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Abstract

:

In response to orogenic cycles, the ductile shear zone records a complex crustal deformation history. In this study, we conducted a microstructural analysis of two NW–SE trending ductile shear zones (Deokjeok Shear Zone (DSZ) and Soya Shear Zone (SSZ)) in the Late Triassic post-collisional granites along the western Gyeonggi Massif in the Korean Peninsula. The DSZ, overlain by the Late Triassic to the Early Jurassic post-collisional basin fill (Deokjeok Formation), has asymmetric microstructures indicative of a top-down-to-the-northeast shear. Depending on the structural position, the SSZ, which structurally overlies the Deokjeok Formation, exhibits two contrasting styles of deformation. The lower portion of the SSZ preserves evidence of top-up-to-the-southwest shearing after top-down-to-the-northeast shearing; on the other hand, the upper portion only indicates a top-up movement. Given the primary deformation mechanisms of both quartz and feldspar, the deformation temperatures of DSZ and SSZ were estimated at ~300–350 °C and ~350–400 °C, respectively, indicative of the mid-crustal condition. New zircon U-Pb isotopic ages from mylonitic granite in the SSZ and volcanic rocks in the Deokjeok Formation, combined with previously published geochronological data, indicate that the post-collisional granites and volcano-sedimentary sequence were nearly contemporaneous (ca. 223–217 Ma) and juxtaposed because of the Late Triassic orogenic collapse and subsequent new orogenic event. In this study, we highlight the role of the extensional DSZ as a detachment propagated into the middle crust during the Late Triassic orogenic collapse. Our results report a deformational response to a transition from the collisional Songrim Orogeny to the subduction-related Daebo Orogeny in the western Gyeonggi Massif. This, in turn, provides essential insight into cyclic mountain building/collapse in the East Asian continental margin during the Mesozoic time.
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1. Introduction


Orogeny is a series of geological mechanisms at convergent plate margins where mountain ranges are created [1,2]. Orogenic evolution is primarily controlled by the Wilson cycle [3], and involves repeated vertical thickening and thinning of continental crusts due to various factors, including the interplay between tectonic plates, gravitational potential energy, and isostasy [4,5,6]. Once the continental crust is thickened by orogenic processes, its isostatically compensated elevation leads to a high gravitational potential energy and drives mechanical collapse and vertical and lateral crustal flow [7,8,9]. Late- and post-orogenic magmatism thermally soften the orogenic crust as well as accelerate crustal extension and exhumation of the mid- or low-crustal materials [10]. Thermally weakened collapsed orogen with complex inherited structures may be vulnerable to external stress attributed to a subsequent orogenic event and provide a target for absorbing horizontal contraction via positive structural inversion [11].



In the Korean Peninsula, the western margin of the Gyeonggi Massif has been considered as a part of an orogenic belt in the East Asian continental margin, which had evolved via multiple tectonic events from the Proterozoic to the Mesozoic, in relation to the disruption and assemblage of the supercontinents Columbia (Nuna), Rodinia, and Pangea [12,13,14,15]. Since Early Mesozoic high-pressure metamorphic rock was discovered in the western Gyeonggi Massif [12], the lines of petrographic, geochemical, and geochronological studies have been conducted in the area and have given rise to several Korean collision zone models in the Permo–Triassic final amalgamation of the East Asia continent, including the Hongseong-Imjingang Belt [16], the Gyeonggi Marginal Belt [17], the Hongseong-Odaesan Belt [18], and the Crustal Detachment [19] models. The architectural and evolutionary history of the Permo–Triassic collision zone in and around the Korean Peninsula remain controversial because there remains a lack of understanding of the crustal modification owing to successive deformation events in relation to orogenic cycles. In the western Gyeonggi Massif, the micro- to macro-scale complex structural patterns must be clarified in connection with the timing of the deformations to test and refine collision models based on the concept of cyclic orogenic evolution.



