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Abstract: The Nyiragongo lava of 2002, and the new one flowing from the 

spatter cone grown up in 2016 close to the lava lake, are melilite-

nephelinites. They have low MgO (4 wt.%), are chemically almost 

indistinguishable from the lavas of 1977 and from that erupted in 2017, 

are multiply saturated in melilite, nepheline, leucite, clinopyroxene, 

olivine, apatite and magnetite, and are rich in fresh glass having 

significant concentration of SO3, F and Cl. Glasses and bulk-rocks plot 

close to one atmosphere cotectics in pertinent phase diagrams. The LA-

ICP-MS analyses of the observed phases and mineral/glass partition 

coefficients indicate that REE and Y are moderately incompatible in 

melilite (e.g., DLa=0.46-0.48, DEu=0.56-0.57; DLu=0.18-0.25; DY=0.25-

0.27), whereas Sr is compatible (DSr=1.6-1.8); clinopyroxene/melt 

partition coefficients are similar to melilite for LREE (e.g., DLa=0.36), 

and significantly higher for HREE (DLu=0.74), Y (DY=0.7), Zr (≈1) and Hf 

(DHf=1.6), while lower for Sr (DSr =0.38). Apatites have high 

concentration ratios for REE, particularly MREE (DLa=4.6-6.4, DNd= 5.8-

7.7; DEu=4.9-6.9; DLu=1.3-1.6; DY=3.1-4.4), and high DSr (1.8-2.2). 

Nepheline and leucite are highly and differently selective for Rb, Cs, Ba 

and Sr; both phases show negligible concentration of REE (hence Eu, +Y), 

Th, U and first row transition elements. Olivine and magnetite have the 

expected high concentration of transition elements, with small preference 

of olivine for divalent cations and magnetite for trivalent cations. The 

distribution of trace elements in melilite compared with clinopyroxene, 

nepheline -or even feldspar- clearly indicate that melilite is not a 

silica-undersaturated equivalent of any of these phases, and that 

melilite removal cannot be considered the main cause of Eu troughs or of 

decreasing fractionation between light and heavy REE in more evolved 

melts, being these elements still significantly incompatible. At the same 

time, removal of the observed phenocrysts at this stage of 

crystallization cannot be the cause of anomalous fractionation of 

elements with similar geochemical behaviour found in the Nyiragongo 

lavas. These new data indicate that the magmatic system of the Nyiragongo 

is in a roughly steady state at least since the eruption of 1977 to the 



activity of 2017, with periodic eruptions, withdrawal or feeding from the 

uppermost magma reservoir by broadly the same "cotectic" magma 

compositions, from which phases of the same composition nucleated in a 

very low-pressure regime. 
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COMMENTS FROM EDITORS AND REVIEWERS 

Our comments in red 

 

Dear Dr. Melluso, the reviews on your manuscript are complete.  The comprehensive reviews are 

just below.  Please carefully read and make changes following both reviews.   

 

Dear Prof. Roden, thank you very much for your work as editorial responsible of the manuscript. 

Extensive comments are below 

 

1.Both reviewers find that while the data are quite high quality, they are under-interpreted.   

 

2.Reviewer 1 notes that coverage of relevant literature is weak - during revision please develop the 

discussion further and include relevant literature comparisons.  

 

Upon returning the paper please indicate how you have responded to the reviewers. Michael Roden, 

co-editor 

 

Reviewer #1: Review on the manuscript „The geochemistry of Nyiragongo lavas from 1977 to 2017 

AD, and the trace element partitioning between melilite-nephelinite glass and melilite, nepheline, 

leucite, clinopyroxene, apatite, olivine and Fe-Ti oxides: a unique scenario" submitted by Silvia 

Minissale, Alberto Zanetti, Dario Tedesco, Vincenzo Morra, and Leone Melluso for publication in 

LITHOS. The manuscript presents major and trace element (TE) whole-rock, glass and mineral data 

from two melilititic samples from Nyirangongo and derives apparent mineral-glass partition 

coefficients for trace elements. Such data are potentially valuable as they can decipher the potential 

effects of mineral fractionation on TE systematics in such strongly undersaturated magmatic 

systems, for which almost no comparable data are existing. 

 

Given the interesting data set, the discussion section is, however, weak. Not much more is done 

then calculating and presenting the glass-mineral trace element concentration ratios, and except for 

briefly explaining that based on this melilite is probably not able to produce Eu throughs in REE 

whole rock/glass patterns not much more is done. This is certainly not enough „brain-work" to 

justify publication in a high-level journal like LITHOS. The work is very much (too much?) 

focused on the locality itself. I would expect in a work like this to compare these results with 

published KD values for other magmatic systems. It has long been known that melt composition 

influences trace element partitioning beahaviour. There are many theoretical, experimental and field 

based studies on this topic. But this is barely touched in this manuscript. 

 

Also, the introduction is much too short and much to focused on the locality itself (actually most of 

the Introduction should go in the Geological setting chapter). Here, the reader needs to understand 

the potential value of the presented data, that is how melt composition influences KD values for 

clinopyroxene, apatite, olivine, nepheline etc... The background on this topic is completely lacking, 

no comparable studies in other magmatic systems (e.g., basaltic, andesitic, dacitic, phonolitic, 

rhyolitic etc....) are mentioned - none at all (I am aware that there are only very few TE data for 

melilite are available, but for all ther other minerals there is a lot of studies arround!  

 

Even for melilite there is the work of Mason & Martin, 1974, which shows that melilite may 

produce POSITIVE EU anomalies, but this study is on meteorites, which implies that REDOX 

conditions are an influencing factor here of EU anomalies form or not…. What about redox 

Comment [z1]: …niente 
polemiche..ringraziamolo…e sottolinea che 
la discussione petrologica e’ sintetica ma 
formidabile…i dati sono novelty 
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conditions for the studied samples? Is it just because of their (presumably) oxidized nature that no 

EU anomalies develop - this might be another point for discussion - just mentioning. For 

plagioclase it was shown that redox is a factor controlling EU anomalies (Drake & Weill 1975). 

Also melilite TE data are available for Oldoinyo Lengai and by digging deeper in the melilite 

literature I am sure there are more data… I think that the melilite story is not thought through 

enough….. 

 

In all, my major criticism I have is the lack of a comparison with literature data. If properly 

discussed and compared with literature data on other magmatic compositions, these data could be 

used to show how this extreme „endmember-type" melt composition influences trace element 

partitioning in magmatic systems. But by not doing so, the manuscript is not much more than a 

„data collection". 

 

 

Other points:  

1. Is it now LIHOS style to put the complete ANALYTICAL METHODS section in the 

Appendix? 

2. The „naming" of the samples is inconsistent or confusing. In the petrography section 

samples NY02 and NY16 are mentioned, later they are called lava 2002 and lava 2016 in the 

Tables,  

3. The classification of the samples is not very clear to me: In the petrography section the 

samples are classified as melilitites, later in the discussion, the authors speak about a melilite 

nephelinite melt - how does this come together? 

4. What do the authors mean with is „highly alkaline" (Introduction section) 

5. Figure 3 shows 4 bulk-rock data points - I though the study is based on two samples? 

6. The legend in Figure 5 is not understandable - please label better - what is M2002-2??? 

shows some literature data on melilite 

7. Figure 7 could be improved by plotting clinopyroxene, melilite and apatite in ONE 

subfigure. 

 

Based on the above comments I cannot recommend publication of this manuscript in its present 

form.  

 

Reviewer #2: This was a difficult paper to review in some respects  as it consists mainly of the 

disposition and description of analytical data - without making any significant petrogenetic 

inferences from these data . The authors claim that their data can be used to model the petrogenesis 

of other east African rift lavas - but do not attempt to do this this - even for Nyiragongo .   As the 

data presented seem to this reviewer to be accurate, and the interpretations regarding solid solutions 

etc are correct there is little to comment on; apart from that the text (which is quite well-written) 

requires some copy-editing with respect to the English syntax and removal of excess verbiage.  

 

The authors must add some modal data for these lavas  

 

Given the lack of discussion - is this paper suitable for Lithos ?  - while the trace element data and 

D-vales are useful - I am not convinced this is a Lithos paper - perhaps the Journal of African 

Geology or Chemical Geology might be a better venue ?  I have recommended minor revision but I 

leave it up to the Editor to recommend the final disposition on this paper as  "minor revision" or 

"reject as not in scope of this journal" 

 

 



Dear Prof. Roden, 

 

Our manuscript is reporting brand new and as both referees find out, top-quality data on lava 

samples and their phases (glass, melilite, nepheline, clinopyroxene, leucite and so on), from the 

major and trace element points of view. These lavas are those currently erupted by the Nyiragongo, 

i.e. the only volcano with both a lava lake and a spatter cone inside the crater, and currently 

erupting melilite nephelinites on earth (which is quite a rarity, something roughly equivalent to the 

natrocarbonatites of the Oldoinyo Lengai). This manuscript first addresses the petrogenesis of these 

lavas by means of phase petrology (use of pertinent phase diagrams, use of similar compositions 

elsewhere, use of a few hundred brand new data of mineral chemistry reported in the appendix) and 

bulk-rock geochemistry. After having established that these phases are in equilibrium with the glass 

(and bulk-rocks) of such an extreme chemical composition at one atmosphere and roughly 1000°C, 

hence with elaboration of almost unexisting phase diagrams, there are attempts to calculate 

“partition coefficients” for the main phenocryst phases (melilite, nepheline, leucite, apatite, and a 

few data on minor phases such as clinopyroxene, olivine and magnetite). The trace element 

geochemistry of the observed phases, and the subsequent calculation of partition coefficients in 

natural magmas with LA-ICP-MS is a brand-new (novel) work, that has no equivalent in any other 

melilite-bearing volcanic rock worldwide (or also in the meteorites). No comparable data are 

currently known in literature, neither relevant literature comparisons are allowed, for the dearth of 

pertinent examples, and we hope that this manuscript will have a follow-up from other research 

groups. This manuscript deals also with the substantial lack of chemical modifications in the 

feeding system of this volcano at least in the last 40-42 years, hence there is also a volcanological 

feed-back. 

We think the manuscript should be considered essential in shape and “with reasonable English”, but 

has also notable “equivalents” in other major Lithos papers, e.g., Foley and Jenner, 2004, 

Wiedenmann et al. 2010 Lithos 118, 112-118. Essentiality should be considered as a value, not a 

drawback, particularly when all the reported data are of excellent quality and, it is our opinion; they 

have been extensively discussed and commented, in their novelty. It is certainly possible that 

something will be missing, not clear or wrong, in that case we are ready to work on it, to add or to 

respond to questions. 

Changes were made according to comments of the reviewers (please see the new version with 

changes marked). 

Kind regards 

The authors 



Abstract 

 

The Nyiragongo lava of 2002, and the new one flowing from the spatter cone grown up in 2016 

close to the lava lake, are melilite-nephelinites. They have low MgO (4 wt.%), are chemically 

almost indistinguishable from the lavas of 1977 and from that erupted in 2017, are multiply 

saturated in melilite, nepheline, leucite, clinopyroxene, olivine, apatite and magnetite, and are rich 

in fresh glass having significant concentration of SO3, F and Cl. Glasses and bulk-rocks plot close 

to one atmosphere cotectics in pertinent phase diagrams. The LA-ICP-MS analyses of the observed 

phases and mineral/glass partition coefficients indicate that REE and Y are moderately 

incompatible in melilite (e.g., DLa=0.46-0.48, DEu=0.56-0.57; DLu=0.18-0.25; DY=0.25-0.27), 

whereas Sr is compatible (DSr=1.6-1.8); clinopyroxene/melt partition coefficients are similar to 

melilite for LREE (e.g., DLa=0.36), and significantly higher for HREE (DLu=0.74), Y (DY=0.7), Zr 

(≈1) and Hf (DHf=1.6), while lower for Sr (DSr =0.38). Apatites have high concentration ratios for 

REE, particularly MREE (DLa=4.6-6.4, DNd= 5.8-7.7; DEu=4.9-6.9; DLu=1.3-1.6; DY=3.1-4.4), and 

high DSr (1.8-2.2). Nepheline and leucite are highly and differently selective for Rb, Cs, Ba and Sr; 

both phases show negligible concentration of REE (hence Eu, +Y), Th, U and first row transition 

elements. Olivine and magnetite have the expected high concentration of transition elements, with 

small preference of olivine for divalent cations and magnetite for trivalent cations. The distribution 

of trace elements in melilite compared with clinopyroxene, nepheline -or even feldspar- clearly 

indicate that melilite is not a silica-undersaturated equivalent of any of these phases, and that 

melilite removal cannot be considered the main cause of Eu troughs or of decreasing fractionation 

between light and heavy REE in more evolved melts, being these elements still significantly 

incompatible. At the same time, removal of the observed phenocrysts at this stage of crystallization 

cannot be the cause of anomalous fractionation of elements with similar geochemical behaviour 

found in the Nyiragongo lavas. These new data indicate that the magmatic system of the 

Nyiragongo is in a roughly steady state at least since the eruption of 1977 to the activity of 2017, 
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with periodic eruptions, withdrawal or feeding from the uppermost magma reservoir by broadly the 

same “cotectic” magma compositions, from which phases of the same composition nucleated in a 

very low-pressure regime. 

 



Highlights: 

The Nyiragongo lavas of the period 1997-2017 are melilite-nephelinites 

 

The glass compositions are identical to the bulk-rocks and are highly enriched in incompatible trace 

elements 

 

The melilite, clinopyroxene, apatite, olivine, nepheline and leucite were studied from the major and 

trace element compositions 
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Abstract 16 

 17 

The Nyiragongo lava of 2002, and the new one flowing from the spatter cone grown up in 2016 18 

close to the lava lake, are melilite-nephelinites. They have low MgO (4 wt.%), are chemically 19 

almost indistinguishable from the lavas of 1977 and from that erupted in 2017, are multiply 20 

saturated in melilite, nepheline, leucite, clinopyroxene, olivine, apatite and magnetite, and are rich 21 

in fresh glass having significant concentration of SO3, F and Cl. Glasses and bulk-rocks plot close 22 

to one atmosphere cotectics in pertinent phase diagrams. The LA-ICP-MS analyses of the observed 23 

phases and mineral/glass partition coefficients indicate that REE and Y are moderately 24 

incompatible in melilite (e.g., DLa=0.46-0.48, DEu=0.56-0.57; DLu=0.18-0.25; DY=0.25-0.27), 25 

whereas Sr is compatible (DSr=1.6-1.8); clinopyroxene/melt partition coefficients are similar to 26 
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melilite for LREE (e.g., DLa=0.36), and significantly higher for HREE (DLu=0.74), Y (DY=0.7), Zr 27 

(≈1) and Hf (DHf=1.6), while lower for Sr (DSr =0.38). Apatites have high concentration ratios for 28 

REE, particularly MREE (DLa=4.6-6.4, DNd= 5.8-7.7; DEu=4.9-6.9; DLu=1.3-1.6; DY=3.1-4.4), and 29 

high DSr (1.8-2.2). Nepheline and leucite are highly and differently selective for Rb, Cs, Ba and Sr; 30 

both phases show negligible concentration of REE (hence Eu, +Y), Th, U and first row transition 31 

elements. Olivine and magnetite have the expected high concentration of transition elements, with 32 

small preference of olivine for divalent cations and magnetite for trivalent cations. The distribution 33 

of trace elements in melilite compared with clinopyroxene, nepheline -or even feldspar- clearly 34 

indicate that melilite is not a silica-undersaturated equivalent of any of these phases, and that 35 

melilite removal cannot be considered the main cause of Eu troughs or of decreasing fractionation 36 

between light and heavy REE in more evolved melts, being these elements still significantly 37 

incompatible. At the same time, removal of the observed phenocrysts at this stage of crystallization 38 

cannot be the cause of anomalous fractionation of elements with similar geochemical behaviour 39 

found in the Nyiragongo lavas. These new data indicate that the magmatic system of the 40 

Nyiragongo is in a roughly steady state at least since the eruption of 1977 to the activity of 2017, 41 

with periodic eruptions, withdrawal or feeding from the uppermost magma reservoir by broadly the 42 

same “cotectic” magma compositions, from which phases of the same composition nucleated in a 43 

very low-pressure regime. 44 

 45 

1. Introduction 46 

 47 

The Nyiragongo volcano belongs to the Virunga Volcanic Province, western branch of the East 48 

African Rift, which is composed by seven main volcanoes (from east to west: Muhavura, Gahinga, 49 

Sabinyo, Visoke, Karisimbi, Mikeno, Nyiragongo and Nyamulagira, the last two currently active) 50 

and hundreds minor centers to the north/northeast of lake Kivu, at the boundaries between the 51 

Democratic Republic of Congo, Rwanda and Uganda (Fig. 1a). The western branch of the East 52 



African Rift is composed by three main volcanic areas: the Toro-Ankole, the Virunga and the south 53 

Kivu. The Nyiragongo is well known for the presence of the biggest lava lake on earth inside its 54 

crater, semi-permanently active since the discovery of the volcano in 1894. The volcanic rocks of 55 

Mt. Nyiragongo range in composition from (minor) alkali basalt to nephelinite, leucite nephelinite, 56 

melilite nephelinite and olivine melilitite (Sahama, 1962, 1978; Toscani et al., 1990; Demant et al., 57 

1994; Platz et al., 2004; Chakrabarti et al., 2009; Andersen et al., 2012; Minissale, 2018), hence 58 

reaching a very high degree of silica undersaturation. The chemical composition of the recent 59 

Nyiragongo lavas, unique among the active lava lakes on earth, is of compelling interest given to 60 

their glassy, extremely fresh nature and their low amount of phenocryst charge.  61 

In this study we present the petrology of the recent lavas of the volcano, and the distribution of trace 62 

elements in phenocrysts and microphenocrysts naturally equilibrated with melilite-nephelinitic 63 

glasses/magmas/melts. To date, there are no comparable datasets on the geochemical characteristics 64 

of melilite and other observed phases in natural magmas with similar chemistry elsewhere (cf. 65 

