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ABSTRACT 

Water budget in the arc crust is of critical importance for volcanic activities, rheology and geothermal energy budget of the arc crust. 

Especially, fluid supply by the arc magma is important source of energy for supercritical geothermal reservoirs. According to the 

geochemical mass balance model, for 1 m along arc distance, 13 t/yr/m H2O are supplied to sub arc in the form of hydrous melt 

(Kimura and Nakajima, 2014). However, water budget and its distributions within arc crust have not been well constrained yet. In 

this study, to understand the re-distribution of H2O within the arc crust, differentiation of H2O during crust-melt reactions and 

subsequent ascent in magma chamber were constrained from crust-melt reaction zones in East Antarctica and melt inclusions in fossil 

calderas in NE Japan.  

The granulite-hosted crust-melt reaction zones in Sør Rondane Mountains, East Antarctica, records granulite–granitic magma 

reactions under 0.5 GPa, 700°C (Uno et al., 2017). Based on the mineralogical and geochemical analyses of the reaction zones, it is 

revealed that the fluid infiltrated only ~10 cm from the dike wall towards the crust. The flux of water from the dike to the crust is 

limited to ~4.2 kg/m2 dike surface. Therefore, it is suggested that most of the H2O liberated from the granitic dike (more than 65%) 

was transported as excess fluid toward the upper crust through the dike-related fractures. 

The subsequent budget of H2O transported to upper crust are estimated from fossil calderas distributed in NE Japan arc. Series of 

Miocene Shirasawa and Fukano calderas (10–6 Ma) consist one of the major fossil caldera clusters in NE Japan. The analyses of melt 

inclusions in quartz in the calderas suggest that their magma chambers existed at the depth of 1–12 km with dacite–rhyolite melt 

composition, the H2O content of melt ranges 3–7 wt% and the magma chamber was water saturated at 1–8 km depth (Suzuki et al., 

2017; Amanda et al., 2019). Based on these constraints, the flux of H2O supplied into the caldera cluster is estimated as 0.4–2.2 × 105 

kg/yr, or 2–11 t/yr/m for a unit along arc distance. This is almost the same order as the subarc H2O flux estimated by Kimura and 

Nakajima (2014).  

Based on these analyses, 0th-order H2O budget in the arc crust is as follows: most of H2O liberated from subarc magma (4 wt% H2O; 

~13 t/yr/m) do not react with surrounding crust, and transport upwards to magma chambers in upper crust, and get saturated ~8 km 

(5–6 wt% H2O melt; 2–11 t/yr/m). Further detailed understanding of mass balance of H2O is needed with better knowledge of 

evolution of H2O content with magma differentiation, and crustal lithology, water content, fracture density and permeability.  

1. INTRODUCTION 

Subduction zones are characterized by the supply of fluids from the subducting slab to the subarc mantle, generation of hydrous melt 

at subarc, which subsequently ascend to the arc crust. Such hydrous melt is the main forms of H2O supply to the arc (e.g., Kimura 

and Nakajima, 2014). The H2O released from the hydrous magma that emplaced in the upper crust is considered as the source of 

supercritical geothermal reserviors (Bando et al., 2003; Scott et al., 2015; Tsuchiya et al., 2016; Amanda et al., 2019). The amount 

and flux of the fluids supplied from the deep crust to the upper-most crust is important for the formation, energy potential and 

sustainability of supercritical geothermal reservoirs (e.g., Scott et al., 2015).  

The main source of H2O to arc crust is the H2O liberated through the dehydration of subducting slab. Based on the thermodynamic 

model of subducting metamorphic rocks, the flux from the dehydrating slab at subarc depth is estimated as 13–57 t/yr/m (for 1 m 

along arc distance) for NE Japan arc (van Keken et al., 2011; Kimura and Nakajima, 2014). The H2O liberated from the subducting 

slab are further transported to lower crust in the form of hydrous melt (~13 t/yr/m; Kimura and Nakajima, 2014).  

Based on the petrological and seismological observations, such hydrous melt is generally considered to accumulate at the base of 

lower crust, and further transported through feeder dikes to lower/upper crust boundary (e.g., Stern, 2002; Takahashi et al., 2013). 

