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ABSTRACT — Contemporaneous volcanism took place sporadically in Taiwan during the
deposition of the Miocene sediments in the western basin, but the volcanic rocks are distributed
in different areas within strata of different geologic ages. In northern Taiwan, nearly all the Mio-
cene units contain contemporaneous volcanic effusions locally, each varying widely in size and in
areal distribution. The Miocene volcanism events in western Taiwan were previously divided into
three volcanic stages: the Kungkuan, the Chienshih and the Chiaopanshan volcanic stages. The
volcanic rocks of the Kungkuan and the Chiaopanshan stages occur mostly as small, dissemi-
nated tuff lenses, patches or lava flows in the clastic sediments. Furthermore, the Chienshih stage
of volcanism seems inactive, and the outcrops are scarce. Based on K-Ar age dating, Miocene
volcanism in the Western Foothills of Taiwan can be divided into two episodes: Early Miocene
(21.2 + 04 10 163 + 0.4 Ma) and Middle to Late Miocene (14.1 * 0.4 to 7.1 + 0.5 Ma),
equivalent to the Kungkuan and Chiaopanshan stages, respectively. The studied areas of Kung-
kuan volcanism include the Nankang-Shenkeng, Shantzechia (Sulin-Shanjia), and Ching-
shuikeng (Jungho-Tucheng) areas; the areas of Chiaopanshan volcanism include Chiaopanshan
(Tachi-Fuhsing), Kuanhsi-Chutung and other small scattered volcanic bodies (Chienshan, Heng-
chi, Taliaodi and Mucha).

The Miocene basaltic rocks of the Western Foothills are composed mainly of alkali basalts
and tholeiites. The alkali basalt is characterized by its higher K, Ti, P, Ba, Li, Nb, Rb, Sr, V., Y,
Zr, and LREE contents as compared with the tholeiite. However, the very highly incompatible
clement ratios of both alkali basalt and tholeiite are similar to E-type MORB, strongly reflecting
their derivation from a common fertile mantle source.

Based on Ti-Zr-Y, Hf-Th-Ta and Nb-Zr-Y tectonomagmatic discrimination diagrams and in-
compatible element spidergrams, all the basaltic rocks from the Miocene Western Foothills are
similar to those of typical intraplate continental rifting basalts.

The systematic compatible trace element variations suggest that the possibility of fractional
crystallization can not be excluded in the evolutionary history of the magmas. The fractionations
of olivine, pyroxene and plagioclase are predominant in Kungkuan basalts. The diversity of sys-
tematic incompatible trace element variation in Kungkuan and Chiaopanshan basalts suggests
that amphibole fractionation can not be excluded for the derivation of Chiaopanshan volcanics.

REE data and other evidence suggest that the alkali basalt may have been derived from rela-
tively deeper mantle which had been metasomatized by LILE-enriched fluid through partial
melting. But the tholeiite may have originated from unmetasomatized mantle lherzolite at rela-
tively shallow levels by 5-10% equilibrium batch partial melting.

The volcanic rocks of the Western Foothills of Taiwan and those of the Penghu Islands are
similar in geochemistry and geochronology. They are closely related to Cenozoic rifting tecton-
ism along the Asiatic continental margin caused by the 3rd heating and rifting episodic evolution
of the South China Sea.
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Str, Nd and Pb isotopic compositions of Miocene basalts in western Taiwan and the Penghu
Islands show that there regional variations with the Chiaopanshan stage volcanics characterized
by a Dupal anomaly. The variation trends of highly incompatible-clement ratios demonstrate that
the enrichment processes that produced the Dupal anomaly in the basalts from Miocene strata are
gradational. Addition of upper continental crustal materials into the asthenosphere is difficult to
explain the trace element variations of these basalts. It is suggested that the Dupal mantle com-

ponent was formed by mantle metasomatism.
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INTRODUCTION

Taiwan is located on the eastern continental
slope of the Asiatic plate. Formation of this is-
land was a consequence of an uprising continen-
tal slope due to the motion of the Philippine Sea
plate beginning in the early Pliocene.

Since the Cenozoic Era, intraplate volcanism
related to continental rifting has prevailed in the
passive continental margin of China. As a por-
tion of this region, Taiwan and the neighboring
islets of the Penghu Islands (Penghu) were inevi-
tably affected by such tectonism. Therefore,
products of Miocene volcanism such as alkali
basalts and tholeiites in western Taiwan and
Penghu, seem to follow prevailing physiographic
trends.

In eastern Taiwan, the convergence of the
Manila Trench is marked by eastward subduc-
tion of the South China Sea plate underneath the
Luzon volcanic arc system on the Philippine Sea
plate along the Eastern Longitudinal Valley. In
castern Taiwan, andesitic volcanism occurred
chiefly during the Miocene and Pliocene to the
Pleistocene. Additionally, Taiwan is also situ-
ated in the western end of the Ryukyu arc-trench
system. The subduction of the Philippine Sea
Plate beneath the Eurasia plate is marked by the
volcano groups in northern Taiwan.

Thus, based on the tectonic framework, vol-
canism can be divided into three volcanic
provinces: the western province, of a continen-
tal-rifting type; the eastern province, of an
island-arc type; and the northern province, of a

continental-margin type (text-fig. 1).

Based on preliminary study, among the 3
volcanic provinces of Taiwan, Quaternary vol-
canic rocks in northern Taiwan belong to island-
arc calc-alkaline andesite suites in a broad sense,
ranging from basaltic rocks to andesites and
dacites. They occur in the Tatun volcano group,
Chilung  volcano  group, Kuanyinshan,
Tsaolingshan, and some other offshore islets
such as Pengchiahsu and Mienhuahsu in the
north. These rocks may be related to the Ryukyu
volcanic arc (Chen, 1978, 1983, 1989; Chen and
Kato, 1989; Juang and Chen, 1989; Yen ef al.,
1981).

The volcanic arcs of eastern Taiwan consist
of the Coastal Range and two offshore islets,
Lutao (Green Island) and Lanhsu (Orchid Is-
land), which have generally been considered as
the northern extension of the Luzon arc. The K-
Ar data indicate that volcanic activity occurred
from the Early Miocene to Early Pliocene in the
Coastal Range and Lanhsu, and from the Plio-
cene to Pleistocene in Lutao and Hsiaolanhsu. A
significant increase in incompatible elements is
found in the Pliocene to Recent andesite sam-
ples. The chemical variations in the volcanic
rocks may be related to crustal thickening linked
with the transition from subduction to collision
regimes (Juang and Chen, 1990). As a member
of the western volcanic province of Taiwan, the
Penghu Islands are composed mainly of alkali
basalts and tholeiites of Miocene age (Juang and
Chen, 1992). The presence of many half-graben-
type basins in the Tertiary sequence in western
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TEXT-FIGURE 1

Map showing the principal tectonic features in the Ryukyu-Taiwan and Luzon areas and 3 igneous
provinces in Taiwan: A. western, B. eastern and C. northern districts. Black areas show the distribution
of basalts;: RRF, Red River Fault; EVBF, East Vietnam Boundary Fault.

Taiwan indicates a continental rifting environ-
ment in which intraplate volcanism has
occurred.

Neogene basaltic rocks of western Taiwan
and Penghu have been deduced to have occurred
mainly in 3 episodes, namely the Early Miocene

Kungkuan, the Late Miocene Kuanhsi-Chi-
aopanshan and the Middle to Late Miocene
Penghu volcanic stages.

Radiometric dating (K-Ar, Ar-Ar, Sr-Rb and
fission track) in volcanic studies of Taiwan has
been carried out by many authors (Ho, 1969a;
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Juang and Bellon, 1984; Richard er al., 1986;
Lan ef al., 1986; Juang, 1988, 1993; Yang et
al., 1988; Wang, 1989; Chung, 1992). The
dating has mostly been concentrated on northern
and eastern Taiwan and the Penghu Islands.
Little data are available for the Western
Foothills of Taiwan, such as the Kungkuan and
Chiaopanshan volcanic stages. In order to
determine the relations among different basaltic
rock types in the Western Foothills of Taiwan
and deduce the evolutionary history of this
volcanic province, we investigated the basaltic
rocks of Kungkuan, Chiaopanshan, Kuanhsi-
Chutung and Mucha (Kaohsiung) using the K-
Ar dating method. The main purpose of this
paper is to present recent chronological data of
the Miocene continental rifting volcanic province
in the Western Foothills of Taiwan, and the
related geologic, spatial, petrochemical and
tectonic characteristics.

VOLCANIC GEOLOGY

The Miocene deposits in the Western Foot-
hills consist of a continuous thick succession of
argillaceous and arenaceous rocks with subsidi-
ary calcareous lenses. Effusions of basaltic vol-
canics predominate only locally. Local fractur-
ing of the crust opened channels for effusion of
pyroclastic materials and some lava flows. The
voleanic eruptions are largely of basaltic com-
position and are more prominent in northwestern
Taiwan. The most extensive and important vol-
canic phase occurred in the early sedimentary
cycle and is defined as the Kungkuan volcanic
stage of Lower Miocene age (Ho, 1969b). In the
middle sedimentary cycle, volcanic activity was
quite infrequent and of very limited distribution.
There was a resumption in volcanism during the
late sedimentary cycle when the coal-bearing
Nanchung Formation was being deposited.
These volcanic eruptions were distributed widely
in north-central Taiwan, also extending sporadi-
cally to southern Taiwan. According to Ho
(1969b), the Miocene stratigraphic unit in north-
ern Taiwan is divided into three groups: the

Yehliu Group (Early Miocene), the Juifang
Grovp (Middle Miocene), and the Sanhsia
Group (Late Miocene). The correlated volcanic
activities are summarized below (text-fig. 2).

Yehliu Group Volcanism (Kungkuan Stage,
Early Miocene) The Kungkuan Tuff proposed
by Ichikawa (1930) who considered it as a
regular formation underlying the Taliao Forma-
tion and overlying the Mushan Formation in
northern Taiwan. The volcanic rocks in the
Kungkuan Tuff are composed mainly of basaltic
pyroclastic rocks and subordinately of basaltic
lavas and tuffaceous sediments with a few thin
clastic limestone lentils. The thickness of the tuff
beds exposed in various places ranges from sev-
eral meters to 200 m or more. According to Ho
and Lin (1965) and Ho (1969b), the Kungkuan
Tuff cannot be defined as a regular or persistent
formation in the Lower Miocene succession. It is
exposed very irregularly in stratigraphic se-
quence and thus cannot be treated as a geometric
entity. It occurs only as a member of irregular
and discontinuous lenses or masses intercalated
in either the Taliao Formation or the Mushan
Formation, mostly at the base of the Taliao
Formation.

Juifang Group (Chienshih Stage, Middle
Miocene) Tuff or volcanic rocks are scarce, oc-
curring only as small irregular bodies with lim-
ited extent. They are often encountered in under-
ground coal mines near the village of Chienshih
and can seldom be mapped on the surface. The
main volcanic rocks are basaltic tuff or tuff
breccia. Lava flows are uncommon and are rep-
resented by olivine basalt or teschenite.

Sanhsia Group (Chiaopanshan Stage, Late
Miocene) This group represents the youngest
Miocene sedimentary cycle in western Taiwan,
and is divided into a lower coal-bearing
Nanchuang Formation and an upper marine
Kueichulin Formation in northern Taiwan. The
Nanchuang Formation in Taoyuan and Hsinchu
Counties is characterized by the occurrence of
many volcanic beds in its middle and lower suc-
cession. The volcanic rocks are mainly basaltic
tuff or tuff breccia and subordinately basaltic



Juang: Geochemistry Basalts, Western Foothills, Taiwan 49

Volcanism in the Northern Part of the Western Foothills
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TEXT-FIGURE 2

Miocene basaltic volcanic distribution in the northern portion of the Western Foothills of Taiwan. A.
Keelung-Mushan area; B. Nankang-Shenkeng area; C. Shantzechia arca; D. Chingshuiken area; E.
Yingko Chienshan; F. Taliaodi; H. Sanhsia Hengchi; J. Chiaopanshan area; K. Kuanhsi-Chutung arca
and T. Tsaolingshan (Quaternary). The distribution areas of basalts from Ho (1988).

lava flows. This volcanic activity has been as-
cribed to the Chiaopanshan volcanic stage due to
its extensive distribution and development in the
vicinity of the village of Chiaopanshan, Fushing,
Taoyuan County (Yen, 1958; Tsan, 1962). Evi-
dence of volcanic activity is scarce in the
Kueichulin Formation, with only small volcanic
lenses appearing in petroleum prospecting drill-
ing holes in the lower Kueichulin Formation of
the Taoyuan and Hsinchu areas. In the southern

part of Taiwan, the equivalent of the Kueichulin
Formation is also characterized by the occur-
rence of many basaltic lava flows in the village
of Mucha, Kaohsiung (Keng, 1967).

K-Ar GEOCHRONOLOGY
The basaltic rocks and the megacrysts therein

of the Western Foothills of Taiwan were dated
here by the K-Ar method in order to determine
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the time relations of different volcanic stages in
the Western Foothills of Taiwan and also to
compare the evolutionary history of the basaltic
magmas.

Samples were collected according to geologi-
cal maps of Ho (1969b, 1971), Tsan (1962) and
Keng (1961, 1962) in order to trace the distri-
bution of basaltic lava flows and tuffaceous
strata of the Western Foothills of Taiwan. Five
areas in which the basaltic volcanics are best
developed are selected for the present study,
namely,  Nankang-Shenkeng,  Shantzechia
(Shulin-Sanjia), Chingshuikeng  (Jungho-
Tucheng), Chiaopanshan (Tachi-Fushing) and
Kuanhsi-Chutung. In addition, several sporadi-
cally exposed volcanic bodies, such as Yingko-
Chienshan, Sanhsia-Henghsi, Taliadi and
Mucha (Kaohsiung), were also studied. Forty-
one rock samples of basalt, one hornblende
megacryst and one phlogopite megacryst were
analyzed.