The present study aims to provide new microstructural data from two ductile shear zones (the Deokjeok Shear Zone (DSZ) and Soya Shear Zone (SSZ)), which were defined by detailed field mapping in the Deokjeok and Soya islands in the western Gyeonggi Massif, and to constrain the kinematics and deformation conditions of ductile shearing. In this study, we present the timing of the syn-tectonic magmatism and sedimentation based on new zircon U-Pb ages from mylonitic granite and deformed volcanic rocks. The results will provide an improved understanding of an orogenic cycle in the western Gyeonggi Massif, thus reflecting spatial and temporal changes in governing the tectonic process of the Mesozoic East Asian continental margin.




2. Geological Setting


The Korean Peninsula comprises three Precambrian basement massifs: the Nangrim, Gyeonggi, and Yeongnam massifs, which are separated by the Paleozoic Imjingang and the Neoproterozoic to Paleozoic Okcheon belts ([20], Figure 1). These basement massifs are primarily composed of Paleoproterozoic (ca. 2.0–1.85 Ga) granite and migmatitic gneiss, minor schist, quartzite, marble, and amphibolite, and have experienced multiple tectono-thermal events related to subduction and collisional tectonics from the Paleoproterozoic to the Mesozoic [14,17,21,22,23].



In the previous two decades, various studies in the western Gyeonggi Massif have provided key evidence for the Neoproterozoic to Mesozoic plate marginal processes [12,13,15,16,17,24,25,26,27,28,29,30,31,32]. Furthermore, the Early Mesozoic high-pressure metamorphic imprint in the western Gyeonggi Massif is considered as a product of continental amalgamation in relation to the closure of the Paleo-Tethys Ocean [12,14,16,25,28], and has tracked the eastward extension of the Qinling-Dabie-Sulu Belt in China, even though the location of the suture zone remains controversial. The Early Mesozoic crustal thickening event in the Korean Peninsula, caused by continental collision, has been referred to as the Songrim Orogeny, which is temporally correlated with the Indosinian Orogeny in southeastern China [33,34,35]. The overthickened crust of the western Gyeonggi Massif was affected by Late Triassic post-collisional magmatic activity and metamorphism supposedly induced by the lithospheric delamination or oceanic slab break-off [36,37,38]. In accordance with the post-collisional thermal pulses, the gravitationally unstable crust collapsed and stretched, leading to the exhumation of deeply buried rocks and the formation of non-marine sedimentary basins [29,38]. As the Paleo-Pacific Plate subducted under the Eurasian Plate, the western Gyeonggi Massif was then located on a continental arc during the Early to Middle Jurassic [39,40,41]. During the Late Jurassic to Early Cretaceous, the arc magmatism ceased because of slab shallowing, and the flat/low angle subduction of the Paleo–Pacific Plate caused basement-involved shortening and basin inversion in the western Gyeonggi Massif [30]. The magmatic and non-magmatic tectonic processes related to the subduction of the Paleo–Pacific Plate have been referred to as the Daebo Orogeny [30,42]. In the western Gyeonggi Massif, the Deokjeok and Soya islands are natural laboratories used to characterize the Mesozoic cyclic mountain-building/destruction processes (Figure 1). The islands are primarily composed of Paleoproterozoic gneisses, Neoproterozoic and Paleozoic schists, Late Triassic post-collisional intrusions, and Late Triassic to Early Jurassic non-marine sedimentary sequence (Deokjeok Formation) (Figure 2, [43,44]). The lithologic distribution is markedly controlled by the NW–SE trending macro-scale thrusts and shear zones (Figure 2 and Figure 3). Note that the Deokjeok Formation comprises isolated sedimentary packages separated by the basement-involved Buk-ri Thrust (Figure 2), possibly indicating independent sub-basins.



