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Abstract: There was a hiatus in magmatism in Korea and Japan, located on the eastern continental
margin of Asia, during a period of about 40 Ma from 160 Ma to 120 Ma. The cause of the resumption of
magmatism since then is not yet well understood. In this study, we analyzed the Hf isotope composition
of detrital zircons in the Cretaceous sediments of Korea (Hayang Group) and Japan (Goshoura and
Himenoura groups) to investigate the tectonic evolution of eastern Asia in the Early Cretaceous
period. ep(t) in Cretaceous zircons from Japanese samples values from +8.2 to +0.1, suggesting
that magmatism was sourced from the depleted juvenile materials, which is compatible with ridge
subduction and subsequent melting of the young oceanic crust. ep¢(t) values from Cretaceous zircons
in the Hayang Group are negative, except for the Jindong Formation, which had a sediment supply
from Japan, indicating that the old continental crust material of the Korean Peninsula was included in
the magma generation. The detrital zircons of this study exhibit a depleted isotopic character at the
beginning of subduction-related magmatism in Permian and Early Cretaceous, and then gradually
change to a more enriched composition. This trend may be a typical example of the Pacific-type
orogenic cycle.

Keywords: Gyeongsang Basin; Goshoura Group; Himenoura Group; detrital zircon; Hf isotope; U-Pb
age; ridge subduction; Pacific-type orogen

1. Introduction and General Geology

The assembly of continental fragments in East Asia appears to have been completed during the
Early Triassic period, when there was a continental collision between North China and South China
blocks [1,2]. In the process of assembling continental fragments such as South China Block, North
China Block, and Japanese Islands in this region, the Paleo-Pacific plates to the east have subducted
below them and have triggered various tectonic activities and tectono-magmatic processes, including
subduction-related magmatism [3-5], metamorphism [6-8], and terrestrial basin formation [9-11].
However, in the eastern margin of the Eurasia continent, especially in Japanese islands, igneous
activities related to subduction of the Paleo-Pacific plate are observed even long before its complete
assembly. The Japanese Islands have been affected by the subduction of Paleo-Pacific plates since about
500 Ma [12]. Since this time, there were several cyclic igneous activities called Pacific-type orogeny, and
arc-related pull-apart sedimentary basins developed within the Japanese Islands [5,13]. As a result,
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the Japanese islands today consist mainly of tectonic units such as Paleozoic to Cenozoic accretionary
complexes, high-pressure metamorphic belts, granite batholith suits, and sedimentary basins [5].

During the Phanerozoic subduction of Paleo-Pacific plates in the East Asian continental margin
formed tectonic cycles repeated several times. It has been suggested that each cycle begins with an ocean
ridge subduction (e.g., the Renge (Carboniferous), Farallon (Triassic), Izanagi (early Cretaceous), and
Kula (late Cretaceous) [5]). The subduction of the Izanagi plate produced coeval Cretaceous orogenic
components such as the Sanbagawa high-pressure metamorphic belt, the Sanbosan accretionary
complex, the Ryoke-Sanyo batholith belt, and several sedimentary basins [13-15]. When each of these
cycles begins and ends, and what characteristics do each of these cycles have over time is important in
understanding these tectonic cycles. For example, the Mesozoic magmatism in Korea and Japan had a
quiescent period from about 160 Ma to about 120 Ma [16-18].

The detrital zircons in sediments are suitable for studying the history of magmatism because they
can comprehensively sample magmatism in the sediment source area and thus record the petrologic
history of an arc. The detrital zircons of the Cretaceous basins of the Korean peninsula and Japanese
islands, created by tectonic regime change during the Early Cretaceous period, are thought to be
recording these changes in tectonic settings and magmatism [11,19,20]. The U-Pb age and Hf isotopic
data of the detrital zircon can be used to trace the origin of the sediments, to limit the maximum
deposition time, and to trace the tectonic environment and source materials of the magma-generated
magma [21]. This study attempts to find out the temporal distribution of magmatism before the
sedimentation by finding the distribution of U-Pb ages from the detrital zircons of the Cretaceous
sediments in these regions, i.e., the Hayang Group in the southeastern Korean peninsula and Himenoura
and Goshoura Group in SW Japan. From this, we verify the resumption period of early Cretaceous
subduction-related magmatism, and also attempt to clarify the characteristics and tectonic settings of
magmatism in that period through Hf isotope analysis of these zircons.

