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Abstract: The occurrence of carbonatites in oceanic settings is very rare if compared with their
continental counterpart, having been reported only in Cape Verde and Canary Islands. This paper
provides an overview of the main geochemical characteristics of oceanic carbonatites, around which
many debates still exist regarding their petrogenesis. We present new data on trace elements in
minerals and whole-rock, together with the first noble gases isotopic study (He, Ne, Ar) in apatite,
calcite, and clinopyroxene from Fuerteventura carbonatites (Canary Islands). Trace elements show
a similar trend as Cape Verde carbonatites, almost tracing the same patterns on multi-element and
REE abundance diagrams. 3He/4He isotopic ratios of Fuerteventura carbonatites reflect a shallow
(sub-continental lithospheric mantle, SCLM) He signature in their petrogenesis, and they clearly
differ from Cape Verde carbonatites, i.e., fluids from a deep and low degassed mantle with a primitive
plume-derived He signature are involved in their petrogenesis.

Keywords: trace elements; noble gases isotopes; oceanic carbonatites; Fuerteventura; Cape Verde

1. Introduction

Carbonatites are rare carbonate-rich rocks of igneous origin, with more than 50%
modal carbonates [1]. Alkaline–carbonatite complexes are considered one of the main
sources of critical metals for key economic sectors in heavily industrialized countries, and
their occurrence is almost exclusive in continental regions [2], while in oceanic settings, car-
bonatites (we refer to carbonatite complexes, occurring beside carbonatite micro-enclaves
or veins in mantle xenoliths) are very rare and they are limited to only two occurrences
on the western side of the Atlantic Ocean just in front of the African coasts: at Cape Verde
Archipelago and Fuerteventura Island (Canary Archipelago).

Carbonatite petrogenesis is still a debated topic, and three petrogenetic processes
have been variably proposed, all being related to the formation of a primary carbonate
melt derived from a carbonated mantle [3]: (1) low-degree partial melting of a carbonated
mantle source [4–6]; (2) immiscible separation from a CO2-rich alkaline silicate melt [7,8],
and (3) the late-stage result of a fractional crystallization of a carbonated alkaline silicate
melt [6,9,10]. Another important petrogenetic process is the (4) assimilation of carbonates
in relatively shallow magma chambers (e.g., [11]).

The nature of the mantle that sourced the oceanic carbonatites (shallow convective
mantle vs. a deep-seated mantle reservoir, plume-type) is still a debated issue. A shallow
origin for oceanic carbonatites was suggested for some oceanic carbonatites [12], with the
plume contribution limited to a thermal input, a trigger for low-degree partial melting at
the base of the oceanic lithosphere. Another trigger possibility is the “metasomatic under-
plating” hypothesis, where crustal fractures that developed during hot-spot magma ascent
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allow seawater to infiltrate and to serpentinize the sub-Moho mantle, with Ca-rich hy-
drothermal fluids [13]. A thickened and metasomatized oceanic lithosphere is needed [14],
and a relatively hot environment could favour both the survival of carbonate melt at
shallow mantle depths and the emplacement of carbonatites at or near the surface [15],
at the same time becoming more calcic with respect to primary dolomitic melts [15,16].
In addition, the role of the carbonated eclogite for deep global cycling of carbon and the
potential source for carbonatites is also recognized [17–19]. Other models proposed for the
petrogenesis of oceanic carbonatites involve (i) the contribution of marine carbonates recy-
cled via subduction, (ii) carbonates assimilated in shallow magma chambers [11,12,14,20],
or (iii) the involvement of primordial deep-mantle carbon [21–23].

An increasing number of multi-isotopic studies (C-O-Sr-Nd-Pb) tackled the petrogenesis
of oceanic carbonatites and the characterization of their mantle source [12,14,20–22,24,25], and
more recently, additional constraints were placed by noble gas isotopes [23]. Indeed, their
properties (such as a large mass range, high volatility, and chemical inertia) make noble
gas geochemical tracers of primary importance [26–28] to investigate mantle heterogeneity
and degassing and mantle-crust interaction processes occurring in the volcanic plumbing
systems (e.g., crustal assimilation). Despite their important role and potential significance
for deciphering carbonatite genesis, there are no previous studies of noble gas isotopes in
Fuerteventura carbonatites. On the contrary, noble gas isotopes in Cape Verde carbonatites
are widely studied [23], also because carbonatite outcrops are present in at least six of the
ten Cape Verde Islands (S. Vicente, S. Nicolau, Maio, Santiago, Fogo, and Brava), while
on Canary Islands, carbonatites occur only on Fuerteventura (the easternmost island of
the Canary Archipelago). Mata et al. (2010) [23] recognized the presence of fluids from
a deep and low degassed mantle (He isotopic ratios higher than the typical mid-ocean
ridge basalt MORB mantle values of 8 ± 1 Ra) in Cape Verde carbonatites, supporting a
deep-rooted mantle plume in the region as inferred by geophysical investigations [29,30].
However, this is not necessarily so as the helium mantle signature can easily survive during
the contribution of hydrothermal fluids that can introduce surface-related noble gases,
nitrogen, and CO2. This evidence supports the presence of non-recycled carbon in the
genesis of the Cape Verde carbonatites.

The aim of this paper is firstly to summarize the geological, petrological, and geo-
chemical background of the two oceanic carbonatite complexes (Fuerteventura and Cape
Verde) in order to discuss analogies and differences. We also integrate the literature data
(trace elements and C-O-Sr-Nd-Pb-He-Ne-Ar isotopes) with new geochemical data from
Fuerteventura, which include major and trace element determinations on whole-rock sam-
ples and minerals and also the first noble gas (He, Ne, Ar) isotopic analysis of Fuerteventura
carbonatites. Data are discussed together in order to add some new constraints on the
origin of Fuerteventura carbonatites and further characterize their mantle source. We also
briefly discuss the possible future research directions to better address the petrogenesis of
carbonatites in such rare and particular geodynamic settings.

2. Geological and Geochemical Background
2.1. Regional Geology
2.1.1. Fuerteventura (Canary Islands)

The volcanism of the Canary Archipelago is located 100 km off the northwestern
African continental margin (Figure 1a). The age of the oceanic crust beneath the Canary
Islands is constrained by the 175 Ma S1 magnetic anomaly separating the easternmost
Canary Islands and northwestern Africa and the 156 Ma M25 magnetic anomaly separating
the westernmost islands of La Palma and Hierro [31–34]. The Moho depth decreases from
west to east (i.e., towards Africa), varying in depth from approximately 12 km beneath El
Hierro and La Palma to 20–30 km beneath Lanzarote and Fuerteventura [35]. Therefore,
Fuerteventura is located on a transitional oceanic to continental crust.

Among all the Canary Islands, Fuerteventura is one of the few islands (together with
La Palma) where the various phases of submarine formation, transitional phases, and



Minerals 2021, 11, 203 3 of 30

subaerial growth are better recognized [36–45]. This volcanic island consists essentially
of Mesozoic sediments, Oligocene submarine volcanic complexes, Late Oligocene transi-
tional volcanic complexes, Miocene subaerial basaltic and trachytic lava flows, ultramafic,
mafic to felsic intrusive rocks, and carbonatitic dyke swarms [40,45,46]. These intrusive
and carbonatitic dyke swarms, with the submarine, transitional, and earliest subaerial
complexes and their associated plutonic bodies, form a lithostratigraphic unit known as
the Basal Complex.

Carbonatites and closely associated alkaline-rich-silica undersaturated rocks (clinopy-
roxenites, melteijites–ijolites, nepheline–sienites, and sienites) form a typical alkaline–
carbonatitic association, outcropping in the central western part of the island, in an almost
continuous NE–SW direction parallel to the coast. This association represents the first
Magmatic Episode during upper Oligocene (≈25 Ma) [43], subsequent to the Submarine
and early Transitional Volcanic Episodes. The main exposures of the alkaline–carbonatitic
association are the northwestern Montaña Blanca–Esquinzo sector and the central-western
Ajuy–Solapa sector (Figure 1b). The Early Miocene intrusion of a gabbroid–pyroxenitic
series (Pájara Pluton), after the emplacement of the alkaline–carbonatitic complex, pro-
duced bands of thermal metamorphism on host rocks with up to 1 km of lateral exten-
sion [47]; thus, the original igneous mineral assemblage within the contact zone was
variably overprinted and substituted with a metamorphic association composed of wollas-
tonite, monticellite, diopside, vesuvianite, garnet, calcite, perovskite, alabandite, pyrrhotite,
and Nb–Zr–Ca silicates (e.g., cuspidine–niocalite–baghdadite series) [48]. Nevertheless,
carbonatite outcrops in Punta de La Nao (Ajuy–Solapa sector) escaped this thermal over-
print and preserved their original igneous assemblage and textures [49]. Accordingly, in
order to focus the study on well-preserved carbonatite rocks, all samples studied here were
collected from Punta de La Nao area (Figure 1b).

After the Miocene subaerial volcanic activity, a period of quiescence occurred until
the Pliocene, where renewed volcanic activity produced some basaltic volcanoes on the
northern part of the island [39]. During the Plio–Quaternary, alluvial and aeolian complexes
were also generated [50].

2.1.2. Cape Verde Archipelago

The Cape Verde Archipelago is located 500 km off the Senegalese coast (Figure 1a).
The lithospheric crust beneath the islands is constrained by 140 Ma M16 and 120 Ma
M0 magnetic anomalies [51]. In the same way as the Canary Archipelago, the crustal
thickness beneath the Cape Verde Islands is also anomalously high (up to 22 km), and
this is mainly due to magmatic transfer from the upper mantle to shallow (i.e., crustal)
accumulation levels [52], although between the islands of the archipelago the crustal
thickness decreases considerably to ca. 7 km [53]. Plume activity beneath the Cape Verde
Archipelago is supported by tomographic studies, which show the evidence of a P-wave
negative anomaly down to about 1000 km, which includes the Azores and Canary plumes
apparently reaching the core–mantle boundary [29].

