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Abstract

:

Post-collisional (ultra)potassic lamprophyre dykes are the key probes for understanding mantle metasomatism and reconstructing tectonic evolution. In this study, we present new petrological, geochronological, geochemical and zircon Lu-Hf isotopic data for lamprophyre dykes in the northern Qiangtang terrane (central Tibet), aiming to constrain their petrogenesis and geodynamic setting. The studied lamprophyres are minettes with phenocrysts of siderophyllite and phlogopite, which intrude into Triassic granite of 236.9 Ma. These lamprophyres yield zircon U-Pb ages of 39.7–40.9 Ma. They exhibit high contents of K2O (7.61–8.59 wt.%) and ultrapotassic features with high K2O/Na2O (11.43–14.38) ratios. They are characterized by increased values of Mg# (69.1 to 72.1) and high concentrations of compatible elements (e.g., Cr = 277–529 ppm, Ni = 232–322 ppm), which are diagnostic of mantle-derived primitive magma. The studied lamprophyres have a high abundance of rare earth elements (∑REE = 902–1061 ppm) with significantly fractionated REE patterns ((La/Yb)N = 66.3–100.6), and they are enriched in large ion lithophile elements (LILE) and light rare earth elements (LREE), but depleted in high field strength elements (HFSE) (e.g., Nb, Ta and Ti) and heavy rare earth elements (HREE) with enriched zircon Hf isotopes (εHf(t) from −6.40 to 3.80). This indicates their derivation from an enriched mantle source which was metasomatized by subduction-related fluids and sediment-derived melts. A petrogenetic study suggests that the lamprophyres were generated by the partial melting of a phlogopite-bearing lherzolite within the garnet stability field. We propose that the Cenozoic ultrapotassic mafic rocks in the central Tibetan Plateau originated in the lithospheric mantle metasomatized by the subduction-related components, and are the magmatic response to the detachment of the subducted Tethyan slab.
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1. Introduction


Post-collisional potassic–ultrapotassic magmatic rocks are key probes for unveiling the magmatic–tectonic evolution of intracontinental orogenic stages [1,2]. Their petrogenesis is of great significance for understanding the growth and evolutionary mechanism of the lithosphere as well as the associated geodynamic processes. Large-scale Cenozoic potassic–ultrapotassic magmatic rocks occur in the central Tibetan Plateau, which record the magmatic–tectonic evolution of the region during the Neo-Tethys orogeny [3,4]. Large numbers of petrological, geochronological and geochemical studies have been carried out on Cenozoic potassic–ultrapotassic magmatic rocks in the central Tibetan Plateau to understand the magmatic ages, petrogenesis and tectonic settings [5,6]. However, the geodynamics of the potassic–ultrapotassic magmatic rocks in this area are still controversial [5,7,8,9]. Several models have been proposed including slab break-off [3,10,11,12], convective removal or delamination of the lower lithosphere [7,13,14] or intracontinental subduction [15]. Moreover, although previous studies have suggested that the potassic–ultrapotassic magmatic rocks in this area are derived from subducting continental lithosphere [10,16], partial melting of the lithospheric mantle has also been proposed to contribute to their genesis [15]. Previous studies mainly focused on intermediate–felsic potassic–ultrapotassic rocks rather than mantle-derived mafic ones [3,4,15,16,17]. This severely impeded our understanding of the mantle properties, potassium enrichment mechanism and associated geodynamic process of Cenozoic potassic–ultrapotassic magmatism in the central Tibetan Plateau.