Onuma et al., 1981 and references therein; Arzamastsev et al., 2009). Therefore, these data and their 66 

inferences will be of the most importance for tracking the magmatic evolution and the petrogenesis 67 

of Nyiragongo and other melilite-bearing rocks in fossil or active volcanic areas (e.g., volcanic 68 

complexes in Kenya-Tanzania and Uganda; Mt. Vulture and Alban Hills, Italy; Eger Rift; Urach-69 

Hegau-Kaiserstuhl, Germany; Kola Peninsula). 70 

 71 

2. Geological setting and sampling sites 72 

 73 

The Nyiragongo is a Quaternary stratovolcano characterized by a ~1000 m wide summit crater 74 

(with a crater rim at ~3500 m a.s.l.) which was generated by repeated magma emptying and refilling 75 

episodes throughout its volcanological history (e.g., Sahama, 1978; Demant et al., 1994). The 76 

summit crater of the Nyiragongo lies between the two extinct cones of Baruta (to the north) and 77 

Shaheru (to the south), built through the emplacement of pyroclastic rocks and lava flows (Fig. 1a). 78 



The main cone of Nyiragongo has several degassing sites (Tedesco et al., 2010) and a semi-79 

permanent lava lake at least since 1928 (Tazieff, 1984, 1994), which has been involved in  a few 80 

eruptive events, the most recent of which took place in 1977 and 2002 (Tedesco et al., 2007; 81 

Chakrabarti et al., 2009). Both eruptive events in 1977 and 2002 occurred outside the crater, 82 

triggering drainage of magma stored in the crater lava lake and in its superficial reservoir. For the 83 

first time in its recent history, the inner crater was also the site of intracalderic spatter activity, 84 

which generated a small scoria cone and a lava flowing towards the lava lake in February 2016 85 

(Burgi et al., 2018; Fig. 1b). This activity continued through 2017, and is still ongoing. Magmas 86 

currently feeding the current activity are well known for their very low viscosity (the lowest 87 

recorded viscosity among terrestrial magmas; Chakrabarti et al., 2009; Burgi et al., 2018) and for 88 

their low phenocryst charge. Because of the extremely fluid lava and relatively steep slopes of the 89 

volcano, the January 17, 2002 lava flow drained the inner lava lake reaching a speed >50 km/h 90 

(Tedesco, 2003, Tedesco et al., 2007). The liquidus temperature of the magma in the lava lake is ca. 91 

1100 °C, and the temperature measured at the lava lake surface and with geothermometric estimates 92 

is ca. 980 °C (Sahama, 1978; Sawyer et al., 2008; Spampinato et al., 2013; Valade et al., 2018; 93 

Burgi et al., 2018). The samples of this study were collected by D.T.; two of them were selected for 94 

detailed trace element geochemistry of glasses and associated phases, due to their glassy and 95 

extremely fresh appearance in the hand specimen and in thin section. Sample of the lava of 2002 96 

belongs to the Muningi flow; it was collected along the 500-800 m long fracture on the Kivu lake 97 

shore (Fig. 1d), at an individual flow entering Lake Kivu. The lava of the 2016 outpoured from the 98 

intracrateric spatter cone; it was collected above the third platform inside the Nyiragongo main 99 

crater, next to the spatter cone and the lava lake (Fig. 1b, 1c and Burgi et al., 2018). 100 

 101 

3. Analytical methods 102 

 103 



The bulk-rock major and trace elements of the samples used in this study were analysed by X-ray 104 

fluorescence (XRF) using a Panalytical Axios instrument at the University of Napoli (cf. 105 

Cucciniello et al., 2017, for further analytical details). Analytical uncertainties are in the order of 1-106 

2% for major elements and 5-10% for trace elements (Table 1). The weight loss on ignition (L.O.I.) 107 

was determined with standard gravimetric techniques, after igniting one gram of rock powder at 108 

1000 °C for 6 h. Lanthanides (REE) and other trace elements were determined by Inductively 109 

Coupled Plasma-Mass Spectrometry (ICP-MS) at Activation Laboratories (Ancaster, Ontario; see 110 

http://www.actlabs.com for a full description of the analytical techniques). The major element 111 

concentrations of mineral and glass phases were determined at DISTAR, University of Napoli 112 

Federico II, by Energy Dispersive Spectrometry (EDS) microanalyses using an Oxford Instruments 113 

Microanalysis Unit equipped with an INCA X-act detector and a JEOL JSM-5310 Scanning 114 

Electron Microscope (SEM) using a JEOL JSM5310. Measurements were done with an INCA X-115 

stream pulse processor operating at 15 kV primary beam voltage, 50-100 mA filament current, 116 

variable spot size and 50 s net acquisition time. The following reference materials were used for 117 

calibration: diopside (Mg), wollastonite (Ca), albite (Al, Si, Na), rutile (Ti), almandine (Fe), Cr2O3 118 

(Cr), rhodonite (Mn), orthoclase (K), apatite (P), fluorite (F), barite (Ba), strontianite (Sr), 119 

Smithsonian orthophosphates (La, Ce, Nd, Sm, Y), pure vanadium (V) and Corning glass (Th and 120 

U). LA-ICP-MS trace element analyses were performed in olivine, clinopyroxene, melilite, apatite, 121 

magnetite, nepheline, leucite and glass of selected areas (cf. Fig. 2). Analyses were carried out at 122 

IGG-CNR of Pavia by Laser Ablation-Inductively Coupled Plasma-High Resolution Mass 123 

Spectrometry (LA-ICP-HRMS). The microprobe consists of a double-focusing sector-field analyser 124 

(Finnigan Mat, Element I) coupled with a Q-switched Nd:YAG laser source (Quantel Brilliant). The 125 

fundamental emission of the laser source (1064 nm, in the near-IR region) was converted to 213 nm 126 

by three harmonic generators. Helium was used as carrier gas and mixed with Ar downstream of the 127 

ablation cell. Spot diameter was varied in the range of 40-60 µm. Quantification was carried out 128 

using the NIST SRM 610 glass as external standard (Pearce et al., 1996). Si was used as internal 129 



standard for melilite, clinopyroxene, olivine, nepheline, leucite and glass, while Ca was used for 130 

apatite and Ti for magnetite. Detection limits are in the range 100-500 ppb for Sc, Ti, and Cr; 10-131 

100 ppb for V, Rb, Sr, Zr, Cs, Ba, Gd, and Pb; 1-10 ppb for Y, Nb, La, Ce, Nd, Sm, Eu, Tb, Dy, Er, 132 

Yb, Hf and Ta, and usually <1 ppb for Pr, Ho, Tm, Lu, Th, and U. Precision and accuracy (both 133 

better than 10% for concentrations at parts per million level) were assessed by means of repeated 134 

analyses of NIST SRM 612 and BCR-2g standards. The composition of the glass beneath the thin 135 

section has been documented before the sample analysis to recognize piercing of the rock and to 136 

eliminate any glass contribution. The gas background was measured for 60 s, as in any other routine 137 

analysis, whereas signals during ablation were acquired for approximately 20-50 s. Analyses were 138 

performed with 10 Hz repetition rate of laser and ~1-2.5 mJ/s laser power. Full details are reported 139 

in Rocco et al. (2017). Precautions have been taken to avoid any bias on the analytical results. 140 

Memory effects have been taken into account leaving more than 1 min between two consecutive 141 

analyses and analysing glasses after the minerals. Spurious signals related to memory effects 142 

usually affect more blanks (because less time is passed after the previous analysis), thus 143 

determining worsening of the detection limits and hindering the quantification of elements at ultra-144 

trace concentration level. Surface contamination during sample polishing and/or handling before the 145 

micro-analytical measurement and occurrence of micro-inclusions of glass/fluid have been 146 

monitored by detailed inspection of the signal profiles acquired during ablation. Only intervals with 147 

parallel signals have been integrated. Anomalous signal contributions at the beginning of the 148 

ablation (due to surface contamination) and/or randomly occurring during ablation (possibly related 149 

to inclusions and/or memory effect) has been accurately documented and excluded by integration. 150 

 151 

4. Petrography, classification, bulk-rock and glass geochemistry of the Nyiragongo lavas 152 

 153 

Samples of the lava of 2002 have a weakly porphyritic texture, consisting mainly of 154 

microphenocrysts of melilite, nepheline, leucite, clinopyroxene and olivine (roughly in decreasing 155 



order of abundance), plus diffuse magnetite and apatite microliths, set into a moderately vesicular 156 

brown, glassy groundmass (Fig. 2.1, 2.2). Sporadic aggregates of nepheline are also observed. The 157 

lava of 2016 is characterized by a moderately porphyritic texture, dominated by euhedral melilite 158 

microphenocrysts, euhedral to subhedral olivine, nepheline (occasionally forming almost 159 

monomineralic -microurtitic- aggregates; Fig. 2.2), leucite and clinopyroxene microphenocrysts, 160 

generally smaller than those observed in the lava of 2002 (Fig. 2.1). The groundmass consists of a 161 

poorly vesicular brown glass with sparse magnetite and apatite microlites (Fig. 2.2). Worth noting 162 

that we did not find perovskite or schorlomitic garnet in the lava samples. A few Fe-sulfides were 163 

found in the lava of 2002. Modal analyses are reported in the Table 1. The lava of 1977 has the 164 

same mineral assemblage, with a very finely crystalline groundmass. For this reason it was not 165 

selected for subsequent LA-ICP-MS work. 166 

 167 

Bulk-rocks 168 

Significant issues are pointed out: the lavas of 1977, 2002, 2016 and 2017 are poor in SiO2 (39.1-169 

40.8 wt.%), and rich in Fe2O3t (12.9-13.4 wt.%), alkalies (11.2-12 wt.%) and P2O5 (1.3-1.6 wt.%) 170 

(Table 1). They plot in the foidite field of the T.A.S. classification diagram (Fig. 3). The samples 171 

are classified as melilitites (melilite nephelinites; normative larnite 10-12%), following Woolley et 172 

al. (1996). The bulk-rock compositions are evolved, given that MgO is <4.2 wt.%, the Mg# is far 173 

lower than that expected in primitive melts [Mg#, 100Mg/(Mg+Fet)=34-37], and the concentration 174 

of Cr and Ni is close to the detection limits, as is in the glass compositions (see below). The 175 

chemical composition of the two lavas is barely distinguishable from that of the products erupted in 176 

1977 and 2017 (Table 1). The overall chemical affinity is potassic, as is commonplace in other 177 

mafic/ultramafic alkaline rocks of the western branch of the West African Rift (e.g., Foley et al., 178 

2012; Pouclet et al., 2017). The P.I. [molar (Na+K)/Al] is 1.04-1.06, hence the bulk-rocks are 179 

weakly peralkaline (cf. Marks and Markl, 2017). The concentration of REE of the lavas is high 180 

(∑REE=779-800 ppm), and REE are highly fractionated: La/Ybn is 42-46, whereas Eu/Eu* 181 



(normalized Eu divided by interpolated Eu) is 1-1.1. The Zr/Hf is very high (73) and higher than in 182 

other melilitites of the area (the Zr/Hf=57 in the 1957 lava of Mugogo: cf. Chakrabarti et al., 2009; 183 

Condomines et al., 2015; Zr/Hf=35 in a reference mantle composition; Lyubetskaya and Korenaga, 184 

2008). The concentration of Nb and Ta is very high (>220 ppm and 12.8 ppm, respectively), and the 185 

Nb/Ta ratio is 17, very close to a typical mantle value (15.3; Lyubetskaya and Korenaga, 2008). 186 

The Nb/U (25-28), Zr/Nb (1.2-1.3), La/Nb (0.8-0.9) are low, and so is the Th/U of bulk-rocks (and 187 

glass) =2.3-2.5, matching the data of Platz et al. (2004), This ratio is significantly lower than the 188 

chondritic ratio (≈4), and lower than the U/Th of other melilitites of the Virunga area (the Th/U is 189 

4.3-4.5 in the 1957 lava of Mugogo: cf. Condomines et al., 2015). The lava sample of 2016 has 190 

moderate S (0.2 wt.%), Cl (0.13 wt.%) and F (0.17 wt.%) (Table 1). 191 

 192 

Glass 193 

The major and trace element concentration of the glass is indistinguishable from that of the bulk-194 

rock compositions (Fig. 3; Table 2, Table 3, Supplementary Table 1). The glassy groundmass of the 195 

2002 lava has a homogeneous composition; it is characterized by low SiO2 (39.8-40.6 wt.%), Al2O3 196 

(13.4-14.6 wt.%), high Na2O (5.5-7.9 wt.%) and K2O (3.6-5.8 wt.%), low MgO (2.1-3.9 wt.%), 197 

high FeOt (12-13 wt.%), TiO2 (2.2-3.2 wt.%) and CaO (10.8-12.6 wt.%; Table 5). The 198 

concentration of P2O5 is high (1.17±0.17 wt.%). The Mg# is in the range of 23-35, and the glass is 199 

slightly peralkaline (P.I., molar (Na+K)/Al=1.12±0.07). Also the glass composition of the 2016 lava 200 

is homogeneous for SiO2 (39.7-41.0 wt.%), Al2O3 (14.2-15.3 wt.%), Na2O (4.5-5.6 wt.%) K2O (5.2-201 

6.1 wt.%), MgO (3.8-4.4 wt.%), FeOt (11.4-12.4 wt.%), TiO2 (2.0-3.3 wt.%) and CaO (11.1-12.5 202 

wt.%; Table 1). The concentration of P2O5 is high (1.24±0.25 wt.%). The Mg# ranges from 37 to 40 203 

and the glass is slightly less peralkaline (P.I.=0.99±0.04). The chemical differences between the two 204 

lavas are minor. The volatile concentrations in glass of the 2002 lava are rich in SO3 (0.62±0.1 205 

wt.%), and less so in Cl (0.11±0.06 wt.%), whereas F is close to the detection limits of the 206 

employed analytical technique. Similar concentrations are obtained also in the 2016 lava 207 



(SO3=0.41±0.3 wt.%; Cl=0.51±0.13 wt.%; F=0.11±0.05 wt.%; Supplementary Table 1). Worth 208 

noting that SO3- or Cl- saturation in the magmatic system was not achieved at this degree of 209 

crystallization, given the lack of sulphur- or chlorine-bearing feldspathoids (haüyne, nosean, 210 

sodalite). Nevertheless, sodalite is described in Shaheru lavas (Andersen et al., 2012). This is a 211 

significant difference with strictly comparable rocks of magmatic systems such as Mt. Vulture 212 

(Italy) and Kaiserstuhl (Germany), having (rare) melilite-rich rocks along with haüyne, nepheline 213 

and leucite, and high and comparable bulk-rock sulphur (and chlorine) concentrations (cf. Sahama, 214 

1962; Melluso et al., 2011b and references therein; Braunger et al., 2018). 215 

 216 

5. Major and trace element composition of the mineral phases 217 

 218 

Melilite. The melilite of Nyiragongo lava of 2002 is a solid solution of åkermanite (Ca2MgSi2O7, 219 

43-55 mol.%), soda-melilite (CaNaAlSi2O7, 27-35 mol.%), Fe-åkermanite (Ca2FeSi2O7 ,14-18 220 

mol.%) and gehlenite (Ca2Al2SiO7, 2-6 mol.%), in order of decreasing abundance. The Mg# varies 221 

little (65-81), with a significant variation in Al2O3 (=5.5-10.8 wt.%) and Na2O (2.3-6.2 wt.%), 222 

indicating that the main atomic substitutions are CaMg->NaAl and, subordinately, Mg->Fe
2+

, 223 

already observed in the composition of magmatic melilites worldwide (references in Fig. 4a; 224 

Supplementary Table 2). Melilite of the lava of 2016 has just slightly different composition with 225 

respect to that of 2002 lava (53-66 mol.% åkermanite, 23-26 mol.% soda-melilite, 14-22 mol.% Fe-226 

åkermanite and 2-6 mol.% gehlenite). The Mg# varies from 77 to 79 (Supplementary Table 2). The 227 

Sr concentration is relatively low (0.4-0.7 wt.% SrO), similarly to melilite of other Nyiragongo 228 

rocks (e.g., Platz et al., 2004). Melilite has low Sc, Ni and Cr, widely variable V (8-153 ppm), and 229 

high Zn (>210 ppm) and Co (>39 ppm). The Sr concentration obtained with LA-ICP-MS is high 230 

and varies little (4700-5200 ppm), consistently with the relatively uniform major element 231 

composition of this phase, and with microprobe analyses. The concentration of LREE is quite 232 

remarkable (e.g., La=67-170 ppm; Ce=124-200 ppm), The REE patterns are steep and highly 233 



LREE-enriched (La/Ybn=55-118), may have peaks at Eu in the chondrite-normalized diagrams 234 

(Eu/Eu*=0.8-1.5 in the 2016 lava, Eu/Eu*=0.9-2.1 in the 2002 lava; Table 2). The high 235 

concentration of LREE is to be related to the presence of the important eightfold coordination site 236 

hosting the large ions Ca and Na (cf. Bindi and Bonazzi, 2003; Merlini et al., 2008). The HREE 237 

concentrations are a few times the chondritic values, due to the low concentration of 238 

ferromagnesian elements and the small -tetrahedral- site hosting Mg and Fe that should be the site 239 

for hosting also HREE. The concentration of Rb, Ba, Y, Zr, Hf, Nb, Ta, U, Th and Pb is low to 240 

negligible (Table 2), as is that of titanium. 241 

 242 

Nepheline and leucite. Nepheline in sample NY02 has composition Ne56-75Ks23-41Sil2-6 (components 243 

in wt.%), whereas in the lava of 2016 is slightly more potassic (Ne54-64Ks35-45Sil1-3), having K2O up 244 

to 12.3 wt.%, matching the most potassium-rich nephelines found in Africa (Boctor and Yoder, 245 

1986; Melluso et al., 2011a; Antao and Nicholls, 2018). Similar range of compositions has been 246 

found in the 1977 lava (Fig. 4b). The Na/(Na+K) ratio of nepheline varies significantly (0.58-0.76; 247 

Supplementary Table 3); this large variation is to be expected for both temperature decrease and 248 

cocrystallization with leucite. The low excess silica in magmatic nepheline is expected when this 249 

phase crystallizes in highly silica-undersaturated magmas (e.g., Boctor and Yoder, 1986; Melluso et 250 

al., 2010, 2011a, 2011b and references therein; Fig. 4b). The concentration of CaO in nepheline, 251 

though significant, does not reach 1.7 wt.% (Supplementary Table 3). The composition of leucite is 252 

stoichiometric and quite homogeneous for both samples; it is relatively poor in Ba (0-1 wt.% BaO). 253 

