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This file contains Supplementary Texts S1–S4, captions for Supplementary Figures S1–S6, and captions for Supplementary Tables S1 and S3. The detailed procedures of fluid-inclusion analyses, fission-track (FT) and U–Pb analyses, zircon (U–Th)/He analyses, and thermal-inverse calculations are provided in Supplementary Texts S1–S4, respectively. Statistical plots to support U–Pb and FT data are provided in Supplementary Figures S1–S6. Operating parameters for laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) are summarized in Supplementary Tables S1 and S2. Raw data of single-grain U–Pb isotopic dating are provided in Supplementary Table S3. These data are components of the other essential tables and figures but redundant to be shown with the body text.
Text S1. Fluid-inclusion analyses
Fluid-inclusion microthermometry was performed by Geothermal Engineering Co., Ltd. Quartz grains were extracted from the hydrothermal-vein samples and prepared for the following analyses. The analyses were done directly on the quartz grains instead of on thin sections, because the quartz grains were clear enough to observe the fluid inclusions and because polishing can cause loss of the quartz grains. Fluid-inclusion analyses were performed by optical microscope (Olympus BX51) equipped with a heating and cooling stage (Linkam 10035L) at Geothermal Engineering Co., Ltd. Maximum total magnification used was 1000x (by engaging the 10x oculars, 2x projection tube, and 50x dry objective). The temperature could be varied by 0.01–100°C/min, with a precision of ±0.1°C at room temperature to ~600°C, and ±0.3°C at −190°C to room temperature. 
Homogenization temperatures were measured on liquid inclusions identified by microscopic observation at room temperature. The procedures used are as follows: (1) Raise the temperature by 50°C/min until bubbles in the inclusion shrink and start moving. (2) Check the approximate temperature at which the bubbles disappear in increments of 3°C/min. (3) Lower the temperature of the homogenized inclusion until the bubbles appear again. (4) Heat the two-phase inclusion by 1°C/min to determine the accurate homogenization temperature. (5) Verify reproducibility of the data by repeating steps (1) through (4).
Final ice-melting temperatures were obtained by freezing the liquid inclusions using liquid nitrogen. The procedures used are as follows: (1) Lower the temperature by −50°C/min until the liquid inclusion freezes. (2) Check the approximate temperature at which the ice completely melts by raising the temperature by 50°C/min at <−20°C and by 3°C/min at >20°C. (3) Repeat step (1) and then raise the temperature by 0.1°C/min when near the approximate ice-melting temperature to obtain an accurate value. (4) Verify reproducibility of the data by repeating steps (1) to (3). Calculate salt concentrations (NaCl wt%) from the final ice-melting temperatures by applying Bodnar’s (1993) equation.
Text S2. FT and U–Pb analyses
[bookmark: _Hlk49539219][bookmark: _Hlk42070812]Mineral separation and FT analyses were performed at Kyoto Fission-Track Co., Ltd. Rock samples were crushed and sieved, then apatites and zircons were extracted by using conventional procedures based on magnets and heavy liquids. Apatites were mounted in epoxy resin and zircons on a PFA Teflon sheet. The mounted minerals were ground and polished to obtain appropriate surfaces for observation in 4π geometry. Apatites for FT length measurements were irradiated by using a 252Cf fragment to increase the confined tracks (Donelick and Miller, 1991). Apatites were etched in 5.5 N HNO3 for 20.0 ± 0.5 seconds at 21 ± 1°C (Donelick et al., 2005). Zircons were etched in a eutectic melt of NaOH–KOH for 32 h at 225 ± 1°C until FTs parallel to the crystallographic c-axis were properly etched. Spontaneous tracks were counted or measured under an optical microscope (Nikon ECLIPSE® E1000) equipped with a digital camera (Hamamatsu digital camera Model C9440-05G) and high-resolution monitor (Touch Panel Systems 17-in LCD TouchMonitor) (Danhara and Iwano, 2009). Total magnification of the system is x2550.
