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Abstract 

The Okinawa Trough is a back-arc basin behind the Ryukyu Arc in the western Pacific. Near its southwestern end is Kueishantao 
located, an volcanic islet offshore northeastern Taiwan. Kueishantao is the last volcanic center at the southernmost end of the 
Okinawa Trough’s spreading axis. We report the isotopic (Nd, Sr, 0) and chemical compositions of fresh andesites from 
Kueishantao. These rocks reveal extremely low Nd isotopic values ( l Nd = - 1.9 to - 5.2), very high Sr ratios (“Sr/“Sr > 0.705) 
and high S’“O (between 7 and 8). Such a strong continental signature on Kueishantao can be explained by crustal contamination, 
most likely the magma resulting from a MORB-type magma assimilation with about 30% local continental crust materials (CC) 
and/or the thick overlying sediments during the onset of the “rifting” stage of the active back-arc basin. 

Basalts and dacites, which were dredged from the spreading axis in the central part of the Okinawa Trough (Iheya Deep and 
Aguni Deep, I&A), exhibit high cNd values (2.347) and low S”O values ( < 6.6) (Honma et al., 1991). This implies that less 
than 10% of continental crustal materials (CC) were involved in the magma generation. Based on the trace-element ratios (Nbl 
Zr vs. Ba/Zr) of I&A basaltic rocks, it suggests that the formation of I&A magma needs not only two components (MORB- 
type magma and CC) but also an island-arc basalt (IAB) component. 

Since the spreading of the Okinawa Trough is believed to have propagated southwestwards in the last 2 Ma, we suggest that 
the magma from the southern tip segment (Kueishantao) may result from the onset of the “rifting” stage, while the magma 
from the central segment (I&A region) may be generated in the more mature segment stepping in “drifting” stage in the back- 
arc basin. 

1. Introduction 

Back-arc basins are semi-isolated basins lying 
behind the volcanic chain of the island-arc systems 
(I&rig, 197 1) . The generally accepted theory of back- 
arc basins is that they are formed through the extension 
spreading of oceanic crust similar to the processing of 
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mid-ocean ridges and that they are basically an oceanic 

phenomenon, although some basins occur in active 

continental margins (Taylor and Kamer, 1983; Wilson 

and Davidson, 1984; Wilson, 1989). 

On the basis of trace-element geochemistry, back- 
arc basin basalt exhibits both N-MORB-type and arc- 

type characteristics (Taylor and Kamer, 1983; 

Saunders and Tamey, 1984; Wilson, 1989). The iso- 

topic variations of back-arc basins have been studied 
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Fig. I, (A) The Okinawa Trough and its tectonic setting (after 

Kimura, 1985 ). The Okinawa Trough is behind the Ryukyu Arc on 

the Eurasian Continental margin. The Ryukyu Arc is the result of the 

subduction of the Philippine Sea Plate under the Eurasian Plate at 

the Ryukyu Trench. (B ) The southern rim of the southwestern seg- 
ment of the Okinawa Trough has been opened 20” toward the south 

after 0.3 Ma (Lee and Liew, 1993); for location see inset in (A). 

The sample localities on Kueishantao are shown in insert (C). Leg- 

ends: I. = central rift; 2. = fault; 3. = historically active volcanoes; 
4. = active volcanoes. 

in the Mariana Trough (Woodhead and Fraser, 1985; 
Volpe et al., 1987), the East Scotia Sea (Hawkesworth 
et al., 1977; Luff, 1982), the Japan Sea (Kaneoka, 

1990; Cousens et al., 1994), the Lau basin (Jenner et 
al., 1987; Volpe et al., 1988; Auzendeet al., 1990), the 
Fiji basin (Auzende et al., 1990) and the Bransfield 

Strait (Weaver et al., 1979). However, systematic stud- 
ies of magma variations along the spreading axisduring 

the onset of rifting stage are rare. The magma genera- 
tion of an incipient back-arc spreading is still obscure. 

Here we investigate the magma at the tip of an actively 
opening trough which perhaps represents the charac- 

teristics of an initial rifting stage in a young back-arc 
basin. 

