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Abstract


The Altyn Tagh Fault plays a critical role in understanding the tectonic evolution of the northern margin of the Tibetan Plateau. However, considerable debate persists regarding its activity and deformation history. This study investigates volcanic rocks from the Beidayao-Jianquanzi-Hanxia-Hongliuxia area in the eastern segment of the fault. By employing zircon U-Pb dating, whole-rock geochemistry, and Sr-Nd isotope analysis, we aim to elucidate their petrogenesis and tectonic setting, thereby providing new insights into the crustal evolution of the eastern Altyn Tagh Fault. Zircon U-Pb dating of the Hongliuxia rhyolite yields a weighted mean 206Pb/238U age of 106.6 ± 0.6 Ma, indicating an Early Cretaceous eruption. Geochemically, the western part of the study area (Beidayao and Jianquanzi) is dominated by basalts that exhibit significant enrichment in large ion lithophile elements and light rare earth elements, together with high Nb concentrations (>20 ppm), as well as high Nb/La (0.64–1.12) and Nb/U (29.8–35.42) ratios, consistent with the characteristics of high-Nb basalt. In contrast, the eastern area (Hanxia and Hongliuxia) is characterized by andesitic rocks that display typical continental arc affinities, marked by enrichment in Th, U, and Pb and depletion in Nb, Ta, and Ti. Isotopically, the basalts show initial 87Sr/86Sr ratios of 0.706–0.707 and εNd (t) values ranging from −3.2 to 0.8, whereas the andesites possess more radiogenic Sr isotopic compositions, with (87Sr/86Sr)i ratios of 0.710–0.717, and more negative εNd (t) values from −11.4 to −1.5, suggesting derivation from an enriched mantle source. Integrating geochemical data with regional geological records, we propose that the eastern part of the Altyn Fault experienced a significant intracontinental extensional setting during the Early Cretaceous, where asthenospheric mantle upwelling played a key role in the generation of the volcanic rocks. This study provides key petrological and geochemical constraints on Early Cretaceous deformation and activity along the Altyn Tagh Fault, and also offers a valuable reference for understanding the evolution of similar fault systems.
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1. Introduction


Strike-slip fault zones (e.g., the Haiyuan Fault Zone; the San Andreas Fault Zone) are mainly developed at plate boundaries, intracontinental deformation zones, and transform tectonic systems, and often form large-scale strike-slip fault systems [1,2,3,4,5,6]. These fault zones not only serve as important tectonic boundaries delineating continental deformation zones and lithospheric blocks, but also undergo multiple phases of tectonic reactivation and extensional deformation events during subsequent tectonic evolution [7,8,9]. Accurately identifying the reactivation and deformation history of these fault zones is of great significance for seismic hazard assessment and prediction. However, this is often hampered by subsequent tectonic overprinting. In this regard, large-scale strike-slip faulting often triggers regional extension, thereby inducing upwelling of the deep asthenosphere and producing volcanism with distinctive geochemical signatures (e.g., high-Nb basalts, HNB) [10,11,12]. Therefore, the study of fault zone-related volcanic rocks can be used to invert the reactivation and deformation history of fault zones.



The Altyn Tagh Fault (ATF) (Figure 1a), a large-scale strike-slip fault zone along the northern margin of the Tibetan Plateau, separats major tectonic units including the Tarim Basin, Qaidam Basin, and Qilian Mountains, and is therefore of great tectonic significance [13,14,15]. Studies suggest that this fault may have originated as a paleo-plate suture zone before undergoing strike-slip deformation [16,17], and was subsequently subjected to multiple phases of tectonic transition. However, the slip history and dynamic evolution mechanisms of the ATF remain controversial. For instance, regarding the early activity of the ATF, a prevalent view suggests that it formed during the Cenozoic [18,19,20], while a significant body of research argues for an Early Paleozoic inception [21], with some views further suggesting significant strike-slip motion during the Triassic [22,23], Jurassic [24], or Cretaceous [25,26]. Currently, the limited understanding of deep crustal and mantle processes associated with strike-slip activity hinders a comprehensive interpretation of the long-term tectonic evolution of the ATF. A series of Mesozoic and Cenozoic volcanic rocks are developed along the ATF (Figure 1b) [27,28]. These rocks serve as important responses and records of the intense activity of this fault, and can provide crucial clues for revealing the deep dynamic processes and tectonic evolution history of the ATF.



This study selected volcanic rocks from the Beidayao-Jianquanzi-Hanxia-Hongliuxia area in the eastern ATF for zircon U-Pb dating, whole-rock geochemical, and Sr-Nd isotopic analysis to elucidate their magmatic sources, genetic mechanisms, and geodynamic background. Combining previous studies with our new results, we propose that the western Beidayao and Jianquanzi HNB rocks are attributed to partial melting of a subduction-fluid-metasomatized, enriched mantle wedge driven by asthenospheric upwelling; whereas the eastern Hanxia-Hongliuxia arc andesites originated from sedimentary melt-modified mantle wedge partial melting. Integration of regional tectonic evolution suggests that the eastern ATF experienced Cretaceous strike-slip deformation within an intracontinental extensional setting [25,26,27]. These findings provide key insights into the mechanisms of crust-mantle interaction during regional magmatism. Simultaneously, they contribute significant petrological and geochemical constraints for advancing our understanding of the ATF’s geological evolutionary history.




2. Geological Background and Samples


Multiple secondary faults and related structures have formed around the ATF [13,14], displaying a relatively distinct NE-SW orientation overall. Collectively, these structural assemblages record multi-stage tectonic responses, spanning from the closure of the Paleo-Tethys Ocean to the India-Eurasia collision, which range from subduction-collision orogeny to intracontinental strike-slip deformation [28,29,30]. The study area lies at the intersection of the North Qilian Thrust Fault and the ATF (Figure 2), and its tectonic evolution has been governed by the multiphase activity of these two major fault systems. During the reactivation of the fault zone, the fault system governed the tectonic evolution of the basin through spatiotemporal coupling and significantly influenced the sedimentary filling sequences and compositional characteristics across different tectonic stages [31,32]. The strata exposed in this area are predominantly composed of Precambrian metamorphic rocks, with subsidiary occurrences of Paleozoic, Mesozoic and Cenozoic units. The Precambrian metamorphic rocks are primarily composed of the Dunhuang Complex, which consists of biotite-plagioclase gneiss, quartz schist, and other lithologies. This complex is intruded by Early Paleozoic granodiorites and Late Paleozoic granites. The Paleozoic strata are dominantly sandstone and siltstone with limestone intercalations. The Mesozoic strata include the Lower Jurassic coal-bearing series, overlain unconformably by Cretaceous sandy mudstones. These Cretaceous deposits are primarily assigned to the Xinminpu Group. The Cenozoic strata are characterized as follows: the Oligocene comprises purplish-red sandy conglomerates and sandstones interbedded with mudstones; the Miocene consists of sandstones and mudstones interbedded with gypsum strata; the Pliocene is composed of sandstones and mudstones interbedded with conglomerates; and the Pleistocene is dominated by conglomerates with sandstone lenses [26].



