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Az asszimildcio szerepe peralkdli riolitok kialakuldsdban a Kelet-afrikai-drokrendszerben

Osszefoglalds

— tisztelgés S7ABO Csaba szakmai pdlydja elott

Riftesedd geodinamikai kornyezetben eléfordulé peralkdli riolitok keletkezését dltaldban a bazaltokbdl eredé frak-
ciondcios kristdlyosoddssal magyardzzdk. A peralkdli riolitok alkdli-gazdag és szilicium-dioxidban telitetlen magmas
k&zetekkel valo tér- és idSbeli Osszefiiggését azonban nem tdrtdk fel kell6képpen. Jelen tanulményban olyan peralkdli
riolitos tivegosszetételeket mutatunk be, amelyeket jelenleg az egyetlen aktiv, karbonatitlavat is produkdlé Oldoinyo
Lengai vulkdnndl, illetve annak nagyobb rendszerét képezd Kelet-afrikai-drokrendszerben azonositottunk. A vizsgdlt
mintdkban a metamorf kvarc és oligokldsz az Oldoinyo Lengai magmatizmusra nem jellemzd dsvanyegyiittes. A mag-
mas alapanyag Osszetétele (peralkdli riolitos iiveg, alkdli-gazdag klinopiroxén és anortokldsz) viszont egy peralkli,
SiO,-telitetlen olvadék és egy SiO,-ban gazdag falkézet reakcidjara utal. A nyomelemadatok — kiilonos tekintettel a
plagiokldszban a negativ Eu-anomadlia hidnya —elvetik a bazaltbdl toréné frakciondcids kristdlyosoddsi modellt. Eredmé-
nyeink azt mutatjdk, hogy a kezdeti olvadék egy peralkali fonolit lehetett (58 wt% SiO,, peralkalinitdsi index: 2,6), amely
asszimildlta a SiO,-ban gazdag kéregkozetet, 1étrehozva a peralkdli riolitot. Tanulmédnyunkban 6sszehasonlitjuk az
Oldoinyo Lengai peralkdli riolitjait a Kelet-afrikai-arokrendszer mentén fellelhetd mds peralkdli kézetekkel. A tanulmd-
nyozott asszimildcid feltételezésiink szerint szamos kontinentilis rift kornyezetben kialakulhatott, ahol a SiO,-telitetlen
alkdli magmatizmus SiO,-gazdag mellékkdzettel 1épett kdlcsonhatdsba.

Kulcsszavak: peralkdli riolit, Oldoinyo Lengai, asszimildcio, megoszldsi egyiitthato

Abstract

The origin of peralkaline rhyolites in rift settings is usually explained by prolonged crystal fractionation of basalts.
However, the temporal and spatial association of peralkaline rhyolites to alkaline silica-undersaturated rocks has not been
sufficiently explored. Here, we present peralkaline rhyolite glass compositions formed at a currently active carbonatite
volcano (Oldoinyo Lengai), East African Rift System. The studied samples preserve mineral assemblage incompatible
with Oldoinyo Lengai magmatism (presence of metamorphic quartz and oligoclase as relict crystals), while an igneous
groundmass (peralkaline rhyolite glass, alkali-rich clinopyroxene and anorthoclase) presents evidence for the assimila-
tion of a silica-rich rock by an alkali-rich silica-undersaturated melt. Trace element data reject the possibility that per-
alkaline rhyolites were formed by fractional crystallization of basalts, as the expected negative Eu anomaly from plagio-
clase fractionation is absent. The initial melt composition could be estimated as phonolitic (58 wt% Si02, 2.6 peralka-
linity index). We argue that the formation of peralkaline rhyolites at Oldoinyo Lengai occurred through assimilation of
silica-rich crustal rocks by a silica-undersaturated magma. In addition, we compare peralkaline rhyolites from Oldoinyo
Lengai to other peralkaline rocks from the East African Rift System. We propose that the above assimilation model may
form in any continental rift where a silica-undersaturated alkaline magmatism interacts with silica-rich country rocks.
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Introduction

Evolution of basaltic magmas leading to the formation
of rhyolites is known to involve prolonged crystal fractiona-
tion (MACDONALD et al. 2012) as a main diving process. A
common type of rhyolites occurring in rift settings and asso-
ciated with silica-undersaturated magmatism is peralkaline
rhyolites (LEMASURIER et al. 2003, WHITE et al. 2012). Sev-
eral mechanisms have been proposed to explain their forma-
tion, including fractional crystallization of basaltic-basanit-
ic magma (PECCERILLO et al. 2003, MACDONALD et al. 2008),
partial melting of underplated basalts or continental crust
followed by fractional crystallization (LOWENSTERN & MA-
HOOD 1991, TRUA et al. 1999), and assimilation of crustal
rocks by basaltic magmas (MACDONALD et al. 2015). How-
ever, none of these mechanisms adequately explain the close
association of silica-undersaturated rocks to highly peralka-
line rhyolites (i.e., pantellerite). Phonolite/nephelinite com-
positions are not usually considered in rhyolite formation
since the granite temperature minimum and the nepheline-
syenite temperature minimum are separated by the alkali-
feldspar thermal divide (KRACEK et al. 1937). Nevertheless,
the formation of syenites from nepheline-normative melts
through crustal contamination (JUNG et al. 2005) indicate
that this thermal divide may be crossed in open systems
where assimilation occurs. To explore how peralkaline sili-
cate rocks relate to silica-undersaturated magmatism, we
collected samples containing peralkaline rhyolite glass near
the summit of a currently active carbonatite volcano (Oldo-
inyo Lengai) located in the East African Rift System. The
collected samples were found enclosed in the nephelinite
tuff in the form of volcanic bombs. We created a model ex-
plaining how peralkaline rhyolite can form through assimi-
lation of a silica-rich rock by a silica-undersaturated melt.
Additionally, we compare compositions generated through
this process to other peralkaline rhyolites.

