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The Zhegu region, located in southern Tibet, is positioned within the central and eastern segments of the Tethys Himalayan tectonic belt. In this area, mafic igneous rocks are predominantly intrusion into Jurassic strata, occurring as vein-like bodies. This study presents zircon U-Pb age determinations and whole-rock geochemical analyses of diabase and gabbro samples from the region, aimed at elucidating their petrogenesis and geodynamic background. The zircon U-Pb ages yield crystallization ages of 130.7 ± 1.5 Ma for diabase and 131.6 ± 2.5 Ma for gabbro, both of which are consistent with the crystallization ages of ocean island basalt (OIB)-type mafic rocks in the Comei Large Igneous Province (130–136 Ma). Geochemical data reveal that these mafic rocks are characterized by elevated TiO2, FeOT, and P2O5 contents, alongside relatively low MgO content, indicative of tholeiitic affinities. They exhibit enrichment in light rare earth elements (LREEs) and high field strength elements (HFSEs) such as Nb, Hf and Y, resembling OIB signatures. These rocks show evidence of fractional crystallization without significant crustal contamination. Melting models suggest that the magmas originated from partial melting of a garnet-lherzolite mantle source. The petrogenetic characteristics of these rocks reflect interactions between the Kerguelen mantle plume and the overlying lithospheric mantle.
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1 INTRODUCTION
The Qinghai-Tibet Plateau is the youngest, highest, and largest plateau on Earth. Its formation resulted from the closure of the New Tethys Ocean, following the collision between the Indian Plate and the Eurasian Plate. This tectonic event led to the development of the Himalayan orogenic belt, which serves as a natural laboratory for studying plate tectonics and the geological evolution of the Tethys region. Situated in the northern part of the Himalayan Mountain system, the Tethys Himalayan Belt extends along the northern edge of the Indian subcontinent, marking the forefront of the Cenozoic collision orogeny between the Indian and Eurasian plates. The magmatic activity and tectonic evolution preceding this orogenic event, particularly during the Mesozoic, have garnered significant interest in recent years as they are key to understanding the boundary conditions and material processes involved in the Cenozoic orogeny of the Himalayan Mountain system (Yin, 2006; Zhu et al., 2009a; 2013; Huang et al., 2018; Yang et al., 2022; Yu and Liu, 2023).
Previous studies have identified extensive Early Cretaceous mafic igneous rock formations in the eastern region of the Tethys Himalayan belt, particularly in areas such as Comei, Cona, and Longzi. These formations primarily span two time intervals: 140–150 Ma and 130–136 Ma (Zhu et al., 2007, 2008a, b; Xia et al., 2012; Wang et al., 2016; Ding et al., 2020; Cheng et al., 2022). Based on their geochemical characteristics, these mafic rocks could be classified into three types: Ocean Island Basalt (OIB)-like, Normal Mid-Ocean Ridge Basalt (N-MORB)-like, and Enriched Mid-Ocean Ridge Basalt (E-MORB)-like. These rocks are believed to have formed in an extensional environment characterized by significant lithospheric stretching and thinning along the northern margin of the Gondwana continent (Zhu et al., 2008a; b; Xia et al., 2012; Wang et al., 2016; Ding et al., 2020; Cheng et al., 2022). The onset of this extensional environment is thought to be related to continental breakup driven by the Kerguelen mantle plume (e.g., Zhu et al., 2009b). These OIB-like, E-MORB-like and N-MORB like igneous rocks are collectively referred to as the Comei Large Igneous Province (LIP), which is hypothesized to represent the early-stage magmatism associated with the Kerguelen mantle plume (e.g., Zhu et al., 2013). There are at least three distinct episodes of Cretaceous mafic magmatism within the Comei LIP area, and only the magmatic event earlier than 120 Ma is considered to be directly linked to Kerguelen mantle plume activity (Wang et al., 2016, 2024). Consequently, distinguishing the igneous rocks associated with the Comei LIP is critical for advancing our understanding of the Kerguelen mantle plume.
Mafic to intermediate dykes are extensivein the Zhegu region, yet detailed investigations into their petrogenesis and potential links to Comei LIP remain lacking. In this study, we present zircon U-Pb dating and whole rock major and trace elements of mafic rocks in the Zhegu area to elucidate their formation age, petrogenesis and tectonic settings. Additionally, we compile data on Early Cretaceous magmatic rocks exhibiting OIB and N/E-MORB like affinities within the Comei LIP. These data provide critical constraints for understanding the relationship between mafic rocks in the Zhegu area and the Comei LIP.
