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Although the Himalayan-Tibetan orogen is a result of compressional tectonics, the orogen also hosts active rifts accommodating east-west extension orthogonal to the north-south India-Asia convergence. In this study we address the question of how the north-trending rifts were formed by conducting high-resolution seismic imaging survey across southeastern Tibet where the Cona rift is exposed. Our work shows that the crustal structures of this youngest rift in southern Tibet was constructed by multiple-scale structures that are decoupled with depth and long rift trend. We suggest this deformation style to have resulted from eastward extrusion of the middle and upper crust with increasing speeds to the north towards the Yarlunbg-Zangpo suture. The differential eastward extrusion in turn may have contributed to the formation and evolution of the eastern Himalayan syntaxis.
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1 INTRODUCTION
Active north-trending rifts in southern Tibet and the northern Himalaya across the Yarlung-Zangpo suture (YZS) zone between India and Asia have been known since the pioneer work of (Molnar and Tapponnier, 1978; Yin and Harrison, 2000) (Figure 1). However, whether the initiation of the rifts was a result of 1) gravitational collapse (Molnar and Tapponnier, 1978) when the Tibetan plateau reached its maximum gravity-supported elevation (Harrison et al., 1995), 2) large-scale strike-slip faulting due to lateral extrusion of northern Tibet (Armijo et al., 1989), 3) convective removal of the Tibetan mantle lithosphere (England and Houseman, 1989), 4) plate-boundary-enforced continental-scale east-west extension (Yin, 2000), or 5) gravitational spreading of the Tibetan lithosphere assisted by lateral asthenospheric flow (Yin and Taylor, 2011) has been debated. Studies aiming at differentiating the above competing hypotheses helped clarified the possible dynamic causes, timing, and potential processes during the rift formation and evolution (Lee and Whitehouse, 2007; Mitsuishi et al., 2012; Tian et al., 2015). Despite these efforts, little progress has been made for diagnostic tests of the above models due to the lack of high-resolution imaging of the lithospheric structures across the Tibetan rifts. In this study, we address this issue by presenting newly acquired short-period seismological data to better document the rift structures relevant to differentiating the competing models.
[image: Figure 1]FIGURE 1 | (A) Simplified tectonic map of Tibet; the red box shows the location of (B). (B) Tectonic and Topographic map of southern Tibet. The yellow circles denote the locations of ultrapotassic volcanic fields in the Lhasa terrane (Bian et al., 2020). Dark green circles mark the earthquake hypocenters determined by the Global Centroid-Moment-Tensor (CMT) project (Chen et al., 1996). (C) The receiver function image of Shi et al. (2020) that shows the main structures within the crust along latitude 29.2 °N. See (B) for the profile location. Red and gray colors represent positive and negative increases in seismic velocities with depth, respectively. The locations of focal mechanisms are shown in (B) (Chen et al., 1996). Yellow rectangle is the distribution of ultrapotassic rocks.
2 GEOLOGICAL AND GEOPHYSICAL BACKGROUND
East-west extension in southern Tibet may have been initiated between the middle and late Miocene (Harrison et al., 1995; Taylor et al., 2003; Styron et al., 2013). According to the distribution and focal mechanisms of local earthquakes (Figures 1B, C), the middle crust was an aseismic zone and the normal faults were generally associated with north-trending rifts (Shi et al., 2020). The earthquakes in lower crust were triggered by the strong interactions between the crust and mantle (Molnar and Chen, 1983; Pang et al., 2018; Shi et al., 2020).
Cenozoic ultrapotassic volcanic rocks and leucogranites are widely developed in the Lhasa Terrane and Tethyan Himalayan Sequence (THS) (Williams, 2004; Chung et al., 2005); their ages range from the late Oligocene to the Miocene (Williams et al., 2001; Chung et al., 2003; Hou et al., 2004). The origin of the ultrapotassic volcanic rocks may constrain the evolution of continent-continent collision zones (Turner et al., 1996; Tapponnier et al., 2001). Geochemical analyses suggest that the ultrapotassic melt was derived from the interaction between the Indian lithospheric mantle and upwelling asthenosphere (Xu et al., 2017; Liu et al., 2020b). The asthenospheric upwelling was generally observed as a factor strongly related to mantle-lithosphere delamination (Zhao et al., 2009) and tearing (Hou et al., 2006).
