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The extrusion tectonic model for the southeastern margin of the Himalayan orogeny links the crustal shear activity along the Red River Shear Zone (RRSZ) to the opening of the South China Sea (SCS). The Day Nui Con Voi (DNCV) metamorphic massif in northern Vietnam strikes NW-SE, is bounded by the RRSZ to the south and continues along the strike where it meets the SCS. The DNCV is thus a critical area to document thermotectonic history in order to advance our understanding of the tectonic evolution of Indochina extrusion and its relationship to the opening of the SCS. Our new 40Ar/39Ar data combined with microstructural and petrological analyses constrained the timing of the left-lateral shearing of the RRSZ and revealed the thermal evolution of the DNCV metamorphic massif. Three ductile deformation events were observed. D1 formed NNW-SSE striking upright folds under granulite to upper amphibolite facies conditions. D2 was a horizontal to sub-horizontal folding event that occurred at amphibolite facies conditions. D3 was a doming event that formed NW-SE striking up-right folds bounded by left-lateral shearing mylonite belts along the two limbs. The S/C fabrics were defined by muscovite fish, quartz + albite + K-feldspar aggregates, and muscovite folia. The D3 doming event exhumed the DNCV metamorphic massif from amphibolite facies conditions to the lower greenschist facies conditions. The 40Ar/39Ar ages obtained from amphibole (∼26 Ma), phlogopite (∼25 Ma), muscovites (∼24-23 Ma), biotite (∼25-23 Ma), and K-feldspars (∼25-22 Ma) from different structural domains of the DNCV metamorphic massif indicated a rapid exhumation ∼26–22 Ma. We interpreted this as the time period for the D3 event, with the onset of left-lateral shearing occurring around 24 Ma based on ages obtained from syn-kinematic muscovites. This age was much younger than the initiation of sea-floor spreading of the SCS (since 32 Ma) but coincided with the age for the ridge jump event in the SCS. Based on these new data, we proposed that extrusion tectonism cannot be the cause for the initial opening of the SCS. Rather, the extrusion of the Indochina block was temporally correlative with the southward ridge jump event of the already opened SCS.
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1 INTRODUCTION
The potential oil and gas reserves in the South China Sea (SCS) have attracted much research into the formation and evolution of the SCS over the past few decades (e.g., Dung et al., 2012; Hall, 2002; Sun, 2016; Tapponnier et al., 1982; tapponnier et al., 1986; Taylor and Hayes, 1980; Mai et al., 2018; Ye et al., 2018). To explain how the SCS was formed, many tectonic models have been proposed, such as the back-arc extension model (e.g., Karig, 1971; Avraham and Uyeda, 1983; Mai et al., 2018), the indentation-extrusion model (e.g., Tapponnier et al., 1982; tapponnier et al., 1986), and the subduction of the proto-SCS model (e.g., Hall, 1997; Hall, 2009; Longley, 1997; Morley, 2002). Among them, the indentation-extrusion model has received the most attention. In this model, the southeastward extrusion of the Indochina block accommodated by left-lateral movement along the RRSZ was considered the cause for the opening of the SCS (Figure 1A) (Tapponnier et al., 1982; tapponnier et al., 1986). The key supporting evidence to the indentation-extrusion model is the contemporaneity between the left-lateral movement along the RRSZ (ca. 35 to 17 Ma, Leloup and Kienast, 1993; Zhang and Schärer, 1999) and the sea-floor spreading in the SCS (ca. 32 to 15.5 Ma, Briais et al., 1993; Lee and Lawver, 1995). Various methods were applied to constrain the timing of the left-lateral movement in the RRSZ. Absent in this model, however, is a significant consideration of driving forces for plate movements. Based on Wilson cycle, a continental crust must first be thinned for rifting to take place. Strike-slip motion on steeply dipping and relatively narrow fault zones does not provide enough structural softening to significantly lower the strength of the continental crust outside of the shear belt, and so will not, by itself, initiate regional crustal thinning. Furthermore, the density of the continental crust is approximately 2.7 g/cm3, much less dense than the oceanic crust, which is approximately 3.0 g/cm3 (e.g., Christopherson et al., 2009). Because of its relatively lower density, the light and buoyant continental crust is unlikely to be the causal mechanism to push and open a new oceanic crust (Girdler, 1965). Additionally, Mai et al. (2018) conducted a temporal and geographical reconstruction of Cretaceous and Cenozoic magmatism within the SE margin of Eurasia with the isochrones of major basins within the SCS, and concluded: 1) the rollback of the paleo-pacific sea plate is the main crustal thinning mechanism along the southeastern boundary of Eurasia, and 2) the 3,000 km long north dipping subduction belt of Neo-Tethys stretching from Burma–Andaman block to Sumatra should be a more plausible candidate for the opening of the SCS.
[image: Figure 1]FIGURE 1 | (A) Stretch map shows the time sequence following the indentation-extrusion model (Tapponnier et al., 1982; 1986), indicated by the India-Eurasia collision first, then by the southeastward extrusion of the Indochina block along the RRSZ, and finally by the opening of the SCS. The numbers represent the order of tectonic events. Black rectangles indicate the location of northern Vietnam (Figure 2A). (B) Schematic diagram showing major tectonic events related to the opening of the South China Sea (SCS) and the proposed timing of left-lateral movement along the Red River Shear Zone (RRSZ) from a previous study. The shearing was constrained from ca. 27–22 Ma (40Ar-39Ar data; Wang et al., 2000); 35–17 Ma (U-Pb and 40Ar-39Ar data; Leloup et al., 2001; 2007); 32–22 Ma (structural and geochronological data; Searle et al., 2010); 31–25 Ma (geochronological and petrological data; Palin et al., 2013); 28–23 Ma (tectonic reconstructions; Mai et al., 2018).
Initial geochronologic research suggested left-lateral activity on the RRSZ from ∼35–17 Ma; almost exactly coincident with sea-floor spreading in the SCS. In brief, U-Pb and 40Ar/39Ar ages between 35 and 17 Ma were obtained for zircon, monazite, hornblende, biotite, and titanite from granitic rocks near the shear zone (Leloup and Kienast, 1993; Zhang and Schärer, 1999; Leloup et al., 2001; Leloup et al., 2007). However, later studies by Wang et al. (2000), Searle (2006), and Searle et al. (2010) pointed out that most of the granitic rocks are pre-kinematics and so U/Pb zircon ages provide only a maximum age for the initiation of left-lateral motion on the RRSZ. Additionally, recent studies (Junlai et al., 2020; Gou et al., 2021; Li et al., 2021) concluded that these granitic melts were formed as a product of the crustal collapse of the thickened crustal lithosphere and that this magmatism may have helped to weaken the lithosphere, facilitating the initiation of movement along the RRSZ. In other words, these dated granitic rocks were emplaced prior to the tectonic extrusion of the Indochina block. The crystallization age of those magmas should not be conflated with the timing of left-lateral movement along the RRSZ.
Different time ranges for motion on the RRSZ have been proposed by different authors, such as ca. 32–22 Ma by Searle et al. (2010), ca. 31–25 Ma by Palin et al. (2013), ca. 27–22 Ma by Wang et al. (2000), and ca. 28–23 Ma by Mai et al. (2018), as presented in Figure 1B. Clearly, debates remain over the actual timing of the left-lateral movement along the RRSZ, and the mechanism for extrusion of the Indochina block and its linkage to the opening of the SCS need further examination. This study re-examines the timing of left-lateral movement along the RRSZ by sampling across the DNCV metamorphic massif, which is critical for assessing the true temporal and kinematic relationship of extrusion of the Indochina block and tectonic evolution of the SCS.
2 GEOLOGICAL BACKGROUND
The RRSZ is one of the largest strike-slip shear zones in SE Asia, stretching from the southeastern corner of the Tibetan plateau to the SCS (Figure 1). There is a sequence of granitic rocks and four metamorphic massifs distributed along and near the RRSZ. Zircon U-Pb dating studies indicated at least three generations for granitic rocks within and surrounding the shear zone (Figure 2). The first generation occurred at ca. 760-730 Ma (Duong et al., 2021) and produced partial melting of surrounding rocks during the Neoproterozoic Jinning orogeny. The second generation of granitic rocks crystallized at ca. 261–245 Ma (Carter et al., 2001; Usuki et al., 2015; Shellnutt et al., 2020) and may relate to magmatism during the Permian-Triassic Indosinian orogeny. The third generation is represented by granitic rocks with zircon U-Pb ages of ca. 35 Ma (Zhang and Schärer, 1999). This Late Eocene magmatism is related to the India-Eurasia collision event. The four metamorphic massifs distributed along the RRSZ are the Xuelong Shan, Diancang Shan, the Ailao Shan massifs in China, and the DNCV in Vietnam. The metamorphic massifs display gneiss dome-like structures, with medium to high-grade gneiss and amphibolite within their cores bounded by low-grade schist and mylonite belts along both limbs (Yeh et al., 2008; 2014; Wu et al., 2017; Liu et al., 2020).
[image: Figure 2]FIGURE 2 | (A) Tectonic sketch showing the location of major strike-slip faults (red lines) in northwestern Vietnam and the location of the study area (black rectangle). (B) Geological map (Modified from 1:1,500,000 geological map, General Geological Department of Vietnam, 1983) with previously reported 40Ar/39Ar ages and U-Pb zircon ages within Day Nui Con Voi massif and surrounding areas. (C) Two cross-sections of the Bao Yen- Bao Ha and Mau A transects across the Day Nui Con Voi massif show different deformation events. S1 is the fold axial plane of the oldest deformation event (D1). The second deformation event (D2) folded the S1 axial plane, forming the S2 fold axial plane. This plane was folded and deformed by a later deformation event (D3), represented by the S3 fold axial plane.
The DNCV metamorphic massif is in the southeastern most segment of the RRSZ and strikes in an NW-SE direction. It is approximately 30 km wide and more than 250 km long, extending from Lao Cai to Viet Tri city, in northern Vietnam. At its northern extent (near Lao Cai city), the DNCV metamorphic massif is a gneiss dome structure and nearly connects to the Ailao Shan metamorphic massif (Figure 2). The southern portion is covered by Neogene-Quaternary sediments in the south near the city of Viet Tri. The DNCV metamorphic massif is bounded by two steep normal faults of the Red River Fault along the SW limb and the Chay River Fault along the NE limb (Leloup et al., 1995) (Figure 2). The DNCV metamorphic massif is composed mainly of amphibolite, mylonite, garnet-biotite-sillimanite gneiss, garnet-biotite gneiss, two mica-garnet schists with garnet, and small lenses of marble. Petrological and geothermal-barometric studies indicated that two main periods of metamorphism and deformation occurred in the DNCV metamorphic massif (Nam et al., 1998; Yeh et al., 2008). The first period relates to the peak metamorphism, and reached upper amphibolite facies condition with calculated temperature and pressure ranges of 650–830°C and 5–9 kbar, respectively (Nam et al., 1998; Gilley et al., 2003; Anczkiewicz et al., 2007; Khoi et al., 2016). The second period of metamorphism and deformation occurred in greenschist facies with a peak temperature of ∼480°C and <3 kbar (Nam et al., 1998) as a result of retrograde processes. The high-grade metamorphism was initially considered to be synchronous with left-lateral shearing along the RRSZ resulting from shear heating (Leloup et al., 2007). Yeh et al. (2008) deciphered three deformation events accompanied by regional metamorphism under the mid-crustal level since the Triassic Indosinian orogeny. However, other than the establishment of these deformation events are pre-left lateral shearing (Yeh et al., 2008; Yeh et al., 2014; Searle et al., 2010). The actual timing of these upright folding (D1), recumbent folding (D2), and gneiss doming (D3) events is uncertain. Existing and new geochronologic and thermochronologic data need to be interpreted within the context of this newly deciphered structural and metamorphic evolution.
