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ABSTRACT

This paper reports for the first time zircon U-Pb ages of volcanic rocks and sands from Lutao and Lanyu, two islets off
SE Taiwan in the north Luzon arc. The samples include (1) seven andesites from four volcanic units and three river/beach
sands from Lutao and (2) five basaltic andesites from four volcanic units and two river/beach sands from Lanyu. The Lutao
andesites contain abundant magmatic zircons, aging from ~1.54 to ~1.24 Ma for individual sample, which yielded an overall
mean 2°Pb/>8U age of 1.31 £ 0.03 Ma (n = 190, MSWD = 2.6). This is slightly older than, or broadly coincident with, a mean
206pp/=8U age of 1.23 +0.03 Ma (n = 103, MSWD = 1.9) given by detrital zircons from the three sands. The Lanyu volcanics
appear to have less abundant magmatic zircons, aging from ~2.72 to ~2.35 Ma for individual sample, which yielded an overall
mean *Pb/>¥U age of 2.61 £ 0.13 Ma (n = 11, MSWD = 1.8). This accords with a mean **Pb/>*U age of 2.69 + 0.11 Ma
(n = 34, MSWD = 4.7) obtained by detrital zircons from the two sands. The age data suggest that in Lutao and Lanyu the
major volcanic eruptions occurred at ~1.3 and ~2.6 Ma, respectively. Moreover, volcanic samples from both islets contain
various amounts of older inherited zircons, ~11% in Lutao and up to ~82% in Lanyu, which together with detrital zircons from
the sands show main age peaks at ~150 Ma and ~1.9 and ~2.5 Ga, consistent with the notion for a “hidden” continental crust
involved in the genesis of the northern Luzon magmatic arc.
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1. INTRODUCTION

Taiwan is an active orogen resulting from collision be-
tween the southeastern margin of the Eurasian continent and
the northern Luzon arc sitting on the western Philippine Sea
plate, which started ca. 5 Ma (Teng 1990). In eastern Tai-
wan, the Coastal Range and two offshore islets, Lutao and

the magmatic durations specifically as well the petrogenesis
over the northern Luzon arc system in general.

2. BACKGROUND AND SAMPLES

Lanyu, are the major components of the northern Luzon arc
which was formed in an intra-oceanic setting by the eastward
subduction of the South China Sea plate beneath the western
Philippine Sea plate (Fig. 1). Ages of the northern Luzon arc
magmatism, however, remain poorly constrained. For ex-
ample, regarding the eruptions in Lutao and Lanyu, several
radiogenic isotope dating methods have yielded age results
of significant variations or even discrepancies. In this paper,
we report for the first time in-situ zircon U-Pb ages from
Lutao and Lanyu that enable us to better delineate not only
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The volcanic rocks of Lutao (Fig. la) and Lanyu
(Fig. 1b) are composed generally of pyroclastic agglomer-
ates, volcanic breccias, lava flows and dykes (Chen et al.
1994a, b). In Lanyu, ophiolitic fragments are distributed
sparsely and regarded as the oldest rock unit (Fig. 1b), along
with some limestone boulders that contain Miocene fora-
minifera, bryozoa, and calcareous algae (Ho 1975). The vol-
canic ages of the two islets have been studied using various
radiogenic isotope dating methods, yielding (1) K-Ar ages
of 43 - 1.8 and 25.1 - 3.7 Ma from Lutao and Lanyu, re-
spectively (Richard et al. 1986), (2) Ar-Ar ages of 1.5-14
and 6.6 - 3.5 Ma, respectively (Lo et al. 1994), (3) zircon
fission-track ages of 1.7 - 0.5 and 3.3 - 1.4 Ma, respectively
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(Yang et al. 1995), and (4) Rb-Sr mineral isochron ages of 2L
9.4 - 1.1 Ma from Lutao (Lan et al. 1986). -~ Lanyu
The volcanic sequences are also subdivided into four