The Himalayan leucogranites are mainly exposed within the Tethyan Himalayan sequence in north and the Greater Himalayan Crystalline Complex (GHC) in south (Mark Harrison et al., 1997; Guo and Wilson, 2012; Liu et al., 2016; Wu et al., 2020). The emplacement age of leucogranites was from 44 to 7 Ma, and most leucogranites were emplaced during the Neo-Himalayan period (25-14 Ma) in both belts (Wu et al., 2020). The Eo-Himalayan stage (46–25 Ma) had a few leucogranite emplacements in the northern belt (Vance and Harris, 1999; Carosi et al., 2016). Wu et al. (2020) proposed a Post-Himalayan stage (<14 Ma), leucogranites of this stage were sparse and were mainly discovered along N–S-trending rifts (Liu et al., 2014). The in situ partial melting of the subducted GHC at depth or the fractional crystallization that occurred with the exhumation of this system are used to explain the series of characteristics of the leucogranites (Wu et al., 2015; Zhang et al., 2017). Overall, these studies showed that the evolution of the Himalayas was significantly associated with the exhumation of GHC (Webb et al., 2011a; Carosi et al., 2016).
The South Tibetan Detachment System (STDS) is a low-angle normal fault system parallel to the entire Himalayan orogenic belt (Burchfiel and Royden, 1985). The STDS separated the Tethyan Himalayan Sequence from the underlying the GHC in the north-central Himalaya (Carosi et al., 1998), but merges to the south with the Main Central Thrust (MCT) in the western Himalaya and the southernmost Nepal Himalaya (Webb et al., 2007; Webb et al., 2011a; Webb, 2011b). The initiation age of the STDS as a normal fault is estimated between 35 Ma and 23 Ma (Liu et al., 2017; Webb et al., 2017). The cessation time of the STDS is mainly determined by the north-trending rifts (Edwards and Harrison, 1997; Xu et al., 2013). Motion along the STDS has been related to the exhumation of the GHC (Yin, 2006).
Evidence from several geophysical studies suggests that the subducted Indian lithospheric slab was torn into pieces with different angles (Chen et al., 2015; Li and Song, 2018; Wu et al., 2019). The lateral variation of the subducted slab may cause the asthenospheric upwelling, it appears to be positively related to the partial melting of the heated Indian lithospheric mantle and lower crust (Li and Song, 2018). What we know about the partial eclogitization of Indian lower crust was largely based upon gravity anomalies and seismic data (Kind et al., 2002; Schulte-Pelkum et al., 2005; Nabelek et al., 2009; Wittlinger et al., 2009; Hacker et al., 2015; Shi et al., 2015). The anatexis of granulite and eclogite took place at ∼50 km depth (800°C–850°C) (O'Brien, 2018; Wu et al., 2020) during which magmatic melts were transported upwards through the crust. The low velocity and resistivity layer, interpreted as a partially molten zone in the middle and lower crust of the Himalaya, was identified by tomographic and magnetotelluric images (Nelson et al., 1996; Unsworth et al., 2005; Guo et al., 2009; Hazarika et al., 2014; Xu et al., 2017; Chen et al., 2018; Subedi et al., 2018). Numerical simulations support the suggestion that the underlying low-viscosity layer in the Himalaya may have assisted GHC exhumation via erosion-induced lower-crustal extrusion (Beaumont et al., 2001). The receiver function (RF) illustrated the anisotropic shear zone at shallow depths by exhumation of GHC (Schulte-Pelkum et al., 2005). Shi et al. (2020) found that the Indian lower crust was gradually thinning towards the east (Figure 1C), and the rifts and Moho offset occur in pairs.
The Cona rift is located in southeast Tibet that cuts across the Tethyan Himalayan Sequence (Figure 1B). The formation mechanism of the Cona rift is controversial (Bian et al., 2020; Shi et al., 2020). This study area (Figure 2A) is located in the southeast of the THS. Two gneiss domes are exposed on the east side of the Cona rift, Yardoi and Cuonadong domes. The study area is dominated by north-dipping thrust faults, from north to south, the Lhunze thrust fault, Rongbu-Gudui Fault, Lhozhag thrust and Main central fault (MCT) (Dong et al., 2020). The deformation age of these tectonic units is mainly in the Oligocene and Miocene (Bian et al., 2020; Fu et al., 2020).
