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Various orocline systems around the India–Eurasia collision zone have long been recognized and studied. Different portions of the India–Eurasia boundaries represent various scales and models of orocline-forming processes, such as the Baluchistan orocline formed by multiple deformation events and the Himalayan orocline formed by a mixture of complex structural mechanisms. The curvature from the eastern Himalayan syntaxis through east Burma to west Yunnan showed a unique convex curvature toward the mantle wedge. This is different from the concave Baluchistan orocline and the Himalayan orocline. The unique geometry of the Gaoligong orocline shows an N-S trend for the northern section and a NE-SW trend for the southern section. This curvature also marks the boundary between the Tengchong and Baoshan blocks along the Santaishan suture in western Yunnan, China. Our structural reconstruction identified five deformation events: 1) D1 is km-scale upright folding, which only affected the Neoproterozoic meta-sedimentary unit, 2) D2 recumbent folding, which only developed in the southern section of the Gaoligong orocline, 3) D3 large-scale gently westward-inclined thrust folding, 4) D4 right-lateral shear belt, and 5) the D5 normal faults. Since the D3 structure is the earliest event that shows penetrative foliation development along the orocline, we consider D1 and D2 as pre-orocline-forming events. The geometry of the Gaoligong orocline is controlled by the distribution of the Ordovician basement between the Tengchong and Baoshan blocks. Both north and south sections experienced the same structural evolution since D3 (a fault-propagation fold system occurred between 40 Ma and 28 Ma), D4 (steep right-lateral shear belt occurred between 28 Ma and 15 Ma), and D5 (normal faults after 15 Ma). The curvature first developed as a shovel-like top-to-the-NE thrust plane (S3) that formed under amphibolite-facies conditions between 40 Ma and 28 Ma. The following deformation events (D4 and D5) show orocline parallel foliation development under lower metamorphic conditions, indicating that the curvature of the Gaoligong orocline is not generated by additional rotation along multiple deformation events. However, due to the lack of orocline parallel foliation development for S3, and the lack of a proper position of the indenter, the Gaoligong orocline cannot be classified as a primary orocline nor a rotational orocline. The curved geometry is an interference pattern of topography relief to the shovel-like thrust plane that developed during D3. Our new reconstructed structural evolution concludes that the Gaoligong orocline is an “atypical” orocline.
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1 INTRODUCTION
For centuries, the two geological features people have noticed are tilted rock layers and curved mountain belts. Since deformation was recognized as the result of bending/distortion of once horizontal strata by Sir James Hall during the 19th century, Alpine geologists had long been using structural reconstruction to delineate the four-dimensional geomorphological evolution of oroclines through time (Carey, 1955; Sacchi and Cadoppi, 1988; Johnston et al., 2013). They provide windows to understand the complex kinematic interaction system under the evolving stress field of the lithosphere. More research has been conducted over the past decades over numerous oroclines, such as the Alaskan orocline, the Bolivian orocline, the Betic-Rif Belt, the New England orocline, and the Himalayan syntaxes. Recent research interests are more focused on the geodynamic aspects than on the geomorphic/geometric aspects (Bendick and Bilham, 2001; Capitanio et al., 2011; Cawood, 2022).
Several models for primary/non-rotational versus progressive/rotational orocline development have been established (Figure 1A; Marshak, 1988; 2005; Weil and Sussman, 2004; Yeh and Bell, 2004; Johnston et al., 2013). The primary/non-rotational orocline reflects the original curvature of the plate boundary without rotation, which is considered to be restricted to thin-skinned thrust belts. The structural characteristic of this subdivision is that only one stage of foliation will develop with different strikes along the orocline. The shape of the primary plate boundary is genetically related to the characteristics of the basin, indenter, or irregularity of basement lithology. The basin-controlled salient (mechanism 1 in Figure 1A) is formed by developing a fold-thrust belt along/within the basin boundary due to uneven sediment thickness (Aitken and Long, 1978; Macedo and Marshak, 1999). For the indentation model (mechanism 2 in Figure 1A), the curvature reflects the geometry of the rigid indenter, such as for the Himalayan syntaxis (Carey, 1955; Klootwijk et al., 1985). The irregularly décollement/subduction model (mechanism 3 in Figure 1A) reflects the heterogeneity in the direction and crustal thickness of décollement/subduction and the variation in the slab thickness (Yamaoka et al., 1986; Macedo and Marshak, 1999; Marshak, 2005; Capitanio et al., 2011).
[image: Figure 1]FIGURE 1 | (A) Schematic diagrams showing different forming mechanisms and corresponding examples of oroclines. The 3D sketches are modified from Marshak (2005), Hwang et al. (2012), Muñoz et al. (2013),and Bersan et al. (2017). (B) ETOPO1 digital relief map around the India–Eurasia collision zone, showing various orocline systems (https://ngdc.noaa.gov/mgg/global/global.html). The numbers mark the type and mechanism that were proposed for its formation by previous studies. No forming mechanism had been proposed for the Gaoligong orocline, from all the orocline systems.
