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Abstract

:

The South Mid-Atlantic Ridge is a typical slow-spreading ridge that represents a modern example to understand mantle composition and the evolution of mid-ocean ridge magmatism. In this paper, we investigate basalt samples dredged from four locations along the South Mid-Atlantic Ridge ranging from 18.0° to 20.6°S. The basalts belong to the tholeiitic series and exhibit normal mid-ocean ridge basalt (N-MORB) geochemical features with variable enrichments of Rb, Th, U, and Pb and depletions of Ba and Sr relative to primitive mantle. Some samples have negative Nb–Ta anomalies whereas others have positive Na–Ta anomalies to average N-MORBs. Plagioclase phenocrysts, microphenocrysts, and microlites occur in the in the matrix; phenocrysts and microphenocrysts are bytownite and labradorite in composition. Olivine phenocrysts are forsterite (Fo87 to Fo96). Chemical zoning in phenocrysts are interpreted to record crystal fractionation and magma mixing. Cores of plagioclase phenocrysts have higher anorthite values (An72–83) and estimated crystallization temperatures (~1180–1240 °C) that may suggest a xenocrystic origin. The lower anorthite proportions of rims of plagioclase phenocrysts (An65–71) and microphenocrysts (An54–72) yield lower estimated crystallization temperatures of ~1090–1120 °C and ~980–1060 °C, respectively. Rims of plagioclase phenocrysts and microphenocrysts may be generated in different environments such as magma chambers or magma channels, respectively. The basalt samples probably originated from partial melting of a depleted mantle spinel lherzolite source with a minor contribution of enriched materials possibly derived from the Saint Helena plume and subcontinental lithospheric mantle in the asthenosphere. Variable compositions of the basalt samples suggest heterogeneous mantle that includes depleted and enriched components at the South Mid-Atlantic Ridge between 18.0°–20.6°S.
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1. Introduction


Mid-ocean ridges are crucial sites for the growth of oceanic crust and represent divergent plate boundaries that connect a modern globally operating network of plate tectonics. Mid-ocean ridge basalts (MORB) constitute the dominant volcanic rock type generated on modern Earth and are derived from partial melting of the upper mantle along mid-ocean ridges [1]. Previous studies have demonstrated the geochemistry and mineralogy of MORB samples provides fundamental information about the composition and evolution of the mantle, mantle plume–ridge interaction, formation of oceanic crust, and the tectonic evolution of oceanic plates (e.g., [1,2,3,4,5,6]).



The genesis of MORB includes partial melting of the mantle source and migration of the magma upwards towards the surface before emplacement on or near the sea floor; genetic models are well established (e.g., [3,6,7,8,9,10,11,12,13]). A key factor in the genesis of MORB is the rate of spreading at mid-ocean ridges (e.g., [3,6,7,9,10,14,15,16,17]). Variable spreading rates affect melt supply, magma chamber geometries, fractional crystallization, degrees of partial melting, and the thickness of the new oceanic crust, which influence the mineral assemblages, mineral zoning, and compositions of MORB (e.g., [5,6,9,11,13,15,18,19,20,21,22,23]). However, the differences between MORB volcanism in fast and slow spreading ridges require further study (e.g., [12,13,18,24,25,26,27,28,29,30,31]) and are crucial for understanding modern ocean ridge spreading and how this process may have been different in the early Earth where spreading rates may have been even more variable [32].



The Mid-Atlantic Ridge is a typical example of a slow-spreading mid-ocean ridge, and basalt samples from this ridge have been used to investigate mantle heterogeneity and ridge–plume interaction at a typical modern slow-spreading ridge (e.g., [12,13,26,29,31,33,34,35,36]). Some work has been carried out in the South Mid-Atlantic Ridge (SMAR) (e.g., [12,13,25,26,28,29,30,31,37]). Based on whole-rock major and trace element as well as Sr–Nd–Pb isotopic compositions, Skolotnev et al. proposed that MORBs from the SMAR (19°–20°S) were derived from heterogeneous mantle related to mixing of depleted mantle (DM) materials with the high U/Pb mantle (HIMU)-type components [28]. Similarly, Turner et al. suggested that the SMAR basalts originated from a heterogeneous source probably composed of spinel peridotite and recycled mafic rocks based on the 238U–230Th–226Ra disequilibria of MORBs from the SMAR at 5°–11°S [30]. In addition, based on the Sr–Nd–Pb isotope analyses of Mid-Atlantic Ridge basalt glasses from 3°S to 46°S, Fontignie and Schilling suggested that basalt compositions reflect mantle plume–ridge interaction in this region in the South Atlantic [26]. Qi reported whole-rock major and trace element and mineralogical (olivine, plagioclase) compositions of basalt from the SMAR at 18°S and proposed that these rocks were influenced by the Ascension hotspot [13]. However, based on the mineralogical and Sr–Nd isotopic as well as major and trace element characteristics of basalts from SMAR at 19°S, Zhang proposed that these basalts originated from a depleted mantle source (spinel lherzolite) with negligible ridge–plume interaction [12].