The hanging wall of the Buk-ri Thrust, which is the focus of this study, has a complex structural architecture (Figure 3). Porphyritic granite, which locally has a magmatic foliation, is extensive in the hanging wall domain (Figure 2 and Figure 3). Along the northeastern coasts of the Deokjeok and Soya islands, the porphyritic granite has a strong mylonitic foliation (Figure 3). The Deokjeok Formation above the mylonitized porphyritic granite is weakly metamorphosed and comprise conglomerate, sandstone, slate, pebble-bearing phyllite, felsic tuff, and quartz porphyry (Figure 4). The quartz porphyry and the felsic tuff are consistently concordant with the sedimentary layers (Figure 4b), possibly indicating syn-sedimentary volcanism. The contact between the volcano-sedimentary sequence and the underlying mylonitized porphyritic granite is a normal fault (Figure 3 and Figure 5). In the hanging wall of the Buk-ri Thrust, the Deokjeok Formation is structurally overlain by porphyritic granite, pink feldspathic granite, quartzolite, and layered mafic and felsic intrusion, all of which are strongly mylonitized.




3. Deokjeok and Soya Shear Zones


In the Late Triassic granites along the northeastern coasts of the Deokjeok and Soya islands, the overall NW–SE trending ductile shear zones are well developed. In this study, based on their structural position, we defined two shear zones: the Deokjeok Shear Zone (DSZ), which is structurally overlain by the Deokjeok Formation, and the Soya Shear Zone (SSZ), which is structurally overlying the Deokjeok Formation (Figure 3).



The DSZ has a width of at least 1 km (Figure 3). The mylonitic foliation is defined by the arrangement of quartz aggregates and mica, and strikes WNW–NNE and dips consistently northeastward at 35°–80°. The foliation surface is marked by a NE-plunging (down-dip) stretching lineation, which is recognized as a long axis of K-feldspar porphyroclast. In the DSZ outcrop, the S–C structure is indicative of a top-down-to-the-northeast sense of movement (Figure 6a). In the DSZ, the fabric intensity tends to increase from southwest to northeast in the map area. The northeastern boundary of the DSZ is a normal fault in contact with the Deokjeok Formation, and foliated cataclasite with a thickness of at least several meters (Figure 5) occurs along the boundary.



The SSZ is at least 1 km wide and its southwestern boundary is defined by a thrust fault (Figure 3). In the SSZ, mylonitic foliation is defined by the alignment of mica and quartz aggregates, and strikes NW to NNW and dips northeastward at 20°–85° (Figure 3). A strong down-dip stretching lineation occurs on the mylonitic foliation. Outcrop-scale asymmetrical structures, including σ-type strain shadow, antithetic shear fracture of K-feldspar porphyroclast, and extensional crenulation cleavage (Cʹ shear band), indicate a top-up-to-the-southwest sense of movement in the SSZ (Figure 6b–d).




4. Microstructures


To further interpret deformation conditions and kinematics, we observed the microstructures of the mylonitic granites in the DSZ and SSZ. For microstructural analysis, all thin sections were cut perpendicular to mylonitic foliation and parallel to stretching lineation, thus representing the XZ plane of finite strain within the shear zones.



4.1. Deokjeok Shear Zone


Original quartz grains in the mylonitic granite from the DSZ show patchy undulatory extinction and deformation bands caused by recovery-accommodated dislocation creep (Figure 7a,b; [48]). Recrystallized quartz grains are slightly elongated, with aspect ratios between 2:1 and 3:1, and we observed two types of recrystallized quartz grains along the original quartz grain boundaries (Figure 7b): (1) irregular-sized new grains by bulging recrystallization much smaller than the original grains and (2) regular-sized new grains by subgrain rotation, which are the same size as the subgrains. In the DSZ, the former is more common compared the latter. K-feldspar porphyroclasts have a maximum long axis of ~8 mm wrapped by quartz aggregates and mica. The majority of the feldspars show quartz-filled intragranular microfractures (Figure 7a) subparallel with mineral cleavage and rarely display microstructures indicating crystal plasticity. The deformation band (Figure 7c) and undulatory extinction are occasionally observed in small feldspar grains of less than ~2 mm in size. All kinematic indicators, including σ-type asymmetric strain shadow around feldspar porphyroclasts and S–C fabric, demonstrate a top-down-to-the-northeast shear sense (Figure 7d).



