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A B S T R A C T

This paper describes the geochemistry, petrogenesis and tectonic setting of a silicic pluton, the Paracale
Granodiorite (PG), intruded into an ophiolitic suite in southeastern Luzon island, Philippines. Whole rock
chemistry suggests that the PG samples are calc-alkaline and are characterized by light rare earth element
(LREE)-enrichment and relatively weak heavy rare earth element (HREE)-depletion. They also show depletion in
Nb, Ta, Zr and Ti and positive anomalies in K, Pb and Sr when normalized with the Primordial Mantle and
normal-mid-ocean ridge basalt (N-MORB). The PG biotite mineral chemistry shows an affinity to calc-alkaline
trends based on the FeOtot versus Al2O3, whereas in the MgO-Al2O3 plot, they exhibit transitional calc-alkaline to
peraluminous characteristics. These information, along with a temperature > 600 °C based on biotite chemistry,
and hydrous setting for the generation of the PG suggest generation in a subduction-related setting. When plotted
in the Y versus Sr/Y and YbN versus (La/Yb)N, the PG samples exhibit adakitic signature. Partial melting, fluid
addition and sediment participation are discerned from the geochemistry. Melting, assimilation, storage and
homogenization (MASH) with limited fractionation are the dominant mechanisms of formation. The PG could
represent a Late Cretaceous to Paleogene magmatic arc generated during the subduction of the proto-Philippine
Sea Plate.

1. Introduction

Volcanic arc rocks, called adakites, are generated near trenches with
the subduction of young hot oceanic crusts that have undergone slab
melting (e.g. Defant and Drummond, 1990; Maury et al., 1996; Martin,
1999; Kamei, 2004). In areas where subduction initiation is recognized,
adakites can also co-exist with boninites (e.g. Li et al., 2013; Cox et al.,
2018). Nonetheless, a lot of volcanic rock suites that mimic the prin-
cipal geochemistry of adakites (e.g. high Sr/Y, high La/Yb) would not
be consistent with subduction-related slab melting in the forearc region.
This has resulted into controversies on how adakites are generated (e.g.
Defant et al., 2002; Richards and Kerrich, 2007; Moyen, 2009, Qian and
Hermann, 2013). Thus, the use of the presence of adakites as a sub-
duction-related forearc setting indicator needs to be re-examined. Si-
licic rocks (> 56% SiO2) that mimic adakites but would not be in sync

with the original definition of adakites (sensu lato Defant and
Drummond, 1990) have variably been called adakitic rocks, transitional
adakites, intermediate adakites, adakite-linked andesites, adakite-like
rocks or pseudo-adakites (e.g. Sajona et al., 2000; Eiler et al., 2007;
Kamei et al., 2009; Castillo, 2012; Zhang et al., 2019). Other than near
trench locations, adakitic rocks are also found in extensional within-
plate settings, collision zones and thickened continental regimes (e.g. Ji
et al., 2019; Temizel et al., 2019). Aside from slab-melting, lower crust
melting, partial melting following delamination, assimilation-fractional
crystallization (AFC) combined with melting, assimilation, storage and
homogenization (MASH), high-pressure crystallization, sediment
melting, mantle-melt hybridization, slab window melting, melting as-
sociated with flat slab subduction and magma mixing, to name a few,
have been reported to explain the existence of adakites and adakitic
rocks in non-forearc regions (e.g. Sajona et al., 1993; Martin et al.,

https://doi.org/10.1016/j.jaesx.2020.100035
Received 20 May 2020; Received in revised form 5 October 2020; Accepted 6 October 2020

⁎ Corresponding author.
E-mail address: jtpadrones@up.edu.ph (J.T. Padrones).

Journal of Asian Earth Sciences: X 4 (2020) 100035

Available online 17 October 2020
2590-0560/ © 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

T

http://www.sciencedirect.com/science/journal/25900560
https://www.journals.elsevier.com/journal-of-asian-earth-sciences-x
https://doi.org/10.1016/j.jaesx.2020.100035
https://doi.org/10.1016/j.jaesx.2020.100035
mailto:jtpadrones@up.edu.ph
https://doi.org/10.1016/j.jaesx.2020.100035
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaesx.2020.100035&domain=pdf


2005; Thorkelson and Breitsprecher, 2005; Macpherson et al., 2006;
Moyen, 2009; Richards, 2011; Nakamura and Iwamori, 2013; Hu et al.,
2017; Torkian et al., 2019; Hernandez-Uribe et al., 2020; Zhu et al.,
2020).

In the Philippines, adakites and adakitic rocks (the latter term will
be used to represent the two) are recognized in various settings that
include forearc, main volcanic arc, and rift zones (e.g. Sajona et al.,
1997; Bellon and Yumul, 2001; Yumul et al., 2003a; Jego et al., 2005).
The mode of generation ranges from slab melting, lower crust melting,
high-P fractionation, strike-slip faulting-related melting, assimilation-
fractional crystallization, mantle-melt interaction, and ridge subduction
(e.g. Castillo et al., 1999; Yumul et al., 2000; Ribeiro et al., 2016; Deng
et al., 2017). The presence of adakitic rocks is also used as an ex-
ploration play marker as they are mostly found in areas characterized
by precious-base metal mineralization (e.g. Sajona and Maury, 1998;
Polve et al., 2007; Yumul et al., 2017; Deng et al., 2019). This has been
recognized in the Paracale Mineral District which is one of the mining
districts in the Philippines. It is located in the province of Camarines
Norte, Bicol Peninsula, southeastern Luzon and hosts iron, nickel, gold
and copper deposits (e.g. Comsti et al., 1985; Mitchell and Balce, 1990)
(Fig. 1A). The gold deposits are mostly associated with the adakitic
Paracale Granodiorite (PG). Unfortunately, there has been limited work
done to understand the generation and evolution of the PG (e.g. Bryner,
1969; Giese et al., 1986; Mitchell, 1988). An understanding of the
geology and geochemistry of the adakitic PG can help constrain its
generation especially in the context of early magmatism in the Phi-
lippine archipelago with respect to the proto-Philippine Sea Plate
evolution.

