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A B S T R A C T

The Philippines, situated at the apex of the Coral Triangle, is fringed by both modern and fossil coral reefs that 
preserve valuable records of Quaternary relative sea-level changes and tectonic deformation. This study presents 
a new interpretation of the formation of the Late Pleistocene coral reef terraces at Cape Bolinao in western Luzon, 
offering insights into sea-level history, reef development, and tectonic uplift within the northern Coral Triangle. 
Integrating high-resolution morphological analysis, new geochronological data, and reef stratigraphic numerical 
models, we delineate nine distinct reef terraces. The lowest terrace (~4 m above mean sea level) dates to the 
mid-Holocene, while reef simulations replicating present-day terrace morphology constrain the highest terrace 
(~155 m amsl) to Marine Isotope Stage (MIS) 5e, indicating a long-term uplift rate of 1.17 ± 0.03 mm/yr for 
Cape Bolinao. We propose a morpho-chronologic framework wherein a Late Pleistocene table reef developed on a 
gently sloping substrate and was progressively uplifted, leading to successive fringing reef terraces. This high 
uplift, coupled with observed tilting and deformation patterns, provides compelling evidence that subduction of 
the Scarborough Seamount Chain beneath Luzon Island exerts a primary control on localized forearc deformation 
along the Manila Subduction Zone. This work offers a key dataset for understanding Quaternary CRT develop-
ment in the northern Coral Triangle and sheds light on how subduction-related processes have shaped the re-
gion’s sea-level and coral reef records.

1. Introduction

Coral reef terraces (CRTs) are formed through repeated bio-
constructional and erosional processes, and they can be used as in-
dicators of relative sea-level changes through time (e.g., Anthony, 2008; 
Rovere et al., 2016). The occurrence and exposure of late Quaternary 
CRTs above present sea level are proxies of past relative sea-level 
changes as their formation, growth, and geomorphological develop-
ment are primarily controlled by changes in eustatic sea level and/or 

vertical land motions (e.g., Woodroffe and Webster, 2023). The analysis 
of sea-level indicators during previous interglacials allows insights into 
potential drivers of relative sea-level changes in the past (e.g., Rovere 
et al., 2016). In areas considered tectonically stable (Yucatan peninsula, 
Mexico, e.g., Blanchon et al., 2009) or active (Huon Peninsula, e.g., De 
Gelder et al., 2022), exposed fossil coral reef terraces provide accessible 
record of relative sea-level change, such as during the Last Interglacial 
(Marine Isotope Stage (MIS) 5e, ~130–116 ka) when eustatic sea level 
was higher than present, by 2 to 9 m (e.g., Dutton and Lambeck, 2012; 
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Dyer et al., 2021; Dumitru et al., 2023). Meanwhile, in subsiding regions 
(e.g., Tahiti), sea-level reconstructions are based on sedimentological 
and paleontological data from offshore drill cores allowing the investi-
gation of relict reef features related to glacial-interglacial periods (e.g., 
Camoin et al., 2012; Deschamps et al., 2012).

In tectonically active regions, exposed sequences of fossil CRT 
document a combined signal of eustatic sea-level and tectonic uplift (e. 
g., Chappell, 1974; Lajoie, 1986; Pedoja et al., 2011, 2018; Maxwell 

et al., 2021; Peñalver et al., 2021). In the Ryukyu Islands in south-
western Japan, CRTs in Kikai Island yielded MIS 5e uplift rates from 1.8 
to 2.2 mm/yr which reflect active deformation on the leading edge of an 
overriding Eurasian Plate (e.g., Ota and Omura, 1992; Inagaki and 
Omura, 2006). Previous works on the canonical CRTs of Huon Peninsula 
(Papua New Guinea), situated along the boundary between the Austra-
lian and West Pacific plates, identified uplift rates as high as 3.3 to 3.5 
mm/yr (e.g., Chappell, 1974; Chappell et al., 1996a). Corrected for 

Fig. 1. Cape Bolinao and its location along the western Philippines at the apex of the Coral Triangle. a. Map of Southeast Asia and the Coral Triangle (shaded in 
blue). Circles show the previously reported Last Interglacial (LIG) CRTs in the region as compiled in Maxwell et al. (2021). b. Tectonic elements bordering western 
Luzon Island and location of Cape Bolinao (in black box). Focal mechanism solutions (>M5) were obtained from the Global CMT Project (Dziewonski et al., 1981; 
Ekström et al., 2012) and in red lines, the active faults traversing the PMB from the PHIVOLCS (2020). c. Surface classification model (SCM) showing the different 
paleo-reef surfaces in Cape Bolinao. The highest terrace (TIX, in dark blue) indicates the oldest fossil coral reef terrace mapped and the lowest terrace (in yellow) are 
the Holocene reefs. Also shown is the location of the present-day reef, the Bolinao-Anda Reef Complex (BARC), from McManus et al. (1992). The survey sites in Patar, 
Bolinao: (1) Rockview Point (in Fig. 3a) and (2) Punta Piedra Point (in Fig. 3b) are bounded by boxes. The representative profile, B–BI, (Fig. 7) is also shown. 
Basemaps were created using topography data from Japan Aerospace Exploration Agency (JAXA) ALOS World 3D–30 m (AW3D30) (https://www.eorc.jaxa.jp/ 
ALOS/en/dataset/aw3d30/aw3d30_e.htm) and bathymetry data from the GEBCO Compilation Group (2023) GEBCO 2023 Grid (doi:https://doi.org/10.5285/f98 
b053b-0cbc-6c23-e053-6c86abc0af7b). Maps were created using ESRI ArcGIS Pro 3.1 and the Generic Mapping Tools (GMT) software (Wessel et al., 2019). PSP: 
Philippine Sea Plate; EU: Eurasian Plate; MT: Manila Trench; WLT: West Luzon Trough; WPS: West Philippine Sea; NLT: North Luzon Trough; WBF: Western 
Boundary Fault; SSC: Scarborough Seamount Chain.
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tectonics and post-depositional land movements, uplifted CRTs offer a 
detailed record of relative sea-level change since MIS 5e and has been 
converted into estimates of ice volume changes over the last climatic 
cycle (e.g., Chappell, 1974; Bloom et al., 1974; Chappell et al., 1996b; 
Lambeck and Chappell, 2001; Yokoyama and Esat, 2011). The CRTs in 
Barbados (e.g., Mesolella, 1967; Broecker et al., 1968; Blanchon and 
Eisenhauer, 2001; Schellmann and Radtke, 2004) and in Sumba Island 
in Indonesia (e.g., Pirazzoli et al., 1991, 1993; Bard et al., 1996) present 
a relative sea-level record spanning the last 1 Ma where Late and Middle 
Pleistocene terraces are dated.

Numerical models of reef growth allow modelling the processes that 
contribute to the creation of CRTs, accounting for changes in sea level, 
vertical land motion, reef growth rate, wave erosion, and initial sub-
strate slope (e.g., Koelling et al., 2009; Husson et al., 2018; Pastier et al., 
2019; De Gelder et al., 2020). These landscape evolution models help 
understand the geomorphic responses of coral reef sequences to changes 
in sea level and provide additional constraints on the potential timing 
and development of the reef sequences, especially when CRT ages are 
poorly constrained (e.g., Chauveau et al., 2023, 2024; Boyden et al., 
2023; De Gelder et al., 2023). For example, in Huon Peninsula, the 
analysis of high-resolution digital elevation models coupled with nu-
merical models of coral reef terrace formation allowed elucidating the 
morphogenesis of reef terraces over the last 420 kyr and further suggest 
that oxygen isotope-based global mean sea-level curves systematically 
underestimate interstadial sea-level elevations, by up to ~20 m (De 
Gelder et al., 2022). In Sumba Island, numerical reef modelling shows 
that at least two terraces can be created during MIS 5e and multiple sea- 
level peaks during MIS 5e are not required to explain the presence of 
these terraces (Chauveau et al., 2023).

In the Philippines, there is little information available about the 
geomorphological evolution of the emergent CRTs in Cape Bolinao, west 
Luzon, northern Coral Triangle (see previous works of Maemoku and 
Paladio, 1992 and Ramos and Tsutsumi, 2010). We aim to fill this gap by 
exploring the morphological development of the Cape Bolinao CRTs 
using high-resolution digital elevation models and numerical models 
based on new geomorphic, geochronologic, and morpho-stratigraphic 
data. While no comprehensive chronological framework has been pro-
posed for Cape Bolinao so far, we couple our geomorphic analysis with 
numerical reef modelling to help constrain the chronology, as well as 
investigate uplift and CRT morphogenesis.

