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Mesozoic granitic plutons are found throughout the Indochina terrane of eastern Cambodia and southern Vietnam. The granitic rocks range in age from Early Triassic (240 Ma) to Late Cretaceous (80 Ma) and record distinct tectonomagmatic periods associated with subduction of the Paleotethys and Paleo-Pacific oceans. Samples collected from the Snoul pluton, eastern Cambodia are composed of silicic and intermediate dioritic rocks, and basalt. The quartz diorites and diorites are magnesian, metaluminous, calcic to calc-alkalic, and similar to volcanic-arc granitoids whereas the basaltic rocks are compositionally similar to within-plate basalt. Zircon U-Pb geochronology and Lu-Hf isotopes and whole rock Sr-Nd isotopes show that the silicic rocks are Albian and isotopically juvenile (107.5 ± 0.3 Ma, 109.1 ± 0.4 Ma; εHf(t) = +7.0–+17.0; 87Sr/86Sri = 0.704313–0.707681; εNd(t) = +3.1–+4.9). Fractional crystallization modeling using a dioritic composition as the parental magma demonstrates that it is possible to generate the quartz diorite compositions under oxidizing (ΔFMQ +1) and hydrous (H2O = 2 wt%) conditions suggesting that they are consanguineous. The isotopically juvenile nature of the dioritic rocks and their compositional similarity (SiO2 ≥ 56 wt%, Al2O3 ≥ 15 wt%, Sr ≥ 400 ppm, Y ≤ 18 ppm, Yb ≤ 1.9 ppm) to adakitic rocks indicates that the parental magmas of the Snoul pluton were likely derived by partial melting of juvenile mafic basement rocks of the Indochina terrane. Moreover, Early Cretaceous plutonic rocks of Cambodia are isotopically distinct from plutonic rocks of similar age and tectonic setting from Vietnam suggesting that there could be a lithotectonic domain boundary within the Southern Indochina terrane. In contrast, the basaltic rocks likely record a temporally distinct period of magmatism associated with Late Cenozoic tensional plate stress.
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INTRODUCTION
The Mesozoic Era was an important time for the lithospheric evolution of South, Southeast, and East Asia (Sone and Metcalfe, 2008; Hall, 2012; Hall, 2017; Wang et al., 2013; Hutchison, 2014; Metcalfe, 2017). During the Triassic to Cretaceous lithotectonic terranes derived from Gondwana (e.g., Qiangtang, West Myanmar, Sibumasu, Indochina) drifted across the Tethyan oceans and accreted to the southern Eurasian margin and cratons of China (Carter et al., 2001; Metcalfe, 2006; Metcalfe, 2013; Carter and Clift, 2008). Furthermore, the North China Block and South China Block amalgamated and subduction of the Paleo-Pacific plate beneath eastern Eurasia initiated periods of variably intense arc magmatism until the Late Cretaceous (Zhou et al., 2006; Li and Li, 2007; Faure et al., 2008; Lepvrier et al., 2008). Subsequently, during the Cenozoic, the India-Eurasia collision ushered in a period of regional horizontal and vertical tectonics across south and southeast Asia that led to the reorganization and displacement of the accreted terranes (White and Lister, 2012; Bouilhol et al., 2013; Schellart et al., 2019). Moreover, the secession of subduction-related magmatism in the east was followed by a period of crustal relaxation and the development of the proto-South China Sea (Zheng et al., 2019).
Of particular interest is the evolution of the Indochina terrane as it was affected by multiple collisional and accretionary events related to the subduction of the Paleotethys Ocean (Sone and Metcalfe, 2008; Hutchinson, 2014; Metcalfe, 2017; Faure et al., 2018; Wang et al., 2018; Tran et al., 2020; Waight et al., 2021). During the Early Triassic, the Indochina terrane collided and accreted to the South China Block whereas during the Late Triassic it was affected by collision and accretion of the Sukhothai and Sibumasu terranes (Lepvrier et al., 2008; Burrett et al., 2021; Jiang et al., 2021). Furthermore, the Paleo-Pacific plate subducted beneath the Indochina terrane beginning in the Early Cretaceous and was responsible for the generation of widespread Cordilleran Batholiths throughout the Dalat-Kratie Fold Belt of southern Vietnam and eastern Cambodia (Nguyen et al., 2004a; Nguyen et al., 2004b; Shellnutt et al., 2013; Cheng et al., 2019; Hennig-Breitfeld et al., 2021; Nong et al., 2021; Nong et al., 2022). The Dalat-Kratie Fold Belt is composed of Triassic to Cretaceous sedimentary rocks and volcano-plutonic rocks that are overlain by Quaternary basalt (Zaw et al., 2014). The granitic rocks are primarily of Cretaceous (130-75 Ma) ages, although Carboniferous (332 ± 5 Ma), Permian (277 ± 2 Ma), and Triassic (202 ± 0.4 Ma; 238 ± 0.3 Ma; 211 ± 1.7 Ma; 248.9 ± 2.4 Ma) mafic and silicic igneous rocks are also present in the region (Nguyen et al., 2004a; Nguyen et al., 2004b; Shellnutt et al., 2013; Cheng et al., 2019; Hennig-Breitfeld et al., 2021; Kasahara et al., 2021).
The Cretaceous rocks record two distinct periods of granitic magmatism related to the subduction of the Paleo-Pacific plate. The more voluminous, older (130–90 Ma) rocks are attributed to volcanic-arc magmatism and contemporaneous with the Late Yanshanian Orogeny of East Asia whereas the younger (<90 Ma) rocks are correlated with post-collisional magmatism (Nguyen et al., 2004a; Nguyen et al., 2004b; Shellnutt et al., 2013; Cheng et al., 2019; Hennig-Breitfeld et al., 2021; Kasahara et al., 2021). Located within the Dalat-Kratie Fold Belt of eastern Cambodia is the previously unstudied Snoul pluton. Rocks were collected from a surface exposure and mineral exploration drill core. The surface exposure is composed of quartz diorite and diorite whereas the drill core encountered basaltic dykes and dioritic enclaves within the host quartz diorite.
In this paper, we present in situ zircon U-Pb geochronology and Hf isotopes, whole rock geochemistry, and whole rock Sr-Nd isotopes of host rocks and enclaves collected from the surface and drill core of the Snoul pluton of eastern Cambodia. The results of this study are used to constrain the age of emplacement and the tectonomagmatic evolution of the host quartz diorite within the context of Mesozoic tectonics of the Indochina terrane. Moreover, we evaluate the relationship between the dioritic and basaltic enclaves to the host rocks in order to assess their petrogenetic relationship.
GEOLOGICAL BACKGROUND
Present-day Southeast Asia is composed largely of terranes derived from the margin of eastern Gondwana (e.g., Hall, 2012; Hall, 2017; Metcalfe, 2013; Metcalfe, 2017; Usuki et al., 2013). Major terranes include South China, Indochina, Sibumasu, West Burma, East Malay, and West Sumatra (Figure 1) which travelled northwards from the southern hemisphere and accreted to the southern margin of Eurasia. Convergence is still ongoing today, as the Australian plate approaches northward via subduction beneath Sumatra, Java, and Timor. The long-term convergence in this region has resulted in multiple episodes of arc magmatism, ocean basin opening and closure, and mountain-building events. The resultant deformation zones and fold belts are important sites of mineral resources such as orogenic gold, porphyry copper, volcanic-hosted massive sulphide, and gemstone deposits (Zaw et al., 2014).
[image: Figure 1]FIGURE 1 | Tectonic subdivision of geological terranes of Southeast Asia showing the location of the Dalat-Kratie Fold Belt (modified from Metcalfe, 2017).
