83-87; Table 

11), which results slightly higher respect with Bijar and Takab (Fo69-87 and Fo75-

85,respectively; Fig. 33). Ni content is relatively high in Qezelke Kand and Bijar olivines 

(0.12-0.43 wt% and 0.06-0.38 wt%) and moderately low in Takab rocks (0.04-0.22 wt%), 

resulting roughly correlated with MgO values. CaO is similar in both Qezelke Kand and 

Bijar analyses (~0.14-0.37 wt%) whereas shows a narrower range (~0.20-0.27 wt%) in 

Takab olivines.  

 

Fig. 33: Forsterite-Fayalite-Larnite ternary diagram for classification of olivines. 
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Pyroxenes 

EMP analyses of Nowbaran clinopyroxenes are reported in Table 12. Clinopyroxenes 

commonly occur in all the samples whereas orthopyroxene has been found only in 

Dehgolan and Qorveh rocks. Clinopyroxenes from alkaline samples show quite similar 

compositions, falling mostly in diopside field (Wo45-49En36-48Fs7-15; Fig. 34) with lesser 

terms (~15% of the analyses) falling in augite field (Wo42-45En44-49Fs9-11). Diopside shows 

Mg# [i.e., Mg/(Mg+Fe2+)] ranging between 0.81 and 0.99 with FeO=3.9-8.9 wt%, 

whereas augite shows Mg# between 0.81 and 0.91 and FeO content between 4.7 and 

7.4 wt%. Some of major oxide abundances are fairly similar in all of the alkaline groups, 

showing a good negative correlation if plotted against silica (i.e. TiO2=0.5-3.3 wt% with 

R2=0.87; Al2O3=1.9-7.8 wt% with R20.79). FeO show a roughly negative correlation 

(R2=0.62) while on the other hand CaO (~2.0-23.4 wt%) distribution is rather cloudy if 

plotted vs. SiO2. Clinopyroxenes from Qorveh fall into diopside (Wo45-48En40-48Fs7-12) and 

augite (Wo43-45En43-50Fs7-12) field. Mg# values are 0.83-0.99 and 0.87-0.96 (respectively 

for diopside and augite) while major oxides show similar abundances (i.e. total range 

TiO2=0.3-0.6 wt%, Al2O3=0.8-4.0 wt%, FeO=3.7-8.5 and CaO=21.4-23.4) without any 

particular correlation with silica. Noteworthy that Qorveh FeO content show a 

compositional gap between 4.1 and 6.1 wt%. On the other hands, Dehgolan 

clinopyroxenes are characterized only by augitic compositions (Wo42-44En48-52Fs6-8) with 

Mg# ranging between 0.87 and 0.92. No correlations between major oxides (e.g. 

TiO2=0.2-0.4 wt%, FeO=4.0-5.4 wt% and CaO=20.5-22.6) are visible if compared to silica 

content, except for Al2O3 (~0.4-2.7 wt%) which show a clear negative correlation with 

R2=0.83.   

Compositions indicated as calcalkaline in literature, namely Qorveh and Dehgolan, are 

both characterized by orthopyroxene occurrence, specifically clinoenstatite 

compositions (respectively Wo2-3En68-74Fs24-29 and Wo2En85-88Fs10-13). Worth mentioning 

Dehgolan high Mg# (0.75-0.91) and relatively low FeO content (~6.2-8.6 wt%) respect 

with Qorveh (Mg#=0.63-0.79 and FeO~14.8-18.5 wt%). 
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Fig. 34: Classification diagrams of pyroxenes, after Morimoto et al., (1988). 

 

 

Feldspars 

Feldspars phenocrysts commonly occur in Dehgolan and Qorveh rocks, whereas are 

restricted as widespread groundmass phase in alkaline samples (i.e. Bijar, Qezelke Kand 

and Takab). Dehgolan phenocrysts fall into oligoclase-andesine composition with An20-

39Ab54-77Or2-8 (Fig. 35; Table 13) while plagioclase groundmass microliths mostly show 

andesine terms (An27-46Ab52-68Or2-6). Qorveh phenocrysts exhibit similar composition 

ranging from oligoclase to andesine (An24-51Ab47-71Or2-6) and an overlapping of values is 

visible for groundmass plagioclase as well (An22-51Ab47-72Or2-7). In two samples of 

Qorveh district, sanidine occurs as common phenocryst and as groundmass, showing 

An1-2Ab22-35Or63-77 without any particular compositional variation. Qezelke Kand more 

differentiated rocks show plagioclase both as groundmass (An21-52Ab46-74Or2-7) and as 

phenocrysts (An28-40Ab58-70Or2-3) in four more differentiated samples. Feldspars is by far 

the most abundant phase in groundmass of alkaline rocks. Plagioclase occurs in Bijar 

rocks only as groundmass crystals with compositions ranging from andesine to 

labradorite (An30-67Ab32-61Or1-10), whereas Takab feldspars are present in the 
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groundmass mostly as Na-rich sanidine (An6-8Ab41-52Or40-52) or as labradorite (An54-

60Ab39-43Or2-5). 

 

 

Fig. 35: An-Ab-Or feldspar ternary diagram after Deer et al. (1992). Abbreviations: Ab = albite; 

Or = orthoclase; An = anorthite. 

 

 

Mica 

Brown mica was found as phenocryst in almost all the investigated rocks except for 

Bijar samples. Qorveh micas show Mg# 0.44-0.66 falling mostly into biotite field, with 

FeO ~14.0-21.5 wt% and Al2O3 ranging between 13.6 and 18.7 wt% (Fig. 36; Table 14). 

Dehgolan micas exhibit higher Mg# (0.52-0.76) approaching phlogopite compositions. 

Only three analyses show extremely high Mg# (0.91-0.93) as FeO abundances results 

clearly lower (~3.2-4.4 wt%) respect to the average district values (~11.1-19.8 wt%). 

Moreover, noteworthy F high content of Dehgolan (~0.3-3.9 wt%) respect with Qorveh 

micas (0.2-1.3 wt%). TiO2 abundances are high in both district (~1.5-5.1 wt%) and K2O is 

quite homogeneous as well (~7.2-9.8 wt%.). In alkaline rocks, brown mica crystals are 

restricted to the groundmass or as microphenocrysts, occurring in Qezelke Kand and 

Takab samples with slightly different compositions. Takab phlogopite (Mg# 0.75-0.80) 

results TiO2 rich (7.0-7.4 wt%), with FeO ranging between 8.5 and 8.8 wt% and Al2O3 

values between 11.6 and 12.5 wt%. Qezelke Kand micas are phlogopite as well (Mg# 
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0.82-0.87), showing lower TiO2 and FeO abundances (~3.1-3.8 wt% and ~5.3-7.6 wt%) 

but higher Al2O3 (~15.3-15.8 wt%). K2O is similar is both the districts, namely ~8.7-9.7 

wt%. 

 

Fig. 36: a) Classification diagram of brown mica after Rieder et al. (1998) and b) Al-Mg-Fe mica 

classification diagram 

 

 

Amphibole 

Amphibole represents the most abundant mafic mineral in Dehgolan and Qorveh 

samples. According to Leake et al. (1997) classification (Fig.37a), Qorveh and Dehgolan 

amphiboles are classified as calcic amphibole, since Ca in the B site is ≥ 1.5 (specifically 

~1.6-1.9; Table 15). The sum of Na and K in the A site is in general ≥ 0.5 (i.e. ~0.4-1.0), 

indeed nearly half of Dehgolan amphiboles (Fig. 37b) shows (Na+K)A < 0.5, but they are 

classified as calcic as well. Qorveh amphiboles show high Mg# (~0.59-0.84) and Si ~5.7-

6.6 apfu, falling mostly in Mg-Hastingsite field with lesser terms falling in edenitic 

composition (VIAl ranges from 0.03 to 0.67 apfu whereas Fe3+ is 0.0-1.2 apfu). F content 

is extremely high (0.1-1.9 apfu). Dehgolan calcic amphiboles exhibit similar values, with 

showing a narrower range for Mg# (0.52-0.79) and Si content (6.3-6.9 apfu), falling 

similarly in Mg-Hastingsite-Edenite field (VIAl=0.00-0.49 with Fe3+=0.43-1.1 apfu). 

Nearly half of the analyzed amphiboles show (Na+K)A ≤ 0.49 (respect with the others 

showing (Na+K)A between 0.51 and 0.89) and have been classified as Mg-Hornblendite. 

F content is lower respect to Qorveh samples, with only 0.3 apfu maximum. 
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Amphiboles from one sample from Qezelke Kand were also analyzed and then 

classified as Mg-Hastingsite, with Si ranging in a very narrow range (6.0-6.3 apfu) and 

Mg# showing values 0.58-0.73. VIAl is 0.14-0.28 and Fe3+ is 0.58-0.87 apfu. F content is ~ 

0.0-0.2 apfu. 

 

 

Fig. 37: Classification of calcic (i.e. CaB ≥ 1.5 apfu) amphiboles, after Leake et al., (1997). a) 

Calcic amphiboles with (Na+K)A ≥ 0.5 and b) calcic amphiboles with (Na+K)A < 0.5. 

 

 

Opaques 

Opaque oxides of Qorveh rocks belong to the ilmenite-hematite solid solution (Fig. 

38), with Ilm58-78 (Table 16). TiO2 content is ~28.5-38.8 wt% and FeO is ~50.3-61.6 wt%. 

MgO values range between ~1.2 and ~3.3 wt% where Al2O3 is extremely low (< 0.2 

wt%). Otherwise, the alkaline compositions opaques belong to the ulvospinel-

magnetite solid solution (Usp53-70). Overall compositions are quite homogeneous 

except for one Takab sample (Usp20-24) which exhibits lower TiO2 (1.4-2.1 wt%) and FeO 

(25.2-33.3 wt%) but higher MgO (9.9-11.9 wt%), Cr2O3 (35.3-38.0) and Al2O3 (14.8-16.7) 

respect to the overall alkaline compositions (TiO2=15.7-23.5 wt%, FeO=64.2-72.6 wt%, 

MgO=1.6-4.8 wt%, Cr2O3=0.0-5.0 and Al2O3=0.7-5.0 wt%). This opaque phase has been 

referred to as chromite. 
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Fig. 38: Compositional diagrams for Fe–Ti opaque minerals showing the major solid solution 

series of magnetite-ulvospinel and hematite-ilmenite, after Bacon and Hirschmann (1988). 

 

 

3.2.3 Whole-rock chemistry 

Major elements 

Whole-rock compositions are reported in Table 17. On the basis of the total alkali vs. 

silica diagram (Le Maitre, 2002; Fig. 39), the investigated samples can be divided into 

two main groups. Dehgolan and Qorveh rocks are the most silica-rich samples falling 

close to the alkaline-subalkaline dividing line (Irvine and Baragar, 1971) showing 

andesite-trachyandesitic and dacite-trachytic compositions, with minor rhyolitic terms 

(SiO2 ~59.4-74.8 wt% and alkali ~6.6-8.6 wt%). Only three samples from Dehgolan 

exhibit trachytic compositions with significantly higher alkali content (~9.3-10.0 wt%, 

with SiO2 ~65.3-67.2) respect with the overall values. On the other hand, Qezelke Kand, 

Bijar and Takab rocks show a rather restricted spread in the TAS diagram, with SiO2 

ranging from ~45.6-51.6 wt% and total alkalis from ~4.1-8.4 wt%, with most of the 

compositions ranging from trachybasalts to tephrites with lesser alkali basalts, 

trachybasaltic andesites and phonotephrites (Fig. 39). Noteworthy that four samples 

from Qezelke Kand totally deviate from the average compositions of the district 

showing SiO2-richer compositions (~61.9-67.4 wt%) overlapping the Qorveh and 

Dehgolan samples.  
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Fig. 39: Total Alkali vs. Silica (TAS; Le Maitre, 2002), After Le Maitre (2002). Literature 

subduction-related and intraplate-like compositions are plotted for comparison. All the data are 

recalculated on a LOI-free basis. Dashed line indicates the limit between alkaline-subalkaline 

field after Irvine and Baragar (1971). 

 

 

According to Peccerillo and Taylor (1976) classification scheme (Fig. 40a), the 

Miocene investigated rocks (i.e. Dehgolan and Qorveh) belong to the high-K series 

(showing respectively K2O=2.6-4.6 wt% and K2O=2.3-5.0 wt%) with only three alkali-rich 

samples from Dehgolan falling in the trachytic field (K2O=5.2-6.2 wt%). Most of them 

can be defined as calcalkaline compositions with lesser terms showing tholeiitic affinity 

(Miyashiro 1974; Fig. 40b). Moreover, Dehgolan rocks result grouped in low-Fe and 

high-Fe suites (i.e. FeO*/MgO; Arculus, 2003; Fig. 40b) with FeO=2.7-4.1 wt% and 

MgO=0.3-4.1 wt%. Qorveh samples can be instead classified as mostly low- to medium-

Fe suites as FeO is ~0.9-6.4 wt% and MgO is relatively low (i.e. ~0.1-3.3 wt%). The four 
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high-silica samples from Qezelke Kand fall into low-Fe classification with only one 

sample showing high-Fe content (specifically FeO=2.5-5.5 wt% and MgO=0.7-1.0 wt%).  

 

 
 

Fig. 40: a) K2O vs. SiO2 diagram (after Peccerillo and Taylor (1976) and b) FeO*/MgO vs. SiO2 

discrimination diagram after Arculus (2003). Dashed blue line is from Miyashiro (1974). 

 

 

All the high-K calcalkaline samples show quite homogeneous Al2O3 and CaO 

abundances (total range ~13.5-17.9 wt% and ~1.1-6.4 wt%, respectively) with negative 

correlations with silica content. But interestingly three samples from Dehgolan show 

distinctly higher K2O (~5.4-6.2 wt%), TiO2 (~0.7-0.9 wt%) and P2O5 (~0.6-0.9 wt%) 

respect with the overall calcalkaline series (K2O=2.3-5.0; TiO2=0.1-0.8 wt% and wt% and 

(a) 

(b) 
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P2O5=0.0-0.3 wt%). Moreover, it is worth noting to remark the high Mg# of some of 

Dehgolan and Qorveh intermediate and evolved rocks, with values ~Mg#=0.61-0.69 

(showing the highest MgO content, i.e. ~2.3-4.0 wt%) and ~Mg#=0.51-0.65 (with high 

MgO ~2.4-3.3 wt%), respectively.  

Concerning the Quaternary alkaline rocks, Middlemost (1975) classification diagram 

(Fig. 41) can be useful to define a mainly sodic character for Qezelke Kand and Bijar 

districts (Na2O ~3.7-5.8 wt%  and ~2.6-6.2 wt%, respectively), with lesser terms 

towards potassic compositions (K2O ~1.6-3.7 and ~1.4-3.3 wt%). Otherwise rocks from 

Takab are clearly characterized by a more potassic affinity (Na2O=2.8-3.0 wt% and 

K2O=2.9-3.2 wt%; Fig. 42). These alkaline samples show similar ranges for major oxides, 

e.g. Al2O3 ~14.3-17.9 wt%, MgO ~0.1-4.0, FeO ~7.5-10.5 wt% and CaO ~1.1-6.4 wt%, 

with the four Qezelke Kand high silica samples chemically overlapping the Miocene 

rocks, showing only slightly higher Na2O (~4.2-5.5 wt%) respect with the overall 

calcalkaline compositions (~2.3-4.8 wt%). Mg# of these rocks is absolutely unvaried (i.e. 

Mg#=0.48) with constant MgO=1.00 wt% and FeO=0.38 wt%. 

 

 

Fig. 41: Classification diagram for alkaline series after Middlemost (1975). 
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Fig. 42:  Harker diagrams for studied samples (recalculated on a LOI-free basis). 
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Trace elements and primitive mantle-normalized diagram 

Abundances of trace elements of Dehgolan and Qorveh districts retrace literature 

subduction-related compositions (Fig. 43).They do not show any particular correlation 

with silica content except for Rb (~72-173 ppm; Table 17) which evidently increases 

towards more differentiated compositions. On the other hand, Sr (~470-1364 ppm), Sc 

(~1-13 ppm), V (~14-130 ppm) and REE exhibit a clear negative correlation if plotted vs. 

SiO2. Pb is relatively high, respectively with ~26-48 ppm in Dehgolan and ~31-69 ppm in 

Qorveh rocks. Only one andesitic rock from Qorveh exhibit Pb~91 ppm. Dehgolan high 

Ti-K-P samples always distinguish from the overall compositions due to extremely high 

U (~14-17 ppm), Th (~46-52 ppm) and REE abundances, as well as high Cr (~110-320 

ppm) and Ni (~40-70) content. 

Alkaline rocks trace elements compositions appear as distributed in scattered 

patterns vs. SiO2 and MgO. Qezelke Kand and Bijar rocks exhibit similar trace elements 

concentrations and totally overlap with intraplate-like trends, showing general low LILE 

abundances (i.e. Rb ~22-109 and Cs~0.9-2.1). Ba is extremely variable with values 

ranging from 492 to 2075, whereas Sr varies between 504 and 3293. Interestingly to 

note that Takab rocks always cluster distinctly as they are characterized by far higher 

Rb (~63-172 ppm) and Cs (~4.1-24.3), but lower Sr (~504-760 ppm) and REE 

concentrations compared to Qezelke Kand and Bijar rocks. Finally, Qezelke Kand high 

silica rocks trace elements concentrations totally fall within with more differentiated 

rocks except for extremely low Rb values (~64-88 ppm). 

Primitive mantle-normalized diagrams (after Lyubetskaya and Korenaga, 2007) for 

investigated districts are reported in Fig. 44. Dehgolan and Qorveh samples show quite 

homogeneous patterns, characterized by marked troughs in Nb, Ta and Ti which 

resemble typical subduction-related magmas compositions. Indeed the average 

composition of the Global Subducting Sediments (GloSS; Plank, 2014) is reported for 

comparison, showing identical trend as the above mentioned districts except for an 

anomalous enrichment for Dehgolan and Qorveh rocks in Ba (up to ~597 xPM; times 

primitive mantle abundances), U (up to ~873 xPM) and Th (up to ~532 xPM). Sr in these 

rocks is particularly enriched as well, with values up to ~86 times PM abundances. They 

are also characterized by a strong LREE enrichment and a slight depletion in HREE 
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(maximum ~12 times xCI) showing (La/Lu)N values ranging from ~8 to ~37. Three 

Dehgolan high Ti-K-P samples follow identical overall pattern  but absolutely showing 

the highest enriched compositions for incompatible elements (i.e. Th up to ~837 xPM 

and U up to ~965 xPM) and strong REE fractionation pattern as testified by (La/Lu)N = 

41-48. Four high silica samples from Qezelke  Kand district is characterized by similar 

pattern but interestingly is marked by far higher LREE and MREE abundances 

(LaN/LuN=39-41 and DyN/LuN=1.2-1.6 ) respect with the other silica-rich compositions 

(LaN/LuN=8.2-36.6 and DyN/LuN=0.9-1.5). 

Differently, the alkaline rocks display much more variable patterns, resembling some 

mixed features of both HiMU-OIB and subduction-related end members. In Fig. 44, the 

classical HiMU-OIB (Kawabata et al., 2011) of St. Helena Island pattern is shown. If 

compared to St. Helena compositions, the analyzed rocks do not show the evident Nb-

Ta enrichment but rather share a slight trough in Pb and K, showing lesser HREE 

content (being below 5 xCI) as well. On the other hand, alkaline rocks exhibit extremely 

high U and Th contents (~69-277 and ~136-427 xPM) which even reach up values of 

~607 xPM and ~600 xPM, respectively, in Takab samples. Bijar and Qezelke Kand 

compositions are also characterized by a marked trough in Ti, partially revoking a 

subduction imprinting. Moreover, a strong fractionation pattern is testified by high 

LREE/HREE and LREE/MREE ratios (respectively LaN/LuN=13.7-75.4 and LaN/SmN=4.2-

6.3). Takab district, as already noted in trace elements diagrams (Fig. 41), represents a 

distinct group showing slight different patterns and less enriched abundances, i.e. 

