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ABSTRACT

The Philippine Mobile Belt is a complex
plate boundary with multiple terranes in
Southeast Asia, yet its early tectonic evolu-
tion is still not fully understood due to a scar-
city of solid evidence. Here we report new
whole rock geochemical, Sr-Nd isotopic, and
zircon U-Pb-Hf isotopic data for Cretaceous-
Miocene arc magmatic rocks from the Cebu
and Bohol Islands, Philippine Mobile Belt.
Bulk geochemical data display arc affinities
with enriched large ion lithophile elements
(e.g., Sr and Ba) and depleted high field
strength elements (e.g., Nb, Ta, and Ti). The
high positive gy4(t) (+4.6 to +9.1) values and
low initial %’Sr/36Sr ratios (0.7032-0.7048)
suggest that these igneous rocks were gener-
ated by partial melting of mantle wedge in an
arc setting. U-Pb dating of zircons revealed
Cretaceous (ca. 120-90 Ma), middle Eo-
cene to early Oligocene (ca. 43-30 Ma), and
middle Miocene (ca. 14 Ma) crystallization
ages for the arc magmatism with abundant
Permian-Triassic zircon xenocrysts cluster-
ing at ca. 250 Ma. The Permian-Triassic
grains show dominantly negative g4(t) val-
ues ranging from —16.2 to —6.6, which are
similar to those of coeval rocks in Eastern
Indochina. Combined with previous paleo-
magnetic studies, we propose that an Eastern
Indochina-derived continental fragment was
involved during the formation of arcs in the
Cebu and Bohol Islands, which highlights the
potential contribution of ancient continental
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materials in the formation of intra-oceanic
arcs. This scenario does not support the pre-
viously proposed model that the Cretaceous
arc in the Philippine Mobile Belt formed in
the northern margin of the proto-Philippine
Sea Plate and Australian margin.

INTRODUCTION

The Philippine Mobile Belt is a complex
tectonic domain with multiple terranes (Ran-
gin, 1991; Pubellier et al., 2003; Hall, 2012)
situated at the boundary of the Philippine Sea
Plate, the Indo-Australian Plate, and the Eur-
asian Plate (Fig. 1A). Arc magmatism in the
Philippine Mobile Belt commenced in the Early
Cretaceous (Deng et al., 2015; Zhang et al.,
2020b), yet current oceanic basins surround-
ing the Philippine Mobile Belt were formed
in the Cenozoic. Hence, previous studies have
proposed that ancient subduction of the Paleo-
Pacific or Pacific Plate beneath the cryptic proto-
Philippine Sea Plate on the northern margin of
the Australian Plate could account for the for-
mation of the Early Cretaceous arc within the
Philippine Mobile Belt (Pubellier et al., 2003;
Deng et al., 2015; Dimalanta et al., 2020). This
model is largely based on the assumption that the
Huatung Basin (Fig. 1B) and the Mesozoic ophi-
olitic rocks in the Philippine Mobile Belt were
remnants of the proto-Philippine Sea Plate and
the geochemical and age similarities between the
Mesozoic arc rocks in the West Philippine Basin
and those in the Philippine Mobile Belt (Hall
etal., 1995; Deng et al., 2015; Lallemand, 2016;
Dimalanta et al., 2020). Alternatively, it has been
suggested that crustal fragments rifted from the

Eurasian continental margin were incorporated
into the western part of the Philippine Mobile
Belt based on the presence of metamorphic
basements with continental affinity (Rangin
et al., 1990; Rangin, 1991; Yumul et al., 2020a,
2020b). This implies that the incipient Philippine
arc system was possibly formed by subduction
of the Pacific Plate beneath oceanic basins in the
margin of Eurasian Plate (Holloway, 1982). The
existence of the proto-Philippine Sea Plate and
early evolution of the Philippine arc within the
Philippine Mobile Belt are therefore still subject
to debate. This limits our understanding of the
tectonic evolution of Southeast Asia (Hall, 2012;
Zahirovic et al., 2014) and crustal growth pro-
cesses in the Philippines.

Paleomagnetism should provide critical evi-
dence for testing these different models, but
there is considerable variation in the interpreta-
tions of the paleomagnetic data (mainly Ceno-
zoic) within the Philippine Mobile Belt regard-
ing the paleolatitude (northern hemisphere or
southern hemisphere) and plate motion (Fuller
et al., 1983; McCabe et al., 1987; Fuller et al.,
1989; Fuller et al., 1991; Queano et al., 2007,
Balmater et al., 2015). These discrepancies are
likely due to tectonic complexity, the limited
amount of data, and significant uncertainties
about the paleolatitude (McCabe et al., 1987;
Queano et al., 2007). A recent reinterpretation
of paleomagnetic data from Cebu Island in the
central Philippines suggests a northern hemi-
sphere paleolatitude during the Cretaceous
(Yumul et al., 2020a), which is inconsistent with
the Philippine Mobile Belt being derived from
the northern margin of Australia (Pubellier et al.,
2003; Deng et al., 2015; Dimalanta et al., 2020).
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Figure 1. (A) The distribution of major plates, terranes, and fragments in Southeast Asia (modified after Hall, 2017; and Zhang
et al., 2020a) is shown with the compiled samples in circle points. The detailed locations, ages, and references for these samples are
provided in Table S5 (see footnote 1). (B) Tectonic framework of the Philippine Mobile Belt and its surrounding terranes (modi-
fied after Yumul et al., 2008). (C) Schematic geological map of Cebu and Bohol Islands (modified after Aurelio and Pefia, 2010).
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Formation of island arc systems in the Philippine Mobile Belt

Zircons incorporated into island arc igneous
rocks may provide another window into the ori-
gin and nature of their host rocks (Smyth et al.,
2007; Buys et al., 2014; Shao et al., 2015; Li
et al., 2018; Zhang et al., 2018, 2019). Zircon
chemistry may provide crucial additional con-
straints for tectonic reconstructions, especially
for regions with complex tectonics and/or con-
flicting paleomagnetic data. We present whole
rock geochemistry, Sr-Nd isotope, and zircon
U-Pb-Hf isotope data for the Early Cretaceous
to middle Miocene magmatic rocks of the Cebu
and Bohol Islands to investigate the evolution
of the Philippine arc within the Philippine
Mobile Belt. We document abundant continen-
tal zircon xenocrysts (mainly Permian to Trias-
sic) with an Eastern Indochina affinity, which
enables us to propose that Eastern Indochina-
derived continental materials were involved in
the generation of the island arc systems within
the Philippine Mobile Belt rather than materi-
als from the Australian margin, as previously
speculated (Deschamps and Lallemand, 2002;
Pubellier et al., 2003; Deng et al., 2015; Dima-
lanta et al., 2020).

GEOLOGICAL BACKGROUND

The Philippine Mobile Belt, a product of
oblique convergence between the Philippine
Sea Plate and the thinned margin of the Eurasian
Plate (Rangin et al., 1990; Rangin, 1991), is
bounded by oppositely dipping subduction zones
(Fig. 1B) and underlain by Jurassic-Cretaceous
basement composed of ophiolitic complexes
with different origins (Pubellier et al., 2003;
Dimalanta et al., 2020; Yumul et al., 2020b),
including marginal basins rifted from both the
Eurasian and Indo-Australian Plates (Rangin,
1991; Deng et al., 2015; Dimalanta et al., 2020).
Arc systems within the Philippine Mobile Belt
were mainly formed in the Cretaceous, Eocene,
Oligo-Miocene, and Pliocene-Quaternary
(Aurelio et al., 2013). The Cretaceous arc is gen-
erally thought to have been related to subduction
between the Pacific or Paleo-Pacific Plates and
the marginal basins (e.g., proto-Philippine Sea
Plate) of the Australian Plate (Deschamps and
Lallemand, 2002; Pubellier et al., 2003; Zahi-
rovic et al., 2014; Deng et al., 2015). However,
an earlier model proposed that the Cretaceous
arc in the Philippines resulted from subduction
of the Pacific Plate beneath oceanic basins of the
Eurasian margin (Holloway, 1982). The Eocene
to Miocene arcs within the Philippine Mobile
Belt are generally considered to be associated
with the subduction of oceanic basins beneath
the Philippine Sea Plate (Rangin, 1991; Hall,
2002; Pubellier et al., 2003; Hall, 2012). Sub-
duction ceased when the Philippine Mobile Belt
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collided with the rifted Eurasian margin (e.g.,
Palawan block and Zamboanga Peninsula) in
the Miocene (Pubellier et al., 2003; Yumul et al.,
2004, 2008). The magmatic arc commenced
again from the Pliocene to Quaternary due to
subduction of the oceanic plates surrounding the
Philippine Mobile Belt (Fig. 1B; Aurelio et al.,
2013; Dimalanta et al., 2020).

