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Abstract

The Okinawa Trough (OT) is a back-arc basin at an initial spreading stage that is under the influence of
subduction of the Philippine Sea Plate. In this study, we analyzed the geochemical compositions of basaltic glass
in the OT and discussed the effects of different magmatic sources, evolution, and subducted components in
basalts. Our results showed that the middle and southern regions of the OT exhibit characteristics consistent with
an iron-rich tholeiite series. Trace element proportions conform to the typical spider diagram pattern
characteristic of back-arc basin basalts, rich in large ion lithophile elements (LILEs) including Rb, Ba, Pb, U, and
Th, while depleted in high field-strength elements (HFSEs) including Nb, Ta, Zr, Hf, and Ti. The distribution of
rare earth elements (REEs) is also consistent with enrichment by right-leaning light rare earth elements (LREEs).
The addition of enriched mantle type I (EMI) materials as well as mantle heterogeneity may have led to variable
degrees of enrichment in different regions. The magma source of the middle trough has undergone crystallization
towards pyroxene, while development of plagioclase was restricted partly, and the crystallization of spinel and
olivine ceased altogether. At the same time, crystallization of the southern OT magma source was dominated by
olivine and including the formation of plagioclase, pyroxene, and magnetite (or titanomagnetite). Finally, the
results of this study showed that 90% Th, 95% Ba in the southern basalt, 50%-70% Th and 70%-90% Ba in the
middle basalt originated from subducted component. Different subducted component influence may be due to

different subduction zone structural feature.
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1 Introduction

It is well-known that the expansion model in back-arc basins
is similar to the sea-floor spreading model in mid-ocean ridges
(Karig, 1971). Although the major element compositions in back-
arc basin basalts (BABBs) are similar to those of mid-ocean ridge
basalts (MORBs), trace element and isotope compositions are
different (Pearce and Stern, 2006). This variation is the result of
the participation of fluids or/and melts derived from the sub-
ducting slab in the formation of BABBs. Although MORB-like
lavas affected either a little or not at all by a component of sub-
duction have been found in several back-arc basins (e.g., the Lau,
Manus, and Shikoku basin as well as the Scotia Trough) (Eissen
etal., 1991; Leat et al., 2000; Fretzdorff et al., 2002; Ishizuka et al.,
2009), a number of other types and chemical compositions of

lavas are known that have been affected by a subducted compon-
ent. Because incompatible elements and volatiles in BABBs are
intermediate in contents between MORBs and corresponding arc
lavas, it is easy to consider the contribution of the subducted slab
as a magma source for the former (Sinton et al., 2003). A number
of researchers analyzed the effects of subducted slabs on BABB
magma (e.g., Hawkins and Melchior, 1985; Pearce et al., 1994;
Tian et al., 2008; Yu et al., 2016). Results showed that these mag-
mas share a number of consistent geochemical characteristics;
for example, compared to MORBs, BABBs contain more H,0, al-
kali metals, and large ion lithophile elements (LILEs), while at
the same time they are slightly depleted in Ti, Nb and Y. These
magmas also conform to a smoother rare earth element (REE)
model, where the total volume of these elements is between 5
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and 20 times that of chondrite.

Another important difference between BABBs and MORBs is
that their magmas have experienced different modes of evolu-
tion (Niu, 2013). One major reason for this is the influence of H,0
on the order of crystallization of plagioclase and clinopyroxene in
the magmatic system (Gaetani et al., 1993; Gaetani and Grove,
1998). Thus, MORBs can be considered as anhydrous basalt
melts, depleted in incompatible elements and volatiles such as
H,0, while island arc basalts (IABs), including BABBs, can be
considered as hydrous basalt melts that are rich in volatiles. Crys-
tallization of plagioclase in an anhydrous (i.e., containing less
H,0) magma occurs earlier than clinopyroxene, while the re-
verse crystallized sequences in hydrogenous magma. In addition,
in hydrous magmas, magnetite (or titanomagnetite) also crystal-
lizes at an earlier stage of evolution (Pearce et al., 2005).

The Okinawa Trough (OT) is a back-arc basin in an initial
spreading stage. The magmatism, including magma source addi-
tion of subducted slab materials and mode of eruption of crustal
materials, is different from that at mid-ocean ridge spreading
centers and in mature-type back-arc basins, with a number of
unique properties (Guo et al., 2016). As a result, research on the
geochemical composition of basalts can reveal the particular
characteristics of back-arc basin magmatism in initial spreading
stages. Although much research has been done on the magmat-
ism of the OT (Sibuet et al., 1987; Ishizuka et al., 1990; Zhai and
Gan, 1995; Li et al., 1997a, b; Shinjo et al., 1999; Chen et al., 2002;
Ma et al., 2004; Hoang and Uto, 2006; Yan and Shi, 2014; Guo et
al., 2016), a number of questions remain open, including the
composition of the magma source, magmatic evolution, and ef-
fect of a subducted component. We evaluated basalt glass in this
study as it reflects the properties of magma. To do this, we ap-
plied laser ablation-inductively coupled plasma-mass spectro-
metry (LA-ICP-MS) to measure the major and trace element
compositions of basalt glass. In addition, based on the results of
this study, we investigated the geochemical characteristics of the
basaltic glass and the source materials for magmas, as well as
evolutionary processes of crystallization and the effects of slab
subduction on magmatism.

