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ARTICLE INFO ABSTRACT

Keywords: A detailed petrographic and mineralogical investigation of olivine-phlogopite micro-ijolite xenoliths from Old-

Tjolite oinyo Lengai, Tanzania indicates a complex evolutional history. These xenoliths consist of diverse textural

Double corona microtexture subdomains characterized by minerals ranging from early-formed olivine, through diopside-hosted perovskite

Symplectite . . . S . fs .

Clinopyroxene zonation and Rhlogoplte, to evolYed 'aeglrme—auglte and titanite. Thermometry and mineral con?posmons in the ?ub'

Oldoinyo lengai domains suggest crystallization temperatures from 1070-970 °C to 850-700 °C at plutonic pressures and SiOo-
activities controlled by perovskite-titanite equilibria. Double coronas are a characteristic textural feature of the
olivine-phlogopite micro-ijolite, consisting of olivine cores surrounded by an inner clinopyroxene corona and an
outer phlogopite corona. These double coronas might have formed during early magma chamber processes,
including magma movement to a subsequent chamber resulting in dissolution of olivine with subsequent crys-
tallization and accumulation of diopside and phlogopite. Diopside—aegirine-augite compositional zonation in-
dicates several magma injections followed by cooling periods, during the formation of micro-ijolite groundmass.
Mg# (80-83) and Ca (0.1-0.3 in wt%) contents of olivine together with the presence of primary melt inclusions
in clinopyroxene, phlogopite, and nepheline indicate a magmatic origin from a possible parental olivine-
nephelinite melt. There is evidence for subsolidus, or near-solidus, re-equilibration processes as indicated by
the reaction of olivine with titanite forming symplectitic textures of ilmenite and diopside with minor zirconolite.
Ti-exchange between phlogopite phenocrysts and other Ti-bearing minerals (perovskite, titanite, magnetite)
resulted in ~750 °C equilibrium temperatures for phlogopite, which are much lower than mafic magmatic
(>900 °C) conditions. Calculated subsolidus temperatures suggest crystallization of olivine-phlogopite micro-
ijolites over a 10-20 km depth interval.

1. Introduction

Oldoinyo Lengai (Tanzania) is the only known active carbonatite
volcano (Dawson, 2008), and is unique due to the eruption of natro-
carbonatite lavas (Yaxley et al., 2022). It is special not only because of
the composition of the lava but also the xenoliths it brings to the surface.
The wide spectrum of different pyroxenites, nephelinolites (urtite, ijo-
lite, etc.) indicate a complex composition and evolution beneath the
volcanic region. On the basis of previous studies, olivine-phlogopite
ijolites are among the xenoliths with the most complex petrography
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(Keller and Krafft, 1990; Dawson et al., 1995; Dawson, 2008; Carmody,
2012; Sekisova et al., 2015). This rare ijolite type consists of large
phlogopite phenocrysts and olivine xenocrysts surrounded by double
coronas in addition to nepheline and diopside (Dawson et al., 1995;
Dawson, 2008; Carmody, 2012; Sekisova et al.,, 2015).
Olivine-phlogopite ijolites probably represent several steps in their
evolution as recorded by the different textures, which can be utilized to
reconstruct magma chamber processes.

In this investigation petrographic and mineral compositional data of
a selected olivine-phlogopite ijolite xenolith from Oldoinyo Lengai are
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evaluated in conjunction with previous investigations of similar xeno-
liths literature information representing the same (Dawson and Smith,
1992a; Dawson et al., 1995; Carmody, 2012; Sekisova et al., 2015). We
emphasize our evolutionary model for these olivine-phlogopite ijolite
xenoliths is based on our own research together with investigations by
the above cited authors on similar xenoliths.

2. Background
2.1. Regional geology

The East African Rift System splits the African plate into the Nubian
and the Somalian plates along the two main rift branches, the Western
Rift and the Eastern Rift. The Eastern Rift lies between the Tanzania
craton and the Mozambique orogenic fold belt (Dawson, 2008) (Fig. 1).
The Tanzania craton is a composite of Archean metasediments and is
composed of greenstone belts (Pinna et al., 1995) intruded by granite
plutons (Cahen et al, 1984). The lithologically very complex
Mozambique belt formed as part of the Pan African orogeny (Kennedy,
1964).

On the basis of gravity anomaly data (Ebinger and Sleep, 1998;
Rogers et al., 2000), it is considerd that plate motion is possibly gov-
erned by one or more impinging mantle plumes beneath the region.
These plumes have also resulted in lithospheric thinning and a high
geothermal gradient along the rift, such as ~65 °C/km in southeastern
Kenya and northeastern Tanzania. Oldoinyo Lengai is located in north-
ern Tanzania, in the southern part of the Eastern Rift, where a lower
geothermal gradient of ~40 °C/km prevails (Brown and Girdler, 1980;
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Fig. 1. Geological map of the region, showing the main tectonical and
geological structures and the location of the Oldoinyo Lengai volcano.
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Nyblade, 1997; Simiyu and Keller, 1997). This anomaly can be
explained by the presence of the brittle, relatively cool Tanzania craton
(Fig. 1).

Oldoinyo Lengai is located in the North Tanzanian Divergence and is
part of the Tanzanian volcanic province. Each but the Hanang volcano in
this area (e.g., Oldoinyo Lengai, Kerimasi, etc.) has erupted through the
Mozambique belt (Quennell et al., 1956) (Fig. 1). The lithosphere
beneath the North Tanzanian Volcanic Province is structurally and
lithologically extremely heterogeneous (Dawson, 2008). Previous
studies indicate that the lithosphere (upper mantle, lower cratonic
lithosphere) has been intensively metasomatized in many parts of the
rift (Lloyd and Bailey, 1975; Norry et al., 1980; Clement, 1982; Dawson
and Smith, 1988; Dawson and Smith, 1992a,b; Dawson, 1999; Dawson,
2002; Dawson, 2012), as indicated by phlogopite- and
clinopyroxene-bearing veins cross-cutting mantle xenoliths (Wolbern
et al., 2012).

2.2. Ijolites from Oldoinyo Lengai

Tjolites are common plutonic rocks in alkali-silicate-carbonatite
complexes worldwide (Woolley et al., 1995; Pilipiuk et al., 2001;
Woolley and Church, 2005; Haslinger et al., 2007; Woolley and Kjars-
gaard, 2008; Zurevinski and Mitchell, 2015; Beccaluva et al., 2017;
Savard and Mitchell, 2021). At Oldoinyo Lengai, the most common
plutonic rocks are pyroxenite, urtite and ijolite, occurring as blocks or
bombs hosted by nephelinite lavas and pyroclasts (Dawson, 2008).
Oldoinyo Lengai ijolites can be divided into two distinct types: arche-
typal coarse grained plutonic ijolite (consisting of clinopyroxene,
nepheline, titanite, magnetite, perovskite, biotite, +garnet,
+wollastonite) and olivine-phlogopite ijolite (clinopyroxene, nepheline,
titanite, magnetite, perovskite, biotite, +-garnet, +wollastonite, phlog-
opite and olivine) (Dawson et al., 1995; Dawson, 2008; Sekisova et al.,
2015). The latter, although they have the typomorphic assemblage of
nepheline and pyroxene cannot be usefully termed ijolite sensu stricto as
they are texturally different and do not exhibit the typical allo-
triomorphic granular textures of plutonic ijolites. We believe that there
was not enough time for recrystallization to develop a typical allo-
triomorphic texture, probably because due to a volcanic eruption the
xenolith left its original place and was either brought to an upper place
or even to the surface before this textural feature could be formed. In
addition, they cannot be described as nephelinites as they are not
eruptive rocks. In other settings the xenoliths, on a textural basis, would
be classified as hypabyssal facies rocks. There is currently no IUGS
approved term for this fine-to-coarse-grained assemblage but terming
them ijolite sensu stricto leads to inappropriate petrogenetic compari-
sons with the plutonic varieties. There is no petrological reason to
perpetuate the name ijolite as used by Dawson et al. (1995) and to this
end; we propose that these distinctive xenoliths be termed olivine--
Pphlogopite micro-ijolite xenoliths.

The olivine-phlogopite micro-ijolite xenoliths investigated have
similarities with those occurring in the 1966 eruptions. In the activity of
1966, ijolites usually occurred by clinopyroxenes, nepheline, micas,
olivine, titanite, magnetite and perovskite. The properties of the volca-
nic rock enclosing these ijolites also support the similarity with the 1966
rocks. The volcanic rocks of the 1966 eruptions contain melanite,
nepheline, wollastonite, clinopyroxene (Dawson et al., 1995).

