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A B S T R A C T   

Volatiles can act as a critical link that connects the magmatic and hydrothermal systems in subduction zones. 
Here, we present the first analyses of volatile (e.g., H2O, CO2, and S) concentrations in melt inclusions and matrix 
glasses of volcanic rocks from a modern arc front volcano (Irabu Knoll) and two back-arc spreading centers 
(Yaeyama Graben and Yonaguni Graben) in the southern Okinawa Trough, a nascent back-arc basin that is 
characterized by widespread volcanic and hydrothermal activity. The pre-eruptive H2O concentrations of 
magmas (~2.2 to ~3.1 wt%) were estimated using a combination of melt inclusion analyses and plagioclase-melt 
hygrometry. From the back-arc to the arc, the H2O/Ce of lavas increase monotonically with the increasing δ11B 
values, a good geochemical tracer for subducted serpentinites. By combining our data with those from other 
subduction zones (Mariana Arc, Mariana Trough, Tonga Arc, Lau Basin) and MORB, we established a robust 
correlation between H2O/Ce and δ11B, suggesting that subducted serpentinites might have a significant contri
bution to the water budget of arc magmas. The low CO2 concentrations in our melt inclusions (~45–225 μg/g, 
after vapor bubble correction) and matrix glasses (<1 μg/g, below detection limit) as compared to >3000 μg/g in 
primary arc magmas, suggests that significant CO2 degassing has occurred during magma ascent and/or in the 
magma reservoir, which can release sufficient CO2 to support the high CO2 flux of the hydrothermal system in the 
Okinawa Trough. This also implies that hydrothermal CO2 in this area is not likely derived from fluid-rock in
teractions. In addition, the concentration of S in the magma decreases with the progressive loss of H2O, whereas 
the concentrations of F and Cl remain constant. Our results thus suggest that magma degassing is a potentially 
important source of CO2, S, and H2O to the hydrothermal system in the Okinawa Trough.   

1. Introduction 

At subduction zones, fluids released from the subducting hydrated 
slab trigger partial melting of the mantle wedge and produce magmas 
that are enriched in H2O and other volatiles (e.g., S, F, Cl) compared to 
those generated beneath mid-ocean ridges (Kendrick et al., 2020; 
Sobolev and Chaussidon, 1996; Wallace, 2005; Zellmer et al., 2015). 
Those volatile species could be transferred to the shallow crust or 
degassed to the ocean or atmosphere during magma ascent (Butterfield 
et al., 2011; Edmonds and Mather, 2017; Wallace, 2005; Webster et al., 

1999). Of particular interest is that magmatic volatiles act as a link 
between magmatic and hydrothermal systems. Many researchers have 
suggested that magmatically derived fluids can not only contribute to 
the chemistry of hydrothermal fluids (e.g., Herzig et al., 1998; Reeves 
et al., 2011; Seewald et al., 2015; Seewald et al., 2019; Yang and Scott, 
2005), but also carry a significant amounts of metals (e.g., Cu, Zn) to the 
hydrothermal system (e.g., Kim et al., 2011; Marques et al., 2011; Yang 
and Scott, 1996; Yang and Scott, 2002). Therefore, decoding the volatile 
compositions of arc or back-arc magmas is of great importance for un
derstanding the chemical exchange between magmatic and 
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hydrothermal system in subduction zones. 
The Okinawa Trough is a young back-arc basin developed behind the 

Ryukyu arc-trench system (Fig. 1). Results from recent studies have 
elucidated the influence of subduction input of sediments, altered 
oceanic crust (AOC), and serpentinite on the Okinawa Trough lavas, 
which show enrichment of large ion lithosphere elements (LILE) and 
radiogenic Sr-Nd-Pb-Hf (e.g., Guo et al., 2017; Shinjo et al., 1999; Shu 
et al., 2017; Zhang et al., 2021a; Zhu et al., 2021). However, one key 
indicator for the recycling of subduction fluids—the pre-eruptive H2O 
concentrations of the Okinawa Trough magmas—remains unknown. In 
addition, the Okinawa Trough has intense and widespread hydrothermal 
activity. The hydrothermal fluids in this area are characterized by high 
concentrations of CO2 (up to ~200 mmol/kg), which is suggested to 
come from magma degassing or interactions between fluid and volca
nogenic sediment (Gamo et al., 2006; Ishibashi et al., 2014; Kawagucci 
et al., 2011; Konno et al., 2006; Miyazaki et al., 2017; Sakai et al., 1990). 
Sulfur and noble gas isotopes of hydrothermal products also indicate a 
direct contribution of volatiles from the magmatic system (Hou et al., 
2005; Ishibashi and Urabe, 1995; Sakai et al., 1990; Yang et al., 2020). 
Despite this understanding of magmatic-hydrothermal relations in the 
Okinawa Trough, knowledge about the degassing behavior of volatiles 
in the sub-volcanic magma reservoir is lacking. 

The Yaeyama and Yonaguni Grabens are active back-arc spreading 
centers in the southern part of the Okinawa Trough. The Irabu Knoll is a 
submarine volcano belonging to the southern Ryukyu volcanic front, 
which is a volcanic chain that is geographically located in the southern 
Okinawa Trough but actually represents the modern arc volcanism 
(Sibuet et al., 1998). Hydrothermal activities have been reported in 
these areas (Fig. 1). A previous study has shown that the arc magmas are 
influenced by more slab-derived fluids than the back-arc magmas 
(Zhang et al., 2021a). In this contribution, we estimated the pre-eruptive 
H2O concentrations in the magmas of Irabu Knoll, Yaeyama Graben, and 
Yonaguni Graben through a combination of melt inclusion analyses and 
plagioclase-liquid hygrometry, with a goal of assessing the influence of 
subduction input on the cross-arc variation in the water budget of the 
southern Ryukyu subduction zone. Furthermore, we analyzed the vol
atile (H2O, CO2, S, F, Cl) concentrations in phenocryst-hosted melt 

inclusions and matrix glasses of volcanic lavas from the Irabu Knoll to 
address the degassing behavior of volatiles in the sub-volcanic reservoir 
and the possible magmatic contributions to the hydrothermal system. 