2. Geology

2.1. Regional geology

The NW-SE trending Bicol Peninsula is located in the southeastern

part of Luzon island (Fig. 1A, B). Along with the other regions of the
Philippine archipelago, this island has had a long history of subduction,
collision and accretion of continental-derived sediments and ophiolitic
fragments starting from the late Mesozoic to early Cenozoic (e.g. Karig,
1983; McCabe et al., 1985; Yumul et al., 2003b; Queaño et al., 2007,
2009). Arc formation and accretion events during the Cenozoic are
mainly attributed to the interaction of the Philippine archipelago with
the bounding plates, namely, the Philippine Sea Plate to the east and
the Sunda Plate to the west (Yumul et al., 2008). Oblique subduction of
these bounding plates is responsible for the formation of the left-lateral
Philippine Fault Zone (Barrier et al., 1991; Rangin, 1991; Quebral et al.,
1996).

The study area is within the Paracale Mineral District in the pro-
vince of Camarines Norte located north of the Bicol Peninsula. The
district is bounded by the NW-SE trending Philippine Fault Zone to the
west and the west-dipping Philippine Trench to the east. In between
these two active tectonic features are a series of NW-SE trending left-
lateral faults, the Hilawan Fault and the Minas Fault, which David et al.
(1997) consider as probable traces of the proto-Philippine Fault Zone
(Fig. 1B). The district which lies to the west of the Minas Fault is floored
by the Cadig Ophiolitic Complex (COC) which is correlated with the
Jurassic to Cretaceous ophiolitic suites exposed in nearby areas (e.g.
Geary and Kay, 1989; David et al., 1996; Tamayo et al., 2004) (Fig. 1A).
Paleogene to Neogene intrusive rocks cut through the basement
ophiolite suite (Mitchell and Balce, 1990; Encarnacion, 2004). Re-
gionally- metamorphosed rocks, contact metamorphic aureoles related
to intruded plutonic bodies, amphibolite soles associated with the em-
placement of ultramafic bodies and chlorite-epidote schists intercalated
with quartzo-feldspathic schist hosting volcanogenic massive sulfides
are found throughout the Bicol Peninsula and adjoining islands (e.g.
Mitchell et al., 1986; Geary et al., 1988; Sherlock et al., 2003; Yumul
et al., 2006). Karig (1983) referred to these regionally-metamorphosed
rocks as part of the NW-SE Eastern Luzon Metamorphic Belt (ELMB)
that lies east of the Philippine Fault Zone (Fig. 1B). This metamorphic

Fig. 1. (A) Tectonic map showing the location of the study area (red box). The location of the Cadig, Camarines Norte-Calaguas Island, Lagonoy and Rapu-rapu
ophiolite complexes are also indicated. Map generated using topography and bathymetry data from Jarvis et al. (2008) and GEBCO 2019; (B) Location of the Paracale
Mineral District (red box) in Camarines Norte. The Minas and Hilawan faults are also shown. The Camarines Norte, Camarines Sur and Albay provinces are all part of
the Bicol Peninsula. Geologic map modified from MMAJ-JICA (1994). ELMB – Eastern Luzon Metamorphic Belt. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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belt corresponds to the East Luzon-Samar-Mindanao disrupted terrane
of McCabe et al. (1985). Unconformably overlying the metamorphic
rocks are turbiditic clastic rocks, volcanic rocks and minor shallow-
marine limestones. A NW-SE Pliocene to Recent volcanic arc char-
acterizes the Peninsula. This young suite of volcanic arcs is related to
the subduction of the Philippine Sea Plate along the Philippine Trench
since the late Miocene – Pliocene time (e.g. Castillo and Newhall, 2004;
Ozawa et al., 2004; Andal et al., 2005).

2.2. Local geology

In studying the PG, a 36-km2 pluton, most of our field geological
surveys were done within the Jose Panganiban-Paracale areas in
Camarines Norte where most of the Au mines and Au-Cu prospects are
present (Fig. 2A). The stratigraphy, from oldest to youngest, consists of:
a.) Jurassic to Cretaceous COC; b.) Upper Eocene to Lower Oligocene
Tumbaga Formation; c.) Oligocene Larap Volcanics and; d.) Lower
Miocene Bosigon Formation. The PG and the Tamisan Diorite are the
main intrusive bodies observed in the area (Fig. 2B). The pre-Tertiary
COC is made up of harzburgites, dunites, layered ultramafic cumulates,
isotropic gabbros, dike swarms, pillow lavas and breccias that are ex-
posed mostly in the northern and coastal areas of Jose Panganiban and
Paracale. The ophiolitic suite is best exposed in Cadig locality, thus, the
use of this name (Fig. 3A–F). This ophiolitic complex serves as the
basement in the area. The COC is correlative with the Jurassic to Cre-
taceous Camarines Norte-Calaguas Island Ophiolitic Complex and La-
gonoy Ophiolite (e.g. Geary et al., 1988; Tamayo et al., 1996, 1998)
(Fig. 1A). The Upper Eocene to Lower Oligocene Tumbaga Formation,
formerly called the Universal Formation, is composed of a lower
member of interbedded grayish to greenish sandstone and siltstone and
few conglomerates, and an upper member of bedded marble. Coarser
varieties (lithic sandstone and conglomerate) in western Jose Panga-
niban show mafic and quartz detritals as well as granule- to pebble-
sized lithic fragments of peridotite and granodiorite. Silicification,
chloritization and pyritization are noted in the vicinity of quartz veins
intruded into the Tumbaga Formation. The compositional make-up of
the Tumbaga Formation shows that the PG and the COC are the main
sources of this formation. Contrary to earlier interpretations (e.g. MGB,
2010) that the Tumbaga Formation is older than the PG, this is not
borne by our field observations. The Tumbaga Formation is thought to
be either of Eocene or early Middle Miocene age (Miranda and Caleon,