The archipelago is composed of ten major islands, which can be divided into two
groups: (i) northern Islands (S. Antão, S. Vicente, S. Luzia, S. Nicolau, Sal and Boavista)
and (ii) southern Islands (Brava, Fogo, Santiago, and Maio).

The lack of a simple age progression of volcanism for the Cape Verde Archipelago
indicates that the archipelago is located close to the rotation pole of the slowly drifting
African Plate [54]. The oldest exposed magmatic rocks related to Cape Verde hot-spot
volcanism occur on Sal Island, which preserves a magmatic history ranging from 25.6 Ma
to 0.6 Ma [55], although a 40Ar-39Ar study limits the volcanic evolution for Sal Island
from around 15 Ma to 1.1 Ma [54]. Indeed, several age determination studies on the Cape
Verde Islands suggest that most of the volcanic activity took place from 16 Ma until the
present [54,56–59], such as the volcanic activity on S. Vicente (6.6 Ma to 0.3 Ma), on S. Antão
(7.5 Ma to 0.1 Ma), on Maio (12 Ma–7 Ma) or on Fogo (Quaternary to the present). Currently,
at least three islands of the Cape Verde Archipelago are considered volcanically active
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(S. Antão, Brava, and Fogo), with the latest historical eruptions on Fogo Island, i.e., the
1995 and 2014 events [60].

Cape Verde magmatism is strongly alkaline, as testified by the occurrence of nephelinitic
and melilititic rocks in several islands, and all volcanic rocks are silica-undersaturated, with
basanites, tephrites, and nephelinites representing the most dominant compositions [61,62].
Carbonatites occur on six out of ten islands (S. Vicente, S. Nicolau, Maio, Santiago, Fogo,
and Brava) (Figure 1c) and they are grouped into two main types: (i) Ca-carbonatites (the
most dominant type) and (ii) Mg-carbonatites. S. Vicente presents the largest exposed
carbonatites, which occur either as an intrusive or extrusive type [22], similar to Brava
Island [63]. Carbonatites on Fogo Islands occur in the basement and they are all coarse-
grained Ca-carbonatites (sövite), while on Santiago and Maio, Mg-carbonatites are also
present [20]. Carbonatites on the Secos islets near Brava Island and on S. Nicolau Island
have also been described [64].
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2.2. Geochemistry

Despite that both Fuerteventura and Cape Verde oceanic carbonatites are characterized
by a large variability in minor and trace element compositions, they show broadly similar
trace element characteristics [20]. Indeed, it has been recognized in both the carbonatitic
complexes a depletion in Rb, K, Hf, Zr, and Ti, coupled to an enrichment in Ba, Th, U, Sr,
Y, LREE, and MREE, especially if compared with OIB, although elements such as Th, U,
Nb, and Ta normally show differences in their relative abundances, interpreted as due to
pyrochlore fractionation/accumulation [20].

Hoernle et al. (2002) [20] proposed that calcio–carbonatites from Fuerteventura, similar
to the calcio–carbonatites from Cape Verde, result from melting of secondary Ca–carbonate
belonging to recycled 1.6 Ga oceanic crust. Furthermore, coupling Ce and Nd isotopic
data, Doucelance et al. (2014) [14] suggested the recycling of marine carbonates in the
source region of the Cape Verde oceanic carbonatites. In the same way, a recent study
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on Ca isotopes of carbonatites (tracers of subducted sedimentary material) confirmed
the recycled marine carbonate contribution to Fuerteventura and Cape Verde carbonatite
petrogenesis [66]. Although there are several models that underline the importance of
recycling of marine carbonates and the oceanic crust in carbonatite origin, other hypotheses
involving a primary deep-seated signature [21,23] suggest a role of primordial carbon in
the origin of the oceanic carbonatite source.

As regards the Cape Verde carbonatites, there is no unique viewpoint. De Ignacio et al.
(2012) [22] suggest that Ca–carbonatites from São Vicente (northern Cape Verde Islands)
represent fractionated melts from parental nephelinitic magma (although the authors also
recognize the importance of a high-temperature immiscibility process in the petrogenesis
of São Vicente Ca–carbonatites). Other models in which the Ca–carbonatites result from
liquid immiscibility (and not from extreme fractionation of carbonated silicate parental
magma) were also proposed for Brava, one of the southern Cape Verde Islands [25]. Al-
though in some cases (e.g., Fogo and Santiago islands) isotopic compositions (Sr–Nd–Pb)
of carbonatites significantly differ from those of their associated alkaline silicate rocks,
the close association of carbonatites with evolved alkaline silica-undersaturated magmas
suggests a common origin. Indeed, a recent study proposes that both oceanic carbonatites
(Cape Verde and Fuerteventura carbonatites) occur where primitive silicate melts have
the lowest silica and highest alkali contents, driving the liquid line of descent into the
silicate–carbonatite miscibility gap [67].

With respect to the continental carbonatites, Fuerteventura oceanic carbonatites
present a much narrower spread in the 143Nd/144Nd vs 87Sr/86Sr diagram [20,21]. Re-
garding Pb isotopic compositions, carbonatites instead plot in a relatively large range, and
initial 207Pb/204Pb ratios plot below the trend of the Northern Hemisphere Reference Line
(NHRL) [67], which is normal for oceanic carbonatites (initial 207Pb/204Pb ratios of the
Cape Verde carbonatites also plot below the NHRL (Hoernle et al. 2002 [20], their Figure 6))
and OIB [20,68].

Given the close similarity in isotopic compositions between Cape Verde and Fuerteven-
tura oceanic carbonatites with Tamazert continental carbonatites (Morocco, ca. 970 km
north-eastwards from Fuerteventura), a common source for the latter was also proposed [69],
emphasizing the invoked eastward deflection of the Canary mantle plume head through a
sub-continental lithospheric corridor from the eastern Atlantic to the middle Atlas moun-
tain chain and the western Mediterranean [70].

Lastly, Mata et al. (2010) [23] reported the first noble gas results obtained for Cape
Verde carbonatites, and some of the analysed calcite and apatite minerals present high
3He/4He ratios (R/Ra up to 15.5 and 9.76, respectively), suggesting a contribution of He
from a deep and more primitive mantle (plume-type) for Cape Verde carbonatites.

3. Analytical Methods

Noble gas isotopic ratios (He, Ne, Ar) were determined for calcite, apatite, and
clinopyroxene mineral separates from Fuerteventura carbonatites. Clinopyroxenes from
a clinopyroxenite adjacent to Fuerteventura carbonatites were also analysed. Calcites
were concentrated using a Frantz isodynamic separator. Apatite and clinopyroxene were
concentrated using magnetic methods and magnetic heavy liquid separation (sodium
polytungstate) and were finally refined by handpicking.

Noble gas isotopic analyses were carried out at Istituto Nazionale di Geofisica e
Vulcanologia (INGV-Palermo) following the preparation and analytical protocols described
in Rizzo et al. (2018, 2019) [71,72]. Phenocrysts were cleaned in acetone and millipore water
by using an ultrasonic bath, and the portion of the selected sample material was loaded into
a stainless-steel crusher baked for 48–72 h at 120 ◦C in order to achieve ultra-high-vacuum
conditions (10−9 mbar). Fluid inclusions from minerals were released by in-vacuum single-
step crushing, and the external pressure applied to the minerals by the hydraulic press
was 250 bar. Noble gases were separated from the other volatiles by using a “cold finger”
immersed in liquid nitrogen (T = −196 ◦C) that allows freezing of H2O and CO2 and were
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successively further cleaned in an ultra-high vacuum (10−9–10−10 mbar) purification line,
and all the species of the gas mixture, except noble gases, were removed using four getters.
Helium (3He and 4He) and neon (20Ne) isotopes were measured separately by two different
split-flight-tube mass spectrometers (Helix SFT-Thermo). The analytical uncertainty of the
He isotopic ratio was ≤ 4%, while that for 20Ne/22Ne and 21Ne/22Ne was < 2% and < 4%,
respectively. The Ne isotope ratios were corrected for isobaric interferences at m/z values
of 20 (40Ar2+) and 22 (44CO2

2+). Corrections were generally carried out by measuring 20Ne,
21Ne, 22Ne, 40Ar, and 44CO2 during the same analyses and considering the previously
determined 40Ar2+/40Ar+ and 44CO2

2+/CO2
+ ratios under static conditions on the same

Helix-SFT mass spectrometers used to perform Ne measurements. Argon isotopes (36Ar,
38Ar, and 40Ar) were analysed by a multi-collector mass spectrometer (GVI Argus) with
an analytical uncertainty 1%. The uncertainty in the determinations of He, Ne, and Ar
elemental contents was less than 5%. More details about the sample preparation and
analytical procedures are available in Rizzo et al. (2018, 2019) [71,72].

Whole-rock analyses of Fuerteventura carbonatites were performed at the ALS Geo-
chemistry Laboratory.

The trace element composition of the minerals and rocks from Fuerteventura carbon-
atites was analysed at the INGV laboratory-Palermo using a GeoLasPro 193nm ArFExcimer
laser ablation (LA) system connected to an Agilent 7500ce quadrupole ICP–MS. The anal-
yses were performed with a constant laser repetition rate of 10 Hz, a fluency of 14–15
J/cm2, a He flux of about 0.8 L/min in the ablation cell, and a 32–44 µm spot. Glass
reference material NIST612 was used as an external standard for all the clinopyroxene and
apatite minerals whereas the Microanalytical Carbonate Standard MACS3 was used for
calcite minerals. 43Ca, estimated by ESEM measures, was used as an internal standard
for all samples. The analytical accuracy was calculated by repeated analyses of the USGS
basaltic reference glass BCR-2G for the clinopyroxene and apatite minerals and of the glass
reference material NIST612 for calcite minerals; it was ≤15% for most of the elements. The
analytical precision was estimated by repeated analyses of the reference material NIST612
and the MACS3 carbonate standard and was ≤20% for most of the elements.