2. Geological settings 

The Okinawa Trough is located on the eastern margin of the Asian 
continental lithosphere (Fig. 1). It developed through back-arc extension 
occurring behind the Ryukyu Arc since the Middle Miocene, in response 
to the subduction of the Philippine Sea Plate (Sibuet et al., 1998). The 
back-arc basin is divided into northern, middle, and southern segments 
by the Tokara fault and Kerama fault (Fig. 1). Volcanism associated with 
basin extension occurs within several en echelon linear central grabens in 
the middle and southern segments. A long volcanic belt that is mainly 
composed of a series of submarine volcanoes or volcanic islands repre
senting the modern arc volcanism is located on the eastern side of the 
trough (Sibuet et al., 1998). Volcanic rocks sampled from the Okinawa 
Trough have young ages (mostly <1 Ma; Chen et al., 2018; Shinjo et al., 
1999; Shinjo and Kato, 2000) and have a bimodal distribution domi
nated by basalts and rhyolites (Shinjo et al., 1999; Shinjo and Kato, 
2000; Zhang et al., 2018; Zhang et al., 2020). 

During the last three decades, >15 active hydrothermal sites have 
been discovered in the middle and southern segments of the Okinawa 
Trough (http://vents-data.interridge.org/). Hydrothermal fluids in 
these areas are characterized by higher concentrations of CO2, CH4, 
NH4

+, and K compared to those in sediment-starved mid-ocean ridge 
hydrothermal systems (Gamo et al., 2006; Ishibashi et al., 2014; 
Kawagucci et al., 2011; Konno et al., 2006; Miyazaki et al., 2017; Sakai 
et al., 1990). Hydrothermal sulfides in the Okinawa Trough are enriched 
in Cu, Zn, Pb, As, Sb, and Au (Glasby and Notsu, 2003; Halbach et al., 
1993; Wang et al., 2020). 

The Yaeyama and Yonaguni Grabens are two nearly EW trending 
central grabens that mainly erupt basalts and basaltic andesites in the 
southern Okinawa Trough (Shinjo et al., 1999; Shu et al., 2017). The 
Yaeyama Graben is the deepest part of the trough (<−2000 m) and has 
the thinnest crust (<10 km) and, thus, represents the highest degree of 
back-arc extension (Arai et al., 2017; Nishizawa et al., 2019). High 

Fig. 1. Bathymetric map of the southern Okinawa Trough (SOT) showing the sampling locations. The red rectangle in the inset delineates the area covered by the 
large map. The red stars indicate the locations of hydrothermal sites: 1-Irabu Knoll, 2-Yokosuka, 3-Tarama Knoll, 4-Hotoma Knoll, 5-Futagoyama, 6-Tangyin, 7-Yona
guni Knoll IV (http://vents-data.interridge.org/). Abbreviations: IrK-Irabu Knoll, YaG-Yaeyama Graben, YoG-Yonaguni Graben, SRVF-southern Ryukyu Volcanic 
Front, NOT-northern Okinawa Trough, MOT-middle Okinawa Trough, KF-Kerama fault, TF-Tokara fault. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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temperature and CO2-rich hydrothermal fluids are venting from the 
central part of the Yaeyama Graben (Yokosuka site; Miyazaki et al., 
2017). The Irabu Knoll, mainly composed of basaltic rocks, is located on 
the northeastern end of the southern Ryukyu Volcanic Front, and the 
eastern edge of the Yaeyama Graben. It consists of three major sea
mounts: East, West, and South seamounts; clear hydrothermal fluid 
venting was found at the summit of the West seamount (Fukuba et al., 
2015). 

3. Samples and methods 

Samples are fresh basaltic andesites collected from the Yaeyama 
Graben (C5), Yonaguni Graben (C4), and Irabu Knoll (TVG9), using a 
television sampler during the “HOBAB4” cruise of R/V KEXUE in 2016. 
Sampling locations are shown in Fig. 1. The whole-rock geochemical 
data of these samples are given by Zhang et al. (2021a). Both the 
Yaeyama Graben samples and Yonaguni Graben samples are glassy lavas 
that mainly composed of microlites (plagioclase, pyroxene, and olivine) 
and matrix glass (Fig. 2f and i). They also contain a limited amount of 
large phenocrysts (mainly plagioclase and clinopyroxene); no melt in
clusions exist in these phenocrysts (Fig. 2g-l). The Irabu Knoll samples 
(TVG9) have much higher degree of crystallinity with abundant phe
nocrysts including plagioclase, orthopyroxene, clinopyroxene, and 
olivine; some phenocrysts contain glassy melt inclusions (Fig. 2b-e). 

Phenocrysts (olivine, plagioclase, and pyroxene) that contain glassy 
melt inclusions were hand-picked from the crushed rock fragments, 
mounted in epoxy, and polished to expose the inclusions. Some frag
ments (1–2 mm) of matrix glass were also mounted in epoxy and pol
ished for microanalysis. Polished phenocrysts and glass chips were 
removed from epoxy and remounted in indium metal to minimize vol
atile backgrounds during secondary ion mass spectroscopy (SIMS) 
analysis. These mounts were cleaned in an ultrasonic bath using ethanol 
followed by ultrapure water, and then coated with Au for SIMS analysis. 
Thin sections were also prepared and coated with carbon for electron 
microprobe analysis (EMPA). 

The major element compositions of the phenocryst, matrix glasses, 
and melt inclusions were determined by a JEOL JXA-8230 electron 
microprobe analyzer equipped with three wavelength dispersive spec
trometers at the Ocean University of China. An accelerating voltage of 
15 kV was used for quantitative analyses. A beam current of 20 nA and a 
spot diameter of 2–5 μm were used for mineral analyses. For glass an
alyses, the beam current was decreased to 10 nA and the spot diameter 
was increased to 10–15 μm to reduce the migration of Na. Na and K were 
measured first in each analysis, with 10 s as the peak counting time and 
5 s as the background counting time. The standards used for the cali
bration included diopside for Mg, Si, and Ca; albite for Na; pyrope garnet 
for Al; hematite for Fe; sanidine for K; rutile for Ti; chromium oxide for 
Cr; and bustamite for Mn. The relative analytical precision for the major 
elements was better than 1%. 