1979 cited in Giese et al., 1986; Mitchell and Balce, 1990). The Oli-
gocene Larap Volcanics, on the other hand, is made up of massive
porphyritic andesite to layered andesite oriented N55W/65SW. The
Lower Miocene Bosigon Formation consists of light gray, fine- to
medium-grained arkosic sandstone that is slightly magnetic. Associated
conglomerates with clasts of mostly andesite porphyry and minor
limestone set in a grayish, calcareous matrix are observed. The clastic
rocks are underlain by calcareous, bedded, fine- to medium-grained
sandstone and grayish limestone. The PG comprises roughly the central
portion of the Jose Panganiban-Paracale area, oriented approximately
in a WNW-ESE direction and surrounded mostly by peridotites. This
unit consists of quartz and plagioclase, with subordinate amounts of
biotite, relict pyroxenes and opaque minerals. The granodiorite, in
many places, is metamorphosed, being in transition to quartz-feldspar
schists and are most prominent near the contact with the peridotites
(Fig. 4A–C). Gneissic texture and a foliation trend of NW-SE are noted.
The PG is intrusive into the COC. Gabbro, peridotite and chlorite schist
xenoliths are found within the granodiorite. Various ages have been
assigned to the granodiorite, ranging from Paleocene to Pleistocene
(Frost, 1965). A K-Ar dating of samples (biotite extract) provided a
range of ages from 14.4 Ma (Giese et al., 1986) to 18.6 Ma (Geary et al.,
1988), pointing to a late Early Miocene to early Middle Miocene age.
The Miocene age may actually represent the last metamorphic event as
will be expounded later. As noted, granodiorite clasts are present in the
Late Eocene to Early Oligocene Tumbaga Formation. The Late Miocene
(hornblende K-Ar age date of 6.96–10.6 Ma) Tamisan Diorite is a classic
“salt and pepper” type, with an almost equal felsic (feldspar + quartz)
and mafic (mainly hornblende) components (MGB, 2010) (Fig. 4D). The
diorite is slightly to moderately magnetic, although silicified varieties
rarely exhibit such property.

3. Methodology

Representative fresh to weakly-altered granodiorites were selected
for geochemical analysis. The samples were powdered using an agate
ball mill and mortar and pestle. The whole rock major oxide composi-
tions were analyzed using the Panalytical Axios Max X-ray fluorescence
spectrometer at the Bureau Veritas Mineral Laboratories in Canada. The
whole rock trace element concentrations were derived using the
Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) ELAN 9000
also of the Bureau Veritas Mineral Laboratories in Canada. The

Fig. 2. (A) Geologic map of the Paracale Mineral District. Black dots with labels and numbers correspond to the samples analyzed in this work. (B) Stratigraphic
column generated in this work compared with that of MMAJ-JICA (1998).
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analytical precision of the data based on replicate samples is less than
1% for the major oxides and up to 10% for the trace elements. The
major oxide and trace element compositions are listed in Supplemental
Table (ST) 1. Double-polished thin sections of the rock samples were
prepared for petrography and mineral chemistry analyses. Selected thin
sections were carbon coated using the 108C Auto Carbon Coater to
increase surface conductivity. Mineral chemistry of the granodiorites
and the ultramafic rocks were obtained using the JEOL JXA-8230
Electron Probe Micro Analyzer at the University of the Philippines-
National Institute of Geological Sciences. Wavelength dispersive X-ray
spectroscopy (WDS) analysis was utilized to identify the major oxide
compositions of mineral grains. The plagioclase and biotite of the
granodiorite and olivine and magnetite of the ultramafic rocks were
analyzed using a probe diameter of 3–5 μm at 15 kV acceleration vol-
tage, 20 nA current and 15 μm probe diameter. ZAF correction was
applied to account for the atomic number, absorption and fluorescence
correction. Mineral standards used were from Astimex Standard
Limited. Major oxide compositions of representative minerals are listed
in ST 2A-D.

4. Results

4.1. Petrography

The PG are coarse grained, leucocratic rocks that are distinctly fo-
liated. In thin section, the main constituents are subhedral to euhedral
plagioclase (40–60% mostly oligoclase) and subhedral quartz (30 to
50%) (Fig. 4E, F). The plagioclase is often twinned, zoned and with
resorbed boundaries, while the quartz commonly displays undulatory
extinction. Minor occurrences of biotite (2–10%) and epidotes (< 2%)
are noted. Although of minor amount, the alignment of biotite defines
the foliation trend (generally directed NW) of the granodiorite. While it
was not encountered in this study, K-feldspar (1–2%) in granodiorites
were previously reported by Giese et al. (1986). In terms of the ultra-
mafic rocks, the dunites and harzburgites are affected by varying de-
grees of serpentinization. Protogranular olivine (65–90%) is a common
constituent that shows indications of serpentine replacement along
crystal boundaries or within the crystal itself (in this case, indicated by
a network of cross-cutting serpentine veins). Orthopyroxenes (10–30%)

Fig. 3. Outcrop photos of the Cadig Ophiolitic Complex (COC). (A) Layered gabbro, (B) Pillow lavas, (C) Layered ultramafic rocks, (D) Dike swarm, (E) Harzburgite,
(F) High-level gabbro containing gabbro and diabase clasts.
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are not prominent being commonly altered to bastite. Deformation of
the ultramafic rocks is made obvious by the kinking of serpentine grains
as well as the undulose extinction of olivine. Common accessory mi-
nerals are anhedral magnetites (Fig. 4G, H). Fine-grained, chromium-

rich, red-brown and aluminum-rich green spinels in the ultramafic
rocks have been reported (Geary and Kay, 1989).