All xenoliths and particularly olivine-phlogopite micro-ijolites of
complex petrography carry essential information regarding magma
chamber processes. Previously, Sekisova et al. (2015) found that
olivine-phlogopite micro-ijolites consist of a groundmass of nepheline,
clinopyroxene (alternate diopside and aegirine-augite zones), apatite,
Ti-magnetite, perovskite, sulphides, titanite and Ti-andradite. They
identified phlogopite phenocrysts (Mg# = 84) with biotite rims (Mg# =
63-76) and double coronas with olivine (Mg# = 79-85) in the core,
surrounded by an inner clinopyroxene and an outer phlogopite corona.
Dawson et al. (1995) studied jacupirangite, ijolite and
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olivine-phlogopite micro-ijolite xenoliths. The latter have a similar
mineral paragenesis and composition to those investigated by Sekisova
et al. (2015), with the presence of phlogopite phenocrysts (Mg# =
84-86) with a biotite rim (Mg# = 61-74) and double coronas. Carmody
(2012) describes very similar ijolites with olivine, double coronas, and
phlogopite with biotite rims. Dawson and Smith (1992) examined py-
roxenites, which contained resorbed olivine (Mg# = 73-83) crystals
with a double corona (light green coloured clinopyroxene corona and a
brownish mica corona). They also noted the presence of phlogopite
phenocrysts (Mg# = 80-86), but without biotite rims. The multistage
evolution of these rocks has been interpreted in diverse ways. On the
basis of these models, olivine crystals with common resorbed rims might
represent subcontinental mantle, which has undergone mantle meta-
somatism (Dawson and Smith, 1988, 1992a; Dawson et al., 1995;
Sekisova et al., 2015). Keller et al. (2006) and Baudouin and Parat
(2020) have suggested that Oldoinyo Lengai olivines are early crystal-
lization products from a primitive silicate magma. Olivine crystals are
typically surrounded by a double corona microtexture. The inner corona
contains clinopyroxene whereas the outer contains mica. The clinopyr-
oxene corona is considered to have formed by reaction between olivine
and the alkaline magma (Dawson et al., 1995; Sekisova et al., 2015),
whereas the outer mica corona might be the result of a similar reaction
or a metasomatic product (Dawson and Smith, 1992b). The phlogopites
from the North Tanzanian divergence probably originated from
phlogopite-bearing veins that commonly crosscut the deep crust
(Wolbern et al., 2012). Clement (1982), Dawson and Smith (1992a,b)
and Kargin et al. (2019) have suggested that the phlogopites of the re-
gion are fragments of metasomatized mantle rocks, whereas Baudouin
and Parat (2020) suggest a magmatic origin.

3. Sampling and methods

We collected numerous ijolite xenoliths from pyroclasts on the
northern slope of Oldoinyo Lengai (~longitude: 2.749002, ~latitude:
35.890602) and randomly choose five samples for detailed investiga-
tion. All xenoliths exhibited the same texture and mineral paragenesis.
Consequently, we selected one representative sample to investigate in
detail. This research focuses not only on such sample, but includes
commentary on previously published data for similar olivine-phlogopite
micro-ijolites (Dawson and Smith, 1992a, b; Dawson et al., 1995; Seki-
sova et al., 2015; Carmody, 2012).

Petrographic observations were undertaken in the Department of
Mineralogy, Geochemistry and Petrology of the University of Szeged
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using Brunel- SP -300-P and Olympus BX 41 optical microscopes. Major
element compositions of the rock-forming minerals and silicate glass
were determined using a JEOL JXA 8200 Superprobe with five wave-
length dispersive spectrometers at the Free University Berlin with in-
strument settings of 15 kV accelerating voltage and 20 nA beam current.
The glass was analyzed with a 10 pm diameter beam, whereas a 2 pm
diameter was found to be sufficient for minerals. Ilmenite and zircono-
lite compositions were measured by a Quantax75 EDS-SDD combined
with a Hitachi TM4000Plus microscope at the ELTE FS-RICF with in-
strument settings of 15 kV accelerating voltage, 833 pA beam current,
and 15 s counting times. Natural standards were used for instrument
calibration, and full ZAF corrections were applied.

4. Petrography and mineral compositions

The sample investigated consists of an olivine-phlogopite micro-
ijolite xenolith (Fig. 2A) mantled by nephelinite (Fig. 2B). At the contact,
there is a well-defined, 400 pm wide aegirine-augite zone with oriented
prismatic crystals of clinopyroxene (Fig. 2C and Table 1).

4.1. Olivine-phlogopite micro-ijolite

The groundmass of the olivine-phlogopite micro-ijolite xenolith is
medium-grained (0.05-2 mm) and consists of clinopyroxene, nepheline,
minor titanite, and pseudomorphic analcime (Fig. 3A). Clinopyroxene
occurs as either zoned euhedral (Fig. 3A) or anhedral phenocrysts; the
latter having corroded margins (Fig. 3B). The colour of the groundmass
clinopyroxene ranges from light-to-dark green (Fig. 3A and B) and from
dark green-to-light green. The light green material is diopside (Mg# =
86-98) with (all in wt%) 14.7-15.5 MgO, 4.8-5.5 FeOT, 0.4-0.6 Na0O
(Table 1). The dark green zone is aegirine-augite (Mg# = 58-80)
enriched in (all in wt%) NaO (3.4-4.0), FeOT (16.6-17.9) and depleted
in MgO (7.4-8.4) compared to the diopside (Table 1). The diopside
zones are rich in fine-grained (50 pm) euhedral inclusions of magnetite
and perovskite (Fig. 3C) (Table 2), whereas the aegirine-augite zones
host inclusions of titanite (Fig. 3D). Both zones host randomly distrib-
uted primary melt inclusions (Fig. 3D). Nepheline is euhedral (Fig. 3A),
homogeneous in composition, and contains 1.2-2.1 wt% FeOT (Table 3).
It also hosts randomly distributed clinopyroxene and melt inclusions.
Titanite occurs as either large (~1 mm) subhedral crystals with
magnetite and perovskite inclusions (Fig. 3E) or anhedral crystals with
fewer mineral inclusions (Fig. 3F). All titanites are homogeneous in
composition and contain small amounts of ZrO, (0.4-0.8 wt%) and FeO

Fig. 2. Representative petrographic images of the sample. (A) The olivine-phlogopite micro-ijolite xenolith; (B) the host nephelinite; (C) the contact zone.



Table 1
Representative composition (wt%) of clinopyroxene and olivine from the olivine-phlogopite micro-ijolite, Oldoinyo Lengai, Tanzania. FeO™: all Fe as FeO; mg#: Mg/(Mg + Fe™"), molar, b.d.: below the detection limit; WDS:
Wavelength Dispersive Spectrometry.

Tjolite

clinopyroxene (WDS) olivine (WDS)
ijolite matrix ijolite-nephelinite contact double corona symplectite double corona
diopside zone aegirine-augite zone aegirine-augite diopside augite diopside

SiO, 51.63 50.29 51.94 51.12 50.22 51.28 51.34 50.80 51.23 51.45 50.43 54.40 54.50 49.41 54.47 52.65 53.09 51.24 52.72 53.54 50.35 52.24 51.87 3891 3858 3872 38.60
TiO, 1.12 154 1.09 160 041 078 0.66 0.66 1.74 0.89 1.74 0.29 0.25 4.41  0.27 0.61 0.33 0.60 0.44 1.05 4.43 1.49 1.59 b.d. 0.01 b.d. b.d.
AlyO3 1.03 207 086 163 1.05 091 079 090 1.40 1.07 1.47 0.11 0.09 0.14 0.12 0.60 0.50 0.71 0.62 0.24 0.24 1.30 1.27 0.04 0.03 0.02 0.02
FeO" 486 5.30 398 5.01 19.33 17.23 16.63 17.40 13.21 13.51 13.68 3.86 4.55 6.97 4.66 13.23 11.99 12.80 12.18 599 7.71 4.19 5.27 16.44 1939 17.54 16.63
Cr,03 bd. 0.01 bd 006 002 0.07 004 0.07 bd b.d. b.d. b.d. b.d. 0.04 b.d. b.d. b.d. 0.07 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.01 0.01
MnO 0.11 0.06 0.05 0.06 030 0.18 0.18 0.23 0.37 0.40 0.38 0.18 0.11 0.11  0.36 0.51 0.38 0.21 0.40 0.12 0.52 0.13 0.22 0.13 0.45 0.27 0.25
MgO 15.49 14.73 1575 1538 6.39 7.98 843 8.01 9.68 9.75 9.25 16.82 16.36 14.89 16.48 10.63 11.17 10.57 11.13 15.17 1529 16.64 15.79 44.80 42.25 44.25 4475
NiO bd  bd. bd bd bd bd bd bd bd b.d. b.d. b.d. b.d. b.d.  b.d. b.d. b.d.  bd. bd b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
SrO 0.03 0.06 0.06 0.01 0.06 0.02 0.05 0.03 0.10 0.12 0.13 b.d. b.d. 0.11  0.02 b.d. 0.24 0.08 0.12 0.11  b.d. b.d. b.d. 0.02 b.d. b.d. b.d.
CaO 25.16 24.67 24.88 24.44 19.04 17.74 17.60 17.32 20.21 20.90 19.96 23.57 23.15 22,52 2272 1859 19.60 20.58 19.77 22.45 20.14 2344 2335 0.25 0.13 0.15 0.16
NaO 041 049 045 0.62 290 342 356 374 255 2.44 2.64 0.77 1.00 0.79 0.91 3.18 269 218 262 1.31 1.35 0.57 0.64 b.d. b.d. b.d. b.d.
Total 99.83 99.21 99.05 99.94 99.73 99.59 99.28 99.14 100.50 100.50 99.67 100.00 100.01 99.39 100.01 100.00 99.99 99.03 100.00 99.98 100.03 100.00 100.00 100.58 100.83 100.94 100.42

formula based on: 4 cations and 6 oxygens 3 cations and 4 oxygens

Si 1.906 1.863 1.911 1.860 1.950 1.972 1.947 1.918 1.926 1.938 1.939 1.959 1975 1.846 1.996 1979 1.960 1.928 1.977 1.980 1.906 1.863 1.911 0.980 0.983 0.977 0.975
Ti 0.031 0.043 0.030 0.044 0.012 0.022 0.019 0.019 0.049 0.025 0.050 0.008 0.007 0.124 0.007 0.017 0.009 0.017 0.012 0.029 0.031 0.043 0.030 -— — - 0.001
AlY 0.045 0.090 0.037 0.070 0.038 0.006 0.034 0.040 0.025 0.037 0.011 0.005 0.004 0.006 — 0.004 0.022 0.032 0.011 — 0.045 0.090 0.037 0.001 0.001 0.000 0.001
AV - - - - 0.010 0.035 0.001 — 0.038 0.011 0.056 — - - 0.009 0.022 — - 0.016 0.019 — - - - - - -
Fe' 0.029 0.040 0.027 0.026 0.352 0.292 0.243 0.230 0.234 0.202 0.229 0.039 0.054 0.115 0.070 0.172 0.176 0.197 0.176 0.089 0.029 0.040 0.027 0.346 0.413 0.370 0.351
Fe!ll 0.121 0.124 0.095 0.127 0.276 0.262 0.285 0.319 0.181 0.224 0.211 0.078 0.084 0.103 0.073 0.244 0.194 0.206 0.206 0.096 0.121 0.124 0.095 -— — - -