Each fresh sample was crushed to fragments
of 0.5-1 mm in size, and fragments of an aliquot
were reduced to less than 0.15 mm in size for
potassium analysis. In most cases, 15-25 g of
the coarser material was utilized for the extrac-
tion and measurement of argon by isotope dilu-
tion, according to techniques previously de-
scribed by McDougall ef al. (1969). Prior to ar-
gon extraction, the sample was baked in a vac-
uum line at a temperature not exceeding 100°C
to minimize the possibility of isotopic fractiona-
tion of the air-argon component associated with
the samples. Isotopic analysis of the extracted
argon was performed in a substantially modified
AEI MS10 mass spectrometer being operated in
the static mode. Potassium was determined by
atomic absorption with the nitric-boric acid
technique (Juang, 1981). Delay constants and
conversion factors are those recommended by
Steiger and Jager (1977). The analytical results
are shown in table 1.

The volcanic history of the Western Foothills
of Taiwan can be divided into two stages on the
basis of geochronological and field relationship:
the Early Miocene (21.2 &= 0.4 to 16.3 & 0.4

Ma) and the Middle to Late Miocene (14.1 -
0.4to 7.1 &£ 0.5 Ma). In other words, they are
equivalent to the Kungkuan and the Chiaopan-
shan volcanic stages, respectively. The details
are described below.

Kungkuan Stage

The Kungkuan Tuff was first proposed by
Ichikawa (1930) as a stratigraphic unit of Lower
Miocene age. It is exposed largely in northern
Taiwan. Kungkuan is geographically located at
the southeastern corner of the Taipei metropoli-
tan area. The designation of the Kungkuan Tuff
as a regular rock unit underlying the Taliao
Formation and overlying the Mushan Formation
in the Lower Miocene of northern Taiwan was
questioned by Ho (1969b). The tuffs lack the
physical continuity and persistent position in the
Lower Miocene succession to be ranked as a
well-established "formation". The various basal-
tic lava flows and tuff bodies in the Mushan
Formation and the Taliao Formation of northern
Taiwan are defined as formed in the Kungkuan
volcanic stage of Lower Miocene age.

The volcanic rocks of the Kungkuan stage
are composed of an undifferentiated series of
vitric or lithic tuffs, agglomerate, and tuffaceous
sediments. Minor amounts of basaltic lavas are
associated with these pyroclastic rocks. The
geographic distribution of the volcanic rocks of
the Kungkuan stage is limited to northern Tai-
wan (text-fig. 2). The best development of the
Kungkuan Tuff is known from 4 areas of north-
ern Taiwan. According to Ho (1969b), these 4
areas are Keelung-Neihu, Nankang-Shenkeng,
Shantzechiao, and Chingshuikeng (text-fig. 2).
Selecting suitable samples for dating was very
difficult among these areas, except for the
Keelung-Neihu area where mixed vitric and
lithic tuff predominate and only little-altered
basalt and limestone are exposed. The K-Ar
dating results and field relationship for the vol-
canic rocks in different geographic districts are
briefly described.

(1) Chingshuikeng (Jungho-Tucheng Area):
The Chingshuikeng area, covering Jungho
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(Nanshichiao)-Tucheng-Hsintien, contains the
highest percentage of volcanic rocks in compari-
son with sediments in the Lower Miocene strata.

Many tuff bodies and lentils or basalt lavas
are exposed in the Lower Miocene Taliao For-
mation and Mushan Formation. The maximum
exposed thickness is nearly 280 m in Nanshichi-
ao (Ho, 1969b). The lenticular limestone is a
characteristic rock associated with the Kung-
kuan Tuff. The limestone has become a good
horizon indicator because no other carbonate
rock has been found in the Lower Miocene of
northern Taiwan. Fossil evidence in the Kung-
kuan Tuff is derived mainly from the sedimen-
tary interbeds in the tuff series, especially the
fossiliferous limestone and some shale. Wang
and Huang (1953) recognized 3 main faunal
zones in the Kungkuan Tuff. According to them,
the Kungkuan Tuff is of Burdigalian age (21.8
to 16.6 Ma). Chang (1962) correlated the
Kungkuan Tuff with the Aquitanian (23.7 to
21.8 Ma) based on the planktonic foraminiferal
sequence of the Caribbean Tertiary, Huang
(1979) reached a similar conclusion based on a
biometric study of Lepidocyclina in the Kung-
kuan Tuff. The respective K-Ar ages of 8 Ch-
ingshuikeng basaltic lavas fall between 20.7 =&
0.3 Ma and 17.8 = 0.4 Ma. This is compatible
with the fission-track ages of 23.0 &= 4.6 to 20.0
+ 2.0 Ma (Chung, 1992). The slight discrep-
ancy may be caused by sediment contamination.
Based on the statistic age of the fission-track of
zircon, invincible mixing with an old basement
material in the basaltic lavas or in tuffaceous
breccias was indicated (Chung, 1992).

(2) Shantzechiao (Shulin-Sanjia Area): Ac-
cording to Ho (1969b). limestone or tuffaceous
limestone is best developed in the Shantzechiao
area. One calcareous bed extends more or less
ubiquitously throughout the entire anticlinal fold
in Shantzechiao. This limestone bed lies on top
of the main tuff unit, The volcanic rock frag-
ments in the limestone are mostly glassy and
chloritized or filled with secondary calcite and
therefore unsuitable for K-Ar dating. Fortu-
nately, there are some fresh lava flows in the

Mushan Formation (Sample S313A). The ob-
served age of 21.2 &= 0.4 Ma (table 1) falls into
the period deduced from calcareous nannofossils
NN1 of the Mushan Formation which ranged
from 23.0 Ma to 21.0 Ma (Chi, 1981).

(3) Nankang-Shenkeng Area: Many pyro-
clastics, ash tuffs to lapilli tuffs, agglomerate,
and tuffaceous sediments are exposed in the
Lower Miocene Taliao Formation and Mushan
Formation in the Nankang-Shenkeng arca. The
tuffaceous rock is easily susceptible to weather-
ing. Well-exposed outcrops of the tuff are rare
and can be found mostly along streams or new
road excavations. The weathered tuff looks like
maroon-colored soil which may serve as a useful
field guide to trace the distribution of the tuff
bodies. The basaltic lava flows occur randomly
among the tuffs. The boundary between the tuff
and the lava cannot be clearly delincated where
the exposure is poor or covered with dense vege-
tation. In some places the basalt may also occur
as isolated bodies in the sediments. Fresh basalt
in the Kungkuan Tuff 1s black and compact. The
weathered basalt, however, is dark gray, green-
ish gray, or brownish gray. According to Yen
(1950), a nice outcrop occurs in Shihtzushui,
south of Nankang. It possesses well-defined
stratigraphic relations to its overlying and under-
lying rock units. Stratigraphically, the lapilii
tuffs or agglomerates can be recognized either in
the Taliao Formation or even can be traced con-
tinuously from the Taliao Formation to the
Mushan Formation. The respective K-Ar ages of
the basalts are 20.0 = 0.5 to 19.1 = 0.4 Ma
(table 1), which are rather compatible with the
field occurrences. In the Nankang-Shenkeng
arca. bulging lenticular basaltic bodies have
been exposed by excavation of the tunnel of the
North Secondary Turnpike near the backside of
National Chengchi University, Mucha, Taipei.
The volcanic bodies are truncated by a fault
trough (Ho, 1969b). In this place, the tuff is
comparatively more continuous and occurs
largely at the middle to lower part of the Taliao
Formation. The K-Ar dating yields 16.3 = 0.4
Ma (table 1) which is the upper-most strata of
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TABLE 1

Analytical results of K-Ar ages of Late Cenozoic basaltic rocks from the Western Foothills of Taiwan

Sample Rock Ages (Ma) A ! WAk 7 weight

no. type “+uncertainty (X 10" mole/g) K(%) “Ar_ analysed(g)
Kungkuan Stage

Nankang-Shenkeng Area

N201 alk 19.14+0.4 4.7264 1.42 0.803 3.36447

N202 alk 20.0+0.5 49411 1.42 0.618 3.34555

N202A alk 19.9+0.5 4.8325 1.39 0.703 2.9854

N206 alk 163104 5.5446 1.95 0.784 1.9419

Shantzechiao Area (Shulin-Shanjia Area)
S314A alk 21.2+04 4 8583 131 0.934 2.0091

Chingshuikeng Area (Jungho-Tucheng Area)

J405 alk 17.84+0.4 5.3451 1.72 0.721 3.6640
J406 alk 17.7+0.4 3.6037 1.18 0.666 2.3240
JAOTA alk 20303 8.2822 2.34 0.938 2.9496
J408C alk 20.710.3 6.8345 1.89 0.929 29551
J409B alk 18.740.3 8.2305 2.52 0.878 2.2526
J410 alk 18.7+0.4 3.4802 1.07 0.708 2.2942
J411 alk 19.5+0.4 5.2040 1.53 0.828 1.7281
J412 alk 20.04+0.5 5.6754 1.63 0.757 2.11623
J412A alk 19.94+0.5 5.0958 1.47 0.754 2.58352

Chiaopanshan Stage
Chiaopanshan Area (Tachi-Fushing Area)

Cc701 alk 12.3+0.3 2.7152 1.27 0.653 1.9811
C702 alk 14.0+0.4 2.9058 1.19 0.585 2.26632
C704 th 10.94-0.3 0.9743} 0.9826 0.52 0.540 2.5690
0.9907 0.533 1.7841
C714A th (11453 1.2160} 12156 0.63 0.346 2.2620
1.2152 0281 2.1252
C716B th 11.9+0.5 1.0975 0.53 0.0338 2.52364
C719 th 13.1+0.4 1.7771 0.78 0.505 1.5811
C730 th 14.1£0.4 1.0783 0.44 0.241 2.5459
C730A th 125406 1.0428 0.48 0.227 2.34572
C734C th 10.6 0.5 0.8297 0.45 0.282 2.23675
C736 th 10.74£0.3 1.0786 0.58 0.339 1.5312
C742A alk 13.04-0.5 2_5343’1 25308 L12 0.283 2.1224
2.5274 0.284 2.4756

To be continued
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Continued
Sample Rock Ages (Ma) Ak “pTk weight
no. type +uncertainty (X 10" mole/g) K (%) “Ar_ analysed(g)
Kuanhsi-Chutung Area
K801A th 13.0+04 1.5424 0.68 0.538 2.7624
K808D th 1234104 1.1539 0.54 0.553 2.5242
K810B alk 12.0+0.4 2.7533 1.32 0.531 3.1049
K812 Hb 12.1+0.3 3.8387 1.82 0.874 1.0282
K812C alk 11.5+0.3 30572 1.58 0.740 3.7136
K812D Phl 11.61+0.3 15.7548 7.83 0.755 0.6305
K815A alk 10.3+0.5 3.3022 1.85 0.497 2.9927
K821 alk 12.91+0.6 0.9421 0.42 0.233 1.6749
K822 alk 12804 2.6379 1.18 0.515 1.8233
K832 alk 14.1+0.4 2.2090 0.90 0.539 1.7579
Chienshan, Yingko
E622 th 7.84+0.3 1.1999 0.88 0.442 1.7094
Hengchi, Sanhsia
H502 th TA=20:8 0.6578 0.53 0.133 2.03591
H503 th 7.6104 0.8482 0.64 0.276 2.06087
H504 th 92104 0.8437 0.53 0.386 1.6155
H504A th 9.10.5 0.8059 0.51 0.342 2.2334
Taliaodi
T901 th 7.6+0.5 0.9140 0.83 0.332 2.50160
Mucha, Kaohsiung
MOO1 alk TREDS 2.0162 1.78 0.392 0.95208

Sample localities are shown in text-fig 2.
alk ' alkali basalt; th ® tholeiite, whole rock.

Hb : Hornblende megacryst, Phl : Phlogopite.

Burdigalian age of the Lower Miocene,

Chiaopanshan Stage (Chiaopanshan and
Kuanhsi-Chutung Area)

Chiaopanshan stage volcanism was active
during the lower Nanchuang deposition, produc-

ing several basaltic belts in northern Taiwan.

The Nanchung Formation has been used by
many authors to replace the old term "Upper
coal-bearing formation" which does not carry a
geographic name. Ho ef al (1954) first used this
name, calling it the Nanchung coal-bearing for-
mation. The Nanchung Formation in Taoyuan
and Hsinchu Counties is characterized by the
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occurrence of many volcanic beds in its middle
and lower parts. The basaltic volcanics of the
Chiaopanshan stage are found in Chiaopanshan
(Fuhsing, Taoyuan) and the Kuanhsi-Chutung
district.

(1) Chiaopanshan Area: This volcanic activ-
ity has been described as the Chiaopanshan vol-
canic stage due to its extensive distribution and
development in the vicinity of Chiaopanshan,
Taoyuan County (Yen, 1958; Tsan, 1962). The
volcanic rocks are mainly basaltic tuff breccia
and subordinately basaltic lava flows. There are
3 to 5 tuff beds intercalated randomly in the
sedimentary rocks without any definite strati-
graphic sequence. These tuff beds extend dis-
continuously along the strike of the strata or
slightly cut across it. They are several meters
thick and vary from scores of meters to 2 or 3
km long. Some thick tuffaceous lens may reach
nearly 100 m thick. Ages of 14.1 = 0.4 Ma to
10.9 £ 0.3 Ma (table 1) were notably observed
from K-Ar radiometry. These are equivalent to
the Serravallian of the Middle Miocene to Lower
Tortonian of the Upper Miocene, and seem to
correlate with the field relationship.

