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Preface

Submarine hydrothermal activity has been a focus of research since its discovery in the

1970s. It is widely believed that submarine hydrothermal activity offers significant prospects for

the development of mineral and biological resources, and also that it has a considerable impact

on the immediate seawater environment. The study of submarine hydrothermal activity is a

multi-disciplinary topic that includes tectonics, petrology, mineralogy, sedimentology, chemistry

and oceanography. The development of hydrothermal circulation is controlled in tectonic and

magmatic settings, including extensional tectonics where shallow magma reservoirs exist. The

chemical compositions of hydrothermal fluids, which are affected by fluid–rock interactions beneath

the seafloor and potentially by magma degassing are recorded in hydrothermal minerals, sediments,

and seawater. Naturally, such a broad area of research cannot be advanced without the development

of exploratory and analytical techniques.

Recent improvements in science and technology greatly assist the development of research on

these topics. This Special Issue aims to advance the understanding of the latest progress in research

on submarine hydrothermal activity and its material circulation, magmatic setting, and seawater,

sedimentary, and biologic effects. This issue includes 13 research works, which cover the chemical

and isotopic compositions of seafloor hydrothermal sulfides and fluids, the magmatic process in

shallow magma reservoirs and its relations with the hydrothermal system, subduction chemical

recycling, and progress in the exploratory and analytical technologies for seafloor hydrothermal

activity. We hope these works can help readers better understand submarine hydrothermal activity.

Zhigang Zeng, Yuxiang Zhang, and Zuxing Chen

Editors
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Abstract: Studies of the element contents and isotopic characteristics of sulfide minerals from seafloor
hydrothermal sulfide deposits are a significant method of investigating seawater-fluid mixing and
fluid-rock and/or sediment interactions in hydrothermal systems. The seafloor hydrothermal sulfide
ores from the Noho hydrothermal field (NHF) in the Okinawa Trough (OT) consist of pyrrhotite,
isocubanite, sphalerite, galena, and amorphous silica. The Rh, Ag, Sb, and Tl contents mostly
increase in galena as the fluid temperature decreases in the late ore-forming stage. In the sulfide
minerals, the rare earth elements are mainly derived from the hydrothermal fluids, while the volcanic
rocks and/or sediments are the sources of the sulfur and lead in the sulfide minerals. After the
precipitation of galena, the redox state becomes oxidizing, and the pH value of the fluid increases,
which is accompanied by the formation of amorphous silica. Finally, neither pyrite nor marcasite has
been observed in association with pyrrhotite in the NHF sulfides, likely indicating that the amount
of sulfur was limited in this hydrothermal system, and most of the residual Fe was incorporated
into the sphalerite. This suggests that the later pyrite and/or marcasite precipitation in the seafloor
hydrothermal sulfide deposit is controlled by the sulfur content of the fluid. Furthermore, it is possible
to use hydrothermal sulfides and their inclusions to trace subseafloor fluid circulation processes.

Keywords: element enrichment; hydrothermal vent; in-situ chemical and isotopic compositions;
seafloor hydrothermal sulfides

1. Introduction

The majority of seafloor hydrothermal sulfide deposits contain a mixture of sulfide
minerals (e.g., pyrrhotite, pyrite, marcasite, chalcopyrite, isocubanite, sphalerite, wurtzite,
and galena), secondary Cu sulfides (bornite, covellite, digenite, and chalcocite), sulfosalts
(tennantite-tetrahedrite among many others) [1], sulfates (anhydrite and barite), and amor-
phous silica in different abundancies. For example, pyrrhotite, which contains Cu, Co, Mn,
Ni, Sn, Pb, Cr, Ti, Ag, and Se [2–4], is commonly found as a major phase in many seafloor hy-
drothermal sulfide deposits (e.g., [5–10]). Its in-situ chemical composition and genesis have
been investigated in several hydrothermal fields, including the Bent Hill field on the north-
ern Juan de Fuca Ridge (JdFR) [11], the Broken Spur vent field on the Mid-Atlantic Ridge
(MAR) [12], the Lucky Strike vent field on the MAR [13], and the Ashadze hydrothermal
field on the MAR [14]. However, the trace element contents of pyrrhotite are variable [1].
It is known that the pyrrhotite from the southern JdFR has higher silver (Ag) contents
(0.04–0.07 wt.%; [15]) than that from the Endeavour Segment of the JdFR (<0.04 wt.%; [16])
and the Rainbow hydrothermal field on the MAR (0.02 wt.%; [17]). In addition, the Cu

J. Mar. Sci. Eng. 2022, 10, 678. https://doi.org/10.3390/jmse10050678 https://www.mdpi.com/journal/jmse
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content of pyrrhotite from the Endeavour Segment of the JdFR (0.065 wt.%; [16]) is higher
than that from the southern JdFR (0.01–0.06 wt.%; [15]).

Sphalerite, also one of the most common minerals in seafloor hydrothermal sulfides
and chimneys (e.g., [18–21]), contains Mn, Fe, Co, Ni, Cu, Ag, Sn, Pb, Hg, Cd, Ge, Ga, In, and
Sb [22–24]. Its Cd content can be very high (200–11,900 ppm) [1]. Sphalerite associated with
arc-related geologic settings generally contains higher levels of As (1000–10,000 s ppm),
Pb (1000–10,000 s ppm), and Sb (100–1000 s ppm) than that in mid-ocean ridge (MOR)
hydrothermal systems (10–100 s ppm) [1]. The FeS content of sphalerite can be useful in
determining its formation temperature and the sulfur fugacity of the fluid in the chimneys
in seafloor hydrothermal fields [20].

The presence of significant amounts of galena is characteristic of arc and back-arc basin
(BAB) hydrothermal sulfide deposits [10,20,25–27]. Galena contains Cu, Ag, Sb, Bi, Cd,
As, In, Mn, Tl, and Zn [28]. Particularly high Cd (800–1100 ppm) and Zn (2000–3400 ppm)
contents have been measured in the galena from the Palinuro Volcanic Complex, Hook
Ridge, and the Endeavour Segment of the JdFR [16,29]. Furthermore, the highest Sb
(2160 ppm) and Ag (9400 ppm) contents in galena have been observed in arc-related
seafloor hydrothermal fields [1].

However, the in-situ element contents and their distributions in sulfide minerals from
the Noho hydrothermal field (NHF) in the Okinawa Trough (OT) are poorly documented.
To reveal the formation processes and metal sources of the sulfide minerals in the seafloor
hydrothermal systems, we studied and characterized the mineralogical, chemical, and iso-
topic compositions of the sulfide minerals from the seafloor hydrothermal sulfide deposits
in the NHF.

2. Geological Setting

The OT is an active BAB located behind the Ryukyu trench–arc system, extending ap-
proximately 1200 km from Taiwan island to Kyushu Island in the western Pacific (Figure 1).
It was formed by the active subduction of the Philippine Sea Plate under the Eurasian Plate
in the Early Pleistocene (2–1.5 Ma; [30–32]). However, the OT is divided into the southern
(SOT), middle (MOT), and northern (NOT) segments by the Kerama and Tokara faults [33].
The latest phase of rifting started <100 ka ago according to the ages of the zircon in the OT
volcanic rocks, but the exact ages of the earlier rifting phases may be considerably older
(108 Ma to 2.7 Ga) [34]. Furthermore, the SOT is characterized by a sedimentary cover that
is much thinner (1–3 km thick) than the very thick cover in the NOT (~8 km) [31,35,36].
The OT volcanic rocks vary from tholeiitic basalt to calc-alkaline andesite to rhyolite [37],
including basaltic andesite and dacite in the MOT [38].
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Figure 1. Locations of seafloor hydrothermal sulfide samples H4-TVG5-1-1 and H4-TVG5-3-1 in the
NHF and trachyandesite samples H4-TVG5-2 (Li et al. [39]) near the Iheya Ridge in the OT.

However, the presence of high 3He contents in the seawater [40] and a high heat
flow [41] suggest that there are numerous active seafloor hydrothermal fields in the
MOT [42]. Indeed, several seafloor hydrothermal fields have been discovered in the
MOT [43–47]. For example, the NHF (27◦31.1′ N, 126◦59.0′ E, 1581 m) was surveyed in 2016
during seafloor hydrothermal activity off the Iheya Ridge in the MOT using a television
(TV)-log grabber (Figure 1) during the HOBAB4 cruise. The survey was conducted near the
Noho site (27◦31.3′ N, 126◦59.1′ E, 1595 m), approximately 3 km SE of the Clam hydrother-
mal field in the Sakai field discovered by the Japan Oil, Gas, and Metals National Corpora-
tion (JOGMEC) ([48]; JOGMEC news release on 4 December 2014; NT15-13 cruise report
available at http://www.godac.jamstec.go.jp/darwin/cruise/Natsushima/NT15-13/).
The exact position of the Noho (JOGMEC) site had not yet been published at that time [42].
The NHF likely corresponded to the acoustic water column anomaly site [42]. It is mainly
associated with basaltic and trachyandesitic rocks (H4-TVG5-2; Figure 1) which are located
on the outside slope of the Iheya Ridge and are covered by several meters of pumice-
rich sediments. The site includes active hydrothermal vents, chimneys, hydrothermal
sulfide deposits, and chemosynthetic communities. However, there is a coupling relation-
ship between the tectonic setting, magmatism, mineralization, fluid-rock interactions, and
sedimentary processes in the NHF hydrothermal system and the response, adaptation,
record, and activity of organisms. It is interesting to investigate the synergetic metallogenic
mechanism of the magma, fluid, rocks, sediments, seawater, and organisms in the NHF
hydrothermal field. In the future, it will be possible to use hydrothermal sulfide and its
inclusions to trace the deep circulation processes of the fluids in the NHF. Furthermore, we
can combine geophysical prospecting, geochemical exploration, and biological exploration
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techniques with drilling techniques to explore the seafloor polymetallic sulfides and hy-
drothermal vents, and we can use the four systems of exploration techniques to understand
the resource potential of the seafloor polymetallic sulfide deposits in the NHF.

3. Sampling and Methods

Seafloor hydrothermal sulfide samples H4-TVG5-1-1 and H4-TVG5-3-1 were collected
from the NHF using a TV grabber (Figure 1; Table S1). To determine the morphology,
structure, and chemical compositions of the minerals, reflected and transmitted light
microscopy, scanning electron microscopy (SEM), and energy dispersive spectrometry
(EDS) were used to analyze thin sections of selected samples. Furthermore, the in-situ
major and trace element contents of the samples were analyzed, as well as their S and Pb
isotopic compositions.

3.1. SEM Analysis

Pyrrhotite, isocubanite, sphalerite, galena, and amorphous silica were studied using
the TESCAN VEGA 3 LMH SEM with an Oxford INCA X-Max EDS at the Institute of
Oceanology, Chinese Academy of Sciences, Qingdao, China. The standard analytical
operating conditions included an accelerating voltage of 20 kV, a beam intensity of 15 nA,
and a working distance of ~15 mm. The following standards were used for the EDS
measurements and calibrations: (1) sulfides–pyrrhotite (Fe, S), galena (Pb, S), sphalerite (Zn,
S), chalcopyrite (Cu, Fe, S), greenote (Cd), stibnite (Sb), and proustite (Ag, As); (2) silicates–
olivine (Ni) and basalt glass (Ti, Si); (3) carbonates–calcite (O); (4) metals–cobalt (Co);
(5) oxides–Cr-spinel (Mn); and (6) system standard library (Au, Se). The EDS detection
limits for Au, S, Pb, Ag, Cd, Sb, O, Se, As, Zn, Cu, Ni, Co, Fe, Mn, and Ti were 0.1 wt.%
(Table S2).

3.2. Major Element Analysis

The major element compositions of the pyrrhotite, sphalerite, and galena were ana-
lyzed using the JXA-8230 electron microprobe analyzer (EMPA) at the State Key Laboratory
of Continental Dynamics, Northwest University, Xi’an, China. The instrument was op-
erated with a 15 kV acceleration voltage, 10 nA beam current, and 2 μm beam diameter.
The following reference materials were used for the wavelength-dispersive spectrometry
measurements and calibrations: (1) metals–Co, Au, Se, Ni, Mn, and Ti and (2) natural
sulfides–FeS2, CuFeS2, ZnS, PbS, Sb2S3, Ag3AsS3, and CdS. The counting time for the peak
and background of Au, S, Pb, Ag, Cd, Sb, Se, As, Zn, Cu, Ni, Co, Fe, Mn, and Ti are 20–60 s
and 15 s, respectively. The detection limits of these elements were 0.02–0.11 wt.% (Table S3).

3.3. Trace Element Analysis

The trace element contents of the pyrrhotite, sphalerite, and galena were determined
using the laser ablation inductively coupled plasma mass spectrometer (LA-ICP-MS) at
the State Key Laboratory of Biogeology and Environmental Geology, China University of
Geosciences, Wuhan. A GeoLas Pro 193 nm ArF excimer laser was used to analyze the
samples. The laser energy was 80 mJ, the frequency was 6 Hz, and the diameter ablation
spot was 44 μm. The ion-signal intensities were acquired using an Agilent 7500 x ICP-
MS instrument. Helium was used as the carrier gas which was mixed with argon via a
T-connector before entering the ICP-MS. Each measurement incorporated approximately
30 s of background acquisition (gas blank) followed by 50 s of data acquisition from
the sample. The ICPMSDataCal software was used to quantitatively calibrate the trace
element contents [49]. Fe, Cu, Zn, and Pb were selected as the internal standards for the
data reduction. Reference glass NIST 610 was used as the external standard, which was
analyzed every 10 spots to monitor the instrument drift. The accuracy was determined
with respect to reference glass NIST 610 and was assessed to be better than 10% (1σ).
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3.4. In-Situ S Isotope Analysis

The in-situ S isotope compositions of the sphalerite, pyrrhotite, and galena were deter-
mined using double side-polished slices (DSPS) and the 193 nm femtosecond laser-ablation
multi-collector ICP-MS (fs-LA-MC-ICP-MS) at the State Key Laboratory of Continental
Dynamics (SKLCD), Northwest University, Xi’an, China. The equipment consisted of
a 193 nm NWRfemto (RESOlution M-50, ASI) laser ablation system coupled with a Nu
Plasma II MC-ICP-MS (NU Instruments, Ltd., Wrexham, UK). The ablated materials were
transported into the plasma using He as the carrier gas. In a cyclone coaxial mixer, Ar
gas was mixed with the carrier gas before being transported into the ICP’s torch. The
energy fluence of the laser was approximately 3.5–4 J/cm2. The beam diameter was 35 μm
with a laser repletion rate of 3–4 Hz for a single spot analysis. Standard PSPT-3 (spha-
lerite; δ34SV-CDT = 26.5 ± 0.2‰) was used as the certified reference material. The obtained
δ34SV-CDT of Standard PSPT-3 in this study is 26.36 ± 0.29‰ (2SD; n = 21; Table S4), which
is consistent with the recommended values (δ34SV-CDT = 26.5 ± 0.2‰; [50]). The detailed
analysis parameters are described in Bao et al. [50], Chen et al. [51], and Yuan et al. [52].

3.5. In-Situ Pb Isotope Analysis

The in-situ Pb isotope compositions of the galena were determined using DSPSs and
the fs-LA-MC-ICP-MS at the SKLCD. To remove potential contamination, anhydrous ethanol
was used to carefully clean the surfaces of the DSPSs prior to the laser ablation analysis. The
analytical spots were carefully selected to prevent the possible influence of inclusions and
impurities. High temperature-activated carbon was used to filter the Hg contained in the
carrier gas, which lowered both the Hg background and the detection limit. Internal Tl isotope
reference NIST SRM997 was used in conjunction with external reference NIST SRM 610 to cor-
rect for fractionation and mass discrimination effects. The Tl solution was introduced through
the CETAC Aridus II desolvation nebulizer system. The exponential law correction method
for Tl normalization with an optimally adjusted Tl ratio was used to obtain Pb isotope data
with high precision and accuracy [53]. The measured isotope ratios were in agreement with
the reference and the published values within 2σ measurement uncertainties [50,52–54].
Standard CBI-3 (Natural galena) was used as certified reference material. The mea-
sured Pb isotope ratios of standard CBI-3 in this study (208Pb/206Pb = 2.1246 ± 0.0010,
207Pb/206Pb = 0.8696 ± 0.00006, 206Pb/204Pb = 17.963 ± 0.0017, 207Pb/204Pb = 15.621 ± 0.0025,
and 208Pb/204Pb = 38.165 ± 0.0048; SD; N = 5; Table S4) were consistent with the recom-
mended values (208Pb/206Pb = 2.1247 ± 0.0000, 207Pb/206Pb = 0.8694 ± 0.00001,
206Pb/204Pb = 17.964 ± 0.0014, 207Pb/204Pb = 15.622 ± 0.0013, and 208Pb/204Pb = 38.168
± 0.0028; [52]).

4. Results

4.1. Mineralogy of Hydrothermal Sulfide Samples

Seafloor hydrothermal sulfide ore samples H4-TVG5-1-1 (~8 cm in size) and H4-
TVG5-3-1 (~24 cm in size) are black to dark grey in color and contained pores up to
0.2 mm (H4-TVG5-1-1) and 1 mm (H4-TVG5-3-1) in diameter. They are composed of
sulfide minerals (Figure 2), i.e., pyrrhotite, galena, sphalerite, and isocubanite, as well as
amorphous silica. The coarser-grained aggregates of pyrrhotite (up to 100 μm), sphalerite
(up to 50 μm), galena (up to 30 μm), and isocubanite (up to 20 μm) comprise >70% of the
sulfide samples by volume in both samples (Figures 2 and 3).

4.1.1. Pyrrhotite

Pyrrhotite is the most abundant mineral. It occurs as randomly oriented laths that
range in size from a few to hundreds of micrometers. The laths form boxwork textures
(Figure 2) shaped similar to blades or hexagonal plates (Figures 2 and 4a). Some of the
pyrrhotite boxwork laths contain interstitial sphalerite, minor isocubanite, and late galena
(Figure 2). The whitish rim around pyrrhotite is likely a thin oxidized pyrrhotite-rim, similar
to the rims commonly observed in pyrrhotite from other hydrothermal fields (Figure 2f).
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4.1.2. Sphalerite

The sphalerite from the NHF is red and Fe-rich (Table S3). It is intimately connected
with the pyrrhotite and galena (Figures 2 and 4), intergrown with the pyrrhotite and
isocubanite (Figure 2h), overgrown by amorphous silica, and contains local inclusions of
galena. The sphalerite commonly occurs as hydrothermal aggregates that are intimately
intergrown within the interstices between the pyrrhotite laths where it forms rounded or
elongated anhedral grains up to several tens of micrometers across (Figure 2f).

 

Figure 2. (a) Brown H4-TVG5-1-1 sample with a fluid channel and pores; (b) grey-green H4-TVG5-3-1
sample with reddish-brown Fe-Mn oxides; (c) bladed pyrrhotite (Pyh) surrounded by galena (Gn);
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(d) pyrrhotite and black-grey sphalerite with a lattice texture and later coarse and fine galena filling
the cavities; (e) fine isocubanite (Icb) inclusion in the galena and amorphous silica (Sil); (f) pyrrhotite
(Pyh) aggregates surrounded by sphalerite (Sp) and galena (Gn). Oxidized pyrrhotite appears as a
thin whitish rim around the pyrrhotite (Pyh) lath; (g) coarse bladed pyrrhotite and fine isocubanite
(Icb) surrounded by black-grey sphalerite; and (h) pyrrhotite partially surrounded by galena and
black-grey sphalerite with fine isocubanite (Icb).

 

Figure 3. Sequence of sulfide mineralization in the seafloor hydrothermal sulfide deposits of the NHF
in the MOT. The thicknesses of the horizontal bars indicate the relative abundances of the minerals.
Pyh means pyrrhotite.

 

Figure 4. SEM BSE images of selected pyrrhotite (Pyh), sphalerite (Sp), and galena (Gn) grains from
the seafloor hydrothermal sulfide deposits in the NHF: (a) SEM and EDS line analysis of pyrrhotite,
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sphalerite, and galena in sample H4-TVG5-3-1. The pyrrhotite was oxidized with a high O content.
The Mn and S contents of the sphalerite vary; (b) SEM and EDS line analysis of the sphalerite and
galena in sample H4-TVG5-3-1.

4.1.3. Galena

Galena is the major sulfide mineral in both samples (Figures 2 and 4). It is disseminated
throughout the samples, appearing as subhedral or anhedral crystals (Figure 2), and ranges
in size from a few to tens of micrometers (Figures 2 and 4). Most of the drop-like, oval,
or elongated inclusions of galena crystals up to 25 μm in size are found in the sphalerite
(Figure 2d). This indicates that there is a positive correlation between the Zn and Pb in the
sulfide minerals [10]. The galena is often surrounded by amorphous silica (Figure 2e). It is
also found as intergrowths of minute (5–40 μm) euhedral to subhedral crystals in the pores
within the pyrrhotite–sphalerite aggregates (Figure 2h).

4.1.4. Isocubanite and Amorphous Silica

The isocubanite coexists with the sphalerite and galena in hydrothermal sulfide sam-
ples H4-TVG5-1-1 and H4-TVG5-3-1 (Figure 2). When present, amorphous silica occurs as a
thin late-stage rim around the sulfide minerals and may overgrow the sphalerite, pyrrhotite,
and galena (Figure 2).

4.2. Major and Trace Element Contents of Sulfide Minerals
4.2.1. Major Element Contents of Sulfide Minerals

The major element concentrations of the sulfide minerals are presented in Tables S2 and S3.
According to Belzile et al. [55] and Fallon et al. [1], pyrrhotite can be monoclinic (less Fe-
deficient: 45.9–46.8 mol% Fe) or hexagonal (more Fe-deficient: 47.2–48.0 mol% Fe) (Table S2).
Most sphalerite has low Cu contents (0.10–0.46 wt.%) and very high Fe (12.46–19.53 wt.%)
and Mn (0.10–6.27 wt.%) contents (Figure 4; Table S2). The FeS contents of the sphalerite
slabs range from 21.95 to 34.78 mol% (Table S2). In contrast, the Fe contents (1.09 to
2.61 wt.%) of the FeS-bearing sphalerite from the sulfide chimneys in the North Konll,
Iheya Ridge, are reportedly very low (~4 mol%; Ueno et al. [20]). The major elements
in the galena are Pb (83.68–87.17 wt.%) and S (13.31–13.69 wt.%) (Tables S2 and S3), and
those in the isocubanite are Zn (0.80–2.12 wt.%) and Pb (0.38–2.35 wt.%) (Table S2), while
most of the amorphous silica contains significant amounts of Fe (0.46–9.64 wt.%) and Zn
(0.13–4.86 wt.%) (Table S2).

4.2.2. Trace Element Contents of Sulfide Minerals

The trace element concentrations of the sulfide minerals are presented in Table S5.
The pyrrhotite is relatively enriched in Ge (28.0–97.3 ppm) and Mo (1.21–3.40 ppm). The
Ge content (28.0 to 97.3 ppm) of the pyrrhotite samples (H4-TVG5-1-1) from the NHF are
noticeably higher than those of the galena (0.51–1.09 ppm) and sphalerite (3.63–4.84 ppm)
crystals (Table S5; Figure 5).

The sphalerite contains Cd (318–388 ppm), Sn (145–182 ppm), Au (0.67–0.82 ppm),
Th (4.85–5.09 ppm), Mo (0.08–0.34 ppm), Tl (0.11–0.67 ppm), and Bi (0.03–0.15 ppm). The
Th contents of the sphalerite samples from the NHF are usually higher than those of the
pyrrhotite and galena from sample H4-TVG5-1-1 (Table S5; Figure 5).

The Mo (0.07–2.44 ppm), Cd (3.11–70.1 ppm), V (0.41–22.3 ppm), Cr (2.82–369 ppm),
Ni (0.45–6.48 ppm), and Cu (12.9–4420 ppm) contents of the galena from the NHF are
much more variable than those of the pyrrhotite and sphalerite, covering the largest range
(Tables S2, S3 and S5; Figure 5). The As (1.74–2233 ppm), Se (17.0–109 ppm),
Fe (3128–101,010 ppm), and Zn (829–127,104 ppm) contents of the galena samples from
the NHF also span large ranges (Tables S2, S3 and S5). Se is concentrated in the galena
(17.0–109 ppm) and pyrrhotite (13.2–52.7 ppm) (Table S5), whereas Tl was detected in
the galena (0.49–4.09 ppm), pyrrhotite (0.12–0.64 ppm), and sphalerite (0.11–0.67 ppm)
(Table S5). The galena is more enriched in Ag (693–1940 ppm) and Sb (1608–5129 ppm)
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than the pyrrhotite and sphalerite (Table S5; Figure 5). In particular, the Ag contents
(693–1940 ppm) of most of the galena samples are significantly higher than those of the
pyrrhotite (0.49–9.28 ppm) and sphalerite (42.4–53.9 ppm) samples (Figure 5). There is a
positive correlation between the Ag and Bi contents of the galena. Most of the pyrrhotite
(Th 0.08–2.38 ppm) and sphalerite (Th 4.85–5.09 ppm) contain more Th than the galena
(Th 0.04–2.37 ppm), while the galena (7.52–16.8 ppm) has significantly higher Rh contents
than the pyrrhotite (0.08–0.14 ppm) and sphalerite (0.04–0.05 ppm) (Table S5; Figure 5).
Furthermore, a significant positive correlation was observed between the Au and Mo
contents of the galena from the NHF.

 

Figure 5. Average element contents of sulfide minerals from the NHF hydrothermal sulfide samples.
The element contents of the pyrrhotite, sphalerite, and galena were determined via LA-ICP-MS.

4.3. Rare Earth Element Compositions of Sulfide Minerals

The rare earth element (REE) contents were normalized to Chondrite values (sub-
script CN) [56]. The Eu and Ce anomalies were assessed using the following equations:
(Eu/Eu*)CN = (2 × EuCN)/(SmCN + GdCN) and (Ce/Ce*)CN = (2 × CeCN)/(LaCN + PrCN).
The REE data for the Yonaguni Knoll IV vent fluids, Iheya Ridge volcanic rocks, and MOT
sediments used for comparison are from Hongo et al. [57], Li et al. [39], and Xu et al. [58],
respectively.

The total REE contents (∑REEs) of the pyrrhotite, sphalerite, and galena from the
NHF are highly variable (2.01–36.7 ppm) (Table S5). Most of the ∑REE contents of the
pyrrhotite (2.32–36.5 ppm) and galena (2.01–36.7 ppm) are higher than those of the spha-
lerite (10.2–13.2 ppm) (Table S5). Among the studied samples, the pyrrhotite from the NHF
had the highest ∑REE contents (36.5 ppm, H4-TVG5-1-1, point 2–3) (Table S5).

The Chondrite-normalized REE distribution patterns of the pyrrhotite, sphalerite, and
galena from the NHF are presented in Figure 6. The REE patterns of most of the sulfide
minerals exhibit light rare earth element (LREE) enrichment (LREE/HREE = 8.09–32.0),
variable LaCN/LuCN ratios (0.98 and 50.0), and Eu ((Eu/Eu*)CN = 0.47–4.13) and Ce
((Ce/Ce*)CN = 1.70–3.85) anomalies (Figure 6a–c). Compared with the Eu anomalies
of the pyrrhotite ((Eu/Eu*)CN = 1.44–1.68) and sphalerite ((Eu/Eu*)CN = 3.61–4.13) from the
NHF, the galena has smaller Eu anomalies ((Eu/Eu*)CN = 0.47–0.83). Moreover, most HREE
contents are around the detection limit, which has been marked in dash lines (Figure 6) and
were only used to qualitatively understand their low contents.
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Figure 6. REE patterns of the sulfide minerals in the hydrothermal sulfide samples including
pyrrhotite (a), sphalerite (b), and galena (c) from the NHF in the MOT compared to those of volcanic
rocks, vent fluids, sediments, and seawater (d). The normalization data are from Evensen et al. [56].
The data for the Iheya Ridge volcanic rocks, Yonaguni Knoll IV vent fluids, MOT sediments, and
seawater data are from Li et al. [39], Hongo et al. [57], Xu et al. [58], and Steele et al. [59]. The red
dash lines are the detection limit of REEs.

4.4. In-Situ S and Pb Isotopic Compositions of the Sulfide Minerals

Five sulfur isotope analyses were conducted on the sphalerite, pyrrhotite, and galena
grains from sample H4-TVG5-1-1. The δ34S values obtained for the sulfide minerals are
consistent and range from 3.58 to 5.69‰. One sphalerite sample from hydrothermal sulfide
sample H4-TVG5-1-1 yielded the highest δ34S values (5.69‰). The galena and pyrrhotite
are characterized by lower sulfur isotope values (<4.16‰). The lowest δ34S value (3.58‰)
was for a galena sample (Table S6).

The galena from sample H4-TVG5-1-1 from the NHF has uniform Pb isotopic compo-
sitions, with a narrow range of Pb isotopic values (Table S6; Figure 7). The 207Pb/204Pb and
208Pb/204Pb ratios of the galena from the NHF are within or close to the range of values for
the Iheya Ridge volcanic rocks (basalt and trachyandesite) and the JADE sediments in the
MOT (Figure 7).
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Figure 7. Plot of (a) 208Pb/204Pb vs. 206Pb/204Pb, and (b) 208Pb/206Pb vs. 207Pb/206Pb for the galena
from the NHF. The data for the NOT, MOT, and SOT volcanic rocks are from Halbach et al. [38], Shu
et al. [60], and Li et al. [39]. The data for the sediments from DSDP Sites 294, 295, 296, 442B, 443, and
444 in the western Philippine sea, the JADE sediments in the MOT, and the altered oceanic crust
basalt from DSDP Sites 294 and 442B are from Halbach et al. [38] and Shu et al. [60]. As we have
compared our in situ Pb isotope data to the end members, to avoid being hard to understand, we do
not add the previous whole-rock Pb isotopes of sulfides to the same figure.

5. Discussion

5.1. Seawater–Fluid Mixing and Element Enrichments

The NHF sulfide minerals often contain well-developed pyrrhotite blades, xenomor-
phic isocubanite, interstitial sphalerite, and sharp-edged galena crystals, which are the
result of rapid cooling during seawater–fluid mixing (Figure 2) [10]. Mo-enriched sulfide is
characteristic of high-temperature paragenetic mineral associations [61]. The Mo contents
(1.21–3.40 ppm) of the pyrrhotite samples from the NHF are mainly higher than those of the
sphalerite (0.08–0.34 ppm) and galena (0.07–2.44 ppm) in sample H4-TVG5-1-1 (Table S5;
Figure 5). This suggests that the Mo-enrichment of the pyrrhotite may have occurred at
high temperatures.

The sphalerite grains from the NHF are Fe-rich (Tables S2 and S3); their FeS mol%
contents are significantly higher than those from the PACMANUS hydrothermal field
(0.00–2.22) in the eastern Manus Basin, SW Pacific [62]. These values are identical to
previously reported values [63] for Vienna Woods (3.35–10.65) and sediment-poor JADE
(0.00–1.93) samples and are consistent with those (23.48–50.81) reported for the sediment-
rich Hakurei samples from the OT [62]. Such FeS contents indicate low-sulfidation condi-
tions [64]. The sphalerite from the NHF is enriched in Th compared to the pyrrhotite and
galena (Table S5; Figure 5). This suggests that the abundance of sphalerite controls the Th
enrichment in seafloor hydrothermal sulfides. The Th/U ratios (1.86–4.76) of the pyrrhotite
from the NHF are consistent with those of the Iheya Ridge basalt (2.64; Li et al. [39]),
trachyandesite (4.13; Li et al. [39]), and the MOT metalliferous sediments (0.18–6.11; Yang
et al. [65]), so pyrrhotite serves as the source of the Th and U in the subseafloor hydrother-
mal fluids. Furthermore, the Ge contents (0.51–97.3 ppm) of the sulfide minerals from
the NHF in the OT are higher than those (Ge 0.0055 ppm) of seawater [59]. The positive
correlation between the Ge and Pd contents indicates an affinity between these elements
and the pyrrhotite (Figure 8a).
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Figure 8. (a) Plot of Pd vs. Ge for pyrrhotite; (b) Plot of Mo vs. Au for galena; (c) Plot of Bi vs. Ag for
pyrrhotite; and (d) Plot of Ag vs. Sb for galena and sphalerite from the NHF in the MOT.

The galena from the NHF is commonly associated with sphalerite and was observed
to form partial rims around the sphalerite crystals (Figure 2d). The galena inclusions in the
sphalerite indicate that the galena post-dates the sphalerite (Keith et al., 2016), and it may
have formed through the following reaction: ZnS (s) + Pb2+ (aq) → PbS (s) + Zn2+ (aq). This
would result in relatively Zn-rich galena (up to 1.83 wt.%) (Tables S2 and S3) and needs to be
confirmed in a future study. However, this indicates a varying fluid chemistry and a change
in the solubility as the temperature decreases or increased dilution during seawater–fluid
mixing [66]. In the latter case, pyrrhotite would form later than sphalerite/galena, since
the fluid is in the interior of both samples H4-TVG5-1-1 and H4-TVG5-3-1.

The Ag contents (0.49–9.28 ppm) of the pyrrhotite from sample H4-TVG5-1-1 (Table S5)
are lower than those from the Rainbow hydrothermal vent field on the MAR (200 ppm), the
southern JdFR (400–700 ppm), and the Endeavour Segment of the JdFR (<400 ppm) [15–17].
In addition, the Ag contents exhibit a positive correlation with the higher Bi contents
(Figure 8c).

The Rh (7.52–16.8 ppm), Bi (0.14–1.38 ppm), Ag (693–1940 ppm), Tl (0.49–4.09 ppm),
and Sb (1608–5129 ppm) contents of the galena from the NHF are variable and are noticeably
higher than the Rh contents of the sulfides from the PACMANUS hydrothermal field
(0.0004–0.3556 ppm) in the eastern Manus Basin, southwestern (SW) Pacific [67], the Turtle
Pits, and the Logatchev hydrothermal field on the MAR (0.0012–0.149 ppm) [68]. The
values of the galena from the NHF suggest that the chemical compositions of the fluids
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changed with time during the galena deposition. These values are also significantly higher
than those of the sphalerite and pyrrhotite from the NHF (Table S5; Figure 5), the vent
fluid (Bi = 0.000647 ppm) in the OT [69], and seawater (Bi = 0.00003 ppm, Ag = 0.002 ppm,
Tl = 0.013 ppm, Sb = 0.2 ppm) [59]. Furthermore, the enrichment of Rh (7.52–16.8 ppm),
Bi (0.14–1.38 ppm), Ag (693–1940 ppm), Tl (0.49–4.09 ppm), and Sb (1608–5129 ppm) in
the galena may be the result of the galena precipitating later from late-stage fluids and
rapid cooling due to seawater–fluid mixing (Table S5; Figure 5). However, Rh is more
compatible in a monosulfide-solid solution (MSS) than in an intermediate solid solution
(ISS) and has been found to be more soluble than Pt and Pd [70]. Due to these properties,
Rh may crystallize as chalcogen (Se, Te, As, Sb, Bi)-rich discrete precipitate (e.g., RhSeS or
RhSbS) before or synchronously with other chalcogen-bearing phases that are associated
with late-stage low-sulfur precious metal haloes around hydrothermal sulfides. Similar
associations have been documented at various locations around the Sudbury metallogenic
deposit, Ontario [71,72]. Consequently, the Ag content is positively correlated with the Sb
content for the galena from the NHF and in neighboring sphalerite (Figure 8d), which may
also indicate the presence of Sb with the Ag incorporated into the galena from the sphalerite
during mineralization. The Rh (7.52–16.8 ppm), Bi (0.14–1.38 ppm), Ag (693–1490 ppm),
Tl (0.49–4.09 ppm), and Sb (1608–5129 ppm) contents of the galena are higher than those
of the original hydrothermal sphalerite and the earlier pyrrhotite in the NHF (Table S5;
Figure 5), which indicates that the incorporation of these trace elements into the galena,
pyrrhotite, and sphalerite is controlled by their partition coefficients. This implies that the
back-arc galena-rich hydrothermal sulfide deposit may be an Rh-Ag-Sb enriched deposit.

Compared with the PACMANUS hydrothermal mineralization (average Se content of
pyrite is 5.97–7.39 ppm; [1]), most of the Noho sulfide minerals are enriched in Se (13.2–109 ppm)
(Table S5), which was concentrated in the galena and pyrrhotite via seawater–fluid mixing
(Table S5). This is similar to the seafloor hydrothermal mineralization in the Kulo Lasi volcano,
Futuna, and SW Pacific. This implies that the Noho basalt-, trachyandesite-, and sediment-
hosted hydrothermal mineralization may be enriched in Se [10] based on the fact that it was
found in large quantities in the pyrrhotite and based on the reducing conditions during the
fluid-rock and/or sediment interaction.

In addition, the Pb contents of the pyrrhotite (up to 1.33 wt.%) and sphalerite (up to
2.93 wt.%) are comparable to other BAB mineralization in the PACMANUS field (0.176 wt.%
to 2.35 wt.% Pb in sphalerite) in the SW Pacific [73,74], but they are higher than those in the
Trans-Atlantic Geotraverse (TAG) hydrothermal field (<0.1 to 0.16 wt.% Pb in sphalerite)
on the MAR [1,75]. However, some of the sphalerite grains exhibit noticeably high Pb
contents (up to 2.93 wt.%) (Table S2) which may indicate spectral contamination from
nearby galena grains, or true chemical contamination, caused by the diffusion of the
chemical components across grain boundaries. The seafloor pyrrhotite (Fe = 58.5–62.0 wt.%;
Pb = 0.02–1.33 wt.%; S = 37.8–40.9 wt.%; Zn = 632–5300 ppm; Cu = 130–529 ppm) and
galena (Fe = 0.10–1.32 wt.%; Pb = 81.1–88.8 wt.%; S = 12.7–14.5 wt.%; Zn = 829–127,104 ppm;
Cu = 12.9–4420 ppm) from the NHF contain different proportions of major (Fe, Pb, and S)
and minor (Cu and Zn) elements which may also indicate probable spectral contamination
from the adjacent sphalerite and subsurface Cu-sulfide inclusions (isocubanite, up to
30.83 wt.% Cu) (Table S2).

5.2. Variable REE Contents and Sources of REEs

The ∑REEs contents of the pyrrhotite analyzed in this study vary significantly
(2.01–36.7 ppm), and they do not exhibit systematic variations with the Fe (58.5–59.8 wt.%)
and S (39.5–40.3 wt.%) contents. The degree of LREE and heavy rare earth element (HREE)
fractionation in the NHF pyrrhotite (LREE/HREE) is highly variable, up to 32.0 (Table S5).
The ∑REE contents and ranges of the pyrrhotite (Table S5) exceed those of the sphalerite.
The substitutions of REEs into the pyrrhotite are similar to those involving galena and
sphalerite [76,77], indicating the significant influence of the REEs’ larger ionic radii.

13



J. Mar. Sci. Eng. 2022, 10, 678

The REE patterns of the pyrrhotite and sphalerite from the NHF contain positive Eu
anomalies (1.44–4.13) (Table S5; Figure 6), similar to the values for the vent fluids in the
OT [57,78] and almost all hydrothermal fields globally. These similarities indicate that the
pyrrhotite and sphalerite inherited the positive Eu anomalies of the vent fluids [77,79–81].
The stability of the soluble Eu2+ species increases in contact with Cl– complexation, low-
to high-temperature acidic fluids, and under reducing conditions [77,82–86]. Therefore,
the positive Eu anomalies of the pyrrhotite and sphalerite with high Eu content (0.04 to
0.27 ppm) may have been induced by Cl-complexation under high-temperature, low-pH,
and strongly reducing fluid conditions [77,81].

The REE patterns of the galena from the NHF are characterized by negative Eu anoma-
lies (0.47–0.83) (Table S5; Figure 6c), which are indicative of relatively low-temperature
seawater [87]. A large proportion of the Eu in the low-temperature fluid is trivalent be-
cause divalent Eu is stable at temperatures of greater than ~250 ◦C [83]. The decreasing
formation temperature of galena strongly correlates with the decreasing Eu2+/Eu3+ ratios
of the vent fluids [77]. The accumulation of Eu2+ in galena formed at medium to low
temperatures is also reduced. The stability of the soluble Eu2+ species has been reported to
decrease in association with SO4

2− complexation, high- to low-temperature acidic fluids,
and under reducing conditions [83]. Therefore, the negative Eu anomaly of the galena
were most likely induced by lower Eu contents, medium (300–200 ◦C) to low (<200 ◦C)
temperatures (Figure 3), and/or mixing between fluids and seawater and the galena chem-
istry. Consequently, the Eu content of the fluids may have influenced the Eu anomaly in
the precipitated galena and its depositional conditions and processes. The negative Eu
anomalies are related to the lower Eu contents of the galena (0.03–0.14 ppm) (Table S5),
which have been interpreted to have formed at medium to low temperatures and from less
concentrated Eu-bearing- fluids [80,81,88].

The REEs in the sulfide minerals from the NHF may indicate the sources and evolution
of the seafloor hydrothermal fluids. Previous studies of seafloor hydrothermal sulfides
from the Rainbow, Broken Spur, and TAG hydrothermal fields on the MAR have revealed
that the REEs were mainly derived from the fluids [79,89] and were incorporated into
the sulfide minerals during seawater–fluid mixing (e.g., Bau and Dulski [90] and Zeng
et al. [81]). The REE patterns of the sulfide minerals from the NHF are comparable to
those of the Yonaguni Knoll IV vent fluids (Figure 6d) [57]. Thus, the REEs in the sulfide
minerals from the NHF were most likely derived from fluids which leached the REEs from
the local sub-seafloor volcanic rocks and/or sediments and deposited them in the Noho
hydrothermal sulfide deposits (Figure 6d) [58,81,91]. Admittedly, more detailed works
focusing on how REE enters sulfides need to be conducted in the future.

5.3. Sources of Sulfur in Sulfide Minerals

The sulfur isotope compositions of the sulfides and their possible geological reser-
voirs are important indicators that constrain the sources of the reduced sulfur [92,93]. The
NHF hydrothermal sulfide deposit is hosted in volcanic rocks and sediments. Igneous
rock-derived sulfur, including that in the MORBs, mantle peridotites, and calc-alkaline
volcanic rocks (e.g., andesites or rhyolites; Zeng et al. [21]) show δ34S values very close
to 0‰ (+0.1 ± 0.5‰) [94–97]. However, the δ34S values of the Quaternary volcanic rocks
from the Japanese Island Arc (+4.4 ± 2.1‰; Ueda and Sakai [98]) and the volcanic rocks
from the northern Mariana Trough (+2.0 to +20.7‰; Woodhead et al. [99]) are significantly
higher. Although volcanic sulfur is rapidly leached by high-temperature (300–500 ◦C)
fluids [100], no significant isotopic fractionation occurs during the leaching, transport, and
reprecipitation of sulfide minerals [101]. The seawater sulfur in the NHF was most likely
derived from seawater and/or fluids that leached sulfur from the sediments. Correspond-
ing to volcanic sulfur, seawater sulfate has a δ34S value of +21‰ [102] and H2S-containing
seafloor hydrothermal fluids related to sulfide and sulfate mineralization usually have
δ34S values of 1.5‰ to 7‰ (e.g., Michard et al. [103]; Butterfield et al. [104]; Shanks
et al. [96]; and Shanks [105]). These values are between the δ34S values of volcanic rocks
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(+0.1 ± 0.5‰; [94–97], the Japanese Island Arc volcanic rocks (+4.4 ± 2.1‰; Ueda and
Sakai [98]), the northern Mariana Trough volcanic rocks (+2.0 to +20.7‰; Woodhead
et al. [99]), and sediments (δ34S values similar to those of seawater sulfate, which can be
affected by microorganisms >+21‰) and seawater (+21‰). Therefore, the sulfur isotopic
compositions of sulfide minerals can serve as evidence of the sources of the sulfur [21,106].

The δ34S values of the SO4 and H2S from the OT vent fluids range from 20.6‰ to
25.7‰ (average of 22.4‰, n = 9) and –0.2‰ to 12‰ (average of 5.9‰, n = 26), respec-
tively [69,78,107–111]. The δ34S values of the sulfide mineral samples from the NHF are
all within a narrow range (3.58–5.69‰; Table S6) which overlaps with the overall range
for sulfide minerals from global seafloor hydrothermal fields (0.0–9.6‰; n = 1901; Zeng
et al. [21]). This indicates a heavy sulfur contribution from reduced seawater sulfate, falling
within the range between the seawater δ34S values for SO4 (20.99‰; [102]) and vent fluid
H2S (−0.2 to 12‰; [69,78,107–111]).

The sulfur isotope compositions of the sulfide minerals from the NHF may have been
influenced by the mixing of seawater and/or sediment SO4 with volcanic rock-derived
sulfur during the sulfide formation according to the following reaction:

M2+ (aq) + SO4
2− (aq) + 4H2S (aq) → MSx (s) + yS (s) + 4H2O (aq)

where M2+ is Fe2+, Pb2+, or Zn2+; and MS is pyrite (x = 2, y = 3), galena (x = 1, y = 4), or
sphalerite (x = 1, y = 4).

According to a simple two end-member mixing model,

(δ34Smix = X × δ34Sseawater and/or sediment SO4 + (1 − X) × δ34Svolcanic rock

where X is the amounts of seawater and/or the sediment SO4 component, and δ34Smix,
δ34Sseawater and/or sediment SO4 (21‰), and δ34Svolcanic rock (0.1‰, volcanic rock-derived sul-
fur) are the sulfur isotope compositions of sulfide minerals or vent fluids, seawater and/or
sediment SO4 and volcanic rock-derived sulfur, respectively, the sulfur isotope composition
of sulfide minerals can be obtained via mixing sulfur from seawater and/or sediment SO4
(17–19%, n = 5) with sulfur from volcanic rocks (81–83%, n = 5). This mixing likely occurred
in the downwelling limb of the hydrothermal convection cell in the NHF. This further
suggests that the proportions of the sulfur in NHF sulfide minerals contributed by seawater
and/or sediment SO4 were less than that contributed by the volcanic rock-derived sulfur.
The sulfide minerals in sample H4-TVG5-1-1 precipitated in the NHF primarily where the
hydrothermal fluids are dominant along the tube interiors. In addition, disulfides and
sulfates tend to be more abundant where mixing with seawater promotes oxidation of
S2− in the distal portions of the sample. The δ34S values of the sphalerite from the NHF
are higher than those of the galena and pyrrhotite from the NHF (Table S6), and they are
significantly lower than those of the sphalerite from the JADE hydrothermal field which
has been reported to be +5 to +6‰ [20] and +6.6 to +7.1‰ [112]. These values have been
significantly influenced by the reduction in seawater and/or sediment sulfate under highly
oxidizing fluid conditions during sphalerite formation [113,114].

In addition, the decrease in the δ34S values from the sphalerite to the galena [115] sug-
gests that the sphalerite-galena pair (point 8-9-3 for sphalerite and point 8-9-5 for galena) in
the NHF represent sulfur isotopic equilibrium. Based on the known temperature-dependent
fractionation factors [93,116], the formation temperature of the coexisting sphalerite-galena
pair was estimated to be 314 ◦C and 318 ◦C using the equation for the sulfur isotope
geothermometer (Table S6).

5.4. Fluid-Rock Interactions and Source of Lead in Galena

The majority of the Pb isotope ratios of the galena plot were in or near the fields of the
basalts and andesites from the NHF and the JADE sediments from the MOT (Figure 7). This
suggests that the MOT volcanic rocks and/or sediments are the main source of the Pb in the
seafloor vent fluids (e.g., Vidal and Clauer [117]; Chen [118]; Hegner and Tatsumoto [119];
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Hinkley and Tatsumoto [120]; Fouquet and Marcoux [121]; Halbach et al. [38]; Charlou
et al. [122]; Yao et al. [123]; and Zeng et al. [21]). The range of the Pb isotope compositions
of the galena (Table S6) is small compared to those of the volcanic rocks and sediments
in the OT. The Pb isotope ratios of the galena from the NHF are the same as those of the
volcanic rocks and sediments in the OT, which indicates that the heterogeneous Pb isotopes
(e.g., Allègre et al. [124] and Hamelin et al. [125]) were extracted from the volcanic rocks
and/or sediments via fluid-rock and/or sediment interactions and were homogenized
during fluid circulation, supporting the conclusions of previous studies [21,121,126]. This
indicates that the Pb isotope compositions of the galena can be used to infer the Pb isotope
compositions of the local volcanic rocks, sediments, and fluids. The Pb isotope ratios of
the galena from the NHF are close to the average Pb isotope ratios of the volcanic rocks
and sediments in the MOT (Figure 7b), suggesting that the volcanic rock and/or sediments
were likely the sources of the Pb in the galena from the NHF. In addition, these ratios plot
in or near the field of the west Philippine Sea sediments and altered oceanic crust basalts
(Figure 7b) [60], implying that sedimentary and subducted oceanic crust components were
a possible source of the Pb in the galena from the MOT.

5.5. Hydrothermal Temperature and Redox Conditions during Sulfide Formation

The equilibrium sulfur isotope temperature (314 ◦C and 318 ◦C) of the sphalerite-
galena pair (Table S6) suggests that the dominance of sphalerite is a characteristic of
the Noho hydrothermal sulfides with formation temperatures of >300 ◦C. Based on the
observed microtextural relationships of the minerals and the interpreted paragenetic se-
quences (Figure 3), the sulfide mineral crystallization sequence was as follows. First, the
pyrrhotite formed, followed by isocubanite and sphalerite. In the final stage, galena, and
then amorphous silica is precipitated. The amorphous silica is concluded to have formed
during the late stage since it precipitates at low temperatures (i.e., from ~50 ◦C to <200 ◦C;
Figure 3) [10]. The overall mineral crystallization sequence from pyrrhotite to isocuban-
ite to sphalerite to galena and finally to amorphous silica is indicative of hot, reduced
hydrothermal fluids mixing with cooler, more oxygenated seawater [18]. This also empha-
sizes the importance of the interactions between the mineralizing fluid and the coexisting
seawater during the formation of this hydrothermal sulfide deposit in the NHF. However,
replacement of fine-grained sulfides with coarse-crystalline sulfides indicates a reaction
with hotter and, at least in part, more reduced ascending fluids from which pyrrhotite and
sphalerite may also have precipitate [127,128]. In addition, the decrease in the Fe/S ratio of
the pyrrhotite from 0.96 to 0.92 (Table S2) indicates an increase in the level of pyrrhotite
oxidation (f O2 increase or f S2 decrease) [1].

Interestingly, no pyrite or marcasite was observed in samples H4-TVG5-1-1 or H4-
TVG5-3-1. The lack of these minerals sheds important light on the formation processes
of the seafloor hydrothermal sulfides in the NHF. For instance, it is known that pyrite is
much less soluble than pyrrhotite (approximately 6–10 orders of magnitude less soluble
at 200–250 ◦C; [129]). Just after the pyrrhotite precipitated, the residual Fe precipitated to
form Fe-rich sphalerite. This did not leave enough sulfur to form abundant pyrite and/or
marcasite. Thus, the lack of pyrite and/or marcasite when pyrrhotite is present merely
indicates low sulfur activity. However, according to the mineral paragenesis, the pyrrhotite,
isocubanite, and sphalerite were formed during the early ore-forming stage, while the
sphalerite, galena, and amorphous silica were formed during the late stage. The pyrrhotite,
which represents the earliest mineralization stage, is occasionally overgrown by sphalerite
and late-stage galena (Figures 2 and 3).

Even so, the accurate sulfide mineralizations model requires drilling samples and data.
Therefore, our TV-grabber collected samples are focused on exploring the element sources
(e.g., REE, S, and Pb) and physicochemical conditions (e.g., temperature, f O2, and f S2) of
the sulfide mineral formation.
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6. Conclusions

The mineral assemblage of the seafloor hydrothermal sulfide ores from the NHF is
dominated by pyrrhotite, sphalerite, galena, minor isocubanite, and amorphous silica. The
early sulfides (pyrrhotite, isocubanite, and sphalerite) are partly or completely surrounded
by the later minerals (sphalerite, galena, and amorphous silica). The late overgrowth of
the pyrrhotite by sphalerite and the sphalerite by galena indicates an unstable hydrother-
mal system.

Most of the measured Rh, Bi, Ag, Tl, Se, and Sb contents of the pyrrhotite and sphalerite
are significantly lower than those of the galena, indicating enrichment of these trace
elements in the galena during the seawater–fluid mixing. This suggests that the galena-rich
hydrothermal sulfide deposit in this BAB may be Rh-Ag-Sb-enriched.

The REEs in the sulfide minerals from the NHF were likely sourced from the seafloor
hydrothermal fluids. The REE contents and patterns of the sulfide minerals are related to
the mineral chemistry, but they were also influenced by the physiochemical compositions,
REE contents and patterns of the fluids, the degree of mixing between the fluids and
seawater, and interactions with sub-seafloor rocks and/or sediments. The pyrrhotite and
the sphalerite precipitated at higher temperatures in association with acidic or reducing
fluids have positive Eu anomalies. Thus, the Eu anomaly values may indicate the Eu
content and temperature of the source fluids.

The sphalerite has higher δ34S values than the pyrrhotite or galena. The higher δ34S
values of the sulfide minerals from the NHF indicate a heavy sulfur contribution from
reduced seawater and/or sediment sulfate, which may indicate that the sulfur in the
sulfides was mainly derived from the volcanic rocks.

The Pb isotope compositions of the galena are similar to those of the associated volcanic
rocks and/or sediments in the NHF and the JADE sediments in the MOT, suggesting that
the galena inherited the Pb isotope compositions of the host rocks in the Noho sub-seafloor
hydrothermal systems during the galena formation via seawater-fluid mixing and fluid-
rock and/or sediment interactions. The Pb isotope compositions of the galena from the
NHF are very homogenous and have a narrow range, plotting in or near the field of the
large Pb isotope dataset for the MOT volcanic rocks, western Philippine Sea sediments,
and altered oceanic crust basalts. This implies that the isotopic composition of the Pb in
the galena is important for understanding the influence of plate subduction on back-arc
hydrothermal and magmatic systems.

The formation temperature of the coexisting sphalerite and galena in the NHF was
estimated to be 314 ◦C and 318 ◦C. The higher sulfur fugacity of the fluid resulted in
lower formation temperatures and greater Fe contents in the sphalerite. Altogether, these
facts suggest that the sphalerite was deposited under reducing fluid conditions. After the
pyrrhotite precipitated, most of the remaining Fe was used for the formation of Fe-rich
sphalerite precipitates. These processes consumed all of the available sulfur and prevented
the formation of pyrite and/or marcasite.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse10050678/s1, Table S1: Sampling data for this study, Table
S2: Oxford INCA X-Max energy dispersive spectrometry (EDS) analyses of the sulfide minerals and
amorphous silica in samples H4-TVG5-1-1 and H4-TVG5-3-1 from the NHF (wt.%), Table S3: Electron
microprobe analyses of the sulfide minerals in sample H4-TVG5-1-1 from the NHF (wt.%) and their
atoms per formula unit for elements, Table S4: Detective limit of the trace elements analyzed via
LA-ICPMS, and standards of the S-Pb isotopes analyzed via LA-ICPMS. Table S5: Trace element
contents of the sulfide minerals in sample H4-TVG5-1-1 from the NHF determined via LA-ICP-MS (in
ppm), Table S6: Sulfur and lead isotopic compositions of the sulfide minerals in sample H4-TVG5-1-1
from the NHF determined via LA-MC-ICP-MS and the formation temperature of the coexisting
sphalerite and galena.
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Abstract: The in situ element concentrations and the sulfur (S), and lead (Pb) isotopic compositions
in anglesite were investigated for samples from seafloor hydrothermal fields in the Okinawa Trough
(OT), Western Pacific. The anglesite grains are of two kinds: (1) low Pb/high S primary hydrothermal
anglesite (PHA), which is formed by mixing of fluid and seawater, and (2) high Pb/low S secondary
supergene anglesite (SSA), which is the product of low-temperature (<100 ◦C) alteration of galena
in the seawater environment. The Ag and Bi in the SSA go through a second enrichment process
during the formation of high Pb/low S anglesite by galena alteration, indicating that the SSA and
galena, which may be the major minerals host for considerable quantities of Ag and Bi, are potentially
Ag-Bi-enriched in the back-arc hydrothermal field. Moreover, REEs, S and Pb in the OT anglesite
are likely to have been leached by fluids from local sub-seafloor volcanic rocks and/or sediments. A
knowledge of the anglesite is useful for understanding the influence of volcanic rocks, sediments and
altered subducted oceanic plate in hydrothermal systems, showing how trace metals behave during
the formation of secondary minerals.

Keywords: anglesite; element distribution and mobility; supergene Ag–Bi enrichment; sulfide;
hydrothermal vent

1. Introduction

Anglesite (PbSO4) has been widely identified as a supergene weathering product
of primary galena in oxidation zones in supergene weathering deposits and mine-waste
sites [1–15]. Oxidation and acid-neutralization reactions partially dissociate the galena and
promote the development of secondary supergene anglesite [16], which then surrounds
and directly replaces galena contained within the anglesite [17], and the galena in situ
appears to be directly oxidized and partly or totally replaced by anglesite along its cleavage
planes and grain boundaries [11,18]. For example, in the Sidi Flah mine, Morocco, galena
is locally surrounded by a halo of altered anglesite PbSO4 [19]. Replacement also takes
place at the rim of galena grains as well as along the typical cleavage planes [7], which is
dissolved releasing Pb2+ and SO4

2− ions at high pH (>9) oxidizing environment [20], and
the solution interacting with the galena surface is strongly undersaturated with respect
to both the primary galena and secondary supergene anglesite (PbSO4) [21]. Supergene
weathering of primary galena leads to the formation of thermodynamically more stable
secondary anglesite. Whether or not the anglesite is stable depends on its pH, sulfur and
lead activity, partial pressure of CO2 (PCO2) and temperature in the seawater [7,11]. Under
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oxidizing conditions, anglesite is stable between pH values of about 0.4 and 5.0 [22], and
the reported value of the solubility constant for anglesite (Ksp = 10–7.79) indicates that it is
relatively insoluble [23].

However, replacement of galena by anglesite does not produce acid [24]. Locally
occurring iron sulfides undergoing oxidation acidify solutions and provide ferric ions,
which are important oxidizing agents [10], and anglesite preferentially forms in such
microenvironments [3]. In the first phase of this process, oxidation takes place along
cleavage planes and grain boundaries, and galena weathers to anglesite [25]. Moreover, in
the supergene Cu-Pb-Zn-V ores of the Oriental High Atlas, Morocco, anglesite is observed
in fractures and cleavage planes in galena, and as a thin rim around it [26]. It is also found
throughout the waste dumps at Callahan Cu-Zn-Pb mine in the Goose Pond tidal estuary,
Maine, USA, as rims on masses of galena, and inside thin fractures that cut across grains of
galena and surrounding minerals and in veinlets and fracture sets that redistribute Pb [6].

However, anglesite precipitation can effectively control the attenuation process of
fluid Pb concentration [27]. Weathering reactions control the release and transport of Pb
and other metals in acidic and near-neutral conditions in surface environments [6,28]. In
the Butte mining district, Montana, the low Pb levels may be partly explained by the low
solubility of anglesite, especially in more sulfate-rich waters, or by the low solubility of
galena in the sulfidic waters of the flooded West Camp mining district in Butte [29].

Anglesite also acts an important solid-phase control on the aqueous mobility of Pb in
the Santa Lucia mine, Cuba [16]. The main mechanism controlling the mobility of As, Ba
and Pb is the precipitation of secondary supergene anglesite [16]. Geochemical modeling
indicates that leaching solutions are supersaturated with anglesite over the entire pH range,
showing that anglesite controls the As and Pb, and to a lesser degree the Zn and Cu,
unless the pH drops below 3.0 [27]. Furthermore, electron microprobe analyses (EMPA) of
anglesite in the waste rocks of the abandoned Seobo tungsten mine in Korea have shown
notable Cu concentrations up to 4.6 wt.% [27].

Although the mineral characteristics and chemical compositions of anglesite provide
important information about weathering reactions as well as fluid/solid interaction and
supergene processes, little is known about the chemical composition of anglesites from
seafloor hydrothermal systems, since it occurs only as a minor mineral in sulfide samples,
and also due to its secondary supergene genesis in sulfide deposits. The study of element
concentrations and isotopic compositions in anglesite from seafloor hydrothermal systems
is an important means of understanding element enrichment during supergene oxidation
of hydrothermal sulfide deposits, allowing both metal sources and reconstruction of the
physicochemical conditions of their preservation to be inferred. In this study, in situ major,
trace element abundance, sulfur and lead isotopic compositions in anglesite were measured
for the first time in seafloor hydrothermal fields from the back-arc Okinawa Trough (OT)
(Figure 1). The isotopic compositions of S and Pb in the anglesite and the abundance of in
situ elements from seafloor sulfide deposits are described in combination with the chemical
compositions of associated galena and other sulfide minerals. The hydrothermal and
seawater contributions of sulfur and are described in an attempt to reveal the mechanisms
of element enrichment and the isotope variations in the anglesite, as well as the anglesite
formation processes in seafloor hydrothermal systems generally for understanding seafloor
massive sulfide deposit preservation and supergene oxidation processes.
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Figure 1. Locations of seafloor hydrothermal sulfide and sulfate samples from the Yonaguni Knoll
IV, Irabu Knoll and Iheya North Knoll hydrothermal fields in the Okinawa Trough (red rectangle =
location of seafloor hydrothermal field; red star = sulfide and sulfate sampling site).

2. Geological Setting

The OT is at the rifting-to-spreading stage of a back-arc basin, exhibiting the devel-
opment of normal faulting of brittle crustal rocks and frequent magma intrusions. The
OT topography changes markedly from the central to southern parts of the trough, with
deepening of the trough floor and steepening of the continental slope, accompanied by en
echelon intra-trough grabens [30,31]. The tectonic and geophysical properties of the OT
also differ from north to south, with crustal thickness decreasing southwards. The southern
part shows variable gravity and linear magnetic anomalies, with greatest heat flow in the
central part. Most of the crust in the OT is transitional, although oceanic crust probably
appears in some grabens in both the central and southern parts [32]. It provides a favorable
geological environment for the development of seafloor hydrothermal systems [31–34].

As of 2015, the InterRidge Vents Database had recorded at least 15 deep-sea hydrothermal
fields in the OT, including the Minami-Ensei [35]; Iheya North [36–38]; Jade [39,40]; Hakurei [41];
Irabu Knoll [42,43]; Hatoma [44,45]; Yonaguni Knoll IV [46–48] and Tangyin [34,49] hydrother-
mal fields. This study focuses on the Iheya North Knoll and Yonaguni Knoll IV hydrother-
mal fields.