As mantle-derived mafic–ultramafic igneous rocks, lamprophyres are characterized by hydrous mafic silicates (hornblende and/or mica) and small sizes [18]. According to the International Union of Geological Sciences (IUGS) classification criteria [19], lamprophyres can be divided into ultramafic, calc-alkaline and alkaline. Among them, the ultramafic lamprophyres are often the magmatic product of lithospheric extension, rift-related and continental rupture areas, and usually form dyke swarms associated with carbonatite rocks [20]. Calc-alkaline lamprophyres usually develop in convergent or passive continental margins and are often associated with shoshonite or calc-alkaline magmatic rocks, which are important indicators of crust–mantle interactions [21,22]. Alkaline ones are mostly exposed in discrete plate margin (continental rift) or continental plate (mantle plume-related) environments, which are closely related to intraplate alkaline basaltic magmatism [23]. Thus, lamprophyres can be used as key probes for understanding the properties of the lithospheric mantle and regional tectonic evolution. Due to their high contents of hydrous mafic minerals, lamprophyres are generally considered to be derived from enriched mantle [24,25,26]. However, the enrichment mechanisms for the mantle sources remain enigmatic. There are several different models, including metasomatism induced by slab-derived fluids and/or melts [27,28,29] and metasomatism induced by fluids and/or melts from the deep asthenosphere and/or mantle media [30]. Particularly for the (ultra)potassic lamprophyres, the potassium-enrichment mechanism is actually controlled by its dynamic mechanism, which is, however, poorly understood and restricts our understanding of the genetic background of Cenozoic potassic–ultrapotassic magmatism in the Tibetan Plateau. The newly discovered Cenozoic lamprophyres in this area show ultrapotassic characteristics, providing an ideal object for exploring the enrichment mechanism of the lithospheric mantle. This study presents petrological, geochronological, geochemical and Hf isotopic studies on the Rumei lamprophyres, aiming to reveal their petrogenesis and geodynamic implications for the Tethyan orogeny in central Tibet.




2. Regional Geology


The Qiangtang Block located on the central Tibetan Plateau is bounded by the Jinshajiang suture to the north and by the Bangong-Nujiang suture to the south (Figure 1a). The two sutures represent the remnants of the Palaeo-Tethyan Ocean and Mid-Tethyan Ocean, respectively. The Longmu Co-Shuanghu-Lancang Suture [31] is a 500 km-long metamorphic belt that mainly consists of ophiolitic mélanges of Cambrian to Triassic [32] and Permian to Triassic high pressure-low temperature metamorphic rocks [33,34]. It was identified and proposed to be a structure dividing the Qiangtang terrane into northern and southern Qiangtang and marking the boundary between Gondwana and Laurasia in the central Qiangtang [31,32].



Eocene magmatic rocks are widespread across the Tibetan Plateau (Figure 1a). In the Qiangtang terrane, these rocks consist of sodic series [35] and high-K calc-alkaline to shoshonite series [10,19,20]. The sodic series rocks are mainly found within the Bangdaco area in the Northern Qiangtang terrane and have ages ranging from 60 to 45 Ma [35]. The high-K calc-alkaline to shoshonite series rocks are mainly found within the Duogecuoren area (45–37 Ma) and Yulong area (51–37 Ma) in the Northern Qiangtang terrane [10,19,20], with minor occurrences in the Nadingco area (34 Ma) in the Southern Qiangtang terrane near the Bangong-Nujiang suture zone [36].



The Rumei area, located in the east of the Northern Qiangtang terrane, ca. 330 km southeast of Nangqen City (Figure 1a), is the turning area of the east-west tectonic belt of the Tibetan Plateau to the north-south tectonic belt of the Hengduan Mountains. The studied lamprophyres are located about 5 km northwest of Rumei Township and occur as NW trending dykes, which mainly intrude into the Middle–Late Triassic volcanic-sedimentary strata (Figure 1b). They are consistent with the trend of regional structure (Figure 1b).
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Figure 1. (a) Map of the Tibetan Plateau showing major continental blocks and the temporal–spatial distribution of Cenozoic igneous rocks (modified from [37,38]). Main suture zones between major blocks: IS = Indus; BS = Bangong; LCSS = Longmuco–Shuanghu; JS = Jinshajiang; AKMS = Anyimaqen–Kunlun–Muztagh. Major faults: MBT = Main Boundary Thrust. (b) Geological map of the Rumei area in the Northern Qiangtang terrane. 
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3. Petrology and Petrography