[image: Figure 2]FIGURE 2 | (A) Location of the seismic array is shown on a simplified geological map (Dong et al., 2020). The stations are divided into two segments (Profiles 1 and 2). The receiver function (RF) stations are located northwest of point “P” along profile 1 and east of point “P” along profile 2. Distribution of piercing points at a depth of 70 km is shown: the purple piercing points are related to the RFs used in profile 1 and the orange dots are in profile 2. Profile 3 shows the RFs of Shi et al. (2020). The labeled boxes show the range of piercing points. (B) Distribution of teleseismic events used in this study. (C) The 1-D S-wave velocity model used for CCP stacking.
To date, geophysical and petrological studies have accumulated a wealth of information about the Cenozoic evolution of the Himalaya. However, the current resolution of the available seismic data is insufficient to conform or reject the competing models for the Tibetan rift formation. In this study, we provide the highest-resolution images of the crustal structures across the Cona rift.
3 DATA AND METHODS
A receiver function (RF) is a time series containing the P-to-S converted waves and multiples formed by velocity discontinuities (Langston, 1979; Zhu and Kanamori, 2000b). It can reveal the fine structures of the crust (Liu et al., 2017). Since the common conversion point (CCP) stacking (Zhu, 2000a) was proposed, as one of the receiver function migration imaging methods, it has been widely used in the study of velocity discontinuities in the crust and upper mantle (Zhang et al., 2014).
The short-period, dense-nodal array has a higher lateral resolution of the RF image at the crustal scale compared to the broadband-station array (Liu et al., 2017). Due to the high integration of node instruments, high-density deployment becomes possible (Lin et al., 2013). These new instruments can be used to study the geological bodies at different scales.
The teleseismic waveforms used in this study were recorded by 148 5-Hz nodal geophones (Fairfield Zland 3C) with a spacing of 1 km and an observation period of ∼40 days (end of the year 2019). The survey line is roughly in the northwest-southeast direction (Figure 2A), crossing the main part of the Cona rift. A total of 24 teleseismic events with magnitudes ≥5.4 were observed for subsequent P-wave RF analysis. The distribution range of epicenter distance is 30°–90°, and most of the earthquakes occurred in the southeast of our study area (Figure 2B). Finally, the 1,604 high-quality RFs were calculated for imaging the crustal structures (Please see the Supplementary Material for the details of the data processing). In general, care was taken to avoid higher Gaussian filter values, because they make it more difficult to separate noises from signals (Leahy et al., 2012). Dense nodal array is closely spaced and can track continuous arrival times through multiple geophones (Ward et al., 2018). To enhance the imaged crustal structures, we stacked the RFs by using spatial (Ward et al., 2018) and CCP stacking (Xu et al., 2018) methods. The CCP stacking process involves two main steps. Initially, every amplitude on the receiver function subsequent to the direct P-wave is presumed to originate from a solitary P-to-S conversion occurring along the ray path. This amplitude is then projected to the conversion point utilizing a reference velocity model. Subsequently, the volume of the crust is partitioned into bins of specified dimensions, and all amplitudes within a given bin are averaged to generate a structural image. The 1-D S-wave velocity model used for CCP stacking from Xin et al. (2019) (Figure 2C). Our CCP image of crustal structure used bins 3-km long and 1-km thick.
4 RESULTS
Our survey line intersects obliquely the regional tectonic trends (Figure 2A). In order to separate east-trending compressional structures from north-trending extensional structures along the rifting zone, our imaging results were projected onto two separate profiles (Figure 2A), respectively. This helped reveal the relationship between structures responsible for GHC exhumation and structures associated with north-trending rifting.