Sedimentary basins were produced in many places in Korea and Japan in the Cretaceous Period.
The largest of these is the Gyeongsang Basin in the southeastern part of the Korean peninsula and consists
of Sindong, Hayang, and Yucheon groups from the bottom. The Gyeongsang Basin was produced as
a terrestrial back-arc basin [9]. No evidence of igneous activity in the early stages of basin formation
was found, but detrital zircons with an age of about 128 Ma were found in the Nakdong Formation,
the lowest layer, limiting the timing of basin formation [11]. Compared to the Sindong Group, where
the detrital zircons of the Cretaceous age rarely appear, the overlying Hayang Group includes a high
proportion of Cretaceous age zircons, especially those from about 120-110 Ma [19]. This indicates that
there was enhanced igneous activity from this period and the tectonic environment gradually changed
to intra-arc [19]. Cretaceous basins exist in several places in Southwest Japan. Among them, the Kanmon
Group in Kyushu seems to have provenance of much of the sediment in the Korean Peninsula [22],
suggesting that it was linked to Gyeongsang Basin at the time of deposition. The Cretaceous basins
in Kyushu, unlike Korea, exhibit the characteristics of marine basins. However, there is evidence that
sediments originated from the Korean Peninsula as detrital zircons include Paleoproterozoic ages, which
are not present in Japan but characteristic of Precambrian basement rocks on the Korean Peninsula [22].

The Upper Cretaceous Himenoura Group and Geoshoura Group are distributed throughout the
region including the Amakusa Islands, Kosikijima Islands, and the Uto Peninsulain in the western
side of Kyushu (Figure 1) [23-25]. The basement rocks of Amakusa Island and the Uto Peninsula
consist mainly of Cretaceous Higo plutonic-metamorphic rocks and Nagasaki metamorphic rocks [24].
The unconformably overlying rocks are composed of the Cretaceous Goshoura Group, Himenoura
Group, Paleogene Miroku Group, Hondo Group, Sakasegawa Group, Neogene Kunhinotsu Group,
and Paleogene to Neogene granitoids intruding into them. The Goshoura group is mainly distributed
on the islands of Goshoura and Shishijima, which is the eastern part of the Amakusa Islands, and
unconformably overlies the Higo Granitoids. The Goshoura Group is divided into Eboshi, Enokuchi,
and Karakizaki formations in ascending order and consists of pebble bearing sandstone, sandstone and
mudstone. Depositional environments of the Goshoura Group vary from terrestrial to marine deposits
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(e.g., floodplain, intertidal zone, and continental shelf) because of effects on sea-level fluctuation caused
by repeated transgression and regression. Abundant mollusk fossils such as ammonite and bivalve
have been reported from this group, suggesting that the sedimentation of the Goshoura Group ranges
from Albian to Cenomanian [26,27].
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Figure 1. Geological map of the Gyeongsang basin in southeastern Korea (after Lee et al. 2018) [19] and
the Amakusa Islands (after Saito et al. 2010) [23] with sample locations. (a) East Asia map including
Korea and Japan. The positions of Kyushu and the Gyeongsang Basin are marked in red. (b) The inset
within Kyushu marks the location of the Amakusa Islands and Uto Peninsula, where the Cretaceous
Himenoura and Goshoura groups are distributed. (c) The distribution of the Cretaceous Himenoura
and Goshoura groups and sampling locations from them are shown. (d) It is a schematic geological
map of the Cretaceous Gyeongsang basin and also shows the sampling locations in the Hayang Group.
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The Himenoura Group extends from northeast to southwest and is exposed to the northeast of
the Amakusa Islands. It is unconformable overlying the Higo plutonic and metamorphic rocks and
the Goshoura Group and unconformably overlained by the Paleogene Miroku Group. The Himenora
group is divided into lower subgroup and upper subgroup, the former consists of the lower Hinoshima
Formation and the upper Amura Formation, and the latter consists of four formations from the U-Ilayer
to the U-1V layer. Lower Hinoshima Formation is characterized by sedimentation of fining-upward
sequences consisting of conglomerate, sandstone and mudstone, and upper Amura Formation is
characterized by alternation of mudstone and sandstone. The Himenoura Group shows a variety of
sedimentary environments from shallow marine to continental slopes and as well as pelagic deposits.
In addition, the sedimentary environmental characteristics of the incised valleys have been reported
from the lower part. Diverse fossils such as foraminiferas, radiolarians, ammonoids, and inoceramids
have been found from the Himenoura Group, suggesting ages from Santonian to Campanian [28,29].
Recent zircon U-Pb age determination from felsic tuffs and suggested that the depositional ages of
Hinoshima and Amura Formation were 85.4 + 1.3 Ma (n = 15, MSWD = 0.83) and 81.5 + 1.1 Ma (n = 20,
MSWD = 1.3), respectively [25].

The Gyeongsang Basin is a Cretaceous non-marine sedimentary basin located southeast of the
Korean peninsula (Figure 1). The west and north of the Gyeongsang Basin are surrounded by the
Yeongnam Massif consisting of Paleoproterozoic metamorphic rocks and Mesozoic granitoids that
intrude them. The east and south of the Gyeongsang basin face the sea. The Cretaceous Gyeongsang
Supergroup deposited in the Gyeongsang basin consists of Sindong, Hayang, and Yucheon groups in
ascending order [30]. The Hayang Group of the Miryang sub-basin is composed of Chilgok Formation,
Silla Conglomerate, Haman Formation, and Jindong Formation in ascending order [31]. These formations
were deposited in either alluvial, fluvial, or lacustrine environments [32]. In the lower layers of the
Gyeongsang Basin, sediments were supplied by waters flowing from the west and northwest [33-36],
but sediments constituting the upper layers were supplied from streams flowing from the east, the
direction of the Japanese islands connected to the Korean Peninsula at the time [32,37-39]. The maximum
depositional ages of the four formations constituting the Hayang Group defined from the youngest U-Pb
age populations of detrital zircons are as follows; 109 Ma for the Chilgok Formation, 106 Ma for the Silla
Conglomerate, 105 Ma for the Haman Formation, and 100 Ma for the Jindong Formation [19].