Geological background

East African Rift System

The East African Rift System (EARS) is a recently ac-
tive continental extension zone (CHOROWICZ 2005, BRAILE
et al. 2006) that hosts the highest density of silicic peral-
kaline volcanoes on Earth (CLARKE et al. 2019). It is tradi-
tionally divided into two main branches, Western and East-
ern (Fig. 1), that split apart around the Tanzania Craton
(CHorowicz 2005, BRAILE et al. 2006, DawsoN 2008). The
Eastern branch (Gregory Rift) stretches from the Afar
region through Ethiopia and Kenya to the North Tanzania
Divergence (CHOrROwICZ 2005, DawsoN 2008) and the
Western branch extends from Lake Albert to Malawi
(KampuNzu et al. 1998, CHOrRowICZ 2005). The EARS can
be further divided in several discrete and diachronous rift
sectors: The Afar, Malawi, Rukwa, Tanganyika, Albert,

Turkana and Gregory rifts (ROSENDAHL 1987, BRAILE et al.
2006). Rifting in the Afar region (Northern Ethiopia) has
been interpreted as the first manifestation of extension of
the EARS, at ~30 Ma (KELLER et al. 1994, CHOROWICZ
2005, DawsoN 2008). Volcanism began later in Northern
Tanzania, at ~8 Ma (DAwWSON 2008). At the northern part of
the Western branch, volcanism started at ~12 Ma (Kawm-
PUNZU et al. 1998). The EARS is still propagating south-
wards (CHOrRowICz 2005).

While leaving the cratonic areas mostly untouched, the
EARS incises the circumcratonic metamorphic mobile
belts surrounding the Tanzania Craton (MCCONNELL 1972,
DawsoN 1992, KELLER et al. 1994, CHOrROWICZ 2005). Both
volcanic branches’ orientations (western and eastern) fol-
low the trace of earlier sutures (CHOrROWICZ 2005). Crustal
thickness along the rift axis varies from 20 km to 35 km,
decreasing northwards (PRODEHL et al. 1994). Beneath the
volcanic rift infills, the upper and middle crust is largely
composed of Precambrian greenschist to amphibolite fa-
cies felsic-to-intermediate metamorphic rocks while the
lower crust consists of granulite facies mafic rocks, mafic
intrusions, and mafic rocks underplated onto the crust
(MOONEY & CHRISTENSEN 1994).

Gregory Rift

Structures in the Gregory Rift mostly follow the N-S
trend of the Mozambique belt (CHOROWICZ 2005, DAWSON
2008), which is composed of reworked Pre-Proterozoic
and Neo-Proterozoic cratonic rocks and includes eclog-
ites, gneisses, granitoids, granulite-gneisses together with
younger metaigneous and metasedimentary rocks: gneiss-
es, meta-anorthosites, enderbites, marbles and pegmatites
(MUHONGO 1999, FriTz et al. 2013).

The earliest erupted lavas in the Gregory Rift were
mainly alkali basalts, trachytes and phonolites with small-
er amounts of nephelinites, nepheline-phonolites and car-
bonatites (HAY et al. 1995, BRAILE et al. 2006, DAWSON
2008). Different varieties of plutonic rocks such as ijo-
lites, syenites, nepheline-syenites, afrikandites, jacupira-
guites, calciocarbonatites and pyroxenites also occur (DAW-
SON 1992, 2008; GuzMics et al. 2012; KALDOS et al. 2015;
HALAsz et al. 2023). The most prominent bimodal basalt-
peralkaline silicic volcanic complexes located in the Gre-
gory Rift (Fig. 1) are dominantly trachytic (Barrier, Emu-
ruangogolak, Silali, Paka, Korosi, Menengai, Longonot,
Suswa) or rhyolitic (Eburru, Olkaria), with basalts being
volumetrically superior to intermediate rocks (SCAILLET
& MACDONALD 2006, MACDONALD et al. 2008). The ear-
liest peralkaline rhyolites occurring in the EARS formed
approximately 32 Ma (HALDER et al. 2021). Along the
Gregory Rift progressively younger formations (Eburru
~450 ka, Olkaria ~120 ka, Naivasha ~5 ka) occur south-
wards (Fig. 1; MACDONALD et al. 1987; MACDONALD &
ScALIETT 2006; WHITE et al. 2012), matching the overall
propagation of the EARS (CHOROWICZ 2005).