The Okinawa Trough is a back-arc basin (Fig. 1A) 

behind the Ryukyu Arc in the western Pacific, which 

is an elongated narrow graben with a maximum width 

of about 100 km. The central segment began to rift at 

about 2 Ma (Kimura, 1985). 

Bathymetry and seismic refraction studies of the 

southwestern Okinawa Trough and micro-seismicity 
surveys in the Ilan plain of northeastern Taiwan show 

that the western tip of the Okinawa Trough is extending 

past Kueishantao toward the Ilan plain (Tsai, 1978; 
Lee et al., 1980). The Kueishantao island offshore the 
Ilan plain is an andesitic volcano (Ho, 1982; Letouzey 

and Kimura, 1985). It is the Iast volcanic center toward 

the southwest along the spreading axis of the Okinawa 
Trough. The isotopic and chemical compositions of 

volcanic rocks of the central Okinawa Trough (Iheya 
and Aguni deeps, hereafter I&A) have been studied by 

Ishizuka et al. ( 1990), Auzende et al. ( 1990)) Honma 

et al. ( 1991) and Shinjo ( 1992). Some chemical anal- 
yses and petrographic studies of volcanic rocks on 

Kueishantao have been reported by Chang and Chen 
( 1979)) Chen and Kato ( 1989) and Chang-Hwa Chen 
et al. (1990a). 

In this paper, we present Nd, Sr and 0 isotopic and 
chemical studies of volcanic rocks on Kueishantao and 

compare these with rocks from the spreading axis of 
the central Okinawa Trough. We attempt to interpret 
variations between magmas along the spreading axis in 

an active back-arc basin in terms of its different evo- 
lutionary stages and the relationship between back-arc 
basin basalt and island-arc basalt. 

2. Samples and analytical procedures 

Seven samples from Kueishantao were collected 
from four localities (Fig. 1C). Petrographically these 
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Table 1 
Isotopic compositions of volcanic rocks in the Okinawa Trough 

PO” s’SrPSP G;Nd LO1 (%) 

Kueishantao 
KS-3 7.1 0.7058 1 
KS-5 7.8 0.7065 1 
KS-6 7.6 0.70587 
KS-8 7.8 0.70593 

KS-9 7.9 0.70577 

K-A-I 7.7 0.70683 

K-B-7 7.6 0.70688 

lhqva and Aguni deeps (I and A ) d 
B-l-A 6.6 0.70489 

A-6 6.3 0.70444 

A-2-A 6.0 0.70440 

A-I-B 6.2 0.70441 

12-2 7.6 0.70434 

-2.9 0.22 
-4.3 0.76 
-1.9 0.67 
-2.5 0.94 

-2.8 0.41 

-4.9 

-5.2 

2.3 0.84 

3.8 1.00 

4.3 0.94 

4.7 0.99 

4.4 1.33 

“PO = [ ( ‘sO/‘OOsamp,e /‘80/‘60~osa) - I] * 1000, SMOW (stan- 

dard mean ocean water); reproducibiiity = i-0.2; NBS-28 

6180= 9.6. 

“Normalized to “SrPs?jr = 0.1194; (2~) reproducibility = 0.00004; 

NBS987 “Sr/s”Sr = 0.710226. 

‘Normalized to ‘46Nd/‘44Nd=0.7219, l ,,,.,= [ ( ‘43Nd/‘“Nd)/ 

0.5 126431 * 10,000; (20) reproducibility = f 0.5+,,; UCSD 

‘43Nd/‘44Nd=0.511845. 

“Chemical and isotopic data from Honma et al. ( 199 1) 

samples can be classified as olivine hornblende ande- 
sites and hornblende andesites. Sr, Nd and 0 isotopic 
analyses were carried out using conventional chemical 
and mass spectrometric procedures at Taipei (Sr and 
Nd) and West Lafayette (0)) respectively, with neg- 
ligible blanks (e.g., 0.25 ng Sr for the extraction of 
about 20 pug Sr from 100 mg rock). Details for isotopic 
analyses can be found in Chang-Hwa Chen et al. 
( 1990b). Elemental analyses were measured using 
XRF, ICP-AES and other conventional techniques. 
Error estimates and values for the isotopic standards 
are given in the footnote of Table 1. 

