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A B S T R A C T

Fluid inclusions (FI) entrapped in phenocrysts carried by Ocean Island Basalts (OIB) contain key information on 
volatiles’ abundance and origin in their mantle sources. Here, we add new piece of knowledge to our under
standing of volatile geochemistry in global OIB magmas, by presenting new noble gas (He-Ne-Ar) and carbon (C) 
isotope results for olivine- and clinopyroxene-hosted FI from enclaves, lavas, tephra and volcanic gas samples 
from Fogo, the only frequently active volcano at the Cape Verde archipelago (eastern Atlantic Ocean). FI, 
together with crater fumaroles, constrain the Fogo 3He/4He signature at 7.14–8.44 Rc/Ra (where RC is the air- 
corrected 3He/4He isotope ratio, and Ra is the same ratio in air), which is within the typical MORB (Mid- 
Ocean Ridge Basalt) mantle. The carbon isotopic ratio (δ13C vs. Pee Dee Belemnite) of CO2 in FI and fumaroles 
range from -6.04 to -4.41 ‰. We identify systematic variations of δ13C and He/Ar* with FI entrapment pressure 
(estimated from a combination of host mineral barometry and FI microthermometry), from which we develop a 
model for volatile degassing in the mantle-to-crustal magma storage system. The model predicts a crustal-like 
signature for carbon (δ13C of -0.4 ± 1.0 ‰) in primary melts formed by mantle melting at ~2200 MPa (~77 
km) and a source He/Ar* ratio of 0.90–0.24, which are indicative of variably depleted mantle metasomatized by 
carbon enriched melts/fluids from a crustal component. We also use our results to characterise regional (in the 
Cape Verde and Canary archipelagos) and global trends in C and He isotope composition from OIB. From a 
comparison with the few other OIB localities for which δ13C are available, we propose that a carbon enriched 
crustal component could be recurrent at a global scale in OIB magmatism, although often masked by isotope 
fractionation during magmatic degassing. We additionally find that, at regional scale, He isotopes in OIB scale 
inversely correlate with the degree of partial melting of the mantle beneath individual islands’ (inferred from the 
La/Yb ratio of erupted basalts). More widely, our results corroborate previously established global relationships 
between OIB He isotopic signature, plume buoyancy flux and overlying plate velocity. In this interpretation, the 
MORB-like 3He/4He (8 ± 1 Ra) at Fogo reflects a combination of (i) low to medium magma productivity, (ii) 
relatively low plume buoyancy flux (~1.1 Mg/s), and (iii) slow average velocity (~3 cm/yr) of the overlying 
plate.

1. Introduction

Ocean Island Basalts (OIB) offer invaluable insights into the 

geochemistry of the Earth’s upper mantle, and on the characteristics of 
deeply rooted mantle plumes (Kurz et al., 1996; Hoernle et al., 2000). 
OIB are, for example, known to exhibit highly variable radiogenic 
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isotope (Sr-Nd-Pb) signatures, commonly interpreted as evidence of 
mantle heterogeneity (e.g., Jackson and Dasgupta, 2008), and to reflect 
the existence of several distinct mantle isotopic components interacting 
each other, and mixing in various proportions, in the various OIB lo
calities (Zindler and Hart, 1986; Jackson et al., 2017a; Stracke et al., 
2019).

Noble gases, due to their chemical inertness, behave as strongly 
incompatible elements during mantle partial melting. The 3He and 4He 
isotopes have primordial and radiogenic origin, respectively (Ozima and 
Podosek, 2002), and because they do not fractionate one each other 
during mantle melting and degassing, they can – at least in principle - 
accurately record the signature of the mantle source (e.g., Boudoire 
et al., 2018; Rizzo et al., 2018; Sandoval-Velasquez et al., 2021a, b). The 
utility of light noble gases (He, Ar and Ne) as tracers of mantle processes 
(e.g., Dunai and Porcelli, 2002; Boudoire et al., 2018, 2020; Rizzo et al., 
2018, 2021; Day et al., 2022; Sandoval-Velasquez et al., 2023) stems 
from the distinct isotopic signatures of fluid components (primordial, 
crustal, radiogenic, atmospheric) potentially involved in the OIB mantle 
source. These signatures can be reconstructed from the analysis of fluid 
inclusions (FI) in the minerals of lavas and xenoliths (e.g., Day et al., 
2022) that have not interacted with crustal fluids. FI have revealed 
especially useful for understanding the processes that modify the char
acteristics of the mantle in space and time, and the nature and signature 
of fluids in the mantle (Frezzotti et al., 1992, 2002; Frezzotti and Pec
cerillo, 2004). Past studies (e.g., Gautheron et al., 2005; Boudoire et al., 
2018, 2020; Rizzo et al., 2018, 2021; Sandoval-Velasquez et al., 2021a, 
2021b, 2023) have identified large regional and global diversity in noble 
gas isotopic compositions in FI. However, the factors responsible for the 
observed variability are not entirely understood (Day et al., 2022).

In the Cape Verde archipelago, notable noble gas heterogeneities 
have been identified (Christensen et al., 2001; Doucelance et al., 2003; 

Mourão et al., 2012) (Figs. 1,2). By combining noble gas with radiogenic 
isotopes, heterogeneities have been interpreted either as due to mixing 
of different mantle components (e.g., Gerlach et al., 1988), or as the 
result of the interaction of the “mantle plume” with several shallow 
lithospheric components, such as carbonatites, MORB-type mantle, and 
oceanic crust (Millet et al., 2008). He isotope data from seven out of the 
10 islands span from < 1 Ra (where R is the 3He/4He isotopic ratio of the 
sample and Ra is the corresponding ratio in air) to > 40 Ra (Fig. 1) 
(Christensen et al., 2001; Doucelance et al., 2003; Mourão et al., 2012). 
Large inter-island isotopic diversity and intra-island heterogeneity is 
observed (Fig. 1). The least radiogenic (more primitive mantle-like) He 
compositions is observed at São Nicolau (10.5–15.7 Ra; mean, 13.3 Ra) 
and in the northern islands in general (3.2–42.6 Ra, mean 11.4 Ra) 
(Fig. 2), and more MORB-like (8 ± 1 Ra; Graham, 2002) compositions in 
the southern islands of Santiago (0.2–29.3 Ra; mean 8.1 Ra) and Fogo 
(3.7–12.1 Ra; mean 7.9 Ra) (Christensen et al., 2001; Doucelance et al., 
2003; Mourão et al., 2012; Alonso et al., 2021; Melián et al., 2021). At 
Fogo Island, the only active island, the He isotope compositions 
measured in FI and in crater fumaroles range from 3.7 to 12.1 Ra 
(Doucelance et al., 2003; Alonso et al., 2021; Melián et al., 2021).

Relative to noble gases, the carbon isotope signature of OIB (and of 
their mantle sources) has been more difficult to decipher. This is because 
very few FI results are available (Aubaud, 2022), and because of the 
technical challenges in precise determinations of δ13C compositions of 
dissolved carbon in glassy melt inclusions and in FI in magmatic min
erals. Yet we know from FI in mantle xenoliths (Deines, 2002) that the 
mantle at a global scale has diverse carbon isotope signatures, with δ13C 
values ranging from − 29.9 ‰ in Hawaii (Pineau and Mathez, 1990) to 
+0.9 ‰ at El Hierro (Canary Islands, Sandoval-Velasquez et al., 2021a). 
This wide range reflects a combination of (i) isotopic fractionation 
during magmatic degassing (e.g., Aubaud, 2022), and (ii) mixing of 
crustal carbon components, ranging from organic carbon (− 30 ‰ to − 10 
‰) to limestone (from − 1 ‰ to +1 ‰), with Depleted MORB Mantle 
(DMM) carbon (δ13C of − 4 to − 8 ‰) (Sano and Marty, 1995; Deines, 
2002). OIBs are carbon-rich (Sun and Dasgupta, 2023 and references 
therein), indicating these magmas do form by low-degree partial melting 
of carbon-enriched (metasomatized) mantle sources. Measuring the 
carbon isotopes of alkaline OIB is thus critical for testing models 
(Dasgupta, 2018) that see carbonatitic to carbonated silicate melts 
metasomatic agents to derive from melting of deeply subducted, carbon 
enriched crustal lithologies. The presence of recycled crustal carbon in 
OIB mantle source has recently been identified in the Canary Islands 
(Sandoval-Velasquez et al., 2021a, 2023), but remains untested in most 
OIB localities including at Cape Verde, where carbon isotopic results are 
only available for Fogo fumaroles (Melián et al., 2021).