Microstructures of quartz and feldspar in the DSZ indicate a low-temperature deformation condition during the extensional (top-down) shearing. The quartz grains with low aspect ratios mainly formed through bulging recrystallization, which is representative of the BLG (bulging recrystallization) I domain of Stipp et al. [49,50], indicate a deformation temperature range of ~280–350 °C. The pervasively fractured feldspar grains, which locally show a deformation band and undulatory extinction is typical of Zone 2 of the Pryer [51], and thus suggest deformation at ~300–400 °C. Thus, based on the microstructures of both quartz and feldspar, the estimated deformation temperature of the DSZ is ~300–350 °C, which is indicative of the mid-crustal condition.




4.2. Soya Shear Zone


In original quartz grains in the mylonitic granite of the SSZ, intragranular plastic deformation features, such as undulatory extinction, deformation band, and subgrain boundary, are clearly observed (Figure 8a). Recrystallized quartz grains formed by subgrain rotation and bulging are developed, particularly along the original quartz grain boundaries (Figure 8a). Recrystallized quartz grains show relatively high aspect ratios (up to 5:1) and occasionally define steady-state foliation inclined at 40°–50° to the main mylonitic foliation (Figure 8b). K-feldspar porphyroclasts with a long axis of up to 1 cm in length are wrapped by recrystallized quartz grains and mica. The microstructure in feldspar is dominated by intragranular fracture subparallel to cleavage, which is filled with both quartz and white mica (Figure 8c). Patch undulatory extinction, deformation twin, strain-related myrmekite, and flame perthite are observed along the feldspar grain boundaries (Figure 8c,d). The asymmetric strain shadow around K-feldspar porphyroclasts is primarily composed of recrystallized quartz grain (Figure 8e). The quasi-plastic deformation features in the SSZ are locally imprinted by the elastico-frictional deformation, as has been demonstrated by the dominant cataclastic microstructures along the lower (southwestern) boundary zone (Figure 8f).



Depending on their structural position, the microstructures of the mylonitic granites in the SSZ represent two contrasting kinematic styles. In the upper (northeastern) portion of the SSZ, all asymmetric microstructures indicate a top-up-to-the-southwest sense of shear (Figure 6b–d and Figure 8d,e). However, in the lower (southwestern) portion of the SSZ, a kinematic inversion is recognized. Most kinematic indicators in the lower portion of the SSZ, including a σ-type asymmetric strain shadow and stair-stepping quartz band, illustrate a top-up-to-the-southwest sense of movement; however, a part of the quartz lenses shows a relict of steady-state foliation indicating a top-down-to-the-northeast shear sense (Figure 8b). The cross-cutting relationship is interpreted to mean the normal slip (extensional shearing) occurred earlier compared to the reverse slip (contractional shearing).



The quartz grains with relatively high aspect ratios, formed by both bulging and subgrain rotation, are typical of the BLG II domain of Stipp et al. [49,50], thus indicating a deformation temperature range of ~350–400 °C. The feldspars showing pervasive intragranular fractures and local evidence for recovery, such as patch undulatory extinction, strain-related myrmekite, and flame perthite, are representative of Zone 2 of the Pryer [51], which suggest deformation at ~300–400 °C. To summarize, the deformation temperature of the SSZ of ~350–400 °C is estimated based on the microstructures of both quartz and feldspar, reflecting a mid-crustal condition. The crystal plastic deformation overprinted by dominant cataclasis along the southwestern boundary of the SSZ possibly indicates that the highly strained rocks were brought closer to the surface through uplift and erosion during progressive contractional shearing.





