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Abstract

:

An electron microprobe study was carried out on olivine, clinopyroxene, and oxy-spinel occurring in basalts and dunite xenoliths from the archipelagos of the Azores, the Canary Islands, and Cape Verde. By comparing our results with previously published data from the volcanic islands of Macaronesia, we confirmed the validity of the compositions of olivine, clinopyroxene, and oxy-spinel as geochemical tracers. The origin of olivine, i.e., crystallized in the lithospheric mantle or in volcanic rocks, was successfully discriminated. Olivine from Lanzarote dunite xenoliths, which represent fragments of the mantle transported to the surface by host magmas, exhibited higher Fo% values (Fo91.02 to Fo91.94) and a different distribution of minor elements Ca, Ni, and Mn (CaO up to 0.42 wt%, NiO 0.07–0.41 wt%, MnO 0.06–0.3 wt%) when compared with olivine occurring as phenocrysts in basaltic lavas from the Macaronesian islands. The highly variable forsterite contents (Fo75.1 to Fo94.4) in olivine from gabbro and peridotite xenoliths found across the islands of Macaronesia were attributed to fractional crystallization that started in a deep magma reservoir, suggesting that these xenoliths represent cumulate rocks and not mantle fragments. Alternatively, these xenoliths may have been affected by the interaction with metasomatic fluids. The composition of clinopyroxene phenocrysts was used to decipher formation conditions under extensional tectonics. Their composition suggests that the host lavas have an alkaline to calc-alkaline signature. Furthermore, clinopyroxene euhedral shapes and compositions suggest an origin by fractional crystallization in a closed magmatic system. The composition alone of oxy-spinel from Macaronesian basalts and xenoliths was not sufficient to draw conclusions about the geodynamic environment where they were formed. Nevertheless, the relationship between oxy-spinel and olivine crystallized in equilibrium was successfully used as oxybarometers and geothermometers. The oxy-spinel–olivine pairs show evidence that the basaltic lavas were crystallized from melts with higher oxygen fugacity and different cooling histories than those of the mantle xenoliths, as the latter crystallized and re-equilibrated much slower than the basalts.
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1. Introduction


Since the establishment of the Plate Tectonics theory, numerous contributions have been published focusing on mantle processes using a wide variety of study methods. Undoubtedly, mineralogical and geochemical studies still hold the privilege of revealing the most critical information, especially in terms of mantle composition, evolution in space and time, and geodynamics [1,2,3,4].



Olivine, oxy-spinel, and clinopyroxene are major mineralogical components of the upper mantle and a variety of mafic–ultramafic igneous rocks such as peridotite, gabbro, and basalts. Olivine, oxy-spinel, and pyroxene are often the early crystallized phases in magmatic systems, and their crystal structures are able to record different processes involved during the evolution of the host rocks. Their mineral chemistries have long been recognized as a reflection of the parental melt composition and crystallization conditions in terms of temperature, pressure, and oxygen fugacity. Olivine and pyroxene, for example, can incorporate various amounts of trace elements, and the related diffusion processes can be used to reconstruct and/or estimate timescales of events in volcanic systems (see [1] and references therein). Therefore, these minerals have become powerful petrogenetic indicators for deciphering the origin of terrestrial magmas and the geodynamic setting of their mantle sources [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32].



Among other mantle-related features on our planet, the case of ocean island volcanoes remains poorly understood. Their complexities in terms of their geodynamic setting, i.e., intraplate versus near mid-ocean ridge settings, magma composition, and eruptive behavior, have attracted a broad scientific audience that struggles to unravel the evolutionary history of these island volcanoes. Prominent examples of ocean island volcanoes are found in Hawaii, the Galápagos, the Azores, Madeira, Cape Verde, and the Canary Islands [33].



This contribution provides electron probe microanalyses of olivine, clinopyroxene, and chromium oxy-spinel from volcanic rocks and xenoliths ejected in volcanic rocks of Macaronesia archipelagos (Azores, Canaries, and Cape Verde), which are located in the central-eastern North Atlantic Ocean (Figure 1A–D). The Macaronesian islands were built by submarine volcanism that evolved into subaerial activity and are all related to mantle plumes intersecting the North Atlantic oceanic crust [34,35]. Macaronesia is a group of archipelagos with a complex and interesting volcanological history that is far from being fully understood.



The comparison of the mineralogical results obtained in this study with those previously published on the Macaronesian islands provides further elements for the discussion of some aspects related to the origin, evolution, and crystallization conditions of the volcanic rocks and associated xenoliths. We also confirm the validity of the composition of olivine, clinopyroxene, and oxy-spinel as geochemical tracers.




2. Provenance of the Studied Samples and Source of Literature Data


The provenance and a brief description of the samples analyzed in this study (Figure 1A–D) are listed in Table 1, and the literature data are summarized in Table S1. The samples include different types of lavas and mafic–ultramafic xenoliths (gabbro, wehrlite, dunite, clinopyroxenite, harzburgite, and lherzolite) from the Macaronesian archipelagos of Azores, Cape Verde, the Canary Islands, and Madeira.



2.1. Geological Setting and Sample Selection from the Macaronesia Archipelagos


2.1.1. Azores Islands


The Azores archipelago is located in the North Atlantic Ocean at the triple junction of the North American, Eurasian, and African lithospheric plates, approximately 1400 km west of the Iberian Peninsula and between 37° and 40° Lat. N and 25–31° Long. W (Figure 1A,B). The archipelago consists of nine islands, straddling the Mid-Atlantic Ridge (MAR), which are geographically divided into three groups: (1) the Western Group formed by Flores and Corvo islands lying west of the MAR in the North American plate, (2) the Central Group constituted by Graciosa, Terceira, São Jorge, Pico, and Faial, and (3) the Eastern Group formed by São Miguel and Santa Maria. The islands of the Central and Eastern groups lie east of the MAR, astride the diffuse boundary of the Eurasian and African plates [36,37,38].