(2) Kuanhsi-Chutung District: The basaltic
rocks from the Kuanhsi-Chutung district are
chiefly associated with Tertiary sedimentary
rocks. They occur as lava flows, dikes, sills,
agglomerates, tuffs or pyroclastics. Samples
were collected according to geologic maps of Ho
and Hsu (1961), Ho ef al. (1954), Ho (1971),
Keng (1961, 1962) and Tu and Chen (1990,
1991). The studied area included Lumanku
Nanchung, Miaoli (Sample K801A), Netaping
(Samples K808D, K810B), Mafu (K812), the
Maohoshan quarry of the Asian Cement Co.
(Sample K815A), Luhchuh Mawudu (Samples
K821, K822) and Suliao Kuanhsi (Sample
K832). These basaltic volcanics occur in the
Nanchung Formation of Miocene age as shown
on previous geologic maps. The analytical re-
sults of 14.1 = 0.4 to 10.3 = 0.5 Ma are rather
compatible with the interpretation of the strati-
graphic succession.

(3) Others: Volcanic bodies are described

here which occur in many places as irregular
and discontinuous lenses or ‘masses, change
shapes and dimensions, and intercalate in the
Nanchung Formation or equivalent successions.

A. Chienshan, Yingko: An isolated monticule
with an elevation of 128 m is located about 4 km
southwest of Yingko, a small railroad station in
Taipei County. The exposed basement rocks are
characterized by a succession of grayish sand-
stone and shale. In a previous geologic map and
report, Ichimura (1931) inferred from the inva-
sion of Chienshan volcanics into the Plio-Pleis-
tocene Toukoushan Formation which is widely
developed in western Taiwan that this monticule
belongs to the Quaternary volcanism. The re-
spective K-Ar age is 7.8 &= 0.3 Ma (table 1,
Sample E622) which is very inconsistent with
Ichimura's (1932) suggestion.

B. Hengchi, Sanhsia: Several thin beds of
volcanic lava and tuff were interbeded with
sedimentary rocks of the upper Nanchuang
Formation in Hengchi, Sanhsia. The pyroclastic
rocks include an undifferentiated series of tuffs,
agglomerates and tuffaceous sediments. Some
clastic rocks may represent ejected volcanic de-
posits and show ambiguous bedding. Two layers
of basalts crop out sporadically among the mas-
sive tuffs. The upper cropped-out basaltic lava
flow seems to be concentrated in an irregular
land form and forms intriguing columnar joints
like the Devil's Postiple, California (Juang,
1992). The K-Ar age of the lower lava is 9.2 +
0.6 Ma which is rather compatible with the re-
sults 9.5 = 0.6 to 10.2 = 0.5 Ma obtained by
Tsao et al. (1992). The ages of the upper part at
7.1 £ 0.5t0 7.6 £ 0.4 Ma (table 1) are rather
compatible with K-Ar the ages of 7.91 = 0.45
Ma obtained by Miki (1991). However, the fis-
sion-track age of 1.27 2= 0.17 Ma (Chen, 1991)
raises some questions. This date is not compa-
rable with the field relationship of the prevailing
stage of lava flows (Hong, 1988). This discrep-
ancy may be caused by inappropriate treatment
or perhaps by some, still unclear, geologic
meaning.
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C. Mucha, Kaohsiung: The equivalent of the
Nanchuang Formation in the southern part of
Taiwan (Kaohsiung) has been named the Shihnei
Formation by Keng (1967). The Shihnei Forma-
tion 1s predominately dark gray shale with a few
sandstone interbeds. The massive variety may
grade into mud or siltstone. The sediments con-
tain a rich fauna of foraminifers and molluscs.
Small and thin basaltic tuff lenses or lavas have
also been found in the Shihnei Formation. The
radiometric result gives an age of 7.8 = 0.3 Ma
(table 1).

From the above discussion it is suggested
that the Miocene volcanism in the Western
Foothills of Taiwan can be divided into two
stages: the Former (Early Miocene; 21.2 + 0.4
to 16.3 &+ 0.4 Ma) and the Later (Middle to
Upper Miocene; 14.1 = 0.4 to 7.1 % 0.5 Ma),
which are equivalent to the Kungkuan and Chi-
aopanshan stages respectively. These basalts
displaying temporal variations may also display
spatial, chemical or isotopic variations which
reflect the interaction between the asthenosphere
and the continental lithosphere.

GEOCHEMISTRY

Analytical Procedures

52 basaltic rock samples collected from the
Western Foothills of Taiwan were analyzed in
the present study. The samples used in the
chemical analyses were prepared as follows. The
rocks were crushed into pieces using a hammer.
Rock pieces were then ground into powder in an
ALO, spex mill. ALO, contamination was
considered to be negligible since no residue was
found following dissolution.

For chemical analyses, 1.0 g of rock powder
was dissolved in a mixture of ultrapure HNO3
and HF. All chemical analyses, except Si, Al,
Ti, P, Nb, Y, Zr, REE, Hf, Sc, Ta, Th and U,
were conducted with a Perkin-Elmer Model
5100 PC atomic absorption spectrophotometer
using solutions of various dilutions. U.S.
Geological Survey rock standards BCR-1,

AGV-1, GSP-1, G-2, W-1 and NBS rock
standards (Basaltic Rock, Obsidian Rock) were
employed for construction of the working
curves. For SiO, AlLO, TiO, and PO,
determinations the techniques suggested by
Shapiro and Brannock (1962) were used with
slight modification.

The concentrations of Nb, Y, U and Zr were
determined by the inductively coupled plasma
(ICP) emission spectrochemical method at
National Tsing-Hua University. Analytical
uncertainties ranged from 1 to 4% for major
clements and from 2 to 5% for trace elements.

The concentration of REEs (rare earth
clements), Hf, Sc, Ta and Th in the volcanic
rocks were analyzed by the radiochemical
neutron activation method using the open pool
reactor at National Tsing-Hua University.
Around 25 mg of powder samples packed with
an aluminum foil were irradiated for 38 hours
with a thermal neutron flux of 10" n/cm’ sec.
Carrier solutions were prepared according to the
procedure described by Smet et al. (1978).
U.S.G.S. standard rocks AGV-1, BCR-1 and
W-1 were utilized as standards. After 5 days
cooling, the rare carth elements in the irradiated
samples were separated into a group and
counted by an ORTEC-high-purity-Ge coaxial
detector and a Series 85 Canbera 4096-
multichannel analyzer. Samples were counted 4
times between 5 days and 3 months following
irradiation. Durations of counting times varied
from 5000 to 25000 seconds, depending upon
the length of cooling and the rare earth element
contents of interest. This method precludes the
determination of Dy. Ho and Er which all have a
half life less than 30 hours. Precision was
estimated to be better than 10% for all REEs.
Major and trace element data for volcanics from
northern Taiwan are listed in tables 2 and 3, and
average values are listed in table 4.

Major Element Geochemistry

The major element data and C.I.P.W. Norms
for volcanics from the Western Foothills of
Taiwan are listed in table 2. In the (Na,0+K,0)
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TABLE 2
Chemical compositions of basaltic rocks from the Western Foothills of Taiwan

Sample N201 N202 N216 N217  J405 J406 J407A J408C J409B J410A J411
No.
Rock alk alk alk alk alk alk alk alk alk alk alk
Type
%

Si0, 48.66 4840 4873 49.11 4508 4830 4830 4873 5079 4949 4834
1'-'\1201 1548 16.07 16.04 1496 1550 1627 1735 1642 1785 1529 16.23

YFeO 1055 10.49 8.53 915 1071 1020 995 11.02 7.72 2.79. 10.50
MgO 6.56 6.65 4.87 533 6.62 5.90 4.24 4.97 3.16 6.29 5.18

CaO 8.51 8.94 8.31 8.8 10.26 123 7.73 8.01 8.78 8.15 8.43
Na O 3.79 2.80 4.62 4.69 3.36 4.63 3.51 3.69 4.45 4.08 3.2
KQO 1.66 1.81 2.29 1.98 2.07 1.41 2.79 2.28 3.08 1.18 2.01

TiO, 2.76 2.74 2.76 2.7 4.10 3.12 2.64 3.40 2.80 3.24 2:35
MnO 0.158 0.158 0.163 0.176 0.167 0.173 0.187 0.119 0.140 0.161 0.238

PO, 051 049 100 D089 132 101 ‘131 ‘ose 07T 133 063
L.O.I 14 190 237 236 116 161 123 085 118 148 28
Total  100.048 100.248 99.583 100.276 100.347 99.873 99.237 100.349 100.680 100.371 100.248
ppm

Ba 653 394 B43 801 823 ®99 3127 719 868 | 715 5%
Co 45 42 32 33 51 43 32 45 29 48 42
Cr 188 170 1090 160 139 78 54 33 3 . 155 117
Cu 36 38 54 59 53 43 27 36 66 47 54
Li 14 27 15 20 19 17 15 8 6 13 43
Nb 39 40 70 78 90 98 100 79 97 82 49
Nd 33 31 44 48 54 49 62 44 38 59 34
Ni 109 98 88 90 106 86 57 66 55 112 77
Rb 27 28 63 57 38 15 44 49 81 15 39
Sc 22 22 19 28 33 21 15 19 18 25 21
Sr 742 625 1550 1210 1209 1157 1461 998 1317 1142 673
\% IS0 ). 419 306 227 1% M9 241 MR
Y 24 30 27 27 33 27 31 27 30 29 33
Zn 96 96 96 9% 113 88 103 110 81 8 108
Zr fog 293 B3 385 B1T1 B4y 40T 324 0 432 314 235

C. 1. P. W. Norms

Q i - = = = s 5 “ 2 u :
or 0:82. 1073, A3.55. 1TL . 1224 834 1650 1349 1822 698 11.89
ab 2838 2366 27.52 2765 1688 3442 2874 2955 2590 3448 2747
an 2029 2589 1623 1389 21.06 1941 2330 2146 193589 1989 23792
ne 1.98 - 6.25 6.50 6.24 2.55 0.50 0.88 6.35 - -

di 1540 1267 1554 20.19 1784 8.64 6,07 10383 lel7 1083 1182
hy - 9.28 - - - - - - - 8.90 5.69
ol 13.36 9.54 8.33 812 11.15 1380 1214 1175 4.15 8.20  10.50
mt 3.06 3.04 2.48 2.65 3.10 2.96 2.89 3.19 223 2.84 3.04
il 524 5:21 5.24 5.26 7.79 593 5.02 6.46 5.32 6.16 4.85
ap 1.11 1.07 2.18 1.94 2.88 2.20 2.86 1.88 1.57 2.66 1.38

To be continued
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Continued
Sample J412  J413 S313A S314A HS02 H503 H504 E615B E622 C701  C702
No.
Rock alk alk alk alk th th th th th alk alk
Type
Yo
Si0, 4834 4511 50.21 5050 5206 52.03 51.34 5222 51.25 4820 4930
Al O, 1552 1441 1649 1508 14.17 13.87 1424 14,19 1381 13.86 12.89
LFeO 1072 10.44 9.20 981 1027 10,19 10.07 9.24 8.89 10.32 9.95
MgO 6.51 8.78 535 5.77 7.09 7.15 7.39 4.87 5.66 8.31 6.03
CaO 722 11.10 7.78 10.26 9.55 1046 9.67 10.87 9.40 9.77  10.02
Na O 4,13 3.34 3.47 3.08 2.87 2.71 2.83 3.29 2.96 2.66 2.98
K10 1.94 0.86 1.56 1:55 0.74 0.81 0.94 1.29 1.20 1.52 1.43
TiO, 2.77 4.20 2.51 2.86 2.24 2.16 2.08 3.48 2:23 2.36 2.42
MnO 0.155 0.158 0.091 0.192 0.149 0.147 0.149 0.147 0.118 0.166 0.180
PO, 0.59 0.84 0.44 0.53 0.36 0.35 0.36 0.39 0.44 0.59 0.45
L.O.I 1.94 1.09 2.10 1.28 0.73 0.93 1.06 0.76 3.31 L31 342
Total 99.835 100.328 99.201 100.912 100.229 100.807 100.129 100.747 99.268 99.066 99.070
ppmn
Ba 616 759 762 419 159 163 149 281 201 479 415
Co 41 58 47 43 44 45 46 46 43 46 49
Cr 119 273 229 266 217 230 248 163 225 267 258
Cu 43 59 53 57 57 57 56 62 55 51 62
Li 29 25 39 24 6 6 7 6 8 13 12
Nb 45 72 43 46 31 30 30 50 33 43 52
Nd 45 54 25 29 25 25 16 23 19 22 25
Ni 82 155 120 119 149 163 162 107 219 176 146
Rb 37/ 28 34 29 3 4 9 22 8 34 36
Sc 20 30 23 28 32 26 26 35 26 28 21
Sr 582 1056 661 705 390 395 386 513 441 613 698
\Y 174 302 209 267 176 172 178 255 168 191 182
Y 30 £ 16 22 29 28 27 22 33 28 24
Zn 102 83 107 97 101 99 104 95 104 102 100
Zr 251 273 186 220 166 160 139 222 235 192 176
C. L. P. W. Norms
8] - - - - 2.54 2.15 0.75 2.40 3.29 - -
or 11.47 5.09 9.23 9,17 438 4,79 5.56 7.63 7.10 8.99 8.46
ab 2929 18497 2933 26,03 2426 2290 2392 2781 2502 2248 2519
an 18.04 2195 2497 2271 2356 2326 2334, 2011 20:82 2135 1754
ne 3.06 5.12 - - - - - - - - -
di 11:65,, 2271 916 2040 1763 2159 1827 2558 1888 19.12 2405
hy - - 14.86 991 1912, 1736 1957 6.32 13.08 851 10.59
ol 14.75 12,95 1.87 270 - - - - - 11:35 1.87
mt 3.10 3.03 2.67 2.84 2.97 2.96 291 2.68 2,58 2.99 2.89
il 5.26 7.98 4,77 5.43 4.26 4.10 3.95 6.61 4,24 4.48 4.60
ap 129 1.83 0.96 1.16 0.79 0.76 0.79 0.85 0.96 1.29 0.98