Due to the variable interpretations on the influence of enriched mantle and ridge–plume interactions on the composition of basalts from the SMAR, we provide new geochemical and mineral chemical data of basalts dredged from the SMAR at 18.0° to 20.6°S (Table 1) near the Saint Helena Islands (Figure 1). Using our new results and those of previous studies, this study aims to provide a detailed genetic model for basalts from the SMAR at 18.0°–20.6°S that will further our understanding of mantle composition and heterogeneity along the South Mid-Atlantic Ridge.




2. Geological Background and Sample Descriptions


The separation of Africa from South America and the opening of the South Atlantic Ocean probably happened in the Early Cretaceous following the breakup of Gondwana (e.g., [38,39,40]). Before and during the initial rifting stage (Early Jurassic), southern Gondwana was bounded on the Pacific side by an active subduction zone (see [41], and references therein). Previous studies proposed that the opening of the South Atlantic Ocean was related to subduction of the Pacific Ocean beneath Gondwana [41,42] or, alternatively, to two mantle plumes that have present-day positions near the oceanic islands of Saint Helena and Tristan da Cunha [43,44].



The Mid-Atlantic Ridge extends from 87°N to 54°S and accounts for ~40% of the total length of ocean ridges on Earth and its average width (1000–1300 km) represents one-third of the width of the Atlantic Ocean (e.g., [12,13]). Oceanic ridges can be divided into fast- (~80–180 mm yr−1), intermediate- (~55–70 mm yr−1), slow- (<55 mm yr−1), and ultraslow (<12 mm yr−1)-spreading types, each with different morphologic characteristics [20]. The average spreading rate of the Mid-Atlantic Ridge is ~30 mm yr−1 [13], thus it is considered as a slow-spreading ridge. Generally, the Mid-Atlantic Ridge has been divided into the South Mid-Atlantic Ridge (SMAR) and the North Mid-Atlantic Ridge (NMAR), separated by the Romanche Trench near the equator [13]. Both of them show similarities in expansion rate, ridge axis morphology, and lithospheric structures [45]. The graben axis of the SMAR is relatively wide and is controlled by normal faults on both sides; several volcanic centers align into a volcanic ridge within this lenticular graben [12]. Due to the influences of transform faults, the SMAR is divided into many relatively independent sections that resemble other slow-spreading mid-ocean ridges. The main types of rocks in the SMAR are basalts as well as local serpentine, peridotite, pyroxenite, and gabbro [13]. Mineralogical and geochemical data of SMAR basalts and seismic tomography suggest that mantle plume–ridge interaction occurred along the SMAR at 3°–46°S (e.g., [13,26,28,46]), which resulted in basalts that record variable source characteristics. For example, recycled mafic rocks were proposed for the generation of basalt at 5°–11°S along the SMAR [30], HIMU-type components were invoked for basalt at 19°–20°S [28], delamination of continental lower crust was proposed for basalts at 48.5°–49.2°S [26], and remnant subcontinental lithospheric components embedded in the oceanic upper mantle (by the delamination of subcontinental lithospheric mantle after the breakup of Gondwana) were proposed for basalt at 40°–55°S (e.g., [42,47,48,49]).



The basalt samples in this study were dredged along the South Mid-Atlantic Ridge between 18.0° and 20.6°S during the China’s 26th ocean expedition. Dredge locations are shown in Figure 1, ~800 km west of the Saint Helena Islands and ~1000–1500 km south of the Ascension islands. Most of the basalt samples showed yellowish-brown weathering surface with dark gray fresh surface (Figure 2a–d). Sample preparation and thin section observation were carried out at the Marine Geological Laboratory, School of Marine Sciences, Sun Yat-sen University, Guangzhou, China. The samples are porphyritic rocks (Figure 2a–c and Figure 3a). Phenocrysts represent ~15 vol% of each sample and are composed of mostly plagioclase (>60 vol%, 0.1–0.6 mm), with lesser amounts of olivine (~0.2–0.4 mm) and pyroxene (~0.2–0.5 mm). Phenocrysts exhibit variable grain sizes and are unevenly distributed. Plagioclase shows polysynthetic twinning and occurs in three crystal sizes and morphologies: (1) anhedral to euhedral phenocrysts (~0.1–0.6 mm); (2) anhedral to euhedral microphenocrysts (~0.02–0.06 mm); and (3) lath-shaped to acicular microlites in the matrix (Figure 3a). Olivine and pyroxene phenocrysts occur as euhedral to anhedral grains (Figure 3). The matrix has an intergranular–intersertal texture, and the minerals are mainly plagioclase (>70 vol%), volcanic glass, and small amounts of olivine (<10%) and pyroxene (<10%) (Figure 3).




