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Abstract 22 

Extensive intraplate volcanism in the East Asia regions, including Dokdo and Ulleungdo 23 

(DU), occurred due to the extensional stress field during the Cenozoic era. However, the origin 24 

of these magmas is still controversial. Here we report new results of helium isotopes in olivine 25 

and clinopyroxene phenocrysts as well as major and trace element compositions from the DU 26 

basalts in order to determine the origin of the DU magmas and provide insights into Cenozoic 27 

mantle dynamics in East Asia. The DU volcanic islands were formed by magmatism after 28 

opening of the East Sea (Sea of Japan), a back-arc basin behind the Japanese arc, and are 29 

currently located in the Ulleung basin, one of sub-basins of the East Sea. The 3He/4He ratios 30 

range from 5.7 to 5.9 Ra for Dokdo and 4.5 to 6.0 Ra for Ulleungdo, respectively, similar to 31 

the SCLM range of East Asia (4.6 to 7.7 Ra). Helium isotope compositions indicate that the 32 

depleted asthenosphere or the lower mantle plume might not be the direct source of the DU 33 

magmas. Also, there is no geochemical evidence that the DU magmas were influenced by 34 

subduction-derived components or the HIMU mantle source. Hence, we argue that SCLM 35 

provided enriched geochemical features in the DU basalts, contrary to basalts from other back-36 

arc basins composed of the oceanic crust. In this respect, it is likely that the extended SCLM 37 

may still remain beneath the Ulleung basin. Our helium isotope and trace element mixing 38 

model shows the mixing trend between the metasomatized lithospheric melts and the 39 

asthenospheric melts. In addition, the presence of the low-velocity zone beneath the surface of 40 

the DU volcanoes in seismic tomography implies that the magmas were formed through the 41 

lithospheric melting due to the hot asthenospheric upwelling. Therefore, our study shows that 42 

the DU volcanism was mainly contributed by SCLM and that the lithosphere-asthenosphere 43 

interaction was the main mechanism that led to the Cenozoic magmatism in East Asia. 44 

 45 



1. Introduction 46 

The continental lithosphere of East Asia has undergone considerable thinning during the late 47 

Mesozoic and the Cenozoic (Liu et al., 2019 and references therein). Major extensional event 48 

started from 60 to 50 Ma due to the subduction of the Izanagi-Pacific ridge along the eastern 49 

Eurasia plate margin and the collision of the India plate (Kimura et al., 2018 and references 50 

therein). The extension proceeded as the Izanagi plate separated from the mantle transition zone 51 

and sank into the lower mantle at about 35 Ma, triggering rollback and stagnation of the Pacific 52 

plate (Liu et al., 2019 and references therein). The complex extension of the Pacific-Eurasia-53 

India plate system created the Yinchuan-Hetao and Shanxi-Shaanxi rift systems in North China 54 

Craton, and formed marginal sea basins such as the East Sea (Sea of Japan) and South China 55 

Sea (Fig. 1a and b) (Kimura et al., 2018; Liu et al., 2019). Moreover, the extensional stress 56 

field is suggested to have caused extensive intraplate volcanism during the Cenozoic era in the 57 

North China Craton (e.g., Hannuoba, Fansi, Datong, Qixia, Kuandian, and Longgang), the 58 

Korean peninsula (e.g., Mt. Baekdu/Changbaishan, Jeongok, Boeun, Ganseong, and 59 

Baengnyeongdo; Fig. 1b), and the East Sea (e.g., Dokdo and Ulleungdo; Fig. 1b) (e.g., Choi et 60 

al., 2006; Liu et al., 2019). 61 

The volcanism is characterized by alkaline basalts with enriched trace element patterns similar 62 

to the ocean island basalt (OIB) trend. They typically show mixing between the depleted 63 

MORB mantle (DMM) and the enriched mantle (EM) components in Sr, Nd, and Pb radiogenic 64 

isotope composition (e.g., Chen et al., 2007; Choi et al., 2006). However, controversy remains 65 

over why the magmas were enriched compared to DMM in the formation of the Cenozoic East 66 

Asian basalts. To resolve this, it has been proposed that the Cenozoic basalts were derived from 67 

the heterogeneously enriched asthenospheric mantle (e.g., Choi et al., 2006) or the East Asian 68 

asthenospheric mantle containing the stagnant Pacific slab-derived components (e.g., 69 



Sakuyama et al., 2013). Another scenario is that the SCLM has been melted (e.g., Wang et al., 70 

2011) or the lithospheric mantle and the asthenospheric mantle have undergone interaction (e.g., 71 

Tang et al., 2006). 72 

The Dokdo and Ulleungdo (DU) islands belong to the Cenozoic volcanic systems located in 73 

the East Sea back-arc basin of the Japanese arc system (Fig. 1b) and formed after the opening 74 

of the East Sea. The DU alkali basalts have similar geochemical properties to other Cenozoic 75 

basalts in East Asia, indicating a similar source of magma. For this reason, the DU volcanoes 76 

are suitable targets for investigating the magma origin of intraplate volcanism and the East Sea 77 

opening, the major plate tectonic events in East Asia in the Cenozoic era. There have been 78 

many previous studies on the DU magmas to decipher the origins of these volcanoes. Lee et al. 79 

(2002) and Nakamura et al. (1989) proposed a mantle plume origin model based on the OIB-80 

like geochemical features in the DU magmas, but seismic tomography studies fail to provide 81 

evidence for a plume conduit beneath the region (Chen et al., 2017; Obayashi et al., 2013; Wei 82 

et al., 2012 and references therein). In addition, it has been proposed that the DU basalt 83 

geochemistry is attributed to either the involvement of the enriched asthenosphere source (e.g., 84 

Choi et al., 2006) or enriched sub-continental lithospheric mantle (SCLM) (e.g., Chen et al., 85 

2018; Kimura et al., 2018). 86 

In order to distinguish between these origins, we have analyzed helium isotopes in volcanic 87 

rocks from the DU islands (Fig. 1b). Helium isotopes are efficient tracers of the origin of 88 

intraplate basalts for identifying magma sources, because the inertness of helium to chemical 89 

reactions allows to preserve helium isotope compositions without being significantly affected 90 

by various geological processes. Due to the aforementioned characteristics, helium isotope 91 

ratios (3He/4He) are useful to distinguish between different mantle reservoirs. For example, 92 

depleted asthenosphere shows uniform 3He/4He ratios (8±1 Ra, where Ra is the atmospheric 93 



3He/4He ratio, 1 Ra = 1.39 x 10-6; Graham, 2002), while fertile lower mantle has higher 3He/4He 94 

ratios than depleted mantle (> 9 Ra; Stuart et al., 2003). The 3He/4He ratios of SCLM remain 95 

poorly understood, but they are thought to have radiogenic and a wider range than the DMM, 96 

and the average 3He/4He range of the global SCLM (6.1±0.9 Ra) was reported by Gautheron 97 

and Moreira (2002). Based on the helium isotope compositions of monzonites from Ulleungdo 98 

(up to 6.4 Ra), Kim et al. (2008) suggested that the Ulleungdo felsic plutonic rocks are 99 

produced by differentiation of basaltic magmas erupted from 1.37 to 0.97 Ma (Kim et al., 1999), 100 

and that the magma was sourced in SCLM or asthenospheric melts affected of crustal 101 

assimilation. However, the helium isotope compositions of differentiated felsic rocks can be 102 

affected by degassing, diffusion, or contamination with crustal components, and mafic volcanic 103 

rocks are typically used. In this study we report new analyses of olivine and clinopyroxene 104 

phenocrysts from primitive basalts in order to (1) determine the origin of the DU magmas and 105 

(2) provide insights into Cenozoic mantle dynamics in East Asia. 106 

2. Geological setting 107 

Back-arc basins in the western Pacific region (Fig. 1a) have been created by extension due to 108 

subduction of the Pacific plate (e.g., Kimura et al., 2018). The East Sea (Sea of Japan) back-109 

arc basin behind the Japanese arc, formed by the subduction of the Pacific plate beneath the 110 

Eurasian plate, is comprised of three sub-basins: Yamato, Japan, and Ulleung basins (Fig. 1b). 111 

The East Sea opening began with the crustal thinning in the early Oligocene (ca. 32 Ma) or 112 

earlier, and then the Japan and Yamato basins began to form. Seafloor spreading occurred from 113 

28 to 18 Ma in the Japan basin and parts of Yamato basin (e.g., sites 794 and 797) (Jolivet and 114 

Tamaki, 1992; Tamaki et al., 1992). Crustal extension was most active in the early Miocene 115 

(ca. 20-15 Ma), which coincided with the opening of a pull-apart basin (Ulleung basin). Several 116 

studies (e.g., Chen et al., 2015; Shuto et al., 2015 and references therein) have suggested that 117 



back-arc basin basalts (BABBs) from the ODP 794 and 797 sites and NE Japan had enriched 118 

characteristics due to the thick fertile SCLM beneath East Asia in the earlier opening stage (ca. 119 

