Earth, Planets and Space© The Author(s) 2017
10.1186/s40623-017-0661-z

Full paper

First report of (U–Th)/He thermochronometric data across Northeast Japan Arc: implications for the long-term inelastic deformation

Shigeru Sueoka1  , Takahiro Tagami2   and Barry P. Kohn3  
(1)Tono Geoscience Center, Japan Atomic Energy Agency, 959-31, Jorinji, Izumi-cho, Toki Gifu, 509-5102, Japan

(2)Division of Earth and Planetary Sciences, Graduate School of Science, Kyoto University, Oiwake-cho, Kitashirakawa, Sakyo-ku, Kyoto Kyoto, 606-8502, Japan

(3)School of Earth Sciences, University of Melbourne, Melbourne, VIC, 3010, Australia

 

 
Shigeru Sueoka (Corresponding author)
Email: sueoka.shigeru@jaea.go.jp

 
Takahiro Tagami
Email: tagami@kueps.kyoto-u.ac.jp

 
Barry P. Kohn
Email: b.kohn@unimelb.edu.au



Received: 30 January 2017Accepted: 29 May 2017Published online: 13 June 2017
Abstract
(U–Th)/He thermochronometric analyses were performed across the southern part of the Northeast Japan Arc for reconstructing the long-term uplift and denudation history in the region. Apatite (U–Th–Sm)/He ages ranged from 64.3 to 1.5 Ma, while zircon (U–Th)/He ages ranged between 39.6 and 11.0 Ma. Apatite (U–Th–Sm)/He ages showed obvious contrast among the morphostructural provinces; older ages of 64.3–49.6 Ma were obtained in the Abukuma Mountains on the fore-arc side, whereas younger ages of 11.4–1.5 Ma were determined in the Ou Backbone Range (OBR) along the volcanic front and the Asahi Mountains on the back-arc side. The age contrasts are basically interpreted to reflect the differences in the uplift and the denudation histories of the provinces considering the thermal effects of magmatism and timing of the known uplift episodes. Denudation rates were calculated to be <0.1 mm/year in the Abukuma Mountains, ~0.1 to 1 mm/year in the Ou Backbone Range, and ~0.1 to 0.3 mm/year in the Asahi Mountains. The denudation rates tend to increase from the mountain base to the ridges in the OBR (and the Asahi Mountains). This relationship shows a contrast with the previous findings in fault-block mountains in the Southwest (SW) Japan Arc, where the highest denudation rates were estimated near fault(s) along the base(s). This observation might reflect a difference in mountain uplift mechanisms between the NE and the SW Japan Arcs and imply that thermochronometric approaches are useful for constraining uplift and denudation histories at the scale of an island arc, as well as continental orogens. However, careful discussion of magmatic thermal effects is required.[image: A40623_2017_661_Figa_HTML.gif]
Graphical abstract(U–Th)/He ages across NE Japan Arc, indicating different uplift/denudation histories among the morphostructural provinces.
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Introduction
The paradox of deformation is well known in the Northeast (NE) Japan Arc; short-term deformation observed by geodetic techniques and long-term deformations estimated from geomorphic/geologic data differ both in rate and direction (e.g., Hashimoto 1990; Ikeda 1996). The discrepancy between the short- and the long-term deformations is expected to be balanced by a super-cycle earthquake along the Japan Trench (Ikeda 1996), but it was not balanced by the co-seismic deformation of the 2011 Tohoku-oki mega earthquake (Mw9.0) (e.g., Ozawa et al. 2011; Ikeda et al. 2012; Nishimura 2014). A few revised models have suggested that the paradox may be resolved by taking into account post-seismic deformation (e.g., Ikeda et al. 2012). For solving the paradox comprehensively, that is, for creating a more detailed understanding of the strain buildup/release process in an arc-trench system, it is essential to discriminate between elastic and inelastic deformation from geodetic data; elastic deformation is canceled by earthquake cycles, whereas inelastic deformation contributes to orogenesis (e.g., Ikeda 2014). For discriminating between elastic and inelastic deformation, it is effective to estimate inelastic deformation by using geological/geomorphological approaches (e.g., Ikeda et al. 2012; Ikeda 2014).
In this paper, we report the results of the first systematic thermochronometric investigation across NE Japan Arc for quantitative reconstruction of its vertical inelastic deformation over the last 106 years or longer. Thermochronometry, e.g., (U–Th)/He, and fission-track (He and FT, respectively) are useful to reconstruct the denudation history of mountain ranges over the past approximately 106–108 years (e.g., Reiners and Brandon 2006). However, thermochronometric methods are more difficult to apply to Japanese mountains because these mountains are generally as young as 106 years and relatively subdued topographically; the total denudation related to the ongoing mountain building is generally too low to detect (Sueoka et al. 2015, 2016). However, owing to the recent development of low-temperature thermochronometry, uplift and denudation histories of fault-block mountains in the Southwest (SW) Japan Arc over the past few million years have been successfully constrained (e.g., Sueoka et al. 2011, 2012; see also review of Sueoka et al. 2016). The mountains in the NE Japan Arc are more challenging than those in the SW Japan Arc in terms of the applicability of thermochronometry because of their relatively low topographic relief, widespread late Cenozoic volcanism (e.g., Committee for Catalog of Quaternary Volcanoes in Japan 1999; Yoshida 2009; Yoshida et al. 2013), complicated geothermal structures (e.g., Tanaka et al. 2004), and smaller exposure of bedrock due to thick sediment deposition during opening of the Sea of Japan in the middle Miocene (e.g., Wakita et al. 2009). Our goals are to reconstruct the uplift and denudation histories of the mountains in the NE Japan Arc for understanding vertical inelastic deformations, and to demonstrate the applicability and usefulness of thermochronometric methods in an island arc setting, where uplift is brought by plate subduction different from a continental collision zone.

Geology and geomorphology
The NE Japan Arc largely consists of three morphostructural provinces, namely mountains on the back-arc side (e.g., Dewa Hills, Asahi Mountains, and Iide Mountains), Ou Backbone Range (OBR) along the volcanic front, and mountains on the fore-arc side (e.g., Kitakami Mountains and Abukuma Mountains) (Fig. 1), providing a typical island arc setting (e.g., Minoura and Hasegawa 1992; Yoshida et al. 2013). The mountains on the fore-arc side are relatively wide, have gentle slopes, and low-relief surfaces (Fig. 1b). The OBR is a narrow and long mountain range wedged between active faults (Fig. 1a). Quaternary volcanism is dominant in the OBR and in a few parts of the back-arc side (Fig. 1a). The NE Japan Arc generally shows arc-parallel structures, for example, mountain ranges, active faults, and volcanic chains, although across-arc mountains and chains of volcanoes are also observed on the back-arc side (e.g., Tamura et al. 2002).[image: A40623_2017_661_Fig1_HTML.gif]
Fig. 1
                                    a Index map of the study area. Active fault traces and Quaternary volcanoes are after Nakata and Imaizumi (2002) and Committee for Catalog of Quaternary Volcanoes in Japan (1999), respectively. FT ages are from Ohira and Honda (1999), Goto (2001) and Ohtani et al. (2004). This figure was drawn by using Generic Mapping Tools (GMT) (Wessel and Smith 1991) and 30 arc-second grid of the General Bathymetric Chart of the Oceans (GEBCO). b Topographic cross-sections across the study area. The cross-sections were drawn along the blue lines in (a). TTL Tanakura Tectonic Line, HTL Hatagawa Tectonic Line, QVF Quaternary volcanic front, QVRE Quaternary volcanic rear edge (lines are after Yoshida et al. 2013), KtM Kitakami Mountains, AbM Abukuma Mountains, AsM Asahi Mountains, IdM Iide Mountains, EUR Eurasian plate, PAC Pacific plate, PHS Philippine Sea plate, NAM North American plate