units, i.e., from bottom to top, the Lungtouyen volcanic brec-

2.1 Lutao cia, the Tungching andesite, the Mantoushan andesite and
The volcanic sequences are subdivided into four units, the Shuangshihyen volcanic breccia (Fig. 1b). The cover
which are, from bottom to top, the Ameishan volcanic brec- rocks are Late Pleistocene-Holocene marine terrace deposits,
cia, the Niutzushan andesite, the Kungkuan andesite and the termed the Szutaokou formation, composed mainly of raised
Huoshaoshan andesite (Fig. 1a). Overlying marine terrace coral reefs and small-scaled alluvial fan (Chen et al. 1994b).
deposits, termed the Hsuwenchuan formation, are mainly We collected five samples of basalt to basaltic andesite com-
Late Pleistocene-Holocene coral reefs and red soils with position from the four volcanic units (LYA-01 to LYA-05),
reef limestone fragments (Chen et al. 1994a). In this study, along with river sand (LYS-01) and beach sand (LYS-02),
we collected samples from various localities (Fig. 1a) in- from the islet (Fig. 1b). Their GPS coordinates are also listed
cluding seven andesitic rocks from the four volcanic units in Table 1 and field photographs are shown in Fig. 3.

(LTA-01 to LTA-07) and three sands from beaches or river
mouths (LTS-01 to LTS-03). The GPS coordinates are list-
ed in Table 1 and field photographs of each sample site are
shown in Fig. 2. Zircons were separated from ~2 - 3 kg samples using

3. ANALYTICAL METHODS
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Fig. 1. A simplified tectonic framework of Taiwan and the Luzon arc system. Geologic maps of (a) Lutao (after Chen et al. 1994a) and (b) Lanyu
(after Chen et al. 1994b). Also shown are sample localities.
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Fig. 3. Field occurrence photos of the Lanyu samples.



Zircon U-Pb Age from Lutao and Lanyu 153

conventional separation techniques, i.e., heavy-liquid and
magnetic methods, then mounted in epoxy and polished to
expose the interior of zircon grains. Cathodoluminescence
(CL) images were taken and used to check the internal
structures of individual zircons and to select positions for
analyses (Figs. 4 and 5). In-situ zircon U-Pb isotope dat-
ing analyses were performed at the Dr. Shen-su Sun Me-
morial Lab located at the Department of Geosciences, Na-
tional Taiwan University, equipped with an Agilent® 7500 s
ICP-MS (inductively coupled plasma mass spectrometer)

100 ym

LTA-04

Fig. 4. Selective cathodoluminescence (CL) and stereoscopic images
of zircons from Lutao. Yellow circles denote laser spots, i.e., ~30 um

in diameter, with U-Pb ages (Ma) shown.

attached to a New Wave UP213 laser ablation system. The
laser repetition rate used for all analyses was 4 Hz, and the
ablation pit diameter was ~30 um. The LA-ICPMS operat-
ing conditions and detailed analytical techniques have been
reported in Chiu et al. (2009).

Measured U-Th-Pb isotope ratios were calculated
using the GLITTER 4.4 (GEMOC) software and calibra-
tion was performed using the zircon standard GJ-1 aged at
608.5 + 0.4 Ma (Jackson et al. 2004). The relative standard
deviations of reference values for GJ-1 were set at 2%. Two

50 pm

Fig. 5. Selective cathodoluminescence (CL) images of
zircons from Lanyu. Yellow circles denote laser spots,
i.e.,~30 um in diameter, with U-Pb ages (Ma) shown.
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other well-known zircon standards 91500 and Mud Tank,
together with a new zircon standard PleSovice (337.1 + 0.4
Ma; Slama et al. 2008), were used for data quality control.
The common lead was directly corrected using the common
lead correction function proposed by Andersen (2002), and
the weighted mean U-Pb ages and concordia plots were car-
ried out by Isoplot v. 3.0 (Ludwig 2003). Given that precise
measurements of *’Pb/*°U and 2"Pb/*Pb ratios are feasi-
ble usually only for Precambrian zircons, due largely to the
fact that U now comprises less than 1% of natural U and
thus relatively little 2’Pb can be produced in the Phanerozo-
ic (cf. Ireland and Williams 2003); 2°Pb/>**U ages are taken
to indicate the crystallization ages of young zircons in this
study. Note that 2’Pb/**Pb ages are used only for inherited
or detrital zircons older than 1000 Ma.

