
1.  Introduction
By many measures, Italian Tertiary volcanic associations represent one of the most complex magmatism in the 
world. It reflects the response of the upper mantle to the convoluted, generally orogenic geodynamic evolution 
of this area (Peccerillo, 2005), which resulted in a considerable number of volcanic occurrences that fit text-
book models neither for within-plate nor for arc environments. Most of the Oligocene to Quaternary volcanic 
associations, including arc-derived shoshonites and calc-alkaline suites, are generally characterized by univer-
sal enrichment of potassium coupled with invariably high incompatible trace element contents and isotopic 
composition approaching crustal values both in terms of concentration levels and fractionation (Conticelli, 
Guarnieri, et al., 2009). In more detail, two compositionally different ultrapotassic volcanic series are recognized: 
Si-undersaturated leucite-bearing with kamafugites as the most primitive lavas, and Si-saturated leucite-free 
(shoshonitic and high-K calk-alkaline) series including lamproites (Conticelli et  al.,  2010,  2015; Foley 
et al., 1987; Peccerillo, 2017). Importantly, the concurrent occurrence of the lavas from different series, even 
at single eruption centers (e.g., Boari, Tommasini, et al., 2009; Conticelli, Marchionni, et al., 2009; Conticelli 
et al., 2011, 2013; Perini & Conticelli, 2002), is another outstanding feature of the Italian volcanism, indicating 
heterogeneous mantle source(s) for the most primitive members of different magmatic series (Figure 1).

Despite a considerable number of studies, there has been still no consensus about two major aspects of the origin 
of this volcanism:

1.	 �The first issue regards the geochemical signature, which usually compositionally overlaps upper continental 
crust composition, as demonstrated by enrichment in incompatible trace elements and potassium (Conticelli 
& Peccerillo, 1992). This has for a long time been a puzzling issue, especially for the lavas with the most 
extreme compositions like lamproites and kamafugites. Their geochemistry has often been used as magmatic 
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proxies to trace sediment recycling processes within the mantle, fingerprinted also in the more voluminous 
volcanics (e.g., Prelević et al., 2008). Alternatively to the mantle-related processes, many studies, especially 
ones focused on the origin of kamafugitic lavas (Iacono-Marziano et  al.,  2007,  2008) have proposed that 
their crustal geochemical signature, strong silica-undersaturation and extreme Ca-enrichment are due to the 
carbonate syntexis, that is, the assimilation of significant amounts of limestone by primitive potassic (shosho-
nitic) melts being able to produce leucititic/kamafugitic Si-undersaturated lavas (e.g., Peccerillo, 1998, 2005; 
Rittmann, 1933).

2.	 �The second issue is the geodynamic model to be applied to complex tectonic settings, such as the Central 
Mediterranean. The most widely accepted is the subduction model that proposes active-margin processes, 
explaining extreme compositional variations of the Italian lavas and enrichment to be related to sediment recy-
cling and formation of the metasomatic domains within the lithospheric mantle (Conticelli et al., 2015 and 
references therein). These domains are suggested to represent pyroxene-, phlogopite- and/or amphibole-rich 
lithologies occurring as veins or layers within peridotite (e.g., Ammannati et al., 2016 and references therein; 
Avanzinelli et  al.,  2020). According to this model, post-collisional changes in the thermal regime of the 
shallow mantle have triggered partial melting resulting in a range of primary melts variously enriched in 
potassium and calcium, and exceptionally variable Si-saturation (Ammannati et  al.,  2016). Primarily, this 
compositional range is explained to be the result of changes in the type of sediments recycled into the mantle 
sources of the magmas (carbonate-rich vs. pelitic), leading to a bifurcation between Si-undersaturated 
and Si-oversaturated lavas, and second, of gradually changing proportions of metasome-to surrounding 
mantle-melting (Ammannati et al., 2016; Avanzinelli et al., 2008; Conticelli, Guarnieri, et al., 2009, 2015). On 
the other hand, the mantle-plume scenario has gained attention in various versions denying widely accepted 
active-margin settings for Italian magmatism (e.g., Lavecchia & Stoppa,  1996; Lavecchia et  al.,  2006; 
Stoppa, 2003). The argumentation in favor of such geotectonic settings is diverse, for example, the occur-
rence of leucitites, carbonatites and kamafugites in Italy usually attributed to continental rift-related settings 
such as East Africa, as well as radiogenic isotope patterns universally suggested to represent plume compo-
sitions (e.g., Bell et al., 2004, 2005). Within that scope, the participation of sediments in magma genesis is 
usually confined to assimilation at shallow crustal levels (e.g., Boari, Tommasini, et al., 2009; Di Giuseppe 
et al., 2021; Peccerillo, 2017).

This study aims to evaluate different genetic models for the origin of ultrapotrassic lavas, kamafugites and 
lamproites, from the Mediterranean tectonic settings, taking the Italian samples as the most extreme composi-
tions in terms of crustal-derived component enrichment. We focus here on the composition of olivine, which is 
the first crystallizing mineral phase in the majority of primitive mantle-derived melts. Olivine compositions have 
already been in use for constraining mantle sources and the presence of non-peridotitic metasomatic domains 
residing in the lithospheric mantle (e.g., Ammannati et al., 2016; Foley et al., 2013; Howarth & Harris, 2017) 
and thus is particularly suited for evaluating the potential role of subduction in the origin of the Italian lavas. 
Here we combine in situ major, minor and trace element measurements with in situ oxygen isotope analyses on 
igneous olivine macrocrysts and spinel inclusions hosted by the Pian di Celle kamafugite from San Venanzo and 
by the lamproite from Torre Alfina (Figure 1), both being archetypal and well-studied representatives of these 
types of ultrapotassic rocks. In situ analyses of oxygen isotopes within magmatic, earliest crystallizing mineral 
phases have the potential to make a valuable contribution to clarifying at which stage of petrogenesis the crustal 
signature dominantly affected the outstanding characteristic of the lavas. The in situ approach enables to resolve 
intragranular variations, and consequently, changes in physicochemical conditions during phenocryst crystalliza-
tion. Especially in combination with in situ major and trace element analyses, the impact of processes at crustal 
levels might be distinguished from the genuine record of mantle conditions.

2.  Geological Background
Beginning in the Miocene, the subduction of the Adriatic beneath the African plate induced the formation of 
the Apennines with the compressional front gradually moving eastward (Faccenna et  al.,  2004). The move-
ment of the front was followed by magmatic activity migrating in the same direction. The magmatic activity 
commenced in the Corsica Magmatic Province during Miocene-Upper Pliocene times, then migrated eastward 
developing volcanism along the Tyrrhenian border of the Italian Peninsula in the Lower Pliocene (Conticelli 
et al., 2015). The volcanism in the intra-Apennines comprises a few small monogenetic centers of ultrapotas-
sic pyroclastic rocks and minor lavas erupted on thick piles of about 5,000 to 6,000 m of Mesozoic limestones 
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overlain by Plio-Pleistocene continental sediments (Patacca et al., 2008). The magmatic activity was triggered by 
post-orogenic extensional tectonics and is recorded from the lower to middle Pleistocene (Conticelli et al., 2015 
and references therein).

The majority of Italian lamproites belong to these igneous events. The Torre Alfina lavas is a typical represent-
ative of the Mediterranean type lamproites (Prelević et al., 2008) and is located in Central Italy about 150 km 
north of Rome (Figure 1). The small volcanic center, being active at around 0.82 Ma, is the source of a few lava 
flows and a volcanic neck. A more detailed description of the geological and volcanological setting is given by 
Conticelli (1998). Based on chemical and mineralogical composition, two types of lava can be distinguished as 
genetically linked by the assimilation of variable amounts of crustal rocks by the ascending magmas that are 
derived from the same source (Conticelli, 1998).

Italian kamafugites belong to the final event, namely the Roman Province, of the magmatism of Central Italy 
(Avanzinelli et al., 2009) in which silica-undersaturated magmas were produced during the Pleistocene parallel to 
the Apennine chain from Bolsena lake and San Venanzo to Vesuvius (Figure 1). Kamafugites are found in many 
cases intimately associated with the leucite-bearing lavas of the Roman Province volcanoes (e.g., Boari, Avan-
zineeli, et al., 2009; Boari, Tommasini, et al., 2009; Boari & Conticelli, 2007; Conticelli et al., 2010) and more 
rarely along the axial sector of the Apennine belt. The latter is claimed to belong either to the intra-Apennine 
Province (Peccerillo, 2017) or the Umbrian district of the Roman Province (Conticelli et al., 2015 and references 
therein).

