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Abstract 23 

For quantitative understanding of thermal features of fossil fluid activity derived from the 24 

Philippine Sea slab, we applied fluid-inclusion and thermochronometric analyses to 25 

hydrothermal veins and their host rocks outcropping in the Hongu area in southwestern Japan. 26 

Although hydrothermal events at ~150°C and ~200°C were identified by fluid-inclusion analyses 27 

of quartz veins, no thermal anomaly was found associated with the veins’ host rocks. Cooling 28 

ages showed no variation as a function of distance from the veins. Using zircon, we determined 29 

U–Pb ages of 77.3–66.9 Ma in the youngest population, fission-track pooled ages of 34.1–24.0 30 

Ma, and (U–Th)/He single-grain ages of 23.6–8.7 Ma. Apatite yielded pooled fission-track ages 31 

of 12.0–9.0 Ma. All these ages can be explained by fluid flow that occurred either (1) before ~10 32 

Ma at a depth where ambient temperature is higher than closure temperature of the apatite 33 

fission-track system (90°C–120°C, equivalent to ~3-km depth) or (2) after ~10 Ma but of such 34 

duration that is too short to have annealed fission tracks in apatite, which process requires ~10 yr 35 

at ~150°C or as short as a few months at ~200°C. Apatite fission-track ages of ~10 Ma might 36 

reflect regional mountain uplift and exhumation related to rapid subduction of the Philippine Sea 37 

slab and associated with clockwise rotation of the Southwest Japan Arc. 38 

 39 

Plain Language Summary 40 

In subduction zones, fluids from subducting oceanic plates influence such geological phenomena 41 

as volcanism, crustal movement, and earthquakes. In our study of thermal fluids in the Hongu 42 

area of southwestern Japan, we used a new approach to characterize the thermal features of fluids 43 

that originated from the subducting Philippine Sea plate and formed hydrothermal veins in the 44 

overlying crust. By analyzing fluid inclusions trapped in quartz crystals from the veins, we 45 

estimated the temperatures to have been ~150°C and ~200°C. We also tried measuring the 46 

degree of heating (in terms of temperature and duration) of the rocks enclosing the veins by 47 

using dating methods appropriate for the reconstruction of time–temperature histories, but the 48 

effect was too small to detect by these methods. Based on our results, we propose two possible 49 

scenarios. According to the first scenario, the fossil-fluid activity occurred so long ago (>~10 50 

Ma) that the thermal effects were overprinted by more recent events, and the fluid–rock 51 

interaction must have occurred at >~3-km depth. The second scenario is that fossil-fluid activity 52 

was shorter than ~10 yr at ~150°C and a few months at ~200°C. Our findings contribute to 53 

further understanding of geologic phenomena in subduction zones. 54 

1 Introduction 55 

Subduction zones possess a globally unique set of geologic and tectonic features—56 

combining volcanism, seismicity, and ore genesis—in which fluids derived from dehydration 57 

associated with subducting slabs play important roles (e.g., Peacock, 1990; Stern, 2002). Most of 58 

the slab-derived fluids are consumed to generate magma by lowering melting temperatures of 59 

rocks, a process that results in igneous activity along volcanic arcs (e.g., Davies and Stevenson, 60 

1992; Grove et al., 2012) and even influences deformation along volcanic arcs by weakening the 61 

crust (e.g., Hasegawa et al., 2005). Slab-derived fluids also have been linked to non-volcanic 62 

fluid activity on the forearc side of subduction zones (Ito et al., 1983; Jarrard, 2003; Hacker, 63 

2008; Ribeiro et al., 2013, 2015; Araya Vargas et al., 2019); such activity may also have brought 64 

hot fluids to non-volcanic areas and triggered inland seismicity (Zhao et al., 1996; Obara, 2002; 65 
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Fagereng and Diener, 2011; Kato et al., 2014) and mud-volcano eruptions (Fryer et al., 1999). 66 

Therefore, slab-derived fluids are key factors in hydrological circulation, element migration, and 67 

related geological phenomena in subduction zones. Also, understanding the properties of slab-68 

derived fluids, such as their chemical and thermal features, is important in terms of societal and 69 

industrial demands, for example, generation of ore deposits (Cox, 2005), development of 70 

geothermal resources (Adachi et al., 2014), and safety and stability of underground facilities 71 

(National Institute of Advanced Industrial Science and Technology, 2016, 2017). 72 

The Japanese islands in the western Pacific subduction zones, consisting of multiple 73 

island arcs (Fig. 1a). Owing to contrasts between the Southwest and Northeast Japan Arcs 74 

(subduction zones of the Philippine Sea and Pacific plates), these islands can provide suitable 75 

areas for studying slab-derived fluids. Non-volcanic slab-derived fluids have been reported in 76 

various areas along the Southwest Japan Arc, including the Kii Peninsula (Morikawa et al., 77 

2016), the Arima region (Morikawa et al., 2005; Nishimura et al., 2006; Kusuda et al., 2014), the 78 

Miyazaki region (Ohsawa et al., 2010), and districts along the Median Tectonic Line (Amita et 79 

al., 2014), but in only limited areas along the Northeast Japan Arc, including the Iwaki area 80 

(Togo et al., 2014). The young and thin Philippine Sea slab is subducting beneath the Southwest 81 

Japan Arc at a low angle. Dehydration of this hot slab is occurring at a relatively shallow depth 82 

(~50 km) and serpentinizing the superjacent mantle, which rises by buoyancy along the slab, 83 

thereby supplying H2O to the crust (Katayama et al., 2010; Kazahaya et al., 2014). In contrast, 84 

the old and thick Pacific slab is subducting beneath the Northeast Japan Arc at a steeper angle. 85 