The continuity of the crustal structures (grey thin dash lines in Figure 3) increases with depth in profile 1. The deformation of the middle and upper crust was strong, and the structure of the lower crust is more continuous (Figures 3A, C). The Moho discontinuity is traceable north of the Cona rift, the projected Indian crust dips to the north, and the crustal thickness increases from ∼70 km to ∼80 km (Figures 3A, C). The lower crust is overlain by a set of wide and gentle fold-thrust structures, and the upper crust displays a series of north-dipping thrusts associated closely with fault-bend folds (Figure 3C). There are two scales of folds above and below a 20-km deep interface (Figure 3C), which can be traced to the STDS (thick red dash line in Figures 4A, B). The undeformed lower crust was decoupled from the overlying fold-thrust structures (dark blue zone in Figures 4A, C), there was a decollement (thin pink dash line in Figures 4A, C) between them. Based on previous studies (Nelson et al., 1996; Shi et al., 2015), this interface is interpreted as the Main Himalayan Thrust (MHT). Extensively developed thrusts indicate that the seismically imaged area has been strongly affected by north-south shortening. A possible normal fault was interpreted in the Cona rift zone, but few obvious normal faults can be established in this study. The short-wavelength folds beneath the STDS show the characteristics of low viscosity. The low-velocity zones were highlighted in Figures 3A, C, and the leucogranites were widely exposed in this area. Hence, the low-velocity zones were possible channels for exhumation of high-grade metamorphic rocks. A continuous interface appears in the northern part of Profile 1 at a depth of 70 km (Figure 3C), which might be the partial eclogitization of Indian lower crust by comparing previous study (Shi et al., 2015) in the same location.
[image: Figure 3]FIGURE 3 | CCP-stacked, depth-migrated P-wave radial receiver functions along the two profiles for all stacked events. The topography and faults were plotted at the top of each section. (A–D) are profiles 1 and 2 (see Figure 2 for locations) with the Gaussian coefficient of 2.5 and 5.5. The possible low-velocity zones were identified by the negative velocity polarity. Refer to Figure 2 for the distribution of seismic rays used for imaging in the labeled boxes. (E) The stacked image of profile 3 (see Figure 2 for location).
[image: Figure 4]FIGURE 4 | (A–D) are the structural interpretations of profiles 1 and 2 with the Gaussian coefficient of 2.5 and 5.5. (E) The structural interpretation of profile 3. For comparison, the CCP stacks (Shi et al., 2015) at the approximate locations are projected on (A, B), (D, E). The isotherms in (C) refer to Chen et al. (2018).
The Cona rift is north-trending normal faults, Profile 2 had been imaged to get a better view of its deep structures (Figures 3B, D). The result of low Gaussian coefficient (2.5) is relatively simple, and the structures located in the middle crust are overall east-dipping (Figure 3B). The structures shown in high Gaussian coefficient (5.5) were a series of short flat layers (Figure 3D). Almost all strata remain horizontal, without any dip to the east or west (Figure 3D). However, there were a large number of offsets in these strata. The strata show a gradual stepping towards the east. This is also consistent with the overall eastward dipping structure shown by the low Gaussian coefficient result.
Since the Moho was rather heterogeneous in the southern section of the survey line, we conducted partition analysis for different locations of the survey line (the boxes marked with numbers, and please see Figure 2 for locations). There was a data intersection between the south section of Profile 1 and the west side of Profile 2 (boxes marked 4, 5 and 6 in Figure 2A). There is a very strong positive amplitude at a depth of 60–80 km at the southern end of Profile 1 (Figure 3C), the west side of Profile 2 did not have the similar amplitude. There were also several strong positive amplitudes on the west side of Profile 2 (dash lines in boxes marked 4 and 5 in Figure 3D). By comparing the interface thickness (green and yellow bars in Figures 3C, D) and the continuity of Moho in profile 1, we can confirm that the western side of profile 2 has the Moho feature at about 70 km depth (Figure 3D), it helped us identify the Moho at the southern end of Profile 1. There is a robust Moho feature on the east side of Profile 2 (boxes marked 1, 2 and 3 in Figure 3D).
The comparison between Profile 2 (Figure 3D) and Profile 3 (Figure 3E) shows that the crust has the following characteristics in the east-west direction. The depth of Moho is deeper in the west than in the east, and there are offsets in the middle. Taking the offset as the reference point, the surface position of the Cona Rift in the northern section is migrated eastward. The lower crust is unevenly thick on both sides of the offset, and thicker on the western side. The images of the low Gaussian coefficient (Figures 3B, E) indicate that the upper and middle crust is tilted to the east.