Kamafugitic lavas were erupted at San Venanzo (Pian di Celle volcano) and Cupaello, whereas only the lavas at 
San Venanzo are olivine-phyric (Peccerillo, 2005 and references therein) (Figure 1). The mid-Pleistocene San 
Venanzo magmatic center consists of three small monogenetic volcanoes, namely San Venanzo, Pian di Celle 
and Celli being active at ca. 0.46 Ma (Stoppa, 1996; Zanon, 2005). They are characterized by the presence of 

Figure 1.  Distribution of ultrapotassic rocks in the Central Italian region revealing the sampling location (spots within the large rectangular shapes) and the distribution 
of the major magmatic provinces (events). Red spots and areas (kamafugites) and dark green spots (lamproites) mark the location sites of the most extreme endmembers 
of the orogenic magmatic activity. Modified after Conticelli et al. (2010, 2013, 2015).
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calcite-rich pyroclastic deposits, whereby at Pian di Celle two lava flows poured out (Zanon, 2005). The lavas 
represent the most mafic products of San Venanzo volcanic activity (Stoppa, 1996) and were sampled in this 
study.

3.  Mineralogical and Geochemical Characterization of the Analyzed Samples
The studied samples are geochemically and mineralogically thoroughly characterized (Prelević & Foley, 2007; 
Prelević et al., 2008) and a comprehensive data set consisting of individual core-rim or core-mantle-rim olivine 
analyses can be found in Tables S1–S10 of the electronic appendix. In these data sets, the existing published data 
have been augmented with new extensive measurements, performed on well-characterized selected samples, and 
included a complete set of macro- and trace-elements as well as oxygen isotope measurements on the olivine 
grains.

The investigated samples from Torre Alfina (05TA01, 05TA02) belong to the lamproitic lavas least contaminated 
by crustal rocks. They consist of olivine as the only phenocrystic phase within a microcrystalline groundmass 
composed of olivine, phlogopite, clinopyroxene, sanidine, ilmenite and magnetite. Geochemically, the lava samples 
fit well within the range displayed by published data for Torre Alfina lamproite (Conticelli, 1998) showing high 
SiO2 (55.0, 55.2 wt%) and MgO concentrations (7.42, 8.50 wt%), relatively low CaO (5.2, 5.3 wt%) and Al2O3 
concentrations (12.5, 13.9 wt%) combined with very low Na2O (0.9 wt%) and elevated K2O concentrations (6.3, 
7.4 wt%). According to Le Bas et al. (1986) the lavas are classified as olivine-latites. Rare Earth Element (REE) 
and mantle-normalized incompatible trace element patterns shown by the most primitive Torre Alfina lavas are 
fractionated and show the typical orogenic signature (Table S1). This is further supported by their high  87Sr/ 86Sri 
(0.71581–0.71589) and low  143Nd/ 144Ndi values (0.51211–0.51212) as well as by Pb isotope ratios (e.g.,  206Pb/ 204

Pb = 18.67;  207Pb/ 204Pb = 15.66;  208Pb/ 204Pb = 38.85) (Conticelli, 1998; Conticelli et al., 2002). Major and trace 
element analyses of olivine macrocrysts from Torre Alfina lamproite were published by Ammannati et al. (2016), 
Conticelli (1998), and Conticelli et al. (2015) as well as by Prelević et al. (2013). High Mg#, elevated Ni as well 
as low Ca concentrations and extraordinarily elevated Li contents were identified as typical features of the olivine 
phenocrysts. These host abundant Cr-spinel characterized by exceptionally high Cr#. Mantle olivine occurs as 
xenocrysts within the lamproite lavas.

The kamafugitic samples from Pian di Celle of San Venanzo volcanic center (05SV03, 05SV04) are classified as 
olivine melilitites, containing olivine macrocrysts (>100 μm) which are embedded in a holocrystalline groundmass 
of melilite, leucite, phlogopite, clinopyroxene, monticellite, kalsilite and calcite, whereas spinel, perovskite and 
apatite occur as accessory phases. The lavas are characterized by low SiO2 (40.2, 41.7 wt%), high MgO (12.3, 
12.6 wt%) and elevated CaO (13.5, 16.4 wt%) and K2O (7.5, 7.8 wt%) concentrations along with moderate Na2O 
contents (0.9, 1.2 wt%) (Table S1) and fit geochemically well into the range made up by published data for Pian di 
Celle lava (Conticelli et al., 2015 and references therein). Similar to Italian lamproites, REE and mantle-normalized 
incompatible trace element patterns for kamafugites also show a typical orogenic signature (Table S1). Initial values 
of  87Sr/ 86Sr (0.71027–0.71041),  143Nd/ 144Nd (0.512063–0.512080),  187Os/ 188Os (0.1888) as well as Pb isotope ratios 
( 206Pb/ 204Pb = 18.725;  207Pb/ 204Pb = 15.648;  208Pb/ 204Pb = 38.874) (Conticelli et al., 2015 and references therein) 
show lower enrichment in comparison to lamproites. Oxygen isotope measurements of the bulk rock lava samples 
demonstrate δ 18OSMOW values between +11 ‰ and +12 ‰ (Peccerillo, 2005 and references therein). Although 
existing data for olivine from Pian di Celle (Conticelli et al., 2015; Panina et al., 2003; Plechov et al., 2017) show a 
wide compositional variance, there is general agreement that high Mg#, low Ni and elevated Ca concentrations are 
the most prominent characteristics exhibited by phenocrystic olivine (Conticelli et al., 2015). In addition, a group 
of xenocrysts being almost pure forsterites containing negligible amounts of minor and trace elements is part of the 
mineral assemblage (Panina et al., 2003; Plechov et al., 2017). Their origin is proposed to be related either to a skarn 
or a contemporaneous carbonatitic melt.

4.  Analytical Methods
Polished thin sections of whole rock lava samples 05SV03 and 05SV04 from Pian di Celle volcano were used 
to determine olivine major and minor element compositions by electron microprobe analysis (EMPA) and 
olivine minor and trace element concentrations by laser ablation-inductively coupled plasma-mass spectrometry 
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(LA-ICP-MS). For Torre Alfina lava samples 05TA01 and 05TA02, some major, minor and trace element analy-
ses on olivine from polished thin sections, including a description of analytical methods, have been published by 
Prelević et al. (2013). These analyses are included in our data set (Table S2). In addition, major, minor and trace 
element analyses by EMPA and LA-ICP-MS as well as oxygen isotope measurements by secondary ion mass 
spectrometry (SIMS) were performed on olivine separates extracted from the four lava samples (Tables S1, S4, 
and S6).

For the preparation of the olivine separates, unaltered lava samples were crushed, washed, and sieved, and fresh 
olivine was handpicked under the binocular microscope. Olivine crystals of different grain sizes were mounted 
separately within a radius of 16 mm around the centers of the mounts. Within the center of each mount, a grain 
of San Carlos olivine (Pack & Herwartz, 2014) was placed, which served as reference material (RM) for SIMS 
oxygen isotope analyses. The grains were embedded in epoxy resin and polished to a roughness of less than 1 μm. 
Major and minor element compositions of olivine and olivine-hosted spinel inclusions from the thin sections and 
the olivine mounts were determined by EMPA (JEOL JXA 8200) at the University of Mainz. Operating condi-
tions were 20 kV accelerating voltage, 20 nA beam current, 2 μm beam diameter and extended counting times 
on peaks (30 s for Si, 20 s for Fe and Mg, 50 s for Ni, Mn and Ca, 60 s for Cr and 160 s for Al). Synthetic and 
natural minerals were used as RMs for calibration. Intra-crystal variations were explored in rim-to-rim traverses; 
San Carlos olivine was analyzed as unknown. The accuracy and reproducibility of the analyses are the same as 
reported by Prelević et al. (2013).