The volcanic rocks of the ATF eastern section are hosted by the Xinminpu Formation and occur mainly as lava interbeds, formed in an Early Cretaceous extensional tectonic setting [33]. Spatially, the Beidayao and Hongliuxia lavas are exposed along the northern rim of the Jiuxi Basin, with the Hanxia lavas at its western edge, and the Jianquanzi lavas along the southwestern margin of the Changma Basin (Figure 2). Radiometric dating has constrained the eruption age of the Jiuxi Basin volcanics to 120.2–102.1 Ma [26], whereas samples from the Changma Basin yielded ages of 112.8 ± 3.4 Ma and 118.8 ± 3.6 Ma [27]. These results confirm an Early Cretaceous age for the volcanism, rather than the previously proposed Cenozoic age [34].



Through field sampling, a total of 11 volcanic rock specimens were systematically acquired from the Jiuxi and Changma basins, comprising basalt, andesite, and dacite (Table 1; Figure 3a–f). Among them, the Jianquanzi and Beidayao basalts are relatively similar in terms of their occurrence horizons and lithological characteristics, both occurring as lava interbeds in the Lower Cretaceous strata. From the perspective of macroscopic structures, the rocks generally develop amygdaloidal structures, and most of the vesicles are completely or partially filled with secondary carbonate minerals. Under the microscope, the rocks exhibit an intergranular texture. The phenocrysts are dominated by olivine, mostly presenting as subhedral-euhedral granular forms. Some larger phenocrysts have cracks developed inside, and partial olivine shows brown to reddish-brown iddingsitization at the edges or interiors. The groundmass consists of plagioclase microlites (elongated or needle-shaped) and opaque minerals (fine-grained and dispersed within the groundmass), which are interwoven to form an intersertal texture (Figure 3g). The Hanxia andesites occur conformably, interbedding with the grayish-green pebbly sandstones-sandstones of the Xiagou Formation. The rock exhibits a typical porphyritic texture, with plagioclase microlites mostly tabular or elongated and mutually interwoven. Additionally, the rock locally contains vesicles, some of which are filled with calcite (Figure 3h). The Hongliuxia andesites occur above the Early Cretaceous strata, existing as lava interbeds. Macroscopically, the rocks show a massive structure, being overall dense and homogeneous, with no obvious bedding or directional arrangement of vesicles observed. The microscopic texture is cryptocrystalline, and the mineral outlines can only be vaguely seen under a high-power microscope. Their mineral composition includes plagioclase, pyroxene, and so on. The Hongliuxia dacite sample was collected from the lower part of this andesite unit and exhibits a porphyritic texture, with phenocrysts dominated by biotite and plagioclase. The biotite occurs as flaky or scaly aggregates, dark brown in color, and under the microscope shows distinct cleavage plane reflections (Figure 3i).




3. Analytical Methods


3.1. LA-ICP-MS Zircon U–Pb Dating


The zircon grains, after undergoing gravity separation and magnetic separation, are handpicked under binocular microscopy based on criteria of crystalline integrity and translucency. The epoxy resin targets containing representative zircon grains undergo polishing to guarantee full cross-sectional exposure prior to analysis and testing. Before conducting zircon U-Pb isotope investigation, the internal composition of zircons was systematically observed using transmitted light, reflected light, and cathodoluminescence (CL) microscopy systems. Based on these observations, analytical spots were selected in areas free of fractures, mineral inclusions, and complex zoning interference.



The geochronological investigation was conducted on an Agilent 7900 ICP-MS (Agilent Technologies, Santa Clara, CA, USA) coupled with a NWR-193UC 193-nm ArF excimer (Electro Scientific Industries, Beaverton, OR, USA) laser ablation system. The laser beam diameter of 25 μm and an ablation frequency of 6 Hz were employed. The standard reference material NIST 610 was used for calibrating trace element contents, while isotopic fractionation corrections were applied using the zircon standards Plešovice (Ple), GJ-1, and 91500. The single-spot ablation protocol consisted of 100 s total acquisition time (30 s for background signal collection followed by 70 s for sample signal acquisition). Standard reference materials were analyzed following each group of 10 unknown sample spots to monitor instrumental stability. Iolite software was used to process the raw data for filtering and background correction [35]. The concluding age reckoning and the creation of concordia diagrams were carried out with the Isoplot 4.15 program [36]. The magmatic crystallization age was determined by the weighted mean method based on the 207Pb/235U-206Pb/238U ratios, with age data selected within a concordance range of 90–110%.




3.2. Whole-Rock Major and Trace Element Analysis


Geochemical analysis of whole-rock samples was carried out on relatively fresh rock specimens. The samples underwent crushing and grinding to achieve 200 mesh (particle size < 75 μm), followed by major and trace element testing conducted at Wuhan SampleSolution Analytical Technology Co., Ltd. (Wuhan, China). We conducted a comprehensive elemental investigation using a Rigaku Primus II X-ray fluorescence (XRF) spectrometer (Rigaku Corporation, Tokyo, Japan), following the procedures and analytical techniques outlined by Ma et al. (2012) [37]. The trace element analytical procedure consisted of the following steps: 200-mesh whole-rock powder was placed in Teflon high-pressure digestion vessels, subjected to closed-acid digestion using an HF-HNO3 mixed acid system, and the digested products were diluted to fixed volumes before quantitative analysis with an Agilent 7700e ICP-MS (Agilent Technologies, Santa Clara, CA, USA). For quality control, blank samples (BLANK) were processed to eliminate background interference, while international reference materials including GSR-3 (basalt), JA-2 (andesite), and JB-3 (basalt) were used for data calibration and method validation.




3.3. Whole-Rock Sr-Nd Isotope Analysis


Sr-Nd isotopic ratios were measured using a Thermo Fisher Scientific Neptune Plus MC-ICP-MS (Thermo Fisher Scientific, Waltham, WA, USA). All sample preparation procedures performed in a Class 1000 clean laboratory environment with Class 100 laminar flow workstations. The sample powder was sequentially digested using electronic-grade ultrapure nitric acid (HNO3), hydrofluoric acid (HF), and hydrochloric acid (HCl) through a stepwise dissolution protocol. After obtaining clear solutions, the digested products were purified through cation-exchange resin columns to isolate Sr and Nd fractions for isotopic analysis. Data reduction incorporated mass fractionation corrections using the exponential law with the following normalization ratios: 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219. Instrumental stability was monitored using certified reference materials NBS-987 (for Sr isotopes) and GSB (for Nd isotopes). During the analytical sessions, the measured values of NBS-987 standard yielded 87Sr/86Sr = 0.710243 ± 0.000004 (2σm, n = 6), while the GSB standard gave 143Nd/144Nd = 0.512440 ± 0.000005 (2σ, n = 7). The reliability of the experimental data has been confirmed by these results being consistent with their certified values within analytical uncertainties.