28-18 Ma). However, as the opening progressed, the contribution of SCLM gradually 120 

decreased with the continental lithosphere thinning. Instead, the effects of the asthenospheric 121 

mantle upwelling became dominant, which led to a progressive change from EM to DMM 122 

signatures of BABBs formed between about 18 and 15 Ma. After about 15 Ma, the arrival of 123 

Philippine Sea plate changed the stress field in the East Sea from transtensional to 124 

compressional, and back-arc opening gradually stopped (Jolivet and Tamaki, 1992). Unlike the 125 

Japan or Yamato basins that had formed the oceanic crust, the Ulleung basin is formed of 126 

extended continental crust (Fig. 1b) (Hirahara et al., 2015; Tamaki et al., 1992). Dokdo is a 127 

volcanic island located 210 km from the eastern coast of the Korean Peninsula, 2,000 m above 128 

the seafloor, and consists of Dongdo islet (east) and Seodo islet (west) (Fig. 1c and e). 129 

Ulleungdo island is 3,000 m above the seafloor and is located 130 km from the eastern coast 130 

of the Korean peninsula and 90 km west from Dokdo (Fig. 1d and f). The eruption ages of the 131 

DU subaerial volcanic rocks are reported to be from 2.7 to 2.1 Ma (Lee et al., 2002; Song et 132 

al., 2006) and from 1.4 Ma to 5 Ka (Kim et al., 1999), respectively, but there is no detailed 133 

information on the volcanic stratigraphy or eruption ages of the lower part of these volcanoes 134 

below sea-level. They are dominantly potassic alkali basalt to trachyte, showing similar major 135 

and trace element compositions as well as Sr, Nd, and Pb isotopes. Several studies have shown 136 

that they originated from a common source and evolved by varying degrees of fractional 137 

crystallization, and crustal assimilation and seawater alteration were minor (Kim et al., 1999; 138 

Shim et al., 2010; Song et al., 2006). 139 

3. Samples and analytical methods 140 

3.1. Sample information 141 



Submarine volcanic rocks of the DU islands, Republic of Korea, were dredged by the East 142 

Sea Exploration (Onnuri R/V) conducted by the Korea Institute of Ocean Science and 143 

Technology (KIOST) in 2018 and 2019 (Fig. 1c and d). Among them, four dredged rock 144 

samples (DD-3, DD-4, UD-1, and UD-4) were selected for this study (Fig. S1d, e, g, and h). 145 

DD-3 and DD-4 were from the northwestern slope of Dokdo at a depth of 573 m (Fig. 1c). UD-146 

1 was from the northeastern slope of Ulleungdo at a depth of 1,354 m, and UD-4 was from the 147 

southern slope of Ulleungdo at a depth of 2,114 m (Fig. 1d). In addition, three subaerial basaltic 148 

agglomerate samples (DD-2, UD-2, and UD-3) were collected from the 2018 DU field 149 

campaign (Fig. S1b, c, and f). DD-2 was sampled from the edge of Dongdo that is the east islet 150 

of Dokdo, while UD-2 and UD-3 were sampled from the southern coastline of Ulleungdo (Fig. 151 

1c and d). Core sample DD-1 was acquired by a drilling project carried out by KIOST in 2011 152 

(Fig. S1a). DD-1 was obtained from the southern submarine site located between Dongdo and 153 

Seodo (west islet of Dokdo) (Fig. 1c). 154 

All of the basaltic rock samples from DU exhibit porphyritic and intergranular texture, and 155 

show a variety of characteristics ranging from vesicular to dense. The phenocryst modes and 156 

other petrographic descriptions are summarized in Table 1. UD-1 has euhedral to subhedral 157 

phenocrysts of olivine, plagioclase, and small amounts of clinopyroxenes and opaque minerals, 158 

and the groundmass is composed of acicular plagioclases, olivines, and opaque minerals. Some 159 

plagioclase phenocrysts have a sieve texture (Fig. S2c). Also, most of the plagioclase 160 

phenocrysts show various degrees of patch zoning. All Dokdo samples (DD-1, DD-2, DD-3, 161 

and DD-4) are less vesicular and contain euhedral to subhedral phenocrysts of olivine, 162 

clinopyroxene, plagioclase, and opaque minerals such as magnetite or ilmenite, and the 163 

groundmass is composed of the acicular plagioclases, clinopyroxenes, opaque minerals, and 164 

minor olivines (Fig. S2a, e, and f). DD-1 and DD-2 contain olivines that have been almost 165 

altered to iddingsite, and clinopyroxenes of considerable size (up to 7 mm in diameter). Most 166 



clinopyroxenes and plagioclases appear to have various degrees of zoning, and some olivines 167 

show also weakly normal or reverse zoning. Some samples display a poikilitic texture that 168 

subhedral clinopyroxenes include small euhedral olivine grains (Fig. S2f). Most of the 169 

Ulleungdo samples (UD-2, UD-3, and UD-4) contain some vesicles with varying size and 170 

irregular shape, and have euhedral to subhedral phenocrysts of clinopyroxene, plagioclase, and 171 

opaque minerals such as magnetite or ilmenite, and the groundmass is composed of the acicular 172 

plagioclases, clinopyroxenes, and opaque minerals (Fig. S2b, d, g, and h). UD-4 especially 173 

shows the more glassy and vesicular matrix than other samples (Table 1, Fig. S2b). The 174 

Ulleungdo subaerial samples (UD-2 and UD-3) have a considerable size of clinopyroxene and 175 

plagioclase glomerocrysts up to 5 mm (Fig. S2g and h). There are clinopyroxenes and 176 

plagioclases with the variable patchy or oscillatory zoning, as well as the ophitic 177 

clinopyroxenes in these samples (Fig. S2d). All samples show various degrees of alteration, 178 

especially near cracks or vesicles. 179 

3.2. Analytical methods 180 

3.2.1. Major and trace element analyses for whole-rock compositions 181 

Whole-rock samples were milled to powder and major (Si, Al, Fe, Mg, Ca, Na, K, and Ti) and 182 

minor element (Mn and P) compositions determined by X-Ray fluorescence spectrometer 183 

(SHIMADZU XRF-1800) at the Cooperative Laboratory Center, Pukyong National University, 184 

Republic of Korea (Kim et al., 2009). Trace elements were analyzed by the NWR 193 laser 185 

ablation system coupled to Agilent 7000x Inductively Coupled Plasma Mass Spectrometer 186 

(LA-ICP-MS) at the KIOST, Republic of Korea. The analyses were carried out with a circular 187 

spot size of 105 μm, a repetition rate of 5 Hz, and pulse energy of 5 J/cm2. Each analysis 188 

consisted of 40 seconds of measurement against background and 40 seconds of ablation. The 189 

external standard was NIST 612 glass, with 43Ca for the internal standard which was previously 190 



measured by XRF. The standard reference material for the unknown standard was BCR-2G 191 

glass, and precision (% RSD) was < 3% for most elements, < 5% for Sm, Ho, Yb, Ta, and Pb, 192 

and < 8% for Cr. 193 

3.2.2. Major and trace element analyses for phenocryst compositions 194 

Back-scattered electron (BSE) images and measuring major (Si, Al, Fe, Mg, Ca, and Na) and 195 

minor elements (Cr, Mn, and K) of olivine, clinopyroxene, and plagioclase were performed 196 

using a JEOL JXA-8530F field emission electron probe microanalyzer (FE-EPMA) at the 197 

National Center for Inter-University Research Facilities (NCIRF), Seoul National University, 198 

Republic of Korea. An accelerating voltage of 15 kV, a beam current of 20 nA, and a beam size 199 

of 3 μm were used. The standard minerals used for analysis were olivine, augite, and 200 

plagioclase from Smithsonian Institution (NMNH 111312-44, 164905, and 115900, 201 

respectively). Relative standard deviations of precision (% RSD) were mostly < 1% for major 202 

elements, except for FeO in olivine and clinopyroxene (< 1.5% and < 3.1%, respectively), and 203 

for Na2O in plagioclase (< 1.2%). Trace elements for phenocrysts were analyzed in-situ by LA-204 

ICP-MS at KIOST. The analyses were performed under conditions of a circular spot sized 105 205 

μm for the mounts and 90 μm for thin sections, a repetition rate of 5 Hz, and pulse energy of 3 206 

J/cm2. Each analysis consisted of the same conditions with the whole rock analyses. The 207 

external standard was NIST 612 glass, with 43Ca for the internal standard of clinopyroxene and 208 

plagioclase and 29Si for olivine, which was previously measured by EPMA. The BCR-2G glass 209 

was used as the reference material for the unknown standard, and precision (% RSD) was < 3% 210 

for most elements, < 5% for Li, Ba, Sm, Eu, Dy, Tm, Yb, Lu, Hf, Ta, and Pb and <10% for Cr 211 

and Ni. It is thought that 45Sc was influenced by interference with 29Si16O. 212 

3.2.3. Helium isotope analysis 213 

Helium isotopes were measured in ~1 g of 0.25–2 mm of alteration-free olivine and 214 



clinopyroxene phenocrysts. Grains were picked from crushed rock, washed with distilled water 215 

and ethanol using an ultrasonic cleaner. Gases in fluid inclusions were extracted by vacuum 216 

crushing phenocrysts in a multi-sample hydraulic crusher. The extracted gases were purified 217 

by exposure to two hot GP50 Zr-Al alloy getters and the heavy noble gases (Ar, Kr, and Xe) 218 

were absorbed onto a charcoal trap at the liquid nitrogen temperature before each analysis. 219 