2 GEOLOGICAL BACKGROUND AND SAMPLES
The Himalayan tectonic belt is subdivided into four tectonic units, arranged from north to south: the Tethys Himalayan, the High Himalayan, the Low Himalayan, and the Sub-Himalayan (Figure 1b). The Tethys Himalayan lies between the Yarlung Zangbo Suture Zone (IYS) and the Southern Tibetan Detachment System (STDS) and is part of the northern section of Greater India in paleogeographic terms. It is regarded as the typical passive continental margin since the Late Triassic period along the northern margin of Greater India (Yu and Wang, 1990).
[image: Geological map depicting regions of the Lhasa Terrane and surrounding areas including the India Plate and Indian Ocean Basin. The map includes formations, dike swarms, and sample locations with a focus on volcanic and sedimentary units. Various geological features are labeled, and color-coded legends identify different rock types and dating methods. The study area's outline is marked, and various tectonic and geological details are labeled in specific zones.]FIGURE 1 | The Kerguelen hotspot-related basalt provinces in the Indian Ocean region (a) (after Coffin et al., 2002; Zhu et al., 2008b); Geotectonic map of southern Tibet (b) (after Liang et al. (2011)); Simplified geological map of the Comei large igneous province (c) (after Zhu et al. (2009a); Qiu et al. (2010)); (d) Geological map of the Zhegu area. 1-Indian plate; 2-Northern Lhasa Massif; 3-Gangdise island arc; 4-Tethys Himalaya; 5-High Himalayas; 6-Low Himalayan; 7-Sub-Himalayan; 8-Yarlung Tsangpo river ophiolite belt; 9-Thrust fault; 10-Slip fault; IYS-Yalung Zangbo suture; STDS-South Tibet detachment; MCT-Main central thrust; MBT-Main boundary thrust; MFT-Main front thrust. Location of samples in this study are in the Supplementary Table 1.The study area is located in the eastern part of the Tethys Himalayan region and is classified within the Kangmar Lhunze stratigraphic zone of the Gangdise Himalayan stratigraphic region. These strata are primarily controlled by regional faults with a northwest-southeast orientation (Figure 1b). Exposed strata in study area predominantly comprise Mesozoic to Cenozoic sedimentary rocks, particularly those from the Triassic and Jurassic periods. This stratigraphic sequence begins with the Upper Triassic Nieru Formation (T3n), characterized by gray-black, thin to medium-layered silty slate interbedded with gray, medium-layered feldspar quartz sandstone and fine sandstone. This is followed by the Lower to Middle Jurassic Ridang Formation (J1r), which comprises gray, dark gray, and gray-black mudstone, siltstone, sandstone, and shale. The Lower to Middle Jurassic Lure Formation (J1-2l) presents a lithological assemblage of gray mudstone and sandstone, mudstone and limestone, as well as interbedded mudstone and limestone. The sequence continues with the Middle Jurassic Zhela Formation (J2z), primarily composed of mudstone sandstone and silty mudstone. The region is characterized by numerous thrust faults oriented nearly east-west and northwest-southeast, as well as extensional faults oriented nearly north-south. Magmatic activity in this area was intensive, with volcanic rocks, mainly basalts, occurring predominantly within the Jurassic strata. Intrusive rocks are also widespread, often as veins in strata of the Jurassic Lure and Zhela Formation, with lithologies including pyroxenite, gabbro, diabase, and diorite. Notably, gabbro and diabase are exposed within the Zhegu area of the Comei LIP (Figure 1c), and extending in an east-west direction for approximately 20 km in length and 0.5–2 km in width.
The gabbros in this study are gray-black, massive, and predominantly composed of plagioclase (∼45%), clinopyroxene (∼40%), biotite (∼6%), amphibole (∼4%) and quartz (∼4%). Plagioclase occurs as subhedral columnar grains ranging from 0.2 to 1 mm in diameter, with some grains altered to sericite and clay minerals. Clinopyroxene exhibits a subhedral granular morphology, with grain sizes of 0.3–1 mm, and is partially altered to hornblende and chlorite. Biotite is platy, with lengths ranging from 0.3 to 1 mm. Hornblende is subhedral granular and irregular, with 0.3–1 mm in diameter. Quartz, is anhedral and ranges from 0.1 to 0.2 mm in size (Figures 2a,c,e).