Minor and trace element analyses of the mounted olivine separates and the olivine crystals within the thin sections 
were performed by LA-ICP-MS at the University of Mainz using an ESI NWR193 ArF excimer laser ablation 
system equipped with the TwoVol2 ablation cell, operating at 193 nm wavelength, coupled to an Agilent 7500ce 
quadrupole ICP-MS. Analyses were conducted with spot diameters between 40 and 50 μm, a repetition rate of 
10 Hz and a fluence between 4 and 5 J/cm 2. Background intensities were measured for 15 s followed by 30 s of 
ablation and data collection on the sample and 20 s of wash out time. To account for instrumental drift, analyses 
on our samples of unknown composition were frequently bracketed by analyses of RMs for calibration and quality 
control. For olivine analyzed within the thin sections, raw data were processed using GLITTER 4.4.1 (Griffin 
et al., 2008). An in-house Excel Spreadsheet (Jochum et al., 2007), for which details of the calculations are given 
in Mischel et al. (2017), was used for processing data from the olivine mounts. In both cases,  29Si was used as an 
internal standard applying for the samples the SiO2 concentrations previously determined by EMPA and for the 
RMs applying the preferred values of the GeoReM database (http://georem.mpch-mainz.gwdg.de/, application 
version 18). When processing the raw data by GLITTER, NIST SRM 612 was using as calibration material and 
NIST SRM 610 when using Excel spreadsheet. Moreover, when using Excel spreadsheet, for Zn we used USGS 
BCR-2G as calibration material. Quality control materials (QCMs) used to monitor the accuracy and precision of 
the LA-ICP-MS analysis and calibration strategy were MongOL Sh11-2 (Batanova et al., 2019), USGS BCR-2G 
as well as NIST SRM 610 and 612 (when using either one for calibration). Element concentrations determined 
for the QCMs agreed mostly within 10% with the preferred values of the GeoReM database and had a precision 
of <10% (1RSD).

Oxygen isotope ratios (δ 18OV-SMOW) were determined using a Cameca 1280-HR SIMS at the GeoForschungsZen-
trum (GFZ), Potsdam. Samples were sputtered with a 10 kV Cs + primary beam of between 1.5 and 1.8 nA current 
and a spot size between 5 and 10 μm. A mass resolution of 1,600–1,700 at 10% peak height was attained. For 
charge compensation during analyses, a normal incidence electron gun was used. Ion intensities of  18O and  16O 
were measured in multi-collection mode by two off-axis Faraday cups. Analyses were run for 20 cycles of 4 s 
per cycle.

Analyses of samples of unknown composition were regularly bracketed by analyses of San Carlos olivine to check 
for a possible instrumental drift during analytical sessions. A linear parametrization as a function of time was used 
to cancel out this effect in the case of two analytical sessions where a small drift was observed (<0.15 ‰/h). Data 
were corrected for instrumental mass fractionation (IMF) by using San Carlos olivine (δ 18OV-SMOW = 5.28 ‰,  
Pack & Herwartz, 2014) as RM. San Carlos olivine (Mg# = 91) shows Mg# well positioned within the range of 
Mg# made up by the samples (Mg# = 90–99). Matrix-dependent differences of IMF in the range of Mg#olivine above 
70 were shown to be negligible by previous studies (e.g., Bindemann, 2008; Gurenko et al., 2011) and thus we 
did not consider potential matrix effects. The repeatability of δ 18O analyses of San Carlos was better than 0.15 ‰  
(1SD) for each session.
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5.  Results
A full data set including major, minor and trace element compositions as well as δ 18O of the olivine macrocrysts 
and major and minor element compositions of the spinel and sulphide inclusions are listed in the Tables S1–S10. 
All data from the data sets are plotted in Figures 2–8.

5.1.  Olivine Macrocrysts From Torre Alfina Lamproite

The olivine phenocrysts from Torre Alfina lamproite are represented by euhedral to subhedral grains up to 400 μm 
in size and host abundant Cr-spinel inclusions (Figure 2a; Table S2). The results of major and minor element anal-
yses obtained for the olivine macrocrysts from Torre Alfina lamproite are consistent with the ranges in elemental 
concentrations reported for Italian lamproites in general (Figures 2 and 3). Most forsteritic olivine compositions 
demonstrate a combination of exceptionally high Mg# and Ni concentrations, never observed in MORB-, OIB- 
and arc basalt-hosted olivine (Mg# up to 95.3; Ni up to 5,700 μg/g) (Figure 3a). Ca and Mn concentrations 
range from 510 to 1,620 and 420 to 1,590 μg/g, respectively (Figures 3b and 3c). The Ca concentrations are low 
compared to olivine from MORB but match those of some arc lava- and OIB-hosted olivine. Li concentrations 
in the olivine phenocrysts range from 20 to 24 μg/g (Figure 4). Similar high concentrations were reported for 
olivine from Mediterranean lamproites in general as well as from Italian leucitites (Ammannati et  al.,  2016; 
Prelević et al., 2013). In contrast, most MORB-hosted olivine shows average Li concentrations of 6.5 ± 0.3 μg/g 
(Gale et al., 2013), OIB-hosted olivine of <3 μg/g (Jeffcoate et al., 2007) and typical mantle olivine of <5 μg/g 
(Foley  et al., 2013 and references therein). Concentrations of Zn vary between 50 and 60 μg/g and are comparable 
to reported concentrations for olivine from OIB (Foley et al., 2013), peridotites worldwide (Neumann et al., 2002; 
Rehfeldt et al., 2007, 2008) as well as from Mediterranean ultrapotassic lavas (Conticelli & Peccerillo, 1990; 
Prelević et al., 2013). Concentrations of Al are low and coupled with variable but relatively high Cr concentra-
tions, overlapping worldwide lamproitic and kimberlitic olivine (Figure 4).

Figure 2.  Representative backscattered electron images and line analyses (wt.%) by electron microprobe analyzer for (a) olivine phenocrysts from Tore Alfina 
lamproite; (b) mantle xenocrysts from Torre Alfina; (c) melt-related olivine phenocrysts from San Venanzo kamafugite; (d and e) melt-related olivine xenocrysts from 
San Venanzo kamafugite; (f) skarn-related olivine xenocrysts from San Venanzo kamafugite.
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Figure 3.  (a–c) Mg# versus Ni, Ca, and Mn in olivine macrocrysts from Pian di Celle kamafugite and Torre Alfina lamproite 
compared with olivine from OIB and MORB (Sobolev et al., 2005, 2007), Italian lamproites, leucitites, and kamafugites 
(Ammannati et al., 2016; Conticelli et al., 2015; Prelević et al., 2013), Mexican arc (Straub et al., 2008), Colli Albani Skarn 
(Di Rocco et al., 2012), Aeolian and Kamtschatka arc (GEOROC database; http://georoc.mpch-mainz.gwdg.de/georoc/: 
olivine from Aeolian and Kamchatka arc basalts; Query from 12 March 2019). Arrows (1 and 3) in diagram (a) indicate 
olivine compositional changes due to olivine + Cr spinel fractionation calculated by Petrolog3 software (Danyushevsky & 
Plechov, 2011) according to the model of Beattie (1993) at Ni-NiO—buffered conditions. (Arrow 2) indicates compositional 
changes due to olivine + Cr-spinel + Fe-Ni sulfide fractionation by combining equilibrium fractionation calculated by 
Petrolog3 with manual calculations (see Table S11 for details). The initial melt composition as starting point for calculations 
is an Italian lamproite (05RR01) from Prelević et al. (2013) for arrows (1 and 2), and whole rock data from this study 
(05SV04) for (arrow 3).
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Besides phenocrystic olivine, in Torre Alfina lamproite we observed 
millimeter-sized xenomorphic olivine mantle xenocrysts typically showing 
reverse zoning, with core compositions having Mg# up to 91.5, NiO contents 
around 0.4 wt%, and CaO and Cr2O3 contents never exceeding 0.1 and 0.04 
wt%, respectively (Figure 2b). Mantle xenocrysts are mantled by olivine of 
phenocrystic composition.