4. Results


4.1. Geochronology


A dacite sample (24HLX-03) from the Hongliuxia volcanic rocks was analyzed using zircon U-Pb geochronology in this study, and the analytical results are presented in Table 2. The analyzed zircon grains predominantly exhibit euhedral to subhedral short prismatic morphologies, with a minor population displaying rounded or subrounded shapes. Their long-axis diameters range from 50–130 μm, and the range of their aspect ratios is from 1:1 to 3:1 (Figure 4a). Rhythmic zoning characteristics were identified in most grains via CL images, while Th/U ratios (0.4–1.2) at individual spots suggest a magmatic origin. From 20 zircon grains analyzed, two spots were excluded for being discordant, and three spots that yielded anomalously older ages were excluded from the age calculation and concordia diagram construction. The anomalously older zircon grains are considered to be xenocrysts, which probably came from the country rocks during the magma rising up. The remaining 15 analytical spots form a tight cluster along the concordia curve (Figure 4b), demonstrating robust age consistency. The calculated 206Pb/238U weighted mean age is 106.6 ± 0.6 Ma (MSWD = 1.14, n = 15), representing the formation age of the Hongliuxia dacite.




4.2. Whole-Rock Geochemistry


The volcanic rock samples were analyzed for major and trace elements, with loss on ignition (LOI) values ranging from 1.80 to 8.83 wt.% (Table 3). Sample 24HX-04 exhibits an exceptionally high LOI (8.83 wt.%), likely resulting from post-magmatic quartz veinlets intrusion and intense alteration, which has significantly modified its primary geochemical composition. Consequently, this sample was excluded from subsequent calculations and graphical representations. During alteration processes, alkali metals (e.g., K, Na) and large-ion lithophile elements (LILE; e.g., Rb, Sr, Pb, Ba) demonstrate significant mobility, whereas high-field-strength elements (HFSE; e.g., Ti, Zr, Y, Nb) remain relatively immobile. Therefore, these alteration-resistant elements were selected as the primary geochemical proxies for petrological classification and petrogenetic interpretation in this study [38]. We proceeded to normalize all the major elemental data and recalculate them to 100% post-removal of the LOI. The study area’s volcanic rocks are identified as primarily alkali-basalt and andesite in the Zr/TiO2-Nb/Y diagram (Figure 5a), whilethe Th-Co diagram assigns them to calc-alkaline to high-K calc-alkaline series (Figure 5b).



The basalt samples from the Jianquanzi and Beidayao areas exhibit compositions with 48.88–51.01 wt.% SiO2, 7.06–9.00 wt.% MgO, and Mg# of 57–63. They are characterized by high HFSE contents (e.g., Nb = 27.25–31.30 ppm, Zr = 147–197 ppm) and high Nb/La (0.64–1.12) and Nb/U (29.80–35.42) ratios. These geochemical signatures are comparable to those of typical HNB (Nb/La > 0.5, Nb/U > 10) [40,41]. The chondrite-normalized rare earth element (REE) pattern of basalts from both areas exhibit smooth and right-sloping profiles, relatively enriched in light rare earth elements (LREE) [(La/Yb)N = 8.93–17.10], and show weak positive or negative Eu anomalies (δEu = 0.99–1.10) (Figure 6a). Primitive mantle-normalized patterns indicate that LILEs (e.g., K, Ba, Sr) are moderately enriched relative to OIB, whereas HFSEs (e.g., Nb, Ta, Zr, Ti) are marginally depleted. Overall, the trace element pattern resembles that of OIB (Figure 6b).



The andesite samples from the Hongliuxia and Hanxia areas exhibit compositions of SiO2 = 59.09–64.05 wt.%, Al2O3 = 15.89–19.26 wt.%, MgO = 2.49–7.01 wt.%, Fe2O3T = 6.06–6.96 wt.%, and Mg# = 44–67. In contrast, the Hongliuxia volcanic rocks exhibit a lower Mg# (44) and a higher K2O/Na2O ratio (2.84–3.35) than those at Hanxia. Chondrite-normalized REE distributions indicate LREE enrichment and HREE depletion [(La/Yb)N = 6.96–11.41] in both suites, coupled with weakly to moderately negative Eu anomalies (0.70–0.96), reflecting crystal-melt fractionation processes (Figure 6c). Both sample groups show LILE enrichment (e.g., Pb, Th, U,) and HFSE depletion (e.g., Nb, Ta, Ti) on primitive mantle-normalized diagrams, aligning with the geochemical fingerprint of Continental Arc Andesite (CAA) (Figure 6d).




4.3. Whole-Rock Sr-Nd Isotope Geochemistry


Five whole-rock samples were subjected to Sr-Nd isotopic analysis, and the resultant data are compiled in Table 4. Using K-Ar ages from Tang et al. (2012) and this study’s geochronological data for initial ratio correction [26], the calculated initial Sr-Nd isotopic compositions for the Beidayao and Jianquanzi basalts are as follows: (87Sr/86Sr)i = 0.70605–0.70708, (143Nd/144Nd)i = 0.51232–0.51253, and εNd (t) = −3.3–0.8; The Hanxia and Hongliuxia andesites exhibit initial isotopic ratios of (87Sr/86Sr)i = 0.70982–0.71676 and (143Nd/144Nd)i = 0.51232–0.51253, with all εNd (t) values being negative (−1.5–−11.4) (Figure 7).





5. Discussion


5.1. Spatiotemporal Distribution of Volcanic Rocks in the Altyn Tagh Fault


Volcanic rocks are extensively developed along both the eastern and western segments of the ATF, yet they exhibit a remarkable chronological disparity, which is crucial for understanding the tectonic-magmatic evolution of the fault zone. The volcanic rocks in the western segment are chronologically younger, having formed predominantly during the Cenozoic era as a direct tectonic response to the continental collision between the Indian and Eurasian plates (Figure 1b) [51,52,53]. Among them, the Ashikule volcanic rocks represent the youngest activity, with eruptions persisting until 2.3–0.17 Ma [53,54], reflecting tectonic-magmatic processes since the Late Cenozoic. In contrast, the formation ages of volcanic rocks in the eastern segment of the fault are predominantly confined to the Cretaceous period. For instance, K-Ar whole-rock dating of the Jianquanzi volcanic rocks in the Changma Basin yielded ages of 112.8 ± 3.4 Ma and 118.8 ± 3.6 Ma [27]. In the Hongliuxia area of the Jiuxi Basin, two distinct magmatic episodes have been identified at 112–116 Ma and ~83 Ma [26,55,56]. The Beidayao volcanic rocks, located at the junction of the ATF and the North Qilian Thrust Fault, also exhibit K-Ar whole-rock ages distributed between 99 Ma to 118 Ma [26,27]. This Cretaceous magmatic pulse is further recorded by volcanic rocks in the Hanxia area, with ages ranging from 102 Ma to 120 Ma [26].