                     
The NE and the SW Japan Arcs were formed as a result of opening of the Sea of Japan at 25–15 Ma, although they had originally been parts of the East Asian continental margin (e.g., Otofuji et al. 1985; Jolivet et al. 1994; Yanai et al. 2010). During the opening of the Sea of Japan, normal faulting due to back-arc rifting was prevalent (e.g., Sato 1994). A substantial number of the Miocene normal faults were reactivated as reverse faults under the strong E–W compression over the last few million years, known as the inversion tectonics (e.g., Sato 1994; Okamura et al. 1995; Okada and Ikeda 2012). Presently, the NE Japan Arc is also characterized by the thin-skinned tectonics owing to the presence of thick sediments and volcanic products formed during the opening of the Sea of Japan (e.g., Sato and Kato 2010; Okada and Ikeda 2012).
A few studies have been conducted to reveal the uplift and denudation histories of the mountains in the NE Japan Arc, but the available literatures are still somewhat limited. Only a few sets of thermochronometric studies on the back-arc side and the OBR are available (Fig. 1a). On the basis of sedimentary facies analyses, three uplift stages were identified in the OBR as (1) surface uplift and regional unconformity (12–9 Ma), (2) differential uplift and compression (6.5–3 Ma), and (3) uplift and intense compression (after ~3 Ma) (Nakajima et al. 2006; Nakajima 2012, 2013). In addition, uplift stages in the Dewa Hills and the Asahi Mountains on the back-arc side were constrained by analyzing sedimentary facies in the adjacent Shinjo basin, suggesting that the oldest uplift phase of the Asahi Mountains occurred at ~5 Ma and then the Dewa Hills began to uplift over the Pliocene (Moriya et al. 2008). By contrast, in the Kitakami and the Abukuma Mountains on the fore-arc side, remnants of uplifted peneplains can be seen at elevations of ~300 to 1200 m (e.g., Nakamura 1963; Koike 1969; Kimura 1994). Furthermore, relatively old FT Cretaceous ages of apatite and zircon have been reported in the Kitakami and the Abukuma Mountains (Goto 2001; Ohtani et al. 2004) (Fig. 1a). Together, these imply relatively stable thermal and tectonic conditions over the Cenozoic with recent minor uplift episode(s).

Methods
(U–Th)/He thermochronometers have relatively low closure temperatures, ~55 to 80 °C for apatite (Flowers et al. 2009; Gautheron et al. 2009) and ~160 to 200 °C for zircon (Guenthner et al. 2013), compared to the other major thermochronometers (see Table 1 of Reiners et al. 2005). Thus, He thermochronometers offer an advantage in detecting relatively small amounts of cooling related to recent mountain building in the NE Japan Arc. Samples were collected from Cretaceous granitic rocks across the southern part of the NE Japan Arc (Fig. 1a; Table 1). Mineral separations were conducted at Kyoto Fission-Track Co., Ltd., by using conventional methods based on heavy liquid and magnetic protocols.Table 1Summary of sample parameters


	Sample
	Region
	Rock type
	E-lon.
(deg.)
	N-lat.
(deg.)
	Elv.
(m asl)
	Weighted mean He age ± 95% CI
(Ma)
	AHe T
                                          c
                                       
(°C)

	Apatite
	Zircon

	A02-ST01
	AbM
	CrGr
	140.49643
	37.71979
	96
	49.6 ± 3.0
	 	51.9

	A02-ST02
	AbM
	CrGr
	140.67009
	37.75609
	300
	64.3 ± 9.5
	 	51.4

	A02-ST03
	AbM
	CrGr
	140.81441
	37.78157
	172
	63 ± 15
	 	50.6

	A02-ST04
	OBR
	CrGr
	140.37499
	37.79742
	282
	11.2 ± 1.4
	39.6 ± 7.4
	62.0

	A02-ST05
	OBR
	CrGr
	140.11011
	37.80026
	620
	1.5 ± 0.1
	N/A
	76.1

	A02-ST06
	OBR
	CrGr
	140.34019
	37.96475
	404
	2.5 ± 1.7
	N/A
	72.1

	A02-ST07
	AsM
	CrGr
	139.92652
	38.12244
	434
	10.3 ± 0.6
	27.2 ± 3.3
	63.8

	A02-ST08
	OBR
	CrGr
	140.07998
	38.10221
	236
	6.8 ± 0.9
	N/A
	64.4

	A02-ST09
	AsM
	CrGr
	139.84943
	38.21464
	456
	11.1 ± 2.3
	11.0 ± 2.4
	58.7

	A02-ST12
	AsM
	CrGr
	139.74319
	38.24726
	245
	11.4 ± 0.8
	 	64.4

	A02-ST13
	AsM
	CrGr
	139.62478
	38.33835
	97
	5.2 ± 0.9
	N/A
	68.5

	A02-ST15
	AsM
	CrGr
	139.46802
	38.36962
	44
	9.7 ± 0.7
	30.7 ± 4.8
	63.8


He ages are shown as weighted mean (see also Tables 2, 3). N/A denotes that weighted mean ages were not adopted. AHe T
                                 c is the closure temperature of the AHe system considering the cooling rate of each sample; detailed calculations are shown in the body text

                                 AbM Abukuma Mountains, OBR Ou Backbone Range, AsM Asahi Mountains, CrGr Cretaceous granitoid



                     
(U–Th)/He analyses were carried out at University of Melbourne. These analyses followed the protocol of House et al. (2000) for laser extraction of helium from single grains for both apatite and zircon. Clear, non-fractured euhedral grains with average grain radii in a close size range were hand-picked under an Olympus SZX12 binocular microscope, then immersed in ethanol and checked under polarized light to detect and exclude grains with possible inclusions. Grain geometries were imaged microscopically, measured and stored for applying the α-ejection correction (Farley et al. 1996) and then loaded into small, acid-treated platinum capsules.
Apatite grains were outgassed under vacuum at ~900 °C for 5 min, by using a Coherent Quattro FAP 820 nm diode laser with fiber-optic coupling to the sample chamber. Helium content was determined by isotope dilution against a pure 3He spike, calibrated against an independent 4He standard and measured using a Balzers quadrupole (Prisma QMS 200) mass spectrometer. Zircon samples were outgassed by applying laser power of ~12.6 W (~1300 °C) for 20 min to ensure complete extraction of 4He. A hot blank was run after each extraction to verify complete outgassing. Where possible, helium extractions were performed on single grains, but in cases where 4He yields were too low, aliquots of multiple grains were analyzed.
The outgassed grains were removed from the laser chamber, and dissolved and analyzed for parent isotopes by using an Agilent 7700X ICP Mass Spectrometer. Zircon grains were removed from their Pt capsules, and transferred to Parr bombs where they were spiked with 233U and 229Th and 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 those in the samples were treated identically, as were a series of unspiked reagent blanks. A second bombing in HCl for 24 h at 200 °C ensured dissolution of fluoride salts. The zircon solutions were then dried down, dissolved in HNO3, and diluted in H2O to 5% acidity for analysis of 238U, 235U, and 232Th by solution ICP-MS. U and Th isotope ratios were measured to a precision of <2%, and overall precision of the zircon He ages was estimated to be ~6% or lower. Zircon He ages were calculated and corrected for α-emission following the approach of Hourigan et al. (2005). Fish Canyon Tuff zircons (Gleadow et al. 2015) were also run as “unknowns” with each batch of samples to check sample accuracy. Zircon He analytical data are listed in Table 2.Table 2Summary of zircon (U–Th)/He parameters


	Sample
	Lab. no
	He no.
	No. of grains analyzed
	[4He]
(ncc)
	Mass
(mg)
	
                                          aMean F
                                          T
                                       
	[U]
(ppm)
	[Th]
(ppm)
	Th/U
	
                                          b[eU]
(ppm)
	Corrected age ± 1σ
(Ma)
	Grain length
(μm)
	Grain radius
(μm)
	