The Iheya North Knoll hydrothermal field (27◦47.2′ N, 126◦53.9′ E) is located in about
1000 m water depth along the eastern slope of a small knoll, which is part of the Iheya North
Knoll volcanic complex [31] (Figure 1). Seismic studies around the Iheya North Knoll have
indicated relatively disordered seismic reflectors as deep as 400–500 mbsf (meters below
seafloor) in the central valley, surrounded by small knolls [50], indicating the presence of
pumiceous volcaniclastic flow deposits beneath hemipelagic surficial sediments, rather
than massive igneous rocks [31]. About 10 active hydrothermal mounds, aligned north
to south, are concentrated in a small region [31], many of which host active fluid vents
and sulfide and sulfate mineralization [31]. A large mound (named North Big Chimney)
more than 30 m high is associated with vigorous venting of clear fluid and with the highest
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temperature of 311 ◦C, and appears to mark the center of hydrothermal activity [36]. The
vent fluids have lower alkalinity (0.5–3.6 mmol l–1), NH4+ (1.9–2.6 mmol kg−1) and Cl-
(441–458 mmol kg−1), indicating phase separation of the fluid beneath the seafloor [37].
Mineralization in the Iheya North Knoll included sulfide and sulfate mineralization [31].
For instance, the main sulfate minerals are barite, gypsum and anhydrite. Sulfide consists
mainly of sphalerite, galena, pyrite, chalcopyrite, marcasite, wurtzite and tennantite–
tetrahedrite. Luzonite, freieslebenite and covellite are also present in small amounts [31].
However, it is possible to use hydrothermal sulfide and its inclusions to trace the deep
circulation processes of fluid in the future.

The Yonaguni Knoll IV hydrothermal field is situated in an elongated valley [48]
(Figure 1). The valley is mostly covered with muddy sediment, except for the active
vent field and volcanic rocks on its northern slope. Suzuki et al. [48] distinguished five
types of mineralization: (1) anhydrite-rich chimneys; (2) massive Zn–Pb–Cu sulfides; (3)
Ba–As chimneys; (4) Mn-rich chimneys and (5) a pavement of silicified sediment. In
addition, diverse styles of fluid venting were found to occur within the hydrothermal field,
including slightly Cl-enriched (614–635 mmol kg−1) and depleted (376–491 mmol kg−1)
fluids associated with the discharge of liquid droplets of CO2 [48]. However, there is a
relationship between the tectonic setting, magmatism, mineralization, fluid–rock interaction
and sedimentary processes in the seafloor hydrothermal system (e.g., Iheya North Knoll
and Yonaguni Knoll IV) and the response, adaptation, record and action of organism, and
it will be interesting to explore the synergetic metallogenic mechanism of magma, fluid,
rock, sediment, seawater and organisms in the seafloor hydrothermal field in the future.

3. Sampling and Methods

3.1. Specimen and Analytical Techniques

Anglesite, galena and other sulfide mineral samples from seafloor hydrothermal
sulfide deposits were collected in 2014 and 2016 during the HOBAB 2, 3 and 4 cruises
of hydrothermal fields in the OT. Samples were taken from the Iheya North (samples
H2-R1-2-a4, -b3, -d4), and the Yonaguni Knoll IV (samples H4-TVG10-2-1, and H3-T9-10-2)
hydrothermal fields (Figures 1 and 2).

Figure 2. Photographs of hand specimens.

The anglesite, associated galena and other sulfide mineral samples from selected
seafloor sulfide and sulfate deposits were analyzed using thin sections to determine the
content of major and trace elements and S and Pb isotopic compositions. Reflected and
transmitted light microscopy techniques were used to reveal the external morphology
and internal structure of samples. Anglesite, associated galena and other sulfide minerals
and microstructures were determined using back-scattered electron (BSE) images and an
Oxford Instruments INCA X-Max energy dispersive spectrometer (EDS) on a TESCAN
VEGA 3 LMH scanning electron microscope (SEM) at the Institute of Oceanology, Chinese
Academy of Sciences.
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3.2. In Situ Major Element Determination

The major element compositions of the anglesite, associated galena, pyrite, sphalerite
and chalcopyrite were determined using a JXA-8230 electron microprobe analyzer (EMPA)
at the State Key Laboratory of Continental Dynamics, Northwest University, Xian, China.
The instrument was operated at a 15 kV acceleration voltage, 10 nA beam current and 2 μm
beam diameter. The following reference materials were used for wavelength dispersive
spectrometry measurements and calibrations: pyrite (for S and Fe); chalcopyrite (for Cu);
sphalerite (for Zn); galena (for Pb) and skutterudite (for As). Pure metals were Au, Ag, Cd,
Sb, Se, Ni, Co and Cr, and the silicates were diopside (for Ca, Mg and Si); albite (for Al);
bustamite (for Mn); rutile (for Ti); apatite (for Sr) and barite (for Ba). The test accuracy for
major elements in the sulfides and sulfates was better than 5%. The detection limits for
selected trace elements were approximately within the range of 0.01 to 0.12 wt.% (Table S1).

3.3. In Situ Trace Element Determination

In situ measurements of trace elements in the anglesite, associated galena, pyrite,
sphalerite and chalcopyrite were determined using a laser-ablation inductively coupled
plasma mass spectrometer (LA-ICP-MS) at the State Key Laboratory of Biogeology and
Environmental Geology, China University of Geosciences, Wuhan. A GeoLas Pro 193 nm
ArF excimer laser was applied to analyze the samples. Laser energy was 80 mJ, and
frequency was 6 Hz with a 44 μm diameter ablation spot. Acquisition of ion-signal intensity
was performed using an Agilent 7500x ICP-MS instrument. Helium was used as the carrier
gas, which was mixed with argon via a T-connector before entering the ICP-MS. Each
measurement incorporated a background acquisition of approximately 30 s (gas blank)
followed by 50 s of data acquisition from the sample, using ICPMSDataCal software to
quantitatively calibrate trace element contents [51,52]. Fe, Cu, Zn and Pb were selected as
the internal standards for data reduction. NIST 610 glass was used as the external standard,
which was analyzed every 10 spots to monitor for any instrument drifts. The accuracy was
determined with respect to the NIST 610 reference glass and was assessed to be better than
10% (1σ).

The rare earth element (REE) contents were normalized to Cl-chondrites (subscript CN) [53].
The Eu and Ce anomalies were assessed as (Eu/Eu*)CN = EuCN/(SmCN + GdCN)0.5 and
(Ce/Ce*)CN = CeCN/(LaCN + PrCN)0.5.

3.4. In Situ S Isotope Analysis

In situ measurements of S isotope ratios of the anglesite and associated galena, pyrite,
sphalerite and chalcopyrite were conducted on double-sided-polished slices (DSPSs) of
these minerals using a 193 nm femtosecond laser-ablation multi-collector inductively
coupled plasma mass spectrometer (fs-LA-MC-ICP-MS) at the State Key Laboratory of
Continental Dynamics (SKLCD), Northwest University, Xian, China. The equipment
consisted of a 193 nm NWRfemto (RESOlution M-50, ASI) laser ablation system coupled
with a Nu Plasma II MC-ICP-MS (NU Instruments Ltd., Wrexham, UK). The ablated
materials were transported into the plasma using He as a carrier gas. In a cyclone coaxial
mixer, Ar gas was mixed with the carrier gas before being transported into the ICP torch.
The energy fluence of the laser was approximately 3.5–4 J/cm2. The beam diameter was 35
μm with a laser repletion rate of 3–4 Hz for single spot analysis. Standard PSPT-3 (sphalerite;
δ34SV-CDT = 26.5 ± 0.2‰) was used as certified reference material. Detailed analysis
parameters are described in Bao et al. [54], Chen et al. [55] and Yuan et al. [56]. In this study,
the S isotope ratios of the anglesite and associated galena, pyrite, sphalerite and chalcopyrite
are given in standard notation (per mil) relative to Vienna Canyon Diablo Troilite.
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3.5. In Situ Pb Isotope Analysis

In situ measurements of Pb isotope compositions of the anglesite and galena were
analyzed on DSPSs using a 193 nm fs-LA-MC-ICP-MS at the SKLCD. To remove potential
contamination, anhydrous ethanol was used to carefully clean the surfaces of the DSPSs
prior to laser ablation analysis. Analytical spots were carefully selected to prevent the
possible influence of inclusions and impurities. High-temperature-activated carbon was
used to filter Hg contained in the carrier gas, which lowered both the Hg background
and the detection limit. An internal Tl isotope reference NIST SRM997 in conjunction
with an external reference NIST SRM 610 were used to correct for fractionation and mass
discrimination effects, where the Tl solution is introduced through the CETAC Aridus II
desolvation nebulizer system. The exponential law correction method for Tl normalization
with optimally adjusted Tl ratio was used to obtain Pb isotopic data with high precision
and accuracy [57]. The measured isotopic ratios were in agreement with the reference and
published values within 2σ measurement uncertainty [54,56–58].

4. Results

4.1. Occurrence and Major and Trace Element Concentrations of Anglesite

Most seafloor hydrothermal sulfide and sulfate samples from the middle OT (MOT)
Iheya North (samples H2-R1-2-a4, b3, d4) and from the southern OT (SOT) Yonaguni
Knoll IV (samples H4-TVG10-2-1, and H3-T9-10-2) consist of major (>15 vol%) sphalerite,
chalcopyrite, galena, pyrite and barite, with minor (<15 vol%) anglesite (Figure 3). The
anglesite minerals occur as infills and veins with low Pb and high S contents in the host
sulfide, as crusts with high Pb and low S contents around the margin of the relict galena,
as in situ replacement or as euhedral crystals in cavities of the former, partially dissolved
galena (Figures 4 and 5). This implies that low Pb and high S and high Pb and low S
grains may be primary hydrothermal anglesite (PHA) and secondary supergene anglesite
(SSA), respectively.

Figure 3. (a) Sphalerite forming large porous structures in sample H4-TVG10-2-1. Sphalerite with
“dust” chalcopyrite disease condensing into larger particles. Pore centers with anglesite and galena
infill indicates their later formation. (b) Intergrowth of subhedral to euhedral pyrite and spha-
lerite forming large porous structures in sample H4-TVG10-2-1; pore center filled with anglesite.
Relict galena surrounded by anglesite indicates secondary origin of anglesite replacing galena.
(Ang = anglesite; Sph = sphalerite; Py = pyrite; Ccp = chalcopyrite; Gn = galena).
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Figure 4. (a) SEM back-scattered electron (BSE) images of selected anglesite and sulfide minerals
hosting Ag and Bi in seafloor hydrothermal sulfide deposits, Okinawa Trough. (a) Sample H3-T9-10-2:
Intergrowth of large subhedral to euhedral barite, anglesite, sphalerite and galena forming porous
structures. (b) Sample H4-TVG10-2-1: Anglesite replacing galena. Fluid channels with sphalerite infill
indicate their later formation. (c) Sample H2-R1-2-a4: Intergrowth of sphalerite and pyrite forming
large porous structures. Some pores filled with anglesite minerals indicate their later formation.
(d) Sample H2-R1-2-b3: Intergrowth of sphalerite, pyrite and chalcopyrite forming porous structures.
Relict galena surrounded by anglesite indicates a secondary origin of anglesite replacing galena
(Ang = anglesite; Brt = barite; Sp = sphalerite; Py = pyrite; Ccp = chalcopyrite; Gn = galena).

Moreover, the PbO and SO3 concentrations in the anglesite samples from the Iheya
North hydrothermal field are more variable than those from the Yonaguni Knoll IV fields
(Table S1; Figure 6a), suggesting that two types of anglesite occur in the OT back-arc basin:
a high-Pb/low-S secondary supergene anglesite type (PbO > 72.50 wt.%, SO3 < 27.00 wt.%)
in the Iheya North hydrothermal field and a low-Pb/high-S type primary hydrothermal
anglesite (PbO < 72.00 wt.%, SO3 > 29.00 wt.%) in the Yonaguni Knoll IV hydrothermal
fields (Figure 6a).
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Figure 5. (a) BSE image of Ag–Bi-enriched anglesite and galena. X-ray elemental distribution maps
after EPMA of BSE image, showing compositional heterogeneity of anglesite crystals in (b) Pb; (c) S;
(d) galena with Ag-enriched anglesite rim and veins.

 

Figure 6. Plots of anglesite minerals in samples H2-R1-2-a4, b3, d4 (MOT hydrothermal field) and
samples H3-T9-10-2 and H4-TVG10-2-1 (SOT hydrothermal field): (a) PbO vs. SO3; (b) Ag vs. Bi; (c)
Ag vs. Bi in sample H2-R1-2-d4; (d) Ag vs. Bi in sample H2-R1-2-b3. PHA—primary hydrothermal
anglesite; SSA—secondary supergene anglesite.
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Generally higher U, Cu, Th, Ni, Co and V with HREE concentrations are found in the
high Pb and low S anglesites from the Iheya North than in the low Pb and high S anglesites
from the Yonaguni Knoll IV hydrothermal fields (Tables S1 and S2). In addition, the Bi
concentrations in the high Pb and low S anglesite samples (H2-R1-2-b3) from the Iheya
North hydrothermal field are markedly more variable (0.04–3112 ppm) than for the low Pb
and high S anglesite samples from the SOT hydrothermal fields (Table S2; Figure 6b). Most
of the high Pb and low S anglesite from the MOT contain notably higher concentrations
of both Ag and Bi than those in the high Pb and low S anglesite from the SOT (Table S2;
Figure 6b). Notably, the Ag content showed a remarkable positive correlation with Bi in the
anglesite in seafloor hydrothermal sulfide deposits (Figure 6b). The Mo concentrations in
high Pb and low S anglesite from the Iheya North Knoll hydrothermal field are generally
higher than those in the low Pb and high S anglesite from the Yonaguni Knoll IV field
(Table S2; Figure 7b).

 

Figure 7. Plots of anglesite and sulfide minerals in sample H2-R1-2-b3: (a) Ag vs. Cu; (b) Bi vs. Mo;
(c) Ag vs. Sb; (d) Bi vs. Cd. SSA—secondary supergene anglesite.

The Bi and Cu concentrations in galena associated anglesite in the Iheya North and
Yonaguni Knoll IV hydrothermal fields are variable, covering the widest range (0.02–616 to
2.83–2895 ppm) (Table S2). The Sb and Ag concentrations in galena (sample H3-T9-10-2)
associated anglesite from the Yonaguni Knoll IV hydrothermal field is considerably more
variable (53.3–5843 and 11.4–3515 ppm) than those in the galena associated anglesite from
the Iheya North hydrothermal fields (Table S2). However, most of the anglesite samples
have higher Ag and Bi concentrations than the associated sulfide minerals in the OT (Ta-
ble S2; Figures 6 and 7), and most of the Ag and Bi concentrations in anglesite and associated
galena are considerably higher than in pyrite, chalcopyrite and sphalerite (Figures 6 and 7).
The Bi/Sb ratios of galena in samples from Yonaguni Knoll IV hydrothermal field are low
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than 1. In contrast, the Bi/Sb ratios of galena in samples from Iheya North hydrothermal
field are much greater than 1 (Table S2).

4.2. Rare Earth Element Compositions in Anglesite

The total REE concentrations (∑REEs) in the anglesite from the OT hydrothermal
fields are highly variable (0.01–30.3 ppm) (Table S2). Most of the ∑REEs in the high Pb and
low S anglesite from the MOT are higher than those in the low Pb and high S anglesite from
the SOT (Figure 8a). Of the high Pb and low S anglesite in the present study, those from
the MOT hydrothermal fields exhibited the highest ∑REEs (30.3 ppm, sample H2-R1-2-a4,
point 12-6; Table S2). However, most of the ∑REEs in the OT anglesite were higher than
those in the OT associated galena (0.01–0.33 ppm) and other sulfide minerals (Table S2;
Figure 8a).

 

Figure 8. Plots of anglesite and sulfide minerals in OT hydrothermal sulfide deposits: (a) ΣREE
distribution range; (b) Mo vs. (Eu/Eu*)CN; (c) As vs. (Ce/Ce*)CN; (d) Mo vs. δ34Sv-CDT. PHA—
primary hydrothermal anglesite; SSA—secondary supergene anglesite.

The C1-chondrite-normalized REE distribution patterns of the anglesite from the OT
hydrothermal fields are shown in Figure 9. The REE patterns of most of the anglesite
show evidence of LREE enrichment (LREE/HREE ratios of 0.39–233), variable LaCN/LuCN
ratios between 0.32 and 10.7, Eu anomalies ((Eu/Eu*)CN ratios of 0.49–11.0) and minor Ce
anomalies ((Ce/Ce*)CN ratios of 0.05–3.37) (Figure 8b,c). Most of the (Eu/Eu*)CN (0.49–4.21)
and (Ce/Ce*)CN (0.05–3.37) ratios of the high Pb and low S anglesite from the MOT are
lower and higher than those (3.45–11.0, 0.06–1.07) in the low Pb and high S anglesite from
the SOT, respectively. In comparison, the Eu and Ce anomalies in the galena and other
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sulfides associated anglesite have a (Eu/Eu*)CN ratio of 0.83 and (Ce/Ce*)CN ratios of
0.06–1.38.

 

Figure 9. REE patterns of anglesite in samples (a) H4-TVG10-2-1 and H3-T9-10-2; (b) H2-R1-2-a4; (c)
H2-R1-2-b3; and (d) H2-R1-2-d4 (Normalized data from Sun and McDonough, [53]).

4.3. In Situ S and Pb Isotopic Compositions of the Anglesite and Sulfides

Anglesite forming in the MOT (Iheya North, 11.04–17.42‰) and SOT (Yonaguni Knoll
IV, 12.84–22.86‰) hydrothermal fields exhibits a range of δ34S values of 11.04 to 22.86‰
(Table S3; Figure 10). Moreover, in the Okinawa Trough, the galena, pyrite, sphalerite and
chalcopyrite have much lower sulfur isotope ratios than those in the associated anglesite
(δ34S values from –5.01 to 11.33‰, avg. 7.48‰, n = 60) (Table S3). Most of these are within
the previously reported range 0.0–9.6‰ from previous analyses of seafloor hydrothermal
sulfides [59,60]. In addition, the pyrite–sphalerite, sphalerite–chalcopyrite and sphalerite–
galena pairs in samples H2-R1-2-a4, -b3 and -d4 display a sulfur isotopic equilibrium,
according to known temperature-dependent fractionation factors, characteristic of most
seafloor hydrothermal systems [61]. The formation temperatures of coexisting sulfide
mineral pairs from the Iheya North Knoll hydrothermal field, as calculated by the sulfur
isotope geothermometer formula [61,62], range from 248 to 333 ◦C (Table S4).
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Figure 10. Sulfur isotope values for anglesite and sulfide minerals from the MOT and SOT hydrother-
mal sulfide deposits. MORB data from Sakai et al. [63], Alt et al. [64], Shanks et al. [65] and Alt and
Shanks [66]. Seawater data from Rees et al. [67].

The anglesite in the OT hydrothermal fields have similar Pb isotopic compositions,
and the Pb isotopic compositions lie within a narrow range (Table S3; Figure 11). In
the Okinawa Trough, the Pb isotopic compositions of the low Pb and high S anglesite
and associated galena samples from the Yonaguni Knoll IV hydrothermal fields are more
radiogenic than those of the high Pb and low S anglesite and associated galena from the
Iheya North hydrothermal field (Table S3; Figure 11). In addition, the 207Pb/204Pb and
208Pb/204Pb ratios of OT anglesite and associated galena are within or close to the range
for the corresponding OT volcanic rocks and sediments (Figure 11).
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Figure 11. Plots of anglesite and galena in MOT (samples H2-R1-2-d4, b3, a4) and SOT (samples
H3-T9-10-2, H4-TVG10-2-1): (a–c) 208Pb/204Pb vs. 206Pb/204Pb; (d) 207Pb/204Pb vs. 206Pb/204Pb.
PHA—primary hydrothermal anglesite; SSA—secondary supergene anglesite. Data for NOT, MOT
and SOT volcanic rock, sediment, and altered oceanic crust basalt from Shu et al. [68].

5. Discussion

5.1. Variable REE Compositions, Origin of Eu Anomalies and Sources of REEs

The ∑REEs in the anglesite in the present study vary considerably (0.01–30.3 ppm)
(Table S2). They exhibit no systematic variation with Pb or S. The extent of fractionation of
the LREEs and HREEs is highly variable in the anglesite from the OT hydrothermal fields
(Table S2). The substitution of REEs into anglesite, analogous to the substitution of REEs
into pyrite, chalcopyrite and sphalerite, appears to be strongly influenced by the larger ionic
radii of the REEs [69,70]. Thus, greater LREE enrichment takes place in Pb-rich anglesite
and associated galena than in pyrite, chalcopyrite and sphalerite minerals because of the
similar ionic radii of Pb2+ (119 pm) and La3+ (103.2 pm) compared to the much smaller
ionic radii of Fe2+ (55 pm), Cu2+ (73 pm) and Zn2+ (74 pm) [71,72].

Most of the REE patterns in low Pb and high S anglesite from the SOT hydrother-
mal fields (samples H3-T9-10-2, points 7-73, 2-1-18, 3-1-34, 8-1-82) exhibit positive Eu
anomalies of 3.34 to 9.98 (Table S2; Figure 8b), similar to the values in the vent fluids at
the Yonaguni Knoll IV, the East Pacific Rise near 13◦ N and the Logatchev hydrothermal
fields [73–77]. These similarities suggest that this low Pb and high S anglesite is primary
hydrothermal anglesite, which precipitated and inherited positive Eu anomalies from the
vent fluids [70,78,79].

Most of the REE patterns in the high Pb and low S anglesite from the MOT hydrother-
mal fields are characterized by a negative or negligible Eu anomaly of 0.49 to 1.01 (Table S2;
Figure 9), which is considered to signal low-temperature seawater [80]. This implies that
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the high Pb and low S anglesite is formed under low-temperature conditions. Furthermore,
the accumulation of Eu2+ in anglesite that formed at low-temperatures is also consistent
with the fact that negative or negligible Eu anomalies are related to lower Eu content in
the anglesite (<0.51 ppm) (Table S2). Consequently, the negligible or negative Eu anoma-
lies in the anglesite have been interpreted as the result from low temperatures and a less
Eu-enriched environment [73,79]. Seafloor hydrothermal recrystallization (i.e., zone re-
fining) and secondary enrichment of Bi and Ag may also have caused remobilization of
REEs, particularly Eu2+, producing negligible or negative Eu anomalies in the anglesite
(Figure 8b; [70]). This suggests that high Pb and low S anglesite in the MOT can be formed
by a secondary supergene process.

The REEs in the anglesite may reflect the sources and evolution of hydrothermal
fluids [70]. Comparisons show that the REE patterns of the low Pb and high S anglesite
from the SOT Yonaguni Knoll IV hydrothermal fields are similar to those of Yonaguni
Knoll IV vent fluids, with the anglesite also exhibiting LREE enrichment and positive Eu
anomalies (Figure 9; [76]). Thus, the REEs in the low Pb and high S anglesite are likely to
have all been derived from hydrothermal fluids that leached REEs from local sub-seafloor
volcanic rocks and/or sediments [76] and incorporated them into the low Pb and high
S anglesite [81,82]. Furthermore, the anglesite from the MOT and SOT exhibit markedly
low Nd/Pb and Ce/Pb ratios (Figure 12), and Ce/PbO ratios show notable negative and
positive correlations with BaO/La and Nd/PbO ratios (Figure 12). This might indicate the
effect of fluid–sediment interaction [83–85].

 
Figure 12. Plots of (a) Ce/PbO vs. BaO/La; and (b) Ce/PbO vs. Nd/PbO in anglesite minerals from
the MOT (samples H2-R1-2-a4, b3, d4) and SOT (samples H3-T9-10-2, H4-TVG10-2-1) hydrothermal
fields. PHA—primary hydrothermal anglesite; SSA—secondary supergene anglesite.

5.2. Sulfur Sources of Anglesite

It is known that the hydrothermal activity on the MOT and SOT hydrothermal fields
is hosted by pumiceous volcaniclastic flow, sediment deposition [31], basaltic lava [42,43]
and volcanic breccia [48]. The δ34S values in anglesite from the OT hydrothermal fields are
spread over a broad range (11.04–22.86‰; Table S3; Figure 10), which falls between the vent
fluid δ34S values for SO4 (20.6–25.7‰), sediments (δ34S values similar to seawater sulfate,
+21‰; [67] and the vent fluid δ34S values for H2S (−0.2 to 12‰) [36,37,60,65,67,86–90],
island-arc andesites and rhyolites (+4–+5‰; [91–94]), basalts (+0.1 ± 0.5‰; [63–66]) and
Ryukyu Arc volcanic rocks (7.0 ± 1.9–12.9 ± 2.1‰; [91]). This suggests that the sulfur
isotopic compositions in anglesite from the OT hydrothermal fields exhibit contributions
of sulfur from seawater and/or sediment SO4 and volcanic sulfur are likely to have been
influenced by the mixing of seawater and/or sediment SO4 and volcanic sulfur during
anglesite formation.
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However, the δ34S values in the anglesite from the MOT hydrothermal fields are higher
than in the associated sulfide minerals (Table S3; Figure 10), as the higher the oxidization
state the more fractionation between different S species. Hence, the δ34S values of anglesite
are always heavier than those in the associated sulfide minerals (unless microbes are
involved) and can also be thought to have been influenced considerably by the lowered
seawater sulfate under more oxidizing conditions during anglesite formation [95,96].

5.3. Fluid–Rock and/or Sediment Interaction

Hydrothermal activity in the OT is hosted by volcanic rocks and sediments [31,42,
43,48,97–101]. Most of the Pb isotope ratios in anglesite in the OT hydrothermal fields lie
within, or close to, the range of values for rhyolitic pumices, basaltic andesites, rhyolites and
sediment from the MOT (Iheya North) and SOT (Yonaguni Knoll IV) hydrothermal fields
(Figure 11c,d). This suggests that OT volcanic rocks and/or sediments are the principal
source of Pb in the OT hydrothermal fluids (e.g., [102–108], and the Pb isotopic compositions
in the hydrothermal fluid forming anglesite are similar to those of the fluid forming
associated galena in the OT hydrothermal fields. However, the Pb isotopic composition
in high Pb and low S anglesite is similar to that found in associated galena in the MOT
hydrothermal field, indicating that the Pb in high Pb and low S anglesite may be from the
associated galena. Furthermore, the Pb isotope data for anglesite and associated sulfide
cover a smaller domain than in back-arc basin volcanic rocks and sediments overall. The
mean Pb isotopic compositions of anglesite from the OT hydrothermal fields (Table S3)
are plotted into the ranges of Pb isotopic compositions of volcanic rocks in the different
hydrothermal fields. In turn, this suggests that the Pb isotopic composition in the anglesite
signifies the Pb isotopic composition of the crust and hydrothermal fluid locally. The Pb
isotopic ratios of anglesite from the MOT (Iheya North) hydrothermal field appear to be
comparable with the average values for volcanic rocks in the MOT (Figure 11c,d), implying
that seawater is not a possible source of the Pb in the MOT anglesite.

However, comparing the more radiogenic Pb isotope composition in anglesite and
associated galena from the SOT hydrothermal fields with those from the MOT hydrothermal
field (Table S3) suggests that the Pb in the SOT anglesite and associated galena is possibly
related to volcanism and/or sediment containing a more radiogenic Pb isotope composition.
Additionally, as the Bi/Sb ratios of galena are sensitive to the host rock with Bi/Sb ratio > 1
in basic and < 1 in felsic host rocks [15], the very low Bi/Sb ratios of galena in samples
from the SOT (Yonaguni Knoll IV) hydrothermal field (Table S2) suggest it was hosted
by felsic rocks. This is consistent with the geological background of the hydrothermal
field, which was hosted by rhyolite [101] characterized by a more radiogenic Pb isotope
composition [99]. This implies that the relatively high Pb isotope ratios of low Pb and high
S anglesite in the SOT are due to less seawater–volcanic rock and/or sediment interaction,
which resulted in variation in hydrothermal fluid Pb isotope ratios.

Furthermore, the Pb isotopic ratios in the OT anglesite and associated galena appear to
lie within or close to the range in sediments or altered oceanic crust basalts in the Philippine
Sea plate ([68]; Figure 11d). This implies that subducted sedimentary and oceanic crust
components are also a possible source of the Pb in the OT anglesite and associated galena
by means of fluid–sediment and/or oceanic crust interaction.

5.4. The Secondary Enrichment of Bi and Ag in Secondary Supergene Anglesite

The Ag and Bi concentrations of anglesite have large ranges (Table S2), covering
the range 1709 to >2000 ppm of Ag enrichment in anglesite from the oxide zone of the
Prairie Creek Deposit, NW Territories, Canada [109]. The Bi and Ag concentrations of
associated galena are variable (Bi: 0.02–340 avg. 57.4 ppm, n = 11; Ag: 11.4–3515 avg.
1308 ppm, n = 13) and are considerably higher than those of the vent fluid (Bi 0.000647
ppm) in the OT [87] and seawater (Bi 0.00002 ppm, Ag 0.00028 ppm) [110], which is
the initial enrichment of Bi and Ag in the associated galena (Table S2, Figures 5, 6d and 7).
However, the anglesite is observed to partially replace and form rims around galena crystals
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(Figures 4d and 5) resulting from the alteration of galena, the reaction being PbS (s) + 2O2
(aq) → PbSO4 (s), and the Bi and Ag concentrations in the secondary supergene anglesite
(SSA) are generally higher than in neighboring galena (Table S2; Figures 3, 6d, 7a–b and 13),
exhibiting secondary enrichment of Bi and Ag (Table S2; Figures 5, 6d, 7a–b and 13),
resulting in most of the Ag and Bi concentrations in the high Pb and low S secondary
supergene anglesite in the MOT being higher than in the low Pb and high S primary
hydrothermal anglesite (Bi <200 ppm, Ag <600 ppm), which was formed by the reaction
Pb2+ (aq) + SO4

2− (aq) → PbSO4 (s) (Figures 6 and 7). The implication is that back-arc
hydrothermal sulfide deposits may be a potential source of enriched Ag and Bi due to
supergene processes (i.e., oxidization) of seafloor hydrothermal sulfides. However, in the
prevailing acidic environment (pH ≈ 5.8), the fluid reacts with the galena with increasing
lead activity and decreasing pH until the anglesite stability field is reached [7]. This explains
the commonly observed in situ transformation of galena to anglesite in textural coexistence
(Figures 4 and 5). The fluid precipitates anglesite that is influenced by the low PCO2 of
seafloor hydrothermal vent fluid and the higher fluid/mineral ratios [7].

 

Figure 13. Plots of anglesite and neighboring galena from the MOT hydrothermal field (sample H2-R1-
2-b3): (a) Ag vs. Sr; (b) Ag vs. Cr; (c) Ag vs. Cu; (d) Ag vs. Bi. SSA—secondary supergene anglesite.

Furthermore, the Pb isotopic compositions in the secondary supergene anglesite (SSA)
are similar to those of associated galena in the MOT hydrothermal field (Figure 11a),
suggesting that the SSA inherited the Pb isotopic compositions of galena during anglesite
formation by galena alteration. However, a notable positive correlation is observed between
Bi and Ag and between Mo and Cu concentrations (up to 8144 ppm) in the anglesite
from the MOT hydrothermal fields (Figure 14). Cu-enriched sulfates (e.g., atacamite) are
characteristic of oxidation of Cu-sulfide minerals by seawater [111], implying that Bi and
Ag become enriched in anglesite in low-temperature (<100 ◦C) conditions. Most of the
Ag, Cu, Ni, V and HREEs with Pb concentrations of SSA from the MOT (Iheya North)
were generally higher than those of primary hydrothermal anglesite (PHA) from the SOT
(Yonaguni Knoll IV) hydrothermal fields (Table S2), also indicating that the formation
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temperature of the SSA in the MOT is lower than those of the PHA in the SOT. Furthermore,
the Bi and Ag in anglesite from the OT hydrothermal fields are positively correlated with
Cu and Mo (Figure 14), which might indicate that Bi and Ag are incorporated into the
PHA at higher temperatures, possibly 300 ◦C or more. The Ag concentrations also show
positive correlations with Sr, Cr, Cu and Bi concentrations in SSA and neighboring galena
from the MOT hydrothermal field (Figure 13). Most of Bi (<100 ppm), Ag (<600 ppm), Se
(<60 ppm) and Sb (<180 ppm) concentrations in the PHA are significantly smaller than the
concentrations in SSA, which perhaps suggests that Sr, Cr, Cu, Bi, Tl, Se, Sb and Ag are
incorporated into the SSA from the neighboring galena during its alteration.

 

Figure 14. Plots of anglesite from MOT (samples H2-R1-2-a4, b3, d4) and SOT (samples H3-T9-10-2,
H4-TVG10-2-1) hydrothermal fields: (a) Ag vs. Cu; (b) Ag vs. Mo; (c) Bi vs. Cu; (d) Bi vs. Mo.
PHA—primary hydrothermal anglesite; SSA—secondary supergene anglesite.

6. Conclusions

There are two types of anglesite minerals in the OT seafloor hydrothermal fields,
high Pb/low S secondary supergene anglesite and low Pb/high S primary hydrothermal
anglesite. The primary hydrothermal anglesite occurs in the pores precipitated from
hydrothermal fluid and intergrowth with pyrite and sphalerite in the SOT hydrothermal
field. The secondary supergene anglesite is formed by the low-temperature alteration of
galena, surrounding the relict galena in the MOT hydrothermal field. The galena alteration
results in most of the Sr, Cr, Cu, Bi, Se, Sb and Ag being incorporated into the secondary
supergene anglesite from the neighboring galena, and most of the Sr, Cr, Se, Sb, Pb with Bi
and Ag concentrations in the primary hydrothermal anglesite being considerably lower
than in secondary supergene anglesite. However, the secondary supergene anglesite
exhibits notably higher Ag and Bi concentrations than in primary hydrothermal anglesite,
galena, pyrite, sphalerite and chalcopyrite, resulting in a redistribution of Ag and Bi in
seafloor sulfide deposits. Furthermore, the Ag and Bi concentrations in the galena (initially
from Ag and Bi enrichment of hydrothermal fluid during galena deposition) are higher
than in the primary hydrothermal anglesite. This suggests that Bi and Ag enrichment in
the seafloor hydrothermal sulfide deposits is the result of Bi and Ag twice enrichment
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during ore-forming processes, which also offered new evidence for the element multi-
enrichment hypothesis of global hydrothermal sulfide deposits. Thus, it is possible that a
valuable Bi- and Ag-enriched anglesite and associated galena will be discovered in back-arc
seafloor hydrothermal sulfide deposits, and it is necessary to explore Bi and Ag deposits in
those locations.

However, anglesite from the OT seafloor hydrothermal fields contains a wide and
varying range of ∑REEs. Most of the secondary supergene anglesite contains lower ΣREE
concentrations than the primary hydrothermal anglesite. They are notably more enriched in
LREEs than in HREEs. The REEs in the low Pb and high S anglesite, which exhibit positive
Eu anomalies, similar to the values in the vent fluids, are likely to have all been derived
from hydrothermal fluids that leached REEs from local volcanic rocks and/or sediments.
The negative or negligible Eu anomalies of the REE patterns in the high Pb and low S
anglesite from the MOT hydrothermal fields are considered to signal low-temperature
seawater. However, secondary enrichment of Bi and Ag during secondary supergene
anglesite formation may also have caused remobilization of Eu2+, resulting in negligible or
negative Eu anomalies in the secondary supergene anglesite.

The sulfur isotopic compositions in anglesite in the OT hydrothermal fields vary
between 11.04 and 22.86‰ for δ34S. These are higher than the corresponding values in asso-
ciated sulfide minerals in the same hydrothermal field and are similar to those for seawater
and/or sediment sulfates. This may be an indication that the sulfur in the OT anglesite sam-
ples was derived mainly from a mixing of seawater and/or sediment sulfate and volcanic
sulfur. In addition, the pyrite–sphalerite, sphalerite–galena and sphalerite–chalcopyrite
pairs of sulfide minerals in the OT hydrothermal fields lie within the equilibrium temper-
ature range, suggesting that the formation temperature of pyrite, sphalerite, galena and
chalcopyrite is between 248 and 333 ◦C.

In contrast to the mixed-origin source of S in the anglesite, most of the Pb isotopic
compositions in the anglesite are identical to OT volcanic rock values, falling within or
close to the range of Pb isotopic compositions found in sediments and altered oceanic crust.
This suggests that the Pb in the anglesite has mainly been leached from local volcanic rocks
and/or sediments that host the sub-seafloor hydrothermal systems in the OT back-arc basin.
However, the Pb isotope composition of the SSA was found to be consistent with that of
the associated galena, suggesting that it inherited the Pb isotopic composition during the
galena alteration process. Furthermore, the Pb isotopic compositions in the anglesite from
the OT hydrothermal fields are very homogeneous and cover a narrow range within, or
close to, the scope of the large dataset of Pb isotopic compositions in the OT volcanic rocks,
subducted sediments and altered oceanic crustal basalts. This emphasizes the importance
of determining Pb isotopic compositions in anglesite from the seafloor hydrothermal sulfide
deposits and implies a new means of understanding the influence of plate subduction in
back-arc hydrothermal and magmatic systems. Additionally, the crystallographic difference,
if any, between primary and secondary anglesite is an interesting subject to be studied
in the future by X-ray diffraction due to the non-stoichiometric balance between sulfur
and lead.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jmse10010035/s1, Table S1: Electron microprobe analyses of anglesite and sulfide minerals in
seafloor hydrothermal sulfide samples from the Yonaguni Knoll IV and Iheya North hydrothermal
fields (wt.%) and their atoms per formula unit for elements, Table S2: LA-ICP-MS trace element
concentrations in anglesite and sulfide minerals in seafloor hydrothermal sulfide samples from the
Yonaguni Knoll IV and Iheya North hydrothermal fields (ppm), Table S3: LA-MC-ICP-MS sulfur
and lead isotopic compositions of anglesite and sulfide minerals in seafloor hydrothermal sulfide
samples from the Yonaguni Knoll IV and Iheya North hydrothermal fields, Table S4: Sulfur isotopic
compositions of coexisting sulfide mineral phases in seafloor hydrothermal sulfide samples from the
Iheya North hydrothermal fields, and corresponding temperature (◦C) calculated by geothermometers
based on equilibrium sulfur isotope fractionation factors (A) of sulfides with respect to H2S (after
Ohmoto and Rye, [62]).
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Abstract: Strontium (Sr), hydrogen (H) and oxygen (O) in vent fluids are important for understanding
the water–rock interaction and hydrothermal flux in hydrothermal systems. We have analyzed the
Sr, H and O isotopic compositions of seawater, vent fluid and hydrothermal plume samples in the
Kueishantao hydrothermal field, as well as their calcium (Ca), total sulfur (S), Sr, arsenic (As), stibium
(Sb), chlorine (Cl) and manganese (Mn) concentrations for understanding the origin and processes
of fluids. The results suggest that most As, Sb and Mn are leached from andesitic rocks into the
fluids, and most Ca and Cl remained in the deep reaction zone during the fluid–andesitic rock
interaction. The ranges of 87Sr/86Sr, δDV-SMOW and δ18OV-SMOW values in the yellow spring, white
spring and plumes are small. The 87Sr/86Sr, δDV-SMOW and δ18OV-SMOW values of fluids and plumes
are like those of ambient seawater, indicating that the Sr, H and O of vent fluids and hydrothermal
plumes are derived primarily from seawater. This suggests that the interaction of andesite and
subseafloor fluid is of short duration and results in the majority of As, Sb and Mn being released
into fluids, while most Ca and Cl remained in the deep reaction zone. In addition, there was no
significant variation of Sr, H and O isotopic compositions in the upwelling fluid, keeping the similar
isotopic compositions of seawater. There are obvious correlations among the pH values, As and Sb
concentrations, and H isotopic compositions of the vent fluids and hydrothermal plumes, implying
that the As and Sb concentrations and H isotopic compositions can trace the dispersion of plumes in
the ambient seawater. According to the Sr concentrations and 87Sr/86Sr values, the water/rock ratios
are 3076~8124, which is consistent with the idea that the interaction between fluid and andesite at
the subseafloor is of short duration. The hydrothermal flux of Sr discharged from the yellow spring
into the seawater is between 2.06 × 104 and 2.26 × 104 mol/yr, and the white spring discharges
1.18 × 104~1.26 × 104 mol/yr Sr if just andesites appear in the reaction zone.

Keywords: strontium-hydrogen-oxygen isotopes; vent fluid; hydrothermal plume; Kueishantao
hydrothermal field

1. Introduction

Extensive strontium (Sr), hydrogen (H), and oxygen (O) isotopic and chemical ex-
change depending on fluid temperatures, hydrothermal alteration and the water/rock
ratios can be caused by hydrothermal circulation [1–5]. The intensity of the water–rock
interaction has been recorded by these isotopes in the hydrothermal fluids, and they are
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particularly useful in the research of fluid origin and hydrothermal processes in subseafloor
hydrothermal systems [1,6,7]. The mobile Sr, H and O isotopes are good markers of host
rock composition and subseafloor alteration processes in hydrothermal systems [2,4,8,9]. Sr,
H and O in hydrothermal fluids come from different sources, relying on the hydrothermal
circulation system, seawater and fluid mixing, host rocks and magma [2,4,10,11]. Their
isotopic ratios are used to identify different sources (rock, seawater and sediment) [2,4,12]
and mixing versus conductive cooling or heating processes and may be valuable for con-
straining the phase separation conditions in seafloor hydrothermal systems.

However, it has been implied that the high-temperature hydrothermal circulation is
insufficient to balance the other Sr input fluxes, as an increase of ~5.4 × 10−5 Myr−1 [13]
has been observed in oceanic 87Sr/86Sr over the past few million years [14–16]. Many
explanations have been put forward to explain the missing unradiogenic 87Sr/86Sr flux,
such as hydrothermal systems occurring on the ridge flank [16], low-temperature alter-
ation processes and the precipitation of carbonate [17,18]. The reactions happening in the
hydrothermal systems are of great importance and are believed to be the main source of
unradiogenic 87Sr/86Sr in seawater; however, the Sr flux into the oceans from high- and
particularly low-temperature hydrothermal systems remain poorly quantified [14,17].

During subcritical phase separation, H isotope fractionation has been shown to depend
on both temperature and salinity [19]. Furthermore, H isotope ratios of fluids are relatively
insensitive to reactions with the host rock because H is abundant in the fluid relative to the
mineral content. However, the H isotope fractionation data of brine and vapor coexisting
in the two-phase supercritical region of seawater is completely lacking. The H isotope
fractionation related to the phase separation of NaCl-H2O fluid has only been obtained up
to 350 ◦C [19]. Although the temperature of the vent fluid is generally close to 350 ◦C [20],
phase separation occurs in the deep reaction zones at temperatures significantly higher
than this. Many hydrothermal experiments studying the fractionation of seawater phase
separation at 450 ◦C had obtained H isotopic fractionation factors, and these data were then
used to explain the phase separation and segregation in deep-sea hydrothermal systems [2].

The first O isotope studies of black smoker hydrothermal fluids were published by
the East Pacific Rise Study Group [21] and Welhan and Craig [22], which showed that the
δ18O values are close to that of ambient seawater; however, they increase by 1–2‰ owing
to the reaction between basalt and seawater at elevated temperatures. Furthermore, Teagle
et al. [23] used Sr and O isotope systematics to confirm that anhydrite on the Trans-Atlantic
Geotraverse (TAG) Mound forms through the mixing between fluids and seawater, which
is conductively heated to 100–180 ◦C before mixing; thus, anhydrite forms by a mixture of
heated seawater and vent fluid at 230–320 ◦C. According to Bach and Humphris [24], the
87Sr/86Sr and δ18O of the vent fluids on the oceanic ridge show a global correction with the
rate of spreading (or the rate of magma supply). They believe that at low spreading rates
(or low magma supply rates), there is significantly less Sr from seawater and higher δ18O
from seawater in vent fluids. This is due to a greater exchange of Sr and O with the crust
during hydrothermal fluid circulation, possibly because of longer reaction paths under
slow-spreading ridges. Using the datasets of hydrothermal vent fluids associated with
ridges, linear regression equations and R2 values show that the δ18O proposed by Bach and
Humphris [24] is not statistically related to the spreading rate.

Field and experimental studies, as well as isotopic exchange computations [25–31],
have clearly shown that both O and H isotope values increase due to water/rock interac-
tions with the igneous crust. Due to the decrease of water/rock mass ratios caused by the
evolution of hydrothermal fluids, the O and H isotope values of end-member vent fluids
follow the calculated seawater/basalt reaction vector [25]. For slower spreading ridges,
higher δD values are consistent with longer fluid paths and more fluid-rock interactions.
However, δ18O values would be even more responsive to fluid–rock interactions and have
insignificant variation with the rate of spreading. With the increase of the hydrothermal
vent fluid database, the short-term time variation in each field becomes more and more
important.
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The chemical characteristics of deep-sea hydrothermal fluids from mid-ocean ridges
and back-arc basins, including Sr, H and O isotopic compositions, have been described
by [20,32–35]. However, little is known about the chemical and Sr, H and O isotopic compo-
sitions of shallow hydrothermal vents fluids. The quantification of global hydrothermal flux
into the ocean is also biased due to the lack of budget caused by the interaction of seawater
and andesite. To better understand the fluid–andesitic rock interaction, the fluid and plume
samples in the Kueishantao shallow hydrothermal field were collected and analyzed. The
main purposes of this study are (1) to investigate the geochemistry characteristics and
evolution of hydrothermal fluids and their plumes, (2) to study the rock–fluid interactions
recorded by fluids and plumes, and (3) to assess the hydrothermal flux of Sr in the shallow
hydrothermal field.

2. Geologic Setting

The Kueishantao shallow hydrothermal field (121◦55′ E, 24◦50′ N) is in the southeast of
Kueishantao, northeastern Taiwan, and near the southern Okinawa Trough. The hydrother-
mal field covers an area of about 0.5 square kilometers (Figure 1). Kueishantao’s last major
eruption occurred about 7000 years ago [36], and the area around the hydrothermal vents
is characterized by andesitic lava and pyroclastic flows. The andesitic magma is thought to
be produced by a MORB-type magma with an assimilated 30% local continental crust [37].
The difference in Fe-Cu-Zn isotopic compositions between the Kueishantao andesites and
the MORBs and the continental crust might indicate entrainment of carbonate sediment
components into the andesitic magma [38].

The Kueishantao hydrothermal field has more than 30 hydrothermal vents at water
depths of 10–30 m. The hydrothermal products in the form of chimneys, mounds and
balls are mainly composed of natural sulfur. On 12 August 2000, a large yellow chimney
approximately 6 m high was discovered at a water depth of 20 m. The geochemical study
of the native sulfur chimneys and balls indicated that trace elements are derived primarily
from the andesite and partly from seawater, and the interaction between the subseafloor
fluid and the andesite has a short duration [39,40].

 

Figure 1. (a) The bathymetric map of Taiwan and the Okinawa Trough (based on [41]). (b) The
tectonic map with the location of Kueishantao island (from [42]). (c) The location of the yellow spring
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(yellow star, 108 ◦C) and white spring (red star, 51 ◦C) in the Kueishantao hydrothermal field (based
on [41]).

There are two types of vents, “yellow spring” (78~116 ◦C) and “white spring” (30~65 ◦C)
[42]. The yellow spring fluids are characterized by very low pH (~1.52) and a wide range of
chemical compositions. The white spring fluids have a relatively low content of methane,
iron and copper [42]. The temperature of the vent fluids varied with tides and reached the
maximum temperature approximately 3.5 h after each high tide [42–44]. The Ca, Mg and K
are significantly correlated with each other, indicating the same source of seawater [45]. The
gas component is mainly CO2, followed by N2, CH4 and H2S [46].

3. Sampling and Methods

3.1. Sample Collection

On 31 May 2011, the samples of hydrothermal fluids and plumes were collected from
the Kueishantao hydrothermal field by divers (Table 1, Figure 1). Four liter Pyrex bottles
were used to sample the hydrothermal fluids at and in the vent. Two-valve polyethylene
tubes were also employed to sample the fluids in order to assess the reliability of the
data gained by the Pyrex bottles. The hydrothermal plume was sampled in 1 L Nalgene
polypropylene bottles at approximately 2, 5 and 7 m below sea level above the yellow
spring vent (water depth, 7.2 m) and approximately 5, 10, 13 and 15 m below sea level
above the white spring vent (water depth, 15.1 m). Shallow seawater was sampled at a
depth of 10 m near Kueiwei to eliminate the effect of hydrothermal activity. The fluid fluxes
and temperatures were determined in situ. Kuo [43] described in detail the methods of
fluid collection and the measurement of temperature and flux in situ.

Table 1. Location of the yellow and white springs in the Kueishantao hydrothermal field as well as
the fluid temperature and flux [45].

Spring Type
Latitude

(◦N)
Longitude

(◦E)
Depth (m)

Fluid
Temperature

(◦C)

Fluid Flux
(m3/h)

Yellow
spring 24.8349 121.96194 7.2 108 35.1

White spring 24.83412 121.96196 15.1 51 19.3

3.2. Analytical Methods

In the lab on the shore, the pH of the liquid was analyzed by a portable pH meter with
a resolution of 0.01 (JENCO 6010, San Diego, CA, USA). Before measurement, calibrate the
pH meter with buffer solutions of pH 4.00 and 6.86 (i.e., 0.05 mol/L potassium hydrogen
phthalate (25 ◦C, pH = 4.00) and 0.025 mol/L mixed phosphate (25 ◦C, pH = 6.86) buffers).
All liquids were filtered into 1 L Nalgene polypropylene bottles, which were previously
soaked in 1:1 HNO3 for 48 h, washed with distilled water, and then dried.

Calcium (Ca), total sulfur (S) and Sr were analyzed by the inductively coupled plasma
optical emission spectrometer at the Shandong Institute of Geophysical and Geochemical
Exploration, and the precision was <±5%. Arsenic (As) and stibium (Sb) were determined
using atomic fluorescence spectrophotometer at the Qingdao Institute of Marine Geology,
China Geological Survey Bureau. Manganese (Mn) was analyzed by inductively coupled
plasma mass spectrometer, and chlorine (Cl) was determined using ion chromatography at
the Institute of Oceanology, Chinese Academy of Sciences. The detailed chemical separation
and measurement procedures of As, Sb, Mn and Cl were described in previous studies [47].
Seawater standard NASS-5 was used. The analytical precision of As, Sb and Mn was better
than 5%, and that of Cl was ±1%.

The 87Sr/86Sr was measured using thermal ionization mass spectrometry (TIMS;
Triton) at the State Key Laboratory of Geological Processes and Mineral Resources, China
University of Geosciences. The procedures of chemical separation and determination were
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described in detail in previous studies [48,49]. For Sr, the procedural blanks were less than
50 pg. The determination of the NBS987 Sr isotopic standard gained over one year yielded
an average value of 87Sr/86Sr = 0.710266 ± 0.000009 (2σ, n = 38). Rock standard AGV-2 was
used for 87Sr/86Sr. The analytical precision was <0.006%.

H and O isotopic ratios were measured by the stable isotope ratio mass spectrometer
(MAT-253, Thermo Fisher, USA) at the Institute of Mineral Resources, Chinese Academy
of Geological Sciences. Fluid samples were prepared for H isotope analyses using the
Zn-reduction method and for O isotope analyses using the CO2 equilibration technique.
Values of H and O isotopes are calibrated relative to the V-SMOW standard. The analytical
precision of the δD and δ18O are better than 1.0‰ and 0.1‰, respectively.

4. Results

We report the element (Ca, total S, Sr, As, Sb, Cl and Mn) concentrations and 87Sr/86Sr,
δD and δ18Ocompositions of fluid and plume samples collected from the Kueishantao
hydrothermal field. At both yellow and white spring sites, the hydrothermal fluids are
released directly from the andesite host rock due to an absence of sediment cover. Figure 1
displays the sample locations and element concentrations, and the 87Sr/86Sr, δD and δ18O
values are listed in Table 2.

Table 2. pH, Ca, total S, Sr, As, Sb, Cl and Mn concentrations and 87Sr/86Sr, δDV-SMOW and
δ18OV-SMOW values of fluid and plume samples collected from the Kueishantao hydrothermal field.

Sample
Depth
(m)

pH
Ca

(mg/L)
Total S
(mg/L)

Sr
(mg/L)

As
(μg/L)

Sb
(μg/L)

Cl
(mg/L)

Mn
(μg/L)

87Sr/86Sr 2σ(±)
δDV-SMOW

(‰)
δ18OV-SMOW

(‰)

Ambient
seawa-

ter
10 8.02 372.6 835 6.62 1.15 0.20 19,352 0.91 0.709177 0.000008 2 0.1

YSP, 0
m 0 6.15 381.3 829 6.37 5.59 0.29 20,814 10.8 0.709147 0.000008 2 0.1

YSP,
−2 m 2 6.12 385.0 840 6.36 3.81 0.23 20,422 3.93 0.709156 0.000007 3 0.2

YSP,
−5 m 5 5.60 382.2 833 6.34 6.01 0.28 20,810 3.45 0.709168 0.000006 5 0.2

YSF,
out,

bottle
7.2 2.81 371.2 810 5.87 22.4 0.77 18,052 4.55 - - 1 0.1

YSF, in,
bottle >7.2 2.29 378.9 812 6.12 46.4 1.22 18,254 3.58 - - 1 0.1

YSF,
out,
tube

7.2 - 345.0 838 6.32 - 0.03 17,380 18.5 - - - -

YSF, in,
tube >7.2 - 359.1 1069 6.43 0.29 - 18,323 14.2 - - - -

WSP, 0
m 0 6.14 381.3 832 6.35 5.65 0.27 19,068 6.24 0.709202 0.000006 0 0.1

WSP,
−2 m 2 6.12 383.0 833 6.35 4.08 0.29 18,925 3.48 0.709186 0.000005 0 0.1

WSP,
−5 m 5 5.91 379.3 823 6.30 6.46 0.32 20,205 4.34 0.709171 0.000006 2 0.1

WSP,
−10 m 10 5.51 376.2 823 6.27 14.5 0.48 20,454 10.4 0.709178 0.000005 0 0.2

WSF,
out,

bottle
15.1 5.11 380.5 826 6.42 10.5 0.36 16,529 7.48 0.709158 0.000004 −4 0.2
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Table 2. Cont.

Sample
Depth
(m)

pH
Ca

(mg/L)
Total S
(mg/L)

Sr
(mg/L)

As
(μg/L)

Sb
(μg/L)

Cl
(mg/L)

Mn
(μg/L)

87Sr/86Sr 2σ(±)
δDV-SMOW

(‰)
δ18OV-SMOW

(‰)

WSF,
in,

bottle
15.1 4.67 369.4 963 6.12 15.8 0.36 16,951 23.3 - - −2 0.2

WSF,
out,
tube

15.1 5.10 383.2 802 6.56 27.6 0.47 17,811 14.4 0.709154 0.000007 1 0.2

WSF,
in,

tube
15.1 4.67 372.5 805 6.23 21.1 0.39 17,309 13.2 0.709164 0.000006 1 0.3

Sample Range of Sr
(ppm)

Average of Sr
(ppm)

Kueishantao
an-

desite
175–264 206 (n = 41)

“-” no detect; YSP represents yellow spring plume; YSF represents yellow spring fluid; WSP represents white
spring plume; WSF represents white spring fluid.

The Ca, total S, Sr As, Sb, Cl and Mn concentrations in the yellow spring varied from
381.3 mg/L, 892 mg/L, 6.37 mg/L, 5.59 μg/L, 0.29 μg/L, 20,814 mg/L and 10.8 μg/L at
0 mbsl (meters below sea level) to 371.2 mg/L, 810 mg/L, 5.87 mg/L, 22.4 μg/L, 0.77 μg/L,
18,052 mg/L and 4.55 μg/L at 7.2 mbsl (Figure 2), respectively. The Ca, total S, Sr As, Sb, Cl
and Mn concentrations in the white spring varied from 381.3 mg/L, 832 mg/L, 6.3 mg/L,
5.65 μg/L, 0.27 μg/L, 19,068 mg/L and 6.24 μg/L at 0 mbsl to 369.4 mg/L, 963 mg/L,
6.12 mg/L, 15.8 μg/L, 0.36 μg/L, 16,951 mg/L and 23.3 μg/L at 15.1 mbsl (Figure 2),
respectively.

Compared with the Ca, Sr As and Cl concentrations in the yellow spring hydrother-
mal plumes (381.3 to 385.0 mg/L, 6.34 to 6.37 mg/L, 3.81 to 6.01 μg/L and 20,422 to
20,814 mg/L), those in the white spring hydrothermal plumes have a slightly wider range
of variation (376.2 to 383.0 mg/L, 6.27 to 6.35 mg/L, 4.08 to 14.5 μg/L and 18,925 to
20,454 mg/L) than in (Figure 3). Most of the total S and Sr concentrations for both hy-
drothermal plumes are slightly lower than that of shallow seawater (835 and 6.62 mg/L)
(Figure 2). The Ca, Sr and Cl concentrations of most hydrothermal fluids are clearly lower
than that of shallow seawater and consistent with those (Cl 15,811–19,888 mg/L) of [39,42].

The δDV-SMOW and δ18OV-SMOW values in the yellow spring range from 1‰ and 0.1‰
in fluid to 5‰ and 0.2‰ in the plume, and the 87Sr/86Sr, δDV-SMOW and δ18OV-SMOW values
in the white spring range from 0.709154, −4‰, and 0.2‰ in fluid to 0.709202, 2‰ and
0.2‰ in the plume (Table 2). The 87Sr/86Sr, δDV-SMOW and δ18OV-SMOW values of the two
hydrothermal plumes were similar (Table 2), and near the 0.709177, 2‰ and 0.1‰ values of
ambient seawater (Figure 3). The 87Sr/86Sr values of the white spring hydrothermal fluids
are distinctly lower than those of shallow seawater and the white spring hydrothermal
plume (Figure 3).
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Figure 2. Changes in pH (a), Ca (b), total S (c), Sr (d), As (e), Sb (f), Cl (g) and Mn (h) concentrations
from hydrothermal fluid to plume at the yellow and white spring sites.
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Figure 3. Variation of 87Sr/86Sr (a), δD (b) and δ18O (c) values from hydrothermal fluid to plume at
the yellow and white spring sites.

The hydrothermal fluids have a pH range of 2.29 to 5.11, and those of the plumes
are 5.51~6.15. The pH values of the hydrothermal fluids and plumes are distinctly lower
than that of shallow seawater (8.02), and from the hydrothermal fluids to the hydrothermal
plumes, the pH value increases gradually as the water depth decreases (Figure 2). The As,
Sb and Mn concentrations and δDV-SMOW values of the hydrothermal fluids and plumes
display a good positive and negative correlation with pH values (Figure 4).

 

Figure 4. pH vs. As concentration (a), pH vs. Sb concentration (b) and pH vs. δD (c) values for fluids
and plumes in the yellow and white springs.

From vent fluids to hydrothermal plumes, the pH values, As and Sb concentrations
and H isotope compositions have a good correlation, and the concentrations of As and Sb
decrease with the increase of pH value (Figure 4), which is like the boron (B) concentrations
and isotopic compositions [42], indicating that the As and Sb concentrations and H isotopic
compositions can be used to trace the variation of chemical characteristics during the
hydrothermal plumes that disperse in the seawater.

Moreover, from the surface to the water depth of 5 m, the Cl and total S concentrations
and δ18OV-SMOW values in the hydrothermal plumes are similar (Figure 2), which is due to
the mixing of the hydrothermal plumes with shallow seawater (Figure 4B,C).

5. Discussion

5.1. Sources of Strontium, Hydrogen and Oxygen

Because Sr, H and O isotopes in seawater and andesite are different, the Sr, H and O in
hydrothermal fluids might be derived from two components: seawater and andesite. In
the Kueishantao hydrothermal field, the 87Sr/86Sr, δDV-SMOW and δ18OV-SMOW values in
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ambient seawater are 0.709177, 2‰ and 0.1‰ with a Sr concentration of 6.62 mg/L, and an
average Sr content in the andesite is 206 ppm (Table 2). The andesite in the Kueishantao
hydrothermal field have a large range of 87Sr/86Sr (from 0.70577 to 0.70688) and δ18OSMOW
(from 7.1‰ to 7.9‰) values, with Sr concentrations of 221–317 ppm [37].

However, the hydrothermal plumes have similar values of 87Sr/86Sr, δDV-SMOW and
δ18OV-SMOW to those of the shallow seawater (Table 2) (Figure 3), and the 87Sr/86Sr ratios
of the hydrothermal fluids and plumes in the Kueishantao hydrothermal field were signifi-
cantly higher than those (from 0.70382 to 0.7056) of hydrothermal fluids from the Eastern
Lau spreading center [35], suggesting that the hydrothermal plumes and fluids are derived
primarily from seawater.

A simple two-end-member mixing model using an equation:

Mmix = X × Mseawater + (1 − X) × Mandesite (1)

where X is the amount of the seawater component; M is the 87Sr/86Sr and δ18O; Mmix,
Mseawater (87Sr/86Srseawater 0.709177, δ18Oseawater 0.1‰) and Mandesite (87Sr/86Sr andesite
from 0.70577 to 0.70688, δ18Oandesite from 7.1‰ to 7.9‰) are the Sr and O isotopic com-
positions of hydrothermal plumes and fluids, seawater and andesite, respectively. The
model shows that approximately 99% and 97% of the Sr and O are derived from seawater
(Table 3).

Table 3. Calculated water/rock ratios, Sr and O source contributions and Sr fluxes in the Kueishantao
hydrothermal field.

Sping
Fluid

Water/Rock Ratio Strontium Source Contributions (%)
Strontium

Flux
(mole/yr)

Oxygen Source Contributions (%)

87Sr/86Sr

andesite =
0.70577

87Sr/86Sr

andesite =
0.70688

Andesite 1 Seawater 2 Andesite 3 Seawater 2 Andesite 4 Seawater 5 Andesite 6 Seawater 5

YSF, out,
bottle - - - - - - 2.06 × 104 1.43 98.57 1.28 98.72

YSF, in,
bottle - - - - - - 2.15 × 104 1.43 98.57 1.28 98.72

YSF, out,
tube - - - - - - 2.22 × 104 1.43 98.57 1.28 98.72

YSF, in,
tube - - - - - - 2.26 × 104 2.86 97.14 2.56 97.44

WSF, out,
bottle 5548 3730 0.56 99.41 0.83 99.17 1.24 × 104 0.00 100 0.00 100

WSF, in,
bottle - - - - - - 1.18 × 104 - - - -

WSF, out,
tube 4578 3076 0.68 99.32 1.00 99.00 1.26 × 104 - - - -

WSF, in,
tube 8124 5467 0.38 99.62 0.57 99.43 1.20 × 104 0.00 100 0.00 100

“-” no data. Sr of spring fluid from andesite and seawater. Sr source contribution (X) can be calculated by using
the simple two endmember mixing method: X = ((87Sr/86Srspring fluid − 87Sr/86Srseawater)/(87Sr/86Srandesite

− 87Sr/86Srseawater) × 100); YSF represents yellow spring fluid; WSF represents white spring fluid;
1 represents 87Sr/86Srandesite = 0.70577 from [37]; 2 represents 87Sr/86Srseawater = 0.709177; 3 represents
87Sr/86Srandesite = 0.70688 from [37]. O source contribution (Y) can be calculated by using simple two end-
member mixing method: Y = ((δ18Ospring fluid − δ18Oseawater)/(δ18O andesite − δ18O seawater) × 100); 4 represents
δ18Oandesite = 7.1‰ from [40]; 5 represents δ18Oseawater = 0.1; 6 means δ18Oandesite = 7.9‰ from [37].

