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ABSTRACT

Net additions to the continental landmasses, or continental growth, is a process that has irrevocably shaped our
environment throughout the Earth history. Studies of ancient orogens suggest that continental growth can be
facilitated by plate tectonics-driven arc magmatism and material accretion along convergent margins. However,
such details are not well-understood due to the geological complexity of ancient orogens. Specifically, the role of
the magmatic arc and its contributions to growing an accretionary margin remains unclear. This study explores
an under-studied, long-lived magmatic arc along a 1500 km-wide swath of the NE Asian continental margin
between 42° to 52°N (i.e., Sikhote-Alin and adjacent NE China, Sakhalin, and Hokkaido). We present new
igneous rock zircon U-Pb ages (n = 93) and geochemistry (n = 61) from Sikhote-Alin that complement limited
published data (n > 60). We synthesize these data to reveal four episodes of arc magmatism at Sikhote-Alin,
including (1) 134 to 120 Ma S-type, (2) 110 to 100 Ma I-type, (3) 95 to 52 Ma highly-evolved I-type, and (4)
<46 Ma I-type. We then combine our new results with published data (n > 600) and geology from adjacent NE
Asia to analyze overall magmatic trends during a ~ 1500 km trenchward migration of arc magmatism driven by
Jurassic to Cenozoic juvenile terrane accretion. The young, growing continental margin was modified by arc
magmatism with chemical compositions determined by: (1) generation from a mantle wedge mixed with 1.3—
1.4% sediment component from the downgoing slab; and, (2) silica-enrichment from crustal magmatic differ-
entiation. Here, convergent margin continental growth that involved crustal accretion and trenchward migrating
arc magmatism show magma compositions that evolve from initial mantle source mixing followed by crustal
differentiation.

1. Introduction

orogenic belt is an ideal place to study ongoing subduction/accretion
processes during early-stage continental growth (Safonova et al., 2011;

Active margin continental growth mainly occurs in accretionary
orogens, where juvenile oceanic material and mantle-derived arc
magma are added (e.g., Cawood et al., 2009; Condie, 2007; Sengor and
Natal’In, 1996). The concept has been widely applied to ancient accre-
tionary orogens such as the Proterozoic-aged eastern Australian orogen
(Glen, 2013; Kemp et al., 2009) and the Neoproterozoic to Mesozoic
Central Asian orogenic belt (Fig. 1) (e.g., Kroner et al., 2014; Sengor
etal., 2022; Xiao et al., 2020). One of the most recent examples of active
margin continental growth is the West Pacific orogenic belt, a > 200 Ma
ongoing growing margin along the eastern margin of Eurasia, the largest
continent assembled through the Phanerozoic (Fig. 1). The West Pacific
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Sengor et al., 2022; Sengor and Natal’In, 1996; Zhu et al., 2021). New
insights from this area may contribute to our understanding of magmatic
arc evolution within laterally-growing accretionary orogens, which re-
mains controversial (Gianni and Lujan, 2021; Matsuda and Uyeda,
1971). A classic view of stepwise trench-ward magmatic arc migration
correlated to continuous growth in accretionary orogen was initially
described in Japan (Matsuda and Uyeda, 1971), but this has been
challenged by the recognition of subduction erosion phases between
episodic accretionary ages (Isozaki et al., 2010; Maruyama et al., 2011).
Studies of western Pacific orogenic belt magmatism are also limited by
later deformation from marginal sea opening during the Cenozoic, such
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Fig. 1. Simplified tectonic map Asia (modified from Ren et al., 2013). The three
Phanerozoic orogenic belts of Asia are shown: Central Asian, Tethyan, and the
West Pacific orogenic belts. The study area is situated in the northern part of the
West Pacific orogenic belt, where the Mesozoic to early Cenozoic geology was
less deformed by Cenozoic marginal sea opening (e.g., Sea of Okhotsk, Japan
Sea, Philippines Sea, and the South China Sea) relative to other areas of
the margin.

as the Sea of Okhotsk, Japan Sea, Philippines Sea, and the South China
Sea. (Fig. 1) (e.g., Baranov et al., 2002; Van Horne et al., 2017; Wu et al.,
2016; Xu et al., 2014).

To give a closer examination of the magmatic arc behavior in a
growing accretionary orogen, we focus on the ~1500 km-wide 42° to
52°N NE Asian margin at Sikhote-Alin (Russian Far East) and adjacent
area (Figs. 1 and 2), which has been less deformed by the late Cenozoic
marginal seas opening (Abrajevitch et al., 2012; Didenko et al., 2014;
Khanchuk et al., 2015; Otofuji et al., 2002). We present new zircon
U—PDb chronology (n = 93) and whole-rock geochemical data (61 major
elemental, 52 trace elemental, and 22 Nd—HTf isotopic analysis) from
igneous rocks across the Sikhote-Alin area. We combine our new igneous
age and geochemical results with other published data (n > 60) from
Sikhote-Alin that has been generally limited to the southern Sikhote-Alin
(i.e., 42° to 47°N), and describe the igneous rock spatial-temporal dis-
tributions together with igneous rocks from adjacent NE Asia (i.e.,
Sakhalin in Russian Far East, Hokkaido, and NE China). We then discuss
the spatiotemporal and geochemical evolution of the continental arc in
northeast Asia between 160 Ma to the Present, and how arc magmatism
responds to a laterally-growing continental margin.

2. Sampling and method

We collected 93 rock samples from Sikhote-Alin (Fig. 2 and Table 1),
including 69 plutonic rocks, 15 volcanic rocks, and 9 pyroclastic rocks.
Part of each rock sample was crushed and ground into powder for whole-
rock geochemistry (i.e., major, trace element, Sm—Nd, and Lu—Hf
isotopic analysis), and another part was used for zircon U—Pb chro-
nology. For whole-rock geochemistry, we performed major and trace
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Fig. 2. Cretaceous to Cenozoic igneous rock distributions in NE Asia and
sample locations of new analyses (purple triangles) and published ages (blue
triangles). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

element analysis for 37 plutonic rocks and 15 volcanic rocks, and picked
22 rocks to proceed with Nd—Hf isotope geochemistry, while the 9
pyroclastic rocks only went through major element analysis.