Concerning trace elements, the concentration of Sr is one order of magnitude higher in nepheline 254 

(600-829 ppm) than in leucite (36-83 ppm). Conversely, Rb, Cs and Ba are one to three orders of 255 

magnitude higher in leucite (up to 1596 ppm, 39 ppm and 3536 ppm, respectively) than in 256 

nepheline (up to 149 ppm, 0.4 ppm and 305 ppm, respectively; Table 2). Rare earths and most other 257 

analyzed elements show negligible concentrations in both phases (Table 2). 258 

 259 



Clinopyroxene. Clinopyroxene is rare. The Ca-Mg-Fe diagram indicates that the compositions of 260 

the 2016 lava are mostly diopsides (Fig. 4c) and have Mg# from 68 to 78. The Al2O3 concentration 261 

(1.2–8.8 wt.%) considerably increases with decreasing Mg#, as well as that of TiO2 (1.1-5.4 wt.%). 262 

The Al
VI

 [Alt-(2-Si) apfu for six oxygens] is totally negligible nothwistanding high and increasing 263 

Alt and not-very-oxidized conditions (hence low calculated Fe
3+

 in Ca-rich pyroxene, relatively low 264 

magnetite component of spinel), pointing out that these clinopyroxenes are solid solutions of 265 

diopside, hedenbergite and the low-pressure molecule CaTiAl2O6 (up to 16 mol.%), like other 266 

clinopyroxenes of Nyiragongo, or in other melilitites worldwide (Boctor and Yoder, 1986; 267 

Dunworth and Wilson, 1998; Platz et al., 2004; Melluso et al., 2011a). The Na2O concentration is 268 

low (<0.4 wt.% Na2O), as expected in clinopyroxene crystallized in not-yet peralkaline magmas. 269 

The clinopyroxene of the 2002 lava reaches even higher concentration of Al2O3 and TiO2 (up to 270 

11.5 and 8.3 wt.%, respectively; up to 24 mol. % CaTiAl2O6; Supplementary Table 4). Similar 271 

ranges are found in the lava of 1977, with also more Fe-rich compositions (Fig. 4c). Due to the 272 

presence of important octahedral site(s) in clinopyroxene, the first row transition elements have 273 

relatively high concentration (e.g., V=200-220 ppm, Sc=23-24 ppm, Table 2), and so is for other 274 

trace elements with marked affinity for octahedral sites (e.g., Zr=336-348 ppm). Clinopyroxene has 275 

far higher concentrations of HREE than melilite (see above), but lower LREE and therefore 276 

LREE/HREE ratios (La/Ybn=20-23; Fig. 5 Table 2). Eu/Eu* varies from 1 to 1.2. 277 

 278 

Olivine. Olivine is quite a rare phase. The composition of the olivine microlites in the lava of 2002 279 

is rather homogeneous, ranging from Ca2Mg71Fe27 to Ca2Mg75Fe23, hence the forsterite content 280 

[fo=Mg*100/(Mg+Fe)] ranges from 71 to 74 (Supplementary Table 5; Fig. 4c). The olivine 281 

composition of the lava of 2016 is nearly identical in composition (Ca2Mg75Fe23; fo73-76; 282 

Supplementary Table 6). The lava of 1977 has a far larger range of compositions, towards Ca-rich 283 

fayalite (fo85-13; CaO up to 4.2 wt.%). Relatively highly forsterite-rich olivines with high CaO (up to 284 

1.7 wt.%), as those of the Nyiragongo samples of this study, are common feature in Ca-rich 285 



melilite-bearing mafic/ultramafic volcanics worldwide (e.g., Melluso et al., 2010, 2011a and 286 

references therein; Braunger et al., 2018), and may have their extreme in the kirschsteinite 287 

(CaFeSiO4) found in evolved lavas of the Shaheru cone (Sahama and Hytönen, 1957; Fig. 4c) and 288 

in the groundmass of some Alban Hills lavas in Italy (the “cecilite”; Melluso et al., 2010 and 289 

references therein). The Nyiragongo olivines have high Co (193-221 ppm), Ni (287-413 ppm) and 290 

Zn (161-272 ppm), low Sc (2.5-4.6 ppm), V (9-34 ppm) and Cr (<114 ppm). Other elements vary 291 

irregularly, including Y, Sr, Zr and REE (Table 2). 292 

 293 

Apatite. Apatite compositions are hydroxylapatite and fluorapatite: F ranges from 0.5 to 2 wt.% 294 

(Supplementary Table 6). Apatite is rich in REE (∑REE=4300-5300 ppm), has strong LREE/HREE 295 

fractionation (La/Ybn=127-139) and no Eu troughs (Eu/Eu*=0.9-1). Apatite has also high Y (132-296 

164 ppm) and Sr (5000-6000 ppm), and significant Th (29-41 ppm) and U (7-8 ppm). Other 297 

elements are in low concentration (Table 2; Fig. 5). 298 

 299 

Magnetite. The spinel phase in the Nyiragongo lavas is a quite homogeneous magnetite-ulvöspinel 300 

solid solution: Usp48-61 in the lava of 2002 and Usp51-55 in the lava of 2016 (Supplementary Table 7). 301 

The concentration of Al2O3 varies from 4.4 to 6.8 wt.%, and MgO varies even less (5.9-7 wt.%). 302 

Magnetite has the expected notable concentrations of transition elements (V>3000 ppm, Cr=250-303 

400 ppm, Co=330-350 ppm, Ni=630-720 ppm, Zn=650-860 ppm), with low Sc (7-9 ppm), and 304 

negligible concentrations of REE and other elements, excluding Zr (70-90 ppm) Nb (48-52 ppm), 305 

Hf (1-2 ppm) and Ta (4.6-4.8 ppm) (Table 2). 306 

 307 

6. Discussion 308 

 309 

6.1. Petrology and assessment of mineral/melt equilibria 310 

 311 



The evolved nature of the present-day Nyiragongo magmas and their derivation from more 312 

primitive olivine melilitite compositions is indicated by the geochemistry (e.g., relatively low MgO 313 

and Sc, negligible Cr and Ni), mineral chemistry (see above) and the position in pertinent synthetic 314 

systems, such as the larnite-enstatite-nepheline pseudoternary phase diagram (Pan and Longhi, 315 

1990) (Fig. 6a). This diagram also indicates that Nyiragongo magmas are close to, or plot on, low-316 

pressure cotectics involving mafic phases and two feldspathoids, in an area far from the 317 

thermal/compositional barrier separating feldspar-bearing melts from melilite-bearing melts. The 318 

limited major and trace element compositional variations, together with the petrographic evidence, 319 

suggest that all mineral phases (melilite+ two feldspathoids +olivine +clinopyroxene +apatite 320 

+magnetite) in the studied samples crystallized almost contemporaneously at atmospheric pressure 321 

in equilibrium with the host melilite nephelinite melt, which is characterized by an evolved 322 

composition, a very fresh glass-rich matrix, a highly depolymerized nature (low SiO2 and Al2O3, 323 

high alkalis and iron, slight peralkalinity, NBO/T=0.46-0.47, compared to ≈0 for a rhyolite melt and 324 

≈1 for an olivine melilitite melt), low silica activity (aSiO2≤0.4 at 1000°C, according to Barker, 325 

2001, compared to aSiO2=1 in quartz-bearing systems), and a temperature close to 1000°C (cf. Burgi 326 

et al., 2018 and references therein). The assemblage of the Nyiragongo lavas of 2002 and 2016 327 

matches that of a pseudo-invariant point ol+cpx+mel+lc+ne+liq postulated at ca. 1100°C by Gupta 328 

et al. (1973) and Gupta (2015) (Fig. 6b), which indicates: a) the derivation of Nyiragongo magmas 329 

of 2002 and 2016 from more olivine-rich precursors, yet present in the area (cf. Platz et al., 2004; 330 

Minissale, 2018), and, more importantly, b) the mineral assemblage of Nyiragongo magmas of 2002 331 

and 2017 can be considered broadly in equilibrium from a thermodynamic point of view (cf. also 332 

Fig. 2.1 and 2.2). To this latter respect, we note that the highest Mg# of melilite we analyzed (80.6) 333 

is slightly higher than the highest Mg# of clinopyroxene (78.4) and forsterite content of olivine 334 

(76.3). Given the different Fe/Mg partitioning of between these phases and silicate melts (e.g., 335 

different KdFe/Mg; cf. Roeder and Emslie, 1970; Bédard, 2010), of which that of melilite is largely 336 

unknown, though supposedly more similar to that of clinopyroxene (Supplementary Fig. 1), we 337 



tentatively suggest that the Mg# of the phases indicate the onset of cotectic crystallization in 338 

broadly the same melt composition having Mg#=35-40. 339 

 340 

6.2. Mineral/glass partition coefficients 341 

 342 

The Nyiragongo is a unique case where mineral and glass compositional data can be fruitfully used 343 

in order to calculate partition coefficients for highly silica undersaturated magmas, taking also into 344 

account the high concentration of elements in lavas and coexisting equilibrium phases, which is 345 

generally sufficient to achieve high analytical reproducibility and limited non-equilibrium 346 

partitioning. We remark the role of liquidus crystallization of melilite in magmas where any 347 

feldspar could not crystallize, due to the very high degree of silica undersaturation (equivalent to 348 

the so-called melilite-plagioclase incompatibility in alkali-rich, orthomagmatic rocks; Yoder, 1973), 349 

and the uniform composition of glasses, phases and bulk-rocks. Very intriguingly, there are no 350 

comparable datasets about trace element partitioning in melilite and in the other liquidus phases of 351 

the Nyiragongo magmas in the recent literature (cf. Arzamastsev et al., 2009 for other cases). 352 

Mineral/glass partition coefficients are reported in Table 3 and Fig. 7. 353 

Melilite. Rare earth elements, and particularly HREE, are incompatible in melilite (e.g., DLa=0.46-354 

0.48; DLu=0.18-0.25; Table 3), as already pointed out by the work of Onuma et al. (1981) on similar 355 

samples and Beckett et al. (1990) on meteorites, and also has a small peak at Eu (DEu=0.56-0.57) 356 

compared to Sm and Gd (Table 3). Melilite has an expected quite large partition coefficient for Sr 357 

(DSr=1.8-2.2). Actually, this phase can have Sr as a major cation (Fitton and Hughes, 1981; Velde 358 

and Rachdi, 1988; Melluso et al., 2010), but this feature is rare, usually related to a late stage of 359 

crystallization, depending upon presence -or absence- of significant amounts of earlier Sr-360 

scavenging phases (e.g., perovskite, apatite, titanite), and ultimately refers to more evolved 361 

magmatic systems than those of this study, or to the late groundmass phases of holocrystalline 362 

rocks. The partitioning of Sr in melilite may be the same as in a calcic plagioclase of “basaltic” 363 



systems (cf. Sun et al., 2018, and references therein). Therefore, melilite removal in significant 364 

amounts should create a trough at Sr in the mantle normalized diagrams of more evolved rocks, 365 

with respect to neighbouring elements such as La, Ce and Nd. The concentration of Eu and the Eu 366 

peaks in the REE patterns of melilite are minor or absent, when compared to the worldwide 367 

composition of liquidus feldspars (plagioclase, anorthoclase and potassic sanidine, having Eu/Eu*> 368 

or >> 20-30, at Eu concentration=0.5-2 ppm; Supplementary Fig. 2) in less silica-undersaturated 369 

rocks. 370 

Nepheline and leucite have distinctly different trace element distribution, particularly for LFSE, 371 

which are justified by the dominant cations and the size of the sites. The largest low-charged cations 372 

(Cs, Ba, Rb) are significantly hosted in leucite, whereas Sr (and far less so, Eu) markedly prefers 373 

nepheline, though still being a highly incompatible element (Table 3). The concentration ratios of 374 

Rb and Cs for leucite are of the same magnitude of those obtained by Foley and Jenner (2004) in 375 

the olivine lamproite of Gaussberg, whereas Ba (thus DBa) is far higher in the Nyiragongo leucite 376 

(Table 3). 377 

Clinopyroxene. The few mineral/glass partition coefficients of REE in clinopyroxene are very 378 

similar to values obtained by Onuma et al. (1981), with the exception of lower La and Ce. Again, 379 

these numbers indicate that LREE are highly incompatible in diopsidic clinopyroxene of highly 380 

alkaline magmas at atmospheric -and higher- pressure (cf. Hart and Dunn, 1993; Fedele et al., 2009 381 

and references therein; Ambrosio and Azzone, 2018 and references therein; Supplementary Fig. 3), 382 

with HREE being less incompatible, due to their stronger octahedral site preference. Transition 383 

elements Sc, Ni and Cr are more compatible than in melilite, whereas V, Zn, Y and Zr are still 384 

moderately incompatible (Table 3). 385 

The low-forsterite olivine of Nyiragongo has significant partition coefficients for Ni, Co and Zn 386 

(Table 3). 387 

The REE patterns of apatite have a relative concentration peak in the middle REE relative to the 388 

glass compositions, and high apatite/glass partition coefficients (>1 for all the elements). Y is also a 389 



highly compatible element (Table 3). The values reported in Table 3 are roughly 5-6 times lower 390 

than those calculated in apatites of trachytic or more silicic magmas (cf. Fedele et al., 2015 and 391 

references therein). Rather, they are more similar to some calculated for different (basaltic to 392 

andesitic), subalkaline, melt compositions by Prowatke and Klemme (2006), indicating a major 393 

compositional control in the partitioning of REE in apatite (likely the degree of polymerization in 394 

the melts, cf. Watson and Green, 1981). Apatite has negligible effects on the concentration of 395 

HFSE, Rb, Pb, Ba and their ratios. On the other hand, the concentration of Sr is expectedly high 396 

(Table 2). As noted elsewhere (Melluso et al., 2017, 2018 and references therein), removal of 397 

apatite (though being a significant host for REE, Y and Sr) is unlikely to be the main cause of 398 

“complementary”, strongly concave REE patterns in evolved highly alkaline rocks, when found. 399 

Magnetite scavenges the first row of transition elements (Sc, Ti, V, Cr, Ni, Zn), as expected. 400 

Significant partition coefficients are also observed for Zr, Nb, Hf and Ta, though being these 401 

elements still highly incompatible (Table 2 and 3). 402 

The trace element distribution found in the Nyiragongo phases cannot justify the development of 403 

significant Eu troughs in highly alkaline liquids derived from any amount of melilite removal (cf. 404 

also Marks and Markl, 2017). Indeed, more evolved rocks from the nearby Shaheru cone (MgO<3 405 

wt.%) still do not have Eu troughs in the REE patterns (cf. Platz et al., 2004; Minissale, 2018; 406 

Supplementary Figure 4), and melilite-rich cumulate intrusive rocks do not show Eu peaks in the 407 

chondrite normalized REE diagrams (e.g., Verhulst et al., 2000; Srivastava and Sinha, 2004). 408 

 409 

7. Conclusions 410 

 411 

Natural partitioning of elements between phenocrysts and their incompatible element-rich melilite-412 

nephelinite glasses (and bulk-rock compositions) of recent Nyiragongo activity, the most silica 413 

undersaturated magmas currently erupted on earth, and forming lava lakes, provides a fresh look to 414 

the distribution of REE and other trace elements in melilite (when this phase can be considered the 415 



main “mafic” phenocryst on the liquidus, i.e., when clinopyroxene and olivine are minor), and in 416 

the companion felsic and mafic mineral phases. We think that removal of significant amounts of 417 

melilite is very difficult to be convincingly demonstrated in any volcanic or plutonic complex 418 

bearing this phase worldwide (cf. Braunger et al., 2018 for examples). In addition, melilite cannot 419 

be considered as the analogue of any feldspar and feldspathoid -or clinopyroxene- in feldspar-free 420 

magmas, also from the perspective of trace element partitioning. Melilite, nepheline, leucite, 421 

olivine, diopsidic clinopyroxene, magnetite and apatite are unable to significantly fractionate ratios 422 

between highly charged cations with similar geochemical behaviour (Zr/Hf, Nb/Ta, Th/U). Hence, 423 

the causes of some anomalous trace element ratios found in the Nyiragongo lavas (cf. Platz et al., 424 

2004; Chakrabarti et al., 2009; Condomines et al., 2015) must be sought in processes different from 425 

fractional crystallization involving any amount of these phases. Even though mineral chemistry and 426 

mineral assemblages are not indicative of a peralkaline rock/magma, the tendency of the 427 

Nyiragongo magmatic system to evolve to peralkaline compositions is well evidenced in some of 428 

the rocks of the Shaheru cone, having late-stage (or post-magmatic) phases more typical of 429 

peralkaline compositions (e.g., combeite, götzenite, Andersen et al., 2012), as well as phases of 430 

highly evolved, highly silica undersaturated rocks (e.g., fayalite and kirschsteinite; Fig. 4). The 431 

presence of growing crystals of relatively low-density phases such as nepheline and leucite also 432 

indicate the possibility of accumulation (floating) processes in shallow magmatic reservoirs (e.g., 433 

Demant et al., 1994; Platz et al., 2004). The substantially identical composition of the 2002 and 434 

2016 lavas, as well as that of the lavas erupted in 1977 and 2017, implies a steady-state magma 435 

supply system in this interval of the Nyiragongo recent activity, where only mildly evolved magmas 436 

reach the summit area from different pathways starting from the subvolcanic reservoir (cf. Burgi et 437 

al., 2018), and where more complex petrogenetic processes (e.g., magma mixing between highly 438 

evolved magmas, refilling the shallow reservoirs from hotter, more primitive melts) are not active, 439 

judging from the substantially uniform mineral assemblage, mineral chemistry and bulk-rock 440 

geochemistry. 441 
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Fig. 1. Geomorphological sketch map of the Nyiragongo volcano (a) with the sampling sites of the 647 

investigated samples of 2016 (b, c) and 2002 (d). Note that the structural position of the other 648 

volcanic complexes of the Virunga is not consistent with the elongation of the Albertine Rift 649 