2 Geological background

The OT lies on the eastern margin of the continental shelf in
the East China Sea, extending from the Kyushu Island, Japan, in
the north to the Taiwan Island, China, in the south (Fig. 1). The
OT comprises a complete trench-arc-basin system encom-
passing the Ryukyu Trench and Ryukyu Arc. The east and west
sides of the OT are high angle normal faults that lean towards the
trough axis, where parallel graben tectonics in line with the trend
of the trough are also developed. The axis of this graben axis
presents an en echelon arrangement on-and-off in a north-
northeast direction and passes through the entire OT (Kimura,
1985). Overall, the trough is bounded by the Tokara (~130°E) and
Miyako fault tectonic zones (~127°E), and is subdivided into
southern, middle, and northern segments. The crustal thickness
of the OT varies from 18 km in the south to about 30 km in the
north (Shinjo and Kato, 2000; Liu et al., 2016), while the construc-
tion, magmatic characteristics, and geological conditions of the
three segments are different (Huang et al., 2006). Indeed, a series
of unique tectonic characteristics (e.g., tensional fault develop-
ment, intense volcanic activity, abnormally high heat-flow val-
ues, crustal thicknesses intermediate between continental and
oceanic crust) indicate that the OT is a young back-arc basin still
within an initial spreading stage.

Volcanics within the OT conform to a bimodal distribution
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Fig. 1. Regional map of the OT inbasalt sampling locations. The
black solid lines refer to the depth contours (100 and 200 km) of
the Wadati-Benioff zone (Shinjo and Kato, 2000). The black solid
circulars are basalt sample location. The black dash lines are
Tokara and Miyako fault tectonic zones, respectively.

bounded by basic basalts and acidic rocks (Kimura et al., 1986;
Honma et al., 1991). However, in comparison with the latter,
there are limited basalt outcrop within the OT, mainly distrib-
uted in the middle and southern regions. A lot of research has
been done on the petrology, mineralogy, element composition
and isotopic geochemistry of the OT basalts (Kimura et al., 1986;
Sibuet et al., 1987; Ishizuka et al., 1990; Zhai and Gan, 1995; Li et
al., 1997a, b; Shinjo et al., 1999; Meng et al., 2000; Chen et al.,
2002; Ma et al., 2004; Hoang and Uto, 2006; Yan and Shi, 2014).
For example, Zhai and Gan (1995) investigated the mineralogy
and chemical composition of basalts in the hydrothermal middle
region of the OT (MOT) and concluded that these rocks com-
prise a tholeiite series. Because of the similarities with MORBs,
they suggested that these rocks might be the result of sea-floor
spreading. Based on the petrogeochemistry, Sr-Nd isotope com-
positions and mineralogical characteristics, Shinjo et al. (1999)
and Chen et al. (2002) noted that the magma source of the OT is
likely located within the superstrata of the upper mantle and
variation in geochemical properties between the middle and
southern basalts are most likely the result of tectonic differences
between the two regions. The previous studies provide a founda-
tion for further research on OT magmatism.

3 Materials and methods

The basalt samples used in this research were all fresh and
come from sites in the middle and southern OT. Samples from
MOT were obtained from a trawl carried out in 1992 by the Insti-
tute of Oceanography, Chinese Academy of Sciences, for the sur-
vey of hydrothermal activity, while samples from the southern
trough (SOT) were acquired from a trawl carried out when the
State Oceanic Administration conducted a geological and geo-
physical investigation of the OT in the summer of 1992. Sampling
stations were located at 27°40’'N, 127°20'E and 24°53.85'N,
123°12.25'E, respectively (Fig. 1). While Zhai and Gan (1995) and
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Li et al. (1997b) investigated the chemical and mineralogical
composition of these whole rock samples, we went further in this
study to determine the in-situ compositions of major and trace
element make-up of the host glass in two basalt samples using
laser ablation inductively coupled plasma mass spectrometer
(LA-ICP-MS). In addition, we reanalyzed the trace element com-
positions of whole rock basalt samples from the middle and
southern OT.