The Cebu and Bohol Islands, located in the
central part of the Philippine Mobile Belt, rep-
resent an excellent site for studying the origin
and evolution of the Philippine arc because
they encompass all of the early magmatic arcs
of the Philippine Mobile Belt. The oldest arc-
related rocks within the Philippine Mobile Belt
crop out on Cebu Island (Deng et al., 2015)
and consist of Cretaceous basaltic to andesitic
volcanic-pyroclastic rocks and dioritic intru-
sions (Fig. 1C; Deng et al., 2015, 2017; Zhang
et al., 2020b). These Cretaceous volcanic rocks
were covered or intruded by the middle Mio-
cene andesite and diorite in the east of Cebu
Island (Fig. 1C). Only middle Eocene to early
Oligocene arc volcanic and intrusive rocks and
Miocene andesites are found on Bohol Island
(Fig. 1C; Aurelio and Pefia, 2010). In addition to
the arc magmatic rocks, metamorphic complex
consisting of chlorite schist, micaceous schist,
and amphibolite schist with ages ranging from
Jurassic to Cretaceous are found on Bohol and
Cebu Islands (Yumul et al., 2001; Dimalanta
et al., 2006). These metamorphic complexes on
both islands were formed in subduction-related
settings (Yumul et al., 2001; Dimalanta et al.,
2006). The sedimentary strata are dominated by
middle Eocene to late Pleistocene siliciclastic
and carbonate sedimentary units with some Cre-
taceous sandstone and limestone on Cebu Island
(Aurelio and Pefia, 2010).

SAMPLES AND METHODS

A total of 19 samples including andesite,
basaltic andesite, basalt, and basaltic-andesitic
to andesitic volcaniclastic rocks were collected
from Cebu and Bohol Islands ranging in age
from Cretaceous (n = 6), middle Eocene to
early Oligocene (n = 12), and middle Miocene
(n = 1). Among these samples, one Cretaceous
sample (C9-2), two Paleogene samples (C19-8
and B17), and one middle sample (C24) con-
tain igneous xenoliths, and xenoliths were not
involved during the geochemical analysis of
these samples. Most of the volcanic rocks are
characterized by porphyritic textures with phe-
nocrysts consisting of plagioclase, hornblende,
and clinopyroxene in a matrix of fine-grained
feldspars, amphibole, pyroxene, Fe-Ti oxide,
and aphanitic crystals. Most plagioclase and
some clinopyroxene show variable alteration to
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sericite and amphibole, respectively. The vol-
caniclastic rocks are mainly composed of pla-
gioclase and amphibole crystal fragments with
minor andesite debris. Representative petro-
graphic descriptions and photomicrographs are
provided in the Supplemental Materials (Figs.
S1-1to S1-3)L.

Thirteen least altered samples were analyzed
for whole rock major- and trace-element con-
centrations and Sr-Nd isotopes. The major and
trace elements were analyzed at ALS Minerals/
ALS Chemex (Guangzhou) Co. Ltd., Guang-
zhou, China. Major oxide concentrations were
measured using a PANalytical Axios X-ray
fluorescence spectrometer (XRF) on fused
glass beads at 1050-1100 °C with a Li,B,O,—
LiBO, flux with analytical precisions generally
better than + 1%. Trace element concentra-
tions were determined by inductively coupled
plasma-mass spectrometry (ICP-MS), and the
analytical precisions were generally better
than &+ 5%.

Sr and Nd isotopic analyses were performed
on a Neptune Plus multi-collector-inductively
coupled plasma-mass spectrometer (MC-ICP-
MS) at the Guangzhou Institute of Geochemis-
try, Chinese Academy of Sciences, Guangzhou,
China, using analytical procedures described
by Wei et al. (2002) and Liang et al. (2003).
Sr and rare earth elements (REE) were sepa-
rated using cation columns, and Nd fractions
were further separated by Di-(2-ethylhexyl)
phosphoric acid (HDEHP)-coated Kef col-
umns. The measured isotopic fractionations
were corrected to 30Sr/%8Sr = 0.1194 and
46N d/'*Nd = 0.7219. The measured weighted
mean ¥Sr/36Sr of NBS987 standard material
was 0.710247 4+ 0.000003 (1o, n =9), and the
measured weighted mean '3Nd/'*Nd of INdi-1
standard material was 0.512110 % 0.000002
(1o, n = 8), and both are within the errors of
recommended values (Jochum et al., 2005). To
monitor the processes of sample digestion and
purification, BHVO-2 was run as an external
standard. Two measurements of the BHVO-2
yielded a weighted mean of 3Nd/'*Nd =
0.512976 +£ 0.000007 (1o), which is within
the error of the recommended values (Jochum
et al., 2005).

Zircons were separated from 19 volcanic and
pyroclastic rocks using conventional magnetic
and heavy liquid techniques. Then the selected
zircons were mounted on standard epoxy casts
and imaged by cathodoluminescence (CL)

ISupplemental Material. Figures S1-S7 and
Table S1-S5. Please visit https://doi.org/10.1130/
GSAB.S.13394207 to access the supplemental
material, and contact editing@geosociety.org with
any questions.
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using a TESCAN MIRA3 field emission scan-
ning electron microscope at the Testing Cen-
ter, Tuoyan Technology Co., Ltd., Guangzhou,
China. In situ U-Pb dating and trace element
analyses were carried out on the zircon grains
using an LA-ICP-MS system at Nanjing FocuMS
Technology Co. Ltd. and the Key Laboratory of
Marine Resources and Coastal Engineering, Sun
Yat-sen University (SYU), Guangzhou, China.
The SYU analytical details can be found in Fu
et al. (2015). Laser sampling of zircon was con-
ducted using a Teledyne Cetac Technologies
Analyte Excite laser ablation system with laser
beam energy of 6.0 J/cm?, and ion-signal intensi-
ties were acquired using Agilent Technologies’
7700 quadrupole ICP-MS at Nanjing FocuMS
Technology Co., Ltd. Laser ablation spots were
35 pm in diameter with an ablation rate of 8 Hz
and with typical data acquisition of 40 s for the
sample and 20 s for the background. Helium was
used as the carrier gas to efficiently transport
aerosol to ICP-MS.

