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Abstract

Carbonatites, carbon-rich magmatic rocks, are thought to form by low-degree partial melting of a relatively carbon-poor mantle followed
by protracted differentiation and immiscibility. However, the nature of parental magmas and the characteristics of the early stages of
differentiation that shape the subsequent crystal and liquid lines of descent remain poorly constrained. To provide new constraints,
deep crustal cumulative xenoliths from Oldoinyo Lengai (East African Rift), the only active volcano erupting carbonatite magmas, were
studied. We use major and volatile elements in primitive olivine-hosted melt inclusions, as well as major and trace elements in crystals,
to reconstruct the conditions of formation and evolution of cumulates (pressure, temperature, composition). Xenoliths are composed
of olivine, diopside, phlogopite, amphibole and accessory minerals. One remarkable feature is the presence of diopside and phlogopite
oikocrysts enclosing roundish olivine chadacrysts. Melt inclusions do not have vapor bubble and have major element compositions
resembling olivine nephelinite (7–10 wt % MgO after corrections for post-entrapment crystallization). The absence of vapor bubbles
implies that the concentrations of volatile components (i.e. CO2, H2O, S) were not compromised by well-known post-entrapment volatile
loss into the vapor bubble. Based on the melt inclusion study by SIMS, the volatile concentrations in olivine nephelinite magmas (early
stage of differentiation) at Oldoinyo Lengai were 20–130 ppm S, 390–4500 ppm F, 50–540 ppm Cl, up to 6074 ppm CO2 and up to 1.5 wt
% H2O. According to the calculated CO2-H2O saturation pressures and geophysical data, xenoliths from Embalulu Oltatwa document
a mushy reservoir in the lower crust. Primitive olivine nephelinite melt inclusions have higher H2O contents than olivine nephelinite
lavas from other further South volcanoes from the North Tanzanian Divergence (0.2–0.5 wt % H2O), suggesting that the lithospheric
mantle source beneath the Oldoinyo Lengai is more hydrated than the mantle beneath the rest of North Tanzanian Divergence. We
present a model in which resorption features observed in olivine chadacrysts, together with the LREE enrichments in olivine grains, are
the consequences of reactive porous flows in a deep crustal mushy reservoir. We provide constraints on the major, trace and volatile
element composition of the parental magmas of carbonatite series and demonstrate with Rhyolite-MELTS models that phonolites and
related natrocarbonatites from Oldoinyo Lengai can be produced by protracted differentiation of olivine nephelinite melts.

INTRODUCTION
Although relatively rare, carbonatite magmas have been recorded
throughout Earth’s History (Woolley & Kjarsgaard, 2008) in associ-
ation with alkali-rich silicate magmas. Carbonatite magmas and
associated alkaline-rich silicate magmas represent nowadays the
main Rare Earth Elements deposits on Earth (e.g. Verplanck et al.,
2014), and deciphering their genesis and evolution remains a chal-
lenge in igneous petrology. The origin of such magmas is debated,
and two main models are opposed. Carbonatites are either formed
directly by the melting of a C-rich mantle domain (e.g. Wallace
& Green, 1988; Hammouda et al., 2014), or by immiscibility from
an evolved alkaline silicate melt that is the ultimate product of
a protracted differentiation series (e.g. Peterson, 1989; Dawson,
1992; Fischer et al., 2009; Mollex et al., 2018; Casola et al., 2020;
Nabyl et al., 2020; France et al., 2021). In the latter case, very low
degrees of partial melting of a C-poor mantle source are likely

required to form the parental magmas (Hirschmann, 2010; Stamm
& Schmidt, 2017). In any case, the nature of the parental magmas
of the carbonatite series, their volatile content and the related
characteristics of the differentiation series (both liquid and crystal
lines of descent) need to be constrained. Here we provide new
constraints from the Oldoinyo Lengai igneous system.

The Oldoinyo Lengai stratovolcano (East African Rift, Northern
Tanzania) is the only active volcano that erupts natrocarbonatites,
thus representing a unique opportunity to study the genesis of
carbonatites and related alkaline series. The parental melts at
the origin of the protracted differentiation series are likely olivine
melilitites and/or olivine nephelinites (e.g. Dawson, 1998, 2012;
Keller et al., 2006). These melts, once highly differentiated, would
eventually produce conjugate alkaline carbonatites and silicate
melts (phonolites to alkaline nephelinites; Mitchell, 2009; France
et al., 2021). Nevertheless, very little is known about the liquid and
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Fig. 1. (a) Topographic map of the Natron lake magmatic province (http://www.geomapapp.org, topography data from Ryan et al., 2009). The delimited
area around the volcano represents the distribution of tephras of the 2007–2008 eruption (Bosshard-Stadlin et al., 2014); (b) Geological map with
location of maar Embalulu Oltatwa and samples on the east-northeast flank of Oldoinyo Lengai (modified from Sherrod et al., 2013).

cumulate lines of descent of melilitites and olivine nephelinites
and about the deep crustal igneous processes governing the dif-
ferentiation series. Here, by using xenoliths of deep cumulative
samples crystallized from olivine nephelinite melts, we bring new
constraints on the parental magma composition (major, trace
and volatile elements), and on the igneous processes involved in
the transfer of primitive melts in deep crustal reservoirs. More
specifically, we highlight the occurrence of reactive porous flow
in deep crustal mushes and discuss the fate of those primitive
magmas and their potential relation to the phonolite-carbonatite
conjugate melts that have been reported in shallower mid-crust
reservoirs (Mitchell, 2009; Bosshard-Stadlin et al., 2014; France
et al., 2021).

Geological setting and xenolith samples
The Oldoinyo Lengai stratovolcano is part of the late Tertiary and
Quaternary Natron lake magmatic province in northern Tanzania
(Dawson, 2012). The volcano is in the Gregory Rift segment at
∼16 km south of Natron Lake, in the East African rift system
(Fig. 1a). It is located in an area where a rift segment controlled
by a border fault and a developing magmatic rift segment are
interacting (Roecker et al., 2017). The oldest deposits are dated to
350 ka and are part of a phonolite cone (Lengai I) representing
∼60% of the present-day edifice (Sherrod et al., 2013). After a
partial collapse of the edifice ∼11 ka ago, an alkaline-nephelinite
cone was created (Lengai II), representing ∼35% of the present-
day edifice (Klaudius & Keller, 2006). Although alkaline carbon-
atite lavas were likely already present during the Lengai I stage
(France et al., 2021), natrocarbonatite products, which are highly
sensitive to weathering, are mainly present in the last century
deposits. In addition to the long-lasting natrocarbonatite lava flow
eruptions, several sub-Plinian alkaline nephelinite, phonolite and
carbonatite eruptions occurred over the past century (eruptions in
1917, 1940–1941, 1966–1967, 2007–2008; Keller et al., 2010; Kervyn
et al., 2010) each time creating craters several hectometers large
that are subsequently progressively infilled with natrocarbonatite
flows (Tournigand et al., 2023).

Oldoinyo Lengai volcanic plumbing system and
sampling
Previous geophysical and petrological investigations helped to
refine the architecture of Oldoinyo Lengai’s plumbing system. Two
areas of magma or mush storage are inferred from geophysical
data with potential connections between each other (Reiss et al.,
2021). The deep crustal reservoir is located in the lower crust
(∼25 ± 5 km below the surface) and is currently in a mushy state
(Plasman et al., 2017; Roecker et al., 2017; Weinstein et al., 2017).
This deep reservoir regularly feeds a mid- to upper-crust reservoir
that is located at depths of ∼6 to 12 km (Weinstein et al., 2017;
Reiss et al., 2021). The latter is connected to the surface through
a complex mushy plumbing system composed of interconnected
dikes and sills (Reiss et al., 2021). Seismic data related to the last
sub-Plinian explosive eruption at Oldoinyo Lengai highlight the
reactivation of the mid-crust reservoir that first injected a dike
toward Gelai volcano (Fig. 1a) before feeding the 2007 to 2008
Lengai eruption (Albaric et al., 2010). These interpretations are
consistent with the petrological record of the 2007 to 2008 erup-
tion that suggests the recharge of alkaline nephelinites within
the mid-crust reservoir with alkaline carbonatites and poten-
tial immiscible silicate melts (Bosshard-Stadlin et al., 2014). Melt
recharges by evolved alkaline nephelinite melts in the mid-crust
reservoir imply that melt differentiation occurs at deeper levels,
potentially within the lower crust mushy reservoir ∼25 ± 5 km
below the surface (e.g. Roecker et al., 2017; Weinstein et al., 2017).

The primitive volcanic products that erupted at the Natron
lake magmatic province are mainly basanite, olivine melilitite
and olivine nephelinite lavas (Mattsson et al., 2013). Other
primitive SiO2-undersaturated melilitite magmas (with 29.4–
33.5 wt % SiO2, 4.0–5.9 wt % MgO and 16.3–24.4 wt % CaO)
have been observed at the nearby Kerimasi volcano (Berkesi
et al., 2023). Mantle and rare cumulative xenoliths are observed
in the deposits from several maars or cones near the Oldoinyo
Lengai volcano, whose deposits locally contain up to 30 vol %
xenoliths (Mattsson, 2012). The xenoliths likely sample different
levels of the lithospheric mantle and of the magmatic plumbing
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system. Here, we focus on four xenoliths from a 650 m diameter
tuff ring named Embalulu Oltatwa on the lower east flank of
Oldoinyo Lengai (∼3 km from the summit; Fig. 1b). Embalulu
Oltatwa crater formed 353 ± 65 ka ago (40Ar/39Ar dating on
phlogopite; Sherrod et al., 2013), making this maar one of the
oldest edifices of the Oldoinyo Lengai volcanic system; it has been
partially infilled by debris-flow deposits and fallout tephra from
Oldoinyo Lengai and by fluvial sand during rare rainy periods
(Sherrod et al., 2013). Pyroclastic deposits material comprises
juvenile lapilli and ash with a melilititic composition as well as
various cumulative xenoliths (Fig. 2a), free olivine and phlogopite
crystals. The host lava, that carried the xenoliths at the Embalulu
Oltatwa crater contains microlites (clinopyroxene ‘Cpx’, olivine,
altered melilite, Mg-ferrierite, nepheline, euhedral and interstitial
calcite), phenocrysts (olivine, Cpx, phlogopite) and accessory
minerals (titanomagnetite, chromite, ulvöspinel, perovskite and
pentlandite; Fig. 2b–c). We selected four representative cumulate
xenoliths that were the largest available (4–15 cm in diameter):
14TL21, 14TL22a, 14TL22b and 14TL22e. Xenoliths were sampled
in October 2014 on the North flank of the tuff ring Embalulu
Oltatwa among pyroclastic deposits. These xenoliths are the most
primitive cumulates described at Oldoinyo Lengai (Dawson et al.,
1995). The studied cumulates document the early stages
of differentiation under Oldoinyo Lengai’s carbonatitic com-
plex. Petrographic observations were made on polished thin
sections.