Of the Gondwana-derived fragments, the Indochina Block is one of the largest tectonic units in Southeast Asia, occupying much of Cambodia, Laos, Malaysia, Myanmar, Thailand, and Vietnam (Figure 1; Hutchinson, 2014; Metcalfe, 2017; Nakano et al., 2021). The Indochina Block is bounded to the northeast by the Ailaoshan–Song Ma suture and to the west by the Sukhothai–Chanthaburi arc and the Paleo-Tethys suture. The block is generally divided into several tectonic zones: the Truong Son Fold Belt (Laos and western Vietnam) and Kontum massif (central Vietnam) along its eastern margin, the Loei Fold Belt (western Cambodia, Thailand and eastern Myanmar) along the western margin and the Dalat–Kratie Fold Belt (eastern Cambodia and southern Vietnam) in the south (Hutchinson, 2014; Metcalfe, 2017; Burrett et al., 2021).
The Truong Son Fold Belt is composed of Ordovician–Carboniferous and Neoproterozoic–Silurian sedimentary rocks intruded by Permian-Triassic volcanic and intrusive rocks (Lepvrier et al., 2004; Burnett et al., 2021). The Kontum massif represents a metamorphic core of granulite facies rocks, with Nd depleted mantle model ages of 2.4-1.2 Ga (Lan et al., 2003) and an inherited U–Pb zircon core of 1.4 Ga (Nam et al., 2001). Subsequent deformation and metamorphic overprinting on the Truong Son and Kontum rocks suggests that the accretion of the Indochina Block to the Eurasia margin occurred during the Early Triassic (260-240 Ma; Carter et al., 2001; Lepvrier et al., 2004; Roger et al., 2007). The Loei Fold Belt is composed of a succession of carbonates and metamorphosed tuffaceous rocks, intruded or overlain by Silurian to Late Cenozoic igneous rock (Wang et al., 2018; Burrett et al., 2021; Shi et al., 2021).
The Dalat–Kratie Fold Belt is composed of a Precambrian basement, Triassic–Cretaceous sedimentary rocks, Cretaceous granitic rocks, and Cenozoic intraplate basaltic rocks (Nguyen et al., 2004a; Nguyen et al., 2004b). The Cretaceous granitoids can be subdivided into I-type and A-type (Nguyen et al., 2004a; Nguyen et al., 2004b; Shellnutt et al., 2013; Waight et al., 2021). The more widespread I-type Early Cretaceous granitic batholiths are related to the subduction of the Paleo-Pacific Ocean crust beneath Indochina and contemporaneous with Yanshanian magmatism along the coast of eastern China. The Late Cretaceous A-type granitic rocks that crop out in southern Vietnam are interpreted to be related to post-collision extensional stress associated with trench retreat and slab rollback of the Paleo-Pacific Ocean (Zhou et al., 2006; Shellnutt et al., 2013; Cheng et al., 2019; Hennig-Breitfeld et al., 2021; Kasahara et al., 2021; Waight et al., 2021; Nong et al., 2022).
SAMPLE LOCATIONS
The present study focuses on the granitic rocks and enclaves of the Snoul pluton within the Dalat–Kratie Fold Belt of eastern Cambodia (Figure 2). The Snoul pluton is a newly discovered intrusion of the upper crust that intrudes Triassic–Early Jurassic sandstones, siltstones and conglomerates, although detailed field mapping of the pluton was not possible due to the widespread Quaternary sedimentary cover in the region (Figure 2B). Field occurrences, drill core logging, and geophysical surveys (e.g., airborne magnetic anomalies) were used by local exploration companies to interpret the extent of the pluton which is estimated to be 1.5–2 km in diameter. At least two varieties of quartz diorite were observed in the field, one finer-grained and the other coarser-grained, but with similar mineralogy. The best exposure can be found at 0647977 mE, 1328288 mN and its vicinities, where a fine–medium-grained dioritic body is intruded by aplite and mafic dykes (Figures 3A–C). Most of the samples (A15-series, A17-series) were selected from drill cores provided by Southern Gold (Cambodia) obtained from its 2009 drilling campaign (Figures 3C, D). The drill core samples were split diagonally with one-half taken for this study and the other half retained by Southern Gold (Cambodia). Other samples (O-series) were collected from the few exposed surface outcrops.
[image: Figure 2]FIGURE 2 | (A) Geological map of Cambodia showing the location of the Snoul pluton (modified from Kasahara et al., 2021). (B) Schematic cross-section of the region underneath the Snoul pluton (green) highlighting the stratigraphic relationships of various lithological units.
[image: Figure 3]FIGURE 3 | Field and drill hole photos of the Snoul pluton. (A, B) Fine to medium-grained diorite intruded by a coarse-grained dioritic dyke, demonstrating both (A) diffusive and (B) brittle, crack-filling fashion of dyking. (C, D) Diorite enclaves (irregular- to rounded shape) and basalts in a quartz diorite host rock intersected by drill hole A17 of the Snoul pluton.
PETROGRAPHY
Quartz diorite
The quartz diorite host rocks (A15.2, A17.1ah, A17.3b, A17-7-HA, A17-14-h, O27b, O52B) were collected from the surface and the drill core. The rocks are coarse grained and granular with the surface samples tending to be more altered than those from the drill core. The rocks are composed of plagioclase (45–50 vol%), amphibole (∼35 vol%), quartz (5–15 vol%), biotite (≤5 vol%), and Fe-Ti oxide minerals (≤5 vol%) with accessory amounts (≤1 vol% each) of apatite, zircon, and titanite. Plagioclase is euhedral to subhedral and with straight crystal edges (Figures 4A, B). The larger plagioclase crystals tend to have oscillatory zonation, but the smaller crystals tend to display polysynthetic twinning with a few showing albite twinning. All plagioclase crystals are altered by saussurite, although the extent of alteration can range significantly between different samples. Amphibole (hornblende) is the primary mafic silicate mineral in the rock and is euhedral to anhedral (Figure 4A). Similar to the plagioclase crystals, there are larger (1–3 mm) euhedral crystals (∼5 vol%), but most are smaller (<1 mm) and interstitial to the plagioclase. Most of the amphibole crystals are altered by chlorite and/or biotite. The quartz crystals are subrounded and interstitial to the plagioclase and amphibole. The amount of quartz can vary between samples and is typically 5–15 vol%. Euhedral to subhedral biotite is common but its abundance can vary between samples (≤5 vol%). The biotite crystals are tan brown to brown in colour with some crystals having zircon inclusions. Under reflected light, it appears that nearly all of the opaque minerals are magnetite and ilmenite as sulphide minerals were not identified. The opaque minerals are euhedral to subhedral with most having cubic or subrounded shapes (Figure 4A).
[image: Figure 4]FIGURE 4 | Photomicrographs of the rocks of the Snoul pluton. (A) Plane polarized light and (B) crossed polarized photos of the quartz diorite (A17-3a). (C) Plane polarized light and (D) crossed polarized photos of a diorite enclave (A17-13). (E) Plane polarized light and (F) crossed polarized photos of a basaltic rock (A15-1b). (G) Plane polarized light and (H) crossed polarized photos of the chilled margin between the quartz diorite and basalt. Symbols: qz = quartz, bt = biotite, pl = plagioclase, op = opaque, hbl = hornblende, ol = olivine, cpx = clinopyroxene. Whole rock geochemical data were not measured for samples A17-3a or A17-13.
Diorite
The diorite rocks (host = A17-8-h, O05c, O20, O27a; enclaves = A17.4b, A17-7-en, A17-8-EN, A17-14-h) were collected from the surface exposure and the drill core. The rocks are phanerocrystalline with some samples having medium to coarse grained textures whereas others are medium to fine grained. In general, the surface samples tend to be more altered than those from the drill core. The mineralogy and textures of the diorites are similar to the quartz diorites, but they have less quartz and biotite (Figures 4C, D). The rocks are primarily composed of plagioclase (50–55 vol%), amphibole (35–40 vol%), and opaque (Fe-Ti oxide minerals) minerals (∼5 vol%) with accessory amounts (≤1 vol% each) of quartz, biotite, apatite, zircon, and titanite.
