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Abstract: The experimental study of water–rock reactions under high-temperature and -pressure
conditions is a useful approach to constrain controlling factors of the fluid composition in a natural
hydrothermal system. Previous studies have focused mainly on the mid-ocean ridge fields, and
the hydrothermal alteration of intermediate-to-felsic rocks has been less emphasized despite its
potential importance in the fluid chemistry in an arc/back-arc basin setting. We examined the
alteration processes of fresh rhyolite and andesite rocks collected from the middle and southern
Okinawa Trough, respectively, at 325 ◦C and 300 bar (the estimated condition at the reaction zone
in the fields), especially focusing on the behavior of silica between the solid and liquid phases. The
experimental fluids are characterized by the high Si concentration up to 30 mM, indicating the
substantial dissolution of volcanic glass in the analyzed rocks. The high Si concentration in the
fluids was presumably buffered by amorphous silica, precipitated from the fluids as a precursor
of hydrothermal quartz, during the experiments. Our results emphasize a previously overlooked
role of volcanic glass/amorphous silica in the fluid composition in the Okinawa Trough and are
consistent with the previous model of pumice replacement mineralization for the SMS deposit
formation in the trough.

Keywords: intermediate-to-felsic volcanic rocks; the Okinawa Trough; volcanic glass; hydrothermal
alteration; equilibrium; SMS deposit formation

1. Introduction

Seafloor hydrothermal systems are developed mostly at the spreading or rifting center
of mid-ocean ridge (MOR) and arc/back-arc (ABA) hydrothermal fields (e.g., [1]). In a
hydrothermal system, seawater generally recharges into the subseafloor crust and is heated
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by a deep magma chamber. The subseafloor hydrothermal fluid is compositionally changed
in the reaction/discharge zone by several processes such as reactions with surrounding
rocks and sediments, inputs of magmatic volatiles, and phase separation, under high-
temperature and -pressure conditions [2]. The fluid eventually rises in the oceanic crust and
is discharged from the seafloor and mixed with ambient cold seawater around the seafloor.

Previous studies have documented systematic differences in the fluid composition
between the MOR and ABA hydrothermal fields [3,4]. These differences could be basically
attributed to the difference in environmental and tectonic factors between the MOR and
ABA fields, such as water depth and reacted rock type [1,5]. For example, in the MOR
systems, the subseafloor hydrothermal fluids react mainly with mid-ocean ridge basalts
as well as minor ultramafic rocks and offshore sediments [6]. In contrast, in the ABA
systems, the fluids react with various kinds of rocks (including basalt, andesite, dacite, and
rhyolite) and sediments, with generally larger inputs of magmatic volatiles and a larger
influence of phase separation compared to in the MOR systems [5]. The fluid composition
in the ABA systems is therefore generally characterized by wide variations compared to in
the MOR systems.

The observational study of water–rock reactions under high-temperature and -pressure
conditions in a simple experimental system has been a useful approach to constrain the
controlling factors of fluid composition in a complex natural hydrothermal system (e.g., [7]).
Previous experimental studies have focused mainly on the MOR systems and examined
hydrothermal alteration processes of mafic and ultramafic rocks [7–12]. These experiments
have basically reproduced the fluid composition and alteration mineralogy observed in
the natural MOR systems [6] and have illustrated that the fluid composition is mainly
controlled by water–rock reactions and fluid–mineral equilibria in the reaction zone in the
systems (e.g., [5,13,14] and references therein).

In contrast, the experimental hydrothermal alteration of intermediate-to-felsic rocks
has been less emphasized despite its potentially important role in the fluid chemistry in
the ABA fields. Hajash and Chandler (1981) examined hydrothermal alteration of various
rock types including rhyolite, andesite, basalt, and peridotite by reaction with natural seawa-
ter at 200–500 ◦C and 1000 bar [15]. They reported the formation of hydrous Mg-silicate and
anhydrite, although their experiment intervals were only two weeks. Shiraki et al. (1987)
examined the hydrothermal alteration of rhyolite and andesite with natural seawater at
300 ◦C and 1000 bar, using Dickson-type equipment [16]. They found K enrichment and Mg
depletion in the fluids and proposed two-stage alteration processes during the Kuroko-type
mineralization. Chiba (1995) conducted chemical modeling calculations for the hydrother-
mal alteration of basalt, andesite, and rhyolite, assuming fluid–mineral equilibria in the
system [17]. He illustrated that the rock type is an important controlling factor on the fluid
composition. Ogawa et al. (2005) examined the hydrothermal alteration of fresh rhyolite
and weakly altered dacitic tuff with artificial seawater at 300 ◦C and 1 bar for 5 and 29 days
and found changes in the fluid composition during smectite formation [18].

In the middle to southern Okinawa Trough in the East China Sea, several ABA hy-
drothermal fields have been found (e.g., [3,4,19]). Previous observations of natural fluid
chemistry suggested that, in the hydrothermal fields in the trough, the fluid composition
is controlled at least in part by reactions with intermediate-to-felsic rocks [20–23]. Some
of the hydrothermal systems in the Okinawa Trough are associated with subseafloor mas-
sive sulfide (SMS) deposits, a modern analog of the Kuroko-type volcanogenic massive
sulfide (VMS) deposit [24]. Nozaki et al. (2021) recently pointed out that the subseafloor
replacement of pumice by sulfide minerals is a key process of the SMS deposit forma-
tion in the trough [25]. According to their scenario, pyrite framboids in close association
with amorphous material derived from altered glass in pumice are replaced later with
other sulfides from large SMS deposits via pumice replacement mineralization beneath
the seafloor. Their study implies that the behavior of volcanic glass in the hydrothermal
alteration of intermediate-to-felsic rocks is an important controlling factor not only for the
fluid composition but also for the SMS deposit formation in the Okinawa Trough. However,
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no previous experimental study of intermediate-to-felsic rocks focused particularly on the
behavior of silica in the hydrothermal water–rock reactions.

In this study, we experimentally analyzed fresh rhyolite and andesite rocks from the
middle and southern Okinawa Trough, respectively, where active hydrothermal vents are
observed. We examined their hydrothermal alteration processes by using a steel-alloy
autoclave at 325 ◦C and 300 bar, the estimated condition at the reaction zone in the systems
in the trough. We monitored the fluid composition during the experiments and observed
the microtexture of volcanic glass in the reaction products of the analyzed rocks. Based
on these results, we discussed the behavior of silica during the hydrothermal alteration
of the rocks and its contribution to the chemical composition of the fluids. We also infer a
potential role of glass alteration in the SMS deposit formation in the middle to southern
Okinawa Trough.

