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The Schwaner Mountains in southwestern Borneo form a large igneous province with a complex magmatic history and poorly known tectonic history. Previously it was known that Cretaceous granitoids intruded metamorphic rocks of the Pinoh Metamorphic Group assumed to be of Paleozoic age. Jurassic granitoids had been reported from the southern Schwaner Mountains. Most ages were based on K-Ar dating. We present new geochemistry, zircon U-Pb and 40Ar/39Ar age data from igneous and metamorphic rocks from the Schwaner Mountains to investigate their tectono-magmatic histories. We subdivide the Schwaner Mountains into three different zones which record rifting, subduction-related and post-collisional magmatism. The Northwest Schwaner Zone (NWSZ) is part of the West Borneo Block which in the Triassic was within the Sundaland margin. It records Triassic to Jurassic magmatism during early Paleo-Pacific subduction. In contrast, the North Schwaner Zone (NSZ) and South Schwaner Zone (SSZ) are part of the SW Borneo (Banda) Block that separated from NW Australia in the Jurassic. Jurassic granitoids in the SSZ are within-plate (A-type) granites interpreted to have formed during rifting. The SW Borneo (Banda) Block collided with eastern Sundaland at c. 135 Ma. Following this, large I-type granitoid plutons and arc volcanics formed in the NWSZ and NSZ between c. 90 and 132 Ma, associated with Cretaceous Paleo-Pacific subduction. The largest intrusion is the c. 110 to 120 Ma Sepauk Tonalite. After collision of the East Java-West Sulawesi (Argo) Block, subduction ceased and post-collisional magmatism produced the c. 78 to 85 Ma Sukadana Granite and the A-type 72 Ma Sangiyang Granite in the SSZ. Rocks of the Pinoh Metamorphic Group mainly exposed in the NSZ, previously assumed to represent Paleozoic basement, contain abundant Early Cretaceous (110 to 135 Ma) zircons. They are interpreted as volcaniclastic sediments that formed contemporaneously with subduction-related volcanic rocks of the NSZ subsequently metamorphosed during intrusion of Cretaceous granitoids. There are no igneous rocks older than Cretaceous in the NSZ and older than Jurassic in the SSZ and there is no evidence for a continuation of a Triassic volcanic arc crossing Borneo from Sundaland to the east.
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INTRODUCTION
SE Asia is known to have been formed from continental fragments of Australian Gondwana origin from the Late Palaeozoic onwards to form the Sundaland continent. From the Triassic until early in the Late Cretaceous the eastern edge of Asia and Sundaland, at the western edge of the Paleo-Pacific, was a broadly north-south-trending subduction margin marked by abundant igneous rocks recording magmatic activity along an Andean-type continental margin. The margin (Figure 1A) can be traced from South China through Indochina into Borneo (e.g., Taylor and Hayes, 1983; Williams et al., 1988; Metcalfe, 2006; Metcalfe, 2017; Hall, 2012; Shellnutt et al., 2013; Hennig et al., 2017). Igneous and metamorphic rocks are exposed in the Schwaner Mountains of Indonesian Borneo (Kalimantan) and were for many years considered to be an ancient continental core of the island (e.g., van Bemmelen, 1949; Haile, 1974; Metcalfe, 1994) intruded by Cretaceous subduction-related granitoids. However, new mapping, sampling and dating (e.g., Setiawan et al., 2013; Davies et al., 2014; Breitfeld et al., 2017; Hennig et al., 2017) and new reconstructions (Hall et al., 2009; Metcalfe, 2009) have cast doubt on previously accepted ideas.
[image: Figure 1]FIGURE 1 | (A) Cretaceous Paleo-Pacific subduction zone and spatial distribution of Cretaceous igneous rocks. Main belt with Lower to Upper Cretaceous granitoids extends from SE China and Taiwan in the north into SW Borneo in the south. A second smaller with predominantly Upper Cretaceous granites is located in central Borneo and extends to Natuna Island and the offshore South China Sea region. Locations marked in dark blue and with * are samples of this study. Literature data assembled from Haile (1970), Haile and Bignell (1971), Priem et al. (1975), Hamilton (1979), Hutchison (1989), Bladon et al. (1989), Areshev et al. (1992), Wu and Yang (1994), Rustandi et al. (1995), Nguyen et al. (2004), Searle et al. (2012), Hartono (2012), Shellnutt et al. (2013), Hennig et al. (2017), and Li et al. (2018). (B) Tectonic zones of western Borneo and location of the Schwaner Mountains (modified after Haile, 1974; Hennig et al., 2017). The West Borneo Basement correlates roughly to the SW Borneo Block of Hall (2017) and Hennig et al. (2017). The old West Borneo Basement term (Haile, 1974) should be replaced in the future by the term SW Borneo to avoid confusion.
Despite their name, the Schwaner Mountains form a relatively low area (Figure 2A), with elevations mainly between 100 and 500 m, although there are a few high peaks of 1000 to 2000 m. The mountains cover an area almost 600 km wide, from close to the western coast of Borneo to the interior of the island further east, and more than 200 km from south to north (Figures 2A,B). Large parts of the Schwaner Mountains are mapped only at a reconnaissance level and access via rivers and logging roads remains difficult, especially to the eastern parts of the region. We have carried out fieldwork and new sampling in the Schwaner Mountains, which, together with previous studies in NW Kalimantan and West Sarawak, provide the basis for new interpretations of the development of the southern part of the Paleo-Pacific margin. Here we present new U-Pb zircon geochronology, 40Ar/39Ar mica geochronology, whole-rock geochemistry, and garnet chemistry from these areas which elucidate the igneous history and tectonic evolution of this region. The evidence shows there was igneous activity within the Sundaland and Australian margins before the collision of SW Borneo with Sundaland, followed by subduction-related magmatism in the Schwaner Mountains, and further magmatism that occurred after subduction ceased.
[image: Figure 2]FIGURE 2 | (A) SRTM image showing location of the Schwaner Mountains. (B) Cretaceous granitoids and basement map of southern Borneo. NW Schwaner Zone (NWSZ) is part of the West Borneo province and has a Triassic and Jurassic basement intruded by Cretaceous granites. The North Schwaner Zone (NSZ) is dominated by the subduction-related Sepauk Tonalite. The South Schwaner Zone (SSZ) includes the Jurassic within-plate Belaban Granite and the post-subduction Cretaceous Sukadana Granite. The Upper Cretaceous Northern Granitoids belt follows the Lupar Line fault system. Southern boundary of West Borneo either is represented by the NWSZ or by an unidentified ENE-WSW striking line crossing the western part of the SSZ (modified from Hennig et al., 2017).
REGIONAL BACKGROUND
Haile (1974) named the southern part of western Borneo, which included the Schwaner Mountains, the West Borneo Basement and this is bounded to the north by the Kuching Zone of NW Kalimantan and West Sarawak (Figure 1B). Granitoids in the Schwaner Mountains and associated volcanic rocks were known to range in age from Late Jurassic to Late Cretaceous based mainly on K-Ar geochronology (Haile et al., 1977; Williams et al., 1988; Bladon et al., 1989). The Cretaceous igneous rocks in the northern Schwaner Mountains intruded metamorphic rocks of the Pinoh Metamorphic Group (PMG) which were generally interpreted as Palaeozoic basement (e.g., van Bemmelen, 1949; Haile, 1974). Metcalfe (1986) and Metcalfe (1990) introduced the term SW Borneo Block for this region and parts of the Kuching Zone, suggesting this was a pre-Mesozoic continental terrane or terranes, possibly of South China/Indochina origin (Metcalfe, 1996), added during the Mesozoic to a Sundaland continental core. Recent studies show that the Sundaland core can be identified in NW Kalimantan and West Sarawak where Triassic meta-granitoids in the NW Schwaner Mountains (Setiawan et al., 2013; Hennig et al., 2017) are interpreted to be part of the pre-Jurassic Sundaland margin and imply a West Borneo–SW Borneo suture in West Sarawak and NW Kalimantan. U-Pb dating has revealed abundant zircons with Early Cretaceous ages (Davies et al., 2014) in all the metamorphic rocks of the PMG casting doubt on the suggestion that the igneous and metamorphic rocks in the Schwaner Mountains were an ancient Borneo basement, whether a continental core or a pre-Mesozoic continental terrane.
Our interpretation (Breitfeld et al., 2017; Hall, 2017; Hennig et al., 2017) is that from the Late Triassic the Asian continent was broadly in its present position (Figure 3A) with Sundaland at its southern end. West Borneo (Figure 2) was the most southeastern part of Triassic Sundaland and includes the Northwest Schwaner Zone (NWSZ). Further east and south, the Schwaner Mountains are divided into two parts: the North Schwaner Zone (NSZ) and the South Schwaner Zone (SSZ) of the SW Borneo Block. The metamorphic rocks of the PMG are found mainly in the northeast part of the NSZ. Other metamorphic rocks are found near the southern margin of the SSZ.
[image: Figure 3]FIGURE 3 | Paleogeography maps (modified from Hall, 2012; Hennig et al., 2016; Hennig et al., 2017), showing (A) beginning of separation of the Banda (SW Borneo, SWB) and Argo blocks from NW Australia. Rifting began in the Triassic or Early Jurassic and the blocks finally separated in the Middle to Late Jurassic. The Paleo-Pacific subduction margin followed the eastern side of Sundaland and South China, and (B) accretion of SW Borneo to Sundaland before c. 135 Ma and continuation of subduction-related magmatism associated with the Paleo-Pacific in West Borneo and initiation of magmatism in SW Borneo that formed the Menunuk Volcanics, Sepauk Tonalite, and Pinoh Metamorphic Group between c. 130 to 110 Ma. Subduction ceased later with the collision of the Argo Block with SW Borneo around 90 Ma. NWS (Northwest Sulawesi-East Sabah) is the Inner Banda Block (IB). ExP—Exmouth Plateau, ScP—Scott Plateau. Forearc basin fill by the Pedawan and Selangkai Formations.
From the Triassic onwards there was west-directed subduction beneath an Andean-type margin from South China to eastern Sundaland. Triassic arc-related sedimentary or volcanic rocks can be found in West Sarawak (e.g., Serian Volcanics, Sadong Formation, Jagoi Granodiorite), in NW Kalimantan (e.g., Balaisebut Group), and there are Triassic metamorphic and igneous rocks in the Embuoi Complex (Wilford and Kho, 1965; Williams et al., 1988; Rusmana et al., 1993; Supriatna et al., 1993). SW Borneo is interpreted as a block derived from the Gondwana margin of NW Australia (Hall et al., 2009; Metcalfe, 2009; Hall, 2012) which accreted to Sundaland in the Early Cretaceous. Hennig et al. (2017) suggested a suture between West Borneo and SW Borneo (Figure 3B) which can be traced through the NW Schwaner Mountains into West Sarawak based on the occurrence of Triassic basement rocks and Triassic sedimentary units in the West Borneo province. East of the suture, the Schwaner Mountains includes a substantial part of the SW Borneo Block and north of the SW Borneo Block is the Kuching Zone of Haile (1974) (Figure 1B). Within the Kuching Zone are remnants of the Cretaceous forearc basin of the Paleo-Pacific margin which include the turbiditic Pedawan and Selangkai Formations; and Jurassic to Cretaceous accretionary complexes (e.g., Sebangan and Sejingkat Formations, Lubok Antu Melange, Boyan Melange) described by a number of authors (e.g., Tan, 1979; Williams et al., 1988; Pieters et al., 1993a; Hutchison, 2005; Breitfeld et al., 2017). These are overlain by terrestrial to marginal marine sediments of Late Cretaceous to Eocene age of the Kuching Supergroup (Heryanto and Jones, 1996; Hutchison, 2005; Breitfeld et al., 2018; Breitfeld and Hall, 2018) which postdate the docking of SW Borneo with Sundaland.
The Cretaceous igneous belt can be traced from SW Borneo along the western side of the South China Sea into Indochina and further north into SE China (e.g., Taylor and Hayes, 1983; Williams et al., 1988; Hutchison, 1996; Li, 2000; Zhou et al., 2008; Metcalfe, 2013; Shellnutt et al., 2013; Xu et al., 2016; Figure 1A), although this connection is uncertain since there is a gap between Vietnam and Borneo in the area of the submerged Sunda Shelf where thick Cenozoic sediments cover older basement rocks. Granitoids in SE Vietnam show U-Pb zircon crystallisation ages of 87 to 118 Ma (Nguyen et al., 2004; Shellnutt et al., 2013) and K-Ar age data from offshore SE Vietnam basement (Nam Con Son Basin, Cuu Long Basin) ranges from 97 to 178 Ma (Hutchison, 1989; Areshev et al., 1992; Wu and Yang, 1994). Cretaceous granitoids with K-Ar ages of c. 116 to 80 Ma have been dated from offshore wells east of the Thai-Malay Peninsula (Hutchison, 1989). Granitoids in the Anambas, Karimata, Tambelan (Benua) and Natuna Islands have K-Ar ages of 74 to 78 Ma (Priem et al., 1975), c. 84 Ma (Haile, 1970; Haile and Bignell, 1971) and c. 85 Ma (Hamilton, 1979). Offshore Natuna granitoids have K-Ar ages of 79–80 Ma (Wu and Yang, 1994; Li et al., 2018). Those all support the interpretation of a continuous igneous belt. There are also Cretaceous granitoids in Tioman Island, east of the Malay Peninsula, and Singapore with U-Pb zircon ages of c. 80 and 95 Ma (Searle et al., 2012). These could also be part of a granite belt between Vietnam and Borneo, but their position and restricted age range suggested they are more likely a western granite belt traceable between Singapore and Thailand related to east-directed Neo-Tethyan subduction below Sundaland (Searle et al., 2012).
In southern Borneo granitoids are the dominant lithology of the Schwaner Mountains, accompanied by other less abundant intrusive rocks, associated with metamorphic and volcanic rocks. We use the term Schwaner batholith for the whole area of granitoid rocks and refer to different bodies mapped separately as plutons. The stratigraphy and ages of igneous and metamorphic rocks of western Borneo are summarised in the following section. Figure 4 shows the principal subdivisions of the region used in this study, based on Davies et al. (2014) and Hennig et al. (2017), although the precise boundaries between them are uncertain reflecting the size of the region, nature of terrain and quality of exposure.
[image: Figure 4]FIGURE 4 | Geological map of the Schwaner Mountains with sample locations, modified after Borneo maps of Pieters and Supriatna (1990) and Tate (2001). Underlined samples are dated with zircon U-Pb geochronology. Italic labelled samples are literature data (Ketapang area: De Keyser and Rustandi, 1993; NWSZ: Hennig et al., 2017). Dashed lines indicate approximate boundaries of the NWSZ, NSZ and SSZ. The extent of plutons is inferred from geological maps. The distribution of the Sepauk Tonalite is possibly overestimated in the SSZ.
IGNEOUS AND METAMORPHIC ROCKS OF SW BORNEO
Below we summarise the principal features, including dating, of the igneous rocks of SW Borneo based on work carried out before this study.
Granitoids of the North Schwaner Zone: Sepauk Tonalite
The Sepauk Tonalite is the largest pluton in the Schwaner batholith and occupies the major part of the NWSZ, NSZ and possibly some parts of the SSZ (Figures 2B, 4). K-Ar ages range from 103 to 123 Ma (Haile et al., 1977; Williams et al., 1988; Bladon et al., 1989; Amiruddin and Trail, 1993; Table 1). Dominant rock types are tonalite and granodiorite with minor syenogranite, monzogranite, diorite, gabbro and monzonite with an I-type signature and a subduction-related origin (Williams et al., 1988; Pieters and Sanyoto, 1993). Williams et al. (1988) suggested, based on composition and age, that at least two different plutons are present in the northern Schwaner Mountains and a second body, the Laur Granite, was later mapped by Pieters and Sanyoto (1993) and Amiruddin and Trail (1993) in the NWSZ, but no new mapping in the NSZ has been conducted and the extent of the Laur Granite in the NSZ or occurrence of other granitoid bodies remain uncertain.
TABLE 1 | Literature age data of Jurassic to Cretaceous rocks of the Schwaner Mountains and western Borneo. Phases marked with * are here reinterpreted based on their ages compared to their original interpretation.
[image: Table 1]Granitoids of the Northwest Schwaner Zone: West Borneo
The NWSZ (Figures 2B, 4) as part of the early Mesozoic Sundaland is characterised by the occurrence of Triassic and Jurassic metagranitoids (Setiawan et al., 2013; Hennig et al., 2017) and extensive areas of Cretaceous igneous rocks that intrude them, mapped as the Sepauk Tonalite, the Laur Granite, and possibly the Sukadana Granite (Pieters and Sanyoto, 1993). As in the NSZ, the Sepauk Tonalite is the largest body in the NWSZ. K-Ar ages for the Sepauk Tonalite in the NWSZ range from c. 107 to 128 Ma (Haile et al., 1977; Bladon et al., 1989; Table 1).
The Laur Granite was reported to be an equivalent of the Sepauk Tonalite (Supriatna et al., 1993). The main rock type is monzogranite accompanied by syenogranite, granodiorite, tonalite, quartz diorite and diorite (Pieters and Sanyoto, 1993; Supriatna et al., 1993). As parts of the Laur Granite suite are petrographically similar to rocks of the Sepauk Tonalite and Sukadana Granite of the SSZ (De Keyser and Rustandi, 1993) it remains difficult to clearly identify it in the field. No detailed geochemical study has been carried out on the Laur Granite and its spatial extent is unknown. There are also no age data available, but a granitoid dated by the K-Ar method with an age of 103 ± 1 Ma from the Ketapang area of the SSZ (De Keyser and Rustandi, 1993; Table 1) is suspected to represent the Laur Granite (Supriatna et al., 1993). Within the NWSZ, Haile et al. (1977) and Bladon et al. (1989) reported K-Ar ages from granitoids that range from c. 91 to 103 Ma (Table 1) which might also represent the Laur Granite. It was interpreted as a subduction-related intrusion and possibly a partly contemporaneous and co-genetic equivalent of the Sepauk Tonalite (Amiruddin and Trail, 1993; Pieters and Sanyoto, 1993).
In the southern part of the NWSZ Haile et al. (1977), Williams et al. (1988), Bladon et al. (1989) also reported granitoids with K-Ar ages of 77–87 Ma which might represent the Sukadana Granite of the SSZ (Table 1). U-Pb zircon ages presented by Hennig et al. (2017) confirm separate magmatic phases at 118 ± 1.1 Ma, 101.5 ± 0.6 Ma, and 81.1 ± 1.1 Ma in the NWSZ.
The Biwa Gabbro (Figure 4) of Pieters and Sanyoto (1993) intrudes the Sepauk Tonalite in the NWSZ and is dated by the K-Ar method from hornblende as 88 ± 3.6 Ma (Bladon et al., 1989; Table 1).
Granitoids of the South Schwaner Zone: Belaban Granite, Sukadana Granite, Sangiyang Granite
Haile et al. (1977) and Bladon et al. (1989) reported an age of c. 157 Ma for an S-type monzodiorite-monzonite, since named the Belaban Granite (Figure 4; Table 1), found so far only in one outcrop at Bukit Belabantujuh (De Keyser and Rustandi, 1993).
The SSZ is dominated by the Sukadana Granite (Figure 4) which forms a large pluton dominated by potassic granites also named the Ketapang batholith (Williams et al., 1988; De Keyser and Rustandi, 1993; Hartono, 2012). There is a wide range of compositions from alkali to syenogranite with rare diorite and gabbro. U-Pb zircon ages reported by De Keyser and Rustandi (1993) and van Hattum et al. (2013) range from c. 80 to 85 Ma (Table 1). K-Ar and Rb-Sr geochronology yielded similar ages with a slightly wider range for K-Ar ages (Haile et al., 1977; Bladon et al., 1989; De Keyser and Rustandi, 1993; Table 1). The Sukadana Granite was interpreted as a post-collisional intrusion based on geochemistry (De Keyser and Rustandi, 1993).