3. Analytical Methods


In this paper, twelve basalt samples dredged from four sample locations (Figure 1) were selected for whole-rock major and trace element analyses. Four of these samples were selected for further mineral chemical analyses.



3.1. Whole-Rock Geochemical Analyses


To avoid alteration from seawater, basalt samples were sawed into fresh rock chips (~5 mm in thickness), then they were washed in distilled water, dried and crushed into powers (<200 mesh) using an agate mortar and pestle. Whole-rock major elements were analyzed at the Guangzhou ALS Chemex Company, China following the procedures reported in Chen et al. [50]. A calcined or ignited sample (~0.9 g) was added to ~9.0 g lithium borate flux (50:50 Li2B4O7–LiBO2), mixed well and fused in an auto fluxer between 1050 °C and 1100 °C. A flat molten glass disk was prepared from the resulting melt. This disk was then analyzed by a PANanalytical Axios X-ray fluorescence spectrometer (XRF) for major elements. Geochemical reference materials (GBW07105/basalt, SARM-4/norite) were used as quality control, and the analytical precision was better than ±1–2%.



Whole-rock trace element compositions were analyzed at the Nanjing FocuMS Technology Co. Ltd., China after the procedures reported in Zhong et al. [51]. About 40 mg powder was mixed with 0.5 mL HNO3 and 1.0 mL HF in high-pressure PTFE bombs. These bombs were steel-jacketed and placed in the oven at 195 °C for 48 h. Rock digestion diluent was nebulized into Agilent Technologies 7700x quadrupole ICP-MS to determine the trace elements. Standard samples, including BHVO-2 (basalt), BCR-2 (basalt), and AGV-2 (andesite), were treated as quality control. Measured values of these reference materials were compared with those of preferred values in GeoReM database [52]. Analytical precisions were better than ±10% and ±5% for the elements that exceeded 10 ppm and 50 ppm, respectively. Major and trace element data are listed in Table S1.




3.2. Mineral Chemical Analyses


Major element analysis of plagioclase and olivine was conducted using electron probe microanalysis with an EPMA-1720 series electron probe (Shimadzu, Japan) at the National Demonstration Center for Experimental Geology Education, Chengdu University of Technology, Sichuan, China. Mineral compositions were determined using a beam diameter of 10 μm with an acceleration potential of 15 kV and a beam current of 10 nA. Natural minerals and synthetic oxides were used as standards; precisions were better than 1.0%. Backscattered electron (BSE) images were used for image analysis. The analytical data are shown in Table S2.





4. Results


4.1. Whole-Rock Geochemical Compositions


The SMAR basalt samples yielded negative LOI (loss on ignition) values ranging from –0.92 to –0.29 wt% (Table S1). Rapid crystallization of middle ocean ridge basalts in anoxic seafloor environments causes magnetite or pyrrhotite precipitation; during ignition Fe2+ will become Fe3+, which increases the apparent weight resulting in a negative LOI value. This may account for the negative LOI values of our samples as negative LOI values are observed in many ocean-floor basalts worldwide (e.g., [51,53]).



Twelve SMAR basalt samples displayed a relatively wide range of whole-rock major element contents (Table S1) with SiO2 contents ranging from 47.87 to 50.05 wt%, Al2O3 from 15.12 to 17.28 wt%, Fe2O3T from 9.10 to 13.29 wt%, TiO2 from 1.12 to 1.71 wt%, MgO from 7.59 to 8.19 wt%, CaO from 11.05 to 12.25 wt%, and P2O5 from 0.09 to 0.17 wt%. The Mg-number (Mg# = molar Mg/(Mg + Fe)) values varied from 57.2 to 67.5. The K2O and Na2O contents were 0.05–0.18 wt% and 2.27–2.76 wt%, respectively, with the total alkali element (K2O + Na2O) contents ranging from 2.34 to 2.81 wt%. The low total alkali contents, along with petrographical observation, indicate that the samples had undergone little or slight alteration. Concentrations of Cr and Ni ranged from 299 to 385 ppm and 113 to 142 ppm, respectively. All of the basalt samples plot in the basalt field on the SiO2 versus (Na2O + K2O) diagram (Figure 4a) and belong to tholeiitic rocks on the FeOT–(K2O + Na2O)–MgO triangular diagram (Figure 4b). Combined with the literature data (excluding the Group 2 basalt samples from the SMAR 19°–20°S presented by Skolotnev et al. [28]), the SMAR basalts exhibit negative correlations of TiO2, Na2O, FeOT, P2O5, V, and Nb with MgO, whereas they display a positive correlation between Cr and MgO (Figure 5).



