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ABSTRACT

Cenozoic intraplate basalts are widely distributed along the southeastern margin of Eurasia. Both carbonated and
eclogitic/pyroxenitic components, which are considered related to oceanic crust recycling, have been identified
in the mantle source of these basalts. However, the origin of the recycled oceanic crust and the genetic relation-
ship between different source lithologies remain unclear. Here, we assess the source lithologies of late Miocene
intraplate basalts from Ninghai, Zhejiang Province, eastern China, using new elemental and Sr-Nd-Hf isotopic
compositional data. These data are also compared with those of the nearby Xinchang-Shengzhou flood basalts
and other Cenozoic basalts in Zhejiang Province. New Mg isotopic compositions of the Ninghai and Xinchang-
Shengzhou basalts are used to evaluate the potential influence of carbonated components during their formation.
Nephelinites and basanites from Ninghai and Xinchang-Shengzhou have negative Ti and Hf anomalies,
superchondritic Ca/Al ratios, and light Mg isotopic compositions (§°°Mg = —0.35 to —0.38%.), indicating a car-
bonated component in the mantle source. By comparison, other Ninghai basalts have positive Ti and Nb anoma-
lies, with Sm/Yb and Lu/Hf ratios that generally correlate with Ti/Ti* values. These observations indicate that
rutile-bearing eclogite should also play an important role in the formation of the Ninghai basalts, in addition to
mantle peridotite. The terrestrial mantle-likeMg-isotopic compositions of the Ninghai basalts further support
their formation by high-degree partial melting of such mixed source. In the plots of Sr-Nd isotopes and Ti/Ti*,
the nephelinites and basanites from Ninghai and Xinchang-Shengzhou show different trends compared with
other Ninghai basalts, and the carbonated component in the mantle source of the former has similar and depleted
Sr-Nd isotopes to the rutile-bearing eclogite source of the latter. Additionally, samples of these basalts show neg-
ative Aeyr values similar to those of Pacific MORB. Subducted Pacific oceanic crust is therefore considered an ap-
propriate source for both the carbonated and rutile-bearing eclogitic components. The Ninghai basalts provide an
important insight into oceanic crust recycling in eastern China, with data indicating a genetic relationship be-
tween the carbonated component and rutile-bearing eclogite in the mantle sources of intraplate basalts.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

etal.,, 2013; Xu, 2014; Xu et al., 2012; Xu et al., 2017). Furthermore, geo-
physical observations show that the oceanic slab is stagnant in the man-

Cenozoic intraplate basalts are widely distributed in eastern China
and are attributed to the recycling of subducted oceanic crust (e.g.,
Chen et al,, 2016; Fan et al., 2014; Guo et al., 2016; Li et al., 2015; Li et
al. 2016; Li et al., 2017; Liu et al.,, 2015; Sakuyama et al., 2013; Wang
et al,, 2011; Wang et al., 2015; Xu, 2014; Xu et al., 2012; Xu et al.,
2017; Yang et al., 2012; Zhang et al., 2009; Zhang and Guo, 2016).
Their ocean island basalt (OIB)-like trace-elemental patterns and rela-
tively enriched radiogenic isotopic compositions indicate the existence
of recycled crustal components in the mantle source (e.g., Sakuyama

* Corresponding author.
E-mail address: zgang@nju.edu.cn (G. Zeng).

https://doi.org/10.1016/j.lithos.2018.11.003
0024-4937/© 2018 Elsevier B.V. All rights reserved.