4. Results
4.1. Petrography

Based on petrographic characteristics, Fuerteventura carbonatites are grouped into
two main types: (i) calcio–carbonatites (the most dominant type) and (ii) silico–carbonatites,
when the amount of silicate phases reach up to 50% of the rock volume. Fuerteventura
carbonatites are medium-(microsövite) to coarse-grained (sövite) (Figure 2a) and they are
composed of calcite, with variable amounts of clinopyroxene (aegirine–augite), feldspar,
biotite, Fe- and Ti-oxides and accessory minerals such as apatite, pyrochlore, titanite, barite,
and zircon.

Calcite occurs as euhedral to sub-euhedral grains with typical rhombohedral cleavage
(Figure 2b). Tabular calcite phenocrysts are common, forming aggregates with 120◦ grain
boundaries angle (Figure 2c). Occasionally (e.g., in the Punta de la Nao area) they also
occur as elongated calcite crystals arranged in a spinifex-like texture. The occurrence at
Punta de la Nao of both tabular calcite and typical spinifex textures reflects the magmatic
origin of non-recrystallized carbonatite.

Apatite is largely the most abundant accessory phase typically found in rounded
grains or elongated prisms with a typical igneous tapered pill-like shape. Furthermore,
apatite is commonly enclosed either by calcite or other silicate phases, in poikilitic
textures, suggesting that apatite is the liquidus phase. Other common accessory min-
erals are pyrochlore, which occurs as small-zoned microphenocrysts, and zircon, less
abundant than apatite and pyrochlore, but it occurs in size larger than the latter (up to
1–2 mm) (Figure 2d).



Minerals 2021, 11, 203 7 of 30Minerals 2021, 11, x FOR PEER REVIEW 7 of 31 
 

 

 
Figure 2. Microscopic aspects of Fuerteventura carbonatite textures (crossed polars). (a) Coarse-
grained carbonatite (sövite) with Fe-clinopyroxene (dark green), calcite, and associated euhedral-
rounded apatite (light grey, top center). (b) Detail of different grain-sizes of calcite with typical 
rhombohedral cleavage. (c) Calcite aggregates with a 120° grain boundary angle in coarse-grained 
carbonatite. (d) Zircon crystal in a medium-grained carbonatite (microsövite). 

4.2. Major and Trace Elements 
The major and trace element compositions of Fuerteventura carbonatites (whole-

rock) are reported in Table 1. Table 2 reports trace element contents in calcite and apatite 
from Fuerteventura carbonatites, while Table 3 reports trace elements in clinopyroxenes 
from Fuerteventura carbonatites and clinopyroxenite. 

Whole-rock analyses of Fuerteventura carbonatites show very small variations of 
MgO (1.2–1.3 wt.%), Fe2O3 t (3.9–4.0 wt.%), Na2O (1.5–1.6 wt.%), P2O5 (2.2–3.0 wt.%), and 
loss on ignition (LOI) (29.8–30.4 wt.%), while CaO (41.9–43.8 wt.%), SiO2 (11.5–12.8wt.%), 
and Al2O3 (1.9–3.3 wt.%) show slightly more appreciable variations (Table 1).  

Concentrations of calcites are similar to those determined for carbonatites, mostly Ba 
(up to 989 ppm), La (up to 624 ppm), and Ce (up to 1116 ppm), while Sr concentrations in 
calcites (up to 26330 ppm) are higher than Sr concentrations in whole-rock sample (up to 
15900 ppm). Apatites show higher concentrations of REE (∑REE up to 16690 ppm) if com-
pared to carbonatites (∑REE up to 2637 ppm), especially for the La (up to 3270 ppm), Ce 
(up to 7620 ppm), Pr (up to 914 ppm), and Nd (up to 3603 ppm) contents (Table 2). In the 
same way, clinopyroxenes from carbonatites show also different concentrations than 
whole-rock samples, with REE concentrations (∑REE up to 177 ppm) lower than carbon-
atites. Moreover, if compared with clinopyroxenes from Fuerteventura clinopyroxenite, 
clinopyroxenes from carbonatites present some differences on trace element concentra-
tions, especially for Sc, V, Cr, Co, and Ni abundances (Table 3). Th is normally more abun-
dant than U in whole-rock samples, with Th/U ratios ranging from 5.9 to 8.9. It is the same 
for apatite and calcite minerals, with Th/U ratios ranging from 5 to 17 in calcite and from 
8 to 10 in apatite. On the contrary, clinopyroxene presents U concentrations higher than 
Th concentrations, with Th/U ratios up to 0.5. 

 
 
 
 
 

Figure 2. Microscopic aspects of Fuerteventura carbonatite textures (crossed polars). (a) Coarse-
grained carbonatite (sövite) with Fe-clinopyroxene (dark green), calcite, and associated euhedral-
rounded apatite (light grey, top center). (b) Detail of different grain-sizes of calcite with typical
rhombohedral cleavage. (c) Calcite aggregates with a 120◦ grain boundary angle in coarse-grained
carbonatite. (d) Zircon crystal in a medium-grained carbonatite (microsövite).

4.2. Major and Trace Elements

The major and trace element compositions of Fuerteventura carbonatites (whole-rock)
are reported in Table 1. Table 2 reports trace element contents in calcite and apatite from
Fuerteventura carbonatites, while Table 3 reports trace elements in clinopyroxenes from
Fuerteventura carbonatites and clinopyroxenite.

Table 1. Major and trace element compositions of Fuerteventura whole-rock carbonatites.

Occurrence Fuerteventura

Sample FUE1-03 FUE1-04

SiO2 (wt.%) 11.55 12.8
TiO2 0.13 0.45

Al2O3 1.9 3.33
Fe2O3 t 4.04 3.9
MnO 0.31 0.32
MgO 1.29 1.19
CaO 43.8 41.9

Na2O 1.5 1.66
K2O 0.34 0.37
P2O5 3.01 2.23
LOI 30.4 29.8
Total 98.27 97.95

Sr (ppm) 15,900 14,300
Y 142.5 129.5

Rb 10.4 15.1
Ba 659 428
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Table 1. Cont.

Occurrence Fuerteventura

Sample FUE1-03 FUE1-04

La 589 487
Ce 1205 1025
Pr 140 122
Nd 487 419
Sm 71.6 62.3
Eu 21.6 18.2
Gd 53.7 46.8
Tb 6.6 5.6
Dy 32.4 28.8
Ho 5.3 4.9
Er 13.1 10.9
Tm 1.4 1.3
Yb 9.1 8.05
Lu 1.3 1.1
Hf 3.7 8.4
Zr 424 755
Pb 8 10
Th 33.2 21.8
U 3.7 3.7

Nb 63.7 378
∑REE 2637.1 2241.0
Th/U 8.9 5.9

(La/Yb)N 46.4 43.4
Eu/Eu* 1.02 0.99
Sr/Sr* 23.37 22.75

Note. Eu* = EuN/(SmN × GdN)1/2; Sr* = (CeN + NdN)1/2.

Table 2. Representative trace element compositions of calcite and apatite in Fuerteventura carbonatites.

Occurrence Fuerteventura

Mineral Calcite

Sample FUE1-03 FUE1-04 FUE3-01

Mn (ppm) 1545.56 1422.88 2225.86
Sr 25,643.40 25,341.66 26,331.39
Y 116.59 121.32 124.79

Rb 0.07 0.07 0.93
Ba 721.41 989.64 607.97
La 607.83 624.27 453.81
Ce 1092.91 1116.05 896.40
Pr 104.27 105.67 81.12
Nd 355.19 361.49 288.65
Sm 50.47 51.06 42.99
Eu 14.45 14.84 12.30
Gd 39.12 40.06 41.11
Tb 4.46 4.55 4.43
Dy 23.09 23.70 23.66
Ho 4.16 4.27 4.25
Er 10.39 10.70 10.73
Tm 1.26 1.31 1.38
Yb 7.29 7.62 8.29
Lu 1.02 1.06 1.15
Hf 0.01 0.01 0.02
Zr 0.03 0.04 0.78
Pb 5.77 5.31 6.03
Th 0.04 0.07 8.62
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Table 2. Cont.

Occurrence Fuerteventura

Mineral Calcite

Sample FUE1-03 FUE1-04 FUE3-01

U <0.1 <0.1 1.45
Nb 0.01 0.02 2.12

∑REE 2315.90 2366.64 1870.28
Th/U 10.03 16.60 5.94

(La/Yb)N 59.86 58.79 39.27
Eu/Eu* 0.96 0.97 0.88
Sr/Sr* 41 40.11 46.55
δCe 0.98 0.97 1.06
δEu 0.96 0.97 0.88
δY 0.95 0.97 0.99

Occurrence Fuerteventura

Mineral Apatite

Sample FUE1-03 FUE1-04

Mn (ppm) 353.28 427.57
Sr 14,243.53 14,520.67
Y 770.19 776.35

Rb 0.13 0.15
Ba 23.78 27.38
La 3166.94 3269.77
Ce 7619.98 7598.89
Pr 904.29 914.20
Nd 3517.07 3603.46
Sm 494.68 498.70
Eu 132.34 131.24
Gd 443.72 396.08
Tb 42.72 40.93
Dy 200.23 198.20
Ho 29.35 29.96
Er 63.53 63.55
Tm 6.77 6.72
Yb 33.92 34.17
Lu 3.83 3.74
Hf 0.10 0.06
Zr 17.61 13.35
Pb 2.23 2.27
Th 347.35 333.71
U 39.72 34.36

Nb 7.68 5.96
∑REE 16,659.36 16,789.61
Th/U 8.74 9.71

(La/Yb)N 63.41 65.01
Eu/Eu* 0.85 0.87
Sr/Sr* 8.13 8.25
δCe 1.08 1.05
δEu 0.84 0.86
δY 0.82 0.82

Note. See Section 5.1.1 in the text for δCe, δEu and δY calculation.
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Table 3. Representative trace element compositions of clinopyroxene in Fuerteventura carbonatites
and clinopyroxenite.