The progressive/rotational orocline initially forms as a straight mountain belt and is followed by progressive crustal rotation as plate–scale interactions among the crust and lithospheric mantle occur (Johnston et al., 2013). Therefore, the formation of an orocline would accompany multiple deformation events with multiple cross-cutting foliation developments. Three crust rotation styles are further classified as obstacle (mechanism 4 in Figure 1A), vertical axis rotation (mechanism 5 in Figure 1A), and drag of strike-slip fault (mechanism 6 in Figure 1A). The obstacle-produced model (mechanism 4) considers the curvature of a fold-thrust belt and is enhanced as it bends around a strong impeded obstacle such as a seamount (Marshak, 1988; Macedo and Marshak, 1999; Marshak, 2005). The Texas orocline is an example as it is formed by the subduction of a seamount chain (Fergusson, 2019). Both the vertical axis-rotated model and the drag of the strike-slip shearing model (mechanisms 5 and 6) are related to horizontal non-coaxial deformation but under different faulting mechanisms. The vertical axis-rotated model (mechanism 5) was developed based on the detachment/décollement propagating during the vertical axis rotation of the Iberian Peninsula about a pivot in the Western Pyrenees (Carey, 1955). The drag of the strike-slip shearing model (mechanism 6; Marshak, 1988; Macedo and Marshak, 1999) describes the formation of an orocline as a once straight fold-thrust belt that is later sheared into multiple curved fold-thrust belts, such as the Variscan orocline in the Western Alps (Martínez Catalán, 2011) and Chaman transform zone for the Baluchistan orocline in Pakistan (Lawrence et al., 1981).
The overprinting orocline (mechanism 7 in Figure 1A) is formed by alternating the stress direction. As the stress direction of later deformation becomes parallel to the trend of the pre-existing fold-thrust belt, the pre-existing fold-thrust belt is then bent or buckled (Macedo and Marshak, 1999; Marshak, 2005). In the cases of the Bolivian orocline of the Andes (Gutiérrez-Alonso et al., 2004) and the Cantabrian orocline of the Pyrenees (Weil et al., 2001; Gutiérrez-Alonso et al., 2012), the buckling process thickened the curst by adding a strip of oceanic crust into a continental matrix, causing delamination of the lithospheric root under the inner arc region (Gutiérrez-Alonso et al., 2004). A few oroclines were likely affected by multiple mechanisms. The Serra Central Salient of eastern Brazil was formed by a hybrid of non-rotational orocline, followed by vertical axis rotation (Bersan et al., 2017). Another case is the Central Iberian arc that was controlled by progressive and overprinting models (shearing and buckling; Martínez Catalán, 2012).
The Gaoligong orocline is the southeastern stretch of the large-scale curvature of the Himalayan orocline, which marks the general boundary between Eurasia and India plates (Figure 1B). The orocline’s shape is generally concave to the subducting plates. As Bajolet et al. (2013) have pointed out, the Himalayan orocline curvature and syntaxes are a unique and present oddity as the curvature is convex toward the subducting plate (India). The Himalayan section shows a concave curvature to the subducting plates and extends from both the western and eastern syntaxes that include the Zagros thrust belt and the Gaoligong orocline. The existence of the Gaoligong orocline has long been recognized, and its structural evolution has been debated for an equally long period (Y.G. Wang et al., 2006a; Song et al., 2010; Eroglu et al., 2013; Xu et al., 2015; Zhang et al., 2017; Chiu et al., 2018). Previous studies mostly focus on reconstructing the detailed evolution of either the northern or the southern section of the Gaoligong orogen, but not the Gaoligong orocline. Furthermore, the structural evolution for the northern and southern sections has not been correlated or compared. This is crucial in order to delineate the orocline formation mechanism. For this study, we compare and contrast the structural evolution history of the northern and southern sections to determine the timing and mechanism of the Gaoligong orocline formation.
2 GEOLOGICAL SETTING
The 20-km wide, 400-km long Gaoligong orocline marks the boundary between the Tengchong and Baoshan blocks (Figures 2A, B). The teleseismic waveform data from temporary broadband seismometers show a difference between the crustal thicknesses of the two blocks. The crust of the Baoshan block (35 km–30 km) is slightly thinner than that of the Tengchong block (35 km–40 km; Zhang and Gao, 2019). The basement of the Tengchong block can further extend southward to the basement of the Mogok metamorphic belt (MMB; Figure 2B; Shi et al., 2011). Both Tengchong and Baoshan blocks are composed of Paleoproterozoic metamorphic and Neoproterozoic sedimentary units (Shi et al., 2011). These blocks are situated at the active volcanic rift setting of the Australian margin of Gondwana before the middle Early Permian (Metcalfe, 1996; Wopfner, 1996; Sone and Metcalfe, 2008; Liu et al., 2009; Liu et al., 2021). At ∼500 Ma, the southward-subducted Proto-Tethys slab started to roll back, which induced a back-arc basin formation. The breakoff of the slab around 490 Ma–467 Ma led to basin closure, accompanied by multiple magmatic events (Wang et al., 2013; Zhao et al., 2014; Li et al., 2016; Zhao et al., 2017; Dan et al., 2022). These sedimentary units and the magmatic batholiths composed the Ordovician basement between the Tengchong and Baoshan blocks (Figure 2B; Wang et al., 2013; Zhao et al., 2014; Li et al., 2016; Zhao et al., 2017).