5 DISCUSSION
By comparing our results with the finding of Shi et al. (2015), the crustal thickness on the west side in our result is thicker than that on the east side (Figure 4E). A large number of regularly arranged folds located above the MHT (Figures 4A, C) are interpreted as shear zones (Schulte-Pelkum et al., 2005; Shi et al., 2015). The fold trend shows the exhumation and shortening of the upper and middle crust in the north-south direction.
There is a distinct wedge in the upper and middle crust to the west (Figure 4B), the wedge is actually due to an increase in the number of strata to the west (light blue area and light pink area Supplementary Figure S10B). The horizontal stratum had also been imaged in profile 1 (light pink area in Supplementary Figure S10A), the ray coverage area (blue box marked 6 in Figure 2A) was similar to profile 2 (black boxes marked 4 and 5 in Figure 2A). The extra stratum on the west side was likely to be the exhumation of the GHC. The uplift of upper crustal (above the STDS) folds was produced by crustal shortening, the normal faults indicate the relative movements of extrusion (Figure 4D). But the upper crustal folds are gentler in the east-west direction, and the middle (GHC) and lower curst is flat with offsets in the east direction (Figures 4B, D). Comparing the depth and thickness of the middle crustal structures, the fold-thrust structures thicken the middle crust and the offsets of the Moho are in response to the lateral inhomogeneity of the middle crustal thickening.
The GHC generally has experienced multiple phases of partial melting expressed by the emplacement of leucogranites (Rubatto et al., 2012; Sorcar et al., 2014). The partial melting weakens the mid-to-lower crust (Jamieson et al., 2006), favoring flow and exhumation under the combined action of plateau-induced pressure gradients and the density difference between molten and un-molten rocks (Beaumont et al., 2004). Our results (Figures 4C, D) shows that the subducted Indian crust can reach the depth over 60km, the P-T condition at this depth made the eclogitization and partial melting of lower and middle crust happen (Schulte-Pelkum et al., 2005; Chen et al., 2018; Wang et al., 2018; Shi et al., 2020; Wu et al., 2020). The partial melting of granulite- and eclogite-facies metamorphism initiated under the P-T conditions of 1.2 GPa and 800°C–850°C, respectively (Figure 4C) (Zhang et al., 2017; Wu et al., 2020). The partial melting of subducted GHC due to heating from below triggered the exhumation of high-grade metamorphosed rocks (Wu et al., 2020). The MHT was the interface between the exhumation and the underthrusting Indian lower crust.
The exhumation process may have been partitioned (Figure 4C): the lower GHC section was by tectonic wedging (Webb et al., 2011a) while the upper GHC section was by channel-flow tunnel (Beaumont et al., 2004; Webb et al., 2011a). The leucogranites were the products of partial melting of subducted the GHC and subsequent highly fractionated magma (Grujic et al., 1996; Guo and Wilson, 2012; Wu et al., 2015). Although we are unable to identify rock lithology by our seismic imaging techniques, the inferred partial melting in the models of Beaumont et al. (2004) could be represented by the presence of low velocity zones (Hetényi et al., 2011; Yang et al., 2012; Shi et al., 2015). The likely low velocity zone may be located by the polarity converter (negative-over-positive) in the upper crust and the upper part of the middle crust (Figures 3A–D). The migration of the melting magmas went through a long distance (Figures 4A, C), it helps researchers to explain the different stages and locations of exposed leucogranites, and also the formation of the leucogranites through a high degree of fractionation along the STDS (Wu et al., 2020).