3He/4He ratios were measured on a ThermoFisher Helix-SFT mass spectrometer in static mode 220 

at Scottish Universities Environmental Research Centre (SUERC), United Kingdom (Stuart et 221 

al., 2000). Blank levels were measured prior to each ample exceeded 1% of the measured He. 222 

Mass spectrometer sensitivity and mass fractionation were determined by repeated analysis of 223 

aliquots from a reservoir of the Helium Standard of Japan (HESJ) international standard (20.63 224 

Ra; Matsuda et al., 2002). The reproducibility of He isotope ratios is typically 1% (1r). 225 

4. Results 226 

4.1. Whole-rock compositions 227 

All samples (Table 2) are displayed in the alkaline fields and are classified into four types by 228 

total alkali versus silica (TAS) diagram (Fig. 2; Le Bas et al., 1986): tephrite (DD-4), alkali 229 

basalt (DD-2), trachy-basalt (DD-1, DD-3, UD-1, UD-2, and UD-4), and basaltic trachy-230 

andesite (UD-3). They have relatively low SiO2 (44.9–51.3 wt.%) with Mg# 231 

[100*Mg/(Mg+Fe2+) assuming Fe2+/Fetot=0.9] ranging from 29.2 to 58.3. The samples are 232 

shown within the range of the other previously reported DU volcanic rock data and are 233 

categorized into relatively mafic rocks (e.g., alkali basalt to basaltic trachy-andesite) despite 234 

their lower MgO contents than high-MgO samples of DU (Figs. 2 and 3). Our CIPW normative 235 

calculations show that they are all olivine-normative (7.7–13.7%) but have no quartz (Table 2). 236 

6 samples have normative nepheline (3.5–7.5%) except for the UD-2 and UD-3 which have 237 

hypersthene (0.8–2.6%) instead. There are negative correlations between MgO and SiO2, Al2O3, 238 



Na2O, and K2O, while positive correlations are shown between MgO and Fe2O3, CaO, 239 

CaO/Al2O3, and TiO2 (Fig. 3a–h). 240 

The chondrite-normalized rare earth element (REE) patterns are shown in Fig. 4a. All samples 241 

have enriched REE concentrations (ΣREE=231.6–325.1 ppm) than chondrite (ΣREE=2.56 242 

ppm; Sun and McDonough, 1989). REE patterns show enrichment of light rare earth elements 243 

(LREE) with high (La/Yb)N ratios of 17.3–29.0 but relatively fractionated heavy rare earth 244 

elements (HREE) with high (Dy/Yb)N ratios of 1.5–1.9, which is similar to the typical OIB 245 

pattern, as well as NCC Cenozoic basalts (e.g., Qian et al., 2015). Only UD-1 shows a positive 246 

Eu anomaly (Fig. 4a). 247 

Primitive mantle-normalized trace element patterns are given in Fig. 4b. All patterns show 248 

enrichment of large ion lithophile elements (LILE) and no depletion of high field strength 249 

elements (HFSE; e.g., Nb and Ta), which is also similar to the typical OIB and NCC Cenozoic 250 

basalt patterns. Most of Ulleungdo samples also have the positive anomaly of Ba. UD-1 shows 251 

positive anomalies of Ba, Sr, and Eu, attributed to plagioclase accumulation. The Pb positive 252 

anomaly is observed in most samples. 253 

4.2. Mineral chemistry of phenocrysts 254 

Olivine phenocrysts are common in the Dokdo basalt samples but appear to be less common 255 

in the Ulleungdo basalts (except for UD-1). Fo contents in the Dokdo samples range from 76 256 

to 84 and 80 to 83 in the Ulleungdo basalts (Table S1), which are lower than the mantle 257 

peridotite range found in the Korean peninsula (89.2–91.0; Choi et al., 2005). NiO and CaO 258 

(0.06–0.19 and 0.19–0.38 wt.%) contents in the olivines show positive correlations with Fo 259 

contents (Fig. S3a and b), implying that the magmas have undergone fractional crystallization. 260 

Both U and Th concentrations of all olivines are below the detection limit. 261 



Clinopyroxene phenocrysts are observed in all DU samples. Clinopyroxenes in the Dokdo 262 

samples show slightly higher Mg# values ranging from 76 to 88 (Wo45.3-49.7En37.9-48.1Fs6.6-12.6) 263 

than that of the same minerals in the Ulleungdo samples with the range of 72 to 82 (Wo45.3-264 

49.8En36.2-48.3Fs6.4-14.6), except for a high Mg# value of 88.4 from one phenocryst in UD-4 (Table 265 

S2). All clinopyroxenes are classified into diopside (Fig. S4a), and Na2O, TiO2, Cr2O3, and 266 

CaO correlate with Mg# (Fig. S3c–f). This feature is different from mantle peridotites in the 267 

Korean peninsula (Fig. S3c–f). U contents of clinopyroxenes are up to 0.07 ppm and 0.03 ppm 268 

in the DU samples, respectively. Ranges of Th concentrations of clinopyroxenes are 0.02 to 269 

0.47 ppm and 0.04 to 0.28 ppm in the DU samples, respectively. 270 

Plagioclase phenocrysts in the DU samples are made up of labradorite to bytownite (Table 271 

S3 and Fig. S4b; An62-86Ab13-33Or1-5 in Dokdo and An54-87Ab12-40Or1-7 in Ulleungdo). Fe-Ti 272 

oxides analyzed in DD-3 and UD-3 can be divided into two groups: the titanomagnetite group 273 

with a relatively low TiO2 concentration ranging from 17.3 to 18.4 wt.%. and the ilmenite group 274 

with a high TiO2 concentration ranging from 47.8 to 48.9 wt.% (Table S4). 275 

4.3. Helium isotope compositions 276 

Helium concentrations and isotope compositions of the DU samples are given in Table 3. Total 277 

4He concentrations range from 1.3 to 2.5 x 10-8 ccSTP/g for olivines and from 2.8 to 96.6 x 10-278 

9 ccSTP/g for clinopyroxenes. 3He/4He ratios range from 4.7 to 5.9 Ra for olivines and from 279 

4.5 to 6.0 Ra for clinopyroxenes. 3He/4He ratios between the Dokdo (5.7–5.9 Ra) and 280 

Ulleungdo (4.5–6.0 Ra) samples do not show a significant difference. Moreover, there is no 281 

correlation between total 4He concentrations and 3He/4He ratios (Fig. 5). The range of 3He/4He 282 

ratios from the DU basalts overlaps with the value of SCLM from East Asia (4.6-7.7 Ra; Chen 283 

et al., 2007; Kim et al., 2005) and is lower than 3He/4He ratios of mid-ocean ridge basalt 284 

(MORB; 8±1 Ra) or OIB related to hot mantle plumes (> 9 Ra). 285 



Our single-step crushing extraction procedure does not remove lattice-hosted radiogenic or 286 

cosmogenic He (Carracedo et al., 2019). It is possible that radiogenic 4He produced within 287 

crystal lattice may recoil or diffuse into fluid inclusion (e.g., Stuart et al., 2000). The proportion 288 

of radiogenic 4He that is released by crushing likely depends on the proportion of voids within 289 

the minerals. The absence of a relationship between 4He content and helium isotopic 290 

composition (Fig. 5) likely means that there has been no significant release of radiogenic 291 

helium. 292 

Olivine and clinopyroxene phenocrysts in the DU rocks show relatively uniform 3He/4He 293 

ratios of 4.5 to 6.0 Ra. While whole-rock compositions are thought to represent evolved magma, 294 

the olivine and clinopyroxene phenocrysts are more primitive or in equilibrium with whole-295 

rock melt compositions (Fig. 6). The Mg# of the melt in equilibrium with olivine and 296 

clinopyroxene phenocrysts can be calculated as follows: 297 

𝐾 (𝐹𝑒 −𝑀𝑔) =                                         (1) 298 

𝑀𝑔# =
( #⁄ ) ( ⁄ )⁄                                        (2) 299 

where the abbreviation ‘min’ in the equations means mineral such as olivine and 300 

clinopyroxene, and KD(min/liq) is the Fe-Mg exchange coefficient between mineral and melt, 301 

known as 0.30 ± 0.03 for olivine and 0.275 ± 0.067 for clinopyroxene, respectively (Putirka et 302 

al. 2008). In the case of DD-3, some olivine phenocrysts are less primitive than the melt 303 

composition, but are in equilibrium with relatively primitive melts of Mg# ranging from 55.2 304 

to 63.3 with KD(ol/liq)=0.33 (Fig. 6a). In particular, UD-3 has a low whole-rock Mg# of 29.2, 305 

indicating that the melt composition is considered highly evolved, but shows similar Mg# of 306 

clinopyroxenes to other less evolved samples (Fig. 6b). Additionally, assuming the highest KD 307 

for both olivine and clinopyroxene, all olivines and clinopyroxenes are in equilibrium with 308 



melts in the Mg# ranges of 51.1 to 63.4 and 45.6 to 71.5, respectively, reaching the Mg# range 309 

of primary magma (68–75; Frey et al., 1978). Thus, 3He/4He ratios of olivine and clinopyroxene 310 

phenocrysts from the DU basalts might represent the relatively primitive volatile compositions 311 

of the magmas. 312 

5. Discussion 313 

5.1. Diagnosis of seawater alteration 314 

The majority of samples (DD-2, DD-3, DD-4, UD-1, and UD-4) have low LOI values (0.04–315 