Zircon 91500 was used as an external stan-
dard to correct instrumental mass discrimi-
nation and elemental fractionation during
ablation. Every eight sample analyses were
followed by analysis of two 91500 zircon
standards. Zircon standard GJ-1 and PleSovice
were used as quality control during U-Pb dat-
ing. Pb abundance of zircon was externally
calibrated against NIST SRM 610 with Si
used for internal standardization and Zr as an
internal standard for the other trace elements.
The ICPMSDataCal software (Liu et al., 2010)
was used for raw data reduction. The dating
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results of zircon standard PleSoviceare and
91500 were 338.5 + 0.8 (1lo; n=31; Fig.
S2A; see footnote 1) and 1062.4 + 2.2 (lo;
n = 70; Fig. S2B) at SYU, respectively. Zir-
con standard PleSoviceare, 91500 and GJ-1 at
Nanjing FocuMS Technology Co., Ltd., yielded
weighted mean ages of 339.1 £ 0.7 (lo;
n = 27; Fig. S2C), 1062.2 £ 1.3 (10; n = 92;
Fig. S2D), and 602.2 £ 1.0 (1o0; n = 46; Fig.
S2E), respectively. These ages are consistent
with recommended values within 1o (Wieden-
beck et al., 1995; Jackson et al., 2004; Slama
et al., 2008).

Zircon Hf isotopic ratios were measured using
a Nu Instruments Nu Plasma II MC-ICP-MS
combined with a Teledyne Cetac Technologies
Analyte Excite laser ablation system at Nanjing
FocuMS Technology Co., Ltd. The laser ablation
energy density used was 8.0 J/cm?. Each acqui-
sition incorporated 20 s background followed
by 40 s from the sample with a spot diameter
of 50 pm and 9 Hz repetition rate. Helium was
used as the carrier gas to efficiently transport
aerosol out of the ablation cell. Standard zircons
(including GJ-1, 91500, Plesovice, Mud Tank,
and Penglai) were used as quality control after
every five unknown samples. Analyses of the zir-
con standard 91500, GJ-1, Mud Tank, PleSovice,
and Penglai yielded weighted mean '7°Hf/"7"Hf
ratios of 0.2823085 + 0.0000029 (1o; n = 12;
Fig. S2F), 0.2820102 £ 0.0000021 (1o; n = 21;
Fig. S2G), 0.2825169 £ 0.0000021 (1o;n = 12;
Fig. S2H), 0.2824809 £ 0.0000018 (1o;n = 14;
Fig. S2I), and 0.2829080 =+ 0.0000029 (1o;
n = 12; Fig. S2J), respectively, consistent with

the recommended values within 1o (Slama et al.,
2008; Yuan et al., 2008; Li et al., 2010).

RESULTS

Whole Rock Geochemistry and Sr-Nd
Isotopes

The bulk geochemistry data are provided in
Table S1 (see footnote 1). They display rela-
tively low SiO, (52-61 wt%, normalized to
100% anhydrous and the same hereafter), low
to middle K,O (0.04-1.86 wt%), high Na,O
(1.23-7.01 wt%) contents, with variable loss on
ignition (0.50-6.66 wt%), plotting in the basalt
to andesite fields on the Nb/Y-Zr/Ti diagram
(Fig. 2A; after Pearce, 2014) with tholeiitic to
calc-alkaline affinities (Fig. 2B; after Peccerillo
and Taylor, 1976). The Al,0; and CaO contents
range from 10-19 wt% and 3—-14 wt%, respec-
tively, indicating a metaluminous affinity with
an aluminum saturation index (A/CNK = molar
ALO;4/[Ca0 + Na,O + K,0]) of 0.37-1.00. The
samples have variable MgO (3-12 wt%) and
Fe,0;r (5-12 wt%) concentrations with rela-
tively high Mg# [molar Mg/(Mg + Fe)] ranging
from 42 to 71.

The samples have low total REEs (30.3—
194.1 ppm) with slightly negative Eu anoma-
lies (Figs. 3A and 3C; Eu/Eu* = 0.82-1.08).
The Cretaceous and middle Miocene samples
are light REE (LREE) enriched relative to their
heavy REE (HREE) (Fig. 3A; Lay/Yby = 2.2—
20.2; normalized to the chondrite values from
Sun and McDonough [1989]), whereas the
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Figure 2. (A) Immobile element TAS (total alkali/silica) proxy diagram is shown (after Pearce, 2014). (B) K,O versus SiO, diagram (after
Peccerillo and Taylor, 1976) for igneous rocks from Cebu and Bohol Islands.
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Figure 3. (A, B) Chondrite-normalized rare earth element (REE) pattern and primary mantle-normalized, multi-element diagram for the
Cretaceous and middle Miocene igneous rocks in this study is shown. (C, D) Chondrite-normalized REE pattern and primary mantle-
normalized, multi-element diagram for the middle Eocene to early Oligocene igneous rocks in this study. Chondrite, primary mantle (PM),
and normal mid-oceanic-ridge basalt (N-MORB) compositions are from Sun and McDonough (1989), and upper and lower continental

crust (UCC and LCC) compositions are from Rudnick and Gao (2003).

middle Eocene to early Oligocene samples dis-
play flat to LREE-enriched patterns (Fig. 3C;
Lay/Yby = 0.8-4.2). The multi-element varia-
tion diagrams show that all samples have an arc
affinity characterized by depletion in high field
strength elements (HFSEs; e.g., Nb, Ta, and Ti)
and large ion lithophile elements (LILE) and Pb
enrichment (Figs. 3B and 3D; Rudnick and Gao,
2003; Jagoutz and Kelemen, 2015). Generally,
the trace element compositions for the Creta-
ceous and middle Miocene samples are simi-
lar to those of lower to upper continental crust
(Figs. 3A and 3C; Rudnick and Gao, 2003).
Comparatively, the middle Eocene to early Oli-
gocene samples have more depleted trace ele-
ments contents, with most of their trace elements
more depleted than those of lower continental
crust (Figs. 3B and 3D; Sun and McDonough,
1989; Rudnick and Gao, 2003). All samples

Geological Society of America Bulletin, v. 133, no. 9/10

exhibit depleted isotopic signatures with high
and moderately variable values of gy,(t) (+9.1
to +4.6) and low initial 8Sr/%Sr ratios (0.7032—
0.7048) (Table S1).

Zircon U-Pb Ages

All of the concordant (<10% discordance)
zircon U-Pb isotopic data are provided in Table
S2 (see footnote 1) and trace element data in
Table S3. Representative CL images of the
dated zircons are presented in Figure 4 and Fig-
ure S3 with their corresponding ages and ey (t)
values. Most of the zircons are between 50 pm
and 200 pm in length and euhedral to subhedral
with several sub-rounded grains. Most grains
exhibit oscillatory magmatic zoning, and some
have a resorbed dark core with a light-colored
rim in CL images (Fig. S3). For grains with core-
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rim textures, all analyses were performed in the
core domain due to the thin rims. The Th and
U concentrations vary from 8-8427 ppm and
24-3115 ppm, respectively, with Th/U ratios
mostly ranging from 0.1 to 3 (Fig. SA). Most zir-
cons are enriched in HREEs relative to LREEs
with positive Ce and negative Eu anomalies
(Fig. 5B). Nearly all zircons high U/Yb ratios are
consistent with zircons derived from island and
continental arcs (Fig. 5C; Grimes et al., 2007).
The interior structure, crystal morphology, and
Th/U ratios collectively indicate that the zircons
are predominantly magmatic in origin (Figs. 4
and 5A; Hoskin and Schaltegger, 2003; Wu and
Zheng, 2004).

