This is a preproof accepted article for Mineralogical Magazine
This version may be subject to change during the production process
DOI: 10.1180/mgm.2025.10160

Mantle sources of kamafugitic magmas: insights from partial melting

experiments on phlogopite clinopyroxenite and clinopyroxene glimmerite

. * . . . .
Francesca Innocenzi*? ,Isra’S. Ezad3’4, Sara Roncal, Samuele Agost|n|2, Michele Lustrlnol's,

Svyatoslav Shcheka®*, Stephen F. Foley*®

! Dipartimento di Scienze della Terra, Sapienza Universita di Roma, P.le A. Moro, 5, 00185 Roma, Italy
?|stituto di Geoscienze e Georisorse — CNR, Via Moruzzi, 1, 56124, Roma, Italy
3School of Natural Sciences, Macquarie University, North Ryde, New South Wales 2109, Australia.
* School of Earth Sciences, University of Western Australia, Perth, Western Australia 6009, Australia

® Istituto di Geologia Ambientale e Geoingegneria — CNR, c/o Dipartimento di Scienze della Terra, Sapienza Universita di
Roma, P.le A. Moro, 5, 00185 Roma, Italy

®Research School of Earth Sciences, Australian National University, Canberra ACT2601, Australia
Corresponding author at: Dipartimento di Geoscienze, University of Padova, Via Giovanni Gradenigo,

6, 35131, Padova, Italy. E-mail address: francesca.innocenzi@unipd.it

Keywords: mantle metasomatism, glimmerite, clinopyroxenite, partial melting experiments

Abstract

Earth’s lithospheric mantle is dominated (usually >90% vol.%) by a nominally volatile-free mineral
paragenesis with peridotitic composition. The remaining lithologies are typically hydrous and/or
carbonate-bearing assemblages (the latter stable mostly at P >2 GPa), representing the products of
mantle metasomatism with or without involvement of subduction. Despite their importance, the
modal compositions of these metasomes are poorly constrained, likely containing hydrous phases
(amphibole and/or phlogopite), coupled with accessory phases, such as apatite, ilmenite, rutile
and/or carbonates. These assemblages are usually considered to be the source of unusual magmas,
in particular ultrapotassic compositions, especially kamafugites (K,O-rich, commonly ultracalcic,
basic/ultrabasic lithologies). To evaluate if partial melting of such metasomes could effectively
produce kamafugites, we performed partial melting experiments at 2.7 and 5 GPa, and 1200 °C to
1550 °C on clinopyroxenites variably enriched in phlogopite, olivine and accessory phases (apatite,
oxides, titanite), and on a clinopyroxene glimmerite (with apatite and magnetite).

At low degrees of melting, the glasses show extremely high TiO, (<15 wt.%), CaO (<18 wt.%) and
P,Os (<7.4 wt.%), coupled with low SiO, (>21.6 wt.%), as accessory minerals are the principal

contributors in the melting reactions. Although there are no known natural counterparts for these
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low-degree melt compositions, they may play a key role in re-fertilization events in the upper
mantle. At increased degrees of partial melting (~50 to ~90%), the experimental melts approach the
compositions of silica-poor, potassic/ultrapotassic and ultracalcic rocks. Indeed, experimental
glasses share several geochemical similarities with natural kamafugites, partially overlapping for
most of the major oxides. Clinopyroxene- and phlogopite-rich lithologies, variably enriched in olivine
and accessory phases (apatite, oxides, titanite) probably occur as veins pervading the lithospheric
peridotitic matrix, and their partial melting, especially at high degrees, may be a plausible

explanation for the genesis of SiO,-poor, K,0- and CaO-rich compositions.
1 Introduction

Continental intraplate igneous rocks may exhibit unusual compositions diverging strongly from
typical partial melts generated from volatile-free peridotitic sources, leading to the formation of
extreme compositions, such as ultra-alkaline rocks (including nephelinites, leucitites, lamproites)
strongly ultrabasic compositions (e.g. melilitites, kimberlites), ~carbonatites and (ultramafic)
lamprophyres (e.g. Foley et al. 2008). Despite their rarity, these igneous compositions are very
important because their genesis can shed light on how upper mantle anatexis works (e.g. Foley et al.
2025).

The unusual features of ultrapotassic lithologies in terms of petrography, mineral chemistry,
whole-rock geochemistry and isotopic ratios cannot be reconciled with derivation from a classical
four-phase Iherzolitic mantle, whose melting produces tholeiitic to mildly alkaline basaltic melts,
with Na,O + K,0 lower than 5-6 wt.% and usually <2 wt.% K,0 (Green, 1970; Frey et al. 1978). For
this reason, the petrogenesis of ultrapotassic lithologies is often linked to the presence of
metasomatic mantle assemblages (e.g. Foley et al. 2008; Kiseeva et al. 2017; Lustrino et al. 2020;
2024; Innocenzi et-al. 2024a; 2024b; Shu et al. 2024; Foley et al. 2025). Crustal recycling and fluids
released by subducting slabs may cause refertilization events in the form of chromatographic
reactions, resulting in the development of mantle reservoirs characterized by variable enrichment in
incompatible elements (both major oxides and trace elements) and by isotope signatures that
strongly deviate from those typical of peridotitic mantle rocks. The mineralogy of the metasomatic
rocks as well as the nature and the physical state of the metasomatic agents are not yet completely
understood (e.g. Roden and Murthy, 1985; Kiseeva et al. 2017; Forster et al., 2017; Foley and Ezad,
2024).

Several petrological investigations have focused on ultramafic xenoliths occasionally entrained in
ultrapotassic magmas to constrain their possible mantle sources. They commonly display peculiar
mineral assemblages such as clinopyroxenites and glimmerites, examples of which are found along

the western branch of the East African Rift (Lloyd et al. 1985; Link et al. 2008; Innocenzi et al. 2024a).
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Obviously, being found as xenoliths in ultrapotassic magmas, these lithologies cannot be used as
direct constraints to identify the mineralogical and chemical characteristics of the mantle sources of
the host rocks. Petrological experiments on mantle rocks other than peridotite are now abundant,
despite being mostly confined to anhydrous pyroxenites (e.g. Keshav et al. 2004; Kogiso and
Hirschmann, 2001; Borghini et al. 2017), eclogites (e.g. Klemme et al. 2002; Spandler et al. 2008),
and aiming to constrain the effects of interaction between metasomatic agents and a peridotitic
matrix (e.g. Yaxley and Green, 1998; Forster et al. 2017; 2019). High pressure partial melting
experiments on hydrous ultramafic rocks such as phlogopite-bearing clinopyroxenite and/or
glimmerites (Lloyd et al. 1985; Sweeney et al. 1993; Funk and Luth, 2013; Foley et al. 2022; Foley and
Ezad, 2024) result in very variable ranges of glass compositions. It is important to emphasize that
experiments carried out at pressures >3 GPa are particularly rare (Foley et al. 2022; Foley and Ezad,
2024; Shu et al. 2024) or have concentrated on delineating subsolidus phases, not on melt
compositions (Konzett, 1997; Konzett et al., 1997). Beside this relative paucity of experiments at
pressures at which many ultrapotassic melts are thought to form, the mineral assemblages used for
these melting experiments are often very similar and less extreme when compared to glimmerites.
For example, many starting materials contained amphibole (like in most of the experiments from
Foley et al. 2022 and Foley and Ezad, 2024) or orthopyroxene (e.g. Shu et al. 2024). Moreover, the
effect of accessory phases is commonly overlooked. Only in few cases have oxides, rutile, sphene
and/or apatite been considered, and the effects of different combinations of these minor phases is
still poorly constrained (Lloyd, 1985; Funk and Luth, 2013; Foley et al. 2022; Foley and Ezad, 2024).

A previous investigation (Innocenzi et al. 2024c), based on near-liquidus experiments (1-2 GPa and
1250-1380 °C) on different kamafugite compositions tried to reconstruct the paragenesis of the
melting assemblage of Ugandan, Italian and Brazilian kamafugites, proposing a major role for partial
melting of clinopyroxene- and phlogopite-rich paragenesis, with minor olivine and accessory phases
(as titanite, apatite and Fe-Ti-oxides).

To verify this hypothesis, in this study we carried out partial melting experiments at 2.7-5 GPa and
1200-1550 °C on three hydrous ultramafic rocks, ranging from phlogopite-bearing clinopyroxenite (£
olivine) to clinopyroxene-bearing glimmerite. The aim of this experimental study is to characterise
the melt compositions generated from these hydrous ultramafic rocks, comparing them with data on
natural kamafugites. Two different pressures of 2.7 and 5 GPa have been selected for these
experiments as kamafugites crop out in different geodynamic settings (i.e. craton edges, along old
mobile belts and on active compressive margins), resulting in variable lithospheric thickness and

melting depths. In particular, the estimated mantle sources of the three known kamafugite
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occurrences range from less than 90 km to ~180 km, corresponding to ~2.7 to 5.0-5.5 GPa (Innocenzi

et al. 2025).

2 Starting materials

The starting materials of this study were chosen on the results of the near-liquidus experiments
(Innocenzi et al. 2024c) carried out on four natural kamafugites from three geographical areas (Toro
Ankole Province, western branch of the East African rift in Uganda; Alto Paranaiba Igneous Province
in Brazil; Cupaello and San Venanzo volcanoes, Intra-Apennine Province in central Italy). The
minerals crystallized in near-liquidus runs allowed Innocenzi et al. (2024c) to hypothesize their
presence in the source of primary kamafugite magma and, therefore, they could represent the main
mineralogical components of the melting assemblages.

On this basis, we modelled the hypothetical sources for the three studied volcanic provinces where
kamafugite rocks occur: Toro Ankole (TA; Uganda), Alto Paranaiba Igneous Province (APIP; Brazil)
and the Intra-Apennine Province (lAP; Italy; Tappe et al. 2003; Innocenzi et al 2025). The
compositions of the starting materials are reported in Table 1. The three assemblages are a
phlogopite clinopyroxenite + apatite + ilmenite + magnetite + titanite for TA, an olivine
clinopyroxenite + phlogopite + apatite + ilmenite for APIP, and a clinopyroxene glimmerite + apatite
+ magnetite for IAP. Experiments were not doped with additional H,0 or CO,.

