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A B S T R A C T

Alkali-rich silicate melts and carbonatitic magmas are key to understanding deep carbon cycling, as they may 
originate from some of Earth’s most carbon-rich mantle reservoirs. Determining whether the high carbon con
tents of these magmas result from low-degree partial melting of depleted or primitive mantle sources or instead 
require an enriched mantle source metasomatized by recycled, carbon-rich crustal fluids, is critical to elucidating 
the geodynamic processes that govern deep carbon transport. Carbon isotopes in magmatic and mantle products 
provide a valuable tool for this purpose. Oldoinyo Lengai (OL) in Tanzania, the only active carbonatitic volcano, 
has lacked direct carbon isotopic data from fluid inclusions (FIs), which can reveal deep magmatic processes. 
Here, we present new δ13C measurements of CO2 in FIs hosted in OL cumulates and mantle xenoliths. Barometry 
of secondary FIs in lherzolites indicates entrapment at 510–687 MPa (~19–25 km), suggesting deep fluid 
trapping or reequilibration during magma ascent or storage. Mantle xenoliths show maximum δ13C ≈ − 2.7 ‰ (V- 
PDB), heavier than typical upper mantle values (− 4 ‰ to − 8 ‰) and comparable to OL fumarole gases. Shal
lower FIs (22–251 MPa) exhibit lighter δ13C (− 5.0 ‰ to − 3.7 ‰). Combined with pressure-dependent 4He/40Ar* 
and CO2/3He ratios, these data support isotopic fractionation during decompression-driven degassing. An open- 
system degassing model reconstructs the parental melilititic/Mg-nephelinitic magma’s δ13C at − 0.9 ‰, indi
cating a mantle source metasomatized by crustal carbon. The model also explains OL carbonatites’ lighter δ13C 
(− 6.3 ‰ to − 7.8 ‰) as a product of late-stage degassing and shallow crustal liquid immiscibility at 10–12 km 
depth. Our results shed light on OL’s magmatic evolution and deep carbon cycling in sub-continental mantle.

1. Introduction

Continental rift volcanism plays a crucial role in the deep CO2 cycle, 
as it enables the remobilization and surface release of large quantities of 
carbon stored in the subcontinental mantle (Foley and Fischer, 2017; 
Muirhead et al., 2020). Over geological time, continental rifts may have 
contributed the most to the volcanic CO2 budget (Brune et al., 2017), 
and today they emit some of the CO2-richest volcanic gases on Earth 
(Aiuppa et al., 2021). Rift-related magmas and rocks are also notably 
carbon-rich, including highly alkaline silicate magmas (Foley et al., 
2012) such as nephelinites, melilitites, and basanites, and—at the 

extreme end of the spectrum—carbonatites (Yaxley et al., 2022). Car
bonatites, in particular, have been frequently erupted along rifted craton 
margins throughout the Phanerozoic (Yaxley et al., 2022), and their 
exceptional carbon enrichment has spurred intense scientific debate, 
leading to the development of diverse petrogenetic models (Schmidt 
et al., 2024).

The only active volcano on Earth currently erupting carbonatites is 
Oldoinyo Lengai (OL) in northern Tanzania, located in the eastern 
branch of the East African Rift System (Dawson, 1962; Keller and Hoefs, 
1995; Koepenick et al., 1996; Teague et al., 2008; Fischer et al., 2009; 
Barry et al., 2013; Mollex et al., 2018). OL’s unique features have 

* Corresponding author at: DiSTeM, Università di Palermo, Via Archirafi 36, 90123 Palermo, Italy.
E-mail address: andreslibardo.sandovalvelasquez@unipa.it (A. Sandoval-Velasquez). 

Contents lists available at ScienceDirect

Chemical Geology

journal homepage: www.elsevier.com/locate/chemgeo

https://doi.org/10.1016/j.chemgeo.2025.123126
Received 30 July 2025; Received in revised form 25 October 2025; Accepted 31 October 2025  

Chemical Geology 697 (2025) 123126 

Available online 2 November 2025 
0009-2541/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:andreslibardo.sandovalvelasquez@unipa.it
www.sciencedirect.com/science/journal/00092541
https://www.elsevier.com/locate/chemgeo
https://doi.org/10.1016/j.chemgeo.2025.123126
https://doi.org/10.1016/j.chemgeo.2025.123126
http://creativecommons.org/licenses/by/4.0/


prompted numerous studies aimed at deciphering the origin and evo
lution of its magmatic system (Peterson, 1989; Dawson et al., 1995; Bell 
and Keller, 1995; Koepenick et al., 1996; Teague et al., 2008; Fischer 
et al., 2009; Barry et al., 2013; De Moor et al., 2013; Mollex et al., 2018; 
Casola et al., 2020). Recent petrological and geochemical evidence 
suggests that OL carbonatites likely form via low-pressure differentia
tion of mantle-derived, melilite- or olivine-rich melilititic nephelinite 
magmas generated by low-degree mantle melting (1–5 %) (Peterson, 
1989; Kjarsgaard et al., 1995; Fischer et al., 2009; Mourey et al., 2023).

The peculiar nature of OL volcanism has also motivated efforts to 
characterize its mantle source using isotopic tracers. Radiogenic isotope 
analyses (Nd, Sr, and Pb) of OL volcanic products indicate a complex 
mantle source, incorporating both HIMU (High-μ) and EM1 (Enriched 
Mantle 1) components (Bell and Dawson, 1995). Helium isotope data 
from summit fumaroles and fluid inclusions (FIs) in lavas and xenoliths 
(Teague et al., 2008; Fischer et al., 2009; Mollex et al., 2018) range from 
4 to 7 Ra (where Ra is the atmospheric 3He/4He ratio), consistent with a 
Subcontinental Lithospheric Mantle (SCLM) origin (6.1 ± 0.9 Ra; Gau
theron and Moreira, 2002). However, Hilton et al. (2011) and Barry 
et al. (2013) suggested additional contributions from two other mantle 
endmembers—MORB-type (8 ± 1 Ra) and a plume-like component 
(3He/4He = 9–15 Ra)—to explain the isotopic signatures observed in 
lavas, tephra, bubbling mud pools, and hydrothermal springs in the 
nearby Rungwe Volcanic Province (RVP) of southern Tanzania.

Regarding carbon isotopes, available data come primarily from OL 
volcanic gases, which show relatively homogeneous δ13C values be
tween − 4.0 ‰ and − 2.4 ‰ (Fischer et al., 2009), and from fresh 
natrocarbonatite lavas with values ranging from − 6.3 ‰ to − 7.8 ‰ 
(Keller and Hoefs, 1995; Fischer et al., 2009). However, because carbon 
isotopes can undergo significant fractionation during magmatic 
degassing (Javoy et al., 1989; Mattey, 1991; Deines, 2002; Aubaud, 
2022), neither gas emissions nor bulk lava compositions may reliably 
reflect the mantle source δ13C—especially if natrocarbonatites form via 
shallow-level immiscibility. As shown by Frezzotti et al. (2002b), mantle 
xenoliths offer a more robust archive, as they can trap CO₂-rich fluids at 
source within mineral-hosted FIs (Pearson et al., 2014). Indeed, in both 
continental rift (Rizzo et al., 2018; Sandoval-Velasquez et al., 2021a; 
Halldórsson et al., 2022) and ocean island settings (Lo Forte et al., 2024; 
Sandoval-Velasquez et al., 2024), mantle xenoliths have proven essen
tial for identifying carbon-rich fluid components likely derived from the 
recycling of crustal material into the mantle.

