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Abstract

:

There is a magmatic lull period in the East Kunlun orogen (EKO) during the Jurassic to the Cretaceous. However, due to the lack of records of magmatic activity restricts our understanding of the late Mesozoic magmatic-tectonic evolution of the EKO. Herein, an integrated study of geochronology, whole-rock geochemistry and Sr-Nd isotopes were conducted for the Cretaceous mafic dykes in the EKO, Northern Tibet Plateau, to reveal their petrogenesis and geodynamic implications. LA-ICP-MS Zircon U-Pb dating reveals that the studied mafic dykes comprising diabase and diabase porphyry emplaced at ca. 80.9 ± 0.8 Ma. The Cretaceous mafic dykes have low contents of SiO2 (46.36 wt.%~47.40 wt.%) but high contents of MgO (6.79 wt.%~7.38 wt.%), TiO2 (1.91 wt.%~2.13 wt.%), Nb (12.4~18.3 ppm) and Nb/U ratio (31~39), resembling Nb-enriched mafic dykes. They exhibit chondrite-normalized rare earth element (REE) and primitive mantle-normalized trace element patterns, remarkably similar but not identical to the oceanic island basalts (OIB). The moderate REE fractionation ((La/Yb)N = 3.55~5.37), weak negative Eu anomalies (δEu = 0.87~0.97) and relative enrichment of Rb, Ba, K, as well as high contents of Cr and Ni and slightly depleted Sr-Nd isotopes (εNd(t) = −0.18~1.33), suggest that the studied dykes originate from a partial melting of spinel lherzolite and a little of garnet which was previously modified by subducted sediments. Combined with other evidence, we propose that the studied Cretaceous Nb-enriched mafic dykes in the Northern Tibet Plateau were formed in the intraplate setting, which may be a partial melting of the enriched mantle in the lower lithosphere caused by the activity of the East Kunlun strike-slip fault.
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1. Introduction


The East Kunlun orogen (EKO) is a composite accretive orogenic belt in the northern Qinghai–Tibet Plateau, which has experienced Proto-Tethys and Paleo-Tethys orogenic cycles and developed large-scale early Paleozoic-Triassic magmatic batholiths [1,2,3]. Following the post-collisional extension in the late Triassic, the EKO entered the intracontinental orogenic stage [4,5,6]. There is a magmatic lull period in the EKO during the Jurassic to the Cretaceous. However, due to the lack of magmatic activity, the study of the late Mesozoic in the EKO mainly focused on low-temperature thermochronology and sedimentology [7,8,9,10,11,12], and there are few reports on magmatic rocks in the Cretaceous, which seriously hinders our understanding of the Cretaceous magmatic-tectonic evolution in the EKO.



Nb-enriched mafic rocks are a kind of magmatic rock with special geochemical characteristics and petrogenesis. Compared with island arc basalts, they have high Nb (>7 ppm) and TiO2 (>1 wt.%) contents and high Nb/La ratio (>0.5) [13,14,15]. The high Nb content of Nb-enriched mafic rocks is mainly due to the addition of deep mantle material or subducted sediment melt, or both, in the source [16]. Nb-enriched mafic rocks are usually formed under the background of island arc, back-arc extension or mantle plume, and they are often associated with adakite all over the world [13,15,16,17,18,19]. There is still debate about the petrogenesis of Nb-enriched mafic rocks. At present, it is mainly suggested that it was formed by magmatic mixing between OIB-like melt and depleted MORB-type melt or the subduction-related melts metasomatized the mantle wedges [13,17,20]. Thus, they are of great significance in tracing mantle properties, geodynamic processes and tectonic settings. Thus, the newly identified Nb-enriched mafic rocks in the EKO are an ideal object in terms of studying the magmatic-tectonic evolution in the northern Qinghai–Tibet Plateau. Herein, we present studies on petrology, LA-ICP-MS zircon U-Pb chronology, geochemistry and Sr-Nd isotopes to constrain the petrogenesis and tectonic setting of the Cretaceous Nb-enriched mafic dykes in the EKO, which may provide a good understanding of Cretaceous magmatic-tectonic evolution in the northern Qinghai–Tibet Plateau.