For sake of clarity, it should be noted that the near-liquidus experiments (Innocenzi et al. 2024c) for
the two IAP lavas from San Venanzo and Cupaello returned different results. Olivine was observed
only in San Venanzo runs and not in Cupaello due to the different bulk composition of the two
natural samples (with San Venanzo showing higher MgO than Cupaello; Lustrino et al. 2020, 2025;
Innocenzi et al. 2025). Therefore, the reconstruction of the IAP starting material for this study was
based both on the San Venanzo and Cupaello experimental results of Innocenzi et al. (2024c) and on
the partial melting model (Innocenzi et al. 2025) based on mass balance calculations (File Repository

3, https://doi.org/10.5880/fidgeo.2025.025). No olivine is present in the mixture and phlogopite

reaches 55% (Table 1).

Starting materials were prepared by mixing hand-picked minerals from the following natural rocks:
Ti-poor phlogopite from a glimmerite xenolith from Kimberley (South Africa); Ti-rich phlogopite,
clinopyroxene, titanite and ilmenite from a pyroxene-bearing glimmerite from the western branch of
the East African Rift (Uganda); olivine and magnetite from a lherzolite xenolith from Lanzarote
(Spain). Apatite comes from Durango (Mexico).

Rock samples were previously disintegrated using a selective fragmentation (SelFrag) instrument at

Macquarie University (Sydney, Australia). Mineral compositions were determined by XRD
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(Panalytical Aeris; Cobalt X-ray source, operating at 40kV, 15Ma, with one rotation per second) and

by SEM-EDS analyses (Zeiss EVO MA15). These compositions are reported in Table 2.

3.1 Experimental strategy

A set of five partial melting experiments were run at 2.7 GPa on each of the three starting materials.
To better constrain the olivine-free assemblages, further experiments on the TA and IAP source
assemblages were performed at 5 GPa. Temperature ranged from 1200 to 1400 °C at intervals of 50
°C for the 2.7 GPa experiments, and from 1200 to 1550 °C at 50 °C intervals for the 5 GPa
experiments.

The 2.7 GPa melting experiments were conducted using a GUKO % inch rapid quench end-loaded
piston cylinder (Ezad et al., 2023), whereas the runs at 5 GPa were performed in a Voggenreiter 1000
ton multi-anvil press with a Walker module. Both apparatuses were housed at the School of Natural
Sciences at Macquarie University. For the piston cylinder experiments, natural CaF,-MgO-graphite
assembly and B-type thermocouple (Pt;Rh;—PtsRhgos) were employed. The reaction albite = jadeite +
quartz was used for the pressure calibration (Holland, 1980) and a friction correction of 20% was
applied. For the multi-anvil experiments, an 18/11 Cr-doped MgO assembly with a stepped graphite
heater was employed. Temperature was measured using D-type thermocouple (Ws7Res—W7sRezs)
and monitored with a Eurotherm 350H controller. Pressure calibration followed the reactions of
quartz/coesite (2.97 GPa; Bohlen and Boettcher, 1982) and coesite/stishovite transformation (8.7
GPa; Zhang et al. 1996).

Powders of the three starting materials were loaded in graphite capsules wrapped with a Pt foil (25
pm in thickness). The graphite capsules were made using a Roland MDX-540 mill. All experiments
were first compressed to the desired pressure (2.7 or 5 GPa) and subsequently heated to the target
temperature, held for 12 hours at 2.7 GPa and 10 hours at 5 GPa, quenched to room temperature by
cutting power to the graphite and decompressed over several hours (3-16 hours). A summary of the

run conditions and resulting phases can be found in Table 2.

3.2 Analytical methods

The recovered samples were embedded in epoxy resin and polished to a 1 um diamond finish.
Quantitative chemical analyses of the mineral phases and glasses, coupled with chemical mapping,
were acquired using a SEM Zeiss EVO MA15, equipped with an EDS detector (Oxford Ultim Max 100),
at Macquarie GeoAnalytical Laboratories (MQGA; Macquarie University). The instrument operates at
20 kV and a working distance of 12 mm. The quality of the quantitative results has been documented
by Shu et al. (2024), demonstrating good agreement (<2% error) between the EDS measurements
and the data obtained from an electron microprobe (JEOL HAX 8530F WDS), at the University of

Tasmania.
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Mainly due to the low SiO, and high MgO content of the compositions, the glasses do not always
qguench, producing glassy patches with several small needle microliths. This results in challenges to
polish the experimental glasses and find sufficiently large areas to analyse chemical compositions
from. This problem is known in literature (e.g. Shu et al. 2024), and often results in chemical analyses
of glasses with low totals. To be sure that the analyses of experimental glasses with low totals were
not related to the EDS technique, some analyses were repeated at the Laboratorio di Microanalisi of
University of Florence and Istituto di Geoscienze e Georisorse — CNR, using a JEOL JXA-8230
Electronic Microprobe, equipped with five WDS (wave-length dispersive) crystal spectrometers,
obtaining similar results (i.e. low major oxide totals; Appendix 1).

High quality scanning electron microphotographs were collected using a Teneo FEI-Field Emission
Scanning Electron Microscope (FESEM) at MQGA fitted with Bruker XFlash 6-30 EDS detectors,
working at 15 kV, with a beam current of 11 nA, a spot size of 1-2 nm and a working distance of 10

mm. FESEM maps are shown in Figs. 2to 6

4 Results

The experimental results are reported separately for each of the three starting materials. Table 2
summarises the experimental conditions and the resulting paragenesis for each run. Abundances of
each phase have been estimated by mass balance (Appendix 1).

All the glass and mineral data for each experiment are given in Appendix 1. Average compositions,
together with standard deviation and the number of analyses, for each mineral phase and recovered
glasses are reported in Tables 3 and 4 for experiments conducted at 2.7 GPa and in Tables 5 and 6
for experiments at 5 GPa. Major oxides are reported in wt.%, following the journal’s rules, albeit the
International System of Units would require mass %.

4.1 Experiments on a phlogopite clinopyroxenite + apatite + ilmenite + magnetite + titanite

(Toro Ankole Volcanic Province)
4.1.1 Experiments at 2.7 GPa
TA experiments at 1200 °C produced the same mineral assemblage as the starting material,
indicating sub-solidus conditions (Fig. 1). A measurable amount of melt (~20 wt.%) appeared at
1250°C, visible as quenched needles (Fig. 2a-c), characterised by very low SiO, content (29.6 wt.%;
Table 3). This glass is anomalously enriched in TiO, (10.7 wt.%), CaO (14.7 wt.%), K,0 (4.3 wt.%) and
P,0s (4.6 wt.%; Table 3 and Appendix 1), reflecting the large contribution of titanite and apatite.

At 1300 °C the degree of partial melting increases to ~37 wt.% (see map in Appendix 1).
Clinopyroxene, phlogopite, apatite and ilmenite are still present. These minerals are joined by
peritectic olivine characterised by high Fo (0.83) and slight lime enrichment (CaO = 0.76 wt.%; Table

4), formed as consequence of the incongruent melting of phlogopite. The glass composition remains
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strongly ultrabasic (SiO, = 33.5 wt.%), but its TiO, and CaO content decrease to 7.3 wt.% and 9.3
wt.%, respectively, while K,O increases to 6.2 wt.% (Table 3 and Appendix 1).

At 1350 °C olivine is no longer present and all the accessory phases (apatite, ilmenite, magnetite
and titanite) have melted out (Fig. 1). Only minimal traces of phlogopite (~4 wt.%) and large
amounts of clinopyroxene (33 wt.%) are still found. The area occupied by glass reaches ~60 wt.% of
the experimental charge (Fig. 2d-e). Compared to the 1300 °C experiment, the 1350 °C glass
composition shows a slight enrichment in SiO, (36.6 wt.%), similar TiO, (7.1 wt.%), lower K,0 (4.1
wt.%) and higher CaO (15.0 wt.%).

The highest temperature experiment at 1400 °C vyields a melt fraction of ~90 wt.%, with
clinopyroxene (~10 wt.%) remaining as the only residual mineral (Table 4). The glass remains
ultrabasic (SiO, = 40.9 wt.%), ultrapotassic (K,O = 3.6 wt.% and K,0/Na;O = 7) and reaches the
highest CaO content (16.4 wt.%).

4.1.2 Experiments at 5 GPa

In contrast to what is observed at 2.7 GPa, at 5 GPa, the experiment carried out at 1200 °C
approaches near-solidus conditions, with ~1 wt.% of melt (Fig. 3a-c), which was impossible to
analyse due to the presence of quenched needles within the small glassy patches (Fig. 1). Beside
perovskite, which is present in place of titanite, the mineral assemblage is the same of the starting
material (Fig. 3a).

At 1250 °C, the degree of partial melting reaches ~20 wt.%, with glass concentrated along the
capsule border. The mineral paragenesis of this experiment is composed of clinopyroxene,
phlogopite, tschermakitic amphibole (Al,O; = 18.5 wt.%, FeO = 12.2 wt.%, MgO = 8.7 wt.% and CaO =
17.1 wt.%), perovskite, apatite and ilmenite (Table 6). The glass composition is strongly ultrabasic
(Si0, = 26.7 wt.%), with high TiO,, K,0 and P,05 (10.2, 5.5 and 5.2 wt.%, respectively).

At 1350 °C, the degree of partial melting remains low (~30 wt.%), and the melt is mainly
concentrated along the grain boundaries (Appendix 1). Clinopyroxene, phlogopite, ilmenite and
more abundant tschermakitic amphibole (14 wt.%) are observed in this run (Al,0; = 19.9 wt.%, FeO =
8.4 wt.%, MgO = 13.6 wt.% and CaO = 13.4 wt.%; Table 6). Experimental glass at 1350 °C is strongly
ultrabasic (SiO, = 24.4 wt.%), enriched in TiO,, CaO, K,0 and P,0s (12.2, 11.2, 5.3 and 6.6 wt.%,
respectively).