Dehydration of this cold slab is occurring at a relatively deep level, (~80–100 km) while also 86 

serpentinizing the superjacent mantle, which is transported to a deeper, hotter part by mantle 87 

flow and finally releases fluids that are consumed to form mantle melt (Hasegawa et al., 2008; 88 

Katayama et al., 2010; Kazahaya et al., 2014). 89 

These slab-derived thermal fluids in the Southwest Japan Arc, sometimes referred to as 90 

Arima-type (Sakai and Matsubaya, 1974), are characterized by particular chemical compositions. 91 

Generally enriched in NaCl, CO2, Li, and B (Matsubaya et al., 1974; Amita et al., 2005; 92 

Nishimura et al., 2006), they also have some specific chemical properties, such as high δD, δ
18

O, 93 

and 
3
He/

4
He ratios, reflecting their origins at great depth (Matsubaya et al., 1973; Sano and 94 

Wakita, 1985; Umeda et al., 2006; Kusuda et al., 2014; Morikawa et al., 2016). Kazahaya et al. 95 

(2014) found that Arima-type fluids have (Li/Cl)>0.001 (by weight) when Cl > 200 mg/L and 96 

proposed that this characteristic can be an indicator for identifying this fluid type. However, such 97 

thermal characteristics as temperature history and the duration and spatial range of hydrothermal 98 

activity are largely unknown for Arima-type fluids; only their present temperatures at the surface 99 

are well known (Matsubaya et al., 1973). 100 

In this study, we have attempted to estimate thermal characteristics of fossil activity of 101 

slab-derived fluids in the Hongu area on the Kii Peninsula, which is on the forearc side of the 102 

Southwest Japan Arc. Based on a combination of geothermometry and multisystem 103 

thermochronology, we used a new approach to investigate outcrops of hydrothermal veins. We 104 

measured homogenization temperatures of fluid inclusions in quartz veins to estimate 105 

temperatures of the thermal fluids that formed the veins. We also applied thermochronometric 106 

methods to the host-rock enclosing the veins to constrain the timing, duration, and spatial range 107 

of thermal-fluid activity. These methods included apatite and zircon fission-track (AFT and 108 

ZFT), zircon (U–Th)/He, and zircon U–Pb analyses. By this contribution, we have aimed to 109 

establish methods to help constrain the thermal characteristics of past hydrothermal activity from 110 
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the Philippine Sea plate. Using thermochronometry data, we also discuss the thermal and 111 

exhumation histories of the accretionary complexes in the study area. 112 

2 Geological Setting 113 

The Kii Peninsula is in the Outer Zone of the Southwest Japan Arc, on the forearc side of 114 

the Median Tectonic Line. The Kii Peninsula features a number of high-temperature hot springs 115 

in the Shirahama, Katsu’ura, Ryujin, Tosenji, Totsukawa, and Hongu areas, although they are a 116 

few hundred kilometers away from the volcanic front of the Southwest Japan Arc (Fig. 1b). 117 

Various studies based on geochemical and geophysical approaches support findings that the 118 

high-temperature fluids of the Kii Peninsula are derived from the Philippine Sea slab beneath the 119 

region: high geothermal gradients (Tanaka et al., 2004), 
3
He/

4
He ratios as high as 4–5 RA 120 

(Umeda et al., 2006, 2007; Morikawa et al., 2016), high Li/Cl ratios by weight (>0.001) 121 

(Kazahaya et al., 2014), seismicity including seismic swarms (Kato et al., 2014) and deep low-122 

frequency tremors (Obara, 2002), and low resistivity (<10 Ωm) between the Conrad 123 

discontinuity and the slab surface (Yamaguchi et al., 2009). 124 

The Kii Peninsula is composed predominantly of the Cretaceous to Miocene accretionary 125 

complex of the Shimanto Belt and Miocene silicic rocks. The rocks of the Shimanto Belt have 126 

been roughly divided into the Cretaceous Hidakagawa, the Eocene Otonashigawa, and the 127 

Oligocene to early Miocene Muro Groups from the back-arc to forearc sides (Tokuoka et al., 128 

1981). In the Hongu area, the Haroku Formation of the Otonashigawa Group consists mainly of 129 

alternating sandstones and mudstones (Tokuoka et al., 1981). The Haroku Formation yielded 130 

Eocene radiolarian fossils (Suzuki, 1993), and detrital zircons from the included tuffaceous 131 

sandstone produced U–Pb ages of 50.8 ± 1.0 Ma (Tokiwa et al., 2016). Also, many AFT and 132 

ZFT dates from the Shimanto Belt of the Kii Peninsula have been reported (e.g., Hasebe and 133 

Tagami, 2001; Hasebe and Watanabe, 2004; Umeda et al., 2007; Hanamuro et al., 2008; Ohira et 134 

al., 2016) that support regional exhumation and expand on local thermal histories (see Section 135 

5.2 for further detail). 136 

The Miocene silicic rocks have been divided into the Kumano and Omine acidic rocks, 137 

which were formed by igneous activity of the Kumano Caldera (Miura, 1999; Kawakami et al., 138 

2007) and the Omine and Odai Cauldrons (Sato and Yamato Omine Research Group, 2006), 139 

respectively. Lithologic units of the Kumano rocks consist of both intrusive and effusive rock, 140 

including granite, granite porphyry, and pyroclastic breccia found within the accretionary 141 

complex of the Shimanto Belt (Miura, 1999). The Omine rocks are distributed in several separate 142 

masses, composed mainly of granodiorite, granite, and granite porphyry (Kawasaki, 1980). 143 

Radiometric ages for the Kumano and Omine rocks have generally been in the range ~16–14 Ma, 144 

as estimated by various methods—including AFT and ZFT (Hasebe et al., 1993a, 2000; Iwano et 145 

al., 2007, 2009), biotite K–Ar (Sumii et al., 1998; Sumii and Shinjoe, 2003), and zircon U–Pb 146 