5.2. Seawater-Rock Interaction

Sr, H and O behave conservatively, as their behavior during hydrothermal alteration
demonstrates [6]. The geochemistry of Sr, H and O in submarine hydrothermal systems
has been used to constrain subseafloor fluid-rock interaction processes [23,30]. When high-
temperature fluids reacted with fresh basalt in mid-ocean ridges [50,51], Sr is believed to
be extracted from basalt quantitatively during hydrothermal reactions without subsequent
re-equilibration with secondary mineral phases [6,23,30], while O and H may be primarily
derived from seawater. The relative concentrations of Sr, As, Sb and Mn in the hydrothermal
fluids could reflect those in the volcanic rocks where they were leached [52,53].
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Past studies of seafloor hydrothermal fields imply that hydrothermal fluids often have
similar 87Sr/86Sr, δD and δ18O values to those of the nearby rocks (87Sr/86Sr) and seawater
(δD and δ18O), indicating the leaching of Sr from the host rocks or mixing of H and O from
seawater [6,23,30]. Therefore, the Sr, H and O isotopic compositions of hydrothermal fluids
can be used to clarify different source rocks.

In both springs, the 87Sr/86Sr values of the hydrothermal fluids are obviously higher
than that in hydrothermal fluids at the mid-ocean ridge (the East Pacific Rise near 9◦N
0.70381–0.70790, [7]) and back-arc basin (Lau basin 0.70382–0.7056, [20]) (Figure 3), and the
87Sr/86Sr, δDV-SMOW and δ18OV-SMOW values of Kueishantao vent fluids and hydrothermal
plumes are like those of the ambient seawater, indicating a short-term interaction between
subseafloor fluids and andesite.

Most As, Sb and Mn concentrations in hydrothermal fluids are much higher than those
in sea level hydrothermal plumes, which have lower temperatures. However, the high As,
Sb and Mn concentrations cannot be produced solely by local seawater contributions. The
apparently higher concentrations of As, Sb and Mn in the hydrothermal fluids may show
an extra source from the andesite basement. The seawater-andesite interaction will result in
higher exchangeable As, Sb and Mn concentrations. The high As, Sb and Mn concentrations
of most hydrothermal fluids (above seawater, Table 2) partly reflect the constraints by the
andesite, which reacts with source fluids. These As-, Sb- and Mn-enriched fluids in both
springs have low pH values and can be interpreted by the interaction between seawater
and andesite, which explains the difference between Kueishantao and mid-ocean ridge
hydrothermal systems. The 87Sr/86Sr values in the Kueishantao hydrothermal fluids are
obviously higher than those in the hydrothermal fluids on the Valu Fa ridge in the Lau
basin (Figure 3), indicating a short interaction between the andesite basement and seawater.

In the Kueishantao hydrothermal field, the concentrations of As, Sb and Mn in the
hydrothermal plume and fluid are enriched relative to those in the seawater. This is
different from the basalt-hosted hydrothermal systems in which As, Sb and Mn losses are
caused by the entrainment of seawater during the formation of altered minerals at low
temperatures, and subsequently, the mobilization of As, Sb and Mn in the high-temperature
reaction zone [52,53], usually resulting in the slight enrichment of As, Sb and Mn in high-
temperature hydrothermal fluids. The concentrations of As, Sb and Mn in the Kueishantao
hydrothermal system are like those in the back-arc basins. At these two locations, the weak
water–rock interaction results in the smaller removal of As, Sb and Mn in the hydrothermal
fluid circulation. However, the unique enrichment of As, Sb and Mn in the hydrothermal
fluids is a feature of hydrothermal systems with andesite basements because trace As, Sb
and Mn have been leached out by seawater.

We calculated the water/rock ratios of the fluid-rock reaction as follows:

W/R = ((87Sr/86Srh − 87Sr/86Srandesite) × Srandesite)/((87Sr/86Srsw − 87Sr/86Srh) × Srsw) (2)

where 87Sr/86Srh, 87Sr/86Srandesite and 87Sr/86Srsw (0.709177) are the isotopic ratios in
hydrothermal fluids, andesite and seawater, respectively, and Srandesite (206 ppm) and Srsw
(6.62 mg/L) are the Sr concentrations of andesite and seawater, respectively. The water/rock
ratios for 87Sr/86Sr andesite = 0.70577 and 0.70688 are listed in Table 3, ranging from 4578
to 8124 and 3076 to 5467, respectively. The significant difference between these results and
those (approximately 1.6) from fluids from the DSDP Hole 504B, Costa Rica Rift reported by
Kawahata et al. [6] is ascribed to the shorter fluid pathways and seawater–rock interaction.
However, the Sr/Ca ratio of KHF hydrothermal fluids and plumes (0.0165–0.0171, n = 15)
is like that (0.0178) of ambient seawater and significantly higher than that (0.0042–0.0068,
n = 35) of KHF andesites, which indicates the precipitation of anhydrite is negligible in the
subseafloor recharge zone. This suggests that the fluids in the Kueishantao hydrothermal
field have weaker water and rock interactions and shorter reaction paths, and the isotopic
fractionation seems to decrease accompanying the increasing water/rock ratio, resulting
in the 87Sr/86Sr, δD and δ18O values of upwelling fluids in the Kueishantao hydrothermal
field like those of ambient seawater.
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5.3. From Vent Fluid to Plume

The Ca and Cl concentrations of vent fluids are less than those of hydrothermal plumes
and ambient seawater (Table 2), and the Ca and Cl concentrations of hydrothermal plumes
are higher than those of shallow seawater. This suggests that the mixing of hydrothermal
fluids and seawater leads to the enrichment of Ca and Cl in the hydrothermal plumes, and
most Ca and Cl are retained in the deep reaction zone during the fluid-andesite interaction.
Thus, the resulting Ca and Cl concentrations of upwelling and vent fluids are less than that
of shallow seawater.

The As, Sb and Mn concentrations of most vent fluids are higher than those of hy-
drothermal plumes and shallow seawater (Table 2), and the As, Sb and Mn concentrations
of most vent fluids are higher than those of hydrothermal plumes. This suggests that As,
Sb and Mn in the hydrothermal fluids are leached from andesite during the fluid–rock
interaction, and the mixing of the hydrothermal fluid and shallow seawater leads to the
leaching of the As, Sb and Mn in the fluids into hydrothermal plumes.

In a plot of pH versus As, Sb and δDV-SMOW, the linear correlation (Figure 4) indicates
that the hydrothermal plumes are a two-component mixture of seawater and fluid. There-
fore, the As, Sb and δDV-SMOW values of the Kueishantao hydrothermal fluids and plumes
can be interpreted as the result of mixing seawater As, Sb and δDV-SMOW with fluid As and
Sb extracted from the andesitic rocks.

5.4. Strontium Flux

The hydrothermal circulation under the sea floor leads to extensive chemical and
isotopic exchange due to changes in fluid temperature. For Sr, the reaction direction
changes from uptake by the rock at low temperature to release from the rock at high
temperature [51]. However, the Sr and Cl are clearly like those of the hydrothermal fluids
in the North Cleft segment on the Juan de Fuca Ridge [54] and those vented from the Plume
vent at the South Cleft [55] (Figure 2). The Sr concentrations and 87Sr/86Sr, δDV-SMOW and
δ18OV-SMOW values of the white spring (51 ◦C) are like those of the yellow spring (108 ◦C),
indicating that the exchange magnitude of Sr, H and O between the andesite and seawater
is consistent within these two types of springs.

For calculating the Sr flux, it was presumed that the yellow and white springs have
stable flow rates and that andesite is the only host rock in the reaction zone. Using measured
Sr concentrations in hydrothermal fluids, the Sr flux calculated for the white spring vent
into the ocean is between 2.06 × 104 and 2.26 × 104 mol/yr, and the Sr flux for the yellow
spring vent is between 1.18 × 104 and 1.26 × 104 mol/yr (Table 3). Therefore, the Sr flux
from the yellow spring is slightly higher than that from the white spring. Assuming that
more than 30 vents occur in the Kueishantao hydrothermal field [42], the hydrothermal Sr
flux is about 6 × 105 mol/yr with Fsr

sw (fraction of Sr from seawater) values from 0.990 to
0.996, much higher than the Fsr

sw values of 0.083—0.318 at hydrothermal vent fields on
the Lau basin, Mariana Trough, Mid-Atlantic Ridge, Juan de Fuca Ridge and East Pacific
Rise [24]. The difference also shows that there is a short lifetime of subseafloor fluid–rock
interaction and/or short reaction paths at the Kueishantao hydrothermal field.

6. Conclusions

The element concentrations and 87Sr/86Sr, δDV-SMOW and δ18OV-SMOW values of the
Kueishantao hydrothermal fluids and plumes have smaller ranges of variation than those
of fluids released from back-arc basins and mid-ocean ridges. The 87Sr/86Sr values and
Sr concentrations of fluids range from 0.709154 to 0.709164 and 5.87 to 6.56 mg/L, respec-
tively. For the plumes, the 87Sr/86Sr values range from 0.709147 to 0.709202, and the Sr
concentrations range from 6.27 to 6.37 mg/L. From hydrothermal fluid to hydrothermal
plume, the As, Sb and Mn concentrations decrease with the reduction of water depth,
whereas Cl and Ca concentrations tend to increase. The As, Sb and Mn concentrations of
the hydrothermal fluids and plumes of both yellow and white springs are higher than those
of shallow seawater (As, Sb and Mn are 1.15, 0.20 and 0.91 mg/L), and the 87Sr/86Sr values
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of most vent fluids of the white spring are obviously less than that of shallow seawater.
The variations of As, Sb and Mn concentration and δDV-SMOW values of the hydrothermal
plumes can be interpreted by the mixing of vent fluids with seawater. Using As, Sb and H
isotopes of hydrothermal plumes can describe their diffusive processes.

Sr, H and O in Kueishantao vent fluids are primarily derived from the ambient
seawater. The As, Sb, Mn, Ca and Cl concentrations of hydrothermal fluid are influenced
slightly by weak interactions between seawater and rock in the deep reaction zones, which
is characterized by leaching of As, Sb and Mn from andesite. The hydrothermal flux of
Sr in the Kueishantao hydrothermal field is between 1.18 × 104 and 2.26 × 104 mol/yr.
Compared with the fluxes in other hydrothermal fields, the low flux might be caused by
lower formation temperatures, higher seawater/andesite ratios (3076–8124), the shorter
duration of seawater–andesite interaction and/or the shorter fluid paths.

However, most As, Sb, and Mn in the Kueishantao hydrothermal fluids are leached
from andesitic rocks into the fluids. Most Ca and Cl remained in the reaction zone of
the subseafloor hydrothermal field during seawater and rock interactions. At present,
the sampling numbers of hydrothermal fluids, plumes and andesite are not enough. In
the future, it will be possible to understand the material and heat flux of hydrothermal
fluids and plumes formed by subseafloor magma chambers to seawater and their effect on
seawater and ecologic environments by carrying out long-term continual observations.
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Abstract: The ferromanganese deposit is a type of marine mineral resource rich in Mn, Fe, Co, Ni,
and Cu. Its growth process is generally multi-stage, and the guyot environment and seawater geo-
chemical characteristics have a great impact on the growth process. Here, we use a scanning electron
microscope, X-ray diffraction (XRD), inductively coupled plasma optical emission spectrometer
(ICP-OES), X-ray fluorescence (XRF), and inductively coupled plasma mass spectrometry (ICP-MS)
to test and analyze the texture morphology, microstructure, mineralogical features, geochemical
features of ferromanganese crusts deposits at different distribution locations on Caiwei Guyot. The
ferromanganese deposits of Caiwei Guyot are ferromanganese nodules on the slope and board
ferromanganese crusts on the mountaintop edge, which are both of hydrgenetic origin. Hydrgenetic
origin reflects that the metal source is oxic seawater. Global palaeo-ocean events control the geochem-
istry compositions and growth process of ferromanganese crusts and the nodule. Ferromanganese
crusts that formed from the late Cretaceous on the mountaintop edge have a rough surface with
black botryoidal shapes, showing an environment with strong hydrodynamic conditions, while the
ferromanganese nodule that formed from the Miocene on the slope has an oolitic surface as a result
of water depth. What is more, nanoscale or micron-scale diagenesis may occur during the growth
process, affecting microstructure, mineralogical and geochemical features.

Keywords: Caiwei Guyot; ferromanganese crust; ferromanganese nodule; geochemistry

1. Introduction

Ferromanganese deposits are common deep-sea mineral resources, which mainly exist
in the form of ferromanganese crust and ferromanganese nodules. Ferromanganese crusts
primarily grow on rock surfaces located without sediment on the seamount’s ridges, and
plateaus at water depths of 400–7000 m [1,2], while ferromanganese nodules mainly grow
on the surface of sediment-covered abyssal plains and the slope of seamounts at water
depths of approximately 3500 to 6500 m [1]. They are rich in metals such as Co, Ni, Cu,
Pb, and Zn, rare earth elements (REEs), and platinum group elements (PGEs), which have
high economic value and resource potential [1]. Ferromanganese deposits in the ocean are
primarily divided into three types: hydrogenetic, diagenetic and hydrothermal [3]. The
metal ions of hydrogenetic ferromanganese deposits are sourced from seawater and form
ferromanganese oxides by colloidal precipitation under oxidation conditions. The growth
rates of hydrogenetic ferromanganese deposits are extremely slow (1–10 mm/Ma) [3,4]. The
metal ions of diagenetic ferromanganese deposits are derived from pore water in sediments
or sediment water under suboxidation conditions [5]. The metal ions of hydrothermal
ferromanganese deposits are sourced from the mixture of medium–low temperature hy-
drothermal fluid with seawater [6,7]. In addition, the formation of ferromanganese deposits
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is often hydrogenetic–diagenetic and hydrogenetic–hydrothermal mixed types [8–10]. Fer-
romanganese deposits are regarded as a hydrogenetic type [11–13] formed in paleo-ocean
and paleo-environments, recording the evolution of ocean and climate for the past 60–100
Ma, and are important in large amounts of paleo-ocean and paleo-environment infor-
mation [2,14]. In recent years, several studies have shown that microorganisms are also
involved in the formation of marine ferromanganese oxides [15–17]. After metals are
adsorbed to ferromanganese oxides, the precipitation of Co can be influenced by bacterial
activity. Microorganisms as catalysts not only promote the formation of ferromanganese
deposits, but also the enrichment of metals [17].

Ferromanganese deposits are distributed in the Pacific, Atlantic, Arctic, and Indian
oceans, though most are in the Pacific Ocean [1]. Scholars have also performed a significant
amount of research on these deposits [9,18–21]. The formation and mineral and geochem-
istry compositions of hydrogenetic ferromanganese deposits are the most common in the
Pacific [1]. The seamounts of the Western and Central Pacific are the main distribution
areas of ferromanganese deposits. Caiwei Guyot, the location of samples collected in this
study, is located in the Magellan Seamounts to the east of the Mariana Trench.

In this paper, a comprehensive study on the ferromanganese deposits (ferromanganese
crusts on the mountaintop edge and the nodule on the slope) of Caiwei Guyot has been
carried out based on detailed mineralogical and geochemical analysis including major
elements, trace elements and rare earth elements. The growth rates and ages of ferroman-
ganese deposits are estimated by Co-Chronometer. Finally, we propose the formation
model of ferromanganese deposits by combining them with the paleoceanographic events
in the Northwest Pacific since the late Cretaceous.

2. Geological Setting and Oceanography

The Caiwei seamounts are located along the northeast edge of the eastern Mariana
basin in the western Pacific. They are distributed in a NW chain in the Magellan seamounts,
which consists of the Vlinder, Loah, ITA Mai Tai, other seamounts, with a northeastern trend.
The Caiwei seamounts include two relatively independent guyots: the larger main guyot
is Caiwei Guyot, and the smaller subsidiary guyot is Caiqi Guyot. The distance between
the two guyots is 10.2 km. Substrate rocks are mainly composed of tholeiitic basaltic
pillow lavas from the early Cretaceous, subalkaline basalt from the early Cretaceous to
Paleogene, alkaline basalt and pyroclastic rocks from the Neogene; sedimentary caprocks
are mainly composed of bioherm limestone and mudstone from the early Cretaceous to
Paleocene, foraminiferal limestone from the Eocene to the early Miocene and calcium
and argillaceous sediments such as foraminiferal sand and soft mud from the Tertiary to
the Holocene [22–27]. The age of the guyot is 80–120 Ma. The thickness of the overlying
sedimentary layer is approximately 25–100 m. The average slope of the Caiwei Guyot is 20◦–
30◦ [28]. There are collapsed flanks and landslide topography on the Caiwei Guyot [28,29].
The existing survey results show that ferromanganese deposits are primarily distributed
on the mountaintop edge and slope [29]. The samples used in this study were collected
from the mountaintop edge and the slope of Caiwei Guyot (Figure 1c).
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Figure 1. (a) The location of the study area. (b) The location of the study area and the modern
Pacific Ocean circulation system, the yellow star represents Caiwei Guyot. The red and blue lines
represent the lower circumpolar deep water (LCDW), the upper circumpolar deep water (UCDW),
the Pacific deep water (PDW), the north Pacific deep water (NPDW), and the Antarctic bottom
water (AABW) (modified by [30]). (c) Topographic map of Caiwei Guyot (data are quoted from
https://www.gebco.net on 15 July 2022), the yellow star represents HOBAB5-C9, HOBAB5-C9R-6,
HOBAB5-C9R-7 the red line represents clockwise anticyclone circulation (Taylor Column).

Caiwei Guyot is located in the Magellan seamounts of the eastern Mariana Basin
(Figure 1a). The deep-water system in the western Pacific Ocean was primarily controlled
by CDW (circumpolar deep water) and AABW (Antarctic bottom water) in the Southern
Ocean [30]. CDW can be divided into upper circumpolar deep water (UCDW) with maxi-
mum temperature and lower circumpolar deep water (LCDW) with maximum salinity [31].
LCDW is mixed by AABW and NPDW (north Pacific deep water) and can upwell the depth
of 2000 m–3000 m [32]. Due to the complex submarine topography of the low latitude
western Pacific, after LCDW enters the Pacific, it is divided into eastern branch current
and western branch current [33–38]. The eastern branch partly enters the Central Pacific
Basin with a volume transport of 3.7 Sv (1 Sv = 106 m3 s−1) [39]. Additionally, the other
part enters Northwest Pacific Basin through the Wake Island Passage [36,37]. The western
branch current passes through the Magellan Seamounts and the Mid-Pacific Seamounts
with a volume transport of 2.1 Sv [36]. UCDW and LCDW become the older NPDW by the
mixing of deep water [36], and NPDW enters the western Pacific and the Philippine sea
again [30] (Figure 1b). LCDW can erode and sweep sediments on Caiwei Guyot, resulting
in substrate exposure that provides an ideal place for the growth of ferromanganese crusts
and sediment discontinuity [28,40,41]. LCDW has high oxidation, creating an oxidation
environment for the guyot, promoting the reaction of metal ions, and forming the precipi-
tation of oxides and hydroxides [42]. The topography of Caiwei Guyot can promote the
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strengthening of internal waves to a certain extent, which can promote the mixing of deep
water [43–45]. Internal waves (clockwise anticyclonic circulation called Taylor Column
phenomenon) in Caiwei Guyot [40] (Figure 1c) can also communicate oxygen minimum
zone (OMZ) with oxygen-enriched and iron-enriched deep water [27]. The metal ions such
as Mn2+ and Co2+ in OMZ can be oxidized better [27].

3. Samples and Methods

The three ferromanganese deposit samples are collected by TV grab and Remote
Operated Vehicle (ROV) on the Caiwei Guyot in Magellan seamounts during the HOBAB5
cruise expedition in 2018 (Figure 1a,b). The station information is shown in Table 1 and
Figure 1. C9R-6 and C9R-7 are collected by ROV, and C9 is collected by TV grab.

Table 1. Location of samples from Caiwei Guyot.

Cruise ID Water Depth Latitude (N) Latitude (E)

HOBAB5-C9 3116 m 15◦51′10.883” 155◦35′15.620”
HOBAB5-C9R-6 1650.1 m 15◦51′08.672” 155◦29′17.412”
HOBAB5-C9R-7 1608.4 m 15◦51.16997′ 155◦29.20822′

The ferromanganese deposit samples were washed with clean water and dried, and
photos were taken on a large scale. Then, the samples were divided into two parts with a
cutter, cleaned with ultrapure water, and put into the oven for 60 min. After being dried,
one is used to make probe pieces for microscopic observation, and the other is divided into
many layers due to the internal structure along the growth direction as shown in Figure 2.
Each layer is independent and continuous. Grind them to 200 mesh with agate mortar, and
then place them into the oven for 60 min. After being dried, the samples were transferred
to the dryer.

Figure 2. Cont.
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Figure 2. (a) Internal texture of C9R-6, which is composed of obvious changes of layers that are are
mostly composed of dense ferromanganese oxide layers with low porosity and loose ferromanganese
oxide layers with high porosity filled with siliceous debris, but the layers are not nearly parallel;
(b) botryoidal shapes whose diameter is 1–2 cm on the surface; (c) internal texture of C9R-7, which
is composed of obvious changes of nearly parallel layers that are mostly composed of dense ferro-
manganese oxide layers with low porosity and loose ferromanganese oxide layers with high porosity
filled with siliceous debris; (d) botryoidal shapes whose diameter is 1–2 cm on the surface; (e) internal
texture of C9, which is composed of a substrate as the nucleus inside, and outer layers composed
of ferromanganese oxides; (f) smooth oolitic surface structure where siliceous debris can be seen in
the cracks.

3.1. Mineralogy

The microscopic analysis of the samples was conducted in the Key Laboratory of
Marine Geology and Environment, Institute of Oceanography, Chinese Academy of Sci-
ences. The samples were carbon-coated and observed by a VEGE3 TESCAN scanning
electron microscope combined with an Oxford EDS Oxford X-ray spectrometer (UK). The
scanning electron microscope instrument used 20 kV high voltage, the emission current
was 1.4–1.9 nA, and the working distance was 15 mm. The X-ray spectrometer used 20 kV
excitation voltage. The mineral composition was determined by Rigaku D/MAX 2500 PC
18 kw X-ray diffraction (XRD) in the Key Laboratory of Marine Mineral Resources of
Ministry of Land and Resources, Guangzhou Marine Geological Survey. The analytical
conditions for XRD were: Cu Kα radiation at 40 kV and 300 mA, graphite monochromator.
The speed of continuous scanning was 2.5◦ (2θ)/min, the step was 0.01◦ (2θ) and scans
ranged from 5 to 75◦ (2θ). Ambient temperature was 25 ± 2 ◦C.

3.2. Geochemistry

The composition of major element of ferromanganese nodule was carried out by
5300 DV plasma emission spectrometer (ICP-OES) in the Analytical Laboratory, Beijing
Research Institute of Uranium Geology and AB104L based on “Methods for chemical
analysis of silicate rocks—Part 32: Determination of 20 components including aluminium
oxide etc.-Mixed acid digestion-inductively coupled plasma atomic emission spectrometer”,
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while the composition of major element of ferromanganese crusts was carried out by
Axios-mAX wavelength dispersive X-ray fluorescence spectrometer (XRF) in the Analytical
Laboratory, Beijing Research Institute of Uranium Geology based on GB/T 14506.28-2010
“Methods for chemical analysis of silicate rocks—Part 28: Determination of 16 major and
minor elements content” due to different powder quality. The precision of the analysis
was better than that of ±5%. The compositions of trace and rare earth elements were
analyzed by ELAN 9000 inductively coupled plasma mass spectrometry (ICP-MS) in the
Key Laboratory of Marine Geology and Environment, Institute of Oceanography, Chinese
Academy of Sciences. Firstly, the sample was dried in the oven at 105 ◦C for 2 h, then
approximately 40 mg powdered samples were put into Teflon digestion beakers, then
0.5 mL of HF, 0.5 mL of HNO3, and 1.5 mL of HCl were added into Teflon digestion beakers.
Then, the powder was sealed and heated in an electric oven and heated at 150 ◦C for 12 h.
After cooling, the cover of the beakers was opened, and the beaker was heated on a hot
plate to dryness. After the acid in the beakers was evaporated to dryness, 1 mL of HNO3
was added, and then the acid was evaporated to dryness without sealing. After steaming
dry, 1 mL of HNO3 and 1 mL of H2O were added to the beakers. Then, the beakers were
again sealed and heated in an electric oven at 150 ◦C to dissolve the residue. Finally, H2O
was added to 40 g before the compositions of trace and rare earth elements were measured
by ICP-MS. The digestion process of standard samples, blank samples, and parallel samples
are the same as above. Re element was used as the internal standard, and the external
standard samples included (GBW07315; GBW07316; BCR-2; BHVO-2; Nod-A-1, Nod-P-1,
GBW07295, GBW07296). The precision of the analysis was better than that of ±5%. The
test accuracy was better than 5%.

The pattern diagram of rare earth elements is made according to concentrations nor-
malized to the Post Archean Australian Shale (PAAS) values. CeSN/CeSN

* = 2CeSN/(LaSN +
PrSN), EuSN/EuSN

* = 2EuSN/(SmSN + GdSN), where SN means concentrations normalized
to the PAAS values [46].

The following formula is used to calculate the growth rate of the ferromanganese
crusts: GR= 0.68/(Con)1.67 [47], where Con = Co × 50/(Fe + Mn) with Co, Fe, and Mn
expressed as weight percent (wt.%). Pearson correlation coefficient is used to measure the
linear relationship between two variables. Statistical significance will be at either 99% or
95% (CL). Q-mode factor analysis is used to analyze the relationship between each element
and the influencing factors in order to determine which elements are in different factors.
Here, we regard each factor as different mineral phases in ferromanganese crusts, and the
elements in the factor exist in mineral phases.

4. Results

4.1. Texture and Microstructure
4.1.1. Textural Morphology

C9R-6 is a board ferromanganese crust that is about 10 cm long (Figure 2a,b). There
are black botryoidal shapes whose diameter is 1–2 cm on the surface (Figure 2b). Obvious
changes of layers can be seen inside, but the layers are not nearly parallel (Figure 2a). C9R-6
is divided into six layers due to the internal structure (Figure 2a): the layer composed of
outermost black ferromanganese oxides is divided into C9R-6-1 and C9R-6-2; the layer
composed of black ferromanganese oxides consolidated with yellow detrital minerals is
divided into C9R-6-3, C9R-6-4, and C9R-6-5, which have high porosity (Figure 2a). The
ferromanganese oxides at the bottom are C9R-6-6.

C9R-7 is also a board ferromanganese crust with a length of about 10 cm (Figure 2c,d).
The crust has a rough surface on which black botryoidal shapes develop (Figure 2d).
The diameter of each botryoidal ball is about 1–2 cm (Figure 2d). Obvious changes of
nearly parallel layers can be seen inside (Figure 2c), which are mostly composed of dense
ferromanganese oxide layers with low porosity and loose ferromanganese oxide layers
with high porosity filled with siliceous debris. The layers grow orderly and have obvious
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rhythmic characteristics. C9R-7 is divided into six layers due to the internal structure
(Figure 2c).

C9 is a ferromanganese nodule whose diameter is about 4 cm (Figure 2e,f), and the
surface is an oolitic structure (Figure 2f). White siliceous debris can be seen in the cracks
on the surface (Figure 2f). There is a substrate as the nucleus inside, and ferromanganese
oxides precipitate as the outer layer (Figure 2e). In the early growth stage, the bottom
structure is dark, dense, and relatively hard, while in the late growth stage, the top structure
is relatively loose with high porosity (Figure 2e). Siliceous debris can be seen in the gaps
(Figure 2e). It is divided into one layer every 2 mm along the growth direction with an
average of five layers. The top layer is stage II (C9-1 and C9-2), and the bottom layer is
stage I (C9-3, C9-4, and C9-5).

4.1.2. Microstructure

The microstructure of ferromanganese deposits is shown in Figures 3 and 4. Columnar
structure, laminar structure, and mottled structure are mainly developed in ferromanganese
deposits on Caiwei Guyot (Figures 3 and 4).

  

  

Figure 3. Cont.
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Figure 3. (a) Disorderly arranged columns form a shape similar to dendrite; (b) banded Si-Fe-rich ce-
ments; (c) mottled structure composed of siliceous debris and ferromanganese oxides; (d) disorderly
arranged columns developed into columnar structure; (e) laminar structure composed of ferroman-
ganese oxides in Figure 3d; (f) foraminifera entered in gaps between columns in Figure 3d, and Mn-Fe
rich oxides precipitated around it over time.

Along the growth direction of C9R-6, disorderly arranged columns can be seen along
the growth direction. Branches appear in the growth process of the columns, forming a
shape similar to the dendrite (Figure 3a,b). Banded Si-Fe-rich cement exists in the gaps
(Figure 3b). Different from C9R-6, there are many types of structures in C9R-7. Along the
growth direction, a mottled structure composed of siliceous debris and ferromanganese
oxides can be seen (Figure 3c,e). Then, disorderly arranged columns developed into a
columnar structure with low porosity and gradually formed a dendritic shape like C9R-
6 (Figure 3d). In the later stage of the growth process, the columnar structure is rarely
seen and gradually transits to a laminar structure (Figure 3d,e). Organic remnants such
as foraminifera surrounded by Mn-Fe-rich oxides precipitated with seawater and were
transformed by hydrogenesis and diagenesis (Figure 3f).

Along the growth direction of C9, at the junction of the nucleus and ferromanganese
oxides, it is a mainly columnar structure composed of upright columns in stage I (Fig-
ure 4a,b). The columns connect end to end, whose diameter ranges from 100 μm to 300
μm (Figure 4a,b). There are gaps between the columns in the later stage of the growth
process. There are mainly three groups in gaps between columns in stage II: siliceous debris;
fan-shaped or circular layered Mn-rich oxides (Figure 4d–f); banded Si-Fe-rich cement
(Figure 4d–f). The entry of clastic materials interrupted the precipitation of ferromanganese
oxides and further promoted the formation of columnar structures. Columns connected
from head to tail gradually become forked dendritic columns, and finally, the mottled
structure gradually formed in stage II (Figure 4a,b).

4.2. Mineralogy

The XRD diffraction patterns of each layer of ferromanganese deposits are shown in
Figure 5. The diffraction peak of XRD diffraction patterns is not sharp, and the peak inten-
sity are widened and dispersed because of low crystallinity of minerals. X-ray diffraction
data for samples of ferromanganese crusts and ferromanganese nodule show that Mn-rich
oxide minerals are dominant minerals. Quartz, albite, anorthite, and phillipsite exist as
accessory minerals. Fe-rich oxides with poor crystallinity are amorphous, and no obvious
diffraction peak is found. Mn-rich oxide minerals are mainly Fe-rich vernadite (1.42 Å
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and 2.45 Å) and and 10 Å manganese minerals (todorokite). Fe-rich vernadite exists in all
the layers of ferromanganese crusts and nodule. Todorokite exists in the stage II in the
ferromanganese nodule. In addition, todorokite exists in all layers of C9R-6, which just
exists in the younger layers (C9R-7-1 and C9R-7-2) of C9R-7. Phillipsite exists in the layers
of stage I in the ferromanganese nodule, older layer of C9R-6 and younger layers in C9R-7.

  

  

  

Figure 4. (a) Columnar structure composed of upright columns along the growth direction at the
junction of the nucleus and ferromanganese oxides; (b) columnar structure gradually transit to
mottled structure in stage II; (c) mottled structure composed of siliceous debris and Mn-rich oxides
in stage II; (d) groups in gaps between columns in Figure 4a,i. Mn-rich oxides, ii. Ca-carbonate, iii.
Si-Fe-rich cement; (e) Mn-rich oxides connected by banded Si-Fe-rich cement in Figure 4b; (f) groups
in gaps between columns in Figure 4c,i. Mn-rich oxides, ii. organic matter where Mn- rich oxides
scatter; iii. Si-Fe-rich cement.
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Figure 5. Cont.
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Figure 5. (a–c) The XRD patterns for ferromanganese deposits on the slope of Caiwei Guyot;
Ver = Fe-vernadite, Ab = Al, Tod = todorokite, Qz = Quartz, Ab= Albite, Anorthite = An, Phi =
Phillipsite.

4.3. Geochemistry
4.3.1. Geochemistry Compositions of the Ferromanganese Crusts

The chemical compositions of major and trace elements of each layer are shown in
Table 2. The contents of Mn are 14.7–25.2% with an average value of 21.0%. The contents of
Fe are 11.8–19.4% with an average value of 17.3%. The contents of Mn and Fe gradually
decrease from the bottom to the top in C9R-7, while the contents of Mn and Fe in C9R-6
almost have no change during the growth process (Figure 6). The Mn/Fe ratios range from
1.06 to 1.45. The contents of Al are 0.66–2.22% with an average of 1.24%, and the contents
of Si are 3.40–5.83% with an average of 4.84%. The contents of Al and Si in C9R-7 increase
from the bottom to the top. The Si/Al ratios range from 2.21 to 5.28.

Among the trace elements, the contents of elements with economic value are extremely
high, in which the contents of Co are 3841–8327 ppm with an average of 6163 ppm. The
contents of Ni are 3000–5759 ppm with an average of 4593 ppm. The contents of Cu are
357–1664 ppm with an average of 915 ppm, and the contents in C9R-7 are lower than that in
C9R-6 (nearly two-fold). The contents of Zn are 437–672 ppm with an average of 558 ppm.
The contents of Co, Ni, Cu and Zn gradually decrease from the bottom to the top in C9R-7
in general (Figure 6).

The contents of REY are 1410–2117 ppm with an average of 1747 ppm. The contents
of Ce are the highest in REY with an average of 803 ppm, ranging from 553–998 ppm,
and accounting for nearly 50% in REY. The contents of LREE are 1079–1652 ppm with an
average of 1380 ppm. The contents of HREE are 138–238 ppm with an average of 180 ppm.
LREE/HREE ratios range from 6.42 to 8.81. The contents of Y range from 147 ppm to
227 ppm with an average of 186ppm. It can be seen that each layer of samples shows a
positive Ce anomaly and negative Y anomaly in the PAAS standardization diagram of REY
(Figure 7).
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Figure 6. Geochemical profile of elements through ferromanganese deposits on Cawei Guyot. Major
paleoceanographic and tectonic events are identified on the right. Blue color represents paleoceano-
graphic and tectonic events “Caiwei Guyot crossed the current equator at about 70Ma”; green color
represents paleoceanographic and tectonic events “Drake Passage and Tasmanian Passage opened”;
red color represents paleoceanographic and tectonic events “Iceland-Faroe Ridge sanked, LCDW and
AABW strengthened, and Panama Seaway closed”.
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Figure 7. PAAS shale-normalized rare earth element plots for ferromanganese deposits of
Caiwei Guyot.

4.3.2. Geochemistry Compositions of the Ferromanganese Nodule

The chemical compositions of major and trace elements of each layer are shown in
Table 3. Among the major elements, the contents of Mn are 18.5–26.0% with an average
value of 22.8%, which gradually decreases from stage I to stage II (Figure 6). The contents
of Fe are 9.10–15.8% with an average value of 12.8%, which gradually decreases from stage
I to stage II. The Mn/Fe ratios range from 1.65 to 2.14, which gradually increase from stage
I to stage II (Figure 6). The contents of Al are 0.88–1.58% with an average value of 1.31%,
and the contents of Ca are 2.04–2.89% with an average value of 2.45%.

Table 3. Geochemistry compositions of the ferromanganese nodule.

Sample
Mn

(wt%)
Fe Mn/Fe Al Ca P

Co/(Cu
+ Ni)

Co/(Fe
+

Mn)
K Ti Mg Na

Li
(ppm)

Be Sc V Co Ni

C9-1 20.4 9.52 2.14 1.33 2.13 0.46 0.79 195.56 0.48 1.42 1.26 1.71 3.21 4.52 5.52 493 5851 4871
C9-2 18.5 9.10 2.03 1.36 2.04 0.51 0.73 197.73 0.50 1.34 1.20 1.62 3.56 4.88 6.38 491 5457 5047
C9-3 26.0 15.8 1.65 0.880 2.60 0.32 0.83 163.05 0.58 1.32 1.29 1.99 2.00 3.86 3.42 388 6806 5807
C9-4 24.0 14.6 1.65 1.58 2.58 0.35 0.63 136.06 0.87 1.15 1.24 1.88 3.93 5.05 3.90 366 5255 5545
C9-5 24.8 14.8 1.68 1.41 2.89 0.45 0.64 125.38 0.73 1.17 1.27 1.91 3.66 4.96 3.77 370 4973 5390

Sample Cu Zn Ga Rb Sr Zr Nb Mo Cd Cs Ba Hf Ta W Tl Pb

C9-1 2532. 639 6.97 4.93 1195 481 44.8 519 7.28 0.23 1392 6.24 0.73 72.4 103 1359
C9-2 2461 698 7.60 5.79 1168 503 47.9 548 6.98 0.26 1470 7.54 0.86 74.3 115 1400
C9-3 2427 472 6.60 3.70 898 447 39.9 343 5.21 0.19 1491 10.4 1.0 83.7 95.2 1333
C9-4 2833 487 8.06 6.29 802 477 42.3 318 5.25 0.25 1575 12.1 0.95 77.2 78.4 1204
C9-5 2439 461 8.48 5.17 801 464 38.9 315 4.96 0.20 1589 11.4 0.94 77.7 73.3 1243

Sample U La Ce Pr Nd Sm Eu Gd Tb Dy Y Ho Er Tm Yb Lu

C9-1 10.2 203 875 42.0 173 37.0 8.88 43.1 6.22 33.1 114 7.62 19.2 3.04 18.7 2.92
C9-2 10.0 203 915 43.3 177 38.1 9.08 44.1 6.39 33.8 113 7.64 19.5 3.08 18.9 2.97
C9-3 10.5 265 1110 47.8 199 44.1 10.8 46.4 7.47 40.1 98.4 8.61 22.5 3.62 21.6 3.35
C9-4 7.45 229 1113 42.0 176 36.6 9.46 42.7 6.26 33.0 109 7.18 18.9 2.98 18.0 2.83
C9-5 7.76 249 1113 44.7 188 39.6 10.4 46.4 6.91 36.0 119 7.95 20.6 3.26 19.7 3.09
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Among the trace elements, the contents of elements with economic value are signif-
icantly high. The contents of Co are 4972–6806 ppm with an average value of 5668 ppm.
The contents of Co gradually increase to the maximum value in stage I, and gradually
decrease in stage II (Figure 6). The contents of Cu are 2428–2833 ppm with an average
value of 2538 ppm, which is much higher than ferromanganese crusts, and the contents
basically do not change (Figure 6). The contents of Zn are 461–698 ppm with an average
value of 550 ppm, and the contents gradually increase from stage I to stage II. The contents
of Ni are 4871–5807 ppm with an average value of 5332 ppm, and gradually increase to the
maximum value in stage I and gradually decrease in stage II (Figure 6).

The contents of REY (REE + Y) are 1587–1929 ppm with an average value of 1781 ppm.
The contents of Ce content are the highest with an average of 1025 ppm, ranging from 875
ppm to 1114 ppm and accounting for more than 50%. The contents of LREE are 1338–1677
ppm with an average of 1531 ppm. The contents of HREE are 240–263 ppm with an average
of 251 ppm. The contents of Y are 98.4–119 ppm with an average of 111 ppm. LREE/HREE
ratios range from 5.39 to 6.69, which shows LREE enrichment. It can be seen that each
layer of the sample shows positive Ce anomaly and negative Y anomaly in the PAAS
standardization diagram of REY (Figure 7).

4.4. Growth Rates and Age Model

According to the Co empirical formula above, the growth rates of C9R-6 are
0.85–1.30 mm/Ma (Table 2), and the average growth rate is 1.11 mm/Ma. The ages of each
layer of C9R-6 are estimated to be 11.75 Ma, 15.42 Ma, 24.14 Ma, 31.25 Ma, 67.77 Ma, and
72.42 Ma, which are from the late Cretaceous to the middle Miocene. The growth rates of
C9R-7 range from 0.64 mm/Ma to 1.25 mm/Ma (Table 3), and the average growth rate is
0.93 mm/Ma. The age of each layer of C9R-7 is estimated to be 2.40 Ma, 34.29 Ma, 30.91 Ma,
39.48 Ma, 70.90 Ma, and 78.12 Ma, which is from the late Cretaceous to the early Pleistocene.
The growth rates of C9 are 0.69–1.48 mm/Ma (Table 3), and the average growth rate is
1.02 mm/Ma, which is much lower than the growth rates of ferromanganese nodules in
the Peru Basin [48]. The ages of each layer of C9 are estimated to be 5.67 Ma, 11.54 Ma,
12.55 Ma, 12.37 Ma, and 13.48 Ma, which grew from the Miocene.

4.5. Element Correlations and Factor Analysis

Element correlations of ferromanganese crusts on the mountaintop edge of Caiwei
Guyot are shown in Table S1 in Supplementary Materials. Mn shows a significantly positive
correlation with Ca, Co, Cd, W, Bi, Ce, and Lu (99% CL) and shows a positive correlation
with Fe, Ni, Pb, U, La, Er, Tm, and Yb (95% CL); Mn is negatively correlated with Al, P, Sc,
and Tl (99%CL) and shows a negative correlation with Si and Rb (95% CL). Fe shows a
positive correlation with Ni, Ga, Cd, and Bi (99% CL) and shows a positive correlation with
Mn, Nb, Hf, Ta, and Ce (95% CL); Fe shows a negative correlation with P, Sc and Tl (99% CL).
Mn/Fe shows a positive correlation with Mo (99% CL) and shows a positive correlation
with W and U (95% CL), Mn/Fe is negatively correlated with Ga and Nb (95%CL); Cu is
positively correlated with Zn and Ni (99% CL); the growth rates are positively correlated
with Li, Cu, Zn, Rb, Nb and Ta (95% CL) and negatively correlated with Co (99% CL).
Q-mode factor analysis of ferromanganese crusts produces four factors that account for
89.6% of the variance, with Factors 1–4 accounting for 35.5%, 23.0%, 18.5%, and 12.6% of
the variance, respectively (Table S2 in Supplementary Materials). Factor 1 is interpreted
to represent aluminosilicate minerals: Al, Mg, K, Li, V, Cu, Sr, Zr, Mo, W, Th, U, and REY
(except Ce). Factor 2 is interpreted to represent residual biogenic: Fe, Ca, Ti, Ni, Cu, Zn,
Ga, Zr, Nb, Cd, Ba, Hf, Ta, Bi, Th and Ce. Factor 3 is interpreted to represent Mn-rich
oxides: Mn, Si, Ca, Li, Sc, Co, Rb, U, La and Ce. Factor 4 is interpreted to represent Fe-rich
oxyhydroxide: Fe, P, Be, Sc and V.

Element correlations of the ferromanganese nodule on the slope of Caiwei Guyot are
shown in Table S3 in Supplementary Materials. Mn is significantly positively correlated
with Fe and Na (99% CL) and negatively correlated with Sc and Zn (99% CL), Mn is
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positively correlated with Ca, Ni, Bi, La, and Ce (95% CL) and negatively correlated with
V, Sr, Zr, Nb, Mo, and Cd (95% CL). Fe is significantly positively correlated with Ca, Na,
Hf, Bi, and Ce (99% CL) and significantly negatively correlated with Sc, V, Zn, Mo, and Cd
(99% CL). Fe is positively correlated with Ni and La (95% CL) and negatively correlated
with Sr and Nb (95% CL). Co has no significant correlation with Fe and Mn, while Co is
negatively correlated with Al and Li (95% CL) and significantly negatively correlated with
Na and Be (99% CL), indicating that the entry of debris affects the adsorption of Co. Mn/Fe
is extremely positively correlated with Sr, V, Mo, and Cd (99% CL) and positively correlated
with the Zn and growth rates (95% CL). Mn/Fe shows a negative correlation with Fe, Hf, Bi,
and Ce (99%CL) and a negative correlation with Mn, Ca, Na, Ni, Ta, and La (95% CL). The
growth rates are extremely positively correlated with V and Sr (99% CL) and are positively
correlated with Mn/Fe, Ti, Zn, Mo, Cd, Tl, and W (95% CL). The growth rates show an
extremely negative correlation with Ba, Hf, and Bi (99% CL) and a negative correlation with
K and Ce (95% CL). Q-mode factor analysis of the ferromanganese nodule produces three
factors that account for 95.7% of the variance, with Factors 1–3 accounting for 44.9%, 39.8%,
and 11.0% of the variance, respectively (Table S4 in Supplementary Materials). Factor 1
is interpreted to represent ferromanganese oxides: Mn, Fe, Ca, P, K, Ti, Na, Sc, V, Ni, Zn,
Ga, Sr, Zr, Nb, Mo, Cd, Ba, Hf, Ta, W, Tl, Pb, Bi, U, La, Ce, and Eu. Factor 2 is interpreted
to represent aluminosilicate minerals: Al, Mg, Li, Be, Co, Cu, Rb, Zr, Cs, W, Th, and REY
(except Ce and Y). Factor 3 is interpreted to represent fluorocarbon phosphate: P, Li, Be, Co,
Ga, and Y.

5. Discussion

Guyot is a complex environment and is controlled by geology, biological activities,
geochemical properties of seawater, and physical oceanography, which further affects the
characteristics of ferromanganese deposits. Ferromanganese deposits on Caiwei Guyot can
be divided into ferromanganese crusts and ferromanganese nodules. In the next section, we
focus on the texture morphology, microstructure, mineralogical features, and geochemical
features of ferromanganese crusts and nodules. Meanwhile, mineralogical and geochemical
analyses are essential for discussing growth processes and environments.

5.1. Texture and Surface

Ferromanganese crusts and nodules have different textures and surfaces due to differ-
ent oceanographic and geological conditions [49,50]. The surface of the ferromanganese
nodule is an oolitic structure with cracks (Figure 2f), while the surfaces of board ferroman-
ganese crusts have a surface with black botryoidal shapes (Figure 2b,d), showing smoother
surface texture at a greater depth [50]. These black botryoidal shapes are composed of
ferromanganese oxides. Accumulation of ferromanganese oxides reflects the hydrodynamic
conditions of the growth process. A more dynamic environment will form a botryoidal
structure [2]. The speed of the bottom current (>7 cm/s) on the mountaintop edge and
the hydrodynamic conditions were strong because of the Taylor Column phenomenon
on Caiwei Guyot [40], while the speed of the current was low and the hydrodynamic
conditions are weak on the slope of Caiwei Guyot [40]. In addition, the bottom current with
a high-speed bottom on the mountaintop edge sweeps the sediment and exposes the hard
substrate [40,41], which is also conducive to the rapid accumulation of ferromanganese
oxide. The same phenomenon occurs in ferromanganese crusts on Takuyo-Daigo Seamount,
NW Pacific, and Tropic Seamount, Atlantic [41,50], whose botryoidal shapes are bigger
at shallower water depths. What is more, the speed of the bottom current and hydrody-
namic intensity are in a state of equilibrium where calcareous or siliceous sediments can
be cleaned, but botryoidal shapes cannot be eroded [41]. Board ferromanganese crusts
generally grow in situ on the mountain top, and finally aggregate for mineralization on the
hard substrate. What is more, due to the erosion of the bottom current, the increase in slope
gradient, and other reasons, collapse often occurs on Caiwei Guyot, which is common in
the Western Pacific Seamounts [29,51]. Ferromanganese nodule grows in an environment
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with relatively weaker hydrodynamic force and may be buried by sediments brought by
the collapse of Caiwei Guyot.

5.2. Genesis Type of Ferromanganese Crusts and the Nodule

Mn-(Cu + Co + Ni)-Fe ternary diagram is used to divide ferromanganese deposits in
the ocean into three types: hydrogenetic, diagenetic and hydrothermal [52]. (Fe + Mn)/4-
100 × (Zr + Y + Ce) – 10 × (Cu + Ni + Co) ternary diagram [53] and CeSN/CeSN

*-
Nd and CeSN/CeSN

*-YSN/HoSN [3] are also used to classify the type. Each layer in
board ferromanganese crusts and layers of stage I in the ferromanganese nodule fall
into the hydrogenentic area (Figures 8 and 9), showing the hydrogenentic origin and the
enrichment of Cu, Co and Ni. While layers of stage II in the ferromanganese nodule are
closer to diagenetic origin (Figure 8a). The authors also used the Mn/Fe ratio to distinguish
the genesis type of ferromanganese crusts. It is generally believed that ferromanganese
crust whose Mn/Fe is less than 2.5 is hydrogenetic origin [54]. On the contrary, it is
diagenetic origin. Mn/Fe of each layer in board ferromanganese crusts of Caiwei Guyot
is less than 2.5, which is hydrogenetic origin. Although the Mn/Fe ratios in stage I of the
ferromanganese nodule is less than 2.5, greater than 2, which is much higher than those
in board ferromanganese crusts, indicating that the nodule has a diagenetic trend in the
growth process. Meanwhile, the enrichment of LREE reflects the hydrogenetic origin [55].
Positive Ce anomaly and negative Y anomaly are other evidence of hydrogenetic origin.
REE generally has +3 valence, while Ce has Ce3+ and Ce4+. Ce3+ in the marine environment
is oxidized to Ce4+ to form CeO2, which precipitates from seawater, resulting in a strong
loss of Ce in seawater [56]. Therefore, the PAAS standardization diagrams of REY of
ferromanganese crusts and the nodules show strong positive Ce anomalies after PAAS
standardization, which are often considered to be the influence of seawater oxidation [57].
The ion radius and valence of the Y element are similar to other rare earth elements,
but Y has no 4f electrons, so it is difficult to form a more stable complex. Therefore, its
chemical behavior is different from Ho. When ferromanganese crusts and nodules formed,
Y and Ho would differentiate, resulting in Y negative anomaly [58,59]. Fe-vernadite is
found in each layer in the XRD patterns (Figure 5), which is a nanocrystalline turbostratic
phyllomanganate phase of hydrogenetic origin. The crystal structure of vernadite is a
layered structure, (Mn4+O6)8− octahedron is connected to each other through the edge.
The octahedron layer is mainly Mn4+, and the metal cations can replace the Mn4+ by
isomorphism [60–62]. 10 Å manganese minerals (todorokite) are found in stage II of C9,
C9R-6 and the younger layers of C9R-7 (C9R-7-1 and C9R-7-2) (Figure 5). 10 Å manganese
minerals (todorokite) have tunnel structure. K+, Mg2+, Ba2+, and water molecules usually
occupy the sites in the todorokite tunnel. Meanwhile, Co, Ni, and Cu may mainly replace
Mn at the corner of the tunnel [63–65]. 10 Å manganese minerals (todorokite) are formed
by the influence of pore water on the seawater-sediment interface under suboxic conditions
and the formation of todorokite from vernadite is known from ferromanganese crusts
and nodules when oxic conditions have been changed into suboxic conditions, which is
considered to be a typical feature of diagenetic ferromanganese crust and nodule [2,66–69].
We believe that nanoscale and micron-scale diagenesis may occur in the internal layers, but
bulk geochemical features are not obvious on the whole.
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Figure 8. (a) Ternary diagram for the genetic classification of ferromanganese deposits. (b) Ternary
discrimination diagram for the genetic classification of ferromanganese deposits.
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Figure 9. Discrimination graphs of ferromanganese deposits from Caiwei Guyot. (a) CeSN/CeSN

*

ratios vs. Nd contents. (b) CeSN/CeSN
* ratios vs. YSN/HoSN ratios.

5.3. Genesis of Ferromanganese Deposits

Paleoceanographic events affecting ferromanganese crusts and nodule in the north-
west Pacific since the late Cretaceous are consistent. According to the mineralogical and
geochemical characteristics above, ferromanganese crusts on the mountaintop edge of

83



J. Mar. Sci. Eng. 2022, 10, 1275

Caiwei Guyot are hydrogenetic origin, whose metal source is oxic seawater [70]. Based on
the previous empirical formula calculation of Co, the oldest layers can reach the late Creta-
ceous, when AABW had not been formed. The formation of ferromanganese crusts may be
mainly controlled by the middle ocean current and seamount authigenic current [42]. There
are relatively more ore-forming elements in seawater, providing sufficient material source
for the mineralization of the ferromanganese crusts. At this stage (78.12 Ma), ferroman-
ganese oxides precipitated in form of plaque structure with occasional siliceous debris and
biological sediments in the gaps, which formed a mottled structure (Figure 3c), indicating
that the ferromanganese crusts precipitated in the strong hydrodynamic environment on
the mountaintop edge of Caiwei Guyot [2]. The contents of Mn and Fe are high, as well as
Co, which has the characteristics of obvious hydrogenetic origin. The content of Si and Al
is less, suggesting that they are less affected by terrestrial materials. With the drift of the
Pacific plate, Caiwei Guyot drifted to the northwest mainly in zonal motion and crossed the
current equator about 60–70 Ma ago [71]. The guyot where the ferromanganese crusts are
located migrated to the equatorial high productivity zone of the open ocean. As time goes
by, due to the crossing of the equator, continental weathering is gradually strengthened.
The global temperature was high during this period. Without AABW (78.12–31.25 Ma),
the dissolved oxygen content of deep water was very low, and the content of Mn and Co
gradually decreased, while the contents of Si and Al gradually increased. Co/(Cu + Ni)
and Co/(Fe + Mn) ratios reach the minimum value at 31.25 Ma (Figure 6), indicating that
oxidation conditions fell into a decline. Obvious changes in layers can be seen inside. At
this time, the texture of ferromanganese crusts was loose with high porosity, the precipita-
tion of ferromanganese oxides was prevented due to the entry of silicon debris, and the
growth of columnar structures was inhibited. Phillipsite existed in this stage (Figure 5a,b),
which is formed by the alteration of volcanic glass leading to the increase in pH value at
the sediment-water interface [72–74]. Phillipsite usually appears in the form of authigenic
minerals and exists in the gaps of the columnar structure, which are likely to be physically
combined with the columnar growth process in the growth process.

From the late Oligocene to the early Miocene, the Drake Passage and Tasmanian
Passage completely opened and the deep-water channel was formed [75], which contributed
to the formation of the modern circulation system. AABW with high content of dissolved
oxygen has an impact on the growth process of ferromanganese crusts on the Pacific
Seamounts [76–78]. After entering the Northwest Pacific Ocean, LCDW (mixed by AABW
and NPDW) with dissolved oxygen is the main source of dissolved oxygen in the Magellan
seamount area. When a significant global cooling event occurs, the degree of environmental
oxidation in the Pacific Seamounts will also increase. At this stage (31.25–21.14 Ma), due to
the role of LCDW, the deep water in the ocean began to have a dissolved oxygen supply, and
OMZ began to develop in the Pacific Ocean. The growth process of ferromanganese crusts
is related to OMZ on seamounts [12]. The water depth of OMZ in the Caiwei Guyot is less
than 1000 m [79]. OMZ can promote the dissolution of Mn in OMZ and ferromanganese
crusts with high Mn content form below the OMZ [20,80]. Dissolved oxygen oxidizes
Mn2+, forming hydrated complex ions. Co, Ni, and Ce show a positive correlation with
Mn, indicating that Ni, Cu, and Ce are distributed in the manganate octahedral layer of
Fe-vernadatie [81]. Fe-vernadatie adsorbs oxidized Ce, as well as Co2+, Ni2+, and other
metal cations. Higher contents of Co are the result of the oxidation of these elements on the
surface of Fe-vernadite, indicating an extremely effective process of enrichment of trace
elements [82]. Co/(Cu + Ni) and Co/(Fe + Mn) ratios increase with the formation of the
modern circulation system, indicating the enhancement of oxidation conditions (Figure 6).
The columnar structure formed in this stage (Figure 3). The formation of the southeast
ice sheet of the Antarctic, colder climate and the sank of Iceland–Faroe Ridge at about
15 Ma promote the high-density deep water of the Arctic Ocean to flow into the Atlantic
Ocean and other oceans [76,83], AABW is further enhanced, making the oxidation degree
of Caiwei Guyot higher. At this stage (15.42 Ma–0), Co/(Cu + Ni) and Co/(Fe + Mn) ratios
reach the maximum value in C9R-6-1 (Figure 6). Meanwhile, the enhancement of LCDW
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and the strong hydrodynamic force on the mountaintop edge promote the formation of a
dense laminar structure with low porosity.

Different from the ferromanganese crusts on the mountaintop edge, the ages of the
nodule on the slope are younger, whose growth process is affected by AADW that becomes
LCDW when entering the Northwest Pacific Ocean. The enhancement of the LCDW
oxidation degree has a great effect on the texture, microstructure, mineralogical, and
geochemical features of the nodule. According to the mineralogical and geochemical
characteristics, the ferromanganese nodule on the slope of Caiwei Guyot can be divided
into two stages. The layers with hydrogenetic origin in stage I (13.48–11.54 Ma) are formed
in the middle Miocene. Lower temperatures of deep water, the expansion of the Antarctic
ice sheet, and the enhancement of deep-water circulation from the late Miocene [75,84]
make the high-density seawater of the Arctic Ocean flow into the Atlantic Ocean and
other oceans with the circulation system. As a result, LCDW was further strengthened.
LCDW with dissolved oxygen flew through Caiwei Guyot, strengthening the oxidation
of seawater. Fe2+ and Mn2+ in seawater accumulated to form Fe-rich and Mn-rich oxide
colloids [80,85], which precipitated in form of a columnar structure connected end to end
around the nucleus. This process is the same as that of ferromanganese crusts. The contents
of Mn and Fe are relatively high, and the content of Co also gradually increases. Compared
with Atlantic ferromanganese nodules, ferromanganese nodules on Caiwei Guyot enrich
Mn, Co, and Ni, while losing Fe [86]. Co/(Cu + Ni) and Co/(Fe + Mn) ratios increase with
the enhancement of oxidation of seawater (Figure 6). Fe-vernadite is the main Mn-rich
oxide in stage I, and quartz, albite, anorthite, and phillipsite exist as accessory minerals.

The layers in stage II (11.54 Ma–0) are formed in the middle and late Miocene. The
contents of Mn, Fe, and Co are reduced to varying degrees relative to stage I. High Mn/Fe
ratios (>2) and 10 Å manganese minerals (todorokite) indicate nanoscale or micron-scale
diagenesis occurred in the internal layers of stage II. Todorokite has a tunnel structure.
Meanwhile, Co, Ni, and Cu may mainly replace Mn at the corner of the tunnel. Cu is
enriched in diagenetic layers of the nodule. Meanwhile, the growth rates in stage II are
higher than those in stage I. Previous studies have shown that the diagenetic process
is mainly due to the following reasons: i, adsorbed metals are released due to particle
dissolution and will be enriched in pore water and further have a reaction with manganese
oxides [87,88]; ii. phillipsite formed by the alteration of volcanic glass leads to the increase
in pH value, resulting in the additional oxidation of Mn2+ [72,74]; iii. the decomposition of
organic matter and the dissolution of biological components related to biological activities
promote the release of metal ions, and metal elements can be adsorbed into manganese
oxides [87,89]. Metals of particle dissolution may have an impact on diagenesis at the
micron level, but the specific impact is unknown. What is more, it is believed that 10 Å
manganese minerals (todorokite) are considered to be the evidence of diagenesis [2,66–69],
but there is no or very little phillipsite in some layers where 10 Å manganese minerals
(todorokite) exist. We exclude that phillipsite may be the cause of internal diagenesis of the
nodule. Biological activities on the slope in Caiwei Guyot are more active than those on the
mountaintop [90]. Siliceous debris and organic matter precipitated in gaps with seawater
in stage II. As a result, the texture is loose with high porosity. Siliceous debris, fan-shaped
or circular layered Mn-rich oxides, and banded Si-Fe-rich cement are filled in the gaps
(Figure 4). Though Co/(Cu + Ni) and Co/(Fe + Mn) ratios are higher than those of stage I
(Figure 6), the internal columnar structure provides space for nano-scale or micron-scale
diagenesis. The degradation of organic matter may produce a local (micron-scale) reducing
microenvironment [55]. The change of redox potential promotes the reactivation of Fe
from surrounding biological carbonates [55], forming banded Si-Fe-rich oxides, which are
cemented and precipitated in gaps. Banded Si-Fe-rich oxides mostly appear in the middle
and late stages of growth and are connected with columns or layered manganese-rich
oxides dispersed in gaps (Figure 4). The mottled structure gradually formed in stage II
(Figure 4b).
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6. Conclusions

In this study, we analyze the texture morphology, microstructure, mineralogical fea-
tures, and geochemical features of ferromanganese crusts on the mountaintop edge of
Caiwei Guyot and the ferromanganese nodule on the slope of Caiwei Guyot. Global
palaeo-ocean events control on the geochemistry compositions and growth process of
ferromanganese crusts and the nodule.

Ferromanganese crusts on the mountaintop edge of Caiwei Guyot are board ferroman-
ganese crusts that are of hydrogenetic origin with many black botryoidal shapes on the
surface, suggesting board ferromanganese crusts grow in strong hydrodynamic conditions.
Obvious changes in layers can be seen inside. Fe-vernadite is the main Mn-rich mineral.
The oldest layers can reach the late Cretaceous age when AABW had not been formed. The
formation of crusts in this process was related to the middle ocean current and seamount
authigenic current. Ferromanganese oxides precipitated in form of plaque structure with
occasional siliceous debris and biological sediments in the gaps, which formed a mottled
structure. With the drift of the guyot, continental weathering is gradually strengthened,
and the dissolved oxygen content of deep water was very low. Co/(Cu + Ni) and Co/(Fe
+ Mn) ratios reach the minimum value at 31.25 Ma. After the formation of the modern
circulation system, LCDW (mixed by AABW and NPDW) with dissolved oxygen is the
main source of dissolved oxygen in the guyot, which further strengthens oxidation. Global
palaeo-ocean events control the geochemistry compositions and growth process of ferro-
manganese crusts. For example, the formation of the south ice sheet of the Arctic, colder
climate, and the sank of Iceland–Faroe Ridge at about 15 Ma make Co/(Cu + Ni) and
Co/(Fe + Mn) ratios continue to increase. 10 Å manganese minerals (todorokite) indicate
that nanoscale or micron-scale diagenesis in the internal layers may occur.