More evolved, felsic hydrous magma at the lower/upper crust boundary further accumulate to form upper crustal magma chambers 

(e.g., Stern, 2002). However, up to now, there has not been a comprehensive model on the H2O budget of the entire arc crust, that 

describes the amount of generation, supply and consumption of H2O within arc crust.  

To constrain the H2O budget within arc crust, this study focused on (1) the crust–melt/fluid reaction zones in lower crustal conditions 

and (2) H2O supply in the upper crustal magma chambers. Based on the mineralogical and geochemical analyses of the crust–

melt/fluid reaction zones, Sør Rondane Mountains, East Antarctica (Uno et al., 2017), we have constrained the H2O flux during the 

lower crustal magma ascent. The petrological analyses of fossil magma chambers at NE Japan (Suzuki et al., 2017; Amanda et al., 

2019), enable us to quantify the Myr-scale H2O input to the upper crustal magma chambers. These results are combined to construct 

0th-order model of the H2O budget within the arc crust. 
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2. GENERAL MODEL OF ARC CRUST 

2.1 Geological and Seismic Model of Arc Crust 

Arc crust is generally divided into lower and upper crust by the discontinuity of seismic velocity (i.e., conrad discontinuity), where 

the upper crust is generally considered as andesitic composition and the lower crust as mafic compositions (e.g., Rudnick and Gao, 

2003). Geological and petrological observations of crustal sections and volcanic rocks, as well as numbers of seismic observation 

suggest that basaltic magma generated as subarc accumulates at the base of lower crust. Magma is transported by feeder dikes in the 

lower crust. More evolved, felsic magma accumulate at the boundary of upper and lower crust, and subsequently ascend to form 

magma chambers in the upper crust (e.g., Stern, 2002; Takahashi et al., 2013 Figure 1). During the cooling of the upper crustal magma 

chamber, supercritical saline fluids accumulate at the top of magma chamber (2–5 km in depth), forming a loci of fluid ascent, 

resulting extensive fluid-rock interaction and formation of porphyri-cupper deposits (e.g., Fournier, 1999; Sillitoe, 2010), which may 

form the source of supercritical geothermal resources (Tsuchiya et al., 2016; Nohara et al., 2019; Bando et al., 2003; Scott et al., 

2015).  

In case of north-east Japan, the conrad and moho discontinuity locate at ~18 and ~35 km depth, respectively (e.g., Zhao et al., 1992; 

Matsubara et al., 2017). In NE Japan, spots of low Vs anomaly occur along the arc at sub arc depth (40–50 km), with ~50 km width 

and ~100 km spacing, making “hot finger” anomalies, which corresponds to the surface clusters of active volcanos (Tamura et al., 

2002). Such hot figures are also characterized by the high seismic attenuation (Q-1) are considered as the loci of melt or fluid ascent, 

i.e., “wet fingers” (Nakajima et al., 2013). Comparisons of seismic tomography with seismic velocity of crustal rocks measured in 

laboratory under crustal P-T conditions suggest that the hot fingers in the lower crust corresponds to the partial melting zones of 

hornblende grabbro (Nishimoto et al., 2005; Nishimoto et al., 2008;  Figure 1 Ishikawa, 2017).  

 

Figure 1: Schematic, along arc cross section of arc crust (modified after Stern, 2002). Crust–melt/fluid reaction zones (1) and 

upper crustal magma chambers (2) indicate the schematic location of the focus of this study. 