2. Regional geology and tectonic setting

Cape Bolinao (Fig. 1) is located in the western portion of Luzon Is-
land, Philippines, at the northern apex of the Coral Triangle, which is a 
region known as the epicenter of marine biodiversity (e.g., Hoeksema, 
2007; Veron et al., 2009; Veron et al., 2015). From a tectonic standpoint, 
Cape Bolinao lies at the western portion of the Philippine Mobile Belt 
(PMB), a 400-km wide deformation zone from Luzon to Mindanao, 
Philippines, which resulted from the WNW oblique convergence of the 
Philippine Sea Plate (PSP) and the Eurasian Plate (EU) (e.g., Gervasio, 
1967; Rangin et al., 1999). It faces the West Philippine Sea and is 
bounded to the west by the Manila Trench (MT) subduction zone, an 
active convergent plate margin, along which, the South China Sea 
oceanic basin is being subducted eastward (e.g., Hayes and Lewis, 
1985). Recent estimates based on GPS data reveal a convergence rate of 
91 mm/yr at the northern end of Luzon and 55 mm/yr in the south and a 
highly coupled (relatively locked) region between the West Luzon 
Trough (WLT) and the east of the Scarborough Seamount Chain (SSC) 
(Hsu et al., 2012).

Cape Bolinao is predominantly underlain by the Plio-Pleistocene 
coralline reefal limestone named the Bolinao Limestone (Mines and 
Geosciences Bureau, 2010; Supplementary Fig. 1a). Lithologic units 
underlying the Bolinao Limestone are interbedded sandstone, siltstone, 
and claystone which were assigned Late Pliocene (Piacenzian) based on 
holoplanktonic gastropods (Janssen, 2007) to Early Pleistocene (1.77 to 

0.61 Ma) based on nannofossils and planktonic foraminifers (Wani et al., 
2008). These lithologic units were interpreted to indicate an epi- to 
upper meso-pelagic setting, with depth ranges extending to a maximum 
of 200–300 m water depth (Janssen, 2007). Underlying the Bolinao 
Limestone is the Late Miocene to Early Pliocene Santa Cruz Formation 
(Mines and Geosciences Bureau, 2010). Along the western coast of Cape 
Bolinao, a sequence of CRTs rising to about ~155 m above mean sea 
level (amsl) is observed (Fig. 2). This was first described by Maemoku 
and Paladio (1992) who identified seven terraces from interpretation of 
aerial photos and altimeter measurements. Their classification was 
based on elevation and degree of dissection, and they assumed that the 
highest terrace was MIS 5e in age and the lowest one was Holocene.

The extensive modern fringing reef (Fig. 1c) along the northeastern 
portion of Cape Bolinao is referred to as the Bolinao-Anda Reef Complex 
(BARC). This reef has an area of ~200 km2, and it is composed of three 
distinct zones: a reef flat and lagoon, an intertidal reef crest, and a fore 
reef (Fig. 2a, McManus et al., 1992; Vergara et al., 2010). The reef flat 
and lagoon are primarily dominated by seagrass with occasional patches 
of living and dead corals, as well as sandy-muddy substrates. Depths in 
this zone range from 0.3 to 6 m, with an average of 2 m (e.g., Shaish 
et al., 2010; Cantarero et al., 2019) and the substrate is mostly rocky to 
sandy, often covered with seagrasses, seaweeds, coral boulders, and 
occasional living coral heads (e.g., microatolls) (Fig. 2b–d). The inter-
tidal reef crest features dead coral rubble interspersed with patches of 
live coral colonies, while the fore reef is characterized by gentle to steep 
slopes of variable depths (10–30 m) and a talus of sand and coral rubble 
extending ~22 km into the middle of the Lingayen Gulf (Fig. 2, 
McManus et al., 1992; Vergara et al., 2010).

Coral communities and benthic composition across the BARC exhibit 
substantial spatial variability (e.g., Quimpo et al., 2020). Branching and 
massive corals from families such as Acroporidae, Pocilloporidae, Por-
itidae, and Helioporidae are particularly abundant (e.g., Shaish et al., 
2010; Torres et al., 2021). For instance, Caniogan Reef in southeastern 
BARC is dominated by hard corals like Astreopora, Acropora, and Pocil-
lopora, alongside sand and coral rubble (Quimpo et al., 2020). In 
contrast, Balingasay Reef on the western side is characterized by massive 
corals such as Dipsastrea and Porites, as well as Heliopora (Quimpo et al., 
2020). Other benthic components commonly observed across the reef 
include turf algae, macroalgae, crustose coralline algae, soft corals, 
gorgonians, zoanthids, and a variety of invertebrates such as anemones, 
ascidians, bryozoans, mollusks, clams, and sea urchins (e.g., Quimpo 
et al., 2020). Dead coral fragments, sand, and rubble also contribute 
significantly to the benthic environment. Despite these observations, no 
comprehensive study has systematically documented the distribution of 
coral morphologies and species across the full extent of BARC’s modern 
reef profile. Existing literature provides only a general overview of its 
ecological characteristics. A detailed modern reef survey remains 
beyond the scope of this study.

In our survey sites (that are usually exposed to high-energy wave 
conditions), the modern reef flat is limited towards the sea by the reef 
edge, which is in turn characterized by spurs and grooves, with its 
landward edge marked by discontinuous rocky cliffs and stretches of 
sandy beaches (Fig. 2b). Etched onto rocky cliffs are shoreline angles 
and sometimes, tidal notches (Fig. 2a). Shoreline angles (sometimes 
referred to as inner margins, e.g., Maxwell et al., 2018) are located at the 
intersection between the reef platform and the sea cliff and are used as a 
morphological approximation of paleo-shorelines (e.g., Lajoie, 1986). 
Tides in this area are mainly semidiurnal, with a mean tidal range of 
0.65 m according to data from the nearest primary station of the 
Department of Environment and Natural Resources-National Mapping 
and Resource Information Authority (DENR-NAMRIA) in San Fernando, 
La Union.
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3. Methods

3.1. Coral reef terrace mapping

Fossil CRTs were mapped on digital elevation models (DEMs), sat-
ellite images, and topographic surveys. We used the 2013 airborne 
Interferometric Synthetic Aperture Radar-derived-Digital Terrain Model 
(IFSAR-DTM) with 5-meter posting provided by the National Mapping 
and Resource Information Authority (NAMRIA) to generate derivative 
maps (e.g., hillshade, contour, slope, aspect), which allowed us to 
examine the morphology of the CRT sequences in Cape Bolinao. Using 
the TerraceM-2 program (Jara-Muñoz et al., 2019) and topographic 
slope and roughness, we generated a surface classification model (SCM) 
to delineate semi-automatically paleo-reef platforms and steeper areas 
that may represent paleo-cliffs.

Systematic topographic surveys, orthogonal to the modern shoreline, 
were carried out along accessible portions of the coast. We took a 

particular interest at the section where all the terraces were well pre-
served and previously described (Maemoku and Paladio, 1992; Ramos 
and Tsutsumi, 2010). To measure the location and elevation of points of 
interest, we used a pair of Emlid REACH RS+ single-band Global Nav-
igation Satellite systems (GNSS) receivers with a Base-Rover configu-
ration and connected with the nearest PURD station of the Philippine 
Active Geodetic Network (PAGeNet)-NAMRIA. Elevation data was 
referred to orthometric heights using the Philippine Geoid Model 2018 
(PGM2018) of NAMRIA (Gatchalian et al., 2021). We discarded data 
points with elevation RMS values higher than ±1 m and retained the 
data point with the lowest elevation RMS whenever several measure-
ments were taken for the same point. Sources of vertical error include 
the elevation RMS per data point and the estimated accuracy of the 
PGM2018 model of ±0.012 m. Taking these into account, the elevation 
error of our GNSS data range from ±0.011 to ±0.123 m. To supplement 
and fill the gaps in our survey data (especially in areas where network 
coverage is poor), we also extracted topographic profiles, orthogonal to 

Fig. 2. Coral reef terraces in Cape Bolinao. a. Schematic diagram of the BARC and the relationship of shoreline angle (black arrow) with present-day sea level. The 
modern-day reef profile, dominated by seagrass and occasional patches of living and dead corals, is based on the descriptions of McManus et al. (1992) and Vergara 
et al. (2010). The figure is not to scale for illustrative purposes. b. Aerial photo (view looking SE) of the CRTs as observed in Punta Piedra Point. Lower terraces (TI- 
TIII) are recognized at elevations <9 m and higher terraces are highlighted by dashed lines (TIV and TIX) and black arrows. c–d. Aerial photos of the modern reef flat 
characterized by a dominance of seagrass with occasional patches of living corals and dead coral boulders. White box shows the location of photo (d), which shows a 
living coral (i.e., microatoll, bounded by yellow circle) surrounded by seagrass (bounded by yellow dashed line).
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the coast, from the IFSAR-DTM (<1-meter vertical accuracy). Heights of 
paleo reefs, shoreline angles, and fossil coral samples are reported in 
meters above mean sea level (m amsl). Data processing and map gen-
eration were done using the ArcGIS Pro software by Environmental 
Systems Research Institute (ESRI).