[image: Figure 2]FIGURE 2 | Tectonic and geological maps of the study region. (A) Sketch diagram showing the general tectonic framework of the oroclines. Most oroclines are convex toward the Indian plate; only the section from EHS to Sagaing fault and the Gaoligong shear zone are convex toward the mantle wedge. The map is modified from Bajolet et al. (2013). (B) Topography map with a digital elevation model showing the distribution of the Tengchong block (TB, translucent brown block) and Baoshan block (BB, translucent blue block). The brown hash line marks the Mogok metamorphic block (MMB), and the Ordovician basement is marked by the gray horizontal line (Ye et al., 2020). WDF—Wanding fault. (C) Geological map of the Gaoligong orocline showing lithology units, fault distributions, cross-sections, and sample location. The published ages are quoted from Xu et al. (2015). The black number marks the age of zircon U-Pb dating, the blue marks the age of hornblende Ar–Ar dating, and the green marks the age of biotite Ar–Ar dating. The map is modified from BGMRYP (1983), Ma et al. (2014), and Xu et al. (2012).
Both Tengchong and Baoshan blocks were individually separated from Gondwana during the Early Permian (Wopfner, 1996; Metcalfe, 2013). They were later sutured together before the Early Cretaceous (Qi et al., 2019). Starting from the Late Cretaceous until the Paleocene, the S-type granites showed a gradual westward younging trend toward the boundary of the Tengchong block (Zhang et al., 2017; Sun et al., 2020). The I-type granitoids intruded along the western margin of the Tengchong block until ∼50 Ma, which can be correlated to the Gangdese arc belt as the Neo-Tethys slab subducted beneath Eurasia (Figure 2C; Xu et al., 2012; Ma et al., 2014). The stress regime switched from compression to extension between 53 and 40 Ma. A 53-Ma A2-type granite extends from the central to western Tengchong block, formed under a back-arc extensional setting (Chen et al., 2015). The magmatic flare-up was likely due to the breakoff of the Neo-Tethys slab and increased the contribution of mantle-derived melts until the emplacement of intraplate-type basaltic dykes at ∼40 Ma in the central region of the Tengchong block (Xu et al., 2008; Xie et al., 2016).
The Gaoligong shear zone (GLSZ) and Santaishan suture mark the boundaries between Tengchong and Baoshan blocks. In this study, we defined the N-S trending Gaoligong orogen along the GLSZ as the northern section of the Gaoligong orocline and NE-SW trending region as the southern section (Figure 2B). Chiu et al. (2018) revealed four ductile deformation events for the northern section. D1 formed the WNW-ESE-striking upright folds that are interpreted as resulting from the closure of the Neo-Tethyan ocean during the Early Cretaceous (118 Ma–78 Ma). D2 caused large-scale eastward thrusting and folding with a top-to-the-N/NE sense of shearing under upper-amphibolite-facies conditions between 50 Ma and 35 Ma. D3 formed a moderate NE-dipping, NW-SE-striking, and left-lateral shear zone under middle-to-lower-amphibolite-facies metamorphic conditions that accommodated the southeastward extrusion of Indochina around 35 Ma–28 Ma. D4 caused sub-vertical right-lateral shearing of the GLSZ in the evident N-S trend and retrograded from amphibolite facies into greenschist facies during 28 Ma–15 Ma.
The Gaoligong orocline bends to the NE-SW along the Santaishan suture (Figures 2B, C; Qi et al., 2019). Mitchell et al. (2008) refer to it as the Luxi–Namkham suture and further connects it to the suture of the Paung Laung–Mawchi zone along the Shan boundary. Zhang et al. (2017) reported four ductile deformation events: D1 is the large-scale top-to-the-east sub-horizontal thrust during 114 Ma–104 Ma. D2 is an intrusion doming event during 67 Ma–30 Ma. The magmatism caused the migmatization of the host rock and triggered a thrust-fault belt on the top of the dome structure. The contacts between granite, granitic mylonite, mylonite, phyllite, and sedimentary rocks are mostly sub-horizontal, parallel to the flat-laying thrusting detachment (Xu et al., 2015), indicating that major metamorphic layering and differentiation occurred during this event. Minor strike-slip shear belts are developed along both limbs of the dome structure. These strike-slip shear belts are further developed by the following deformation event (D3) under the right-lateral shear condition that can correspond to the N-S-trending right-lateral shear event (D4) of the north section (which is D3 for Zhang et al., 2017; Chiu et al., 2018). By correlating each deformation event to our new data for the southern section and comparing that to the previously studied northern section, we can re-establish a new structural evolution of the southern section of the Gaoligong orocline and delineate which deformation event had caused the formation of the Gaoligong orocline.
3 RESULTS AND INTERPRETATIONS
3.1 Reconstructed structural evolution of the southern section of the Gaoligong orocline
Based on cross-cutting relationships observed in the field and oriented thin sections, the succession of four ductile deformation events (D1, D2, D3, and D4a), with D4b marking the ductile-brittle transition event, followed by a brittle deformation (D5) event, were recognized along the three segments (Figures 3–6). D1 and D2 are folding events, while both D3 and D4a are shearing events with folds of different oriented shear (S/C) fabrics.