δ 18OV-SMOW values from typical high-Fo, Ni-rich olivine phenocryst from 
Torre Alfina (Figure 5a) are invariably high from +11.4‰ to +11.5‰ and are 
to our knowledge the most elevated δ 18O values reported in fresh magmatic 
olivine. The δ 18O values are considerably higher compared to olivine hosted 
by N-type MORB (+4.9 ‰ to +5.3 ‰, Eiler, 2001), OIB (+4.6 ‰ to +6.1 ‰,  
Eiler, 2001; Genske et al., 2013), arc lavas (e.g., +4.9 ‰ to +5.8 ‰, Eiler 
et al., 2000) as well as compared to pristine mantle olivine (+5.2 ‰ ± 0.2 ‰,  
Mattey et  al.,  1994). On the other hand, mantle xenocrystic olivine from 
Torre Alfina lamproite demonstrates δ 18OV-SMOW values similar to pristine 
mantle olivine (Table  S8). One can speculate whether both olivine popu-
lations in Torre Alfina lamproites (phenocrysts and mantle xenocrysts) are 
derived from the same source, by analogy with a recent study of the large 
variability of δ 18O values between metasomatic phases and ambient perid-
otitic minerals observed in composite veined xenoliths from South-Eastern 
Spain. In those composite xenoliths, the δ 18O values range from +5.19 ‰, 
in peridotitic olivine, through +9.56 ‰ in orthopyroxene of the reaction rim 
of peridotite with the felsic vein, to +10.56 ‰ in plagioclase of the metaso-
matic vein (Avanzinelli et al., 2020; Dallai et al., 2019, 2022).

5.2.  Olivine Macrocrysts From Pian di Celle Kamafugite (San 
Venanzo)

We observed two melt-related olivine populations in Pian di Celle kamafu-
gite: phenocrystic and xenocrystic olivine. In addition, another, the most 
probably skarn-derived xenocrystic population has been observed (Figure 2) 
(see below).

The olivine phenocrysts are characterized by euhedral to subhedral grains not 
exceeding 500 μm in size and host abundant Cr-spinel inclusions (Figure 2c) 
(Table S2). The data plot into a more restricted range of low Ni and elevated 
Ca concentrations compared to the literature data pool. They show high Mg# 
(up to 92.8), Ca (up to 8,900 μg/g) and Mn concentrations (up to 1,900 μg/g) 
as well as low Ni (500–1,000 μg/g) contents in comparison to MORB-, OIB- 
and most arc basalt-hosted olivine (Figure  3). Notably, the most extreme 
Ca concentrations are shown by the outermost rims. Comparable to the 
lamproite phenocrysts, Li concentrations in kamafugite olivine phenocrysts 
range from 21 to 57 μg/g (Figure 4) and concentrations of Zn vary between 
50 and 60  μg/g. The phenocrystic grains show δ 18OV-SMOW values vary-
ing from +10.3 ‰ to +10.9 ‰ (Figure 5b). Thus, the kamafugite olivine 
phenocrysts show slightly lower values compared to the lamproite samples 
but are still extremely high relative to mantle- and olivine crystallized from 
typical basaltic lavas.

Xenocrystic, melt-related olivine population has not been previously 
described in the kamafugite lava from Pian di Celle. The substantially differ-
ent elemental signature of the cores compared to the melt-related rims imply 

their xenocrystic origin (Figures 2d, 2e, and 3c; Table S7). In our sample collection, this group of olivine is 
most abundant and represented by subhedral, partially disintegrated grains ranging from ∼500 μm to several 
millimeters in size (Table S7). It comprises high Mg# (up to 93.4) and Ni (up to 4,500 μg/g) cores that show a 

Figure 4.  Trace element characteristics of the Tore Alfina and Pian di 
Celle olivine macrocrysts; (a and b) data sources: reference fields and data 
points for lamproite and leucitite olivine phenocrysts as in Figure 3. Li in 
typical mantle olivine from De Hoog et al. (2010); (c) Al versus Cr. Data 
for olivines from MORBs, OIBs and komatities from Sobolev et al. (2005); 
lamproites and kimberlites from Prelević et al., 2013; red diamonds denote 
olivine compositions in equilibrium with experimental melts produced by 
different degrees of melting (Dasgupta et al., 2007; Hirose, 1997; Hirose & 
Kawamoto, 1995; Hirose & Kushiro, 1993). Data for Cr partitioning from 
GERM. We tentatively modeled olivine composition varying KdAl Ol/liq from 
0.0006 to 0.004 for the increasing degree of melting between 1300 and 
1500°C.
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slight rimward Mg# decrease coupled with an intense Ni decrease implying a very steep slope of Mg# versus Ni 
variation (Figure 3). Compositional features including Ca concentrations >1,000 μg/g, the zonation in Mg#, Ni 
and Ca as well as the lack of kink-bands and the presence of euhedral spinel inclusions, altogether indicate the 
unlikeliness of a mantle origin for these olivine cores. In addition to higher Ni, the cores display low Ca and Mn 
concentrations of 1,00–1,700 and 600–1,000 μg/g, respectively, which are also in contrast to the compositions of 
their rims and the olivine phenocrysts (Figure 3). The cores are mantled by olivine rims of 100–150 μm width 

Figure 5.  Line scan of Mg#, NiO, CaO, and MnO (in wt.%, by electron microprobe analysis), Li (in μg/g, by LAM-ICP-MS) 
and δ 18OV-SMOW (in ‰,  18O/ 16O by analyses of oxygen isotopes) of representative olivine separates: (a) phenocrystic olivine 
from Tore Alfina lamproites; (b) olivine macrocrysts from San Venanzo kamafugites; (c) olivine xenocrysts from San 
Venanzo kamafugites. Please refer to Tables S7 and S8 for the explanation and numbering of the analyses.
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with higher Mg#, higher Ca and lower Ni concentrations that composition-
ally match the phenocrystic olivine crystals (Table S2). In terms of Mg# and 
Ni as well as Ca and Mn concentrations, the xenocrystic olivine cores show 
a significant resemblance with olivine hosted by Italian lamproites includ-
ing Torre Alfina lamproite (Figure 2). When we compare the kamafugitic 
xenocrystic olivine with the Torre Alfina olivine, the sole difference is repre-
sented by the slope in the plot Ni versus Mg# (Figure 3a). Such a sudden 
drop in Ni concentration is different when compared with the usual Mg# 
versus Ni variation in for example, lamproites or more voluminous lavas like 
MORBs and OIBs caused by simple olivine (±Cpx) fractionation (Figure 3), 
and in our view has considerable genetic significance (see below). There-
fore, we modeled different mineral assemblages as being produced along the 
liquid line of descent to simulate this unusually steep positive linear trend. 
The result of modeling suggests that the coprecipitation of olivine, Cr-spinel 
and Fe-Ni sulphide represents the best fit (see figure caption and Table S11 
for the details of modeling).

Similar to the phenocrystic groups of olivine of Torre Alfina and Pian di 
Celle, the xenocrystic olivine cores show substantially elevated Li concentra-
tions between 23 and 58 μg/g, and δ 18OV-SMOW values between +9.2 ‰ and 
+10.8 ‰ (23 analyses on 3 grains) (Figures 4 and 5b). Besides, Zn concen-
trations of 77–96 μg/g lie in a similar range compared to the lamproite and 
kamafugite phenocrysts. The transition from the core to the rim zone is indi-
cated by an abrupt increase in Mg# and Ca as well as a smooth decrease in Ni 
and an increase in Mn concentrations.

Skarn-derived, xenocrystic olivine population is subordinate comprising 
anhedral to subhedral, partially disintegrated grains smaller than 500  μm 

(Figure 2f). They show compositional plateaus of extremely high Mg# between 97 and 99.5. Olivine of such high 
Mg# is very rare and known from skarn and exoskarn from Colli Albani volcanic district (Di Rocco et al., 2012) 
and Vulture carbonatite (Rosatelli et  al.,  2000). The high Mg# is accompanied by unusually low concentra-
tions of all minor and trace elements (Figures 2 and 3). For example, Ca concentrations vary between 170 and 
400 μg/g, Mn concentrations between 100 and 190 μg/g and Ni concentrations are <30 μg/g. Cores are rounded 
and mantled by olivine of phenocrystic composition. They are Cr-spinel-free with inclusions only observed in the 
rims. δ 18OV-SMOW values of these olivine grains show a limited range varying around +27 ‰ (Table S7) and are 
substantially higher relative to other olivine populations.