2.2 Water Supply to Subarc 

Several models of H2O budgets along subducting slab suggest that the water input at trench ranges 23–72 t/yr for a 1 m width of slab 

(t/yr/m; e.g., van Keken et al., 2011; Kimura and Nakajima, 2014). Out of these input at trench, ~7 t/yr/m are expelled by the 

compaction of pores in the sediments at shallow levels (<30 km), whereas 13–57 t/yr/m of H2O are released at subarc depth due to 

the dehydration of the subducting slab and overlying mantle-wedge serpentinites (van Keken et al., 2011; Kimura and Nakajima, 

2014). From these H2O supplied to subarc mantle, ~10 t/yr/m are transported to deeper mantle by the nominally anhydrous minerals 

(NAMs), whereas other ~5–50 t/yr/m are transported to arc crust in the forms of hydrous melt (~13 t/yr/m at NE Japan; Kimura and 

Nakajima, 2014). The H2O contents of hydrous basaltic melt at subarc is universally similar, and is ~4 wt% (e.g., Plank et al., 2013; 

Kuritani et al., 2014; Kimura and Nakajima, 2014; Figure 1). 

Based on the width (~50 km) and spacing (~100 km) of the hot fingers, the subarc magma may concentrate into the hot fingers by 

the factor of ~2, resulting in supply of 10–100 t/yr/m H2O in lower crustal hot fingers (Figure. 1).  

3. H2O BUDGET AT CRUST–MELT/FLUID REACTION ZONES 

3.1 Geological Settings of Crust–melt/fluid Reaction Zones 

The consumption of H2O during the magma ascent at lower-middle crust is constrained from the granulite-hosted crust-melt/fluid 

reaction zones at Sør Rondane Mountains, East Antarctica (Figure 2a; Uno et al., 2017). The Sør Rondane Mountains of eastern 

Droning Maud Land in East Antarctica are part of Pan-African collision zone between East and West Gondwana (650–500 Ma; 

Jacobs et al., 2003). The exposure of large crustal sections in this area provides an excellent record of fluid-rock interactions in the 

crust during the subduction and subsequent collision of East and West Gondwana (e.g., Higashino et al., 2013; Higashino et al., 2019; 

Kawakami et al., 2017). The sample is located at Balchenfjella, where granulite-facies metamorphic complex that contains biotite-

hornblende, biotite- and charnockitic gneisses, migmatites, and ultramafic lenses and granites (e.g., Ishizuka et al., 1993). The samples 
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were taken from the Berrheia area (72.16253° S, 27.74728° E), which contains hornblende–biotite gneiss and pargasite– phlogopite 

peridotite units that indicate that both the upper mantle and the lower crust are exposed at the surface.  

In the study area, granitic dike distributes ubiquitously, and cut various lithologies including granulite-facies gneiss, migmatite, and 

peridotite. Of these lithologies, the granitic dike boundaries with pargasite–phlogopite peridotite exhibit the most prominent reaction 

zones (Figure 2a and b), that record crust–melt/fluid reaction zones at ~0.5 GPa, 700°C (Uno et al., 2017). 

3.2 Method 

The whole sequence of the decimeter scale reaction zones was sampled during the Japan Antarctic Reasearch Expedition 51 

(JARE51). Thinsections of the samples were observed under microscope, analyzed by electron probe micro-analyzer (EPMA) for 

mineral chemistry, and by scanning X-ray analytical microscope (SXAM) for elemental distributions. The mineral distributions and 

H2O contents along the reaction zones were quantified based on the X-ray maps. The details of the analytical conditions are described 

in Uno et al. (2014b; 2017).  

 

Figure 2: Crust–melt/fluid reaction zones at Sør Rondane mountains, East Antarctica. (a) Out crop photograph, (b) Close up 

the reaction zones, (c) Cross section of the rock samples, (d) Mineral modes, (e) H2O contents, (f) Fluorine contents in 

phlogopite along the cross section.  

3.3 Brief Petrography of Reaction Zones 

The dike, reaction zones, and host rock are composed of the following sequence: (i) granitic dike, (ii) pargasite–actinolite zone, (iii) 

tremolite–phlogopite zone, (iv) anthophyllite–phlogopite zone, (v) phlogopite–olivine–orthopyroxene zone, and (vi) pargasite–

phlogopite peridotite host rock (Figure 2b and c). The distribution of minerals, and main mineral assemblage in each zone is shown 

on Figure 2d. The mineral assemblage and associated H2O content in the reaction zones changes systematically with distance from 

the granitic dike toward the host pargasite–phlogopite peridotite. Original crust/melt boundary is suggested at the zone (ii) and (iii) 

boundary (Uno et al., 2017), based on the distribution of host rock minerals [e.g., absence/existence of Cr-spinel, Cr-rich magnetite 

and phlogopite porphyroblasts at zone (ii)/zones(iii)–(vi)] and the growth orientations of amphiboles [i.e., perpendicular to dike at 

zone (ii) and random at zone (iii)–(vi)]. 