2. Samples and Analytic Methods

In this study, the hafnium isotopic compositions of detrital zircons were analyzed to study the
characteristics of the subduction-related igneous activity resumed in the Cretaceous period. Therefore,
samples were selected for sedimentary layers that are expected to have many detrital zircons of
Cretaceous age. For the Gyeongsang Basin in Korea, we used the Hayang Group samples whose detrital
zircon U-Pb ages have already been reported [19]; two in the Silla Conglomerate (Silal4, KU5) and
one in each of the Chilgok (CG-1), Haman (HA-1), and Jindong (JD-2-1) Formations. For U-Pb age
measurement and Hf isotope analysis, we used two sandstone samples from the upper Cretaceous
Himenoura Group (Kuma-5, Kuma-6-1) and two samples from the mid Cretaceous Goshoura Group
(Kuma-449 and Kuma-450), Kyushu, SW Japan, collected during the IGCP-507 field trip (Figure 1) [24].
Two samples of the Goshoura Group (Kuma-499, 450) were collected from a quarry on Goshoura Island.
Sample Kuma-6 was collected from the lower Hinoshima Formation of the Himenoura group of the Uto
Peninsula. The Kuma-5 sample was taken from the upper Amur Formation of the Himenoura Group
on Kamishima Island.

U-Pb age determination of zircons separated from four samples of the Himenoura and Goshoura
groups was conducted using Sensitive High-Resolution Ion Micro Probe (SHIRMP-Ile/Mc) operated
by Korea Basic Science Institute (KBSI). For the SHRIMP U-Pb age determination, the O,~ primary
ion beam was used with diameter of about 25 um and beam current of 2.0-4.0 nA. Zircon standards
SL13 (U 238 ppm) and FC-1 (1099 Ma) [40] were used for uranium concentration and age calibration,
respectively. All uncertainties for individual analysis points in the data table are quoted at one sigma
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level. Data reduction was performed using the SQUID 2.5 program [41]. Tera-Wasserburg diagrams,
condordia ages, age histograms, and probability density plots were constructed using Isoplot 3.71 [42].
The 2%Pb correction method was applied for 2°°Pb/?38U ages below 1000 Ma, and the 2%*Pb correction
method was applied for 207Pb/2%Pb ages greater than 1000 Ma.

Hf isotope data for zircons were obtained from the same analysis spots as the U-Pb age
measurements. Hf isotope composition was measured in KBSI using a Nu Plasma II multi collector
inductively coupled plasma mass spectrometer equipped with a New Wave Research 193 nm ArF
excimer ablation system (LA-MC-ICPMS). For Hf isotope analysis, 10 Faraday collectors were set up
for simultaneous detection of Hf-Lu-Yb isotopes. Instrument parameters and operating conditions
include spot size 50 um, 10 Hz repetition rate, and energy density of 6-8 J/cm?. He (650 mL/min)
and Nj (2 mL/min) were used as carrier gases for high Hf isotope intensity [43]. The spot depth in
Hf isotope analysis is in the range of 15-30 um. To monitor the measured isotope ratios, we used a
time-resolved analytical (TRA) procedure. Signal intensities for each collector were collected every
0.2 s integration time. Background intensity, dwell time, and wash out time were measured for 35 s,
60 s, and 15 s, respectively. The isobaric interferences of 17614 and 170YD for the 176Hf signals were
corrected using Chu et al. [44] and Vervoort, Patchett, Soderlund, and Baker [45]. The mass bias of
the measured Hf isotope ratio was corrected to 7?Hf/'7”Hf = 0.7325 using the exponential correction
law [46]. All individual analyzes were calculated with 2-sigma uncertainty and data reduction was
conducted with the Iolite 2.5 software program [47].

3. Results

3.1. U-Pb Age of the Detrital Zircons from the Himenoura and Goshoura Groups

Most of the detrital zircons separated from the sandstones of the Himenoura Group and the
Goshoura Group of SW Japan except for one sample (Kuma-5) have crystal shapes of euhedral to
subhedral with well-developed oscillatory growth zoning with no evidence of pre-Cretaceous zircon
or old cores in CL images (Figure 2).