3.2. Reef terrace composition and geochronology

Select exposed outcrops of CRTs were examined, and rock samples 
were collected and petrographically described. Fossil corals and mol-
lusks found in situ in original growth or life position were collected for 
radiometric dating. Corals, primarily of the genera Porites, Goniastrea, 
and Acropora, were sampled from exposed reef terrace platform sur-
faces. Classification of in situ samples was based on a combination of 
morphological and stratigraphic criteria commonly used in reef terrace 
studies. Corals were considered in situ if they exhibited upright growth 
orientation with intact basal attachment, were embedded within 
consolidated reef framework, and showed no evidence of reworking, 
such as overturned bedding, loose clasts, or disarticulated fragments. 
Mollusks were similarly classified as in situ if they were found articu-
lated, preserved in life position, or enclosed within undisturbed reef 
deposits. Priority was given to well-preserved specimens, and any signs 
of reworking or disturbance were explicitly recorded. Visual screening 
for calcite recrystallization was done in the field, and samples were 
extracted by chipping from the outer rims of coral colonies with di-
ameters of at least 20 cm. Elevations of samples were measured and 
reported in m amsl.

Additional screening for samples includes preparing thin sections 
and visually examining them under the microscope to assess the pres-
ence of diagenetic textures. Our assessment followed the visual criteria 
and classification guidelines of McGregor and Abram (2008), which 
provided a standardized framework for evaluating coral preservation. 
Based on this approach, we petrographically classified the coral samples 
as either having “excellent” preservation with no diagenetic textures 
observed equivalent to calcite below detection levels or having “good” 
preservation with rare diagenetic textures observed. Samples outside 
these categories were discarded. Coral samples exhibiting well- 
preserved aragonitic skeletal elements with minimal evidence of sec-
ondary aragonite, calcite, or other diagenetic features (i.e., those falling 
into the “good” category) were selected for radiocarbon and U-Th dating 
(Supplementary Fig. 2a–b). During this screening process, all coral 
samples from Terraces II to IX were rejected due to clear signs of calcite 
recrystallization and diagenetic alteration, as identified through visual 
and petrographic analysis (Supplementary Fig. 2c–h). Given the extent 
of diagenetic alteration, further testing using X-ray diffraction (XRD) 
was deemed unnecessary. Only coral samples from Terrace I, which 
showed very little evidence of such alteration, were considered suitable 
for geochronological analysis.

After screening, we sent eight coral subsamples to the High-Precision 
Mass Spectrometry and Environment Change Laboratory (HISPEC) at 
the National Taiwan University to be analyzed for U-Th isotopic com-
positions using a high-resolution multi-collector inductively coupled 
plasma mass spectrometer (MC-ICP-MS), Thermo Fisher Neptune. 
Chemistry followed the procedure described in Shen et al. (2003) and 
instrumental analysis used the protocols given in Shen et al. (2013). 
Analytical errors are reported at the two-sigma (2s) of the mean. 230Th 
ages with 2-sigma uncertainty ranges are reported in years before pre-
sent (year BP) relative to 1950 CE. Radiocarbon dating of three coral 
subsamples and two Tridacna subsamples was conducted in the Beta 
Analytic Radiocarbon Dating Laboratory in Miami, Florida, U.S.A by 
Accelerator Mass Spectrometry (AMS) method. The OxCal version 4.4 
(Bronk Ramsey, 2009) was used to calibrate conventional radiocarbon 
ages using the MARINE20 Marine Radiocarbon Age Calibration Curve 
(Heaton et al., 2020). We calculated the local DeltaR correction of − 262 
± 63 for Cape Bolinao based on coupled 14C and 230Th ages of three coral 
samples using an online application for DeltaR calculation (Reimer and 

Reimer, 2017). Radiocarbon ages presented in this study are reported in 
calibrated years before present (cal BP) relative to 1950 CE. Given the 
good preservation of the dated samples, initial 234U/238U activity ratios 
(δ234Uinitial values) within acceptable limits, and the strong agreement 
between the 230Th and 14C ages, we consider the ages reported in this 
study to be reliable.

3.3. Terrace morphology and deformation

To systematically visualize the lateral and vertical extent of the 
emergent CRTs in Cape Bolinao, we employed large-scale parallel swath 
profiles, which were stacked to create composite swath profiles (e.g., 
Armijo et al., 2015; Fernández-Blanco et al., 2020; De Gelder et al., 
2022). These stacked swath profiles, which appear as clusters of over-
printed elevation profiles, highlight topographic coherence along the 
viewing direction and the consistency of slope and morphology 
perpendicular to it (De Gelder et al., 2022; Chauveau et al., 2023).

We generated the stacked swath profiles using the TopoToolbox 2, a 
MATLAB-based software for topographic analysis by Schwanghart and 
Scherler (2014). To achieve this, we created swaths, from sets of 
100–300 parallel lines. The swath width, set at either 50 m or 100 m, 
was carefully selected to balance data resolution and noise reduction 
while ensuring full spatial coverage of the study area. The swaths, 
aligned parallel to their length, represent the cross-sectional area where 
topographic data are averaged to derive elevation profiles, minimizing 
biases associated with discrete topographic profiles (e.g., Armijo et al., 
2015; Fernández-Blanco et al., 2020; De Gelder et al., 2022). Using the 
5-meter posting (<1 m vertical accuracy) IFSAR-DTM, we calculated 
topographic swath profiles, which record minimum, average, and 
maximum elevation values along each swath width. These individual 
swath profiles were then stacked perpendicular to their trend to recon-
struct the lateral morphology and elevation of the CRTs. Stacked swath 
profiles were generated for multiple orientations and viewing angles to 
improve visualization and capture variations in terrace geometry.

We also conducted shoreline angle analysis on the IFSAR-DTM using 
TerraceM-2 (Jara-Muñoz et al., 2019) to measure shoreline angle 
elevation (i.e., the intersection between the paleo-reef platform and its 
corresponding paleo-cliff, Fig. 2) and quantitatively evaluate terrace 
distribution and preservation in the study area. For this, we systemati-
cally placed 100 swaths orthogonal to the trace of the paleo-cliff or the 
terrace inner edge, which extends continuously along the present-day 
shoreline. Each swath was a 200-m wide rectangular section with a 
variable length ranging from 1.5 to 4 km. We extracted topographic 
swath profiles and applied the staircase analysis function to determine 
shoreline angles by linearly extrapolating the paleo-reef platform and 
paleo-cliff slope. Linear regressions were fitted to these segments, and 
their intersection identified the shoreline angle position, with vertical 
errors derived from the 2σ confidence intervals (Jara-Muñoz et al., 
2016). This method provided a quantitative framework for analyzing 
terrace elevation, morphology, and spatial distribution, offering insights 
into deformation and terrace preservation in Cape Bolinao.

3.4. Reef modelling

To explore the morphology, geometry, and possible chronology of 
the CRTs in Cape Bolinao, we used a kinematic profile evolution model 
that incorporates model parameters such as potential reef growth rate, 
marine erosion, initial slope, vertical land motion rate, and a chosen sea- 
level curve (see details in Husson et al., 2018; Pastier et al., 2019). Using 
the REEF code (Husson et al., 2018; Pastier et al., 2019), we produced 
reef simulations with parameters constrained by local observations and 
previous works to help us better examine and understand the reef 
development in Cape Bolinao since the Late Pleistocene.