The mineral assemblage of each zone changes sharply at the zone boundaries, except for zone (v) where pargasite mode gradually 

increase and transits to the host pargasite–phlogopite peridotite. The modes of hydrous minerals (phlogopite, pargasite, anthophyllite, 

tremolite and actinolite) increases from the host pargasite–phlogopite peridotite towards the pargasite–actinolite zone (Figure 2d). 

The H2O contents increases from the host pargasite–phlogopite peridotite (~40 g/1000 cm3 rock) towards anthophyllite–phlogopite 

zone (~90 g/1000 cm3 rock), are almost constant till tremolite–actinolite zone, and take slightly lower values at pargasite–actinolite 

zone (~70 g/1000 cm3 rock) (Figure 2e). The granitic dike has lowest H2O content (~4 g/1000 cm3 rock) among the reaction zone 

sequence.  

The fluorine contents in phlogopite at zone (ii)/(iii) boundary is ~0.8 wt%, and is almost constant till zone (iv)/(v) boundary, and 

gradually decrease toward the host pargasite–phlogopite peridotite (0–0.4 wt%) (Figure 2f). 

The pargasite–plagioclase and actinolite–plagioclase pairs give P–T conditions of ~0.5 GPa and 700°C at the granitic dike/pargasite–

actinolite zone boundary. The sets of conventional geothermometry in the host pargasite–phlogopite peridotite also gives ~700°C, 

representing that the reaction zones occurred at middle–lower crustal P–T conditions (Uno et al., 2017) 
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3.4 H2O Budget during Crust–melt/fluid Reaction Zones 

The petrography summarized above suggest that H2O is supplied to the host pargasite–phlogopite peridotite at the distance of ~10 

cm from the original crust/melt boundary (Figure 2). Based on the increase of H2O content in the zone (iii)–(v) compared to the host 

pargasite–phlogopite peridotite, the H2O supply from the granitic melt to the crust is quantified as 4.2 kg per 1 m2 of dike wall (Figure 

2e). 

3.5 H2O Budget during Magma Ascent in the Lower Crust 

Based on the observation above, H2O consumption during the ascent of granitic magma in the lower crust can be modelled as follows: 

𝜒hydration =
H2O consumed by the hydration of crust [kg] 

H2O in origial magma  [kg]
=

𝐽H2O
hydration

 𝐴dike

𝐶H2O
magma

 𝑉magma
=

2 𝐽H2O
hydration

𝐶H2O
magma

 𝑅magma/dike 𝑊dike
   (1) 

where Χhydration represent the ratio of mass of H2O consumed by the hydration over the mass of H2O contained in the original magma. 

JH2O
hydration, CH2O

magma are total flux of H2O during hydration of crust per unit surface of dike wall [kg/m2], H2O content in original 

magma [kg/m3], respectively. Adike, Wdike and Vmagma are surface area [m2] and width [m] of dike, and total volume of magma flowed 

through the dikes [m3]. Rmagma/dike represents the volume ratio of total amount of magma over the volume of dike, or “magma/dike 

volume ratio” (Figure 3a).  

JH2O
hydration is constrained as ~4.2 kg/m2 by the above analysis. The H2O contents of magma in arc basalt is ~4 wt% (e.g., Plank et al., 

2013), and that of granitic melt in the above crust–melt reaction zone is thermodynamically constrained as ~5.0–5.6 wt% (Uno et al., 

2017). Considering the density of hydrous rhyolite melt (~2300 kg/m3; e.g., Okumura and Nakashima, 2005), CH2O
magma is constrained 

as ~100 kg/m3.  