Element analyses of silicate minerals using LA-ICP-MS were
completed in the State Key Laboratory of Geological Processes
and Mineral Resources, China University of Geosciences,
Wuhan. During this process, we avoided crystalline minerals as
much as possible; and used a Resonetics-M50 laser ablation sys-
tem from RESOO Electronic Co. Ltd. A deep-ultraviolet 193 nm
light beam generated by an ArF excimer laser generator was fo-
cused on mineral surfaces following light path homogenization.
The laser beam spot diameter used was 33 um, the ablation fre-
quency was 10 Hz, and each cycle lasted 30 seconds. High purity
helium (He) was used as the carrier gas and was pumped into the
MS subsequent to mixing with argon (Ar) and a small amount of
nitrogen (N). An iCAP Qc model ICP-MS from the Thermo Elec-
tron Corporation was used in this study while the National Insti-
tute for Standards and Technology (NIST) Standard Reference
Material (SRM) 612 was used as the signal drift for correction.
The NIST basalt glass international geological reference materi-
als, BCR-2G, BHVO-2G, and BIR-1G, were utilized as external
standards, while Si was used as the internal standard for measur-
ing major and trace element contents. Replicate analyses on
these standards showed that uncertainties are mostly less than
+4% of abundance, except for P (~9%). All test data were pro-
cessed offline using the software ICPMSDataCal Version 9.9 (Liu
etal., 2010a, b).

Trace elements compositions of whole rock samples were
analyzed using ICP-MS in the Key Laboratory of Marine Geology
and Environment, Institute of Oceanology, Chinese Academy of
Sciences. About 40 mg of sample powders were placed in a PTFE
bomb, and 1.5 mL of HF and 0.5 mL of HNO, were added. The
sealed bombs were then placed in an electric oven and heated to
180°C for about 12 h. After cooling, the bombs were heated on a
hot plate to evaporate and dry, and then 1 mL HNO, and 1 mL of
ultrapure water were added. The bomb was again sealed and
placed in an electric oven at 150°C for about 12 h for dissolving
the residue. After cooling, the final dilute factor was about 1 000
for trace elements measurement by ICP-MS. The ICP-MS used
for the analyses was an ELAN DRC II system from PerkinElmer
Instruments Co. Ltd. Sampling (pore diameter: 1.1 mm) and
skimmer cones (pore diameter: 0.9 mm) were both platinum,
while the flow rates of atomized, auxiliary, and plasma gas in the
Scott-crossed atomizing chamber were 0.82 L/min, 1.2 L/min,
and 15 L/min, respectively. We used a lens pressure of 6 V, while
the radio-frequency power of the ICP was 1 200 W and the pulse
pressure was 1 250 V. Again, the international geological refer-
ence materials BCR-2, BHVO-2, AGV-2, and GSP-2 were used as
standard samples and the internal standard was rhodium (Rh).

4 Geochemical characteristics

4.1 Major element geochemistry

The major element compositions of whole rock and basaltic
glass samples from the OT are listed in Table 1. Results show that
the composition of major elements in basaltic glass from the
southern trough remains relatively uniform, similar to whole rock
samples. However, basaltic glass samples from the middle trough

exhibit slightly different major element compositions compared
to the whole rock. For example, while the SiO, content of glass is
higher than that of whole rock samples, the MgO content is
lower. Based on the total-alkali-silica (TAS) diagram (Fig. 2), it is
clear that the southern basalt, glass, and middle trough basalt all
fall within the range of the basalt, while the middle basaltic glass
falls within the range of a basaltic andesite, indicating the exist-
ence of crystallization differentiation. In K,0-SiO, diagram (Fig.
3a), itis clear that the middle basalt and glass plot close to the
boundary line between a medium-to-low-K series, while the
southern basalt and glass fall within a medium-K series. Based on
the AFM diagram (Fig. 3b), the middle and southern basalt and
glass all plot near to the boundary between tholeiitic and calc-al-
kaline series, while at the same time exhibiting an evolutionary
trend characteristic to an iron-rich tholeiitic series. These results
indicate that the basalt magma in the OT can be classified as a
tholeiitic series (Miyashiro, 1974).
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Fig. 2. TAS diagram for OT basalt and basaltic glass samples (ad-
apted from Rickwood, 1989). Collected Okinawa Trough basalts
data is from Li et al. (1997a, b), Shinjo et al. (1999), Ma et al.
(2004), and Hoang and Uto (2006).

4.2 Trace element geochemistry

Trace element compositions of basalt and basaltic glass
samples from the OT are shown in Table 1. In order to easily
compare the distributions of trace elements in basaltic glass
samples, average values were chosen for N-MORB standardiza-
tion (Sun and McDonough, 1989), and a spider diagram was plot-
ted (Fig. 4). The results of this characterization show that the
middle and southern basalts as well as basaltic glass all exhibit
trace element distribution patterns typical of BABBs, rich in
LILEs, such as Rb, Ba, Pb, U, and Th, and depleted in HFSE, such
as Nb, Ta, Zr, Hf, and Ti (Sinton et al., 2003). Of these, Nb, Ta, Zr,
and Hf as well as heavy REEs (HREEs) are more depleted in
samples of the southern basalt and basaltic glass than they are in
samples of the middle basalt and basaltic glass. However, Rb, Ba,
K, U, and Sr are all more abundant in the middle basalt and
basaltic glass; in general, trace element contents in basaltic glass
samples are higher than they are in the whole rock, likely the res-
ult of differences in magmatic evolution.