2. Geological Background and Analyzed Materials

The Okinawa Trough is a back-arc basin located along the eastern margin of the
Eurasian continent, extending for >1200 km from the Japanese island to Taiwan along the
Ryukyu Arc [26]. Previous studies identified three phases of extension from the middle-
to-late Pleistocene to the present in the Okinawa Trough in the rifting stage of back-
arc basin formation [26–28]. Several active hydrothermal sites have been found in the
Okinawa Trough mostly at a water depth of ca. 1000 to 1500 m and massive sulfide and
sulfate mineralization is recognized in some hydrothermal fields [3,4,22,29]. The SMS
deposits in the Okinawa Trough have been generally considered to be a modern analog of
the Kuroko-type VMS deposits on land [24–26].

The fresh rhyolite sample analyzed in the present experiment was collected from the
Iheya graben in the middle Okinawa Trough. The unaltered rhyolite sample
(CB6-20DR3-1) was collected by dredging from the northern fringe of the Natsushima
84-1 Knoll (27◦34.57′ N, 127◦08.37′ E, 1600 m water depth) in the R/V Hakuho-maru
KH-87-2 cruise in May 1987 during the “Corona Borealis (CB)” expedition [30,31].
The analyzed rhyolite is light-gray-colored with some several mm sized elongated void
parts (Figure 1a). Flow structures are developed in the rock. Under the microscope, the
rhyolite with a slightly porphyritic texture contains subhedral-to-euhedral phenocrysts of
plagioclase, amphibole, clinopyroxene, and minor Fe-Ti oxides (Figure 1b,c). Plagioclase
phenocrysts (<3 mm) are largely columnar-shaped. The size of mostly elongated amphibole
phenocryst ranges from 100 to 1000 µm. The groundmass of the rhyolite rock is composed
mainly of microlites of elongated plagioclase (<65 µm) aligned along the flow structures
and of glass.

The fresh andesite sample was collected from the Hatoma Knoll hydrothermal field
in the southern Okinawa Trough. The Hatoma Knoll hydrothermal field is located in the
summit crater (~600 m in diameter) of the Hatoma Knoll in the southern Okinawa Trough at
the water depth of ~1500 m [22]. Hydrothermal activity (<325 ◦C) and sulfide–sulfate min-
eralization is recognized in several sites within the crater, including a dacite cone with large
active chimneys at the center of the crater. The fresh unaltered andesite sample (HPD#1621-
R09) was collected from the northeastern fringe of the crater (24◦51.5787′ N, 123◦50.7177′

E, 1404 m water depth) during the R/V Kaiyo KY14-02 cruise in February 2014 by using a
ROV Hyper Dolphin 3000 (Figure 1d). The analyzed andesite sample shows a light gray
color with some several mm sized elongated void parts (Figure 1e). Flow structures are de-
veloped in the rock. Under the microscope, the andesite with a porphyritic texture contains
subhedral-to-euhedral phenocrysts of plagioclase (<0.6 mm) and clinopyroxene (<1.2 mm)
(Figure 1f,g). Plagioclase crystals are largely columnar and sometimes form aggregates.
Zonal structures are rarely observed in the plagioclase crystals. Some clinopyroxene crystals
also form aggregates. The groundmass of the andesite is composed of elongated plagioclase
and clinopyroxene (<60 µm), mainly aligned along the flow structures in the rock. Also,
euhedral magnetite (~10 µm in diameter) and brown volcanic glass are frequently observed
(Figure 1h).
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The hydrothermal reaction was simulated in a steel-alloy autoclave at JAMSTEC (Fig-

ure 2; e.g., [10,11,32]). The reaction cell consisted of a flexible gold tube with a Ti head. 
The rock sample was powdered (<90 µm in diameter) by using an agate ball mill and a 
sieve. The rock powder was cleaned with ultrapure water and acetone several times and 
was dried at 50 °C. To prepare the artificial seawater, NaCl reagent was dissolved in ul-
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water in the reaction cell at 325 °C and 300 bar—the estimated subseafloor reaction zone 
condition where the hydrothermal fluid reacts with surrounding rocks in the Okinawa 

Figure 1. Analyzed rock samples. (a–c) Polished slab (a) and photomicrographs (b,c) of the analyzed
rhyolite. (b) (opened nicols) and (c) (crossed nicols) show the same field of view. Pl: plagioclase;
Amp: amphibole. (d–h) Sampling photo by ROV Hyper Dolphin 3000 (d), polished slab (e), and
photomicrographs (f–h) of the analyzed andesite. (f) (opened nicols) and (g) (crossed nicols) show
the same field of view. Cpx: clinopyroxene; Mgt: magnetite. In (h), elongated plagioclase and
clinopyroxene crystals with flow texture and volcanic glass (brown areas) are observed.

3. Experimental System and Sample Analyses

The hydrothermal reaction was simulated in a steel-alloy autoclave at JAMSTEC
(Figure 2; e.g., [10,11,32]). The reaction cell consisted of a flexible gold tube with a Ti head.
The rock sample was powdered (<90 µm in diameter) by using an agate ball mill and a sieve.
The rock powder was cleaned with ultrapure water and acetone several times and was
dried at 50 ◦C. To prepare the artificial seawater, NaCl reagent was dissolved in ultrapure
water to 500 mM. The powdered rock sample was reacted with the artificial seawater in
the reaction cell at 325 ◦C and 300 bar—the estimated subseafloor reaction zone condi-
tion where the hydrothermal fluid reacts with surrounding rocks in the Okinawa Trough
(~1000 mbsf; e.g., [22]). The initial water/rock ratio was adjusted to be ~4 (~12 g of rock
powder and ~50 g of artificial seawater) as the water/rock ratio in seafloor hydrothermal
systems is considered to be generally <5 [33]. During the experiments, the reacted fluid
(~4 g) in the reaction cell was obtained several times through a gold-lined sampling tube.
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3.1. Liquid-Phase Analyses

For cation analyses, 0.2 mL of fluid was sampled in a vial, and HNO3 was added to
avoid mineral precipitation. For anion analyses, 0.2 mL of fluid was collected, and NaOH
was added. The concentrations of Cl, Na, and K were analyzed with ion chromatography
(Dionex ICS-1600/2100, Thermo Fisher Scientific, Waltham, MA, USA), while those of Al,
Ca, Mg, Fe, Mn, and Si were analyzed with inductively coupled plasma optical emission
spectrometry (ICP-OES) (SPS5510, Seiko Instruments Inc., Chiba, Japan) at JAMSTEC.
The analytical precision (1RSD; n = 3) of replicate measurements was <2% for Cl, Na, and K
and <5–10% for the other elements depending on their concentrations. The detection limit
for each element in the ion chromatography and ICP-OES measurements was ≤0.01 mg/L.