[bookmark: _Hlk37756586]Uranium concentrations were determined using the laser ablation inductively coupled plasma mass spectrometer (LA-ICP-MS) at the Geochemical Research Center, University of Tokyo (Hattori et al., 2017; Obayashi et al., 2017; Makino et al., 2019) (see Supp. Table S1 for LA-ICP-MS operating parameters). Double dating of FT and U–Pb methods was performed on zircons by simultaneous measurement of Pb (Hasebe et al., 2013; Iwano et al., 2013a, 2018). Isotopic signals (counts per second) were normalized against 29Si for zircon and 43Ca for apatite (Hasebe et al., 2009). 238U signals were converted into the contents by using the Nancy 91500 zircon (238U: ~84 ppm) or the Durango apatite (238U: 14 ppm) as an external standard. For evaluating the variation in FT annealing kinetics (e.g., Carlson et al., 1999), the chlorine contents of apatites were measured by electron probe microanalyzer (JEOL JXA-8530F) at the Tono Geoscience Center, Japan Atomic Energy Agency (Shimizu et al., 2017, 2019).
The zircon U–Pb age of sample HJG3-Upb was measured using the laser ablation multi-collector inductively coupled plasma mass spectrometer (LA–MC–ICP–MS) at the Tono Geoscience Center, Japan Atomic Energy Agency (Yokoyama et al., 2018) (see Supp. Table S2 for LA-MC-ICP-MS operating parameters). This procedure was chosen because U–Pb ages are less precise when simultaneously measured with FT ages and because the U–Pb age for this sample was important to verify whether the other samples had undergone any thermal effects from intrusion by the porphyry dike. The reference isotope ratios for the Nancy 91500 standard were 207Pb/206Pb = 0.07488 and 206Pb/238U = 0.17917 (Wiedenbeck et al., 1995).
Text S3. Zircon (U–Th)/He analyses
For zircon (U–Th)/He dating, helium measurements were performed by using the Alphachron system at the Tono Geoscience Center, Japan Atomic Energy Agency. Zircon grains were examined under polarized light to detect possible mineral inclusions, and digital photographs were taken for the calculation of an α-correction factor (Farley et al., 1996; Hourigan et al., 2005). Only good-quality euhedral grains (neither broken nor rounded) were selected for analysis. Single grains were loaded into Nb capsules and outgassed under vacuum by using a Coherent Quattro FAP 970-nm diode laser, applying ~30-W power (~1250°C) for 15 min to ensure complete extraction of 4He, with a fiber-optic coupling to the sample chamber. He content was determined by isotope dilution using a pure 3He spike, calibrated against an independent 4He standard, and measured using a Pfeiffer vacuum quadrupole (PrismaPlus QMG 220) mass spectrometer. A re-extract was run after each extraction to verify complete outgassing.
[bookmark: _Hlk42591680]The zircons’ U and Th concentrations were measured at the University of Melbourne. Outgassed zircon grains were removed from their Nb capsules and transferred to Parr bombs, where they were spiked with 233U and 229Th and then digested in small volumes (0.3–0.5 ml) at 240°C for 40 h in HF. Standard solutions containing the same spike amounts as the samples as well as a series of unspiked reagent blanks underwent treatment identical to that applied to the samples. A second bombing in HCl for 24 h at 200°C ensured the dissolution of the fluoride salts. Zircon solutions were then dried, dissolved in HNO3, and diluted in H2O to achieve 5% acidity for the analysis of 238U, 235U, and 232Th by using an Agilent 7700X ICP Mass Spectrometer. Evans et al. (2005) has a more-detailed description of the U and Th analytical procedures. The accuracy and precision of the U and Th contents are within ±2%, mostly better than ±1%. Fish Canyon Tuff zircon (Gleadow et al., 2015) was also run as an unknown with each batch of zircon samples and served to check on sample accuracy.
Text S4. Thermal-inverse calculations
Thermal history was reconstructed on the basis of FT data by using Monte Carlo modeling by applying HeFTy v.1.9.3 software (Ketcham, 2005). For apatite, the annealing model used was based on Ketcham et al.’s (2007a) work, and for zircon, Yamada et al.’s (2007) Fanning linear model was used. FT length data were projected onto the crystallographic c-axis by Ketcham et al.’s (2007b) model. Chlorine contents (wt%) of apatites were used as a kinetic parameter because Dpar does not work as a kinetic parameter for low-Cl apatites (Green et al., 2005) and because Dpar is difficult to measure on young apatite containing zero-track grains. Initial mean FT lengths for apatite were computed from Cl wt%.