                                          cGrain morphology

	A02-ST04
	11241
	34006
	1
	21.124
	0.0146
	0.83
	308.4
	122.0
	0.40
	337.1
	35.1 ± 2.2
	305.5
	60.1
	2T

	A02-ST04
	11242
	34009
	1
	36.171
	0.0218
	0.84
	297.6
	103.1
	0.35
	321.8
	42.3 ± 2.6
	411.9
	60.1
	2T

	A02-ST04
	11243
	34012
	1
	38.534
	0.0298
	0.87
	250.4
	108.9
	0.43
	276.0
	38.3 ± 2.4
	349.9
	84.0
	2T

	A02-ST04
	11244
	34037
	1
	22.589
	0.0116
	0.82
	316.3
	133.6
	0.42
	347.7
	46.0 ± 2.9
	270.1
	57.8
	2T

	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	39.6 ± 7.4
	 	 	 
	A02-ST05
	11237
	33994
	1
	8.232
	0.0186
	0.83
	130.4
	43.9
	0.34
	140.7
	25.8 ± 1.6
	371.3
	59.2
	2T

	A02-ST05
	11238
	33997
	1
	10.409
	0.0220
	0.85
	357.4
	111.8
	0.31
	383.6
	10.1 ± 0.6
	363.2
	66.7
	2T

	A02-ST05
	11239
	34000
	1
	2.846
	0.0089
	0.80
	273.6
	117.8
	0.43
	301.3
	8.7 ± 0.5
	254.2
	51.9
	2T

	A02-ST05
	11240
	34003
	1
	5.915
	0.0093
	0.79
	306.1
	80.7
	0.26
	325.1
	16.1 ± 1.0
	294.5
	47.0
	2T

	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	N/A
	 	 	 
	A02-ST06
	11233
	33982
	1
	35.540
	0.0146
	0.83
	839.8
	278.8
	0.33
	905.3
	22.1 ± 1.4
	295.4
	61.8
	2T

	A02-ST06
	11234
	33985
	1
	55.748
	0.0269
	0.86
	386.1
	144.4
	0.37
	420.0
	40.4 ± 2.5
	388.6
	71.3
	2T

	A02-ST06
	11235
	33988
	1
	19.360
	0.0154
	0.83
	303.2
	115.9
	0.38
	330.5
	31.2 ± 1.9
	299.0
	63.3
	2T

	A02-ST06
	11236
	33991
	1
	20.796
	0.0106
	0.81
	504.5
	160.2
	0.32
	542.2
	29.8 ± 1.8
	273.3
	54.0
	2T

	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	N/A
	 	 	 
	A02-ST07
	11230
	33918
	1
	5.562
	0.0080
	0.79
	209.3
	102.9
	0.49
	233.5
	24.5 ± 1.5
	238.6
	51.1
	2T

	A02-ST07
	11231
	33976
	1
	11.496
	0.0086
	0.78
	348.2
	140.3
	0.40
	381.1
	28.9 ± 1.8
	320.1
	42.2
	2T

	A02-ST07
	11232
	33979
	1
	12.184
	0.0068
	0.79
	471.6
	192.5
	0.41
	516.8
	28.3 ± 1.8
	216.1
	50.9
	2T

	A02-ST07
	11313
	34052
	1
	26.722
	0.0122
	0.82
	596.6
	179.3
	0.30
	638.7
	28.1 ± 1.7
	278.0
	58.3
	2T

	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	27.2 ± 3.3
	 	 	 
	A02-ST08
	11225
	33903
	1
	48.968
	0.0105
	0.81
	550.4
	233.9
	0.42
	605.3
	62.8 ± 3.9
	260.9
	56.3
	2T

	A02-ST08
	11226
	33906
	1
	37.863
	0.0184
	0.85
	241.6
	89.8
	0.37
	262.7
	64.2 ± 4.0
	289.0
	73.7
	2T

	A02-ST08
	11227
	33909
	1
	29.750
	0.0128
	0.83
	394.8
	162.7
	0.41
	433.0
	43.8 ± 2.7
	265.5
	63.0
	2T

	A02-ST08
	11228
	33912
	1
	34.455
	0.0164
	0.82
	305.3
	123.6
	0.40
	334.3
	51.6 ± 3.2
	373.3
	54.7
	2T

	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	N/A
	 	 	 
	A02-ST09
	11221
	33891
	1
	9.199
	0.0099
	0.80
	686.1
	307.7
	0.45
	758.5
	10.0 ± 0.6
	290.2
	49.5
	2T

	A02-ST09
	11222
	33894
	1
	11.643
	0.0125
	0.82
	529.5
	132.4
	0.25
	560.6
	13.7 ± 0.8
	315.7
	53.1
	2T

	A02-ST09
	11224
	33900
	1
	12.592
	0.0095
	0.79
	889.9
	310.4
	0.35
	962.8
	11.3 ± 0.7
	310.5
	45.8
	2T

	A02-ST09
	11314
	34055
	1
	4.012
	0.0116
	0.82
	252.1
	110.7
	0.44
	278.1
	10.2 ± 0.6
	268.9
	58.3
	2T

	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	11.0 ± 2.4
	 	 	 
	A02-ST13
	11217
	33879
	1
	33.892
	0.0081
	0.80
	501.6
	170.2
	0.34
	541.6
	63.3 ± 3.9
	245.9
	50.2
	2T

	A02-ST13
	11218
	33882
	1
	25.187
	0.0078
	0.80
	2016.2
	518.8
	0.26
	2138.1
	12.4 ± 0.8
	239.2
	50.2
	2T

	A02-ST13
	11219
	33885
	1
	24.142
	0.0174
	0.84
	1203.4
	255.7
	0.21
	1263.4
	9.0 ± 0.6
	306.1
	67.1
	2T

	A02-ST13
	11220
	33888
	1
	27.567
	0.0105
	0.81
	901.6
	203.8
	0.23
	949.5
	22.6 ± 1.4
	267.2
	55.0
	2T

	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	N/A
	 	 	 
	A02-ST15
	11213
	33870
	1
	31.938
	0.0095
	0.81
	697.5
	281.3
	0.40
	763.6
	36.2 ± 2.2
	252.3
	54.2
	2T

	A02-ST15
	11214
	33873
	1
	58.324
	0.0058
	0.77
	2506.9
	893.1
	0.36
	2716.8
	30.2 ± 1.9
	222.5
	44.6
	2T

	A02-ST15
	11215
	33876
	1
	53.732
	0.0109
	0.81
	1253.7
	471.0
	0.38
	1364.4
	29.7 ± 1.8
	298.2
	51.2
	2T

	A02-ST15
	11216
	33940
	1
	74.872
	0.0070
	0.79
	2883.1
	791.4
	0.27
	3069.1
	28.8 ± 1.8
	239.2
	46.8
	2T

	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	30.7 ± 4.8
	 	 	 
	
                            Fish Canyon Tuff standard
                          

	FCT
	11088
	33750
	1
	7.695
	0.0062
	0.77
	317.8
	155.8
	0.49
	354.4
	28.6 ± 1.8
	236.2
	44.1
	2T

	FCT
	11089
	33753
	1
	9.671
	0.0056
	0.77
	462.1
	288.8
	0.62
	530.0
	26.8 ± 1.7
	214.6
	44.8
	2T

	FCT
	11090
	33846
	1
	12.907
	0.0112
	0.81
	286.7
	145.9
	0.51
	321.0
	29.5 ± 1.8
	299.2
	51.8
	2T

	FCT
	11093
	33855
	1
	10.809
	0.0068
	0.77
	369.0
	253.7
	0.69
	428.6
	30.4 ± 1.9
	271.2
	41.7
	2T

	FCT
	11094
	33858
	1
	9.219
	0.0091
	0.80
	271.6
	152.1
	0.56
	307.3
	27.1 ± 1.7
	254.5
	52.3
	2T

	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	28.4 ± 1.5
	 	 	 
	 	 	 	 	 	 	 	 	 	
                                          dReference age ± 1σ:
	28.01 ± 0.04
	 	 	 

The weighted mean ages and the errors were obtained using Isoplot ver. 4.15 (Ludwig 2012). For samples exhibiting a negative correlation between eU and grain ages, weighted mean ages were not calculated and are reported as “N/A”

                                 a
                                 F
                                 T is α-ejection correction after Farley et al. (1996)

                                 bEffective uranium concentration, weights U and Th for their alpha productivity, computed as [U] + 0.235[Th] (Shuster et al. 2006)

                                 cCrystal morphology: 2T = idiomorphic whole grain (Brown et al. 2013)