For pH analysis, 1.0 mL of fluid was collected in a vial, and the pH was measured
with a pH meter (LAQUAtwin, HORIBA Ltd., Kyoto, Japan) at room temperature un-
der atmospheric conditions. The estimated precision of pH measurement was ±0.1. For
H2 analysis, 0.5 mL of fluid was introduced to an Ar-purged vial. The vial was left for
>30 min to reach equilibrium at room temperature. The H2 concentration in the vial
headspace was measured with gas chromatography (GC-2014, SHIMADZU Corp.,
Kyoto, Japan) at JAMSTEC. The detection limit for H2 in the gas chromatography analyses
was <1.0 µmol/kg. For H2S analysis, 1.5 mL of fluid was introduced to an Ar-purged vial.
Then, 1N HCl was added to the fluid immediately after the sampling to decrease the pH of
the fluid and to convert HS− and S2− to H2S in equilibrium. The H2S concentration in the
fluid was analyzed with a standard methylene blue method using NANOCOLOR Standard
Test Sulphide (MACHEREY-NAGEL, Düren, Germany) and a UV–visible spectrophotome-
ter (UV-1600, SHIMADZU Corp., Kyoto, Japan). The detection limit for H2S in the UV–
visible spectrophotometer analyses was <0.5 µmol/kg. The analytical precision (1RSD) of
replicate measurements was <5% and <4% for the H2 and H2S concentrations, respectively.

3.2. Solid-Phase Analyses

The whole-rock composition of 10 major elements (Si, Ti, Al, Fe, Mn, Mg, Ca, Na,
K, and P) of the starting rhyolite and andesite sample was analyzed with X-ray Fluores-
cence (XRF) (Simultix 12, Rigaku Corp., Tokyo, Japan) analysis at JAMSTEC (Table 1).
The mineral composition of the rock samples before and after the hydrothermal experi-
ments was analyzed using a wavelength-dispersive-type Electron Probe Micro-Analyzer
(EPMA) (JXA–8500F, JEOL Ltd., Tokyo, Japan) and a desktop X-ray diffractometer (XRD)
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(MiniFlex II, Rigaku Corp., Tokyo, Japan) at JAMSTEC. The EPMA analyses were con-
ducted at 15 kV of accelerating voltage, 12 nA of specimen current, and 1 and 5 µm of probe
diameter. The XRD analyses were conducted at 30 kV and 15 mA using CuKα radiation.
Dried sample powder was mounted on plastic holders (ø = 20 mm, depth = 0.5 mm), and
the oriented samples were scanned over an interval of 3◦–90◦ (2θ).

Table 1. Composition of the solid starting materials (wt.%). LOI: loss on ignition.

Rhyolite Andesite

SiO2 73.8 61.9
TiO2 0.3 0.9

Al2O3 13.9 15.2
Fe2O3 2.1 9.7
MnO 0.1 0.2
MgO 0.3 1.7
CaO 1.8 6.1

Na2O 4.5 3.4
K2O 2.9 0.9
P2O5 0.1 0.2
Total 99.6 100.0
LOI 2.0 0.0

4. Results

Figure 3 and Table 2 show the time variation in the concentration of selected elements
and in that of the dissolved gas species and pH, respectively, in the reacted fluids. The Cl
concentration in the fluids was rather constant (~500 mmol/kg) during the experiments.
The Na concentration in the fluids gradually decreased from ~500 to ~460–470 mmol/kg
during the experiments. The K concentration abruptly increased up to ~40 mmol/kg
within 24 h and was rather constant in the rhyolite experiment, while the concentration
increased up to ~20 mmol/kg within 24 h and gradually increased to ~35 mmol/kg in the
andesite experiment. The Si concentration in the fluid also increased abruptly and then
remained considerably high, ~30 mmol/kg and ~20 mmol/kg in the rhyolite and andesite
experiments, respectively. The Ca concentration rose within 24 h and then gradually
increased in the experiments. The Fe, Mn, and Mg concentrations remained consistently
low (<10 µmol/kg) during both of the experiments. The pH value decreased from 7.0 to 4.5
in the rhyolite experiment, while the value decreased from 7.0 to 4.1 and then gradually
increased to 5.5 in the andesite experiment. The H2 and H2S concentrations in the fluids
generally increased during the experiments.

Figure 4 shows the powder XRD patterns of the starting materials and reaction prod-
ucts of the experiments. The XRD patterns are generally consistent with the microscopic
descriptions of the analyzed volcanic rocks (Figure 1). The peaks of andesine are clearly
observed both in the starting material and reaction product of the analyzed rhyolite. On the
other hand, the peaks of plagioclase and clinopyroxene are observed both in the starting
material and reaction product of the andesite. No significant change in the whole XRD
pattern was recognized in both the rhyolite and andesite experiments.

The SEM observation of analyzed rhyolite and andesite shows that volcanic glass was
substantially dissolved during the hydrothermal experiment (Figure 5). The surface of
starting material grains is rather smooth and dense, whereas the surface of the reaction
product grains is rough and porous. No clear evidence of substantial dissolution of other
minerals was recognized under the microscope, and those minerals appear to be “etched”
on the rough surface of reaction products (Figure 5b,d,f). Those textures demonstrate the
preferential dissolution of volcanic glass in rhyolite via hydrothermal alteration. However,
the rim of the reaction product grains of rhyolite is rather dense, possibly owing to the
precipitation of amorphous silica from the fluid (Figure 6). The precipitation of nanopar-
ticles was also observed within some pores in the reaction products. The nanoparticles
are possibly amorphous silica although they are too small to be analyzed with EPMA spot
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analysis. The precipitation of nanoparticles was clearly recognized at the rim of the reaction
product grains of andesite (Figure 6c). The nanoparticles are also possibly amorphous silica
though they are too small to be analyzed with EPMA.
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dissolved H2 and H2S (solid and dashed lines, respectively). (d) pH.

Table 2. Fluid composition in the hydrothermal experiments (mmol/kg).

Rhyolite

Time (h) Cl Na K Mg Ca Si Fe Mn H2 H2S pH

0 506 503 n.d. 0.00 0.00 n.d. n.d. n.d. 0.00 0.00 7.0
24 501 461 40.4 0.01 1.49 22.6 0.06 0.06 0.00 0.00 4.8
70 505 453 41.9 0.01 1.64 25.0 0.07 0.07 0.00 0.00 4.7

240 524 470 43.9 0.01 1.73 26.5 0.07 0.07 0.01 0.04 4.6
408 515 462 42.6 0.01 1.76 26.8 0.06 0.07 0.01 0.04 4.8
744 532 477 42.8 0.01 1.75 27.7 0.06 0.07 0.02 0.06 4.5

1248 519 455 40.7 0.00 1.85 28.1 0.08 0.08 0.03 0.04 4.5
1824 517 470 39.7 0.00 1.82 29.0 0.07 0.07 0.03 0.02 4.5

Andesite

Time (h) Cl Na K Mg Ca Si Fe Mn H2 H2S pH

0 504 499 n.d. n.d. n.d. 0.00 n.d. n.d. n.d. n.d. 7.0
24 494 459 21.9 0.01 0.43 25.3 0.03 0.02 0.00 0.06 4.7
71 502 460 22.6 0.01 0.52 28.5 0.04 0.02 0.01 n.d. 4.4

262 499 470 24.2 0.00 0.61 30.0 0.03 0.01 0.02 0.09 4.1
429 506 480 25.0 0.01 0.71 29.7 0.03 0.01 0.03 0.13 4.2
766 502 458 29.5 0.01 1.34 22.3 0.03 0.01 0.04 0.14 4.7

1463 512 464 35.5 n.d. 2.60 21.9 0.02 0.01 0.12 0.22 5.2
2158 505 457 34.2 n.d. 2.78 21.7 0.03 0.01 0.14 0.22 5.5

n.d.: not detected.
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Figure 4. Powder XRD patterns (CuKα) of the analyzed rhyolite and andesite. And: andesine;
Cen: clinoenstatite; Ilm: ilmenite; An: anorthite; Cpx: clinopyroxene.

