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Cirkonolit-tartalmii szimplektitek mikro-ijjolitokban: jelentbségiik a szubszolidusz folyamatok
értelmezésében az Oldoinyo Lengai (Tanzdnia) teriiletén zajlo magmatizmus sordn

Osszefoglalds

Az Oldoinyo Lengai vulkdnbdl szarmazé olivin-flogopit mikro-ijolit kézetek komplex magmas folyamatokat rogzi-
tenek. Ezekben szimplektitek formédjdban megdrzddtek szubszolidusz-reakcidk bizonyitékai is. A kutatds sordn vizsgalt
szimplektitek alkotéi lamellds formdban jelennek meg bimoddlis szemcseméret-eloszldssal: a diopszid és az ilmenit
egyarant el6fordul durva- (2-3 pm) és finomszemcsés (<2 pm) lamelldkban, mig a cirkonolit kizdrdlag durva (~5 um), a
ritkafoldfém-perovszkit pedig kozepes méretli lamelldkban jelenik meg. A bimodalis eloszlds eltérd hdmérsékleteken
torténd kialakuldst tiikroz. A mikro-ijolit kialakuldsat leginkdbb két paragenezis vdltakozdsa hatdrozta meg: magas
hémérsékleten a ,,diopszid-paragenezis” (970-1070 °C), mig alacsonyabb h6mérsékleten az ,,egirin-augit-paragenezis”
(700-850 °C). A durvaszemcsés szimplektitlamelldk képz&dése a magasabb hémérsékletii paragenezishez kothetd, mig
a finomszemcsés lamelldk az alacsonyabb hdmérsékletli paragenezis sordn jottek 1étre. A szimplektitek feltehetSen az
olivin és a titanit kozotti szubszolidusz reakcié eredményeként alakultak ki, amelynek reakciétermékei a diopszid, az il-
menit és a cirkonolit. Utébbi a titanit lebomldsa sordn felszabadul6 ZrO,-bél (0,4-0,8 tomeg%) johetett 1étre. Transz-
misszids elektronmikroszkdpos vizsgdlatok kimutattak, hogy a cirkonolit kristalyok dsszetétele kozel idedlis, a cirkono-
lit-2M politipushoz tartoznak, és két ikerdoménbdl épiilnek fel. Az ikertengely az [110] irdnnyal parhuzamos, ami
180°-0s elforduldst eredményez, a kontakt ikersik parhuzamos a (001)-gyel. Eredményeink rdvildgitanak arra, hogy a
szubszolidusz folyamatok egyidejtileg is miikodhetnek a magmads kristdlyosoddssal. Ennek €kes bizonyitékai az Oldoi-
nyo Lengai olivin-flogopit mikro-ijolit kzeteiben megfigyelhets szovetek és dsvanyegyiittesek.

Targyszavak: szimplektit, Oldoinyo Lengai, ijolit, cirkonolit, szubszolidusz-reakciok, TEM

Abstract

Olivine-phlogopite micro-ijolite enclaves from Oldoinyo Lengai record complex, multistage magmatic processes.
These rocks preserve evidence of subsolidus reactions demonstrated by the development of symplectites. The symplec-
tites studied here are present in lamellae and display bimodal grainsize distributions of their constituent phases: diopside
and ilmenite occur as both coarse- (2-3 um) and fine-grained (<2 um) lamellae, whereas zirconolite forms only in coarse-
(~5 um) and REE-perovskite medium-sized lamellae. The bimodality reflects crystallization at different temperatures.
For the thermal evolution of the micro-ijolite, two parageneses have been discovered: at high-temperature the “diopside-
paragenesis” (970-1070 °C), whereas and at lower-temperature “aegirine-augite-paragenesis’ (700-850 °C) was formed.
Coarse-grained lamellae’s formation corresponds to the high-T formation, and the fine-grained ones formed during the
low-T evolution steps. The symplectites likely formed through a subsolidus reaction between olivine and titanite, forming
diopside, ilmenite and zirconolite as reaction products. Titanite’s breakdown in this reaction and thus the deliberation of
its ZrO, (0.4-0.8 wt%) were the major factors controlling zirconolite formation. Transmission electron microscopy
analyses revealed that zirconolite crystals are near-ideal in composition, belong to the zirconolite-2M polytype and
composed of two twin domains. The twin axis is parallel to [110], resulting in 180° rotation around the [110], with the
contact plane parallel to (001). Our findings demonstrate that subsolidus processes may operate simultaneously with
magmatic crystallization, as recorded by the textures and mineral assemblages within these rocks from Oldoinyo Lengai.

Keywords: symplectites, Oldoinyo Lengai, ijolite, zirconolite, subsolidus reactions, TEM
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Introduction

Although the active Oldoinyo Lengai is primarily known
for its recently erupting natrocarbonatite lavas (YAXLEY et
al. 2022 and references therein), the evolution of the under-
lying alkaline plutonic rocks remains comparatively poor,
despite their critical role in the understanding of East African
Rift magmatism. The diverse suite of plutonic rocks already
described beneath Oldoinyo Lengai (e.g., pyroxenite, urtite,
ijolite) suggests a complex magmatic system at sub-volcanic
level associated with the evolution of the volcano (KELLER &
KRAFT 1990, DAwSON et al. 1995, DawsoN 2008, CARMODY
2012, SEKISOVA et al. 2015, HALASZ et al. 2023). Evidence of
multi-stage magmatic evolution is well preserved in the
olivine-phlogopite micro-ijolites (DAWSON 2008, CARMODY
2012, SEKISOVA et al. 2015, HALASz et al. 2023). However,
the subsolidus processes associated with these rocks have
received limited attention, even though they are essential for
understanding their complex evolutionary history as sym-
plectites are vital markers for subsolidus (re)crystallization
processes (VERNON 2004). Although symplectites are com-
monly associated with metamorphic processes, they are not
restricted to regional metamorphic environments. Similar
microstructures may also form under magmatic to subsolidus
conditions through solid-state reactions between primary
igneous minerals or as a result of mineral-melt interaction
during late-stage crystallization.

In this study, symplectites contain minerals such as zir-
conolite and REE-bearing perovskite. Zirconolite-bearing
symplectites have not previously been described from Oldoi-
nyo Lengai rocks. However, they may provide important in-
sights into the interaction between subsolidus processes and
ongoing magmatic crystallization, as well as into the role of
titanite breakdown in zirconium mobilization and zircono-
lite formation. Here we present detailed textural and miner-
alogical features of symplectites occurring in olivine-phlo-
gopite micro-ijolites. We estimate the formation tempera-
ture, the significance of the zirconolite-bearing symplectite
formation coeval with the igneous crystallization. We demon-
strate that magma chamber processes can be the host of sub-
solidus reactions besides the dominant magmatic evolution
through the case study of symplectite formation in ijolite
rocks underneath Oldoinyo Lengai. The aim of this study is
to characterize the mineralogy and microstructural features
of these symplectites, and to constrain their formation mecha-
nisms in relation to the host rock evolution.

General overview of zirconolite

Zirconolite is a zirconium-titanium oxide with the nomi-

nal, IMA-approved composition formula:
(Ca,Y)Zr(Ti,Mg,Al),0,

It occurs as an accessory mineral in a variety of rock
types, including metamorphic (e.g., granulite, contact meta-
morphic rocks, metamorphosed breccia, metacarbonates),
magmatic (e.g., kimberlites, ultrabasic cumulates, nepheline

syenites, carbonatites), and metasomatized rocks (WILLIAMS
et al. 2011). In addition, zirconolite has been identified in
lunar and meteoritic samples, though it is most commonly
associated in magmatic carbonatites (WILLIAMS et al. 2011).
Occurrence of zirconolite is additionally documented from
several areas where alkaline and carbonatitic complexes
worldwide, including Arbarastakh, Russia (KRUK et al. 2021);
Eifel, Germany (DELLA VENTURA et al. 2000, ZUBKOVA et al.
2018); Vico, Italy (BELLATRECCIA et al. 2002); Afrikanda,
Russia; Amba Dongar, India; Araxa, Brazil; Cummins Range,
Australia, Howard Creek, Canada; Jacupiranga, Brazil; Ma-
bouine, Gabon; Sokli, Finland; Phalaborwa, South Africa
(WiLLIAMS & GIERE 2001); Larvik, Norway (HAIFLER et al.
2020); Evate, Mozambique (HURAI et al. 2018). Zirconolite
is also used as a ceramic waste form designed to immobilize
the high-level radioactive waste from reprocessing spent fuel
from nuclear reactors (KESSON et al. 1983). Zirconolite for-
mation can be attributed to various geologic processes such
as crystallization from a silica-poor melt, solid-melt interac-
tion, metamorphism and metasomatism (GIERE 1986, 1990;
GIERE & WILLIAMS 1992; HEAMAN & LECHEMINANT 1993;
RIED 1994; GIERE et al. 1998; BELLATRECCIA et al. 2002).