A weighted mean age of 106.6 ± 0.6 Ma was obtained by LA-ICP-MS zircon U-Pb dating for a dacite sample from Hongliuxia (Figure 4b). This finding is broadly in agreement with previous research, suggesting that the eastern segment of the ATF experienced large-scale magmatic eruptions during the Early Cretaceous, thereby providing critical chronostratigraphic constraints for investigating its tectonic evolution.




5.2. Origin and Formation Mechanisms of Basalt


5.2.1. Crustal Contamination and Fractional Crystallization of Basalt


The common occurrence of crustal assimilation during magma ascent and storage in the continental crust necessitates an evaluation of its potential effects. The continental crust is marked by depleted HFSE (e.g., Nb, Ta, Ti) relative to adjacent elements [47], coupled with elevated LREE/HFSE ratios [57]. These geochemical signatures serve as key discriminants for identifying crustal contamination processes. The basalts in the western study area exhibit subtle negative anomalies in Nb, Ta, and Ti (Figure 6b), suggesting a potential contribution from crustal materials to the magmatic system. In continental crust, Th is significantly more enriched than Nb [47]. When mantle-derived magmas experience crustal contamination, they typically exhibit negative correlations in MgO versus Th/Nb variation diagrams. However, the absence of a negative correlation between MgO and Th/Nb ratios in the basalt samples (Figure 8a), indicating negligible crustal contamination. The characteristics of low Nb/La and high La/Sm ratios from the continental crust are inherited by crustal contamination, thereby intensifying the variation trends of these two ratios. Nevertheless, the Nb/La and La/Sm ratios remain essentially constant with decreasing MgO content (Figure 8b,c), which implies that the basalt samples have not experienced obvious crustal assimilation. These geochemical characteristics collectively indicate that the western basalts experienced negligible to weak crustal contamination during their formation.



Primitive mantle-derived melts are characterized by elevated Cr (>1000 ppm), Ni (>400 ppm) contents and high Mg# values (73–81) [49]. Compared with the primitive melt, the basalt samples in this study exhibit lower Mg# (57–63), Cr (223–269 ppm), and Ni (104–152 ppm) contents, which indicates that fractional crystallization of ferromagnesian minerals to varying degrees may have been undergo during the magma’s formation and evolution. The observed geochemical trends of decreasing MgO with slightly increasing SiO2 and decreasing Fe2O3T suggests fractional crystallization of olivine or clinopyroxene (Figure 8d,e). Furthermore, the decreasing Cr and Ni contents with MgO in the Beidayao basalts indicate fractionation of both olivine and clinopyroxene (Figure 8f,g). In contrast, the increase in Al2O3 with decreasing MgO (Figure 8h) demonstrates that no significant plagioclase fractionation occurred during the magma’s evolution. Furthermore, the lack of pronounced variation in La/Sm and Dy/Yb ratios with MgO depletion implies negligible amphibole fractionation (Figure 8i).




5.2.2. Magma Source Regions of Basalt


The western basalts in the study area exhibit elevated concentrations of Nb (27.2–31.3 ppm), Zr (147–197 ppm), and TiO2 (1.79–1.90 wt.%), coupled with high Nb/La (0.64–1.12) and Nb/U (29.80–35.42) ratios (Figure 9a,b). These geochemical signatures closely resemble those of HNB [40,58]. NEBs form when you mix enriched OIB-type components with depleted MORB-type mantle sources [59,60,61,62,63], or when you partially melt slab-derived adakitic melt-metasomatized mantle wedge peridotite [40,64]. The similar REE partitioning patterns and trace element characteristics between Beidayao and Jianquanzi basalts suggest a shared parental magma source or co-evolved magmatic processes. Compared to the positive Nb and Ta anomalies characteristic of typical MORB and OIB, the basalts in this study, despite their high Nb and Ta contents, still exhibit negative anomalies on the spidergram. (Figure 6b). Moreover, their Ce/Pb (9.61–10.18) and Nb/U (29.8–35.42) ratios are significantly lower than those of OIB endmembers (Ce/Pb = 25 ± 5; Nb/U = 47 ± 10) [65], these lines of evidence indicate that the basalts were not directly derived from OIB or MORB type mantle sources. Furthermore, in the Ba/Nb-La/Nb discrimination diagram (Figure 9c), the studied basalts fall within the arc volcanic rock domain, distinct from MORB and OIB, implicating the addition of subduction-related components to the mantle source [66,67]. Thus, a magmatic source formed by the mixing of an enriched mantle (OIB) and a depleted mantle (MORB) cannot adequately explain the genesis of the HNB in this study. The second hypothesis proposes that metasomatic interactions between adakitic melts and overlying mantle wedges can generate HFSE-enriched basaltic melts [68]. Metasomatism of the mantle wedge by adakitic melts would result in high (La/Yb)N and Sr/Y ratios coupled with low Y content [69]. However, the western basalts in the study area display relatively low (La/Yb)N (8.93–17.10) and Sr/Y (23.97–67.48) ratios, along with elevated Y concentrations (21.5–24.6 ppm). These geochemical features collectively indicate that the Beidayao and Jianquanzi basalts were not significantly affected by adakitic melt metasomatism during their formation.



Within subduction zone dynamic systems, the mantle wedge can be altered by not just slab-derived melts, but also sediment melts and fluids derived from the slab [70,71]. Ba is considered to be a fluid-mobile element, while Th and La are classified as melt-mobile elements. Therefore, elevated Ba/La and Ba/Th ratios can serve as indicators of fluid metasomatism [72]. The basalts in the study area exhibit high and variable Ba/La and Ba/Th ratios (Figure 9d,e), which suggests that fluids from a subducted slab are involved in their mantle source. In the εNd (t) vs. Th/Nd isotope binary mixing diagram (Figure 9f), the basaltic samples exhibit trends consistent with metasomatism by subduction-related fluids. Given the low mobility of HFSE in subduction zone fluids [73,74], slab-derived fluids contribute minimally to the HFSE budget of the mantle wedge. In the Th/Yb-Nb/Yb and V-Ti/1000 diagrams (Figure 10a,b), the study area basalts plot near the OIB field. These geochemical signatures collectively suggest that the basalts may also incorporate contributions from an OIB enriched mantle source. Consequently, involvement of such enriched mantle domains likely accounts for the observed enhancement of Nb abundances in the sampled basalts. The basalts in the research area are part of the calc-alkaline series and display comparatively low Th concentrations (3.16–3.90 ppm) (Figure 5b), which clearly separate them from high-K calc-alkaline mafic rocks that come from enriched lithospheric mantle sources [75]. Concurrently, these basalts exhibit elevated Ti and Zr contents (TiO2 = 1.79–1.90 wt.%, Zr = 147–197 ppm), which are significantly higher than those typically found in arc basalts derived from partial melting of a metasomatized mantle wedge (typically TiO2 < 1 wt.%) [76]. These geochemical characteristics suggest that asthenospheric mantle components were involved in their formation. Furthermore, the basaltic samples exhibit a transition from weakly depleted to mildly enriched Nd isotopic compositions (Figure 7), providing additional evidence for asthenospheric mantle contributions. In summary, the study area’s western basalts most likely originated from partial melting of an enriched mantle wedge that had been fluxed by subduction-related fluids, with a significant input from asthenospheric mantle components.
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Figure 9. (a) Nb/La vs. MgO diagram and (b) Nb/U vs. Nb diagram [68]; (c) Ba/Nb vs. La/Nb diagram; (d) Th/Yb vs. Ba/La diagram; (e) (La/Sm)N vs. Ba/Th diagram; (f) εNd (t) vs. Th/Nd diagram (Mantle wedge, slab melt, slab fluid, and sediment melt compositions from Plank and Langmuir, 1998; Johnson and Plank, 2000; Zhang et al. 2016) [77,78,79]. 
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Figure 10. (a) Th/Yb vs. Nb/Yb illustration [80]; (b) V vs. Ti/1000 illustration [81]; (c) La/Sm vs. La illustration; (d) La/Yb vs. La illustration. 
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5.3. Origin and Formation Mechanisms of Andesite