3. Results 

3.1. Chemical compositions 

All Kueishantao samples analyzed in the present 
study have low loss on ignition content (LO1 < 1%) 
and petrographic examination of thin sections revealed 
no evidence of alterations. Concentration ranges are 
59-61% for SiO*, 3.8-5.2% for MgO, 1 l-29 ppm for 

Ni, 74-86 ppm for Rb, 221-3 17 ppm for Sr, 18-21 
ppm for La and 2.0-2.6 ppm for Yb (Table 2). Gen- 
erally speaking, these samples have uniform chemical 
compositions, although they came from an area of 
15XlOkm. 

3.2. Isotopic values 

These samples analyzed display l Nd from - 1.9 to 
-5.2; 87Sr/R6Sr and S”O values of samples show a 
range from 0.7058 to 0.7069 and 7.1 to 7.9, respectively 
(Table 1). They exhibit much lower eNd and higher 
87Sr/86Sr and S180 than those of volcanic rocks from 
well-known back-arc basins [e.g., the Bransfield Strait 
lavas “Sr/?Sr = 0.7035-0.7039, Weaver et al. 
(1976); the East Scotia Sea, l Nd=9-lO and *‘Sr/ 
86Sr= 0.7025-0.7035, Luff ( 1982), Tarney et al. 
( 1977) ; the Mariana back-arc basin, l Nd =9.3-l 1.9, 
87Sr/86Sr = 0.7027-0.7033, Woodhead and Fraser 

Table 2 

Chemical compositions of rocks from Kueishantao 

Sample: KS-3 KS-5 KS-6 KS-8 KS-9 

SiOz 59.79 61.41 60.02 59.79 59.99 

TiOz 0.67 0.54 0.66 0.67 0.66 

A1,Q 16.01 14.18 16.13 16.31 16.05 

Fe*& 6.80 2.51 2.82 2.72 2.92 

Fe0 1.02 4.31 4.30 4.70 4.38 

MnO 0.12 0.11 0.12 0.12 0.12 

MgO 3.90 5.23 3.79 3.86 3.84 

CaO 6.82 6.89 6.75 6.65 6.86 

NazO 2.46 2.11 2.50 2.48 2.49 

KzO 1.85 I .99 1.90 1.90 1.87 

p205 0.14 0.11 0.14 0.15 0.14 

LO1 0.22 0.76 0.67 0.94 0.41 

Total 99.80 100.15 99.80 100.29 99.73 

Rb 77 86 78 74 76 

Sr 317 221 311 308 316 

Ba 384 302 371 378 384 

Y 20 20 21 24 21 

zr 148 138 138 142 140 

V 154 133 136 162 158 

Ni 12 29 12 13 11 

Cr 47 179 42 54 50 

Be 1.7 2.0 2.0 2.0 2.0 

co 17 22 20 19 20 

SC 19 26 23 22 23 

La 18 22 20 21 20 

Ce 44 50 47 49 47 

Yb 2.0 2.3 2.6 2.5 2.5 
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Fig. 2. Neodymium vs. strontium isotope correlation diagram. Data 

for Kueishantao span a small range and are strongly affected by an 

enriched component. Mixing of MORB and average local continental 

crust (CC) can explain the Kueishantao points which lie close to 

( 1 Nd I/ [ Sri ),.J ( [ Nd] / j Srj )MORn = 3: I curve. The strontium iso- 

topic compositions of the central segment (IA) shift to higher %r/ 

%, possibly as a result of seawater interaction. The shaded area 

shows the isotopic variations of basaltic rocks in the northern Taiwan 

Volcanic Zone (WVZ. samples from the Taunt volcanic area and 

offshore volcanic islands of northern Taiwan, Chen. 1989) The dot- 

ted area shows the isotopic values of northern Ryukyu Island-arc 

basalts (IAB, samples from Satsuma-Iwo-jima, Kuchinoerabu-jima 

and Suwanose-jima, Chen and Nakada, 1994, unpubl. data). End- 

member values are listed in Table 3. Tick marks on the solid curve 

indicate the fraction in percent of the continental crust component. 

