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 35 

Abstract 36 

The evolution of arc-continent collision between the Palawan microcontinental block and the 37 

Cagayan Ridge in the southeastern margin of the South China Sea (SCS) is vital to 38 

understand how this collision correlated with seafloor spreading of the SCS. To address the 39 

evolution of arc-continent collision, we studied the biostratigraphy and provenance of 40 

syn-collisional sediments in the Isugod Basin in central-southern Palawan. Microfossil 41 

analysis indicates a Late Miocene age (11.5–5.6 Ma) for the Isugod and Alfonso XIII 42 

Formations and rapid subsidence during initiation of the basin which may have been 43 

triggered by local extensional collapse of the wedge in response to forearc uplift. 44 

Multidisciplinary provenance analysis reveals that the Isugod and Alfonso XIII Formations 45 

were derived from the Middle Eocene–lower Oligocene Panas-Pandian Formation on the 46 

Palawan wedge and the Late Eocene Central Palawan Ophiolite. These results suggest the 47 

emergence of both the orogenic wedge and obducted forearc ophiolite at ~11.5 Ma, implying 48 

collision onset before ~11.5 Ma. The collision initiation in Palawan could be better 49 

constrained to ~18 Ma, based on the drowning of the Nido carbonate platform in the foreland. 50 

Therefore, the gravitational collapse of the Palawan wedge and the subsidence/formation of 51 

the Isugod Basin might reflect a significant uplift pulse in the hinterland of the wedge 52 

beginning within 13.4–11.5 Ma in the late stage of collision. It indicates that although 53 

compression originated from spreading of the SCS had ceased at 16–15 Ma, arc-continent 54 

collision in Palawan did not stop and was sustained by compression from the upper plate 55 

afterwards. 56 
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Plain Language Summary 57 

The Palawan microcontinental block is a continental fragment separated from the South 58 

China margin along with the seafloor spreading of the South China Sea (SCS). It finally 59 

collided with the Cagayan Ridge volcanic arc because of southward subduction of the 60 

Proto-SCS. Therefore, precisely constraining the evolution of arc-continent collision could 61 

help us to understand its association with the ending of the SCS spreading. To constrain the 62 

evolution of arc-continent collision, we determined the depositional age and source of 63 

syn-collisional sediments in the Isugod Basin in central-southern Palawan. Our results shows 64 

that the Isugod Basin sediments were deposited during the Late Miocene (11.5–5.6 Ma) 65 

following local gravitational collapse of the Palawan orogenic wedge driven by uplift and 66 

oversteepening. Isugod Basin sediments were eroded from both the orogenic wedge and 67 

obducted forearc ophiolite that were uplifted and exposed subaerially, indicating collision 68 

began before ~11.5 Ma. As the onset of collision could be constrained to ~18 Ma, we propose 69 

a significant uplift pulse in the hinterland of the wedge began at 13.4–11.5 Ma in the late 70 

stage of collision. This further indicates that arc-continent collision in Palawan did not stop 71 

although compression derived from spreading of the SCS had ceased at 16–15 Ma. 72 

1. Introduction 73 

Arc-continent collision is one of the fundamental tectonic processes driving the growth 74 

of continental crust (e.g. Clift et al., 2003; Rudnick et al., 1995). At the same time obduction 75 

of forearc or protoarc oceanic lithosphere (ophiolite) onto continents may further play a 76 

major role in climate change, especially when the arc-continent collision occurs in the tropics 77 

(Macdonald, 2019; Jagoutz et al., 2016). Southeast Asia and adjoining regions comprise a 78 
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complex collages of continental terranes, volcanic arcs, and remnants of oceanic basins. The 79 

area provides typical examples of modern arc-continent collision, such as Taiwan, Timor and 80 

New Guinea (e.g. Abbot, 1994; Harris, 2011; Huang et al., 2006). Relatively, little has been 81 

known about the arc-continent collision along the southeastern margin of the South China 82 

Sea (SCS) (e.g. Keenan et al., 2016; Rangin & Silver, 1991). 83 

Since initiation of seafloor spreading in the SCS during the Early Oligocene (~33 Ma), 84 

the Palawan microcontinental block and the Dangerous Grounds (Figure 1a) drifted away 85 

from the South China margin, accommodated by southward subduction of the Proto-SCS 86 

beneath northern Borneo and the Cagayan Ridge volcanic arc (e.g. Holloway, 1982; Taylor & 87 

Hayes, 1983). Therefore, precisely constraining the evolution of the collision between the 88 

microcontinental blocks and the northern Borneo and the Cagayan Ridge volcanic arc would 89 

be vital to understand how this collision correlated with the seafloor spreading of the SCS, 90 

especially the cessation of the seafloor spreading at 16–15 Ma (Briais et al., 1993; Li et al., 91 

2014). Collision of the Dangerous Grounds along the southwestern margin of the SCS with 92 

the active continental margin of Sabah in northern Borneo (Figure 1a) is commonly thought 93 

to have commenced in the Early Miocene, marked by the regional Top Crocker 94 

Unconformity (=Base Miocene Unconformity) (Hall, 2013; van Hattum et al., 2013). A 95 

recent reexamination on this unconformity (Lunt, 2022) suggested that it could be placed at 96 

~23 Ma. However, east of Sabah, the timing of initial collision between the Palawan 97 

microcontinental block and the Cagayan Ridge volcanic arc is more controversial. This calls 98 

into question whether arc-continent collision in Palawan was diachronous or synchronous 99 

with collision in northern Borneo. Rangin & Silver (1991) proposed ~16 Ma for cessation of 100 
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the volcanism along the Cagayan Ridge, attributed to initiation of the arc-continent collision. 101 

By dating two carbonate sequences above and below the offshore Palawan wedge (the Nido 102 

Limestone and the Tabon Limestone, respectively), Steuer et al. (2013) suggested that 103 

arc-continent collision in Palawan did not start before ~18 Ma and might have continued until 104 

~7 Ma. Obduction of forearc ophiolite onto the continental margin has been observed in most 105 

arc-continent collisions, especially those involving Tethyan or northern Australian margins 106 

(Harris, 2011; Rolland et al., 2020). This process also occurred in Palawan and was regarded 107 

as typical of arc-continent collision (e.g. Keenan et al., 2016). Hall (2013) proposed that the 108 

Palawan microcontinental block began to collide with the Cagayan Ridge in the Early 109 

Miocene (~20 Ma), almost coeval with the collision in northern Borneo. This model is 110 

supported by evidence from the Lower Miocene Tajau Sandstone Member in northernmost 111 

Sabah that was sourced from the metamorphic sole of the obducted Palawan Ophiolite. 112 

However, a recent biostratigraphic study of the Tajau Sandstone Member suggested a 113 

depositional age during the Late Oligocene–Early Miocene (Lunt & Madon, 2017) or 114 

Early-Middle Eocene (Rahim et al., 2017), making it doubtful that the Tajau Sandstone 115 

Member recorded the arc-continent collision in Palawan. As to the evolution of arc-continent 116 

collision in Palawan, it is notable that gravity-driven processes (linked listric normal fault–toe 117 

thrust systems and mass transport complexes) occurred in the most external part of the 118 

Palawan wedge (Ilao et al., 2018). These processes were inferred to respond to collisional 119 

thickening-related uplift (Ilao et al., 2018). However, it remains largely unknown how these 120 

processes linked to the tectonics onland Palawan. 121 

In central-southern Palawan, thrust faulting related to obduction of the ophiolite was 122 
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sealed by Neogene sedimentary rocks of the Isugod Basin (the Isugod and Alfonso XIII 123 

Formations) (Aurelio et al., 2014). The formation of the basin was assumed to be controlled 124 

by normal faulting although no normal faults bounding the basin were directly observed from 125 

the field (Aurelio et al., 2014). Preliminary provenance analysis indicated that the source of 126 

sediment to the Isugod Formation included both the Palawan Ophiolite and the Palawan 127 

microcontinental block (Suggate et al., 2014). These observations suggest that Isugod Basin 128 

sediments may be vital to understand the arc-continent collision in Palawan. Although the 129 

depositional age of the Isugod Formation has not been well constrained, Suggate et al. (2014) 130 

arbitrarily assigned it to the Lower Miocene equivalent to the Tajau Sandstone Member in 131 

northernmost Sabah. To better constrain the evolution of collision between the Palawan 132 

microcontinental block and the Cagayan Ridge, we conducted a detailed biostratigraphic and 133 

provenance study of Isugod Basin sediments. Specifically, we determined depositional ages 134 

using integrated biostratigraphy based on both planktonic foraminifera and calcareous 135 

nannofossils. Benthic foraminifera were also used to reveal the variations in the depositional 136 

environment in response to collision. As the potential source areas, the Palawan 137 

microcontinental block and the Palawan Ophiolite have contrasting lithologies and 138 

geochemistry, we adopted a multidisciplinary approach using trace elements, Nd isotopes, 139 

heavy mineral assemblages as well as detrital zircon U-Pb geochronology to trace sediment 140 

provenance for the entire Isugod Basin. 141 

2. Geologic Setting 142 

2.1. Geology offshore Palawan 143 
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The Palawan microcontinental block spans the area of Palawan, Mindoro, western Panay, 144 

the Romblon Islands and Reed Bank (Figure 1a) (Hinz & Schlüter, 1985; Holloway, 1982; 145 

Liu et al., 2014; Yumul et al., 2009). The northeast-southwest oriented islands of Palawan lie 146 

on the southeastern margin of the block. The Palawan Trough to the northwest of 147 

central-southern Palawan (Figures 1a and 1d) was interpreted as a flexural foreland 148 

depression formed because of loading by the northwestward emplacement of the Palawan 149 

wedge onto the thinned Palawan microcontinental crust when the microcontinent collided 150 

with the Cagayan Ridge (Hinz & Schlüter, 1985; Rangin & Silver, 1991). The Palawan 151 

wedge (= Pulute wedge of Steuer et al., 2013 or Pagasa wedge of Aurelio et al., 2014) is an 152 

deep-water orogenic wedge composed mainly of deformed and imbricated continental slope 153 

sedimentary rocks involved in the arc-continent collision (Rangin & Silver, 1991), including 154 

the Eocene–Lower Oligocene Pulute Formation and the Lower–Middle Miocene Pagasa 155 

Formation that displays fold and thrust structures (Aurelio et al., 2014) (Figure 1d). Although 156 

an accretionary wedge would not be expected to develop in an intra-oceanic subduction 157 

setting, accretion could occur as the arc begins to collide with a passive continental margin 158 

and these sediment were accreted (Draut & Clift, 2012). In this sense, the Palawan wedge 159 

represents an orogenic wedge (e.g. Morley, 2024) rather than a classic accretionary wedge 160 

that generates during the subduction of the oceanic crust in the lower plate. The wedge was 161 

developed by a combination of crustal shortening and gravitational collapse (Morley et al, 162 

2023). Underthrusting of a carbonate platform (the Upper Oligocene–Lower Miocene Nido 163 

Limestone widespread in the Palawan Trough and on the northwestern Palawan shelf) 164 

beneath the external part of the wedge was widely observed from the seismic profile offshore 165 
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southwest Palawan (Steuer et al., 2013, Aurelio et al. 2014). The top of the resistant Nido 166 

Limestone might acts as a décollement/detachment surface (Steuer et al., 2013, Ilao et al., 167 

2018), above which the younger and less resistant shale-prone unit (the Pagasa Formation) 168 

was added into the orogenic wedge through frontal accretion. However, deeper into the thrust 169 

fold zone, wedge-related thrusting also involved scrapping off of the Nido Limestone and 170 

even the deeper Eocene clastics of the Pulute Formation underlying the Nido Limestone 171 

(Aurelio et al., 2014; Ilao et al., 2018; Morley et al., 2023). This might indicate the upward 172 

propagation of the décollement from deeper stratigraphic layer to the top of the Nido 173 

Limestone/base of the Pagasa Formation. Gravity-driven processes that include linked listric 174 

normal fault–toe thrust systems, mass transport complexes are reported from the most 175 

external part of the Palawan wedge, where the Pagasa Formation is dominated (Ilao et al., 176 

2018). 177 

The submerged Cagayan Ridge (Figure 1a) represents the extinct volcanic arc associated 178 

with subduction of the Proto-SCS beneath the Sulu Sea (Holloway, 1982; Rangin & Silver, 179 

1991). The Cagayan Ridge divided the Sulu Sea into the NW Sulu Sea forearc basin and the 180 

SE Sulu Sea backarc basin (Liu et al., 2014; Rangin & Silver, 1991). Gravity and magnetic 181 

studies suggested that the NW Sulu Sea was mainly floored by a relict Late Creataceous to 182 

Eocene oceanic slice (Liu et al., 2014). However, a recent seismic interpretation revealed 183 

rift-related depocenters overlying crystalline basement in the southeastern part of the NW 184 

Sulu Sea, and the rift-related depocenters consists of uncalibrated but tentatively dated 185 

Paleogene to Lower Miocene units (Cadenas & Ranero, 2024). The Cagayan Ridge runs 186 

approximately parallel to Palawan Island, and extends northward to the islands of Panay, 187 
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Romblon and Mindoro (Bellon & Rangin, 1991; Marchadier & Rangin, 1990) (Figure 1a). 188 

The Cagayan Ridge also extends westwards to Sandakan in Sabah where an un-reset apatite 189 

fission-track age of 33.9±7.7 Ma represents the oldest available age for arc volcanism 190 