2.53 wt.%). The high values of samples DD-1, UD-2, and UD-3 indicate that they have suffered 316 

alteration. It is likely that most samples were altered by seawater because they were collected 317 

from coastal and submarine environments by dredging or drilling. Thus, fluid-mobile elements 318 

(e.g., Ba, Rb, and K) might have been affected by shallow-level alteration. However, fluid-319 

immobile elements, such as REE, HFSE (e.g., Nb, Ta, Zr, Hf, and Ti), Y, Th, and U are likely 320 

unaffected. Considering that DU samples show good correlations between Nb (or Zr) and Rb, 321 

Pb, REE, Hf, Ta, Th, and U, the effect of alteration to trace elements is insignificant (Fig. S5). 322 

Therefore, we mainly used the immobile elements in order to argue the following discussion. 323 

Moreover, our samples might not be significantly affected by seawater alteration on the basis 324 

of the chemical alteration index using the relationship between alkaline components 325 

(Na2O+K2O, wt%) and Na2O/K2O ratios (Fig. S6). Therefore, seawater alteration in our 326 

samples is thought to be minor. 327 

5.2. Magma sources of the DU basalts 328 

5.2.1. Crustal contamination 329 

Crustal contamination can be examined by using the Nb/U and Ce/Pb ratios, which are less 330 

likely to be modified by fractional crystallization of silicate minerals or partial melting due to 331 



similar compatibilities of those elements. Nb/U ratios of the DU basalts range from 37.2 to 332 

73.4, and Ce/Pb ratios are from 17.0 to 29.0. In Fig. 8, the elemental ratios are not similar to 333 

the continental crust values which are similar to arc magmas (Rudnick and Gao, 2003), but 334 

they are closer to the MORB and OIB ranges (Hofmann et al., 1986). Although Nb/U ratios 335 

seem to follow the simple mixing line between DD-3 and the continental crust (Rudnick and 336 

Gao, 2003), at least the Ce/Pb ratio cannot be explained by crustal assimilation. Additionally, 337 

trace element patterns are different from the bulk continental crust composition, except for 338 

slightly positive anomalies of Pb (Fig. 4b). Therefore, the effect of crustal contamination was 339 

insignificant in the DU samples. 340 

5.2.2. Fractional crystallization effect 341 

The DU samples have a Mg# range of 29.2 to 58.3, which is lower than the primary magma 342 

(68-75; Frey et al., 1978). Thus, they may have been affected by fractional crystallization in 343 

the magma chamber or during magma ascent. Since olivine, clinopyroxene, plagioclase, and 344 

Fe-Ti oxides are the major phenocrysts, fractional crystallization of the minerals can be 345 

investigated with Harker diagrams and trace element patterns (Fig. 3 and 4). SiO2 has a negative 346 

correlation and Ni has a positive correlation, with MgO (Fig. 3a and i), indicating fractionation 347 

of olivine. In addition, a positive correlation of CaO/Al2O3 and negative correlations of SiO2 348 

and Al2O3 for MgO (Fig. 3a, c, and d) reflect clinopyroxene accumulation/loss, rather than 349 

plagioclase. In most REE patterns (Fig. 4a), no negative anomaly in Eu is observed, which also 350 

indicates limited crystallization of plagioclase. In the case of UD-1, positive anomalies of Ba, 351 

Sr, and Eu (Fig. 4b) are thought to reflect that accumulation of plagioclase and do not represent 352 

the actual melt composition. Fe-Ti oxides are abundant in the DU volcanic rocks, particularly 353 

in the subaerial samples (UD-2 and UD-3), which is associated with the pattern of decreasing 354 

Fe2O3 and TiO2 together when MgO decreases (Fig. 3e and f). Although crystallization of Fe-355 



Ti oxides can reduce Nb and Ta concentrations due to DNb and DTa with values of >1 in Ti-356 

bearing oxides (Klemme et al., 2006 and references therein), DU volcanic rocks show that Nb 357 

and Ta increase as MgO decreases (Fig. 3j and k). This implies that the measured Nb and Ta 358 

concentrations are insignificantly affected by Fe-Ti oxide crystallization. 359 

The basaltic rocks of DU were affected by fractional crystallization, which caused changes 360 

in major and trace element concentrations to a certain extent. However, ratios (e.g., Zr/Y, Nb/Ta, 361 

La/Yb, Nb/La, and Nb/U) between most incompatible elements (e.g., REE and HFSE) which 362 

are not partitioned into mainly crystallizing phases (e.g., olivine, clinopyroxene, and 363 

plagioclase) on basaltic magmas, are not to be changed by moderate fractional crystallization. 364 

In our data, they are also not clearly correlated with MgO (Fig. 3l–n), indicating that the 365 

incompatible trace element ratios were not critically changed by fractional crystallization. 366 

5.2.3. Effect of magma evolution on helium isotopes 367 

Kim et al. (2008) measured helium isotope compositions of hornblende, biotite, and feldspar 368 

in monzonite on Ulleungdo. Biotites and feldspars of Ulleungdo monzonite are known to 369 

undergo helium diffusion-controlled isotope fractionation, rather than degassing effect which 370 

causes higher 4He/40Ar* values of the samples (Kim et al., 2008). Biotites and feldspars are 371 

well-matched with the diffusive fractionation model (Harrison et al., 2004), which indicates 372 

the biotites and feldspars are much affected by diffusion than hornblendes, resulting in lower 373 

3He/4He ratios than the actual source value (Kim et al., 2008). This might be owing to lower 374 

closure temperatures of biotites and feldspars than hornblendes (Baxter, 2010 and references 375 

therein). Our 3He/4He ratios from olivines and clinopyroxenes in the DU basaltic rocks show 376 

similar values to that of hornblende from the Ulleungdo monzonite (Fig. 7; Kim et al., 2008). 377 

Because olivines and clinopyroxenes have similar to higher closure temperatures than 378 

hornblende (Baxter, 2010 and reference therein), our olivines and clinopyroxenes data might 379 



also preserve relatively primitive 3He/4He values. The basaltic rocks from DU are considered 380 

to have similar ages to the stage-1 basaltic agglomerates about 2.47 to 2.06 Ma for Dokdo and 381 

1.37 to 0.97 Ma for Ulleungdo, respectively (Kim et al., 1999; Lee et al., 2002). Whereas, ages 382 

of monzonite from Ulleungdo is about 0.29 to 0.12 Ma (Kim et al., 2008), younger than basalt 383 

samples. Considering the age range of the volcanic rocks of DU (2.47 to 0.12 Ma), the uniform 384 

3He/4He ratios of minerals, such as olivine, clinopyroxene, and hornblende (Fig. 7) support that 385 

the volatile compositions in the magmas did not change significantly from the formation of the 386 

DU volcanoes to the late evolutionary stage. In other words, assuming that Ulleungdo 387 

monzonite evolved from basaltic magma by fractional crystallization (e.g., Chen et al., 2018; 388 

Kim et al., 2008; Lee et al., 2002; Song et al., 1999), we suggest that the initial helium isotope 389 

compositions were well preserved during magma evolution, as it does not appear to be 390 

significantly affected by late-stage crustal contamination or degassing. Thus, the measured 391 

3He/4He ratios can represent the magma origin (Kim et al., 2008). 392 

5.2.4. Mantle geochemistry 393 

The 3He/4He ratios of the DU basalts (4.5-6.0 Ra) and Ulleungdo monzonites (5.9-6.4 Ra; 394 

Kim et al., 2008) are more radiogenic than MORB (Fig. 5). It is unlikely that they originated 395 

directly from DMM, and the lower mantle component does not seem to be the main component 396 

of the magmas due to the low 3He/4He ratios. The 3He/4He ratios are indicative of recycled 397 

components which may have low He contents and can be overprinted as the melts/fluids rise 398 

through the He-rich asthenospheric mantle (Day et al., 2015; Staudacher and Allègre, 1988). 399 