Zirconolite has five known polytypes (BAYLISS et al.
1989), three of which (zirconolite-2M, zirconolite-3T, zir-
conolite-30) have been reported in natural samples (MAzz1
& MUuNNO 1983, WHITE et al. 1984, BAYLISS et al. 1989),
while two additional polytypes (zirconolite-4M, zircono-
lite-6T) have been synthesized experimentally (SMITH &
LumpKIN 1993, COELHO et al. 1997). Among the three natu-
ral polytypes, zirconolite-30 is a three-layered orthorhom-
bic, zirconolite-3T is a three-layered trigonal, and zircono-
lite-2M 1is a two-layered monoclinic variety (BAYLISS et al.
1989, GIERE et al. 1998). In the monoclinic crystal structure,
the two layers are related to each other by a 180° rotation and
interlayer stacking vectors [130] and [130] with a 2.1 A dis-
placement (WHITE 1984, WHITE et al. 1984, BAYLISS et al.
1989). The monoclinic structure of zirconolite is closely re-
lated to those of fluorite and pyrochlore; it can be regarded,
for instance, as an anion-deficient superstructure based on
the fluorite structure (ROSSELL 1980).

Zirconolite often exhibits chemical zonation. The com-
position of zirconolite can be very diverse, as more than thir-
ty elements (Mg, Al, Si, Ca, Ti, Mn, Fe, Zr, Nb, Hf, Ta, W,
Pb, Zn, Sr, Ba, rare earth elements (REE: Y, La, Ce, Pr, Nd,
Gd); and actinides (ACT: Th, U) may be present at concen-
trations of 0.1 to 1.0 (in wt%) (DE HooG & VAN BERGEN
1997, LUMPKIN et al. 1994). Pb is occasionally present in
some samples (up to 1.5 wt% PbO), and its concentration
correlates with those of Th and U, as most of the Pb is radio-
genic (LUMPKIN et al. 1994, GIERE et al. 1998). REE and ACT
element enrichment causes twinning in some zirconolites
(GIERE et al. 1998). Owing to its U and Th content, zircono-
lite can be suitable for age estimation, for example by the
methods of WANG et al. (2021).

While we assume this is the first report of zirconolite
occurrence from Oldoinyo Lengai, it was already reported
from the neighbouring Kerimasi volcano (Fig. 1), as part of
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Figure 1. A - Map of the East African Rift system; B - inset satellite image of the North Tanzanian Divergence, the study area. Figure A was modified after CONTI

etal. (2021).

L. dbra. A - a Kelet-afrikai-drokrendszer sematikus térképe (CoNTI et al. 2021 utdn mddositva); B - miiholdkép az észak-tanzdniai vulkanikus provincidrol, melyen a

kutatdsi teriilet taldlhato.

a magnetite-hosted carbonate melt inclusion along with
baddeleyite, perovskite and olivine (KALDOS et al. 2015).

Geological background

The East African Rift System extends approximately
3,700 km in a north-south direction from the Gulf of Aden to
Mozambique (Fig. /a). Based on gravity anomaly data, seis-
mic tomography, modelling and geochemistry (BROWN &
GIRDLER 1980, SiMIyu & KELLER 1997, LITHGOW-BERTEL-
LONI & SILVER 1998, EBINGER & SLEEP 1998, ROGERS et al.
2000), the plate motion is interpreted to result from conti-
nental rifting, possibly governed by one or more impinging
mantle plumes beneath the region. These plumes have also
resulted in lithospheric thinning, causing the Moho depth to
be shallow at 40 to 35 km (PRODEHL et al. 1994).

The East African Rift System, a significant geological fea-
ture, splits the African plate into the Nubian and the Somalian
plates along two tectonically different rift branches, the West-
ern Rift (Albertine-Rift) and the Eastern Rift (Gregory-Rift).
The Tanzania Craton (Fig. /a) plays a key role in controlling
the rift geometry and development (EBINGER & SLEEP 1998,
Corti 2012, WooD & GUTH 2014). The magmatism occurs
predominantly at the contact zone between the Archaean Tan-
zanian Craton and the Mozambique Belt (MANA et al. 2015).

Rift-related volcanism started around 30 Ma ago in the
northern parts of the Eastern Rift in Ethiopia, continued 15
million years ago in Kenya, and then 8 million years ago
along the North-Tanzanian Divergence, with the first evi-
dence recorded from Essimingor (Fig. /a, b). The North
Tanzanian Divergence is a ~200 km wide zone extending
from the caldera of Ngorongoro to the Kilimanjaro volcano
(BAKER et al. 1971, DawsoN 2008) (Fig. 1a, b).

The Oldoinyo Lengai volcano is dominantly built by
phonolitic and nephelinitic rocks (DONALDSON et al. 1987,
KraAubpius & KELLER 2006, DawsoN 2008). In addition to the
peralkaline volcanic rocks, the volcano also brings a variety
of plutonic rock types to the surface and uniquely produces
natrocarbonatite lava (DONALDSON et al. 1987, KLAUDIUS &
KELLER 2006, DAwsoN 2008). At Oldoinyo Lengai, the most
common plutonic rocks are pyroxenite, urtite and ijolite, oc-
curring as blocks or bombs hosted by nephelinite lavas and
pyroclasts (DAwsON 2008). Oldoinyo Lengai ijolites are di-
vided into two distinct types: archetypal coarse-grained plu-
tonic ijolite composed of clinopyroxene, nepheline, titanite,
magnetite, perovskite, biotite, £garnet, +wollastonite, and
olivine-phlogopite ijolite containing clinopyroxene, nephe-
line, titanite, magnetite, perovskite, biotite, +garnet, wol-
lastonite, phlogopite and olivine (DAWSON et al. 1995, DAw-
SON 2008, SEKISOVA et al. 2015). Some olivine-phlogopite
ijolite samples (DAWSON et al. 1995, DawsoN 2008, CARMO-
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DY 2012, SEKISOVA et al. 2015) should not be termed ijolite
sensu stricto as these samples are texturally different and do
not exhibit the typical allotriomorphic granular textures of
plutonic ijolites. Therefore, referring to these rocks simply
as “olivine-phlogopite ijolite”’ could lead to misleading pet-
rogenetic comparisons. Although there is currently no [UGS-
approved term for this fine-to-coarse-grained assemblage,
in a previous study (HALASz et al. 2023) we proposed that
these distinctive rock types be classified as olivine-phlo-
gopite micro-ijolite. Olivine—phlogopite micro-ijolite en-
claves (previously described as xenoliths in the literature)
from Oldoinyo Lengai record complex, multistage magmat-
ic processes. The term “enclave” is used here to emphasize
their co-magmatic origin and genetic relationship with the
host melt and to avoid the implication of an exotic source
inherent in the term “xenolith.” The subject of the present
research — zirconolite-bearing symplectites — is found in
these micro-ijolites and consists of ilmenite, diopside, zir-
conolite, and occasionally REE-bearing perovskite.