2. Geological Setting and Petrography


The Kunlun orogenic belt, located on the northern margin of the Qinghai–Tibet Plateau, is an important part of the central orogenic belt in China, which is divided into East Kunlun and West Kunlun by the Altun fault (Figure 1a) [1]. The EKO extends about 1500 km from east to west and is adjacent to the Qaidam basin in the north and the Songpan–Ganzi terrane to the south, separated into West Kunlun and West Qinling by the Altun fault and Wenquan fault, respectively (Figure 1a) [1,2]. The EKO can be divided into the South Kunlun Block (SKB) and North Kunlun Block (NKB) by the central Kunlun fault and the south Kunlun fault (Figure 1b) [21].



The basement of the NKB mainly consists of the Archean–Paleoproterozoic Baishahe Formation, Mesoproterozoic Xiaomiao Formation and Neoproterozoic Binggou Group [24,25]. The NKB is mainly characterized by widespread Early Paleozoic–Early Devonian and Late Permian–Early Mesozoic igneous rocks [2]. Unconformably overlying the basement is the Late Devonian Maoniushan red molasse formation, which consists of clastic and carbonate rocks interbedded with continental pyroclastic rocks [26]. The basement of the SKB mainly includes the Mesoproterozoic Kuhai Complex and Wanbaogou Group, which is covered by the Devonian Maoniushan formation unconformity [26]. In addition, there are also small amounts of Early Paleozoic and Middle–Late Triassic granitoid rocks in the SKB [27].



The studied mafic dykes were identified in Qiujidonggou, in the NKB, and intrude into the Devonian granitic pluton with a 10 cm wide chilled margin (Figure 1b,c; Figure 2a,b). The coordinates of the mafic dykes are 96°51′14″ E, 36°3′40″ N. Dozens of dykes can be seen in the field, and the width varies from 0.5m to 2m. The nine samples studied were collected from three representative dykes. The mafic dykes comprise diabase and diabase porphyry and exhibit an ophitic texture, mainly containing the minerals clinopyroxene (40%) and plagioclase (55%) in addition to minor opaque minerals (5%) (Figure 2c,d).




3. Analytical Methods


3.1. LA-ICP-MS Zircon U-Pb Dating


All the research samples were collected from fresh rock outcrops in the field, and the analysis was carried out at the State Key Laboratory of Geological Processes and Mineral Resources (GPMR), China University of Geosciences, Wuhan. Zircons were separated through the use of heavy liquids and using a Frantz magnetic separator. The transmitted light, reflected light and cathodoluminescence (CL) images of zircons were used to observe the internal structure. Laser sampling was performed using a GeoLas 2005. An Agilent 7500a ICP-MS instrument (Agilent Technologies Inc., Santa Clara, California, America) was used to acquire ion-signal intensities. Zircon 91500 and GJ-1 were used as external standards for U-Pb dating and trace element correction, respectively. The background acquisition time of each measurement was 20~30 s, and the data acquisition time was 50 s. Helium was applied as a carrier gas, and Ar was used as the makeup gas and mixed with the carrier gas via a T-connector before entering the ICP source. The data were processed using ICPMSDataCal [28]. Concordia diagrams and weighted mean ages were made using Isoplot/Ex_ver3 [29]. The detailed operating conditions for the laser system and ICP-MS instrument are described by Liu et al. [28].




3.2. Whole-Rock Major and Trace Element Analyses


Whole-rock geochemical analysis was completed at the GPMR. Major elements were analyzed with the standard X-ray fluorescence method and carried out on a Shimadzu XRF-1800 spectrometer (Shimadzu, Tokyo, Japan) with a precision of <3% and an accuracy of <4%. The detailed techniques for major element analysis are described by Ma et al. [30]. The trace element compositions were determined using an Agilent 7700a ICP-MS (Agilent Technologies Inc., California, America) with analytical precision ranging from 5% to 10%. The samples were digested by HF + HNO3 in Teflon bombs. Analyses of USGS standards (AGV-2, BHVO-2, BCR-2 and RGM-2) indicate accuracy better than 5%~10% for most trace elements. The sample digestion procedures and ICP-MS methods used are those described by Liu et al. [31].