The U-Pb ages for 90 analytical spots for 85 zircon grains from the Himenoura Group and Goshoura
Group of SW Japan are shown in Table A1 and Figure 3. Most zircon grains yield concordant or slightly
discordant U-Pb ages. In the samples other than one (Kima-5), each single concordia age was obtained.
The two samples of the Goshoura Group (Kuma-449, 450) yield concordia ages of 110.3 + 0.7 Ma
(n =32, MSWD = 3.1) and 116.8 £+ 0.8 Ma (n = 15, MSWD = 2.6), respectively. The lower Hinoshima
Formation sample (Kuma-6) of the Himenoura group yields a concordant age of 114.9 + 0.9 Ma (n = 12,
MSWD = 1.4). Unlike these, the upper Amura Formation sample (Kuma-5) of the Himenoura group
yields a wide range of ages from ca 2360 Ma to 86 Ma. The concordia ages of 88.4 + 1.3 Ma (n =6,
MSWD = 0.1), 95.8 + 1.6 Ma (n = 4, MSWD = 1.2), and 254.3 + 1.8 Ma (n = 3, MSWD = 1.2) were
obtained from the sample Kuma-5. Of the four samples analyzed from the Himenoura Group and
Goshoura Group, only Kuma-5 has detrital zircons with ages other than Cretaceous, including Jurassic,
Triassic, Permian, and Paleoproterozoic ones (Figure 4).
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Figure 2. Cathodoluminescence images of studied zircons from the Goshoura and Himenoura Groups.
The red and blue ellipses represent U-Pb analysis and Hf analysis spots, respectively. Four samples are
shown separately; (a) Kuma-449, (b) Kuma-450, (c) Kuma-5, and (d) Kuma-6. The size of spots for Hf
isotope analysis (blue) is larger than spots in U-Pb analysis (red). Only the zircon grains of Kuma-5
contain ages older than Cretaceous and those with more developed roundness than other samples.
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Figure 4. Cathodoluminescence images of studied zircons from the Hayang Group. The small ellipses
are the spots for the previous U-Pb age analysis, and the large ellipses are the spots for the Hf analysis.

3.2. Hf Isotopic Compositions of the Detrital Zircons from the Goshoura and Himenoura Groups, SW Japan

The analyzed Hf isotope compositions of the detrital zircons from the Goshoura Group and
Himenoura Group in SW Japan are listed in Table A2. Of the four samples from the Goshoura Group
and Himenoura Group, three with similar concordia ages of about 110-115 Ma exhibit positive ep(t)
values of +8.5 to +3.6 except for one analysis spot (Kuma-450-3.1) with a value of -7.8 (Figure 5). Their
Topm age ranges from 842 Ma to 560 Ma, and the exceptional spot (Kuma-450-3.1) has an older Topy
age of 1469 Ma. Sample Kuma-5, however, shows a wide range of ey(t) values (+9.3 to —21.1) and
Topm ages (580 Ma to 2805 Ma). Among them, the ep¢(t) values of the Cretaceous zircons are divided
into two groups: +8.2 to +0.1 and —14.7 to —21.1. Jurassic zircon of Kuma-5 has an ep¢(t) value of —19.6
and a Topp age of 2163 Ma. From late Permian to Triassic, zircons have ep¢(t) from +9.3 to +2.6, and
Precambrian zircons range from +3.4 to —3.3.

3.3. Hf Isotopic Compositions of the Detrital Zircons from the Hayang Group, Korea

In this study, Hf isotope composition was also analyzed from detrital zircons of Hayang Group
in Gyeongsang basin, Korea (Table A3), which had already analyzed U-Pb ages [19]. The detrital
zircons of the Hayang Group have a much wider range of U-Pb ages [19] than those of the Goshoura
and Himenoura groups. The ey¢(t) values of detrital zircons of the Hayang Group show significant
changes with geological age. The Cretaceous detrital zircon grains mostly preserve the euhedral shape
with sharp crystal edges, but the older zircon grains tend to develop roundness (Figure 4). In the case
of Cretaceous zircons, which are almost half of all zircons, the ep¢(t) value varies from —27.0 to +9.3
(Figure 5). Interestingly, negative epy(t) values appear in all the lower three formations of the Hayang
Group, and positive values appear only in the Jindong Formation at the top. The ep(t) of the Jurassic
and Triassic zircons ranges from —22.3 to —5.4. In the Jindong Formation, unlike other formations, a
large number of Permian zircons appear and have fairly high positive ep¢(t) values from +11.0 to +13.8.
The Paleoproterozoic and Archean zircons of the Hayang Group show ep(t) values of —32.9 to +7.0
(Figure 5). The Neoproterozoic and Mesoproterozoic zircons of the Hayang Group have a significant
range of the ey¢(t) values from —30.3 to +18.2.
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Figure 5. Plot of zircon epy¢(t) versus crystallization ages. The evolutionary path of the depleted mantle
is based on 76Lu/'7”Hf and 76Hf/V7Hf ratios from Griffin et al. [48]. The evolution lines for the
continental crust with ages of 2500 Ma and 3500 Ma were drawn using the Lu/Hf ratio (=0.081) of
Rudnick and Gao [49]. (a) Plot of zircon ey¢(t) versus crystallization ages for the entire age range. (b) A
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4. Discussion