Studied samples and analytical methods

Sampling and thin section preparation

Rock samples were collected by Tibor Guzmics during a
2016 field trip at Oldoinyo Lengai, Tanzania. From approxi-
mately 100 kg of collected material, 40 kg of fresh and rep-
resentative hand specimens were selected, including olivine—
phlogopite micro-ijolite (~13%). Samples were collected at
latitude 2.749002° S and longitude 35.890602° E, and five
representative specimens from the OL-15 series (HALASZ et
al. 2023) were selected for detailed study. All investigated
samples display uniform textural and mineralogical charac-
teristics and are therefore described collectively. Polished
thin sections were prepared following standard procedures
at the University of Szeged, Department of Geology. Petro-
graphic observations (made using Brunel-SP-300-P and
Olympus BX 41 optical microscopes) confirmed the homo-
geneity of the studied material and guided the selection of
analytical sites for in-situ mineral chemical analyses.

In-situ mineral chemistry by electron beam

In-situ mineral compositions were determined using both
SEM-EDS and EPMA techniques. Zirconolite, ilmenite and
perovskite in symplectitic intergrowths were analyzed by
EDS using a Hitachi TM4000Plus scanning electron micro-
scope equipped with an Oxford Xplore Compact 30 SDD
detector at the ELTE FS-RICF. Analyses were performed at
15 kV accelerating voltage with short counting times, fol-
lowing the analytical approach validated by BERKESI et al.
(2020). Element concentrations were corrected using the
XPP algorithm and recalculated to oxide weight percent-
ages assuming stoichiometry; totals were normalized to 100
wt%, with Fe reported as FeO™. Mineral formulae were cal-
culated in atoms per formula unit (apfu) following HAIFLER

et al. (2021). Major element compositions of associated min-
erals were measured by wavelength-dispersive EPMA using
aJEOL JXA-8200 Superprobe at the Free University Berlin.
Analyses were conducted at 15 kV accelerating voltage and
20 nA beam current, with ZAF correction using the PAP
algorithm. Analytical totals within 100.0 £ 1.5 wt% were
considered acceptable. Mineral formulae were calculated
on the basis of fixed number of oxygen atoms for each min-
eral phase (4 O for zirconolite and ilmenite, 6 O for diopside,
and 5 O for perovskite) following established IMA-approv-
ed classification schemes.

High-resolution transmission
electron microscopy (HR-TEM)

Focused ion beam (FIB) lamellae were prepared using a
Thermo Fisher Scientific SCIOS-2 dual-beam FEG-SEM/
FIB at the HUN-REN Centre of Energy Research, Budapest.
HR-TEM investigations were carried out at the University of
Pannonia using a Thermo Fisher Scientific Talos F200X G2
microscope operated at 200 kV and equipped with a Super-X
EDS system. Bright-field, high-resolution images, selected-
area electron diffraction (SAED) patterns, and EDS analy-
ses were acquired in TEM mode, while HAADF imaging
and STEM-EDS element mapping were performed in STEM
mode. Zirconolite polytypes and planar defects were identi-
fied primarily using SAED and HAADF imaging, whereas
chemical compositions were determined from EDS area ana-
lyses and element maps using Cliff-Lorimer k-factors. Com-
positional variations between crystal cores and rims were iden-
tified by integrating summed spectra from selected areas.

Results

Petrography and mineral chemistry of olivine-
phlogopite micro-ijolite enclaves

For a detailed petrographic description and discussion of
the evolution of the olivine-phlogopite micro-ijolite rocks,
see HALASzZ et al. (2023). In this paper, only a concise sum-
mary of their petrology is provided, as the main focus is on
the subsolidus reactions and their products: symplectites. Nev-
ertheless, to better understand the formation and evolution
of the symplectite, it is necessary to understand the host
micro-ijolites.

The symplectite-hosting studied samples consist of oli-
vine-phlogopite micro-ijolite enclave enclosed by nephe-
linite lava rock (Fig. 2a). The olivine-phlogopite micro-ijol-
ite part is built up by three textural domains: the ground-
mass, phlogopite phenocrysts (mg# = 81-85) and olivine
crystal with double coronas around them (Fig. 2a) (HALASZ
etal. 2023).

The groundmass is medium-grained (0.05-2 mm) with
zoned clinopyroxene, nepheline, titanite, and minor pseudo-
morphic analcime crystals. Clinopyroxene occurs as zoned
phenocrysts; some crystals are euhedral, whereas others have
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Figure 2. The studied olivine-phlogopite micro-ijolite enclave, Oldoinyo Lengai, Tanzania. A - Optical microscope image of a representative symplectite; B - inset
of A image, showing a double corona; C - petrographic image of a symplectite; D - BSE image of a symplectite shown in C; E - close-up of a symplectite; F - close-
up of a symplectite containing perovskite. Abbreviations cf. WHITNEY & EvaNs (2010), plus Zrc - zirconolite.

2. dbra. Az Oldoinyo Lengairol (Tanzdnia) szarmazo, vizsgdlt olivin-flogopit mikro-ijolit enkldve. A - egy reprezentativ szimplektit helyének optikai mikroszkopos képe;
B - az A képrészlet kinagyitott részlete, mely bemutatja a szimplektitet tartalmazo kettéskoronds szoveti elemet; C - egy szimplektit petrogrdfiai képe; D - a C képen ldthato
szimplektit BSE-képe; E - egy szimplektit kizeli felvétele; F - perovszkitot tartalmazo szimplektit kozeli felvétele. A roviditések WHITNEY ES Evans (2010) alapjan, tovabbd
Zrc - cirkonolit.
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Figure 3. Representative BSE images of symplectites, Oldoinyo Lengai, Tanzania. Symplectites show white zirconolite lamellae with
orange outlines, dark grey diopside lamellae with blue outlines, light grey ilmenite lamellae with pink outlines, and grey REE-
perovskite lamellae with green outlines. Thick lamellae stand for coarse-grained lamellae, while thin lamellae stand for fine-grained
lamellae.

3. dbra. Reprezentativ, BSE-modban késziilt képek a szimplektitekrol (Oldoinyo Lengai, Tanzdnia). A narancssdargdval korberajzolt részek
a szimplektitek cirkonolitjat mutatiak; a kékkel korvonalazott részek a diopszid alkotot; a rézsaszinnel korbevett részek az ilmenitet jelzik;
a zolddel korberajzolt rész pedig a RFF-perovszkitot mutatia. A ,thick” (vastag) lamella a durvaszemcsés lamelldkra utal, mig a ,thin” (vé-
kony) lamella a finomszemcsésekre.
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corroded margins. The zones of groundmass clinopyroxene
ranges from diopside (light green, mg# =86-98) to aegirine-
augite (dark green, mg# = 58—80). The diopside zones are
richin fine-grained (50 um) euhedral inclusions of magnetite
and perovskite, whereas the aegirine-augite zones host in-
clusions of titanite. Both zones host randomly distributed
primary melt inclusions also. Nepheline is euhedral, homo-
geneous in composition, and hosts randomly distributed clino-
pyroxene and melt inclusions. Titanite occurs in two forms:
1/ large (~1 mm) subhedral crystals with magnetite and
perovskite inclusions; 2/ anhedral crystals with fewer or no
mineral inclusions. The latter usually occurs close to the
double coronas. All titanites are homogeneous in composi-
tion and contain small amounts of ZrO, (0.4-0.8 wt%).

The groundmass contains large oriented and euhedral
light brown phlogopite phenocrysts (mg# = 81-85) contain-
ing magnetite, perovskite, apatite, diopside and primary melt
inclusions. The phenocrysts commonly exhibit kink bands.
All phlogopites have dark brown anhedral rims of biotite
(mg# =55-61).

The double coronas surround a large, up to 2 mm, oliv-
ine xenocrysts in the center (mg# = 80-83) with a corroded
rim. Olivine is interpreted as a xenocryst, as indicated by its
corroded margins and the development of reaction coronas,
reflecting disequilibrium with the host magma and incorpo-
ration from an earlier, compositionally distinct mantle-de-
rived assemblage (see details in HALASZ et al. 2023). The
olivine is surrounded by a fine-to-medium sized (<0.05 and
0.05-2 mm) inner clinopyroxene corona (diopside with mg#
= 88-98, to augite with mg# ~78), and an outer mica corona
(mg# = 83-85) (Fig. 2b). Clinopyroxene and phlogopite
corona host randomly distributed (primary) melt inclusions
and mineral inclusions of magnetite, perovskite, and also tiny
symplectic microtextures (hereafter referred to as symplect-
ite) in some cases (Fig. 2¢,d).