A significant finding of this study is that the deformation of the Indian crust is lateral variation (Figures 4B, D). The crustal thickening was caused by the crustal shortening and the exhumation of the GHC, but the time of exhumation can be different. The time was controlled by the dipping angles of the Indian subducting continental lithosphere; higher angle made the GHC reach the high P-T condition earlier. The Indian continental lithosphere began to subduct under the pulling of the subducting Neo-Tethys Oceanic lithosphere (Zhang et al., 2012). The age of the subducted Neo-Tethys oceanic slab breakoff is relatively consistent, which is 45–30 Ma (Chung et al., 2005). The subducting Indian continental lithosphere without the slab pull continues to subduct beneath the Eurasian plate due to inertia (Chung et al., 2005). Evidence from the Southern Tibet Rift System distribution, magmatic rock composition, or geophysical observations all show that the subducting Indian continental lithospheric slab is torn in a north-south direction (Hou et al., 2004; Yin and Taylor, 2011; Liu et al., 2020b). The change in dip of the subducting slab may have controlled the stress state in the overlying plate (Doglioni et al., 2007). Lateral variation in the angle of the subducted slab may have caused slab tearing (Figures 5B, C). Different from the previous slab tearing model (Yin, 2000), the slab window (Figure 5C) formed by the slab tearing allows the hot asthenosphere material to erode and destroy the upper lithosphere, which promotes the development of the north-trending rifts. Slab tear started at 25 Ma (Mahéo et al., 2002), and it was torn into at least four parts (Li and Song, 2018). The inhomogeneity of subducting slab and mantle, lateral slab breakoff, and subduction duration are the reasons why the slab was torn (Murphy et al., 1997; Li and Song, 2018). Furthermore, the subduction angle of the subducting Indian continental lithosphere increases from west to east (Liu et al., 2020a). The regional seismic tomography shows the geometry of the subducting Indian continental lithosphere (Li et al., 2008). Based on the distribution and age of the surface outcrops of ultramafic magmatism (Chung et al., 2005) and the locations of the slab tears, we infer that the slab tears occur sequentially from west to east. Variation in the regional vertical stress was caused by changes in the angle of subduction of the Indian lithospheric mantle (Yin, 2006). The contact between the overlying Indian crust and the upwelling high temperature mantle promoted the partial melting of the GHC(Webb et al., 2017).
[image: Figure 5]FIGURE 5 | Schematic cross-sections of the Cona rift in the eastern THS. (A) The location of the profiles in (B, C), the red dashed line refers to the Cona rift on the surface, the blue dashed line refers to the Moho offset. The yellow dots represent the 3He/4He isotope data (RC/RA) (Klemperer et al., 2022). (B) The crustal shortening and exhumation of GHC led to the lateral variation of crustal thickening. The middle and upper crust extruded eastward, and the Cona rift migrated eastward with it. (C) The slab tearing allowed the hot asthenosphere material to upwell and melt. The eastward escape of the exhumation of the GHC reshaped the crustal structure in the rift region.
Helium isotope data from hot springs in southern Tibet have been used to infer the location of the mantle suture between India and Asia (Klemperer et al., 2022) (Figure 5A). Surface-collected helium isotopes sourced from the mantle must have been transported through the crust via complex conduit networks that may have been strongly controlled by the north-trending rifts due to the spatial correlation of the springs and rifts. In the southern part of the Cona rift, the crustal structure of the rift is relatively simple, with the structures traceable continuously from the Moho to the surface. It shows an east-dipping structure that may provide a conduit for helium isotope to rise to the surface (Figure 5B). In the northern segment, the structure of the rift at mid-crustal depth is replaced by a series of east-dipping structures, and the location of the rift at the surface is farther east than the Moho offset (Figure 5C). This relationship may imply that the rift structures did not form a conduit network for helium isotopes to rise from the mantle to the surface. From south to north, the Cona rift changes its trend from north to northeast direction (Figure 5A). This may indicate that the upper and middle crust in the eastern Tethyan Himalaya may have been extruded eastward with an increasing eastward velocity towards the Yarlung-Zangpo suture zone.
6 CONCLUSION
A high-resolution receiver-function study in southeastern Tibet reveals geological structures at different scales across a north-trending rift zone (i.e., the Cona rift). The intensity of the crustal deformation decreases with increasing depth, which may have been resulted from the formation of upper and lower decollements as presented by the STDS and MHT, respectively. The unusually thick crustal thickness was contributed to crustal shortening and exhumation of the GHC. The GHC exhumation is the tectonic wedging accompanied by channel tunneling model. The distribution of exposed leucogranites were traceable to the migration of the partial melts. Stress changed due to slab tearing; the exhumation was not synchronized from west to east. At the present, it is possible that extensional structures along the Cona rift are decoupled with depth and rift strike. The eastward extrusion of the middle and upper crust may have different velocities, and this difference may contribute to the evolution of eastern Himalayan syntaxis.
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