(cf. also Pouclet et al., 2017). 650 

Fig. 2.1. a) b) c) d). Petrographic appearance of the Nyiragongo lavas of 2002 and 2016. Note the 651 

abundant melilite laths, the nepheline cluster and the apatite microphenocryst with a laser pit. 652 

Fig. 2.2. a) b) c) d). Backscattered electron (BSE) images of sites in the Nyiragongo lavas of 2002 653 

and 2016: microlites of melilite, olivine, feldspathoids and microphenocrysts of magnetite and 654 

apatite are visible in a generally clean glassy matrix. The iron- and calcium-rich nature of the 655 

glass is also evident from the more whitish grey tones with respect to most mafic phases. Also 656 

note a cotectic intergrowth of nepheline and melilite (±leucite) in b), resembling a granophyre. 657 

Fig. 3. Total alkali vs. silica (T.A.S.) classification diagram (Le Maitre, 2002) with bulk-rock (red 658 

circles) and glass analyses (orange rhombs) from the investigated Nyiragongo samples. Other 659 

rocks of Nyiragongo (grey) are taken from Platz et al. (2004) and Minissale (2018). 660 

Fig. 4. Composition of the main mineral phases of the 2002 and 2016 lavas. a) Composition of the 661 

Nyiragongo melilites in the Åkermanite-Fe-Åkermanite-soda-melilite diagram (mol.%). 662 

Melilites of Kaiserstuhl (black lines) are from Braunger et al. (2018); melilites of Italy (grey 663 

squares) from Melluso et al. (2011b, 2012 and references therein); melilitites of Madagascar 664 

(dark grey triangles) from Melluso et al., 2011a; melilites of Tanzania (grey crosses) from a 665 

compilation in Melluso et al. (2010), Wiedenmann et al. (2009, 2010) and Guzmics et al. 666 

(2012); b) nepheline compositions of 1977, 2002 and 2016 lavas as plotted in the nepheline-667 

kalsilite-silica diagram (in wt.%); other Nyiragongo nephelines are grey rhombs; the green 668 

circle is the Nyiragongo nepheline studied by Antao and Nicholls (2018); nepheline of the 669 

Madagascar olivine melilitites from Melluso et al. 2011a (dark grey triangles); c) clinopyroxene 670 

and olivine compositions of the 1977, 2002 and 2016 lavas as plotted in the Ca-Mg-Fe diagram 671 

(mol.%); clinopyroxenes of other Nyiragongo rocks are from Minissale (2018); clinopyroxenes 672 



of the Madagascan melilitites from Melluso et al. (2011a); olivines from other Nyiragongo 673 

rocks (grey circles) from Minissale (2018) and Sahama and Hytönen (1957; the black square). 674 

Fig. 5. a) b) mantle-normalized patterns of bulk-rocks, glass, clinopyroxene, melilite and apatite, 675 

relative to mantle composition of Lyubetskaya and Korenaga (2007). Note that K and P were 676 

not plotted. The trace element analyses of melilites of Kaiserstuhl and Turyi (taken from 677 

Arzamastsev et al., 2009) are also plotted for comparison. 678 

Fig. 6. Phase diagrams with the composition of glasses and bulk-rocks of Nyiragongo (Pan and 679 

Longhi, 1990; Gupta, 2015). The continuous lines in (a) are mostly thermal barriers connecting 680 

the composition of various phases. They should be seen as projections of planes connecting also 681 

olivine (forsterite). 682 

Fig. 7. Diagrams with mineral-glass partition coefficients for REE, compared with known partition 683 

coefficients from the literature (data from Table 3). 684 

 685 

Table captions 686 

 687 

Table 1. bulk-rock compositions of the 2002 and 2016 lavas, together with that of the 1977 eruption 688 

and that of the lava outpouring from the spatter cone in 2017. Modal analyses of 689 

microphenocrysts and glass are also reported. 690 

Table 2. LA-ICP-MS composition of the phases of 2002 and 2016 lavas (in ppm). 691 

Table 3. The average composition of glasses (in ppm), and partition coefficients, obtained by 692 

dividing the average concentration of the elements in the various phases and the average 693 

composition of the relative glass. Reference partition coefficients from the literature are also 694 

reported (Onuma et al., 1981; Foley and Jenner, 2004, Prowatke and Klemme, 2006; Dawson et 695 

al., 2008; Fedele et al., 2015; Ambrosio and Azzone, 2018). 696 
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 699 

Supplementary Table 1. Glass compositions of the 2002 and 2016 lavas 700 

Supplementary Table 2. Melilite compositions of the 2002, 2016 and 1977 lavas. 701 

Supplementary Table 3. Nepheline and leucite compositions of the 2002, 2016 and 1977 lavas. 702 

Supplementary Table 4. Clinopyroxene compositions of the 2002, 2016 and 1977 lavas. 703 

Supplementary Table 5. Olivine compositions of the 2002, 2016 and 1977 lavas. 704 

Supplementary Table 6. Apatite compositions of the 2002 and 2016 lavas. 705 

Supplementary Table 7. Magnetite compositions of the 2002 and 2016 lavas. 706 

 707 

Supplementary figures 708 

 709 

Supplementary Fig. 1. Rhodes diagram for olivine, clinopyroxene and melilite compositions of the 710 

lavas of 2002 and 2016. The curves are traced at KdFe-Mg=0.23, 0.27, 0.30 and 0.33 (Bédard, 711 

2010; Roeder and Emslie, 1970). Note that the Mg# of bulk-rocks and mineral phases is 712 

calculated with all Fe as divalent. 713 

Supplementary Fig. 2. The chondrite normalized patterns of the Nyiragongo melilites, and 714 

comparison with various types of feldspar taken from various places and magmatic series (data 715 

are taken from Dawson et al., 2009; Arzamastsev et al., 2009; Cucciniello et al. 2014; Fedele et 716 

al., 2015; Melluso et al., 2014, 2018). 717 

Supplementary Fig. 3. Extended bulk-rock concentration ratios for clinopyroxene and melilite. 718 

Reference patterns for clinopyroxene of kamafugites, lamproites and silica-undersaturated 719 

trachytes are also shown (data from Foley and Jenner, 2004; Melluso et al., 2008; Fedele et al., 720 

2009). Note that the clinopyroxene of the kamafugite (Melluso et al., 2008) coexists with 721 

perovskite which heavily scavenges LREE, hence the partition coefficients for a number of 722 

elements are much lower than in the Nyiragongo clinopyroxene. 723 



Supplementary Fig. 4. Chondrite-normalized REE diagram of the Nyiragongo-Shaheru bulk rocks 724 

with those of this study. The data are taken from this study, Platz et al. (2004); Chakrabarti et 725 

al., 2009 and Minissale (2018). 726 
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Abstract 16 

 17 

The Nyiragongo lava of 2002, and the new one flowing from the spatter cone grown up in 2016 18 

close to the lava lake, are melilite-nephelinites. They have low MgO (4 wt.%), are chemically 19 

almost indistinguishable from the lavas of 1977 and from that erupted in 2017, are multiply 20 

saturated in melilite, nepheline, leucite, clinopyroxene, olivine, apatite and magnetite, and are rich 21 

in fresh glass having significant concentration of SO3, F and Cl. Glasses and bulk-rocks plot close 22 

to one atmosphere cotectics in pertinent phase diagrams. The LAM-ICP-MS analyses of the 23 

observed phases and mineral/glass concentration ratiospartition coefficients indicate that REE and 24 

Y are moderately incompatible elements in melilite (e.g., DLa=0.46-0.48, DEu=0.56-0.57; DLu=0.18-25 

0.25; DY=0.25-0.27), whereas Sr is compatible (DSr=1.6-1.8); clinopyroxene/melt partition 26 

coefficients concentration ratios are similar to melilite for LREE (e.g., DLa=0.36), and significantly 27 

higher for HREE (DLu=0.74), Y (DY=0.7), Zr (≈1) and Hf (DHf=1.6), while lower for Sr (DSr =0.38). 28 

Apatites have high concentration ratios for REE, particularly MREE (DLa=4.6-6.4, DNd= 5.8-7.7; 29 

DEu=4.9-6.9; DLu=1.3-1.6; DY=3.1-4.4), and high DSr (1.8-2.2). Nepheline and leucite are highly 30 

and differently selective for Rb, Cs, Ba and Sr; both phases show negligible concentration of REE 31 

(hence Eu, +Y), Th, U and first row transition elements. Olivine and magnetite have the expected 32 

high concentration of transition elements, with small preference of olivine for divalent cations and 33 

magnetite for trivalent cations. The distribution of trace elements in melilite compared with 34 
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clinopyroxene, nepheline -or even feldspar- clearly indicate that melilite is not a silica-35 

undersaturated equivalent of any of these phases, and that melilite removal cannot be considered the 36 

main cause of Eu troughs or of decreasing fractionation between light and heavy REE in more 37 

evolved melts, being these elements still significantly incompatible. At the same time, removal of 38 

the observed phenocrysts at this stage of crystallization cannot be the cause of anomalous 39 

fractionation of elements with similar geochemical behaviour found in the Nyiragongo lavas. These 40 

new data indicate that the magmatic system of the Nyiragongo is in a roughly in a steady state at 41 

least since the eruption of 1977 to the activity of 2017, with the periodic eruptions, withdrawal or 42 

feeding from the uppermost magma reservoir by broadly the same “cotectic” magma compositions, 43 

from which phases of the same composition nucleated in a very low low-pressure regime. 44 

 45 

1. Introduction 46 

 47 

The Nyiragongo volcano belongs to the Virunga Volcanic Province, in the western branch of the 48 

East African Rift, andwhich is composed by seven main volcanoes (from east to west: Muhavura, 49 

Gahinga, Sabinyo, Visoke, Karisimbi, Mikeno, Nyiragongo and Nyamulagira, the last two currently 50 

active) and severalhundreds minor centers to the north/northeast of lake Kivu, at the boundaries 51 

between the Democratic Republic of Congo, Rwanda and Uganda (Fig. 1a). The western branch of 52 

the East African Rift is composed by three main volcanic areas: the Toro-Ankole, the Virunga and 53 

the south Kivu. The Nyiragongo The summit crater of the Nyiragongo lies between the two extinct 54 

cones of Baruta (to the north) and Shaheru (to the south), built through the emplacement of 55 

pyroclastic rocks and lava flows (Fig. 1a). 56 

The Nyiragongo volcanic complex in Africa and is well known for the presence of the biggest lava 57 

lake on earth inside its crater, semi-permanently active since the discovery of the volcano in 1894. 58 

The  59 

Vvolcanic rocks of Mt. Nyiragongo range in composition from (minor) alkali basalt to dominant 60 

nephelinite, leucite nephelinite, melilite nephelinite and olivine melilitite (Sahama, 1962, 1978; 61 

Toscani et al., 1990; Demant et al., 1994; Platz et al., 2004; Chakrabarti et al., 2009; Andersen et 62 

al., 2012; Minissale, 2018), hence reaching a very high degree of silica undersaturation..  63 

The chemical composition of the recent Nyiragongo lavas, unique among the active lava lakes on 64 

earth (e.g., Chakrabarti et al., 2009), is of compelling interest given to their glassy, extremely fresh 65 

nature and their low amount of phenocryst charge. The recent lavas of Nyiragongo volcano 66 

represent a unique opportunity to obtain updated information on the petrology and on mineral trace 67 



element concentrations and mineral/melt trace element partitioning that can be used to model the 68 

behaviour of trace elements in silica-poor, plagioclase-free magmas worldwide. 69 

 In this study we present the petrology of the recent lavas of the volcano, and the distribution of 70 

trace elements in phenocrysts and microphenocrysts naturally equilibrated with melilite-nephelinitic 71 

glasses/magmas/melts of two of the most recent eruptive events of the Nyiragongo volcano.  72 

The distribution of trace elements between melts and their equilibrium mineral phases provides an 73 

important petrogenetic tool to understand high-temperature geochemistry and magmatic processes. 74 

Nevertheless,Indeed, reliable data sets describing mineral/melt trace element behaviour in strongly 75 

silica-undersaturated, highly alkaline natural liquids are still scarce or lacking (cf. Onuma et al., 76 

1981 and references therein). In this study we present the distribution of trace elements in 77 

phenocrysts and microphenocrysts naturally equilibrated with melilite-nephelinitic 78 

glasses/magmas/melts of two of the most recent eruptive events of the Nyiragongo volcano in 79 

Africa. . To date, there are no comparable datasets on the geochemical characteristics of melilite 80 

and the other majorobserved phases on other rocksin natural magmas  with similar chemistry 81 

elsewhere (cf. Onuma et al., 1981 and references therein; Arzamastsev et al., 2009)., 82 

henceTherefore, these data and their inferences will be usefulof the most importance for tracking 83 

the petrogenesismagmatic evolution and the petrogenesis of Nyiragongo and other similarmelilite-84 

bearing rocks in other volcanicfossil or active volcanic areas (for examples,e.g., volcanic complexes 85 

in Kenya-Tanzania and Uganda; Mt. Vulture and Alban Hills, Italy; Eger Rift; Urach-Hegau-86 

Kaiserstuhl, Germany; melilite-bearing rocks of the Kola Peninsula).Owing to their glassy, 87 

extremely fresh nature and their low amount of phenocryst charge (which helps to maintain very 88 

low viscosity), the recent lavas of Nyiragongo volcano represent a unique opportunity to obtain 89 

updated information on mineral trace element concentrations and mineral/melt trace element 90 

partitioning that can be used to model the behaviour of trace elements in silica-poor, plagioclase-91 

free magmas worldwide, particularly in active volcanic areas as are Virunga and the eastern branch 92 

of the African Rift (Kenya-Tanzania). 93 

 94 

 This volcanic complex is well known for the presence of the biggest lava lake on earth inside its 95 

crater, semi-permanently active since the discovery of the volcano in 1894. Owing to their glassy, 96 

extremely fresh nature and their low amount of phenocryst charge (which helps to maintain very 97 

low viscosity), the recent lavas of Nyiragongo volcano represent a unique opportunity to obtain 98 

updated information on mineral trace element concentrations and mineral/melt trace element 99 

partitioning that can be used to model the behaviour of trace elements in silica-poor, plagioclase-100 
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free magmas worldwide, particularly in active volcanic areas as are Virunga and the eastern branch 101 

of the African Rift (Kenya-Tanzania). 102 

 103 

2. Geological setting and sampling sites 104 

 105 

Nyiragongo volcano belongs to the Virunga Volcanic Province, in the western branch of the East 106 

African Rift, and composed by seven main volcanoes (from east to west: Muhavura, Gahinga, 107 

Sabinyo, Visoke, Karisimbi, Mikeno, Nyiragongo and Nyamulagira) and several minor centers to 108 

the north/northeast of lake Kivu, at the boundaries between the Democratic Republic of Congo, 109 

Rwanda and Uganda (Fig. 1a). The western branch of the East African Rift is composed by three 110 

main volcanic areas: the Toro-Ankole, the Virunga and the south Kivu. The summit crater of the 111 

Nyiragongo lies between the two extinct cones of Baruta (to the north) and Shaheru (to the south), 112 

built through the emplacement of pyroclastic rocks and lava flows (Fig. 1a). The Nyiragongo is a 113 

Quaternary stratovolcano characterized by a ~1000 m wide summit crater (with a crater rim athose 114 

walls reach ~3500 m a.s.l.) which was generated by repeated magma emptying and refilling 115 

episodes throughout its volcanological history (e.g., Sahama, 1978; Demant et al., 1994). The 116 

summit crater of the Nyiragongo lies between the two extinct cones of Baruta (to the north) and 117 

Shaheru (to the south), built through the emplacement of pyroclastic rocks and lava flows (Fig. 1a). 118 

The main cone of Nyiragongo is the site of has several degassing sites (Tedesco et al., 2010) and a 119 

semi-permanent lava lake at least since 1928 (Tazieff, 1984, 1994), which has been repeatedly 120 

(questo possiamo dirlo con certezza solo x gli ultimi due eventi, che sono anche gli unici due 121 

“witnessed” dall’uomo) drained duringinvolved in  a few eruptive events, the most recent of which 122 

took place in 1977 and 2002 (Tedesco et al., 2007; Chakrabarti et al., 2009). Both eruptive events in 123 

1977 and 2002 occurred outside the crater, triggering drainage of magma stored in the crater lava 124 

lake and possibly in its superficial reservoir. For the first time in its recent history, the inner crater 125 

was also the site of intracalderic spatter activity, which generated a small scoria cone and a lava 126 

flowing towards the lava lake in February 2016 (Burgi et al., 2018; Fig. 1b). This activity continued 127 

througho 2017, and is still ongoing. Volcanic rocks of Mt. Nyiragongo range in composition from 128 

minor alkali basalt to dominant nephelinite, leucite nephelinite, melilite nephelinite and olivine 129 

melilitite (Sahama, 1962, 1978; Toscani et al., 1990; Demant et al., 1994; Platz et al., 2004; 130 

Chakrabarti et al., 2009; Andersen et al., 2012; Minissale, 2018), and theThe Mmagmas currently 131 

forming feeding the current activity are well known for their very low viscosity (the lowest 132 

recorded viscosity among terrestrial magmas; Chakrabarti et al., 2009; Burgi et al., 2018) and for 133 

their low phenocryst charge. Because of the extremely fluid lava and relatively steep slopes of the 134 



volcano, the January 17, 2002 lava flow drained the inner lava lake reaching a speed >50 km/h 135 

(Tedesco, 2003, Tedesco et al., 20073). The liquidus temperature of the magma in the lava lake is 136 

ca. 1100 °C, and the temperature measured at the lava lake surface and with geothermometric 137 

estimates is ca. 980 °C (Sahama, 1978; Sawyer et al., 2008; Spampinato et al., 2013; Valade et al., 138 

2018; Burgi et al., 2018). The sSamples of this study were collected by D.T.; two of them were 139 

selected for detailed trace element geochemistry of glasses and associated phases, due to their 140 

glassy and extremely fresh appearance in the hand specimen and in thin section. Sample of the lava 141 

of 2002 lava belongs to the Muninngi flow; it was collected along the 500-800 m long fracture on 142 

the Kivu lake shore (Fig. 1d), at an individual flow entering Lake Kivu. The lava of the 2016 143 

outpoured from the intracrateric spatter cone; it was collected above the third platform inside the 144 