The surface of the ferromanganese nodule is an oolitic structure, showing a smoother
surface texture at a greater depth. The ferromanganese nodule on the slope grows in an
environment with relatively weaker hydrodynamic conditions. The growth process is
divided into two stages. Stage I is formed in the middle Miocene and is affected by LCDW.
The columnar structure formed under the action of LCDW. Fe-vernadite, 10 Å manganese
minerals (todorokite), quartz, albite, and anorthite can be seen. Stage I (13.48–11.54 Ma)
of the ferromanganese nodule shows hydrogenetic origins due to geochemical features,
indicating that the metal source is oxic seawater. As a result, the contents of Cu and Fe are
high, and the growth rates are low. Stage II (11.54 Ma–0) is formed in the middle and late
Miocene. Nanoscale or micron-scale diagenesis in the internal layers may occur. The texture
is loose with high porosity, and siliceous debris and organic matter are carried in gaps
between columns by seawater, creating a reducing microenvironment that promotes the
formation of banded Si-Fe-rich oxides. The contents of Mn, Fe, and Co gradually decrease.
High Mn/Fe ratios (>2) and 10 Å manganese minerals (todorokite) prove it. Meanwhile,
the growth rates in stage II are higher than those in stage I. The mottled structure gradually
formed in stage II. The content of Cu of the ferromanganese nodule is much higher than
those of ferromanganese crusts.
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Abstract: Submarine volcanic eruptions can be destructive for marine environments and resources.
Magma mixing is considered to be an important trigger for volcanic eruptions. Determining the
magma residence time from mixing to eruption is conducive to assessing the stability of magmatic
systems, especially beneath the seafloor where in situ volcano monitoring is inaccessible. Here,
we estimated the timescale of magma mixing beneath the Iheya Ridge, Okinawa Trough, which is
characterized by pervasive magma mixing. We focused on andesitic and rhyolitic magma generated
by basalt–rhyolite mixing and rhyolite–rhyolite mixing, respectively. By taking advantage of the
Mg diffusion chronometry, we showed that the andesitic magma resided in the magma chamber for
very short time (~0.1–0.3 years), whereas the residence time of the rhyolitic magma was much longer
(~80–120 years). The different times might be in part related to the different rheology of the mixed
magmas. The short residence time of the andesitic magma suggested efficient magma mixing that
allowed the andesites to be erupted, which may explain the appearance of scarce andesites in basalt–
rhyolite dominant settings. However, the rapid mixing and eruption of magma is a disadvantage for
the development and preservation of seafloor hydrothermal resources. Therefore, we suggest that the
stability of sub-seafloor magma systems must be evaluated during the assessment of seafloor sulfide
resources and mining prospects.

Keywords: magma residence time; magma mixing; diffusion chronometry; magma eruption; seafloor
hydrothermal activity

1. Introduction

Sub-seafloor magma systems are huge energy reservoirs, which are not only the most
important heat source for seafloor hydrothermal activities but can also supply volatiles
and/or metals to hydrothermal systems [1–3]. However, submarine volcanic eruptions
can be extremely destructive. For example, they can trigger serious natural disasters such
as earthquakes and tsunamis [4,5]. In addition, huge amounts of heat and toxic gases
emitted from the seafloor could have catastrophic impacts on marine environments and
ecosystems [3,6]. Furthermore, they can also damage previously formed hydrothermal
systems, which is a potential threat that should not be ignored in the assessment of seafloor
sulfide resources and mining feasibility. Therefore, it is essential to evaluate the stability of
sub-seafloor magma systems and assess the residence times of magmas prior to eruption.

While it is difficult to monitor magmatic activity beneath the seafloor in situ, the
instabilities of a deep magma reservoir may be partly reflected by complex magmatic
processes such as magma mixing, which can be recorded by the mineralogy of erupted
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lavas [7–12]. The timescales of magmatic processes can be estimated by diffusive re-
equilibration within crystals [13–21].

The Okinawa Trough (OT) is a young back-arc basin that is characterized by complex
volcanic systems, widespread seafloor hydrothermal systems, and extremely high heat flow
values [22–24]. Widespread magma mixing is suggested to have occurred in the shallow
magma chambers of the OT [25,26]. However, the timescales of magma mixing have not
been well constrained. In this study, we focused on the magma system beneath the Iheya
Ridge, where basalt–rhyolite mixing and rhyolite–rhyolite mixing have been recorded by
the chemical zonation of minerals [26], and estimated the residence times of magmas from
mixing to eruption using diffusion chronometry.

2. Geological Setting and Samples

The OT is located in the eastern margin of the East China Sea Shelf (Figure 1). It
is a newly developed back-arc basin, and its initial extension can be traced back to the
middle-to-late Miocene in response to the subduction of the Philippine Sea plate [27]. The
OT is generally divided into three segments from the north to the south, namely the NOT,
MOT, and SOT. Several central grabens, which represent the active back-arc spreading
centers, have developed in the MOT and SOT. The SOT and MOT are also characterized by
widespread hydrothermal activities and complex volcanic systems [23,28].

 

Figure 1. Bathymetric map of the Iheya Graben showing the locations of the Iheya Ridge (af-
ter [26]), samples (andesite T5-2 and rhyolite C11) and CLAM hydrothermal field. Abbreviations:
NOT—northern Okinawa Trough; MOT—middle Okinawa Trough; SOT—southern Okinawa Trough.
IG—Iheya Graben; AG—Aguni Graben, KG—Kerama Graben, and SG—Sakishima Graben.

The Iheya Ridge is a volcanic ridge located in the central axis of the Iheya Graben,
which also represents the center of an anomalous volcanic zone (known as the VAMP area)
(Figure 1). The volcanic rocks in the Iheya Ridge consist of basalts, andesites, and rhyolites.
Multi-level magma storage and pervasive magma mixing are the key features of the magma
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plumbing system beneath this area [26]. An active hydrothermal field (CLAM) has been
reported on the Iheya Ridge.

The samples used in this study included andesite (T5-2) and rhyolite (C11) collected
from the Iheya Ridge. The detailed whole-rock geochemistry and mineralogical compo-
sitions of the Iheya Ridge have been reported previously [26]. Andesite T5-2 contains
three groups of minerals that are in equilibrium with (1) rhyolitic melt, including low-Ca
plagioclase, low-Mg orthopyroxene, and clinopyroxene with reverse zonations, (2) basaltic
melt, including high-Ca plagioclase and high-Mg clinopyroxene with normal zonations,
and (3) andesitic melt, including unzoned clinopyroxene and weakly zoned orthopyroxene
(Figure S1). This indicates that the andesite used in this study was a mixture of basaltic
and rhyolitic melts. Rhyolite C11 contains two groups of minerals that are in equilibrium
with (1) host melt, including reversely zoned plagioclase and orthopyroxene, and (2) a
less-evolved rhyolitic melt, including normally zoned plagioclase, unzoned orthopyroxene,
and clinopyroxene (Figure S2). This suggests that the rhyolite used in this study was
formed from a hybridization of rhyolitic melts with different evolution degrees.

3. Methods

We estimated the magma residence time from mixing to eruption beneath the Iheya
Ridge using Mg diffusion in olivine, orthopyroxene, and plagioclase crystals. We chose
olivine and reversely zoned orthopyroxene for andesite T5-2 and reversely zoned orthopy-
roxene and plagioclase and normally zoned plagioclase for rhyolite C11. These minerals all
have euhedral crystal shapes, except for olivine (Figures 2 and 3). The olivine was corroded
due to it mixing with rhyolitic melt (Figure 2a). No recrystallization of the olivine occurred
because the hybrid andesitic melt destabilized the olivine. Instead, some tiny pigeonites
were found to surround the olivine due to the reaction between olivine and rhyolitic melt
(Figure 2a) [26].

 

Figure 2. Modeling results of Mg diffusion in the olivine (a) and orthopyroxene (b) in andesite T5-2.
The black curves were obtained from the gray values of BSE images. The yellow spots denote the
data obtained by EMPA.

Because the Mg concentrations in olivine and orthopyroxene are proportional to the
greyscale of the back-scattered electron (BSE) images of these minerals, the Mg profiles
of the olivine and orthopyroxene in this study were calibrated from the greyscale values
of high-resolution BSE images [29]. This method can obtain high-resolution Mg profiles.
The BSE images were captured using an electron probe (EMPA) at the Ocean University
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of China under a beam current of 20 nA and at an accelerating voltage of 15 kV. The
greyscale values of the BSE images were extracted using the ImageJ software. The greyscale
values were then converted into Mg concentrations based on several (~4–6 points) EMPA
analyses along the profiles. The Mg concentrations in the plagioclase were analyzed using
laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) at the State
Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences. The detailed analytical methods for EMPA and LA-ICP-MS are given
in [26]. The analytical results are given in Data S1.

 

Figure 3. Modeling results of Mg diffusion in the orthopyroxene (a,b) and plagioclase (c,d) in rhyolite
C11. The black curves in (a,b) were obtained from the gray values of BSE images. The yellow and red
spots denote the data obtained by EMPA and LA-ICP-MS, respectively.

The Mg profiles of the crystals and their evolution with time can be modelled using
the equation:

∂Ci/∂t = Di × ∂2Ci/∂x2 (1)

where Ci and Di represent the concentration and diffusion coefficient of the element i,
respectively. The diffusion coefficients and P–T conditions used in the modelling are listed
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in Table 1. The crystal orientation was estimated according to the crystal shapes. Note
that Mg diffusion in plagioclase is isotropic [30]. We assumed that the plagioclases had a
homogeneous initial MgO concentration distribution. For the orthopyroxenes and olivines,
we assumed that they had a homogeneous core with a higher/lower Mg# value surrounded
by a homogeneous mantle with lower/higher Mg# value at the beginning of diffusion. The
outermost rim compositions were used as the boundary conditions.

Table 1. Mg diffusion coefficients in olivine, orthopyroxene, and plagioclase.

DMg (μm2/s) Orientation P (kbar) 1 T (◦C) 1 fO2 (�NNO) 1 XMg/XAn Reference

Ol_T5-2 4.08 × 10−7 [010] 2 970 −0.3 0.8 [31]
Opx_T5-2 6.22 × 10−8 [001] 2 970 −0.3 \ [32]
Opx_C11 3.71 × 10−9 [001] 2 870 −0.3 \ [32]

Pl_C11 1.11 × 10−5 \ 2 870 −0.3 0.35 [30]
1 According to [26].

4. Results and Discussions

4.1. Timescales of Magma Mixing Beneath the Iheya Ridge

The diffusion modelling results are shown in Figures 2 and 3. In the andesite T5-2, the
Mg diffusion in the olivine yielded a time of 0.1–0.3 years (Figure 2a). While the olivine
crystal was slightly corroded, the Fe-rich rim had constant Mg# values, suggesting that
the corrosion had little effect on the Mg diffusion profile across the Fe-rich and Mg-rich
boundary. This time scale was quite consistent with that obtained from the Mg diffusion in
orthopyroxene (0.1–0.3 years), which had an euhedral crystal shape (Figure 2b). In addition,
the textures of the olivines in the T5-2 andesite (Figure 2a) were similar to those in the
experiment of [33], where the olivines contacted with rhyodacitic and rhyolitic melt for
up to 622 h at 800–885 ◦C and 50–150 MPa. This further suggested that the olivines in the
andesite T5-2 contacted with the mixed magma for a very short time. In the rhyolite C11,
the orthopyroxene crystals yielded a much longer magma residence time (80–120 years)
(Figure 3a,b), which was consistent with the results calculated from the normally zoned
plagioclase and the reversely zoned plagioclase (Figure 3c,d), although the latter were not
well constrained due to the limited data.

It is noteworthy that the timescale calculation here was not a precise dating, as the
diffusion coefficients were not constant but were dependent on the crystal compositions,
crystal orientation, temperature, and so on [15,17,30–32]. Other uncertainties came from
the choice of the initial and boundary conditions [17]. For example, the initial Mg concen-
trations of the plagioclases in the rhyolite C11 may not have been homogeneous. How-
ever, similar timescales yielded by multiple crystals indicated that our results were a
plausible estimation.

Despite this uncertainty, our results suggested different magma residence times (from
<1 year to ~100 years) beneath the Iheya Graben. The controlling factors on the timescales
of magma mixing might be diverse, e.g., tectonic settings and the physical and chemical
conditions of the magmas. Because the andesite T5-2 and rhyolite C11 used in this study
were from the same location, their different magma residence times might be in part related
to the different rheology and temperature of the mixed magmas. For example, rhyolite C11
is a mixture of rhyolitic melts [26], which have higher viscosities due to their higher SiO2
concentrations and relatively lower temperatures. A high viscosity and a lower temperature
would retard the magma flow and reduce the efficiency of magma mixing [34]. A long
magma residence time (~600 year) was also reported in the southernmost part of the SOT,
where the rhyolitic magma was intruded by small amount of basaltic magma (present as
a mafic magma enclave) [25], suggesting inefficient magma mixing and a relatively high
viscosity. In comparison, the andesite T5-2 in this study was generated by the mixing of
a basaltic magma with a rhyolitic magma at a ratio of 4:6 [26]. The injection of a high
proportion (40%) of high-temperature and low-SiO2 basaltic magma would form a mixed
magma with relatively low viscosity.
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4.2. Rapid Magma Mixing and Eruption of Andesitic Magma in Bimodal Volcanic Series

The volcanic rocks in the OT are characterized by bimodal distributions, that is, basalts
and rhyolites are dominant in the OT with scarce andesites [35–37]. The andesites have
been suggested to have mainly been sourced from the mixing of basaltic magma with
rhyolitic magma [26]. Therefore, the amount of andesites in the OT is probably dependent
on the efficiency of magma mixing and eruption.

Magma mixing is considered to be an important trigger for eruptions [9,10]. An
extremely short time between mixing and eruption has been reported (e.g., days to
months) [21,38]. The short residence time (~0.1–0.3 years) of T5-2 magma after the magma
mixing implied that the injection of basaltic magma into the rhyolitic magma may have
led to the instability of the magma reservoir and the subsequent eruption. The efficient
magma mixing suggested that the Iheya Ridge is a place that is favorable for the eruption of
andesitic magma, which was consistent with the observation that the andesites recovered
in the OT (excluding the modern arc fronts) so far were mostly from the Iheya Ridge and
adjacent regions [26,36].

4.3. Implications for the Development and Preservation of Seafloor Hydrothermal Activities
in the OT

The formation of seafloor hydrothermal activities involves the penetration of seawater
into the crust, fluid–rock interactions heated by shallow magma, the rise of hydrothermal
fluids, and the precipitation of hydrothermal products (e.g., sulfides), which may take
from years to decades to occur [39]. Therefore, a long-term stable sub-seafloor magma
system is essential for the development of a seafloor hydrothermal system with potential
mineral resources. For example, the formation of a CLAM hydrothermal field on the Iheya
Ridge might be attributed to a rhyolitic magma reservoir similar to that of C11 rhyolite.
Similarly, long-term magma storage (~600 years) has also been reported near the Tangyin
hydrothermal field [25]. However, the coexistence of a short magma storage suggests
that the CLAM hydrothermal field may not have good prospects for resource exploitation
because the rapid mixing and eruption could ruin the previously formed hydrothermal
deposits and also present a great threat for mining activities. Therefore, evaluating the
stability of sub-seafloor magmatic systems is a critical step in the assessment of seafloor
hydrothermal resources.

5. Conclusions

The timescale of magma mixing beneath the Iheya Ridge was estimated by using
Mg diffusion chronometry. The andesitic magma generated by the mixing between the
basaltic and rhyolitic magmas experienced a very-short-time (~0.1–0.3 years) residence
prior to eruption. In comparison, the rhyolitic magma generated by rhyolite–rhyolite
mixing resided in the magma chamber for a much longer time (~80–120 years), which
might have been in part related to the higher viscosity of the mixed magma. The rapid
basalt–rhyolite mixing and eruption was favorable to the appearance of andesites in a
bimodal volcanic series, but this is a disadvantage for the development and preservation of
seafloor hydrothermal resources. This study thus emphasized the importance of evaluating
the stability of sub-seafloor magma systems during the assessment of seafloor sulfide
resources and mining prospects.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse11020375/s1, Figure S1: Photomicrographs of three groups
of minerals in andesite T5-2; Figure S2. Photomicrographs of two groups of minerals in rhyolite C11;
Data S1: Mg concentrations of olivine, orthopyroxene, and plagioclase.
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Abstract: The Yonaguni Knoll IV is an active seafloor hydrothermal system associated with submarine
silicic volcanism located in the “cross back-arc volcanic trail” (CBVT) in the southwestern Okinawa
Trough. However, the behavior of volatiles during magmatic differentiation in the shallow silicic
magma chamber is unclear. Here, the volatile contents of apatite inclusions trapped in different
phenocrysts (orthopyroxene and amphibole) and microphenocrysts in the rhyolite from the Yonaguni
Knoll IV hydrothermal field were analyzed by using electron microprobe analysis, which aims to
track the behavior of volatiles in the shallow magma chamber. Notably, the ‘texturally constrained’
apatites showed a decreasing trend of XCl/XOH and XF/XCl ratios. Based on the geochemical
analyses in combination with thermodynamic modeling, we found that the studied apatites were
consistent with the mode of volatile-undersaturated crystallization. Therefore, volatiles were not
saturated in the early stage of magmatic differentiation in the shallow rhyolitic magma chamber, and
consequently, the metal elements were retained in the rhyolitic melt and partitioned into crystalline
magmatic sulfides. Additionally, previous studies suggested that the shallow rhyolitic magma
chamber was long-lived and periodically replenished by mafic magma. The injection of volatile-rich
and oxidized subduction-related mafic magmas can supply abundant volatiles and dissolve magmatic
sulfide in the shallow magma chamber. These processes are important for the later-stage of volatile
exsolution, while the forming metal-rich magmatic fluids contribute to the overlying Yonaguni Knoll
IV hydrothermal system.

Keywords: apatite; volatiles; thermodynamic modeling; Yonaguni Knoll IV hydrothermal field;
Okinawa Trough

1. Introduction

Volatiles (halogens, H2O, CO2, and S) are minor elements in magmas but important in
volcanic processes [1–5], which influence the physical properties of silicate melts [6–8] and
control the eruptive styles [9–12]. Furthermore, Cl and S are fundamental for transporting
metals (e.g., Cu and Zn) from silicic magmas to exsolved hydrothermal fluids for formatting
active hydrothermal systems and related ore deposits within active volcanoes [13,14].
Nevertheless, it is not easily demonstrated that any particular magmatic system has evolved
an aqueous phase [15].

Apatite, Ca5(PO4)3(OH, F, Cl), is a ubiquitous accessory mineral in volcanic rocks [5],
and its crystal structure can contain common magmatic volatile species such as H2O, F, Cl,
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and S [16]. Thus, apatite is a useful magmatic volatile ‘witness’ and can reliably record
the melt volatile compositions [16–18]. Accordingly, the halogen contents in apatite can be
used to estimate the F, Cl, and H2O compositions of the host melt [19–23]. Moreover, the
variation trend in the halogen ratios in apatite can be evaluated whether the host melt is
saturated in volatiles or not [15–17,24–28]. Specifically, the F:Cl:OH ratio of apatite remains
approximately constant in vapor-undersaturated magma. In contrast, the Cl/F ratio of
apatite decreases sharply when a vapor is exsolved [15–17,29]. Combined with the textural
features of apatite, these trends in apatite are useful for tracking the vapor evolution in
magmatic systems [16,17].

In this study, the volatile contents of apatites that are hosted in the groundmass and
phenocryst phases (orthopyroxene and amphibole) of the rhyolite from the Yonaguni Knoll
IV hydrothermal field of the southern Okinawa Trough were analyzed. According to the
thermodynamic models of Candela [15], Stock et al. [16,17], and Piccoli and Candela [30],
the ‘texturally constrained’ apatites reveal the magmatic volatile behavior in the rhyolitic
magma chamber below the Yonaguni Knoll IV hydrothermal field. Furthermore, the
implications for magmatic contribution to the overlying hydrothermal system are discussed.

2. Geological Setting

The Okinawa Trough (OT) is a present-day active back-arc basin of the Ryukyu subduc-
tion zone with affinities to the subduction of the Philippine Sea Plate beneath the Eurasian
Plate at a velocity of ~5 to ~7 cm/year [31,32]. In the southwestern Okinawa Trough, an area
of anomalous volcanism has been identified at the cross back-arc volcanic trail (CBVT) [32].
A cluster of more than 70 submarine volcanoes is distributed along the CBVT [33,34].
The abnormally voluminous volcanoes of CBVT might be related to the subduction of
the Gagua Ridge on the Philippine seafloor since the early Pleistocene (Figure 1) [32,34].
Volcanic products of this region are dominated by rhyolites and dacites [35–38]. These
silicic magmas are influenced by crustal assimilation and magma mixing [38–41].

 
Figure 1. Regional and local bathymetric map showing the location of the studied rhyolite collected
in the Yonaguni Knoll IV hydrothermal vent field of the southwestern Okinawa Trough.

The Yonaguni Knoll IV hydrothermal field (24◦51′N, 122◦42′E) is situated in an elon-
gated valley within the CBVT zone [36,42]. Hydrothermal mineralization at the Yonaguni
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Knoll IV includes Zn–Pb–Cu sulfides, anhydrite-rich chimneys, Ba–As chimneys, Mn-rich
chimneys, and native sulfur or barite [42,43]. The diverse range of mineralization reflects
the contributions of organic-rich continent-derived sediment and the volatile-rich silicic
magma [42,43].

3. Sampling and Methods

3.1. Sample and Petrography

The studied rhyolite was collected at the station HOBAB3-T9′ (122◦41′55.877′′E,
24◦50′57.774′′N) in the Yonaguni Knoll IV hydrothermal field (Figure 1) by using a TV
grab during the R/V Kexue Hao cruise in 2014. The rhyolite sample has been well-studied
and has a porphyritic texture with a mineral assemblage consisting of plagioclase, quartz,
amphibole, Fe–Ti oxides, and orthopyroxene. Apatite and zircon are common accessory
minerals in the rhyolite [36,38,39,44]. Chen et al. [38] reported the bulk-rock major ele-
ments, trace elements, and isotopic compositions of the rhyolite. The mineral chemistry
of phenocrysts (e.g., orthopyroxene, amphibole, and plagioclase) and accessory minerals
(i.e., zircon) were also analyzed for this rock [36,39,44]. Here, we made thin sections of the
rhyolite for petrologic textural analysis and in situ chemical analyses of the apatite grains.
In the studied rhyolite, apatite occurred as microphenocrysts within the groundmass and
as inclusions within the phenocrysts composed of orthopyroxene and amphibole (Figure 2).

 

Figure 2. Backscattered-electron (BSE) images displaying orthopyroxene (a) and amphibole (b) phe-
nocrysts, and apatite microphenocrysts (c). (d–f) Sketch map showing the progressive growth of
orthopyroxene and amphibole with the entrapment of apatite inclusions through time during cooling;
(g) t1–t3 refer to the onset of crystallization of minerals (opx-in, ap-in, and amp-in), while t4 refers to
the end of the crystallization of amphibole. The crystallization temperatures of minerals are according
to previous studies [36,39]. Ap, apatite; Opx, orthopyroxene; Amp, amphibole; GM, groundmass.
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3.2. Analytical Methods

Polished thin sections of the rhyolite were first observed using a VEGA3 scanning
electron microscope at the Institute of Oceanology, Chinese Academy of Sciences. Carbon
coated polished sections were prepared to identify different texturally-constrained apatites.
BSE images were obtained by using a scanning electron microscope operating with an
acceleration voltage of 15 keV.

After detailed observation, apatites were analyzed for major elements in the same thin
sections. All apatite analyses were made close to the center of the mineral grains. The major
element compositions of apatites were determined using a JXA-8230 electron microprobe
(EMP) at the State Key Laboratory of Continental Dynamics, Northwest University, Xian,
China. The instrument was operated at an acceleration voltage of 15 kV, a beam current
of 10 nA, and a beam diameter of 2 μm. The following standards were used: apatite (Ca,
P), diopside (Si), almandine (Fe), fluorite (F), and NaCl (Cl). Analytical precision was
±0.01 wt.% for Cl and F, and 0.01–0.2 wt.% for the other elements.

4. Results

A total of 65 analyses were performed on 65 grains to identify the chemical composition
of apatites in the studied rhyolite. The compositional data for all apatites are reported in
Tables 1–3. Apatites have high concentrations of CaO (50.82 to 54.98 wt.%) and P2O5 (38.62
to 42.59 wt.%). They are fluorapatites exhibiting F and Cl contents ranging from 1.76 to
3.08 wt.% and from 0.50 to 0.73 wt.%, respectively (Tables 1–3).

Table 1. Major and volatile element analyses of the orthopyroxene-hosted apatite inclusions (wt.%).

AP1 AP2 AP3 AP4 AP5 AP6 AP7 AP8 AP9 AP10 AP11 AP12 AP13

P2O5 42.47 41.77 40.19 39.94 42.16 38.66 41.18 40.99 42.08 41.87 41.73 41.68 42.07
CaO 53.93 54.21 53.88 53.06 53.83 50.82 53.66 53.28 52.93 53.26 54.19 54.11 54.28
SiO2 0.25 0.60 0.55 0.32 0.47 3.90 0.16 0.47 0.75 0.22 0.25 0.27 0.35
FeO 1.03 1.17 1.48 1.25 1.23 1.33 1.14 1.15 1.42 0.96 1.17 0.88 1.37

F 2.89 3.01 2.63 2.35 2.70 2.08 2.13 2.07 2.51 2.08 2.36 3.08 2.32
Cl 0.64 0.64 0.65 0.58 0.71 0.67 0.70 0.67 0.69 0.58 0.61 0.63 0.68

Total 101.46 101.58 99.51 97.66 101.30 97.71 99.16 98.75 100.58 99.10 100.49 100.84 101.15
1 XF 0.77 0.80 0.70 0.62 0.72 0.55 0.56 0.55 0.67 0.55 0.63 0.82 0.62
2 XCl 0.09 0.09 0.10 0.09 0.10 0.10 0.10 0.10 0.10 0.09 0.09 0.09 0.10

3 XOH 0.14 0.11 0.21 0.29 0.18 0.35 0.33 0.35 0.23 0.36 0.28 0.09 0.28
XF/OH 5.51 7.60 3.40 2.15 4.03 1.59 1.70 1.57 2.87 1.53 2.21 9.25 2.17
XCl/OH 0.67 0.90 0.47 0.30 0.59 0.28 0.31 0.28 0.44 0.24 0.31 1.05 0.35
XF/Cl 8.23 8.46 7.27 7.28 6.84 5.62 5.50 5.56 6.53 6.44 7.02 8.79 6.13

1−3 XF, XCl, and XOH are the mole fractions of the F-, Cl-, and OH-apatites, respectively (XF = CF/3.767,
XCl = CCl/6.809, XOH = 1− XF − XCl; where CF and CCl are the contents of F and Cl in apatite in wt %). The
calculations of the apatite mole fractions of the end-members are according to Piccoli and Candela [5].

Orthopyroxene-hosted apatite inclusions exhibited F and Cl concentrations ranging
from 2.07 to 3.08 wt.% (XF = 0.55 to 0.82) and from 0.58 to 0.71 wt.% (XCl = 0.09 to 0.10),
respectively (Table 1). XOH ranged from 0.09 to 0.36. Correspondingly, the XCl/XOH,
XF/XOH, and XF/XCl ratios varied from 0.24 to 1.05, 1.53 to 9.25, and 5.50 to 8.79 (where XF,
XCl, and XOH are the mole fractions of F, Cl, and OH, respectively) (Figure 3; Table 1).

The amphibole-hosted apatite inclusions had F and Cl contents ranging from 2.14 to
3.02 wt.% (XF = 0.57 to 0.80) and 0.50 to 0.72 wt.% (XCl = 0.07 to 0.11), respectively (Table 2).
XOH ranged from 0.10 to 0.33. Correspondingly, the XCl/XOH, XF/XOH, and XF/XCl ratios
varied from 0.29 to 0.91, 1.71 to 7.70, and 5.58 to 9.33, respectively (Table 2; Figure 3).
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Table 2. Major and volatile element analyses of the amphibole-hosted apatite inclusions (wt.%).

AP1 AP2 AP3 AP4 AP5 AP6 AP7 AP8 AP9 AP10 AP11 AP12 AP13

P2O5 41.59 40.67 40.69 40.95 41.30 40.39 39.14 41.29 40.87 41.12 42.59 41.72 41.46
CaO 53.88 54.28 54.56 54.06 53.21 53.57 51.67 54.49 52.87 53.46 54.34 53.83 53.60
SiO2 0.43 0.61 0.64 0.51 0.50 0.46 2.06 0.44 0.91 0.47 0.37 0.41 0.42
FeO 0.69 0.93 0.92 0.76 0.98 0.96 1.38 0.90 1.16 0.98 0.88 1.02 0.93

F 2.21 2.98 2.59 2.45 2.33 2.33 2.14 2.84 2.28 2.59 2.67 2.34 2.16
Cl 0.72 0.61 0.50 0.66 0.72 0.64 0.67 0.68 0.66 0.67 0.57 0.67 0.66

Total 99.52 100.07 99.90 99.39 99.04 98.34 97.08 100.65 98.76 99.28 101.42 99.99 99.23
XF 0.59 0.79 0.69 0.65 0.62 0.62 0.57 0.75 0.60 0.69 0.71 0.62 0.57
XCl 0.11 0.09 0.07 0.10 0.11 0.09 0.10 0.10 0.10 0.10 0.08 0.10 0.10
XOH 0.31 0.12 0.24 0.25 0.28 0.29 0.33 0.15 0.30 0.22 0.21 0.28 0.33

XF/OH 1.91 6.60 2.88 2.59 2.24 2.16 1.71 5.19 2.02 3.20 3.41 2.21 1.73
XCl/OH 0.34 0.75 0.31 0.39 0.38 0.32 0.30 0.69 0.32 0.46 0.40 0.35 0.29
XF/Cl 5.58 8.78 9.33 6.70 5.87 6.64 5.76 7.51 6.24 7.01 8.49 6.35 5.89

AP14 AP15 AP16 AP17 AP18 AP19 AP20 AP21 AP22 AP23 AP24 AP25 AP26

P2O5 40.54 40.80 41.47 40.82 41.08 42.14 42.05 41.33 41.38 40.93 41.27 42.15 41.15
CaO 53.43 54.05 54.06 53.55 53.55 54.98 54.83 53.79 54.02 53.91 54.73 54.73 54.65
SiO2 0.56 0.44 0.53 0.32 0.77 0.44 0.38 0.31 0.31 0.37 0.23 0.24 0.78
FeO 0.95 0.66 0.72 0.69 1.16 1.00 0.78 0.79 0.62 0.67 0.90 0.93 0.87

F 2.28 2.74 2.53 2.38 2.63 2.53 2.53 2.49 2.24 2.40 3.02 2.95 2.86
Cl 0.66 0.66 0.70 0.66 0.67 0.62 0.59 0.68 0.68 0.69 0.64 0.70 0.64

Total 98.42 99.35 100.01 98.42 99.86 101.70 101.15 99.38 99.25 98.96 100.78 101.70 100.95
XF 0.61 0.73 0.67 0.63 0.70 0.67 0.67 0.66 0.60 0.64 0.80 0.78 0.76
XCl 0.10 0.10 0.10 0.10 0.10 0.09 0.09 0.10 0.10 0.10 0.09 0.10 0.09
XOH 0.30 0.18 0.23 0.27 0.20 0.24 0.24 0.24 0.31 0.26 0.10 0.11 0.15

XF/OH 2.04 4.15 2.97 2.33 3.42 2.80 2.77 2.76 1.95 2.42 7.70 6.86 5.17
XCl/OH 0.33 0.56 0.45 0.36 0.48 0.38 0.36 0.42 0.33 0.38 0.89 0.91 0.64
XF/Cl 6.24 7.47 6.56 6.54 7.14 7.42 7.76 6.65 5.99 6.31 8.61 7.57 8.11

 

Figure 3. Volatile compositions of orthopyroxene- and amphibole-hosted apatite inclusions and
apatite microphenocrysts in the rhyolite from the Yonaguni Knoll IV hydrothermal field. Data are
depicted in the ternary diagram of Cl–OH–F (a) and binary plots of XCl/XOH vs. XF/XOH (b), and
XF/XCl vs FeO (c).
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Table 3. The major and volatile element analyses of the apatite microphenocrysts (wt.%).

AP1 AP2 AP3 AP4 AP5 AP6 AP7 AP8 AP9 AP10 AP11 AP12 AP13

P2O5 41.21 42.31 42.22 41.02 41.51 41.76 41.36 41.25 41.55 41.79 41.02 42.32 42.27
CaO 53.38 54.08 53.91 53.67 53.19 53.88 52.82 53.33 53.33 52.79 53.32 53.50 53.54
SiO2 0.48 0.51 0.61 0.24 0.35 0.20 0.32 0.27 0.32 0.54 0.22 0.37 0.35
FeO 0.79 0.63 0.80 0.50 0.39 0.66 0.44 0.55 0.35 0.90 0.47 0.74 0.46

F 2.04 2.21 2.19 2.18 2.14 2.19 2.28 2.22 2.47 2.23 2.42 2.32 2.12
Cl 0.70 0.72 0.67 0.71 0.70 0.66 0.71 0.68 0.70 0.71 0.71 0.70 0.70

Total 98.70 100.57 100.50 98.50 98.43 99.50 98.01 98.49 98.96 99.14 98.37 100.06 99.61
XF 0.54 0.59 0.58 0.58 0.57 0.58 0.60 0.59 0.66 0.59 0.64 0.62 0.56
XCl 0.10 0.11 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
XOH 0.36 0.31 0.32 0.32 0.33 0.32 0.29 0.31 0.24 0.30 0.25 0.28 0.33

XF/OH 1.52 1.91 1.81 1.83 1.72 1.81 2.07 1.89 2.72 1.95 2.54 2.19 1.69
XCl/OH 0.29 0.34 0.31 0.33 0.31 0.30 0.36 0.32 0.42 0.34 0.41 0.36 0.31
XF/Cl 5.29 5.55 5.91 5.54 5.48 6.05 5.78 5.92 6.41 5.70 6.21 6.02 5.50

AP14 AP15 AP16 AP17 AP18 AP19 AP20 AP21 AP22 AP23 AP24 AP25 AP26

P2O5 40.02 41.69 39.90 40.20 41.25 41.29 40.32 40.94 40.48 40.45 39.76 41.44 38.62
CaO 52.80 52.90 53.49 53.08 53.02 54.02 52.86 53.85 52.82 53.31 52.75 53.91 52.07
SiO2 0.34 0.42 0.63 0.89 0.43 0.41 0.63 0.38 0.62 0.48 1.63 0.33 2.13
FeO 0.48 0.78 0.56 0.33 0.48 0.48 0.85 0.78 0.26 0.27 0.28 0.94 0.88

F 1.76 2.31 2.76 2.64 2.21 2.76 2.39 3.08 2.14 2.22 2.33 2.54 2.65
Cl 0.71 0.71 0.64 0.58 0.61 0.71 0.71 0.63 0.73 0.65 0.67 0.64 0.62

Total 96.29 98.97 98.10 97.92 98.13 99.82 97.94 99.76 97.26 97.42 97.60 100.11 97.21
XF 0.47 0.61 0.73 0.70 0.59 0.73 0.63 0.82 0.57 0.59 0.62 0.67 0.70
XCl 0.10 0.10 0.09 0.09 0.09 0.10 0.10 0.09 0.11 0.10 0.10 0.09 0.09
XOH 0.43 0.28 0.17 0.21 0.32 0.16 0.26 0.09 0.32 0.32 0.28 0.23 0.21

XF/OH 1.09 2.18 4.23 3.28 1.81 4.48 2.42 8.95 1.75 1.87 2.19 2.88 3.41
XCl/OH 0.24 0.37 0.55 0.40 0.28 0.64 0.40 1.01 0.33 0.30 0.35 0.40 0.44
XF/Cl 4.50 5.87 7.74 8.17 6.55 7.04 6.10 8.82 5.32 6.17 6.31 7.20 7.69

The apatite microphenocrysts displayed a large compositional range of F (1.76 to
3.08 wt.%; XF = 0.47 to 0.82), Cl (0.58 to 0.74 wt.%; XCl = 0.09 to 0.11), and XOH (0.09 to 0.43)
compared with the apatite inclusions (Figure 3; Table 3). Correspondingly, the XCl/XOH,
XF/XOH, and XF/XCl ratios ranged from 0.24 to 1.01, 1.09 to 8.95, and 4.50 to 8.82, respec-
tively (Table 3). Apatite microphenocrysts were plotted on the same compositional trends
with the apatite inclusions, but typically extended to more FeO-depleted compositions
(Figure 3).

5. Discussion

5.1. Crystallization Sequence of the Texturally Constrained Apatites

Experiments have demonstrated that apatite crystallization is primarily a function of
the SiO2 and P2O5 concentrations and temperature in silicate melts [5,45]. The saturation
temperature of apatite calculated from the bulk rock compositions provides the minimum
estimates of the initial temperature when apatite crystallized from the magma [5]. Based on
the calculation formula of Piccoli and Candela [5], the apatite-saturation temperature of the
rhyolite (SiO2 = 73.06 wt.% and P2O5 = 0.03 wt.%; [38]) was 824 ◦C, which was higher than
the crystallization temperature of amphiboles in the rhyolite (761–797 ◦C; [36]). Moreover,
quartz–amphibole intergrowth in the rhyolite [39] suggests that amphibole crystallized at a
relatively late stage during magmatic differentiation. The orthopyroxene phenocrysts were
in equilibrium with the host rhyolitic magma, having a crystallization temperature ranging
between 792 and 838 ◦C [39]. Therefore, orthopyroxene began crystallizing before the
amphibole. As orthopyroxene is enriched in FeO content (~34 wt.%, [39]), orthopyroxene
fractional crystallization results in the residual melt toward decreasing FeO. On the whole,
apatite microphenocrysts have lower FeO contents than those of apatite inclusions in or-
thopyroxene and amphibole phenocrysts (Figure 3), which is consistent with a comparative
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decrease in the melt FeO contents during magmatic differentiation. Thus, apatite hosted in
phenocrysts generally crystallized earlier than their equivalents in the groundmass.

5.2. Behavior of the Volatiles during the Rhyolitic Magmatic Differentiation

The volatile contents of ‘texturally constrained’ apatites are a useful tracer for volatile
evolution in the shallow magma chamber [16,17]. The factors controlling the variation
trend of the F/Cl ratio in magmatic apatites during magma evolution include: (1) tempera-
ture and pressure conditions in open systems; (2) fractional crystallization; and (3) vari-
able degrees of degassing or fluid exsolution [15–17,30]. We discuss these factors in the
following sections.

5.2.1. Influence of Cooling and Decompression on Compositional Variability of
Apatite Volatiles

Since temperature and pressure affect the halogen–OH exchange coefficients between
apatite and melt [30,46], the volatile compositions of apatite are likely variable in the
constant melt composition [17]. To model the apatite volatile compositional evolution
during cooling or decompression at a given melt composition (Figure 4), we used the
method according to Piccoli and Candela [5] and Stock et al. [16].

 

Figure 4. Volatile compositions of apatites in the studied rhyolite. (a) XF/XOH versus XCl/XOH.
Purple and blue arrows are the modeled trends of apatite compositional evolution at a constant melt
composition under isothermal decompression and isobaric cooling conditions, respectively. The
approach outlined by Stock et al. [16] was used to model the effects of physical processes such as the
cooling and decompression on apatite compositions. (b) XF/XCl versus XCl/XOH. Arrows show the
modeled trends of apatite composition during 80% volatile undersaturated crystallization, followed
by 20% H2O-saturated crystallization. The various fluid–melt partition coefficients (DCl

f/m) in the
thermodynamic modeling during H2O-undersaturated and saturated crystallization were according
to Stock et al. [17]. Although the modeled results may not be quantitatively robust, these calculations
provide a reference frame to outline the different processes on the apatite compositions.

As shown in Figure 4a, the XCl/XOH and XF/XOH ratios of apatite strongly increased
with decreasing temperature, which is consistent with the experimental results of a prefer-
ence for the OH end-member in apatite at higher temperatures [46]. In contrast, pressure
had little effect on the apatite volatile compositions at constant melt composition [30,46],
with depressurization causing a slight increase in the Cl component, corresponding to an
almost exclusive increase in the XCl/XOH ratios [16,30]. As apatite inclusions generally
crystallized earlier than their equivalents in groundmass and thus displayed a decreased
trend of XCl/XOH and XF/XOH ratios during magmatic evolution (Figure 4a), this suggests
that cooling or depressurization is not the major control in driving the volatile composition
variations of apatites. Although the injection of a mantle-derived basaltic magma into
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the shallow rhyolitic magma chamber and subsequent magma mixing is likely to lead
to temporary heating and pressurization [22,35,38], the unzoned composition of apatite-
hosted phenocrysts (amphibole and orthopyroxene) [36,39] suggests the crystallization of
apatite under decreasing temperature. Collectively, the volatile composition trend in the
studied apatites was not attributed to temperature and pressure variations. Alternatively,
the progressive variation in the melt volatile composition during magmatic differentiation
might explain the volatile composition trend observed in the studied apatites.

5.2.2. Compositional Variability of Apatite Volatiles during Magmatic Differentiation

As magmatic differentiation progressively increases the volatile contents of the residual
melt, the volatile-rich subduction-related magmas may exsolve an aqueous fluid phase
in the shallow magma chamber [15]. Before volatile unsaturation, the halogens (e.g., F
and Cl) and H2O in a silicate melt were incompatible [15,17]. In contrast, when H2O
was saturated, Cl will preferably partition into the fluid while F will be retained in the
coexisting silicate melt [10,15,27,30]. For example, Cl partition coefficients between the
fluid and silicate melt varied from 10 to over 200 in contrast to 0.7 for F [17,27] (Figure 4b).
Thus, fluid-present magmatic differentiation can cause a strong fractionation of F from
Cl in the residual melt [47]. Correspondingly, the volatile ratios of apatite (e.g., XF/XCl)
are sensitive to aqueous fluid exsolution during magmatic evolution [15–17,24,26,27]. We
then used the two-step thermodynamic model of Stock et al. [17] to constrain the volatile
behaviors of the studied apatites during magmatic differentiation.

As shown in Figure 4, the XF/XOH and XF/XCl ratios of apatite typically displayed a
decreasing trend during H2O-undersaturated crystallization. However, the XCl/XOH ratios
of apatite either decreased or increased, which is controlled by the exact values of the F,
Cl, and OH partition coefficients between apatite and the melt (Figure 4b). In contrast, the
XF/XCl ratios of apatite strongly increased during H2O-saturated crystallization (Figure 4b).
The decreased trend in the XCl/XOH and XF/XOH ratios of the studied apatites was consis-
tent with the mode of H2O-undersaturated crystallization [48] (Figure 4b). Therefore, the
rhyolitic magma in a shallow magma chamber was H2O-unsaturated during the period of
apatite crystallization.

5.3. Implications for Magmatic Contribution to Hydrothermal System

Generally, there are at least two hypotheses for the origin of the metals in submarine
massive sulfide deposits. One hypothesis is that the magmatic intrusion in the hydrother-
mal zone was leached by heated seawater, thereby indirectly contributing metal elements
to the hydrothermal system [49–51]. The other view suggests that an evolved magma sys-
tem can exsolve metal-rich magmatic fluids, thereby directly supplying metallic elements
to the overlying hydrothermal system [52–54]. Moreover, the model of contribution of
metal-rich magmatic fluids to the OT hydrothermal systems has been proposed by several
scholars [41,55,56]. Nevertheless, it remains unclear whether and how the silicic magma
exsolve metal-rich magmatic fluids.

As volatiles are ligands of metals transported in a magmatic–hydrothermal system [57],
volatile exsolution is an essential precondition for the formation of metal-rich magmatic
fluids [57,58]. The volatile exsolution from a silicate melt is expected to be recorded in
the apatite with a drastic increase in the XF/XCl ratios (Figure 4b). Apatite occurs as in-
clusions in orthopyroxene and amphibole phenocrysts in the studied rhyolite (Figure 2),
thus suggesting an early apatite saturation in the melt during magmatic differentiation [22].
However, the decreasing trend of XCl/XOH and XF/XCl ratios of the studied apatites in the
rhyolite argues against H2O-saturated crystallization (Figure 4b). Therefore, the volatiles
were not saturated and thus lacked exsolution of the metal-rich magmatic fluids in the
early stage of magmatic differentiation in the shallow rhyolitic magma chamber. Metallic
elements (e.g., Cu) are generally incompatible with silicate minerals but highly compatible
with magmatic sulfides [57,58]. Consequently, the metal elements were partitioned into
crystalline magmatic sulfides and/or dissolved in the rhyolitic melt [36,41]. Correspond-
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ingly, magmatic sulfide is common in silicic rocks from the CBVT region [41]. Additionally,
the low Cu content of the rhyolite (13 μg/g; [55]) also indicates that magmatic sulfide was
saturated during the rhyolitic magma evolution.

The prolonged zircon U–Th ages in the rhyolite reveal a long-lived (at least 100 ka) sili-
cic magma chamber beneath the Yonaguni Knoll IV hydrothermal field [44]. The occurrence
of mafic magmatic enclaves and compositional zoned plagioclase in the rhyolite [38,39]
suggest multi-stages of mafic magma injection into the silicic magma chamber [22,35,40].
As subduction-related mafic magmas are enriched in volatiles [59], periodic injection of
mafic magma can supply abundant volatiles into the shallow magma chamber, which is es-
sential for the later-stage of volatile exsolution. Since subduction-related mafic magmas are
oxidized [60,61], the injection of oxidized mafic magmas into the shallow rhyolitic magma
chamber may lead to the oxidative dissolution of the earlier magmatic sulfides [41,55].
Consistently, the rhyolite magma has high oxygen fugacity at around QFM + 1 (where
QFM is a quartz–fayalite–magnetite buffer) [36]. The phenomenon of magmatic sulfide
dissolution is common in silicic rocks from the CBVT region [41]. Because magmatic sulfide
is a significant sink of ore metals, the oxidative dissolution process facilitates the formation
of metal-rich magmatic fluids [55,62,63]. Collectively, there is a lack of metal-rich magmatic
fluid exsolved from the rhyolitic melt during the early stage of magmatic differentiation,
but the subsequent periodic injection of volatile-rich and oxidized mafic magmas into the
rhyolitic magma chamber, accompanied by the exsolution of metal-rich magmatic fluids,
contribute to the submarine hydrothermal systems.

6. Conclusions

Apatites trapped in orthopyroxene and amphibole phenocrysts suggest early apatite
saturation during the rhyolitic magmatic differentiation. The decreasing trend in the
XCl/XOH and XF/XCl ratios of the apatite inclusions and microphenocrysts revealed that
the magma chamber beneath the Yonaguni Knoll IV hydrothermal systems remained water-
undersaturated during the early stage of magmatic differentiation. The lack of magmatic
fluid exsolution resulted in the metal elements remaining dissolved in the rhyolitic melt
and partitioning into magmatic sulfides. Subsequently, the injection of volatile-rich and
oxidized basaltic magmas into the shallow rhyolitic magma chamber promoted the later-
stage of volatile exsolution and forming metal-rich magmatic fluids to contribute to the
overlying Yonaguni Knoll IV submarine hydrothermal system.
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Abstract: As one of the youngest back-arc basins, the evolutionary behavior of magmatic volatiles
in the Eastern Manus Basin has been poorly studied. Recently, apatite has received widespread
attention for its powerful function in recording information on magmatic volatiles. In this paper,
by determining the major element compositions and primary volatile abundances (F, Cl, SO3) of
apatites in dacite, we analyze the compositions of volatiles before magma eruption in the Eastern
Manus Basin, as well as their indications for magmatic oxygen fugacity and petrogenesis, so as
to improve the study about the evolution of magmatic volatiles in this region. Experimental data
indicate that apatite saturation temperatures range from 935 to 952 ◦C. All the apatites are magmatic
apatites with F contents of 0.87−1.39 wt.%, Cl contents of 1.24−1.70 wt.%, and SO3 ≤ 0.06 wt.%.
Analysis reveals that the apatites in this study crystallized from volatile-undersaturated melts, so
their chemical compositions can be used as indicators of magmatic compositions. According to
calculations, the minimum S concentrations of the host melts range from 2−65 ppm or 8−11 ppm.
The crystallization and separation of magnetite caused the reduction state of melts, and the relatively
low oxygen fugacity (ΔFMQ = −0.2 ± 0.9) caused low SO3 contents in apatites. In addition, F and Cl
contents of the host melt were calculated to be 185−448 ppm and 1059−1588 ppm, corresponding to
the H2O contents of 1.4−2.1% and 1.2−1.5% (error ± 30−40%), respectively. The high Cl/F ratio and
H2O contents of samples indicate the addition of slab-derived fluids in the mantle source region of
the Eastern Manus Basin. High F contents of the melts may be influenced by F-rich sediments, as
well as the release of F from lawsonite and phengite decomposition. High Cl appears to originate
from the dual influence of subduction-released fluids and Cl-rich seawater-derived components.
Further, it is estimated that 14−21% of the total Cl concentrations in melts were added directly from
subduction-released fluids, or higher.

Keywords: Eastern Manus Basin; apatite; dacite; magma evolution; volatile

1. Introduction

Volatile components of magmas are important for a majority of silicate melts by
influencing magma evolution and eruption processes [1]. Despite their comparatively low
concentrations, they can influence the thermodynamic stability of minerals, as well as the
density and viscosity of melts, thereby playing a primary role in controlling magma storage
depth and the crustal-scale structure of sub-volcanic systems [2,3]. Subduction of altered
oceanic crust and sediments are involved in global geochemical cycling of volatiles [4],
and their migration of H2O-rich slab fluids to mantle wedge is the primary process of
realizing volatile circulation in subduction zones [5–8]. Halogens in volatiles can effectively
trace subduction-released fluids, due to their behavior as fluid-mobile elements [9]. The
fluid-mobile element Cl can be used as a tracer for slab-derived fluids [10]. Understanding
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the compositions of volatiles in subduction zone magmas, and the related magmatic
processes, is essential for further insight into magma evolution and volatile circulation in
subduction zones.

The Manus Basin is a fast spreading back-arc basin between the New Britain and New
Ireland arc in the southwestern Pacific, which is bound by the inactive Manus Trench in
the north and New Britain Trench in the south (Figure 1) [11]. A series of young volcanoes
extend as an en-echelon series in the eastern part of the Manus Basin, which is known as
the Eastern Manus Volcanic Zone [11]. Hydrothermal activity is widely developed [11–14].
Rock types in this region include basalt, basaltic andesite, andesite, dacite, rhyolitic dacite,
and rhyolite. Research on the volcanic rocks of the Eastern Manus Basin is important for
understanding magmatic processes and related mineralization in the back-arc basins, which
are at the early stage of sea-floor spreading. Based on the geochemical characteristics of the
whole rock and main rock-forming minerals (e.g., olivine and plagioclase), considerable
work has been done on the magma source region and evolution of the Eastern Manus Basin
([11,14–20]). However, studies concerning the details of the relevant magmatic processes
are still lacking, especially regarding the evolutionary behavior of magmatic volatiles. Only
Sun et al. [15] have discussed the geochemical behavior of Cl in arc-type magmas in the
Eastern Manus Basin through volcanic glasses.

Figure 1. Regional geologic map of the Manus Basin, western Pacific (base map database from
https://www.gebco.net/data_and_products/gridded_bathymetry_data/ (accessed on 28 February
2022); modified from ref. [12,21]).

Apatite is widely distributed in igneous rocks as an accessory mineral, and its molecu-
lar formula is commonly expressed as A5(XO4)3Z [22–26]. The A-site can accommodate
large cations, such as Ca2+, Sr2+, Pb2+, Ba2+, Mg2+, Mn2+, Fe2+, REE3+, Eu2+, Cd2+, and Na+.
The X-site is mainly occupied by PO4

3+, and can also accommodate other small highly
charged cations, such as Si4+, S6+, As5+, and V5+. The Z-site is usually occupied by F− (fluo-
rapatite), Cl− (chlorapatite), and OH− (hydroxyapatite) [22]. Zhang et al. [27] have pointed
out that submarine volcanic rocks are susceptible to seawater and hydrothermal alteration,
and volatiles in volcanic glasses may undergo diffusion during the cooling process [28].
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Apatite exhibits high resistance to weathering, alteration, and diffusion processes [29] and,
since it can incorporate volatiles, such as F, Cl, and S into its lattice, it has become one of
the most useful minerals in magmatic systems, in that it can provide information about the
volatile concentrations in melts [28]. Apatite has important implications for assisting in
determining the volatile compositions of magmatic systems, as well as the fugacities and
concentrations of related compounds [30–33], and it can also provide critical geological
information on petrogenesis and mineralization [34,35].

Therefore, we chose apatite, which is highly resistant to alteration and diffusion
processes, as the object of this study. By analyzing the F, Cl, OH, and SO3 contents of
apatites, we have determined the behavior of volatiles and the redox state of magmas
before magma eruption in the Eastern Manus Basin. Further, we have estimated the
concentrations of magmatic volatiles, so as to improve understanding of the evolutionary
behavior of magmatic volatiles and to supplement details of magmatic evolution in the
Eastern Manus Basin; thus, deepening the understanding of magmatism in this region, as
well as in the trench-arc-basin system.

2. Geological Background

The Manus Basin (3◦−4◦ S, 149◦−152◦ E) is located in the eastern part of the Bismarck
Sea, between the Manus Trench and New Britain Trench [12,16,36,37]. Due to the collision
of the Ontong Java Plateau, subduction of the Pacific Plate along the Manus Trench almost
stopped, and current volcanic activity in New Britain and northwestern Papua New Guinea
is primarily the result of northward subduction of the Solomon Sea Plate along the New
Britain Trench [16]. Submarine magnetic anomalies indicate that the Manus Basin was
formed by asymmetric sea-floor spreading since 3.5 Ma [21]. GPS defined a rotation vector
of 10◦12′ N, 33◦30′ W, 8.75◦ Ma−1 for the separation of the North Bismarck Sea plate from
the South Bismarck Sea plate, which predicts a spreading rate of 115−145 mm·a−1 for the
Manus Basin, indicating that it is one of the fastest spreading basins in the world [16,38].
The spreading of the Manus Basin occurs along several rifts and submarine spreading
centers offset by the Willaumez, Djaul, and Weitin transforms, which are known as the
Western Spreading Rift (WSR), the Extensional Transform Zone (ETZ), the Manus Spreading
Center (MSC), the Southern Rift (SR), and the Southeast Rift (SER), respectively (Figure 1),
Their spreading patterns are somewhat different [16,36,37].

Located between the Djaul and Weitin transforms, the SER is the easternmost volcanic
zone of the Manus Basin with water depths generally below 2000 m [14], consisting of
a series of en-echelon neo-volcanic seafloor ridges and domes [20]. Large areas of exposed
submarine lavas, and related high sonar reflectivity, indicate that this area has been the site
of recent volcanic activity [39]. Since the SER is located within the shortest distance between
the old and new trenches, petrochemistry indicates that it is more intensely influenced by
subduction components than several other rifts and spreading centers in the Manus Basin
(e.g., [11,39]). GPS shows its total spreading rate to be 137−145 mm·a−1, indicating that it
is the fastest spreading part of the Manus Basin [38], and is in the early phases of sea-floor
spreading [40]. Abundant hydrothermal activity has been developed in this region [13,41].

3. Sample and Analytical Techniques

3.1. Sample and Petrography

The samples analyzed in this paper were obtained from five stations (TVG7 (151◦40′21′′
E, 3◦43′36.6′′ S, depth 1692 m), TVG 8(151◦40′20.747′′ E, 3◦43′36.617′′ S, depth 1692 m), TVG
9 (151◦40′19.873′′ E, 3◦43′43.341′′ S, depth 1713 m), TVG10 (151◦40′19.712′′ E, 3◦43′40.909′′
S, depth 1702 m), TVG 12 (151◦40′18.096′′ E, 3◦43′36.946′′ S, depth 1683 m)) by using
a TV grab during the cruise of the R/V Kexue Hao in 2015, and all the samples are dacite
(Figures 1 and 2).
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Figure 2. Hand specimens of dacite from (a) TVG 7; (b) TVG 8; (c) TVG 9; (d) TVG 10; (e) TVG 12; and
transmitted light images of phenocrysts in dacite from (f) and (g) TVG 9; (h) TVG 10 in the Eastern
Manus Basin. Abbreviations: Pl—plagioclase, Cpx—clinopyroxene.

The sample hand specimens are black in color and porphyritic, with phenocryst con-
tents <5 vol.%, mainly composed of plagioclase, pyroxene, and minor magnetite. The
sample thin sections were observed using a polarized light microscope. The sizes of phe-
nocrysts are 50−600 μm, and they exhibit euhedral to subhedral texture; the matrix is
composed of acicular plagioclase micro-crystals, granular pyroxene micro-crystals, and
minor granular magnetite micro-crystals with pilotaxitic texture (Figure 2f–h). According
to the back-scattering images of the thin sections, apatites exist primarily as micro-crystals
in the host dacite, and partly as inclusions in plagioclase, pyroxene, and magnetite phe-
nocrysts, implying the presence of early apatite-saturation in melts (Figure 3a–c) [42]. The
apatite micro-crystals in the matrix have a size of ~20 μm, mostly exhibiting equant to
sub-equant crystals in euhedral-subhedral texture, and showing uniformly bright surfaces
without mineral- or fluid-inclusions (Figure 3d–g), indicating that no hydrothermal replace-
ment has occurred. A very few apatites are highly acicular and large (maximum elongation
along the c-axis to more than 300 μm, as in Figure 3h,i), which may precipitate during
a rapid quench [24].
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Figure 3. Back-scattering images of apatites in dacite from the Eastern Manus Basin. (a) Ap-
atite in orthopyroxene; (b) Apatite in magnetite; (c) Apatite in plagioclase; (d–g) Apatite crys-
tals in euhedral-subhedral texture; (h,i) Apatite crystals in highly acicular texture. Abbreviations:
Opx—orthopyroxene, Mag—magnetite, Pl—plagioclase, Ap—apatite.

3.2. Analytical Methods

The samples were made into thin sections that met the requirements for onboard
testing, then observed and analyzed using a polarized light microscope, scanning electron
microscopy (SEM), equipped with an X-ray energy spectrometer, and an electron probe
microanalyzer (EPMA).

Preliminary observations were carried out using Axio Scope A1 polarized light mi-
croscopy and VEGA3 TESCAN scanning electron microscopy at CAS Key Laboratory of
Marine Geology and Environment, Institute of Oceanology, Chinese Academy of Sciences,
Qingdao, China. The operating conditions of the scanning electron microscope included
a voltage of 20 kV, an emission current of 1.4–1.9 nA, and a working distance of 15 mm.
Qualitative and semi-quantitative analyses of apatites and other minerals in the thin sec-
tions were carried out using the Oxford X-Max20 energy spectrometer fitted to the SEM,
which employed an excitation voltage of 20 kV. Quantitative analysis of the mineral com-
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positions was performed using quartz, anorthoclase, and pyrite as specimens. A total of
16 apatite microcrystals in 10 thin sections were finally selected for this study.

Microprobe analyses of apatites were performed using a JOEL JXA-8230 electron
microprobe at the State Key Laboratory for Mineral Deposits Research, Nanjing University,
Nanjing, China. The operating conditions included an accelerating voltage of 15 kV, a beam
current of 20 nA, and, depending on the size of the apatites, a circle size with a diameter
of 3 or 5 μm was selected. A total of 33 mineral sites were analyzed for matrix apatite
micro-crystals. The standard sample used in this work was the apatite from the American
National Bureau of Standards, and the precision of the analysis could reach 0.1%. All test
data were corrected by the ZAF (Z, atomic number correction factor; A, X-ray absorption
correction factor; F, fluorescence correction factor) program.

4. Results

4.1. Compositions of Apatites

The results of the analysis are shown in Table S1, which includes calculations of
OH concentrations of apatites using the method of Ketcham [43], and XF, XCl, and XOH
are molar fractions of F, Cl, and OH. It can be seen that the apatite samples all belong
to magmatic apatite with high hydroxyl contents (Table S1 in Supplementary Materials,
Figures 4 and 5). The dominant components of apatite samples were CaO and P2O5, which
exhibited a range of 53.08−54.55% and 40.95−42.55%, respectively. Moreover, the apatite
samples exhibited the characteristics of Cl-rich and F-poor with contents of 1.24−1.70%
and 0.87–1.39%, respectively, which were between “mantle apatite A” and “mantle apatite
B” [44] (Figure 6a). Compared with apatites in dacite from other subduction systems
of the western Pacific, our apatites had higher Cl contents, as well as lower F and SO3
contents [42,45] (Figure 6a,b).

Figure 4. Plots of MnO versus SiO2 in apatites of dacite ( modified from ref. [46]).
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Figure 5. Volatile contents (molar fraction) of apatites from the dacite.

Figure 6. Plots of (a) F versus Cl in apatites of dacite; (b) SO3 versus Cl in apatites of dacite (data
from [42,45] and this study).

4.2. Apatite Saturation Temperatures (AST)

Mostly, the elemental partitioning between apatites and melts varies significantly with tem-
perature [25], so before calculating the individual elemental components of melts, we needed
to know the equilibrium temperature of the system apatite-melt. Here we used the apatite

saturation temperature (lnDapatite/melt
P =

[8400+(SiO2−0.5)×2.64×104]
T − [3.1+ 12.4× (SiO2 − 0.5)])

proposed by Harrison and Watson [47] to constrain the equilibrium temperature, where the
Dapatite/melt

P = P2Oapatite
5 /P2Omelt

5 . Remarkably, there is no reliable method to accurately
estimate the instantaneous concentration of melt P2O5 (i.e., P2Omelt

5 ) at the time of apatite
crystallization, but given that the samples in this study were all from felsic melts with low
crystallization, the whole rock P2O5 concentrations could be approximated here as the
P2O5 concentrations of melt. Although there will be some errors, the correction should be
small and have little effect on the results [22]. As shown in Table 1, the AST of the apatite
samples ranged from 935 to 952 ◦C.
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Table 1. Apatite saturation temperatures of apatite samples.

Sample ID
SiO2 in

Whole-Rock
(wt.%) *

P2O5 in
Whole-Rock

(wt.%) *

P2O5 in
Apatites (wt.%)

AST (◦C)

7-2-5-1 69.34 0.14 40.96 936
7-2-5-2 69.34 0.14 41.51 935
8-1-6-1 69.54 0.14 41.50 936
8-1-6-2 69.54 0.14 41.61 936
8-1-5-1 69.54 0.14 41.71 935

9-2-1-14-1 67.57 0.19 41.14 951
9-2-1-14-2 67.57 0.19 41.67 949
9-2-1-11-1 67.57 0.19 40.95 951
9-2-1-15-1 67.57 0.19 41.77 949
9-2-1-15-2 67.57 0.19 41.78 949

9-3 2©-1-7-1 67.60 (2) 0.19 (2) 42.28 949
9-3 2©-1-7-2 67.60 (2) 0.19 (2) 42.55 948
9-3 2©-1-8-1 67.60 (2) 0.19 (2) 41.78 950
9-3 2©-1-8-2 67.60 (2) 0.19 (2) 41.27 952
9-3 2©-2-2-1 67.60 (2) 0.19 (2) 41.90 950
9-3 2©-2-2-2 67.60 (2) 0.19 (2) 41.61 951
9-3 2©-2-2-3 67.60 (2) 0.19 (2) 41.60 951
9-3 2©-2-2-4 67.60 (2) 0.19 (2) 41.64 951
9-3 2©-2-3-1 67.60 (2) 0.19 (2) 41.33 951
9-3 2©-2-3-2 67.60 (2) 0.19 (2) 41.61 951
9-3 2©-2-3-3 67.60 (2) 0.19 (2) 41.65 951
10-1-1-14-1 67.46 0.19 42.05 948
10-1-1-14-2 67.46 0.19 41.70 949
10-1-1-16-1 67.46 0.19 42.04 948
10-1-1-16-2 67.46 0.19 41.44 950

10-2 1©-1-13-1 68.57 0.16 42.14 937
10-3-1-7-1 67.51 0.19 42.39 948
10-3-1-7-2 67.51 0.19 42.29 948
12-1-6-1 69.46 0.14 42.10 936
12-1-6-2 69.46 0.14 41.32 938
12-1-6-3 69.46 0.14 41.61 937
12-2-9-1 69.46 0.14 41.48 938
12-2-9-2 69.46 0.14 41.55 938

() is the number of samples used to calculate the average value. * SiO2 and P2O5 contents of whole-rock
were determined by X-ray fluorescence (XRF) using a PANalytical AXIOS Minerals at Institute of geology and
geophysics, Chinese Academy of Sciences.