3.3. Whole-Rock Sr-Nd Isotopes


Sr–Nd isotope analyses were performed on a Finnigan MAT-261 thermal ionization mass spectrometer (TIMS) (ThermoFinnigan, San Jose, California, America) at the GPMR in China University of Geosciences. The analytical precision and accuracy for Sr–Nd isotopic compositions are as described by Gao et al. [32].





4. Results


4.1. LA-ICP-MS Zircon U-Pb Isotopic Data


Zircon U-Pb dating was carried out on the representative sample 12NM06-2. Zircon U-Pb isotopic data and calculated ages are listed in Supplementary Table S1. Most zircons were euhedral to subhedral, prismatic and transparent with crystal lengths ranging from 100 to 200 μm and aspect ratios (length-to-width) of approximately 2:1 to 3:1 (Figure 3a). The analyzed zircons had identical zoning and commonly showed clear oscillatory zoning in CL images (Figure 3a). All the analyzed zircons (do not include the following excluded zircons) had high contents of Th (828~3995 ppm) and U (1408~6816 ppm) with high Th/U ratios (0.27~1.73), further suggesting their magmatic origins [33]. A total of thirty zircons were analyzed in this study. Among them, three zircons with poor concordance are removed. In the remaining zircons, there are two young zircons with low Th (240 and 412 ppm), U (528 and 8924 ppm) content and Th/U (0.45 and 0.05) ratio. They have irregular crystal shapes and cloud-like internal structures in CL images, indicating that they may have been metasomatic by late hydrothermal fluids. After excluding two young zircons and four zircons with large errors, the other samples had apparent 206Pb/238U ages of 80.88 ± 0.67 Ma (Figure 3b), with a weighted mean 206Pb/238U age of 80.90 ± 0.75 Ma (Figure 3c), which was explained as the crystallization age of the studied mafic dykes.




4.2. Whole-Rock Major and Trace Element Geochemistry


Major and trace element data for the studied Cretaceous mafic dykes in the EKO are listed in Supplementary Table S2. The studied rocks had narrow variations of SiO2 (46.36 wt.%~47.40 wt.%), MgO (6.79 wt.%~7.38 wt.%), TiO2 (1.91 wt.%~2.13 wt.%) and CaO (8.72 wt.%~9.22 wt.%). The mafic dykes had low total alkali (K2O + Na2O) content (4.22 wt.%~4.89 wt.%), with Na2O/K2O ratios varying from 1.64 to 2.87, which belong to the sodic series. In a Zr/TiO2 vs. Nb/Y plot (Figure 4a), the mafic dykes were plotted into the subalkaline field, with compositions similar to basalt.



On the chondrite-normalized rare earth element (REE) diagram (Figure 5a), the mafic dykes have high total REE (162~220 ppm) and are enriched in light rare earth elements (LREE) ((La/Yb)N = 3.55~5.37) without obvious Eu anomalies (δEu = 0.87~0.97), similar to OIB. In the primitive mantle normalized multi-element diagram (Figure 5b), the mafic dykes are enriched in large ion lithophile elements (LILEs) (Rb, Ba, K) and depleted in high-field-strength elements (HFSEs) (Nb, Ta, Hf), which are not identical to the OIB but similar to island arc basalts. In addition, the Nb contents (12.4~18.3 ppm), Nb/La (0.63~0.69) and Nb/U ratios (31.46~38.80) of the mafic dykes are significantly higher than those of island arc basalts and have stronger affinity with Nb-enriched basalts (Figure 4b,c).




4.3. Whole-Rock Sr-Nd


The Sr-Nd isotopic data for the mafic dykes are given in Supplementary Table S3, calculated to 80 Ma for all the samples. The mafic dykes had 87Sr/86Sr ratios of 0.706727 to 0.709888 and 143Nd/144Nd ratios of 0.512596 to 0.512677, with initial (87Sr/86Sr)i ratios of 0.705696 to 0.708718, εNd(t) values of −0.18 to +1.33 and single-stage Nd model ages of 0.948 to 1.112 Ga.