[image: Figure 3]FIGURE 3 | Outcrop photos and sketches showing the structural style and fold interference patterns for different deformation events. Photos (A–D) are D2-related structures from low to high strain. Photos (E–H) show D3-related structures with shallow to steep dips and increasing metamorphic grades. (A) D2 N-S-striking sub-horizontal shear plane with the S1 kink bend. (B) Recumbent folds (S1) with a sub-horizontal fold axial plane (S2). (C) Garnet-bearing mylonitic gneiss showing an N-S-striking sub-horizontal foliation (S2) under the upper amphibolite to granulite facies. (D) Contact between melanosome and leucosome is parallel to the N-S-striking sub-horizontal foliation (S2), suggesting the migmatization is syn-D2 under granulite facies. (E) D3 thrust ramp folds forming a NW-SE-striking sub-horizontal fold axial plane (S3). (F) Recumbent folds of slate outcrop with a weakly developed fold axial plane (S3). (G) S3 fabric showing a thrust sense of shear. (H) Outcrop preserving isoclinal D1 fold with a fold axial plane parallel to the dominant NW-SE-striking SW-dipping matrix foliation (S3), a penetrative sub-horizontal shear plane (C) can be noted to develop at the bottom of the outcrop. (I) Mylonite preserves the sense of thrust for the D3 shear zone. (J) N-S-trending L3 shows on the shear plane of D3 around the Ordovician basement. (K) Outcrop preserving D3 shear plane folded into the isoclinal D4a fold with NE-SW-striking, NW-dipping fold axial plane (S4a).
[image: Figure 6]FIGURE 6 | Microphotographs illustrating the microstructural and petrological relationship of D1 to D4. (A) Mylonitic S1 fabric with a right-lateral sense of shear defined by mica folia and very fine-grained quartz + feldspar aggregates in the ribbon. The deformation mechanism of the relic of quartz ribbon (the left side) is the grain boundary migration. (B) Right-lateral sense of shear of D1 can be indicated by the biotite, which wrapped the pressure shadow of the bulged K-feldspar with undulose extinction. (C) Grain boundary migration of quartz was observed from the C-fabric-parallel ribbon with undulose extinction. (D) Mylonitic S/C fabric is defined by muscovite + biotite folia and mica fish with a sub-horizontal thrust component. (E) Mylonitic S/C fabric is defined by biotite folia. The biotite fish contain folded sillimanite inclusions. (F) Microphotograph showing pre- to syn-D3 subgrain-rotated K-feldspar. (G) Mylonitic S/C1 fabric is defined by chlorite + biotite ± chloritized hornblende with a dextral sense of shear. (H) S3 is defined by sillimanite folia, which are bound by NE-SW-striking S4a foliation defined by fine-grained muscovite and plagioclase and quartz aggregates. Truncation and offsets of both S3 and S4a by S4b fractures can be noted. Bt, biotite; Chl, chlorite; Fap, feldspar; Hbl, hornblende; Kfs, K-feldspar; Mus, muscovite; Pl, plagioclase; Qtz, quartz; and Sil, sillimanite.
3.1.1 D1
The oldest event, D1, formed km-scale upright open folds with N-S-striking and sub-vertical axial plane S1 (between 345°–028°, an average value of 010°; Figures 3A, B; Figure 4; Figure 5). All D1 structures are observed within the Neoproterozoic meta-sedimentary unit (Figure 5). The S1 within the meta-sedimentary unit was later deformed by D2 and D3 fold axial planes, away from the highly deformed region of the D3 thrust plane (Figures 3A, B, F). Petrographic analysis shows that the S1 is defined by mica folia and quartz ribbons with a right-lateral sense of shear (Figure 6A). The grain boundary migration of the quartz ribbon indicates a temperature range >500°C (Figure 6A), and the bulging of feldspar (Figure 6B) further constrains the metamorphic conditions from middle-to-lower amphibolite facies (>600°C; Passchier and Trouw, 1996; Owona et al., 2013).
[image: Figure 4]FIGURE 4 | Southern hemisphere equal-area projection of field measurements separated according to ductile deformation events from D1, D2, D3, and D4a of three sections A, B, and C. Simplified structural pattern sketches of D1 to D4 are provided at the bottom. Various colors mark different foliations. Mylonitic S/C and S/C1 fabrics are separated from matrix foliation for D3 and D4a, respectively. Open circles mark the poles of all foliations, solid triangles mark the fold axis, and solid circles mark the mineral stretching lineation. Dash lines mark the fold axial plane, and solid lines mark the cleavages. (B) Fault kinematic solutions of brittle events (D4b and D5) plotted with equal-area southern hemisphere stereographic projection. The list of field measurement data is provided in Supplementary Table S1.
[image: Figure 5]FIGURE 5 | Reconstructed cross-sections of (A,A′), (B,B′), and (C,C′) segments. The oldest D1 fold formed the S1 axial plane (blue lines). D2 formed the sub-horizontal S2 foliation and chemical layering (orange lines). D3 thrust shear folding formed the S3 fold axial plane (black). The thick black line marks the shear plane of the D3 fold-thrust belt. The D4 shear fabrics (green) deformed multiple rock units, and the early stage of D4 (D4a) folded D3 thrust shear belts, forming the S4a axial plane (green) and then transformed into brittle deformation (D4b). The latest normal fault (thick gray line), D5, truncated all ductile fabrics.