Nyiragongo main crater, next to the spatter cone and the lava lake (Fig. 1b, 1c and Burgi et al., 145 

2018). 146 

 147 

3. Analytical methods 148 

 149 

WholeThe bulk-rock major and trace elements of the samples used in this study were analysed by 150 

X-ray fluorescence (XRF) using a Panalytical Axios instrument at the University of Napoli (cf. 151 

Cucciniello et al., 2017, for further analytical details). Analytical uncertainties are in the order of 1-152 

2% for major elements and 5-10% for trace elements (Table 1). The weight loss on ignition (L.O.I.) 153 

was determined with standard gravimetric techniques, after igniting one gram of rock powder at 154 

1000 °C for 6 h. Lanthanides (REE) and other trace elements were determined by Inductively 155 

Coupled Plasma-Mass Spectrometry (ICP-MS) at Activation Laboratories (Ancaster, Ontario; see 156 

http://www.actlabs.com for a full description of the analytical techniques). The major element 157 

concentrations of mineral and glass phases were determined at DISTAR, University of Napoli 158 

Federico II, by Energy Dispersive Spectrometry (EDS) microanalyses using an Oxford Instruments 159 

Microanalysis Unit equipped with an INCA X-act detector and a JEOL JSM-5310 Scanning 160 

Electron Microscope (SEM) using a JEOL JSM5310. Measurements were done with an INCA X-161 

stream pulse processor operating at 15 kV primary beam voltage, 50-100 mA filament current, 162 

variable spot size and 50 s net acquisition time. The following reference materials were used for 163 

calibration: diopside (Mg), wollastonite (Ca), albite (Al, Si, Na), rutile (Ti), almandine (Fe), Cr2O3 164 

(Cr), rhodonite (Mn), orthoclase (K), apatite (P), fluorite (F), barite (Ba), strontianite (Sr), 165 

Smithsonian orthophosphates (La, Ce, Nd, Sm, Y), pure vanadium (V) and Corning glass (Th and 166 

U). LA-ICP-MS trace element analyses were performed in olivine, clinopyroxene, melilite, apatite, 167 

magnetite, nepheline, leucite and glass of selected areas (cf. Fig. 2). Analyses were carried out at 168 
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IGG-CNR of Pavia by Laser Ablation-Inductively Coupled Plasma-High Resolution Mass 169 

Spectrometry (LA-ICP-HRMS). The microprobe consists of a double-focusing sector-field analyser 170 

(Finnigan Mat, Element I) coupled with a Q-switched Nd:YAG laser source (Quantel Brilliant). The 171 

fundamental emission of the laser source (1064 nm, in the near-IR region) was converted to 213 nm 172 

by three harmonic generators. Helium was used as carrier gas and mixed with Ar downstream of the 173 

ablation cell. Spot diameter was varied in the range of 40-60 µm. Quantification was carried out 174 

using the NIST SRM 610 glass as external standard (Pearce et al., 1996). Si was used as internal 175 

standard for melilite, clinopyroxene, olivine, nepheline, leucite and glass, while Ca was used for 176 

apatite and Ti for magnetite. Detection limits are in the range 100-500 ppb for Sc, Ti, and Cr; 10-177 

100 ppb for V, Rb, Sr, Zr, Cs, Ba, Gd, and Pb; 1-10 ppb for Y, Nb, La, Ce, Nd, Sm, Eu, Tb, Dy, Er, 178 

Yb, Hf and Ta, and usually <1 ppb for Pr, Ho, Tm, Lu, Th, and U. Precision and accuracy (both 179 

better than 10% for concentrations at parts per million level) were assessed by means of repeated 180 

analyses of NIST SRM 612 and BCR-2g standards. The composition of the glass beneath the thin 181 

section has been documented before the sample analysis to recognize piercing of the rock and to 182 

eliminate any glass contribution. The gas background was measured for 60 s, as in any other routine 183 

analysis, whereas signals during ablation were acquired for approximately 20-50 s. Analyses were 184 

performed with 10 Hz repetition rate of laser and ~1-2.5 mJ/s laser power. Full details are reported 185 

in Rocco et al. (2017). Precautions have been taken to avoid any bias on the analytical results. 186 

Memory effects have been taken into account leaving more than 1 min between two consecutive 187 

analyses and analysing glasses after the minerals. Spurious signals related to memory effects 188 

usually affect more blanks (because less time is passed after the previous analysis), thus 189 

determining worsening of the detection limits and hindering the quantification of elements at ultra-190 

trace concentration level. Surface contamination during sample polishing and/or handling before the 191 

micro-analytical measurement and occurrence of micro-inclusions of glass/fluid have been 192 

monitored by detailed inspection of the signal profiles acquired during ablation. Only intervals with 193 

parallel signals have been integrated. Anomalous signal contributions at the beginning of the 194 

ablation (due to surface contamination) and/or randomly occurring during ablation (possibly related 195 

to inclusions and/or memory effect) has been accurately documented and excluded by integration. 196 

 197 

 198 

34. Petrography, classification, bulk-rock and glass geochemistry of the Nyiragongo lavas 199 

 200 

The analytical techniques are fully described in the Appendix. 201 



Samples were collected by D.T.; two of them were selected for the present study due to their glassy 202 

appearance in the hand specimen and in thin section. Sample of the 2002 lava belongs to the 203 

Muningi flow; it was collected along the 500-800 m long fracture on the Kivu lake shore (Fig. 1d), 204 

at an individual flow entering Lake Kivu. The lava of the 2016 outpoured from the intracrateric 205 

spatter cone; it was collected above the third platform inside the Nyiragongo main crater, next to the 206 

lava lake (Fig. 1b, 1c). Samples NY02 of the lava of 2002 lava displays have a weakly porphyritic 207 

texture, consisting mainly of microphenocrysts of melilite, nepheline, leucite, clinopyroxene and 208 

olivine (roughly in decreasing order of abundance), plus diffuse magnetite and apatite microliths, 209 

set into a moderately vesicular brown, glassy groundmass (Fig. 2.1, 2.2). Sporadic aggregates of 210 

nepheline are also observed. Sample The NY16 lava of 2016 is characterized by a moderately 211 

porphyritic texture, dominated by euhedral melilite microphenocrysts, euhedral to subhedral 212 

olivine, nepheline (occasionally forming almost monomineralic -microurtitic- aggregates; Fig. 2.2), 213 

leucite and clinopyroxene microphenocrysts, generally smaller than those observed in sample 214 

NY02the lava of 2002 (Fig. 2.1). The groundmass consists of a poorly vesicular brown glass with 215 

sparse magnetite (locally occurring also as microphenocrysts) and apatite microlites (Fig. 2.2). 216 

Worth noting that we did not find perovskite or schorlomitic garnet in the lava samples. A few Fe-217 

sulfides were found in the lava of 2002. Modal analyses are reported in the Table 1. The lava of 218 

1977 has the same mineral assemblage, with a very finely crystalline groundmass. For this reason it 219 

was not selected for subsequent LA-ICP-MS work. 220 

 221 

Bulk-rocks 222 

Significant issues are pointed out: the lavas of 1977, 2002, 2016 and 20176 are poor in SiO2 (39.1-223 

40.8 wt.%), and rich in Fe2O3t (12.9-13.4 wt.%), alkalies (11.2-12 wt.%) and P2O5 (1.3-1.6 wt.%) 224 

(Table 1). They plot in the foidite field of the T.A.S. classification diagram (Fig. 3). The two 225 

samples are classified as melilitites (melilite nephelinites; normative larnite 10-12%), following 226 

LeMaitre (2002).Woolley et al. (1996). The bulk-rock compositions are evolved, given that MgO is 227 

<4.2 wt.%, the Mg# is far lower than that expected in primitive melts [Mg#, 100Mg/(Mg+Fet)=34-228 

37]), and the concentration of Cr and Ni is close to the detection limits, as is in the glass 229 

compositions (see below). The chemical composition of the two lavas is barely distinguishable from 230 

that of the products erupted in 1977 and 2017 (Table 1). The overall chemical affinity is potassic, as 231 

is commonplace in other mafic/ultramafic alkaline rocks of the western branch of the West African 232 

Rift (e.g., Foley et al., 2012; Pouclet et al., 2017). The P.I. [molar (Na+K)/Al] is 1.04-1.06, hence 233 

the bulk-rocks are weakly peralkaline (cf. Marks and Markl, 2017). The concentration of REE of 234 

the two lavas is high (∑REE=779-800 ppm), and REE are highly fractionated: La/Ybn is 42-46, 235 



whereas Eu/Eu* (normalized Eu divided by interpolated Eu) is 1-1.1. The Zr/Hf is very high (73) 236 

and higher than in other melilitites of the area (the Zr/Hf=57 in the 1957 lava of Mugogo: cf. 237 

Chakrabarti et al., 2009; Condomines et al., 2015; Zr/Hf=35 in a reference mantle composition; 238 

Lyubetskaya and Korenaga, 2008). The concentration of Nb and Ta is very high (>220 ppm and 239 

12.8 ppm, respectively),, and the Nb/Ta ratio is 17, very close to a typical mantle value (15.3; 240 

Lyubetskaya and Korenaga, 2008). The whereasNb/U (25-28), Zr/Nb (1.2-1.3), La/Nb (0.8-0.9) are 241 

low Nb/U (25-28), Zr/Nb (1.2-1.3), La/Nb (0.8-0.9) are low, and so is the . On the other hand, the 242 

Nb/Ta ratio is 17, very close to a typical mantle value (15.3; Lyubetskaya and Korenaga, 2008). 243 

The Th/U of bulk-rocks (and glass) is =2.3-2.5, matching the data of Platz et al. (2004), This ratio 244 

is, significantly lower than the chondritic ratio (≈4), and lower than the U/Th of other melilitites of 245 

the Virunga area (the Th/U is 4.3-4.5 in the 1957 lava of Mugogo: cf. Condomines et al., 2015). 246 

The lava sample of 2016 has moderate S (0.2 wt.%), Cl (0.13 wt.%) and F (0.17 wt.%) (Table 1). 247 

 248 

Glass 249 

The major and trace element concentration of the glass is indistinguishable from that of the bulk-250 

rock compositions (Fig. 3; Table 2, Table 3, Supplementary Table 1). The glassy groundmass of the 251 

2002 lava sample NY02 has a homogeneous composition; it is characterized by low SiO2 (39.8-40.6 252 

wt.%), Al2O3 (13.4-14.6 wt.%), high Na2O (5.5-7.9 wt.%) and K2O (3.6-5.8 wt.%), low MgO (2.1-253 

3.9 wt.%), high FeOt (12-13 wt.%), TiO2 (2.2-3.2 wt.%) and CaO (10.8-12.6 wt.%; Table 5). The 254 

concentration of P2O5 is high (1.17±0.17 wt.%). The Mg# is in the range of 23-35, and the glass is 255 

slightly peralkaline (P.I., molar (Na+K)/Al=1.12±0.07). Also the Glass glass composition of the 256 

2016 lava sample NY16 also has ais homogeneous composition for SiO2 (39.7-41.0 wt.%), Al2O3 257 

(14.2-15.3 wt.%), Na2O (4.5-5.6 wt.%) K2O (5.2-6.1 wt.%), MgO (3.8-4.4 wt.%), FeOt (11.4-12.4 258 

wt.%), TiO2 (2.0-3.3 wt.%) and CaO (11.1-12.5 wt.%; Table 1). The concentration of P2O5 is high 259 

(1.24±0.25 wt.%). The Mg# ranges from 37 to 40 and the glass is slightly less peralkaline 260 

(P.I.=0.99±0.04). The chemical differences between the two lavas are minor. The volatile 261 

concentrations in glass of the 2002 lava are rich in SO3 (0.62±0.1 wt.%), and less so in Cl 262 

(0.11±0.06 wt.%), whereas F is close to the detection limits of the employed analytical technique. 263 

Similar concentrations are obtained also in the 2016 lava (SO3=0.41±0.3 wt.%; Cl=0.51±0.13 wt.%; 264 

F=0.11±0.05 wt.%; Supplementary Table 1). Worth noting that SO3- or Cl- saturation in the 265 

magmatic system was not achieved at this degree of crystallization, given the lack of sulphur- or 266 

chlorine-bearing feldspathoids (haüyne, nosean, sodalite). Nevertheless, sodalite is described in 267 

Shaheru lavas (Andersen et al., 2012). This is a significant difference with strictly comparable rocks 268 

of magmatic systems such as Mt. Vulture (Italy) and Kaiserstuhl (Germany), having (rare) melilite-269 



rich rocks along with haüyne, nepheline and leucite, and high and comparable bulk-rock sulphur 270 

(and chlorine) concentrations (cf. Sahama, 1962; Melluso et al., 2011b and references therein; 271 

Braunger et al., 2018). 272 

 273 

45. Major and trace element composition of the mineral phases 274 

 275 

Melilite. The melilite of Nyiragongo lava of 2002 lava is a solid solution of åkermanite 276 

(Ca2MgSi2O7, 43-55 mol.%), soda-melilite (CaNaAlSi2O7, 27-35 mol.%), Fe-åkermanite 277 

(Ca2FeSi2O7 ,14-18 mol.%) and gehlenite (Ca2Al2SiO7, 2-6 mol.%), in order of decreasing 278 

abundance. The Mg# varies little (65-81), with a significant variation in Al2O3 (=5.5-10.8 wt.%) 279 

and Na2O (2.3-6.2 wt.%), indicating that the main atomic substitutions are CaMg->NaAl and, 280 

subordinately, Mg->Fe
2+

, already observed in the composition of magmatic melilites worldwide 281 

(references in Fig. 4a; Supplementary Table 2). Melilite of the lava of 2016 lava has just slightly 282 

different composition with respect to that of 2002 lava (53-66 mol.% åkermanite, 23-26 mol.% 283 

soda-melilite, 14-22 mol.% Fe-åkermanite and 2-6 mol.% gehlenite). The Mg# varies from 77 to 79 284 

(Supplementary Table 2). The Sr concentration is relatively low (0.4-0.7 wt.% SrO), similarly to 285 

melilite of other Nyiragongo rocks (e.g., Platz et al., 2004). Melilite has low Sc, Ni and Cr, widely 286 

variable V (8-153 ppm), and high Zn (>210 ppm) and Co (>39 ppm). The Sr concentration obtained 287 

with LAM-ICP-MS is high and varies little (4700-5200 ppm), consistently with the relatively 288 

uniform major element composition of this phase, and with microprobe analyses. The concentration 289 

of LREE is quite remarkable (e.g., La=67-170 ppm; Ce=124-200 ppm), The REE patterns are steep 290 

and highly LREE-enriched (La/Ybn=55-118), may have peaks at Eu in the chondrite-normalized 291 

diagrams (Eu/Eu*=0.8-1.5 in the 2016 lava, Eu/Eu*=0.9-2.1 in the 2002 lava; Table 2). The high 292 

concentration of LREE is to be related to the presence of the important eightfold coordination site 293 

hosting the large ions Ca and Na (cf. Bindi and Bonazzi, 2003; Merlini et al., 2008). The HREE 294 

concentrations are a few times the chondritic values, due to the low concentration of 295 

ferromagnesian elements and the small -tetrahedral- site hosting Mg and Fe that should be the site 296 

for hosting also HREE. The concentration of Rb, Ba, Y, Zr, Hf, Nb, Ta, U, Th and Pb is low to 297 

negligible (Table 2), as is that of titanium. 298 

 299 

Nepheline and leucite. Nepheline in sample NY02 has composition Ne56-75Ks23-41Sil2-6 (components 300 

in wt.%), whereas in the lava of 2016 is slightly more potassic (Ne54-64Ks35-45Sil1-3), having K2O up 301 

to 12.3 wt.%, matching the most potassium-rich nephelines found in Africa (Boctor and Yoder, 302 

1986; Melluso et al., 2011a; Antao and Nicholls, 2018). Similar range of compositions has been 303 
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found in the 1977 lava (Fig. 4b). The Na/(Na+K) ratio of nepheline varies significantly (0.58-0.76; 304 

Supplementary Table 3); this large variation is to be expected for both temperature decrease and 305 

cocrystallization with leucite. The low excess silica in magmatic nepheline is expected when this 306 

phase crystallizes in highly silica-undersaturated magmas (e.g., Boctor and Yoder, 1986; Melluso et 307 

al., 2010, 2011a, 2011b and references therein; Fig. 4b). The concentration of CaO in nepheline, 308 

though significant, does not reach 1.7 wt.% (Supplementary Table 3). The composition of leucite is 309 

stoichiometric and quite homogeneous for both samples; it is relatively poor in Ba (0-1 wt.% BaO). 310 

Concerning trace elements, the concentration of Sr is one order of magnitude higher in nepheline 311 

(600-829 ppm) than in leucite (36-83 ppm). Conversely, Rb, Cs and Ba are one to three orders of 312 

magnitude higher in leucite (up to 1596 ppm, 39 ppm and 3536 ppm, respectively) than in 313 

nepheline (up to 149 ppm, 0.4 ppm and 305 ppm, respectively; Table 2). Rare earths and most other 314 

analyzed elements show negligible concentrations in both phases (Table 2). 315 

 316 

Clinopyroxene. Clinopyroxene is rare. The Ca-Mg-Fe diagram indicates that the compositions of 317 

the 2016 lava are mostly diopsides (Fig. 4c) and have Mg# from 68 to 78. The Al2O3 concentration 318 

(1.2–8.8 wt.%) considerably increases with decreasing Mg#, as well as that of TiO2 (1.1-5.4 wt.%). 319 

The Al
VI

 [Alt-(2-Si) apfu for six oxygens] is totally negligible nothwistanding high and increasing 320 

Alt and not-very-oxidized conditions (hence low calculated Fe
3+

 in Ca-rich pyroxene, relatively low 321 

magnetite component of spinel), pointing out that these clinopyroxenes are solid solutions of 322 

diopside, hedenbergite and the low-pressure molecule CaTiAl2O6 (up to 16 mol.%), like other 323 

clinopyroxenes of Nyiragongo, or in other melilitites worldwide (Boctor and Yoder, 1986; 324 