tle transition zone underlying the intraplate basalt area in northeast to
north China (e.g., Huang and Zhao, 2006). Therefore, subducted Pacific
oceanic crust is frequently considered to either directly form eclogite/
eclogitic pyroxenite in the mantle source of these basalts (e.g., Li et al.,
2015; Liu et al,, 2015; Xu et al., 2012; Xu, 2014; Zhang and Guo, 2016)
or transform into a secondary pyroxenite source during the reaction be-
tween mantle peridotite and oceanic-crust-derived SiO,-saturated
melts (e.g., Wang et al., 2011; Xu et al,, 2012; Zhang et al., 2009).
However, based on the enriched isotopic characteristics of some of
these intraplate basalts, some studies suggest that they are more likely
to originate from ancient (>1.5 Ga) recycled oceanic crust and/or
sediments that were previously stored in the mantle transition zone
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and then redistributed by the stagnant Pacific oceanic slab (e.g., Kuritani
etal.,, 2011; Lietal, 2016; Liu et al,, 2017a; Wang et al., 2017; Zeng et al.,
2017). In addition to these mafic lithologies, carbonated components
are also suggested to be widely presented in the mantle source to pro-
duce the basalts with superchondritic Zr/Hf and Ca/Al ratios, and nega-
tive Zr, Hf, and Ti anomalies (Zeng et al., 2010), which is further
supported by the light Mg and heavy Zn isotopic compositions of basalts
in eastern China (e.g., Li et al,, 2017; Liu et al. 2016a). These carbonated
components are attributed to the recycling of oceanic crust. However,
the origin of the carbonated components in intraplate basalts remains
debated, with both the sub-continental lithospheric mantle (e.g., Sun
et al., 2017) and the mantle transition zone (e.g., Li et al., 2017) having
been proposed as sources.

Intraplate basalts in southeastern China have been poorly studied
due to the lack of outcrops. Carbonated components (Huang et al.,
2015; Yuetal, 2015; Zeng et al., 2017) and recycled oceanic crustal ma-
terials are also proposed to present in the mantle source of the basalts.
The recycled oceanic material is likely derived from either subducted
Pacific oceanic crust with sediments (Li et al., 2015; Liu et al., 2016b)
or ancient recycled oceanic crust (Zeng et al., 2017). Therefore, the na-
ture of the source of Cenozoic basalts in southeastern China remains
controversial. Given that the Pacific oceanic slab is thought to be stag-
nant in the mantle transition zone beneath the Zhejiang area (Huang
and Zhao, 2006), the study of basalts from Zhejiang enables an investi-
gation of the genetic relationship between oceanic crustal recycling
and basaltic magmatism. However, previous studies of the Zhejiang Ce-
nozoic basalts have focused on the Xinchang-Shengzhou flood basalts
(Li et al., 2015; Liu et al., 2016b; Yu et al., 2017; Zou et al., 2000),
which would have been readily affected by magma chamber processes
(e.g., crustal contamination and fractional crystallization; Yu et al.,
2015). Here, we present new major- and trace-element and Sr-Nd-Hf

isotopic compositions of the Ninghai basalts, a new outcrop of Cenozoic
basalts in eastern Zhejiang. More important, the Mg isotopic composi-
tions, which are the good tracers for the recycling of carbonated compo-
nents (e.g., Li et al.,, 2017; Teng, 2017; Wang et al., 2018; Yang et al.,
2012), are also analyzed for the Ninghai basalts and those Xinchang-
Shengzhou basalts without obviously crustal contamination. Based on
these data, we argue that the high-SiO, basalts from Ninghai (detailed
classification is shown in Section 4) were derived from a mantle source
containing rutile-bearing eclogite, while nephelinite and basanite from
both the Ninghai and Xinchang-Shengzhou were derived from a car-
bonated peridotite source. These two source components are attributed
to the recycling of Pacific oceanic crust.

2. Geological background and sampling

Located at the eastern margin of Eurasia, Eastern China is composed
of the Xing-Meng Block, North China Craton, Yangtze Craton, and
Cathysia Block from north to south (Fig. 1a). The Precambrian Cathysia
Block and Yangtze Craton converged to become the South China Block
during the Proterozoic (Charvet et al., 1996). During the mid- to late-
Mesozoic, the tectonics and volcanism of eastern China was controlled
by the northwestward subduction of the paleo-Pacific oceanic crust,
which also resulted in the development of northeast-trending faults in
the South China Block (e.g., Chen and Jahn, 1998). These faults con-
trolled the growth and evolution of Mesozoic basins where large vol-
umes of basaltic magmas were erupted during the late Cenozoic,
forming intraplate basalts (e.g., Ho et al., 2003; Zou et al., 2000).