3.1.2 D2
D2 forms meter-scale recumbent folds with the N-S-trending sub-horizontal fold axial plane cleavages (S2, Figures 3B, 4). Clear metamorphic layering showing a wide range of metamorphic conditions can be observed along different altitude outcrops. Lower-grade metamorphic conditions of brittly kinked mica-bearing D1-related phyllonite within the meta-sedimentary unit are observed at a higher altitude (∼2,000 m; Figure 3A), whereas medium-to-high-grade metamorphism indicated by sillimanite–garnet-bearing mylonitic gneiss is observed for outcrops at lower altitudes (∼1,200 m; Figure 3C). Strong metamorphic layering with a segregated quartzo–feldspathic-rich layer and a mica–sillimanite-rich layer can be observed for lower-altitude regions. Furthermore, sub-horizontal N-S-trending leucosome sheets can also be observed at lower-altitude outcrops (Figure 3D), indicating that the metamorphic condition of D2 could be as high as granulite facies. Even though the melanosome and leucosome have developed S3 during the later thrusting event, the contact still maintains the characteristics of D2, which is N-S trending. The vertical variation of metamorphic conditions from high-grade metamorphism at outcrops from 1,000-meter elevation to low-grade metamorphism at outcrops from 2,000-meter elevation showed that a much higher geothermal gradient is required if no structural deformation had occurred to displace rocks. Thrust faults tend to bring deeper rocks up for the hanging wall, whereas normal faults tend to push upper rocks down for the hanging wall. Since most of the outcrops we observed belong to the hanging wall and low-grade metamorphic rocks are observed for higher altitudes, we determined that these recumbent folds should accompany an extensional setting such as normal listric faulting conditions for D2.
3.1.3 D3
D3 is a thrust folding event that reactivated recumbent D2 folds to form large-scale sub-horizontal to gently westward-inclined folds (Figure 3; Figure 4) along a “listric type” thrust ramp. A dominant top-to-the-NE sense of shear NW-SE-striking, shallow SE dipping S3 fold axial planes can be noted (Figure 4). The dip (5°–55°) of S3 foliation showed systematic variation at different altitudes; the higher the elevation, the steeper the dip for S3 (Figure 5). Concentrated well-developed S-C fabrics are noted for narrow mylonitic belts at lower-altitude outcrops under high-grade metamorphic conditions (Figure 3I) along the thrust ramp. The mineral assemblage of muscovite + biotite + sillimanite and quartz ribbons (Figures 6C–E) is observed for the S-C fabric, which is indicative of amphibolite-facies metamorphism (Barrow, 1893). Sub-grain-rotation of feldspar (Figure 6F) indicates a temperature of up to 700°C (Passchier and Trouw, 1996; Owona et al., 2013). This medium-to-high-temperature metamorphism is accompanied by hydrous minerals, such as muscovite, biotite (Figures 6D, E), and hornblende (Figure 6G), which could result in syn-kinematic melting of anatexis (Patino Douce et al., 1990), thus responsible for the thick leucosome of migmatite that appears along the thrust ramp.
Strong strain-partitioning patterns are observed throughout the study region. Older fabrics are better preserved for the less-strained regions as the D3 C-fabrics are poorly developed, whereas the S-fabrics are more dominantly observed from the outcrop (Figures 3F–H). Similar to the S3 fabrics, the upper portion of the fold-thrust belt shows a steeper dip of C-fabrics (40°) than that for the lower portion with a shallower dip of C-fabrics (11°). The curved shear plane cropped out at different elevations from the west at around 800 m–1,000 m of altitude to the east that climbed from ∼1,200 m to ∼2,000 m (2,075 m is the location of sample 14CG12; the thick black line in Figure 5). A clear spatial pattern of strain condition, structural style, and metamorphic condition can be drawn for the D3 event. With higher altitude outcrop, less strained low metamorphic grade meta-sedimentary rocks are observed which preserved the older S1 and S2 fabrics (Figures 3E–G). In contrast, With lower altitude outcrop, hornblende, gneiss, and mylonitic gneiss rocks are highly strained under medium-to-high-grade metamorphism accompanied by the symmetric sub-horizontal stretching lineation (Figure 7).
[image: Figure 7]FIGURE 7 | Schematic diagram with southern hemisphere equal-area projection stereonet diagram showing geographical distribution of reconstructed S3 foliation with various dip and metamorphic conditions of the D3 fold and thrust complex. (A) Sub-horizontal to gentle back-limb produces a significant horizontal shearing and folding at higher metamorphic conditions. The steep fore-limb developed the sub-vertical strike-slip fault against the boundary of the Baoshan block as the Ordovician basement prevented stress penetration. (B) Schematic diagram showing the structural pattern and relative outcrop altitude labeled as a black circle with text, which correspond to the outcrop photos in Figure 3. The distribution of rock types changed from leucogranite, migmatite, migmatitic gneiss [M. G.], gneiss, and phyllonite toward the top. A higher strain is observed for the lower portion under higher metamorphic conditions. The red square marks the relative position of S3 foliation measurements, showing sub-horizontal to steep NE-dipping trend.
