
Western Northern Luzon Isotopic Evidence of Transition
From Proto‐South China Sea to South China
Sea Fossil Ridge Subduction
Hai‐Quan Liu1,2,3, Graciano P. Yumul Jr4, Carla B. Dimalanta5, Karlo Queaño6, Xiao‐Ping Xia1,
Tou‐Ping Peng1, Jiang‐Bo Lan7, Yi‐Gang Xu1, Yi Yan2, Juan Miguel R. Guotana5,
and Valerie Shayne Olfindo5

1State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences,
Guangzhou, China, 2Key Laboratory of Ocean and Marginal Sea Geology, Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences, Guangzhou, China, 3Southern Marine Science and Engineering Guangdong Laboratory,
Guangzhou, China, 4School of Environmental Science andManagement, University of the Philippines Los Baños, Laguna,
Philippines, 5Rushurgent Working Group, National Institute of Geological Sciences, College of Science, University of the
Philippines Diliman, Quezon City, Philippines, 6Department of Environmental Science, School of Science and
Engineering, Ateneo de Manila University, Quezon City, Philippines, 7State Key Laboratory of Ore Deposit Geochemistry,
Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, China

Abstract Temporal geochemical comparisons are conducted for representative magmatism from
western Northern Luzon to reconstruct the Cenozoic tectonics. Oligo‐Pleistocene magmas from western
Northern Luzon display elemental and Sr‐Nd‐Hf‐Pb‐O isotope geochemistry similar to intraoceanic arc
magmatism, consistent with derivation from the mantle wedge, coupled with fractional crystallization.
Specifically, the Oligo‐Miocene (~26.8–15.6 Ma) Central Cordillera diorite complex samples exhibit a
negative correlation between Sr‐Nd isotopes, consistent with mantle metasomatism by fluids/melts released
from pelagic sediments. The Mio‐Pleistocene samples (<~9 Ma) exhibit consistent 87Sr/86Sr ratios with
variable εNd and partially overlap with those of Scarborough seamount basalts, consistent with
mantle metasomatism by fluids/melts released from the Scarborough seamount basalts, which are being
subducted beneath Northern Luzon with the South China Sea fossil ridge. Temporal changes in Sr‐Nd‐Hf‐Pb
isotopes are also observed for the Taiwan‐Luzon arc magmatism. The Oligo‐Miocene (>~9 Ma) magmatism
exhibit intraoceanic arc isotopic signatures, suggestive of a chemical imprint from subducted pelagic
sediments. The Mio‐Pleistocene (<~9 Ma) lavas display enriched mantle‐type isotope compositions,
consistent with an input of terrigenous sediment in the mantle. The temporal variations in Sr‐Nd‐Hf‐Pb
isotopes for the Taiwan‐Luzon magmatism, combined with paleomagnetic evidence, mirror a transition
from the Proto‐South China Sea to the South China Sea fossil ridge subduction beneath western Northern
Luzon at ~9 Ma. In addition, this study also highlights the importance of relatively enriched components
in the lower plate in the maturation of overriding juvenile oceanic crust in an arc‐continent collision system.

1. Introduction

Arc‐continent collision has been widely accepted as an important mechanism for continental growth
through earth history (Jahn, 2004; Sengör et al., 1993). The Luzon arc‐Taiwan collisional system serves as
a natural laboratory for studying the ongoing tectonic processes of arc‐continent collision (Figure 1a,
Teng, 1990; Huang et al., 1997; Shao et al., 2015). However, debate remains as to the tectonic history of wes-
tern Northern Luzon with significant disagreement on the onset of the South China Sea subduction. One
view suggests that the E‐dipping subduction of South China Sea started in the late Oligocene based on regio-
nal geological and tectonic observations (Bachman et al., 1983; Hayes & Lewis, 1984; Wang, 2012). The other
view suggests a subduction initiation in the early to middle Miocene evidenced by the enrichment trends of
Sr‐Nd isotope compositions (Polve et al., 2007), whereas the late Oligocene geologic records are related to the
W‐dipping subduction of West Philippine Sea plate along the Proto‐East Luzon Trough (Wolfe, 1988; Bellon
& Yumul, 2000; Yumul et al., 2003; Polve et al., 2007). Such a disagreement regarding the onset of South
China Sea subduction largely stemmed from the paucity of evidence constraining the link between the sub-
duction input and output in the Manila subduction system.
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Previous studies did not consider the contribution of the Proto‐South China Sea to the magmatism and tec-
tonics of western Northern Luzon by ascribing the pre‐Miocene subduction to the modern South China Sea
or theWest Philippine Sea plate. TheMesozoic Proto‐South China Sea was bounded by the Indochina‐South
China in the north and the Borneo‐west Luzon in the south (Figure 1b, Taylor & Hayes, 1980; Hinz et al.,
1991; Wu et al., 2016). It had been eliminated by subduction beneath northern Borneo‐Cagayan‐west
Luzon during the Cenozoic (Hall & Breitfeld, 2017). The modern South China Sea is distinguished from
other marginal oceanic basins in the west Pacific and normal oceanic plate by having a thick layer of terri-
genous sediments, which had accumulated since its opening (Huang &Wang, 2006). In addition, it also fea-
tures a seamount chain, known as the Scarborough Seamount Chain, that intruded the fossil spreading
center of the South China Sea (Figure 1a, Taylor & Hayes, 1983; Tu et al., 1992; Zhang et al., 2017). The data
obtained from the Bathymeter Sonar System (SeaBeam 2112), a deep‐water multibeam sounding system,
indicate that the Scarborough Seamount Chain is being subducted along with the fossil ridge beneath wes-
tern Northern Luzon (Figure 1a; ~16oN, Pautot & Rangin, 1989; Li et al., 2004). Compared to mid‐ocean
ridge basalts (MORBs) in the region which exhibit depleted Sr‐Nd isotopic signatures (Indian or depleted
mantle‐like, 87Sr/86Sr < ~0.7037, εNd > ~+5; Hickey‐Vargas et al., 2008; Zhang et al., 2018), the
Scarborough seamount basalts and South China Sea sediments have relatively enriched Sr‐Nd isotopic sig-
natures (Scarborough basalts: 87Sr/86Sr = 0.703176 to 0.703922, εNd = +3.0 to +5.5; sediments: 87Sr/86Sr =
0.71207 to 0.71499, εNd = −13.0 to −9.3; McDermott et al., 1993; Li et al., 2003; Zhang et al., 2017). The
enriched isotopic signatures are used to mark the South China Sea subduction, which in turn, can constrain
the tectonic history of pre‐South China Sea subduction.