The SMAR basalt samples yielded total rare earth element (REE) concentrations ranging from 37.8 to 61.0 ppm (Table S1), with a mean value of 47.1 ppm. (La/Yb)N = 0.54–0.87, (La/Sm)N = 0.47–0.71, and (Gd/Yb)N = 1.11–1.21 (the subscript N denotes chondrite normalized, normalizing values according to Sun and McDonough [56]). On the chondrite-normalized REE diagram (Figure 6a), these samples exhibit nearly subparallel and N-MORB-like REE patterns and display a slight depletion of light REEs (LREE) compared to heavy REEs (HREE). They had weak negative Eu anomalies (Figure 6a) with δEu (δEu = EuN/(SmN × GdN)0.5) values of 0.86–0.98. On the primitive mantle-normalized multielement diagram (Figure 6b), all of the basalt samples show N-MORB-like trace element patterns, but some are enriched in Rb, Th, U, and Pb and are depleted in Ba and Sr. Visibly negative Nb–Ta anomalies in SA3 series samples but positive Na–Ta anomalies in SA4 series samples compared to those of N-MORBs were also observed (Figure 6b).




4.2. Mineral Chemical Compositions


The SMAR basalt samples featured porphyritic to intersertal textures and mainly comprised plagioclase with small amounts of olivine and pyroxene (Figure 3). Plagioclase is the most abundant phenocryst, and plagioclase microphenocrysts and microlites in the matrix are also ubiquitous. Samples SA1-1, SA2-1, SA3-1, and SA4-1 were selected for mineral chemical analyses. Major and trace elements in plagioclase and olivine are listed in Tables S2 and S3, respectively.



4.2.1. Plagioclase


Plagioclase phenocrysts of the SMAR basalt samples are weakly zoned to unzoned in backscatter electron images (Figure 7) but do exhibit compositional zoning. Representative plagioclase phenocrysts (Figure 7) were selected for core–rim transects using electron probe microanalysis. The SiO2, Al2O3, CaO, Na2O, FeO, MgO, and TiO2 contents for cores of plagioclase phenocrysts were 46.27–50.78 wt%, 31.14–33.90 wt%, 14.46–16.55 wt%, 1.57–2.99 wt%, 0.26–0.57 wt%, 0.07–0.25 wt%, and 0.003–0.100 wt%, respectively (Table S2). Plagioclase rims had SiO2, Al2O3, CaO, Na2O, FeO, MgO, and TiO2 concentrations that ranged from 50.23 to 52.86 wt%, 29.83 to 32.20 wt%, 13.25 to 14.51 wt%, 2.77 to 3.61 wt%, 0.38 to 0.82 wt%, 0.13 to 0.31 wt%, and 0.03 to 0.09 wt%, respectively (Table S2). The anorthitic (An) contents for plagioclase phenocrysts were 72–83 for cores and 65–71 for rims (Table S2). In addition, the SiO2, Al2O3, CaO, Na2O, FeO, MgO, and TiO2 contents of plagioclase microphenocrysts were 48.63–55.02 wt%, 26.44–31.86 wt%, 11.22–14.56 wt%, 2.88–4.32 wt%, 0.43–2.74 wt%, 0.20–2.46 wt%, and 0.03–0.25 wt%, respectively (Table S2), with An contents ranging from 54 to 72 yielding an average value of 64 (Table S2; Figure 7). Cores of plagioclase phenocrysts had bytownite compositions whereas rims had bytownite to labradorite compositions (Figure 8). Plagioclase microphenocrysts ranged in composition from labradorite to bytownite (Figure 8).




4.2.2. Olivine


Olivine phenocrysts in the SMAR basalt samples (SA1-1, 2-1, and 4-1; Figure 9) had variable compositions (Table S3). They had values of Fo87 to Fo96 with an average value of Fo95, suggesting that the primary magmas experienced varying degrees of fractional crystallization. The SiO2, Al2O3, Na2O, FeO, MgO, and TiO2 contents were 35.52–40.70 wt%, 0.01–0.52 wt%, 0.003–1.480 wt%, 11.18–28.83 wt%, 32.76–46.52 wt%, and 0.002–0.086 wt%, respectively. The CaO contents ranged from 0.27 to 0.54 wt% and were higher than 0.1 wt%, indicating that olivine phenocrysts were the products of fractional crystallization [60]. The MnO and NiO contents ranged from 0.12 to 0.48 wt% and from 0.01 to 0.29 wt%, respectively. The Fe/Mn ratios ranged from 49 to 124, with an average value of 65 that resembles those of crystalline olivines crystallized from initial melts of the mantle source (60–70 [61]). Concentrations of Cr2O3 were low and ranged from 0.01 to 0.15 wt%.