4.3 Rare earth element geochemistry

Measured REE compositions of whole rock and basaltic glass
samples from the OT are shown in Table 1. These results show
that the XREE of basaltic glass from MOT is 76.98x10-6 on aver-
age. All values and ratios of basaltic glass are on average higher
than the southern basaltic glass (68.45x10-%), while the ZREE of
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basalt (60.53x10-6) is also higher than these southern samples samples contain right-leaning light REEs (LREEs) enrichment
(52.12x10-%). Average values of chondrite-normalized basaltic ~ characteristics. For example, Lay/Yby=2.71 and 6Eu=1.08 for the
glass as well as the basalt spider diagram for REEs are shown in ~ middle basalt, while for basaltic glass these are 2.11 and 0.91, re-
Fig. 5; these results show that both whole rock and basaltic glass  spectively. In contrast, Lay/Yby and 0Eu values for the southern

Table 1. The major trace elements of basaltic glass and whole rock analyzed in this study
Basaltic glass

Middle trough  —577 B-1-2 B-1-3 B-1-4 B-15 B-1-6 B-1-7 B-1-8 B1g  Wholerock
Sio, 53.40 53.33 52.98 53.25 53.39 53.24 53.31 53.31 53.39 51.64
TiO, 1.27 1.42 1.42 1.43 1.41 1.26 1.34 1.35 1.42 1.00
ALO, 16.17 14.49 14.57 14.73 14.57 15.97 15.05 15.26 14.29 16.16
FeOt 9.71 10.95 10.98 10.92 10.79 9.93 10.51 10.52 11.10 9.21
MnO 0.20 0.23 0.23 0.23 0.22 0.20 0.21 0.21 0.23 0.18
MgO 4.65 5.32 5.36 5.12 5.24 479 5.26 4.95 5.49 7.21
Ca0 10.17 9.77 9.95 9.77 9.89 10.15 9.89 9.90 9.65 9.80
Na,0 3.24 3.12 3.15 3.16 3.12 3.23 3.12 3.18 3.07 2.73
K,0 0.49 0.58 0.57 0.59 0.57 0.51 0.55 0.54 0.56 0.42
P,0, 0.27 0.30 0.30 0.31 0.31 0.28 0.29 0.29 0.30 0.19
Total 99.56 99.51 99.51 99.51 99.51 99.55 99.53 99.53 99.50 98.54
Li 6.09 7.77 7.67 751 7.69 6.80 7.16 7.16 7.37 5.20
Be 1.00 0.80 0.65 0.95 0.93 0.80 0.67 0.96 1.23 0.61
Sc 40.82 45.15 46.19 43.99 45.55 41.61 43.37 42.48 45.59 25.18
v 32039 36569  371.31  361.31  364.32 32696  347.10 34513  365.58 238.56
Cr 63.11 73.63 79.43 69.41 74.21 63.54 68.09 66.18 75.33 221.12
Co 26.71 31.00 31.19 30.08 30.31 27.50 30.18 29.72 31.28 38.62
Ni 14.43 15.81 16.08 14.67 15.74 13.85 17.33 14.52 17.37 116.90
Cu 65.35 81.40 76.76 78.70 80.32 71.75 76.86 74.55 79.15 84.62
Zn 84.23 99.76 98.17 10112 99.80 88.66 93.05 95.73 97.57 117.78
Ga 18.67 18.14 18.01 18.14 18.21 18.98 18.07 18.27 17.97 16.89
Rb 9.20 11.30 10.90 11.46 11.06 9.79 10.79 10.55 11.13 7.50
St 239.29 21267 21239 21665 21514  238.82 22094 22657 21027 239.91
Y 29.08 32.07 33.02 32.12 32.62 28.90 30.83 31.26 32.72 25.53
7r 9473 10662 10649 10734  106.37 9591 10169 10248  107.40 81.85
Nb 4.08 452 4.41 4.62 4.68 4.08 4.59 4.42 4.66 3.22
Mo 0.45 0.40 0.58 0.56 0.50 0.49 0.55 0.52 0.67 2.08
Sn 1.87 2.15 2.14 2.02 1.92 1.55 2.06 1.89 2.08 —
Cs 0.44 0.56 0.56 0.57 0.54 0.45 0.50 0.54 0.58 0.35
Ba 9951  110.83 11032  113.60  108.77 99.82 10652 10695  109.97 104.57
La 8.67 9.62 9.83 9.76 9.38 8.64 9.33 9.54 9.77 8.86
Ce 21.12 23.78 23.67 24.22 23.54 21.21 22.72 23.24 23.96 18.56
Pr 3.11 3.36 3.35 3.47 3.33 3.00 3.25 3.27 3.39 2.67
Nd 14.51 15.96 15.96 15.87 15.64 14.10 14.82 15.66 15.88 11.81
Sm 3.93 4.46 453 4.41 4.68 4.01 4.22 3.82 4.46 3.28
Eu 1.35 1.51 1.42 1.41 1.39 1.28 1.40 1.39 1.37 115
Gd 4.65 5.21 5.46 4.94 5.18 5.04 5.06 5.02 5.41 3.28
Tb 0.74 0.80 0.87 0.87 0.86 0.80 0.80 0.81 0.85 0.62
Dy 5.11 5.70 5.57 5.67 5.70 5.15 5.63 5.62 5.64 3.89
Ho 1.09 1.19 1.18 1.18 115 1.06 113 1.13 1.18 0.87
Er 3.27 3.52 3.60 3.60 3.47 3.06 3.33 3.46 3.54 2.44
Tm 0.43 0.50 0.49 0.51 0.51 0.44 0.48 0.49 0.51 0.38
Yb 2.81 3.27 3.38 3.17 3.39 2.90 3.03 3.31 3.46 2.34
Lu 0.45 0.53 0.51 051 0.52 0.46 0.49 0.53 051 0.37
Hf 2.36 2.67 2.65 2.62 2.75 2.33 2.60 2.67 2.69 1.93
Ta 0.22 0.26 0.30 0.27 0.26 0.21 0.26 0.25 0.30 0.17
w 0.15 0.15 0.13 0.14 0.17 0.11 0.14 0.15 0.17 0.27
Pb 5.80 3.15 3.14 3.30 3.19 2.75 3.02 3.29 3.13 7.00
Th 0.98 1.05 111 1.08 1.09 0.98 1.03 1.06 1.08 0.81
U 0.25 0.28 0.27 0.30 0.29 0.24 0.28 0.27 0.27 0.33