To be continued
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Continued
Sample C703 C714 C734B C742A C742B C704 C713A C714A C715 CT716A
No.
Rock alk alk alk alk alk th th th th th
Type
%
SiO, 4883 5060 50.17 5204 5202 5259 5298 5098 5175 5122
Alzo3 12:33 14.45 14.96 14.91 14.42 14.55 12.80 13.76 14.40 15.46

YFeO 10.49 8.30 8.66 8.99 8.93 926 10.29 10.11 7.95 8.25
MgO 8.53 7.28 6.39 6.19 6.07 6.92 7.43 6.28 6.69 6.24
CaO 10.27 9.68 10.39 9.43 9.61 10.12 9.06 1050 11.43 10.64
Na O 273 3.27 3:31 351 3.47 3.05 2.82 3.19 3.14 3.17

K0 1.69 2.10 1.03 135 1.29 0.62 0.86 0.75 1.05 0.58
TiO, 2.75 2.21 1.80 1.99 1.92 1.63 1.96 228 1.34 1.89
MnO 0.179 0.126 0.119 0.124 0.129 0.155 0.179 0.139 0.120 0.138
PO, 0.53 0.38 0.40 0.50 0.56 0.33 0.28 0.50 0.55 0.54

L.OlI 2.28 2.06 2.45 125 1.15 0.68 0.93 0.80 131 2.46
Total  100.609 100.456 99.679 100.284 99.569 99.905 99.589 99.289 100.130 100.588

ppm

Ba 522 702 263 337 304 249 250 306 248 322
Co 53 49 47 55 51 48 50 48 36 43
Cr 270 343 260 300 289 347 391 315 347 274
Cu 63 61 57 65 74 41 50 87 28 44

Li 14 13 8 5 5 6 3 5 6 8
Nb 55 53 37 49 41 24 23 26 38 31
Nd 24 24 24 24 28 15 14 20 31 25
Ni 159 201 159 209 204 147 176 182 101 107
Rb 42 52 17 30 28 11 17 10 25 16
Sc 23 25 25 26 24 21 26 26 27 22

Sr 818 820 453 569 552 389 304 402 594 467

V 176 215 164 174 185 158 196 232 157 183

Y 23 16 20 22 24 18 14 24 23 18
Zn 110 102 87 101 101 94 112 100 78 89
Zr 185 208 169 218 217 107 125 136 201 139

C. 1. P. W. Norms

Q - - - - - 2.10 3.80 0.63 - 1.28
or 10.00  12.42 6.09 7.99 7.63 3.67 5.09 4.44 6.21 3.43
ab 2307 26.76 2797 2967 2933 2578 2383 2696 26.54 2679
an 16.37 1851 2289 2091 1993 2415 1970 2098 2206 26.21
ne - 0.48 - - - - - - - -

di 2539 2196 2134 1863 19.88 19.59 19.18 2295 2543 1896
hy 5.30 - 8.18 1298 14.17 1744 1975 1418 1085 1430
ol 11.57 10.83 5.33 1.87 0.02 - - - 1.71 -
mt 3.04 2.41 251 2.61 2.60 2.68 2.99 2.93 2.31 2.39
il 5.23 4.20 3.42 3.78 3.65 3.10 372 4.33 2.55 3.59
ap 1.16 0.83 0.87 1.09 1.22 072 0.61 1.09 1.20 1.18

To be continued
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Continued
Sample C716B C719 C723B C723C C725 C730 (C734C (€736 C737 K810B
No.
Rock th th th th th th th th th alk
Type
Y
SiO? 50.85 - 5275 5213 5280 5297 5073 S1.27 5241 52.57 47.88
ALO, 1480 1450 1507 1405 1482 1512 1321 1412 1415 14.40

2 FeO 8.20 7.87 8.48 9.05 i) 9.24 9.46 8.63 9.82 9.59
MgO 593 5.92 6.85 7.87 6.45 6.37 7.97 5.96 5.24 8.31
CaO 10.64 9.11 9.76 9.30 8.09 10.19 9.54 213 998 10.62
NaEO 3.26 3.05 3.32 3.05 2.60 3.18 3.15 3.03 2.02 3.41

KO 0.64 0.90 0.94 0.51 0.36 0.42 0.54 0.62 0.15 1.59
TiO2 1.90 1.61 1.90 1.72 1.22 1.73 1.73 1.57 1.84 2.70
MnO 0.143  0.109 0.152 0.157 0.108 0.156 0.161 0.130 0.108 0.178
PO 0.48 0.40 0.54 0.56 0.26 0.63 0.54 0.27 012 0.94

5

LjO-.I 2.25 3.73 0.88 1.24 4.50 1.80 2.15 4.16 203 1.18
Total 99.093  99.949 100.022 100.307 99.108 99.566 99.721 100.030 99.048 100.798

ppm

Ba 350 213 290 308 198 260 298 153 213 642
Co 47 42 42 48 31 47 52 A7 26 53

Cr 298 271 288 328 275 296 306 280 254 377
Cu 44 40 55 47 29 44 49 44 35 48

Li 10 11 6 6 6 7 8 9 5 13
Nb 37 35 37 29 22 26 27 29 15 64
Nd 22 20 29 25 11 26 24 12 8 50

Ni 118 150 149 182 157 134 193 168 139 175
Rb 18 20 21 17 2 14 17 2 2 42

Sc 26 20 21 24 19 22 23 18 17 28

Sr 464 443 507 312 259 379 353 412 149 779

A% 176 138 184 163 95 165 156 131 79 287

Y 17 24 23 19 12 13 18 21 12 33
Zn 88 97 85 113 74 101 98 96 67 98

Zr 128 166 182 131 102 102 128 162 88 276

C. 1. P. W. Norms

Q 1.09 491 0.44 2.89 8.76 1.14 0.60 5.05 11.07 -

or 3.79 5.32 5.56 3.02 2.13 2.48 3.19 3.67 0.89 9.40
ab 2755 2578 2806 2578 2187 2688 2662 25861 1707 2118
an 2383 12318 . 2341 ' 40T 26w 25712028 2306 2906 - 1925
ne - - - - - - - - - 4.14
di 2120 1595 1766 1596 887 1721 1932 1680 1620 2246
hy 1236 - 1487 1676 21200 2007 1701 2034 1560 1511 -

ol - - - - - - - - - 13.21
mt 2.38 2.28 2.47 2.62 225 2.68 2.74 2.51 2.84 2.78
il 3.61 3.06 361 3.27 2.32 3.29 3.29 2.98 3.50 5.13
ap 1.05 0.87 1.18 1.22 0.57 1.38 1.18 0.59 0.26 2.05

To be continued
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Continued
Sample K812C K815A K821 K822 K823 K832 KS801A K808D T901 MO0l
No.
Rock alk alk alk alk alk alk th th th alk
Type
%
SiO1 4791 4633 4581 4892 4758 4700 5220 5237 51,17 48.83
AJ?O_1 13.67 1583 1234 1323 1386 1422 1460 13.02 14.00 14.29

X FeO 9.83 843 11.28 10.05 9.98 9.82 8.51 9.24 9.25 9.75
MgO 9.48 847 1131 8.92 7.83 8.52 6.47 831 6.04 8.10

CaO 998 11.92 9.34 L ) 977 1122 11.16 1043 9.99 8.71
Na O 315 2.86 3.91 3.22 2:95 2.96 3.24 2.79 2.69 2.61
KO 1.89 222 0.56 1.42 1.02 1.09 0.82 0.64 0.86 1.76
TiO, 2.58 2.38 3.22 2.85 2.58 2.75 1.61 1.38 2.06 2.40
MnO 0.175 0.158 0.175 0.163 0.166 0.183 0.165 0.180 0.127 0.143
PO, 1.03 0.98 0.90 0.83 0.78 0.65 0.49 0.48 0.35 0.59

L.O..I 0.50 1.14 1.04 1.22 3.25 1.87 1.03 1.46 3.84 2.47
Total  100.195 100.718 99.885 100.773 99.766 100.283 100.295 100.300 100.377 99.653

ppm
Ba 587 934 868 737 667 934 227 174 143 360
Co 55 50 62 57 58 53 41 46 40 44
Cr 412 373 400 385 350 294 298 344 211 292
Cu 57 64 69 62 54 64 41 52 56 54
Li 6 30 14 15 12 20 7 6 10 11
Nb 62 70 60 65 62 57 27 26 27 42
Nd 50 54 57 47 37 39 20 ¢ 24 30 44
Ni 256 204 364 293 285 168 110 169 102 153
Rb 44 44 25 30 28 15 17 13 4 25
Sc 23 23 25 23 25 18 26 28 30 24
Sr 788 1083 665 980 785 698 417 332 374 580
V 240 258 226 164 230 255 203 208 189 199
Y 27 29 33 34 27 24 20 20 28 26
Zn 108 80 101 100 102 93 104 99 95 96
Zr 235 259 179 280 200 218 134 125 160 215
C.1. P. W. Norms
Q - - - - - - 0.31 1.56 3.82 -
or 11.18 13.13 3.31 8.40 6.03 6.45 4.85 3.79 509 1041
ab 20.70 964 2305 2684 2493 2086 2738 2358 2273 2206
an 17.54 2376 1444 1742 2153 2226 228 2108 2355 2204
ne 3.21 7.87 5.42 0.20 - 2.25 - - - -
di 2082 2376 2133 2197 1806 23.81 2406 2252 1949 1429
hy - - - - 9.69 - 13.24 1997 1450 14.49
ol 16.24 1231 1994 14.78 8.96 13.30 - - - 6.88
mt 2.86 2.45 3.28 2.91 2.90 2.84 2.47 2.68 2.68 2.83
il 4.90 4.52 6.12 5.42 4.90 523 3.06 2.62 3.91 4.56

ap 2.25 2.14 1.96 1.81 1.70 1.42 1.07 1.05 0.76 1.29
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TABLE 3
Neutron activation analysis data of basaltic rocks from the Western Foothills of Taiwan

Sample Rock La Ce Nd Sm Eu Tb Yb Lu B Ta- Th" U
no. type (ppm)

Kungkuan Stage

Nankang-Shenkeng Area

N201 alk 345 850 33 69 208 094 26 040 68 43 37 08
N202 alk 322 766 31 74 205 091 23 030 59 40 38 08
N216 alk 378 959 44 7.7 238 103 26 034 65 56 69 15

Shantzechiao Area (Shulin-Shanjia Area)
S314A  alk 36.2 81.0 29 69 247 111 24 033 63 55 52 nd

Chingshuikeng Area (Jungho-Tucheng Area)

1405 alk 432 1035 54 25 S5 113 32 434 3R 41 59 13
1406 alk 477 1144 49 100 296 133 26 029 101 52 64 15
J407A alk 516 1293 62 59 274 142 33 037 1140 64 73 17
J408C alk 342 855 44 73 271 105 25 027 54 31 37 09
J409B alk 276 523 38 70 208 113 28 032 62 43 39 10
JA10A alk 425 1062 59 102 257 120 32 035 72 73 84 20
J411 alk 287 531 34 63 208 113 25 6528 68 &7 3.7 oO%
1412 alk 349 81.1 45 90 248 105 28 034 B4 37 51 1.1

Chiaopanshan Stage

Chiaopanshan Area (Tachi-Fushing Area)

C701 alk 292 448 22 58 201 086 19 025 64 48 34 09
C702 alk 322 438 25 62 225 090 1.8 02% 62 42 28 08
€714 alk 339 456 24 55 187 184 1703 82 44 3409
C742A alk 306 503 24 48 181 095 19 028 45 24 20 05
G428 ‘allk 3202 512 '28 32 192 075 15 026 48 20 26 07

Kuanhsi-Chutung Area

K810B alk 359 87.7 50 A 239 1828 - ST i 88 ]2
K812C alk 399 1003 50 7828 143 260 0380 62 4T 49 1.
K815A alk 40.1 943 54 3.0 250 LI0 28030 63 S1 6l 14
K821 alk 468 969 57 94 266 128 31 030 66 46 58 14
K822 alk 442 828 47 82 248 082 30 032 62 44 55 12
wese ' alk ' 312 123 39 68 181 113 28 027 68 31 49 10