The DU 3He/4He ratios are similar to the values from other tectonic environments (Fig. 9): 400 

island/continental arc regions (2.2–7.3 Ra; Hilton et al., 2002), HIMU (4.3–9.5 Ra; Graham et 401 

al., 1992; Hanyu and Kaneoka, 1997), and continental basalts (4.5–8.6 Ra from Kenya rifts of 402 

East African Rift, Western Antarctic Rift, and eastern North China Craton; Chen et al., 2007; 403 



Halldórsson et al., 2014; Nardini et al., 2009; Xu et al., 2014). Therefore, we would like to 404 

discuss each of these candidates showing helium isotope compositions similar to the DU rocks. 405 

It is known that there is a stagnant Pacific slab in the mantle transition zone beneath East 406 

Asia including the East Sea (e.g., Chen et al., 2017; Wei et al., 2012). Previous studies have 407 

proposed that the East Asian Cenozoic magmatism was affected by recycled materials derived 408 

from the stagnant slab (e.g., Sakuyama et al., 2013, 2014). However, the depletion of HFSE 409 

(e.g., Nb and Ta), typical in magmas of subduction zones, is not observed in our samples (Fig. 410 

4b). This is distinctive from the NE Japan arc basalts derived from the subduction of the Pacific 411 

plate (Fig. 4; Yamamoto and Hoang, 2009). Similarly, the Cenozoic basalts in NE China with 412 

significantly comparable geochemical characteristics to DU do not also show the depletions of 413 

HFSEs (Fig. 4b). The youngest basalts at NE China, such as Longgang, Jingbohu, and 414 

Wudalianchi, actually show significant 230Th excesses in U-series disequilibria, which strongly 415 

argues against slab involvement as well (e.g., Zou et al., 2008). Moreover, geochemical studies 416 

on the ODP 794 and 797 sites of the East Sea have suggested the existence of the depleted 417 

asthenospheric mantle beneath the East Sea from about 18 Ma (e.g., Chen et al., 2015; Shuto 418 

et al., 2015), which is contrary to the model that the asthenosphere underneath the East Sea 419 

was enriched by subduction or plume-derived materials to be the source of the DU Cenozoic 420 

magmatism (Choi et al., 2006). As a result, the effect of slab-derived fluids or melts might be 421 

insignificant to make the asthenosphere beneath the East Sea hydrated and enriched (e.g., 422 

Hirahara et al., 2015; Shuto et al. 2015; Tamaki et al., 1992). In other words, the presence of a 423 

stagnant Pacific slab in the mantle transition zone does not necessarily indicate material 424 

contributions to magma generations. For the above reasons, it is inferred that the helium isotope 425 

composition of the asthenosphere underneath the East Sea is similar to the typical MORB value 426 

(8 ± 1 Ra), and the DU magmas might not be derived directly from the depleted asthenospheric 427 

mantle over the stagnant slab. Furthermore, we use ΔNb value [ΔNb = 1.74 + log (Nb/Y) - 1.92 428 



log (Zr/Y)], which is a useful indicator for identifying source depletion by degrees of partial 429 

melting or melt extraction (Fitton et al., 1997). ΔNb > 0 implies the enriched mantle source 430 

(e.g., plume), and ΔNb < 0 value means depleted upper mantle source (Fitton et al., 1997). All 431 

DU rock samples have values of ΔNb > 0 (0.078–0.30), which supports that the magmas did 432 

not originate from the depleted asthenospheric mantle source. 433 

The helium isotope compositions of the DU samples are similar to those of the HIMU mantle 434 

component (4.3–9.5 Ra; Graham et al., 1992; Hanyu and Kaneoka, 1997). The trace element 435 

and radiogenic isotope compositions of the DU basaltic rocks are not consistent with a 436 

significant HIMU contribution, but instead have been reported to be shown in the mixing trend 437 

between DMM and EM1 (Fig. S7) (e.g., Chen et al., 2018; Choi et al., 2006). Therefore, the 438 

HIMU source would not account for the lower helium isotope ratios than MORB for the DU 439 

magmas. Excluding the aforementioned subducting slab or HIMU components, we argue that 440 

SCLM may contribute to the formation of the DU magmas. The range of helium isotope 441 

compositions in the DU rocks overlaps with the values of SCLM and the global Cenozoic 442 

continental basalts (e.g., basalts from NKR, SKR, WAR, and NE China) (Fig. 9). The DU 443 

basalts exhibit higher concentrations of incompatible elements without depletion of Nb, Ta, 444 

and Ti, thus exhibiting the hump-shaped OIB-like trend like other continental basalts (e.g., 445 

NCC Cenozoic basalts) rather than arcs (Fig. 4). 446 

It has been suggested that the Ulleung basin is composed of extended continental crust 447 

despite the thinning of the plate due to the back-arc opening (e.g., Tamaki et al., 1992). This 448 

allows for the possibility of the SCLM underneath DU. A few studies have reported helium 449 

isotope compositions in the mantle xenoliths found in Korea (e.g., Mt. Baekdu, Baegnyongdo, 450 

Jeju, and Jogokni) and NE China (e.g., Long Quan, Jingbohu, Kuandian, and Longgang) using 451 

the crushing method, with the ranges of 4.6 to 7.7 Ra and 4.8 to 7.2 Ra, respectively (Chen et 452 



al., 2007; Kim et al., 2005). Helium isotope ratios of olivine and clinopyroxene from the DU 453 

basalts (4.5–6.0 Ra) and hornblende from the Ulleungdo monzonite (5.9–6.4 Ra; Kim et al., 454 

2008) are included in the range of the xenoliths (Fig. 7 and 9), implying that helium of the DU 455 

volcanic rocks can be derived from the SCLM. 456 

The SCLM beneath East Asia including the East Sea, the Korean peninsula, and eastern 457 

China has been suggested to provide a more enriched magma source than DMM for the 458 

Cenozoic volcanism in the region (e.g., Kim et al., 2005, 2008; Wang et al., 2011). There is 459 

evidence that the East Asian mantle xenoliths are heterogeneously metasomatized resulting in 460 

the fertile lithospheric mantle composition (Choi et al., 2006; Kim et al., 2005; Liu et al., 2019 461 

and references therein). It has been suggested that the ancient and cold refractory SCLM 462 

beneath eastern Asia was replaced by the hot and fertile juvenile SCLM through metasomatism 463 

related to the subduction of the Paleo-Pacific plate during the Middle Jurassic to the Early 464 

Cretaceous (Liu et al., 2019 and references therein). The East Asian SCLM has shown variously 465 

fertile geochemical characteristics, such as enriched incompatible element (e.g., LREE) 466 

patterns due to various metasomatic degrees and agents (e.g., eclogitic melts from delaminated 467 

lower crust, carbonated melts/fluids from subducted crustal materials, and aqueous fluids from 468 

introduced slab components; Choi et al., 2006; Kim et al., 2005; Liu et al., 2019). Moreover, 469 

the presence of the enriched lithospheric mantle beneath the East Sea has been raised based on 470 

geochemical features of BABBs formed in the early opening stage (ca. 28-18 Ma), as discussed 471 

in section 2 (e.g., Chen et al., 2015; Shuto et al., 2015). Thus, the enriched geochemical 472 

properties of the DU volcanic rocks may imply that the SCLM contribution was significant. 473 

5.3. Implications for lithosphere-asthenosphere interaction 474 

Since the DU basalts are found in the East Sea, the back-arc basin, we compare the 475 

basalts of other back-arc basin settings which are known to be produced by the upwelling of 476 



the asthenospheric mantle. Back-arc basins are formed behind the arc front due to lithosphere 477 

thinning of the overlying plate by rollback or frictional drag of the subducting slab (e.g., 478 

Elsasser, 1971; Uyeda and Kanamori, 1979). BABBs, which exhibit similar geochemical 479 

characteristics to MORB, are produced during the rifting and spreading stages by the upwelling 480 

of the asthenospheric mantle due to the induced mantle flow in the mantle wedge (e.g., Jurdy 481 

and Stefanick, 1983). Although the East Sea opening ceased during the Miocene, the low-482 

velocity zone is still observed in the upper mantle beneath the Ulleung basin, indicating that 483 

upwelling of the hot upper mantle is ongoing (e.g., Chen et al., 2017; Song et al., 2020; Wei et 484 

al., 2012). Moreover, several studies have proposed that the upwelling of the asthenospheric 485 

mantle is related to the Cenozoic volcanism in the Korean peninsula and northeastern China 486 

(Chen et al., 2017; Wei et al., 2012 and references therein). 487 

There are many back-arc basins in the western Pacific region (Fig. 1a) (e.g., East Sea, 488 

Okinawa Trough, Mariana Trough, Manus basin, North Fiji basin, and Lau basin), and helium 489 

isotope compositions have been reported for samples of basaltic glasses or hydrothermal fluids 490 

(Fig. 10a). In general, the MORB-like 3He/4He ratios (8 ± 1 Ra) were observed in the most 491 

basaltic glass samples from the back-arc basins that have undergone the seafloor spreading 492 

stage, such as the south Mariana Trough, the central and southern Lau basins, and the southern 493 