The oldest island of the Azores is Santa Maria, with an age of 6.01 Ma [39], and Pico is the youngest, with an age of 0.27 Ma [40], thus being among the youngest islands of Macaronesia. Volcanism in the Azores is generally accepted as a result of the complex interaction between a mantle melting anomaly, often referred to as the Azores mantle plume, and the plate triple junction [41,42,43]. Seven of the nine islands have active volcanic systems (fissure zones and central volcanoes), a number of which have erupted in historical times (i.e., in the last 500 years). The subaerial volcanic rocks of the Azores are predominantly mafic (basalts, alkali basalts, and hawaiites), along with subordinate felsic compositions from trachytes to pantellerites [44].



The samples studied in this work were collected from the islands of Flores, Terceira, and São Miguel (Figure 1B and Table 1). The sample from Flores (AZMO2) consists of a Late-Holocene basaltic tuff from the Lagoa Funda hydromagmatic deposit [45], located in the middle of the island (Figure 1B). The sample from Terceira (AZMO1) comes from the Pico Gordo basaltic lava flow (see [46]) of the Mid-Holocene age, collected from the sea cliff on the north of the island. Samples AZMO3 and AZPG6 from São Miguel were collected in the Mosteiros lava delta outcrop in the western part of the island, at 37°53′56″.




2.1.2. The Canary Islands


The Canary Islands geologically pertain to the Atlantic zone of the African plate, located about 100–500 km west of the Sahara coast, at 28°–29° Lat N and 13°–18° Long W. (Figure 1C). From east to west, the main islands are Lanzarote, Fuerteventura, Gran Canaria, Tenerife, La Gomera, La Palma, and El Hierro. Several volcanic rock types have been described in the Canary Islands, including alkali basalts, basanites, phonolites, trachytes, nephelinites, trachyandesites, tephrites, and rhyolites [34,35].



Due to their proximity to the northwest coast of Africa (Figure 1C), two volcanological models have been proposed: (1) magmatism related to the presence of regional crustal fractures extending from the Atlas Mountains of Morocco to the ocean; (2) magmatism driven by the slow movement of the African plate over a mantle plume. Currently, the mantle plume model is more widely accepted for the Canary Islands’s magmatism [47,48].



Geochronological data obtained on the oldest sub-aerially-erupted lava demonstrated a decrease in the age of the island formation from east to west along the archipelago: Lanzarote (>15 Ma), Fuerteventura (24 Ma), Gran Canaria (15 Ma), Tenerife (12 Ma), La Gomera (12 Ma), La Palma (2 Ma,) and El Hierro (1 Ma) [17,35]. In the past, the islands of Lanzarote and Fuerteventura constituted a single volcanic edifice [34,35].



The samples collected in Lanzarote (Figure 1C and Table 1) consist of basaltic olivine-rich lavas. They were sampled in the outcrops of Playa Malva (samples LZ2019) and Puerto Calero (sample LZ1), located in the N-W and S-W sectors of the island, respectively. Samples from Playa Malva are Pleistocene–Holocene basalts (IGME web site https://igme.maps.arcgis.com/apps/mapviewer/index.html, accessed on 17 January 2024) containing a great number of xenoliths with variable sizes, from 1 to 15 cm. Due to its easy accessibility and abundance around Puerto Calero, the basalt hosting the xenoliths is widely used as a building stone.




2.1.3. The Cape Verde Islands


The archipelago of Cape Verde consists of a main group of islands, namely, from east to west, Boa Vista, Sal, Maio, Santiago, Sao Nicolao, Fogo, Brava, Santa Luzia, Sao Vicente, and Santo Antao (Figure 1D). They are located in the North Atlantic Ocean about 600–900 km west of Mauritania and Senegal, approximately between 15–17° Lat N and 23–25° Long W (Figure 1D). There is a general consensus that the Cape Verde archipelago is a classical hotspot underlain by an active mantle plume. The volcanism has a highly alkaline affinity, as evidenced by the presence of feldspathoids. Most of the Cape Verde lava compositions vary from basanite to mela-nephelinite and textures from aphyric and olivine–clinopyroxene porphyritic. Similar to the Canary Islands, there is a general decrease in the age from east to west. In particular, Boa Vista, Sal, and Maio are older than 20 Ma, Santiago and Sao Nicolao are 11 and 10 Ma, respectively, whereas the other islands have an age ranging between approximately 6 and 7 Ma [35]. The investigated samples (CV1–4) were collected close to Tarrafal in the west of Santo Antao Island (Figure 1D and Table 1). The oldest exposed rocks in the area have an age of about 7.6 Ma [47], although the studied samples belong to the so-called young Tarrafal group, which is about 0.4–0.2 Ma old [20].





2.2. Selected Data from Literature


In order to provide a statistically significant amount of data for the archipelagos of Macaronesia, we have compared our mineralogical results with those available in the literature (Table S1). In particular, published data on mafic minerals concern



(1) The Azores Islands; lavas and xenoliths of Corvo and Sao Miguel islands [14,28,29,30,31,32];



(2) The Canary Islands; different types of lavas from Gran Canaria, El Hierro, La Gomera, Lanzarote, La Palma, and Tenerife [8,9,11,13,15,16,17,19], and various xenoliths from Fuerteventura, Hierro, Lanzarote, La Palma, and Tenerife [5,10,18,22,24,26,49];



(3) Cape Verde; lavas from Santo Antao and Santiago islands [12,20] and xenoliths from Sal [21];



(4) Madeira; olivine and oxy-spinels hosted in the lava [13,23].