LaN/LuN=13.8-18.3 and LaN/SmN=2.5-2.6.  
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Fig. 43:  Selected trace elements vs. SiO2 diagrams for Bijar-Qorveh rocks (recalculated on a LOI-

free basis). 
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Fig. 43:  (continued) 
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Fig. 44: Primitive mantle-normalized (after Lyubetskaya and Korenaga, 2007) incompatible 

elements diagrams and CI-chondrite-normalized (after King et al., 2020) REE patterns for a) 

silica-rich samples, b) Qezelke Kand, c) Bijar and d) Takab alkaline rocks. 
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3.2.4 Sr-Nd-Pb isotopes 

Sr-Nd-Pb isotopic ratios of Dehgolan and Qorveh were age-corrected to ~9 Ma (Table 

17), whereas no recalculation to alkaline samples initial values has been performed as 

they are likely only ~1 Ma.  

In the 143Nd/144Nd vs. 87Sr/86Sr diagram (Fig. 45), Dehgolan and Qorveh rocks are 

distinctly plotted towards Sr isotopic compositions more radiogenic than BSE (Bulk 

Silicate Earth), showing 87Sr/86Sr=0.706163-0.707726 and 143Nd/144Nd=0.512417-

0.512551. Dehgolan high Ti-K-P sample shows by far more enriched radiogenic values 

(i.e. 87Sr/86Sr=0.71111; 143Nd/144Nd=0.512229), totally deviating from the average 

values of the district. Alkaline compositions show a relatively narrow range with 

87Sr/86Sr=0.704773-0.705709 and 143Nd/144Nd=0.512525-0.512711, not considering 

Takab rocks as they exhibit extremely wide and variable values (87Sr/86Sr=0.704768-

0.707585; 143Nd/144Nd=0.512277-0.512723). Qezelke Kand high silica samples partially 

overlap with the richer silica compositions, clearly falling into the enriched mantle 

quadrant. Both 87Sr/86Sr and 143Nd/144Nd values do not show any correlation with SiO2 

or vs. MgO, apart from a rough/weak negative correlation for Dehgolan rocks with 

silica (R2 = 0.53). Silica-rich samples also show a narrow range for 206Pb/204Pb (18.88-

19.00), 207Pb/204Pb (15.69-15.74) and 208Pb/204Pb ranges (39.00-39.14), falling on the 

right of the 4.56 Ga geochron, falling above the NHRL (Northern Hemisphere Reference 

Line; Fig. 45), whereas alkaline compositions are clustered with slightly lower 

radiogenic 206Pb/204Pb (18.48-18.98), 207Pb/204Pb (15.64-15.69) and 208Pb/204Pb ranges 

(38.54-39.09), without any particular distinctions within the different districts. 

Noteworthy Qezelke Kand high silica samples cover the entire range of values 

(206Pb/204Pb=18.71-18.97, 207Pb/204Pb=15.66-15.71 and 208Pb/204Pb=38.76-39.11). As 

observed for Sr and Nd isotopes, no substantial correlations are observed for Pb 

isotopic ratios with SiO2 or MgO content. 

 



Petrogenesis of the Cenozoic magmatism in NW Iran  

 

111 
 

 

Fig. 45:  a) 
143

Nd/
144

Nd vs. 
87

Sr/
86

Sr isotopic ratios and b) 
87

Sr/
86

Sr vs. SiO2 diagram for 

investigated samples. c) 
207

Pb/
204

Pb vs. 
206

Pb/
204

Pb and d) 
208

Pb/
204

Pb vs. 
206

Pb/
204

Pb diagrams. 

NHRL is the Northern Hemisphere Reference Line from Hart (1984). ChUR = Chondritic Uniform 

Reservoir; BSE = Bulk Silicate Earth; DMM = Depleted MORB Mantle; HiMU = high μ (where 

μ=
238

U/
204

Pb); EM-I = Enriched Mantle I; EM-II = Enriched Mantle II. 
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3.3 Discussion  

Investigated samples from Bijar-Qorveh area include several rock series varying from 

Miocene trachy-andesitic to rhyolitic compositions to Quaternary trachybasaltic-

tephritic-phonotephritic terms.  Miocene rocks belong to high-K calcalkaline series 

whereas Quaternary samples consist of alkaline series showing mainly sodic to strictly 

potassic (i.e. Takab) affinity. Studied rocks of Bijar-Qorveh volcanic districts are 

comparable with identical compositions examined in Boccaletti et al., (1977) who 

identified two main magmatic events occurring in this region during Tertiary period. 

The authors indeed interpreted high-K calcalkaline volcanic rocks as the final products 

of the calcalkaline Tertiary phase of central Iran (Boccaletti et al., 1977) whereas they 

interpreted the second volcanic cycle as basic magmatism related to regional tensional 

tectonics. 

Concerning calcalkaline compositions, a quite regular evolutionary trend is observed 

for Qorveh and Dehgolan rocks (not considering the three Dehgolan high K-Ti-P 

samples, which will be discussed in a separated section). Some of major elements, i.e. 

MgO, Fe2O3tot and CaO, decrease as silica increases (Fig. 42) along with Ni, Cr, Sc and V 

(Fig. 43). Moreover Ni, Cr, Sc and V correlate positively with MgO. This is indicative that 

the liquid line of descent was deeply controlled by crystallization of some 

ferromagnesian elements such as olivine and pyroxene. The further negative 

correlation of TiO2 and Al2O3 vs. silica is likely suggestive for magnetite, plagioclase and 

amphibole fractionation during magma ascent and this statement also results in 

accordance with petrographic observations. Primitive mantle-normalized multi-

elemental patterns of Dehgolan and Qorveh (Fig. 44a) samples show a marked Ti 

trough associated with Pb positive peak, Nb-Ta negative anomalies and LILE and LREE 

enrichments. These peculiar characteristics totally resemble GloSS (composition of the 

global subducting sediments; Plank, 2014) pattern and can be easily attributed to 

subduction-related signatures. The subduction imprinting is also confirmed by the Sr-

Nd isotopic ratios as the compositions clearly fall in the mantle enriched quadrant (Fig. 

45a). Moreover, the slight positive correlation of 87Sr/86Sr vs. silica content reveals that 

crustal contamination played a rather substantial role in the genesis of these magmas 

and that their ascent was likely associated with open-system processes. Additionally, 
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the high enrichment in Sr-U-Th, along with LREE, could be possibly linked to apatite 

occurrence in the melting source as this mineralogical phase represents the major host 

for these elements (Ionov et al., 1997).  

On the contrary, three high K-Ti-P samples from Dehgolan always distinguish within 

this district even though they do not show any petrographic difference or evidence 

respect with the main group. They entirely overlap Dehgolan primitive mantle-

normalized patterns (Fig. 44a) but showing much higher U-Th-Sr-LREE and Rb 

abundances (as well as a considerable HFSE enrichment). A hypothesis for this 

discrepancy could be attributed to the different degree of partial melting of the 

apatite-rich source. Indeed very low degree of partial melting will led to extremely high 

content of highly incompatible elements in the mantle melt and they appear to be as 

weaker concentrations progressively with the proceeding of the partial melting. A 

single liquid line of descent is then observed for Dehgolan and Qorveh intermediate to 

more evolved rocks, with Dehgolan high K-Ti-P samples showing the more enriched 

compositions to Qorveh rhyolites representing the most differentiated volcanic 

products. Nevertheless, apatite occurrence in mantle source is not able to account for 

the high concentration of TiO2, K2O, Rb and HFSE of these rocks, thus an additional 

mineralogical phase is probably required. Pargasitic amphibole and phlogopite 

commonly occur as veins, pockets or cumulates within lithospheric mantle, produced 

by metasomatic reactions between percolating fluids and the original dry peridotitic 

matrix. These mineralogical phases are hosts for large-ion lithophile elements (e.g. Rb, 

Ba and LILE; Ionov et al., 1997; Mayer et al., 2014) and major-trace elements 

abundances of high K-Ti-P samples suggest that amphibole or phlogopite probably 

played an important role in the genesis of these geochemical features. Nevertheless, 

phlogopite is the most likely candidate as exhibits by far higher KdRb (~1.9-5.8; Green et 

al., 1993; LaTourette et al. 1995; Adam and Green, 2006) respect with amphibole 

(KdRb=0.14-0.58; Adam et al. 1993; Green et al., 1993; Brenan et al., 1995; LaTourette 

et al. 1995; Adam and Green, 2006). Moreover, TiO2 content can reach concentrations 

up to ~6.5 wt% in phlogopite (Arai et al., 1986), whereas is only ~0.9 wt% in pargasitic 

amphibole (Niida, 1977), varying with increasing temperature (0.5-1.2 wt%; Niida and 

Green, 1999). Phlogopite-derived origin is also supported by the highest Rb/Sr ratios 

(0.26-0.31) observed for the high K-Ti-P samples (Fig. 46), which are coupled with the 
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lowest Ba/Rb values (7.8-9.2). All these aspects suggest that the genesis of these three 

samples could be likely attributed to Ti-phlogopite occurrence in the mantle source 

which gradually decreases as partial melting proceeds (Allen et al., 2013). On the other 

hand, it is worth noting that amphibole seems to play a key role in the genesis of 

Qorveh compositions, as Ba/Rb ratios are rather higher (9.1-21.1) although PM-mantle 

normalized do not exhibit any particular amphibole-derived geochemical imprinting. 

However only one Qorveh sample (i.e. trachyandesite IR4) shows an uncommonly high 

Ba/Rb ratio (~39.9) due to extremely high Ba content (~3031 ppm). 

 

 

Fig. 46: Rb/Sr vs. Ba/Rb diagram after Allen et al., (2013). 

 

 

Qezelke Kand basic products result associated with four high silica samples in the 

south-easternmost outcrops, which certainly  deserve some more emphasis as they 

show some anomalous geochemical features. Specifically, these rocks exhibit 

extremely low Yb content (only ~1 ppm) and generally low HFSE abundances (in 

particular Y ~10 ppm), as well as high La/Yb and Sr/Y ratios (~64-68 and ~98-100, 

respectively; Fig. 47) and high Sr content (~817-872 ppm). All these geochemical 

features are consistent with adakitic characteristics (SiO2 ~67.3 wt%, Al2O3 ~16.9 wt% 

and MgO ~1.0 wt%).  
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As above mentioned (paragraph “Introduction – Investigating adakitic signature”), 

this term is still controversial as the genesis for these geochemical features are not well 

defined. It likely refers to a magmatic origin linked to melting of lower crust (by 

delamination or underplating) or, more likely, to melting of basaltic compositions in 

eclogite facies (namely subducted oceanic slabs). Thus, according to this latter 

hypothesis, high values of La/Yb and Sr/Y as well as low abundances of Y and Yb are 

ascribed to residual garnet and/or amphibole in the mantle source. 

Adakitic magmas are reported throughout UDMA (e.g. Jahangiri, 2007; Omrani et al., 

2008; Azizi et al., 2014) and occurrence of slab melting in this area is revealed by these 

unusual geochemical compositions, whose slab-melts fingerprint is likely to be a 

consequence of the particular conditions in the study area. Qezelke Kand high silica 

rocks of the studied area definitely resemble adakites literature data (e.g. Jahangiri, 

2007; Omrani et al., 2008; Azizi et al., 2014; Fig. 48) because trace elements ratios of 

these four samples totally retrace the entire adakitic field (Fig. 47). 

 

 

 

Fig. 47: a) La/Yb vs. Yb and b) Sr/Y vs. Y discrimination diagrams showing adakite and “normal” 

calcalkaline compositions domains, after Drummond and Defant (1990) and after Martin 

(1999), respectively. Adakitic compositions of the studied area are compared with literature 

data (Qezelke Kand area from Azizi et al., 2014; East Azerbaijan Nahand and Jolfa areas from 

Jahangiri, 2007; Central Iran Anar and Baft areas from Omrani et al., 2008). 
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Fig 48: Primitive mantle-normalized (after Lyubetskaya and Korenaga, 2007) incompatible 

multielemental patterns for the investigated Qezelke Kand high silica rocks. Adakitic 

compositions of the studied area are compared with literature data (Qezelke Kand area from 

Azizi et al., 2014; East Azerbaijan Nahand and Jolfa areas from Jahangiri, 2007; Central Iran 

Anar and Baft areas from Omrani et al., 2008). 

 

 

With regard to alkaline volcanic products (with the exception of Takab compositions 

which will be discussed shortly), Bijar and Qezelke Kand samples are characterized by 

various geochemical characteristics. Relatively high Mg# of these rocks (=0.57-0.71) 

undoubtedly is indicative that primary magma was not affected by extensive 

fractionation and, furthermore, silica negative correlation with MgO, Fe2O3tot and CaO 

clearly demonstrate olivine and clinopyroxene crystallization, being also consistent also 

with Boccaletti et al., (1977). Primitive mantle-normalized incompatible elements 

diagrams (Fig. 44b, c) follow a spiky and highly variable patterns, which certainly 

reflects heterogenous mantle sources. These patterns share both some subduction-

related features (e.g. Ti trough, LILE and LREE enrichment) and some HiMU-OIB 

characteristics (e.g. slight Nb-Ta negative anomaly). Boccaletti et al. (1977) argued that 

heterogeneous Pleistocene volcanism in Bijar area is to consider as the expression of 

local disjointing processes which affected the Iranian plate chiefly in proximity of the 

main NW-SE transcurrent lineaments. On the other hand, Allen et al., (2013) supported 

a simpler hypothesis involving a variation in the source mineralogy during melting 

processes, with the first phase of magmatism dominated by amphibole and rutile in the 
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melting source whereas the second phase is controlled by their exhaustion in the 

mantle source. This latter theory would be able to account the potassic magmatism of 

Takab which thus could indicate the participation in the partial melting of hydrated 

minerals such a phlogopite and apatite as well.  

Felsic xenocrysts in both silica-rich and silica-poor (i.e. alkaline) samples are rather 

common (i.e. Asiabanha et al., 2017; Salehi et al., 2018), and testify the crustal 

interaction of the ascent magma. Moreover, quartz xenocrysts appear as embayed, 

indicating disequilibrium with the host rocks (Salehi et al., 2018) and are considered as 

scavenged from the metamorphic basement during the eruptions (Asiabanha et al., 

2017). 

 

 

Thermobarometric estimates. Thermobarometric formulations could represent 

useful tools to constrain magmatic conditions and crystallization parameters. The 

geothermobarometer of Ridolfi et al. (2010) was applied to the Bijar-Qorveh 

calcalkaline rocks in which amphiboles are the main mafic phenocrysts. Oxygen 

fugacity and hygrometric equations of Ridolfi et al., (2010) were also used to constrain 

the P-T-fO2-H2O path of the system during the emplacement of Bijar-Qorveh magmas.  

Five amphiboles analysis (specifically two from Dehgolan and three from Qorveh 

area) were considered as unsuitable for thermobarometric estimates due to their high 

Al# (e.g. VIAl/AlT = 0.40), as Al# > 0.21 likely indicates xenocrysts of crustal or mantle 

materials (Ridolfi et al., 2010), or due to not charge balanced compositions (e.g. total of 

siteA apfu > 1.000).  

Results of calculations for amphibole parameters are shown in Fig. 49: crystallization 

temperatures of Qezelke Kand high silica amphiboles vary in a relatively narrow range 

(T ~942-984°C) whereas pressure range is ~3.2-5.3 kbar, corresponding to a depth of 

~10.7-17.7 km (calculated using an average crust density ρ=2.7 gr/cm3). The accuracy 

(σest) for temperature estimates is ±22°C and the uncertainty for pressure range is ±0.3-

0.6 kbar. Oxygen fugacity and hygrometric equations of Ridolfi et al., (2010) were also 

used to constrain the P-T-fO2-H2O path of the system during the emplacement of Bijar-

Qorveh magmas. The deviation (ΔNNO) from NNO buffer is 0.1-1.2 (error of ± 0.4 log 



Petrogenesis of the Cenozoic magmatism in NW Iran  

 

118 
 

unit) for Qezelke Kand melts, indicating highly oxidized environments. On the other 

hands, Dehgolan amphiboles show different physical-chemical conditions, as 

crystallization temperature indicates a wide range interval (~832-967°C) in an 

extremely various depth region (~1.4-4.5 kbar, i.e. 4.7-14.9 km). The temperature σest is 

always ±22°C, and maximum error for pressure values is 0.2-0.5 kbar. In logfO2 vs. T 

diagram (Fig. 49b), Dehgolan amphiboles likely cluster in two different groups showing 

ΔNNO=0.6-0.8 and ΔNNO=1.2-1.9 values (with error of ± 0.4 log unit), likely reflecting 

two different stages for crystallization processes. Qorveh amphiboles record the 

highest temperature crystallization values (860-1012°C) with pressures varying over a 

wide interval (~1.5-5.1 kbar; max error ~0.2-0.6 kbar). The redox condition is given by 

fO2 showing a deviation from the NNO buffer of ~0.1-1.7.  

High H2Omelt compositions (overall content ~4.0-6.6 wt%; Fig. 49c) result in 

equilibrium with Qezelke Kand and Dehgolan amphiboles, whereas Qorveh amphiboles 

record the lower H2Omelt concentrations (~1.9-6.1 wt%). 

All these investigated parameters describe physical-chemical conditions related to a 

subduction framework, such as overall high temperatures and low pressures along with 

high water content melts and the oxygen fugacity of the system constrained between 

NNO and NNO+2. 
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Fig. 49: Crystallization conditions for analyzed amphiboles of Bijar calcalkaline rocks, 

calculated after Ridolfi et al., (2010): (a) P vs. T diagram. Black dotted line indicates the 

maximum thermal stability curve, black dashed line is the upper limit of consistent 

amphibole whereas the red dotted line divides consistent experimental products with 

different crystallinity (i.e. 35–50% and 12–35%; Ridolfi et al., 2010). The isopleths show 

the anhydrous SiO2 content (wt%) of the melt which decreases with the P-T stability 

curve. (b) Oxygen fugacity vs. temperature diagram showing the nickel-nickel oxide 

(NNO) buffers. (c) T vs. H2Omelt diagrams with the maximum thermal stability (black 

dotted line) and the (lower) limit (black dashed line) of consistent amphiboles. 
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3.4 Conclusions  

Bijar-Qorveh volcanic field includes a large variety of volcanic products ranging from 

trachyandesitic-trachytic compositions (with lesser rhyolitic terms) for Miocene rocks, 

to trachybasalts and tephrites (with lesser alkali basalts) for Quaternary samples. 

Miocene volcanic rocks (i.e. Dehgolan and Qorveh) fall close to the alkaline-subalkaline 

dividing line and exhibit high-K calcalkaline character with typical subduction-related 

affinity, as also shown by the LILE-LREE enrichments and by Nb-Ta negative anomalies. 

A single liquid line of descent is observed for Dehgolan and Qorveh rock series, with 

major and trace elements trends suggesting a crystallization of ferromagnesian 

minerals followed by removal of plagioclase and amphibole. Only three samples from 

Dehgolan totally deviate the overall chemical compositions showing high enrichment in 

K2O, TiO2 and P2O5, as well as high Rb abundances, likely attributed to a Ti-phlogopite-

rich source rock. Noteworthy that high abundances of U-Th-Sr-LREE are thought to be 

related to apatite occurrence in the melting source of Dehgolan rocks.  

Quaternary alkaline samples show more heterogeneous compositions, ranging from 

sodic to strictly potassic (i.e. Takab) terms. Bijar and Qezelke Kand alkaline samples are 

olivine-clinopyroxene phyric rocks and show high Mg#, indicating that primary magma 

was not affected by extensive fractionation. They chemically resemble mixed features 

of subduction-related magmas and HiMU-OIB characteristics, reflecting hybrid sources. 