METHODS
Electron backscattered diffraction
Electron Backscattered Diffraction (EBSD) documents the crystal-
lographic preferred orientation (CPO) and intracrystalline defor-
mation (misorientation) for the various minerals. CPO are dis-
played as equal-area, lower hemisphere stereographic projections
of average Euler angles for each grain to avoid over represen-
tation of large grains. CPO and intra-grain misorientation maps
were acquired for the four studied xenoliths on polished thin
sections. Measurements were performed using a JEOL-5600 Scan-
ning Electron Microscope at Geosciences Montpellier laboratory
(France). Measurements were performed on tilted thin sections
(70◦ relative to the horizontal). Diffraction patterns were acquired
using an acceleration voltage of 17 kV, and a working distance
of 24 mm. AZtec software (Oxford instrument) has been used for
the indexation of Kikuchi bands. Regular grid step between 15 to
30 μm for full thin sections (30 × 15 mm) was chosen to provide
information on substructures and grain shapes. The indexation
rate lies between 54 to 80%. Pole figures and maps were produced
with the MTEX matlab toolbox (e.g. Mainprice et al., 2014). Between
1100 and 4566 olivine grains and between 899 and 4026 Cpx grains
have been indexed (an amount that is statistically representative
of the sample). Raw data have been filtered to 1) discard pixels
with mean angular deviations (i.e. the angle between the acquired
diffraction pattern and the indexing solution) < 1◦, and 2) discard
grains containing less than five pixels, which are considered as
measurement errors. The strength of the fabric is quantified using
the J index (e.g. Mainprice et al., 2014), which varies from 1 for
a random distribution to infinity for a single perfectly uniform
crystal. Single grains are reconstructed by automatically select-
ing adjacent pixels with misorientations <10◦. Intra-crystalline
deformation is quantified using the Mis2Mean parameter that
quantifies the misorientation of each pixel within a single grain
with the mean orientation of the grain. We also calculated the
GOS (Grain Orientation Spread), which is the average Mis2Mean

for each detected grain, and the shape factor (ratio between the
grain perimeter and the equivalent perimeter).

Electron microprobe analysis
Major element concentrations (Si, Mg, Al, Fe, Na, K, Ca, Ti, Ni, Cr,
Mn and P) were quantified by using a CAMECA SX-100 electron
microprobe with five wavelength-dispersive spectrometers at the
SCMEM (Université de Lorraine, France). Melt inclusions (MIs)
were analyzed using an accelerating voltage of 15 kV and a probe
current of 6 nA, with a defocused beam (5 μm). A focused beam
with a current of 12 nA and an accelerating voltage of 15 kV was
applied for all minerals. All analyses were performed with Kα

emissions for all elements. Counting times were 10 seconds for the
background, 10 seconds for Na and K, and 20 seconds on the peaks
for the other elements. Instrument calibration was performed on
albite for Na, forsterite for Mg, hematite for Fe, corundum for Al, K-
Orthoclase for K, vanadinite for Cl andradite for Ca, manganese(II)
titanate for Mn and Ti, chromium(III) oxide for Cr, wollastonite for
Si, NiO metal for Ni, apatite for P, barite for S and matrix correction
was based on Pouchou & Pichoir (1991). Accuracy for all elements
(<3%) is reported in the supplementary material.

X-ray and energy-dispersive spectroscopy (EDS)
maps
X-ray intensity maps of Ti, Cr and P on thin sections were per-
formed using an accelerating voltage of 15 kV and a current of
∼500 nA by using a JEOL JXA-8230 electron probe microanalyzer
at CRPG laboratory (Nancy, France). Dwell times per pixel were
200 ms and spatial resolution was 4 × 4 μm. Spatial resolution for
zoomed P map of olivine is 1.5 × 1.5 μm. Along with X-ray intensity
maps, EDS maps were acquired for Fe, Al, Ca, Na, Si and Mg. The
P maps presented herein correspond to the sum of simultane-
ous measurements performed on three WDS spectrometers. The
maps were extracted as raw intensity data that are converted into
quantitative maps using spot analyses.

Laser ablation analysis
Trace element concentrations in minerals were quantified by
laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) at Geosciences Montpellier (France). The laser abla-
tion system is a homogenized Ar-F Excimer Resonetics M-50E laser
at 193 nm (Günther et al., 1997) that is coupled with an Excimer
CompEx102 with GeoLas Q+. The correction of the signal variation
is based on the calibration values from Gagnon et al. (2008). The
beam diameter was set at 122 μm for olivine, and 77 μm for the
other minerals, with a laser pulse frequency of 7–10 Hz and a
fluence of 12 J cm−2. NIST 612 is used as an external standard
and BIR-1 is used as an internal standard for minerals analysis.
For trace element concentrations in minerals, SiO2 and CaO serve
as calibration. Data processing and reduction were conducted
by using the Glitter Software (Van Achterbergh et al., 2001). The
corresponding data and associated analytical errors are available
in the supplementary material.

Secondary ion mass spectrometry (SIMS)
In situ volatile concentrations in naturally quenched olivine-
hosted melt inclusions were measured during two five-day-long
analytical sessions in March and April 2017 with the CAMECA IMS
1280 HR2 ion microprobe at CRPG (Nancy, France). The inclusion-
bearing olivine grains were analyzed for volatiles by SIMS before
EPMA analysis to avoid contamination due to carbon coating.
Individual olivine grains containing natural MIs were picked and
mounted in epoxy. The grains were gently ground and polished



Fig. 2. Representative images of the petrographic textures and mineralogy in xenoliths. (a) Photomicrograph in plane-polarized light (PPL) displaying
the association between cumulate, lava flow and the breccia area at the Embalulu Oltatwa tuff ring. The drawn line delimits the cumulate part from
the lava flow and the breccia; (b) BSE image of oxides in the lava surrounding sample 14TL22e; (c) Combination of xenomorphic oxide and sulfide
observed in the lava carrying the Embalulu Oltatwa xenoliths; (d) Photomicrograph in PPL of sample 14TL22b showing olivine, Cpx and phlogopite
crystals (mineral assemblage observed in all xenoliths studied). Note the poikilitic fabric with phlogopite oikocrysts (2–4 mm) enclosing anhedral
olivine chadacrysts; (e) Pargasite (amphibole) in combination with olivine and phlogopite from sample 14TL22a; (f) Cpx oikocryst enclosing olivine
crystals in sample 14TL22e; (g) Olivine-hosted melt inclusions in sample 14TL22e; (h) High magnification photomicrograph of a melt inclusion from
sample 14TL21.



with water to expose the MIs on the surface using aluminum
disks. The sample was then cleaned ultrasonically, removed from
the epoxy mounts and remounted in indium metal to minimize
CO2 and H2O signal contamination by degassing under vacuum
during secondary ion microprobe measurements. The indium
mount was then stored at +60–80◦C in a vacuum oven and
coated with gold for the CO2 and H2O measurements. About 12 to
24 hours prior to analysis, the mount was placed into the sample
storage chamber of the ion probe at ∼10−8 Torr pressure. A liquid
nitrogen cold trap and a sublimation pump were used to reduce
CO2 and H2O background and maintain a pressure < 2 × 10−9 Torr
in the sample chamber. The samples were sputtered with a ∼ 0.1–
0.8 nA, 10 kV 133Cs+ primary beam focused to ∼5 μm spot and
then rastered to ∼10x10 μm. A field aperture of ∼1000 μm was
used to eliminate secondary ion signal from the spot margins.
A mass-resolving power of ∼5000 was applied to resolve 17O on
16O1H, 29Si1H on 30Si, 31P1H on 32S and 34S1H on 35Cl peaks. The
energy slit was centered and opened to 40 eV. No energy offset
was applied. The 12C− (counting time 8 s), 17O2− (3 s), 16OH− (6 s),
18O2− (3 s), 19F− (4 s), 27Al− (3 s), 30Si− (3 s), 32S− (4 s) and 35Cl− (6 s)
ions were counted after 300 s pre-sputtering during 10 cycles in
mono-collection mode using the axial electron multiplier and FC2
Faraday cap detectors. The normal-incidence electron flood gun
was used to compensate for the sample charge. A set of reference
glasses (A99 USNM 113498/1, M34, M40, M43, M48) and San Carlos
olivine were analyzed to establish calibration lines during each
analytical session (see supplementary material Fig.S1) and used
to determine volatile concentrations in the unknown samples.
In addition to the laboratory basaltic standards, four additional
reference materials, corresponding in major element composition
to olivine nephelinite with various amounts of H2O and CO2

(MELI-4 to MELI-10; see below and supplementary spreadsheet
for the major and volatile elements composition), were prepared
at the Laboratoire Magmas et Volcans (Clermont-Ferrand, France).
They were created to account for the known matrix composition
effects occurring during volatile measurements by SIMS (Hauri
et al., 2002). Based on the established calibration lines, the
accuracy of SIMS analyses (calculated as average relative
deviation of the measured values from the reference ones) is
1–30% for CO2 (1–9% using olivine nephelinite standards only),
1–40% for H2O (1–10% using olivine nephelinite standards only),
15–34% for F, 17–42% for S and 13–30% for Cl, varying between the
two sessions.

Piston-cylinder experiments (SIMS standards
preparation)
Volatile-bearing olivine nephelinite standards were synthesized
using a 3/4′′ piston-cylinder apparatus (Clermont-Ferrand, France)
in order to calibrate SIMS measurements. The starting material for
the experiments was a synthetic, CO2-bearing olivine nephelinite
powder, in which CO2 was incorporated as MgCO3 (see supple-
mentary material for details). On a volatile-free basis, the compo-
sition of the starting powder is similar to those measured in MIs.
About 100 mg of this powder were loaded along with deionized
water in Au80-Pd20 containers (5 mm outer diameter, 4.6 mm inner
diameter), that were subsequently welded shut. Piston-cylinder
experiments were performed at a pressure of 500 MPa, 750 MPa
and 1 GPa and a temperature T = 1300◦C (slightly above liquidus).
After three hours, the experiments were quenched isobarically,
and then slowly decompressed. Despite the relatively high quench
rate of the piston-cylinder, pockets affected by the growth of den-
dritic or spherulitic crystals were almost systematically observed
in the final glasses. Hydrogen and carbon in the nephelinitic

glasses were measured with a Thermo Scientific™ FLASH 2000
CHNS elemental analyzer and a Bruker Vertex 70 FTIR spectrome-
ter, following the protocols described by Buso et al. (2022). The four
new olivine nephelinite standards contain 0.32–2.69 wt % H2O and
0.98–2.09 wt % CO2 (see supplementary datasheet).