In this paper, we first report geochemical data for representative of Oligocene‐Pleistocene igneous rocks
emplaced in western Northern Luzon and northern Bataan (Figure 2), which are interpreted to be derived
from partial melts of the metasomatized mantle wedge. It is shown that the mantle source of the

Figure 1. Tectonic framework showing main blocks and magmatism around the Luzon arc‐Taiwan collision system (a)
and paleogeographic reconstruction of southeastern Asia during Oligocene‐early Miocene (b, modified from Hall,
2012). Yellow and red dashed lines (a) denote the locations of final fossil ridges (~27–15 Ma) and ridge jump (~33–27 Ma),
respectively (Li et al., 2014).
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Oligocene‐early Miocene samples (~26.8–15.6 Ma) was metasomatized by fluids/melts derived from pelagic
sediments, whereas the late Miocene‐Pleistocene samples (<~9 Ma) involved contribution of fluids/melts
derived from the subducted Scarborough seamount basalts. Combined with available data in the literature,
dramatic changes in Sr‐Nd‐Hf‐Pb isotope composition have been spotted for arc magmas emplaced in the
Taiwan‐Luzon area in the late Miocene (~9.0 Ma), which are contemporary with the presence of
Scarborough seamount basalt signatures in the Miocene lavas. Finally, it is argued that the presence of
seamount signatures and the changes in Sr‐Nd‐Hf‐Pb isotope compositions for the Taiwan‐Luzon
magmatism marked a transition from the subduction of the Proto‐South China Sea to the South China Sea
fossil ridge beneath western Northern Luzon.

Figure 2. Sketch geologic map of western Northern Luzon (modified from Hollings, Wolfe, et al., 2011). Emplacement
ages for the western northern Luzon magmas are from Encarnación et al. (1993), Bellon and Yumul (2000), Hollings,
Cooke, et al. (2011), Waters et al. (2011), and this study.
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2. Geological Background
2.1. South China Sea and Proto‐South China Sea

The South China Sea is amarginal basin that formed in the Oligocene to earlyMiocene (~33–15Ma; Taylor &
Hayes, 1983; Briais et al., 1993; Li et al., 2014). It is widely accepted that South China Sea seafloor spreading
initially occurred in the East Sub‐basin (~33–27 Ma) and was followed by a southward ridge jump and re‐
orientation of the spreading geometry from westward to southwestward ridge propagation (~27–15 Ma;
Figure 1a, Briais et al., 1993; Huchon et al., 2001; Li et al., 2014; Ding & Li, 2016; Ding et al., 2018). The basal-
tic crust of the South China Sea has trace element features similar to the MORB and isotope compositions
similar to Indian MORB (Zhang et al., 2018). After cessation of seafloor spreading, the Scarborough
Seamount Chain (Figure 1a; 12.8–3.8 Ma, Wang et al., 2009; Xu et al., 2012; Zhang et al., 2017) was formed
along the fossil ridge of South China Sea (Taylor & Hayes, 1980, 1983). The Scarborough seamount basalts
exhibit oceanic island basalt‐like geochemical composition (Tu et al., 1992; Zhang et al., 2017).
Sedimentological studies on the South China Sea show that the highest sediment accumulation rate occurred
in the Oligocene. Unlike open oceans and other small back‐arc basins in the West Pacific, the South China
Sea is characterized by thick terrigenous sediments on the continental shelf without large abyssal fans
(Huang & Wang, 2006). The South China Sea is being subducted beneath the Huatung basin‐Northern
Luzon along the Manila Trench, with a convergence rate increasing linearly from ~52 mm/year at ~15oN
to ~98 mm/year at ~18oN (Figure 1a, Tsai et al., 1981; Pautot & Rangin, 1989; Rangin et al., 1999).
Bathymeter Sonar System survey reveals that the Scarborough Seamount Chain is currently being subducted
with the South China Sea fossil spreading center at the intersection of Scarborough Seamount Chain and
Manila Trench (Figure 1a; ~16oN, Pautot & Rangin, 1989; Li et al., 2004).

The term Proto‐South China Sea refers to a large Mesozoic oceanic embayment situated between Indochina‐
South China block in the north and Borneo in the south and predated the formation of the South China Sea
(Figure 1b; Taylor & Hayes, 1980; Hinz et al., 1991). The existence of the Proto‐South China Sea slab is still
controversial due to the paucity of direct evidence (Hutchison, 2010). However, high‐velocity anomalies
beneath Borneo and Philippines near the mantle transition zone are interpreted as evidence of the existence
of the subducted Proto‐South China Sea (Hall & Breitfeld, 2017; Fan et al., 2017; Tang & Zheng, 2013).
Sedimentary, structural, and magmatic records in northwestern Kalimantan and neighboring regions also
argue for the existence of the Jurassic‐Cretaceous Proto‐South China Sea, which developed in the transition
zone of the Tethys Ocean and the Paleo‐Pacific Ocean (Wang et al., 2016). The Proto‐South China Sea had
been completely eliminated by subduction beneath the northern Borneo‐Cagayan‐west Luzon during the
Eocene‐ Miocene (Hall & Breitfeld, 2017). Closure of the Proto‐South China Sea along north Kalimantan
is a diachronous, scissor‐like southward subduction process that started from the west and propagated east-
ward during the late Cretaceous‐Miocene (Wang et al., 2016).

2.2. Northern Luzon and Northern Bataan Segment of Luzon Arc

Northern Luzon is sandwiched between the Manila Trench to the west and the Proto‐East Luzon Trough to
the east (Figure 1a), both of which are associated with subduction of oceanic lithosphere. Northern Luzon
experienced a northward drift from subequatorial latitudes to present‐day latitude started from the late
Oligocene‐early Miocene, with a significant portion of the early Cenozoic occupied at low latitudes
(Figure 1b, Queaño et al., 2007; Hall, 2012). The readers are referred to Hollings et al. (2011) and the included
references for the details of Northern Luzon geologic background.