to be continued
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Continued from Table 1

Basaltic glass

Southern trough B2l B22 B23 B24 B25 B2.6 Whole rock
Sio, 48.66 49.20 49.65 48.74 49.21 48.87 48.94
TiO, 1.21 1.03 1.19 1.04 1.01 1.17 0.87
AlLO, 15.17 15.60 14.18 15.50 16.89 14.97 17.33
FeOt 10.84 9.56 11.33 9.18 9.69 11.09 9.62
MnO 0.23 0.20 0.25 0.20 0.19 0.23 0.19
MgO 6.96 6.71 6.86 7.26 6.32 6.59 6.80
CaO 13.23 14.18 12.31 14.72 12.56 13.10 12.27
Na,O 2.30 2.33 2.54 2.20 2.66 2.55 2.19
K,0 0.65 0.51 0.86 0.45 0.74 0.65 0.62
P,0, 0.26 0.23 0.30 0.25 0.27 0.26 0.26
Total 99.50 99.54 99.48 99.56 99.54 99.48 99.09
Li 4.11 2.57 3.98 3.31 3.89 4.37 3.43
Be 0.72 0.60 0.91 0.38 0.78 1.06 —
Sc 43.92 46.22 42.61 44.65 37.11 43.49 29.62
\% 407.42 369.23 404.79 381.49 320.54 413.20 257.27
Cr 7.48 20.09 6.04 10.32 7.06 6.11 67.30
Co 37.45 35.45 40.28 36.01 35.03 39.26 41.65
Ni 19.39 22.79 20.61 25.62 22.83 19.06 64.74
Cu 121.70 99.61 126.90 87.41 145.91 121.32 101.03
7Zn 67.20 58.47 69.91 53.07 47.44 61.94 82.36
Ga 16.76 17.00 16.65 17.06 17.49 16.94 15.69
Rb 11.23 8.46 13.36 7.75 12.40 12.16 8.83
Sr 306.70 348.55 307.45 344.06 352.05 356.92 363.87
Y 24.86 21.69 25.43 21.89 21.33 24.10 16.64
Zr 73.61 61.87 78.21 63.74 68.48 72.71 54.50
Nb 2.63 1.99 2.96 1.85 2.98 2.48 2.01
Mo 0.36 0.31 0.57 0.31 0.50 0.34 0.67
Sn 2.63 1.52 1.81 1.56 1.78 1.63 —
Cs 0.39 0.30 0.56 0.29 0.51 0.41 0.36
Ba 228.12 193.03 253.68 164.05 228.05 219.52 200.46
La 10.05 8.70 11.70 7.78 10.25 10.09 6.86
Ce 22.03 18.99 24.99 18.14 21.49 22.05 14.76
Pr 3.11 2.74 3.38 2.63 2.93 3.07 2.22
Nd 14.19 12.79 15.70 12.71 13.01 14.39 9.85
Sm 3.84 3.53 4.07 3.58 3.29 3.94 2.64
Eu 1.35 1.19 1.31 1.24 1.14 1.33 0.98
Gd 4.48 3.89 4.43 4.01 3.75 4.24 2.51
Tb 0.73 0.63 0.74 0.60 0.55 0.70 0.48
Dy 4.43 4.10 4.63 4.25 3.98 4.23 2.72
Ho 0.96 0.84 0.92 0.85 0.78 0.89 0.59
Er 2.79 2.49 2.75 2.44 2.29 2.65 1.60
Tm 0.42 0.33 0.41 0.37 0.34 0.37 0.26
Yb 2.57 2.30 2.59 2.20 2.21 2.57 1.58
Lu 0.43 0.37 0.39 0.36 0.33 0.38 0.25
Hf 2.02 1.73 2.00 1.68 1.71 1.76 1.29
Ta 0.17 0.15 0.20 0.13 0.16 0.17 0.11
w 0.14 0.11 0.23 0.09 0.19 0.13 0.19
Pb 2.75 2.14 3.64 1.73 4.13 2.10 4.15
Th 2.37 1.91 2.65 1.80 2.20 2.20 1.56
U 0.44 0.36 0.50 0.32 0.51 0.42 0.38