The Sangiyang Granite (Figure 4) forms a fine-grained small alkali granite pluton that intrudes the Sukadana Granite at Bukit Sangiyang and has been mapped more widely in the SSZ based on remote sensing (De Keyser and Rustandi, 1993). No age or chemical data are available, but a Late Cretaceous age was assumed based on the intrusive contact with the Sukadana Granite (De Keyser and Rustandi, 1993).
A number of isolated small plutons in the southern SSZ were mapped as Mandahan Granite (Hermanto et al., 1994). No age or geochemical data are available, but it was interpreted to be Late Cretaceous (Hermanto et al., 1994) and could be an equivalent of the Sangiyang Granite.
Granitoids Northwest of the Schwaner Mountains: Singakawang Batholith
Northwest of the Schwaner Mountains (Figure 2B) is the Mensibau Granodiorite (Suwarna et al., 1993) also known as Singakawang batholith (Amiruddin, 1989; Hartono, 2012). Based on geochemistry it was interpreted as an I-type subduction-related granitoid that may be a continuation of the Sepauk Tonalite (Suwarna et al., 1993). Most K-Ar ages range from 116 to 129 Ma, but there are also some ages of 93–100 Ma (JICA, 1982; Supriatna et al., 1993; Suwarna et al., 1993; Table 1) suggesting at least two different magmatic episodes. The Setinjam Gabbro (Suwarna et al., 1993) intrudes the Mensibau Granodiorite and is interpreted as a possible equivalent of the Biwa Gabbro of the NWSZ.
Upper Cretaceous Northern Granitoids
Upper Cretaceous granites are present as small isolated plutons in a belt north of the Schwaner Mountains from West Sarawak, in the Kuching Zone and close to the Lupar Line, to central Kalimantan (Figure 2B). They include the Pueh, Gading and Tinteng Bedil granites of West Sarawak, and the Pesinduk Granodiorite, the Era and Topai granites of central Kalimantan (Figure 2B). This belt has been named the Northern Belt of granite plutons (Williams et al., 1988) and the Sambas-Mangkaliat Isolated Granite Belt (Hartono, 2012). The plutons include granites, granodiorites, tonalites and diorites usually with I- and S-type signatures and volcanic arc granite (VAG) to within plate granite (WPG) character (Hennig et al., 2017). Kirk (1968) interpreted a post-collision emplacement. Hartono (2012) included the Nyaan Merah, Kelai, and Sangkulirang granites in this belt, but there are no age or geochemical data from them. Hennig et al. (2017) reported U-Pb zircon ages of 78.6 ± 3 to 79.7 ± 1 Ma for the Pueh and Gading plutons. K-Ar ages of Kirk (1968), Bladon et al. (1989) and Pieters et al. (1993c) for the other granitoids are similar and indicate intrusion after c. 90–85 Ma. Table 1 summarises the age data for the Upper Cretaceous post-collision plutons.
Two relatively small granitoid plutons in this belt include the Menyukung and Alan Granite (Figure 2B) which are slightly older than the Sepauk Tonalite and significantly older than other plutons in the northern belt; K-Ar ages range from 123 ± 1 to 131 ± 1.6 Ma (Pieters et al., 1993a, Pieters et al., 1993b; Table 1). Hartono (2012) grouped them with post-subduction granitoids of this belt.
Volcanic Rocks
Volcanic rocks occur throughout the Schwaner Mountains and were assigned mainly to the Menunuk and Kerabai Volcanics (Figure 4). Northwest of the Schwaner Mountains the Raya Volcanics form the extrusive equivalent of the Mensibau Granodiorite. Age data from the rocks is very limited and the volcanics are only tentatively assigned to these units.
Menunuk Volcanics (?Early Cretaceous)—North Schwaner Zone
The Menunuk Volcanics comprise felsic lithic tuff, volcaniclastic siltstone and mudstone, quartzite and turbiditic volcaniclastics and are exposed in the northern part of the Schwaner Mountains (Amiruddin and Trail, 1993) (Figure 4). They were interpreted as the downfaulted volcanic cover of the Sepauk Tonalite with a possible Early Cretaceous age (Amiruddin and Trail, 1993). Bladon et al. (1989) reported a whole-rock K-Ar age of 81.5 ± 2.8 Ma from an altered sample (Table 1), interpreted as age of metamorphism.
Kerabai Volcanics (Latest Cretaceous)—South Schwaner Zone
The Kerabai Volcanics (Figure 4) consist predominantly of mafic volcanics and pyroclastics with some rhyolites and are exposed in the western and central part of the Schwaner Mountains (Amiruddin and Trail, 1993; De Keyser and Rustandi, 1993; Pieters and Sanyoto, 1993). They were interpreted as co-magmatic volcanic equivalents of the Sukadana Granite based on geochemistry and stratigraphy (De Keyser and Rustandi, 1993). K-Ar dating (whole rock, hornblende, pyroxene) of dykes yielded latest Cretaceous ages (c. 66 to 75 Ma, Table 1), and they were interpreted as part of the Kerabai Volcanics (De Keyser and Rustandi, 1993; Pieters and Sanyoto, 1993).
Bunga Basalt (Latest Cretaceous)—South Schwaner Zone
The Bunga Basalt is a mafic volcanic unit at Bunga Hill in the SSZ that lies above the Kerabai Volcanics, Sukadana Granite and the Sangiyang Granite (De Keyser and Rustandi, 1993) (Figure 4). No age data are available but De Keyser and Rustandi (1993) suggested it is partly contemporaneous with the Sangiyang Granite based on stratigraphic relations.
Raya Volcanics (Early Cretaceous)—Northwest of the Schwaner Mountains
The Raya Volcanics outcrop NW of the Schwaner Mountains in the area of the Mensibau Granodiorite (Figure 2B) where they are interpreted to form its volcanic cover (Suwarna et al., 1993) and the contemporaneous volcanic equivalent of the Sepauk Tonalite and Laur Granite (Supriatna et al., 1993). They include predominantly basic volcanics with some intercalated sandstones, conglomerates and mudstones (Suwarna et al., 1993). There is a single K-Ar hornblende age of 106 ± 1 Ma from a dacite (Suwarna et al., 1993, Table 1).
Metamorphic Rocks
Pinoh Metamorphic Group
The PMG (Figure 4) consists of thermally and regionally metamorphosed muscovite-quartz schists, quartzites, phyllites, slates, calc-silicates, gneisses and meta-tuffs that are found predominantly in the NSZ, but also within the NWSZ and SSZ (Amiruddin and Trail, 1993; De Keyser and Rustandi, 1993; Pieters and Sanyoto, 1993). The metamorphic rocks were originally interpreted as Permo-Carboniferous basement of SW Borneo (e.g., van Bemmelen, 1949) and Paleozoic to Triassic (e.g., Amiruddin and Trail, 1993), although they were undated. A single whole rock K-Ar age of 189 ± 2 Ma from a biotite hornfels by Mouret was reported in Bladon et al. (1989). The sample was poorly located and although identified as PMG, it appears to be from an area mapped as Cretaceous Sepauk Tonalite. More recent U-Pb ages from zircons (Davies et al., 2014) from the PMG indicate an Early Cretaceous age similar to the granitoids and associated volcanic rocks as discussed below.
Ketapang Complex
The Ketapang Complex (Figure 4) comprises thermally metamorphosed and hydrothermally altered pelitic and psammitic rocks including siltstones, sandstones, shales, calc-silicate rocks, slates, and tuffaceous lithic arenites in the western part of the SSZ (De Keyser and Rustandi, 1993). Van Bemmelen (1939) and van Emmichoven (1939) considered that the Ketapang Complex included rocks of possible Permo-Carboniferous, Late Triassic and Cenozoic age, without providing evidence. Limited palynology analyses (Haile, 1973; De Keyser and Rustandi, 1993) yielded Albian to Cenomanian ages and one sample was rich in possible Jurassic sponges.
Matan Complex
Like the Ketapang Complex, the Matan Complex (Figure 4) in the southeastern part of the SSZ was also assumed to include Permo-Carboniferous, and Late Triassic to Cenozoic rocks (van Bemmelen, 1939; van Emmichoven, 1939). These are predominantly volcanic and meta-volcanic, and De Keyser and Rustandi (1993) suggested the term Matan Complex should be abandoned and assigned the rocks to the mainly Cretaceous Kerabai Volcanics. The Matan Complex is also referred to as Kuayan Formation (Hermanto et al., 1994).
METHODOLOGY
Sampling
Rocks were collected from the northern part of the Schwaner Mountains south of Nanga Pinoh, from the southwest near Ketapang, and from the eastern part near Tumbangsamba and Tewah (Figure 4). Samples include Schwaner granitoids, PMG rocks, volcanics and meta-volcanics, and modern river sands. Sample locations are shown in Figure 4. Additional granitoid samples from the area near Ketapang were provided by Rio Tinto (samples labelled RT). Samples RT.C and RT.D were dated in van Hattum et al. (2013).
Zircon Geochronology (SHRIMP and LA-ICP-MS)
Zircons were separated from crushed rock samples and friable river sands using standard heavy liquids (sodium polytungstate, lithium heteropolytungstate, di-iodomethane) and a FRANTZ magnetic barrier separator. The analysed zircon fraction was 63–250 μm. Zircons from igneous and metamorphic rocks were dated with sensitive high-resolution ion microprobe (SHRIMP II) at the Research School of Earth Sciences, The Australian National University, Canberra, Australia. The zircons were mounted in resin with the TEMORA 2 zircon standard (416.8 ± 1.0 Ma: Black et al., 2004) and polished to expose mid-sections of each grain. Photomicrographs were taken in reflected and transmitted light to detect cracks and inclusions and cathodoluminescence (CL) imaging was carried out on a JEOL JSM 6610 A scanning electron microscope to detect internal features of the zircons (i.e., growth zonations, core-rim sites). The beam size varied from 10 to 20 μm for rim and core analyses respectively. The TEMORA 2 U-Pb standard and SL13 uranium concentration (U = 238 ppm) standard were used for calibration. Analyses followed the procedure of Williams (1997). Analytical data for SHRIMP geochronology is listed in Supplementary Table S1.
Zircons from other igneous rocks and modern river sands were dated by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the Birkbeck College, University of London (UCL) using a New Wave NWR 213 nm and 193 nm laser ablation system coupled to an Agilent 7500 and Agilent 7700 quadrupole-based plasma mass spectrometer (ICP–MS). Zircons were mounted in epoxy resin and polished to expose mid-grain sections. Analysis spots for each grain were selected using transmitted light and cathodoluminescence scanning electron microscope (CL-SEM) imagery to avoid cracks and inclusions. The Plešovice zircon standard (337.13 ± 0.37 Ma; Sláma et al., 2008) and a NIST 612 silicate glass bead (Pearce et al., 1997) were used to correct for instrumental mass bias and depth-dependent inter-element fractionation of Pb, Th and U. Real-time data were processed using the GLITTER data reduction software (Griffin et al., 2008). A laser spot size of 35 μm for the NWR 213 nm and 25 μm for the NWR 193 nm was used. The data were corrected using the common lead correction method by Andersen (2002), which is used as a204Pb common lead-independent procedure. Ages were calculated using the 238U/206Pb ratios for samples dated as younger than 1000 Ma and the 207Pb/206Pb ratios were used for grains older than 1000 Ma (Nemchin and Cawood, 2005). Ages greater than 1000 Ma were considered to be concordant if the difference between the 207Pb/206Pb and 206Pb/238U age is 15% or less and ages smaller 1000 Ma were considered to be concordant if the 207Pb/235U—206Pb/238U age is 15% or less. The 15% concordance range was chosen to better compare results from the older Agilent 7500 system with the newer 7700, and with the SHRIMP data. Analytical data for LA-ICP-MS geochronology is listed in Supplementary Table S2 for igneous and metamorphic rocks, and Supplementary Table S3 for modern river sands.
Isoplot 4.15 (Ludwig, 2008) was used for graphical illustration of Tera-Wasserburg concordia diagrams (Tera and Wasserburg, 1972), conventional concordia plots (Wetherill, 1956), and probability density plots. Tera-Wasserburg plots were used to identify individual peaks or visually assess outliers (e.g., lead loss, inheritance or common lead) within the population which were excluded from the weighted mean age calculation. In some metamorphic samples several subpeaks were identified and the unmix function of Sambridge and Compston (1994) was used to calculate a mean age for these populations. Additional zircon age histograms and probability density plots were calculated using an R script written by I. Sevastjanova based on the approach of Sircombe (2004).
40Ar/39Ar Geochronology
PMG sample LD10-084 (garnet-sillimanite schist) was crushed to gravel sized chips using the jaw crusher at Royal Holloway University of London. It was washed and sieved into 420–600 μm and 250–420 μm grain fractions. Biotite and white mica flakes were concentrated using flotation techniques and separated using a FRANTZ magnetic separator. Samples were finally hand-picked in order to ensure purity of >99%. Two biotite fractions (L2—250–420 μm & L3—420–600 μm) and one white mica fraction (L1—420–600 μm) were selected for analysis. The mica separates were analysed using the furnace step-heating technique in the Argon Laboratory at the Research School of Earth Science, The Australian National University, Canberra, Australia. Separates were irradiated in canister ANU#13 at the USGS Nuclear Reactor in Denver (USA) with the GA1550 biotite standard (98.5 ± 0.8 Ma; Spell and McDougall, 2003). Flux monitor standard GA1550 was analysed with the fusion technique with the LED continuous wave laser, and samples and standards were analysed in the VG1200 mass spectrometer with 100% gas release of 39Ar. Separates were analysed with 18–21 steps and with temperatures rising from 450°C to 1450°C (Lovera et al., 1989).
The reported data have been corrected for system backgrounds, mass discrimination, fluence gradients and atmospheric contamination. Errors associated with the age determinations are one sigma uncertainties and exclude errors in the age of the standard GA1550. Decay constants are those of Steiger and Jager (1977). The 40Ar/39Ar dating technique is described in detail by McDougall and Harrison (1999) and Forster and Lister (2009). Data reduction was done with a new adapted version of Noble Software. The data reduction was based on optimising MSWD on isotope intensities with an exponential best fit methodology. Data interpretation was carried out using the eArgon software using the approach by Forster and Lister (2004) and Beltrando et al. (2009). Data tables are presented in Supplementary Table S4, and a detailed methodology description is given in the Supplementary Material.
Geochemistry
Whole rock geochemical analyses were obtained for 16 igneous and 17 metamorphic samples at Royal Holloway University of London. Major element analyses were acquired by inductively coupled plasma atomic emission spectroscopy (ICP-AES) on a Perkin Elmer Optima 3300RL instrument with an Echelle spectrometer and a segmented-array charge-coupled-device detector. Sample powders were prepared with Li-metaborate flux for the fusion procedure. Data were averaged from 5 analyses and calibrated using international reference materials and a Gallium internal standard (Supplementary Table S5). Precision on triplicates was better than ±0.07%, and RSD was better than 5%. X-ray fluorescence (XRF) was used for trace element analyses. Sample powders were set in a PVP-MC binding solution and pressed into pellets. Analyses were performed using a PANalytical Axios sequential X-ray fluorescence spectrometer with 4 kW Rh-anode X-ray tube. Analyses were run four times to check for reproducibility. 30 to 40 international rock standards were used for calibration. Calibration graphs and comparisons between XRF and isotope dilution data for several elements are publicly available at https://www.royalholloway.ac.uk/research-and-teaching/departments-and-schools/earth-sciences/research/research-laboratories/x-ray-fluorescence-laboratory/. The quality of the straight line fit of these graphs is the best indicator of accuracy over a wide range of concentrations. Where there is more scatter, this can reflect poor precision of the XRF analyses relative to the calibrated concentration range (e.g., Sn, where precision is about ±2 ppm, and the calibrated range only 15 ppm); inaccuracies in the published standard data (e.g., S, Cl), or inaccuracies in the XRF data (e.g., at ≪100 ppm F). A wider range of trace elements were analysed for RT samples using ICP-AES for major and trace elements. Geochemical data were plotted using GCDkit by Janoušek et al. (2006). Data tables for major and trace elements are supplied in Supplementary Table S5 along with quality control data.
Chemical data for garnets of PMG samples LD10-084 and SW16 were acquired at Birkbeck College, University of London using a JEOL-733 Superprobe equipped with an Oxford Instruments ISIS energy dispersive system. Data tables for garnets are supplied in Supplementary Table S6.
RESULTS
Zircon Geochronology
Intrusive Rocks
Zircons from intrusive rocks of the Schwaner Mountains were analysed in samples LD10-038, LD10-048, LD10-100 and LD10-071 from the NSZ, LD10-103 and LD10-115 from close to the easternmost part of the NSZ-SSZ boundary, and LD10-011, LD10-074, LD10-75 and LD10-77 from the SSZ. Zircons typically show oscillatory zoning.
Three NSZ tonalite samples from the Sepauk Tonalite yielded Early Cretaceous (Aptian) ages of c. 112 to 114 Ma. 20 U-Pb zircon ages by SHRIMP from tonalite sample LD10-048 (Figure 5A) have a weighted mean age of 111.8 ± 1.1 Ma (MSWD = 1.2). For tonalite sample LD10-100 (Figure 5B) 25 ages by SHRIMP gave a weighted mean age of 114.2 ± 0.7 Ma (MSWD = 1.1). 15 concordant U-Pb zircon ages were obtained by LA-ICP-MS for tonalite LD10-038 (Figure 5C) and a coherent cluster of 12 were used to calculate a weighted mean age of 114.4 ± 1.1 Ma (MSWD = 1.3). An NSZ alkali granite (LD10-071) interpreted as Laur Granite yielded a Late Cretaceous (Cenomanian) age. 29 U-Pb zircon ages by SHRIMP (Figure 5D) yielded a weighted mean age of 96.8 ± 0.6 Ma (MSWD = 0.9).
[image: Figure 5]FIGURE 5 | Zircon U-Pb weighted mean age calculation and Tera-Wasserburg diagrams for plutons in the NSZ, the eastern part of the Schwaner Mountains (potentially SSZ), and the Jurassic basement of the SSZ. (A) LD10-048 Sepauk Tonalite NSZ, (B) LD10-071 Laur Granite NSZ, (C) LD10-100 Sepauk Tonalite NSZ, (D) LD10-038 Sepauk Tonalite NSZ, (E) LD10-103 Rantau Asem Tonalite NSZ-SSZ?, (F) LD10-115 Sukadana Granite SSZ?, (G) LD10-074 Belaban Granite SSZ, (H) LD10-077 Mentembah Granite SSZ. SHRIMP diagrams display ages uncorrected for common Pb and for LA-ICP-MS results common Pb corrected ages are displayed. Common Pb correction after Andersen (2002).
Tonalite LD10-103 (Figure 5E) from the easternmost NSZ-SSZ boundary yielded 50 concordant U-Pb zircon ages determined by LA-ICP-MS and 45 were used to calculate a weighted mean age of 88.1 ± 0.6 Ma (MSWD = 2.8). Granite sample LD10-115 (Figure 5F) from the same area (Figure 4) yielded 45 concordant LA-ICP-MS U-Pb zircon ages of which 42 gave a weighted mean age of 78.5 ± 0.7 Ma (MSWD = 1.3). The sample location is within the area mapped as the Sepauk Tonalite (Sumartadipura and Margono, 1996; Tate, 2001), but as the age is significantly younger than all other NSZ granitoids and comparable to the Sukadana Granite (van Hattum et al., 2013), we suggest that the Sukadana Granite and the SSZ extend into the easternmost Schwaner Mountains.