(Orihashi et al., 2007)—suggesting that their formation and rapid post-emplacement cooling 147 

occurred in the middle Miocene. 148 

3 Methodology 149 

3.1 Strategies 150 

To improve the understanding of thermal features of fossil-fluid activity derived from a 151 

slab, we suggest a new approach that combines geothermometric data from hydrothermal veins 152 
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and thermochronometric information from their host rocks (Fig. 2). Thermochronology, which 153 

can be used to constrain thermal histories of rocks and minerals on the basis of thermal resetting 154 

of radiometric ages, has been applied to many geologic processes, including mountain building, 155 

basin development, fault movement, etc. (e.g., Reiners et al., 2005; Ault et al., 2019). Cooling 156 

ages of a thermochronometer reflect thermal histories around its closure temperature: 90°C–157 

120°C for AFT (Ketcham et al., 1999, 2007), 160°C–200°C for zircon (U–Th)/He (Reiners et al., 158 

2004; Guenthner et al., 2013), ~300°C for ZFT (Yamada et al., 2007; Ketcham, 2019), and 159 

>900°C for zircon U–Pb systems (Cherniak and Watson, 2000) over a geologic timescale and 160 

under typical mineralogical conditions (e.g., grain morphology, chemical composition, and 161 

radiation damage). Kinetic models of thermochronometers (i.e., the relationship between cooling 162 

ages and time–temperature conditions) are described by linear or curvilinear functions in 163 

Arrhenius space wherein the ordinate axis represents logarithmic time and the abscissa axis 164 

represents reciprocal temperature (e.g., Reiners, 2009). In other words, the thermal resetting of 165 

samples depends predominantly on the duration and temperature of heating. Although in general 166 

closure temperatures of 10
6
–10

7
 yr are used for geologic events (e.g., Reiners et al., 2005), the 167 

duration of crustal-fluid activity is expected to be shorter. In this work we have attempted to 168 

determine paleotemperatures by using an independent geothermometer and the heating duration 169 

derived from thermochronologic data (Fig. 2). 170 

The temperature of fossil-fluid activity is initially determined by applying 171 

geothermometry to hydrothermal-vein samples, and then the timing of the activity is estimated 172 

from cooling ages of host rocks near the veins. This strategy assumes that slab-derived fluids 173 

were hot enough to reset some of the cooling ages, depending on thermal conditions above the 174 

slab, maximum depth of the fluids, and the fluids’ travel time to the shallow crust. Related more 175 

to heat conduction than to fluid migration in the host rocks, the thermal effects’ spatial extent can 176 

be constrained by using multiple thermochronometric methods that have different temperature 177 

sensitivities, applied at progressive distances from the hydrothermal veins. The duration of the 178 

thermal-fluid activity can be computed by comparing the different datasets acquired from vein 179 

and host-rock samples. Because fluid temperatures are determined by geothermometry, duration 180 

of the activities also can be constrained by using kinetic models of thermometers. For example, if 181 

the cooling age of a thermochronometer is totally reset (or not reset at all), the minimal (or 182 

maximum) duration can be determined from the upper (or lower) limit of the partial retention 183 

zone. By combining multiple thermochronometers having various kinetic properties, the duration 184 

can be constrained even more precisely. 185 

3.2 Sample collection 186 

To follow the above strategies, we sampled hydrothermal veins and their host rocks from 187 

three locations (HJG1, HJG 2, and HJG4) in the Hongu area in the central part of the Kii 188 

Peninsula (Fig. 3). In these outcrops, alteration zones of ~0.5-m width are exposed in the 189 

sandstone and mudstone of the Haroku Formation. These zones include abundant quartz, epidote, 190 

chlorite, and sulfide minerals such as pyrite, pyrrhotite, and chalcopyrite. Widespread brown, 191 

friable deposits composed mainly of goethite fill gaps on the alteration surfaces. The vein quartz 192 

commonly shows holocrystalline, hypidiomorphic, and blocky textures, easily distinguished 193 

from the host rocks’ fragmented quartz (Fig. 4). The host-rock Haroku Formation typically 194 

shows alternating beds of ~10–50-cm-thick sandstones with some interbedded ~1-cm-thick 195 

mudstones. Although these beds are often folded and have varying strikes, they mostly have 196 

gentle dips. In contrast, the near-vertical alteration zones cut the bedding of the Haroku 197 
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Formation, penetrating both the sandstone and mudstone. At each outcrop, one sample was 198 

collected from the quartz vein for fluid-inclusion analysis, and three or four samples were 199 

collected from the sandstones for thermochronometry (fission-track, (U–Th)/He, and U–Pb 200 

analyses) (Table 1; Fig. 3). 201 

Because intrusive rock outcrops at location HJG3 (near locations HJG1, HJG2, and 202 

HJG4), a sample was obtained for U–Pb analyses, which are helpful to assess whether cooling 203 

ages at locations HJG1, HJG2, and HJG4 reflect thermal effects related to the intrusion rather 204 

than from thermal-fluid activity. The intrusive rock, which belongs to the Omine acidic rocks, 205 

consists of coarse (φ = ~5–8 mm) quartz porphyry that contains brownish altered feldspars and 206 

mafic minerals. The northern boundary between this intrusive body and the Haroku Formation is 207 

sharp and strikes N57°W, 82°N.  208 

3.3 Analyses applied 209 

Geothermometric measurements using fluid-inclusion data were performed on three 210 

samples collected from the quartz veins to estimate temperatures of the geothermal activity that 211 

formed the veins. Homogenization temperatures and final ice-melting temperatures were 212 

measured at the Geothermal Engineering Co., Ltd. (Supp. Text S1). Geo- and thermochronologic 213 

analyses via zircon (U–Th)/He, AFT and ZFT, and U–Pb zircon methods were performed on 13 214 

host-rock samples. (U–Th)/He analyses were not performed on apatite because in sedimentary 215 

rocks such grains commonly are rounded, and their poor morphology makes them unsuitable for 216 

such analysis (e.g., Farley, 2002). Mineral separations, fission-track dating fission-track length 217 

measurement, and U–Pb dating were conducted mainly at the Kyoto Fission-Track Co., Ltd. 218 

