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1. Introduction

　　Jurassic and Cretaceous accretionary complexes 
(ACs) are widely exposed in the Mitsumine area of the 
Kanto mountains, central Japan (Fig. 1). The ACs were 
subdivided into multiple units based on differences in 
their lithofacies, structures and fossil ages (e.g. Fujimoto 
et al., 1950; Hisada, 1984; Matsuoka et al., 1998; Takahashi, 
2000; Hara et al., 1998, 2010). However, there are still no 
detrital zircon U-Pb ages of terrigenous clastic rocks 

of these AC units. Detrital zircon U-Pb data from 
terrigenous rocks can be used to constrain their tectono-
sedimentary development (e.g. Dickinson and Gehrels, 
2008; Clift et al., 2009; Isozaki et al., 2010; Aoki et al., 
2012; 2014; LaMaskin, 2012; Okawa et al., 2013). Hence, 
detrital zircon data from this area are widely expected to 
contribute to an improved understanding of the tectonic 
development of the Jurassic-Cretaceous ACs in Japan. In 
this study, we conducted detrital zircon U-Pb analyses 
of sandstones from two Jurassic and four Cretaceous 
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accretionary units in the Mitsumine area, using laser-
ablation inductively coupled plasma-mass spectrometry 
(LA-ICP-MS). The name of each unit follows the 
classification by Hara et al (2010) and the geologic time 
scale that of Gradstein et al (2012). 

2. Geologic outline

　　The Jurassic AC (Chichibu belt) and the Cretaceous 
AC (Shimanto belt) extend from the Kanto district to the 
Ryukyu Islands for over 1800 km along the Pacific side 
of SW Japan (e.g. Isozaki and Nishimura, 1989; Isozaki, 
1996). These belts are basically characterized by an 
oceanward-vergent fold-and-thrust structures, and their 
biostratigraphic ages become younger oceanwards and 
structurally downwards. These ACs mainly comprise 
imbricated thrust sheets that internally retain “Ocean 
Plate Stratigraphy (OPS)” (e.g. Matsuda and Isozaki, 1991; 
Kusky et al., 2013) and chaotically-mixed mélange units. 
The mélange units consist of blocks and slivers of basalt 
and chert with sandstone and mudstone matrix; see Taira 
et al. (1988), Isozaki, (1996, 1997), Kimura (1997) and Isozaki 
et al. (2010) for more detailed basic geological information 

of these ACs.
　　The Jurassic AC in the Mitsumine area is divisible 
into two geologic groups, which are bounded by the 
east-west tending Hakutai Fault (Chichibu Geologic 
Research Group, 1966). On the north side of the fault is 
the Nakatsugawa Group (Middle Jurassic), and on the 
south side is the Urayama Group (Late Jurassic-Early 
Cretaceous). Both groups consist mainly of sandstone, 
mudstone siliceous mudstone, chert, limestone, and 
greenstone (Hara et al., 2010). The Urayama group is 
subdivided into three units (Kawanori, Unazawa and 
Gozenyama) from top to bottom separated by thrust 
boundaries (Hisada, 1984; Hara et al., 2010); these three 
units mostly strike N40-60°W and dip 60-70°N or S. Hara 
and Hisada (2005) reported K-Ar illite ages of 76-71 Ma 
from phyllites in the Gozenyama Unit. Our analyzed 
sandstone samples were collected from the Unazawa Unit 
(sample no. KV13-7, lat/long: 35°N, 54’, 30.62”, 138°E, 58’, 
31.83”) and Gozenyama Unit (KV13-8: 35°N, 56’, 25.31”, 138°
E, 57’, 26.74”) (Fig. 1).
　　To the southwest of the Butsuzo Tectonic line (BTL) 
or to the south of the Oboragawa-Oyokesawa Fault, a 
Middle-Late Cretaceous AC within the Ogochi Group is 
widespread in the Mitsumine area (e.g. Iyota et al., 1994; 