Mucha, Kaohsiung
NOOT “alke " EUS T72:0 447 TG 231 113 32 097 T 54 36 dtiivad
To be continued
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Continued
Sample Rock La Ce  Nd Sm Eu Tb Yb Lu Hf* Tal Th U
no. type (ppm)
Chiaopanshan Area
C704 th 126 264 15 38 138 069 15 020 36. L& 20 06
C714A th 158 352 20 41 L7y 990 T.6" 028 45 14 1.9 06
C716B th 13.6 - 29.00 22 42 147 QeF 19 020 30V lT 24 0
C719  th 149 34,5 20 4.5 1583 0772 156 021 58 24 41 12
C725 th e B by - R I 3.2 120 0581 146 0200 32 14 " 17 6
C730 th 156 364 26 6.2 LD -0s¥y 1350 021 34 18 22 0
C736  th 94 208 12 37 136 05 150 021 43 19 28 08
C737 th 62 120 8 2.2 085 052 149 020 @ 27 08 12 04
Kuanhsi-Chutung Area
K801A th 146 364 20 59 19% 935, LI 022, 37 18 .28 %4
K808D th 16.0 388 24 N2 L7032 184 023 35 . 1.900 30 nad)
Chienshan, Yingko
E622 th 137 33.0 19 520 184 095 189 025 59 16 29 mnd
Hengchi, Sanhsia
H502  th 182 41.1 25 57 206 092. 228 025 43 17 24 nd
H503  th 166 440 25 62 167 068 215 020 46 1.7 23 mnd
H504  th 125 227 16 45 145 061 172 022 38 17 19 ad
Taliaodi
T901 th 253 46.0 30 78 2068 @78 224 028 S5 . t2..23 14

vs. ALO, plot (Kuno, 1959), basalts of the
Kungkuan stage fall into the domain of alkali
rock. While the volcanics of the Chiaopanshan
stage are mainly alkalic and tholeiitic (text-fig.
3). In the (Na,0+K,0) vs. SiO, plot, the alkali
rocks are subdivided into nephelinite, basanite
and alkali basalt (text-fig. 4). The alkali rocks
from the Western Foothills of Taiwan fall into
the basanite and alkali basalt fields. Chen (1990)
proposed that the basaltic volcanics from west-
ern Taiwan can be divided into basanitoid-alkali
olivine basalt series, teschenite-alkali synite
series and tholeiites. Accordingly, the volcanics
of the Kungkuan stage may be correlated with
the basanitoid-alkali olivine basalt series or

provisionally be recognized as alkali basalts.
The basaltic rocks of the Chiaopanshan stage,
on the other hand, are comprised of variable
types including alkali basalt and tholeiite.

The AFM plots of figure 5 show a compari-
son of the variation trends of pigeonitic and
hypersthenic rock series of the Hakone area,
Japan (Kuno, 1950) and alkali basalts of
Penghu. The Kungkuan stage volcanics are
notably more alkali rich and more iron rich than
the alkah basalts of the Chiaopanshan stage or
the Penghu Islands. The AFM plots (text-fig. 5)
reveal that the Chiaopanshan stage volcanics
fall substantially in the domain of alkali basalts
of the Penghu Islands. The average chemical
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Average chemical compositions of the basaltic rocks from the Western Foothills of Taiwan and the

Penghu Islands

Rock type Alkali basalt Tholeiite
Locality Kungkuan  Chiaopan- Kuanhsi-  Penghu Chiopan- Kuanchi- Penghu
shan Chutung shan  Chutung
Sample no. 15 7 7 60 14 2 46
%o
Si0, 48.54 50.17 4735 45,72 52.00 5229 50.79
Al O, 15.93 13.97 13.94 14.33 14.34 13.81 14.53
X FeO 9952 9.38 9.85 11,17 8.88 8.88 1033
MgO 5.78 6.97 8.98 8.94 6.58 739 1717
CaO 8.64 9.88 10.40 9.62 9.82 1080  9.22
Na O 3.79 3.13 3.21 2.81 3.00 302 288
KO 1.90 1.49 1.40 1.29 0.64 073 040
TiO 3.01 221 2,72 2.71 1.74 1.50  2.06
MnO 0.162 0.146 0.171 0.179 0.140 0.173  0.154
PO, 0.82 0.49 0.87 0.63 0.43 049 025
ppm
Ba 781 432 767 421 261 201 133
Co 42 50 55 51 43 B 45
Cr 142 284 370 243 305 321 231
Cu 48 62 60 62 46 47 65
Li 21 10 16 9 7 7 5
Nb 43 47 63 67 29 27 29
Nd 4] 24 48 46 20 22 15
Ni 95 179 249 195 150 140 167
Rb 39 34 33 32 14 10 7
Sc 23 25 24 25 22 2 25
Sr 1006 646 825 639 388 375 288
A% 228 184 237 229 158 206 192
Y 28 22 30 24 18 20 20
Zn 97 100 97 107 92 102 104
Zr 282 195 235 271 136 130 135

composition of alkali basalts of the Chiaopan-
shan stage and the Penghu Islands are very
similar (table 4).

The Ne-0l1-Di-Hy-Qz tetrahedron (Yoder and
Tilley, 1962) gives a good separation of basaltic
rocks into alkali basalt, olivine tholeiite and
tholeiite rock series (text-figs. 6a and 6b). In the
tetrahedron diagram, the alkali basalts of the

Kungkuan and Chiaopanshan stages fall into the
nepheline-olivine-diopside and olivine-diopside-
hypersthene fields, whereas tholeiites of the Chi-
aopanshan stage are predominately in the quartz-
hypersthene-diopside domain. Grossly speaking,
the alkali basalts of the Kungkuan stage.
Kuanhsi-Chutung, and Chiaopanshan and the
tholeiites of Kuanhsi-Chutung to Chiaopanshan
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TEXT-FIGURE 3

Plot of basaltic rocks from the western Taiwan
volcanic province in the Al,0,-Na,0+K,0-Si0,
variation diagram (Kuno, 1959, 1966). I
Tholeiite, 1. High-alumina basalt, III. Alkali-
olivine basalt.

show a variation trend from nepheline, hy-
persthene toward quartz (text-fig. 6a). Based on
the ages of volcanism (table 1), the basaltic vol-
canic activity took place in two distinct periods:
the early Miocene (21.2 - 16.3 Ma), predomi-
nantly with the eruption of alkali basalt, and the
Middle to Late Miocene (14.1 - 7.6 Ma),
marked by the eruption of various basalt types.
Those 2 periods of basalts may display a spatial

Naz0+:0(%)

Si0z(%)

TEXT-FIGURE 4

Variation diagram of Na,0+K,0 vs. SiO, for
basaltic rocks from the western Taiwan volcanic
province. Nephelinite-Basanite-Alkali basalt-
Tholeiite field boundary from McDonald and
Katsura, 1964; Strong, 1972; Saggerson and
Williams, 1964. Symbols as text-figure 3.

IFeO

TEXT-FIGURE 5

AFM, (Na,0+K,0)-MgO- X FeO, diagram
illustrating the variation of basaltic rocks from
the western Taiwan volcanic province. The
Penghu basalt distribution area is after Chen
(1973). P and H represent the regions for
pigeonitic and hypersthenic rock series in
Hakone, Japan (Kuno, 1950). Symbols as text-
figure 3.
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A. Plot of basaltic rocks from the western
Taiwan volcanic province in the expanded
normative basaltic tetrahodron (Yoder and
Tilley, 1962).

B. Plot of basaltic rocks from the western
Taiwan volcanic province in OI1-Qz-Ne-Hy
(OQNH) diagrams. 1. Quartz tholeiite, 2.
Olivine tholeiite, 3. Picrite-tholeiite, 4. Picrite, 5.
Olivine basalt, 6. Picrite-basalt, 7. Alkah olivine
basalt, 8. Alkali basalt, 9. Basanite, 10. Alkali
picrite-basalt, 11. Alkali picrite. Symbols as
text-figure 3.

chemical variation to reflect the variation of the
C.ILP.W. norms (text-figs. 6a and 6b). For major
elements and solidification index (S.1.) vs. MgO/ £
FeO plots (text-figs. 7 to 11), it should be
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Variation diagram of Si0,, ALO,, ¥ FeO, MgO
vs. MgO/ ¥ FeO for alkali basalts from the
western Taiwan volcanic province. Symbols as
text-figure 3.
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MgO/ Z FeO for alkali basalts from the western
Taiwan volcanic province. Symbols as text-
figure 3.



66 Bulletin of National Museum of Natural Science, No. 7, 1996

45
_--V'—
15 v 8 g Y
= BT
7] o ﬂ’%,.f‘}ﬁ"-_
ml |, eeadl g
a--
o
LY E A
Q 7t W G
x =
£ B =
Q o s =052 —
@ 5 an =R T
=z LS S
1 1 | | |
\ o
1 2 ‘-._\ =]
o P >
L \ @ “é__s_';,__ﬂ
\ e
o T a8 o
04 SN .
1 1 1 1
025 |
e 0
a W P
=515 Fn =028 58T g
13 h —_— i
e — # & "
005
04 06 08 10
MgOiZFeO

Variation diagram of MnO, P,0,, Na,0+K,0O,
S.I. vs. MgO/ X FeO for alkali basalts from the
western Taiwan volcanic province. Symbols as
text-figure 3.

(%,
15 Fun
_* =04y -
o) —2 T L e
a i“ ¥
¥ s i
- 1
- o A i
o 3 - & ire043
& T
z
2+ .
1 ]
B R
I e, oIl —
= 6 dx kil
E 1
o 1o e R i
@ - e a A
g . 5
2 A X4 mog
1 L
-
15 R
o av
Ey e W fa
13t = . G
1 | I
04 06 08 10
MgO/EFeO

TEXT-FIGURE 10

Variation diagram of ALO, ¥ FeO, MgO,
Na,0, K,0 vs. MgO/ X FeO for tholeiites from
the western Taiwan volcanic province. Symbols
as text-figure 3.
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TEXT-FIGURE 11

Variation diagram of TiO,, MnO, P.,O,,
Na,0+K,0, S.I. vs. MgO/ X FeO for tholeiites
from the western Taiwan volcanic province.
Symbols as text-figure 3.

noted that most oxides have scattered distribu-
tions. Relatively good correlations have been
found in the plots of S.I., MgO, CaO and MnO
vs. MgO/ X FeO, while Si0, and Al,O. decrease
as MgO/ X FeO increases. These compositional
changes may be controlled by differentiation of
mafic minerals. A marked decrease of Ti0O,,
Na,0, K,0 and Na,O+K.O contents with
increasing MgO/ X FeO has been found in
Kungkuan volcanics and tholeiites of the Chi-
aopanshan volcanic stage, while the alkali ba-
salts of the Chiaopanshan stage have very dis-
tinct variation trends. The concentrations of Ti
and K could hardly have been affected by frac-
tionation through removal of major mantle min-
erals such as olivine, pyroxenes and garnet
(Shaw, 1972; Philpotts and Schnetzler, 1970;
Coleman et al., 1965; Hart and Brooks. 1974),
however, the abundance of these elements could
have been affected by low silica amphibole frac-
tionation (Gast, 1968; Aoki, 1963, 1970).
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Hence, it is suggested that for alkali basalts of
the Kungkuan and Chiaopanshan stages, the
magmas may have been affected by differentia-
tion through separation of amphibole.

Trace element geochemistry

The trace element data for volcanics from the
Western Foothills of Taiwan are listed in tables
2 to 4. The trace elements vs. MgO/ X FeO plots
are given in text-figs. 12 to 15. The compatible
elements (Co, Cr, Ni, Sc) show a rather scat-
tered distribution but generally tend to decrease
as MgO decreases (text-figs. 12 and 13). The
systematic compatible element (Co, Cr, Ni, Sc)
variation and the occurrence of ultramafic nod-
ules in the basalts of the Western Foothills of
Taiwan suggest that the possibility of fractional
crystallization can not be excluded in the evolu-
tionary history of the magmas.

For incompatible elements, the alkali basalt
is characterized by its higher Ba, Li, Rb, Sr, Zr
and Nb contents as compared with the tholeiite
(table 4). The alkali basalt samples show high
concentrations of incompatible elements, e.g..
Rb = 40 ppm, Sr = 800 ppm, Ba= 600 ppm, and
Nb =60 ppm. This feature is typical for alkali
basalts as previously pointed out by Gast (1968)
among others. Generally speaking, volcanics
containing higher Ni (250-300 ppm) and Cr
(500-600 ppm) contents and higher MG values
(Mg/Mg + Fe* ~ 0.68-0.75) can be considered
to be primary magmas (Bultitude and Green,
1971; Ringwood, 1975; Frey et al., 1978; Perfit
et al., 1980). Kungkuan alkali basalts have MG
values of 45-62, Co 29-58 ppm, Cr 28-266 ppm
and Ni 55-155 ppm. These values are lower than
those of the Chiaopanshan stage alkali basalts in
which MG values range 0.55-0.67, Co 46-62
ppm, Cr 258-400 ppm, and Ni 146-364 ppm
(table 2). This indicates without ambiguity that
these rocks from the Kungkuan stage are de-
rivatives and have experienced more differentia-
tion than the alkali basalts of the Chiaopanshan
stage.