Okinawa Trough (Fig. 10a). Exceptionally, high 3He/4He values (> 9 Ra) are shown in the 494 

Manus and northwestern Lau basins, which means that there is an influence of the lower mantle 495 

plume (Fig. 10a). In addition, most BABBs are sub-alkaline and show similar properties of 496 

major and trace elements between the IAB and MORB types derived from the asthenospheric 497 

mantle wedge (Fig. 10b–e). Therefore, the BABB glass samples in the areas where the seafloor 498 

spreading has already occurred would have originated from the asthenosphere. Compared to 499 

other BABBs, the DU basalts are more alkaline with enriched trace element patterns like OIB 500 

and have lower 3He/4He ratios than the MORB value (Fig. 10a–e). Another difference is that 501 



there is no evidence of seafloor spreading in the Ulleung basin (e.g., Jolivet and Tamaki, 1992; 502 

Tamaki, 1988). The East Sea opening began in the late Eocene to the Oligocene, but the Ulleung 503 

basin was not sufficiently opened due to the subduction of the Philippine Sea plate in the 504 

Middle Miocene (15 to 12 Ma) (e.g., Jolivet and Tamaki, 1992; Tamaki, 1988). Accordingly, 505 

unlike the Yamato and Japan basins in the East Sea, no clue has been found for the formation 506 

of the oceanic crust in the Ulleung basin (Hirahara et al., 2015; Tamaki et al., 1992). The basalts 507 

and hydrothermal fluids found in the middle Okinawa Trough, where the continental rifting has 508 

occurred during the back-arc basin opening, have lower 3He/4He ratios ranging from 1.7 to 6.5 509 

Ra (Ishibashi et al., 1995; Yu et al., 2016), suggesting the influence of the continental 510 

lithosphere. Therefore, the SCLM is suggested to exist as a major component of the Ulleung 511 

basin, where the oceanic lithosphere does not appear, resulting in the DU volcanic rocks with 512 

compositions similar to continental basalts rather than the typical BABBs. 513 

 Many studies suggested that lithosphere-asthenosphere interaction plays an important role in 514 

continental basalt formation (e.g., Konrad et al., 2016; Tang et al., 2006; Thompson and Gibson, 515 

1994). Since the DU basalts have similar geochemical characteristics to continental basalts, we 516 

tested the interaction between lithosphere and asthenosphere for the DU magmas. The 517 

lithospheric and asthenospheric contributions to the DU basalt formation were investigated 518 

using a two-component mixing model in terms of helium isotopes and trace elements. We 519 

supposed conditions under which the lithosphere-derived melts mixed with asthenosphere-520 

derived melts. It was assumed that the end-member composition of the asthenospheric melt 521 

coincided with popping rocks (Jones et al., 2019) for trace elements and 8 Ra for helium 522 

isotopes. As mentioned in section 5.2.4, the lithosphere was assumed to be a metasomatized 523 

mantle component, thus being considered to exhibit enriched geochemical features (e.g., high 524 

La/Yb and Nb/Y ratios). Therefore, we inferred that the end-member of the lithospheric melt 525 

is similar to the most extremely enriched (highest) trace element ratios of the DU basalts. The 526 



helium isotope range was applied from 4.5 to 7.7 Ra based on results obtained from basalts and 527 

xenoliths in East Asia (this study; Chen et al., 2007; Kim et al., 2005). According to this model 528 

(Fig. 11), most of the DU samples are plotted between two mixing lines and represent less than 529 

10% of the asthenospheric contribution, except for UD-1 (15%). This trend indicates that the 530 

dominant lithospheric melts were affected to some extent by the asthenospheric melts during 531 

DU magma generation. Additionally, the SCLM beneath the DU region seems to have lower 532 

3He/4He ratios (4.5–6 Ra), which is close to the lower limit of the previously reported East 533 

Asian xenoliths (Chen et al., 2007; Kim et al., 2005). We also plotted the compositions of the 534 

Cenozoic basalts from eastern NCC (from Xu et al., 2014) in Fig. 11, following the trend 535 

towards the upper mixing line. This probably means that the SCLM beneath eastern NCC has 536 

higher 3He/4He values than the DU region, which can imply heterogeneity in the lithospheric 537 

mantle in East Asia. In Fig. 11b, one sample (Xu et al., 2014) taken from the eastern NCC 538 

basalts shows a higher contribution (> 30%) of the asthenosphere, which indicates a different 539 

degree of mixing in each region. Therefore, these mixing trends using helium isotopes and trace 540 

elements demonstrate that the Cenozoic basalts from the DU and NE China regions could be 541 

formed by varying degrees of lithosphere-asthenosphere interaction. 542 

The low-velocity zone is observed from the upper mantle to the crust levels beneath both of 543 

DU by P- and S- wave seismic-tomography (Fig. 12a-d; Song et al., 2020). Kim et al. (2003) 544 

and references therein noted that the Ulleung basin has a higher mantle temperature or 545 

extensive magmatic underplating in the lower crust, indicating the presence of hot mantle 546 

upwelling. Moreover, it is suggested that the Cenozoic volcanic activities in East Asia are due 547 

to the asthenospheric upwelling resulting in the lithospheric thinning (Liu et al., 2019 and 548 

references therein). Also, in other regions (e.g., East Africa, Rio Grande, and Eger) where 549 

continental basalts are found, it is specified that the interaction between the asthenosphere and 550 

the lithosphere is the main mechanism of the formation of alkaline basalts (Thompson and 551 



Gibson, 1994). In particular, in the case of East Africa, despite the presence of the lower mantle 552 

plume, the helium isotope ratios in the rock and fluid samples appear within the SCLM range 553 

in most regions due to the influence of the lithosphere (Lee et al., 2017 and references therein). 554 

Therefore, the DU basalts should be regarded as continental basalts, and such a large influence 555 

of the lithospheric mantle is clearly distinguished from the causes of the formation of other 556 

BABBs. Through this point, our results confirmed that the Ulleung basin did not completely 557 

form oceanic rifts, as seen in the Yamato and Japan basins, and remained in the lithosphere 558 

stretching phase as proposed in previous studies (e.g., Jolivet and Tamaki, 1992; Tamaki, 1988). 559 

6. Conclusions 560 

The DU volcanic islands formed in the East Sea as a part of the Cenozoic intraplate 561 

volcanism prevalent in East Asia. We report the first results of helium isotope compositions of 562 

DU mafic volcanic rocks to investigate the magma source. The rock samples selected from the 563 

drilling core and submarine/subaerial sites of the DU volcanoes have a Mg# range of 29.2 to 564 

58.3, and show trace element patterns similar to OIBs. The 3He/4He ratios range from 5.7 to 565 

5.9 Ra for Dokdo and 4.5 to 6.0 Ra for Ulleungdo, respectively. The range of our helium isotope 566 

ratios is similar to previously reported 3He/4He ratios of hornblendes (5.9–6.4 Ra) contained in 567 

the Ulleungdo felsic plutonic rocks (Kim et al., 2008). The uniform 3He/4He ratios of olivine, 568 

clinopyroxene, and hornblende indicate that volatile compositions did not change significantly 569 

in the formation of the DU volcanoes from 2.47 to 0.12 Ma without degassing effects or crustal 570 

contamination. Moreover, the 3He/4He ratios are similar to the SCLM range of East Asia (4.6 571 

to 7.7 Ra), indicating that the depleted asthenosphere or the lower mantle plume might not be 572 

the direct source of the DU magmas. Also, there is no evidence that the DU magmas were 573 

influenced by subduction-derived components or the HIMU mantle source. On the other hand, 574 

the DU volcanic rocks have similar properties to the global continental basalts, suggesting that 575 



the SCLM contribution is major unlike basalts from other back-arc basins composed of the 576 

oceanic crust. In this respect, we support the suggestion that the extended SCLM still remains 577 

beneath the Ulleung basin. A two-component mixing model estimates that the DU basalts and 578 

other Cenozoic basalts from northeastern China show mixing trends between the 579 

metasomatized lithospheric melts and the asthenospheric melts. In addition, the existence of 580 

low-velocity zones underneath East Asia, including the DU volcanoes, indicates that the 581 

magmas formed through the lithospheric melting due to the asthenospheric upwelling. 582 

Therefore, our study demonstrates that the enriched magma source for the DU volcanoes is 583 

primarily contributed by SCLM, and that the lithosphere-asthenosphere interaction resulted in 584 

the Cenozoic magmatism in East Asia, like other continental basalts in the world. 585 
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 859 



Table 1. Petrographical information of the DU volcanic rocks 860 

Sample ID DD-1 DD-2 DD-3 DD-4 UD-1 UD-2 UD-3 UD-4 

Rock type Basanite Basalt Trachy-basalt Tephrite Tephrite trachy-basalt Basaltic trachy-
andesite Basalt 

mineral clinopyroxene clinopyroxene olivine olivine olivine clinopyroxene clinopyroxene clinopyroxene 