Late Miocene basalts from Zhejiang represent the largest outcrop in
southeast China, which are located at the east part of Zhejiang (Fig. 1a),
near the northeastern boundary of the Cathysia Block. The outcrop in-
cludes the Xinchang-Shengzhou flood basaltic field and the Ninghai
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Fig. 1. Simplified geologic maps for Cenozoic basalts in eastern Asia (After Liu et al., 1992; Yarmolyuk et al,, 2015) (a)and Zhejiang Province (b). Three major wrench faults in Zhejiang
Province contain Jiangshan-Shaoxing fault (A), Lishui-Yuyao fault (B), and Zhenhai-Wenzhou fault (C). The sampling locations in Ninghai are shown as red triangles, and Xinchang-
Shengzhou low-SiO, basalts are represented by black triangles, and Xinchang-Shengzhou high-SiO, basalts are represented by grey triangles in (b). Ages for basalts are after Ar-Ar dating
work of Ho et al. (2003) and Yu et al. (2015). (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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basaltic field, which cover an area of about 600 km?. The Xinchang-
Shengzhou flood basaltic field was emplaced through more than five
volcanic eruption episodes between 9.4 & 0.1 Ma and 3.0 & 0.1 Ma
(Ho et al., 2003) along the Lishui-Yuyao Fault (Fig. 1b). The Ninghai ba-
saltic field was emplaced through two eruption episodes with similar
ages at 10.5 4+ 0.5 Ma (Ho et al., 2003), and is cut by the Zhenhai-
Ningyuan Fault (Fig. 1b). The lower eruption episodes of Xinchang-
Shengzhou basalts are mainly composed of tholeiitic basalt, while the
upper eruption episodes contain alkali olivine basalt and basanite. In
comparison, basalts from the Ninghai basaltic field are mainly tholeiitic
with minor basanite. We collected sixteen new basalt samples from
Ninghai basaltic field for whole-rock geochemistry analyses, and the
sampling locations of these samples almost cover the whole study
area (See Fig. 1b). We also compiled published data on whole rock geo-
chemistry in Zhejiang basalts (Li et al., 2015; Liu et al,, 2016b; Yu et al.,
2015, 2017; Zou et al., 2000) for comparison in this study. Due to the
high vegetation coverage of study area, it is diffcult to identify the

Table 1
Major and trace elemental compositions of Ninghai basalts.

stratigraphic relationship for samples we collected from the Ninghai ba-
saltic field.

In hand specimen, all Ninghai samples are massive to vesicular
structure, and black to dark grey in colour. Most samples are fresh, but
a few samples are slightly altered, in which olivine is partially to
completely decomposed to iddingsite. These samples are either porphy-
ritic (Supplementary Figure 1a) or aphyric (Supplementary Figure 1b)
in texture. Basalts with porphyritic texture contain minor olivine phe-
nocrysts (<10% modal abundance) set in a groundmass composed of
plagioclase, olivine, clinopyroxene, Fe-Ti oxides and glass. Small amount
of pyroxene phenocrysts are also observed. Furthermore, mantle xeno-
liths are common in the basalts from the Ninghai basaltic field.

3. Methods

Major and trace element compositions, as well as Sr, Nd, Hf isotopes
were measured for all Ninghai samples. Mg isotopes were analyzed for

12NHO9 12NH12 12NH13 12NH14 12NH15 12NH16 12NH17

12NH18 12NH19 12NH20

No. 12NHO3 12NH04 12NHO5 12NHO06 12NHO07 12NHO8

Major Element (wt%)

Si0,  48.91 50.43 50.96 51.74 50.59 48.54 49.27 44.57
TiO, 2251 2.527 2.585 2.276 2.488 2.744 2.721 2.882
ALO; 125 12.51 12.89 13.2 1347 12.45 12.51 11.53
Fe,0% 11.71 12.65 12.12 11.96 11.71 12.58 12.58 13.73
MnO  0.141 0.169 0.157 0.148 0.142 0.146 0.164 0.186
MgO  8.52 7.8 7.75 7.33 6.7 8.51 8.5 9.78
Ca0 9.14 9.22 9.35 9.18 9.24 9.45 9.41 10.44

44.61 44.7 49.03 49.41 49.86 47.96 50.29 49.78
2928 2911 3.312 2.969 3.038 2439 3.067 3.046
11.53 11.54 12.82 12.59 12.77 12.19 12.89 12.98
13.75 13.93 13.29 12.78 12.99 12.66 12.28 11.85
0.176 0.182 0.1612  0.151 0.15 0.159 0.136 0.139
9.82 9.65 6.5307 8.04 8.07 9.47 6.82 5.79
104 10.25 9.02 9.18 9.26 9.9 9.06 9.5