Takab rocks always cluster distinctly, being characterized by higher K2O and Rb 

contents which probably indicate phlogopite occurrence in mantle source. Finally, four 

Qezelke Kand high silica samples totally overlap Miocene chemical compositions and 

exhibit some geochemical uncommon features, i.e. low Yb and HFSE content with high 

La/Yb and Sr/Y ratios. All these characteristics are referred to as adakitic compositions 

whose genesis is likely related to melting of lower continental crust or, more likely, of 

subducted oceanic slabs with amphibole and/or garnet as residual phase. The 

investigated rocks belong to the two main magmatic events occurred during Tertiary 

period in Central Iran. More specifically, Miocene high-K rocks might represent the final 

phase of the calcalkaline volcanism whereas the Quaternary basic magmatism seem to 

be related to variations in the source mineralogy or to regional tensional tectonics. 
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CONCLUDING REMARKS 

The investigated areas span a wide range of volcanic products in terms of age and 

chemical compositions, developed as a consequence of the NE-directed subduction of 

the Neotethyan oceanic lithosphere beneath the Eurasian plate during Early Cenozoic 

times.  

The investigated rocks of Tafresh area include a wide compositional range, showing 

mainly basalt-andesitic to rhyolitic terms and are considered to be genetically linked to 

a three-step closed-system evolutionary process. It involves first the fractionation of 

ferromagnesian minerals (mostly clinopyroxene and olivine) and plagioclase, followed 

by a second removal of plagioclase and lesser amphibole (plus minor clinopyroxene) 

and eventually, in the most evolved phases, the crystallization of plagioclase with lesser 

alkali feldspar and minor amphibole. Tafresh rocks define a typical calcalkaline series 

generated from a subduction-modified mantle wedge, characterized by the classical 

LILE-enriched and HFSE-depleted compositions. The basaltic andesite magmas do not 

represent primitive compositions, but are likely derived from an unsampled hydrous 

primitive melt equilibrated in a spinel-bearing metasomatized peridotite source, 

evolving at shallow to moderate crustal depths. Additional lithotypes cropping out in 

the Tafresh area include much rarer strongly evolved leucocratic rocks and evolved 

rocks with adakitic signature. The first are thought to derive from crustal anatexis of a 

meta-sedimentary source, whereas the latter are interpreted as the product of the 

melting of a meta-mafic source rock with residual garnet and amphibole. The 

association of magmatic rocks pointing to all such different petrogenetic processes in a 

relatively limited area is strongly suggestive of emplacement in a post-collisional stage. 

Differently, Nowbaran Quaternary volcanic district revealed peculiar compositions as 

feldspars and melilite are totally absent whereas clinopyroxene and olivine, plus 

nepheline and  sodalite-hauyne-group feldspathoid confined in the groundmass are 

quite abundant and allowed the classification of these rocks as melanephelinites. 

Extremely low SiO2 (~35.4-41.4 wt%) is coupled with very high CaO (~13.1-18.3 wt%) 

and low Al2O3 (~8.6-11.6 wt%), leading to ultracalcic compositions (i.e., CaO/Al2O3 >1). 

Other less peculiar, but still noteworthy, characteristics of Nowbaran magmas are the 

high MgO (8.7-13.3 wt%) and Mg# (0.69-0.74), coupled with a variable alkali content 
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(Na2O = 1.8-5.4 wt%; K2O = 0.2-2.3 wt%) and variably high LOI (1.9-10.4 wt%). Isotopic 

ratios (87Sr/86Sr = 0.7052-0.7056; 143Nd/144Nd = 0.51263-0.51266; 206Pb/204Pb = 15.54-

18.66; 207Pb/204Pb = 15.66-15.68; 208Pb/204Pb = 38.66-38.79) show small variations and 

plot within the literature field for the Cenozoic volcanic rocks of western Iran. Primitive 

mantle-normalized patterns are intermediate between typical subduction-related 

melts and HIMU-OIB magmas, emphasizing a hybrid source. The origin of the peculiar 

composition of Nowbaran magmas cannot be related to partial melting of C-H-free 

peridotitic mantle, nor to digestion of limestones and marls by “normal” basaltic melts. 

Rather, we favour the hypothesis of an origin from carbonated hornblendite-rich 

metasomes. These mantle volumes are considered as the products of interaction 

between peridotitic matrix and partial melts derived from arc cumulates. These 

cumulates would originate as consequence of fractional crystallization of hydrous and 

CO2-bearing magmas generated during previous subduction-related arc magmatism, 

before continent-continent collision. Mixing of melts derived from such subduction-

modified mantle sources with liquids devoid of any subduction imprint, passively 

upwelling from slab break-off tears would generate the peculiar compositions recorded 

in Nowbaran volcanic district.  

Volcanism in Bijar-Qorveh area occurred through two main events during Tertiary 

period, i.e. Miocene calcalkaline magmatism followed by Quaternary alkaline products. 

Miocene volcanic manifestations are here represented by Dehgolan and Qorveh 

districts, with high-K andesites and trachytes and minor rhyolitic terms, whereas 

trachybasalts and tephrites (with lesser alkali basalts) outcropping in Qezelke Kand, 

Bijar and Takab sites belong to the Quaternary alkaline magmatic event.  Dehgolan and 

Qorveh rocks are characterized by high-K compositions and likely represent the post-

collisional magmatic events of Central Iran. Major and trace elements entirely fall 

within the literature data and suggest a single liquid line of descent characterized first 

by fractionation of olivine and clinopyroxene, followed by removal of plagioclase and 

amphibole. Primitive-mantle normalized diagrams totally resemble subduction-related 

features, showing LILE-LREE enrichments and Nb-Ta negative anomalies. Only three 

samples from Dehgolan exhibit unusual K2O-TiO2-P2O5 enrichments, along with high Rb 

concentrations, likely being indicative of a Ti-phlogopite-rich melting source. With 

regards to alkaline compositions, they show high Mg# values, certainly suggesting that 
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primary magma was not affected by extensive fractionation.  Moreover, in terms of 

major and trace elements, alkaline rocks exhibit mixed features of subduction-related 

magmas and HiMU-OIB characteristics which probably are indicative of hybrid sources. 

Takab samples always cluster distinctly, showing high K2O and Rb contents which could 

be related to phlogopite-rich source rock. Noteworthy, in Qezelke Kand district, silica-

poor rocks occur along with silica-rich compositions. More specifically, anomalous 

chemical compositions have been here referred to as adakites as they show high La/Yb 

and Sr/Y ratios, with low Yb and HFSE contents. Adakites still remains a controversial 

term, but these rocks are thought to be probably originated by melting of subducting 

oceanic slabs or lower continental crust, with amphibole and/or garnet as residual 

phases, making all such different petrogenetic processes in a relatively limited area 

strongly suggestive of emplacement in a post-collisional stage. 
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Appendix Tables 
 
 
 
 
 

 



Table 1. Major (wt%) and trace (ppm) elements concentrations, LOI (wt%) and CIPW-normative mineralogy (in vol.%, calculated assuming Fe2O3/FeO = 0.15) for the investigated rock samples from Tafresh area.

(Normative minerals: qtz=quartz; cor=corundum; or=orthoclase; ab=albite; an=anorthite; ne=nepheline; di=diopside; hy=hypersthene; ol=olivine; mt=magnetite; il=ilmenite; ap=apatite). Bdl=below detection limits

sample F2-12 F2-34 F1-22 F3-24 F4-49 F4-58 F1-33 F1-36 F1-11A F1-11B F3-6 F3-13 F4-1 F4-10 F4-11 F1-9 F1-13 F4-15 F3-23 F1-8 F1-29 F1-46 F1-17 F1-18 F2-21 F3-3

lithotype

preservation fresh

SiO2 53.81 53.89 50.89 51.67 50.46 50.68 48.98 44.69 56.31 56.86 59.23 58.23 55.28 57.53 58.26 55.56 58.90 52.17 52.89 61.56 60.44 60.27 70.45 70.95 70.11 71.23

TiO2 0.90 0.90 1.09 0.92 0.89 0.83 1.45 1.12 0.75 0.74 0.62 0.89 0.81 0.68 0.85 1.22 0.87 1.16 0.90 0.51 0.90 0.51 0.38 0.37 0.33 0.34

Al2O3 17.59 17.64 18.90 18.76 16.66 19.21 13.66 16.61 18.19 17.41 17.88 16.27 18.12 16.96 14.68 16.37 15.21 17.04 16.93 17.68 14.66 16.77 14.49 13.90 12.97 13.52

Fe2O3tot 8.63 8.74 6.87 6.39 9.80 5.45 13.48 9.71 7.57 7.24 7.00 8.17 7.95 6.86 7.04 9.51 6.89 8.83 7.29 5.10 7.29 4.33 3.19 3.25 2.54 2.33

MnO 0.17 0.17 0.11 0.12 0.11 0.14 0.17 0.14 0.17 0.14 0.11 0.15 0.16 0.18 0.12 0.05 0.13 0.12 0.11 0.14 0.11 0.07 0.05 0.05 0.03 0.07

MgO 4.10 4.12 2.23 1.44 2.78 1.16 3.62 2.32 2.94 2.81 2.85 2.74 3.65 2.52 3.45 3.25 2.55 2.50 2.22 1.59 2.60 2.25 1.20 1.20 1.57 1.08

CaO 5.84 5.85 10.60 12.11 8.96 12.76 5.45 13.86 7.00 5.89 5.57 5.76 7.57 5.22 5.50 2.98 5.54 9.60 10.25 6.20 2.05 5.38 0.56 1.18 1.26 1.08

Na2O 4.01 4.00 3.08 2.93 2.29 2.96 3.70 2.27 3.40 3.70 3.39 3.12 3.09 3.94 3.29 5.69 3.26 2.62 2.95 3.97 5.32 3.81 4.13 3.80 3.11 3.80

K2O 1.48 1.48 0.47 0.64 0.72 0.91 0.47 0.50 0.97 2.18 0.91 1.47 0.87 1.31 2.74 0.43 2.53 0.75 0.27 0.50 1.65 2.33 3.84 3.36 3.43 2.68

P2O5 0.24 0.24 0.18 0.15 0.11 0.14 0.27 0.09 0.16 0.14 0.14 0.14 0.18 0.21 0.21 0.18 0.19 0.22 0.17 0.17 0.20 0.20 0.10 0.11 0.06 0.08

LOI 3.68 3.62 5.61 5.34 6.12 4.84 9.09 9.48 2.85 2.98 3.28 3.95 2.76 3.57 3.65 5.41 4.83 5.91 6.21 3.24 4.24 4.95 1.80 2.30 3.11 2.83

Total 100.50 100.60 100.00 100.50 98.90 99.07 100.30 100.80 100.30 100.10 101.00 100.90 100.50 98.98 99.79 100.60 100.90 100.90 100.20 100.70 99.46 100.90 100.20 100.50 98.51 99.03

Rb 45 47 4 9 17 23 13 14 23 53 31 41 20 31 75 13 63 20 4 14 22 65 77 76 76 68

Sr 355 357 264 270 229 260 139 203 282 252 374 204 330 317 262 226 229 243 263 317 189 506 137 137 74 112

Ba 488 488 147 158 170 181 568 102 405 721 268 329 457 553 496 94 604 196 116 321 383 866 534 489 583 602

Cs 1.10 1.20 bdl bdl 0.60 0.60 0.80 0.70 bdl 0.60 0.60 0.60 bdl bdl 1.10 0.90 1.60 1.10 1.10 0.50 1.00 2.60 0.70 0.80 0.90 1.30

Sc 20 20 24 23 30 21 43 35 17 16 14 28 16 12 21 27 22 26 27 7 20 9 9 8 6 7

V 163 165 248 216 284 197 380 257 148 145 119 195 130 94 158 266 167 228 241 51 75 92 51 49 20 22

Cr 30 30 50 60 60 60 30 50 bdl bdl 30 bdl 40 40 80 bdl 70 50 60 bdl bdl 40 bdl bdl bdl bdl

Co 21 21 22 20 16 18 33 33 15 12 11 15 19 12 21 18 18 25 24 6 8 12 5 5 2 2

Ni bdl bdl 30 20 bdl 30 bdl 30 bdl bdl bdl bdl bdl bdl 30 bdl 30 20 30 bdl bdl 20 bdl bdl bdl bdl

Cu 20 20 10 30 20 20 220 110 10 100 10 20 10 bdl 30 10 20 40 40 bdl 20 20 bdl bdl bdl bdl

Zn 90 90 200 60 80 40 110 80 90 130 80 80 80 100 70 480 80 60 160 60 210 50 50 40 40 50

Y 30 26 27 22 18 21 36 25 32 28 18 26 25 33 26 29 27 24 23 20 32 8 20 19 22 26

Zr 151 150 116 103 69 94 96 69 131 136 107 101 116 169 211 131 221 145 106 103 104 130 128 114 120 135

Nb 6 7 5 4 4 3 4 3 7 7 6 5 7 8 10 10 10 11 4 7 5 9 4 5 6 6

Hf 3.2 3.2 2.8 2.6 1.7 2.2 2.5 1.7 3.0 3.1 2.4 2.5 2.7 4.1 4.7 3.1 4.8 3.4 2.6 2.5 2.7 3.0 3.3 2.7 3.0 3.1

Ta 0.4 0.4 0.3 0.3 0.2 0.2 0.3 0.2 0.4 0.5 0.4 0.4 0.4 0.6 0.8 0.6 0.8 0.7 0.3 0.5 0.4 1.0 0.6 0.5 0.6 0.6

La 19.0 19.6 11.7 10.2 9.5 9.1 10.7 6.6 17.3 16.6 15.1 14.4 17.4 22.2 24.4 18.6 25.6 18.3 10.8 15.5 17.1 41.5 18.2 17.9 21.1 21.1

Ce 39.4 40.3 25.2 22.1 20.4 20.5 23.8 15.0 35.9 34.9 30.2 30.6 34.7 46.2 49.8 38.5 52.9 37.8 23.7 32.9 38.5 71.0 31.6 32.9 40.4 40.1

Pr 4.88 4.88 3.30 2.95 2.64 2.67 3.45 2.16 4.47 4.31 3.63 3.82 4.21 5.68 5.89 4.84 6.05 4.58 3.12 4.04 5.08 7.33 3.68 3.48 4.57 4.35

Nd 19.6 20.5 15.0 13.1 11.5 11.8 16.8 10.1 18.1 18.0 13.9 16.0 17.1 23.3 23.7 19.6 24.0 18.9 13.8 16.7 21.6 24.7 13.6 12.6 16.9 16.2

Sm 4.70 4.60 3.70 3.50 3.00 3.00 4.80 2.90 4.30 4.20 3.00 3.90 4.00 5.30 5.10 4.60 5.10 4.20 3.50 3.90 5.40 4.10 3.10 2.50 3.50 3.70

Eu 1.33 1.32 1.10 0.96 0.88 0.94 1.38 0.93 1.11 1.03 0.84 1.02 1.13 1.33 1.09 1.07 1.18 1.07 0.92 1.18 1.92 0.99 0.72 0.64 0.63 0.77

Gd 4.4 4.3 4.0 3.6 2.9 3.2 5.3 3.5 4.2 4.2 2.8 3.7 3.7 4.9 4.5 4.4 4.7 4.0 3.6 3.5 5.4 2.5 3.0 2.3 3.0 3.5

Tb 0.8 0.7 0.7 0.6 0.5 0.6 1.0 0.7 0.7 0.7 0.5 0.7 0.6 0.8 0.8 0.8 0.8 0.7 0.6 0.6 0.9 0.3 0.5 0.4 0.5 0.6

Dy 4.4 4.5 4.3 3.7 3.3 3.6 6.1 4.1 4.6 4.3 3.0 4.1 4.2 5.3 4.6 5.0 4.7 4.4 3.9 3.4 5.5 1.6 3.1 2.7 3.5 4.0

Ho 1.0 0.9 0.8 0.8 0.7 0.7 1.2 0.8 1.0 0.9 0.6 0.9 0.9 1.0 0.9 1.0 1.0 0.9 0.8 0.7 1.1 0.3 0.7 0.6 0.8 0.8

Er 2.8 2.7 2.5 2.3 2.0 2.2 3.8 2.6 2.8 2.7 1.8 2.6 2.5 3.2 2.7 3.0 2.9 2.5 2.3 2.1 3.2 0.7 2.0 2.0 2.3 2.5

Tm 0.43 0.44 0.41 0.37 0.33 0.36 0.59 0.42 0.48 0.45 0.29 0.41 0.41 0.54 0.44 0.48 0.46 0.39 0.39 0.33 0.52 0.10 0.35 0.33 0.39 0.42

Yb 2.9 2.8 2.6 2.3 2.2 2.3 3.8 2.6 3.0 3.1 1.9 2.7 2.7 3.6 2.8 3.1 3.0 2.5 2.5 2.2 3.4 0.6 2.4 2.2 2.7 2.7

Lu 0.41 0.41 0.38 0.34 0.30 0.32 0.55 0.37 0.42 0.43 0.27 0.38 0.41 0.56 0.41 0.44 0.42 0.39 0.35 0.32 0.51 0.09 0.37 0.32 0.38 0.40

Pb bdl bdl 9.0 7.0 bdl 7.0 bdl bdl bdl 13.0 bdl bdl bdl 6.0 10.0 5.0 8.0 6.0 6.0 bdl 46.0 19.0 bdl 7.0 bdl bdl

Th 4.8 4.8 2.5 2.2 2.3 2.0 1.6 1.8 4.7 4.9 3.9 3.9 3.6 5.0 9.3 4.7 9.8 5.0 2.9 3.1 4.0 22.6 7.0 6.9 8.1 7.9

U 1.5 1.5 0.8 0.7 0.7 0.7 0.6 0.5 1.5 1.5 1.3 1.2 1.1 1.6 3.1 1.5 3.1 1.4 1.0 1.1 1.4 10.9 2.1 2.3 2.4 2.4

Ga 18.0 19.0 18.0 17.0 18.0 18.0 16.0 15.0 18.0 18.0 17.0 17.0 18.0 19.0 15.0 18.0 16.0 17.0 16.0 17.0 17.0 18.0 14.0 13.0 13.0 13.0

qz 2.54 2.53 5.70 6.41 8.81 4.30 3.57 0.00 10.36 7.60 16.67 14.72 9.33 11.92 10.79 5.35 13.41 9.10 10.41 19.14 12.14 13.87 27.75 30.77 34.25 35.27

cor 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.56 0.00 0.00 0.08 0.00 1.63 0.00 0.00 0.00 0.00 0.92 0.00 2.81 2.17 2.09 2.70

or 9.04 9.01 2.94 3.98 4.59 5.71 3.04 3.24 5.88 13.27 5.50 8.96 5.26 8.11 16.84 2.67 15.56 4.66 1.70 3.03 10.24 14.35 23.06 20.22 21.24 16.46

evolved

spoiled

strongly evolved

fresh

weakly evolved

fresh spoiled weathered

intermediate

fresh spoiled
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Table 1. (continued)

sample F2-12 F2-34 F1-22 F3-24 F4-49 F4-58 F1-33 F1-36 F1-11A F1-11B F3-6 F3-13 F4-1 F4-10 F4-11 F1-9 F1-13 F4-15 F3-23 F1-8 F1-29 F1-46 F1-17 F1-18 F2-21 F3-3

lithotype

preservation fresh

ab 35.06 34.88 27.60 26.06 20.88 26.58 34.31 19.81 29.52 32.24 29.36 27.23 26.77 34.94 28.95 50.55 28.71 23.33 26.56 34.48 47.27 33.61 35.52 32.75 27.58 33.42

an 26.48 26.60 38.51 38.00 35.62 38.67 21.13 36.86 32.33 25.19 27.35 26.87 33.79 25.70 17.89 14.29 20.19 34.23 34.22 29.71 9.31 22.70 2.16 5.23 6.14 5.03

ne 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

lc 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

di 1.52 1.41 13.34 20.45 9.70 19.14 5.55 32.01 1.86 3.30 0.00 1.39 2.87 0.00 7.50 0.00 5.95 12.11 15.71 0.61 0.00 3.10 0.00 0.00 0.00 0.00

wo 0.00 0.00 0.00 0.00 0.00 2.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

hy 20.69 20.90 7.39 1.16 15.55 0.00 24.86 0.00 16.19 14.69 16.16 16.55 17.88 15.52 13.93 20.03 12.13 11.30 7.14 10.27 15.85 9.70 6.90 7.01 7.21 5.63

ol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

cs 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

mt 1.54 1.55 1.25 1.16 1.82 1.00 2.55 1.83 1.34 1.29 1.24 1.45 1.40 1.24 1.26 1.72 1.24 1.60 1.34 0.90 1.32 0.78 0.56 0.57 0.46 0.42

il 1.77 1.76 2.18 1.83 1.82 1.68 3.01 2.32 1.46 1.45 1.20 1.75 1.57 1.35 1.69 2.44 1.73 2.31 1.82 1.00 1.80 1.01 0.72 0.72 0.65 0.68

ap 0.59 0.59 0.45 0.37 0.28 0.35 0.70 0.23 0.39 0.34 0.34 0.34 0.44 0.52 0.52 0.45 0.47 0.55 0.43 0.41 0.50 0.49 0.24 0.27 0.15 0.20

Tot 99.23 99.22 99.37 99.42 99.08 99.50 98.72 99.07 99.33 99.35 99.38 99.27 99.29 99.38 99.37 99.13 99.38 99.20 99.33 99.55 99.34 99.61 99.72 99.71 99.77 99.79

evolved

spoiled

strongly evolved

fresh

weakly evolved

fresh spoiled weathered

intermediate

fresh spoiled
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High-Pressure Multiple Saturation Experiments 

 
Nowbaran melanephelinitic melts are supposed to be generated from an amphibole-

rich mantle source with CO2 involvement. High pressure experiments have been then 

performed to try to unravel the magmatic processes that controlled the genesis and 

the evolution of the investigated melts. High pressure multiple saturation experiments 

were performed at the Institute of Geochemistry and Petrology (Department of Earth 

Sciences D-ERDW) at ETH Zürich, in collaboration with Prof. Max W. Schmidt. 