Fig. 1　(A) Distribution of Jurassic and Cretaceous ACs in the Mitsumine area, Kanto Mountains, 
central Japan (modified from Hara et al., 2010). Schematic cross-sections along A-B and C-D in the 
main map are also shown.
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Hara et al., 2010) (Fig. 1). This Group commonly strikes 
N 40-70°W and dips 60-80°N or S, and is subdivided 
into the Wanakurasawa, Ichinosawa, Kumotoriyama, 
Happyakudani and Koreisan units in descending order 
(Fig. 1), which are all separated by thrusts. Their main 
constituent rocks are sandstone and mudstone with 
minor greenstone, chert and limestone (e.g. Hara et al., 
2010). For this study we collected sandstone samples from 
the Wanakurasawa (KV13-4: 35°N, 54’, 58.34”, 138°E, 55’, 
45.39”), Ichinosawa (KV13-2: 35°N, 53’, 55.64”, 138°E, 56’, 
2.86”), Kumotoriyama (KV13-14: 35°N, 54’, 33.82”, 138°E, 
49’, 59.05”) and Happyakudani (KV13-13: 35°N, 54’, 2.22”, 
138°E, 49’, 35.92”) units (Fig. 1). Hara et al. (2010) provides 
more detailed geology of the Mitsumine area. In addition, 
we collected meta-sandstone samples from the Futase 
and Kawamata units (see Fig. 1), which were affected by 
Cretaceous greenschist facies metamorphism (Ogawa et 
al., 1988; Hara et al., 1998; Hara and Hisada, 2005, 2007); the 
age data from these two units will be published later.

3. Zircon separation and analytical procedures

　　Detrital zircon grains separated from each sample 
were mounted on a 5 mm acrylic disc and appropriately 
polished. Most are colorless and euhedral with average 
lengths ca. 130μm. Most zircons exhibit oscillatory 

growth zoning from core to rim in cathodoluminescence 
(CL) image (Fig. 2). We dated the igneous oscillatory-
zoned parts of each grain (e.g. Corfu et al., 2003). 
　　In situ zircon U-Pb dating was carried out with a 
Nu AttoM single-collector ICP-MS (Nu instruments, 
Wrexham, UK) coupled to a NWR-193 laser-ablation 
system (ESI, Portland, US) that utilizes a 193 nm 
ArF excimer laser at the Department of Geology and 
Mineralogy, Kyoto University. Detailed analytical 
procedures are given in Appendix A.

4. Results 

　　The LA-ICP-MS U-Pb dating of individual zircon 
grains provided 46, 56, 58, 42, 53 and 66 concordia data 
from samples KV13-7, KV13-8, KV13-4, KV13-2, KV13-
14 and KV13-13, respectively (Appendix Tables 2-7). 
To avoid analytical bias owing to lead loss/addition, 
discordant measurements (over 10% discordance) were 
removed. Figure 4 shows 206Pb/238U age histograms of 
detrital zircons with probability age frequency curves 
that were made with Isoplot/Ex 3 (Ludwig, 2003). 

4.1. Urayama Group
　　The age frequency curve for sandstone (KV13-7) 
from the Unazawa Unit shows three clusters of ages: 

Fig. 2　Representative CL images of the analyzed zircons. The U-Pb ages are shown for each 
LA-ICP-MS analysis spot. The spot size is approximately 15 μm. Scale bar = 50 μm.
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(1) Early-Late Jurassic - ca. 200-160 Ma (29 grains), (2) 
Permian-Triassic - ca. 300-220 Ma (6 grains) and (3) 
Proterozoic ages older than 1030 Ma (11 grains) (Figs. 3A 
and 4A, and Appendix Table 2). The youngest U-Pb age 
is 159.6 ± 4.9 Ma (Late Jurassic). 
　　The Gozenyama Unit (KV13-8) has four distinct age 
clusters: (1) Early Cretaceous ages - 122.7 ± 3.8 and 137.6 
± 4.3 Ma (two grains), (2) Triassic-Jurassic - ca. 210-170 