Figure 7a,b show the EPMA results of rhyolite. The plagioclase both in the starting
material and reaction product is mainly andesine with finer oligoclase grains. No orthoclase
was recognized. The analyzed clinopyroxene both in the starting material and reaction
product is mostly (clino)enstatite although minor augite and pigionite were observed in
the starting material and reaction product, respectively.

The EPMA results show that the volcanic glass is relatively enriched in K (2.5 mol%
on average) compared to in other mineral grains (Table 3). During the hydrothermal
experiment, K was leached into the fluid and became depleted in the solid glass (Figure 8).
The EPMA results of the glass also show that the rim of the reaction product grains (filled
circles in Figure 8) is relatively enriched in Si compared to the internal parts. We interpret
that this is due to the precipitation of amorphous silica at the rim during the experiment.
This interpretation is consistent with the observed contrast between the dense rim and
porous internal part of the reaction product grains (Figures 5 and 6).
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(e,f), showing substantial and preferential glass dissolution. (a,c,e) Starting materials. (b,d,f) Reac-
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Figure 5. Backscattered electron (BSE) images of analyzed fine grains of rhyolite (a–d) and andesite
(e,f), showing substantial and preferential glass dissolution. (a,c,e) Starting materials. (b,d,f) Reaction
products. Note the clear contrast between the smooth surface of starting material and the rough and
porous surface of reaction product, which shows the preferential dissolution of volcanic glass via
hydrothermal alteration. Olg: oligoclase; Cpx: clinopyroxene; Amp: amphibole.
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Figure 6. BSE images of the rim of reaction product grains. (a,b) Rhyolite. Although the internal
part of the grains is porous, the 2–3 µm thick rim of the grains is rather dense (solid arrows),
possibly due to the precipitation of amorphous silica. The precipitation of nanoparticles (possibly
amorphous silica) is also observed within some pores (dashed arrows). Also see Figure 8. (c) Andesite.
The precipitation of nanoparticles (possibly amorphous silica) is commonly observed at the rim of
grains (arrows). Also see Figure 5f.
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Figure 7. EPMA results of the analyzed rhyolite (a,b) and andesite (c,d). Plagioclase (a,c) and
pyroxene (b,d) compositions of starting materials (blue square) and reaction products (red triangle)
of the experiment in the feldspar and pyroxene diagrams, respectively. Orthoclase grains in rhyolite
are too small for spot analysis and are not shown.
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Figure 8. EPMA results of the glass in the rhyolite. The K concentration in the glass decreased during
hydrothermal alteration via K leaching into the fluid. Also see Table 2. Note that the glass at the rim
of the reaction product grains is depleted in Al (filled circle). This is possibly due to the precipitation
of amorphous silica at the rim from the fluid. Also see Figure 6.
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Table 3. EPMA results of the glass in the rhyolite (mol%, except for Total wt.%).

Starting
Material Si Ti Al Fe Mg Mn Ca Na K Cr P Ni S Total

wt.%

Glass 77.0 0.1 14.0 0.9 0.1 0.0 0.9 4.3 2.7 0.0 0.0 0.0 0.0 99.5
Glass 76.8 0.1 13.8 1.0 0.0 0.0 0.9 4.5 2.9 0.0 0.0 0.0 0.0 92.2
Glass 77.4 0.1 13.7 0.9 0.0 0.0 0.9 4.1 2.7 0.0 0.0 0.0 0.0 95.2
Glass 77.3 0.1 13.6 0.9 0.1 0.0 0.9 4.3 2.7 0.0 0.0 0.0 0.0 94.8
Glass 77.5 0.1 13.6 0.9 0.1 0.0 0.8 4.3 2.7 0.0 0.0 0.0 0.0 94.7
Glass 78.7 0.1 13.7 0.9 0.0 0.0 0.8 3.5 2.2 0.0 0.0 0.0 0.0 95.1
Glass 78.4 0.1 13.6 0.9 0.2 0.0 0.8 3.9 2.1 0.0 0.0 0.0 0.0 95.7
Glass 78.3 0.2 13.6 0.9 0.0 0.1 0.8 3.8 2.2 0.0 0.0 0.0 0.0 97.4
Glass 77.6 0.1 13.5 0.8 0.1 0.1 0.9 4.1 2.9 0.0 0.0 0.0 0.0 98.1
Glass 77.7 0.1 13.5 0.9 0.1 0.0 0.9 4.2 2.6 0.0 0.0 0.0 0.0 95.1
Glass 77.9 0.1 13.4 0.9 0.1 0.1 0.9 4.1 2.4 0.1 0.0 0.0 0.0 97.1
Glass 77.5 0.1 13.4 1.1 0.2 0.1 0.8 4.1 2.7 0.0 0.0 0.0 0.0 95.3
Glass 77.6 0.1 13.3 0.9 0.1 0.0 0.9 4.3 2.7 0.1 0.0 0.0 0.0 95.7
Glass 78.2 0.1 13.3 0.8 0.0 0.0 0.8 4.0 2.8 0.0 0.0 0.0 0.0 95.4
Glass 78.3 0.1 13.2 0.8 0.1 0.1 0.8 4.4 2.1 0.0 0.0 0.1 0.0 97.7
Glass 79.0 0.1 13.0 0.9 0.1 0.0 0.7 3.8 2.4 0.0 0.0 0.0 0.0 96.9

Andesine
(av.; n = 16) 54.2 0.0 26.2 0.2 0.0 0.0 7.1 11.9 0.3 0.0 0.0 0.0 0.0 100.4

Pyroxene
(av.; n = 7) 50.0 0.1 0.5 20.6 24.1 0.9 3.7 0.1 0.0 0.0 0.0 0.0 0.0 100.4