5.3.1. Crustal Contamination and Fractional Crystallization of Andesite


Research has shown that crustal contaminants often result in significant variations in La/Nb ratios and are characterized by elevated Th/Nb ratios (>5) [82]. The andesites in the study area exhibit limited variation in La/Nb ratios (2.05–3.07) and low Th/Nb ratios (0.63–1.07), indicating minimal crustal contamination. In Harker diagrams, the andesite samples exhibit decreasing Cr and Ni contents with declining MgO (Figure 8f,g), indicative of early-stage fractional crystallization of olivine and/or clinopyroxene. Moreover, chondrite-normalized REE patterns exhibit distinct negative Eu anomalies (Figure 6c), suggesting probable fractional crystallization of plagioclase. Based on the above analysis, the andesites in the study area formed without significant crustal contamination and likely underwent fractional crystallization of olivine, clinopyroxene, and plagioclase during their petrogenesis.




5.3.2. Magma Source Regions of Andesite


The primitive mantle-normalized spider diagram displays pronounced negative anomalies in HFSE (e.g., Nb, Ta, Ti, and P), coupled with positive anomalies in LILE (e.g., Th, U, and K). This pattern closely resembles the characteristic trace element distribution of typical CAA (Figure 6d). Moreover, on the Th/Yb vs. Nb/Yb discrimination diagram (Figure 10a), all andesite samples fall squarely within the continental arc field, confirming their classification as CAA. Two primary genetic models have been proposed for arc andesites: (1) According to the basaltic magma input model, the magma evolves into andesitic magma through a series of processes that encompass fractional crystallization, crustal assimilation, and magma mixing [83,84,85,86]; (2) The andesitic magma input model, which proposes that andesitic melts can be directly generated from mantle sources [87,88].



The studied andesite samples exhibit low SiO2 contents (59.09–64.05 wt.%) and Mg# (44–67), which distinctly differ from magmas derived by partial melting of lower crustal sources (Mg# < 40) [89]. Additionally, crust-derived magma has relatively low Ti/Zr (<20) and Ti/Y (<100) ratios [90,91]. The andesites from the investigated region exhibit Ti/Zr (28.85–41.87) and Ti/Y (153.64–197.09) ratios that differ from those typical of crustal melts. In contrast, the observed values of Nb/Ta (13.46–14.36) and Lu/Yb (a constant 0.15) are consistent with those exhibited by mantle-derived magmas (Nb/Ta = 17.8, Lu/Yb = 0.14–0.15) [42], implying a genesis primarily within the mantle. In diagrams of La/Yb vs. La and La/Sm vs. La, partial melting typically exhibits a linear trend with a slope of 1, whereas fractional crystallization displays a horizontal trend. The andesite samples in this study show a partial melting trend in these diagrams (Figure 10c,d), indicating that the magma composition was primarily controlled by partial melting of a mantle source.



The andesites in the study area are enriched in LILE and LREE but depleted in HFSE, indicating that the mantle source was metasomatized by subduction-related fluids/melts [92]. The andesite samples are characterized by radiogenic Sr isotopic compositions ((87Sr/86Sr)ᵢ = 0.70982–0.71676) and depleted Nd isotopes (εNd (t) = −1.5–−11.4) (Figure 7), which suggests that their mantle source underwent metasomatism by slab-derived melts or sediment melts. Notably, compared to the Hanxia andesites, the Hongliuxia andesites show higher initial 87Sr/86Sr ratios and lower εNd (t) values, which likely reflect varying degrees of melt metasomatism. Meanwhile, in the binary mixing diagram of εNd (t) ratios versus Th/Nd (Figure 9f), the andesite samples plot closer to the sediment melt metasomatic trend, further supporting the significant contribution of sediment-derived melts to their mantle source. Collectively, the findings support the interpretation that the eastern andesites within the investigated region originated from a mantle source that had been metasomatized by melts derived from subducted sediments.





5.4. Tectonic Implications


The pre-existing tectonic framework of the Mesozoic era exerted crucial control over the formation and evolutionary processes of the Tibetan Plateau, as evidenced by previous multidisciplinary studies and investigations focusing on the ATF. Thermochronological evidence reveals that the granites within the Lapeiquan Fault recorded two rapid cooling events during the Early Jurassic and Early Cretaceous, corresponding to two episodes of extensional tectonic activity along the ATF [93]. Paleomagnetic data indicate that the eastern segment of the fault zone underwent significant clockwise rotation from the Early Cretaceous to Cenozoic, whereas the western segment remained relatively stable with no apparent rotation relative to the Eurasian continent [94]. This differential rotation pattern implies that strike-slip deformation had become the dominant tectonic regime. The tectonic characteristics of peripheral basins further demonstrate that the development of Mesozoic basins was governed by approximately EW trending extension, with the initiation of ATF strike-slip activity occurring during the Cretaceous [14,25,95]. The convergence of evidence points to the Cretaceous as a key interval of transpressional deformation along the ATF, including a major episode of strike-slip displacement.



The Cretaceous reactivation of the ATF is attributed to far-field stresses from Asian margin convergence, including the Lhasa-Qiangtang collision post Paleo-Tethys closure [96,97] and westward subduction of the Izanagi Plate [33,98] (Figure 11). Elevated concentrations of Zr (131–252 ppm) accompanied by high Zr/Y ratios (5.33–9.55) are revealed as distinctive geochemical signatures of the volcanic rocks in the research locale. Geochemical discrimination using the Zr/Y vs. Zr ratio diagram indicates an intraplate affinity for these volcanic rocks (Figure 12a), as their values cluster well outside the field defined by typical island arc basalts. As revealed by Ta/Hf-Th/Hf tectonic environment discrimination diagrams (Figure 12b), the spatial distribution of volcanic rocks in the study area is mainly constrained to intracontinental rift tholeiitic basalts and intracontinental extensional tectonic basalts, suggesting a regional extensional setting. The extensional mechanism is likely controlled by the combined far-field effects of the closure of the Paleo-Tethys Ocean and the subduction of the Paleo-Pacific Plate. The coupling of these processes triggered local stress adjustments along the pre-existing weak zones of the ATF on the northern margin of the Tibetan Plateau, ultimately leading to strike-slip motion. In this context of regional lithospheric extension and thinning, upwelling of the asthenospheric mantle induced partial melting of the mantle wedge, thereby generating the volcanic rocks in the study area. Therefore, the Early Cretaceous tectonic deformation in the eastern segment of the ATF is interpreted as the result of combined influences from both the Paleo-Pacific and Paleo-Tethys tectonic domains.