RESULTS
Petrography and microstructures of the xenoliths
The studied cumulate xenoliths have a mineral assemblage made
of olivine (40–50 vol %; Fig. 2d–f; vol % estimated from EBSD maps
of the thin sections, see Fig. 3a–b and supplementary Figs. S2 &
S4), phlogopite (0.6–21.5 vol %; Fig. 2d–f), amphibole (0–27.5 vol
%, pargasite; Fig. 2e), Cpx (21–48 vol %, diopside; Fig. 2d–f), and
accessory minerals (titanomagnetite ∼0.5 vol. %, pyrrhotite ∼0.5
vol. %; Fig. 2c). One out of ∼30 olivine subhedral grains contains
rounded 30–200 μm MIs (Fig. 2g–h). Olivine-hosted MIs are of great
interest as they may be considered to have been isolated from
any interaction with external fluids and melt, or from alteration
(Roedder, 1984; Frezzotti, 2001). The analyzed MIs are hosted in
olivine crystals in samples 14TL21 and 14TL22e. The MIs are
primary glassy inclusions (randomly distributed within the host
olivine) with rare small oxides at the edge (up to 5 μm in diameter;
Fig. 2h & Fig. S12). The MIs do not contain vapor bubble. Mineral
assemblage similar to that observed in the xenoliths has been
described in pyroxenites from the Natron area by Dawson & Smith
(1992) with resorbed olivine (Fo73–83), Cpx and phlogopite phe-
nocrysts. Olivine-phlogopite micro-ijolites, that crystallized from
phonolitic melts in the Oldoinyo Lengai volcanic system, have
similar olivine (Fo79–85) and phlogopite (Mg# = 84) compositions,
but have more alkali-rich Cpx (diopside, aegirine or augite) and
crystallized a groundmass made of nepheline, sulfides, titan-
ite, apatite, wollastonite and Ti-andradite (Sekisova et al., 2015;
Baudouin & France, 2019; Halász et al., 2023).

The texture and grain size highlight two populations of olivine
grains: 1) large crystals of subhedral olivine (200–1400 μm; Fig. 2e
& Fig. 3e), which represent 80% to 85% of total olivine grains in the
samples, and 2) anhedral olivine chadacrysts (mostly 50–300 μm;
Fig. 2d & Fig. 3e) that are enclosed in phlogopite (Fig. 2d) and Cpx
oikocrysts (up to 1.5 mm; Fig. 2f & Fig. 3f). Subhedral olivine grains
commonly form aggregates with 120◦ triple junctions, which are
characteristic of equilibrated cumulate assemblages (Fig. 4). Phos-
phorus maps of olivine highlight that both types of olivine display
fossils of initial skeletal growth, resorbed features following this
initial stage, and subsequent P-poor olivine overgrowths (Fig. 4).
Sample 14TL22b contains coarse (300–1200 μm) olivine and Cpx
grains (Fig. 3e–f), as well as phlogopite oikocrysts enclosing small
resorbed olivine chadacrysts (poikilitic texture; Fig. 2d). Sample
14TL22e is similar to sample 14TL22b with phlogopite and Cpx
oikocrysts enclosing roundish olivine grains. Sample 14TL22e
is delimited by a Cpx vein with large grains (up to 3 mm; see
supplementary Figs. S4 & S5). Oxides and sulfides (<300 μm,
mostly <100 μm) are euhedral when included in silicate phases
and anhedral when interstitial. Locally, rounded Cpx chadacrysts
are enclosed by phlogopite. Sample 14TL21 has relatively large
olivine grains (in average 350 μm; Fig. 3e and supplementary
Fig. S7), interstitial Cpx and phlogopite grains and a Cpx vein
(Fig. 3a). Although larger grains (up to 500 μm) are present, oxides
and sulfides are usually small (20–100 μm). Sample 14TL22a
displays a grain-size layering (Fig. 3b). In an olivine-rich band,
coarse-grained olivine is associated with fine-grained amphibole
grains (Fig. 3b); this band is in contact with two finer grained
bands. Larger xenomorphic amphibole grains (Fig. 2e) are locally



Fig. 3. EBSD processed maps representative of (a) and (c) sample 14TL21; (b) and (d) sample 14TL22a. (a-b) Phase maps where each color corresponds
to a phase; (c-d) Maps of Mis2Mean in olivine and Cpx, with threshold of misorientation angle for grain boundaries set at 10◦; (e) Equivalent diameter
for olivine grains measured by EBSD. The solid curve represents a gaussian fit and the dashed line is the average for each sample; (f) Equivalent
diameter for Cpx grains measured by EBSD.

highly altered. Olivine grain sizes in 14TL22a are on average
smaller than those from the other studied xenoliths (Fig. 3e).
Some rare phlogopite oikocrysts in sample 14TL22a enclose
amphibole chadacrysts, showing that phlogopite crystallizes after
amphibole. The association of phlogopite and amphibole was
found only in sample 14TL22a where amphibole modal content is
high (27%).

The studied samples show no clear microstructural evidence
for deformation or magmatic layering (Fig. 3c–d and supplemen-
tary Figs. S2-S7). The CPOs are poorly defined, with no clear fabric
and very low J-indexes for olivine and Cpx (J index <2; Fig. 5)
in comparison with naturally-deformed peridotites documented
in literature with J-index up to ∼20 (Ismaïl & Mainprice, 1998;
Tommasi et al., 2000). Phlogopite and Cpx grains have low GOS

values (<5), and low shape factors (<4), even for large oikocryst
grains (Fig. 6). GOS and shape factor values for each sample are
reported in Table 1.

Mineral major element compositions
The average major element concentrations of all minerals
are presented in Table 2. Olivine in samples 14TL21, 14TL22b
and 14TL22e displays homogeneous forsterite (Fo) contents
(Fo = 100 × Mg/(Mg + Fe) in mol %) around Fo81–82 (Fig. 7a), similar
to Fo contents observed in olivine melilitite (in average ∼ Fo82)
or olivine nephelinite lavas (bimodal olivine compositions with
Fo52–65 and Fo77–90) from the Natron region (Mattsson et al., 2013).
Sample 14TL22a, with the highest molar fraction of amphibole
(27 vol %; Fig. 3b), contains olivine with a significantly lower Fo



Fig. 4. X-ray maps (Fe, Cr, Ti, Mg, P) of Embalulu Oltatwa xenolith. Cores of diopside oikocrysts are enriched in Cr and depleted in Ti compared to their
rims. Olivine grains do not have Mg zonation (and no Ca, Al zonation). The truncation in P in olivine suggests a dissolution event that separates the
olivine core from its rim. Olivine grains preserve a dendritic framework, suggesting that olivine grains from the xenolith have a magmatic origin. Note
that only olivine grains are displayed in the P map.

content (∼Fo78). Olivine from Embalulu Oltatwa xenoliths have
lower Fo contents and higher Ca contents (∼1500–2900 ppm;
Fig. 7a) compared to olivines derived from lithospheric mantle
source (Fo > 90 and Ca < 1000 ppm), but similar Ca-content and
Fo content as olivines from Oldoinyo Lengai olivine-phlogopite
ijolites (Dawson & Smith, 1992; Dawson et al., 1995; Sekisova
et al., 2015; Halász et al., 2023), from primitive olivine from olivine
nephelinite lavas (Fo77–90; Mattsson et al., 2013) or from melilitite
lavas (Fo80–90; Mattsson et al., 2013).

The composition of pyroxenes (Wo47-49En43-45Fs7–10) lies in the
diopside compositional space. Major element concentrations in
Cpx are similar from one sample to another in Al (0.6–3.2 wt %
Al2O3), Ti (0.6–1.9 wt % TiO2) and Na (0.5–0.9 wt. Na2O). Diopside
oikocrysts display complex zoning in Cr and Ti, with the crystal
core enriched in Cr and depleted in Ti compared to their rim
(Fig. 4). Diopside grains have no clear zoning in Ca, Fe, Mg, Na and
Al. Mg# (Mg# = Mg/[Mg + FeTOT]) in diopside ranges from 82 to 86.5.
Sample 14TL22a (amphibole-rich sample) displays the lowest
Mg# (and Ca content) and highest Na contents of the sample
series. Diopside grains from Embalulu Oltatwa have Na and Mg
concentrations (in atoms per formula unit) similar to diopside
from olivine-phlogopite micro-ijolites (Fig. 7b; Halász et al., 2023)
and overlap with diopside from melilitite lavas (Mattsson et al.,
2013), but lower Na contents than diopside from ijolites (Baudouin
et al., 2020) from Oldoinyo Lengai and higher Mg concentrations
than diopside from olivine nephelinite lavas (Fig. 7b; Mattsson
et al., 2013). Micas present in the xenoliths are phlogopite
(Mg# ∼ 80–81, 4.3–4.8 wt % TiO2; Fig. 7c). Their composition
is similar to phlogopite from metasomatic veins in peri-
dotites described by Dawson & Smith (1988), and also sim-
ilar to phlogopite in melilitite and olivine nephelinite rocks

(Mattsson et al., 2013), and olivine-phlogopite micro-ijolites
(Halász et al., 2023). Phlogopite grains from sample 14TL22a have
K/Na values ∼8, which is significantly lower than phlogopite from
the other xenoliths (K/Na ∼12). The Mg# of phlogopite grains in
sample 14TL22a (∼81) is slightly lower than that of phlogopite
grains from other samples (Mg# = 81–84). Amphibole grains from
sample 14TL22a are (Ti, K) pargasitic hornblende with 3–4 wt %
TiO2, 1.5 wt % K2O and a Mg# of 80. Titanomagnetite or ulvöspinel
compositional range is Usp57-68Wu22-41Mag2–16 (Usp: ulvöspinel,
Wu: wüstite; Mag: magnetite) with 58–66 wt % FeOt, 15–18 wt %
TiO2, 3–8 wt % Cr2O3. Al, Mg and Cr decrease with decreasing Usp
contents. Perovskite grains (only observed in the lava carrying
the xenoliths; Fig. 2b) have 56–59 wt % TiO2 and 38–40 wt %
CaO. Chromite grains from the host lavas have ∼32 wt % Cr2O3

and ∼ 39 wt % FeO. Sulfides from the host lava are pentlandite or
pyrrhotite.

Melt inclusions major element and volatile
contents
The silicate glass in olivine-hosted MIs from the two samples
have similar compositions with 15.6–15.9 wt % MgO (Mg# ∼ 75–
81; Table 2) before corrections for post-entrapment crystalliza-
tion (PEC). The MIs are corrected for PEC and Fe-loss using the
Petrolog3 software (Danyushevsky & Plechov, 2011). MIs major
compositions are recalculated to equilibrium with the host olivine
using the model from Danyushevsky (2001) that is calibrated
for hydrous melt compositions (recalculated compositions and
associated entrapment temperature are presented in Table 2).
The olivine composition was calculated using KFe−Mg

d defined by
the model of Toplis (2005). The amount of total iron (FeOT) is



Fig. 5. Crystal preferred orientations (CPOs) of olivine and Cpx in the xenoliths from Embalulu Oltatwa (Oldoinyo Lengai). Using the J-index index,
olivine and Cpx grains from the studied xenoliths have a random distribution. The studied samples show no clear microstructural evidence for
deformation or magmatic layering. The number of indexed points and J-index for the mineral phases (olivine, Cpx, phlogopite) are reported in Table 2.
Note that Cpx J-index in sample 14TL21 is probably overestimated because of the small number of indexed grains.