Note: Data of whole rocks in middle and southern trough is from Zhai and Gan (1995) and Li et al. (1997b), respectively. Major elements
oxides in 10-2. Trace elements in 10-6. FeOt is total Fe, expressed as Fe?+.

basalt are 3.12 and 1.17, respectively, while Lay/Yby and 0Eu for  glass are steeper than the corresponding samples from MOT.
basaltic glass from SOT are 2.91 and 0.98, respectively. The slopes  Overall, as is the case for trace elements, the contents of REEs in
of REE distribution curves of the southern basalt and basaltic  basaltic glass samples are higher than these of the whole rock,
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again a likely consequence of magmatic evolution.
5 Discussion

5.1 Magma source characteristics

It is clear from the trace element spider diagram (Fig. 4) that
basalt and basaltic glass samples from the MOT and SOT exhibit
similar characteristics. At the same time, however, these samples
differ in the proportions of the elements Nb, Ta, Zr, and Hf, as
well as HREEs which can be used to characterize the original
magma source. Results show that samples of basalts and basaltic
glass from SOT are more depleted in these elements than
samples from MOT, which indicates that the southern magma
source is more depleted overall than that in the MOT. In addi-
tion, as HFSEs are hard to dissolve in water and exhibit stable
chemical properties, they are often used as indicators of the com-
positional characteristics of “original” material (Leat et al., 2000).
Thus, in this context, the ratio between Zr and Nb can be used to
some extent to reflect mantle source characteristics. For example,
this ratio is 22.17-24.16 (average: 23.20), in samples of basalt and

100

basaltic glass from the MOT, 22.96-34.39 in basaltic glass from
SOT (average: 28.68). These data indicate that the main magma
source for these regions is N-MORB-type mantle (Zr/Nb=31.76),
although a small amount of enrichment-type mantle may also be
included (e.g., Zr/Nb of E-MORB is 8.80; Sun and McDonough,
1989). Thus, in the context of a middle mantle source, southern
mantle source is more depleted.

Normalizing the ratio of HFSE using Yb means that the ef-
fects of partial melting and fractional crystallization on element
content can be reduced or eliminated, and the geochemical char-
acteristics of mantle source can be determined (Macdonald et al.,
2000). The normalized Ta, Zr, and Hf using Yb are presented in
Fig. 6; and results show that basalt from MOT as well as basaltic
glass plot is farther away from the N-MORB end member and
there are more enrichment than basalt in SOT as well as basaltic
glass. This finding is consistent with the trace element spider dia-
gram for these samples (Fig. 4) as well as with the ratio between
Zr and Nb. Variable contributions of EMI-type mantle materials
to the magma source of the middle OT may be the reason for the
different degrees of enrichment in the middle and southern

Sample/N-MORB
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—e— southern trough basaltic glass
—e— southern trough basalt

—e— middle trough basaltic glass
—oe— middle trough basalt

Rb Ba Th U Nb Ta K La Ce Pr Sr Nd P Zr Hf Sm Eu Ti Gd Tb Dy Y Ho Er Tm Yb

Fig. 4. N-MORB-normalized diagram of trace elements in basalt and basaltic glass samples from the OT (Sun and McDonough, 1989).
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mantle source (Guo et al., 2016). Other important reasons might
be the mantle heterogeneity and different degrees of magmatic
evolution (Ma et al., 2004).

5.2 Magmatic evolution
The basalts in the OT are the products of primary magma that
has undergone a certain degree of crystallization differentiation

]a  @southern trough basalt glass

i Ocollected southern trough basalt

@middle trough basalt glass
collected middle trough basalt

Ta/Yb
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(Zhai and Gan, 1995). Different MgO contents in the basalts of
the middle and SOT indicate that they undergone crystallization
differentiation in different degrees. While plagioclase crystallizes
and separates, a negative Eu anomaly is generated (Henderson,
1984). The results of this study show that Eu proportions in the
basalts of the OT manifest as a tiny positive anomaly, while the
basaltic glass contains few, or no, such anomaly (Fig. 5). It indic-
ates that crystallization of plagioclase occurs in basaltic magma
though this process may not be distinct from the magmatic sys-
tem. The trace element Sr has similar characteristics to Eu as it
easily enters into the plagioclase resulting in another anomaly.
Our results show that a positive Sr anomaly is present in the
basalts from MOT, while no such discrepancy is present in
basaltic glass (Fig. 4). It indicates that crystallization of plagio-
clase occurs in the magmas from MOT and there is no or part of
plagioclase to separate from the magmatic system. Most plagio-
clase remains within the magmatic system. In addition, the neg-
ative Ti anomaly in the trace element spider diagram for basalts
and basaltic glass are the result of crystal separation of spinels
and magnetite (or titanomagnetite).