[image: Six-panel image showing geological and microscopic rock features. Panel (a) shows gabbro rock with a red arrow. Panel (b) shows diabase rock with a red arrow. Panel (c) displays a microscopic view of minerals labeled Hb, Bit, Pl, and Prx in gabbro. Panel (d) shows a closer microscopic view with labels of Bit, Pl, and Prx in diabase. Panel (e) displays Prx and Pl in gabbro. Panel (f) shows colorful minerals with labels of Prx and Pl in diabase.]FIGURE 2 | Field contacts (a,b) and Photomicrographs (c–f) of mafic dyke from the Zhegu area in southern Tibet. Pl, plagioclase; Prx, pyroxene; Hb, hornblende; Bit, Biotite.The diabases are grayish-green, massive, and display an ophitic texture. They are primarily composed of plagioclase (∼45%), clinopyroxene (∼30%), biotite (∼5%), amphibole (∼3%), Fe-Ti oxide (∼4%), and quartz (1%). Plagioclase occurs as euhedral columnar grains, 0.5–1.5 mm in diameter, and is significantly altered to sericite and clay minerals. Clinopyroxene appears as subhedral granular shape, with diameters of 0.3–1 mm. Biotite is euhedral and platy, measuring 0.5–1.1 mm in size. Amphibole is diamond-shaped morphology and is altered to chlorite. Quartz, which, fills voids within clinopyroxene and plagioclase, is anhedral and granular. Additionally, Fe-Ti oxides occur as anhedral granular grains (Figures 2b,d,f).
3 ANALYTICAL METHODS
The gabbro (sample numbers XML001, XML002, XML003, XML004) and diabase (sample numbers ZGL001, ZGL002) were collected for whole-rock major and trace elements analyses, and representative samples (ZGL001, XML001) were selected for zircon U-Pb dating.
Zircons were collected from whole-rock samples using the standard crushing, sieving, heavy liquid, and magnetic separation techniques, and selected under a binocular microscope. These zircons were mounted in an epoxy disk with the zircon standard SL13 from the Australian National University Research School of Earth Sciences and several TEM zircons for reference from the Australian Geological Survey. Subsequently, they were polished down to expose the interior texture. Cathodoluminescence (CL) imaging was obtained at the Institute of Mineral Resources, Chinese Academy of Geological Sciences, using an Oxford MINICL detector.
SHRIMP zircon U-Pb analyses were conducted at the Beijing SHRIMP Center, using the standard zircon TEM (∼417 Ma) for the calibration of instrumental mass fractionation. The U, Th, and Pb contents of the zircons were calibrated using the SL13 zircon, which has an age of ∼572 Ma and a U content of 238 ppm. The instrument and its comprehensive operating principles were the same as previously described (Liu et al., 2003; Sun et al., 2018).
The compositions of major and trace elements were conducted at the Hunan Institute of Mineral Testing and Utilization. Major elements were analyzed by an atomic fluorescence spectrometer (AFS-830A, Jitian Instruments, Beijing, China) and atomic absorption spectrometer (Z-2300, Hitachi Limited, Tokyo, Japan). Trace elements were analyzed by ICP-OES (ICAP6300, Thermo Fisher Scientific, Waltham, MA, USA) and rare earth elements were analyzed by ICP-MS (Thermo X2, Thermo Fisher Scientific, Waltham, MA, USA). The analytical precision for major elements was better than 5%, and that of the rare earth and trace elements was better than 10% (Cheng et al., 2024).
4 RESULTS
4.1 Zircon U-Pb ages
Supplementary Table 2 summarizes the U-Pb age data for mafic igneous rocks from the Zhegu area. The zircons are euhedral to subhedral, with lengths ranging from 110 to 180 μm and length/width ratios of 1:1 to 3:1 (Figure 3a). Cathodoluminescence (CL) imagings reveal that many zircons display characteristic oscillatory zoning (Figure 3a). The thorium (Th) and uranium (U) contents of the zircon samples vary significantly between different rock types. For the ZGL001 sample (diabase), Th and U contents range from 157 to 943 ppm and from 140 to 690 ppm, respectively. In contrast, the XML001 sample (gabbro) shows Th and U contents ranging from 578 to 5918 ppm and from 446 to 2052 ppm, respectively. The Th/U ratios of zircons, ranging from 1.16 to 2.19 in the diabase and from 1.30 to 2.98 in the gabbro, are consistently greater than 0.5 which is the characteristics of magmatic zircon (Hoskin and Black, 2000; Lin et al., 2019). Zircon U-Pb dating results for both diabase and gabbro indicate that all data points lie on or near the Concordia line (Figure 3). The calculated Concordia ages are 130.7 ± 1.5 Ma (MSDW = 1.3, Figure 3b) for the diabase and 131.6 ± 2.5 Ma (MSDW = 3.3, Figure 3c) for the gabbro.