The Luzon arc comprises Miocene to recent arc volcanism stretching roughly N‐S from the Coastal Range of
Taiwan (24oN) to Mindoro (13oN) through west Luzon, Philippines, consisting of five distinct segments:
Coastal Range, Babuyan, Northern Luzon, Bataan, and Mindoro (Figure 1a; Defant et al., 1989). The
Luzon arc lavas exhibit striking latitudinal variations in Sr isotope composition, with lavas erupted in the
Northern Luzon segment exhibiting low initial Sr isotopic ratios, whereas those erupted in Coastal Range,
Babuyan, southern Bataan, and Mindoro segments have high initial Sr isotopic ratios (supporting informa-
tion, Figure S1, Defant & Drummond, 1990)). The increase in Sr isotopic ratios for the Luzon arc lavas is
attributed to an increasing input of continental crust materials in the mantle source (Castillo, 1996; Chen
et al., 1990; Defant & Drummond, 1990; DuFrane et al., 2006; McDermott et al., 1993).
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In the Baguio district, the Cretaceous ophiolitic basement is overlain by
the Eocene Pugo Formation, a sequence of basaltic‐andesitic volcanic
rocks interbedded with sedimentary rocks (Hollings, Wolfe, et al., 2011;
Peña, 1998; Schafer, 1954). The Pugo Formation is intruded by the
Central Cordillera diorite complex (Figure 2; CCDC, or the Agno batho-
lith in other literature, Balce et al., 1980) in the southernmost part of the
Central Cordillera Ranges, occupying an area of ~300 km2. The CCDC,
representative of arc magmatism in western Northern Luzon during the
Oligocene to Miocene, consists of six plutons, which are the Kadang
trondhjemite, Itogon quartz diorite, Antamok diorite, Liang gabbro,
Lucbuban gabbro, and Virac granodiorite (Cooke & Bloom, 1990;
Hollings, Wolfe, et al., 2011; Shannon, 1979). Isotopic dating yielded
Oligocene to early Miocene ages of 26.8 ± 0.4, 22.6 ± 0.5, and 20.2 ± 0.4
Ma for the CCDC (Encarnación et al., 1993; Waters et al., 2011; and
references therein).

The volcanic centers of the Bataan segment form two parallel volcanic
chains, the Western Volcanic Chain and the Eastern Volcanic Chain
(Figure 2). The Western Volcanic Chain consists of Mount Malobago
(4.9 ± 0.2 Ma), Poelis (5.1 ± 0.3 Ma) and Pitongbayog volcanoes in the
north, and the Mount Pinatubo‐Mount Natib‐Mount Mariveles volcanoes
together with parasitic volcanoes and andesitic to dacitic plugs and necks
in the south (Figure 2) (Bellon & Yumul, 2000; Yumul et al., 2000, 2003).
The Eastern Volcanic Chain is composed of the Mount Balungao (0.32 ±
0.03 Ma), Mount Cuyapo (0.78 ± 0.14 Ma), and Mount Amorong volca-
noes (0.69–0.57 Ma) and the Mount Bangkay, a tuff cone deposit in the
northern part, and Mount Arayat at the southern end (Figure 2; Bellon
& Yumul, 2000; Yumul et al., 2000, 2003).

3. Results

Thirty‐two igneous rocks were collected fromwestern Northern Luzon for
major, trace element and Sr‐Nd‐Hf‐Pb isotopic study. Two samples from
the Itogon (It15) and Monglo (Mla06) sections were prepared for zircon
U‐Pb and oxygen isotope analyses. Detailed petrographic information
about the samples and analytical methods can be found in Text S1,
Figure S2, and Table S1 (Encarnación et al., 1993; Whitehouse et al.,
1997; Miyazaki & Shuto, 1998; Qi et al., 2000; Tanaka et al., 2000;

Yumul et al., 2000; Bellon & Yumul, 2001; Ludwig, 2003; Weis et al., 2005; Wu et al., 2006; Payot et al.,
2007; Polve et al., 2007; Sláma et al., 2008; Waters et al., 2011; Li et al., 2009, 2010, Li et al., 2010, 2013;
GeoReM: http://georem.mpch‐mainz.gwdg.de/; AIST: https://gbank.gsj.jp/geostandards/).

3.1. Zircon In Situ U‐Pb Geochronology

Zircon U‐Pb results and representative cathodoluminescence images are presented in Figures 3 and S3 and
Table S2. Zircons from the Itogon quartz diorite (It15) and theMonglo dacite (Mla06) exhibit oscillatory zon-
ing and have Th/U ratios of 0.27–3.72, consistent with crystallization from magmatic systems. Linear fits
yield lower‐intercept ages of 15.6 ± 0.4 (n = 20, MSWD = 1.5) and 8.9 ± 0.1 Ma (n = 16, MSWD = 0.98)
for the Itogon andMonglo samples, respectively (Figure 3). These results suggest that the Itogon quartz dior-
ites and the Monglo dacites in this study were emplaced at ~15.6 and ~8.9 Ma, respectively. Combined with
previously published geochronologic results in the Itogon region (Text S2; Encarnación et al., 1993; Waters
et al., 2011), our new data suggest that the CCDC have at least three phases of magmatism: ~26.8, ~22–20,
and ~15.6 Ma. The zircon U‐Pb dating result for the Monglo dacite is in agreement with a K‐Ar age of 8.7
± 0.2 within analytical error (Payot et al., 2007). Older, inherited 206Pb/238U zircon ages for the Monglo
dacite range from 16.1 ± 0.4 to 46.6 ± 1.4 Ma (1σ; Table S2).

Figure 3. Tera‐Wasserburg Concordia plots of SIMS U‐Pb analyses for the
Itogon quartz diorite (a, It15) and the Monglo dacite (b, Mla06). Insets are
representative cathodoluminescence images showing their magmatic zona-
tion and spots of in situ U‐Pb (black cycles) isotopic analyses.
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3.2. Whole‐Rock Element Geochemistry

Whole‐rock major and trace element data for the western Northern Luzon igneous rocks are reported in
Table S3 and presented in Figures 4–7. Published data for the CCDC, Mindanao igneous rocks, experi-
mental melts of metabasalt and amphibolite/eclogite melts, and hybrid melts are also presented in
Figure 4–7 for comparison (see captions of Figure 4–7 for references). Samples from the Itogon region plot
in the fields of gabbro, gabbroic diorite, and granodiorite (Figure 4). The granodiorites, however, are
defined as quartz diorites based on their mineral assemblages (Table S1). According to the nomenclature
of Middlemost (1994), the Lucbuban samples are gabbro to gabbroic diorite (Figure 4), but we name them
gabbros based on their mineral assemblage (Figure S2c; Hollings, Wolfe, et al., 2011; and this study). The
Itogon diorites (hereafter the Itogon diorites denote both the Itogon gabbroic diorites and the Itogon
quartz diorites unless it is specified) are relatively evolved with low MgO (1.33–3.77 wt%) and high
SiO2 contents (54.65–66.91 wt%). In general, the three suites of CCDC samples exhibit a roughly positive
correlation between CaO and MgO and negative correlations between Al2O3, CaO, MgO, Fe2O3, and TiO2

versus SiO2 contents (Figures 5b–5e, 5g–5h). The Lucbuban gabbros exhibit a negative correlation
between Na2O and SiO2 (Figure 5f).