3. Analytical Techniques


Several thin sections from each sample were previously studied by a transmitted-light microscope (Olympus, Tokyo, Japan). Electron probe microanalyses were carried out at the Eugen F. Stumpfl Laboratory of the Leoben University, Austria, with a Superprobe Jeol JXA 8200 using both energy dispersive (EDS) and wavelength dispersive (WDS) systems. Back-scattered electron (BSE) images were obtained using the same instrument using both EDS and WDS systems. Back-scattered electron (BSE) images and elemental distribution maps were obtained using the same instrument. Quantitative analyses of olivine, pyroxene, and spinel were performed using an accelerating voltage of 20 kV, an electron beam current of 50 nA, and a beam diameter of about one micrometer. Corrections for inter-elemental effects were made using a ZAF procedure that takes into account the (1) atomic number, which affects the penetration of incident electrons into the material, (2) absorption of X-rays in the specimen, and (3) fluorescence effect caused by other X-rays generated in the specimen. The analyses of Na, Mg, K, Al, Si, Ca, Ti, V, Cr, Zn, Mn, P, Fe, Co, and Ni were obtained using the Kα lines and were calibrated using kaersutite, sphalerite, and synthetic metallic vanadium. The following analyzing crystals were selected: TAP for Na, Mg, and Al; PETJ for K, Si, Ca, and P; LIFH for Ti, V, Cr, Zn, Mn, Fe, Co, and Ni. The peak and background counting times were 20 and 10 s, respectively, for the major elements. They were increased to 120 and 60 s for the trace elements in order to decrease the detection limits. The detection limits were automatically calculated by the Jeol microprobe software, and they are listed as follows (in ppm): Ca (50), Na, Mg, K, Fe, Mn, P (100), Al, V, Ni, Co (150), Cr, Zn (200), Si, and Ti (250). The amount of Fe3+ in oxy-spinel was calculated by assuming the ideal spinel stoichiometry. Despite the low detection limits achieved using the selected conditions, based on the analytical precision (reproducibility and repeatability), reliable values of the trace elements in olivine were obtained for Mn, Ni, and Ca, and thus, only these elements are discussed further in this work. The same instrument was used to obtain back-scattered electron images (BSE) and X-ray elemental distribution maps. The compositions of olivine, clinopyroxene, and oxy-spinel are available in Tables S2–S4.




4. Results of the Present Work and Comparison with Literature


4.1. Texture and Composition of Olivine


Macroscopic characters and field relations of the samples investigated are exemplified in Figure 2A–C and Figure 3A–F.



In the lavas from Flores, Terceira, São Miguel (Azores), Lanzarote (Canaries), and Santo Antao (Cape Verde), olivine occurs as crystals up to 1 cm in size, disseminated throughout the lava groundmass (Figure 2A,B). In contrast, olivine forms about 90% by volume in the xenoliths from Lanzarote, consistent with a dunite mineral assemblage. The xenoliths may vary in size from 1–2 cm, up to 10 cm or more and generally occur as isolated nodules chaotically distributed in the lava (Figure 3F). However, peridotite xenoliths arranged in dense clusters have been locally observed in the basalt of Playa Malva (Figure 3A,B) and Puerto Calero (Figure 3D–F).



Under the optical microscope, olivine in the lavas generally occurs as euhedral phenocrysts or sometimes as resorbed grains (Figure 4A–E). In the xenoliths, large olivine crystals are arranged in a massive texture (Figure 4F–H) along with minor clinopyroxene, oxy-spinel, and rare orthopyroxene. The contacts between the xenolith and the host lava are always sharp (Figure 4F,G) and are locally marked by weak serpentine alterations of olivine along the grain boundaries and cracks, which are sometimes filled with a glassy material (Figure 4F–H).



In general, olivine crystals from both host lavas and xenoliths appear homogenous in composition or display thin rims of a few micrometers, enriched in Fe, as is visible in the X-ray element-distribution maps (Figure 5A,B). Major variations concern the Mg/Fe ratio expressed as a forsterite number [Fo% = Mg/(Mg + Fe) × 100] and the concentration of trace elements (Ca, Mn, Ni) as a function of the forsterite number. Variations in chemical parameters in our samples (Figure 6A–C) clearly show two distinct groups of olivine compositions. One group is characterized by a narrow range of the Fo% from 90.58 to 91.75, high NiO (0.25–0.43 wt%), low MnO (0.06–0.18 wt%), and Ca (<1000 ppm) concentrations. It mainly consists of olivine from the xenoliths of Lanzarote, along with a few analyses of accessory olivine from the host basalt (Figure 6A–C). The second group comprises olivine phenocrysts from the lavas of Lanzarote (Canary Island), Azores, and Cape Verde. These olivine crystals are characterized by a wide variation in forsterite content (Fo% = 71.27–89.70), low NiO (0.04–0.28 wt%), high MnO (0.12–0.35 wt%), and Ca (700–5500 ppm) concentrations.



Co-variation diagrams show that Mn and Ca are negatively correlated with Fo% (Figure 6A,B), which is in contrast with Ni, which tends to have a positive correlation (Figure 6C).



A comparison with literature data (Figure 7A–C) shows that olivine from the lavas display variation trends of Ca, Mn, and Ni similar to our samples (Figure 6A–C), although they have a wider range of forsterites, varying from about 90 to less than 60 Fo%. The lowest values have been recorded in some analyses from Corvo and Sao Miguel (Azores), and La Gomera (Canary Islands) is characterized by Fo < 70% and extremely low values of NiO (<0.1 wt%) but high concentrations of MnO (0.6–1.13 wt%).



Literature data for xenolith olivine display a variation in the forsterite content between 43.8 and 94.4 Fo%, although most of the analysis plots are in the range of 78–92 Fo% (Figure 8A–I). Values higher than 90 Fo%, similar to dunite xenoliths analyzed in this work, have been found in peridotite xenoliths (lherzolite, harzburgite, dunite) from Santa Maria (Azores), Sal (Cape Verde), El Hierro, La Palma, Fuerteventura, and Lanzarote (Canaries). The lowest values (<70 Fo%) have been detected in gabbro xenoliths from Corvo (Azores), Tenerife, La Palma, and Lanzarote (Canary Islands). Few xenoliths with wehrlite-type mineralogy that have an intermediate forsterite number between 80–85 Fo% have been detected in La Palma.