Dunworth and Wilson, 1998; Platz et al., 2004; Melluso et al., 2011a). The Na2O concentration is 325 

low (<0.4 wt.% Na2O), as expected in clinopyroxene crystallized in not-yet peralkaline magmas. 326 

The clinopyroxene of the 2002 lava reaches even higher concentration of Al2O3 and TiO2 (up to 327 

11.5 and 8.3 wt.%, respectively; up to 24 mol. % CaTiAl2O6; Supplementary Table 4). Similar 328 

ranges are found in the lava of 1977, with also more Fe-rich compositions (Fig. 4c). Due to the 329 

presence of important octahedral site(s) in clinopyroxene, the first row transition elements have 330 

relatively high concentration (e.g., V=200-220 ppm, Sc=23-24 ppm, Table 2), and so is for other 331 

trace elements with marked affinity for octahedral sites (e.g., Zr=336-348 ppm). Clinopyroxene has 332 

far higher concentrations of HREE than melilite (see above), but lower LREE and therefore 333 

LREE/HREE ratios (La/Ybn=20-23; Fig. 5 Table 2). Eu/Eu* varies from 1 to 1.2. 334 

 335 

Apatite. Apatite compositions are hydroxylapatite and fluorapatite: F ranges from 0.5 to 2 wt.% 336 

(Supplementary Table 5). Apatite is rich in REE (∑REE=4300-5300 ppm), has strong LREE/HREE 337 



fractionation (La/Ybn=127-139) and no Eu troughs (Eu/Eu*=0.9-1). Apatite has also high Y (132-338 

164 ppm) and Sr (5000-6000 ppm), and significant Th (29-41 ppm) and U (7-8 ppm). Other 339 

elements are in low concentration (Table 2; Fig. 5). 340 

 341 

Olivine. Olivine is as quite a rare phase as clinopyroxene. The composition of the rare olivine 342 

microlites in the lava of 2002 is rather homogeneous, ranging from Ca2Mg71Fe27 to Ca2Mg75Fe23, 343 

hence the forsterite content [fo=Mg*100/(Mg+Fe)] ranges from 71 to 74 (Supplementary Table 65; 344 

Fig. 4c). The olivine composition of the lava of 2016 is nearly identical in composition 345 

(Ca2Mg75Fe23; fo73-76; Supplementary Table 6). The lava of 1977 has a far larger range of 346 

compositions, towards Ca-rich fayalite (Ffo85-13; CaO up to 4.2 wt.%). Relatively highly forsterite-347 

rich olivines with high CaO (up to 1.7 wt.%), as those of the Nyiragongo samples of this study, are 348 

common feature in Ca-rich melilite-bearing mafic/ultramafic volcanics worldwide (e.g., Melluso et 349 

al., 2010, 2011a and references therein; Braunger et al., 2018), and may have their extreme in the 350 

kirschsteinite (CaFeSiO4) found in evolved lavas of the Shaheru cone (Sahama and Hytönen, 1957; 351 

Fig. 4c) and in the groundmass of some Alban Hills lavas in Italy (the “cecilite”; Melluso et al., 352 

2010 and references therein). The Nyiragongo olivines have high Co (193-221 ppm), Ni (287-413 353 

ppm) and Zn (161-272 ppm), low Sc (2.5-4.6 ppm), V (9-34 ppm) and Cr (<114 ppm). Other 354 

elements vary irregularly, including Y, Sr, Zr and REE (Table 2). 355 

 356 

Apatite. Apatite compositions are hydroxylapatite and fluorapatite: F ranges from 0.5 to 2 wt.% 357 

(Supplementary Table 56). Apatite is rich in REE (∑REE=4300-5300 ppm), has strong 358 

LREE/HREE fractionation (La/Ybn=127-139) and no Eu troughs (Eu/Eu*=0.9-1). Apatite has also 359 

high Y (132-164 ppm) and Sr (5000-6000 ppm), and significant Th (29-41 ppm) and U (7-8 ppm). 360 

Other elements are in low concentration (Table 2; Fig. 5). 361 

 362 

Magnetite. The spinel phase in the melilitites Nyiragongo lavas is a quite homogeneous magnetite-363 

ulvöspinel solid solution: Usp48-61 in the lava of 2002 and Usp51-55 in the lava of 2016 364 

(Supplementary Table 7). The concentration of Al2O3 varies from 4.4 to 6.8 wt.%, and MgO varies 365 

even less (5.9-7 wt.%). Magnetite has the expected notable concentrations of transition elements 366 

(V>3000 ppm, Cr=250-400 ppm, Co=330-350 ppm, Ni=630-720 ppm, Zn=650-860 ppm), with low 367 

Sc (7-9 ppm), and negligible concentrations of REE and other elements, excluding Zr (70-90 ppm) 368 

Nb (48-52 ppm), Hf (1-2 ppm) and Ta (4.6-4.8 ppm) (Table 2). 369 

 370 

56. Discussion 371 
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 372 

56.1. Petrology and a& Assessment of mineral/melt equilibria 373 

 374 

The evolved nature of the present-day Nyiragongo magmas and their derivation from more 375 

primitive olivine melilitite compositions is indicated by the geochemistry (e.g., relatively low MgO 376 

and Sc, negligible Cr and Ni), mineral chemistry (see above) and the position in pertinent synthetic 377 

systems, such as the larnite-enstatite-nepheline pseudoternary phase diagram (Pan and Longhi, 378 

1990) (Fig. 6a). This diagram also indicates that the Nyiragongo magmas are close to, or plot on, 379 

low-pressure cotectics involving mafic phases and two feldspathoids, in an area far from the 380 

thermal/compositional barrier separating feldspar-bearing melts from melilite-bearing melts. The 381 

limited major and trace element compositional variations, together with the petrographic evidence, 382 

suggest that all mineral phases (melilite+ two feldspathoids +clinopyroxene +olivine 383 

+clinopyroxene +apatite +magnetite), in the studied samples crystallized almost contemporaneously 384 

at atmospheric pressure in equilibrium with the host melilite nephelinite melt, which is 385 

characterized by an evolved composition, (e.g., relatively low MgO and Sc, negligible Cr and Ni), a 386 

very fresh glass-rich matrix, a highly depolymerized nature (low SiO2 and Al2O3, high alkalis and 387 

iron, slight peralkalinity, NBO/T=0.46-0.47, compared to ≈0 for a rhyolite melt and ≈1 for an 388 

olivine melilitite melt), low silica activity (aSiO2≤0.4 at 1000°C, according to Barker, 2001, 389 

compared to aSiO2=1 in quartz-bearing systems), and a temperature of the lava lake close to 1000°C 390 

(cf. Burgi et al., 2018 and references therein). The assemblage of the Nyiragongo lavas of 2002 and 391 

2016 matches that of a pseudo -invariant point ol+cpx+mel+lc+ne+liq postulated at ca. 1100°C by 392 

Gupta et al. (1973) and Gupta (2015) (Fig. 6b), which indicates: a) the derivation of Nyiragongo 393 

magmas of 2002 and 2016 from more olivine-rich precursors, yet present in the area (cf. Platz et al., 394 

2004; Minissale, 2018), and, more importantly, b) the mineral assemblage of Nyiragongo magmas 395 

of 2002 and 2017 can be considered broadly in equilibrium from a thermodynamic point of view 396 

(cf. also Fig. 2.1 and 2.2). To this latter respect, we note that the highest Mg# of melilite we 397 

analyzed (80.6) is slightly higher than the highest Mg# of clinopyroxene (78.4) and forsterite 398 

content of olivine (76.3). Given the different Fe/Mg partitioning of between these phases and 399 

silicate melts (e.g., different KdFe/Mg; cf. Roeder and Emslie, 1970; Bédard, 2010), of which that of 400 

melilite is largely unknown, though supposedly more similar to that of clinopyroxene 401 

(Supplementary Fig. 1), we tentatively suggest that the Mg# of the phases indicate the onset of 402 

cotectic crystallization in broadly the same melt composition having Mg#=35-40. 403 

We argue that the mineral and glass data can be fruitfully used in order to calculate mineral/liquid 404 

element ratios, actually close analogues of partition coefficients, taking also into account the high 405 



concentration of elements in lavas and minerals, which is generally sufficient to achieve high 406 

analytical reproducibility and limited non-equilibrium partitioning. We remark the role of liquidus 407 

crystallization of melilite in magmas where any feldspar could not crystallize, due to the very high 408 

degree of silica undersaturation (which is equivalent to the so-called melilite-plagioclase 409 

incompatibility in alkali-rich, orthomagmatic rocks). 410 

 411 

56.12. Mineral/glass partition coefficients concentration ratios 412 

 413 

Very intriguingly, there are no comparable datasets about trace element partitioning in melilite and 414 

in the other liquidus phases of the Nyiragongo magmas in the recent literature (cf. Arzamastsev et 415 

al., 2009 for other cases). The Nyiragongo is a unique case where mineral and glass compositional 416 

data can be fruitfully used in order to calculate partition coefficients for highly silica undersaturated 417 

magmas, taking also into account the high concentration of elements in lavas and 418 

mineralscoexisting equilibrium phases, which is generally sufficient to achieve high analytical 419 

reproducibility and limited non-equilibrium partitioning. We remark the role of liquidus 420 

crystallization of melilite in magmas where any feldspar could not crystallize, due to the very high 421 

degree of silica undersaturation (equivalent to the so-called melilite-plagioclase incompatibility in 422 

alkali-rich, orthomagmatic rocks; Yoder, 1973), and the uniform composition of glasses, phases and 423 

bulk-rocks. Very intriguingly, there are no comparable datasets about trace element partitioning in 424 

melilite and in the other liquidus phases of the Nyiragongo magmas in the recent literature (cf. 425 

Arzamastsev et al., 2009 for other cases). 426 

 427 

Mineral/glass elemental ratiospartition coefficients are reported in Table 3 and Fig. 7. 428 

Melilite. Rare earth elements, and particularly HREE, are incompatible in melilite (e.g., DLa=0.46-429 

0.48; DLu=0.18-0.25; Table 3), as already pointed out by the work of Onuma et al. (1981) on similar 430 

samples and Beckett et al. (1990) on meteorites, and also has a small peak at Eu (DEu=0.56-0.57) 431 

compared to Sm and Gd (Table 3). Melilite has an expected quite large concentration ratiopartition 432 

coefficient for Sr (DSr=1.8-2.2). Actually, this phase can have Sr as a major cation (Fitton and 433 

Hughes, 1981; Velde and Rachdi, 1988; Melluso et al., 2010), but this feature is rare, usually 434 

related to a late stage of crystallization, depending upon presence -or absence- of significant 435 

amounts of earlier Sr-scavenging phases (e.g., perovskite, apatite, titanite), and ultimately refers to 436 

more evolved magmatic systems than those of this study, or to the late groundmass phases of 437 

holocrystalline rocks. The Sr partitioning of Sr in melilite may be the same as in in a calcic 438 

plagioclase in of “basaltic” systems (cf. Sun et al., 2018, and references therein). Therefore, melilite 439 



removal in significant amounts should create a trough at Sr in the mantle normalized diagrams of 440 

more evolved rocks, with respect to neighbouring elements such as La, Ce and Nd. The 441 

concentration of Eu and the Eu peaks in the REE patterns of melilite are small minor or absent, 442 

when compared to the worldwide composition of liquidus feldspars (plagioclase, anorthoclase and 443 

potassic sanidine, having Eu/Eu*> or >> 20-30, at Eu concentration=0.5-2 ppm; Supplementary 444 

Fig. 2) in less silica-undersaturated rocks. 445 

Nepheline and leucite have distinctly different trace element distribution, particularly for LFSE, 446 

which are justified by the dominant cations and the size of the sites. The largest low-charged cations 447 

(Cs, Ba, Rb) are significantly hosted in leucite, whereas Sr (and far less so, Eu) markedly prefers 448 

nepheline, though still being a highly incompatible element (Table 3). The concentration ratios of 449 

Rb and Cs for leucite are of the same magnitude of those obtained by Foley and Jenner (2004) in 450 

the olivine lamproite of Gaussberg, whereas Ba (thus DBa) is far higher in the Nyiragongo leucite 451 

(Table 3). 452 

Clinopyroxene. The few mineral/glass concentration ratiospartition coefficients of REE in 453 

clinopyroxene are very similar to values obtained by Onuma et al. (1981), with the exception of 454 

lower La and Ce. Again, these numbers indicate that LREE are highly incompatible in diopsidic 455 

clinopyroxene of mafic highly alkaline magmas at atmospheric -and higher- pressure (cf. Hart and 456 

Dunn, 1993; Fedele et al., 2009 and references therein; Ambrosio and Azzone, 2018 and references 457 

therein; Supplementary Fig. 3), with HREE being less incompatible, due to their stronger octahedral 458 

site preference. Transition elements Sc, Ni and Cr are more compatible than in melilite, whereas V, 459 

Zn, Y and Zr are still moderately incompatible (Table 3). 460 

The low-forsterite olivine of Nyiragongo has significant partition coefficients for Ni, Co and Zn 461 

(Table 3). 462 

Magnetite scavenges the first row of transition elements (Sc, Ti, V, Cr, Ni, Zn), as expected. 463 

Significant concentration ratios are also observed for Zr, Nb, Hf and Ta (Table 2 and 3). 464 

The Our fewThe REE patterns of apatite have a relative concentration peak in the middle REE 465 

relative to the glass compositions, and high apatite/glass concentration ratiospartition coefficients 466 

(>1 for all the elements). Notably, the values reported in Table 3 are roughly 5-6 times lower than 467 

those calculated in apatites of trachytic or more silicic magmas (cf. Fedele et al., 2015 and 468 

references therein). Rather, they are more similar to some calculated for different (basaltic to 469 

andesitic), subalkaline, melt compositions by Prowatke and Klemme (2006), indicating a major 470 

compositional control in the partitioning of REE in apatite (likely the degree of polymerization in 471 

the melts, cf. Watson and Green, 1981). Y is also a highly compatible element (Table 3). The values 472 

reported in Table 3 are roughly 5-6 times lower than those calculated in apatites of trachytic or 473 



more silicic magmas (cf. Fedele et al., 2015 and references therein). Rather, they are more similar to 474 

some calculated for different (basaltic to andesitic), subalkaline, melt compositions by Prowatke 475 

and Klemme (2006), indicating a major compositional control in the partitioning of REE in apatite 476 

(likely the degree of polymerization in the melts, cf. Watson and Green, 1981). Apatite has 477 

negligible effects on the concentration of HFSE, Rb, Pb, Ba and their ratios. On the other hand, the 478 

concentration of Sr is expectedly high (Table 2). As noted elsewhere (Melluso et al., 2017, 2018 479 

and references therein), removal of apatite (though being a significant host for REE, Y and Sr) is 480 

unlikely to be the main cause of “complementary”, strongly concave REE patterns in evolved 481 

highly alkaline rocks, when found. 482 

Magnetite scavenges the first row of transition elements (Sc, Ti, V, Cr, Ni, Zn), as expected. 483 

Significant partition coefficients are also observed for Zr, Nb, Hf and Ta, though being these 484 

elements still highly incompatible (Table 2 and 3). 485 

Nepheline and leucite have distinctly different trace element distribution, particularly for LFSE, 486 

which are justified by the markedly different cationic sites and their size. The largest low-charged 487 

cations (Cs, Ba, Rb) are significantly hosted in leucite, whereas Sr (and far less so, Eu) markedly 488 

prefers nepheline, though still being a highly incompatible element (Table 3). The concentration 489 

ratios of Rb and Cs for leucite are of the same magnitude of those obtained by Foley and Jenner 490 

(2004) in the olivine lamproite of Gaussberg, whereas Ba (thus DBa) is far higher in the Nyiragongo 491 

leucite (Table 3). 492 

The trace element distribution found in the Nyiragongo phases cannot justify the development of 493 

significant Eu troughs in highly alkaline liquids derived from any amount of melilite removal (cf. 494 

also Marks and Markl, 2017). Indeed, more evolved rocks from the nearby Shaheru cone (MgO<3 495 

wt.%) still do not have Eu troughs in the REE patterns (cf. Platz et al., 2004; Minissale, 2018; 496 

Supplementary Figure 4), and melilite-rich cumulate intrusive rocks do not show Eu peaks in the 497 

chondrite normalized REE diagrams (e.g., Verhulst et al., 2000; Srivastava and Sinha, 2004). 498 

The trace element distribution found in the Nyiragongo phases cannot justify the development of 499 

significant Eu troughs in highly alkaline liquids derived from any amount of melilite removal (cf. 500 

also Marks and Markl, 2017). Indeed, more evolved rocks from the nearby Shaheru cone (MgO<3 501 

wt.%) still do not have negative Eu troughs troughs in the REE patterns (cf. Platz et al., 2004; 502 

Minissale, 2018; Supplementary Figure 4), and melilite-rich cumulate intrusive rocks significantly 503 

made up of melilite do not show Eu peaks in the chondrite normalized REE diagrams (e.g., Verhulst 504 

et al., 2000; Srivastava and Sinha, 2004; Melluso et al., 2010).. 505 

 506 

67. Conclusions 507 



 508 

Natural partitioning of elements between phenocrysts and their incompatible element-rich melilite-509 

nephelinite glasses (and bulk-rock compositions) of recent Nyiragongo activity, the most silica 510 

undersaturated magmas currently erupted on earth , and forming lava lakes, on earth, provides a 511 

fresh look to the distribution of REE and other trace elements in melilite (when this phase can be 512 

considered the main “mafic” phenocryst on the liquidus, i.e., when clinopyroxene and olivine are 513 

minor), and in the companion felsic and mafic mineral phases. We think that removal of significant 514 

amounts of melilite is very difficult to be convincingly demonstrated in any volcanic or plutonic 515 

complex bearing this phase worldwide (cf. Braunger et al., 2018 for examples). In addition, melilite 516 

cannot be considered as the analogue of any feldspar and, feldspathoid -or clinopyroxene- in 517 

feldspar-free magmas, also from the perspective of trace element partitioning. Melilite, nepheline, 518 

leucite, olivine, diopsidic clinopyroxene, magnetite and apatite are unable to significantly 519 

fractionate ratios between highly charged cations with similar geochemical behaviour (Zr/Hf, 520 