To demonstrate the ability of precisely determining the
very young ages of zircons (i.e., | - 3 Ma) of this study, we
present here LA-ICPMS zircon U-Pb age result of a dacite
sample from the Quaternary Chilungshan volcano, northern
Taiwan (Table 2 and Fig. 6), yielding a mean **’Pb/>*U age
of 1.11 £0.05 Ma (n=19; MSWD = 1.1 at 95% confidence
level or 20 analytical uncertainties). This age result corre-
sponds within the analytical errors to two zircon *°Pb/>¥U
ages of 1.08 £ 0.02 and 1.17 = 0.02 Ma reported also for
the Chilungshan dacites using a secondary ion microprobe
CAMECA 1280 (Gao et al. 2010) and a zircon **°Pb/?U
age of 1.04 + 0.06 Ma obtained from another Chilungshan
dacite using the SHRIMP method (Wan et al. 2012).

4. RESULTS

Abundant zircons were separated from the Lutao vol-
canic rocks and sands, except for sample LTA-03 which is
a basaltic andesite thus containing less abundant magmatic
zircons. Other volcanic samples are of andesitic composi-
tion (Table 1). The zircon grains are mostly euhedral and
prismatic in shape and light pink in color. They are gener-
ally ~150 to 250 pum long and display internal textures of
oscillatory or sector zoning in CL and BSE images (Fig.
4). By contrast, zircons are much less abundant from the
Lanyu volcanic rocks and sands. This is because the Lanyu
volcanics are more mafic, typically from basalt to basaltic
andesite composition (Chen et al. 1994b), such as the sam-
ples collected by this study (Table 1). Most zircon grains
are subhedral to anhedral, generally ~50 to 200 um long and
lacking oscillatory or sector zoning (Fig. 5), despite they
have high U concentrations and high Th/U ratios as typical
igneous zircons (see below).

4.1 Lutao

Zircon separates were successfully obtained from all
seven volcanic rock samples, from the four volcanic units
of the islet, and from the three sand samples. The zircon

Table 2. Zircon U-Pb isotopic data of Chilungshan samples.
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Table 2. (Continued)
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Fig. 6. (a) Concordia diagram and (b) weighted mean **Pb/**U ages
of magmatic zircons of a dacite sample from the Chilungshan volcano.
The numeric (N) denotes the number of zircon.

dating results are summarized in Table 1, listed grain by
grain in Table 3, and plotted in concordia and age distri-
bution diagrams (Figs. 7 and 8). All the dated Lutao zir-
cons have high U concentrations (175 - 4979 ppm) and high
Th/U ratios (2.9 - 0.3), typical of igneous origin (cf. Rubatto
2002). Below we describe the results of the volcanic rocks
and then sands, following the bottom to top sequences of the
geological map (Fig. 1a). In addition, ages obtained by other
methods in previous studies from each of the volcanic units
will be outlined for comparison.

4.1.1 Ameishan Volcanic Breccia

There are two samples collected from this bottom vol-
canic unit. These are (1) LTA-02 that yielded a weighted
mean 2*Pb/3U age of 1.44 +0.06 Ma (n=29; MSWD =32,
Fig.8b),and LTA-03 that yielded a weighted mean **’Pb/>*U
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Fig. 7. Concordia diagrams of zircons from the Lutao samples.
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Fig. 8. 2%Pb/>¥U age spectra and weighted mean values of Lutao volcanic rocks (a to g) and river/beach sands (h to j). The numerical value (N)
denotes the number of zircon grains analyzed and the analytical error bars are 20.
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Fig. 8. (Continued)

age of 1.54 £0.12 Ma (n = 12; MSWD = 2.7; Fig. &8c). The
zircon U-Pb ages, confirming the geological map that sug-
gests the Ameishan volcanic breccia is the oldest volcanic
unit (Fig. 1a), are in good agreement with an Ar-Ar age of
14 £ 0.1 Ma (Lo et al. 1994) and are broadly consistent
with or slightly older than the zircon fission-track ages of
1.7-0.9 Ma (Yang et al. 1995) and, apparently younger than
the K-Ar ages of 4.3 - 2.1 Ma (Richard et al. 1986). Note that
each sample has a slightly older zircon, with °Pb/**U age
dated at 2.4 £ 0.1 and 2.2 £ 0.1 Ma (Table 3), respectively,
which are interpreted to be xenocrysts captured from some-
what earlier magmatic activities. In addition, each sample
holds several grains of much older U-Pb ages (Table 3),
interpreted as inherited zircons that will be discussed col-
lectively in the discussion section.