(Hutchison et al., 2000). An age of ~16 Ma, constrained by paleomagnetism and radiolarian 191 

biostratigraphy, for the top of pyroclastic sediments recovered at Ocean Drilling Program 192 

(ODP) Site 768 in the SE Sulu Sea basin (distal to the Cagayan Ridge) provides a timing for 193 

cessation of arc volcanism (Rangin & Silver, 1991). However, the top of volcaniclastic 194 

sedimentary rocks at ODP Site 771 on the southeastern flank of the Cagayan Ridge was dated 195 

at Zone NN5 (13.5–14.9 Ma) (Rangin & Silver, 1991). Andesite samples dredged from the 196 

crest of the ridge yielded a K-Ar age as young as 10.7±1.5 Ma (Kudrass et al., 1990). 197 

2.2. Geology Onshore Palawan 198 

Along the Ulugan Bay Fault, Palawan is divided into two tectonic domains; northern and 199 

central-southern Palawan (Wolfart et al., 1986) (Figure 1b). Northern Palawan is subdivided 200 

into the Malampaya Sound Group and the Barton Group. The Malampaya Sound Group is a 201 

succession of chert, siliciclastic sedimentary rocks and carbonate spanning from the Upper 202 

Paleozoic to the Mesozoic (Aurelio & Peña, 2010). The Barton Group is composed of a very 203 

low to low grade metamorphosed Upper Cretaceous sedimentary succession that was 204 

deposited along the South China margin (e.g. Walia et al., 2012). The Barton Group is 205 

subdivided into three units, and these units were considered to be continuous and are 206 

stratigraphically arranged from bottom to top as follows: the Caramay Schist, the Concepcion 207 

Phyllite and the Boayan Formation (Aurelio & Peña, 2010; Suzuki et al. 2000). 208 
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Central-southern Palawan is assumed to be the emergent Palawan wedge overthrust 209 

northwestward by ophiolite nappes subsequent to the Miocene collision (Hinz & Schlüter, 210 

1985) (Figure 1b). The Palawan Ophiolite are subdivided into the Late Eocene Central 211 

Palawan Ophiolite and the Cretaceous Southern Palawan Ophiolite (e.g. Dycoco et al., 2021; 212 

Keenan et al., 2016). The Central Palawan Ophiolite is the dominant ophiolite unit in 213 

Palawan. It forms the onland extension of the NW Sulu Sea and represents fragments of a 214 

Late Eocene oceanic basin within an initially Cretaceous Proto-SCS, where the active 215 

spreading center rapidly converted to a south-dipping subduction zone at ~34 Ma (Keenan et 216 

al., 2016). The metamorphic sole of the Central Palawan Ophiolite and comprises high-grade 217 

metamorphic rocks (such as kyanite-garnet amphibolites, epidote amphibolites and kyanite 218 

schists) and is exposed at Dalrymple Point (Figure 1b) along Ulugan Bay (Keenan et al., 219 

2016). Thermobarometric studies on the metamorphic sole show that it developed during 220 

initiation of Eocene subduction (Encarnación et al., 1995; Valera et al., 2021). This process 221 

was called detachment of the ophiolite by Encarnación et al. (1995). Although some 222 

researchers also defined the inception of subduction and consequent development of a 223 

metamorphic sole beneath an ophiolite as obduction (emplacement), or at least first stage of 224 

obduction (Wakabayashi and Dilek, 2003), in the context of this paper, the obduction of the 225 

Palawan Ophiolite refers its obduction onto the continental margin in response to 226 

arc-continent collision. A much smaller ophiolite in Southern Palawan (Southern Palawan 227 

Ophiolite) might represent remnants of the Cretaceous Proto-SCS oceanic lithosphere 228 

(Dycoco, et al., 2021). Both the Cretaceous and Eocene ophiolites were emplaced 229 

northwestward onto the Middle Eocene–lowermost Oligocene Panas-Pandian Formation 230 
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during Miocene collision. The Panas-Pandian Formation represents non-metamorphosed 231 

syn-rift sedimentary rocks deposited prior to the onset of seafloor spreading of the SCS in the 232 

earliest Oligocene (e.g., Chen et al., 2021). These syn-rift sedimentary rocks exposed on land 233 

are the equivalent of the offshore Pulute Formation. The poorly exposed Ransang Limestone 234 

of Early Miocene age is correlative to the post-rift Nido Limestone that is widespread 235 

offshore Palawan and the St. Paul Limestone north of the Ulugan Bay Fault (Aurelio & Peña, 236 

2010). A small outcrop of the Eocene Central Palawan Ophiolite has also been thrust over the 237 

metamorphosed Upper Cretaceous Barton Group north of the Ulugan Bay Fault (Figure 1b). 238 

Northern Palawan has experienced a greater level of exhumation of the ophiolite and 239 

sedimentary-metasedimentary rocks compared to central-southern Palawan (Keenan, 2016; 240 

Ilao et al., 2018). The Barton Group was assumed to be exhumed from the core of the 241 

Palawan wedge (Keenan, 2016), whereas the Panas-Pandian Formation might represent the 242 

sedimentary cover of the wedge. The thrust contact between the Central Palawan Ophiolite 243 

and the Panas-Pandian Formation was inferred to be sealed in the Isugod Basin by Miocene 244 

collision-related clastic and carbonate rocks (the Isugod Formation and Alfonso XIII 245 

Formation) (Aurelio et al., 2014) (Figure 1d). Detailed bedding measurements taken from the 246 

Alfonso XIII Formation (Rehm, 2002) document a NNE-SSW synclinal structure. A 247 

southwest-dipping normal fault, which postdates deposition of the Alfonso XIII Formation 248 

and caused the unit to be tilted, was inferred between the Alfonso XIII Formation and the 249 

Panas-Pandian Formation (Figure 1c) (Aurelio et al., 2014). 250 

 251 

3. Materials and Methods 252 
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A suite of samples were collected from the Isugod and Alfonso XIII Formations for 253 

micropaleontology, trace element, Nd isotope and heavy mineral analyses as well as detrital 254 

zircon U-Pb geochronology. Specifically, eighteen mudstone samples and two limestone 255 

samples were collected from the Isugod Formation for species identification of planktonic 256 

and benthic foraminifera, together with calcareous nannofossils. Previously published data of 257 

trace element, heavy mineral and detrital zircons U-Pb age of the Isugod Formation (Cao et 258 

al., 2021; Suggate et al., 2014) were obtained from limited sampling near Site QU-26 in this 259 

study (Figure 1c). To complement these data we selected six mudstone samples for trace 260 

element and Nd isotopic analyses, four sandstone samples for heavy mineral analysis and 261 

detrital zircon U-Pb dating. Although 115 detrital zircon U-Pb ages from our samples QU-26a 262 

and QU-27a have been published collectively as Sample QU-26 in Yan et al. (2018), in this 263 

paper we report 157 new detrital zircon ages from these two samples and 214 detrital zircon 264 

ages from two new samples (QU-22a and QU-29a). We also collected four calcareous 265 

mudstone and one limestone sample from the Alfonso XIII Formation for microfossil analysis, 266 

of which three calcareous mudstone samples were chosen for trace element and Nd isotopic 267 

analyses. Full analytical methods are provided in Text S1 in the Supporting Information. 268 

4. Results 269 

4.1. Field Occurrence 270 

The Isugod Formation is mainly distributed along the western flank of the Central 271 

Palawan Ophiolite in an NNE-SSW trending belt (Figure 1c). It consists of a rhythmic 272 

sequence of well-bedded sandstones and mudstones with limestone at the base. The strata 273 
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generally dip 4°22° towards the west, although local folds are common. The basal limestone 274 

is only ~20 m-thick, greyish white, hard and coralline and well-exposed at the Taraw Cave 275 

(Sites QU-02 and QU-03) (Figure 2a). The rhythmic sequence of sandstone and mudstone is 276 

~800 m-thick and mainly observed along the Quezon-Aramaywan and Quezon-Aboabo roads 277 

(e.g. Site QU-12, Figure 2b). The sandstone is light grey, very thinly to thickly bedded and 278 

weakly consolidated, and the mudstone is dark grey, thinly to medium bedded (e.g., Sites 279 

QU-26 and QU-22, Figure 2c to 2e). Parallel and cross laminations are well developed in the 280 

sandstone, which shows other typical turbidite features (Bouma, 1962) (Figure 2d). Pebbly 281 

mudstones are occasionally observed at Site QU-13 in the lower part of the sequence. These 282 

are composed of rounded to subrounded, pebble- to cobble-sized clasts of volcanic rock, 283 

sandstone, mudstone and limestone suspended within a massive mudstone matrix. Coal 284 

lenses and amber were also reported in the pebbly mudstones (Aurelio & Peña, 2010). The 285 

pebbly mudstones are typical products of gravitational slumping or debris flow (Lowe, 1979). 286 

The Alfonso XIII Formation unconformably overlies the Isugod Formation and is mainly 287 

composed of well-consolidated, light grey to cream, thin- to thick-bedded limestones (Figure 288 

2g) bearing coral and gastropod fossils. Well-bedded calcareous siltstone and mudstone are 289 

occasionally observed at sites QU-10, QU-16, QU-24 and QU-25 (Figures 2h and 2i).  290 

4.2. Biostratigraphic Results 291 

4.2.1. Planktonic foraminifera and calcareous nannofossils 292 

Identified planktonic foraminifera and calcareous nannofossils are detailed in 293 

Supplementary Tables S1 and S2 and shown in Figure 3. Standard zonations of planktonic 294 
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foraminifera established from low-latitude regions by Blow (1969) and datum planes (FAD: 295 

first appearance datum; LAD: last appearance datum) calibrated by Wade et al. (2011) were 296 

followed (Figure 4). The zonal scheme of calcareous nannofossils proposed by Martini (1971) 297 

and datum planes compiled by Anthonissen & Ogg (2012) were followed. An overall 298 

description of the microfossils is presented in Text S2, so that here we are strongly biased 299 

toward age-diagnostic fossils. Mudstone samples QU-13a and QU-26b in the siliciclastic 300 

succession of the Isugod Formation contain planktonic foraminifera of Globigerina nepenthes 301 

(FAD at 11.63 Ma), Globigerina decoraperta (FAD at 11.49 Ma) and Globorotalia mayeri 302 

(LAD at 10.46 Ma) and calcareous nannofossils of Discoaster kugleri, Cocoolithus 303 

miopelagicus (LAD at 10.97 Ma) and Reticulofenestra pseudoumbilica (FAD at 12.83 Ma). 304 

Although the FAD and LAD of common Discoaster kugleri at 11.90 Ma and 11.58 Ma, 305 

respectively, is a little older than the FAD of Globigerina decoraperta (11.49 Ma) (Figure 4), 306 

they are not in conflict because of the very low abundance of Discoaster kugleri. Therefore, 307 

samples QU-13a and QU-26b are assigned to Zone N14 or Zone NN7 (11.49–10.97 Ma) 308 

based on the concurrent occurrence of Globigerina decoraperta and Cocoolithus 309 

miopelagicus (Figure 4). The co-existence of Globorotalia mayeri (LAD at 10.46 Ma), 310 

Discoaster hamatus (FAD at 10.55 Ma; LAD at 9.53 Ma) and Discoaster bollii (LAD at 9.21 311 

Ma) in Sample QU-12b indicates a depositional age near the boundary of Zones N14/N15 or 312 

Zones NN8/NN9 (10.55–10.46 Ma) (Figure 4). Sample QU-22b in the upper part of the 313 

Isugod Formation contains Neogloboquadrina acostaensis (FAD at 9.83 Ma) and Discoaster 314 

hamatus (FAD at 10.55 Ma; LAD at 9.53 Ma) but lacks of Globorotalia mayeri (LAD at 315 

10.46 Ma), constraining this sample to being within Zone N16 or Zone NN9 (9.83–9.53 Ma) 316 
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(Figure 4). Based on the analyzed samples, the Isugod Formation can therefore be assigned to 317 

Zones N14–N16 or Zones NN7–NN9 (11.5–9.5 Ma) (Figure 4). 318 

Within the younger Alfonso XIII Formation, Neogloboquadrina acostaensis (FAD at 319 

9.83Ma) and Globigerinoides extremus (FAD at 8.93 Ma) commonly appear in calcareous 320 

mudstone samples QU-10c, QU-16c, QU-24 and QU-25. There are even younger species of 321 

Globorotalia plesiotumida (FAD at 8.58 Ma), Globigerinoides conglobatus (FAD at 6.20 Ma) 322 

and Globorotalia margaritae (FAD at 6.08 Ma) in Sample QU-25. However, Pliocene index 323 

species of Globorotalia tumida (FAD at 5.57 Ma) and Sphaeroidinella dehiscens (FAD at 324 

5.53 Ma) has not been observed. Therefore, we assigned the Alfonso XIII Formation to Zones 325 

N16–N17B (8.93–5.57 Ma) (Figure 4). Calcareous nannofossils in the Alfonso XIII 326 

Formation, including Discoaster hamatus (FAD at 10.55 Ma; LAD at 9.53 Ma) and 327 