(1985), Volpe et al. (1987), fi’xO=5.8-6.0, Ito and 

Stern (1985)]. 

4. Interpretation and discussion 

4.1. The Nd-Sr-0 isotopic relations 

A plot of Ed,, vs. K7Sr/x”Sr for the Okinawa Trough 

volcanic rocks is shown in Fig. 2. All samples of Kueis- 
hantao reveal extremely lower l Nd and higher X7Sr/XhSr 

than those of the central Okinawa Trough (I&A; 
Honma et al., 1991), the northern Taiwan Volcanic 
Zone (NTVZ, basaltic rocks from the Tatun area and 
offshore islands in northern Taiwan; Chen, 1989) and 
the northern Ryukyu Island Arc basalts (IAB, basaltic 
rocks from Satsuma-Iwo-jima, Kuchinoerabu-jimaand 
Suwanose-jima; Chen and Nakada, 1994, unpubl. 
data). Since the distribution of Kueishantao data falls 
to the right of the mantle array in the fourth quadrant 
in Fig. 2, it suggests that an enriched component was 

involved in magma generation. Honma et al. (1991) 
claimed that Sr and Nd isotopic characteristics of 

basalts of the I&A area were explained as a two-end- 
member (MORB-type magma and continental mate- 

rials) mixing model. If there is the analogous magma 

generation in the Okinawa Trough, the distribution of 
Kueishantao data could be explained in terms of local 

continental crust or sediments mixing during magma 

generation with a depleted endmember, such as 

MORB-type magma. Taiwan granitoids and metase- 

diments are the best representatives of local continental 
crust (CC; (Chen-Hong Chen et al., 1990; Lan et al., 
1990), therefore, the average values of above rocks 

were used for mixing calculation (Fig. 2, solid curve 
line). With respect to model estimation, it exhibits that 

Kueishantao magmas have incorporated 24-32% local 

continental crust. 
Sr and Nd isotopic data of the central Okinawa 

Trough (I&A) samples (Honma et al., 1991) fall in 

the second quadrant on the higher “Sr/s?Sr side of the 
estimated mixing curve in Fig. 2. The shift to higher Sr 

ratios is possible caused by seawater, however, the mix- 
ing proportion of the continental component in the 

magma of the I&A area is less than 10%. 

The Sr80 values of Kueishantao samples (7.1-7.9) 
are significantly higher than those of unaltered mantle- 

derived igneous rocks (about 5.7) (Kyser et al., 1982; 

Taylor and Sheppard, 1986). Since LO1 contents of 
Kueishantao samples are less than 1% and no secondary 

alteration minerals were found in rock thin sections, 
these a’*0 data should closely represent the original 
values of magmas. The abnormal oxygen isotopic com- 

positions thus suggest that high 6”O materials were 
involved in processes of magma generation. This sub- 
stance can be the continental crust or terrigeneous sed- 
iments (CC), which have high S’“0 values. A plot of 
filxO vs. eNd volcanic rocks of the central segment and 
southern tip of the Okinawa Trough shows a negative 

correlation (Fig. 3a). One exceptional sample, No. I2- 

2 from the I&A, has higher aI80 value (7.6), silica 
content (72.37%) and LO1 ( 1.57%) (Honma et al., 
1991). It was probably caused either by crystal frac- 
tionation and/or by alteration at low temperature. The 
negative correlation between S”O and eNd is also con- 
sistent with the model used for interpreting the corre- 
lation between Sr and Nd, namely the two-endmember 
mixing of MORB-type magma and Taiwan local con- 
tinental crust. As shown in Fig. 3a and b, Kueishantao 
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Fig. 3. (a) Neodymium-oxygen isotopic mixing models between 
continental crust or sediment (CC) and depleted mantle (DM) or 
MORB-type magma. The dashed lines show the mixing curves 
according to the assumed Nd concentration ratios of endmembers. 
The boundary between the crustal contamination and source contam- 
ination is the 13: 1 curve (see text for details). The shaded area shows 
the isotopic variations of the basaltic rocks in the northern Taiwan 
Volcanic Zone (WVZ) (Chen, 1989). Endmember model compo- 
sitions are given in Table 3. Tick marks on curves indicate fraction 
in percent of the continental crust component. (b) Strontium-oxygen 
isotopic mixing models between continental crust or sediment (CC) 
and depleted mantle or MORB-type magma. Symbols are the same 
as in Fig. 3a. The boundary between the crustal contamination and 
source contamination is the 3: 1 curve (see text for details). 