5. U-Pb Geochronology


To constrain the timing of syn-tectonic magmatism and sedimentation, we conducted zircon U-Th-Pb isotopic age dating for three samples (DJ039, DJ352, and SY004) from mylonitized porphyritic granite in the SSZ and deformed volcanic rocks in the Deokjeok Formation. Zircons were selected from heavy mineral concentrates, and mounted in epoxy disks along with secondary zircon standards FC-1 (ca. 1099 Ma; [52], with DJ352) or Plešovice (ca. 337 Ma; [53], with SY004 and DJ039). The internal textures of the zircons were imaged via cathodoluminescence (CL) and backscattered electron imaging (BSEI) using a scanning electron microscope (JEOL 6610LV) at the Korea Basic Science Institute (KBSI), Ochang Campus, Cheongju, South Korea. The Pb-Th-U isotopic data were obtained using the sensitive high-resolution ion microprobe (SHRIMP) for DJ352 and the nu plasma II multi-collector inductively coupled plasma mass spectrometer combined with a 193 nm ArF excimer laser ablation system (LA-MC-ICP-MS) for DJ039 and SY004 at the KBSI Ochang Campus. For SHRIMP and LA-MC-ICP-MS dating, the instrumental conditions and analytical procedures were the same as those described by Williams et al. [36] and Lee et al. [32]. Acquired 206Pb/238U age of the FC-1 zircon grains was ca. 1099 ± 4.3 Ma (2σ, n = 17, MSWD = 1.20). The Plešovice zircons yielded ages of ca. 337.20 ± 0.26 Ma (2σ, n = 76, MSWD = 0.065) for SY004 and ca. 337.50 ± 0.33 Ma (2σ, n = 53, MSWD = 0.116) for DJ039. The analyses were targeted on the rims of the zircon grains to constrain the crystallization ages of the samples. The isotopic ages were calculated per the constants recommended by the International Union of Geosciences (IUGS) Subcommission on Geochronology [54]. Plotting of the data on concordia diagrams and the age determination were conducted using Squid 2.50, Isoplot 3.71 [55,56], and Iolite 2.5 [57,58]. We used 206Pb/238U ages for zircons younger than 1.0 Ga, and 207Pb/206Pb ages for zircons older than 1.0 Ga.



5.1. Deformed Felsic Tuff in the Deokjeok Formation (DJ352)


The zircons from samples DJ352 occur as stubby to prismatic (aspect ratios 1–5.7), subhedral to euhedral, and fine- to large-sized (60–410 μm in diameter) grains with rare rounded terminations. Most of the zircons display marked oscillatory or sector zoning, which is typical of zircons from igneous rocks (Figure 9a). Some zircon grains exhibit inherited, anhedral to subhedral zoned cores and weakly zoned overgrowths with dark CL images (Figure 9a). The data from 52 analytic spots reveal a broad range of U contents (52–3282 ppm) and Th/U ratios (0.05–1.66) (Table S1). The Th/U ratios are nearly above 0.1.



The apparent ages of the analyzed spots range widely from the Paleoproterozoic to Late Triassic: 2430, 2237, ca. 1869–1819, 1776, 1681, ca. 953–814, 282, 254, 246, 238, ca. 237–210 Ma (Table S1, Figure 10a). Approximately 70% of the apparent ages fall into the Late Triassic period. Notably, there are two Late Triassic zircon populations yielding weighted mean ages defined by over eight analyses: 223.9 ± 1.0 Ma (n = 17, MSWD = 0.89) and 217.2 ± 1.5 Ma (n = 8; MSWD = 0.25) (Figure 10b). The youngest weighted mean age, ca. 217 Ma, likely indicates the timing of syn-sedimentary felsic volcanism related to the emplacement of the analyzed tuff layer.