4.2. Texture and Composition of Clinopyroxene


The texture and chemical composition of clinopyroxenes from the lavas of Flores, São Miguel, Terceira (Azores), Santo Antao (Cape Verde), and Lanzarote (Canary Islands) are reported. Clinopyroxenes occur as euhedral phenocrysts, varying in size from 0.2 to 1.0 mm, embedded in a glassy and cryptocrystalline groundmass.



In general, they are diopside [50], while only a few analyses from São Miguel and Playa Malva display a weak Ca depletion and can be classified as augite (Figure 9A–C). The Al2O3 content of clinopyroxene varies in the following ranges: Santo Antao (2.43–9.10 wt%), São Miguel (2.42–7.77 wt%), Flores (2.46–7.88 wt%), Terceira (2.58–3.82 wt%), Puerto Calero (4.39–9.27 wt%), and Playa Malva (1.60–5.00 wt%). The Al2O3 variation trends show a negative correlation with both SiO2 (R2 = 0.93) and MgO (R2 = 0.90). Some clinopyroxenes in the lavas of Santo Antao are zoned, showing a marked increase in Al2O3 in the rims, which are in contact with the lava groundmass and Mg–Ca carbonates (Figure 10). The external border of the rim appears irregular and partially corroded, possibly hinting at a reaction with the lava. The clinopyroxene contains several minor elements, which vary as follows: TiO2 (0.35–3.88 wt%), Cr2O3 (<1.32 wt%), Na2O (0.3–1.36 wt%), and K2O and MnO (<0.2 wt%). The TiO2 content increases with increasing Al2O3 (R2 = 0.84), while Cr2O3 increases with MgO, although with a more scattered correlation (R2 = 0.46).



All the analyzed clinopyroxenes display (Ti + Cr) versus Ca relations, which are typical of non-orogenic lavas (Figure 11A). They also differ from tholeiites because of the relationships among Ti, (Ca + Na), and Al (Figure 11B), which are more consistent with alkali basalts [30,51]. All the analyzed clinopyroxenes show a negative correlation between Mg# and Ti apfu (Figure 11C). Clinopyroxene compositions are plotted in the TiO2–SiO2/100–Na2O ternary diagram [6,29], which correlates the mineral chemistry of clinopyroxene with the geodynamic formation setting (Figure 12A–F). The entire dataset shows a certain affinity with within Oceanic Plate basalts (WOPBs) and Iceland basalts (ICBs). A small group of analyses, including the clinopyroxenes of Terceira (Azores) and Playa Blanca (Lanzarote, Canary Islands), display an unusual enrichment in Na2O and plot out the proposed fields (Figure 12C,E).




4.3. Texture and Composition of Oxy-Spinel


Accessory grains of magmatic oxy-spinel have been analyzed in the lava of São Miguel (Azores), Santo Antao (Cape Verde), and in the dunite xenoliths of Playa Malva and Puerto Calero (Lanzarote, Canary Islands). Microscopically, the oxy-spinel forms euhedral crystals variable in size from 10 μm up to about 1 mm. In the lavas, oxy-spinel occurs disseminated in the glassy groundmass, in the contact between olivine phenocrysts and groundmass, and enclosed in olivine phenocrysts (Figure 13A–D). Oxy-spinel grains are usually fresh and occasionally show a narrow magnetite alteration rim and an irregular shape along the crystal boundaries in contact with the host lava (Figure 13C,D).



Analyses of spinel grains are listed in Table S4 and plotted in the diagrams presented in Figure 14A–D. Based on the relationship between the chromium number [Cr# = Cr/(Cr + Al)] versus the magnesium number [Mg# = Mg/(Mg + Fe2+)] [52], most of the analyzed oxy-spinel from São Miguel, Santo Antao, and Playa Malva corresponds to magnesiochromite, whereas the majority of oxy-spinel from Puerto Calero falls within the spinel field (Figure 14A). The chromium number of oxy-spinel is higher in the lavas (Cr# = 0.65–0.78) compared to the xenoliths (Cr# = 0.42–0.56). The Cr–Al–Fe3+ atomic ratios plotted in Figure 14B show a general Al-Cr substitution, although most of the analyzed oxy-spinels contain more than 50% of Cr (Figure 14B). Oxy-spinels analyzed in the lava from Sao Miguel, Santo Antao, and Madeira, and those in the xenoliths from Puerto Calero, Fuerteventura, and Sal, are enriched in Fe3+ (Figure 14B). No correlations are observed in the diagram Fe3+ number [Fe3+# = Fe3+/(Fe3+ + Cr+ Al)] versus Mg# (Figure 14C). The content of TiO2 ranges between 2.80–3.46 wt% and 2.47–4.92 wt% in the lava from São Miguel and Santo Antao, respectively, and varies from 0.26 to 0.35 wt% and 2.49 to 6.87 wt% in the xenoliths collected in Playa Malva and Puerto Calero, respectively (see Table S4).



The amount of MnO is lower than 0.12 wt% in all analyzed oxy-spinels, with the exception of those hosted in the xenolith from Puerto Calero, in which it varies from 0.34–0.46 wt% (see Table S4). Other trace elements occur in negligible amounts (NiO < 0.23 wt%, ZnO < 0.16 wt%, V2O3 < 0.29 wt%).



A literature database referred to accessory oxy-spinel in peridotite xenoliths from La Palma, Fuerteventura, Lanzarote, and Sal [5,18,21,49] and oxy-spinel in alkaline basalts from Madeira [23]. Figure 14A shows that spinels from La Palma xenoliths are mostly magnesiochromite.



Their chromium number covers the entire variation range observed in magnesiochromite analyzed in this work. In contrast, the composition of oxy-spinels hosted within xenoliths from Fuerteventura ranges from magnesiochromite to chromite to rare hercynite, whereas magnesiochromite compositions apparently lack spinels from the Madeira alkaline basalts. In this case, the oxy-spinel composition varies from chromite to spinel and hercynite, with Mg# in the range of about 0.4–0.6.