Fig. 6. Grain Orientation Spread (GOS) and shape factor of phlogopite in sample 14TL22b (a, c, e) and Cpx in sample 14TL22e (b, d, f). Variations of the
parameters are similar in the four studied xenoliths, although here we report the details for two representative samples where most oikocrysts were
observed. All parameters were obtained by grain analyses of the EBSD data. A threshold of grain area of 105 μm2 was set to distinguish fine-grained
(<105 μm2) from the coarse-grained (oikocrysts) counterparts.



Table 1: Electron Back Scattered Diffraction parameters and index values

Sample name 14TL21 14TL22a 14TL22b 14TL22e

EBSD setup Step size (μm) 25 15 23 15

Mineral
modal %

Olivine 49 49.9 47.4 40.3
Clinopyroxene 45.2 20.8 31.2 47.8
Phlogopite 4.3 0.6 21.3 9.5
Pargasite 0.1 27.5 0.1 0.1
Magnetite 0.8 0.7 0.1 1.2
Pentlandite 0.7 0.5 0.1 1.1
# grains 1100 3775 2140 4566
J-index 1.21 1.09 1.1 1.05
M-index 0 0 0 0

Olivine

Mean Min Max Mean Min Max Mean Min Max Mean Min Max
Size (μm) 342 66 1512 198 40 1288 225 61 1480 157 40 1237
GOS 0.98 0.12 6.69 0.58 0.04 5.83 0.75 0.09 6.07 0.55 0.04 5.8
Axial ratio 1.51 1.02 5.05 1.49 1 14.27 1.48 1 4.51 1.42 1 4.29
Tortuosity 1.15 1 1.71 1.14 1 2.16 1.12 1 1.81 1.11 1 2.02
KAM 0.54 0 9.19 0.26 0 9.62 0.5 0 8.7 0.3 0 9.72
Shape factor 1.36 1.09 2.35 1.35 1.07 2.9 1.31 1.07 2.32 1.28 1.07 2.82
Mis2Mean 0.87 0 12.2 0.48 0 11.47 0.69 0 6.47 0.45 0 5.82

[100] [010] [001] [100] [010] [001] [100] [010] [001] [100] [010] [001]
Mean pfJ-index 1.05 1.05 1.06 1.03 1.01 1.03 1.03 1.02 1.02 1.02 1.03 1.03

Clinopyroxene

# grains 899 4026 1242 2991
J-index 1.91 1.23 1.82 2.31
M-index 0.01 0.01 0.01 0.03

Mean Min Max Mean Min Max Mean Min Max Mean Min Max
Size (μm) 329 66 2258 132 40 940 214 61 1520 180 40 1926
GOS 1.13 0.17 6.1 0.43 0.06 10.45 1.08 0.08 5.9 0.61 0.07 5.89
Axial ratio 1.6 1.01 5.02 1.51 1 4.94 1.61 1 5.25 1.83 1 22.76
Tortuosity 1.17 1 2.06 1.12 1 2.12 1.16 1 2.54 1.2 1 2.82
KAM 0.57 0 9.8 0.28 0 9.41 0.69 0 9.43 0.35 0 9.29
Shape factor 1.44 1.09 3.16 1.34 1.07 3.16 1.43 1.09 3.97 1.55 1.08 4.72
Mis2Mean 0.99 0 7.76 0.37 0 8.12 1.12 0 8.39 0.68 0 10.41

(100) (010) [001] (100) (010) [001] (100) (010) [001] (100) (010) [001]
Mean pfJ-index 1.13 1.14 1.16 1.02 1.08 1.07 1.09 1.14 1.08 1.31 1.18 1.5

Phlogopite

# grains 429 130 1833 1480
J-index 4.83 10.04 3.72 23.04
M-index 0.02 0.04 0.05 0.11

Mean Min Max Mean Min Max Mean Min Max Mean Min Max
Size (μm) 140 67 1028 97 40 1009 135 61 1123 102 40 1331
GOS 1.04 0.07 5.13 0.5 0.03 2.7 0.66 0 5.12 0.56 0.06 4.8
Axial ratio 1.71 1.02 6.73 1.84 1.04 11.02 1.69 1.01 16.69 1.73 1.01 5.31
Tortuosity 1.17 1 2.15 1.2 1.01 2.38 1.22 1 3.09 1.22 1 3.09
KAM 0.87 0 9.92 0.65 0 7.45 0.65 0 8.96 0.52 0 8.63
Shape factor 1.49 1.1 3.46 1.56 1.12 3.41 1.59 1.08 4.39 1.62 1.09 5.21
Mis2Mean 1.15 0 9.57 0.95 0 8.58 0.79 0 7.97 0.77 0 9.09

estimated from the olivine nephelinite average whole-rock com-
position from the Natron lake magmatic province (∼15 wt %;
Mattsson et al., 2013). Petrolog3 corrections were done at a fixed
oxygen fugacity (fO2) of FMQ = 0 (where FMQ stands for Fayalite
Quartz Magnetite redox buffer; additional calculations using the
FMQ +1.5 redox state are presented in the supplementary mate-
rial). PEC corrections required from 0.7 to 18% olivine addition
to the MIs composition to achieve equilibrium with the host
crystal.

The average MgO content of MIs after PEC correction is ∼7.5 to
9.5 wt % MgO, which is below MgO values for the most primitive
olivine nephelinites in the region (∼17 wt % MgO; Mattsson et al.,
2013) and suggests that olivine nephelinitic melts supplying the

Embalulu Oltatwa vent underwent olivine (and potentially oxides)
crystallization before the entrapment of the MIs. The lower MgO
value after PEC correction is likely related to the consideration of
iron loss from MI by Petrolog3 models. Nevertheless, comparison
with olivine nephelinite lavas from the Natron lake magmatic
province should be conducted with great caution as those contain
large amounts of phenocrysts and accessory minerals that likely
significantly skew the bulk-rock composition, and eventually
does not represent melt composition. The variability in SiO2 (39–
43.5 wt %; Fig. 8a), and MgO (∼7.5–9.5 wt % after corrections
for PEC) in the MIs can be explained by olivine fractionation.
The classification of Le Bas (1989) places them in the field of
olivine nephelinites (Fig. 8b) with SiO2 + Al2O3 ∼ 50.6–54.7 wt %,



Table 2: Average major element composition of minerals observed in Embalulu Oltatwa xenoliths (Oldoinyo Lengai)

Olivine n∗ SiO2 Al2O3 TiO2 CaO Na2O K2O MnO MgO FeO Cr2O3 NiO P2O5 Total Fo

Sample 14TL21 18 39.58 0.01 0.02 0.31 0.02 b.l.d 0.26 42.86 17.02 0.02 0.28 0.01 100.4 81.8
±2σ 1.09 0.02 0.03 0.04 0.03 0.01 0.06 0.38 0.67 0.03 0.10 0.03
Sample 14TL22a 19 39.35 0.02 0.01 0.26 0.03 b.l.d 0.36 40.32 20.30 0.01 0.26 0.01 101.0 78.0
±2σ 0.50 0.10 0.02 0.03 0.03 0.01 0.07 0.33 0.43 0.02 0.15 0.05
Sample 14TL22b 12 39.99 0.05 0.02 0.30 0.03 0.01 0.27 42.57 17.83 0.00 0.08 0.00 101.1 81.0
±2σ 0.49 0.23 0.02 0.03 0.03 0.01 0.08 0.75 0.96 0.02 0.17 0.02
Sample 14TL22e 37 39.35 0.00 0.02 0.32 0.02 0.01 0.28 42.44 17.27 0.01 0.16 0.02 99.9 81.4
±2σ 0.84 0.02 0.05 0.07 0.02 0.02 0.12 0.77 0.81 0.04 0.13 0.04
Clinopyroxene n SiO2 Al2O3 TiO2 CaO Na2O K2O MnO MgO FeO Cr2O3 NiO P2O5 Total Mg#

Sample 14TL21 18 51.66 2.07 1.34 23.17 0.69 0.01 0.07 15.22 5.14 0.30 0.03 0.34 100.0 84.1
±2σ 1.63 0.61 0.42 0.36 0.13 0.02 0.14 0.48 0.48 0.26 0.10 0.06
Sample 14TL22a 18 52.90 1.60 1.08 22.82 0.84 0.01 0.08 15.13 5.54 0.21 0.03 0.33 100.6 83.0
±2σ 0.84 0.37 0.16 0.28 0.07 0.02 0.08 0.15 0.28 0.11 0.08 0.06
Sample 14TL22b 9 52.49 1.90 1.29 23.38 0.63 b.l.d 0.11 15.46 4.58 0.43 0.04 0.36 100.7 85.8
±2σ 0.80 0.86 0.34 0.14 0.06 0.01 0.07 0.36 0.35 0.31 0.06 0.05
Sample 14TL22e 16 51.53 2.29 1.18 23.26 0.70 0.01 0.08 15.05 5.07 0.28 0.02 0.34 99.8 84.1
±2σ 0.67 0.37 0.51 0.43 0.10 0.02 0.07 0.22 0.36 0.24 0.04 0.06
Phlogopite n SiO2 Al2O3 TiO2 CaO Na2O K2O MnO MgO FeO Cr2O3 NiO P2O5 Total

Sample 14TL21 10 37.99 14.38 4.60 b.l.d 0.73 9.48 0.04 19.83 7.68 0.45 0.13 b.l.d 95.3
±2σ 0.99 0.23 0.12 0.00 0.05 0.10 0.04 0.23 0.26 0.04 0.08 0.01
Sample 14TL22a 3 38.51 14.04 4.40 b.l.d 1.15 8.90 0.07 19.64 8.60 0.17 0.13 0.01 95.6
±2σ 0.36 0.17 0.09 0.01 0.02 0.08 0.06 0.35 0.04 0.01 0.07 0.02
Sample 14TL22b 11 38.21 14.17 4.57 b.l.d 0.78 9.57 0.03 19.82 7.62 0.52 0.08 b.l.d 95.4
±2σ 0.63 0.20 0.08 0.02 0.07 0.15 0.04 0.53 0.33 0.16 0.08 0.01
Sample 14TL22e 11 37.49 14.40 4.51 0.01 0.83 9.11 0.04 19.76 8.01 0.45 0.11 0.01 94.7
±2σ 0.67 0.43 0.26 0.02 0.08 1.28 0.05 0.23 0.47 0.06 0.07 0.03
Amphibole n SiO2 Al2O3 TiO2 CaO Na2O K2O MnO MgO FeO Cr2O3 NiO P2O5 Total

Sample 14TL22a 25 43.49 9.98 3.76 11.46 2.82 1.52 0.07 15.85 8.47 0.37 0.07 0.17 98.0
±2σ 0.75 0.56 0.20 0.19 0.11 0.10 0.07 0.28 0.46 0.21 0.07 0.04
Oxide n SiO2 Al2O3 TiO2 CaO Na2O K2O MnO MgO FeO Cr2O3 NiO P2O5 Total