The concentrations of incompatible elements
such as Ti, K, Rb, Sr, Ba, Zr and Th could
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Variation diagram of trace elements Co, Cr, Ni,
Sc vs. MgO/ X FeO for alkali basalts from the
western Taiwan volcanic province. Symbols as
text-figure 3.
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Variation diagram of trace elements Co, Cr, Ni,
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western Taiwan volcanic province. Symbols as
text-figure 3.
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Variation diagram of trace elements Ba, Cu, Li,
Rb vs. MgO/ X FeO for alkali basalts from the
western Taiwan volcanic province. Symbols as
text-figure 3.
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Variation diagram of trace elements Sr, Th, V,
Zr vs. MgO/ ¥ FeO for alkali basalts from the
western Taiwan volcanic province. Symbols as
text-figure 3.

hardly have been affected by fractionation
through removal of major mantle minerals such
as olivine, pyroxenes and garnet (Shaw, 1970;
Philpotts and Schnetzler, 1970; Coleman ef al.,
1965; Hart and Brooks, 1974). The higher con-
tents of the incompatible elements (Rb, Sr, Ba,
Zr, Th and REE) in volcanics of the Kungkuan
stage than in the Chiaopanshan stage alkali ba-
salt (tables 3 and 4) and the systematic incom-
patible element variation found in alkali basalts
of the Chiaopanshan stage (text-figs. 14 and 15)
cannot be explained by ferromagnesian minerals
fractional crystallization. However, the abun-
dances of these elements can be affected by dif-
ferentiation through separation of amphibole
(Gast, 1968; Aoki, 1963, 1970). In alkali ba-
salts of western Taiwan (Mafu) and the Penghu
Islands  (Tungchihsu), Ti-rich homblende
(kacrsutite), Al-augite and phlogopite were
found as megacrysts. Irving (1978) has sug-
gested that megacrysts are formed by flow crys-
tallization in which crystals are continuously
plated onto walls of narrow channels of mantle
peridotite from slowly moving basaltic magmas.
This mechanism could produce both fractional
crystallization of the alkali magma at various
depths and formation of megacrysts. The ener-
getic burst of a later magma through the same
conduit could break off these minerals on the
walls and capture them as various forms of
megacrysts. Chen ef al. (1987) and Chung and
Chen (1990), based on the observed REE con-
tents of both megacrysts and the host magmas
and appropriate distribution coefficients, sug-
gested that the megacrysts of Al-augite and
kaersutite represent the direct crystallization
products of deep-secated magmas which were
then captured by the alkali basalt. The decrease
in the contents of the incompatible clements, Ti,
K, Ba, Rb, Sr, Th, V, and Zr, with increasing
differentiation indicates that a low-silica amphi-
bole fractionation may have been the important
mechanism for the derivation of alkali basaltic
magmas in the Chiaopanshan stage. The kaersu-
tite found in ultramafic xenoliths and as
megacrysts in alkali basalts provides good
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evidence for amphibole fractionation at high
pressure.

The chondritic-normalized REE patterns of
Kungkuan alkali basalts, Chiaopanshan stage
alkali basalts and tholeiites are shown in text-
figs. 16 and 17. The REE spectra of these rocks
are marked by typical LREE (light rare carth
element) enrichment; the (La/Yb)x ranges from
9.4 to 7.3 in Kungkuan stage alkali basalts, and
10.4 to 9.1 for Chiaopanshan stage alkali ba-
salts and 4.8 to 2.5 in tholeiites. Juang and Chen
(1992) have shown that the (La/Yb)x in Penghu
basalts ranges from 6.4 to 28.9 in alkali basalts
and 2.7 to 6.4 in tholeiites. These values for ba-
saltic rocks from the Western Foothills and the
Penghu Islands are comparable with basalts
from continental environments (Ratcliffe, 1987;
Auchapt ef al., 1987; Dupuy and Dostal, 1984).

DISCUSSIONS AND CONCLUSIONS

Petrotectonically, the late  Tertiary-
Quaternary volcanics of Taiwan can be divided
into northern, eastern and western provinces.
The geographical distribution of island-arc
volcanic rocks of the northern province (Juang,
1988, 1993; Chen, 1990) and the rifting-
continental-margin  basalts of the western
province exhibit some overlap. The two major
criteria for discriminating among tectonic
settings are the chronology and geochemistry.

Based on preliminary studies, the intraplate
continental-rifting  volcanism  took  place
sporadically during the Miocene in the western
deposition basin of Taiwan, especially, in the
Western Foothills and the Penghu Islands. The
continental-margin-rifting volcanism in northern
Taiwan apparently ceased in the late Miocene.
No preeminent volcanism of a later age has been
found in the vicinity of Taiwan. Such a
phenomenon may be explained by the effect of
an intense arc-continent collision hampering
continental rifting. It is interesting to note that
the onset of arc magmatism in northern Taiwan
has been postulated to have its origin in the
west-northwesterly  encroachment  of  the

subducting Philippine Sea plate bencath the
collision orogen since 5 Ma (Teng ef al., 1992)
and that arc volcanism was very active in the
Quaternary in northem Taiwan (Juang and
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TEXT-FIGURE 16

A. Chondritic-normalized REE pattern of
tholeiites and alkali basalts from the Kungkuan
and Chiaopanshan stages. Condritic values from
Frey et al., 1968. A-A, Kungkuan stage; Alk,
Chiaopanshan stage alkali basalts and Th,
Chiaopanshan stage tholetites.

B. Chondritic-normalized REE pattern  of
tholetites from the Chiaopanshan stage.



70 Bulletin of National Museum of Natural Science, No. 7, 1996

200

—0— 1405
—o— J406
—&— J407
—— J410A
—e— J412
—0— N202
+— N216A
- 83144

100

Rock / Chondrite

La Ce Nd Sm Eu Th Yb Lu

200 1

Rock / Chondrite

La Ce Nd Sm Eu ™ Yb Lu

TEXT-FIGURE 17

Chondritic-normalized REE pattern of alkali
basalts from the Kungkuan and Chiaopanshan
stages.

Chen, 1989; Juang, 1993). From the spatial dis-
tribution, both the intraplate-continental-rifting
and subduction-related island-arc volcanic rocks
have been found in northwestern Taiwan. To
envisage the geochemical character in associa-

tion with its controlling tectonic environment,
the key trace-clement parameters useful in
evaluating petrographic indicators are briefly
discussed.

Magma and Source Mantle Geochemical
Diagnosis

Ratios of highly incompatible trace elements,
such as isotopic ratios, are indicative of source
compositions because they do not change ap-
preciably during either melting or fractionation.
Based on La-Ba, La-Th, La-Nb and La-Ta plots
(text-fig. 18), the Ba/La, Th/La, La/Nb and
La/Ta ratios are more similar to those of E-
MORB than to those of depleted MORB. The
continental rifting basalts of the Western Foot-
hills of Taiwan are geochemically "enriched"
relative to the "depleted” MORB. The Ti-group
elements, such as Zr, Hf, Nb and Ta, have high
field strengths (charge/ionic radius) and conse-
quently are not incorporated appreciably into
common minerals, except for Ti in magnetite
and ilmenite. As a result, all of these elements
correlate positively with each other and with
indices of differentiation in silica-saturated
magmas, especially those not precipitating Fe-Ti
oxides or amphiboles. Ratios of these elements
to one another remain quite constant in basalts
of all tectonic environments: Ti/Zr=80 to 100;
Zr/Hf=39; Nb/Ta=17 £ 4 (text-fig. 19).

Tectonomagmatic discrimination elements

On the basis of tectonic setting, Wilson
(1989) considered that 4 distinct environments
exist in which magmas may be generated: con-
structive plate margins, destructive plate mar-
gins, oceanic intra-plate settings and continental
intra-plate settings. During the past 20 years, a
number of papers have appeared in which the
major, minor and trace element compositions of
young basaltic rocks have been related to the
tectonic environment in which the basalts were
generated. These have led to the development of
"tectonomagmatic  discrimination  diagrams"
which may be used to elucidate the tectonic set-
ting of volcanic suites (Pearce and Cann, 1973;
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TEXT-FIGURE 20

TiO, vs. (Ba/La), (chondrite normalized) plot
for basaltic rocks from the western Taiwan
volcanic province. MORB (Mid-ocean Ridge
Basalt), IPB (Intraplate Basalt) and IAB (Island
Arc Basalt). Variation field is after Perfit et al.
(1980). Symbols as text-figure 3.

Pearce and Norry, 1979; Pearce, 1983; David-
son, 1987; Wilson, 1989).

Text-figure 20 shows TiO. vs. (Ba/La), plots
for the Western Foothills basalts, suggesting that
they fall within the intraplate basalt field. It
should be mentioned that Juan e al. (1984) and
Sun (1982) suggested that the existence of many
half-graben-type basins in the Tertiary sequence
in western Taiwan indicates a continental rifting
environment in which intraplate volcanism, such
as that which produced the Western Foothills
basalts of Kungkuan and Chiaopanshan stages,
is expected to occur. From other binary tectonic
discriminating diagrams, the Miocene continental-
rifting basalts of the western province of Taiwan
consistently fall within the within-plate basalts
(WPB) field (text-figs. 21 to 25). The within-
plate tectonic field includes continental flood
basalts, continental rift basalts and oceanic-
island basalts.

The relatively immobile minor and trace ele-
ments are used to identify the tectonic setting 6f
volcanic suites; the most commonly used are the
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TEXT-FIGURE 21

SCORE 1 vs. SCORE 2 plots for basaltic rocks
from the western Taiwan volcanic province.
SCORE 1 =-0.3707 Ti - 0.0668 Zr - 0.3987 Y
+0.8362 Sr; SCORE 2 = -0.3376Ti -0.5602 Zr
+0.7397 ¥ 40.1582 Sr; 1L Zx, Y ‘and’Sr
represent logarithms of 100xTiO,, Zr, 3xY and
Sr respectively. Boundary condition is from
Bulter and Woronow (1986). LKT: low
Potassium tholeiite, OFB: ocean floor basalt,
CAB: calc-alkaline basalt, WPB: within-plate
basalt. Symbols as text-figure 3.
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TEXT-FIGURE 22

Nb vs. Si0O, plots for basaltic rocks from the
western Taiwan volcanic province. Variation
field is after Pearce and Gale (1977). Symbols
as text-figure 3.
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TEXT-FIGURE 23

Zr/Y vs. Zr plots for basaltic rocks from the
western Taiwan volcanic province. Variation
field is after Pearce and Norry (1979). WPB:
within-plate basalt, MORB: mid-ocean ridge
basalt, [AB: island arc basalt. Symbols as text-
figure 3.
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TEXT-FIGURE 24

Ti vs. Zr plots for basaltic rocks from the
western Taiwan volcanic province. Variation
field is after Pearce (1980). Symbols as text-
figure 3.
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TEXT-FIGURE 25

F1 vs. F2 plots for basaltic rocks from the
western Taiwan volcanic province. Variation
field is after Pearce (1976). Fl1 =
+0.0088(S10, )- 0.0774(Ti0,) + 0.0102(AL,0,)
+ 0.0066(Fe0O) - 0.017(MgO) - 0.0143(Ca0) -
0.0155(Na,0)-0.0007(K,0), F2=- 0.0130(Si0,)-
0.0185(Ti0,) - 0.0129 (ALO,) - 0.0134(Fe0)-
0.0300(Mg0)-0.0204(Ca0)-0.0481(Na,0)
+0.715(K,0). WPB: within plate basalt, OFB:
ocean floor basalt, LKT: low potassium
tholeiite, CAB: calc-alkaline basalt, SHO:
shoshonite. Symbols as text-figure 3.

ternary diagrams Ti/100 - Zr - Y X3 (text-fig.
26; Pearce and Cann, 1973), 2Nb - Zr/4 - Y
(text-fig. 27; Meschede, 1986) and Th - Hf/3 -
Ta (text-fig. 28; Wood et al., 1979). The major
data points for basaltic rocks in the western
province of Taiwan consistently fall within the
within-plate basalts.

Highly distinctive "spiked" trace element pat-
terns can be observed in the spiderdiagram de-
fined by Sun & McDonough (1989) (text-fig.
29) regardless of whether they belong to tholeiite
or alkali basalt. Marked spikes occur at Ba, Nb,
Ta and Ti. Pronounced troughs occur at Rb, Th
and K, which is particularly interesting when
considering that the basaltic rocks of a non-arc
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setting characteristically have a very high HFSE
content (Ringwood, 1990). All these features
indicate that the basalts from the Western
Foothills behave like those obtained from typical
intraplate and oceanic island environments (Sun,
1980).

The Quaternary island-arc volcanics are de-
pleted in Nb, Ta and Ti (Juang, 1993), however,
the tholeiites of Chienshan-Yingko lack such
characteristics. Therefore, they may be more
closely correlated with the continental rifting
suite than with the island-arc suite.

Differentiation and Partial Melting

Based on MgO - X FeO/MgO + X FeO plots
(text-fig. 30), the alkali basalts of the Chiaopan-
shan stage seem to have experienced olivine and
pyroxene fractional crystallization, while the

TEXT-FIGURE 26

Ti-Zr-Y diagrams illustrating the variation of
basaltic rocks from the western Taiwan volcanic
province. Variation field is after Pearce and
Cann (1973) WPB: within plate basalt, LKT:
low potassium tholeiite, CAB: calc-alkaline
basalt, OFB: ocean floor basalt. Symbols as in
text-figure 3.

TEXT-FIGURE 27

Nb-Zr-Y diagrams illustrating the variation of
basaltic rocks from the western Taiwan volcanic
province. Variation field is after Meschede
(1986). WPA: within-plate alkalic, WPT:
within-plate tholeiite, VAB: volcanic arc basalt,
P-MORB: plume MORB, N-MORB: normal
MORB. Symbols as text-figure 3.