Since such data are currently lacking for OL, key questions remain 
unanswered: does the carbon-rich nature of OL magmas reflect (i) low- 
degree partial melting of a typical mantle source with upper mantle-like 
δ13C (− 4 ‰ to − 8 ‰; Sano and Marty, 1995), (ii) melting of a carbon- 
enriched mantle reservoir containing recycled crustal carbon, or (iii) 
subsequent isotopic fractionation due to decompression-driven degass
ing and immiscibility of parental melts?

To address these questions, we present new δ13C data for CO₂ con
tained in FIs hosted in cumulates (ijolites and wehrlites) and mantle 
xenoliths (harzburgites and lherzolites) collected in OL-related alkaline- 
and ultramafic lavas. These data are integrated with light noble gas 
isotopic compositions, mineral chemistry, and FIs barometry to 
constrain the carbon isotopic composition of the mantle source beneath 
OL and to shed light on the genesis of this unique active carbonatitic 
system.

2. Materials and methods

2.1. Samples description

Xenoliths were collected from monogenetic craters located both 
around the flanks and at the summit of Oldoinyo Lengai (OL) volcano 
(Fig. 1 and Table S1). The suite of samples includes both cumulates and 
mantle xenoliths, with compositions ranging from ijolites and wehrlites 
to harzburgites and lherzolites. The petrography of xenoliths 10TL01, 

10TL05, 14TG21, and 14TG22 is described in Mollex et al. (2018) and 
Mourey et al. (2023). Xenoliths 10TL01 and 10TL05 were collected from 
the rim of the northeast crater formed during the 2007 explosive erup
tion at OL. These are classified as shallow cumulates (ijolites) composed 
mainly of nepheline, clinopyroxene, and garnet, with subordinate pha
ses including apatite, sulfides, Ti-magnetite, wollastonite, and quenched 
melt (Mollex et al., 2018). In contrast, xenoliths 14TG21 and 14TG22 
were sampled from the northernmost portion of the phlogopite- and 
olivine-bearing melilitite tuffs, dated to 353 ± 65 ka (Sherrod et al., 
2013), and are classified as wehrlite. Their mineral assemblage—com
prising spinel, olivine, clinopyroxene, phlogopite, pargasite, and sub
ordinate sulfides—is indicative of deep crustal crystallization (Mourey 
et al., 2023).

The remaining xenoliths, classified as lherzolites and harzburgites, 
exhibit a typical upper mantle mineralogy. Xenoliths 14TG19G and 
14TG11D are harzburgites composed mainly of olivine and orthopyr
oxene, and are interpreted as representative of a refractory mantle 
source. The lherzolites are represented by samples 14TG24-C9a, 
14TG24B-3, and 14TG12c-a, mainly distinguished by the presence of 
Cr-rich clinopyroxenes. Samples 14TG24-C9b and 14TG12c-b are 
mantle metasomatic veins consisting mainly of Cr-poor clinopyroxene 
with abundant phlogopite and ilmenite.

Barometric estimates from CO2-densimetry of FIs based on Raman 
spectroscopy and mineral chemistry were conducted on most of the 
xenoliths and are reported in Tables S2 and S3. Further details on the 
analytical procedures are provided in the supplementary information.

2.2. Noble gas and CO2 isotopes

For elemental and isotopic measurements of noble gases 
(He–Ne–Ar), all samples were crushed and sieved to allow hand-picking 
of olivine, clinopyroxene, and phlogopite crystals with diameters >0.5 
mm. For each aliquot, between 0.2 g (minimum) and 1 g (maximum) of 
crystals was collected. After selection, the samples were ultrasonically 
cleaned using HNO3, deionized water, and high-purity acetone. The 
cleaned samples were then accurately weighed and loaded into an ultra- 
high-vacuum (UHV) crusher for noble gas analysis. The crusher system 
was evacuated and baked at 120 ◦C for 48 h. Once UHV conditions were 
achieved, FIs gases were released by single-step crushing at approxi
mately 200 bar and room temperature (21 ◦C). The total amount of CO2 
released was quantified by measuring the total pressure of the gas 
mixture (CO2 + N2 + O2 + noble gases) using an IONIVAC Transmitters 
ITR90 pressure gauge within a known system volume. To isolate the CO2 
component, the residual pressure from N2 + O2 + noble gases was 
measured after CO2 was cryogenically removed using a “cold finger” 
immersed in liquid nitrogen. For noble gas analysis, the residual gas 
mixture was purified using Zr–Al getter pumps within a UHV stainless- 
steel preparation line. Subsequently, Ar (as well as Kr and Xe, if present) 
was cryogenically removed using an active charcoal “cold finger” 

Fig. 1. Map showing the sampling localities of the crustal and mantle xenoliths. 
Coordinates are reported in Table S1. Image from Google April 2025.
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immersed in liquid nitrogen. He and Ne were sequentially adsorbed onto 
a cold head with active charcoal cooled to 10 K and then stepwise heated 
to 40 K and 80 K to release He and Ne, respectively.

He and Ne isotopes were analyzed using two split-flight-tube mass 
spectrometers (Helix SFT, Thermo), while Ar isotopes were analyzed 
using a multi-collector mass spectrometer (Argus, GVI). Analytical un
certainties (1σ) for the measured isotope ratios were as follows: <2.7 % 
for 3He/4He, <6.3 % for 20Ne/22Ne, <7.5 % for 21Ne/22Ne, <2.0 % for 
40Ar/36Ar, and < 1.7 % for 38Ar/36Ar. The 20Ne/22Ne and 21Ne/22Ne 
ratios were corrected for isobaric interferences at m/z 20 (40Ar2+) and 
m/z 22 (44CO2

2+), respectively. The 3He/4He ratio was further corrected 
for atmospheric contamination based on the measured 4He/20Ne ratio, 
as follows: 

Rc
/
Ra =

(
(RM/Ra)(He/Ne)M–(He/Ne)A

)/(
(He/Ne)M–(He/Ne)A

)
(1) 

where subscripts M and A refer to measured and atmospheric theoretical 
values, respectively (air has 4He/20Ne = 0.318). The corrected 3He/4He 
ratios are reported as Rc/Ra values.