                                 dThe reference age of Fish Canyon Tuff (FCT) is from Phillips and Matchan (2013)



                     
Apatites (still in their Pt capsules) were dissolved in HNO3 and analyzed for 238U, 235U, 232Th, and 147Sm. The analyses were calibrated using the reference material BHVO-1, and Mud Tank Carbonatite apatite, and international rock standard BCR-2 were used as check standards with each batch of samples analyzed. (U–Th–Sm)/He ages were calculated and corrected for α-emission following the approach of Farley et al. (1996). Analytical uncertainties at the Melbourne He facility were conservatively assessed to be ~6.2% (±1σ), including the α-ejection correction, an estimated 5 μm of uncertainty in grain dimensions, gas analysis (estimated as <1%), and ICP-MS analytical uncertainties, but no possible heterogeneity in U and Th distributions. The accuracy and precision of U, Th, and Sm contents range up to 2%, but they are typically better than 1%. Durango apatites (McDowell et al. 2005) were also run as “unknowns” with each batch of samples as a check for sample accuracy. Apatite He data are summarized in Table 3. Weighted mean ages and errors were calculated using Isoplot ver. 4.15 (Ludwig 2012).Table 3Summary of apatite (U–Th–Sm)/He analytical data


	Sample
	Lab. no
	He no.
	No. of grains analyzed
	[4He]
(ncc)
	Mass
(mg)
	
                                          aMean F
                              T
                            
                                       
	[U]
(ppm)
	[Th]
(ppm)
	[Sm]
(ppm)
	Th/U
	
                                          b[eU]
(ppm)
	Corrected age ± 1σ
(Ma)
	Grain length
(μm)
	
                                          cGrain radius
(μm)
	