5. Discussion

5.1. Behavior of Magmatic Volatiles

When the magmas have reached volatile-saturated conditions, melts will be highly
depleted with fluid exsolution, as fluid-mobile elements (e.g., Cl) prefer to enter the fluid
phase [48]. Apatites crystallized in such a state could not indicate the compositions of
primitive melts well. Hence, before using apatites to extrapolate the compositions of
primitive magmas, it was necessary to determine whether volatiles in the melts became
saturated before and during the crystallization of apatites. Stock et al. [1] developed
a model to determine whether magmatic volatiles have reached saturation by the relative
relationship between contents of F, Cl, and OH as well as their ratios in apatites. Combined
with this model, as shown in Figures 5 and 7, XF/XCl of the apatite samples exhibited
a decreasing trend, while XCl/XOH and XF/XOH exhibited increasing trends, implying that
those apatites crystallized under a volatile-undersaturated condition [1]. Therefore, the
compositions of apatites in this study could be useful indicators for their host magmas.
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Figure 7. Plots of (a) XCl/XOH versus XF/XCl in apatites of dacite; (b) XCl/XOH versus XF/XOH in
apatites of dacite. The arrow shows the trajectory of apatite compositional evolution.

5.2. Magmatic S Contents and Redox State
5.2.1. Magmatic S Concentrations

The S concentration in apatite is related to that in melts during the crystallization
of apatite, so it can trace the S contents of melts [49]. Although there is no formula to
accurately calculate the S concentrations of magmas from the SO3 contents of apatites [50],
if the chemical exchange between apatites and their host melts can be neglected after their
formation, the relative S contents of magmas can be estimated according to two semi-
quantitative formulas given by Peng et al. [29] and Parat et al. [28], respectively [49]. The
apatite micro-crystals in this study were morphologically intact, small in size, and without
zoning, indicating their short contact time with melts after their formation, as well as limited
chemical exchange between the two. Thus, we estimated the S contents of melts using the
above two semi-quantitative formulae. As shown in Table S2 in Supplementary Materials,
the S concentrations of the host melt ranged from 2−65 ppm or 8−11 ppm, which is
consistent with the range of S contents in silicate melts produced by partial melting of
subduction-related mantle wedge (<4000 ppm [51]). It should be noted that S exists in
magmatic systems in five main valence states, including S2−, S1−, S0, S4+, and S6+ [52].
Since S is present mainly as SO4

2− in apatite lattice, the S contents obtained from our
analysis were only related to the concentrations of SO4

2− (S6+) in the melts, while there
may also be considerably reduced sulfur in the melts (more details will be discussed in
Section 5.2.2), so the values we obtained here were probably just the minimum S contents
of melts [53].

From previous studies, the SO3 content of apatite is a complex function of magmatic
temperature, sulfur fugacity and redox state [28,29,54]. According to Peng et al. [29], the
partitioning of S between apatites and their host melts is highly dependent on the redox
state of the latter. Combining Table 1 and Table S2 in Supplementary Materials, the apatites
studied crystallized in narrow ranges of temperature and sulfur fugacity, and their SO3
contents remained essentially stable with magmatic differentiation (Figure 8), which tends
to indicate that the magma has a stable redox state during this evolution stage.
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Figure 8. Correlation between SO3 concentrations in apatites and magmatic differentiation.

5.2.2. Indication for Oxygen Fugacity of Melts

Affected by the magmatic oxygen fugacity, Mn ions may enter the apatite lattice in
three valence states: Mn2+, Mn3+ and Mn5+. They enter the apatite lattice through the
following displacement reactions [55]:

Mn2+ = Ca2+ (1)

Mn3+ + SiO4
4− = Ca2+ + PO4

3− (2)

Mn3+ + Na+ = 2Ca2+ (3)

MnO4
3− = PO4

3− (4)

When the above reactions have occurred, there will be an obvious negative correlation
between the ions that undergo displacement. In apatite samples, obviously, no negative
correlations are shown between Mn and Ca as well as Mn + Na and 2Ca (Figure 9a,b),
while a significant negative correlation exists between Mn + Si and Ca + P (Figure 9c),
and a moderate negative correlation between Mn and P (Figure 9d). Therefore, it can be
concluded that Mn in our samples entered the apatite lattice mainly as Mn3+, and brought
SiO4

4− into the lattice simultaneously. In addition, a few Mn replaced PO4
3− as MnO4

3− in
the apatite lattice. It indicates that apatites from this study crystallized in a medium oxygen
fugacity condition, and the oxygen fugacity only slightly changed during this process.
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Figure 9. Covariant relations of cations in apatites from the dacite. (a) Ca versus Mn; (b) 2Ca versus
Mn + Na; (c) Ca + P versus Mn + Si; (d) P versus Mn.

The quantitative estimation of the redox state can be achieved by calculating the
oxygen fugacity ( fO2 ). The oxygen fugacity is a tool to assess the availability and potential
of oxygen to participate in reactions between minerals and fluids. Concentrations of redox-
sensitive elements, such as Fe, Mn, Ce, and Eu, in accessory minerals are important for
obtaining the redox states of magmas [56]. Miles et al. [56] found that the variation of Mn
contents of apatites in intermediate-acid silicate melts is relatively independent, so that the
redox states of magmas can be reliably estimated based on the Mn contents of apatites. To
further clarify the redox state of magmas and their stabilities, we estimated the absolute and
relative oxygen fugacities of the host melts according to MnO contents of apatite samples
using the equations given by Miles et al. [56], as well as Myers and Eugster [57]. Since the
FMQ oxygen buffer is minimally influenced by pressure [58], the relative oxygen fugacities
(ΔFMQ) of melts were calculated here with the oxygen fugacities of the FMQ oxygen buffer
as the reference (Table S2 in Supplementary Materials).

The mantle wedge above subduction zones is oxidized relative to the mantle from other
tectonic settings [59–61], and the water-bearing intermediate silicate magmas in such regions
generally have intermediate oxygen fugacity conditions (from general reducing to general
oxidizing conditions) [62]. As regards this study, except for one anomalously high value
(ΔFMQ = +1.4), all values showed that the host melt was under the reduction condition
with a narrow fluctuation range (ΔFMQ = −0.2 ± 0.9, Table S2 in Supplementary Materials).
Kleinsasser et al. [62] found experimentally that dacitic melts under redox conditions of
ΔFMQ − 0.7~ΔFMQ + 2.08 would remain both sulfide- and sulfate- undersaturated, which
is consistent with the observations and calculations of this study. The trace element com-
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positions of dacite in the Eastern Manus Basin distinctly exhibited the characteristics of
island arc volcanic rocks, such as enrichment in light rare earth elements (LREE) and large
ionic lithophile elements (LILE) [11,14,18]. However, this study indicates that the oxygen
fugacity of dacitic magmas in the Eastern Manus Basin is lower than that of island-arc
magmas influenced by subduction components (ΔFMQ = +1~+2, [63–65]). Two reasons
may account for this phenomenon: (1) As shown in previous studies, processes such as
crystallization and separation of closed-system, crustal contamination, and water degassing
(≤8 wt.%) have just a slight impact on magmatic oxygen fugacity, while sulfur degassing
and addition of subduction components have considerable effects on redox states of mag-
mas (e.g., [66–69]). According to the discussion in 5.1, the host magma has not yet reached
fluid saturation, and it is also unlikely to have reached S saturation [70]; the relatively low
oxygen fugacities of the dacite samples may be inherited from the mantle source region.
However, this is obviously inconsistent with the high oxygen fugacity of the mantle wedge
in the subduction zones; (2) Richards [65] found that crystallization and segregation of
Fe3+-rich magnetite can result in a reduction of reduced to moderately oxidized magmas,
which could be offset by oxidation from degassing of reducing or weakly oxidizing gases
(e.g., H2, H2S, etc.), as well as dissolution and migration of Fe2+ in high-temperature saline
hydrothermal fluids. The saturation of apatites in the Eastern Manus Basin was concomi-
tant with the saturation of magnetite, and they crystallized from undegassed melts (see the
description in Section 3.1, Figure 3b, and previous studies [71] for details). Furthermore,
hydrothermal activity is widely developed in the Eastern Manus Basin, but the oxidation
process from high-temperature hydrothermal fluids may be slow [65]. When the apatites
in melts reached saturation and started crystallizing, the intensity of oxidation from the
hydrothermal fluids may not yet have been sufficient to offset the decrease in oxygen fu-
gacity, due to the crystallization and separation of magnetite. The above factors collectively
caused the oxygen fugacity reduced from ΔFMQ ≈ +1~+2 in the mantle source region
to ΔFMQ = −0.2 ± 0.9 in the host magma recorded by apatites. Apparently, the second
explanation is more reasonable. Under such a low oxygen fugacity condition, S existed
mainly as low-valence states in melts, which caused the low SO3 contents of apatites in
this study.

5.3. F, Cl and H2O Contents of Melts

Apatite is one of the rare magmatic minerals containing halogens. For extrusive and
hypabyssal rocks, the rapid cooling of magmas allows the preservation of information
about magmatic F, Cl, and H2O contents recorded by apatite during its crystallization [72].
Further, apatites crystallized at temperatures above 500 ◦C are resistant to hydrothermal
alteration [73,74], therefore they can be used to deduce the F, Cl, and H2O contents of the
host magma.

5.3.1. F, Cl Contents of Melts

Before deducing the volatile contents of melts by using that of apatites, the partition
behavior of volatiles between the two phases needs to be known [75]. Since F, Cl, and
OH occupy the same position in the apatite lattice, their abundances are controlled by
stoichiometric numbers, which prevent the use of Nernst partition coefficients for the
estimations of F, Cl, and OH contents in melts [76]. To better represent partitioning behavior
between apatites and the host melts, previous works have proposed the exchange coefficient
Kd involving two volatile elements (e.g., [75,77,78]), which can be expressed as the molar
fraction (i.e., XAp

A , XAp
B , Xmelt

A , Xmelt
B ) of two anions (e.g., A and B) in both apatites and the

host melt:

Kd
Ap−melt
A−B =

XAp
A ·Xmelt

B

Xmelt
A ·XAp

B

(5)
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In this paper, we used the regular ternary solution model for apatite established by
Li and Hermann [78], combined with the modified Kd expression by Li and Costa [75], to
calculate the F, Cl contents of melts as follows:

Clmelt(wt.%) =
XAp

Cl

XAp
OH

× Kd
Ap−melt
OH−Cl × 10.79(±0.52) (6)

Fmelt(wt.%) =
XAp

F

XAp
OH

× Kd
Ap−melt
OH−F × 6.18(±0.41) (7)

Kd
Ap−melt
OH−Cl = e

− 1
8.314×T×{

72900(±2900)− 34(±0.3)× T

−1000 × [5(±2)× (XAp
Cl − XAp

OH)− 10(±8)× XAp
F ]

}
(8)

Kd
Ap−melt
OH−F = e

− 1
8.314×T×{

96400(±5600)− 40(±0.1)× T

−1000 × [7(±4)× (XAp
F − XAp

OH)− 11(±7)× XAp
Cl ]

}
(9)

where T was substituted by AST calculated in 4.2, in K. With the method described above,
the F and Cl contents of the host melt were estimated to be about 185−448 ppm and
1059−1588 ppm, respectively (Table S3 in Supplementary Materials), which are consistent
with the range of that in subduction-related dacite (0.01−0.15 wt.% for F and 0.01−0.3 wt.%
for Cl, [79]).

Magmatic F and Cl contents will differ widely depending on tectonic settings and
magma compositions [80]. At concentrations of a few tens to 1000 ppm, they will not affect
the fundamental magma properties (e.g., melting behavior and melt rheology) [79]. The Cl
content of our dacite samples exhibited relatively high values. Cl at such concentrations
may have implications on the composition and timing of exsolved fluids, as well as on
the rheology of host magma [81–84]. From Figure 6a, the F and Cl contents of the apatite
samples were similar to the “mantle apatite A”, which is formed by the account of Cl-,
CO2- and H2O-rich fluids, indicating that the host melt might have been influenced by
exotic Cl-rich components. Moreover, F is highly compatible with melt, while Cl behaves as
a fluid-mobile element [79], so the high Cl/F ratio in the samples indicates the addition of
slab-derived fluids in the parent magmas [35], which is parallel with the results of previous
studies on volcanic rocks in the Eastern Manus Basin (e.g. [16,18,39,85]). Additionally, the
non-negative correlation between the Cl/F ratio and SiO2 contents of samples verifies again
that the melt remained in a fluid-undersaturated condition (Figure 10).

Figure 10. Plots of Cl/F versus SiO2 in dacitic melts of the Eastern Manus Basin.
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5.3.2. Abundance of H2O in Melts

Boyce and Herving [86] found that the variation of F and OH in apatites can be well-
matched with their variation in coexisting melts, indicating that OH is a valid indicator
for evaluating the H2O content of coexisting melts. Since the water in melts exists as both
molecular water (H2Om) and hydroxyl (OH) [87], the calculation of its molar fraction is
complicated. Li and Costa [75] developed an online calculation program based on the
thermodynamic model for apatite. This program for the determination of H2O concentra-
tions in multicomponent silicate melts is based on a series of thermodynamic formulae. As
mentioned above, the exchange coefficients Kd between apatite-melt can be obtained by

using AST as well as F, Cl, and OH contents of apatites, and from that, Xmelt
OH

Xmelt
Cl

and Xmelt
OH

Xmelt
Cl

can

be calculated. Furthermore, according to Li and Costa [75], Xmelt
F , Xmelt

Cl , and Xmelt
OH can be

expressed by the mass fractions of F, Cl, and H2O (cmelt
F , cmelt

Cl , and cmelt
H2O, respectively) in

melts as follows:

Xmelt
F =

cmelt
F
19

cmelt
H2O
18 +

1−cmelt
H2O

W

(10)

Xmelt
Cl =

cmelt
Cl

35.45
cmelt

H2O
18 +

1−cmelt
H2O

W

(11)

Xmelt
OH =

1
2 −

√
1
4 −

{(
K2−4

K2

)(
[H2Ot]− [H2Ot]

2
)}

(
K2−4
2K2

) (12)

where W is the molar fraction of dry silicate melts, which was taken here as 33 g/mol [75];
[H2Ot] is the molar fraction of total water in melts; K2 is the equilibrium constant for the
conversion from H2Om to OH:

[H2Ot] =

cmelt
H2O
18

cmelt
H2O
18 +

1−cmelt
H2O

W

(13)

ln K2 = a + b/T (14)

According to Liu et al. [88], for dacite, a equals 1.49 and b equals −2634. Con-
centrations of H2O in the Eastern Manus Basin dacite obtained by this calculation pro-
gram ranged from 1.4−2.1 wt. % (based on F concentrations in melts, error ±30−40%)
and 1.2−1.5 wt.% (based on Cl concentrations in melts, error ±30−40%), respectively
(Table S4 in Supplementary Materials). Sun et al. [15] have measured H2O contents of vol-
canic glasses in the East Manus Basin, and the results ranged from 1.11−1.67 wt.%, which
is generally consistent with the range we estimated, indicating that the results obtained
here should be reliable.

Previous studies have revealed that the H2O contents of MORB magmas are generally
in the range of 100−450 ppm [89], while the primary melts of basalts in subduction zones
generally contain higher H2O contents, indicating the influence of water as a fluid phase
transferred from the subduction slab to the mantle wedge [90]. The H2O contents of
dacitic magmas in the Eastern Manus Basin are obviously higher than those of MORB
magmas, again indicating the addition of slab fluids. To be noted, in previous linear
regression calculations of Kd, the low F contents in experimental melts caused a larger
analysis error than that of Cl [75]. Thus, the H2O contents calculated from Cl concentrations
may be closer to the true value, which indicates that the magma chamber of dacitic melts
in the Eastern Manus Basin is located about 2 km below the seafloor at a pressure of
0.05 GPa−0.1 GPa [15].
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5.4. Sources of F- and Cl-Rich Components

The F and Cl concentrations in melts of the Eastern Manus Basin are significantly
higher than those in the primitive mantle (25 ppm F and 17 ppm Cl, [91]). Moreover, since
halogens are incompatible with mantle minerals, their concentrations will be further lost
in the mantle during its partial melt [92]. Subduction is an important mechanism for the
circulation of halogens from surface reservoirs to the mantle [9,92,93]. According to the
above discussion, magmas in the Eastern Manus Basin are influenced by the incorporation
of subduction components during subduction. Moreover, numerous previous studies have
also proven that magmas in this region are obviously influenced by subduction components
(mainly by fluids released from the subducting altered oceanic crust, as well as a little
sediment melt, e.g. [16,18,39,85] and references therein), yet no significant magmatic mixing
and crustal contamination occurred during magma evolution. Hence, the high F and Cl
concentrations of our samples may be related to the pollution in the mantle source region.

Seawater has a high Cl, but low F, abundance, which is 19,500 ppm and 1.3 ppm respec-
tively [93]. Therefore, the direct addition of seawater is too low to explain the enrichment
of F in samples. In contrast, sediments near subduction zones may be a reasonable source
of F; for example, up to 1300 ppm in pelagic clay [94]. The repeated leaching of overlying
sediments and assimilation of oceanic crust near the subduction zones by seawater may
cause an increase of F contents in the oceanic crust before its subduction [92]. Since F is
an incompatible element with fluids [79], the enrichment of F caused by the above process
may not be enough. According to Pagé et al. [92], apatite is the mineral phase that most
preferentially accommodates F in subduction zones. F may be redistributed to phengite
and lawsonite as apatite eventually decomposes at ∼200 km, then lawsonite and phengite
decomposition releases F to the deeper upper mantle at ∼280–300 km in cold subduction
zones [35,92], which could be another reasonable source of F-rich components. Addition-
ally, the F-rich seafloor sediments could also contribute F efficiently to the mantle source
region as melts during subduction.

Studies of back-arc magmatism have indicated that slab fluids contributing to mag-
matism in back-arc basins are Cl-rich, as shown by off-axis seamount lavas of the Lau
Basin and submarine basaltic glasses of the Mariana back-arc trough, both of which exhibit
Cl-rich characteristics due to subduction [6,10,95]. Although the contribution of slab fluids
can be identified with Cl/K2O and Cl/TiO2 to Ba/Nb ratios, the mobility of K differs from
that of Cl, and the value of Cl/TiO2 changes during magma evolution, since Cl is more
incompatible than Ti [10]. So neither Cl/K2O nor Cl/TiO2 is appropriate for quantifying the
contribution of subduction-released fluids to Cl. Sun et al. [15] indicated that the plots of
Cl/K2O and Cl/TiO2 versus Ba/Nb can be refined with the plots of Cl/Nb versus Ba/Nb
and U/Nb. Cl, Ba, U, and Nb are incompatible elements, where Ba and U are fluid-mobile
LILE and the behavior of Cl resembles them, while Nb is one of the most inactive elements
during subduction [15,48,96,97]. The ratios of Cl, Ba, U to Nb can maximally offset the
partial melting of the mantle, as well as the crystallization and differentiation of magmas,
thereby providing a useful indication of the mobility of these elements during subduction.
Here, we plot the Cl/Nb of our samples and the collected volcanic rocks of other subduc-
tion systems in the western Pacific against Ba/Nb and U/Nb, respectively (Figure 11; Cl
in our samples was calculated from apatite components, and the rest of data are shown
in Table S4).
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Figure 11. Plots of (a) Cl/Nb versus Ba/Nb and (b) Cl/Nb versus U/Nb in subduction-related
volcanic rocks (data from: PM, Primitive Mantle [91]; EMB, Eastern Manus Basin [15]; ELSC, Eastern
Lau Spreading Center [10,98]; CLSC, Central Lau Spreading Center [10,98]; Kamchatka VF, volcanic
front of Kamchatka [99]; Kamchatka RA, rear-arc of Kamchatka [99]; CKD, The Central Kamchatka
Depression [99]; NKA VF, volcanic front of Northern Kurile Arc [99]; IAF, Izu arc front [93]).

Figure 11 indicates that, compared to the primitive mantle, the mantle source of this
study exhibited intense enrichment of Cl, Ba, and U, implying that it has been influenced
by Cl-, Ba-, and U-rich components. Such components are most probably the subduction-
released fluids [10]. Moreover, the elemental ratios of samples in this study and volcanic
rocks from other subduction-related systems did not exhibit a single linear trend with the
primitive mantle. At the same Cl/Nb values, volcanic rocks from the Kamchatka, Izu arc,
and Lau basin exhibit lower Ba/Nb and U/Nb values relative to those of this study, which
appears to indicate the influence of other Cl-rich and Ba-, U-poor components.

Kent et al. [10] indicated that shallow assimilation of Cl-rich seawater derived compo-
nents during magma transport, storage, or eruption in submarine environments can also
result in increased Cl concentrations in magmas, and, compared to subduction-released
fluids, such materials are characterized as Ba- and U-poor. Sun et al. [15] also found that the
samples were commonly influenced by Cl-rich seawater derived components through the
analysis of matrix glasses in several back-arc basins and active spreading ridges, including
the Eastern Manus Basin. Compared to the matrix glasses of the Eastern Manus Basin
analyzed by Sun et al. [15], samples in this study had similar Ba/Nb and U/Nb values, but
lower Cl/Nb values, indicating that samples in this study were relatively poorly influenced
by Cl-rich seawater derived components. Kent et al. [10] analyzed matrix glasses of the
Eastern Lau Spreading Center and Central Lau Spreading Center, finding that their Cl/Nb
ratios are significantly higher than that of the primitive mantle, while the Ba/Nb values
are low to the MORB, which indicated the minimal subduction components input, hence
they considered that the high Cl/Nb ratios in magmas are the result of assimilation by
Cl-rich seawater-derived components. As shown in Table S4, the Cl/Nb values of our
dacite samples ranged from 649 to 909, while the contribution of the primitive mantle
lay around 26 only [91]. Taking the average of the Cl/Nb values in magmas from the
Eastern Lau Spreading Center and Central Lau Spreading Center (about 400 [15]) as the
influence from Cl-rich seawater derived components, then approximately 14−21% of Cl
in the Eastern Manus Basin magma source region is contributed by subduction-released
fluids, and mainly by fluids released from subducting altered oceanic crust. However, as
discussed above, the mantle source region of this study has been less influenced by Cl-rich
seawater derived components, so the contribution of subduction-released fluids to Cl may
be higher.
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6. Conclusions

In this study, dacite from the Eastern Manus Basin was selected as the object for study,
and apatites in dacite were analyzed by EMPA. The results were as follows:

(1) Apatites in dacite samples crystallized under a volatile-undersaturated condition with
temperatures ranging from 935 to 952 ◦C. Compared with apatites in dacite of other
subduction systems in the western Pacific, they exhibited rich in Cl but poor in F and SO3.

(2) The minimum S contents of the host melts have a narrow range of 2−65 ppm and
8−11 ppm. Additionally, the host magma was under weak reduction conditions,
and the relatively low oxygen fugacity could be caused by reduction brought from
crystallization and separation of Fe3+-rich magnetite, which also caused the low SO3
contents in apatites.

(3) The F and Cl contents of melts in this study were within the range of subduction-
related dacite, which is 185−448 ppm and 1059−1588 ppm, respectively, and such
relatively high Cl concentrations of melts may have an impact on the compositions
and exsolution of magmatic fluids, as well as on magmatic rheology. Further, the
H2O contents of melts were deduced to be in the range of 1.4−2.1% and 1.2−1.5%
based on the F and Cl contents of melts, respectively, which indicates the location of
the magma chamber at a depth of ~2 km. The high Cl/F ratio and H2O contents of
samples indicated the addition of slab-derived fluids in the parent magmas.

(4) The high F and Cl values exhibited in melts may come from both pollution in the
magma source region, where the F may be influenced by F-rich seafloor sediments, as
well as the release of F from lawsonite and phengite decomposition; high Cl may come
from slab fluids and shallow assimilation of Cl-rich seawater derived components,
where the Cl contributed by slab fluids to the mantle source region may account for
14−21% of the total Cl contents in melts, and possibly even higher.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jmse10050698/s1, Tables S1–S4 and Text S1. Table S1: Abundances
of major elements (wt.%) in apatites from the dacite; Table S2: Estimations of S concentrations and
magmatic redox states from compositions in apatite and whole-rock; Table S3: Calculations of F, Cl
and H2O contents in melts from apatite compositions; Table S4: Cl and representative trace element
concentrations of volcanic rocks from this study and other subduction related systems (ppm); Text S1
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Abstract: Determining the influence of subduction input on back-arc basin magmatism is important
for understanding material transfer and circulation in subduction zones. Although the mantle source
of Okinawa Trough (OT) magmas is widely accepted to be modified by subducted components, the
role of slab-derived fluids is poorly defined. Here, major element, trace element, and Li, O and Mg
isotopic compositions of volcanic lavas from the middle OT (MOT) and southern OT (SOT) were
analyzed. Compared with the MOT volcanic lavas, the T9-1 basaltic andesite from the SOT exhibited
positive Pb anomalies, significantly lower Nd/Pb and Ce/Pb ratios, and higher Ba/La ratios, indicating
that subducted sedimentary components affected SOT magma compositions. The δ7Li, δ18O, and
δ26Mg values of the SOT basaltic andesite (−5.05‰ to 4.98‰, 4.83‰ to 5.80‰ and −0.16‰ to −0.09‰,
respectively) differed from those of MOT volcanic lavas. Hence, the effect of the Philippine Sea Plate
subduction component, (low δ7Li and δ18O and high δ26Mg) on magmas in the SOT was clearer than
that in the MOT. This contrast likely appears because the amounts of fluids and/or melts derived from
altered oceanic crust (AOC, lower δ18O) and/or subducted sediment (lower δ7Li, higher δ18O and
δ26Mg) injected into magmas in the SOT are larger than those in the MOT and because the injection ratio
between subducted AOC and sediment is always >1 in the OT. The distance between the subducting
slab and overlying magma may play a significant role in controlling the differences in subduction
components injected into magmas between the MOT and SOT.

Keywords: Li-O-Mg isotopes; magma; plate subduction; Okinawa Trough; western Pacific

1. Introduction

The Okinawa Trough is a young back-arc basin in the western Pacific, and its magmas
have been affected by the subducted Philippine Sea plate (PSP) [1]. The chemical and
stable isotope (Li, O, and Mg) compositions of back-arc volcanic lavas are conventionally
used to study the contributions of subducted slabs to magmas [1–11]. However, magmas
produced by plate subduction are relatively enriched in large ion lithophile elements and
light rare earth elements, but are depleted in high field strength elements; these magmas
usually have low Ce/Pb ratios since Pb is preferentially extracted from subducted oceanic
crust and/or sediments during plate subduction and dehydration processes [8–10,12]. As
incompatible elements share similar partition coefficients in magmas, their ratios are rarely
modified by the partial melting or crystallization processes. Thus, the incompatible element
ratios can be used to trace the compositions of mantle sources. For example, Ba/La ratio
is a good indicator of subduction components [13]. Ce/Pb ratios of sediments exhibit a
distinctive range, below the values in mantle rocks, and are not significantly affected by
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fractional crystallization and partial melting processes [14]; thus, these ratios can be used
to estimate the contributions of plate subduction components. Th concentrations of marine
sediments are higher than the mantle values, and Th is fluid immobile relative to large
ion lithophile elements. A high Th/Rb ratio in magma indicates that a sediment melt was
added to the magma source [15]. In addition, high Th/La, Th/Nb, and Th/Nd ratios of
the volcanic rocks indicate the contribution of sediment melts to the mantle wedge [16–19].
Ba/La, Cs/La, B/Nb, Pb/Ce, B/La, and Li/Y ratios can also serve as proxies for fluids
dehydrated from subducted sediments [20].

Moreover, lithium (Li) is a fluid mobile element, and considerable Li isotope frac-
tionation occurs during oceanic crust alteration and plate subduction [21–24]. Subducted
sediments and altered oceanic crust (AOC) have high Li contents (up to 80 ppm) and a
broad range of δ7Li values (−12‰ to +21‰) [4,25–28]. During the metamorphism and
dehydration of subducted slabs, fluids carrying heavy Li isotopes are released from the
AOC and metasomatize the overlying mantle, resulting in a high-δ7Li mantle wedge and
a low-δ7Li residual plate [29–31]. However, Guo, et al. [1] studied Li isotope data from
middle Okinawa Trough (MOT) volcanic lavas and found that the MOT magmas were af-
fected by subduction components (with AOC:sediment = 96:4). The δ7Li values of volcanic
lavas from the Izu Arc in Japan vary across the arc, decreasing with increasing depth to
the subducting plate, indicating that the amount of slab fluids decreases with increasing
depth [32–34]. Furthermore, Benton, et al. [35] analyzed the Li isotope compositions of
volcanic lavas in the Mariana Arc front seamounts and found that they have heterogeneous
δ7Li signatures, which reflect a complex history of exchange between the slab fluids and
the forearc mantle. These results indicate that there may be uncertainties in using Li isotope
data for back-arc volcanic lavas to uncover magma sources and plate subduction and
implies that other isotopic tools should be used to clarify magmatic processes in western
Pacific plate subduction zones.

However, the oxygen (O) isotopic compositions of the MOT volcanic lavas reveal that
the magma source is mantle peridotites modified by subducted slab components [36]. The
O isotopic compositions of volcanic glasses obtained from the Manus Basin and the Mariana
Trough indicate that the Mariana Trough magma was affected by subduction-modified
mantle [37] and that the Manus Basin magma had a δ18O-depleted mantle reservoir, wherein
δ18O was increased by recent subduction and a sediment component with low δ18O and
high 3He/4He values was derived from the Manus Basin plume [37]. Moreover, the O
isotope compositions of volcanic glasses and phenocrysts from the Lau Basin suggest that a
subduction cycle involving oxygen-rich mantle materials altered the original δ18O of the
magma [38]. All these results indicate that the O isotope data for volcanic lavas may not
completely reflect plate subduction processes.

Magnesium (Mg) isotopes are important geochemical tracers of both magmatic sources
containing recycled crustal materials [39–41] and sources of fluids dehydrated from hydrous
minerals in subducting plate [5,40,42–44]. However, the Mg isotope compositions of white
schist in the western Alps reveal that the dehydration of serpentinites formed in the
mantle wedge during plate subduction and exhumation can release Mg-rich fluids to
the subduction channel [5]. Furthermore, a study of the Mg isotope compositions of
prograde metamorphic rocks from eastern China revealed that Mg isotope fractionation
was limited during continental subduction [41]. All these results also indicate that the Mg
isotope data for volcanic lavas may not completely determine magma sources and plate
subduction processes.

Therefore, we sought to combine the Li isotope composition of volcanic lavas with
their O and Mg isotope compositions to understand the magmatic processes involved in
forming volcanic lavas and the influence of plate subduction on magmas in the Okinawa
Trough (OT). However, previous studies have shown that subducted sediments significantly
influence the mantle source of magmas beneath the OT [2,10,19,45,46]. Although slab-
derived fluids are also considered to contribute to the OT magmas [47–50], the evidence for
this contribution is insufficient. Furthermore, Li and O isotope studies have been conducted
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in the OT, but the data remain limited to only three Li isotope analyses in the MOT. O
isotope studies have primarily focused on crustal contamination as a source of magma
formation [36,51–53], and the study of the Mg isotopic compositions of volcanic lavas has
not yet been applied to the OT. Here, we investigate the major and trace elements as well
as the Sr, Nd, Li, O, and Mg isotopic compositions of volcanic lavas from the MOT and
SOT, with the goal of establishing how OT volcanic lavas form and what they represent for
understanding the effects of subduction components on back-arc magmas.

2. Geologic Setting

The OT is a young back-arc basin developed in response to the subduction of the PSP
(Figure 1) [11,54–56] and provides a window into understanding the influences of plate
subduction on the back-arc basin evolution, mantle melting, crust-mantle interactions, and
seafloor hydrothermal activity [1,11,46,57,58]. According to the prevailing tectonics, the OT
can be divided into three parts: northern OT (NOT), MOT, and SOT, bounded by the Tokara
Fault and the Kerama Fault, respectively [1,11,50]. The crustal thicknesses of the NOT, MOT,
and SOT segments are 15 to 23 km, 12 to 18 km, and 10 to 16 km, respectively [54,59–64].
The depths to the Mohorovičić discontinuity (Moho) are 27–30 km and 16–22 km in the NOT
and SOT, respectively [59,65,66]. The subduction direction of PSP is nearly perpendicular
to the axis of the MOT, with a slab depth of 150–200 km, and becomes progressively more
oblique to the south, with a slab depth of ~150 km [11,47,50,67,68]. The subduction rates of
PSP increase from 4.9 to 7.3 cm/a from north to south [11,56]. In addition, the convergence
rate gradually increases from ~6–7 cm/a in central Ryukyu to ~7–13 cm/a in southern
Ryukyu [11,56,69], and the back-arc extension rate increases from 2 cm/a in the NOT to
5 cm/a in the SOT [65,69,70].

Figure 1. Regional geologic map of the Okinawa Trough (OT) showing the sampling locations. MOT,
middle Okinawa Trough; SOT, southern Okinawa Trough; and NOT, northern Okinawa Trough.
Black solid lines represent the depth contours of the subducting plate (Wadati-Benioff zone) [11,67,71].
Yellow dotted lines mark the Tokara Fault and the Kerama Fault.

The OT has undergone substantial magmatic activity that has generated abundant
volcanic lavas. The NOT is dominated by rhyolites and dacites [6,53]. The magma in
the NOT could be generated by the differentiation of basaltic melt contaminated by an
enriched crustal component [53]. The MOT volcanic lavas exhibit bimodal compositional
distribution, forming a basaltic-rhyolitic dominant suite with scarce andesitic lavas [6,72,73].
The Sr-Nd-Pb isotope compositions suggest that the magma source of the MOT volcanic
lavas resembles the depleted mantle (DM) but also shows signatures of the enriched mantle
II (EMII), indicating that the mantle source for the MOT volcanic lavas is a hybrid of the DM
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and EMII endmembers [74]. Geochemical modelling shows that the magma source for the
MOT volcanic lavas could be generated by hybridizing approximately 0.8–2.0% subducted
sediments with 98.0–99.2% mantle rocks [74]. The SOT is dominated by rhyolites, basalts
and basaltic andesites [50,72,75,76]. In the SOT, the petrogenesis of rhyolites is due to the
ascent of basaltic magma from a deep magma reservoir to a shallow depth where fractional
crystallization and crustal assimilation occurred [75]. The decrease in the DUPAL-like
anomaly from the rhyolites sampled in the western part of the MOT to the volcanic lavas
in the MOT axial zone can be explained by the injection of asthenospheric mantle into the
pre-existing mantle with DUPAL-like signature during back-arc extension. The Tl-Pb-Sr-Nd
isotopic compositions of volcanic lavas from the NOT to the SOT can be accounted for by
the sediment inputs of <1%, 0.1–1% and 0.3–2%, respectively, by weight to the depleted
mantle source [46]. The magma sources of the SOT basalts are mainly affected by slab fluids
and bulk sediments [47]. The magma sources of the MOT basalts are affected by fluids
derived from both sediment and AOC [47]. Based on the above findings, we aim to use the
geochemical and Li-O-Mg isotope compositions of OT volcanic lavas to understand the
origins of magmas and the effects of plate subduction on magmas in this study.

3. Sampling and Methods

3.1. Sample Collection

The volcanic lavas were collected from the MOT and SOT using a TV grab sampler in
2014 and 2016 during HOBAB (Hello Back Arc Basin) 2 and 4 cruises, respectively. The R2,
T5-2, and T2 samples were obtained from the Iheya Ridge (MOT), samples T6-1 and T6-2
were obtained from the western slope of the Iheya Ridge in the MOT, and sample T9-1 was
obtained from the Yaeyama Graben (SOT) (Table S1 and Figure 1).

T9-1 basaltic andesite from the SOT is a black vesicular lava sample with a compact,
massive structure. It contains few phenocrysts, which predominantly consist of clinopy-
roxene (~5%), orthopyroxene (~5%), plagioclase (~10%), a small amount of olivine (~1%),
and accessory minerals (magnetite and ilmenite). The groundmass of the T9-1 basaltic
andesite is mostly composed of plagioclase and clinopyroxene microlites (Figure 2a). The
phenocrysts in the T9-1 basaltic andesite are euhedral to subhedral and range from ~0.1 to
~1.0 mm in size.

R2 basalt from the MOT is a black lava with a moderately porphyritic massive structure.
It contains olivine (~5%), plagioclase (~5%), and clinopyroxene (~1%) phenocrysts. The
phenocrysts in the R2 basalt are euhedral to subhedral, with sizes ranging from ~0.05 to
6 mm. The groundmass of the R2 basalt is dominated by clinopyroxene and plagioclase
microlites (Figure 2b). Both the T5-2 trachyandesite and T2 andesite from the MOT are black
lavas with compact, massive structures. Thin sections reveal that the T5-2 trachyandesite
and T2 andesite are porphyritic and that ~15% of the phenocrysts are plagioclase with
minor clinopyroxene and orthopyroxene. The phenocrysts in the T5-2 trachyandesite and
T2 andesite samples are euhedral to subhedral, with sizes ranging from ~40 to ~300 μm
(Figure 2c,d). The T6-1 pumice from the MOT (Figure 2e) is a light, white, vesicular lava.
The phenocrysts (<5%) in the T6-1 pumice are primarily clinopyroxene, orthopyroxene,
and plagioclase and range from ~0.2 to 0.5 mm in size. The groundmass in the T6-1
pumice is mainly composed of plagioclase microlites (Figure 2e). The T6-2 pumice from
the MOT is a gray-black vesicular lava. The phenocrysts (<5%) in the T6-2 pumice mainly
consist of clinopyroxene, plagioclase, and orthopyroxene, with sizes ranging from ~0.2 to
0.4 mm in size. The groundmass in the T6-2 pumice is also mainly composed of plagioclase
microlites (Figure 2f).

Details about the sample processing, electron microprobe, major element and trace
element, and Sr and Nd isotope analytic methods are given in the Supplementary Texts,
and the sampling locations and sample analytic results can be found in Tables S1–S8.
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Figure 2. Representative photomicrographs of the MOT and SOT volcanic lava samples. (a) T9-1 is
from the SOT and (b) R2, (c) T5-2, (d) T2, (e) T6-1, and (f) T6-2 are from the MOT. Abbreviations:
olivine (Ol); magnetite (Mt); clinopyroxene (Cpx); orthopyroxene (Opx); and plagioclase (Pl).

3.2. Li, O, and Mg Isotope Analyses

The whole-rock powders and minerals were fully digested. All reagents (HF, HNO3,
and HCl) were doubly distilled, and Milli-Q® water (18.2 MΩ·cm) (Merck Millipore Inc.,
Billerica, MA, USA) was used. For the isotopic analyses, Li was separated using organic
solvent-free two-step liquid chromatography in a clean laboratory at the University of
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Science and Technology of China (USTC). The procedure used was described by [77]. All
separations were monitored using inductively coupled plasma mass spectrometry (ICP-
MS) analysis to guarantee both a high Li yield (>99.8% recovery) and a low Na/Li ratio
(<0.5). The final Li concentrations of the solutions used for the multi-collector ICP-MS
(MC-ICP-MS) analyses were targeted in the range of 50–100 ppb to ensure the precision
and accuracy of the results. The total procedural blanks for column chromatography alone
and for sample digestion and column chromatography combined were <~0.03 ng of Li.
Compared with the ~200–5000 ng of Li used for our analyses, the blank correction was
negligible at the uncertainty levels achieved (≤0.2‰, see below).

The lithium isotope compositions were analyzed at the USTC using a Neptune Plus
MC-ICP-MS system (Thermo Fisher Scientific Inc., Waltham, MA, USA) operating in wet
plasma mode using an X skimmer cone and jet sample cones (Table S9). The samples
were introduced through a low-flow PFA nebulizer (~50 μL/min) coupled with a quartz
spray chamber. The 7Li and 6Li isotopes were measured simultaneously by two opposing
Faraday cups. Each sample analysis was bracketed before and after by analyses of the
reference material L-SVEC. For a solution containing 100 ppb of Li and an uptake rate of
50 μL/min, the typical 7Li intensity was ~8 V. The in-run precision of the 7Li/6Li mea-
surements was ≤0.2‰ for one block of 60 ratios. The external precision was based on
the long-term analysis of an in-house standard (Li-QCUSTC = +8.8‰ ± 0.2‰ (2 standard
deviations (SD), n = 161)). For international rock standards, repeat analyses at the USTC
yielded values of +4.4‰ ± 0.3‰ (2SD, n = 8) for BHVO-2, −0.8‰ ± 0.3‰ (2SD, n = 29)
for GSP-2, and +5.9‰ ± 0.5‰ (2SD, n = 9) for AGV-1, which were within the uncer-
tainty limits of previously published results [77,78]. The results are reported in the delta
notation [δ7Li = ((7Li/6Li)sample/(7Li/6Li)standard −1) × 1000] relative to the L-SVEC Li
isotope standard [79].

The whole-rock and mineral oxygen isotope compositions were measured using laser
fluorination with a 25 W MIR-10 carbon dioxide (CO2) laser at the CAS Key Laboratory
of Crust-Mantle Materials and Environments at the USTC, Hefei. The oxygen isotope
analyses and the data acquisition followed the methods described by [80,81]. O2 was
extracted from the samples through reaction with bromine pentafluoride (BrF5) in nickel
(Ni) bombs, and it was then converted to CO2 through reaction with a hot carbon rod.
The δ18O of CO2 was measured using a Delta+ mass spectrometer. Reference minerals
GBW04409 quartz (δ18O = 11.11‰ ± 0.1‰) [81] and in-house standard 04BXL07 garnet
(δ18OV-SMOW = 3.70‰ ± 0.1‰) [82] were analyzed during each run. We analyzed the
O isotope compositions of the whole rocks and the minerals from each sample twice,
except for R2-2-Cpx and T2-Opx (Table S9). The data are reported using the usual δ18O
notation relative to Vienna standard mean ocean water (V-SMOW). On a given day, the
reproducibility of each standard was better than ±0.2‰ (2σ) for δ18O.

The Mg isotopes were measured using a Thermo Scientific Neptune Plus MC-ICP-MS
system following the methods of [83] at the CAS Laboratory of Crust-Mantle Materials
and Environments at the USTC, Hefei. The whole-rock powders and minerals were fully
digested to obtain ~20 μg of Mg for chemical purification. A mixture of concentrated
HF-HNO3 was used for digestion. Mg was purified in Savillex columns loaded with
2 mL of Bio-Rad AG®50W-X12 resin (Bio-Rad Laboratories Inc., Hercules, CA, USA). For
the Mg isotope analyses, sample-standard bracketing was used, wherein DSM-3 was
the bracketing standard. The Mg isotope compositions are reported using the standard
δ notation relative to DSM-3. The uncertainties in the δ25Mg and δ26Mg values of the
standards and the samples are reported as 2SD based on repeated measurements (Table S9).
The data quality was carefully controlled through the repeated analysis of multiple Mg
isotope standards (Table S9). The long-term external precision was better than ±0.05‰.
Furthermore, each sample was processed three times under the same conditions. During
the analyses, the δ26Mg values obtained for BCR-2 (−0.215‰ ± 0.017‰; n = 3) and BHVO-2
(−0.205‰ ± 0.020‰; n = 3) were all identical within the established uncertainty limits
(−0.162‰ ± 0.014‰ for BCR-2 and −0.216‰ ± 0.035‰ for BHVO-2) [83].
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4. Results

4.1. Clinopyroxene and Orthopyroxene

The clinopyroxene contents in R2 basalt, the orthopyroxene contents in T5-2 trachyan-
desite, T2 andesite, T6-1 and T6-2 rhyolites from the MOT, and the orthopyroxene content in
T9-1 basaltic andesite from the SOT, were analyzed using an electron microprobe. The data
are presented in Tables S2–S6. The clinopyroxene and orthopyroxene were unzoned, and
their compositions were homogeneous (Figure 2 and Tables S2–S6). There was no notable
difference between the Mg#s of clinopyroxene and orthopyroxene [80–84 in R2 (n = 11),
67–76 in T9-1 (n = 18), 59–72 in T2 (n = 14), 34–48 in T6-1 (n = 29), and 47–52 in T6-2 (n = 6)]
(Tables S2–S6).

However, assuming that the mineral phases represent equilibrium compositions, the
OT clinopyroxene and orthopyroxene composition data (Tables S2–S6) allowed the use of
the clinopyroxene and orthopyroxene-liquid geothermobarometer of [84,85] to calculate
the crystallization temperatures and pressures of the magma along its ascent path. The
standard errors of the temperature and pressure calibrations were 39 ◦C and 2.1 kbar, re-
spectively [85]. According to the clinopyroxene-liquid geothermobarometer (Table S4) [84],
the crystallization temperature, pressure, and magma depth for formation of the clinopy-
roxene phenocrysts in the R2 basalt from the MOT were estimated to be in the ranges of
1112–1137 ◦C, 0.14–0.42 GPa, and ~8.0–16.9 km, respectively. From the orthopyroxene-
liquid geothermobarometers (Table S3) [85], the crystallization temperature, pressure, and
magma depth for formation of the orthopyroxene phenocrysts in the T2 andesite from the
MOT were calculated to be in the ranges of 1021–1095 ◦C, 0.03–0.37 GPa, and 4.3–15.3 km,
respectively (Table S3). The crystallization temperature, pressure, and magma depth for
formation of the orthopyroxene phenocrysts in the T6-1 and T6-2 rhyolites from the MOT
were estimated to be 821–884 ◦C and 844–858 ◦C, 0.11–0.59 GPa and 0.01–0.11 GPa, and
7.1–22.2 km and 3.7–7.1 km, respectively (Tables S5 and S6). The crystallization temperature,
pressure, and magma source depth for forming the orthopyroxene phenocrysts in the T9-1
basaltic andesite from the SOT were estimated to be 1095–1138 ◦C, 0.16–0.40 GPa, and
8.4–16.1 km, respectively (Table S2).

4.2. Major Element and Trace Element Compositions of the Volcanic Lavas

The major element concentrations of the volcanic lavas obtained from the MOT and
SOT are presented in Table S7. No increase in 87Sr/86Sr ratios was observed with increasing
LOI (Figure S1), indicating that the samples were free of seawater alteration. On the
total alkalis-silica (TAS) diagram, the volcanic lavas plot in the R2 basalt, T9-1 basaltic
andesite, T5-2 trachyandesite, T2 andesite, T6-1 and T6-2 rhyolite fields, indicate they can
be classified as subalkaline (SiO2 = 51.62 − 73.85 wt.%; Na2O + K2O = 2.63 − 8.16 wt.%)
(Figure 3) [86–88]. On the K2O vs. SiO2 diagram, the T9-1 basaltic andesite from the SOT
and the R2 basalt from the MOT plot in the low-K arc tholeiitic field, the T5-2 trachyandesite
and T2 andesite from the MOT plot in the medium-K calc-alkaline field, and the T6-1 and
T6-2 rhyolites from the MOT, are in the high-K calc-alkaline field (Figure 3). On the Harker
diagrams (Figure S2), the major element oxides (except for Na2O, TiO2, and P2O5) of the
MOT volcanic lavas exhibit first-order trends, indicating that they evolved through the
fractional crystallization of magma [89]. In addition, the T9-1 basaltic andesite from the
SOT had lower Na2O (2.20 wt.%) and higher Al2O3 (18.55 wt.%) contents than the MOT
volcanic lavas (Na2O = 2.77–5.43 wt.%, Al2O3 = 12.23–17.08 wt.%) (Figure S2).

The trace element concentrations of the OT lava samples are presented in Table S8. The
primitive mantle-normalized spider diagrams for the MOT and SOT volcanic lavas reveal
obvious enrichment in large ion lithophile elements relative to the high field strength ele-
ments and rare earth elements (Figure 4). All the samples had negative niobium (Nb), tanta-
lum (Ta), and titanium (Ti) anomalies and distinctly positive Pb anomalies (Figure 4). More-
over, the MOT rhyolites exhibited significant Sr, P, and Ti depletions (Figure 4e,f), suggesting
mineral fractionation. The R2 basalt from the MOT and the T9-1 basaltic andesite from the
SOT had slight Sr enrichments (Figure 4a). The chondrite-normalized REE diagrams of the
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MOT and SOT volcanic lavas reveal light REE (LREE) enrichment relative to heavy REEs
(HREEs) (Figure 4), and the MOT volcanic lava samples ((La/Yb)N = 2.23–3.68) were more
fractionated than the T9-1 basaltic andesite sample ((La/Yb)N = 1.66) from the SOT. The
MOT rhyolites exhibited significant negative europium (Eu) anomalies (Eu/Eu*T6-1 = 0.55,
and Eu/Eu*T6-2 = 0.36, where Eu/Eu* = 2EuN/(SmN + GdN)), the MOT trachyandesite and
andesite exhibited small negative Eu anomalies (Eu/Eu*T5-2 = 0.85, and Eu/Eu*T2 = 0.86),
and the MOT basalt and the SOT basaltic andesite exhibited negligible Eu anomalies
(Eu/Eu*R2 = 0.99, and Eu/Eu*T9-1 = 1.05). However, fractionation between the LREEs and
HREEs was higher in the MOT volcanic lavas ((La/Yb)N = 2.23−3.68) than in the SOT lava
((La/Yb)N = 1.66).

Figure 3. Classification diagrams for the MOT and SOT volcanic lavas. (a) Plots of Na2O + K2O vs.
SiO2. The base diagram is from [87], and the boundary between the alkaline and subalkaline rocks
is from [86]. (b) K2O (wt.%) vs. SiO2 (wt.%). Boundaries are from [88]. Data for published mafic
samples are from [1,36,50,74]. Data for published felsic samples from [1,73,74]. Data for samples R2,
T5-2, T6-1, T2, T6-2, and T9-1 are from this study.

4.3. Li–O–Mg Isotope Compositions of the Volcanic Lavas and Minerals

The Li isotopic compositions of the OT volcanic lavas and minerals are reported
in Table S9 and are plotted in Figure 5a,b. The δ7Li values of all samples vary from
−5.05‰ to +5.61‰ (Figure 5a). The highly fractionated rhyolites (T6-1 and T6-2) have
higher δ7Li values than the mafic and intermediate lavas (Figure S3b), probably as a re-
sult of late-stage magma evolution; thus, these data are not included in the following
discussion. The T5-2 trachyandesite from the MOT had lower δ7Li values (−0.83‰ to
+2.90‰) than the other MOT samples (Figure 5a). The majority of the δ7Li values in the
MOT volcanic lavas fell within the range of mid-ocean ridge basalts (MORBs) (+1.50‰ to
+6.85‰) (Figure 5a,b) [22,33,91–93], indicating that these samples originated from similar
magmatic sources. The glass in T9-1 basaltic andesite from the SOT had the highest δ7Li
value (+4.98‰) (Table S9), while the δ7Li values of clinopyroxene (+0.49‰), orthopyrox-
ene (+1.04‰), and plagioclase (−5.05‰) in the T9-1 basaltic andesite sample from the
SOT were all lower than those of MORBs (Table S9 and Figure 5a). The δ7Li values of
the MOT and SOT plagioclase and clinopyroxene phenocrysts were lower than those of
olivine, orthopyroxene, and glass (Table S9 and Figure 5a). Furthermore, most of the
δ7Li values obtained in this study were lower than those obtained for the MOT volcanic
lavas by [1] (δ7Li = +2.6‰ to +6.9‰, n = 3). The δ7Li values of the OT basaltic lavas
(δ7LiR2-1 = +3.33‰, and δ7Li9-1 = +3.45‰) were lower than those reported for the Lau
Basin basalts (δ7Li = +4.32‰ to +4.82‰) [4].
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Figure 4. (a,c,e) Trace element patterns normalized to primitive mantle and (b,d,f) corresponding rare
earth element (REE) patterns normalized to chondritic contents for the MOT and SOT volcanic lavas.
Primitive mantle and chondrite contents are from [90]. (a,b) show the trace element distributions of
the MOT basalt and the SOT basaltic andesite, respectively. (c,d) show the trace element distributions
of the MOT andesite and trachyandesite, respectively. (e,f) show the trace element distributions of
the MOT rhyolites. Data are from [50,73], and this study.

In addition, the Li isotope fractionations (Δ7Lix−y = δ7Lix−δ7Liy) between coexisting
mineral phases (x-y) were also calculated. The Δ7Licpx-ol (Li isotope fractionation between
coexisting clinopyroxene and olivine) and Δ7Lipl-ol (Li isotope fractionation between coex-
isting plagioclase and olivine) values of the R2 basalt from the MOT were −3.76 and −3.77,
respectively. The Δ7Licpx-ol, Δ7Liopx-ol, and Δ7Lipl-ol values of the T5-2 trachyandesite
from the MOT were −3.24, −0.07, and −0.55, respectively. The Δ7Licpx-ol, Δ7Liopx-ol, and
Δ7Lipl-ol values of the T9-1 basaltic andesite from the SOT were −2.35, −1.80, and −7.88,
respectively. The Δ7Li values of all samples were negative. This cannot be explained by
closed system equilibrium between the different minerals and olivine.
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Figure 5. The δ7Li distributions of (a) the different whole-rock and mineral separates from the
Okinawa Trough (OT) and (b) mid-ocean ridge basalts (MORBs), AOC, sediment, upper continental
crust, and seawater. The δ18O distributions of (c) the different whole-rock and mineral separates
from the OT and (d) MORBs, AOC, sediment, and upper continental crust. The δ26Mg distributions
of (e) the different whole-rock and mineral separates from the OT and (f) MORBs, AOC, sediment,
upper continental crust, and seawater. The MORB δ7Li range is from [22,33,91–93]. The AOC δ7Li
data are from [4,22,25,94]. The sediment δ7Li data are from [3,4,25,27,95–97]. Upper continental
crust (UCC) δ7Li data are from [98]. The MORB δ18O range is from [99–101]. AOC δ18O data are
from [102,103]. Sediment δ18O data are from [104]. UCC δ18O data are from [105]. The MORB δ26Mg
range is from [106,107]. AOC δ26Mg data are from [39]. Sediment δ26Mg data are from [108]. UCC
δ26Mg data are from [109].
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The oxygen isotopic compositions of the OT volcanic lavas and minerals varied from
+4.83‰ to +6.69‰ (Table S9 and Figure 5c). The δ18O values showed no significant increase
with increasing SiO2 concentrations for whole-rock samples (Figure S3a). The δ18O values
(+5.38‰ to +5.79‰) of R2-1 and R2-2 basalts from the MOT fell within the MORB range
(Figure 5c,d) (+5.30‰ to +5.80‰) [110,111]. The δ18O values of the T5-2 trachyandesite
exhibited a broader range (+5.15‰ to +6.69‰) than those of the other MOT samples
(Figure 5c). The majority of the δ18O values (+4.83‰ to +5.80‰) of the T9-1 basaltic
andesite and its mineral samples from the SOT were lower than those of the MOT volcanic
lava samples (+5.15‰ to +6.69‰) (Table S9 and Figure 5c). Moreover, the δ18O values
of all the OT volcanic lava and mineral samples analyzed in this study overlapped with
the δ18O range previously reported for volcanic lavas from the Manus Basin (+4.96‰ to
+6.68‰) [37,100]. The whole-rock δ18O values of T5-2 (+6.69‰) and T6-2 (+6.08‰) fell
within the range of the MOT volcanic lavas (+6.0‰ to +7.6‰) analyzed by [36]. The
δ18O values of the T9-1 (+5.29‰), R2-1 (+5.41‰), R2-2 (+5.38‰), T2 (+5.69‰), and T6-1
(+5.84‰) whole-rock samples (Table S9) were lower than those of the volcanic lavas (+6.6‰
to +8.8‰) analyzed by [36,53]. The majority of the δ18O values of the T9-1 basaltic andesite
from the SOT and the R2-1 and R2-2 basalts from the MOT were lower than those measured
for the volcanic lavas of the North Fiji Basin (δ18O = +5.78‰ to +6.06‰) [38] and the
Mariana back-arc basin (δ18O = +5.8‰ to +6.0‰) [7].

In addition, the δ18O values of plagioclase and glass were higher than those of olivine,
clinopyroxene, and orthopyroxene in the MOT and SOT volcanic lavas (Table S9), and the
δ18O values of olivine, clinopyroxene, and orthopyroxene exhibited smaller variations than
those of volcanic glass (Figure 5c). The Δ18Ocpx-ol and Δ18Opl-ol values calculated for the
R2 basalt from the MOT were 0.08 and 0.22, respectively. The Δ18Ocpx-ol, Δ18Oopx-ol, and
Δ18Opl-ol values calculated for the T5-2 trachyandesite from the MOT were −0.09, 0.41, and
0.75, respectively. The Δ18Ocpx-ol, Δ18Oopx-ol, and Δ18Opl-ol values calculated for the T9-1
basaltic andesite from the SOT were 0.16, 0.67, and 0.66, respectively. These data imply
that the crystallization of the magma and minerals preferentially incorporated isotopically
heavy O into the orthopyroxene and plagioclase phenocrysts, resulting in the relative
enrichment of lighter O isotope in the olivine phenocrysts.

The Mg isotope compositions of the OT volcanic lavas and their minerals varied from
−0.31‰ to −0.09‰ (Table S9 and Figure 5e). No correlations existed between Mg isotopes
and SiO2 concentrations for whole-rock samples (Figure S3c). The δ26Mg values of the
R2 basalt from the MOT ranged from −0.31 to −0.20‰, and all the values fell within the
MORB range (−0.26‰ ± 0.07‰) [107] (Figure 5e,f and Table S9). The whole-rock δ26Mg
values (−0.25‰ to −0.11‰) of the MOT andesite (T2) and trachyandesite (T5-2) were
slightly higher than those of MORBs. All the δ26Mg values (−0.16‰ to −0.09‰) of the
T9-1 basaltic andesite from the SOT were higher than those of MORBs (Figure 5e,f). The
δ26Mg values of the clinopyroxene, orthopyroxene, and glass in the T9-1 basaltic andesite
from the SOT were higher than the δ26Mg values of those from the MOT volcanic lavas
(Table S9 and Figure 5e). Furthermore, the Δ26Mgcpx-ol value calculated for the R2 basalt
from the MOT was −0.01. The Δ26Mgcpx-ol and Δ26Mgopx-ol values calculated for the T5-2
trachyandesite from the MOT were −0.01 and −0.02, respectively. The Δ26Mgcpx-ol and
Δ26Mgopx-ol values calculated for the T9-1 basaltic andesite from the SOT were 0.02 and
0.01, respectively.

However, only the δ7Li (+3.33‰ to +4.09‰), δ18O (+5.41‰ to +5.78‰), and δ26Mg
(−0.28‰ to −0.20‰) values of the glass or whole rock from the mafic R2 basalt might be
considered indicative of magma source compositions.

5. Discussion

5.1. Genesis and Evolution of Magmas

The crystallization temperatures and pressure ranges (Tables S2–S6) of the correspond-
ing ascending magmas were estimated from the pyroxene compositions of the volcanic
lavas (Section 4.1) [84,85,112,113]. The crystallization temperature, pressure, and magma
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depth for forming the orthopyroxene phenocrysts in T6-2 rhyolites from the MOT were
lower and shallower than those for forming the clinopyroxene phenocrysts in the R2 basalt,
the orthopyroxene phenocrysts in the T2 andesite from the MOT, and the orthopyroxene
phenocrysts in the T9-1 basaltic andesite from the SOT (Tables S2–S6, Figure 6). The average
depths of ascending magmas for forming the clinopyroxene phenocrysts in the R2 basalt,
orthopyroxene phenocrysts in the T2 andesite, orthopyroxene phenocrysts in T6-1 rhyolites
from the MOT, and orthopyroxene phenocrysts in the T9-1 basaltic andesite from the SOT
were estimated to be 11.3 km (n = 11), 10.9 km (n = 14), 12.7 km (n = 28), and 12.6 km
(n = 13), respectively. These results suggest that the ascending magmas for forming the R2
basalt, T2 andesite, and T6-1 rhyolites in the MOT and the T9-1 basaltic andesite in the SOT
originated from near the crust-mantle transition zone (13–14 km) [62].

Figure 6. Crystallization temperatures and magma source depths for the MOT and SOT volcanic lavas.

The LILE, Pb, and Sr enrichments and the Nb, Ta, and Ti depletions in the MOT and
SOT lavas (Figure 4) produced trace element distribution patterns similar to those of the
continental crust [114]. If considerable crustal contamination or magma mixing occurred,
the 87Sr/86Sr and 143Nd/144Nd of the volcanic lavas would then increase and decrease,
respectively, with increasing SiO2 [12,89]. However, except for the T6-1 and T6-2 rhyo-
lites, the 87Sr/86Sr and 143Nd/144Nd of the MOT and SOT volcanic lavas remained nearly
constant with increasing SiO2 content (Figure 7), which is unlikely to suggest mixing or
assimilation between variably evolved OT magmas, indicating that crustal contamination
had a minimal effect on the evolution of MOT and SOT magmas. However, the 87Sr/86Sr
ratios of MOT volcanic lavas could be strongly affected by the involvement of AOC or sedi-
ments, resulting in elevated 87Sr/86Sr ratios in the R2 and T2 volcanic lavas. Furthermore,
as observed in the Harker diagrams (Figure S2), the significant negative correlations among
SiO2 and Al2O3, CaO, FeOt, and MgO highlight the fractional crystallization of olivine,
clinopyroxene, and plagioclase [115]. P2O5 and TiO2 initially increased and then decreased
with increasing SiO2 content, suggesting that apatite fractionally crystallized after the SiO2
content reached >60%. Magnetite fractionally crystallized when the SiO2 content was >55%
(Figure S2) [115,116].

The sample locations, trace element patterns, and Sr-Nd isotopic compositions of
the T5-2 trachyandesite (27◦32.86′ N, 126◦59.36′ E, 1283 m) and T2 andesite in the MOT
(27◦32.76′ N, 126◦58.52′ E, 1240 m; 87Sr/86Sr = 0.704522, 143Nd/144Nd = 0.512865) [74] were
similar to those previously reported for MOT andesite (287-2: 27◦29.50′ N, 126◦50.00′ E,
1380 m; 87Sr/86Sr = 0.704252, 143Nd/144Nd = 0.512806) [73] (Figure 4c), indicating that sam-
ples T5-2, T2, and 287-2 may be derived from a similar magma source [117]. Furthermore,
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Li, et al. [74] and Shinjo and Kato [73] suggested that the 287-2 and T2 samples were formed
by fractional crystallization of basaltic magmas, implying that the T5-2 sample was also
produced in this way. Similarly, the sampling location (Table S1), trace element distribu-
tion pattern, and Sr-Nd isotope compositions of the R2 basalt from the MOT (27◦32.47′ N,
126◦58.62′ E, 1309.7 m; 87Sr/86Sr = 0.704188, 143Nd/144Nd = 0.512763) [74] were simi-
lar to those of Type 1 basalt (A6: 27◦31.33′ N, 126◦56.60′ E, 967 m; 87Sr/86Sr = 0.704044,
143Nd/144Nd = 0.512827) (Figure 4b) previously reported by [50], indicating that the R2
sample and Type 1 sample A6 from [50] were both produced by the crystallization of a
similar magma source and did not suffer notable crustal contamination or undergo any
assimilation and fractional crystallization (AFC) processes [50].