and the I&A area magma are estimated to contain 25 
35% and less than 10% contamination of Taiwan con- 
tinental crust, respectively. These estimates are in 
excellent agreement with those obtained from the 87Sr/ 
R6Sr-eNd relationship (Fig. 2). 

Petrographic evidence strongly supports the propo- 
sition that continental materials have been incorporated 
into the magma. Xenoliths such as quartzites, diopside- 

quartz schists, cordierite pyroxene hornfels and sandy 
pelites are common in Kueishantao andesites (Hsu, 
1963). 

4.2. Evidence for crustal contamination 

A large amount of continental materials has been 
involved in processes of magma generation at Kueis- 
hantao as mentioned in above discussion. How and 
where were the magmas contaminated by the continen- 
tal materials? As ‘conceivable possibilities for contam- 
ination, occurred during magma generation, are 
considered: continental materials descended with a 
subducted slab into the mantle wedge contaminated the 
mantle peridotite (called source contamination) ; or the 
mantle-derived magma directly assimilated the conti- 
nental crust materials when the magma ascends through 
it (called crustal contamination). 

Through the combined use of 0, Nd and Sr isotopes, 
crustal contamination vs. source contamination of a 
magma can, in principle, be distinguished (James, 
1981; Chang-Hwa Chen et al., 1990b). In the case of 
crustal contamination, the depleted mantle component 
is the magma in which incompatible elements such as 
Sr and Nd have already been concentrated by partial 
melting of mantle rocks so that their concentration is 
comparable to that of the continental crust. Thus, in a 
plot of 61R0 vs. Nd or Sr isotope ratios, the mixing 
curve between the depleted and the enriched compo- 
nents lies close to the tie line between them (Fig. 3a 
and b). In contrast, in the case of source contamination, 
the depleted component is still present in the form of 
mantle rocks whose concentration of incompatible ele- 
ments is much lower than that in the enriched compo- 
nent. This disparity causes the mixing curve to be 
convex downward and to deviate far below the tieline. 

It is a notable thing that the oxygen isotope alteration 
effect and the increasing 87Sr/8”Sr due to interaction 
with seawater should influence the results, therefore, 
using E,.,~ with S180 after correction for alteration 
effects, is essential in any attempt to distinguish source 
contamination from crust contamination (Chang-Hwa 
Chen et al., 1990b). 

Assuming reasonable ranges for Sr, Nd and 0 iso- 
tope compositions and concentrations for continental 
crust (Table 3), which are plausibly represented by 
average values for Taiwan granitoids and metasedi- 
ments (Chen-Hong Chen et al., 1990; Lan et al., 1990), 
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Table 3 

Characteristics of the endmembers for the magma mixing model 

lsXO ISrl s’SrIx”Sr INdl eNd 

Continental 

crust (Taiwan),’ 

Average (CC) I2 
MORB” 

Average 5.7 

Morb source 

(DM)’ 

Average 5.1 

ss-2.50 13-m 

1x5 0.713 2? I2 

70-200 3-14 

128 0.7027 x 9 

IO-17 0.8-0.0 

13.3 0.7027 ’ 0.x 9 

CC/DM 

CUMORB 

[Srf/[Srl 

3-2s 

0.3-3.6 

INdl/lNdl 
I SF63 
0.9-l 7 

“Range and average values for Taiwan sediments from Chen-Hong 

Chen et al. ( 1990) and for granitoids from Lan et al. ( 1990). 

hRange data from Cohen and O’Nion ( 1982) and Sun ( 1980). Aver- 

age values from Woodhead et al. ( 1987) and Zindler and Hart 

(1986). 