3.1.4 D4
D4 is a NE-SW-striking steep NW-dipping right-lateral shearing event that can be further divided into two stages: the ductile D4a (Figure 4; Figure 6H) and the brittle D4b (Figure 4). The dip of the shear plane becomes steeper from 45° to 90° from the southwest region toward the northeast region. The D4a right-lateral shearing event accompanied inclined shear folding with NE-SW-striking (22°–55°, the average value is 41.9°; Figure 4), steeply NW-dipping fold axial plane (S4) under a more ductile regime. This event strongly deformed the earlier fabrics (Figure 3K), including folding the D3 detachment (the black thick line in Figure 5). Figure 3K shows that the mylonitic melanosome with the D3 shear sense is folded by the D4-inclined fold. The S-C1 shear fabrics are dominated by quartz + biotite + chlorite + tourmaline ± muscovite ± sphene (Figure 6G; Supplementary Table S2) with NE-trending sub-horizontal mineral-stretching lineation L4a. The boudinaged syn-D2 sillimanite is included in S4 muscovite (Figure 6H), indicating that a retrograde metamorphism had occurred from D2 to D4. This retrograde condition continued to lower greenschist facies according to the chloritization of S4a-parallel biotite and sub-hedral hornblende fragments (Figure 6G). Recrystallized chlorite folia indicate that the D4a shearing event occurred under lower greenschist facies conditions (250°C–400°C).
The lowest temperature of D4 deformation can be constrained by the development of brittle deformation of D4b (Figure 4). A conjugate fault system of the NE-SW right-lateral and NW-SE left-lateral system was observed and measured (Figure 4; Figure 5; Figure 6H). On the outcrop, the NE-SW right-lateral faults are the dominant fault observed, which is also parallel to the shear plane (C1) of D4a (Figures 4, 5). The conjugate NW-SE-striking left-lateral fault can also be observed under thin sections as muscovite grains (S4b) truncate the S4a fabric (Figure 6H). The fault kinematic solution results show that the D4b brittle faults formed under a SW-dipping σ1, E-dipping σ2, and subhorizontal N- (or S-) trending σ3 stress regime (Figure 4). Consequently, the NE-SW-striking dextral shearing of the D4 initially occurred under mid-crustal-level conditions and progressively propagated toward the surface.
3.1.5 D5
The latest structural features observed are a series of Gaoligong orocline–parallel normal faults (Figure 4) that truncated all ductile fabrics and further rugged the topography (Figure 5). The fault kinematic solution results show sub-vertical σ1, sub-horizontal N-S trending σ2, and sub-horizontal E-W trending σ3 for the formation of these normal faults, and σ1 and σ3 exchanged their orientation in the southwest margin of the Tengchong block (Figure 4).
3.2 The correlation of structural evolution among the northern and southern sections
Based on our structural reconstruction, the D5 normal faults are observed from the northern (Chiu et al., 2018) and southern sections. Although the fault strikes differently among the two sections, the reconstructed fault kinematic analysis and the thermal history are the same for both sections. Xu et al. (2015) obtained the Ar–Ar age plateau of biotite at ca. 23 Ma in the southern section of the Gaoligong orocline (Figure 2C), which is similar to the age in the northern section (Chiu et al., 2018). This indicates that the southern and northern segments have the same thermal history. It should be logical to correlate the same age ranges for D4 and D5 as Chiu et al. (2018) suggested. On the premise that the D4 deformation temperature is close to the closure temperature of the feldspar, Chiu et al. (2018) adopted the younger age of the microcline feldspar as the lower limit of D4 (15 Ma). The younger age is similar to the start of normal faulting within the Tengchong block (G. Wang et al., 2006). As the fault strikes followed the orocline, the orocline had already formed prior to D5 (Figure 8). Similar reasoning can be applied to D4. As D4 defines the sub-vertical right-lateral strike-slip shear zone developed along the curvature of the Gaoligong orocline, we correlated D4 from both sections as the same event. This makes D4 the most dominant right-lateral shearing of the Gaoligong shear belt at this time (28 Ma–15 Ma) and indicates that it was formulated after the formation of the Gaoligong orocline (Figure 8; Chiu et al., 2018).
[image: Figure 8]FIGURE 8 | Diagram showing southern hemisphere equal-area projection stereonet diagrams of each reconstructed deformation event from both northern (Lushui–Liuku; Chiu et al., 2018) and southern (Longling–Liangho–Mangyun; this study) segments of the Gaoligong orocline. D3, D4, and D5 can be correlated as the same events for both northern and southern sections according to the same structural style and stress pattern. D2 from the southern section, however, cannot be correlated to any deformation events in the northern section. Therefore, we assume that D2 only affected the southern section. Although D1 from both sections shows some similarity in the foliation style, we do not consider the correlation to be formed due to too few data.
Unlike D4 and D5, D3 is the first event that did not show structure orientation that follows the trend of the orocline. D3 in the northern section forms a NW-SE-striking steeply NE dipping thrust belt with a sinistral sense of shear during 35 Ma–28 Ma (Chiu et al., 2018). Although D3 in the southern section is also a thrusting event, the thrust boundary shows a general NW-SE strike but shallow NE-SW dip direction (Figure 8). A spatial pattern of the steeper dip of the shear plane (C1) corresponds to the lower metamorphic grade and higher altitude toward the eastern boundary of the Tengchong block as is noted for D3 (Figure 7B). If we consider the D3 from the northern and southern sections as the same thrusting event, a shovel-like thrusting plane and curved fold-thrust belt can be recognized that is similar to a fault-propagation fold system (Figure 7A). The various dip directions of the C1-fabrics can be explained geographically as the northern section marks the footwall of the thrust system. Hence, the NE-dipping steep C1 foliation observed from the northern section defines the forelimb of the fault propagation fold system (Figure 7A). The shallow-to-moderate dipping C1 foliations observed from the southern section is equivalent to the flat shear plan to the ramp of this thrust system (Figure 7B).