 

(a) (b) 

Figure 7. (a) SiO2 vs. 87Sr/86Sr and (b) SiO2 vs. 143Nd/144Nd plots showing that crustal assimilation
slightly influenced the magmatic evolution of the MOT and SOT volcanic lavas. Data for published
mafic samples are from [1,36,50,74]. Data for published felsic samples are from [1,73,74]. Data for
samples T6-1, T2, and T6-2 are from this study.

However, the T9-1 basaltic andesite from the SOT had lower trace element and REE
concentrations than the R2 basalt from the MOT (Table S8, Figure 4a,b), implying that
the T9-1 basaltic andesite and the R2 basalt originated from different magmatic sources
and evolved through different processes [50]. Furthermore, the trace element distribution
pattern of the T9-1 basaltic andesite from the SOT differed from those of other SOT samples
previously reported by [50], suggesting that the source of the SOT magma was heteroge-
neous and that fractional crystallization of a primitive magma was insufficient to form the
different compositions of the SOT magmas [50].

In addition, the T6-1 and T6-2 samples were obtained from the western slope of the
trough (Figure 1), and they exhibited the lowest and highest 87Sr/86Sr and 143Nd/144Nd,
respectively, among all the OT samples (Figure 7). These pumices all had lower crystal-
lization temperatures and magma depths than the T2 samples obtained from the Iheya
Ridge (Figure 6). Zhang, et al. [118] analyzed the geochemistry of the T6-1 and T6-2
pumices and concluded that they did not originate from MOT basaltic rocks through either
partial melting or fractional crystallization processes; rather, they were generated from a
potassium-rich magma source in the OT. The trace element and REE patterns of the T6-1
and T6-2 rhyolites from the MOT resemble those of Type 2 rhyolites previously reported
by [73] (Table S8 and Figure 4e), which can be explained by AFC processes in the MOT
basaltic magma [73]. Therefore, the T6-1 and T6-2 rhyolites from the MOT originated from
different magma sources and underwent magmatic evolution histories different from those
of other MOT samples.
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5.2. Influence of Subduction Components Inferred from Trace Elements

The MOT basalts and SOT basaltic andesite were notably enriched in LILEs and Pb
and were depleted in HFSEs (Figure 4 and Table S8), indicating that the magma from which
these lavas formed had been affected by subduction component input [9]. On the Ba/La
vs. Th/Rb and Ce/Pb vs. Ba/La diagrams (Figure 8), all the MOT and SOT whole-rock
samples plot are within the subducted sediment zone, indicating that all these volcanic
lavas have been affected by subducted sediments. The Ba/La vs. Th/Yb and Ba/Th vs.
Th/Nb diagrams (Figure 8) also show that the MOT and SOT trace element ratios trend
toward sediment assimilation. All these diagrams suggest that the OT volcanic rocks have
been affected by subducted sediment. However, whether slab-derived fluids influenced
the mantle beneath the back-arc is still uncertain.

Figure 8. Trace element ratio plots: (a) Th/Rb vs. Ba/La, (b) Ce/Pb vs. Ba/La, (c) Th/Yb vs. Ba/La,
and (d) Th/Nb vs. Ba/Th for the MOT and SOT volcanic lavas. Compositions of the EPR MORB data
are from PetDB database (www.earthchem.org/petdb accessed on 10 December 2021). Subducted
sediment compositions are from [10]. Canary ocean island basalt (OIB) contents are from [119].
Calc-alkaline basalt contents are from [120,121], and the values for the lower crust in the North China
Craton are from [122]. Data for published mafic samples are from [1,36,50,74]. Data for published
felsic samples from [1,73,74]. Data for samples R2, T5-2, T6-1, T2, and T6-2 in the MOT and T9-1 in
the SOT are from this study.

The Pb content of crustal sediments (19.9 ppm) [10] is two orders of magnitude greater
than that of the mantle (0.6 ppm) [12,90], and the addition of dehydration fluids from
the subducting plate can increase the contents of fluid-active elements [108]. However,
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the ratios of fluid-inactive elements to active elements, such as the Nd/Pb ratio (1.33) of
the T9-1 basaltic andesite from the SOT, were notably lower than those of MOT samples
(basalt = 4.65, andesite = 3.80, trachyandesite = 3.79, and rhyolites = 2.15–3.16), and the
Nd/Pb ratios of all MOT and SOT samples were lower than that of the primitive mantle
(~7.3) [90], suggesting that a Pb-rich component (i.e., subducted sediment) was present in
the OT magma source [12].

The Ba/La vs. Th/Yb and Ba/Th vs. Th/Nb diagrams (Figure 8) show that the MOT
and SOT samples trend toward sediment assimilation, which suggests that the OT volcanic
lavas were affected mainly by subducted sediment-derived melts and that subduction
fluids had less influence on the magma. Furthermore, the Ba/La ratio of the SOT basaltic
andesite (20.32) was considerably higher than those of MOT basalt (13.05), andesite (13.79),
trachyandesite (14.35), and rhyolites (11.76–14.81). The Ce/Pb ratio of the T9-1 basaltic
andesite (2.11) from the SOT was significantly lower than those of MOT samples (4.99–7.05).
Compared to the Ba/La ratios of MOT volcanic rocks (11.76–14.81), the Ba/La ratios (20.32)
of T9-1 basaltic andesite from the SOT were closer to the Ba/La ratios of sediment in the
Philippines Sea (25.11) [10] (Figure 8), all of which indicate that the SOT magma from which
the T9-1 basaltic andesite formed was affected by subducted sediments [8,12–14,74,115].

5.3. Subduction Input of Low-δ7Li Components to the OT Magmas

The Li isotope characteristics of back-arc volcanic lavas are known to be potentially
influenced by subducted slab-derived components [1,123,124], which include AOC-derived
hydrous fluids, subducted sediments, and oceanic crust- and/or sediment-derived silicate
melts [125,126]. Although the low δ7Li values are not consistent with subduction fluids
or the asthenosphere (i.e., MORBs), they may be related to the melting of a dehydrated
slab [4,96,124,127]. Previous research has demonstrated that low δ7Li values can be inter-
preted as dehydration signatures resulting from the hydrothermal alteration of oceanic
crust (−10.90‰ to +20.80‰) [26,94]. During high-temperature plate subduction processes,
low-δ7Li components are released and interact with the upper mantle, thereby resulting
in low δ7Li values in the range of −6‰ to +10‰ [35]. Other studies have shown that
alteration of the upper oceanic crust at high-temperature can also result in low δ7Li values
(e.g., −1.7‰) [26,128], and forearc serpentinites exhibit δ7Li values of less than −6‰ [35].
Additionally, eclogites, which represent dehydrated oceanic crust, have low δ7Li values
(−11‰ to +0.3‰), and the direct melting of such siliceous eclogites could result in low-δ7Li
melts [28]. Some sediments, especially young oceanic sediments that have not been altered
by seawater, also exhibit low δ7Li values (−4.31‰ to +23.33‰) [27]. Thus, fluids with
relatively low δ7Li values may also be released from subducted sediments [3].

The δ7Li values of glass and whole-rock samples from the T5-2 trachyandesite, T2
andesite, R2 basalt in the MOT and the T9-1 basaltic andesite in the SOT were significantly
lower than those of whole-rock data for T6-1 and T6-2 rhyolites in the MOT (Table S9).
This contrast implies that the magmas from which the T5-2 trachyandesite, T2 andesite,
and R2 basalt in the MOT and the T9-1 basaltic andesite in the SOT formed could have
been affected by a low-δ7Li component that may be released from oceanic sediments or
subducted AOC.

Furthermore, previous research has shown that Li isotopes are not fractionated in
closed systems at temperatures greater than 350 ◦C [33,129,130]. Thus, Li isotopes are not
expected to have fractionated during OT magma evolution [33,131,132]. However, the
δ7Li values of clinopyroxene in the T5-2 trachyandesite (−0.83‰) from the MOT and T9-1
basaltic andesite (0.49‰) from the SOT and of plagioclase in the R2-1 basalt (−0.71‰)
from the MOT and T9-1 basaltic andesite (−5.05‰) from the SOT were lower than those
of olivine, orthopyroxene, glass (Table S9), and MORBs (+1.50‰ to +6.85‰) [22,33,91–93]
(Figure 5a,b). This difference suggests that the Li isotope compositions of plagioclase and
pyroxene may have been modified by a low-δ7Li fluid or melt during magma evolution
and that the 6Li content was enriched in clinopyroxene and plagioclase during mineral
crystallization and mantle metasomatism. Overall, the negative Li isotope fractionation
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(Δ7Lix-ol < 0) between silicate minerals and olivine during mineral crystallization may have
been due to the low-δ7Li components that are released from oceanic sediments or AOC.

5.4. Subduction of Low-and High-δ18O Components

For volcanic rocks, magma differentiation from mafic to felsic compositions at high
temperatures does not result in significant oxygen isotope fractionation (usually less than
0.3–0.4‰) (e.g., from 5.8‰ for basalts to 6.1‰ for rhyolites at ~90% differentiation) [133,134].
The δ18O values of glass (6.31‰) and plagioclase (5.99‰) in the T5-2 trachyandesite, glass
(6.21‰) and orthopyroxene (5.86‰) in the T2 andesite, the whole-rock samples of T5-2
(6.69‰) trachyandesite, T6-1 (5.84‰), and T6-2 (6.08‰) rhyolites from the MOT (Table S9)
were all higher than those of MORBs (+5.30 to +5.80‰) [110,111] (Figure 5c); this feature also
indicates that these volcanic lava samples were produced by high-δ18O magmas [135,136]. The
high δ18O values of the evolved magmas may be related to crustal contamination; however, no
correlations were observed between the Sr-Nd isotopes and SiO2 concentrations in OT lavas
(Figure 7), suggesting that little crustal contamination occurred [11,36,50,73,74]. Alternatively,
the high-δ18O signatures could be due to the subduction of δ18O-rich components [110,137].
Marine carbonates (δ18O = 25–32‰), siliceous oozes (δ18O = 35–42‰), and pelagic clays (δ18O
= 15–25‰), which are major components of sediments subducting beneath the volcanic arc,
all have higher δ18O values than MORBs [2]. Therefore, the addition of subducted sediments
to the magma could explain the higher δ18O values of MOT volcanic rock samples.

However, O isotopes can be used to constrain the contribution of slab melts to island
arc magmas, thereby indicating the origin of a melt [2]. The δ18O values of the R2-1
(5.41–5.79‰) and R2-2 (5.38–5.78‰) basalts from the MOT fell within the MORB range
(5.3–5.8‰), implying that the volcanic lava samples in the MOT originated from mantle-
derived magma (Figure 5c) [111,138]. The whole-rock and mineral δ18O values (5.15–6.31‰)
of the T5-2 trachyandesite varied significantly (Figure 5c) and may have been affected by
different magmatic components [2] during magma ascent. Moreover, the δ18O values of
whole-rock samples (5.29‰), olivine (4.83‰) and clinopyroxene (4.99‰) from the T9-
1 basaltic andesite in the SOT were lower than those (5.30–5.80‰) [110,111] of MORBs
(Figure 5c). This result indicates the presence of a low-δ18O component during magma
evolution [37,139,140]. Furthermore, AOC had a large range of δ18O values (+2‰ to
+14‰) [141], and the low δ18O values of ocean island basalts (OIBs) and MORBs can be
explained by the addition of subducted oceanic crust to the magma source region [142–145].
Therefore, the low δ18O values of the T9-1 basaltic andesite from the SOT are attributed to
siliceous melts or fluids derived from subducted AOC [143,145]. Furthermore, the δ18O
value (5.50‰) of orthopyroxene in the T9-1 basaltic andesite from the SOT was lower than
that (5.86‰) of orthopyroxene in the T2 andesite from the MOT, which was consistently
related to the varying crystallization temperatures (Tables S2 and S3), suggesting that the
high-temperature (1095–1138 ◦C) orthopyroxenes were characterized by 16O enrichment in
the SOT, whereas the low-temperature (1020–1095 ◦C) orthopyroxenes were characterized
by 16O depletion in the MOT.

As with the Li isotopes, the δ18O values of plagioclase and glass were higher than those
of MOT and SOT olivine, clinopyroxene, and orthopyroxene (Table S9 and Figure 5c), and all
the samples exhibited positive O isotopic fractionations between other minerals and olivine
(Δ18Ox-ol > 0). This feature suggests that compared to olivine, plagioclase and pyroxene
preferentially incorporated 18O rather than 16O during silicate mineral crystallization,
which indicates that the O isotope compositions of plagioclase and pyroxene may have
been modified by a high-δ18O fluid or melt [137].

5.5. Contribution of High-δ26Mg Slab Fluids

The δ26Mg values of MOT volcanic samples (−0.21‰ to −0.28‰) fell within the range
of MORBs (−0.26‰ ± 0.07‰) [107] (Figure 5e). The δ26Mg values of the T2 andesite
(−0.20 to −0.12‰) were similar to those of the T5-2 trachyandesite (−0.23‰ to −0.12‰)
(Figure 5e), both of which were slightly higher than those of MORBs (Figure 5e). The δ26Mg
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values (−0.16‰ to −0.09‰) of the T9-1 basaltic andesite in the SOT, which were slightly
higher than those in MOT volcanic lavas (Table S9), were also higher than those of MORBs
(Figure 5e), all of which indicates that these lavas may have originated from high-δ26Mg
magmatic components [5,39,146].

Previous studies have shown that higher Mg isotopes in subduction zones may origi-
nate from seawater alteration, chemical weathering, dissolution of continental crust, partial
melting of oceanic crust, and/or sediment and slab dehydration [107,108,147–151]. Disso-
lution of continental crust can be ruled out due to the absence of correlations between the
Sr-Nd isotopic compositions and the indices of magma differentiation (e.g., SiO2; Figure 7).
Furthermore, volcanic lavas can have isotopically heavier δ26Mg values than MORBs if
they are generated by the melting of subducted oceanic crust containing a garnet residual
phase because garnet has much lower δ26Mg values [41,42,108,152]. However, because the
chemical compositions of our samples were quite different from those of slab products (e.g.,
adakites) (Figure 4), the possibility of slab melting can also be excluded. Therefore, either
subducted sediments or slab dehydration may explain the high δ26Mg values of volcanic
lava samples analyzed in this study.

On average, forearc sediments have heavy Mg isotope compositions (−0.10 ± 0.61)
that could provide a source for volcanic lavas with heavy Mg isotope compositions [108].
Moreover, the δ26Mg values of the Avacha volcanic lavas from the Kamchatka Peninsula
range from −0.25‰ to −0.06‰ (average = −0.18‰ ± 0.10‰ (2SD)) [153], which has been
interpreted as the result of the lower mantle being affected by subduction fluids released
by the Pacific slab [148]. Similarly, the δ26Mg values of the Avacha volcanic lavas are
consistent with those of whole-rock samples from MOT andesite (−0.17‰ to −0.12‰),
trachyandesite (−0.16‰ to −0.12‰), and basalt (−0.28‰ to −0.20‰) and SOT basaltic
andesite (−0.11‰ to −0.09‰), implying that fluids released from subducted sediment or
oceanic crust contributed to the OT magma source.

5.6. Mixing of Subduction Components

The above discussion suggests that the OT magma source was influenced by both
subducted sediments and AOC [1,47,50]. A residual slab endmember, represented by
eclogite, and an AOC endmember interacting in different proportions with a MORB-
producing magma could produce lavas with different δ7Li, δ18O, and δ26Mg values [7,20,33].
According to the δ18O vs. δ7Li and δ26Mg vs. δ7Li diagrams (Figure 9), OT volcanic lavas
with different δ7Li, δ18O, and δ26Mg values can be produced by interactions between
MORB and different proportions of subducted sediment (i.e., low δ7Li and high δ18O and
δ26Mg) and AOC (i.e., high δ7Li and low δ18O), wherein the AOC, oceanic sediments,
and mantle wedge (i.e., MORB) are the endmembers contributing to the MOT and SOT
magmas. The whole-rock and glass data from the R2 basalt in the MOT and the T9-1 basaltic
andesite occur in the SOT plot between subducted sediments and AOC, indicating that
the contributions from AOC and sediments were 80% to 92% and 20% to 8%, respectively;
therefore, the mixing of different subduction components can produce Li, O, and Mg
isotope characteristics in the R2 basalt from the MOT and the T9-1 basaltic andesite from
the SOT (Figure 9 and Table S9).

5.7. Implications of Differences in Plate Subduction

As discussed above, the SOT magma from which the T9-1 basaltic andesite formed
was influenced by more slab-derived fluids, although the supporting data are limited.
However, the thermal structure of a subduction zone is the key to determining the depth
at which the subducted slab dehydrates [154–157], and this thermal structure is mainly
determined by the depth of the subducted slab, age of the subducting plate, convergence
rate, subduction zone geometry (especially the subduction angle), subduction zone shear
heating rate, and nature of the mantle wedge [11,65,123,155,157]. Furthermore, dehydration
usually decreases with increasing subduction depth [47,123,158], and most subducted slabs
dehydrate considerably at a depth of ~80 km, leaving <1% of the water to be carried deeper
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by the subducting slab [154]. The subducting plates lose notable volumes of water at
relatively shallow depth (modeled here at a depth of 80 km), and the further dehydration
of most slabs is only minor (e.g., Kamchatka and Calabria) (Figure S4).

Figure 9. Plots of (a) δ18O vs. δ7Li and (b) δ26Mg vs. δ7Li for the MOT and SOT samples. Iso-
topic compositions (δ18O = 2‰, δ7Li = 11‰, and δ26Mg = −0.25‰) of AOC are from [33,39,137],
respectively. Isotopic compositions (δ18O = 22‰, δ7Li = −2.1‰, and δ26Mg = −0.1‰) of subducted
sediments are from [7,33,108], respectively. Isotope compositions (δ18O = 5.5‰, δ7Li = 6.5‰, and
δ26Mg = −0.35‰) of mid-ocean ridge basalts (MORBs) are from [22,107,110], respectively.

The OT is influenced by the subduction of the PSP, and the difference between the
subduction rates of the SOT and the MOT is relatively small [11,50,56,69]. Therefore,
the difference between the subduction rates likely had only a limited impact on plate
dehydration [47,50,157]. Furthermore, the subduction direction of the PSP is nearly perpen-
dicular to the axis of the MOT and becomes oblique to the SOT [11,50,65]. Although the slab
subduction angle beneath the SOT is higher compared to that beneath the MOT, this small
difference does not significantly influence slab material transport [11,47,50]. Moreover, the
difference between the crustal thicknesses of the MOT and the SOT (i.e., ~16 and ~14 km,
respectively) is negligible when compared to the subduction depths of the PSP in the MOT
and SOT (~200 and ~150 km, respectively), suggesting that the slight difference between
the crustal thicknesses of the MOT and the SOT is not enough to cause different degrees of
slab dehydration. However, this difference may reflect the degree of crustal contamination
when the magma ascends from a deep magma chamber.

The Ryukyu subduction zone has a fairly rapid subduction rate (~82 mm/a) [159],
which is in line with that of cold subduction zone structures [47], suggesting that large
degrees of dehydration occurred when the slab reached depths of ~80 to 100 km, at which
point sediment fluid/melt entered the mantle wedge [157]. Moreover, the ascending
magma from which the T9-1 basaltic andesite in the SOT formed corresponds to a Wadati–
Benioff zone depth of ~150 km, and the MOT has Wadati–Benioff zone depths of ~150 to
200 km (Figure 1). However, compared with the PSP subducting slab (depths: ~150 to
200 km) in the MOT, the PSP subducting slab in the SOT exhibits a significantly shallower
subduction depth (~150 km), which is consistent with the variation in the subduction angle,
i.e., nearly perpendicular beneath the MOT and becoming progressively more oblique
beneath the SOT [11,50,65]. This variation indicates that the subducting slab (depth of
~150 km) beneath the SOT was closer to the ascending magma (avg. depth = 12.6 km) that
formed the T9-1 basaltic andesite in the SOT than the subducting slab (depth of ~200 km)
beneath the MOT. The deep ascending magmas (depth: 8.4–16.1 km and ~8.0–16.9 km)
that formed the clinopyroxene and orthopyroxene phenocrysts with high crystallization
temperatures (1095–1138 ◦C and 1111–1137 ◦C, respectively) in the mafic volcanic lavas

150



J. Mar. Sci. Eng. 2022, 10, 40

(SOT basaltic andesite T9-1 and MOT basalt R2) were closer to the subducted slab than the
shallow ascending magma (depth: 3.7–7.1 km) that formed the orthopyroxene phenocrysts
with low crystallization temperatures (844–858 ◦C) in the felsic volcanic lavas (MOT rhy-
olites T6-2). These data imply that the deeper the ascending magma is, the closer it is to
the subducted slab, and the stronger the influence of the subducted components on the
ascending magma (Figure 10).

Figure 10. Schematic diagram showing the different contributions of subduction components to the
(a) MOT and (b) SOT.

6. Conclusions

(1) The T9-1 basaltic andesite in the SOT had lower trace element contents than the
MOT samples and exhibited stronger Nb, Ta, and Ti depletions and a positive Pb anomaly.
The Nd/Pb and Ce/Pb ratios of the SOT basaltic andesite were significantly lower than
those of the MOT volcanic lavas, while the Ba/La ratio of the SOT basaltic andesite was
significantly higher, indicating that the magma from which the T9-1 basaltic andesite from
the SOT formed was influenced by subduction components and experienced an injection of
sediment components.

(2) The δ7Li values of the whole-rock samples from the T6-1 and T6-2 rhyolites in the
MOT were higher than those of whole-rock and glass separates from the T5-2 trachyandesite,
T2 andesite, and R2 basalt in the MOT and the T9-1 basaltic andesite in the SOT. These
results imply that the magmas that formed the R2 basalt in the MOT and the T9-1 basaltic
andesite in the SOT could have been affected by a low-δ7Li component that may have been
released from oceanic sediments or subducted AOC. The δ7Li values of plagioclase and
clinopyroxene phenocrysts were lower than those of glass and olivine in the MOT and
SOT volcanic lavas, suggesting that 6Li was preferentially removed from the magma and
incorporated into plagioclase and clinopyroxene, resulting in relative enrichment in heavy
Li isotopes in olivine and glass.

(3) The SOT and MOT magmas were influenced by low-δ18O AOC fluids or melts and
high-δ18O sediment components, respectively. The δ18O values of plagioclase and glass
were higher than those of olivine, clinopyroxene, and orthopyroxene phenocrysts in the
MOT and SOT volcanic lavas, indicating that 16O was preferentially removed from the
magma and incorporated into olivine, clinopyroxene, and orthopyroxene, resulting in the
relative enrichment in heavy 18O isotopes in plagioclase phenocrysts and glass.

(4) The δ26Mg values of clinopyroxene, orthopyroxene, and glass were higher in the
T9-1 basaltic andesite from the SOT than those in the MOT volcanic lavas, and the δ18O
values of the T9-1 basaltic andesite from the SOT were lower than the δ18O of whole-rock
volcanic samples from the MOT. These differences imply that the influence of subduction
components with high δ26Mg and low δ18O values was stronger in the SOT than in the
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MOT, which may have occurred because the amount of subducted sediment and AOC
dehydration fluids injected into the magma in the SOT was larger than that in the MOT.

(5) The δ18O and δ26Mg values of pyroxenes in the SOT were lower and higher than
those in the MOT, respectively, which is consistent with the variations from the SOT to the
MOT in the crystallization temperatures, pressures, and depths of the ascending magmas
from which volcanic lavas formed. These results suggest that high-temperature pyroxenes
originating from a deep magma (avg. depth = 12.6 km, n = 13), which was located near the
crust-mantle transition zone (13–14 km), are characterized by 16O and 26Mg enrichments
in the SOT. Low-temperature pyroxenes originating from a shallow magma (avg. depth
= 10.9 km, n = 14) are characterized by 16O and 26Mg depletions in the MOT. However,
the distance between the subducting slab and the overlying magma may have played a
significant part in controlling the differences between the MOT and SOT in the amounts of
subduction components injected into the magma. The deeper the magma is, the closer it is
to the subducted slab, and the stronger the effects of the subducted inputs on the magma.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3390/
jmse10010040/s1, Figures S1–S4, Tables S1–S9, and Text S1. These materials include
(1) additional analytical methods, (2) major elements, trace elements, and isotopes data obtained in this study,
and (3) additional plots for major elements and isotopes.

Author Contributions: Conceptualization, Z.Z.; methodology, X.L.; investigation, Z.Z., X.L., Y.Z.
and H.Q.; resources, Z.Z.; data curation, H.Q.; writing—original draft preparation, Z.Z. and X.L.;
writing—review and editing, Y.Z.; supervision, Z.Z.; project administration, Z.Z.; funding acquisition,
Z.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the NSFC Major Research Plan on West-Pacific Earth System
Multispheric Interactions (project number: 91958213), the National Program on Global Change and
Air-Sea Interaction (Grant No. GASI-GEOGE-02), the Taishan Scholar Foundation of Shandong
Province (Grant No. ts201511061), and the National Basic Research Program of China (Grant No.
2013CB429700).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: All the data that support the findings in this study are given in the
Supporting Information or by contacting the corresponding author.

Acknowledgments: We would like to thank the crews of the R/V KEXUE during the HOBAB 2 and
4 cruises for their help with the sample collection. We thank Professor Yilin Xiao and Professor Fang
Huang for performing the lithium, oxygen, and magnesium isotope analyses. We are most grateful
for the detailed and constructive comments and suggestions provided by Professor David Selby of
the Department of Earth Sciences, University of Durham, which greatly improved an earlier version
of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Guo, K.; Zhai, S.; Yu, Z.; Wang, S.; Zhang, X.; Wang, X. Geochemical and Sr-Nd-Pb-Li isotopic characteristics of volcanic rocks
from the Okinawa Trough: Implications for the influence of subduction components and the contamination of crustal materials.
J. Mar. Syst. 2018, 180, 140–151. [CrossRef]

2. Bindeman, I.N.; Eiler, J.M.; Yogodzinski, G.M.; Tatsumi, Y.; Stern, C.R.; Grove, T.L.; Portnyagin, M.; Hoernle, K.; Danyushevsky,
L.V. Oxygen isotope evidence for slab melting in modern and ancient subduction zones. Earth Planet. Sci. Lett. 2005, 235, 480–496.
[CrossRef]

3. Chan, L.H.; Kastner, M. Lithium isotopic compositions of pore fluids and sediments in the Costa Rica subduction zone:
Implications for fluid processes and sediment contribution to the arc volcanoes. Earth Planet. Sci. Lett. 2000, 183, 275–290.
[CrossRef]

4. Chan, L.H.; Leeman, W.P.; You, C.F. Lithium isotopic composition of Central American volcanic arc lavas: Implications for
modification of subarc mantle by slab-derived fluids: Correction. Chem. Geol. 2002, 182, 293–300. [CrossRef]

5. Chen, Y.X.; Schertl, H.P.; Zheng, Y.F.; Huang, F.; Zhou, K.; Gong, Y.Z. Mg–O isotopes trace the origin of Mg-rich fluids in the
deeply subducted continental crust of Western Alps. Earth Planet. Sci. Lett. 2016, 456, 157–167. [CrossRef]

152



J. Mar. Sci. Eng. 2022, 10, 40

6. Huang, P.; Li, A.; Jiang, H. Geochemical features and their geological implications of volcanic rocks from the northern and middle
Okinawa Trough. Acta Petrol. Sin. 2006, 22, 1703–1712.

7. Ito, E.; Stern, R.J. Oxygen- and strontium-isotopic investigations of subduction zone volcanism: The case of the Volcano Arc and
the Marianas Island Arc. Earth Planet. Sci. Lett. 1986, 76, 312–320. [CrossRef]

8. Niu, Y.; Wilson, M.; Humphreys, E.R.; O’Hara, M.J. A trace element perspective on the source of ocean island basalts (OIB) and
fate of subducted ocean crust (SOC) and mantle lithosphere (SML). Episodes 2012, 35, 310–327. [CrossRef]

9. Pearce, J.A.; Peate, D.W. Tectonic implications of the composition of volcanic ARC magmas. Annu. Rev. Earth Planet. Sci. 1995, 23,
251–285. [CrossRef]

10. Plank, T.; Langmuir, C.H. The chemical composition of subducting sediment and its consequences for the crust and mantle. Chem.
Geol. 1998, 145, 325–394. [CrossRef]

11. Shinjo, R. Geochemistry of high Mg andesites and the tectonic evolution of the Okinawa Trough–Ryukyu arc system. Chem. Geol.
1999, 157, 69–88. [CrossRef]

12. Yang, Y.Z.; Wang, Y.; Ye, R.S.; Li, S.Q.; He, J.F.; Siebel, W.; Chen, F. Petrology and geochemistry of Early Cretaceous A-type
granitoids and late Mesozoic mafic dikes and their relationship to adakitic intrusions in the lower Yangtze River belt, Southeast
China. Int. Geol. Rev. 2017, 59, 62–79. [CrossRef]

13. Taylor, B.; Martinez, F. Back-arc basin basalt systematics. Earth Planet. Sci. Lett. 2003, 210, 481–497. [CrossRef]
14. White, W.M.; Duncan, R.A. Geochemistry and geochronology of the Society Islands: New evidence for deep mantle recycling.

In Earth Processes: Reading the Isotopic Code; Basu, A., Hart, S., Eds.; American Geophysical Union: Washington, DC, USA, 1996;
pp. 183–206.

15. Duan, X.; Sun, H.; Yang, W.; Su, B.; Xiao, Y.; Hou, Z.; Shi, H. Melt–peridotite interaction in the shallow lithospheric mantle of
the North China Craton: Evidence from melt inclusions in the quartz-bearing orthopyroxene-rich websterite from Hannuoba.
Int. Geol. Rev. 2014, 56, 448–472. [CrossRef]

16. Class, C.; Miller, D.M.; Goldstein, S.L.; Langmuir, C.H. Distinguishing melt and fluid subduction components in Umnak Volcanics,
Aleutian Arc. Geochem. Geophys Geosyst 2000, 1, 1004. [CrossRef]

17. Elliott, T.; Plank, T.; Zindler, A.; White, W.; Bourdon, B. Element transport from slab to volcanic front at the Mariana arc. J. Geophys.
Res. Solid Earth 1997, 102, 14991–15019. [CrossRef]

18. George, R.; Turner, S.; Hawkesworth, C.; Morris, J.; Nye, C.; Ryan, J.; Zheng, S.H. Melting processes and fluid and sediment
transport rates along the Alaska-Aleutian arc from an integrated U-Th-Ra-Be isotope study. J. Geophys. Res. Solid Earth 2003,
108, 2252. [CrossRef]

19. Plank, T. Constraints from thorium/lanthanum on sediment recycling at subduction zones and the evolution of the continents.
J. Pet. 2005, 46, 921–944. [CrossRef]

20. Singer, B.S.; Jicha, B.R.; Leeman, W.P.; Rogers, N.W.; Thirlwall, M.F.; Ryan, J.; Nicolaysen, K.E. Along-strike trace element and
isotopic variation in Aleutian Island arc basalt: Subduction melts sediments and dehydrates serpentine. J. Geophys. Res. 2007,
112, B06206. [CrossRef]

21. Brenan, J.M.; Ryerson, F.J.; Shaw, H.F. The role of aqueous fluids in the slab-to-mantle transfer of boron, beryllium, and lithium
during subduction: Experiments and models. Geochim. Cosmochim. Acta 1998, 62, 3337–3347. [CrossRef]

22. Chan, L.; Edmond, J.; Thompson, G.; Gillis, K. Lithium isotopic composition of submarine basalts: Implications for the lithium
cycle in the oceans. Earth Planet. Sci. Lett. 1992, 108, 151–160. [CrossRef]

23. Teng, F.Z.; Rudnick, R.L.; McDonough, W.F.; Gao, S.; Tomascak, P.B.; Liu, Y. Lithium isotopic composition and concentration of
the deep continental crust. Chem. Geol. 2008, 255, 47–59. [CrossRef]

24. Wunder, B.; Meixner, A.; Romer, R.L.; Heinrich, W. Temperature-dependent isotopic fractionation of lithium between clinopyrox-
ene and high-pressure hydrous fluids. Contrib Miner. Pet. 2006, 151, 112–120. [CrossRef]

25. Bouman, C.; Elliott, T.; Vroon, P.Z. Lithium inputs to subduction zones. Chem. Geol. 2004, 212, 59–79. [CrossRef]
26. Chan, L.H.; Alt, J.C.; Teagle, D.A.H. Lithium and lithium isotope profiles through the upper oceanic crust: A study of seawater–

basalt exchange at ODP Sites 504B and 896A. Earth Planet. Sci. Lett. 2002, 201, 187–201. [CrossRef]
27. Chan, L.H.; Leeman, W.P.; Plank, T. Lithium isotopic composition of marine sediments. Geochem. Geophys Geosyst 2006, 7, Q06005.

[CrossRef]
28. Zack, T.; Tomascak, P.B.; Rudnick, R.L.; Dalpé, C.; McDonough, W.F. Extremely light Li in orogenic eclogites: The role of isotope

fractionation during dehydration in subducted oceanic crust. Earth Planet. Sci. Lett. 2003, 208, 279–290. [CrossRef]
29. Marschall, H.R.; von Strandmann, P.A.E.P.; Seitz, H.M.; Elliott, T.; Niu, Y. The lithium isotopic composition of orogenic eclogites

and deep subducted slabs. Earth Planet. Sci. Lett. 2007, 262, 563–580. [CrossRef]
30. Xiao, Y.; Hoefs, J.; Hou, Z.; Simon, K.; Zhang, Z. Fluid/rock interaction and mass transfer in continental subduction zones:

Constraints from trace elements and isotopes (Li, B, O, Sr, Nd, Pb) in UHP rocks from the Chinese Continental Scientific Drilling
Program, Sulu, East China. Contrib. Miner. Pet. 2011, 162, 797–819. [CrossRef]

31. Xiao, Y.; Sun, H.; Gu, H.; Huang, J.; Li, W.; Liu, L. Fluid/melt in continental deep subduction zones: Compositions and related
geochemical fractionations. Sci. China Earth Sci. 2015, 58, 1457–1476. [CrossRef]

32. Ishikawa, T.; Nakamura, E. Origin of the slab component in arc lavas from across-arc variation of B and Pb isotopes. Nature 1994,
370, 205–208. [CrossRef]

153



J. Mar. Sci. Eng. 2022, 10, 40

33. Moriguti, T.; Nakamura, E. Across-arc variation of Li isotopes in lavas and implications for crust/mantle recycling at subduction
zones. Earth Planet. Sci. Lett. 1998, 163, 167–174. [CrossRef]

34. Nakamura, E.; Campbell, I.H.; Sun, S.S. The influence of subduction processes on the geochemistry of Japanese alkaline basalts.
Nature 1985, 316, 55–58. [CrossRef]

35. Benton, L.D.; Ryan, J.G.; Savov, I.P. Lithium abundance and isotope systematics of forearc serpentinites, Conical Seamount,
Mariana forearc: Insights into the mechanics of slab-mantle exchange during subduction. Geochem. Geophys. Geosyst. 2004,
5, Q08J12. [CrossRef]

36. Honma, H.; Kusakabe, M.; Kagami, H.; Iizumi, S.; Sakai, H.; Kodama, Y.; Kimura, M. Major and trace element chemistry and
D/H, 18O/16O, 87Sr/86Sr and 143Nd/144Nd ratios of rocks from the spreading center of the Okinawa Trough, a marginal back-arc
basin. Geochem. J. 1991, 25, 121–136. [CrossRef]

37. Macpherson, C.G.; Hilton, D.R.; Mattey, D.P.; Sinton, J.M. Evidence for an 18O-depleted mantle plume from contrasting 18O/16O
ratios of back-arc lavas from the Manus Basin and Mariana Trough. Earth Planet. Sci. Lett. 2000, 176, 171–183. [CrossRef]

38. Macpherson, C.G.; Mattey, D.P. Oxygen isotope variations in Lau Basin lavas. Chem. Geol. 1998, 144, 177–194. [CrossRef]
39. Huang, J.; Ke, S.; Gao, Y.; Xiao, Y.; Li, S. Magnesium isotopic compositions of altered oceanic basalts and gabbros from IODP site

1256 at the East Pacific Rise. Lithos 2015, 231, 53–61. [CrossRef]
40. Li, S.G.; Yang, W.; Ke, S.; Meng, X.; Tian, H.; Xu, L.; He, Y.; Huang, J.; Wang, X.C.; Xia, Q.; et al. Deep carbon cycles constrained by

a large-scale mantle Mg isotope anomaly in eastern China. Natl. Sci. Rev. 2017, 4, 111–120. [CrossRef]
41. Wang, S.J.; Teng, F.Z.; Li, S.G.; Hong, J.A. Magnesium isotopic systematics of mafic rocks during continental subduction. Geochim

Cosmochim Acta 2014, 143, 34–48. [CrossRef]
42. Wang, S.J.; Teng, F.Z.; Williams, H.M.; Li, S.G. Magnesium isotopic variations in cratonic eclogites: Origins and implications.

Earth Planet. Sci. Lett. 2012, 359-360, 219–226. [CrossRef]
43. Xiao, Y.; Teng, F.Z.; Zhang, H.F.; Yang, W. Large magnesium isotope fractionation in peridotite xenoliths from eastern North

China craton: Product of melt–rock interaction. Geochim Cosmochim Acta 2013, 115, 241–261. [CrossRef]
44. Yang, W.; Teng, F.Z.; Zhang, H.F.; Li, S.G. Magnesium isotopic systematics of continental basalts from the North China craton:

Implications for tracing subducted carbonate in the mantle. Chem. Geol. 2012, 328, 185–194. [CrossRef]
45. Shimoda, G.; Tatsumi, Y.; Nohda, S.; Ishizaka, K.; Jahn, B.M. Setouchi high-Mg andesites revisited: Geochemical evidence for

melting of subducting sediments. Earth Planet. Sci. Lett. 1998, 160, 479–492. [CrossRef]
46. Shu, Y.; Nielsen, S.G.; Zeng, Z.; Shinjo, R.; Blusztajn, J.; Wang, X.; Chen, S. Tracing subducted sediment inputs to the Ryukyu

arc-Okinawa Trough system: Evidence from thallium isotopes. Geochim Cosmochim Acta 2017, 217, 462–491. [CrossRef]
47. Guo, K.; Zeng, Z.G.; Chen, S.; Zhang, Y.X.; Qi, H.Y.; Ma, Y. The influence of a subduction component on magmatism in the

Okinawa Trough: Evidence from thorium and related trace element ratios. J. Asian Earth Sci. 2017, 145, 205–216. [CrossRef]
48. Li, Z.G.; Chu, F.Y.; Dong, Y.H.; Liu, J.Q.; Chen, L. Geochemical constraints on the contribution of Louisville seamount materials to

magmagenesis in the Lau back-arc basin, SW Pacific. Int. Geol. Rev. 2015, 57, 978–997. [CrossRef]
49. Pi, J.L.; You, C.F.; Wang, K.L. The influence of Ryukyu subduction on magma genesis in the Northern Taiwan Volcanic Zone and

Middle Okinawa Trough—Evidence from boron isotopes. Lithos 2016, 260, 242–252. [CrossRef]
50. Shinjo, R.; Chung, S.L.; Kato, Y.; Kimura, M. Geochemical and Sr-Nd isotopic characteristics of volcanic rocks from the Okinawa

Trough and Ryukyu Arc: Implications for the evolution of a young, intracontinental back arc basin. J. Geophys Res. Solid Earth
1999, 104, 10591–10608. [CrossRef]

51. Chang-Hwa, C.; Typhoon, L.; Yuch-Ning, S.; Cheng-Hong, C.; Wen-Yu, H. Magmatism at the onset of back-arc basin spreading in
the Okinawa Trough. J. Volcanol. Geotherm. Res. 1995, 69, 313–322. [CrossRef]

52. Zengqian, H.; Zaw, K.; Yanhe, L.; Qiling, Z.; Zhigang, Z.; Urabe, T. Contribution of magmatic fluid to the active hydrothermal
system in the JADE Field, Okinawa trough: Evidence from fluid inclusions, oxygen and helium isotopes. Int. Geol. Rev. 2010, 47,
420–437. [CrossRef]

53. Zeng, Z.; Yu, S.; Wang, X.; Fu, Y.; Yin, X.; Zhang, G.; Wang, X.; Chen, S. Geochemical and isotopic characteristics of volcanic rocks
from the northern East China Sea shelf margin and the Okinawa Trough. Acta Oceanol. Sin. 2010, 29, 48–61. [CrossRef]

54. Lee, C.S.; Shor, G.G.; Bibee, L.D.; Lu, R.S.; Hilde, T.W.C. Okinawa Trough: Origin of a back-arc basin. Mar. Geol. 1980, 35, 219–241.
[CrossRef]

55. Seno, T.; Maruyama, S. Paleogeographic reconstruction and origin of the Philippine Sea. Tectonophysics 1984, 102, 53–84. [CrossRef]
56. Seno, T.; Stein, S.; Gripp, A.E. A model for the motion of the Philippine Sea Plate consistent with NUVEL-1 and geological data.

J. Geophys. Res. Solid Earth 1993, 98, 17941–17948. [CrossRef]
57. Hoang, N.; Uto, K. Upper mantle isotopic components beneath the Ryukyu arc system: Evidence for ‘back-arc’ entrapment of

Pacific MORB mantle. Earth Planet. Sci. Lett. 2006, 249, 229–240. [CrossRef]
58. Ishizuka, H.; Kawanobe, Y.; Sakai, H. Petrology and geochemistry of volcanic rocks dredged from the Okinawa Trough, an active

back-arc basin. Geochem. J. 1990, 24, 75–92. [CrossRef]
59. Han, B.; Zhang, X.H.; Pei, J.X.; Zhang, W.G. Characteristics of crust-mantle in the East China Sea and adjacent regions. Prog.

Geophys. 2007, 22, 376–382.
60. Iwasaki, T.; Hirata, N.; Kanazawa, T.; Melles, J.; Suyehiro, K.; Urabe, T.; Möller, L.; Makris, J.; Shimamura, H. Crustal and upper

mantle structure in the Ryukyu Island Arc deduced from deep seismic sounding. Geophys. J. Int. 1990, 102, 631–651. [CrossRef]

154



J. Mar. Sci. Eng. 2022, 10, 40

61. Klingelhoefer, F.; Lee, C.S.; Lin, J.Y.; Sibuet, J.C. Structure of the southernmost Okinawa Trough from reflection and wide-angle
seismic data. Tectonophys 2009, 466, 281–288. [CrossRef]

62. Liu, B.; Li, S.Z.; Suo, Y.H.; Li, G.X.; Dai, L.M.; Somerville, I.D.; Guo, L.L.; Zhao, S.J.; Yu, S. The geological nature and geodynamics
of the Okinawa Trough, Western Pacific. Geol. J. 2016, 51, 416–428. [CrossRef]

63. Nakahigashi, K.; Shinohara, M.; Suzuki, S.; Hino, R.; Shiobara, H.; Takenaka, H.; Nishino, M.; Sato, T.; Yoneshima, S.; Kanazawa, T.
Seismic structure of the crust and uppermost mantle in the incipient stage of back arc rifting—Northernmost Okinawa Trough.
Geophys Res. Lett. 2004, 31, L02614. [CrossRef]

64. Sibuet, J.C.; Hsu, S.K.; Shyu, C.T.; Liu, C.S. Structural and kinematic evolutions of the Okinawa Trough backarc basin. In Backarc
Basins: Tectonics and Magmatism; Taylor, B., Ed.; Springer: Boston, MA, USA, 1995; pp. 343–379.

65. Arai, R.; Kodaira, S.; Yuka, K.; Takahashi, T.; Miura, S.; Kaneda, Y. Crustal structure of the southern Okinawa Trough: Symmetrical
rifting, submarine volcano, and potential mantle accretion in the continental back-arc basin. J. Geophys Res. Solid Earth 2017, 122,
622–641. [CrossRef]

66. Furukawa, M.; Tokuyama, H.; Abe, S.; Nishizawa, A.; Kinoshita, H. Report on DELP 1988 cruises in the Okinawa Trough: Part 2.
seismic reflection studies in the southwestern part of the Okinawa Trough. Bull. Earthq Res. Inst. Univ. Tokyo 1991, 66, 17–36.

67. Letouzey, J.; Kimura, M. Okinawa Trough genesis: Structure and evolution of a backarc basin developed in a continent. Mar. Pet.
Geol. 1985, 2, 111–130. [CrossRef]

68. Sibuet, J.C.; Deffontaines, B.; Hsu, S.K.; Thareau, N.; Le Formal, J.P.; Liu, C.S. Okinawa trough backarc basin: Early tectonic and
magmatic evolution. J. Geophys Res. Solid Earth 1998, 103, 30245–30267. [CrossRef]

69. Argus, D.F.; Gordon, R.G.; DeMets, C. Geologically current motion of 56 plates relative to the no-net-rotation reference frame.
Geochem. Geophys Geosyst 2011, 12, Q11001. [CrossRef]

70. Kubo, A.; Fukuyama, E. Stress field along the Ryukyu Arc and the Okinawa Trough inferred from moment tensors of shallow
earthquakes. Earth Planet. Sci. Lett. 2003, 210, 305–316. [CrossRef]

71. Pezzopane, S.K.; Wesnousky, S.G. Large earthquakes and crustal deformation near Taiwan. J. Geophys Res. 1989, 94, 7250–7264.
[CrossRef]

72. Li, W.; Yang, Z.; Wang, Y.; Zhang, B. The petrochemical features of the volcanic rocks in the Okinawa Trough and their geological
significance. Acta Petrol. Sin. 1997, 13, 538–550.

73. Shinjo, R.; Kato, Y. Geochemical constraints on the origin of bimodal magmatism at the Okinawa Trough, an incipient back-arc
basin. Lithos 2000, 54, 117–137. [CrossRef]

74. Li, X.; Zeng, Z.; Chen, S.; Ma, Y.; Yang, H.; Zhang, Y.; Chen, Z. Geochemical and Sr-Nd-Pb isotopic compositions of volcanic rocks
from the Iheya Ridge, the middle Okinawa Trough: Implications for petrogenesis and a mantle source. Acta Oceanol Sin. 2018, 37,
73–88. [CrossRef]

75. Chen, Z.; Zeng, Z.; Wang, X.; Zhang, Y.; Yin, X.; Chen, S.; Ma, Y.; Li, X.; Qi, H. Mineral chemistry indicates the petrogenesis of
rhyolite from the southwestern Okinawa Trough. J. Ocean. Univ. China 2017, 16, 1097–1108. [CrossRef]

76. Ishikawa, M.; Sato, H.; Furukawa, M.; Kimura, M.; Kato, Y.; Tsugaru, R.; Shimamura, K. Report on DELP 1988 cruises in the
Okinawa Trough: Part 6. petrology of volcanic rocks. Bull. Earthq. Res. Inst. Univ. Tokyo 1991, 66, 151–177.

77. Gao, Y.; Casey, J.F. Lithium isotope composition of ultramafic geological reference materials JP-1 and DTS-2. Geostand Geoanal Res.
2012, 36, 75–81. [CrossRef]

78. Rudnick, R.L.; Tomascak, P.B.; Njo, H.B.; Gardner, L.R. Extreme lithium isotopic fractionation during continental weathering
revealed in saprolites from South Carolina. Chem. Geol. 2004, 212, 45–57. [CrossRef]

79. Flesch, G.D.; Anderson, A.R.; Svec, H.J. A secondary isotopic standard for 6Li/7Li determinations. Int. J. Mass Spectrom. Ion. Phys.
1973, 12, 265–272. [CrossRef]

80. Zheng, Y.F.; Wang, Z.R.; Li, S.G.; Zhao, Z.F. Oxygen isotope equilibrium between eclogite minerals and its constraints on mineral
Sm-Nd chronometer. Geochim. Cosmochim. Acta 2002, 66, 625–634. [CrossRef]

81. Zheng, Y.F.; Fu, B.; Li, Y.; Xiao, Y.; Li, S. Oxygen and hydrogen isotope geochemistry of ultrahigh-pressure eclogites from the
Dabie Mountains and the Sulu terrane. Earth Planet. Sci. Lett. 1998, 155, 113–129. [CrossRef]

82. Gong, B.; Zheng, Y.F.; Chen, R.X. TC/EA-MS online determination of hydrogen isotope composition and water concentration in
eclogitic garnet. Phys. Chem. Min. 2007, 34, 687–698. [CrossRef]

83. An, Y.; Wu, F.; Xiang, Y.; Nan, X.; Yu, X.; Yang, J.; Yu, H.; Xie, L.; Huang, F. High-precision Mg isotope analyses of low-Mg rocks
by MC-ICP-MS. Chem. Geol. 2014, 390, 9–21. [CrossRef]

84. Putirka, K.; Condit, C.D. Cross section of a magma conduit system at the margin of the Colorado Plateau. Geology 2003, 31,
701–704. [CrossRef]

85. Putirka, K.D. Thermometers and barometers for volcanic systems. Rev. Mineral. Geochem. 2008, 69, 61–120. [CrossRef]
86. Irvine, T.N.; Baragar, W.R.A. A guide to the chemical classification of the common volcanic rocks. Can. J. Earth Sci. 1971, 8,

523–548. [CrossRef]
87. Le Maitre, R.W. A classification of Igneous Rocks and Glossary of Terms: Recommendations of the International Union of Geological Sci.ences

Subcommission on the Systematics of Igneous Rocks; Blackwell: Oxford, UK, 1989.
88. Roberts, M.P.; Clemens, J.D. Origin of high-potassium, talc-alkaline, I-type granitoids. Geology 1993, 21, 825–828. [CrossRef]
89. Hu, Y.; Niu, Y.; Li, J.; Ye, L.; Kong, J.; Chen, S.; Zhang, Y.; Zhang, G. Petrogenesis and tectonic significance of the late Triassic mafic

dikes and felsic volcanic rocks in the East Kunlun Orogenic Belt, Northern Tibet Plateau. Lithos 2016, 245, 205–222. [CrossRef]

155



J. Mar. Sci. Eng. 2022, 10, 40

90. Sun, S.S.; McDonough, W.F. Chemical and isotopic systematics of oceanic basalts: Implications for mantle composition and
processes. Geol. Soc. Lond. Spec. Publ. 1989, 42, 313–345. [CrossRef]

91. Elliott, T.; Thomas, A.; Jeffcoate, A.; Niu, Y. Lithium isotope evidence for subduction-enriched mantle in the source of mid-ocean-
ridge basalts. Nature 2006, 443, 565–568. [CrossRef]

92. Nishio, Y.; Nakai, S.i.; Ishii, T.; Sano, Y. Isotope systematics of Li, Sr, Nd, and volatiles in Indian Ocean MORBs of the Rodrigues
Triple Junction: Constraints on the origin of the DUPAL anomaly. Geochim. Cosmochim. Acta 2007, 71, 745–759. [CrossRef]

93. Tomascak, P.B.; Langmuir, C.H.; le Roux, P.J.; Shirey, S.B. Lithium isotopes in global mid-ocean ridge basalts. Geochim. Cosmochim.
Acta 2008, 72, 1626–1637. [CrossRef]

94. Brant, C.; Coogan, L.A.; Gillis, K.M.; Seyfried, W.E.; Pester, N.J.; Spence, J. Lithium and Li-isotopes in young altered upper oceanic
crust from the East Pacific Rise. Geochim. Cosmochim. Acta 2012, 96, 272–293. [CrossRef]

95. James, R.H.; Rudnicki, M.D.; Palmer, M.R. The alkali element and boron geochemistry of the Escanaba Trough sediment-hosted
hydrothermal system. Earth Planet. Sci. Lett. 1999, 171, 157–169. [CrossRef]

96. Leeman, W.P.; Tonarini, S.; Chan, L.H.; Borg, L.E. Boron and lithium isotopic variations in a hot subduction zone—the southern
Washington Cascades. Chem. Geol. 2004, 212, 101–124. [CrossRef]

97. Zhang, L.; Chan, L.H.; Gieskes, J.M. Lithium isotope geochemistry of pore waters from ocean drilling program Sites 918 and 919,
Irminger Basin. Geochim. Cosmochim. Acta 1998, 62, 2437–2450. [CrossRef]

98. Teng, F.Z.; McDonough, W.F.; Rudnick, R.L.; Dalpé, C.; Tomascak, P.B.; Chappell, B.W.; Gao, S. Lithium isotopic composition and
concentration of the upper continental crust. Geochim. Cosmochim. Acta 2004, 68, 4167–4178. [CrossRef]

99. Cooper, K.M.; Eiler, J.M.; Sims, K.W.W.; Langmuir, C.H. Distribution of recycled crust within the upper mantle: Insights from the
oxygen isotope composition of MORB from the Australian-Antarctic Discordance. Geochem. Geophys. Geosyst. 2009, 10, Q12004.
[CrossRef]

100. Eiler, J.M.; Schiano, P.; Kitchen, N.; Stolper, E.M. Oxygen-isotope evidence for recycled crust in the sources of mid-ocean-ridge
basalts. Nature 2000, 403, 530–534. [CrossRef]

101. Ito, E.; White, W.M.; Göpel, C. The O, Sr, Nd and Pb isotope geochemistry of MORB. Chem. Geol. 1987, 62, 157–176. [CrossRef]
102. Gregory, R.T.; Taylor, H.P. An oxygen isotope profile in a section of Cretaceous oceanic crust, Samail Ophiolite, Oman: Evidence

for δ18O buffering of the oceans by deep (>5 km) seawater-hydrothermal circulation at mid-ocean ridges. J. Geophys Res. Solid
Earth 1981, 86, 2737–2755. [CrossRef]

103. Staudigel, H.; Davies, G.R.; Hart, S.R.; Marchant, K.M.; Smith, B.M. Large scale isotopic Sr, Nd and O isotopic anatomy of altered
oceanic crust: DSDP/ODP sites417/418. Earth Planet. Sci. Lett. 1995, 130, 169–185. [CrossRef]

104. Alt, J.; Shanksiii, W. Stable isotope compositions of serpentinite seamounts in the Mariana forearc: Serpentinization processes,
fluid sources and sulfur metasomatism. Earth Planet. Sci. Lett. 2006, 242, 272–285. [CrossRef]

105. Simon, L.; Lécuyer, C. Continental recycling: The oxygen isotope point of view. Geochem. Geophys Geosyst. 2005, 6, Q08004.
[CrossRef]

106. Bourdon, B.; Tipper, E.T.; Fitoussi, C.; Stracke, A. Chondritic Mg isotope composition of the Earth. Geochim. Cosmochim. Acta 2010,
74, 5069–5083. [CrossRef]

107. Teng, F.Z.; Li, W.Y.; Ke, S.; Marty, B.; Dauphas, N.; Huang, S.; Wu, F.Y.; Pourmand, A. Magnesium isotopic composition of the
Earth and chondrites. Geochim. Cosmochim. Acta 2010, 74, 4150–4166. [CrossRef]

108. Teng, F.Z.; Hu, Y.; Chauvel, C. Magnesium isotope geochemistry in arc volcanism. Proc. Natl. Acad. Sci. USA 2016, 113, 7082–7087.
[CrossRef]

109. Li, W.Y.; Teng, F.Z.; Ke, S.; Rudnick, R.L.; Gao, S.; Wu, F.Y.; Chappell, B.W. Heterogeneous magnesium isotopic composition of the
upper continental crust. Geochim. Cosmochim. Acta 2010, 74, 6867–6884. [CrossRef]

110. Eiler, J.M. Oxygen isotope variations of basaltic lavas and upper mantle rocks. Rev. Miner. Geochem. 2001, 43, 319–364. [CrossRef]
111. Mattey, D.; Lowry, D.; Macpherson, C. Oxygen isotope composition of mantle peridotite. Earth Planet. Sci. Lett. 1994, 128, 231–241.

[CrossRef]
112. Beattie, P. Olivine-melt and orthopyroxene-melt equilibria. Contrib. Miner. Pet. 1993, 115, 103–111. [CrossRef]
113. Davis, B.T.C.; Boyd, F.R. The join Mg2Si2O6-CaMgSi2O6at 30 kilobars pressure and its application to pyroxenes from kimberlites.

J. Geophys Res. 1966, 71, 3567–3576. [CrossRef]
114. Rudnick, R.L.; Gao, S. Composition of the continental crust. In Treatise on Geochemistry; Holland, H.D., Turekian, K.K., Eds.;

Elsevier: Amsterdam, The Netherlands, 2003; Volume 3, pp. 1–64.
115. Park, S.H.; Lee, S.M.; Kamenov, G.D.; Kwon, S.T.; Lee, K.Y. Tracing the origin of subduction components beneath the South East

rift in the Manus Basin, Papua New Guinea. Chem. Geol. 2010, 269, 339–349. [CrossRef]
116. Hong, L.B.; Zhang, Y.H.; Qian, S.P.; Liu, J.Q.; Ren, Z.Y.; Xu, Y.G. Constraints from melt inclusions and their host olivines on

the petrogenesis of Oligocene-Early Miocene Xindian basalts, Chifeng area, North China Craton. Contrib. Miner. Pet. 2013, 165,
305–326. [CrossRef]

117. Sun, H.; Xiao, Y.; Gao, Y.; Lai, J.; Hou, Z.; Wang, Y. Fluid and melt inclusions in the Mesozoic Fangcheng basalt from North China
Craton: Implications for magma evolution and fluid/melt-peridotite reaction. Contrib. Miner. Pet. 2013, 165, 885–901. [CrossRef]

118. Zhang, Y.; Zeng, Z.; Li, X.; Yin, X.; Wang, X.; Chen, S.; Li, S. High-potassium volcanic rocks from the Okinawa Trough: Implications
for a cryptic potassium-rich and DUPAL-like source. Geol. J. 2018, 53, 1755–1766. [CrossRef]

156



J. Mar. Sci. Eng. 2022, 10, 40

119. Prægel, N.O.; Holm, P.M. Lithospheric contributions to high-MgO basanites from the Cumbre Vieja Volcano, La Palma, Canary
Islands and evidence for temporal variation in plume influence. J. Volcanol. Geotherm. Res. 2006, 149, 213–239. [CrossRef]

120. Zhang, H.F.; Sun, M. Geochemistry of Mesozoic basalts and mafic dikes, southeastern North China Craton, and tectonic
implications. Int. Geol. Rev. 2002, 44, 370–382. [CrossRef]

121. Zhang, J.J.; Zheng, Y.F.; Zhao, Z.F. Geochemical evidence for interaction between oceanic crust and lithospheric mantle in the
origin of Cenozoic continental basalts in east-central China. Lithos 2009, 110, 305–326. [CrossRef]

122. Liu, Y.; Gao, S.; Gao, C.; Zong, K.; Hu, Z.; Ling, W. Garnet-rich granulite xenoliths from the Hannuoba basalts, North China:
Petrogenesis and implications for the Mesozoic crust-mantle interaction. J. Earth Sci. 2010, 21, 669–691. [CrossRef]

123. Moriguti, T.; Shibata, T.; Nakamura, E. Lithium, boron and lead isotope and trace element systematics of Quaternary basaltic
volcanic rocks in northeastern Japan: Mineralogical controls on slab-derived fluid composition. Chem. Geol. 2004, 212, 81–100.
[CrossRef]

124. Tomascak, P.B.; Widom, E.; Benton, L.D.; Goldstein, S.L.; Ryan, J.G. The control of lithium budgets in island arcs. Earth Planet. Sci.
Lett. 2002, 196, 227–238. [CrossRef]

125. Grove, T.; Parman, S.; Bowring, S.; Price, R.; Baker, M. The role of an H2O-rich fluid component in the generation of primitive
basaltic andesites and andesites from the Mt. Shasta region, N California. Contrib. Mineral. Petrol. 2002, 142, 375–396. [CrossRef]

126. Handley, H.K.; Macpherson, C.G.; Davidson, J.P.; Berlo, K.; Lowry, D. Constraining fluid and sediment contributions to
subduction-related magmatism in Indonesia: Ijen volcanic complex. J. Pet. 2007, 48, 1155–1183. [CrossRef]

127. Magna, T.; Wiechert, U.; Grove, T.L.; Halliday, A.N. Lithium isotope fractionation in the southern Cascadia subduction zone.
Earth Planet. Sci. Lett. 2006, 250, 428–443. [CrossRef]

128. Decitre, S.; Deloule, E.; Reisberg, L.; James, R.; Agrinier, P.; Mével, C. Behavior of Li and its isotopes during serpentinization of
oceanic peridotites. Geochem. Geophys Geosyst 2002, 3, 1–20. [CrossRef]

129. Lui-Heung, C.; Gieskes, J.M.; Chen-Feng, Y.; Edmond, J.M. Lithium isotope geochemistry of sediments and hydrothermal fluids
of the Guaymas Basin, Gulf of California. Geochim. Cosmochim. Acta 1994, 58, 4443–4454. [CrossRef]

130. Tomascak, P.B.; Carlson, R.W.; Shirey, S.B. Accurate and precise determination of Li isotopic compositions by multi-collector
sector ICP-MS. Chem. Geol. 1999, 158, 145–154. [CrossRef]

131. Chan, L.H.; Frey, F.A. Lithium isotope geochemistry of the Hawaiian plume: Results from the Hawaii Scientific Drilling Project
and Koolau Volcano. Geochem. Geophys. Geosyst. 2003, 4, 8707. [CrossRef]

132. Ryan, J.G.; Langmuir, C.H. The systematics of lithium abundances in young volcanic rocks. Geochim. Cosmochim. Acta 1987, 51,
1727–1741. [CrossRef]

133. Bindeman, I.N.; Ponomareva, V.V.; Bailey, J.C.; Valley, J.W. Volcanic arc of Kamchatka: A province with high-δ18O magma sources
and large-scale 18O/16O depletion of the upper crust. Geochim. Cosmochim. Acta 2004, 68, 841–865. [CrossRef]

134. Bindeman, I. Oxygen isotopes in mantle and crustal magmas as revealed by single crystal analysis. Rev. Miner. Geochem. 2008, 69,
445–478. [CrossRef]

135. Auer, S.; Bindeman, I.; Wallace, P.; Ponomareva, V.; Portnyagin, M. The origin of hydrous, high-δ18O voluminous volcanism:
Diverse oxygen isotope values and high magmatic water contents within the volcanic record of Klyuchevskoy volcano, Kamchatka,
Russia. Contrib Miner. Pet. 2009, 157, 209–230. [CrossRef]

136. Dorendorf, F.; Wiechert, U.; Wörner, G. Hydrated sub-arc mantle: A source for the Kluchevskoy volcano, Kamchatka/Russia.
Earth Planet. Sci. Lett. 2000, 175, 69–86. [CrossRef]

137. Perkins, G.B.; Sharp, Z.D.; Selverstone, J. Oxygen isotope evidence for subduction and rift-related mantle metasomatism beneath
the Colorado Plateau–Rio Grande rift transition. Contrib. Miner. Pet. 2006, 151, 633–650. [CrossRef]

138. Harmon, R.S.; Hoefs, J. Oxygen isotope heterogeneity of the mantle deduced from global 18 O systematics of basalts from different
geotectonic settings. Contrib Miner. Pet. 1995, 120, 95–114. [CrossRef]

139. Wang, Z.; Eiler, J. Insights into the origin of low-δ18O basaltic magmas in Hawaii revealed from in situ measurements of oxygen
isotope compositions of olivines. Earth Planet. Sci. Lett. 2008, 269, 377–387. [CrossRef]

140. Wei, C.S.; Zheng, Y.F.; Zhao, Z.F.; Valley, J.W. Oxygen and neodymium isotope evidence for recycling of juvenile crust in northeast
China. Geology 2002, 30, 375–378. [CrossRef]

141. Muehlenbachs, K. Alteration of the oceanic crust and the 18O history of seawater. In Stable Isotopes in High Temperature Geological
Processes; Valley, J.W., Taylor, H.P., O’Neil, J.R., Eds.; De Gruyter: Berlin, Germany, 1986; pp. 425–444.