The Rumei lamprophyres occur as NW-trending dykes intruding into Triassic granite (Figure 2a,b). The sampled lamprophyres are minettes (based on the classification scheme [24]), and display predominantly porphyritic textures (Figure 2a–f). The main phenocrysts are composed of euhedral-subhedral siderophyllite (20%–30%), phlogopite (2%–10%) and augite (5%–10%), whereas the matrix consists of subhedral-anhedral orthoclase (~30%), augite (~5%) and siderophyllite (~12%) (Figure 2c–f). Accessory minerals, such as Fe–Ti oxides, apatite and zircon, have also been identified in the matrix. Augite, siderophyllite and phlogopite phenocrysts in these minettes are altered to varying degrees, while some orthoclase grains are moderately to severely altered to chlorite, epidote, illte and other minerals. Secondary minerals are mainly carbonates and chlorite. According to the mineralogical classification and nomenclature of lamprophyres recommended by IUGS [19], combined with the modal abundance of pyroxene, mica and plagioclase, the Rumei lamprophyres can be classified as pyroxene minette.




4. Analytical Methods


4.1. Zircon U-Pb Geochronology


U-Pb dating and trace element analysis of zircon were simultaneously conducted using LA-ICP-MS at Sample Solution Analytical Technology Co., Ltd., Wuhan, China. The detailed operating conditions for the laser ablation system, the ICP-MS instrument and data reduction are the same as in [39]. Laser sampling was carried out using a GeolasPro laser ablation system, which included a COMPexPro 102 ArF excimer laser (193 nm wavelength, maximum energy of 200 mJ), and a MicroLas optical system. An Agilent 7900 ICP-MS instrument was used to measure ion-signal intensities. Zircon 91500 and glass NIST610 were utilized as external standards for U-Pb dating and trace element calibration [40], respectively. Each analysis involved approximately 20–30 s of background acquisition followed by 50 s of data acquisition from the sample. ICPMSDataCal 11.8, an Excel-based software, was employed for off-line selection and integration of background and analyzed signals, time-drift correction, and quantitative calibration for trace element analysis and U-Pb dating [41,42]. Concordia diagrams and weighted-mean calculations were generated using Isoplot [43].




4.2. Whole-Rock Geochemistry


Samples for whole-rock geochemical analysis were ground to <200 mesh in an agate ring mill. The analysis of major elements and trace elements was completed at Sample Solution Analytical Technology Co., Ltd., Wuhan, China. Major-element analyses were measured by XRF (Primus Ⅱ, Rigaku, Japan) using a fused glass disk. The sample pretreatment for whole-rock major-element analysis was performed using the melting method. The flux was a mixture of lithium tetraborate, lithium metaborate and lithium fluoride (45:10:5). Ammonium nitrate and lithium bromide were used as the oxidant and release agent, respectively. The melting temperature was 1050 °C and the melting time was 15 min. Samples for trace-element analysis were digested by HF+HNO3 in Teflon crucibles and analyzed using an Agilent 7700e ICP-MS. The accuracy was better than 5%–10%. The detailed sample digestion procedure is the same as that described in [42].




4.3. Zircon Lu-Hf Isotopes


In situ Hf isotope analyses of zircon were conducted using a Neptune Plus MC-ICP-MS (Thermo Fisher Scientific, Bremen, Germany) in combination with a Geolas HD laser ablation system (Coherent, Göttingen, Germany) at Sample Solution Analytical Technology Co., Ltd., Wuhan, China. All data were acquired in single-spot ablation mode at a spot size of 44 μm. Each measurement consisted of 20 s of acquisition of the background signal followed by 50 s of ablation. Off-line selection and integration of analytical signals were performed using ICPMSDataCal [41]. Zircon standards 91500 and GJ-1 were used to check instrument reliability and stability [40]. The detailed operating conditions for the laser ablation system, the MC-ICP-MS instrument and analytical method are the same as described in [44].





5. Results


5.1. Major Elements


Major-element concentrations are shown in Supplementary Table S1. The Rumei lamprophyre samples have low contents of SiO2 (44.15–49.06 wt.%). In the (Na2O+K2O) vs. SiO2 diagram, most samples plot in the tephrite and phonotephrite fields, and only one plots in the feldspathoid field and belongs to the alkaline series (Figure 3a,b). These samples show low contents of Na2O (0.53–0.69 wt.%), medium contents of P2O5 (1.69–1.89 wt.%), TiO2 (0.69–1.90 wt.%) and Fe2O3 (6.31–7.23 wt.%), and high contents of K2O (7.61–8.59 wt.%) and MgO (7.36–9.34 wt.%) with high K2O/Na2O (11.43–14.38) and Mg# (69.1–72.1). In the SiO2 vs. K2O diagram (Figure 3c), they fall in the field of lamproites. The lamprophyres with relatively high K2O/Na2O ratios can also be ultrapotassic (Figure 3d). The major-element concentrations were normalized to 100% on an anhydrous basis in all diagrams.