Discoaster belleus (FAD at 10.40 Ma) are likely of reworked origin. However, the 328 

appearance of Discoaster asymmetricus (Zones NN10–NN17) is consistent with the age 329 

determined from the planktonic foraminifera. 330 

4.2.2. Benthic foraminifera 331 

Benthic foraminifera from the Isugod and Alfonso XIII Formations are listed in Table S3 332 

and shown in Figure S1. Rare specimens of benthic foraminifera, including larger 333 

foraminifera of Amphistegina spp. and small foraminifera of Elphidium spp. were obtained 334 

from the basal limestone of the Isugod Formation (Sample QU-02), indicating reef and 335 

forereef settings with water depths less than 50 m (BouDagher-Fadel, 2018; Murray, 1991) 336 

(Figure 5). Larger foraminifera of Lepidocyclina (Nephrolepidina) spp. spanning the Late 337 

Oligocene to Late Miocene in the Indo-Pacific (BouDagher-Fadel, 2018) were occasionally 338 
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observed in thin section (Figure S2), roughly consistent with the Late Miocene age 339 

determined from the siliciclastic mudstones of the Isugod Formation. Diverse and abundant 340 

small benthic foraminifera were recovered from the siliciclastic mudstones (mainly in 341 

samples QU-12b and QU-13a). They are dominated by taxa with calcareous hyaline tests, 342 

such as Uvigerina proboscidea, Uvigerina peregrina, Bulimina striata, Globocassidulina 343 

subglobosa, Pullenia bulloides, Melonis pompilioides, Gyroidinoides soldanii, Bolivinita 344 

quadrilatera, Oridorsalis umbonatus, Cibicidoides mundulus and Oolina hexagona, 345 

suggesting a middle bathyal depth (600–1000 m) (Holbourn et al., 2013) of deposition 346 

(Figure 5). 347 

Abundant larger and small benthic foraminifera were observed in the weakly 348 

consolidated limestone and calcareous mudstone (samples QU-01, QU-10c, QU-16c) of the 349 

Alfonso XIII Formation. The larger foraminifera are overwhelmed by Amphistegina spp. and 350 

Operculina spp. and the small foraminifera are characterized by the occurrence of Elphidium 351 

spp., Ammonia spp., Discorbis spp., Buccella sp. and Heterolepa spp., which denotes reef and 352 

forereef environments (Figure 5). It is noteworthy that abundant taxa with porcelaneous and 353 

agglutinated tests, such as Quinqueloculina spp., Spirosigmoilina sp., Borelis sp. and 354 

Textularia spp., are observed in the calcareous mudstone of Sample QU-24, denoting a local 355 

lagoon environment (Murray, 1991). 356 

4.3. Trace element and Nd isotope results 357 

Results of trace element and Nd isotopic analyses of the silicate fraction of mudstones 358 

from the Isugod and Alfonso XIII Formations are listed in Tables S4. For elements that are 359 
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common in felsic rocks, Rb and Y in the analyzed mudstones from the Isugod Formation 360 

show slightly higher concentrations than the Upper Continental Crust (UCC) (Rudnick & 361 

Gao, 2003), but Th, U, Nb, Zr and Hf show slightly lower concentrations than the UCC 362 

(Figure 6a). Abundances of the transitional elements, V, Sc, Co, Cr and Ni are slightly to 363 

significantly higher than the UCC. The trace element patterns of the analyzed mudstones 364 

from the Isugod Formation are generally consistent with the sandstones and mudstones from 365 

the Isugod Formation published by Cao et al. (2021), although the sandstones have lower 366 

concentrations of Rb, Th, U, Nb, Zr, Hf and Y (Figure 6a). The calcareous mudstones of the 367 

Alfonso XIII Formation share almost the same trace element pattern as the Isugod Formation 368 

samples except for significant higher abundances of U (Figure 6a). Chondrite-normalized 369 

distribution patterns of rare earth element (REE) concentrations in the Isugod and Alfonso 370 

XIII Formations (this study and Cao et al., 2021) are similar to those of the UCC with light 371 

REEs enrichment, heavy REEs depletion and a negative Eu anomaly (Figure 6b). However, it 372 

is also noteworthy that the Isugod and Alfonso XIII Formations show generally less relative 373 

enrichment in light REEs compared to the UCC (Figure 6b). 374 

The 
143

Nd/
144

Nd ratios of the Isugod Formation mudstones are concentrated in the range 375 

from 0.512309 to 0.512338, corresponding to a εNd range from -6.4 to -5.8 (Table S4). The 376 

143
Nd/

144
Nd ratios of the Alfonso XIII Formation mudstones are a bit lower than the Isugod 377 

Formation mudstones, varying from 0.512256 to 0.512316 and corresponding to a εNd range 378 

from -7.4 to -6.3 (Table S4). 379 

4.4. Heavy minerals and detrital zircon U-Pb geochronology 380 
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The percentages of non-opaque heavy minerals of four sandstone samples (QU-22a, 381 

QU-26a, QU-27a and QU-29a) from the Isugod Formation are listed in Table S5 and shown 382 

in Figure 7. The content of zircon varied from 4.4% to 54.9% of the total heavy mineral 383 

assemblage, and the content of tourmaline and rutile is in general lower than 0.6% and 5.4%, 384 

respectively (Figure 7). The relatively low ZTR index (zircon + tourmaline + rutile) in our 385 

samples is consistent with the data published by Suggate et al. (2014) and Cao et al. (2021), 386 

except for Sample PAL-55 (Suggate et al., 2014) that contains a high proportion of zircon 387 

(97.6%) (Figure 7). Nevertheless, the zircon-tourmaline-rutile assemblage indicates 388 

derivation from felsic rocks or recycling from older sedimentary units. The noteworthy 389 

content of Cr-spinel (19.9% and 85.4%) in Samples QU-22a and QU-26a and minor 390 

pyroxene (7.3%) in Sample QU-27a (Figure 7) indicate a basic-ultrabasic/ophiolitic 391 

provenance, in agreement with the dominance of the amphibole-Cr-spinel-pyroxene 392 

assemblage (74.0%89.5%) in sample PAL-53, P024 and P025 (Cao et al., 2021; Suggate et 393 

al., 2014). Pyroxene grains from Sample QU-29a are highly weathered, probably due to the 394 

hot humid climate in this tropical region. This might explain why less durable minerals like 395 

pyroxene and olivine common in basic-ultrabasic rocks are rare or lacking in the samples 396 

with high content of Cr-spinel. There are abundant epidote (11.8%47.8%) in samples 397 

QU-22a, QU-27a and QU-29a and minor garnet (8.5% and 8.7%) in samples QU-26a and 398 

QU-27a (Figure 7). Both garnet and epidote may be derived from a variety of source rocks, 399 

but most commonly are of metamorphic origin. Although kyanite indicative of high-grade 400 

metamorphic rocks was not observed in our samples, it was reported in Sample PAL-53 of 401 

Suggate et al. (2014). 402 
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 The U-Pb ages of 371 new detrital zircon grains from samples QU-22a, QU-26a, 403 

QU-27a and QU-29a, in addition to 115 detrital zircon U-Pb ages of samples QU-26a and 404 

QU-27a published collectively by Yan et al. (2018) (Sample QU-26 in their Figure 6), are 405 

detailed in Table S6. Most zircon grains show oscillatory zoning (Figure S3) and Th/U ratios > 406 

0.3 (Figure S4) which are typical of magmatic origin. Samples yielded a wide range of zircon 407 

U-Pb ages from 13 Ma to 3200 Ma. Zircons of Jurassic–Cretaceous age (66–200 Ma) make 408 

up 53%–68% of the total number of analyzed grains in these samples and generally fall into 409 

two age clusters of 80–150 Ma and 150–200 Ma (Figures 8a to 8d). Besides these two 410 

dominant Mesozoic clusters, there is also a significant age cluster of 200–300 Ma and two 411 

minor clusters of 600–1200 Ma and 1500–2300 Ma in Sample QU-22a (Figure 8a). There are 412 

also two minor age groups of 200–300 Ma and 1500–2300 Ma in Sample QU-26a (Figure 8b), 413 

three minor groups of 13–53 Ma, 200–300 Ma and 1500–2300 Ma in Sample QU-27a (Figure 414 

8c), and several minor age clusters spanning 200–300 Ma, 300–500 Ma, 500–1000 Ma and 415 

1500–2300 Ma in Sample QU-29a (Figure 8d). The minor but noteworthy Cenozoic group of 416 

zircons (13–53 Ma) presented in Sample QU-27a is also occasionally observed in other 417 

samples. Overall, it can be easily divided into two age clusters of 13–15 Ma and 30–53 Ma 418 

(Figure 8e). 419 

5. Discussion 420 

5.1. Biostratigraphic framework and subsidence history of the Isugod Basin 421 

5.1.1. Biostratigraphic framework of the Isugod Basin 422 

A robust depositional age model for the Isugod Basin is fundamental to constraining the 423 
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timing and evolution of arc-continent collision between the Palawan microcontinental block 424 

and the Cagayan Ridge. Until now few biostratigraphic studies have been conducted on the 425 

Isugod Basin. Wolfart et al. (1986) tentatively estimated the Isugod Formation to be Middle 426 

Miocene in age without any microfossil age constraints. Aurelio & Peña (2010) mentioned 427 

the presence of Middle Miocene planktonic foraminifera in the Isugod Formation without 428 

providing any details. Aurelio et al. (2014) later regarded the Isugod Formation as the lateral 429 

equivalent of the Pagasa Formation offshore Palawan (Figure 9). The Pagasa Formation 430 

consists of Early–Middle Miocene silty to calcareous shales, claystones and calcareous 431 

sandstones (Hinz & Schlüter, 1985). The Pagasa Formation was offscraped in the front of the 432 

Palawan wedge during collision (Steuer et al., 2013) (Figure 1d). The top of the Pagasa 433 

Formation has been various estimated at 15.2 Ma (Steuer et al., 2013) and 12 Ma (Aurelio et 434 

al., 2014) without any definitive evidence. Ilao et al. (2018) looked at the well correlation 435 

data provided by Steuer et al. (2013), including two wells (Murex-1 and Paz-1) offshore 436 

southern Palawan and two wells (Busuanga-1 and Cadlao-1) offshore northwesternmost 437 

Palawan, and suggested that the top of the Pagasa Formation is diachronouns and appear to 438 

range between top of Zone N8 (~15.1 Ma) and top of Zone N14 (~10.5 Ma). We concur with 439 

Ilao et al. (2018) that the highly variability in age of the top of the Pagasa Formation may 440 

reflect biostratigraphy and formation identification issues. The top of the Pagasa Formation 441 

was not discussed in the text in Steuer et al. (2013) and what they provided in the correlation 442 

chart of selected well (their Figure 4) was a low resolution biostratigraphy with only the top 443 

of planktonic foraminiferal zones indicated. Moreover, the information of sampling history, 444 

such as whether the biostratigraphy data was collected directly from the Pagasa Formation or 445 
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the sediments above, and from a sidewall core sample or a drill cutting sample were largely 446 

unknown. As marked in the well correlation chart of Steuer et al. (2013), there is an 447 

uncertainty in identifying the top of the Pagasa Formation in some wells, such as well Paz-1 448 

offshore southernmost Palawan. In well Murex-1 offshore southern Palawan, there was a 449 

divergence on placing the top of the Pagasa Formation between Steuer et al. (2013) and Ilao 450 

et al. (2018). Diachronism of the top of the Pagasa Formation would be expected as the 451 

outward propagation of thrust front; however, this is difficult to evaluate because the sparsely 452 

distribution of the wells and in fact the Palawan wedge did not develop in the wells offshore 453 

northwesternmost Palawan. Luan & Lunt (2022) recently reviewed the unpublished report of 454 

the commercial wells offshore southwestern Palawan and provided detailed information of 455 

biostratigraphy and lithology of the wells. Based on this the top of the Pagasa Formation was 456 

placed near Zones NN5/NN6 boundary (13.5 Ma) in well Aboabo-1, and near Zones 457 

N11/N12 boundary (13.4 Ma) in wells Paragua-1 and Kamonga-1. Therefore, we consider 458 

that an age of ~13.4 Ma for the top of the Pagasa Formation would be more convincing. 459 

Our biostratigraphic work, integrating planktonic foraminifera and calcareous 460 

nannofossils, dates the Isugod Formation to the Late Miocene (Zones N14–N16 or Zones 461 

NN7–NN9, 11.5–9.5 Ma). It is consistent with the youngest age population (13–15 Ma with 462 

peak age of 13.8 Ma) obtained from the detrital zircon which provides the maximum 463 

depositional age for the Isugod Formation (Figure 8e). The biostratigraphic result thus 464 

provides a solid age constraint for deposition of the Isugod Formation. Our work does not 465 

support a correlation between the Isugod and Pagasa Formations. Instead, the Isugod 466 

Formation is considered correlative to the lower part of the coarse-grained Matinloc 467 
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Formation (base at Zone N14, Williams et al., 1997) which uncomfortably overlies the 468 

fine-grained Pagasa Formation (Steuer et al., 2013) (Figures 1d and 9). The unconformity 469 

separating the Pagasa Formation from the Matinloc Formation was recognized on a regional 470 

scale, offshore the entire Palawan Islands. It is known as the Middle Miocene Unconformity 471 

or the Red Unconformity (Hinz & Schlüter, 1985) and has been tied to the collision of the 472 

Palawan microcontinental block with the Cagayan Ridge (Aurelio et al., 2014). On top the 473 

Palawan wedge, the Lower Matinloc Formation is represented by a fine sandy and clayish 474 

succession with a greatest thickness of ~200 m below the Tabon/Likas Limestone in the 475 