4.1. Provenance of Detrital Zircons of the Goshoura and Himenoura Groups

The detrital zircon grains of the three of the four samples from the Goshoura and Himenoura groups
(Kuma-499, Kuma-450, and Kuma-6) show euhedral to subhedral shapes with well-preserved crystal
edges instead of showing well developed roundness indicating the relatively short sediment transport
distance (Figure 2). These samples yield single concordia ages with small errors of 110.3 + 0.7 Ma,
116.8 £ 0.8 Ma, and 114.9 + 0.9 Ma, respectively. The Th/U ratios of these zircons (0.25-0.96) are larger
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than 0.1, which is a general criterion that distinguishes igneous zircons from metamorphic zircons [50].
Therefore, it is presumed that these relatively homogeneous detrital zircons originate from igneous
protoliths not far away. In contrast to these, the detrital zircon grains separated from the upper Amura
Formation (Kuma-5) of the Himenoura group show a wide range of age distributions and the degree of
development of roundness of grains. Among the zircon grains of the sample Kuma-5, Cretaceous ones
have euhedral shapes like other samples. However, the older zircon grains show relatively rounded
edges. In particular, the Paleoproterozoic zircon grains have more developed roundness (Figure 2c).
Although the roundness of detrital zircon grains is not a definite quantitative measure of transport
distance, it appears to reflect the degree of age variance and relative transport distance in the analyzed
samples. All the analyzed zircons from Kima-5 have Th/U ratios greater than 0.1, implying igneous origin.
The youngest concordia ages in the Goshoura Group and the Himenoura Group are 110.3 + 0.7 Ma and
88.4 + 1.3 Ma, respectively, somewhat older than previously reported fossil ages [26-29]. Recently, a
slightly younger age of 81.5 + 1.4 Ma was reported from the upper part of the Amura Formation and
was suggested as the maximum depositional age [25]. Thus, these Cretaceous zircons were reworked
from existing rocks or sediments and are not the product of syn-sedimentary volcanic activity. Among
the detrital zircons of sample Kuma-5, the proportion of Paleoproterozoic is about 45%.

The U-Pb concordant ages calculated from detrital zircons of the Goshoura Group and Himenoura
Group were 114.9 + 0.9 Ma, 111.6 + 0.8 Ma, 110.3 + 0.7 Ma, 95.8 + 1.6 Ma, and 88.4 + 1.3 Ma. The U-Pb
ages of the granitoids of the Higo metamorphic belt, the basement rock of Goshoura and Himenoura
Groups, were reported from ca. 117 Ma to 108 Ma [51,52]. These Cretaceous ages of the Higo belt are
consistent with the detrital zircon ages of the Goshoura and Himenoura groups with concordia ages of
about 115 Ma to 110 Ma. Accordingly, the Higo belt is inferred as the main source of the Cretaceous
detrital zircons of about 115-110 Ma deposited in Goshoura and Himenoura Groups. However, the
U-Pb age of Amura Formation (Kuma-5), the upper layer of the Cretaceous Himenora group, shows
ages between 2357 Ma and 86 Ma. More than 45% of these consist of Paleoproterozoic zircons, showing
a different age distribution pattern than the other three samples. Although the Paleoproterozoic
zircons should have been derived from the old continental crust, rocks of that age have not yet been
reported on the Japanese Islands. However, on the Korean peninsula close to Japan, Paleoproterozoic
rocks [53,54] corresponding to the zircon ages of Kuma-5 are exposed to the surface in a large area.
Given the interconnection of the Korean Peninsula and the Japanese Islands before the opening of
the East Sea (Sea of Japan) in Cenozoic [55], the presence of these Paleoproterozoic zircons indicates
the supply of sediments from the inland area, presumably the current Korean Peninsula. We suggest
that the basin-fills from the middle to the upper-middle part of the Cretaceous Basin in the Amakusa
Islands were initially supplied primarily from source rocks in the nearby Higo belt where Cretaceous
igneous rocks of similar age are distributed. However, the sediments of the Amura Formation were
supplied from sources within the nearby Higo belt as well as from the distant inland areas.

The sample Kuma-5 of the Himenoura Group also yielded a Permian concordant age of
254.3 + 1.8 Ma. In fact, Permian igneous rocks have been found in several areas of Japan, including the
nearby Kyushu area. The Usukigawa granodiorite, located in east central Kyushu, has a zircon U-Pb
age of ca. 290 Ma [52]. The Kinshozan Quartz Diorite from the Kanto Mountains, Japan, has a zircon
U-Pb age of 281.5 + 1.8 Ma [56]. Permian zircon U-Pb ages of 292 to 259 Ma have been reported from
granitoids in the Maizuru area [57]. A new U-Pb zircon geochronological study for the paragneisses
from the Tateyama area in the Hida Mountains of north central Japan showed that the detrital zircons
had a core age of about 275 Ma and overgrowth ages due to metamorphism of around 235-250 Ma [58].
However, in the case of the Himenoura Group, considering that Th/U ratios of all zircons are greater
than 0.1 implying igneous origin, it is suggested that Permian igneous rocks from other regions than
the paragneiss of the Hida Mountains were the source of the studied detrital zircons.