Foldtani Kozlony 154/3 (2024)

367

37°E

= g T‘*?’.’ RO
A ; g ::r‘ “harrier

-3 " “
- 4 o Namarunu
‘ #

|t

2\ Oldoinyo Lengai - Cenozoic magmatism
Basalt-peralkaline felsic _ 0550 100 km
O volcanic complexes . Mazamiigue Belt
P WGS 84
==—  Major faults . Tanzania Craton
=4~ Thrust faults

Figure 1. Location of Oldoinyo Lengai, basalt-peralkaline felsic volcanic complexes, Cenozoic magmatism, Mozambique belt, and Tan-
zania craton on the Gregory rift

1. dbra. Az Oldoinyo Lengai vulkdn, a bazaltfelzikus peralkali vulkdni komplexumok, kainozoikumi magmatizmus, Mozambik-6v és Tanzd-
nia-kraton elhelyezkedése a Gregory-rift térségében
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Material and Methods

Sampling and sample preparation

At the Oldoinyo Lengai volcano, located in the EARS
(Fig. 1), characteristic rock samples (n = 5) were collected
near the summit of the volcano (Fig. 2A). The studied samples
occur as volcanic bombs within the combeite-wollastonite
nephelinite tuff (Fig. 2B). Two double-polished thin sections
(100 um and 200 um thick), representative of the collected set
of samples, were prepared by sectioning the rock samples
using a diamond saw. The desired thickness for the thin sec-
tions were obtained by lapping the sectioned rock slab on a
glass plate, using 600 and 800 grit silicon carbide powder.
Polishing was then performed using aluminum oxide abrasive
powder on a cotton fabric. This procedure was done twice for
each thin section. For petrographic study and to control the
sample preparation steps a Nikon Eclipse LV 100PL polariza-
tion microscope was used at the Lithosphere Fluid Research
Lab, Eotvos University, Budapest (Hungary).

35°52' E

35°53'E

35°54'E

Scanning electron microscopy —
Energy-dispersive X-ray spectroscopy
(SEM-EDS)

SEM-EDS analysis was conducted on mineral and glass
phases in thin sections to determine their major element
compositions, using a Hitachi TM4000Plus microscope, in
combination with a Quantax 75 EDS-SDD, at ELTE FS-
RICF. Instrument settings were 15 kV accelerating voltage,
0.4 nA beam current and 15 seconds counting times, as effi-
cient application was demonstrated by BERKESI et al. (2020).
Low current conditions were used to minimize volatilization
and consequent underestimation of Na. Cores and rims were
analyzed in mineral phases that displayed compositional
zoning. Cation number calculations for clinopyroxene were
based on the assumption that the difference between cation
numbers of ideal and measured compositions resulted from
the presence of Fe** in the mineral structure. The Fe**/Fe?*
ratios were obtained through MS Office Excel 2019 iterative

calculation function.
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Figure 2. A) Spatial relations between the Oldoinyo Lengai summit and the sample collection site. B) Sample collection site, nephelinite tuff outcrop containing

the studied volcanic bombs

2. dbra. A) Az Oldoinyo Lengai csiicsa és a mintavételi hely kozotti térbeli kapcsolat. B) Mintagyiijté pont, amely egy nefelinittufa-réteg, és ahonnan a vizsgdlt vulkdni

bombdk eldkeriiltek
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Laser Ablation — Inductively Coupled Plasma —
Mass Spectrometry (LA-ICP-MS)

Mineral and glass phases were analyzed using an NWR
193 HE laser ablation system coupled with an Agilent
8900 triple-quadrupole mass spectrometer at the Univer-
sity of Geneva, Department of Earth Sciences. Samples
were ablated with a He carrier gas flux of 0.82 to 0.87L
min!, pulse repetition rate of 8 Hz to 10 Hz, using spot
sizes of 20um to 40 um and laser fluence of 7.1 Jcm™.
NIST SRM610 and GSD-1G glasses were used as external
standards. Data processing, utilizing SILLS software
(GUILLONG et al. 2008), considered the total of major
element oxides (Si0O,, TiO,, Al,O,, Fe,0,, FeO, MnO,
MgO, CaO, Na,O, K,O, and P,O;) equals to 100 wt%.
Mineral and glass phases had the following isotopes
measured with 10 milliseconds dwell time: Li, >*Na, Mg,
YA1, 29Si, 3P, ¥K, “Ca, Sc, “Ti, 'V, 2Cr, Mn, *Fe,
9Co, ©Ni, 65Cu, Zn, $Rb, 58S, #Y, *Zr, “Nb, Mo, '33Cs,
137Ba, '39La, I40Ce, 14]PI‘, I46Nd, ]47Sm, '53Eu, ]57Gd, 159Tb,
163Dy, IGSHO, ‘66Er, mng, ]72Yb, 175Lu, I78Hf, 181Ta, ]BZW,
208ppy, 222Th, 238,

Results

Petrography

The studied samples are porphyritic xenoliths (Fig. 3A)
consisting of two distinct parts: (1) large subparallel ori-
ented quartz/feldspar (Fig. 3B—C) and (2) a fine-grained
igneous groundmass. Quartz is colorless, subhedral, ir-
regularly fractured, rounded, has no cleavage planes,
shows undulatory extinction, and frequently presents dis-
solution features, with sizes ranging from 100 um to 0.3 cm
(Fig. 3C). Rutile needles and zircon occur as crystal in-
clusions hosted in quartz. Feldspar sizes range from 200
pm to 0.4 cm. The feldspar is grey to reddish grey, sub-
hedral to anhedral, rounded, rarely twinned, frequently
altered, and shows two cleavage planes. Feldspar crystals
are zoned, with a 20 pm to 200 pm rim presenting distinct
color and extinction angle (Fig. 3C). Secondary negative-
crystal shaped to ellipsoidal fluid inclusions, varying in
size from <1 um to 50 pm, are abundant in quartz and
feldspar cores (Fig. 3D) and are completely absent in
groundmass crystals (Fig. 3E). Previous studies have
shown an alkali-carbonate + sulfate + chloride-bearing,
H,0O-poor, and CO,-rich composition for these secondary
quartz-hosted fluid inclusions at Oldoinyo Lengai (MORO-
RO et al. 2024).