(Supp. Text S2). U–Pb dating of the intrusive rock sample was done at the Tono Geoscience 219 

Center, Japan Atomic Energy Agency (Supp. Text S2). Helium measurements using an 220 

Alphachron system for (U–Th)/He dating were performed at the Tono Geoscience Center (Supp. 221 

Text S3). U–Th content of the degassed zircons was measured at the University of Melbourne 222 

(Supp. Text S3). 223 

4 Analytical Results 224 

4.1 Fluid-inclusion analyses 225 

Results of the fluid-inclusion analyses (Table 2) show that their occurrence in the 226 

samples was generally poor owing mainly to low transparent of the fluid-inclusions. 227 

Homogenization temperatures were estimated to be 140°C–145°C (n =3) for sample HJG1-F and 228 

110°C–216°C (n =10) for HJG2-F. By measuring only primary inclusions, reproducible results 229 

were obtained for each of these two samples, ranging within 144°C–145°C for HJG1-F and 230 

195°C–211°C for HJG2-F. We interpreted these temperatures as reflecting fluid temperatures at 231 

the time of formation of the quartz veins. (No data were obtained from HJG4-F owing to a lack 232 

of two-phase fluid inclusions.) The wide range of homogenization temperatures obtained from 233 

secondary inclusions in HJG2-F may indicate diverse fluid activity at various temperatures after 234 

initial vein formation. Final ice-melting temperatures were difficult to measure owing to the 235 

small size of the fluid inclusions. Only six measurements (including from secondary inclusions) 236 

were obtained from HJG2-F, yielding final ice-melting temperatures of −5.0°C–−0.4°C and salt 237 

concentrations of 0.7 wt%–7.9 wt%. 238 
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On the basis of fluid-inclusion microthermometry performed on quartz and calcite veins 239 

obtained from two boreholes in the Hongu area, Oishi et al. (1995) identified at least three past 240 

hydrothermal episodes with characteristics as follows: (1) high temperatures (250°C–350°C) and 241 

mineralization of quartz, calcite, and pyrrhotite; (2) intermediate temperatures (150°C–250°C) 242 

and mineralization of pyrite, quartz, and calcite; and (3) low temperatures (80°C–150°C). 243 

Considering the estimated fluid temperatures and the mineral compositions, the veins that we 244 

studied are thought to have formed during the second of these three hydrothermal episodes. This 245 

agreement with our data suggests that our homogenization temperatures are accurate. 246 

4.2 U–Pb analyses 247 

Among the U–Pb dating results for the host-rock samples (Supp. Figs. S1–S3), the grain 248 

ages generally infer populations dated at ~75 Ma, ~90 Ma, ~200 Ma, and/or ~1.7 Ga (Supp. Fig. 249 

S1). In this study, we adopted the youngest of these populations for inter-sample comparison. 250 

For each sample, we calculated a weighted mean 
238

U–
206

Pb age from concordant age grains 251 

whose ages overlap within ±3σ of the youngest grain age, yielding computed ages ranging from 252 

77.3 ± 1.5 Ma to 66.9 ± 1.9 Ma (Supp. Figs. S1 and S2). 253 

Among the U–Pb dating results from Omine acidic rocks (Supp. Fig. S3), sample HJG3-254 

UPb produced eight discordant ages from 25 measurements (Supp. Figs. S3a and S3b), which 255 

probably are related to common Pb contamination from tiny inclusions. Therefore, we instead 256 

used the weighted mean obtained from the 17 concordant 
238

U–
206

Pb ages, 14.87 ± 0.57 Ma 257 

(±2σ) (Supp. Fig. S3c). As a secondary standard, OD-3 zircons were simultaneously measured, 258 

yielding the concordia age of 32.6 ± 0.94 Ma (±1σ) (Fig. S3d) with Iwano et al.’s (2013) 259 

reference age 33.0 ± 0.1 Ma (±2σ), thereby supporting accuracy of our dating results. 260 

4.3 Fission-track analyses 261 

We obtained pooled FT ages ranging 34.1 ± 1.4 to 24.0 ± 1.1 Ma from zircon and 12.0 ± 262 

1.2 to 9.0 ± 1.0 Ma from apatite (Table 3). Zircon grains with 
238

U–
206

Pb ages of ~75 Ma and 263 

~90 Ma have comparable ZFT ages in the range of ~100–10 Ma (Supp. Fig. S2). However, 264 

zircons with 
238

U–
206

Pb ages of ~200 Ma and ~1.7 Ga tend to yield more dispersed ages, ranging 265 

within ~180–10 Ma. Considering the bimodal distributions of the fission-track length data (Supp. 266 

Fig. S4), these ages apparently reflect partial annealing by reheating; accordingly, we assume 267 

that the shorter confined tracks (<~8 μm) were formed prior to the reheating event, and the 268 

longer ones (~11 μm) were formed after the event. The difference in age dispersion is thought to 269 

be from differences in fission-track ages prior to the reheating event. However, given the low 270 

fission-track densities (Table 3), relatively few apatite track lengths were measured for each 271 

sample (Supp. Fig. S5). Although 
252

Cf-irradiation was performed on the apatite in an effort to 272 

increase confined tracks (Donelick and Miller, 1991), large etch pits obscured identification and 273 

measurement of the confined tracks. 274 

4.4 (U–Th)/He analyses 275 

We performed zircon (U–Th)/He dating of unknown grains from HJG1 and HJG2 276 

samples and simultaneously analyzed Fish Canyon Tuff reference zircons (Table 4). The tuff 277 

generally produced widely dispersed ages, including two grains (016 and 017) that yielded 278 

extraordinarily low eU values, resulting in anomalously older ages, probably indicating 279 

incomplete digestion of the zircons before U–Th measurements. Grain 015 also appears to be 280 
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anomalously old, but with a higher eU value, possibly owing to U–Th zonation (Hourigan et al., 281 