On the basis of their compositions, all of the oxy-spinels from Sal xenoliths are classified as hercynite. Conversely, the oxy-spinels in the Lanzarote xenoliths analyzed by Neumann et al. [49] cover the entire compositional field (Figure 14A). The variation in TiO2 versus Al2O3 in oxy-spinels can be used as an indicator of the tectonic setting of crystallization (Figure 14D) [3,25,53]. The oxy-spinels from Sao Miguel and Santao Antao lava and from the xenolith of Puerto Calero form a cluster around the fields of large igneous provinces (LIP) and oceanic island basalts (OIBs), whereas those of Playa Malva xenolith fall in the field of the mid-ocean ridge basalt (MORB) because of the relatively low TiO2 content of Al2O3, which is well above 20 wt% (Figure 14D).



On the basis of their compositions, all of the oxy-spinels from the Sal xenoliths are classified as hercynite. Conversely, the oxy-spinels in the Lanzarote xenoliths analyzed by Neumann et al. [49] cover the entire compositional field (Figure 14A).



A plot of the literature data shows that oxy-spinels analyzed in peridotite xenoliths from La Palma [5] have low TiO2 and Al2O3 contents and are characteristic of island arc basalt (IABs), with only a few analyses entering the MORB and OIB fields (Figure 14D). Oxy-spinel from peridotite xenoliths of Fuerteventura are scattered either within the IAB and MORB compositional fields or a plot outside because of their low TiO2 content. The oxy-spinels from Sal xenoliths show a compositional affinity with MORB spinels (Figure 14D). Analyses of spinels from the Lanzarote xenoliths [49] are characterized by a significant compositional variation, comprising both high and low TiO2 and Al2O3 contents (Figure 14D). Lastly, the analyses from alkaline basalts of Madeira extend the compositional field of Macaronesian lava-hosted spinels to aluminum-rich compositions, similar to MORB but with much higher TiO2 content, comparable to the OIB field.




4.4. Oxy-Spinel and Olivine Thermometry and Oxygen Barometry


Several pairs of oxy-spinel and olivine showing textural evidence of co-crystallization in the magmatic stage have been analyzed in the lava of São Miguel (Azores) and Santo Antao (Cape Verde) and in the peridotite xenoliths of Playa Malva and Puerto Calero (Lanzarote, the Canary Islands).



Thermobarometric data were calculated using the equations of Ballhaus et al. [54], assuming a constant pressure of 10 kbar. This value represents the upper limit of crystallization pressure for the Azores magma estimated by clinopyroxene geobarometry [55]. Although we are aware that oxy-spinel and olivine pairs may have crystallized at different pressures in lavas and xenoliths, dependence on the calculated temperature was minimal, as also observed by Mata and Munhá [23].



Oxy-spinel and olivine thermobarometric literature data available for alkaline basalts of Madeira [23] are in agreement with equilibration in a thermal range of 1205–721 °C, similar to that observed in our lava samples. However, the values of oxygen fugacity calculated for the alkaline basalts appear to be remarkably higher [Δlog f(O2) ranging between +0.9 and +2.4].



The oxygen fugacity is expressed as Δlog f(O2), i.e., a deviation from the Fayalite–Magnetite–Quartz (FMQ) buffer. The thermometry and oxygen barometry results have been listed in Table S5 and plotted in a binary diagram (Figure 15). The data show that olivine and spinel pairs in the lavas equilibrated in a wide range of temperatures from 1420° to 851 °C at a relatively high oxygen fugacity varying from −0.55 to +1.19 Δlog f(O2), which is thus well above the FMQ buffer in most cases.



In contrast, olivine and spinel pairs from the peridotite xenoliths suggest equilibration at much lower temperatures (844–623 °C) and redox conditions varying from −2.43 to −0.71 Δlog f(O2), which are below the FMQ buffer.





5. Discussion


5.1. The Significance of Compositional Variations in Olivine


Olivine is a family of nesosilicates mainly composed of members of the forsterite–fayalite series, characterized by a general formula X2TO4 with X = (Mg, Fe) and T = Si and Al, with a continuous Mg–Fe substitution.



Electron probe microanalysis has revealed that olivine may carry a number of trace elements (e.g., Ni, Mn, Co, Ca, Ti, Al, Cr, P, and Na) which have been widely used as indicators of chemical and thermodynamic conditions of olivine crystallization [56,57,58,59,60,61,62,63,64,65,66]. Our analyses and comparison with relevant literature data (Figure 6A–C, Figure 7A–C, and Figure 8A–I) show that the olivine of Macaronesian volcanic rocks and xenoliths mainly contain minor amounts of Ni, Mn, and Ca, attributable to a solid solution with structurally related end members of the “Olivine Group”, such as liebenbergite Ni2SiO4, tephroite Mn2SiO4, monticellite CaMgSiO4, and kirschsteinite CaFeSiO4 [67].



Olivine present in the Macaronesia volcanic rocks is considered a co-genetic phenocryst that is precipitated early from the host lava and is thereby able to reflect compositional variations in the magma during its ascent to the surface.



The initial concentration of Mg, Fe, Ni, Mn, and Ca in the parent melt depends on the nature of the mantle source, which, in turn, is controlled by the mixing of variable proportions of primitive peridotitic mantle and recycled oceanic crust, as proposed for the Canary Islands’ mantle plume [17,58,68,69]. Olivine phenocrysts are progressively depleted in forsterite and Ni contents and enriched in Mn and Ca as a result of differentiation processes and the degree of compatibility of trace elements in the olivine structure [70,71,72]. This behavior accounts for the observed positive and negative correlation of Ni and Mn, respectively, with Fo% taken as the differentiation index of olivine (Figure 6B,C, Figure 7B,C and Figure 8D–I). The correlation of Ca appears more scattered compared to the differentiation trends of Ni and Mn due to an anomalous Ca-enrichment in olivine from the Azores, Cape Verde, and the Canary Islands (Figure 6A, Figure 7A and Figure 8A–C).