Minerals of the symplectites

The symplectites vary between 50 and 180 um in diame-
ter and are opaque in transmitted light optical microscope
(Fig. 2¢). Nevertheless, backscattered electron images (BSE)
(Fig. 2d) reveal that symplectite texture consists of a com-
plicated interfingering of three types of lamellae: wavy bright
white (zirconolite), light grey (ilmenite) dark grey (diopside)
(Fig. 2e, Fig. 3); and in some symplectites a pale white
lamella type also occurs (REE-bearing perovskite) (Fig. 2f).
The lamella thickness shows a bimodal distribution in the
case of diopside and ilmenite that appear as both coarse-
grained and fine-grained lamellae (Fig. 3), while zirconolite
forms solely coarse-grained lamellae (Fig. 2f and Fig. 3)
and REE-bearing perovskite forms a few medium-grained
lamellae.

Diopside

As mentioned above, diopside in symplectites appears
as both coarse-grained and fine-grained lamellae. It shows
no chemical zonation and is pure diopside with mg# of 86—

96 (Fe 0.03-0.09, Fe™ 0.10-0.12, Mg 0.81-0.85, Na 0.03—
0.09 apfu) (see Table I in the Electronic Supplementary Ma-
terials —ESM). As diopside occurs ubiquitously in the ground-
mass, in the double coronas, and in the symplectites, it is
possible to make correlation (see details in the Discussion).

Ilmenite

Despite the geometry of the lamellae, both coarse-grained
and fine-grained ilmenite lamellae contain (all in wt%)
40.2-40.9 FeOT, 50.3-50.7 TiO,, 1.7-2.0 MnO, 5.7-6.2
MgO, 0.2 CaO, 0.1-0.3 Al,O, (see Table 2. in ESM). The
studied phase in the ilmenite-geikilite-pyrophanite solid so-
lution is closest to the ilmenite component (75.6-77.6 %
apfu), with a slight geikilite component (19.2-20.8 % apfu)
and negligible pyrophanite component (3.2-3.8 % apfu)
based on the mineral formula.

Perovskite

The perovskite of the symplectites forms medium sized
lamellae, and is enriched in FeO”, Nb,O, ZrO,, HfO,, SrtO
or REE (see Table II. in ESM). Based on the nomenclature
triangle, they are shifted from the ideal (CaTiO,) perovskite
composition toward the loparite and lueshite components but
are still perovskite (MITCHELL & VALDYKIN 1993, MITCHELL
2002) (Fig. 4). Besides the symplectites, perovskite appears
in the groundmass minerals as inclusions (see correlation in
Discussion).

Zirconolite

Zirconolite appears only in the symplectites as coarse-
grained lamellae and contains (all in wt%) CaO (18.3-21.0),
Zr0, (18.1-22.3), TiO, (42.6-47.6), FeO" (4.2-7.2), MgO
(1.3-1.6), A1,0,(0.3-1.3) and is enriched in ThO, (0.2-0.8),
U0, (0.1-0.6), and LREE (0.2-0.8), Y, 0, (0.2-0.9) (Table
I). STEM-EDS map shows zonation of zirconolite (Fig. 5),

CaTiO, - Perovskite

PEROVSKITE
(INCLUSION FROM MATRIX)

) REE-PEROVSKITE
(SYMPLECTITE)

LUESHITE LOPARITE

\ Ce-lueshite Nb-loparite /

NaNbO, - Lueshite (NaCe)TiO, - Loparite

Figure 4. Compositions of REE-bearing perovskite from symplectites, and the
perovskite inclusions from the groundmass clinopyroxenes, Oldoinyo Lengai
micro-ijolite, Tanzania. The figure contains the modified diagrams of MITCHELL
& VALDYKIN (1993), MITCHELL (2002).

4. dbra. Az Oldoinyo Lengairol szarmazo olivin-flogopit mikro-ijolit mintdkbol szdr-
mazo perovszkitok dsszetételét mutaté haromszogdiagram. A narancssdarga korok
a szimplektitekben taldlhato RFF-perovszkitot, a kék korok pedig az olivin-flogopit
mikro-ijolit alapanyagdaban lévé klinopiroxének perovszkitzarvanyait mutatjak. Az
dbra MITCHELL és VALDYKIN (1993 ) és MITCHELL (2002) utdan modositva.




144 HALASz, N. et al.: Zirconolite-bearing symplectites in micro-ijolites: implications for subsolidus processes during ongoing magmatism

Table I. Main element oxide contents in selected zirconolite grains from Oldoinyo Lengai micro-jjolite, Tanzania,
in weight percent by EDS (normalized). FeOT represents total iron oxide content. Each measurement from
number 1 to 6 stands for different grains; 7 is an area measurement from the interior of a zoned zirconolite grain,
while measurements 8 and 9 represent the core and rim analyses from the same zoned grain based on the element
map. The measured lead values may be uncertain due to the properties of the sample mount; however, since lead
is present in several zirconolite grains, its presence cannot be ruled out based on the measurement, although it
should be interpreted with caution. Based on the instrument and the different types of measurements, the LLD
value is generally in the range of about 0.1-0.5 wt% for EDS analyses.

1. tablazat. Néhdny reprezentativ cirkonolitszemcse foelem dsszetétele (tomegszdzalékban) oxidos formdban a Oldoi-
nyo Lengai (Tanzdnia) mikro-jolitjabol, EDS-analizis alapjdan (normdlva). A FeOT a teljes vas-oxid-tartalmat jeloli.
Az 1-t6] 6-ig szamozott méresek kiilonbozo szemcesékre vonatkoznak; a 7-es egy zonds cirkonolitszemcse belsd részébol
szdrmazo teriileti mérés, mig a 8-as és 9-es mérések ugyanazon zonds szemese mag- és peremasszetételét reprezentdl-
Jadk. A mért dlomértékek bizonytalanok lehetnek a mintatarto tulajdonsagai miatt; ugyanakkor mivel tobb cirkonolit-
szemesében is kimutathato az 6lom jelenléte, a mérések alapjan nem zdrhato ki az dsvany élomtartalma sem, de az
eredményeket ovatosan kell értelmezni. A miiszer és a kiilonbozé merési modszerek alapjan az EDS-analizisekre
Jellemzé LLD (kimutatdsi hatdr) értéke dltaldban koriilbeliil 0,1-0,5 tomegszazalék.

EDS \ TEM
main element oxide contents in weight percent (wt%)
1 2 3 4 5 6 7 8 9
Sio, 1.5 1.3 2.3 1.2 2.9 1.8 1.7 32 24
TiO, 43.0 426 440 447 446 44.9 47.1 43.6 476
A20, 0.5 0.9 0.6 0.3 1.1 0.5 1.2 1.2 1.3
FeQ" 7.0 6.7 6.8 6.9 6.6 7.1 44 7.0 42
MgO 1.3 1.4 1.6 1.3 2.7 1.2 n.d. n.d. n.d.
Ca0 19.1 18.7 185 193 190 18.3 21.0 19.7  21.1
Nb,05 3.5 3.6 3.5 3.6 2.9 2.9 2.1 3.0 2.0
Ce,0; n.d. n.d. n.d. n.d. 0.9 0.8 0.3 0.6 0.4
uo, 0.4 0.5 0.3 0.4 0.3 0.3 0.1 0.6 0.1
ThO, 0.7 0.5 0.5 0.5 0.4 0.6 0.2 0.8 0.2
7r0, 22.1 223 205 206 18.1 21.5 20.9 19.5 196
Nd,0, n.d. 0.7 0.7 n.d. n.d. n.d. 0.2 0.3 0.2
Y-0, 0.7 0.5 0.5 0.9 0.4 0.2 0.8 0.5 0.8
PbO n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.1 0.1
Ta,0, 0.1 0.3 0.1 0.3 0.3 n.d. n.d. n.d. n.d.
analytical
sum 100.0 100.0 100.0 100.0 100.0 100.0 100.0  100.0 100.0
numbers of cations based on 4 O in atoms per formula unit (apfu)
Si 0.09 0.08 013 007 0.19 0.10 0.09 0.18 0.13
Ti 1.83 1.82  1.85 1.90 1.83 1.89 1.95 1.83 197
Al 0.04 0.06 004 002 0.07 0.03 0.08 0.08  0.08
Fe' 029 028 029 030 028 0.31 0.19 0.31  0.18
Fe 0.04 0.04 003 003 0.02 0.02 0.01 0.02  0.01
Mg 0.11 0.11 0.13  0.11 0.22 0.11 - - -
Ca 1.16 1.14 1.11 1.17 1.11 1.10 1.24 1.18 1.24
Nb 0.09 0.09 009 009 0.07 0.07 0.05 0.08  0.05
Ce - - - - 0.02 0.02 0.01 0.01  0.01
U 0.00 0.01 000 001 0.00 0.00 0.00 0.01  0.00
Th 0.01  0.01 001 001l 0.0l 0.01 0.00 0.01  0.00
Zr 0.61 0.62 056 0.57 048 0.59 0.56 053  0.53
Nd - 0.01  0.01 - - - 0.00 0.01  0.00
Y 0.02 0.02 001 003 0.02 0.01 0.02 0.01  0.02
Pb - - - - - - - 0.00  0.00
Ta 0.00 0.00 000 000 0.00 - - - -
sum cations | 4.07 408 4.13 410  4.08 4.07 4.22 426 4.23