[image: Panel a shows ten zircon samples with blue circles indicating measurement areas, each labeled with an age estimate in millions of years (Ma). Panel b is a scatter plot for Diabase (ZGL001) displaying isotopic ratios with an inset graph, mean age of 130.7 ± 1.5 Ma, and an MSWD of 1.3. Panel c shows a scatter plot for Gabbro (XML001) with a similar inset, a mean age of 131.6 ± 2.5 Ma, and an MSWD of 3.3.]FIGURE 3 | Zircon U-Pb cathodoluminescence images (a) and concordia diagrams (b,c) of mafic dyke rocks from the Zhegu area in southern Tibet.4.2 Whole-rock major and trace elements
The contents of major and trace elements of mafic rocks from the Zhegu area of southern Tibet are presented in Supplementary Table 3.
4.2.1 Major elements
The mafic igneous rocks in the Zhegu area exhibit SiO2 contents ranging from 50.2 to 52.6 wt.%, plotting within the basalt region on the TAS diagram (Figure 4a). These rocks are characterized by relatively high TiO2 (2.83–4.98 wt.% with an average of 3.74 wt.%), FeOT (9.07–11.6 wt.% with an average of 9.93 wt.%), and P2O5 content (0.47–1.22 wt.% with an average of 0.63 wt.%). The MgO content is relatively low, ranging from 3.32 to 5.39 wt.%. The Mg# values, which range from 37.5 to 50.2, are significantly lower than those of primary basaltic magma (Mg# = 68–75; Wilson, 1989). These rocks were plotted in the area of the tholeiitic series (Figure 4b). The aluminum saturation indexs (A/CNK) range from 0.63 to 0.77. Additional geochemical parameters further characterize their composition: the Ritter index (σ) ranges from 1.92 to 2.96, the alkalinity rate (AR) ranges from 1.53 to 1.76, and the total alkali content (ALK) ranges from 4.38 to 5.64 wt.%. The consolidation index (SI) varies between 17.2 and 26.8, while the differentiation index (DI) spans from 41.8 to 53.8.
[image: Two geochemical diagrams display volcanic rock classifications. Diagram (a) plots Na₂O + K₂O against SiO₂ and samples in this study are plotted in the basalt area and belong to sub-alkaline igneous rocks. Diagram (b) plots FeOᵀ/MgO against SiO₂, and samples in this study are plotted in tholeiitic area. Legends indicate data from the current study and reference data for different mafic rock types, using symbols like circles and squares.]FIGURE 4 | (a) SiO2 versus K2O + Na2O [after Middlemost (1994)]; (b) FeOT/MgO versus SiO2 [modified from Miyashiro (1974)] diagrams of mafic dyke rocks from the Zhegu area. The mafic igneous rocks from nearby areas in previous studies, including OIB-like type, N-MORB-like type and E-MORB-like type, are also plotted for comparison. OIB-like type data are from Zhu et al. (2005), Zhu et al. (2007), Zhu et al. (2008b); N-MORB-like type data are from Zhu et al. (2008b), Wang et al. (2016), Wang et al. (2022), and Qiu et al. (2010), E-MORB-like type data from Jiang et al. (2007), Tong et al. (2007), Ding et al. (2020), and Yu and Liu (2023).4.2.2 Trace elements
The mafic rocks from the Zhegu area in southern Tibet exhibit total rare earth element (REE) contents ranging from 225 to 296 ppm, with a notable enrichment in light rare earth elements (LREE) (LREE/HREE = 2.37–2.73). These rocks also show significant fractionation between LREE and heavy rare earth elements (HREE), with La/Yb ratios ranging from 6.09 to 8.20. The resulting right-skewed REE patterns closely resemble those of OIB (Figure 5a) (Sun and McDonough, 1989). Notably, there are no discernible anomalies in Eu and Ce. The trace element spider diagram reveals enrichment in Nb and Hf, coupled with a depletion of Y, and the distribution patterns closely resemble those of OIB (Figure 5b). The ratios of Ti/Y, Th/Ta, Th/Yb, Ce/Zr, and Zr/Y are 377–642, 0.64–1.75, 0.79–1.55, 0.21–0.31, and 5.53–9.30, respectively, aligning closely with those observed in OIB basalts (Supplementary Table 3; Pearce, 1982; Zhu et al., 2005).