The 1400° C experiment is characterised by only ~2 wt.% phlogopite, ~40 wt.% of clinopyroxene
and ~58 wt.% glass (Fig. 3d). The glass is slightly richer in SiO, (34.9 wt.%), poorer in P,05 (1.9 wt.%)
and similar in terms of TiO, and K,0O contents compared to those analysed in the lower temperature

experiments (Table 5).
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Experiments at 1450 °C, 1500 °C and 1550 °C contained 64, 72 and 85 wt.% glass, respectively (Fig.
1). Clinopyroxene is the only liquidus mineral phase (Appendix 1). Glasses at 1450 and 1500 °C
exhibit similar compositions (SiO, = 36.3 and 37.2 wt.%, TiO, = 7.2 and 7.3 wt.%, and CaO = 15.8 and
15.7 wt.%). The glass at 1550 °C remains ultrabasic (SiO, = 40.5 wt.%) and ultrapotassic (K,O = 3.0
wt.% and K,0/Na,O = 6), also having high CaO (17.8 wt.%) and TiO, (5.2 wt.%). No olivine was found
in the TA experiments at 5 GPa.

4.2 Experiments on a clinopyroxene glimmerite + apatite + magnetite (Intra-Apennine
Province)

4.2.1 Experiments at 2.7 GPa

At 1200 °C no glass was detected, but the occurrence of incongruent melting of phlogopite is
indicated by the presence of ~2 wt.% olivine (Fig. 1). Increasing the temperature to 1250 °C results in
~15 wt.% melt production (Fig. 4a-b), with the glass showing ultrabasic composition (SiO, = 31.2
wt.%) and enrichment in K,0 (5.2 wt.%), P,Os (5.5 wt.%) and TiO, (5.9 wt.%; Table 3). All apatite and
magnetite melted out, leaving only phlogopite (~35 wt.%) and clinopyroxene (~38 wt.%). Olivine
(~10 wt.%) is also present in the recovered experiment highlighted by chemical and mineralogical
mapping (Fig. 4a), but due to its small size no quantitative analyses could be obtained.

At 1300 °C (Appendix 1), the melt increases to ~30 wt.%, coexisting with ~10 wt.% olivine, ~34 wt.%
clinopyroxene and 26 wt.% phlogopite. Olivine is enriched in MgO (Fogg), with 0.38 wt.% CaO (Table
4). The higher proportion of melt results in-an increase in SiO, (34.1 wt.%) and K,0 (7.2 wt.%) in the
glass, as clinopyroxene joins the melting process and the amount of melting phlogopite increases.
On the other hand, CaO decreases (down to 11.2 wt.%) together with P,0s, as the effect of accessory
phases dilutes these oxides in the melt composition.

At 1350 °C the degree of partial melting reaches ~70 wt.% and phlogopite is exhausted, while ~10
wt.% clinopyroxene is still observed (Fig. 4c-d). Olivine (21 wt.%) shows higher MgO (Fos,) and CaO
(0.43 wt.%). In the 1400 °C experiment, melt and olivine reach a modal abundance of ~85 wt.% and
~15 wt.%, respectively. Olivine composition is comparable to that observed in the previous
experiment (Fog,). The glasses in the 1400 °C experiments show slightly higher SiO, (42.0 wt.%), TiO,
(4.4 wt. %) and CaO (14.7 wt.%), when compared to the 1350 °C glass (40.8 wt.%, 4.2 wt.% and 13.4
wt.%, respectively), but also lower K,0 and P,0s, down to 4.5 wt.% and 1.1 wt.%. The evolving glass
compositions results from the increasing amount of clinopyroxene contributing to the melt (up to 40

wt.%).

4.2.2 Experiments at 5 GPa
At 1200 °C, the extent of melting is low, yielding ~3 wt.% glass (Fig. 5a-b) and small crystals of olivine

(~2 wt.%) (Fig. 5¢c). With increasing temperature to 1250 and 1350 °C, the degree of partial melting
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increases only to 5 wt.% (Fig. 1). There is, however, a slightly higher amount of olivine (~3 wt.%) and
intergranular quenched needles may have been lost during polishing. The paragenesis recovered
from both experiments is composed of ~40 wt.% clinopyroxene, ~50 wt.% phlogopite, ~1 wt.%
magnetite and ~1 wt.% apatite. Due to the small amount of glassy patches in both the 1250 and
1350 °C runs, it was impossible to obtain reliable quantitative analyses.

By 1400 °C, the melt fraction drastically increases to ~43 wt.% (Fig. 5d). Olivine reaches 10 wt.%
and coexists with ~2 wt.% tschermakite (Al,O; = 20.8 wt.%, FeO = 6.2 wt.%, MgO = 17.4 wt.% and
Ca0 = 10.0 wt.%; Table 8), ~38 wt.% clinopyroxene and ~7 wt.% phlogopite. The glass is higher in
Si0, (37.9 wt.%) and K,0 (8.9 wt.%), coupled with lower TiO,, CaO and P,0s (Table 6).

With increasing temperature, the degree of melting reaches ~80 wt.% at 1450 °C, ~85 wt.% at 1500
°C and 90 wt.% at 1550 °C (Fig. 1). The melt compositions show a quite uniform content of SiO, (42.3
and 42.1 wt.%), TiO, (2.5 and 2.1 wt.%) and CaO (12.0 and 11.9 wt.%) as the melt approaches the
composition of the bulk mixture. With temperature increasing from 1450 to 1550 °C, P,Os and K,0
slightly decrease with the increasing melting degree (from 5.9 wt.% to 4.8 wt.% and from 1.2 wt.% to
0.6 wt.%, respectively). In the 1450 °C experiment, ~5 wt.% olivine is still present (see map in
Appendix 1), together with ~10 wt.% clinopyroxene, while at 1500 and 1550 °C only clinopyroxene
(15 and 10 wt.%, respectively) still persists (Table 6).

As in the 2.7 GPa experiments, olivine compositions show an increase in MgO and a decrease in

FeO (Fos, at 1350 °C, to Fog, at 1450 °C). The full set of analyses is reported in Table 6.

4.3 Experiments on an olivine clinopyroxenite + phlogopite + apatite + ilmenite (Alto
Paranaiba Igneous Province)

4.3.1 Experiments at 2.7 GPa

The APIP experiments have been conducted only at 2.7 GPa (Table 2). Due to the composition of the
starting materials and the lower modal abundance of phlogopite, this sample showed the lowest
degree of melting at any given temperature. At 1200 °C the sample was subsolidus, while ~23 wt.%
melt appears at 1250°C (Fig. 1). In the 1250 °C experiment, apatite melted out, while ~43 wt.%
clinopyroxene, ~8 wt.% phlogopite, ~25 wt.% olivine and <1 wt.% ilmenite were still observed. The
initial melt exhibits a strongly ultrabasic composition (SiO, = 27.7 wt.%), roughly overlapping with TA
and IAP runs (Table 3 and Fig. 7), but TiO,, MgO and CaO are much higher (12.2 wt.%, 11.2 wt.% and
16.5 wt.%, respectively). At 1300 °C, the melt fraction increases up to ~31 wt.% (Appendix 1),
showing a slightly higher SiO, content than that in the TA run at the same temperature (33.1 wt.%),
but similar TiO, (9.2 wt.%), CaO (12.8 wt.%), K,0 (5.7 wt.%) and P,0s (2.6 wt.%). Accessory phases
(apatite and ilmenite) melted out, leaving only ~23 wt.% clinopyroxene, ~25 wt.% olivine and ~5

wt.% phlogopite. Olivine content slightly increased due to the incongruent melting of phlogopite. At
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1350 °C, the melt fraction reaches ~50 wt.%, with phlogopite, olivine and clinopyroxene still
abundant in the residuum (Table 4; Fig. 6a-c). The 1400 °C experiment contains ~69 wt.% melt (Fig.
6d-e), joined by ~21 wt.% olivine and ~10 wt.% clinopyroxene. The increasing modal amount of
clinopyroxene participating to the partial melting, at same percentage of phlogopite and accessory
phases (apatite and magnetite), resulted in an increasing SiO, (from 36.1 to 41.0 wt.%) and MgO in
the glass (from 11.6 to 15.4 wt.%). For the same reason, the FeO, K,0 and P,0s contents decrease
(from 9.1 to 5.9 wt.%, from 3.7 to 3.2 wt.% and from 2.0 to 1.3 wt.%, respectively; Table 3).

In all the runs, olivine shows almost uniform composition (Table 4), although a trend of slightly
increasing MgO and decreasing FeO (from Fog, at 1250 °C to Fog, at 1400 °C) can be observed. CaO
remains quite uniform (0.2-0.4 wt.% in the 1250 °C, 0.4 wt.% in the 1300 °C, 0.1-0.7 wt.% in the 1350
°C and 0.3-0.6 wt.% in the 1400 °C).

5 Discussion

High-pressure and high-temperature experiments conducted in this study highlight that partial
melting of phlogopite clinopyroxenites and clinopyroxene-bearing glimmerites produces SiO,-poor
and CaO- and K,0O-rich compositions overlapping those of natural kamafugites. Furthermore, the
results indicate that accessory phases can strongly influence the geochemical composition of the
resulting melt, in particular TiO, or P,0s contents, which are strongly dependent from the amount of

titanite, ilmenite and apatite.

5.1 Comparison of natural and experimental compositions

In the following sections, experimental melt compositions are compared to natural kamafugites
(references in Appendix 1), which represent volcanic rocks with ultrabasic to basic and potassic to
ultrapotassic compositions, characterised by high CaO and variable incompatible trace element
enrichment, with the common feature of having primary kalsilite as groundmass phase (Innocenzi et
al., 2025). Rocks classified as kamafugites in literature show a wide compositional spread, even when
belonging to the same volcanic area or district. The large geochemical variability of kamafugites is
likely related to heterogeneous lithospheric mantle sources (Innocenzi et al. 2025).