40Ar was corrected for air contamination (40Ar*) assuming that the 
measured 36Ar has an atmospheric origin as follows: 

40Ar* = 40Arsample–
[

36Arsample ×
( 40Ar

/36Ar
)

air

]
(2) 

40Arair =
40Arsample–40Ar (3) 

From samples 14TG12c-b, 14TG24-C9b, 10TL05, and 14TG21, CO2 
was extracted from FIs hosted in clinopyroxene, and both the CO2 
concentration and the 13C/12C ratio were determined. The carbon 
isotope composition is expressed using delta notation (δ13C), in parts per 
thousand (‰), relative to the V-PDB international standard. δ13C mea
surements were performed exclusively on clinopyroxenes, as this was 
the only mineral phase in which FIs contained sufficient CO2 for isotopic 
analysis. To this end, between 0.35 g and 0.64 g of fresh clinopyroxene 
crystals, with diameters ≥0.5 mm, were hand-picked from fragmented 
xenoliths. The crystals were cleaned using an ultrasonic bath in 10 % 
HCl, followed by deionized water, then dried, weighed, and loaded into 
a crusher system consisting of a stainless-steel sample holder and a hy
draulic press capable of exerting a single-step pressure of approximately 
200 bar. During mechanical crushing for CO2 extraction and carbon 
isotope analysis, a glass sampler submerged in liquid nitrogen was used 
to trap the released CO2 by freezing. A vacuum pump maintained system 
pressure 10− 3 mbar. The glass sampler was subsequently connected to a 
glass line equipped with a 626B Baratron® Absolute Capacitance 
Manometer (MKS; measuring range: 10− 3 to 10 mbar) for CO2 purifi
cation and quantification (expressed in mol/g). The purified CO2 was 
condensed in the same sampler, which was then brought to atmospheric 
pressure by adding high-purity helium and transferred to the stable 
isotope laboratory for isotopic analysis.

The 13C/12C ratio was determined using a Thermo (Finnigan) Delta 
Plus XP continuous-flow isotope ratio mass spectrometer (CF-IRMS), 
coupled with a Trace GC gas chromatograph and a Thermo (Finnigan) 
GC/C III interface. The analytical uncertainty for δ13C was better than 
±0.4 ‰ (2σ). The isotopic analyses of both noble gases and CO₂ were 
conducted at the laboratories of INGV, Sezione di Palermo (Italy). 
Further details regarding the sample preparation and analytical pro
tocols can be found in Gennaro et al. (2017), Rizzo et al. (2018) and 
Sandoval-Velasquez et al. (2021a).

3. Results

3.1. FIs entrapment pressures

Orthopyroxene and clinopyroxene crystals, in most of the samples, 
display numerous trails of secondary FIs (Roedder, 1984) developed 
along healed crystal fractures (Fig. S1). An exception is observed in 

sample 10TL01, where FIs are isolated supporting their interpretation as 
primary in origin (Fig. S1A). Stretching and necking down patterns are 
observed in samples 14TG19G and 14TG21 (Fig. S1) suggesting 
reequilibration of part of the FIs. In general, CO2 density in FIs clino
pyroxene and orthopyroxene crystals from the shallow cumulates 
(10TL01, 10TL05; Fig. S1A), the deep cumulates (14TG21 and 14TG22; 
Fig. S1B), and the mantle xenoliths (14TG19G, 14TG11D; 14TG24-C9a, 
14TG12c-a; 14TG24-C9b, 14TG12c-b; 14TG24B-3; Fig. S1 C-E), ranges 
from 0.08 to 0.95 g/cc (0.08 to 0.98 g/cc by adding 10 mol% of H2O). 
Barometric estimations indicate a wide range of variability between 29 
and 687 MPa (Fig. 2 and Table S2); corresponding depths were esti
mated using the lithostatic pressure formula and a crustal density of 
2.750 g/cm3 (Christensen and Mooney, 1995). In detail, (i) coarse- 
grained shallow cumulates exhibit the shallowest pressures with 
values from 0 to 4 km (33–101 MPa); (ii) lower crust cumulates xeno
liths show two data groups: the shallowest between 1 and 10 km 
(39–261 MPa) and the deepest about 19 km (~498 MPa); while (iii) 
mantle xenoliths, although exhibiting considerable variability, record 
the maximum depths at OL (18 - 25 km; 490–670 MPa).

3.2. Mineral chemistry

Mineral chemistry data is presented in Table S3. Clinopyroxenes 
from ijolites (samples 10TL01 and 10TL05) are characterized by Mg# 
<80 and low Al₂O₃ contents (<1.5 wt%), features that clearly distin
guish them from clinopyroxenes found in deep cumulates and mantle 
xenoliths (Mg# of 83–97; Fig. 3A – B). Ti/Al ratios reflect systematic 
differences between crustal cumulates and mantle xenoliths: elevated 
Ti/Al values (0.22–0.55) are observed in clinopyroxenes from wehrlites 
and some ijolites, in contrast to the lower ratios of lherzolites 
(0.05–0.35). In all samples, clinopyroxene exhibits negligible core-to- 
rim variations in Mg#, Ti/Al ratios, and CaO contents. Systematic dif
ferences are evident in olivine compositions, particularly in forsterite 
(Fo) and NiO contents (Fig. 3C). Olivines from wehrlites (interpreted as 
deep cumulates) display Fo₈₀-₈₂, whereas higher forsterite contents are 
recorded in mantle xenoliths: Fo₈₄-₉₃ in lherzolites and Fo₉₂-₉₄ in harz
burgites. Olivines from wehrlites are characterized by the lowest NiO 

Fig. 2. Histogram showing the distribution of FIs trapping pressures measured 
in OL xenoliths presented in this work and from the literature (Table S2). The 
depths relative to the local lower crust and the SCLM were designed after 
Roecker et al. (2017), Plasman et al. (2017) and Daud et al. (2023).
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contents (<1.5 wt%) and the highest CaO concentrations (>0.30 wt%), 
whereas olivines from mantle xenoliths exhibit elevated NiO contents 
(up to 0.46 wt%) and markedly lower CaO levels (0.11–0.01 wt%). 
Similar to clinopyroxenes, individual olivine grains from both cumulates 
and mantle xenoliths display minimal core-to-rim compositional zoning.

3.3. CO2 and noble gas isotopic data

CO2 is the most abundant volatile species in all OL FIs (Fig. S1F), 
particularly in those hosted within clinopyroxene, where concentrations 
reach up to 6.9 × 10− 7 mol/g (Table 1). Note that fluid inclusions 
analysis by Raman spectroscopy revealed that most of the fluid in
clusions entrapped in olivine crystals from the harzburgites (samples 
14TG19G and 14TG11D) and from the deep cumulates (14TG21 and 
14TG22) has no detectable CO2 but contain carbonates. It suggests for 
these samples a predominant process of carbonate-forming from initial 
entrapped CO2. This hypothesis is confirmed by the unusual low Total 
Gas Content (TGC) and CO2 content released by crystal crushing of these 
products (see Fig. S2 where these samples diverge from the classical 
positive correlation between entrapment depth and CO2-TGC; Boudoire 
et al., 2018). CO2/3He ratios range from 2.5 × 108 to 1.9 × 109, while 
corresponding δ13C values vary from − 5 ‰ to − 2.7 ‰. On average, 4He 
contents are 1.0 × 10− 11, 3.9 × 10− 11, and 1.1 × 10− 12 mol/g in olivine, 
clinopyroxene, and phlogopite, respectively (Table 1). The analyzed 
aliquots display 4He/40Ar* ratios ranging from 0.2 to 3.7 in olivine and 
from 0.6 to 13.5 in clinopyroxene, indicating a magmatic origin for the 
FIs (Fig. S3). The presence of a minor atmospheric component in the 
inclusions is evidenced by relatively low 4He/20Ne and 40Ar/36Ar ratios 
(reaching up to 1902 and 4150, respectively; Fig. S4).