although the STEM-EDS alone, nei-
ther proves nor rules out the presence
of non-zoned grains. The SEM analy-
ses (Fig. 8b), however, demonstrate
that there are presumably zirconolite
grains in both zoned and non-zoned
varieties. This assumption is also
supported, though not conclusively
proven, by the STEM-EDS data. In
the zoned grains, there is extreme zo-
nation in U, Th, and Fe, and slight zo-
nation is present in most trace ele-
ments. Thorium is also enriched in
the U-rich zones, while Nd, Nb and
Ce are slightly increased (Fig. 5).
There is no difference in the content
of Zr, Y in the U-rich and U-poor
zones. In the zoned grains, the enrich-
ment of U, Th, Fe, Nd, Nb, and Ce
increases towards the rims (Fig. 5).

Symplectites were also examined
atnanoscale to understand the crystal
type and chemical composition of
zirconolite. High-resolution STEM-
HAADF images and SAED patterns
are consistent with the same mono-
clinic crystal structure, suggesting that
the studied zirconolite belongs to the
zirconolite-2M polytype. In addition,
the images reveal a characteristic twin-
ning pattern (Fig. 6), where each zir-
conolite crystal is built by two twin
domains (X and Y) of variable thick-
nesses. The twin relationship was stu-
died in two orientations (a and ) of
the crystals (by tilting the sample ~30°
around [001]), displaying two pairs of
orientations. In orientation a, the [1-
10] and [010] and in orientation B, the
[100] and [130] zone axes are parallel
to the electron beam and belong to X
and Y twin domains, respectively (Fig.
7). Although this orientation relation-
ship between twin domains looks
similar to that described by WHITE et
al. (1984), we found the twin axis to
be parallel to [110] (resulting in 180°
rotation around the [110], with the
contact plane parallel to (001)). For
visualization, see the Supplementary
info. The density of twin boundaries
changes across the studied zircono-
lite crystals (Fig. 6a); however, with-
in the limits of the STEM-EDS tech-
nique, no compositional differences
were associated with the varying den-
sity of defects.
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Zirconolite

~ limenite

Figure 5. STEM HAADF image and STEM-EDS element maps of a zoned zirconolite grain, Oldoinyo Lengai micro-ijolite, Tanzania. The changes in colour
intensities are related to the concentration changes of the indicated elements. The intensity of colours were calculated from the “net” peak intensities, which are
integrated from EDS spectra after background correction and peak deconvolution. The colour intensities are normalized for the better visualization. The low Pb
content on the element map may originate from both the sample and the sample holder, therefore its interpretation is uncertain.

5. dbra. STEM HAADF-kép és STEM-EDS-elemtérképek egy az Oldoinyo Lengai (Tanzania) olivin-flogopit mikro-jjolitjabol szarmazo, zonds cirkonolitszemcsérdl. A
szineken beliili intenzitds az elemek koncentrdciovdltozdsdt mutatja. A szinintenzitdsok a ,net peak” intenzitdsok alapjan kalkuldltak az EDS-spektrumokbol. A jobb vi-
zualizacio érdekében a szinintenzitdsok normalizaltak. Az elemtérképen megfigyelhetd alacsony Pb-tartalom szdarmazhat magdabol a mintdbol, de a mintatartobol is, ezert

értelmezése bizonytalan.

Discussion

Evolutionary overview
for olivine-phlogopite micro-ijolite enclaves

This section provides a brief summary of the previously
established petrogenetic framework of olivine-phlogopite
micro-ijolites (HALASz et al. 2023), in order to place the
present study’s observations into context.

Olivine-phlogopite micro-ijolites are heterogeneous and
compositionally complex rocks that contain a mixture of
minerals crystallized at different stages during the evolution
of an olivine-nephelinite parental magma, as a result of mul-
tiple magma injections (for details, see HALASZ et al. 2023,
fig. 9). During this process, two distinct parageneses devel-
oped, alternating several times throughout crystallization:
the “diopside paragenesis” at 970—1070 °C and the “aegirine-
augite paragenesis” at 700-850 °C (HALAsz et al. 2023).
The formation of diopside and nepheline together with their
subordinate magnetite and perovskite inclusions, occurred
during the “diopside paragenesis”; whereas aegirine-augite
and titanite formed during the “aegirine-augite paragenesis”.
The alternating zonation is interpreted to have developed
from repeated injections of hot magma followed by cooling
periods. This hypothesis is supported by the occurrence of

anhedral titanite in the groundmass, interpreted as resorbed
titanite formed during renewed magma influx. The ob-
served ductile deformation of the phlogopite phenocrysts
further supports this interpretation.

The olivine of the double coronas represents an early
magmatic liquidus phase from a silicate melt of metasoma-
tized mantle origin. As the magmatic environment evolved,
the olivine became unstable, leading to its partial dissolu-
tion and the formation of a corroded rim. Clinopyroxene
coronas around olivine in the Oldoinyo Lengai system are
generally interpreted as reaction products of the olivine and
a nephelinitic magma (DAWSON et al. 1995, SEKISOVA et al.
2015). However, the presence of randomly distributed pri-
mary melt inclusions, whose compositions are similar to
those of groundmass clinopyroxenes, indicates a magmatic
origin. The clinopyroxene corona grew on the olivine using
it as a nucleus, while the outer mica corona is interpreted to
have formed as a result of magmatic dynamics.

All the constituents mentioned above in the olivine-phlo-
gopite micro-ijolites are of magmatic origin, except for the
symplectites of the double coronas, which are interpreted here
as having formed through subsolidus processes during mag-
matic evolution. Alternative interpretations are discussed be-
low, while the broader crystallization framework of the host
rocks has been established in detail by HALAsZ et al. (2023).
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Mixed area
X+Y

Figure 6. Visualisation of twinning in a zirconolite crystal, Oldoinyo Lengai micro-ijolite, Tanzania. A - STEM HAADF image shows variation in the thicknesses
of twin lamellae X and Y and a gradation in twin boundary density within the crystal; B - The alternation of X and Y twin lamellae can be observed in an atomic-
resolution STEM HAADF image taken from the mixed area marked with a yellow rectangle in (A) (the image in (B) was rotated to align c* vertical).

6. dbra. Az ikresedés megjelenése egy cirkonolitkristalyban a Oldoinyo Lengai (Tanzdnia) mikro-jjolitiabol. A - STEM HAADF-kép, amely az X és Y ikerlemezek
vastagsdgdnak vdltozdsdt, valamint az ikerhatdr-siiriiség fokozatos vdltozdsdt mutatja a kristdlyon beliil; B - az X és Y ikerlemezek vdltakozdsa megfigyelhetd egy atomi
Jelbontasii STEM HAADF-képen, amely az (A) dbrdan sdrga téglalappal jelolt kevert teriileten késziilt. A B dbrarészen ldthato kép gy késziilt, hogy azt elforgattdk iigy,

hogy a c* irdny fiiggoleges legyen.