Upper Matinloc Formation (Steuer et al., 2013). It might be originated from the onshore area 476 

further toward the east (Steuer et al., 2013). In places, this succession has been subjected to 477 

syn-sedimentary folding and thrusting, and was recognized as a syn-thrust sequence (Aurelio 478 

et al., 2014; Ilao et al., 2018). The progradational units between the deformed wedge and the 479 

base of the Tabon Limestone observed between the nearshore edge and Island of Palawan 480 

from the seismic profile (Ilao et al., 2018) might be also ascribed to the Lower Matinloc 481 

Formation. The Lower Matinloc Formation seems not laterally continuous on top of the 482 

Palawan wedge and its distribution highly depends on the paleotopography of the uplifting 483 

wedge (Ilao et al., 2018; Luan and Lunt, 2022). It is absent in many places probably because 484 

it onlaps preexisting highs (Ilao et al., 2018). In this case, the Pagasa Formation of the 485 

deformed wedge might be capped by condensed sedimentation equivalent to the Lower 486 

Matinloc Formation or be directly capped by the Tabon Limestone, and then the base of the 487 

Tabon Limestone might be merged into the Red Unconformity. Age constraints of the Red 488 

Unconformity have largely depended on the top of the Pagasa Formation (e.g. Ilao et al., 489 
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2018; Luan & Lunt, 2022) probably because the base of the Matinloc Formation is more 490 

difficult to accurately date. Our biostratigraphy result of the Isugod Formation might help to 491 

constrain the unconformity to 13.4–11.5 Ma. Because the Matinloc Formation represents 492 

wedge-top deposits, we also interpret the Isugod Basin as a wedge-top basin overlying the 493 

Palawan wedge. 494 

The depositional age of the Alfonso XIII Formation is disputed. Wolfart et al. (1986) 495 

assigned it to the Late Miocene (Figure 9) primarily based on larger benthic foraminifera and 496 

calcareous nannofossils, whereas Rehm (2003) proposed a late Early Miocene–Middle 497 

Miocene depositional age based on larger benthic foraminifera and planktonic foraminifera 498 

identified from thin section. However, precise taxonomic identification of foraminifera in thin 499 

section, whether larger or smaller ones, is always difficult. It is worth mentioning that Sr 500 

isotope dating of three unaltered oyster shells collected from different levels of the Alfonso 501 

XIII Formation by Rehm (2003) yielded younger ages of 9–6 Ma. However, this result was 502 

excluded by the author and attributed to contamination of minor terrigenous input. Our 503 

integrated microfossil analysis confirms the Late Miocene age of Wolfart et al. (1986) for the 504 

Alfonso XIII Formation and refines it to Zones N16–N17B (8.9–5.6 Ma). It also implies that 505 

the result from Sr isotope dating (9–6 Ma) of Rehm (2003) is reliable. Another piece of 506 

evidence is that if contamination of terrigenous input could alter 
87

Sr/
86

Sr ratio of the 507 

carbonate, it would lead to higher 
87

Sr/
86

Sr ratio and thus older ages considering that the 508 

contribution of material from the Palawan Ophiolite as we will discuss in Section 5.2. The 509 

Alfonso XIII Formation is almost coeval with the offshore Tabon/Likas Limestone in the 510 

upper Matinloc Formation (9.2–5.5 Ma) (Steuer et al., 2013) (Figures 1d and 9). The Tabon 511 
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Limestone is a continuous unit overlying the lower Matinloc Formation and the Palawan 512 

wedge in front of central and southern Palawan (Steuer et al., 2013). It was firstly considered 513 

as shallow marine carbonates (Steuer et al., 2013) but was later regarded as a condensed deep 514 

marine sedimentation (hemi-pelagic marl) in most of the offshore area which only approach a 515 

reefal facies nearshore Palawan (Luan and Lunt, 2022). Anyway, it represents a phase of 516 

starvation in terrigenous siliciclastics. The base of the Tabon Limestone was well dated 517 

around 9.2 Ma in three wells offshore central and southern Palawan, but was dated as young 518 

as ~7.8 Ma and ~6.8 Ma in other two wells (Steuer et al., 2013). The latter might be due to 519 

that the biostratigraphy data of these wells was obtained from drill cutting samples (Luan and 520 

Lunt, 2022) prone to be contaminated with fossils from shallower stratigraphic levels. The 521 

short age gap (~0.6 m.y.) between the Isugod and Alfonso XIII Formations (Figures 4 and 9) 522 

may represent either a hiatus/unconformity or merely represent the resolution of dating. 523 

5.1.2. Subsidence of the Isugod Basin and gravitational collapse of the Palawan wedge  524 

Evidence of sedimentology and benthic foraminifera indicates that the depositional 525 

paleobathymetry of the Isugod Formation increased upwards from <50 m in the basal 526 

limestone to a middle bathyal depth (600–1000 m) in the overlying turbidite sequences 527 

(Figure 5). The basal limestone located on the Eocene Central Palawan Ophiolite indicates 528 

that the forearc basement of the Cagayan Ridge had approached sea-level at that time owing 529 

to its obduction onto the distal margin of the buoyant Palawan microcontinental block. The 530 

turbidite sequences overlying the basal limestone of the Isugod Formation indicate a sudden 531 

increase in water depth, of more than ~500 m at ~11.5 Ma in the Isugod Basin, which led to 532 

drowning of the limestone platform followed by rapid siliciclastic sediment influx. The 533 
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sudden increase in water-depth exceeded levels associated with global eustatic sea-level 534 

change (Miller et al., 2020) and therefore, we deduce that the sudden increase in water depth 535 

reflected rapid tectonic subsidence in response to arc-continent collision. 536 

Although no normal faults bounding the Isugod Basin was directly observed in the field, 537 

a series of NE-SW striking seaward normal faults developed during two phases of 538 

gravitational collapse of the external part of the Palawan wedge and have been observed in 539 

offshore seismic profiles to the northwest of the Isugod Basin (Ilao et al., 2018). The early 540 

normal faults, sealed by the Matinloc Formation, only affected the wedge and have been 541 

interpreted as gravity-driven structures responding to collisional thickening-related uplift. In 542 

contrast, the later normal faults offset not only the top of the wedge but also the overlying 543 

Matinloc Formation (including the Tabon/Likas Limestone) and have been assumed to result 544 

from post-collisional gravitational collapse when the effects of compressional deformation on 545 

the wedge had largely ended (Ilao et al., 2018). The subsidence of the Isugod Basin might be 546 

associated with the early normal faulting and gravitational collapse the Palawan wedge 547 

during the collision stage. This would not be surprising because gravitational collapse of an 548 

accretionary/orogenic wedge often occurs during the subduction-collision process (e.g. Platt, 549 

1986), even though post-collisional gravitational collapse is a more common feature in 550 

collisional orogenic belts (e.g. Dewey, 1988; Platt & Vissers, 1989).  551 

Some evolutionary models of accretionary wedges predicted that large-scale tectonic 552 

underplating beneath the wedge may uplift the underplated and overlying rocks, oversteepen 553 

the wedge taper and eventually result in gravitational collapse and extensional tectonics 554 

above the affected region (e.g. Platt, 1986; Underwood & Moore, 1995). This mechanism for 555 
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gravitational collapse has been well documented in the Makaran accretionary wedge (Ruh, 556 

2017; 2020) and the Hikurangi-Kermadec forearc (New Zealand) (Sutherland et al., 2009). 557 

This tectonic process might also occur during the arc-continent collision, when the passive 558 

continental margin was underthrust and could be in part underplated beneath the orogenic 559 

wedge. This would act a major agent for crustal thickening and orogenic growth (e.g. Simoes 560 

et al., 2007; Harris, 2011). The syn-orogenic basins developing on the Timor wedge, where 561 

the Australian continental margin underthrust beneath the Banda forearc, have been 562 

interpreted to result from local gravitational collapse of the wedge triggered by subsurface 563 

underplating and duplexing in response to the arc-continent collision (Tate et al., 2014). The 564 

Miocene Cilento wedge-top basin in the southern Apennines, where the Calabrian arc has 565 

collided with the Apulian/Adria continental margin, was interpreted as the result of 566 

syn-orogenic extension linked to gravitational instability of a vertically growing orogen 567 

(Corrado et al., 2019). Analogously, the Isugod Basin might also be formed by local 568 

extensional gravitational collapse of the wedge, after underthrusting of the continental margin 569 

beneath the Central Palawan Ophiolite (Figure 1d). Extension would have been triggered by 570 

regional uplift of the forearc (i.e. the hinterland of the orogenic wedge and the forearc 571 

ophiolite) due to large-scale underplating of continental margin rocks. The pebbly mudstone 572 

mass wasting deposits in the lower part of the Isugod Basin might represent a response to the 573 

gravitational collapse, probably transported by debris flow across a steep and unstable slope 574 

(fault scarp), from the uplifted wedge to the subsiding deep-water basin. Small bodies of the 575 

Panas-Pandian Formation and the Ransang Limestone were mapped by Wolfart et al. (1986) 576 

and Aurelio et al. (2014) in the Isugod Basin, although they were not observed during our 577 
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field investigation. We suspect that they might represent large exotic blocks slumped from the 578 

uplifted wedge. The underplated continental margin sedimentary rocks might be represented 579 

by the Barton Group, with moderately high pressure-low temperature metamorphism (Suzuki 580 

et al., 2000). It was buried within the core of the wedge but has been widely exhumed in 581 

northern Palawan (Keenan, 2016). The overall structure of the Barton Group exhibits a 582 

slightly overturned, north-northwest verging anticline, and the Caramay Schist (the unit 583 

underwent highest grade metamorphism in the Barton Group) crops out in the core of the 584 

anticline (Mitchell et al., 1986; Keenan, 2016; Padrones et al., 2017). We inferred that this 585 

structure might result from underplating in the form of tectonic antiformal stacking of 586 

coherent thrust sheets. The transition from deep-water turbidites of the Isugod Formation to 587 

the overlying shallow-water Alfonso XIII Formation at 9.5–8.9 Ma can be interpreted as a 588 

response to continued tectonic uplift during arc-continent collision. 589 

The presence of overpressured fluid-rich mudstones in the orogenic wedge was also 590 

proposed as a mechanism for the gravitational instability and collapse of the wedge and 591 

opening of syn-orogenic basins (Harris et al., 1998; Harris, 2011; Morley et al., 2023; Morley, 592 

2024). For instance, the gravitational collapse of the Timor wedge can also be driven by 593 

lowering of the coefficient friction of the décollement at the base of the wedge as the 594 

décollement propagates into mud-rich units (overpressured mudstone) of the underthrust 595 

Australian continental margin (Harris et al., 1998; Harris, 2011), in addition to tectonic 596 

underplating. It is also noted that the shale-dominated Pagasa Formation in the external part 597 

of the Palawan wedge was inferred to have been highly overpressured in order to readily 598 

deform (Morley et al., 2023). We speculate that the overpressured mudstone of the Pagasa 599 
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Formation, probably occurring near the base of the Pagasa Formation/top of the Nido 600 

Limestone, might weaken the décollement and contribute to gravitational collapse of the 601 

external part of the wedge as observed from the seismic profile offshore central Palawan (Ilao 602 

et al., 2018). The presence of this overpressured mudstone may also explain the step up of the 603 

basal décollement from deeper levels below the Eocene Pulute Formation into the base of the 604 

Pagasa Formation/top of the Nido Limestone when the Pagasa Formation in the foreland was 605 

caught up in thrust belt deformation. The most prominent example of an upward propagation 606 

of a décollement from deeper level into the base of the foreland characterized by 607 

overpressured fine-grained deposits can be found in the frontal Himalaya (Chapman and 608 

Decelles, 2015). However, we doubt that weakening of the décollement by the overpressured 609 

mudstone would lead to the subsidence of the Isugod Basin as it is located directly on the 610 

Panas-Pandian/Pulute Formation and the Central Palawan Ophiolite (Figure 1d) based on the 611 

field observation. The Pagasa Formation, which was frontally accreted into the external part 612 

of the Palawan wedge, could not have been underthrust deep under the hinterland of the 613 

wedge where the Isugod Basin is located (Figure 1d). Morley et al. (2023) have traced the 614 

continuity of the external part of the Palawan wedge to the area offshore North Sabah, 615 

Borneo. The North Sabah wedge was characterized by the development of a serious of 616 

mini-basins with sediment thickness of 3–4 km (Morley et al., 2023). These mini-basins were 617 

proposed to be subsided by a combination of downbuilding and normal faulting driven by 618 

rapid sediment loading on the unstable, overpressured mudstone (equivalent of the Pagasa 619 

Formation) within the wedge (Morley et al., 2023; Morley, 2024). We argue against that the 620 

subsidence of the Isugod Basin was induced by the sediment loading on the wedge because 621 
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there would be no overpressured mudstone (the Pagasa Formation) under the basin. In 622 

addition, sediment supply to the Isugod Basin (estimated thickness of ~ 800 m) was much 623 

less than that to the mini-basins offshore Sabah, due to the much smaller landmass in 624 