Samples from the SSZ include Jurassic and Cretaceous plutons. The oldest igneous rock dated is granite LD10-074 (Belaban Granite) (Figure 5G). 16 U-Pb zircon ages were determined by SHRIMP, and a cluster of 15 ages gave a weighted mean age of 186.7 ± 2.3 Ma (MSWD = 0.45). The sample contained one inherited age of 357.8 ± 4.2 Ma LD10-077 (Figure 5H) is another Jurassic granite sample with 49 concordant LA-ICP-MS U-Pb zircon ages, which gave a weighted mean age of 152.2 ± 1.2 Ma (MSWD = 3.7). No Early Cretaceous ages in the SSZ have been reported and none were found in this study. Granite LD10-011 (Figure 6A) from the northernmost SSZ yielded 44 concordant LA-ICP-MS U-Pb zircon ages and 43 gave a weighted mean age of 78.4 ± 0.5 Ma (MSWD = 1.1), comparable to the Sukadana Granite (van Hattum et al., 2013). The youngest igneous rock from the Schwaner batholith dated in this study is an alkali granite LD10-075 (Figure 6B) from the Sangiyang Granite. 19 U-Pb zircon ages acquired by SHRIMP yielded a weighted mean age of 72.1 ± 0.6 Ma (MSWD = 1.4).
[image: Figure 6]FIGURE 6 | Zircon U-Pb weighted mean age calculation and Tera-Wasserburg diagrams for post-subduction plutons in the SSZ: (A) Sukadana Granite LD10-011, (B) Sangiyang Granite LD10-075, (C, D) Menunuk Volcanics from the NSZ, and (E–H) metamorphic rocks from the Pinoh Metamorphic Group with (E) LD10-102 A, (F) LD10-124, (G) LD10-004B, (H) LD10-084. SHRIMP diagrams display ages uncorrected for common Pb and for LA-ICP-MS results common Pb corrected ages are displayed. Common Pb correction after Anderson (2002). Age cluster calculation for PMG rocks with the unmix function of Isoplot.
Volcanic and Sheared Volcanic Rocks—Menunuk Volcanics
Samples LD10-49 and LD10-60 are volcanic and sheared volcanic rocks from the NSZ at the northern margin of the Schwaner Mountains, and are Early Cretaceous. They were sampled from an area mapped as PMG 20 km east of Sungai Menunuk. No contacts with PMG rocks were observed. 20 U-Pb ages acquired by SHRIMP for sample LD10-049 (Figure 6C) range between 125 and 135 Ma (weighted mean age of 130.8 ± 1.1 Ma; MSWD = 1.3). 19 U-Pb SHRIMP ages for sample LD10-060 (Figure 6D) range between 127 and 135 Ma with one discordant slightly younger outlier. The weighted mean age of the sample is 132.1 ± 1.4 Ma (MSWD = 1.4).
Pinoh Metamorphic Group
The dated samples from the PMG include metapelites, meta-volcanic rocks, schists, and quartzites. Most zircons show oscillatory zoning, while a few zircons exhibit convolute zoned rims. Samples LD10-102A and LD10-124 are schistose meta-volcanic rocks with Cretaceous ages. 55 U-Pb ages were acquired by SHRIMP from sample LD10-102A (Figure 6E) with 48 being concordant. Except for one Triassic core age, the majority of ages are Early Cretaceous and form a group between c. 127 Ma and 110 Ma. They are from unaltered inner cores or grains that show some recrystallisation textures. This group has an Isoplot unmix age of c. 118.5 ± 0.4 Ma (Figure 6E). A younger age group (c. 88 Ma, Figure 6E) is from rims of zircons that show recrystallisation textures. Seven discordant Paleogene and Neogene ages have large common Pb (>10%) or high U, and were excluded from age calculations. 16 U-Pb SHRIMP ages from LD10-124 (Figure 6F) range from c. 120 to 130 Ma and gave a weighted mean age of 124.0 ± 3.7 Ma (MSWD = 6.7). A small number of ages cluster around c. 111–118 Ma. The older ages are interpreted as the age of volcanic activity and the younger ages to record later recrystallisation.
Samples LD10-004B, LD10-084, SW3G, LD10-058, LD10-069 and SW14 are schists and quartzites. 62 concordant U-Pb zircon ages were acquired with SHRIMP from quartzite LD10-004B (Figure 6G). 58 are Cretaceous, and 4 are inherited Permian, Carboniferous and Neoproterozoic ages. The Cretaceous population ranges from 76–141 Ma with a bimodal distribution. There is a major age peak at c. 110 Ma probably related to magmatism and a smaller one at c. 82 Ma likely related to recrystallisation. A small number of grains have ages close to c. 127 Ma.
There were no inherited pre-Cretaceous ages in samples LD10-084, SW3G and LD10-058. 17 U-Pb zircon ages acquired by SHRIMP from LD10-084 (Figure 6H) range from 90–133 Ma with the main population at c. 115 Ma. 44 U-Pb zircon SHRIMP ages were acquired from SW03G (Figure 7A). The distribution is unimodal with a major cluster in the Early Cretaceous that has a weighted mean age of 128.2 ± 1.5 Ma (MSWD = 2.5). One grain (2 spots) has an age of c. 105 Ma and may indicate recrystallisation at this time (Figure 7A). 43 U-Pb zircon SHRIMP ages from LD10-058 (Figure 7B) range from 110 to 140 Ma. The largest age cluster has a weighted mean age of 131.3 ± 1.0 Ma (MSWD = 1.2). The youngest age in the sample is c. 111 Ma (Figure 7B) and comes from a possibly recrystallised grain.
[image: Figure 7]FIGURE 7 | Zircon U-Pb weighted mean age calculation, Tera-Wasserburg diagrams for metamorphic rocks from the Pinoh Metamorphic Group (continued), and concordia plots and age histogram for metamorphic rocks from the PMG with inherited ages. SHRIMP diagrams display ages uncorrected for common Pb. (A) Terra-Wasserburg plot for SW3G with weighted mean age calculation. (B) Terra-Wasserburg plot for LD10-058 with weighted mean age calculation. (C) Tera-Wasserburg diagram for sample LD10-069 from the Pinoh Metamorphic Group. Two main age cluster calculated with the unmix function of Isoplot. Ages are plotted corrected for common Pb. (D) Conventional concordia diagram for sample SW14 from the Pinoh Metamorphic Group to display the abundant inherited ages. (E) Detrital zircon U-Pb histogram and probability density from modern river sand samples. Main population peaks at c. 112 Ma, 95 Ma, 82 Ma, and at c. 20 Ma.
25 concordant U-Pb zircon ages were acquired with LA-ICP-MS for LD10-069 (Figure 7C). The majority of ages range from 105 to 125 Ma and there are seven Permo-Carboniferous and three Proterozoic (1.56 to 1.83 Ga) inherited ages. Two major peaks were calculated at c. 110 and 120 Ma with the Isoplot unmix function and could both be related to magmatism. Three Neogene ages of 5.8 to 6.7 Ma were acquired from zircons with very bright CL images; they have high U contents (similar to LD10-102) and were ignored in the age calculations.
There are 62 concordant SHRIMP U-Pb ages (Figure 7D) from quartzite SW14. Cretaceous grains have a population with a peak at c. 80 Ma and a minor population at c. 117 Ma. The weighted mean age calculation for the three youngest grains yielded an age of 78.7 ± 1.3 Ma, which is similar to the Sukadana Granite and interpreted as metamorphic overprint. Other Cretaceous ages are c. 90, 105, 126, 135 and 142 Ma. The Early Cretaceous ages are likely related to magmatism contemporaneously with the deposition of the protolith of SW14. There are some Jurassic grains with ages between 161 and 175 Ma. In contrast to other PMG samples, the quartzite has a large number of inherited grains, and also a number of rounded zircons not seen the other samples. There is a Permo-Triassic age population with peaks at c. 200, 230 and 250–260 Ma (Figure 7D). Palaeozoic zircons include a small Silurian-Devonian population and scattered Cambrian, Ordovician and Carboniferous ages (Figure 7D). 14 Proterozoic ages have a peak at c. 1.8–1.9 Ga and are accompanied by scattered ages at c. 800 Ma, 1060–1250 Ma and 2.5 Ga (Figure 7D).
Modern River Sands
The metamorphic rocks of the Schwaner Mountains, and to some extent the intrusive and volcanic rocks, are difficult to access. Sampling requires long journeys up rivers, and logging and mining activity in some areas made access restricted or impossible. In order to check if any important age populations were missed, zircons from a number of modern river sands were dated with LA-ICP-MS. Although the precise source of zircons in river sands cannot be known it can be expected that if there are igneous and metamorphic rocks in the region with other age populations, these would be represented in river sands. 1025 zircon grains were dated from 8 samples collected from rivers that drain an area of c. 10,000 km2 of the central northern Schwaner Mountains, mainly the NSZ, including the Pinoh River and Melawi River near Nanga Pinoh, and the Mendawai River in the east. The areas drained by rivers from which these samples were collected are shown on Supplementary Figure S1 based on rivers and drainage basins in the global Hydro1K (2020) dataset. There were 837 concordant ages. The overwhelming majority (818 ages) are Cretaceous, with peaks between 115 to 110 Ma, at c. 95 Ma and at c. 82 Ma (Figure 7E). Early Cretaceous ages between 125 to 105 Ma are the most common. Inherited ages are very rare with only 5 grains older than Cretaceous. Two grains are Early Jurassic (199–189 Ma), one is Late Triassic (223 Ma), one is Permian (275 Ma), and the oldest grain is Silurian (425 Ma). Besides the dominant Cretaceous ages, there is a small age cluster of seven Paleocene ages and another seven Oligocene to Miocene ages (31 to 19 Ma).
40Ar/39Ar Geochronology
40Ar/39Ar geochronology of PMG garnet-sillimanite schist LD10-084 was conducted using one white mica fraction (L1) and two biotite fractions (L2 and L3) as explained in the Methodology section 40Ar/39Ar Geochronology.
White mica (L1) analysis yielded a single plateau age of 111.1 Ma ± 1.5 (MSWD = 4.6) indicated by the age spectrum (Figure 8A) and represents ∼80% of the 39Ar released. Thin section study indicates that white mica growth occurred during prograde replacement of staurolite porphyroblasts and the plateau age records this event.
[image: Figure 8]FIGURE 8 | 40Ar/39Ar plateaus and apparent age calculation for sample LD10-084. (A) L1: white mica, (B) L3: coarse biotite, (C) L2: fine-grained biotite.
Coarse-grained biotite (L3) is present throughout the sample. A similar single plateau of 111.0 ± 6.1 Ma (MSWD = 40.0) was obtained (Figure 8B), which accounts for ∼80% of 39Ar released. The large error and MSWD is a result of the age range of c. 116 to 110 Ma in the sample that may indicate two separate events during an earlier period of metamorphism (116.5 Ma) that has been overprinted by high temperature metamorphism at 110.1 Ma, or a long period of biotite growth.
Fine-grained biotite (L2) occurs along shear planes intergrown with fibrolitic sillimanite. Analysis yielded a complex age spectrum with two distinct age domains (Figure 8C): an age of 109.2 ± 0.3 Ma (∼10% of total 39Ar released), and an age of 26.8 ± 2.8 Ma (∼50% of total 39Ar released). Using methods described by Forster and Lister (2004) we interpret the older age at c. 109 Ma to come from larger grains (L3) broken in the crushing process and incorporated into the fine-grained fraction. The younger age is from fine-grained biotite formed probably during shearing of the rock at around 26.8 ± 2.8 Ma.
Petrography and Geochemistry
Major and trace element results from analysis of 14 intrusive, 9 volcanic and meta-volcanic, and 14 metamorphic rocks of the NSZ and the SSZ are displayed in Supplementary Table S5. Below we group our samples from different bodies by the ages determined. Table 2 summarises the U-Pb zircon ages of this and previous studies.
TABLE 2 | Zircon U-Pb ages of this study and literature data from the igneous and metamorphic rocks of the Schwaner Mountains. PMG samples marked with * are ages calculated with the unmix function of Isoplot and represent the igneous protolith ages and metamorphic overprint. Samples from Bladon et al. (1989) are marked with ** because there is no information given on how many zircons were analysed. + marks informal names for new plutons found in this study.
[image: Table 2]Igneous Rocks
Intrusive Rocks of the South Schwaner Zone
Samples of intrusive rocks from the SSZ include RT.A from the type locality of the Sangiyang Granite and LD10-075 west of Sangiyang Hill, RT.B from the type locality of the Belaban Granite and LD10-074 near the Belaban Granite type locality, and RT.C, RT.D and LD10-010 from the Sukadana Granite.
The Belaban Granite (186.7 ± 2.3 Ma, Table 2) samples (RT.B, LD10-074) consist predominantly of quartz, alkali feldspar and biotite which form large crystals. Quartz grains have straight boundaries and occasionally exhibit undulose extinction or a “chicken-wire” fracture pattern. Alkali feldspar microperthite grains also have straight boundaries and are often concentrically zoned. Biotite shows some irregular grain boundaries. Plagioclase and green amphibole are minor phases, and zircon and apatite are accessories. Titanite is relatively abundant, forming large prismatic grains. A few opaque minerals are present but no rutile. The lack of deformation textures indicates little deformation since emplacement. The samples have 73 to 77 wt% SiO2 and 3.9 to 4.7 K2O wt%, and are classed as high-K calc-alkaline granites (Figures 9A,B). They are peraluminous, calc-alkalic and alkali-calcic, ferroan (Frost et al., 2001; Figure 9C) and on trace element discrimination diagrams they plot as A-type and felsic granites (Whalen et al., 1987; Figure 9D) or as WPG, post-collision and VAG (Pearce et al., 1984; Figures 9E,F). According to Frost et al. (2001) ferroan granites can be A-type granites. Trace element spider plots show an enrichment of LILE over HFSE (Figure 10A). Most HFSE are enriched relative to N-MORB with pronounced depletions in P and Ti (Figure 10A). The trace element spider plots suggest A-type or WPG with enrichment in high field strength elements (e.g., Zr, Y) and depletion in large-ion lithophile elements (e.g., Ba, Sr).
[image: Figure 9]FIGURE 9 | Geochemistry classification diagrams of intrusive rocks of the Schwaner Mountains. (A) R1-R2 classification diagram (after De La Roche et al., 1980). (B) K2O-SiO2 classification (after Peccerillo and Taylor, 1976). (C) Granite classification diagrams (Frost et al., 2001). (D) A-type granite classification (after Whalen et al., 1987). (E, F) Tectonic setting of granitoids of the Schwaner Mountains (after Pearce et al., 1984).
[image: Figure 10]FIGURE 10 | Trace element spider diagrams for intrusive rocks of the Schwaner Mountains normalised to NMORB (Sun and McDonough, 1989). (A) Belaban Granite samples, (B) Sukadana Granite samples, (C) Sangiyang Granite samples, (D) Sepauk Tonalite samples and Laur Granite sample.
Sukadana (c. 78.5 to 85 Ma, Table 2) samples (RT.C, RT.D, LD10-010) are quartz monzonite and tonalite (Figure 9A). Dominant mineral phases include quartz, alkali feldspar (including microcline), plagioclase, biotite, amphibole, titanite, apatite and some epidote. Alkali feldspar can be up to 2 mm in length and is more abundant than plagioclase. Both form zoned crystals with some sericitisation. The Sukadana samples have high K2O (>3.5% wt%) with SiO2 of 60–68 wt% (Figure 9B). Samples with the greatest SiO2 content have K2O values close to 5 wt%. RT.C and RT.D are shoshonitic and LD10-010 is close to the shoshonite and high-K calc-alkaline boundary (Figure 9B). All samples are magnesian, with two being alkalic and peraluminous, and one calc-alkaline and metaluminous in the Frost classification (Figure 9C). The samples plot into the A-type granite field (Whalen et al., 1987; Figure 9D), and plot in the WPG field or at the boundary with VAG (Pearce et al., 1984; Figures 9E,F). The three samples show similar patterns on trace element spider diagrams normalised to N-MORB (Figure 10B). LILE are enriched compared to HFSE, with a negative Nb anomaly and a pronounced peak in Pb. HFSE have a very smooth pattern with only minor enrichment, and a small depletion of Ti (Figure 10B). The relative enrichment of Ba and Sr, as seen for the Sukadana Granite, in an A-type granite was, for Ba, interpreted by Creaser et al. (1991) as partial melting of a tonalite or granodiorite source. The enrichment in high field strength elements (Zr, Y, Yb) is consistent with an A-type granitoid.
The Sangiyang (72.1 ± 0.6 Ma, Table 2) samples (RT.A, LD10-075) have a coarse grained phaneritic texture with abundant alkali feldspar and quartz, which has straight boundaries and no obvious fracturing or undulose extinction. Alkali feldspar grains are commonly exsolved to microperthite or show simple twinning with no zoning and advanced sericitic alteration (Figures 11A,B). Magnetite inclusions are abundant. Locally, intergrown feldspar and quartz grains produce a granophyric texture, likely the product of late cooling of liquid approaching the cotectic. Some amphibole is present, which is mostly green with irregular grain boundaries, but a few are blueish in transmitted light. This alkali amphibole is only observed in this granite of the SSZ. Biotite is conspicuous by its absence. Apatite and zircon are common, along with some opaque minerals but titanite and rutile are absent. The Sangiyang Granite is geochemically comparable to the Belaban samples. The samples are alkali granites with SiO2 of 77 to 79 wt% and K2O above 4 wt%, which classes them as high-K calc-alkaline (Figures 9A,B). The samples are peraluminous, calc-alkalic and alkali-calcic, and ferroan (Frost et al., 2001; Figure 9C). In the trace element discrimination plots (Figures 9D–F) they fall clearly in the A-type field of Whalen et al. (1987) and in the WPG field of Pearce et al. (1984). LILE and HFSE are generally enriched relative to N-MORB, with LILE enriched over HFSE (Figure 10C). There are pronounced depletions in Ba, Sr, P, Eu and Ti, and a small trough in La and Ce (Figure 10C). Trace element spider plots indicate an A-type or WPG character with enrichment in high field strength elements (e.g., Zr, Y) and depletion in large-ion lithophile elements (e.g., Ba, Sr).
[image: Figure 11]FIGURE 11 | Representative field photographs and photomicrographs of intrusive rocks of the Schwaner Mountains. (A) and (B) Photomicrograph (PPL and XPL) of the Sangiyang Granite (DL10-075). Large alkali feldspar grains commonly are exsolved to microperthite and show advanced sericitisation. (C) Sepauk Tonalite outcrop in river section (LD10-036). (D) Insert photograph shows a typical Sepauk Tonalite in hand specimen (LD10-100). (E) Outcrop of the Laur Granite (LD10-071). (F, G) Photomicrograph (PPL and XPL) of the Sepauk Tonalite (LD10-036), consisting predominantly of plagioclase, quartz and amphibole. Amphibole in the photomicrograph shows twinning and euhedral shape. (PPL—plane polarised light; XPL—cross-polarised light).
Intrusive Rocks of the North Schwaner Zone
Intrusive rocks from the NSZ include the Sepauk Tonalite (c. 111.8 to 118.6 Ma) samples LD10-006, LD10-036 (Figure 11C), LD10-043 from the northern and central part, LD10-088, LD10-093 and LD10-100 (Figure 11D) from the easternmost part, and Laur Granite (Figure 11E) sample LD10-071 (96.8 ± 0.6 Ma). Sepauk samples contain plagioclase, quartz, amphibole, and biotite (Figures 11F,G). Accessory minerals include chlorite, epidote, titanite, rutile, zircon, apatite, and magnetite. Some samples exhibit myrmekitic textures, indicative of late stage metasomatism (Collins and Collins, 2013). Most samples are phaneritic, but a few have granoblastic textures, indicating that later recrystallisation has taken place. Some samples show evidence of shearing, with quartz recrystallisation along shear planes. Samples from the northern part have SiO2 of 58 to 65 wt%. Two of the eastern samples have the lowest SiO2 contents of 53 to 57 wt%. Samples with higher SiO2 are tonalites, which is the dominant rock type of the NSZ intrusive rocks, and those with lower SiO2 are diorites to gabbro-diorite (Figure 9A). Most samples have low K2O, many below 2.2 wt%, which classes them as calc-alkaline (Figure 9B). Sample LD10-100 has K2O of 2.9 wt% which brings it into the high-K calc-alkaline field. The samples are magnesian, calcic or calc-alkalic, and metaluminous (Frost et al., 2001; Figure 9C). In the tectonic discrimination diagrams (Figures 9D–F) they plot in the unfractionated OTG (I & S-type) field of Whalen et al. (1987) and clearly in the VAG field (Pearce et al., 1984). With ASI (aluminium saturation index) values below 1.0 (Figure 9F) and relatively high Na2O (>3.1 wt%) the rocks are I-type granitoids. The trace element patterns show a strong enrichment of LILE relative to N-MORB and HFSE with a pronounced negative Nb anomaly and a trough in La and Ce (Figure 10D). HFSE are close to N-MORB with slight depletion of heavy incompatible elements. The trace element pattern suggests a volcanic arc origin.