“Range data from Chen and Frey ( 1985) and Sun ( 1980). Average 

values from Woodhead et al. ( 1987) and Zindler and Hart t 1986). 

we can set the boundary between the two types of 

contamination for Nd (in Fig. 3a) at approximately the 

[Ndlcc:[Ndlrv,o,tn= 13: I curve; the boundary for Sr 

(in Fig. 3b) is around a 3: I curve (see Chang-Hwa 
Chen et al., 1990b, for details). The data can be fitted 
by a mixing curve of CC:MORB =4.1: 1 for Nd in 

Fig. 3a and CC:MORB = I .4: 1 for Sr in Fig. 3b. Using 

the above criteria, we interpret the magma generations 
of the central and southern tip of the Okinawa Trough 

as a case of crust contamination. This is not in agree- 

ment with the assertion of Honma et al. ( 199 I ) that 

both source and crustal contamination are involved in 
the magma generation in the central Okinawa Trough 

(I&A area). However, at estimation of source contam- 
ination, the mantle peridotite should be used as one of 

the endmembers, not its derived basalt (James, 198 I; 
Chang-Hwa Chen et al., 1990b). The average [ Sr] and 

[ Nd] concentrations of ocean floor basalt ( 17 1 and I3 
ppm, respectively) were mistakenly taken as one of the 
endmembers in source contamination calculation by 
Honma et al. ( 1991), thus as a consequence [ Sr] and 
[Nd] concentrations were counted above ten times 
higher than those calculated by means of usual esti- 
mations of the MORB-type mantle ( 13.3 and 0.8 ppm, 
respectively; Zindler and Hart, 1986; Woodhead et al., 
1987). The recalculated result shows that the source 

contamination process of magmageneration in the cen- 
tral Okinawa Trough (I&A basalts) is not clearly iden- 

tified. This means that the amount of mantle material 
under the Okinawa Trough, being directly contami- 

nated by the subducted sediments, would be very 

minor, if calculated by means of the Nd-Sr-0 system- 

atic test. 

4.3. Comparison of basaltic rocks from the Okinawa 

Trough, the Ryukyu Island Arc and the northern 

Taiwan Volcanic Zone 

The large ion lithophile (LIL) elements and high 

tield strength (HFS) elements ratios (e.g., Nb/Zr and 

Ba/Zr) of back-arc basin basalts could indicate the 
relationship with the island-arc magma, since the 

island-arc basalt has a much lower HFS elements con- 
tent than that of other tectonic settings except N-MORB 

(Sun, 1980). The Nb/Zr and Ba/Zr ratios of basaltic 
rocks from the I&A, the Ryukyu Island Arc and the 

NTVZ are shown in Fig. 4. The ratios of I&A basaltic 
rocks are distributed off the tie line of MORB and CC 
and significantly shift to the Ryukyu IAB direction. 

VT\‘% 

Fig. 4. Plot of Nb/Zr vs. Ba/Zr elemental ratios for basaltic rocks of 

the central OkinawaTrough, the northern Ryukyu Arc and the north- 

ern Taiwan Volcanic Zone. I&A = Iheya Deep and Aguni Deep of 

the central OkinawaTrough (Ishizuka et al., 1990); NTVZ= basaltic 

rocks from the Tatun volcanic area and offshore volcanic islands in 

northern Taiwan (Chen, 1989; Chen. 1990; Juang, 1993); RYUKYLr 

IAB = basaltic rocks from Satsuma-Iwo-jima, Kuchinoerabu-jima 

and Suwanose-jima in the northern Ryukyu Island Arc (Chen and 

Nakada, 1994, unpubl. data). Data sources: N-MORE, E-MORB and 

OIB (ocean island basalt) from Sun and McDonough ( 1989); (ICC 

(average upper continental crust) from Taylor and Mclennan 

(1985). 
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This observation suggests that the formation of I&A 

magma needs not only two components (MORB-type 

magma and CC) but also an island-arc basalt (IAB) 

component. The back-arc basin basalt exhibiting both 

MORB-type and arc-type characteristics is very com- 

mon in other back-arc basins (e.g., the Mariana 

Trough, Volpe et al., 1987; the East Scotia Sea, Tarney 

et al., 1977). The plausible formation of I&A magma 

is that the fluid from the dehydrated subduction slab 

has been added to a magma having the MORB-type 

trace-element characteristics in the mantle wedge. 