Natural kamafugites display a wide range of Mg# (from 57 to 93) as well as a large spectrum of
major oxide contents. Beside Cupaello lavas, which are interpreted to be evolved samples (Lustrino
et al. 2025), little evidence of fractionation has been found in other worldwide kamafugites (Melluso
et al. 2008; Rosenthal et al. 2009; Guarino et al. 2013; Lustrino et al. 2020; Innocenzi et al. 202443,
2024b, 2025).

Natural and synthetic compositions are plotted in Harker diagrams for selected major oxides vs.
SiO, in Fig. 7 (experiments carried out at 2.7 GPa) and Fig. 8 (experiments at 5 GPa). Further

diagrams are presented in Appendix 1. Here, clear trends in experimental glasses with increasing
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melting degree are outlined. The melts formed at the lowest temperatures (1250-1350 °C) have low
Si0O,, very high TiO, and P,0s, likely due to the partial or complete melting of the accessory phases
(titanite, apatite and Fe-Ti-oxides in TA, apatite and ilmenite in APIP, and apatite and magnetite in
IAP), while only low amounts of the major phases contribute to the melt. These low-degree melts do
not match the compositions of kamafugites or of any other natural melts. At higher temperatures
(1350-1400 °C) and consequently larger degrees of partial melting (50-90 wt.%) the experimental
melts resemble the natural kamafugites for most of the major oxides (Figs. 7 and 8). However, the
FeO,: contents of experimental melts for all three provinces are slightly lower than natural
counterparts, possibly indicating minor FeO loss during the experiments (FeOy in ~“90% of the
experiments is lower than 1.2 wt.%).

Toro Ankole kamafugites show variable compositional features together with a large spectrum of
igneous products in general. Indeed, kamafugitic compositions are replaced by carbonatitic tuffs
moving from South to North of the region (e.g. Eby et al., 2009; Zartner, 2010). Moreover, different
lithologies (i.e. kamafugites, leucitites, nephelinites and olivine-bearing melilitites) with strong
compositional similarities have been identified in the TA districts (e.g. Rosenthal et al. 2009;
Muravyeva et al. 2014). The minor differences recorded among the samples are supposed to derive
from a strongly metasomatized lithospheric mantle characterised by significant heterogeneity, also
at short lateral scales. Different abundances of clinopyroxene, phlogopite and carbonate in the
source may explain all the rock compositions recorded in TA (Innocenzi et al. 2024a). Furthermore,
variable degrees of melting and of interaction with the surrounding mantle matrix may also
contribute to explain the observed geochemical diversity (e.g. Rosenthal et al. 2009; Muravyeva et
al. 2014; Pitcavage et al., 2021). Involvement of mantle peridotite in the melting process would
cause a dilution of the melt, resulting in less extreme composition (e.g. lower alkali contents). The
type of interaction is strongly affected by the Mg# of the melt and the eventual equilibrium
condition with the surrounding mantle (e.g. Foley et al. 2025).

TA melts produced at 2.7 GPa and 1350-1400 °C (60 and 90 wt.% melt, respectively) show good
overlap with natural kamafugites for almost all the oxides (e.g. SiO,, Al,03;, MgO, K,0 and P,0s). TiO,
and CaO differ only slightly, with higher contents in the synthetic glasses than for the natural rocks
(see Innocenzi et al. 2024a and references therein). Na,0 (0.39-0.78 wt.%) is displaced toward the
lower end of the field of natural samples (0.18-3.60 wt.%; Innocenzi et al. 2024a and reference
therein; Fig. 7). At 5 GPa, experimental melts at 1450, 1500 and 1550 °C (64, 72 and 85 wt.% melt,
respectively; Fig. 1) approach natural compositions. SiO,, Al,O;, MgO and K,0O match well, whereas

Ca0, Na,0, and P,05 only partially overlap (Fig. 8). TiO, contents in all analysed glasses is too high,
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and only at 1550 °C there is an overlap with the upper end of the natural kamafugite field (5.1-5.3
wt.% in synthetic glass vs. 3.0-6.1 wt.% in natural Ugandan samples).

Brazilian kamafugites, from both the APIP and Goias Alkaline Provinces (GAP, SE Brazil) are plotted
together to give a better representation of compositions of the whole region and to allow a better
comparison with other natural kamafugites. As for the other two cases, the differences among the
different Brazilian kamafugites can be partially ascribed to the effects of diffuse alteration events,
such as analcimization (e.g. Sgarbi and Gaspar, 2002; Brod et al. 2005; Melluso et al. 2008; Guarino
et al. 2013). APIP experimental glass obtained at 2.7 GPa and 1350 to 1400 °C (50 and 70 wt.% melt,
respectively) show good overlap with natural kamafugites for almost all the major oxides (e.g. SiO,,
Al,0;, MgO, K,0 and P,0s). TiO, and CaO only slightly differ, with higher values in the synthetic
glasses than for the natural rocks (Innocenzi et al. 2025 and references therein). Na,O (0.38-0.81
wt.%) is displaced toward the lower end of the field of natural samples (0.05-4.45 wt.%; Innocenzi et
al. 2025 and reference therein; Fig. 7).

As regards IAP, only literature data from San Venanzo and Cupaello lavas with SiO, higher than 38.1
wt.% are reported, as this province also hosts many pyroclastic products containing variable
amounts of secondary carbonate-bearing lithologies (Lustrino et al. 2019; 2020; 2025; Innocenzi et
al. 2024b and reference therein). Despite being spatially and temporally very close, the eruptive
centres of San Venanzo and Cupaello are characterized by distinct geochemical (i.e. San Venanzo
kamafugites have lower TiO, and higher MgO-Al,O; than Cupaello) and mineral paragenesis (e.g. San
Venanzo lavas are olivine-rich clinopyroxene-poor, whereas Cupaello lavas are almost completely
olivine-free and clinopyroxene-rich; Lustrino et al. 2020; 2025). Recently, Lustrino et al. (2025)
attributed these differences to a prolonged fractional crystallization history (olivine + phlogopite +
melilite + spinel + kalsilite) starting from a less evolved magma similar in composition to San
Venanzo primitive kamafugite (sample SAV6 of Lustrino et al. 2020). Despite the non-primitive
composition, Innocenzi et al. (2024c) performed near-liquidus experiments on a Cupaello sample in
order to evaluate other possibilities. It is plausible that the lithospheric mantle beneath central Italy
could be extremely heterogeneous and laterally variable, involving slightly different metasomatic
assemblages (i.e. variable concentrations of metasomatic phlogopite and clinopyroxene). This,
coupled with different degrees of partial melting could be an alternative explanation of the several
differences between San Venanzo and Cupaello. As the matter is still debated, both San Venanzo
and Cupaello data are reported on the Harker diagrams (Figs 7 and 8), thus resulting in the wide field
of IAP kamafugites.

Only the 2.7 GPa experiments carried out at 1350 and 1400 °C partially overlap the natural IAP

rocks. The most remarkable difference occurs for TiO,, which is very low in San Venanzo and
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Cupaello volcanic rocks (<1.3 wt.%), compared to the experimental glasses (>3.8 wt.%). MgO shows
slightly lower values (6.4-12.5 wt.%) in the experimental melts than in the natural San Venanzo
samples (7.6-15.5 wt.%; Appendix 1). P,Os in the IAP experimental glasses are too high (1.3-1.4 wt.%)
with respect to the natural San Venanzo composition (0.32-1.44 wt.%), whereas they overlap for the
Cupaello samples (~1.2 wt.%). These characteristics for Cupaello may be interpreted as a primary
feature of the mantle source, but they may also result from the fractionation of an apatite-free
kalsilitolite cumulate, to allow for the increase of P,Os in the residual melt (e.g. Lustrino et al. 2025).
A fractionation history for Cupaello lavas is also supported by the poor overlap of IAP experimental
glasses with the natural rocks, with the exception of SiO,, Al,0; and P,0s at 1400 °C.

At 5 GPa, experimental glasses for IAP and TA at 1450, 1500 and 1550 °C (80 to 90 wt.% melt; Fig.
1) approach the natural compositions. For IAP, the agreement is weaker than for TA, as most major
oxides do not fall in the natural rock fields (e.g. higher TiO,, lower Al,O; and Ca0O). This may be
caused by the high degree of partial melting, which would dilute Al,O; and K,O, whose values are
lower than the natural examples, causing an increase in MgO and CaO from the clinopyroxene,
which is the last mineral phase to completely melt out. For IAP, at 1400 °C (~40 wt.% melt) the
overlap with natural compositions improves for- MgO and K,O, but the experimental melt
composition is still strongly influenced by the undiluted contribution from the accessory phases. Also
the crystallization of tschermakite would affect the composition of the resulting glasses. A degree of
partial melting between 40 and 80 wt.% could likely shift the compositions of melts towards natural

compositions.

5.2 Further consideration on source parageneses
Past melting experiments on hydrous mineral-rich non-peridotitic ultramafic compositions (such as
phlogopite-bearing clinopyroxenites) show solidi consistently lower than peridotite, even when
compared with hydrous peridotite compositions (e.g. Kogiso et al., 2004; Lambart et al., 2012; Ezad
et al. 2024; Foley et al., 2025). The composition of hydrous non-peridotitic ultramafic rocks is
sensitive to the modal abundances of phases entering the melt, both as concerns major oxides
(Foley et al. 2022) and trace elements (Foley and Ezad, 2024). The differences between natural
kamafugites and the experimental glasses reported in this study may thus be related to different
modal proportions of the minerals in the mantle sources and/or on the variable compositions of
each phase.