Solid-solid reaction

Usually, symplectite textures develop as reaction prod-
ucts or as solid-state mineral reactions due to slow grain-
boundary diffusion relative to interface propagation rate
(Hiroretal. 1997, OBATA 2011, GAIDIES et al. 2017). Alterna-
tively, it may be induced by changes in pressure, tempera-
ture or fluid composition by oxidation or dehydrogenation
(GAIDIES et al. 2017). Considering the evolution of the host
olivin-phlogopite micro-ijolites and the properties of the
symplectites in the studied samples, the most likely forma-
tion mechanism is a solid-phase reaction, facilitated by
changes in temperature.

Two minerals could have triggered this solid phase reac-
tion: the early-stage magmatic olivine (T >1 100 °C) and
later-stage magmatic titanite (700—780 °C). These minerals
cannot coexist under equilibrium due to their stabilities at
different silica activity (CARMICHAEL et al. 1970). This is
consistent with experimental and thermodynamic studies
that have extensively explored titanite stability under vary-

ing temperature—f0,-aSi0, conditions (XIROUCHAKIS et al.
2001a,b), which demonstrate that olivine + titanite assem-
blages are only stable within a narrow range of silica activity
and redox conditions, and are otherwise prone to react to
form diopside + ilmenite.

During the progressive crystallization of olivine-phlo-
gopite micro-ijolite, titanite and olivine were in close prox-
imity within the double coronas, allowing the following reac-
tion to occur:

(Fe,Mg),SiO, + CaTiSiO, — FeTiO, + CaMgSi,0, (1)

olivine + titanite — ilmenite + diopside

Equation 1 is a typical example of a solid—solid reaction
commonly observed in metamorphic settings (VERNON 2004),
but rarely documented during active magmatic crystalliza-
tion. The presence of such symplectites provides clear evi-
dence for simultaneous subsolidus processes occurring dur-
ing ongoing magmatic crystallization. The reaction above
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Figure 7. Determination of twinning conditions in zirconolite by evaluating two crystal orientations (a and ) of the same crystal at ~30° from each other,
Oldoinyo Lengai micro-ijolite, Tanzania. A - SAED pattern of a twinned zirconolite crystal displayed in Fig. 4, in orientation a, composed of the diffraction
patterns produced by domains X and Y; B - atomic-resolution STEM HAADF micrograph obtained in orientation a, displaying both X and Y twin domains;
C - fast-Fourier transform (FFT) of an area containing only the X twin domain, consistent with [ 1-10] being parallel to the electron beam; D - FFT of an area
containing only the Y twin domain, consistent with [010] being parallel to the electron beam; E - SAED pattern of a twinned zirconolite in orientation 8; F
-- atomic-resolution STEM HAADF micrograph obtained in orientation B, displaying both X and Y twin domains; G - FFT of an area containing only the
X twin domain, consistent with [010] being parallel to the electron beam; H - FFT of an area containing only the Y twin domain, consistent with [ 130] being

parallel to the electron beam. (The FFTs in C, D, G, and H do not correspond to the exact areas displayed in images B and F but to larger areas of the same
crystal that contain either X or Y domains.)

7. dbra. Az Oldoinyo Lengai (Tanzdnia) olivin-flogopit mikro-jjolitidbol szarmazo cirkonolit ikresedési feltételeinek meghatdrozdsahoz ugyanazon kristaly ~30°kal elfor-
gatott ket kristdlyorientdcidja (a és B) ldthato az A és E képeken. A - a 4. abran bemutatott ikres cirkonolitkristaly SAED-diffrakcios képe a orientdcioban, amely az X és
Y domének dltal létrehozott diffrakcios mintdzatokbol tevidik dssze; B - a orientdcioban késziilt, atomi felbontdsi STEM HAADF-mikrogrdfia, amely mind az X, mind az
Y ikerdoméneket mutatja; C - kizdrolag az X ikerdomént tartalmazo teriilet gyors Fourier-transzformdcidja (FFT), ahol az [ 1-10] irdny pdrhuzamos az elektronsugdrral;
D - kizarolag az Y ikerdomént tartalmazo teriilet FFTye, ahol a [010] irdny pdarhuzamos az elektronsugdrral; E - a 4. abran bemutatott ikres cirkonolit kristdly SAED-
diffrakcios képe Borientdcioban; F - Borientdcioban késziilt, atomi felbontdsit STEM HAADF-mikrogrdfia, amely mind az X, mind az Y ikerdoméneket mutatja; G - kizd-
rolag az X ikerdomént tartalmazo teriilet FFT+e, ahol a [010] irdny parhuzamos az elektronsugdrral; H - kizdrolag az Y ikerdomént tartalmazo teriilet FFT+e, ahol az
[130] irdny parhuzamos az elektronsugdrral. (A C, D, G és H dbrdkon bemutatott FFT-k nem pontosan a B és F képeken ldthato teriileteknek felelnek meg, hanem ugyan-
azon kristdly nagyobb kiterjedésii részeinek, amelyek kizdrolag X vagy Y doméneket tartalmaznak.)

confirms that ilmenite and diopside are reaction products. et al. 2015). In contrast, diopside occurs in the groundmass,
Ilmenite is purely a reaction product as it only occurs in the  in the double coronas, and also in the symplectites, which
symplectites not elsewhere in the host rocks. While ilmenite  allows for a correlation. While the groundmass and corona
is rare in Oldoinyo Lengai rocks, is not unique appearing in  clinopyroxenes are built by different zones, the diopside of
olivine-free rocks (DAwsON 2008, CARMODY 2012, SEKISOVA  the symplectites shows no chemical zonation, however, its
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composition closely resembles the diopside zone of the
groundmass clinopyroxenes. Such diopsides are very com-
mon in the Oldoinyo Lengai plutonic rocks (i.e., ijolite, py-
roxenite, jacupirangite, and olivine-mica ijolite) either as
solely crystals or as zones (DAWSON & SMITH 1992; DAWSON
etal. 1995, 2008; CARMODY 2012; SEKISOVA et al. 2015; Ha-
LAsz et al. 2023).

While equation-1 confirms that ilmenite and diopside are
reaction products; it does not explain the presence of zircon-
olite and REE-perovskite. As perovskite is a typical early-
stage accessory phase in many silica-undersaturated igneous
rocks and non-silicate rocks such as carbonatites and oxide
cumulates (VEKSLER & TEPTELEV 1990, BERKESI et al. 2023),
it is common in Oldoinyo Lengai rocks, also appear in the
olivine-phlogopite micro-ijolite as inclusion. These inclu-
sion perovskites are not enriched in FeO", Nb,Os, ZrO,,
HfO,, SrO or REE (see HALASZ et al. 2023), and they plot as
ideal (CaTiO,) perovskites (MITCHELL & VALDYKIN 1993,
MiTCHELL 2002) (Fig. 4). In contrast the REE-bearing pe-
rovskites of the symplectites are enriched in those elements
(see Table II. in Supplementary info) and deviate from ideal
compositions toward lueshite- and loparite-like components
(Fig. 4). These two perovskite populations (1/ REE-bearing
symplectite ones, 2/ inclusion ones) are genetically unrelat-
ed, as evidenced by the reasons mentioned above.