The close-to-primary Nowbaran nephelinitic compositions were forced into multiple 

saturation points with a typical lherzolitic mantle assemblage with addition of volatiles 

(H2O and CO2; sulphurs were excluded in term of volatile budget aiming to simplify the 

system), in order to saturate the system with olivine, clinopyroxene, orthopyroxene 

and garnet. The chosen amount of added H2O is fixed at 3 wt%, as Nowbaran lavas 

show LOI content of ~2.6-7.0 wt% and CO2 ranging from 0.5 wt% to 2.7 wt%, thus 

consequently H2O amount is likely ~1.4-4.4 wt%. On the other hand, experimental 

added CO2 is ~5 wt% (compositions A), as values up to ~7.0 wt% are observed in 

olivine-nephelinitic melts at 30 kbar [3], and ~3 wt% (compositions B), since lower 

values probably would not even affected the experimental melts.  

 

Starting materials and experimental procedures 

The starting composition for the experiments was derived from averaging twelve 

representative chemical analyses from Nowbaran compositions. As only the most 

primitive compositions were considered, samples with SiO2 ≥ 40 wt% or Mg# ≤ 0.71 

were then excluded. All starting materials (except fayalite) were reagent grade from 

Alfa Aesar, Sigma Aldrich, Fluka, Johnson Mattey, Ventron. Iron was added as a mixture 

of fayalite (in-house made) and Fe2O3. A Fe2O3/FeO ratio of 0.3 was considered for 

these compositions, following the recommended values suggested by [2] for alkali rich-

nephelinitic rocks. H2O was added as Al(OH)3 and Ca5(PO4)3(OH), whereas CO2 was 

added as CaCO3, Na2CO3, and K2CO3. The remaining amounts of Ca, Na, and K to reach 

the intended composition were added as CaSiO3, Na2SiO3, and K2SiO3. Oxides were 

fired overnight at 800 °C, whereas silicates, carbonates, hydroxides, and apatite were 
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dried for 12 hours at 110 °C or 210 °C. The lherzolite used for weighted powders were 

ground and mixed in an agate mortar under acetone. The obtained starting mixture 

was stored in a desiccator under vacuum. Preliminary experiments on Nowbaran 

compositions produced clinopyroxene and rare olivine among the products. Therefore, 

in order to force Nowbaran compositions into saturation with a garnet-lherzolite, only 

natural olivine (San Carlos standard), orthopyroxene and synthetic garnet were added 

to the products. Garnet was obtained by mixing ~43.9 wt.% SiO2, ~21.3 wt.% Al2O3, 

~21.7 wt.% MgO, ~7.7 wt.% CaO, and ~5.4 wt.% Fe2O3 (Mg# = 0.88), based on a 

selection of more than 800 analysis from fresh garnet-lherzolitic xenoliths taken from 

GEOROC online database (http://georoc.mpch-mainz.gwdg.de/georoc/). The 

proportions that were used to obtain the lherzolite are i) 40 wt% olivine, 40 wt% 

orthopyroxene, 20 wt% garnet, ii) 60 wt.% olivine, 30 wt.% orthopyroxene, 10 wt.% 

garnet and iii) 60 wt.% olivine, 25 wt.% orthopyroxene and 15 wt.% garnet, depending 

on the acquired results. The saturation experiments were performed by making two-

layered experiments containing 50 wt% lherzolite overlaid by 50 wt% Nowbaran 

compositions mixture.  Prior each experiment, the mixtures were dried at 110 °C. 

Aliquotes of approximately 50 mg were inserted in Au80Pd20 capsules (4.0 mm 

diameter) and welded. Capsules were tested for leakage by immersing in acetone and 

weighted again. Sealed capsules were inserted in talc-pyrex-pyrophyllite assemblies 

(Fig. S1a). Experiments were performed with a standard 14-mm end-loaded piston-

cylinder ([1]; Fig.S1b).  

After preliminary melting point determinations, temperature was raised to target 

(~1200-1260 °C) at a rate of 30 °C/min using a Eurotherm temperature controller and 

monitored (Fig. S1c) using a type-B thermocouple (Pt70Rh30-Pt94Rh06). Pressure was 

kept constant at 2.7 GPa (=27 kbar). This pressure was constrained considering i) 

involvement of amphibole-rich mantle source in the genesis of these ultrabasic 

magmas (lithospheric pargasitic amphibole is stable up to ~3.0 GPa; [4]) and ii) garnet-

residual source (garnet is frequently assumed to begin breaking down to spinel at ~2.7 

GPa; [5, 6]).  

Experiments were equilibrated at target T and P for approximately 48 hours and 

successively quenched by interrupting the power. The capsules were then embedded 

in epoxy resin and hand polished for chemical investigations. Polished run products 
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were carbon coated and characterized at ETH Zürich with a Jeol JSM-6390 LA Scanning 

Electron Microscope (SEM). The SEM is equipped with a Thermo Fisher NORAN NSS7 

EDS system which carries a 30 mm
2
 Silicon-drift detector (SDD) for chemical analysis 

and spectral imaging. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S1: a) talc/pyrex/graphite assembly; b) Piston cylinder apparatus ‘Boyd & England’ end-

loaded; c) run control parameters. Note that pressure increases exponentially with temperature 

around ~800 °C, at which talc progressively loses hydroxyl groups showing a transition from 

linear-elastic to elasto-plastic behaviour. 

 

Experimental results and discussion 

The genesis of CO2-peridotite-derived magmas is still highly debated. Magmatic 

processes are highly composite and variations in mechanisms of melting and/or fluids 
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transport can result in very heterogenous chemical compositions. It is widely accepted 

that silica-poor and alkali-rich compositions are usually associated to CO2-rich mantle 

sources, but magmatic origin and mechanisms of CO2-bearing melts is actually still 

unknown. Indeed low-silica melts are thought to be generated from extremely low 

degree of partial melting of carbonated peridotite or from low-to-high degree of partial 

melting of fertile sources (e.g. metasomatized mantle) or from mixed sources. 

Experimental petrology may give a contribution investigating these magmatic variables 

in more detail and providing direct tools to better understand Earth processes.  

Experimental initial conditions are reported in Table S1 whereas major elements 

concentrations of the run products are shown in Figs. S3-S4. Only four runs have been 

taken into account to try to somewhat discuss the origin of Nowbaran magmas.  

Table S1: Experimental run conditions and mantle phase assemblages. 

 

The concept of multiple saturation experiments is that any mantle derived melt has at 

least one P-T-H2O condition where its liquidus saturates with the residual mantle 

phases olivine+opx±cpx [7]. Thus determining the liquidus surface of an inferred 

primitive melt may yield a multiple saturation point that defines the P-T-H2O of last 

equilibration with these mantle phases [7]. 

Multiple forced experiments of close-to-primary Nowbaran nephelinitic compositions 

at 27 kbar indicate that saturation of a lherzolitic assemblage with H2O ~3 wt% and CO2 

~3 wt% (NBMIXB-P01 and NBMIXB-P02) occurs around 1250-1260 °C, resulting in silica-

poor melts (SiO2 ~35-38 wt%) with relatively high abundances in TiO2, Na2O and K2O 

(respectively ~2.3-2.9 wt%, ~3.2-3.3 wt% and ~1.3-1.8 wt%). NBMIXB-P01/P02 

experimental melts (with CO2 ~3 wt%) indeed exhibit chemical features which partially 

resemble Nowbaran major elements trends. Besides the aforementioned elements, 



High-Pressure Multiple Saturation Experiments 

 

186 

 

also CaO, Al2O3 and P2O5 exhibit comparable values (respectively ~14.8-17.2 wt%, ~9.9-

10.9 wt% and ~3.5-3.6 wt%) respect with the investigated nephelinites (~13.1-18.3 

wt%, ~8.6-11.6 wt% and ~1.4-3.3 wt%). On the other hand, MgO values are by far 

higher (~16.4-18.7 respect with Nowbaran ~8.7-13.3 wt%) whereas Fe2O3 shows quite 

lower contents (~7.9 wt% respect with ~8.6-11.3 wt%). It is absolutely worth noting 

that NBMIXA-P01/P03 experimental melts (with CO2 ~5 wt%) instead show extremely 

high abundances of alkalis (~8.7-10.4 wt%), P2O5 (~6.8-7.9 wt%) and TiO2 (~4.3-4.6 

wt%). CaO and Fe2O3 resemble Nowbaran average values, whereas MgO is always 

higher (~16.6-18.0) and Al2O3 is by far lower (only ~5.9-7.0 wt%). These incompatible 

elements enriched compositions result quite normal as degree of SiO2-undersaturation 

of silicate melts decreases as CO2 solubility increases [3]. However, these compositions 

are too far respect with those expected and then are excluded. 

In conclusion, in addition to a carbonated mantle source, another bulk is likely 

confirmed to obtain Nowbaran particular whole-rock compositions, i.e. amphibole-rich 

cumulates and/or veins within lithospheric mantle. Although such a low number of 

experimental runs might not be totally representative, in a preliminary way it is 

possible to note that Nowbaran magmas likely originated from a ~3 wt% H2O and ~3 

wt% CO2-rich source. However some discrepancies are observed regarding chemical 

compositions, but these could be related to effects due to set of variables and certainly 

further investigations are needed. 

 

Fig. S3: TAS diagram (after Le Maitre, 2002) showing run products compositions compared with 

Nowbaran nephelinites. 
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Fig. S4: Major elements vs. SiO2 diagrams for experimental melts compared with Nowbaran 

compositions. 
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ABSTRACT 

Leucite-bearing volcanic rocks are commonly found within and around the 

Mediterranean area. A specific type of this rock group is leucitites. They are found both 

in a hinterland position of active and fossil subduction systems as well as in foreland 

tectonic settings, but none have been found in the Maghreb (N Africa) and Mashreq 

(Middle East) areas. Here a review of the main leucitite occurrences in the circum-

Mediterranean area is presented, with new whole-rock, mineral chemical and Sr-Nd-Pb 

isotopic ratios on key districts, with the aim of clarifying the classification and genesis 

of this rock type. 

Many of the rocks classified in literature as leucitites do not conform to the IUGS 

definition of leucitite (i.e., rocks with >10 vol.% modal leucite and with foids/(foids + 

feldspars) ratio >0.9, with leucite being the most abundant foid). Among circum-

Mediterranean rocks classified as leucitites in the literature, we distinguish two types: 

clinopyroxene-olivine-phyric (COP) and leucite- phyric (LP) types. Only the second 

group can be truly classified as leucitite, being characterized by the absence or the very 

rare presence of feldspars, as well as by ultrapotassic composition. 

The COP group can be distinguished from the LP group on the basis of lower SiO2, 

Na2O+K2O, K2O/Na2O, Al2O3, Rb and Ba, and higher MgO, TiO2, Nb, Cr and Ni. The LP 

group shows multi-elemental patterns resembling magmas emplaced in subduction-

related settings, while COP rocks are much more variable, showing HIMU-OIB-like to 

subduction-related-like incompatible element patterns. COP rocks are also 

characterized generally by more homogeneous isotopic compositions clustering 

towards low Sr and high Nd isotopic ratios, while LP leucitites plot all in the enriched 

Sr-Nd isotopic quadrant. LP rocks usually have lower 206Pb/204Pb and higher 207Pb/204Pb. 

This study shows that the geochemical signal of mantle melts does not always reflect 

the tectonic setting of magma emplacement, suggesting paying extreme attention in 

proposing geodynamic reconstructions on the basis of chemical data only. 

 

 

Keywords: leucitites; ultrapotassic rocks; Mediterranean; Cenozoic; geodynamics; 

petrology 
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1. Introduction 

Leucitites are an extremely rare group of volcanic rocks occurring in various continental 

tectonic settings, but not ocean basins or divergent margins. According to IUGS, 

leucitites sensu stricto (i.e., “true” leucitites) are rocks with >10 vol.% modal leucite 

and with foids/(foids + feldspars) ratio >0.9, with leucite being the most abundant foid. 

On the other hand, leucitites sensu lato are characterized by foids/(foids + feldspars) 

ratios ranging between 0.6 and 0.9 (Le Maitre, 2002). The latter rock types should be 

more properly defined as “phonolitic leucitites” when alkali feldspar > plagioclase, 

“basanitic leucitites” (olivine >10 vol.%) or “tephritic leucitites” (olivine <10 vol.%) 

when plagioclase > alkali feldspar. The last two terms correspond to the commonly 

used “plagio-leucitites”, which was originally applied to a group of Italian K-rich lavas 

from the Roman volcanic province (Avanzinelli et al., 2009; Conticelli et al., 2009). 

Clinopyroxene is typically the most abundant mafic mineral, commonly associated with 

olivine, biotite and Fe-Ti opaque minerals. Additional foids are usually dominated by 

nepheline. 

Although the above modal classification scheme allows a clear definition of the 

leucitite lithotype, this is not reflected into a similarly well-established whole-rock 

chemical criterion. Indeed, in the TAS classification diagram, leucitites spread over the 

foidite field towards silica-richer tephrites, phonolitic tephrites and tephritic 

phonolites. In addition, many of the rocks reported in literature as “leucitites” do not 

meet the chemical definition of ultrapotassic rocks proposed by Foley et al. (1987), i.e., 

MgO >3 wt.%, K2O/Na2O >2, K2O >3 wt.% and SiO2/K2O <15. 

Sparse occurrences of “leucitite” rocks were reported in several Cenozoic volcanic 

districts of the circum-Mediterranean magmatic realm, including: Calatrava (central 

Spain), west Eifel (Germany), Vulsini Mts., Alban Hills, and Ernici Mts. (Roman 

Magmatic Province, central Italy), Doupovské hory and Hammerunterwiesenthal 

(Bohemian Massif in Czech Republic, Poland and Germany), Bár (Pannonian Basin, 

Hungary), Devaje, Nova Varoš and Koritnik (Serbia, Montenegro and Macedonia), 

Afyon (western Turkey), Amasya and Gümüşhacıköy (eastern Turkey), and Eslamieh 

Peninsula (north-western Iran). Given the extremely complicated geodynamic 

framework in which these have been emplaced (e.g., Harangi et al., 2006; Lustrino and 
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Wilson, 2007; Lustrino et al., 2011; Carminati et al., 2012; Faccenna et al., 2014; 

Aghazadeh et al., 2015), the Cenozoic circum-Mediterranean “leucitites” represent a 

remarkable case-study that can help to shed light on many issues regarding the 

petrogenesis of leucitites and their correct definition as a lithotype. To this purpose, 

new whole-rock and mineral chemical analyses from several circum-Mediterranean 

districts, along with the available literature data, are here discussed. 

 

 

2. Sampling and analytical techniques 

A total of 23 new “leucitite” samples were collected for petrographic, mineral chemical 

and whole-rock geochemical investigations from all the Cenozoic circum-

Mediterranean districts where “leucitites” are reported. More specifically: eight from 

Germany (west Eifel - Staffeln, Basberg, Bolsdorf, Dreesd, Mayen and Kottenheim 

localities); three from Spain (Calatrava – Morron de Villamayor); one from the 

Bohemian Massif (Hammerrunterwiesenthal, Germany); four from Central Italy (Alban 

Hills - Capo Bove; Ernici Mts. - Celleta; Vulsini Mts. - Vico); two from Serbia (Devaje); 

one from the Pannonian Basin (Bár); one from western Turkey (Afyon); three from NW 

Iran (Eslamieh Peninsula - Urumieh Lake). 

Major and trace elements analyses were performed by means of ICP-AES (Inductively 

Coupled Plasma-Atomic Emission Spectrometry) and ICP-MS (Inductively Coupled 

Plasma-Mass Spectrometry), respectively, at Activation laboratories (Ontario, Canada). 

See www.actlabs.com for full details. The results are reported in Table 1, at the end of 

the supplementary material.  

Thirteen representative samples were selected for determining the composition of the 

main mineral and glass phases by Electron Microprobe (EMP) at the Dipartimento di 

Scienze della Terra of Rome. Analyses were performed using a CAMECA SX 50 

instrument, equipped with five wavelength-dispersive spectrometers (WDS). Operating 

conditions were generally 15 kV accelerating voltage, 30 nA beam current, 1 μm beam 

diameter for olivine, pyroxene and opaque minerals and 10 μm for feldspars, 

amphibole and glass. Counting times for all elements were 20 s for the peak position 

and 10 s for the background on each side of the peak. Standards used for calibration 
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are: Na2O = jadeite; MgO = periclase; TiO2 = rutile; FeO = magnetite, SiO2/CaO = 

wollastonite; Al2O3 = corundum; MnO = rhodonite; K2O = orthoclase; BaO = barite; SrO 

= celestine; NiO = pure nickel; FeO/MgO = olivine. Thirteen representative samples 

were selected for the determination of Sr-Nd-Pb isotope ratios at the CNR-IGG 

laboratories of Pisa and are reported in Table 1. Precision and accuracy is fully reported 

in Di Giuseppe et al. (2017). 

 

 

3. Geological framework for the Cenozoic circum-

Mediterranean “leucitite” occurrences 

The Cenozoic geodynamic evolution of the circum-Mediterranean realm involved a 

number of varied and complex tectonic and magmatic processes that make this area an 

extremely useful natural laboratory for the investigation of such processes and their 

mutual interaction. Oceanic subduction, continent-continent collision, back-arc basin 

opening of new oceanic lithosphere spreading and upper mantle upwelling have 

affected this relatively narrow area during the last 50 Myr (e.g., Carminati et al., 2012; 

Faccenna et al., 2014). This resulted in the genesis of a wide variety of igneous rocks, 

practically encompassing the entire spectrum of known igneous lithotypes in terms of 

serial affinity, degree of silica saturation and degree of rock evolution (e.g., Peccerillo 

and Lustrino, 2005; Harangi et al., 2006; Lustrino and Wilson, 2007; Lustrino et al., 

2011; Prelević and Seghedi, 2013; Peccerillo, 2017). 