Fig. 4. Outcrop photos of the Paracale Granodiorite (A–C) and Tamisan Diorite (D). Photomicrographs of a granodiorite (E,F) and COC dunite (G,H) sample (crossed
and uncrossed polars).
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4.2. Whole rock chemistry

Whole rock chemical analysis shows that most of the PG cluster in
the 65–72 wt% SiO2 range (ST 1). Although within a limited range, with
increasing SiO2, the PG exhibits a decrease in Al2O3, MgO, FeOtot, TiO2,
CaO, P2O5, MnO and to a certain extent, Na2O and Cr2O3. For trace
elements, with increase in SiO2, there is a decrease in Sr, Sc, Y, V, Co,
Cu, the rare earth elements (REEs) and, although not so clear, in Ni and
Hf (SF 1A-H). Increase in K2O, Ba and Cs as SiO2 increases is noted
among the PG samples. The SiO2 versus Na2O + K2O diagram shows
that the PG plots in the granite and quartz diorite (granodiorite) fields
consistent with its acidic composition (Cox et al., 1979; Le Bas et al.,
1986) (Fig. 5A). On the other hand, the Nb/Y versus Zr/TiO2 has the PG
in the rhyolite to dacite fields (Winchester and Floyd, 1977) (SF 2A). All
PG samples in the AFM diagram exhibit medium-K calc-alkaline affinity
(Irvine and Baragar, 1971; Peccerillo and Taylor, 1976) (Fig. 5B; SF
2B). Normative compositions (An-Ab-Or) display that almost all of the
PG are trondhjemites (Fig. 5C). The PG does not follow the typical calc-
alkaline trend towards K-enrichment but more of the trondhjemitic/
adakitic trend in the K-Na-Ca diagram (Martin, 1999) (Fig. 5D). All of
the PG are I-type, weakly peraluminous in the A/CNK (mol. ratio)
versus A/NK (mol. ratio) (Fig. 6A) (Maniar and Piccoli, 1989; Chappell
and White, 1974, 2001). The PG samples plot in the volcanic arc granite
(Y + Nb versus Rb) to volcanic arc granite plus syn-collisional granite

(Y versus Nb) fields and have no affinity with anorogenic granites (104

Ga/Al versus Zr) (Pearce et al., 1984; Whalen et al., 1987) (Fig. 6B,C; SF
3). In the Y versus Sr/Y and YbN versus (La/Yb)N diagrams, the PG plots
in the adakite field (Defant and Drummond, 1990; Martin, 1999)
(Fig. 7A,B) (Table 1; ST 1).

4.3. Rare earth elements

The PG samples (REE = 1–100x chondrite) exhibit a spoon-shaped
trend and are characterized by light rare earth element (LREE)-en-
richment and relatively weak heavy rare earth element (HREE)-deple-
tion. The PG samples show depletion in Nb, Ta, Zr and Ti and positive
anomalies in K, Pb and Sr when normalized with the Primordial Mantle
and normal-mid-ocean ridge basalt (N-MORB). No Eu anomaly is ob-
served (Sun and McDonough, 1989) (Fig. 8A,B; SF 4). The REE trend of
the PG exhibits depletion in the middle rare earth elements (MREEs).
The subtle decrease in Gd/Yb as SiO2 increases, though of limited
range, is consistent with this (Hildebrand and Whalen, 2014) (Fig. 9A).
Partial melting is the dominant process as suggested by the LaN versus
(La/Yb)N diagram (Lin et al., 1989) (Fig. 9B). The La/Sm has a limited
range whereas an increase in Sm/Yb (from 2 to 5) can be noted. The La/
Sm (4–8) vs Sm/Yb (2–5) is consistent with extraction from a source
that has pyroxene and amphibole remaining in the residue (Kay and
Mpodozis, 2001) (Fig. 9C). The PG samples are more consistent with

Fig. 5. (A) SiO2 vs Na2O + K2O (wt%) plot reveals granite and granodiorite composition of the PG samples. (B) AFM diagram displays the calc-alkaline affinity of the
PG samples. (C) An-Ab-Or and (D) K-Na-Ca plots show that most PG samples are trondhjemites.
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partial melting products of subducted oceanic crust rather than lower
continental crust as displayed in the (La/Yb)N versus Sr/Y (Xue et al.,
2017) (Fig. 9D).

4.4. Mineral chemistry

The PG is composed of quartz, plagioclase, biotite and minor epi-
dote and magnetite. The feldspars are albitic. The cores and rims of the
PG plagioclases are dominantly oligoclase (Ab70-89, An11-28, Or1-2)
and no reverse zoning is noted (Fig. 10A,B; ST 2A). The PG biotites plot

in the biotite field of the Altot versus Fe(Fe + Mg) diagram (Foster,
1960; Deer et al., 1996; Rieder et al., 1998; Karimpour et al., 2011,
Moradi et al., 2016) (Fig. 11A). The FeOtot (20.5–22.4 wt%), MgO
(11.1–12.6 wt%), TiO2 (1.8–2.4 wt%), Al2O3 (15.0–15.7) and MnO
(0.32–0.40) classify the biotite as primary to reequilibrated biotites in
the 10(TiO2) – FeO + MnO – MgO diagram (Nachit et al., 2005)
(Fig. 11B). Furthermore, the FeOtot versus Al2O3 displays the biotites as
having an affinity to calc-alkaline melts (Abdel-Rahman, 1994)
(Fig. 11C; ST 2B). The PG biotites when plotted in the MgO-FeO-Al2O3

demonstrate affiliation with calc-alkaline orogenic suites whereas in the

Fig. 6. (A) A/CNK vs A/NK diagram conveys peraluminous and intermediate I-S type classification for the PG samples. (B) Y + Nb vs Rb and (C) Y vs Nb plots
manifest affinity of the PG samples with the Volcanic Arc Granite (VAG) and syn-collisional (syn-COLG) tectonic settings. Legend: WPG – Within Plate Granite, ORG –
Ocean Ridge Granite.