3 MATERIALS AND METHODS
Microstructural and petrological analyses were carried out from the oriented thin sections by using optical and cathodoluminescence (CL) petrography at the Department of Earth Sciences, National Taiwan Normal University. Electron microscopy was carried out by using a Camera SX-50 electron microprobe to determine characteristic mineral assemblages and microstructural evidence for the sequence of deformation events. CL images were taken using a Leica DM LP petrographic microscope equipped with CITL CCL8200mk3 CL stage under an acceleration potential of 12 kV, a beam current of 700 A, and an exposure time of 30 s. Based on cross-cutting relationships observed from the field and the oriented thin sections, different deformation events occurring in the study area were distinguished and a relative structural history was reconstructed. Within the context of this detailed microstructural and petrological analysis, 40Ar/39Ar dating of different minerals was also carried out. Thirteen samples of mineral separates from different lithologies, including biotite gneiss, amphibolite, schist, and mylonite (Table 1), were analyzed using the 40Ar/39Ar furnace step-heating method on either a VG MM 1200b or MAP 216 mass spectrometer at the U.S. Geological Survey argon dating laboratory, Reston, Virginia, following procedures stated in Haugerud and Kunk (1988) and Kunk et al. (2005). The samples were crushed and ground in the jaw crusher and disk mill, respectively. The minerals of interest were then concentrated to an optical purity of >99% via standard magnetic and density separation techniques. Aliquots of the separates were packaged in high-purity copper and then irradiated in the TRIGA reactor (GSTR) at the U.S. Geological Survey, Denver, Colorado for 20 MWh along with Fish Canyon Tuff sanidine (28.201 ± 0.046 Ma; Kuiper et al., 2008) as the monitor mineral, or for 40 MWh (1 of 14 samples) along with MMHB hornblende (527 Ma; Schmitz, 2012). Following irradiation, the mineral packets were incrementally heated in a low-blank furnace for 10–15 min per heating step, with schedules varying between 10 and 16 steps.
TABLE 1 | Sample list and age summaries obtained from mineral separates of different samples with lithology and location information (** indicates does not meet all criteria for age plateau. Criteria not meet are in italics.).
[image: Table 1]Data reduction was accomplished using an updated version of Ar-Ar* (Haugerud and Kunk, 1988) or MassSpec (Deino, 2014), the decay constants of Min et al. (2000), and atmospheric argon isotopic abundances of Lee et al. (2006). A plateau age was calculated here when three or more contiguous steps agreed at 2σ and included >60% of the 39Ar. In several instances, age spectra were “flat” but did not meet the above statistical criteria. In these cases, a preferred weighted average age was used and the relevant statistics are reported in Table 1. Production rates for reactor-induced interfering isotopes were those listed by Cassel et al. (2009). Errors in preferred ages included analytical errors in analysis, decay factor uncertainties, measured atmospheric or calculated initial 40Ar/36Ar ratios, the irradiation parameter J, the production ratios of the various reactors that induced argon-producing reactions, and the uncertainty in the age of the monitor mineral. Additional data reduction parameters as well as complete isotopic data can be found in the Supplementary Tables and in the work by Dinh et al. (2023).
General guidelines for 40Ar/39Ar age data reporting that were described by Schaen et al. (2020) were followed. A relatively high diffusion rate through multi-domains is a common feature for argon systems at the middle and lower crust level. That makes the determination of closure temperatures of obtained 40Ar/39Ar ages a challenging issue for minerals that went through stable or slowly cooled thermal conditions such as in the case of plutonic or metamorphic rocks. By assuming the cooling pattern was linear and monotonic, we estimated the bulk closure temperatures using Eq. 1 (Dodson, 1973; Schaen et al., 2020).
[image: image]
Where E is the activation energy, R is the gas constant, and A is a numeral constant that depends on the model geometry that represents the best diffusion of 40Ar within the mineral. Values of 55, 27, or 8.7 for diffusion from a sphere, cylinder, or plane sheet can be assigned respectively. D0 is a pre-exponential constant in the Arrhenius equation, a is the diffusion size, and dT/dt is the assumed cooling rate. As Lovera et al. (1991) pointed out, a smaller diffusion size (a) than grain size should be utilized if subgrains are observed. Therefore, we utilized an assumed diffusion domain size (a) of 100 μm, and a rapid cooling rate from 50°C/Ma to 100°C/Ma to gain the maximum and minimum bulk cooling temperature ranges.
4 RESULTS AND INTERPRETATIONS
4.1 Reconstructed structural and petrological evolution of the DNCV metamorphic massif
In order to determine the structural and metamorphic history of the DNCV metamorphic massif, two mapping transects across the width of the DNCV metamorphic massif were made. These transects are here termed the Bao Ha - Bao Yen transect and the Mau A transect (Figures 2, 3). Each transect records the same general structural history, and so observations from both transects were included when discussing the composite history of the DNCV metamorphic massif. The core region of the DNCV metamorphic massif mainly consists of garnet + biotite + sillimanite gneiss with interlayered amphibolite. The foliations are horizontal to sub-horizontal and recumbent folds are common. Petrographically, the foliations are well-defined by the aligned sillimanite, biotite, and quartz ribbons (Figures 4B, C, G, H). The matrix foliation becomes steeper toward the margins of the DNCV metamorphic massif resulting in a dome-like structure. The two limbs of the massif are characterized by mylonite zones that range from 10 to 200 m in width. Both margins display well-defined S/C fabrics that are typically defined by muscovite fish with a left-lateral sense of shear, and biotite folia and quartz and feldspar aggregates (Figures 4A, D, E, F). Three ductile deformation events were reconstructed through our field and microstructural analyses and are discussed in more detail below.
[image: Figure 3]FIGURE 3 | (A) Equal area stereographic projections (S hemisphere) of poles to Se, S1, S2, S3 foliation planes and lineation corresponding to different deformation events D1, D2, D3 from the Bao Yen-Bao Ha and Mau A transects and field photos showing relationship of different deformations in the outcrops M03-5 (B) and 14DNCV02 (C).
[image: Figure 4]FIGURE 4 | Shaded relief map showing dome-like structure with boundary mylonitic zones and sample location for petrological analysis. Representative field photographs and related microphotographs illustrate different metamorphic conditions presented by different rock types changing from the core to the rims of the Day Nui Con Voi metamorphic massif. The dominant rocks in the core of the massif are gneiss with foliation defined by the orientation of quartz ribbon, feldspar, mica folia, and sillimanite (RR2-5, M03-4, 08VNRR05, 08VNRR07) (B, C, G, H). Garnet porphyroblasts are wrapped and truncated by all matrix foliation (B, C, G). The dominant rock type is mylonite and phyllite for both limbs of the massif (A, D, E, F). As represented in samples 08VNRR10, 08VNRR12, 08VNRR15 showing fine-sized grains of quartz, feldspar, and muscovite defining S/C fabrics. Mineral abbreviations: Bt- biotite; Fsp- feldspar; Kfs- K-feldspar; Grt- garnet; Ms- muscovite; Qtz- quartz; Sil- sillimanite.
4.1.1 D1 deformation event
The oldest deformation event, D1, formed centimeter to meter scale NNW-SSE striking upright folds that folded the pre-existing metamorphic layering (Se). These F1 folds have a sub-vertical to steep NE dipping axial plane (S1). The hinges of the centimeter to meter scale upright F1 folds that were truncated by sub-horizontal foliation (S2) were observed in a few outcrops. Almost all of them were refolded and deformed by later deformations (e.g., Figure 3B). The reported orientation of S1 was based on the rare examples where F1 folds appeared largely unaffected by later deformation events. In thin sections, the S1 foliation was defined by the alignment of sillimanite and biotite within the cleavage domain, and quartz and feldspar aggregates defined the microlithon domain for gneiss samples (Figures 4B, C, G, 5C). Garnet porphyroblasts were observed within the microlithon domain and were wrapped and/or truncated by all matrix foliations, suggesting garnet growth occurred pre-to syn-D1 (Figures 5A, C). The mineral assemblage of quartz, K-feldspar, biotite, garnet, and sillimanite was commonly referred to as a granulite facies assemblage (Froese, 1973). Myrmekite was also commonly observed. In the CL image (Figure 5B), K-feldspar appears dark blue against pale green myrmekite growth, which is parallel to S1 foliation (Figures 5A, B). The development of pre-to post-plagioclase myrmekite suggests that the D1 deformation event occurred at a high temperature of more than 550°C (e.g., Wirth and Voll, 1987; Cesare et al., 2002). The mineral assemblage of sillimanite, biotite, quartz, and feldspars along with the pre-to syn-D1 growth of garnet suggests that the following reaction likely occurred:
[image: Figure 5]FIGURE 5 | Microphotographs and cathodoluminescence (CL) images illustrate the microstructural and petrological relationship of D1 and D2 deformation events. (A) The XZ plane of sample 08VNRR04 striking SW and dipping towards NW at 30° shows quartz + feldspar + myrmekite aggregated microlithon domain and biotite + sillimanite aligned cleavage domain showing the cross-cutting relationship of S1 and S2 foliations. All garnets are rounded and truncated by S1 and S2 indicating a pre-to-syn- D1 deformation event. (B) CL image shows that myrmekite extensively developed at the boundary of K-feldspar parallel to S1 foliation. The blue color represents K-feldspar, and the green represents plagioclase and myrmekite. (C) Horizontal thin section of sample 08VNRR07 pointing to the top presents a cross-cutting relationship between S1 and S2 foliations. Both S1 and S2 are defined by plagioclase, K-feldspar, biotite, quartz, and sillimanite. (D) The straight boundary between sillimanite and biotite parallel to S2 foliation indicates the syn-tectonic growth of sillimanite during the D2 event. Abbreviations: Bt-biotite; Kfs- K-feldspar; Pl-plagioclase; Grt-garnet; Ms-muscovite; H-Ms- high temperature muscovite; L-Ms- low temperature muscovite Qtz-quartz; Sil-sillimanite; Ap-apatite; Myr-myrmekite.