5.2. Deformed Quartz Porphyry in the Deokjeok Formation (DJ039)


The zircons from samples DJ039 occur as stubby to prismatic (aspect ratios of 1.0–5.6), subhedral to euhedral, and fine- to medium-sized (25–190 μm in diameter) grains. Most zircons exhibit oscillatory zoning indicative of their igneous origin (Figure 9b). The data from 100 analytic spots reveal a broad range of U contents (300–3770 ppm) and Th/U ratios (0.01–2.12) (Table S2). With the exception of one analysis, Th/U ratios are over 0.1. All apparent 206Pb/238U ages of the analyses belong to the Late Triassic. The ages from 90 zircon grains fall in a near concordant cluster (Figure 10c), thus yielding a weighted mean age of 221.4 ± 0.2 Ma with acceptable analytical uncertainty (MSWD = 0.85). The age signifies the timing of syn-sedimentary volcanism.




5.3. Mylonitized Porphyritic Granite (SY004)


Zircons from samples SY004 are fine to large (30–240 μm in diameter) and occur as stubby to prismatic (aspect ratios of 1.0–3.7), subhedral to euhedral, and grains with rare rounded terminations. Most zircon grains show oscillatory or sector zoning indicative of igneous origin (Figure 9c). Some zircon grains show inherited anhedral to subhedral zoned cores and weakly zoned overgrowths characterized by dark CL images (Figure 9c). In sample SY004, the isotopic data from 34 zircons reveal a wide range of U contents (72–3342 ppm) and Th/U ratios (0.02–1.86) (Table S2). With the exception of one analysis, Th/U ratios are over 0.1. All apparent 206Pb/238U ages of the analyses correspond to the Late Triassic; the ages of 28 zircon grains fall in a near concordant cluster (Figure 10d), thus yielding a weighted mean age of 218.8 ± 0.43 Ma with acceptable analytical uncertainty (MSWD = 1.17). The age likely indicates the timing of the original crystallization of the mylonitic granite.





6. Discussion and Conclusions


Orogenic belts commonly experience late-orogenic or post-orogenic crustal stretching and thinning, accompanied by mantle-derived magmatism, regional thermal metamorphism, and surficial denudation and sedimentation ([59,60,61]; and more references). The western Gyeonggi Massif has been found to preserve post-orogenic thermal, mechanical, and physiochemical processes following the Early Mesozoic collisional orogeny related to the closure of the Paleo-Tethys Ocean. Late Triassic magmatism [36,37,62], related metamorphism and anatexis [38], and Late Triassic to Early Jurassic non-marine sedimentation [29,32] have been considered as evidence of post-collisional processes in the western Gyeonggi Massif, leading to various conceptual models regarding collision zone architecture. We provide our model below (Figure 11).



An important question arises about what style of crustal deformation processes occurred in the western Gyeonggi Massif during the Late Triassic post-collisional stage. Our new microstructural and zircon U-Pb isotopic data help clarify the post-collisional crustal deformation history in the study area (Figure 11). Late Triassic post-collisional granite bodies in the Deokjeok and Soya islands were emplaced at ca. 223–218 Ma ([47]; this study: Figure 2 and Figure 10), and were ductilely deformed at mid-crustal levels as estimated from deformation temperature of ~300–400 °C in the DSZ and SSZ. In the Deokjeok Formation, the ca. 221 Ma and ca. 217 Ma zircon U-Pb ages from the volcanic layers (Figure 10) indicate that the surficial volcano-sedimentary process was nearly simultaneous with the deep emplacement of the post-collisional granite. Note that the extensional DSZ with a top-down-to-the-northeast sense of shear now marks the contact between the volcano-sedimentary sequence in the hanging wall and the post-collisional granites in the footwall (Figure 3). Furthermore, the volcano-sedimentary sequence shows a foliated cataclasite along the fault contact with the DSZ (Figure 5), suggesting exhumation of the DSZ to the upper crustal level during progressive extensional shearing. This means that the extensional DSZ had likely evolved in connection with the Late Triassic upper crustal extension and the sedimentation of the Deokjeok Formation. Given these structural features, we suggest that the DSZ with a minimum width of 1 km played a role as an extensional detachment during the Late Triassic orogenic collapse in the western Gyeonggi Massif (Figure 11). Generally, in collapsing orogens, extensional detachments are known to sole into the middle crust [63]; moreover, they are ubiquitous structures in collapsed orogens, thereby exposing metamorphic core complexes, as can be seen in the Cordillera [64,65], the Caledonides [66], and the Cyclades [67]. The ubiquitous occurrence of extensional detachments in exhumed orogens indicates that the gravitational potential energy, driving vertical thinning and horizontal extension, is a common mode in thickened orogenic crusts [4,8]. Our detachment model for DSZ offers a partial explanation for why migmatitic Neoarchean crystalline rock [68,69] is locally exposed in the footwall side of the DSZ (Daeijak Island: Figure 1). Strong Late Triassic zircon overgrowths in the migmatitic Neoarchean rock [70] might indicate decompression-driven partial melting [9,71] during the exhumation, along with extensional shearing along the DSZ. Detailed petrographic and geochronological studies to clarify the characteristics of the P-T-t path of the migmatitic Neoarchean crystalline rock are required to test our detachment model for the DSZ.