                                          dGrain morphology

	A02-ST01
	10297
	30458
	1
	0.538
	0.0044
	0.75
	20.2
	26.8
	151.7
	1.33
	26.5
	50.1 ± 3.1
	204.4
	56.3
	1T

	A02-ST01
	10294
	30627
	1
	0.455
	0.0047
	0.71
	16.3
	24.3
	135.3
	1.49
	22.0
	50.6 ± 3.1
	237.9
	48.6
	2T

	A02-ST01
	10295
	30630
	1
	0.647
	0.0063
	0.72
	17.1
	29.3
	155.7
	1.71
	24.0
	48.5 ± 3.0
	302.4
	49.9
	2T

	A02-ST01
	10296
	30633
	1
	0.547
	0.0041
	0.74
	23.0
	27.8
	151.2
	1.21
	29.5
	49.4 ± 3.1
	205.6
	54.0
	1T

	 	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	49.6 ± 3.0
	 	 	 
	A02ST02
	14733
	47678
	1
	1.130
	0.0059
	0.78
	31.5
	2.2
	271.7
	0.07
	32.0
	62.1 ± 3.8
	158.0
	67.2
	2T

	A02ST02
	14734
	47681
	1
	0.449
	0.0038
	0.75
	21.3
	2.3
	248.1
	0.11
	21.8
	58.4 ± 3.6
	141.3
	51.8
	0T

	A02ST02
	14735
	47684
	1
	0.827
	0.0036
	0.73
	34.0
	3.6
	274.1
	0.11
	34.8
	72.1 ± 4.5
	143.9
	55.2
	2T

	A02ST02
	14736
	47687
	1
	0.545
	0.0039
	0.74
	21.9
	2.8
	193.2
	0.13
	22.6
	67.9 ± 4.2
	157.0
	54.8
	2T

	 	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	64.3 ± 9.5
	 	 	 
	A02-ST03
	10298
	30461
	1
	0.334
	0.0046
	0.70
	12.2
	20.1
	173.7
	1.65
	16.9
	49.9 ± 3.1
	240.0
	47.8
	2T

	A02-ST03
	10299
	30464
	1
	0.560
	0.0029
	0.69
	6.4
	15.0
	143.2
	2.34
	9.9
	
                                          e224.8 ± 13.9
	151.1
	43.7
	0T

	A02-ST03
	10300
	30467
	1
	1.097
	0.0094
	0.80
	10.3
	18.3
	182.9
	1.78
	14.6
	79.8 ± 4.9
	268.2
	71.8
	1T

	A02-ST03
	10301
	30470
	1
	0.230
	0.0021
	0.63
	20.6
	20.9
	170.8
	1.01
	25.5
	55.6 ± 3.5
	160.8
	39.4
	2T

	A02-ST03
	15680
	51164
	1
	0.220
	0.0045
	0.74
	5.7
	14.0
	133.9
	2.46
	9.0
	59.1 ± 3.7
	128.5
	59.1
	2T

	A02-ST03
	15681
	51167
	1
	0.459
	0.0019
	0.66
	29.6
	20.2
	158.1
	0.68
	34.3
	86.5 ± 5.4
	107.1
	42.0
	2T

	A02-ST03
	15682
	51170
	1
	0.450
	0.0028
	0.70
	17.4
	25.5
	183.0
	1.47
	23.4
	78.7 ± 4.9
	124.5
	47.6
	2T

	 	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	63 ± 15
	 	 	 
	A02-ST04
	10302
	30473
	1
	0.158
	0.0085
	0.79
	11.0
	26.0
	214.8
	2.36
	17.1
	11.1 ± 0.7
	176.3
	69.4
	0T

	A02-ST04
	10303
	30476
	1
	0.053
	0.0058
	0.76
	9.3
	16.0
	194.0
	1.72
	13.1
	
                                          e7.5 ± 0.5
	155.9
	60.9
	0T

	A02-ST04
	10305
	30482
	1
	0.031
	0.0032
	0.70
	6.2
	18.0
	253.2
	2.90
	10.4
	10.4 ± 0.6
	153.3
	45.8
	0T

	A02-ST04
	10363
	30663
	2
	0.052
	0.0007
	0.72
	49.8
	78.7
	1420.0
	1.58
	68.3
	12.6 ± 0.8
	119.0
	51.6
	0T, 0T

	A02-ST04
	10364
	30666
	2
	0.067
	0.0073
	0.71
	7.3
	8.6
	142.3
	1.18
	9.3
	11.0 ± 0.7
	185.5
	45.6
	0T, 0T

	 	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	11.2 ± 1.4
	 	 	 
	A02-ST05
	10306
	30485
	1
	0.027
	0.0047
	0.72
	38.3
	25.0
	159.0
	0.65
	44.2
	1.5 ± 0.1
	223.6
	50.1
	2T

	A02-ST05
	10307
	30488
	1
	0.038
	0.0083
	0.77
	28.0
	20.0
	138.5
	0.71
	32.7
	1.5 ± 0.1
	251.8
	62.9
	2T

	A02-ST05
	10308
	30491
	1
	0.024
	0.0046
	0.72
	30.4
	28.5
	198.4
	0.94
	37.1
	1.6 ± 0.1
	203.5
	52.4
	2T

	A02-ST05
	10309
	30494
	1
	0.033
	0.0048
	0.72
	47.7
	35.9
	203.8
	0.75
	56.1
	1.4 ± 0.1
	226.1
	50.4
	2T

	 	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	1.5 ± 0.1
	 	 	 
	A02-ST06
	10310
	30497
	1
	0.043
	0.0036
	0.70
	48.7
	84.9
	470.9
	1.74
	68.7
	2.1 ± 0.1
	161.1
	51.6
	2T

	A02-ST06
	10360
	30654
	1
	0.020
	0.0034
	0.73
	14.0
	37.3
	589.3
	2.66
	22.8
	2.8 ± 0.2
	172.8
	54.5
	1T

	A02-ST06
	10361
	30657
	1
	0.058
	0.0040
	0.71
	5.4
	14.1
	150.6
	2.61
	8.7
	
                                          e18.6 ± 1.2
	135.1
	54.2
	0T

	A02-ST06
	15685
	51179
	1
	0.053
	0.0027
	0.72
	6.8
	4.7
	190.5
	0.69
	7.9
	
                                          e27.8 ± 1.7
	153.7
	52.0
	1T

	A02-ST06
	15915
	51501
	2
	0.022
	0.0071
	0.74
	6.9
	10.7
	192.1
	1.55
	9.4
	3.5 ± 0.2
	184.1
	51.9
	1T, 1T

	 	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	2.5 ± 1.7
	 	 	 
	A02-ST07
	10314
	30509
	1
	0.078
	0.0076
	0.78
	8.4
	11.5
	97.4
	1.37
	11.1
	9.6 ± 0.6
	182.7
	64.4
	0T

	A02-ST07
	10315
	30512
	1
	0.234
	0.0065
	0.78
	26.6
	44.6
	225.3
	1.68
	37.1
	10.2 ± 0.6
	242.4
	62.3
	1T

	A02-ST07
	10316
	30515
	1
	0.111
	0.0050
	0.74
	15.5
	31.7
	117.5
	2.05
	22.9
	10.6 ± 0.7
	173.6
	53.6
	0T

	A02-ST07
	10317
	30518
	1
	0.055
	0.0046
	0.74
	8.1
	16.3
	146.7
	2.01
	11.9
	10.8 ± 0.7
	231.6
	53.3
	1T

	 	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	10.3 ± 0.6
	 	 	 
	A02-ST08
	10318
	30521
	1
	0.043
	0.0042
	0.70
	12.8
	22.5
	197.2
	1.76
	18.1
	6.5 ± 0.4
	223.5
	47.8
	2T

	A02-ST08
	10319
	30524
	1
	0.042
	0.0038
	0.73
	12.9
	22.9
	201.7
	1.78
	18.3
	6.6 ± 0.4
	216.8
	50.1
	1T

	A02-ST08
	10320
	30527
	1
	0.059
	0.0040
	0.72
	14.6
	29.0
	251.9
	1.99
	21.4
	7.7 ± 0.5
	245.1
	47.6
	1T

	A02-ST08
	10321
	30642
	1
	0.032
	0.0045
	0.72
	8.7
	15.1
	154.1
	1.74
	12.2
	6.5 ± 0.4
	191.8
	53.1
	2T

	 	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	6.8 ± 0.9
	 	 	 
	A02-ST09
	10322
	30537
	1
	0.055
	0.0022
	0.68
	21.7
	29.6
	275.9
	1.36
	28.7
	10.3 ± 0.6
	166.3
	44.1
	1T

	A02-ST09
	10323
	30540
	1
	0.030
	0.0010
	0.55
	26.1
	37.7
	500.5
	1.44
	35.0
	12.1 ± 0.8
	105.8
	34.5
	2T

	A02-ST09
	10325
	30546
	1
	0.034
	0.0024
	0.68
	10.6
	21.3
	183.6
	2.01
	15.6
	11.0 ± 0.7
	114.5
	45.5
	0T

	A02-ST09
	10378
	30690
	2
	0.023
	0.0037
	0.62
	6.1
	18.8
	187.6
	3.08
	10.5
	
                                          e7.7 ± 0.5
	136.8
	36.7
	0T, 0T

	 	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	11.1 ± 2.3
	 	 	 
	A02ST12
	14741
	47702
	1
	0.126
	0.0067
	0.77
	13.1
	14.7
	134.8
	1.12
	16.6
	12.0 ± 0.7
	210.1
	56.2
	0T

	A02ST12
	14742
	47705
	1
	0.193
	0.0049
	0.77
	16.0
	4.6
	109.0
	0.29
	17.1
	
                                          e24.4 ± 1.5
	132.8
	60.8
	0T

	A02ST12
	14743
	47708
	1
	0.245
	0.0096
	0.81
	20.1
	7.9
	135.6
	0.39
	22.0
	11.8 ± 0.7
	207.3
	67.8
	0T

	A02ST12
	14744
	47711
	1
	0.213
	0.0090
	0.81
	21.2
	5.6
	110.5
	0.26
	22.5
	10.6 ± 0.7
	174.0
	71.7
	0T

	 	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	11.4 ± 0.8
	 	 	 
	A02-ST13
	10326
	30549
	1
	0.041
	0.0071
	0.77
	3.9
	7.8
	223.0
	2.00
	5.7
	
                                          e10.4 ± 0.6
	146.2
	69.3
	0T

	A02-ST13
	10327
	30552
	1
	0.084
	0.0090
	0.78
	13.5
	23.9
	433.8
	1.77
	19.1
	5.0 ± 0.3
	250.8
	59.6
	0T

	A02-ST13
	10328
	30555
	1
	0.067
	0.0035
	0.73
	33.4
	42.6
	408.2
	1.28
	43.4
	5.0 ± 0.3
	195.0
	51.1
	1T

	A02-ST13
	10329
	30558
	1
	0.093
	0.0089
	0.79
	14.0
	19.2
	463.8
	1.37
	18.5
	5.7 ± 0.4
	211.3
	64.9
	0T

	 	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	5.2 ± 0.9
	 	 	 
	A02-ST15
	10330
	30561
	1
	0.086
	0.0034
	0.74
	15.4
	51.0
	353.1
	3.31
	27.4
	10.1 ± 0.6
	148.4
	61.6
	1T

	A02-ST15
	10331
	30564
	1
	0.054
	0.0057
	0.75
	5.9
	22.5
	220.9
	3.81
	11.2
	9.1 ± 0.6
	148.4
	61.6
	0T

	A02-ST15
	10332
	30567
	1
	0.073
	0.0021
	0.65
	11.3
	39.2
	280.6
	3.47
	20.5
	
                                          e21.4 ± 1.3
	174.0
	41.1
	1T

	A02-ST15
	10379
	30693
	2
	0.064
	0.0054
	0.68
	7.6
	26.6
	215.2
	3.50
	13.9
	10.1 ± 0.6
	118.6
	47.8
	0T, 0T

	 	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	9.7 ± 0.7
	 	 	 
	
                            Durango apatite standard
                          
	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 
	Durango
	10337
	30455
	–
	3.937
	–
	1.00
	15.81
	–
	–
	–
	–
	31.2 ± 1.9
	–
	–
	–

	Durango
	10359
	30621
	–
	9.678
	–
	1.00
	15.59
	–
	–
	–
	–
	31.7 ± 2.0
	–
	–
	–

	Durango
	10381
	30699
	–
	9.738
	–
	1.00
	17.09
	–
	–
	–
	–
	33.8 ± 2.1
	–
	–
	–

	 	 	 	 	 	 	 	 	 	 	Weighted mean age ± 95% CI
	32.2 ± 2.3
	 	 	 
	 	 	 	 	 	 	 	 	 	 	
                                          fReference age ± 1σ:
	32.1 ± 1.7
	 	 	 

The weighted mean ages and the errors were obtained using Isoplot ver. 4.15 (Ludwig 2012)

                                 aFT is α-ejection correction after Farley et al. (1996)

                                 bEffective uranium concentration, weights U and Th for their alpha productivity, computed as [U] + 0.235[Th] (Shuster et al. 2006)

                                 cMass-weighted average radius is adopted for multi-grain analysis

                                 dCrystal morphology: 2T = idiomorphic whole grain, 1T = broken crystal with 1 termination, 0T = broken grains with no terminations (Brown et al. 2013)

                                 eAnalysis not included in weighted mean age calculation

                                 fThe reference age of Durango apatite is from McDowell et al. (2005)



                     