Based on the above constants, Χhydration, the ratio of H2O consumption by hydration over H2O transport by magma, can be expressed 

as a function of dike width (Wdike) and magma/dike volume ratio (Rmagma/dike) (Figure 3). Considering the ranges of typical dike width 

at crustal rocks 0.1–100 m, and geometrical constraints of Rmagma/dike >1, the range of Χhydration is constrained as <35%, is and ≪10% 

for most cases (Figure 3). This suggest that H2O consumption during magma ascent at lower crustal condition is minor, and most of 

the H2O contained in the hydrous melt is effectively transported towards the upper crust. This is also supported by the very limited 

fluid infiltration (~10 cm) and hydration observed for the crust–melt/fluid reaction zones (Figure 2). 

Note that this estimation is 0-th order approximation. If hydrofracturing are triggered by the fluids released from the solidifying dike, 

the reactive surface area of dike increases, which corresponds to the smaller dike width (Wdike), resulting in larger Χhydration, or larger 

H2O consumption by the crust. In contrast, in case the dominant magma transport occurs in the forms of plume rather than dike, the 

reactive surface area of magma decreases, which corresponds to the larger dike width (Wdike), resulting in smaller Χhydration, or smaller 

H2O consumption by the crust (Figure 3). 

 

Figure 3: Model estimates of hydration during the magma ascent from lower crust to upper crustal magma chamber. (a) 

Schematic model setup, (b) ratio of amount of hydrated H2O over the original H2O content of the magma (Xhydration), 

plotted as a function of dike width and magma/dike volume ratio.  

4. H2O SUPPLY AT UPPER-CRUSTAL MAGMA CHAMBERS 

4.1 Geological Settings of the Studied Fossil Calderas 

The amount of H2O supplied to upper crust is constrained from the mass balance of fossil magma chambers distributed in NE Japan 

arc. In NE Japan arc, more than 80 late Cenozoic fossil calderas distribute over the arc (Yoshida et al., 2014b). The Miocene Shirasawa 

and Fukano Calderas are in one of those fossil caldera clusters, located ~20 km east from the present volcanic front. The caldera 

cluster consists of 10–8 Ma Shirasawa (~20×15 km in diameter) and ~7 Ma Jogi and Fukano (~10×5 km in diameter), and ~1.8 Ma 

Nanatsumori calderas (~5 km in diameter). These calderas are filled with rhyolitic to dacitic pyroclastic flow deposit. The exposures 

of these caldera offer an excellent evaluation of the million-year scale evaluation of H2O budget, which is difficult to constrain from 

active volcanos where older exposures are difficult to access.  
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4.2 Method 

To understand the spatio-temporal variations of chemical compositions of melt in the fossil calderas, total ~40 samples were collected 

from Shirasawa and Fukano Calderas. The quartz grains were mounted in epoxy, polished for exposures of melt inclusions. Total 619 

melt inclusions were analyzed by secondary electron microscopy–energy-dispersive spectroscopy (SEM–EDS) for chemical 

compositions, and 13 melt inclusions were analyzed by fourier transform–infrared (FT–IR) spectroscopy for H2O and CO2 contents.  

As plagioclase crystallizes earlier than quartz for most volcanic rocks, the melt inclusions in quartz are considered to have equilibrated 

with both plagioclase and quartz. The crystallization pressures of the host quartz were estimated from the chemical compositions of 

melt inclusions. This barometry is based on the pressure dependence of the cotectic curve separating the quartz and feldspar stability 

fields in the rhyolite system Qtz–Ab–Or(–An–H2O) (Blundy and Cashman, 2001). We used the calibration of Wilke et al. (2017) for 

the pressure dependency on anorthite and H2O contents. The details of analytical conditions, calculation procedures, and the results 

of the chemical analyses of these melt inclusions are reported in Suzuki et al. (2017) and Amanda et al. (2019). 

 

Figure 4: Fossil caldera cluster at NE Japan and pressures recorded in melt inclusions. (a) Locations of the Shirasawa and 

Fukano calderas (modified after Komazawa and Mishina, 2002), (b) Frequency of the entrapment pressures of melt 

inclusions in quartz phenocrysts.  