Here, we present new noble gas (He-Ne-Ar) isotopic data in FI from 
crystals in lavas, tephra, and enclaves from Fogo volcano, including the 
first FI carbon isotopic measurements for the Cape Verde archipelago. 
We interpret our results in the regional and global OIB context in the 
attempt to refine our understanding of the factors that primarily control 
the OIB isotopic diversity. The carbon isotope ratios are used to model 
the source-to-surface carbon isotopic evolution during magmatic 
degassing in the volcano storage system, revealing the presence of a 
recycled carbon rich crustal component in the mantle, source for OIB 
volcanism.

2. Volcanological and geodynamical background

Cape Verde archipelago stands on the Cape Verde Rise, an oceanic 
intraplate bathymetric anomaly, interpreted to result from the interac
tion between a mantle plume and the African plate, moving at an 
average velocity of ̴ 3 cm/yr (Hoggard et al., 2020 and reference 
therein). The archipelago consists of ten major islands divided into two 
main branches: the northern islands (Santo Antão, São Vicente, Santa 
Luzia, São Nicolau, Sal, and Boa Vista), and the southern islands (Maio, 
Santiago, Fogo and Brava). The two branches exhibit contrasting 

Fig. 1. He isotopes (expressed as Rc/Ra values, where Rc is the air-corrected 
He isotope composition) in FI and fumarolic gases from the different islands 
of Cape Verde archipelago. For FI, for consistency with our analytical approach, 
we considered only samples analysed by single-step crushing. Data are from 
Christensen et al. (2001), Doucelance et al. (2003), Mourão et al. (2012), 
Alonso et al. (2021), Melián et al. (2021). Measurements are categorised in 19 
different classes. Two different cut-off values (of a minimum of 2 and 3 samples 
per class) are proposed (for the less and more populated classes, respectively); 
samples/classes below these cut-off values are considered outliers, and are not 
treated in the calculation of individual islands’ refined ranges of Rc/Ra values, 
shown in Fig. 2. No data is available for Maio and Boa Vista islands.
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isotopic (Sr-Nd-Pb) signature, with HIMU (High-μ=high 238U/204Pb 
ratio) and EM-I (Enriched Mantle) mantle source affinities (Gerlach 
et al., 1988; Doucelance et al., 2003; Mata et al., 2017). Recent melt 
inclusion work evidenced the presence of 342–411 ppm carbon in the 
local mantle source (Lo Forte et al., 2024). A carbon-rich, metasomat
ized mantle source is additionally supported by rare carbonatites, which 
have been erupted both in southern islands of Fogo (Hoernle et al., 
2002), Brava (Mourão et al., 2010) and Santiago (Martins et al., 2010), 
and in the northern island of Sal (Bonadiman et al., 2005) and São 
Vicente (Jørgensen and Holm, 2002).

Magmatism at Fogo Island dates back at 3–4.5 Ma (Day et al., 1999) 
and is dominated by silica-undersaturated magmas (Gerlach et al., 
1988) and rare carbonatites (e.g., Hoernle et al., 2002; Mourão et al., 
2012). Previous studies (e.g., Hildner et al., 2011, 2012; Mata et al., 
2017; Klügel et al., 2020; Lo Forte et al., 2023) on Fogo focused on 
reconstructing the magma storage system, which is thought to consist of: 
(i) a deep magma reservoir at 27–36 km depth, (ii) a main magma 
storage zone at ~12–24 depth, (iii) and a magma stagnation zone at 
~9–12 km depth.

3. Methods

3.1. Samples

We report on the He, Ne, Ar, and CO2 isotope signature of FI in 
olivine and clinopyroxene crystals from lavas, tephra and mafic enclaves 
from Fogo Island. We refer to enclaves, rather than xenoliths, as they 
have been found to be formed from the same or different magmas at 
Fogo through various magmatic processes (see Section 5.1 and Supple
mentary Material S1). Lavas and tephra samples have been already 
studied for bulk-rock and melt inclusion geochemistry, and FI micro
thermometry (Lo Forte et al., 2023; 2024) and their data are summa
rized in Section 3.1. The mafic enclaves (FG1-A, FG2-A1, FG2-A3, 

FG3-A, FG4-A, FG4-B, FG4-D, and FG4-E) were found in lavas and 
tephra outcropping in the periphery of Pico do Fogo and within the Chã 
das Caldeiras summit depression (Table 1), as already reported in a 
previous study by Barker et al. (2023). The enclaves are made mostly of 
crystals of clinopyroxene and olivine, with minor amount of plagioclase 
and Fe-Ti oxides, so they can be roughly classified as clinopyroxenite or 
olivine-clinopyroxenite.

We also report new isotopic data for two Pico do Fogo fumarole 
samples (PF-1 and PF-2), whose chemical composition and SO2 flux are 
reported in Aiuppa et al. (2020). Table 1 lists the studied samples and 
summarizes the analyses conducted. Further details on the lava, tephra, 
and mafic enclaves, as well as the analytical methods employed for the 
FI composition and CO2 densimetry (Raman spectroscopy) and mineral 
chemistry (Electron Microprobe, EMPA), are provided in Supplementary 
Material S2. Based on their compositions, clinopyroxene crystals in 
mafic enclaves are categorised in Group Ia, Ib and II (see Supplementary 
Material S2).

3.2. Noble gases and carbon isotopes analyses

About 0.4–1.4 g of olivine and 0.04–1.4 g of clinopyroxene crystals 
were hand-picked for noble gas and carbon isotopic measurements, then 
cleaned ultrasonically in 6.5 % HNO3 before being rinsed with deionized 
water. The concentrations and isotopic compositions of noble gases (He, 
Ne, and Ar) and CO2 in both (i) FI hosted in mineral separates from 
lavas/tephra/enclaves and (ii) fumaroles were analysed at the INGV, 
Sezione di Palermo isotopic laboratories, Italy. The gases hosted in 
mineral separates, were analysed by in vacuo single-step crushing at 
about 200 bars. This procedure minimizes the release of cosmogenic 3He 
and radiogenic 4He from the crystal matrix (Kurz, 1986), but it implies 
that bulk fluids are released, resulting in an average composition for the 
minerals (olivine, clinopyroxene) in each sample. Therefore, a contri
bution of gas inclusions within melt inclusions (i.e., shrinkage bubbles), 

Fig. 2. The 3He/4He defined ranges for individual islands of the Cape Verde archipelago. We initially screened the entire dataset available (listed in Table S1 of the 
Supplementary material S1) and performed a data quality check that considers the noble gas extraction method used (single-step and multi-step crushing, and 
melting). We discarded all results employing multi-step crushing or melting extraction methods that, in contrast to the single-step crushing (employed by Gautheron 
et al., 2005), are more prone to release the radiogenic and cosmogenic component of helium trapped within the crystal lattice. Insets show position of the archipelago 
relative to Africa (right) and the southern and northern branches (left). The reported ages are the maximum ages reported for each island from Ramalho (2011). The 
solid red line is Moho depth (data from Lodge and Helffrich, 2006 except for Boa Vista, where the Moho depth is based on the reconstruction of Carvalho et al. 
(2022), and Brava, based on the Moho reconstruction of Pim et al. (2008)).
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as well as from FI, cannot be excluded.