Dating results
Zircon He and Apatite He (ZHe and AHe, respectively) dating results are given in Tables 2 and 3, respectively. Simultaneous measurement of age standards, namely Durango apatite and Fish Canyon Tuff zircon, yielded reasonable ages overlapping with the reference ages within ±1σ (Tables 2 and 3), indicating accuracy of the dating results.
Reproducibility of grain ages
Although most of the samples indicated reasonable reproducibility of the grain ages, a few samples showed age dispersion greater than expected from the analytical uncertainties and statistical errors (Tables 2, 3; Figs. 2, 3). Apatite and zircon He ages represent the integration of different parameters, such as, grain size (Farley 2000), possible zoning of the parent nuclides (Hourigan et al. 2005), radiation damage (Shuster et al. 2006; Flowers et al. 2009; Gautheron et al. 2009; Guenthner et al. 2013), U- and/or Th-rich mineral inclusions in apatite (Vermeesch et al. 2007), implantation of 4He in apatite from the adjacent minerals (Spiegel et al. 2009), grain fragmentation (Brown et al. 2013; Beucher et al. 2013), chemical composition of apatite (Gautheron et al. 2013), and trapping of radiometric He in fluid inclusions (Danišík et al. 2017). Thus, samples with significant age dispersion reflect slow cooling or a complicated cooling history rather than simple rapid cooling because effects of these parameters are magnified by slow or complicated cooling history (e.g., Gautheron et al. 2009; Brown et al. 2013; Danišík et al. 2017).[image: A40623_2017_661_Fig2_HTML.gif]
Fig. 2Effective uranium (eU) versus (U–Th)/He grain age of zircon. The vertical error bars denote the ±1σ, ±2σ, and ±3σ ranges. The two horizontal red lines indicate the weighted mean age +95% confidence interval (CI) and −95% CI, respectively




                           [image: A40623_2017_661_Fig3_HTML.gif]
Fig. 3Effective uranium (eU) versus (U–Th–Sm)/He grain age of apatite. The vertical error bars denote the ±1σ, ±2σ, and ±3σ ranges. The two horizontal red lines indicate the weighted mean age +95% confidence interval (CI) and −95% CI, respectively




                        
For apatite samples, grain ages generally reproduced reasonably well (Fig. 3), suggesting a simple and relatively rapid cooling history around the closure temperature of the AHe system. Although samples A02-ST03, 04, 06, 09, 12, 13, and 15 contain one or two grains with ages dispersed from the other grains, at least, radiation damage cannot explain the age dispersion sufficiently; because closure temperature of the AHe system increases with effective uranium (eU) (Flowers et al. 2009), eU and grain age should have a positive correlation if the dispersion is derived from radiation damage (cf Fig. 3). Within samples, we adopted grain ages that overlapped with the other grain ages within ±3σ to calculate the weighted mean age of each sample (Table 3; Fig. 3). For A02-ST03, grain ages present a cluster ranging 80–50 Ma, except for one grain yielding an age of ~225 Ma. However, all of the grain ages belonging to the cluster do not overlap within ±3σ. Therefore, we rejected only the grain of ~225 Ma and obtained a weighted mean age of 63 ± 15 Ma. This age is concordant with that of the closest locality, A02-ST02 (64.3 ± 9.5 Ma) (Table 1).
For zircon samples, grain age dispersions are more obvious in a few samples. Four samples, namely A02-ST04, 07, 09, and 15, indicated reasonable reproducibility (within ±3σ), and weighted mean ages were obtained (Table 2; Fig. 2). These four samples are thought to reflect a simple rapid cooling history around the closure temperature of the ZHe system. By contrast, the other four samples, A02-ST05, 06, 08, and 13, yielded scattered grain ages (Table 2; Fig. 2). In these four samples, the grain ages showed a negative correlation with eU, a proxy for radiation damage of crystals (Guenthner et al. 2013), suggesting a slower or more complicated cooling history than the other samples. Thus, we did not calculate the weighted mean ages of the four samples since closure temperature of the zircon He system may vary with eU (Guenthner et al. 2013).

Comparison with previous FT ages
AHe ages range from 64.3 to 1.5 Ma in terms of weighted mean age, showing an obvious contrast among the morphostructural provinces. The ages in the Abukuma Mountains range are 64.3–49.6 Ma, whereas those in the OBR and the Asahi Mountains are between 11.4 and 1.5 Ma (Table 3; Fig. 4a). In the Abukuma Mountains on the fore-arc side, apatite FT ages of 100.0–46.0 Ma have been reported (Goto 2001; Ohtani et al. 2004) (Fig. 1a). Thus, our apatite He dating results agree well with the previously determined FT ages. Apatite FT ages are expected to be older than or equal to the corresponding apatite He ages because the closure temperature of the apatite FT system (90–120 °C for general composition; Ketcham et al. 1999) is slightly higher than that of the apatite He system (55–80 °C; Flowers et al. 2009; Gautheron et al. 2009). Although no apatite FT age was reported in the OBR and the Asahi Mountains on the back-arc side, an apatite FT age of 6.1 ± 0.8 (1σ) Ma was obtained in the Gozu Mountains (Goto 2001) (see apatite FT age to the west of A01-ST17 in Fig. 1a). A direct comparison between the apatite FT age with our apatite He ages is difficult because the sampling localities belong to different mountain ranges. However, both cases commonly suggest rapid post Middle Miocene cooling on the back-arc side and thus do not conflict with one another. Therefore, these observations indicate the accuracy of the He dating results. The weighted mean ages of ZHe are 39.6–11.0 Ma, although they were obtained in the OBR and the Asahi Mountains, not in the Abukuma Mountains. ZHe ages are older than or equal to the corresponding AHe ages, which is consistent with the predicted difference in closure temperatures (160–200 °C for ZHe system; Guenthner et al. 2013).[image: A40623_2017_661_Fig4_HTML.gif]
Fig. 4
                                       a Longitude versus (U–Th)/He age. The weighted mean ages ±95% confidence intervals are shown. The light pink bands indicate approximate range of timing of the three major recent uplift episodes of the NE Japan Arc in 12–9 Ma, 6.5–5 Ma, and after 3 Ma (e.g., Nakajima et al. 2006; Fujiwara et al. 2008; Moriya et al. 2008). b Longitude versus geothermal gradient and sample elevation. Geothermal gradient data of 37.5°N–38.5°N from Tanaka et al. (2004) are plotted. c Mean denudation rates calculated from AHe ages. Purpuric data shown with “?” indicate less reliable denudation rates which might reflect reheating related to magmatism; the computed denudation rates are thought to indicate the maximum value




                        


Geological implications
Interpretation of apparent He ages
In terms of He ages, the OBR and the Asahi Mountains are significantly younger than the formation ages of the granitic bodies in Cretaceous. In addition, the AHe ages of the Abukuma Mountains are younger than or equal to the apatite FT ages of 100.0–46.0 Ma and younger than the zircon FT ages of 102.0–79.2 Ma reported previously in this region (Goto 2001; Ohtani et al. 2004). Therefore, these apparent He ages obviously reflect cooling events post-granitoid intrusions. These apparent He ages can be interpreted as (A) cooling ages following total thermal resetting, (B) cooling ages following cooling from temperatures which only partially reset the He clocks, or (C) mixed ages of multiple populations. Possibility (C) is rejected for the following reasons: (1) the samples were homogeneous granitoids so all grains should have a common thermal history, and (2) as discussed above, reproducibility of the grain ages is generally reasonable (within analytical uncertainties) and over-dispersed samples/grain ages were not included for calculating the weighted mean ages. By contrast, making a distinction between (A) and (B) is difficult owing to the lack of a precise thermal analysis methodology based on He ages. Nonetheless, the He ages definitely indicate that the last cooling events occurred at or after the apparent age; in other words, the ages denote the oldest limit of the last cooling events.