The Itogon gabbroic and quartz diorites have comparable Sr contents (415–493 ppm) contents (Table S3).
However, the Itogon quartz diorites are distinct from the gabbroic diorites with low Y contents (<8.4
ppm) and therefore high Sr/Y ratios (>40, Table S3 and Figure 6a). The CCDC samples display a roughly
positive correlation on a plot of Sr/Y versus silica (Figure 6d) and negative correlations on plots of Dy/Yb
versus silica and Sr/Y versus Mg# (Figures 6e–6f). The Lucbuban gabbros and Itogon gabbroic diorites
exhibit flat M‐HREE (middle to heavy rare earth element) patterns. The Itogon quartz diorites exhibit
slightly concave‐upward patterns between MREEs and HREEs with (Dy/Yb)N < 1 (Figure 7a and
Table S3). In general, the CCDC intrusive rocks exhibit enrichment of large ion lithophile elements
(LILEs, Rb, Ba, and Sr) relative to high field strength elements (HFSEs, Nb, Ta) on primitive mantle‐
normalized multielement diagrams (Figure 7b), similar to typical subduction‐related magmas in
Circum‐Pacific arc zones.

On the total alkalis versus silica diagram, theMonglo, Malobago, and Amorong igneous rocks plot in fields of
gabbro, monzonite, diorite, and granodiorite, equivalent to basalt, trachy‐andesite, andesite, and dacite,
respectively (Figure 4). For simplicity, theMalobago samples are defined as andesite and theMonglo samples
are defined as dacite following Payot et al. (2007). The Monglo dacites exhibit high SiO2 (>59.56 wt%), Al2O3

(>15.50 wt%), and Sr (>768 ppm) contents; Sr/Y (>143) and La/Yb ratios (>18); and lowMgO (<3.46 wt%), Y
(<6.9 ppm), and Yb contents (~0.4 ppm); and initial Sr isotope composition (<0.703623; Figure 6 and Table

Figure 4. Alkalis versus silica contents for igneous rocks from western Northern Luzon. Major elements are corrected to
100 wt%. Classification is after Middlemost (1994). Data source: Lucbuban gabbros and Itogon quartz diorites are from
Hollings, Wolfe, et al. (2011).
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Figure 5. Variation of major elements versus SiO2 for the western Northern Luzon igneous rocks. Data source: Lucbuban gabbros and Itogon quartz diorites,
Hollings, Wolfe, et al. (2011); Experimental melts, Rapp and Watson (1995), Rapp et al. (1991), Winther and Newton (1991), Sen and Dunn (1994) and Rapp
et al. (1999). Major elements are corrected to 100 wt%.
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S3), resembling typical adakites (Defant & Drummond, 1990; Jégo et al., 2005; Polve et al., 2007). In Harker
diagrams, the Amorong basalts essentially exhibit trends similar to those of the Lucbuban gabbros. However,
the Amorong basalts have higher MgO and Mg# values than the Lucbuban gabbros (Figures 5, 6). The
Malobago andesites and Monglo dacites are essentially similar to the Itogon diorites in major element
contents with the exception of K2O, MgO, and Na2O contents (Figure 5). In particular, the Malobago
andesites and the Monglo dacites have intermediate K2O contents between the Itogon gabbroic diorites
and quartz diorites (Figure 5a). The Monglo dacites exhibit high MgO contents and the highest Mg# values
among the western Northern Luzon felsic rocks, plotting near the field of hybrid melts (Figures 5e and 6c),
which represent the interaction products between slab‐derived melts and mantle peridotites (Rapp et al.,

Figure 6. Sr/Y versus Y contents (a, modified fromDefant & Drummond, 1990), La/Yb versus Yb contents (b, modified from Castillo, 2012), Mg# (c, modified from
Stern & Kilian, 1996), Sr/Y (d) and Dy/Yb (e) versus SiO2 contents, and Sr/Y versus Mg# diagrams (f) for the western Northern Luzon igneous rocks. Data
source for the Lucbuban gabbros, Itogon quartz diorites, experimental melts are the same as in Figure 5. Chemical data for the Mindanao lavas are from
Macpherson et al. (2006).
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1999). The Malobago samples have the highest Na2O contents of the western Northern Luzon igneous rocks
(Figure 5f). The Monglo, Malobago, and Amorong igneous rocks essentially exhibit Chondrite‐normalized
REE and primitive mantle‐normalized multielement patterns similar to those of the CCDC samples.
However, the Monglo dacites have relatively steep REE patterns (Figures 7c–7d).

3.3. Whole‐Rock Sr‐Nd‐Hf‐Pb Isotope Geochemistry and Zircon In Situ Oxygen
Isotope Geochemistry

Whole‐rock Sr‐Nd‐Hf‐Pb isotope compositions and zircon in situ oxygen isotope results are presented in
Figures 8, 9 and Tables S3–S5. Isotopic data for igneous rocks and basement rocks (Zambales ophiolites
and Huatung basalts) from the Taiwan‐Luzon arc system and sediments from the South China Sea basin
and theWest Philippine Sea plate are also presented for comparison and discussion (Figure 8, see the caption
for references). The western Northern Luzon igneous rocks have initial 87Sr/86Sr ratios from 0.703482 to
0.703875, εNd(t) values from 4.7 to 7.6, εHf(t) values from 12.3 to 17.8, Δ7/4 (=[(207Pb/204Pb)‐(206Pb/204Pb
× 0.1084 + 13.491)] × 100; Hart, 1984) from 3.1 to 7.2 and Δ8/4 (=[(208Pb/204Pb)‐(206Pb/204Pb × 1.209 +
15.627)] × 100, Hart, 1984) from 32.1 to 54.1, respectively (Figure 8). In particular, the CCDC intrusive rocks
exhibit a negative correlation on the Sr‐Nd isotope diagram. Compared to the CCDC intrusive rocks, the
Miocene‐Pleistocene lavas exhibit essentially similar ranges of Nd‐Hf‐Pb isotope composition but marginally
lower initial Sr isotope composition (Figures 8a–8b). However, the Miocene‐Pleistocene lavas show consis-
tent 87Sr/86Sr ratios over a variable range of εNd, pointing to the field of South China Sea seamount basalts
(Figures 8a–8b). Eocene‐late Miocene igneous rocks and basement rocks from the Taiwan‐Luzon arc system
show intraoceanic arc signatures with narrow ranges in Sr‐Nd‐Pb isotopes (Figures 8c–8f). However, the late
Miocene‐Holocene Taiwan‐Luzon magmas exhibit relatively large ranges in Sr‐Nd‐Hf‐Pb isotope composi-
tion, plotting between the ranges of the South China Sea sediments and the Eocene‐late Miocene magmas
in northern Luzon (Figures 8c–8f). Terrigenous sediments from the South China Sea exhibit more radiogenic
Sr‐Pb but less radiogenic Nd isotopic ratios than pelagic sediments from the West Philippine Sea
plate (Figures 8c–8f).