Zirconolite occurs exclusively in the symplectites, pre-
cluding direct, within-sample petrographic correlation.
However, it is possible to correlate it to other zirconolites.
Based on the Ca-Zr-Ti diagram of GIERE et al. (1998), the
studied zirconolites are close to nominal composition
((Ca,Y)Zr(Ti,Mg,Al),O,), slightly shifted to the metaso-
matic and carbonatite zirconolites (Fig. 8a). As the zircon-
olite contains ACT and REE elements, the diagram of Hu-
RAI et al. (2018) (Fig. 8b) can further clarify its properties.
Our unzoned zirconolites and the rims of the zoned zircon-
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. IDEAL ZIRCONOLITE

METASOMATIC ROCKS

. CARBONATITE

] SYENITE, NEPHELINITE
SYSTEM

ZIRCONOLITES
(THIS STUDY)

Zr Ti

olite crystals overlap with those representing carbonatite
and metasomatic rocks (Fig. 8b). The cores of the zoned
grains overlap with the typical zirconolites of carbonatite
and syenite, nephelinite systems. Zirconolites in metasoma-
tically altered rocks typically exhibit a considerable varia-
tion of ACT and are generally relatively poor in Nb and Ta,
while they are HREE (Y) dominated (GIERE et al. 1998).
None of these characteristics are typical to the zirconolites
we studied. Concurrently, the zirconolites from carbonatite
rocks are rich in Nb, their FeO" content is higher than their
MgO content, and their LREE (La, Ce, Nd) content is higher
compared to their HREE (Y) content (GIERE et al. 1998).
This is similar to our studied samples. The amount of ACT
and REE may help to understand the crystallization condi-
tions and give a possible explanation for the twinning char-
acteristics of the studied zirconolites. Increasing ACT and
REE tend to produce twinning in zirconolite (VANCE et al.
1994, COELHO et al. 1997, BEGG & VANCE 1997), a property
also found in out studied zirconolite grains. While diopside
and perovskite regularly appear in Oldoinyo Lengai rocks,
and ilmenite is also not unique, zirconolite has not been
documented yet.

Zirconolite likely did not form directly via the olivine +
titanite reaction but rather crystallized from contemporane-
ous magmatic processes. Nevertheless, the breakdown of
titanite during the solid-state reaction released Zr (0.4-0.8
wt%), which contributed to zirconolite crystallization. Zir-
conolite can be primary magmatic mineral in carbonatite
systems, as it was found in melt inclusions from Kerimasi
(KALDOS et al. 2015). The mineral chemistry of zirconolite
indicates formation during the late stages of magmatic evo-
lution in a REE-enriched environment, consistent with co-
crystallization of REE-perovskite (MITCHELL 2002). While
the nearly ideal CaTiO perovskite inclusions formed at high
temperatures during the “diopside paragenesis” (970-

B REE
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| SYENITE, NEPHELINITE
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Figure 8. Compositions of zirconolite from distinct petrographic settings, Oldoinyo Lengai micro-ijolite, Tanzania. The figure contains the modified diagrams of
GIERE et al. (1998) and Hural et al. (2018). The plots of our samples on both A and B Figure are based on 15 analyses (n=15). The core and rim plots on Figure B

show the results of TEM measurements.

8. dbra. Az Oldoinyo Lengai (Tanzdnia) mikro-ijolitjabol szarmazo cirkonolit dsszevetése kiilonbizo petrogrdfiai tulajdonsdgokkal rendelkezd mas cirkonolitszemesékkel.
Az dbra GIERE et al. (1998) és HUral et al. (2018) utan modositva. Az A és B dbrdkon taldlhato sajdt mérések 15 analizisre alapulnak (n=15). A mag-szegély (core-rim)

Jelek a B dbrdn a TEM-mérések adatait mutatjdk.
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1070 °C), the REE-bearing perovskites of the symplectites
likely crystallized at lower temperatures, in later stages. Al-
so, we cannot rule out the effect of a possible fluid phase, as
itis known that REE can be transported in carbonatite fluids
(MORORO et al. 2024, YUAN et al. 2024), however based on
the composition and Figure § it is not likely. Ideally, the U,
Th content and the lack of common lead, makes zirconolite
a potential U-Pb chronometer (LUMPKIN et al. 1994, WiL-
LIAMS & GIERE 1996, RASMUSSEN & FLETCHER 2004, HURAI
et al. 2018, WANG et al. 2021), however, the size of the stud-
ied zirconolite grains is too small, and number of the grains
is also quite low, not making possible a reliable calculation
for the age of this mineral.

Temperature change and
symplectite grain sizes

The crystal size distribution of the symplectites is bi-
modal: diopside and ilmenite form both coarse-grained (2—
3 um) and fine-grained (<2 pm) lamellae, while zirconolite
shows solely coarse-grained (~5 um) lamellae, and REE-
perovskite form medium-size lamellae (Fig. 2f, Fig. 3). Typi-
cally, low-temperatures crystallization produces fine-grained
lamellae, while high-temperature conditions promote the
growths of coarse-grained lamella (HOFFMANN & WEEKS
1962, WEEKS 1963, MARXSEN et al. 2020). Furthermore,
variations in reaction speed may influence lamella thickness
(GAIDIES et al. 2017). We propose that the temperature fluc-
tuations during the alteration of “diopside parageneses” and
“aegirine-augite parageneses” caused the observed bimodal
crystal size distribution. Consequently, the fine-grained la-
mellae of ilmenite and diopside likely formed at lower tem-
peratures during the “aegirine-augite paragenesis”, while
the coarse-grained lamellae of zirconolite, ilmenite and
diopside developed during the “diopside paragenesis” at
higher temperature (Fig. 9, Fig. 10). The medium-sized
lamellae of REE-perovskite likely formed at intermediate

-

T(°C)

1070

970

850

700

temperatures between the two parageneses. To test this hy-
pothesis, we selected two representative diopside-ilmenite
pairs that co-crystallized as coarse-grained lamellae within
the symplectites and used them for thermometry following
the method of BisHOP (1980), assuming a pressure of 1000 to
7000 bars (Table II). The method is based on the distribution
of Fe, and Mg between clinopyroxene and ilmenite, a well-
established geothermometric indicator in both igneous and
metamorphic rocks. The thermometer is expressed by the
following equation:

sl Mo ]P* [_rext ™
1) = 748+27 lMg+FegFez+] +817x 2*1M9+;EF92+] +0.0106P_ 273 (2)
InlnKp
where,
T
Kp = Mg
(W)llm

The thermometer is insensitive to pressure, and the results
indicate that the coarse-grained lamellae of diopside and
ilmenite crystallized at 1028—1057 °C. These values overlap
with the temperature range of the diopside paragenesis (970—
1070 °C), confirming that the symplectites formed during
the ongoing crystallization: coarse-grained lamellae (ilmenite,
zirconolite, diopside) formed at relatively high temperatures
during the “diopside parageneses”’; fine-grained lamellae (il-
menite, diopside) at lower temperatures during the “aegirine-
augite parageneses” (Fig. 10); and the medium-sized lamel-
lae of REE-perovskite formed at intermediate temperatures
between the two parageneses (Fig. 9).

Conclusions

Our study presents the first documented occurrence of
zirconolite from Oldoinyo Lengai. The mineral occurs with-
in ilmenite—diopside—zirconolite + REE-perovskite symplec-
tites hosted in olivine-phlogopite micro-ijolite enclaves.

A 4

relative time

Figure 9. Schematic figure for the crystallisation of olivine-phlogopite micro-ijolite, Oldoinyo Lengai, Tanzania. The symplectites formed during crystallisation at
different temperatures, probably in several steps. Thick lamellae stand for coarse-grained lamellae, while thin lamellae stand for fine-grained lamellae.

9. @bra. Sematikus dbra az Oldoinyo Lengai olivin-flogopit mikro-ijolitok kristalyosoddsi folyamatairdl. A szimplektitek kiilonbozd homérsékleteken, feltehetileg tobb lé-
pésben keletkeztek. A ,thick " vastag lamelldk a durvaszemcsés lamelldkra utalnak, mig a ,thin”vékony lamella a finomszemcsésre.
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olivine-phlogopite

micro-ijolite
aegirine-augite
paragenesis
diopside
paragenesis

repeated alternation
of the two paragenesis

aegirine-augite diopside
paragenesis paragenesis
forms forms

thin lamellae thick lamellae

\9 Smpiecio el

ollvme + titanite
disequilibrium

(Fe,Mg),SiO, + CaTisiO,

FeTIO + CaMgsi, )
ilmenite ‘

Zr released

from titanite
diopside

REE-rich late-stage
melt

zirconolite +
REE-perovskite

Figure 10. Schematic model of zirconolite-bearing symplectite formation in olivine-phlogopite micro-ijolite enclaves. Symplectites formed by a subsolidus reaction
between olivine and titanite under disequilibrium conditions, producing diopside and ilmenite. Zirconolite did not crystallize directly from this reaction but formed
from a late-stage, REE-rich melt, partly supplied by Zr released during titanite breakdown. Alternating high-temperature diopside and lower temperature aegirine-
augite parageneses controlled the bimodal lamella size distribution, with coarse lamellae forming at higher temperatures and fine lamellae at lower temperatures.