The experimental melts are always characterised by higher TiO, than natural kamafugites. For TA
and APIP, this is probably due to the phlogopite used in the experiments, which likely has a higher
TiO, content than the phlogopite in the source of these two regions. Alternatively, it may be

explained by a lower amount of titanite and/or ilmenite (~1-2%) in the melting assemblage. For IAP,
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this may be caused either by an excessive TiO, content of clinopyroxene (1.58 wt.%) or by a too high
proportion of magnetite (9.40 wt.%) in the starting material. Alternatively, considering the
subduction-modified composition of IAP rocks (e.g. Lustrino et al. 2011; 2022), the low TiO, content
could simply be a mantle source characteristic.

The other main differences are in Na,0 and in K,0/Na,O ratio, which tend to be respectively higher
and lower in the natural rocks than in the experimental melts, especially those at 2.7 GPa (Figs. 7
and 8). This issue related to Na,O has previously been recognised for TA kamafugites (e.g. Lloyd et al.
1985) but remains unsolved. It is unlikely to be related to the presence of amphibole in the melting
assemblage. Indeed, near-liquidus experiments (e.g. Edgar et al. 1976; Innocenzi et al. 2024c) seem
to exclude the stability of amphibole in kamafugite mantle sources, and no amphibole has been
found in the abundant nodules embedded in the Ugandan kamafugites (e.g. Link et al. 2008). In a set
of partial melting experiments on phlogopite-bearing clinopyroxenite nodules, Lloyd et al. (1985)
used a clinopyroxene with higher Na,O (about 1.15 wt.%) than the one used in this study (0.51
wt.%), obtaining, glass with higher Na,O (up to 1.95 wt.%). This is much more coherent with the TA
natural composition, which hosts clinopyroxenes with 0.18-2.61 wt.% Na,O. Finally, less than 1% of
apatite in TA melting assemblage would guarantee a good match between natural and experimental
compositions.

For APIP, the difference in Na,O content is even higher. Experiments conducted at near-liquidus
conditions (1350 °C; 2 GPa) and at lower temperature (1000 °C; 2 GPa; Innocenzi et al. 2024c)
resulted in crystallization of clinopyroxene with a Na,O content ranging from 0.72 (sub-liquidus run)
to 2.05 wt.% (near-liquidus run). The much lower Na,O content of the clinopyroxene used in this
study (0.51 wt.%) can easily account for the divergence between the experimental glasses and the
natural samples. Guarino et al. (2024) analysed diopsidic clinopyroxene from xenocrysts and
Iherzolite xenoliths in APIP kimberlites with Na,O in the 1.02-1.72 wt.% range. It follows that
relatively Na,O-rich clinopyroxene can be present in APIP lithospheric mantle, but unfortunately,
mineralogical constraints for the APIP kamafugite mantle source from natural rocks are more
restricted than for TA.

The good match with MgO between natural TA kamafugites and experimental glasses may support
the hypothesis that no olivine is involved in the genesis of Ugandan kamafugites (Appendix 1).
Indeed, olivine is not needed to explain the geochemical features of the lavas, and the nodules
almost completely lack this phase (Link et al. 2008; Innocenzi et al. 2022; 2024a). The lower melting
temperature of the metasomatic veins than surrounding peridotite, coupled with the high mobility
of the melts would have caused a rapid upwelling to the surface limiting interaction with the

surrounding peridotite mantle (Foley et al. 1999; Foley and Ezad; 2024). Interestingly, the MgO
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content of APIP experimental glasses (10.3-16.5 wt.%), where olivine was included in the starting
materials, are very similar to that recorded for TA (10.6-16.0 wt.%) at the same conditions, where no
olivine was used in the starting material. This is probably because olivine gives little contribution to
the melt at low melting degrees. In order to obtain higher MgO content in the experimental glass,
even higher melting degrees should be reached.

The IAP experimental glasses display lower MgO content than Italian kamafugites, possibly due to
the peritectic crystallization of olivine formed through incongruent melting of phlogopite, which
would decrease MgO in the glass (e.g. Prelevic¢ et al., 2024; Foley et al., 2025). Alternatively, we can
interpret the lower MgO in the IAP experimental glasses to the actual presence of olivine in San
Venanzo mantle source, which was not used in the starting material of experiments. The presence of
low amounts of highly magnesian olivine participating to the melts may result in a better overlap
with the natural melt compositions. It is also important to highlight that previous literature studies
(e.g. Lustrino et al. 2020) suggested a limited digestion of country rocks (mainly carbonates) by an
ultrabasic magma in San Venanzo, a process that could have contributed to the discrepancy
observed between natural and synthetic compositions. The melting assemblage in San Venanzo
must also have contained <1 wt.% of apatite to ensure a better overlap between natural and
experimental values, as supposed for the TA case.

The presence of olivine in the melting assemblages suggested for APIP and IAP may be related to
the reaction with the surrounding mantle, either after the partial melting of the hydrous metasomes
or during the percolation of the metasomatic fluids (Foley et al. 1992; Mallik et al., 2021; Shu et al.
2024; Innocenzi et al. 2024c; Prelevic et al., 2024). Another crucial point could be represented by the
composition of the surrounding mantle, i.e. ultra-depleted or fertile assemblages, which reacts

differently with the percolating melts/liquids (e.g. Cooper et al. 2024).
6 Conclusions

Partial melting experiments have been carried out on assemblages spanning from phlogopite
clinopyroxenite (+ olivine) to clinopyroxene glimmerite at 1250-1550 °C and a 2.7-5 GPa. The
produced glasses are characterised by extremely variable compositions, strongly influenced by the
degree of melting and by the relative contributions of the mineral phases to the melt. Relatively low-
degree partial melting results in extreme compositions (e.g. very low SiO,, very high high TiO, and
P,0s), due to the participation of titanite, apatite and Fe-Ti-oxides in TA, apatite and ilmenite in APIP,
and apatite and magnetite in IAP in the melting assemblage. In these cases, the experimental glasses
do not mimic any natural silicate igneous rocks, but they probably represent good candidates for
metasomatic melts infiltrating within the lithospheric mantle matrix (Fitzpayne et al., 2019; Foley et

al. 2022). Metasomatic products in mantle xenoliths commonly contain high proportions of Ti- and
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Fe-Oxide minerals (Harte et al., 1987). The volatile-rich nature of these melts will also affect their
physical and chemical properties resulting in lower density and higher mobility compared to
anhydrous SiO,-rich compositions (Russell et al., 2022; Schéafer and Foley, 2002; Prelevi¢ et al., 2024).
With increasing temperature and amount of melt produced, glass compositions approach those of
natural magmas, whose main characteristics are low silica, high alkali (especially K,0) and high lime.
The results of partial melting experiments suggest that high degrees of partial melting (>50 wt.%) of
clinopyroxene * phlogopite assemblages found in the lithospheric mantle can lead to the formation
of ultrapotassic and/or ultracalcic compositions. This confirms the hypothesis of Lloyd et al. (1985),
according to which the Toro Ankole ultrapotassic rocks could be derived from hydrous ultramafic
sources.

We observe a partial overlap between the compositions of experimental glasses and natural
kamafugites. In particular, a good match for some major oxides (especially SiO,, MgO, K,0 and P,0s)
with experiments at 1350 and 1400 °C is observed for Brazilian and Ugandan lavas. This could
illustrate the importance of clinopyroxene as dominant phase (50 and 60 wt.% for Brazilian and
Ugandan lavas, respectively) contributing to melt composition, coupled with phlogopite and other
accessory phases, such as apatite and ilmenite. As the modal abundance of phlogopite in the starting
materials of the TA experiments was higherthan for APIP, the K,0 content of the experimental glass
was consequently higher, together with Al,O;. Experimental results also support the presence of
olivine in the APIP source, even if only partially contributing to the MgO budget. On the other hand,
the composition of the experimental glasses produced from an olivine-free phlogopite-pyroxenite
assemblage, are in reasonable agreement with those of the natural kamafugites from the Toro
Ankole volcanic Province.

The experimental glasses obtained from the clinopyroxene glimmerite assemblage roughly match
the lava compositions from San Venanzo, with the suggestion of the presence of olivine in the
melting assemblage in addition to a slightly lower amount of magnetite and apatite. Experimental
results confirm the importance of phlogopite in the source of Italian kamafugites, contributing to
their very high K,0 content, and of clinopyroxene, responsible for the high CaO content. The possible
interaction between San Venanzo magmas and sedimentary limestones (Lustrino et al., 2020) may
further complicate the Italian framework, as well as the presence of carbonates in the sources, a
feature not investigated in the present study.

The presence of accessory phases in the mineral assemblage of mantle sources is fundamental to
explain many of the geochemical features of the natural rock samples. For example, apatite (<3
wt.%) controls the P,O5 content of the whole-rock, whereas titanite (<4 wt.%) and ilmenite (<5 wt.%)

are required to reach the high TiO, content of the Ugandan and Brazilian kamafugites (3.0-9.5 wt.%).
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This indicates that the large spectrum of compositions of the natural lavas may be related to
different degrees of melting of clinopyroxenite (+ olivine) variably enriched in phlogopite and some
accessory minerals, such as apatite and TiO,-bearing phases. Different abundances of the main
(clinopyroxene and phlogopite) and accessory (e.g. olivine) phases in the mantle sources are
probably related to laterally heterogeneous lithospheric mantles. This, together with variable degree
of melting and interaction with the surrounding peridotitic matrix, with or without additional crustal
interaction at shallow depth, would be able to give rise to almost all the primitive kamafugite

magma compositions.
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Fig 1. Modal abundances (wt.%) of mineral phases and melt (glass) obtained in each experimental