Figure 7. Whole rock Chondrite‐normalized REE and primitive mantle‐normalized multitrace element diagrams for the
CCDC (a and b) and Monglo, Malobago, and Amorong igneous rocks (c and d). Normalization values are from Sun and
McDonough (1989).
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Figure 8. Plots of initial εNd(t) versus
87Sr/86Sr(t) (a and b), 87Sr/86Sr(t) (c), εNd(t) (d), Δ7/4 (e) and Δ8/4 (f) versus intrusion/eruption ages, and εHf(t) versus εNd(t)

(g) for the Taiwan‐Luzon arc system. Data source: Lucbuban gabbros and Itogon quartz diorites, Hollings, Wolfe, et al. (2011); Costal Range, Chen et al. (1990), Lai
et al. (2017), Shao et al. (2015), Sun (1980); Babuyan, Chen et al. (1990), Marini et al. (2005), McDermott et al. (1993), Sun (1980), Vidal et al. (1989), Yang et al.
(1996); Magmas older than 9 Ma from Northern Luzon, Hollings, Wolfe, et al. (2011), Knittel et al. (1988), Polve et al. (2007); Magmas younger than 9 Ma from
Northern Luzon (including Black Mountain), DuFrane et al. (2006), Marini et al. (2005), McDermott et al. (1993), Mukasa et al. (1987), Polve et al. (2007), Hollings,
Cooke, et al. (2011); Bataan, Bernard et al. (1996); DuFrane et al. (2006), Knittel et al. (1988), Knittel and Yang (1998), Mukasa et al. (1994); Bicol, DuFrane et al.
(2006); South China Sea MORB, Zhang et al. (2018); Scarborough seamount basalts, Tu et al. (1992), Zhang et al. (2017); South China Sea sediments, McDermott
et al. (1993), Li et al. (2003); West Philippine Sea plate sediments, Shimoda et al. (1998), Solidum et al. (2003), Vervoort et al. (2011); Zambales ophiolites,
Encarnación et al. (1999); Huatung basaltic rocks, Hickey‐Vargas et al. (2008).
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Magmatic zircons from the Itogon quartz diorite and Monglo dacite have
weighted mean δ18O values of 5.5 ± 0.1‰ (n = 29) and 5.4 ± 0.2‰ (n =
11), respectively (Figure 9 and Table S5), identical to zircon in equilibrium
with mantle within analytical errors (5.3 ± 0.3‰, Valley et al., 2005).

4. Discussion
4.1. Petrogenesis
4.1.1. Oligocene‐Miocene CCDC Igneous Rocks
The Lucbuban gabbros exhibit a positive correlation between CaO versus
MgO and negative correlations between Al2O3, CaO, MgO, and Na2O ver-
sus SiO2 (Figures 5b–5f), consistent with fractionation of clinopyroxene
and plagioclase. Increase of K2O and decreases of CaO, MgO, and Mg#
with increasing SiO2 for the Itogon diorites are indicative of fractionation
of amphibole ± clinopyroxene (Figures 5a–5b, 5d–5e, and 6c). Negative
correlations between TiO2, Fe2O3, and SiO2 for the CCDC intrusive rocks
point to fractionation of Fe‐Ti oxides (Figures 5g–5h).

Sr/Y ratios of the CCDC intrusive rocks correlate positively with SiO2 con-
tents, but negatively with Mg# (Figures 6d and 6f), suggesting differentia-
tion of an amphibole‐ or garnet‐bearing phase as in the case of the
Mindanao lavas, Philippines (Castillo et al., 1999; Macpherson et al.,
2006). A garnet‐bearing assemblage is unable to reproduce the element
signatures of the CCDC suite. Fractionation of a garnet‐bearing assem-
blage would not only cause the depletion of Y from Sr but also induce
depletion of HREEs from LREEs (high La/Yb ratios) and result in an
increase of Dy/Yb with increasing SiO2. This is because Y and HREEs
are both strongly compatible with garnet. However, the CCDC intrusive
rocks exhibit low La/Yb ratios (<13) and a decrease of Dy/Yb with the
increase of SiO2 (Figures 6b and 6e). In particular, the Itogon quartz dior-
ites exhibit concave‐upward patterns in the M‐HREEs ([Dy/Yb]N < 1;
Figure 7a and Table S3). The decrease of Dy/Yb with differentiation and
concave‐upward patterns requires that a phase with DDy < DYb

(Rollinson, 1993), such as amphibole, was involved in the generation of
the Itogon diorites.

The Itogon quartz diorites have Sr‐Nd isotope composition similar to those of the Lucbuban gabbros. It is
therefore argued that the Itogon quartz diorites are generated by differentiation of basaltic magma similar
to the Lucbuban gabbros. The Itogon quartz diorite (It15) has zircon in situ δ18O values identical to that
of zircon in equilibrium with mantle (Figure 9a), which supports the interpretation that the Itogon quartz
diorites are derived from mantle wedge‐derived basaltic magmas. Likewise, the Itogon gabbroic diorites
might be derived from differentiation of basaltic magmawithmore depleted Nd and elevated Sr isotope com-
position than the Lucbuban gabbros, as they exhibit more enriched Sr‐Nd isotope composition than the
Lucbuban gabbros (Figures 8a–8b).
4.1.2. Miocene‐Pleistocene Igneous Rocks
Arc lavas with typical adakitic features in subduction zone could be generated by 1) remelting of thickened
lower crust (Chung et al., 2003; Wang et al., 2007); 2) direct partial melting of subducting slab with or with-
out mantle assimilation (mantle AFC) (Defant & Drummond, 1990; Kay, 1978; Rapp et al., 1999; Stern &
Kilian, 1996); and 3) amphibole‐ or garnet‐bearing assemblage differentiation of mantle wedge‐derived
basaltic magmatism with or without crustal assimilation (crustal AFC; Castillo et al., 1999; Macpherson
et al., 2006).