Mafic dykes
The mafic rocks (A15.1b, A17.1b, A17.9, A17.10b) have similar textures and mineralogy and are relatively fresh, but show signs of zeolite facies alteration (Figures 4E, F). The rocks are porphyritic and seriate and composed mostly of plagioclase (50–55 vol%) and clinopyroxene (35–40 vol%) with subordinate amounts of ilmenite/magnetite (5–10 vol%), and olivine (∼5 vol%). The plagioclase crystals are mostly euhedral and have lath shapes of similar size. The clinopyroxene (augite) crystals are light brown in colour, subhedral to euhedral in shape. The olivine crystals are euhedral to anhedral (sub-round) and mostly appear as larger phenocrysts. The opaque minerals are euhedral to subhedral with cubic shapes. The basaltic rocks are likely dykes rather than xenoliths as the chilled margin with the host rock was observed (Figures 4G, H). The contact between the quartz diorite host and the basalt is sharp, but there appears to be reaction/transition zone as the contact region changes from brown to dark brown (Figure 4G). The transition zone is aphyric with occasional xenocrysts of quartz and feldspar from the host rock. Farther from the contact, the xenocrysts are absent and the basaltic rock is porphyritic with euhedral to subhedral phenocrysts of olivine and plagioclase microlites (hyalopilitic).
MATERIALS AND METHODS
Zircon U-Pb and Lu–Hf isotopic analyses
In situ U-Pb and Lu-Hf isotopic analyses presented in this study were performed using a Nu Plasma HR multi-collector inductively coupled plasma mass spectrometer (MC-ICPMS; Nu Instruments, UK) equipped with an ArF excimer 193 nm laser ablation system (RESOlution M-50, Resonetics LLC, USA), housed at the Department of Earth Sciences, The University of Hong Kong, HKSAR. A modified collector block of the MC-ICPMS contains 12 Faraday collectors and 4 ion counting detectors dispersed on the low mass side of the array, allowing simultaneous acquisition of ion signals ranging from mass 204Pb to 238U. A spot diameter of 30 µm, pulse rate of 6 Hz and energy density of 15 J/cm2 were used. Ablation time was 40 s, resulting in pits 20–30 microns deep. Instrument parameters can be referred to Xia et al. (2011). The standard zircon 91500 (Wiedenbeck et al., 1995) and GJ-1 (Jackson et al., 2004) were used for calibration. Off-line data reduction was performed by the software ICPMSDataCal. Version 7.2 (Liu et al., 2010). Ages were calculated using ISOPLOT/Excel version 3.6 (Ludwig, 2008). The results are presented in Supplementary Tables S1, S2 where the isotopic ratios and ages are given with 1 sigma error.
The zircon Hf isotopes were analyzed on the same spots as those with a concordant U-Pb age. The Hf isotopic data reported in this study were obtained with a beam diameter of 55 μm, pulse rate of 6 Hz and energy density of 15 J/cm2. Each analytical spot was subjected to 40 ablation cycles, resulting in pits 30–40 μm deep. Atomic masses 172 to 179 were simultaneously measured in static-collection mode. Isobaric interference of 176Yb on 176Hf was corrected against the 176Yb/172Yb ratio of 0.5886 (Chu et al., 2002). Interference of 176Lu on 176Hf was corrected by measuring the intensity of the interference-free 175Lu isotope and using a recommended 176Lu/175Lu ratio of 0.02655 (Machado and Simonetti, 2001). External calibration was made by measuring zircon standard 91,500 (176Hf/177Hf = 0.282275 ± 0.000011) for the unknown samples during the analyses to evaluate the reliability of the analytical data and GJ-1 has been used for monitoring the data quality which yielded a weighted mean 176Hf/177Hf ratio of 0.282008 ± 0.000001 (Supplementary Table S3).
The measured 176Lu/177Hf and 176Lu/177Hf ratios and a176Lu decay constant of 1.865 x 10−11a−1 as reported by Scherer et al. (2001) were used to calculate the initial 176Hf/177Hf ratios. Calculations of εHf(t) values were based on the chondritic values of 176Hf/177Hf and 176Lu/177Hf as reported by Blichert-Toft and Albarède (1997). The mantle extraction model age (THfDM) was calculated using the measured 176Lu/177Hf of the zircon, but this only provides a minimum age for the source material of the magma from which the zircon crystallized. Therefore, “crustal” model ages THfc were calculated (Supplementary Table S3), which assume that the parental magma of the zircons was produced from average continental crust, but was ultimately derived from the depleted mantle. A ratio of 0.015 most realistically reflects the 176Lu/177Hf ratio of our samples.
Wavelength dispersive X-ray fluorescence
Three grams (3.0000 ± 0.0005 g) of each sample was added to a ceramic crucible of known mass (+lid) and placed in an oven at 105°C for 3 h. After the initial heating step, the powders were cooled to ambient temperature inside a desiccator for ∼15 min before they were weighed. The samples were then baked to peak temperature at 900°C (held for 10 min) in a high temperature furnace before cooling. The samples were then cooled in a desiccator until reaching ambient temperature. Each sample was weighed for a final time and the loss on ignition was calculated from the masses obtained from the low and high temperature cycles. Six grams (6.0000 ± 0.0005 g) of lithium metaborate was added to each sample (0.6000 ± 0.0005 g) at a ratio of 10:1 and fused to produce a glass disc using a Claisse M4 fluxer. The major elements were measured by wave-length dispersive X-ray fluorescence using Panalytical AxiosmAX at the XRF Laboratory, Department of Earth Sciences, National Taiwan Normal University. Standard reference materials measured during the study include: BIR-1a, BCR-2, and AVG-2a (Supplementary Table S4).
Inductively coupled plasma mass spectrometry
Trace elements were measured using an Agilent 7500cx inductively coupled plasma mass spectrometer (ICP-MS) at National Taiwan University, Taipei, Taiwan. Approximately 50–100 mg of each sample powder was dissolved in a Teflon beaker using a combination of HF, HNO3, and HCl. Each sample was heated in closed beakers with HF and HNO3 for at least 48 h and then dried. After drying, 2 mL of 6 N HCl was added to each sample and then left to dry. This step was followed by the addition of 2 mL of 1 N HCl to each sample then the solution was centrifuged. The supernatant was extracted and then placed into a new beaker. If solid residue remained in the beaker after extraction, then the procedure was repeated until the powder was fully digested. Samples were diluted using 2% HNO3 and an Rh and Bi spike was added for the internal standard. The standard reference materials measured for the trace elements of this study are AGV-2 (andesite), BCR-2 (basalt), and DNC-1 (dolerite) (Supplementary Table S4).
Thermal ionization mass spectrometry
Whole rock Sr and Nd isotopes were measured at the Institute of Earth Sciences, Academia Sinica, Taipei (Supplementary Table S5). Approximately 75 mg of sample powder was dissolved using a mixture of HF and HNO3 at 120°C for 48 h, then taken to dryness followed by dissolution in 2 mL 4 N HCl. Separation and purification of Sr and Nd were achieved using a 3-column technique. The first column was contained 0.2 mL Sr spec resin (manufactured by Eichron Industries, Inc.) to collect the Sr fraction using HNO3 as eluent. The elution was then passed through the second column containing 2.5 mL cation exchange resin (Bio Rad AG50W-X8, 100–200 mesh) to isolate the rare Earth elements using HCl as eluent. The third column used for Nd separation contained 1 mL Ln-B25-A (Eichrom) resin, covered on top by a thin layer of anion exchange resin (Bio Rad AG1-X8, 200–400 mesh), using HCl as eluent.
Strontium was loaded on a single Ta filament and compositional analysis was performed using 7-collector Finnigan MAT-262 thermal ionization mass spectrometer in dynamic mode. Neodymium loaded on a double Re filament and the isotopic measurement was analyzed using 9-collector Thermo Fisher Scientific Triton thermal ionization mass spectrometer with static mode for automatic run. The isotopic ratios were corrected for mass fractionation by normalizing to 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219. At the time of analysis, the NBS-987 Sr standard yielded an average value of 87Sr/86Sr = 0.710249 with a long-term reproducibility of 0.000045 (2σ) and the JMC Nd standard gave an average of 143Nd/144Nd = 0.511813 with a long-term reproducibility of 0.000009.