5. Petrogenesis


Basaltic magmas at mid-ocean ridges originate from decompression melting of the upper mantle, but this process can be complex and result in diverse basalt compositions. Previous studies proposed that N-MORBs have low K/Ti ratios of 0.04–0.15 [62] and (La/Sm)N ratios of less than 0.85 [63]. The SMAR basalt samples investigated here had K/Ti and (La/Sm)N ratios of 0.05–0.15 and 0.47–0.71, respectively, that, when combined with their N-MORB-like normalized patterns shown in Figure 6, suggest that the SMAR basalt samples belong to the N-MORB group. The compositional diversity observed in MORB can a result of multiple factors that include: (1) mineralogical and chemical heterogeneities in mantle sources; (2) variable percentage of melting of the mantle sources; and (3) final magma compositions altered by fractional crystallization and magma replenishment (e.g., [3,10,18,26,30,64]).



5.1. Crystal Fractionation


The compositions of mantle-derived magma can be modified by crystal fractionation prior to emplacement at or near the surface [65]. Generally, MORBs do not appear to be primary magmas produced by partial melting of the mantle but have experienced various degrees of fractional crystallization (e.g., [18,66,67,68,69,70,71,72]). Magma chamber and conduit systems are important places for fractional crystallization where mineral–melt separation can occur. Considering the presence of phenocrysts and microphenocrysts in a finer-grained matrix of the SMAR basalts (Figure 3a), they may have experienced two stages of fractional crystallization [73]. In addition, the SMAR basalt samples yielded Mg# values ranging from 57.2 to 67.5 with an average value of 62.2 which are lower than those of primary basaltic magmas (68–75) reported by [74]. The concentrations of transition elements such as Ni in the SMAR basalt samples (114–146 ppm) were also quite different from that of typical primary basaltic magmas (300–400 ppm [75]). These compositional signatures as well as the variable plagioclase crystal sizes and compositional variations in olivine phenocrysts indicate that crystal fractionation played an important role in the petrogenesis of the SMAR basalt samples.



Covariation among major and trace elements suggest that fraction of several minerals contributed to the composition of the SMAR basalts. Covariation of Cr and MgO (Figure 5) indicate fractionation of olivine and clinopyroxene whereas the negative correlations of TiO2, FeOT, and V with MgO suggest that Fe–Ti oxides fractionation. Negative correlations of Na2O and P2O5 with MgO indicate the accumulation of plagioclase and apatite. There is no linear relationship between MgO and Al2O3 (not shown), which is inconsistent magma mixing. Mixing of a primitive magma with a magma that has experienced extensive plagioclase fractionation is expected to result in a mixed magma that inherits a small Eu anomaly [67]. The SMAR basalt samples have slight negative Eu anomalies (Figure 6a) with δEu values ranging from 0.86 to 0.98, which supports this inference.




5.2. Magma Mixing


Fractional crystallization in MORBs probably occurs not in a closed system but in continuously replenished sub-ridge magma chambers [76]. Mixing of primitive and evolved basaltic magma may play a role in the formation of some, if not most, MORBs [77,78]. As discussed above, plagioclase in the SMAR basalt samples occur as phenocrysts, microphenocrysts, and microlites in the matrix (Figure 3a). These features, along with the compositional zoning plagioclase phenocrysts (Figure 7) with reverse zoning of An values from core to rim (Figure 7), suggest that the magmas of the SMAR basalt samples likely have experienced multiple stages of mixing.



Plagioclase compositional zoning records the physical and chemical conditions of magma evolution during crystallization (e.g., [24,79,80,81,82]). Magma compositions can change as a function of pressure and temperature (P–T) conditions during plagioclase crystallization [83,84]. Thus, if we can determine the crystallization temperatures of plagioclase, we can investigate the compositional variations in magmas as a function of temperature. Crystallization temperatures of measured plagioclase were calculated using the thermometer given by Putirka [84] with the equation layout:


         10  4     T ( K )    = 6.12 + 0.257 ln  (     [    An   Pl    ]     [    Ca   liq      (    Al   liq    )   2     (    Si   liq    )   2   ]     )  − 3.166  [    Ca   liq    ]  + 0.2166  [     H 2  O   liq    ]      − 3.137  [      Al   liq       Al   liq   +   Si   liq      ]  + 1.216    [    Ab   pl    ]   2  − 2.475 ×  10  − 2    [  P  (  Kbar  )   ]      



(1)







In this equation, T and P are in Kelvin and Kbar, respectively; Anpl and Abpl are the fractions of anorthite (An) and albite (Ab) in plagioclase, calculated as cation fractions: An = CaO/(CaO + NaO0.5 + KO0.5), and Ab = NaO0.5/(CaO + NaO0.5 + KO0.5). Terms such as Alliq refer to the anhydrous cation fraction of Al in the liquid; H2O is in units of wt%. Errors in this model are comparable to those for clinopyroxene thermobarometers: R = 0.99 and the standard error of estimate (SEE) is 23 K [84].