5. Discussion


5.1. Effects of Alteration


Post-magmatic processes, such as hydrothermal alteration and metamorphism, can disturb the primary geochemical compositions of igneous rocks. Thus, the potential influence of post-magmatic alteration should be evaluated before using geochemical data for petrogenic study. The studied mafic dykes did not display any deformational structures or mineral recrystallization at the outcrop to the mineral scale (Figure 2a–d). Petrographic observation indicated that the primary igneous textures remained intact, and the preponderance of the samples was devoid of secondary calc-silicate minerals (epidote, calcite) or metamorphic recrystallization textures. Although sericitization occurred in some plagioclase crystals (Figure 2c,d), the measured loss on ignition (LOI) values were below 2 wt.% (except for 11QJ07-6 (2.02 wt.%) and 11QJ07-7 (2.03 wt.%) samples). The samples have a high 87Sr/86Sr values. It is found that there are two main reasons for the high 87Sr/86Sr value: (1) the sample originated from a Sr-enriched source [40], (2) the sample is affected by rock–water interactions [41]. In thin sections, it can be seen that the feldspar alteration of mafic dykes is serious, with different degrees of sericitization, indicating that they may be affected by rock–water interactions to a certain extent, which is also the main reason for the high 87Sr/86Sr values of the samples. In addition, no samples showed obvious Ce anomalies (Ce/Ce* = 1.02~1.06), and their REE distribution patterns were also identical (Figure 5a). In diagrams of K2O vs. LOI and 87Sr/86Sr vs. LOI (Figure 6a,b), the samples also did not show positive correlations. The above petrography and geochemistry data suggest that the studied samples have not experienced extensive hydrothermal alteration and metamorphism; thus, their whole-rock geochemical data can be effectively used to decipher their petrogenesis.




5.2. Crustal Contamination


Mantle-derived magma ascending or resident in the continental crustal environment will experience different degrees of crustal contamination; therefore, the influence of crustal contamination should be evaluated before discussing the magmatic source characteristics of the samples. The mafic dykes have experienced only slight crustal contamination, which can be seen from the following points:



(1) The mafic dykes had lower SiO2 (46.36 wt.%~47.40 wt.%) contents and a narrow variation range, high values of Mg# (53–55) and high Cr (57~134 ppm) and Ni (66~87 ppm) contents. Data analysis showed that there was no obvious linear relationship between SiO2 and Mg#, Cr, Ni and εNd(t), indicating that the mafic dykes had not experienced significant crustal contamination. (2) As the Ce/Y ratio is sensitive to crustal contamination, albeit not significantly affected by crystallization differentiation, the small variation in Ce/Y (Ce/Y = 1.20~1.66) ratios of the samples suggests that they are not significantly contaminated [42]. (3) The Zr/Hf (43.64~46.50) and Nb/Ta (16.82~17.91) values of the mafic dykes were significantly higher than those of the continental crust (Zr/Hf = 33.2, Nb/Ta = 10.9) [43], similar to the primitive mantle (Zr/Hf = 36.2, Nb/Ta = 17.3) [43], indicating that the mafic dykes were not obviously contaminated by the crust. (4) In the Nb/U vs. (Th/Nb)PM diagram, the studied rocks do not show the trend of crustal contamination (Figure 4d). (5) The depleted and narrow εNd(t) value (−0.18~1.33) also indicates that the mafic dykes have experienced only slight crustal contamination.