2.1. Zircon U—Pb dating

Zircon grains were separated from the 93 rock samples using con-
ventional techniques and final purification by hand-picking. They were
mounted in epoxy resin beds and half-sectioned after the resin bed had
dried. For examination of zircon internal texture and selection of
analytical spots, we took Cathodoluminescence (CL) and Energy
Dispersive Spectrometer (EDS) images for the zircons, using an FEI XL.30
Environmental Scanning Electron Microscope (ESEM) in the Jackson
School of Geosciences at the University of Texas at Austin, and a JEOL
JSM 6360LV SEM in the Institute of Earth Sciences at the Academia
Sinica in Taiwan. We then conducted zircon U—Pb dating on three sets
of Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-
ICP-MS) equipment: (1) an Analyte 193 coupled to a Varian 810 ICP-MS
in the Department of Earth and Atmospheric Sciences at the University
of Houston (see Shaulis et al., 2010 for details on the analytical pro-
cedure), which has the instrumental fractionation and drift calibrated by
analyzing standard zircon Plesovice (337 + 0.4 Ma) (Slama et al., 2008),
(2) an Analyte 193 coupled to an Agilent 7500 s ICP-MS in the
Department of Geosciences at the National Taiwan University (see Chiu
et al., 2013 for details on the analytical procedure), with the instru-
mental fractionation and drift calibration by analyzing standard zircon
GJ-1 (601.7 + 1.4 Ma) (Jackson et al., 2004), and (3) an Analyte 193
coupled to an Agilent 7900 s ICP-MS in the Institute of Earth Sciences at
the Academia Sinica in Taiwan (See Quek et al., 2021 for details on the
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Table 1
Result of zircon U—Pb dating for igneous rocks.
# Sample Rock name Rock type Lat (°N) Lon (°E) Age (Ma, 20 error)
1 KH16-01 granodiorite plutonics 51.467 140.444 52.4 + 1.1 Mean age
2 KH16-03 granodiorite plutonics 51.465 140.474 53.7 + 0.9 Mean age
3 KH16-04 granodiorite plutonics 51.465 140.475 54.5 + 1.0 Mean age
4 KH16-08 granodiorite plutonics 51.504 140.033 74.7 + 0.9 Mean age
5 KH16-09 basaltic andesite volcanics 51.504 140.034 54.7 + 0.8 Intercept age
6 KH16-10 granodiorite plutonics 51.504 140.035 76.8 + 0.6 Mean age
7 KH16-13 andesitic tuff pyroclastics 51.396 139.975 75.0 Youngest peak
8 KH16-17 dacite volcanics 51.294 139.720 63.4 + 1.0 Intercept age
9 KH16-20 granodiorite plutonics 51.351 139.577 80.4 + 0.9 Intercept age
10 KH16-21 granodiorite plutonics 51.354 139.575 80.4 + 1.0 Mean age
11 KH16-22 granodiorite plutonics 51.365 139.429 84.0 + 1.2 Intercept age
12 KH16-24 basaltic andesite volcanics 51.195 139.177 52.5 + 0.4 Mean age
13 KH16-27 quartz monzonite plutonics 51.141 139.216 83.9 + 0.8 Mean age
14 KH16-28 quartz monzonite plutonics 51.147 139.207 82.2 + 0.8 Mean age
15 KH16-29 granodiorite plutonics 51.084 139.153 80.8 + 0.8 Mean age
16 KH16-31 granodiorite plutonics 51.131 139.130 84.8 + 2.4 Intercept age
17 KH16-32 rhyolitic tuff pyroclastics 51.106 138.960 87.0 + 0.9 Mean age
18 KH16-33 rhyolitic tuff pyroclastics 51.119 138.994 83.7 + 0.6 Mean age
19 KH16-34 andesitic tuff pyroclastics 51.136 139.017 85.2 + 0.9 Mean age
20 KH16-35 granodiorite plutonics 51.092 139.084 83.8 + 0.5 Mean age
21 KH16-37 quartz monzonite plutonics 51.112 139.103 84.7 + 0.7 Intercept age
22 KH16-39 andesitic tuff pyroclastics 51.143 139.095 85.4 + 0.8 Mean age
23 KH16-40 granodiorite plutonics 51.101 139.184 79.7 + 0.8 Intercept age
24 KH16-41 granodiorite plutonics 51.103 139.173 82.9 + 0.8 Mean age
25 KH16-43 dacite volcanics 51.089 138.739 84.6 + 1.1 Mean age
26 KH16-53 quartz monzodiorite plutonics 50.285 137.787 52.1 + 0.4 Intercept age
27 KH16-55 granite plutonics 50.002 137.934 72.3 + 2.1 Intercept age
28 KH16-56 granite plutonics 49.981 137.924 110.5 + 0.9 Intercept age
29 KH16-60 granodiorite plutonics 49.769 138.365 125.7 + 1.2 Mean age
30 KH16-64 granite plutonics 49.615 138.478 109.4 + 1.9 Mean age
31 KH16-67 granite plutonics 49.879 138.177 108.3 + 1.3 Mean age
32 KH16-68 quartz monzodiorite plutonics 49.924 137.973 74.0 + 1.0 Mean age
33 KH16-69 granite plutonics 49.943 137.935 73.0 + 0.4 Intercept age
34 KH16-71 granite plutonics 50.123 138.022 70.5 + 0.9 Mean age
35 KH16-72 granodiorite plutonics 50.077 137.966 123.9 + 0.9 Mean age
36 KH16-73 granite plutonics 50.083 137.964 74.3 + 1.3 Intercept age
37 KH16-76 granite plutonics 50.271 138.505 73.3 + 0.8 Mean age
38 KH16-77 granite plutonics 50.252 138.529 71.6 + 0.8 Mean age
39 KH16-81a basaltic andesite volcanics 50.194 139.011 108.0 Youngest peak
40 KH16-81b basaltic andesite volcanics 50.194 139.011 75.6 + 0.9 Mean age
41 KH16-82 basalt volcanics 50.190 139.101 72.1 + 1.2 Intercept age
42 KH16-84 monzodiorite plutonics 50.161 140.505 62.0 Youngest peak
43 KH16-85 quartz monzodiorite plutonics 50.160 140.505 75.6 + 0.6 Mean age
44 KH16-86 granodiorite plutonics 50.158 140.506 63.0 Youngest peak
45 KH16-88 quartz monzodiorite plutonics 50.093 140.672 66.2 + 0.9 Mean age
46 KH16-89 granodiorite plutonics 50.096 140.672 87.4 + 0.9 Intercept age
47 KH16-92 granite plutonics 50.759 140.018 78.5 + 2.0 Intercept age
48 KH16-93 granite plutonics 50.754 140.020 53.9 + 0.6 Intercept age
49 KH16-97 tuff breccia pyroclastics 50.540 139.331 63.1 + 0.5 Mean age
50 KH16-98 granite plutonics 50.556 139.220 70.7 + 0.5 Mean age
51 KH16-99a quartz monzodiorite plutonics 50.380 139.333 81.7 + 0.5 Mean age
52 KH16-102a granite plutonics 49.968 139.040 71.6 + 1.3 Mean age
53 KH16-102b granite plutonics 49.968 139.040 122.3 + 2.0 Mean age
54 KH16-103a diorite plutonics 49.387 137.681 52.1 + 1.5 Intercept age
55 KH16-103b granite plutonics 49.389 137.680 109.3 + 1.7 Intercept age
56 KH16-103c granite plutonics 49.389 137.680 106.2 + 0.6 Intercept age
57 KH16-105a granite plutonics 49.354 137.797 107.8 + 0.9 Mean age
58 KH16-105b granodiorite plutonics 49.354 137.797 107.9 + 0.8 Mean age
59 KH16-107 granite plutonics 49.297 137.943 57.6 + 1.2 Intercept age
60 KH16-110 granite plutonics 49.251 138.193 106.6 + 1.0 Mean age
61 KH16-111 tuff pyroclastics 49.312 138.545 53.5 + 0.5 Intercept age
62 KH16-114a granite plutonics 49.272 138.831 108.6 + 1.2 Mean age
63 KH16-114b rhyolite volcanics 49.272 138.831 58.6 + 0.5 Mean age
64 KH16-116a granite plutonics 49.152 139.209 84.0 + 0.7 Intercept age
65 KH16-116b granite plutonics 49.152 139.209 83.6 + 0.7 Mean age
66 KH16-118 diorite plutonics 48.886 140.261 59.9 + 1.4 Intercept age
67 KH16-119 granodiorite plutonics 48.514 139.588 59.6 + 1.1 Mean age
68 KH16-120 granite plutonics 48.477 139.539 59.2 + 0.8 Mean age
69 KH16-122 granodiorite plutonics 48.468 139.441 62.5 + 0.5 Mean age
70 KH16-123 granite plutonics 48.467 139.526 59.9 + 0.6 Mean age
71 KH16-124 granodiorite plutonics 48.683 139.557 60.1 + 1.1 Intercept age
72 KH16-126 granite plutonics 48.872 139.614 66.8 + 0.9 Intercept age
73 KH16-127 granodiorite plutonics 48.878 139.725 63.6 + 2.2 Intercept age
74 KH16-128 granite plutonics 49.650 139.979 52.6 + 0.6 Mean age