5.2. Rare Earth Elements


Rare earth element concentrations are shown in Supplementary Table S1. The total REE contents of the lamprophyres range from 902 ppm to 1061 ppm (average 949 ppm). These samples are enriched in LREE and show high LREE/HREE fractionation ((La/Yb) N = 66.3–100.6) (Figure 4). The normalized REE distribution patterns are similar to the typical coeval potassic–ultrapotassic rocks of the Qiangtang terrane [3,4,47]. The samples from the Rumei area have slightly negative Eu anomalies (Eu/Eu* = 0.81–0.86).




5.3. Trace Elements


Trace-element concentrations are shown in Supplementary Table S1. On the primitive mantle-normalized diagram (Figure 5), the lamprophyres show enrichment in the fluid mobile large ion lithophile elements (LILEs)–Rb, Ba and K. There is a depletion in Nb, Ta and Ti (high field strength elements). The Pb-Sr composition of lamprophyres shows a slight enrichment.




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


The zircon U-Pb isotopic data and calculated ages are listed in Supplementary Table S2. Most analyzed zircons are euhedral to subhedral, prismatic and transparent with crystal lengths ranging from 70 to 120 μm. The zircons from two lamprophyre samples (G14B2-1, G14B2-2) and one granite (D03B1) sample were analyzed, which all had identical oscillatory zoning in CL images (Figure 6a,c,e).



A total of twenty zircon U-Pb isotope analyses were obtained from granite (Supplementary Table S2). These grains exhibited variably high contents of Th (378–3885 ppm) and U (604–3714 ppm), with high Th/U ratios (0.44–1.27). The apparent 206Pb/238U ages correspond to 232.1–243.3 Ma with a weighted mean of 236.9 ± 4.4 Ma (MSWD = 1.9, n = 6; Figure 6a,b). This value is interpreted as the crystallization age of the host granite.



Twenty zircon grains from lamprophyre G14B2-1 were analyzed, and they were found to have high contents of Th (278–5672 ppm) and U (1091–3115 ppm), and high Th/U ratios (0.20–2.07). The 206Pb/238U ages correspond to 38.74–43.11 Ma, yielding a weighted mean of 40.9 ± 0.79 Ma (MSWD = 1.2, n = 12; Figure 6c,d). A total of twenty analyses have been obtained from lamprophyre G14B2-2, which show variable contents of Th (4–3503 ppm) and U (457–1567 ppm), and high Th/U ratios (0.01–2.27, average 1.3). The apparent 206Pb/238U ages correspond to 38.07–45.32 Ma, with a weighted mean of 39.7 ± 1.7 Ma (MSWD = 2.2, n = 8; Figure 6e,f). These values are interpreted as the crystallization age of the Rumei lamprophyres.




5.5. Zircon Lu-Hf Isotopes


The 176Yb/177Hf ratios in the investigated zircons range from 0.000339 to 0.039999, and the 176Lu/177Hf ratios range from 0.000010 to 0.001601, suggesting an insignificant accumulation of radiogenic Hf after zircon crystallization [53]. Therefore, the 176Hf/177Hf ratios in the magmatic zircons could represent the Hf isotopic compositions of their parental magma. Zircon grains from the Rumei lamprophyres yielded 176Hf/177Hf isotopic ratios ranging from 0.282566 to 0.282854 with εHf(t) values from −6.40 to 3.80. The crustal model ages (TDM2) varied from 0.88 to 1.53 Ga (Figure 7; Supplementary Table S3).





6. Discussion


6.1. Petrogenesis of the Rumei Lamprophyre


6.1.1. Effects of Post-Magmatic Alterations


It is necessary to evaluate the effects of the post-magmatic alterations on the lamprophyre dykes, as most of the samples have relatively high loss-on-ignition values (LOI; 1.91–6.36 wt.%). Besides containing a large amount of water-rich minerals such as siderophyllite, mineral alteration will also affect the LOI. The petrography of the lamprophyres revealed different degrees of alteration of the primary minerals, modified by chloritization, epidote and illitization. Moreover, the slightly enriched Pb-Sr components also indicated that the sample was affected by alteration.