Figure 6.  Olivine Mg# versus spinel Cr# illustrating the depleted character of 
the mantle sources of the melts that crystallized melt-related olivine from Tore 
Alfina lamproite and San Venanzo kamafugite. Red diamonds = olivine-spinel 
compositions of the peridotite that underwent former melt extraction to 
different extents (Arai, 1994). The dashed line is the „olivine-spinel mantle 
array“ (OSMA) after Arai (1994). Reference fields were redrawn from 
Prelević and Foley (2007).

Figure 7.  Ni-Fe-Cu sulphide grains in xenocrystic olivine from San Venanzo kamafugite.
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Figure 8.  Geochemical indicators in olivine illustrating the role of different mantle mineralogies (peridotite vs. pyroxenite) 
in the origin of Pian di Celle kamafugite. Data sources: (a and b) Pyroxenite and peridotite reference fields redrawn after 
Sobolev et al. (2007), the data source for lamproite-, leucitite- and kamafugite-hosted olivine and Torre Alfina lamproitic 
olivine same as in Figure 3a; (c) reference fields for olivine crystallized from peridotite- and pyroxenite-derived melts 
redrawn after Howarth and Harris (2017), data sources for lamproite and leucitite olivine phenocrysts same as in (a); (d) 
dashed line separating pyroxenite-versus peridotite-derived host melts after Howarth and Harris (2017), data sources for 
lamproite and leucitite olivines same as in (a).
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5.3.  Spinel and Sulphide Inclusions in Lamproites and Kamafugites

Euhedral to subhedral spinel inclusions from Torre Alfina and Pian di Celle olivine pheno- and xenocrysts show 
a moderate compositional difference (Table S7), with lamproitic spinels having slightly higher Cr# and Mg# 
(Figure 6). They are Cr-spinels characterized by elevated Cr# (0.64–0.90), high Mg# (62–87) and Fe 3+/∑Fe of 
0.24–0.47.

Olivine xenocrysts from Pian di Celle kamafugites host Fe-Ni sulphides (Figure 7; Table S9), with Co and Cu 
occurring as trace elements, SO2 concentrations vary between 30 and 37 wt%, FeO between 30 and 59 wt% and 
NiO between 3 and 33 wt%. The data on the Fe-Ni sulphides reveal a negative correlation between FeO and NiO 
most probably induced by the progressive crystallization of olivine along with Fe-Ni sulphide and spinel.

6.  Discussion
The composition of olivine from the studied ultrapotassic lavas is controlled by the nature of the source regions, 
conditions and proportions of partial melting, and the degree of modification from source to surface. Based on 
steadily decreasing Fo-contents, all analyzed olivine grains are inferred to reflect at least some degree of melt 
modification by fractionation (Figure  3). On the other hand, the presence of xenocrystic olivine populations 
represents strong evidence that their parental magmas interacted with geochemically distinct crystal mushes 
potentially derived from a different magmatic source and the mantle itself.

Our data support earlier observations that lamproitic olivine (Torre Alfina) is extremely forsteritic, demon-
strating exceptionally high Li and Ni, and low Ca concentrations. It hosts spinel inclusions of extraordinarily 
elevated Cr#. Similarly, we also confirm that the phenocrystic olivine population from the kamafugitic lavas 
(San Venanzo) share high Mg# values and Li concentrations as well as spinel inclusions of elevated Cr# with 
the lamproitic ones, but demonstrate substantial differences in terms of Ni and Ca contents. There are also many 
significant differences illustrated in Figures 2–8 when plotting several parameters including Mn/Zn, Ca/Fe and 
Ni. On the other hand, among the populations of melt-related olivine recognised in the kamafugitic lavas, the 
primitive xenocrystic cores fully resemble the compositional features observed in lamproitic olivine. Importantly, 
all investigated melt-related olivine grains from both lava types have extraordinally high δ 18O values, similar to 
the values observed in heavily metasomatized composite mantle xenoliths originating through metasomatism 
with crust-derived melts (e.g., Avanzinelli et al., 2020; Dallai et al., 2019, 2022).

Our observations of olivine textures and geochemistry augmented with the new oxygen isotope data and the 
previous geochemical data on the same rocks are below used to discuss the petrogenesis and evolution of the 
most extreme ultrapotassic lavas of the Italian volcanism. After discussing the significance of olivine as a general 
petrogenetic monitor, we concentrate on the following issues that emerge from our study:

1.	 �Does the ultimate origin of the geochemical signature demonstrated by kamafugitic lavas and their olivine 
phenocrysts result after the assimilation of bedrock limestone by the mantle-derived alkaline magmas on its 
way to the surface, or does it represent a genuine mantle fingerprint ultimately originating from its contami-
nation by sedimentary material during active margin processes?

2.	 �What is the origin of the xenocrystic olivine cargo observed in the kamafugite? If we consider that they orig-
inated from previous lamproitic crystal mushes and cumulates disturbed during kamafugitic magma ascent, 
what is the most viable model for the coeval occurrence of these extreme ultrapotassic lava types?

3.	 �Do the Ni-sulphides observed in the xenocrystic olivine from kamafugites have caused the steep slope on the 
bivariate diagram of Mg versus Ni, and what is their significance?

Finally, we address the issue of subduction-induced sediment recycling, the melt transfer and interaction with 
the lithosphere below the alkaline magmatic centers. In a comprehensive view, the unique synergy of the above 
processes including also the integration of multiple batches of variably differentiated mantle-derived melts will 
be crucial for the compositional evolution of these extremely alkaline melts and their crystal cargo.

6.1.  Olivine as a Petrogenetic Monitor

A wide application of olivine in delineating and interpreting many petrogenetic processes is driven by its very 
simple composition. Because of the straightforward link between Mg# in olivine and its host melt, this parameter 
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is widely used to identify primitive mantle-derived melts and the degree of fractionation experienced by magmas 
(Falloon et  al.,  2007; Putirka,  2005; Putirka et  al.,  2007), although not fully applicable to ultracalcic melts 
(Lustrino et al., 2022). A number of minor- (Ni, Mn, Ca, and Cr), trace-elements (Ti, Li, Zn, Al, Co, P, V, and Sc) 
as well as oxygen and lithium isotopic compositions, have been in use as geochemical tracers that have recently 
gained significant attention as mantle metasome monitors (e.g., Ammannati et  al.,  2016; Foley et  al.,  2013; 
Howarth & Harris, 2017).

Coupled with spinel composition, Mg# of olivine may constrain the extent of mantle partial melting and mantle 
depletion (e.g., Arai, 1994). The amount of partial melting simultaneously influences the compositions of both 
spinel and olivine: in natural peridotites, the modal proportion of clinopyroxene gradually decreases and finally 
disappears in the course of partial melting, which is followed by an increase in the Cr# of spinel and Mg# of 
olivine. This should also be reflected in the olivine and spinel pairs newly crystallizing from a primary melt 
because the composition of the liquidus phases should be close to that of residual phases in the mantle source 
(Yoder & Tilley, 1962). However, the bulk chemistry of the system changes once the magma is separated from 
its source, and therefore, it must be considered that the temperature, pressure, oxygen fugacity and the degree of 
partial melting may affect their chemistry and so confuse the proxy signal.

Olivine minor element compositions may indicate the presence of non-peridotitic source lithologies. The concen-
trations of Ni, Ca, and Mn as well as Ni/Mg, Ca/Fe, and Mn/Fe in olivine were applied for estimating the mineral-
ogical nature of the mantle sources of some Hawaiian OIB lavas (Sobolev et al., 2007). Olivine-poor pyroxenitic 
mantle lithologies show a lower bulk mineral/melt distribution coefficient (D) for Ni compared to peridotitic 
sources, whereas Ds for Ca and Mn are higher. Moreover, olivine is the only mantle mineral displaying a higher 
D for Fe than for Mn. For that reason, pyroxenite-derived melts and their olivine crystals should be higher in Ni, 
Ni/Mg and lower in Mn, Mn/Fe, Ca, and Ca/Fe (Foley et al., 2013; Sobolev et al., 2007).