(continued on next page)
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# Sample Rock name Rock type Lat (°N) Lon (°E) Age (Ma, 20 error)

1 KH16-01 granodiorite plutonics 51.467 140.444 52.4 1.1 Mean age
75 KH16-129 granodiorite plutonics 49.648 139.984 82.4 1.9 Intercept age
76 P15-13 basalt volcanics 46.426 137.765 65.0 Youngest peak
77 P15-20 quartz monzodiorite plutonics 46.234 137.773 37.5 + 4.0 Intercept Age
78 P15-30 granodiorite plutonics 45.016 136.571 67.9 + 0.7 Mean age
79 P16-01 rhyolitic tuff pyroclastics 47.178 138.290 53.0 + 0.5 Mean age
80 P16-02 basaltic andesite volcanics 47.194 138.214 62.0 Youngest peak
81 P16-04 granodiorite plutonics 47.068 137.920 75.9 + 0.6 Mean age
82 P16-05 porphyritic rhyolite volcanics 46.976 137.874 89.8 + 0.6 Mean age
83 P16-06 porphyritic andesite volcanics 46.944 137.808 91.6 + 0.9 Mean age
84 P16-07 granodiorite plutonics 46.900 137.789 90.8 + 1.0 Mean age
85 P16-08 granite plutonics 46.627 138.263 58.8 + 0.6 Mean age
86 P16-09 granite plutonics 46.546 138.328 58.4 + 0.7 Youngest peak
87 P16-16 granite plutonics 46.457 137.930 63.6 + 0.6 Mean age
88 P16-17 porphyritic granite plutonics 46.465 137.818 55.3 + 1.6 Mean age
89 P16-18 granodiorite plutonics 46.229 137.773 43.0 Youngest peak
90 P16-19 porphyritic rhyolite volcanics 45.932 137.691 66.3 + 0.5 Intercept Age
91 P16-22 rhyolitic tuff pyroclastics 45.975 137.381 54.1 + 0.5 Intercept Age
92 P16-25 basalt volcanics 45.763 136.770 65.0 Youngest peak
93 P16-28 rhyolite volcanics 45.053 136.513 86.8 + 0.8 Mean age

analytical procedure), with calibration by analyzing standard zircon GJ-
1 (601.7 + 1.4 Ma) (Jackson et al., 2004). We performed data reduction
through the software Iolite 2.5 (Paton et al., 2011), and calculated the
age results using the Isoplot 4.15 (Ludwig, 2012). Standard zircons
analyzed as unknown grains yielded the following 2°°Pb,/2*3pb weighted
mean ages: 1053.0 + 0.41 Ma (20, n = 155) from the zircon 91,500,
335.0 + 0.3 Ma (206, n = 104) from the zircon Plesovice; 49.0 + 0.2 Ma
(20, n = 46) from the zircon T153.

2.2. Whole-rock major and trace element analyses

The powdered rock samples had proceeded with the loss on ignition
(L.O-D) test and LiBO2 fusion digestion before the major element anal-
ysis. An Agilent 725 Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES) measured the major element composition of the
sample solution in the Department of Earth and Atmospheric Sciences at
the University of Houston (see Johnson et al., 2022 for details on the
analytical procedure). The rock standard STM-1 was used for calibration
of instrument sensitivity drift. The rock standards BHVO-2 and AGV-2
were analyzed repeatedly as unknown samples. They showed external
reproducibility better than 4% (20) in all the elements.

The powdered rock samples had proceeded with microwave-assisted
acid digestion before the trace element analysis. An Agilent 8800 ICP-
QQQ-MS analyzed the trace element composition of the sample solu-
tion in the Department of Earth and Atmospheric Sciences at the Uni-
versity of Houston (See Johnson et al., 2022 for details on the analytical
procedure). The rock standard BHVO-2 has been used for calibration of
instrument sensitivity drift. The rock standards SCO-1, and AGV-2 were
analyzed repeatedly as unknown samples. They showed external
reproducibility of better than 5% (1c) in most elements, except Li, Be,
Sc, Zn, Rb, Y, and Sb, which yielded the reproducibility ranges from 5 to
10%.

2.3. Whole-rock Sm-Nd and Lu-Hf isotopic analyses

Before the isotope analysis, the powdered rock samples proceeded
with microwave-assisted acid digestion and cation-exchange chroma-
tography for Nd and Hf isolation. A NuPlasma II Multicollector-
Inductively Coupled Plasma Mass Spectrometer (MC-ICP-MS) analyzed
the Sm-Nd and Lu-Hf isotopic composition of the ~40 ppb Nd and ~ 40
ppb Hf sample solution, in the Department of Earth and Atmospheric
Sciences at the University of Houston. The standard materials JNdi-1
(**3Nd/**Nd = 0.512115 + 0.000007) (Tanaka et al., 2000) and
JMC-475 (7Hf/Y7Hf = 0.282163 + 0.000009) (Blichert-Toft et al.,

Igneous zircon U-Pb chronology result (n=93)
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Fig. 3. Distribution of our new zircon U—Pb age results. Locations of the
samples are shown in Fig. 1. See Table A. 1 for detailed results.

1997) were used for the calibrations on instrumental sensitivity drift.
The standard materials BCR-2, JNdi-1, and JMC-475 were analyzed
repeatedly as unknown samples. They show external reproducibility
better than 0.003% (26) for **Nd/'*‘Nd, and 0.006% (20) for
176p3¢ 177,

3. Result
3.1. Zircon U-Pb ages

We performed U-Pb chronology for >2000 zircon grains from the 93
rock samples in this study. A summary of the zircon U-Pb age results are
given in Table 1 and Fig. 3, and detailed age data is in Table A. 1. The
studied zircons generally show well-developed oscillatory zoning under
CL images, with some grains also exhibiting sector zoning (Fig. A. 1).
The zircon Th/U ratios range from 0.04 to 4, with a majority between
0.1 and 1.4 (Fig. 4). Igneous ages of the rocks were determined mainly
by their weight-mean 2°°Pb/238U zircon age, or intercept age on Terra-
Wasserburg and conventional Concordia Wetherill plots if the data
shows the presence of common lead in some zircons (Tables 1 and A. 1).
However, some samples have scattered zircon ages that may imply a
presence of inherited grains, and a straightforward crystallization age is
challenging to define. In this case, we use the youngest peak 2°°Pb/23%y
age as the determining igneous age. The igneous rock samples yield
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Fig. 4. Zircon Th/U ratio results. The zircons have single-grain 2°°Pb/?**U ages that are mostly younger than 160 Ma (n = 1815), with limited occurrences of 3000 to

160 Ma ages (n = 210). They have Th/U ratios ranging between 0.01 and 5.4.

U—Pb zircon ages between 125.7 and 37.5 Ma (Table 1 and Fig. 3).
Among the ~2000 analyzed zircons, there are ~230 inherited zircons
with 2°6Pb/238U age older than 140 Ma, and ~ 70 of them yield Pre-
cambrian age (Fig. 4).