TEXT-FIGURE 28

Hf-Th-Ta diagrams illustrating the variation of
basaltic rocks from the western Taiwan volcanic
province. Variation field is after Wood er al.
(1979). N-MORB: normal MORB, E-MORB:
plume MORB., WPB: within-plate basalt, T:
Tholeiite, A: alkali basalt, CAB: calc-alkalh
basalt. Symbols as text-figure 3.
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TEXT-FIGURE 29

Spidergrams of basaltic rocks from the western Taiwan volcanic province. Primitive mantle value is
from Sun (1980). The spidergrams of island arc type basaltic rocks from northern Taiwan are shown
for comparison.

tholeiites and alkali basalts of the Kungkuan roxene and plagioclase.
stage show the fractionation of olivine, clinopy- Most of the Western Foothills basalts have
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TEXT-FIGURE 30

0.5
FeO/Mgo+FeO

MgO vs. X FeO/MgO+ X FeO plots for basaltic rocks from the western Taiwan volcanic province.
Fractionation trend is from Brook and Nielsen (1982). Symbols as text-figure 3.

experienced fractional crystallization, because
they have low and variable MgO (mostly < 8
% ), Ni (mostly < 200 ppm) and Cr contents,
and CaO/AlLQ, ratios (mostly > 1.2). However,
the presence of abundant mantle xenoliths and
the nepheline-normative feature of most Kuan-
hsi-Chutung alkali basalts argue against signifi-
cant fractional crystallization at shallow levels.
In general, the transition metals (Cr, Ni) are
sensitive indicators of olivine fractionation from
basaltic magmas because of their large min-
eral/melt partition coefficients. The partition
coefficients D of nickel for olivine, clinopy-
roxene, and plagioclase are 10, 2, and 0.01, re-
spectively (Cox ef al., 1979). Similarly, the par-
tition coefficients D of Cr for olivine, clinopy-
roxene, and plagioclase are 0.2, 10, and 0.01,
respectively (Cox ef al, 1979). As a conse-
quence, a decrease of Ni in the basaltic series of
the Western Foothills suggests olivine fractiona-

tion and a decrease of Cr suggests clinopyroxene
fractionation. Cr in these basaltic rocks behaves
much like Ni, decreasing with increasing silica
content or decreasing MgO content (text-fig.
31). Turekian (1963) pointed out that the Cr
covariants with Ni and Cr/Ni ratios usually re-
main consistent during magma differentiation
within a basaltic suite depending on the source
mantle. The systematic Ni and Cr variations
with MG-values (text-fig. 31) and the general
positive correlation of Ni with Cr (text-fig. 31)
suggest fractional crystallization of both olivine
and pyroxene. The compatible element Sc is also
concentrated more in clinopyroxene than in co-
existing melt (Frey and Green, 1974; Irving,
1974) and consequently correlates positively
with MgO (text-fig. 31). The systematic de-
crease of CaO/AlLO, ratios with S.I. (text-fig.
32) could be interpreted to be due to the segre-
gation of clinopyroxene. V shows a general
positive correlation with Ti in the samples studied
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TEXT-FIGURE 32

CaO/ALQ, vs. S.I. plots for basaltic rocks from
the western Taiwan volcanic province. Symbols
as text-figure 3.

(text-fig. 33) indicating the fractional crys-
tallization of the Fe-Ti oxides (ilmenite or ti-
tanomagnetite) in the evolution of basaltic rocks
of the Western Foothills of Taiwan.

The La/Zr vs. La and Zr vs. Sr plots (text-
figs. 34 and 35) may reflect plagioclase in-
volvement (Hwang and Lo, 1986; Fan and
Hooper, 1991). However, the absence of a
negative Eu anomaly and the negative correla-
tion between CaO/ALO, and S.I. suggest that
there was no significant crystallization of pla-
gioclase.

Perhaps olivine and clinopyroxene fractiona-
tion played the most important role in the mag-
matic differentiation process, vet the segregation
of plagioclase and Fe-Ti oxides should also be
considered during magmatic evolution.

A low degree of partial melting of mantle
rocks at different depths produces a substantial
enrichment of Sr and Ba in the melt, owing to
the fact that the accessory minerals, i.c., phlo-
gopite and apatite, are among the first to enter
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TEXT-FIGURE 33

V vs. TiO, plots for basaltic rocks from the
western Taiwan volcanic province. Symbols as
text-figure 3.
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TEXT-FIGURE 34

La/Zr vs. La plots for basaltic rocks from the
western Taiwan volcanic province. Fractional
crystallization trend is from Hwang and Lo
(1986). Symbols as text-figure 3.

the melt. The initial Sr/Ca and Ba/Ca ratios of
the melt are the largest (Onuma et al., 1983). An
increasing degree of partial melting dilutes Sr
and Ba contents in the melt with an addition of
Ba- and Sr-poor major phases. The Ca content
of the melt increases with the addition of Ca
from garnet and clinopyroxene when these min-
erals begin to melt, so that Sr/Ca and Ba/Ca ra-
tios of the melt consequently decrease with a
constant Sr/Ba ratio.

The variations of Sr/Ca and Ba/Ca ratios in

100 200 oo 400

Zr(ppm)

TEXT-FIGURE 35

Sr vs. Zr plots for basaltic rocks from the
western Taiwan volcanic province. Symbols as
text-figure 3.

basaltic rocks of the Western Foothills are illus-
trated in text-figure 36. These plots notably
define a rough linear trend with alkali basalts
having relatively higher Sr/Ca and Ba/Ca ratios
than tholeiites, which may indicate that tholetites
require a larger degree of partial melting than
alkali basalts.

Based on Y vs. Cr plots (text-fig. 37; Pearce
and Norry, 1979; Alabaster ef al, 1982), the
basaltic rocks of the Western Foothills demon-
strate that alkali basalts may have been derived
by a 10~12% partial melting of upper mantle
peridotite before experiencing low-pressure
fractionations of olivine, plagioclase and py-
roxene.

Petrogenesis of Chiaopanshan stage alkali
basalts and tholeiite

The chondrite-normalized REE patterns of
the Western Foothills alkali basalts and
tholeiites are shown in text-figs. 16 and 17. The
REE spectra of these rocks are marked by a
typical LREE enrichment; (La), ranges from



Juang: Geochemistry Basalts, Western Foothills, Taiwan 79

36 B lzu Island
PM line &
- o ‘ ’?’ 4 [,]
B %u--u”
102 % vQ
i 2 AT A v
2 F st
= B A Ad
e L ity &
/ T
A A
[ R Y A A P L L [ |
107 10? 10
Ba/Ca
37
lPRIMOHDIAL MANTLE
\ Percent of partial melting
\-80 -
\
103} —
"'E Lt
a
v
Q
102|—
\‘ Fractionation trend
|
\ |
10 [\ TR
10 10

Y (ppm)

156 to 83 in alkali basalts, and 55 to 19 in
tholeiites. These values are comparable with ba-
salts from continental environments (Ratcliffe,
1987: Auchapt ef al., 1987; Dupuy and Dostal,
1984).

The REE patterns of amphibole separated
from kaersutite megacrysts of Mafu tuff fall
within the field of alkali basalts (text-fig. 38)
which constrains the suggestion that a low-silica
amphibole fractionation at high pressure may
have been the main mechanism for the derivation
of tholeiitic magma from primary alkali olivine
basaltic magma in the Western Foothills of
Taiwan (Hsu, 1961; Juan et al., 1979).

The dominant basalts in the Western Foot-
hills and the Penghu Islands show a minor vari-
ation in Nd and Sr isotopic ratios, but they all
plot within the main OIB (ocean-island basalt)
field (Chen, 1988). In addition, Chen (1988) has
also determined the radiogenic isotopic ratios of
two Al-augite and one kaersutitic amphibole
megacrysts from the Western Foothills. The
results show that these two kinds of megacrysts
have Nd and Sr isotopic ratios consistent with
those of the alkali basalts from Penghu and other
volcanics of the Kungkuan stage (*’Sr/*Sr from
0.70352 to 0.70386 and '“Nd/*“Nd from
051288 to 0.51296, i.e., € yg—=3.4-1.7). There
is a larger distribution of Sr- and Nd- isotope

TEXT-FIGURE 36

Log (Sr/Ca) vs. log (Ba/Ca) plot for basaltic
rocks from the western Taiwan volcanic
province. lzu Island Partial Melting Line is from
Onuma ef al. (1983). PM: Partial melting, FC:
Fractional crystallization, Symbols as text-
figure 3.

TEXT-FIGURE 37

Cr vs. Y plot for basaltic rocks from the western
Taiwan volcanic province. Variation field VAB:
Volcanic Island Arc basalt, MORB: Mid-ocean
Ridge basalt are after Pearce and Norry (1979)
and Alabaster ef al. (1982). Symbols as text-
figure 3.
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TEXT-FIGURE 38

Chondritic-normalized REE pattern of kaersutite
megacryst form Mafu tuff. Alk and Th represent
the distribution field of alkali basalts and
tholeiites in the Kuanhsi-Chutung area.

ratios in the tholeiites than in alkali basalts of
the Kuanhsi-Chutung area, which has a total
range of "Sr/*Sr = 0.70500-0.70669 and
"“Nd/"“Nd = 0.51255-0.51270. Consequently,
derivation from a different mantle source or a
mechanism of crustal contamination is plausible
to account for the isotopic variation of tholeiites
and alkali basalts of the Chiaopanshan stage.
The isotopic ratios (Sr and Nd) of 2 Al-augite
and 1 kaersutitic amphibole megacrysts from
western Taiwan show that these 2 kinds of
megacrysts have Sr and Nd isotopic ratios
strikingly different from those of alkali basalts
of the host rocks of the studied area. This sug-
gests that these amphibole megacrysts are
xenocrysts in origin with a non-equilibrium iso-
topic relationship between themselves and their
host alkali basalts (Chen and Chung, 1985
Chung et al., 1985, Chen et al, 1987). These

isotopic results also indicate the constraints of
the megacrysts from alkali basaltic melts formed
in high pressure environments. Therefore, the
isotopic data restrict the possibility of a low-
silica amphibole fractionation at high pressure
being the mechanism for the derivation of
tholeiitic magmas from alkali olivine basaltic
magmas in the Western Foothills of Taiwan
(Hsu, 1961; Juan ef al., 1979).

The LREE contents of the Western Foothills
basalts are plotted against each other in text-fig.
39. It is obvious that the La-Ce slope is stecper,
whereas the Sm-Ce slope is gentler than the
chondritic ratio. As the LREE are highly incom-
patible in the mantle-melt system, the ratio
should be close to those of the mantle source
under a batch melting condition (Sun and Han-
son, 1975). The Ce vs. K.O and Ce vs. P,0,
plots (text-fig. 39) display a linear relationship,
strongly reflecting that LREE and other incom-
patible elements were closely related during the
evolution of the basalts. The alkali basalts in
western Taiwan generally have lower “Sr/*Sr
and higher ""Nd/"'Nd ratios than the tholeiite
(Chen, 1988) suggesting that they were derived
from a relatively depleted mantle source. How-
ever the alkali basalts are relatively enriched in
incompatible elements. This paradoxical feature
indicates that the source regions may have been
enriched by fluid phase metasomatism (Barreico
and Cooper, 1987; Coombs ef al., 1986).

Calculations using Shaw's (1970) equation
and partition coefficients suggested by Hanson
(1980) indicate that the alkali basalts of the
Western Foothills of Taiwan cannot be derived
from low-degree ( < 3%) partial melting of a
particular mantle source with REE 3 times that
of chondrite as proposed by Gast (1968) and
Kay and Gast (1973). Chen (1973) argued that
Penghu alkali basalt originated at a relatively
deeper level than the tholeiite. Similarly, it has
been suggested that the deeper part of the mantle
beneath the Western Foothills may have been
metasomatized by LILE-enriched fluid and en-
riched in LREE (Wass and Roger, 1980), then
10-20% partial melting from this metasomatized
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TEXT-FIGURE 39

La vs. Ce; Sm vs. Ce; Ce vs. K,O and Ce vs. PO plots

volcanic province. Symbols as text-figure 3.

(La/Ybjn

15 20

TEXT-FIGURE 40

(La/Yb)y vs. Yby plots for alkali basalts from
the western Taiwan volcanic  province.
Theoretical partial melting curves are after
Chauvel and Jahn (1984); M represents
metasomatism, N denotes chondrite normalized.
Symbols as text-figure 3.

upper mantle would yield the observed REE
abundances of the Western Foothills alkali ba-
salts (text-fig. 40).

La(ppm)

Sm(ppm)

for basaltic rocks from the western Taiwan

Based on Sr- and Nd-isotopic data and pre-
sent chemical data (text-figs. 12, 13 and 39) it is
suggested that the tholeiite and alkali basalt of
western Taiwan may represent 2 independent
magmas. If the argument that the Western
Foothills tholetite originated at a relatively shal-
lower level than that of the alkali basalt is ac-
cepted, it could be assumed that the mantle peri-
dotite possessed 2 to 3 times more REE than
chondrites. If the unmetasomatized mantle at a
relatively shallow level had been composed of
lherzolite with 55% olivine, 25% orthopyroxene,
15% clinopyroxene, and 5% garnet and had 2
times the chondritic REE abundances, then 5-
10% equilibrium batch partial melting with a
melting mode of 10:20:40:30, respectively, could
have generated the Western Foothills tholeiites
(text-fig. 41).