142. Cooper, K.M.; Eiler, J.M.; Asimow, P.D.; Langmuir, C.H. Oxygen isotope evidence for the origin of enriched mantle beneath the
mid-Atlantic ridge. Earth Planet. Sci. Lett. 2004, 220, 297–316. [CrossRef]

143. Demény, A.; Vennemann, T.W.; Hegner, E.; Nagy, G.; Milton, J.A.; Embey-Isztin, A.; Homonnay, Z.; Dobosi, G. Trace element and
C–O–Sr–Nd isotope evidence for subduction-related carbonate–silicate melts in mantle xenoliths (Pannonian Basin, Hungary).
Lithos 2004, 75, 89–113. [CrossRef]

144. Eiler, J.M.; Farley, K.A.; Valley, J.W.; Hauri, E.; Craig, H.; Hart, S.R.; Stolper, E.M. Oxygen isotope variations in ocean island basalt
phenocrysts. Geochim. Cosmochim. Acta 1997, 61, 2281–2293. [CrossRef]

145. Xia, Q.K.; Dallai, L.; Deloule, E. Oxygen and hydrogen isotope heterogeneity of clinopyroxene megacrysts from Nushan Volcano,
SE China. Chem. Geol. 2004, 209, 137–151. [CrossRef]

146. Liu, P.P.; Teng, F.Z.; Dick, H.J.B.; Zhou, M.F.; Chung, S.L. Magnesium isotopic composition of the oceanic mantle and oceanic Mg
cycling. Geochim. Cosmochim. Acta 2017, 206, 151–165. [CrossRef]

157



J. Mar. Sci. Eng. 2022, 10, 40

147. Handler, M.R.; Baker, J.A.; Schiller, M.; Bennett, V.C.; Yaxley, G.M. Magnesium stable isotope composition of Earth’s upper mantle.
Earth Planet. Sci. Lett. 2009, 282, 306–313. [CrossRef]

148. Ionov, D.A. Petrology of mantle wedge lithosphere: New data on supra-subduction zone peridotite xenoliths from the andesitic
Avacha volcano, Kamchatka. J. Pet. 2010, 51, 327–361. [CrossRef]

149. Teng, F.Z.; Wadhwa, M.; Helz, R.T. Investigation of magnesium isotope fractionation during basalt differentiation: Implications
for a chondritic composition of the terrestrial mantle. Earth Planet. Sci. Lett. 2007, 261, 84–92. [CrossRef]

150. Yang, W.; Teng, F.Z.; Zhang, H.F. Chondritic magnesium isotopic composition of the terrestrial mantle: A case study of peridotite
xenoliths from the North China craton. Earth Planet. Sci. Lett. 2009, 288, 475–482. [CrossRef]

151. Wimpenny, J.; Yin, Q.Z.; Tollstrup, D.; Xie, L.W.; Sun, J. Using Mg isotope ratios to trace Cenozoic weathering changes: A case
study from the Chinese Loess Plateau. Chem. Geol. 2014, 376, 31–43. [CrossRef]

152. Li, W.Y.; Teng, F.Z.; Xiao, Y.; Huang, J. High-temperature inter-mineral magnesium isotope fractionation in eclogite from the
Dabie orogen, China. Earth Planet. Sci. Lett. 2011, 304, 224–230. [CrossRef]

153. Von Strandmann, P.A.E.P.; Elliott, T.; Marschall, H.R.; Coath, C.; Lai, Y.J.; Jeffcoate, A.B.; Ionov, D.A. Variations of Li and Mg
isotope ratios in bulk chondrites and mantle xenoliths. Geochim. Cosmochim. Acta 2011, 75, 5247–5268. [CrossRef]

154. Hacker, B.R. H2O subduction beyond arcs. Geochem. Geophys. Geosyst. 2008, 9, Q03001. [CrossRef]
155. Magni, V.; Faccenna, C.; van Hunen, J.; Funiciello, F. How collision triggers backarc extension: Insight into Mediterranean style of

extension from 3-D numerical models. Geology 2014, 42, 511–514. [CrossRef]
156. Peacock, S.M.; Wang, K. Seismic consequences of warm versus cool subduction metamorphism: Examples from southwest and

northeast Japan. Science 1999, 286, 937–939. [CrossRef]
157. Van Keken, P.E.; Hacker, B.R.; Syracuse, E.M.; Abers, G.A. Subduction factory: 4. Depth-dependent flux of H2O from subducting

slabs worldwide. J. Geophys. Res. 2011, 116, B01401. [CrossRef]
158. Zheng, Y.F.; Chen, R.X.; Xu, Z.; Zhang, S.B. The transport of water in subduction zones. Sci. China Earth Sci. 2016, 59, 651–682.

[CrossRef]
159. Ko, Y.T.; Kuo, B.Y.; Wang, K.L.; Lin, S.C.; Hung, S.H. The southwestern edge of the Ryukyu subduction zone: A high Q mantle

wedge. Earth Planet. Sci. Lett. 2012, 335–336, 145–153. [CrossRef]

158



Citation: Ji, T.; Zeng, Z. Trace

Element Evidence of Subduction-

Modified Mantle Material in South

Mid-Atlantic Ridge 18–21◦S Upper

Mantle. J. Mar. Sci. Eng. 2023, 11, 441.

https://doi.org/10.3390/

jmse11020441

Academic Editor: Sergio Bonomo

Received: 30 December 2022

Revised: 17 January 2023

Accepted: 17 January 2023

Published: 17 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Article

Trace Element Evidence of Subduction-Modified Mantle
Material in South Mid-Atlantic Ridge 18–21◦S Upper Mantle

Tianxiao Ji 1,2 and Zhigang Zeng 1,2,3,*

1 Seafloor Hydrothermal Activity Laboratory, CAS Key Laboratory of Marine Geology and Environment,
Institute of Oceanology, Chinese Academy of Sciences, Qingdao 266071, China

2 University of Chinese Academy of Sciences, Beijing 100049, China
3 Laboratory for Marine Mineral Resources, Qingdao National Laboratory for Marine Science and Technology,

Qingdao 266071, China
* Correspondence: zgzeng@ms.qdio.ac.cn

Abstract: Mid-ocean ridge basalts (MORBs), produced at mid-ocean ridge where the continents
and subduction zones are distant, are the product of partial melting of the upper mantle and their
chemical composition can provide information about the mantle itself. The geochemical characteristics
of MORBs enable us to be more informed about the geological processes of the upper mantle
below the mid-ocean ridge, and assist us in understanding mantle heterogeneity and geodynamic
processes. In this paper, new data of major elements, trace elements, and Nd-Hf isotopes of south
mid-Atlantic ridge (SMAR) 18–21◦S MORBs are presented. TAS diagram shows that the samples
belong to subalkaline basalt compositional field. Trace elements (e.g., (La/Sm)N = 0.49–0.79) show
that the samples are N-MORBs. However, the primitive mantle-normalized trace element patterns
showed that the studied samples were clearly enriched in Rb, U, Pb, and other fluid-mobile elements.
Meanwhile, the trace element ratios, such as Nb/U and Ce/Pb, are also significantly different
from the typical N-MORB. Combined with the Nd-Hf isotopic composition, we propose that these
anomalies are not related to continental crust material, delaminated subcontinental lithospheric
mantle (SCLM), recycled sediments, direct supply of mantle plume, nor are they the result of
subduction directly affecting the mantle source, but are caused by the incorporation of mantle
material modified by subduction.

Keywords: south mid-Atlantic ridge (SMAR); mid-ocean ridge basalt (MORB); subduction; mantle
heterogeneity

1. Introduction

Mantle is heterogeneous. Isotopically, the mantle can be divided into depleted MORB
mantle (DMM), enriched mantle 1 and 2 (EM1 and EM2), high ‘μ’ = 238U/204Pb (HIMU), and
other mantle end-members [1,2]. Different plumes have different characteristics of enriched
mantle end-members. For example, St. Helena plume is the representative of HIMU mantle
end-members, and Tristan-Gough plume represents the EM1 mantle end-members [3,4].
OIB is the product of the mantle plume, and its geochemical composition can indicate the
origin of the mantle end-member. For example, HIMU mantle end-members are usually
hypothesized to be associated with the recycled oceanic crust [3]. MORBs are derived from
the DMM, and are produced at the mid-ocean ridge [5] which is distant from continents
and subduction zones. Therefore, the composition of MORBs is less contaminated by the
continental material and subduction associated process, and is generally considered to
be relatively uniform. However, increasing evidence [6–12] is showing that the mantle
source of MORB is not as uniform as initially hypothesized and it is even heterogeneous at
different scales. Dupre and Allegre [6] found that the Pb and Sr isotopic compositions of
MORBs from the Indian Ocean are more radioactive than MORBs from the other ocean.
Mougel et al. [12] sampled the East Pacific Rise (EPR) segment at a high density within the
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length of only 15 km, and found that the MORB source region was highly heterogeneous
even at this small scale. Subduction of oceanic plate, detachment of SCLM, and mantle
plume are the reasons of upper mantle heterogeneity [4,12–22]. Studying which process
could cause upper mantle heterogeneity can assist us in understanding the dynamics of
the Earth.

The more incompatible the elements are, the more inclined they are to enter the melt
phase during melting and crystallization. Elements with similar compatibility (such as Ce
and Pb, Nb and U, etc.) have little relative change in their contents in rocks due to their
similar geochemical behavior in magmatic processes. Therefore, the ratio of these element
pairs in rocks is basically unchanged compared with their mantle source, and can be used
to reflect the chemical composition characteristics of the source area [13]. Nb/U and Ce/Pb
ratios of MORBs are relatively uniform [13,23,24], and significantly higher than those of the
continental material and island arc volcanics [13]. Therefore, the anomalies in the ratios of
Nb/U and Ce/Pb in MORB can be used as indicators of contamination caused by recycled
sediments, delaminated subcontinental lithospheric mantle, continental crust material, and
subduction of oceanic plate.

Yang et al. [21] proposed a back-arc basin basalt (BABB) filter based on Nb/U, Ce/Pb,
Rb/Nb, and Ba/Nb ratios. Using this filter, it was found that BABB-like MORBs are
widespread in the Atlantic, Indian, and Arctic oceans, but rare in the Pacific. This composi-
tional distribution is explained by the subduction shield model around the Pacific Ocean.
Circum-Pacific subducted slabs are mostly continuous for at least the last 180 million years
and at least to transition zone depth, and would strictly limit the contribution of the slab
flux to sub-Pacific mantle [21]. In this model, the mid-Atlantic (from ~33◦N to ~34◦S) is
hardly affected by subduction due to the presence of a slab window (the subduction of the
Chile ridge). However, the slab window does not exist since the Pacific subduction began.
Was the mid-Atlantic mantle really not affected by subduction?

In this study, we present new whole-rock major element, trace element, and Nd-Hf
isotope data of SMAR 18–21◦S MORBs, combined with published geochemical data, to
investigate whether the area was affected by subduction.

2. Geological Background and Samples

The South Atlantic is located between Africa and South America (Figure 1), with
Olavtoppen Island at the southernmost end and Romanche Trench at the northernmost
end, which gradually opened from south to north during the breakup of west Gondwana
from ~134 Ma [25,26]. There are several hotspots in the South Atlantic including Ascension,
Circe, St. Helena, Tristan, Discovery, and Shona (yellow circles in Figure 1), among which
St. Helena is closest to the study area. The St. Helena hotspot is linked by the St. Helena
seamount chain to West Africa, but there is no corresponding continent flood basalt [27]
(Figure 1). Geochemically, St. Helena is a mantle plume with typical HIMU mantle
end-member characteristics. Mantle plumes in the South Atlantic have extensive effects
on different ridge segments of SMAR [28–30], and are associated with the breakup of
Gondwana [31].

During the China Ocean Survey (COS) Expeditions No. 22 and 26 cruises of the R/V
DAYANGYIHAO, 16 MORBs from 14 stations in this study were collected by TV-grab
(TVG) at depths of 2075–3386 m from the axis of the SMAR 18–21◦S, which is located
at the extension line of St. Helena seamount chain and 750 km from St. Helena Island.
The main rock types of this area include N-MORB and E-MORB, but the radioisotope
compositions, especially the 206Pb/204Pb ratio, are more radioactive than those of typical
MORBs, indicating that these basalts are clearly affected by enriched components [26,32,33].
At present, the St. Helena plume is still affecting the upper mantle beneath the study area
through fluid channels [26].
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Figure 1. Geological background and the locations of study samples. Red circles represent new
MORBs samples in this study and gray circles represent MORBs samples in previous studies. Off-axis
islands and seamounts are shown by yellow circles. The cited island/seamount basalts data are
downloaded from PetDB (http://www.earthchem.org/petdb; accessed on 31 May 2021).

3. Analytical Methods

3.1. Preparation

Prior to the geochemical analysis, samples were crushed into small chips less than
2 mm in size, where altered samples were removed under a binocular microscope. Then,
the remaining rock fragments were placed in ultrapure water for ultrasonic cleaning with
the water being changed every 15 min until it was clear after cleaning. The dried samples
were placed in absolute ethanol for ultrasonic cleaning to remove the organic matter on the
surface. After a second round of drying, the clean samples were handpicked again under a
binocular microscope to avoid alteration. Finally, the clean rock fragments were ground to
200 mesh with an agate mortar for subsequent geochemical analysis.

3.2. Whole-Rock Major Element and Trace Element Analyses

Major element data for whole-rock samples were obtained by X-ray fluorescence (XRF)
spectrometry on fused glass discs using a PANalytical AXIOS Minerals instrument at the
Rock-Mineral Preparation and Analysis Lab, the Institute of Geology and Geophysics
(IGG; Beijing, China), Chinese Academy of Sciences (CAS), following the procedures
described similarly in [34]. Loss on ignition (LOI) was measured as the weight loss of the
samples, which was obtained independently by igniting 0.5 g of dry sample aliquot in a
porcelain crucible for 1.5 h at 1000 ◦C in a muffle furnace. Analysis results for the reference
standard (GSR-3) for major elements are consistent with the recommended values within
the analytical error, and detailed data are presented in Table S1.

Whole-rock trace element contents were analyzed using a PlasmaQuant-MS Elite
ICP–MS instrument at the State Key Laboratory of Ore Deposit Geochemistry (SKLODG),
Institute of Geochemistry, Chinese Academy of Sciences (IGCAS), China. The powdered
samples (50 mg) were dissolved with a 1 mL HF + 1 mL HNO3 mixture in high-pressure
Teflon bombs at ~185 ◦C for 35 h. Rh was used as an internal standard to monitor signal
drift during counting. The analytical precision was generally better than 10%. Analysis
results for three international reference standards (OU-6, AGV-2, and GBPG-1) for trace
elements are consistent with the recommended values within the analytical error, and
detailed data are presented in Table S1.

161



J. Mar. Sci. Eng. 2023, 11, 441

3.3. Nd-Hf Isotope Analyses

Nd isotope analysis was performed at the University of Science and Technology of
China (USTC), Hefei, China, following the procedures described similarly in [35,36]. Whole-
rock powders of approximately 100 mg were weighed and placed in 15 mL of Teflon stuffy
tanks and dissolved in a mixture of 2–3 mL of purified HF solution and 8–10 drops of
purified HClO4 solution. Decomposition of refractory phases was ensured by heating
the samples in a Teflon tank at 120 ◦C for approximately 7 days. After the samples were
completely dissolved, the sample solutions were dried on a hot plate at 120 ◦C, and then
heated to 150 ◦C to completely remove the HF and HClO4. Next, 3 mL of purified 6 N HCl
solution was added to the sample tanks two times to clear the inside of the tanks and then
dried again. The sample residues were redissolved with 1 mL of purified 3 N HCl solution
to prepare for chemical separation and purification. Light rare earth elements were isolated
on quartz columns by conventional ion exchange chromatography with a 5-mL resin bed of
Bio-Rad AG50W–X12, 200–400 mesh. Nd was separated from other rare earth elements on
quartz columns using 1.7 mL of Teflon powder coated with HDEHP and di(2-ethylhexyl)
orthophosphoric acid, as the cation exchange medium. All isotopic measurements were
performed on a Finnigan MAT 262 mass spectrometer. Nd was loaded as phosphate on
preconditioned Re filaments, and measurements were performed in a Re double filament
configuration. The 143Nd/144Nd ratios were normalized to 146Nd/144Nd = 0.7219.

The measurement accuracies of the 143Nd/144Nd ratios for the samples were better
than 0.003%. Procedural blanks were <100 pg for Nd. The precision for all the mea-
sured isotopic ratios is given in 2σ uncertainty. Details of the analytical uncertainties are
presented in Table S2. During the period of data collection, repeated measurements on
the Jndi standard solutions gave average 143Nd/144Nd ratios of 0.512115 ±0.000006 (2σ,
n = 7). The results of Nd isotopic analyses on the standard materials BCR-2 and AGV-2
(basalt powder) gave average 143Nd/144Nd ratios of 0.512635 ± 0.000009 (2σ, n = 2) and
0.512789 ± 0.000009 (2σ, n = 2).

Whole-rock Hf isotopic analysis was performed at Guizhou Tongwei Analytical Tech-
nology Co., Ltd., China. About 50–100 mg of rock powder samples were dissolved with
a mixture of concentrate nitric acid and hydrofluoric acid in Teflon bombs at 185 ◦C in
the oven for 3 days, and dried on a hot plate at 80 ◦C. Hf was initially washed from the
column using a mixture of 0.2 N HBr + 0.5 N HNO3 (collected) and was separated using a
Bio-Rad AG50W–X8 cation exchange column (Bio-Rad Laboratories, Hercules, CA, USA).
Hf was first washed using 1.5 N HCl (collected), then was collected on a column using
HDEHP(di(2-ethylhexyl)-coated Teflon powder. The previously collected HFSE Hf was
heated until dry and then redissolved in 3.0 N HCl. Finally, Hf was extracted from the
column using 2.0 N HF and collected in a 10 mL PFA (preconditioned perfluoroalkoxy)
beaker. The Hf-bearing elution was gently evaporated until dry and subsequently redis-
solved in 1.0 mL of 2 wt% HNO3. These diluted solutions were introduced into a Nu
Plasma HR MC-ICP-MS with a DSN-100 dissolution nebulizing system to determine the
whole-rock Hf isotopic composition. Instrument bios and mass fractionation were corrected
by normalization raw ratios to 179Hf/177Hf = 0.7325. Seven measurements of W-2a and
BHVO-2 yielded average ratios of 176Hf/177Hf = 0.282741 ± 7 (2σ, n = 7) and 0.283103 ± 6
(2σ, n = 7).

Analysis results for these international reference standards for Nd-Hf isotopes are
consistent with the recommended values, which can be found in GeoReM (georem.mpch-
mainz.gwdg.de), within the analytical error.

4. Results

4.1. Major and Trace Elements

All 16 samples were analyzed for whole-rock major and trace elements and yielded
low LOI values (<0.5 wt%; Table S1), suggesting that the samples were fresh. The major
oxide contents described below were recalculated on an LOI-free bias. The content of MgO
is 7.37–9.56 wt%, and the average MgO content is 8.4 wt%, suggesting that the samples
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were less affected by low-pressure crystallization. All samples are plotted in the basalt
area in a total alkali vs. silica (TAS) plot, and are classified as low-K subalkaline basalts
(Figure 2).

 

Figure 2. (a) Total alkali vs. SiO2 diagram. The alkaline-subalkaline discrimination line is from [37].
(b) K2O vs. SiO2 diagram. The discrimination lines are from [38]. The red and gray circles represent
the SMAR basalts in this study and in previous studies [26,32,39], respectively. Primitive mantle and
N-MORB data are from [40].

The (La/Sm)N (“N” denotes normalization to chondrite) ratio of the samples ranges
from 0.49 to 0.79, and the Zr/Nb ratio ranges from 17.1 to 79.1, which indicate that the
samples belong to the typical N-MORB. Figure 3a shows the primitive mantle-normalized
trace element patterns of the study samples. In addition to the highly incompatible el-
ements expected to be heavily depleted overall, the most remarkable feature is that all
samples have clear positive anomalies of U and Pb (U/U* = 1.05–3.52, Pb/Pb*= 1.01–2.62;
U* = (ThN + NbN)/2, Pb*= (CeN + PrN)/2; “N” denotes normalization to the primitive
mantle), negative anomalies of Nb, and Rb enrichment in some samples. The chondrite-
normalized REE patterns diagram (Figure 3b) shows that most samples are depleted
in LREE, and some samples have a relatively flat REE pattern or even a slight deple-
tion of HREE. Meanwhile, most samples have negative Eu anomalies, with the lowest
Eu/Eu*(Eu* = (SmN + GdN)/2; “N” denotes normalization to the primitive mantle) be-
ing 0.86.

 

Figure 3. (a) Primitive mantle-normalized trace element patterns for the analyzed samples.
(b) Chondrite-normalized trace element patterns for the analyzed samples. Primitive mantle, chon-
drite, and N-MORB data are from [40].
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4.2. Nd-Hf Isotopic Compositions

All sixteen samples were analyzed for whole-rock Nd isotopic composition and eight
samples were analyzed for whole-rock Hf isotopic composition. The isotope data are shown
in Table S2. 143Nd/144Nd ratio ranges from 0.513030 to 0.513176, and 176Hf/177Hf ratio
ranges from 0.282960 to 0.283188, which are in the range of previous studies [26,33], and
confirm their geochemically depleted character. εNd-εHf plot (Figure 4) shows that all
samples are plotted below the mantle array and were positively correlated.

 
Figure 4. Plots of εNd vs. εHf. Red dots represent new MORBs in this study and gray dots represent
SMAR 18–21◦S MORBs in [26,32,39]. Black cross represents global subducting sediment (GLOSS), the
composition of which is from [41,42]. The purple area represents the basalts of St. Helena seamount
chain, and represents HIMU end-member. The blue area represents the basalts of Walvis ridge,
and represents EM1 component. The green area represents the low-temperature garnet-peridotite
xenoliths from Cretaceous South African kimberlites, and represents SCLM. The basalts from the
St. Helena and the Tristan-Gough plumes are from PetDB (http://www.earthchem.org/petdb), the
xenoliths from Cretaceous South African kimberlites are from [43]. Nd-Hf mantle array is from [44].

5. Discussion

5.1. Abnormal Trace Element Ratios

Ce/Pb and Nb/U ratios are relatively uniform in MORBs worldwide [13,24] at 25 ± 5
and 47 ± 10 (black dashed lines in Figure 5; [45]), respectively. However, Ce/Pb and
Nb/U ratios in our samples vary widely (Figure 5), with an average value of 18 and 29,
respectively. Figure 5 shows that regardless of the degree of depletion, Ce/Pb and Nb/U
ratios of our samples are lower than the corresponding values (25 for Ce/Pb, 47 for Nb/U),
with the lowest values of 9 and 13, respectively, which corresponds to the clear enrichment
of U and Pb in the samples. In general, Ce/Pb ratio is positively correlated with Nb/U
ratio (correlation coefficient is 0.63).

164



J. Mar. Sci. Eng. 2023, 11, 441

 

Figure 5. Plots of Ce/Pb vs. Nb/U. Red dots represent new MORBs in this study and gray dots
represent SMAR 18–21◦S MORBs in [26,32,39]. Black cross represents global subducting sediment
(GLOSS), the composition of which is from [41]. Two dashed lines intersect at Nb/U = 47 and
Ce/Pb = 25, which are from [13]. The blue line is the mixing line between GLOSS and SMAR-61. The
details of end-members and mixing results are shown in Table S3.

The ratio of fluid-mobile element to fluid-immobile element, such as Ba/Nb (3.4–4.8),
Ba/Th (59.7–94.6), Rb/La (0.22–0.71), Rb/Nb (0.35–1.04) ratios, was higher than the typical
N-MORB (2.7 for Ba/Nb, 52.5 for Ba/Th, 0.22 for Rb/La, 0.24 for Rb/Nb; [40]). The plot
of Rb/Nb vs. Ba/Nb (Figure 6a) shows that the Rb/Nb ratio is positively correlated with
the Ba/Nb ratio (correlation coefficient is 0.62), except for the Rb-enriched MORBs. In the
plot of Rb/La vs. Ba/Th (Figure 6b), Rb/La ratio of our samples is significantly positively
correlated with Ba/Th ratio (correlation coefficient is 0.80).

 

Figure 6. Plots of (a) Ba/NB vs. Rb/Nb. (b) Ba/Th-Rb/La. Red dots represent new MORBs in
this study and gray dots represent SMAR 18–21◦S MORBs in [26,32,39]. Black square represents the
typical N-MORB, the composition of which is from [40]. Black cross represents global subducting
sediment (GLOSS), the composition of which is from [41].
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Combined with the concentration of fluid-mobile elements, such as U and Pb, in
the samples, subduction-related fluid process is a potential explanation for the abnormal
trace elements ratios. In addition, continental crust material [46], recycled sediments [41],
subduction modified mantle [47–50] have high Ba/Nb, Ba/Th, Rb/La, and Rb/Nb ratios,
and higher U and Pb contents. Their injection into the mantle can also be the cause of this
compositional anomaly. In addition to the above reasons, Le Roux et al. [51] proposed that
the direct supply of mantle plume material was one of the reasons for the changes in some
trace element ratios in MORBs.

5.2. The origin of Trace Element Anomalies
5.2.1. Continental Crust and SCLM

The continental crust materials have similar trace element characteristics as the sam-
ples in this study, such as low Ce/Pb and Nb/U ratios, high U and Pb contents and Ba/Nb,
Ba/Th, Rb/La, and Rb/Nb ratios [46]. Furthermore, delaminated lower continental crust
(LCC) has been found in the mantle beneath East Pacific Rise (EPR), Southeast Indian ridge
(SEIR), and mid-Atlantic ridge (MAR) [10,12,15,16,52]. Therefore, the continental crust
material is a possible origin of the trace element anomalies. In addition, the Atlantic Ocean
was formed by the breakup of the west Gondwana [25]; therefore, the addition of SCLM
should also be considered.

The addition of continental crust can significantly reduce the Nb/U ratio in the
upper mantle, thus obtaining the trace element compositions consistent with the observed
phenomenon. However, the εNd value of LCC is significantly lower than the MORB
source [17]. Therefore, the addition of continental crust also changes the Nd isotopic
composition of the MORB source, and thus MORB presents a mixed curve in the Ce/Pb-
εNd plot. Figure 7 shows that the Nb/U ratio of MORBs in this study changes dramatically
(from 45.7 to 13.3) within a limited range of εNd values. This indicates that there is no
identifiable continental crust material in the upper mantle beneath SMAR 18–21◦S.

 
Figure 7. Plots of εNd vs. Nb/U. Red dots represent new MORBs in this study and gray dots represent
SMAR 18–21◦S MORBs in [26,32]. Black square represents the typical N-MORB, the composition of
which is from [40]. Olive cross represents mean isotopic composition of mafic granulite which is
from [17] and references therein.
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Hanan et al. [16] proposed that the occurrence of LCC material in a MORB source
would decouple the Nd-Hf isotopes of MORBs, and make MORB plots point to the position
above the Nd-Hf mantle array in the εNd-εHf plot. As shown in Figure 4, the samples
have good correlation and all fall under the Nd-Hf mantle array. This is consistent with our
conclusion that there is no identifiable continental crust material in the upper mantle of the
study area.

For the reason of up to 3 Ga of radiogenic ingrowth following multiple episodes of
mantle metasomatism, underplating, and melt extraction events, subcontinental lithosphere
is isotopically heterogeneous [51]. However, SCLM beneath south Africa shows a strong
subduction zone geochemical signature [53–55], with a relative depletion in Nb. Therefore,
SCLM seems to be another possible origin of the trace element anomalies. Garnet and
clinopyroxene are the main major host minerals for Nd and Hf in the mantle with concentra-
tions mostly in the range of 0.01–15 (up to ~50) ppm Nd and 0.001–2 (up to ~8) ppm Hf in
clinopyroxene, and 0.01–5 (up to ~20) ppm Nd and 0.02–1.5 (up to ~2.5) ppm Hf in garnet.
Hf isotopic compositions of garnet and clinopyroxene are generally more radiogenic for
their enrichment in Lu [43]. Therefore, the injection of SCLM will lead to a higher εHf
value at a given εNd value. Whole-rock Nd-Hf isotope data for low-temperature garnet-
peridotite xenoliths from Cretaceous South African kimberlites were plotted in Figure 4.
The result shows that SCLM was distant from the trend formed by the SMAR 18–21◦S
MORB samples; therefore, there was no clear influence of subcontinental lithospheric
mantle in the mantle beneath SMAR 18–21◦S. In addition, Hanan et al. [16] ruled out the
influence of SCLM since the amount of SCLM required to cause a clear abnormal ratio of
trace elements was significantly large.

5.2.2. Direct Supply of Mantle Plume Material

Ridge-plume interaction is an important cause of mantle heterogeneity. If the mantle
plume exists near the mid-ocean ridge, the mantle plume material will affect the mantle
beneath the mid-ocean ridge, increasing the degree of isotopic heterogeneity in the MORBs
source that was relatively uniform [11,56,57]. The study area is located in the southwest
extension direction of the St. Helena seamount chain, only about 750 km away from
the seamount chain. Previous studies [26,28–30,32,33] proved that the mantle source
was affected by the St. Helena plume through Sr-Nd-Pb isotope data and geophysical
evidence. The purple area in Figure 4 represents the isotopic composition region of the
basalt produced by the St. Helena plume. Figure 4 shows that the Nd and Hf isotopes of
the MORB samples are well correlated, and point to the St. Helena plume area, which is
consistent with previous conclusions.

Le Roux et al. [51] proposed that some anomalies of trace elements in MORBs were
caused by the direct supply of adjacent plume materials. If the anomalies of trace elements
in this study are caused by the direct supply of plume materials, the basalts produced by the
mantle plume should generally have low Ce/Pb and Nb/U ratios. However, Figure 7 shows
that only few St. Helena basalts have a low Nb/U ratio, while most have a constant Nb/U
ratio typical of oceanic basalts, with an average Nb/U ratio of 44, which is consistent with
previous studies [13,23,24]. The injection of plume materials cannot reduce the Nb/U ratio
of source mantle. Moreover, suppose that the direct supply of plume materials really is the
origin of the trace element anomalies, the abnormal trace element ratios should be related to
the isotopes. Namely, the more radioactive the isotopic composition of MORB is, the more
clear the abnormal ratio of the trace elements will be. However, the correlation between the
ratio of trace elements and isotopic composition is not clear (Figure 8). Therefore, the direct
supply of St. Helena material does not result in the abnormal trace element ratios.
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Figure 8. Plots of (a) εNd (b) εHf vs. Nb/U. Red dots represent new MORBs in this study and gray
dots represent SMAR 18–21◦S MORBs in [26,32].

5.2.3. Recycled Sediments

Sediments can be subducted into the mantle and thus affect the geochemical char-
acteristics of the mantle [58,59]. The composition of subducted sediments is highly vari-
able [41,60], but in general, recycled sediments have identifiable trace element and isotope
characteristics. Therefore, recycled sediments are commonly used to explain the isotope
and trace element system in MORB [42,51,52,61,62].

The plot of the GLOSS in Figures 4, 5 and 6b is located in the extension direction of
the MORB sample array, and seems to indicate that it contributes to the source. However,
after quantitative modeling (Figure 5), it was found that at least 10–20% of the sediment in
the source was required to produce the observed trace element ratio anomalies. Even in
BABB, such as the Manus Basin, the proportion of sediment is only <5% [63]. Clearly, the
presence of this large proportion of sediments in the mantle beneath the mid-ocean ridge,
which is distant from the subduction zone, is unreasonable. Moreover, due to the high
ratio of 87Sr/86Sr in the sediments [41], this proportion of the sediments would cause the Sr
isotopic composition of the samples to deviate significantly from the MORB range. Previous
data [26,32,33] showed that the Sr isotopic composition (0.702398–0.702996, except for SA4A
in [33]) in SMAR 18–21◦S MORBs was not significantly higher than the normal MORB
range. Therefore, we ruled out the sediment as an option. In addition, the Sr/Nd ratio
of the sample (10.6–27.7, average 17.6) did not support the presence of recycled sediment
(~12, [41]) in the source.

5.2.4. Subduction

The subduction signals of MORB or OIB are often interpreted as the result of the
processes through which subduction directly affects the source mantle [21] or the existence
of subduction modified mantle [17,61,64] in the source, and the Ba/Nb ratio is one of the
most common indicators of subduction signals [65]. In our study, although the Ba/Nb
ratio of our samples did not reach the standard (Ba/Nb > 6) of the BABB filter proposed by
Yang et al. [21], it is still significantly higher than the typical N-MORB (Ba/Nb ~2.7; [40]).
Considering that the study area is affected by the St. Helena plume, the addition of plume
material will weaken the subduction signal in the study area. Therefore, we cannot rule
out the possibility that the mantle in the study area is affected by subduction only by the
fact that the Ba/Nb ratio is not sufficiently enough. In addition, Nb negative anomalies
are important indicators of subduction, which are commonly seen in rocks produced in
back-arc basins, island arcs, and other subduction-associated tectonic environments [47,63].

Furthermore, Ba/Th and Th/Nb ratios can be used to indicate the influence of sub-
duction fluid and melt, respectively [48,51,65]. Ba/Nb vs. Ba/Th, Ba/Nb vs. Th/Nb plots
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(Figure 9) show that the variation of Ba/Nb ratio in the samples was mainly controlled by
the variation of Ba/Th ratio. Moreover, Ba/Th vs. Th/Nb plot (Figure 10) shows that if the
study area is indeed affected by subduction, it should be mainly affected by the subduction
fluid. Most of the subduction fluids are released shallowly in the subduction zone [66];
therefore, we can rule out the direct effects of the subduction zone. The spatially and
temporally closest subduction zone which subducts/subducted toward the present SMAR
18–21◦S is the eastern Pacific subduction zone, but the subduction zone and SMAR 18–21◦S
were separated by the South American continent, even before the south Atlantic opened.
As the Atlantic opens, the distance becomes increasingly larger. For shallow subduction
fluids to be directly affected in this distance, it would require an unreasonably small sub-
ducted angle and an extremely long subducted distance. Therefore, the hypothesis that
the subduction of the eastern Pacific directly affects the source mantle is ruled out. The
ancient subduction zone associated with the Rheic Ocean was located on the northern
side of Africa and South America [67,68]. Similar to the eastern Pacific subduction zone,
subduction fluids are difficult to be affected in the study area due to the distance. Therefore,
only the process of subduction modified mantle transmitted to the study area through the
mantle convection can make sense.

 

Figure 9. Plots of Ba/Nb vs. (a) Ba/Th (b) Th/Nb. Red dots represent new MORBs in this study and
gray dots represent SMAR 18–21◦S MORBs in [26,32].

 

Figure 10. Plots of Ba/Th vs. Th/Nb. Red dots represent new MORBs in this study and gray dots
represent SMAR 18–21◦S MORBs in [26,32].
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6. Conclusions

In this study, 16 basalt samples from 14 sites on the axis of SMAR 18–21◦S were
collected and analyzed for the composition of major element, trace element, and Nd-Hf
isotope. The results are shown as follows:

1. These samples belong to the low-K subalkaline basalt, which is classified into N-
MORB according to the (La/Sm)N ratio, and Nd-Hf isotope composition shows the
characteristics of depletion. However, compared with typical N-MORB samples, the
fluid-mobile elements, such as U, Pb, and Rb are enriched. Meanwhile, Ce/Pb and
Nb/U ratios are higher than the constant value, while Ba/Nb, Ba/Th, Rb/La, Rb/Nb,
and other trace element ratios are significantly higher than the typical N-MORB. In
addition, our samples all have negative anomalies of Nb.

2. Plot of εNd-εHf shows that the mantle beneath SMAR 18–21◦S is affected by the St.
Helena plume. However, the anomalies of trace element in the samples are not caused
by the direct supply of plume material. In addition, we exclude the possibility of
continental crust material, subcontinental lithospheric mantle, and recycled sediments.
Furthermore, we propose that the anomalies of trace element are related to subduction.

The influence of subduction on the samples is mainly caused by the subduction fluid.
Based on the geographical location, it seems unreasonable that the subduction directly
affects the mantle beneath SMAR 18–21◦S. It is more likely that the mantle modified
by the subduction fluid is transmitted to the mantle beneath SMAR 18–21◦S through
mantle convection.
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ratios of trace element between GLOSS and SMAR-61.

Author Contributions: Conceptualization, T.J. and Z.Z.; methodology, T.J.; software, T.J.; validation,
T.J.; formal analysis, T.J.; investigation, T.J. and Z.Z.; resources, Z.Z.; data curation, T.J.; writing—
original draft preparation, T.J.; writing—review and editing, T.J. and Z.Z.; visualization, T.J.; supervi-
sion, Z.Z.; project administration, Z.Z.; funding acquisition, Z.Z. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding or This research was funded by the National
Natural Science Foundation of China (Grant No. 91958213), Strategic Priority Research Program (B)
of the Chinese Academy of Sciences (Grant No. XDB42020402), National Basic Research Program of
China (Grant No. 2013CB429700), and the Taishan Scholars Program.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data are given in the Supporting Information.

Acknowledgments: We are grateful for the valuable comments and suggestions from the anonymous
reviewers and editors. This work was supported by the National Natural Science Foundation of China
(Grant No. 91958213), Strategic Priority Research Program (B) of the Chinese Academy of Sciences
(Grant No. XDB42020402), National Basic Research Program of China (Grant No. 2013CB429700),
and the Taishan Scholars Program.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Zindler, A.; Hart, S.R. Chemical Geodynamics. Ann. Rev. Earth Planet. Sci. 1986, 14, 493–571. [CrossRef]
2. Hart, S.R. Heterogeneous Mantle Domains: Signatures, Genesis and Mixing Chronologies. Earth Planet. Sci. Lett. 1988, 90,

273–296. [CrossRef]
3. Willbold, M.; Stracke, A. Trace Element Composition of Mantle End-members: Implications for Recycling of Oceanic and Upper

and Lower Continental Crust. Geochem. Geophys. Geosyst. 2006, 7, 2005GC001005. [CrossRef]
4. White, W.M. Isotopes, DUPAL, LLSVPs, and Anekantavada. Chem. Geol. 2015, 419, 10–28. [CrossRef]
5. Workman, R.K.; Hart, S.R. Major and Trace Element Composition of the Depleted MORB Mantle (DMM). Earth Planet. Sci. Lett.

2005, 231, 53–72. [CrossRef]

170



J. Mar. Sci. Eng. 2023, 11, 441

6. Dupré, B.; Allègre, C.J. Pb–Sr Isotope Variation in Indian Ocean Basalts and Mixing Phenomena. Nature 1983, 303, 142–146.
[CrossRef]

7. Hart, S.R. A Large-Scale Isotope Anomaly in the Southern Hemisphere Mantle. Nature 1984, 309, 753–757. [CrossRef]
8. Pearce, J.A.; Kempton, P.D.; Nowell, G.M.; Noble, S.R. Hf–Nd Element and Isotope Perspective on the Nature and Provenance of

Mantle and Subduction Components in Western Pacific Arc–Basin Systems. J. Petrol. 1999, 40, 33. [CrossRef]
9. Niu, Y.; Bideau, D.; Hékinian, R.; Batiza, R. Mantle Compositional Control on the Extent of Mantle Melting, Crust Production,

Gravity Anomaly, Ridge Morphology, and Ridge Segmentation: A Case Study at the Mid-Atlantic Ridge 33–35◦ N. Earth Planet.
Sci. Lett. 2001, 186, 383–399. [CrossRef]

10. Meyzen, C.M.; Ludden, J.N.; Humler, E.; Luais, B.; Toplis, M.J.; Mével, C.; Storey, M. New Insights into the Origin and Distribution
of the DUPAL Isotope Anomaly in the Indian Ocean Mantle from MORB of the Southwest Indian Ridge: INDIAN OCEAN
DUPAL ISOTOPE ANOMALY. Geochem. Geophys. Geosyst. 2005, 6, Q11K11. [CrossRef]

11. Gale, A.; Laubier, M.; Escrig, S.; Langmuir, C.H. Constraints on Melting Processes and Plume-Ridge Interaction from Compre-
hensive Study of the FAMOUS and North Famous Segments, Mid-Atlantic Ridge. Earth Planet. Sci. Lett. 2013, 365, 209–220.
[CrossRef]

12. Mougel, B.; Agranier, A.; Hemond, C.; Gente, P. A Highly Unradiogenic Lead Isotopic Signature Revealed by Volcanic Rocks
from the East Pacific Rise. Nat. Commun. 2014, 5, 4474. [CrossRef] [PubMed]

13. Hofmann, A.W. Mantle Geochemistry: The Message from Oceanic Volcanism. Nature 1997, 385, 219–229. [CrossRef]
14. Kamenetsky, V.S.; Maas, R.; Sushchevskaya, N.M.; Norman, M.D.; Cartwright, I.; Peyve, A.A. Remnants of Gondwanan

Continental Lithosphere in Oceanic Upper Mantle: Evidence from the South Atlantic Ridge. Geology 2001, 29, 243–246. [CrossRef]
15. Escrig, S.; Capmas, F.; Dupré, B.; Allègre, C.J. Osmium Isotopic Constraints on the Nature of the DUPAL Anomaly from Indian

Mid-Ocean-Ridge Basalts. Nature 2004, 431, 59–63. [CrossRef]
16. Hanan, B.B.; Blichert-Toft, J.; Pyle, D.G.; Christie, D.M. Contrasting Origins of the Upper Mantle Revealed by Hafnium and Lead

Isotopes from the Southeast Indian Ridge. Nature 2004, 432, 91–94. [CrossRef]
17. Janney, P.E.; Le Roex, A.P.; Carlson, R.W. Hafnium Isotope and Trace Element Constraints on the Nature of Mantle Heterogeneity

beneath the Central Southwest Indian Ridge (13◦ E to 47◦ E). J. Petrol. 2005, 46, 2427–2464. [CrossRef]
18. Stracke, A.; Hofmann, A.W.; Hart, S.R. FOZO, HIMU, and the Rest of the Mantle Zoo: THE MANTLE ZOO. Geochem. Geophys.

Geosyst. 2005, 6, Q05007. [CrossRef]
19. Stracke, A. Earth’s Heterogeneous Mantle: A Product of Convection-Driven Interaction between Crust and Mantle. Chem. Geol.

2012, 330–331, 274–299. [CrossRef]
20. Zhang, G.-L.; Luo, Q.; Zhao, J.; Jackson, M.G.; Guo, L.-S.; Zhong, L.-F. Geochemical Nature of Sub-Ridge Mantle and Opening

Dynamics of the South China Sea. Earth Planet. Sci. Lett. 2018, 489, 145–155. [CrossRef]
21. Yang, A.Y.; Langmuir, C.H.; Cai, Y.; Michael, P.; Goldstein, S.L.; Chen, Z. A Subduction Influence on Ocean Ridge Basalts Outside

the Pacific Subduction Shield. Nat. Commun. 2021, 12, 4757. [CrossRef] [PubMed]
22. Fang, W.; Dai, L.-Q.; Zheng, Y.-F.; Zhao, Z.-F. Molybdenum Isotopes in Mafic Igneous Rocks Record Slab-Mantle Interactions

from Subarc to Postarc Depths. Geology 2022, 51, 3–7. [CrossRef]
23. Halliday, A.N.; Lee, D.-C.; Tommasini, S.; Davies, G.R.; Paslick, C.R.; Godfrey Fitton, J.; James, D.E. Incompatible Trace Elements

in OIB and MORB and Source Enrichment in the Sub-Oceanic Mantle. Earth Planet. Sci. Lett. 1995, 133, 379–395. [CrossRef]
24. Hofmann, A.W.; Class, C.; Goldstein, S.L. Size and Composition of the MORB+OIB Mantle Reservoir. Geochem. Geophys. Geosyst.

2022, 23, e2022GC010339. [CrossRef]
25. Ito, G.; van Keken, P.E. Hot Spots and Melting Anomalies. In Treatise on Geophysics; Elsevier: Amsterdam, The Netherlands, 2007;

pp. 371–435, ISBN 978-0-444-52748-6.
26. Zhang, H.; Yan, Q.; Li, C.; Shi, X.; Yang, Y.; Wang, G.; Hua, Q.; Zhu, Z.; Zhang, H.; Zhao, R. Tracing Material Contributions from

Saint Helena Plume to the South Mid-Atlantic Ridge System. Earth Planet. Sci. Lett. 2021, 572, 117130. [CrossRef]
27. Wilson, M. Magmatism and Continental Rifting during the Opening of the South Atlantic Ocean: A Consequence of Lower

Cretaceous Super-Plume Activity? Geol. Soc. Lond. Spec. Publ. 1992, 68, 241–255. [CrossRef]
28. Schilling, J.-G. Upper Mantle Heterogeneities and Dynamics. Nature 1985, 314, 62–67. [CrossRef]
29. Hanan, B.B.; Kingsley, R.H.; Schilling, J.-G. Pb Isotope Evidence in the South Atlantic for Migrating Ridge—Hotspot Interactions.

Nature 1986, 322, 137–144. [CrossRef]
30. Fontignie, D.; Schilling, J.-G. Mantle Heterogeneities beneath the South Atlantic: A Nd-Sr-Pb Isotope Study along the Mid-Atlantic

Ridge (3◦ S–46◦ S). Earth Planet. Sci. Lett. 1996, 142, 209–221. [CrossRef]
31. Storey, B.C. The Role of Mantle Plumes in Continental Breakup: Case Histories from Gondwanaland. Nature 1995, 377, 301–308.

[CrossRef]
32. Zhang, H.; Shi, X.; Li, C.; Yan, Q.; Yang, Y.; Zhu, Z.; Zhang, H.; Wang, S.; Guan, Y.; Zhao, R. Petrology and Geochemistry of South

Mid-Atlantic Ridge (19◦ S) Lava Flows: Implications for Magmatic Processes and Possible Plume-Ridge Interactions. Geosci.
Front. 2020, 11, 1953–1973. [CrossRef]

33. Zhong, Y.; Zhang, X.; Sun, Z.; Liu, J.; Li, W.; Ma, Y.; Liu, W.; Xia, B.; Guan, Y. Sr–Nd–Pb–Hf Isotopic Constraints on the Mantle
Heterogeneities beneath the South Mid-Atlantic Ridge at 18–21◦ S. Minerals 2020, 10, 1010. [CrossRef]

34. Xue, D.-S.; Su, B.-X.; Zhang, D.-P.; Liu, Y.-H.; Guo, J.-J.; Guo, Q.; Sun, J.-F.; Zhang, S.-Y. Quantitative Verification of 1:100 Diluted
Fused Glass Beads for X-Ray Fluorescence Analysis of Geological Specimens. J. Anal. At. Spectrom. 2020, 35, 2826–2833. [CrossRef]

171



J. Mar. Sci. Eng. 2023, 11, 441

35. Chen, F.; Hegner, E.; Todt, W. Zircon Ages and Nd Isotopic and Chemical Compositions of Orthogneisses from the Black Forest,
Germany: Evidence for a Cambrian Magmatic Arc. Int. J. Earth Sci. 2000, 88, 791–802. [CrossRef]

36. Chen, F.; Li, X.-H.; Wang, X.-L.; Li, Q.-L.; Siebel, W. Zircon Age and Nd–Hf Isotopic Composition of the Yunnan Tethyan Belt,
Southwestern China. Int. J. Earth Sci. 2007, 96, 1179–1194. [CrossRef]

37. Irvine, T.N.; Baragar, W.R.A. A Guide to the Chemical Classification of the Common Volcanic Rocks. Can. J. Earth Sci. 1971, 8,
523–548. [CrossRef]

38. Rickwood, P.C. Boundary Lines within Petrologic Diagrams Which Use Oxides of Major and Minor Elements. Lithos 1989, 22,
247–263. [CrossRef]

39. Zhong, Y.; Liu, W.; Sun, Z.; Yakymchuk, C.; Ren, K.; Liu, J.; Li, W.; Ma, Y.; Xia, B. Geochemistry and Mineralogy of Basalts from
the South Mid-Atlantic Ridge (18.0◦–20.6◦ S): Evidence of a Heterogeneous Mantle Source. Minerals 2019, 9, 659. [CrossRef]

40. Sun, S.-S.; McDonough, W.F. Chemical and Isotopic Systematics of Oceanic Basalts: Implications for Mantle Composition and
Processes. Geol. Soc. Lond. Spec. Publ. 1989, 42, 313–345. [CrossRef]

41. Plank, T.; Langmuir, C.H. Tracing Trace Elements from Sediment Input to Volcanic Output at Subduction Zones. Nature 1993, 362,
739–743. [CrossRef]

42. Chauvel, C.; Lewin, E.; Carpentier, M.; Arndt, N.T.; Marini, J.-C. Role of Recycled Oceanic Basalt and Sediment in Generating the
Hf–Nd Mantle Array. Nat. Geosci. 2008, 1, 64–67. [CrossRef]

43. Bedini, R. Isotopic Constraints on the Cooling of the Continental Lithosphere. Earth Planet. Sci. Lett. 2004, 223, 99–111. [CrossRef]
44. Vervoort, J.D.; Blichert-Toft, J. Evolution of the Depleted Mantle: Hf Isotope Evidence from Juvenile Rocks through Time. Geochim.

Cosmochim. Acta 1999, 63, 533–556. [CrossRef]
45. Hofmann, A.W.; Jochum, K.P.; Seufert, M.; White, W.M. Nb and Pb in Oceanic Basalts: New Constraints on Mantle Evolution.

Earth Planet. Sci. Lett. 1986, 79, 33–45. [CrossRef]
46. Rudnick, R.L.; Gao, S. Composition of the Continental Crust. In Treatise on Geochemistry; Elsevier: Amsterdam, The Netherlands,

2014; pp. 1–51, ISBN 978-0-08-098300-4.
47. Park, S.-H.; Lee, S.-M.; Kamenov, G.D.; Kwon, S.-T.; Lee, K.-Y. Tracing the Origin of Subduction Components beneath the South

East Rift in the Manus Basin, Papua New Guinea. Chem. Geol. 2010, 269, 339–349. [CrossRef]
48. Nielsen, S.G.; Shu, Y.; Auro, M.; Yogodzinski, G.; Shinjo, R.; Plank, T.; Kay, S.M.; Horner, T.J. Barium Isotope Systematics of

Subduction Zones. Geochim. Cosmochim. Acta 2020, 275, 1–18. [CrossRef]
49. Richter, M.; Nebel, O.; Maas, R.; Mather, B.; Nebel-Jacobsen, Y.; Capitanio, F.A.; Dick, H.J.B.; Cawood, P.A. An Early Cretaceous

Subduction-Modified Mantle underneath the Ultraslow Spreading Gakkel Ridge, Arctic Ocean. Sci. Adv. 2020, 6, eabb4340.
[CrossRef]

50. Villalobos-Orchard, J.; Freymuth, H.; O’Driscoll, B.; Elliott, T.; Williams, H.; Casalini, M.; Willbold, M. Molybdenum Isotope
Ratios in Izu Arc Basalts: The Control of Subduction Zone Fluids on Compositional Variations in Arc Volcanic Systems. Geochim.
Cosmochim. Acta 2020, 288, 68–82. [CrossRef]

51. le Roux, P.J.; le Roex, A.P.; Schilling, J.-G.; Shimizu, N.; Perkins, W.W.; Pearce, N.J.G. Mantle Heterogeneity beneath the Southern
Mid-Atlantic Ridge: Trace Element Evidence for Contamination of Ambient Asthenospheric Mantle. Earth Planet. Sci. Lett. 2002,
203, 479–498. [CrossRef]

52. Hanan, B.B.; Blichert-Toft, J.; Hemond, C.; Sayit, K.; Agranier, A.; Graham, D.W.; Albarède, F. Pb and Hf Isotope Variations along
the Southeast Indian Ridge and the Dynamic Distribution of MORB Source Domains in the Upper Mantle. Earth Planet. Sci. Lett.
2013, 375, 196–208. [CrossRef]

53. Duncan, A.R. The Karoo Igneous Province—A Problem Area for Inferring Tectonic Setting from Basalt Geochemistry. J. Volcanol.
Geotherm. Res. 1987, 32, 13–34. [CrossRef]

54. Turner, S.; Hawkesworth, C.; Gallagher, K.; Stewart, K.; Peate, D.; Mantovani, M. Mantle Plumes, Flood Basalts, and Thermal
Models for Melt Generation beneath Continents: Assessment of a Conductive Heating Model and Application to the Paraná.
J. Geophys. Res. 1996, 101, 11503–11518. [CrossRef]

55. Peate, D.W.; Hawkesworth, C.J.; Mantovani, M.M.S.; Rogers, N.W.; Turner, S.P. Petrogenesis and Stratigraphy of the High-Ti/Y
Urubici Magma Type in the Parana Flood Basalt Province and Implications for the Nature of ‘Dupal’-Type Mantle in the South
Atlantic Region. J. Petrol. 1999, 40, 451–473. [CrossRef]

56. Zhang, Y.-S.; Tanimoto, T. Ridges, Hotspots and Their Interaction as Observed in Seismic Velocity Maps. Nature 1992, 355, 45–49.
[CrossRef]

57. Wei, X.; Zhang, G.-L.; Castillo, P.R.; Shi, X.-F.; Yan, Q.-S.; Guan, Y.-L. New Geochemical and Sr-Nd-Pb Isotope Evidence for FOZO
and Azores Plume Components in the Sources of DSDP Holes 559 and 561 MORBs. Chem. Geol. 2020, 557, 119858. [CrossRef]

58. Tatsumi, Y. The Subduction Factory: How It Operates in the Evolving Earth. Gsa Today 2005, 15, 4. [CrossRef]
59. Sun, W.; Teng, F.-Z.; Niu, Y.-L.; Tatsumi, Y.; Yang, X.-Y.; Ling, M.-X. The Subduction Factory: Geochemical Perspectives. Geochim.

Cosmochim. Acta 2014, 143, 1–7. [CrossRef]
60. Lin, P.-N. Trace Element and Isotopic Characteristics of Western Pacific Pelagic Sediments: Implications for the Petrogenesis of

Mariana Arc Magmas. Geochim. Cosmochim. Acta 1992, 56, 1641–1654. [CrossRef]
61. Rehkamper, M.; Hofmann, A.W. Recycled Ocean Crust and Sediment in Indian Ocean MORB. Earth Planet. Sci. Lett. 1997, 147,

93–106. [CrossRef]

172



J. Mar. Sci. Eng. 2023, 11, 441

62. Ahmad, Q.; Wille, M.; Rosca, C.; Labidi, J.; Schmid, T.; Mezger, K.; König, S. Molybdenum Isotopes in Plume-Influenced MORBs
Reveal Recycling of Ancient Anoxic Sediments. Geochem. Persp. Let. 2022, 23, 43–48. [CrossRef]

63. Wang, X.; Huang, P.; Huang, H.; Hu, N. Geochemical and Isotopic Compositions of East Rift Lavas from the Manus Basin:
Implications for the Origin of Subduction Components. Geol. J. 2020, 55, 7429–7442. [CrossRef]

64. Yu, H.-M.; Nan, X.-Y.; Wu, F.; Widom, E.; Li, W.-Y.; Kuentz, D.; Huang, F. Barium Isotope Evidence of a Fluid-Metasomatized
Mantle Component in the Source of Azores OIB. Chem. Geol. 2022, 610, 121097. [CrossRef]

65. Leat, P.T.; Livermore, R.A.; Millar, I.L.; Pearce, J.A. Magma Supply in Back-Arc Spreading Centre Segment E2, East Scotia Ridge.
J. Petrol. 2000, 41, 845–866. [CrossRef]

66. Grove, T.L.; Till, C.B.; Krawczynski, M.J. The Role of H2O in Subduction Zone Magmatism. Annu. Rev. Earth Planet. Sci. 2012, 40,
413–439. [CrossRef]

67. Murphy, J.B.; Keppie, J.D.; Nance, R.D.; Dostal, J. Comparative Evolution of the Iapetus and Rheic Oceans: A North America
Perspective. Gondwana Res. 2010, 17, 482–499. [CrossRef]

68. Nance, R.D.; Gutiérrez-Alonso, G.; Keppie, J.D.; Linnemann, U.; Murphy, J.B.; Quesada, C.; Strachan, R.A.; Woodcock, N.H. A
Brief History of the Rheic Ocean. Geosci. Front. 2012, 3, 125–135. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

173





Citation: Zhu, B.; Zeng, Z. Detrital

Zircon Provenance in the Sediments

in the Southern Okinawa Trough. J.

Mar. Sci. Eng. 2022, 10, 142. https://

doi.org/10.3390/jmse10020142

Academic Editor: Antoni Calafat

Received: 2 December 2021

Accepted: 18 January 2022

Published: 21 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Article

Detrital Zircon Provenance in the Sediments in the Southern
Okinawa Trough

Bowen Zhu 1,2,3 and Zhigang Zeng 1,2,4,*

1 CAS Key Laboratory of Marine Geology and Environment, Institute of Oceanology, Chinese Academy of
Sciences, Qingdao 266071, China; zhubowen@qdio.ac.cn

2 University of Chinese Academy of Sciences, Beijing 100049, China
3 Center for Ocean Mega-Science, Chinese Academy of Sciences, Qingdao 266071, China
4 Laboratory for Marine Mineral Resources, Qingdao Pilot National Laboratory for Marine Science and

Technology, Qingdao 266061, China
* Correspondence: zgzeng@ms.qdio.ac.cn

Abstract: The provenance of sediments in the Southern Okinawa Trough since the late Holocene
has been a controversial scientific issue during the past 20 years. Previous studies based on isotope
proxies generally indicated Taiwanese rivers as the primary source in the Southern Okinawa Trough
since the late Holocene. Based on the zircon U-Pb geochronology, this study identified how sediments
from the Yangtze River/East China Sea shelf had contributed significantly to the Southern Okinawa
Trough in the past 624 a BP. Notably, this study found two Paleoarchean zircon grains, which indicated
they originated from older orogenic belts. These data shed new light on the provenance of sediments,
and a partial supply from the mainland of China cannot be excluded.

Keywords: detrital zircon; sediment provenance; Okinawa Trough

1. Introduction

As a momentous “sink” in the East Asia continental margin, the Okinawa Trough
is a crucial area to study continental-oceanic interactions and “source-to-sink” processes.
Sediments in the Okinawa Trough record the evolutionary history of sea level, ocean circu-
lation, East Asian monsoon, and human activities since the late Pleistocene [1,2]. During the
Holocene, terrigenous sediments from various sources were deposited in the East China Sea
(ECS) shelf and Okinawa Trough, such as large rivers on the Chinese mainland (the Yangtze
River and Yellow River), the “mountain stream type” small and medium rivers on Taiwan
Island, and small rivers on the Korean Peninsula and the Ryukyu Island Arc [2–7]. Owing
to the sudden change in the Kuroshio Current to reach its present position approximately
7.1 ka [4], sediments in the Southern Okinawa Trough (SOT) record continuous climate and
ocean signals, which provides geological evidence for tracing the sedimentary response of
the evolution of Kuroshio Current. Simultaneously, the rapid deposition rate in the SOT
indicates high sediment supply [8–11]. Therefore, defining the provenance of sediments in
the SOT is essential to reveal the evolution of sedimentary environment.

In the last two decades, there have been several research projects conducted on prove-
nance of sediments in the SOT. However, these have not yet led to decisive results. Due to
the different research indicators, previous studies have obtained inconsistent conclusions
on the provenance of the SOT since the Holocene. For example, records of Sr-Nd isotopic
compositions indicate that the provenances of ODP-1202B and H4-S3 were mainly derived
from Taiwanese rivers during the past 3.0 ka BP [5,10]. However, a study based on the
Sr-Pb isotopic composition of the sediments of RC14-91 core argued that loess and the
sediments from the Yangtze River account for 40% of the total [12]. Moreover, the composi-
tions of the total organic carbon (TOC) and total nitrogen (TN), hydrocarbons, long-chain
n-alkanes, and fatty acids in surface sediments from the SOT are different from Taiwan
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river sediments [13,14], indicating that there may be other potential sources in the SOT.
Notably, under the ocean circulation system of the Western Pacific since the Holocene,
it seems improbable for the sediments from the Yangtze River or the ECS to enter the
SOT. Therefore, it is necessary to use more accurate provenance fingerprints to determine
whether the Yangtze River or the East China Sea are potential sources for the sediments of
the SOT.

The detrital zircon geochronology, which has been used in the ECS [6], the South China
Sea [15,16], and the Yellow Sea [17], has become one method used to trace the provenance
of sediments in the Chinese marginal seas. In this study, we also reconsidered previous
hypothesis, and report detrital zircon U-Pb age distributions from H4-S2, aiming to identify
the sediment provenance in the SOT since 624 a BP.

2. Regional Setting

The ECS has a wide continental shelf with complex terrain and hydrological conditions,
so sediments are commonly affected by two sources: large and medium rivers in the
southeastern China mainland (such as the Yangtze River, Oujiang, and Minjiang) and small
and medium rivers (such as Zhuoshui river) in Taiwan [18]. The sediment discharge of
the Yangtze River has reached 680 Mt/a historically [19], but with the construction of the
Three Gorges Dam, this amount has reduced to 100 Mt/a [20]. At the same time, Minjiang
and Oujiang, along the southeastern coast of the Chinese mainland, also have significant
sediment loads, contributing 17–20 Mt of sediments per year [21]. On the other side of
the Taiwan Strait, Zhuoshui river, the longest river in Taiwan, carries 54 Mt of sediments
per year into the ECS [22]. As an essential provenance area of SOT, Lanyang river in
northeastern Taiwan can transport 6–9 Mt of sediments to the SOT every year [23–25]. The
above rivers are the potential provenance areas of sediments in this study.