Other than a spatial pattern between S3 and C1 foliations, a spatial pattern can also be observed for the mineral stretching lineation of the mylonites (L3). Based on Figure 7B, the mineral stretching lineation changed from broad NE-SW plunging to S-plunging and then to N-plunging in mylonitic layers (Figure 3J; Figure 4). This spatial variation in lineation shows the presence of a regional structure along the boundary east of the thrust front which blocked the propagation of strain. Since the D3 event shows strong spatial variation of foliation, mineral stretching lineation, and metamorphic conditions, we suggest this should be the event that produced the Gaoligong orocline. Recumbent folding under the extensional regime (D2) is not noted for the northern section. Therefore, we considered the D2 event as a local event that only occurred in the southern section (Figure 8). Although earlier D1 events are noted for both sections, insufficient information on neither the structural style nor stress pattern can be used for correlation. Therefore, we only correlate the structural evolution of the whole Gaoligong orocline from D3 to D5.
4 DISCUSSION
4.1 The timing of Gaoligong orocline formation
With careful examination of the structural evolution of the Gaoligong orocline, we have revealed that the northern section (Chiu et al., 2018) and the southern section (this study) of the Tengchong block underwent the same structural evolution from D3 to D5. With D4 and D5 having the same structural trends of the orocline but not D3, we assigned D3 to the formulation of the Gaoligong orocline around 40–28 Ma. If we examine the tectonic kinematic setting of the Tengchong block during this time, we can see that the tectonic stress condition changed from extension to compression as the hard collision between India and Eurasia occurred around 40 Ma (Figure 9; Chung et al., 2005; Xu et al., 2008). Before 40 Ma, the Tengchong block was a back-arc setting since 65 Ma due to the rollback of the Neo-Tethys slab (He et al., 2021). This extensional condition continued until slab breakoff occurred around 40 Ma (Xu et al., 2008), making it less likely to form a compressional orocline. The continued northward propagation of the West Burma terrane after 28 Ma (Mitchell, 1993; Gardiner et al., 2018; Morley and Arboit, 2019) is complementary to the further delamination and uplifting of the Tibetan Plateau (Chung et al., 2005). The tectonic strain condition changed to block rotation along the Eastern Himalayan syntaxis and development of N-S-trending dextral shear zones (Chiu et al., 2018). The middle-to-lower-crustal level flow around the Eastern Himalayan syntaxis (Royden et al., 1997; Clark and Royden, 2000; Burchfiel, 2004) is considered as the dominant mechanism for the development of these strike-slip shear zones (D4). Such a stress condition can reactivate the already deformed thrust plane (S3) into penetrative shear belts with curvature but not forming a curved shear belt. By comparing the reconstructed structural evolution among the northern and southern sections of the Gaoligong orogeny to the regional tectonic evolution, we consider that the formation of the Gaoligong orocline occurred during 40 Ma–28 Ma during a D3 deformation event.
[image: Figure 9]FIGURE 9 | Reconstructed cooling path according to published ages and their closure temperature/thermal conditions. The ages are zircon U-Pb dating ages with Ti-in-zircon thermometry, the Ar–Ar ages of hornblende and biotite (Xu et al., 2015), and monazite U-Pb ages with the garnet–biotite geothermometer from the Mogok metamorphic belt (Searle et al., 2007). The different color symbols at 1,000°C mark different magmatic periods of I-type, S-type, A-type, and gabbro in the Tengchong block. Combining the cooling path, the tectonic evolution, and medium-to-high-grade metamorphism conditions for D2 and D3, we considered that D2 occurred during 53–40 Ma when the extensional setting caused the slow cooling of the rock as leucogranite formed. D3 occurred during 40–28 Ma when the compressional setting produced a thrust fold belt followed by rapid cooling with the uplift, which is D4. The closure temperatures (TC) of different minerals used are as follows: TCHbl for hornblende (500°C–550°C; Harrison and McDougall, 1982), TCBt for biotite (275°C–300°C; Harrison et al., 1985); Gt, granite; Bs, basalt; L, late; M, middle; E, early; Paleo, Paleocene; P/P, Pliocene to present.
4.2 Structural geometry influenced by the Ordovician basement
The Tengchong block was accreted to the Baoshan block before the late Cretaceous (Xu et al., 2012; Gardiner et al., 2018). After suturing, these two micro-blocks should have similar structural characteristics as they were under the same tectonic settings: 1) Neo-Tethyan subduction and 2) the India–Eurasia continent–continent collision. However, according to our reconstruction results, the D3 fold-thrust-belt only developed in the Tengchong block and not in the Baoshan block, suggesting a considerable difference between these two blocks or the presence of some structural barrier to prevent strain from propagating. The Baoshan block is covered by Paleozoic and Mesozoic strata (Akciz et al., 2008) with sporadic intrusion and has a crustal thickness of 30 km–35 km (Zhang and Gao, 2019). On the other hand, the Tengchong block has a relatively thick crust (35 km–40 km) and was repeatedly intruded during 78 Ma–40 Ma (Figure 9; Xu et al., 2008; Xu et al., 2012; Ma et al., 2014; Chen et al., 2015; Xie et al., 2016; Zhang et al., 2017; Zhang and Gao, 2019). The magnetotelluric analysis shows a high-resistivity zone extending through the entire crust beneath the Ordovician basement (Figures 2B and Figure 10; Ye et al., 2020). The collocation of the Tengchong block–Ordovician basement–Baoshan block is similar to the Songpan–Ganzi–Longmenshan–Sichuan basin (Zhao et al., 2012; Wang et al., 2014). Zhao et al. (2012) revealed that the rigid high-resistivity lithosphere blocks the east-directed mid-crustal level flow beneath Longmenshan. Although the tectonic scales of the two localities are different, the concept that an ancient structure, the Proto-Tethys-related Ordovician basement, can stop the strain of D3 from working on the Baoshan block is consistent between them.
