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Themulti-stagemagmatic plumbing system beneath the Ulleung, Dokdo, and Oki-Dogo Island has attracted con-
siderable attention but has seldom been investigated in detail. Herein, we present a comprehensive geochemical
analysis of volcanic rocks sampled at the Ulleung Island, including whole–rock major and trace elements as well
as Sr and Nd isotopic compositions. Late Cenozoic alkaline volcanic rocks from the Ulleung Island are commonly
divided into basaltic rocks (tephrite basanite and basalt) and acidic rocks (trachyte and rhyolite) based on the
large petrologic and geochemical variations. All rocks are significantly enriched in light rare-earth elements
(REEs) and large-ion lithophile elements and relatively depleted in heavy REEs. The acidic rocks have slightly
enriched 87Sr/86Sr and εNd ratios (0.704895–0.705173; −2.48 to −1.91) and distinctly negative Ba, Sr, P, Eu,
and Ti anomalies relative to the basaltic rocks (0.704733–0.705006, -2.61– -1.17). A multi-stage magma evolu-
tion model was finally developed beneath the Ulleung, Dokdo, and Oki-Dogo Island, characterized by at least
two magma reservoirs at different depths approximately ranging between 20 and 100 km. These ascending
magmas were retained in a shallower reservoir for ~1.0, ~0.5, and ~4.5 Ma, respectively, prior to eruptions
with significant crystal fractionation. Mantle-derived basaltic melts either directly travelled to the surface to
erupt as tephrite-basanite and basalt, or were stagnated in shallower reservoirs where they differentiated into
acidic magma to erupt as trachyte and rhyolite. The Late Cenozoic Korean Peninsula basalts are mainly divided
into two groups, i.e., the depleted mantle (DM) and enriched mantle 1 (EM1)mixing trend beneath the Ulleung
and Dokdo Island, and the DM-EM2 mixing connection beneath the Jeju Island, which likely indicates the tra-
versed boundary beneath Korean Peninsula that represents a simple lateral continuation of the boundary be-
tween the southeast and northeast China Blocks.
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1. Introduction

Intraplate alkalic volcanic activities are commonphenomena and are
widely distributed on Earth. These include small “monogenetic” volca-
noes with mainly basaltic compositions, such as the Jeju Island in the
southernmost of SouthKorea (Fig. 1a), and large “multigenetic” volcanic
fields with a wide range of compositions from phonolite to pantellerite
(Zhang et al. 2015), such as the Ulleung, Dokdo, and Oki-Dogo Island in
the Esat Sea (Fig. 1a). The former has generally been understood to rep-
resent small-scale, continuous eruptions and the evolution of an indi-
vidual volcano during a short eruption time; however, the latter are
characterized by complicated and discontinuous volcanic eruptions
and multi-stage magma evolution, possibly due to the complexity of
the magmatic plumbing system (Németh 2010). Herein, we present a
new dataset for the volcanic rocks from the Ulleung Island to discuss
the magmatic evolution, petrogenesis, and magmatic plumbing system
properties in the Ulleung volcanic activities, through comparative stud-
ies with the monogenetic (e.g., Jeju Island) and multigenetic volcanoes
(e.g., Dokdo and Oki-Dogo Island). Previous comprehensive studies
have reported that Late Cenozoic alkali basalts in northeast (NE) China
and southeast (SE) China are characterized by significant isotopic differ-
ences, particularly the EM1 isotope affinities beneath NE China and the
EM2 components beneath SE China region (Basu et al. 1991; Chung et al.
2001; Tu et al. 1991; Zhang et al. 1998; Zou et al. 2000). Such isotopic
distribution features continued into the Korean peninsula (Choi et al.
2006). This study compares the isotopic components of Late Cenozoic
volcanic rocks from the Jeju Island and the Ulleung Island to further
demonstrate the isotopic distributions beneath East Asia and the
boundary between two distinct isotopic domains.

Recently, we compared the Late Cenozoic volcanic activities be-
tween the Ulleung Island and Mt. Changbai (Baekdu) (Chen et al.,
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Fig. 1. (a) Simplified geological map of the East sea and the location of the Ulleung, Dokdo, Oki-Dogo, and Jeju Island. (b) The full distribution of Late Cenozoic volcanic rocks from Ulleung
Island (modified from Kim et al. 1999). (c) The full distribution of Late Cenozoic volcanic rocks from Dokdo Island (modified from Sohn and Park 1994; Lee et al. 2002).
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unpublished). Given their similar stratigraphic sequences, geochemical
features and magma evolutionary processes, these activities are sup-
posed to have identical magma formation models. However, we did
not take Dokdo and Oki-Dogo Island into account to discuss the multi-
stage magma evolution model and the magmatic plumbing system.
The Ulleung, Dokdo, and Oki-Dogo volcanoes have considerably similar
intraplate tectonic environments, bimodal volcanic rocks, and magma
evolution trends, whereas their eruption ages, scales, and nature of
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mantle source exhibit some differences (Lee et al. 2002; Nakamura et al.
1989; Shim et al. 2010; Uto et al. 1994; Xu et al. 1987). Therefore, prob-
ing into the relationship of Late Cenozoic volcanic activities beneath the
Ulleung, Dokdo and Oki-Dogo Island is necessary.

Ulleung, Dokdo, and Oki-Dogo volcanoes are typical products of in-
traplate volcanic activities in the East Sea andwere active during the pe-
riod of 1.37–0.01, 2.7–2.1, 5.5–0.6 Ma, respectively (Lee et al. 2002;
Sohn and Park 1994; Song et al. 2006; Uto et al. 1994). The opening of
the East Seawas almost completed during these periods, and the config-
uration of the back-arc basin was essentially formed, accompanied by
the upwelling of the asthenosphere mantle and the extreme thinning
of the oceanic crust (Nohda 2009). Ulleung, Dokdo, andOki-Dogo Island
are located at a great distance from the continents and are covered by
deep water or thick sediment, their petrogenesis and magmatic evolu-
tion were seldom investigated by previous researchers due to the rela-
tive inaccessibility of typical volcanic rocks. The pioneering
geochemical studies on these volcanic rocks date back to the end of
the 20th century (Kim 1985a, 1985b, 1986, 2000; Kim et al. 1987; Lee
et al. 2002; Nakamura et al. 1989, 1990; Sohn and Park 1994;
Tatsumoto and Nakamura 1991; Uto et al. 1994; Xu et al. 1987, 1998).
Since then, few investigations have been performed and thus little is
known about the deepmagmatic process. Herein,we present a compre-
hensive geochemical analysis on Late Cenozoic volcanic rocks from the
Ulleung Island, and collect the geochemical data of volcanic rocks from
the Dokdo and Oki-Dogo Island, with the aim of (1) determining the
magmatic evolution and magmatic plumbing system properties be-
neath the Ulleung volcanic activities; (2) establishing the volcanogenic
relationship among the Ulleung, Dokdo, and Oki-Dogo Island; (3) prob-
ing into themantle heterogeneities beneath the Ulleung and Jeju Island.

2. Geological background

There are three deep basins (Japan, Yamato, and Ulleung Basins) in
the East Sea comprising large amounts of ridges, seamounts and inter-
vening troughs (Fig. 1a). The Ulleung Island is located at the eastern
coast of the Korean Peninsula (Fig. 1a) and is a large round volcano
with ca. 30 km in base diameter and 3000m above the seabed. The vol-
canic rocks therein erupted from the Pleistocene (~1.4 Ma) to the mid-
Holocene (~5 ka B·P.) and contain a suite of alkaline rocks ranging in
composition from alkalic basalt to trachybasalt to trachyandesite (Fig.
1b; Kim 1985a, 1985b, 1986; Song et al. 2006; Xu et al. 1998).