2005). Except for those three grains, the weighted mean age of 27.7 ± 3.1 Ma is consistent with 282 

the reference value, 28.3 ± 0.4 Ma (Gleadow et al., 2015), implying accuracy of dating results for 283 

our unknowns. Relative error of the weighted mean age of Fish Canyon Tuff zircons (1σ = 284 

~11.2%) was adopted as a total uncertainty of our (U-Th)/He analytical procedures, being 285 

applied to error of grain ages of the unknowns (Table 4). Grain ages of the unknowns are in the 286 

range 23.6–8.7 Ma, except for two outliers (HJG2-10m-006 and HJG1-20m-010). HJG2-10m-287 

006 might be monazite considering the extremely high U and Th content. HJG1-20m-010 may 288 

be digested incompletely because it yielded the lowest Th contents. The weighted mean age of 289 

the other grains, 16.8 ± 3.9 Ma, is consistent with the ZFT and AFT ages, taking into account 290 

their different ranges of closure temperatures. 291 

5 Geological Implications 292 

5.1 Tectonothermal scenarios and thermal features of fossil-fluid activity 293 

From the spatial patterns of the thermochronometric data plotted against distance from 294 

quartz veins in the alteration zones (Fig. 5), we observed no significant variation in any system 295 

or parameter, even in the AFT system, which has the lowest closure temperature of the systems 296 

shown. Thermal effects from the quartz porphyry dike of the Omine acidic rocks at location 297 

HJG3 are negligible because cooling ages determined from samples obtained at locations HJG1, 298 

HJG2, and HJG4 are neither coeval with the zircon U–Pb age based on samples taken at location 299 

HJG3 nor in agreement with formation and cooling at ~16–14 Ma, as established for the Omine 300 

acidic rocks (Hasebe et al., 2000; Sumii and Shinjoe, 2003; Iwano et al., 2007, 2009). 301 

Accordingly, the dating results could be explained by reheating related to fluid-flow activity 302 

and/or regional thermal and exhumation histories rather than to dike intrusion. Three possible 303 

tectonothermal scenarios are discussed as follows. 304 

In the first scenario, only the AFT system was totally reset for all the outcrops by fluid 305 

activity at ~10 Ma, whereas the other systems were not affected. However, this scenario is the 306 

least likely of the three because such thermal histories and structures are difficult to reproduce. 307 

For complete annealing of AFTs over all the outcrops, higher temperatures and/or longer heating 308 

periods would have been required and would have resulted in some resetting of the other 309 

thermochronometers, at least in the vicinity of the veins. Thus, the AFT ages of ~10 Ma might be 310 

interpreted as reflecting regional cooling and exhumation rather than local reheating by fluid 311 

activity. Also, other thermochronometric system data are most likely related to regional events, 312 

at least in the study area. 313 

The second and third scenarios interpret the AFT ages as reflecting regional cooling and 314 

exhumation, with differences in timing of fluid activity: before ~10 Ma in the second scenario 315 

and after ~10 Ma in the third scenario (Fig. 6). In the second scenario, thermal effects on the 316 

AFT ages by fluids prior to ~10 Ma were overprinted by the later cooling and exhumation (Fig. 317 

6a). Such activity must have occurred at a depth where the ambient temperature was higher than 318 

the AFT system closure temperature, generally ~90°C–120°C for apatites with low Cl content 319 

(e.g., Ketcham et al., 1999) although it is fundamentally difficult to constrain thermal features of 320 

the fluid activity based on the AFT data. This would equate to a depth of >~3 km if a general 321 

thermal gradient of 20°C–30°C/km is assumed. Based on the difference between fluid 322 

temperatures estimated from fluid-inclusion analyses and ambient temperature, any increase in 323 
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temperatures associated with hydrothermal fluids is constrained to not exceed the range 20°C–324 

130°C.  325 

In the third scenario, fluid activity postdates the ~10-Ma regional cooling and 326 

exhumation but had no effect on the AFT system (Fig. 6b). In this scenario, the duration of fluid 327 

activity can be constrained by using annealing functions of the AFT system. The r = 0.93 line in 328 

Fig. 7 denotes the typical time–temperature conditions under which fission tracks start to anneal. 329 

Considering the fossil-fluid temperatures of ~150°C and ~200°C estimated from fluid-inclusion 330 

analyses, the duration needs to be shorter than ~10 yr at the lower temperature or a few months 331 

at the higher temperature to preclude annealing of the tracks. These estimates are consistent with 332 

characteristic durations for pulses of slab-fluid release, which have been estimated to be from a 333 

few months to 10
2
 yr on the basis of Li-isotope analysis and Li-diffusion modeling of 334 

hydrothermal veins (John et al., 2012; Taetz et al., 2018; Beinlich et al., 2020). This agreement 335 

indicates the effectiveness of our new approach. However, these durations are shorter than 336 

expected because major slab-derived hot springs in the Southwest Japan Arc, such as Arima, 337 