Hf isotopic compositions of the detrital zircons are also helpful in tracking the provenance of
sediments. The epy¢(t) values of the Jurassic and Triassic zircons of the Hayang Group ranges from
—18.2 to —5.4 and agree well with typical values for Jurassic and Triassic granitoids known in South
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Korea [59,60]. The Paleoproterozoic and Archean zircons of the Hayang Group have ey(t) values
of —14.8 to +6.9 and are similar to the Paleoproterozoic basement rocks of the Yeongnam massif
surrounding the Gyeongsang basin [54,61]. The Neoproterozoic and Mesoproterozoic zircons of the
Hayang Group appear to have been derived from the Okcheon metamorphic belt in the northwest [19].
During this period, the ep(t) values of zircons show a significant range of changes from —30.3 to
+18.2. The lower values appear to follow the evolution curve of the Archean continental crust, like the
Paleoproterozoic and Archean zircons (Figure 5). However, some higher values seem to reflect the
input of juvenile material from the depleted mantle at the time. This is consistent with the high epy(t)
values reported from constituent members of the Okcheon metamorphic belt, reflecting rifting events
related to breakup in supercontinent Columbia during the Mesoproterozoic [62].

4.2. Resumption of Igneous Activities at about 120 Ma after a Break for 40 Ma

In the Korean peninsula and Japanese islands located at the eastern margin of the Eurasia continent,
there was a long resting period without active magmatism from about 160 Ma to about 120 Ma [16-18].
Therefore, in the detrital zircons of the Cretaceous basins of these regions, ages during this long
magmatic gap are hardly found. In the Nakdong Formation, the lowermost part of the Cretaceous
Gyeongsang basin in the southeastern part of the Korean Peninsula, about 128 Ma of igneous zircons
were found [11]. This age marks the beginning of the deposition of the Nakdong Formation, that is,
the beginning of the development of the Cretaceous Gyeongsan basin. The igneous rock of this age
has not yet been discovered in the Korean Peninsula, but granitoids of about 130-110 Ma are widely
exposed in the Kitakami zone in Northeast Japan [63,64]. The emergence of granitoid plutons of this
age in the Japanese islands indicates the resumption of igneous activity after a similar magmatic gap
on the Korean Peninsula.

In the detrital zircons of the Himenoura Group and the Goshoura Group in southwestern Japan
and the Hayang Group in the southeastern Korean peninsula, zircons of about 120-110 Ma, which
are about 10-20 Ma younger than the Nakdong Formation, are common. Both the Korean peninsula
and the Japanese islands, igneous rocks of this range of age are more common than those of about
120-130 Ma. Granitoids of 109-114 Ma are distributed in the southwestern part of North Korea [65].
In the western and central regions of the Gyeonggi massif in South Korea, igneous activities of about
110 Ma have been reported [66]. In Southwest Japan, several plutonic rocks in the central Kyushu
region have zircon U-Pb ages of 108-117 Ma: Oshima quartz dioritic gneiss, Oshima granitic gneiss,
Ryuhozan gabbro, Miyanohara tonalite, and Mansaka tonalite [51,52]. Zircon U-Pb ages of plutonic
rocks in the southern Abukuma Mountains of Northeast Japan indicate that the intrusion ages of
gabbroic rocks and surrounding granitic rocks ranges from 113 to 100 Ma [67]. Taken together, it seems
that the long paused magmatism has resumed at about 130 Ma in the Kitamami zone in Northeast
Japan. However, in a wide area extending to Southwest Japan and the Korean Peninsula, there seems
to have been active magmatism at about 120-110 Ma a little later.

4.3. Input of Juvenile Mantle Material with Resumption of Magmatism

The detrital zircon of igneous origin retains the original hafnium isotopic value of the melt from
which it was crystallized without post-crystallization radiogenic growth due to the low Lu/Hf ratio.
Therefore, the Hf isotope values of detrital zircons are suitable for examining tectonic environment
related to magmatism in their provenance [21,68]. The results of this study and the age distribution of
Cretaceous granitoids in Korea and Japan show that there was a very active igneous activity from about
130-120 Ma after a magmatic gap of 30-40 Ma beginning at about 160 Ma. The Hf isotope composition
in the detrital zircons of this period are characterized bimodal ep(t) values of quite positive and
significant negative values. Among the analysis results, most of the Cretaceous zircons of the Goshoura
and Himenoura groups in Japan have positive ey(t) values, but in the case of the Hayang Group
on the Korean Peninsula, on the contrary, the Cretaceous zircons of the other formations except the
Jindong Formation show negative values. Among these positive Cretaceous zircons are discussed first,
and other results are discussed later.
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The Mesozoic granitoids of the SW Japan mostly have eng(t) values in the range of —15 to +5 and
an average value of about —4, which is interpreted to have a source rock containing a large amount of
recycled continental crust [69]. However, the Early Cretaceous detrital zircons of the Goshoura and
Himenoura groups have a more depleted value of positive ep¢(t), so it is necessary to investigate the
cause. In general, high eg¢(t) values indicate origin from depleted mantle or juvenile young oceanic
crust, while low ep¢(t) values represent origin from old continental crust sources [70]. Therefore, the
positive () of the Early Cretaceous zircons of the Goshoura and Himenoura groups represents
the input of juvenile materials from the depleted mantle. Meanwhile, Early Cretaceous granitoids in
the Kitakami zone in Northeast Japan have positive ep¢(t) values [63] that are similar to or slightly
higher than the Cretaceous detrital zircons in this study (Figure 5). Early Cretaceous Kitakami granitic
plutons have been suggested to include rocks of adakitic affinity and mostly derived from juvenile
oceanic crustal sources [64]. The generation model of adakitic magma includes the melting of young
oceanic crusts or the melting of eclogite created by underplating these oceanic crusts underneath the
crust [71-74]. The melts generated in this way may contain juvenile materials derived from depleted
mantle in a high proportion, and thus the ep¢(t) value may be quite high [75].