10. abra. Sematikus modell, mely az olivin-flogopit mikro-ijjolitban megtaldlhato cirkonolittartalmii szimplektitek kialakulasdt mutatia. A szimplektitek az olivin és titanit
kozotti nemegyensiilyi helyzet sordn, szubszolidusz koriilmények mellett képzidtek. Az olivin és titanit reakcidja okozta a diopszid és ilmenit létrejottét; mig a cirkonolit
részben a titanit szétesése sordn felszabadulo Zr miatt jott létre a kristdlyosodds kései fazisaban egy addigra RFF-gazdagabbd valo olvadékbdl. A magasabb hémérsékletii
diopszid paragenezis és alacsonyabb homérsékletii egirin-augit paragenezis vdltakozdsa vezetett a bimoddlis lamella méret eloszldshoz a szimplektiten beliil. A vastag la-
mellak magasabb homérséklethez, a vékonyabb lamelldk pedig alacsonyabb hémérséklethez kapcsolodva jottek létre.

The host rocks are complex, containing minerals crystal-
lized at multiple stages, predominantly following two para-
geneses: high-temperature (~1028-1057 °C) “diopside para-
genesis” and low-temperature (~700-850 °C) “aegirine-
augite paragenesis”. The symplectites represent solid—solid
reaction textures formed during ongoing magmatic crystal-
lization, specifically resulting from disequilibrium between
early-formed olivine and late-crystallized titanite (see Fig.
10). The alteration of “diopside paragenesis” and “aegirine-
augite paragenesis” also influenced the growths of the sym-
plectites (Fig. 10).

The zirconolite crystals exhibit near-ideal compositions
and belong to the zirconolite-2M polytype, showing charac-
teristic twinning. The twin axis is parallel to [110], resulting
in 180° rotation around the [110], with the contact plane par-
allel to [001]. The presence of REE and ACT elements may
have induced the twinning (GIERE et al. 1998). The zircon-
olites’ enrichment in actinides (U, Th) and LREEs together

with co-crystallized REE-rich perovskite, suggests crystal-
lization from a later-stage, incompatible-element-enriched
melt, in contrast to the other constituents of olivine-phlogo-
pite micro-ijolite enclaves. This highlights the coexistence
of subsolidus mineral reactions and magmatic processes
within the same temporal and environmental framework.

Our findings demonstrate that metamorphic-style sub-
solidus reactions — typically considered post magmatic —
can also occur in situ active magmatic evolution (Fig. 10).
This challenges the conventional separation of igneous and
metamorphic domains. Zirconolite, towing to its composi-
tion and potential for U-Pb geochronology, may serve as a
valuable tool for constraining the thermal and temporal evo-
lution of carbonatite-associated alkaline systems, provided
that future work identifies larger grains in sufficient
abundance. Such grains could also shed light on the age of
the magmatic activities beneath the Oldoinyo Lengai
volcano.
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Table I1. Two typical diopside-ilmenite pairs and thermometry cf. BisHop (1980).
The mineral compositions are in weight percent by EDS (normalized). The
pairs occur as coarse-grained intergrown lamellae in symplectites. Calculated
temperatures are virtually pressure-insensitive and suggest formation at 1028-
1057 °C.

11. tabldzat. Két reprezentativ diopszid-ilmenit pdr termometridja BisHop (1980)
mddszerét haszndlva. Az dsvdnydsszetételek tomegszdzalékban vannak megadva,
EDS-mérés alapjdn, normdlva. A pdarok vastag (durvaszemcsés) lamellakeént jelen-
nek meg a szimplektiten beliil. A szamolt homérsékleti értékek alapvetéen nyomds-
ra nem érzékenyek, és 1028-1057°C-os kialakuldst adnak.

main element oxide contents in weight percent
(wt%) (EDS)

pair 1 pair 2
Iim Di TIm Di
Sio, 0.9 54.7 0.9 54.6
Ca0 0.2 19.5 0.2 20.4
FeQ' 34.1 23 34.2 2.4
ALO, 0.6 0.8 0.6 0.8
MgO 11.3 21.8 11.2 21.0
TiO, 53.0 0.9 53.0 0.8
analytical
sum 100.0 100.0 100.0 100.0
numbers of cations, for Di based on 6 O, for
IIm based on 4 O in atoms per formula unit
(apfu)
Si 0.02 1.96 0.02 1.96
Ca 0.01 0.75 0.01 0.79
Fe" 0.67 0.07 0.67 0.07
Fe" 0.01 0.00 0.00 0.00
Al 0.02 0.03 0.02 0.03
Mg 0.39 1.16 0.39 1.12
Ti 0.93 0.03 0.93 0.02
sum cations 2.06 4.00 2.05 3.99
thermometry
P (kbar) T (°C)
1 1027.6 1049.6
2 1027.7 1050.7
3 1028.2 1051.2
4 1030.7 1052.4
5 1033.8 1054.8
6 1037.0 1055.7
7 1040.1 1056.8
Minimum  Maximum Minimum  Maximum
1027.6 1040.1 1049.6 1056.8
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ESM Table 1. Main element oxide contents of selected clinopyroxenes from
distinct textural settings, Oldoinyo Lengai micro-ijolite, Tanzania. mg# -
Mg/(Mg+Fe2+)*100, molar. The results present measurements obtained by the
WDS method. The incorporation of Al into the tetrahedral and octahedral sites
followed a charge-balanced fill-up approach.

DM 1. tablazat. Néhdny reprezentativ, kiilonbozo szovettani helyzetbdl szarmazo
klinopiroxénszemcse foelemosszetétele (tomegszdzalékban) oxidos formdban az
Oldoinyo Lengai (Tanzdnia) mikro-ijolitiabol, WDS-analizis alapjan. A moldris
mg# Mg/(Mg+Fe2+)*100 alapjdn van szamolva. Az Al tetraéderi és oktaéderi pozi-
cidjdt toltésegyensiily alapjdan kalkuldaltuk.

ESM Table II. Main element oxide contents of selected ilmenite and perovskite,
Oldoinyo Lengai micro-jjolite, Tanzania. The results present measurements
obtained by the EDS method (normalized). Based on the instrument and the
different types of measurements, the LLD value is generally in the range of
about 0.1-0.5 wt% for EDS analyses.

DM I1. tablazat. Néhdny reprezentativ ilmenit és perovszkitszemcse foelemassze-
tétele (tomegszdzalekban) oxidos formdban az Oldoinyo Lengai (Tanzdnia) mik-
ro-ijolitiabol, EDS-analizis (normdlt) alapjan. A miiszer és a kiilonbozé mérési
modszerek alapjan az EDS-analizisekre jellemzé LLD (kimutatdsi hatdr) értéke
dltaldban koriilbeliil 0,1-0,5 tomegszdzalék.

3D model in supplementary. 3D model for the visualisation of zirconolite twin-
ning. The twin relationship was studied in two orientations (Q and ) of the
crystals (by tilting the sample ~30° around [001]), displaying two pairs of
orientations. In orientation @, the [1-10] and [010] and in orientation [3, the
[100] and [ 130] zone axes are parallel to the electron beam and belong to X and
Y twin domains, respectively. The twin axis is parallel to [ 110] (resulting in 180°
rotation around the [ 110], with the contact plane parallel to (001)). To open the
3D model, use 3D-builder in Windows or the following website: https://gltf-
viewer.donmccurdy.com/

3D modell. 3D modell a cirkonolit ikresedésének szemléltetésére. Az ikerkapesolat
a kristdly két orientdcidjaban (Q és P) lett vizsgdlva (a minta kb. 30°kal elforditd-
sdt kovetden a [001] tengely koriil), két orientdciopdrt mutatva. Részletesen a 7.
abra mutatja meg az ikresedési vizsgdlatot. A 3D modell megnyitdsdahoz hasznal-
hato a Windows-os 3D-builder, vagy az aldbbi weboldal:

https://gltf-viewer.donmccurdy.com/
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