Due to the different P–T conditions during crystallization processes, the crystallization temperatures of cores of plagioclase phenocrysts were calculated at P (kbar) = 1 kbar, along with those of rims of plagioclase phenocrysts and plagioclase microphenocrysts at P (kbar) = 0.5 kbar [31]. In this paper, the calculated crystallizing temperatures of cores of plagioclase phenocrysts were ~1180–1240 °C, with an average value of 1200 °C resembling that of the SMAR 18°S basalts (1210 °C) presented by [31]; and those of rims were 1090–1120 °C, with an average value of 1100 °C, also resembling that of the SMAR 18°S basalts (1085 °C) reported by [31] (Table S2). However, the estimated crystallization temperatures of plagioclase microphenocrysts were 980–1060 °C, with an average value of 1023 °C which is lower than that of the SMAR 18°S basalts (1080 °C) given by [31] (Table S2). The estimated crystallization temperatures of compositionally zoned plagioclase phenocrysts are shown in Figure 10.



Crystallization temperatures of rims of plagioclase phenocrysts are predicted to be higher than those of plagioclase microphenocrysts, but both of them were lower than those of cores of plagioclase phenocrysts (the temperatures from core to rim decreased sharply by nearly 90–100 °C for typical plagioclase phenocrysts, Figure 10). The crystallization temperatures (1200 °C → 1100 °C, average values) and An contents (74 → 68, average values) from core to rim decreased sharply, which suggests that the physical and chemical conditions for the development of plagioclase in the cores and rims changed as a step function. The relatively high An contents and crystallization temperatures suggest that the cores of plagioclase phenocrysts may be xenocrysts (e.g., [31,83,85]). In addition, the rims of plagioclase phenocrysts exhibited higher An values (68, an average value) and crystallization temperatures (1100 °C, an average value) than those of the plagioclase microphenocrysts (64 and 1023 °C, respectively; average values). Combined with the variable crystal sizes of plagioclase microphenocrysts (Figure 3), these characteristics suggest that the rims of plagioclase phenocrysts and the plagioclase microphenocrysts may have been generated in different environments such as magma chambers or magma channels, respectively [31].




5.3. Nature of the Magma Sources


Variations in the isotopic compositions and incompatible element ratios in MORB suites have been interpreted to indicate a heterogeneous mantle source (e.g., [34,86,87]). Several types of mantle end-members have been proposed that include DM, EMI (enriched mantle type I), EMII (enriched mantle type II), HIMU, and FOZO (focus zone) (e.g., [4,88,89,90]). The SMAR basalt samples feature N-MORB-like geochemical compositions, which indicate that they were derived from a DM source. On the Nb/Yb versus Th/Yb diagram (Figure 11a), SMAR samples plot near the N-MORB field that supports a DM source. The La/Sm and Sm/Yb ratios are also compatible with an N-MORB classification and a DM source (Figure 11b).