Dokdo Island is a small and low-altitude volcano standing about
2000 m above the sea floor. It is located at the easternmost territory of
the Republic of Korea in the midst of the East Sea and comprises two
separate rocky islets, named Dongdo (East Islet) and Seodo (West
Islet), respectively (Fig. 1c). The subaerial volcanic rocks mainly com-
prise trachybasalt, trachyte, trachyandesite lava flows and pyroclastic
rocks, which together form a stratovolcano (Kim et al. 1987; Sohn and
Park 1994). Themajority of the pyroclastic rockswere formed as a result
of multi-stage volcanic eruptions during the period of 2.1 to 2.7 Ma
(Sohn and Park 1994).

Oki-Dogo Island is a small volcanic island with abundant Cenozoic
alkalic lava flows and an Early Proterozoic metamorphic complex
(Takahashi 1978; Tanaka and Hoshino 1987; Uto et al. 1994; Wada et
al. 1990; Yamashita and Yanagi 1994), which is situated ~60 km off
the coast of southwestern Japan on a shelf that stretches from the
Shimane Peninsula to Oki Bank. The Oki-Dogo lavas range in composi-
tion from old basalt to alkalic rhyolite to young basalt (Takahashi
1978), with the most recent volcanic activities occurring from 5.5 to
0.6 Ma (Uto et al. 1994).

Jeju Island lies off the south coast of the Korean Peninsula. It is a cen-
tral composite shield volcano comprising over 300 monogenetic scoria,
minor volcanic cones, and tephra rings (Tatsumi et al. 2005). Small-vol-
ume basaltic monogenetic volcanic fields are frequent around the cen-
tral volcanic edifice. The volcanic activities on this island comprise
eruptions from ca. 1.8 Myr to ca. 1 kyr B.P (Brenna et al. 2012a, 2012b).
3. Petrography and mineralogy

The Korean geothermal investigation team has drilled three coring
boreholes (i.e., GH-1, GH-2, and GH-3 (0–600 m)) from 2012 to 2014.
Subsequently, the GH-3 (600–1100 m) and GH-4 coring boreholes
have been drilled during the year of 2015 (Fig. 1b). The GH-3 drilling
hole was first cored to a depth of 600 m, subsequently, an additional
410 m was drilled to penetrate into the basaltic basement, and the
final total depth drilled in GH-3 was totally 1100 m. The GH-4 drilling
hole was drilled to a depth of 1009 m, which includes a 500–600-m
layer of volcanic basement rocks with in situ breccia and a residual
400–500-m layer of colluvium, volcanic conglomerate, and lapilli tuff.
We have conducted comprehensive petrographic studies for twenty-
six volcanic rocks from the GH-1, GH-2, and GH-3 (0–600 m) coring
boreholes, in this study we further performed petrographic analyses
for thirty volcanic core samples from the GH-3 (600–1100 m) and
GH-4 coring boreholes from the Ulleung Island. Table 1 lists the detailed
sampled depths, lithologic features, and phenocryst types. Their litho-
logic characteristics are mainly divided into three types: tephrite–
basanite, phonotephrite, trachybasalt and trachyte. All studied samples
were relatively fresh with massive structure and porphyritic texture.

Tephrite basanites show a porphyritic texture with phenocrysts of
mainly alkaline augite (25%), olivine (25%), hornblende (20%) and
minor amounts of fine needle-shaped Ca-rich plagioclase (30%) (Fig.
2a, b, c). The olivine phenocrysts have obvious pyroxene reaction rims.
The fine plagioclase is characterized by automorphic needle-like crys-
tals (0.1–0.4 mm) with a flow or trachytic texture (Fig. 2a).
Phonotephrites display a porphyritic to aphyric texture. The pheno-
crysts are mainly small needle-like sanidine (50%; 0.02–0.1 mm), large
nepheline (30%; 0.2–1.0 mm) and hornblende (10%; 0.2–0.5 mm), and
few accessory minerals (e.g., apatite) and dark-colored minerals (e.g.,
titanomagnetite, ilmenite) (Fig. 2d, e, f). Trachybasalts and trachytes ex-
hibit a porphyritic texture with phenocrysts of mainly plagioclase (70%;
0.2–1.0 mm), clinopyxene (20%; 0.5–1.0 mm) and few dark-colored
minerals (e.g., titanomagnetite, ilmenite) (10%) (Fig. 2g, h, i).

4. Analytical methods

We collected about 30 samples of volcanic rocks from theUlleung Is-
land. The sampleswere crushed intomillimeter-sized grains and further
pulverized in an agate mill. Their major element contents were deter-
mined using an X-ray fluorescence spectrometer (SHIMADZU VF-
320A) at the Korea Institute of Geoscience and Mineral Resources
(KIGAM), while their REE abundance were analyzed by ICP-MS
(Perkin-Elmer NexION®350) at KIGAM by following the newly- devel-
oped method of Kim et al. (2014). Analytical uncertainties were from
3 to 5% for major elements and 5–10% for trace elements (Appendix
1), depending upon the concentration level.

The whole-rock Nd and Sr isotopic compositions for the samples
were measured on a TRITON Plus multi-collector thermal ionization
mass spectrometer at KIGAM. Procedural blanks in whole-rock samples
were b 100 pg for both Sr and Nd. The isotopic ratios of 143Nd/144Nd
were calculated by normalizing the data to 146Nd/144Nd = 0.7219
(Faure and Mensing 2005). Replicate analyses of the NBS987 Sr and
JNdi-1 Nd standards gave values of 87Sr/86Sr = 0.710251 ± 0.000002
(2σ, n=30) and 143Nd/144Nd=0.512103±0.000002 (2σ, n=30), re-
spectively (Appendix 2).

Major element compositions of feldspars and pyroxenes in Ulleung
Island volcanic rocks were measured by a JEOL JXA8100 electron
probe microanalyzer (EPMA) at Institute of Geology and Geophysics,
Chinese Academy of Sciences (IGGCAS), with operating conditions of
15 kV accelerating voltage, 10 nA beam current, 5 μm beam spot and
10~30s counting time. We selected typical Ulleung island volcanic sam-
ples, made polished thin sections, observed the mineral features of
these sections, marked the analyzed minerals and finally tested. We
conducted multiple analyses of different grains within a sample. The



Table 1
Descriptions of volcanic rocks from Ulleung island.

Sample Locality Depth (m) Rock type Rock texture Phenocrysts Coordinates K-Ar age