Volatile concentrations (H2O, CO2, F, Cl, and S) of the matrix glasses 
and melt inclusions were determined by SIMS using the Cameca IMS 
1280 ion microprobe at the Northeast National Ion Microprobe Facility 
at Woods Hole Oceanographic Institution. A 133Cs+ beam, with a pri
mary current of 10 ± 0.5 nA and an accelerating voltage of 10 kV, was 
used for volatiles analyses. The beam was rastered over a 30 × 30 μm2 

area. The secondary field aperture was set to 406 μm. The field aperture 
is in the secondary ion stream and blocks the transmission of secondary 
ions from outside of the innermost 5 × 5 μm2 of the sputtering crater 
during analysis. This is critical for keeping contribution of surface vol
atiles low. Long pre-sputtering, relatively strong primary beam (10 nA 
current), and field aperture are necessary to reduce background 
contribution. Each measurement consists of a 240 s pre-sputtering 
period followed by 5 cycles of collection of 12C−, 16O1H−, 19F−, 30Si−, 
32S−, and 35Cl− with a mass resolving power (MRP) of ~6700, sufficient 
to separate the 17O− peak from 16O1H−. Calibration for volatiles was 
done on a series of standards (519–4-1, 46D, D52–5, D51–3, 1649–3, 
D20–3, D30–1, JD17H, 6001, 1654–3, NS-1). The calibration lines are 
presented in Fig. S1. Background corrections were done using analyses 
of volatile-free materials (synthetic forsterite for Cl, suprasil for other 
volatiles). Analytical uncertainties on individual volatile concentration 

Fig. 2. Photomicrographs of phenocrysts and glasses for the Irabu Knoll (IrK-TVG9) samples (a-e), Yaeyama Graben (YaG-C5) samples (f-h), and Yonaguni Graben 
(YoG-C4) samples (i-l). TVG9 samples have abundant plagioclase (Pl), orthopyroxene (Opx), clinopyroxene (Cpx), and olivine (Ol) phenocrysts, which all contain 
glassy melt inclusions (MI). C5 and C4 samples are mainly composed of glasses and microlites and they contain very small amount of MI-free phenocrysts. 
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measurement are <3% for CO2 (2 σ) and <2% (2 σ) for H2O, F, S, and Cl. 
Errors on calibration slopes, determined by bootstrap regression of 
standard measurement data, ranged from 2 to 6% (2 σ) among the 
volatiles for each session. 

4. Results 

4.1. Major element compositions of phenocrysts 

Major element compositions of plagioclase, clinopyroxene, ortho
pyroxene, and olivine phenocrysts are given in Tables S1-S4. Plagioclase 
phenocrysts were observed in all the samples and most are euhedral 
(Fig. 2a, g, and j). The plagioclase phenocrysts in Irabu Knoll samples are 
large (up to 2 mm) and have high An values (70–92, where An = molar 
Ca/ (Ca + Na + K) × 100). The plagioclase phenocrysts from Yonaguni 
Graben samples are smaller (~0.2–1 mm) with similarly high An values 
(70–90). In comparison, those in Yaeyama Graben samples (~0.2–0.8 
mm) have much lower An values (50–77) (Fig. 3a). All the plagioclase 
phenocrysts have low-An rims (~70–80 in Irabu Knoll and Yonaguni 
Graben and ~50–60 in Yaeyama Graben samples). 

Clinopyroxene phenocrysts were also observed in all the samples and 
have subhedral to euhedral crystal shapes (Fig. 2a, h, and k). The Irabu 
Knoll clinopyroxene phenocrysts (~0.2–1 mm) have Mg# values of 
63–77 (Mg# = 100 × molar Mg/(Mg + Fetot)), similar to those in 
Yonaguni Graben (Mg# = 73–79) and Yaeyama Graben (Mg# = 66–75) 
samples (Fig. 3b). Orthopyroxene phenocrysts only occur in Irabu Knoll 

samples, with regular crystal shapes and Mg# values of 74–76 (Fig. 3b). 
The olivine phenocrysts in Irabu Knoll samples are anhedral to euhedral 
(~0.1–0.5 mm) and have low Mg# values (69–71). Yonaguni Graben 
samples also contain large olivine phenocrysts (~0.5–1 mm), which 
have slightly higher Mg# values (69–77). No olivine phenocrysts were 
observed in Yaeyama Graben samples. 

4.2. Major elements and volatiles of melt inclusions and matrix glasses 

The major element compositions and volatile (H2O, CO2, F, Cl, and S) 
concentrations of melt inclusions (Irabu Knoll) and matrix glasses (Irabu 
Knoll, Yonaguni Graben, and Yaeyama Graben) are given in Tables S5 
and S6. The F and Cl data were reported by Zhang et al. (2021a). The 
melt inclusions hosted in plagioclase and orthopyroxene are slightly 
more evolved than those in olivine and clinopyroxene (Fig. 4). Com
positions of melt inclusion can be affected by post-entrapment crystal
lization (PEC) of host crystals onto the inclusion walls (Danyushevsky 
et al., 2002). To check whether our melt inclusions are influenced by this 
process, we assessed the equilibrium relations between the included 
melt and host phenocrysts, according to the following exchange co
efficients from Putirka (2008): KD(Fe–Mg)Ol-liq (0.299 ± 0.053) for 
olivine, KD(An-Ab)Pl-liq (0.10 ± 0.05 at T <1050 ◦C; 0.27 ± 0.11 at T 
>1050 ◦C) for plagioclase, KD(Fe–Mg)Cpx-liq (0.28 ± 0.08) for clino
pyroxene, and KD(Fe–Mg)Opx-liq (0.29 ± 0.06) for orthopyroxene. Re
sults show that the melt inclusions are all in equilibrium with their host 
minerals (Table S5), indicating that the effects of PEC are small. Thus, no 

Fig. 3. Classification diagrams for the plagioclase phenocrysts (a) and pyroxene phenocrysts (b) in the lavas from the southern Okinawa Trough. Abbreviations: IrK- 
Irabu Knoll, YaG-Yaeyama Graben, YoG-Yonaguni Graben. 