This feature, which is not fully consistent with magmatic differentiation, may be related to metasomatic processes in the mantle source of lavas [59]. The xenoliths associated with the volcanic rocks of Macaronesia represent fragments of country rocks taken up by the magma during an ascent to the surface and, therefore, did not crystallize in equilibrium with the host lava. The refractory composition (Fo > 90%), the high Ni, and the low Mn and Ca contents of olivine in the dunite xenoliths of Lanzarote (Figure 6A–C) support the idea that they are fragments of residual mantle affected by a high degree of partial melting [73,74,75].



Conversely, most of the xenoliths from the Macaronesian archipelagos from the literature display a variegate lithology from dunite, harzburgite, and lherzolite to wehrlite and olivine gabbro (Table S1). Only a few samples contain olivine with a refractory composition similar to the dunite xenoliths of Lanzarote. In general, olivine shows a decrease in forsterite (Fo = 90–45%) and Ni (NiO = 0.65–0.0 wt%) from peridotites to gabbro, with a progressive enrichment in the incompatible Mn and Ca (Figure 8A–I). These correlation trends reflect a magmatic differentiation.



In agreement with other authors [14,26], we suggest that these xenoliths are fragments of igneous rocks formed by fractional crystallization and the cumulate formation of mafic melting in deep magma chambers. The anomalous high concentration of Ca (Ca > 1500 ppm) in olivine gabbro from the xenoliths of Tenerife and Corvo and few peridotites from Sal, Santa Maria, Fuerteventura, Lanzarote, and la Palma (Figure 8A–C) can be an effect of local metasomatism [18,22,26].




5.2. The Significance of Clinopyroxene Composition


Similar to olivine, clinopyroxene appears in the early phase during the crystallization of mantle-derived magmas. Therefore, the composition of magmatic clinopyroxene in volcanic rocks records key information regarding the chemistry and evolution of the host lavas, the crystallization conditions, and the geodynamic settings in which the clinopyroxene and its host rock formed [4,6,27,29,30,55,76]. In particular, it has been suggested that the variation in clinopyroxene compositions can be related to differences in the primary composition of the parent magma rather than the physical conditions of crystallization [77]. Furthermore, the composition of the lava can be inferred by the mineral chemistry of the host clinopyroxenes [4,30].



On the basis of their composition, euhedral shape, and the lack of development of abundant reaction rims, the studied clinopyroxenes can be classified as phenocrysts that crystallize in equilibrium with the host lava. The relationship between Al2O3 and TiO2 is consistent with a magmatic differentiation process, as also observed in clinopyroxenes associated with igneous cumulates and lava from Fuerteventura [10].



Following the model proposed by Carracedo [34], we can argue that the clinopyroxenes analyzed in this contribution have been generated by fractional crystallization, which is very likely in a closed magmatic reservoir. On the basis of equilibrium diagrams proposed by Larrea et al. [14], the Cape Verde clinopyroxene analyzed in this contribution is probably crystallized from a more evolved magma.



Regarding the geodynamic environment of their formation, studied clinopyroxenes point to a preferential affinity to those precipitated in a divergent tectonic regime rather than a convergent one, such as a subduction zone (Figure 12A–F). This observation is also supported by the distribution of Ti+ Cr apfu versus Ca apfu (Figure 11A), which is fully consistent with clinopyroxenes reported from non-orogenic basalts [30,51]. Furthermore, the relationships among Ti, Ca, and Na (apfu) reported in Figure 11B,C suggest that the affinity of the clinopyroxene-hosting lava is incompatible with tholeiitic basalts and varies from alkaline to calc-alkaline basalts.



The slight enrichment in Na2O observed in the clinopyroxenes from Terceira and Playa Malva samples (Figure 12C,E) can be attributed to a more alkaline signature of their host basalts, as suggested by Leterrier et al. [30].




5.3. The Significance of Oxy-Spinel Composition and Its Relationships with Co-Existing Olivine


Oxy-spinels are the most stable mantle minerals, and they are, in most cases, resistant to low-temperature secondary alteration processes. Therefore, their composition is a reliable petrogenetic tool often used to decipher the physico-chemical evolution of their host magmatic rocks (i.e., chemistry of parental magmas, degree of partial melting of the mantle source, etc.) and the geodynamic setting of their formation [3,25,53].



The composition of the oxy-spinels analyzed in the Macaronesian basalts and xenoliths (present work), and some from the Sal, Lanzarote, and Fuerteventura xenoliths Sal [5,18,21,49] plot in the OIB and MORB fields, suggest a common origin in an extensional regime (Figure 14D). Conversely, the oxy-spinels analyzed in xenoliths from La Palma [5] fall in the field of the IAB, which is typical of convergent tectonic plate boundaries associated with a subduction zone (Figure 14D). These data are in contrast with the fact that the Macaronesia volcanic islands are mantle-plume-related; thus, the compositional variation in the unaltered magmatic oxy-spinels associated with the analyzed lava can be attributed to mantle heterogeneity.



In particular, the affinity of the oxy-spinels from La Palma can be explained by the model based on a multi-isotopic and geochemical study proposed by Day et al. [69], in which the assimilation of variable portions of recycled components, including subducted oceanic crust and lithosphere, played an important role in generating the OIB signatures typical of the Canaries.



Alternatively, we suggest that, in the studied case, the composition of the oxy-spinels is not exhaustive to decipher the geodynamic setting and the magma affinity in which they are crystallized. Natural observations and experimental data have shown that co-existing oxy-spinel and olivine adjust their Mg–Fe ratios by a diffusion–exchange reaction after the magmatic crystallization stage, depending on temperature, oxygen fugacity, chromite–olivine mass ratio, dissolution, and the cooling rate ([2,54,78,79,80,81] and references therein), allowing the calculation of temperature and oxygen fugacity for the reaction [2,54].