3.2.1. Isotope compositions of He, Ne, Ar, and CO2 in fluid inclusions
The selected crystals were divided into two aliquots: a first aliquot 

was used for noble gas isotopes measurement, while the second one was 
used to determine the concentration and isotope composition of CO2. A 
first manometric quantification of CO2 concentration in FI was per
formed during noble gas extraction. The noble gases were subsequently 
purified in an ultra-high-vacuum (10− 9–10− 10 mbar) preparation sys
tem, where all species in the gas mixture, except for the noble gases, 
were removed under getters and cold fingers with active charcoal.

Helium isotopes (3He and 4He) and 20Ne were measured separately 
using two different split-flight-tube mass spectrometers (Helix SFT, 
Thermo Scientific). 3He/4He ratios are expressed in units of R/Ra, where 
Ra represents the 3He/4He ratio of air, which is equal to 1.39 × 10− 6 

(Ozima and Podosek, 2002). The analytical uncertainty of the 
He-isotope ratio (1σ) was generally <1.6 %. The 20Ne was corrected for 
isobaric interferences at m/z values of 20 (40Ar2+). The 36Ar, 38Ar, and 
40Ar were analysed using a multi-collector mass spectrometer (Argus, 
GVI) with an analytical uncertainty (1σ) of <0.5 %. In each analytical 
session, we analyzed at least one air standard for He, Ne, and Ar, which 
had been previously purified or stored in tanks. The analytical un
certainties (1σ) for the 3He/4He and 40Ar/36Ar ratios were <1 % and 
<0.06 %, respectively. The uncertainty in the elemental He, Ne, and Ar 
content determinations was <5 %, considering natural variability and 
the assumption of residual (not crushed) crystals for weight normali
zation of the number of moles of gas. Typical blanks for He, Ne, and Ar 
were <10− 15, <10− 16, and <10− 14 mol, respectively, that can be 
considered negligible respect to the amount of noble gases extracted 
from the crystals. Additional information regarding analytical 

procedures, adopted standards and their precision over time, can be 
found in Rizzo et al. (2018, 2021), and in Sandoval-Velasquez et al. 
(2021a, 2021b, 2023, 2024).

The 40Ar was corrected for air contamination (40Ar*) as follows: 

40Ar* = 40Arsample − [36Arsample ⋅ (40Ar/36Ar)air]                                  

The 3He/4He ratio was corrected for atmospheric contamination 
(Rc/Ra) by utilizing the measured 4He/20Ne ratio, as follows: 

Rc/Ra = ((RM/Ra)(He/Ne)M − (He/Ne)A)/((He/Ne)M − (He/Ne)A)       

where Rc stands for the air-corrected 3He/4He ratios, and subscripts M 
and A represent measured and atmospheric theoretical values, 
respectively.

Following the noble gas analysis, three aliquots with the highest CO2 
concentrations (olivines from the samples Fog33 and FG3-A, and cli
nopyroxene from the sample FG1A) were selected for determining the 
carbon isotopic composition of FI (13C/12C), which is reported as δ13C in 
parts per mil (‰) relative to the Vienna Pee Dee Belemnite international 
standard (V-PDB). The samples for the carbon isotope analyses were 
extracted from a single-step crushing with an on-line glass trap freezed 
under liquid nitrogen and quantified using a glass line to prevent the 
adsorption and fractionation of CO2 that can occur with powders and 
stainless-steel contact. We found agreement between the number of 
moles of CO2 extracted and quantified in the glass line and those 
measured during noble gas extraction. After purification, the CO2 was 
trapped in a glass sampler and transferred to the INGV-Palermo stable- 
isotope laboratory for IRMS measurements. Further details about the 
extraction and analytical protocol can be found in Rizzo et al. (2018, 
2021), Sandoval-Velasquez et al. (2021a, 2021b, 2023, 2024) and 

Table 1 
List of the analysed samples. NG= Noble gases isotopes; C= carbon isotopes; R= Raman; M= Mineral chemistry. (*) Samples analysed in previous work (Lo Forte et al., 
2023).

Sample name Rock type Rock composition Eruption age Analyses performed Coordinates

Fog 20 (*) Lava Basanite 1799 C.E. NG 14◦ 57′ 41.5″ N 
24◦ 17′ 39.6″ W

Fog 23 (*) Lava Basanite 1664 C.E. NG 15◦ 0′ 24.9″ N 
24◦ 18′ 19.2″ W

Fog 24 (*) Lava Basanite 1852 C.E. NG 15◦ 0′ 40.1″ N 
24◦ 18′ 22.8″ W

Fog 27 (*) Lava Basanite ̴ 60 ka NG 14◦ 52′ 13.0″ N 
24◦ 22′ 7.5″ W

Fog 28 (*) Lava / ̴10 ka NG 14◦ 58′ 11.8″ N 
24◦ 20′ 59.5″ W

Fog 31 (*) Lava / 1951 C.E. NG 14◦ 55′ 1.2″ N 
24◦ 17′ 45.7″ W

Fog 33 (*) Lava Basanite 1400s-1800s NG, C 14◦ 57′ 3.7″ N 
24◦ 20′ 30.9″ W

Fog 43 (*) Tephra / ̴10 ka NG 15◦ 0′ 53.6″ N 
24◦ 24′ 34.7″ W

FG1-A Enclave / ̴10 ka NG, C, R, M 14◦ 58′ 50.9″ N 
24◦ 22′ 11.4″ W

FG2-A1 Enclave / 1951 C.E. NG, M 14◦ 58′ 50.0″ N 
24◦ 21′ 20.3″ W

FG2-A3 Enclave / 1951 C.E. NG, R, M 14◦ 58′ 50.0″ N 
24◦ 21′ 20.3″ W

FG3-A Enclave / 1400s-1800 s NG, C, R, M 14◦ 57′ 6.10″ N 
24◦ 20′ 33.45″ W

FG4-A Enclave / ̴10 ka NG, R, M 14◦ 58′ 14.1″ N 
24◦ 22′ 05.4″ W

FG4-B Enclave / ̴10 ka NG, M 14◦ 58′ 14.1″ N 
24◦ 22′ 05.4″ W

FG4-D Enclave / ̴10 ka NG, M 14◦ 58′ 14.1″ N 
24◦ 22′ 05.4″ W

FG4-E Enclave / ̴10 ka NG, R, M 14◦ 58′ 14.1″ N 
24◦ 22′ 05.4″ W

Pico do Fogo1 Fumarole / / NG, C 14◦ 57′ 1.6″ N 
24◦ 20′ 27.9″

Pico do Fogo 2 Fumarole / / NG, C 14◦ 57′ 2.3″ N 
24◦ 20′ 26.5″
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references therein. The 13C/12C ratio is expressed in delta notation 
(δ13C) as the difference in parts per mil relative to the V-PDB interna
tional standard. The analytical error, estimated as 1σ, was better than 
0.3 ‰.

Noble gas and carbon isotope results are listed in Table S1 of the 
Supplementary Material S1.

3.2.2. Isotope compositions of He, Ne, Ar, and CO2 in fumaroles
Fumarole gas samples were collected as “dry gas” in glass and 

stainless-steel bottles with two stopcocks, following the procedure re
ported in Rizzo et al. (2015). Major gas concentrations were measured 
by a gas chromatograph (Clarus 500, Perkin Elmer) equipped with a 
30-meter column (inner diameter = 0.32 mm; Poraplot-Q), operated at a 
constant temperature of 50 ◦C using helium as the carrier gas, at the 
laboratory of INGV.

3He, 4He, and 20Ne, as well as the 4He/20Ne ratios, were measured by 
introducing He and Ne separately into a split-flight tube mass spec
trometer (GVI-Helix SFT, for He analysis) and a multi-collector mass 
spectrometer (Thermo-Helix MC plus, for Ne analysis) after standard 
purification procedures (Rizzo et al., 2016).