1 CSS01 GH-3 620.6 Phonotephrite Porphyric Ne + Atc + Sa 130°51′11.06″E, 37°28′48.51″N Pleistocene- M. Holocene
2 CSS02 GH-3 641.4 Tephrite Basanite Porphyric Aug + Pl 130°51′11.06″E, 37°28′48.51″N Pleistocene- M. Holocene
3 CSS03 GH-3 675 Phonotephrite Porphyric Ne + Atc + Sa 130°51′11.06″E, 37°28′48.51″N Pleistocene- M. Holocene
4 CSS04 GH-3 697.7 Tephrite Basanite Porphyric Aug + Ol + Pl 130°51′11.06″E, 37°28′48.51″N Pleistocene- M. Holocene
5 CSS05 GH-3 738.7 Phonotephrite Porphyric Ne + Sa 130°51′11.06″E, 37°28′48.51″N Pleistocene- M. Holocene
6 CSS06 GH-3 787.8 Phonotephrite Porphyric Ne + Atc + Sa 130°51′11.06″E, 37°28′48.51″N Pleistocene- M. Holocene
7 CSS07 GH-3 838 Tephrite Basanite Porphyric Aug + Pl 130°51′11.06″E, 37°28′48.51″N Pleistocene- M. Holocene
8 CSS08 GH-3 887.9 Basalt Porphyric Cpx + Pl 130°51′11.06″E, 37°28′48.51″N Pleistocene- M. Holocene
9 CSS09 GH-3 910.7 Tephrite Basanite Porphyric Aug + Pl 130°51′11.06″E, 37°28′48.51″N Pleistocene- M. Holocene
10 CSS10 GH-3 996.9 Basalt Porphyric Ol + Cpx + Pl 130°51′11.06″E, 37°28′48.51″N Pleistocene- M. Holocene
11 CSS11 GH-4 30.6 Tephrite Basanite Porphyric Aug + Pl 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
12 CSS12 GH-4 105.2 Tephrite Basanite Porphyric Aug + Pl 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
13 CSS13 GH-4 137.9 Tephrite Basanite Porphyric Ol + Aug + Pl 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
14 CSS14 GH-4 188.6 Tephrite Basanite Porphyric Ol + Aug + Pl 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
15 CSS15 GH-4 260.8 Phonotephrite Porphyric Ne + Sa 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
16 CSS16 GH-4 290.1 Tephrite Basanite Porphyric Aug + Pl 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
17 CSS17 GH-4 326.9 Tephrite Basanite Porphyric Aug + Pl 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
18 CSS18 GH-4 350 Trachybasalt Porphyric Cpx + Afs + Pl 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
19 CSS19 GH-4 368.9 Picrobasalt Aphyric _ 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
20 CSS20 GH-4 396.4 Tephrite Basanite Aphyric _ 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
21 CSS21 GH-4 418 Tephrite Basanite Porphyric Ol + Aug 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
22 CSS22 GH-4 510 Phonotephrite Porphyric Ne + Atc + Sa 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
23 CSS23 GH-4 558.7 Trachyte Porphyric Afs + Pl 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
24 CSS24 GH-4 590.2 Trachyandesite Porphyric Afs + Pl 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
25 CSS25 GH-4 660.1 Tephrite Basanite Aphyric _ 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
26 CSS26 GH-4 757.9 Tephrite Basanite Porphyric Aug + Pl 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
27 CSS27 GH-4 850.8 Tephrite Basanite Porphyric Ol + Aug + Pl 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
28 CSS28 GH-4 891 Tephrite Basanite Porphyric Ol + Aug + Pl 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
29 CSS29 GH-4 954 Tephrite Basanite Porphyric Ol + Aug + Pl 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
30 CSS30 GH-4 997.8 Tephrite Basanite Aphyric _ 130°51′29.84″E, 37°31′34.48″N Pleistocene- M. Holocene
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analytical precisions are generally better than 1.5%. The data are present
in Appendix 4, and Appendix 5.

5. Results

5.1. Major- and trace-elements

Wepresent thirtymajor and trace element data for the Cenozoic vol-
canic rocks from the Ulleung Island (Appendix 1). All the data in Fig. 3
were recalculated to 100wt% on a volatile-free basis. The Ulleung Island
volcanic rocks are characterized by relatively high total alkali contents
(K2O + Na2O = 2.97–12.63 wt%) and mainly composed of tephrite
basanite, phonotephrite, and trachyte in the TAS classification diagram
(Fig. 3). These volcanic samples can define a rough bimodal volcanic
suite, with a large range of Mg# (100*Mg/(Mg + Fe2+) = 8.14–48.1)
and variable SiO2 values (39.1–60.9 wt%). The collected geochemical
data of volcanic rocks from the Dokdo and Oki-Dogo Island mainly
plot within the field range from basalt, trachy basalt, to trachyte and
rhyolite (Fig. 3; Lee et al. 2002; Nakamura et al. 1989; Shim et al.
2010; Uto et al. 1994; Xu et al. 1987),which also display slightly high al-
kali contents, large ranges of Mg# and SiO2 values. By contrast, the Jeju
Island volcanic rocks aremainly basalts and trachybasaltswith a narrow
range of SiO2 and Mg# values (Fig. 3), belonging to alkalic and sub-
alkalic series (Tatsumi et al. 2005).

The volcanic rocks from the Ulleung, Dokdo, and Oki-Dogo Island
have large variations of MgO (0.01–12.1 wt%), TiO2 (0.10–3.72 wt%),
CaO (0.10–12.4wt%), K2O (0.09–7.32wt%) contents. The concentrations
of Ni, Sc, and Cr range variably from1 to 290 ppm, from 1 to 42 ppm and
from 1 to 666 ppm, respectively, suggesting evolved magmas (Fig. 4).
Most samples plot along correlation trends in the SiO2 vs. major ele-
ments diagrams (Fig. 4), including the negative correlations between
SiO2 and MgO, TiO2, CaO/Al2O3, CaO, and the positive correlations be-
tween SiO2 and K2O, P2O5 (Fig. 4). The Ulleung Island samples have sig-
nificantly higher total alkali contents and K2O values, relatively lower
concentrations of MgO, CaO/Al2O3, CaO relative to the volcanic rocks
from the Dokdo and Oki-Dogo Island at a given SiO2 value (Fig. 4). In
the SiO2 vs. trace element plots, all volcanic samples show negative
trends between SiO2 and Sc, Cr (Fig. 4).

The chondrite–normalized rare earth element (REE) plots for volca-
nic rocks from the Ulleung, Dokdo, and Oki-Dogo Island are character-
ized by enrichment of light rare earth elements (LREE) and significant
depletion of heavy REE (HREE) (Fig. 5), resembling those of oceanic is-
land basalts (OIB) (Sun and MacDonough, 1989) and with high ratios
of (La/Yb)N (29.5–48.4) and (La/Sm)N (6.31–22.4). Moreover, the acidic
volcanic rocks show significant Eu negative anomalies (Eu/Eu* = 2
× Eu/(Sm + Gd) = 0.13–0.35) and higher total REE (∑REE = 512–
731 ppm) relative to those of basaltic ones (Eu/Eu* = 0.95–1.20;
∑REE = 234–399 ppm; Fig. 5). This is unlike the Jeju Island alkalic
and sub-alkalic volcanic rocks with obvious Eu positive anomalies (Eu/
Eu* =1.00–1.72) (Fig. 5; Tatsumi et al. 2005).

The primitive mantle normalized multi-element diagrams for basal-
tic volcanic rocks from the Ulleung, Dokdo, and Oki-Dogo Island are
enriched in large ion lithophile elements (LILE), similar to the patterns
of typical Hawaiian OIB (Fig. 5). Whereas the acidic ones are depleted
in Ba, Sr, P, and Ti, but exhibit moderate enrichment in Th, U, Zr and
Hf (Fig. 5) compared to the basaltic samples. The Jeju Island alkalic
and sub-alkalic volcanic rocks show similar incompatible element pat-
terns (Fig. 5), with significant Pb, Sr, Zr, Hf, and Eu positive anomalies
(Tatsumi et al. 2005). In general, all REE spectra and spider diagram
are similar to typical Hawaiian OIB (Sun and MacDonough, 1989).