5.3. Petrogenesis of the Cretaceous Nb-Enriched Mafic Dykes in the EKO


Whole-rock εNd(t) values of the studied mafic dykes were slightly depleted (−0.18~1.33), which is similar to those of magmatic rocks originating from the lithosphere and crust–mantle mixing in the EKO, but obviously different from coeval alkaline basalts originating from the asthenosphere mantle in the adjacent Duofutun area of the West Qinling orogen (Figure 7b). The mafic dykes had low contents of SiO2 (46.36 wt.%~47.40 wt.%) and high contents of MgO (6.79 wt.%~7.38 wt.%), V (181~216 ppm), Cr (57~134 ppm) and Ni (66~87 ppm), precluding the model of crust–mantle mixing. The ratios of incompatible elements, e.g., La/Nb and La/Ta, are usually adopted to constrain the mantle affinities [37,44]. The high La/Nb (1.45~1.58) and La/Ta (24.77~27.71) ratios of the studied mafic dykes indicate that they likely originated from the lithospheric mantle (La/Nb > 1 and La/Ta > 20). Thus, we suggest that the mafic dykes originated from the lithospheric mantle. Mantle peridotite usually contains various types and amounts of aluminum-rich phases at different depths; that is, plagioclase at low pressures, spinel at medium pressures and garnet at higher pressures [37]. The partition coefficients of REEs in these aluminum-rich minerals are significantly different; therefore, the ratio of HREEs and LREEs (such as Dy/Yb, Tb/Yb) can reflect the type of mantle source and the degree of partial melting [45]. The Dy/Yb ratios of the mafic dykes ranged from 1.81 to 2.13, indicating that the magma may have originated from the partial melting of the spinel–garnet mantle (spinel mantle: Dy/Yb < 1.5; garnet mantle: Dy/Yb > 2) [46]. The results show that garnet enriches HREE more preferentially than MREE, so garnet as the residual phase will lead to a higher MREE/HREE ratio in magma [47]. The MREE of mafic dykes in Qiujidonggou was enriched relative to HREE, and the (Gd/Yb)N and (Tb/Yb)N ratios ranged from 1.48 to 1.73 and 1.28 to 1.47, respectively, indicating the existence of garnet in the mantle source. In the (Sm/Yb)N vs. (La/Sm)N diagram (Figure 7a), the samples show that they originated from the partial melting of spinel lherzolite and may contain little garnet.



The EKO mafic dykes had high contents of Nb (12.4~18.3 ppm), Nb/La (0.63~0.69) and Nb/U (31.46~38.80) ratios, which is similar to Nb-enriched basalt (Figure 4b,c). Previous studies have suggested that the main genetic models of Nb-enriched basalts include: (1) partial melting of a mantle wedge metasomatized by slab melt [50]; (2) magma mixing between OIB-like melt and depleted MORB-type melt [17]; (3) partial melt of subducted seamounts [51]; and (4) partial melting of an enriched mantle [36]. Geochemical data show that mafic dykes are rich in LILEs and depleted in HFSEs, which have the characteristics of arc magmatic rocks [52]. Previous studies have shown that crustal contamination and enrichment of the source are the main reasons for the formation of arc magmatic rocks [53,54,55]. As mentioned earlier, the studied mafic dykes had not been strongly contaminated by the crust, so the arc magmatic rock characteristics of the samples may have been caused by the enrichment of the source. The metasomatism of subducted slab-related fluids or melts is the main factor leading to the enrichment of the mantle source [56]. LREEs and HFSEs have different chemical behaviors in subduction-related fluids and melts, so the ratios of these elements can be used to distinguish the properties of enriched metasomatism components in the source region [20,57,58]. The Ba/La and Ba/Th values of mafic dykes are low, which are significantly different from those of magmatic rocks derived from subduction fluid metasomatism [57]. Meanwhile, the metasomatism of subduction-related melts will lead to the enrichment of Th and the increase in La/Sm values in the mantle source [56,58]. The mafic dykes have high contents of Th (1.2~2.5 ppm) and high values of La/Sm (2.86~3.77), which also indicates that the source experienced metasomatism of subduction-related melts. In the Th/Yb vs. Nb/Yb and Th/Yb vs. Ta/Yb diagrams, the mafic dykes also show the addition of subducted slab melts in the source (Figure 8a,b). In addition, the Sr-Nd isotopic composition of the mafic dykes deviated from the typical depleted mantle value, which also indicates the addition of related subducted sediment components in the source (Figure 7b). Thus, we suggest that the source of mafic dykes may have experienced metasomatism dominated by subducted sediments. Previous research data show that the Paleo-Tethys Ocean in the EKO entered the intracontinental orogenic stage in the late Triassic [4,5,6]. Thus, the Nb-enriched mafic dykes in the EKO are unlikely to be derived from the partial melting of a mantle wedge metasomatized by slab melt and the partial melting of the subducted seamounts. Nb-enriched basalts originating from the magma mixing between OIB-like melt and depleted MORB-type melt generally do not deplete HFSEs [37], while mafic dykes obviously deplete HFSEs (Nb, Ta, Hf). Thus, the mafic dykes are unlikely to have originated from the mixing between OIB-like melt and depleted MORB-type melt. Combined with the regional geological data, we suggest that the studied mafic dykes are more likely to have originated from the partial melting of the enriched mantle; that is, the decompression melting of the lithospheric mantle modified by the previous subducted sediments.