[image: Two graphs comparing the geochemical data of mafic rocks. Graph (a) shows element concentrations normalized to chondrites, while graph (b) is normalized to a primitive mantle. Red lines represent study data, black lines represent OIB-type rocks, green lines represent N-MORB, and blue lines represent E-MORB, as indicated in the legend. Data points in both graphs show variations across different elements on the x-axis.]FIGURE 5 | Chondrite-normalized REE patterns (a) and Primitive mantle-normalized trace elements spider diagrams (b) of mafic dyke from the Zhegu area in southern Tibet. Normalizing values are from Sun and McDonough (1989). Reference data are the same as those for Figure 4.5 DISCUSSION
5.1 Formation ages
The crystallization ages of diabase and gabbro in this study are 130.7 ± 1.5 Ma and 131.6 ± 2.5 Ma, respectively. These crystallization ages are comparable to those of OIB-like igneous rocks in the southern and western regions of the Comei LIP, where the peak magmatic activity occurred ∼132 Ma. Furthermore, these ages align with the early-stage magma activity associated with the Kerguelen mantle plume event (Zhu et al., 2009a; Ding et al., 2020). The close temporal coincidence suggests a genetic relationship between the mafic igneous rocks in the Zhegu area and early-stage magma activity of the Kerguelen mantle plume.
5.2 Petrogenesis
5.2.1 Crustal contamination
We propose that the mafic rocks in the Zhegu area have undergone limited crustal contamination. The La/Sm ratio is generally considered stable, but it could increase significantly (>5.00) during crustal contamination (Lassiter and DePaolo, 1997; Zhang et al., 2004). The La/Sm ratio of the Zhegu mafic rocks ranges from 2.94 to 3.38, and in the La/Sm vs. La/Nb diagram (Figure 6a), the samples do not exhibit a trend consistent with crustal contamination. Similarly, the Ce vs. Nb/Th diagram (Figure 6b) shows no linear trend, further indicating minimal crustal influence (Condie et al., 2002; Rudnick and Gao, 2003). In the (Th/Ta)PM vs. (La/Nb)PM diagram (Figure 6c), the Zhegu mafic rocks are distinctly separated from the upper, middle, and lower crust, resembling the characteristics of Hawaiian Island basalt, 90° E ridge basalt, and Kerguelen OIB. The (La/Nb)PM vs. (Th/Nb)PM diagram (shows that the samples in this study plot in the region of basalts unaffected by crustal contamination (Figure 6d; Neal et al., 2002). Additionally, crustally contaminated magma typically shows negative anomalies in Nb, Ta, and Ti (Thompson et al., 1984; Wilson, 1989), which are not apparent in the Zhegu mafic rocks. The Nb content in the upper, middle, and lower crust (12 ppm, 10 ppm, 5 ppm, respectively) is significantly lower than that in these mafic rocks (30.4–42.8 ppm), further suggesting minimal crustal contamination.
[image: Four scatter plots (a-d) comparing different geochemical ratios of mafic rocks. (a) La/Nb versus La/Sm, showing insignificant crustal contamination. (b) Nb/Th versus Ce, depicting a spread of data points. (c) (La/Nb)pm versus (Th/Ta)pm, highlighting various basalt types and samples in this study are plotted in the URB, 90°E Ridge basalts and Hawaiian OIB area. (d) (Th/Nb)pm versus (La/Nb)pm, indicating crustal contamination paths and samples in this study are not plotted along the contamination paths. Symbols represent different rock types, with red circles for this study and other shapes/colors for reference data. Arrows indicate contamination directions.]FIGURE 6 | (a) The La/Sm versus La/Nb [after Zhu et al. (2007)]; (b) Ce versus Nb/Th [after Zhu et al. (2007)]; (c) (Th/Ta)PM versus (La/Nb)PM [after Zhu et al. (2005)]; (d) (Th/Nb)PM-(Nb/U)PM [after Huang et al. (2018)] diagrams of mafic dyke rocks from the Zhegu area in southern Tibet. UC, MC and LC represent upper crust, middle crust and lower crust (Rudnick and Gao, 2003). PM: primitive mantle (Taylor and McLennan, 1985); SCLM: subcontinental lithosphere mantle (McDonough, 1990); URB and MRB: Rajmahal basalts not contaminated by the crust and contaminated by the crust; Bunbury Casuarina and Bunbury Gosselin basalts’ data are from Frey et al. (1996); Data of Rajmahal dark rocks are from Baksi (1995) and Kent et al. (1997). Data of Site 747 basalts are from Frey et al. (2002); data of Site 738 basalts are from Mahoney et al. (1995); data of Site 758 basalts are from Neal et al. (2002). Other reference data are the same as those for Figure 4.Overall, the geochemical characters of the Zhegu mafic rocks strongly indicate that they have not been significantly contaminated by crustal material.