Nb/Ta, Th/U). Hence, the causes of some anomalous trace element ratios found in the Nyiragongo 521 

lavas (cf. Platz et al., 2004; Chakrabarti et al., 2009; Condomines et al., 2015) must be sought in 522 

processes different from fractional crystallization involving any amount of these phases. Even 523 

though mineral chemistry and mineral assemblages are not indicative of a peralkaline rock/magma, 524 

the tendency of the Nyiragongo magmatic system to evolve to peralkaline compositions is well 525 

evidenced in some of the rocks of the Shaheru cone, having late-stage (or even post-magmatic) 526 

phases more typical of peralkaline compositions (e.g., combeite, götzenite, Andersen et al., 2012), 527 

as well as phases of highly evolved, highly silica undersaturated rocks (e.g., fayalite and 528 

kirschsteinite; Fig. 4). The presence of growing crystals of relatively low-density phases such as 529 

nepheline and leucite also indicate the possibility of accumulation (floating) processes in shallow 530 

magmatic reservoirs (e.g., Demant et al., 1994; Platz et al., 2004). Last but not least, the The 531 

substantially identical composition of the 2002 and 2016 lavas, as well as that of the lavas erupted 532 

in 1977 and 2017, implies a steady-state magma supply system in this interval of the Nyiragongo 533 

recent activity, where only mildly evolved magmas reach the summit area from different pathways 534 

starting from the subvolcanic reservoir (cf. Burgi et al., 2018), and where more complex 535 

petrogenetic processes (e.g., magma mixing between highly evolved magmas, refilling the shallow 536 

reservoirs from hotter, more primitive melts) are not active, judging from the substantially observed 537 

uniform mineral assemblages, mineral chemistry and bulk-rock geochemistry. 538 
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 749 

Appendix. Analytical techniques 750 

 751 

Whole-rock major and trace elements were analysed by X-ray fluorescence (XRF) using a 752 

Panalytical Axios instrument at the University of Napoli (cf. Cucciniello et al., 2017, for further 753 

analytical details). Analytical uncertainties are in the order of 1-2% for major elements and 5-10% 754 

for trace elements (Table 1). The weight loss on ignition (L.O.I.) was determined with standard 755 

gravimetric techniques, after igniting one gram of rock powder at 1000 °C for 6 h. Lanthanides 756 

(REE) and other trace elements were determined by Inductively Coupled Plasma-Mass 757 

Spectrometry (ICP-MS) at Activation Laboratories (Ancaster, Ontario; see http://www.actlabs.com 758 

for a full description of the analytical techniques). The major element concentrations of mineral and 759 

glass phases were determined at DISTAR, University of Napoli Federico II, by Energy Dispersive 760 

Spectrometry (EDS) microanalyses using an Oxford Instruments Microanalysis Unit equipped with 761 

an INCA X-act detector and a JEOL JSM-5310 Scanning Electron Microscope (SEM) using a 762 

JEOL JSM5310. Measurements were done with an INCA X-stream pulse processor operating at 15 763 

kV primary beam voltage, 50-100 mA filament current, variable spot size and 50 s net acquisition 764 

time. The following reference materials were used for calibration: diopside (Mg), wollastonite (Ca), 765 

albite (Al, Si, Na), rutile (Ti), almandine (Fe), Cr2O3 (Cr), rhodonite (Mn), orthoclase (K), apatite 766 

(P), fluorite (F), barite (Ba), strontianite (Sr), Smithsonian orthophosphates (La, Ce, Nd, Sm, Y), 767 

pure vanadium (V) and Corning glass (Th and U). LA-ICP-MS trace element analyses were 768 

performed in olivine, clinopyroxene, melilite, apatite, magnetite, nepheline, leucite and glass of 769 

selected areas (cf. Fig. 2). Analyses were carried out at IGG-CNR of Pavia by Laser Ablation-770 

Inductively Coupled Plasma-High Resolution Mass Spectrometry (LA-ICP-HRMS). The 771 

microprobe consists of a double-focusing sector-field analyser (Finnigan Mat, Element I) coupled 772 
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with a Q-switched Nd:YAG laser source (Quantel Brilliant). The fundamental emission of the laser 773 

source (1064 nm, in the near-IR region) was converted to 213 nm by three harmonic generators. 774 

Helium was used as carrier gas and mixed with Ar downstream of the ablation cell. Spot diameter 775 

was varied in the range of 40-60 µm. Quantification was carried out using the NIST SRM 610 glass 776 

as external standard (Pearce et al., 1996). Si was used as internal standard for melilite, 777 

clinopyroxene, olivine, nepheline, leucite and glass, while Ca was used for apatite and Ti for 778 

magnetite. Detection limits are in the range 100-500 ppb for Sc, Ti, and Cr; 10-100 ppb for V, Rb, 779 

Sr, Zr, Cs, Ba, Gd, and Pb; 1-10 ppb for Y, Nb, La, Ce, Nd, Sm, Eu, Tb, Dy, Er, Yb, Hf and Ta, and 780 

usually <1 ppb for Pr, Ho, Tm, Lu, Th, and U. Precision and accuracy (both better than 10% for 781 

concentrations at parts per million level) were assessed by means of repeated analyses of NIST 782 

SRM 612 and BCR-2g standards. The composition of the glass beneath the thin section has been 783 

documented before the sample analysis to recognize piercing of the rock and to eliminate any glass 784 

contribution. The gas background was measured for 60 s, as in any other routine analysis, whereas 785 

signals during ablation were acquired for approximately 20-50 s. Analyses were performed with 10 786 

Hz repetition rate of laser and ~1-2.5 mJ/s laser power. Full details are reported in Rocco et al. 787 

(2017). Precautions have been taken to avoid any bias on the analytical results. Memory effects 788 

have been taken into account leaving more than 1 min between two consecutive analyses and 789 

analysing glasses after the minerals. Spurious signals related to memory effects usually affect more 790 

blanks (because less time is passed after the previous analysis), thus determining worsening of the 791 

detection limits and hindering the quantification of elements at ultra-trace concentration level. 792 

Surface contamination during sample polishing and/or handling before the micro-analytical 793 

measurement and occurrence of micro-inclusions of glass/fluid have been monitored by detailed 794 

inspection of the signal profiles acquired during ablation. Only intervals with parallel signals have 795 

been integrated. Anomalous signal contributions at the beginning of the ablation (due to surface 796 

contamination) and/or randomly occurring during ablation (possibly related to inclusions and/or 797 

memory effect) has been accurately documented and excluded by integration. 798 

 799 

Figure captions 800 

 801 

Fig. 1. Geomorphological sketch map of the Nyiragongo volcano (a) with the field sampling areas 802 

sites of the investigated samples of 2016 (b, c) and 2002 (d). Note that the structural position of 803 

the other volcanic complexes of the Virunga is not consistent with the elongation of the 804 

Albertine Rift (cf. also Pouclet et al., 2017). 805 
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Fig. 2.1. a) b) c) d). Petrographic appearance of the Nyiragongo lavas of 2002 and 2016. Note the 806 

abundant melilite laths, the nepheline cluster and the apatite microphenocryst with a laser pit. 807 

Fig. 2.2. a) b) c) d). Backscattered electron (BSE) images of sites in the Nyiragongo lavas of 2002 808 

and 2016: microlites of melilite, olivine, feldspathoids and microphenocrysts of magnetite and 809 

apatite are visible in a generally clean glassy matrix. The iron- and calcium-rich nature of the 810 

glass is also evident from the more whitish grey tones with respect to most mafic phases. Also 811 

note a cotectic intergrowth of nepheline and melilite (±leucite) in b), resembling a granophyre. 812 

Fig. 3. Total alkali vs. silica (T.A.S.) classification diagram (Le Maitre, 2002) with bulk-rock (red 813 

circles) and glass analyses (orange rhombs) from the investigated Nyiragongo samples. Other 814 

rocks of Nyiragongo (grey) are taken from Platz et al. (2004) and Minissale (2018). 815 

Fig. 4. Composition of the main mineral phases of the 2002 and 2016 lavas. a) Composition of the 816 

Nyiragongo melilites in the Åkermanite-Fe-Åkermanite-soda-melilite diagram (mol.%). 817 

Melilites of Kaiserstuhl (black lines) are from Braunger et al. (2018); melilites of Italy (grey 818 

squares) from Melluso et al. (2011b, 2012 and references therein); melilitites of Madagascar 819 

(dark grey triangles) from Melluso et al., 2011a; melilites of Tanzania (grey trianglescrosses) 820 

from a compilation in Melluso et al. (2010),  and Wiedenmann et al. (2009, 2010) and Guzmics 821 

et al. (2012); b) nepheline compositions of 1977, 2002 and 2016 lavas as plotted in the 822 

nepheline-kalsilite-silica diagram (in wt.%)as (red circles); other Nyiragongo nephelines are 823 

grey rhombs; the green circle is the Nyiragongo nepheline studied by Antao and Nicholls 824 

(2018); nepheline of the Madagascar olivine melilitites from Melluso et al. 2011a (dark grey 825 

triangles); c) clinopyroxene and olivine compositions of the 1977, 2002 and 2016 lavas as 826 

plotted in the Ca-Mg-Fe diagram (mol.%); clinopyroxenes of other Nyiragongo rocks are from 827 

Minissale (2018); clinopyroxenes of the Madagascan melilitites from Melluso et al. (2011a); 828 

olivines from other Nyiragongo rocks (grey circles) from Minissale (2018) and Sahama and 829 

Hytönen (1957; the black squareue circle). 830 

Fig. 5. a) b) mantle-normalized patterns of bulk-rocks, glass, clinopyroxene, melilite and apatite, 831 

relative to mantle composition of Lyubetskaya and Korenaga (2007). Note that K and P were 832 

not plotted. The trace element analyses of melilites of Kaiserstuhl and Turyiiyyi (taken from 833 

Arzamastsev et al., 2009) are also plotted for comparison. 834 

Fig. 6. Phase diagrams with the composition of glasses and bulk-rocks of Nyiragongo (Pan and 835 

Longhi, 1990; Gupta, 2015). The continuous lines in (a) are mostly thermal barriers connecting 836 

the composition of various phases. They should be seen as projections of planes connecting also 837 

olivine (forsterite). 838 



Fig. 7. Diagrams with mineral-glass elemental ratiospartition coefficients for REE, compared with 839 

known partition coefficients from the literature (data from Table 3). 840 

 841 

Table captions 842 

 843 

Table 1. bulk-rock compositions of the 2002 and 2016 lavas, together with that of the 1977 eruption 844 

and that of the lava outpouring from the spatter cone in 2017 spatter cone. Modal analyses of 845 

microphenocrysts and glass are also reported. 846 

Table 2. LA-ICP-MS composition of the phases of 2002 and 2016 lavas (in ppm). 847 

Table 3. The average composition of glasses (in ppm), and elemental ratiospartition coefficients, 848 

obtained by dividing the average concentration of the elements in the various phases and the 849 

average composition of the relative glass. Reference partition coefficients from the literature are 850 

also reported (Onuma et al., 1981; Foley and Jenner, 2004, Prowatke and Klemme, 2006; ; 851 

Dawson et al., 2008; Fedele et al., 2015; Ambrosio and Azzone, 2018; Dawson et al., 2008). 852 

 853 

Supplementary Tables 854 

 855 

Supplementary Table 1. Glass compositions of the 2002 and 2016 lavas 856 

Supplementary Table 2. Melilite compositions of the 2002 and , 2016 and 1977 lavas. 857 

Supplementary Table 3. Nepheline and leucite compositions of the 2002, 2016 and 1977 2002 and 858 

2016 lavas. 859 

Supplementary Table 4. Clinopyroxene compositions of the 2002, 2016 and 1977 2002 and 2016 860 

lavas. 861 

Supplementary Table 5. Olivine compositions of the 2002, 2016 and 1977 lavas. 862 

Supplementary Table 56. Apatite compositions of the 2002 and 2016 lavas. 863 

Supplementary Table 6. Olivine compositions of the 2002 and 2016 lavas. 864 

Supplementary Table 7. Magnetite compositions of the 2002 and 2016 lavas. 865 

 866 

Supplementary figures 867 

 868 

Supplementary Fig. 1. Rhodes diagram for olivine, clinopyroxene and melilite compositions of the 869 

lavas of 2002 and 2016. The curves are traced at KdFe-Mg=0.23, 0.27, 0.30 and 0.33 (Bédard, 870 

2010; Roeder and Emslie, 1970). Note that the Mg# of bulk-rocks and mineral phases is 871 

calculated with all Fe as divalent. 872 



Supplementary Fig. 2 (Fig. 8?). The chondrite normalized patterns of the Nyiragongo melilites, and 873 

comparison with various types of feldspar taken from various places and magmatic series (data 874 

are taken from Dawson et al., 2009; Arzamastsev et al., 2009; Cucciniello et al. 2014; Fedele et 875 

al., 2015; Melluso et al., 2014, 2018). 876 

Supplementary Fig. 3 (2?). Extended bulk-rock concentration ratios for clinopyroxene and melilite. 877 

Reference patterns for clinopyroxene of kamafugites, lamproites and silica-undersaturated 878 

trachytes are also shown (data from Foley and Jenner, 2004; Melluso et al., 2008; Fedele et al., 879 

2009). Note that the clinopyroxene of the kamafugite (Melluso et al., 2008) coexists with 880 

perovskite which heavily scavenges LREE, hence the concentration ratiospartition coefficients 881 

for a number of elements are much lower than in the Nyiragongo clinopyroxene. 882 

Supplementary Fig. 4. Chondrite-normalized REE diagram of the Nyiragongo-Shaheru bulk rocks 883 

with those of this study. The data are taken from this study, Platz et al. (2004); Chakrabarti et 884 

al., 2009 and Minissale, (2018). 885 
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Table 1
Lava 2002 Lava 2002-2 Lava 2016 Lava 2017-1 Lava 1977-1 

SiO2 40.17 40.77 39.12 41.00 40.10
TiO2 2.74 2.54 2.81 2.70 2.88
Al2O3 14.72 16.13 14.87 14.72 14.90
Fe2O3t 13.22 12.92 13.41 13.38 13.50
MnO 0.29 0.30 0.29 0.29 0.29
MgO 4.19 3.39 4.02 3.99 4.16
CaO 12.21 11.00 12.01 11.85 11.90
Na2O 5.80 5.76 5.62 5.71 5.64
K2O 5.55 6.29 5.64 5.61 5.63
P2O5 1.47 1.27 1.59 1.45 1.48
LOI -1.63 -0.59 0.39 -1.04 -1.01
Total 98.74 99.78 99.78 99.66 99.47

Be 4 4 4 4 4
Sc 5 3 4 5 5
V 285 241 287 277 290
Cr
Co 40 36 45 42 42
Ni 50 30
Cu 180 160 180 190 200
Zn 130 140 120 120 130
Ga 20 21 20 20 20
Ge 1 1 1 1 1
Rb 140 162 138 137 141
Sr 3474 2751 2693 2702 3133
Y 37 37 34 36 37
Zr 273 306 313 303 268
Nb 227 236 239 243 223
Mo 6 6 7 7 7
Sn 2 2 27 2 3
Sb 0.5 0.5
Cs 1.5 1.6 1.5 1.4 1.5
Ba 2389 2593 2278 2350 2422
La 197.0 195.0 201.0 194.0 194.0
Ce 365.0 364.0 373.0 359.0 357.0
Pr 37.7 38.2 38.8 36.5 37.3
Nd 125.0 128.0 129.0 123.0 125.0
Sm 18.3 18.9 18.9 17.4 18.2
Eu 5.1 5.3 5.3 4.9 5.2
Gd 12.6 12.9 12.5 10.9 12.4
Tb 1.6 1.7 1.7 1.5 1.5
Dy 8.1 8.4 8.4 7.7 7.8
Ho 1.5 1.4 1.5 1.3 1.4
Er 3.9 4.2 4.0 3.6 3.8
Tm 0.5 0.6 0.5 0.5 0.5
Yb 2.9 3.1 3.1 2.7 2.9
Lu 0.4 0.5 0.5 0.4 0.4
Hf 1.8 1.4 4.3 4.1 1.3
Ta 13.0 13.7 16.3 14.4 12.8
W 3 2 2 2 7
Tl 0.4
Pb 6 7 7 5 6
Th 21 20.7 22.3 21.4 20.8
U 9 8.4 9.9 9.2 9.1

Cl% 0.13
F% 0.17
Total S% 0.20

La/Ybn 45.8 42.4 43.7 48.4 45.1
Th/U 2.3 2.5 2.3 2.3 2.3
Zr/Hf 151.4 218.6 72.8 73.9 206.4
Nb/Ta 17.5 17.2 14.7 16.9 17.4
Nb/U 25.2 28.1 24.1 26.4 24.5
La/Nb 0.9 0.8 0.8 0.8 0.9
Ba/Nb 10.5 11.0 9.5 9.7 10.9
Zr/Nb 1.2 1.3 1.3 1.2 1.2
Eu/Eu* 1.03 1.04 1.04 1.07 1.04
SREE 780 782 798 763 767
PI 1.06 1.01 1.03 1.05 1.03
Mg# 39 34 37 37 38
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Table 2
Nyiragongo 2016Nyiragongo 2016Nyiragongo 2016Nyiragongo 2016Nyiragongo 2016Nyiragongo 2016Nyiragongo 2016Nyiragongo 2016Nyiragongo 2016Nyiragongo 2016Nyiragongo 2016Nyiragongo 2016 Nyiragongo 2002Nyiragongo 2002Nyiragongo 2002Nyiragongo 2002Nyiragongo 2002Nyiragongo 2002Nyiragongo 2002

glass glass glass glass glass glass glass glass glass glass glass glass glass glass glass glass glass glass glass
an. 1 an. 2 an. 3 an. 4 an. 5 an. 6 an. 7 an. 8 an. 9 an. 10 an. 11 an. 12 an. 1 an. 2 an. 3 an. 4 an. 5 an. 6 an. 7