[bookmark: _Hlk49540348]Inverse calculations were performed for two scenarios (monotonic-cooling and reheating), for assessing reliability of the thermal history. Initial conditions and constraints of the time–temperature paths were determined on the basis of geologic and geochronologic evidence. Present temperature was set to 15 ± 15°C in both scenarios. In the monotonic-cooling scenario, time–temperature paths were generated for the ranges 60–0 Ma and 260°C–400°C; this scenario loosely reconstructs exhumation of the Haroku Formation, whose timing must be between its deposition at ~50 Ma (e.g., Suzuki, 1993; Tokiwa et al., 2016; see also the main body text) and the present time. The temperature indicates residence within the zircon FT partial annealing zone (Yamada et al., 2007) or higher temperatures during this period, considering that the apparent zircon FT ages are younger than the depositional age of the Haroku Formation. In contrast, the reheating scenario initiated time–temperature paths in the ranges 80–30 Ma and 60°C–0°C and then forced them to pass through the ranges 60–0 Ma and 260°C–400°C. This scenario approximates burial, accretion, and subsequent exhumation of the Haroku Formation. Calculations were rerun until 100 good paths were obtained.


Figure S1. Concordia plots of zircon U–Pb grain ages measured by Kyoto Fission-Track Co., Ltd. Error eclipses indicate ±2σ ranges. Criteria for determining concordant/discordant ages and youngest-age populations are illustrated in Supplementary Figure S2. Plots were drawn by using Isoplot v.4.15 software (Ludwig, 2008).
Figure S2. Zircon fission-track and U–Pb ages of single grains. Grains are arranged in descending order of 238U–206Pb ages. 238U–206Pb and 235U–207Pb ages are regarded as concordant when overlapping within ranges of ±2σ.
Figure S3. Statistical plots of zircon U–Pb data measured at Tono Geoscience Center. (a, b) Concordia plots of quartz porphyry sample; (c) Weighted-mean 238U–206Pb ages of quartz porphyry sample; (d) Concordia plots of age standard OD-3 zircon (Iwano et al., 2012, 2013b). Plots were drawn by using Isoplot v.4.15 software (Ludwig, 2008). [MSWD, mean square weighted deviation]
Figure S4. Radial plots of zircon FT single-grain ages. The plots were drawn by using IsoplotR (Vermeesch, 2018). Peaks of the age populations were determined by the finite mixture model (Galbraith and Green, 1990). p(χ2) is probability of obtaining χ2 value for ν degrees of freedom, where ν = (number of crystals − 1) (Galbraith, 1981). [MSWD, mean square weighted deviation; n, number of grains]
Figure S5. Zircon FT length histograms. Track-length distribution is shown using different fill colors for tracks indicating azimuth angles that are higher (dark-blue column) and lower (light-blue column) than 60° to crystallographic c-axis, because track lengths in zircon depend on etching and annealing properties that show angular variation (Hasebe et al., 1994; Yamada et al., 1995). [Av, mean lengths ±1σ; N, number of track lengths measured]
Figure S6. Apatite FT length histograms. [Av, mean lengths ±1σ; N, number of track lengths measured]
[bookmark: _Hlk37752844]Table S1. Operating parameters for laser ablation inductively coupled plasma mass spectrometer at University of Tokyo. *1, Wiedenbeck et al. (1995); *2, Iwano et al. (2012); *3, Iwano et al. (2013b); *4, Lukács et al. (2015); *5, Sláma et al. (2008); *6, Jackson et al. (2004); *7, Danhara and Iwano (2013); *8, Iwano et al. (2018). 
Table S2. Operating parameters for laser ablation inductively coupled plasma mass spectrometer at Tono Geoscience Center. *1, Wiedenbeck et al. (1995); *2, Iwano et al. (2012); *3, Iwano et al. (2013b); *4, Lukács et al. (2015).
Table S3. U-Pb isotopic date for zircon crystals determined by LA-ICP-MS.
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