Cr - 0.000 — 0.002 0.001 0.002 0.001 0.002 — — - - — 0.001 — - - 0.002 — - - — - - — 0.000  0.000
Mn 0.003 0.002 0.001 0.002 0.010 0.006 0.006 0.007 0.012 0.012 0.012 0.005 0.003 0.004 0.011 0.016 0.012 0.007 0.013 0.004 0.003 0.002 0.001 0.003 0.010 0.006 0.005
Mg 0.852 0.814 0.864 0.834 0.370 0.457 0.477 0.451 0.543 0.548 0.530 0.903 0.884 0.829 0.900 0.596 0.615 0.593 0.622 0.836 0.852 0.814 0.864 1.682 1.605 1.665 1.685
Sr 0.001 0.001 0.001 — 0.001 0.001 0.001 0.001 0.002 0.003 0.003 0.000 0.000 0.002 0.000 0.000 0.005 0.002 0.003 0.002 0.001 0.001 0.001 0.000 0.000 0.000 —

Ca 0.995 0.979 0.981 0.953 0.792 0.731 0.715 0.700 0.814 0.814 0.822 0.909 0.899 0.901 0.892 0.748 0.775 0.829 0.794 0.889 0.995 0.979 0.981 0.007 0.003 0.004 0.004
Na 0.029 0.035 0.032 0.044 0.218 0.255 0.262 0.273 0.186 0.178 0.197 0.054 0.070 0.057 0.065 0.232 0.193 0.159 0.190 0.094 0.029 0.035 0.032 0.000 0.000 0.000 -—

Sum 4.012 3.991 3.982 3.961 4.030 4.039 3.991 3.959 4.011 4.018 4.058 3.962 3.982 3.991 4.018 4.029 3.961 3.972 4.019 4.035 4.012 3.991 3.983 3.019 3.016 3.023 3.022

mg# 97 95 97 97 51 61 66 66 70 73 70 96 94 88 93 78 78 75 78 90 86 96 93 83 80 82 83

‘I 32 2SDIPH "N

8€LY0I (€20Z) L6T $29UdS YlDH UDILLy fo [pumor



N. Halasz et al.

Journal of African Earth Sciences 197 (2023) 104738

Fig. 3. Petrographic images of the groundmass of
olivine-phlogopite micro-ijolite xenolith, Oldoinyo
Lengai, Tanzania. (A) euhedral and zoned clinopyr-
oxene with associated minerals; (B) clinopyroxene
with a corroded margin; (C) perovskite and magnetite
inclusions in the diopside zone; (D) titanite and pri-
mary melt inclusions enclosed by aegirine-augite; (E)
euhedral titanite with magnetite and perovskite in-
clusions; (F) anhedral titanite with groundmass min-
erals. Abbreviations (Whitney and Evans, 2010): Cpx
- clinopyroxene, Nph — nepheline, Anl - analcime,
Prv — perovskite, Mag — magnetite, Ttn — titanite, MI —
melt inclusion.

(1.6-2.2 wt%) (Table 3).

The groundmass contains larger oriented and euhedral light brown
phlogopite phenocrysts (Mg# = 81-85) (Fig. 4A-F), up to 5 mm in size,
containing (all in wt%) 4.7-5.4 TiO3, 0.1-0.2 BaO, and 0.6-1 F
(Table 3); the water content is estimated to be 3.4-3.7 wt%. Phlogopite
encloses magnetite, perovskite, apatite (Fig. 4B), and diopside (Fig. 4C)
plus randomly distributed primary melt inclusions (~20 pm, Fig. 4D).
The phenocrysts commonly exhibit kink bands (Fig. 4E). All phlogopites
have dark brown anhedral rims (Fig. 4A, E and F) of biotite (Mg# =
55-61) containing 3.2-4.2 wt% TiO2 and 0.1-0.3 wt% BaO, 0.6-0.7 wt
% F (Table 3); the water content is estimated to be 3.8-4.8 wt%. The rim
hosts numerous inclusions of groundmass minerals (Fig. 4A, E and F).
The orientation of clinopyroxene from the groundmass (n = 390)
together with the phlogopite phenocryst (n = 62) was measured using
the relative tilt angle of the grains. Both the mica phenocrysts and that of
the groundmass have the same orientation.

An important aspect of the xenolith is the double corona. Olivine
xenocrysts, up to 2 mm in size, are found at the centre of such coronas
(Fig. 5A and B), with the exception of smaller (<1.5 mm) coronas in
which olivine was not observed (Fig. 5C). Olivine (Mg# = 80-83) is
homogeneous in composition with CaO and MnO contents of 0.1-0.3
and 0.1-0.5 wt%, respectively (Table 1). Olivine has a corroded rim and
is surrounded by a corona consisting of fine-to-medium sized (<0.05 and
0.05-2 mm), euhedral-to-subhedral clinopyroxene (Fig. 5A, B and C).
The clinopyroxene composition (Table 1) varies from diopside (Mg# =
88-98, coloured light green in Fig. 5B) to augite (Mg#~78, dark green

in Fig. 4C). Surrounding the clinopyroxene corona there is a randomly
oriented subhedral mica corona (Fig. 5A, B and C). This mica (Mg# =
83-85) is phlogopite (0.05-2 mm) with (wt%): 1.3-6.1 TiOg; 0.1-0.4
BaO; 1-1.5 F; with 2.4-3.7 Ho0 (Table 3). Clinopyroxene and phlogopite
host randomly distributed (primary) melt inclusions (up to 20 pm,
Fig. 5D) and mineral inclusions (<50 pm) of magnetite and perovskite.
Fine-to-medium grained (<0.05-2 mm) ilmenite, diopside, and zirco-
nolite form a symplectic microtexture in both parts of the double corona
(Fig. 5E and F, Tables 1 and 2). Glass is not present in the xenolith
investigated.

4.2. Host nephelinite enclosing the olivine-phlogopite micro-ijolite

The volcanic rock encasing the micro-ijolite is fine-to-medium-
grained (<0.05-2 mm) nephelinite. It consists of clinopyroxene, neph-
eline, garnet, and wollastonite phenocrysts together with a glassy
greenish-to-brownish groundmass (Fig. 6A). The glass has moderate
SiO content (all in wt%) (46.3-51.2), high Na,O + KO content
(11.4-20.0), and high FeOT content (4.5-20.1), while MgO content is
low (0.7-1.2). It is strongly peralkaline [molar (NasO + K20)/Al303 =
2.8-5.7] (Table 4) and contains rounded (up to 200 pm in size) post-
magmatic carbonate-filled vesicles (Fig. 6A-D).

The clinopyroxene (Fig. 6B and E) has an overall aegirine-augite
composition with (all in wt%) 14.4-21.3 FeO", 1.5-3.2 Na,O, and
5.5-9.7 MgO (Table 4). The clinopyroxene encloses garnet and nephe-
line inclusions (<100 pm). The nepheline phenocrysts are euhedral
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Table 2
Representative composition (wt%) of magnetite, perovskite, ilmenite and zirconolite from the olivine-phlogopite micro-ijolite, Oldoinyo Lengai, Tanzania. EDS: Energy Dispersive Spectrometry.