5.2. Sr-Nd isotopes

We present eighteen Sr and Nd isotopic data for Cenozoic volcanic
rocks from the Ulleung Island (Appendix 2). As illustrated in Fig. 6, all
volcanic samples from the Ulleung and Dokdo Island have rather re-
stricted 87Sr/86Sr ratios of 0.704489 to 0.705554 and 143Nd/144Nd values
from0.512463 to 0.512603 (εNd=−3.41 to−0.68), plottingwithin the
field of OIB (Fig. 6a). The acidic volcanic rocks have slightly higher
87Sr/86Sr ratios of 0.705026 to 0.705554 relative to the basaltic samples
(0.704489– to 0.705006). Oki-Dogo Island volcanic rocks are distin-
guished by more radiogenic isotopic compositions, with 87Sr/86Sr of



Fig. 2. Themicrograph of volcanic rocks from Ulleung Island. These volcanic rocks are respectively tephrite basanites (a, b, c), phonotephrites (d, e, f), trachybasalts and trachytes (g, h, i).
O1–olivine; Aug–augite; Pl–plagioclase; Hb–hornblende; Afs–alkali feldspar; Ne–nepheline; Cpx–clinopyxene; Ilm–ilmenite; Mag–magnetite.
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0.704740–0.705660 and 143Nd/144Nd of 0.511800–0.511960 (εNd =
−16.35 to −13.23) (Fig. 6a). The samples from three islands fall along
the mixing line between depleted mantle (DM) and enriched mantle
1 (EM1) end-member (Fig. 6b). In contrast, the Jeju Island volcanic
rocks have much depleted Nd isotopic compositions than those of
Ulleung and Dokdo Island samples, falling along the mixing trend be-
tween DM and enriched mantle 2 (EM2) end-member (Fig. 6b; Choi
et al. 2006).

The data of alkaline basalts from the Ulleung and Dokdo Island are
from this study and unpublished data; Choi et al. 2006; Kim 2000;
Tatsumoto and Nakamura 1991; the data of alkaline basalts from Oki-
Dogo Island are from Nakamura et al. 1990; the data of volcanic rocks
from Jeju Island are from Brenna et al. 2012a, 2012b; Choi et al. 2006;
Park et al. 2005; Tatsumi et al. 2005; the data of SE and NE China Ceno-
zoic basalts are from Basu et al. 1991; Tu et al. 1991; Zhang et al. 1998;
Zou et al. 2000; the data of Pacific MORB, Indian MORB, OIB, EMІ, EMП
are from Zindler and Hart (1986).

6. Discussion

6.1. Effect of postmagmatic alteration and lithospheric contamination

The volcanic rocks from the Ulleung, Dokdo, Oki-Dogo, and Jeju Is-
land have relatively higher loss-on-ignition (LOI) values (2.81 wt%–
13.96 wt%) and sulfide contents (0.14 wt%–1.94 wt%) (Appendix 1),
attesting to their various post-magmatic alteration. Hence, it is neces-
sary to assess the effects of such alteration prior to interpreting the geo-
chemical data. We commonly utilize the correlations between LOI and
elemental abundances to distinguish which kinds of compositions are
easily influenced by postmagmatic alteration. The major elements (e.
g., K2O, CaO) and LILEs (e.g., Rb, K, Ba, Sr) are generally thought to be
easily susceptible to the effect of postmagmatic alteration due to their
significant correlations with LOI values (Chen et al. 2015). However,
the REEs, most high field-strength elements (HFSEs), the transition ele-
ments (e.g., Sc), the ratios of incompatible elements (e.g., Th/Nd, La/Sm,
Ba/Th, Sr/Th, and Ba/La), 87Sr/86Sr, and 143Nd/144Nd isotopic ratios re-
cord the features of the source region and are not easily mobilized by
postmagmatic alteration due to the absence of their correlations with
LOI values (Chen et al. 2015). Thus in this study, we will mainly focus
on these immobile elements, incompatible elements ratios, and
87Sr/86Sr, and 143Nd/144Nd ratios in the following petrogenesis
discussion.

Ulleung, Dokdo, Oki-Dogo, and Jeju Island volcanic activities respec-
tively erupted during the periods of 1.37–0.01 Ma, 2.7–2.1 Ma, 5.5–
0.6 Ma, and 1.8–0.0 Ma (Lee et al. 2002; Sohn and Park 1994; Song et
al. 2006; Tatsumi et al. 2005; Uto et al. 1994), after the complete open-
ing of the East Sea and the formation of the back-arc basin (Nohda
2009). Thus these volcanic rocks were formed by the upwelling of the
asthenosphere mantle with little contributions made by crustal or lith-
ospheric mantle contamination during the magma formation process.



Fig. 3.Na2O+K2O (wt%) versus SiO2 (wt%) (Le Bas et al. 1986) of Late Cenozoic volcanic rocks from theUlleung,Dokdo, Oki-Dogo, and Jeju Island. Thedata ofUlleung Islandvolcanic rocks
are from this study and unpublished data; The data of Dokdo Island volcanic rocks are from Lee et al. 2002 and Shim et al. 2010; The data of Oki-Dogo Island volcanic rocks are from
Nakamura et al. 1989; Uto et al. 1994; Xu et al. 1987; The data of Jeju Island volcanic rocks are from Tatsumi et al. 2005.
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These volcanic rocks display limited Sr–Nd isotopic variations, broad
range in SiO2 values, and the poor correlations between 87Sr/86Sr and
SiO2 (Fig. 7a) and between 87Sr/86Sr and (1/Sr) * 1000 (Fig. 7b) (Zhu
et al. 2009), indicating the limited involvement of crustal or lithospheric
mantle contamination.

6.2. Magmatic differentiation

Late Cenozoic volcanic rocks from theUlleung, Dokdo, and Oki-Dogo
Island are characterized by large petrologic and geochemical variations,
ranging from basaltic to acidic lavas with variable Mg#, which are likely
attributed to various degrees of fractional crystallization from mantle-
derived magmas. The apparent compositional correlations between
major, trace element abundances and SiO2 suggest that significant frac-
tional crystallization occurred (Fig. 4).

In order to quantify the crystal fractionation history of Ulleung Island
volcanic rocks, we applied MELTS_Excel (Gualda and Ghiorso 2015;
http://melts.ofm-research.org) to place constraints on the crystalliza-
tion history of Ulleung lavas. We used the highest MgO Ulleung lava
to represent the parental magma. This sample has a MgO of 9.16 wt%,
and it is olivine-phyric. Pressure was set at 10.1 kbar, and the system
was open to oxygen exchange at QFM buffer (Carmichael and
Ghioroso, 1986). MELTS calculation shows that the liquidus tempera-
ture of our selected starting composition is 1150 °C. The temperature
was then decreased at steps of 5 °C. Above 1090 °C, olivine is the only
crystallized phase, and it is completely removed from the system.
Below 1090 °C at MgO of ~8.45 wt%, multiple phases crystallize. When
the temperature dropped to 1090 °C, 975 °C, 930 °C, the clinopyxene,
spinel, and garnet respectively begin to crystallize. Finally, we finish
the plots of SiO2 vs. major elements (Fig. 4), the red line are the models
calculated by “MELTS Excel”.

The decreasing MgO, FeOT, CaO/Al2O3, Ni, and Sc concentrations
with increasing SiO2 concentrations (Fig. 4) can be attributed to the
crystal fractionation of olivine and clinopyroxene. A negative correlation
between CaO and SiO2 (Fig. 4) indicate the removal of plagioclase phe-
nocrysts, consistent with the negative correlations between Eu/Eu* ver-
sus Ba (Fig. 8a). This is further supported by the clear negative Eu, Sr,
and Ba anomalies in primitive mantle-normalized trace element pat-
terns (Fig. 5), and the positive linear trend between PI (molar [Na2O
+ K2O]/Al2O3)) and SiO2 (not shown). Negative correlations between
FeOT, MgO, TiO2 and SiO2 (Fig. 4) are indicative of hornblende and
titanomagnetite-dominated fractionation during the evolution of the
magma. The P2O5 contents increase with increasing SiO2 (Fig. 4), indi-
cating the crystal fractionation of apatite. The negative Ti anomalies in
the incompatible element diagram (Fig. 5) may have resulted from the
fractionation of Ti-bearing phases (e.g., titanomagnetite, ilmenite).