Besides Ni, Ca, Mn and Fe, some other first-row transition elements as Co and Zn and ratios like Zn/Fe, Mn/
Zn and Ni/Co are suitable as tracers for the mineralogical composition of mantle residua (e.g., Howarth & 
Harris, 2017; Le Roux et al., 2010), as these ratios do not fractionate during magmatic processes. Conversely, 
they will be fractionated differently by partial melting of peridotite than by pyroxenite. Thus, pyroxenite-derived 
melts and their olivine phenocrysts are suggested to display higher Mn/Zn, Zn/Fe, and Ni/Co compared to those 
derived from peridotitic source lithologies.

Olivine compositions can help to trace the process of subduction-induced sediment recycling into the mantle 
inducing transformation from peridotite to olivine-free pyroxenite assemblages. Sediment recycling will cause a 
rise in Li concentrations in the mantle sources and melt-related olivine phenocrysts (Conticelli et al., 2015; Foley 
et al., 2013; Prelević et al., 2013), as Li is strongly enriched in the continental crust compared to the mantle. 
Moreover, the oxygen isotope signature recorded in olivine can track crustal recycling. Large areas of the upper 
mantle are considered homogenous concerning oxygen isotope compositions with the average bulk mantle of 
+5.5  ±  0.2 ‰ δ 18OSMOW (Mattey et  al.,  1994). Crustal materials show deviating δ 18O toward more positive 
values in the case of continental crust and variable but often more negative values in the case of altered oceanic 
crust meaning that oxygen isotope ratios in igneous olivine phenocrysts represent a highly effective tool able 
to discriminate and quantify genetically different geochemical components. In addition, the examination of the 
compositional zonation together with isotopic compositions may be used to distinguish olivines crystallized from 
magmas originating from the heterogeneous mantle containing a sediment component, from olivines derived 
from intracrustal igneous sources affected by assimilation of crust and/or mixing with silicic melts of different 
isotopic compositions (Bindeman, 2008).

Thus, oxygen isotope ratios in igneous olivine phenocrysts may indicate mantle metasomatism in the source 
rocks and provide information on the general type of subducted crust acting as a source for metasomatic agents 
(e.g., Gurenko & Chaussidon, 2002; Kokfelt et al., 2006; Thirlwall et al., 2004). Particularly in combination with 
olivine minor and trace element compositions, δ 18O allows a more detailed specification of the nature of recycled 
materials.

6.2.  Fingerprinting Metasomatically Modified Mantle Source of Lamproites

Lamproites have some of the most extreme geochemical compositions among mantle-derived melts (e.g., Mitchell 
& Bergman, 1991 and references therein). Their orogenic counterparts are characterized by high K2O contents 
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(3–12 wt%), enrichment of K2O relative to Na2O with K2O/Na2O >> 2 at MgO > 3 wt%, crust-like trace element 
pattern and Sr, Nd, and Pb isotopic compositions (Foley & Peccerillo, 1992; Prelević et al., 2008 and references 
therein). The Mediterranean orogenic lamproitic rocks are generated by the melting of so-called metasomes that 
represent metasomatic assemblages originating during subduction-induced sediment/crust recycling and melting 
in the mantle (vein + wall rock model of Foley, 1992). The metasomes are a result of the extreme melt-mantle 
reaction, probably generated during the Alpine and Apennine subduction, which severely enriched the mantle 
peridotite in phlogopite and pyroxene transforming variously depleted lithospheric peridotite into mixed domains 
consisting of fertile olivine-free phlogopite-pyroxenites within peridotite (e.g., Conticelli et al., 2015; Lustrino 
et al., 2011; Prelević et al., 2008). The usual recurrence of ultrapotassic magmatism in the Mediterranean (Sokol 
et al., 2020) implies that the recycling of the crustal component(s) does not necessarily have to result in volcan-
ism, but just produces these metasomes that may melt during later tectonomagmatic trigger, as being recently 
experimentally confirmed (Förster et al., 2019).

Studied Italian lamproites resemble their Mediterranean counterparts in terms of all geochemical signals typi-
cal for the continental crust. An ultimate indication for the recycling of crust-derived sediments in the mantle 
source of the melts from which their olivine has crystallized is provided by elevated olivine δ 18O and Li values. 
Figure 5 demonstrates that the δ 18O values of phenocrystic olivine are consistently above +11 ‰, independ-
ent of the transition from cores to phenocrystic rims as indicated by the change in the Fo# component. Thus, 
the oxygen isotope ratios in lamproitic olivine are considered genuine records of the mantle source without 
significant low-pressure crustal contamination. This modification is most probably attributed to the Oligocene to 
Holocene (Molli, 2008 and references therein) subduction of the Adriatic plate beneath the Apennines as oxygen 
isotope data suggest that metasomatic enrichment and partial melting processes in the mantle have to be nearly 
contemporaneous. Otherwise, the high δ 18O signature within mantle metasomes would not be preserved because 
reequilibration with the surrounding mantle is a relatively fast process at high temperatures assumed to occur on 
a few million-year timescales (Dallai et al., 2019 and references therein).

Extremely high Fo olivine phenocrysts and their high-Cr spinel inclusions are a common feature of Mediterra-
nean lamproites (Prelević et al., 2013) and kamafugites (Conticelli et al., 2004; Stoppa & Cundari, 1998), which 
has been observed also in our study. The extent of fractionation and the effects of pressure, temperature and 
oxygen fugacity cannot be responsible for the exceptionally high Mg# in olivine and Cr# in spinel inclusions. For 
example, the extreme fractionation and/or very low oxygen fugacity may explain high Cr# in spinel, but cannot 
simultaneously drive highly forsteritic olivine composition, simply because they will cause the opposite effects 
(e.g., Hill & Roeder, 1974). Moreover, a universal depletion of Al (and Ca in lamproites) in all liquidus miner-
als (phlogopite, clinopyroxene, olivine itself, see Figure 3) is observed (Conticelli & Peccerillo, 1992), which 
collectively point to harzburgitic mantle source component. Therefore, most studies agree that the mantle source 
of kamafugites and lamproites must be ultra-depleted.

Enrichment in Ni and high-Mg# signature as well as the Cr-rich spinel inclusions demonstrated by Italian 
lamproitic olivines further discount shallow crustal contamination as being responsible for the highly positive 
oxygen isotope signature. Given the above discussion, these features imply crystallization from a primitive 
mantle-derived melt and indicate an initially harzburgitic mantle source (Figure 6). Their consistently high-Ni 
and low-Ca signature (Figure 8) may be explained by the low Dbulk for Ni between pyroxenite and melt, whereas 
the low Ca concentrations are suggested to reflect a low quantity of clinopyroxene in the melting assemblage of 
their source (Förster et al., 2019). Plots of Ni/Mg and Ca/Fe versus 100 * Mn/Fe as well as of Ni versus Mn/Zn, 
10,000 * Zn/Fe versus 100 * Mn/Fe, and Ni/Co > 20 further confirm the pyroxenitic nature of the mantle source 
of the melts crystallizing the lamproitic olivine crystals (Figure 8).

In summary, the results obtained by olivine δ 18O in addition to elemental analyses suggest that subduction-induced 
sediment recycling produced high δ 18O pyroxenite mantle domains serving as a source for the lamproite-type 
melts that crystallized olivine of this very specific geochemical signature.

6.3.  Kamafugitic Olivine Phenocrysts: Mantle Versus Intracrustal Processes

Highly positive δ 18O, high Li and Ca as well as low Ni concentrations coupled with their high Mg# are outstand-
ing compositional features of the kamafugitic olivine phenocrysts. Two viable models may explain the origin of 
these grains and the δ 18O data represent decisive parameter to discriminate between them:
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1.	 �Carbonate syntexis including the assimilation of significant amounts of limestone by primitive potassic melts 
(e.g., Rittmann, 1933);

2.	 �Mantle metasomatism driven by the recycling of carbonate-rich sediments (Ammannati et al., 2016).