Li 12.9 13.3 12.4 14.0 13.6 13.7 14.0 13.0 13.4 16.1 10.0 13.4 16.4 16.9 16.8 12.3 18.6 13.7 16.8
B 61.9 55.2 55.2 54.8 50.0 21.9 27.8 24.0 26.9 23.9 10.2 30.4 18.3 16.1 12.4 34.9 27.4 18.1 31.1
Sc 5.8 6.4 6.0 5.7 5.9 5.8 5.4 5.7 5.7 5.8 5.9 5.2 6.5 6.1 6.0 6.5 6.1 5.7 6.1
V 239.8 251.7 242.8 252.5 236.1 268.7 258.6 236.7 248.7 237.2 221.5 222.4 231.0 213.2 223.2 212.7 236.3 207.4 204.8
Cr 5.3 3.2 3.6 1.9 5.3 7.5 5.2 2.9 3.2 5.3 3.7 <1.28 1.4 5.6 2.2 1.6 3.6
Co 40.5 47.2 39.9 41.6 39.4 42.3 42.5 39.8 41.1 41.2 41.7 36.4 37.7 35.2 36.9 35.5 38.7 36.5 34.0
Ni 14.6 14.7 16.3 15.5 13.6 22.3 19.9 15.2 15.3 16.3 13.5 16.7 9.6 8.8 7.9 10.0 7.2 10.3 6.6
Zn 209.8 225.0 211.3 232.0 162.4 155.8 150.6 147.6 148.9 155.6 207.5 158.4 222.4 180.1 171.9 191.0 161.0 146.5 152.6
Rb 147.6 153.6 143.6 151.8 143.9 139.3 139.6 140.0 144.6 146.0 136.8 135.8 112.4 104.5 118.1 110.1 115.8 97.6 104.8
Sr 2721.1 2890.2 2731.7 2758.2 2609.9 2628.4 2696.9 2605.0 2831.5 2652.7 2599.8 2484.4 2920.7 2723.3 2807.6 2776.4 2928.7 2636.1 2633.9
Y 38.1 39.9 37.2 42.4 36.5 36.9 36.8 37.2 40.1 37.8 36.3 34.3 43.1 42.7 42.3 42.5 43.9 40.3 41.0
Zr 346.1 369.1 344.5 360.7 325.3 325.1 333.3 330.4 335.5 333.3 316.9 326.1 414.0 385.3 404.0 396.4 414.0 367.6 377.3
Nb 262.6 280.5 266.1 268.5 247.4 250.2 251.4 245.4 258.0 255.0 242.9 243.6 322.4 297.4 308.9 298.7 318.7 294.7 281.1
Cs 1.7 1.5 1.4 1.7 1.5 1.6 1.5 1.5 1.6 1.6 1.9 1.3 1.0 0.8 0.9 0.8 1.0 0.9 0.8
Ba 2451.0 2607.5 2459.6 2518.0 2299.2 2360.5 2394.3 2337.2 2403.3 2363.8 2287.8 2309.0 2890.9 2664.7 2791.2 2667.3 2828.6 2580.2 2516.2
La 208.4 219.3 210.5 211.4 199.1 197.1 203.0 196.8 226.6 199.8 194.4 192.3 233.0 226.0 219.7 225.4 229.9 222.9 223.2
Ce 364.0 386.0 362.2 367.9 342.3 345.5 357.0 350.4 409.3 355.2 382.0 336.8 402.8 394.1 386.3 400.3 394.9 400.6 390.4
Pr 36.5 39.1 35.8 36.4 35.0 34.6 36.0 34.9 40.1 35.0 34.0 31.9 39.0 40.0 37.5 40.9 39.4 37.3 39.7
Nd 125.9 137.9 131.5 130.0 122.2 121.9 128.3 125.6 146.6 121.5 121.9 113.8 137.4 141.3 135.8 135.9 145.3 134.9 136.2
Sm 17.3 17.9 18.5 19.3 18.2 17.1 17.7 17.9 21.5 18.8 16.5 18.1 21.2 21.4 19.9 21.7 21.1 19.2 21.8
Eu 5.3 5.9 5.2 5.4 4.8 4.9 5.5 4.9 5.9 4.8 5.0 4.3 6.0 6.0 6.2 6.1 6.2 4.9 5.9
Gd 11.9 14.3 12.2 13.5 11.5 11.0 12.5 11.8 13.4 13.0 11.9 11.0 15.8 14.9 14.3 14.6 13.3 10.7 11.8
Tb 1.7 1.6 1.8 1.6 1.6 1.6 1.6 1.6 1.8 1.5 1.5 1.7 1.6 1.7 2.0 1.7 1.8 1.6 1.6
Dy 8.1 9.4 9.6 9.5 8.0 7.4 7.9 7.6 9.6 8.4 9.6 8.0 9.7 8.7 7.9 9.9 10.1 8.6 10.0
Ho 1.6 1.7 1.6 1.6 1.6 1.6 1.5 1.4 1.7 1.4 1.3 1.4 1.5 1.8 1.6 1.5 1.9 1.6 1.7
Er 3.9 4.1 3.8 3.8 4.2 4.3 3.9 3.3 3.9 3.8 3.6 3.6 3.3 3.7 4.2 3.7 4.1 4.0 3.6
Tm 0.5 0.5 0.5 0.5 0.5 0.4 0.4 0.5 0.6 0.4 0.6 0.5 0.6 0.6 0.7 0.5 0.6 0.6 0.6
Yb 3.3 2.9 3.4 3.3 3.3 3.2 2.9 3.1 3.7 3.4 3.7 3.1 3.2 3.6 2.8 3.4 3.6 3.9 3.7
Lu 0.5 0.4 0.4 0.4 0.4 0.4 0.5 0.5 0.5 0.4 0.5 0.5 0.5 0.5 0.4 0.6 0.5 0.5
Hf 5.3 4.6 4.7 4.2 4.5 4.1 4.5 4.7 4.9 4.6 3.9 3.4 5.2 4.7 5.9 5.4 5.4 5.5 5.4
Ta 13.5 14.4 12.9 14.2 12.7 12.9 13.3 12.9 13.9 13.0 12.5 13.0 16.7 16.1 16.9 15.2 17.5 16.0 15.8
Pb 4.7 6.0 5.5 6.0 4.5 5.0 5.0 4.7 5.2 5.2 4.0 3.5 6.5 5.8 6.9 6.0 6.0 6.7 6.1
Th 22.8 24.1 23.4 23.6 23.1 24.3 23.4 23.8 25.2 23.5 23.6 24.5 28.5 27.9 26.9 26.1 28.7 24.3 25.9
U 9.3 10.2 9.9 10.0 9.9 10.0 9.7 9.6 10.6 10.1 7.8 8.9 13.3 12.5 13.0 12.8 12.3 12.4 11.6

Nyiragongo 2016Nyiragongo 2016Nyiragongo 2016Nyiragongo 2016Nyiragongo 2016Nyiragongo 2016Nyiragongo 2016Nyiragongo 2016Nyiragongo 2016Nyiragongo 2002Nyiragongo 2002Nyiragongo 2002Nyiragongo 2002Nyiragongo 2002Nyiragongo 2002Nyiragongo 2002Nyiragongo 2002Nyiragongo 2002Nyiragongo 2002Nyiragongo 2002Nyiragongo 2002
mel mel mel mel mel mel mel mel mel mel mel mel mel mel mel mel mel mel mel mel mel

xtl 1 xtl 2 xtl 3 xtl 4 xtl 5 xtl 6 xtl 7 xtl 8 xtl 9 xtl 1 xtl 2 xtl 3 xtl 4 xtl 5 xtl 6 xtl 7 xtl 8 xtl 9 xtl 10 xtl 11 xtl 12

Li 2.2 4.9 1.7 0.7 1.5 0.6 1.9 4.2 1.3 1.2 1.5 3.4 0.9 2.4 1.1 0.5 5.9 1.1
B 25.8 31.2 37.0 42.2 <6.29 21.4 25.6 6.9 15.2 18.4 21.3 7.4 19.8 26.3 29.6 15.7 26.7
Sc 1.9 3.4 2.8 1.4 2.5 1.5 1.9 1.3 0.9 2.2 1.2 1.4 1.5 2.3 1.8 0.8
V 11.5 31.7 70.3 30.9 153.1 32.5 49.5 33.7 9.8 10.5 24.8 20.3 22.6 7.9 15.0 27.0 40.0 10.8 16.8 12.4 11.4
Cr 9.5 3.6 5.5 <3.10 <3.23 <3.02 7.0 3.8 5.5 5.4 5.8
Co 41.9 47.8 50.1 42.4 56.7 43.7 45.4 42.5 46.5 37.5 43.2 40.5 41.8 39.6 41.8 41.8 44.6 42.0 35.0 37.3 38.4
Ni 13.1 15.0 15.0 12.4 35.3 19.7 17.3 12.7 10.7 9.5 8.0 17.6 12.8 4.3 8.4 6.3 12.2 8.9 10.3 5.2 6.8
Zn 389.4 396.5 342.5 313.0 314.1 299.2 272.9 283.8 321.7 322.8 188.2 218.1 203.2 228.5 310.2 352.6 341.9 355.2 270.4 255.1 209.8
Rb 6.0 1.6 17.9 1.1 1.1 5.2 12.2 0.2 1.0 0.6 3.4 2.0 3.1 3.9 0.9 15.0 2.6 0.7 0.2 1.6
Sr 5094.5 5094.0 5215.3 5007.4 4939.0 5054.8 4782.9 5019.5 4916.3 4704.6 4804.2 4773.2 4788.7 4692.6 5181.7 5088.1 5196.0 5035.2 4928.2 5003.7 4675.0
Y 8.1 8.6 13.1 11.1 8.3 6.9 7.7 10.9 7.0 8.2 20.9 16.2 18.5 6.2 8.1 9.6 8.9 10.5 15.9 8.7 7.0
Zr 8.9 4.2 24.7 6.4 2.4 4.0 27.1 0.1 1.6 4.8 3.0 3.9 3.3 11.5 1.3 31.7 6.3 3.0 1.5 3.5
Nb 8.3 3.1 9.0 3.4 1.0 2.4 21.8 0.2 0.7 2.5 1.6 2.1 1.3 9.0 1.3 26.0 5.3 0.8 0.4 3.1
Cs 0.1 0.1 0.3 0.2
Ba 148.2 118.1 194.1 113.6 103.3 112.8 278.8 96.5 100.1 138.1 119.7 128.9 113.1 183.3 109.2 342.1 140.5 110.5 100.8 115.9
La 86.6 93.0 113.2 99.4 90.4 79.5 85.4 106.8 77.3 88.0 180.6 160.2 170.4 66.7 77.5 89.7 86.6 94.7 146.7 90.8 83.8
Ce 160.9 170.0 199.9 176.6 176.7 146.7 158.2 192.1 147.8 178.8 373.7 267.0 320.4 124.3 158.1 169.4 174.1 187.6 287.5 179.7 158.4
Pr 17.3 17.3 20.8 19.3 20.1 17.0 16.7 20.9 16.0 18.5 40.0 28.3 34.1 13.1 15.9 19.0 18.8 19.0 30.9 19.0 16.8
Nd 63.1 66.0 76.3 73.9 69.5 64.2 62.3 81.2 56.1 67.2 141.2 105.3 123.3 54.8 60.0 66.4 67.3 71.4 116.0 68.4 62.7
Sm 9.5 7.7 8.4 7.9 11.5 11.0 8.5 9.6 7.0 7.0 11.1 14.6 12.8 7.8 6.3 7.2 9.3 13.8 9.6 5.6 8.3
Eu 3.1 3.2 3.6 3.2 2.8 1.9 2.9 2.8 1.8 2.8 4.4 6.4 5.4 2.1 2.6 1.9 3.1 1.9 5.0 3.4 2.5
Gd 4.7 4.9 5.6 5.8 6.6 4.7 4.6 5.7 3.9 4.8 8.0 18.4 13.2 2.6 3.9 4.9 4.9 5.6 6.1 4.4 4.1
Tb 0.5 0.5 0.6 0.6 0.4 0.4 0.5 0.5 0.5 0.5 1.1 1.3 1.2 0.3 0.5 0.6 0.7 0.6 1.6 0.7 0.5
Dy 2.1 2.0 4.2 3.4 1.7 1.7 1.5 2.6 2.0 2.2 7.7 3.9 5.8 1.6 1.9 3.3 2.9 2.4 3.0 2.5 2.1
Ho 0.4 0.4 0.6 0.6 0.3 0.3 0.3 0.5 0.3 0.2 1.4 0.6 1.0 0.3 0.5 0.4 0.4 0.1 0.6 0.5 0.3
Er 0.8 0.7 1.1 1.1 0.8 0.7 0.5 1.7 1.4 1.6 0.4 0.7 0.9 0.5 0.8 1.0 0.6
Tm 0.1 0.1 0.1 0.1 0.3 0.2 0.2 0.1 0.2 0.1 0.1 0.0 0.1
Yb 1.4 1.2 0.8 0.7 0.5 1.0 0.8
Lu 0.1 0.1 0.1 0.1 0.1 0.1 0.0
Hf 0.3 0.4 0.2 0.3 0.1 0.3 0.2 0.2
Ta 0.4 0.2 0.6 0.3 0.1 0.2 1.0 0.3 0.3 0.1 0.4 1.6 0.4 0.1 0.1
Pb 1.6 1.2 1.5 1.5 0.3 0.5 0.4 1.1 1.2 0.8 2.0 2.0 2.0 1.4 1.6 0.6 1.1 0.4 0.2 1.2 0.9
Th 0.8 1.2 1.9 1.2 0.6 1.1 3.0 0.2 1.6 4.7 4.5 4.6 0.3 1.7 1.3 2.4 0.9 4.5 1.1 1.3
U 0.3 0.3 0.2 0.7 0.3 0.3 0.8 0.1 1.7 1.0 1.3 0.5 0.2 1.2 0.3 0.7 0.2 0.2
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Table 3
av. of 12 an. av. of 7 an. av. of 9 an. av. of 12 an. av. of 2 an. av. of 8 an. av. of 11 an. av. of 10 an. 2002 lava 2016 lava av .of 7 an. literature
 glass 2016 glass 2002 mel/gl mel/gl cpx/gl ol/gl lct/gl neph/gl ap/gl ap/gl mgt/gl mel/liq mel/matrix cpx/l cpx/l cpx/l lc/l ap/l

ppm ppm Onuma81 Arzamastsev AmbAzz18 FJ04 Onuma81 FJ04 PK06
Li 13.3 15.9 0.16 0.13 0.03 0.66 0.09 0.09 0.10
B 36.8 22.6 0.74 0.89 0.27 0.91 1.61 1.21 0.45 0.00
Sc 5.8 6.2 0.38 0.24 4.03 0.67 1.48 3 0.072
Ti 0.12 0.05 0.71 0.05 0.05 0.001
V 243.1 218.4 0.19 0.08 0.86 0.07 0.79 0.72 13.67 0.43
Cr 4.3 3.0 1.48 1.71 1.49 7.13 81.13 9.63 48.9
Co 41.1 36.4 1.13 1.11 0.93 5.14 8.47 0.572 1.89
Ni 16.1 8.6 1.04 1.07 2.09 21.60 41.82 1.66 11.8
Zn 180.4 175.1 1.81 1.55 0.23 1.19 0.05 0.08 0.11 0.12 4.00 2.45 0.172
Rb 143.5 109.0 0.04 0.03 0.01 12.51 1.04 0.00 0.00 0.03 0.029 0.022 5.46
Sr 2684.1 2775.2 1.87 1.77 0.38 0.02 0.27 2.22 1.79 3.67 0.211 0.303 0.0011 3.79
Y 37.8 42.2 0.24 0.27 0.71 4.35 3.13 0.31 0.27 0.387 5.69
Zr 337.2 394.1 0.03 0.02 1.02 0.24 0.249 0.022 0.02
Nb 256.0 303.1 0.02 0.01 0.03 0.20 0.009 0.007 0.0011
Cs 1.6 0.9 0.05 0.20 31.43 0.28 0.006 9.79 0.0002
Ba 2399.3 2705.6 0.06 0.05 0.01 0.97 0.10 0.05 0.04 1.86 0.004 0.046 0.16
La 204.9 225.7 0.45 0.49 0.36 6.37 4.64 0.54 0.51 0.096 0.128 0.49 13.3
Ce 363.2 395.6 0.47 0.54 0.44 6.53 5.06 0.61 0.47 0.12 0.416 0.53 13.6
Pr 35.8 39.1 0.51 0.58 0.55 7.27 5.09 0.54 0.192 14.6
Nd 127.2 138.1 0.53 0.61 0.65 7.75 5.83 0.7 0.55 0.266 0.274 0.7
Sm 18.2 20.9 0.49 0.45 0.77 7.46 5.49 0.77 0.46 0.333 0.377 0.73 16.4
Eu 5.2 5.9 0.54 0.59 0.83 6.91 4.85 0.64 0.46 0.364 0.494 0.7
Gd 12.3 13.6 0.42 0.49 0.85 7.06 5.74 0.42 0.311 0.436
Tb 1.6 1.7 0.30 0.46 0.83 5.75 3.85 0.34 0.293
Dy 8.6 9.3 0.27 0.35 0.73 4.32 3.24 0.52 0.3 0.317 0.424
Ho 1.5 1.7 0.26 0.32 0.80 4.11 2.65 0.27 0.283
Er 3.8 3.8 0.23 0.24 0.66 3.34 2.61 0.23 0.28 0.424
Tm 0.5 0.6 0.17 0.24 0.72 2.55 1.75 0.25 0.417
Yb 3.3 3.5 0.31 0.23 0.69 2.11 1.47 0.3 0.18 0.281 0.292 0.72
Lu 0.4 0.5 0.25 0.18 0.74 1.66 1.33 0.3 0.19 0.81 2.05
Hf 4.5 5.4 0.07 0.04 1.58 0.02 0.10 0.38 0.454 0.016
Ta 13.3 16.3 0.03 0.02 0.10 0.01 0.00 0.35 0.031 0.0017
Pb 4.9 6.3 0.20 0.19 0.19 0.06 0.05 0.24 0.18 0.62
Th 23.8 26.9 0.05 0.09 0.08 1.72 1.08 0.045 0.4
U 9.6 12.6 0.04 0.05 0.05 0.82 0.54 0.03 0.35
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