6.1.2. Crustal Contamination


Before constraining the magma source characteristics of the lamprophyre dykes, it is necessary to assess the possible influences of the crustal contamination. However, the following characteristics suggest that the lamprophyres did not undergo significant shallow-level crustal contamination: (1) high concentrations of MgO (7.36–9.34 wt.%), Ni (232–322 ppm) and Cr (277–529 ppm); (2) relatively primitive characteristics, as demonstrated by their Mg# (69.1 to 72.1, average 70.3), and the absence of cumulate textures indicating that the parental magma was derived from partial melting of the mantle (Figure 8d); (3) higher concentrations of Rb, Sr and Th in the samples compared to upper- and lower-crustal rocks [62]; and (4) negative Ta, Nb and Ti anomalies (Figure 5).




6.1.3. Magma Source


The Rumei lamprophyres have a high K2O content and significant LILE enrichment, indicating a LILE-enriched mantle source. Amdo granite originated from rock melting in the Qiangtang block basement, and its isotopic composition can represent the continental crust basement [62]. Therefore, we selected Amdo granite, and carried out isotopic calculations with reference to the Cenozoic era; the results indicated that the lamprophyres originated from enriched mantle (Figure 7). Because all REE are strongly incompatible in spinel, and HREE are preferentially partitioned into garnet [63], the high ratios of La/Sm (7.11–10.3), Sm/Yb (11.5–15.0) and (Tb/Yb)N (3.35–4.25) in the lamprophyres imply their derivation from the relatively deep garnet-bearing mantle at high pressure (Figure 8a,b). Volatile-bearing minerals such as phlogopite and amphibole are the major hosts for LILEs in the lithospheric mantle [64]. As Rb and Ba are compatible with phlogopite structures [65], and Rb, Sr and Ba are moderately compatible with amphibole [66], melts in equilibrium with amphibole are expected to have significantly lower Rb/Sr ratios (<0.1) and higher Ba/Rb ratios (>20) [67]. In contrast, partial melts from a phlogopite-bearing source may have extremely low Ba and Ba/Rb values [68]. The lamprophyres have higher Rb/Sr (0.05–0.23) and lower Ba/Rb ratios (8.14–12.9), indicating a predominance of phlogopite over amphibole in the partial melting zone (Figure 8c). Combined with the Hf vs. Hf/Yb diagram (Figure 8d), the lamprophyres are thought to have been derived from the phlogopite-bearing garnet lherzolite.
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Figure 8. (a) The chondrite-normalized (La/Sm)N and (Tb/Yb)N diagram [69]; (b) La/Sm vs. Sm/Yb [29]; (c) Rb/Sr vs. Ba/Rb diagram [68]; (d) Hf-Hf/Yb diagram [70]. Abbreviation: PM—primitive mantle. 
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6.1.4. Mechanisms of Mantle Metasomatism


The Rumei lamprophyres display a high concentration of incompatible elements, including K, Rb, Ba, Sr, Th and LREE. These elements, along with the enrichment in Hf isotopes, suggest that extensive metasomatism occurred in the magma source. Mantle fluids can be divided into two types according to their geochemical properties and sources. The first type is related to subducted plates or delaminated continental lithosphere, which is characterized by an enrichment of incompatible elements such as K, Rb, Ba, Th and La and a relative depletion of Nb, Ta and Ti. The other kind of metasomatic agent comes from the asthenosphere or mantle plumes. The fluid composition of it is dominated by CO2 and/or the melt composition is characterized by a high Nb/Ta ratio [71]. The geochemical characteristics of this agent resemble those of alkaline basalt and lamproite related to oceanic islands. Notably, it is distinguished by enrichment in large ion lithophile elements (LILEs), while Nb, Ta and Ti show no signs of depletion [72].