Garnet + K-feldspar +Liquid → Biotite + Sillimanite + quartz (Froese, 1973).
This further constrained the temperature of the D1 deformation event from granulite facies to upper amphibolite facies (800°C–650°C).
4.1.2 D2 deformation event
The D2 deformation event was associated with sub-horizontal to inclined folds that were centimeters to a few meters in scale and had a horizontal axial plane (S2; Figures 3B, C). The poles of folded S1 foliations and S2 fold axial planes are marked by green and blue circles, respectively, as shown in Figure 3A. The blue triangles mark the mineral stretching lineation, show a general ESE-WNW trend, and plunge shallowly (<10°) to the ESE and WNW. Microstructural and petrological analyses indicated that the S2 foliation was well-defined by sillimanite and biotite folia, quartz, and feldspar (Figures 5A, C, D, 6A). Quartz commonly forms ribbons and finer grains with irregular grain boundaries and undulose extinction (Figures 5A, C, 6A). Euhedral sillimanite and subhedral biotite were in textural equilibrium and had long axes parallel to the S2 foliation (Figure 5D). Muscovite, which is only present in pegmatites, is was texturally late, and appeared to replace K-feldspar. These observations indicated muscovite was absent in the D2 assemblage (e.g., Figure 5A). Mineral assemblages of sillimanite + biotite + high deformed quartz and feldspar suggested that the D2 deformation event happened between upper to lower amphibolite facies (500°C–650°C) condition.
[image: Figure 6]FIGURE 6 | Cross-polarized and cathodoluminescence (CL) microphotographs illustrate the microstructural and petrological relationship of D2 and D3 deformation events. (A) Horizontal thin section of sample M03-3 with the north pointing to the top showing the cross-cutting relationship of S2 and S3 foliations. All garnets are truncated by S2 foliation defined by the orientation of deformed muscovite and biotite with a left-lateral sense of shear. S3 foliation is indicated by the elongation of muscovite + biotite+ quartz and feldspar. (B) Vertical thin section striking to SW of mylonite sample 08VNRR10 showing S-C fabrics with a left-lateral sense of shear. Muscovite fishes are truncated by C fabrics indicating muscovite fish grew pre-to syn- D3 event. (C) XZ plane of sample 08VNRR05 with SW striking, 70° SE dipping showing coarse-grained feldspar phenocrysts with S-C fabrics with left-lateral shearing indicator. Boudinaged sillimanite also indicated a left-lateral sense of shear. The C- plane is defined by muscovite, biotite, elongated quartz, and feldspar ribbon. The S- plane is defined by oriented muscovite and biotite. (D) The enlarged image shows the brittle deformation of sillimanite and infilling of new-growth muscovite in sillimanite fractures. (E) CL image showing strain localization likely resulting from different grain sizes and chemical reactions. While, in the upper part, K-feldspar has a large grain size with brittle deformation, the lower part mostly presents recrystallization and ductile deformation of fine-grained plagioclase. Abbreviations: Bt-biotite; Kfs- K-feldspar; Pl-plagioclase; Grt-garnet; Ms-muscovite; Qtz-quartz; Sil-sillimanite; Ap-apatite.
4.1.3 D3 deformation event
The latest ductile deformation event, D3, formed the kilometer scale open to tight antiformal dome structure across the DNCV (Figure 2B). The orientation of D3 fabrics is shown in Figure 3. The poles of folded S2 foliations are marked by blue circles, whereas the purple circles mark the pole of NW-SE striking NE steep dipping S3 fold axial planar cleavages. The purple triangles mark the mineral stretching lineation that is parallel to the long axis (NW-SE) of the DNCV massif (Figure 3A). Mylonite zones are strongly developed along both limbs of the DNCV metamorphic massif with dominant left-lateral shear sense indicators including asymmetrical pressure shadows around feldspar augen (Figure 4D), as well as mylonitic S-C fabrics with mica-fishes (Figures 4A, 6B). The orientation of the C plane of the mylonitic S/C fabrics was parallel to the S3 fold axial plane, and no cross-cutting relationship could be observed between mylonitic fabrics and the D3 fabrics under both macro and micro scales (Figures 4A, 6C), indicating that the mylonite zones developed contemporaneously with the D3 doming event. Compared to the core regions that are mainly composed of gneiss and amphibolite interlayers, the mylonite regions have much finer grain size and narrower microlithon domains than the cleavage domain (Figure 4) and strongly developed C fabrics. The shearing fabric (S) was defined by the alignment of coarse-grained muscovite fish and feldspar augens, and fine-grained sillimanite, biotite, plagioclase, K-feldspar, and quartz aggregates. The shear band cleavage (C) was defined by the alignment of fine-grained muscovite and biotite (Figures 4, 6B). As stated above, muscovite was rarely observed for garnet sillimanite-bearing gneiss. On the contrary, muscovite was an abundant mineral commonly observed within mylonite.
The previously described high-grade mineral assemblages that include orthoclase, garnet, and sillimanite were relics from the D1 and D2 that did not grow during the D3. They all showed clear evidence of brittle fracturing and/or boudinage (Figure 6C, E) in an orientation consistent with D3 deformation. The neck of sillimanite boudinage was filled with quartz and muscovite with a basal plane parallel to the direction of extension. This further indicated the syn-D3 growth of muscovite and the brittle deformation condition of high-grade minerals. The cathodoluminescence microphoto (Figure 6E) of a mylonitic sample showed a relict K-feldspar porphyroclast, but a near absence of K-feldspar in the finer-grained and well-foliated muscovite-rich domain. This microstructural pattern suggests that the following retrograde metamorphic reaction was likely responsible for foliation development and microtextural softening of the rock during deformation:
3K-feldspar + 2H+ + → Muscovite + 6SiO2 + 2K+
This coexistence of biotite in textural equilibrium with muscovite in the S3 foliation indicates that the D3 event occurred above the biotite isograd (400°C; Spear et al., 1999). The brittle fracture of sillimanite and plagioclase within the muscovite-rich domain (Figures 6D, E) suggests the left-lateral shearing of the RRSZ continued from the greenschist facies conditions (400°C–500°C) until brittle deformation condition.
4.2 40Ar/39Ar geochronology results
As described above, the DNCV metamorphic massif is composed of numerous rock types that went through at least three stages of ductile deformations including prograde granulite facies metamorphism (D1) and retrograde greenschist facies deformation associated with left-lateral motion (D3). Of these, the timing of the D3 event is most relevant to motion on the RRSZ, tectonic escape, and opening of the SCS. Therefore, in order to constrain the relevant post-peak-metamorphism history of the DNCV metamorphic massif, 40Ar/39Ar step-heating experiments were performed on 14 mineral separates (one amphibole, four muscovites, three biotite, one phlogopite, and five K-feldspars) from different structural and lithological domains across the DNCV metamorphic massif. There was one amphibole separate from the amphibolite interlayer sample (K10-11-08A) that preserved D2 structures from the core region of the DNCV metamorphic massif (Figure 7), as well as four muscovite separates from the two mylonitic zones (eastern mylonite: K10-11-08E; western mylonitic phyllite: K10-11-07C1, and quartz-feldspathic vein: K10-11-07C) and the high strain belt within the core region (Sil + Bt + Gt gneiss: K10-11-08B; Figure 7). In addition, there were three biotite separates from the north and south outcrops within the core region of the DNCV metamorphic massif (Figure 7). K10-11-08B1B came from the same Sil + Bt + Gt gneiss K10-11-08B outcrop with muscovite, K10-11-07A and K10-11-07A1 came from the amphibolite and leucogranite vein within the same outcrop. The one phlogopite separate came from the marble layer of the same outcrop (K10-11-07A3) as well. Five K-feldspar separates (K10-11-07A1, K10-11-07A2, K10-11-07C, K10-11-07D, and K10-11-08B) from different rock types were collected from five outcrops with different structural domains across the DNVC metamorphic massif (Table 1; Figure 7). Argon isotopic data and K/Ca vs. cumulative % 40Ar plots are presented graphically in Figure 8, and preferred ages are reported for each sample in Tables 1, 3−7. Complete isotopic data for each step-heating experiment can be found in Supplementary Appendix S5 and in the associated data released by Dinh et al. (2023). In this study, calculated values for the closure temperature of the dated minerals used the Arrhenius parameters summarized by Schaen et al. (2020). Estimated closure temperatures for amphibole, phlogopite, muscovite, biotite, and K-feldspar (orthoclase) are presented in Table 2 In this table, all closure temperatures were calculated by using an assumed diffusion domain size of 100 µm and a rapid cooling rate of 50°C/Ma to 100°C/Ma consistent with age data.
[image: Figure 7]FIGURE 7 | (A) Shaded relief map and the field photos showing sample locations for 40Ar-39Ar analysis. (B) Sample K10-11-08B showing minerals of garnet, sillimanite, biotite in mylonite, was collected in the inner part of the DNCV metamorphic massif. (C) Sample K10-11-08E was separated from the mylonite zone in the eastern portion of the DNCV metamorphic massif. (D) Sample K10-11-07A located in the inner part of the DNCV metamorphic massif shows different structural domains and rock types with amphibolite (K10-11-07A), leucocratic vein (K10-11-07A1), gneiss (K10-11-07A2), and marble (K10-11-07A3). (E) K-feldspar vein (K10-11-07C) and phyllite (K10-11-07C1) were separated in almost the same location near the rims of the DNCV metamorphic massif. (F) Sample K-10-11-07D was separated from the mylonite zone in the western portion of the DNCV metamorphic massif. (G) Sample K10-11-08A was collected in the amphibolite in the inner core of the DNCV metamorphic massif. More detail about dating results have been shown in Figure 8 and Table 1.
[image: Figure 8]FIGURE 8 | 40Ar-39Ar step heating age spectra of (A) amphibole; (B–E) muscovite; (F,G,I) biotite; (H) phlogopite; and (J–N) K-feldspars separated from the DNCV metamorphic massif.
TABLE 2 | Estimated bulk closure temperatures for Amphibole, Phlogopite, Muscovite, Biotite, and K-feldspar with an assumed diffusion dimension of 100 µm for assumed cooling rate from 50 °C/Ma to 100°C/Ma (Schaen et al. (2020)).
[image: Table 2]4.2.1 Amphibole
Amphibole was separated from an amphibolite interlayer (K10-11-08A) in the core region of the DNCV metamorphic massif (Figure 7). The amphibolite layer was composed of dominantly amphibole and plagioclase and preserved D2 structures. Amphibole grains were optically unzoned and appeared unaltered. A step-heating experiment on an aliquot of amphibole yielded a relatively flat age spectrum and a preferred age of 26.6± 0.1 Ma. The purity of the mineral separate was confirmed by the uniform Ca/K ratios.