Basaltic rocks exhibit the highest compatible element concentra-
tions (e.g., MgO, FeOT, TiO2, Ni, Cr, and Sc), whereas acidic volcanic
rocks show the highest incompatible element (e.g., Zr, Hf, Nb, Ta, Th,
U) and REE concentrations, the lowest compatible element concentra-
tions, and increasingly significant Eu, Sr, and Ba negative anomalies
(Fig. 5). These observations likely indicate that the acidic magma
might be the final fractional melt that is sourced from a basaltic primi-
tive magma source with the fractional crystallization of olivines,
clinopyroxenes and plagioclases.

Incompatible element ratios could normally be used to determine
the nature of the magma source, such as the ratios of Sm/Th and Th/Y
(Sun and McDonough 1989). Basaltic and acidic volcanic rocks have
analogous Sm/Th and Th/Y ratios (Fig. 8b), similar REE and incompatible
element distribution trends (excluding Ba, Sr, P, Eu, and Ti) (Fig. 5), ex-
tremely similar and relatively enriched 87Sr/86Sr and 143Nd/144Nd isoto-
pic components (Fig. 6), which are consistent with those of OIB (Figs. 5,
6, 8b), indicating these basaltic and acidic Ulleung samples were likely
derived from a common and enriched OIB-type magma source. A posi-
tive correlation between La/Sm and La (Fig. 8c) suggests an approxi-
mately common mantle source for the basaltic and acidic rocks,
because the partition coefficients of La and Sm are associated with the
mineralogy in the mantle source (Hofmann et al. 1986). Thus, we ar-
gued that the basaltic rocks were directly derived from a basaltic prim-
itive magma reservoir, whereas the acidic rocks were likely originated
from a common basaltic magma source that experienced variable de-
grees of crystallization differentiation.

However, the Jeju Island samples mainly comprised a mass of basal-
tic volcanic rocks, which exhibited homogeneous petrologic character-
istics and limited variation in geochemical compositions, although
they also likely have experienced the process of crystal fractionation
based on the plots of major elements versus SiO2 (Fig. 4). Thus, Jeju Is-
land volcanic rocks were found to have directly erupted from magma

http://melts.ofm-research.org


Fig. 4. Plots of selected major elements versus SiO2 of Late Cenozoic volcanic rocks from the Ulleung, Dokdo, Oki-Dogo, and Jeju Island. The red line are the models calculated by “MELTS
Excel” (Gualda and Ghiorso 2015; http://melts.ofm-research.org) to quantify the crystal fractionation history of Ulleung Island lavas. The data of Ulleung, Dokdo, Oki-Dogo, Jeju volcanic
rocks are identical to those for Fig. 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reservoirs without long periods of stagnation to proceedthe magmatic
differentiation (Brenna et al. 2012a, 2012b; Tatsumi et al. 2005).

6.3. The involvement of subducted oceanic sediment and fluid

Late Cenozoic volcanic rocks from the Ulleung, Dokdo, Oki-Dogo Is-
land are determined to be at an intraplate volcanic tectonic setting
based on a plot of Yb vs. Th/Ta (Fig. 8d). Their geochemical features
were interpreted as the involvement of subducted oceanic sediments
and fluids during magma evolution. The evidences are given as the fol-
lowing: (1) significant enrichment of LILE (e.g. K, Rb, Sr, and Ba) in com-
parison with that of HFSE and REE (Fig. 5), indicating that these basaltic
volcanic rocks were modified by subduction-related fluid, because LILE
are mobile in aqueous fluids relative to HFSE and REE (Turner et al.
2012). (2) Incompatible element ratios (e.g. Ba/Th, Sr/Th, Th/Nd, and
Ba/La) are not significantly fractionated by partialmelting and fractional

http://melts.ofm-research.org


Fig. 5. Chondrite normalized REE patterns and primitivemantle normalized trace element patterns of Late Cenozoic volcanic rocks from the Ulleung (a), Dokdo (b), Oki-Dogo (c), and Jeju
(d) Island. The data of Ulleung Island volcanic rocks are from this study and unpublished data; The data of Dokdo Island volcanic rocks are from Lee et al. 2002; The data of Oki-Dogo Island
volcanic rocks are fromNakamura et al. 1989; Xu et al. 1987; The data of Jeju Island volcanic rocks are fromTatsumi et al. 2005. The data on chondrite, primitivemantle, E–MORB,N–MORB
and OIB are from Sun and McDonough (1989).
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Fig. 6. (a) Plot of 143Nd/144Nd vs. 87Sr/86Sr of Late Cenozoic volcanic rocks from Ulleung, Dokdo, and Oki-Dogo Island. (b) Plot of 143Nd/144Nd vs. 87Sr/86Sr of Cenozoic volcanic rocks from
Ulleung-Dokdo Island and Jeju Island.
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crystallization (Class et al. 2000), thus large variations in the Ba/Th, Sr/
Th, and Ba/La ratios (Fig. 9a, b, c) and mobile element contents (e.g.,
Ba and Rb) manifest the contamination of the enriched subduction-re-
lated components (Class et al. 2000; Tatsumi et al. 1986). Furthermore,
the negative correlations between Ba/Th, Sr/Th, Ba/La, and Th/Nd indi-
cate the abundant involvement of subduction-related fluids (Fig. 9a, b,
c; Zhang et al. 2015). (3) Most volcanic rocks from the Ulleung,
Dokdo, and Oki-Dogo Island are characterized by relatively high K2O
(~7.32 wt%) and Na2O (~5.47 wt%) concentrations, likely reflecting the
presence of potassic fluid in the magma source region. Woodhead et
Fig. 7. (a) Plots of 87Sr/86Sr vs. SiO2 (wt%), (b) 87Sr/86Sr vs. (1/Sr)*1000, (c) 143Nd/144Nd vs. Th/N
Oki-Dogo, and Jeju Island. The data of alkaline basalts from Dogdo Island are from Choi et al. 20
Island are from Nakamura et al. 1990; the data of alkaline basalts from Jeju Island are from Tat
al. (2001) pointed out the plot of Th/Yb vs. Ba/La is commonly used to
evaluate the origin of potassic-rich fluid. The volcanic rocks from the
Ulleung, Dokdo, and Oki-Dogo Island exhibit variable Ba/La values, sug-
gesting that the slab-derived fluids make important contribution to the
magma source in comparison with the sediments-derived melts (Fig.
9d). (4) The isotopic compositions of these volcanic rocks fall within
the evolutionary mixing array between depleted mantle and the sub-
duction-related components in the plots of 143Nd/144Nd vs. (La/Sm)N
and Th/Nd (Fig. 7c, d; Nakamura et al. 1990; Tatsumi et al. 1986;
Tatsumoto and Nakamura 1991). (5) The average 206Pb/204Pb values
d, (d) 143Nd/144Nd vs. (La/Sm)N of Late Cenozoic volcanic rocks from the Ulleung, Dokdo,
06; Kim 2000; Tatsumoto and Nakamura 1991; the data of alkaline basalts from Oki-Dogo
sumi et al. 2005.