Fig. 7. A. Y vs Sr/Y and B. YbN vs (La/Yb)N plots reflect the adakitic signature of the PG samples.
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MgO- Al2O3 plot, the biotites exhibit transitional calc-alkaline to per-
aluminous characteristics (Abdel-Rahman, 1994) (SF 5A,B). Table 2,
however, shows the dominant similarity of the PG with the calc-alka-
line suites. A temperature range of 600–650 °C is observed in the Mg/
Mg + Fe versus Ti of Henry et al. (2005) (Fig. 11D).

Almost all of the ultramafic rocks in the COC had undergone ser-
pentinization. Massive to layered harzburgites, dunites and clinopyr-
oxenites are present (Fig. 3). Olivine that has escaped serpentinization
is forsteritic showing a narrow range of Fo# [(100 × Mg/(Mg + Fetot)]
86–89 (Fig. 12A; ST 2C). Olivine has a MnO range of 0.14–0.37 wt%
whereas NiO ranges from 0.24 to 0.37 (Fig. 12A, B). A lot of the dunites
plot within the olivine mantle array (e.g. Takahashi, 1986; Arai et al.,
2018). However, an equal number of the dunites and harzburgites plot
below the olivine mantle array, too. As Fo# decreases, NiO decreases
whereas MnO increases. On the other hand, no chromian or aluminian
spinel is present among the ultramafic rocks of the COC. The spinels are
all magnetites with YFe3+ [Fe3+/(Cr3++Al3++Fe3+)] 91–99, YCr3+

[Cr/(Cr3++Al3++Fe3+)] 2–13.5, YAl3+ [Al/(Cr3++Al3++Fe3+)]
0–0.25 (Haggerty, 1991; Barnes and Roeder, 2001; Gargiulo et al.,
2013) (Fig. 12C, SF 6; ST 2D).

5. Discussion

5.1. Paracale Granodiorite: An orogenic calc-alkaline rock suite

The PG exhibits a limited range of SiO2 with quartz and plagioclase
as the major crystallizing phases, and biotite, apatite, oxide and titanite
minerals as accessory minerals. The decrease in Mg, Ca, Fe, Ti, P, and Sc

as fractionation progresses is consistent with this (SF 1). In addition, the
whole rock chemistry of PG exhibits calc-alkaline character which is
further reinforced by the plots in the modified aluminum-lime index
versus SiO2(MALI: Na2O + K2O-CaO) and SiO2 versus FeOtot/
(FeOtot + MgO) (Frost et al., 2001; Frost and Frost, 2008) (Fig. 13A,B).
Such plots also show magnesian signatures for the PG.

Although the whole rock chemistry of PG exhibits calc-alkaline
character, the samples have more affinity with the trondhjemites –
adakites (Fig. 5C,D). The PG is of the volcanic-arc granite type con-
sistent with a subduction-related setting (Fig. 6B,C) (e.g. Pearce et al.,
1984). The PG can be further classified as I-type, consistent with its
affinity to the magnetite-series granites (Ishihara, 1977).

Interestingly, the geochemical plots also suggest that PG is some-
what peraluminous (Fig. 6A). While only weakly exhibited, such per-
aluminous characteristic of the PG cannot be discounted. As a note,
peraluminous granites are usually formed in within plate settings, ex-
tensional regimes or areas that have undergone crustal delamination
(e.g. Barbarin, 1999; Frost et al., 2001). There is no field evidence,
however, to suggest that the PG was generated in a within plate set-
ting–related rift regime.

It has been suggested that crustal or sediment melting plays a role in
the generation of peraluminous granites (Chappell and White, 2001).
This is the case for the generation of PG based on its high Th
(0.5–1.9 ppm) and Zr (68–121 ppm) content. The Ta/Yb versus Th/Yb
shows that the PG has active continental margin and within plate vol-
canic zone geochemical character which accounts for the role played by
sediments during magma generation (Pearce, 1982) (Fig. 13C). The
high Zr/Y (11–36) of the PG also signifies a sediment component,
possibly of continental derivation, in its generation (Pearce and Norry,
1979) (Fig. 13D).

The limited range of the PG in terms of SiO2 makes it difficult to
determine a clear fractionation trend. The plagioclase data, though,
demonstrate that no magma mixing happened. All the oligoclase cores
and rims show the same range of composition (Fig. 10). In addition, the
presence of biotite indicates a hydrous setting for the PG (e.g. Wones
and Eugster, 1965; Wones, 1981; Luhr et al., 1984). Although the PG
biotites range from primary to reequilibrated, almost all of them exhibit
distinct orogenic suite-related calc-alkaline affinity (Fig. 11B,C; SF
5A,B). The MgO of biotite in the calc-alkaline suites is 7–19 wt% as
compared to the 2–8 wt% of peraluminous rock suites (Abdel-Rahman,
1994). The PG biotite MgO has a limited range of 11–12.6%, again
consistent with its calc-alkaline affinity. However, the PG biotites are
also characterized by high Al2O3 and low TiO2 which could account for
the weak peraluminous and ilmenite-series signatures they have (SF 5B;
SF 7A). The low TiO2 could be attributed to a.) the retention of a ti-
tanate mineral in the source region thus lowering the TiO2 content of
the melt, b.) the rock suite being subduction-related which is typically
characterized by low TiO2 content or c.) formation in an environment
characterized by low temperature and low oxygen fugacity (Henry

Table 1
Geochemical characteristics of adakites compared with those of
Paracale Granodiorite. Adakite characteristics are compiled from
Defant and Drummond (1990), Kamber et al. (2002), Castillo
(2012), Eiler et al. (2007), and Zhang et al. (2019).