A total of 23 measurements were carried
out on zircons from the pyroxene andesite
sample C9-2, yielding 16 concordant ages
from 137 Ma to 107 Ma. The five youngest
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Figure 4. U-Pb concordia diagrams, weighted mean ages, and representative cathodoluminescence (CL) images are shown for zircons with
their corresponding U-Pb ages and g,(t) values (in italics) of igneous rocks from the Cebu and Bohol Islands, Philippine Mobile Belt. N is
the number of measurements. MSWD—mean square of weighted deviates.

grains defined a weighted mean 20°Pb/?38U
age of 111.1 £2.2Ma (1 standard devia-
tion [1o]; mean square of weighted deviates

1984

[MSWD] = 1.1; Fig. 4A), representing the
crystallization age for the magmatic protolith.
Ninety-six zircon grains were analyzed from

pyroclastic rock sample C21, yielding 88 con-
cordant ages of 3435-116 Ma, with a crystalliza-
tion age of 120.0 £ 4.7 Ma (10; MSWD = 0.47)
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Figure 5. (A) The Th/U ratio of zircon grains with different ages is shown. The zircon grains with Th/U < 0.01 are conventionally consid-
ered to be metamorphic in origin, whereas magmatic zircon rarely have Th/U ratios lower than 0.1 (Hoskin and Schaltegger, 2003; Wu
and Zheng, 2004). Data for metamorphic and igneous rocks are compiled from the eastern margin of the Indochina block (see Table S5
[see footnote 1]; Carter and Moss, 1999; Usuki et al., 2009; Shellnutt et al., 2013; Burrett et al., 2014; Tran et al., 2014; Hieu et al., 2015;
Shi et al., 2015; Arboit et al., 2016; Owada et al., 2016; Wang et al., 2016; Hou et al., 2019; Nguyen, 2019; Bui et al., 2020). (B). Chondrite-
normalized rare earth element (REE) pattern of zircons from igneous rocks of the Cebu and Bohol Islands. Normalizing values are from
Sun and McDonough (1989). (C) Discrimination diagram for zircon origin (after Grimes et al., 2007).

using the three youngest grains (Fig. 4B). Abun-
dant xenocrystic/inherited zircons were iden-
tified from this sample and primarily ranged
from 303 Ma to 239 Ma (N = 34; Fig. S4 and
Table S2; see footnote 1). One hundred concor-
dant U-Pb ages were obtained on 107 analyzed
zircon crystals from pyroclastic rock sample
C22-1, including two Permian-Triassic grains
(250.3 &= 3.7 Ma and 248.7 4+ 8.6 Ma), one
Jurassic grain (184.4 & 3.7 Ma), and the remain-
ing crystals varied from 147 Ma to 117 Ma. The
youngest population gave a weighted mean age
of 118.1 £2.2Ma (1o; MSWD = 0.04; N = 4;
Fig. 4C), which is assumed to be the crystalliza-
tion age of the parental magma. From andesite
sample C20, only 10 zircon grains were recov-
ered and seven concordant ages of 1343—-108 Ma
were identified (Table S2). The youngest grain
(107.5 & 1.6 Ma) was estimated to represent
the maximum crystallization age of this sam-
ple. These crystallization ages are consistent
with previous zircon U-Pb dating results from
andesite (126.2 &+ 2.4 Ma; Deng et al., 2015),
pyroclastic rock (118.5 £ 1.2 Ma; Deng et al.,
2015), and diorite (108.5 £ 1.6 Ma; Zhang
et al., 2020b) from Cebu Island. In total, 33 zir-
cons were analyzed from two andesite samples,
C15-1 and C17-1, with 28 concordant ages
varying from 2005 Ma to 88 Ma. The maximal
crystallization or eruption age was estimated to
be 89.1 + 1.4 Ma (1o; MSWD = 0.87; N =3;
Fig. 4D) based on the youngest population. This
age is identical to previous Late Cretaceous fos-
sil ages from sedimentary interbeds in the volca-
nic sequence (Aurelio and Pefia, 2010).

Among the three pyroclastic rock samples
(C10-1, C19-5, and C19-8) from Cebu Island, 43
concordant ages were obtained from 49 analyzed

Geological Society of America Bulletin, v. 133, no. 9/10

zircon grains from sample C10-1. Except for one
zircon xenocryst (106.5 + 4.3 Ma), the remain-
ing grains yielded ages of 40-32 Ma with a
weighted mean 2°Pb/>38U age of 32.4 4 0.5 Ma
(lo; MSWD = 0.42; N = 3; Fig. 4E), which
is interpreted to be the crystallization age. In
addition, pyroclastic rock samples C19-5 and
C19-8 were possible from the same eruptive
sequence based on the field observations and
their similarly youngest zircon populations.
These two samples yielded 32 concordant ages
from 49 measured zircon crystals and showed
age populations at 267-236 Ma, 131-106 Ma,
and 39-32 Ma. The youngest single grain age
(31.9 £ 0.8 Ma; Fig. 4G) likely represents the
crystallization age of the magmatic protolith.
A total of 17 analyses were performed on zir-
cons, and 10 concordant ages were obtained
from andesite sample C19-1. Except for three
xenocrysts (2429 Ma, 846 Ma, and 110 Ma),
the remaining homogeneous grains yielded a
weighted mean 2Pb/>38U age of 40.1 4 1.8 Ma
(10; MSWD = 1.5; N = 7; Fig. 4F), which is
interpreted to be the crystallization age. These
results indicate that some igneous rocks from
Cebu Island previously mapped as Cretaceous
(Aurelio and Pefia, 2010) were formed in the
middle Eocene to early Oligocene. On Bohol
Island, two pyroclastic rock samples (B14 and
B18) were collected for dating. Sixteen U-Pb
dates were determined from sample B14, with
15 being concordant and ranging from 2487 Ma
to 31 Ma. The youngest grains yielded a
weighted mean 2°Pb/>38U age of 30.8 4 0.6 Ma
(1o; MSWD = 0.08; N = 2; Fig. 4H). With the
exception of 127-110 Ma and 51-46 Ma xeno-
crystic/inherited zircons (N =12 and N =2,
respectively), the remaining three zircons from
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sample B18 gave a weighted mean 2%°Pb/?*8U
age of 42.5+ 1.3 Ma (lo; MSWD = 0.44;
Fig. 41). Both mean ages can be interpreted as
crystallization ages of their parental magmas.
Based on the similar mineral assemblages and
field observations, three andesite samples (B8,
B12-2, and B20-2) from Bohol Island should be
the same lithofacies. In total, 35 concordant ages
were obtained from 38 analyses from these three
samples, with ages of 2487-1862 Ma, 834—
736 Ma, 548 Ma, 395-311 Ma, 291-235 Ma,
142-103 Ma, and 43-36 Ma. The youngest two
zircons yielded a weighted mean 20°Pb/?38U age
of 36.3 £ 0.7 Ma (lo; MSWD = 1.2; Fig. 4)).
Similarly, three basalt samples (B6, B17, and
B19-1) from Bohol Island have comparable
mineral assemblages and were likely to form
a common volcanic layer. A total of 27 zircon
U-Pb measurements from these samples yielded
26 concordant ages of 1987 Ma, 396-361 Ma,
251-249 Ma, 181-179 Ma, 119-89 Ma, and
38-30 Ma with a weighted mean 2Pb/238U age
of 30.7 +£ 0.2 Ma (lo; MSWD =2.6; N =2;
Fig. 4K). These two weighted mean ages rep-
resent the crystallization ages of their magmatic
protolith, and the dating results are also consis-
tent with the cross-cutting relationship that the
andesites were presented as xenoliths in basalts
(Fig. S1-2C). A total of 50 zircons were selected
for dating from andesite sample C24 from Cebu
Island, yielding 39 concordant ages. The xeno-
crystic/inherited zircons were identified to be
2445-2265 Ma, 1783-1350 Ma, 1007-820 Ma,
532-392 Ma, 309-239 Ma, and 131 Ma in age
(N = 30). The remaining nine grains yielded a
weighted mean 2°°Pb/238U age of 14.2 + 0.7 Ma
(10; MSWD = 0.46; Fig. 4L), which represents
the best estimate of the eruption age.
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The detailed age distribution of each sample is  their crystallization or maximum eruption age
provided in Figure S4, and all of these samples into the Cretaceous (ca. 120-90 Ma), middle
can be categorized into three groups based on  Eocene to early Oligocene (ca. 43-30 Ma), and

middle Miocene (ca. 14 Ma). The inherited/
xenocrystic zircon age distributions from each
group are similar to each other (Fig. S5). In sum-
mary, the dominant age populations (Fig. 6A) are
middle Miocene (peaking at ca. 14 Ma), middle
Eocene to early Oligocene (ca. 46-30 Ma with a
peak at ca. 34 Ma), Cretaceous (ca. 147-88 Ma
with peaks at 125 Ma and 113 Ma), and Perm-
ian-Triassic (ca. 300-232 Ma with peaks at ca.
286 Ma and 250 Ma). There are also some minor
Ordovician-Devonian (ca. 480-390 Ma), Meso-
to Neoproterozoic (ca. 1.3-0.7 Ga), and Archean
(ca. 2.5 Ga) peaks, which will not be discussed
further due to the limited numbers for these ages.