Ma (32 grains), (3) Permian ages - 270-240 Ma (7grains) 
and (4) Proterozoic ages older than 1480 Ma (15 grains) 
(Figs. 3B and 4B, and Appendix Table 3). 
　　The youngest ages from the two units clearly 
demonstrate that their maximum deposition ages are 
Oxfordian and Aptian, which are largely consistent 
with paleontological data reported from siliceous shales 
in the same units in the Okutama area (e.g. Takashima 

Fig. 3　U-Pb Concordia diagram for detrital zircons from sandstones in the Unazawa Unit (A), the Gozenyama Unit (B), the Wanakurasa-
wa Unit (C), the Ichinosawa Unit (D), the Kumotoriyama Unit (E), and the Happyakudani Unit (F).
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and Koike, 1984; Takahashi, 2000). Moreover, the zircon 
age histograms of both units show that the proportion 
of detrital zircons with Proterozoic ages compared with 
the total number of grains is less than 25 %. This low 
proportion is the same as that of coeval sandstones in the 
Late Jurassic-Early Cretaceous AC in Shikoku, SW Japan 
(Sanbosan AC; Aoki et al., 2012).

4.2. Ogochi Group 
　　Most  U-Pb  da t a  f r om sands t ones  i n  the 
Wanakurasawa (KV13-4), Ichinosawa (KV13-2) and 
Kumotoriyama (KV13-14) units have a mid-early Late 
Cretaceous age range of ca. 120-90 Ma (Appendix Tables 
4-6 and Figs. 3-4). The youngest ages of each sample are 
97.5 ± 2.3, 96.7 ± 4.3, 87.7 ± 1.9 Ma, respectively; these 

Figure. 4. Probability age frequency curves including histograms of detrital 
zircons from each unit.
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are consistent with microfossil data from the equivalent 
units in the Okutama area (Iyota et al., 1994). Also we 
confirm a small number of detrital zircons with Permian-
Jurassic and Proterozoic ages; ca. 260-140 Ma (6 grains) 
and ca. 2560-1850 Ma (3 grains) from sandstones in 
the Wanakurasawa Unit, and ca. 300-170 Ma (5 grains) 
and 2350-1850 Ma (5 grains) in the Ichinosawa Unit, 
but we found no detrital zircons with those ages in the 
Kumotoriyama Unit. 
　　The age histograms show that the Happyakudani 
Unit (KV13-13) has three age clusters: (1) Early-Middle 
Jurassic age - ca. 190-166 Ma (28 grains), (2) Permian-
Triassic - ca. 360-220 Ma (5 grains) and (3) Proterozoic 
ages older than 1670 Ma (33 grains) (Appendix Table 7, 
and Figs. 3F and 4F). The youngest age is 165.5 ± 5.2 
Ma (Middle Jurassic), which is significantly older than the 
microfossil age previously reported from the same unit 
in the Okutama area (Coniacian-Campanian; Iyota et al., 
1994).