6. Conclusions


	
LA-ICP-MS zircon U-Pb dating results indicate that the volcanic rocks in the Hongliuxia area of the Jiuxi Basin erupted during the Early Cretaceous (106.6 ± 0.6 Ma).



	
The OIB-type geochemical signature observed in the Nb-enriched basalts (Nb > 20 ppm) from Jianquanzi and Beidayao in the western study area is interpreted as originating from partial melting of an enriched mantle wedge, which was metasomatized by slab-derived fluids with a contribution from the asthenospheric mantle. Magmas from this source region probably underwent fractional crystallization of olivine and clinopyroxene without significant crustal contamination.



	
The andesites from Hanxia and Hongliuxia in the eastern study area show trace element patterns characteristic of Continental Arc Andesites. This indicates their derivation from the partial melting of a mantle wedge that had been metasomatized by sediment-derived melts, followed by probable fractional crystallization involving olivine, clinopyroxene, and plagioclase.



	
Based on a comprehensive review of regional geological evidence, we propose that the eastern Altyn Tagh Fault volcanic rocks formed in response to asthenospheric mantle upwelling. This reveals an intracontinental extensional tectonic setting, implying intense strike-slip activity along the eastern Altyn Tagh Fault segment during the Cretaceous.
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Figure 1. (a) Geotectonic map of the Tibetan Plateau showing the geotectonic location of the ATF [14]; (b) geologic map of the ATF showing the spatial and temporal distribution of the volcanic rocks of the ATF and the location of sampling of the chronological samples in this paper [14,28]. 
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Figure 2. Geological map of the study area and sampling locations (modified from the 1:20,000 regional geological map of the Changma, Yumen City, Jien’en Temple and Yumen Town formations, surveyed by the Second Regional Survey Team of the Gansu Provincial Bureau of Geology from 1965 to 1972). 
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Figure 3. (a) Field photograph of the Beidayao basalt; (b,c) Field photographs of the Hanxia andesite; (d) Field photograph of the Jianquanzi basalt; (e) Field photograph of the Hongliuxia andesite; (f) Field photograph of the Hongliuxia dacite; (g) Microscopic orthogonal polarized photograph of the Beidayao basalt; (h) Microscopic orthogonal polarized photograph of the Hanxia andesite; (i) Microscopic orthogonal polarized photograph of the Hongliuxia dacite. Mineral abbreviations: Ol—olivine; Cpx—Clinopyroxene; Pl—Plagioclase; Cal—calcite; Bi—Biotite. 
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Figure 4. (a) Cathodoluminescence image of representative zircon from the Hongliuxia Dacite sample; (b) Concordia diagram and weighted mean plot of zircon U-Pb ages for the Hongliuxia dacite. 
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Figure 5. (a) Zr/TiO2 vs. Nb/Y diagram [39]; (b) Th vs. Co diagram [40]. 
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Figure 6. Maps of standardized partitioning patterns for rare earth element globular meteorites (a,c) and trace element raw mantle standardized spider diagrams (b,d) for volcanic rocks in the study area. Chondrite and primitive mantle values from Sun and McDonough (1989) and McDonough and Sun (1995) [42,43]; OIB data from Sun and McDonough (1989) [42], MORB and CAA data from Kelemen et al. (2014) [44]. 
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Figure 7. εNd (t) vs. (87Sr/86Sr)i diagram [45]; DMM data from Zindler and Hart (1986) [46], LC and UC data from Rudnick and Gao (2014) [47], EMI and EMII data from Hart (1988) [48], MORB from Wilson (1989) [49], OIB from Staudigel et al. (1984) [50]. 
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Figure 8. (a) Nb/La vs. MgO diagram; (b) La/Sm vs. MgO diagram; (c) Th/Nb vs. MgO diagram; (d) SiO2 vs. MgO diagram; (e) Fe2O3T vs. MgO diagram; (f) Cr vs. MgO diagram; (g) Ni vs. MgO diagram; (h) Al2O3 vs. MgO diagram; (i) Dy/Yb vs. MgO diagram. 
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Figure 11. A schematic tectonic reconstruction of Central Asia during the Early Cretaceous [99]. 
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Figure 12. (a) Zr/Y vs. Zr diagram [100]; (b) Th/Hf vs. Ta/Hf diagram [101]; I. N-MORB area at the divergent edge of the plate; II. Plate convergence edge (II1. Oceanic island arc basalt area; II2. Basalt areas of continental margin island arcs and volcanic arcs); III. Basalt areas of oceanic islands and seamounts within the oceanic plate, as well as T-MORB and E-MORB areas; IV. Within the continental plate (IV1. Within the continental rift and continental margin rift areas of tholeiite; IV2. Intracontinental rift alkaline basalt area; IV3. Basalt areas in continental tension zones); V. Mantle plume basalt region. 
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Table 1. Sampling location and lithology of the study area.
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	Sample
	Location
	Lat. (°N)
	Long. (°E)
	Rock Type





	24HX-04
	~20 km southeast of Hongliuxia
	39°48′41″
	97°13′36″
	Andesite



	24HX-05
	~20 km southeast of Hongliuxia
	39°48′40″
	97°13′5″
	Andesite



	24HX-06
	~20 km southeast of Hongliuxia
	39°48′40″
	97°13′5″
	Andesite



	24HLX-01
	~50 km south of Yumen City
	39°58′39″
	97°09′30″
	Andesite



	24HLX-02
	~50 km south of Yumen City
	39°58′39″
	97°09′30″
	Andesite



	24HLX-03
	~50 km south of Yumen City
	39°58′39″
	97°09′30″
	Dacite



	24BDY-01
	~20 km west of Hongliuxia
	40°0′53″
	96°52′15″
	Basalt



	24BDY-02
	~20 km west of Hongliuxia
	40°0′52″
	96°52′12″
	Basalt



	24BDY-04
	~20 km west of Hongliuxia
	40°0′47″
	96°52′13″
	Basalt



	24JQZ-05
	~10 km southwest of Changma Township
	39°45′8″
	96°44′1″
	Basalt



	24JQZ-07
	~10 km southwest of Changma Township
	39°45′8″
	96°44′1″
	Basalt










 





Table 2. Zircon U-Pb age data for the Hongliuxia dacite in the eastern section of the ATF.
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Point No.