Palawan than Borneo. Finally, it is possible that subsidence driven by sediment loading might 625 

occur gradually, unlike the rapid subsidence from shallow marine condition (<50 m) to 626 

middle bathyal setting (600–1000 m) in the Isugod Basin. Above all, we do not rule out that 627 

overpressured mudstone of the Pagasa Formation also played an important role in 628 

gravitational collapse of the external part of the Palawan wedge. However, regarding the 629 

development of the Isugod Basin, we prefer that tectonic underplating beneath the orogenic 630 

wedge is a more plausible mechanism. It not only led to the subsidence of the basin to create 631 

accommodation space, but also uplifted and exposed the orogenic wedge subaerially to 632 

supply sediments (see Section 5.2). Coincidently, Morley et al. (2023) also proposed that 633 

early stages of the development of the mini-basin offshore Sabah (13–10.5 Ma) were 634 

probably related to underthrusting of the Dangerous Grounds crust below the North Sabah 635 

and Crocker wedges. We suggest that this might also involve a process of tectonic 636 

underplating. 637 

We also note that during the early or immature stages of collision, the slab pull force of 638 

the subducting oceanic lithosphere might yield a trenchward retreat (i.e. the subduction rate 639 

exceeds the overall plate convergence) and cause regional extension within the upper plate 640 

and at the leading edge. Such rollback is well documented in the Mediterranean region (e.g. 641 

Royden et al., 1993) and the Banda arc-continent collision zone (Harris, 2003; 2006). 642 

However, the subsidence of the Isugod Basin may not be the product of large-scale regional 643 
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extension, in view of the evidence for forearc uplift and the large terrigenous clastic supply 644 

into the basin (see Section 5.2). 645 

5.2. Double provenance supply into the Isugod Basin 646 

Once the Palawan wedge had been uplifted and exposed subaerially, one would expect 647 

that the deformed continental margin sedimentary rocks of the Palawan wedge and the 648 

emplaced Eocene Central Palawan Ophiolite would become the main sediment source to the 649 

Isugod wedge-top basin. Enrichment of Rb seen in the Isugod and Alfonso XIII Formations 650 

and their overall REE patterns are similar to those of the Palawan continental margin 651 

sequences, including the Middle Eocene–lowermost Oligocene Panas-Pandian Formation and 652 

the Upper Cretaceous Barton Group (Cao et al., 2021; Chen et al., 2021) (Figure 6), and 653 

suggest sediment supply by erosion from felsic rocks. These continental margin sequences 654 

were thought to be derived from the Cathaysia Block (SE South China) where 655 

Jurassic-Cretaceous granites are widespread (e.g. Chen et al., 2021; Shao et al., 2017). 656 

Because the Palawan microcontinental block drifted away from South China shortly after 657 

continental breakup at 33–32 Ma (Chen et al., 2021; Li et al., 2014), the eroded felsic 658 

material in the Isugod and Alfonso XIII Formations must be recycled from the Palawan 659 

continental margin sequences. Granites of diverse age outcrop in northern Palawan (e.g. 660 

Padrones et al., 2017) (Figure 1b) and are not expected to be the major felsic source for the 661 

Isugod and Alfonso XIII Formations owing to their limited outcrop area. 662 

Enrichment of transitional elements in the Isugod and Alfonso XIII Formations is in 663 

contrast to rocks from the Palawan continental margin sequences, which have a lower 664 
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abundance of transitional elements than the UCC (Figure 6a). They also show less 665 

enrichment in light REEs than the UCC and Palawan continental margin sequences (Figure 666 

6b). These differences indicate additional input of basic-ultrabasic material in the Isugod and 667 

Alfonso XIII Formations, as implied from a Co/Th-La/Sc plot (Figure 10a), in which both 668 

formations reflect a mixture eroded from the Palawan continental margin sequences (Cao et 669 

al., 2021; Chen et al., 2021) and the Palawan Ophiolite (Gibaga et al., 2020; Keenan et al., 670 

2016). In the La-Th-Sc and Th-Sc-Zr/10 ternary diagrams (Figures 10b and 10c), the Isugod 671 

and Alfonso XIII Formations plot between the continental and oceanic island arc settings, 672 

which also requires a contribution from the Palawan Ophiolite which represents an oceanic 673 

island forearc. However, it is not possible to ascertain whether the basic-ultrabasic fraction 674 

was derived from the Central or Southern Palawan ophiolites, because they are cluster 675 

together in Figures 10a–10c. 676 

Until now, only limit Nd isotope data have been reported from the Palawan Ophiolite, 677 

including a basalt (εNd =9.4) and a boninite (εNd =5.4) from the Central and Southern Palawan 678 

Ophiolites, respectively (Gibaga et al., 2020). As for the continental margin sequences, Nd 679 

isotope data have only been reported from the Panas-Pandian Formation (Chen et al., 2021). 680 

Based on the data available, the εNd values of the Isugod and Alfonso XIII Formations (-7.4 to 681 

-5.8) are much closer to those of the Panas-Pandian Formation (-9.3 to -8.3) than the Palawan 682 

Ophiolite (Figure 10d). However, this does not mean dominant erosion from the Palawan 683 

wedge, because the Panas-Pandian Formation has much higher Nd concentrations than the 684 

rocks of the Palawan Ophiolite (generally <10 ppm) (Chen et al., 2021; Gibaga et al., 2020; 685 

Keenan et al., 2016). We perform simple two-component mixing models based on Nd isotope 686 
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ratios, involving the Palawan Ophiolite and the Panas-Pandian Formation. It can be seen that 687 

regardless of whether the Central or Southern Palawan Ophiolite are treated as the 688 

end-member, the proportion of sediment flux from the ophiolite would reach 40%–70% in the 689 

silicate fraction of the Isugod and Alfonso XIII Formations (Figure 10d).  690 

Three types of heavy mineral assemblages was observed in Isugod Formation 691 

sandstones (this study and Cao et al., 2021; Suggate et al., 2014) (Figure 7). The presence of 692 

Cr-spinel, amphibole and pyroxene grains is consistent with a Palawan Ophiolite origin. The 693 

medium- to high-grade metamorphic minerals including epidote, garnet and kyanite could 694 

only be derived from the metamorphic sole of the Central Palawan Ophiolite (Keenan et al., 695 

2016), documenting the existence of material eroded from the Central Palawan Ophiolite in 696 

the Isugod Formation. Garnet and kyanite are also common in high-pressure metasedimentary 697 

rocks in the late stages of metamorphism within a subduction zone owing to the subduction 698 

of oceanic crust materials and passive continental margins (e.g. Smye et al., 2010). However, 699 

no such units associated with an oceanic accretionary wedge have been found in Palawan. 700 

The Barton Group which may have originated from underplating of continental margin rocks 701 

beneath the orogenic wedge, only experienced very low to low grade metamorphism (Suzuki 702 

et al. 2000). Notable, even the Caramay Schist, which experienced the highest grade 703 

metamorphism in the Barton Group, is only composed of phyllite to low grade schist (Suzuki 704 

et al. 2000). Therefore, the Barton Group could not supply the medium- to high-grade 705 

metamorphic minerals for the Isugod Formation. The zircon-tourmaline-rutile assemblage, 706 

indicative of felsic source rocks, might be recycled from the Panas-Pandian Formation or the 707 

Barton Group because of the very high ZTR index of these units (Cao et al., 2021; Chen et al., 708 
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2021; Shao et al., 2017; Suggate et al., 2014) (Figure 7). 709 

To better constrain the source area of the detrital zircons in the Isugod Formation, the 710 

traditional visual comparison of age spectra was further added by using nonmetric 711 

multidimensional scaling (MDS) (Vermeesch, 2013) in Figure 8. The MDS maps group 712 

samples with similar age spectra and pull apart samples with different spectra (Vermeesch, 713 

2013). Previous U-Pb dating of detrital zircons from the Isugod Formation sandstones, 714 

including samples PAL-55, P024 and P025 (Cao et al., 2021; Suggate et al., 2014) (Figure 8f) 715 

collected near Site QU-26 show a unimodal age distribution resembling the Barton Group 716 

(Shao et al., 2017; Suggate et al., 2014; Walia et al., 2012) (Figures 8h, 8i and 8j). The 717 

proportion of Jurassic–Cretaceous zircons is as high as ~77%. Based on these results the 718 

detrital zircons in the Isugod Formation are interpreted to be recycled from the Barton Group 719 

(Cao et al., 2021; Suggate et al., 2014). However, our samples (QU-22a, QU-26a, QU-27a 720 

and QU-29a) collected from across a wider area generally contains a lower percentage of 721 

Jurassic–Cretaceous zircons (~60%) and higher percentages of zircons older than 200 Ma 722 

(~35%) (Figures 8a to 8e). They have a closer affinity to the Panas-Pandian Formation, which 723 

contains a lower proportion of Jurassic–Cretaceous zircons (55%) (Chen et al., 2021; Shao et 724 

al., 2017; Yan et al., 2018) (Figures 8g and 8i). This is especially true when the two young 725 

age groups (13–15 Ma and 30–52.5 Ma) in the Isugod Formation are excluded (Figure 8j). 726 

Therefore, we argue that the detrital zircons in the Isugod Formation were more likely 727 

recycled from the Panas-Pandian Formation than from the Barton Group. Although the 728 

Isugod Formation generally exhibits a lower proportion of Mesoproterozoic–Paleozoic (300–729 

1500 Ma) detrital zircons (11%) (Figure 8e) than the Panas-Pandian Formation (27%) (Figure 730 
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8g), this may be partly result from sampling bias because the proportion of Mesoproterozoic–731 

Paleozoic zircons can also reach up to 26% in Sample QU-29 from the Isugod Formation 732 

(Figure 8d). To minimize sampling bias, analyses of more Isugod Formation samples 733 

collected from across a much wider area is necessary in the future work. 734 

Suggate et al. (2014) also found a small number of zircons dated to 36–49 Ma in the 735 

Isugod Formation and proposed the Middle Eocene Central Palawan granite (42±0.5 Ma) 736 

intruding the Barton Group as their likely source. However, we propose that the 31–52.5 Ma 737 

zircons (Figure 8e) were derived from the Central Palawan Ophiolite which is known to 738 

contain zircons dating to ~34.1 Ma and ~40.5 Ma (Dycoco et al., 2021; Keenan et al., 2016) 739 

given its proximity to the Isugod Basin. There are additional two lines of evidence that 740 

support this interpretation. Firstly, the 31–52.5 Ma zircons have U contents (average of 235 741 

ppm, n=14) (Table S6) similar to those reported from the Central Palawan Ophiolite (average 742 

of 222 ppm) (Dycoco et al., 2021; Keenan et al., 2016), but much lower than those reported 743 

from the Central Palawan granite (average of 646 ppm) (Suggate et al., 2014). Secondly, 744 

these zircons show no or only weakly, broadly zoning under cathodoluminescence (Figure 745 

A3), which is more typical in igneous zircon from mantle-derived rocks (Rubatto & Gebauer, 746 

2000). As for the 13–15 Ma zircons first reported here, these grains might be associated with 747 

the volcaniclastic sediments of Zone NN5 (13.5–14.9 Ma) generated by Cagayan Ridge 748 

volcanism and drilled at ODP Site 771, SE Sulu Sea (Rangin & Silver, 1991). Potentially, 749 

such volcaniclastic sediments might be also deposited on the forearc ophiolite basement 750 

(being part of the NW Sulu Sea) and then recycled to the Isugod Basin when the ophiolite 751 

basement was finally exposed subaerially owing to obduction. 752 
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As the Panas-Pandian Formation represents the sedimentary cover of the Palawan wedge, 753 

in contrast to the Barton Group which was buried at depth in the wedge, it must have been the 754 

first to be uplifted and exposed subaerially (probably in northern Palawan) during the 755 

arc-continent collision. The simultaneous presence of materials eroded from both the 756 

Panas-Pandian Formation and the Central Palawan Ophiolite into the Isugod Basin implies 757 

uplift and emergence of the Palawan wedge and forearc ophiolite (Figure 13d). This occurred 758 

because of the obduction of the Central Palawan Ophiolite over the Palawan wedge. Such a 759 

scenario is consistent with our preferred model of subsidence of the Isugod Basin due to local 760 

extensional collapse in response to forearc uplift. Although sediment recycling could have 761 

taken place when the wedge was still submarine, subaerial exposure is inferred from the 762 

subrounded to rounded character of the pebbles and the presence of coal lenses and amber 763 

(Aurelio & Peña, 2010) reported in the pebbly mudstones. It is also implied by the 764 

widespread appearance of migrating submarine canyons above the Red Unconformity 765 

offshore Palawan separating the Pagasa Formation from the Matinloc Formation (Franke et 766 

al., 2011; Tong et al., 2019). Thus, our observation from the Isugod Basin confirms that the 767 

unconformity was produced by the arc-continent collision (Aurelio et al., 2014) although 768 

little has been known about the lithology and provenance of the offshore strata below and 769 

above the unconformity.  770 

The supply of syn-collisional sediments from two sources in Palawan differs from the 771 

syn-collisional sediment in Taiwan that almost entirely eroded from the orogenic wedge with 772 

little contribution from the colliding Luzon arc-forearc basement (e.g. Chen et al., 2017; Clift 773 

et al., 2003). This difference might reflect from that the Luzon arc-forearc was not obducted 774 
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over but instead bulldozed into the South China margin strata, with much of the shortening 775 

occurring by inversion of the continental margin (Ryan & Dewey, 2019). In contrast, the 776 

forearc of the Cagayan Ridge was obducted over the Palawan continental margin. This is 777 

more similar to New Guinea and Timor where the obducted arc-forearc made an important 778 

contribution to the syn-collisional sediments (Abbott et al., 1994; Duffy et al., 2017). 779 