The carbon isotope composition of CO2, expressed as δ13C vs. V-PDB, 
was determined using a continuous-flow isotope-ratio mass spectrom
eter (Thermo Delta Plus XP, Finnigan) connected to a gas chromato
graph (Trace GC) and interface (Thermo GC/C III, Finnigan). The 
standard deviation (SDs) for the δ13C was <0.2 ‰.

Further details on the analytical procedure and adopted standards 
are the same reported in Rizzo et al. (2015, 2016, 2019). The chemical 
and isotopic compositions of dry gases are reported in Table S1 of 
Supplementary Material 1.

4. Results

The studied FI consist of pure CO2. The CO2 concentration in mafic 
enclaves ranges from 0.09 to 8.8⋅10− 8 mol/g in olivine crystals, and 
from 0.0008 mol/g to 6.7⋅10− 7 mol/g in clinopyroxene crystals. For 
comparison, in olivine crystals hosted in lavas and tephra, CO2 con
centrations span from 0.14 to 1.2⋅10− 8 mol/g. The CO2 concentrations 
in the two fumaroles are >96 % vol. (Table S1 in the Supplementary 
Material S1).

The δ13C isotope compositions of CO2 in FI from crystals in mafic 
enclaves vary from − 6.04 to − 4.73 ‰. The most negative δ13C value is 
obtained for FI in clinopyroxene crystals in sample FG1-A, while the 
most positive compositions are found in olivine crystals of sample FG3- 
A. The δ13C of CO2 in the two fumarolic samples are overall consistent 
with the FI results, and range from − 5.1 to − 4.7 ‰ for PF-2 and PF-1, 
respectively.

The 3He/4He ratios range from 7.35 to 8.18 Ra and from 7.86 to 8.44 
Ra in olivine-hosted and clinopyroxene-hosted FI in mafic enclaves, 
respectively; from 7.14 to 8.25 Ra in olivine crystals from lava and 
tephra samples, and from 8.06 to 8.07 Ra in the fumaroles (Fig. 3).

In the mafic enclaves, the 4He/20Ne ratios vary between 167 and 746 
in olivine-hosted FI, and between 99 and 2388 in clinopyroxene-hosted 
FI (Fig. 3). The 4He/20Ne ratios range from 10 to 468 for FI in crystals 
from lava and tephra samples, and from 37 to 104 in the fumaroles. The 
4He/20Ne values, in both FI and fumaroles, are high enough that the 
correction for air contamination is insignificant for all the samples.

The 40Ar/36Ar values range from 339 to 1670 and from 315 to 1174 
in FI from olivine and clinopyroxene crystals from mafic enclaves, and 
from 354 to 1758 in olivine crystals from lava and tephra samples. The 
observed 40Ar/36Ar ratios in the fumaroles PF-2 and PF-1 are from 324 
to 397.

The 4He/40Ar* ratios are 0.47–2.44 and 0.48–11.28 in FI from 
olivine and clinopyroxene crystals from mafic enclaves, 0.13–1.12 in 
olivine-hosted FI in lava and tephra, and 0.91–1.13 in fumaroles.

To simplify, in the discussion below we do not differentiate between 
lava and tephra samples and mafic enclaves due to their comparable 

isotopic compositions.

5. Discussion

5.1. Barometric estimations and Fogo storage system

The conditions of magmas storage underneath Fogo volcano have 
been established previously by using mineral barometers (Klügel et al., 
2020), FI microthermometry (Hildner et al., 2011, 2012; Lo Forte et al., 
2023), and melt inclusions geochemistry (DeVitre et al., 2023; Lo Forte 
et al., 2024) (Fig. 4a). Based on these results, a complex, magma storage 
system has been reconstructed (Fig. 4b), in which (1) magmas are 
initially stored in a deep reservoir at 773–1020 MPa (27–36 km depth); 
(2) an intermediate storage zone, constituted by distinct ponding levels, 
exists at 385–740 MPa pressure (~13–26 km depth); (3) upon 
pre-eruptive ascent, magmas eventually reside at 250–380 MPa pressure 
(~9–12 km depth) (Fig. 4a and b).

Our clinopyroxene barometric calculations for mafic enclaves 
(Table S3 in the Supplementary Material S1) confirm these results 
(Fig. 4a). Using the average temperatures of 1050 ◦C and 1130 ◦C for 
tephritic (Group Ia) and phonotephritic (Group Ib) melts (Klügel et al., 
2020), respectively, clinopyroxene-based barometry (Eq. 32a; Putirka, 
2008) yields equilibrium pressures of 536–737 (±130; ±standard de
viation) MPa (18–26 km depth, using densities from the crustal model of 
Pim et al., 2008) for Group Ia and 336–464 (±144) MPa (12–16 km 
depth) for Group Ib (Fig. S2; 4a). These estimated pressures broadly 
overlap with those obtained previously by applying clinopyroxene 
barometry to Fogo lavas (e.g., Klügel et al., 2020) (Fig. 4a). We consider 
the distinct pressure ranges for the two groups of clinopyroxene crystals 
as statistically relevant, e.g., beyond uncertainty arising from experi
mental calibrations (Putirka et al., 2008). The shallow origin of these 
clinopyroxene crystal is also inferred from distinct elevated Ti/Al ratios 
(0.98 ± 0.74, on average for Group I vs. 0.26 ± 0.02 for Group II) that 
may suggest lower pressures of crystallization (Boudoire et al., 2019). 
The presence of sulphates in FI from this group (cf. Supplementary 
Material) likely reflects late-stage exsolution of SO2-rich gas from 
magma and is therefore well consistent with a shallow magmatic 
environment.

The CO2 densimetry of FI in clinopyroxene crystals broadly indicates 
lower pressures (<135 MPa) than inferred from clinopyroxene barom
etry (Table S2 of the Supplementary Material S1). Somewhat higher 
pressures (up to 350 MPa) are recorded by FI in olivine crystals (Fig. 4a), 
but still at the lower end of the clinopyroxene population. Previous 
works (Klügel et al., 2020; Boudoire et al., 2023; Lo Forte et al., 2023) 
documented a variety of post-entrapment processes affecting FI density 
(and hence the estimated entrapment pressure), including their 

Fig. 3. 3He/4He expressed as R/Ra vs. 4He/20Ne data from Fogo. The binary 
mixing curves are between (i) air and a MORB-like (8 ± 1 Ra) magmatic end
member (8 ± 1). Endmembers values from Clarke et al. (1976) and Ozima and 
Podosek (2002) for the AIR and from Graham (2002) for MORB-like.
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volumetric re-equilibration, and/or the precipitation of carbonates 
(observed by Raman; Fig. S3b in Supplementary Material). Re-equili
bration of FI is known to be the strongest for clinopyroxenes (Klügel 
et al., 2000) as caused by plastic deformation of the host crystal during 
magma ascent and/or upon surface emplacement (for lavas; 
air-quenched tephra are less affected by this latter process). Re-equili
bration is often substantial in FI entrapped in crystals from enclaves 
(Boudoire et al., 2023). However, we note that the highest estimated 
pressure (350 MPa for sample FG3-A) falls at the upper range of pres
sures (320–340 MPa) previously estimated by CO2 densimetry in FI; the 
corresponding depth range (10.5–11.2 km) has been interpreted to 
reflect temporary magma storage near the Moho (Hildner et al., 2011, 
2012; Lo Forte et al., 2023).

5.2. Magma degassing as revealed by C isotopes and noble gases

The isotopic compositions of CO2 and ratios between noble gases (i. 
e., He/Ar*) in FI and fumaroles allow tracking magma degassing pro
cesses taking place during magma ascent from the mantle source, and 
eventually to back-calculate the composition of primary (undegassed) 
melt/gas (e.g., Boudoire et al., 2018 and references therein). This pos
sibility is opened by the preferential partitioning of 13C into a CO2-rich 
vapour phase (relative to the coexisting melt), which leads to δ13C of 
both melt and vapour to evolve towards increasingly lighter isotopic 
ratios upon increasing extents of degassing (Boudoire et al., 2018; 
Aubaud, 2022). If samples allow, this isotopic evolution can be traced 
(and modelled) using a suite of FI. Helium and argon, in view of their 
contrasting solubilities in silicate melts, are also extremely useful for 
reconstructing magmatic degassing. Argon is about 7–10 times less 
soluble than helium, and is hence enriched in the early (deeper) sepa
rated magmatic vapour phase (Iacono-Marziano et al., 2010 and refer
ences therein), causing the He/Ar* ratio to increase with increasing 
degassing extents (e.g., during magma decompression).