The equilibration involves the diffusion of Fe from the silicate to the oxide and, at a constant spinel–olivine mass ratio, is favored by a slow cooling rate or is inhibited if cooling is rapid (quenching). Although the obtained results (Table S5) may be unrealistic as absolute values, they are meaningful in the relative sense, showing a clear distinction between the spinel–olivine pairs in basaltic lavas from Sao Miguel, Santo Antao (present work), and Madeira [23] and from those in the mantle xenoliths from Playa Malva and Puerto Calero (Figure 15). The indication is that, in the lavas, the equilibration closed soon after the spinel–olivine co-crystallization in a wide thermal range of 1420–851 °C, in contrast to the mantle xenoliths, in which the system closed at lower temperatures between 844 and 623 °C (Figure 15).



This observation would be consistent with a rapid cooling rate in the spinel–olivine pairs of the lavas compared with the mantle xenoliths, which crystallized at depth, with equilibration lasting longer and probably extending to lower temperatures as well. The data also indicate that spinel and olivine in basaltic lavas crystallized at higher oxygen fugacity compared to those in mantle xenoliths (Figure 15). The calculated values agree with the conclusion that the majority of mantle-derived magmas are initially highly reduced and reached relatively oxidized values on the surface [82].





6. Summary and Concluding Remarks


The Macaronesian archipelagos are interpreted as separate submarine seamount volcanoes built up by the extrusion of magma at hotspots related to the emplacement of mantle plumes into the sub-oceanic lithosphere of the North Atlantic Ocean [34,35].



In view of this model, the mineral chemistries of olivine, clinopyroxene, and oxy-spinel obtained in this work, along with a comparison of available literature data, provide enough information to constrain some aspects concerning the origin, evolution, and crystallization conditions of Macaronesian volcanic rocks. In particular, the data allow the following conclusions to be drawn:



(1) The validity of the mineral chemistry of olivine, clinopyroxene, and oxy-spinel as petrogenetic tracers is confirmed, representing a powerful tool for the geodynamic analysis of volcanic magmatic systems and the magma composition and evolution.



(2) Using the selected analytical conditions, we have successfully discriminated the origin of olivine, i.e., crystallized in the lithospheric mantle or in volcanic rocks. Olivine analyzed in Lanzarote dunite xenoliths, which represent fragments of solid mantle transported by the host lava, exhibits higher and relatively fixed Fo% values and a different distribution of the minor elements Ca, NiO, and MnO compared to the olivine occurring as phenocrysts in basalts from the Macaronesia archipelagos.



(3) Literature data show a wider variation in the MgO–FeO ratio in gabbro olivine and in a few peridotite xenoliths from Macaronesia compared to those analyzed in this contribution. This variation was attributed to (1) a fractional crystallization process that started in a deep magma chamber, suggesting that these xenoliths represent a portion of cumulate rocks and not fragments of mantle, and (2) they were affected by the interaction with metasomatic fluids.



(4) The mineral chemistry of clinopyroxene phenocrysts was used to decipher the geotectonic environment of the formation of the host basalt and suggests that the analyzed clinopyroxenes were crystallized in an extensional regime. Since the composition of clinopyroxene is closely related to host rock bulk chemistry, the lavas hosting the analyzed clinopyroxenes have an alkaline signature. Furthermore, their euhedral morphology and composition suggest that the studied clinopyroxenes were formed by fractional crystallization in a closed magmatic reservoir.



(5) The composition of the oxy-spinels analyzed in the Macaronesia basalts and xenoliths prevents us from drawing solid conclusions regarding the geodynamic environment of their formation. Nevertheless, the relationship between oxy-spinel and olivine in equilibrium was successfully used as an oxybarometer and geothermometer, showing evidence that the basalts were crystallized from a melt with higher oxygen fugacity compared to those of the mantle xenoliths and with a different cooling history since the mantle xenoliths crystallized and reached the equilibrium more slowly than the basalts.
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Figure 1. Geographical location of Macaronesia (A), Azores (B), Canary Islands (C), and Cape Verde (D) archipelagos. The red arrows show the location of the studied samples. 
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Figure 2. Examples of the collected hand samples. Lava containing several crystals of olivine, up to about 1 cm in size, in the sample from Azores (A) and from Cape Verde (B). Xenolith from Lanzarote (C). 
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Figure 3. General overview of selected xenoliths from Lanzarote: (A) outcrop of Playa Malva (the white squares point the area enriched in xenoliths), (B) detailed view of the basalt containing the xenoliths in Playa Malva, (C) outcrop of Puerto Calero, (D) large xenoliths in the Puerto Calero lava, (E) wall built of basalt enriched in xenoliths in Puerto Calero, (F) detail of the wall. 
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Figure 4. Cross-polarized transmitted light photomicrographs of thin sections showing various modes of olivine occurrence: (A) large and irregularly shaped crystal of olivine in the basalt of Sao Miguel, Azores, (B) large euhedral olivine in the basalt of Sao Miguel, Azores, (C) arge olivine in the basalt of Santo Antao, Cape Verde, (D) variably sized olivine crystals in the basalt of Santo Antao, Cape Verde, (E) crystals of olivine in the lava of Playa Malva, Lanzarote, (F) contact between large crystal of olivine in the xenolith and the host lava from Playa Malva, Lanzarote, (G) contact between large crystal of olivine in the xenolith and the host lava from Puerto Calero, Lanzarote, (H) olivine in the xenolith from Puerto Calero, Lanzarote. The width of the pictures is 4 mm. 
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Figure 5. Back-scattered electron (BSE) image and X-ray element-distribution maps of Si, Mg and Fe in olivine from Terceira basalt, Azores (A) and from Playa Malva xenolith, Lanzarote (B). Warm colors (yellow to red) denote high concentrations, cold colors (green to violet), low concentrations. 
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Figure 6. Compositional variation in Ca (ppm) (A), MnO (wt%) (B), and NiO (wt%) (C) as a function of forsterite molar % in the olivine from the samples analyzed in this contribution. 
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Figure 7. Compositional variation in Ca (ppm) (A), MnO (wt%) (B) and NiO (wt%) (C) as a function of forsterite molar % in the olivine from lavas (literature data, see Table S1 for references) and comparison with present work. Compositional fields were drawn because more than 300 analyses were available. 
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Figure 8. Compositional variation in Ca (ppm) (A–C), MnO (wt%) (D–F) and NiO (wt%) (G–I) as a function of forsterite molar % in the olivine from xenoliths. Abbreviation: gb = gabbro, pd = peridotite, spn-lhy = spinel lherzolite, lhz = lherzolite, hrz = harzburgite, dn = dunite, spn-hrz = spinel harzburgite, spn-weh = sinel wehrlite, spn-dn = spinel dunite. Literature data (see Table S1 for references) and comparison with present work. 