5. Discussion

5.1. Constraints on time of deposition
　　The youngest zircon ages from terrigenous rocks can 
be used to constrain the maximum deposition age of their 
host rocks. The youngest zircon U-Pb ages for sandstones 
in the Unazawa and Gozenyama units (Jurassic AC), and 
Wanakurasawa, Ichinosawa and Kumotoriyama units 
(Cretaceous AC) are 159.6 ± 4.9, 122.7 ± 3.8, 97.5 ± 2.3, 
96.7 ± 4.3 and 87.7 ± 1.9 Ma, respectively. As mentioned 
above, those ages are almost consistent with the 
deposition ages inferred from microfossil data reported 
from shales in the same units. The accretion polarity 
shown by the youngest age from each unit indicates 
tectonic-downward growth with time across the BTL. 
This is also consistent with the growth polarity previously 
estimated from biostratigraphic data from shales that 
make up the uppermost part of OPS. Hence, from this 
evidence we can say that the youngest zircon ages do 
indicate the time of deposition of each protolith near the 
oceanic plate convergent margin. Moreover, the tectonic-
downward growth of the AC units with time is provided 
not only by the biostratigraphic ages from the shales, but 
also by the youngest zircon ages from sandstones in each 
AC unit.
　　Regarding the Happyakudani Unit, however, the 
youngest zircon age (165.5 ± 5.2 Ma; late Middle-early 
Late Jurassic) is significantly older than the previously 
reported microfossil age (Coniacian-Campanian; Iyota et 
al., 1994). The age histogram shows that the population 
of Proterozoic detrital zircons is more than 50 % (Fig. 
4). Sakai (1987) described the Jurassic sandstones in the 

Happyakudani Unit occur in allochthonous blocks. In 
addition, the age histogram of Happyakudani sample 
is quite similar to that of Middle Jurassic sandstones 
reported from other areas in Japan (e.g. Isozaki et al., 2010; 
Fujisaki et al., 2014). It follows that the Happyakudani 
sample used in this study is considered to be from an 
allochthonous sandstone block in the Middle Jurassic 
AC. Because Middle Jurassic sandstone blocks have 
not yet been reported from the Kumotoriyama Unit, it 
is suggested that the Middle Jurassic AC was widely 
exposed in the fore-arc region after the deposition of the 
Kumotoriyama Unit at 87.7 ± 1.9 Ma.

5.2. Role of arc batholith formation
　　Our new zircon U-Pb age data show the presence of 
many ca. 200-160 Ma and ca. 120-90 Ma detrital zircons 
in the Jurassic and Cretaceous sandstones, respectively 
(Fig. 4). Maruyama (1997) described that huge granitic 
arc batholiths formed in Jurassic and Cretaceous in the 
western Pacific-type orogen. It follows that detrital 
zircons in the ACs could be supplied from the arc 
batholiths widely exposed in the hinterland at that time. 
Thus, the largest cluster age gaps between the Jurassic 
and Cretaceous sandstones could reflect the shift of 
provenance probably by a change in topographic relief of 
the arc batholith formation in the Cretaceous. 
　　The detrital zircon age data reported from 
sandstones in Late Jurassic-Cretaceous ACs (Aoki et al., 
2012; Saito et al., 2014; this study) tend to contain relatively 
fewer zircons of Proterozoic age (< 30 % or nearly near-
total absence) compered with Middle Jurassic sandstones 
in Japan (e.g. Isozaki et al., 2010; Fujisaki et al., 2014). This 
characteristic indicates a reduced supply of terrigenous 
clastics including Proterozoic zircons in the fore-arc from 
the Late Jurassic to Cretaceous. As to the provenance 
of the Proterozoic zircons in the Late Jurassic and 
Cretaceous AC units in Japan, two possible provenances 
have been considered; one is a Middle Jurassic AC and 
the other is the North-South China blocks (Isozaki et al., 
2010; Aoki et al., 2012, 2014 and references therein). As 
discussed above, it is possible that the Middle Jurassic AC 
was widely exposed on the surface in the fore-arc region 
after 87.7 ± 1.9 Ma. Thus, the main provenance of the 
Proterozoic zircons was most likely the N-S China blocks. 
　　Aoki et al. (2014) concentrated on the terrigenous 
supply system in the Cretaceous Pacific-type orogen in 
Japan and pointed out that Proterozoic zircons originating 
from the N-S China blocks were supplied in abundance 
to the back-arc side, but few reached the coeval fore-arc 
side, and that the change in topographic relief associated 
with arc batholith formation was critical in determining 
and controlling the supply routes of terrigenous clastics 
to the arc-related basins. Therefore, the difference in 
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zircon populations between the Middle Jurassic and the 
Late Jurassic-Cretaceous sandstones would be due to the 
topological change in the fore-arc region. Probably, the 
high-standing batholith served as a barrier to restrict 
the supply route of the terrigenous clastics from the 
back-arc side where the N-S China cratons were widely 
exposed. In addition, the amount of Proterozoic zircons 
in the Middle Jurassic sandstone block (youngest zircon 
age: 165.5 ± 5.2 Ma) included in the Happyakudani Unit 
was significantly decreased compared with that in the 
other Middle Jurassic AC units (youngest ages: ca. 186-
170 Ma; Fujisaki et al., 2014). Hence, the beginning of role 
of arc batholith as a major control of the terrigenous 
supply routes in the Late Jurassic-Cretaceous Japan is 
considered to be at ca. 170-160 Ma.
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関東山地に産するジュラ紀－白亜紀付加体砂岩の砕屑性ジルコン年代：陸弧後背地の変遷
　青木 一勝 1）・磯崎 行雄 2）・坂田 周平 3）・佐藤 友彦 4）・山本 伸次 2）・平田 岳史 3）