Dogo, Shirahama, and Hongu, have been recorded in many historical records since before 1000 338 

yr ago. If this scenario applies, then fluid flow may have frequently switched paths locally over a 339 

network of paths in existence for at least a millennium. 340 

It is difficult to determine which is more likely between the second and third scenarios on 341 

the sole basis of data obtained in this study. Age estimates for the formation of the hydrothermal 342 

veins could help because the timing of the fluid flow is different for the two scenarios. Direct 343 

dating of quartz cannot be done, but one possible solution would be to apply the methodologies 344 

used here to other regions where slab-derived-fluid activity has been established. Verification in 345 

more slowly cooled and exhumed regions would be especially desirable because undisturbed 346 

host rocks in such regions would yield older cooling ages, which are easier to distinguish from 347 

cooling ages reflecting recent hydrothermal-fluid activity. Nonetheless, our results point to a 348 

possible new approach that could be used to estimate and constrain some thermal features of 349 

fossil-fluid systems. 350 

5.2 Regional thermal and exhumation history of accretionary complexes 351 

Regional thermal and exhumation history of the accretionary complexes in the study area 352 

was also constrained by using the thermochronologic data. The data of all 13 samples were 353 

integrated (Fig. 8) because they were collected within a range of <1 km (Fig. 3) and therefore 354 

were expected to have a common thermal history with no local thermal disturbances. Using 355 

integrated fission-track ages and apatite and zircon fission-track-length data, we applied thermal 356 

inversion using HeFTy v.1.9.3 software (Ketcham, 2005) (Supp. Text S4). 357 

ZFT and AFT thermochronology has been used to investigate the thermal and 358 

exhumation history of the accretionary complexes of the Shimanto Belt on the Kii Peninsula (e.g., 359 

Tagami et al., 1995; Hasebe and Tagami, 2001; Hasebe and Watanabe, 2004) as well as in other 360 

regions in the Southwest Japan Arc (Hasebe et al., 1993b, 1997) (Fig. 9). In the eastern part of 361 

Shikoku Island, the maximum temperature during accretion varies regionally. Cretaceous rocks 362 

of the Northern Shimanto Belt were heated to the ZFT partial annealing zone (PAZ), yielding 363 

younger grain ages than the age of deposition. However, grains in rocks of the Southern 364 

Shimanto Belt are older than their Eocene–Miocene time of deposition, so they have not been 365 

heated to the ZFT PAZ (Hasebe et al., 1993b; Tagami et al., 1995). In contrast, AFT ages of ~10 366 

Ma were obtained in both the Northern and Southern Shimanto Belts. These AFT ages are 367 



Confidential manuscript submitted to Geochemistry, Geophysics, Geosystems 

 

significantly younger than the deposition ages, reflecting a rapid cooling and exhumation episode 368 

straddling the AFT PAZ at ~10 Ma (Hasebe et al., 1993b). Fission-track data in western Shikoku 369 

Island and Kyushu Island indicate similar thermal histories, except for local reheating episodes, 370 

such as the granitic intrusion at ~15 Ma (Tagami and Shimada, 1996; Hasebe et al., 1997; 371 

Hasebe and Tagami, 2001). Fission-track data for the Kii Peninsula are also largely consistent 372 

with other regions but differ in the following points: (1) AFT ages young southward from ~35 373 

Ma to ~13 Ma in the Northern Shimanto Belt and are ~6 Ma in the Southern Shimanto Belt 374 

(Hasebe and Tagami, 2001); (2) young AFT ages (~5–2.5 Ma) near hot springs have been 375 

reported (Umeda et al., 2007; Hanamuro et al., 2008); (3) a patchy distribution of Miocene ZFT 376 

ages probably related to heat influx has been observed (Hasebe and Watanabe, 2004); and (4) 377 

accretion-related heating to the upper limit of the ZFT PAZ has been determined for some 378 

regions of the Northern Shimanto Belt (Ohira et al., 2016). 379 

In this study, we found that ZFT lengths have a bimodal distribution, generally implying 380 

a reheating episode or long residence time within the ZFT PAZ (with subsequent cooling below 381 

the ZFT PAZ), and ZFT grain ages that are generally younger than the Eocene depositional age 382 

(Figs. 8b and 8c). Considering that ZFT ages of ~80–70 Ma were reported in adjacent areas in 383 

the Southern Shimanto Belt (Umeda et al., 2007; Hanamuro et al., 2008), the younger ZFT ages 384 

in this study may have been partially reset by a reheating episode related to heat influx (Hasebe 385 

and Watanabe, 2004). AFT ages of ~10 Ma in this study are consistent with the southward 386 

younging trend, considering that the study area is in the northern part of the Southern Shimanto 387 

Belt. AFT lengths show a unimodal, negatively skewed distribution (Fig. 8a), which is typical of 388 

undisturbed bedrock (cf. Gleadow et al., 1986), indicating relatively slow cooling through the 389 

AFT PAZ. Although thermal inversion results prior to ~20 Ma are not considered to be 390 

meaningful, results calculated for two scenarios commonly indicate residence in the ZFT PAZ 391 

prior to ~15 Ma, subsequent rapid cooling at ~15–10 Ma through to the AFT PAZ, and slightly 392 

slower cooling from ~10 Ma to the present surface temperature (Figs. 8d and 8e). The cooling 393 

history since ~15 Ma is interpreted as reflecting regional exhumation of the accretionary 394 

complexes, likely associated with mountain development of the Outer Zone of the Southwest 395 

Japan Arc, i.e., the Kii, Shikoku, and Kyushu mountains. Together with AFT ages previously 396 

determined for the Kii Peninsula (Hasebe and Tagami, 2001), Shikoku (Hasebe et al., 1993b, 397 

1997) and Kyushu (Hasebe and Tagami, 2001), these mountains are thought to have been 398 

uplifted and exhumed at ~10 Ma although only the Kii Mountains were tilted northward. These 399 

mountains were uplifted mainly at ~15–10 Ma and then their exhumation slowed; in contrast, 400 

most other mountains on the islands of Japan were uplifted mainly under east–west compression 401 

since the late Pliocene (e.g., Yonekura et al., 2001). The mountains in the Outer Zone might have 402 

been uplifted by a very different mechanism, such as by rapid subduction (>10 cm/yr) of the 403 