The only exception to the relative uniform geochemical character of the NSZ samples is LD10-071 (Laur Granite), which is significantly younger (c. 97 Ma) than the dominantly Early Cretaceous ages in the NSZ. It has a coarse-grained phaneritic texture with abundant quartz, alkali feldspar and plagioclase. Biotite and amphibole form large crystals with irregular grain boundaries. Chlorite is often present at biotite grain margins. Quartz occurs as large grains with undulose extinction, and smaller irregular grains around large feldspars. Alkali feldspar occurs as large grains, commonly with concentric zoning and simple twinning. Small epidote veins are present in some larger grains. Plagioclase occurs as smaller grains, commonly enclosed within alkali feldspar. This sample has 75 wt% SiO2 and 4.8 wt% K2O giving a high-K calc-alkaline character (Figure 9B). The Laur Granite sample is classed as alkali granite (Figure 9A). According to the Frost et al. (2001) classification, the sample is ferroan, alkali-calcic and peraluminous (Figure 9C). It plots in the felsic granite field of Whalen et al. (1987), but depending which elements are used it can also be classed as an I & S type or an A-type granitoid (Figure 9D–F). In the tectonic discrimination diagrams (Figures 9E–F) of Pearce et al. (1984) it falls at the boundary of VAG and WPG, which is also the field for post-collision granites (Pearce, 1996). Trace element spider diagrams show an enrichment of LILE relative to N-MORB and HFSE typical for a volcanic arc (Figure 10D). The sample has a negative Nb anomaly, depletion of P, and enrichment of Pb. HFSE show a slight enrichment relative to N-MORB with depletion of Ti.
Volcanic and Sheared Volcanic Rocks
Volcanic rocks from the NSZ that extend into the northern part of the SSZ include tuffs, ignimbrites and lava flows of intermediate to acidic composition. Quartz, biotite and plagioclase are the dominant minerals that form porphyroblasts in a fine-grained matrix. The matrix consists of quartz, muscovite-sericite and biotite. In some cases the volcanic rocks appear to have a thermal metamorphic overprint, identifiable as mineral recrystallisation and alteration. Some samples have been overprinted by a shear fabric similar to that observed in the intrusive rocks of the NSZ and the PMG, and could therefore be assigned to the PMG. Porphyroblasts can be rotated by this shear fabric.
Geochemical analyses indicate that the volcanic rocks are dacites and rhyolites with one mafic trachybasalt from the SSZ and one picrobasalt from the NSZ (Figure 12A). K2O contents range from 1.7 to 5 wt% and the samples are calc-alkaline, high-K or shoshonitic (Figure 12B). The very wide range of K2O and SiO2 contents suggest that the samples may represent different magmatic phases or were affected by alteration. Trace element compositions suggest a subduction-related volcanic arc character (Figure 12C). The trace element spider diagram shows an enrichment of LILE over HFSE with depletion in Nb and enrichment in Pb (Figure 12D). HFSE are slightly enriched or depleted relative to N-MORB. The dated sample LD10-049 (Menunuk Volcanics) has a slightly different trace and major element composition compared to the rest of the volcanic samples with significant lower Ce, Pb, Sr and P values (Figures 12D,E), which may indicate that this sample is part of a different magmatic phase. Trace element discrimination diagrams for the picrobasalt sample suggest an N- to E-MORB character. The trace element spider diagram shows a pattern that is slightly enriched relative to N-MORB (Figure 12F).
[image: Figure 12]FIGURE 12 | Geochemistry classification diagrams and trace element spider diagrams of volcanic and metamorphic rocks of the Schwaner Mountains. (A) TAS diagram for classification of extrusive rocks (after Le Bas et al., 1986). (B) K2O-SiO2 classification (after Peccerillo and Taylor, 1976). (C) Th/Yb-Nb/Yb classification diagram for extrusive rocks (after Pearce, 2008). (D–G) Trace element spider diagrams of volcanic and metamorphic rocks of the Schwaner Mountains normalised to NMORB (Sun and McDonough, 1989) for: (D) Volcanic rock samples, (E) Menunuk Volcanic sample and PMG quartzites and hornfels, (F) Picrobasalt sample, and (G) PMG samples.
Pinoh Metamorphic Group
The PMG rocks crop out almost exclusively in the NSZ of the Schwaner Mountains. The rocks are predominantly metapelites, although metabasites and quartzites are also found. Metapelites are predominantly andalusite-cordierite schists (Figure 13A), andalusite schists, biotite schists (Figure 13B), garnet-andalusite schists and garnet-sillimanite schists (Figures 13C–E). Rocks of higher metamorphic grade are garnet-biotite gneisses and andalusite gneisses. There are also a number of contact metamorphic andalusite-cordierite hornfels. Mineral assemblages include biotite, quartz, feldspar, andalusite, fibrolitic sillimanite, cordierite and garnet. Andalusite, cordierite, biotite and garnet usually form porphyorblasts in fine-grained matrix (Figures 13A,C,D) within a shear fabric. Muscovite pseudomorphs (replacement of possible andalusite) were also observed (Figure 13E). Quartzites (Figures 13F,G) contain >80 wt% quartz with other mineral phases, including biotite, muscovite and chlorite. Remnant compositional layering is formed by biotite-rich horizons. Textures suggest static recrystallisation of quartz grains followed by deformation-induced high temperature recrystallisation. Metabasites are foliated amphibolites consisting of abundant amphibole with plagioclase, epidote and apatite. The scarcity of sand-sized detrital grains such as zircon in all PMG samples, and the small grain size of those which are present, indicate that the protoliths were fine grained sedimentary rocks, such as muds or volcanic ashes.
[image: Figure 13]FIGURE 13 | Representative field photographs and photomicrographs of metamorphic rocks of the Schwaner Mountains. (A) Photomicrograph (XPL) of andalusite porphyroblast with chiastolite-type inclusion trail morphology (LD10-064, andalusite-cordierite schist). (B) Photomicrograph (PPL) of fibrolitic sillimanite growth along shear fabric in biotite schist (LD10-004B). (C, D) Photomicrograph (PPL and sketch) of garnet-sillimanite schist LD10-084. Shear fabric of sillimanite-biotite intergrowth deforms around white mica, biotite and garnet porphyroblasts. (E) Photomicrograph (PPL) of replacement white mica pseudomorph showing abundant sillimanite rods. (F) Quartzite outcrop in river section showing remnants of compositional layering (LD10-058). Close-up of quartzite hand specimen with alteration on surface.
Petrographic observations of the metamorphic rocks were recorded and summarised on Tectonic Sequence Diagrams (Forster and Lister, 2008; Figure 14A). At least three major periods of deformation are recorded: 1) low grade metamorphism (F0) interpreted as recording burial of sedimentary protoliths, 2) low pressure-high temperature metamorphism (ΔC), characterised by andalusite- and cordierite-bearing mineral assemblages and 3) shearing (Sz), often in association with fibrolitic sillimanite growth.
[image: Figure 14]FIGURE 14 | (A) Tectonic Sequence Diagram for the Pinoh Metamorphic Group (PMG), illustrated by sketches of thin sections. F0 is earliest fabric, ΔBt is biotite growth, ΔC is low pressure-high temperature metamorphism characterised by andalusite- and cordierite-bearing mineral assemblages, and Sz is shearing. (B) Double ternary garnet end-member diagram for garnet-sillimanite schist samples LD10-084 and SW16 of the Pinoh Metamorphic Group (after Suggate and Hall, 2014). Garnets in both samples are spessartine-rich almandines. Shaded area shows garnets from low pressure-high temperature terranes for comparison (data from Suggate and Hall, 2014). Fields: 1) granites, 2) granulite and high-Mg pelites, 3) blueschists, 4) calc-silicates, skarns and rodingites, 5) ultrabasics, 6) basic rocks sub-ophiolites.
The mineral assemblages of the PMG are broadly similar to Buchan rocks from the Grampian Terrane in NE Scotland (Hudson, 1985; Viete et al., 2010; Viete et al., 2011). Garnets from two garnet-mica sillimanite schists of the PMG were analysed by electron microprobe. Garnet formulae were calculated for 24 oxygens (Supplementary Table S6), and garnet end-members calculated using the method of Suggate and Hall (2014). The garnets are almandine-rich (Fe2) with 59.8 to 65.8% in sample LD10-084 and 57.4 to 60.8% in sample SW16, but have relatively high amounts of the spessartine (Mn) end-member. Garnets of sample SW14 have up to 24.1% and garnets in LD10-084 up to 14.5% of the spessartine end-member. The presence of garnet is often suggested to indicate medium to high pressure metamorphism, but high-Mn almandine garnets similar to the observed PMG garnets are found in rocks of the Buchan succession of NE Scotland and formed at pressures below 3.5 kbar (Viete et al., 2010). Figure 14B displays the garnet end-member composition of the analysed samples in double ternary diagrams in comparison to garnets of low pressure-high temperature terranes (after Suggate and Hall, 2014).
Geochemical analyses indicate compositional trends for PMG rocks that resemble igneous rocks. Metapelites have a dacitic composition, quartzites and quarzitic hornfels have rhyolitic character and metabasites have a basaltic composition (Figure 12A). Metapelites have relatively restricted SiO2 contents of 58.5 to 66.6 wt% with K2O contents of 2.3 to 3.9 wt%, which are higher than those of the volcanic rocks of similar SiO2 contents (Figure 12B). Trace element compositions closely resemble those observed in intrusive and volcanic samples and the PMG rocks have a volcanic arc affinity (Figure 12C). What is particularly striking is the similarity of plots of the metamorphic rocks and the volcanic rocks of the Schwaner Mountains on trace element spider diagrams (Figure 12G). Some metapelites of the PMG also resemble slightly sheared volcanic rocks and can also be named meta-volcanic rocks (e.g., LD10-102 A, LD10-124). Some PMG quartzites/hornfels also resemble the Menunuk Volcanics sample (Figure 12D).
DISCUSSION
Magmatism in the Schwaner Mountains
The new and literature U-Pb geochronology results from the Schwaner Mountains are displayed on Figure 15 and are listed in Table 2. Based on the results of this study and previous work (e.g., Williams et al., 1988; Bladon et al., 1989; van Hattum et al., 2013; Hennig et al., 2017), there were several pulses of magmatism.
[image: Figure 15]FIGURE 15 | Summary plot of Triassic to Cretaceous zircon U-Pb ages and subdivision of igneous phases in western Borneo. NSZ and SSZ from SW Borneo Block. NWSZ from West Borneo (part of Triassic Sundaland). Northern Granitoids from West Sarawak and central Kalimantan (Kuching Zone). (* age data from Hennig et al. (2017); ** age data from van Hattum et al. (2013); + age data from Setiawan et al. (2013)).
Triassic Magmatism in Sundaland
The oldest magmatic rocks in the Schwaner Mountains are Triassic. They are from the NWSZ which was part of West Borneo at the SE edge of Sundaland in the Triassic and are separated from SW Borneo by a suture (Figures 1B, 2B) as explained by Hennig et al. (2017). The I-type granitoids were interpreted as the product of Triassic Paleo-Pacific subduction beneath Sundaland (Hennig et al., 2017). No other Triassic igneous rocks have been found in the large area of the Schwaner Mountains (NSZ and SSZ) investigated in this study or in previous studies (e.g., Williams et al., 1988).
Jurassic Within-Plate Magmatism
Early Jurassic Phase at c. 190 Ma: Belaban Granite
The Belaban Granite is the oldest granitoid found in the SSZ with a zircon U-Pb age of 186.7 ± 2.3 Ma (Figure 15), significantly older than the biotite K-Ar age of 153.5 ± 3.5 Ma of Haile et al. (1977) and Bladon et al. (1989). It also contains the only pre-Jurassic inherited zircon (357.8 ± 4.2 Ma) identified in the igneous rocks of the NSZ and SSZ of the Schwaner Mountains. Geochemically it is a WPG or A-type granite (Figures 9, 10), and we suggest this reflects a rift-related character. Rifting of the Australian margin was underway from the Triassic (e.g., Longley et al., 2002) and the Belaban Granite is suggested to be associated with extension in the Gondwana margin in NW Australia.
Late Jurassic Phase at c. 150 Ma: Mentembah Granite
In the area of the Belaban Granite we found another Jurassic granitoid provisionally named the Mentembah Granite after the highest mountain nearby. The U-Pb age of 151.2 ± 1.2 (Figure 15) is similar to the 153.5 ± 3.5 Ma K-Ar age for the Belaban Granite (Haile et al., 1977) which may indicate that the K-Ar age was reset during Late Jurassic magmatism. The U-Pb age is also similar to an inherited zircon age in the Sukadana Granite (van Hattum et al., 2013). This suggests widespread Jurassic magmatism in the SSZ during extension within the NW Australian margin which led to separation of the Banda (SW Borneo) and the Argo (East Java-West Sulawesi) blocks in the Late Jurassic (Hall, 2012; Hennig et al., 2016, Hennig et al., 2017).
Cretaceous Subduction-Related Magmatism
The different phases of Cretaceous magmatism are shown on Figures 15, 16.
[image: Figure 16]FIGURE 16 | Probability density summary of Cretaceous (to Jurassic) zircon populations for comparison. Intrusive rocks: 1) Sepauk Tonalite, 2) Laur Granite, 3) Rantau Asem Tonalite, 4) Sukadana Granite, and 5) Sangiyang Granite. Menunuk Volcanics correspond to the volcanogenic protolith of the PMG. Sepauk Tonalite corresponds to thermal metamorphism phase 1) Rantau Asem Tonalite and Sukadana Granite correspond to thermal metamorphism phase 2) Modern river sands show multiple age populations that correspond to the intrusive rocks with additional ages being derived from so far not discovered igneous rocks.
Early Cretaceous Phase I at c. 130 Ma: Menunuk Volcanics
Volcanic and sheared volcanic rocks were sampled from the northern margin of the NSZ relatively close to the type locality of the Menunuk Volcanics to which we conclude they belong. The rocks have a rhyolitic composition and a volcanic arc signature (Figure 12). They yielded ages of c. 130 to 132 Ma (Figure 15) which are the first radiometric ages for this volcanic group. Two quartzites of the PMG have similar protolith ages (Figure 15) and geochemistry (Figure 12), and are interpreted here to represent metamorphosed Menunuk Volcanics. Several other PMG samples also have inherited zircons of this age (Figure 15). We interpret all these ages as marking a major Cretaceous magmatic phase I at c. 132 Ma following subduction initiation beneath SW Borneo. This implies docking of SW Borneo with southeastern Sundaland before this, since both (NSZ and NWSZ) record this magmatic phase (Hennig et al., 2017).
Early Cretaceous Phase II at c. 115 Ma: Sepauk Tonalite
The predominant tonalites and diorites of the NSZ have ages between 110 and 120 Ma (Figure 15), a volcanic arc trace element signature and relatively low K2O (Figures 9, 10). The Sepauk Tonalite is the main batholith in the NSZ (Figure 4) which we interpret formed during Cretaceous phase II of Paleo-Pacific subduction. As with the older magmatic rocks, no inherited zircons were found. This is probably a result of remelting immature volcanic arc material or may indicate they are mantle derived.
Several PMG samples show magmatic or recrystallised zircons of this age, suggesting they are either volcanic products of phase II or slightly older volcanic rocks subsequently recrystallised at c. 110 Ma (Figure 15). A granodiorite of 118.6 ± 1.1 Ma from the NWSZ (Hennig et al., 2017) is interpreted as part of phase II further supporting the suturing of West Borneo and SW Borneo before this time.
Late Cretaceous Phase III at c. 100 Ma: Laur Granite
The Laur Granite is an alkali granite which is significantly younger (96.8 ± 0.6 Ma) than the Early Cretaceous Sepauk Tonalite (Figure 15). It is a felsic granite which plots at the VAG and WPG boundary (Figure 9). On the trace element spider plot there are some similarities to the Sepauk Tonalite (Figure 10D). A subduction-related tonalite from the NWSZ (Hennig et al., 2017) yielded an age of 101.5 ± 0.6 Ma relative similar to the Laur Granite (Figure 15), and is geochemically more similar to the Sepauk Tonalite. This supports a subduction-related origin interpretation for the Laur Granite. Inherited zircons in the Rantau Asem Tonalite have also similar ages around 100 Ma (Figure 15). We interpret this to indicate that phase III extended from the NWSZ to the easternmost part of the Schwaner Mountains where the Rantau Asem Tonalite was found. We interpret the Laur Granite as subduction-related, and this phase produced a range of rock types from alkali granite to tonalite.
Late Cretaceous Phase IV at c. 90 Ma: Rantau Asem Tonalite
A tonalite at the eastern end of the Schwaner Mountains yielded an age of c. 90 Ma (Figure 15). It is petrographically similar to the Sepauk Tonalite samples, but as it is significantly younger, we name it the Rantau Asem Tonalite (derived from a nearby village). Two PMG samples yielded recrystallised zircons with this age and a Jurassic meta-granitoid from the NWSZ was interpreted by Hennig et al. (2017) to be metamorphosed at this time (Figure 15). This indicates a large area was affected and we interpret this widespread c. 90 Ma magmatism to be the final subduction-related phase in the NSZ.
Late Cretaceous Within-Plate Magmatism
Late Cretaceous Phase V Within-Plate Magmatism at c. 80 Ma: Sukadana Granite
The Sukadana Granite of the SSZ was dated in this study from samples collected close to the boundary with the NSZ and in the far east of the Schwaner Mountains where granitoids were previously assumed to be part of the Sepauk Tonalite. The new U-Pb ages of c. 79 Ma (Figure 15) are slightly younger than K-Ar ages of c. 81 to 89 Ma (Table 1) reported by Haile et al. (1977), Bladon et al. (1989) and De Keyser and Rustandi (1993), and biotite/whole-rock Rb-Sr and zircon U-Pb ages of c. 80 to 85 Ma (Tables 1, 2) of De Keyser and Rustandi (1993) and van Hattum et al. (2013), indicating that the phase of magmatism that produced the Sukadana Granite was probably from c. 78 to 85 Ma based on the more precise U-Pb zircon and Rb-Sr data.
The Sukadana Granite is characterised by high K2O values that led Williams et al. (1988) to identify a suite of Schwaner Mountains Potassic Granites. Geochemically it comprises mainly granites with a WPG or A-type signature (Figures 9, 10). Sample LD10-010 has a trace element signature similar to the Sepauk Tonalite with slight enrichment in HFSE suggesting partly remelting of a Sepauk Tonalite. Sample EK14-10 from the NWSZ has a similar age (Hennig et al., 2017) and we interpret it as Sukadana Granite or contemporaneous equivalent (Figure 15). The Pueh and Gading granites, which are part of the Upper Cretaceous Northern granites in Sarawak and Kalimantan (Figure 2), have similar ages to the Sukadana Granite (Hennig et al., 2017) and indicate that smaller plutons were intruded near the northern margin of the Kuching Zone close to the Lupar Line at the same time as the Sukadana Granite (Figure 15).
Late Cretaceous Phase VI Within-Plate Magmatism at c. 70 Ma: Sangiyang Granite