Na8 and Fe8 (corrected for crustal level crystallization to 8.0 wt% MgO) are geochemical parameters adopted to assess the extent and pressure (depth) of partial melting of the mantle source; there is a negative correlation of Na8 values versus melting degrees of mantle source but a positive correlation between Fe8 values and depths of melting of mantle source (e.g., [7,8,9,23,93,94,95,96,97]). Previous studies demonstrated that magmas derived from low degrees of partial melting (high Na8 values) generally originated from a relatively shallow magma source region (low Fe8 values) [3,7]. However, the SMAR basalt samples (this study and previous work) show a nearly positive correlation between Fe8 and Na8 (Figure 12), although the SA2, SA3 and SA4 series show a nearly negative correlation between Fe8 and Na8. All of the basalt samples have relatively high Fe8 (7.06–9.83) but low Na8 (2.29–2.77) values revealing that they were likely derived from a deep magma source region with high degrees of partial melting. Overall, the SA1 series samples originated from a relatively shallow magma source region with higher degrees of partial melting relative to the other samples; the SA3 series samples to the south (Figure 1) were produced with relatively lower degrees of partial melting compared to the other samples; and the SA4 series samples were generated with a relatively deeper magma source region relative to the other samples. However, the mineral assemblage in the mantle source changes with depth from plagioclase peridotite at the depth of ~30 km, spinel peridotite at the depth of ~30–80 km, and garnet peridotite at the depths greater than ~80 km (e.g., [98,99]). Generally, REE patterns can be used to determine the potential mineral assemblage during mantle melting and hence approximate the depth of melting [92]. The SMAR basalt samples have low (Tb/Yb)N ratios of 1.09–1.18 (<2) that suggest a spinel-bearing mantle source [100]. Covariation between La/Sm and Sm/Yb ratios suggests a garnet lherzolite source [92]. In the plot of La/Sm versus Sm/Yb (Figure 11b), the SMAR basalt samples have low La/Sm and Sm/Yb values that plot on or near the spinel lherzolite melting curve, thus suggesting that these rocks were probably produced by ~8–22% partial melting of a mantle source composed of spinel lherzolite at moderate depths. Our inference is consistent with the partial melting model that most MORBs are derived from decompression-triggered partial melting at depths of 12–21 kbar (40–65 km) with 10–20% melting [9].



The SA4 series samples have slightly higher (La/Sm)N ratios of 0.66–0.71 than that of N-MORBs (0.61 [56]) (Figure 6a). These characteristics, combined with high Th compared to that of N-MORBs (Figure 6b) and some samples with high Th/Yb ratios that plot above the MORB array (Figure 11a), suggest that some SMAR basalt samples contain enriched components. One potential source of an enriched component is subducted sediment. Only four of forty marine sediments determined by Plank and Langmuir [101] yield (Th/Nb)PM (the subscript “PM” represents normalization to primitive mantle values) ratios <2 and the average global subducting sediment has (Th/Nb)PM of 6.5. The SMAR basalt samples have low (Th/Nb)PM ratios of 0.41–1.58, which suggests no involvement of marine sediments. However, minor depletions of Nb–Ta in SA3 series samples compared to those of N-MORBs in Figure 6b may argue for minor contamination by subcontinental lithospheric mantle (SCLM) or continental crust (e.g., [102,103,104,105]), but this is unlikely given the large distance to the nearest exposure of continental crust. In addition, the primitive mantle-normalized patterns of the SMAR basalt samples are different than those of continental crust [57] (Figure 6b). For example, continental crust has very high Ba and low Ti concentrations that are inconsistent with those of the SMAR basalt samples (Figure 6b). In contrast, the SA4 series samples have relatively high Nb–Ta compared to those of N-MORBs (Figure 6b), indicating a possibly contribution from a mantle plume.



Many studies have shown that mantle plume–ridge interaction occurred at the SMAR 3°S to 46°S and this played a role in the production of basalts in this area (e.g., [13,26,28]). Our samples are from near the Saint Helena plume (Figure 1) and previous work suggests that the Saint Helena Islands sample a HIMU source (Saint Helena plume, Figure 6b) (e.g., [58,106,107,108,109]). There is an inclined conduit (or low-spreading zone) in the upper mantle that extends from the Saint Helena plume region to the adjacent SMAR zone; this represents a conduit from the plume to the spreading axis [46,110]. Data on the isotopic composition of basalts from the MAR 14°–17°S and 19°–20°S segments suggest that these rocks were probably derived from a mantle substrate contaminated with materials of the Saint Helena plume [28,32], especially the Group 2 enriched basalts whose DM sources contaminated with components enriched in lithophile elements (e.g., Nb, Ta) and Th [28] (Figure 5 and Figure 6b). Considering that the basalts of the SMAR 18°–20°S, including the samples in this study, show a clearly geochemical trend towards the Saint Helena igneous rocks in Figure 11, we propose that the SA4 series samples—that show high Th, Nb, and Ta relative to those of N-MORB (Figure 6b)—may have been produced in a similar setting. In addition, the Saint Helena primary magmas may originate from partial melting of a depleted peridotitic source with the addition of a small amount of melt derived from recycled ancient subducted oceanic crust [59]. Thus, the possibly involved SCLM component in the formation of the SA3 series samples (with negative Nb–Ta anomalies relative to those of N-MORB in Figure 6b) may have been external to plumes and dispersed into the asthenosphere where it was then sampled by MORB-related magmatism (e.g., [48,111,112]). Although the inclusion of SCLM is speculative, it is clear that the variations in incompatible elements in the SMAR basalt samples indicate a heterogeneous mantle source with depleted and enriched components.