Mineral phases in the groundmass are euhedral to sub-
hedral titanite (30—150 um), subhedral clinopyroxene (20—
100 um) and subhedral to anhedral groundmass feldspar
(20-100 pum) (Fig. 3E). Titanite presents skeletal and
poikilitic textures, containing clinopyroxene, feldspar and
glass inclusions. Clinopyroxene is elongate with moderate
green to yellow pleochroism, one observable cleavage

plain and 3° to 5° extinction angle. Partial or complete
replacement of feldspar by groundmass feldspar is ob-
served throughout the sample. Interstitial glass is present
between the crystals in the groundmass (Fig. 3E). Mineral
modal proportions are the following: quartz ~15%, feld-
spar ~40%, ~10% clinopyroxene, ~25% groundmass feld-
spar, ~9% glass, ~1% titanite. Primary melt inclusions oc-
cur in groundmass crystals, albeit rarely, smaller inclu-
sions contain only homogeneous glass while larger melt
inclusions contain clinopyroxene and feldspar daughter
crystals (Fig. 3F).

Mineral chemistry

SEM-EDS analyses showed that groundmass feldspar
and the rims of feldspars are anorthoclase (Fig. 4) and have
indistinct composition from each other, containing (all in
mol%) 24.2-29.1 orthoclase (KAISi,Oy), 69.9-74.2 albite
(NaAlSi,0y) and <1.6 anorthite (CaAl,Si,0,) endmembers
(Table I, Supplementary Table I). Relict feldspar cores are
oligoclase (Fig. 4) and contain 4.3-5.5 orthoclase, 74.2—
78.1 albite, 16.5-20.3 anorthite endmembers (7able I, Sup-
plementary Table I). The clinopyroxenes show uniform
aegirine-augitic composition (Fig. 5) being a solid solu-
tion of endmembers: 7.5-26.0 diopside (CaMgSi,O),
13.5-26.7 hedenbergite (CaFeSi,O), 42.6-58.6 aegirine
(NaFeSi,0y), 1.8-13.9 titanian-aegirine (Na(Fe,T1)Si1,0y),
<5.4% kosmochlor (NaCrSi,0y), <3.3% jadeite (NaAlSi,Oy),
<5.1% enstatite (Mg,S1,0,), <0.3% wollastonite Ca,Si,O,
<1.2% Ca-tschermak’s CaAlAlSiO,, <2.2% Fe-tscher-
mak’s (CaFeAlSiOy) (Table I, Supplementary Table II).
Titanite typically displays chemical zonation with Nb-rich
cores (Nb,O; > 1 wt%), and relatively Nb-poor outer rims
(Nb,Os 0.1-0.9 wt% (Table I, Supplementary Table III).
The glass is peralkaline rhyolitic in composition, (Na + K)
/ Al molar ratio (peralkalinity index) varies from 1.8 to 2.5,
silica saturated, 70.6-73.4 wt% SiO,, has a moderately-
high Na,O (5.8-7.8 wt%) and K,O (4.4-5.1 wt%), Al,O,
content is low (6.9-7.9 wt%) (Table I, Supplementary
Table 1V). The glass found within homogeneous melt in-
clusions is also peralkaline rhyolitic in composition, pre-
senting 66.01-67.66 wt% SiO,, 7.73-10.49 wt% Na,0,
4.85-5.96 wt% K,O and 7.17-8.78 wt% Al O, (Table I,
Supplementary Table V).

Trace element composition of constituents

LA-ICP-MS analyses showed that the titanite and peral-
kaline rhyolite glass were enriched in light REEs, relative to
heavy REE based on chondrite-normalized patterns (Fig. 6,
Table 1I, Supplementary Table VI & VII). Negative euro-
pium anomalies were not observed in groundmass crystals.
High field strength elements (Th, U, Nb, Ta, Zr, Hf, W) are
highly enriched in the peralkaline rhyolite glass. Rubidium,
Sr and Eu are enriched while other large ion lithophile ele-
ments (Sr and Pb) present negative anomalies. Zinc is also
marked by a strong negative anomaly.
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Figure 3. Photographs, photomicrographs, and backscattered electron images (BSE) showing the studied samples’ characteristic petrographic features. A) Macro-
scopic appearance of a xenolith from Oldoinyo Lengai with highlighted outer tuffitic rim. B) Distribution of quartz and feldspar in a thin section (highlighted in
orange). C) Details of groundmass phases (titanite, clinopyroxene, groundmass feldspar and glass) surrounding the feldspar (BSE image). D) Details of quartz-
hosted fluid inclusions. E) Representative image of the groundmass. F) Detail of a groundmass feldspar-hosted melt inclusion containing feldspar and clino-
pyroxene daughter crystals

3. dbra. Fenyképek, mikroszkopos felvételek és visszaszort elektronképek (BSE), amelyek a mintdk jellegzetes kdzettani jellemzdit mutatjdk. A) A bomba (xenolit) mak-
roszkdpos megjelenése a kiilsé tufitos peremmel egyiitt. B) Kvarc és foldpat mikroszkdpos megjelenése (narancssdrgdval jelilve). C) A foldpdtot koriilvevd alapanyag (ti-
tanit, klinopiroxén, foldpdt és kozetiiveg, visszaszort elektronkép). D) A kvarcban 1évé fluidumzdrvdanyok. E) Az alapanyag. F) Foldpat- és klinopiroxén-ledanydsvanyokat
tartalmazo, foldpatba zdarodott olvadékzdrviny

Discussion Relict crystals
Compositional contrast between oligoclase feldspar and