Na,0 255 2.36 2.56 2.62 2.65
K,0 1.06 0.97 0.99 0.75 0.67

240 247 2.75
0.86 0.85 1.46

P,0s 0358 0.376 0.371 0.273 0.301 0.414 0.42 0.842
LOI 2.14 0.68 0 0.61 1.34 1.15 0.76 1.18
TOTAL 99.29 99.69 99.73 100.08 993 99.25 99.66 99.34
Trace Element (ppm)

Li 114 3.83 5.60 7.16 7.89 6.22 6.13 7.75
Be 1.17 1.21 1.26 1.13 1.20 1.30 1.29 2.06
Sc 214 21.6 221 21.7 21.2 222 21.8 19.9
\Y% 165 178 182 187 189 194 187 193
Cr 283 267 263 206 143 253 259 247
Co 473 534 49.2 47.4 45.1 53.5 519 60.4
Ni 206 236 193 164 126 231 220 254
Cu 69.5 68.1 68.2 64.1 62.9 73.6 71.1 115
Zn 107 124 129 114 114 125 123 135
Ga 189 20.1 20.6 20.0 20.6 213 21.0 216
Ge 1.23 141 143 143 1.36 1.40 1.37 1.33
Rb 20.2 20.8 21.0 18.0 13.6 19.6 16.3 345
Sr 488 506 503 419 467 567 558 940
Y 219 241 249 228 235 25.5 246 304
Zr 154 168 170 136 152 188 185 265
Nb 26.4 25.8 26.6 17.7 213 333 325 76.9
Cs 0.20 0.41 0.27 0.58 0.44 0.29 0.24 0.45
Ba 283 247 259 205 221 341 334 497
La 173 174 17.7 121 131 214 20.7 44.8
Ce 353 35.8 36.5 25.1 273 452 43.7 844
Pr 4.62 4.81 4.89 3.39 3.69 5.78 5.65 10.2
Nd 21.2 227 23.1 16.4 17.7 271 26.6 45.0
Sm 5.50 6.15 6.28 491 5.20 6.91 6.78 10.1
Eu 1.83 2.12 2.16 1.69 1.82 2.40 2.34 332
Gd 5.31 5.97 6.03 5.00 5.24 6.68 6.60 9.26

Tb 0.78 0.88 0.90 0.78 0.80 0.97 0.95 1.25
Dy 435 4.83 4.84 4.36 4.49 5.35 5.22 6.73
Ho 0.78 0.85 0.85 0.80 0.83 0.94 0.91 1.12
Er 1.91 2.07 2.12 1.99 2.04 234 223 2.70
Tm 0.25 0.27 0.27 0.27 0.27 0.29 0.28 0.33
Yb 1.51 1.58 1.56 1.57 1.58 1.72 1.61 1.81

Lu 0.20 0.21 0.21 0.22 0.22 0.23 0.22 0.24
Hf 3.57 3.95 3.96 3.30 3.65 4.47 4.36 5.77
Ta 143 143 1.47 0.98 1.18 1.85 1.80 4.01
Pb 1.89 2.09 1.96 1.89 1.63 231 2.18 3.20

Th 2.28 2.25 2.19 1.79 1.81 2.85 272 6.44
U 0.53 0.52 0.53 0.41 0.39 0.58 0.59 143

2.83 3.10 2.95 2.77 2.71 2.63 2.63 2.73
1.56 1.55 1.17 1.25 1.27 135 1.21 1.24

0.871 0.859 0.4819  0.446 0.455 0.439 0.401 0.409
112 0.64 0.07 0 0 0.49 0.71 1.87
99.59 99.31 98.83 99.59 10059  99.7 99.49 99.32
8.53 7.94 5.96 8.13 8.38 6.91 9.35 10.5

2.11 213 1.46 1.43 1.47 1.23 141 1.65

19.6 19.6 214 20.8 20.5 22.0 19.8 19.9
195 199 194 191 190 203 183 183
251 250 131 220 215 275 204 205
56.2 58.1 49.9 51.8 513 54.6 47.8 47.0
252 254 121 175 170 203 171 162
125 117 66.0 63.6 64.2 75.4 54.0 57.9
135 136 136 131 131 116 129 126
214 21.8 228 220 219 19.9 219 223