3.2. Whole-rock elemental composition

Whole-rock elemental analyses result were presented in Table A. 2
and Fig. A. 2. The 51 igneous rocks yield a wide range of volatile-free
SiOy between 51 and 78% (Fig. 5b to 5c¢), including 39 acid rocks
(SiO5 > 63%), 10 intermediate rocks (SiOy = 52 to 63%), and 3 basic
rocks (SiO2 < 52%) (Le Maitre et al., 2005). The 9 pyroclastic rocks have
a similar SiO content range between 51 and 75%. The igneous rocks are
identified as a calc-alkaline association in the cationic classification di-
agram (or the “Q-P" plot, Fig. 5a) (Debon and Le Fort, 1988), and calc-
alkalic to calc-alkalic rocks in the modified alkali-lime index (Fig. 5¢)
(Frost and Frost, 2008). The plutonic rocks were plotted within the
Metaluminous and Peraluminous fields in the A/CNK vs. A/NK diagram
(Fig. 5d) (Maniar and Piccoli, 1989). Using the threshold A/CNK < 1.1
and CIPW normative corundum<1%, most of the plutonic rocks were
defined as I-type granites, only 6 plutonic rocks are S-type granites with
A/CNK > 1.1 and CIPW corundum >1% (Fig. 5d and Table A. 2)
(Chappell and White, 2001). The Fe-index diagram (Frost and Frost,
2008) shows that most of the igneous rocks are the Magnesian type or
Ferroan type with high silica content (Si02 > 70%), while two volcanic
rocks are Ferroan type with intermediate silica content (Fig. 5e). The Y
+ Nb vs. Rb tectonic discrimination diagram (Pearce, 1996) reveals a
volcanic arc origin for most of the igneous rocks (Fig. 5f). The Th-Hf-Ta
plot (Wood, 1980) for mafic rocks agrees with this result (Fig. 5g). The
C1 chondrite-normalized rare earth element (REE) diagram and

primitive mantle-normalized multi-element spider diagram (Sun and
McDonough, 1989) of the samples are shown in Fig. A. 2.

3.3. Whole-rock Nd-Hf isotopic composition

Whole-rock initial “*Nd/ *“Nd and 7°Hf/ 177Hf ratios are calculated
from the measured ratios using 1476m/1*Nd = (Sm/Nd) /1.645,
1761u/177Hf = (Lu/Hf) /1.992 (Allegre, 2008), A'*7Sm = 6.54 x 10712
y_1 (DePaolo and Wasserburg, 1976) and A70Lu = 1.867 x 10-11 y_1
(Soderlund et al., 2004), and expressed as eNd(t) and eHf(t) values that
compare the initial ratios of samples with those of a chondritic reservoir
(CHUR) (Blichert-Toft and Albarede, 1997; Jacobsen and Wasserburg,
1980) at the igneous age time determined by U—Pb zircon chronology.
The igneous rock samples yield a range of eNd(t) = —6.6 to +5.5 and eHf
(t) = —0.8 to 12.8 (Fig. 6) that generally lie along a terrestrial Nd—Hf
isotopic array (Vervoort et al., 1999).

4. Discussion
4.1. A summary of Sikhote-Alin igneous activity

4.1.1. Evolution of Early Cretaceous to Cenozoic Sikhote-Alin igneous
activity

The Cretaceous to Cenozoic igneous rocks reveal magmatic activity
along an understudied, long-lived ~1500 km wide continental margin
along Sikhote-Alin area, Russian Far East (Fig. 2). Their significant im-
plications for NW Panthalassa geodynamics and NE Asia continental
crust evolution have been discussed in previous studies (e.g., Gre-
bennikov et al., 2016; Jahn et al., 2015; Khanchuk et al., 2016; Khan-
chuk et al., 2019; Tang et al., 2016; Wu and Wu, 2019). However,
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previous U—PD zircon age and geochemical constraints for the igneous
rocks have mainly come from the southern Sikhote-Alin margin (~500
km width) (light blue triangles in Fig. 2). The ~1000 km northern
Sikhote-Alin margin is less explored and now newly constrained by our
results (Fig. 2). To show a more complete Sikhote-Alin magmatic

Ta

evolution history, we combine our new results for the northern Sikhote-
Alin igneous rocks (n = 84, Table 1) with published data mainly from the
southern Sikhote-Alin (n = 61) (Table A. 3) into a spatiotemporal zircon
U—Pb age record (Figs. 7 and 8). For this compilation, we exclude our 9
samples of volcaniclastics because they may not be representative of in-
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Fig. 6. Whole-rock Nd—Hf isotopic composition of rock samples in this study.
Mantle-crust terrestrial array and seawater array after Vervoort et al. (1999).
The studied igneous rocks generally have depleted Nd—HTf isotopic composition
with eNd(t) = —6.6 to +5.5 and eHf(t) = —0.8 to 12.8. See Table A. 2 for
detailed results.

situ magmatism. In addition, we synthesize an extensive whole-rock
geochemistry database for 134 to 5 Ma Sikhote-Alin igneous rocks
(Fig. 9) that includes our new data (n = 52) (Fig. 5) and published data
(n=261) (Table A. 4). Igneous ages are constrained by the 145 compiled
zircon U—Pb ages in this study (Figs. 7 and 8), 32 whole-rock K—Ar
ages, 2 biotite K—Ar ages, and a muscovite K—Ar age (References in
Table A. 4).

The overall magmatic record shows four main episodes of Sikhote-
Alin igneous activity (Fig. 8): (1) 134-120 Ma, (2) 110-100 Ma, (3)
95-52 Ma, and (4) <46 Ma, based on the >4 Myrs gaps in the U—Pb
zircon igneous ages. The 134 to 52 Ma igneous rocks generally show
subduction-related calc-alkalic characteristics (Fig. 9a) and magmatic
arc signatures (Figs. 9b to d), i.e., enrichment in Th, Rb, and other large-
ion lithophile element elements (LILE) relative to Ta, Hf, Y, Nb, and
other high field strength elements (HFSE) (Pearce et al., 1984; Wood,
1980). In comparison, the younger 45 to 5 Ma Sikhote-Alin igneous
rocks have a more complicated chemical composition that includes both
continental arc and intra-plate signatures (Figs. 9b to d). All basalts with
ages younger than 15 Ma have intraplate (Fig. 9b) and OIB or E-MORB
signatures (Fig. 9d). Some published Sikhote-Alin igneous rocks with
ages 132 to 98 Ma, and 46 to 39 Ma have adakitic signatures (Chashchin
etal., 2011; Wuetal., 2017b), i.e., having whole-rock Sr/Y > 40 and La/
Yb > 20 (Defant and Drummond, 1990; Moyen, 2009). However, the
125-105 Ma and 46-38 Ma samples in this study have moderate Sr/Y =
1 to 33, La/Yb = 7 to 19, and Eu depletion (Fig. A. 2) that is consistent
with typical arc magmatism. These patterns reveal the complexity of
Sikhote-Alin igneous genesis during the early Cretaceous and late
Eocene, with both adakitic and typical arc rocks generated
simultaneously.