The Rumei lamprophyres are enriched in LILEs and exhibit higher LREE/HREE ratios (26.9–33.8) than those of OIB (Figure 4). Furthermore, they are depleted in HFSEs, especially Nb, Ta and Ti, and the primitive mantle-normalized trace element patterns are distinct from MORB and OIB (Figure 5), but are similar to arc-related volcanic rocks and subduction-zone magmatism. Also, in the Th/Yb vs. Ta/Yb diagram, the samples fall in the field of active continental margin (Figure 9a). All of the above indicators demonstrate typical “subduction-related geochemical signatures”.



The dominant metasomatic agents in the subduction zone could be fluids and/or melts from subducted sediments and altered oceanic crust, which are distinguished by the ratios of LILEs, HFSEs and REEs [73]. The partitioning of LILEs, REEs and HFSEs between aqueous fluids and melts is different; therefore, LILEs (such as Rb, Ba, Sr and U) can be transported effectively by fluid phases, whereas REEs and HSFEs are mainly mobilized in the silicate melt [74]. Therefore, mafic magmas with increased Rb/Y and Ba/Yb but low Nb/Y, Nb/Yb and Ta/Yb ratios are commonly interpreted as originating from a mantle source enriched by aqueous fluids. This is also evidenced by the fact that the sample has an imprint of an active continental margin (Figure 9a). Conversely, mafic magmas derived from a mantle source modified by slab-derived melts exhibit the opposite characteristics [72,73,74]. The studied lamprophyres with high Rb/Y, Th/Yb, Nb/Y, Nb/Yb and Ta/Yb are thus thought to be derived from a mantle source modified by both slab melts and aqueous fluids. An enrichment in Ba, Pb and Sr is generally attributed to aqueous fluids, whereas partial melts from subducted sediments are thought to contribute Nb, Th, La, Ce and Nd to the mantle [75]. In the corresponding correlation diagrams (Figure 9b–d), the lamprophyres exhibit positive correlation trends, reflecting a typical fluid- and melt-related co-enrichment.



The basaltic portion of subducting slabs has relatively low K2O and Th contents and Th/La ratios; however, the lamprophyres have high Th contents (16.7–26.4 ppm), indicating that the melt of the metasomatic agent was mainly subducted sediment rather than the basaltic portion. Overall, both subduction-related fluid and sediment-derived melt phases were responsible for the LILE and REE enrichment of the mantle source region.



Based on the experimental data from high-pressure melting of deep-sea sediments and the K2O-CaO-MgO-Al2O3-SiO2-H2O system, mica (biotite and phengite) has been identified as the only stable hydrous mineral phase capable of carrying large ion lithophile elements (K, Rb, Ba and Cs) to the deep mantle [76]. Subducted sediments tend to have a relatively high content of mica, resulting in an enrichment of potassium (K) in the melts derived from these sediments. The metasomatism of sediment-derived melts and fluids in the subduction zone leads to potassium and water enrichment in the source area. The presence of phlogopite in the source region further suggests that metasomatism of the retained melt occurred prior to mantle melting. Consequently, the partial melting of the phlogopite-bearing mantle sources could then make the magma significantly enriched in K [3].
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Figure 9. Plots of (a) Th/Yb vs. Ta/Yb from [77]; (b) Rb/Y vs. Nb/Y; (c) Ba/Y vs. Nb/Y; (d) Ba vs. Nb/Y, the melt- or fluid-related enrichment trends are from [73,78,79]. 
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6.2. Geodynamic Setting


The Tibetan Plateau contains abundant Cenozoic K-rich lavas, which are widely distributed in the main blocks (Lhasa, Qiangtang and Songpan–Ganzi). The potassium-rich magmatic activity began in the Qiangtang block and then migrated to the Lhasa block and the Songpan–Ganzi block. The widespread Eocene magmatic rocks in the Qiangtang block record the mantle–crust interactions and crustal reworking. Several models have been proposed to explain the petrogenesis of these rocks, which include but are not limited to subduction of oceanic slab and retreat (roll-back) or tearing of the related slab [10], lithospheric delamination/thinning [7], continental lithosphere subduction and related slab retreat or tearing [3,35,80], and partial melting of a mantle plume [81].