The microstructural evidence of structural inversion in the SSZ (Figure 8b) indicates the imprint of a new orogenic cycle following the Late Triassic orogenic collapse in the western Gyeonggi Massif. Extensional shear zones formed during the orogenic collapse might provide an easy target for reactivation as an inherited structure during successive orogenic events [72]. The SSZ was likely formed during the reactivation of an extensional shear zone, which formerly experienced top-down-to-the-northeast movements, in response to regional contraction, and had carried mid-crustal materials southwestward upon the volcano-sedimentary sequence of the Deokjeok Formation (Figure 3). The SSZ was possibly widened with time toward the massive hanging wall (NE block), considering that evidence of reactivation is limited to the lower (southwestern) portion of the SSZ. The progressive contractional shearing along the SSZ at the mid- to upper-crustal levels has been well documented as the crystal plastic deformation overprinted by cataclasis along the southwestern boundary of the SSZ (Figure 8f). In the study area, the NW–SE trending basement-involved thrusts (Buk-ri Thrust: Figure 2) is interpreted to be genetically linked to the SSZ, considering their geometric and kinematic consistency. An important question then arises about when the contractional deformation and the structural inversion occurred. Park et al. [29,30] argued that the structural inversion of post-collisional extensional basins in the western Gyeonggi Massif occurred during the Late Jurassic to Early Cretaceous (ca. 158–110 Ma), as indicated by illite and altered K-feldspar K-Ar geochronology, coupled with detailed structural mapping. They reported that the Late Jurassic to Early Cretaceous structural inversion was contemporaneous with magmatic quiescence across the Korean Peninsula, possibly because of flat/low-angle subduction of the Paleo–Pacific Plate; they further suggested the Laramide-style ‘non-magmatic phase’ of the Daebo Orogeny. Although further detailed geochronological studies are required, we suggest that the Late Jurassic to Early Cretaceous subduction tectonics were attributed to the ductile contractional shearing and basement-involved thrusting following the Late Triassic orogenic collapse in the study area.