4.2.2 Muscovite
Four samples were collected for 40Ar/39Ar analysis of muscovite. These samples came from the DNCV core as well as the east and west-bounding D3 shear zones (Figure 7). Sample K10-11-08B was from a muscovite-bearing pegmatitic vein in the core of the DNCV and near the dated amphibolite sample K10-11-08A. The vein crosscut a D2 Grt+Sil+Bt gneiss but was deformed, indicating it was a late D2 pegmatite. The sample yielded a plateau age of 23.3 ± 0.2 Ma. Sample K10-11-08E was a mylonitic phyllite from the eastern D3 mylonite zone. The dominant foliation was defined by muscovite fish + quartz and plagioclase aggregates. Muscovite separated from this sample yielded a plateau age of 23.5 ± 0.3 Ma. Samples K10-11-07C and K10-11-07C1 were from the same outcrop within the western D3 mylonitic zone. K10-11-07C1 was a mylonitic phyllite with a dominant foliation defined by muscovite fish + quartz and plagioclase aggregates. Sample K10-11-07C was from a Ksp + Qz+ Ms vein that crosscut the phyllite at a low angle (Figure 7E), suggesting that this vein was syn-S3. These two samples yielded nearly identical plateau ages of 24.3 ± 0.2 Ma and 24.5 ± 0.2 Ma.
4.2.3 Biotite and phlogopite
Three samples were collected for 40Ar/39Ar analysis of biotite and one sample for phlogopite. All four samples were from the core of the DNCV where D3 deformation was limited. Three samples came from the same outcrop in the southeastern portion of the DNCV metamorphic massif. Here biotite+garnet gneiss, amphibolite, and phlogopite marble were interlayered and folded forming F2 folds. Leucrocratic veins were also present and were parallel to S2 (Figure 7D). Biotite was separated from both the amphibolite (K10-11-07A), the leucocractic vein (K10-11-07A1), and phlogopite was separated from the marble (K10-11-07A3). The three samples yielded plateau ages of 24.9 ± 0.2 Ma, 25.0 ± 0.4 Ma, and 25.0 ± 0.2 Ma, respectively, and were in general agreement. The fourth sample, K10-11-08B1B, was from farther north, but was also situated within the central portion of the DNCV, and again preserved sub-horizontal S2 fabrics (Figure 7). The sample was a D2 mylonite with an S2 foliation defined by Sil+Bt and garnet also present in the assemblage. The sample yielded a disturbed age spectrum with several anomalously old age steps at approximately 50% of the 39Ar release. However, most of the spectrum yielded ages between 22.8 and 25.6 Ma and a total gas age of 25.4 Ma, in agreement with the other data. The cause(s) of the older age steps in this sample was unknown. No chloritization of biotite was observed in the thin section or the separated biotite grains, so we suggested the presence of minor excess argon and that 25.4 Ma was the maximum age of the sample.
4.2.4 K-feldspar
Five samples were collected for 40Ar/39Ar analysis of K-feldspar. Samples K10-11-07A1 and K10-11-07A2 were from the core in the southern part of the DNCV metamorphic massif. Sample K10-11-07A1 was an S2-parallel leucocratic vein and sample K10-11-07A2 was a biotite+ K-feldspar +garnet. Sample K10-11-07A1 yielded a climbing age spectrum with low-temperature steps yielding an age of ∼23 Ma and high-temperature steps yielding an age of ∼26.5 Ma. K10-11-07A2 yielded a similar spectrum with low-temperature steps yielding an age of ∼24 Ma and high-temperature steps yielding a plateau age of 24.6 ± 0.2 Ma. Sample K10-11-08B was from the core of the northern portion of the DNCV and samples K10-11-07C and K10-11-07D were from the western margin of the DNCV (Table 1; Figure 7). Sample K10-11-08B was a mylonite and yielded a hump shape spectrum with low-temperature steps yielding an age of ∼24 Ma, intermediate-heating steps yielding an age of ∼38 Ma, and high-temperature steps yielding an age of ∼28 Ma. Sample K10-11-07C was from a quartz-feldspathoid vein located within the D3 western mylonite zone and had an S/C mylonitic fabric. The sample yielded a climbing age spectrum with low and high-temperature steps yielding ages of ∼22 Ma and 25.5 Ma, respectively. Sample K10-11-07D was from a mylonitic phyllonite from the same outcrop and yielded a climbing age spectrum with low-temperature steps yielding an age of ∼22 Ma and high-temperature steps yielding a significantly older age of 39 Ma.
4.3 Interpretation of 40Ar/39Ar ages
The 40Ar/39Ar method has been widely utilized to reconstruct the cooling history, and to constrain the timing of exhumation in various paths of the RRSZ (Wang et al., 1998; Wang et al., 2000; Leloup et al., 2001). As noted above, the RRSZ is a poly-deformed belt with evidence for deformation and associated metamorphic reaction from granulite to the greenschist facies conditions. Therefore, critical to the interpretation of the isotopic ages is the petrologic and structural context of the dated minerals. The mineralogy and structural relationships for amphibolite sample K10-11-08A indicated the dated amphibole grains grew at upper amphibolite facies conditions (>550°C) during D2, and published work from samples in the same belt yielded peak temperatures of >600°C (Palin et al., 2013). Therefore, we interpreted the 40Ar/39Ar system to record the time of cooling through the closure temperature for the diffusion of argon in amphibole at 26.6± 0.1 Ma. This also provided a minimum age constraint on D2 deformation that pre-dated D3 of the DNCV metamorphic massif. Muscovite, biotite, and K-feldspar ages were only slightly younger, suggesting rapid cooling (50–100°C/km) through and following amphibole closure-resulting in an amphibole closure temperature of ∼540–550°C (Schaen et al., 2020).
In both the core and marginal shear zones of the DNCV metamorphic massif, the muscovite was retrograde, forming folia that truncated higher-grade assemblages (Figure 6A), and/or replaced minerals from the higher-grade assemblage (Figures 5A, 6C, D). Important for the interpretation of the 40Ar/39Ar data was the temperature at which these fabric-forming retrograde reactions occurred. In both sample K10-11-07C1 and sample K10-11-08E, the mylonitic D3 foliation was defined by muscovite and biotite in apparent textural equilibrium. This indicated deformation occurred above the biotite isograd (∼400°C) and the brittle fracture of both sillimanite (Figure 6D) and feldspars (Figure 6C) during D3 suggested a temperature of < ∼500°C for D3 (e.g., Fossen, 2016). In other words, D3 occurred at ∼400–500°C. The calculated closure temperature for muscovite was ∼415–425°C, and so we interpreted the similar plateau ages of all samples (24.5-23.3 Ma, Tables 1, 3−7) as cooling ages. These ages could also be growth ages, but due to the rapid cooling rate of the samples, in either interpretation, the geologic conclusions are very similar. These data either constrain the timing of the upper greenschist facies D3 deformation and mylonite formation to 26.6-23.3 Ma or directly date the growth of mylonite-defining fabrics at 24.5–23.3 Ma.
TABLE 3 | 40Ar/39Ar dating result of Amphibole, sample K10-11-08A.
[image: Table 3]TABLE 4 | 40Ar/39Ar dating results of Muscovite.
[image: Table 4]TABLE 5 | 40Ar/39Ar dating result of Biotite.
[image: Table 5]TABLE 6 | 40Ar/39Ar dating result of Phlogopite.
[image: Table 6]TABLE 7 | 40Ar/39Ar dating results of K-feldspar.
[image: Table 7]All biotite (five biotite and one phlogopite) samples yielded similar ages of ∼25.4-24.9 Ma. For the reasons given above, we interpreted all ages as cooling ages though 340–350°C and 420–430°C, respectively. In general, the biotite ages were expected to be younger than both phlogopite and muscovite ages due to the biotite’s lower closure temperature. However, we observed that biotite ages overlapped with phlogopite ages but were slightly older than most muscovite ages. In as much, as the muscovite and biotite samples were not from identical outcrops and were similar in age, we interpreted the older biotite ages to reflect local differences in cooling rate in this complex structural region. We also could not rule out a minor component of excess argon in biotite as is commonly observed (e.g., Kelley, 2002).
The interpretation of the K-feldspar data was somewhat more complicated, as mineralogically and microstructurally K-feldspars are complicated, and no consensus exists in the geochronology community on the interpretation of K-feldspar degassing data (e.g., Harrison and Lovera, 2014; Villa, 2014). In this research, we interpreted the high-temperature step ages of step-heating experiments to reflect the time of cooling through ∼300–310°C (Table 2), and the low-temperature steps to reflect the time of cooling through ∼250-150°C (Harrison and McDougall, 1982), and/or recrystallization. Three samples, of which two were from the DNCV core (K10-11-07A1 and K10-11-07A2) and one was from a Qz-Ksp-Ms vein (K10-11-07C) in the western shear zone, yielded nearly identical age spectra with low-temperature steps yielding ages of ∼24.0-21.5 Ma and high-temperature steps yielding ages of ∼27-25 Ma. The high-temperature ages overlapped with the ages of biotite from the same samples. These values were again consistent with rapid cooling through K-feldspar closure-concomitant with D3 deformation. Two samples from mylonitic rocks yielded different ages. Sample K10-11-08B from a D3 shear zone yielded a humped-shaped spectrum with “intermediate age maxima,” a feature common in K-feldspar from highly deformed rocks but that is poorly understood (Lovera et al., 2002). Interestingly the low and high-temperature steps yielded similar ages to the other three samples—and we suggested they were broadly consistent. Sample K10-11-07D from the western mylonite yielded a low-temperature age of ∼22 Ma, but an anomalously high-temperature age of ∼39 Ma. We interpreted this older age to reflect local post-D3-mylonite vertical displacements within the western mylonite zone. In this scenario, sample K10-11-07D was in the lower greenschist facies (∼250–300°C) during incipient D3 deformation at ∼25 Ma. This resulted in the recrystallization of some feldspar during D3 (22 Ma) but also the preservation of relict (pre-D3) 40Ar in K-feldspar porphyroclast.
4.4 Reconstructed cooling path and timing structural events of the DNCV
Based on our structural, petrological, and geochronological data, and the interpretations aforementioned we reconstructed a cooling path for the DNCV metamorphic massif (Figure 9). All phlogopite, muscovite, and biotite ages were interpreted as cooling ages (see above) and were plotted with ±25°C error bars on the closure temperatures reported in Table 2. K-feldspar high-temperature steps ages were plotted with a closure temperature of ∼300–310°C and the low-temperature step ages were plotted at ∼250–150°C, recognizing that recrystallization also played a role in the argon systematics. Three different cooling paths were reconstructed for different lithology units as they went through different paths. For the amphibolite and garnet-biotite-sillimanite gneiss within the core of the DNCV dome, the timing and peak temperature conditions could be linked via our new amphibole, phlogopite, muscovite, biotite, and K-feldspar ages within the core region. The amphibole cooling ages reported by Wang et al. (1998) and the timing of peak metamorphism from Palin et al. (2013) were also combined with our reconstructed cooling path (dashed green line in Figure 9B). The thermal evolution of the core of the DNCV dropped from 700°C to 550°C around 32 Ma, but remained within 540°C–550°C from 32 Ma until 26 Ma. The core further uplifted to 410°C–430°C condition during 26–24 Ma followed by further uplifting till ∼200°C condition during 23 Ma. Similarly, by combining all muscovite and K-feldspar ages within the mylonite zones, a steep cooling path from 410 to 430°C condition starting from 24 Ma until ∼200°C condition during 22 Ma was indicated (gray solid line in Figure 9B). Although we did not collect any samples from the deformed Eocene leucogranite bodies, we reconstructed a third cooling path for these magmatic units based on previously reported ages (Harrison et al., 1996; Leloup et al., 2001; Palin et al., 2013). We observed a rapid cooling path from 800°C to 350°C around 34 Ma followed by stable conditions of 350°C to 300°C between 34 and 24 Ma followed by a rapid cooling to ∼200°C condition during 22 Ma (red dash line in Figure 9B).