Thermal disturbance due to volcanism
Before reconstructing the regional denudation histories from the cooling ages, possible local thermal effects on ages due to volcanism should be discussed. In the NE Japan Arc, Quaternary volcanoes are distributed along the OBR and parts of the Dewa Hills (e.g., Committee for Catalog of Quaternary Volcanoes in Japan 1999; Tamura et al. 2002). Therefore, the geothermal structure of the NE Japan Arc is complex and quite different from region to region (Fig. 1a). Geothermal gradients on the fore-arc side commonly range ~20 to 40 °C/km (Tanaka et al. 2004). However, slightly higher geothermal gradients of ~30 to 60 °C/km are observed in the OBR and on the back-arc side (Tanaka et al. 2004). Anomalous geothermal gradients >100 °C/km were also reported at some spots along the OBR, for instance, around the Quaternary volcanoes (Tanaka et al. 2004).
However, no Quaternary volcano has been reported around the sampling sites in the Asahi and the Abukuma Mountains (Fig. 1a). Furthermore, all of the dated samples were collected at a distance of >10 km from the Quaternary volcanoes (Fig. 1a). This is important because on the basis of a compilation of temperature logging data of boreholes, Umeda et al. (1999) demonstrated that geothermal disturbance around major volcanoes in Japan is observed generally at <10–20 km from their centers. In fact, geothermal gradients around the sampling sites are equivalent to the background level (Figs. 1a, 4b). Thus, we conclude that the He ages presented in this work have not been affected by any thermal disturbances derived from Quaternary volcanism.
In addition to the Quaternary volcanoes, >80 late Cenozoic calderas were distributed along the OBR (Fig. 1a), formed mainly at 8–3.5 Ma under a NE–SW compressional stress regime (e.g., Yoshida 2009; Yoshida et al. 2013). These calderas might have had a thermal effect on the He ages of samples A02-ST04, 05, 06, and 08 obtained from the OBR. However, the AHe ages of A02-ST05 and 06 are significantly younger than 8–3.5 Ma, which are the formation ages of the calderas, indicating that they reflect later cooling episodes than the aforementioned volcanism. By contrast, the AHe ages of the A02-ST04 and the 08 samples and all of the ZHe grain ages in the OBR, including the samples for which weighted mean ages were not calculated, are older than the caldera age. Thus, it is difficult to eliminate the possibility of reheating due to volcanism because short-term and/or low-temperature reheating events may cause partial resetting of the ages, yielding apparent ages older than the timing of the reheating. Similarly, the AHe age of 5.2 ± 0.9 Ma obtained for A02-ST13 might reflect partial resetting due to reheating because the Myojin-iwa andesite at ~3 Ma (Kondo et al. 2000) is distributed near the locality. A02-ST09 may also potentially have been reheated because the AHe and the ZHe ages overlap within the error range; such rapid and major cooling is difficult to explain by a denudation episode considering the general tectonic history of the NE Japan Arc since the middle Miocene.

Uplift and denudation episodes of mountains in southern NE Japan Arc
By analyzing the sedimentary facies in the adjacent basins, uplift episodes since the middle Miocene were identified on the back-arc side at >5 Ma and post ~3 Ma (e.g., Sato et al. 2004; Moriya et al. 2008) and in the OBR at 12–9 Ma, ~6.5 Ma, and post ~3 Ma (e.g., Nakajima et al. 2006; Fujiwara et al. 2008; Nakajima 2012, 2013). The AHe and the ZHe ages younger than 15 Ma overlap with the three known uplift stages (Fig. 4a). Therefore, these <~15 Ma ages are basically interpreted to reflect episodes of cooling related to uplift and subsequent denudation since the opening of the Sea of Japan. Even though some of the He ages might reflect a cooling from the temperatures at which He ages partially reset, it is likely that the cooling was derived from one of the three uplift stages. Because the apparent ages indicate the oldest limit of the cooling event age, the cooling events prior to the middle Miocene cannot be reflected by the <~15 Ma ages. Furthermore, reheating due to volcanism is less possible for these samples as discussed in the previous section. The ages that might reflect reheating, as discussed in the previous section, are also in accord with the timing of known uplift episodes; these data may thus potentially reflect denudation episodes but are less reliable. Therefore, these data are used as reference values in the following discussions about denudation histories. The AHe ages on the fore-arc side, namely A02-ST01, 02, and 03, were interpreted to reflect the long-term denudation histories because there is no Quaternary volcano and/or late Cenozoic calderas in this area (Fig. 1a).
The AHe and the ZHe ages interpreted to reflect denudation histories indicate an obvious contrast among the three morphostructural provinces (Fig. 4a). This contrast is thought to indicate differences in the uplift and denudation histories among the provinces. The fore-arc side has been stable tectonically and thermally over the Cenozoic; denudation over this duration was calculated to be lower than 1–2 km assuming a general geothermal gradient of ~30 °C/km and surface temperature of ~15 °C considering the closure temperature of the AHe system at ~55 to 80 °C. This estimate is consistent with the previous geomorphic observation; the presence of low-relief erosion surfaces on the Abukuma Mountains implies that peneplanation related to slow denudation for a long period was dominant before the Quaternary uplift (e.g., Kimura 1994). By contrast, the back-arc side and the volcanic front were uplifted after the opening of the Sea of Japan in the middle Miocene, leading to AHe and ZHe ages younger than ~15 Ma. The onset of the uplift of the Asahi Mountains is considered to predate that of the Dewa Hills, which is ~5 Ma at the latest (Moriya et al. 2008). However, the He ages obtained in this study indicate that broad areas of the Asahi Mountains cooled around 10 Ma. This age is consistent with the initial uplift stage of the OBR at 12–9 Ma (Nakajima et al. 2006). This may imply that the temporal uplift occurred at 12–9 Ma not only in the OBR but also in parts of the back-arc side.

Computation of denudation rates
Accurate estimation of denudation rates is not easy because the volcanic front has moved toward the fore-arc side by a few ten kilometers after the opening of the Sea of Japan (Yoshida 2009; Yoshida et al. 2013). Nonetheless, we attempted to make approximate calculations by using the conventional approach based on closure temperature and thermochronometric age considerations:[image: $$ {\text{d}}D/{\text{d}}t = \frac{{T_{\text{c}} - T_{\text{s}} }}{Gt} $$]


where dD/dt is the denudation rate averaged for the duration indicated by thermochronometric age, T
                           c is closure temperature, T
                           s is surface temperature, G is geothermal gradient, and t is thermochronometric age (e.g., Wagner and van den Haute 1992). Here, we calculated mean denudation rates since the timing of the AHe system closure in each locality. T
                           s of 10 °C was adopted, whereas G was set to 30–60 °C/km in the OBR and the Asahi Mountains, and to 20–40 °C/km in the Abukuma Mountains (Fig. 1a). T
                           c was calculated for each sample based on Dodson’s (1973) method (Table 1) because T
                           c varies depending on the cooling rate:[image: $$ {\text{d}}T/{\text{d}}t = \left( {T_{\text{c}} - T_{\text{s}} } \right)/t_{\text{AHe}} $$]



                           [image: $$ \tau = - \frac{{RT_{\text{c}}^{2} }}{{E_{a} {\text{d}}T/{\text{d}}t}} $$]



                           [image: $$ T_{\text{c}} = \frac{{E_{a} }}{{R \ln \left( {A\tau D_{0} /a^{2} } \right)}} $$]