Sample origin
anorthoclase groundmass feldspar (Fig. 4, Table I, Supple-

The presence of oligoclase feldspar, quartz, and rhyolitic
glass at Oldoinyo Lengai demands explanation, as Oldoinyo
Lengai magmatism famously produces silica-undersaturat-
ed melts (KLAaubpIUS & KELLER 2006, BERKESI et al. 2020).

mentary Table I) excludes their formation from a common
magmatic source. Anorthoclase groundmass feldspar is
similar to feldspars found in peralkaline rhyolites at the
EARS (Fig. 4, Table I, Supplementary Table I), while the
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Figure 4. Ternary diagram showing the compositions (in mol%) for the studied feldspars from Oldoinyo Lengai compared
to feldspars from peralkaline felsic rocks from the East African Rift System. Red - this study. Blue - feldspars in peralkaline
silicic rocks from basalt-peralkaline silicic complexes at the East African Rift System. Classification diagram after DEER et
al. (1992). Or - orthoclase (KAISi,Oy), Ab - albite (NaAlSi,Oy), An - anorthite (CaAl,Si,O;)

4. abra. Haromszogdiagram, amely a vizsgalt Oldoinyo Lengai foldpdtok dsszetételét (mol%-ban) mutatja dsszehasonlitva a Ke-
let-afrikai-drokrendszerbdl szdarmazo mas foldpdtokkal. Piros - jelen tanulmdny. Kék - foldpatok peralkali szilikdt kdzetekben
a Kelet-afrikai-drokrendszer bazalt-peralkali szilikdt komplexumaibol. Osztdlyozds DEER et al. (1992) nyomdn. Or - ortokldsz (

KAISi,0,), Ab - albit ( NaAlSi,0y), An - anortit ( CaAlSi,0,)

oligoclase feldspar cannot be formed by Oldoinyo Lengai
silica-undersaturated alkali-rich magmatism. Quartz has
been found in carbonatite-related REE deposits as inclu-
sions in fluorite or coexisting with fluorite, leading to stud-
ies proposing that quartz may precipitate in carbonatite
systems due to silicon fluoride species in hydrothermal
processes (HUANG et al. 2023). However, that mechanism
does not seem to have played a role in our sample as no
fluorite was found and no fluorine species were present in
the quartz-hosted secondary fluid inclusions (MORORO et
al. 2024). Quartz (Fig. 4) is also incompatible with the
strong silica-undersaturated nature of Oldoinyo Lengai

magmas (KLAuDIUS & KELLER 2006, BERKESI et al. 2020).
Moreover, quartz and oligoclase feldspar show oriented
appearance in the rock sample (Fig. 3B). As rutile needles
were found in quartz, aTiO, was considered equal to 1 and
temperatures were calculated by titanium-in-quartz geo-
thermometry (WARK & WATSON 2006). The calculated
temperatures ranging from 473 °C to 526 °C (Table III) are
not compatible with magmatic environments, suggesting
metamorphic conditions. All the above points strongly
support that quartz and oligoclase feldspar have a meta-
morphic origin and were preserved in the studied sample
as relict crystals.
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Table I. Representative compositions (in wt%) of the studied phases from the studied samples of Oldoinyo Lengai. FeOT - all Fe as FeO,
fsp - feldspar, g-fsp - groundmass feldspar, cpx - clinopyroxene, ttn - titanite, gl - glass, MI - melt inclusion, sd - standard deviation, BD
- below detection

1. tablazat. Az Oldoinyo Lengairol szdarmazo mintdk vizsgdlt dsvanyainak reprezentativ dsszetétele (tomeg%). FeOT - az dsszes vas FeO-ban
megadva, fSp - foldpat, gfsp - alapanyag foldpdt, cpx - klinopiroxén, ttn - titanit, gl - kozetiiveg, MI - olvadékzdrvdny, sd - szérds, BD -
kimutatdsi hatdr alatti elem

fsp sd g-fsp sd cpx sd ttn sd gl sd M sd Original Melt
Si0: 623 04 | 671 04 | 515 04| 325 04733 04 660 06| 582
TiO2 - - - - 111 0133 05 08 01 26 02 2.7
AO0; 236 02186 02 07 01 02 01 74 02 72 02 7.5
FeOT BD 01 13 02 : 238 04 : 05 02 50 02 6.8 03 12.3
MnO - . - ! BD 01! BD 01, 03 01! 03 01 0.1
MgO BD 01, BD 01! 37 01, - -1 BD 01! 07 01! 1.6
SfO BD 03! BD 03 - - I BD 03 BD 04 04 04 -
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Figure 6. Onuma diagram (log solid / peralkaline rhyolitic glass partition coefficient vs. ionic radius) for titanite (left) and clinopyroxene (right) from xenolith
samples collected at Oldoinyo Lengai. Compositions were determined by LA-ICP-MS. Light grey curves - theoretical partition coefficients between titanite/
silicate melts (PROWATKE & KLEMME 2005) and aegirine/alkaline melts (BEARD et al. 2019)

6. d@bra. Az Oldoinyo Lengai-on gyiijtott mintdkbol szarmazo titanit (bal) és klinopiroxén (jobb) Onuma-diagramja. Az dsszetételt LA-ICP-MS modszerrel hatdroztuk meg.
Vilagossziirke gorbék - elméleti megoszldsi egyiitthatok a titanit/szilikdt olvadék (PROWATKE & KLEMME 2005) és az egirin/alkdli olvadék kozott (BEARD et al. 2019)