5.4. Tectonic Implications


Previous studies reveal that the Nb-enriched mafic rocks are a tectonic method of reconstructing evolutionary history [16,19,59]. The studied mafic dykes were enriched in LREEs and depleted in HREEs (Figure 5a,b). They had high contents of Nb (12.4~18.3 ppm) and Ta (0.7~1.0 ppm) and high ratios of Nb/U (31~39) without obvious Eu anomalies (δEu = 0.87~0.97). In contrast, the studied dykes had geochemical affinities similar to the OIB. In the tectonic discriminant diagram, the mafic dykes were all located in the intraplate area (Figure 9a,b), indicating that the samples originated from the intraplate extensional environment. It was found that the genetic mechanisms of intraplate basic rocks are mainly as follows: (1) mantle plume [60]; (2) thermal disturbance of subducted slab [61]; (3) lithosphere rejuvenation [62]; (4) slab rollback [63]; (5) lithosphere delamination [64]; and (6) back-arc extension caused by slab subduction [65]. Research data have shown that there was no mantle plume activity in the EKO during the Cretaceous, so the studied mafic dykes could not have formed in the mantle plume environment. Meanwhile, the Paleo-Tethys Ocean in the EKO entered the intracontinental orogenic stage in the late Triassic [4,5,6]. Thus, the mafic dykes cannot be formed in the environment of thermal disturbance of subducted slab, slab rollback and back-arc extension caused by slab subduction. In addition, during the Cretaceous, there were no magmatic rocks, such as adakitic rocks, clearly indicating the delamination of the tectonic environment in the EKO, so the studied mafic dykes could not be formed in the lithosphere delamination environment. Previous studies have shown that strong tectonic strike-slip activities occurred in the EKO during the late Cretaceous [7,8,9,10,66], and there may be a lithosphere rejuvenation. Thus, we suggest that the studied mafic dykes in the EKO are more likely to be formed during the rejuvenation of the lithosphere.



The discovery of Buqingshan and Dur’ngoi ophiolites in the EKO indicates that the Paleo-Tethys Ocean began to expand as early as the Carboniferous [69,70]. The determination of a large number of Permian–Middle Triassic back-arc basalts and island arc granites indicates the continuation of subduction [3,71,72,73,74], while the discovery of Middle–Late Triassic syn-collision granites indicates the closure of the Paleo-Tethys Ocean [4,5,6]. After the late Triassic, the EKO entered the intracontinental evolution stage, and there was no obvious orogeny. Previous studies on the Altun fault on the west side of the EKO show that the Altun fault has the characteristics of multi-stage re-activation [75]. Among them, a strong tectonic strike-slip activity occurred in the Altun fault at about 80 Ma. Based on the study of single minerals in the Altun fault by Sobel et al. [9], it is found that K-feldspars have the 40Ar/39Ar thermochronological ages of the late Cretaceous (76, 83, 84 Ma). Meanwhile, Robinson et al. also discovered late Cretaceous granite in the Tula area on the east side of the Altun fault (86.2 ± 2.2, 74.5 ± 2.2, 74.9 ± 1.7, 74.7 ± 1.6 Ma) [76]. In addition, in the Hongliuxia area at the western end of the thrust fault on the northern margin of the Qilian Mountains on the northern margin of the EKO, the single mineral plagioclase in the trachyte also has an 40Ar/39Ar thermochronological age of the late Cretaceous (82 Ma) [8]. Meanwhile, there are also 40Ar/39Ar thermochronological records (~80 to 100 Ma) of the late Cretaceous in the volcanic rocks near Duofutun [7]. The above information indicates that there was strong tectonic activity in the EKO during the late Cretaceous and there may be a lithosphere rejuvenation in the EKO. The mafic dykes in the EKO may have been formed in the process of lithosphere rejuvenation, that is, the activity of the strike-slip fault in the EKO caused the decompression melting of the enriched mantle in the lower lithosphere, the upwelling of the enriched mantle, and the upward migration of melt along the deep fault, and finally emplaced and crystallized to form the Qiujidonggou mafic dykes.