When using the S-I-A alphabet classification scheme (Chappell and
White, 2001; Frost et al., 2001; Whalen et al., 1987) to classify the
Sikhote-Alin plutonic rocks, nearly all the 134 to 120 Ma rocks were
identified as S-type granites by their A/CNK >1.1 (Fig. 9e), average
NayO = 3.3%, restricted SiO variation with 70.9 wt% average and 16 =
2.1 wt% (n = 39) (red circles in Fig. 9a). In comparison, most of the 110
to 52 Ma and 42 to 37 Ma plutonic rocks are I-type granites that have A/
CNK <1.1 (Fig. 9e), higher average Na;O = 3.6%, CIPW corundum <1%
(Table A. 2), and a broader spectrum of SiO, with 69.2 wt% in average
and 1o = 6.4 wt% (n = 221) (Fig. 9a). Among the 110 to 52 Ma I-type
granites (Fig. 9e), some 65 to 52 Ma felsic plutonic rocks also show high
Fe/Mg, Ga/Al and slight enrichment in HFSE (e.g., Zr, Nb, Y and rare-
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Fig. 7. Spatial distribution of igneous activity in Sikhote-Alin, Sakhalin, and
Hokkaido constrained by U—Pb zircon chronology. The U—Pb zircon age
database is our compilation of results from this study (n = 84) and other
published data (n = 95) (Table A. 3). Igneous rocks with 134 to 100 Ma (purple
and red triangles) were generally distributed in the Neoproterozoic and Jurassic
geological units, those with 95 to 52 Ma ages (orange and green triangles) were
mainly distributed in the Early Cretaceous units, and those with ages younger
than 46 Ma have a more scattered distribution that mostly within Cretaceous to
Cenozoic units. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

earth elements like Ce). These may identify as A-type granites
(Fig. 10a and b) (Grebennikov et al., 2016; Grebennikov and Maksimov,
2021; Grebennikov and Popov, 2014), and the “within-plate granite” in
the Y + Nb vs. Rb plot (Fig. 9¢). The A-type granites are significant
because they are mostly associated with anorogenic/ post-orogenic/
extensional/ transform margin (strike-slip) environments (Grebenni-
kov et al., 2016; Loiselle and Wones, 1979; Martin, 2006) (although not
necessarily, according to Bonin, 2007; Whalen et al., 1987). However, it
is not always straightforward to distinguish between A-type granite and
highly fractionated I-type granite from their chemical signature (Bonin,
2007; Whalen et al., 1987; Wu et al., 2017a). We will further discuss the
petrogenesis of the 65 to 52 Ma felsic rocks in Section 4.1.3.

Our synthesized datasets indicate episodic Cretaceous to Cenozoic
arc magmatism (Figs. 8 and 9) in response to the Pacific-Panthalassa
oceanic plate(s) subduction along the Sikhote-Alin margin, with
magmatic hiatuses during early to middle Cretaceous (120 to 110 Ma,
and 100 to 95 Ma), and early Eocene (52 to 46 Ma) (Fig. 8). The
magmatic arc front along the NE Asian margin gradually moved away
from Sikhote-Alin to the east (e.g., Sakhalin and Hokkaido) after 46 Ma,
when intraplate magmatism occurred within Sikhote-Alin (Fig. 9b to d).
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Fig. 8. Temporal distribution of Sikhote-Alin igneous activity constrained by
U—Pb zircon chronology. The record shows four episodes of Sikhote-Alin
igneous activity: (1) 134-120 Ma, (2) 110-100 Ma, (3) 95-52 Ma, and (4)
<46 Ma, based on the >4 Ma gaps in <4 Myrs gaps in U—Pb zircon igneous
ages. See Fig. 1 for the locations of published and our new samples.

The eastward arc migration could have been accelerated by the rapid
17.5 to 15.8 Ma Japan Sea opening (Hoshi et al., 2015). After 15 Ma,
Sikhote-Alin magmatism has mainly intraplate signatures (Fig. 9b to d).
The Cretaceous to Cenozoic Sikhote-Alin arc magmatism generally
agrees with published NW Pacific plate reconstructions that show
oceanic plate subduction along the Sikhote-Alin margin since at least the
Mesozoic. Previous studies have proposed tectonic events in the middle
Cretaceous and early Eocene periods that may correlate to the magmatic
hiatus (Fig. 8), however, these events are debated. Some models suggest
a transform NE Asian margin during early Cretaceous and early Ceno-
zoic (Grebennikov et al., 2016; Grebennikov et al., 2021; Khanchuk
et al.,, 2016; Khanchuk et al., 2019), early Cretaceous marginal sea
closure (Arkhipov et al., 2019; Boschman et al., 2021; Ueda and Miya-
shita, 2005; Wu et al., 2022b), early Cenozoic spreading ridge subduc-
tion (Kimura et al., 2019; Liu et al., 2020; Nanayama et al., 2021; Seton
et al., 2015; Wu et al., 2022a; Wu and Wu, 2019; Yamasaki et al., 2021)
or marginal sea closure (Domeier et al., 2017; Ganbat et al., 2021).

4.1.2. Late Cretaceous to early Eocene (95-52 Ma) highly evolved
magmatism in Sikhote-Alin

During the Late Cretaceous to early Cenozoic (95 to 52 Ma) the
Sikhote-Alin magmatic arc shows a significantly higher average SiO =
70.0 wt% (1o = 6.7, n = 147) when compared to the classic Cordilleran
continental arcs that have average SiO, from 55.6 to 64.0 wt% in
different areas (Ducea et al., 2015). In addition, the widely-distributed
high silica magmatism along the ~1500 km Sikhote-Alin margin per-
sisted for >40 Myrs, which is longer than those that have similar average
SiO5 in some areas of the Cordillera, which were limited in occurrence to
a maximum of 20 Myrs (Kirsch et al., 2016). Here we discuss the
petrogenesis of 95 to 52 Ma high silica magmatic rocks.

Silica saturation (i.e., high silica) in magmatic rocks can either result
from the magmatic fractionation in the magma chamber or inherited
from the source rock. Melting of a quartz-rich fertile sedimentary source
rock is the original interpretation for an association of silica and
aluminum saturation (i.e., A/CNK >1.1) in S-type granites (Chappell
and White, 1992; Chappell and White, 2001), which is consistent with
the 134 to 120 Ma S-type granites in Sikhote-Alin (average SiO, = 70.9
wt%, 1o = 2.1, n = 39) (Fig. 9e). However, most of the younger 110 to
52 Ma granites have I-type signatures that indicate aluminum under-
saturation (i.e., A/CNK <1.1, Fig. 9e). Note that among all the 110 to 52
Ma I-type granites in Sikhote-Alin (Fig. 9e), the 95 to 52 Ma I-type

LITHOS 432-433 (2022) 106891

granites have higher average silica contents (average SiOs = 70.0 wt%,
1o = 6.7, n = 147) compared to the 110 to 100 Ma I-type granites
(average SiOy = 67.6 wt%, 16 = 5.6, n = 74).

On the other hand, high silica granites have been interpreted as the
residual melt from an extensive crystallization differentiation during
storage in crustal magma chambers (Bonin, 1999;Lee and Morton, 2015;
Wu et al., 2017a). The extensive magmatic fractionation changes the
chemistry of residual melt by increasing FeO*/MgO and incompatible
elements (e.g., Li, K, Rb, and Cs), and decreasing Nb/Ta, Zr/Hf,
compatible elements (e.g., Cr, Ni, and Co), and feldspar-compatible el-
ements (Eu, Sr, and Ba) (Bau, 1996; Dostal and Chatterjee, 2000; Gel-
man et al., 2014; Lee and Morton, 2015; Wu et al., 2017a). When
comparing to the geochemistry of older 134 to 100 Ma igneous rocks in
Sikhote-Alin, most of the younger 95 to 52 Ma igneous rocks have higher
FeO*/MgO (Fig. 10a), lower Zr/Hf, Nb/Ta, Ba, and stronger negative Eu
anomaly (i.e., low Eu/Eu*) (Fig. 10c and d). These younger rocks fit a
petrogenesis that involves extensive crystallization differentiation in
their late-stage magmatic evolution. The decreasing Ba coincides with
Eu/Eu* from part of the 95 to 52 Ma igneous rocks (Fig. 10d). This in-
dicates the K-feldspar fractionation was the principal process during
late-stage feldspar fractionation, since Ba is compatible in K-feldspar but
incompatible in plagioclase, whereas Eu is compatible in the two feld-
spar types (Bachmann et al., 2005; Gelman et al., 2014).