Fig. 4. Plots of MgO versus SiO2 (a) and K2O versus SiO2 (b) for the melt inclusions and matrix glasses in the southern Okinawa Trough lavas. Abbreviations: IrK- 
Irabu Knoll, YaG-Yaeyama Graben, YoG-Yonaguni Graben. 
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PEC correction was applied to the volatile concentrations of melt 
inclusions. 

H2O concentrations in the melt inclusions range from 1.72 to 2.58 wt 
%, with the highest values recorded by the inclusions hosted in clino
pyroxene and plagioclase. The olivine-hosted melt inclusions generally 
have lower H2O concentrations (1.90–2.19 wt%), which is probably 
attributable to the diffusive loss of H through host olivine after entrap
ment (Bucholz et al., 2013; Gaetani et al., 2012). The melt inclusions 
have low CO2 concentrations (8–105 μg/g); the low values are partly 
due to the presence of vapor bubbles (Fig. 2d and e), which can 
accommodate a significant amount of the total CO2 in the melt inclusion 
(e.g., ~40–90%; Moore et al., 2015; Wallace et al., 2015). We recon
structed the CO2 concentrations in the olivine-hosted melt inclusions 
following the bubble correction method of Rasmussen et al. (2020). The 
corrected CO2 concentrations range from 45 μg/g to 225 μg/g (Fig. 5). S 
concentrations in the melt inclusions range from 397 to 772 μg/g. F and 
Cl concentrations in the melt inclusions show relatively small variations 
(215–288 μg/g and 711–940 μg/g, respectively). 

The matrix glasses of Irabu Knoll and Yonaguni Graben samples have 
similar H2O (~1.0–1.3 wt%) and S (~170–240 μg/g) concentrations, 
which are slightly lower than those in Yaeyama Graben glasses (H2O ~ 
1.5 wt%, S ~ 350 μg/g). Of particular note, the matrix glasses in all 
samples have extremely low CO2 concentrations (<1 μg/g; below 
detection limit). F (232–297 μg/g) and Cl (740–884 μg/g) concentra
tions in the Irabu Knoll matrix glasses are much closer to those in the 
melt inclusions. The Yonaguni Graben glasses have slightly higher F 
(282–334 μg/g) and lower Cl (592–698 μg/g) concentrations. The 
Yaeyama Graben glasses have significantly higher Cl concentrations 
(1520–1748 μg/g) and slightly higher F concentrations (370–413 μg/g). 

5. Discussion 

5.1. Variation of H2O concentrations in the southern Okinawa Trough 
magmas 

5.1.1. Estimation of pre-eruptive H2O concentrations 
Matrix glasses are quenched melts that have undergone significant 

degassing during ascent and eruption. Thus, the analyzed H2O concen
trations in the matrix glasses cannot represent the pre-eruptive H2O 
concentrations in the magmas. Conversely, the phenocryst-hosted melt 
inclusions might be able to provide reliable constraints on the H2O 
budget in the southern Okinawa Trough magmas. Given that olivine- 
hosted melt inclusions can experience H2O loss after entrapment 
(Bucholz et al., 2013; Gaetani et al., 2012), the highest H2O concen
trations (~2.6 wt%) in the plagioclase- and clinopyroxene-hosted melt 
inclusions are likely closest to the pre-eruptive H2O contents. However, 
the number of such melt inclusions are limited. As a supplementary 
method, we estimated the H2O concentrations in the melt that is in 
equilibrium with plagioclase using the plagioclase-liquid hygrometer of 
Waters and Lange (2015), with the standard error estimate being 0.35 
wt% H2O for this method. The existence of plagioclase phenocrysts in all 
the samples makes it possible to investigate the cross-arc variation of 
H2O concentrations in magmas of the southern Ryukyu subduction zone. 

Temperature is an important input to the plagioclase-liquid hy
grometer, but this hygrometer is insensitive to pressure (Waters and 
Lange, 2015). For example, for the plagioclase and melt compositions in 
this study, the estimated H2O concentrations remain unchanged when 
the pressure decreases from 2 kbar to 0.1 kbar. We adopted the 
clinopyroxene-melt (Eq. 33) and plagioclase-melt thermometers (Eq. 
23) of Putirka (2008) to estimate liquidus temperatures, and the 
clinopyroxene-melt barometer (Eq. 31) of Putirka (2008) to estimate the 
crystallization pressures. Details of the calculations of temperatures and 
pressures are given in Table S7. These thermobarometers require 
knowledge of H2O concentrations in the melt. For Irabu Knoll lavas, the 
melt inclusions with the highest H2O concentrations (~2.6 wt%) in 
clinopyroxene and plagioclase were paired with their host minerals, 
yielding liquidus temperatures of 1038–1054 ◦C (average ~1050 ◦C) 
and a pressure of 0.4–1.1 kbar (Table S7). The vapor (H2O and CO2) 
saturation pressures estimated from the melt inclusions with highest 
H2O and CO2 concentrations are close to 1 kbar (Fig. 5). Because the 
vapor saturation pressures should represent the minimum values of the 
magma storage pressures, the crystallization pressures of the clinopyr
oxene and plagioclase crystals should be close to 1 kbar, indicating a 
shallow magma reservoir beneath the Irabu Knoll. 