Rc/Ra values (3He/4He ratios corrected for atmospheric contami
nation) are relatively homogeneous across the three analyzed mineral 
phases, ranging from 5.6 to 7.4 Ra (Table 1). Notably, phlogopite 
crystals exhibit the highest values in the dataset, from 7.2 to 7.4 Ra. 
Samples suspected of being affected by secondary processes, such as 
helium loss, cosmogenic 3He or radiogenic 4He addition were excluded 

from the final interpretation (see supplementary information for more 
details). The filtered dataset yields average Rc/Ra values of 6.6 ± 0.4 Ra 
for mantle xenoliths and 6.2 ± 0.5 Ra for crustal cumulates. These re
sults are consistent with previous measurements from OL summit fu
maroles and xenoliths (e.g., Teague et al., 2008; Fischer et al., 2009; 
Mollex et al., 2018), and overlap the lower end of both the MORB and 
SCLM ranges (8 ± 1 Ra and 6.1 ± 0.9 Ra, respectively; Graham, 2002; 
Gautheron and Moreira, 2002).

Together, these findings suggest the existence of a relatively homo
geneous isotopic signature within the magmatic plumbing system 
beneath OL. This signature appears unaffected by significant crustal 
assimilation during magma ascent and likely reflects the isotopic char
acteristics of the local subcontinental mantle.

4. Discussion

4.1. Regions of the OL plumbing system sampled by our xenoliths

The geometry of the OL system has been reconstructed through the 
inversion of ground deformation data, seismic records, and petrological 
observations (Roecker et al., 2017; Reiss et al., 2021, 2022; Daud et al., 
2023). It has been proposed that the shallowest part of the plumbing 
system consists of two magma ponding zones located between 1 and 3 
km depth (Daud et al., 2023). These shallow reservoirs are connected to 
a sill complex located in the mid-crust (at ~8–12 km depth), which is in 
turn fed—through a complex network of dykes—by a deep reservoir 
situated at 18–25 km depth in the lower crust (Roecker et al., 2017; 
Daud et al., 2023). Based on their tomographic model, Roecker et al. 
(2017) also proposed the existence of an even deeper magma storage 
zone at the boundary between the lower crust and the upper mantle, at 
approximately 35–50 km depth. This deeper reservoir is thought to feed 
not only the OL plumbing system, but also the volcanic activity of the 
Natron Basin and the Gelai monogenetic field. Petrological studies of 
lavas and deep crustal cumulates also support the existence of a deep 
crustal reservoir (~25–35 km) that regularly recharges a mid-crustal 

Fig. 3. Mg# vs A) Al2O3 and B) Ti/Al in clinopyroxenes. C) Fo vs NiO in olivines; the dotted red line emphasizes the difference in Fo between cumulates and mantle 
xenoliths. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1 
The isotopic composition of CO2 and noble gas in fluid inclusions fom OL xenoliths.

Sample Rock Mineral CO2a δ13C CO2 
/3Hea

4He 3He CO2b 40Ar 36Ar 40Ar*d 4He/ 
20Ne

4He/ 
40Ar*

R/ 
Ra

Rc/ 
Rac

error 
(þ/¡)

40Ar/ 
36Ar

error 
(þ/¡)

CO2/ 
3Heb

TGC 3He/ 
36Ar

11D Harzburgite Ol – – –
5,11E- 

13
4,82E- 

18
2,53E- 

09
1,48E- 

11
4,58E- 

14
1,26E- 

12 13,2 0,41 6,79 6,90 0,09 326,3 0,5 5,24E+08
5,99E- 

09 0,0001

11D 
(replicate)