In the following sections, a brief description of the circum-Mediterranean “leucitite” 

rocks is reported. These rocks were emplaced both in the hinterland (belonging to the 

Alpine-Carpathian, Apennine, Dinaride and Taurides-Pontides-Zagros belts) and in the 

foreland (Alps-Betics) of active orogenic systems, often associated with other leucite-

bearing rocks (Fig. 1). Interestingly, neither leucitite nor leucite-bearing rocks are 

reported for the districts developed at the foreland of the Maghrebian and Taurides-

Pontides-Zagros systems. In such a complex geodynamic setting as that of the Cenozoic 

circum-Mediterranean “leucitites”, the tectonic association i.e., “orogenic” 

(subduction-related) or “anorogenic” (subduction-unrelated) has been inferred on the 

basis of geochemical characteristics of the emplaced products (e.g., see discussion in 
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Lustrino et al., 2011; Carminati et al., 2012). However, it should be noted that the 

tectonic settings “evidenced” by geochemistry do not necessarily indicate the true 

geological conditions during the igneous activity. Instead, they may reflect mantle 

sources that experienced variable melting extraction and subduction metasomatism. 

Such distinction is of particular relevance in the context of the Cenozoic circum-

Mediterranean magmatism. Here, in many districts, magmatic phases with “orogenic” 

and “anorogenic” geochemical signature have variably alternated, with the latter 

generally being the youngest. Occasionally the two phases interacted, giving rise to 

“hybrid” compositions (e.g., Lustrino and Wilson, 2007; Lustrino et al., 2011; Prelević et 

al., 2012, 2015). In other words, the geochemical “evidences” for the derivation from a 

subduction-modified or a within-plate, subduction component-free source, cannot be 

automatically exported as proofs for the existence of specific tectonic settings during 

mantle anatexis. 

 

 

Fig. 1: Location of the Cenozoic circum-Mediterranean rocks defined in literature to as 

“leucitite” (red stars) and leucite-bearing rocks (yellow stars). 

 

 

3.1 “Anorogenic” leucitites 

The localities of literature “anorogenic” leucitites are reported below in order of 

decreasing age. 
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3.1.1 Czech Republic/Germany – Bohemian Massif 

The Cenozoic magmatism in the Bohemian Massif occurred mainly in the Ohre Rift and 

the Labe Volcano-Tectonic Zone, both being parts of the large rift system developed in 

central Europe in the foreland of the Alps system (e.g., Dèzes et al., 2004). Magmatic 

activity was remarkably long-lived, ranging in age from ~77 to 0.26 Ma (Ulrych et al., 

2003), and produced mainly Na-alkaline SiO2-undersaturated primitive rocks (olivine 

basalts, basanites, nephelinites, ankaratrites and melilitites) and their differentiates 

(e.g., Skala et al., 2015; Ulrych et al., 2016). Scattered occurrences of “leucititic” rocks 

(olivine leucitites) are locally reported (Doupovské hory Mts., Czech Republic; Ulrych et 

al., 2003). The marked “anorogenic” geochemical signature displayed by Bohemian 

Massif magmas distinctively points to a HiMu-like (HiMu = High-μ, where µ = 

238U/204Pb) asthenospheric mantle source that bears evidence for the recycling of 

subducted oceanic crust (e.g., Ulrych et al., 2016). 

 

3.1.2 Spain – Calatrava 

Cenozoic volcanic activity in Spain is recorded in four sectors: South-East Volcanic 

District (Betic Chain and Alboran Basin), East Volcanic District (within and on the 

shoulders of Valencia Trough), central Volcanic District (Calatrava-Ciudad Real) and 

North-East Volcanic District (Olot-Garrotxa-Ampordà). The igneous activity is 

chemically variable because it developed in the complex geodynamic setting associated 

with different stages of buildup of the Alpine-Betic and Apennine-Maghrebide belts 

(e.g., Lustrino and Wilson, 2007; Lustrino et al., 2011; Carminati et al., 2012). The 

Spanish igneous activity occurred during two distinctive phases, one with “orogenic” 

(~20-6 Ma) and the other with “anorogenic” (~8-0.01 Ma) geochemical signature. The 

first phase is present in the Betic Chain and Calatrava sectors only, while the second 

phase is present in all the districts. The products encompass a wide spectrum of rock 

compositions (from primitive to highly differentiated) and serial affinities, including 

calcalkaline, high-K calcalkaline, ultrapotassic, and (variably SiO2-undersaturated) Na-

alkaline (e.g., Cebriá and Lopez-Ruiz, 1995; Turner et al., 1999; Duggen et al., 2005; 

Conticelli et al., 2009; Mattei et al., 2014; Lustrino et al., 2016b). 
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Leucititic rocks are reported in literature only in the earliest products of the late 

Miocene-Pleistocene (8.7-6.4 and 3.1-1.7 Ma) Calatrava Volcanic district, a volcanic 

area covering an area of ~4000 km2 (e.g., Cebriá and Lopez-Ruiz, 1995). Recently, 

Lustrino et al. (2016b) have questioned the classification as leucitites for the Morron de 

Villa Mayor lava flows, given that these rocks are characterized by moderate K2O 

contents and little modal abundance of leucite (<10 % in volume). Such magmatism 

was explained invoking the diapiric upwelling of a HiMu-OIB (OIB = Ocean Island Basalt) 

asthenospheric mantle, which both melted through adiabatic decompression and 

triggered the melting of phlogopite-rich metasomatized lithospheric domains, thus 

producing the “mixed” geochemical signature of the emplaced magma types (Cebriá 

and Lopez-Ruiz, 1995; Lustrino et al., 2016b). 

 

3.1.3 Germany – West Eifel 

The Eifel region is located in the so-called Rhenish Massif, a Hercynian-age crystalline 

basement cropping out in western Germany, eastern Belgium, Luxembourg and north-

eastern France, consisting essentially of Devonian-Carboniferous metamorphic rocks 

(Ziegler and Dèzes, 2007). During the Late Jurassic and Early Cretaceous, the Rhenish 

Massif began to be uplifted and experienced two distinct periods of magmatism, giving 

rise to the Hocheifel (Tertiary) and the Eifel (Quaternary) volcanic districts (e.g., Mertes 

and Schmincke, 1985; Schmincke, 2007; Mertz et al., 2015). The Hocheifel district 

consists mainly of deeply eroded volcanic plugs and necks and some scattered lava 

flows of mainly sodic basanite, nephelinite and alkali basalt compositions plus rarer 

differentiate. 

The Eifel is a low-relief mountain range whose volcanic activity mainly generated scoria 

cones and maar volcanoes emplacing SiO2-undersaturated Na-alkaline (plus fewer K-

alkaline) ultrabasic to intermediate lithotypes in the east (active between 460 and 13 

ka), foiditic (leucitites, nephelinites and lesser melilite- and sodalite-bearing lavas) to 

olivine nephelinites and basanites in the west (active during 720-480 and 80-10 ka; e.g., 

Mertes and Schmincke, 1985; Schmincke, 2007; Mertz et al., 2015). The genesis of the 

most primitive west Eifel magmas is generally attributed to adiabatic partial melting of 

a hot asthenospheric mantle source (involving DMM = Depleted MORB Mantle, HiMu 
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and EM-I = Enriched Mantle I components), in the presence of a mantle plume (e.g., 

Ritter et al., 2001; Mertz et al., 2015) or in the context of a passive (i.e., tectonically-

induced) mantle upwelling (e.g., Lustrino and Carminati, 2007). 

 

 

3.2 “Orogenic” leucitites 

Also in this case, the localities of litearture “orogenic” leucitites are reported below in 

order of decreasing age. 

 

3.2.1 Serbia – Serbian Province 

The Balkan Peninsula experienced a complex tectonic evolution due to the presence of 

numerous geotectonic units, including lower Palaeozoic and late Mesozoic crystalline 

terranes (the East Serbian and the Serbo-Macedonian composite terranes), ophiolitic 

sequences (the Vardar suture zone and the Dinaride ophiolitic belt), allochthonous 

terranes and a micro-continent block, which were all merged at the end of the 

Mesozoic (Cvetković et al., 2004; Prelević et al., 2005). Magmatic activity related to 

such a geodynamic framework is compositionally variable, giving rise to three 

distinctive main episodes in Serbia (Cvetković et al., 2004). 

The first magmatic phase is Paleocene-Eocene in age, confined to the eastern terranes 

and consisted mainly of Na-alkaline basalts with a clear OIB-like geochemical signature. 

This was followed, after a hiatus of ~15 Myr, by Oligocene-Miocene (~30-10 Ma) and 

Pliocene (~6.6-3.9 Ma) magmatic phases, both dominated by high-K calcalkaline, 

shoshonitic and ultrapotassic rocks (with both “lamproitic” and “kamafugitic” affinity). 

Early Miocene (~22 Ma) leucititic rocks (Devaje) and early Miocene (~20 Ma) and late 

Miocene (~9 Ma) ultrapotassic rocks are reported in Nova Varoš and Koritnik, 

respectively (Prelević et al., 2005). The origin of the ultrapotassic types is commonly 

ascribed to the melting of variably metasomatized lithospheric mantle sources (locally 

including some contribution from the interaction with percolating asthenosphere-

derived melts) in a post-collisional geodynamic context (Cvetković et al., 2004; Prelević 

et al., 2005). 
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3.2.2 Turkey – Afyon (Anatolia) and Amasya and Gümüşhacıköy (eastern Pontides) 

Cenozoic magmatism in western Turkey (Anatolia), together with that of the Aegean 

region to the west, occurred in an arc/back-arc geodynamic context dominated by S-

directed roll-back processes and post-orogenic extension taking place after the 

lithospheric thickening caused by numerous Alpine-age collisional events (e.g., Jolivet 

and Brun, 2010). The associated magmatism recorded an evident transition from 

“orogenic” (calcalkaline to shoshonitic to ultrapotassic compositions) to “anorogenic” 

(Na-alkaline plus much rarer tholeiitic products) compositions, which is evident in 

several districts (e.g., Agostini et al., 2007; Lustrino and Wilson, 2007; Di Giuseppe et 

al., 2017). 

Leucititic rocks were found in the Afyon volcanic complex, where volcanic activity with 

variable geochemical signatures (from SiO2-undersaturated to SiO2-oversaturated, from 

ultrapotassic to Na-alkaline, from “orogenic” lithosphere-derived to “anorogenic” 

asthenosphere-derived) occurred during Middle Miocene times (14-8 Ma; e.g., Akal et 

al., 2013; Prelević et al., 2015). The genesis and the geochemical signature of the 

“orogenic” rocks have been ascribed to the melting of two different metasomatized 

mantle domains: 1) a phlogopite-pyroxene-rich metasome, generated by recycling of 

continental sediments during a previous subduction event, and 2) a phlogopite-

wherlite metasome, generated by the interaction of asthenospheric (dolomite-bearing) 

melts with previously metasomatized lithospheric mantle peridotite domains (Prelević 

et al., 2015). 

Though slightly older than Cenozoic (i.e., Maastrichtian-early Paleocene), the eastern 

Pontides orogenic belt of north-eastern Turkey (Amasya and Gümüşhacıköy) has also 

been reported for scattered leucitite rock occurrences (Altherr et al., 2008). Magmatic 

activity in the eastern Pontides belt was related to the subduction of Tethyan 

lithosphere, with the production of both calcalkaline basaltic to andesitic and granitoid 

rocks (occurring in the northern sector) and shoshonitic, ultrapotassic and adakitic 

rocks (e.g., Eyuboglu, 2010; Eyuboglu et al., 2011). Such magmatism is ascribed to the 

melting of subduction-enriched sub-continental mantle sources (possibly with some 

contributions from the influx of enriched asthenosphere through slab windows; e.g., 

Eyuboglu, 2010; Eyuboglu et al., 2011). 
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3.2.3 North-western Iran - Eslamieh Peninsula 

Cenozoic magmatism in Iran is related to the collision between Eurasian and Arabian 

plates, resulting in the formation of the complex Bitlis-Zagros suture zone (where 

Neotethyan oceanic lithosphere was subducted N and NE; e.g., Sengor and Yilmaz, 

1981; Dilek et al., 2010), and in the development of a ~2500 km-long curved fold-and-

thrust belt running from eastern Turkey to western Iran. Widespread magmatism 

accompanied such geodynamic evolution from Eocene to Quaternary, with largely 

variable compositions and serial affinities, and overall “orogenic” geochemical 

signatures (e.g., Shafaii Moghadam et al., 2014; Aghazadeh et al., 2015). In the 

Eslamieh Peninsula, late Miocene (~11 Ma) magmatism was characterized by the 

emplacement of high-K rocks including both SiO2-undersaturated “leucititic” and SiO2-

saturated leucite-free shoshonitic series (Shafaii Moghadam et al., 2014). These 

products were generated by a complex melting process of a metasomatized 

lithospheric mantle source (involving mixing of liquids produced during multiple-stage 

melting of a compositionally-zoned mantle domain) in a post-collisional setting (Pang 

et al., 2013; Shafaii Moghadam et al., 2014; Aghazadeh et al., 2015). 

 

3.2.4 Hungary – Pannonian Basin 

The depressed central part of the Carpathian-Pannonian Region is referred to as the 

Pannonian Basin, a geodynamically complex region (e.g., Schmid et al., 2008) that 

includes: 1) a west-directed subducting slab since Chattian (~28 Ma; Carminati et al., 

2012), 2) an arcuate and east-retreating fold-and-thrust orogenic belt characterized by 

N-, NE-, E- and SE-directed tectonic transport, 3) a back-arc extensional basin 

developed above the retreating slab and 4) widespread magmatic activity with variable 

compositions (e.g., Harangi et al., 2006; Seghedi and Downes, 2011; Fedele et al., 2016; 

Kovacs et al., 2017). Early Miocene to Quaternary igneous activity shows mainly 

calcalkaline “orogenic” type (e.g., Fedele et al., 2016), followed by Late Miocene to 

Quaternary “anorogenic”, mainly Na-alkaline magmatism occurring mainly in the 

Pannonian Basin (e.g., Kovacs et al., 2012). In the southern Pannonian Basin near the 

village of Bár (Hungary), the latter magmatic cycle emplaced a few m3 of scoriaceous 

potassic mafic rocks with analcime basalt and analcitic leucite basanite compositions 
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around 2 Ma (e.g., Downes et al., 1995; Harangi et al., 1995; Grachev, 2012). The 

geochemical fingerprint of these magmatic products is not completely comparable to 

that of the typical intraplate-like magmas, as the most primitive products bear 

evidence of varying degrees of “orogenic” heritage related to previous subduction 

events (possibly in the form of modifications of asthenospheric-derived melts passing 

through the lithosphere; e.g., Downes et al., 1995; Seghedi and Downes, 2011). 

 

3.2.5 Central Italy – Roman Magmatic Province 

Magmatism in central-southern Italy started during the Late Miocene and continued 

until the Present as a consequence of the subduction processes associated with the 

building-up of the Apennine Chain (e.g., Conticelli et al., 2010, 2015; Lustrino et al., 

2011; Carminati et al., 2012; Peccerillo, 2017, and references therein). Leucititic rocks 

were reported only in the central Italy volcanic districts of the Vulsini Mts., Alban Hills 

and Ernici Mts. (also known as Middle Latin Valley). The Vulsini Mts. volcanic district is 

dominated by explosive eruptions that emplaced not only a strongly SiO2-

undersaturated high potassium series, with a large compositional range from leucite-

basanite, to leucititic-tephrite and tephritic-leucitite, but also a weakly SiO2-

undersaturated potassic series, both of which were emplaced during a ~590-130 ka 

time span (Di Battistini et al., 1998; Conticelli et al., 2010). The Alban Hills district 

consists of a caldera complex volcano, active from ~600 ka until ~36 ka (e.g., Giordano 

et al., 2006; Marra et al., 2009; Gaeta et al., 2016). Rock compositions are mainly 

represented by tephrites, phonolitic tephrites and leucitites, the latter characterized by 

plagioclase-free paragenesis dominated by leucite and clinopyroxene phenocrysts (e.g., 

Gaeta et al., 2006, 2016; Boari et al., 2009a). The Ernici Mts. District, active between 

~700 and 80 ka, is mostly characterized by cinder cones, small lava emissions and tuff 

rings, with rock compositions defining two distinct potassic series, with shoshonitic 

(i.e., potassic basalts and trachybasalts) and ultrapotassic affinity (leucite-phonolitic 

tephrites and leucitites; e.g., Boari and Conticelli, 2007; Boari et al., 2009b). The 

genesis of the leucitite rocks from central Italy is generally ascribed to the melting of a 

phlogopite-rich metasomatized veined lithospheric mantle source (e.g., Avanzinelli et 

al., 2009; Conticelli et al., 2009, 2010, 2015; Peccerillo, 2017). 
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4. Petrography and mineral chemistry of the Cenozoic circum-

Mediterranean “leucitites” 

The investigated Cenozoic circum-Mediterranean “leucitite” rocks define two groups in 

terms of petrographic and mineral chemical features. A detailed petrographic 

description of the “leucitite” rocks from each district is provided in the Supplementary 

Figs. S2a and S2b. Below, the main features of the two recognized lithotypes are briefly 

summarized. 

The leucitite rock samples from west Eifel, Pannonian Basin, Calatrava, Bohemian 

Massif and the Serbian locations of Koritnik and Nova Varoš area are characterized by a 

mineral assemblage dominated by clinopyroxene and/or olivine phenocrysts, with 

leucite occurring as a sparse micro-phenocrysts (west Eifel and Pannonian Basin) or 

restricted to the groundmass phase (Calatrava, Bohemian Massif and Serbian rocks; SM 

Fig. 1). Clinopyroxene crystals from these rocks plot mostly in the field for 

clinopyroxene from lamproite- and transitional-type potassic rocks (defined by Perini 

and Conticelli, 2002; Fig. 2a). It should be noted, however, that Lustrino et al (2016a) 

have challenged the genetic significance of the compositional fields reported in this 

diagram, since Al-poor “lamproitic” clinopyroxenes can be found also in Si-rich “non-

lamproitic” (i.e., metaluminous) igneous rocks. Moreover, in the Ti vs. Mg# diagram 

(Fig. 2b), the rocks from this group define a steep array of linearly increasing Ti with 

decreasing Mg#. Exceptions are few west Eifel clinopyroxenes with low Ti, Mg# and Al, 

interpreted as high-P cumulates by Shaw and Eyzaguirre (2000). The rocks from west 

Eifel, Pannonian Basin, Calatrava, Bohemian Massif and Serbia (Koritnik and Nova 

Varoš) will be referred to as the clinopyroxene/olivine-phyric (COP) leucitites. 

The second group includes the leucitite rocks from Turkey (Afyon and eastern 

Pontides), NW Iran, central Italy and Devaje, Serbia. They are characterized by leucite 

as the main phenocryst/microphenocryst phase (SM Fig. 2), and its composition is close 

to that of the pure leucite end-member. The leucite is accompanied by clinopyroxene 

crystals that differ in composition from those in the rocks from the previous group. 

Such clinopyroxene variety is largely variable in terms of Al contents (reaching also the 

typical compositions of the “Roman-type” potassic rocks; Fig. 2a) and is generally Mg 
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and Ti-poor with respect to that of the COP group (Fig. 2b). The rock samples belonging 

to this group are hereafter referred to as the leucite-phyric (LP) leucitites. 

 

 

Fig. 2: a) Ti vs. AlTot (from Perini and Conticelli, 2002) and b) Ti vs. Mg# [molar Mg/(Mg+Fe2+)] 

diagrams for the clinopyroxene crystals from the investigated Cenozoic circum-Mediterranean 

“leucitite” rocks. Literature data are from Harangi et al. (1995), Melluso et al. (2000), Shaw and 

Eyzaguirre (2000), Akal (2003), Prelević et al. (2005, 2015), Grachev (2012). 