1）岡山理科大学理学部基礎理学科，〒700-0005　岡山市北区理大町 1-1
2）東京大学大学院総合文化研究科宇宙地球科学教室，〒153-8902　東京都目黒区駒場 3-8-1
3）京都大学大学院理学研究科地質学鉱物学教室，〒606-8502　京都市左京区北白川追分町
4）東京工業大学地球生命研究所，〒152-8551　東京都目黒区大岡山 2-12-1

日本語要旨　付加体の主体をなす粗粒砕屑岩の後背地情報を得るために，関東山地三峰地域に産する秩父帯ジュラ紀
付加体および四万十帯北帯白亜紀付加体の 6 つのユニットの砂岩から砕屑性ジルコンを分離し，LA-ICP-MS を用いて
U-Pb 年代測定を行った．各ユニットの最も若いジルコン年代は，頁岩産の放散虫年代と一致し，仏像構造線を挟んで，
6 つの付加体ユニットが構造的下位に向かって断続的に成長したことが確認された．ジュラ紀および白亜紀付加体の砂
岩中には各々約 200-160 Ma，約 120-90 Ma のジルコン粒子が卓越し，付加体形成時の陸縁に，直前に形成された弧花
崗岩（バソリス）帯が広域に露出していたことを示す．一方，大陸由来の先カンブリア時代ジルコンの年代頻度は経年
変化し，ジュラ紀末〜白亜紀後期の花崗岩バソリスの形成・上昇・削剝は，大陸内部から当時の前弧域／海溝への砕屑
物の供給経路に大きく影響したと推定される．

対訳　 Mitsumine 三峰，Urayama 浦山，Ogochi 小河内，Unazawa 海沢，Gozenyama 御前山，Wanakurasawa 和名倉沢，
Ichinosawa 市ノ沢，Kumotoriyama 雲取山，Happyakudani 八百谷
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Appendix A