As previously discussed, the primitive magmas of the Rumei lamprophyres resulted from low-degree partial melting of the lithospheric mantle, which had undergone metasomatism by subduction-related fluids and sediment-derived melts. These melts and fluids induced metasomatism in the mantle, creating source regions for the K-rich (ultrapotassic or shoshonitic) magmas [82]. During extension, the mantle experienced partial melting, resulting in the formation of ultrapotassic lamprophyres. Different Nb/La ratios indicate distinct tectonic settings. The plots of Nb/La ratios vs. zircon U–Pb ages reveal that the Eocene potassic and ultrapotassic magmatic rocks in the Qiangtang terrane exhibit similar Nb/La ratios (Figure 10). Furthermore, both samples and the regional potassic–ultrapotassic rocks display enriched Hf isotopes (Figure 7). Geographically, the distribution trend of the potassic and ultrapotassic magmatic province in different terranes of central Tibet is roughly parallel to the Himalayas (Figure 1). The linear distribution of these potassic and ultrapotassic rocks suggests a closer association with the India–Asia collision, followed by detachment of the Neo-Tethys oceanic slab from the Indian continental lithosphere at 45 Ma [3,7,16]. This corresponds to the findings of [83], which suggest a north-south extension in northern Tibet during the early Cenozoic.



In summary, the Neo-Tethys oceanic slab broke off during the late Early Eocene. Meanwhile, the upwelling of the asthenosphere also directly contacted the lithospheric mantle to form melts. The primitive magmas were derived from low-degree partial melting of the phlogopite- and garnet-bearing lithospheric mantle. Then, the primitive magmas ascended and formed the potassic–ultrapotassic series rocks in the Qiangtang terrane.





7. Conclusions


	
LA-ICP-MS zircon U-Pb dating suggests that the Rumei lamprophyres in the central Tibetan Plateau formed at ca. 39 to 41 Ma.



	
The Rumei lamprophyres are pyroxene minettes, which are strongly enriched in LREE and LILEs, depleted in HREE, Nb, Ta and Ti, and enriched in Hf (εHf(t) from −6.40 to 3.80), indicating that the magma source was partially molten phlogopite-bearing garnet lherzolite.



	
The petrogenetic analyses show that the potassium enrichment of the Rumei lamprophyres was caused by subduction-related fluids and melts metasomatizing the overlying mantle wedge.



	
The Rumei lamprophyres formed as a response to the Neo-Tethys oceanic slab break-off.
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Figure 2. Field photographs showing representative outcrops (a,b) and photomicrographs of representative samples of the lamprophyres (c–f). Abbreviations are as follows: Sid—siderophyllite, Aug—augite, Or—orthoclase. 
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Figure 3. Geochemical classification of lamprophyres from the Rumei area. (a) Total alkali vs. silica (TAS) diagram [45]; (b) K2O+Na2O vs. SiO2 diagram [46]; (c) K2O vs. SiO2 diagram [47]; (d) K2O vs. Na2O diagram [19]. 
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Figure 4. Chondrite-normalized REE patterns for samples from the Rumei lamprophyres. Normalizing and OIB values are from [48], E–MORB from [49], N-MORB from [50], IAB from [51], regional data on typical ultrapotassic rocks in the Western Qiangtang terrane come from [3] and in the Central Qiangtang terrane from [52]. 
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Figure 5. Primitive mantle-normalized trace element patterns for Rumei lamprophyres. The data sources are the same as in Figure 4. 
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Figure 6. LA-ICP-MS zircon U–Pb concordia diagrams (a,c,e), weighted-mean 206Pb/238U age (b,d,f) and representative cathodoluminescence images (a,c,e) of zircon for granite (D03B1) and lamprophyre dykes (G14B2-1 and G14B2-2) from the Rumei area. 
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Figure 7. Correlation of zircon εHf(t) values vs. zircon U-Pb ages [54] for the lamprophyre dykes in the Rumei area, Northern Qiangtang terrane. The data from Qiangtang correspond to (ultra)potassic rocks [36,55,56,57,58,59,60]. The data for Amdo granite and Qiangtang basement are from [61]. 
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Figure 10. Plots of Nb/La vs. zircon U-Pb ages for the Eocene potassic–ultrapotassic rocks in Central Tibet. Data sources are from [3,15,16,17,35,38,52,56,57,58,84,85,86] and references therein. 
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