Adakite Paracale Granodiorite

SiO2 > 56 wt% 65–72 wt%
Al2O3 ≥ 15 wt% 15–19 wt%
MgO < 3 0.3–1.1 wt%
Na2O > 3.5 wt% 5–6 wt%
Ni < 24 ppm 2–19 ppm
Y ≤ 18 ppm 2.8–7.6 ppm
Yb < 1.9 ppm 0.2–0.7 ppm
Sr > 400 ppm 1150–2180
K2O/Na2O ~ 0.42 0.20–0.41
Sr/Y > 40 150–450
La/Yb > 20 8–40
Zr/Sm > 50 47–127
Pb/Nd < 0.40 0.04–0.25; 2.5–3.0
Nb/Ta > 15 10–23
Mg# 51–66
No Eu anomaly None

Fig. 8. Multi-element diagrams normalized to A. chondrite and B. primitive mantle. Normalizing factors from Sun and McDonough (1989).
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et al., 2005; Darvishi et al., 2015; Tang et al., 2019). The temperature
(600–650 °C) and hydrous environment are conformable with a sub-
duction-related setting that can account for the low TiO2 of the biotites
(Fig. 11D). The FeOtot/(FeOtot + MgO) vs MgO(%) suggests that most
of the biotites are of crustal origin (Zhou, 1986; Zhang et al., 2015) (SF
7B). This highlights the presence of several components in the gen-
eration of the adakitic PG. Clearly, contributions coming from the slab,
sediment, crustal material and the upper mantle wedge, in varying
degrees, can account for the dominantly subduction-related signature of

the PG (Table 3).

5.2. Adakitic Paracale Granodiorite: Components and mechanism of
formation

Giese et al. (1986) was the first to recognize that the PG (Paracale
Intrusion in their paper) has extremely high Sr content. They arrived at
an initial 87Sr/86Sr isotopic composition of 0.70352 that led them to
consider that the PG was formed by hydrous partial melting of

Fig. 9. (A) The PG samples show decrease in Gd/Yb with increasing SiO2. (B) Partial melting of PG samples as the major process compared to fractional crystal-
lization is indicated in the LaN vs La/YbN plot. (C) Sm/Yb vs La/Sm plot suggests the important role of amphibole crystallization in the evolution of the PG. (D) (La/
Yb)N vs Sr/Y plot pinpoints the importance of the partial melting of the subducted oceanic crust in the generation of the PG.

Fig. 10. Or-Ab-An plots of the PG plagioclase cores (A) and rims (B) exhibit a dominant oligoclase composition.
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amphibolite associated with MORB. When plotted in the Y versus Sr/Y
and YbN versus (La/Yb)N, the PG samples exhibit adakitic signature
(Fig. 7A,B). The PG samples follow the adakite trend rather than that of
the K-enrichment trend typical of calc-alkaline rocks (Kamvong et al.,
2014). Partial melting is the dominant process (Fig. 9B) coupled with
fluid addition as manifested by the increase in Rb, Ba and Sr (Turner
et al., 2012) (Fig. 14A,B). Thick continental crust does not underlie the
PG so its role as a possible source of the adakitic magma can be negated.
This is supported by the published crustal thickness computations based
on gravity data that show a 26–28 km crustal thickness in the Camar-
ines Norte region where the PG is located (Parcutela et al., 2020). The
Sr/Y versus Gd/Yb also shows that there is no increase in pressure or

thickening of the crust up to the garnet stability field consistent with
the absence of a thick continental crust beneath the study area
(Fig. 14C). An increase in pressure brought about by thickened crust
would have resulted to an increase in Gd/Yb as Yb would be fractio-
nated in the presence of garnet. Thus, the crustal signature indicated by
the biotites may have been derived from the overriding oceanic arc. The
source region of the PG, for that matter, is possibly characterized by
pyroxene or amphibole residues (Fig. 14D). Furthermore, adakites
formed through lower crust melting would almost always be in exten-
sional regime accompanied by mafic lavas (e.g. Qian and Hermann,
2013). This is consistent with the low (La/Yb)N value of the rocks (e.g.
Ling et al., 2011; Xue et al., 2017). The PG, as observed in the field, is
not associated with any mafic lava. Melting in the eclogite region is
supported by the low Yb and as shown by the Y versus Zr/Sm diagram
(Fig. 14D). The Nb-Y-Gax3 suggests that the PG is a product of mantle-
crust interaction consistent with its K2O/Na2O (0.25–0.50) (Eby, 1992;
Kamvong et al., 2014) (Fig. 14E,F). The Sr/Y (150–450) and La/Yb
(8–40) of the PGs are consistent with slab melts (Sr/Y > 80–100; La/
Yb > 30–40) which are much higher than the normal calc-alkaline
magmas. The interaction of the melts coming from the slab, sediments,
the upper mantle wedge and the base of the crust accounts for the PG
geochemistry. This is consistent with the recognition of the involvement
and interplay of multiple melt sources of varying geochemistry ob-
served in other arc systems (e.g. Kimura et al., 2005; Durkin et al.,
2020). Normal arc magmas generated in the eclogite-amphibolite
transition zone in the upper mantle wedge could have interacted with
slab and sediment melts (Conder et al., 2002; Kamber et al., 2002; Eiler
et al., 2007). The high Mg# (Mg#51–66) of the PG signifies mantle

Fig. 11. (A) Al vs Fe/(Fe + MgO) plot indicates that the mica are biotites. (B) TiO2-FeO + MnO- MgO plot reveals that biotites range from primary to reequilibrated.
(C) FeOtot vs Al2O3 exhibits the calc-alkaline chemistry of the biotites. (D) A > 600 °C possible crystallization temperature is shown by the Mg/(Mg + Fe) vs Ti
diagram. See text for details.

Table 2
Comparison of PG biotites with other granitic complexes. Anorogenic alkaline,
peraluminous and calc-alkaline suites are from Abdel-Rahman (1994) and
Aydin et al. (2003). Iranian granitoids are from Aydin et al. (2003); Marziyan
Granites from Darvishi et al. (2015); and Taihang diorites from Zhang et al.
(2015).