Hf Isotopes

Lutetium-Hf isotopic analyses were con-
ducted on 179 dated zircons, and results are pre-
sented in Table S4 (see footnote 1; Blichert-Toft
and Albarede, 1997; Griffin et al., 2000, 2002;
Soderlund et al., 2004) and Figure 7. Most Perm-
ian-Triassic zircons have negative g;,(t) values of
—16.2 to —6.6 and crustal model ages (Tpy©) of
2.2-1.7 Ga. The Hf isotopic compositions of the
Cretaceous grains can be categorized into three
groups. One group with ca. 113-111 Ma ages
(N =5) displays high negative gy(t) values of
—25.2 to —16.2 and crustal model ages (Tpp©)
of 2.7-2.2 Ga. The second group (N = 12),
with ages of ca. 126-81 Ma, is characterized
by negative to weakly positive g,(t) values of
—4.9 to +2.8 with crustal model ages (Tpy©)
of 1.5-1.0 Ga. The third group (N = 40), with
ages varying from 138 Ma to 109 Ma, shows
high positive ey (t) values of +8.2 to +14.5 and
mantle model ages (Tpy) of 478-193 Ma. Two
different populations of Hf isotopic composition
are identified from the Paleogene zircons: one
population (46-37 Ma; N = 7) with high posi-
tive ey(t) values of +13.1 to 4+-16.0 and mantle
model ages (Tpy,) of 198-74 Ma and the other
population (36-32 Ma; N = 22) with ey(t) val-
ues of —1.7 to +0.7 with crustal model ages
(Tpp©) of 1.2-1.0 Ga. All of the middle Mio-
cene zircons exhibit high positive ey(t) values
ranging from +-10.6 to +15.0 with mantle model
ages (Tpy) of 286-93 Ma.

DISCUSSION
Petrogenesis and Magma Sources

The igneous samples collected in this study
have variable and high loss on ignition (0.55—
6.66 wt%) values, suggesting various degrees of
hydrothermal alteration. Therefore, it is neces-
sary to evaluate whether the mobile elements
such as LILEs have been remobilized during
post-magmatic alteration. The samples display
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Figure 7. Zircon gy(t) versus U-Pb age diagram for magmatic zircons from the Cebu and Bohol Islands and the eastern margin of Indochina
block, including Truong Son Belt, Kontum Massif, and Dalat-Kratie, is shown. The detrital zircons from the Permian to Triassic sedimen-
tary rocks of the Indochina block are also compiled for comparison. Hf isotope systematics for the Permian-Triassic zircons in this study
are comparable to those for igneous rocks from the Kontum Massif in Eastern Indochina. Compiled Hf isotopic data and references are
provided in Table S5 (see footnote 1) and cited from Shellnutt et al. (2013), Hieu et al. (2015), Arboit et al. (2016), Hieu et al. (2016), Wang
et al. (2016), Hou et al. (2019), and Minh et al. (2020). The whole rock Nd isotopic compositions for the gneisses in the Kontum Massif are
from Lan et al. (2003). DM—depleted mantle; CHUR—chondritic uniform reservoir.

no correlations between loss on ignition (LOI)
with Rb, Ba, Sr and Th, and REEs (e.g., La,
Yb) in Figure S6 (see footnote 1), indicating
that their original signatures were not affected
by post-magmatic alteration and the contents or
ratios can be used to constrain the petrogenesis
of the rocks sampled.

The high Mg# (42-71), low Rb/Sr and Rb/
Ba ratios (0.002-0.085 and 0.023-0.221,
respectively; Fig. 8A; Sylvester, 1998), and
depleted whole rock Nd isotopic compositions
(ena(®) = +9.1 to +4.6) collectively indicate
that parental magmas of the igneous rocks in
this study were dominated by mantle-derived
basaltic melts. All samples are characterized
by arc-like trace element patterns (Jagoutz and
Kelemen, 2015) with depleted HFSEs (e.g., Nb,
Ta, Ti) and enriched LILEs (e.g., Sr, Ba), indi-
cating that subduction-related fluids/melts were
involved in the magma source. These elemen-
tal and isotopic features indicate that the igne-
ous rocks in the Cebu and Bohol Islands were
formed in an arc or subduction-related setting.
The low Th contents (0.1-5.2 ppm), low Th/
Yb ratios (0.10—4.39), and variable Ba/La ratios
(0.74-100.29) suggest a low sediment contribu-
tion to the magma source and that the arc-related
rocks in this study were mainly derived from par-
tial melting of the fluid-modified mantle wedge
(Figs. 8B and 8C; Hawkesworth et al., 1997;
Woodhead et al., 2001). The REE patterns for
the late Eocene to early Oligocene andesite and

Geological Society of America Bulletin, v. 133, no. 9/10

basalt samples (B17, B19-1, and B20-2) from
Bohol Island were more depleted than those of
the average N-MORB (Fig. 3C); thus, we inter-
pret that their basaltic parental magmas were
from an ultra-depleted mantle affected by pre-
vious melt extraction, possibly the lithospheric
mantle wedge and similar to the source of
boninitic rocks (Chen et al., 2018). Conversely,
the remaining samples from the Cebu and Bohol
Islands were derived from asthenospheric or
enriched lithospheric mantle wedge, the same
as the source of typical arc rocks (Spandler and
Pirard, 2013).

The identification of inherited/xenocrystic
zircons with negative ey(t) values in most sam-
ples suggests that continental materials were
involved in the formation of the arc magmas. In
addition, the presence of volcanic xenoliths (Fig.
S1) in this study indicates that crustal assimila-
tion occurred at shallow levels during the basal-
tic-andesitic magma ascent, which is consistent
with the negative correlations between eyq(t)
values and magma differentiation (Fig. 8D).
Moreover, the simple binary mixing model
between average Pacific N-MORB (Gale et al.,
2013) and global subduction sediment (Plank
and Langmuir, 1998) suggests that subducted
sediment contaminant to the mantle wedge can-
not generate the isotopic compositions of most
samples studied (Fig. 9). Therefore, we propose
that the Cretaceous to middle Miocene igneous
rocks from the Cebu and Bohol Islands resulted
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from melting of a mantle wedge modified by
subduction-related fluids with contamination by
continental materials at crust levels rather than
by source contamination.