The youngest phase of Cretaceous magmatism in the Schwaner Mountains found in this study is recorded by the Sangiyang Granite, dated as 72.1 ± 0.6 Ma (Figure 15). The sample was collected from a NNW-SSE striking mountain complex previously mapped as Sukadana Granite west of the type locality Bukit Sangiyang. The Sangiyang Granite samples are alkali granites and are the most SiO2-enriched granitoids of this study. In the tectonic discrimination diagrams they are clearly identified as WPG or A-type granites, supported by the trace element spider plot (Figures 9, 10), which we interpret to have been emplaced after the larger Sukadana Granite.
Modern River Sands
The river sands were collected mainly from the central NSZ and SSZ from rivers that drain approximately 10,000 km2 of the total 74,000 km2 area mapped as granites (Pieters and Supriatna, 1990; Tate, 2001), based on rivers and drainage basins in the global Hydro1K (2020) dataset. Figure 16 suggests the majority of zircons were derived from the intrusive rocks of the NSZ with minor contributions from the Menunuk Volcanics and PMG, and from the Sukadana Granite of the SSZ. The area drained by the sampled rivers suggests little or no contribution from the Jurassic plutons of the SSZ as there are only two Jurassic zircons in the sands. The main peak in the river sands correlates with the Sepauk Tonalite age of c. 112 Ma (Figure 16). A strong peak at c. 105 Ma indicates a granite that has so far not been found. The Laur Granite age correlates with a peak at c. 96 Ma, and the Rantau Asem Tonalite broadly correlates with a wider peak between 88 to 92 Ma in the river sands. A relatively broad peak between 76 and 85 Ma corresponds to the Sukadana Granite. The abundance of zircons of Sukadana Granite age supports the suggestion that the Sukadana Granite is more widespread in the Schwaner Mountains than previously assumed. The youngest peak in the river sands is at c. 70 Ma and slightly younger than the Sangiyang Granite indicating that magmatism did not stop until the end of the Cretaceous (Figure 16). A small population at c. 61 Ma suggests some Paleocene magmatism. The youngest ages around 20 to 25 Ma belong to zircons probably derived from the Neogene Sintang Suite that intruded the Schwaner granitoids (Breitfeld et al., 2019). There is one Triassic, one Permian and one Silurian zircon in the river sands, which we suggest is explained by recycling of the few older zircons from nearby PMG. There is no evidence that the Sundaland basement of the NWSZ extends into the NSZ, and the river sands support the conclusion that there are no Triassic granites anywhere in the NSZ and SSZ.
Age of the Pinoh Metamorphic Group
This study confirms the results of Davies et al. (2014) that the metamorphic rocks are not Paleozoic. Magmatic zircons within the PMG range from c. 110 to 135 Ma and indicate that most protoliths were initially formed in the Early Cretaceous (Figures 15, 16) and incorporated some older detrital grains. The oldest Cretaceous ages of the PMG and the Menunuk Volcanics are indistinguishable and we conclude that some PMG rocks are the metamorphosed products of the Menunuk Volcanics or contemporaneous volcaniclastic equivalents. Early Cretaceous zircons (c. 110–120 Ma) correlate with the Sepauk Tonalite and suggest that other PMG rocks are metamorphic products of igneous activity contemporaneous with Cretaceous phase II (Figure 15). Recrystallised zircons of c. 110 Ma in PMG samples also indicate a thermal overprint that coincides with phase II (Figure 15). This thermal overprint is also recorded in the 40Ar/39Ar analysis of L3 coarse biotite (+broken biotite in L2) and L1 white mica (Figure 8). A later phase of thermal metamorphism is recorded only in recrystallised zircons (and not by Ar geochronology) and ranges from c. 80 to 90 Ma. This coincides with phase IV Rantau Asem Tonalite and phase V Sukadana Granite magmatism (Figure 15). The Mn-rich almandine garnets indicate Buchan-type HT-LP metamorphism which was associated either with phase II and/or phases IV/V magmatism implying contemporaneous extension.
After Cretaceous metamorphism, there was a PMG shearing event (Sz) in the Late Oligocene (Figure 8) recorded by 40Ar/39Ar ages of fine-grained biotite (L2) associated with biotite-fibrolite intergrowth. The age of c. 27 Ma is very similar to 40Ar/39Ar ages from the West Sarawak Metamorphics (Breitfeld et al., 2017) and to apatite fission-track ages in East Kalimantan interpreted as recording major denudation and uplift in central Borneo (Moss et al., 1998). This suggests that southern and central Borneo were likely affected by a major shearing event in the Late Oligocene which directly preceded the main Sintang Suite magmatism at c. 20 Ma in the same area (Breitfeld et al., 2019).
Origin of Triassic and Older Zircons
No inherited grains older than Jurassic have been found in igneous rocks of the NSZ. The Belaban Granite in the SSZ has a single Carboniferous inherited zircon. Four samples from the PMG yielded in total 66 inherited zircons older than 160 Ma (Figure 17). LD10-102B has one, LD10-069 and LD10-004 have a small number and there are abundant grains in SW14. The main Phanerozoic peak is Triassic-Late Permian (200–260 Ma) and there are 23 grains with ages from Permian to Cambrian. The 18 Precambrian ages are scattered between c. 0.6 to 2.5 Ga with a pronounced peak at c. 1.8 Ga. The paucity of older zircons is not a sampling problem; we spent considerable time processing samples trying to recover older zircons after the unexpected discovery of Cretaceous zircons in PMG samples. Although there was no previous dating of the PMG, we had expected, like others, the PMG to be much older. Furthermore, as noted above, there are only three pre-Jurassic zircons in the 837 concordant zircon ages from river sands.
[image: Figure 17]FIGURE 17 | Display of inherited zircon ages of the Pinoh Metamorphic Group and comparison to the Karimunjawa Arch (Banda Block) (data from Witts et al., 2012), Bird’s Head of West Papua (data from Gunawan et al., 2012), and Mesozoic basement rocks in the West Borneo province (data from Breitfeld et al., 2017; Hennig et al., 2017). The Karimunjawa Arch and the Bird’s Head data are from Triassic rocks, therefore no Jurassic zircons are present.
A Sundaland West Borneo source for Triassic and older grains is possible but compared to the PMG (Figure 17) West Borneo has a bigger Late Triassic peak and lacks any Proterozoic ages between 0.6 and 1.8 Ga (Hennig et al., 2017). An alternative is that the inherited grains were detrital grains in sandstones that formed the sedimentary cover of the SW Borneo Block when it was within the Gondwana NW Australian margin. The Phanerozoic PMG ages resemble those from the Karimunjawa Arch (Witts et al., 2012), south of Borneo in the Java Sea (Figure 1B), which was at the southern edge of the Banda (SW Borneo) Block (Figure 3) before rifting. The Carboniferous zircons of the PMG are slightly younger than those in the Karimunjawa Arch, which could be explained by lead-loss. However, Precambrian ages differ markedly (Figure 17); the Karimunjawa Arch lacks the distinctive 1.8 Ga peak of the PMG and instead has its main peak at c. 1.4 Ga—a feature more similar to the Argo Block (Figure 3) (Zimmermann and Hall, 2019), but the Karimunjawa Arch lacks the common Archean zircons of that block (Smyth et al., 2008). Overall, the Triassic and older zircon ages from the PMG and the river sands are most similar to the Bird’s Head (Figure 17; Gunawan et al., 2012; Zimmermann and Hall, 2016) and consistent with a Banda Block origin. There may have been also a West Borneo contribution in the Cretaceous to the PMG volcaniclastic sediments.
Early Mesozoic Position of SW Borneo
As plate tectonic models for SE Asia developed, the region was divided into terranes which were thought to have been derived from China or Australia. Metcalfe (e.g., 1990, 1996) suggested that there were two important continental terranes of possible South China/Indochina origin in western Borneo, Semitau and SW Borneo, separated from Sundaland (East Malaya) by a suture offshore in the Sunda Shelf. Later, SW Borneo was interpreted as continental terrane rifted from the NW Australian margin in the Jurassic (e.g., Hall et al., 2009; Metcalfe, 2009; Hall, 2012) which was added to Sundaland in the Early Cretaceous (Figure 3). Recent studies (Setiawan et al., 2013; Hennig et al., 2017) have shown there are Triassic meta-granitoids in the NWSZ meaning that the Sundaland-SW Borneo suture is within Borneo, rather than offshore as suggested by Metcalfe. West Borneo, of approximately similar extent to the Semitau terrane, was part of Sundaland by the Triassic (Figure 3A) and includes rocks with an Indochina affinity. In NW Kalimantan and West Sarawak there are Triassic arc-related sediments (e.g., Sadong Formation, Balaisebut Group), igneous rocks (e.g., Jagoi Granodiorite, Serian Volcanics) and metamorphic rocks (e.g., West Sarawak Metamorphics, Embuoi Complex). Sediments of the Sadong Formation have thereby a Cathaysian flora (Kon’no, 1972). Breitfeld et al. (2017) and Hennig et al. (2017) interpret these rocks to be the product of west-directed Triassic Paleo-Pacific subduction (Figure 3A). Thus, our interpretation (Hall, 2012; Hennig et al., 2017; Breitfeld et al., 2017) is that SW Borneo (Banda Block) separated from NW Australia in the Late Jurassic, was added to Sundaland in the Early Cretaceous to form the West Borneo-SW Borneo suture (Figures 1, 2) and then the East Java-West Sulawesi (Argo Block) was added later in the Cretaceous at c. 90–80 Ma (Smyth et al., 2007) at the Meratus Suture which terminated subduction in the region until the Cenozoic.
Burton-Johnson et al. (2020) have recently challenged the view that SW Borneo was added in the Cretaceous and suggested that it was already part of Sundaland in the Triassic. Triassic and Jurassic granitoids in NE Sabah (Segama Valley) have long been known based on K-Ar dating (Kirk, 1968; Leong, 1974) but these and other pre-Cretaceous radiometric ages from Sabah were dismissed as spurious (e.g., Hutchison, 1992; Hutchison, 2005; Omang and Barber, 1996) because they were significantly older than the Cretaceous radiolarian ages from the Chert-Spilite Formation which were assumed to be the cover to a Sabah ophiolitic basement. U-Pb zircon geochronology by Burton-Johnson et al. (2020) confirmed the Triassic and Jurassic ages of the granitoids which they suggested were arc rocks that intrude ophiolitic rocks. They suggested these could be correlated with West Borneo granitoids (Hennig et al., 2017) and volcanics (Breitfeld et al., 2017) and proposed that a Triassic and Jurassic arc of Sabah was an autochthonous continuation of the Sundaland Paleo-Pacific arc, and that SW Borneo was part of Sundaland in the Triassic. We summarise in the next section the principal objections to this proposal.
Segama Granitoid Correlations: Sundaland or Australian Origin?
Burton-Johnson et al. (2020) interpreted the Segama granitoids to intrude older ophiolitic rocks although conceded that “it is hard to prove” that the [intruded] basalt is truly ophiolitic rather than the product of non-ophiolitic arc magmatism. They suggest that a 217 Ma K-Ar age from a metagabbro from Darvel Bay may support the ophiolitic option although they fail to observe that this is more than 30 Ma younger than their U-Pb ages from the Segama granitoids. The descriptions of the mainly basic metamorphic rocks intruded by the granitoids (Leong, 1974) do suggest an ophiolitic or arc origin. However, this provides no information on the position of the Segama granitoids in the Triassic which could have been almost anywhere in the West Pacific.
For example, Triassic sandstones, together with Jurassic-Cretaceous metamorphic rocks, have been dredged from the South China Sea north of Sabah, and Triassic and older K-Ar ages were obtained from detrital biotites in the sandstones (Kudrass et al., 1986). Although Triassic granites have not yet been found, Jurassic and Cretaceous granitoids from the South China Sea contain Triassic and older inherited zircons and these are interpreted as part of a Mesozoic accretionary complex at an Andean-type Paleo-Pacific subduction margin (e.g., Yan et al., 2014; Xu et al., 2016). Thus, an East Asian margin origin is plausible. Triassic sandstones from the Bird’s Head of New Guinea contain abundant Triassic and older zircons indicating a continental Andean-type subduction setting at the north Australian margin during the Paleozoic until the early Jurassic (e.g., Audley-Charles, 1991; Metcalfe, 1996; Gunawan et al., 2012; Zimmermann and Hall, 2016). Thus, northern Australia is another possible location.
The nearest possible correlative Triassic (Bladon et al., 1989) metamorphic rocks, gabbros and granitoids in Borneo are part of the Busang Complex in central Kalimantan 700 km from Sabah (Figure 1B). They are thought to be part of a melange (Tate, 1991; Pieters et al., 1993a) beneath Cretaceous sedimentary rocks (Heryanto and Jones, 1996). West Borneo is even further away (1000 km). But even if the hypothesis of a continuous arc over such a great distance is accepted all the arc rocks are north of the NSZ and separated from West Borneo and the Kuching Zone by sutures (the West Borneo-SW Borneo suture of this paper and the Boyan Suture of Metcalfe (1990).
As we have pointed out above there is no evidence of Triassic granites anywhere in the NSZ or SSZ of the SW Borneo Block, an area of c. 74,000 km2. However, on the basis of similar Jurassic ages Burton-Johnson et al. (2020) suggest the Segama granitoids can be correlated with a NWSZ meta-granodiorite. However, this meta-granodiorite records multiple Jurassic igneous phases (Hennig et al., 2017; Figure 15), which are not present in the Segama granitoids. The Jurassic SSZ rock of this study is of WPG character, while the Segama granitoids are arc-related. We suggest a correlation of granitoids, across at least one suture zone, and in case of the SSZ rock of different character, is implausible.
Burton-Johnson et al. (2020) appear to consider all the ophiolites of Borneo to be a single unit. Given the number of suture zones identified in Borneo (e.g., Hutchison, 1989; Metcalfe, 1990; Metcalfe, 2013) which include ophiolites we question this assumption. They imply that a Pt-Os age of 197.8 ± 8.1 Ma (Coggon et al., 2011) obtained from alluvial grains of platinum-group minerals (PGM) collected at an uncertain location from a river in the Meratus Mountains not only dates the Meratus ophiolite but also indicates that the ophiolite formed at the southern margin of the SW Borneo Block in its present-day position. Ophiolitic, radiolarian-bearing (Wakita et al., 1998), volcanic (Sikumbang, 1986) and HP-LT metamorphic rocks (Parkinson et al., 1998) are found within the well-known Cretaceous Meratus suture (Metcalfe, 1990) east of SW Borneo. None of these rocks can be assumed to have formed in their present position and all are generally interpreted to have been accreted to SW Borneo during Cretaceous subduction (e.g., Metcalfe, 1990; Wakita et al., 1998). Thus, the Meratus ophiolite gives no information about the position of SW Borneo in the Triassic. Furthermore, it is worth noting that the source of alluvial grains found in rivers is commonly difficult to identify, and a Meratus ophiolite source for the PGM suggested by Coggon et al. (2011) is simply an assumption. Alluvial diamonds from rivers in the Meratus area and western Borneo illustrate this problem well and the source of these diamonds remains uncertain; nonetheless recent studies (e.g., Kueter et al., 2016; White et al., 2016) have been used to support the tectonic model we have proposed.
The confirmation of Triassic and Jurassic ages by Burton-Johnson et al. (2020) for arc-related igneous rocks in Sabah does not answer the question where they were located in the Early Mesozoic. As observed above, both northern Australia and East Asia/eastern Sundaland were subduction margins. Metcalfe (1990) identified a Mangkalihat terrane in NE Kalimantan that separated from NW Australia in the Late Jurassic, and included this (Metcalfe, 2013) as part of the East Java-West Sulawesi terrane of Hall et al. (2009). Hennig et al. (2016) identified an Australian-derived terrane spanning NW Sulawesi, NE Kalimantan and East Sabah as an Inner Banda Block rifted in the Late Jurassic. Igneous and metamorphic rocks from this block in Sulawesi have Triassic inherited zircons (Hennig et al., 2016; van Leeuwen et al., 2016). Other possibilities are that the Sabah arc rocks were situated somewhere further north in the East Asian margin, or were even in an intra-oceanic position in the Pacific. There is no possibility of obtaining faunal or palaeomagnetic evidence that could help to solve this problem since none of the granitoid areas retain any sedimentary cover and there are no suitable rocks or paleohorizontal markers to use in palaeomagnetic investigations. The only way to resolve this question is using zircon data, but currently there are too few analyses from the Segama granitoids, or other rocks in Sabah, that might help. Our study, and that of Burton-Johnson et al. (2020), both indicate the need for new high-quality dating studies in Borneo.
CONCLUSION
• Jurassic within-plate or A-type granites in the SSZ formed during rifting of the SW Borneo Block in the Jurassic from NW Australia and are not related to subduction.
• The rocks of the Schwaner Mountains in the NWSZ, NSZ and SSZ are mainly a product of Cretaceous magmatism indicated by Cretaceous zircons in all metamorphic and igneous rocks. Cretaceous igneous rocks in the NSZ and NWSZ are interpreted to record magmatism in a volcanic arc due to subduction from c. 135 to 90–85 Ma.
• After subduction ceased at c. 90–85 Ma, there were at least two phases of post-collision magmatism that are predominantly exposed in the SSZ. The large Sukadana Granite occupies most of the SSZ and is dated as c. 85 to 79 Ma. It was intruded by smaller stocks of the Sangiyang Granite at c. 72 Ma. Contemporaneous with the Sukadana Granite was the emplacement of smaller granitoid bodies near to the Lupar Line in West Sarawak and central Kalimantan.
• There is no evidence for a continuation of the Triassic and Jurassic Paleo-Pacific subduction margin from West Borneo (the Triassic eastern Sundaland margin) into SW and central Borneo. It is unlikely that the West Borneo basement extends south of the Ketapang area where within-plate granites indicate SWB rifting and are not related to subduction.
• The Pinoh Metamorphic Group, which has previously been interpreted as part of an ancient Paleozoic core to SW Borneo, is predominantly composed of Cretaceous metapelites. We suggest that the metapelites were derived from volcaniclastic sediments erupted between c. 135 to 110 Ma, and subsequently metamorphosed during granitoid emplacement from 120–80 Ma. Garnets of the PMG are spessartine-rich almandines that indicate HT-LP Buchan-type metamorphism and formed during Cretaceous granitoid emplacement.
• A few detrital pre-Jurassic zircons in the PMG rocks and river sediments recording ages from the Triassic to the Precambrian indicate reworking of some older material during deposition of the PMG protoliths. They are interpreted to be sourced by cover of the SW Borneo basement which originated close to the Bird’s Head, with possible contributions from the Karimunjawa Arch and West Borneo basement.
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84PPOLIA  NWSZ Laur
K52 WSz Laur
K52 Nwsz Rantau Asem’
K76 WSz Sukadiana®
K76 WSz Sukadana’
84PPOSIA NWSZ Sukadana®
K74 WSz Biwa Gabbro
ssz