(1) Carbonate syntexis including the assimilation of significant amounts of limestone by primitive potassic melts 
(e.g., Rittmann, 1933) was proposed to produce leucititic/kamafugitic low-Ni/high-Ca (Di Stefano et al., 2018) 
and high-Fo olivine (Lustrino et al., 2022) crystallizing from Si-undersaturated melts. Such olivine was exper-
imentally generated after doping a primitive basaltic magma (Mg#  ∼  78) with up to 20 wt% of CaCO3 at 
various temperatures (e.g., Di Stefano et al., 2018; Lustrino et al., 2022). In this scenario, the olivine crystals 
would be related to the early stages of carbonate syntexis during magma ascent to the surface, when a high-T, 
olivine-saturated magma is contaminated by a large amount of Ca-rich melts from the skarn shell.

Our new oxygen isotope data demonstrate that the carbonate syntexis scenario would be hardly applicable 
to explain the origin of the kamafugite phenocrysts; if the parental melt would be strongly to moderately 
SiO2-undersaturated nephelinite or basanite with a “regular” mantle oxygen isotope signature (δ 18O values 
around +5.2 ‰), simple modeling demonstrates that the assimilation of large portions of limestone of 24–30 
vol% is required for a melt to drive the δ 18O values toward equilibrium with the olivine crystals (Table S12). The 
assimilation of limestone in this order of magnitude would freeze the whole system and would have a signifi-
cant impact on physicochemical conditions during the crystallization of the phenocrysts and spinel inclusions. 
As a result, for example, spinel would show Al-enrichment and Cr-depletion (e.g., Gaeta et al., 2009; Wenzell 
et al., 2001, 2002), whereas olivine should be considerably enriched in Ca (Iacono-Marziano et al., 2007, 2008) 
with more than 2.5% of CaO (Lustrino et al., 2022). Moreover, it would never result in potassium enrichment 
as observed in kamafugites. Alternatively, the carbonate syntexis scenario in which the parental magma has a 
composition similar to the lamproite could theoretically lead to kamafugitic melt that can crystallize olivines 
resembling those found in the lavas. However, given the oxygen isotope composition of lamproitic olivine 
(δ 18O values ≥ +11 ‰), as well as the values for limestone (δ 18O values > +20 ‰; Turi, 1970), this assim-
ilation would lead to an increase in δ 18O, which is not observed; quite opposite, kamafugitic olivine has 
δ 18O < +10 ‰.

(2) The kamafugite phenocrysts and lamproite-like olivine xenocrysts share similarly elevated δ 18O values 
and Li concentrations, unequivocally indicating a genetic kinship through the involvement of the sedimen-
tary component(s). Mantle metasomatism driven by the recycling of carbonate-rich sediments represents the 
most plausible interpretation for the origin of kamafugitic olivine phenocrysts. This is already indicated by 
the highly elevated Ca and Li concentrations as well as δ 18O values in the olivine crystals. Moreover, the 
presence of clinopyroxene in the source is suggested by relatively high Zn/Fe values that were shown to be 
sensitive to residual clinopyroxene during mantle partial melting (Le Roux et al., 2010). Figures 8a–8c show 
that the kamafugite phenocrysts have elevated 100 * Mn/Fe and Mn/Zn and plot along the olivine-bearing 
(peridotite) melting trend in 100 * Mn/Fe versus 10,000 * Zn/Fe and Ni versus Mn/Zn diagrams. In addi-
tion, Ni/Co  <  10 (Table  S4) suggests that olivine also plays a considerable role in the mantle residuum. 
Thus, data on the phenocrystic olivine may indicate that a phlogopite-wehrlitic lithology dominates the mantle 
source assemblage of the kamafugitic melts, which is  also in accordance with the model proposed earlier 
(Ammannati et al., 2016). They proposed a two-stage model in which the first stage demands the production 
of these phlogopite-wehrlite metasomes and CO2 at pressures ≥2 GPa generated by the recycling of subducted 
carbonate-rich sediments into the depleted mantle (e.g., Grassi & Schmidt, 2011; Poli, 2015), and during the 
second stage, metasome melting produces proto-kamafugitic primary melts with low Ni and high Ca concen-
trations. In this case, the substantial Ni depletion and Ca enrichment in the olivine is a consequence of an 
increase or decrease of the Ni or Ca bulk partition.

In summary, it is suggested that the geochemical signature of the kamafugite olivine phenocrysts represents a 
genuine mantle fingerprint ultimately originating from a high δ 18O lithospheric mantle contaminated by sedimen-
tary material. As stated in Section 6.2, the time span between mantle metasomatism and partial mantle melting 
has to be relatively short implying metasomatism has taken place in the course of the Apennine subduction. 
Mantle contamination and limited limestone assimilation are two processes not necessarily mutually exclusive 
(Iacono-Marziano et  al.,  2007,  2008; Lustrino et  al.,  2020); the assimilation of certain quantities of bedrock 
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limestone by the kamafugite magmas in the last stages of their evolution is suggested by the presence of resorbed 
rims showing an increase in Ca concentrations demonstrated by all olivine grains (e.g., Figure 4).

6.4.  Kamafugitic Xenocrysts: Olivine Crystallized From the Lamproitic Melt That Underwent Ni-Sulfide 
Fractionation

The distinct geochemical features of the olivine macrocryst populations from San Venanzo are indicative of 
a range of processes occurring both within the magma storage and transport system and in the mantle source. 
Figures 2–7 show that the xenocrystic olivine demonstrates all highly specific geochemical fingerprints charac-
teristic of lamproitic olivine, including high Fo content, exceptionally high Li and Ni, low Ca concentrations, 
elevated Cr# in spinel inclusions and high δ 18O averaging +11 ‰. This means that the crystal cargo observed 
in the kamafugite, besides phenocrysts that grew in the magma itself, includes xenocrysts from previous, unre-
lated lamproitic magma. This implies entrainment from previous lamproitic crystal mushes and cumulates 
disturbed during kamafugitic magma ascent with remobilization of these crystals by the recharge magma pulses 
and new rims growth around pre-existing ones. Figure  7 demonstrates that the δ 18O values are consistently 
high, independent of the transition from cores to phenocrystic rims, which is indicated by the rise in Fe and 
a decrease in Mg concentrations. Since Fe and Mg are elements with a considerably faster diffusion rate than 
oxygen (Chakraborty,  2010 and references therein), the oxygen isotope system is considerably less prone to 
disturbances caused by abrupt changes in the melt composition. This means that the high δ 18O of the xenocrystic 
olivine cannot be potentially explained by the diffusion of oxygen from the surrounding melt that has been hypo-
theti cally  contaminated by the continental crust during the intrusion.

The exceptional nickel variation of the lamproitic xenocrysts in kamafugite, illustrated by the steep slope on the 
bivariate diagram of Mg versus Ni, represents a single difference when compared with the variation demonstrated 
by olivine from lamproites (Figure 3). We link this variation with the presence of Fe-Ni sulphides hosted by the 
cores of lamproitic xenocrysts (Figure 7). This is also supported by quantitative models that compare the fraction-
ation of different mineral assemblages and its impact on the variation of Mg and Ni (Figure 3a). Our geochemical 
modeling requires coprecipitation of ∼80 (wt.)% olivine and 20% Ni-sulphide to explain the data, implying that 
the steep slope of the positive correlation seen in Figure 3a cannot be a result of the fractionation of olivine plus 
Cr spinel only and must be additionally controlled by fractionation of some Ni-bearing phase, for example, Ni 
sulfide observed as inclusions. Their presence (Figure 7) implies that the primary lamproitic mantle-derived 
melt was sulfide saturated indicating that a small-volume sulfide melt separated during the early stages of the 
evolution of this melt. Sharygin et al. (2003) reported the occurrence of magmatic Ni-rich sulfide inclusions in 
Ni-rich olivine phenocrysts from Smokey Butte and Leucite Hills lamproites and proposed the high-Ni signature 
probably being characteristic of the mantle sources of lamproites. According to Barnes et  al.  (2013) Ni-rich 
sulfides form particularly in olivine-saturated Ni-rich magmas. The presence of Ni-sulfide inclusions in olivine 
xenocrysts in kamafugites (Table S9) in which Ni is preferentially incorporated, may explain the observed sudden 
drop of olivine Ni concentrations for a relatively narrow range of Mg# (Figure 3a).