5.2.2 Magma mechanism
Partial melting and fractional crystallization are two primary mechanisms driving magmatism and its evolution. These processes can be differentiated using the La-La/Sm discriminant diagram (Figure 7a), where the samples exhibit a horizontal linear distribution, suggesting fractional crystallization as the dominant process.
[image: Diagram with two graphs. Graph (a) plots La/Sm against La (ppm) showing trends in partial melting and fractional crystallization, with data points from this study and reference data for OIB, N-MORB, and E-MORB types. Graph (b) plots Sm/Yb against La/Sm, indicating the garnet-clinopyroxene peridotite, mantle source. Different markers indicate various rock types and studies.]FIGURE 7 | The La versus La/Sm (a) and La/Sm versus Sm/Yb (b) (Shaw, 1970) discrimination diagrams of the mafic dyke rocks from the Zhegu area in southern Tibet. Melt curves for spinel-lherzolite (with mineral mode of Ol.53%+Opx.27%+Cpx.17%+ Sp.3%; Kinzler, 1997) and garnet-clinopyroxene peridotite (with mineral mode of Ol.53.3%+ Cpx.35.7%+ Gt.11.0%, Walter, 1998) were drawn following the approach of Aldanmaz et al. (2000). Mineral/matrix partition coefficients are from McKenzie and O'Nions (1991); Depleted MORB Mantle (DMM) compositions are from Workman and Hart (2005); PM compositions are from Sun and McDonough (1989) and the sample s749C-16R-6 data are from Frey et al. (2000). The dashed curves represent the melting trend of sample s749C-16R-6 compositions; the solid and dot curves are the melting trends from PM and DMM, respectively. Tick marks on each curve correspond to degrees of partial melting (%) for a given mantle source.Additionally, the Mg# of the samples ranges from 37.5 to 50.2, which is significantly lower than the Mg# of primary basaltic magma (68–75) (Wilson, 1989), indicating a high degree of magma differentiation. The concentrations of compatible elements, such as Ni and Cr, are notably low, ranging from 5.6 to 63.6 ppm and 8.0–100 ppm, respectively. The Harker diagrams show a positive correlation between Mg# and Ni, Cr (Figures 8a,b), indicating the significant fractional crystallization of olivine and clinopyroxene (Frey et al., 1978; Hess, 1992). As Mg# decreases, the CaO and Al2O3 contents either increase or remain stable (Figures 8f,h), with no evidence of a negative Eu anomaly in the REE patterns (Figure 5). It is worth noting that these mafic rocks contain significant amounts of plagioclase (Figure 2), suggesting that the plagioclase did not separate from the magma following its crystallization. Furthermore, the correlations between Mg# and Zr and P2O5 are negative and not obvious respectively (Figures 8c,g), implies that the crystallization of minerals such as apatite and zircon was not significant (Wang et al., 2018).