Reaction
product Si Ti Al Fe Mg Mn Ca Na K Cr P Ni S Total

wt.%

Glass (int.) 77.9 0.0 15.2 0.8 0.1 0.1 0.8 3.3 1.6 0.1 0.0 0.0 0.0 88.1
Glass (int.) 77.7 0.1 14.8 1.1 0.3 0.0 0.7 3.5 1.6 0.0 0.0 0.1 0.0 58.0
Glass (int.) 78.3 0.1 14.6 1.1 0.1 0.0 0.8 3.2 1.5 0.0 0.0 0.0 0.0 91.2
Glass (int.) 79.4 0.1 14.8 1.2 0.1 0.0 0.8 2.0 1.5 0.0 0.0 0.0 0.0 90.4
Glass (int.) 79.6 0.1 14.1 0.5 0.1 0.0 0.8 3.0 1.7 0.0 0.0 0.0 0.0 63.9
Glass (int.) 78.4 0.1 13.7 1.1 0.2 0.0 0.7 4.4 1.4 0.0 0.0 0.0 0.0 92.5
Glass (int.) 79.3 0.1 13.8 0.8 0.0 0.1 0.7 3.8 1.3 0.0 0.0 0.0 0.0 95.2
Glass (int.) 80.6 0.1 14.0 0.6 0.0 0.0 0.7 2.7 1.3 0.0 0.0 0.0 0.1 93.2
Glass (int.) 79.7 0.1 13.7 1.0 0.1 0.1 0.7 3.2 1.4 0.0 0.0 0.0 0.0 94.8
Glass (int.) 79.9 0.1 13.5 1.2 0.1 0.0 0.7 3.1 1.3 0.0 0.0 0.0 0.0 92.4
Glass (int.) 80.7 0.1 13.6 0.7 0.1 0.0 0.7 2.7 1.5 0.0 0.0 0.0 0.0 95.8
Glass (int.) 81.5 0.1 13.5 0.7 0.0 0.0 0.7 2.3 1.3 0.0 0.0 0.0 0.0 92.9
Glass (int.) 81.9 0.1 13.3 0.5 0.1 0.0 0.6 2.3 1.2 0.0 0.0 0.0 0.0 82.3
Glass (int.) 82.1 0.1 12.8 0.7 0.1 0.0 0.8 2.0 1.3 0.0 0.0 0.0 0.0 84.0
Glass (int.) 81.7 0.1 12.5 0.7 0.1 0.1 0.7 2.9 1.2 0.0 0.0 0.0 0.0 91.8
Glass (int.) 82.3 0.2 12.5 0.6 0.1 0.1 0.6 2.0 1.5 0.0 0.0 0.0 0.0 92.2
Glass (rim) 85.5 0.0 9.6 0.2 0.0 0.0 0.5 2.6 1.5 0.0 0.0 0.0 0.0 71.2
Glass (rim) 84.9 0.1 9.0 0.7 0.1 0.1 0.8 2.8 1.5 0.0 0.0 0.0 0.0 70.3
Glass (rim) 87.2 0.0 8.5 0.1 0.0 0.0 0.4 2.4 1.3 0.0 0.0 0.1 0.0 85.9
Andesine

(av.; n = 33) 54.0 0.0 26.4 0.2 0.0 0.0 7.2 11.7 0.3 0.0 0.0 0.0 0.0 99.7

Pyroxene
(av.; n = 14) 49.9 0.1 0.8 21.8 24.8 0.9 1.4 0.1 0.0 0.0 0.0 0.0 0.0 100.5

av.: average; rim: rim of grain; int.: internal part of grain.

The EPMA results of rhyolite illustrate no substantial change in the mineral composi-
tion of plagioclase and of clinopyroxene via hydrothermal alteration during the experiment
(Figure 7). This is consistent with the powder XRD patterns (Figure 4) and with the SEM
observation showing that only the volcanic glass was substantially dissolved during the
experiment (Figure 5).

Figure 7c,d show the EPMA results of andesite sample. Plagioclase in the starting
material is mainly anorthite, and no orthoclase was recognized. In contrast, plagioclase
in the reaction products is classified mainly into albite, although some anorthite minerals
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still remain. The difference in the mineral composition of feldspar between the starting
material and reaction product suggests some albitization of anorthite via hydrothermal
alteration [34]. The clinopyroxene both in the starting material and reaction product is
classified mostly into augite, pigeonite, and (clino)enstatite. No substantial change was
observed in the mineral composition of clinopyroxene during the experiment.

5. Discussion
5.1. Substantially Si-Enriched Fluids

The hydrothermal fluids reacted with the analyzed rhyolite and andesite in the
present experiments are characterized by the substantially high Si concentration, up to
30 mM (Figure 3). The Si concentration in the fluid, which is in equilibrium with quartz
at 325 ◦C and 300 bar, is estimated to be ~14 mM [35]. Therefore, the high Si concentration
in the present fluids cannot be explained by the equilibrium with quartz. Alternatively,
hydrothermal experiments and numerical thermodynamic calculations indicated that the
Si concentration in the fluid, which is in equilibrium with amorphous silica, is much higher,
~30 mM, at 325 ◦C (Figure 9) [36]. We interpret that, in the present experiments, the sub-
stantial dissolution of volcanic glass in the analyzed rocks increased the Si concentration in
the fluids. We further interpret that the high Si concentration in the fluids (up to 30 mM)
was maintained during the experiments by buffering by amorphous silica, precipitated
from the fluids as a precursor of hydrothermal quartz. Indeed, as described in Section 4,
the preferential dissolution of volcanic glass via hydrothermal alteration in the analyzed
volcanic rocks is directly supported by the results of SEM observation (Figure 5).
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Figure 9. The maximum temperature (TMAX) of the observed fluid and the Si concentration in
estimated endmember fluids in the hydrothermal fields in the Okinawa Trough (OT), with the
solubility curve of quartz and of amorphous silica at 100–900 bar (dashed). Potential biases/effects
on each point are shown in the inlet. TR: temperature at the reaction zone; VG: volcanic glass;
AS: amorphous silica. The present experimental results are also shown for comparison. The Si
concentration in most fluids (especially with TMAX < 250 ◦C) is apparently too high to be explained
by the equilibrium with quartz. References for the compilation are listed in the Supplementary
Information (Table S1, [37–51]).

In addition to the glass dissolution, the precipitation of amorphous silica from the
fluids in the present experiments is also supported by the results of SEM observation



Minerals 2024, 14, 259 13 of 21

(Figure 6). As discussed above, the internal part of the reaction product grains is porous
due to the preferential dissolution of volcanic glass via hydrothermal alteration (Figure 5).
However, the SEM observations also reveal that the 2–3 µm thick rim of the reaction
product grains of rhyolite is rather dense. We infer that the dense rim of the rhyolite grains
is attributed to the precipitation of amorphous silica nanoparticles from the fluid during the
experiment. The precipitation of nanoparticles is also observed within some pores in the
reaction products of rhyolite (dashed arrows in Figure 6). Although they are too small to be
analyzed with EPMA spot analysis, we infer that these nanoparticles are also amorphous
silica. The precipitation of amorphous silica at the rim of the reaction product grains is
further supported by the EPMA results of the glass in rhyolite (Figure 8). The results show
that the glass at the rim of the reaction product grains is relatively enriched in Si compared
to in their internal part. This can be attributed to the addition of precipitated amorphous
silica at the rim.