Fig. 4c and d highlight the δ13C (CO2) and He/Ar* signature of our FI 

samples as a function of the inferred FI entrapment pressure (see Section 
5.1). We caution that our pressure estimates are based on a combination 
of different techniques, including clinopyroxene barometry (for clino
pyroxenes in mafic enclaves), FI densimetry (for olivines in mafic en
claves) and FI microthermometry (for olivines in lavas and tephra), all of 
which are associated with relatively large uncertainties (especially cli
nopyroxene barometry, whose error can be as high as ±450 MPa). We 
hence consider possible, or even likely, that the distinct (broadly par
allel) trends observed for olivine and clinopyroxene in the He/Ar* vs. 
pressure diagram (Fig. 4d) merely reflect a bias (a systematic offset) in 
the used barometric techniques. We find however that, independently 
on the mineral host, FI exhibit a marked pressure dependence, with the 
δ13C (CO2) progressively evolving toward lighter values, and He/Ar* 
manifestly increasing, with decreasing pressures (Fig. 4c,d). This pres
sure dependence can be used to model magmatic degassing. However, 
for the boundary conditions of the model we based on samples whose 
barometric estimation comes from FI techniques.

The FI carbon isotopic compositions range from − 6.04 ‰ to − 4.30 ‰ 
(Fig. 4c), within the MORB mantle range (− 8‰ < δ13C < − 4 ‰; Sano 
and Marty, 1995). This MORB-like signature may be apparent and needs 
to be verified from models that consider isotopic fractionation during 
magma degassing. To quantitatively evaluate this process, we model the 
pressure-dependent evolution of both δ13C and He/Ar* upon increasing 
extents of (decompression-driven) magmatic degassing, using the Frac
tional Equilibrium Degassing (FED) equations proposed by Macpherson 
and Mattey (1994) and applied by Boudoire et al. (2018) on a suite of FI 
from La Reunion Island: 

δ13C(m) = δ13C(m,i) + (Δ⋅lnF) (Eq. 1) 

δ13C(v) = δ13C(m) + Δ (Eq. 2) 

He
Ar(g)

=
He
Ar(g, i)

⋅
KAr

KHe
⋅F

(
KAr
KHe

− 1
)

(Eq. 3) 

Fig. 4. a) Barometric data obtained from FI and clinopyroxene (cpx) analyses in our samples, compared with data from previous studies (Hildner et al., 2011, 2012; 
Klügel et al., 2020; Lo Forte et al., 2023). b) Schematic cross-section (not in scale) illustrating the internal structure of the Fogo magma system, adapted from Lo Forte 
et al. (2023), indicating the main magma storage zone (yellow magma pockets at 13–26 km depth) and the magma stagnation zone (orange magma pockets at 9–12 
km depth). c) δ13C values in FI vs. the corresponding pressure/depth. The modelled δ13C compositions of the magmatic vapour phase (Eqs. (1) and 2) reproduce the 
observations related to a pressure-dependent isotopic fractionation due to magma degassing. See text for further details on modelling; d) He/Ar* ratios in FI vs. the 
corresponding pressure/depth. For pressure/depth, we use a combination clinopyroxene barometry (clinopyroxene crystals in mafic enclaves), FI densimetry (olivine 
crystals in mafic enclaves) and FI microthermometry (olivine crystals in lava and tephra). The diagram shows a broad He/Ar* ratio decrease with depressurization 
that is reproduced by an open-system degassing model (see text for explanations).
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where F is residual fraction of gas remaining in the melt; in Eq. (1) and 
Eq. (2), δ13C(m), δ13C(m,i), and δ13C(v) are the carbon isotopes composi
tion in the melt (δ13C(m)) and in the vapour (δ13C(v)) at each step of 
degassing path, and in the primary melt (δ13C(m,i)); Δ = δ13Cvapour - 
δ13Cmelt is the carbon isotope enrichment factor between vapour and 
melt, assumed at +2.74‰ as in other OIB-like melts (Boudoire et al., 
2018). In Eq. (3), He

Ar(g)and He
Ar(g, i) are the ratios in gas (g) at respectively a 

given step (for a given F) of the degassing path, and in the early exsolved 
vapour (at the initial pressure); KAr and KHe are Ar and He (Henrian) 
solubility constants calculated from the model of Iacono-Marziano et al. 
(2010) based on the average composition of Fogo melts at about 730 
MPa estimated for olivine Fog27 and clinopyroxene FG4-E and selected 
as starting conditions for the He/Ar* model (same approach used by 
Boudoire et al., 2018).

The δ13C-CO2 degassing model is initialised using the following set of 
boundary conditions:

i) Sun and Dasgupta (2023) have shown that the primary melts at 
Cape Verde contain up to 9.1 wt.% of CO2 and form by low degree 
of melting of a C-enriched mantle source;

ii) Eguchi and Dasgupta (2018) developed a CO2 solubility model 
that, when applied to Fogo, converts the primary CO2 content of 
9.1 wt.% into a saturation pressure of ~2200 MPa (~77 km) 
(Fig. 5);

iii) The Lithosphere-Asthenosphere Boundary (LAB) below Cape 
Verde is estimated to range from 60 km (Liu et al., 2021) to 80 km 
(Lodge and Helffrich, 2006), with various studies placing the LAB 
within this range, suggesting depths of 65–70 km (Vinnik et al., 
2012) and 70 km (Wilson et al., 2013).

iv) in FI from Fog33 olivines, we measured a δ13C of − 4.41 ‰ and 
estimated an average entrapment pressure of ~480 MPa (~17 
km) (Figs. 4c and 5); based on the Eguchi and Dasgupta (2018)
model, at this pressure the Fogo melt would contain ~0.78 wt.% 
CO2 dissolved in the melt, fixing the residual fraction (F) at ~0.08 

(i.e., ~92 % of the Fog33-type primary dissolved CO2 is already 
lost due to magmatic degassing).

v) in our model, the magmatic vapour is then set to have a δ13C 
(CO2) of ~ − 4.41 ‰ at F = 0.08, as measured in Fog33 olivines 
(Fig. 4c).

Using the boundary conditions above, we use Eqs. (1) and 2 to back- 
calculate the δ13C pressure-dependent evolution in both gas and melt 
(Figs. 4c and 5). For a Fog33-type primary melt with 9.1 wt.% dissolved 
CO2 at ~2200 MPa pressure (~77 km), we constrain a δ13C-CO2 in the 
melt of − 0.4 ‰, corresponding to a δ13C-CO2 of the Fog33-type primary 
vapour of +2.3 ‰ (Fig. 5). Notably, we find our model results to be 
relatively insensitive to the sample selected for estimating F (see points 
iii) and iv) above): for example, if we were to initialise the model from 
the composition of the two other FI samples for which we have δ13C data 
available (FG3-A olivines and FG1-A clinopyroxenes), we would obtain 
back-calculated primary melt δ13C values of − 0.4 ‰ and 0.2 ‰, very 
close to those obtained with Fog33 olivines (− 0.4 ‰). We additionally 
note that estimated δ13C values vary in a relatively narrow range (< ±1 
‰) when standard deviations in pressure estimates (± 52 MPa and ± 30 
MPa for Fog 33 and FG1-A, respectively) are considered.