Rock Type Carbonatite Clinopyroxenite

Mineral Clinopyroxene

Sample FUE3-01 FUE3-01 1 FUE4-03 FUE4-03 1

Sc (ppm) 4.35 3.32 62.05 65.68
V 62.04 53.54 327.90 275.10
Cr 14.68 13.78 248.88 859.38
Co 9.46 7.89 44.34 46.15
Ni 12.59 10.89 214.97 300.33
Zn 106.20 89.90 35.68 31.84
Sr 271.97 245.87 134.06 87.66
Y 18.07 15.06 18.76 10.34
Zr 134.15 124.23 128.87 52.43
Nb 6.75 5.25 0.69 0.41
Rb 16.36 15.87 0.26 0.27
Ba 28.22 26.46 0.13 0.05
La 60.29 71.21 6.93 2.95
Ce 49.46 50.98 26.19 12.27
Pr 9.27 5.87 4.71 2.29
Nd 25.58 20.98 28.30 13.58
Sm 7.94 8.97 7.87 4.09
Eu 2.03 2.07 2.20 1.28
Gd 6.53 7.11 7.87 3.80
Tb 0.68 0.87 0.85 0.50
Dy 3.58 4.01 4.81 2.81
Ho 0.66 0.77 0.77 0.49
Er 1.65 1.75 1.61 0.95
Tm 0.21 0.32 0.20 0.13
Yb 1.44 1.56 1.06 0.61
Lu 0.21 0.32 0.14 0.08
Hf 2.13 2.15 6.31 2.57
Ta 0.79 0.87 0.16 0.06
Pb 7.27 7.35 0.07 0.12
Th 1.21 0.89 0.06 0.04
U 4.36 1.90 0.02 <0.01

∑REE 169.52 176.79 93.52 45.83
Th/U 0.27 0.46 3 4.44

Note. 1 s analysis of the same sample.

Whole-rock analyses of Fuerteventura carbonatites show very small variations of
MgO (1.2–1.3 wt.%), Fe2O3 t (3.9–4.0 wt.%), Na2O (1.5–1.6 wt.%), P2O5 (2.2–3.0 wt.%), and
loss on ignition (LOI) (29.8–30.4 wt.%), while CaO (41.9–43.8 wt.%), SiO2 (11.5–12.8wt.%),
and Al2O3 (1.9–3.3 wt.%) show slightly more appreciable variations (Table 1).

Concentrations of calcites are similar to those determined for carbonatites, mostly Ba
(up to 989 ppm), La (up to 624 ppm), and Ce (up to 1116 ppm), while Sr concentrations
in calcites (up to 26,330 ppm) are higher than Sr concentrations in whole-rock sample (up
to 15,900 ppm). Apatites show higher concentrations of REE (∑REE up to 16,690 ppm) if
compared to carbonatites (∑REE up to 2637 ppm), especially for the La (up to 3270 ppm),
Ce (up to 7620 ppm), Pr (up to 914 ppm), and Nd (up to 3603 ppm) contents (Table 2). In
the same way, clinopyroxenes from carbonatites show also different concentrations than
whole-rock samples, with REE concentrations (∑REE up to 177 ppm) lower than carbon-
atites. Moreover, if compared with clinopyroxenes from Fuerteventura clinopyroxenite,
clinopyroxenes from carbonatites present some differences on trace element concentrations,
especially for Sc, V, Cr, Co, and Ni abundances (Table 3). Th is normally more abundant
than U in whole-rock samples, with Th/U ratios ranging from 5.9 to 8.9. It is the same for
apatite and calcite minerals, with Th/U ratios ranging from 5 to 17 in calcite and from 8
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to 10 in apatite. On the contrary, clinopyroxene presents U concentrations higher than Th
concentrations, with Th/U ratios up to 0.5.

4.3. Noble Gas (He, Ne, Ar) Isotopes

In this study, we measured the He, Ne, and Ar isotopic compositions in minerals of
calcite, clinopyroxene, and apatite in Fuerteventura carbonatites and clinopyroxene in a
clinopyroxenite. Furthermore, in order to better understand the significance of 3He/4He
ratios for calcite, apatite, and clinopyroxene separates from Fuerteventura carbonatites
and from clinopyroxenite, we calculated the radiogenic 4He* in situ produced by Th and
U decay (Table 4). Noble gas concentrations and isotopic ratios of mineral separates from
Fuerteventura carbonatites and Fuerteventura clinopyroxenite are shown in Table 5.

Calcite is characterized by 4He concentrations in a restricted range of 5.7 × 10−7 to
15.2 × 10−7 ccSTP/g; in contrast, we measured high 4He in the apatite, from 51.6 × 10−7

to 22.1 × 10−6 ccSTP/g (Table 5). Therefore, high concentrations of 4He in the apatite are
associated with a very low signature of the 3He/4He ratios in the same minerals that range
from 3 × 10−9 to 8 × 10−8, and they correspond to R/Ra from 0.003Ra to 0.08Ra (Table 5).
We analysed only one sample of clinopyroxene in carbonatite and one in the clinopyroxenite;
the 4He concentrations are 4.96 × 10−7 ccSTP/g and 0.83 × 10−7 ccSTP/g, respectively
(Table 5). The He isotopic ratios in clinopyroxene from carbonatite (R/Ra = 2.23) are lower
than calcite (R/Ra = 3.86), while clinopyroxene from clinopyroxenite shows the highest He
isotopic ratios (6.66Ra). The 4He/20Ne in all the analysed samples is at least three order of
magnitude higher than the same ratio in the atmosphere (4He/20Ne = 0.318 [73]), and this
indicates that the He air component of He is negligible in all the samples.

20Ne/22Ne and 21Ne/22Ne ratios from calcite (up to 10.02 and 0.0302, respectively) and
apatite (up to 10.12 and 0.0297, respectively) are a little higher than the air ratio (Table 5).
Clinopyroxene from carbonatite presents 20Ne/22Ne and 21Ne/22Ne ratios of 10.02 and 0.0301,
while clinopyroxenes from clinopyroxenite show 20Ne/22Ne and 21Ne/22Ne ratios of 9.95
and 0.0295, in both cases slightly higher than the air ratio (Table 5).

The 40Ar/36Ar isotopic ratios (Table 5) are always higher than atmospheric value
of 298.6 ± 0.3 [74] for all mineral separates: calcite 40Ar/36Ar ranges from 614 to 2068,
apatite from 409 to 690, and clinopyroxene in carbonatite and clinopyroxenite are 650 and
431, respectively.

Table 4. Th and U concentrations and related 4He* production in mineral separates from Fuerteven-
tura carbonatites and clinopyroxenite.

Mineral Type Th (ppm) U (ppm) Age (Ma) 4He* (µccSTP/g)

Carbonatite
Apatite
FUE1-03 347.3 39.7 25 7.3
FUE1-04 333.7 34.3 25 6.7
Calcite

FUE1-03 0.04 0.004 25 <0.001
FUE3-01 8.62 1.45 25 0.2

FUE3-01 duplicate 2.3 1.1 25 0.01
Clinopyroxene

FUE3-01 1.2 4.4 25 0.3
Clinopyroxenite
Clinopyroxene

FUE4-03 0.06 0.02 22 0.002

Note. The equation 4He* ≈ 2.8 × 10 − 8 (4.35 + Th/U) × (U) × (t) was used to calculate the 4He* radiogenic
(from Mata et al. 2010 [23]). [Th] and [U] in ppm, t in Ma.
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Table 5. He concentrations (ccSTP/g) and He, Ne, and Ar isotopic ratios in mineral separates from Fuerteventura carbonatites and clinopyroxenite.

Mineral Type 4He (10−7) 3He (10−12) R/Ra 1σ 4He/20Ne 20Ne/22Ne 1σ 21Ne/22Ne 1σ 40Ar/36Ar 1σ

Carbonatite
Apatite
FUE1-03 221 0.08 0.003 0.002 45374.6 n.d. n.d. n.d. n.d. 409.08 0.19
FUE1-04 51.6 0.50 0.08 0.02 8294.3 10.12 0.04 0.0297 0.0007 689.59 0.18
Calcite

FUE1-03 15.2 7.09 3.35 0.03 641.1 10.01 0.03 0.0302 0.0004 2067.92 1.34
FUE3-01 8.55 4.57 3.84 0.04 500.1 10.02 0.03 0.0293 0.0003 614.42 0.06

FUE3-01 duplicate 5.77 3.10 3.86 0.04 388.8 9.90 0.02 0.0288 0.0004 713.82 0.05
Clinopyroxene

FUE3-01 4.96 1.54 2.23 0.04 1582.6 10.02 0.02 0.0301 0.0003 650.52 0.61
Clinopyroxenite
Clinopyroxene

FUE4-03 0.83 0.76 6.66 0.07 1120.7 9.95 0.04 0.0295 0.0006 431.17 0.06

Air 1.00 9.80 0.0290 298.6 ± 0.3

Note. The atmospheric value for 20Ne/22Ne and 21Ne/22Ne is taken from Ozima and Podosek, 2002 [73], while that for 40Ar/36Ar is taken from Lee et al. 2006 [74]. n.d. = not determined.



Minerals 2021, 11, 203 13 of 30

5. Discussion
5.1. Major and Trace Elements

The major element data of oceanic carbonatites show a large range in CaO and
MgO, and this is due to the presence of two different groups, especially on Cape Verde
Archipelago: (i) Ca-carbonatites with a high CaO and low MgO content and (ii) Mg-
carbonatites with a low CaO and high MgO content (Figure 2 in Hoernle et al. 2002 [20]).
Although our new whole-rock analysis of Fuerteventura carbonatites shows a slightly
lower CaO content (41.9–43.8 wt.%) compared with literature data (48.1–51.4 wt.% [20]),
the results confirm that the studied samples are Ca-carbonatites with a low MgO content
(up to 1.29 wt.%). Our data on the major element contents of Fuerteventura carbonatites
are comparable with literature data [20], with the exception of the SiO2 content that was
slightly higher (11.5–12.8 wt.%) if compared with previous values (up to 5.85 wt.% [20]),
but this is probably due to a higher content of silicate phases in the analysed samples.
In the same way, the Cape Verde carbonatites show significant variations, especially
for CaO (48.82–54.76 wt.%), SiO2 (0.27–5.81 wt.%), P2O5 (0.21–8.94 wt.%), and LOI
(29.26–42.33 wt.%) (Table A1).