We chose a representative cross-section profile that shows the best 
preservation of the reef terraces in Cape Bolinao. We used a potential 
reef growth rate (RG) of 10 mm/yr based on reported accretion rate of 
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10–13 mm/yr derived from Holocene reef cores in Currimao, northwest 
Luzon (Shen et al., 2010). The maximum reef growth depth (MRGD) was 
set to 30 m following Flores et al. (2023), who identified coral reefs at 
this depth northeast of Cape Bolinao, and the optimal reef growth depth 
(ORGD) and wave erosion maximum depth (WEMD) were respectively 
set to 2 m and 3 m (Bosscher and Schlager, 1992; Pastier et al., 2019; 
Chauveau et al., 2023, 2024). We used 5◦ as the initial slope (IS) value 
based on the reported inclination of the gently-sloping Sta. Cruz For-
mation, which serves as the basement rock of the CRTs in Cape Bolinao 
(Bureau of Mines and Geosciences, 1985a, 1985b). We used an erosional 
potential (E) of 60 mm3/yr (Chauveau et al., 2023). For the vertical land 
motion value (U), we used different scenarios, with uplift rates changing 
between 0 mm/yr (no uplift) to 1.3 mm/yr (that is, the maximum 
plausible uplift rate based on the predicted age of the highest terrace 
MIS 5e, as reported in literature). Our simulations show that uplift rates 
exceeding 1.3 mm/yr result in terrace elevations inconsistent with 
present-day morphology, helping constrain the upper bounds of realistic 
uplift values. Finally, we model eustatic sea-level changes using five 
different sea-level curves: Waelbroeck et al. (2002), Bintanja et al. 
(2005), Grant et al. (2014), Rohling et al. (2009), and Spratt and Lisiecki 
(2016).

4. Results

4.1. Geomorphology and composition of Cape Bolinao reef terraces

The analysis of high-resolution topographic data allowed us to 
delineate nine paleo-reef platforms and associated paleo-cliffs in Cape 
Bolinao, herein named Terrace I (TI) to Terrace IX (TIX), from lowest to 
highest (Fig. 1c). We identified two generations of reef terraces based on 
morphology and heights of terrace cliffs: (1) the lower terraces charac-
terized by narrow (from several meters wide to <500 m wide) terraces 
rising to 9 m with 2-to-3-m-high terrace cliffs (TI to TIII, terrace 
nomenclature following Ramos and Tsutsumi, 2010; Fig. 3) and (2) the 
higher terraces characterized by terrace widths of >100 m and rising 
from ~20 to 155 m with 10-to-30-m-high terrace cliffs (Fig. 2b). The 
lower terraces (TI to TIII) are measured and identified using high- 
resolution GNSS topographic surveys, while the higher terraces (TIV 
to TIX), that are best preserved along the western coast of Cape Bolinao, 
are delineated both in the field and from analysis of high-resolution 
DEMs.

The Cape Bolinao terraces exhibit characteristic reef facies, including 
framework components such as corals from the families of Poritidae, 

Fig. 3. Surveyed lower terraces in Cape Bolinao. We identified three steps of terraces from topographic surveys in Patar, Bolinao (location shown in Fig. 1c). a. 
Outcrop photo (white dashed line outlines survey transect) and topographic profile surveyed from Rockview Point show two steps with TI measured at 3.87 ± 0.01 m 
and TIII measured at 8.02 ± 0.01 m. Most of the mid-Holocene coral samples were collected from TI at this site. b. Field photo (white dashed line outlines survey 
transect) and topographic profile surveyed from Punta Piedra Point revealing two steps with TII measured at 5.72 ± 0.02 m and TIII measured at 8.57 ± 0.02 m. c–d. 
Aerial photographs illustrating the general morphology of the lower CRTs in Patar, Bolinao and their position several meters above sea level. Arrows point to the 
paleo-reef surfaces of identified terraces.
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Merulinidae, and Acroporidae, which are commonly preserved in 
growth position (Fig. 4a–d). These are accompanied by skeletal frag-
ments of corals, coralline red algae, echinoid spines, serpulids, Halimeda 
grains, lithoclasts, mollusk shells, and benthic (and encrusting) fora-
minifera, that can be best observed in petrographic thin sections 

(Supplementary Fig. 1b–g). Samples collected from reef terrace outcrops 
exhibit a wider range of grain-supported textures and a more diverse 
bioclastic assemblage, reflecting a generally higher-energy reefal 
depositional environment. While we recognize the importance of 
detailed stratigraphic analysis, time constraints and permitting 

Fig. 4. Corals and composition of Cape Bolinao reef terraces. a. Outcrop photo of TI showing in situ corals (e.g., Porites) (bounded by white dashed contours). b–d. In 
situ corals from (b) TII, (c) TIII, and (d) TIX from the families of Acroporidae and Merulinidae that are diagenetically altered. e–f. Outcrop photos of (e) terrace TVII 
where we collected a Halimeda-rich floatstone and (f) terrace TIV, which is characterized by cobbles and boulders composed mainly by diagenetically altered corals 
(bounded by white dashed contours).
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Table 1 
Uranium and thorium isotopic compositions and 230Th ages for coral samples by MC-ICPMS, Thermo Electron Neptune at NTU.

Sample ID Lat. Long. Elev. (m)e Coral 
sample

Ter. 
No.

W 
(g)

238U 10− 6 g/ga 232Th 10− 12 g/ 
g

δ234U 
measureda

[230Th/238U] activityc 230Th/232Th atomic 
(× 10− 6)

Age (kyr ago) 
uncorrected

Age (kyr BP) 
correctedc,d

δ234Uinitial 

correctedb

PAT- 
012822- 
2A

119.783 16.317 3.72 ± 0.01 P TI 0.22 2.4043 ± 0.0019 1501.7 ± 2.6 147.1 ± 1.4 0.06193 ± 0.00015 1634.7 ± 4.8 6.045 ± 0.017 5.957 ± 0.019 149.6 ± 1.4

PAT- 
012822- 
2B

119.783 16.317 3.56 ± 0.01 A TI 0.22 2.9485 ± 0.0022 355.3 ± 2.1 144.8 ± 1.3 0.059375 ± 0.000075 8124 ± 48 5.802 ± 0.010 5.725 ± 0.010 147.2 ± 1.3

PAT- 
012822- 
2D

119.783 16.317 3.37 ± 0.01 P TI 0.23 2.4486 ± 0.0020 3280.5 ± 4.6 145.1 ± 1.6 0.06620 ± 0.00021 815 ± 2.8 6.486 ± 0.023 6.382 ± 0.028 147.8 ± 1.6

PAT- 
012822- 
2E

119.783 16.317 3.52 ± 0.02 G TI 0.22 2.2894 ± 0.0019 74.1 ± 2.1 142.9 ± 1.4 0.059105 ± 0.000070 30,090 ± 846 5.784 ± 0.010 5.710 ± 0.010 145.3 ± 1.5

PAT- 
012922- 
2F

119.783 16.317 3.87 ± 0.01 G TI 0.24 2.1940 ± 0.0021 116.7 ± 1.9 142.9 ± 1.4 0.060198 ± 0.000076 18,665 ± 300 5.894 ± 0.011 5.819 ± 0.011 145.3 ± 1.5

PAT- 
012922- 
2G

119.783 16.317 3.87 ± 0.01 G TI 0.22 2.1671 ± 0.0019 2835.9 ± 4.0 143.2 ± 1.4 0.06255 ± 0.00020 788.1 ± 2.7 6.129 ± 0.022 6.026 ± 0.027 145.6 ± 1.4

PAT- 
012822- 
3A

119.781 16.311 2.46 ± 1 Po TI 0.24 2.3209 ± 0.0016 2429.1 ± 3.4 145.5 ± 1.3 0.05893 ± 0.00017 928.4 ± 2.8 5.753 ± 0.018 5.656 ± 0.022 147.9 ± 1.3

PAT- 
012822- 
3E

119.781 16.311 2.46 ± 1 Ar TI 0.26 2.8897 ± 0.0025 109.4 ± 1.8 146.8 ± 1.4 0.053937 ± 0.000066 23,492 ± 387 5.2483 ± 0.0094 5.174 ± 0.009 148.9 ± 1.4

Analytical errors are 2s of the mean.
Coral Sample: P = Porites sp., A = Acropora sp., G = Goniastrea sp., Po = Porites sp. (overturned), Ar = Acropora sp. (reworked). W: Weight (g).

a [238U] = [235U] × 137.77 (±0.11 ‰) (Hiess et al., 2012); δ234U = ([234U/238U]activity − 1) × 1000.
b δ234Uinitial corrected was calculated based on 230Th age (T), i.e., δ234Uinitial = δ234Umeasured × eλ234×T, and T is corrected age.
c [230Th/238U]activity = 1 − e–λ230T + (δ234Umeasured / 1000)[λ230 / (λ230 − λ234)](1 − e–(λ230− λ234) T), where T is the age. Decay constants are 9.1705 × 10− 6 yr− 1 for 230Th, 2.8221 × 10− 6 yr− 1 for 234U (Cheng et al., 

2013), and 1.55125 × 10− 10 yr− 1 for 238U (Jaffey et al., 1971).
d Age corrections, relative to 1950 CE, were calculated using an estimated atomic 230Th/232Th ratio of 4 (± 2) × 10− 6 (Shen et al., 2008).
e Measured elevations and uncertainties of coral samples are reported in m amsl. Elevations of reworked samples were derived from IFSAR-DTM with vertical accuracy of <1 m.
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limitations (i.e., COVID restrictions), prevented us from conducting 
comprehensive stratigraphic section logging during fieldwork. Despite 
these challenges, we were able to make targeted observations and collect 
samples from key outcrops, especially above the Holocene sequences, 
which informed our interpretations of reef terrace development.