Tjolite

magnetite (WDS) perovskite (WDS) symplectite

magnetite inclusion perovskite inclusion ilmenite (EDS) zirconolite (EDS)

in titanite in double corona in matrix diopside in phlogopite phenocryst in matrix diopside in phlogopite phenocryst
SiO4 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.08 0.01 0.71 0.96 1.09 0.76 0.83 0.89 b.d. b.d. b.d. b.d.
TiO, 11.25 11.29 11.87 11.33 7.87 10.05 8.07 9.07 54.47 53.34 55.27 55.92 50.33 50.58 50.46 50.71 37.51 36.26 35.36 33.88
Al,03 0.27 0.32 0.06 0.05 0.30 0.27 0.65 0.33 b.d. b.d. b.d. b.d. 0.13 0.12 0.31 0.22 b.d. b.d. b.d. b.d.
FeOT 84.83 85.45 82.93 82.33 86.83 86.28 88.23 87.44 1.16 1.15 1.61 0.71 40.17 40.21 40.89 39.94 6.50 6.71 6.63 6.71
Cry03 0.12 0.15 0.25 0.20 0.30 0.25 0.31 0.29 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
MnO 0.63 0.71 0.62 0.52 0.54 0.59 0.60 0.53 b.d. b.d. b.d. b.d. 2.01 1.88 1.71 1.80 b.d. b.d. b.d. b.d.
MgO 1.67 1.29 3.32 3.38 0.68 0.56 1.16 0.65 b.d. b.d. b.d. b.d. 5.86 6.21 5.67 6.05 b.d. b.d. b.d. b.d.
CaO b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 38.46 38.80 37.32 37.66 0.17 0.23 0.14 0.40 13.29 12.01 12.02 11.56
NayO b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.52 0.29 0.50 0.51 b.d. b.d. b.d. b.d. 0.21 0.39 0.36 0.39
Laz03 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.23 0.20 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.02 0.42
Nb3Os b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.28 0.21 0.59 b.d. b.d. b.d. b.d. b.d. 4.39 4.25 4.49 4.89
Cez03 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.44 0.60 b.d. b.d. b.d. b.d. b.d. b.d. 2.09 2.10 1.85 2.20
U0, b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.05 0.01 0.16 b.d. b.d. b.d. b.d. 1.32 0.86 1.40 1.49
ThO, b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.05 0.06 0.24 0.03 b.d. b.d. b.d. b.d. 1.68 1.86 2.13 2.46
ZrOy b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 28.07 30.03 31.96 31.48
Total 98.76 99.19 99.05 97.81 96.52 97.99 99.03 98.31 95.69 94.71 96.25 95.94 99.76 99.99 100.01 100.01 95.06 94.47 96.22 95.48
formula based on: 3 cations and 4 oxygens 2 cations and 3 oxygens 2 cations and 4 oxygens 4 cations and 7 oxygens
Si - - - - - - - — 0.000 0.000 0.020 0.020 0.027 0.019 0.020 0.022 - - - -
TilV 0.306 0.307 0.319 0.308 0.220 0.278 0.220 0.250 0.980 0.970 0.980 0.980 0.928 0.932 0.931 0.932 1.734 1.694 1.639 1.598
Al 0.011 0.014 0.002 0.002 0.013 0.012 0.028 0.014 - - - — 0.004 0.003 0.009 0.006 — = — -
Fell 1.199 1.216 1.124 1.110 1.166 1.231 1.139 1.198 0.000 0.000 0.000 0.000 0.824 0.823 0.839 0.816 0.000 0.000 0.000 0.000
Fe'l 1.371 1.368 1.353 1.377 1.537 1.424 1.533 1.478 - - - - 0.000 0.000 0.000 0.000 0.334 0.348 0.341 0.352
Cr 0.003 0.004 0.007 0.006 0.009 0.007 0.008 0.008 - - - — 0.000 0.000 0.000 0.000 — = — -
Mn 0.019 0.021 0.019 0.016 0.017 0.018 0.018 0.016 - - — - 0.041 0.038 0.035 0.037 - - - -
Mg 0.090 0.069 0.177 0.182 0.038 0.031 0.063 0.036 - - - - 0.214 0.227 0.207 0.220 — - — -
Ca - - - - - - - - 0.990 1.010 0.950 0.950 0.004 0.006 0.004 0.010 0.875 0.799 0.793 0.777
Na — - - — — — - - 0.020 0.010 0.020 0.020 - — - — 0.025 0.047 0.043 0.047
La - - - - - - - — 0.000 0.000 0.000 0.000 — - - - - - 0.000 0.010
Nb - - - - - - - — 0.000 0.000 0.010 0.000 - - - — 0.122 0.119 0.125 0.139
Ce — — - — — — - - 0.000 0.100 - — - — - — 0.047 0.048 0.042 0.051
U - - - - - - - - 0.000 0.000 0.000 0.000 — - - - 0.018 0.012 0.019 0.021
Th — — - - - - - - 0.000 0.000 0.000 0.000 — - - - 0.024 0.026 0.030 0.035
Zr — — - — — — - - - - - — - — - — 0.842 0.910 0.961 0.963
Sum 3.001 3.000 3.000 3.000 3.000 3.001 3.008 3.000 1.990 2.090 1.980 1.970 2.043 2.048 2.045 2.043 4.021 4.004 3.994 3.992
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Table 3

Representative composition (wt%) of mica, titanite and nepheline from the olivine-phlogopite micro-ijolite, Oldoinyo Lengai, Tanzania.

Tjolite

mica (WDS)

titanite (WDS)

nepheline (WDS)

double corona

ijolite matrix

ijolite matrix

ijolite matrix

phlogopite in double corona  phlogopite phenocryst biotite rim subhedral anhedral
SiO, 38.11 41.39 39.34 37.74 37.87 3823 37.69 37.49 37.55 37.66 36.73 29.43 28.75 28.24 29.36 29.90 28.03 28.67 2855 40.59 40.70 40.61 40.73
TiO, 6.12 1.31 3.96 5.38 4.70 4.77 4.95 4.04 4.37 4.43 4.63 37.62 37.02 36.58 37.56 37.91 36.61 36.88 37.81 b.d. b.d. b.d. b.d.
Al,O3; 1452  9.08 11.85 1439 1435 1439 1453 1141 11.37 1094 1317 0.31 0.33 0.35 0.33 0.35 0.36 0.36 0.36 32.59 32.83 32.56 32.19
FeO” 7.27 8.41 7.35 7.53 8.04 6.53 8.32 18.80 1893 19.10 16.27 1.72 2.00 2.13 1.87 1.60 2.08 1.84 2.19 1.70 1.93 2.04 1.76
Cr,03  b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
MnO 0.06 0.12 0.09 0.07 0.06 0.05 0.02 0.38 0.37 0.32 0.32 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
MgO 20.50 24.25  22.63 20.33  20.08 20.49 19.87 13.96 13.81 13.31 14.38 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
SrO b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
CaO b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 27.52 27.48 27.07 27.67 27.47 27.50 27.64 27.35 0.09 0.09 0.10 0.09
Na,O 0.42 0.40 0.39 0.41 0.34 0.36 0.43 0.43 0.37 0.45 0.39 0.21 0.17 0.17 0.11 0.15 0.14 0.16 0.18 16.36 16.24 16.24 16.21
K30 9.48 9.82 9.71 9.63 9.70 9.62 9.67 9.08 9.24 9.12 9.28 b.d. b.d b.d. b.d. b.d. b.d. b.d. b.d. 6.13 6.52 6.37 6.34
BaO 0.14 0.05 0.36 0.14 0.20 0.14 0.22 0.19 0.20 0.22 0.07 b.d. b.d b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
F 0.95 1.49 1.16 0.96 0.92 0.98 0.89 0.62 0.62 0.67 0.58 b.d. b.d b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl 0.02 b.d. b.d. 0.02 0.01 0.01 0.02 0.02 b.d. 0.02 0.01 b.d. b.d b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Zr b.d b.d. b.d b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.35 0.08 0.15 0.47 0.40 0.10 0.12 0.50 b.d. b.d. b.d. b.d.
La b.d b.d. b.d b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.10 0.01 0.08 0.02 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Nb b.d b.d. b.d b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.27 0.14 0.37 0.29 0.13 0.14 0.20 0.19 b.d. b.d. b.d. b.d.
Ce b.d b.d. b.d b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d 0.01 0.22 b.d. 0.02 0.06 b.d. b.d. b.d. b.d. b.d. b.d.
U b.d b.d. b.d b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d b.d. 0.05 b.d. b.d. b.d. b.d. 0.01 b.d. b.d. b.d. b.d.
Th b.d b.d. b.d b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.01 0.02 b.d. 0.04 0.02 b.d. 0.01 b.d. b.d. b.d. b.d. b.d.
Total 97.60  96.32  96.85 96.60 96.27 9557 96.60 96.41 96.83 96.24 95.83 97.55 96.01 9542 97.71 97.95 95.00 9587 97.13 97.45 98.32 97.91 97.32
formula based on: 8 cations 11 oxygens 3 cations and 5 oxygens 12 cations and 16 oxygens
Si 2717  3.020 2.842 2726 2750 2773 2731 2.856 2.852 2.882 2780 1.013 0989 0972 1.010 1.029 0.964 0986 0.982  4.056 4.043 4.051 4.080
Ti 0.328 0.072  0.215 0.292 0.257 0.260 0.270 0.232 0.250 0.255 0.264 0.974 0.958 0.947 0972 0981 0948 0.955 0979 -— - - -
Al 1.220 0.781 1.009 1.225 1.228 1.230 1.241 1.025 1.018 0987 1175 0.013 0.013 0.014 0.013 0.014 0.015 0.014 0.014 3.838 3.844 3.828 3.802
Fe — — — - - — — — — — — 0.050 0.058 0.061 0.054 0.046 0.060 0.053 0.063 0.142 0.160 0.170 0.148
Fe'! 0.433  0.513  0.444 0.455 0.488 0396 0.504 1.198 1.202 1.222 1.030 — - - - - - — — - - - -
Felll _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
Mn 0.004  0.007  0.005 0.004 0.004 0.000 0.001 0.024 0.023 0.020 0.020 — - - - — — - - - — - -
Mg 2179  2.638  2.437 2189 2174 2216 2147 1.586 1.564 1518 1.622 — - - - — - — — - - - -
Ca - - - - - - - - - - - 1.015 1.013 0998 1.020 1.013 1.014 1.019 1.008  0.009 0.010 0.011 0.010
Na 0.058 0.057  0.055 0.057 0.048 0.051 0.060 0.064 0.054 0.067 0.057 0.014 0.012 0.011 0.007 0.010 0.009 0.011 0.012 3.169 3.127 3.141 3.148
K 0.862 0.914 0.895 0.888 0.899 0.890 0.894 0.883 0.895 0.890 0.896 — — — — — — — — 0.78 0.827 0.810 0.84
Ba 0.004  0.001 0.010 0.004 0.006 0.000 0.006 0.006 0.006 0.007 0.002 — - — — - - — — - - - -
Zr - - - - - - - - - - - 0.006  0.001 0.003 0.008 0.007 0.002 0.002 0.008 — - - -
La — — — - - — — - - — — 0.001 0.000 0.001 — - - - — - - - -
Nb — - - - - - - - - - - 0.004 0.002 0.006 0.004 0.002 0.002 0.003 0.003 — - - -
Ce - - - - - - - - - - - 0.000  0.000 0.003 0.000 0.000 0.001 0.000 0.000 — - - -
U — — — - - — — — — — — — — 0.000 — - - - 0.000 - - = -
Th — — — - - — — — — — — 0.000 0.000 — 0.000 0.000 - 0.000 - - - - -
Sum 7.805 8.003 7.913 7.841 7853 7816 7.856 7.873 7.865 7.849 7.846 3.089 3.047 3.016 3.090 3.102 3.014 3.043 3.070 11.996 12.011 12.011 12.031
mg# 83 84 85 83 82 85 81 57 57 55 61
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(Fig. 6A, C and E) and homogeneous in composition (Table 4), with
slightly higher FeOT contents (1.2-4.6 wt%) than those in the micro-
ijolite. Nepheline encloses acicular clinopyroxene mineral inclusions
(Fig. 6C). Garnet occurs as euhedral, reddish-brown-to-black pheno-
crysts (Fig. 6B and D). It is rich (all in wt%) in TiO, (10.8-17.1), CaO
(32.1-32.5), and FeO' (20.4-23.3) (Table 4). On the basis of the clas-
sification scheme of Grew et al. (2013) for garnets with TiO5 > 12 wt%,
the garnet is identified as a solid solution of Ti-rich andradite and
schorlomite. The garnet contains nepheline and clinopyroxene (Fig. 6D)
mineral inclusions. Wollastonite is homogeneous (Table 4) and occurs as
both euhedral and subhedral crystals without mineral inclusions
(Fig. 6A and E). The nephelinite also contains magnetite (Fig. 6F).