ATC ssz Sukadana
ATD ssz Sukadana
B4FKEOA  SSZ Sukadana
845599A  SSZ Sukadana
K3 ssz Belaban
K22 ssz Mentembzh®
B4ERTBOC SSZ Laur
84DT262A SSZ Laur
84DT263A  SSZ Laur
B4ER234C SSZ Sukadana
84FKIOIB  SSZ Sukadana
B4FK142B SSZ 2Sukadana
84FKAOA  SSZ Sukadana
84FKEIC  SSZ Sukadana
K148 ssz Sukadana
K ssz Sukadana
Ki5 ssz Sukadana
Ki5 ssz Sukadana
K16 ssz Sukadana
K16 ssz Sukadana
Ki7 ssz Sukadana
Kig ssz Sukadana
84DTI60B  SSZ Dyke - Kerabai
B4FKIS0A  SSZ Dyke - Kerabai
84PP162B SSZ Dyke - Kerabai
Upper Gretaceous Northern Granitoids

876 Northem belt ~ Pueh
TB7ta  Northembet  Gading
S7984  Nohembel  Puch
S9677  Nohembet  Gading
S7285  Nohembet  Gadng
6299 Northem belt  Tinteng Bedi
$1900  Nohembel  Sebuyau
85PROTEB Northem belt  Era
85UMOT2A Northem belt  Era
855R064C Northem belt  Era
BSRSIGOA Northembelt  Puch
86DT6C  Northem et Topai
86PP1188  Northem bet  Topai
86PP118A Northem bel  Topai
BAMO7IA Northem belt  Aln
86PPOOBD  Northen belt Al
86PPO0OA Northern belt  Alan
85DTOB6C  Northem bet  Menyukung
West Borneo—NW Kalmantan