4.1.2 Niutzushan Andesite

Sample LTA-07 from this unit yielded a weighted mean
206ph/238U age of 1.28 +0.06 Ma (n = 35; MSWD =2 4; Fig.
8g). The zircon U-Pb age is slightly younger than an Ar-Ar
age of 1.5 +0.2 Ma (Lo et al. 1994) and broadly coeval with
the zircon fission-track ages of 1.2 - 1.0 Ma (Yang et al.
1995). Along with ten grains of inherited zircons aged from
2139 to 2703 Ma, this sample has a xenocryst zircon grain
with 2°Pb/>®U age dated at 2.0 = 0.1 Ma (Table 3).

4.1.3 Kungkuan Andesite

Three samples were collected from this unit. They
are (1) LTA-04 yielding a weighted mean 2*Pb/?*¥U age of
1.25+0.05 Ma (n=30; MSWD = 1.5; Fig. 8d), (2) LTA-05
yielding a weighted mean 2*°Pb/>**U age of 1.36 + 0.05 Ma
(n = 38; MSWD = 1.7; Fig. 8e), and (3) LTA-06 yield-
ing a weighted mean 2°Pb/*®U age of 1.24 + 0.04 Ma

(n = 27; MSWD = 1.2; Fig. 8f). These zircon U-Pb ages
are older than the zircon fission-track ages of 0.8 - 0.5 Ma
(Yang et al. 1995) and younger than the K-Ar ages of
2.9 - 1.9 Ma (Richard et al. 1986). There are four zircon
grains of apparently older ages present in sample LTA-
05, while no inherited zircon is observed in the other two
samples (Table 3).

4.1.4 Huoshaoshan Andesite

Sample LTA-01 from this unit yielded a weighted mean
206Pp/28Y age of 1.24 + 0.08 Ma (n = 29; MSWD = 3.2;
Fig. 8a), which is slightly older than or broadly in accord
with a zircon fission-track age of 1.0 = 0.3 Ma (Yang et al.
1995). We note that two zircon grains gave the youngest
206pb/238U dates of 0.8 + 0.1 and 0.9 £ 0.1 Ma (Table 3), con-
firming the classification by Chen et al. (1994a) that the Hu-
oshaoshan andesite is the youngest volcanic unit in Lutao.
Four inherited zircon grains of apparently older U-Pb ages
are observed from this sample (Table 3).

4.1.5 Sands

Both samples LTS-01 (beach sands) and LTS-03 (river
sands) hold exclusively young zircons that yielded weighted
mean 2*Pb/>%U ages of 1.20 £0.04 Ma (n =59; MSWD = 1.8;
Fig. 8h) and 1.28 + 0.04 Ma (n = 28; MSWD = 1.1; Fig. 9)),
respectively. We note that the two youngest grains, both
with 2Pb/>¥U ages dated at 0.8 + 0.1 Ma (Table 3), are
observed in sample LTS-01. By contrast, sample LTS-02
(river sands) contains not only young (n = 15) but also older
(n = 10) zircons, with the former giving a similar weighted
mean 2Pb/>¥U age of 1.27 £0.09 Ma (n = 15; MSWD =2.7,
Fig.8i) while the latter aging rather widely from 2.1 to 2423 Ma
(Table 3).
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Fig. 9. Concordia diagrams of zircons from the Lanyu samples, separating to (a) young and (b) older populations.

4.2 Lanyu

In Lanyu, various though limited amounts of zircon sep-
arates were obtained from five volcanic samples from the four
volcanic units and from the two sands as well for U-Pb age
determination. The results are summarized in Table 1, listed
grain by grain in Table 4 and plotted in concordia and age dis-
tribution diagrams (Figs. 9 and 10). All the dated zircons have
high U concentrations (114 - 2036 ppm) coupled with high
Th/U ratios (2.4 - 0.4), and thus are typical of igneous origin.
Below we describe the results of the volcanic rocks and sands,
from bottom to top following the geological map (Fig. 1b).
Also, ages obtained by other methods from each volcanic unit
in previous studies will be outlined for comparison.