In order to get the H2O concentrations as close to those in magmas 
prior to degassing as possible, the cores of large plagioclase phenocrysts 
were paired with the most primitive olivine-hosted melt inclusions, 
which are in equilibrium with the plagioclase cores (Fig. S2). Details of 
the calculations of H2O concentrations are given in Table S8. The esti
mated H2O concentrations in Irabu Knoll magmas are 2.9–3.1 wt%, 
which are slightly higher than the maximum values in the melt in
clusions (~2.6 wt%). These values are close to the average primitive 
magma H2O concentrations (3.3 ± 1.2%) of global arc fronts (Ruscitto 
et al., 2012). However, as the Irabu Knoll melts have relatively low MgO 
contents (<5 wt%) and are nearly vapor saturated in the magma 
reservoir (Fig. 5), we cannot exclude the possibility of deep H2O 
degassing of their parental magmas. Therefore, the H2O concentrations 
of 2.9–3.1 wt% should represent the minimum values of primitive 
magmas beneath the Irabu Knoll. 

For Yaeyama Graben and Yonaguni Graben lavas, the cores of 
plagioclase phenocrysts are in major element equilibrium with the 
whole-rock compositions [with the exception of C4 plagioclase, which is 
in equilibrium with a less evolved lava (2K-1177-4) from the Yonaguni 
Graben reported by Shu et al., 2017] (Fig. S2) and can be used to esti
mate pre-eruptive H2O concentrations. However, the lack of melt in
clusion H2O data makes it difficult to estimate magma storage 

Fig. 5. Plots of CO2 versus H2O for the melt inclusions and matrix glasses in the 
southern Okinawa Trough lavas. Also shown are the data of MORB (htt 
ps://www.earthchem.org/petdb; data are obtained using SIMS methods), 
Mariana Arc (Shaw et al., 2008), and Manus Basin (Siegburg et al., 2018) for 
comparison. The CO2 degassing behavior in subduction zone magmas is quite 
different from that in mid-ocean ridge magmas. The degassing paths and isobars 
are calculated using the VolatileCalc model of Newman and Lowenstern (2002). 
Abbreviations: IrK-Irabu Knoll, YaG-Yaeyama Graben, YoG-Yonaguni Graben. 
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temperatures using the clinopyroxene- and plagioclase-based ther
mometers. These samples are mainly composed of microlites (Fig. 2f and 
i), suggesting that the magmas ascended rapidly. We assumed that 
magma ascent is an adiabatic process and calculated the liquidus tem
peratures using plagioclase phenocryst rims in equilibrium with the 
matrix glasses (Fig. S2), for which H2O concentrations have been 
measured by SIMS. The results are 1110–1112 ◦C for Yonaguni Graben 
lavas and 1067–1075 ◦C for Yaeyama Gragen lavas (Table S7). The 
pressure was assumed to be 1 kbar. Based on these values, the 
plagioclase-liquid hygrometry yields H2O concentrations of 2.7–2.8 wt 
% for Yonaguni Graben lavas and 2.2 wt% for Yaeyama Gragen lavas 
(Table S8). The estimated H2O concentrations were put back into 
clinopyroxene-liquid thermobarometers, yielding average temperatures 
and pressures of ~1103 ± 10 ◦C, ~3.10 ± 0.77 kbar for Yonaguni 
Graben lavas and ~1063 ± 11 ◦C, ~2.80 ± 1.18 kbar for Yaeyama 
Gragen lavas (Table S7). These temperatures are close to those obtained 
by plagioclase rims, consistent with the adiabatic magma ascent. The 
estimated H2O concentrations are below the H2O saturation in magmas 
under ~3 kbar (~6 wt%; Newman and Lowenstern, 2002), suggesting 
that the magmas are H2O undersaturated in the reservoirs beneath the 
Yogaguni Graben and Yaeyama Graben. 

5.1.2. Implications for the role of subducted serpentinite in water recycling 
Serpentinites are hydrated ultra-mafic rocks formed within the 

subducting slab and mantle wedge as a result of interactions between 
mantle rocks and seawater or fluids derived from shallow slab dehy
dration (Alt et al., 2013; Deschamps et al., 2013; Scambelluri et al., 
2019). Recently, serpentinites have been increasingly recognized as 
playing a critical role in global water recycling (e.g., Cooper et al., 2020; 
Kendrick et al., 2017; Ribeiro and Lee, 2017; Scambelluri et al., 2004). 
Firstly, serpentine minerals are enriched in H2O (average ~13 wt%; 
Deschamps et al., 2013), which is much higher than H2O in subducting 
sediments (~7.29 wt%; Plank, 2014) and altered oceanic crust (AOC) 
(~2.7 wt%; Rüpke et al., 2004). Secondly, unlike the sediments and AOC 
that mostly dehydrate at forearc region, serpentinite dehydration can 
occur at depths >200 km (Rüpke et al., 2004; Ulmer and Trommsdorff, 
1995). Thus, subducted serpentinites have the potential to release sig
nificant amounts of water into the source regions of arc magmas (Rüpke 

et al., 2004; Schmidt and Poli, 1998). 
In the southern Okinawa Trough, an increasing contribution of ser

pentinite fluids to magmas was observed from the Yaeyama Graben, 
through the Yonuguni Graben, to the Irabu Knoll, as indicated by a 
gradual increase of δ11B (Zhang et al., 2021a). δ11B is a powerful tracer 
for the presence of fluids released from subducted serpentinites in arc 
magmas (De Hoog and Savov, 2018; Leeman et al., 2017; Scambelluri 
and Tonarini, 2012). This variable subduction input of serpentinite 
fluids is appears to be manifested in the H2O concentrations of the 
southern Okinawa Trough magmas. Here, we adopted H2O/Ce ratio to 
evaluate the relative H2O enrichment in primitive magmas. As H2O and 
Ce show similar incompatibility, H2O/Ce is not significantly affected by 
degree of peridotite partial melting or magma differentiation (Cartigny 
et al., 2008; Plank et al., 2009). This ratio is best applicable to back-arc 
settings, where the primitive magmas are generally water unsaturated. 
In contrast, because primitive arc magmas may be water saturated and 
potentially lose some H2O before entrapment, the H2O/Ce in melt in
clusions should represent the minimum values of their primitive 
magmas. 