Incorporation of Inherited/Xenocrystic
Zircons and Implications for Continental
Crustal Growth

Zircons from subducted sediments and rifted
continental terranes may both be incorporated
into arc magmatic rocks (Smyth et al., 2007;
Shao et al., 2015; Rojas-Agramonte et al.,
2016). But it is difficult to use conventional
whole rock geochemical and isotopic criteria to
distinguish the origin of inherited/xenocrystic
zircons because subducted slab sediments and
continental crust can share similar elemental or
isotopic signatures (Plank and Langmuir, 1998;
Buys et al., 2014). Conversely, if we know the
source of the inherited/xenocrystic zircons, then
the whole rock geochemistry of the source ter-
rane can be used to test whether slab or conti-
nental crust components are involved in the
incorporation of zircons. Nevertheless, the low
contribution of sediments from the subducting
slab to the petrogenesis and crustal contamina-
tion in shallow levels aforementioned indicate
that inherited/xenocrystic zircons did not derive
from the subducted sediments through slab melt-
ing. Therefore, the inherited/xenocrystic zircons
were most likely incorporated into the arc rocks
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Figure 8. Diagrams show (A) Rb/Ba versus Rb/Sr (Sylvester, 1998), (B) La/Sm versus La, (C) Th/Yb versus Ba/La (Woodhead et al., 2001),
and (D) ey4(t) versus (La/Yb)y for igneous rocks from the Cebu and Bohol Islands. Samples C15-1 and C17-1 are labeled with a dotted line
in panels B and D. The (La/Yb)y represents the proxy for the degree of magmatic differentiation. The arrow shows the trend of differentia-
tion in panel D, indicating that crustal contamination occurred in the shallow arc crust. Global subducting sediment (GLOSS), normal mid-
oceanic-ridge basalt (N-MORB), and average continental crust compositions are from Plank and Langmuir (1998), Sun and McDonough
(1989), and Rudnick and Gao (2003), respectively.

of this study from underlying intermediate-fel-
sic crust and sedimentary cover during magma
ascent and/or through remelting of underlying
continental crust.

The Hf isotopic compositions of the Permian-
Triassic zircons (gig[t] = —16.2 to —6.6) do not
fall onto the continental evolution lines of the
Cretaceous-Miocene grains (Fig. 7), indicating
that these zircons were likely captured from
Permian-Triassic granitoids with crustal model
ages of 2.2—-1.7 Ga or their eroded products dur-
ing magma ascent. Conversely, some Cretaceous
(ca. 126-81 Ma) and late Eocene to early Oligo-
cene (ca. 36-32 Ma) zircons with low negative
to low positive ey(t) values of —4.9 to +2.8 and
crust modal ages of ca. 1.5-1.0 Ga were possibly
the product of melting of a common Mesopro-

1988

terozoic continental crust during magma ascent
rather than crystallized from a mixed source (i.e.,
mantle- and crust-derived melts). This is because
large degrees of continental crust involvement
were required to generate the zircon Hf isotopic
systematics, and the mixing of mantle-derived
magma with such significant involvement of
crustal contamination is not possible in an island
arc setting (at most 25% of granite or xenolith
can be assimilated by mantle-derived basaltic
magma to produce a hybrid magma; Glazner,
2007; Buys et al., 2014). Similarly, several
Cretaceous zircons with high negative ey (t)
values of —25.2 to —16.2 may crystallize from
the continental crust-derived melts with a crust
model age of ca. 2.5 Ga. Although some of the
Cretaceous to Paleogene zircons characterized
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by crust-like Hf isotopes were produced by melt-
ing of the continental crust, we infer that they
were assimilated into the arc rocks by juvenile
magmas with relatively younger ages than the
crystallization age of these zircons based on the
depleted whole rock Nd isotopes.

Island arcs are generally accepted to involve
juvenile crustal materials with little or no contri-
bution from continental crust (Buys et al., 2014).
However, Paleogene, Cretaceous, and Permian-
Triassic zircons in this study have negative g(t)
values with Archean to Proterozoic crustal model
(Tpm©) ages (Fig. 7 and Table S4), which sug-
gests that ancient continental crust was involved
in the petrogenesis of the Philippine Mobile
Belt arcs. Similar findings from other juvenile
island arc crust, such as the Arabian-Nubian

Geological Society of America Bulletin, v. 133, no. 9/10



Formation of island arc systems in the Philippine Mobile Belt

Average Pacific N-MORB
10
3 9
1‘#’2&%‘5‘"
X 2% o-‘ﬁAﬁ% 2%

3% 0,
8% 3%
1% W6+ 110% a.

6% W ©

& o10%
8%
&

- 10%

Eno(t)

<&
10%

-10 |-

| 20% o

20%
o}

20%

S-type granite 30%
(Kontum massif)

4%
o
6%

8%
30% o
+

910%

40%
30%
o] 0,
a 50%
o 40% 60%
© L 70%
0 50% = s0%
50%Jr +90%
Q% + GLOSS
40% o
70% o
S-type granite 80%
(TSBI)

<

Para-gneisses
(Kontum massif)

Figure 9. Diagram shows whole
rock Sr versus Nd isotopic cor-
relation for igneous rocks from
the Cebu and Bohol Islands.
Sources of data for comparison
and modeling: the mean Pa-
cific normal mid-oceanic-ridge
basalt (N-MORB) (Gale et al.,
2013), Sr = 111 ppm, Nd = 9.46
ppm, ¥Sr/36Sr = 0.7024, gy4(t) =
9.7; global subducting sediment
(GLOSS; Plank and Langmuir,
1998), Sr = 327 ppm, Nd = 27
ppm, ¥SrA6Sr = 0.7164, £y4(t)
= —7.9; Permian-Triassic para-
gneisses in Kontum Massif (Lan
et al., 2003), Sr = 237 ppm, Nd
=44.71 ppm, ¥Sr/3%Sr = 0.7842,
€xq(t) = —20.1; Early Triassic
S-type granite in Truong Son
Belt (TSB; Thanh et al., 2019),

<>
50%
O
90%

0.700 0.702 0.704 0.706

0.708

0.710 0.712
¥Sr/*Sr,

0.714 0.716

0.718

Sr = 164 ppm, Nd = 34.1 ppm,
87Sr/36Sr = 0.7203, gy4(t) =-10.6;
Permian-Triassic S-type granite
in Kontum Massif (Hoa et al.,

0.720

2008), Sr = 41 ppm, Nd = 40 ppm, 8Sr/3Sr = 0.7493, gy,(t) = =11.9. The Sr-Nd isotopic compositions of all end-members referred to in this
study are corrected to ca. 125 Ma. Legends are the same as in Figure 8.

Shield (Hargrove et al., 2006; Li et al., 2018), the
Vanuatu-Solomon arc (Buys et al., 2014; Tapster
et al., 2014), the North Luzon arc (Shao et al.,
2015), and the Caribbean arc (Kamenov et al.,
2011), suggest that the incorporation of ancient
continental materials into oceanic arcs may be
more common than previously recognized.

Eastern Indochina Affinity of the Inherited/
Xenocrystic Zircons

The Cretaceous (ca. 120-90 Ma), middle
Eocene to early Oligocene (ca. 43-30 Ma), and
middle Miocene (ca. 14 Ma) crystallization ages
identified from the Cebu and Bohol Islands in
this study are consistent with the presence of
Mesozoic-Cenozoic magmatic arcs within the
Philippine Mobile Belt (Aurelio and Pefia, 2010;
Deng et al., 2015); thus, the Cretaceous to middle
Miocene zircons likely derived from these arc
magmas through in situ crystallization. In con-
trast, the abundant Permian-Triassic inherited/
xenocrystic zircons (Fig. 6A and Fig. S4), along
with minor early Paleozoic to Archean zircons,
likely originated from allochthonous terranes
and may provide crucial clues regarding tectonic
reconstructions. We hence follow the commonly
used method of comparing the age distribution of
zircons with tectonic and magmatic events from
nearby exposed terranes (Rojas-Agramonte et al.,
2016; Zhang et al., 2016, 2020a) to constrain the
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origin of the inherited/xenocrystic zircons. In
addition, previous paleomagnetic data from Cebu
Island were also used to assist in discriminating
the origins (McCabe et al., 1987; Yumul et al.,
2020a). We compiled zircon U-Pb ages and Hf
isotopic data from surrounding terranes in which
Permian-Triassic aged zircons/rocks have been
reported, including the South China margin
(Jiang et al., 2015; Shao et al., 2017), Palawan-
Mindoro block (Suggate et al., 2014; Shao et al.,
2017; Yan et al., 2018), Indochina-East Malaya
block (Carter and Moss, 1999; Usuki et al., 2009;
Shellnutt et al., 2013; Burrett et al., 2014; Tran
et al., 2014; Hieu et al., 2015; Shi et al., 2015;
Owada et al., 2016; Wang et al., 2016; Hennig
et al., 2018; Dodd et al., 2019; Hou et al., 2019;
Nguyen, 2019; Bui et al., 2020), Borneo (van Hat-
tum et al., 2006; Galin et al., 2017; Hennig et al.,
2017; Breitfeld and Hall, 2018; Hennig-Breitfeld
etal., 2019), West Sulawesi (Hennig et al., 2016;
Jaya et al., 2017), and the island of New Guinea
(including Bird’s Head, Bird’s Neck, and Bird’s
Body) (Van Wyck and Williams, 2002; Webb
et al., 2019; White et al., 2019).