RESULTS
In situ zircon U-Pb ages
Twenty-six zircons were analyzed from sample O05c (diorite). Zircon grains range in size from ∼50 μm to ∼300 µm in length and have euhedral (prismatic to equant) to subhedral (fragmented to sub-round) shapes. Nearly all zircons show igneous (oscillatory) zonation whereas very few have core-rim structures (Corfu et al., 2003). All zircons yielded ages that were 92% concordant or better, however we only select zircons with ≥97% concordance to interpret their emplacement age (Supplementary Table S1). The 206Pb/238U ages revealed a bimodal distribution of ∼111 Ma and ∼107 Ma. Five zircons yielded an intercept age of 111.3 ± 1.8 Ma and weighted-mean 206Pb/238U age of 111.3 ± 0.5 Ma which we interpret as an inheritance age (Figure 5A). The majority of zircons (12) yielded an intercept age of 107.4 ± 1.0 Ma and weighted-mean 206Pb/238U age of 107.5 ± 0.3 Ma which we interpret as the emplacement age (Figure 5B). The older group of zircons (∼111 Ma) do not show significantly different internal structures (i.e., core-rim structures) nor are their crystal shapes significantly different from the younger (∼107 Ma) group of zircons.
[image: Figure 5]FIGURE 5 | (A) Concordia diagram with the weighted-mean age of the older (inherited) population of zircon U-Pb data from sample O20. (B) Concordia diagram with the weighted-mean age of the younger population (emplacement age) of zircon U-Pb data from sample O20. (C) Concordia diagram with the weighted-mean age of the older (inherited) population of zircon U-Pb data from sample O05c. (D) Concordia diagram with the weighted-mean age of the younger (emplacement age) population of zircon U-Pb data from sample O05c.
Thirty-eight zircons were analyzed from sample O20 (diorite), however only twenty-six zircons with ≥97% concordance are considered for the emplacement ages (Supplementary Table S2). Zircon grains range in size from ∼40 μm to ∼400 µm in length and have euhedral (prismatic to equant) to subhedral (fragmented to sub-round) shapes. The zircons are morphological similar to those from sample O05c. The 206Pb/238U ages range from ∼106 Ma to ∼577 Ma with the majority (9) of ages around ∼112 Ma. The nine zircons yielded an intercept age of 112.6 ± 1.4 Ma with a weighted-mean age of 112.4 ± 0.4 (Figure 5C). Four zircons with ≥97% concordance yielded an intercept age of 109.2 ± 1.3 Ma and weighted-mean 206Pb/238U age of 109.1 ± 0.4 Ma which we interpret as the emplacement age as they are within the uncertainty of the ages of O05c (Figure 5D). The inherited zircons with ≥97% concordance are mostly Carboniferous to Permian (258–335 Ma), but there are single zircon ages of ∼106 Ma, ∼114 Ma, ∼118 Ma, and ∼577 Ma. Much like sample O20, there does not appear to be significantly different internal structures or crystal shapes between the two groups of Cretaceous zircons. However, the older inherited zircons (i.e., >250 Ma) tend to have irregular to rounded shapes.
In situ zircon Hf isotopes
Hafnium isotopes were measured on the same zircon spot locations as the U-Pb ages of samples O20 and O05c. Not all zircons could be analyzed for Hf isotopes due to the limited amount of material left after ablation for U-Pb dating. The dataset can be found in the Supplementary Table S3. The depleted mantle lines in Figure 6 are defined by present-day 176Hf/177Hf = 0.28325 and 176Lu/177Hf = 0.0384 (Griffin et al., 2000).
[image: Figure 6]FIGURE 6 | Zircon Hf isotopic evolution of the diorites (O05c, O20) from the Snoul pluton. The evolution curves (dashed lines) are calculated assuming Lu/Hf crustal value of 0.015 (Griffin et al., 2004; Chauvel et al., 2008). DM = depleted mantle.
The magmatic zircons (12) from sample O20 yielded initial 176Hf/177Hf(t) ratios from 0.283048 to 0.283186 with εHf(t) values ranging from +12.1 to +17.0. The meaningful TDM1 ages range from 123 Ma to 291 Ma whereas the TDM2 ages range from 141 Ma to 543 Ma. In comparison, the inherited (296–335 Ma) zircons (5) have initial 176Hf/177Hf(t) ratios from 0.282675 to 0.283025 and εHf(t) values ranging from +3.9 to +15.5. The TDM1 ages range from 313 Ma to 813 Ma whereas the TDM2 ages range from 341 Ma to 1,490 Ma.
Twenty-two magmatic zircons from sample O05c yielded initial 176Hf/177Hf(t) ratios from 0.282904 to 0.283113 with corresponding εHf(t) values from +7.0 to +14.4. The TDM1 ages range from 194 Ma to 493 Ma whereas the TDM2 ages range from 319 Ma to 1,040 Ma. There is one inherited zircon (240 Ma). It has an initial 176Hf/177Hf(t) ratio of 0.282657 and εHf(t) value of +1.2 and TDM1 and TDM2 ages of 830 Ma and 1,688 Ma.
Major and trace elemental geochemistry
The SiO2 contents of the host rocks range from ∼55.7 to ∼71.6 wt% with nearly all ANCK values (mol. Al2O3/[mol. CaO+Na2O+K2O]) between 0.87 and 1.01 and alkali-alumina (mol. [Na+K]/mol. Al) values <1 (Figures 7A, B). According to the scheme of Frost et al. (2001), the rocks classify as magnesian (FeOt/FeOt+MgO = 0.65–0.71) and calcic (Figures 7C, D). Magnesian, metaluminous, calcic rocks are considered to be typical of the outboard portions of Cordilleran Batholiths (i.e., volcanic-arc granites). Sample A15.2 has very low Na2O and K2O contents and consequently has a very high ANCK value (∼1.9). However, this sample is altered and it is likely that the alkali metals were mobilized (L.O.I. = 3.21 wt%). Nonetheless, for the exception of A15.2, all rocks are sodic (K2O/Na2O = 0.28–0.71) and their Mg# ([mol Mg/(mol Mg+tFe2+)]× 100) are 42.1–49.4 (Figures 7E, F). The loss on ignition (L.O.I.) values, for the exception of A15.2, are ≤0.51 wt% and indicate that the rocks did not undergo significant post-emplacement hydrothermal/deuteric alteration.
[image: Figure 7]FIGURE 7 | Chemical classification of the rocks from the Snoul pluton. (A) Na2O + K2O (wt%) vs. SiO2 (wt%) classification of rocks (Cox et al., 1979). (B) Alkali index (mol. Na + K/mol. Al) versus aluminum saturation index (ASI = mol. Al/mol. Ca + Na + K). Classification of the quartz dioritic and dioritic rocks using (C) the Fe* [(FeOt/(FeOt + MgO)] value and (D) the modified alkali-lime index (Na2O + K2O-CaO) vs. SiO2 (wt%) of Frost et al. (2001). (E) K2O/Na2O vs. SiO2 showing the sodic nature of the rocks. (F) Mg# vs. SiO2 (wt%) of the mafic and silicic rocks from the Snoul pluton.
The host rocks have uniformly low concentrations of transition metals (Sc = 5.4–16.8 ppm), V = 93.6–170.6 ppm, Cr = 6–19 ppm, Co = 8.5–16.3 ppm, Ni = 4–8 ppm, Cu = 4.9–34.7 ppm, Zn = 16.7–55.3 ppm). The large ion lithophile element (LILE) concentrations are more variable (Rb = 0.9–84.9 ppm, Sr = 77–679 ppm, Cs = 0.12–2.3 ppm, Ba = 34–538 ppm). Similar to the LILE, the high field strength elements are variable (Zr = 22–108 ppm, Nb = 3.1–4.8 ppm, Y = 9.3–23.5 ppm, Hf = 0.78–2.68 ppm, Ta = 0.27–0.37 ppm, Th = 2.6–6.4 ppm, U = 1.1–1.9 ppm). The mid-ocean ridge basalt normalized incompatible patterns of the rocks are broadly similar, although there is some variability in the Rb−Ba and Hf−Zr concentrations (Figure 8A). All rocks have similar chondrite normalized rare Earth element patterns (Figure 8B). The rocks are light rare Earth element (REE) enriched with high LaN/SmN (1.9–3.3) and flat to bowl shaped middle to heavy REEs (GdN/YbN = 1.1–1.6) patterns. The Eu/Eu* values [2*EuN/(SmN+GdN)] are 0.93–1.09.