The interpretation of trace element variations in carbonatites might be difficult due to
several processes occurring in the route to the surface that could mask the pristine source
and the primary processes (liquid immiscibility, crystal fractionation, occurrence of exotic
accessory minerals high in incompatible elements), or the source region (e.g., the lack of
well-constrained partition coefficients for trace elements between the peridotite or eclogite
and carbonatite melts at high pressures, between 3 GPa and 5 GPa, where carbonated
source melting is likely to take place [75]), in addition to other parameters that may control
trace element partitioning, the volatile content, and the occurrence of a mixed volatile
free-fluid phase, oxygen fugacity, etc.

The large variation in incompatible elements and trace elements of oceanic carbonatites
reflects the presence of different mineral phases such as pyrochlore (high in high-field-
strength elements, HFSE, such as Ta, Nb, Zr, Ti, Hf, and LREE), apatite (high in LREE, Sr, Th,
and U), zircon (HFSE-rich), and titanite (HFSE-rich). Negative anomalies of Zr, Hf, and Ti are
present, and this is typical of a carbonatite (or CO2-rich silicate melt metasomatized) in the
garnet–peridotite stability field [76]. These negative anomalies are coupled to enrichment
in REE and Sr, and this is one of the main characteristics of carbonatite rocks. Consequently,
mineral such as calcite and apatite are particularly enriched in Sr [77].

Representative multi-element (spider diagram) and REE patterns of both oceanic
carbonatites are shown in Figure 3.

Fuerteventura and Cape Verde oceanic carbonatites show large variations in the abun-
dances of most trace elements. High-field-strength elements (HFSE), large ion lithophile
elements (LILE), such as Rb, Ba, Pb, and Sr, and REE, range from 600–700 times below
and above primitive mantle values (Figure 3a). All samples show fractionated REE pat-
terns with high LREE with respect to HREE (a common feature of both continental and
oceanic carbonatites), with moderate steep patterns (La/Yb)N = 11−49 (Figure 3b). The
REE diagram shows also moderate negative Eu anomalies (Eu/Eu* = 0.99–0.88), with
some exception for some Fuerteventura (Eu/Eu* = 1.02) and Cape Verde carbonatites
(Eu/Eu* = 1.03–1.09), coupled with large Sr positive anomalies (Sr/Sr* = 9.6–28). Trace
element variation of apatite in oceanic carbonatites (Table A2), with respect to whole-rock
samples, suggests that the trace element budget and variability are mostly controlled by
apatite (and other REE mineral reservoirs such as pyrochlore). It is worthy of note that cal-
cite and apatite share broadly similar REE patterns (Figure 4), indicating that these mineral
phases have a common origin and a genetic relationship in the magma from which they
crystallized. On the contrary, clinopyroxene depicts different REE patterns if compared
with calcite and apatite (Figure 4).
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Figure 4. REE abundance diagram normalized to the primitive mantle of McDonough and Sun
1995 [78], showing patterns of apatite, calcite, and clinopyroxene on Fuerteventura carbonatites.
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A strong difference in Cr and Ni abundances in Fuerteventura samples between
clinopyroxenes from carbonatite (Cr= 13–17 ppm, Ni= 8–13 ppm) and clinopyroxenes from
clinopyroxenite (Cr= 248–860 ppm, Ni= 215–300 ppm) suggests that clinopyroxenes from
clinopyroxenite crystallized from a primitive magma, while clinopyroxenes from carbon-
atite crystallized from an evolved magma. Indeed, Fuerteventura and Cape Verde oceanic
carbonatites are both characterized by the presence of aegirine–augite, a clinopyroxene
that crystallized from evolved magma [80].

Trace element data (this work) not only show a broadly similar trend in multi-element
and REE abundance diagrams with previous Fuerteventura whole-rock carbonatites
data [20], but also show a similar trend with Cape Verde carbonatites. Thus, both Fuerteven-
tura and Cape Verde carbonatites depict the same trace element characteristics, almost
tracing the same patterns in multi-element and REE abundance diagrams.

5.1.1. Igneous vs. Hydrothermal Apatite

Very commonly, the original mineral association of carbonatites is partially over-
printed by late-stage metasomatic fluids [81], which precipitate phosphate minerals such
as apatite-group, monazite or xenotime. Among these, apatite plays a dual role, being
one of the earliest minerals in carbonatitic liquidus, but also a common late-stage metaso-
matic mineral.

The criteria we used to clarify apatite crystallization (near-liquidus or sub-solidus
phase) were textural and chemical. We used a variety of chemical criteria typical of
igneous carbonatites defined by Chakhmouradian et al. (2017) [82], such as concentra-
tions of Mn ≤ 1000 ppm and Sr ≥ 2000 ppm, δEu ≈ 1 with δEu = Eucn/[0.5 × (Smcn +
Gdcn)], 0.6 ≤ δY ≤ 0.9 with δY = Ycn/[(0.25 × Dycn) + (0.75 × Hocn)], and δCe > 1 with
δCe = Cecn/[0.5 × (Lacn + Prcn)]. Figure 5a shows analysis of apatites from Fuerteventura
carbonatites plotted on δEu vs. δY diagrams with different igneous and hydrothermal
apatite fields. Almost all the analyses fall into the igneous apatite field, with δEu ranging
from 0.82 to 0.91 and δY from 0.77 to 0.88 (see Table A3 for all plotted analyses), with some
exception regarding only the δCe criterion (δCe < 1). Mn and Sr concentrations are also in
agreement with igneous origin (i.e., Mn ≤ 1000 ppm, Sr ≥ 2000 ppm). Apatites from Cape
Verde carbonatites are not plotted on δEu vs. δY diagrams due to a lack of data.
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and hydrothermal apatite fields using REE criteria (δEu, δY, and δCe) of Chakhmouradian et al. 2017 [82]. (b) Secondary
electron (SE) image of some plotted apatite minerals with a typical igneous tapered pill-like shape; scale bar = 200 µm.

In extrusive or shallow intrusive carbonatites, apatite occurs as euhedral prismatic
phenocrysts and/or groundmass crystals [82]. On the contrary, igneous apatite from plu-
tonic carbonatites normally occurs with smooth contours and a tapered pill-like shape [82],



Minerals 2021, 11, 203 16 of 30

and apatite from Fuerteventura carbonatites presents this typical well-faceted morphology
(Figure 5b), confirming its igneous origin.

Overall, trace elements and REE in apatites from Fuerteventura carbonatites are
consistent with an igneous origin with a low/null interaction with metasomatic fluids
instead of hydrothermal, allowing the choice of using apatite as a tracer for primary
carbonatitic magma.

5.2. Stable Isotopes (δ13C and δ18O)

Carbon and oxygen isotopic compositions of carbonates provide important infor-
mation about the origin of the carbonatitic magma and the isotopic composition of the
mantle source. The C and O isotopic compositions of the carbonatite compositional field,
the so-called “primary igneous carbonatite” box, range between 6‰ and 10‰ for δ18O
(SMOW) and between −4‰ and −8‰ for δ13C (PDB) [83–85]. Recent work on Oldoinyo
Lengai (the only worldwide active volcano that erupts Na-carbonatitic magma) volcanic
fresh products allowed us to narrow the range of the C and O isotopic signature of primary
igneous carbonatites, and, although particular as natrocarbonatites, the range can be con-
sidered representative of undegassed and uncontaminated mantle compositions, with δ13C
values ranging from −5‰ to −7‰ and δ18O values ranging from 5.5‰ to 7‰ [86].

Compared with the mantle range for oxygen isotopes, the carbon isotope signature
of the mantle is more difficult to constrain due to the apparent under-estimation of high-
temperature fractionation for carbon in the mantle [87] and also because the average
concentration of the carbon in the mantle is still uncertain [88–90]. Thus, even though C
and O isotope compositions give important information regarding carbonatite genesis,
there are several secondary processes that may affect the primary mantle fingerprint,
such as low-temperature alteration, high-temperature fractionation or crustal assimilation,
causing post-emplacement changes in δ13C and/or δ18O values [91,92], and making their
interpretation particularly difficult.

Figure 6 shows oxygen and carbon isotope compositions for Fuerteventura and Cape
Verde carbonatites, plotted within the mantle boxes of Taylor et al. (1967) and Keller and
Hoefs (1995) [83,86]. The δ13C values of calcite in Fuerteventura carbonatites are within
the primary igneous carbonatite field as originally defined by Taylor et al. (1967) [83],
but also in the smaller range proposed by later authors [86], with δ13C values ranging
from −5‰ to −7‰ [11]. Oxygen isotope compositions of Fuerteventura carbonatites
vary in a slightly wider range if compared with carbon isotope compositions (δ18O values
ranging from 5.2‰ to 9.6‰), and this is related to local fluid/rock interactions, as a result
of low-temperature isotopic exchange between carbonatites and water-rich fluids where
δ13C is not affected [11].

Typical mantle δ13C values (−8‰ to −4.2‰) were measured in Cape Verde carbon-
atites [23], suggesting a role of primordial carbon in their genesis. In contrast, δ13C (−0.6‰
to −0.2‰) and δ18O (12.3‰ to 21‰) values obtained for dolomite separates from Cape
Verde Mg-rich carbonatites show clearly atypical mantle-derived values, suggesting the
contribution of secondary processes to the carbon and oxygen isotopic signature [20,23].

Overall, carbon and oxygen isotope compositions of both oceanic carbonatites
(Fuerteventura and Cape Verde) share a common mantle-derived isotopic signature,
with the exception of Mg-carbonatites from Cape Verde, in which secondary processes
are more evident.
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5.3. Sr-Nd-Pb Isotopic Systematics

Radiogenic Sr-Nd-Pb isotopic systematics have been widely used to characterize the
sources of the oceanic carbonatites and the contribution of the different end members
involved in carbonatites genesis. De Ignacio et al. (2006) proposed a FOZO (defined as a
source region deep-seated in the mantle by Hart et al. 1992 [93]) mixed with HIMU (“high
µ”, µ = 238U/204Pb ratio) signature for alkali–carbonatitic association of Fuerteventura [21].
However, the involvement of a FOZO mantle component in the carbonatite source is
difficult to be exactly constrained. Indeed, many Sr-Nd isotopic ratios of carbonatites
plot into the FOZO field [94], and if we consider the more recent definitions of the FOZO
component [95,96], most of those Ca-carbonatites plot outside of the box (Figure 9a in
Doucelance et al. 2010 [12].