8ORD4S  NW Kaimantan Mensioau
BORES2  NW Kalmantan Mensioau
BIRXSS  NW Kaimantan Mensioau
85SR214A  NW Kalmantan Mensioau
85SSO67A NW Kaimantan Mensioau
85SS167A NW Kabmantan Mensioau
8SERTOA  WestBomeo  Mensivau
8SERGIA  WestBomeo  Mensivau
8SER103A WestBomeo  Mensioau
8SERTI0A WestBomeo  Mensioau
8SERTI5A WestBomeo  Mensioau
8SERT60A West Bomeo  Mensioau
8SNS182A WestBomeo  Mensioau
85PWIGTA WestBomeo  Mensioau
8555654  WestBomeo  Mensioau
85YN233A West Bomeo  Mensioau
85YN234B  West Bomeo  Mensioau
T9RE-S0 WestBomeo  Mensioau
79RP-19 WestBomeo  Mensibau
80RC64  WestBomeo  Mensioau
80RD67  WestBomeo  Mensivau
85YN2G0B WestBomeo  Raya
Meratus

82PWI06  Meratus Batang Aai
82PWIO7  Meratus Batang Alai
82PWI13  Meratus ?Batang Ali
Na Meratus Batang Aai
NA Meratus Batang Aai
NA Meratus Hejawa
NS3Z2 Meratus Kintap