The H2O/Ce ratios increase from ~1000 (Yaeyama Graben) to 
~1600 (Yonuguni Graben), and to ~3000 (Irabu Knoll) with increasing 
δ11B values, which is consistent with a systematic increase of H2O/Ce 
and δ11B from the Mariana Trough to the Mariana Arc, and from the Lau 
Basin to the Tonga Arc; MORB have the lowest H2O/Ce and δ11B (Fig. 6). 
This robust correlation between H2O/Ce and δ11B (r2 = 0.89) indicates 
that serpentinite-derived fluids represent a significant contribution to 
the water budget of arc magmas. 

5.2. Volatile degassing and constraints on the magmatic contributions to 
the hydrothermal systems in the southern Okinawa Trough 

5.2.1. Magma CO2 degassing and its possible contribution to the 
hydrothermal system 

Carbon isotopes (δ13CPDB ≈ −8‰ to −4‰) indicate that the CO2 
dissolved in hydrothermal fluids of the Okinawa Trough has a magmatic 
origin (Ishibashi et al., 2014; Ishibashi and Urabe, 1995; Konno et al., 
2006; Miyazaki et al., 2017; Sakai et al., 1990). The extremely low CO2 
concentrations in the matrix glasses suggest that magmas in the southern 
Okinawa Trough have experienced significant CO2 degassing during 
ascent and eruption. This is quite different from the lavas erupted at the 
mid-ocean ridges, which retain relatively high concentrations of CO2 (e. 
g., >100 μg/g; le Roux et al., 2006; Shaw et al., 2010; Soule et al., 2012) 
(Fig. 5). Our results suggest that the interaction between seawater and 
CO2-poor crustal rocks is unlikely to contribute significant amounts of 
CO2 into the hydrothermal system. Therefore, the high flux of CO2 
observed in vent fluids from the Okinawa Trough is most likely a result 
of magma degassing (Ishibashi et al., 2014; Ishibashi and Urabe, 1995; 
Kawagucci et al., 2011; Miyazaki et al., 2017). 

The H2O concentrations in the melt inclusions of Irabu Knoll lavas 
range from ~2.6 wt% to ~1.7 wt% (Fig. 5), suggesting that magmas 
have undergone pre-eruptive degassing in the sub-volcanic reservoir. 
The CO2 concentrations in the melt inclusions decrease with the 
decreasing H2O concentrations, with the lowest values <10 μg/g 
(Fig. 5). Even if 90% of the total CO2 in these melt inclusions is 
sequestered in vapor bubbles, the reconstructed CO2 concentration is 
<50 μg/g. It is estimated that primary arc magmas have CO2 concen
trations up to >3000 μg/g (Wallace, 2005), implying that magmas 
beneath the Irabu Knoll might have experienced significant CO2 
degassing prior to eruption. In this case, 1 km3 of magma will release 
about 7.5 × 106 tons of CO2, which can support a high CO2 flux hy
drothermal vent (200 mmol/L CO2, with a total fluid flux of 50 L/s) for 
>500 years. Therefore, magma degassing in a shallow reservoir has the 
potential to supply enough CO2 to explain concentrations in the hy
drothermal system of the Okinawa Trough. 

In addition to the Okinawa Trough, CO2-rich hydrothermal fluids 
(>100 mmol/L CO2) have been observed in other subduction-related 

Fig. 6. Plots of H2O/Ce versus δ11B for the lavas from the Irabu Knoll (IrK), 
Yaeyama Graben (YaG), and Yonaguni Graben (YoG). The average values of 
Mariana Arc, Mariana Trough, Tonga Arc, Lau Basin, and MORB are also pre
sented for comparison. Error bars indicate 1 σ uncertainty. These data define a 
robust correlation between H2O/Ce and δ11B (r2 

= 0.89), suggesting that ser
pentinite fluids play a significant role in water recycling in subduction zones. 
The average H2O/Ce values (except for those obtained in this study) are from 
Ruscitto et al. (2012). δ11B data sources: southern Okinawa Trough (Zhang 
et al., 2021a), Mariana Arc (Ishikawa and Tera, 1999), Mariana Trough and Lau 
Basin (Chaussidon and Jambon, 1994; Chaussidon and Marty, 1995), Tonga Arc 
(Leeman et al., 2017), MORB (Marschall, 2018). 
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settings, such as the Mariana Arc (Lupton et al., 2006) and Eastern 
Manus Basin (Reeves et al., 2011; Seewald et al., 2019). In comparison, 
the hydrothermal fluids associated with mid-ocean ridges generally 
have much lower CO2 concentrations (mostly <20 mmol/L; e.g., Char
lou et al., 1996; Foustoukos et al., 2009; Gamo et al., 2006; Shitashima, 
1998). Factors controlling the CO2 flux of hydrothermal systems may 
include the amount of CO2 released during magma degassing and the 
efficiency of CO2 transport from a shallow magma reservoir to the 
overlying hydrothermal system. As primitive, undegassed magmas 
beneath the mid-ocean ridges are predicted to have very high concen
trations of CO2 (up to >1 wt%; Le Voyer et al., 2019), by no means can 
we simply conclude that less CO2 degassing occurs in these areas relative 
to in convergent margins. In addition, unlike the magmas beneath the 
mid-ocean ridges that mainly degas CO2, subduction-related magmas 
can also release significant amount of other volatile species, such as H2O 
(Fig. 5), probably forming a CO2-H2O supercritical fluid phase (Kaszuba 
et al., 2006). Will the presence of a fluid phase favor the transfer of 
exsolved CO2 into the hydrothermal system? Further experiments or 
numerical modeling is required to answer this question. 