An important question arises from the above discussion: what triggers early sulfide saturation at nominally 
oxidizing conditions related to the crustal recycling within the active margin system that produced lamproitic 
melt? Carbon and sulfur species dominantly control fluid-mediated redox reactions in the mantle, thereby indi-
rectly controlling the level of sulfur saturation. If we assume that the parental melt of mantle-derived orogenic 
volcanism crystallized olivine at oxidizing conditions similar to QFM + 1—QFM + 4, the amount of sulfur 
needed to attain sulfide saturation would be between 0.2 and 1.4 wt.%. Nevertheless, the sulfide saturation will 
take place at considerably lower concentrations at more reducing conditions (Jugo, 2009) which are proposed for 
lamproitic melt formation. Namely, most experimental (Foley, 1985) and empirical studies (Prelević et al., 2005) 
of lamproites suggest very reducing conditions from QFM −3 log units fO2, down to equilibration at the 
MW buffer. For example, the subduction of pelitic sediments rich in organic matter is likely to provide the 
sulfur-bearing species into the mantle wedge overlying the subducted slab and therewith enrich mantle domains 
in sulfur. Thus, partial mantle melts might carry considerable amounts of this component. Moreover, the abun-
dance of Ni in melts is known to decrease the sulfide saturation surface considerably (Ariskin et al., 2013; Smythe 
et al., 2017) and as lamproitic olivines are suggested to originate from a melt rich in Ni, early sulfide saturation 
seems probable.
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The presence of sulfide melt separated during the early stages of the evolution of the lamproitic melt may be indi-
rectly indicated by their Mo depletion and very high δ 98/ 95Mo, the highest recorded so far in the orogenic settings 
(Casalini et al., 2019) and require an isotopically heavy sedimentary component recycled in their mantle source. 
The Mo fractionation depends on redox conditions, and we speculate that pelitic sediments rich in organic matter 
subducted and reacted with the mantle, which induced the enrichment of organogenic S, reducing the mantle 
source of lamproites.

7.  A Snapshot of a Shift From Pelitic to Carbonate-Rich Sediment Flux Recycled 
Within the Mantle Below the Apennines
In the orogens like the Alpine-Himalayan belt, sediment recycling within the mantle wedge contributes consider-
ably to the geochemistry of arc magmas but also generates metasomatic domains within the lithospheric mantle 
that may be activated during or even after active-margin processes have ceased, that is, in the course of subsequent 
post-collisional magmatism (e.g., Hole, 1988; Prelević et al., 2013; Sokol et al., 2020). Carbonates and silicates 
are compositional end-member constituents of the sediment load in the subducting column, and their recycling 
represents a principal source of fluids and/or melts derived from the subducting crust that will metasomatize the 
overriding mantle. Metasomatic agents are represented by hydrous silicate melts (Green & Ringwood, 1968), 
aqueous fluids (Tatsumi & Kogiso, 1997) and supercritical siliceous, carbonatitic, and alkaline solutions (Kessel 
et al., 2005; Massonne, 1992; Scambelluri & Philippot, 2001; Thomsen & Schmidt, 2008). The metasomatic 
effects of the recycling of silicate- and carbonate-rich sediments on the mantle-wedge will be contrasting because 
of different melt compositions. The melting of siliciclastic sediments will produce granitic/rhyolitic melt (Sekine 
& Wyllie, 1982; Wyllie & Sekine, 1982) and its interaction with the peridotitic mantle will result in silica and 
potassium enrichment and depletion in HFSEs relative to LILE situated within a universally present phlogopite 
clinopyroxenites (Förster et al., 2019, 2020). On the other hand, with the increase of carbonate component in 
the siliciclastic sediments, it is expected that its melting will result in the melt of granitic composition at lower 
pressures (2.5 GPa), and of phonolitic composition at higher pressure (5.0 GPa) (Thomsen & Schmidt, 2008). At 
a higher temperature, the conjugate carbonatitic melt will form with alkaline granitic to phonolitic melts. In both 
cases, the mantle peridotite should be refertilised with dolomite-phlogopite wehrlites.

The story of the generation of broadly coeval kamafugites and lamproites in San Venanzo is one of the heter-
ogeneous mantle source in an extensive, trans-crustal magmatic system. Magma mixing and sulfide saturation 
are prominent processes and are associated with episodic emplacement of magmas into the shallow crust, but do 
not drive the overall chemical evolution of magmas. In the following, we will present our working model that 
explains a geodynamic scenario in which the coincidence of the most extreme representative of Si-undersaturated 
and Si-oversaturated magmas could have taken place (Figure 9).

The melting of siliciclastic pelitic sediments and the interaction of this melt with the peridotitic mantle will 
universally result in the crystalization of phlogopite-clinopyroxenite metasomes (Förster et al., 2019, 2020). The 
melting of these metasomes has produced lamproitic melts, which we anticipate has happened in Torre Alfina 
0.8 Ma, but also broadly simultaneously in the San Venanzo without known surface appearances (Figure 9). With 
the increased carbonate component in the siliciclastic sediments approaching the melting region in the slab, the 
resulting melt interacting with the mantle will form dolomite-bearing phlogopite wehrlites. These metasomes 
produced kamafugite slightly later 0.4 Ma. The kamafugitic parental magmas interacted with previously cumu-
lated crystal mushes resulting in the presence of abundant xenocrystic olivine populations.

The geochemical transition from Si-saturated lamproitic, to Si-undersaturated kamafugitic orogenic magmas, 
strongly points to major changes in the composition of the subducting material beneath the Apennine active 
margin close to the Miocene–Pliocene boundary (Figure 9). The variability in geochemical signatures recognized 
in olivine hosted by the Pian di Celle kamafugite may be considered a unique snapshot of the “moment” of this 
transition. It mirrors mineralogical heterogeneities in the lithospheric mantle below the Apennines which has 
been significantly modified by subduction-induced continental sediment recycling. This modification is attrib-
uted to the Oligocene to Holocene (Molli, 2008 and references therein) subduction of the Adriatic plate beneath 
the Apennines (Figure 9).

The phenocrystic population of olivine from San Venanzo kamafugite reflects a depleted mantle source meta-
somatically modified by melts of carbonate-rich sediments that were introduced into the sub-arc mantle via 
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subduction (Figure  9). Mineralogically, the mantle metasome may be classified as phlogopite-wehrlite. The 
melt-related olivine xenocrysts display a primitive mantle-derived signature also suggesting an initially depleted 
mantle source metasomatically modified by SiO2-rich alkaline partial melts of subducted pelitic sediments 
(Figure 9). Thus, crystallization of the xenocrystic cores from a lamproite-type melt derived from an olivine-poor 
orthopyroxene-dominant mantle source is implied (e.g., Ammannati et al., 2016). Like the bimodal character of 
the Italian orogenic magmatism (Roman vs. Tuscan Magmatic Province) in general, the coexistence of kamafu-
gite and lamproite phenocrystic olivine crystals within one single lava represents the compositional diversity of 
sediments (carbonate-rich vs. pelitic) recycled into the sub-arc mantle, however, on laterally small scales. These 
multiple subduction imprints observed in one lava are not a unique feature to Pian di Celle but have for example, 
also been described for Latera volcano located about 40 km SW of San Venanzo (Nikogosian et al., 2016).

The heterogeneity of the kamafugite magma in terms of olivine composition is related to the diversity of metaso-
matic agents involved in mantle processes on local scales. Various mechanisms such as magma mixing and/or the 
uptake of xenocrysts during magma ascend may be responsible for the joint presence of different olivine types. 
The uptake of primitive, melt-related xenocrysts into mafic magmas appears to be a common phenomenon and is 
suggested to dominate over the formation of phenocrysts, especially in subduction-related, volatile-rich settings 
(e.g., Zellmer et al., 2013, 2014). This is in accordance with the observed supremacy of the xenocrystic over the 
phenocrystic olivine crystals, indicating this process might be prevalent.

Figure 9.  Illustration of the proposed model for the formation of the Pian di Celle kamafugite lavas and hosted olivine. The 
geochemical transition from Si-saturated lamproitic, to Si-undersaturated kamafugitic orogenic magmas has been generated 
due to major changes in the composition of the crustal material comprising Adriatic plate subducting beneath the Apennine 
active margin. For a further explanation see the text.
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Data Availability Statement
The complete data sets produced during this study is available at Figshare with a DOI https://doi.org/10.6084/
m9.figshare.21651269.
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