samples (TA, IAP and APIP) at 2.7 and 5 GPa.
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Fig. 2. (a) Field-emission-scanning electron microscopy (FESEM) mineral maps on TA experimental
sample A23-012 (2.7 GPa and 1250 °C); (b) and (c) higher magnification SEM microphotographs of
guenched needles. (d) FESEM mineral maps on TA experimental sample A23-016 (2.7 GPa and 1350
°C); (e) higher magnification SEM microphotographs of melt pools. Dark blue stands for
clinopyroxene, light blue for augite, orange for tschermakite, yellow for phlogopite, red for olivine,
purple for ilmenite, pink for apatite, light green for perovskite and green for glass.
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Fig. 3. (a) FESEM mineral maps on TA experimental sample M22-005 (5 GPa and 1200 °C); (b) and (c)
higher magnification SEM microphotographs of quenched needles. (d) FESEM mineral maps on TA
experimental sample M22-010 (5 GPa and 1400 °C). Colours as in Fig. 2.
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Fig. 4. (a) FESEM mineral maps on IAP experimental sample A23-012 (2.7 GPa and 1250 °C); (b)
higher magnification SEM microphotographs of quenched needles. (c) FESEM mineral maps on IAP
experimental sample A23-016 (2.7 GPa and 1350 °C); (d) and (e) higher magnification SEM
microphotographs of melt pools and olivine microcrysts. Colours as in Fig. 2.
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Fig. 5. (a) FESEM mineral maps on IAP experimental sample M22-005 (5 GPa and 1200 °C); (b) and (c)
higher magnification SEM microphotographs of quenched needles and olivine microcrysts. (d) FESEM
mineral maps on IAP experimental sample M22-010 (5 GPa and 1400 °C). Colours as in Fig. 2.
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Fig. 6. (a) FESEM mineral maps on APIP experimental sample A23-014 (2.7 GPa and 1300 °C); (b) and
(c) Higher magnification SEM microphotographs of quenched needles. (D) FESEM mineral maps on
APIP experimental sample A23-019 (2.7 GPa and 1400 °C); (e) Higher magnification SEM
microphotographs of melt pools. Colours as in Fig. 2.
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Fig. 7. Harker diagram for major oxides (TiO,, Al,Os, CaO, K,0, Na,0) and K,0/Na,O vs. silica (wt.%)

for TA, IAP and APIP experimental glasses at 2.7 GPa. Kamafugites compositions from literature are
also plotted for comparative purposes (references in Appendix 1).
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are also plotted for comparison, references as in Fig. 7.

Appendix 1: Quantitative mineral and glass chemical analyses on the experimental samples. Harker

diagrams of major oxides vs. SiO, (wt.%) are also reported.
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Table 1. Modal composition (wt.%) of the starting materials for partial melting experiments (Toro Ankole, Alto Paranaiba Igneous Province
and Intra-Apennine Province samples) and relative bulk compositions.

Toro Ankole Alto Paranal.ba lgneous Intra-Apennine Province
Province

Clinopyroxene 60% 50% 40%
Phlogopite (high Ti) 28% 20%
Phlogopite (low Ti) 55%
Olivine 22%
Apatite 3% 3% 2%
limenite 2.5% 5%
Magnetite 2.5% 3%
Titanite 4%
SiO, 41.54 41.08 43.93
Tio, 5.45 437 1.45
Al20s 5.45 3.83 6.91
FeO 8.53 9.34 7.56
MnO 0.06 0.09 0.02
MgO 14.06 21.61 19.08
Cao 17.05 13.59 10.63
Na,0 031 0.26 0.20
K0 2.88 2.06 6.30
P20s 1.16 1.16 0.77
V205 0.06 0.05 0.01
Cr20s 0.42 0.00 0.68
NiO 0.00 0.08 0.12
Zr.0s 0.04 0.04 0.03
BaO 0.16 0.14 0.00
Total 97.15 97.69 97.6736
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Table 2. Summary of all the partial melting experiments that have been run, with relative temperature, pressure, hold time and resulting

assemblage.
Hold
Experiment Pr(zs::)re Tem;:()f(;)ature time Phases
(hours)
Toro Ankole Province
A23-008 2.7 1200 12 Cpx 60%, phl 28%, ti 4%, ap 3%, ilm 2.5%, mag 2.5%
A23-012 2.7 1250 12 Melt 20%, cpx 59.6%, phl 16%, ti 0.5%, ap 0.9%, ilm 2.5%, mag 0.5%
A23-014 2.7 1300 12 Melt 37%, ol 9%, cpx 48%, phl 5%, ap 0.9%, ilm 0.1%
A23-016 2.7 1350 12 Melt 63%, cpx 33%, phl 4%
A23-019 2.7 1400 12 Melt 90%, cpx 10%
M22-005 5 1200 10 Melt 1%, cpx 60%, phl 28%, pvk 3%, ap 3%, ilm 2.5%, mag 2.5%
M22-013 5 1250 10 Melt 20%, cpx 47%, phl 15%,tsk 11%, pvk 3%, ap 2%, ilm 2%
M22-009 5 1350 10 Melt 30%, cpx 51%, tsch 14%, phl 3%, IIm 2%
M22-010 5 1400 10 Melt 58%, cpx 40%, phl 2%
M22-007 5 1450 10 Melt 64%, cpx 36%
M22-008 5 1500 10 Melt 72%, cpx 28%
M22-012 5 1550 10 Melt 85%, cpx 15%
Alto Paranaiba Igneous Province

A23-008 2.7 1200 12 Cpx 50%, phl 20%, ol 22%, ilm 5%, ap 3%
A23-012 2.7 1250 12 Melt 22.8%, cpx 43.5%, phl 8.3%, ol 25%, ilm 0.4%
A23-014 2.7 1300 12 Melt 31%, cpx 39%, phl 5%, ol 25%
A23-016 2.7 1350 12 Melt 50%, cpx 23%, phl 5%, ol 25%
A23-019 2.7 1400 12 Melt 69%, cpx 10%, ol 21%

Intra-Apennine Province
A23-008 2.7 1200 12 Cpx 40%, phl 53%, mag 3%, ol 2%, ap 2%
A23-012 2.7 1250 12 Melt 16%, cpx 35%, phl 39%, ol 10%
A23-014 2.7 1300 12 Melt 31%, cpx 33%, phl 26%, ol 10%
A23-016 2.7 1350 12 Melt 69%, cpx 10%, ol 21%
A23-019 2.7 1400 12 Melt 85%, ol 15%
M22-005 5 1200 10 Melt 3%, cpx 40%, phl 50%, mag 3%, ol 2%, ap 2%
M22-013 5 1250 10 Melt 5%, cpx 40%, phl 50%, mag 1%, ol 3%, ap 1%
M22-009 5 1350 10 Melt 5%, cpx 40%, phl 50%, mag 1%, ol 3%, ap 1%
M22-010 5 1400 10 Melt 43%, cpx 38%, phl 7%, ol 10%, tsch 2%
M22-007 5 1450 10 Melt 80%, cpx 10%, ol 10%
M22-008 5 1500 10 Melt 85%, cpx 15%
M22-012 5 1550 10 Melt 90%, cpx 10%
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Table 3. Averaged chemical composition (SEM and EMP analyses, wt.%) of experimental glasses produced at 2.7 GPa for the three starting materials
(Toro Ankole, Alto Paranaiba Igneous Province and Intra-Apennine Province). Values for standard deviation (o) are given in italics. All data are
reported in Electronic Appendix 1.

Experime Temperatur  Locali X TiO Al, Mn Mg Na, K, P, Ba Sr Tot Number of
nt e ty Si0, 2 03 FeO (0] (0] o (0] (0] Os F (0] (0] al analyses
Toro Ankole Province
R 29. 10. 6.4 14. 0.1 9.8 14. 04 4. 4. 0. 0. 0. 96.
A23-012 1250°C A 56 69 4 73 7 8 68 4 34 59 43 26 06 26 3
1.2 1.3 0.7 0.7 0.0 1.0 2.5 0.1 0. 0. 0. 0. 0.
o 3 5 3 0 3 9 3 7 78 64 02 04 02
R 33. 7.2 95 11. 0.0 12. 9.6 0.5 6. 1. 0. 0. 0. 93.
A23-014 1300°C TA 55 8 6 08 9 80 7 1 20 62 41 30 04 12 2
6.7 1.4 1.0 3.3 0.0 3.8 0.2 0.0 0. 1. 0. 0. 0.
g 7 0 3 2 4 8 5 9 29 93 20 05 06
o 36. 7.1 7.4 9.5 0.1 11. 15. 0.5 4. 1. 0. 0. 0. 94.
A23-016 1350°C A 27 5 7 9 3 88 05 6 15 97 16 12 02 51 8
1.0 02 03 0.5 0.0 07 16 00 0. 0. 0. 0. 0.
g 2 6 3 8 3 7 4 9 44 35 14 10 02
o 40. 5.1 7.3 6.6 0.1 14. 16. 0.5 3. 1. 0. 0. 0. 96.
A23-019 1400°C A 93 8 8 1 0 72 41 1 57 26 17 11 02 96 4
0.9 02 0.1 08 0.0 0.9 03 01 0. 0. 0. 0. 0.
a 8 1 2 3 3 5 7 6 38 28 04 01 02
Alto Paranaiba Igneous Province
R 27. 12. 5.2 13. 0.1 11. 6. 05 3. 4, 0. 0. 0. 95.
A23-012 1250°C APIP 74 18 4 07 8 17 49 0 18 82 31 24 08 19 3
1.6 2.4 0.9 1.7 0.0 1.8 4.7 0.2 0. 1. 0. 0. 0.
g 9 9 7 4 5 0 1 0 98 65 12 05 04
R 33. 9.2 7.7 10. 0.1 10. 12. 04 5. 2. 0. 0. 0. 94,
A23-014 1300°C APIP 10 2 9 85 2 91 79 2 75 64 52 26 06 44 3
1.0 08 05 04 0.0 0.5 1.5 00 0. 0. 0. 0. 0.
g 7 4 5 9 3 7 3 5 63 68 05 04 01
o 36. 6.7 7.4 9.1 0.1 11. 16. 0.5 3. 1. 0. 0. 0. 94,
A23-016 1350°¢ APIP 09 3 9 0 4 58 75 7 69 98 25 16 03 57 6
1.0 03 02 0.6 0.0 1.0 1.6 00 0. 0. 0. 0. 0.
g 3 5 4 1 3 8 9 8 56 33 06 03 03
R 40. 45 6.5 59 0.1 15. 16. 0.5 3. 1. 0. 0. 0. 95.
A23-019 1400°C APIP 98 3 5 0 1 44 68 1 24 30 12 12 05 52 4
0.5 04 0.5 0.5 0.0 0.8 21 02 0. 0. 0. 0. 0.
g 5 7 1 2 1 0 1 0 54 8 03 03 02