5.3. Implication for the evolution of arc-continent collision in Palawan 780 

5.3.1 Timing of onset of arc-continent collision in Palawan 781 

Our provenance results indicate that since ~11.5 Ma there was concurrent derivation of 782 

eroded materials into the Isugod Basin from the Panas-Pandian Formation with a continental 783 

affinity and the Central Palawan Ophiolite representing the obducted forearc basement from 784 

the upper plate. This indicates impingement between the Palawan microcontinental block and 785 

the Cagayan Ridge. A mixture of both components derived from the Buruanga Peninsula 786 

being part of the Palawan microcontinental block and from the volcanic rocks of the Antique 787 

Range which represent the onshore extension of the Cagayan Ridge (Bellon & Rangin, 1991) 788 

is also reflected in the clastic rocks of the Frangante Formation in northwestern Panay (Gabo 789 

et al., 2009). Therefore, the mixture of both continent-derived and arc-derived components in 790 

the Frangante Formation also indicates the juxtaposition of the Palawan microcontinental 791 

block and Cagayan Ridge. The Frangante Formation was assigned a Middle Miocene 792 

depositional age based on larger foraminifera in the limestone patches intercalated with 793 

pyroclastic and lava flow deposits overlain by clastic rocks (Aurelio & Peña, 2010). However, 794 

zircons separated from a tuffaceous sandstone gave a youngest age of 11±1 Ma (Walia et al., 795 
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2013) that represent the maximum depositional age of the clastic rocks of the Frangante 796 

Formation. This means it was almost coeval with the deposition of the Isugod Formation. 797 

This scenario hints at a contemporaneous arrival of syn-collisional sediments in 798 

central-southern Palawan and northwestern Panay in the Late Miocene and probably a 799 

simultaneous arc-continent collision along the collision boundary. The oldest syn-collisional 800 

sediments in the Isugod Basin (~11.5 Ma) provide a youngest limit for the onset of 801 

arc-continent collision, requiring collision before ~11.5 Ma.  802 

Although Rangin & Silver (1991) proposed a Middle Miocene age (~16 Ma) for 803 

cessation of arc volcanism based on the top of pyroclastic rocks at ODP Site 768 in the SE 804 

Sulu Sea (Figure 1a), this is not a good indicator of collision initiation. Evidence of younger 805 

arc volcanism can be observed from the southeastern flank (ODP Site 771, 13.5–14.9 Ma, 806 

Rangin & Silver, 1991) and the crest (10.7±1.5 Ma, Kudrass et al., 1990) of the Cagayan 807 

Ridge. Moreover, arc volcanism might continue several million years after collision initiation, 808 

as observed in Banda arc north of Timor (Harris, 2011), making it unreliable for constraining 809 

the timing of collision initiation. 810 

Based on the top of the Nido Limestone (carbonate platform) underthrust beneath the 811 

external part of the Palawan wedge, Steuer et al. (2013) suggest that the onset of thrusting of 812 

the Palawan wedge did not start before ~18 Ma. We doubt that onset of thrusting of the 813 

Palawan wedge, even its external part, could be exactly dated by the top of the Nido 814 

Limestone. The top of the Nido Limestone acts as a décollement beneath the external part of 815 

the wedge, might only implies that imbricate thrusting (frontal accretion) above the 816 

décollement should be sometime rather than immediately after the end of deposition of the 817 
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Nido Limestone. In addition, it would be expected that the onset of the thrusting in the 818 

internal part (hinterland) of orogenic wedge, which marks the initiation of collision might be 819 

older than that in the external part of the orogenic wedge, owing to the propagation of the 820 

thrust front toward the foreland. Evidence from the onshore equivalents of the Nido 821 

Limestone incorporated into the internal part of the orogenic wedge show that the thrusting 822 

was not much older than ~18 Ma (Wolfart et al., 1986; Rehm, 2002). The St. Paul Limestone 823 

just north of the Ulugan Bay Fault (Figure 1b) contains larger foraminifera of 824 

Lepidosemicyclina thecideaeformis Rutten (Wolfart et al., 1986) indicative of Burdigalian age 825 

(Early Miocene) (BouDagher-Fadel, 2018), suggesting that at least the youngest part of the 826 

limestone should extend to 20–16 Ma. The small body of the Ransang Limestone enclosed in 827 

the Isugod Basin (i.e. Taglupa profile of Rehm, 2002) (Figure 1c) contains Miogysinoides and 828 

Flosculinella bontangensis (Rutten), suggesting an age of Letter Stages Lower Tf1 829 

(planktonic foraminiferal zone N7, 17.5–16.4 Ma). If taking this limestone body into 830 

consideration, the thrusting in the hinterland of the Palawan wedge should not commence 831 

before ~17.5 Ma. Given the difficulty and complexity of directly dating the thrusting in the 832 

Palawan wedge, we prefer to constrain the timing of the onset of the arc-continent collision 833 

from a perspective of foreland evolution. The transition from the shallow marine Nido 834 

carbonate platform to the basinal Pagasa Formation clastics was often interpreted as the result 835 

of foreland flexural subsidence driven by the thrust-sheet loading in the orogenic wedge (e.g. 836 

Steuer et al., 2014; Ilao et al., 2018). Therefore, the regional drowning of the Nido carbonate 837 

platform at ~18 Ma might record the onset of arc-continent collision between the Palawan 838 

microcontinental block and the Cagayan Ridge. This timing (~18 Ma) do not largely conflict 839 
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with the oldest possible age of the youngest Nido Limestone (17.5 Ma) incorporated into the 840 

hinterland of the wedge. 841 

Until now  few studies have been focused on the lithology and provenance of the 842 

Early–Middle Miocene Pagasa Formation accumulated in response to the foreland flexural 843 

subsidence when arc-continent collision in Palawan initiated (as we have discussed above). In 844 

light of Aurelio et al. (2014) and Steuer et al. (2014), the shale-dominated Pagasa Formation 845 

was mainly derived from northern Borneo, where a large landmass had been exposed, rather 846 

than an orogenic wedge in Palawan. It is noteworthy that frequent reworked Eocene 847 

microfossils has been reported from the Early–Middle Miocene Pagasa Formation (Ilao et al., 848 

2018; Luan and Lunt, 2022). They were supposed to be originated from the Eocene–Lower 849 

Oligocene Panas-Pandian/Pulute Formation of the Palawan wedge, because reworked Eocene 850 

microfossils are absent from the coeval shale units (Setap and Stage III Shales) proximal to 851 

northern Borneo (Lunt et al., 2022). However, rare microfossils could be extracted from the 852 

Panas-Pandian Formation exposed onland central and southern Palawan due to severe 853 

tropical weathering (Wolfart et al., 1986; Chen et al., 2021). For the same reason, Eocene 854 

reworked microfossils are seldom observed from the Isugod Basin sediments recycled from 855 

the Panas-Pandian Formation. We deduced that the reworked Eocene microfossils might be 856 

introduced into the Pagasa Formation through submarine erosion from a growing wedge 857 

(probably submerged) to avoid the intense tropical weathering. In this sense, the earliest 858 

syn-orogenic sediments should be represented by the Early–Middle Miocene Pagasa 859 

Formation instead of the Late Miocene Isugod Formation. 860 

An Early Miocene age (~20 Ma) for collision onset in Palawan was proposed by Hall 861 
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(2013) based on the sedimentary record from the Tajau Sandstone Member (lower member of 862 

the Kudat Formation) of northernmost Sabah. The Early Miocene age for the Tajau Sandstone 863 

Member was assigned based on biostratigraphic study of Clement & Keij (1958). These rocks 864 

contain kyanite and garnet grains that were thought to solely come from the high-grade 865 

metamorphic sole of the Central Palawan Ophiolite (Hall, 2013; van Hattum et al., 2013; 866 

Suggate and Hall, 2014). In addition, the sparse paleocurrent data from the Tajau Sandstone 867 

Member indicated that the source area may have been in the north, perhaps from Palawan or 868 

from the currently submerged area between Palawan and northern Sabah (Tongkul, 1994; van 869 

Hattum, 2005). Accordingly, Hall (2013) dated the beginning of collision in Palawan as Early 870 

Miocene (~20 Ma) and suggested a short-lived orogenic belt, much wider than Palawan today, 871 

that later (after ~16 Ma) collapsed by subduction rollback of the Celebes Sea. 872 

However, several lines of evidence argue against the sediment supply from an orogenic 873 

belt in Palawan to the Tajau Sandstone Member in Sabah in the Early Miocene (~20 Ma). 874 

First of all, the depositional age of the Tajau Sandstone Member remained controversial. Lunt 875 

& Madon (2017) re-evaluated the larger benthic foraminifera reported by Clement & Keij 876 

(1958) and found that thirty of the samples are Late Oligocene in age with only five samples 877 

dating to the Early Miocene. Rahim et al. (2017) conducted a new biostratigraphic study on 878 

the Tajau Sandstone Member and discovered Early–Middle Eocene calcareous nannofossils, 879 

planktonic foraminifera and larger foraminifera from several outcrops, suggesting that these 880 

outcrops are of Early–Middle Eocene age. If we interpret these Early–Middle Eocene 881 

outcrops as exotic blocks originating from older sedimentary rocks, then the Tajau Sandstone 882 

Member should be dated as Late Oligocene–Early Miocene rather than Early Miocene. 883 
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However, an orogenic belt in Palawan since the Late Oligocene largely diverges from the 884 

onset of collision at ~18 M and the subsequent emergence of the Palawan wedge and the 885 

obducted ophiolite at ~11.5 Ma based on our geologic observation. Furthermore, timing of 886 

the obduction of the Central Palawan Ophiolite onto the Palawan continental margin could be 887 

constrained between 20–16 Ma and ~11.5 Ma by the underlying St. Paul Limestone (top at 888 

20–16 Ma) (Wolfart et al., 1986) and the overlying Isugod Formation (base at ~11.5 Ma), and 889 

could not be as early as Late Oligocene. 890 

It is noted that obduction of the forearc ophiolite can also occur when a classic 891 

accretionary wedge grows beneath the ophiolite during oceanic subduction (Wakabayashi and 892 

Dilek, 2003). However, it seems unlikely that an accretionary prism would develop during 893 

the intra-oceanic subduction stage in Palawan, which requires the thickness of sediments 894 

accumulated in the trench exceeding ~1 km (Clift and Vannucchi, 2004). Furthermore, no 895 

classic accretionary wedge has been identified within the Palawan wedge. Therefore, we do 896 

not expect the obduction of the Central Palawan Ophiolite onto an accretionary wedge during 897 

this stage, nor would there be an emergent accretionary wedge in Palawan to supply 898 

sediments to the Tajau Sandstone Member in the Late Oligocene. In contrast, a large 899 

accretionary wedge primarily composed of the Late Eocene–Oligocene Crocker Formation 900 

(i.e. the Crocker accretionary wedge) was well developed around northern Borneo, owing to 901 

sufficient sediment supply from the upper plate (van Hattum et al., 2013). Ophiolites are 902 

widespread in Sabah, and a recent study suggested that most of the ophiolites are of Triassic 903 

to Cretaceous age (185–85 Ma) and were generated in a forearc setting related to the 904 

Mesozoic Paleo-Pacific subduction (Wang et al., 2023). However, there are also ophiolite of 905 
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Eocene age (47–42.5 Ma) that might be correlated to the Central Palawan Ophiolite (Chien et 906 

al., 2019) and ophiolite of Late Miocene age (10.5–9.2 Ma) that might be related to the 907 

opening of the SE Sulu Sea (Tsikouras et al., 2021). In general, the Sabah ophiolites were 908 

directly obducted onto the Crocker accretionary wedge but not the deformed continental 909 

margin of the Dangerous Grounds. Therefore, we expected that the obduction of the Sabah 910 

ophiolites onto the Crocker accretionary wedge might have occurred during the subduction of 911 

the Proto-SCS. Although outcrops of metamorphic sole of the Sabah ophiolites has not been 912 

directly observed, blocks of garnet-pyroxenite and garnet-kyanite amphibolite have also been 913 

reported in Miocene conglomerates from eastern Sabah (Omang and Barber, 1996; Parkinson 914 

et al., 1998). These blocks were considered to be derived from the metamorphic sole of the 915 

Sabah ophiolites (Omang and Barber, 1996). Consequently, it is plausible that kyanites and 916 

garnets in the Tajau Sandstone Member also originated from such a metamorphic sole of the 917 

Sabah ophiolites. 918 

Considering the southward paleocurrents in the Tajau Sandstone Member, we suggest 919 

that the currently submerged area between Palawan and northern Sabah (but still with some 920 

islets dominated by the Sabah ophiolites), as alternatively proposed by van Hattum (2005), 921 

might be a more probable provenance for the Tajau Sandstone Member. There was likely an 922 

emergent Crocker accretionary wedge obducted by the Sabah ophiolites during the Late 923 

Oligocene in this area. This very nearby source could also explain the presence of the olivine, 924 

one of the least stable heavy minerals, in the Tajau Sandstone Member (van Hattum et al., 925 

2005). Olivine is even not found in the Late Miocene Isugod Basin (Figure 7) though it is 926 

proximal to the Central Palawan Ophiolite. It is puzzling that the Tajau Sandstone Member 927 
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contain an obviously higher proportion of Jurassic zircons (~26% of the total) than the Late 928 

Eocene–Oligocene Crocker Formation (~10% of the total) (van Hattum et al., 2013; Suggate 929 

and Hall, 2014). The Jurassic zircons in the Tajau Sandstone Member are unabraded, and they 930 

were interpreted as the first-cycle zircons from Jurassic granites on the Palawan 931 

microcontinental block (van Hattum et al., 2013; Suggate and Hall, 2014). However, no 932 