5. Discussion
5.1. Estimation of the formation conditions

The coexistence of titanite, perovskite, nepheline, and clinopyroxene
(Fig. 3) allowed us to estimate the formation conditions of the olivine-
phlogopite micro-ijolite groundmass, based on the stability of these
minerals as a function of SiO, activity and temperature (Carmichael
et al., 1970). Fig. 7 shows the reaction curves of perovskite-titanite and
nepheline-albite intersecting at 1040 °C. As albite is not present in our
sample, this temperature is considered to be the maximum crystalliza-
tion temperature for the olivine-phlogopite micro-ijolite groundmass
under plutonic conditions.
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Fig. 4. Petrographic images of mica phenocrysts in
the olivine-phlogopite micro-ijolite xenolith, Old-
oinyo Lengai, Tanzania. (A) phenocryst with phlogo-
pite core and biotite rim; (B) phlogopite hosting
apatite and perovskite inclusions; (C) diopside in-
clusions; (D) primary melt inclusion shown by black
arrow; (E) mica shows ductile deformation (purple
arrow); (F) biotite rim enclosing groundmass min-
erals. Abbreviations (Whitney and Evans, 2010): Phl —
phlogopite, Ap — apatite, Nph — nepheline, Prv —
perovskite, Anl — analcime, Cpx — clinopyroxene.

5.1.1. Clinopyroxene crystallization conditions

To determine the formation temperature of the groundmass, we used
the clinopyroxene thermometer of Putirka (1996, 2008), which is based
on pyroxene-silicate melt equilibrium. Due to the lack of melt phase data
in this study, we paired the compositions of our diopside and
aegirine-augite zones (Fig. 3 and Tables 1 and 5) with published melt
composition data from similar systems (Berkesi et al., 2020; Guzmics
et al., 2012, Table 5). The applied silicate melt compositions are from
melt inclusions (Kerimasi and Oldoinyo Lengai) hosted in: (1) perovskite
coexisting with diopside (Guzmics et al.,, 2012) (see as melt-1 in
Table 5); and (2) nepheline in co-precipitation with aegirine-augite
(Berkesi et al., 2020) (see as melt-2 in Table 5). Our calculations for
diopside—melt-1 and aegirine-augite—melt-2 pairs suggest equilibrium
temperatures of 970-1070 °C and 830-960 °C, respectively (Table 5).
The data calculated for diopside is consistent with homogenization
temperatures observed in diopside-bearing rocks (~1050 °C, Guzmics
et al., 2012). Temperature data for aegirine-augite appear to be over-
estimated when compared to homogenization temperatures in aegir-
ine-augite-bearing rocks (750-850 °C, Berkesi et al., 2020; Guzmics
et al., 2019), even if we consider the precision of the thermometer (+27
°C). Fig. 3C shows that only the diopside zones contain perovskite in-
clusions. This is consistent with the data of Fig. 7, showing that at
constant SiO5 activity perovskite becomes stable with increasing tem-
perature rather than titanite. Accordingly, aegirine-augite, formed at
lower temperature than diopside, coexists with titanite (Fig. 3D).



N. Haldsz et al.

5.1.2. Titanite crystallization conditions

To test independently the crystallization temperatures of aegirine-
augite-titanite, the Zr-in-titanite thermometer of Hayden et al. (2007)
was used. To apply this approach, the crystallization pressure and SiOy
and TiO, activities of the system must also be estimated using the Zr
content of the titanite. On the basis of the logaSiO, temperature diagram
of Carmichael et al. (1970) (Fig. 7) and considering that aegirine-augite
crystals usually contain titanite inclusions, aSiO, can be estimated to be
~0.05 during their co-precipitation. In the absence of rutile in the
paragenesis, aTiO2 = 0.5 was chosen, as suggested by Hayden et al.
(2007), with 0.4-0.6 GPa pressure, and as a result 700780 °C could be
calculated as crystallization temperatures for titanite. The thermometer
gives the most accurate values between 600 and 1000 °C, with +20 °C,
so the results of this thermometer could be trusted. Moreover, in their
original article; Hayden et al. (2007) used titanites with Zr-contetnt of
577-5459 ppm whereas our titanites have Zr-content of 760-4990 ppm,
further supporting the veracity of the geothermometer.

The result of 700-780 °C is consistent with the homogenization
temperatures of melt inclusions (750-850 °C) from aegirine-augite and
titanite-bearing rocks (Berkesi et al., 2020; Guzmics et al., 2019) rather
than with our calculated data from aegirine-augite melt thermometry.
For this reason, we have used the homogenization temperature data for
clinopyroxene in our evolutionary model below.

5.1.3. Mica crystallization and re-equilibration conditions
For the mica occurring in the olivine-phlogopite micro-ijolite, the Ti-
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Fig. 5. Petrographic images (A-E) and back-scattered
electron images (E-F): (A) olivine surrounded by a
double corona and groundmass; (B) olivine sur-
rounded by the double corona, the contact of olivine
and clinopyroxene shown with the red line; (C) dou-
ble corona lacking olivine and with dark green cli-
nopyroxene; (D) primary melt inclusions in
clinopyroxene indicated with arrows; (E) symplectic
microtexture in the double corona in plane polarized
light and in a back-scattered electron image; (F)
symplectic microtexture in the double coronas. Ab-
breviations (Whitney and Evans, 2010): Cpx - clino-
pyroxene, Phl - phlogopite, Ol - olivine, Ilm -
ilmenite, Zir — zirconolite, Di — diopside, Ttn —
titanite.

in-mica geothermometer of Henry et al. (2005) was used. This ther-
mometer was originally calibrated for metapelites but has also been
successfully used for magmatic systems and for determining
magmatic-hydrothermal temperatures in porphyry copper systems
(Babazadeh et al., 2019; Rezaei and Zarasvandi, 2019). The accuracy of
the thermometer is +12-24 °C. This precision might be less case when it
is not used for ilmenite- and rutile-bearing peraluminous metapelites.
The method is based on the observation that the incorporation of Ti into
mica is a temperature-dependent process. The presence of Ti-bearing
minerals (perovskite, titanite and magnetite, Fig. 3) coexisting with
the mica is important because without these the calculated temperature
would only be a minimum temperature. Using the Ti-in-mica geo-
thermometer for the phlogopite cores of phenocrysts (Fig. 4), a tem-
perature range of between 700 and 800 °C (later referred to as ~750 °C)
was calculated (Fig. 8). However, experimentally determined phase
equilibria in SiOp-undersaturated mafic systems show higher formation
temperatures (>900 °C) for phlogopites (Speer, 1984, Veksler et al.,
1998a; b). Therefore, our phlogopite phenocryst data (Fig. 8) suggest
post-magmatic re-equilibration at lower temperatures. The initial Ti
content of the phlogopite phenocrysts might have been altered by Ti
exchange with the surrounding Ti-bearing minerals (Fig. 3E and F, and
4B) as temperature decreased. The biotite rim around the phlogopite
(Fig. 4A, E and F) gives lower equilibrium temperatures of 600-700 °C
(later referred to as ~650 °C) (Fig. 8) than the phlogopite phenocrysts.
Similar results could be calculated using the published data from
phlogopite and biotite (Dawson et al., 1995; Sekisova et al., 2015) from
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Fig. 6. Petrographic images of nephelinite, Oldoinyo
Lengai, Tanzania. (A) phenocrysts of nepheline, cli-
nopyroxene, wollastonite, garnet. Vesicles are
marked with red arrow; (B) clinopyroxene and garnet
phenocrysts; (C) clinopyroxene inclusion in nephe-
line; (D) clinopyroxene inclusion in garnet; (E) phe-
nocrysts of nepheline, clinopyroxene and
wollastonite; (F) magnetite, clinopyroxene and
nepheline microphenocrysts in the glassy ground-
mass. Abbreviations (Whitney and Evans, 2010): Cpx
— clinopyroxene, Grt — garnet, Nph — nepheline, Mag —
magnetite, Wo — wollastonite.