Intra-Apennine Province

31. 59 6.0 10. 0.1 13. 14. 05 5. 5. 0. 0. 0. 93

A23-012 1250°¢ AP 25 4 0 48 5 13 73 1 18 50 39 15 10 51 3
07 18 18 1.6 0.0 24 29 00 1. 0. 0. 0. 0.
a 5 7 5 3 5 8 7 8 23 69 03 04 03
o 34. 46 79 9.7 0.1 10. 11. 0.9 7. 2. 0. 0. 0. 89.
A23-014 1300°c AP 06 2 9 3 2 50 18 4 21 90 48 17 07 99 3
2.3 04 04 1.2 0.0 07 15 00 1. 0. 0. 0. 0.
a 2 6 6 3 5 1 4 9 02 73 09 04 05
o 40. 42 98 6.2 0.0 9.6 13. 0.7 7. 1. 0. 0. 0. 93.
A23-016 1350°8 & 77 1 5 8 9 0 36 3 40 34 21 07 O3 94 /
0.6 03 05 02 0.0 2.6 08 01 0. 0. 0. 0. 0.
a 8 5 4 6 3 6 1 2 40 05 21 07 03
o 41. 43 76 6.4 0.0 13. 14. 04 4. 1. 0. 0. 0. 95.
A23-019 o AP 96 6 4 5 9 85 69 9 4 08 16 08 03 33 8
1.0 04 08 05 0.0 3.1 1.0 01 0. 0. 0. 0. 0. 0.9
4 2 7 2 2 3 3 9 7 57 35 10 06 03 39
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Table 4. Averaged chemical composition (SEM and EMP analyses, wt.%) of experimental clinopyroxene, phlogopite and olivine at 2.7 GPa for the three samples (Toro Ankole, Alto Paranaiba Igneous Province and
Intra-Apennine Province). Values for standard deviation (o) are given in italics . All data are reported in Electronic Appendix 1.

Experiment Phase Temperature Sio, TiO, ALO; FeO MnO MgO Ca0 Na,0 KO P,0s CrO3 NiO V,0s BaO  Total N:rgﬁzresf
Toro Ankole Province
A23-012 Clinopyroxene 1250 °C 50.01 1.93 3.81 5.35 0.05 14.35 22.85 0.45 - - - - -- -- 98.80 3
a 0.59 0.15 0.79 0.79 0.09 0.82 0.86 0.10 - - - - - -
A23-014 Clinopyroxene 1300 °C 50.04 1.99 5.74 4.05 - 15.29 22.22 0.33 0.04 - - - - - 99.70 5
a 0.82 0.26 0.91 0.15 - 0.44 0.53 0.19 0.08 - -- - -- --
A23-016 Clinopyroxene 1350 °C 50.87 1.56 4.12 3.56 0.02 16.42 22.52 0.08 0.03 - -- - -- -- 99.16 6
a 0.72 0.23 0.54 0.23 0.03 0.41 0.38 0.12 0.04 - -- - -- --
A23-019 Clinopyroxene 1400 °C 52.56 0.95 2.99 2.98 - 17.18 22.72 -- - - -- - -- -- 99.38 3
a 1.25 0.16 0.61 0.28 -- 0.62 0.22 -- -- - -- -- -- --
A23-012 Phlogopite 1250 °C 37.40 6.10 14.80 7.73 - 18.31 = - 10.22 - - - 0.19 0.61 95.34 3
a 0.56 0.35 0.05 0.11 - 0.42 - - 0.22 - - - 0.04 0.04
A23-014 Phlogopite 1300 °C 36.76  7.22 13.86 10.46 - 16.44 0.54 9.97 - -- - 0.13 0.53 95.91 1
A23-016 Phlogopite 1350 °C 35,55 9.39 11.47 10.39 0.05 16.19 3.17 - 8.44 0.29 - - 0.17 0.49 95.60
a 3.30 2.16 2.14 2.90 0.09 2.12 2.90 - 2.20 0.51 -- - 0.03 0.08
A23-014 Olivine 1300 °C 39.08 0.14 0.02 15.50 0.15 4361 0.76 -- - - -- 0.01 -- -- 99.27 5
a 0.58 0.06 0.04 0.62 0.03 0.29 0.51 -- -- -- -- 0.01 -- --
Alto Paranaiba Igneous Province
A23-012 Clinopyroxene 1250 °C 50.22 1.59 4.45 4.43 0.07 15.07 22.43 0.42 0.08 0.05 -- - -- -- 98.80 3
a 2.19 0.91 1.52 0.84 0.06 1.60 0.66 0.02 0.13 0.08 -- -- -- --
A23-014 Clinopyroxene 1300 °C 4989 191 5.31 4.04 0.06 15.34 22.36 0.09 0.03 - -- -- -- -- 99.03 5
a 0.79 0.13 0.59 0.22 0.06 0.56 0.28 0.19 0.06 - -- - -- --
A23-016 Clinopyroxene 1350 °C 5191 1.35 3.46 3.48 0.03 16.86 22.34 0.11 0.02 - -- -- -- -- 99.54 8
a 0.70 0.19 0.56 0.26 0.04 0.40 0.42 0.15 0.04 - -- -- -- --
A23-019 Clinopyroxene 1400 °C 52.56 1.10 2.77 3.13 0.00 17.39 22.72 0.11 0.11 - - - - - 99.89 3
a 1.07 039 0.78 0.46 0.00 0.74 0.67 0.20 0.10 -- -- -- -- --
A23-012 Phlogopite 1250 °C 36.20 6.91 13.92 7.41 19.23 0.16 9.86 0.13 0.34 94.15 3
a 1.74 1.84 1.27 2.30 0.59 0.27 0.55 0.08 0.29
A23-014 Phlogopite 1300 °C 35.88 7.58 12.98 10.06 0.04 16.55 1.83 9.35 0.53 0.11 0.38 95.28 3
a 1.45 043 0.39 0.17 0.06 0.77 2.60 0.70 0.92 0.10 0.34
A23-016 Phlogopite 1350 °C 38.38  7.56 11.97 9.03 0.04 16.95 1.61 -- 9.26 - -- - 0.16 0.46 95.41 3
a 0.03  0.45 1.13 1.21 0.06 1.49 1.66 -- 0.86 - -- - 0.01 0.03
A23-012 Olivine 1250 °C 39.09 0.13 - 14.81 0.17 43.72 0.31 -- 0.02 - -- 0.10 -- -- 98.33 3
a 0.66 0.12 -- 1.50 0.03 0.88 0.09 -- 0.03 - -- 0.17 -- --
A23-014 Olivine 1300 °C 39.52 0.11 - 14.20 0.16  45.65 0.37 -- - - -- - -- -- 100.00 4
a 0.46 0.03 - 0.09 0.01 0.63 0.02 -- - - -- - -- --
A23-016 Olivine 1350 °C 40.19 0.12 0.02 9.97 0.13 48.76 0.38 -- - - 0.01 0.17 -- -- 99.74 7
0 0.79 0.16 0.03 1.32 0.02 1.22 0.29 -- - - 0.02 0.17 -- --
A23-019 Olivine 1400 °C 40.42 0.07 0.03 8.02 0.08 50.12 0.46 -- - - 0.02 0.03 -- -- 99.23 7
a 0.41 0.05 0.04 0.39 0.04 0.83 0.08 -- -- -- 0.02 0.06 -- --
Intra-Apennine Province
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A23-012 Clinopyroxene 1250 °C 52.47 0.56 2.72 3.63 -- 16.64  21.93 0.43 0.23 -- - -- - - 98.53
a 0.29 0.01 0.21 0.05 -- 0.35 0.31 0.01 0.00 -- - -- - -

A23-014 Clinopyroxene 1300 °C 52.85 0.65 2.66 3.73 0.04 17.04 21.77 0.22 0.19 0.13 - -- - - 99.27
a 0.57 0.14 0.18 0.27 0.06 0.47 0.54 0.20 033 0.08 - -- - -

A23-016 Clinopyroxene 1350 °C 52.85 0.51 2.56 2.50 0.02 17.78 22.18 - 0.04 -- - .- - - 98.44
a 0.59 0.03 0.14 0.13 0.04 0.26 0.46 -- 0.07 -- -3 -- - -

A23-019 Clinopyroxene 1400 °C 49.68 0.37 1.63 4.06 0.03 29.20 1447 -- -- -- -- -- - - 99.44
a 7.83 0.32 1.41 2.94 0.05 1760 12.17 -- -- y - - -- --

A23-014 Phlogopite 1300 °C 39.52 3.62 1439 5.27 -- 22.03 - - 10.59 | & -- 0.02 0.12 95.55
a 081 073 0.60 0.29 -- 1.12 -- -- 0.48 ~ v -- 0.05 0.18

A23-016 Phlogopite 1350 °C 40.11  4.77 12.07 5.87 -- 18.98 3.39 - 10.13 0.20 - -- 0.04 0.07 95.63
a 1.19 0.40 0.88 0.11 -- 1.71 2.01 -- 0.36 0.41 - -- 0.07 0.14

A23-014 Olivine 1300 °C 39.53 0.07 -- 13.60 0.15 45091 0.38 -- 0.02 == - 0.06 - - 99.72
a 0.57 0.06 -- 0.22 001 0.66 0.03 - 0.04 -- - 0.11 - -

A23-016 Olivine 1350 °C 40.42 0.05 0.02 7.84 007 50.68 0.43 8- 0.03 -- 0.04 0.00 - - 99.58
a 1.08 0.05 0.03 0.24 0.00 1.16 0.07 -- 0.06 -- 0.04 0.01 - -

A23-019 Olivine 1400 °C 40.78 0.04 0.03 7.76 0.08 50.27 0.45 -- 0.00 -- 0.03 0.03 - - 99.46
a 0.582 0.04 0.03 0.81 0.02 0.59 0.06 - 0.00 -- 0.03 0.07 - -
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Table 5. Averaged chemical composition (SEM and EMP analyses, wt.%) of experimental glasses at 5 GPa for the two samples (Toro Ankole and Intra-Apennine Province). Values for standard deviation (o) are given
in italics. All data are reported in Electronic Appendix 1.