Glass Titanite

29d07 29d39 29d41 | 29do4 29d22 29d44
Li 10.1 10.4 86 | <02 1.2 0.9
Cs 0.9 0.8 07 | <0.1 0.1 <0.1
Rb 160.9 174.8 1349 | 06 9.1 1.1
Th 12.9 6.7 43 | 03 3.0 4.0
u 4.4 1.9 14 | 08 8.9 10.4
Nb 545 35.2 282 | 2514.1 4396.4 6190.7
Ta 2.2 1.1 09 | 1456 183.1 287.2
La 15.2 9.5 6.8 246.0 632.0 707.5
Ce 33.2 21.3 17.0 | 8535 2462.1 2606.3
Pb 18.6 12.9 113 | 28 2.6 1.9
Pr 3.9 2.6 2.1 1315 391.2 412.5
Sr 186.7 218.0 175.8 | 3121.3 1975.7 1862.6
Nd 14.1 105 85 | 5359 1484.4 1620.1
Zr 947.9 338.8 2291 | 1514 1151.0 949 4
Hf 24.8 9.3 6.8 5.9 29.0 24.4
Sm 2.8 1.7 12 | 769 211.5 240.1
Eu 0.6 0.5 04 | 167 43.2 52.3
Gd 2.2 1.3 13 | 385 118.8 137.0
Ti 6098.7 6478.0 4344.8 | 2344195 2273829 242301.8
Tb 0.3 0.3 02 | 40 14.6 16.7
Dy 2.4 1.2 10 172 78.8 92.1
Y 13.9 8.5 5.0 31.0 211.3 243.1
Ho 0.5 0.3 02 | 1.8 1.5 13.0
Er 1.6 0.8 06 | 3.3 22.8 26.7
Tm 0.2 0.2 0.1 0.2 1.8 1.9
Yb 2.0 0.9 06 | 08 6.1 6.8
Lu 0.3 0.2 0.1 0.1 0.4 0.5
Zn 96.2 84.6 66.8 4.4 8.2 7.9 Table I1. Representative trace element composition (in
W 3.3 0.7 0.6 0.2 0.6 0.9 g}toamm)teoffr (;[216 0512](;111;30 pLzr;ig}l;?hne rhyolite glass and
Mo 6.6 1.3 15 | 37 42 35

11. tablazat. Az Oldoinyo Lengai-rol szdarmazo, vizsgdlt
Sc 5.3 4.9 3.8 1 1.2 22 2.1 peralkdli riolitos kozetiiveg és titanit reprezentativ nyom-
\Y 104.9 105.7 921 ! 71.4 62.0 62.7 elem-dsszetétele (ppm)
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Table II1. Results of the titanium-in-quartz geothermometry. Titanium con-
tent (in ppm) of the studied relict quartz containing rutile inclusion and
their calculated temperatures after WARK & WATSON (2006)

111. tiblazat. Titan a kvarcban geotermometria eredményei. A vizsgalt, rutil
kristalyzdrvdnyt tartalmazo relikt kvarc titantartalma (ppm-ben) és kapott hé-
mérsekletei WARK & WATSON (2006) alapjdn

Ti Ti

Quartz (ppm) T (°C) Quartz (ppm) T (°C)
1 9.8 509 17 10.5 514
2 10.1 511 18 10.5 514
3 10.3 513 19 10.4 514
4 10.8 516 20 8.1 496
5 7.6 491 21 10.0 510
6 71 486 22 8.3 497
7 7.6 491 23 1.4 520
8 9.1 504 24 6.0 476
9 10.1 511 25 8.2 496
10 7.3 488 26 7.8 493
11 11.4 520 27 7.5 490
12 7.3 489 28 14.0 536
13 1.4 520 29 12.1 525
14 6.9 485 30 12.4 526
15 13.4 532 31 12.0 524
16 10.6 515 32 5.8 473

Groundmass crystals

To understand the origin of groundmass crystals we
compared our clinopyroxene composition to clinopyroxenes
from magmatic systems that can produce aegirine-augite
(Fig. 5). In a typical basalt-rhyolite evolution (Fig. 5B),
primitive melts are Mg-rich crystallizing diopside (PEc-
CERILLO et al. 2003, MACDONALD et al. 2008). They evolve
towards Fe?*-enriched compositions, precipitating heden-
bergite (REN et al. 2006, RONGA et al. 2010). Fractional
crystallization can eventually lead to peralkaline rhyolites
with aegirine on a basalt-rhyolite evolutionary path (PEC-
CERILLO et al. 2003, SCAILLET & MACDONALD 2003). Figure
5 shows compositional changes of clinopyroxene in a
nephelinite-phonolite evolutionary path from Mg-rich diop-
side (Guzwmics et al. 2012), evolving towards Fe**-bearing
diopside and to alkali-rich aegirine/aegirine-augite com-
positions (KJARSGAARD et al. 1995, KLAuDIUS & KELLER
2006), without precipitating Fe**-rich hedenbergite. Thus,
our clinopyroxene composition cannot be a part of basalt-
rhyolite evolution, owing to the lack of hedenbergite in our
sample, at Oldoinyo Lengai (YAXLEY et al. 2022), and
alkaline rocks in general. Both the aegirine-rich clino-
pyroxene (Figs 3E, 5) and the anorthoclase groundmass
feldspar (Figs 3C, 4) indicate an alkali-rich magmatic
origin, most likely associated with the Oldoinyo Lengai
magmatism.