Philippine Sea plate during the clockwise rotation of the Southwest Japan Arc at the end of the 404 

opening of the Sea of Japan (Kimura et al., 2005). 405 

6 Conclusions 406 

We applied fluid-inclusion analyses and thermochronometry for understanding thermal 407 

features of fossil slab-derived hydrothermal activity in the Hongu area on the forearc side of the 408 

Southwest Japan Arc. Temperatures of fluids at the time of forming of the veins are estimated to 409 

have been ~150°C and ~200°C. However, the zircon U–Pb ages 77.3–66.9 Ma, ZFT ages 34.1–410 

24.0 Ma, zircon (U–Th)/He ages of 23.6–8.7 Ma, and AFT ages of 12.0–9.0 Ma show no spatial 411 

variation with distance from the veins. These results could be explained by the following two 412 
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scenarios: (1) fluid activity prior to ~10 Ma at >90°C–120°C, or (2) fluid activity after ~10 Ma 413 

and over a timespan <10 yr at ~150°C or a few months at ~200°C. In the first scenario, the 414 

elevation in temperature is constrained at less than 20°C–130°C. These results suggest that our 415 

new approach, based on geothermometry and thermochronometry, is useful to estimate and 416 

constrain thermal features of fossil-fluid activity, although further verification would be 417 

desirable. AFT ages of ~10 Ma may reflect mountain uplift and exhumation in the Outer Zone of 418 

Southwest Japan Arc, possibly triggered by rapid slab subduction during clockwise rotation of 419 

the Southwest Japan Arc. 420 
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 729 

Figure 1. Map of study area. (a) Tectonic and hydrologic settings of Southwest Japan Arc. Data 730 

for quaternary volcanoes and hot springs are from Committee for Catalog of Quaternary 731 

Volcanoes in Japan (1999) and Kimbara (2005), respectively. Gray contours denote depth of 732 

upper surface of PHS slab at 10-km intervals (Nakajima and Hasegawa, 2007; Hirose et al., 733 

2008a, b; Nakajima et al., 2009); (b) Geologic map of Kii Peninsula, modified after Wakita et al. 734 

(2009), showing active fault traces (Nakata and Imaizumi, 2002). [MTL, Median Tectonic Line; 735 

NE, Northeast; PAC, Pacific plate; PHS, Philippine Sea plate; SW, Southwest]  736 
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 737 

Figure 2. Schematic plots showing basic concepts of sampling and analytical strategies. (1) 738 

Temperature of fluids is estimated from hydrothermal veins by using geothermometers. (2) Dates 739 

of fluid activity can be equal to cooling ages of host rocks nearest to veins if ages are totally reset 740 

by heating. (3) Spatial pattern of thermal effects of fluid activity is constrained from 741 

thermochronometric data obtained from host rocks at various distances from veins. Regional 742 

cooling and exhumation histories are reconstructed from undisturbed host rocks at some distance 743 

from veins. (4) Duration of fluid activity can be constrained by comparing thermochronometric 744 

data from host rocks nearest to veins. If a thermochronometric system is reset and another is not, 745 

heating duration can be constrained by kinetics of those systems and temperatures estimated in 746 

(1). Plots denote fractional-loss contours of ZFT, ZHe, and AFT systems constructed after 747 

Yamada et al. (2007) and Reiners (2009), respectively. [AFT, apatite fission track; f, fractional 748 

loss; FL, Fanning linear model; r, reduced fission-track lengths; ZFT, zircon fission track; ZHe, 749 

zircon (U–Th)/He]  750 
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 751 

Figure 3. Sample localities and outcrop photos. Map based on Wakita et al.’s (2009) geologic 752 

map and on GSI Maps from Geospatial Information Authority of Japan. Strikes incorporate 753 

declination correction of ~7°W. Field photos show veins and specific sampling locations (HJG1, 754 

HJG2, HJG3, and HJG4). Dashed circles or ellipses in HJG4 photo show specific sample sites of 755 

HJG4-F, -0m, -1m, -3m, and -10m. [Fm., Formation; Qtz, quartz; W, width]  756 
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 757 

Figure 4. Photomicrographs of vein rocks from alteration zone in HJG1. (a, b) Quartz in blocky-758 

textured vein rock under cross-polarized and reflected light; (c, d) Veins cutting through 759 

sandstone, under plane-polarized and cross-polarized light; quartz in vein is holocrystalline and 760 

hypidiomorphic but in sandstone is fragmented. [Ep, epidote; Po, pyrrhotite; Py, pyrite; Qtz, 761 

quartz] 762 
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 764 

Figure 5. Thermochronometric data plotted against distance from veins. Distances are calibrated 765 

against strike and dip of veins. Error bars for data are ±1 standard error for fission-track lengths, 766 

±1σ for fission-track ages, and ±2σ for U–Pb ages. Zircon (U–Th)/He are provided in grain ages 767 

±1σ without lines connecting the markers. [AFT, apatite fission-track; ZFT, zircon fission-track; 768 

ZHe, zircon (U–Th)/He] 769 
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 771 

Figure 6. Sketches of possible thermal history scenarios. (a) AFT ages reflect regional 772 

exhumation at ~10 Ma with fluid activity occurring earlier than ~10 Ma; rise in temperature 773 

associated with fluid activity can be calculated from ambient and fluid temperatures; (b) AFT 774 

ages reflect regional exhumation at ~10 Ma and fluid activity that has occurred later than ~10 775 

Ma. Fluid activity had no effect on ages because of its short duration, which can be constrained 776 

by annealing functions of AFT system (see Fig. 7). [AFT, apatite fission-track] 777 
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 779 