141 141 143 1.42 1.38 1.38 1.40 1.36

335 352 229 26.3 26.1 34.5 25.6 25.8
984 925 579 627 623 556 590 638
309 30.7 26.5 249 24.8 23.0 235 239
272 270 214 206 208 153 206 205
79.6 78.9 40.6 38.6 39.0 39.1 343 344
0.34 0.54 0.11 0.33 0.32 0.29 0.50 0.54

510 507 322 332 337 418 353 350

46.7 45.5 214 21.7 219 229 19.8 19.9
88.0 85.5 453 46.7 47.0 45.8 42.8 42.8
10.6 10.3 5.87 6.06 6.12 5.63 5.62 5.62
46.6 45.3 283 28.5 28.7 25.5 26.7 26.8
104 10.1 743 7.23 7.24 6.20 6.82 6.83
3.40 333 2.57 2.49 2.50 213 239 238

9.38 9.27 7.14 6.83 6.85 6.03 6.52 6.49
1.29 1.25 1.03 0.97 0.98 0.88 0.94 0.94
6.83 6.67 5.76 5.36 535 4.80 5.11 513
1.14 1.11 0.98 0.91 0.92 0.84 0.87 0.87
275 2.68 2.39 223 2.25 2.10 2.14 2.12
0.33 0.33 0.30 0.28 0.28 0.27 0.26 0.27
1.82 1.80 1.68 1.58 1.55 1.53 1.49 1.49
0.24 0.24 0.23 0.21 0.21 0.21 0.20 0.20
5.90 5.71 5.01 4.79 4.80 3.59 4.85 4.80
4.20 4.06 2.26 2.10 2.12 2.00 1.93 1.91
3.29 3.20 1.45 2.01 2.01 2.14 2.26 2.19
6.80 6.58 2.79 2.69 2.73 3.26 2,67 2.62
1.49 1.46 0.65 0.68 0.65 0.70 0.57 0.60

3 Fe,0}, total iron as Fe,0s.
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Table 2
Sr-Nd-Hf-Mg isotopic compositions of Ninghai and Xinchang-Shengzhou basalts.