The microtexture of andesite grains is generally similar to that of rhyolite grains
(Figures 5 and 6). A contrast between the smooth surface of the starting material and the
rough surface of the reaction product was observed (Figure 5e,f), suggesting the preferential
dissolution of volcanic glass during the hydrothermal experiment. Moreover, the precipi-
tation of nanoparticles at the rim of the reaction product grains is commonly observed in
the andesite experiment (Figure 6c). Again, the nanoparticles are too small to be analyzed
with EPMA, but we infer that these nanoparticles are amorphous silica. The present texture
is somewhat similar to the amorphous Si-rich phase (with saponite) encrusting the host
phases via the hydrothermal alteration of synthetic chondrite [52].

We infer that the amorphous silica precipitated from the present fluids as a precursor
of hydrothermal quartz. In general, amorphous silica (opal-A) is metastable under high-
temperature and -pressure conditions and would be transformed into quartz at 325 ◦C and
300 bar [35]. In this case, the fluids could have been in equilibrium with the generated quartz
in the reaction cell. However, the substantially high Si concentration in the fluids suggests
that, in the present experiments, the amorphous silica was not replaced with secondary
quartz and the fluids did not reach equilibrium with quartz. This interpretation is consistent
with the results of the SEM observations and of the EPMA and XRD analyses, in which no
evidence of quartz generation was recognized in the reaction products (Figures 4 and 5).

The substantially high Si concentration in the fluids (up to 30 mM) in the present
experiments is consistent with the previous experimental results in Shiraki et al. (1987) [16].
Although their experiments were conducted at 300 ◦C and 1000 bar, the Si concentration in
the fluid (measured with silico-molybdic colorimetry) was up to ~33 mM in the rhyolite
experiment and ~23 mM in the andesite experiment. These values are significantly higher
than the Si concentration in the fluid which is in equilibrium with quartz at 300 ◦C and
1000 bar (~15.5 mM; [35]). The experimental fluids were not in equilibrium with quartz but
were likely buffered by amorphous silica precipitated from the fluids. It is worthy to note
that Shiraki et al. also suggested that, in their andesite experiment, the steady state in the
reaction cell was not attained over 7000 h [16]. Although the steady state was thought to
be attained quickly (<48 h) in their rhyolite experiment and the cause of this substantial
difference between the rhyolite and andesite experiments was uncertain, their observation
is consistent with the results of our experiments indicating that, at 325 ◦C and 300 bar, the
fluids did not reach equilibrium with quartz during the experiments over 1800 h.

The reason for the disequilibrium in the previous and present experiments remains
uncertain. For example, the nanoparticles of amorphous silica precipitated on the surface
of rock grains may have encrusted the grains and have delayed the additional chemical
reaction between the rock grains and fluid. Potentially related to this, the grain size of the
rock powder used in the hydrothermal experiments might have also been a key factor in
the time duration to reach equilibrium between the solid and liquid phases. Shiraki et al.
used rock powder of <75 µm in diameter for the rhyolite experiment and interpreted that
the steady state was attained within 48 h. On the other hand, they used rock powder of
75–150 µm in diameter for the andesite experiment and concluded that the steady state was
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not attained over 7000 h. In the present rhyolite and andesite experiments, we used rock
powder of <90 µm in diameter (Section 3). While details are still unknown, the difference
in the grain size of the rock powder, and consequently in the total surface area between the
solid and liquid phases in the reaction cell, may have influenced the time required to reach
equilibrium in both the previous and present experiments.

Overall, the Si concentration in the experimental fluid was not substantially dif-
ferent between the rhyolite and andesite experiments. However, the Si concentration
monotonously increased during the rhyolite experiment. In contrast, in the andesite experi-
ment, the concentration peaked at 30.0 mmol/kg after 262 h and then gradually decreased
to 21.7 mmol/kg by 2158 h. As discussed above, the fluids did not reach equilibrium with
quartz both in the rhyolite and andesite experiments. Moreover, no evidence of quartz
generation was recognized in the reaction products (Figures 4 and 5). Nonetheless, the
decrease in the Si concentration in the andesite experiment implies that the fluid might
have been moving towards equilibrium with quartz.

5.2. Behavior of Elements Other than Si in the Fluids

The EPMA results of rhyolite show that K is relatively enriched in volcanic glass
(ca. 2.5 mol% on average) compared to in other mineral grains (less than 0.5 mol% on
average; Table 3) in the starting materials. This fact supports the substantial glass dissolu-
tion via hydrothermal alteration because the K concentration in the fluid increased up to
40 mmol/kg in the experiments (Figure 3; Table 2). Based on the EPMA results, the an-
alyzed rhyolite contains no K-bearing minerals (e.g., orthoclase) and thus no potential
candidate for the main K source for the fluid, except for volcanic glass. Hence, together
with the results of SEM observation (Figure 5), it is most likely that the volcanic glass
was dissolved and K in the glass was leached into the fluids via hydrothermal alteration.
The K depletion in the glass in the rhyolite experiment clearly supports this idea (Figure 8).
The present experiments strongly suggest that the glass dissolution is a major controlling
factor not only for the high Si concentration but also for the high K concentration in the
fluids. The K concentration in the fluid in the rhyolite experiment is higher than that in
the andesite experiment (Table 2), and it is consistent with the fact that the K content of
rhyolite is higher than that of andesite (Table 1).

The Ca concentration in the fluid monotonously increased up to 3 mmol/kg during
the andesite experiment, while the concentration in the rhyolite experiment was relatively
low (<2 mmol/kg) (Table 2). The Ca content of the starting material of andesite was
higher than that of rhyolite, and this is consistent with the observation that anorthite is
contained only in the andesite. It is likely that the albitization of anorthite via hydrother-
mal alteration contributed partly to the increased Ca concentration in the fluid in the
andesite experiment (Figure 7).

The H2 concentration in the fluids generally increased during the experiments, partic-
ularly in the andesite case (Figure 3). As shown in Section 4, the SEM observations reveal
that igneous minerals in the analyzed volcanic rocks did not substantially react with the
fluids during the experiments (Figure 5). Considering this, we speculate that ferrous iron
in volcanic glass and/or organics contaminated in the natural samples may have been
an electron donor in the H2 generation process. The Fe2O3 content of the andesite (9.7%)
is higher than in the rhyolite (2.1%), while the loss on ignition (LOI) of the andesite is
lower (0.0%) than that of the rhyolite (2.0%) (Table 1). The fact that a larger amount of
H2 was generated in the andesite experiment implies that the main electron donor was
ferrous iron rather than contaminated organics. The H2S concentration in the fluid slightly
increased in the andesite experiment. Although the source of sulfur is uncertain, soluble
sulfate minerals in the analyzed rock powder should have been removed through cleaning
before the experiments. Ferrous iron in the volcanic glass may have also reduced accessory
insoluble sulfate in the analyzed volcanic rocks and produced H2S.
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5.3. Comparison with Fluids in the Okinawa Trough