5.2.2. Decreasing S concentrations in the melt: S degassing or sulfide 
segregation? 

Numerous studies have suggested injection of magmatic S into hy
drothermal systems (e.g., Butterfield et al., 2011; Chen et al., 2021; 
Herzig et al., 1998; Kim et al., 2004; Li et al., 2019; Seewald et al., 2015; 

Seewald et al., 2019; Yang and Scott, 2002; Yang and Scott, 2005). One 
possible mechanism for this is the transport of magmatically degassed S 
to the hydrothermal fluids (Butterfield et al., 2011; Seewald et al., 2015; 
Seewald et al., 2019). On the other hand, S can be segregated from the 
melt at sulfide saturation and form a sulfide mineral or immiscible sul
fide liquid that is highly enriched in chalcophile metals (e.g., Cu, Au, Zn, 
Ag; Jenner, 2017; Patten et al., 2013). The sulfide phase will dissolve 
when the host melts become sulfide-undersaturated, during which S and 
chalcophile metals could be transferred into a fluid phase as these ele
ments have very high fluid-melt partition coefficients (Edmonds and 
Mather, 2017; Nadeau et al., 2010; Simon and Ripley, 2011). Such 
metal-rich fluids are thought to represent a significant contribution to 
hydrothermal systems (Chen et al., 2021; Li et al., 2019; Yang and Scott, 
1996; Yang and Scott, 2002). 

The hydrothermal products in the Okinawa Trough record the input 
of magmatic S (Cao et al., 2018; Wang et al., 2020; Yang et al., 2020; 
Zeng et al., 2011). The S concentrations in melt inclusions and matrix 
glasses of the southern Okinawa Trough lavas decrease with the loss of 
H2O (Fig. 7a), probably indicating a S degassing trend. However, the S 
concentrations in the Irabu Knoll melts also drop with decreasing MgO 
concentrations (Fig. 7b). Sulfide crystallization could occur during 
magma evolution (Lee et al., 2012), which may also account for the 
decrease of S concentrations in the melts. Thus, it is necessary to 
constrain which process controls the S behavior in the southern Okinawa 
Trough magmas. 

Fig. 7. Plots of S versus H2O (a), S versus MgO (b), S versus magma temperatures (c), and Cu versus MgO (d) for the melt inclusions, matrix glasses, or lavas from the 
southern Okinawa Trough. The SCSS curves (at 1 kbar) in (c) are calculated using the model of Lee et al. (2012). The Cu evolution curves in (d) are calculated 
following the tholeiitic magma evolution model of Lee et al. (2012) at 3 kbar. The initial melt is set to contain 80 μg/g Cu and 1000 μg/g S. Change of pressure from 3 
kbar to 1 kbar has little influence on the modeling results. The Cu data of Mariana Arc and Mariana Trough (from GEOROC database: http://georoc.mpch-mainz.gwd 
g.de/georoc/) are presented for comparison. The Mariana Arc lavas have higher fO2 (FMQ + 1.0 to FMQ + 1.6) than the Mariana Trough lavas (FMQ + 0.1 to FMQ +
0.6) (Brounce et al., 2014). Abbreviations: IrK-Irabu Knoll, YaG-Yaeyama Graben, YoG-Yonaguni Graben. 
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A prerequisite for sulfide saturation is that S concentrations in 
magmas reach or exceed the solubility of sulfide (SCSS), which is 
dependent on oxygen fugacity (fO2), temperature, pressure, and melt 
composition (e.g., Jugo et al., 2005; Mavrogenes and O'Neill, 1999; Nash 
et al., 2019; O'Neill and Mavrogenes, 2002). Based a SCSS model at 1 
kbar and 1050 ◦C, and FMQ + 1.2 (FMQ: fayalite-magnetite-quartz 
buffer) (Lee et al., 2012), all the Irabu Knoll melt inclusions are 
sulfide-undersaturated (Fig. 7c). Furthermore, the Irabu Knoll lavas are 
characterized by high Cu concentrations (~140 μg/g in matrix glasses) 
relative to the lavas in the Yaeyama Graben (~54 μg/g) and Yonaguni 
Graben (~48 μg/g) (Fig. 7d). As Cu is highly compatible in sulfide, Cu 
concentrations in magmas are controlled by the behavior of sulfide 
phase (Lee et al., 2012). That means the magmas beneath the Irabu Knoll 
might have experienced only minor sulfide fractionation. In contrast, 
sulfide crystallization and re-dissolution has been reported in the 
Yaeyama Graben lavas (Chen et al., 2021). Previous studies suggested 
that sulfide saturation can be triggered by the onset of magnetite crys
tallization, which is favored in arcs with thicker crust (Chiaradia, 2014). 
However, the Yaeyama Graben has the thinnest crust in the Okinawa 
Trough (Arai et al., 2017; Nishizawa et al., 2019) and no significant 
decrease of FeOT concentrations was observed in the Yaeyama Graben 
lavas (Table S5), suggesting the sulfide saturation in the southern Oki
nawa Trough is not related to crustal thickness and Fe depletion. 
Accordingly, one more plausible explanation for the transition from 
sulfide-undersaturated magmas in the Irabu Knoll to sulfide-saturated 
magmas in the Yaeyama Graben is the change of fO2, which is one of 
the most important controlling factors for SCSS (e.g., Jugo et al., 2005): 
S mainly occurs as S6+ at high fO2 and as S2− at reduced conditions; the 
solubility of S6+ in silicate magmas is 10 times higher than that of S2−. 
We speculate that the Yaeyama Graben magmas might have lower fO2 
than the Irabu Knoll magmas due to the lack of subduction input of 
oxidizing slab-derived fluids into the back-arc mantle (Zhang et al., 
2021a; Zhang et al., 2021b). This cross-arc decrease in fO2 has been 
reported in the Mariana subduction zone, where the arc lavas record 
higher fO2 (FMQ + 1.0 to FMQ + 1.6) than the back-arc lavas (FMQ +
0.1 to FMQ + 0.6) (Brounce et al., 2014). According to a fO2-controlled 
Cu evolution model of Lee et al. (2012), the Irabu Knoll magmas are 
consistent with a higher fO2 (~FMQ + 1.2) relative to the Yaeyama 
Graben and Yonaguni Graben magmas (~FMQ + 0.3) (Fig. 7d). 