Peralkaline rhyolite glass

As shown above, groundmass crystals and relict crystals
are coexisting but not coeval. This is supported by the abun-
dance of fluid inclusions within relict crystals (Fig. 3D), and
their absence in the groundmass (Fig. 3E). Peralkaline rhy-
olitic glass coexisting with euhedral clinopyroxene and
groundmass feldspar (Fig. 3E) indicates an infiltration of a
melt into a metamorphic rock (preserved as relict crystals),
while the dissolved grain boundaries of the relict quartz and
oligoclase feldspar (Fig. 3C) indicate the interaction of an
infiltrating melt and a metamorphic rock (dissolution and
assimilation). It should be noted that an in-situ partial melt-
ing of relict crystals could not form peralkaline composi-
tions, as quartz does not contain alkalis and the relict
oligoclase feldspar peralkalinity is less than 1 (7able I,
Supplementary Table I).

Onuma diagrams (i.e., log solid/liquid partition coeffi-
cient vs. ionic radius) indicate that the groundmass clino-
pyroxene and peralkaline rhyolitic glass were not in equi-
librium (Fig. 6), as curves near optimum radius are not
parabolic (PHILPOTTS 1978, BLUNDY & WoOD 1994). The
interaction of metamorphic rocks with Oldoinyo Lengai
magmas must have happened shortly before eruption, pre-
serving relict crystals, preventing groundmass crystals to
reach equilibrium with the original melt, and preserving the
melt as glass.

When considering silica-undersaturated magmatism,
nepheline and perovskite are expected to crystalize instead
of feldspar and titanite (BARKER 2001). The presence of
groundmass feldspar and titanite, associated with dissolu-
tion features in quartz and replacement textures in oligo-
clase feldspar, indicate that the assimilation of a silica-rich
metamorphic rock may have increased the silica activity of
an initially silica-undersaturated melt. To estimate the origi-
nal melt composition before assimilation a mass balance
calculation was done. Firstly, titanite, clinopyroxene, and
groundmass feldspar (Table I, Supplementary Tables I-III),
based on their modal proportions, were added to the peral-
kaline rhyolite glass. Secondly, the relict crystal (quartz +
relict oligoclase feldspar) modal proportion was removed
from the combined groundmass composition (peralkaline
rhyolite glass + titanite + clinopyroxene + groundmass
feldspar), until one of the limiting parameters was reached
(ALO,>8 wt%, TiO, >3 wt%, FeO™ > 13 wt%, peralkalinity
index > 4). Constraints for realistic values for Al, Ti, Fe, and
peralkaline index were set based on melt inclusion data from
alkaline-silicate carbonatite systems (Guzmics et al. 2012,
2015; BERKESI et al. 2023). Our calculation resulted in a
peralkaline (peralkaline index = 2.66) phonolitic composi-
tion (Fig. 7, Supplementary Table V) for the original in-
filtrating melt. Nephelinitic compositions could not have
been reached without FeOT content and the peralkalinity
index was unrealistic (> 15 wt% and > 4, respectively); thus,
this composition was excluded. Therefore, the peralkalinity
of the rhyolite glass (Fig. 7, Supplementary Table IV) can
only have been inherited from the original melt (Fig. 7,
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Figure 7. Total Alkali Silica (TAS) classification diagram after MAITRE (2002). Orange - alkali-fedspar thermal divide after SCHMIDT & WEIDENDORFER (2018).
A (grey arrow) - Nephelinite-Phonolite Evolution (NPE) trend, B (red arrow) - This study, an initially silica-undersaturated melt composition crosses the alkali-
feldspar thermal divide by assimilating silica-rich rocks (i.e., metamorphic xenolith interacted with a melt belonging to the nephelinite-phonolite melt
evolution), C (green arrow) - Reequilibration of silicate melt and degassed fluid (BERKESI et al. 2020), D (blue arrow) - Basalt-Rhyolite Evolution (BRE) trend

7. abra. Teljes alkali szilicium-dioxid (TAS) diagram MAITRE (2002) nyomdn. Narancssarga - alkali foldpdt termikus gdt SCHMIDT ES WEIDENDORFER (2018)
nyomdn. A (sziirke nyil) - Nefelinit-fonolit fejlédés (NPE)., B (piros nyil) - Jelen tanulmdny. Egy kezdetben SiOtelitetlen olvadékosszetétel a szilicium-
dioxidban gazdag kozetek asszimildldsaval atlépi az alkali-foldpat termikus gdtat., C (zold nyil) - Szilikdtolvadek és kigdzosodott fluidum ijra egyensiilyba
Jutdsa (BERKESI et al. 2020), D (kék nyil) - Bazalt-riolit fejlodési trend (BRE).
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Supplementary Table V), as partial melting of the relict
crystals cannot contribute to increase in peralkalinity. Melt
inclusions and rhyolite glass have lower peralkalinity than
the original melt (Fig. 7, Supplementary Tables IV-V). This
can be explained by the precipitation of aegirine, which is
Na-rich and Al-poor (Table I, Supplementary Table II).