No. 87gp/865r  2SE? 143Nd/'Nd 2SE end®  VSHETTHE 2SE en  6°Mg (%)¢  2SD°  §°Mg (%) 2SSD N
12NHO3 0704145  0.000009  0.512910 0000010 531  0.282985 0.000003 753
12NHO4 0703852  0.000007 0512952 0000009 613  0.283007 0.000003 831
12NHO5 0703781  0.000007 0512945 0000012 599  0.283031 0.000003  9.16
12NHO6 0703811  0.000007  0.512917 0000015 544 0283020 0.000005  8.77
12NHO7 0703633  0.000006  0.512944 0000013 597  0.283028 0.000003  9.05
12NHOS  0.703893  0.000009  0.512933 0000010 576  0.282995 0.000004  7.89
12NHO9  0.703861  0.000006  0.512946 0000010 601  0.283003 0.000003  8.17
12NHI12 0703513  0.000009  0.512970 0000004 648 0283017 0.000003  8.66
12NH13 0703508  0.000007  0.512979 0000006 665 0283015 0.000003 859
12NH14 0703522 0.00001 0.512979 0000005 665  0.283022 0000003 884  —0.18 002  —036 002 4
12NH15 0703361  0.00001 0.513001 0000007  7.08  0.283046 0.000004  9.69
12NH16 0703768  0.000008  0.512968 0000007 644  0.283029 0000003 9.09  —0.14 004  —031 003 4
12NH17 0703746  0.000009  0.512979 0000012 665  0.283026 0.000003  8.98
12NH18 0703881  0.000007  0.512915 0000008 540  0.283009 0.000003 838
12NH19 0703729  0.000009  0.512945 0000010 599  0.283020 0.000003  8.77
12NH20 0703744  0.000006  0.512949 0000012 607 0283011 0.000003  8.45
Zjo1+ 0703291  0.000007  0.512999 0000002  7.04 0283033 0000002 923  —0.17 003  —035 006 4
)02 0703275  0.000008  0.512982 0000003 671 0283032 0000003 919  —0.18 002  —036 006 4
703 0.703668  0.000006  0.512926 0000002 562  0.283009 0.000006 837
7J04 0703904  0.000005  0.512932 0000008 574  0.282998 0000003 799  —0.17 002  —037 003 4
7J05 0703936  0.000003  0.512928 0000002 566  0.283006 0.000008 826
ZJ06 0703814  0.000004  0.512977 0000003 661  0.283001 0.000004  8.10
7J07 0703843  0.000005  0.512954 0000004 616  0.283011 0.000003 845  —0.19 001  —038 002 4
ZJ0s 0703826  0.000004  0.512963 0000014 634  0.283001 0.000003  8.10
ZJ09 0703869  0.000005  0.512929 0000003 568 0283014 0.000009 857
ZJ10 0704345  0.000005  0.512922 0000003 554  0.282990 0.000003  7.71
711 0704237  0.000005  0.512926 0000003 562  0.282995 0.000005  7.89
712 0703765  0.000003  0.512926 0000002 562  0.283008 0000006 834  —0.15 003  —032 005 4
713 0703801  0.000006  0.512939 0000005 587  0.283005 0.000004 824
714 0.703786  0.000010  0.512905 0000003 521 0283012 0.000007  8.49
ZJ15 0703952  0.000006  0.512855 0000011 423  0.282996 0.000003  7.92
ZJ16 0703862  0.000005  0.512825 0000004 365 0283011 0.000007  8.46
717 0.704070  0.000007  0.512878 0000004 468  0.282985 0000003 753  —0.15 001 —029 002 4
718 0703925  0.000005  0.512819 0000004 353  0.282999 0000006 802 —0.15 003  —031 004 4
ZJ19 0703591  0.000004  0.512884 0000003 480  0.283029 0.000005  9.08
720 0.703764  0.000007  0.512866 0000004 445  0.282970 0.000006  7.02
721 0703769  0.000009  0.512869 0000004 451  0.282973 0000007 712  —0.16 004  —030 005 4
7)22 0704240  0.000005  0.512858 0000003 429  0.282950 0.000007 630
723 0703756  0.000005  0.512904 0000002 519  0.282965 0.000006  6.81
724 0703797  0.000006  0.512916 0000009 542  0.282966 0.000002  6.86
725 0704275  0.000004  0.512858 0000003 429  0.282950 0.000008 631
726 0704335  0.000008  0.512844 0000005  4.02  0.282946 0000002  6.15

SE refers to standard error.

ena = [(">Nd/"*Nd)sampte/(*Nd/***Nd) crur-11710% where (**Nd/"*Nd)cyur = 0.512638.

Mg = {(*Mg/**Mg)sample/ "Mg/**Mg)psms—1} x 1000, where X = 25 or 26 and DSM3 is a Mg standard solution made from pure Mg metal (Galy et al.,, 2003).
2SD = twice the standard deviation of the population of N(N > 4) repeat measurements of a sample solution.

a
b
€ ey = [(176Hf/177Hﬂsamp1e/(176Hf/177Hf)CHUR-1]*104; where (176Hf/177Hf)CHUR = 0.282772.
d
e

*

those selected fresh Ninghai and Xinchang-Shengzhou basalts with less
crustal contamination. For example, nephelinites and basanites from
low-Si0, basalts and high-SiO, basalts formed by magmatic recharge,
which means continuous or episodic magma replenishment in the
long-lived magma chambers above a region undergoing relatively con-
tinuous magmatic fluxing (Yu et al., 2017). New chemical and isotopic
data for Ninghai basalts are listed in Table 1 and Table 2, whereas
those for international standards and reduplicated samples are given
in Supplementary Table 1, Supplementary Table 2, and Supplementary
Table 3. The published data for Xinchang-Shengzhou basalts are from
Yu et al. (2015, 2017).

Samples were first crushed into gravel-size chips. Clean chips were
then pulverized in a corundum mill. The measurements of whole-rock
major and trace elements were carried out at the Department of Geol-
ogy, Northwest University in Xi'an, China. Major elements were deter-
mined by a Rix-2100X-ray fluorescence spectrometer (XRF). The
results of diverse standards (BHVO-2, BCR-2, and GSR-3) suggest the
uncertainties are less than 4-1% for elements Si, Ti, Al, Fe, Mn, Mg, Ca,
K, and P, and about +5% for Na (Supplementary Table 1). Trace ele-
ments, including the rare earth elements (REEs), were measured with
an ELANG100DRC inductively coupled plasma mass spectrometer

, Sr, Nd, and Hf isotopic compositions of ZJ-X (X = 1-26) samples are from Yu et al. (2017).