Jurassic granites has been found in Palawan. Recently, Jurassic tonalities associated with the 933 

Sabah ophiolites has been reported from the Segama Valley region, eastern Sabah 934 

(Burton-Johnson et al., 2020). Potentially, similar units in Sabah might provide the unabraded 935 

Jurassic zircons for the Tajau Sandstone Member. 936 

The collision in Palawan initiated at ~18 Ma ( Figure 11 c) and postdated the collision in 937 

Sabah (northern Borneo) that may have begun as early as ~23 Ma (Figure 11b) (Hall, 2013; 938 

van Hattum et al., 2013; Lunt, 2022). This configuration implies that the collision propagated 939 

eastward along the southern SCS margin (Figure 1a and 11), possibly reflecting the irregular 940 

shape of the blocks rifted away from the South China margin, with a narrower Proto-SCS in 941 

the west compared to the east (Figure 11a). The collision occurred in Boneo and Palawan 942 

might finally lead to the cessation of the seafloor spreading of the SCS at 16–15 Ma (Morley, 943 

2016; Savva et al., 2014; Taylor and Hayes, 1983) (Figure 11d). 944 

5.3.2. A significant uplift pulse in the late stage of arc-continent collision 945 

The Red Unconformity/Middle Miocene Unconformity, which separates the Matinloc 946 

Formation from the Pagasa Formation (as the external part of the Palawan wedge) offshore 947 

Palawan (13.4–11.5 Ma) (Figures 1d and 9), was traditionally viewed as a major collision 948 

event in response to the arc-continent collision between the Palawan microcontinental block 949 
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and the Cagayan Ridge (Aurelio et al., 2013, 2014; Sales et al., 1997; Williams et al., 1997). 950 

However, Luan and Lunt (2022) proposed that the Red Unconformity resulted from the end 951 

of thrusting of the Palawan wedge, leading to an abrupt pause in uplift of the wedge. This 952 

interpretation is primarily supported by the highly condensed sedimentation (Matinloc 953 

Formation) overlying the shale-dominated Pagasa Formation with stratigraphic reworking of 954 

microfossils, suggesting a sudden decrease in sedimentation rate across the unconformity 955 

(Luan and Lunt, 2022). As previously mentioned, the reworked Eocene microfossils in the 956 

Pagasa Formation might indicate erosion from the submerged Palawan wedge, but this 957 

does not necessitate a rapid sedimentation rate for the shale-dominated Pagasa Formation. 958 

Moreover, a big issue with the interpretation of Luan and Lunt (2022) is their neglect of the 959 

presence of the coarse-grained Lower Matinloc Formation and their treatment of all the 960 

Matinloc Formation as condensed sedimentation similar to the Tabon Limestone (Upper 961 

Matinloc Formation). This oversight may be attributed to the fact that the studied wells, such 962 

as well Aboabo A-1x and Baragatan-1A (Ilao et al., 2018; Luan and Lunt, 2018), tend to be 963 

located on the relative topographic highs on the Palawan wedge. Given the presence of the 964 

Lower Matinloc Formation, we argue against Luan and Lunt (2022) that the Red 965 

Unconformity and the base of the Tabon Limestone (Lower/Upper Matinloc Formation 966 

Unconformity) should be combined as a single unconformity. The Lower Matinloc Formation 967 

is characterized by a fine sandy and clayish succession with a maximum thickness of ~200 m 968 

on the external part of the wedge (Steuer et al., 2014) and may encompass the syn-thrust 969 

sequences and progradational units reported by Ilao et al. (2018). In the Isugod wedge-top 970 

basin, the Lower Matinloc Formation (Isugod Formation) is primarily composed of pebbly 971 
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mudstone and sandstone-mudstone interbeds with an estimated thickness of ~800 m. This 972 

sediment distribution pattern suggests that the siliciclastic influx from the hinterland of the 973 

Palawan wedge (which includes its sedimentary cover and the obducted ophiolite in northern 974 

Palawan) was primarily accumulated on the subsided wedge-top basin and also progradated 975 

into the topographic low on the external part of the wedge. This scenario is consistent with a 976 

significant uplift pulse in the hinterland of the Palawan wedge, as proposed by Ilao et al. 977 

(2018) for the origin of the gravity-driven structures offshore central-southern Palawan. This 978 

is further evidenced by the Matinloc Formation offshore northwestern Palawan which 979 

primarily consist of a polymictic conglomerate with an interval of sandstone at the base 980 

(Sales et al., 1997; Williams et al., 1997). Consequently, we infer that the Red Unconformity 981 

marks the onset of the uplift pulse of the Palawan wedge. This process not only led to the 982 

gravitational collapse of the Palawan wedge and subsidence of the Isugod Basin, but also 983 

contributed to the subaerial exposure of the Palawan wedge and obducted forearc ophiolite. 984 

This, in turn supplied siliciclastic sediments for the Isugod Basin (Isugod Formation) and 985 

other topographic lows on the Palawan wedge (Lower Matinloc Formation). 986 

As the continental margin is underthrust beneath the orogenic wedge, uplift driven by 987 

tectonic underplating at depth through duplexing and antiformal stacking of the continental 988 

crust and sedimentary cover, and facilitated by surface erosion, may lead to exhumation of 989 

deep rocks (Malavieille et al., 2021). The Middle-Late Miocene age (13.4–11.5 Ma) proposed 990 

here for the onset of the significant uplift pulse in the late stage of arc-continent collision is 991 

supported by the exhumation event of metamorphic and intrusive rocks (~11 Ma) in northern 992 

Palawan. A whole rock K/Ar age of 10.5±0.6 Ma associated with uplift cooling was reported 993 
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from biotite schist of the Barton Group (Mitchell et al., 1986). Zircon and apatite U-Th/He 994 

ages from the Middle Miocene Kapoas Granite north of the Barton Group show rapid cooling 995 

had commenced at ~11 Ma and continued at an average rate of ~70–75℃ until ~8.5±0.4 Ma 996 

(Foster et al., 2015). Exhumation events at ~12–11 Ma are also reported from the eastern 997 

edge of the Palawan microcontinental block (Dimalanta et al., 2009; Walia et al., 2013). 998 

Zircon and apatite fission-track dating of the Early Miocene Patria Quartz Diorite in 999 

northwestern Panay indicates rapid cooling at ~12–11 Ma (Walia et al., 2013), and 1000 

metasedimentary rocks from the Romblon Islands yielded mica K-Ar ages of ~12 Ma 1001 

(Dimalanta et al., 2009). 1002 

Obviously, the thrusting/activity of the Palawan wedge did not cease at the Red 1003 

Unconformity (13.4–11.5 Ma). It might occur underneath the wedge in the manner of tectonic 1004 

underplating. Although the thrusting in the external part of the wedge might be weakened, it 1005 

continued in places as indicated by the syn-thrust sequence (Ilao et al., 2018). Instead, the 1006 

cessation of thrusting and the pause in uplift of the wedge might occur at the base of the 1007 

condensed Tabon Limestone (Alfonso XIII Formation) at ~9 Ma, when terrigenous input was 1008 

suddenly reduced. This timing is consistent with the end of rapid cooling of the Kapoas 1009 

Granite in northern Palawan at ~8.5±0.4 Ma. In a wider area, the onset of development of the 1010 

Isugod Basin (13.4–11.5 Ma) and cessation of wedge activity (~9 Ma) in Palawan were 1011 

roughly correlated with the onset of development of minibasins (13.5–12.5 Ma) and cessation 1012 

of wedge activity (~10.5 Ma) in northern Borneo (Morley et al., 2023).  1013 

It is clear that once the seafloor spreading of the SCS stopped at 16–15 Ma, compression 1014 

from the southeastward drifting Palawan microcontinental block driven by the ridge push 1015 
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from the SCS spreading would disappear in the arc-continent collision zone in Palawan 1016 

(Figure 11d). However, arc-continent collision did not stopped at that time and could be last 1017 

to ~9 Ma as we discussed above. It then requires compression from the Cagayan Ridge on the 1018 

upper plate to sustain the convergence after 16–15 Ma. Advokaat et al. (2018) and Lai et al. 1019 

(2020) proposed a ~10° counterclockwise rotation of Borneo since the Early Miocene driven 1020 

by the Late Oligocene–Early Miocene collision of Sula Spur promontory of the Australian 1021 

Plate with eastern Sundaland. This rotation might contribute to the motion of the Cagayan 1022 

Ridge but it would be limited after the Middle Miocene. Alternatively, the compression might 1023 

be derived from the northward migration of the Luzon Island (being part of the now 1024 

Philippine Mobile Belt, Figure 1a) which also experienced significant counterclockwise 1025 

rotation between the Early Miocene and ~10 Ma (Fuller et al. 1991). The Luzon Island 1026 

located to the northeast to the Cagayan Ridge on the upper plate during the Proto-SCS 1027 

subduction (Hall, 2012; Lai et al., 2020). It is possible that the Cagayan Ridge had not been 1028 

decoupled from the Luzon Island after the cessation of the SCS spreading at 16–15 Ma 1029 

(Figure 11e). Although Hsu et al. (1991) claimed that the Cagayan Ridge had not been rotated 1030 

or north-south migrated, and thus had been decoupled from the Luzon Island since the middle 1031 

Miocene, based on the paleomagnetic study on the ODP Site 769 sediments on the 1032 

southeastern flank of the Cagayan Ridge. However, what they could conclude was only that 1033 

the Cagayan Ridge had been not been significantly rotated or latitudinally migrated since the 1034 

Chron C4a/C5 boundary (9.75 Ma), owing to the very poor paleomagnetic data and 1035 

age-constraint before then. 1036 

The sedimentary records from the Isugod Basin allow us to propose a revised model for 1037 
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arc-continent collision in Palawan. As inferred from the age of the metamorphic sole of the 1038 

Central Palawan Ophiolite (Keenan et al., 2016), the southward subduction of the Proto-SCS 1039 

initiated at ~34 Ma and was almost simultaneous with the initial spreading of the SCS. 1040 

However, subduction initiation of the Proto-SCS seems to be diachronous, considering that 1041 

this event below northern Borneo was proposed to occur at 40–37 Ma as recorded by the 1042 

Sarawak Orogeny (Advokaat et al., 2018). The subduction of the Proto-SCS generated the 1043 

Cagayan Ridge volcanic arc on today’s Sulu Sea (Figure 12a). An orogenic wedge only 1044 

developed when the passive continental margin with its thick sediments approached the 1045 

trench. In response to the arc-continent collision, the Middle Eocene–Early Miocene passive 1046 

continental margin sequences, primarily the Panas-Pandian (Pulute) Formation were 1047 

deformed and imbricated into the Palawan wedge through frontal accretion. Foreland flexural 1048 

subsidence loaded by the orogenic wedge led to the drowning of the Nido carbonate platform 1049 

and introduction of the basinal Pagasa Formation at ~18 Ma (Steuer et al., 2013), which 1050 

marks the onset of arc-continent collision (Figure 12b). The onset of collision was also 1051 

marked by obduction of the forearc ophiolite onto the Palawan continental margin resulted 1052 

from the underthrusting of the distal Palawan continental margin beneath the NW Sulu Sea 1053 

(Figure 12b). The shale-prone Pagasa Formation might mainly be derived from the landmass 1054 

in northern Borneo, with contribution from the embryonic Palawan wedge through submarine 1055 

erosion. As the collision proceeded, the Pagasa Formation was also incorporated into the 1056 

front of the orogenic wedge (Figure 12c). A significant uplift pulse in the hinterland of the 1057 

Palawan wedge initiated at 13.4–11.5 Ma (as marked by the Red Unconformity) and might be 1058 

primarily triggered by the underplating of the Upper Cretaceous Barton Group on the 1059 
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underside of the wedge (Figure 12c). Meanwhile, oversteepening of the wedge taper resulted 1060 

in local gravitational collapse of the wedge and the subsidence and formation of the Isugod 1061 

Basin. The gravitational collapse of the external part of the wedge might be also induced by 1062 

the unstable, overpressure mudstone of the Pagasa Formation. This uplifting finally led to 1063 

subaerial exposure of the sedimentary cover of the Palawan wedge (Panas-Pandian Formation) 1064 

and the obducted forearc ophiolite (Central Palawan Ophiolite) at ~11.5 Ma (Figure 12d). 1065 

Sediments eroded from the Panas-Pandian Formation and the Central Palawan Ophiolite were 1066 

thus supplied to the Isugod Basin (Isugod Formation), and they were also supplied to the 1067 

topographic low on the external part of the wedge (lower Matinloc Formation), forming the 1068 

Red Unconformity (Figure 12d). 1069 

6. Conclusion 1070 

We present a comprehensive biostratigraphic and provenance study of the 1071 

syn-collisional sedimentary rocks of the Isugod Basin in central-southern Palawan and 1072 

provide insight for the evolution of arc-continent collision between the Palawan 1073 

microcontinental block and the Cagayan Ridge. Biostratigraphic results integrating 1074 

planktonic foraminifera and calcareous nannofossils show that the Isugod and Alfonso XIII 1075 