To constrain the major controlling factors of the fluid composition in the natural hy-
drothermal systems in the Okinawa Trough, we compared the composition of reacted
fluids in the present experiments with that of estimated endmember fluids in the trough,
especially focusing on their Si concentration. In a natural hydrothermal system, the
Si concentration in the fluid has been conventionally measured with two different analyti-
cal methods: colorimetry (molybdate-blue method; [53]) and ICP-OES. The concentration
of Si ions (SiO3

2−) dissolved into the fluid was measured with the colorimetric method,
whereas the bulk Si concentration (including amorphous silica precipitated from the fluid)
was analyzed with ICP-OES. During the rapid cooling of the fluid between the in situ
sampling at the seafloor vent and the shipboard measurement, some amount of dissolved
Si ions in the fluid may precipitate as amorphous silica and polymerize if the pH of the
fluid is not adjusted to be alkaline. In such case, even if the on-shipboard measurement
is conducted quickly, the Si concentration in the original hydrothermal fluid would be
underestimated by the colorimetric measurement [54].

Kawagucci (2015) compiled the chemical composition of hydrothermal fluids in the
Okinawa Trough and showed that the estimated Si concentration in the endmember fluids
mostly ranges from 11 mM to 13 mM [29]. The compilation with some other data is
shown in Figure 9. The Si concentration in the fluid which is in equilibrium with quartz is
~13.5 mmol/kg at 325 ◦C and 150 bar (at the seafloor at a depth of 1500 m) [35] and thus is
close to the estimated range of the Si concentration in endmember fluids. Previous studies
interpreted that the endmember fluids in the Okinawa Trough are in equilibrium with
quartz [20,55]. The lower Si concentrations in some endmember fluids were attributed to
the phase separation of the fluid and the rapid discharge of vapor phase from the seafloor
before the achievement of re-equilibrium with quartz [22].

Apart from those previous natural observations, the Si concentration in the fluids in
the present experiments is up to 30 mM (Figure 3). As discussed above, it is attributed
to the substantial dissolution of volcanic glass in the analyzed volcanic rocks and to
the buffering by amorphous silica precipitated from the fluids as a precursor of quartz.
The Si concentration in the present experimental fluids (up to 30 mM) is substantially higher
than the Si concentration in estimated endmember fluids in the Okinawa Trough (Figure 9).
This apparent discrepancy could reflect, at least in part, the difference in pressure between
the experimental fluids in the reaction cell and the natural fluids at the hydrothermal vents.
In the present experiments, the fluids were reacted with rocks at 300 bar, the estimated
pressure at the reaction zone in the systems (1000 mbsf at a water depth of 1500 m).
On the other hand, the pressure of the fluids at the natural vents is less than 150 bar (at a
water depth shallower than 1500 m) in the Okinawa Trough. Hence, some amount of silica
would precipitate from the fluids via the pressure decrease during their upwelling from the
deeper reaction zone to the discharge zone at the seafloor. However, the pressure contours
on the diagram show that the effect of pressure decrease via the fluid rise is too small to
explain solely the observed difference in the Si concentration between the experimental
and natural fluids (Figure 9). We also infer that the duration of the present experiments
(<2200 h) may have been too short for comparison with natural hydrothermal systems.
In fact, as discussed in the former section, the fluids were not in equilibrium with quartz
during the experiments, although amorphous silica is metastable at 325 ◦C and 300 bar.
In the natural systems on a much longer time scale, the equilibrium between the fluid and
quartz could be achieved in the reaction/discharge zone.

The estimated Si concentration in most endmember fluids (especially with TMAX < 250 ◦C)
in the Okinawa Trough is apparently too high to be explained by the equilibrium with
quartz (Figure 9). The apparent deviation from the solubility curve of quartz on the
diagram could be attributed to several factors (the inlet in Figure 9). For example, the
observed maximum temperature of the fluid (TMAX) is potentially lower than the actual
temperature at the reaction zone (TR) in the field. In that case, on the diagram, the point
of the fluid is away leftward from the solubility curve of quartz. On the other hand,



Minerals 2024, 14, 259 16 of 21

the Si concentration in the endmember fluid may have been underestimated when the
Si concentration in the natural fluids was measured with colorimetry, as mentioned above.
(Indeed, the Si concentration in the natural fluids in the trough was mainly measured with
colorimetry (Supplementary Information)). Furthermore, as also mentioned above, the
Si concentration in the natural fluid could have been affected by phase separation beneath
the seafloor [22]. In addition to these potential factors, we infer that the dissolution of
volcanic glass in the surrounding rocks at the reaction zone contributed to the increase in
the Si concentration in the natural fluids. The increased Si concentration in the fluid could
have been buffered by amorphous silica precipitated from the fluid, as suggested in the
present experiments. In summary, the compilation with the present experimental results
suggests that the controlling factors of the Si concentration in the hydrothermal fluids in
the Okinawa Trough are more complicated than previously assumed.

In addition to the Si concentration, the chemical composition of the fluids in the present
experiments is generally inconsistent with that of the estimated endmember fluids in the
Okinawa Trough [29]. Three potential mechanisms could explain this apparent discrepancy
between the experimental results and natural observations: (1) phase separation, (2) inputs
of magmatic volatiles, and (3) hydrothermal reactions with volcanic rocks other than
rhyolite and andesite and with sediments. For example, the substantially low Cl and
Na concentrations in some endmember fluids in the trough, compared to those in the
ambient seawater, are attributed to the subseafloor phase separation [20,22]. The pH values
of the fluid at the end of the present experiments (4.5 on rhyolite and 5.5 on andesite) are
similar to those of the endmember fluids in the trough, which mostly range between 4.5
and 5.5. However, the pH value in the natural fluids is also influenced by the input of a
vapor phase via phase separation and the reaction with sediments. The Ca concentration
in the natural fluids is substantially high (up to 20 mM) compared to that in the present
experimental fluids (up to 3 mM; Table 2). The high Ca concentration in the natural
fluids may be due to reactions with volcanic rocks other than rhyolite and andesite and/or
sediments, although the albitization of anorthite via hydrothermal alteration may contribute
partly to it, as shown in the present andesite experiment (Figure 7). As discussed in
Section 5.1, the K concentration in the fluids in the present experiments is up to 40 mM
(Table 2), and we interpret that volcanic glass in the analyzed rhyolite and andesite is the
major K source for the fluids. However, the K concentrations in some natural fluids in the
Okinawa Trough are much higher, up to 80 mM [56]. In addition to the glass in the volcanic
rocks, K-containing minerals (such as K-feldspar, illite, and glauconite) may be another
major K source for the natural fluids.