Petrographic analysis of samples collected from higher terraces TIV 
to TIX (Supplementary Fig. 1b–g) reveal dominant components such as 
coral fragments, Halimeda, benthic foraminifera, gastropods, and lith-
oclasts set in micritic to microsparitic matrices and show a range of 
textures from packstone to grainstone/rudstone. Samples from higher 
terraces (TIV–TIX) display extensive diagenetic overprinting (e.g., 
widespread replacement of aragonite by blocky or drusy calcite spar, 
micritic alteration, neomorphism, pedogenic features) that reflects 
prolonged subaerial exposure and associated carbonate dissolution and 
cementation under near-surface meteoric conditions. In samples 
collected from terraces TII to TIX, many aragonitic components 
(including coral skeletons) exhibit diagenetic alteration, where original 
textures and porosity have been replaced and filled by blocky calcite 
spar, or in some cases, have been dissolved leaving molds (Supple-
mentary Fig. 2). In the sections below, we describe each terrace in detail, 
focusing on its geomorphic expression and lithologic composition.

The lowest terrace, TI, is best observed in Rockview Point at a 
measured elevation of 3.87 ± 0.01 m and is characterized by a width of 
5–10 m (Fig. 3a). It is limited seaward by gently sloping sand-covered 
beach deposits and it transitions gradually into the sand-covered 
terrace TII/TIII. The paleo-reef surface of TI is characterized by in situ 
massive and branching corals from the families of Poritidae, Mer-
ulinidae, and Acroporidae. Coral samples, composed of aragonite skel-
eton with little to no evidence of diagenesis, yielded 230Th ages of 
6.38–5.71 kyr BP and radiocarbon ages of 6.26–5.45 kyr cal BP (Tables 1 
and 2, Supplementary Fig. 2a–b). The Porites and Acropora corals yielded 
relatively older ages compared to Goniastrea corals with δ234U initial 
values (Table 1) within the acceptable limits (145 ± 5 ‰, see Chutch-
aravan et al., 2018). In Punta Piedra, TI is composed of beachrock with 
abundant large benthic foraminifera (e.g., Calcarinidae), gastropods, 
and reworked pristine Porites (PAT-012822-3A) and Acropora (PAT- 
012822-3E) corals dated 5.66 and 5.17 kyr BP, respectively. A Tridacna 
shell collected from TI yielded a radiocarbon age of 45.3–42.91 kyr cal 
BP, potentially indicating reworking of older material or exposure of an 

older substrate (Table 1).
The second terrace, TII, is best recognized discontinuously along 

rocky exposures on the coast and is regularly subjected to sea sprays 
especially during high-energy wave conditions. Along the profile in 
Punta Piedra Point (Fig. 3b), TII is characterized by a rocky jagged 
surface with a measured elevation of 5.72 ± 0.02 m and a narrow width 
of <20 m. It is limited to the sea by rocky almost vertical cliffs and it is 
limited landward by meter-high terrace risers of TIII. Branching corals, 
already influenced by diagenesis, are observed on the terrace surface 
(Fig. 4b). Where observed, tidal notches are etched on the vertical cliffs 
of TII/TIII exposed to the sea. In our survey sites, the retreat point (2–3 
m depth) of tidal notches was observed to coincide with elevation of the 
identified TI surface (Fig. 3). Fossil corals from this terrace exhibit clear 
signs of diagenetic alteration, and no pristine coral samples suitable for 
dating were recovered (Supplementary Fig. 2c–d).

We identified TIII terrace at a measured elevation of 8.57 ± 0.02 m 
(rising to about 14 m based on DEM-derived shoreline angle analysis). 
This is the widest Holocene terrace, with a width of 200 to 500 m and 
follows the coastline for >10 km. TIII is better preserved along the 
northwest-facing side of the coast. The terrace surface is highly vege-
tated with occasional outcropping rocks and is highly modified, as the 
area is transformed by coastal developments. Along the profile in Punta 
Piedra Point (Fig. 3b), the terrace is characterized by a rocky surface 
dominated by in situ massive and branching corals from the families of 
Poritidae, Merulinidae, and Acroporidae that are diagenetically altered 
(Fig. 4c, Supplementary Fig. 2e–f). Because of the high degree of 
diagenesis observed on the corals from this terrace, we found no coral 
material suitable for radiometric dating. A Tridacna shell collected from 
the surface of TIII yielded a radiocarbon age of 45.78–43.06 kyr cal BP, 
possibly representing reworked older reef material incorporated into the 
younger terrace deposits (Table 1).

The fourth terrace, TIV, has a mean elevation of 31 ± 14 m and is 
characterized by terrace width of 0.1 to 1 km, which increases from west 
to north. The surface of TIV is dissected by several drainage systems. 
Outcrop exposures reveal that this terrace is composed of abundant sub- 
rounded to sub-angular diagenetically altered coral rubble and boulders 
within a sandy matrix (Fig. 4f, Supplementary Fig. 1e). Petrographic 
description of an outcrop sample reveals abundant angular to sub- 
rounded lithoclasts (e.g., Halimeda floatstone, bored coral fragments, 

Table 2 
Radiocarbon ages for carbonate samples by NEC accelerator mass spectrometers and 4 Thermo IRMSs at Beta.

Sample ID Latitude Longitude Elevation 
(m)

Coral 
sample

Terrace 
number

Measured radiocarbon 
age (BP)

IRMS δ13C 
(‰)b

Conventional  
radiocarbon age 
(BP)a

Calendar calibration  
(95.4 % 
probability)c,d,e

PAT- 
012822- 
2A

119.783 16.317 3.72 ± 0.01 Porites sp. TI 5240 ± 30 − 5.0 5570 ± 30 6.263–5.862

PAT- 
012822- 
2B

119.783 16.317 3.56 ± 0.01 Acropora sp. TI 4920 ± 30 − 1.0 5310 ± 30 5.960–5.564

PAT- 
012822- 
2E

119.783 16.317 3.52 ± 0.02 Goniastrea 
sp.

TI 4800 ± 30 − 1.3 5190 ± 30 5.862–5.447

PAT- 
012822- 
2C

119.783 16.317 3.37 ± 0.01 Tridacna sp. TI 41,350 ± 730 +2.2 41,790 ± 730 45.300–42.912

PAT- 
012822- 
1A

119.782 16.317 6.82 ± 0.01 Tridacna sp. TIII 41,720 ± 780 +2.2 42,160 ± 780 45.779–43.057

a The “Conventional Radiocarbon Age” was calculated using the Libby half -life (5568 years), is corrected for total isotopic fraction and was used for calendar 
calibration where applicable. The Age is rounded to the nearest 10 years and is reported as radiocarbon years before present (BP), “present” = 1950 CE.

b The reported IRMS δ13C (‰) values were measured separately in an IRMS (isotope ratio mass spectrometer).
c OxCal version 4.4 (Bronk Ramsey, 2009) was used to calibrate conventional radiocarbon ages using the MARINE20 Marine Radiocarbon Age Calibration Curve 

(Heaton et al., 2020).
d We used local DeltaR = –262 ± 63 based on coupled 230Th and 14C ages of three coral samples from Cape Bolinao calculated using an online application for DeltaR 

calculation (Reimer and Reimer, 2017).
e Calendar-calibrated radiocarbon (14C) ages are reported in kyr cal BP, with a 95.4 % probability range (± 2σ).
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and skeletal packstone) and broken fragments of benthic foraminifera, 
coralline red algae, and echinoid plates are also present (Supplementary 
Fig. 1e).