Harzburgite Ol – – –
1,15E- 

13
9,16E- 

19
5,09E- 

10
5,18E- 

12
1,56E- 

14
5,72E- 

13
8,3 0,20 5,71 5,90 0,10 335,9 0,2 5,56E+08

2,30E- 
09

0,0001

19G Harzburgite Ol – – –
6,33E- 

12
5,59E- 

17
2,18E- 

08
6,15E- 

12
3,03E- 

15
5,26E- 

12
672,7 1,20 6,35 6,30 0,06 2050,1 1,4 3,91E+08 2,21E- 

08
0,0184

24B-3 Lherzolite Ol – – –
3,07E- 

11
2,81E- 

16
5,82E- 

10
1,53E- 

11
1,67E- 

14
1,04E- 

11
1296,6 2,95 6,61 6,60 0,06 924,3 2,9 2,07E+06 1,30E- 

09
0,0169

12C-a Lherzolite Ol – – –
5,37E- 

12
4,84E- 

17
3,98E- 

10
3,45E- 

12
2,02E- 

15
2,85E- 

12 1902,0 1,89 6,49 6,50 0,07 1721,6 1,5 8,23E+06
4,97E- 

10 0,0239

14TG24-C9a Lherzolite
Ol – – –

7,82E- 
12

7,14E- 
17

7,51E- 
10

4,45E- 
12

7,95E- 
15

2,11E- 
12

693,6 3,71 6,57 6,60 0,06 566,7 0,3 1,05E+07
1,09E- 

09
0,0090

Cpx – – –
1,74E- 

11
1,56E- 

16
1,18E- 

07
8,59E- 

12
5,95E- 

15
6,83E- 

12
1401,7 2,55 6,45 6,50 0,06 1458,4 1,2 7,57E+08 1,20E- 

07
0,0262

14TG24-C9b
Metasomatic 

vein

Ol – – –
6,44E- 

12
6,02E- 

17
5,56E- 

10
8,53E- 

12
2,21E- 

14
2,01E- 

12 188,1 3,21 6,73 6,70 0,07 390 1,8 9,24E+06
1,80E- 

09 0,0027

Cpx
4,62E- 

07 -5,00 1,24E+09
4,11E- 

11
3,71E- 

16
3,51E- 

07
4,77E- 

11
1,01E- 

13
1,80E- 

11 297,8 2,29 6,5 6,50 0,06 478,7 0,4 9,46E+08
3,56E- 

07 0,0037

Phlog – – –
1,67E- 

12
1,67E- 

17
1,22E- 

08
8,18E- 

12
2,56E- 

14
6,11E- 

13
50,1 2,73 7,14 7,20 0,07 322,8 0,2 7,30E+08 – 0,0007

12c-b Metasomatic 
vein

Cpx 8,40E- 
07

-2,65 1,81E+09 5,27E- 
11

4,65E- 
16

6,88E- 
07

7,47E- 
11

4,63E- 
14

6,11E- 
11

899,4 0,86 6,34 6,30 0,06 1627,2 2,8 1,48E+09 6,92E- 
07

0,0100

Phlog – – –
4,77E- 

13
4,79E- 

18 3,2E-09
1,34E- 

11
4,15E- 

14 1,1E-12 8,7 0,43 7,18 7,40 0,11 325,5 0,2 6,68E+08 – 0,0001

14TG21 Wehrlite
Ol – – –

1,39E- 
11

1,12E- 
16

6,09E- 
10

1,37E- 
10

3,33E- 
14

1,27E- 
10 299,1 0,11 5,77 5,80 0,05 4150,3 7,9 5,46E+06

1,68E- 
09 0,0034

Cpx 8,36E- 
08

-4,07 1,87E+09 8,47E- 
12

7,8E-17 1,45E- 
07

2,91E- 
11

5,02E- 
14

1,42E- 
11

118,2 0,60 6,58 6,60 0,06 581,5 2,7 1,87E+09 1,47E- 
07

0,0016

14TG-22b Wehrlite Ol – – –
2,05E- 

11
1,61E- 

16
4,28E- 

10
2,97E- 

11
1,07E- 

14
2,65E- 

11
1367,9 0,77 5,64 5,60 0,06 2784 18,1 2,65E+06 1,10E- 

09
0,0152

10TL01 Ijolite Cpx – – –
1,59E- 

11
1,37E- 

16
1,07E- 

08
2,20E- 

11
6,88E- 

14
1,64E- 

12 157,3 9,74 6,19 6,20 0,06 322,7 0,4 7,82E+07
1,29E- 

08 0,0020

10TL05 Ijolite Cpx
1,27E- 

07 -3,69 2,52E+08
1,01E- 

10
9,89E- 

16
2,50E- 

07
2,07E- 

11
4,47E- 

14
7,49E- 

12 1433,8 13,51 6,98 7,00 0,06 466,7 0,8 2,52E+08
2,52E- 

07 0,0221

Gas and total gas contents (TGC) are expressed in mol/g; uncertainties are 1σ.
a CO2 and CO2/3He measured from the glass line
b Estimation of CO2 and CO2/3He during noble gases analysis;
c Rc/Ra ¼ Rm/Ra * (He/Ne(m) – He/Ne(a))/(He/Ne(m) - He/Ne(a)); Rm/Ra and He/Ne(m) are the measured values, He/Ne(a) is the atmospheric value of 0,318 (Ozima and Podosek, 2001)
d 40Ar* ¼ 40Ar(m) - (36Ar(m) * (40Ar/36Ar(a))); 40Ar(m) and 36Ar(m) are the measured values and 40Ar/36Ar(a) is the atmospheric value = 295,5 (Ozima and Podosek, 2001)
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one (~8–15 km) where phonolites and carbonatites coexist (Mourey 
et al., 2023).

We use our mineral chemistry and barometric results to constrain the 
spatial position of our samples within specific sub-regions of the 
plumbing system described above. For example, Ti/Al ratios in clino
pyroxene (cpx) crystals show systematic differences between cumulates 
and mantle xenoliths, which can be interpreted as indicative of different 
provenance depths within the OL system. In ijolites and wehrlites 
(samples 14TG21, 14TG − 22-B, and 10TL01), Ti/Al ratios in cpx are 
typically >0.35, while in mantle xenoliths they are generally <0.35. 
Higher Ti/Al ratios are typically interpreted as indicating lower crys
tallization pressures (e.g., Boudoire et al., 2019; Lo Forte et al., 2024), 
and in our case support a shallower origin for cumulates. This inter
pretation is corroborated by our barometric estimated in FIs shown in 
Fig. 2, where most of the data fall into three sub-groups that broadly 
correspond to the main storage regions of the previously described 
magmatic system. The first group corresponds to depths between 0 and 
6 km (< 140 MPa), the second to 8–10 km (225–265 MPa), and the third 
to 18–25 km (480–687 MPa). Depths <10 km are mostly associated with 
cumulates, while depths >19 km are found only in samples 14TG12c-a, 
14TG19G and 14TG12c-b (the latter with an estimated δ13C of − 2.7 ‰) 
which are classified as mantle xenoliths of lherzolitic or harzburgitic 
composition and fall within the depth interval proposed for the deep 
magma storage zone by Roecker et al. (2017).

4.2. Carbon isotopes in xenoliths, and inferences into the isotopic 
signature of OL parental melts

FIs in cumulates and mantle xenoliths exhibit δ13C values ranging 
from − 5.0 ‰ to − 2.7 ‰, thus falling within the range reported for OL 
volcanic gases and fresh carbonatitic lavas (− 7.8 ‰ to − 2.4 ‰; Keller 
and Hoefs, 1995; Fischer et al., 2009; Barry et al., 2013). Notably, the 
heaviest δ13C values for both FIs and volcanic gases (− 2.7 ‰ and − 2.4 
‰, respectively; this study and Fischer et al., 2009) lie well outside the 
typical δ13C range for MORB mantle carbon (Sano and Marty, 1995). 
This becomes particularly significant when considering that the heaviest 
δ13C value (− 2.7 ‰) is associated with FIs in sample 14TG12c-b, which 
also corresponds to one of the highest estimated entrapment pressures 

(617 MPa; Fig. 4A).
The 4He/40Ar* ratio (and to a lesser extent, CO2 concentrations; 

Fig. S2) also shows a systematic correlation with estimated FIs pressures 
(Fig. 4B), increasing from approximately 0.86 at 23 km depth to 9.74 at 
4 km. Because 4He/40Ar* is known to increase during magmatic 
degassing due to the ~7–10 times greater solubility of He compared to 
Ar in silicate melts (Fischer et al., 2005; Iacono-Marziano et al., 2010), 
the observed pressure-dependent variations in Fig. 4A–B suggest that the 
FIs population records different stages of decompression-driven 
degassing. Each sample of FIs thus likely represents a specific degass
ing step along the OL magma’s ascent path.

This is particularly relevant because, during magmatic degassing, 
heavy carbon (13C) is preferentially partitioned into the CO2-rich fluid 
phase relative to the coexisting melt (Javoy et al., 1989; Deines, 2002; 
Aubaud, 2022), leaving the residual melt and late-formed gas progres
sively enriched in 12C and thus displaying more negative δ13C values. If 
the extent of degassing significantly controls the isotopic and chemical 
composition of FIs (as shown in Fig. 4A–B), then the measured δ13C 
values of FIs may underestimate the original carbon isotopic composi
tion of the parental OL melt and its mantle source. Our FIs data in 
Fig. 4A–B provide an opportunity to construct a pressure-dependent 
model of magmatic degassing in order to back-calculate the primary 
δ13C signature of the magma source. For this, we apply the Fractional 
Equilibrium Degassing (FED) equations developed by Macpherson and 
Mattey (1994), which have previously been used in similar contexts by 
Boudoire et al. (2018) and Lo Forte et al. (2024) to interpret FIs data 
from La Réunion Island and Fogo volcano, respectively: 

δ13Cm = δ13Cm,i +(Δ*lnF) (4) 

δ13Cv = δ13Cm +Δ (5) 

where δ13Cm, δ13Cv are the δ13C signatures of the melt and the vapor, 
respectively, at each step of the degassing; δ13Cm,i is the signature of the 
starting melt and Δ is the 13C/12C vapor-melt enrichment factor assumed 
equal to +2.74 ‰ (Mattey, 1991; Boudoire et al., 2018; Lo Forte et al., 
2024).