	
Element Contents (ppm) and Ratio

	
Isotope Ratio and Error

	
Age (Ma) and Error

	
Concordance (%)




	
U

	
Th

	
Th/U

	
207Pb/

206Pb

	
1σ

	
207Pb/

235U

	
1σ

	
206Pb/

238U

	
1σ

	
207Pb/

206Pb

	
1σ

	
207Pb/

235U

	
1σ

	
206Pb/

238U

	
1σ






	
24HLX-03 01

	
190

	
114

	
0.601

	
0.04170

	
0.00325

	
0.10117

	
0.00818

	
0.01734

	
0.00037

	
−193

	
131

	
98

	
8

	
111

	
2

	
0.88




	
24HLX-03 02

	
509

	
473

	
0.929

	
0.05478

	
0.00079

	
0.53445

	
0.00822

	
0.07069

	
0.00040

	
403

	
24

	
435

	
5

	
440

	
2

	
0.99




	
24HLX-03 03

	
555

	
309

	
0.556

	
0.04961

	
0.00193

	
0.11432

	
0.00433

	
0.01695

	
0.00018

	
177

	
69

	
110

	
4

	
108

	
1

	
1.02




	
24HLX-03 04

	
258

	
114

	
0.441

	
0.04800

	
0.00254

	
0.10786

	
0.00538

	
0.01661

	
0.00023

	
99

	
86

	
104

	
5

	
106

	
1

	
0.98




	
24HLX-03 05

	
815

	
349

	
0.428

	
0.04669

	
0.00100

	
0.10632

	
0.00207

	
0.01682

	
0.00016

	
33

	
28

	
103

	
2

	
108

	
1

	
0.95




	
24HLX-03 06

	
100

	
117

	
1.172

	
0.05155

	
0.00373

	
0.11147

	
0.00744

	
0.01657

	
0.00032

	
266

	
117

	
107

	
7

	
106

	
2

	
1.01




	
24HLX-03 07

	
241

	
103

	
0.428

	
0.05440

	
0.00378

	
0.12162

	
0.00758

	
0.01686

	
0.00032

	
388

	
106

	
117

	
7

	
108

	
2

	
1.08




	
24HLX-03 08

	
107

	
120

	
1.121

	
0.05233

	
0.00385

	
0.11900

	
0.00887

	
0.01668

	
0.00028

	
300

	
140

	
114

	
8

	
107

	
2

	
1.07




	
24HLX-03 09

	
201

	
160

	
0.796

	
0.04580

	
0.00255

	
0.10270

	
0.00560

	
0.01645

	
0.00018

	
−12

	
95

	
99

	
5

	
105

	
1

	
0.94




	
24HLX-03 10

	
105

	
69

	
0.660

	
0.05681

	
0.00432

	
0.12599

	
0.00897

	
0.01662

	
0.00035

	
484

	
120

	
120

	
8

	
106

	
2

	
1.13




	
24HLX-03 11

	
348

	
101

	
0.290

	
0.05009

	
0.00218

	
0.11576

	
0.00495

	
0.01685

	
0.00018

	
199

	
80

	
111

	
5

	
108

	
1

	
1.03




	
24HLX-03 12

	
366

	
166

	
0.452

	
0.04836

	
0.00277

	
0.10926

	
0.00565

	
0.01693

	
0.00029

	
117

	
86

	
105

	
5

	
108

	
2

	
0.97




	
24HLX-03 13

	
452

	
454

	
1.006

	
0.04775

	
0.00180

	
0.10957

	
0.00405

	
0.01671

	
0.00015

	
87

	
67

	
106

	
4

	
106.9

	
1

	
0.99




	
24HLX-03 14

	
218

	
43

	
0.195

	
0.04819

	
0.00215

	
0.10858

	
0.00465

	
0.01631

	
0.00016

	
109

	
80

	
105

	
4

	
104.3

	
1

	
1.01




	
24HLX-03 15

	
500

	
61

	
0.122

	
0.07088

	
0.00070

	
1.50650

	
0.01524

	
0.15338

	
0.00084

	
954

	
12

	
933

	
6

	
920

	
5

	
1.01




	
24HLX-03 16

	
115

	
79

	
0.685

	
0.05232

	
0.00312

	
0.11724

	
0.00658

	
0.01665

	
0.00030

	
299

	
95

	
113

	
6

	
106

	
2

	
1.07




	
24HLX-03 17

	
220

	
187

	
0.851

	
0.05376

	
0.00235

	
0.12119

	
0.00493

	
0.01679

	
0.00023

	
361

	
67

	
116

	
4

	
107

	
1

	
1.08




	
24HLX-03 18

	
132

	
75

	
0.568

	
0.04786

	
0.00278

	
0.11116

	
0.00641

	
0.01668

	
0.00024

	
93

	
101

	
107

	
6

	
107

	
2

	
1.00




	
24HLX-03 19

	
308

	
192

	
0.622

	
0.05092

	
0.00226

	
0.11811

	
0.00532

	
0.01653

	
0.00018

	
237

	
84

	
113

	
5

	
106

	
1

	
1.07




	
24HLX-03 20

	
453

	
201

	
0.443

	
0.04861

	
0.00191

	
0.12082

	
0.00429

	
0.01830

	
0.00020

	
129

	
63

	
116

	
4

	
117

	
1

	
0.99











 





Table 3. Results of whole-rock major and trace element data for volcanic rocks in the study area.
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Sample

	
24HX-04

	
24HX-05

	
24HX-06

	
24HLX-01

	
24HLX-02

	
24BDY-01

	
24BDY-02

	
24BDY-04

	
24JQZ-05

	
24JQZ-07




	
Rock Type

	
Andesite

	
Andesite

	
Andesite

	
Andesite

	
Andesite

	
Basalt

	
Basalt

	
Basalt

	
Basalt

	
Basalt






	
Major elements (wt.%)




	
SiO2

	
62.79

	
55.79

	
57.73

	
61.83

	
61.14

	
48.40

	
49.64

	
48.35

	
47.67

	
47.95




	
TiO2

	
0.54

	
0.92

	
0.94

	
0.86

	
0.85

	
1.76

	
1.84

	
1.75

	
1.74

	
1.78




	
Al2O3

	
9.20

	
15.00

	
15.26

	
18.14

	
18.47

	
14.77

	
15.89

	
14.43

	
15.18

	
15.59




	
Fe2O3T

	
3.60

	
5.72

	
6.64

	
6.62

	
6.22

	
10.19

	
9.19

	
10.34

	
10.73

	
10.45




	
MnO

	
0.10

	
0.13

	
0.15

	
0.18

	
0.14

	
0.14

	
0.12

	
0.14

	
0.15

	
0.11




	
MgO

	
2.63

	
4.89

	
6.68

	
2.63

	
2.39

	
8.03

	
7.11

	
8.78

	
8.36

	
6.81




	
CaO

	
8.97

	
4.95

	
2.47

	
1.31

	
0.91

	
7.78

	
7.41

	
7.90

	
8.52

	
8.83




	
Na2O

	
1.98

	
6.67

	
4.86

	
1.25

	
1.30

	
3.34

	
3.13

	
3.07

	
3.57

	
3.54




	
K2O

	
1.28

	
0.11

	
0.44

	
3.57

	
4.36

	
2.16

	
2.32

	
2.15

	
1.16

	
0.99




	
P2O5

	
0.16

	
0.22

	
0.22

	
0.15

	
0.14

	
0.63

	
0.67

	
0.62

	
0.43

	
0.44




	
LOI

	
8.83

	
5.89

	
5.05

	
3.01

	
3.80

	
2.30

	
2.11

	
1.80

	
2.35

	
2.83




	
Total

	
100.10

	
100.29

	
100.43

	
99.55

	
99.73

	
99.50

	
99.43

	
99.31

	
99.86

	
99.32




	
Trace elements (ppm)