The Monglo dacites could not be generated by partial melting of the Luzon crustal materials because they
exhibit Nd isotopic ratios (εNd[t] < 7.6) significantly lower than those of the Zambales ophiolites (εNd[t] =
8.8–11.0, Figures 8a–8b, Encarnación et al., 1999). Jégo et al. (2005) proposed that the Monglo dacites were
derived from partial melting of eclogite converted from subducted oceanic metabasalts given their

Figure 9. Plots of zircon in situ oxygen isotope composition for the Itogon
diorite (a) and Monglo dacite (b). Value of zircon in equilibrium with
mantle is from Valley et al. (2005).
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significant depletion in Y and HREEs. Polve et al. (2007) supported this model and argued that the Monglo
dacites were generated by partial melting of the subducted South China Sea basaltic crust. However, recent
research on seafloor basalts recovered from the International Ocean Discovery Program Expedition 349
shows that the South China Sea MORB have Sr‐Nd isotope composition (Zhang et al., 2018) different from
those of the Monglo dacites (Figures 8a–8b). In addition, oceanic lithosphere is very heterogeneous in oxy-
gen isotope composition (δ18O = −15 − +42 ‰) because of extensive near‐surface hydrothermal alteration
and weathering (Bindeman et al., 2005; Valley et al., 2005). Similar diversity would be expected for melts
derived from subducted slabs. However, magmatic zircon grains from the Monglo adakite display a narrow
range of zircon δ18O values (5.0–5.7‰) with a weighted mean identical to zircon in equilibriumwith mantle
(Figure 9b; Valley et al., 2005), suggestive of mantle partial melts (Bindeman et al., 2005). Another explana-
tion for the narrow mantle‐like zircon δ18O values for the Monglo dacite is the slab‐derived melts have
reached complete re‐equilibration with the mantle wedge (Bindeman et al., 2005). This seems reasonable
as the Monglo dacites display Mg# values and SiO2 contents near those of experimental hybrid melts
(Figures 5e and 6c), which represents an interaction between slab‐derived melts and mantle peridotites
(Rapp et al., 1999; Stern & Kilian, 1996). However, some adakitic lavas from modern arcs exhibit significant
excesses of (226Ra/230Th), (234U/230Th), and 10Be (Sigmarsson et al., 1998, 2002), suggesting that the melting
and transfer rates to the surface may be rapid (103–104 year) and would not allow the magmas to reach a
complete equilibrium between the ascending flow and mantle wedge (Bindeman et al., 2005). Thus, the
Monglo dacites could not be generated by direct partial melting of a subducting slab.

Fractionation of an amphibole‐bearing assemblage of mantle‐derived basaltic magma will not yield the REE
patterns of theMonglo dacites. Specifically, separation of these phases from themagmatic systemwould pro-
duce a negative correlation between Dy/Yb versus SiO2 and flat to concave‐upward patterns in M‐HREEs
([Dy/Yb]N < 1), like those of the CCDC intrusive rocks. However, no such correlation and pattern are
observed for the Monglo dacites. In particular, the Monglo dacites exhibit steep REE patterns ([Dy/Yb]N
> 1, Figure 7c and Table S3), which need differentiation of a garnet‐bearing assemblage rather than an
amphibole‐bearing assemblage (Macpherson et al., 2006). We therefore argue that the Monglo dacites are
derived from mantle‐derived basaltic magmas coupled with garnet‐bearing assemblage differentiation.
Fractionation of a garnet‐bearing assemblage is plausible for the Monglo dacites as geophysical and geo-
chemical data show that crustal thickness in western Northern Luzon is ~30 km (Dimalanta & Yumul,
2008), which critically meets the requirement of garnet‐bearing assemblage fractionation.

The Malobago andesites exhibit nearly consistent K2O, Al2O3, and MgO contents with increasing silica
(Figures 5a,5c, and 5e), suggesting limited fractionation of amphibole. Decreases of CaO and Na2O with
increasing silica (Figures 5d and 5f) are consistent with plagioclase fractionation. This is supported by the
negative correlation between Sr/Y and silicate (Figure 6d), as fractionation of plagioclase‐bearing assem-
blages would lead to a decrease of Sr/Y and an increase of SiO2 (Defant & Drummond, 1990). Negative cor-
relations between Fe2O3, TiO2, and SiO2 indicate fractionation of Fe‐Ti oxides for the Malobago samples
(Figures 5g–5h). These geochemical characteristics, similar to those of normal arc lavas defined by Defant
and Drummond (1990), collectively suggest that the Malobago andesites are derived from low‐pressure dif-
ferentiation of basaltic magmas.

The Amorong basalts exhibit the highest CaO, MgO contents and Mg# values among the western Northern
Luzon arc magmas (Figures 5d–5e and 6c), suggesting limited crystal fractionation. In particular, the
Amorong basalts plot at the right end of fractionation trend of amphibole ± plagioclase ± clinopyroxene
on a plot of CaO versus MgO (Figure 5b) and partially overlap with mantle melts in the plot of Mg# versus
SiO2 (Figure 6c, Stern & Kilian, 1996). These features, combined with the lack of amphibole in thin sections
(Figure S2f), suggest that the Amorong basalts are relatively primitive and have undergone limited fractional
crystallization of olivine, clinopyroxene, and plagioclase. Flat HREE patterns suggest that the Amorong
basalts are derived from partial melting of spinel‐facies mantle peridotites (Mckenzie & O'Nions, 1991).

4.2. Isotopic Variations: Crustal Contamination or Source Contamination?

In general, post‐magmatic alteration of the Sr‐Nd‐Pb isotope composition of the western Northern Luzon
igneous rocks is negligible because the western Northern Luzon samples are essentially fresh in thin section
and there is no correlation between Sr‐Nd‐Pb isotope composition and loss on ignition (Figures S2 and S4,
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Text S3). Figures 8a–8b illustrate a negative correlation for the Oligocene‐Miocene CCDC samples and a
nearly vertical array for the Miocene‐Pleistocene samples, respectively. In western northern Luzon, two
mechanisms could be responsible for the Sr‐Nd isotopic variations: 1) crustal contamination (Hollings,
Wolfe, et al., 2011) and 2) source contamination by the subducted slab, including basaltic crust (MORB,
Polve et al., 2007), terrigenous/pelagic sediments (Defant & Drummond, 1990; Knittel et al., 1988), and sea-
mounts (Hollings et al., 2011; Hollings et al., 2013).

Lower crustal contamination or assimilation could not reproduce the Sr‐Nd isotopic variations of the wes-
tern Northern Luzon igneous rocks. This is because the Luzon basement rocks, represented by the
Zambales ophiolitic mafic‐ultramafic rocks, exhibit Sr‐Nd contents significantly lower than and Sr‐Nd iso-
tope composition different from those of the western Northern Luzon igneous rocks (Figures 8a–8b and
Table S3; Zambales: Sr < 88.4 ppm, Nd < 3.1 ppm; western Northern Luzon: Sr = 373–1,070 ppm, Nd =
5.4–41.2 ppm; Encarnación et al., 1999). A positive correlation between 87Sr/86Sr and silica and a negative
correlation between εNd(t) and silica would be expected if the western Northern Luzon samples suffered
upper crustal contamination, as upper crust generally has high 87Sr/86Sr ratios and SiO2 contents and low
εNd values (Taylor et al., 1983). However, there is no such correlation observed among each suite of the wes-
tern Northern Luzon igneous rocks (Figure S5), suggesting that upper crustal contamination is minor.