Oldoinyo Lengai olivine-phlogopite micro-ijolites, which also contain
titanite, perovskite, and magnetite (Fig. 8). We suggest that the micas
are primary magmatic minerals formed above 900 °C based on literature
(Speer, 1984, Veksler et al., 1998a; b), however, with the thermometer
we could find two post-magmatic re-equilibration temperatures: one for
phlogopite phenocrysts (~750 °C) and one for the biotite rim (~650 °C).
In contrast to the phlogopite phenocrysts, the geothermometer for the
phlogopite of the double corona gives an unrealistically wide tempera-
ture range of 500-800 °C (Fig. 8). This is possible, as chemical equi-
librium with the surrounding Ti-bearing minerals (e.g., titanite,
perovskite and magnetite) was not attained. A similarly wide tempera-
ture range could be calculated for the compositions of corona phlogo-
pites reported by Dawson et al. (1995) from Oldoinyo Lengai (Fig. 8).

5.1.3.1. Depth calculation. Using an equilibrium temperature of 750 °C
(phlogopite phenocryst) and assuming a geothermal gradient of
~40-65 °C/km (Nyblade, 1997), we estimated a depth of 10-20 km for
the above-determined re-equilibration of phlogopite phenocrysts.

5.2. Evolution of olivine-phlogopite micro-ijolites

The evolution of the olivine-phlogopite micro-ijolites proposed here
is based on our data and that of Dawson and Smith (1992), Dawson et al.
(1995) and Sekisova et al. (2015). Fig. 9 shows theoretical evolutionary
steps, including the proposed existence of three magma chambers (M.C.
1, 2, 2/2) (Fig. 9A), involved in the formation of the olivine-phlogopite
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micro-ijolites.

5.2.1. Formation of olivine in magma chamber 1 (M.C. 1)

Fig. 10 shows that olivines from Oldoinyo Lengai olivine-phlogopite
micro-jjolites (this study; Dawson and Smith, 1992a; Dawson et al.,
1995; Sekisova et al., 2015) have lower Mg# (79-84) and higher Ca
(1280-2500 ppm) than olivines derived from lithospheric mantle
sources (Mg# > 90 and Ca < 1000 ppm). The difference in Mg# and
Ca-content is also significant when comparing the composition of
kimberlite-, and ijolite-hosted olivines (McDonough and Rudnick, 1998;
Simkin and Smith, 1970). Even though olivines in kimberlites have
lower Mg# and higher Ca than lithospheric mantle olivines (Giuliani,
2018; Nowicki et al., 2008; Scott Smith et al., 2013), in this study olivine
have higher Ca-contents than those typical of kimberlites.

In contrast to the widely accepted model of a mantle origin for the
olivines in micro-ijolites (Dawson and Smith, 1988, 1992a; Dawson
et al., 1995; Sekisova et al., 2015), we support the idea that olivine is an
early magmatic liquidus phase from a silicate melt of metasomatized
mantle origin (Keller et al., 2006; Giuliani, 2018; Baudouin and Parat,
2020). The silicate melt that formed olivine could have been a carbon-
ated olivine-nephelinite melt formed by partial melting of a CO,-bearing
and metasomatized mantle at < 3 GPa (Brey, 1978; Green et al., 1987;
Green, 2015). Olivine nephelinite has also been proposed as parent melt
of the Oldoinyo Lengai suite (Peterson and Kjarsgaard, 1995; Dawson,
1998; Keller et al., 2006; Klaudius and Keller, 2006). Therefore, the
olivine should be considered as antecrysts which crystallized and grew
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Table 4

Representative composition (wt%) of nepheline, clinopyroxene, garnet, wollastonite and glass from the nephelinite, Oldoinyo Lengai, Tanzania.

Nephelinite

groundmass phases (WDS)

nepheline glass clinopyroxene garnet wollastonite
aegirine-augite schorlomite-melanite solid solution

SiOy 40.47 40.22 41.11 40.82 46.98 46.32 48.77 48.96 51.05 51.29 51.47 49.85 29.32 28.82 29.35 27.82 51.35 50.73 51.01 52.02
TiO, b.d b.d. b.d b.d. 3.01 2.99 0.92 0.79 0.31 0.40 0.72 0.51 12.24 13.75 16.59 14.61 0.07 0.06 0.05 0.23
Al,03 32.36 32.64 32.81 32.00 3.47 3.03 4.50 5.76 0.60 0.64 1.00 0.98 0.73 0.92 1.35 0.75 0.12 0.07 0.12 0.08
FeOT 1.42 1.23 1.41 2.10 19.06 20.19 4.54 5.18 19.09 16.11 8.17 20.57 23.27 21.92 19.72 21.70 0.98 1.10 1.03 0.76
Cry03 b.d b.d. b.d b.d. b.d. b.d. b.d. b.d. b.d. 0.000 0.03 0.02 b.d. b.d. b.d. 0.01 b.d. b.d. b.d. b.d.
MnO b.d b.d. b.d b.d. 0.70 0.74 0.63 0.62 0.45 0.24 0.12 0.34 0.20 0.21 0.40 0.15 0.16 0.46 0.40 0.40
MgO b.d b.d. b.d b.d. 1.08 0.82 0.71 0.82 6.48 8.52 13.65 5.86 0.50 0.55 1.12 0.75 0.18 0.19 0.24 0.02
SrO b.d b.d. b.d b.d. 0.67 0.65 0.29 0.37 b.d. 0.04 0.03 0.04 0.04 0.01 0.08 0.03 0.24 0.09 0.29 0.01
CaO b.d b.d. b.d b.d. 3.60 1.70 16.53 14.83 18.17 20.81 24.09 18.76 32.39 32.37 30.99 32.16 45.68 45.36 45.02 46.08
NayO 16.06 15.61 15.83 16.15 7.93 10.33 18.49 17.56 3.14 2.03 0.75 2.84 0.24 0.42 0.41 0.27 0.22 0.24 0.15 0.33
K,0 6.47 6.80 6.86 6.32 7.05 7.04 1.89 2.42 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
BaO b.d b.d. b.d b.d. 0.73 0.65 0.11 0.04 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
SO3 b.d b.d. b.d b.d. 2.73 3.34 0.15 0.06 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
P,0s b.d b.d. b.d b.d. 0.50 0.35 0.61 0.82 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.

F b.d b.d. b.d b.d. 1.15 0.91 0.13 0.14 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
cl b.d b.d. b.d b.d. 0.94 0.87 0.06 0.03 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Total 96.79 96.49 98.02 97.39 99.60 99.90 98.35 98.38 99.29 100.08 100.01 99.77 98.93 98.95 100.01 98.23 99.00 98.29 98.30 99.93

formula based on: 12 cations and 16 oxygens 4 cations and 6 oxygens 8 cations and 12 oxygens 2 cations and 3 oxygens

Si 4.070 4.055 4.082 4.090 - - - - 1.972 1.954 1.911 1.931 2.470 2.365 2.450 2.365 1.003 1.000 1.004 1.005
Ti = — = — — — - — 0.009 0.011 0.020 0.015 0.775 0.934 1.040 0.934 0.001 0.001 0.001 0.003
Al 3.837 3.879 3.840 3.780 - - - - — - - - 0.073 0.075 0.130 0.075 0.003 0.002 0.003 0.002
AlY - — - — — - - - 0.019 0.029 0.044 0.045 - - - - - - - -
AV - - - - - - - - 0.008  — - - - - - - - - - -

Fe 0.119 0.104 0.117 0.176 - - - - — - - - - - - - 0.016 0.018 0.017 0.012
Fell - - - - - - - - 0.370 0.324 0.107 0.389 0.163 0.174 0.420 0.174 - - - -
Fe' - - - - - - - - 0.247  0.189 0.147 0277 1477  1.370  0.960 1.370 — - - -