where dT/dt is the cooling rate, t
                           AHe is the AHe age, R is the gas constant (=8.314 J/K mol), Ea is the activation energy (=151.46 kJ/mol), A is the geometric factor (=55 for sphere), D
                           0 is the diffusivity at infinite temperature (50 cm2/s), and a is the dimension of the diffusion domain, that is, radius of grain (arithmetic mean radius of each sample was adopted). T
                           c was computed by performing 10 iterative calculations of dT/dt, τ, and T
                           c by using an appropriate initial T
                           c value, for example, 70 °C. Errors in the denudation rates propagated from those in the weighted mean ages and geothermal gradients. The computed denudation rates are shown in Fig. 4c. The denudation rates are 0.1–0.3 mm/year in the Asahi Mountains, ~0.1 to 1 mm/year in the OBR, and <0.1 mm/year in the Abukuma Mountains. The denudation rates deduced from A02-ST04, 08, 09, and 13 are less reliable owing to the possibility of later reheating, so the rates are interpreted as the upper limit of the denudation rate in each locality.
In calculating the denudation rates, we did not consider the possible warping of isotherms derived from some effects related to mountain building, for instance, advection of mass and heat due to uplift and denudation, and subsurface temperature variation brought about by topographic relief (e.g., Braun 2005; Ehlers 2005). These effects can lead to an erroneous calculation of denudation rates if linear and horizontal isotherms are assumed. Isotherm warping becomes more significant when (1) wavelength of topography is shorter (Stüwe et al. 1994), (2) topographic relief is larger (Stüwe et al. 1994; Mancktelow and Grasemann 1997), (3) denudation rate is higher (Stüwe et al. 1994; Mancktelow and Grasemann 1997),(4) closure temperature of thermochronometer is lower (Mancktelow and Grasemann 1997; Braun 2002; Ehlers and Farley 2003), and (5) a relatively long time has passed since onset of the uplift (Stüwe et al. 1994; Mancktelow and Grasemann 1997; Reiners and Brandon 2006). However, the mountains in the study area generally have moderate widths of ca 40–70 km (Fig. 1a), with moderately low elevation ranging from several hundred to <2000 m at the maximum (Fig. 1b), and relatively slow apparent denudation rates of 0.01–1 mm/year as computed above. In addition, the ongoing uplift of the mountains generally initiated within the last few million years (Nakajima et al. 2006; Moriya et al. 2008). Therefore, we can justifiably exclude the effects of isotherm advection related to mountain uplift in the study area.
Shorter-term denudation and uplift rates have been reported in the study area based on other methods. Mean denudation rates within the last few tens of years were calculated to be ~0.1 mm/year in the Abukuma Mountains and ~0.5 mm/year in the Asahi Mountains based on relationships between altitude dispersion in drainage basins and denudation rates deduced from sediment loads in catchments (Fujiwara et al. 1999). Denudation rates over the Holocene time scale in the Abukuma Mountains were also determined to be ~0.1 mm/year or lower based on cosmogenic nuclide data (e.g., Shiroya et al. 2010; Regalla et al. 2013; Matsushi et al. 2014). In addition, bedrock uplift rates in the last 105 years were estimated to be 0.2–0.6 mm/year or higher on the eastern margin of the Abukuma Mountains (e.g., Suzuki 1989), ~0.5 mm/year on the eastern margin of the Asahi Mountains (Miyauchi et al. 2004), and up to 0.5 mm/year on the western margin of the Asahi Mountains (Ikura and Ota 2003) by using present altitudes and emergent ages of marine and/or fluvial terraces.
These data indicate that shorter-term denudation rates are generally higher. In addition, bedrock uplift rates and shorter-term denudation rates are comparable in the Asahi Mountains, whereas the bedrock uplift rates are greater than the shorter-term denudation rates in the Abukuma Mountains. This observation is interpreted to imply that steady-state conditions between denudation and bedrock uplift (e.g., Ohmori 1978; Yoshikawa 1984) have been attained in the Asahi Mountains but not in the Abukuma Mountains probably owing to the slow uplift rates and later initiation of the ongoing uplift.

Implications for uplift mechanism of mountains in NE Japan Arc
The denudation rates of the OBR increase from base to peak (Fig. 4c)—even though denudation rates deduced from A02-ST04 and 08 are less reliable, these data can indicate the maximum denudation rate in each locality. This observation might also be common in the Asahi Mountains, although the computed denudation rates may not be reliable; in the two localities of the inner part of the Asahi Mountains, namely A02-ST09 and 13, denudation rates may be overestimated as discussed above (Fig. 4c). In contrast, the Kiso Range and northern part of the Akaishi Range, fault-block mountains in the SW Japan Arc, yield younger thermochronometric ages, that is, higher denudation rates, near the marginal fault(s) rather than around the ridges (Sueoka et al. 2011, 2012, 2015, 2016). These differences in spatial denudation patterns may reflect variations in the uplift mechanism. The denudational pattern of the OBR (and Asahi Mountains?) can be explained if the bedrock uplift rate attains the maximum value at the ridges and decreases toward both bases (see Figure 12 of Sueoka et al. 2015). Such an uplift pattern may result, for example, from folding related to thick sediments, domal uplift due to magmatic intrusion, and/or localization of strain along the hotter and softer volcanic centers.
Various models have been suggested for the uplift mechanism of mountains on the back-arc side and the OBR, but these are still debatable. Some of the major uplift mechanisms suggested are as follows: folding and faulting (Kaizuka and Chinzei 1986), repeated intrusions of Quaternary magma along “hot fingers” in mantle wedges (Tamura et al. 2002), and reactivation of faults under compressive stress regimes (Nakajima et al. 2006). Recently, Fukahata (2016) suggested that mountains in these regions were formed owing to the localization of deformation along hot and weakened regions. In other words, considering the regional stress field changes in the NE Japan Arc (Yoshida et al. 2013), mountains orthogonal to the arc were formed on the back-arc side along “hot fingers” under NE–SW compression prior to ~3 Ma, whereas the arc-parallel OBR was formed along the volcanic front under E–W compression since ~3 Ma (Fukahata 2016). In addition, Shibazaki et al. (2016) illustrated that high uplift rates along the OBR can be well explained by plastic deformation based on the thermal structure of the crust and the uppermost mantle, as well as the E–W compressional tectonic regime, over 1.5 million year.
Although the detailed mechanism of mountain uplift in these regions is still debatable, it can be attributed plausibly to both tectonic and magmatic factors. Therefore, as suggested by our thermochronometric data, it is also possible that the bedrock uplift patterns of the mountains in the NE Japan Arc are different from those of the mountains in the SW Japan Arc, where volcanism is not so predominant. For verification of the previous models on mountain formation in NE Japan and gaining a more detailed understanding of the uplift mechanism of each range, it is desirable that additional He and FT data be acquired in combination with thermo-kinematic modeling.

Interpretation of ZHe ages older than ~30 Ma
Three of the four ZHe weighted mean ages are older than the timing of the opening of the Sea of Japan (Tables 1, 2). They may reflect an uplift and exhumation episode that occurred in the East Asian continental margin prior to the opening of the Sea of Japan. In addition, the negative correlation between eU and ZHe grain ages observed for four samples (A02-ST05, 06, 08, and 13) might be also informative for reconstructing the Paleogene to the Neogene thermal histories (Fig. 2). These ZHe data may therefore have important implications for uncovering the process and mechanism of the tectonic movement of the NE Japan Arc during the opening of the Sea of Japan, as well as for uncovering the tectonic history of the NE Asia continental margin prior to the opening. It might be noteworthy that the negative correlation between eU and ZHe grain ages is only observed for samples for which young (<~5 Ma) AHe ages are obtained. This observation suggests that these samples experienced a relatively complicated thermal history around the closure temperature of the ZHe system. Inversion tectonics has generally resulted in more uplift since the late Pliocene in the regions where subsidence related to rifting was dominant during the middle Miocene (e.g., Okada and Ikeda 2012; Nakajima 2013). Therefore, dispersed ZHe ages might reflect reheating due to subsidence and burial during opening of the Sea of Japan. For verification of the interpretations above, further thermochronometric studies in other localities together with other thermochronometers are required.


Conclusions
We report the first He thermochronometric results and reconstructed uplift and denudation histories from mountains across the NE Japan Arc. The major results and interpretations are as follows:	1.Weighted mean AHe and ZHe age data range between 64.3–1.5 Ma and 39.6–11.0 Ma, respectively. AHe ages show obvious contrast among the different morphostructural provinces: 64.3–49.6 Ma in the Abukuma Mountains on the fore-arc side, and 11.4–1.5 Ma in the OBR along the volcanic front and the Asahi Mountains on the back-arc side.


 

	2.In the Abukuma Mountains, slow cooling over most of the Cenozoic is estimated, which is consistent with previously reported FT ages and geomorphic observations. AHe and ZHe ages in the back-arc side are interpreted to generally reflect the denudation history, although reheating events due to magmatism may be a possibility in a few localities. Based on the AHe age data, onset of the uplift of the Asahi Mountains is estimated to be ~10 Ma.


 

	3.Denudation rates were calculated to be ~0.1 to 0.3 mm/year in the Asahi Mountains, ~0.1 to 1 mm/year in the OBR, and <0.1 mm/year in the Abukuma Mountains. The denudation rates increase with elevation from base to ridge in the OBR (and perhaps in the Asahi Mountains), which is in contrast to the denudation patterns reported for fault-block mountains in the SW Japan Arc. The difference may imply a variation in uplift mechanisms between the two regions.


 

	4.Although additional investigations are desirable for further verification of the interpretations presented above and for further discussion, thermochronometry is generally useful for reconstructing the uplift and denudation histories across the NE Japan Arc, a typical island arc setting, as long as the possible thermal effects of magmatism are considered carefully.
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