[image: Figure 9]FIGURE 9 | Reconstructed cooling paths of different lithological units within the Day Nui Con Voi metamorphic massif based on our age results and published data (Harrison et al., 1996; Wang et al., 1998; Leloup et al., 2001; Palin et al., 2013). (A) Cross section indicating the three lithological units that are used for cooling path reconstruction. The green region represents the metamorphic complex core, and the red region represents the Eocene leucogranites that are deformed by D2. The gray region represents the mylonitic belts. (B) The reconstructed cooling paths of the Eocene leucogranite rocks (red dashed line), metamorphic complex core (green dashed line), and mylonitic belts (gray solid line). The yellow box represents data from Palin et al. (2013) for high-temperature deformation of the DNCV metamorphic massif. Rectangle, 4-branch star, 5-branch star, and rhombus indicate 40Ar/39Ar data of amphibole, phlogopite, muscovite, and biotite, respectively. Pentagon and pentagon with bar represent high- and low-temperature K-feldspar, respectively. The estimated closure temperatures of different minerals are Tc of amphibole: ∼540–550°C; Tc of phlogopite: ∼420–430°C; Tc of muscovite: ∼415–425°C; Tc of biotite: ∼340–350°C; Tc of High K-feldspar (orthoclase): ∼300–310°C (Table 2); and Tc of Low K-feldspar: ∼150–250°C (Harrison and McDougall, 1982).
The timing of D1 to D3 corresponded to the reconstructed cooling paths that were allocated according to the estimated metamorphic conditions and observed structural styles. As our petrography and structural results indicated, the D1 occurred under granulite facies with compressional conditions. Therefore, we linked the timing of D1 to before 32 Ma but after the youngest magmatism that intruded the DNCV (35 Ma; Zhang and Schärer, 1999). Although the Permian-Triassic Indosinian orogeny is the most dominant magmatic event that produced the majority of granitic rocks in northern Vietnam (Carter et al., 2001; Usuki et al., 2015; Shellnutt et al., 2020) and provided a more suitable kinematic condition for D1, it is unlikely that the high-grade metamorphic condition remained from the Permian-Triassic time until the Eocene. Without the cross-cutting relationship of granite introducing into the D1 structure nor the D1 structure deforming these Eocene leucogranites, the actual timing of D1 cannot be distinguished and, with our current data, we can only suggest that it occurred before 32 Ma. The stable thermal condition under amphibolite facies between 26 and 32 Ma coincided with the sub-horizontal folding. Hence, we allocated this time period to D2 with an estimated cooling rate of ∼25°C/Ma. The retrograde evolution from amphibolite facies to the greenschist facies between 26–22 Ma was considered to be the timing of D3, with an estimated cooling rate of ∼100°C/Ma. The timing of shear belt development was defined between 24 and 22 Ma as the cooling path for mylonitic rocks. Brittle deformation occurred after 22 Ma, with an estimated cooling rate of ∼10°C/Ma, which is similar to the static denudation (≤10°C/Ma; Costa et al., 1993). If we convert the cooling rate to rock exhumation rate by assuming an average continental geotherm of 25°C/km (Criss, 2020), D2 uplifted the DNCV metamorphic massif from 30-28 km to 20-18 km with an uplifting rate of 1.2 mm/year, and D3 uplifted the DNCV massif from ∼20 km to ∼8 km with an uplifting rate of 3 mm/year. The uplifting rate of 1–3 mm/year was not fast compared to the average uplifting rate of orogenic belts, which is 4–10 mm/year. Instead, it nearly fell within the average denudation rate of ca 2–5 mm/year for the tropical regions for the time scale over tens of million years (Regard et al., 2016). Therefore, the cooling path that we reconstructed was a feasible one, and the “rapid cooling” could correspond to the D3 up-right doming accompanied by tropical fast denudation rather than to the strike-slip shearing-induced uplifting.
5 DISCUSSION
5.1 Comparison of 40Ar/39Ar data with previous works
The 40Ar/39Ar system can be a thermochronometer and/or a geochronometer. In a poly-deformed geologic setting, and/or a setting where deformation and mineral growth continue over a wide temperature range, it is possible that multiple age groups from the same phase can be obtained. We also plotted previously reported 40Ar/39Ar ages (Harrison et al., 1996; Wang et al., 1998; Leloup et al., 2001) in Figure 9. Our results were broadly consistent with Wang et al. (1998) as nearly all data points fell along the reconstructed cooling curve. Harrison et al. (1996) and Leloup et al. (2001) showed quite different results (older and wider age ranges) that were unlikely compatible with our proposed cooling path. Due to the strain partitioning, the structure preserved within different portions of the DNCV metamorphic massif was heterogeneous. However, that did not greatly vary the ages of the same mineral that passes through the closure temperature, and the youngest age of the same mineral separates marked the timing for passing through the closure age. No distinct variation for the cooling pattern was noticed between the north outcrop versus the southern outcrop within the DNCV. The granitic rocks further away from the DNCV massif might have contributed to the wider age range reported by Leloup et al. (2001). Searle et al. (2006) pointed out that these granitic rocks were formed pre-shearing, and had nothing to do with left-lateral shearing along the RRSZ. Hence, the 40Ar/39Ar ages obtained from these granitic rocks may not provide timing for shearing. All our samples were collected within different structural domains including the mylonite belts along the DNCV massif, making a more reliable reconstruction of the geochronological-thermal evolution.
5.2 Newly constrained timing of left lateral shearing along the RRSZ
Multiple structural events within the DNCV metamorphic massif were reported by numerous studies (e.g., Ankczkiewicz et al., 2007; Yeh et al., 2008). Different interpretations have been given to explain what type of deformation event is syn-shearing. Our petrological and structural reconstruction indicated three ductile deformation events. The granulite facies to upper amphibolite facies centimeter to meter scale NNW-SSE striking upright D1 folds formed prior to 32 Ma. This D1 event can be linked to the peak metamorphism as previously published studies noted (e.g., Nam et al., 1998; Gilley et al., 2003; Khoi et al., 2016). Wang and Burchfiel (1997) and Jolivet et al. (2001) suggested crustal thickening with regional shortening structures that occurred in southeastern China and northern Vietnam result from the India and Eurasia collision during the Eocene to Early Oligocene. The mechanism of crustal thickening with regional shortening structures is suggested to have caused the lithology units to reach the granulite facies condition and anatexis melting of the over thickened crust. The emplacement of Eocene leucogranite was further supported by Zhang and Scharer (1999).
The amphibolite facies meter-scale subhorizontal D2 folds occurred during 32-26 Ma. Similar structures were also observed by Jolivet et al. (2001) in the DNCV metamorphic massif and by Zhang et al. (2021) in the Diancang Shan metamorphic massif. Jolivet et al. (2001) indicated the horizontal structures observed in the DNCV metamorphic massif had been formed due to sub-horizontal shear doming. Yeh et al. (2008), on the other hand, further explained the subhorizontal shear folding due to gravitational collapsing instead of shear doming. Changing to gravitational collapse after crustal thickening is a common phenomenon in most mountainous regions, such as: in the Alps and Himalaya mountain ranges (Burov, 2010), and in the Fansipan mountain range of northern Vietnam (Dinh et al., 2022). We considered the DNCV metamorphic massif to be no exception, that the thickened crust of the massif started to collapse during D2. The collapse of the thickened mountain ranges caused the maximum principal stress (σ1) to change direction from horizontal to vertical, and formed the horizontal folding structures as observed in the D2 deformation event. The stable thermal condition under amphibolite facies, with little cooling/ up-lifting, is expressed in our reconstructed cooling path. Such stress setting is not suitable for triggering left-lateral shearing event; thus, we do not consider D2 to be a syn-shearing event.
The D3 doming event under green schist facies during ∼26–22 Ma was considered to be a syn-shearing event. Petrological and microstructural analyses indicated that the D3 deformation event occurred under greenschist facies conditions with muscovite fish bearing mylonite. The muscovite fish and other shear sense indicators all showed a left-lateral sense of shear. The same orientation of the shear plan of the S/C fabrics and the S3 fold axial plane indicated that these fabrics were formed under the same deformation event. The temperature ranges of greenschist facies nearly overlapped the closure temperatures in the argon system for amphibole, muscovite, biotite, phlogopite, and K-feldspar (Table 2). This allowed us to provide better constraints on the timing, rate, and duration of the D3 event. As the closure temperature of the amphibole was consistent with the upper limit of the inferred temperature for the D3 event, the minimum age of the amphibole (ca. 26 Ma) was used to constrain the onset timing of the D3 deformation event. The minimum age of K-feldspar (ca. 22 Ma) could be used to provide the termination time of the D3 event. Although the reconstructed cooling path indicated relatively rapid cooling since 26 Ma, and duration time for the D3 event of ∼26–22 Ma, our microstructural and petrological analyses of mylonite showed syn-shearing growth of muscovite. The cooling ages of muscovite (∼24 Ma), thus, was marked as the upper bound of the initiation of the left-lateral shearing activity. The termination of the left-lateral shearing was marked as the mylonites had passed the brittle-ductile transition condition, marked by the youngest age of K-feldspar (∼22 Ma). Thus, the timing for left-lateral shearing was further constrained from ∼24 Ma to ∼22 Ma.