Source contamination by subducted oceanic crust is also not a viable option to reproduce the Sr‐Nd isotopic
variations. On one hand, fresh basaltic crust from a normal oceanic slab is thought to have geochemical com-
position similar to unaltered mantle wedge (MORB, Kelley et al., 2006), which would have little impact on
the geochemical composition of subduction‐related magmatism. On the other hand, Sr isotopic ratios of
basaltic crust is preferentially increased by seawater‐rock interaction during seafloor spreading (Delacour
et al., 2008). If the mantle source of western Northern Luzon igneous rocks had been subjected to metaso-
matism by altered oceanic crust‐derived fluids/melts, a horizontal trend with increasing Sr isotopic ratios
but relatively consistent εNd(t) values comparable with those of MORB would be expected in the Sr‐Nd iso-
topes diagram. However, there is no such trend observed for the western Northern Luzon samples.

Contamination of seafloor sediment (pelagic and/or terrigenous sediment) in mantle source would produce
a negative correlation between Sr‐Nd isotopes because subducted sediment generally has higher Sr and
lower Nd isotopic ratios than the mantle (Plank & Langmuir, 1998). This is illustrated by the negative cor-
relations of the Luzon arc and Bicol arc lavas in Figures 8a–8b, which have been interpreted as a modifica-
tion of the mantle source by subducted sediments (Castillo, 1996; Chen et al., 1990; Defant & Drummond,
1990; Dufrane et al., 2006). Although the Bicol and Luzon arc lavas display negative Sr‐Nd isotope correla-
tions, the Bicol lavas are distinguished from the Luzon arc lavas by unradiogenic Sr but radiogenic Nd iso-
tope compositions (Figures 8c–8d). This is because the mantle source of the Bicol arc lavas was subjected to a
chemical imprint from subducted pelagic sediments, which contain little or no continental crustal compo-
nent (Defant & Drummond, 1990; Knittel et al., 1988), whereas the mantle source of the Luzon arc lavas
underwent input of South China Sea sediments, which contain a significant portion of enriched continental
components (Defant & Drummond, 1990; Knittel et al., 1988; McDermott et al., 1993). The CCDC intrusive
rocks and other Eocene‐late Miocene magmas (~49–9 Ma) have unradiogenic Sr‐Pb isotope compositions
but radiogenic Nd isotope composition, similar to those of the Bicol arc lavas (Figure 8). This is consistent
with a chemical imprint from subducted pelagic sediments and lack of a continental crustal input (Defant
& Drummond, 1990; Knittel et al., 1988). Such an interpretation is supported by the newly acquired Pb‐Hf
isotope composition for the CCDC intrusive rocks. The CCDC intrusive rocks display unradiogenic Pb iso-
tope composition (low Δ7/4 and Δ8/4 values) comparable to Bicol arc lavas (Figures 8e–8f) and radiogenic
Hf isotope composition (Figure 8g), consistent with control of fluids/melts released from pelagic sediments.

Fluids/melts derived from the subducted South China Sea terrigenous/pelagic sediments will not generate
the Sr‐Nd isotopic characteristics of the late Miocene‐Pleistocene western Northern Luzon samples, which
delineate a nearly vertical trend with the Amorong basalts overlapping with the Scarborough seamount
basalts. This suggests contribution of Scarborough seamount basalts to the source, which is consistent with
the geophysical observation that the Scarborough Seamount Chain is currently being subducted beneath
western Northern Luzon‐northern Bataan (~16oN, Figure 1a; Pautot & Rangin, 1989; Fan et al., 2014; Li
et al., 2004). This interpretation is supported by independent geochemical studies of the Black Mountain
Complex, Baguio District. Three relatively primitive basaltic samples from the Black Mountain Complex

10.1029/2019TC005639Tectonics

LIU ET AL. 13 of 21



display Sr‐Nd isotopes close to those of the Scarborough seamount basalts (Figures 8a–8b), suggesting man-
tle metasomatism by subducted seamount basalt‐derived melts (Hollings et al., 2013, Hollings, Cooke, et al.,
2011). Therefore, the nearly vertical trend exhibited by the late Miocene‐Pleistocene lavas can be best
explained as a consequence of metasomatism by fluids/melts derived from the subducted Scarborough
seamount basalts.

4.3. Tectonic Transition From Proto‐South China Sea to South China Sea Fossil Ridge Subduction

Multidisciplinary study of paleomagnetism, structure, geochronology, and geochemistry on North Luzon
(Hollings, Wolfe, et al., 2011; Queaño et al., 2007) demonstrated that the Oligocene‐Miocene western
Northern Luzon magmatism (>~9 Ma) was probably related to E‐dipping subduction of the South China
Sea (Balce et al., 1980; Hayes & Lewis, 1984; Polve et al., 2007). However, this hypothesis might be inap-
propriate as terrigenous sediments had been deposited on the periphery of the South China Sea basin since
the Oligocene (Huang &Wang, 2006), which are characterized by extremely elevated Sr‐Pb and depleted Nd
isotope composition (Figures 8c–8f; McDermott et al., 1993; Li et al., 2003). Involvement of these terrigenous
sediments would dramatically modify the Sr‐Nd‐Hf‐Pb isotope composition of the mantle wedge as in the
case of the late Miocene to Recent Luzon arc lavas (Figure 8; Defant & Drummond, 1990; McDermott et al.,
1993; Castillo, 1996; DuFrane et al., 2006). However, no contribution from the South China Sea terrigenous
sediments is identified in the CCDC intrusive rocks and other Oligocene‐late Miocene western Northern
Luzon magmas (Figure 8), inconsistent with metasomatism by fluids/melts released from the South
China Sea terrigenous sediments. In addition, paleomagnetic data for the Eocene‐Miocene Luzon sedimen-
tary and igneous rocks show that Northern Luzon mainly occupied low, subequatorial latitudes during the
Eocene to middle Miocene (<~10oN, Queaño et al., 2007). However, the Eastern Sub‐basin was still located
at a latitude of >~12oN (Figures 1b and 10a; Queaño et al., 2007; Yuan et al., 1994). This paradox could be
reconciled if there was another oceanic crust/basin located between the present South China Sea and
Luzon Island before the E‐dipping South China Sea subduction was initiated. The predicted Mesozoic
Proto‐South China Sea, located between the Indochina‐South China and the Borneo‐Cagayan‐Luzon
(Figures 1b and 10a, Hall & Breitfeld, 2017), meets the requirement of the E‐dipping subduction.
Although direct evidence is still missing, multidisciplinary evidence from sedimentary, structural, mag-
matic, and geophysical research supports the existence of the Proto‐South China Sea, which had been elimi-
nated by southeastward subduction along the Borneo‐Cagayan‐Luzon trench during the Cenozoic (Wang
et al., 2016; Tang & Zheng, 2013; Hall & Breitfeld, 2017; Fan et al., 2017). We propose that subduction of
the Proto‐South China Sea was responsible for the generation of the CCDC intrusive rocks (Figures 10a
and 11a). Other Oligocene‐late Miocene western Northern Luzon magmas (~34–9 Ma) show Sr‐Nd‐Pb iso-
tope composition comparable with those of the CCDC samples, suggesting that they might share similar pet-
rogenesis with those of the CCDC and be controlled by the Proto‐South China Sea subduction.