Fig. 8. (a) Plots of Log Eu* vs. Log Ba, (b) Sm/Th vs. Th/Y, (c) La/Sm vs. La, (d) Th/Ta vs. Yb (Gorton and Schandl 2000) of Late Cenozoic volcanic rocks from theUlleung,Dokdo, andOki-Dogo
Island. Fig. 8a was calculated based on the Eu, Ba contents in the magma source and the mineral/melt partition coefficients. The data in Fig. 8a indicate the 10%, 20%, 30%, 40% and 50%
fractional crystallization of the minerals plagioclase (Pl), K-feldspar (Kf), biotite (Bt), hornblende (Hb), clinopyroxene (Cpx) and orthopyroxene (Opx). The Ba and Eu in the magma
source are cited from Appendix 1. Mineral/melt partition coefficients are from Pearce and Norry (1979). The data of Ulleung Island volcanic rocks are from this study and unpublished
data; The data of Dokdo Island volcanic rocks are from Lee et al. 2002 and Shim et al. 2010; The data of Oki-Dogo Island volcanic rocks are from Nakamura et al. 1989; Uto et al. 1994;
Xu et al. 1987.
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of basaltic rocks from the Ulleung, Dokdo, and Oki-Dogo Island (18.0–
18.1; 17.9–18.1; 18.0–18.3) are consistent with those from the
subducting oceanic plate (206Pb/204Pb = 18.0–18.5, Basu et al. 1991;
Zindler and Hart 1986), which suggests the involvement of the
subducted-related fluid or sediment components.

However, to be specific, the Late Cenozoic basaltic rocks from the
Ulleung, Dokdo, and Oki-Dogo Island display different contributions of
the subducted oceanic sediments and fluids. (1) Basaltic rocks from
theOki-Dogo Island have relatively higher Ba/Th, Sr/Th, and Ba/La ratios
in comparisonwith those from the Ulleung and Dokdo Island (Fig. 9a, b,
c), mirroring higher involvement of the subducted slab-released fluids
in the Oki-Dogo Island. (2) The Oki-Dogo Island volcanic rocks have
more similar isotopic compositions of the subduction-related compo-
nents with slightly lower 143Nd/144Nd and higher 86Sr/87Sr values
(Figs. 6, 7c, d), which might be connected with the larger contributions
from subducted slab-released fluids relative to those from the Ulleung
and Dokdo Island (Kuritani et al. 2011). Thus, the different involve-
ments of the subduction-related fluids and sediments are likely associ-
ated with the distance from the western Pacific Oceanic arc-trench
and the extent of interaction between subducting slabs and underplated
volcanic magma.

6.4. The magma formation condition of the Ulleung Island volcanic
activities

Weperformed geochemistry-basedmeltingmodeling using the Sm-
Yb and Sm-Tb-Yb systematics. The modeling was based on partition
coefficients, batch partial melting equation CL/Co = 1/(F + D-FP), and
presumed components of mantle source. In the diagrams of Sm versus
Sm/Yb and (Tb/Yb)P versus (Yb/Sm)P (Fig. 10), the basaltic volcanic
rocks from Ulleung Island plot within the melting lines of garnet
lherzolite suggesting their derivation at 5 to 10% degree of partial melt-
ing, the acidic samples probably formed from a mantle source contain-
ing spinel-garnet lherzolite with 1 to 5% degree of partial melting. The
results of geochemical modeling show that the basaltic samples from
Ulleung Island were derived from relatively deeper depths within the
stability field of garnet lherzolite with relatively higher degree of partial
melting compared to those of the acidic volcanic rocks (Fig. 10).

Pyroxenes and feldspars are the essential phenocrysts in the Ulleung
Island volcanic rocks. Feldspar minerals in mafic volcanic rocks mainly
belong to the plagioclase series with compositions of Ab83.8–97.7An1.5–

14.8Or0.4–3.2 (albites) and Ab12.9–37.5An58.2–86.4Or0.7–4.9 (bytownite and
labradorite), while those in felsic volcanic rocks are mostly alkali feld-
spar with a composition of Ab49.0–65.1An0.8–9.7Or27.8–48.5 (plagioclase)
(Appendix 4; Smith and Brown 1988). Pyroxene minerals in mafic vol-
canic rocks mainly occur as clinopyroxene rather than orthopyroxene
with a composition ofWo47–50En37–45Fs8–13 (diopside and sahlite) (Ap-
pendix 5; Morimoto 1988). Irving and Frey (1984) first proposed the
equilibrium constant Kdcpx to identify the chemical equilibrium be-
tween clinopyroxene and melts. The formula is given as Kdcpx = (FeO/
MgO)cpx/(FeO/MgO)basalt. When Kdcpx values are between 0.2 and 0.4,
the clinopyroxene minerals are considered to be in the chemical equi-
librium. Herein, the Kdcpx values of the Ulleung Island volcanic rocks
mostly range from 0.12 to 0.36, indicating that the clinopyroxene



Fig. 9. (a) Plots of Sr/Th vs. Th/Nd, (b) Ba/Th vs. Th/Nd, (c) Ba/La vs. Th/Nd, (d) Th/Yb vs. Ba/La (Woodhead et al. 2001) of Late Cenozoic volcanic rocks from the Ulleung, Dokdo, and Oki-
Dogo Island. The data of Ulleung Island volcanic rocks are from this study and unpublished data; The data of Dokdo Island volcanic rocks are from Lee et al. 2002 and Shim et al. 2010; The
data of Oki-Dogo Island volcanic rocks are from Nakamura et al. 1989; Uto et al. 1994; Xu et al. 1987.
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minerals and magmatic melts are in chemical equilibrium, thus, the
phenocryst assemblage may be used to calculate the equilibrium tem-
perature and pressure.

Plagioclases are the essential minerals in Ulleung Island mafic and
felsic volcanic rocks and record the temperature and pressure of the pa-
rental magma (Kudo andWeill 1970; Putirka 2005a, 2005b). Kudo and
Weill (1970) proposed a plagioclase thermometer formula of lnλ/σ
+ 1.29 × 10−4φ/T = 12.18 × 10−3 T − 16.63 when PH2O is at 5 kbar.
In this formula, σ = XAb/XAn, φ = XCa + XAl − XSi − XNa, λ =
(XNaXsi/XCaXAl)whole rock, and T represents thermodynamic temperature.
The plagioclase temperatures in mafic volcanic rocks may be divided
into two groups: albites in mafic volcanic rocks were formed when T
=1061–1243 °C, while bytownite and labradorite in mafic volcanic
rocks were formed when T = 1373–1544 °C. The plagioclase tempera-
tures in felsic volcanic rocks are T = 1328–1500 °C (Appendix 4).

Clinopyroxenes are the major phenocrysts in the Ulleung Island
mafic volcanic rocks and are excellent minerals for estimating the equi-
librium temperature and pressure of magmatic crystallization (Putirka
et al. 1996, 2003, 2008). The clinopyroxene geothermobarometers pro-
posed by Putirka et al. (1996, 2003, 2008) yield the crystallization tem-
perature and pressure results in Appendix 5. The average temperature
and pressure of clinopyroxene phenocrysts in mafic volcanic rocks
range from 1040 °C to 1264 °C and from 10.1 to 21.2 kbar, respectively
(Putirka et al. 1996, 2003, 2008).

Comprehensive results of the plagioclase and clinopyroxene
geothermobarometers provide us with the range of crystallization tem-
peratures and pressures for Ulleung Island volcanic rocks. The results in-
dicate that albite and clinopyroxene in mafic volcanic rocks were
formed under lower temperatures and higher pressures (T = 1040–
1264 °C and P = 10.1–21.2 kbar), whereas at higher temperatures (T
= 1328–1500 °C), bytownite and labradorite in mafic volcanic rocks
and alkali feldspar in felsic volcanic rocks were produced.