Previous studies linked our D2 and D3 together (Jolivet et al., 2001; Anczkiewicz et al., 2007; Viola and Anczkiewicz, 2008) by suggesting a transtensional kinematic condition to form the sub-horizontal folds that were later sheared into a dome via transtension This extensional setting created the space for high-grade metamorphic and magmatic rocks from the lower crustal portion to be uplifted to form the core of the dome. Hence, according to their reconstructed structural evolution, the youngest magmatism within the DNCV (Eocene to Early Oligocene; e.g., Chung et al., 1997) was syn-shearing. Zhang and Schärer (1999) and Leloup et al. (2001) constrained the timing for the onset of left-lateral shearing along the RRSZ to be around 35 Ma by dating the undeformed granitic rocks from the Fansipan massif, 10 km away from the RRSZ. A wide distribution of undeformed Late Eocene granitic rocks with ages ranging from around 39 to 30 Ma was reported across the Tibetan Plateau, Yunnan, and Vietnam regions (e.g., Chung et al., 1997; Junlai et al., 2020; Gou et al., 2021; Li et al., 2021). This geographical distribution further contradicted the hypothesis that these magmatism events were syn-transtensional shearing. On the contrary, these magmatism events corresponded to our D1 granulite facies metamorphism as the thickened crust started to stretch and extend. Geochemical data of Chung et al. (1997) and Gou et al. (2021) revealed these magmas originated from collapsing of the thickened crust within plate following the India-Eurasia collision. However, the proposed transtension shearing was not the forming mechanism for our D3 event as a transtensional basin rather than a dome would have been expected in such a case. We agree with Yeh et al. (2008) that a transpressional condition with sub-horizontal compression along with an oblique component of strike-slip movement further compressed the high-grade metamorphic rocks from the middle crustal level to the upper crystal level. The tectonic transition from the D2 gravitational collapse to D3 left-lateral transpressional shearing can be explained by the interaction between tectonics and surface processes. Gravitational collapse likely occurred in the high mountainous area as a result of gravitational potential energy that produced the vertical maximum principle stress (σ1). After some time, the mountain heights would be reduced due to the effect of surface processes, particularly erosion. Under the intense impact of the erosional process, together with continued crustal shortening in the Indochina block in response to the oblique collision between the India and Eurasia block, the direction of maximum principle stress (σ1) will switch from vertical to horizontal. In this scenario, the transpressional tectonic setting would likely occur, which could result in the D3 structures observed in the DNCV metamorphic massif.
5.3 Tectonic implications of the evolution of the DNCV metamorphic massif
Structural styles are fundamentally controlled by regional tectonic settings. Thus, structural changes are a direct reflection of the change in the tectonic setting. Vietnam is situated between the Tibetan plateau and the SCS, which means the structural evolution would be influenced by the Cenozoic India Eurasia collision and the Cenozoic opening of the SCS. The geodynamics of the thickened continental crust within and around the Tibetan Plateau would also affect the structural activities of many oblique regions such as in SE Asia. Following the India-Eurasia collision, the extrusion of the SE Asia continental crust away from India during the Tertiary induced many large-scale strike-slip faults (Tapponnier et al., 1982; tapponnier et al., 1986). Among the strike-slip faults, the RRSZ fault is considered one of the most significant geological structures in SE Asia. Left-lateral strike-slip movement along the RRSZ has been widely regarded as a tectonic mechanism for the opening of the SCS as supported by the indentation extrusion model (Tapponnier et al., 1982; tapponnier et al., 1986). If the indentation extrusion tectonism is corrected, tectonic events/deformation of the whole process will be in accordance with the time sequence for the opening of SCS as shown in Figure 1A.
Based on data from our study and the published research of others, we have reconstructed the temporal relationship of tectonic events that occurred in Asia (Figure 10). The onset of sea-floor spreading in the SCS was suggested to be around 32 Ma at the northwest sub-basin (Briais et al., 1993; Lee and Lawver, 1995). The ridge jumped southwestward around 24 Ma (Li et al., 2014). The spreading of the SCS ended at around 15 Ma (Taylor and Hayes, 1980; Briais et al., 1993). By assuming the undeformed 39 to 30 Ma granitic rocks as the anatexial product of the syn-shearing activity, this shearing activity was considered to cause the opening of the SCS as the Indochina block extruded (Jolivet et al., 2001; Leloup et al., 2001; Anczkiewicz et al., 2007; Viola and Anczkiewicz, 2008). Our new constrained age of ∼24–22 Ma for the shear activity suggested otherwise. The SCS had opened before the initiation of the left-lateral shear activity of the RRSZ. The formation of the protolith of our D1 gneiss fabrics, which formed under granulite facies prior to 32 Ma, can be linked to crustal thinning due to back arc extension and subduction of Neotethys as the SCS opened (e.g., Karig, 1971; Mai et al., 2018). These granulite facies metamorphism and wide-spread regional leucogranitic magmatism played a critical role in crustal weakening before the strike-slip movement (e.g., Chung et al., 1997; Junlai et al., 2020; Gou et al., 2021; Li et al., 2021). As the SCS further rifted, the continental crust was further thinned. Yeh et al. (2008) reported the sub-horizontal fold (D2) with the sense of shear of a top to NW and bottom to SW sense of shear along the sub-horizontal folds (D2). The rapid cooling following the D2 sub-horizontal folding with retrograde metamorphism reflects this crustal thinning condition. Based on our reconstructed cooling paths of leucogranite and the core of the DNCV, the continental crust of northern Vietnam has been thermally weakened by the Eocene magmatism followed by crustal stretching and thinning due to gravitational collapsing prior to the development of mylonite belts that initiated movement along the RRSZ.
[image: Figure 10]FIGURE 10 | (A) Reconstructed timing of tectonic events occurring in Asia since the Cenozoic time as compiled from our data and published research (Taylor and Hayes, 1980; Tapponnier et al., 1982; 1986; Briais et al., 1993; Lee and Lawver, 1995; Zhang and Schärer, 1999; Leloup et al., 2001; Li et al., 2014). (B) Paleogeographic reconstruction shows the timing relationship between the opening of the SCS and the movement of the RRSZ (Modified from Mai et al., 2018). The sea-floor spreading of the SCS started around 32 Ma at the northwest sub-basin. The spreading ridge jumped into the southwestward direction at around 24 Ma, which is temporally consistent with the onset movement of the RRSZ. The opening of the SCS ended at around 15 Ma.
Our interpretation of ∼24–22 Ma for the left-lateral movement of the RRSZ matches the southwestward ridge jumping event of the SCS (e.g., Karig, 1971; Mai et al., 2018). Kinematically, it would be difficult for a low-density continental crust to “push” a dense oceanic crust. Therefore, it is unlikely that the left-lateral movement along the RRSZ triggered the southwestward ridge jump in the SCS. On the contrary, the continental crust moved along with the oceanic crust as the ridge jumped. In such a case, a northwestward younging trend should be expected for the initiation age of the RRSZ as the shear activity propagated from the oceanic crust to the continental crust. In other words, if the RRSZ was a result of southeastward extrusion as proposed by the indentation extrusion model (Tapponnier et al., 1982; tapponnier et al., 1986), the shear zone should have developed and propagated from the SW corner of the Tibetan plateau toward the SCS. Initiation age is expected to be older for the northwestern-most metamorphic complex, such that Diancang Shan is older than Ailao Shan that, inturn, is older than the DNCV metamorphic massif. Leloup et al. (2001) showed different cooling histories preserved from different portions of the RRSZ. The reported initiation age within the southeastern part of the Ailao Shan massif was between 21–17 Ma (Harrison et al., 1996; Leloup et al., 2001), and that for the Diancang Shan massif was between 23–17 Ma (Yeh et al., 2014; Zhang et al., 2021), which are slightly younger than what we proposed for the DNCV. If the initiation timing is correct, that further supports that the left-lateral shearing propagated from Vietnam northwestward toward southwestern Tibet, and the extrusion of Indochina coincided with the ridge jumping event rather than the opening event of the SCS.
6 CONCLUSION
The 40Ar/39Ar ages obtained from amphibole (∼26 Ma), phlogopite (∼25 Ma), muscovites (∼24-23 Ma), biotite (∼25-23 Ma), and K-feldspars (∼25-22 Ma) collected from different structural domains of the DNCV metamorphic massif showed a rapid exhumation between ∼26–22 Ma. By incorporating microstructural, petrological, and thermochronological evolution, a temporal-thermal-deformation history was reconstructed. The oldest deformation event D1 formed NNW-SSE striking vertical axial-plane folds. The mineral assemblage of quartz, K-feldspar, biotite, garnet, and sillimanite indicated metamorphic conditions from granulite facies to upper amphibolite facies possibly occurred before 32 Ma. The second deformation event D2 relates to sub-horizontal to inclined folds. Mineral assemblages of sillimanite + biotite + high deformed quartz and feldspar suggested that the D2 deformation event happened between upper to lower amphibolite facies (∼650°C–500°C) conditions, possibly during ∼32–26 Ma. The last ductile deformation event D3 was a large-scale doming event associated with left-lateral transpressional shearing. The new precipitation of muscovite and albite within the mylonite belts indicated a greenschist facies metamorphic condition had occurred during shearing. The cooling age of syn-shearing muscovite (∼24 Ma) marked the upper bound of the initiation of the left-lateral shear activity. The youngest K-feldspar age (∼22 Ma) indicated the termination of the ductile shearing activity as the deformation condition had passed the brittle-ductile transition. This age (∼24–22 Ma) coincided with the age of the ridge jump event rather than the initial rifting event in the SCS. Thus, the extrusion tectonism had not caused the initial opening of the SCS. Rather, the SE extrusion of Indochina coincided with the southward ridge jump of the SCS.
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sample No Mineral dated Rock type Latitud
KI0-11.084 Amphibole Amphibolite 10436749 215094
KI0-11:84 Amphibole 126KDS7 1= 0004817 W= 2051 mg
Temperature (°C) PAr(% total) Radiogenic y A (moles) /A Age (Ma)
700 00 -6737 991E-17 36355 2954 3209
900 o1 u2 381E13 7134 44307 02000 29 12
1000 05 76 840E-14 4309 22167 000 376 06
1050 03 74 48314 369 57372 00050 31 10
1075 05 781 B17E14 3837 80128 00016 35 06
1100 10 88 13113 3486 79681 00033 305 03
1125 9 928 Sa2E13 3170 7394 00023 27 o1
1150 197 95 206812 3075 76952 00025 269 o1
1175 302 %6 305812 3039 78003 00025 266 o1
1200 27 981 265812 3029 75529 00023 265 o1
1225 54 928 ST7E1 081 75015 00027 20 o1
1250 37 912 103813 088 79051 o008 20 o1
1275 a2 %6 457E13 3175 77519 00025 28 o1
1300 20 %09 221813 3197 77821 00030 250 03
1350 06 799 776814 3034 76511 00010 266 06
1150 0 35 SadE1a 374 77160 00058 s 09
1650 o1 77 4B 20109 72164 02500 1692 153
1650 00 81 Le6E13 36672 4025 05000 278 257