Use of Eq. (4) requires that the residual fraction (F) of CO2 remaining 
in the melt at each degassing step or pressure be parameterized. This, in 

Fig. 4. Open-system degassing modelling for A) δ13C and B) 4He/40Ar* based on FIs barometric data. Modelling is based on the equations proposed by Macpherson 
and Mattey (1994), see main text for details. The red and blue vertical lines represent the uncertainty of the model based on the pressure estimations of FIs (~ 15 %; 
see supplementary material for further details). Melilitite/Mg-nephelinite formation was set at 80 km depth based on the information provided in Mattey et al. 
(2013), Ebinger et al. (1997) and the modelled δ13C and 4He/40Ar*ratios. Carbonatite formation ranges are proposed between 10 and 12 km depth. Purple, violet and 
orange fields on the upper part of the diagrams represent the variability of δ13C and 4He/40Ar* data for gases and FIs from OL and the neighboring Rungwe Volcanic 
Province (RVP) reported in the literature. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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turn, necessitates knowledge of the original CO2 content in the primary 
(parental), undegassed melt. Based on recent experimental petrological 
composition of the host magma that transported the deep cumulates 
(samples 14TG21 and 14TG22; Mourey et al., 2023) to the surface—and 
considering that most mantle xenoliths found in the vicinity of OL are 
hosted in melilitites (Mattsson et al., 2013)—we assume that parental 
OL magmas to be melilititic to Mg-nephelinitic in composition and adopt 
these as the starting melts in our model. Melilititic and Mg-nephelinitic 
magmas are the most primitive erupted at OL and are believed to orig
inate at ~60–90 km depth, near the base of the local SCLM (Ebinger 
et al., 1997; Mattsson et al., 2013). Following Keller et al. (2006) and 
Mourey et al. (2023), we consider melilitites and Mg-nephelinites as the 
best candidates for primary melt compositions in the OL area, due to 
their compositional affinities and their high Mg# and elevated Ni and Cr 
contents.

Using the CO₂ solubility model of Eguchi and Dasgupta (2018), we 
estimate that a typical OL melilititic or Mg-nephelinitic magma (see 
Table 2 for initial magma compositions), formed at 2.2GPa (~75–80 km 
depth) under an oxygen fugacity of 2 log units above the Quartz
–Fayalite–Magnetite (QFM) buffer and at a temperature of 1200 ◦C 
(Keller et al., 2006; Mattsson et al., 2013; Mourey et al., 2023), can hold 
up from 7.5 wt% (Mg-nephelinitic magma) to 8.6 wt% (melilititic 
magma) dissolved CO2 at saturation (solubility constant SCO2 = 7.88 ×
10− 8 mol/g/bar). We consider this range (7.5–8.6 wt%) for the parental 
melt to be realistic and the most probable, as it is consistent with the 
maximum CO2 contents found in melt inclusions trapped in silicate 
glasses from the 2007–2008 eruption at OL (8.7 wt%; De Moor et al., 
2013). Using this parental melt CO2 contents, we apply Eqs. (4) and (5)
to back-calculate the initial δ13Cₘ of the melt required to reproduce the 
δ13C values measured in FIs from mantle metasomatic xenoliths 
(Fig. 4A). The best fit between the model vapor curve and our FIs ob
servations is obtained for an initial δ13Cₘ of − 0.9 ± 0.3 ‰. Thus, at a 
depth of 22 km—the estimated entrapment depth for clinopyroxene in 
sample 14TG12c-b—the solubility model predicts that the melt can 
retain 1.61 wt% CO₂ (melilitite) and 1.11 wt% (Mg-nephelinite) at 
saturation, corresponding to a residual fraction (F) of 0.20 at 620 MPa. 
This suggests that by 22 km depth, the melt would have lost approxi
mately 80 % of its original CO₂ content.

We also explored less probable alternative scenarios, to assess the 
sensitivity of our model to uncertainties in the assumed CO₂ contents of 
the parental melts, considering the broader range of OL parental magma 
formation depths (60–90 km; Ebinger et al., 1997; Mattsson et al., 2013) 
(Fig. S5A–B). In these scenarios, parental magmas are assumed to form 
at pressures of 1.6 GPa (~60 km) and 2.5 GPa (~90 km). Following 
Eguchi and Dasgupta (2018), the corresponding original magmas would 
contain approximately 4.5–5.5 wt% and 9–10 wt% of dissolved CO₂, 
respectively (Fig. S5C illustrates the variation in CO₂ solubility with 
depth for saturated melilititic and Mg-nephelinitic compositions). To 
reproduce the observed FI δ13C values under these conditions, the initial 
δ13Cₘ values were estimated as δ13Cₘ(1.6 GPa) = − 1.4 ± 0.3 ‰ and 
δ13Cₘ(2.5 GPa) = − 0.5 ± 0.3 ‰. These results indicate that reasonable 
variations in the assumed CO₂ contents of the parental melt (±2 wt%) or 
in the magma formation depth (~60–90 km) lead to only minor differ
ences (≤0.5 ‰) in the calculated δ13Cₘ values. This modest sensitivity 
suggests that our main conclusions are not strongly dependent on the 
exact CO₂ concentration or formation pressure adopted. We further 
explored an extreme scenario in which the parental magma formed at 
~80 km depth contains only 1–2 wt% dissolved CO₂. However, imposing 
such low initial CO₂ concentrations shifts the modelled degassing 

trajectories to unrealistically low δ13C values and fails to reproduce the 
observed range in our FI data (Fig. S6). Taken together, these tests 
indicate that the preferred model—assuming parental melts formed at 
~75–80 km depth with 7.5–8.6 wt% CO₂—represents the most plausible 
and internally consistent scenario, providing the best agreement be
tween solubility constraints, melt inclusion data, and measured FI iso
topic compositions.

To evaluate the validity of the degassing model starting at 2.2GPa 
(~80 km), we test whether the pressure-dependent behavior of F (as 
shown in Fig. 4A) also reproduces the pressure dependence of the 
4He/40Ar* ratio (Fig. 4B). For this, we apply the equations proposed by 
Macpherson and Mattey (1994) and Hoefs (2009): 

He
Ar

(v) =
He
Ar

(v, i)*
SAr

SHe
*F

(
KAr
KHe

− 1

)

(6) 

RV

Rlo
= F

(
1
α− 1

)

(7) 

where 4He/40Ar (v) is the ratio in the gas phase for a given residual 
fraction (F) along the degassing path, and 4He/40Ar (v, i) is the ratio at 
the initial pressure (2.2 GPa); SAr and SHe are the Ar and He solubility 
constants and considering that no solubility data is available in litera
ture for melilititic nor Mg-nephelinitic magmas, we estimated SAr and 
SHe assuming a S(He/CO2) = 1.7 (also used for the FI data from the 2021 
Tajogaite eruption at La Palma; Sandoval-Velasquez et al., 2024) and a 
S(CO2/Ar) = 8.5 (Iacono-Marziano et al., 2010). In the same equations, RV 
/Rlo is the instantaneous isotope ratio of the vapor leaving the liquid and 
the remaining liquid and α is the fractionation factor.