4.2.1 Lungtouyen Volcanic Breccia

Sample LYA-03 from this bottom volcanic unit is

actually a basalt (Table 1) that yielded only few grains of
zircon separates giving a weighted mean *°Pb/*®U age of
2.35+0.21 Ma (n =4; MSWD = 0.3; Fig. 10b). This age is
much younger than the K-Ar ages of 4.9 - 3.7 Ma (Richard
et al. 1986). In addition, there are three grains of old xeno-
crysts or inherited zircons, including two of Cretaceous and
one of Paleoproterozoic ages (Table 4).

4.2.2 Tungching Andesite

Sample LYA-02 from this “andesite” unit is, unfor-
tunately, also of basaltic composition (Table 1). Nineteen
grains of zircon were obtained for U-Pb age determination
that, however, yielded no magmatic age (Table 4). All these
zircons are therefore interpreted as xenocrysts of inher-
ited origin, with the two youngest grains dated at 7.0 £ 0.5
and 7.2 £ 0.5 Ma, respectively, and an additional grain at
148 + 0.6 Ma, interpreted as crystallizing from earlier
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Fig. 10. 2Pb/**U age spectra and weighted mean values of Lanyu volcanic rocks (a to ¢) and sands (d and e). The numerical value (N) denotes the

number of zircon grains analyzed and the analytical error bars are 20.

magmatic activities of the islet. The remaining grains are
mostly of Paleoproterozoic ages (Table 4). It is interesting
to note that age data have never been reported by any of
previous studies from this volcanic unit, whose magmatic
age can be inferred by a detrital mean age of 2.63 +0.11 Ma
obtained from a river sand sample LYS-01 (see below).

4.2.3 Mantoushan Andesite

Sample LYA-04 from this unit is a basaltic andesite
(Table 1) from which eighteen grains of zircon were obtained
for age determination that yielded a weighted mean *°Pb/?*¥U
age 0of 2.72 +0.23 Ma (n =4; MSWD = 1.7; Fig. 10c). A fifth
grain, with 2°°Pb/>¥U age dated at 3.2 + 0.1 Ma (Table 4), is
interpreted as a xenocryst and thus excluded from the mean
age calculation. This mean age is slightly older than that ob-
tained from the Lungtouyen breccia and the zircon fission-
track ages of 2.4 - 1.8 Ma (Yang et al. 1995), but apparently
younger than two Ar-Ar ages of 6.6 + 0.1 and 3.5 + 0.1 Ma
(Lo et al. 1994) and the K-Ar ages of 25.1 - 3.8 Ma (Rich-
ard et al. 1986). Other thirteen grains are inherited zircons
(Table 4), including eight of Cretaceous ages and the others
of Proterozoic to Neoarchean ages.

4.2 .4 Shuangshihyen Volcanic Breccia

Two samples were collected from this volcanic unit,
i.e., (1) LYA-O1 that is a basalt and (2) LYA-05, a basaltic
andesite (Table 1). Only eight grains of zircon were available
for age determination and three of them yielded a weighted
mean 2°Pb/*8U age of 2.50 £ 0.17 Ma (n =3; MSWD =0.1;
Fig. 10a) can be interpreted as the magma crystalliza-
tion age that is apparently younger than the K-Ar ages of
5.5-3.9 Ma (Richard et al. 1986). The remaining five grains
are of Cretaceous and Paleoproterozoic ages (Table 4).
Sample LY A-05, by contrast, has rather more abundant zir-
cons but thirty-five grains selected for U-Pb age determina-
tion did not yield any young magmatic age at all (Table 4).
Therefore, all these zircons are xenocrysts of inherited ori-
gin, including seven grains of Jurassic ages, twenty-six of
Proterozoic ages, and remaining two of Archean ages.

4.2.5 Sands

The samples from two areas close-by (Fig. 1b) show
significant variations in the detrital zircon age distribution
(Table 4). Sample LYS-01 (river sands) holds overwhelmingly
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young zircons that yielded a weighted mean 2*Pb/?**U age
of 2.63 £0.11 Ma (n = 25; MSWD = 4.1; Fig. 10d), except
for a single Paleoproterozoic grain. As above-mentioned,
this mean age may indicate or approximate to the age of
the volcanic unit “Tungching andesite”, the most likely
source provenance of river sands (Fig. 1b). By contrast,
sample LYS-02 (beach sands) has less young zircons but
much more old zircons (Table 4), with the former yielding
a weighted mean 2*Pb/>¥U age of 3.05 + 0.27 Ma (n = 9;
MSWD = 3.0; Fig. 10e), which is slightly older than, but
still broadly coeval to, the mean age of sample LYS-01. The
remaining forty-four grains are older zircons that show a
very wide range of U-Pb ages from Pliocene (e.g., 4.3, 4.8,
and 5.4 Ma) to Neoarchean (~2.5 Ga,n = 10).