The occurrence of Scarborough Seamount Chain signatures in the Liw‐Liw Creek dikes of the Black
Mountain Complex leads Hollings, Cooke, et al., 2011, Hollings et al., 2013) to suggest that the South
China Sea fossil ridge subduction beneath western Northern Luzon started at ~4.5 Ma. However, the Sr‐
Nd isotopic features for the Monglo, Malobago, and Amorong igneous rocks suggest that the Scarborough
seamount signatures appeared at an earlier time than those of Black Mountain complex. Combined with
Bathymeter Sonar System survey observation that the Scarborough Seamount Chain is being subducted with
the South China Sea fossil ridge beneath western Northern Luzon (Li et al., 2004; Pautot & Rangin, 1989), the
presence of Scarborough Seamount Chain geochemical signatures at ~9Ma in theMonglo dacitesmarked the
initial subduction of the South China Sea fossil ridge beneath western Northern Luzon. This is nearly con-
temporary with the dramatic increases of Sr‐Pb isotopic ratios and decrease of εNd(t) for the Luzon arc mag-
matism, consistent with metasomatism of the South China Sea terrigenous sediment‐derived fluids/melts in
the mantle (Castillo, 1996; Chen et al., 1990; Knittel & Defant, 1988; Marini et al., 2005; McDermott et al.,
1993). We therefore propose a transition from the Proto‐South China Sea subduction to the South China
Sea subduction beneath the Northern Luzon‐Huatung basin at ~9 Ma (Figures 10b and 11b–11c).

The onset of the South China Sea fossil ridge subduction initiation must have started at an earlier time than
the first appearance time of Scarborough Seamount Chain signatures in the Luzon arc lavas, as it takes time
for subducted components at trench to recycle back to the surface through arc magmatism. Combined with
subduction rate and angle and trench‐arc distance, the onset time of the South China Sea fossil ridge
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subduction initiation can be estimated. The subduction rate and angle at ~16oN are assumed to be ~70
mm/year and ~24o respectively (Figures 1a and 11b–11c, Rangin et al., 1999; Li et al., 2004; Gao et al.,
2012; Fan et al., 2014). The distance between the intersection and the Monglo dacites is ~150 km
(Figures 1a and 11b) allowing a slab length ~164 km to be estimated (Figure 11b). Assuming that the
South China Sea subduction rate and angle are constant, it would take at least ~2.3 Myrs until the subducted
seamount basalts recycled back to the Luzon arc at ~16oN. Then the onset time of South China Sea fossil
ridge subduction initiation is presumed to be ~11.3 Ma at ~16oN.

4.4. Implications for Crustal Growth

The Luzon arc basement rocks, represented by the Zambales Ophiolites to the south and Huatung basaltic
rocks to the north, have juvenile arc crust affinity with low Sr‐Pb and high Nd isotopic ratios (Figures 8c–8f).

Figure 10. Schematic geologic map (modified fromQueaño et al., 2007 and Hall, 2012) showing a tectonic transition from
the Proto‐South China Sea subduction (a) to the South China Sea subduction (b) beneath western Northern Luzon at ~11
Ma. The Proto‐SCS denotes Proto‐South China Sea.
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Similarly, the Eocene‐late Miocene magmas also display relatively juvenile signatures with Sr‐Nd‐Pb isotope
compositions resembling those of the Luzon arc basement rocks (Figures 8c–8f). However, the Miocene to
recent (<~9 Ma) Luzon arc lavas exhibit Sr‐Nd‐Pb isotopic signatures pointing to the contribution of the
South China Sea seamount basalts and terrigenous sediments (Figures 8a–8f). This indicates that relatively
enriched components in the subducted South China Sea have contributed to the maturation of the juvenile
Luzon arc crust. Maturation of juvenile oceanic crust by incorporation of enriched components in the lower
plate has also been proposed in the Banda arc‐continent collision system (Elburg et al., 2004; Vroon et al.,
1993). Geochemical studies indicate that the subducted Australian continental materials, either as sediment
or continental crust were responsible for the enriched Sr‐Nd‐Pb isotopic signatures for the Banda arc lavas
(Elburg et al., 2004; Vroon et al., 1993). Whereas studies of numerous subduction systems emphasize the

Figure 11. Cartoons showing the tectonic transition from the Proto‐South China Sea subduction (a) to the South China
Sea fossil ridge subduction (b, c). (c) A three‐D cartoon illustrating the maturation process of the juvenile Luzon
arc by incorporation of relatively enriched components such as terrigenous sediments and seamount basalts from the
subducted South China Sea.
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significance of ancient crustal materials in the upper plate in relation to the maturation of juvenile oceanic
crust (Ducea et al., 2015; Tang et al., 2019), the Luzon arc highlights the importance of relatively enriched
components in the lower plate such as terrigenous sediments and seamount basalts that could be introduced
into young arc environments (Figure 11c).

5. Concluding Remarks

1. The Oligocene‐Pleistocene western Northern Luzon igneous rocks display geochemical characteristics
of normal arc magmatism, consistent with derivation from partial melts of mantle wedge coupled with
fractional crystallization. In particular, the Oligocene‐early Miocene CCDC intrusive rocks exhibit Sr‐
Nd‐Hf‐Pb‐O isotope composition consistent with mantle metasomatism by fluids/melts released from
pelagic sediments. The late Miocene‐Pleistocene western Northern Luzon lavas display Sr‐Nd‐Hf‐Pb‐
O isotope composition, suggestive of mantle metasomatism by fluids/melts released from the subducted
Scarborough Seamount Chain basalts.

2. The presence of seamount chain isotopic signatures in western Northern Luzon arc lavas, combined with
the dramatic changes in Sr‐Nd‐Hf‐Pb isotopes for the Taiwan‐Luzon arc magmatism, marked a transition
from the Proto‐South China Sea subduction to the South China Sea fossil ridge subduction beneath wes-
tern Northern Luzon. The enrichment trends in Sr‐Nd‐Pb isotopes along the Luzon arc also mark the sig-
nificance of a contribution of relatively enriched components (high Sr‐Pb isotopic ratios, low εNd values)
in the lower plate to the maturation of a juvenile oceanic crust (low Sr‐Pb isotopic ratios, high εNd values)
in a modern arc‐continent collision system.
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