The island of New Guinea, is the northern
part of the Australian plate with Proterozoic-
Paleozoic metamorphic basements intruded by
Devonian-Carboniferous and Permian-Triassic
granitoids (Jost et al., 2018; Webb et al., 2019).
This is consistent with detrital zircon ages dom-
inated by Paleoproterozoic-Mesoproterozoic
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(ca. 2.0-1.3 Ga), Devonian-Carboniferous (ca.
370-320 Ma), and Permian-Triassic popula-
tions from the metasedimentary and sedimentary
rocks (Fig. 6D; Van Wyck and Williams, 2002;
Decker et al., 2017; Webb et al., 2019; White
etal., 2019). As Devonian-Carboniferous zircons
are rare in our samples, and the paleolatitude of
the igneous rocks in Cebu was in the northern
hemisphere during the Cretaceous (McCabe
et al., 1987; Yumul et al., 2020a), Bird’s Head
Peninsula, New Guinea, is unlikely to be the
source of the Cretaceous and Permian-Triassic
zircons in this study. The detrital or inher-
ited zircon age spectra for the basement rocks
from the West Sulawesi block are dominated
by Mesoproterozoic, Triassic, and Cretaceous
populations (Fig. 6E; Hennig et al., 2016; Jaya
et al., 2017). These prominent Mesoproterozoic
and Triassic peaks resemble those from Bird’s
Head; thus, previous studies have proposed that
West Sulawesi block was close to Bird’s Head
(Hennig et al., 2016; Jaya et al., 2017; Zhang
et al., 2020a). In contrast, the Cretaceous zircon
population and the Jurassic grains from West
Sulawesi were interpreted to derive from Bor-
neo (Hennig et al., 2016). Given that Sulawesi
was close to Bird’s Head Peninsula during the
Triassic and that Jurassic zircons are rare in our
samples, we suggest that West Sulawesi is prob-
ably not the source of our inherited/xenocrys-
tic zircons.
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The Borneo and East Malaya blocks are both
characterized by prominent Paleoproterozoic (ca.
1.85 Ga), Permian-Triassic, and Cretaceous zir-
cons (Figs. 6F and 6G; Hall and Sevastjanova,
2012). Whereas the Permian-Triassic granitoids
in East Malaya are dominated by I-type granite
(Ng et al., 2015), the Hf isotopic compositions
of the Permian-Triassic detrital zircons in East
Malaya show that they crystallized from a mixed
crust- and mantle-derived source (Sevastjanova
et al., 2011; Dodd et al., 2019), and these are
different from the negative e(t) values for the
Permian-Triassic zircons in this study. Jurassic
magmatism and detrital zircon populations have
been reported in Borneo (Fig. 6F; Hennig-Bre-
itfeld et al., 2019, and references therein), with
Triassic arc-derived tonalites in northern Borneo
having depleted zircon Hf isotopes (Burton-
Johnson et al., 2020). These signatures are incon-
sistent with the samples studied, indicating that
magmatic rocks or sedimentary rocks from Bor-
neo and East Malaya are probably not the source
of the inherited/xenocrystic zircons in the region
studied. The Palawan-Mindoro block has been
suggested to have rifted from the South China
margin (Cathaysia block) during the spreading
of the South China Sea since ca. 33 Ma (Yan
et al., 2018, and references therein), and thus the
Palawan-Mindoro block and the South China
margin share comparable detrital zircon age pat-
terns dominated by Jurassic-Cretaceous ages
with some Triassic and Mesoproterozoic (ca.
1.85 Ga) populations (Figs. 6H and 6I; Suggate
et al., 2014; Jiang et al., 2015; Shao et al., 2017;
Yan et al., 2018). Jurassic zircons are rare in the
Cebu and Bohol samples, and the Permian-Trias-
sic zircons in the Palawan-Mindoro block display
juvenile Hf isotopic compositions (gy{t] = +4.3
to +14.4; Walia and Knittel, 2018), whereas Hf
isotopic compositions for the Cretaceous zircons
from South China and the Palawan-Mindoro
block are relatively more enriched than those of
this study (Jiang et al., 2015; Yan et al., 2018),
suggesting that they are unlikely to be the source
of the zircons in this study.

The remaining potential source terrane is
the Indochina block, which is characterized by
thick Mesozoic (most in Early Cretaceous) con-
tinental red beds mainly exposed in the Khorat
Plateau with Jurassic, Permian-Triassic, Ordo-
vician-Silurian, and Proterozoic detrital zircon
peaks (Fig. 6C; Carter and Moss, 1999; Burrett
et al., 2014). The absence of Jurassic grains in
the Cebu and Bohol samples may imply that
Mesozoic sedimentary rocks in Indochina con-
tribute little to the provenance. By contrast, the
widespread Paleozoic-Mesozoic magmatic-
metamorphic basements (including Truong Son
Belt, Kontum, and Dalat-Kratie; Fig. 10) in the
eastern margin of Indochina may represent the
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potential source terrane based on the comparable
Permian-Triassic (peaking at ca. 250 Ma), Cre-
taceous, and minor Ordovician-Silurian zircon
age populations (Fig. 6B) as well as the domi-
nantly negative ey(t) values for detrital zircons
from modern river sediments in central Viet-
nam (Wang et al., 2018). The Hf isotopic com-
positions are relatively more depleted for the
Permian-Triassic zircons in the Truong Son Belt
(Wang et al., 2016; Hou et al., 2019) than those
in this study, and the Cretaceous grains in Dalat-
Kratie are not entirely comparable to the samples
studied (Fig. 7; Shellnutt et al., 2013), but our
data match well with the Permian-Triassic zir-
cons of Kontum Massif (Hieu et al., 2015). We
suggest that the source terrane (termed Eastern
Indochina in this study) was likely an extension/
part of the Kontum Massif on the eastern margin
of Indochina during the Permian-Triassic and
separated from the Dalat-Kratie region of south
Vietnam before the Cretaceous.

In summary, the abundant Permian-Triassic
zircon xenocrysts in this study were most likely
to be derived during magma ascent through a
continental terrane similar to the Kontum Massif
in the eastern margin of Indochina. Nevertheless,
further Hf isotopic data on Permian-Triassic and
Cretaceous zircons from Borneo, south Vietnam,
Sulawesi, and Bird’s Head are still required to
refine our interpretation. Using a simple binary
mixing model with mean Pacific MORB (Gale
et al., 2013) and S-type granite/para-gneisses in
the Kontum Massif (Lan et al., 2003; Hoa et al.,
2008), the degree of continental crust assimila-
tion is estimated to 1%—8% in the petrogenesis
of the igneous rocks from the Cebu and Bohol
Islands (Fig. 9).