Sr initial isotopic ratios (calculated for an age of 25 Ma [21]) of Fuerteventura carbon-
atites plot in a very restricted range (0.703202 ≤ (87Sr/86Sr)i ≤ 0.703244), similar to the Nd
initial isotopic ratios (0.512840 ≤ (143Nd/144Nd)i ≤ 0.512877) [21]. The restricted range
of Sr isotopic ratios of Fuerteventura carbonatites is clearly at odds with a large degree
of assimilation of sedimentary carbonate proposed by Demény et al. (1998) [11]. If we
assume 10% to 20% assimilation of sedimentary carbonate during differentiation processes
in shallow magma chambers in the alkaline–carbonatitic complex of Fuerteventura [11],
Sr isotopic ratios would not plot in such a narrow range, as evidenced by De Ignacio et al.
(2006) [21].

Even though both Fuerteventura and Cape Verde oceanic carbonatites have similar
isotopic compositions, Fuerteventura carbonatites show some differences with respect to
the Cape Verde compositions. If we compare the previous Sr and Nd initial isotopic ratios
of Fuerteventura with Cape Verde carbonatites, the latter show a slightly wider range.
Indeed, the (87Sr/86Sr)i ratio varies from 0.703120 (S. Vicente, northern Archipelago) to
0.703356 (Brava, southern Archipelago), and the (143Nd/144Nd)i ratio varies from 0.512884
to 0.512911, for S. Vicente and Brava, respectively [12]. Regarding lead isotopic ratios,
Fuerteventura displays lower 206Pb/204Pb and 207Pb/204Pb and slightly higher 208Pb/204Pb
ratios if compared with the other oceanic carbonatites [21], being in the range from 19.601
to 19.869 for the 206Pb/204Pb ratio, from 15.593 to 15.602 for the 207Pb/204Pb ratio, and from
39.536 to 39.672 for 208Pb/204Pb [21]. Cape Verde carbonatites instead plot in a large range
on the uranogenic Pb isotope diagram, varying from 19.646 to 20.338 for the 206Pb/204Pb
ratio and from 15.586 to 15.657 for the 207Pb/204Pb ratio [21].
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Although it is more evident considering Cape Verde basaltic rocks, the slightly wider
range of Sr-Nd-Pb isotopes in Cape Verde carbonatites is probably due to the isotopic
dichotomy of the Cape Verde Archipelago, involving a depleted end-member mostly
evident in northern Islands (interpreted as the local oceanic lithosphere assimilated by
ascending plume melts [97]) and an enriched end-member (compatible with old marine
carbonates) with an EMI-like (“enriched mantle I”) isotopic signature predominant in the
southern Islands [12].

Figure 7 compares Sr-Pb and Nd-Pb ratios of Fuerteventura and Cape Verde carbon-
atites, and isotope diagrams show a more restricted range for Fuerteventura carbonatites
compared to Cape Verde carbonatites. Interestingly, even though both oceanic carbonatites
present slight isotopic differences, Fuerteventura and Cape Verde carbonatites project in
the middle of the field defined by the three end-member mantle components: DMM, EM-I
(especially the southern Cape Verde Islands), and HIMU, being similar to the Canary and
Cape Verde mafic rocks (Figure 7a,b).
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Figure 7. (a) 87Sr/86Sr vs. 206Pb/204Pb and (b) 143Nd/144Nd vs. 206Pb/204Pb initial ratios of
Fuerteventura and Cape Verde carbonatites (data from De Ignacio et al. 2006 and Hoernle et al. 2002,
respectively [20,21]). Mantle components after Hart (1988) [98]. Also shown for comparison are
the following: (1) Canary and Cape Verde basalts [99,100]; (2) Hawaii [101–103] and Cook–Austral
Islands volcanic rocks [95].

The Canary and Cape Verde basalts and carbonatites clearly differ from HIMU–OIB
and OIB isotopic compositions represented by Cook–Austral Islands and Hawaii, sug-
gesting a different geochemical footprint and just a slight contribution of a moderately
radiogenic Pb isotope signature, comparable with isotopic compositions of the second
group of OIB defined by Stracke et al. (2005) [95], with 206Pb/204Pb = 19.5–20.5. Overall,



Minerals 2021, 11, 203 19 of 30

Canary (Fuerteventura) and Cape Verde carbonatites, regarding Sr-Nd-Pb isotopic com-
positions, appear to be generated from a binary mixing between the DMM component
and a secondary component resulting from a mixing involving an enriched mantle
component (EM-I) and a moderate HIMU-like component, reflecting a similar trend
on Sr–Pb and Nd–Pb diagrams. Previous studies of the mantle source on Cape Verde
magmas show the DMM component as dominant in the northern Cape Verde islands and
in lesser amounts in the sub-continental lithospheric mantle (SCLM) component relative
to those of the southern Islands [100,104]. Furthermore, the occurrence of a delaminated
sub-continental lithospheric mantle domain beneath the southern Cape Verde Islands
was also proposed [105,106], considering Cape Verde carbonatites derived from the
melting of such a SCLM domain. On the contrary, Mata et al. (2010) [23], given the high
3He/4He ratios in calcite and apatite minerals of Cape Verde carbonatites (R/Ra up to
15.5), exclude the SCLM domain as their origin, considering the high 3He/4He ratios
as evidence of a deep mantle contribution to the carbonatite genesis. The role of the
primitive high He signature as a component on the Cape Verde carbonatites genesis and
its relationship with the He signature of Fuerteventura carbonatites will be discussed in
detail in the Section 5.4.2.

5.4. Noble Gas (He, Ne, Ar) Isotopes

5.4.1. Radiogenic Time-Integrated 4He* Production

Apatite samples from Fuerteventura carbonatites (FUE1-03 and FUE1-04) present a
radiogenic 4He* content of approximately 7 × 10−6 ccSTP/g (Table 4), compared with
a measured 4He content of a few 10−7 ccSTP/g (221 and 51.6 for FUE1-03 and FUE1-04,
respectively). Thus, the low percentage of the radiogenic 4He* is high enough to dominate
the signal of the mantle-derived He. The radiogenic 4He* production on apatite separates
from Cape Verde carbonatites (Table A4), although they present lower Th and U contents
than Fuerteventura carbonatites (up to 133 ppm for Th and 15 ppm for U), is also high
enough to influence the apatite He signal [23].

With respect to apatite, calcite contains significantly lower Th and U contents (up to 8.6
ppm and 1.4 ppm, respectively) (Table 4), and therefore the radiogenic 4He* contribution
to decrease the pristine He isotopic signature is lower than in apatite. Clinopyroxene from
carbonatites and clinopyroxenite also presents low Th and U contents (Table 4). In the same
way, calcite separates from Cape Verde carbonatites present low Th and U contents (up to
20.4 ppm and 2.7 ppm, respectively), less affecting their pristine isotopic signature.

Overall, given the modal abundance of apatite of Fuerteventura and Cape Verde
carbonatites and their magmatic origin, due to the high contents of Th and U, they are
not good indicators of the noble gas isotopic signature of their precursor magmas. On
the contrary, calcite and clinopyroxene are good tracers for the magma source and its He
isotopic signature.

5.4.2. R/Ra: Shallow vs. Deep Primitive He Isotopic Signature

Even though the calcite 3He/4He ratios of Fuerteventura carbonatites (up to 3.86Ra)
are a little higher than clinopyroxenes (≈2.23Ra) and higher than apatites (up to 0.08Ra)
within the carbonatite, they present values significantly lower than typical MORB mantle
values (R/Ra = 8 ± 1) [107], while clinopyroxenes from clinopyroxenite show 3He/4He
ratios (≈6.66Ra) slightly lower than typical MORB mantle values and in the range of
sub-continental lithospheric mantle values (SCLM, 6.1 Ra ± 0.9 [108]). In contrast, calcite
and apatite 3He/4He ratios of Cape Verde carbonatites present values higher than typical
MORB mantle values, reaching values of 15.5Ra and 9.76Ra, respectively (Table A5).

The lower R/Ra values for mineral separates from Fuerteventura carbonatites might
be caused by “magma aging” (i.e., internal production of radiogenic 4He* from U and Th
contents that lower the original R/Ra ratio of the magmatic source). However, considering
(i) 3He and 4He concentration, (ii) Th and U contents measured in calcite and clinopy-
roxene separates, and (iii) contributions of radiogenic 4He* (see Table 4 for radiogenic
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4He* calculation), using a simple magma aging model, initial R/Ra ratios of calcite and
clinopyroxene from carbonatite and clinopyroxene from clinopyroxenite are not signifi-
cantly modified. Indeed, initial R/Ra ratios continue to present values lower than typical
MORB mantle values (≈5.10Ra and ≈5.24Ra for calcite and clinopyroxene from carbonatite
and ≈6.82Ra for clinopyroxene from clinopyroxenite), and they are in the SCLM range.
An age of 53.5 Ma would be required for Fuerteventura carbonatites to result in the initial
R/Ra ratio of 8 for calcite, and this is not realistic with their ages of about 25 Ma [43]. We
therefore consider the He isotopic ratio from the calcite to be reflective of a sub-continental
lithospheric mantle signature.

If plotted onto R/Ra vs. 4He/20Ne ratios diagrams (Figure 8a), calcite samples from
Fuerteventura carbonatites fall below the SCLM field, and they clearly differ from those of
Cape Verde carbonatites that fall between the MORB field and plume-type field.