We compare the predicted pressure dependence of melt carbon 
concentrations from the model of Eguchi and Dasgupta (2018) with the 
model of Iacono-Marziano et al. (2012), a model commonly used for 
alkaline mafic compositions but calibrated at lower pressures (see 
Figure S4 in the Supplementary Material). We find that, for same CO2 
concentration in the melt, the model by Iacono-Marziano et al. (2012)
returns a lower degassing pressure compared to that of Eguchi and 
Dasgupta (2018), with the two model outputs diverging more and more 
with increasing pressure (Figure S4). However, we find that even using 
the model of Iacono-Marziano et al. (2012) the δ13C values of carbon 
dissolved in the primary melt (− 0.84 ‰) and in the primary vapour 
(+1.90 ‰) remain isotopically heavy, and hence (as for the Eguchi and 
Dasgupta model) support a mantle source metasomatized by C-rich 
melts/fluids derived from a crustal component. We still consider the 
results obtained with the model of Eguchi and Dasgupta (2018) more 

Fig. 5. Conceptual model for CO2 degassing in the Fogo storage system, illustrating the pressure-dependent evolution of (i) dissolved CO2 in the melt (red line), (ii) 
δ13C in the melt phase (black line), and (iii) δ13C in the vapour phase (blue line). The three curves are derived from degassing simulations. See text for description. 
The three different red lines (1,2,3) correspond to the Moho discontinuity (Pim et al., 2008) and to the Lithosphere-Asthenosphere Boundary (Liu et al., 2021; Lodge 
and Helffrich, 2006).
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sound, as this model has been calibrated with experiments run at much 
higher pressures than those used by Iacono-Marziano et al. (2012)
(<0.42 GPa).

Similarly, for the He/Ar* model, we constrain the boundary condi
tions considering the entrapment pressures (737 ± 60 and 720 ± 10 
MPa) and He/Ar* ratios (0.48 ± 0.03 and 0.13 ± 0.01) of FI in FG4-E 
clinopyroxenes and Fog 27 olivines, respectively (Fig. 4d), the deepest 
trapped FI in our dataset. We remind that the barometric estimations in 
olivine and clinopyroxene samples were conducted using a combination 
of different techniques, each with its own set of uncertainties. Addi
tionally, in the technique relying on FI, it’s important to consider the 
possibility of resetting and re-equilibration of the FI at pressures lower 
than the initial fluid entrapment pressures. Hence, we cannot rule out 
the possibility of a slight bias in plotting the He/Ar* vs pressure data for 
the two mineral phases.

Based on this, we explore two possible paths of degassing to attempt 
a back-calculation of primary He/Ar* ratios. Based on the model by 
Eguchi and Dasgupta (2018), a pressure of ~730 MPa would imply a 
dissolved CO2 content of ~1.4 wt.% and hence a F~0.15. Assuming the 
vapour phase to have a He/Ar* of ~0.5 and 0.1 at F = 0.15 (in FG4-E 
clinopyroxenes and Fog 27 olivines, respectively), we can use Eq. (3)
to back-calculate the pressure-dependent evolution of the He/Ar* ratio 
upon degassing (Figs. 4d and 5). From this, we constrain a source 
He/Ar* ratio of 0.90–0.24 (Fig. 4d), which implies a variably depleted 
mantle with a He/Ar* lower than the U+Th/K production ratio assumed 
for the upper mantle (He/Ar = 1–5; Marty, 2012). The standard de
viations associated with the FG4-E and Fog 27 estimated pressures 
convert into a relatively small He/Ar* ratio error (< ± 0.12).

The modelled pressure dependencies (Fig. 4b,c), if used in combi
nation with Fogo fumarole compositions (δ13C and He/Ar*), allow to 
infer the depth interval of the degassing magma that source the summit 
Fogo fumaroles. From this exercise, we propose the fumaroles are sup
plied by magmatic gas delivered by melts stored at ~13–17 km depth, in 
the intermediate storage zone located in the mantle (Fig. 4b,c).

5.3. Crustal carbon in the Cape Verde mantle source

Sun and Dasgupta (2023) reported that primary melts at Cape Verde 
may contain as high as 9 wt.% CO2, converting into >400 ppm C in the 
mantle source (Lo Forte et al., 2024). One important corollary of this 
extremely high primary CO2 content is that CO2 saturation would be 
reached by magmas while deep in the mantle at ~2200 MPa (~77 km), 
according to the model of Eguchi and Dasgupta (2018). This depth aligns 
closely with the Lithosphere-Asthenosphere Boundary (LAB), which is 
estimated to range from 60 km (Liu et al., 2021) to 80 km (Lodge and 
Helffrich, 2006), with various studies placing the LAB within this range, 
suggesting depths of 65–70 km (Vinnik et al., 2012) and 70 km (Wilson 
et al., 2013). Consequently, even the deepest melts entrapped in olivine 
crystals as melt inclusions (at 896 ± 175 MPa, or 27–36 km), containing 
up to 2.3 wt.% dissolved CO2 (DeVitre et al., 2023; Lo Forte et al., 2024), 
are extremely degassed (F = 0.25). Likewise, in view of our modelled 
δ13C and He/Ar* pressure dependences (Figs. 4c,d and 5), magmatic 
vapours entrapped in FI (at pressures ≤740 MPa, or ≤25 km) or fuma
role gases would be representative of “late-exsolved” magmatic vapours, 
whose isotopic compositions would in no way reflect that of primary 
melts, and of the mantle source. In their study on La Reunion Island, 
Boudoire et al. (2018) similarly found that gas entrapped in FI from local 
magmas located at mantle depths (~13 km) displays δ13C of ~ − 6 ‰ 
and He/Ar* of ~2. In this depth range, magmas have already lost ~90 % 
of their original (primary melt) dissolved CO2 (inferred at up to 3.5 wt. 
%) and are therefore isotopically depleted in 13C relative to their source 
(characterised at δ13C ~ − 0.8 ‰).

In our model for Fogo storage system (Fig. 5), we obtain primary 
δ13C values for both dissolved C (δ13Cmelt of − 0.4 ‰) and coexisting 
(early) vapour (δ13CCO2 of 2.34 ‰) that are extremely more positive 
than recorded in the gas entrapped in FI and in fumarole gases. We 

caution that our calculations are based on a very limited dataset of only 
three samples; hence, also considering the large uncertainties in baro
metric estimation, a far larger dataset would therefore be required if 
more robust conclusions were to be reached. Yet, our calculations sug
gest that, if OIB magmas are as C-rich as recently suggested (Boudoire 
et al., 2018; Aiuppa et al., 2021; Burton et al., 2023; Sun and Dasgupta, 
2023 and references therein, Van Gerve et al., 2024), then FI in 
magmatic products (e.g., lavas, tephra, crustal/mantle cumulates, and 
submarine glasses) and/or in fumarole gases may hardly record the C 
isotopic signature at source (Boudoire et al., 2018; Aubaud et al., 2022; 
Sandoval Velasquez et al., 2023; this work), unless carefully modelled 
for degassing. FI in mantle xenoliths should be prioritised for this pur
pose, as they are generally brought to the surface from high depths in the 
mantle with no or little degassing (e.g., Haggerty and Sautter, 1990). In 
this context, Fig. 6 highlights that our modelled primary melt/gas δ13C 
signatures (− 0.4 ‰/+2.23 ‰) match closely those inferred for El Hierro 
(δ13C = − 0.96‰), La Palma (δ13C = − 1.70 ‰) and Lanzarote (δ13C=
− 0.80 ‰) mantle sources from nearby Canary Island OIB, as determined 
by analysing FI in mantle xenoliths (− 2.38 ‰ < δ13C < 0.96 ‰, San
doval-Velasquez et al., 2021a, 2023; 2024).