In addition, extensive crystallization differentiation of silica-rich
magma requires high temperature or enrichment volatiles to decrease
the magma viscosity (Lesher and Spera, 2015). This prevents the
elevated silica content and rising viscosity that causes the termination of
further magma differentiation (Lee and Morton, 2015; Wu et al., 2017a).
Although no estimated magma temperature (e.g., zircon saturation
temperature) has been reported in Sikhote-Alin, the zircon Th/U might
give some indications, since the high Th/U zircons imply their origin
from a high-temperature magma without Th-bearing minerals (e.g.,
monazite or allanite) saturation (Harrison et al., 2007; Kirkland et al.,
2015). Therefore, we newly compiled a Sikhote-Alin igneous zircon Th/
U database (Fig. 11a) that includes numbers calculated from the new
zircon U—Pb isotopic dating results (n = 1788, Fig. 4) and previous
studies (n = 729) (Jahn et al., 2015; Zhao et al., 2017). The database
reveals the 95 to 52 Ma zircons have a significantly higher average Th/U
= 0.96 relative to an average Th/U = 0.58 from the 140 to 100 Ma
zircons (Fig. 11b). Considering the high zircon Th/U corresponds to high
zircon saturation temperatures (Harrison et al., 2007; Kirkland et al.,
2015), this result could imply hotter 95 to 52 Ma magmatism compared
to the 134 to 100 Ma magmatism in Sikhote-Alin. This would further
support an interpretation that the 95 to 52 Ma Sikhote-Alin magmatism
was highly fractionated under higher temperatures.

4.1.3. A-type or highly fractionated I-type granites in Sikhote-Alin?

The S-I-A alphabet classification for granites was designed to
distinguish magma with different residual components (Chappell and
White, 1992; Chappell and White, 2001; Whalen et al., 1987). However,
classifying extremely felsic granites (SiO2 > 70%) can be difficult, for
they have minimal residual components from extensive magmatic dif-
ferentiation (Bonin, 2007; Chappell, 1999; White and Chappell, 1977).
Particularly, HFSE enriched felsic granites can either be classified as
highly fractionated I-type (Pérez-Soba and Villaseca, 2019; Qiu et al.,
2017; Wu et al., 2003) or A-type granites (King et al., 2001). It is
sometimes difficult to discriminate between the two granite types.

Previous studies suggest the 65 to 52 Ma felsic plutonic rocks in
Sikhote-Alin are A-type granites associated with ignimbrites and vol-
canic rocks (Grebennikov et al., 2016; Grebennikov et al., 2021; Gre-
bennikov and Maksimov, 2021; Grebennikov and Popov, 2014).
According to our newly compiled database, Sikhote-Alin plutonic rocks
with 10,000 x Ga/Al > 2.6 (i.e., one of the key definitions for A-type
granite from Whalen et al., 1987) have a wider age range between 95
and 52 Ma (yellow and green triangles in Fig. 10b). However, the HFSEs
(e.g., Zr, Nb, Ce, and Y) are not significantly enriched in these rocks
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Fig. 9. Chemical-temporal evolution of Sikhote-Alin igneous activity. The whole

-rock geochemistry dataset are synthesized from our new result (n = 52) (Table A. 2)

and published data (n = 261) (Table A. 4). Samples are color-coded in Figs. 9a to 9d by igneous age groupings. (a) the modified alkali-lime index diagram (Frost and
Frost, 2008), N-MORB: normal mid-ocean ridge basalt, E-MORB: enriched mid-ocean ridge basalt, OIB: ocean island basalt. (b) Ta/Yb vs. Th/Yb diagram (Gorton and

Schandl, 2000), WPB: within-plate basalt, MORB: mid-ocean ridge basalt. (c) Y

+ Nb vs. Rb tectonic discrimination diagram for plutonic rock (Pearce et al., 1984),

(d) Th-Hf-Ta tectonic discrimination diagram for mafic rocks (Wood, 1980). (e) Igneous age vs. A/CNK diagram with a S- and I-type granites discrimination following
(Chappell and White, 1992). (f) Age vs. Nd isotopic composition plot of igneous rocks in northern and southern Sikhote-Alin. Samples are color-coded in Fig. 9f by
their location either north or south of 48°N latitudes. The 134 to 52 Ma igneous rocks generally show calc-alkalic characteristics (Fig. 9a) and magmatic arc signature
(Figs. 9b to d). In comparison, the younger 45 to 5 Ma Sikhote-Alin igneous rocks have a more complicated chemical composition that includes both continental arc
and within plate signatures (Figs. 9b to d). All basalts with ages younger than 15 Ma have within-plate (Fig. 9b) and OIB or E-MORB signatures (Fig. 9d).

compared to typical S- and I- type granites (Fig. 10a and b). In addition,
as previously discussed in sections 4.4.1 and 4.1.2, petrogenesis of some
95 to 52 Ma I-type granites (Fig. 9e) involved extensive crystallization
differentiation (Fig. 10). Therefore, the high Ga/Al is likely a result of
magmatic fractionation (Bonin, 1999; Whalen et al., 1987; Wu et al.,
2017a) in the 95 to 52 Ma magmatism, rather than partial melting of a

source rock that should generate significantly-enriched HFSEs A-type
granite (Creaser et al., 1991; Eby, 1992; Martin, 2006). An alternative
petrogenesis for the A-type granites in the region is fractionation from an
alkalic and tholeiitic mafic magma (Bonin, 1999, 2007; Eby, 1992);
however, alkalic and tholeiitic mafic rock is absent in our database for
the 95 to 52 Ma magmatism in Sikhote-Alin. Instead, the 95 to 52 Ma
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Fig. 10. Chemical indicators for magmatic fractionation. (a) Zr + Nb + Ce + Y vs. FeO*/MgO and (b) 10,000 x Ga/Al vs. Zr diagrams for plutonic rocks (Whalen
et al., 1987) with the A-type and I/S-type granite fractionation trend (Wu et al., 2017a) (c¢) Zr/Hf vs. Nb/Ta and (d) Eu/Eu* vs. Ba plots as an indicator for magmatic
differentiation (Bau, 1996; Dostal and Chatterjee, 2000; Wu et al., 2017a). Samples are color-coded by age groupings assigned in Fig. 9. When compared to the 134 to
100 Ma igneous rocks in Sikhote-Alin, most of the 95 to 52 Ma igneous rocks have higher FeO*/MgO, Ga/Al (Fig. 10a and b), lower Zr/Hf, Nb/Ta, Ba, and stronger
negative Eu anomaly (i.e., low Eu/Eu*) (Fig. 10c and d), which fit a petrogenesis that involves extensive crystallization differentiation in their late-stage

magmatic evolution.
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Fig. 11. Th/U of 140 to 40 Ma igneous zircons from Sikhote-Alin. (a) single-grain zircon 2°°Pb/?*®U age vs. zircon Th/U. (b) Statistical analysis of 140 to 95 Ma and
95 to 50 Ma igneous zircon Th/U. The 95 to 52 Ma zircons have a significantly higher average Th/U = 0.96 relative to an average Th/U = 0.58 from the 140 to 100
Ma zircons. Considering the high zircon Th/U corresponds to high zircon saturation temperatures (Harrison et al., 2007; Kirkland et al., 2015), this result could imply
hotter 95 to 52 Ma magmatism compared to the 134 to 100 Ma magmatism in Sikhote-Alin.

mafic rocks with SiOy < 56 wt% show calc-alkaline compositions,
revealed by their low to medium NayO + Ky0-CaO = —4.1 to —1.5
(Fig. 9a), low FeoO3T/(MgO + FepO3T) = 0.66 to 0.72 (n = 10), and
trace element composition enriched in LILE (e.g., Th) but depleted in
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HFSE (e.g., Hf and Ta) (Fig. 9d). Therefore, we conclude the Sikhote-
Alin 95 to 52 Ma igneous rocks are mainly I-type granites. Some of
them have gone through extensive fractionation that has caused their
chemical composition to overlap with A-type granites (i.e., highly
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fractionated I-type granites).