 

 

5. Whole-rock geochemistry of the Cenozoic circum-

Mediterranean “leucitites” 

5.1. Major- and trace element concentrations 

The two recognized groups of circum-Mediterranean “leucitites” show different whole-

rock chemical compositions. The COP are mainly characterized by low SiO2 (39.1-48.5 

wt.%) and Na2O+K2O (3.40-8.35 wt.%), plotting in the tephrite/basanite fields in the 
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TAS diagram, with fewer foidite and trachybasalt compositions (Fig. 3a). A few more 

evolved compositions (phonolitic tephrites and tephritic phonolites) are observed 

among the Pannonian Basin samples, plus one sample from west Eifel and one latite 

from the Bohemian Massif. On the other hand, LP leucitites fall mainly in the fields for 

phonolitic tephrites and foidites, with a few samples plotting in the tephrite/basanite, 

tephritic phonolite, trachybasalt and trachyandesite fields. Samples from central Italy 

show the largest compositional variability, whereas samples from NW Iran and Serbia 

are more homogeneous, but probably this is related to the smaller sample set. The 

rocks from Turkey show a bimodal distribution in composition, including two 

distinctively homogenous groups falling in the trachybasalt (eastern Pontides literature 

rocks) and foidite/tephritic phonolite fields (Afyon). Interestingly, only the Pannonian 

Basin and some Serbia rocks are strictly ultrapotassic among the COP, with the 

remaining samples plotting in the fields for potassic and transitional rock series (i.e., 

K2O/Na2O <2; Fig. 3b), some of them also displaying low K2O <3 wt.%. On the other 

hand, LP leucitites are mostly ultrapotassic (K2O/Na2O >2), except for a few outliers 

(from central Italy, NW Iran and Serbia; <5% of the database) falling in the potassic and 

transitional series fields, and the two eastern Pontides Turkey rocks showing a sodic 

affinity. 

Additional differences between the two recognized “leucitite” rock groups can be 

easily shown in numerous major and trace element vs. MgO binary plots (Fig. 4 and SM 

Figs. 3 and 4). Most of the COP “leucitites” have higher MgO, Ni and Cr with respect to 

LP. The rocks from the COP group also feature higher TiO2 and Nb, coupled with lower 

Al2O3, K2O, Rb and Ba. 

The Serbian and, most evidently, Calatrava samples are those with the most primitive 

compositions among the COP leucitites, with the latter covering a relatively wide 

compositional spectrum, suggesting some major role for crystal accumulation of olivine 

(see discussion in Lustrino et al., 2016b). On the other hand, Serbia COP rocks define a 

more homogeneous group, with some major exceptions for two literature samples 

from Nova Varoš, characterized by very low K2O and Rb and relatively high Na2O, likely 

due to strong weathering (mainly in the form of leucite analcimization), as suggested 

by their high LOI. The Bohemian Massif latite is again a major outlier, as a consequence 

of its more evolved composition. The two west Eifel samples plot in an intermediate 
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position between the Bohemian Massif latite and the major part of the least evolved 

COP leucitites (Fig. 4). The Pannonian Basin rocks define a homogeneous compositional 

group with unusually low CaO and Fe2O3tot and high K2O compared with other COP 

rocks with similar MgO contents (e.g., west Eifel rocks). 

LP leucitites from central Italy and NW Iran display a wide compositional spectrum with 

significant scatter for numerous elements (e.g., SiO2, Al2O3, CaO, K2O, Rb, Sr, Ba, Zr), 

covering mainly the 2-8 wt.% MgO range (Fig. 4). Interestingly, at a given MgO content 

central Italy rocks are generally richer in Al2O3, K2O, Rb and Sr, and poorer in TiO2, P2O5 

and Ba with respect to NW Iran samples. The Serbia LP rocks generally plot at the most 

differentiated end (i.e., MgO = 2.13-3.72 wt.%) of the compositional field defined by 

central Italy and NW Iran rocks. Finally, LP rocks from Turkey clearly define two 

distinctive compositional groups for the Afyon and eastern Pontides samples. Namely, 

the first have higher Al2O3, K2O, Rb, Sr, Ba, and Nb and lower Fe2O3tot, MgO, Na2O, V 

and Cr with respect to the latter. 
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Fig. 3: a) Total alkali vs. Silica (TAS; Le Maitre, 2002). A = Andesite; B = Basalt; BA = Basaltic 

Andesite; BT = Basanite/Tephrite; F = Foidite; P = Phonolite; PB = Picrobasalt; PT = Phonolitic 

Tephrite (Phonotephrite); TA = Trachyandesite; TB = Trachybasalt; TBA = Trachybasaltic 

Andesite; TP = Tephritic Phonolite (Tephriphonolite). b) K2O vs. Na2O (Middlemost, 1975) 

classification diagrams for the Cenozoic circum-Mediterranean “leucitite” rocks. Sources for 

literature data: west Eifel = Mertes and Schmincke (1985); Calatrava = Cebriá and Lopez-Ruiz 

(1995), Bohemian Massif = Ulrych et al. (2003); Serbia = Prelević et al. (2005); Pannonian 

Basin = Harangi et al. (1995), Grachev (2012); Turkey = Akal (2003), Eyuboglu et al. (2011), 

Prelević et al. (2015); NW Iran = Moayyed et al. (2008), Hajalilou et al. (2009), Shafaii 

Moghadam et al. (2014); Central Italy: Rogers et al. (1985), Conticelli et al. (1987, 2007, 

2009), Di Battistini et al. (1998), Freda et al. (2006), Gaeta (1998), Gaeta et al. (2006), 

Giordano et al. (2006), Boari et al. (2007, 2009a), Frezzotti et al. (2007), Marra et al. (2009). 
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Fig. 4: Selected major- and trace element vs. MgO binary diagrams for the Cenozoic circum-

Mediterranean “leucitite” rocks. Data sources as in Fig. 2.  
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5.2 Primitive mantle-normalized diagrams 

When primitive mantle (PM)-normalized multi-element plots are taken into account 

(Figs. 5, 6), the two “leucitite” groups display a much larger variability. Among the COP 

“leucitites”, rocks from west Eifel are the only showing overall regular pattern, sub-

parallel to that of St. Helena basalts (except for an initial Cs enrichment), with 

normalized abundances exceeding ~100 times PM for the most incompatible elements 

(typically Nb-Ta and La-Ce) and then smoothly decreasing up to the Heavy Rare Earth 

Elements (HREE, Ho-Lu, ~4-7 times PM) and a small trough at K (Fig. 5a). 

On the other hand, the Calatrava rocks are characterized by extremely high Cs, Rb, Th 

and U (>500 times PM), a small peak at K, a larger peak at Pb (except for a single 

literature sample), and an evident Ti trough (Fig. 5b). They share similarities with Betic 

lamproites (i.e., melts derived from strongly metasomatized mantle wedge source), 

such as Nb-Ta depletion and LILE (Large Ion Lithophile Elements, Cs, Rb, Ba, Pb) 

enrichment (Lustrino et al, 2016b). These features are similar to those of typical upper 

crustal rocks (e.g., Rudnick and Gao, 2014) and the average composition of the Global 

Subducting Sediments (i.e., GloSS; Plank, 2014) and remarkably different from the St. 

Helena basalts. 

The two Bohemian Massif samples show irregular pattern with large variation in 

normalized elemental abundances most likely reflecting the large differences in the 

degree of rock evolution between the less evolved literature sample and the more 

evolved sample reported in this study. The former is characterized by a pattern that on 

the whole resembles that of west Eifel rocks (i.e., high Cs, a trough at Rb followed by 

increasing normalized concentrations up to a maximum at La and Ce, then roughly 

decreasing down to ~6 times PM at HREE, and a marked K trough), although it also 

features some troughs at HFSE (High Field Strength Elements, Nb, Ta, Zr, Hf and Ti; Fig. 

5c). The more evolved latitic sample has a similar pattern with higher normalized 

abundances but features also: 1) marked enrichment in Th, U and Nb; 2) depletion in 

Ba, P and Ti; 3) peak at Zr and Hf. 

The Serbian rocks are LILE-rich and HFSE-poor but also have K peaks  and a marked Pb 

troughs (Fig. 5d). An exception is the sample from Nova Varoš that possibly 

experienced leucite analcimization, as suggested by the coupled Rb depletion and the 
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additional evidence reported in the previous section (Prelević et al., 2005). On the 

other hand, the overall pattern displayed by the Pannonian Basin “leucitite” rocks is 

similar to that for GloSS, although much less HFSE-depleted, much less Pb-enriched and 

more depleted in HREE. 

The patterns for the LP leucitite group are more similar in shape, but with large 

variations in normalized abundances (Fig. 6). The general, normalized abundance 

patterns are similar to that of GloSS, with very high abundances for the most 

incompatible elements (up to ~10000 times PM), very high LILE/HFSE ratios, as shown 

by marked Nb-Ta and Ti troughs, and nearly flat or slightly decreasing at the HREE 

region. Other sporadic troughs are clearly ascribable either to crystal fractionation (Ba, 

P and Sr) or to the analcimization of leucite (Rb). The only remarkable deviation is 

shown by the two Turkey samples from the eastern Pontides (Fig. 6b), which display 

irregular patterns with: 1) lower LILE-enrichment compared to COP types; 2) no Pb 

peak; 3) Zr-Hf trough; 4) anomalously high contents of the Middle Rare Earth Elements 

(MREE, Gd-Ho). 

 

 

Fig. 5: Primitive mantle-normalized (Lyubetskaya and Korenaga, 2007) incompatible element 

plots for the Cenozoic circum-Mediterranean COP “leucitite” rocks from a) west Eifel, b) 

Calatrava, c) Bohemian Massif and d) Pannonian Basin and Serbia (Koritnik and Nova Varoš). 

The field for the typical HiMu-OIB locality (St. Helena Island, Southern Atlantic Ocean; 

Kawabata et al., 2011 and references therein) and the pattern for the estimated composition of 

Global Subducting Sediments (GloSS; Plank, 2014) are reported for comparison. Data sources as 

in Fig. 2.  
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Fig. 6: Primitive mantle-normalized (Lyubetskaya and Korenaga, 2007) incompatible element 

plot for the Cenozoic circum-Mediterranean LP “leucitite” rocks from a) Serbia (Devaje), b) 

Turkey, c) NW Iran and d) central Italy. The pattern for the estimated composition of Global 

subducting Sediments (GloSS; Plank, 2014) is reported for comparison. Data sources as in Fig. 2. 

 

 

5.3 Sr-Nd-Pb isotope ratios 

As for the above PM-normalized diagrams, Sr-Nd-Pb isotope ratios for the circum-

Mediterranean “leucitites” show large variations (Table 1, Fig. 7). In 143Nd/144Nd vs. 

87Sr/86Sr space, the COP rocks are more homogeneous and have higher 143Nd/144Nd 

(0.51254-0.51283) and lower 87Sr/86Sr (0.70402-0.70709). One sample from Calatrava is 

an exception, with 143Nd/144Nd down to 0.51235 (Fig. 7a). Conversely, the LP leucitites 

plot all in the enriched quadrant and have generally higher 87Sr/86Sr (0.70727-0.71117) 

and lower 143Nd/144Nd (0.51209-0.51251), with central Italy rocks showing the most 

extreme values. A few samples from Turkey and NW Iran plot within the range of COP 

rocks (i.e., 87Sr/86Sr = 0.70462-0.70594, 143Nd/144Nd = 0.51248-0.51260). 

In the 207Pb/204Pb vs. 206Pb/204Pb diagram, COP and LP “leucitite” rocks plot to the right 

of the 4.56 Ga geochron, and define two compositional groups. The LP and the Serbia 

COP rocks have lower 
206

Pb/
204

Pb (18.65-19.19 vs. 19.05-19.89) and higher 
207

Pb/
204

Pb 

(15.67-15.74 vs. 15.63-15.68, except for one single LP sample from NW Iran with 15.60) 

with respect to the remaining COP rocks (Fig. 7b). While the LP and the Serbia COP 
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rocks are well above the NHRL (Northern Hemisphere Reference Line), some of the COP 

lavas plot below this line. Among COP rocks, the sample from the Pannonian Basin 

shows remarkably low 
207

Pb/
204

Pb (15.53) and 
206

Pb/
204

Pb similar to that of LP rocks 

(18.69, plotting below the NHRL). Similar observations can be basically made also in the 

208
Pb/

204
Pb vs. 

206
Pb/

204
Pb and 

207
Pb/

206
Pb vs. 

208
Pb/

206
Pb diagrams (Figs. 7c-d), with LP 

and Serbia COP leucitites having lower 
208

Pb/
204

Pb (38-79-39.09 vs. 39.18-39.68) and 

higher 
207

Pb/
206

Pb (0.83-0.84 vs. 0.79-0.82) and 
208

Pb/
206

Pb (2.06-2.08 vs. 1.99-2.06), 

again with few exceptions from NW Iran and Turkey, plotting close to the compositional 

field for the COP rocks. The sample from the Pannonian Basin is again distinctive among 

the COP rocks, given its low 
208

Pb/
204

Pb (38.33), and relatively high 
208

Pb/
206

Pb (2.05) 

coupled with 
207

Pb/
206

Pb comparable to that of LP and Serbia COP rocks (0.83). 

 

 

Fig. 7: a) 
143

Nd/
144

Nd vs. 
87

Sr/
86

Sr, b) 
207

Pb/
204

Pb vs. 
206

Pb/
204

Pb, c) 
208

Pb/
204

Pb vs. 
206

Pb/
204

Pb and 

d) 
207

Pb/
206

Pb vs. 
208

Pb/
206

Pb diagrams for the Cenozoic circum-Mediterranean “leucitite” rocks. 

Data sources as in Fig. 3. Also shown are the isotopic compositions for BSE (Bulk Silicate Earth) 

and ChUR (Chondritic Uniform Reservoir), the DMM (Depleted MORB Mantle), HiMu (high-μ) 

and EM-I and EM-II (Enriched Mantle I and II) end-members (Lustrino and Anderson, 2015), the 

4.56 Ga Geochron and the Northern Hemisphere Reference Line (NHRL; Hart, 1984). Data 

sources as in Fig. 2. 
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5.4 Isotopic ratios vs. degree of rock evolution 

Despite the general paucity of data for each of the individual districts (e.g., only one 

sample available for both the Bohemian Massif and Pannonian Basin COP leucitites), 

some distinctive variations of Sr-Nd-Pb isotope ratios with increasing degree of rock 

evolution can be observed (SM Figs. 5-7). The most evident are those for central Italy 

LP rocks (also as a consequence of the wealth of available data), which display 

remarkably constant 
143

Nd/
144

Nd (except for one sample with a more radiogenic Nd 

composition), 
206

Pb/
204

Pb, 
208

Pb/
204

Pb, 
207

Pb/
206

Pb and 
208

Pb/
206

Pb with decreasing 

MgO contents. The
87

Sr/
86

Sr and 
207

Pb/
204

Pb values are more variable (from 0.70962 to 

0.71115 and from 15.67 to 15.71, respectively), but both still have no correlation with 

the degree of rock evolution. Although fewer data are available, the LP leucitites from 

NW Iran seem to depict a linear trend of decreasing 
87

Sr/
86

Sr, 
206

Pb/
204

Pb,
207

Pb/
206

Pb 

and
208

Pb/
204

Pb, and increasing 
143

Nd/
144

Nd, 
207

Pb/
206

Pb and 
208

Pb/
206

Pb with decreasing 

MgO contents. 

As for COP rocks, samples from west Eifel are characterized by overall increasing 

87
Sr/

86
Sr, 

207
Pb/

206
Pb and

208
Pb/

204
Pb, and decreasing 

143
Nd/

144
Nd, 

206
Pb/

204
Pb and 

208
Pb/

204
Pb with decreasing MgO. On the other hand, the few data for the COP 

Calatrava rocks allow only some dubitative inferences to be made, suggesting a slight 

increase of 
87

Sr/
86

Sr and a stronger decrease of 
143

Nd/
144

Nd with increasing degree of 

rock evolution. Finally, both the COP and LP rocks from Serbia are characterized by very 

limited ranges in the degree of rock evolution, coupled with very constant isotopic 

compositions. 

 

 

6. Discussion 

Owing to their peculiar petrochemical features and relative rareness, K-rich igneous 

rocks have always represented a major challenge for authors dealing with their correct 

identification and classification (e.g., Foley et al., 1987; Woolley et al., 1996). In a 

recent paper, Lustrino et al. (2016a) highlighted the difficulty in classifying the 

ultrapotassic rocks of the lamproite clan based on a detailed review of the circum-
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Mediterranean and worldwide occurrences of such rocks. The authors pointed to the 

conflicting results deriving from using mineralogical vs. whole-rock chemical criteria 

and concluded that many of the so-called “lamproites” should be actually defined as 

“normal” potassic to ultrapotassic volcanic rocks (e.g., shoshonite, latite, kamafugite, 

and lamprophyre). In a similar fashion, the extreme variability revealed by circum-

Mediterranean “leucitite” rocks in terms of petrography, mineral chemistry and whole-

rock geochemistry, is strongly suggestive of some inconsistency in the nomenclature of 

such rock group too. The critical review of the petrochemical characteristics of such 

rocks reported here can similarly contribute a better understanding of K-rich rocks. 

 

 

6.1 Petrographic, mineralogical and petrochemical constraints 

According to the official IUGS recommendations (Le Maitre, 2002), the use of the term 

“leucitite” is based on mineralogical criteria. This makes nomenclature problematic for 

the circum-Mediterranean leucitite rocks, which are predominantly fine-grained 

volcanic rocks. Nonetheless, both “leucite-rich” (i.e., the leucite-phyric LP group) and 

“leucite-poor” (the clinopyroxene/olivine-phyric COP group) lithotypes are referred to 

as “leucitites” in the existing literature, regardless of the modal abundance of feldspar 

(e.g., Harangi et al., 1995; Schmincke, 2007) or leucite (e.g., Humphreys et al., 2010). In 

addition, some systematic differences are observed in the compositions of the principal 

mineral phases, with LP clinopyroxenes being poorer in MgO and TiO2 than COP ones, 

and LP leucite being generally richer in K2O. Therefore, it is evident that the term 

“leucitite” has been used for at least two different groups of rocks that are 

compositionally distinct. In any case, since classification based on modal mineralogy is 

not robust for most volcanic rocks, following the IUGS guidelines, the TAS chemical 

classification plot provides an alternative approach. The use of the TAS diagram 

similarly allows to make some clear distinction between the LP and COP rocks 

(especially in the 40-48 wt.% SiO2 interval) but still seems to be not completely 

sufficient, given the quite large variability of many major and trace element 

concentrations (see section 5.1). 
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In contrast, a distinction between the two “leucitite” rock groups is more readily 

apparent in plots involving K2O/MgO and K2O/TiO2 (Fig. 8). Rocks of the COP group 

define an asymptotic array of slightly increasing K2O/MgO with decreasing CaO, ranging 

from 0.27 to 1.09 and up to 4.57 in the most evolved latite sample from the Bohemian 

Massif (Fig. 8a). Similarly, K2O/TiO2 linearly increases with degree of differentiation 

(using CaO as a proxy) from 1.04 to 3.54. Leucitite rocks of the LP group are 

compositionally more variable and are characterized by higher K2O/MgO and K2O/TiO2 

for a given CaO content (Fig. 8). Exceptions tend to be some samples from NW Iran 

with high LOI values (>4 wt.%) and two literature samples from eastern Pontides that 

plot within the COP array. 

In an attempt to reconcile modal and whole-rock geochemical observations, we have 

applied a CIPW normative calculation to the investigated circum-Mediterranean 

“leucitite” rocks in order to generate a hypothetical modal mineralogy for each sample 

(Fig. 9). The most striking difference between the two leucitite groups is that COP rocks 

are poorer in normative leucite (Lc), reaching at most 25 % (in Serbia rocks from 

Koritnik), with leucite being even completely absent in many samples. Interestingly, the 

Pannonian Basin samples are all rich in normative orthoclase (Or ~33-48 %) and 

completely free of Lc, though relatively MgO-rich (i.e., 7.21-9.31 wt.%). The absence of 

Lc coupled with the presence of some Or in two MgO-rich COP rocks from Serbia (Nova 

Varoš) is likely due to K2O depletion due to significant leucite analcimization (Prelević 

et al., 2004; see section 5). On the other hand, LP leucitites are basically represented by 

Or-free rocks (mostly from central Italy and Turkey) with Lc between 20 and 60 % 

(roughly increasing with increasing differentiation).  Rocks with both Lc and Or (central 

Italy and NW Iran), both widely ranging (~1-2 to ~40 %), and show no clear correlation 

with the degree of differentiation (Figs. 9a, b). The very few LP samples with no Lc are 

generally differentiated to strongly differentiated and/or have high LOI (> 3 wt.%), 

mainly including samples from NW Iran and eastern Pontides (Fig. 9c). 