A 13C-enriched signature for Fogo primary melts, if confirmed by 
future studies, would provide decisive clues for the existence of a met
asomatized (C-enriched) mantle source underneath Cape Verde, as 
recently indicated by melt inclusions studies (e.g., De Vitre et al., 2023; 
Lo Forte et al., 2024), magma petrology (Sun and Dasgupta, 2023), 
mantle xenoliths (Bonadiman et al., 2005), and by the rare carbonatites 
(Foeken et al., 2007). The mantle metasomatism involving carbonatitic 
to carbonated-silicate melts within the Cape Verde archipelago, may 
potentially reflect the recycling of old, deeply subducted (e.g., Hoernle 
et al., 2002) crustal materials (δ13C ≥ − 1 ‰) into the local deep mantle 
(e.g., Dorfman et al., 2018 and references therein). The HIMU affinity of 

Fig. 6. δ13C range of values for: Fogo, in Cape Verde archipelago; El Hierro, 
Lanzarote, and La Palma, in the Canary Islands (Sandoval et al., 2021a, 2023); 
Piton de la Fournaise, in La Réunion Island (Boudoire et al., 2018); Society 
Islands (Aubaud et al., 2006). The samples include ultramafic xenoliths (e.g., El 
Hierro, Lanzarote, La Palma, La Réunion), lavas and tephra (La Palma, La 
Réunion, Fogo), and submarine lavas (Society Islands). The black arrows 
indicate the degassing path from the primary melts/mantle source (estimated 
for Fogo, La Palma, and La Réunion). It is worth of note that many samples from 
the selected areas fall (apparently) in the MORB range.
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many recent lavas at Fogo, and in the Cape Verde archipelago in general 
(Mata et al., 2017), would well be consistent with the presence of a 
recycled crustal component (e.g., old altered oceanic crust and oceanic 
lithosphere) in the local mantle. Alternatively, the presence of relicts of 
subcontinental mantle lithosphere related to the opening of the Central 
Atlantic Ocean should be considered (Bonadiman et al., 2005). How
ever, this model needs geodynamic constraints.

Recent FI measurements (Fig. 6) in mantle xenoliths bring increasing 

evidence for the mantle source(s) of continental rift and OIB volcanism 
(e.g., Rizzo et al., 2018; Sandoval-Velasquez et al., 2021a, 2021b, 2023; 
Halldorsson et al., 2022; Remigi et al., 2023) to be more 13C-rich than 
previously thought (Deines, 2002); in light of this, a crustal carbon 
component in the local mantle could explain this evidence. If so, some of 
the light-carbon OIB signatures observed so far (e.g., Society Islands; 
Fig. 6) may result from the entrapment in lavas/glasses of volatiles 
representative of late stages of magmatic degassing, containing a 

Fig. 7. (a) La/Yb ratio vs. 3He/4He ratio for Cape Verde (after the data filtering, see Section 1, Fig. 1, for further details) and other OIB localities. The He isotope 
compositions of Cape Verde are from this work and literature data (e.g., Christensen et al., 2001, Doucelance et al., 2003), whereas La/Yb and 3He/4He data for other 
islands are sourced from literature, as detailed in the Supplementary Material S3. The symbol (diamond for each Cape Verde island) indicates the mean 3He/4He 
value, whereas the bars represent the entire range of values for each Cape Verde islands. (b) Plume buoyancy flux vs. 3He/4He ratios vs. average plate speed in OIB 
localities. OIB, such as Cape Verde (3He/4He = 7–16 Ra, plume buoyancy flux 1.6 Mg/s, and average plate speed ~3 cm/yr) and the Canary Islands (3He/4He = 5–10 
Ra, plume buoyancy flux 1.0 Mg/s, and average plate speed~ 3 cm/yr), are the lower end-members of the model. In contrast, OIB locations such as Galapagos and 
Hawaii, characterized by high 3He/4He values (up to 35 Ra), moderate to high plume buoyancy flux (~2 Mg/s for Galapagos and~ 8.0 Mg/s for Hawaii), and high 
average plate speed (~ 7 cm/yr), represent the upper end-members of the model. Intermediate OIB localities, such as La Réunion, Marquesas, Pitcairn, and the Cook 
Islands, fall within the ranges between these end-members. La Réunion exhibits 3He/4He ratios ranging from~ 7 to~ 16 Ra, plume buoyancy flux of 2 Mg/s, and an 
average plate speed of~ 3 cm/yr. Marquesas shows 3He/4He ratios from ~7 to~14 Ra, a plume buoyancy flux of 3.3 Mg/s, and an average plate speed of ~7 cm/yr. 
Pitcairn exhibits 3He/4He ratios from ~8 to~ 13 Ra, a plume buoyancy flux of 3.3 Mg/s, and an average plate speed of~7 cm/yr. Cook Islands demonstrate 3He/4He 
ratios from~ 6 to ~11 Ra, a plume buoyancy flux of 3.3 Mg/s, and an average plate speed of ~7 cm/yr. Plume buoyancy flux data and average plate speeds are from 
Hoggard et al. (2020) and references therein.
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fractionated 13C-depleted residual carbon fraction, rather than mantle 
rock specimens.

5.4. Regional He isotope trends

Helium isotopes for Fogo point to a relatively uniform MORB-type 
mantle with 3He/4He ~8 ± 1 Ra (Figs. 2 and 3), as inferred previ
ously (e.g., Doucelance et al., 2003). We cannot exclude that this iso
topic signature results from a mixing between a lower mantle 
component with higher than MORB 3He/4He values and crustal-derived 
fluids (from recycled crustal material bearing U and Th) with more 
radiogenic ratios.

A question that remains open is what controls the regional variability 
of 3He/4He compositions, and specifically how the Fogo MORB-like 
signature can be reconciled with a regional context where a 3He-richer 
component (Rc/Ra >9) has been identified both in northern and south
ern islands (Figs. 2 and 7a) (Christensen et al., 2001; Doucelance et al., 
2003; Day et al., 2022). Fig. 7a explores the relationship between the 
3He/4He compositions of the different Cape Verde archipelago islands 
and their averaged bulk rock La/Yb ratios. We use this trace element 
proxy as a marker of the extent of partial melting of the source mantle 
(with high ratios corresponding to low degrees of melting; Stracke and 
Bourdon, 2009), but we yet acknowledge that slab fluids formed by 
melting/dehydration of subducted crustal materials are high in La/Yb 
(Kessel et al., 2005). Hence, high La/Yb in OIB is considered to reflect a 
combination of low degrees of melting and mantle metasomatism by 
recycled crustal materials. The La/Yb ratio can additionally be modified 
by fractional crystallization, but to mitigate against this effect we select 
samples with MgO >8.00 wt.%. Nevertheless, we note that even more 
evolved (MgO-poorer) samples would exhibit a similar range of La/Yb 
ratios. Data for a few other OIBs (e.g., Canary, Cook Islands, Hawaii, 
Galapagos, La Réunion, Marquesas, Pitcairn, Samoa, and the Society 
Islands) are also shown.

The oceanic island dataset illustrated in Fig. 7a shows an inverse 
correlation, wherein La/Yb decreases with increasing 3He/4He ratios. At 
3He/4He signatures >9 Ra, this tendency is explained by an increasing 
degree of mantle melting (lower La/Yb) caused by ascending mantle 
plumes, which are characterised by their primordial 3He-rich, lower 
mantle signatures. The large spread of compositions seen at many of 
such OIB localities (see the wide range of 3He/4He at Hawaii and Gal
apagos at relatively invariant - and low - La/Yb) imply a high level of 
source heterogeneity. In contract, Ocean islands exhibiting high La/Yb 
ratios are typically found to exhibit MORB or below-MORB He signa
tures, as represented by the Canaries, Cook Islands, and Fogo and San
tiago, in the Cape Verde archipelago. In addition to indicating low 
degrees of melting, these MORB and especially below MORB composi
tions (where existent), when/if associated with high La/Yb ratios, reflect 
a mantle source where recycled crustal materials participate in the 
melting process, as often invoked for the eastern Canaries 
(Sandoval-Velasquez et al., 2021a, 2023; Day et al., 2022). At Fogo, this 
is well in agreement with our carbon isotope results above. Finally, 
Santo Antão, with its high La/Yb but higher than MORB (>9 Ra) 
3He/4He signatures, is with São Nicolau the only Cape Verde OIB lo
cality with a more evident lower mantle He contribution.