5. DISCUSSION
5.1 Significance of Zircon U-Pb Ages from Lutao

Magmatic zircons of seven samples from the four vol-
canic units of Lutao yielded the following weighted mean

206Ph/28U age results: (1) the Ameishan volcanic breccia:
1.54 £ 0.12 and 1.44 + 0.06 Ma, (2) the Niutzushan andes-
ite: 1.28 +£0.06 Ma, (3) the Kungkuan andesite: 1.36 +0.05,
1.25 £ 0.05, and 1.24 + 0.04 Ma, and (4) the Huoshaoshan
andesite: 1.24 + 0.08 Ma (Table 1 and Fig. 8). Collectively,
a total of 190 grains of magmatic zircons, out of 222 grains
dated from the seven samples, yielded an overall mean
26Ph/28U age of 1.31 £ 0.03 Ma (MSWD = 2.6; Fig. 11a).
This is slightly older than, yet still in broad accord with,
another overall mean *Pb/**U age of 1.23 = 0.03 Ma
(n=103,MSWD = 1.9) given by the young group of detrital
zircons from the three samples of sands (Fig. 11b). These
age data suggest that in Lutao all the four volcanic units are
Quaternary sequences erupting in a rather short time period
from ~1.54 to ~1.24 Ma. From an overall point of view, the
age data signify that the volcanism in Lutao is characterized
with a major stage of eruption occurring at ~1.3 Ma.

In addition, our zircon age data suggest that Lutao may
have had a slightly earlier albeit subordinate arc magma ac-
tivity ~2.4 - 2.0 Ma (n = 4), overlapping somewhat with
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Fig. 11. Collective plots of zircon U-Pb ages from Lutao, (a) volcanic rocks and (b) sands. The numerical value (N) denotes the number of zircon
grains analyzed and the analytical error bars are 20.
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the major eruption in Lanyu that took place at ~2.6 Ma (see
below). The remaining thirty-five grains are either inherited
or detrital zircons, from volcanics and sands, respectively
(Table 3 and Fig. 11), which show much older U-Pb ages
from 52 to 2703 Ma and have little to do with the young
volcanism in the northern Luzon arc; their geologic signifi-
cance will be discussed in a later section.

5.2 Significance of Zircon U-Pb Ages from Lanyu

Limited grains of magmatic zircons from the five Lanyu
volcanic samples yielded the following weighted mean
206pp/238U age results (Table 1 and Fig. 10): (1) the Lungtouy-
en volcanic breccia: 2.35 +£ 0.21 Ma (n = 4), (2) the Tungch-
ing andesite: no magmatic zircons, with an inferred age of
2.63 £ 0.11 Ma from detrital zircons, (3) the Mantoushan
andesite: 2.72 £ 0.23 Ma (n = 4), and (4) the Shuangshihyen
volcanic breccia: 2.50 £ 0.17 Ma (n = 3). Collectively, a total
of only eleven grains of magmatic zircons, out of 85 grains
dated from the five samples, yielded an overall mean
206pp/238U age of 2.61 + 0.13 Ma (MSWD = 1.8; Fig. 12a).
This mean age coincides with another mean ***Pb/*$U age of

2.69 £0.11 Ma (n =34, MSWD = 4.7) obtained by the young
group of detrital zircons from the two sands (Fig. 12b). Given
the small number of magmatic grains dated, leading to the
large 2-sigma errors of individual sample, we use only the
overall statistics to conclude that the volcanism in Lanyu is
characterized with a major stage of eruption at ~2.6 Ma.