Granitic Rocks FeOtot MgO Al2O3 FeOtot/MgO

Anorogenic Alkaline Suites 30.60 4.40 11.20 7.04
Peraluminous Suites 22.10 6.30 18.90 3.48
Calc-Alkaline Suites 19.70 11.20 14.90 1.76
Marziyan Granites, NW Iran 0.60–1.8 0.2–1.0 14–18.5 2.6–3
NE Turkey Granitoids 15.8–18.9 12.5–14.2 12.5–13.2 1.1–1.5
Taihang High Mg Diorites

(China)
13.8–18.4 11.3–15.8 13.3–14.7 0.9–1.4

Paracale Granodiorite 20.5–22.4 11.1–12.6 15.0–15.7 1.6–1.9
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contribution (e.g. Kelemen et al., 2003; Yumul et al., 2003a). The re-
sulting hybrid melt could have ponded at the base of the crust before
transiting to the magma chamber and ultimately intruded as adakitic
magmas (Fig. 15A). Mantle metasomatism followed by melting, as-
similation, storage and homogenization (MASH) with limited fractio-
nation were important processes in generating the PG adakitic rocks
similar to what is observed elsewhere (e.g. Maury et al., 1992, 1998;
Turner et al., 2012; Ribeiro et al., 2016). The recognition of the PG as
having an adakitic character and, at the same time, being a product of
MASH with different components (as opposed to that of a pure slab
melt) highlights once again that adakite and adakitic rocks must be
used as descriptive terms rather than one with a genetic or tectonic
setting connotation (Yumul et al., 2000; Castillo, 2012).

5.3. Paracale granodiorite and the birth of the Philippine arc

There are two reported ages (whole rock K-Ar age of 14.9 Ma and
40Ar/39Ar biotite age of 18.6 ± 0.3 Ma) for the PG (Wolfe, 1981; Geary
et al., 1988). Geary et al. (1988) interpreted the early Miocene age of
the igneous body as reflective of the PG’s role of being the heat source
responsible for the early Miocene regional metamorphism in the area.
Our field data, however, do not bear this out. While Mitchell (1988) had
opined that the PG represents a tectonic window in structural contact
with the ultramafic rocks of the COC, this pluton is observed intruded
into the ophiolite. Furthermore, the Upper Eocene to Lower Oligocene
Tumbaga Formation contains a lot of ophiolitic and granodiorite clasts
which we believe were derived from the PG. These detrital fragments
are most evident in the sandstones and conglomerates where detrital
mafic and quartz grains, as well as granule- to pebble-sized lithic
fragments of peridotite and metamorphosed granodiorite, are observed.
This gives a constraint on the age of the PG which is between early
Cretaceous (ophiolite age) and late Eocene (Tumbaga Formation).

Interestingly, older intrusive bodies similar to that of PG have been
encountered in the Camarines Sur-Albay located south of the study

area. The Panganiran Diorite exposed in Pantao Point in Albay yielded a
whole-rock K-Ar age of 43.5 Ma (Andal, 2002) (Fig. 1B). The intrusive
body has geochemistry similar to that of the PG (Andal, 2002). Another
body, the Balatan Andesite, exposed along the coast of Bula, Camarines
Sur yielded a whole rock K-Ar age of 68.6 Ma (JICA, 1999) (Fig. 1B).
North of the study area, particularly in northeastern Luzon, four mag-
matic phases have been recognized, the oldest being the Eocene Coastal
Batholith (45–39 Ma) (Ringenbach, 1992). Regional correlations would
then show that a Cretaceous to early Eocene age for the PG is feasible. If
the Eocene age for the PG is correct, then the early to middle Miocene
age datings reported by previous workers could represent either a.)
reset ages or b.) a younger phase of intrusion within the PG.

The presence of the PG and other intrusive bodies of early Cenozoic
age clearly reflects the inception of the Philippine arc in Luzon (Queaño
et al., 2020). Although having different approaches, more recent
workers (e.g., Queaño et al., 2007; Zahirovic et al., 2014; Wu et al.,
2016) have modeled the Philippine arc as occupying sub-equatorial
paleolatitudes during the early Cenozoic. These models suggest the
Philippine arc as developing either in the East Asia of Wu et al. (2016)
or the proto-Philippine Sea Plate (proto-PSP) depicted by Zahirovic
et al. (2014) at ~40 Ma. Revision has recently been made in these
models, highlighting the presence of a subduction zone (referred to as
the proto-East Luzon Trough-Philippine Trench system) separating the
Benham Plateau and the Philippine arc during this period (Queaño
et al., 2020) (Fig. 15B,C). The spatial distribution of Eocene arc rocks,
the presence of Mesozoic ophiolite materials accreted on the eastern
coast of the Philippine arc, and the seismic evidence of an old accre-
tionary prism east of Luzon (Lewis and Hayes, 1983) were cited as the
principal evidence. Oblique subduction along the proto-East Luzon
Trough-Philippine Trench system would also provide the mechanism
for the formation of strike-slip faults using the current Philippine tec-
tonic setting as analogue.

While being floored by a Mesozoic ophiolitic suite (in this case, the
COC) of proto-PSP origin, David et al. (1997) presented polyphase