　　In situ zircon U-Pb dating was carried out using a Nu 
AttoM single-collector ICP-MS (Nu instruments, Wrexham, UK) 
coupled to a NWR-193 laser-ablation system (ESI, Portland, US) 
that utilizes a 193 nm ArF excimer laser at the Department 
of Geology and Mineralogy, Kyoto University. The laser was 
operated with an output energy of 〜 9 mJ per pulse, repetition 
rate of 8 Hz and laser spot size diameter of 15μm, providing 
an estimated power density of the sample of < 2.5 Jcm-2. The 
total count of the laser pulse during ablation was 180 shots. The 
ablation occurred in helium gas within a sample cell of < 1ml, 
and then the ablated sample aerosol and helium gas were mixed 
with argon gas downstream of the cell. The helium minimizes 
redeposition of ejecta or condensates, while argon provides 
efficient sample transport to the ICP-MS (Eggins et al., 1998; 
Günther and Heinrich, 1999; Jackson et al., 2004). A baffled-type 
stabilizer (volume: 52 ml) was used (Tunheng and Hirata, 2004), 
and to reduce the isobaric interference, an Hg-trap device with 
an activated charcoal filter was applied to the Ar make-up gas 
before mixing with He carrier gas (Hirata et al., 2005). Prior to 
each individual analysis, regions of interest were pre-ablated 
using a few pulses of the laser with a laser spot size diameter of 
20 or 30μm in order to remove potential surface contamination, 
dramatically reducing common Pb contamination (Iizuka and 
Hirata, 2004).
　　The ICP-MS was optimized using continuous ablation of 
a 91500 zircon standard (Wiedenbeck et al. 1995, 2004), a NIST 
SRM 610 to provide maximum sensitivity while maintaining 
low oxide formation (232Th16O+/232Th < 1%). Data were acquired 

for six isotopes, 202Hg, 204Pb, 206Pb, 207Pb, 232Th and 238U when 
measuring the signal intensity at the peak maximum. For the 
analysis with a Nu AttoM with NWR-193 excimer laser, the ages 
and isotope ratios of zircon samples were calculated using an in-
house excel spread sheet. Gas blank and ablation data for each 
analysis were collected over 〜80 and 〜8 seconds, respectively. 
Data were acquired for multiple groups of 10 unknowns sample-
bracketed by quartets of analyses of the 91500 zircon standard 
(Wiedenbeck et al., 1995, 2004) following a single background 
analysis.
　　Through all the analyses, 202Hg was monitored to correct 
the isobaric interference of 204Hg on 204Pb. Zircon ages can be 
corrected for common Pb contamination based on measurement 
of 204Pb (e.g. Stern, 1997; Storey et al., 2006; Chew et al., 2014). In 
this study, due to the very low 204Pb counts, it was not possible 
to apply the common Pb correction with sufficient precision. 
Therefore, we rejected those data, which showed a significant 
level of contribution from common Pb ((206Pb/204Pb)total < 1000, 
(207Pb/204Pb)total < 100), and no common Pb correction was made. 
　　All uncertainties are quoted at a 2 sigma level to which 
repeatability of measurements of primary standard is propagated 
based on quadratic addition. 235U was calculated from 238U 
using a 238U/235U ratio of 137.88 (Jaffey et al., 1971). Through all 
the analyses, Plešovice (337.13 ± 0.37 Ma, Sláma et al., 2008) 
and AS-3 (1099.1 ± 0.2 Ma, Schmitz et al., 2003) zircons were 
measured as secondary standards for quality control. The 
summary of instrumental settings and the resulting ages of 
secondary zircons are shown in the Appendix Table 1.
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Appendix Table 1　Summary of instrumental settings and the resulting ages of secondary zircons.
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Appendix Table 2　LA-ICP-MS U–Pb isotopic analytical data for separated zircons from the Unazawa Unit (sample 
KV13-7).
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Appendix Table 3　LA-ICP-MS U–Pb isotopic analytical data for separated zircons from the Gozenyama Unit (sample 
KV13-8).



24 Aoki et al. ／ Engineering Geology of Japan, No. 5 (2015) 11-27

Appendix Table 4　LA-ICP-MS U–Pb isotopic analytical data for separated zircons from the Wanakurasawa Unit 
(sample KV13-4).
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Appendix Table 5　LA-ICP-MS U–Pb isotopic analytical data for separated zircons from the Ichinosawa Unit (sample 
KV13-2).
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Appendix Table 6　LA-ICP-MS U–Pb isotopic analytical data for separated zircons from the Kumotoriyama Unit 
(sample KV13-14).
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Appendix Table 7　LA-ICP-MS U–Pb isotopic analytical data for separated zircons from the Happyakudani Unit 
(sample KV13-13).