[image: Figure 10]FIGURE 10 | Satellite image and 3D-block topography diagram showing major structures and geological units around the Gaoligong orocline. (A) Satellite image shows the location of the high-resistivity Ordovician basement (Ye et al., 2020). The red line marks the surface exposure of the Ordovician basement, the orange line marks the boundary at a depth of 15 km, and the yellow line marks the boundary at a depth of 45 km. The green line marks the strike of D4 shear belts. (B) 3D-block diagram showing the curvature of the Gaoligong orocline produced by intersecting the topography surface to the shoveled shape thrust shear plane against the Ordovician batholith.
The location of the high-resistivity regions of the Ordovician basement at a depth of 20 km is shown in Figure 10A. The convex shape of the Gaoligong orocline is clear (Ye et al., 2020), but extends beneath the Tengchong block at a depth of middle-to-lower crust (the depth of 15 km and 45 km contours of Figure 10A; Ye et al., 2020). It appears that the Ordovician basement provided a rigid ramp as a footwall for oblique thrusting and resulted in heterogeneous deformation of D3 in the middle crust (e.g., sample 14CG12; Figure 10B). The Ordovician basement also affected all younger deformation events of the Tengchong block, such as blocking the extension of the N-S-trending GLSZ (red line of Figure 10A) and NE-SW trending D4 shear zone (green line of Figure 10A). As a response to the accumulated stress (Zhao et al., 2012; Ye et al., 2020), the post-orogeny collapse (D5) was accompanied by erosion and the development from the south of the Gaoligong mountain to the north after 15 Ma (G. Wang et al., 2006a).
4.3 The formation mechanism of the Gaoligong orocline
The typical formation mechanisms of oroclines can be subdivided into non-rotational (primary) and rotational oroclines (secondary; Figure 1A). According to our reconstruction, no secondary deformation event altered the geometry of the Gaoligong orocline. Thus, we can say that the Gaoligong orocline is more likely to fall within the category of non-rotational (primary) oroclines. The primary orocline is mostly restricted to thin-skinned thrust belts that reflect the plate boundary’s original curvature, resulting in one stage of foliation development (e.g., Marshak, 1988; 2005; Weil and Sussman, 2004; Johnston et al., 2013). Based on the lithology distribution, the Gaoligong orocline also marks the boundary between the Tengchong and Baoshan blocks, making it a suitable block setting for developing a non-rotational orocline. In such a case, radial fan foliations that strike parallel to the trend of the orocline should be expected for the syn-orocline-forming event, which would be S/C and S3 for the Gaoligong orocline. From our field measurements, only NW-SE-striking foliations but not NE-SW-striking foliations are found for the D3 event. Mechanism 2 is very similar to our reconstructed style, but the indenter, which is the Ordovician basement of the Baoshan block, is situated on the site opposite to the orocline. The wrong geographic position of the indenter and lack of orocline parallel striking foliations argue against the possibility of a primary orocline for the forming mechanism of the Gaoligong orocline. Therefore, we conclude that the Gaoligong orocline is an “atypical” orocline and that the curved geometry along the Tengchong block boundary is a visual effect due to the intersection of the shovel-like thrust belt to the topographically relieved surface.
5 CONCLUSION
Based on our structural reconstruction, five deformation events were reconstructed for the southern section of the Gaoligong orocline. By correlating the structural evolution between the northern and southern sections, we conclude that the Gaoligong orocline underwent the same deformation event since D3. All D4 and D5 structures show orocline parallel foliation, indicating that they had reused the orocline geometry during deformation. Therefore, the D4 and D5 events occurred after the formation of the orocline, leaving D3 as the most probable candidate for orocline formation during the India–Asia hard collision (40–28 Ma). Since D4 and D5 do not show progressive deformation to further develop the curvature of the orocline, we can reject the Gaoligong orocline formed by rotational oroclinal development. Although the thrust belt of D3 is the major forming mechanism of the Gaoligong orocline, the Ordovician basement behaved as an “indenter” that controlled the geometry of this thrust front. In addition, the radial fan pattern that follows the orocline of the S3 foliations cannot be observed. Furthermore, according to the primary orocline model, the “indenter” should be situated to the west of the concave orocline, but the Ordovician basement between the Tengchong and Baoshan blocks is situated to the east of the orocline, leading us to reject the hypothesis that the Gaoligong orocline was formed by non-rotational oroclinal development. The geometry of the Gaoligong orocline does not reflect a “bended orogeny,” but a visual effect of topography relief over a shovel-like thrusting plane; thus, it is an “atypical” orocline.
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