[image: Scatter plots illustrating various geochemical elements versus Mg# in mafic rocks. Data points are categorized into four groups: this study, OIB-like, N-MORB-like, and E-MORB-like reference data. Panels a, b, f, g, and h show trends along fractional crystallization paths, with arrows indicating olivine-pyroxene and plagioclase feldspar processes. Elements displayed include Cr, Ni, Zr, FeO*, TiO2, Al2O3, P2O5, and CaO, labeled with concentrations in parts per million or percentage by weight.]FIGURE 8 | Correlations of selected major and trace elements vs. Mg#.Beyond fractional crystallization, partial melting in the mantle source also plays a crucial role in shaping the trace element characteristics of these samples. The La/Sm and Sm/Yb ratios are particularly informative for inferring the source characteristics and the degree of partial melting of mantle-derived samples (Aldanmaz et al., 2000). Melts derived from garnet- or spinel-bearing peridotite are expected to be enriched in LREE, with relatively depleted MREE. Heavy rare earth elements (HREE), such as Yb, are compatible with garnet but incompatible with other mantle phases (Mysen, 1979; Irving and Frey, 1984). As a result, HREE enrichment would occur if garnet were present in the source. In the spinel-bearing peridotite stable field, an increase in the degree of partial melting leads to a decrease in the La/Sm ratio of the melt, while the Sm/Yb ratio remains relatively constant. In contrast, within the garnet-bearing peridotite stability field, increasing partial melting results in a significant decrease in both the La/Sm and Sm/Yb ratios. Figure 7b illustrates this concept, comparing potential mantle sources, such as depleted MORB mantle (DMM), primary mantle (PM), and Kerguelen plume-derived magmas (sample s749C-16R-16 from Site 749, Frey et al., 2000). The simulation calculation of variations in REE ratios, as depicted in the La/Sm-Sm/Yb diagram (Figure 7b), suggests that samples display characteristics typical of ocean island basalts (OIB). These samples are plotted within the 5%–10% partial melting range of garnet peridotite in the primitive mantle (PM), implying that the mafic rocks in the Zhegu area primarily formed through low-degree partial melting of garnet-bearing peridotite.
5.2.3 Magmatic source
This study investigates the ratios of incompatible elements (Supplementary Table 3; Figure 9c) to characterize the trace element composition of the source region. The results suggest that the incompatible element ratios of the mafic rocks in the Zhegu area closely resemble those of the Sangxiu Formation basalt, Hawaiian basalt, Kerguelen OIB, Emeishan high-Ti basalt, and 90ºE ridge basalt. This resemblance suggests that the source of mafic rocks in the Zhegu region is analogous to that of hotspot or mantle plume magmas. In the OIB source discrimination diagram, all samples fall within or near the OIB field (Figure 9). Coupled with the similar geochemical, REE and trace element distribution patterns (Figure 5), this indicates that the mafic rocks in the Zhegu area likely originate from a mantle source akin to OIB, potentially the product of hotspot or mantle plume activity (Zhu et al., 2005; Yang et al., 2015; Chen et al., 2018). Previous research indicates that mafic dykes originating from the depleted mantle should have a Zr/Nb ratio greater than 18 (Zheng et al., 2020). However, the Zr/Nb ratios of the Zhegu mafic rocks range from 6.95 to 13.5, all below 18. Additionally, in the Ta/Yb-Th/Yb diagram (Figure 9c), samples in the Zhegu area show an enriched mantle characteristic. In addition, the mafic rocks in the Zhegu area also have been influenced by lithospheric mantle materials. Firstly, the enrichment of LILE (such as Rb and Ba) in the mafic rocks of the Zhegu area suggests the involvement of the lithospheric mantle (Coffin and Eldholm, 1992). Secondly, the incompatible element ratios of the Zhegu mafic rocks are similar to those of the Sangxiu Formation basalts in Supplementary Table 3, which previous studies have attributed to the influence of the lithospheric mantle (Zhu et al., 2005).
[image: Four-panel geochemical diagrams showing elemental ratios with various rock types. Panel (a) plots La/Nb against La, highlighting IAB, OIB, and MORB regions. Panel (b) displays Th/Yb versus Ta/Yb, indicating depleted and enriched mantle sources. Panel (c) shows Th/Yb against Nb/Yb, illustrating volcanic arc and deep-crustal recycling. Panel (d) presents TiO₂/Yb against Nb/Yb, differentiating OIB array for deep melting and MORB array for shallow melting. Symbols represent data from the study and reference data for OIB, N-MORB, and E-MORB types.]FIGURE 9 | The La/Nb versus La (a) (after Li (1993)); Ta/Yb versus Th/Yb (b) (after Wilson (1989)); Nb/Yb versus Th/Yb (c) (after Pearce (2008)); Nb/Yb versus TiO2/Yb (d) (after Pearce (2008)) diagrams of mafic dyke rocks from the Zhegu area in southern Tibet.In summary, we propose that the source of the Zhegu mafic rocks is similar to that of OIB-type mafic dyke swarms within the Tethys Himalayan tectonic belt of southern Tibet (Jiang et al., 2007; Qiu, 2011; Ren et al., 2014; Cheng et al., 2022). These rocks represent products of the interaction between enriched hotspots or mantle plume sources and the lithospheric mantle.