Sample 14TL21 7 0.29 3.17 17.21 0.02 0.03 b.l.d 0.36 7.94 59.97 6.85 0.33 b.l.d 96.2
±2σ 0.45 0.80 0.82 0.02 0.04 0.01 0.09 0.07 1.08 0.33 0.10 0.00
Sample 14TL22a 10 0.14 3.05 17.19 0.04 0.01 0.01 0.41 6.24 64.59 3.45 0.32 b.l.d 95.4
±2σ 0.36 0.43 0.27 0.03 0.02 0.01 0.07 0.12 1.05 0.08 0.13 0.00
Sample 14TL22b 1 0.13 3.12 17.65 0.08 0.01 0.03 0.35 7.85 60.48 6.64 0.03 b.l.d 96.4
Sample 14TL22e 3 0.00 3.98 15.91 0.02 b.l.d b.l.d 0.40 7.62 61.53 7.36 0.22 b.l.d 97.0
±2σ 0.01 0.13 0.03 0.02 0.01 0.01 0.05 0.09 0.11 0.04 0.04 0.00
Melt inclusion n SiO2 Al2O3 TiO2 CaO Na2O K2O MnO MgO FeOt Cr2O3 P2O5 NiO SO3 Cl Total

Sample 14TL21 18 40.77 10.28 4.31 11.91 2.23 2.13 0.08 15.87 7.48 0.57 0.19 0.11 0.06 0.02 95.9
±2σ 1.15 0.35 0.34 0.22 0.30 0.30 0.03 0.46 0.32 0.11 0.07 0.07 0.04 0.01
Sample 14TL22e 94 41.83 10.54 3.85 11.83 2.43 1.69 0.10 15.70 7.52 0.51 0.19 0.08 0.06 0.03 96.3
±2σ 0.87 0.54 0.31 0.21 0.28 0.39 0.05 0.66 0.36 0.09 0.05 0.06 0.04 0.04
Post-
entrapment
corrected
inclusions

n SiO2 Al2O3 TiO2 CaO Na2O K2O MnO MgO Fe2O3 Fe2O Cr2O3 P2O5 T(◦C) Mg# Total

Sample 14TL21 18 40.51 11.36 4.76 13.20 2.47 2.40 0.06 7.83 3.53 11.82 0.63 0.20 1127 81.8 100.0
±2σ 1.50 0.74 0.68 0.99 0.56 0.57 0.07 1.24 1.20 1.07 0.20 0.11 46 0.9
Sample 14TL22e 94 41.49 11.44 4.19 12.87 2.64 1.84 0.08 8.10 3.06 12.24 0.56 0.20 1134 81.3 100.0
±2σ 1.30 1.03 0.61 0.67 0.50 0.60 0.10 1.19 0.70 0.62 0.17 0.10 40 1.3

CaO + Na2O + K2O ∼ 15.8 to 20 wt % and Mg# ∼49–57 (Fig. 8c).
Those are named olivine nephelinites herein to mark their
difference with the alkaline nephelinites that represent in the
area highly evolved magmas.

The trapping temperature of the MIs (estimated with the
Petrolog3 software using the olivine-melt thermometer of Beattie,
1993) is 1127 ± 46◦C for sample 14TL21 and 1134 ± 40◦C for sample
14TL22e. One hundred and twenty-five MIs have been measured

to quantify their volatile contents (see supplementary datasheet
for volatile compositions of individual MIs). They have variable
CO2 contents (up to 6074 ppm; Fig. 9a), and 0.9 to 1.5 wt % H2O
(5 MIs have <0.5 wt % H2O). The CO2 content in MIs is not
reconstructed as no inclusion presents vapor bubbles.

The S concentrations of MIs range from ∼20 to 130 ppm
(Fig. 9b). These low values are consistent with the presence of
sulfides in the samples. MIs have been screened for sulfides,



Fig. 7. (a) CaO contents vs. Fo (Fo = Mg/[Mg + Fe]) contents of olivine from Embalulu Oltatwa xenoliths. The dotted box represents the field for olivines
derived from lithospheric mantle source (Halász et al., 2023). East African Rift olivine data are from the GEOROC database (https://georoc.mpch-mainz.
gwdg.de/georoc); (b) Na (in atoms per formula unit: a.p.f.u) vs. Mg (a.p.f.u) in diopside from alkali-rich nephelinite (Baudouin & Parat, 2020),
olivine-phlogopite micro-ijolite (Halász et al., 2023) and olivine nephelinite (this study) from Oldoinyo Lengai; (c) Ti (a.p.f.u) – Mg# diagram for
phlogopites (crosses are phlogopite data from olivine-phlogopite micro-ijolite from Oldoinyo Lengai; Halász et al., 2023).

but most MIs do not present large sulfides. Corrections related
to sulfide restorations lead to large uncertainties. Therefore,
S concentrations reported here are minimum values that are
not corrected. There is no apparent correlation between S
concentration and K2O, H2O, or CO2 concentrations.

The abundance of Cl in MIs ranges from ∼50 to 540 ppm
(Fig. 9c). The concentration of Cl increases slightly with increasing
F (Fig. 9c). However, Cl concentration is not correlated with H2O
or CO2 concentration. The concentration of F varies from ∼390
to 4500 ppm, with the two highest F concentrations measured in
sample 14TL21. S/Cl ratios range from 0.14 to 1.21 (Fig. 9d) and are
negatively correlated with the F concentrations.

Trace element compositions
Olivine
Olivine crystals in the four xenoliths have highly variable rare
earth element (REE) concentrations, from LREE-poor grains to
variably LREE-enriched grains (Fig. 10a). Measured olivine grains
were selected for their clearness and absence of visible micro-
inclusions, and laser pits were placed away from cracks and
grain boundaries; therefore, we report strongly constrained LREE
enrichments. Olivine grains displaying enrichments in REE are
also enriched in HFSE (Zr, Nb, Ta, Hf) and LILE (Rb, Ba, Th, U,

Eu) elements in comparison to LREE-poor grains (Fig. 10b). HREE
contents are more homogeneous and vary from 0.15 to 0.53
times the chondrite value. LREE enrichments can be quantified
by the (La/Sm)N and (La/Lu)N ratios (with the subscript ‘N’ for the
normalization to chondrite values). (La/Sm)N varies from 0.19 to
2.6, and (La/Lu)N varies from 0.06 to 16.7 in olivine grains.

Clinopyroxene
We analyzed the concentrations of trace elements in diopside
using at least 9 crystals from each xenolith, differentiating
between Cpx oikocrysts and Cpx grains composing recrystallized
veins. No significant difference has been identified in trace
elements between core and rim analyses, and between the various
petrological types (background assemblage, oikocryst, veins;
Fig. 10c–d). Similarly to major elements, trace elements document
more evolved compositions for sample 14TL22a that displays
the highest incompatible element concentrations (Fig. 10c–d).
More generally, REE contents and element relative fractionations
(e.g. La/Sm, Sm/Yb) are relatively similar between the various
samples with relatively flat patterns from LREE to MREE with
(La/Sm)N = 0.75–0.93 and depletion in HREE with (Sm/Yb)N = 7.4–
11.6. All samples show a typical Zr negative anomaly (Zr∗ = 0.4–0.6
with Zr∗ = 2 × Zrn/(Ndn + Hfn)).

https://georoc.mpch-mainz.gwdg.de/georoc
https://georoc.mpch-mainz.gwdg.de/georoc
https://georoc.mpch-mainz.gwdg.de/georoc
https://georoc.mpch-mainz.gwdg.de/georoc
https://georoc.mpch-mainz.gwdg.de/georoc
https://georoc.mpch-mainz.gwdg.de/georoc
https://georoc.mpch-mainz.gwdg.de/georoc


Fig. 8. Geochemical classification of olivine-hosted melt inclusions from Embalulu Oltatwa crater. (a) Alkali vs. silica composition; (b)
Nephelinite–melilitite–basanite classification of Le Bas (1989). Melt inclusions from olivine crystals have a nephelinitic composition; (c) SiO2 versus
Mg# of melt inclusions compared with whole-rock olivine nephelinites and melilitites from Mattsson et al. (2013).

DISCUSSION
The studied xenoliths document the igneous processes that gov-
ern the evolution of relatively primitive melts in a continental rift
setting, and more specifically in a carbonatite province. Hereafter,
we estimate the composition of parental melts, including their
volatile content, of olivine nephelinitic cumulates and provide
evidence for reactive porous flow in deep crustal mushy magma
reservoirs beneath the Oldoinyo Lengai volcano. Then, we discuss
the solidification path of the cumulative assemblages and the
evolution of associated melts in relation with the Natron lake
igneous province.

A lower crust reservoir beneath the Oldoinyo
Lengai volcano
Geophysical investigations and petrological constraints highlight
that the mid/upper crust reservoir is both filled and recharged
by relatively evolved melts and that the differentiation stage
that produces alkaline nephelinite should occur at deeper
levels, potentially within the lower crust mushy reservoir
(Albaric et al., 2010; Bosshard-Stadlin et al., 2014; Roecker et al.,
2017; Weinstein et al., 2017; Reiss et al., 2021). The cumulates
studied herein, that crystallized from relatively primitive olivine
nephelinite melts, likely formed in those deeper levels. The
absence of volatile bubbles in MIs strongly suggests that
volatile saturation was not reached while MIs were entrapped,
thus highlighting that the estimated entrapment pressure is
a minimum estimate for melt entrapment, thus consistent
with crystallization within the active deep crustal mushy
reservoir.

Major and trace element composition of
cumulates’ parental melts in the Oldoinyo Lengai
volcanic system
MIs have 7.5 to 9.5 wt % MgO after correction for PEC (up to
∼16 wt % MgO before PEC corrections), which is the most primitive
melts directly observed at Oldoinyo Lengai, but are likely more
evolved than the most primitive olivine nephelinites in the Natron
region (∼17 wt % MgO; Mattsson et al., 2013), whose composi-
tions may be affected by their important crystal cargo load. The
variability in the K2O/Na2O ratio (0.26–1.89) in MIs advocates for
slightly different mafic magma batches with different K2O con-
tents that crystallized olivine. We estimate the REE composition
of the silicate melts in equilibrium with Cpx using the major
element composition of Cpx grains and the prediction of trace
element partitioning from Wood & Blundy (1997). Trace element
partitioning between Cpx and melt is a function of pressure (P),
temperature (T) and Cpx composition (Wood & Blundy, 1997). For
the trace element Cpx/melt partition coefficients calculations, we
fixed T = 1100◦C and P = 300 MPa or 1 GPa (similar to lower crustal
depths). The REE composition of silicate melts in equilibrium with
Cpx is relatively similar to the whole-rock composition of olivine
nephelinite lavas from the Natron province (Fig. 11; Mattsson
et al., 2013) and supports that Cpx crystallized from silicate melt
with a composition close to the whole-rock composition of olivine
nephelinite lavas.