6.5. Magma stagnation time in the magma reservoir

Combinedwith the geochemical features andmineral compositions,
basaltic volcanic rocks were derived from a relatively deep mantle
source under conditions of low temperature and high pressure with a
relatively lower degree of partial melting, while acidic volcanic rocks
were mainly segregated from a relatively shallow mantle source with
relatively higher degree of partialmelting under conditions of high tem-
perature. The Ulleung, Dokdo, and Oki-Dogo volcanic activities were oc-
curred as a result of multi-stage magma ascent with different lithologic
characteristics. Thus,we propose that there is a two-layermagma reser-
voir beneath the Ulleung, Dokdo, and Oki-Dogo Island, named a deep
reservoir and a shallow reservoir (Lim et al. 2014).

Given that each stage of magmatic activity erupted at certain time
intervals, the ascending magma would likely be stagnant and remain
in the shallow magma reservoir for a certain duration. However, their
maximum residence times in themagma reservoir for the Late Cenozoic
volcanic activities in theUlleung, Dokdo, andOki-Dogo Island have clear
differences,which results in different durations of stagnation and differ-
ent length of period to proceedmagma evolution. Synthesizing previous
geochronology analysis results (Fig. 11; Appendix 3), volcanic activities
in the Ulleung Island mainly focus on the period of 1.37–0.97 Ma, 0.83–
0.77 Ma, 0.73–0.24 Ma, 9300–6300 cal. B.P., 0.01 Ma (Fig. 11; Arai et al.
1981; Hwang et al. 2013; Kim et al. 1999; Lallemand and Jolivet 1986;
Lim 2011; Machida 1981; Machida et al. 1984; Min et al. 1988; Okuno



Fig. 10. (a) Plots of Sm/Yb vs. Sm, (b) (Yb/Sm)P vs. (Tb/Yb)P of Late Cenozoic volcanic rocks
from the Ulleung, Dokdo, and Oki-Dogo Island. The data for Depleted Mantle (DM) and
Primitive Mantle (PM) are from (Sun and McDonough 1989). The compositions of
spinel lherzolite for the melting trends from DM and PM are Ol0.530 + Opx0.270
+ Cpx0.170 + Sp0.030 and Ol0.060 + Opx0.280 + Cpx0.670 + Sp0.110, respectively. The
compositions of garnet lherzolite for the melting trends from DM and PM are Ol0.600+
Opx0.200 + Cpx0.100 + Gt0.100 and Ol0.030 + Opx0.160 + Cpx0.880 + Gt0.090, respectively.
The numbers along the melting curves are for the degree of partial melting. We used
equation CL/Co = 1/(F + D-FP) for batch melting. CL is the concentration of a trace
element in the melt. Co is the content of a trace element in the mantle source. D is bulk
distribution coefficient. D = ∑XiDi, where Xi is the weight fraction of phase “i” in the
mineral assemblage and Di is its crystal-liquid partition coefficient. P = ∑Pi Di, where Pi
is the proportion of phase “i: entering the melt. F is the degree of partial melting.
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et al. 2010; Song et al. 2006; Xuet al. 1998); Dokdo Island volcano inten-
sively erupt during the period of 2.7–2.4 Ma, 2.4–2.3 Ma, 2.2–2.1 Ma
(Fig. 11; Lee et al. 2002; Sohn and Park 1994; Song et al. 2006); volcanic
eruptions in the Oki-Dogo Island are mainly occurred during the period
of 5.5–5.4Ma, 4.3–2.4 Ma, 1.3–0.6 Ma (Fig. 11; Uto et al. 1994). This im-
plies that the ascendingmagma in the Ulleung, Dokdo, and Oki-Dogo Is-
land are retained in the shallow reservoirs for a maximum of ~1.0, ~0.5,
and ~4.5 Ma, respectively, prior to eruption (Fig. 11). Additionally, geo-
chronological data show that the basalticmagma of the Oki-Dogo Island
erupted approximately 2.5–3.0Ma earlier than that of the Dokdo Island.
Furthermore, the basalticmagmaeruption at theDokdo Island preceded
the volcanic eruptions at the Ulleung Island by 1.3 Ma.

The crystallization pressure calculated by the clinopyroxene pheno-
crysts data yields the distribution of pressures and fractionation depths
for the Ulleung Island volcanic activities (Fig. 12a). Most crystallization
pressures range from 10.1 to 21.2 kbar, which approximately corre-
sponds to basaltic and acidic magma reservoirs at depths ranging from
20 to 100 km (Fig. 12b). The existence of high-velocity, high-density
material identified using the method of the three-dimensional full seis-
mic waveform model (Simutė et al. 2016) also suggests the depths of
the two layers of the magma reservoirs beneath Ulleung Island are ap-
proximately 20 km and 100 km. Additionally, considering that the
(Yb/Sm)P and(Tb/Yb)P ratios of the basaltic and acidic volcanic rocks
from the Ulleung, Dokdo, and Oki-Dogo Island are respectively uniform
(Fig. 10), we conjecture that the depths of the deep and shallow reser-
voirs beneath the Ulleung, Dokdo, and Oki-Dogo Island are roughly sim-
ilar. However, we can't exactly determine the depth of magma
reservoirs beneath the Dokdo and Oki-Dogo Island due to the absence
ofmineral compositions of volcanic rocks, which are yet to bemeasured
further.

Many studies have shown thatmonogenetic volcanic activities at the
Jeju Island mainly occurred without long pauses and erupted continu-
ously, which may be a significant feature of monogenetic volcanoes
(Brenna et al. 2012a, 2012b; Tatsumi et al. 2005). Due to the occurrence
of uninterrupted and rapid eruptions, the ascending magma would not
stagnate for a long period in the magma reservoir and there would be
insufficient time for accession differentiation to occur. Therefore, it is
difficult for multistage magmatic activities to occur at the Jeju Island.

6.6. A multi-stage model for the magmatic plumbing system

A multi-stage magma evolution model for the magmatic plumbing
systembeneath theUlleung, Dokdo, andOki-Dogo Islandwas proposed,
where significant crystal fractionation occurred in the magma reser-
voirs (Fig. 12c).

Since the extension of the East Sea have completed the basic config-
uration of the back-arc basin (21–14 Ma, Nohda 2009), the significant
trench retreat of the northwestern Pacific Ocean subduction zone likely
resulted in the back-arc expansion and ongoing volcanic activities in the
Ulleung, Dokdo, and Oki-Dogo Island. This oceanic plate extension ulti-
mately triggered the pressure changes and gradients within themagma
reservoirs, providing the driving force for the magma plumbing model.
Uninterrupted decompression and significant crystallization in a
magma reservoir inducemagma degassing and pressure gradients, pro-
mote crack formation in the wall rocks, and finally lead to ascending
magma dikes or sills (Fig. 12c).

The multi-stage ascending magma of the magmatic plumbing pro-
cess was controlled by magma reservoirs as well as magmatic sills and
dikes within depths ranging from 20 to 100 km. The basaltic magma
in the deeper reservoir was squeezed by surrounding rocks along with
the process of crystal fractionation, which extended along the weak
zones and reached to relatively shallower levels as either magmatic
dikes/batches or magmatic sills (Fig. 12c). Meanwhile, the ascending
magmatic dikes or batches likely fractured the surrounding rock and
mixed with other ascending batches or surrounding rocks. The fractur-
ing and ascending processes were self-propagating until the ascending
dikes/batches achieved a stable equilibrium state (Lister and Kerr
1991), forming another magma reservoir at relatively shallower levels
(Fig. 12c). The magma in the shallower reservoir experienced short-
termstagnation and crystal fractionation. The thermal energy generated
by the deep unfailing magma further triggered the ascent of the
shallower reservoir and ultimately led to an eruption (Fig. 12c). Not
all the basaltic magma was stagnated in the shallower reservoir, some
magma from the deeper reservoirs directly passed to the surface with-
out stagnation in the shallower reservoirs and erupted as either tephrite
basanites or as basalts.