Plateau age= 2655 + 0.1 (Ma) Integrated age= 27.3 (Ma)
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Assumed cooling  Tc Amphibole ('C)  Tc Phlogopite ('C)  Tc Muscovite (C)  Tc Biotite ('C) Tc K-feldspar

rate ('C/ Ma) Spherical Cylindrical Spherical Cylindrical (Orthoclase) (
Spherical
Do m/s 2.40E-06 7.50E-05 2.00E-03 1.50E-06 9.80E-07
E (k)) 268 242 264 | 186 183
A 55 | 27 55 | 27 55
50 | 539 | 417 416 339 299
60 543 | 420 418 [ 342 [ 302
70 546 422 421 344 304
80 549 424 423 346 306
90 551 426 424 347 308
100 553 428 426 349 309
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Muscovite K10-11-07C

Sample No

Mineral dated

Rock type

Longitude

Latitude

K10-11-07C Muscovite K-feldspar vein close to phyllite 10435962 22.18013
7 K10-11-07C Muscovite 92KD57 0004921 Wt = 2.75 mg
mperature (°C) ClI/K  Age (Ma) Error (Ma)

600 02 16 5.26E-16 1.381 0317 | 00191 124 108
700 04 387 omEls | 3am ~0060 | 0.0004 310 42
800 13 70.6 30sE15 | 290 0037 | 0.0005 266 14
850 19 59.7 4.42E-15 2832 0024 | 00007 | 253 09

I 900 33 59.8 7.89E-15 2722 -0.006 | 0.0006 24 06
950 145 747 345E-14 2.735 0004 | 0.0004 u5 02
1,000 231 916 5.50E-14 2700 0005 | 0.0003 242 01
1,050 120 952 | e 2.727 0003 | 00003 | 214 02
1,100 57 89.8 136E-14 2.698 -0.008 | 0.0000 241 03
1,150 38 883 9.12E-15 2781 0006 | 0.0002 249 05
1200 42 875 | 9.95E-15 2723 0020 | 0.0004 24 05
1250 59 826 141E-14 2752 0003 | 0.0005 246 04
1300 141 929 337E-14 2723 0005 | 00005 | 204 [
1350 7.5 936 1.80E-14 2.669 0017 | 0.0004 239 03
1450 14 814 331E-15 2.684 0040 | 0.0002 240 15

» 1,650 04 483 9.86E-16 3236 oo ooz | 289 44
1,650 01 7.4 219E-16 1331 ~0230 | 0.0066 120 203
1,650 01 46 132E-16 s o oo 137 315

Plateau age= 24.31+0.18 (Ma) Integrated age=24.4 (Ma)

Muscovite K10-11-07C1

Sample No Mineral dated Longitude Latitude
K10-11-07C1 Muscovite Phylite 10435962 2218013
K10-11-07C1 Muscovite 44KD57 J = 0.004819 £ 0.50%
mperature ( *°Ar (% total)  Radioge Id (%) Arg (moles) ~ “Ar*/**Arg  Ca/K  CI/K  Age (Ma) Error (Ma)
600 03 107 621E-16 2032 0094 | 00109 181 59
700 06 456 LI3E-15 2540 o161 oo | 26 33
800 15 786 281E-15 3053 0005 0.0010 272 13
850 19 82.1 353E-15 3051 0053 | 0.0000 272 10
900 30 728 547E-15 2855 0007 | 00003 254 07
950 94 67.7 1.72E-14 2830 0009 | 0.0004 252 03
1,000 2.6 784 486E-14 2744 0006 | 0.0003 244 01
1,050 9 95 217E-14 2739 0011 | 00004 244 02
1,100 59 872 108E-14 2815 0024 0.0003 251 04
1,150 30 770 5.50E-15 2836 0049 | 0.0004 253 06
I 1,200 29 760 538E-15 2882 0045 | 00005 257 07
1,250 48 60.0 873E-15 2756 0024 | 00006 246 05
1,300 200 859 364E-14 2742 0010 | 00003 244 01
7 1,350 57 929 LO4E-14 2831 ool | oo | 252 03
1,450 14 726 255E-15 2819 0036 | 00001 251 13
1,650 06 386 106E-15 4025 0060 | o007 | 357 34
1,650 02 88 381E-16 4187 0331 00041 372 105
1,650 [t 104 145E-16 9.328 ~0076 | ~0.0062 818 270
Plateau age=24.5 + 0.2 Integrated age= 24.9 (Ma)

Muscovite K10-11-088

Sample No Mineral dated Rock type Longitude Latitude
K10-11-088 Muscovite Pegmatitic feldspar vein with muscovite 10439417 2219635
| K10-11-08B Muscovite 100KD57 J = 0.004916% 0.50% Wt = 2.98 mg
Temperature (C)  *Ar (% total)  Radioge! Id (%) *°Ark (moles) “°Ar*/*Ar,  Ca/K CI/K Age (Ma)  Error (Ma)
600 05 26 132E-15 0.990 0251 | 0.0124 89 46
I 700 12 381 280E-15 2084 0018 | 0.0020 187 17
800 21 64.1 5.14E-15 2831 0041 | 0.0016 253 09
850 26 783 6.20E-15 2715 0006 | 0.0007 23 08
900 40 778 9.68E-15 2715 0006 0.0006 43 05
950 97 779 234E-14 2656 0005 | 0.0009 237 02
1,000 21 92.1 5.33E-14 2601 0005 | 0.0009 23 01
1,050 159 96.0 384E-14 2631 0004 0.0010 235 01
1,100 106 918 254E-14 2600 0010 | 0.0011 22 02
1,150 81 865 | Lssn 2558 0011 0.0015 29 02
1,200 [ 81 907 1.94E-14 2720 0023 | 0.0014 143 02
1,250 62 864 149E-14 2664 0019 | 0.0009 238 04
1,300 60 886 144E-14 2609 0023 | 0.0008 23 04
1,350 | 16 888 3.93E-15 2866 0009 | 0.0008 256 12
1450 | 07 906 1.70E-15 3438 o0ss | oo0s | 307 29
1,650 05 369 LE-15 28| oose | oo | 245 45
1,650 [ 46 132E-16 4081 0571 | 00207 364 383
1,650 00 62 7.10E-17 7896 0453 | 00291 697 708

Plateau age= 23.3+ 0.2 (Ma)

Muscovite K10-11-08E

Sample No

K10-11-08E

TABLE 4 (Continued) “Ar/**Ar dating results of Muscovite.

Mineral dated

Muscovite

K10-11-08E Muscovite 102KD57

Rock type
Mylonite

] = 0.004889 + 0.50%

10458536

Integrated age= 23.5 (Ma)

Longitude

Wt = 279 mg

Latitude

2217402

Temperature (C)  *Ar (% total)  Radiogenic Yield (%) e Ca/K C/K  Age (Ma) Error (Ma)
600 0.4 31 9.13E-16 2643 0209 | 00116 235 126
700 09 374 198E-15 30 | 0060 | 0009 270 49
800 25 66.1 5.61E-15 269 | o019 | o000 236 17
850 32 63.9 7.26E-15 2550 0007 | 0.0002 27 13
900 52 598 LI8E-14 2742 0021 0.0002 244 08
950 19.1 715 436E-14 2,687 0001 | 0.0001 239 02
1,000 179 88.1 4.09E-14 2595 0008 0.0002 231 02
1,050 83 835 1.90E-14 2,604 0003 0.0002 232 05
1,100 - 48 763 woEl | 2616 oo | ooeos | 233 Y
1,150 42 735 9.68E-15 2627 0023 0.0003 234 10
1,200 56 8.6 128E-14 2791 0025 0.0004 248 08
1,250 66 617 152E-14 2,661 0007 | 0.0003 237 06
1,300 120 sL1 273E-14 2644 0009 | 0.0003 235 03
1,350 60 814 137E-14 2619 0019 0.0002 233 07
1,450 26 50.1 6.00E-15 2523 0016 0.0000 224 15
1,650 05 135 121E-15 1565 0317 | 0.0017 1By 77
1,650 01 -124 1.78E-16 -2323 0782 | 0.0021 09 | m2
1,650 0.0 -218 9.76E-17 -6.064 -1713 | -0.0045 -55.1 97.6

Plateau age= 23.5+ 0.3 (Ma)

Integrated age= 23.4 (Ma)
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Lithology Location Dated  lablD Min  Max Plat 2 PAr MSWD Integ  lsoch  Prefe- Instrument
minerals age age  age sigma % age age rred

Lon Lat (Ma)  (Ma)  (Ma) (Ma)  (Ma) Age
® N (Ma)

Amphibolite Biotite DS 247 24 249 02 s 10 35 u9 Na u7 V61200

Leucogranitc dyke Biotite wKkDS | 233 266 250 04 99 10 099 264 219 20 MAP2I6

s | augey | KFddsgar [ 107%057 0 22 N %2 Na 20 V61200

KI0-11-07A2 | Biotte +Garnet Augen Kfddpar | 30KDS7 | 227 276 26 02 a2 3 15 250 233 26 MAP216
Gress

KI0-11-07A3  Phlogopite bearing Marble Phlogopite | 46KDS7 | 247 262 250 02 98 1 13 53 50 250 MAP216

KIOL07C | K-eldspar vein Muscovite | 9KDS7 | 2388 248 43 02 0o 10 24 213 u3 MAP216

104360 | 22180° | Kfeldspar | 97KDS7 | 215 258 | Na 26 Na 245 V61200

KI0-11.07C1  Phylite Muscovie | 4KDS7 | 226 M2 45 02 23 9 16 21 23 5 MAP216

KIOILOD | Muscovite bearing Mylonite | 104359°  2250° | Kefeldspar | 28KDS7 | 223 392 N 316 Na 20 MAP216

KIO-11-08A | Amphibolite 104367 22181 Amphibole | 126KDS7 | 265 278 266 01 %69 2 73 Na %5 VG120