Volatile content of olivine nephelinite melts
We constrain the volatile concentrations of the least evolved
melts of the Oldoinyo Lengai igneous system by using the volatile
composition of olivine-hosted MIs related to olivine nephelinite



Fig. 9. Volatile concentrations in olivine-hosted MIs from Embalulu Oltatwa xenoliths. (a) H2O vs. CO2 contents. H2O were not reconstructed for the
potential H loss, therefore, H2O concentrations measured in the melt inclusions are minimum values. CO2 contents were not reconstructed for the
formation of vapor bubbles (e.g. Wallace et al., 2015) since none of the measured inclusion displayed vapor bubble; (b) H2O vs. S contents; (c) F vs. Cl
contents. Overall, melt inclusions from sample 14TL22e display the highest Cl and S contents; (d) F vs. S/Cl contents. 99% confidence intervals on the
regression are shown with dashed lines.

magmas. Olivine nephelinite melts from the present study have
higher H2O content (up to 1.5 wt % H2O) than those from relatively
similar olivine nephelinite lavas from Kwaraha and Labait, two
volcanoes located ∼200 km to the South (0.2–0.5 wt % H2O;
Baudouin & Parat, 2020). This difference in water content can-
not be explained by magma differentiation as more than 60%
of fractional crystallization would be required to account for
such an increase (considering H2O as perfectly incompatible), a
degree of fractionation at odds with the primitive major element
composition of the studied MIs. Alternatively, a lower degree of
melting at Oldoinyo Lengai (compared to Kwaraha and Labait)
would also explain higher H2O contents in melts. Nevertheless,
previous authors (Mattsson et al., 2013; Baudouin & Parat, 2020)
have shown that degrees of mantle partial melting are similar
between Oldoinyo Lengai area and Southern edifices (Kwaraha,
Labait), ruling out the latter hypothesis. We propose that the
lithospheric mantle source beneath the Oldoinyo Lengai is likely
more hydrated than the mantle feeding other volcanoes from the
North Tanzanian Divergence (i.e. Kwaraha, Labait). This is con-
sistent with the strong metasomatic overprint at Oldoinyo Lengai
with hydrous minerals like phlogopite (Dawson & Smith, 1988).
H2O-CO2 concentrations in MIs overlap with those measured at
Nyiragongo and Nyamulagira volcanoes in the Western branch of
the East African Rift (up to 1.5 wt % H2O, up to 14 000 ppm CO2;
Connors et al., 2020). MIs are poor in sulfur (∼20 to 130 ppm). S
concentrations are lower than in MORB glasses (∼800–1500 ppm;
Métrich & Wallace, 2008), OIB (up to ∼3000 ppm; e.g. ∼1100 ppm S

in pre-eruptive melts of Kı̄lauea’s 2018 eruption; Lerner et al., 2021)
or arc settings (∼1000–3000 ppm; Métrich & Wallace, 2008). The
low sulfur concentration can be explained by various processes
(source, differentiation). First, olivine nephelinites might be signif-
icantly sulfide-undersaturated due to low sulfur contents in the
mantle source. Second, significant amounts of sulfides may have
crystallized before MIs entrapment (sulfides are present in the
cumulative assemblages). Alternatively, similarly to what have
been reported for water (e.g. Gaetani et al., 2012; Bucholz et al.,
2013), sulfur concentrations potentially re-equilibrated through
the host olivine crystal by diffusion, and would, therefore, doc-
ument the interstitial melt S composition that likely account
for sulfides crystallization after MI entrapment. S concentra-
tions measured in MIs are, therefore, minimum values for the
olivine nephelinite S concentrations. To constrain the amount
of S potentially degassed from the melt, we modeled the sulfur
content at sulfide saturation (SCSS2−), which is the amount of
sulfur that can be dissolved in a melt before an immiscible
sulfide phase is exsolved (Fig. 12a–b). We compared three SCSS2−

models (Smythe et al., 2017; O’Neill, 2021; Li & Zhang, 2022) using
the PySulfSat tool (Wieser & Gleeson, 2022). We considered two
sulfide composition end-members with molar Fe/(Fe + Cu + Ni) or
aFeS = 0.5 and aFeS = 1, and maintain the sulfide composition for
all temperatures (Fig. 12a–b). Pressure is assumed to be 1 GPa
and H2O content is assumed to be 1.2 – H2O. MIs have degassed
between 400 and 800 ppm S depending on the SCSS2− model if
aFeS = 0.5 (25% to 90% of the S pre-eruptive budget) and between



Fig. 10. Representative analyses of trace elements compositional variations in olivine and Cpx. (a-b) Olivine. (a) chondrite-normalized Rare Earth
Element (REE) concentrations and (b) primitive mantle-normalized trace element concentration; (c-d) Cpx; (c) Chondrite-normalized REE
concentrations; (d) Primitive mantle-normalized trace element concentrations. Chondrite values and primitive mantle values from McDonough &
Sun (1995).

900–2000 ppm S if aFeS = 1 (>90% of the S pre-eruptive budget).
However, highly degassed S in MIs is at odds with the higher
solubility of S compared to CO2 (Métrich & Wallace, 2008) at
depths (and the fact that MIs have high CO2 concentrations).
Therefore, we propose that S concentrations in MIs potentially
document further crystallization of sulfides in interstitial melt
after MIs entrapment, and a potential reequilibration through
diffusion of sulfur in MIs with this interstitial melt (like observed
experimentally for water). This process has not been reported yet
to our knowledge and may be explored further experimentally.

Cl concentrations in MIs vary from ∼50 to 540 ppm. These
values are higher than the pre-eruptive concentrations of
unaltered MORB (<100 ppm; Jambon et al., 1995) and OIB
(<100 ppm; Métrich & Wallace, 2008) but are in the range of Cl
concentrations measured in arc magmas (up to 7500 ppm; Aiuppa
et al., 2009). Cl concentrations above 100 ppm are found in some
MORB glasses that have high Cl/K values as a result of assim-
ilation of hydrothermally altered materials (France et al., 2014;
Fischer et al., 2016; Marschall et al., 2017) or directly of seawater
(e.g. Zhang et al., 2017). There is, however, no evidence of any
hydrothermal alteration in our samples or direct interaction with
seawater. On the other hand, high Cl contents are also reported
in the enriched mantle components (e.g. EM & HIMU; Stroncik
& Haase, 2004). They were ascribed either to devolatilization of
subducted sedimentary material (EM components), or to recycled
altered oceanic components in the lithosphere (HIMU), or to both.
Mantle source of the Oldoinyo Lengai igneous series appears to
be strongly metasomatized (e.g. Dawson & Smith, 1988) and has
isotopic signatures of both EM1 and HIMU mantle components
(Keller et al., 2006; Bell & Simonetti, 2010). Thus, the high Cl

contents in the studied MIs are likely produced by a Cl-rich mantle
source. Cl concentrations in MIs overlap with those measured
by XRF in high-Mg olivine melilitite (whole-rock) from Oldoinyo
Lengai (500 ± 180 ppm Cl; Mangler et al., 2014), but are much lower
than the concentrations of Cl measured in highly differentiated
magmas like natrocarbonatite (up to 59 300 ppm; Mangler et al.,
2014), phonolites (2700 ± 650 ppm Cl; Mangler et al., 2014) and
alkali-rich nephelinites from Oldoinyo Lengai (4650 ± 470 ppm Cl;
Mangler et al., 2014).

F concentrations in MIs range from ∼390 to 4500 ppm, which is
greater than the pre-eruptive concentrations in unaltered MORB
samples (100–600 ppm; Jambon et al., 1995), OIB (100–600 ppm;
Métrich & Wallace, 2008) and arc magmas (∼500 ppm; Aiuppa
et al., 2009). F concentrations in MIs are similar to those measured
in olivine melilitite lavas (whole-rocks with ∼2500 ± 300 ppm F;
Mangler et al., 2014) and lower than those in highly differentiated
magmas like natrocarbonatite (1.2–3.6 wt %; Mangler et al., 2014)
from Oldoinyo Lengai. Moreover, the F/Cl values in MIs (∼5–27)
are higher than those in whole-rock high-Mg olivine melilitites
(5 ± 1.9; Mangler et al., 2014). Both Cl and F are incompatible
elements, but Cl has a more pronounced incompatibility during
magmatic differentiation (Pyle & Mather, 2009). The Oldoinyo
Lengai phonolites and natrocarbonatites typically have low F/Cl
values (<1; Mangler et al., 2014) that were interpreted in favor of
apatite fractionation in evolved melts (preferential decrease in F
compared to Cl; Mangler et al., 2014). Therefore, high F/Cl values in
MIs are interpreted as volatile concentrations in primitive melts
before crystal fractionation.

The absence of volatile bubbles suggests that MIs were CO2

undersaturated, making the estimation of entrapment pressure



Fig. 11. Chondrite-normalized REE concentrations in Cpx. Chondrite
values and primitive mantle values from McDonough & Sun (1995). The
dark grey field is the reported whole rock composition of nephelinite
from Lake Natron-Engaruka (Mattsson et al., 2013). Melts are calculated
from Cpx compositions and partition coefficients estimated from Wood
& Blundy (1997) at T = 1100◦C and P = 300 MPa and 1 GPa and compared
to whole-rock composition of nephelinite.

challenging. CO2 solubility highly depends on the ratio of non-
bridging oxygens to tetrahedrally coordinated anions (Brooker
et al., 2001; NBO/T ∼ 1–1.3 for olivine nephelinites). For the MI
major element composition, we estimate the maximum amount
of CO2 that can be dissolved in the melt at 1 GPa to range
from 4 to 6 wt % CO2, consistent with the undersaturated
character of the studied MIs. The pressures at which a CO2–H2O
fluid would be saturated for each MI were calculated with
the Iacono-Marziano (Iacono-Marziano et al., 2012), VolatileCalc
(Dixon, 1997; Newman & Lowenstern, 2002), Shishkina (Shishkina
et al., 2014) and MagmaSat (Ghiorso & Gualda, 2015) models,
using v.1.0.1 of the VESIcal package (Iacovino et al., 2021).
The Fe3+/FeT ratio was assumed to be 0.15 in all MIs. The
calculated saturation pressure associated with the studied
MI is ∼300 MPa (Figure 12c–d) and corresponds to minimum
entrapment pressures due to the CO2-undersaturated character
of the MIs. The major element composition of the MIs can
affect the calculated saturation pressure by almost a factor of
2 (Iacovino et al., 2021). The calculated isobars depend highly
on the H2O-CO2 solubility model (Dixon, 1997; Newman &
Lowenstern, 2002; Iacono-Marziano et al., 2012; Shishkina et al.,
2014; Ghiorso & Gualda, 2015), but none of these models is
perfectly calibrated for olivine nephelinites (see supplementary
material), and entrapment pressure estimates should, therefore,
be considered with caution. Minimum saturation pressures
translate into depths up to 12 km (assuming a crustal density
of 2900 kg.m−3; Fig. 12d), corresponding to minimum entrapment

pressures for the MIs. Those depths (>12 km) are in agreement
with the existence of a mushy reservoir in the lower crust (Reiss
et al., 2021).