Overall, the chemical composition of the present experimental fluids is generally in-
consistent with that of the endmember fluids in the Okinawa Trough [29]. This discrepancy
simply reflects the multiple controlling factors of the composition of natural fluids in the
back-arc basin setting [5,26]. It is difficult to reproduce such a complex reaction system com-
pletely with the simple experimental apparatus in a laboratory. Nevertheless, the present
experiments newly emphasize a potential contribution of the dissolution of volcanic glass
in intermediate-to-felsic rocks to the fluid composition in the reaction/discharge zone in
the trough.

5.4. Global Compilation of Fluid Chemistry in the MOR and ABA Systems

Referring to hydrothermal fields on a global scale, the potential of volcanic glass
dissolution and amorphous silica buffering to contribute to the fluid composition is further
strengthened (Figure 10). In the MOR hydrothermal systems, it has been widely supposed
that the fluid beneath the subseafloor is in equilibrium with minerals in surrounding rocks
in the reaction/discharge zone [6,33,57–59]. In particular, the Si concentration in the fluid
has been thought to reflect the fluid–quartz equilibrium and has been used to constrain
the equilibrium temperature and pressure conditions in the reaction/discharge zone in the
system [35]. The observed maximum temperature (TMAX) of the fluid in the mid-ocean
ridge hydrothermal systems is up to 370 ◦C [1], and the Si concentration in the fluid
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which is in equilibrium with quartz at 370 ◦C and 300 bar is estimated to be ~16 mM [35].
The global compilation shows that the estimated Si concentration in the endmember fluids
in the MOR systems is mostly along/below quartz solubility curves (Figure 10). Although
TMAX constrains the minimum temperature in the subseafloor reaction/discharge zone,
this observation is consistent with the conventional idea that the fluids are generally in
equilibrium with quartz in those systems. A downward deviation from the solubility
curves of quartz in some MOR systems could be attributed to phase separation in the
reaction/discharge zone [1,35].
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Figure 10. A global compilation of the observed maximum temperature (TMAX) and the estimated
Si concentration in the endmember fluids in mid-ocean ridges (MORs) and arc/back-arc (ABA)
hydrothermal fields. The solubility curves of quartz and of amorphous silica at 100–900 bar are also
shown (dashed). Note that the fluids in the MOR and ABA systems are mostly below and above,
respectively, the solubility curves of quartz. OT: Okinawa Trough. References for the compilation are
listed in the Supplementary Information (Table S1).

In contrast, the ABA systems are generally characterized by shallow water depth
(i.e., low pressure) and low-temperature conditions (limited by the two-phase boundary),
compared to the MOR systems [1]. The compilation shows that the Si concentration in the
endmember fluids in the ABA systems is mostly above and below the solubility curves
of quartz and of amorphous silica, respectively, in the diagram (Figure 10), as seen in the
Okinawa Trough (Figure 9). As discussed in Section 5.3, the apparent deviation from the
solubility curves of quartz in the diagram could be attributed to several factors. We particu-
larly infer that the dissolution of volcanic glass in surrounding rocks at the reaction zone
and the subsequent buffering by amorphous silica precipitated from the fluids contribute,
at least in part, to the high Si concentration in the endmember fluids in the ABA systems.
Our inference based on the global compilation highlights a fundamental difference between
the MOR and ABA hydrothermal systems. The fluids are generally in equilibrium with
quartz in the MOR systems, whereas the fluids are mostly in disequilibrium with quartz in
the ABA systems. In the ABA systems with relatively low temperatures, amorphous silica
(a precursor of quartz) is more stable [35]. Hence, the Si concentration in the fluids may
be more effectively buffered by amorphous silica (rather than quartz) compared to in the
MOR systems.
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5.5. Potential Role of Volcanic Glass/Amorphous Silica in the SMS Deposit Formation

Hydrothermal glass alteration in intermediate-to-felsic volcanic rocks may play an
important role in the SMS deposit formation in the Okinawa Trough. Nozaki et al. (2021)
recently reported petrological and geochemical characteristics of drill core samples collected
from the modern SMS deposit in the middle Okinawa Trough [25]. They revealed the
presence of pyrite framboids in close association with altered glass in pumice fragments.
According to their scenario, pyrite framboids serve as nuclei at the initial stage and are
replaced later by other sulfide minerals to form a large SMS deposit beneath the seafloor.

The present study experimentally demonstrated that volcanic glass in the rhyolite
and andesite collected from the trough dissolves substantially and preferentially into the
fluids at 325 ◦C and 300 bar (Figures 3 and 5). This result indicates that volcanic glass in
pumice also dissolves substantially into the fluids in the reaction/discharge zone in the
natural hydrothermal systems in the trough. The supposed glass dissolution in pumice may
facilitate the subsequent void space replacement by sulfides along the scenario of pumice
replacement mineralization. The sulfide precipitation was not confirmed in the present ex-
periments as an addition of sulfur species to the experimental system was beyond the scope
of the present study focusing on the behavior of silica. Nevertheless, the present results are
in line with the model of pumice replacement mineralization in Nozaki et al. (2021) [25].

On the other hand, on the Endeavour Segment of the Juan de Fuca Ridge,
Tivey et al. (1999) proposed that the precipitation of amorphous silica from the fluids
is a key process for flange growth, stabilizing overhanging ledges, and resultant efficient
sulfide precipitation along the edifice [60]. These examples from the Okinawa Trough and
the Juan de Fuca Ridge imply that the behavior of silica in water–rock reactions (i.e., the
dissolution of glass in the volcanic rocks and the precipitation of amorphous silica from the
fluids) is a key to the SMS deposit formation both in MOR and ABA hydrothermal fields.
Further observational and experimental studies would emphasize a previously overlooked
role of volcanic glass/amorphous silica in the fluid composition and in the formation of
associated SMS deposits in both the MOR and ABA fields.

6. Conclusions

To examine the behavior of silica during hydrothermal water–rock reactions, we exper-
imentally reacted fresh rhyolite and andesite rocks collected from the middle and southern
Okinawa Trough, respectively, with artificial seawater at 325 ◦C and 300 bar (the estimated
condition at the reaction zone in the fields) over 1800 h. During the experiments, the fluids
evolved to be substantially enriched in Si (up to 30 mM), suggesting the substantial dissolu-
tion of volcanic glass in the analyzed rocks. The high Si concentration in the fluids cannot be
explained by the equilibrium with quartz and was probably buffered by amorphous silica,
precipitated from the fluids as a precursor of quartz. The SEM observations with EPMA
analyses support the substantial dissolution of volcanic glass in the rocks and the precipi-
tation of amorphous silica from the fluids in the experiments. The present experimental
results with a global compilation of natural fluid chemistry in mid-ocean ridge (MOR) and
arc/back-arc (ABA) hydrothermal fields suggest that the dissolution of glass in volcanic
rocks at the reaction zone and the amorphous silica buffering contribute to the relatively
high Si concentration in the fluids in the ABA fields. The present experiments reveal a
previously overlooked role of volcanic glass/amorphous silica in the fluid composition in
the Okinawa Trough. Our results are also consistent with the model of pumice replacement
mineralization for the SMS deposit formation in the trough.
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