4.3 Depth Structure of Magma Chambers under Fossil Calderas 

The SiO2 content of the melt inclusions ranged 60–78 wt%, and are 70–78 wt% for most of the inclusions, and mostly classified as 

rhyolite or dacite. Most of the melt inclusions are classified as low alkali tholeiite, with some exceptions of high alkali tholeiite. The 

estimated entrapment pressures of melt inclusion ranges from 2–600 MPa, and they concentrate at around 30–320 MPa for both 

Shirasawa and Fukano calderas (Figure 4b). Assuming the crustal density of ~2700 kg/m3, these pressures corresponds to 0–12 km 

depth, suggesting that the magma chamber had existed at this pressure range during the activities of these fossil magma chambers 

(Figure 4b). 

4.4 H2O Contents of the Magma Chambers 

The H2O contents of the melt inclusions ranges 2.8–5.5 wt% (n=4), 6.4 wt% (n=1), and 3.3–7.4 wt% (n=8) for Shirasawa, Jogi and 

Fukano calderas, respectively. CO2 were detected for only two samples (38 and 19 ppm), and CO2 contents of the other samples were 

lower than the detection limit (<~15 ppm). The Figure 5 shows the comparisons of pressure determined by the Qtz–Pl–melt equilibria 

(MI entrapment pressure) and the H2O contents of melt inclusions. The pressure–H2O content relations are consistent with the H2O 

saturation curve (Liu et al., 2005) assuming ~700°C. These relations suggest that the melt of the Shirasawa and Fukano calderas are 

saturated with H2O at pressures <150–200 MPa (<8 km). Maximum H2O contents of the melt were 5–6 wt% and ~7 wt% for Shirawa 

and Fukano calderas, respectively. 
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Figure 5: Relations of H2O contents and entrapment pressures of melt inclusions estimated from quartz–plagioclase–melt 

equilibria.  

4.5 H2O Flux into Fossil Calderas and Caldera Clusters 

Based on the above parameters constrained for Shirasawa and Fukano caldera, the Myr-scale H2O flux into these fossil calderas can 

be estimated. Shirasawa caldera is characterized by the diameter of 15–20 km (gravity anomalies; Komazawa and Mishina, 2002), 

depth range of magma chamber of 7–10 km (Figure 3b), primary H2O contents in rhyolite melt of 5–6 wt% (Figure 4b), and caldera 

duration of 2–3 Myr (K-Ar and zircon U-Pb dating; Fujiwara et al., 2014) (K-Ar and zircon U-Pb dating; Fujiwara et al., 2013). This 

results in the H2O flux of 0.5–2.2 × 105 t/yr towards the magma chamber of Shirasawa caldera, corresponding to 3.1–10.8 t/yr/m arc 

length. Estimates for Fukano caldera is also consistent, with 9.7–10.0×4.7–5.0 km diameter (Figure 4a), ~8 km depth range of magma 

chamber (Figure 3b), 3–7 wt% of H2O in the rhyolite melt (Figure 4b), resulting in 2.3–7.6 t/yr/m arc length. Therefore, the 

independent estimates of H2O flux at Shirasawa and Fukano caldera matches in the order of 2–11 t/yr/m.  

The numbers of fossil of calderas in NE Japan suggest that approximately 10 calderas occur in a hot finger region in ~5 Myrs (e.g., 

Yoshida et al., 2014a). Assuming average caldera size similar to Shirasawa caldera (~20 km in diameter) and width of a hot finger as 

~50 km, the H2O supply to the hot finger in ~5 Myr can be estimated as 4–17 t/yr/m arc length. This estimate of H2O flux into upper 

crust is fewer than, but within ~2 factor differences from the independent estimates of subarc H2O flux into hot finger of 10–100 

t/yr/m H2O (global estimates; van Keken, 2011) and 26 t/yr/m H2O for NE Japan (Kimura and Nakajima, 2014). 

 

 

Figure 6: Summary of the water budget in arc crust constrained by this study and previous studies.  