Afterwards, this magma assimilates with the overlying 

continental crust, when this magma ascends through it. 

Unfortunately, no basaltic rocks have been found on 

Kueishantao, so the trace-element ratio of andesites on 

Kueishantao can not be used as criterion for distin- 

guishing the island-arc or MORB sources. Anyway, 

comparison of the isotopic data with those of the Ryu- 

kyu Island Arc, indicate that the isotopic values of 

Kueishantao reveal a really apparent difference 

(Fig. 2). It implies that except the subduction effect an 

other major factor has been involved into magma 

generation. 

An unusual volcanic zone in the northern Taiwan 

Volcanic Zone (NTVZ, Tatun volcanic area and off- 

shore volcanic islands) is located behind the Okinawa 

Trough. This NTVZ has been considered as a part of 

the Ryukyu Arc, but it is still debatable because of its 

special tectonic setting and depth (up to 150-200 km) 

of the Benioff zone under the NTVZ (Yeh et al., 1989). 

Comparison of the isotopic values and trace-element 

ratios of basaltic rocks from the Okinawa Trough with 

those from the NTVZ (Fig. 3a, b and Fig. 4)) reveals 

that the data distribution of the NTVZ yields much 

higher S’“0, Nb/Zr, Ba/Zr and little lower eNd and 

“Sr/‘“Sr values than that of the I&A area (Chen, 1989; 

Chen, 1990; Juang, 1993; Chen and Nakada, 1994). 

The pattern of the NTVZ does not appear to be analo- 

gous to the trend of the I&A and the Ryukyu Island 

Arc areas. This result suggests that these basaltic rocks 

of the NTVZ and the Okinawa Trough probably came 

from different sources. The characteristics of NTVZ 

basalts are similar to that of northwest Kyushu basalts 

(Chen and Nakada, 1994) ; conceivably, as source of 

the latter basalts, Ocean Island Basalts (OIB)-type 

magma was considered (Nakada and Kamata, 199 1) . 

4.4. Tectonic setting and isotopic variations 

The evolution of back-arc basins can be divided into 

three major stages, namely, “doming”, “rifting” and 

“drifting” (Lee et al., 1980; Letouzey and Kimura, 

1985). In the “doming” stage, thermal expansion of 

the mantle under the crust may cause uplift of the over- 

lying crust. Due to continuous tension by the expansion 

of mantle, normal faults and small V-shape valleys 

appear on the sea floor and some intrusion and extrusion 

of igneous bodies may thus be emplaced. However, the 

thickness of the overlying crust is not really reduced 

until stepping in the “rifting” stage. Finally, at the 

“drifting” stage, the crust becomes thinner and the new 

oceanic type crust is formed. 

In the Kueishantao area, two seismic refraction pro- 

files across the trough near the Kueishantao area exhibit 
a narrow and shallow V-shape graben, less than 500 m 

in depth and 2 km in width, cut into the continental 

shelf (Lee et al., 1980). Topographically, the Kueis- 
hantao area is located on a N-S-trending extensional 

structure and a clear seismic zone exists at depths shal- 

lower than 15 km (Lee, 1983; Yeh et al., 1989). In 

addition, there is a prominent low-velocity zone right 

beneath Kueishantao, which may be indicative of mag- 

matic activities (Yeh et al., 1989) 

It has been widely accepted that the Bouguer anom- 

aly values correspond to crustal thickness. The Bouguer 

anomaly value at Kueishantao is - 13.0 mGa1 (Yen, 

1991, unpubl. data), which is similar to values of the 
southeastern Eurasian continent shelf at the East China 

Sea area. This suggests that the continental crust of the 

Kueishantao area does not show significant thinning. 