Terrace TV is at elevation of 55 ± 15 m is characterized by terrace 
width of 0.5 to 1.8 km which increases from west to north. Petrographic 
analysis of an outcrop sample from this terrace shows a grain-supported 
fabric composed predominantly of large benthic foraminifera (e.g., 
Amphistegina, Calcarina) with subordinate mollusks, gastropods, and 
minor red algae. Situated at an elevation of 81 ± 13 m, terrace TVI has a 
width of ~0.1 to 0.3 km increasing towards the northeast. Petrograph-
ically, gastropods and random sections of large benthic foraminifera (e. 
g., Calcarina) are abundant in an outcrop sample from this terrace 
(Supplementary Fig. 1d). Coral fragments are encrusted by coralline red 
algae and acervulinid foraminifera and aragonite skeleton is replaced by 
calcite spar.

The seventh terrace, TVII, is at an elevation of 102 ± 10 m and has a 
terrace width of 0.2 to 3 km increasing from southwest to northeast. It is 
highly dissected along the northern portion of the cape where it is the 
widest and is better preserved along the northwest- to north-facing sides 
of the coast (Fig. 1c). Along the western coast, its outer edge is marked 
by alternating ridges and channels, that are reminiscent of spurs and 
grooves presently observed along the modern reef edge. Petrographic 
description of a sample collected from along the profile reveals Hal-
imeda-rich floatstone with random sections of benthic foraminifera and 
other skeletal components in micritic matrix (Fig. 4e, Supplementary 
Fig. 1c). Halimeda fragments are enveloped by thin micrite rim then 
filled by calcite spar. Terrace TVIII has a narrow width (~0.1 to 0.3 km) 
and a mean elevation of 120 ± 14 m. A sample from a small outcrop 
reveals a poorly sorted, grain-supported skeletal packstone dominated 
by Halimeda segments, benthic foraminifera (e.g., Amphistegina, 

Fig. 5. Morphology and deformation pattern of Cape Bolinao CRTs. a. Slope map of Cape Bolinao CRTs with the location of the 100 swaths we used for the shoreline 
angle analysis (in boxes b, c, d) and the ~230 parallel lines we used to calculate the stacked swath profiles (in box e). b–d. Shoreline angle analysis for the (b) 
northern portion of the cape with cross section from S-N, (c) central portion (northwest-facing side) showing higher terraces tilted towards the SE direction (red 
dashed line), (d) southern portion with cross section from E-W. Gray lines represent the topographic swaths (horizontal distance in km) calculated using TerraceM 
while the gray circles represent the elevation and position of delineated shoreline angles with vertical uncertainties. A representative profile is shown highlighted by 
blue and red (shoreline angles) circles. e. Representative stacked swath profiles generated in Cape Bolinao (view looking ESE with interpretation of CRT levels). The 
highest terrace, TIX, is generally observed along the central and southern portion of the cape and is characterized by a broad, generally planar paleo-reef surface. Also 
prominent is the general flat morphology of the reef terraces which are gently sloping down towards the NE to where the modern reefs are presently observed to be 
widest. Colored lines highlight the approximate delineation of the mapped terraces (TIII to TIX).
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Heterostegina), fragments of red calcareous algae and encrusting fora-
minifera, and echinoderm spines, gastropods, and molluscan fragments. 
Most skeletal grains are surrounded by thin micrite envelopes and ~ 10 
% moldic porosity is observed.

The highest reef platform, TIX, is a broad, generally planar paleo-reef 
surface with terrace width of ~5 km and ranges in elevation from 130 to 
155 m (with a mean elevation of 143 ± 12 m). The DEM shows its 
surface to be highly dissected, with circular depressions, possibly sink-
holes (Fig. 1c). Diagenetically altered corals from the families of Por-
itidae and Merulinidae were recognized on this terrace (Fig. 4d). 
Because of the high degree of diagenesis of the samples, we found no 
material suitable for radiometric dating (Supplementary Fig. 2g–h). 
Petrographically, outcrop samples identified as coral rudstone to pack-
stone reveal corals as major components while gastropods, benthic 
foraminifera (Amphistegina, Calcarina), encrusting foraminifera, coral-
line red algae, echinoid spines, and serpulids were minor (Supplemen-
tary Fig. 1b). Terraces TVIII and TIX are generally preserved along the 
west-facing side of the coast from the central to the southern portion of 
the cape.

4.2. Terrace deformation in Cape Bolinao

To examine the lateral extent and large-scale morphology of the 
CRTs in Cape Bolinao, we generated stacked swath profiles and we 
tracked shoreline angles (Fig. 5), revealing slight variability in terrace 
elevations from north to south. Overall, the CRTs gently slope down-
ward towards the northeast, where the Bolinao-Anda Reef Complex 
(BARC) is most extensive and well-preserved (Fig. 5e). We also observed 
a lateral pattern in terrace preservation, with terraces TVIII-TIX better 
preserved along the southwest and terraces TV to TVII more prominent 
in the northeast. TIV exhibits a poorly developed terrace topography, 
likely due to its composition of predominantly coral boulders and cob-
bles, resulting in irregular terrace surfaces. In addition, the number of 
terraces varies, with fewer terraces preserved in the southwest 
compared to the central portion of the cape, particularly along the west- 
northwest-facing coastline.

The gentle northeastward slope of the CRTs is hypothesized to be 
influenced by antecedent topography, with the modern BARC located in 
the northeastern portion of the Cape. Notably, CRTs in the north are 
wider than those in the west, likely due to greater accommodation space 
in the northern region. In Cape Bolinao, accommodation space and 
antecedent topography—shaped by factors such as vertical uplift rate, 
initial basement slope, reef growth rate, marine erosion, and sea-level 
fluctuations—play a critical role in influencing CRT architecture 
(Maxwell, 2024). This indicates that pre-existing topographic variations 
strongly impacted terrace development and morphology in the study 
area. While the presence of a large river in the north and potential local 
faulting may also contribute to this pattern, exploring their interactions 
with CRT morphology and development is beyond the scope of this 
paper.

Our analysis reveals that while the Cape Bolinao CRTs exhibit an 
overall northeastward dip, the higher terraces (TVIII-TIX) show a 
distinct ESE-ward tilt. This observation, derived from multi-directional 
stacked swath profile comparisons, aligns with the eastward tilt direc-
tion previously reported by Maemoku and Paladio (1992) for the highest 
CRT. To better constrain deformation patterns, we systematically 
analyzed ~390 shoreline angles, which confirmed both the lateral 
variability in terrace preservation and the ESE-ward directed tilt of 
TVIII-TIX initially revealed through the stacked swath profiles (Fig. 5c; 
Supplementary Fig. 3). Lower terraces (TVII and below; Fig. 5b) 
meanwhile show no evidence of this tilt, highlighting a clear contrast in 
deformation history between the upper and lower CRT sequences. This 
ESE-ward directed tilt may be interpreted as localized tectonic defor-
mation (e.g., fault-related uplift or tilting), though the exact driver re-
quires further study. Our combined swath profile and shoreline angle 
analyses also reveal that Holocene terraces fringe the entire coast from 

northeast to southwest, though with notable elevation variations. The 
elevations derived from stacked swath profile and shoreline angle ana-
lyses are consistent with our field measurements, further supporting 
these findings.

4.3. Reef sequence models

By taking into consideration different parameters (i.e., sea-level 
curve, vertical uplift, reef growth rate, erosion rate, initial substrate 
slope, see Table 3), we can infer the conditions which supported the 
development of the current morphology of the terraces. We used the 
elevation and width of the CRTs derived from our high-resolution 
geomorphic analysis and directly compared it with the reef simula-
tions produced. We selected cross-section profile B-BI from the central 
portion of Cape Bolinao as our representative profile because it displays 
the most complete and best-preserved CRT sequence, unlike the north-
ern and southern portions, where poor preservation limits profile se-
lection. We superimposed it with stacked swath profiles calculated 
parallel to its orientation. Although the Cape Bolinao CRTs demonstrate 
a general gentle dip towards the northeast, local elevation variability 
occurs along strike. To minimize uncertainties, we chose this represen-
tative profile with optimal terrace preservation and minimal deforma-
tion, used stacked swath profiles to establish regional trends, and 
incorporated approximately 390 shoreline angles for robust analysis. 
Different profile choices, particularly those with varying orientations or 
characteristics, could affect modelling results; however, the extent of 
this effect would need to be evaluated in future works. For our reef 
models, we explored the parametric fields of sea level and uplift and 
used constant values (based on local observations and previous works) 
for the rest of the parameters. By focusing our attention on these pa-
rameters, we can examine the effects of late Quaternary sea-level vari-
ations and changes in vertical uplift in the development of the CRTs in 
the region.