[image: Figure 8]FIGURE 8 | Mid-ocean ridge basalt (MORB) normalized incompatible element of the (A) host quartz dioritic and dioritic rocks, (C) the dioritic enclaves, and (E) the basaltic rocks. Chondrite normalized rare Earth element diagrams of the (B) host quartz dioritic and dioritic rocks, (D) the dioritic host rocks, and (F) the basaltic rocks. Mid-ocean ridge basalt and chondrite normalizing values of Sun and McDonough (1989). Symbols of the Snoul pluton are the same as in Figure 7.
The four dioritic enclaves have intermediate compositions with SiO2 ranging from 54.8–57.6 wt% and Na2O+K2O wt% equal to 5.2–5.6 wt% (Figure 7A). The enclaves are metaluminous, magnesian, and alkali-calcic (Figures 7B–D). The Fe2O3t ranges from 7.5–8.9 wt% and MgO from 3.9–5.0 wt% with the Mg# ranging from 46.6–53.6. The TiO2 (0.65–0.68 wt%) and MnO (<0.25 wt%) contents are low and the CaO is ∼7.5–7.8 wt%. The transition metals decrease with increasing SiO2 contents, although some elements have limited variability (Sc = 14.1 and 21.9 ppm, V = 190 and 195 ppm, Cr = 18 and 38 ppm, Co = 16 and 17.5 ppm, Ni = 10 and 12 ppm, Cu = 22.4, and 38.4 ppm, Zn = 38.9–44.5 ppm). The mid-ocean ridge ocean basalt normalized incompatible element patterns are similar to the host rocks with enriched patterns of Cs, Rb, Ba, Th, and U with a depletion of Nb and relatively flat La−Nd patterns and flat but lower concentrations of Hf−Y with a positive anomaly of Sm (Figure 8C). The enclaves have light REE-enriched patterns with (La/Yb)N and (La/Sm)N ratios of 4.9–5.0 and 2.4. The rocks do not have negative Eu anomalies with Eu/Eu* ratios from 0.97–0.98 (Figure 8D). Furthermore, the rocks tend to have bowl shape patterns as the middle rare Earth elements (Dy−Er) are flat and the heavy rare Earth elements (Tm−Lu) are slightly higher.
The four basaltic rocks have SiO2 ranging from 48.7–50.6 wt% and Na2O+K2O wt% equal to 4.2–5.4 wt% (Figure 7A). There is a distinct SiO2 gap between the basaltic (∼50.5 wt%) rocks and dioritic (∼54.8 wt%) enclaves (Figures 7A, F). The basalts are mildly alkaline with alkalis (Na2O+K2O) increasing with increasing SiO2 contents. The Fe2O3t ranges from 9.6–11.2 wt% and MgO from 4.9–9.1 wt% with the Mg# ranging from 50.1–61.7. The TiO2 (1.5–1.6 wt%) and MnO (<0.20 t.%) contents are low. The Al2O3 ranges from 15.3–18.2 wt%, and CaO from 9.4–10.6 wt%. The transition metals generally decrease with increasing SiO2 contents, although some elements have limited variability (Sc = 7.9–10.1 ppm, V = 219–224 ppm, Cr = 16–354 ppm, Co = 28.7–48.9 ppm, Ni = 24–205 ppm, Cu = 45.1–58.6 ppm, Zn = 81.5–111.7 ppm). The mid-ocean ridge ocean basalt normalized incompatible element patterns show low Cs and Rb concentrations and declining concentrations from Ba to Y (Figure 8E). The basalts have chondrite normalized light REE-enriched patterns with (La/Yb)N and (La/Sm)N ratios between 11.2 and 13.2 and 2.7–3.1. The rocks do not have significant negative Eu anomalies with Eu/Eu* ratios from 0.93–0.96 (Figure 8F).
Sr-Nd isotope geochemistry
Five samples were selected for Sr and Nd isotopic analysis (Supplementary Table S5). The initial isotopic ratios of the diorites and quartz diorites were calculated based on the U-Pb ages of this study (107 Ma) whereas the initial isotopic ratios of the basaltic rocks are thought to be contemporaneous with the adjacent Neogene−Quaternary volcanic rocks and an age of 10 Ma was assumed (Nguyen and Flower, 1998). The initial 87Sr/86Sr ratios of the granitic rocks range from 0.704313 to 0.707681 (Figure 9). The initial 143Nd/144Nd ratios range from 0.512660 to 0.512750 for the granitic samples. Their εNd(t) values, using 147Sm/144Nd of 0.1967 and a CHURtoday value of 0.512638, correspond to +3.1– +4.9 (Figure 9). The depleted mantle model ages (TDM) range from 598 Ma to 847 Ma. The lone basalt sample has an initial 87Sr/86Sr ratio of 0.703978, an εNd(t) value of +4.2, and TDM age of 513 Ma.
[image: Figure 9]FIGURE 9 | Sr-Nd isotopic data from the dioritic and quartz dioritic rocks of the Snoul pluton. Additional data from the Aptian-Albian volcanic-arc granites from southern Vietnam and eastern Cambodia (Nguyen et al., 2004a; Shellnutt et al., 2013; Cheng et al., 2019). Symbols of the Snoul pluton are the same as in Figure 7.
DISCUSSION
Age of the Snoul pluton and its regional correlation
The zircon U-Pb geochronology results of the surface rocks yielded Albian ages (O05c = 107.5 ± 0.3 Ma; O20 = 109.1 ± 0.4 Ma). Moreover, sample O20 has inherited zircons that range in age from Late Ediacaran (∼577 Ma) to Early Cretaceous (∼118 Ma) whereas sample O05c has one early Triassic zircon (∼240 Ma). The zircon ages of the diorites from this study are contemporaneous with Early Cretaceous granitic magmatism throughout the Dalat-Kratie Fold Belt of Vietnam and Cambodia (Nguyen et al., 2004a; Shellnutt et al., 2013; Breitfeld et al., 2020; Hennig-Breitfeld et al., 2021; Kasahara et al., 2021; Nong et al., 2021; Nong et al., 2022). Specifically, they correlate to a period of subduction-related (130–90 Ma) magmatism along the western margin of the Paleo-Pacific Ocean (Taylor and Hayes, 1983; Metcalfe, 2006; Yang, 2013; Hennig-Breitfeld et al., 2021; Waight et al., 2021).
Farther north along the SE coast of China, the Early Cretaceous period of arc-magmatism is referred to as the Late Yanshanian Orogen and is typified by I-type granite magmatism with subordinate S-type granite magmatism (Zhou et al., 2006; Li et al., 2012; Li et al., 2014; Dong et al., 2018; Shellnutt et al., 2020a; Suga and Yeh, 2020). From a geodynamic point of view, the Early Cretaceous Eurasian margin arc-magmatism is related to subduction of Paleo-Pacific oceanic crust (Maruyama et al., 1997; Yang, 2013; Wu et al., 2022).
Inherited zircons are more common in sample O20 whereas there was only one identified in O05c (∼240 Ma). Sample O20 has the most inherited zircons (22) and a clear Paleozoic population (335–296 Ma) and one Late Ediacaran zircon (∼577 Ma). There are eleven inherited zircons with a slightly older age range (112–118 Ma) than the weighted-mean ages of the diorite. We interpret these inherited zircons as being derived from an older period of spatially associated subduction-related magmatism as they have similar Hf isotopic values (εHf(t) = +13.2– +16.8) as the emplacement age zircons (εHf(t) = +12.1– +17.0). Moreover, the inherited Early Cretaceous (112–118 Ma) ages overlap with reported rock ages throughout the Dalat-Kratie Fold Belt of Vietnam and Cambodia (Nguyen et al., 2004a; Shellnutt et al., 2013; Hennig-Breitfeld et al., 2021; Kasahara et al., 2021; Nong et al., 2021). The Late Paleozoic (335–296 Ma) inherited zircons are contemporaneous with Middle Carboniferous (336 ± 3 Ma) to Permian (267 ± 3 Ma) mafic and silicic rocks known throughout Indochina. The magmatic rocks may be related to an earlier period of subduction of the Paleotethys and back-arc extension prior to the amalgamation between the Sukhothai and Indochina terranes or subduction of the Paleo-Pacific plate (Hall and Sevastjanova, 2012; Burrett et al., 2014; 2021; Wang et al., 2018; Cheng et al., 2019; Kasahara et al., 2021; Shi et al., 2021; Waight et al., 2021; Breitfeld et al., 2022).