Mode (vol. %) 

matrix - 47.7 67.6 68.9 90.6 73 74.1 43.4 

Ol - 7.1 5.5 8 5.2 - - - 

Cpx - 43.2 13.3 12.4 0.1 13.9 4.3 4.8 

Plg - 2 13.3 10.7 2.5 2.8 17.7 3.4 

Oxides - - - - 0.3 0.8 - 0.1 

bubbles - - 0.3 0.1 1.3 9.4 1.4 48.3 

Texture 
 porphyritic porphyritic porphyritic porphyritic porphyritic porphyritic porphyritic porphyritic 
 intergranular intergranular intergranular intergranular intergranular intergranular intergranular intergranular 

        Glassy and very 
vesicular 

Remarks 

zoning 

Various 
degrees of 

zoning on cpx 
and plg 

Various degrees 
of zoning on cpx 

and plg 

Various degrees 
of zoning on cpx 

and plg 

Various degrees 
of zoning on cpx 

Sieve texture 
and patch 

zoning in plg 

Various degrees 
of zoning on cpx 

and plg 

Various degrees 
of zoning on cpx 

and plg 

Various degrees 
of zoning on cpx 

and plg 



 861 

* The phenocryst mode of DD-1 was not obtained because there were no thin sections. 862 

** Microphenocrysts which were not observed by unaided eyes were considered matrix components. 863 

 
Weakly normal 

and reverse 
zoning in ol 

Weakly normal 
and reverse 
zoning in ol 

Weakly normal 
and reverse 
zoning in ol 

Weakly normal 
and reverse 
zoning in ol 

    

vesicles Less vesicular Less vesicular Less vesicular Less vesicular 
Contain few 

irregular shape 
of vesicles 

Contain many 
vesicles of 

varying sizes and 
irregular shapes 

Contain vesicles 
of varying sizes 

and irregular 
shapes 

Contain many 
circular vesicles 
with varying size 

etc. Most ol turned 
into iddingsite 

Most ol turned 
into iddingsite 

 Poikilitic texture 
in cpx 

 Ophitic texture in 
cpx 

Ophitic texture in 
cpx 

 

      
Considerable size 
of glomerocryst of 

cpx and plg 

Considerable size 
of glomerocryst of 

cpx and plg 
 



Table 2. Sampling information and whole-rock geochemistry     

Location Dokdo Ulleungdo 

Sample Name BH-4F DD-02 DRD 1805-
02 

DRD 1805-
09 URD 1801-02 UL-01 UL-02 URD 1901R-

03 
Sample ID DD-1 DD-2 DD-3 DD-4 UD-1 UD-2 UD-3 UD-4 

type core land dredged dredged dredged land land dredged 

Latitude (ºN) 37.23795224 37.23913 37.30 37.30 37.56 37.482864 37.459725 37.351 

Longitude (ºE) 131.8658103 131.8679 131.81 131.81 130.99 130.91224 130.857627 130.867 

Rock type Trachy-
basalt Basalt Trachy-

basalt Tephrite Trachy-basalt Trachy-basalt Basaltic trachy-
andesite Trachy-basalt 

major element (wt. %)           

SiO2 44.9 47.1 48.5 47.5 47.4 47.8 51.3 46.5 

Al2O3 15.2 15.5 16.0 17.1 16.0 17.6 18.5 15.7 

Fe2O3 10.4 10.1 8.9 9.5 10.0 8.7 8.4 11.4 

MnO 0.21 0.42 0.14 0.13 0.15 0.13 0.12 0.15 

MgO 5.2 4.7 5.7 3.9 4.6 2.9 1.6 3.9 

CaO 9.8 11.3 9.6 9.1 8.3 8.9 5.9 10.8 

Na2O 2.3 3.3 3.0 3.3 3.5 2.7 5.1 2.6 

K2O 3.1 1.5 3.3 3.8 3.3 3.3 2.1 2.4 

TiO2 2.64 2.65 2.72 2.84 3.47 3.61 2.67 3.37 

P2O5 0.8 0.7 0.8 1.2 1.3 0.9 1.1 0.6 

LOI 5.3 2.5 0.0 1.5 0.8 3.4 3.1 2.4 

Total 99.8 99.8 99.8 99.8 99.9 99.8 99.9 99.8 

Mg# 52.2 50.9 58.3 47.1 50.6 42.7 29.2 42.8 

CIPW norm (wt. %)           

Quartz - - - - - - - - 



Plagioclase 36.3 45.4 37.3 36.3 41.0 51.2 67.6 41.7 

Orthoclase 19.4 9.2 19.9 22.9 19.9 20.2 12.7 14.8 

Nepheline 4.5 4.1 5.4 7.5 4.4 - - 3.5 

Diopside 18.8 24.2 18.5 14.2 11.9 10.8 0.7 22.5 

Hypersthene - - - - - 0.8 2.6 - 

Olivine 13.7 10.1 11.8 10.7 12.8 7.7 8.4 9.5 

Ilmenite 5.4 5.2 5.3 5.5 6.8 7.2 5.3 6.6 

Apatite 2.0 1.8 2.0 2.9 3.2 2.1 2.6 1.4 

Trace element (ppm)           

Sc 20.2 26.2 23.3 16.7 17.2 16.2 8.5 28.6 

V 237 283 259 235 196 268 141 325 

Cr 118.2 135.6 138.3 75.9 21.1 69.2 12.7 124.3 

Co 72.5 200.7 33.2 175.7 19.2 165.2 47.3 47.4 

Ni 117.5 81.7 48.7 42.7 14.2 45.5 11.4 48.5 

Ga 18.0 20.3 22.4 20.2 21.4 23.2 18.2 25.7 

Rb 47.8 36.5 69.4 70.8 52.8 65.2 44.6 44.5 

Sr 876 870 992 962 1764 970 864 996 

Y 18.0 21.9 23.9 21.5 30.8 25.5 19.5 25.9 

Zr 263 288 351 324 278 341 265 338 

Nb 67.6 81.7 102.6 92.4 76.1 82.5 67.4 80.1 

Mo 3.35 2.73 5.12 4.12 3.55 3.47 2.34 9.54 

Cs 0.45 1.85 0.80 0.78 0.51 0.62 0.75 0.68 

Ba 795 877 972 943 6932 955 1100 969 

La 59.2 63.6 74.1 78.1 69.5 65.4 62.8 49.3 



Ce 108 115 137 139 137 120 113 96 

Pr 11.5 12.5 14.7 14.8 15.9 13.2 12.1 11.4 

Nd 42.2 46.2 53.0 53.6 62.5 50.8 45.1 44.0 

Sm 6.68 7.61 8.29 8.26 10.99 8.53 7.25 8.60 

Eu 2.23 2.45 2.73 2.67 5.23 2.93 2.60 2.79 

Gd 5.35 6.25 6.66 6.37 9.48 7.35 5.84 7.15 

Tb 0.75 0.84 0.91 0.84 1.24 1.05 0.74 1.04 

Dy 3.93 4.54 4.82 4.86 6.24 5.13 4.01 5.27 

Ho 0.66 0.83 0.88 0.86 1.14 0.99 0.75 0.97 

Er 1.81 2.22 2.29 2.19 2.78 2.69 2.07 2.47 

Tm 0.24 0.28 0.30 0.26 0.37 0.31 0.21 0.32 

Yb 1.49 1.81 2.12 1.93 2.23 2.24 1.56 2.04 

Lu 0.22 0.28 0.27 0.29 0.29 0.27 0.22 0.29 

Hf 6.09 6.75 7.38 6.88 6.13 7.57 5.85 7.94 

Ta 3.95 5.11 6.00 5.42 4.60 5.01 3.83 4.82 

Pb 5.14 5.49 7.06 6.61 4.73 6.04 5.22 5.64 

Th 8.17 9.37 10.43 10.76 7.09 9.64 7.59 7.83 

U 1.82 2.16 2.07 2.41 1.80 1.80 0.92 1.88 

Ce/Pb 21.0 20.9 19.4 21.1 29.0 19.9 21.7 17.0 

Nb/U 37.2 37.8 49.6 38.3 42.2 45.9 73.4 42.6 

La/Yb 39.9 35.2 34.9 40.4 31.2 29.2 40.4 24.1 

Nb/Y 3.8 3.7 4.3 4.3 2.5 3.2 3.5 3.1 
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Table 3. Helium abundances, isotope compositions and U-Th contents of measured 
minerals 

   

Sample ID DD-1 DD-2 DD-3 DD-4 UD-1 UD-2 UD-3 UD-4 

Rock type Basanite Basalt Trachy-basalt Tephrite Tephrite Trachy-basalt Basaltic trachy-
andesite Basalt 

mineral clinopyroxene clinopyroxene olivine olivine olivine clinopyroxene clinopyroxene clinopyroxene 

mass (g) 0.375 0.359 0.312 0.362 0.344 0.34 0.321 0.424 
4He (10-9 ccSTP/g) 34.15 96.61 13.20 13.03 24.69 53.11 2.81 63.03 