4.2. Implications for NE Asian margin continental growth

4.2.1. Magmatic arc migration along the growing NE Asia continental
margin

Continents mainly grow along active margins through the accretion
of juvenile oceanic material and mantle-derived arc magmatism
(Cawood et al., 2009; Condie, 2007; Sengor and Natal’In, 1996).
Recycled crustal material may also be incorporated into the arc
magmatic source region by dehydration and/or melting of the sub-
ducting slab, and may then re-enter the continental margin by arc
magmatism (Stern, 2011). The NE Asian margin has been laterally
growing through the Mesozoic to the Cenozoic, at least between the
latitudes 42°N to 52°N, where juvenile terranes accreted since the
Jurassic (Fig. 7) (Khanchuk et al., 2016). To further investigate the role
of simultaneous arc magmatism-terrane accretion along the margin, we
compiled a zircon U—Pb constrained (n = 632) spatiotemporal igneous
history of NE Asia (Fig. 12), including Sikhote-Alin, Sakhalin, and
Hokkaido (Table A. 3), and NE China (Gou et al., 2019) and references
therein). The compiled database has low coverage in the area between
Greater Khingan and Sikhote-Alin (Fig. 12a), where thick sediment
covers the basement of the Songliao and Amur River basins. However,
there are volcanic rocks with Jurassic to Early Cretaceous ages in the
Songliao basin (Wang et al., 2006b).

The 160 Ma to present NE Asia igneous magmatic activity shows a
general outboard/eastern migration across a ~ 1700 km wide area be-
tween 115°E and 143°E longitudes (Fig. 12b). Some Jurassic and early
Cretaceous terranes (Samarka, Zhuravlevka-Amur, Kiselevka-Manoma,
and West Sakhalin terranes) moved in a margin-parallel fashion (i.e.,
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sinistral strike-slip) during early to middle Cretaceous on the order of
hundreds to thousands of km (e.g., Abrajevitch et al., 2012; Didenko
et al., 2014; Khanchuk et al., 2016; Liu et al., 2021; Peskov et al., 2019),
but the margin-parallel movements generally ceased before the mag-
matism occurred in the terranes, and these movements do not materially
affect our magma migration result (Fig. 7). In contrast, south Sakhalin
and Hokkaido were displaced outboard by late Cenozoic Japan Sea
opening <100 and < 300 km, respectively (Takeuchi et al., 1999), and
these movements displaced the 46 to 18 Ma igneous rocks in the region.
After excluding an average of ~200 km displacement in south Sakhalin
and Hokkaido, our analyzed NE Asia magmatism between 42°N to 52°N
still shows a ~ 1500 km eastward migration since 160 Ma.

NE Asia magmatism was not all linked to the westward subduction
from the Pacific. A ~ 900 km eastward magmatic migration that
occurred in 160 to 110 Ma NE China was a result of the rollback of the
Panthalassa / Paleo-Pacific oceanic plate (Fig. 12) (Jing et al., 2021;
Wang et al., 2006a; Wang et al., 2019; Wu et al., 2022b). An alternative
idea links NE China magmatism to 160- 150 Ma syn-collision and 145—
120 Ma post-collision tectonics, during and after the closure of the
Mongol-Okhotsk Ocean (Wang et al., 2022; Zhang et al., 2018). The two
tectonic events in the Pacific and Mongol-Okhotsk oceanic domains
could dominate NE China geodynamics during the Jurassic to Early
Cretaceous (Tang et al., 2022). Nevertheless, the 130-110 Ma Sikhote-
Alin magmatic rocks were geochemically linked to subduction but
post-collision setting (Fig. 9a to d). The magmatism since 130 Ma had
stepwise migrated ~700 km eastward through the Jurassic to Cenozoic
accreted juvenile terranes in Sikhote-Alin, Sakhalin, and Hokkaido
(Figs. 7 and 12), and is likely an example for outboard / trenchward
magmatic arc migration driven by laterally growing accretionary
orogeny. Considering the NE Asian margin has Jurassic accretionary
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Fig. 13. Continental arc evolution of the 42°N to 52°N NE Asian margin from
the Early Cretaceous to the present based on the result from this study. (a) Early
Cretaceous (140 to 120 Ma): arc front moved from NE China into Jurassic
accretionary belt in Sikhote-Alin (b) Late Cretaceous to early Cenozoic (90 to
60 Ma): arc front moved into early Cretaceous accreted terranes in Sikhote-Alin
(c) Late Cenozoic (<25 Ma): the arc front moved entirely into the late Creta-
ceous to Cenozoic accretionary units in Hokkaido, after the Japan Sea opening.

complexes (Fig. 7) that are older than 130 Ma, magmatic migration links
to the Pacific margin growth could be longer than ~700 km. Here we
present a schematic model to summarize the continental growth and
associated magmatic arc migration between 42°N to 52°N latitudes of
the NE Asian margin since the Early Cretaceous (Fig. 13):

(1) Early Cretaceous (140 to 120 Ma) (Fig. 13a): the arc magmatism
moved trenchward (Figs. 7 and 12) from inboard NE China into
Sikhote-Alin. The early Cretaceous accretionary belt was devel-
oping along the margin. An intra-oceanic arc had accreted along
the margin during 130-100 Ma (Arkhipov et al., 2019; Boschman
et al., 2021; Ueda and Miyashita, 2005; Wu et al., 2022b). The
early Cretaceous magmatism was emplaced within the Jurassic
accretionary belt (Samarka, Nadanhada-Bikin, and Khabarovsk
terranes) and Precambrian-early Paleozoic terranes (Bureya-Jia-
musi-Khanka block and the Sergeevka terrane) (Fig. 7).

(2) Late Cretaceous to Paleocene (90 to 60 Ma) (Fig. 13b): the arc
magmatism moved trenchward into the early Cretaceous terranes
(Zhuravlevka-Amur and Kema) (Figs. 7 and 12). The late Creta-
ceous to Paleocene magmatism involved highly evolved magma
characterized by their silica-enrichment (average SiOy = 70.0 wt
%), Europium depletion, high Fe/Mg, and low Zr/Hf (Fig. 10).
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Fig. 14. Sikhote-Alin magma composition (whole-rock SiO, and eNd) deter-
mined by its mantle origin and evolution within the newly accreted continental
crust. (a) The magmatism involved source mixing in the mantle (see Fig. 14b for
details) that determined the Nd isotope composition of mafic rocks (45- 55%
SiO, samples), and magma differentiation in the crust that resulted in signifi-
cant SiO, enrichment and eNd(t) decreasing. The average eNd(t) of the samples
calculated per 5% SiO, (blue diamonds) show that the mantle source mixing
generates mafic rocks (SiO, = 45— 55%) with average eéNd(t) between 2.2 and
2.6, and crustal assimilation had decreased the eNd(t) of more felsic rocks (SiO2
= 55- 75%) from 2.2 to —1.5. AFC: assimilation-fractional crystallization, FC:
fractional crystallization. (b) A two-end-member mixing model calculates the
mixing between depleted mantle (DM) with Nd = 0.581 ppm and eNd = 9.6
(Workman and Hart, 2005), and sediment component (SED) from subducting
slab, which has Nd = 27 ppm and eNd = —8.9 (Plank and Langmuir, 1998). The
model shows that a mantle wedge includes 1.3- 1.4% sediment component has
the eNd = 2.2- 2.6, which is consistent with the Nd isotopic composition of
mafic rocks (SiO, = 45— 55%) in the Sikhote-Alin (Point 1 and 2). Point 1:
average eNd = 2.6 from the 45- 50% SiO, Sikhote-Alin rocks in Fig. 14a. Point
2: average eNd = 2.2 from the 50— 55% SiO,, Sikhote-Alin rocks in Fig. 14a. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