The magmatic plumbing system beneath the Jeju Island has been
established by Tatsumi et al. 2005. The alkalic and sub-alkalic volcanic
rockswere directly erupted from the alkalic and sub-alkalic magma res-
ervoirs, respectively, to the surface without retention for a long interval.
These alkalic and sub-alkalicmagma reservoirs had different depths and
scales (Fig. 12d; Brenna et al. 2012a, 2012b; Tatsumi et al. 2005). The
magmatic plumbing systems beneath the monogenetic and
multigenetic volcanoes are presented in Fig. 12c, d, respectively. The dif-
ferences between these two types of volcanoes are summarized as fol-
lows: (1) Monogenetic volcanoes generally originate from low-



Fig. 11. Diagram showing eruption age distribution of Late Cenozoic volcanic rocks from the Ulleung, Dokdo, and Oki-Dogo Island. The K-Ar data of Ulleung Island volcanic rocks are from
Kim et al. 1999; Song et al. 2006 and Xu et al. 1998. The K-Ar data of Dokdo Island volcanic rocks are from Lee et al. 2002; Sohn and Park 1994 and Song et al. 2006. The K-Ar data of Oki-
Dogo Island volcanic rocks are from Suzuki 1970; Uto et al. 1994.
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volume single magma batches. Even if there are multiple distinct
magma batches, they erupt within a single monogenetic eruption epi-
sode (Fig. 12d). Whereas multi-genetic volcanic activities are com-
monly associated with multi-stage magma ascension, generally
characterized bymultiplemagma reservoirs (Fig. 12c). (2)Monogenetic
magmatic activity is usually completed in a short time interval, but
multigenetic volcanoes usually erupt sporadically for a long duration,
there is often a long interval associated with each stage of magma as-
cension. (3) Monogenetic volcanic rocks generally comprise basaltic
and trachybasaltic volcanic lavas with limited variations in geochemical
compositions. In contrast, multigenetic volcanic rocks generally exhibit
large petrologic and geochemical variations, transforming from basaltic
to acidic rocks with relatively large geochemical ranges. (4)
Fig. 12. (a) Clinopyroxene equilibration pressures and temperatures calculated by chemical the
analyzed clinopyroxene spot. (c) A multi-stage model for the magmatic plumbing system bene
from Tatsumi et al. 2005).
Multigenetic volcanoes are unfailingly supplied by a sufficiently large
number ofmagma sources relative tomonogenetic volcanoes, gradually
forming many ascending magma conduits, multiple magma reservoirs,
and large-scale volcanoes with multi-periods, multi-stages, and multi-
ple types of eruptions (Fig. 12c).

6.7. Constraints on the mixing end-members of the Late Cenozoic intraplate
alkali basalts from East Asia

It's noteworthy that the Ulleung and Dokdo volcanic rocks generally
have higher Sr isotopic and lower Nd isotopic ratios in comparison with
those from Jeju Island (Fig. 6b), exhibiting the mixing signatures be-
tween DM and EM1 beneath the Ulleung and Dokdo Island (northern
rmobarometry (Putirka et al. 2003); (b) Histogram compiling pressure estimates for every
ath the Ulleung Island. (d) The magmatic plumbing system beneath Jeju Island (modified
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group of korean peninsula), and the DM-EM2 mixing correlations be-
neath the Jeju Island (southern group) (Choi et al. 2006; Song et al.
1990; Tatsumoto et al. 1992). Eastern China Late Cenozoic alkali basalts
display similar features, including the EM1 components beneath NE
China and EM2 compositions beneath SE China region (Fig. 6b; Basu et
al. 1991; Chung et al. 2001; Tu et al. 1991; Zhang et al. 1998; Zou et al.
2000). EM1 and EM2 isotope affinities in the mantle source are closely
associated with the geographic position of Late Cenozoic alkaline volca-
nic rocks. NE China and the northern group of Korean Peninsula Late Ce-
nozoic alkali basalts exhibit the DM–EM1 mixing correlations, whereas
SE China and the southern group of Korean Peninsula alkali basalts
show the DM–EM2 mixing trends, although Choi et al. (2006) have
pointed out a few specific exceptions (Chung et al. 1995; Tatsumoto et
al. 1992).

The primary causes of the discrepancies in isotopic enrichments be-
tween NE China and SE China investigated in numerous previous stud-
ies are summarized as follows: (1) The large-scale delamination or
detachment of the subcontinental lithospheric mantle (SCLM) (Park et
al. 2005). (2) The breakup of Gondwanaland lithosphere, which urged
the SE China Blocks to break off and drift northward, finally prompting
the collision between the NE and SE China Blocks (Chung et al. 2001;
Tu et al. 1991; Yang et al. 2004; Zou et al. 2000). (3) The two large-
scale distinct natures of asthenospheric mantle source (Choi et al.
2006; Tatsumoto et al. 1992).

The boundary between the two distinct geochemical domains be-
neath East Asia remains unresolved despite previous attempts to de-
termine this aspect. Park et al. (2005) and other researchers have
conducted multiple studies to determine this boundary (Chung
1999; Li 1994; Zou et al. 2000), and finally deemed that this bound-
ary is not consistent with a major superficial indentation tectonic
boundary. The similar distributions of isotopic ratios in Late Cenozoic
alkali basalts from the Korean Peninsula and East China indicate that
the boundary traverses the Korean Peninsula and represents a sim-
ple lateral continuation of the boundary between the SE and NE
China Blocks.
7. Conclusions

The Ulleung, Dokdo, and Oki-Dogo volcanoes are excellent regions
for analyzing the properties of the magmatic plumbing system and de-
veloping the multi-stage magma evolution model. Late Cenozoic intra-
plate alkaline volcanic rocks from the Ulleung, Dokdo, and Oki-Dogo
Island were characterized by relatively wide compositional ranges,
which include tephrite basanite, trachybasalt, trachyte, and rhyolite. Ba-
saltic and acidic volcanic rocks from the Ulleung, Dokdo, and Oki-Dogo
Island were likely attributed to the multi-stage magma ascent with sig-
nificant crystal fractionation from a parent alkaline basaltic magma. The
proposed multi-stage magma evolution model comprised at least two
magma reservoirs at different levels, with depths approximately rang-
ing between 20 and 100 km. These ascending magmas beneath the
Ulleung, Dokdo, and Oki-Dogo Island were retained in the shallower
reservoir for ~1.0, ~0.5, and ~4.5 Ma, respectively, prior to eruption
with significant crystal fractionation. The mantle-derived basaltic melt
either directly travelled to the surface to erupt as tephrite-basanite
and basalt, or stagnated in the shallower reservoir where they differen-
tiated into relatively acidic magma to erupt as trachyte and rhyolite. Fi-
nally, we compared the properties of the magmatic plumbing system
beneath the monogenetic (Jeju Island) and multigenetic volcanoes
(Ulleung, Dokdo, and Oki-Dogo Island). In addition, the Late Cenozoic
Korean Peninsula basalts were mainly divided into two groups, includ-
ing the DM–EM1 mixing trend beneath the Ulleung and Dokdo Island,
and the DM–EM2mixing connection beneath the Jeju Island. This likely
indicated that the boundary beneath the Korean Peninsula represented
a simple lateral continuation of the boundary between the SE and NE
China Blocks.
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