Notwithstanding the CO2 undersaturated character of the
studied MIs, we observe scatters in CO2 and H2O contents.
Some of the processes explaining the scatter are magma mixing
or assimilation (e.g. Atlas et al., 2006; Johnson et al., 2008),
ascent-driven diffusive water loss (Rasmussen et al., 2017), MI
decrepitation (Maclennan, 2017), pre-eruptive vertical convection
(Wallace et al., 2015), CO2 flushing (Blundy et al., 2010; Caricchi
et al., 2018). CO2 flushing and ascent-driven diffusive water loss
seem unlikely processes to explain the scatter since the magma
is H2O- and CO2- undersaturated. Decrepitation of the MIs could
explain low CO2 values but none of the MIs display textural
evidence of decrepitation. H2O diffusive reequilibration with
the interstitial melt is a function of the fraction of melt in the
cumulate and the distance between the MIs and the interstitial
melt. Thus, volatile heterogeneity in the MIs could be related to
the H2O diffusive reequilibration.

Initial skeletal olivine growth, cumulate
formation and reactive porous flow in lower
crustal mushes
We take advantage of concentration changes in slow diffusing
elements like phosphorus (P) in olivine to get insights into the
initial olivine growth of the xenoliths (Milman-Barris et al., 2008).
Coarse and fine olivine grains have surfaces delineating areas
of P-rich lamellae and areas of P-poor olivine overgrowth (Fig. 4).
These features are interpreted as an initial skeletal growth of
the olivine grains followed by dissolution (e.g. Milman-Barris
et al., 2008; Welsch et al., 2014; Xing et al., 2017; Mourey et al.,
2023). Both anhedral olivine chadacrysts enclosed in diopside and
phlogopite oikocrysts, and euhedral coarse olivine grains have an
initial skeletal growth, suggesting that all olivine grains formed
in a magmatic reservoir and are not inherited mantle xenocrysts.
This interpretation is also supported by the sparse deformation
features (misorientation in grains) and weak CPO (Figs. 3 & 5), and
by the Fo content of olivine (∼78–82) that is significantly lower
than lithospheric mantle olivines (Fig. 7a). The initial skeletal
growth implies a thermal and/or compositional disequilibrium
triggering an undercooling stage (Faure et al., 2003; Mourey &
Shea, 2019; Lang et al., 2021; Wallace et al., 2021; Shea et al., 2022).
Olivine is the first phase to crystallize in the olivine nephelinite
series, and a delay in nucleation may occur when a new melt is
injected as the nucleation energy should be overcome. Olivine
would thus start to crystallize at a temperature slightly lower
than its liquidus temperature corresponding to undercooling
crystallization, and thus to the formation of skeletal to dendritic
crystals (Fig. 13a; Faure et al., 2003; Mourey & Shea, 2019; Wallace
et al., 2021; Lang et al., 2021). Phosphorus partition coefficient
being likely increased during fast olivine growth, it results that
skeletal and dendritic crystals display P-rich zonations (Shea
et al., 2019). After this stage of delayed nucleation and fast crystal
growth, olivine texture can gradually maturate toward polyhedral
shapes (Fig. 13a), in association with lower P-incorporation in
olivine (Shea et al., 2019). Resorption features and successive
growth highlight that this stage of textural maturation was likely
associated with successive magma recharges, reinjections, or with
a reactive porous flow (Fig. 13a). A maturation stage of the olivine-
rich cumulative assemblage is evidenced by the numerous 120◦

triple junction angles between olivine grains that attest of the
former stabilization of a dunitic assemblage (Figs. 4 & 13).



Fig. 12. (a-b) Sulfide saturation models using PySulfSat (Wieser & Gleeson, 2022). SCSS2− model from Li & Zhang (2022) is H2O sensitive unlike O’Neill
(2021) and Smythe et al. (2017) models. Fractional crystallization path is calculated with S considered as an incompatible element. PEC-corrected melt
inclusions are highly degassed in sulfur. (a) SCSS2− with a sulfide composition of Fe/(Fe + Ni + Cu) or aFeS = 1; (b) SCSS2− with a sulfide composition of
aFeS = 0.5. Modeling SCSS2− with a sulfide composition of aFeS = 0.5 decreases the SCSS2− by 45% compared to aFeS = 1; (c) Saturation isobars for all melt
inclusions from the samples (200 MPa and 300 MPa isobars) were computed at the specified pressure using VESIcal (v.1.0.1; Iacovino et al., 2021) with
the MagmaSat model (Ghiorso & Gualda, 2015) at 1150◦C. The 200 and 300 MPa isobars are calculated for the major element composition of each
individual melt inclusion (underlain as light curves, with the average isobar in bold). The 300 MPa isobars calculated from the composition of each MI
overlap some of the H2O-CO2 space that is bracketed by the 200 MPa isobar calculated in MagmaSat. Note that the calculated saturation pressure
corresponds to minimum entrapment pressures due to the CO2-undersaturated character of the MIs; (d) Cumulative distribution functions of
saturation pressures from different models for the studied melt inclusions. Fe3+/FeT was set to 0.15.

Based on MIs trapping temperature, olivine crystallization
occurs at 1040–1170◦C. Nevertheless, this temperature estimate
may be considered with caution because of the initial delay in
nucleation experienced by olivine, which could have skewed its
composition. The grain size gradient with a subpopulation of
smaller olivine grains in contact with an olivine/amphibole vein
in sample 14TL22a (Fig. 3b) could be related to a recrystallization
process of olivine grain where grain boundaries are locally
displaced when temperature increases or flow stress decreases.
Coarse and fine olivine grains from all samples have low shape
factors (<3; Table 1), consistent with smooth grain boundaries
(Ferrando et al., 2021a). Dissolution features in olivine grain
chadacrysts (Figs. 2d & 4) suggest intense melt-rock interactions
or reactive porous flows in which resorbed anhedral olivine
chadacrysts acted as a nucleus to generate diopside and
phlogopite oikocrysts (e.g. Halász et al., 2023). Anhedral olivine

chadacrysts enclosed in Cpx have been previously observed in
olivine-phlogopite ijolites from Oldoinyo Lengai (Dawson et al.,
1995; Sekisova et al., 2015; Halász et al., 2023) and interpreted
as dissolution features following the injection of an olivine
nephelinitic melt. We explain enrichments in LREE recorded in
olivine (Fig. 10a) by a chromatographic effect at olivine grain
boundaries through melt-rock interactions operating during a
porous flow episode (Fig. 13b). The composition of the percolating
liquid is not constrained but we suggest that the LREE content
of the residual melt progressively increased during percolation,
and the decrease of melt fraction (Fig. 13b). The similar major
element composition in MIs from samples 14TL21 and 14TL22e
advocates for a re-equilibration of major elements (and H2O) after
MIs entrapment. H2O diffusion through host olivine and related
reequilibration with the outer melt has been shown to proceed on
tens of hours timescale, and volatile contents of melt inclusions



Fig. 13. Schematic evolution of the xenoliths during crystallization and melt-rock interactions at Oldoinyo Lengai in a conceptual transcrustal
magmatic system inspired from Cashman et al. (2017), where deep relatively primitive mantle melts feed Embalulu Oltatwa melts, and are transferred
to mid- and finally upper crustal level reservoirs to produce phonolite and natrocarbonatite lavas. Vertical exaggeration is x2 (e.g. ∼25 km of distance
between Lengai & Gelai volcanoes). The Moho depth (∼35 km) is from Clutier et al. (2021), and the presence of deep crustal mushes (∼25 ± 5 km below
the surface) from Plasman et al. (2017), Roecker et al. (2017), Weinstein et al. (2017). These mushes likely regularly feed mid- to upper-crust reservoir(s)
that is located at depths of ∼6 to 12 km (Weinstein et al., 2017; Reiss
et al., 2021). This shallower reservoir was recharged in 2007, triggering the 2007–2008 sub-Plinian eruption at Oldoinyo Lengai (Albaric et al., 2010;
Bosshard-Stadlin et al., 2014). It is also connected to the surface through a complex mushy plumbing system composed of interconnected dikes and
sills (Reiss et al., 2021). (a) Olivine grains crystallize in a primitive melt with 7–10 wt % MgO at >320 MPa (>12 km below the surface). Inset in panel (a)
highlight the initial skeletal olivine growth (P-rich lamellae), crystal ripening, dissolution and re-crystallization; (b) A reactive porous flow occurs after
the percolation of a silicate melt in grain boundaries. LREE elements (highly incompatible in olivine) are progressively incorporated in olivine grains; (c)
Cpx and phlogopite crystallize during magma ascent at lower temperature (<1100◦C); (d) Phlogopite and Cpx interstitial growth form a poikilitic
texture where most olivine grains are embayed in interstitial phases. Olivine resorption creates a population of smaller grains (50–150 μm) observed in
sample 14TL22a (slightly more evolved). Insets show the triple junctions for olivine euhedral grains (with their P enrichments) and rounded grains
enclosed in phlogopite oikocrysts.

are thus usually quantified on quickly quenched pyroclastic
deposits (e.g. Gaetani et al., 2012; Bucholz et al., 2013). Here as
cumulative-plutonic rocks are considered, the MI water contents
likely documents the volatile content of the percolative melt that
crystallized the minerals surrounding olivine (mainly Cpx and
phlogopite). Cumulates’ xenoliths were then recently brought to
the surface quickly (Mattsson, 2012), and we assume that this
stage did not affect their volatile content. Melt-rock interactions,
like those observed in the xenoliths studied herein and locally
acting in a reactive porous flow, are widespread in various
igneous systems: in the oceanic crust (e.g. Lissenberg & Dick, 2008;
Boulanger et al., 2020; Boulanger et al., 2021; Ferrando et al., 2021b;
Boulanger & France, 2023) and related mantle sections (Basch et
al., 2018), in the lower- and mid-arc crust (Bouilhol et al., 2015;

Cooper et al., 2016), in the ocean island systems (Gleeson et
al., 2021), or the large igneous provinces (Zhu et al., 2023).
The widespread implication of melt-rock reactions in magma
differentiation series makes such a process a central one in
igneous petrology.