Additional differences between the two groups of leucitite rocks can be observed if the 

CIPW-normative mineral abundances are used in the forsterite-leucite-diopside 

(pseudo)ternary system of Fig. 10. In this diagram the investigated dataset has been 

filtered excluding rocks with MgO <3 wt.% and LOI >3 wt.%. Literature outliers with 

questionable compositions (e.g., K2O <2 wt.%, CaO >15 wt.%, Fe2O3tot >12 wt.% and 
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Al2O3 <10 wt%) or low sum of oxides (<97 wt.%) were also discarded. Although this 

diagram should not be considered to accurately describe the crystallization history of 

the investigated samples, since it is based on CIPW normative minerals and is only a 

part of a quaternary system including also akermanite melilite (which is only 

sporadically present as an accessory phase), some interesting differences can be 

observed between the recognized leucitite rock groups. The LP rocks from central Italy 

and NW Iran define an array close to the forsterite-leucite cotectic, consistent with 

their abundant modal leucite. On the other hand, COP leucitites fall well within the 

forsterite stability field, defining three main groups: 1) samples falling left side of the 

line connecting the forsterite apex with the ternary eutectic (i.e., samples from Serbia 

and west Eifel); 2) samples falling at the right side of the Fo-E line (i.e., samples from 

west Eifel, Calatrava and Bohemian Massif); 3) samples falling on the forsterite-

diopside Alkemade line (i.e., mostly samples from the Pannonian Basin). Therefore, 

except for the few samples of the first group, in which leucite starts to crystallize just 

after forsterite, the majority of COP rocks are expected to experience only minor 

leucite crystallization following forsterite and forsterite + diopside or even no leucite 

crystallization at all. 

 

 

Fig. 8: a) K2O/MgO and b) K2O/TiO2 vs. CaO diagrams for the Cenozoic circum-Mediterranean 

“leucitite” rocks. Data sources as in Fig. 2. 
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Fig. 9: CIPW-normative a) Lc, b) Lc/(Lc+Or) and c) Or vs. MgO diagrams for the Cenozoic circum-

Mediterranean “leucitite” rocks. Data sources as in Fig. 2. 
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Fig. 10: Forsterite-leucite-diopside (pseudo)ternary system at P = 1 atm (after Gupta, 1972) for 

selected less evolved (i.e., MgO >5 wt.%) Cenozoic circum-Mediterranean “leucitite” rocks. Data 

sources as in Fig. 3. See text for full details. Data sources as in Fig. 2. 

 

 

6.2 Geodynamic framework and mantle source features 

LP rocks rich in leucite all occur in “orogenic” subduction-related settings or in areas 

that have experienced subduction-related metasomatism in their geological past. We 

remark, therefore, that the “orogenic” and “anorogenic” concepts are not geological 

settings but, rather, geochemical signatures. Here mantle sources exhibit a strong 

crustal signature in terms of both incompatible element contents (i.e., GloSS-like) and 

radiogenic isotope ratios (i.e., EM-II-like compositions, particularly relevant for LP rock 

group; see sections 5.2 and 5.3), pointing to lithospheric depths of melting. Conversely, 

COP rocks belong to both “anorogenic” subduction-unrelated settings. In this case, COP 

rock mantle sources have geochemical and isotopic fingerprints that could be 

potentially related to asthenospheric sources (i.e., the St. Helena- and HiMu-OIB-like 

west Eifel and, less clearly, Bohemian Massif rocks). The inference of “orogenic” 

settings in COP rocks could be related to variable contributions of asthenosphere- and 
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lithosphere-derived components (i.e., the “mixed” patterns displayed by the Koritinik 

and Nova Varoš samples from Serbia and by the Pannonian Basin rocks). 

The above differences in terms of mantle source components are evident also from the 

incompatible element ratios diagrams of Figs. 11 and 12. In the Th/Yb vs. Ta/Yb 

diagram, the LP rocks define a near-vertical array in which Th/Yb ranges from ~3 to ~39 

and Ta/Yb from ~0.2 to ~1.1. In contrast, COP rocks have higher Ta/Yb (2.2-4.5) and 

variable Th/Yb (e.g., 4.2-5.7 for west Eifel, up to ~29 for Calatrava; Fig. 11a). Given the 

higher mobility of Th in aqueous fluids (such as those producing mantle metasomatism) 

compared to Ta (e.g., Johnson and Plank, 1999), the Th/Yb ratio can be considered as a 

proxy for the involvement of a metasomatic (lithospheric) component. The Ta/Yb ratio 

can be instead taken as a proxy for the (immobile elements-richer) asthenospheric 

source, significantly more present in the COP rocks. The lower Ta/Yb in LP than in COP 

rocks could also be related to the possible presence of a MARID-like (Mica-Amphibole-

Rutile-Ilmenite-Diopside) source, where residual rutile could prevent Nb and Ta 

(substituting for Ti) going into the melt phase. Whereas the relatively high Th/Yb of the 

Bohemian Massif sample is likely related to its relatively evolved character, the high 

Th/Yb displayed by the Mg-rich samples from the Pannonian Basin and Calatrava is 

ascribed to involvement of a lithospheric component. 

Similar conclusions can be drawn from the Th/Ta vs. Zr/Nb diagram. Th/Ta is again 

indicative of a metasomatic component, whereas Zr/Nb is not influenced by 

metasomatic processes. Instead, it is related to variations in source compositions, 

source depletion and/or degree of partial melting processes. High Th/Ta (from 8.5 up 

to ~65 in central Italy rocks) is generally coupled with variable Zr/Nb (~7-21) in LP 

leucitites. The COP rocks point instead to a source with generally lower values for both 

ratios (Th/Ta = 1.0-3.3, Zr/Nb = 1.8-3.4), except for samples from Calatrava (Th/Ta ~12, 

Zr/Nb ~6) and the Pannonian Basin (Th/Ta = 4.6, Zr/Nb = 9.5), which are thought to 

include a significant metasomatic component in their mantle sources. 

The LP leucitites have Nb/U (1.1-7.1; average = 5.0) and Ce/Pb ratios (1.7-6.1; average = 

3.4) similar to average upper crustal rocks; 4.4 and 3.7, respectively; Rudnick and Gao, 

2014), remarkably below the values of oceanic basalts (N-MORB and HiMu-OIB; Fig. 

12). The COP rocks span a much larger range of Nb/U (6.7-41.0; average = 25.7) and 

Ce/Pb (6.2-31.7; average = 18.8), especially those from west Eifel, well distinguishable 
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from LP rocks. Notwithstanding the relatively limited number of data, the plots of Fig. 

12 could be interpreted as the presence of veined mantle sources with two end-

members such as a Sr-radiogenic, Nd-unradiogenic source with low Nb/U and Ce/Pb 

(pointing to central Italy rocks) and a Sr-unradiogenic, Nd-radiogenic source with high 

Nb/U and Ce/Pb (pointing to west Eifel rocks). As for the first component, it should be 

observed that a similar geochemical signature could be achieved also through magma-

crust interaction. However, the presence of near-primitive Mg-rich samples (MgO 

mostly 5.0-8.2 wt.%) and the absence of correlation between 
87

Sr/
86

Sr and MgO (see 

section 5.4), allow us to assume that these features likely reflect the peculiar source 

signature, pointing to a mantle source component metasomatized by sediments. The 

second component (that pointing towards higher Nb/U and Ce/Pb, lower 
87

Sr/
86

Sr and 

higher 
143

Nd/
144

Nd) could reflect the involvement of mantle sources with MORB/HiMU-

OIB-like Nb/U, Ce/Pb to be identified in asthenospheric mantle sources or lithospheric 

mantle avoiding significant recycled crustal lithologies. In the case of Serbian rocks, a 

binary mixing between such components is not the only possibility, as the Mg-poor LP 

rocks (from Devaje, MgO <4 wt.%) could also result from the contamination by crustal 

material of the Mg-rich COP rocks (Koritnik and Nova Varoš, MgO >11.5 wt.%). 

However, considering the notably complex geological framework of the Serbian 

Province (e.g., Cvetković et al., 2004; Prelević et al., 2005; see section 3.2.2), it cannot 

be excluded that the presence of both LP and COP leucitites is related to melting of 

different “mixed” mantle sources, in which lithospheric and asthenospheric 

components are alternatively dominant. 

Following the classical “veined mantle” model from Foley (1992), the genesis of 

ultrapotassic magmas requires low degrees of partial melting of a metasomatically 

modified depleted peridotite source that interacted with a K-rich hydrous silicate melt, 

which produced a network of phlogopite-rich veins and pods (Fӧrster et al., 2017, 

2018). Low melting degrees, indeed, result in a high vein/peridotite contribution to the 

melt, producing the peculiar enrichment in K2O of such rocks. As partial melting 

proceeds, the contribution of the K-rich vein assemblage is progressively diluted, which 

might eventually lead even to the genesis of shoshonitic and high-K calcalkaline 

magmas (e.g., Conticelli et al., 2007, 2015; Avanzinelli et al., 2009). However, this 

model is difficult to reconcile with the asthenospheric signature of the COP rocks, as 
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this would further dilute the contribution of the K-rich component, thus making very 

unlikely that the primitive melts are actually ultrapotassic and able to crystallize 

abundant leucite crystals, as confirmed by the petrochemical characteristics of the 

rocks of this group. Alternatively, the LP rocks could be generated by partial melting of 

a depleted mantle source significantly metasomatized by K-rich fluids. Since the 

peridotite matrix is already depleted it does not contribute much to any melt 

produced. In contrast, the COP rocks could be essentially small degree partial melts of 

a less enriched (less metasomatized) source so the compositional signal is closer to 

normal mantle in terms of trace elements and isotopes (and even major elements). As 

small degree melts, they are enriched in incompatible elements (e.g., K) regardless, but 

geochemical signatures from any metasomatism are modified by a contribution from 

the (partially fertile) mantle peridotite with which the metasomatic element (veins, 

interstitial phases, etc) is associated. This could help explain a number of the observed 

differences between COP and LP rock groups (e.g., more primitive COP on average, lack 

of or weak HFSE negative anomalies, less radiogenic Sr, more radiogenic Nd, 

transitional to potassic rather than ultrapotassic, higher Ti, Cr and Ni). 

 

Fig. 11: a) Th/Yb vs. Ta/Yb and b) Th/Ta vs. Zr/Nb for the Cenozoic circum-Mediterranean 

“leucitite” rocks. Data sources as in Fig. 2. Primitive mantle composition (PM, grey hexagon) 

after Lyubetskaya and Korenaga (2007).  
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Fig. 12: a) Nb/U vs. 
87

Sr/
86

Sr, b) Nb/U vs. 
143

Nd/
144

Nd, c) Ce/Pb vs. 
87

Sr/
86

Sr and d) Ce/Pb vs. 
143

Nd/
144

Nd for the Cenozoic circum-Mediterranean “leucitite” rocks. Symbols and data sources 

as in Fig. 2. Average values for N-MORB (black line; Gale et al., 2013), HiMu-OIB (dashed grey 

line; Kawabata et al., 2011) and the upper crust (grey line; Rudnick and Gao, 2014) are reported 

for comparison.  

 

 

6.3 Mixing model between two mantle sources 

Any consideration on the origin of the circum-Mediterranean "leucitites" is based on 

the assumption that these rocks are the geochemical messengers of their mantle 

sources. This is quite rarely verified, because post-melting processes can modify the 

original compositions of mantle partial melts. An example is represented by the melilite 

leucitites of the Afyon area. These are considered the result of strong clinopyroxene 

fractionation, responsible for the relatively low content of SiO2 (down to 43 wt%) and 

MgO (<4 wt%). A successive process of accumulation of leucite crystals in a sort of 

foam magma in shallow depth magma sources would lead to the final composition of 

the Afyon melilite leucitites (Prelević et al., 2015). Considering these post-melting 
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processes, any inference raised using the geochemical message (e.g., major oxide and 

trace element composition) concerning the composition of the mantle sources can 

potentially reduce the scientific validity of the conclusions. 

Bearing this in mind, the investigated rock samples have been plotted in the Rb vs. 

TiO2/K2O and Rb/Nb vs. TiO2/K2O diagrams of Fig. 13 along with two hypothetical 

mantle melts as potential end-members In order to shed further light on the mantle 

source components involved in the genesis of circum-Mediterranean “leucitites”. Melt 

1 is generated starting from a depleted mantle source with 798 ppm Ti, 300 ppm K, 1 

ppm Rb and 1 ppm Nb, with a ol:opx:cpx:sp modal ratio = 57:28:13:2 and an 

ol:opx:cpx:sp ratio of the phases entering the melt = -6:28:67:11 (Kinzler and Grove, 

1992). Melt 2 is generated after 2.5% partial melting of an enriched mantle source with 

3,000 ppm Ti (0.50 wt.% TiO2), 30,000 ppm K (3.61 wt.% K2O), 300 ppm Rb and 0.1 ppm 

Nb, assuming a ol:opx:cpx:phl:sp modal ratio = 50:12:20:10:8 and an ol:opx:cpx:phl:sp 

ratio entering the melt = -5:15:40:30:20. Crystal/melt partition coefficient values were 

taken from Gorring and Kay (2001) and Sisson et al. (2009). The mixing lines connecting 

the two melt end-members define hyperbolic trends that are quite nicely followed by 

curves that overlap the circum-Mediterranean “leucitites” data, allowing to 

hypothesize that their composition could be the result of variable interaction of such 

two main types of mantle liquids. However, it should be observed that Melt 1 has high 

TiO2/K2O, but has very low TiO2 (0.63 wt.%) and K2O (0.1 wt.%), while Melt 2 has low 

TiO2/K2O, but very high TiO2 (1.77 wt.%) and K2O (9.80 wt.%). Therefore, according to 

this model, the higher the K2O, the higher the TiO2, which is exactly the opposite of 

what is observed in COP (high in TiO2 and low in K2O) and LP (low in TiO2 but high in 

K2O) “leucitite” rocks. Therefore, despite this dispersion could have some reasonable 

geochemical meaning, the presented model is at odd with the geochemical evidence. 
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Fig. 13: a) Rb vs. TiO2/K2O and b) Rb/Nb vs. TiO2/K2O diagrams showing the binary mixing lines 

connecting two hypothetical mantle melts (“Melt 1” and “Melt 2”) along which the Cenozoic 

circum-Mediterranean “leucitite” rocks plot. Melt 1 represents a liquid generated by the partial 

melting of a depleted source and is characterized by low Rb, low Rb/Nb and high TiO2/K2O. Melt 

2 represents the product of the partial melting of a phlogopite-rich source and is characterized 

by high Rb, high Rb/Nb and low TiO2/K2O. See text for full details. Data sources as in Fig. 2. 

 

 

7. Conclusions 

The present review of the known occurrences of Cenozoic “leucitite” rocks from the 

circum-Mediterranean realm has led to the following observations: 

1. “Leucitite” rocks were emplaced in various continental settings both in the 

hinterland and in the foreland of active orogenic systems, ranging in age from Early 
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Oligocene (~31 Ma; Bohemian Massif) to Late Pleistocene (~0.1 Ma; west Eifel), with no 

age clusters; 

2. “Leucitite” rocks are generally volumetrically subordinate with respect to the 

associated products, which include a wide variety of rock compositions such as leucite-

bearing basanites/tephrites, Na-alkaline basalts/basanites, nephelinites, ankaratrites, 

melilitites, melilite- and sodalite-bearing lavas, as well as rocks belonging to 

calcalkaline, high-K calcalkaline, shoshonitic, kamafugitic and lamproitic series; 

3. Based on petrographic and mineral chemical considerations, two groups of 

“leucitite” rocks have been recognized: the LP group, which is richer in normative 

leucite and leucite-phyric (including rocks from Turkey, NW Iran, central Italy and 

Serbia) and the COP group, which has little to no normative leucite and is 

clinopyroxene-olivine-phyric (west Eifel, Pannonian Basin, Calatrava, Bohemian Massif 

and Serbia); 

4. The LP leucitites fall mainly in the phonolitic tephrite and foidite fields on a TAS 

diagram, and mostly belong to an ultrapotassic rock series (K2O/Na2O >2), while COP 

leucitites fall mainly in the tephrite/basanite TAS field (plus fewer foidite) and include 

rocks that are not strictly ultrapotassic (i.e., from Calatrava, west Eifel and the 

Bohemian Massif); 

5. The LP leucitites have generally higher Al2O3, K2O, Rb, Pb and CIPW-normative 

leucite, and lower TiO2, MgO, Ni, Cr and Nb with respect to COP ones; 

6. Primitive mantle-normalized diagrams, Sr-Nd-Pb isotope ratios and incompatible 

element ratios such as Th/Yb, Ta/Yb, Th/Ta, Zr/Nb, Nb/U and Ce/Pb all suggest that LP 

leucitites derive from mantle sources dominated by lithospheric metasomatized 

components, whereas COP leucitites bear a strong evidence for HiMu-OIB-like 

asthenospheric source components. 

Based on such evidence, it appears that the “leucitite” rock name cannot be used for 

such different rock types. It is consequently proposed that only rocks belonging to the 

LP group be considered to represent the “true” leucitite lithotype. This suggests that 

true leucitites are unlikely to occur in “anorogenic” intraplate settings where mantle 

sources are mainly asthenospheric. This brings further evidence to the growing 

awareness of the numerous pitfalls in the existing classification criteria for K-rich rocks, 

as for the recently revised case of “lamproite” rocks (Lustrino, 2016a). This not only 
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means that many of the previously-classified “leucitites” should no more be considered 

so, but possibly also that some “leucite-bearing” rocks (as those often associated to the 

investigated “leucitites”) should be actually considered as true “leucitites”. 
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Supplementary Figures (S2a, S2b): 

 

Fig. S2a: Representative photomicrographs for the investigated Cenozoic circum-

Mediterranean “leucitite” rocks. a) west Eifel, sample MME (plane polarized light view, PPL) 

showing clinopyroxene phenocrysts set within a microcrystalline groundmass dominated by 

microlites of feldspars and clinopyroxene; b) Calatrava, sample MSL3 (crossed polarizers 

view, XPL) showing abundant olivine macrocrysts set within a fine-grained microscrystalline 

groundmass; c) Bohemian Massif, sample HAMM (XPL) showing subhedral greenish 

clinopyroxenes (left side) in a criptocrystalline leucite-bearing groundmass; d) Pannonian 

Basin, sample BAR1 (XPL) showing microphenocrysts of iddingsitized euhedral olivine (upper 

left), euhedral clinopyroxenes (central lower and upper left) and subhedral to anhedral 

feldspar laths. 
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Fig. S2b: Representative photomicrographs for the investigated Cenozoic circum-

Mediterranean “leucitite” rocks. a) Serbia, Devaje, sample M45 (plane polarized light view, 

PPL) showing phenocrysts of clinopyroxene and leucite (lower right); b) Turkey, Afyon, 

sample 06AF03 (PPL) showing abundant microphenocrysts of leucite set within a 

microcrystalline groundmass; c) Eslamieh Peninsula, sample IR14/IR15 (crossed polarizers 

light view, XPL) showing anacimized euhedral leucite microphenocryst and greenish 

clinopyroxene microphenocrysts; d) Eslamieh Peninsula, sample 2306-2 (PPL) showing to 

large phenocrysts of leucite within a microcrystalline groundmass consisting mainly of 

feldspars and clinopyroxene; e) Central Italy, Alban Hills, sample MFL3 (PPL) showing a 

clinopyroxene phenocryst and numerous microphenocrysts of leucite set within a glassy 

groundmass; f) Central Italy, Vulsini Mts., sample VD1 (XPL) showing two euhedral large 

leucite phenocrysts (phenocryst size >0.5 cm) in a clinopyroxene-rich, plagioclase-bearing 

microcrystalline groundmass. 