Our study provides insight into the complex crustal structures formed during cyclic orogenic evolution in the western Gyeonggi Massif. As part of the diachronous interplay between tectonic plates and related thermo-mechanical processes in the East Asia continent, the results reflect a Mesozoic tectonic transition from the collision-related Songrim Orogeny to the subduction-related Daebo Orogeny in the Korean Peninsula.
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Figure 1. (a) Simplified tectonic map of the Korean Peninsula and adjacent areas (modified from [45,46]). (b) Geologic map of the western Gyeonggi Massif (modified from [47]). The gray rectangular box denotes the area of Figure 2. 
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Figure 2. Geological map and cross-sections of the Deokjeok and Soya islands. Sample locations for U-Pb dating are shown on the map. The gray rectangle indicates the location of Figure 3. B.T.—Buk-ri Thrust. 
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Figure 3. Detailed structural map of the northeastern coast of the Deokjeok and Soya islands. Equal-area stereograms indicate poles to mylonitic foliation and stretching lineation in the Deokjeok and Soya shear zones. 
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Figure 4. Photographs showing volcanic rocks in the Deokjeok Formation in the hanging wall of the Buk-ri Thrust. (a) Outcrop photograph of quartz porphyry. (b) Outcrop photograph showing the concordant relationship between the quartz porphyry and sedimentary layers. (c) Outcrop photograph of a felsic tuff, including sub-rounded to sub-angular, various sized lithic fragments (white arrow). (d) Photomicrograph (cross-polarized light) of a felsic tuff showing fractured quartz crystals and lithic fragments in the sericite-bearing finer matrix. Abbreviations: Qtz—Quartz, Lf—Lithic fragment. 
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Figure 5. Outcrop photographs of a normal fault juxtaposing volcano-sedimentary sequences in the Deokjeok Formation and mylonite in the DSZ. (a) Slickenfibres on the fault surface indicative of top-down movement. (b) Foliated cataclasite zone along the normal fault. 
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Figure 6. Outcrop-scale shear sense indicators in the Deokjeok Shear Zone (DSZ) (a), and the Soya Shear Zone (SSZ) (b–d). (a) S–C structure. (b) σ-type strain shadow. (c) Antithetic shear fracture (bookshelf structure). (d) Extensional crenulation cleavage (C’ shear band) inclined at 30°–40° to the earlier CS-foliation. 






Figure 6. Outcrop-scale shear sense indicators in the Deokjeok Shear Zone (DSZ) (a), and the Soya Shear Zone (SSZ) (b–d). (a) S–C structure. (b) σ-type strain shadow. (c) Antithetic shear fracture (bookshelf structure). (d) Extensional crenulation cleavage (C’ shear band) inclined at 30°–40° to the earlier CS-foliation.



[image: Minerals 10 00362 g006]







[image: Minerals 10 00362 g007 550] 





Figure 7. Photomicrographs (cross-polarized light) showing microstructures of the Deokjeok Shear Zone (DSZ). (a) Deformation band in quartz (arrow) and intragranular fractures in K-feldspar (long arrow). (b) Recrystallized quartz grains through bulging (long arrow) and subgrain rotation (arrow), and patchy undulatory extinction in original quartz grain (yellow arrow). (c) Deformation band in K-feldspar. (d) σ-type strain shadow indicating top-down-to-the-northeast sense of shear. Abbreviations: Qtz—Quartz, Kfs—K-feldspar, Pl—Plagioclase. 
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Figure 8. Photomicrograph (cross-polarized light) showing microstructures of the Soya Shear Zone (SSZ). (a) Recrystallized quartz grains through bulging (long arrow) and subgrain rotation (arrow), and undulatory extinction in original quartz grain (yellow arrow). (b) Asymmetric quartz lens indicating a top-up-to-the-southwest sense of shear. Relict of steady-state foliation in the quartz lens (dashed line) implies an opposite shear sense. (c) Deformation twin (arrow) and intragranular fractures (long arrow) filled with quartz and white mica in feldspar. (d) Asymmetric occurrence of strain-related myrmekite in feldspar, indicating a top-up-to-the-southwest sense of movement. (e) σ-type strain shadow indicating a top-up-to-the-southwest sense of shear. (f) Foliated cataclasite along the lower boundary of the SSZ. Abbreviations: Qtz—Quartz, Kfs—K-feldspar. 
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Figure 9. Scanning electron microscope cathodoluminescence (CL) images of sectioned zircon grains from (a) a deformed felsic tuff, (b) deformed quartz porphyry, and (c) mylonitized porphyritic granite. 
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Figure 10. Concordia plots of zircon SHRIMP and LA-MC-ICP-MS U-Pb isotopic data from the deformed felsic tuff (a), (b), deformed quartz porphyry (c), and mylonitized porphyritic granite (d). 
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Figure 11. Schematic diagrams showing the formation and evolution of the Deokjeok Shear Zone in relation to the orogenic collapse started from the Late Triassic in the western Gyeonggi Massif. 
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