Since we did not assign an age to TIX a priori, our approach focused 
on present-day terrace morphology, specifically elevation and width, 
and used reef modelling to explore a range of uplift rates capable of 
reproducing these features. The resulting simulations then informed the 
inferred ages of the terraces. To reproduce the maximum terrace 
elevation at 155 m amsl, uplift rates should be >0.4 mm/yr irrespective 
of the sea-level curves used. However, given the lateral extent of the 
Cape Bolinao CRTs, low uplift rates are not enough to reproduce the 
terrace width of ~5 km for the highest paleo-reef surface, TIX. We then 
use higher uplift rates (>1.10 mm/yr) to increase the reef terrace 

Table 3 
Model input parameters and values used.

Input parameter Acronym 
used

Values used Reference

Potential reef 
growth rate

RG 10 mm/yr Shen et al. (2010)

Initial slope IS 5◦ Bureau of Mines and Geosciences 
(1985a, 1985b)

Potential 
erosion rate

E 60 mm3/yr Chauveau et al. (2023)

Vertical land 
motion 
(Uplift)

U 0 mm/yr to 
1.3 mm/yr

This Study

Maximum reef 
growth depth

MRGD 30 m Flores et al. (2023)

Optimal reef 
growth depth

ORGD 2 m Bosscher and Schlager (1992); 
Chauveau et al. (2023, 2024)

Wave erosion 
maximum 
depth

WEMD 3 m Pastier et al. (2019); Chauveau 
et al. (2023, 2024)

Sea-level curves 
used

SL W02; B05; 
R09; G14; 
SL16

Waelbroeck et al. (2002), 
Bintanja et al. (2005), Rohling 
et al. (2009), Grant et al. (2014), 
and Spratt and Lisiecki (2016).
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widths. Higher uplift rates also produce terraces above 155 m. In Cape 
Bolinao, the highest terrace is situated at 155 m and no terraces above it 
are presently observed. With these restrictions, uplift rates of 1.15–1.20 
mm/yr were used to achieve TIX terrace elevation at 155 m amsl with 
minimum width of 1 km. Based on these constraints, we adopted a best- 
fitting uplift rate of 1.17 ± 0.03 mm/yr, which consistently generates a 
terrace at ~155 m with appropriate width. Under this uplift rate value, 
the modelled terrace, TIX, corresponds to MIS 5e regardless of the sea- 
level curves used (Fig. 6). Meanwhile, the lowest terrace in our simu-
lations, situated near present sea level and with widths of 0.5 to 1 km, 
corresponds to MIS 1 and is supported by radiometric age data.

5. Discussion

5.1. Cape Bolinao CRT development during the Late Pleistocene

As highlighted by previous works (e.g., De Gelder et al., 2020; 
Chauveau et al., 2024), different sea-level curves shape different CRT 
morphologies; hence, the choice of the sea-level curve will most likely 
determine the overall fossil reef morphology. Because of this, we ran our 
simulations and tested five different sea-level curves: Waelbroeck et al. 
(2002), Bintanja et al. (2005), Grant et al. (2014), Rohling et al. (2009), 
and Spratt and Lisiecki (2016) to reproduce the coral reef sequences in 
Cape Bolinao. Comparing the simulations produced, we find the sea- 
level curve of Waelbroeck et al. (2002) to closely reproduce the eleva-
tions of the reef terraces we observe today. This curve is based on North 
Atlantic and Equatorial Pacific Ocean benthic foraminifera oxygen 

isotopic ratios calibrated with relative sea-level data based on corals 
over the last climatic cycle. The other sea-level reconstructions were 
meanwhile based on a global compilation of benthic oxygen isotope data 
(Bintanja et al., 2005), on oxygen isotopic ratios of planktonic forami-
nifera and bulk sediment from the Red Sea (Rohling et al., 2009), on U/ 
Th-dated speleothem oxygen isotopic ratio record synchronized with an 
Asian monsoon signal with dust and SL records (Grant et al., 2014), and 
on the principal component analysis of earlier compilations (Spratt and 
Lisiecki, 2016).

The best-fitting simulation is obtained using the sea-level curve of 
Waelbroeck et al. (2002) and an uplift rate of 1.17 mm/yr (Fig. 7). In 
general, the reef simulation clearly replicated the TIX terrace at an 
elevation of ~155 m and the elevations of the fringing terraces (TVII to 
TIV). In terms of terrace widths, it showed relatively wider (>0.5 km) 
planar surfaces for TIX, TVII, and TIV and narrow (<300 m) terrace 
surfaces for TVIII and TVI, which is in agreement with our morpholog-
ical analysis. The modelled morphology and width of terrace TV, how-
ever, is at odds with our morphological analysis. It is worth noting that, 
while the reef simulation also produced terraces at elevations higher 
than 160 m, we did not observe any terraces higher than 155 m in Cape 
Bolinao. Also, it did not fully reproduce the width of TIX (~5 km), that 
we observe today. To explain this, we refer to the underlying lithologic 
units (interpreted to indicate an epi- to upper meso-pelagic setting) 
beneath the reefal terraces of Cape Bolinao. We postulate that a relative 
sea-level change (~200–300 m) is needed to reduce paleo-water depths 
and subsequently provide a suitable substrate for later shallow-marine 
reef development. The gently-dipping beds provided more 

Fig. 6. Reef modelling results for the Cape Bolinao CRTs using different sea-level curves and constant parameters. a. Sea-level curves used to reproduce the CRTs in 
Cape Bolinao. The color codes below indicate the Marine Isotope Stages (MIS) from MIS 1 to 11. b. Reef simulations reproduced using different sea-level re-
constructions. The paleo-reef terraces for TIX and TIV are highlighted by colored lines and model parameters are also shown. c. Representative stacked swath profile 
along the central portion of the coast where a complete suite of CRTs was observed. For comparison, shown here is the general topography showing the elevations of 
the CRTs along the best-preserved area in Cape Bolinao. SL16: Spratt and Lisiecki (2016), W02: Waelbroeck et al. (2002), B05: Bintanja et al. (2005), R09: Rohling 
et al. (2009), G14: Grant et al. (2014), U: Uplift (Vertical land motion rate), RG: Potential reef growth rate, E: Erosion rate, IS: Initial slope, MRGD: Maximum reef 
growth depth, ORGD: Optimal reef growth depth, WEMD: Wave erosion maximum depth.
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accommodation space for the development of an extensive Late Pleis-
tocene reef platform or table reef. Continuous uplift superimposed on a 
changing sea level led to the emergence of this table reef followed by 
formation of fringing reefs (corresponding to lower reef terraces) along 
its slope. Husson et al. (2018) pointed out that relative sea-level change 
(uplift or subsidence) exposes pristine domains of the shore to reef 
growth and expands the accommodation space. Vertical land motion 
therefore fosters reef carbonate productivity, and, in addition, produc-
tivity is higher for shallow slopes than for steep ones as the former 
provide wider accommodation spaces, which can provide favorable 
foundations for reef growth during subsequent reoccupations (Husson 
et al., 2018; Pastier et al., 2019).

With our best-fitting simulation, we can propose a morpho- 
chronological framework for the Cape Bolinao CRTs, with TIX formed 
at peak MIS 5e, and the lowest terrace (corresponding to TI to TIII) 
formed during MIS 1. The reef simulations reproduce two terraces (a 
well-defined planar surface and an indistinct lower terrace) for MIS 5e 
and MIS 5a. Sea-level reconstructions for the MIS 5e show either a single 
peak (Waelbroeck et al., 2002; Bintanja et al., 2005; Grant et al., 2014) 
or multiple peaks (Rohling et al., 2009). Our numerical reef simulations 
reveal that at least two terraces can be created during MIS 5e using the 
curves of Spratt and Lisiecki (2016), Waelbroeck et al. (2002), and 
Bintanja et al. (2005) while three terraces can be reproduced using the 
curves of Grant et al. (2014) and Rohling et al. (2009). The simulations 
suggest that more than one terrace can be created during MIS 5e and 
multiple sea-level peaks are not required to create such terraces within 

one isotopic stage. Our results are comparable with the findings of 
Chauveau et al. (2023) and De Gelder et al. (2023) from their works in 
Sumba Island in which their simulations show that a single peak during 
MIS 5e can form multiple terraces associated with MIS 5e. We also 
propose that the antecedent topography (the terraces which formed 
during MIS 6) influenced the pattern and morphology of the overlying 
MIS 5e terraces as former terraces were reoccupied during the MIS 5e 
transgression (Fig. 7). For Sumba Island CRTs, Chauveau et al. (2023)
showed that antecedent CRTs influence new reef constructions and more 
likely explain the presence of multiple CRTs associated with MIS 5e. The 
results of our reef modelling support the proposition of Pastier et al. 
(2019) challenging the commonly assumed bijective relationship be-
tween sea-level highstands and terraces (that is, one-to-one correspon-
dence between a reef terrace and a sea-level highstand).