Figure 8. (a) R/Ra ratios vs. 4He/20Ne ratios obtained by crushing calcite in Fuerteventura and Cape Verde carbonatites.
(b) 20Ne/22Ne vs. 21Ne/22Ne and (c) 40Ar/36Ar vs 1/36Ar diagram from the same samples. Data from the Cape Verde
islands are from Mata et al. 2010 [23]. Mixing lines in the 20Ne/22Ne vs 21Ne/22Ne diagram are from Broadley et al.
2020 [109]. The 20Ne/22Ne and 21Ne/22Ne air ratio is taken from Ozima and Podosek, 2002 [73], while the 40Ar/36Ar air
ratio is taken from Lee et al. 2006 [74].

The 20Ne/22Ne and 21Ne/22Ne ratios of calcite from Fuerteventura carbonatites are
not distinguishable from the value of the air and from the mass-dependent fractionation
line (MDFL), while calcites from Cape Verde carbonatites seem to plot along the mixing
line between air and the hypothetical pristine MORB value, with the exception of Fogo
Island (Figure 8b). On the contrary, 20Ne/22Ne and 21Ne/22Ne ratios of apatite from Cape
Verde carbonatites, in which the values are distinct from air ratios, plot clearly to the left of
the MORB line (Figure 3 in Mata et al. 2010 [23]).

Furthermore, Fuerteventura carbonatites show higher 40Ar/36Ar isotopic ratios than
Cape Verde carbonatites (Figure 8c), suggesting a lower extent of atmospheric contamination.

Figure 9 shows a summary of the proposed mantle components for Canary and Cape
Verde primitive magmas and shows a clear regional distribution and an isotopic dichotomy
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of 3He/4He ratios in both silicate rocks and Cape Verde carbonatites. Samples from the
northern Cape Verde Islands (e.g., S. Antão, S. Vicente, and S. Nicolau) present a relatively
primitive He signature, indicating the involvement of the relatively primordial mantle
component in these magmas, while samples from the southern Cape Verde Islands (e.g.,
Fogo and Santiago) present MORB-like values [23,100]. This regional distribution appears
to be slight on the Canary Islands, with an apparent increase in R/Ra from eastern (oldest)
to western (youngest) islands, and all islands with the exception of Fuerteventura present
MORB-like values (Figure 9). Interestingly, both Fuerteventura carbonatites and silicate
rocks present R/Ra values lower to slightly lower than typical MORB mantle values, and
they are in the SCLM range.

A recent study on helium isotope variations in geothermal fluids of the Canary
Islands [110] shows the presence of distinct He reservoirs, with a moderately radiogenic
lead-rich mantle source for La Palma (western Canaries) and a more enriched mantle source
with the possible involvement of a continental lithospheric mantle influence for Tenerife
(central Canaries). These authors show how the differences in 3He/4He ratios between
La Palma and Tenerife are not evident if we consider the values from mineral separates
(La Palma = 9.7–6.6Ra; Tenerife = 8.6–6.6Ra), which show considerable overlap (Figure
1 in Day and Hilton, 2020 [110]). On the contrary, the analysis of fluids and gases from
geothermal systems of the same islands (La Palma = 9.27–8.79Ra; Tenerife = 6.63–6.09Ra)
allow us to identify a heterogeneous mantle below the Canary Islands.
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Figure 9. Hypothetical schematic profile view of the upper mantle/crust under the Cape Verde and
Canary Archipelago (not to scale) with the involvement of the proposed mantle components and
the mechanism of physical detachment of the sub-continental lithospheric mantle (SCLM) caused
by edge-driven convection during breakup of the Pangea Supercontinent and incorporated into the
oceanic lithospheric mantle beneath at least some Canary Islands [20,24,112,113]. Also shown is a
geographical distribution of the R/Ra range for each island of olivine (clinopyroxene in the case
of Fuerteventura) from mafic/ultramafic rocks, and calcite from carbonatites (values in grey field).
Data for the Canary Islands are from [99] for Gran Canaria, Tenerife and La Gomera; [111] for La
Palma and El Hierro; [114] for Lanzarote. Data for the Cape Verde Archipelago are from [115] for
S. Antão; [100] for Fogo, Santiago, S. Vicente, S. Nicolau and Sal; [23] for Fogo, Santiago, S. Vicente
and Brava (on carbonatites).

To sum up, 3He/4He ratios in both silicate rocks and carbonatites from the northern
Cape Verde Islands range from MORB-like values towards the high 3He/4He values
that indicate a relatively primordial mantle signature, while 3He/4He ratios from the
southern Cape Verde Islands and Canary Islands range from MORB-like values extending
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to lower values, revealing the involvement of a refertilized SCLM component in their
source [99,100,111]. The He isotopic signature of Fuerteventura carbonatites clearly differs
from the Cape Verde carbonatites, probably due to deep mantle plume-derived melts.

6. Conclusions

The comparison of our new data on trace elements in minerals and whole-rock and
noble gas isotopes (He, Ne, Ar) of Fuerteventura carbonatites with literature data of
Fuerteventura and Cape Verde oceanic carbonatites allow us to state the following points:

• Even though Fuerteventura and Cape Verde oceanic carbonatites show differences
in some trace element abundances, their patterns in the multi-element and REE
abundance diagrams are remarkably similar.

• Carbon and oxygen isotope (δ13C and δ18O) compositions of Fuerteventura and Cape
Verde carbonatites share a common isotopic signature, showing typical mantle-derived
values and plotting into the so-called “primary igneous carbonatite” box.

• Although they present slight differences in Sr-Nd-Pb isotopic compositions, Fuerteven-
tura and Cape Verde carbonatites seem to reflect contributions from three mantle com-
ponents (DMM, EM-I, and HIMU), particularly from a mixing between a MORB-like
component and a second component resulting from an enriched mantle component
and a moderately HIMU-like component, showing a similar trend in Sr-Pb and Nd-Pb
diagrams.

• 3He/4He ratios of Fuerteventura carbonatites and adjacent clinopyroxenite are in
the range of sub-continental lithospheric mantle (SCLM) and they are different if
compared with the He isotopic signature of Cape Verde carbonatites, in which a deep
lower mantle contribution is present. Comparing major and trace elements and C-O-
Sr-Nd-Pb-He-Ne-Ar isotopes of Fuerteventura and Cape Verde carbonatites, the only
marked difference is represented by the He isotopic signature, with a shallow (sub-
continental lithospheric mantle, SCLM) He signature for Fuerteventura carbonatites,
and a deep (lower mantle) He signature for Cape Verde carbonatites.

Future research on the importance of the heterogeneous metasomatism of the oceanic
lithosphere (carbonatites occur only on a few islands of the Canary and Cape Verde
Archipelagos) and a possible role of the lithosphere thickness could be fundamental to
understand why oceanic carbonatites are so rare and are not found in all HIMU-OIB-like
archipelagos. As mantle reservoirs that possibly source carbonatite formation could be
similar in some cases (plume-, MORB- or SCLM-), it would be reasonable to compare the
mantle signature of noble gases in the studied oceanic carbonatites with intra-continental
carbonatites. Furthermore, future research should be focused on obtaining stepwise crush-
ing data for noble gases in order to better characterize all the non-magmatic isotopic
component contributions in a large set of samples.
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Appendix A

Table A1. Literature data of major and trace element compositions of Fuerteventura and Cape Verde whole-rock carbonatites.

Occurrence Fuerteventura Brava Fogo Santiago S. Vicente

Sample 68SC/73 F/75/65 Br-15 Br-23 F-211C F-230B S-309 S-311 SV-186 SV-188

SiO2
(wt.%) 5.85 0.92 3.04 0.27 4.62 5.81 4.12 0.84 0.80 0.56

TiO2 0.34 0.02 0.21 0.00 0.29 0.09 0.47 0.08 0.03 0.03
Al2O3 3.24 0.35 0.52 0.10 1.02 1.44 0.35 0.11 0.18 0.08
Fe2O3 t 6.20 0.36 3.93 2.16 3.54 1.87 4.67 2.64 1.20 1.10
MnO 0.24 0.26 0.27 0.36 0.18 0.22 0.26 0.31 0.10 0.22
MgO 0.96 0.11 0.45 0.12 1.05 0.57 1.89 0.38 0.58 0.67
CaO 48.10 51.40 49.75 53.87 49.51 49.35 48.82 53.92 54.76 54.59

Na2O 1.16 0.35 0.31 0.08 0.21 0.61 0.31 0.16 0.11 0.11
K2O 0.10 0.02 0.26 0.05 0.42 0.28 0.13 0.08 0.18 0.09
P2O5 1.51 1.36 5.63 0.21 3.30 2.11 8.94 2.39 3.27 0.56
LOI 31.50 42.60 34.20 42.33 35.93 36.78 29.26 39.56 39.39 42.00
Total 99.20 97.75 98.57 99.55 100.07 99.13 99.22 100.47 100.60 100.01

Sr (ppm) 8770 6900 8466 8622 7301 9222 8568 10,000 5146 6423
Y 71.60 139 115 98.80 120 94.40 169 119 50.30 74.90

Rb 0.30 0.30 27 1 26 8 8 5 3 1
Ba 897 1070 314 1041 535 450 337 878 1582 7201
La 284 740 307 280 335 231 517 445 85.90 159
Ce 434 1380 608 502 689 394 1170 789 95.80 204
Pr 47 146 65.10 48.30 76.80 44.50 142 79.90 8.62 18.40
Nd 152 505 241 166 299 166 583 284 29.50 57.60
Sm 22.10 72.80 39.10 26.80 48.90 28.50 101 44.40 5.47 8.39
Eu 5.93 20.50 11.10 7.95 14.50 8.60 28.20 13.10 1.92 3.21
Gd 17.80 53.20 32.80 22.80 41.20 25.90 79.70 36.10 5.85 9.58
Tb 2.35 6.90 4.35 3.33 5.14 3.36 9 4.60 0.94 1.72
Dy 12.50 34.20 21.50 17.10 24.70 16.60 39.40 22.20 5.59 10.40
Ho 2.41 6.02 3.87 3.20 4.14 2.90 6.07 3.97 1.30 2.14
Er 6.40 14.80 10.70 9.22 10.90 7.85 14.90 10.70 4.47 6.68
Tm 0.84 1.81 1.48 1.36 1.40 1.08 1.85 1.47 0.79 1.14
Yb 5.09 10.80 8.41 9 7.80 6.09 9.92 8.76 5.54 7.83
Lu 0.69 1.39 1.12 1.28 1.01 0.78 1.18 1.14 0.88 1.18
Hf 0.06 0.08 1.50 0.20 1.30 1.60 0.60 0.50 0.20 0.30
Zr 2.30 2.30 103 4 24 223 539 33 11 7
Pb 1.46 10.10 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Th 0.44 8.45 7.05 1.95 32.10 6.65 38.90 10.60 11.90 25.20
U 0.02 1.49 1.06 3.11 6.75 2.11 30.60 115 4.48 3.04