Cr - — - — — — - — - 0.000 0.001 0.001 — - — 0.001 - — - -

Mn - - - - - - - - 0.014 0.008 0.004 0.011 0.014 0.010 0.030 0.010 0.003 0.008 0.007 0.007
Mg - - - - - - - - 0.373 0.484 0.755 0.338 0.063 0.094 0.140 0.094 0.005 0.005 0.007 0.001
Sr - — - — — — - — - 0.001 0.001 0.001 0.002 0.001 0.000 0.001 0.003 0.001 0.003 0.000
Ca - - - - - - - - 0.752 0.849 0.958 0.779 2.924 2.930 2.770 2.930 0.956 0.958 0.950 0.954
Na 3.132 3.052 3.049 3.138 - - - - 0.235 0.150 0.054 0.214 0.040 0.045 0.070 0.045 0.008 0.009 0.006 0.012
K 0.831 0.875 0.869 0.808 — — - — - - — - — - — — - — - —
Sum 11.989 11.964 11.957 11.991 — — - — 4.000 4.000 4.001 4.000 8.000 8.000 8.010 8.000 1.998 2.002 1.997 1.997
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Fig. 7. Log aSiOy-temperature diagram (modified from Carmichael et al.,
1970), showing mineral reactions. The thick red line shows the
perovskite-titanite reaction curve until 1040 °C, where it intersects with that of
nepheline-albite. Because of the coexistence of nepheline-perovskite-titanite in
the olivine-phlogopite micro-ijolite groundmass, 1040 °C can be considered its
maximum formation temperature and the red line designates a possible crys-
tallization path. Based on the textural evidence, homogenization temperatures
of melt inclusions in similar systems, and thermometry, we could identify two
regions for the groundmass crystallization: a diopside paragenesis (light green
line between 970 and 1070 °C) and an aegirine-augite paragenesis with titanite
(dark green circle between 700 and 850 °C). The thick grey line in the
aegirine-augite paragenesis indicates the suggested titanite crystallization path,
while the thick dark green line is for the aegirine-augite crystallization. Crys-
tallization of the olivine-phlogopite micro-ijolite took place along the blue
arrow. The green area is characteristic for nephelinites, blue for alkali olivine
basalts, pink for tholeiites, light brown for quartz-bearing rocks. Abbreviations
(Whitney and Evans, 2010): Wo — wollastonite, Fo — forsterite, Di — diopside, Gh
— gehlenite, Ts — tschermak component in diopside, Prv — perovskite, Ttn —
titanite, Or — orthoclase, Lct — leucite, Nph — nepheline, Ab — albite, Qz - quartz.

in the ascending nephelinite in a magma chamber (M.C. 1, Fig. 9) at
crustal depths.

5.2.2. Formation of phlogopite phenocrysts (M.C. 2)

Previous interpretations of the origin of the phlogopites are contro-
versial. One model suggests derivation from phlogopite-bearing veins
(Wolbern et al., 2012), whereas others consider the phlogopite as dis-
aggregated metasomatized mantle xenocryst/xenolith clasts (Clement,
1982; Dawson and Smith, 1992a,b; Kargin et al., 2019), or of primary
magmatic origin (Baudouin and Parat, 2020). As the phlogopite phe-
nocrysts contain primary melt inclusions and mineral inclusions of early
liquidus minerals (perovskite, diopside and apatite, Fig. 4B-D), they
probably crystallized from nephelinite magma in the initial phase of the
olivine-phlogopite micro-ijolite formation. This hypothesis is supported
by the similar compositions of perovskites that occur in both phlogopite
phenocrysts (Fig. 4B, Table 2) and diopside zones in the micro-ijolite
groundmass (Fig. 3C, Table 2). Numerous phlogopite phenocrysts
have been co-precipitated with diopside (Fig. 4C), and the composition
of these clinopyroxenes is the same as those of the diopside zones
(Table 1). The above observations suggest that the phlogopite pheno-
crysts have a magmatic origin and that they crystallized and accumu-
lated in M.C. 2 (Fig. 9C).

5.2.3. Olivine dissolution and formation of clinopyroxene-rich inner corona
(M.C. 2)

According to our model, olivine was transferred from M.C. 1 to M.C.
2, where it was not stable, leading to its partial dissolution (shown as a
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corroded rim, Fig. 5B and C and 9D). Another possibility is that olivine
had already crystallized in M.C. 2 and remained in place and subse-
quently began to dissolve partially due to an injection of nephelinite that
was not in equilibrium with olivine. Dissolution features of olivine have
been observed by Dawson et al. (1995) and Sekisova et al. (2015). Such
olivines are usually surrounded by a clinopyroxene corona. Although a
general approach for the formation of the clinopyroxene corona is as a
reaction product between an olivine xenocryst and a nephelinitic
magma (Dawson et al., 1995; Sekisova et al., 2015), our data do not fully
support this explanation. The clinopyroxenes in the corona host
randomly distributed primary melt inclusions (Fig. 5D) and they have a
similar composition to the clinopyroxenes in the groundmass
(Fig. 3A-C) (Table 1), clearly indicating their magmatic origin.
Furthermore, olivine is known to be a potential nucleus for pyroxene in
mafic melt systems. Therefore, we hypothesize that after partial disso-
lution of olivine antecrysts in M.C. 2, clinopyroxene with diopside
composition began to crystallize on its surface (Fig. 9E).

5.2.4. Formation of phlogopite-rich outer corona (M.C. 2)

Dawson and Smith (1992b) considered that corona phlogopite in the
olivine-phlogopite micro-ijolites might have originated from
olivine-phlogopite pyroxenite in a manner similar to that of the phlog-
opite phenocrysts. These authors suggested that they are xenoliths of
metasomatized peridotite from the upper mantle. The presence of melt
inclusions and similar mineral inclusions (perovskite, diopside, and
magnetite) in the corona phlogopites and in the ijolite groundmass does
not support a mantle origin. Rather, in accordance with the results from
Gardiner and Kovdor ultramafic-alkaline complexes (Nielsen et al.,
1997; Veksler et al., 1998), we propose that corona phlogopites are an
early and primary magmatic product associated with phlogopite phe-
nocrysts. In our model (Fig. 9F), we suggest that the phlogopite corona
on the olivine with clinopyroxene cumulate was formed due to accu-
mulation resulting from magma dynamics and movement. There is ev-
idence for magma movement shown by the orientation of the phlogopite
phenocrysts and groundmass minerals (explained in the chapter of 4.1.
And visible in Fig. 2A). We believe that magma dynamics allowed the
olivine + clinopyroxene cumulate to rotate and collect crystals of
phlogopite cumulates already present in M.C. 2 (Fig. 9F).

5.2.5. Formation of the ijolite groundmass (M.C. 2)

On the basis of the petrography (Fig. 3) and thermometric calcula-
tions for clinopyroxene formation (Fig. 7), two different periods are
proposed for the crystallization of the groundmass. At higher tempera-
tures (970-1070 °C), we assume the formation of diopside and nephe-
line with subordinate magnetite and perovskite, which we hereafter
refer to as the diopside paragenesis (Figs. 7 and 9G). When the tem-
perature decreased to 750-850 °C, the precipitation of diopside and
perovskite might be replaced by aegirine-augite and titanite, which is
referred to here as the aegirine-augite paragenesis (Figs. 7 and 9G).

To explain the alternate zonation of diopside and aegirine-augite
(Fig. 3A and B), we propose injections of hot magmas from either M.
C. 1 or another magmachamber (M.C. 2/2) filled with magma of similar
composition to M.C. 2 (Fig. 9G and H), which crystallize the diopside
paragenesis (970-1070 °C, Fig. 7), followed by cooling periods during
which the aegirine-augite paragenesis (700-850 °C, Fig. 7) formed. Our
hypothesis is supported by the presence of anhedral titanite in the
groundmass (Figs. 4F and 9H). These anhedral crystals might represent
resorbed titanites due to an injection of hot magma. The observed
ductile deformation of the phlogopite phenocrysts (Fig. 4E), might refer
to a similar hot magma injection. Our model fits well with the widely
accepted model of an open plumbing system at Oldoinyo Lengai, where
injection of magmas with different compositions and temperatures into
a magma chamber is a common phenomenon (Dawson et al., 1995; de
Moor et al., 2013; Berkesi et al., 2020; Reiss et al., 2021).
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Representative composition (wt%) of melt—diopside and melt—aegirine-augite pairs. Melt—clinopyroxene equilibrium temperature ranges were calculated based on
the method of Putirka (1996, 2008). Melts data are from are from Guzmics et al. (2012) and Berkesi et al. (2020).

Guzmics et al. This study

(2012)

Melt-1 Diopside zone 1 Diopside zone 2 Diopside zone 3 Diopside zone 4 Diopside zone 5
SiO, 40.33 49.99 51.12 51.06 51.21 51.74
TiO, 3.19 1.67 1.60 1.17 1.45 1.01
Al,O3 14.32 1.62 1.63 1.25 1.22 0.83
FeO' 7.55 7.47 5.01 4.82 4.89 4.09
MnO 0.34 0.12 0.06 0.06 0.09 0.04
MgO 6.72 13.72 15.38 15.28 15.55 16.03
CaO 12.65 23.95 24.44 24.62 24.87 24.88
NazO 3.44 0.75 0.62 0.47 0.43 0.42
K20 3.14 0.00 0.00 0.00 0.00 0.00
P,0s 2.14 0.00 0.06 0.01 0.07 0.01
Calculated temperature 1071 1016 981 1014 973

(9]

Minimum °C ~970
Maximum °C ~1070

Berkesi et al. (2020) This study

Melt-2

Aegirine-augite zone
1

Aegirine-augite zone
2

Aegirine-augite zone
3

Aegirine-augite zone
4

Aegirine-augite zone
5

Si0y 40.41 50.50 50.22 51.24 51.34 50.73
TiO, 0.78 1.42 0.41 0.60 0.66 0.79
Al,05 5.00 1.83 1.05 0.71 0.79 0.86
FeO* 7.19 5.71 19.33 12.80 16.63 17.87
MnO 0.23 0.02 0.30 0.21 0.18 0.21
MgO 0.47 14.66 6.39 10.57 8.43 7.36
CaO 3.13 24.43 19.04 20.58 17.60 16.78
NayO 13.45 0.62 2.90 2.18 3.56 4.03
K20 5.12 0.00 0.00 0.00 0.00 0.00
P,0s 0.13 0.00 0.02 0.07 0.04 0.14
Calculated temperature 831 941 896 951 955
(9]
Minimum °C ~830
Maximum °C ~960
however, the biotite rim did not crystallize (Dawson and Smith, 1992a,
0.6 - s o
& P=4-6kbar | A phlogopite phenocryst b), suggesting that ijolite crystallization may be completed at lower
s N (this stucy) temperatures than that of pyroxenites.
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Fig. 8. Ti (a.p.f.u.) — Mg# diagram for phlogopites modified after Henry et al.
(2005), showing also equilibrium temperatures calculated for phlogopite and
biotite in the olivine-phlogopite micro-ijolites. We consider our data to be
subsolidus rather than magmatic temperatures. For details, see the text. a. p.f.u
— atom per formula unit, Mg#—MgO/(MgO + FeO), molar.