The modelled degassing path is shown in Fig. 4B and fits most of the 
data when the original magma is assumed to have a 4He/40Arₘₑₗₜ ratio of 
2.5 and the corresponding vapor phase a 4He/40Arᵥₐₚₒᵤᵣ ratio of 0.18. 
Considering that FIs are predominantly secondary in most samples 
(Fig. S1), we cannot completely rule out that FIs barometry may reflect 
re-equilibration processes within the OL plumbing system—particularly 
for sample 14TG21 (clinopyroxene) that presents stretching and necking 
down patterns (Fig. S1), which clearly deviate from the modelled vapor 
lines (see dark green square symbol in Fig. 4B). Nonetheless, a positive 
correlation between FIs barometric data and total gas content (TGC; 
Fig. S2)—with deeper FIs entrapment estimates associated with higher 
TGC values—supports the interpretation that barometric estimates are 
representative of actual FIs trapping pressures (e.g., Boudoire et al., 
2018).

In summary, our results and modelling suggest an isotopically heavy 
carbon signature (potentially − 0.9 ‰ for parental magmas forming at 
75–80 km depth) for OL primary melts, and by extension, for their 
mantle source. However, we note that this interpretation is based on a 
limited dataset of only three samples and therefore requires further 
testing and validation using a broader set of xenoliths, especially those 
that preserve deeper entrapment conditions than those recorded in the 
current study. We also acknowledge that our calculations are based on 
the assumption that primary melts form at pressures of 2.2 GPa and 
contain approximately 7.5–8.6 wt% CO2—an assumption that, while 
consistent with observations not only at OL but also at other locations 
such as Hawaii, Texas, Germany, and South Africa (Brey, 1978; Mattsson 
et al., 2013), still requires additional verification. With these limitations 
in mind, we emphasize that the decompression-driven degassing of an 
initial melt with a δ13C value of ~ − 0.9 ‰ also provides a good 

Table 2 
Composition of the parental melts considered for the degassing model.

Melt composition Reference SiO2 TiO2 Al2O3 Fe2O3 FeO MgO CaO Na2O K2O P2O5

Mg-nephelinite Mourey et al. (2023) 41,72 4,32 11,5 3,15 12,28 8,15 13 2,63 1,95 0,2
Melilitite Keller et al. (2006) 38,26 3,79 7,26 – 8,01 15,3 13,44 2,19 1,36 0,89
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explanation for the δ13C vs. CO2/3He compositions not only of our FIs 
samples, but also of OL summit fumaroles and gases from the nearby 
Rungwe Volcanic Province (Fig. 5; Fischer et al., 2009; Barry et al., 
2013).

4.3. Assessing the role of crustal contamination versus mantle 
metasomatism in controlling δ13C

The possible assimilation of crustal limestones during magma ascent 
within the OL plumbing system represents an important consideration 
when evaluating our δ13C model. However, isotopic constraints from 
Nd–Sr–Pb systematics and trace-element data strongly argue against any 
significant crustal contamination of OL primary lavas, carbonatites, or 
mantle xenoliths. Variations in Nd, Pb, and Sr isotope ratios among OL 
lavas are best explained by mantle-source heterogeneity—rather than 
crustal assimilation—involving mixing between HIMU- and EMI-type 
mantle components (Bell and Simonetti, 1996; Keller et al., 2006; 
Rooney, 2020). Moreover, mantle xenoliths from nearby cinder cones 
and tuff deposits, primarily peridotites and pyroxenites, share these 

isotopic characteristics, confirming derivation from a similarly enriched 
mantle domain (Cohen et al., 1984; Rudnick et al., 1993; Bell and 
Simonetti, 1996). This interpretation is further supported by helium- 
isotope data, which exclude any significant crustal contamination dur
ing magma ascent while indicating the involvement of a recycled crustal 
component within the local SCLM—a feature also recognized in other 
metasomatized SCLM settings worldwide (Gautheron and Moreira, 
2002). In particular, the findings of Mollex et al. (2018) and Mourey 
et al. (2023)—based on helium-isotope compositions and trace-element 
characteristics of xenoliths 10TL01, 10TL05, and 14TG21—demonstrate 
that the ascending magmas did not undergo crustal contamination. 
Likewise, Keller et al. (2006) showed that OL alkali-rich nephelinites 
and olivine melilitites, considered potential parental melts for our 
model, display Ce/Pb, Ce/Y, and Ba/U ratios typical of mantle-derived 
magmas, thereby excluding a significant crustal contribution.

We therefore propose a model (Figs. 4B and 5C) in which a δ13C of 
approximately − 0.9 ‰ directly reflects the isotopic systematics of a 
local SCLM infiltrated by carbon-rich metasomatic agents (as observed 
by Foley and Fischer, 2017; Muirhead et al., 2020). These agents likely 
carried a recycled crustal (13C-enriched) signature capable of shifting 
both δ13C and CO₂/3He ratios from typical mantle-like values (− 8 ‰ to 
− 4 ‰ and ~ 1 × 109, respectively; Sano and Marty, 1995) toward higher 
ratios (~ − 0.9 ‰ and ~ 1 × 1010, respectively), approaching the iso
topic composition of crustal limestones. This scenario is also consistent 
with the experiments and isotopic interpretations of Paslick et al. 
(1995), who attributed Pb-isotope compositions and U/Pb variability in 
lavas and xenoliths from northern Tanzania (near OL) to partial melting 
of an ancient, underplated OIB-like component that remained isolated 
within the lithospheric mantle for approximately 2 Ga. According to 
those authors, this enriched mantle domain—formed prior to the 
opening of the East African Rift (~45 Ma; Ebinger et al., 1993; George 
et al., 1998; Boone et al., 2019; Michon et al., 2022)—originated from 
the addition of ancient subducted and plume-derived materials to the 
local SCLM.

We therefore argue that a 13C-rich mantle source likely exists 
beneath OL, resulting from the infiltration of carbon-bearing meta
somatic agents into the local SCLM (Foley and Fischer, 2017; Muirhead 
et al., 2020) that carried a recycled crustal carbon signature (Figs. 5B 
and 4C). A comparable process has recently been proposed for both the 
eastern and western branches of the East African Rift System 
(Halldórsson et al., 2022) and for several ocean-island settings, 
including the Canary Islands (Sandoval-Velasquez et al., 2024) and Cape 
Verde (Lo Forte et al., 2024), where crustal carbon recycling into the 
mantle is attributed to subducted altered oceanic crust (AOC) or oceanic 
lithosphere. In the case of OL, the available data do not permit unam
biguous discrimination among potential metasomatic sources such as 
AOC, oceanic lithosphere, or sedimentary carbonates (Fig. 5). Each of 
these reservoirs could plausibly contribute carbon characterized by 
relatively heavy δ13C values and elevated CO₂/3He ratios. Consequently, 
our results are best explained by the involvement of a mixed or variably 
processed recycled‑carbon component, rather than by a single, compo
sitionally uniform source.