± 0.02 0.05 0.01 0.01 0.01 0.03 0.002 0.03 
3He (10-14 ccSTP/g) 27.80 76.68 10.97 10.42 16.23 44.48 1.91 43.60 

± 1.72 4.74 0.68 0.64 1.00 2.75 0.12 2.70 
3He/4He (R/Ra) 5.8 5.7 5.9 5.7 4.7 6.0 4.5 4.9 

1σ 0.2 0.1 0.3 0.3 0.3 0.2 0.9 0.1 

U 0.01 0.02 - - - 0.01 0.02 0.02 

±1σ 0.006 0.007 - - - 0.001 0.008 0.010 

Th 0.12 0.09 - - - 0.11 0.15 0.10 

±1σ 0.018 0.054 - - - 0.071 0.068 0.043 
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 867 

Fig. 1. (a) Simplified map of the western Pacific regions. Back-arc basins are shown as purple 868 

areas. Red dashed lines represent volcanic arc fronts, and blue dashed lines indicate inactive 869 

remnant volcanic arcs (EP = Eurasian plate, PSP = Philippine Sea Plate, SP = Sunda Plate, NBP 870 

= North Bismark Plate, SBP = South Bismark Plate, SSP = Solomon Sea Plate, WP = Woodlark 871 

Plate, KB = Kuril Basin, OT = Okinawa Trough, SCS = South China Sea, SB = Shikoku Basin, 872 

PVB = Parece Vela Basin, MT = Mariana Trough, MB = Manus Basin, NFB = North Fiji Basin, 873 



LB = Lau Basin, HT = Havre Trough). (b) Geological map of the East Sea and adjacent areas 874 

(GeoMapApp 3.6.10). Red circles mean the Cenozoic volcanic fields of East Asia (BD = Mt. 875 

Baekdu/Changbaishan, BR = Beagnyeongdo, JG = Jeongok, G = Ganseong, BE = Boeun, U = 876 

Ulleungdo, D = Dokdo, JJ = Jeju). Red dashed line indicates active volcanic arc front. Blue 877 

area is the Japan basin consisting of the oceanic crust, and green areas are the Ulleung and 878 

Yamato basins mainly composed of the stretched continental lithosphere. (c) Dokdo and (d) 879 

Ulleungdo rock sample locations are shown on the contour maps as red stars. Geologic maps 880 

of (e) Dokdo and (f) Ulleungdo modified from Chen et al. (2018). 881 
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 889 

Fig. 2. Total alkali-silica (TAS) diagram (Le Bas et al., 1986) of the DU rock samples. Gray 890 

field indicates the range of the previously reported data of the DU volcanic rocks (Brenna et 891 

al., 2014; Chen et al., 2018; Lee et al., 2002; Shim et al., 2010; Song et al., 1999; unpublished 892 

data from Dokdo drilling core samples collected by KIOST in 2011). The symbols used in this 893 

diagram are all used identically in the following diagrams. 894 



 895 



 896 

Fig. 3. Harker diagrams for the DU volcanic rocks. Blue and red areas indicate ranges of 897 

reference data of Dokdo and Ulleungdo, respectively. Reference data is shown in Fig. 2. 898 



 899 

Fig. 4. (a) Chondrite-normalized REE patterns. (b) Primitive mantle-normalized multi-trace 900 

element spider diagram. Trace element concentrations of the chondrite, primitive mantle, N-901 

MORB, E-MORB, and OIB components are from Sun and McDonough (1989). Trace element 902 



concentrations of the bulk continental crust are from Rudnick and Gao (2003), and the NCC 903 

Cenozoic basalts are from Qian et al. (2015) and references therein. 904 

 905 

 906 

 907 

 908 

 909 

 910 

 911 
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 916 

Fig. 5. Helium isotope ratios versus 4He concentrations for the DU samples. The average 917 

MORB and SCLM values are from Graham (2002) and Gautheron and Moreira (2002), 918 

respectively. Helium isotope ratios of the NE China mantle xenoliths are from previous study 919 

using the crushing method (Chen et al., 2007). 920 



 921 



Fig. 6. Crystal-melt equilibrium diagrams for (a) olivine and (b) clinopyroxene included in the 922 

DU volcanic rocks. The curved solid lines indicate the range of equilibrium between minerals 923 

and melts, calculated using Fe/Mg distribution coefficients (KD(Mg-Fe)mineral-melt) for olivine 924 

(0.3±0.03) and clinopyroxene (0.275±0.067) (Putirka, 2008). Blue and red circles indicate 925 

values from the Dokdo and Ulleungdo basaltic samples, respectively. 926 

 927 

 928 

 929 

 930 
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 934 
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 936 

Fig. 7. Helium isotope ratios of olivine (Ol) and clinopyroxene (Cpx) from the DU basaltic 937 

rocks (this study). 3He/4He ratios of hornblende (Hb), biotite (Bt), and feldspar (Fd) are from 938 

the Ulleungdo monzonite (Kim et al., 2008). Helium isotope values from the Korean mantle 939 

xenoliths are from Kim et al. (2005). The symbols and MORB and SCLM ranges are the same 940 

to Fig. 5. 941 



 942 

Fig. 8. (a) Nb/U versus Nb and (b) Ce/Pb versus Ce diagrams for the DU basaltic rocks to show 943 

the continental crustal effects. The average Nb/U and Ce/Pb ratios in OIB and MORB are from 944 

Hofmann et al. (1986), and the continental crust value is from Rudnick and Gao (2003). The 945 

lines with dots are simple mixing lines between DD-3 and continental crust. 946 



 947 

Fig. 9. Ranges of helium isotope values of the East Asian regions and various tectonic settings. 948 

References of reported 3He/4He ratios are as following [DU basaltic rocks: this study, 949 

Ulleungdo monzonites: Kim et al. (2008), NE China continental basalts: Xu et al. (2014), 950 

Korean xenoliths: Kim et al. (2005), NE China xenoliths: Chen et al. (2007), East African Rift 951 

(MER = Main Ethiopian Rift; NKR = Northern Kenya Rift; SKR = Southern Kenya Rift): 952 

Halldórsson et al. (2014) and references therein, WAR = Western Antarctic Rift: Nardini et al. 953 

(2009), island/continental arc-related volcanism: Hilton et al. (2002), HIMU mantle: Graham 954 

et al. (1992); Hanyu and Kaneoka (1997)]. The symbols and MORB and SCLM ranges are the 955 

same to Fig. 5. 956 

 957 



 958 

Fig. 10. (a) Helium isotope ratios of the DU basalts (this study) and several BABBs or 959 

volcanic/hydrothermal fluids. Helium isotope data of BABBs are from Okinawa Trough 960 

(Ishibashi et al., 1995; Yu et al., 2016), Mariana Trough (Ikeda et al., 1998; MacPherson et al., 961 

2000), North Fiji basin (Nishio et al., 1998), Lau basin (Hilton et al., 1993; Lupton et al., 2015), 962 

and Manus basin (Shaw et al., 2004). (b–e) Various geochemical diagrams using major and 963 



trace elements to distinguish the DU samples from other BABBs. Previously reported 964 

geochemical data from BABBs has references as following: Mariana Trough (Ishizuka et al., 965 

2010), Okinawa Trough (Shinjo et al., 1999), Lau basin, and Manus basin (Jenner et al., 2012). 966 

To compare with the DU samples, the BABBs consisting of the oceanic crust of the Yamato 967 

and Japan basins in the East Sea (sites 794, 795, and 797; Allan and Gorton, 1992; Hirahara et 968 

al., 2015) are also shown as open circles. 969 
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 971 

Fig. 11. Diagrams showing the results of a two-component mixing model between lithospheric 972 

and asthenospheric melts using helium isotopes and trace elements. The end-member 973 

composition of the asthenospheric melts was assumed to be the composition of popping rocks 974 

(Jones et al., 2019). The lithospheric melt end-member was assumed to have the highest ratios 975 

from the DU samples, and the helium isotope range was applied in the range (4.5 to 7.7 Ra) 976 

reported in basalts and mantle xenoliths in East Asia (this study; Chen et al., 2007; Kim et al., 977 

2005). The solid lines represent the two-component mixing relationships with the mixing ratios 978 



(asthenospheric melt percentage contribution). For reference, the Cenozoic basalt of Changle-979 

Linqu (NE China) located in eastern NCC is indicated by black diamonds (Chen et al., 2007). 980 
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 990 

Fig. 12. (a–d) Vertical cross-sections of seismic P- and S-wave tomography for Dokdo at 991 

latitude 37.25°N (a, b) and Ulleungdo at latitude 37.5°N (c, d) (Song et al., 2020). Moho depths 992 

are displayed as solid lines beneath the surface. Resolution of tomographic models is provided 993 

in Fig. S6. Low-velocity zones beneath the DU volcanoes (black squares) indicate the 994 

lithosphere-asthenosphere interaction. 995 
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