Nevertheless, there are older stages of arc magmatism
in Lanyu, as delineated by zircon ages of ~3 - 3.9 (n = 4),
43-54(=3),~7 (n=2),~12 and ~15 Ma (Table 4). This
line of age information echoes the evolutionary model pro-
posed for the northern Luzon arc system (Lai and Song 2013)
wherein each volcano group from the Coastal Range to Lutao
has its own life span with concomitant changes in lithofa-
cies and geochemical characteristics. The Miocene stages, if
existed in Lanyu, correspond to our unpublished zircon U-Pb
age results from the Coastal Range, where a cluster of inher-
ited zircons dated ~15 Ma from the Chimei igneous complex
and zircon mean ages of volcanic rocks from ~9.2 to 6.5 Ma
have been observed (Shao et al. 2011, 2012). In addition, the
youngest zircon U-Pb age obtained so far is ~4.5 Ma, record-
ed by several grains of magmatic zircons from the Shihtiping
white tuff (Shao et al. unpubl. data).
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Very abundant older zircons of both inherited or detrital
origin are present in Lanyu (Table 4). These include 70 out of
a total of 85 grains dated from the volcanic rocks (Fig. 12a)
and 46 out of 80 grains from the sand samples (Fig. 12b),
with the former yielding primary age clusters at 151 + 4 Ma
(n=13),1963 £ 16 Ma (n = 15), and 2469 + 24 Ma (n = 10),
and the latter yielding a large peak at 2534 + 9 Ma (n = 23).
Also, their geologic significance will be discussed in a later
section.

5.3 Discrepancies with Ages from Other Methods

In comparison with our zircon U-Pb isotope data, which
suggest ~1.3 Ma in Lutao and ~2.6 Ma in Lanyu to be the
main eruption ages, discrepancies are often observed in vol-
canic ages obtained by other methods. The available K-Ar
ages, for instance, are 4.3 - 1.8 Ma (five samples) from Lutao
and 25.1 - 3.7 Ma (thirteen samples) from Lanyu (Richard
et al. 1986). They appear to be longer lived and somewhat
older than the Ar-Ar ages,ie., 1.5+ 0.2 and 1.4 + 0.1 Ma
(two samples) from Lutao and 6.6 + 0.1 and 3.5 + 0.1 Ma
(two samples) from Lanyu (Lo et al. 1994). As discussed by
Yang et al. (1995), these age data may have been affected in
various amounts by the excess radiogenic Ar inherited from
xenocrystic hornblendes or biotites that formed in older vol-
canic eruptions. Related features of isotopic disequilibrium
had also been reported for some phenocrysts, or in fact xe-
nocrysts, in volcanic rocks from Lutao and Lanyu (Lan et al.
1986; Chen 1989). We note that more detailed comparison
between the age data obtained by different methods is un-
easy, or unrealistic, because the samples were collected by

different investigations and thus from different outcrops.

Fission-track ages of zircons, i.e., 1.7 - 0.5 Ma (eleven
samples) from Lutao and 3.3 - 1.4 Ma (seven samples) from
Lanyu (Yang et al. 1995) appear to be broadly corresponding
although in a more scattered fashion, with our zircon U-Pb
age results. The reasons may essentially be twofold, due to
the occurrence of old inherited zircons and post-eruptional
thermal events. Much older fission-track ages were indeed
observed and explained as the result of partial annealing of
inherited or xenocrystic zircons (Yang et al. 1995). Fission-
track ages that are younger than the major eruption ages de-
fined by our zircon U-Pb ages, therefore, are explained as
having been affected more or less by later thermal events
and bear insignificant geologic meaning.

5.4 Higher U in Younger Magmatic Zircons

The young magmatic zircons from both Lutao and
Lanyu show high U concentrations (Fig. 13),1.e., (1) Lutao,
with U ranging from 175 - 4979 ppm (Table 3) that yields
an average of 909 ppm (n = 293), and (2) Lanyu, ranging
from 114 - 2036 ppm (Table 4) and an average of 417 ppm
(n=41) both of which are obviously higher than the U con-
centrations of magmatic zircons from the Coastal Range
(Shao et al. 2011, 2012). The latter, ranging largely from
~20 to 200 ppm (Fig. 13), correspond to zircons that crystal-
lize from arc magmas in the intra-oceanic subduction zone
(Hanchar and Hoskin 2003). Taking together, the data reveal
that U concentrations of magmatic zircons in the northern
Luzon arc increase through time (Fig. 13), with a signifi-
cant jump occurring at ~5 Ma, when the arc system began
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Fig. 13. Plots of U concentrations vs. 2°Pb/**U ages of magmatic zircons from Lutao and Lanyu, in comparison with those from the Coastal Range.