Figure 8. Compositional variation in Ca (ppm) (A–C), MnO (wt%) (D–F) and NiO (wt%) (G–I) as a function of forsterite molar % in the olivine from xenoliths. Abbreviation: gb = gabbro, pd = peridotite, spn-lhy = spinel lherzolite, lhz = lherzolite, hrz = harzburgite, dn = dunite, spn-hrz = spinel harzburgite, spn-weh = sinel wehrlite, spn-dn = spinel dunite. Literature data (see Table S1 for references) and comparison with present work.



[image: Minerals 14 00161 g008]







[image: Minerals 14 00161 g009] 





Figure 9. Classification of the analyzed clinopyroxene in the ternary diagram of Morimoto et al. [50]: (A) in the lavas of Azores, (B) in the basalts of Canaries, and (C) in the lavas of Cape Verde). 
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Figure 10. BSE image and X-ray element-distribution maps of Si, Mg, Fe, Al, and Ca in clinopyroxene from Santo Antao (Cape Verde) basalt. The spots enriched in Ca and Mg and Si-free are probably carbonates. Warm colors (yellow to red) denote high concentrations, cold colors (green to violet) denote low concentrations. 
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Figure 11. Compositional variation in the analyzed clinopyroxene in (A) Ca versus Ti + Cr, (B) Ca + Na versus Ti diagrams used to discriminate volcanic rocks of various magmatic types from various tectonic settings and (C) Mg# versus Ti. Modified after Leterrier et al. [30] and Ural [51]. 
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Figure 12. TiO2–Na2O–SiO2/100 diagram for discriminating clinopyroxenes in basalts from different oceanic settings, modified after Beccaluva et al. [29] and Barbero et al. [6]: (A) in the basalt of Flores (Azores), (B) in the basalt of Sao Miguel (Azores), (C) in the basalt of Terceira (Azores), (D) in the basalt of Santo Antao (Cape Verde), (E) in the basalt of Playa Malva, Lanzarote, (Canary Islands) and (F) in the basalt of Puerto Calero, Lanzarote, (Canary Islands). Abbreviations: E-MORB = enriched mid-ocean ridge basalt, N-MORB = normal mid-ocean ridge basalt, WOPB = within Oceanic Plate basalts, ICB = Iceland basalts, and SSZ = supra-subduction zone basalts. 
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Figure 13. BSE images of accessory oxy-spinels in the studied samples. (A) Polygonal grain enclosed in olivine from the Santo Antao lava, Cape Verde, (B) oxy-spinels in lava and in the contact lava–olivine from the xenolith of Playa Malva, Lanzarote, Canary Islands, (C) rounded grains of oxy-spinels rimmed with magnetite in the xenolith of Puerto Calero, Lanzarote, Canary Islands and (D) polygonal grain of oxy-spinel occurring in the contact lava–olivine in the lava of Sao Miguel, Azores, showing an irregular rim in contact with lava. Abbreviations: Spl = oxy-spinel, Ol = olivine, Lv = lava. 
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Figure 14. (A) Classification of the oxy-spinel from the studied samples and from literature (See Table S1) in the diagram Cr/(Cr + Al) versus Mg/(Mg + Fe2+), from Bosi et al. [52], (B) Cr–Al–Fe3+ atomic ratios, (C) diagram Mg/(Mg + Fe2+) versus Fe3+/(Fe3+ + Cr + Al), (D) composition of the Macaronesia oxy-spinels, compared with the field of spinels from large igneous provinces (LIP) and oceanic island basalt (OIB), mid-ocean ridge basalt (MORB) and island arc basalt (IAB), fields from Dick and Bullen [3], Kamenetsky et al. [25] and Arai [53]. 
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Figure 15. Oxygen fugacity and temperature calculated for olivine–spinel pairs from Sao Miguel and Santo Antao basalts, xenoliths from Playa Malva and Puerto Calero (present work and from basalts of Madeira [23]). The horizontal dashed line represents the Fayalite–Magnetite–Quartz (FMQ) buffer. 
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Table 1. Description of the samples from Macaronesia analyzed in this work. (listed from north to south).
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Island

	
Location

	
Type of Rock

	
Geographic Coordinates






	
Azores:

	

	

	




	
Flores

	
Lagoa Funda

	
Basalt tuff

	
39°39′82″ N, 31°21′49″ W




	
Terceira

	
Pico Gordo

	
Basalt flow

	
38°80′02″ N, 27°26′20″ W




	
Sao Miguel

	
Sete Cidades

	
Lava flow

	
37°53′56″ N, 25°49′17″ W




	
Canary Islands:

	

	




	
Lanzarote

	
Playa Malva

	
Dunite xenolith, basalt

	
29°03′50″ N, 13°46′03″ W




	

	
Puerto Calero

	
Dunite xenolith, basalt

	
28°54′59″ N, 13°42′28″ W




	
Cape Verde:

	

	

	




	
Santo Antao

	
Tarrafal

	
Nephelinite–phonolite series

	
16°57′17″ N, 25°18′29″ W
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