Figure 7. Time–temperature conditions under which AFTs are annealed. Shortening of fission-780 

track lengths is negligible to lower right of r = 0.93 curves. Fanning Arrhenius and Fanning 781 

curvilinear models were calculated by using Ketcham et al.’s (2007) equations 2, 3, and 6 and 782 

fitted parameters from Ketcham et al.’s (2007) Table 5c (obtained from 579 data points from 26 783 

apatites). Effects of Cl contents on annealing kinetics were calibrated according to Ketcham et 784 

al.’s (2007) equation 10 and Figure 6a using a Cl content of 0.706 wt% (value at center of all 785 

apatite grains from 13 samples used for fission-track analyses). Reduced length value r = 0.93 786 

reflects expected low-temperature annealing under surface conditions over geological time 787 

scales. Arrows indicate estimated fluid-flow durations (cf. Fig. 2). [AFT, apatite fission track; 788 

FA, Fanning Arrhenius model; FC, Fanning curvilinear model; r, reduced fission-track length; t, 789 

time; T, temperature] 790 
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 792 

Figure 8. Fission-track length histograms of (a) apatite and (b) zircon, integrated for all 13 793 

samples studied (Supp. Figs. S4 and S5). Track-length distribution of zircon is shown with 794 

different fill colors for tracks marking azimuth angles that are higher (dark-blue column) and 795 

lower (light-blue column) than 60° to crystallographic c-axis, because track lengths in zircon are 796 

dependent on etching and annealing properties, which exhibit angular variation (Hasebe et al., 797 

1994; Yamada et al., 1995). (c) Radial plots (Galbraith, 1990) of ZFT ages integrated for all 13 798 

samples. Plots were drawn using RadialPlotter software (Vermeesch, 2009). (d, e) Monotonic-799 

cooling and reheating scenarios. Inverse-thermal-history models based on integrated fission-track 800 

ages and track length data; modeling was carried out using HeFTy v.1.9.3 software (Ketcham, 801 

2005). (Supp. Text S4). [Acc., acceptable; AFT, apatite fission track; Av, mean length ±1σ; FT, 802 

fission-track; GOF, goodness of fit; n, population size; N, number of fission-track lengths 803 

measured; ZFT, zircon fission track]  804 
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 805 

Figure 9. Fission-track ages in Shimanto Belt on forearc side of Southwest Japan Arc. Age data 806 

are from low-temperature thermochronological database v.1.05.00 (Sueoka and Tagami, 2019) 807 

and references therein. Weighted-mean ages of all 13 samples obtained for this study are plotted 808 

at location HJG1 on map. Geologic map is modified after Wakita et al. (2009). Active fault 809 

traces and Quaternary volcanoes are from Nakata and Imaizumi (2002) and Committee for 810 

Catalog of Quaternary Volcanoes in Japan (1999). [AFT, apatite fission track; FT, fission-track; 811 

hi-P, high-pressure; S.B., Shimanto Belt; ZFT, zircon fission track] 812 
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 814 

Table 1. List of samples. Latitude and longitude of sample localities were obtained by handheld 815 

GPS and are shown in WGS84. L indicates horizontal distance from alteration zone along 816 

outcrop surfaces, whereas Corr. L denotes horizontal distance from veins calibrated against 817 

strikes/dips of alteration zones and strikes of outcrop walls (Fig. 3). [FT, fission-track; Loc., 818 

locality; Qtz, quartz; Y, yes (analysis performed on sample)] 819 
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 821 

Table 2. Summary of fluid-inclusion data. Inclusion classification based on Roedder’s (1984) 822 

criteria. [conc., concentration; I, primary inclusion type; II, secondary inclusion type; Qtz, 823 

quartz; Tf, final ice-melting temperature; Th, homogenization temperature, in bold if for primary 824 

inclusion]  825 
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 826 

Table 3. Summary of AFT and ZFT data. Apatite chlorine content is correlated to AFT 827 

annealing rate (e.g., Carlson et al., 1999). Pooled fission-track ages (t) and their errors (σ) are 828 

calculated by equations: 829 

𝑡 =
1

𝜆𝐷
𝑙𝑛 (1 + 𝜆𝐷 ∙ 𝑔 ∙ 𝜁

∑𝑁𝑠
∑𝑁𝑈

𝜌𝑈−𝑠𝑡𝑑) 

𝜎 = 𝑡√
1

∑𝑁𝑠
+

1

∑𝑁𝑈
+

1

∑𝑁𝑈−𝑠𝑡𝑑
+ (

𝜎𝜁

𝜁
)
2

 

where λD is total decay constant of 
238

U (= 1.55125 × 10
−10

 yr
−1

), and g is geometry factor (= 0.5 830 

for internal surfaces). ζ values and their errors (σζ) are 46.8 ± 1.0 for zircon and 254 ± 18 for 831 

apatite. Nancy 91500 zircon and Durango apatite were used as uranium standards (Supp. Text 832 

S2). [AFT, apatite fission-track; Cl, chlorine content; FT, fission-track; Ns, number of 833 

spontaneous tracks; NU, number of uranium measurements on unknowns; NU-std, number of 834 

uranium measurements on standard; ρs, density of spontaneous tracks; ρU, density of uranium 835 

measurements on unknowns; ρU-std, density of uranium measurements on standard; t, pooled 836 

fission-track ages; U, uranium content; ZFT, zircon fission-track] 837 
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 839 

Table 4. Summary of zircon (U–Th)/He data. 
a
FT is α-ejection correlation (Farley et al., 1996; 840 

Hourigan et al. (2005). Proxy for alpha-radiation activity is computed as eU = [U] + 0.235[Th] 841 

(Shuster et al., 2006). [*, sample lost during U–Th measurement; **, not included in weighted 842 

mean calculations; Corr., corrected; eU, effective uranium concentration; ZHe, zircon (U–843 

Th)/He] 844 