6. Conclusions


(1) Geochronological studies show that the studied mafic dykes in the EKO have a crystallization age of 80.9 ± 0.75 Ma and are products of Cretaceous magmatism.



(2) The studied Cretaceous mafic dykes exhibit Nb-enriched basalt affinities and slightly depleted εNd(t) values, suggesting their origin from the partial melting of the lithospheric mantle. The mafic dykes are rich in LILEs and depleted in HFSEs, with high Nb contents and moderate Dy/Yb ratios, indicating that they are from a partial melting of spinel lherzolite and a little of garnet, which was metasomatized by previously subducted sediments.



(3) The mafic dykes have high 87Sr/86Sr values, and feldspar is a serious alteration in thin sections, which may be affected by rock–water interactions, to a certain extent.



(4) Tectonic studies reveal that the studied Nb-enriched mafic dykes were formed in an intraplate environment and may be the product of partial melting of the enriched mantle in the lower lithosphere caused by the activity of the EKO strike-slip fault in the late Cretaceous.
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Figure 1. (a) Tectonic outline of the EKO (modified after [22]); (b) simplified geological map showing the distribution of granitoids in the EKO (modified after [23]); (c) simplified geological map showing sample localities. 
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Figure 2. Field and microscope graphics of the mafic dykes in the EKO. (a,b) Field photographs of the mafic dykes; (c,d) microphotographs of the mafic dykes. Mineral abbreviations: Cpx—Clinopyroxene; Pl—Plagioclase. 
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Figure 3. (a) Representative CL images of zircons and (b,c) U-Pb Concordia diagrams for mafic dykes in the EKO. The blue circles represent points with large errors. 
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Figure 4. (a) Zr/TiO2/10000 vs. Nb/Y discrimination diagram showing rock type and magma series, after [34]; (b) (Nb/Th)PM vs. (Nb/La)PM diagram, after [35]; (c) Nb/U vs. Nb diagram, after [36]; (d) Nb/U vs. (Th/Nb)PM diagram indicates the role crustal contamination. PM—primitive mantle normalized [37]; OIB—ocean island basalt [37]; LC—lower crust; UC—upper crust, after [38]. 
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Figure 5. Chondrite-normalized REE patterns (a) and primitive mantle-normalized element spider diagram (b) for the mafic dykes. Chondrite REE abundances are after [39], and trace element abundances for the primitive mantle are after [37]. The values of OIB, E-MORB and N-MORB are after [37]. 
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Figure 6. (a) K2O vs. LOI and (b) 87Sr/86Sr vs. LOI diagrams for studied mafic dykes. 
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Figure 7. (a) (Sm/Yb)N vs. (La/Sm)N for mafic dykes in the EKO. Detailed calculations are provided by Chen et al. [48]. (b) Initial (87Sr/86Sr)i vs. εNd(t) diagram. Isotopic fields compiled by Xiong et al. [6] are plotted for comparison. Data sources are from Li et al. [49]. 
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Figure 8. (a) Th/Yb vs. Nb/Yb, and (b) Th/Yb vs. Ta/Yb for mafic dykes in the EKO. The value of N-MORB, E-MORB and OIB are from [37], the melt or fluid-related enrichment trends are after [58]. 
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Figure 9. Tectonic discrimination diagrams for the studied mafic dykes. (a) 2*Nb-Zr/4-Y diagram after [67]. (b) Zr/Y vs. Zr after [68]. 
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