Ocean currents affect the transport of sediments in the ECS. For example, sediments
from the Yangtze River, under the action of the Zhejiang-Fujian Coastal Current (ZFCC)
and Changjiang Diluted Water, affect the composition of sediments in most areas of the
East China Sea [26]. Meanwhile, most of the sediments from the Changjiang are confined
to the East China Sea shelf by the Taiwan Warm Current, forming the mud wedge, and are
difficult to transport to the area east of 123◦ E [26,27].

The area around SOT has developed complex topography characterized by the ECS
slope, the North Mien-Hua Canyon, the Mien-Hua Canyon, Keelung Valley, and I-Lan
Ridge (Figure 1). The hydrologic environment in this region is influenced by ocean large-
scale and mesoscale ocean dynamic processes, including the Kuroshio Current, internal
tides, upwelling, and cyclonic eddies (Figure 1b) [28–32].
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Figure 1. (a) Currents, cores, and potential provenance areas distribution in the East China Sea
(modified from references [5,8,26,33–35]), and (b) the location of cores in the Southern Okinawa
Trough. YTR, the Yangtze River (Changjiang) mouth; OU, Oiujiang; MIN, Minjiang; ECS-T, ECS-M,
and ECS-B, East China Sea shelf; WTWR, Zhuoshui river mouth; ETWR, Lanyang river mouth. CDW,
Changjiang Diluted Water; ZFCC, the Zhejiang-Fujian Coastal Current; TWC, the Taiwan Warm
Current; KC, Kuroshio Current. Y B, the Yangtze Block; C B, the Cathaysia Block; JSF, Jiang-Shao Fault;
ZDF, Zhenghe-Dapu Fault. The location of upwelling dome, valley, ridge, and canyon modified from
reference [8]. The pathways of currents and upwelling dome in this figure are not a representation of
the actual location. The potential provenance areas are represented by red diamonds, with specific
latitude and longitude from the references [6,33,36,37]. Cores in the Southern Okinawa Trough are
represented by red crosses, with specific locations from the references [8,10,12]. Topographic data
comes from https://www.gebco.net/ (accessed on 2 December 2021).

3. Materials and Methods

3.1. Samples and Age Model

H4-S2, a 477 cm core on the ocean floor at 1505 m in depth, located in the SOT
(Figure 1b). This study focused on the detrital zircon from five layers in H4-S2 (26–66 cm,
112–152 cm, 192–232 cm, 332–372 cm, and 402–442 cm) (Figure 2). The depositional age at
477 cm is 624 a BP (Figure 2).

3.2. Methods
3.2.1. Detrital Zircon U-Pb Age and Th/U Analysis

We collected five samples from H4-S2 (Figure 2) to investigate the provenance of the
detrital zircons. The details of the samples are provided in Table S2. Since samples are rare,
only 400 g of sediment for each sample were processed. Zircon grains were extracted from
the sediments by using conventional heavy liquid and magnetic separation procedures.

For detrital zircon U-Pb age analysis samples, more than 1000 grains were selected. A
subset of 400 grains was randomly selected under a binocular microscope, fixed, transferred
to an epoxy mount, and polished to expose the midsection. Cathodoluminescence (CL)
images were used to obtain the internal structure of grains and aid in selecting dating points.
The above work was completed at the Institute of Resources of the Chinese Academy of
Geological Sciences.
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Figure 2. The sedimentological column of the H4-S2. The level of detrital zircon sample is marked by
red stars and gray rectangles with red boundaries, and its depth placed on the right. The grain size
and dating data of H4-S2 are sourced from reference [38].

Zircon U-Pb dating and Th/U analysis were conducted using the LA-ICP-MS in-
strument in the Mineral and Fluid Inclusion Microanalysis Laboratory of the Institute of
Geology, Chinese Academy of Geological Sciences, Beijing. The NWR 193UC laser ablation
system (Elemental Scientific Lasers, Omaha, NE, USA) is equipped with a Coherent Excistar
200 excimer laser and a Two Volume 2 ablation cell. The ablation system was coupled to an
Agilent 7900 ICP-MS (Agilent, Santa Clara, CA, USA). An external energy meter was used
to ensure that the input laser fluence value matched the actual energy of the sample well
before analysis. The zircon mounts were cleaned ultrasonically in ultrapure water. Before
analysis, the mounts were cleaned again using AR-grade methanol, and each spot was
preablated for five shots (~0.3 μm in depth) to remove potential surface contamination. The
analyses were performed using a 25 μm diameter spot size at 5 Hz, 2 J/cm2 laser fluence.

The Iolite software package was used for data reduction. Zircon 91500 was used
as the primary standard, and GJ-1 and Plešovice were used as secondary standard. The
91500 standard was analyzed twice, and both GJ-1 and Plešovice were analyzed once every
10–12 analyses for the sample. Typically, 35–40 s of the sample signals was acquired after
20 s of gas background measurement. The exponential function was used to calibrate
the downhole fractionation. NIST 610 and 91Zr were used to calibrate the trace element
concentrations as external reference materials and internal standard elements, respectively.
The measured ages of the reference materials in this batch are listed as follows: 91500
(1061.5 ± 3.2 Ma, 2σ), GJ-1 (604 ± 6 Ma, 2σ), and Plešovice (340 ± 4 Ma, 2σ), which agreed
with the nominal values well within uncertainty.
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ICPMSDataCal9.2 was used to process the experimental data obtained through the
above method [39]. For detrital zircon with a 207Pb/206Pb age less than 1400 Ma, 206Pb/238U
ages with a degree of concordance greater than 90% were selected, and for detrital zircons
with a 207Pb/206Pb age greater than 1400 Ma, 207Pb/206Pb ages greater than 90% were
selected [40–42].

3.2.2. Visual Analysis of the Detrital Zircon Age Distribution

The detrital zircon U-Pb age distribution was visualized as kernel density estimation
(KDE) plots with an adaptive bandwidth of 30 Ma, and multidimensional scaling (MDS)
map by using an R package for statistical provenance analysis [43]. The above method can
transform the differences in age distribution into the shape of the curve and the distance in
two-dimensional space. The more similar the distribution is, the more similar the shape
will be and the smaller the distance will be.

4. Results

4.1. Detrital Zircon Grain-Size and U-Pb Age Distribution of the Southern Okinawa Trough over
the Past 700 Years

Most zircon grains are igneous in origin according to oscillatory zoning (Figure 3a)
and Th/U > 0.1 (Figure 3b) [33,44,45]. Thus, 75–93 valid ages (427 in total) were obtained
for each sample (Table S1).

 

Figure 3. Cathodoluminescence images and U-Th ratios of detrital zircon grains from sediments in
H4-S2. (a) Cathodoluminescence images; (b) U-Th ratios. Red circles indicate the dating points.

Since the plot of 25 μm was selected, the size of the zircon grains was relatively fine.
The equivalent spherical diameter (ESD), which is the cube root of the product of lengths
of the three axes [46], was distributed from 36.21–89.18 μm and mainly distributed from
36.21–62.92 μm. The mean ESD of analyzed zircon grains in OTS-1 to OTS-5 are 50.83, 48.89,
52.47, 53.07, and 61.08 μm, respectively (Table S2).

All samples show seven primary groups: 200–100 Ma, 300–200 Ma, 500–400 Ma,
900–700 Ma, 1.1–1.0 Ga, 2.0–1.8 Ga, and 2.7–2.5 Ga (Figure 4). However, there are some
differences between each sample; for example, the main peaks in OTS-1 and OTS-5 appear
in the 200–100 Ma group, while peaks in OTS-2 and OTS-4 lie from 300 to 200 Ma, and the
peak of OTS-3 is older than others and falls in the 900–700 Ma group. Moreover, OTS-4
has more grains distributed in the range of 1.2–1.0 Ga, while other samples did not show
a similar situation. Furthermore, Cenozoic grains all appear in five samples, including
OTS-1-92 (28.53 ± 0.86 Ma), OTS-2-94 (29.12 ± 0.3 Ma), OTS-3-83 (58.6 ± 1.6 Ma), OTS-4-83
(9.73 ± 0.43 Ma), and OTS-5-65 (13.75 ± 0.64 Ma) (Table S1). Paleoarchean grains are only
found at OTS-2-31 (3597 ± 16 Ma), and OTS-4-51 (3282 ± 12 Ma) (Table S1).
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Figure 4. Kernel density estimation (KDE) plots for detrital zircon U-Pb ages of OTS-1 to OTS-5 in
H4-S2. Please refer to Table S1 for detailed data. The results of OTS-1 and OTS-2 are reprocessing of
the previous data [47]. The values of major age peaks are marked in this figure.

4.2. Detrital Zircon U-Pb Age Distribution from the Potential Provenance of the Southern
Okinawa Trough

Recent studies have shown that detrital zircon from sediments in modern rivers
may well reproduce the expected age distribution of the zircon-bearing bedrock source
area [33,48]. To better define the provenance of detrital zircon grains in the southern
Okinawa Trough, we consider the East China Sea shelf, Yangtze River, Lanyang river,
Zhuoshui river, Minjiang, and Oujiang as potential provenance areas (Figure 1a).

The U-Pb age distribution of the detrital zircon in the potential provenance areas is
mainly characterized by the following characteristics (Figure 5): (1) The detrital zircon
in the sediments of the Lanyang river and Zhuoshui river is represented by seven main
age groups: 200–100 Ma, 300–200 Ma, 550–360 Ma, 850–700 Ma, 1.1–0.9 Ga, 2.0–1.8 Ga,
and 2.6–2.4 Ga. The age distribution of the Zhuoshui river is relatively simple, with a
higher proportion of Phanerozoic zircons, but the Zhuoshui river has a more complex age
composition and more Precambrian zircons [33]. (2) The detrital zircon of Changjiang-
derived sediments shows five major age groups: 300–100 Ma, 600–400 Ma, 900–700 Ma,
2.0–1.7 Ga, and 2.6–2.2 Ga [36,49]. The distribution characteristics of Changjiang-derived
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and Huanghe-derived sediments are completely different, with four main age groups:
500–200 Ma, 1000–800 Ma, 2.0–1.5 Ga, and 2.8–2.2 Ga [50]. In addition, the age peak
of the Huanghe-derived sediments appeared in the Paleoproterozoic, which is also an
important signal to distinguish the two provenance areas (Changjiang and Huanghe).
(3) The age distribution of the detrital zircon in Oujiang is simple, distributed in the ranges
of 200–60 Ma and 2.4–1.8 Ga; (4) Minjiang is mainly distributed in the range of 1.0 Ga–60 Ma,
and the remaining particles were distributed in the range of 3.3–1.2 Ga [36,37,51]. The age
ranges of Oujiang and Minjiang are obviously younger than those of Changjiang and
Huanghe, which also provides a basis for distinguishing different provenance areas for this
study. (5) Due to the different locations, the age distribution of the East China Sea shelf
is different. ECS-B has four main age groups: 600–60 Ma, 1.2 Ga–700 Ma, 1.9–1.6 Ga, and
2.7–2.4 Ga; ECS-M has two main age groups: 500–3 Ma and 1000–600 Ma; and ECS-T has
three main age groups: 1.2 Ga–100 Ma, 2.1–1.8 Ga, and 2.6–2.4 Ga [6].

 

Figure 5. Kernel density estimation (KDE) plots for detrital zircon U-Pb ages of Lanyang river
mouth [33], Zhuoshui river mouth [33], the Yangtze River mouth [36], Yellow River mouth [50],
Oujiang mouth [34], Minjiang mouth [37], and the East China Sea shelf [6]. Please refer to Table S1
for detailed data. The values of major age peaks are marked in this figure.

181



J. Mar. Sci. Eng. 2022, 10, 142

5. Discussion

5.1. Detrital Zircon Provenance of the Southern Okinawa Trough in the Past 700 Years

A recent study suggested that the detrital zircon may not be representative of the
provenance of bulk sediments [52]. Therefore, the provenance identification results of our
study may only indicate the provenance of detrital zircons.

The 700–900 Ma age component, especially the peak at ~761 Ma, is the diagnostic
characteristic of the Yangtze River [36]. This identification sign of the Yangtze River is
of great significance to distinguish other potential provenance areas of SOT, since there
is no significant peak at ~761 Ma in other provenance areas except the Yangtze River
(Figure 5). This component and peak prevail in OTS-3 and OTS-5 (Figure 4), indicating that
sediments from the Yangtze River and southern Okinawa Trough are of the same origin.
In addition to the 700–900 Ma age group, 100–200 Ma, 200–300 Ma, and 400–500 Ma are
also the primary age components in H4-S2 (Figure 4). These groups cannot be used to
accurately determine their sources since they coexist in the Lanyang river, Zhuoshui river,
Minjiang, and the East China Sea shelf (Figure 5). The same feature is also present in the
1.8–2.0 Ga and 2.5–2.7 Ga age groups. However, it is simpler due to the fact that only the
Zhuoshui river, the Yangtze River, and the East China Sea shelf provide for these groups.
Although the age distribution characteristics of the Yellow River and Oujiang are listed
in this study (Figure 5), they are not potential provenance areas for the following reasons:
(1) Oujiang-derived sediments only contain Mesozoic grains, which are not similar to any
H4-S2 samples; (2) the modern Yellow River estuary is so far away from the southern
Okinawa Trough that there is no evidence of sediments migrating to this region; and
(3) sediments from the Yellow River are characterized by high concentrations of Archean
zircon, which are completely different from H4-S2 (Figures 4 and 5). The MDS maps more
clearly show the source-sink relationship between H4-S2 and provenance areas (Figure 6).
OTS-2, OTS-3, and OTS-5 were close to YTR and ECS-T. OTS-1 and OTS-4 were closer to
ETWR (Figure 6). The results of MDS indicated that Lanyang river may be the source of
detrital zircon grains in OTS-1 and OTS-4. Grains in OTS-2, OTS-3 and OTS-5 may be
derived from the East China Sea shelf and Yangtze River. All of the provenance analyses
indicated that the detrital zircon, which was found in H4-S2 in the past 624 a BP, originated
from a mixture of sediment supplies from Taiwanese rivers, the East China Sea shelf, and
the Yangtze River. This understanding is consistent with previous provenance identification
results of geochemistry and mineralogy in this region [8,12,53,54]. Thus, it is believed that
detrital zircons in the SOT have consistently recorded sediment supplies from the Yangtze
River and the East China Sea shelf since 624 a BP.

182



J. Mar. Sci. Eng. 2022, 10, 142

 
Figure 6. Multidimensional scaling (MDS) plot for detrital zircon U-Pb ages of H4-S2 and potential
provenance areas. The orange dotted line shows an enlargement of part of this figure.

Most grains analyzed in this study have a size of 36.21–89.18 μm and are mainly
concentrated in the silty fraction, which is common in H4-S2 (Figure 2). In previous studies,
the grain-size effect on the detrital zircon age distributions was mentioned [55]. For the case
of this study, although the median grain size distributions of detrital zircon in OTS-1, OTS-2,
OTS-3, and OTS-4 are relatively finer than OTS-5, no specific correlation of zircon age and
grain size was noted (Figure 7). There was also no correlation between the grain size and
zircon age in the same sample, meaning that older zircon grains were not necessarily finer
(Figure 7).
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Figure 7. Distribution plots of detrital zircon U-Pb ages and ESD which be used in this study. Please
refer to Table S2 for detailed data.

5.2. Paleoarchean Detrital Zircon: Singal or Noise?

Although there are only two Paleoarchean detrital zircon grains (OTS-2-31: 3597 ± 16 Ma
and OTS-4-51: 3282 ± 12 Ma), they may be important provenance indicators since the
provenance areas around the southern Okinawa Trough could not provide such old grains.
In order to find the source of these two grains, we collected the reported Paleoarchean
grains from the south China (the Yangtze Block and Cathaysia Block). Detailed locations,
data, and references are listed in Table S3. As shown in Figure 8, Paleoarchean zircon grains
appear to be distributed in various regions throughout the south China. Grains of similar
age exist in the sediments of the middle and upper reaches of the Minjiang river [37], which
should be direct evidence that Paleoarchean grains from the south China could through the
Minjiang river to the East China Sea. Another evidence is that Paleoarchean detrital zircon
has been found in the main stream of the Yangtze River (Hukou, Shigu and Panzhihua)
and its tributaries (Hanjiang and Ganjiang) [36,49].

Therefore, the two Paleoarchean grains in this study may not be noise, but weak signal
to indicate provenance. Although sporadic detrital zircon data from the East China Sea do
not contain such old zircons [6], ancient grains from the Yangtze River, Yangtze Block, and
Cathaysia Block may all be sources of OTS-2-31 and OTS-4-51.
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Figure 8. Distribution of Paleoarchean detrital zircon grains in the south China and East China Sea.
Grains in the Yangtze Block, Cathaysia Block, Yangtze River Basin, and Minjiang are marked by
light blue cross, red triangle, green circle, and dark blue diamond, respectively. The location of the
Yangtze Block and the Cathaysia Block modified from references [33–35]. Please refer to Table S3 and
references therein for detailed data of ages and location. The light blue and red dotted lines roughly
define the position of the Yangtze Block and the Cathaysia Block, respectively. Topographic data
comes from https://www.gebco.net (accessed on 1 December 2021).

5.3. Why the Yangtze River Zircons Appear in the Souerhtern Okinawa Trough?

Previous studies on the sediment sources of ECS indicated that ECS shelf received a
large number of materials from the Yangtze River, and the contribution rate of the Yangtze
River could reach 72% and even higher [6,56]. Similarly, physical oceanography and heavy
mineral studies have shown that the Yangtze River sediments can be transported southward
to the East China Sea Shelf via the ZFCC and transported further east by the puncture
front [26,57,58]. Moreover, the ECS shelf is characterized by the extensive development of
residual deposits [59]. With increasing offshore distance, the grain size of surface sediments
in the ECS shelf is gradually enhanced [26], and the content of stable minerals increased
significantly [60], indicating a large amount of Pleistocene residual sand accumulation on
the outer shelf and slope of the East China Sea. Hence, the sediments from the ancient and
modern Yangtze River may be jointly preserved in the outer shelf and slope of the ECS and
become the source for sediments in the SOT.

Previous studies have suggested that mass wasting and density currents caused by
occasional events, such as earthquakes, typhoons, and heavy floods, in the hinterland
resulted in the transport of sediments on the slope to the seafloor [23,61]. In addition,
the widely developed submarine canyon at the junction of the East China Sea shelf and
Okinawa Trough is a natural channel for sediment transport [62]. Particles from the shelf
are transported by grain flows through submarine canyons into the Okinawa Trough [63].
Many coarse-grained layers in H4-S2 record the extensive development of turbidity current
events in the past 624 a BP [38]. Therefore, the detrital zircons in H4-S2 are derived from
the sediments of the modern Yangtze River and the residual deposits on the ECS. ZFCC
may be an important mechanism for the transport of sediments from the Yangtze River to
the ECS shelf. Gravity flow may be the transport mechanism of sediment from the ECS
to the SOT. This could also explain the presence of Paleoarchean detrital zircons in H4-S2.
Since this study only reported zircon data from five layers, it is hard to verify whether this
transport process is continuous, especially with gravity flow.

6. Conclusions

Based on detrital zircon U-Pb geochronology provenance identification, our study
provides direct evidence that sediments from the Southern Okinawa Trough recorded
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sediments from Taiwan rivers, the East China Sea shelf, and the Yangtze River in the last
700 years. At the same time, two Paleoarchean detrital zircon grains probably originated
from the Cathaysia Block and Yangtze Block in the south China and were transported
into the East China Sea by the Yangtze River or Minjiang river. Detrital zircon grains in
this study are mostly in the silty fraction and may only indicate the provenance of the silt
in the sediments or only the provenance of the detrital zircon. Detrital zircons from the
modern Yangtze River were transported by the Min-Zhejiang coastal current, and settled
on the East China Sea shelf. They and residual sediments in the East China Sea shelf were
transported by gravity flow through submarine canyons and eventually deposited in the
Southern Okinawa Trough.

Detrital zircon U-Pb geochronology is a powerful tool for distinguishing the sediments
from Taiwan rivers, the East China Sea shelf, and the Yangtze River. A deep understanding
of the quantitative provenance analysis and marine dynamics evolution in the Southern
Okinawa Trough may be improved by the availability of longer time-scale cores and more
grains of detrital zircon.
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Abstract: Gold and other metals (Cu, Zn, Ag, etc.) are enriched in vent fluids, approximately
3–5 orders of magnitude higher than those in seawater, and this leads to the formation of sulfide
enrichment in Cu, Zn, Au, and Ag deposited on the mid-ocean ridge and island arcs, as well as in
back-arc basins. We developed a device that can extract the elements such as Cu, Zn, Au, and Ag from
the vent fluids before the formation of the hydrothermal plume, sulfide deposit, and metalliferous
sediment at the seafloor over a long period, which is beneficial to collecting hydrothermal resources
effectively and avoiding the damage of ecological environments caused by mining the polymetallic
sulfide resources. The application of this device will have significance for the development and
utilization of seafloor hydrothermal resources, the sustainable development and implementation of
the blue economy, and the construction of the marine ecological civilization in the future.

Keywords: metal element extraction; vent fluids; hydrothermal resources; seafloor mining

1. Introduction

Since the first observations of submarine hydrothermal discharge at the Galápagos
Rift in 1977 [1], more than 700 confirmed submarine hydrothermal venting sites have been
identified (http://www.interridge.org, accessed on 21 March 2020). Although the stability
of hydrothermal activities is linked to the nature and location of the underlying heat source,
as well as the subsurface fluid flow pathway, some show rapid variations, whereas others
exhibit stable fluid chemistries over many years, such as the Trans-Atlantic Geotraverse
(TAG) hydrothermal field on the Mid-Atlantic Ridge and South Cleft at the Juan de Fuca
Ridge [2]; therefore, the release of vent fluids at the seafloor will persistently influence
the elemental contribution to the ocean. Owing to the important role of hydrothermal
fluid flow in transferring mass from the crust and mantle into the oceans, determining the
magnitude of their flux has been the overriding question that many scientists have tried to
assess [2–9]. It has been estimated that the fluid flux is ~375 × 1016 g/year at the ridge axis
if 20% high-temperature (350 ◦C) and 80% low-temperature (5 ◦C) hydrothermal fluids
are expelled from the seafloor. However, the fluid flux through hydrothermal plumes is
~11,000 × 1016 g/year if 20% of the fluids circulating at high temperature through young
ocean crust are entrained into hydrothermal plumes [9]. The low-temperature fluid fluxes
at ridge flanks could be greater, 2000–54,000 × 1016 g/year [8]. This combined flux is
greater than the global riverine water flux of ~4000 × 1016 g/year and is sufficient for
circulating the mass of the entire ocean (1.37 × 1021 kg) through the ocean crust in less than
1 million years [2,9,10].
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The metals of the vent fluids are thought to be the result of the interaction of fluid with
the ocean crust at high temperature [11]. In some cases, particularly in back- and island-arc
settings, magmatic degassing can also add metals to the circulating fluids [2]. Therefore,
in vent fluids, some metals are enriched relative to seawater, e.g., the concentration of
Cu, Zn, Au, and Ag in vent fluids reach 162 μmol/kg, ~3100 μmol/kg, 250 pmol/kg,
and 230 nmol/kg, respectively [11–14], which is approximately 3–5 orders of magnitude
higher than those in seawater (Cu 0.004 μmol/kg, Zn 0.006 μmol/kg, Au 0.15 pmol/kg,
and Ag 0.025 nmol/kg) [15,16]. This leads to the formation of sulfide enrichment in Cu
(0.3–24.9 wt%), Zn (0.1–31.4 wt%), Au (0.1–88.9 ppm), and Ag (7–2305 ppm) deposited on
the mid-ocean ridges and island-arcs, as well as in the back-arc basins [10,17]. Recently, it
has been proposed that the base and precious metals can be obtained through cultivating
seafloor sulfide deposits at artificial seafloor hydrothermal vents with further exploration
for commercial mining [18]; however, the artificial hydrothermal vents created by boreholes
could impact the ecological environment.

Therefore, if we are able to intercept the large amount of vent fluids and enrich Cu, Zn,
Au, and Ag in the fluids artificially before the formation of the hydrothermal plume, sulfide
deposit, and metalliferous sediment at the seafloor over a long period, the hydrothermal
resources will be obtained effectively, and the damage to the ecological environment
caused by mining the polymetallic sulfide resources can be avoided; thus, we developed
a device that can enrich the elements such as Cu, Zn, Au, and Ag from the vent fluids.
The application of this device will have significance for the development and utilization
of seafloor hydrothermal resources and the preservation of a green and healthy ocean in
the future.

2. Metal Element Extraction Device

In this proposal, for the enrichment and recovery of the base and precious metals from
a vent fluid site, a metal element enrichment device (MEED) based on the “KEXUE” vessel
is developed. A remote operated vehicle (ROV) is used to carry the MEED and place it near
the seafloor hydrothermal vent sites. When the MEED is operated, the hydrothermal vent
fluid is pumped into the device, and the particles are filtered into a tank. Gold and silver
are extracted in the tank loaded with anion resin, and iron, copper, and zinc are extracted in
the tank loaded with cation resin. When fully loaded the MEED is stopped and the device
recovered. In the laboratory on the ship, the metal elements chelated by the anion/cation
resin core equipped in the MEED will be quantitatively eluted. The design of the MEED is
as follows:

The MEED includes a fluid recovery faucet (1); a telescopic pipe which is convenient
for placement above the hydrothermal vent (2); a pipeline switch valve (3); a T-handle
operated by a ROV manipulator (4); a rotatable joint, which controls the direction of the
telescopic pipe (5); a vent fluid inlet pipe (6); a gravity settling tank for large particles in
the vent fluid (7); a vent fluid centrifugal settling tank (8); a fine filter tank for filtering
fine particles in the vent fluid (9) an ultrafiltration core for filtering soluble solid particles
in the vent fluid (10); vent fluid sample tank (11); an anion adsorption tank (12) installed
with an anion resin core (13); the adsorption of the anion resin is strengthened through a
negative electrode column (14); a cation adsorption tank (15) installed with a cation resin
core (16); a positive electrode column (17) strengthens the adsorption of cations such as
iron, copper and zinc; a deep-water pump (18); a waste liquid outlet pipe discharging the
waste liquid (19); a telescopic pipe (20), which discharges the waste liquid, and a protective
shell (21) protecting the MEED from damage (see Figure 1). This design has been granted a
patent (number 2021/05673) authorized by the republic of South Africa [19].
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Figure 1. Design of the MEED; 1, fluid recovery faucet; 2, telescopic pipe; 3, pipeline switch valve;
4, T-handle; 5, rotatable joint; 6, vent fluid inlet pipe; 7, gravity settling tank; 8, vent fluid cen-
trifugal settling tank; 9, fine filter tank; 10, ultrafiltration core; 11, hydrothermal fluid sample tank;
12, anion adsorption tank; 13, anion resin core; 14, negative electrode column; 15, cation adsorption
tank; 16, cation resin core; 17, positive electrode column; 18, deep water pump; 19, outlet pipe;
20, telescopic pipe; and 21, protective shell.

The MEED and its fixing and recovery devices are carried by the ROV to the seafloor
near the hydrothermal vent. The fluid recovery faucet (1) of the MEED is placed directly
above the active hydrothermal vent, the length and angles of the suction telescopic pipe (2)
and discharge telescopic pipe (20) are adjusted, and the discharge outlet of the telescopic
pipe (20) is placed away from the vent to reduce the interference of the discharge liquid
on the sampling. Then, the ROV manipulator is used to control the T-handle (4) to open
the switch valve (3). Next, the power of the deep-water pump (18) is opened, and the
negative (14) and the positive electrode columns (17) are connected. The vent fluid enters
the gravity settling tank (7) through the suction faucet (1), the suction telescopic pipe (2),
the switch valve (3), the rotatable joint (5), and the inlet pipe (6). Owing to the small
diameter of the inlet pipe (6) and the large section at the entrance of the gravity settling
tank (7), the flow rate of the fluid is greatly reduced after entering; thus, it is convenient for
the settlement of large particles in the fluid, and the fluid impacts the inclined surface in
the gravity settling tank (7), allowing for the large particles to accumulate gradually. The
preliminarily separated fluid enters the centrifugal settling tank (8) and the supernatant
liquid enter the fine filter tank (9) through the pipeline from the outlet. After the liquid
flows through the ultrafiltration core (10), all particles have been removed at the centrifugal
settling tank (8) and the fine filter tank (9). The liquid passes through the ultrafiltration
core (10) and enters the tank (11). Then, the liquid flows from the fluid tank (11) into the
anion adsorption tank (12). The Au, Pt, etc., anionic complexes are adsorbed by the anion
resin core (13) under the combination of the anion resin core (13) and the negative electrode
column (14). Then, the liquid enters into the cation adsorption tank (15), and the cations
such as Cu2+, Zn2+, etc., are adsorbed by the cation resin core (16) under the combination
of the cation resin core (16) and the positive electrode column (17). The waste liquid is
discharged into the sea through the output pipe (19) and the discharge telescopic pipe (20)
by the deep-water pump (18). After a set period, the pump will be stopped and the recovery
apparatus reacted. When the ship sends the recovery signal, the recovery device and the
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connected MEED rise to the sea surface by automatically releasing the anchor system. The
location is transmitted to the ship through the positioning signal transmission device. After
receiving the signal, the ship salvages the MEED (see Figure 2).

Figure 2. Sketch of the MEED in operation.

3. Conclusions

We can combine the geophysical prospecting, geochemical exploration, and bio-
logical exploration techniques with drilling to explore the seafloor polymetallic sulfide
and hydrothermal vent. Based on understanding the resource potential of seafloor poly-
metallic sulfide deposit by using the four exploring technique systems, employing the
MEED can concentrate metal elements from vent fluids without destroying the hydrother-
mal ecological environment. The MEED is a potential tool for the sustainable develop-
ment and implementation of a green and healthy ocean and the construction of marine
ecological civilization.
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Abstract: Fluorine and chlorine are important tracers for geochemical and environmental studies.
In this study, a rapid alkaline digestion (NaOH) method for the simultaneous determination of
fluorine and chlorine in marine and stream sediment reference samples using ion chromatography
is developed. The proposed method suppresses the volatilization loss of fluorine and chlorine and
decreases the matrix effects. The results are in good agreement with fluorine ~100%, chlorine ranging
from 90 to 95% of the expected concentrations. The detection limits of this method were 0.05 μg/g
for fluorine and 0.10 μg/g for chlorine. This method is simple, economical, precise and accurate,
which shows great potential for the rapid simultaneous determination of fluorine and chlorine
in large batches of geological and environmental samples commonly analyzed for environmental
geochemistry studies.

Keywords: fluorine and chlorine; marine and stream sediment; ion chromatography; alkaline
digestion; high pressure bomb

1. Introduction

Fluorine and chlorine are of great interest in geological and environmental studies due
to their special, highly mobile and volatile properties [1,2]. Fluorine is a minor constituent
in a wide range of sedimentary minerals including phosphorites, phosphates, carbonates,
silicates and clay minerals [3–6]. Chlorine is the dominant ligand that enables metal trans-
port in the majority of hydrothermal solutions [6–8]. Thus, the content of fluorine, chlorine
and ratios of element/Cl in sediment can be used as tracers for chemical evolution of
fluids and water/rock interactions in low temperature sediment alteration [9,10] and high
temperature hydrothermal systems [11–14], element recycling during subduction-related
sediment melting [4,15], and early diagenesis of sediment [3]. Therefore, recent studies have
focused on the precise determination of fluorine and chlorine in sediment. Several analyti-
cal techniques have been applied to the determination of fluorine and chlorine: by specific
ion selective electrode [16–18], instrumental neutron activation analysis (INAA) [16], radio-
chemical neutron activation analysis (RNAA) [19–22], prompt gamma neutron activation
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analysis (PGNA) [23] or X-ray fluorescence spectrometry [24–27]. However, an ion selective
electrode requires a rather complex preparation stage and the difficulties of other tech-
niques are the requirement of special instruments and/or time-consuming processes [28].
Moreover, the detection limits of the determination by INAA or X-ray Fluorescence Spec-
trometry (XRFS) are generally too high, relative to usual abundances [29]. In contrast,
ion chromatography, a compact and inexpensive instrument, is commonly used in many
laboratories and is the most suitable method for sensitive and simultaneous determination
of fluorine and chlorine [5,6,28–35]. However, it is difficult to quantitatively extract fluorine
and chlorine from geological materials for ion chromatography analysis. So far, only a few
methods have been used to extract fluorine and chlorine from geological samples, including
pyrohydrolysis [5,6,29,31,32], alkaline fusion [5,17,28,30], microwave digestion [36], com-
bustion [35] and NH4HF2 digestion with subsequent ammonium dilution [37]. However,
the pyrohydrolysis method is not suitable for the analysis of a large batch of samples [37];
alkali fusion requires a high flux-to-sample ratio which results in high blank levels, total
dissolved solids (TDS) content and matrix effects [5,28], microwave digestion has poor
recoveries caused by incomplete digestion of sediment samples containing zircon or other
refractory minerals [38], and the NH4HF2 digestion method cannot extract fluorine from
geological materials [37]. Recently, a high-pressure digestion technique has been generally
applied [8,36,39–41]. However, there are no reports about the simultaneous determination
of fluorine and chlorine in sediment using this technique.

In this paper, a rapid alkaline digestion method for the simultaneous determination
of fluorine and chlorine in marine and stream sediment reference samples using the high-
pressure digestion bomb with a double inner arc seal design is described. The effects of
the digestion parameters on the recoveries of fluorine and chlorine in sediment reference
samples are described in detail. A small amount of the sample was digested, and the
fluorine and chlorine were extracted completely. This method is practical and simple and
can deal with a large number of samples simultaneously.

2. Experimental

2.1. Instrumentation

Experiments were carried out using ion chromatography (DX600, Dionex, CA, USA)
at the Laboratory of Spartacus Testing Center, equipped with an anion exchange column in
the suppression mode. Analytical conditions are reported in Table 1. Generally, the F- peak
appeared at about 3.8 min after sample injection. Then, the Cl- peak appeared at about
4.7 min after the injection (Figure 1). One measurement cycle could be completed in ~10
min.

Table 1. Instrumental operating parameters used for ion chromatography analysis.

Operating Parameters

Volume of Sample Injection Loop 25 μL
Column IonPac AS14

Column Size 4 mm × 250 mm
Eluent 3.5 mmol/L Na2CO3 + 1 mmol/L NaHCO3

Detector Suppressed conductivity detector
Flow Rate 1.2 mL/min
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Figure 1. Chromatogram of marine sediment GBW07315.

2.2. Reagents and Certified Reference Materials

Alkaline digestion solution was prepared by diluting NaOH (AR, Aladdin, Shanghai,
China) with pure water (18.2 MΩ·cm grade). Eluent solution was prepared just before anal-
ysis by diluting Na2CO3 (AR, Sinopharm, Shanghai, China) and NaHCO3 (AR, Sinopharm,
Shanghai, China) reagents with pure water. The calibration solutions were prepared by di-
lution from 1000 mg/L fluorine and chlorine standard solutions (National Research Center
for Reference Materials, Beijing, China) with pure water. Three domestic reference materials
GBW07315 (marine sediment from the CC area in the east pacific basin), GSD-9 (stream
sediment from the Yangtze River) and GSD-10 (stream sediment from the catchment basin
in Yishan, Guangxi Province) were used as reference samples. All these samples were in
powder form with size less than 75 μm as originally prepared. Reference GBW07315 was
used to optimize the alkaline digestion temperature and time.

2.3. Laboratory Ware

A screw-top PTFE-lined, corrosive-resistant digestion bomb with a volume of ~15 mL
was used for this research (Figure 2). This bomb has a double inner arc seal design, the
inner tank has an oval cross-section, the upper part of the inner tank plugs into the top of
the lower part. The inner tank was pre-cleaned with 10% HNO3 and heated to boiling for
about 12 h at 120 ◦C, then rinsed with pure water.

Figure 2. Sketch of the corrosive-resistant digestion bomb (Reproduced with permissions from
Ref. [39], Copyright © 2018 Atomic Spectroscopy).

2.4. Sample Preparation

A total of 40 mg aliquot of sample powder was accurately weighed into the PTFE
bombs and NaOH was added. The sealed bombs were then placed in an electric oven at
240 ◦C for 12 h. After cooling, 6 mL pure water was added, then the bombs were heated
again in the electric oven at 180 ◦C for 12 h. After cooling again, the sample solution
was transferred to a 15 mL centrifuge tube and diluted to 10 mL with pure water. After
centrifuging for 8 min at 3000 rpm, 2 mL sample of the supernatant was transferred to a
new polyethylene tube. The supernatant was measured by ion chromatography.
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2.5. Calibration Curves and Limit of Detection

Fluoride and chloride calibration curves in the range of 1–10 μg/g and 1–200 μg/g
were prepared respectively by dilution from 1000 mg/L standard solutions (National
Research Center for Reference Materials, Beijing, China) with pure water (Figure 3). The
correlation coefficient (R2) of the linear calibration is 0.9999 for fluorine and 0.9997 for
chlorine, respectively. The method’s limit of detection (LOD, three times the standard
deviation of the 6% NaOH blank solution for seven preparation blanks assuming a dilution
factor of 250) for F and Cl were 0.05 μg/g and 0.10 μg/g, respectively.

  

Figure 3. Fluoride and chloride calibration curves performed by ion chromatography.

3. Results

The measured concentrations of chlorine and fluorine were compared to the reference
values provided for the standard material, GW07315, GSD-9 and GSD-10-1 (Table 2).
Generally, the results are in good agreement with F- being ~100%, Cl ranging from 90–95%
of the expected concentrations. The relative standard deviation between replicates was
<6% and <10% for fluorine and chlorine, respectively.

Table 2. Results for GBW07315, GSD-9-1 and GSD-10-1, and Comparison with Certified Data.

GWB07315 GSD-9-1 GSD-10-1

F (μg/g) Cl (μg/g) F (μg/g) Cl (μg/g) F (μg/g) Cl (μg/g)

1 1055 33,037 467 49 149 41
2 1176 34,452 503 43 140 48
3 1099 34,992 482 46 151 45
4 1152 33,982 518 56 161 49
5 1058 36,987 503 45 144 49
6 1034 31,972 525 44 157 45
7 1156 33,650 490 48 142 40

Measured Average Value 1104 34,153 498 47 149 45
Reference Value 1100 36,000 ± 3000 494 ± 39 52 ± 11 149 ± 38 50

Relative Standard
Deviation 5.2% 4.6% 4.0% 9.5% 5.2% 8.0%

Accuracy 100% 95% 101% 90% 100% 90%

4. Discussion

4.1. Effect of the Amount of NaOH

Although acid digestion has been commonly used for the decomposition of geological
samples [38], mineral acids should be avoided to prevent losses of volatile halogens [37].
Alkaline fusion with NaOH can quantitatively extract fluorine [17] and chlorine [20–22]
from geological materials, and the high-pressure digestion bomb requires a small amount of
reagent, therefore NaOH was used as the digestion reagent. Figure 4 shows the agreements
of F and Cl as a function of added NaOH amount for the digestion of 40 mg of GBW07315.
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The agreements are expressed as ratios of the measured values relative to their reference
values. It can be seen that F was completely recovered with 0.75 mL 6% NaOH, and the
agreement for Cl was good with both 0.75 mL 6% NaOH and 0.50 mL 6% NaOH. Thus, the
adopted optimum amount is 0.75 mL 6% NaOH.

 

Figure 4. Agreement of (a) fluorine and (b) chlorine as a function of the amount of NaOH. The dotted
lines delimit recoveries between 80% and 110%. The agreement is the ratio of the measured value
relative to reference values. Error bars represent relative standard deviation (n = 3).

4.2. Effect of Digestion Temperature

Figure 5 illustrates the variation of the agreements for F and Cl in GBW07315 at
different digestion temperatures (150–260 ◦C) with 0.75 mL 6% NaOH. The observation
demonstrates that the digestion temperature is the critical factor for the complete recovery
of F and Cl. The recoveries of both F and Cl increased from 150 ◦C to 240 ◦C and they were
completely recovered at 240 ◦C and 260 ◦C. Therefore 240 ◦C was used as the optimum for
further extractions.

199



J. Mar. Sci. Eng. 2022, 10, 93

 

Figure 5. Agreement of fluorine and chlorine as a function of the digestion temperature with
0.75 mL 6% NaOH. The dotted lines delimit recoveries between 80% and 110%. The agreement is
the ratio of the measured value relative to reference values. Error bars represent relative standard
deviation (n = 3).

4.3. Method Efficiency

The recovery of the pyrohydrolysis method is not stable [8], probably due to the loss of
the halogens or the incomplete extraction during the pyrohydrolysis process [21,22]. In con-
trast, the digestion bomb used in this study has a double inner arc seal design, allowing the
evaporating material from the top to the bottom without clinging onto the inner tank wall,
which provides an effective circulation and suppresses the volatilization loss of fluorine and
chlorine. The present method consumes a small amount of alkaline (0.75 mL 6% NaOH
can extract fluorine and chlorine from 40 mg sample completely) and decreases the matrix
effects in comparison to the alkaline fusion method, which requires a large amount of flux
and the matrix separation step leading to a high procedural blank [5,28,30]. The NH4HF2
digestion method has been proposed recently, which suppresses the volatilization loss
of chlorine effectively owing to the formed ammonium salts with high boiling points,
however, this method cannot determine fluorine and chlorine simultaneously [37]. In
addition, compared to the complicated pyrohydrolysis, alkaline fusion and combustion
methods [5,6,17,28–32,35], the rapid alkaline digestion method is simple and can deal with
a large batch of samples.

5. Conclusions

Our results show that NaOH digestion in a high-pressure bomb with double inner arc
seal design can be used for the quantitative extraction of fluorine and chlorine in sediments.
The proposed method is economical and requires a small amount of the sample and reagent.
This effective and simple method has no contamination problems, with good accuracy, and
shows great potential for the determination of fluorine and chlorine in large batches of
geological and environmental samples.
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Abstract: As a product of hydrothermal mineralization at spreading centers, seafloor massive sulfides
(SMS) have become a research hotspot in the field of prospecting and exploring deep-sea mineral
resources owing to their enrichment of various strategic metals. Since hydrothermal circulation
changes the magnetic properties of host rocks and can generate magnetic anomalies, near-bottom
magnetic surveying is an effective method to determine magnetic anomaly features of the seafloor.
This technology has been applied to the detection of SMS deposits, in addition to its use in under-
standing hydrothermal fluid flow conduits and associated hydrothermal alterations. The Tianxiu
Vent Field (TVF) is a detachment-fault-controlled, ultramafic-associated hydrothermal system lo-
cated on the Carlsberg Ridge, Northwest Indian Ocean. During China’s DY57th cruise in 2019,
near-bottom magnetic data were collected by an autonomous underwater vehicle. In this paper, we
use bathymetric and magnetic data, as well as rock sampling information, to analyze and discuss
the magnetic anomaly features of the TVF region. Then, we apply 2.5D magnetic anomaly profile
forward modeling to determine the shallow magnetic structure and the pattern of detachment faults
in the subsurface. Our results show that TVF is characterized by a significant positive magnetic
anomaly, where stronger magnetization exists in the area with active hydrothermal vent clusters. The
detachment fault has a dip of less than 30◦ at shallow depths, which steepens to a dip of ~70◦ at
depths of around 300 m.

Keywords: Tianxiu Vent Field; ultramafic-associated hydrothermal systems; near-bottom magnetic
anomaly; detachment fault

1. Introduction

Since the first observation of seafloor hydrothermal activity at the East Pacific Rise
in 1977 [1], modern seafloor hydrothermal activity and the accompanying seafloor mas-
sive sulfides (SMS) have attracted widespread attention from the scientific community [2].
At present, the main techniques for SMS exploration include plume and water anomaly
detection, geological sampling, and geophysical exploration. Among these, geophysical
methods are important for understanding the spatial distribution of sulfide deposits and
hydrothermal circulation processes [3]. Magnetic surveys of seafloor hydrothermal fields
have revealed that the hydrothermal alteration of rocks has led to magnetic changes under
the influence of hydrothermal fluids [4]. The hydrothermal areas of different bedrock types
exhibit different magnetic anomaly characteristics. For basalt-hosted hydrothermal sys-
tems, oceanic crust rocks—such as basalt, diabase, and gabbro—present reduced or weakly
magnetic anomalies owing to hydrothermal alteration or thermal demagnetization [5–7].
Ultramafic-hosted hydrothermal systems present strong positive magnetic anomalies due
to the abundant magnetite produced by the serpentinization of peridotite [8,9]. In addition,
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the high hydrogen content of high-temperature hydrothermal fluids maintains a strongly
reducing environment, which protects magnetite from oxidation [10]. Therefore, the acqui-
sition of near-bottom magnetic fields when exploring and evaluating seafloor sulfide re-
sources is becoming increasingly prominent [11]. In addition, the investigation of magnetic
anomalies is not only conducive to examining the different types of seafloor hydrothermal
systems [12–14], but also reflects the geometry and distribution of this subsurface crustal
structure of active hydrothermal vent systems. As a result, a new research perspective is
emerging for systematically exploring the hydrothermal circulation mechanism [15,16].
For example, Tivey et al. [17] analyzed the high-resolution near-bottom magnetic profiles
obtained through a near-bottom draped survey over the active Trans-Atlantic Geotraverse
(TAG) mound. They found a very-short-wavelength (<100 m) magnetic low directly over
the active mound, which was interpreted as a subsurface alteration pipe beneath the ac-
tive mound or a thermally demagnetized upflow zone. Szitkar et al. [18] reported that
both the Rainbow and Ashadze hydrothermal areas on the mid-Atlantic ridge exhibited
strong magnetization. This observation reflects the presence of a wide mineralized zone
beneath these sites, the stockwork, where several chemical processes concur to create and
preserve strongly magnetized magnetite. Tontini et al. [19] applied 3D focused inversion
for the near-bottom magnetic data of the hydrothermal system of Brothers Volcano in New
Zealand, South Pacific Ocean. This result showed, in particular, how the subsurface 3D
magnetization distribution correlates with different vents’ field characteristics at focused
and diffuse sites. Galley et al. [16] applied minimum-structure inverse modeling to the
near-bottom magnetic data collected in Solwara I of the East Manus Basin in the coastal
area of Papua New Guinea, imaging the entire structure of a high-temperature convection
column, also identifying the top of the underlying magma chamber. However, although
some progress has been made, due to the associated technical difficulties and high cost, the
application of near-bottom magnetic anomaly surveying at mid-ocean ridges has still been
very limited to date.

The Tianxiu Vent Field (TVF) is a detachment-fault-controlled ultramafic-associated
hydrothermal system located on Carlsberg Ridge [20]. However, the morphology of the
detachment fault and spatial distribution features of the hydrothermal system are still
unclear. In 2019, during the China DY57th cruise, we collected near-bottom magnetic and
bathymetric data in the Tianxiu Vent Field and its surrounding region by using the “Qian-
long III” Autonomous Underwater Vehicle (AUV). In this paper, we analyze the features
and sources of near-bottom magnetic anomalies in the Tianxiu Vent Field using near-bottom
magnetic and bathymetric data, seafloor observation, and geological sampling. Moreover,
the 2.5 dimensional (2.5D) forward modeling of magnetic anomaly profiles [21,22] is used,
with the aim of revealing the shallow magnetic structure of the TVF and the geometry of
subsurface detachment faults. Our work provides a valuable basis for the establishment of
geological models for the seafloor polymetallic sulfide deposits distributed in the TVF and
its surrounding regions.

2. Geological Background

The slow-spreading Carlsberg Ridge is located in the Northwest Indian Ocean
within 2◦ S–10◦ N, with a total length of about 1500 km and a full spreading rate of
22–32 mm/a [23,24]. The Tianxiu Vent Field (63◦50′ E, 3◦41′ N) is a typical off-axis vent
system, and lies on the south slope of the asymmetric expansion segment of Carlsberg
Ridge, with an off-axis of about 5 km at a water depth of 3000–3600 m (Figure 1a,b). Vari-
ous rock types were collected in hydrothermal sites and the surrounding region, including
basalt, peridotite, and gabbro [25]. A total of 8 hydrothermal black smoker clusters were
observed in the study area, which are all developed within 300 m of the termination of
a detachment fault. Among them, 3 clusters (A1, A2, and A3) were active and emitting
hydrothermal fluid, and 5 clusters (E1, E2, E3, E4, and E5) were extinct (Figure 1b,c) [26].
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Figure 1. Bathymetry map of the survey area on the Carlsberg Ridge and location of the Tianxiu
Vent Field (TVF) (bathymetry data from China DY24 cruise; resolution 50 m.). (a) Regional location
of the Carlsberg Ridge and the survey area; (b) bathymetry map showing the survey area and the
near-bottom magnetic detection lines (black solid lines); (c) bathymetry map of TVF showing the
locations of sulfide chimneys (stars), sampling stations (dots), and the detachment fault (solid red
line) inferred from topography and geological sampling.
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3. Data Collection and Processing

High-resolution vector magnetic field data were collected using the three-axis fluxgate
magnetometer system installed at the tail of the AUV. The vehicle posture (heading, roll,
and pitch) data of the AUV were collected by the inertial navigation system installed in
the middle of the AUV. A total of 12 near-bottom magnetic survey profiles were designed
in the study area. Each line was 8000 m long, and the spacing between the profiles was
400 m. The AUV operated at the nominal altitude of 100 m above the seafloor, which varies
between 50 to 150 m due to the complex terrain.

The near-bottom magnetic data processing primarily involves corrections for the
vehicle-induced field and the normal magnetic field. The former mainly involved elimi-
nating the influence of the AUV magnetic field from the magnetic data. In this study, the
calibration operation and correction methods of Honsho et al. [27] and Bloomer et al. [28]
were applied for the carrier magnetic disturbance correction. The latter was performed
on the total magnetic field by using the international geomagnetic reference field (IGRF).
Considering the short duration of the near-bottom magnetic measurements and the small
effect of diurnal geomagnetic variation on the near-bottom magnetism relative to the thou-
sands of nT amplitude variations in the near-bottom magnetism, no such correction was
conducted for the data.

To eliminate the high-frequency short-wavelength noise of the magnetic anomaly
caused by inconsistent terrain clearance, the data were filtered using a Butterworth low-
pass filter to eliminate the high mutational sites. Next, the magnetic anomaly was converted
to the new observation height of a terrain constant altitude difference (100 m) after filtering
using the COMPU-DRAPETM technique [29], realizing height correction. Subsequently,
low-pass filtering of the magnetic anomaly was performed to smooth the data. Figure 2
shows the processing result of the representative profile L7. After all of the 12 profiles were
processed, the resulting magnetic anomaly data were interpolated to form grid data with
90 m spacing.

 

Figure 2. Example of a typical measurement line (L7) after magnetic anomaly height correction and
low-pass filtering. (a) Magnetic anomaly data and (b) bathymetric profile and observation height.
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The geological structures and hydrothermal fluid channels beneath the hydrothermal
vents are of great research interest. Consequently, two survey lines (L7 and L8), which run
through Tianxiu active hydrothermal smoker clusters, were chosen for the 2.5D forward
modeling of the magnetic anomaly profile (the profile position is the red straight line in
Figure 3a). To accomplish this, a base geological model was first constructed to calculate
the magnetic responses based on a standard oceanic crust model as well as a mid-ocean
ridge detachment fault model. Then, the semi-automatic trial-and-error method was used
to adjust the distribution of seafloor magnetic structures, which were limited by lithology
and rock sampling. The method’s accuracy was tested by comparing the error between
the model magnetic response and the observed data to ensure the best fit [21,22,30]. The
forward modeling in this paper was carried out using the GM-SYS module of Geosoft’s
Oasis montaj software. GM-SYS Profile is a program that calculates the gravitational and
magnetic response from a geological profile model. It provides an easy-to-use interface
for interactively creating and debugging models to create rapid geological models. The
following hypotheses were also made before forward modeling: (a) The geomagnetic
inclination of the model field was considered to be consistent with that of the Earth’s
magnetic field. In other words, the induced and residual magnetizations were considered
comprehensively as induced magnetization; therefore, the set magnetic susceptibility
values differ from the actual measured magnetic susceptibility of rock, and were only
used for the interpretation of the correspondence between the geological body and the
magnetic susceptibility. (b) The magnetic susceptibility within lithologic blocks is uniform.
According to IGRF, the magnetic anomaly calculation parameters were set as follows: total
geomagnetic field = 38312 nT, declination = −2.7865◦, inclination = −7.5445◦, and azimuth
angle of the survey line = 122.6◦.

207



J. Mar. Sci. Eng. 2023, 11, 918

 

Figure 3. Distribution of magnetic anomalies in the TVF and its surrounding regions. (a) The survey
area and (b) the TVF area. The red straight lines show the segments of profiles L7 and L8 used for
forward modeling.
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4. Results and Discussion

4.1. Magnetic Anomaly Features and Sources

The magnetic anomalies in the survey area vary from −810 to 2010 nT (Figure 3a). In
the central and southern parts of the survey area, they are relatively low and vary from
−200 to 200 nT. In the western and northern parts, they are characterized by positive
magnetic anomalies, varying from 1000 to 2000 nT. The area with magnetic anomalies
exceeding 1300 nT is approximately 0.9 km2. The surface of the footwall of the detachment
fault evidenced by the presence of serpentinized peridotites generally presents a strong
positive magnetic anomaly. There are three peaks located in the south, southwest, and
north of the area reaching 1800 nT. Conversely, the intensity of the magnetic anomaly of the
hanging wall of the detachment fault evidenced by the presence of basalts is significantly
reduced (Figure 4b). The positive magnetic anomaly intensity of the hanging wall of the
detachment fault decreased significantly. The line of the E4-E3-E1-A1-E2 hydrothermal
vents is close to the 1300 nT contour. The intensity of the magnetic anomaly gradually
decreases to the northwest from this contour until it crosses a NE–SW magnetic anomaly
gradient boundary at the 200 m position on the northwest side of A1 and quickly reduces
to less than 1000 nT.

 

Figure 4. Forward model of the magnetic anomaly of the L7 profile in the TVF (the profile position
is the red straight line in Figure 3a). (a) Observed and calculated magnetic anomaly and (b) the
subsurface magnetic structure and detachment fault morphology. In Figure (b), the blue line denotes
the observation surface, which was 100 m away from the bottom and the red triangle represents the
projection positions of black smokers A1 and A2 on the profile. The gray “P” and the green “P” refer
to the projection positions of basalt and peridotite sampling stations on the profile. The red solid line
corresponds to the modeled detachment fault distribution, while the red dotted line represents the
deduced part of the detachment fault. S denotes the magnetic susceptibility.

The observation of thin sections of rock samples under a microscope shows that the
peridotite samples have been subject to severe serpentinization, with abundant magnetite
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grains present in serpentine veins [25]. Therefore, it is considered that the high magnetic
anomalies observed in the footwall of the detachment fault in the TVF are caused by
the serpentinization of peridotite. The peridotite originally in the upper mantle is up-
lifted to the seafloor during the detaching process, and interacts with seawater to create
strongly magnetized magnetite accumulated in the mineralized zones below the hydrother-
mal sites. Meanwhile, the high temperature environment of hydrothermal eruption will
promote the increase in magnetite proportion in serpentinization products [31]. This is
consistent with the positive magnetic anomaly of other ultramafic-associated hydrothermal
systems [9,31,32]. However, in the northern part of the area near E4, serpentinized peri-
dotite was sampled, but the positive magnetic anomaly was not very strong. Therefore,
this region could belong to the hanging wall of the detachment fault, with the presence
of peridotite talus originating from the footwall. This is consistent with the topography
of the region, which is apron-like. According to the distribution of the magnetic anomaly
and rock sampling information, it is determined that the termination of the detachment
fault is a 120 m wide alteration belt extending from the southwest to the northeast in the
area (Figure 3b). Among the three locations with extremely high magnetic anomalies,
hydrothermal black smokers have been observed in the vicinity of both the southwestern
and southern ones, while the northeastern region has not been explored yet. We infer that
an ultramafic-hosted hydrothermal deposit is likely to exist in this region. This is to be
confirmed by future investigations.

4.2. Subsurface Magnetic Structure and Detachment Fault Morphology

Figure 4 shows the forward model of the magnetic anomaly for profile L7. The dark
gray areas (magnetic susceptibility: 0.27–0.37, international system of units, denoted as S
below) are dominated by mafic rocks, while the light green region (S: 0–0.002) is dominated
by peridotite. These two zones are dissected by detachment faults. The green region (S:
0.14–0.20) at the footwall of the detachment fault may represent the oceanic core complex
(OCC) dominated by serpentinized mantle peridotite and gabbro, with a thickness of
~300 m and a width of ~1000 m. The wedge-shaped light gray region at the hanging wall
near the termination of the detachment fault is ~350 m wide and ~100 m thick, with a
magnetic susceptibility reduced to 0–0.06. Based on geological sampling, this region is
dominated by hydrothermally altered basalt, which explains the decrease in magnetism.
Figure 5 illustrates the forward model of the magnetic anomaly for profile L8, which is
similar to the model for L7. The dark-gray region (S: 0.18–0.30) corresponds to the layer
dominated by mafic rocks, while the light-green region (S: 0–0.002) denotes the layer
dominated by peridotite. This may represent the green area of the OCC dominated by
serpentinized mantle peridotite and gabbro (S: 0.14–0.20), with an average thickness of
~280 m and a width of ~800 m. The light-gray area dominated by altered basalt is ~500 m
wide and ~150 m deep, with a magnetic susceptibility reduced to 0–0.07. In both models,
the peridotite alteration zone on the superficial layer extends about 100 m to the northwest
beyond the termination, which supports the previous inference that the termination is an
alteration zone.

Based on the obtained results of forward modeling of a magnetic anomaly in the model,
it can be argued that the detachment fault (DF2) slipped from 2800 m to 1850 m along the
NW in the horizontal direction on the L7 profile, and the detaching distance is about 950 m.
The superficial dip angle of the fault is ~15◦, changing suddenly to 70◦ at a depth of 300 m.
The fault has extended towards deep areas for more than 1000 m. On the L8 profile, the
detachment fault (DF2) has slipped from 2660 m to 2050 m along the NW in the horizontal
direction, with a detaching distance of about 600 m. The superficial dip angle is ~30◦,
changing to 70◦ at a depth of 220 m. The fault extended towards deep areas for more than
800 m. The now-deactivated fault (DF1) may be located on the magnetization boundary
between the OCC and the basaltic host-rock in the footwall of the two profiles. This fault
is hidden below the detachment surface of DF2, and the dip angle is very small (~8◦).
The location where the dip of DF2 turns in the L7 and L8 profile models is located 350 m
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northwest of the DF2′s termination in the planar projection, and the termination of DF1 is
about 700 m southeast of the DF2′s termination in the planar projection (marked as a black
dashed line and red dashed line in Figure 3b, respectively). They both roughly coincide
with the magnetic anomaly gradient boundary, indicating that the magnetic distribution
of the hydrothermal sites can reflect the subsurface morphology of the detachment fault.
The range of high magnetic anomalies on the L7 profile is wider than that on the L8 profile,
with two adjacent maximum points of magnetic anomalies. Additionally, the detaching
range of the detachment fault is wider, the extension depth is deeper, and the alteration
range of the footwall peridotite and basalt is wider, indicating that the fracture structure
below L7 is more developed than that below L8.

 

Figure 5. Forward model of the magnetic anomaly of the L8 profile in the TVF (the profile position is
the red straight line in Figure 3a). (a) Observed and calculated magnetic anomaly and (b) the subsur-
face magnetic structure and detachment fault morphology. In Figure (b), the blue line denotes the
observation surface, which was 100 m away from the bottom. The red and yellow triangles represent
the projection positions of black smokers A3 and E3 on the profile. The gray “P” and the green “P”
denote the projection positions of basalt and peridotite sampling stations on the profile, respectively.
The red solid line corresponds to the modeled detachment fault distribution, while the red dotted
line represents the deduced part of the detachment fault. S denotes the magnetic susceptibility.

In comparison to general detachment faults with a low angle and large displace-
ment [33], the detachment fault (DF2) in TVF has a short detachment surface and a steep
dip angle, with a morphology similar to that of the detachment fault in Rainbow hydrother-
mal areas [34]. According to Mccaig et al. [35], different types of hydrothermal systems
are related to the evolution stages of the detachment fault: (1) In the early detaching stage,
ultra-mafic rocks are not exposed to the seabed, which might produce hydrothermal vents
similar to the TAG type in the Atlantic. Most of these vents are located in basalt at the
hanging wall of the fault, and fluids hardly penetrate the footwall of the fault. (2) With con-
tinuous detaching, the deep gabbro and peridotite are exposed, inducing the development
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of Rainbow-like high-temperature hydrothermal vents at the ultrabasic basement of the
footwall. (3) With further detaching of the footwall and increasing off-axis distances, the
heat source might gradually cool, causing high-temperature hydrothermal vents to shift to
ultra-mafic low-temperature hydrothermal vents similar to those in the Lost City. Thus,
the detachment fault of TVF is relatively young and still in the second stage, which is the
developing stage, conforming to the rolling hinge model of detachment faults [36]. In other
words, normal faults with high dip angles begin to detach at deep and shallow regions into
low angles through the rotation of the footwall. The development of the detachment fault
and secondary fissure structure (e.g., DF1 and DF2) provides channels for hydrothermal
circulation, facilitating the upward and lateral transport of hydrothermal fluids to bring
the surrounding rocks into a full reaction with hydrothermal fluids. As a result, focused
hydrothermal vents have formed in the terminal fracture zone of the detachment fault,
which manifest as active and extinct black smokers. This area has high permeability, and
the hydrothermal fluid is fully mixed with cold seawater. This suggests that the evolution
of hydrothermal vents and sulfide deposits is greatly controlled by the evolution of the
detachment fault over the long term.

5. Conclusions

Based on the first near-bottom magnetic surveys of the ultramafic-associated Tianxiu
Vent Field on the slow-spreading Carlsberg Ridge, positive magnetic anomalies are detected
at the hydrothermal sites. Through the processing and analysis of magnetic anomaly data,
combining with the rock samples, two survey lines are selected for 2.5D magnetic anomaly
profile forward modeling, leading to the following conclusions:

(1) The area where active hydrothermal vent clusters are located exhibited stronger
magnetization due to the presence of magnetite produced by peridotite serpentinization.
Based on the correspondence between magnetic anomalies and rock samples, it is presumed
that the termination of the detachment fault is a terminal alteration belt approximately
120 m wide.

(2) The major detachment fault (DF2) running through the hydrothermal sites has a
relatively short detachment surface, extending about 900 m from southeast to northwest. Its
shallow dip angle is less than 30◦ and increases to approximately 70◦ at a depth of ~300 m.
The fault has extended downward for more than 1000 m. There might be an inactive
detachment fault with a low angle (about 8◦) beneath the DF2′s detachment surface. The
turning point of the dip angle in the deep areas of the DF2 corresponds to the gradient
boundary of the near-bottom magnetic anomaly, indicating that the magnetic anomalies
can reflect the deep morphology of the detachment fault.

(3) There may be undiscovered hydrothermal vents near sites with high magnetic
anomalies about 600 m east of Tianxiu hydrothermal black smokers, where hydrothermal
activity may have been happening. This area is recommended for further investigation.
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