The Triassic zircon of O05c is contemporaneous with rocks in Cambodia as Cheng et al. (2019), Kasahara et al. (2021) and Waight et al. (2021) reported zircon U-Pb ages from 201.88 ± 0.36 Ma to 238.21 ± 0.31 Ma. The Triassic magmatism in Cambodia is interpreted to be related to subduction and back-arc extension associated with Paleotethys subduction along the western margin of the amalgamated Sukhothai-Indochina terranes (Sone and Metcalfe, 2008; Kasahara et al., 2021; Waight et al., 2021). Moreover, there is Triassic magmatism throughout Vietnam that may be related to subduction of the Paleo-Pacific plate (Hennig-Breitfeld et al., 2021).
Petrogenesis of the Snoul pluton, enclaves, and basaltic rocks
Tectonomagmatic discrimination of the quartz diorites, diorites, and basaltic rocks
The host rocks are geochemically (magnesian, metaluminous, calcic) similar to granitic rocks that are typical of the outboard portions of Cordilleran Batholiths or volcanic-arcs (Frost et al., 2001). Moreover, the rocks do not exceed CIPW normative corundum of 1% (Chappell and White, 2001) and their data fall within the fields of volcanic-arc or I-type granites in the tectonomagmatic discrimination diagrams of Pearce et al. (1984), Whalen et al. (1987), and Whalen and Hildebrand (2019) (Figure 10). The emplacement ages and location of the rocks are consistent with other volcanic-arc rocks in the eastern portion of the Dalat-Kratie belt of Vietnam and more broadly with the period of Late Yanshanian magmatism along the eastern margin of Eurasia (Nguyen et al., 2004a; Nguyen et al., 2004b; Shellnutt et al., 2013; Cheng et al., 2019; Hennig-Breitfeld et al., 2021; Kasahara et al., 2021).
[image: Figure 10]FIGURE 10 | Tectonomagmatic discrimination of the dioritic and quartz dioritic rocks of the Snoul pluton of (A) Pearce et al. (1984), (B) Whalen et al. (1987), and (C) Whalen and Hildebrand (2019). Symbols of the Snoul pluton are the same as in Figure 7.
The dioritic (A17.4b, A17-7-en, A17-8-EN, A17.11b) enclaves (SiO2 = 54–57 wt%) are chemically similar to the host diorites (A17-8-h, O05c, O20, O27a) as they are magnesian and metalumiunous, but tend to be calc-alkalic to calcic rather than calcic. The difference between calcic and calc-alkalic rocks, according to Frost et al. (2001), is that calc-alkalic rocks are representative of the main portions of Cordilleran Batholiths rather than the outboard portions. The subtle distinction between the enclaves and the host diorite may not be meaningful as it is likely that the two rock types are petrogenetically related whereby the enclaves are representative of the parental arc magmas of the quartz diorites. The petrogenetic relationship between the enclaves and host rock will be discussed later. Nevertheless, the enclaves fall within the volcanic-arc and I-type fields of Pearce et al. (1984), Whalen et al. (1987), and Whalen and Hildebrand (2019) and correspond to the ACG (amphibole-rich, calc-alkaline) granitoids of Barbarin (1999) (Figure 10).
The basaltic rocks are compositionally similar to transitional to mildly alkaline basalt (Figures 7A, 11). Petrographically, the rocks are not composed of cumulus minerals and their Eu/Eu* values (0.93–0.96) are close to unity. The Eu/Eu* values do not indicate significant fractionation or accumulation of plagioclase. In other words, the mafic rocks do not appear to be restites and the chilled margin texture is indicative of an intrusive contact rather than a xenolith. The application of three tectonomagmatic discrimination diagrams consistently show that the rocks plot as within-plate basalt typical of continental rift settings rather than convergent margin settings (Figure 11). The classification of the basaltic rocks as ‘within-plate’ is supportive of their intrusive nature (i.e., dyke) as they would be younger, but also likely correlative to the adjacent Neogene−Quaternary Phuoc Long flood basalt province (Nguyen and Flower, 1998; An et al., 2017).
[image: Figure 11]FIGURE 11 | Tectonomagmatic discrimination of the basaltic rocks using the schemes of (A) Pearce and Cann (1973), (B) Meschede (1986), and (C) Cabanis and Lecolle (1989). WP Alk = within-plate alkaline basalt; WP Th = within-plate tholeiitic basalt; E-MORB = enriched mid-ocean ridge basalt; N-MORB = normal mid-ocean ridge basalt; VAB = volcanic-arc basalt; VAT = volcanic-arc tholeiite.
Magma evolution of the silicic system
The quartz diorite and dioritic rocks are compositionally similar (magnesian, metaluminous) and show chemical evolution trends of major elements (decrease of TiO2, Al2O3, Fe2O3t, MgO, CaO, Na2O, and an increase of K2O) against SiO2 that may be indicative of magma compositional evolution. Moreover, the Sr-Nd isotopes of the host rocks (87Sr/86Sri = 0.704389–0.707681; εNd(t) = +3.1– +4.9) are similar to the enclave (87Sr/86Sri = 0.704313; εNd(t) = +3.5) and all rocks have similar chondrite normalized La/Yb (2.9–7.2) and Gd/Yb (1.1–1.6) ratios, low Nb/U (1.9–4.1), and high primitive mantle normalized Th/Nb (6.3–15.0) ratios. Consequently, it is possible that the diorites or enclave may be representative of the parental or earlier magma composition of the quartz diorites.
In order to evaluate the petrological relationship between the quartz diorites and the diorites we apply Rhyolite-MELTS (version 1.0.2) fractional crystallization modeling (Gualda et al., 2012). We select sample A17.11b (enclave) as the starting composition as it has the highest MgO content (∼4.2 wt%), the second highest Ni (10 ppm) content, lowest Sr (282 ppm) content, and the second highest Mg# (52.7) of all the dioritic rocks. The starting conditions are not quantitatively constrained, however given that the rock is similar to volcanic arc granite, we select conditions that are typical of convergent margin magma systems (Supplementary Table S6). The relative oxidation state is set to one log unit above the fayalite-magnetite-quartz buffer (ΔFMQ +1) as magnesian and calcic-calc alkalic rocks from arc settings tend to be associated with oxidizing conditions (Frost et al., 2001; Arculus, 2003). The initial water content was set to 2 wt% as most mafic arc magmas contain 2–6 wt% water content (Plank et al., 2013). The pressure of crystallization is set to 0.1 GPa (∼3.7 km) which is indicative of the upper crust location of the pluton.
The residual liquid model curve is shown in Figure 12 with the complete results available in online Supplementary Supplementary Table S6. The liquid compositions are shown at 10°C intervals and the starting temperature was set to 1,300°C. The liquidus temperature is 1090°C when clinopyroxene (Wo40En47Fs13) crystallizes. The compositional range of the silicic system is generated from ∼1090°C to ∼880°C. At 880°C, ∼59% of the total magma system crystallized with ∼41% liquid remaining. The fractionated assemblage from the liquidus temperature to 880°C is: clinopyroxene (1090°C–930°C), orthopyroxene (1070°C–880°C), plagioclase (1070°C–880°C), Fe-Ti (titanomagnetite) spinel (1050°C–910°C, 880 °C), and ilmenite (880 °C). The proportions, relative to the total solid, and compositional ranges of the fractionated minerals at 880°C are: clinopyoxene (Wo40-30En47-52Fs13-18) = ∼15.8%, orthopyroxene = 13.6%, plagioclase (An74-36) = 61.9%, spinel (titanomagnetite) = 8.6%, and ilmenite = 0.02%.