Assimilation vs. fractional crystallization

The fractionation of olivine, pyroxene, and plagioclase
in dry, reduced, mantle plume/large igneous province-type
rhyolites occurring in rift systems may result in elevated
REE concentrations together with a negative Eu-anomaly
(Jowrrr et al. 2017). This is true for the EARS, where erupt-
ed rocks invariably have reduced oxygen fugacity (BIGGS et
al. 2021). Rocks from the Olkaria volcanic complex, located
in the Gregory Rift (Fig. I), also record an environment with
reduced oxygen fugacity. Peralkaline rhyolite glass from the
Olkaria volcanic complex presents negative Eu anomaly
(MARSHALL et al. 2009), similar to the type locality for high-
ly peralkaline rhyolites (i.e., pantellerites; NEAVE et al. 2012).
Therefore, although the studied sample does not allow to
infer redox conditions, the regional trend points towards an
environment with reduced oxygen fugacity (MARSHALL et
al. 2009, BIGGs et al. 2021). Accordingly, the absence of
negative Eu anomaly (Fig. 8) strongly suggests that peral-
kaline rhyolitic compositions at Oldoinyo Lengai were not
formed by fractional crystallization as a typical basalt-
rhyolite evolution.

Undoubtedly, peralkaline rhyolites and granites can be
formed through fractional crystallization of initially basalt-
ic/basanitic melts (TRUA et al. 1999, PECCERILLO et al. 2003,
MACDONALD et al. 2015). However, melts at Oldoinyo Len-
gai generally follow a nephelinite-phonolite evolution (KLAU-
DIUS & KELLER 2006; BERKESI et al. 2020, indicated by the
grey arrow in Fig. 7). Enrichment of nephelinite melts in
alkalis through re-equilibration with alkali carbonate fluid
residues can generate highly peralkaline nephelinite melts
(BerkEsI et al. 2020; Fig. 7) butitis unlikely that such a melt
would cross the alkali-feldspar thermal divide (SCHMIDT &
WEIDENDORFER 2018) into rhyolitic compositions by crystal
fractionation (Fig. 7). However, a phonolite melt (similar in
composition to our estimated melt, Fig. 7, Table I, Supple-
mentary Table V) can cross the alkali-feldspar thermal di-
vide by assimilating silica-rich metamorphic rocks that are
present in the surroundings of Oldoinyo Lengai (SMITH &
MOSLEY 1993, MACDONALD et al. 2001).

Formation of peralkaline rhyolites through assimila-
tion is not limited to Oldoinyo Lengai, similar processes
have been proposed to explain the formation of peralkaline
rhyolites in the Olkaria volcanic complex (BLACK et al.
1997).

Conclusions

The presence of anorthite and quartz is incompatible
with Oldoinyo Lengai magmatism. The slight orientation of
relict crystals, their silica-rich composition, and low forma-
tion temperatures (<530 °C) imply metamorphic origin. The
alkali-rich groundmass minerals (aegirine, titanite) not be-
ing in equilibrium with the peralkaline rhyolite glass indi-
cate that a metamorphic xenolith interacted with Oldoinyo
Lengai alkali-rich magmatism shortly before eruption. The
original melt composition was calculated as phonolitic
(58.2 wt% Si0,, 2.66 peralkalinity index). The absence of
negative Eu anomaly rejects the possibility that these peral-
kaline rhyolite compositions could have been formed by
fractional crystallization of a basalt melt. Combining the
results on rhyolite glass, melt inclusion, and estimated origi-
nal melt data, the assimilation of a silica-rich rock into a
peralkaline silica-undersaturated melt can lead to composi-
tions that cross the alkali-feldspar thermal divide and gener-
ate peralkaline rhyolite compositions (>66 wt% SiO,, >2.2
peralkalinity index). The formation of peralkaline rhyolites
through assimilation can occur in any continental rift where
silica-undersaturated alkaline magmatism interacts with
silica-rich country rocks. Such process may have been over-
looked in other rift systems.
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Digital supplementaries

Supplementary Table I. Composition (in wt%) of the studied feldspar from Oldoinyo Lengai, data from groundmass crystals and relicts (core & rim)
Melléklet I. tabldzat. A vizsgdlt Oldoinyo Lengai-rol szarmazo foldpdt dsszetétele (tomeg%) mind az alapanyag, mind a relikt foldpdt kristdlyokbdl (mag és perem)

Supplementary Table I1. Composition (in wt%) of the studied clinopyroxene from Oldoinyo Lengai, data from groundmass crystals
Melléklet I1. tabldazat. Az Oldoinyo Lengai vizsgalt klinopiroxének dsszetétele (tomeg%), adatok az alapanyag kristdlyokbol

Supplementary Table III. Composition (in wt%) of the studied titanite from Oldoinyo Lengai, data from groundmass crystals (core & rim)
Melléklet I1I. tabldzat. A vizsgalt Oldoinyo Lengai-rol szarmazo titanit osszetétele (tomeg’% ) alapanyag kristalyokbol (mag és perem)

Supplementary Table IV. Composition (in wt%) of the studied glass from Oldoinyo Lengai
Melléklet IV, tablazat. A vizsgalt Oldoinyo Lengai-rol szarmazo kozetiiveg dsszetétele (tomeg%)

Supplementary Table V. Composition (in wt%) of the studied melt inclusions from Oldoinyo Lengai and the estimated original melt
Melleklet V. tdabldzat. A vizsgdlt Oldoinyo Lengai-rol szdrmazo olvadékzdrvdanyok és a becsiilt eredeti olvadék dsszetétele (1omeg%)

Supplementary Table VI. Trace element composition (in ppm) of the studied peralkaline rhyolite glass from Oldoinyo Lengai
Melléklet VI. tdabldzat. Oldoinyo Lengai-rol szarmazo vizsgdlt peralkdli riolitiiveg nyomelem-osszetétele (ppm)

Supplementary Table VII. Trace element composition (in ppm) of the studied titanite from Oldoinyo Lengai
Melléklet VII. tabldzat. A vizsgdlt Oldoinyo Lengai titanitok nyomelem-dsszetétele (ppm)