It is noted that the glasses of Yaeyama Graben and Yonaguni Graben 
lavas have S concentrations that are below sulfide saturation (Fig. 7c), 
suggesting that there might be other processes that sequester extra S 
from these melts. As S is preferentially partitioned into a vapor phase at 

low pressures, S exsolution from magmas can be promoted by H2O 
degassing (Wallace and Edmonds, 2011). The co-variation of S and H2O 
in the southern Okinawa Trough melts is thus most likely indicative of S 
degassing (Fig. 7a), which is considered as a major mechanism for 
inducing the resorption of sulfides in the Yaeyama Graben lavas (Chen 
et al., 2021). The melt inclusions have a minimum S concentration of 
~400 μg/g, and the most degassed pre-eruptive magmas may contain S 
less than this value. Primitive arc magmas typically have S concentra
tions of 900–2500 μg/g (Wallace and Edmonds, 2011), implying that a 
significant amount of S (e.g., SO2) can be released from the magma 
chamber beneath the southern Okinawa Trough as a vapor and this is a 
potentially important source of S for the hydrothermal system. In 
addition to the direct input of S, the disproportionation of SO2 can 
produce strong acid (H2SO4), which will significantly decrease the pH of 
hydrothermal fluids and have a significant impact on fluid-rock in
teractions and metals transportation (Seewald et al., 2015; Seewald 
et al., 2019). Furthermore, the occurrence of sulfide crystallization and 
re-dissolution in the Yaeyama Graben magmas might indicate a poten
tial contribution of metal-rich magmatic fluids to the hydrothermal 
system in this area (Chen et al., 2021). 

5.2.3. No significant Cl–F degassing 
Magmatically derived halogen-bearing vapor (e.g, HCl and HF) 

might be injected directly into hydrothermal systems. Like SO2, HCl and 
HF are highly acidic and thereby can reduce the pH and affect the 
dissolution and transport of metals in hydrothermal fluids (Seewald 
et al., 2015; Seewald et al., 2019). In addition, halogens, especially Cl, 
tend to partition into a fluid phase (e.g., Alletti et al., 2009; Botch
arnikov et al., 2015; Webster et al., 1999; Webster et al., 2014; Webster 
et al., 2018). More importantly, Cl is an important ligand that is highly 
efficient at complexing with metals (e.g., Cu, Zn, Pb) in hydrothermal 
fluids (e.g., Aiuppa et al., 2009). Therefore, a hydrosaline liquid 
exsolved from magmas is capable of delivering metals to the hydro
thermal systems. 

As shown in Fig. 8, however, the concentrations of Cl and F remain 
nearly unchanged with the decreasing H2O concentrations from the melt 
inclusions to the matrix glasses of the Irabu Knoll lavas. The higher Cl 
and F concentrations in the Yaeyama Graben glasses are attributed to the 
saline brine contamination during magma ascent (Zhang et al., 2021a). 
These results indicate that no significant Cl–F degassing occurs in 
shallow magma reservoirs and even during magma eruption in the 
southern Okinawa Trough. This is because F is highly soluble in silicate 
melt and the solubility of Cl dramatically increases in basaltic melts (up 

Fig. 8. Plots of Cl versus H2O (a) and F versus H2O (b) for the melt inclusions and matrix glasses in the southern Okinawa Trough lavas. The line in (a) indicates the 
minimum Cl/H2O (0.55) for the exsolution of hydrosaline chloride liquid in basaltic magma (Webster, 2004). The much higher Cl concentrations of the Yaeyama 
Graben glasses is attributed to brine contamination during magma ascent (Zhang et al., 2021a). Abbreviations: IrK-Irabu Knoll, YaG-Yaeyama Graben, YoG- 
Yonaguni Graben. 
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to a few weight percent) relative to in silicic melts (Aiuppa et al., 2009; 
Webster et al., 1999). In such cases, F and Cl partition much less pref
erentially into the vapor phase compared with other volatile species 
(CO2, S, H2O), especially in basaltic melts (e.g., Brey et al., 2009; Veksler 
et al., 2012; Webster et al., 2015; Webster et al., 2018). 

Furthermore, the melt inclusions have a Cl/H2O ratio of 0.03–0.05, 
much lower than the threshold (~0.55) of hydrosaline chloride liquid 
exsolution in basaltic melts (Webster, 2004) (Fig. 8a). Previous study 
suggests that the felsic magmas in the southernmost part of the Okinawa 
Trough also fail to exsolve Cl-rich fluids (Chen et al., 2020). Therefore, 
the magmas in the southern Okinawa Trough have no contributions of Cl 
and F to the hydrothermal system. 

6. Conclusions 

We report the volatile (H2O, CO2, and S) concentrations of melt in
clusions and/or matrix glasses in volcanic rocks from the Irabu Knoll 
(modern arc front), Yaeyama Graben (back-arc), and Yonaguni Graben 
(back-arc) in the southern Okinawa Trough. The estimated pre-eruptive 
H2O concentrations range from ~2.2 wt% to ~3.1 wt%, with the H2O/ 
Ce decreasing systematically with δ11B from the arc to the back-arc. This 
correlation between H2O/Ce and δ11B is also observed in the Mariana 
and Tonga subduction zones, suggesting that subducted serpentinites 
might play an important role in recycling water to the sub-arc mantle. 

Magmas in the southern Okinawa Trough are characterized by sig
nificant CO2 degassing. This, on the one hand, indicates that the erupted 
CO2-depleted lavas are unlikely to be the source of CO2 for hydrothermal 
fluids. On the other hand, the magmas in the shallow reservoirs can 
release significant amounts of CO2 that are sufficient to support the high 
CO2 flux of hydrothermal system in the Okinawa Trough. In addition, 
magma degassing can also release S and H2O, but little F and Cl. 
Therefore, our results suggest that magma degassing is potentially an 
important source of CO2, S, and H2O for the hydrothermal system in the 
Okinawa Trough. 
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