5.2.6. Formation of biotite rim, re-equilibration of micas and olivine
breakdown (M.C. 2)

In the later stages of olivine-phlogopite micro-ijolite evolution, an
Fe-rich and evolved melt formed, crystallizing the biotite rim around
phlogopite phenocrysts that enclosed adjacent groundmass minerals
(Figs. 4 and 9I). The phlogopite-biotite core-rim relationships appear to
be a characteristic feature of Oldoinyo Lengai olivine-phlogopite micro-
ijolites (Dawson et al., 1995; Sekisova et al., 2015). In pyroxenites,
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(Passchier and Trouw, 2005). Such a rapid temperature drop supports
the extensive nucleation of the new mineral phases, since the nucleation
rate is an exponential function of AT/At (cooling rate). Nevertheless,
crystal growth rate and AT define a linear function leading to a very
fine-grained microtexture. As titanite and olivine cannot be in equilib-
rium (Xirouchakis and Lindsley, 1998), they reacted to form symplectic
microtextures of ilmenite and diopside (Fig. 9J), as shown in the
following reaction:

FeMgSiOy (olivine) 4+ CaTiSiOs (titanite) - FeTiO;3 (ilmenite) + CaMgSiyOg
(diopside)

In the symplectite, zirconolite is a minor reaction product in addition
to the major constituents, ilmenite and diopside (Fig. 5E and F). This
mineral possibly acquired Zr released by the consumption of titanite
(Tables 2 and 3). Titanite is in excess over olivine in the olivine-
phlogopite micro-ijolites. Therefore, the presence of olivine (Fig. 5A)
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Fig. 9. Schematic flow chart showing the proposed evolution of the olivine-bearing ijolite from Oldoinyo Lengai. (A) Proposed magma chambers (MC); (B) MC-1
olivine crystallizes; (C) MC-2 phlogopite crystallizes and accumulates; (D) olivine-bearing magma transfers to MC-2, resulting in the formation of the corroded
rim of olivine; (E) clinopyroxene crystallizes on corroded olivine; inner corona forms; (F) on the bottom of the magma chamber movements of olivine + clino-
pyroxene grains collect phlogopite crystal-cumulates; outer corona forms; (G) and (H) diopside and aegirine-augite crystallize alternately due to repeated magma
impulses; groundmass minerals start to form; (I) biotite overgrows on phlogopite; olivine-phlogopite micro-ijolite forms; (J) formation of symplectites; (K) frag-
mentation of ijolite due to a contact with an evolved nephelinite melt, nephelinite starts to crystallize, clinopyroxene rim forms by the reaction between olivine-
phlogopite micro-ijolite xenolith and nephelinite melt; (L) ijolite xenoliths are carried to the surface, during eruption glass and vesicles form. Abbreviations
(Whitney and Evans, 2010): Ol — olivine, Phl - phlogopite, Cpx — clinopyroxene, Ttn — titanite, Mag — magnetite, Prv — perovskite, Nph — nepheline, Anl — analcime, Bt
- biotite, Ilm — ilmenite, Di — diopside, Zir — zirconolite.

can be explained with double corona that mantled and protected oliv- Sharygin et al., 2012) and is considered representative of an evolved
ines from symplectite-forming reactions. Larger olivine crystals (4 mm) low-temperature magma (750-850 °C, Berkesi et al., 2020), sometimes
with broad (2 mm) double corona (Fig. S5A and B) possibly had better enriched in volatiles. The absence of hydrous minerals in the nephelinite
opportunity to survive symplectitic alteration than smaller olivines supports previous ideas of the predominance of CO; over Ho0 in Old-
mantled with a narrow double corona. This is supported by the existence oinyo Lengai evolved magmas (Dawson et al., 1995; Koepenick et al.,
of small («1 mm) double coronas (Fig. 5C) with ilmenite + diopside and 1996; Dawson, 2008; Berkesi et al., 2020). Wollastonite phenocrysts in
without olivine in their core. nephelinite rocks from Oldoinyo Lengai usually are in places resorbed
and have a combeite (NayCasSi3Og) reaction rim. This textural feature is
5.2.7. Nephelinite melt reaction with the ijolite (M.C. 2), eruption thought to develop due to a wollastonite-natrocarbonatite reaction with
The radially oriented clinopyroxene needles (Fig. 2C) between the wollastonite resorption followed by combeite formation (Dawson, 1998,
olivine-phlogopite micro-ijolite xenolith and the nephelinite (Fig. 9K) 2008; Sharygin et al., 2012). However, our fresh and uncorroded
suggest formation due to a contact metamorphic reaction. Such a reac- wollastonite (Fig. 6A and E) indicates this reaction did not occur in this
tion rim generally reflects rapid crystallization with heterogeneous sample. The olivine-phlogopite micro-ijolite xenoliths were transported
nucleation (Vernon, 2004) as the hot nephelinite interacted with the to the surface by the nephelinite (Fig. 9L). The presence of glass in
olivine-phlogopite micro-ijolite. nephelinite suggests rapid quenching, whereas the vesicles suggest
The presence of wollastonite, aegirine-augite, Ti-andradite — schor- volatile exsolution (Fig. 6A-D).
lomite, Fe-bearing nepheline, Fe-rich and strongly peralkaline glass
(Table 4, Fig. 6) and the absence of diopside and perovskite suggest an 6. Conclusions
evolved, peralkaline and Fe-rich nature of the nephelinite host. This type
of magma was commonly formed at Oldoinyo Lengai (Mitchell, 2009; Oldoinyo Lengai olivine-phlogopite micro-ijolites are
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Fig. 10. Compositional differences of olivines formed in various geological
environments shown on the Ca (ppm) - Fo (forsterite, mol%) diagram modified
after Li et al. (2011). The ijolite-hosted olivines from Oldoinyo Lengai have a
notably different composition than those from lithospheric mantle and kim-
berlites (Giuliani, 2018; Nowicki et al., 2008; Scott Smith et al., 2013), sug-
gesting that these olivines precipitated from a mafic alkaline silicate melt rather
than representing mantle fragments.

heterogeneous, complex rocks, containing a mixture of minerals crys-
tallized at different stages during the evolution of an olivine-nephelinite
parent magma. The olivines have low Mg# of 79-83 and 0.1-0.3 wt%
CaO-content. Therefore, they are considered as the initial crystallization
products and do not represent mantle fragments. Subsequent to its for-
mation olivine is thought to have been transported to another magma
chamber, resulting in its partial dissolution and the formation of a
resorbed rim. This was followed by the crystallization of diopside during
which the resorbed surface acted as the nucleus. Olivines, having
diopside-coronas, possibly sank into phlogopite-rich crystal cumulate to
form the typical double-corona texture. Subsequently, the groundmass
characterized by diopside and perovskite (diopside paragenesis) was
formed. Upon cooling of the magma, the diopside paragenesis was
replaced by the aegirine-augite paragenesis crystallizing dominantly
aegirine-augite and titanite. The coexistence of perovskite, titanite and
nepheline in the groundmass permitted estimation of a maximum
1070-1040 °C temperature for its crystallization. Applying thermome-
ters and homogenization temperature data, we independently estimated
the formation temperatures for the diopside- and aegirine-augite para-
genesis to be 970-1070 °C and 700-850 °C, respectively. The alternate
zoning pattern of diopside and aegirine-augite in the groundmass cli-
nopyroxene indicates an open plumbing system with several magma
impulses during the formation of olivine-phlogopite micro-ijolite. We
determined that the primary magmatic texture and mineral content of
the olivine-phlogopite micro-ijolite changed, where olivine and titanite
reacted to form a symplectite of ilmenite and diopside. Phlogopite
phenocrysts show subsolidus re-equilibration with the coexisting
perovskite, titanite, magnetite and zirconolite at ~750 °C and ~10-20
km depth.

We suggest that all rock-forming minerals in the olivine-phlogopite
micro-ijolite have a magmatic origin and their formation was
controlled by the state of the magma evolution coupled with magma
mixing. With this statement we contradict and/or refute several earlier
suggested genetic hypotheses. Our investigation might shed light on the
importance of studying ilmenite + diopside symplectites, as these might
infer the former presence of olivine in the parent magma of alkaline
rocks, this mineral having possibility to be preserved during the evolu-
tion of magmas to higher SiO activities in alkaline systems.
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