5.2. Tectonic deformation along the Manila Subduction Zone

With our detailed morphological analysis coupled with reef model-
ling, we determine that the most likely long-term uplift rate is 1.17 ±
0.03 mm/yr for Cape Bolinao. This value is comparatively lower than 
previously estimated by Maemoku and Paladio (1992) in Cape Bolinao 
(1.3 mm/yr) and higher than MIS 5e uplift rates estimated by Maxwell 
et al. (2018) from CRTs in northwest Luzon (0.13 to 0.3 mm/yr). We 
observed the highest reef platform (MIS 5e reef) to be tilted towards the 
ESE and the paleo-reef surfaces are striking towards the NNE. The 
deformation patterns observed as well as the high uplift rates estimated 

Fig. 7. Best-fit reef simulation. a. Reef simulation using the sea-level reconstruction of Waelbroeck et al. (2002) and uplift rate of 1.17 mm/yr. b. Representative 
topographic profile (B-BI, Fig. 1c) measured along the central portion of the cape where a complete suite of terraces is observed. Dashed lines allow comparison of the 
field observations with the corresponding modelled terraces and arrows point to the shoreline angles calculated along this profile. RG: Potential reef growth rate, U: 
Uplift (Vertical land motion rate), E: Erosion rate, IS: Initial slope, MRGD: Maximum reef growth depth, ORGD: Optimal reef growth depth, WEMD: Wave erosion 
maximum depth, SL: Sea-level curve used.
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are more likely attributed to subduction processes along the Manila 
Trench. In particular, the subduction of the Scarborough Seamount 
Chain (SSC), a NE-striking South China Sea extinct spreading ridge, 
beneath the west Luzon forearc region (e.g., Pautot and Rangin, 1989; 
Armada et al., 2020) likely drives both the elevated uplift and the 
observed tilting in Cape Bolinao.

Differential uplift, where proximal areas near the SSC subduction 
front experience higher uplift rates compared to more distal sites, could 
be explained by localized deformation brought about by SSC subduction 
(Armada et al., 2020). The documented ESE tilt of the highest reef ter-
races and the along-strike variability in CRT elevations reflect a complex 
interplay of tectonic forces along subduction margins influenced by 
oceanic asperities (e.g., Dominguez et al., 1998; Wang and Bilek, 2011). 
As oceanic asperities subduct, the margin adapts to the underthrusting 
topography resulting in the deformation of the upper plate (e.g., Dom-
inguez et al., 1998). Consequently, a subducting seamount or ridge 
generates a complex network of fractures fostering localized uplift, 
tilting, and block rotation, even in the absence of large earthquakes 
(Wang and Bilek, 2011).

Based on analyses of seismic reflection data and bathymetric data, 
Armada et al. (2020) provided new evidence of bathymetric highs (i.e., 
seafloor relief related to seamounts and ridges) being subducted east-
ward beneath the Luzon Island with vertical deformation in the forearc 
region being concentrated at 17◦N to 15.5◦N latitudes. Our work pro-
vides a supporting evidence of SSC subduction beneath the west Luzon 
forearc during the late Quaternary causing high uplift in the region and 
tilting of the highest reef terrace towards the ESE. Consequently, this 
might also explain the difference in long-term uplift rates estimated 
from the CRTs in Cape Bolinao and in northwest Luzon.

The Luzon forearc basin can be separated into the North Luzon 
Trough (NLT) and the West Luzon Trough (WLT) with boundary at the 
17◦N latitude (Fig. 1b, Armada et al., 2020) and Hsu et al. (2012) sug-
gests a partially locked fault zone near 15–16.5◦N beneath the WLT 
adjacent to SSC. While the CRTs of Cape Bolinao are situated in this 

highly coupled region, the CRTs of northwest Luzon are adjacent to the 
NLT, characterized by a relatively smooth seafloor. By examining the 
relationship between observed coastal late Pleistocene uplift rates and 
various geodynamic parameters, Henry et al. (2014) suggests that the 
first order parameter explaining coastal uplift along subduction zones is 
the small-scale heterogeneities of the subducting plate (i.e., subducting 
aseismic ridges). With this, we suggest that roughness of the seafloor (i. 
e., the impinging SSC) might likely be the reason for the difference in 
long-term uplift rates between the two regions.

The subduction of SSC might also be the likely explanation on the 
variation of mid-Holocene coral ages collected from the lower terraces 
from both localities. The younger mid-Holocene corals in Cape Bolinao 
(This Study; Ramos and Tsutsumi, 2010) might have experienced a more 
recent uplift compared to the relatively older mid-Holocene corals in 
northwest Luzon (Fig. 8, Table 4). In addition, the older corals in 
northwest Luzon (i.e., Currimao, Badoc; see Maeda et al., 2004; Shen 
et al., 2010; Maxwell et al., 2018) are better preserved than those in 
Cape Bolinao as we did not find pristine corals in our sites older than 6.4 
kyr. It may be the case that the corals in Cape Bolinao have been more 
affected by meteoric diagenesis than the ones in northwest Luzon. While 
high uplift rates explain much to this as the reefs may be subaerially 
exposed earlier and longer, the presence of submarine groundwater 
discharge in Cape Bolinao (Cantarero et al., 2019) might also contribute.

6. Conclusions

This work presents a new interpretation of the formation of CRTs in 
the northern Coral Triangle as a function of relative sea-level changes 
and tectonic uplift along an active margin during the late Quaternary 
(since ~130 kyr). With new geochronologic data coupled with high- 
resolution morphological analysis and reef stratigraphic numerical 
modelling, we examine in detail the Cape Bolinao CRTs in western 
Luzon, Philippines and provide a record of sea-level changes in the West 
Philippine Sea during the last glacial cycle. We estimate a new average 

Fig. 8. Elevation of dated fossil Holocene corals in west Luzon and northwest Luzon. Plotted are the elevation and ages of dated Holocene corals (plotted as symbols) 
collected along west Luzon Island. The symbols represent the coral ages reported by previous works in Pangasinan (Ramos and Tsutsumi, 2010, in inverted triangle), 
in Currimao (Shen et al., 2010, in diamond symbols), in Currimao and Badoc (Maxwell et al., 2018, in triangle symbols), and in Currimao, Badoc, and Palawan 
(Maeda et al., 2004, in circles). Shen et al. (2010) examined reef cores thereby providing an older, longer record for the Holocene reef development in northwest 
Luzon. The color codes for the symbols represent different regions: west Luzon (in red), northwest Luzon (in gray), and Palawan (in black). Also shown here is the 
calculated paleo-relative sea level (shown as blue rectangles when IMCalc (Lorscheid and Rovere, 2019) is used and dashed lines if an average reef depth of 5 m is 
considered). Most of the dated corals are collected from the surfaces of the lowest terrace (TI). We observe that corals from Cape Bolinao and Pangasinan are 
relatively younger than the corals from northwest Luzon.
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uplift rate of 1.17 ± 0.03 mm/yr for Cape Bolinao and identify an east- 
southeast-directed tilt affecting the higher reef terraces, interpreted as 
MIS 5e based on reef stratigraphic simulations. This relatively high uplift 
rate, together with along-strike variations in CRT elevations and 
deformation patterns, provides compelling evidence for localized tec-
tonic deformation. These observations are consistent with the influence 
of the Scarborough Seamount Chain subducting beneath Luzon Island, 
which likely plays a key role in shaping the forearc landscape. While our 
analysis is limited by lack of robust age constraints and glacial isostatic 
adjustment (GIA) corrections for the region, our study serves as the first 
attempt to provide a morpho-chronological framework for the devel-
opment of late Quaternary CRTs in the northern Coral Triangle thereby 
presenting a key dataset especially in a region that is poorly studied. 
However, the knowledge on the vertical distribution of the carbonate 
sequences in Cape Bolinao (and other sites in the region) is still 
incomplete but required to fully constrain the reef response to relative 
sea-level changes. More importantly, future efforts should be done to 
constrain the timing of the older reef terraces by applying a broader suite 
of geochronological techniques, including strontium isotope stratig-
raphy, amino acid racemization, and cosmogenic nuclide dating, among 
others.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.geomorph.2025.109796.
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