4.4. Implications for the origin of OL carbonatites

Existing models for the generation of carbonatitic magmas fall into 
two contrasting categories (Wallace and Green, 1988; Peterson, 1989; 
Dawson et al., 1995; Fischer et al., 2009; Hammouda et al., 2014). Ac
cording to one view (Wallace and Green, 1988; Hammouda et al., 2014), 
carbonatites form in the mantle during partial melting of carbon- 
enriched mantle lithologies. In contrast, alternative models (Peterson, 
1989; Fischer et al., 2009; Mourey et al., 2023) propose that carbo
natites originate through low-degree partial melting of a C-poor mantle 
followed by extreme differentiation of, and immiscibility from, the 
corresponding alkaline silicate melt precursor. At OL, petrological and 
volatile geochemical evidence supports the idea that immiscibility 

Fig. 5. A) Histogram showing the distribution of δ13C values from different 
carbonatites (<180 Ma) around the world (Taylor et al., 1967; Hay and O’Neil, 
1983; Keller and Hoefs, 1995; Srivastava and Taylor, 1996; Demény et al., 
1998; Mata et al., 2010; Jones et al., 2013; Gales, 2019; Amsellem et al., 2020). 
B) The histogram shows the number of samples of carbonates hosted in altered 
oceanic crust – oceanic lithosphere (AOC-OL) reported for each δ13C class after 
Li et al. (2019). C) δ13C vs CO2/3He. Black symbols representing xenoliths and 
gas data obtained from volcanoes near OL in Southern Kenya and Tanzania; 
data is from Halldórsson et al. (2022) and Barry et al. (2013). Canary Islands 
data is from Sandoval-Velasquez et al. (2021b, 2024). The dotted dark blue line 
represents a binary mixing curve between two endmembers: Limestone at δ13C 
= 0 ‰ (CO2/3He = 1.00 × 1013) and a MORB-like upper mantle at δ13C = − 6 ‰ 
(CO2/3He = 1.00 × 109). MORB and limestone δ13C ranges are designed after 
Sano and Marty (1995). The dotted red line is the more probable degassing path 
for the vapor phase fitting our data and the δ13C of the summit OL fumaroles; 
the light red area represents the uncertainty of the model based on the 
maximum and minimum CO2/3He of our data and data published in the liter
ature. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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between peralkaline nephelinitic melts and natrocarbonatites occurs at 
shallow crustal depths (<300 MPa), and represents the most plausible 
mechanism for generating the erupted carbonatites (Kjarsgaard et al., 
1995; Fischer et al., 2009; Mollex et al., 2018; France et al., 2022).

Globally, carbon isotopes in relatively young (<180 Ma) carbonatites 
(Fig. 5A) are predominantly characterized by negative δ13C values (<
− 4 ‰), within the typical MORB mantle range. At OL, fresh natro
carbonatites erupted between 1995 and 2007 exhibit δ13C values be
tween − 6.3 ‰ and − 7.8 ‰ (Keller and Hoefs, 1995; Amsellem et al., 
2020). These values, together with noble gas data, have been interpreted 
as evidence for a MORB-like mantle source beneath OL (Fischer et al., 
2009). However, if carbonatites at OL are generated by shallow-level 
immiscibility from an alkaline nephelinitic melt, their carbon isotope 
composition may not directly reflect the isotopic signature of the mantle 
source. Our model (Fig. 4A) shows that at ~270 MPa (~10 km depth), 
corresponding to the upper pressure limit for immiscibility, a silicate 
melt could have already lost up to ~93 % of its original carbon through 
degassing. As a result, the residual carbon—and thus the carbonatite 
derived from it—would exhibit a δ13C value several per mil lighter than 
that of the source melt. The degassing-driven δ13C depletion in carbo
natites is further supported by Figs. 4A and 5C, where the δ13C values of 
carbonatites are more negative than even the most 13C-depleted FIs 
samples in our dataset.

We conclude that the low δ13C values observed in OL carbonatites 
are best explained by isotopic fractionation during magmatic degassing, 
rather than by a MORB-type mantle source. According to our model 
results (Fig. 4A), the isotopic composition of carbonatites is consistent 
with that of a late-stage, carbon-depleted melt formed at pressures of 
270–320 MPa (10–12 km depth) within the mid-crustal magma reser
voir (at ~8–12 km depth; Roecker et al., 2017; Reiss et al., 2022; Daud 
et al., 2023), yielding residual δ13C values between − 6 ‰ and − 8 ‰.

5. Conclusions

We report the first combined carbon and noble gas (He–Ar) isotopic 
characterization of FIs hosted in cumulates (ijolites, wehrlites) and 
mantle xenoliths (harzburgites and lherzolites) from the Oldoinyo Len
gai (OL) volcano. Using Raman spectroscopy, we infer FI entrapment 
pressures of 33–261 MPa (1–4 km depth) for shallow cumulates (ijo
lites), 1–498 MPa (0–19 km) for deeper cumulates (wehrlites), and 
39–670 MPa (1–25 km) for mantle xenoliths. These pressure/depth 
ranges fall entirely within the transcrustal magma plumbing system of 
OL, suggesting that FIs were either reset (re-equilibrated) during xeno
lith transport through crustal storage zones or that they were directly 
trapped at these crustal depths, rather than in the mantle. Moreover, 
positive correlations between total gas content and barometric data 
from FIs suggest that barometry might reflects actual fluid trapping 
pressures, rather than re-equilibration processes within the OL plumbing 
system—particularly in the case of lherzolites and ijolites, which align 
with modelled δ13C and 4He/40Ar* degassing trends.

CO2 in FIs exhibits δ13C values between − 5.0 ‰ and − 2.7 ‰, 
overlapping with those reported for OL fumaroles. The heaviest carbon 
isotope compositions correspond to the highest entrapment pressures/ 
depths (670 MPa, or 25 km), and, when considered alongside the 
observed positive pressure dependence of the 4He/40Ar * ratio, indicate 
that FIs isotopic and chemical compositions are controlled by fractional 
(open-system) magmatic degassing during magma ascent and decom
pression. We therefore develop a pressure-dependent open-system 
degassing model, assuming a starting condition of a primary melilitic/ 
Mg-nephelinitic melt formed at 75–80 km depth, containing ~7.5–8.6 
wt% CO2. Comparison between the model and FIs compositions requires 
that the parental melt had a relatively heavy isotopic signature, with a 
δ13C of − 0.90 ± 0.30 ‰. This heavy δ13C value suggests that OL mag
matism originates from a mantle domain enriched in carbon through 
metasomatic agents bearing a crustal carbon signature. In light of this 
model, the light carbon isotopic composition of OL carbonatites (δ13C =

− 6.3 ‰ to − 7.8 ‰) supports models in which carbonatites form via 
immiscibility from an alkali-rich, ultramafic silicate melt precursor at 
shallow crustal levels (10-12 km depth).

Finally, the lower-than-MORB helium isotope compositions observed 
in FIs—averaging 6.63 ± 0.39 Ra in mantle xenoliths and 6.24 ± 0.50 
Ra in crustal cumulates—are consistent with the enriched nature of the 
SCLM underlying OL.
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