Implications for Tectonic Reconstruction

The new zircon data described above and the
northern hemisphere paleolatitude during the
Cretaceous (McCabe et al., 1987; Yumul et al.,
2020a) suggest that the model proposing a link
between the proto-Philippine Sea Plate and the
northern margin of the Australia Plate (Pubel-
lier et al., 2003; Zahirovic et al., 2014; Deng
et al., 2015; Dimalanta et al., 2020) needs to be
revised, and a new model involving a continen-
tal fragment with Eastern Indochina affinity is
required to explain the formation of the Cebu
and Bohol Islands (Fig. 8). This model may also
offer insights into the evolution of the proto-
South China Sea. Our model generally supports
the reconstruction of Holloway (1982) regard-
ing the origin of the Philippine arc system but
based on more reliable age data in this study,
an Early Cretaceous start to magmatism is pro-
posed rather than the Late Cretaceous of Hol-
loway (1982).
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Previous studies suggested that the Late Tri-
assic to Cretaceous magmatism in South China,
SE Vietnam, and Borneo was related to the
long-lived westward subduction of the Paleo-
Pacific Plate, and that magmatic arcs formed
an Andean-type continental margin (Shellnutt
et al., 2013; Breitfeld et al., 2017; Hennig et al.,
2017; Suo et al., 2019). However, our Creta-
ceous samples have relatively more depleted
Nd-Hf isotopic compositions than those from SE
Vietnam and South China (Shellnutt et al., 2013;
Jiang et al., 2015; Yan et al., 2018), suggesting
that the samples studied formed away from a
continental margin. The only known Mesozoic
oceanic basin between the Cebu and Bohol
Islands and mainland Asia was the proto-South
China Sea, but early models for the proto-South
China Sea proposed that it was a gulf or part of
the Paleo-Pacific Ocean after subduction ceased
in the Late Cretaceous and situated between
Indochina-South China in the north and Borneo
in the south (Holloway, 1982; Taylor and Hayes,
1983; Hall and Breitfeld, 2017, and references
therein). Alternatively, a younger proto-South
China Sea triggered by back-arc extension dur-
ing the Late Cretaceous to Eocene as result of
eastward rollback of the Paleo-Pacific Plate has
also been proposed (Morley, 2012; Zahirovic
et al., 2014). Whereas these models questioned
how the Eastern Indochina-derived fragment
accreted to the Philippine Mobile Belt, we thus
interpret that the proto-South China Sea was
likely a back-arc extensional basin related to
retreat of the subducting Meso/Neo-Tethys slab
(Zhou et al., 2008; Sun, 2016) or Paleo-Pacific
slab in the Late Jurassic to Early Cretaceous,
and the continental fragment drifted from East-
ern Indochina with the spreading of the proto-
South China Sea. The eastward migration of the
Jurassic to Cretaceous magmatic arc and emer-
gence of Early Cretaceous extensional basins
in South China have been proposed to result
from slab roll back of the Paleo-Pacific Plate
since the Early Cretaceous (ca. 135 Ma; Zhou
and Li, 2000; Suo et al., 2019). Besides, within-
plate or post-orogenic granites with ages of ca.
87 Ma identified in SE Vietnam (Shellnutt et al.,
2013) indicate that extensional tectonic regime
prevailed in the southeastern margin of Indo-
china. Such southwestward youngling of exten-
sion suggests that the proto-South China Sea
was more likely linked to the eastward retreat
of the subducting Paleo-Pacific slab from the
earliest Cretaceous, which possibly triggered a
continental fragment to drift away from Eastern
Indochina (Fig. 11A). Similarly, the Zamboanga
Peninsula possibly rifted from Cathaysia based
on the assumption that it was part of the Pal-
awan-Mindoro block (Yumul et al., 2004, and
references therein).
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The magmatic quiescence (ca. 80-50 Ma)
in the Cebu and Bohol Islands possibly arose
from slab shallowing and flat subduction that
was similar to that observed in Sumatra (Zhang
et al., 2019). Alternatively, no subduction dur-
ing this time interval (Hall, 2012) resulted in
magma termination. The young and buoyant
Philippine Sea Plate migrated northward and
was juxtaposed with the relatively older and
denser proto-South China Sea at ca. 48 Ma,
which resulted in the subduction of the proto-
South China Sea beneath the Philippine Sea
Plate (von Hagke et al., 2016). This subduction
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likely triggered the generation of the middle
Eocene to early Oligocene (ca. 45-30 Ma) arc
rocks on the Cebu and Bohol Islands (Fig. 11B),
as suggested by seismic tomographic images
across both islands (Wu et al., 2016; Fan et al.,
2017). We suggest that this phase of arc mag-
matism formed part of the Cagayan arc based
on the similar genesis of the samples studied
and the Cagayan volcanic arc (Rangin, 1991).
In addition, the subduction of the proto-South
China Sea also possibly caused the formation
of the Luzon arc (Hall, 2012). Meanwhile, con-
tinental fragments (e.g., Palawan) separated
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from the Cathysia block with the spreading of
the South China Sea from ca. 33 Ma (Yan et al.,
2018). Subduction of the proto-South China Sea
ceased when the Reed Bank and Palawan-Min-
doro block collided with the Cagayan arc in the
early Miocene (Hall, 2013) and was followed
by northward subduction of the Celebes Sea
beneath the Cagayan arc to form the Sulu arc
(Hall, 2013). Based on the rapid southeastward
arc-trench rollback of the Sulu arc at ca. 16 Ma
and extension of the Sulu Sea in the middle to
late Miocene (Hall, 2013), we tentatively attri-
bute the ca. 14 Ma andesite in Cebu Island to

1991



Lin Gong et al.

Cretaceous
(ca.130-85 Ma)
South China & ¢
-
el
2y
P ?///
= N
IIOD/G futurepreading center of SCS

Paleo-Pacific Plate

Il Vagmatic arc

[ Terrane with oceanic affinity
[=A—] subduction zone

[ 4] Active magmatism

1
Ceno-Tethys

[T ] Terrane with continental affinity | |_

Ocean 100° 120°E 130°E
1 1 1

Al

Eocene
(ca.45 Ma)

South China

Pacific Plate]|_

Middle Miocene =
(ca.14 Ma)

South China

Philippine Sea
Plate

=
\ AWest
{Borned

amboanga

Celebes Sea

te

120°E 130°E
1 1

C

Figure 11. Tentative tectonic and paleogeographic reconstruction of Southeast Asia from Cretaceous to middle Miocene is shown. Positions
of terranes are mainly modified from Hall (2012). The reconstruction for Burma is modified from Westerweel et al. (2019), Woyla arc is cited
from Advokaat et al. (2018), Sibumasu (including Sibusima and Sumatra) is from Zhang et al. (2019), and the Sulu arc and Luzon arc are
based on Hall (2013) and Shao et al. (2015), respectively. DG—dangerous grounds; SCS—South China Sea; PMB—Philippine Mobile Belt.

the southeastward rollback of the Celebes Sea,
which moved the Cebu and Bohol Islands closer
to the Philippine Mobile Belt (Fig. 11C). Based
on the presence of the Permian-Triassic zircon
population, this ca. 14 Ma andesitic magma
passed through the pre-existing Eastern Indo-
china-derived fragment. Cathaysia-derived con-
tinental fragment accreted into the North Luzon
arc in east Taiwan through similar processes (ca.
14 Ma; Shao et al., 2015).

CONCLUSIONS

Identification of abundant inherited/xenocrys-
tic zircons from arc magmatic rocks from the
Cebu and Bohol Islands indicates that ancient
continental crust with Eastern Indochina affinity
was recycled during the formation of juvenile
arc magmas. This reinforces the importance of
reworked ancient continental materials in the
formation of intra-oceanic arcs. Our new data
and tectonic model suggest that the Cretaceous
arc in Cebu, the oldest arc within the Philippine
Mobile Belt, was derived from the Eurasian
margin rather than from the Australian margin
as previously argued.
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