[image: Figure 12]FIGURE 12 | The results of hydrous fractional crystallization of the Snoul pluton at 0.1 GPa and ƒO2 = ΔFMQ +1. (A) Al2O3 (wt%), (B) CaO (wt%), (C) Na2O (wt%), (D) K2O (wt%), (E) MgO (wt%), (F) Fe2O3t (wt%), and (G) TiO2 (wt%) vs. SiO2 (wt%). The residual silicic liquids compositions are at 10°C intervals. The complete modeling results are in online Supplementary Table S6. All data are normalized to 100%. Symbols of the Snoul pluton are the same as in Figure 7.
The compositional variability of the rocks can be explained primarily by crystal fractionation (∼90%) of clinopyroxene, orthopyroxene, and plagioclase, although Na2O tends to be ∼1 wt% higher for rocks with 63–67 wt% SiO2 until matching the high SiO2 sample (Figure 12). The fractionating mineral assemblage is consistent with the decrease in Sc, Ni, Co, and Sr concentration with increasing SiO2 content of the rocks. However, two quartz diorites (A17.1ah and A17.3b) have Eu/Eu* values greater than one suggesting that Eu may have increased in the magma system before the onset of feldspar fraction or that the rocks are composed of cumulus plagioclase. Alternatively, the higher Eu/Eu* values could be related to a high magmatic oxidation state as this would favour Eu3+ which does not partition as readily into feldspar as Eu2+ (Cicconi et al., 2022). Nevertheless, the model shows good agreement from the intermediate rocks to the diorites indicating that they may represent a cogenetic magma that developed in the upper crust under hydrous and oxidizing conditions. We cannot eliminate the possibility that crustal contamination or other syn/post-emplacement processes affected the system as inherited zircons were identified, but only that crystal fractionation was the primary process of magma differentiation.
Magma source
The fractional crystallization modeling and Sr-Nd isotopes are supportive of a cogenetic origin of the diorites and quartz diorites of the Snoul pluton. Moreover, it is likely that the diorites are similar to the original parental magma. The Sr-Nd-Hf isotopes (87Sr/86Sri = 0.704313 and 0.706909; εNd(t) = +3.5 and +4.9; εHf(t) = +7.0– +17.0) of the diorites rocks are moderately depleted and indicative of either a juvenile crustal source or a depleted mantle source that was enriched by subduction-related or crustal materials (i.e., melt and/or fluids). That is, the parental magma may have been derived by partial melting of juvenile mafic crust (Defant and Drummond, 1990; Rapp and Watson, 1995; Rapp et al., 1999; Moyen, 2009; Castillo, 2012), by partial melting of a pyroxenitic mantle source (Kogiso et al., 2004; Straub et al., 2008; Straub et al., 2011), or was derived by mixing between a basaltic magma and a crustal melt.
We do not think that the parental magma of the dioritic rocks (SiO2 = 54–61 wt%) was derived by mixing between a basaltic magma and crustal magma as the Eu/Eu* values are 0.97–0.98 and the Ni concentration is ≤12 ppm. It is unlikely that mixing between an isotopically enriched upper crustal melt with a primitive arc basalt could yield a hybrid composition that has such a high Eu/Eu* value and low Ni concentration. Furthermore, average middle and lower crust compositions of Rudnick and Gao (2014) have relatively high Ni content (33–88 ppm) and high Eu/Eu* values (>0.95) and thus any melt composition derived from either would be insufficient to drive Ni contents lower than 12 ppm while increasing the SiO2 content by 3–5 wt% and maintaining an εNd(t) values greater than +3. Therefore, it is likely that the dioritic rocks are either derived by melting of a pyroxenitic mantle source or partial melting of a subducted oceanic slab or juvenile lower crust.
Silicic magma (SiO2 = 55–65 wt%) may be generated by direct melting of ‘reaction pyroxenite’ peridotite (Straub et al., 2008; Straub et al., 2011). However, these magmas tend to have high Mg# (>55) and Ni > 50 ppm as they inherit the high MgO and FeO ratio of the original peridotite mantle (Baker et al., 1994; Straub et al., 2011). The melts also tend to have TiO2 > 0.7 wt% (Kogiso et al., 2004). The dioritic rocks have Ni ≤ 12 ppm, Mg# of 42.1–53.6, and TiO2 < 0.7 wt%. In comparison, adakitic melts generated by melting of subducted slab tend to have SiO2 ≥ 56 wt%, Al2O3 ≥ 15 wt%, MgO <3 wt% (rarely >6 wt%), Sr ≥ 400 ppm, Y ≤ 18 ppm, Yb ≤ 1.9 ppm, Sr/Y > 40, and Ni < 50 ppm (Defant and Drummond, 1990; Castillo, 2012). The diorites of this study, in particular samples O20 and O27a, are somewhat similar to adakitic rocks as they have SiO2 = 54.8–61.8 wt%, Al2O3 > 17.5 wt%, MgO ≤5 wt%, Sr = 282–679 ppm, Y = 14.6–23.5 ppm, Yb = 1.65–2.20 ppm, and Sr/Y = 18.5–41.9, but they do not fit perfectly within the low-SiO2 or high-SiO2 adakite groupings of Martin et al. (2005). The moderately depleted isotopic compositions and Late Neoproterozoic to Paleozoic Nd and Hf depleted mantle model ages imply the rocks are derived from juvenile crust whereas their negative primitive mantle normalized anomalies of Nb are consistent with continental crust generated at an arc setting. Although we cannot be more certain on the exact nature of the source for the parental magmas, we conclude that it is either mafic, juvenile, arc-related lower crust of the Indochina terrane or the upper subducted Paleo-Pacific oceanic crust. If the former is true, then it offers an explanation for the distinct change in the source composition of the contemporaneous Aptian-Albian volcanic-arc rocks across the Dalat zone as granitic rocks to the east are isotopic different (87Sr/86Sri = 0.70444–0.71188; εNd(t) = −2.4- +0.2) (Figure 9).
Magma evolution of the mafic system
The origin of the basaltic rocks is likely different from the silicic system as they are compositionally similar to within-plate basalt rather than arc basalt. The basaltic rocks have similar primitive mantle normalized and chondrite normalized incompatible elemental patterns suggesting that they are petrogenetically related. Specifically, the rocks have modest negative Nb anomalies and very similar light rare Earth element enriched patterns (Figures 8E, F). The compositions are not primary as their Mg# (50.1–61.7) and MgO (4.88–9.11 wt%) and Ni (24–205) contents are evolved. Sample A17.10b is the most primitive, but the CaO (9.40–10.65 wt%) contents are low and Fe2O3t (9.57–11.21 wt%) contents are high. The low Mg# and CaO and absence of negative Eu/Eu* (0.93–0.96) indicates that the rocks underwent fractionation of mafic silicate minerals (e.g., olivine, clinopyroxene) with minimal plagioclase fractionation.
The results of fractional crystallization modeling using Rhyolite-MELTS and a starting composition similar to sample A17.10b with a pressure of 0.1 GPa, initial water content of 1.25 wt%, and ƒO2 at the Ni-NiO (ΔFMQ +0.7) buffer is shown in Figure 13 (Supplementary Table S6). The results indicate that fractionation of olivine (8.2 vol%), clinopyroxene (12.8 vol%), plagioclase (2.2 vol%), and spinel (0.85 vol%) from 1,260–1,090°C with ∼75.1 vol% liquid remaining can explain the chemical variability of the basaltic rocks (Figure 13). Moreover, the high La/YbN (11.2–13.2) and Tb/YbPM (1.9–2.2) ratios indicate that the mantle source was garnet bearing and had a minimum depth of melting of 60–70 km which is similar to estimates for the Neogene−Quaternary flood basalts of Southeast Asia (Nguyen and Flower, 1998; Wang et al., 2002).