Fig. 12. (A) Fo# vs NiO and (B) Fo# vs MnO plots for the COC dunites and harzburgites reveal their cumulate affinity and are not products of partial melting. The
CNOC data for harzburgites and websterites are from Tamayo et al., 1996; Tamayo, 1997. (C) YFe3+-YCr3+-YAl3+ plot shows that the COC spinels are all magnetites
brought about by serpentinization.
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sinistral movement of the proto-Philippine Fault System as causing the
amalgamation of the Mesozoic ophiolite east of the study area and
adjacent regions. As reported by previous workers (e.g. David et al.,
1996; Tamayo et al., 2004; Yumul, 2007; Dimalanta et al., 2020), these
amalgamated ophiolites on the eastern side of the Philippine arc are
also of proto-PSP origin. In the eastern part of the Bicol Peninsula, these
include the dismembered ophiolites in Calaguas Island (Camarines
Norte-Calaguas Island [CNCI]), Lagonoy and Rapu-Rapu island (e.g.
Geary and Kay, 1989; Tamayo et al., 1996, 1998; Yumul et al., 2006)
(Fig. 1A). All of these ophiolites have been dated as Mesozoic, ranging
in age from Jurassic to Late Cretaceous (Geary et al., 1988; David et al.,
1997). Almost all of these ophiolite complexes exhibit mid-ocean ridge
basalt (MORB) characteristics with muted – island arc tholeiite (IAT)
geochemistry. To exemplify, the amphibolite associated with the CNCI

has yielded a 40Ar/39Ar age date of 99.9 ± 7 Ma which suggests that
the CNCI, and by extension, the COC are older than 100 Ma (minimum
Early Cretaceous age) (Geary et al., 1988). The geochemistry of the
CNCI is generally MORB-like (whole rock TiO2 = 1.5–2.8 wt%; Al2O3/
TiO2 = 4.8–9.6; CaO/TiO2 = 2.9–6.9; Zr/Y = 1.9–2.9; Olivine Fo#
89.1–92.1; Spinel Cr/(Cr + Al) 33–44; Orthopyroxene
Al2O3 = 1.58–2.57 wt%) (Geary and Kay, 1989; Tamayo et al., 1996).
The olivine of the dunites and, interestingly, the harzburgites of the
COC, as plotted in the olivine NiO and MnO versus Fo# indicates a
mostly cumulate origin and are not residues of partial melting
(Fig. 12A). Although some dunites plot in the olivine mantle array of
Takahashi (1986), a lot of the dunites and harzburgites fall outside the
array. Most of the samples have undergone intense serpentinization
with the orthopyroxene altered to bastites and spinel altered to mag-
netites (Fig. 12C; SF 6).

In the course of its evolution, a Cretaceous marginal basin within
the proto-Philippine Sea Plate received sediments being shed off from
nearby landmasses. This will account for the sediment signatures (high
Th, Zr/Y) that are recognized in the PG. As spreading ensued within this
marginal basin to mark the inception of the Philippine Sea Plate, sub-
duction was also initiated on the eastern side of the Philippine arc
(based on the present geography). Continuous subduction beneath the
overriding plate, of which the COC is part of, resulted in the develop-
ment of an arc, being the adakitic PG suite (Fig. 15B,C). With this, the
PG represents the earliest magmatic, albeit adakitic, product of early
Cenozoic (possibly extending back to the Late Mesozoic) subduction of
the proto-Philippine Sea Plate.

Fig. 13. (A) The SiO2 vs Modified Alkali-Lime Index (MALI) shows the calc-alkaline affinity of the PG samples. (B) SiO2 vs Feotot/(FeOtot + MgO) plot reveals the
magnesian character of the PG samples. (C) The Ta/Yb vs Th/Yb plot suggests a strong sediment contribution in the generation of the PG. (D) The Zr vs Zr/Y plot also
manifests sediment involvement. Legend: ACM – Active Continental Margin; WPVZ – Within-Plate Volcanic Zone; WPB – Within-Plate Basalt; MORB – Mid-Ocean
Ridge Basalt; IAB – Island Arc Basalt.

Table 3
Paracale Granodiorite geochemical characteristics based on published dis-
crimination parameters.

Parameters Paracale Granodiorite

Shand (1943) Peraluminous
Ishihara (1977) Magnetite-type
Pearce et al. (1984) Volcanic Arc Granite
Maniar and Piccoli (1989) Orogenic Continental Arc
Defant and Drummond (1990) Adakitic
Abdel-Rahman (1994) (Biotite) Calc-alkaline Orogenic Suite
Barbarin (1999) Arc Continental Granitoid
Bilal and Giret (1999) Orogenic Granitoid
Chappell and White (2001) I-type
Frost and Frost (2008) Magnesian
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6. Conclusions

The PG exhibits calc-alkaline characteristics and has trondhjemiti-
c–adakitic affinity. Quartz and plagioclase with minor biotite, apatite,
titanate and oxide minerals are the fractionating phases. Whole rock
and biotite mineral chemistry are consistent with a subduction-related
setting. A hydrous environment with a temperature of ~600 °C char-
acterizes the melt that formed the PG. The PG manifests adakitic

geochemical characteristics. Several components ranging from slab
melt, upper mantle material, sediments and crust materials contributed
into the generation of the hybrid slab-crustal adakitic PG melt. Slab and
sediment melting that interacted with the mantle and crust, through
melting, assimilation, storage and homogenization (MASH) could ex-
plain the adakitic character of the PG. The tectonic setting from where
this adakitic rock suite formed was in an orogenic subduction complex.
The PG, which is intruded into an ultramafic-mafic complex, the Cadig

Fig. 14. (A) Nb/Y vs Rb/Y (after Termel et al., 1998) shows the importance of subduction contribution in PG generation. (B) Th/Ce vs Sr/Th plot is consistent with
fluid addition. (C) Sr/Y vs Gd/Yb (after Mori et al., 2007) indicates no thickening of the crust and the absence of garnet in the source region. (D) Y vs Zr/Sm suggests
melting occurred in the eclogite-amphibolite zone. (E) Nb-Y-Ga*3 indicates that the PG are products of crust-mantle interaction. (F) The Yb vs K2O/Na2O plot is
consistent with the PG as a hybrid magma made up of slab and crustal components. See text for details. Legend: PM – Primordial Mantle.

Fig. 15. (A) Cartoon model showing the different components responsible for the formation of the PG. (B) Schematic model and (C) Palinspastic map showing the
generation of the PG. Legend: A – Mixed, adakitic melts; PSP – Philippine Sea Plate; WPB – West Philippine Basin; SCS – South China Sea.
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Ophiolitic Complex, represents the earliest adakitic product related to
the late Mesozoic to early Paleogene proto-Philippine Sea Plate sub-
duction event.
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