During the early Cretaceous period of 120-110 Ma, numerous igneous rocks were emplaced
over large areas of Japan, including, for example, Ryoke-Sanyo batholith and a number of numerous
granitoids distributed in the Abukuma belt, Sikoku area, and Higo belt [51,52,63-67]. Particular
attention should be paid to the granitoids of Abukuma and Higo belts. These granitoids have zircon
U-Pb ages ranging from 118 Ma to 101 Ma and exhibit the geochemical characteristics of adakite formed
by slab melting of young oceanic crusts (e.g., Shiraishino adakitic pluton [76]). Recently, Maki et al. [51]
conducted U-Pb age determination and Hf isotope analysis of diatexitic migmatite on Higo belts and
obtained an age of 110.1 + 0.6 Ma (n = 11, MSWD = 1.10) and high ey¢(t) values up to +11.8. They
also argued that the presence of diatexitic migmatite with high epy¢(t) values reflects the influence of
the highly depleted mantle and juvenile components, and may be related to the remelting of basalt
produced from the depleted mantle. Coeval igneous rocks affected by depleted mantle-derived juvenile
components have also been reported in Abukuma, in northeastern Japan. Tsuchiya et al. [64] claimed
that the Cretaceous Abukuma granite had an age of 118-117 Ma and the geochemical characteristics
of adakite. Therefore, the inclusion of juvenile mantle materials in magmatism that resumed after a
long resting period was confirmed not only in detrital zircons in sedimentary formations in Southwest
Japan, but also in 120-110 Ma granitoids in Northeast Japan.

4.4. Negative epg(t) Values of Cretaceous Zircons

The ep(t) values of the Cretaceous detrital zircons analyzed in this study show a bimodal
distribution pattern that is divided into a fairly positive group and a significantly negative group. The
positive group appears in Himenoura and Goshoura groups and Jindong Formation, and the negative
group appears mainly in Chilgok, Silla, and Haman formations (Figure 5). That is, the positive group
appears mainly on the Japanese side, and the negative group appears mostly on the Korean side, except
for some zircons of Jindong Formation. One thing to note here is that when Jindong Formation was
deposited, the flow direction of paleocurrent indicates the supply of sediment from the east, or the
Japanese side [32,37-39]. Therefore, the detrital zircons of the positive group appearing in Jindong
Formation may originate from sediment sources in Japan. Considering this, it suggests that the igneous
activities at that time had the characteristics of mainly positive ef(t) in the vicinity of the trench and
significantly negative epy(t) in the inland side. The fairly low e(t) values in the inland indicate that
magma genesis and differentiation processes were affected by old crustal materials below the Korean
Peninsula. A similar range of negative ep¢(t) values can be seen in the Triassic to Jurassic igneous rocks
of the Korean Peninsula [60]. This characteristic also appears in the ep¢(t) values of the Triassic to
Jurassic detrital zircons (=5 to —25) included in sedimentary layers of the Hayang Group (Figure 5)
reflecting the influence of materials from the old continental curst of the Korean Peninsula.
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4.5. Variability of epg(t) Values Over Time

The high e¢(t) values of about 120-110 Ma detrital zircons are somewhat different from those
previously reported from the Cretaceous to Paleogene granitoids from Southwest Japan. For example,
the granitic rocks in the Iwakuni area in Southwest Japan have a zircon U-Pb age of 104-92 Ma and epy¢(t)
in the range of =5 to +0.7 [77]. The results of Sr-Nd isotope analysis for Phanerozoic granitoids from
Southwest Japan generally show negative eng(t) values and high initial 8Sr/8Sr ratios [69]. Therefore,
it is clear that there was a temporal change from the high ep¢(t) values of Early Cretaceous to the lower
values of the later period. When ridge subduction occurs, the volume of the melting zone may be larger
because of the enhanced temperature, and continental materials in the lower crust may be added to
the melt. The magma formed in the later stages through this process may have a larger proportion of
enriched materials compared to the earlier ones mainly derived from the young oceanic crust.