Signatures of Dupal anomaly

Late Cenozoic intraplate basalts in the West-
ern Foothills of Taiwan and the Penghu Islands
have Sr-Nd-Pb isotopic systematics similar to
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TEXT-FIGURE 41

Log-log plot of (Ce/Yb)y ratio vs. Cey for
tholetites. Fractionation trends are modified
from Tarney et al. (1980). A: Closed system low
fractional crystallization; B: Open system low
pressure fractional crystallization (O'Hara,
1977); C: Open system high pressure eclogite
fractionation; D: Equilibrium batch partial
melting (garnet lherzolite source, 55% ol, 25%
opx, 15% cpx, 5% gt, melting mode of
10:20:40:30, respectively, and two times
chondritic REE abundances). N-type MORB is
from Henderson (1984). Symbols as text-figure
5

those of scamount basalts in the South China
Sea which are characterized by a Dupal-type Pb
isotopic anomaly (Chung et al., 1994). This may
be a result of lithospheric extension related to
the opening of the South China Sea. However,
the Western Foothills basalts display lower
"“Nd/"“Nd and **Pb/*Pb but higher Sr isotopic
ratios (text-figs. 42 and 43) than the Penghu
basalts. Based on Pb isotopic diagrams (text-fig.
43), €y vs. Pb/Pb (text-fig. 44), Zr/Nb vs.
“Sr/*Sr (text-fig. 45) and Ba/Nb vs. La/Nb
plots (text-fig. 46), the Penghu basalts show
signatures of normal OIB and do not have a
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TEXT-FIGURE 42

Plots of "*Nd/"*“Nd versus Sr/*Sr for volcanics
from western Taiwan and the Penghu Islands.
Data are from Chen (1988). MORB, OIB and
continental basalts field are after Chauvel and
Jahn (1984). Open rombohedron, Kungkuan
alkali basalt; Close rombohedron, Kungkuan
tholeiite; Open square, Penghu alkali basalt;
Close square, Penghu tholeiite; Open triangular,
Kuanhsi-Chutung alkali basalt; Close triangular,
Kuanhsi-Chutung tholeiite.

remarkable Dupal anomaly but the Chiaopan-
shan stage volcanics of the Western Foothills are
indeed characterized by a Dupal anomaly. The
Dupal-anomaly basalts have distinctive trace-
clement compositions (e.g., Le Roex, 1986;
Weaver et al., 1986; Le Roex ef al., 1989: Sun
and McDonough, 1989) often showing high
LILE/HFSE (HFSE = high field strength
clement), Ba/Th and Th/U ratios compared to
OIB not showing a Dupal anomaly.

The Ba/Nb vs. La/Nb plots (text-fig. 46)
show that the Penghu basalts have lower Ba/Nb
and La/Nb ratios. The La/Nb ratios are clearly
lower, and similar to those of normal OIB,
although the Ba/Nb ratios of some basalts from
the Penghu Islands are comparable with those of
the Samoa and Society basalts with a typical
EM2 signature (Dostal ef al., 1982; Palacz and
Saunders, 1986). In contrast to the Penghu
basalts, the Chiaopanshan stage basalts of the
Western Foothills are characterized by high
Ba/Nb, La/Nb and Ba/U ratios (text-figs.
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TEXT-FIGURE 43

Pb isotopic diagrams for western Taiwan and
the Penghu Islands. Data are from Sun (1980).
Field for the South China continental crust is
represented by the Paleozoic and Mesozoic
granitoids in South China (Li, 1988) and the
terrigenous sediments from the South China Sea
(McDermott et al., 1993). NHRL = Northem
Hemisphere Reference Line (Hart, 1984), ETOB
= East Taiwan Ophilite Basalt (Chung et al.,
1994). EM1 and EM2 represent enriched mantle
type | and 2 (Zindler and Hart, 1986). The field
of MORB, OIB and Dupal OIB are after Wilson
(1989). Square, Penghu alkali basalt; Circle,
Penghu tholeiite and triangular, western Taiwan
basalt.

46 and 47), which are the typical features of
Walvis Bay Ridge, Gough and Tristan de Cunha
basalts with typical Dupal anomaly (Weaver ef al.,
1986; Sun and McDonough, 1989). However,
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Variation of & , versus **Pb/**Pb for basaltic
rocks from western Taiwan and the Penghu
Islands. Field of MORB, normal OIB and Dupal
OIB are from Fraser er al (1985/1986) and
Nelson ef al. (1986).
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Variation of Zr/Nb versus initial YSr/*Sr for
basaltic rocks from western Taiwan and the
Penghu Islands. Data are from Chen (1990) and
the field for MORB, Dupal OIB, non-Dupal
OIB are after Le Roex (1986). Symbols as text-
figure 42.
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La/Nb

Ba-Nb-La variations in basaltic rocks from the western Taiwan volcanic province. The values for upper
continental crust (UCC) are from Taylor and McLennan (1985), for N-MORB and South Atlantic OIB
after Le Roex (1986) and Samoa and Society island basalts (Sa & So) from Palacz and Saunders
(1986), and Dostal et al. (1982), and the Walvis Bay Ridge (W.R.) from Humphris and Thompson
(1983). Symbols as text-figure 3. Penghu basalt as shown for comparison, square, alkali basalt; circle,

tholeiite. G, Gough and T, Tristan da Cunha basalts.

based on trace-clement and isotopic distributions
(text-figs. 46 to 48), it is suggested that the
geochemical differences between the Western
Foothills and Penghu basalts may just represent
a gradation.

Origin of the Dupal anomaly

Thompson (1977) and Swanson et al. (1979)
believed that intraplate continental basalts origi-
nated in a mantle source similar to that of oce-
anic basalts with the added complication of
high-level assimilation of crustal materials.
Weaver et al. (1986) contended that the geo-
chemistry of Gough, Tristan de Cunha and
Walvis Bay Ridge Dupal-anomaly OIB lavas
can be explained by contamination of a normal
OIB source by small amounts of ancient pelagic
sediments. This model is also applicable to the
La/Nb and Ba/Nb plots (text-fig. 46), but fails
to account for the other trace-element variations.

The lowest Rb/Ba and La/Ba, and highest Th/U
and Ba/U ratios of the basalts are lower and
higher, respectively, than those in the pelagic
sediments reported by Ben Othman er al
(1989), clearly suggesting that marine sediments
are unsuitable for the enriched end-member
(text-figs. 47 and 48).

To evaluate the component derived from
lithospheric mantle, TVY ratios have been plotted
against € , in text-fig. 49a. In this diagram, most
asthenosphere-derived magmas fall in a broad
array between average MORB and OIB values. In
the case of OIB, the bulk of the volcanics was
believed to be sublithospheric in origin. The
sediment value in text-fig. 49a 1s taken to be
representative of continental material subducted
back into the upper mantle along destructive plate
margins, and it may therefore be regarded
as an estimate of a sediment-contaminated
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Penghu basalt as shown for comparison, square,

alkali basalt; circle, tholeiite and L, Lamproite from Bergman (1987).

lithospheric mantle. If such lithospheric mantle
was subsequently melted it would have low Ti/Y
ratios and negative & , values. In other words,
if the generation of basalts involved mixing of
material from the asthenosphere and from the
mantle lithosphere containing a contribution
from subducted sediment, the resultant trends
should be displaced from the MORB-OIB array
towards the composition for subducted sediment.
However, the high Ti/Y ratios in the basaltic

rocks from the Western Foothills of Taiwan
clearly suggest that the sediment-contaminated
lithospheric  mantle-derived component is
unsuitable.

Furthermore, in basaltic melts, both Ti/Y and
Zr/Y ratios are little affected by low-pressure
fractionation processes in the absence of signifi-
cant Ti-magnetite fractionation. As Ti-magnetite
is not a major fractionating phase in the basaltic
volcanics of the Western Foothills, these ratios
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may be used in the evaluation of the degree of
crustal material involvement. On Ti/Y versus
Zr/Y plots, a broad mantle array can be identi-
fied from the values of MORB and OIB (text-
fig. 50). Positions along the mantle array reflect
variations in the degree of partial melting and/or
different TVY and Zr/Y values in different
source regions. It is inferred that partial melting
of old segments of mantle lithosphere in which
the minor and trace element ratios were con-
trolled by the extraction or introduction of small-
degree melts, would result in magma with
broadly similar Ti/Zr ratios. However, if the mi-
nor and trace element inventory of segments of
the mantle lithosphere was dominated by the
introduction of a sedimentary component, the
Ti/Y and Z1/Y ratios would be displaced toward
that of crust or shale composite. The absence of

distribution trend from the MORB-OIB array
towards the compositions for subducted sedi-
ment should constrain the contribution of
involvement of crust material in the generation
of those basaltic magmas.

The observed trend for basaltic rocks from
the Western Foothills of Taiwan is consistent
with the mixing of a high & ,,, low T//Y com-
ponent (similar to many OIBs), and a low ¢
high Ti/Y component presumably derived from a
metasomatized mantle component such as lam-
proite. The lamproite studied by Fraser e al.
(1986) has the most suitable trace element com-
positions for serving as the reservoir of the
Dupal components. The variation of U/Nb ratios
in lamproites is great, as shown in text-fig. 47,
suggesting that U is highly mobile during mantle
metasomatism.
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Variations of ¢ , against T/Y, Sm/Nd, Zr/Ti and Nb/La for basaltic rocks from the western Taiwan
volcanic province. The element ratio for average MORB and OIB are from Sun and McDonough
(1989), the field for the recent basalts from Tristan da Cunha are from Le Roex et al. (1990). The
element ratio for average shale and lamproite are from Taylor and McLennan (1985) and Bergman
(1987), and they are plotted with & ,=-11, since that is the value used by Ellam and Cox (1991) in
their lamproite model for the petrogenesis of the Nuanetsi picrites. Symbols as text-figure 42.

Text-figure 49 summarizes the variations in
Nd isotopes and selected trace element ratios in

the Western Foothills

basalts. The

nice

correlations between & , and selected trace
element ratios observed in text-figure 49 suggest
that intraplate basalts of western Taiwan may
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Variation of Zr/Y versus Ti/Y ratio for basaltic rocks from the western Taiwan volcanic province. N-
MORB, E-MORB, OIB and shale composite are from Sun (1980), Pearce (1982) and Mason and
Moore (1982), Lamproite from Bergman (1987) and Crust from Mason and Moore (1982). Symbols as

text-figure 3.

have been formed by mixing of lithosphoric and
asthenospheric components. The former was
regarded as small-degree melts, similar to
lamproites, and the asthenospheric component was
inferred with trace element characteristics similar to
those in OIB. Therefore, the ascent and partial
melting of asthenospheric mantle during upwelling
induced melting of the overlying geochemically
heterogeneous  lithospheric mantle consequently
generating the varieties of the continental rifting
basalts in the Western Foothills of Taiwan.

Tectonic Implications of the Western Foot-
hills and Penghu Volcanism

Contemporaneous volcanism took place spo-
radically during the deposition of the Miocene
sediments in the Western Foothills of Taiwan.
Volcanic activity was most extensive early in the
sedimentary cycle. Miocene volcanic activities
have also been recognized under the Western
Foothills and coastal plain, and in offshore re-
gions from subsurface well data (Yang ef al,
1981, Yuan, 1981).

Based on the K-Ar dates of the Western
Foothills and the Penghu Islands, and Tungliang
well data, I suggest that the volcanic activity in
the Penghu Islands may be correlated with the
Miocene volcanic activity in western Taiwan.
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The basalts of the Western Foothills and of the
Penghu Islands are similar in petrology, geo-
chemistry and geochronology. It should be men-
tioned that the widespread basaltic flows of Late
Cenozoic age found in Indochina (Vietnam-
Kampuchea-Laos and Thailand), Hainan, Leijuo
Peninsula, and the southeastern coast of main-
land China from Guangtung, the Pearl River
Mouth Basin, Fujian, Zhejiang to the mouth of
the Yantze River, as well as the Penghu Islands
and western Taiwan, may be related to the same
Cenozoic rift tectonism along the Asiatic conti-
nental margin caused by the 3rd heating and
rifting episodic evolution of the South China Sea
(Ru and Pigott, 1986; Yu 1988; Baiais ef al.,
1989). For example, Pulin-Chilin (Guangtung)
volcanic activity occurred in the middle Oligo-
cene (343 = 1.0 Ma) and Kimmen and Hsi-
aokimmen (Lichsu) basalt, Fujian provides a K-
Ar age of 13 Ma (Juang ef al., 1991). It seems
that since the Oligocene in the eastern Asia con-
tinental margin, Cenozoic magmatism associated
with lithospheric extension occurred and post
dates the opening of the South China Sea
(Taylor and Hayes, 1983; Ru and Pigott, 1986).
The rifting-continental-margin volcanism appar-
ently ceased in the Late Miocene owing to the
effect of intensified arc-continent collision. No
preeminent rifting volcanism of a later age has
been found in the vicinity of Taiwan. On the
other hand, in Southeast Asia including Indo-
china (Vietnam), Hainan and the Leijuo Penin-
sula, since the Plio-Pleistocene (3.7-0.1 Ma), the
young prevailing stage of continental rifting ba-
salts may be related to the Red River Fault and
the Vietnam East Boundary Fault (text-fig. 1).
The Cenozoic continental basalts usually
contain abundant megacrysts, granulites and
mantle xenoliths (spinel lherzolite and garnet
lherzolite) and display chemical and Nd-Sr-Pb
isotopic characteristics similar to the seamount
basalts in the South China Sea (Tu et al., 1992;
Chung et al., 1994; Juang, 1995). The extension
of the lithosphere is generally considered to have
played an important role in the generation of
these continental rifting basalts. The basalts of

the Penghu Islands have the trace-element and
isotopic signatures of normal OIB and do not
have a remarkable Dupal anomaly, while the
Chiaopanshan stage basalts of the Western
Foothills show high LILE/Nb, Ba/Th, Ba/U,
Th/U and low La/Ba ratios typical of the Dupal-
anomaly oceanic island basalts. Sr, Nd and Pb
isotopic compositions of the Chiaopanshan stage
basalts are also characterized by a Dupal
anomaly. This Dupal mantle source is inferred
to have been caused by a metasomatized litho-
sphere rather than due to the direct incorporation
of continental crustal material into the mantle.
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