(3) Middle to late Cenozoic (<40 Ma) (Fig. 13c): the magmatic arc
moved trenchward from Sikhote-Alin into the Late Cretaceous to
early Cenozoic terranes in Sakhalin and Hokkaido area (Figs. 7
and 12). The arc front moved entirely away from Sikhote-Alin
after the 20 to 15 Ma Japan Sea opening. Since then, <15 Ma
basalts in Sikhote-Alin do not show arc signatures but instead
show OIB and E-MORB characteristics (Fig. 9b and d).

4.2.2. Chemical composition of arc magma controlled by crustal and
mantle processes in NE Asia
Arc magmatism along convergent margins generally initiates at a
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depth of around 100 km above the down-going slab (Syracuse and
Abers, 2006). Magmatism occurs when the dehydrating subducted slab
of oceanic lithosphere interacts with the mantle in the wedge of the
overriding plate (Pearce and Peate, 1995; Schmidt and Jagoutz, 2017).
Consequently, source mixing in the mantle wedge and magmatic dif-
ferentiation within the overriding crust will determine arc magma
chemical compositions. As discussed in section 5.1.2, Cretaceous to
Cenozoic Sikhote-Alin magmatism involved magmatic evolution domi-
nated by fractional crystallization (FC), resulting in significant SiOy
enrichment (Figs. 9a, 10 and 14a). On the contrary, magma differenti-
ation within the Sikhote-Alin crust had a smaller effect on the Nd iso-
topic magma composition, with average eNd(t) slightly decreasing by
3.6 from intermediate (average eNd(t) = 2.1 for 55— 60% SiO5 samples)
to silicic composition (average eNd(t) = —1.5 for 70— 75% SiO, samples)
(Fig. 14a). This suggests that magmatic differentiation involving crustal
contamination, such as assimilation-fractional crystallization (AFC)
(DePaolo, 1981), has a limited effect on the isotopic composition of the
continental arc magma. Alternatively, the Nd isotope composition of arc
magma is mostly controlled by source mixing in the mantle wedge,
which involves mantle source rock and subduction components (i.e.,
fluid and/or melt from subducting sediment). The mafic/primitive
igneous rocks in Sikhote-Alin show a more enriched Nd isotopic
composition (average eNd(t) = 2.6 for 45— 50% SiO, samples) (Fig. 14a)
relative to a depleted mantle reservoir (i.e. eNd = +9.6) (Workman and
Hart, 2005), which implies significant source mixing in the mantle
wedge. When using a two-end-member mixing model between the
depleted mantle (Nd = 0.581 ppm, eNd = +9.6) (Workman and Hart,
2005) and an average global subducting sediment (Nd = 27 ppm, eNd =
—8.9) (Plank and Langmuir, 1998), we show that the average eNd(t)
value of 45— 55% SiO5 Sikhote-Alin igneous rocks is consistent with
depleted mantle source mixed with 1.3— 1.4% sediment components
(Fig. 14b).

4.2.3. Implication for continental growth along the accretionary margin
The Sikhote-Alin arc magma silica and radiogenic isotopic compo-
sitions are asymmetrically controlled by magmatic evolution in the crust
and source mixing in the mantle (Fig. 14). Considering that magmatism
both migrated through and also cooled within the growing accretionary
margin lithosphere (Figs. 7 and 12), the magmatism should also have
modified the overall composition of the juvenile accreted crust, with
magma volume and its evolution determining the magnitude of crustal
modification. Thus, the Sikhote-Alin and adjacent NE Asian margin is an
example of significant crustal modification by widespread Cretaceous
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molten mantle region. The within-crust magmatic
differentiation (i.e., fractional crystallization and
crustal assimilation) drive the silica enrichment of
magma and increases its SiO, content. The input of
evolving arc magma into the newly grown continental
crust modified the new continent by adding mantle
material and silica-enrichment with higher SiO,

Arc magma

70% SiO,

magmatism (Fig. 7) that involved 1.3- 1.4% sediment input in the arc
magma generation region (i.e., mantle wedge) and silica-enrichment
from significant magmatic differentiation in the arc crust (Fig. 14).

We summarize the magmatic evolution and crustal modification
from magma input in a growing accretionary margin using a schematic
model (Fig. 15):

(1) Magmatic arc migrates trenchward in a lateral growing accre-
tionary margin, associated with the trenchward migration of
subducting oceanic slab and the magma source region in the
mantle wedge.

The primitive basaltic arc magma generated from the mantle
wedge has a chemical composition resulting from sources-mixing
between the mantle melts, the subduction zone fluid and/or
melts. The mixing ratio between the mantle and subduction
components can be determined by the Nd isotopic composition of
primitive basaltic rocks, or by other radiogenic isotopes with
similar approaches, e.g., Hf, Pb and Sr.

The arc magma undergoes silica enrichment (i.e., increasing
magma SiO2%) through within-crust magmatic differentiation,
which involves fractional crystallization (FC) and crustal assim-
ilation. Although the latter mechanism may also control the Nd
isotope composition, this was not significant in Sikhote-Alin
magmatism (Fig. 14) even though some portions experienced
significant magma differentiation (Figs. 10 and 14).

The arc magma brings mantle material into the newly-grown
continental crust from the bottom-up and may drives the silica-
enrichment of the juvenile crust with more felsic composition
due to magmatic differentiation.

(2

—

3

(€]

5. Conclusion

In this study, we present new zircon U—Pb age (n = 93) and whole-
rock geochemical data (n = 61) from igneous rock across Sikhote-Alin
(Russian Far East). We combined our new result with published data
(n > 60) and showed four episodes of magmatism along a ~ 1500 km-
wide NE Asian margin at Sikhote-Alin since the Early Cretaceous: (1)
134 to 120 Ma S-type magmatism, (2) 110 to 100 Ma I-type magmatism,
(3) 95 to 52 Ma highly evolved I-type magmatism, and (4) <46 Ma I-type
magmatism. The 134 to 52 Ma igneous rocks are generally calc-alkaline
rocks with magmatic arc signature (i.e., enriched in LILE relative to
HFSE), and eNd(t) isotopic values between —7 to +6. The 95 to 52 Ma
episode has a significantly silica-enriched composition (average SiO; =
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70.0 wt%) resulting from extensive crystallization differentiation.

We compiled a zircon U—Pb constrained spatiotemporal igneous
history between 42°N to 52°N latitude of NE Asia (NE China, southern
Russian Far East, and Hokkaido), and discussed it with regional geology.
The result implies a growing NE Asian continental margin during the
Mesozoic to the Present, with Jurassic to Cenozoic juvenile terrane ac-
cretion followed by a ~ 1500 km trench migration of arc magmatism
since 160 Ma. The newly grown continental margin has been modified
by the widespread arc magma, which was generated from the mantle
wedge with 1.3- 1.4% sediment component, and had silica-enrichment
from the magmatic differentiation in the crust.
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