6. Conclusion


Basalts dredged from the South Mid-Atlantic Ridge 18.0°–20.6°S are normal mid-ocean ridge basalt with tholeiitic affinities. Plagioclase occurs as phenocrysts, microphenocrysts, and microlite in the matrix. Plagioclase phenocrysts and microphenocrysts are vary from bytownite to labradorite in composition, and olivine phenocrysts are forsterite. The basalts underwent fractional crystallization and possibly magma mixing. Variable crystal sizes, anorthite values, and crystallizing temperatures estimated for plagioclase suggest that cores may be xenocrystic, whereas phenocryst rims and microphenocrysts may be generated in different environments such as magma chambers or magma channels, respectively. The major and trace element compositions of the basalts suggest derivation from a depleted mantle source composed of spinel lherzolite with the involvement of small amounts of enriched components possibly derived from the Saint Helena plume and subcontinental lithospheric mantle in the asthenosphere. The characteristics of the magma sources of the basalts indicate mantle heterogeneity below the South Mid-Atlantic Ridge.
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Figure 1. Map of the South Atlantic Mid-Ocean Ridge showing the locations of the dredged basalts analyzed in this study (map taken from [37]). 
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Figure 2. Hand specimen photographs of the South Mid-Atlantic Ridge (SMAR) basalt samples. (a) SA1-1; (b) SA2-1; (c) SA3-1; (d) SA4-1. 
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Figure 3. Representative photomicrographs of the SMAR basalt samples. (a) Olivine and plagioclase. Plagioclase generally occurs in three crystal sizes that include phenocryst, microphenocryst, and microlite in the matrix. (b) Pyroxene phenocryst. Ol: olivine; Pl: plagioclase; Px: pyroxene. 
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Figure 4. Diagrams of (a) SiO2 versus (Na2O + K2O), as modeled after [54]; and (b) SiO2 versus FeOT–(K2O + Na2O)–MgO, as modeled after [55], of the SMAR basalt samples. Data for basalts from the SMAR 19°–20°S are from [12,28]. 
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Figure 5. Major and trace element variation diagrams of the SMAR basalt samples from this study and from previous work. Data for basalts from the SMAR 19°–20°S are from [12,28]. Excluding major element SiO2 (a), the SMAR basalts combined with these basalts from previous study (excluding the Group 2 basalt samples from the SMAR 19°–20°S presented by Skolotnev et al. [28]) exhibit negative correlations of TiO2, FeOT, Na2O, P2O5, V, and Nb with MgO (b–e,g–h), whereas they display a positive correlation between Cr and MgO (f). 
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Figure 6. (a) Chondrite-normalized REE and (b) primitive mantle-normalized multielement diagrams of the SMAR basalt samples. The chondrite and primitive mantle normalization and N-type MORB data are from [56]. Upper and lower continental crust data are from [57]. Data for basalts from the SMAR 19°–20°S are from [12,28]. Data for igneous rocks from the Saint Helena islands are from [58,59]. 
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Figure 7. Backscattered electron images of (a–c) plagioclase phenocrysts and (d) a microphenocryst; along with the corresponding variational curves for measured anorthite proportions (mol%). 
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Figure 8. Or–Ab–An classification diagram of plagioclase phenocrysts and microphenocrysts. 
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Figure 9. Backscattered electron image for typical olivine phenocryst (SA1-1). 
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Figure 10. Diagram of the estimated crystallization temperatures of zoned plagioclase phenocrysts. The crystallization temperatures from core to rim decreased sharply for typical plagioclase phenocrysts. (a): sample SA3–1; b): sample SA4–1. 
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Figure 11. Plots of the SMAR basalt samples: (a) Nb/Yb versus Th/Yb, after [91] and references therein; (b) La/Sm versus Sm/Yb, after [92] and references therein. MORB: mid-ocean ridge basalt; N-MORB: normal mid-ocean ridge basalt; E-MORB: enriched mid-ocean ridge basalt; OIB: ocean island basalt. DM: depleted mantle; PM: primitive mantle; LC: lower crust; UC: upper crust; MC: middle crust. Data for basalts from the SMAR 19°–20°S are from [12,28]. Data for igneous rocks from the Saint Helena islands are from [58,59]. 
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Figure 12. Plots of Fe8 versus Na8 of the SMAR basalt bulk rock samples. Data for basalts from the SMAR 19°–20°S are from [12,28]. 
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Table 1. Sample dredged locations and depths.
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	Sample
	Latitude
	Longitude
	Depths (m)
	Rock Type





	SA1 series
	18.03876°S
	12.85351°W
	3312
	basalt



	SA2 series
	18.02350°S
	12.91643°W
	3386
	basalt



	SA3 series
	20.57449°S
	11.64572°W
	3302
	basalt



	SA4 series
	18.70782°S
	12.67380°W
	2386
	basalt
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