KIO-11-088 | Muscovie bearing Muscovite | 100KDS7 | 229 253 233 02 B 7 23 235 231 53 MAP216

framiican oson | s | Kpr 108057 37 39 N 26 Na 67 MAP216

KIO-1L0SBIB | Garnetssillimanitesbiotte Biotite SKDS7 | 28 38 N 24 Na 28 MAP216

Mylonite

KIOILOSE | Muscovite bearing Mylonite | 104585°  2274°  Muscovite | 102KDS7 | 24 245 235 03 99 16 09 54 233 55 MAP216
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K-feldspar K10-11-07A1

sample No Mineral dated Rock type Longitude Latitude
KI0-11-07A1 Kefedspar Leucocratic dyke 10491108 2179692
KI0-11-07A1 K-feldspar 107KDS7 = 0004806 £ 05 % W.=279 mg
Temperature (°C) Ar (% total) Radiogenic yield (% °Ar (moles) A/ Ar Calk Age (M Error (Ma)
700 06 28 33014 1235 02326 00345 979 65
750 58 892 5E13 2669 | ooms 00003 6 o1
800 53 950 289613 2666 oo ooz | %7 o1
850 5 952 245813 2585 00155 230 o1
900 34 919 L8713 2685 00167 00002 235 o1
950 27 934 LagE13 2685 o022 00002 239 o1
1000 23 898 123613 2698 | ooms oot | 240 o1
1050 24 870 12913 2788 oo | oo | 28 o1
1100 30 821 LeiE13 20m [ oo oo007 | 260 o1
1150 49 79 26513 3065 00133 o009 | 272 o1
1200 84 812 456813 3063 [ oos 00008 72 o1
1250 178 89 9.68E-13 2995 00107 00005 266 o1
1300 303 876 L64E-12 2965 00057 oot | 263 o1
1350 71 7.1 386613 2909 oo oooos | 259 o1
1400 11 865 SSIE14 2832 00232 00007 52 02
1450 03 85 Evan 200 00897 00012 260 [
1650 02 07 944E15 2765 00159 00029 216 09
1650 00 72 99717 8226 52743 01667 n2 801
No Plateau age Integrated age= 26.2 (Ma)
K-feldspar K10-11-07A2
Sample No Mineral dated Rock type Longitude Latitude
KI0-11-0742 K-Fedspar Biotte+Ganet+ augen Feldspar 10491108 2179692
KI0-11-07A2 K-fedspar 30KD57 J = 000478  0.50% 8 mg
Temperature (°C) °Ar (% total) Radiogenic yield (%) A (moles) AOAr /A, aK Age (Ma) Error (Ma)
0 02 250 46016 10374 0388 00153 900 136
700 08 @5 244815 3901 [ oon 00020 314 25
750 12 019 35515 2778 s oooos | 25 17
00 20 977 604E15 2802 oo o000t 2438 10
850 26 909 78815 2573 | oo 00006 27 08
%0 29 971 B70E-15 2783 0032 00005 u2 07
950 30 955 885E-15 2705 0061 00001 239 07
1000 28 I 889 832615 2743 o017 oot | 22 I v
1050 25 866 76015 2724 0035 00005 201 08
1100 21 920 644815 2788 0073 00004 246 09
L150 19 932 56815 281 ook 00006 251 10
1200 21 924 61715 2900 | oom | omes | 256 09
1250 21 952 628815 2078 o021 oooos | 263 0
1275 17 875 520815 2656 0057 00004 235 I
1,300 17 920 SUES 2037 [ os 00004 29 1
1325 20 865 S86E-15 2017 [ | omm | s I 1
1350 22 866 66715 200 0030 o007 | 260 10
1375 24 862 721E15 2847 0030 oooos | 251 09
1400 26 666 784E-15 3127 " oow | oo 276 0o
1450 99 868 L5013 278 0027 00003 246 o1
1550 94 875 28314 2814 0025 00002 29 02
1650 19 74 S77E15 203 [ oo 00008 29 10
Plateau Age = 246 + 0.2 Integrated age= 25 (Ma)

K-feldspar K10-11-07C

Sample No Mineral dated Rock type Longitude Latitude
KI0-11:07C Kofedspar Kefeldspar vein close to phyflite 10435962 218013
KI0-11-07C K-fedspar 97KDS7 J = 00048312 05 % W= 2726 mg
Temperature (°C) PAr(% total) Radiogenic yield (% Ary (moles) Error (Ma)
700 07 165 206814 11619 03206 00667 1016 1
750 8 08 L39E13 2494 | owsr ooons | 23 o1
500 a1 85 120613 2398 oosss | oo | 25 o1
850 a1 79 120613 2409 o oooos | 25 o1
900 48 907 [ES 2454 oos | oo 20 01
950 57 920 L66E-13 2514 | oo 00002 25 | o1
1000 62 907 17913 2514 00266 00003 25 o1
1050 62 o1 17913 2564 oo 00002 29 o1
L0 60 889 L7413 2612 oo oooos | 234 o1
1150 63 506 L8E13 2686 00184 00006 240 o1
1200 74 78 214813 2738 00215 00011 s o1
1250 166 654 48813 280 00284 00017 254 o1
1300 28 08 635E13 2863 | oous 00014 256 o1
1350 36 682 LO6E13 2892 o017 00017 2558 o1
1400 14 625 397614 302 00364 00025 270 03
1450 04 589 LO6E-14. 3054 00370 00029 73 09
1650 o1 36 251E15 370 oo | ooz 30 3
1650 00 i 61617 25328 s | oo | a7 1180
No Plateau age Integrated age= 24.6 (Ma)

K-feldspar K10-11-07D

Sample No Mineral dated Rock type Longitude Latitude

KI0-11:07D K-fedspar Muscovite mylonite 10435852 217977

KI10-11-07D K-feldspars 28KD57

0004778 £ 0.50% W= 28 mg

Temperature (°C) Ar (% total) Radiogenic Yield (%) o Age (Ma)
&0 05 77 La2E15 13951 0305 00094 1199 45
70 50 80 138E-14 305 00i5 00004 %8 04
750 18 952 485615 25% 000 00003 26 12
500 68 964 L89E-14 2566 00 00004 27 03
850 58 961 L60E-14 252 o013 00003 23 04
900 52 87 LaSE-14 2504 0031 00002 25 04
I 950 I 5 943 [ 125614 20 oo | oot 52 I
1000 a2 | 980 [ LI7E14 [ 278 e | ees | w2 | 05
1050 39 | 927 L0SE-14 2658 o | oo | oms | 05
1100 36 952 995E15 2967 oo1s 00003 %2 06
1150 35 914 974E15 312 oo 00006 22 06
1200 6 752 126614 36 00is 00007 344 05
1250 47 | 1 L31E14 3506 e | oos | ns 04
1275 53 | 897 La7E14 a1 o013 ooo0s | 6| 04
1300 71 937 196E-14 am 002 00005 ED 03
‘ 1325 164 954 [ 45314 461 009 00006 2 o
1350 133 960 36914 pre:s o002 00006 363 02
1375 29 938 S14E15 3683 oo | owor 21 07
[ 1400 04 5 LIE1S e o oo | -
1450 02 e 477616 3811 oo 00007 56 us
1550 o1 519 [ 385E-16 6602 0185 00004 578 149
1650 00 | 11 | 897817 ws s 00312 a1 &5
No Plateau age Integrated age= 31.6 (Ma)

K-feldspar K10-11-088

sample No Mineral dated Rock type Longitude Latitude
KI0-11-08B Kefeldspar Pegmatic feldspar vein with muscovite 10439417 2219635
KI0-11-08B K-fedspars 104KDS7 004807  050%
Temperature (°C) Ar (%total) (moles) al Age (Ma) Error (Ma)

0 02 864 132815 70.89% o 00031 sua6 53
700 25 904 192E14 3947 o | -ooor 350 03
750 32 %9 243814 2661 0 ~00001 27 02
500 2 990 325614 268 o 00000 258 o1
850 57 9.4 4714 2775 0 00001 u7 o1
%00 68 971 SA7E14 2708 o 00000 20 o1
950 72 988 SA7E14 272 0 00000 u2 o1

| 1000 69 [ 992 527E-14 [ 289 [ 00000 57 o1
1050 61 I 990 [ 464E-14 [ 319 D oo | 23 o1
L100 a4 989 335614 3584 o 00000 BN o1
1150 38 970 294814 4388 0 00000 389 02
1200 5 892 341E14 420 [ 00000 379 02
1250 0 [ 899 S0E-14 [ 3419 o | oo | 303 02
1275 3 oL [ 331E14 3420 D oo | 303 02
1300 67 936 | SUE1 3513 I o0 | 32 02
1325 142 I 924 LO9E-13 I 3255 D 00000 289 o1
1350 120 913 9.19E-14 3138 o 00000 279 o1
1375 34 902 263614 30 0 ~00001 270 02
1400 05 87 39315 2070 0 -00006 264 10

I 1450 03 1030 asmas | 3841 0 oooor | 340 19
1550 02 74 L61E-15 37% o 00002 36 26
1650 00 23 368E-16 5229 o 00046 n2 13
1650 00 284 700817 31919 0 -00056 2654 615

No Plateau age Integrated age= 29.6 (Ma)
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Phlogopite K10-11-07A3

sample No Mineral dated Rock type Longitude Latitude
KI0-1L07A3 Phlogopie Marble + amphiboles phlogopite 10451108 217969
KI0-11-07A3 Phlogopite 46KDS7 1= 00089012 050 % "

’Ari (moles

o0 02 o1 375616 0126 056 00327 232
0 02 72 482816 sas8 043 00029 57 s
00 04 6 882816 3429 0755 00010 305 50
850 01 612 926816 3494 0023 00015 31 75
900 06 @1 132815 3716 0050 o013 30 52
950 15 570 30315 293 00 o017 261 23
1000 m w7 L0tk 2857 oo o001t 5 07
1050 7 6 17281 277 o015 o012 218 04
Lo 59 956 139814 2010 o015 00009 262 05
1150 74 6 sk 2814 o7 o012 1 04
120 106 4 248614 2814 0005 oo0r2 54 03
1250 m 2 sa5E14 252 oo o001t 52 02
130 268 8 630814 2w 0008 o001t 218 o
1350 s o1 420814 29 0006 00010 219 02
150 17 77 41015 3016 oou 00008 71 17
1650 02 76 S86E-16 e 0008 o024 a8 1
1650 o 515 171k 618 o7 o017 507 398
1650 00 157 626817 284 035 00226 555 1096

Plateau Age = 25 0.2 (Ma) Integrated age=25.3 (Ma)
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