The MgO content of basaltic magmas can be used to indicate
liquidus or eruption temperature, as well as to understand vari-
ations in magma composition during the cooling process along-
side variations in the oxides of major elements (i.e., Al,O,, FeO,
Ca0, Na,0, TiO,, and MnO) (Niu et al., 2002; Niu, 2013). Thus, in
MgO0-Al,O, diagram (Fig. 7a), the results show that the Al,O, con-
tent of basaltic glass is lower than that of OT whole rock samples,

100
1b
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z
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Hf/Yb
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Fig. 6. Diagrams of Ta/Yb-Nb/Yb (a), Zr/Yb-Nb/Yb (b), and Hf/Yb-Nb/Yb (c) in OT basaltic glass samples. Data of N-MORB and E-
MORB is from Sun and McDonough (1989). Data of the Okinawa Trough basalt is from Li et al. (1997a, b), Shinjo et al. (1999), Ma et al.

(2004), and Hoang and Uto (2006).
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indicative of plagioclase crystallization. As MgO decreases, the
proportion of Al,O, in basaltic glass from MOT increases, which
indicates that the main crystalline mineral in the magmatic sys-
tem is not plagioclase. The relative contents of basaltic minerals
(i.e., plagioclases comprise 10% of phenocrysts, while pyroxenes
account for 40%; Zhai and Gan, 1995) also show that crystalliza-
tion of plagioclase is less than that of pyroxene. Because the exist-
ence of H,O can restrict crystallization of plagioclase (Taylor and
Martinez, 2003), the clinopyroxene crystallizes at an earlier stage
(Sisson and Grove, 1993). The Mg0-Al,O, diagram in this study
shows that crystallization of plagioclase in the magma source of
MOT is restricted. At the same time, the MgO-FeOt diagram (Fig.
7b) shows that the proportion of the latter is higher in OT basalt-
ic glass than whole rock samples which indicates a cessation of
olivine and spinel crystallization. As these minerals are both rich
in FeOt, crystallization must result in the reduction of this mo-
lecule in the basaltic glass component of the magmatic system. In
the MgO-TiO, diagram (Fig. 7e), content of the latter in the
basaltic glass component is higher than that in whole rock
samples, which also indicates a cessation of spinel crystallization
(i.e., average TiO, content in spinel is 1.9%; Zhai and Gan, 1995).
The proportions of FeOt and TiO, in basaltic glass from MOT

are positively correlated with MgO contents (Figs 7b and e),
which indicates that the magmatic system falls within the
pyroxene and magnetite (or titanomagnetite) crystallization peri-
od. Variations of CaO and MgO in basaltic glass from MOT are in-
dicative of clinopyroxene crystallization (Fig. 7c); indeed, as crys-
tallization of plagioclase is restricted, CaO should exhibit a simil-
ar negative correlation with Al,O,. However, the variations repor-
ted here suggest that as crystallization of clinopyroxene de-
creases the CaO content in glass should increase. As the CaO
content in basaltic glass from SOT is higher than that of whole
rock samples, this result demonstrates that crystallization is
dominated by neither plagioclase or pyroxene, but olivine (SiO,
content in basalts from SOT is 48.94%, indicative of a relatively
earlier period of magmatic evolution; Li et al., 1997b). This is
likely because either plagioclase or clinopyroxene crystallization
can lead to a decrease in the CaO content of basaltic glass.

In conclusion, it is clear that the basalts in MOT have experi-
enced more crystallization than their counterparts in SOT and
that the entire magmatic system is oriented towards pyroxenes.
Crystallization of plagioclase was restricted by H,0O to some ex-
tent, while crystallization of spinel and olivine stopped entirely.
The evolution of basalt crystallization in SOT has been domin-
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ated by olivine.

5.3 Subducted components

One of the most important characteristics of BABBs is the ex-
istence of a subducted component. Although the effect of this
component is smaller than the case in IABs, it is nevertheless ob-
vious (Pearce and Stern, 2006); the spider diagram of basalt trace
elements for samples from the OT (Fig. 4) demonstrates similar
enrichment characteristics for Rb, Ba, Th, U, and K with basalts
from other back-arc basins (e.g., the Mariana Trough and Lau
Basin). Differences in spider diagram patterns between basalts
from southern and MOT also illustrate variation in the effects of
subduction of the Philippine Sea Plate on segments of the OT.
For example, Pearce et al. (2005) interpreted the pattern of trace
elements in the IABs of the Mariana Trench as comprising a
mantle component defined by immobile subduction, a subduc-
ted fluid component defined by Rb, Ba, K, Sr, and Pb, and a sub-
ducted melt component defined by Th, U, and LREEs, and Ba,
Th, and Nb exhibit similar partitioning coefficients in partial
melting and crystallization differentiation processes (Pearce and
Stern, 2006), while normalization using Yb enables discussion of
the contribution of subducted components to basalts of the OT as
well as effects on magmatic processes.