However, the temporal change of isotope values from depleted values to more enriched values
does not appear only in the Cretaceous period. It is known that there was Permian igneous activity
in both Korea and Japan, and it seems that there was no magmatism for a long time before that.
The Permian zircons (270-300 Ma) of the Jindong Formation, which originated in Japan, show that
the epg¢(t) values of Permian granitoids appearing after the dormant period of magmatism are quite
high, ranging from +11 to +14 (Figure 5). The Yeongdeok granite, located in the east-central part
of the Korean peninsula at about 260 Ma, slightly younger than the Permian zircons of the Jindong
Formation, also has adakitic characteristics and at the same time has an ey¢(t) value of about +11.5,
depleted isotopic composition [60]. In the Hayang Group, the e¢(t) values of Triassic to Jurassic
detrital zircons also show a shift toward more enriched isotope composition than those of Permian
(Figure 5). The tectonics of repetitive changes in the efy(t) values in the Pacific type of orogenic cycle
are outside the scope of this study, but it is worth noting.

4.6. Since Early Cretaceous, Japanese Islands Have Moved 1000 km Northeast from Next to South China?

Researchers of the Kitakami adakites argue that the magmatism of the time was caused by ridge
subduction that migrated northward, and that these plutons were translated northeastward more than
1000 km from their original location next to South China [5]. However, considering the relationship with
neighboring blocks, such a long-distance movement is not very persuasive and seems not necessary.
First of all, there seems to be no significant difference in the history of tectonic evolution between
Northeast Japan and Southwest Japan. One of the characteristics of Northeast Japan is the existence of
Early Paleozoic plutons, which are about 500-450 Ma [12,56]. However, evidence of igneous activity in
the Paleozoic era corresponding to this period was also found in Southwest Japan. The LA-ICP-MS
zircon U-Pb geochronology revealed that the intrusion age of Saganoseki quartz diorite was 473.3 +
3.6 Ma [78].

Early Cretaceous tectonic environments also appear to be similar in Northeast and Southwest
Japan. The resumption of subduction-related igneous activity after a long resting period can be
determined by the age of about 130-110 Ma granitoids that occur in various parts of Japan and by
the age distribution patterns of detrital zircons in sediments. In the case of Northeast Japan, the
age of plutons intruded in the Kitakami zone includes those of about 130-120 Ma. In the case of
Southwest Japan, the maximum age of Early Cretaceous plutons or detrital zircons is about 120 Ma,
suggesting that igneous activity may have begun in Northeast Japan slightly earlier than in Southwest
Japan. However, both regions are similar in that the restarted magmatism has a high hafnium initial
isotopic composition, indicating the melting of the material derived from the young oceanic crust.
Since the resumption of magmatism was almost the same and the properties of the source material
were similar, it is highly likely that the two regions shared the same tectonic setting. Several evidences
have suggested that Southwest Japan and the Korean Peninsula were connected to each other in the
Early Cretaceous period [55]. In particular, the research shows that during the Cretaceous period
sediment was supplied from Japan to Korea and from Korea to Japan, depending on the location,
supporting this [19,22,23,79]. This connection between Southwest Japan and the Korean Peninsula in
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Early Cretaceous contradicts the suggestion that Northeast Japan or the whole of Japan is located next
to south China in Early Cretaceous and moved about 1000 km northeast to its present location.

5. Conclusions

Most of the detrital zircons of the Goshoura and Himenoura groups in west central Kyushu
in Southwest Japan have U-Pb ages in the Cretaceous period, but some have older Permian or
Paleoproterozoic ages. The detrital zircons with Paleoproterozoic ages indicate sediment supply from
the inland area, possibly from the Korean Peninsula that was connected during their deposition.
The Cretaceous age of about 120-110 Ma indicates that magmatism resumed after the previous dormant
period, and the Japanese zircons have quite positive ep¢(t) values. These detrital zircons, which appear
to have originated from the igneous rocks of Southwest Japan, are likely to have been produced by
ridge subduction that led to the melting of the young oceanic crust. We suggested that later Japanese
granitoids generally show a more enriched isotope composition as a result of the melting of a wider
volume as the ridge subduction proceeds and contain more crust components. All of the Cretaceous
zircons of the Hayang Group have quite negative ep(t) values, except for the Jindong Formation,
which had a sediment supply from Japan. This is interpreted as the fact that the old continental crust
material on the Korean Peninsula was included in the magma generation. The subduction-related
magmatism started in Permian shows the characteristics of adakite generation and high epy¢(t) value.
Meanwhile, the composition of subsequent magmatisms changed to more enriched. This repetitive
trend of change can be a typical example of the Pacific-type orogenic cycle.
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Table A1. SHRIMP U-Pb results for the detrital zircons from the Goshoura and Himenoura Groups, Southwest Japan.
Spot No. U(ppm)  Th (ppm) Th/U Common 2%Pb (%) 238206 pp + (%) 207pp/206Pp + (%) Apparent A