5.5. Implications for global OIB geodynamics

Recent studies of global OIBs (e.g., Jackson et al., 2017a,b; Day et al., 
2022) have shown that higher than MORB 3He/4He (>9 Ra) - indicative 
of a lower mantle component - are systematically associated with 
low-velocity mantle regions related to ascending hot plumes. Fig. 7b 
illustrates the global OIB relationship between 3He/4He, plume buoy
ancy flux, and plate speed, which we have updated and implemented 
from previous study (Day et al., 2022) using a refined Cape Verde 
archipelago-average. This is obtained by considering our Fogo results 
and the quality check/filtering of literature data discussed above 

(Figs. 1,2). The plume buoyancy fluxes (Hoggard et al., 2020) are 
inferred based on a volumetric approach, which considers (i) the density 
of the asthenospheric mantle, (ii) the density of displaced surface fluid, 
(iii) the volume of the swell, and (iv) a characteristic timescale of 
buoyancy loss.

The diagram corroborates previous evidences of Day et al. (2022) for 
the existence of a positive dependency between plates speed and OIB 
3He/4He signatures, and suggests that OIB localities such as the Cape 
Verde and Canary Islands, which are thought to be associated with 
relatively low plume buoyancy fluxes (1–1.6 Mg/s, Hoggard et al., 2020) 
and low plates speed, are systematically characterised by more radio
genic 3He/4He ratios than those recorded at more buoyant plumes lo
cations (e.g., Hawaii, Galapagos, Samoa). This relationship agrees with 
the hypothesis that (i) hot plumes are the source of OIB with high-3

He/4He ratios (Jackson et al., 2017a,b) and (ii) the plume buoyancy flux 
is higher in correspondence with faster moving plates (Hoggard et al., 
2020). One of the factors that directly influences the plume buoyancy 
flux, and thus upwelling, is the density of the variably depleted mantle 
source, which decreases with increasing melt extraction (Schutt and 
Lesher, 2006). Thus, OIB with high degrees of melt extraction, such as 
Hawaii, Galapagos, and Samoa, also exhibit a high plume buoyancy flux 
(Fig. 7a,b).

The dichotomy between high (Hawaii, Galapagos) and low mantle 
flux (Cape Verde and Canary) OIB extends to the conditions of magma 
supply and storage. Indeed, recent barometric estimates indicate that 
magmas storage conditions at OIB vary from shallow-crustal (e.g., 
Kilauea, Hawaii) to deep-crust and/or upper mantle (e.g., Cape Verde 
and Canary Islands; La Réunion Island), mimicking a contrast in magma 
supply rate (3–4 m3/s at Kilauea vs. 0.06 m3/s at Fogo; see Boudoire 
et al., 2018; Lo Forte et al., 2023 and references therein). Taken 
together, this evidence suggests that magma storage is consistently 
shallower in magmatic systems above high buoyancy flux plumes 
coupled to high plates speed than in off-axis systems, or above low 
buoyancy flux plumes coupled to low plates speed. Thus, magma supply 
from the underlying mantle source coupled to the 3He/4He signature 
represents a first-order control on the depth of magma storage beneath 
ocean island volcanoes (e.g., Gleeson et al., 2021).

6. Conclusions

We present the first carbon isotopic measurements and new noble 
gas (He-Ne-Ar) data in FI hosted in olivine and clinopyroxene crystals 
from mafic enclaves, lavas, tephra and in volcanic gas samples from 
Fogo, the most active volcano of the Cape Verde archipelago (eastern 
Atlantic). The main findings can be summarized as follows:

- He isotopic systematics in our samples (mafic enclaves, lava, tephra, 
and fumarole) confirm a MORB-like upper mantle signature (Rc/ 
Ra=7.14–8.44) for the lithospheric mantle beneath Fogo, consistent 
with the 3He/4He signatures previously reported for fumarole (e.g., 
Melian et al., 2021; Alonso et al., 2021) and FI (e.g., Christensen 
et al., 2001; Doucelance et al., 2003).

- The carbon isotopic ratio (δ13C vs. PDB) of CO2 in FI and fumaroles 
range from − 6.04 to − 4.41 ‰, consistent with δ13C values previ
ously reported for fumarole (Melian et al., 2021; Alonso et al., 2021). 
This variability reflects isotopic fractionation due to high extents of 
magma degassing (~75–94 %) at shallow depths in the Fogo storage 
system. Systematic variations of δ13C and He/Ar* coupled with FI 
entrapment pressure (as estimated from a combination of host min
eral barometers and FI densimetry/microthermometry) allow us to 
develop a model for volatile degassing in the local storage system. 
From this model, we predict a crustal signature for carbon (δ13C of ~ 
− 0.4 ‰) in primary melts formed by upper mantle melting at ~2200 
MPa (~77 km) and a source He/Ar* ratio of 0.90–0.24 (Fig. 4d) 
lower than the expected production ratio assumed for the upper 
mantle, which we interpret as indicative of a variably depleted 
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mantle metasomatized by melts/fluids enriched in a crustal carbon 
component.

- A 13C-enriched signature for Fogo primary melts, similarly to what 
recently observed for Canary Islands (Sandoval-Velasquez et al., 
2021a, 2023), may potentially reflect the presence of crustal mate
rials (δ13C ≥ − 1 ‰) into the deep mantle beneath Cape Verde, as 
suggested by high CO2 contents in primary melts (e.g., Dorfman 
et al., 2018 and references therein). This could imply that OIB 
volcanism is more 13C-rich than previously thought (Deines, 2002), 
suggesting a recurrent crustal carbon component, such as carbon
ates, in the mantle (Hammouda et al., 2021).

- A careful review of existing 3He/4He literature in Cape Verde shows 
that He isotopes in OIB scale inversely with La/Yb ratio and, hence, 
with magma production rates in the mantle source. In detail, in Cape 
Verde the lower mantle component (3He/4He ratio > 9 Ra) is evident 
in regions where high degrees of mantle melts prevail (i.e., relative 
low La/Yb ratio), with the island of Santo Antão exhibiting high 
3He/4He (> 9 Ra) and the highest La/Yb ratio in the archipelago, 
being the only exception. Instead, in OIB plume-like environments 
(e.g., Marquesas, Pitcairn, Society Islands, Samoa, and Reunion), the 
lower mantle component is driven by the amplitude of the lower 
mantle component rather than to different degrees of partial melting. 
The MORB-like 3He/4He signature at Fogo reflects a combination of 
(i) low to medium magma productivity, (ii) relatively low plume 
buoyancy flux (~1.1 Mg/s), and (iii) slow average speed (~3 cm/yr) 
of the overlying plate.

- Ultimately, we propose that the dichotomy between high mantle flux 
(e.g., Hawaii, Galapagos) and low mantle flux (e.g., Cape Verde and 
Canary) OIB extends to the conditions of magma supply and storage.
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Frezzotti, M.L., 2021a. Recycled crustal carbon in the depleted mantle source of El 
Hierro volcano, Canary Islands. Lithos 400–401, 106414. https://doi.org/10.1016/j. 
lithos.2021.106414.

Sandoval-Velasquez, A., Rizzo, A.L., Frezzotti, M.L., Saucedo, R., Aiuppa, A., 2021b. The 
composition of fluids stored in the central Mexican lithospheric mantle: inferences 
from noble gases and CO2 in mantle xenoliths. Chem. Geol. 576, 120270 https://doi. 
org/10.1016/j.chemgeo.2021.120270.

Sandoval-Velasquez, A., Rizzo, A.L., Casetta, F., Ntaflos, T., Aiuppa, A., Alonso, M., 
Padrón, E., Pankhurst, M.J., Mundl-Petermeier, A., Zanon, V., Pérez, N.M., 2023. 
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