5. 0-TH ORDER MODEL FOR H2O BUDGET IN THE ARC CRUST 

The above-mentioned constraints on the H2O budget in the arc crust allow us to depict 0-th order model for the H2O budget in the arc 

crust: 
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(1) Supply of H2O at the base of arc crust are mainly sourced from hydrous basaltic magma generated at subarc, with average H2O 

content of ~4wt% (5–50 t/yr/m or ~13 t/yr/m H2O). The hydrous magma accumulates into hot fingers (~50 km width, ~100 km 

spacing), resulting flux of H2O of 10–100 t/yr/m or 26 t/yr/m under a hot finger. 

(2) The H2O loss from dike wall during the ascent of magma from lower crust is limited in the scale of ~10 cm, due to the very low 

intact permeability of the crustal material. H2O loss, or hydration flux is ~4.2 kg per 1 m2 of dike wall. For ranges of magma/dyke 

ratio and dike width, total H2O loss is limited to ≪10% of the H2O content of the original magma. This means that most of the H2O 

supplied to the base of crust can be effectively transported into upper crust. However, if hydrofracturing occur during the ascent of 

the magma, reactive surface area of dike increases, and H2O loss would be higher. 

(3) The hydrous magma ascent to the upper crust and get saturated at ~8 km (5–7 wt% H2O melt). The Myr-scale H2O supply into 

single caldera is ~2–11 t/yr/m. For a volcanic cluster, the average H2O supply would be 4–17 t/yr/m. This estimate is fewer than the 

estimates of supply of H2O at the base of a hot finger (1), but matches within ~2 factor differences.  

The results of this study show that supply of H2O at the base of crust and those at the upper crustal magma chamber matches within 

the factor of ~2, suggesting that subarc H2O can be effectively transported to the upper crust. The effective transport of H2O from 

subarc mantle to the surface are consistent with high 3He/4He observed for backarc hot springs (Horiguchi et al., 2010). Minor 

consumption of H2O within the arc crust is also consistent with billion year-scale stability of ocean and effective return of subducted 

H2O to the earth’s surface (e.g., Plümper et al., 2016).  

The results of this study support the hypothesis that hydrous magma is the main source of transportation of H2O into the upper crust. 

As this study focused on the felsic magma chamber in the upper crust, uncertainty remains in the changes of H2O content from basaltic 

magma to felsic magma during the ascent from subarc to upper crust, and the absolute amount of felsic magma supplied to upper 

crust. Non-volcanic, mantle-derived fluid activities are another factor that should be taken into account in the future model, as they 

are widely recognized in the crust during lower crustal retrogressive metamorphism (e.g., Uno et al., 2014a; Uno et al., 2015; Uno 

and Kirby, 2019; Yoshida et al., 2015) and as Arima-type hot springs (e.g., Kusuda et al., 2014; Morikawa et al., 2016).  

6. CONCLUSION 

As an attempt to constrain the deep sources of supercritical geothermal reservoir, 0th-order model of water budget in arc crust was 

constructed through the mass balance analyses of crust–melt/fluid reaction zones and upper crustal magma chambers. At the base of 

arc crust, H2O is supplied in the forms of hydrous basaltic melt with ~4wt% H2O and a flux of 5–50 or ~13 t/yr/m. These fluxes are 

expected to concentrate by a factor of ~2 under the hot finger areas (10–100 or ~26 t/yr/m). Mass balance analyses of crust–melt/fluid 

reaction zones show that the hydration of the crust is limited at a total flux of ~4.2 kg H2O/m2 dike surface. As a results, >65% (>90% 

for most cases) of H2O in the subarc magma is expected to be transported to the upper crust. The Myr-scale H2O flux from the hydrous 

magma observed at fossil caldera magma chambers is ~2–11 t/yr/m, and those for a caldera cluster is estimated as 4–17 t/yr/m. The 

results of this study suggest that subarc flux and upper crustal flux of H2O are largely consistent by a factor of ~2, and the subarc 

H2O are effectively transported to upper crust in the form of hydrous magma. Further understanding on the magma differentiation, 

and crustal lithology, water content, fracture density and permeability are needed for better estimation, as well as the role of non-

volcanic H2O fluids on the budget of H2O in arc crust. 
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