5.3 Tectonic setting
Mafic dyke swarms typically form as a result of the rapid intrusion of mafic magma from deep sources into the near-surface crust under conditions of crustal extension. These swarms can provide valuable insights into the geodynamic settings of the region.
The OIB are a prominent type of igneous rocks found within ocean basins and are considered a representative product of magmatic processes occurring in these regions. Similarly, in continental rifts, igneous rocks with geochemical characteristics similar to OIB can also develop. In addition to intraplate tectonic settings, OIB-like magmatic rocks can form in back-arc extensional rifts associated with subduction-related arc magmatism (Liu et al., 2017; Gao et al., 2018, 2021). However, since the Early Cretaceous OIB-like basalts in the Tethys Himalayan Belt are not contemporaneous with arc magmatism (Yang et al., 2022), we tend to exclude this possibility.
In the Zr-Zr/Y and Ta/Hf-Th/Hf diagrams (Figures 10a,b), all samples fall within the intraplate basalt region, aligning with previous studies (Zhu et al., 2004, 2005; Jiang et al., 2007; Ren et al., 2015), suggesting that these rocks formed in intraplate tectonic environments. Zhu et al. (2009a), Zhu et al. (2013) proposed that extensive magmatic activity during the Early Cretaceous in the Comei LIP contributed to the formation of OIB-type mafic igneous rocks, which are distributed across regions such as Nagarze, Lhozhag, Cona, and Comei. Further research has indicated that the mantle plume head of the Comei LIP is compositionally similar to that of the Kerguelen mantle plume, suggesting a common magma source (Frey et al., 1996). Recent chronology and geochemical studies also support the hypothesis that the Early Cretaceous OIB-type basalts in the Tethys Himalayan Belt are closely related to early-stage activity of the Kerguelen Mantle plume (Zhu et al., 2005, 2008b; 2013; Qiu et al., 2010; Xia et al., 2012; Liu et al., 2015; Wang et al., 2016; Wei et al., 2017; Zhou et al., 2017; Tian et al., 2019). The OIB-type mafic rocks of the Comei LIP are characterized by high TiO2 (average of ∼3.0 wt.%) and P2O5 (average of ∼0.4 wt.%) with no Nb-Ta negative anomalies (Xia et al., 2012). This study finds that the mafic rocks in the Zhegu area also exhibit TiO2 (average of ∼3.74 wt.%) and P2O5 (average of ∼0.63 wt.%), and similarly lack negative Nb-Ta anomalies, resembling the characteristics of the mafic rocks in the Comei LIP. Additionally, the formation ages of diabase and gabbro (130.7 ± 1.5 Ma and 131.6 ± 2.5 Ma, respectively) in this study coincide with the age range of OIB-type rocks in the Comei LIP (130–136 Ma) (Zhu et al., 2009b), which are products of the early-stage activity of the Kerguelen mantle plume.
[image: Two geochemical plots are shown. Plot (a) compares Zr/Y versus Zr (ppm) and features data from the current study (red circles) and reference data for OIB-like (gray circles), N-MORB-like (green squares), and E-MORB-like (blue triangles) mafic rocks. Plot (b) illustrates Th/Hf versus Ta/Hf and categorizes basalt types: continental margin island arc, intracontinental tholeiites, oceanic island, continental extensional zone, intraplate rift alkaline, mantle plume, and oceanic within-plate basalts, with similar data symbols for comparison.]FIGURE 10 | Zr/Y versus Zr (a) [after Pearce and Norry (1979)]; Th/Hf versus Ta/Hf (b) [after Wang et al. (2001)] diagrams of the mafic dyke rocks from the Zhegu area in southern Tibet.In conclusion, the mafic rocks in the Zhegu area are part of the Comei Large Igneous Province and likely represent products of early Kerguelen mantle plume activity.
6 CONCLUSION
	(1) Zircon U-Pb dating indicates that diabase and gabbro crystallized during the Early Cretaceous period, with ages of 130.7 ± 1.5 Ma and 131.6 ± 2.5 Ma, respectively, which are comparable to the formation age of OIB-type mafic rocks found in the Comei Large Igneous Province. The trace elements distribution patterns of mafic igneous rocks in Zhegu area are similar with that of OIB.
	(2) The mafic rocks in the Zhegu area experiences fractional crystallization. And the assimilation of crust materials was insignificant. They are products of the interaction between enriched hotspots/mantle plumes and the lithospheric mantle, which was associated with the early activity of the Kerguelen mantle plume.
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