	
Li

	
29.2

	
40.6

	
71.2

	
188

	
93.1

	
11.8

	
18.6

	
11.4

	
16.3

	
23.5




	
Be

	
1.29

	
0.95

	
1.13
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1.76
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V
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165
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Cr

	
89.0
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Co

	
12.0
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41.8
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43.1




	
Ni
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132

	
58.1

	
56.3

	
128

	
104

	
136

	
146

	
152




	
Cu

	
23.7

	
265

	
60.3

	
60.0

	
56.4

	
46.2

	
46.8

	
44.4

	
56.8

	
65.0




	
Zn

	
47.4

	
91.9

	
93.7

	
93.5

	
97.3

	
91.1

	
88.7

	
89.6

	
78.5

	
81.3




	
Ga

	
10.9

	
17.3

	
17.1

	
23.6

	
24.3

	
18.5

	
20.9
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17.6

	
18.4




	
Rb

	
57.1

	
2.22

	
11.2

	
162

	
201

	
27.2

	
31.3

	
28.9

	
8.29

	
3.82




	
Sr

	
164

	
99.2

	
358

	
233

	
119

	
1454

	
896

	
1035

	
604

	
590




	
Y

	
26.3

	
22.5

	
18.9

	
33.4

	
32.4
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23.6
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Zr
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135
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Nb
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Nd
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5.28

	
4.16

	
4.13
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7.53
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7.54

	
6.71
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Eu

	
1.15

	
1.15

	
1.29

	
1.70

	
1.67

	
2.15

	
2.27

	
2.22

	
1.65

	
1.82




	
Gd

	
5.03

	
4.32

	
4.03

	
6.79

	
6.79

	
5.94

	
6.38

	
5.67

	
5.14

	
5.44




	
Tb

	
0.80

	
0.66

	
0.59

	
1.09

	
1.04

	
0.84

	
0.89

	
0.84

	
0.81

	
0.86




	
Dy

	
4.67

	
3.93

	
3.34

	
6.13

	
6.04

	
4.48

	
4.77

	
4.33

	
4.71

	
4.85




	
Ho

	
0.91

	
0.70

	
0.65

	
1.20

	
1.18

	
0.79

	
0.88

	
0.81

	
0.88
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Er

	
2.55

	
1.95

	
1.80

	
3.45

	
3.39

	
2.18

	
2.34

	
2.15

	
2.45

	
2.52




	
Tm

	
0.38

	
0.26

	
0.26

	
0.51

	
0.50

	
0.30

	
0.32

	
0.29

	
0.34

	
0.35




	
Yb

	
2.33

	
1.60

	
1.52

	
3.24

	
3.17

	
1.83

	
1.95

	
1.80

	
2.16

	
2.24




	
Lu

	
0.35

	
0.24

	
0.23

	
0.49

	
0.48

	
0.27

	
0.30

	
0.27

	
0.32

	
0.33




	
Hf

	
6.76

	
3.34

	
3.44

	
4.99

	
4.95

	
3.88

	
4.50

	
3.46

	
4.05

	
4.12




	
Ta

	
0.82

	
0.53

	
0.56

	
1.24

	
1.22

	
1.66

	
1.75

	
1.56

	
1.78

	
1.81




	
Tl

	
0.30

	
0.025

	
0.096

	
0.83

	
0.88

	
0.10

	
0.081

	
0.086

	
0.019

	
0.015




	
Pb

	
12.0

	
13.2

	
22.2

	
33.8

	
31.6

	
8.56

	
9.33

	
8.32

	
5.26

	
5.38




	
Th

	
10.6

	
4.89

	
4.94

	
17.7

	
17.5

	
3.46

	
3.90

	
3.68

	
3.16

	
3.20




	
U

	
2.68

	
1.76

	
1.71

	
4.05

	
3.21

	
0.82

	
0.92

	
0.84

	
1.02

	
1.05




	
Nb/Y

	
0.41

	
0.33

	
0.42

	
0.51

	
0.51

	
1.35

	
1.33

	
1.25

	
1.27

	
1.27




	
Nb/U

	
4.03

	
4.28

	
4.61

	
4.24

	
5.11

	
35.42

	
33.98

	
32.48

	
29.80

	
29.80




	
Sr/Y

	
6.21

	
4.40

	
18.98

	
6.99

	
3.68

	
67.48

	
37.99

	
47.30

	
25.10

	
23.97




	
(La/Yb)N

	
9.00

	
6.96

	
11.41

	
10.83

	
11.34

	
17.10

	
16.82

	
16.95

	
9.07

	
8.93











 





Table 4. Results of whole-rock Sr-Nd isotope data for volcanic rocks in the study area.






Table 4. Results of whole-rock Sr-Nd isotope data for volcanic rocks in the study area.





	Sample
	Age

(Ga)
	Sm

(ppm)
	Nd (ppm)
	147Sm

/144Nd
	143Nd

/144Nd
	Error

(2s)
	(143Nd/

144Nd)i
	εNd (t)
	tDM2

(Ga)
	Rb

(ppm)
	Sr

(ppm)
	87Rb

/86Sr
	87Sr

/86Sr
	Error

(2s)
	(87Sr/86Sr)i





	24HX-06
	0.120
	4.13
	19.8
	0.126
	0.512504
	0.000006
	0.512405
	−1.5
	1.0
	11.2
	358
	0.091
	0.709976
	0.000006
	0.70982



	24HLX-01
	0.112
	7.75
	37.6
	0.124
	0.512005
	0.000005
	0.511914
	−11.3
	1.8
	162
	233
	2.006
	0.719777
	0.000006
	0.71658



	24BDY-02
	0.117
	7.54
	42.5
	0.107
	0.512400
	0.000005
	0.512318
	−3.3
	1.2
	31.3
	896
	0.101
	0.706223
	0.000007
	0.70605



	24BDY-04
	0.117
	6.71
	38.3
	0.106
	0.512403
	0.000004
	0.512322
	−3.2
	1.2
	28.9
	1035
	0.081
	0.707219
	0.000008
	0.70708



	24JQZ-05
	0.118
	5.06
	24.0
	0.127
	0.512625
	0.000007
	0.512527
	0.8
	0.9
	8.29
	604
	0.040
	0.706311
	0.000010
	0.70624
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