Pearce and Stern (2006) also suggested that while Th is im-
mobile in low-temperature aqueous fluids, and mobile in high-
temperature melts. So, the addition of Th (pink arrow in Fig. 8a)
indicates influence of subducted melts. The results presented in
Fig. 8a shows 50%-70% Th in the magma source of the MOT,
while about 90% of this element in the southern magma source
are derived from subducted components. Both SOT and MOT
basalts are shown more subducted melt component influence
(higher subduction-derived Th and Ba) than LBB and MTB. In-
deed, the element Ba is mobile in both subducted fluids and
melts. Hence, the addition of Ba (pink arrows direction in Fig. 8b)
indicates total subducted component influence to a back-arc
basin. The results presented in Fig. 8b show that 70%-90% Ba in
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the magma source of the MOT and 95% in the southern source
region are derived from a subducted component. The addition of
total subducted component in OT is similar to LBB and MTB.

The magma source of the southern OT has been influenced
more by subducted components, while Ba/Th and Th/Nb were
selected as proxies for the effects of subducted fluids and melts,
respectively. The data presented in Fig. 9 shows that the effect of
a subducted fluid component to the magma source of the OT is
obviously smaller than that of other back-arc basins, while the ef-
fects of subducted fluid components to SOT and MOT are almost
the same. The effect of subducted melt components to the
magma source of the MOT is similar to that in other back-arc
basins, while the effect in SOT is clearly larger than other basins
as well as the MOT. Different subducted component influence in
these troughs and basins may be due to different subduction
zone structural feature (Zheng et al., 2016), such as geothermal
gradient, subduction rate and angle.

6 Conclusions

(1) Basalts in MOT and SOT both exhibit features character-
istic to iron-rich tholeiite series. Trace elements in these samples
conform to the typical spider diagram pattern seen in BABBs and
are rich in LILEs, including Rb, Ba, Pb, U, and Th, while at the
same time are depleted in HFSEs, including Nb, Ta, Zr, Hf, and
Ti. REEs in these samples exhibit typical right-leaning LREE en-
richment characteristics.

(2) The magma source of the OT is N-MORB-type mantle,
richer in the middle of this region than in the south. The addition
of EMI-type mantle material as well as heterogeneity may have
led to variable degrees of enrichment in different regions of the
OT.

(3) The magma source for the MOT is characterized by a crys-
tallization evolution oriented towards pyroxenes. This means
that crystallization of plagioclase was restricted, while spinel and
olivine crystallization ceased entirely. At the same time, while
crystallization of the southern magma source was dominated by

1000

100 +

Ba/Yb

Fig. 8. Diagrams to show Nb/Yb-Th/Yb (a) and Nb/Yb-Ba/Yb (b) in OT basalts and basaltic glass samples. Dashed line parallel to the
MORB arrays on plot refers to the percentage of subduction-derived element Th in the mantle source, assuming that Nb is
subduction-immobile element. LBB means Lau basin basalts and MTB Mariana Trough basalts. The pink arrow represents
subduction component addition and blue arrow enrichment of mantle source. Data of N-MORB and E-MORB is from Sun and
McDonough (1989). Data of Okinawa Trough basalt is from Li et al. (1997a, b), Shinjo et al. (1999), Ma et al. (2004), and Hoang and Uto
(2006). Data of Lau Basin basalts is from Peate et al. (2001), Fretzdorff et al. (2006), Tian et al. (2008), and Yan et al. (2012). Data of
Mariana Trough basalts is from Hawkins et al. (1990) and Pearce et al. (2005).
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Fig. 9. Diagram to show Ba/Th-Th/Nb in OT basalt and basaltic
glass samples. Data of OT basalt and N-MORB is same as Fig. 8.
Data of Lau Basin basalts is from Peate et al. (2001), Fretzdorff et
al. (2006), Tian et al. (2008), and Yan et al. (2012). Data of Mari-
ana Trough basalts is from Hawkins et al. (1990) and Pearce et al.
(2005). Data of Soctia Basin basalts is from Leat et al. (2000).

olivine, this also included components of plagioclase, pyroxene,
and magnetite (i.e., titanomagnetite).

(4) The results of this study show that 90% Th and 95% Ba in
basalts in SOT originated from subducted components, while
50%-70% Th and 70%-90% Ba in basalts in MOT are derived from
these components. The distribution of subducted components
across the OT also varies; data show that SOT was influenced
more by components of subducted melt, while the influence of
subducted fluids in SOT and MOT were almost the same. These
effects, however, were obviously smaller than those seen in
basalts from other back-arc basins.
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