The latter are from our unpublished data.
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colliding with the Eurasian continental margin (cf. Teng
1990).

Similarly, secular changes in whole-rock geochemical
and isotopic compositions of the northern Luzon arc volca-
nics have been documented by some previous studies (e.g.,
Chen et al. 1990; Yang 1992; Yang et al. 1995; Lai and
Song 2013). A general consensus reached by most workers
is that, in response to the arc-continent collision of Taiwan,
the northern Luzon arc magmatism involved an increasing
amount of subducted terrigenous sediments in the past ~5 Ma
(see Lai and Song 2013, and references therein). More
specifically, as first postulated by Chen et al. (1990), the
sediment subduction resulted in enrichment or “source con-
tamination” in the mantle wedge of the northern Luzon arc
system. Subsequent melting of such enriched mantle source
gave rise to the volcanic activities in Lanyu (~2.6 Ma) and
then Lutao (~1.3 Ma) that show increasing degrees of en-
richment in certain geochemical and isotopic compositions.
Our zircon uranium concentration data, therefore, support
the whole-rock argument and is interpreted as a useful sig-
nal of the enrichment event.

5.5 Significance of Abundant Old Zircons

As above-described, various amounts of old inherited
zircons are observed from almost every volcanic sample
from both Lutao and Lanyu. Putting together, these include
25 out of a total of 222 grains (~11%) from the Lutao and
70 out of 85 grains (~82%) from Lanyu. In the former,
their ages are between 52 and 2703 Ma, including a large
group of Paleoproterozoic zircons (Fig. 11). In the latter, the
ages span from 56 to 3197 Ma, with three main clusters at
~150 Ma and ~1.9 and ~2.5 Ga (Fig. 12). Similar results are
observed in the river and beach sands, despite less abundance
than that of the volcanic samples. Older detrital zircons in-
clude 10 out of 114 grains analyzed (~9%) from Lutao and
46 out of 80 grains (~58%) from Lanyu (Tables 3 and 4).
Abundant inherited zircons of Yanshanian/Indosinian and
older ages have also been obtained for volcanic samples
from the Chimei complex and elsewhere along the Coastal
Range (Shao et al. 2011, 2012). We therefore argue this to
be a general feature for the entire northern Luzon arc that, as
addressed by Shao et al. (2011,2012), is an intra-oceanic arc
terrane containing or underlain with a “hidden” continental
fragment. Such a continental fragment was rifted from the
South China Block during opening of the South China Sea
and accreted to the western margin of the Philippine Sea,
thus initiating eastward subduction of the South China Sea
plate under the Philippine Sea plate to form the northern
Luzon arc system. Consequently, magmas derived from the
mantle wedge of the Luzon arc picked up the old zircons
from the accreted continental fragment through crustal as-
similation during magma ascent or within the magma cham-
ber. A detailed petrogenetic model, however, is beyond the

scope of this paper and will be presented as a separate article
in preparation for publication.

6. CONCLUDING REMARKS
The present study leads to the following major conclu-
sions:

(1) The zircon U-Pb age data indicate that volcanic rocks ex-
posed in Lutao were emplaced in the Quaternary during a
short period of time (~0.3 m.y.) from ~1.54 to ~1.24 Ma,
with the major eruption occurring at ~1.3 Ma. In addition,
three slightly older zircon grains, dated at ~2.4 - 2.0 Ma,
are observed.

(2) The volcanic rocks exposed in Lanyu were emplaced at
~2.6 Ma. Yet, inherited and detrital zircon data suggest
that arc magmatism in the islet started earlier and may
have been active from the middle Miocene to Pliocene.

(3) Magmatic zircons from both islets contain U concentra-
tions apparently higher than those from the Coastal Range,
consistent with the whole-rock geochemical argument for
the northern Luzon arc magma generation with an increas-
ing amount of subducted sediment in the past ~5 Ma.

(4) Volcanic rocks from both islets contain various amounts
of old inherited zircons, ~11% in Lutao and up to ~82%
in Lanyu, which together with detrital zircons from riv-
er/beach sands show main age peaks at ~150 Ma and
~1.9 and ~2.5 Ga. These data lend further supports to the
notion for the existence of a “hidden” continental frag-
ment beneath the northern Luzon magmatic arc.
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