[image: Figure 13]FIGURE 13 | The results of hydrous fractional crystallization of the basaltic rocks from the Snoul pluton at 0.1 GPa and ƒO2 = ΔFMQ +0.7. (A) Al2O3 (wt%), (B) CaO (wt%), (C) Na2O (wt%), (D) K2O (wt%), (E) MgO (wt%), (F) Fe2O3t (wt%), and (G) TiO2 (wt%) vs. SiO2 (wt%). The residual silicic liquids compositions are at 10°C intervals. The complete modeling results are in online Supplementary Table S6. All data are normalized to 100%. Symbols of the Snoul pluton are the same as in Figure 7.
The most extensive eruption of within-plate alkaline basalt across SE Asia occurred during the Late Cenozoic (<10 Ma) with correlative rocks identified in eastern Cambodia (Flower et al., 1993; Nguyen and Flower, 1998; Fedorov and Koloskov, 2005; An et al., 2017; Zhao et al., 2021). If we assume an emplacement age of 10 Ma for the basaltic rocks of this study then the initial Sr-Nd ratios (87Sr/86Sri = 0.703978; εNd(t) = +4.2) are indicative of a moderately depleted source. It is likely that the basaltic rocks of this study were emplaced during a period of regional tensional plate stress and that their source (i.e., garnet-spinel bearing peridotite) may be indicative of the lithospheric mantle in this part of the Indochina terrane.
Migration of the continental-arc or discovery of a terrane boundary?
Many continental and island arcs show evidence of magmatic migration over time (e.g., Lesser Antilles, Andes, Sunda) that is thought to be related to changes in the subducting plate dynamics (Kay et al., 2005; He and Xu, 2012; Allen et al., 2019; Lai et al., 2021). The Late Mesozoic granites of eastern China are an example of secular variation of granitic batholiths in a convergent margin regime as magmatism changed from one of sinistral strike-slip compression during the Jurassic to an active continental margin during the Early Cretaceous (Zhou et al., 2006; Dong et al., 2018). The Cretaceous granitic batholiths of eastern China show chemo-temporal transition from subduction-related Cordilleran-type batholiths during the Early Cretaceous (130–100 Ma) to extension-related A-type granitic batholiths during the Late Cretaceous (<90 Ma) (Zhou and Li, 2000; Zhou et al., 2006; Li et al., 2012). Correlative with the Late Yanshanian granites of eastern China are the Early Cretaceous granitic batholiths of the southern Indochina terrane (Nguyen et al., 2004a; Nguyen et al., 2004b; Shellnutt et al., 2013).
The reported ages of the Dalat-Kratie granites are mostly between ∼120 Ma and ∼80 Ma and show a chemical transition from Cordilleran I-type granites to post-collisional (A-type) granites over time (Nguyen et al., 2004a; Nguyen et al., 2004b; Shellnutt et al., 2013; Hennig-Breitfeld et al., 2021). Although there is a compositional transition from I-type granite to A-type granite, there does not appear to be a spatial correlation as the older I-type granites (120-115) geographically overlap with the younger I-type granites (110-90 Ma) and the A-type granites (<90 Ma) (Nguyen et al., 2004a; Nguyen et al., 2004b; Shellnutt et al., 2013; Cheng et al., 2019; Kasahara et al., 2021; Hennig-Breitfeld et al., 2021; Waight et al., 2021; Nong et al., 2022). However, there is a distinct change in the Sr-Nd isotopic compositions of the I-type granites in Cambodia compared to the granites of similar age in Vietnam (Figure 9).
The precise reason for the isotopic change is not clear, but it must be related to the parental magma source. Consequently, there are two possibilities: 1) there is a change in the lithospheric composition of each region, or 2) there were differences in the amount of isotopically enriched components in the genesis of the parental magmas. If the parental magmas of the I-type granites of each region are derived primarily by lithospheric melting then the western region must be isotopically juvenile compared to the eastern region. This could imply that there is a heretofore unseen lithotectonic boundary between the two regions (c.f., Dijkstra and Hatch, 2018). Alternatively, it could reflect differences in the amount of enriched material (e.g., fluids, melts) originating either from subducted sediment or crustal melts that is incorporated into the parental magmas whether they are derived from the mantle or subducted slab. That is, there was more enriched material involved in the genesis of the granitoids from Vietnam than the granitoids from Cambodia.
We cannot be certain which of the two scenarios is more likely, although we tend to favour the possibility that there is a domain boundary between eastern Cambodia and southern Vietnam (Figure 14). The western region of the Dalat-Kratie belt in Vietnam and Cambodia is referred to as the Srepok-Tay Nam Bo orogenic belt (c.f., Hennig-Brietfeld et al., 2021). Consequently, it is possible that the Srepok-Tay Nam Bo orogenic belt and the Dalat-Kratie belt are compositionally and tectonically distinct regions of the Indochina terrane. Our preferred interpretation is based on the fact that the Carboniferous-Permian (343–253 Ma) inherited zircons from the Late Cretaceous (86.6 ± 1.6 Ma) Ankroet “A-type” granite of Vietnam have negative εHf(t) values (−10.2– −3.3; Shellnutt et al., 2013) whereas the Carboniferous-Permian (335–296 Ma) inherited zircons from the Snoul pluton have positive εHf(t) values (+3.9− +15.5). Furthermore, the single Triassic (249 ± 5 Ma, 1σ) inherited zircon from Ankroet has a highly negative εHf(t) value (−17.2) whereas in the Snoul pluton the Early Triassic (240 Ma) inherited zircon has near chondritic value εHf(t) values (+1.2). Thus, the Hf isotopes of the inherited Paleozoic zircons and the whole rock Sr-Nd isotopes indicate that the isotopic differences between the two regions are likely to be an intrinsic feature of the Indochina lithosphere that predates the Cretaceous (e.g., Shellnutt et al., 2020b). Therefore, it possible that the lithosphere of the southern Indochina terrane is composed of distinct lithotectonic domains.
[image: Figure 14]FIGURE 14 | Conceptual model for the genesis of the Cretaceous (130-90 Ma) volcanic-arc granites of the Dalat-Kratie belt. Subduction of the Paleo-Pacific plate beneath the Indochina terrane belt generates arc magmas that may be derived from the subducted slab, lower crust, or from mixed crustal/mantle sources. The granitic plutons closer (purple region) to arc front are more likely to be isotopically enriched whereas those located farther (blue region) from the arc front are more likely to be isotopically juvenile. It is possible that the isotopic differences are an intrinsic feature of the Indochina terrane and that there may exist a domain boundary within the southeast Indochina terrane.
CONCLUSION
The quartz diorites and diorites of the Snoul pluton are compositionally similar to volcanic-arc granitoids. The rocks were emplaced during the Early Cretaceous (107.5 ± 0.3 Ma, 109.2 ± 0.4 Ma) subduction of the Paleo-Pacific plate beneath the Indochina terrane. The whole rock Sr-Nd isotopes show that the host rocks (87Sr/86Sri = 0.704389–0.707681; εNd(t) = +3.1− +4.9) are similar to the enclave (87Sr/86Sri = 0.704313; εNd(t) = +3.5) and indicate that they are part of the same magmatic system.
Fractional crystallization modeling under oxidizing (ΔFMQ +1), hydrous (H2O = 2 wt%), and low pressure (p = 0.1 GPa) conditions shows that it is possible that the dioritic rocks are representative of the parental magma composition of the system. Moreover, some of the diorites are compositionally similar to adakitic rocks which may suggest that they were originally derived by partial melting of juvenile mafic crust of the Indochina terrane. If this is true, then it may explain the isotopic change in granitic rocks from enriched Sr-Nd values in Vietnam to moderately depleted values in Cambodia.
The basaltic rocks represent a different magmatic system as they are compositionally similar to within-plate basalt rather than volcanic-arc basalt. Fractional crystallization modeling using the most primitive basalt as the parental composition can explain the chemical variability within the basaltic rocks. The Sr-Nd isotopic values are moderately depleted and are similar to host intrusion. We think that it is likely that the basaltic rocks are contemporaneous with the Neogene−Quaternary flood basalts of SE Asia and petrogenetically unrelated to the Snoul pluton.
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