Na Meratus Wintap
NS834  Meratus. Bamon

Rock type

qz dioite
Granodiorite
Monzodiorite
Monzodiorite

oz diorite/tonalite
a2 diorite/tonalte
Tonalte

Tonaite

Tonalte

Tonaite

Tonaite
Granodiorite
Granodiorite
Tonaite

Tonaite

Tonaite
Granodiorite
Granodiorite
Tonaite

Atered porphyritc basic lava
Botte homiels

Tonaite
Dioite

Granite
meta-Granodiorite
‘Tonaite

‘Tonaite
Monzogranite
Monzogranite
Granite

Granite

‘Tonaite

bol granodiorite
bt-hol granodiorite
Tonaite
Granodiorite
‘Tonaite

Tonaite
Granodiorite
Granodiorite
Diorte

Gabbro

oz monzorite
Gz monzonite

az monzonite
Monzogranite

Granite

Granite

oz monzodiorte.

Tonaite

Tonaite

hyp-aug-bt-az monzonite
Leucocratic bt monzogranite
Syenogranite

qz monzonite

oz monzonite
Granodiorite
Monzogranite

Granite

Granite

Granite

Granite

Monzogranite

Granite

Trachyandesie
hbl-basaltandesite
Dolerte

Granite
Two-mica grarite.
quartz monzonite
quartz monzonite
Granodiorite
quartz monzorite
Granodiorite
Granodiorite
Bote granite
Granodiorite
Monzogranite
Granite
Granodiorite
Granodiorite
Dioite

Granite

Dioite

Granite

Granodiorite
Granodiorite
Granodiorite
Granodiorite
Granodiorite
az diorite
Bote granite
Granodiorite
Adamelite
Dioite

Boite granite
Granodiorite
Granite
Granodiorite
Granodiorite
Granite
Granite
Dioite
Granodiorite
Granodiorite
Dioite
hibl-bearing extrusive

Microgabbro xenolth
Granodiorite
Rhyodacite

Tonaite

Tonaite

Gabbro, diorte, tonaite
Granite

Dioite

Dbasallic andesile

Method

KAr

KA
KAr

KAr
KA
KAr
KA

KAr
KAr
KAr
KAr

KAr
KAr
KAr
KAr
KA
KAr

U-Po
U-Po
U-Po

KAr
KA
KAr
KA

KA
KAr

Ro-Sr
Ro-Sr
KAr
KAr

KA
KAr
KAr
KA

KA
KAr
KA

U-Po
KAr
KAr
KAr

KAr
KA
KAr
KAr

KAr
KAr

KAr
KAr
KAr
KAr

KAr

KAr
KA

KAr
KAr
KA
K-Ar

Mineral

Bootte
Botte
Bootte

ol

Botte

ol

Botte

ol

Botte

hol

Bootite
Botte
Bootte
Bootte

ol

Whole rock
Whole rock
hol

hol

Whole rock
Wnole rock

Zicon
Boite

Hol

Hol

Hol

Hol

Botte

Bootte

Botte

B, whole rock
B, whole rock
Bootte

Bootte

Bootte

hol

Bootte

ol

Botte

Boite

Whole rock
Hol

Pyroxene

Zicon
Zicon
Botte
Botte
Botte
Bootte
Botte
hol

Botte
Biotte
Botte
Bootte
Bootte
Botte
ol

hol

hol

Botte

Wnole rock
Wnole rock
Whole rock
hol

hol

hol

Bootte

hol

Hol

Hol

hol

Botte

hol

hol

Bootte
Botte
Botte

hol

hol

Whole rock
Whole rock
hol

hol
hol
hol
hol
Biotte
2

‘Whole rock
2

Whole rock

110
110
111

18
109
116
110
123
107
112
110
12
110
122
14
130
100
105
104
815
189

1015
8.1
1186
1498+
1141
1187
1155
1183
1156
1168
1073
119
128
1081
%5
o7.7
912
77.4
783
87
Ed

87
81.7
8038
8
1572
1302
103
104
105
863
886
914
814
8.1
8.4
884
8.1
8.1
815
80.7
82
a1
685
748
656

786
797
756
77
78
79
101
749
782
786
806
759
76
775
131
123
126
125

m
107
124
128
120
116
125
121
%28
129
121
125
119
60.1
18
120
121
%6
1037
114
9.1
106

19
15
105
1186
101
7187
%3
91
856

Age (Ma) Error 1SD (Ma)
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35
28

G

0g

o

49
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48
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