Experiment Temperature Locality Sio, TiO, Al,O3 FeO MnO MgO CaO Na,O K,O P,0s F BaO SrO Cr,0; Total Number of analyses
Toro Ankole Province

M22-013 1250 °C TA 26.70 10.20 4.96 17.11 0.20 9.19 13.92 0.37 5.53 5.23 0.51 0.38 0.09 - 94.39 3
a 0.97 0.31 0.16 0.11 0.03 0.46 0.72 0.01 0.28 0.19 0.01 0.04 0.03 -
M22-009 1350 °C TA 24.36 12.24 5.86 10.85 - 9.85 11.15 1.00 5.26 6.54 - - - -- 87.12 3
g 2.71 0.51 0.23 0.69 - 0.19 0.37 023 061 0.76 - - - --
M22-010 1400 °C TA 34.88 9.27 8.62 4.56 0.10 14.74 12.01 0.36 5.68 188 0.19 0.19 0.03 - 92.52 6
g 1.55 0.55 0.43 0.33 0.05 1.14 1.92 0.05 029 055 015 015 0.03 --
M22-007 1450 °C TA 36.28 7.23 7.14 11.89 0.14 12.24 15.77 065 4.12 179 042 022 0.04 -- 97.94 4
[} 0.14 0.11 0.07 0.15 0.01 0.27 0.11 0.08 005 0.06 0.09 001 0.01 --
M22-008 1500 °C TA 37.21 7.33 7.05 9.86 0.10 12.76 15.72 0.50 3.87 1.82 - - - -- 96.22 3
[ 0.58 0.15 0.05 0.18 0.09 0.18 0.12 0.01 006 0.09 - - - --
M22-012 1550 °C TA 40.49 5.17 6.81 4.09 0.06 16.36 17.82 0.50 297 119 0.07 013 0.03 -- 95.60 6
g 1.85 0.07 0.34 0.33 0.05 0.58 2.28 006 094 018 0.06 0.04 0.02 --

Intra-Apennine Province
M22-010 1400 °C IAP 37.87 3.56 7.90 9.04 0.05 12.62 8.81 0.79 886 141 022 0.04 0.02 -- 91.21 5
[} 1.51 0.22 0.55 0.77 0.05 1.39 1.39 050 141 094 030 0.06 0.03 --
M22-007 1450 °C IAP 42.28 2.47 8.07 5.34 0.06 17.37 12.03 068 591 1.16 038 0.06 0.04 -- 95.85 7
[ 0.85 0.11 0.12 0.24 0.03 0.46 0.31 025 024 015 0.06 0.01 0.02 --
M22-012 1550 °C IAP 42.06 2.14 7.08 5.38 0.08 18.17 11.89 047 484 056 011 0.05 0.03 0.055 92.92 6
g 0.86 0.11 0.03 0.38 0.03 0.12 0.36 0.07 035 029 0.09 0.04 0.03 0.09

Table 6. Averaged chemical composition (SEM and EMP analyses, wt.%) of experimental clinopyroxene, phlogopite, olivine and tschermakite at 5 GPa for the two samples (Toro Ankole and Intra-Apennine
Province). Values for standard deviation (o) are given in italics. All data are reported in Electronic Appendix 1.

Number

Experiment Phase Temp. SiO, TiO,  AlLOs FeO MnO MgO Ca0 Na,O K,O P,Os Cr,0; NiO V,0s BaO Pm,0; Ta,0s Total of
analyses

Toro Ankole Province

M22-013 Clinopyroxene 1250 °C 5459 0.57 1.41 3.83 -- 18.09 19.93 0.72 -- -- -- -- -- - - - 98.09 3

a 0.65 0.10 1.23 0.44 -- 0.92 0.73 0.06 -- -- -- -- -- - - -

M22-009 Clinopyroxene 1350 °C 53.03 1.32 1.04 3.70 -- 16.74  21.83 0.16 - - - - - - - - 97.81 4

[ 1.50 0.07 2.08 0.21 -- 0.94 0.42 0.32 -- -- -- -- -- - - -

M22-010 Clinopyroxene 1400 °C 51.99 < 1.10 4.78 1.92 -- 18.02 20.08 0.49 0.15 -- -- -- -- - - - 98.52 5

a 0.84 0.39 0.36 0.24 - 0.79 1.47 0.09 0.01 - - - - - - -

M22-007 Clinopyroxene 1450 °C 51.57 0.93 5.05 3.48 - 16.17 21.72 0.46 0.17 - -- - - -- -- -- 99.56 3

[ 1.00 0.11 0.33 0.02 -- 0.49 0.18 0.02 0.02 -- -- -- -- - - -

M22-008 Clinopyroxene 1500 °C 51.94 0.84 4.34 3.08 - 16.14 2299 0.40 0.06 - - - - - - - 99.80 5

a 0.69 0.08 041 0.28 - 0.29 0.42 0.03 0.09 - - -- -- - - -

M22-013 Phlogopite 1250 °C 41.03 1.52 13.11 4.60 -- 23.45 -- -- 9.88 -- -- -- -- - - - 93.59 1

M22-009 Phlogopite 1350 °C 39.12 455 14.57 5.72 -- 20.62 -- -- 10.81 -- -- -- -- - - - 95.39 3

a 0.56 0.03 0.45 0.13 - 0.47 - - 0.30 - - - - - - -

M22-010 Phlogopite 1400 °C 38.63 6.20 13.41 5.29 0.10 21.70 2.13 -- 9.49 1.37 -- -- 0.18 0.55 - - 99.05 1

https://doi.org/10.1180/mgm.2025.10160 Published online by Cambridge University Press


https://doi.org/10.1180/mgm.2025.10160

M22-013 Tschermakite 1250 °C 37.85 2.86 18.45 12.21 0.37 8.67 17.07 -- - -- 0.04 -- -- - - - 97.52
[ 0.62 0.30 0.70 1.64 0.07 0.44 1.15 -- - -- 0.06 -- -- - - -

M22-009 Tschermakite 1350 °C 39.58 2091 19.88 8.36 0.11 13.64 13.42 -- -- -- 0.06 -- -- - 0.38 0.38 98.67
g 0.55 0.20 0.64 0.45 0.13 0.24 0.69 -- -- -- 0.03 -- -- - 0.43 0.75

Intra-Apennine Province

M22-009 Clinopyroxene 1350 °C 53.62 0.72 2.66 4.06 -- 16.45 21.27 0.32 -- -- -- -- -- -- - - 99.08
a 2.17 0.04 3.76 0.01 -- 1.46 0.78 0.45 -- -- -- -- -- -- - -

M22-010 Clinopyroxene 1400 °C 53.13 0.40 3.38 3.17 0.02 17.82 20.65 0.50 0.23 0.21 - -- -- - - - 99.52
[ 0.49 0.05 0.22 0.04 0.05 0.22 0.35 0.03 0.02 0.02 - -- -- - - -

M22-007 Clinopyroxene 1450 °C 53.51 0.26 3.14 2.40 -- 20.15 18.46 0.32 0.21 0.30 - -- -- - - - 98.73
[ 0.39 0.03 0.47 0.18 -- 0.66 0.20 0.21 0.03 0.04 - - -- - - -

M22-008 Clinopyroxene 1500 °C 53.84 0.25 2.67 1.46 - 20.80 19.42 0.24 0.22 - 0.25 - - - - - 98.90
a 045 0.01 0.09 0.06 -- 0.38 0.67 0.21 0.02 -- -- -- -- - - -

M22-012 Clinopyroxene 1550 °C 53.99 0.55 294 1.40 -- 18.99 22.10 0.15 -- -- -- -- -- - - - HitH
a 0.52 0.05 0.29 0.31 - 0.26 0.13 0.17 - & > -~ -~ -- -- --

M22-009 Phlogopite 1350 °C 3991 225 13.65 6.11 - 21.92 - - 10.78 - - - - - - - 94.61
a 0.60 0.11 0.71 0.16 -- 0.09 -- -- 0.40 -- -- -- -- - - -

M22-010 Phlogopite 1400 °C 40.55 2.35 14.52 4.19 - 23.28 - - 10.93 - - - - - - - 95.82
g 0.22 0.08 0.12 0.11 -- 0.15 -- -- 0.39 -- -- -- -- - - -

M22-009 Olivine 1350 °C 39.35 0.09 - 16.15 0.11 4271 -- -- 0.12 -- -- -- -- - - - 98.61
a 1.51 0.08 - 0.50 0.09 0.67 0.15 0.21 -- -- -- -- - - -

M22-010 Olivine 1400 °C 40.46 -- - 9.67 0.04  49.16 0.21  0.08 0.103 - - 0.04 - - - - 99.67
a 0.66 -- - 2.20 0.05 2.12 0.12 0.05 -- -- -- 0.09 -- - - -

M22-007 Olivine 1450 °C 40.97 0.01 0.02 5.61 0.01 52.66 0.31 -- -- -- 0.02 -- -- - - - 99.61
a 0.16 0.03 0.04 0.12 0.03 0.13 0.04 — -- — 0.50 - - -- -- --

M22-010 Tschermakite 1400 °C 39.44 1.09 20.85 6.23 0.13 17.44 9.96 - - - 0.55 - - - - - 95.63
g 1.20 0.10 0.77 0.68 0.03 0.55 0.82 -- -- -- -- -- -- -- -- --
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