Previous studies focusing on olivine-phlogopite ijolites lavas
from the Oldoinyo Lengai (Halász et al., 2023) showed that diopside
crystallizes between 970 and 1070◦C. The high CaO/Al2O3 values
from 0.9–1.24 in MIs suggest that MIs do not record Cpx frac-
tionation. We hypothesize that diopside oikocrysts (Fig. 2f) crys-
tallized at temperatures slightly lower than those estimated for
olivine (<1100◦C). As demonstrated above, the studied xenoliths
are magmatic products and not fragments of a metasomatized
peridotite from the upper mantle. Alternatively, phlogopite and



diopside cumulates are already present in a shallow reservoir and
are picked up during the ascent as it is explained for olivine-
phlogopite ijolites from Oldoinyo Lengai (Halász et al., 2023). The
presence of hydrous phases (phlogopite and amphibole; 1.6 to
2.1 wt % H2O in phlogopite from Manyara-Balangida rift nepheli-
nite lavas, Tanzania; Baudouin & Parat, 2020) in the xenoliths
suggests that olivine nephelinites melts were H2O-bearing when
phlogopite and amphibole crystallized. MIs with up to 1.5 wt %
H2O advocate for H2O-rich primitive melts at early stages of dif-
ferentiation beneath Oldoinyo Lengai. In detail, sample 14TL22a
contains diopside chadacrysts in phlogopite oikocrysts (Fig. 3b)
with K/Na values in phlogopite from sample 14TL22a lower than
K/Na values from the other xenoliths. Lower K/Na ratios in phl-
ogopite from sample 14TL22a could indicate further fractional
crystallization of phlogopite (Arai, 1986) and a possible reaction
in a more evolved liquid (i.e. diopside + melt = pargasite + phlo-
gopite).

Evolution of primitive olivine nephelinite melts;
a petrogenetic link with evolved alkaline melts
from the Natron province
Primitive magmas feeding Oldoinyo Lengai are silica-undersaturated
and categorized into two main sub-groups: the olivine melilitites
and olivine nephelinites (Mattsson et al., 2013; Weidendorfer et al.,
2019; Berkesi et al., 2023). Olivine melilitites are characterized by
high Mg# (up to 0.75; Mattsson et al., 2013), high Ni (up to 0.46 wt %)
and Cr contents (100–600 ppm; Keller et al., 2006), and the presence
of Cpx, olivine, melilite, phlogopite, perovskite phenocrysts,
nepheline and Ti-garnet microphenocrysts (Mattsson et al., 2013).
In olivine nephelinite lavas, Cpx, olivine phenocrysts and spinel
microphenocrysts are present but phlogopite and perovskite
are usually absent. The absence of phlogopite in the olivine
nephelinite lavas suggests that phlogopite oikocrysts in our
xenoliths crystallized at a stage slightly more evolved (lower
melt fraction) than the stage corresponding to the extraction of
erupted olivine nephelinites. The variability of Mg# in the olivine
melilitites is explained by variable degrees of olivine fractional
crystallization in the lavas (Mattsson et al., 2013).

Olivine nephelinites and olivine melilitites are primitive melts
that can form, at Oldoinyo Lengai, phonolitic and alkali-rich
nephelinitic evolved magmas after protracted differentiation.
Radiogenic isotopes help to distinguish which magmatic series
has a petrogenetic link with the differentiated alkali-rich melts.
Olivine melilitites are depleted in Sr radiogenic isotopes (87Sr/86Sr
in olivine melilitites ∼0.7037 vs. ∼0.7042–0.705 in alkali-rich
nephelinites and phonolites; Keller et al., 2006), depleted in Nd
radiogenic isotopes (143Nd/144Nd ∼ 0.5128 in olivine melilitites,
∼0.5125–0.5127 in alkali-rich nephelinites and phonolites) and
enriched in Pb radiogenic isotopes (206Pb/204Pb ∼ 19.8–20 in olivine
melilitites, ∼18–19.3 in alkali-rich nephelinites and phonolites)
compared to alkali-rich nephelinites and phonolite lavas from
the Oldoinyo Lengai (Keller et al., 2006). Radiogenic isotopes
suggest that olivine melilitites and phonolites do not have
a common mantle source. Alkali-rich nephelinites, olivine
melilitites and phonolites are isotopically defined by various
degrees of mixing (or contamination) between an enriched
lithosphere (called ‘EM1’) and the HIMU end-member (Keller
et al., 2006). Dawson (2012) proposed that the interaction of a
low fraction of olivine melilitite melt, produced by the melting
of a carbonated peridotite, with a larger fraction of carbonated
peridotitic melt, can produce alkali-rich nephelinite melts. Alkali-
rich nephelinites are, therefore, inferred to be produced by the
contamination with a carbonated lithosphere (Dawson, 2012).

On the other hand, olivine nephelinites are assumed to result
from a low degree of partial melting (up to 1%) of a carbonate-
rich garnet peridotite with ∼2 vol ‘% phlogopite (e.g. olivine
nephelinite from the Manyara-Balangida rift, Tanzania; Baudouin
& Parat, 2020). To our knowledge, no radiogenic isotopic data
is available for the olivine nephelinite lavas to demonstrate
whether or not olivine nephelinites have a petrogenetic link
with phonolites and natrocarbonatites. Mollex et al. (2018) have
suggested, based on the helium isotopic composition of one of the
xenoliths studied herein, from the Embalulu Oltatwa crater, that
the crystallized magma had no crustal contamination during the
rise of the magma to the surface. Thus, the study of primitive
xenoliths from Embalulu Oltatwa crater provides us with a
good proxy of the composition and processes associated with
relatively primitive melts that are present at deep crustal levels
beneath the Oldoinyo Lengai volcano. We consider that the MIs
with an olivine nephelinite composition are not contaminated
and give insights into the primitive melts under Oldoinyo
Lengai. To understand the petrogenetic link between silica-
undersaturated olivine nephelinite and alkali-rich phonolite
magmas both formed at Oldoinyo Lengai, we performed Rhyolite-
MELTS model (v.1.2.0; Ghiorso & Gualda, 2015) calculations
(Fig. 14) aiming at constraining the role of H2O, pressure and
oxygen fugacity (fO2) regime during fractional crystallization
of olivine nephelinites. The starting composition used for the
calculations is reported in Table 3 and corresponds to the average
MIs corrected for PEC. We considered two oxygen fugacity end-
members (FMQ 0 and FMQ + 2), two pressures (400 MPa and 1 GPa,
representing shallow and deep crustal reservoirs), and two H2O
contents (1 wt % and 1.4 wt % H2O, overlapping concentrations
measured in MIs). The starting composition (reported in Table 3)
is identical for all the models presented in Fig. 14. At low
temperatures (<850◦C), three models (400 MPa/FMQ + 2/1 wt %
H2O; 400 MPa/FMQ + 2/1.4 wt % H2O; 1 GPa/FMQ + 2/1.4 wt %
H2O) produce melt compositions resembling low-alkali phonolite
lavas from Oldoinyo Lengai (Na2O + K2O vs. SiO2 diagram
in Fig. 14c). Models with melts containing the most alkalis
at low temperature are those with initial conditions set at
400 MPa/FMQ/1 wt % H2O and 1 GPa/FMQ/1 wt % H2O. More
generally, Rhyolite-MELT models highlight a possible petrogenetic
link between olivine nephelinitic melts and alkaline melts by
fractional crystallization. Fractional crystallization of an olivine
nephelinitic melt can thus reproduce the high Na + K contents
(up to 18 wt % Na2O + K2O) measured in phonolites alkaline rocks
from Oldoinyo Lengai, those that are immiscible with alkaline
carbonatites. For instance, fractional crystallization of 80% of
an initial olivine nephelinitic melt (with an initial melt CO2

concentration of 0.6 wt %) leads to a phonolitic melt with ∼3 wt %
CO2 (assuming CO2 as fully incompatible). Such a high C content
is consistent with the CO2 concentration of highly alkaline silicate
melts that are equilibrated with carbonatites from Oldoinyo
Lengai (de Moor et al., 2013). Fractionation of such alkaline
Si-undersaturated parent melts causes the evolving melt to
become enriched with alkali and CO2. This enrichment ultimately
likely leads to the carbonate–silicate immiscibility (Weidendorfer
et al., 2016).

Olivine nephelinitic and melilititic melts are two separate
series (e.g. Ca content measured in olivine melilititic rocks is
in general higher than for olivine nephelinitic rocks; Fig. 14b)
that are not related by fractional crystallization of a common
melt. We propose that the phonolite alkaline rocks from Oldoinyo
Lengai are produced by protracted differentiation of olivine
nephelinitic melts.



Fig. 14. Modeling the liquid line of descent (fractional crystallization) for the Mg-nephelinite suites using Rhyolite-MELTS v.1.2.0 (Ghiorso & Gualda,
2015). We considered two oxygen fugacity end-members (FMQ and FMQ + 2), two pressures (400 MPa and 1 GPa representing shallow and deep crustal
depths), and two H2O contents (1σ H2O variation measured in olivine-hosted melt inclusions). The starting composition is reported in Table 3. Fields
for phonolites, olivine nephelinites and olivine melilitites are whole-rock compositions retrieved from Mattsson et al. (2013). Models highlight a
possible petrogenetic link between olivine nephelinitic melts and alkaline melts by fractional crystallization. Olivine nephelinitic and olivine melilitic
melts are two separate series that are not related by fractional crystallization of a common melt.

Table 3: Starting composition used for the MELTS models

Element Starting composition (w .%)

SiO2 41.72
TiO2 4.32
Al2O3 11.50
Fe2O3 3.15
FeO 12.28
MgO 8.15
CaO 13.00
Na2O 2.63
K2O 1.95
P2O5 0.20

CONCLUSION
Xenoliths from the Oltatwa tuff ring on the east flank of
Oldoinyo Lengai allow evaluation of the early stage of magma
differentiation in an active carbonatitic complex. We discussed
the global evolution of the primitive melts beneath the volcano
in terms of mineral textures, composition (major, trace and
volatile contents), as well as crystallization conditions (pressure,
temperature). Xenoliths are composed of olivine, diopside,
phlogopite, amphibole and accessory minerals. One remarkable
feature is the presence of diopside and phlogopite oikocrysts
enclosing roundish partially resorbed olivine chadacrysts. MIs
have an olivine nephelinite major composition. Olivine-hosted

MIs are poor in S (<130 ppm), relatively rich in Cl (up to 540 ppm)
and rich in F (up to 4500 ppm). The volatile content of those
MIs and the presence of hydrous phases (i.e. phlogopite and
amphibole) in the xenoliths confirm that the lithospheric mantle
beneath Oldoinyo Lengai is highly metasomatized. Primitive
olivine nephelinite MIs have slightly higher H2O content (up to
1.5 wt % H2O) than H2O content in olivine nephelinite lavas
from other volcanoes from the North Tanzanian Divergence,
suggesting that the lithospheric mantle source beneath the
Oldoinyo Lengai is slightly more hydrated than the mantle
beneath the North Tanzanian Divergence. We present a model
in which dissolution features observed in olivine chadacrysts,
together with the LREE enrichments in some olivine grains, are
the consequences of intense reactive porous flows in a deep
crustal mushy reservoir. Finally, Rhyolite-MELTS models showed
that phonolites and related alkaline carbonatites from Oldoinyo
Lengai can be produced by protracted differentiation of olivine
nephelinite melts.
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