Nb 2.95 13 10.80 4.60 14.90 51.10 69.10 255 7.50 15.20
∑REE 993.11 2993.42 1355.53 1098.34 1559.49 937.16 2703.22 1744.34 252.57 491.27
Th/U 22 5.67 6.65 0.62 4.75 3.15 1.27 0.09 2.65 8.28

(La/Yb)N 40.04 49.17 26.20 22.33 30.82 27.22 37.40 36.45 11.13 14.57
Eu/Eu* 0.88 0.96 0.92 0.96 0.96 0.95 0.93 0.97 1.03 1.09
Sr/Sr* 21.99 9.64 17.58 17.58 14.01 23.53 12.29 18.52 28.01 24.25

Note. In the sample references, Fuerteventura analyses are from Hoernle et al., 2002 [20], and Cape Verde analyses are from Doucelance et al.,
2010 [12]. Eu* = EuN/(SmN × GdN)1/2; Sr* = (CeN + NdN)1/2. n.d. = not determined.
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Table A2. Literature trace element compositions of calcite and apatite in Cape Verde carbonatites.

Occurrence Brava Fogo S. Vicente

Mineral Calcite

Sample Br-15 Br-23 F-211C F-230B SV-186 SV-188

Mn (ppm) n.d. n.d. n.d. n.d. n.d. n.d.
Sr >1000 >1000 >1000 >1000 >1000 >1000
Y 92.50 83.70 99 81.50 24.20 101

Rb 1 0.80 0.80 1.10 0.90 1
Ba 467 613 596 554 603 2310
La 260 201 285 206 56.40 119
Ce 456 349 530 330 61.40 158
Pr n.d. n.d. n.d. n.d. n.d. n.d.
Nd 172 129 214 128 18.70 53.40
Sm 25.20 19.20 32.80 20.10 3.10 8.40
Eu 7.30 6.10 9.60 6.30 1.10 3.70
Gd n.d. n.d. n.d. n.d. n.d. n.d.
Tb 3.10 2.60 3.70 2.60 0.50 2.50
Dy n.d. n.d. n.d. n.d. n.d. n.d.
Ho n.d. n.d. n.d. n.d. n.d. n.d.
Er n.d. n.d. n.d. n.d. n.d. n.d.
Tm n.d. n.d. n.d. n.d. n.d. n.d.
Yb 8.20 8.70 7.40 5.90 2.60 9.50
Lu 1.10 1.20 1 0.80 0.40 1.30
Hf <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Zr 0.80 0.60 0.50 1.10 12.70 8
Pb n.d. n.d. n.d. n.d. n.d. n.d.
Th 1.70 0.90 2.50 0.40 3.80 20.40
U 0.10 0.20 0.60 0.30 1.40 2.70

Nb 0.90 0.10 3 5.50 0.60 1.40
∑REE n.d. n.d. n.d. n.d. n.d. n.d.
Th/U 17 4.50 4.17 1.33 2.71 7.56

(La/Yb)N 22.75 16.58 27.64 25.06 15.57 8.99
Eu/Eu* n.d. n.d. n.d. n.d. n.d. n.d.
Sr/Sr* n.d. n.d. n.d. n.d. n.d. n.d.
δCe n.d. n.d. n.d. n.d. n.d. n.d.
δEu n.d. n.d. n.d. n.d. n.d. n.d.
δY n.d. n.d. n.d. n.d. n.d. n.d.

Occurrence Brava Fogo Santiago

Mineral Apatite

Sample Br-15 F-211C F-230B S-309 S-311

Mn (ppm) n.d. n.d. n.d. n.d. n.d.
Sr >1000 >1000 >1000 >1000 >1000
Y 228 402 317 285 223

Rb 1.70 0.50 8.50 0.50 1.20
Ba 671 397 137 376 881
La 834 1560 983 1120 1010
Ce 1930 3500 2000 2850 2310
Pr n.d. n.d. n.d. n.d. n.d.
Nd 842 1700 967 1480 919
Sm >100 >100 >100 >100 >100
Eu 37.10 79.60 52.80 69.50 43.90
Gd n.d. n.d. n.d. n.d. n.d.
Tb 12.50 25.40 16.80 20 13.40
Dy n.d. n.d. n.d. n.d. n.d.
Ho n.d. n.d. n.d. n.d. n.d.
Er n.d. n.d. n.d. n.d. n.d.
Tm n.d. n.d. n.d. n.d. n.d.
Yb 13.40 20.90 15.50 14 11.30
Lu 1.50 2.20 1.60 1.70 1.20
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Table A2. Cont.

Occurrence Brava Fogo Santiago

Mineral Apatite

Sample Br-15 F-211C F-230B S-309 S-311

Hf 0.30 0.30 0.20 0.20 0.10
Zr 7.50 18.10 13.40 8.70 13.20
Pb n.d. n.d. n.d. n.d. n.d.
Th 39.50 133 44.20 55.80 30.20
U 3.40 13.90 11 7.60 1

Nb 1.20 20 9.90 3.30 4.60
∑REE n.d. n.d. n.d. n.d. n.d.
Th/U 11.62 9.57 4.02 7.34 30.20

(La/Yb)N 44.66 53.56 45.51 57.41 64.14
Eu/Eu* n.d. n.d. n.d. n.d. n.d.
Sr/Sr* n.d. n.d. n.d. n.d. n.d.
δCe n.d. n.d. n.d. n.d. n.d.
δEu n.d. n.d. n.d. n.d. n.d.
δY n.d. n.d. n.d. n.d. n.d.

Note. In the sample references, Cape Verde analyses are from Doucelance et al., 2010 [12]. n.d. = not determined.

Table A3. δEu, δY, and δCe of apatites from Fuerteventura carbonatites plotted in Figure 5.

Occurrence Fuerteventura

δCe δEu δY

Apatite
2_1CX02 1.09 0.84 0.79
2_1CX03 1.07 0.84 0.80
2_1CX04 1.09 0.83 0.85
2_1CX05 1.09 0.84 0.82
2_1CX06 1.09 0.89 0.83
2_1CX07 1.04 0.82 0.78
2_1CX08 1.06 0.87 0.80
2_1CX09 1.07 0.87 0.82
2_1CY02 1.05 0.87 0.84
2_1CY03 1.04 0.86 0.82
2_1CY04 1.07 0.86 0.81
2_1CY05 1.04 0.87 0.79
2_1CY06 1.05 0.87 0.79
2_1CY07 1.03 0.87 0.77
2_1CZ01 0.97 0.90 0.87
2_1CZ02 0.98 0.91 0.84
2_1CZ03 0.99 0.87 0.86
2_1CZ04 1.04 0.86 0.81
2_1CZ05 1.06 0.89 0.82
2_1CZ06 1.06 0.88 0.81
2_1CZ07 0.97 0.90 0.88

Note. See Section 5.1.1 in the text for δCe, δEu, and δY calculations.
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Table A4. Th and U concentrations and related 4He* production in mineral separates from Cape
Verde carbonatites.

Mineral Type Th (ppm) U (ppm) Age (Ma) 4He* (µccSTP/g)

Carbonatite
Apatite

Br-15 39.5 3.4 2 3.0
F-230B 44.2 11.0 4 10.3
S-309 55.8 7.6 9 22.4

Calcite
Br-23 0.9 0.2 2 0.1

F-230B 0.4 0.3 4 0.2
SV-186 3.8 1.4 5.7 1.6
SV-188 20.4 2.7 5.7 5.1

Note. Analysis and ages from Mata et al., 2010 [23]. The equation 4He* ≈ 2.8 × 10−8 (4.35 + Th/U) · (U) · (t) was
used to calculate the 4He* radiogenic (from Mata et al., 2010 [23]). [Th] and [U] in ppm, t in Ma.

Table A5. He concentrations (ccSTP/g) and He, Ne, and Ar isotopic ratios in mineral separates from Cape Verde carbonatites.

Mineral Type
4He

(10−7)

3He
(10−12)

R/Ra 1σ 4He/20Ne 20Ne/22Ne 1σ 21Ne/22Ne 1σ 40Ar/36Ar 1σ

Carbonatite
Apatite

Br-15 step 1 0.69 0.93 9.76 0.51 1000.4 10.34 0.04 0.0314 0.0008 624 2
F-230B step 1 1.07 0.10 0.67 0.14 508.4 9.88 0.03 0.0293 0.0005 531 2
S-309 step 1 1.49 0.34 1.64 0.17 8017.5 9.73 0.11 0.0298 0.0015 736 9

Calcite
Br-23 1.6 2.00 9.02 0.71 172 9.89 0.02 0.0301 0.0005 363 19

F-230B 1.1 1.02 6.71 0.43 738 9.86 0.05 0.0318 0.0011 414 21
SV-186 step 1 5.1 10.91 15.5 0.22 850 9.83 0.02 0.0289 0.0005 354 18

SV-188 8.3 14.45 12.6 0.20 5460 9.83 0.02 0.0294 0.0004 363 19

Air 1.00 9.80 0.0290 298.6
+/− 0.3

Note. Analysis from Mata et al., 2010 [23]. The atmospheric value for 20Ne/22Ne and 21Ne/22Ne was taken from Ozima and Podosek,
2002 [73], while that for 40Ar/36Ar was taken from Lee et al. 2006 [74].
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