 



Table 1. Major- (in wt%) and trace elements (in ppm), LOI (loss on ignition, in wt%) and Sr-Nd-Pb measured isotopic ratios for the investigated Cenozoic circum-Mediterranean “leucitite” rocks. Mg#=molar Mg/(Fe2++Mg + Mn); bdl=below detection limits;

COP = clinopyroxene/olivine-phyric; LP= leucite-phyric. (1) = analyses from Prelević et al. (2005).

 Table 1 A

Locality Sample Label Type Age SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 L.O.I. Total

Germany (W Eifel - Steffeln) MME2 COP < 1 Ma 39.32 2.65 11.28 11.72 0.23 10.24 16.79 4.32 3.03 1.21 0.11 100.9

Germany (W Eifel - Basberg) MME3 COP < 1 Ma 39.75 2.71 11.20 11.33 0.19 10.23 15.46 1.92 2.12 0.79 2.73 98.4

Germany (W Eifel - Bolsdorf) MME4 COP < 1 Ma 39.42 2.64 11.06 11.78 0.23 10.24 17.23 4.13 2.76 1.19 0.10 100.8

Germany (W Eifel - Cave) MME6 COP < 1 Ma 42.51 2.98 12.34 11.32 0.20 9.88 13.29 2.32 3.93 0.59 1.50 100.9

Germany (W Eifel - Cave) MME7 COP < 1 Ma 41.03 2.92 11.07 12.04 0.21 10.03 15.99 3.05 3.62 0.88 0.14 101.0

Germany (W Eifel - Drees) MME9 COP < 1 Ma 42.01 2.50 14.31 10.06 0.21 8.62 12.96 4.00 4.28 0.85 0.68 100.5

Germany (W Eifel - Mayen) MME10 COP < 1 Ma 49.46 2.13 16.03 8.72 0.18 5.29 9.08 4.39 3.93 0.44 0.23 99.9

Germany (W Eifel - Kottenheim) MME11 COP < 1 Ma 44.59 2.22 16.11 10.17 0.23 5.82 10.48 4.07 2.23 0.72 4.21 100.9

Germany (Hammerrunterwiesenthal) HAMM COP 31 Ma 52.45 1.48 17.47 5.90 0.22 1.15 3.21 4.70 5.25 0.45 6.45 98.7

Spain (Calatrava - Morro el Mayor) MSL3 COP 7.6 Ma 43.44 1.92 8.10 10.09 0.15 19.06 9.41 2.09 3.37 0.94 -0.04 98.5

Spain (Calatrava - Morro el Mayor) MSL4 COP 7.6 Ma 44.72 2.33 10.83 9.54 0.15 11.47 11.48 2.21 4.17 1.14 1.19 99.2

Spain (Calatrava - Morro el Mayor) MSL5 COP 7.6 Ma 43.19 1.95 8.30 9.96 0.15 18.16 9.80 2.08 3.45 0.95 0.08 98.1

Hungary (Bàr) BAR1 COP 2.5-2.0 Ma 50.12 2.43 13.37 8.31 0.12 7.15 7.12 2.99 6.58 1.02 0.78 100.0

Italy (Ernici Mts. - Celleta) MFL1 LP < 1 Ma 46.58 0.86 16.64 8.09 0.15 5.63 11.98 1.99 7.48 0.47 0.81 100.7

Italy (Ernici Mts. - Pofi) MFL2 LP < 1 Ma 47.94 0.82 16.36 7.92 0.14 6.36 11.39 1.97 6.40 0.37 0.52 100.2

Italy (Albani Hills - Capo di Bove Lava flow, Laurentina) MFL3 LP < 1 Ma 43.59 0.89 16.08 10.07 0.20 5.21 9.91 2.51 9.01 0.75 2.27 100.5

Italy (Vulsini Mts. - Vico) VD1 LP < 1 Ma 55.89 0.70 19.82 5.61 0.11 1.45 4.12 2.79 8.71 0.35 0.47 100.0

Serbia (devaje) Vi-1
(1)

LP 22 Ma 51.60 0.64 15.78 7.80 0.10 2.06 8.06 3.82 6.48 0.20 3.27 99.8

Serbia (devaje) Dev
(1)

LP 22 Ma 48.60 1.37 13.28 9.25 0.20 3.55 8.55 1.09 8.79 0.73 2.97 98.4

Turkey (Afyon) 06AF03 LP 11 Ma 44.16 1.23 15.88 6.78 0.14 2.45 9.52 2.29 9.89 0.46 4.30 97.1

Iran (Eslamieh Peninsula, Urumieh Lake) IR14 LP 12 Ma 47.96 1.14 12.48 8.75 0.16 6.85 11.84 3.47 2.08 1.23 4.30 100.3

Iran (Eslamieh Peninsula, Urumieh Lake) IR15 LP 13 Ma 48.68 1.16 13.25 8.98 0.16 5.91 10.22 3.37 3.58 1.34 4.21 100.9

Iran (Ahar) 2306-2 LP Quaternary 54.91 0.43 21.37 3.00 0.16 0.72 4.63 4.03 6.83 0.10 3.98 100.2

 Table 1 B

Locality 
87

Sr/
86

Sr ±  εSr
143

Nd/
144

Nd ±  εNd
206

Pb/
204

Pb ±
207

Pb/
204

Pb ±
208

Pb/
204

Pb ±
207

Pb/
206

Pb
208

Pb/
206

Pb Δ7/4 Δ8/4

Germany (W Eifel - Steffeln) 0.704355 0.000010 -1.3 0.512700 0.000010 1.2 19.5397 0.0014 15.6627 0.0011 39.6796 0.0029 0.80 2.03 5.36 42.91

Germany (W Eifel - Basberg)

Germany (W Eifel - Bolsdorf)

Germany (W Eifel - Cave)

Germany (W Eifel - Cave)

Germany (W Eifel - Drees)

Germany (W Eifel - Mayen) 0.705263 0.000008 11.5 0.512604 0.000009 -0.7 19.1900 0.0007 15.6800 0.0006 39.3400 0.0015 0.82 2.05 10.64 50.55

Germany (W Eifel - Kottenheim) 0.704709 0.000007 3.7 0.512664 0.000007 0.5 19.0500 0.0006 15.6500 0.0005 39.1800 0.0013 0.82 2.06 9.65 52.46

Germany (Hammerrunterwiesenthal) 0.704091 0.000009 -5.1 0.512770 0.000006 2.5 20.1300 0.0009 15.6600 0.0007 39.7100 0.0019 0.78 1.97 -1.32 -25.65

Spain (Calatrava - Morro el Mayor) 0.706474 0.000006 28.7 0.512832 0.000010 3.7 18.8609 0.0012 15.6649 0.0010 39.0553 0.0026 0.83 2.07 12.94 62.55

Spain (Calatrava - Morro el Mayor)

Spain (Calatrava - Morro el Mayor)

Hungary (Bàr) 0.705097 0.000009 9.2 0.512543 0.000006 -1.9 18.6897 0.0030 15.5284 0.0038 38.3326 0.0124 0.83 2.05 1.14 10.98

Italy (Ernici Mts. - Celleta) 0.710486 0.000012 85.7 0.512101 0.000006 -10.5 18.7499 0.0007 15.6759 0.0006 38.9859 0.0014 0.84 2.08 15.24 69.03

Italy (Ernici Mts. - Pofi)

Italy (Albani Hills - Capo di Bove Lava flow, Laurentina) 0.709797 0.000006 75.9 0.512093 0.000021 -10.7 18.8004 0.0014 15.6773 0.0012 39.0020 0.0031 0.83 2.07 14.83 64.53

Italy (Vulsini Mts. - Vico)

Serbia (devaje) 0.708315 0.000006 54.9 0.512422 0.000006 -4.3 18.7800 0.0019 15.6900 0.0009 39.0200 0.0025 0.84 2.08 16.09 68.34

Serbia (devaje) 0.708411 0.000005 56.2 0.512393 0.000005 -4.8 18.7600 0.0022 15.6700 0.0007 38.9700 0.0031 0.84 2.08 14.98 66.20

Turkey (Afyon) 0.708240 0.000009 53.8 0.512452 0.000006 -3.7 18.8400 0.0012 15.7000 0.0005 38.8800 0.0019 0.83 2.06 16.67 47.54

Iran (Eslamieh Peninsula, Urumieh Lake)

Iran (Eslamieh Peninsula, Urumieh Lake) 0.707336 0.000006 41.0 0.512470 0.000005 -3.3 19.1099 0.0005 15.6942 0.0004 39.2856 0.0010 0.82 2.06 13.17 55.47

Iran (Ahar) 0.704620 0.000011 2.4 0.512597 0.000022 -0.8 18.6469 0.0004 15.6044 0.0004 38.7878 0.0012 0.84 2.08 9.21 61.67
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Table 1. (continued)

 Table 1 C

Locality Sample Label Type Age Rb Sr Ba Cs Sc V Cr Co Ni Cu Zn Y Zr Nb Hf Ta La

Germany (W Eifel - Steffeln) MME2 COP < 1 Ma 63 1580 1134 0.8 34 417 270 42 100 100 100 29 331 146 7.2 9.9 120.0

Germany (W Eifel - Basberg) MME3 COP < 1 Ma 98 776 921 0.9 35 437 300 47 120 140 80 20 226 98 5.5 6.9 70.4

Germany (W Eifel - Bolsdorf) MME4 COP < 1 Ma 61 1513 1109 0.7 34 419 270 43 110 90 100 28 324 143 6.9 9.9 118.0

Germany (W Eifel - Cave) MME6 COP < 1 Ma 126 648 1158 1.2 37 460 300 49 120 150 80 19 218 87 5.2 6.4 58.9

Germany (W Eifel - Cave) MME7 COP < 1 Ma 90 1119 1262 0.8 36 467 270 47 100 150 90 21 269 110 6.7 7.2 87.7

Germany (W Eifel - Drees) MME9 COP < 1 Ma 98 1507 1317 1.2 28 334 200 39 90 60 90 27 294 164 6.6 9.9 127.0

Germany (W Eifel - Mayen) MME10 COP < 1 Ma 115 1046 1263 1.7 23 266 80 30 50 30 90 23 306 89 6.5 5.5 75.3

Germany (W Eifel - Kottenheim) MME11 COP < 1 Ma 96 1951 1151 1.7 15 360 100 31 50 30 100 29 264 172 5.4 9.6 138.0

Germany (Hammerrunterwiesenthal) HAMM COP 31 Ma 237 2862 2758 12.0 2 152 7 10 190 34 1013 371 15 13 201.0 297.0 26.8

Spain (Calatrava - Morro el Mayor) MSL3 COP 7.6 Ma 227 959 1002 12.1 21 181 640 67 650 50 90 19 338 60 7.9 3.4 69.2

Spain (Calatrava - Morro el Mayor) MSL4 COP 7.6 Ma 265 1076 1306 16.1 27 234 680 45 190 60 90 24 409 68 9.9 4.2 80.8

Spain (Calatrava - Morro el Mayor) MSL5 COP 7.6 Ma 229 958 991 12.6 22 188 640 63 600 50 90 20 347 59 8.6 3.6 69.4

Hungary (Bàr) BAR1 COP 2.5-2.0 Ma 175 1219 2212 3.4 185 270 32 130 20 90 18 599 63 14 4.2 83.3 165.0

Italy (Ernici Mts. - Celleta) MFL1 LP < 1 Ma 378 1996 1598 35.0 21 263 100 27 50 80 60 31 261 13 6.2 0.6 102.0

Italy (Ernici Mts. - Pofi) MFL2 LP < 1 Ma 341 1545 802 25.1 27 254 190 28 60 80 60 29 244 12 6.0 0.6 80.9

Italy (Albani Hills - Capo di Bove Lava flow, Laurentina) MFL3 LP < 1 Ma 305 1731 2743 21.7 11 350 31 20 150 100 45 515 39 11 2.1 205.0 376.0

Italy (Vulsini Mts. - Vico) VD1 LP < 1 Ma 499 1420 1739 51.8 4 88 10 80 30 489 31 10 2 155 295.0 29.4 99.9

Serbia (devaje) Vi-1
(1)

LP 22 Ma 643 1799 2132 25.1 60 48 3 12 80 51 671 34 17 101 220.5 26.8 109.1

Serbia (devaje) Dev
(1)

LP 22 Ma 443 1783 3302 21.9 247 108 30 33 78 107 39 642 33 16 101.3 237.7 29.2

Turkey (Afyon) 06AF03 LP 11 Ma 493 2774 7363 12.1 5 210 15 20 90 100 29 728 44 16 2.5 144.0 268.0

Iran (Eslamieh Peninsula, Urumieh Lake) IR14 LP 12 Ma 38 1223 3582 9.2 33 248 150 31 40 120 80 30 257 24 6.1 1.2 66.6

Iran (Eslamieh Peninsula, Urumieh Lake) IR15 LP 13 Ma 203 1450 3843 10.3 27 257 60 29 30 120 90 35 289 32 6.7 1.6 80.7

Iran (Ahar) 2306-2 LP Quaternary 125 3028 1880 8.7 136 30 4 40 100 20 135 17 3 1 45.5 77.4 7.8

Locality Sample Label Type Age Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Pb Th U Ga

Germany (W Eifel - Steffeln) MME2 COP < 1 Ma 222.0 25.7 98.0 15.9 4.1 10.2 1.3 6.6 1.1 2.8 0.4 2.4 0.4 7.0 13.7 3.9 21

Germany (W Eifel - Basberg) MME3 COP < 1 Ma 138.0 16.5 63.1 10.6 2.8 7.1 0.9 4.7 0.8 2.1 0.3 1.7 0.3 6.0 7.6 2.0 19

Germany (W Eifel - Bolsdorf) MME4 COP < 1 Ma 216.0 24.9 96.3 15.5 4.0 10.4 1.3 6.5 1.0 2.7 0.4 2.2 0.4 8.0 13.5 3.6 21

Germany (W Eifel - Cave) MME6 COP < 1 Ma 115.0 13.9 55.7 9.7 2.5 6.4 0.9 4.3 0.7 1.8 0.3 1.6 0.3 6.0 6.3 1.8 20

Germany (W Eifel - Cave) MME7 COP < 1 Ma 170.0 20.0 76.5 12.3 3.1 8.0 1.0 5.1 0.8 2.2 0.3 1.8 0.3 10.0 9.1 2.5 19

Germany (W Eifel - Drees) MME9 COP < 1 Ma 213.0 23.2 83.0 12.8 3.3 8.9 1.2 6.0 1.0 2.8 0.4 2.4 0.4 10.0 15.1 4.3 22

Germany (W Eifel - Mayen) MME10 COP < 1 Ma 130.0 14.4 53.4 9.0 2.3 6.7 1.0 5.1 0.9 2.6 0.4 2.5 0.4 10.0 10.4 2.9 23

Germany (W Eifel - Kottenheim) MME11 COP < 1 Ma 228.0 24.4 84.7 12.8 3.3 8.9 1.2 6.2 1.1 3.1 0.4 2.7 0.4 11.0 14.2 4.2 23

Germany (Hammerrunterwiesenthal) HAMM COP 31 Ma 79.7 11.0 3.0 7.1 1.1 6.0 1.2 3.5 0.5 3.4 0.5 27.0 43.4 20.3 32.0

Spain (Calatrava - Morro el Mayor) MSL3 COP 7.6 Ma 156.0 18.9 81.0 15.1 3.2 8.0 0.9 4.2 0.7 1.7 0.2 1.4 0.2 25.0 40.7 9.0 14

Spain (Calatrava - Morro el Mayor) MSL4 COP 7.6 Ma 184.0 22.4 97.8 18.4 3.8 10.0 1.1 5.2 0.9 2.3 0.3 1.8 0.3 34.0 51.2 11.4 18

Spain (Calatrava - Morro el Mayor) MSL5 COP 7.6 Ma 157.0 19.1 82.7 15.2 3.2 8.3 0.9 4.2 0.7 1.8 0.2 1.4 0.2 26.0 41.3 8.8 14

Hungary (Bàr) BAR1 COP 2.5-2.0 Ma 16.8 61.5 9.6 2.5 6.8 0.8 3.7 0.6 1.6 0.2 1.2 0.2 17.0 19.2 4.4 21.0

Italy (Ernici Mts. - Celleta) MFL1 LP < 1 Ma 198.0 24.0 93.8 17.9 3.3 12.0 1.4 7.1 1.1 2.9 0.4 2.5 0.4 69.0 38.1 10.3 20

Italy (Ernici Mts. - Pofi) MFL2 LP < 1 Ma 164.0 20.0 79.8 15.4 2.9 10.2 1.3 6.6 1.1 2.8 0.4 2.4 0.4 40.0 27.4 6.8 17

Italy (Albani Hills - Capo di Bove Lava flow, Laurentina) MFL3 LP < 1 Ma 43.6 164.0 28.6 5.2 18.2 2.2 10.2 1.6 3.9 0.5 3.1 0.5 158.0 95.7 26.3 23.0

Italy (Vulsini Mts. - Vico) VD1 LP < 1 Ma 15.7 2.9 9.6 1.1 5.6 1.0 2.7 0.4 2.5 0.4 126.0 98.6 23.1 19.0

Serbia (devaje) Vi-1
(1)

LP 22 Ma 22.0 4.9 15.5 2.0 9.7 1.8 4.3 0.6 3.8 0.6 48.0 64.5 9.7

Serbia (devaje) Dev
(1)

LP 22 Ma 121.4 23.9 5.2 15.6 2.0 9.2 1.6 3.8 0.5 3.1 0.5 52.0 64.2 5.9 26.0

Turkey (Afyon) 06AF03 LP 11 Ma 26.9 97.7 16.4 4.1 10.3 1.2 5.7 1.0 2.7 0.4 2.4 0.4 146.0 60.2 20.8 22.0

Iran (Eslamieh Peninsula, Urumieh Lake) IR14 LP 12 Ma 128.0 15.3 59.5 11.6 2.7 8.7 1.2 6.1 1.0 2.6 0.4 2.2 0.3 39.0 19.4 2.5 16

Iran (Eslamieh Peninsula, Urumieh Lake) IR15 LP 13 Ma 155.0 17.8 69.0 13.0 3.1 9.7 1.4 6.8 1.2 3.1 0.4 2.6 0.4 45.0 22.2 4.5 17

Iran (Ahar) 2306-2 LP Quaternary 28.2 5.3 1.6 4.4 0.6 3.7 0.7 2.0 0.3 2.0 0.3 37.0 13.9 3.2 19.0

238



239 

 

RINGRAZIAMENTI 
 

Portare a termine questo dottorato è stata probabilmente una delle cose più difficili 
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al contorno che ho vissuto. Sono successe tante cose negli ultimi anni, specialmente in 
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facilmente che studiare il mantello terrestre sarebbe stata per me la cosa più bella di 

tutte e che forse, piano piano, si stava delineando la mia strada. Questo dottorato non 

è stato semplice. Perché non è stato semplice per me mettermi alla prova in questo 

modo, confrontandomi di continuo con te e col mondo della ricerca. Ci siamo scontrati 

spesso e tanti sono i fattori che hanno influito su alcuni errori che sono stati commessi 
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dell’ETH di Zurigo, il quale mi ha permesso di svolgere esperimenti di alta pressione in 
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passaggio di questo viaggio inaspettato che è la petrologia sperimentale, branca della 
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vorrebbero avere e non smetterò mai di ammirare la tua forza, il tuo coraggio, la tua 
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“An investigator starts research in a new field with faith, a foggy idea, 

and a few wild experiments. Eventually the interplay of negative and 

positive results guides the work. By the time the research is completed, he 

or she knows how it should have been started and conducted.” 

 

– Donald Cram – 

 