Moreover, inversion of seismic data indicates a crustal 

thickness of around 30 km (Vajk, 1964; Yeh et al., 
1989), which is similar to the crust thickness of the 

Eurasian continental shelf crust. Thus, the Kueishantao 
area is believed to be on the point of entering the “rift- 

ing” stage (Fig. 5a). In contrast, the crust at the central 

Okinawa Trough is about 15 km thick and displays a 

wide (50 km) and deep (2000 m) graben on the sea 

bottom (Lee et al., 1980). The Bouguer anomalies of 
this area also show high values up to 120-140 mGa1 
(Kimura, 1985). It is hence inferred that the original 
crust has been greatly thinned in the center segment of 
the Okinawa Trough, probably reflecting the onset of 
the “drifting” stage (Fig. 5b). 
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Fig. 5. Cartoon illustrating the geological differences of the volca- 

noes in the central and tip of the Okinawa Trough. (a) The tectonic 

setting of Kueishantao and Unzen appears to be at the beginning of 

the “rifting” stage. (b) In the Aguni and Iheya (I&A) area, the 

original crust was thinning as it entered into the “drifting” stage. 

Moreover, Kimura ( 1985, 1990) proposed that the 

new rifting time of the central segment of the Okinawa 
Trough started at about 2 Ma, but the onset rifting time 

of southwestern tip of the Okinawa Trough onshore 
Taiwan is much later. Study of changes in paleo-dec- 

lination of sediments from Yuanshan Lake in the Ilan 
Plain, located west of Kueishantao, indicates a clock- 
wise rotation of about 20” taking place 0.3 Ma after the 
deposition of the sediments (Fig. 1B; Lee and Liew, 
1993). 

The isotopic variations of volcanic rocks in the two 
different parts of the Okinawa Trough can be explained 
by the above-mentioned structural change. Rocks from 
the tip segment (i.e., Kueishantao) exhibit high “Sr/ 
“Sr and 6’“O and low E Nd values, which can be inter- 
preted as the result of a large amount of assimilation of 
continental crust during the magma initial ascent when 

the back-arc basin was just initiated. In contrast, sam- 

ples from the central segment show high q+, and low 
“7Sr/XhSr and 6”O values, which implies that magma 
is relatively free from contamination by continental 

crust. Nevertheless, the isotopic compositions of the 

central segment of the Okinawa Trough are different 

born that of the typical oceanic crust; we believe that 

oceanic crust is not yet completely formed in the central 

Okinawa Trough, because of its early development 
stage in the back-arc basin. 

When comparing the structures of central and tip 
segments of the young back-arc basins, it would appear 

that the two segments exhibit features characteristic of 

two different stages. Magma from the tip part exhibits 

features characteristic of the “rifting” stage, while 
magma from the central exhibits features of the “drift- 

ing” stage. The isotopic variations are also correlated 

with these stages of back-arc basin spreading. 

This hypothesis can be further tested by studying the 
isotopic variations of Unzen volcano in southwestern 

Japan, which is located at the northern tip of the Oki- 

nawa Trough. The feature of large-scale assimilation 
of continental crust during the initial magma ascent at 

the onset of the Unzen graben spreading at about 0.5 

Ma (Nakada and Tanaka, 199 1) has also been observed 
(Chen et al., 1991, 1993). However, the temporal iso- 

topic variations in different parts of an actively spread- 
ing back-arc basin at the active continental margin 

await further studies. 

5. Conclusion 

( 1) The strong continental signature in Kueishantao 
volcanic rocks were caused by crustal contamination. 

It is proposed that MORB-type magma mixed with 

about 30% continental crustal materials (CC) when 
the magma passed through the thick continental crust 
and/or the overlying sediments during the onset of the 
“rifting” stage in the active back-arc basin spreading. 
The degree of crustal assimilation at magma generation 
in the central segment (I&A) is much less than that in 
the tip segment of the back-arc basin. 

(2) Based on the trace-element ratios (Nb/Zr vs. 
Ba/Zr) of I&A basaltic rocks, it is suggested that the 
formation of I&A magma needs not only two compo- 
nents (MORB-type magma and CC) but also an island- 
arc basalt (IAB) component. 
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(3) Magma of Kueishantao is regarded as the prod- 
uct of the “rifting” stage in the back-arc basin forma- 
tion, while magma from the central part (I&A) results 
from a little more mature back-arc basin segment at the 
early “drifting” stage. The isotopic compositions of 
volcanic rocks provide significant information con- 
cerning different stages of back-arc basin evolution. 
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