Formations in the Isugod Basin were deposited in the Late Miocene (11.5–5.6 Ma). These 1076 

deposits are correlatives to the Matinloc Formation that unconformably overlies the Palawan 1077 

wedge offshore. Benthic foraminifera from the Isugod Formation indicate rapid tectonic 1078 

subsidence (>500 m) between the basal limestone and the overlying turbidities, probably 1079 

resulting from local gravitational collapse of the wedge in response to forearc uplift. Trace 1080 

elements, Nd isotope data, heavy mineral assemblages and detrital zircon U-Pb 1081 

geochronology indicates that the siliciclastic sedimentary rocks of the Isugod and the Alfonso 1082 
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XIII Formations were derived from erosion of both the Panas-Pandian Formation which is the 1083 

sedimentary cover of the Palawan wedge and the Central Palawan Ophiolite which was part 1084 

of the forearc basement of the Cagayan Ridge. The Palawan wedge and the obducted 1085 

ophiolite were uplifted and exposed subaerially by ~11.5 Ma and implies the initiation of 1086 

arc-continent collision before ~11.5 Ma. However, the collision initiation in Palawan could be 1087 

better constrained to ~18 Ma, based on the drowning of the Nido carbonate platform in the 1088 

foreland in response to the flexural subsidence driven by thrust-sheet loading in the Palawan 1089 

wedge. Therefore, the gravitational collapse of the Palawan wedge and the 1090 

subsidence/formation of the Isugod Basin might reflect a significant uplift pulse in the 1091 

hinterland of the wedge beginning within 13.4–11.5 Ma in the late stage of collision, which 1092 

was also marked by the Red Unconformity offshore Palawan. The uplift pulse in the 1093 

hinterland of the wedge was probably driven by large-scale underplating of continental rocks 1094 

beneath the wedge. Although the spreading of the SCS (i.e. the southeastward drifting of the 1095 

Palawan microcontinetal block) had already ceased at that time, the convergence in the 1096 

collision zone could be sustained by the counterclockwise rotation of Borneo or the 1097 

northward migration of Luzon Island on the upper plate. 1098 
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 1526 

Figure Captions (color online only for all figures) 1527 

Figure 1. (a) Topographic map of the South China Sea region, showing the boundary of the 1528 

Palawan microcontinental block (modified from Liu et al., 2014) and the Cagayan Ridge. The 1529 

white dots in the SE Sulu Sea represent ODP sites. RI= Romblon Islands; PT=Palawan 1530 

Trough; NWBT= NW Borneo Trough; KF=Kudat Formation. (b) Geological map of Palawan 1531 

Island simplified from Aurelio & Peña, 2010); CPO=Central Palawan Ophiolite; 1532 

SPO=Southern Palawan Ophiolite. (c) Geologic map of the Isugod Basin in central-southern 1533 

Palawan. The sample names in italics denote sandstone samples, while the rest represent 1534 

mudstone samples. (d) A NW-SW cross section of central-southern Palawan, see the location 1535 

of section in Figure 1a. Large uncertainties might exist in the imbricate thrusts in the Central 1536 

Palawan Ophiolite, as inferred from the contact relationship between each unit of the 1537 

ophiolite mapped in Figure 1b by Aurelio & Peña (2010).  1538 

Figure 2. (a) Field photographs of outcrops of the Isugod Formation (a–f) and the Alfonso 1539 

XIII Formation (g–i). (a) Greyish white massive limestone at the Taraw Cave at Site QU-03 1540 

at the base of the Isugod Formation, the inset showing the coral fossil dropped from the 1541 

limestone. (b) The grey thin-bedded mudstone and very thin-beded sandstone interbeds 1542 

exposed on the floor of the shallow roadside ditch at Site QU-12. (c) Alternations of greyish 1543 

green thin-bedded sandstone and dark grey medium-bedded mudstone at Site QU-26. (d) 1544 

Sandstone bed with parallel and cross bedding at Site QU-26. (e) Dark grey thin-bedded 1545 

mudstone intercalated with several beds of light grey sandstone at Site QU-22. The thickness 1546 

of the sandstone beds varies from 5 to 40 cm. (f) Pebbly mudstone at Site QU-13. (g) Light 1547 

grey thin to medium bedded limestone at Site QU-01. (h) Cream thin-bedded calcareous 1548 

mudstone. (i) Cream thick bedded calcareous siltstone graded upward into calcareous 1549 

mudstone. 1550 

Figure 3. (a) SEM images of planktonic foraminifera recovered from the Isugod Formation 1551 

(numbers 1–10) and the Alfonso XIII Formation (numbers 11–20) are shown with scale bars 1552 

of 200 μm. Numbers (1–6) recovered from Sample QU-12b: (1) Globorotalia mayeri 1553 

Cushman & Ellisor; (2) Orbulina suturalis Brönnimann; (3) Globoquadrina dehiscens 1554 

(Chapman, Parr & Collins); (4) Dentoglobigerina altispira (Cushman & Jarvis); (5) 1555 

Globigerina decoraperta Takayanagi & Saito; (6) Groborotalia paralenguaensis Blow. 1556 

Numbers (7–9) recovered from Sample QU-13a: (7) Globorotalia mayeri Cushman & Ellisor; 1557 

(8) Globoquadrina dehiscens (Chapman, Parr & Collins); (9) Globigerina nepenthes Todd. 1558 

(10) Globorotalia mayeri Cushman & Ellisor, recovered from Sample QU-26b. Numbers 1559 

(11–12) recovered from Sample QU-10c: (11) Neogloboquadrina acostaensis (Blow); (12) 1560 

Globigerina nepenthes Todd. (13) Globigerinoides extremus Bolli & Bermúdez, recovered 1561 

from Sample QU-24. Numbers (14–20) recovered from Sample QU-25: (14) Globigerina 1562 

nepenthes Todd; (15) Neogloboquadrina acostaensis (Blow); (16) Globigerina decoraperta 1563 

Takayanagi & Saito; (17) Globigerinoides extremus Bolli & Bermúdez; (18) Globorotalia 1564 

plesiotumida Blow & Banner; (19) Globorotalia margaritae (Bolli & Bermúdez); (20) 1565 

Globigerinoides conglobatus (Brady). (b) Polarizing photographs of calcareous nannofossil 1566 

https://doi.org/10.1111/j.1751-908X.2004.tb01041.x
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recovered from the Isugod Formation (numbers 1–12) and the Alfonso XIII Formation 1567 

(numbers 13–16) are shown with their approximate diameter of the fossil (red bar). Numbers 1568 

(1–2) recovered from Sample QU-12b: (1) Discoaster bollii Martini & Bramlette; (2) 1569 

Discoaster hamatus Martini & Bramlette. Numbers (3–5) recovered from Sample QU-13a: (3) 1570 

Discoaster kugleri Martini & Bramlette; (4) Discoaster bollii Martini & Bramlette; (5) 1571 

Reticulofenestra pseudoumbilica (Gartner). Numbers (6–8) recovered from Sample QU-22b: 1572 

(6) Discoaster hamatus Martini & Bramlette; (7) Discoaster variabilis Martini & Bramlette; 1573 

(8) Sphenolithus moriformis Brönnimann & Stradner. Numbers (9–12) recovered from 1574 

Sample QU-26b: (9–10) Discoaster kugleri Martini & Bramlette; (11) Discoaster exilis 1575 

Martini & Bramlette; (12) Reticulofenestra pseudoumbilica (Gartner). Numbers (13–16) 1576 

recovered from Sample QU-10c: (13) Discoaster hamatus Martini & Bramlette; (14) 1577 

Discoaster bellus Burky & Percival; (15) Discoaster asymmetricus Gartner; (16) Discoaster 1578 

braarudii Bukry. 1579 

Figure 4. Datum planes (first appearance datum and last appearance datum) of planktonic 1580 

foraminifera and calcareous nannofossils (marked by short horizontal bars with numerical 1581 

age), given according to Wade et al. (2011) and Anthonissen & Ogg (2012), respectively. The 1582 

age ranges of the Isugod Formation and the Alfonso XIII Formation are enclosed by green 1583 

and orange rectangles, respectively. 1584 

Figure 5. Paleobathymetry of the Isugod Basin, as determined from the benthic foraminiferal 1585 

assemblage. Bathymetric range of the benthic foraminifera primarily follows Murray (1991) 1586 

and Holbourn et al. (2013). Also shown are the smoothed global eustatic curve of Miller et al. 1587 

(2020). 1588 

Figure 6. (a) Upper continental crust (UCC) (Rudnick & Gao, 2003) normalized multi-trace 1589 

element diagram and (b) Chondrite-normalized REE distribution diagram for the Isugod 1590 

Formation and Alfonso XIII Formation mudstones, as compared with the Isugod Formation 1591 

sediments published by Cao et al. (2021), the middle Eocene–lowest Oligocene 1592 

Panas-Pandian sediments (Cao et al., 2021; Chen et al., 2021) and the Upper Cretaceous 1593 

Barton Group (Cao et al., 2021). The chondrite values are cited from Sun & McDonough 1594 

(1989). 1595 

Figure 7. Heavy mineral assemblage from the Isugod Formation sandstones, as compared 1596 

with the data published by Cao et al., 2021) and Suggate et al. (2014). The average 1597 

composition of the heavy mineral from the middle Eocene–lowest Oligocene Panas-Pandian 1598 

Formation (Cao et al., 2021; Chen et al., 2021; Shao et al., 2017) and the Upper Cretaceous 1599 

Barton Group (Cao et al., 2021; Shao et al., 2017; Suggate et al., 2014) are also shown. 1600 

Figure 8. Comparison of U-Pb age spectra for detrital zircon from (a-e) the Isugod Formation 1601 

samples of this study (115 detrital zircon U-Pb ages in total from samples QU-26a and 1602 

QU-27a has been reported earlier in Yan et al., 2018), (f) the Isugod Formation samples 1603 

published by Cao et al. (2021) and Suggate et al. (2014), (g) the Middle Eocene–earliest 1604 

Oligocene Panas-Pandian Formation (Chen et al., 2021; Shao et al., 2017; Yan et al., 2018) 1605 

and (h) the Late Cretaceous Barton Group (Shao et al., 2017; Suggate et al., 2014; Walia et al., 1606 

2012). (i) &(j) Nonmetric multidimensional scaling (MDS) map (Vermeesch et al., 2013) for 1607 

detrital zircon U-Pb ages of the Late Cretaceous to Miocene sediments in Palawan, when the 1608 

two young age groups (13–15 Ma and 30–52.5 Ma) in the Isugod Formation are included (i) 1609 

or excluded (j). The stress value is 0.077 and 0.074, respectively, indicating good 1610 
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goodness-of-fits. Solid and dashed lines in the map indicate the closest and second closest 1611 

neighbors, respectively. 1612 

Figure 9. Correlation of offshore and onland stratigraphy of central and southern Palawan. 1613 

The offshore stratigraphy is mainly after Ilao et al. (2018), Luan & Lunt (2022) and Steuer et 1614 

al. (2013). Both onland stratigraphy of previous study (Aurelio et al., 2014; Ilao et al., 2018; 1615 

Wolfart et al., 1986) and this study and are presented. The Middle Eocene–Early Miocene 1616 

onland stratigraphy of this study is adopted from Chen et al. (2021). RU/MMU=Red 1617 

Unconformity/Middle Miocene Unconformity. 1618 

Figure 10. (a) Plot of Co/Th versus La/Sc and Tertiary plots of (b) La-Th-Sc and (c) 1619 

Th-Sc-Zr/10 of the Isugod Formation and Alfonso XIII Formation mudstones, as compared 1620 

with the Isugod Formation sediments published by Cao et al. (2021), the Middle Eocene–1621 

lowest Oligocene Panas-Pandian sediments (Cao et al., 2021; Chen et al., 2021) and the Late 1622 

Cretaceous Barton Group (Cao et al., 2021) and the Palawan ophiolites (Gibaga et al., 2020; 1623 

Keenan et al., 2016). (d) Simple two-component mixing models based on Nd isotopes for the 1624 

Isugod Formation and Alfonso XIII Formation. The two end-members are the Panas-Pandian 1625 

Formation (Nd=40.5 ppm, εNd=-8.7 in average) (Chen et al., 2021) and the Palawan Ophiolite 1626 

(Nd=9.9 ppm, εNd=9.4 for the Central Palawan Ophiolite and Nd=4.25 ppm, εNd=5.4 for the 1627 

Southern Palawan Ophiolite, respectively) (Gibaga et al., 2020). 1628 

 1629 

Figure 11. Simple tectonic evolution map of the South China Sea region (modified from 1630 

Advokaat et al., 2018; Hall, 2012; Lai et al., 2020; Morley, 2024), showing (a) the initiation 1631 

of the South China Sea spreading accommodated by the southward subduction of the 1632 

Proto-SCS at ~33 Ma (it is noted that subduction initiation in the segment of 1633 

Palawan-Cagayan Ridge occurred along or near an Eocene spreading center), (b) the 1634 

initiation of collision in Sabah (northern Borneo) at ~23 Ma, (c) the initiation of collision in 1635 

Palawan at ~18 Ma, (d) the cessation of the of the South China Sea spreading at ~15 Ma, and 1636 

(e) the ongoing arc-continent collision at ~11.5 Ma in Palawan after the cessation of the of 1637 

the South China Sea spreading. 1638 

Figure 12. Proposed tectonic model for the evolution of arc-continent collision in Palawan 1639 

(modified after Rangin & Silver, 1991). SCS=South China Sea; CPO=Central Palawan 1640 

Ophiolite; IB=Isugod Basin. 1641 
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