(ICP-MS) after the acid digestion conducted in Teflon bombs. Analyses
of the USGS rock standards (BHVO-2, AGV-2, BCR-2 and GSP-1; refer-
ence data are from Jochum et al. (2016)) indicate the precision and ac-
curacy are better than 5% for Sc, V, Co, Ni, Rb, Sr, Y, Zr, Nb, Ba, Ta, Th, U
and REEs, and 10% for Cr, Cs, Hf, and Pb (STable 2). Isotopic analyses of
Sr, Nd and Hf were performed at the State Key Laboratory for Mineral
Deposits Research, School of Earth Sciences and Engineering at Nanjing
University. Mg isotopic analyses were performed at the Institute of Ge-
ology and Geophysics, Chinese Academy of Sciences, Beijing. All chemi-
cal digestion and separation were carried out in Class 100 ultra-clean
laboratory and the mass spectrometric analyses were performed in
Class 1000 clean laboratories. Reagents used for leaching, dissolution
and separation were twice-distilledextra-pure grade, dilutions were
made using >18.2 MQ cm™ 'de-ionized water, and all labware was
acid-washed prior to use.

Isotopic ratios of Sr and Nd were measured on a TRITON Tl (Thermo
Finnigan) thermal ionization mass spectrometer (TIMS) in static mode
with relay matrix rotation on single W (Sr) or double Re (Nd) filaments.
100 mg sample powders were leached for 12 h in warm 2.5 N HCl, and
dissolved in a hot HF-HNO5; mixture followed by ion exchange proce-
dures. Detailed analytical procedures for Sr and Nd isotopes are given
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by Yuetal. (2017). Sr and Nd isotopic compositions were normalized to
865r/88Sr = 0.1194 and '“®Nd/'#*Nd = 0.7219. During the analytical
session for our samples, the measured values for the NBS987 Sr stan-
dard and JNdi-1 Nd standard were 0.710239 + 0.000002 for 87Sr/26Sr
and 0.512128 + 0.000004 for '**Nd/'**Nd, respectively. Measured
875r/%6Sr and '“*Nd/'“Nd values for BCR-2 were 0.705018 =+
0.000003 and 0.512624 + 0.000004 (Reference values are 0.705019 +
0.000016 and 0.512634 + 0.000012 from Weis et al. (2006)). The
total procedure blanks for Sr and Nd isotopes were <100 pg and 60 pg.

Hf isotopic data were obtained using a Neptune plus (Thermo Fisher
Scientific) multi-collector inductively coupled plasma mass spectrome-
ter (MC-ICP-MS). 100 mg powders were leached for 12 h in warm 2.5 N
HCl, and dissolved in 15 ml Teflon beakers in an HF-HClO, acid mixture
at 120 °C for >5 days. After evaporation to dryness, all samples were
dried at 200 °C in order to break CaF bonds. Finally, the samples were
dissolved in 3 N HClL. Hafnium was separated from the rock matrix by
ion exchange procedures using Eichrom® Ln-Spec resin. The detailed
analytical procedure for the Hf isotopic measurement can be found in
Yang et al. (2010). Hf isotopic ratios were normalized to 7°Hf/!”’Hf =
0.7325. Repeated measurements of the JMC 475 Hf standard gave a
mean '7®Hf/177Hf value of 0.282157 + 0.000005. Reported results
were then normalized to the '76Hf/"””Hf value of 0.282160 (Vervoort
et al., 1999) using the daily average of the JMC 475 Hf standard. Mea-
sured values for BHVO-2 and BCR-2 were 0.283082 4 0.000004 and
0.282857 + 0.000006 (Reference values are 0.283101 4 0.000026 and
0.282867 4 0.000018 from Weis et al. (2007)). The total procedure
blank for Hf isotope was <50 pg.

Mg isotopic data were obtained using a Neptune (Thermo Fisher
Scientific) multi-collector inductively coupled plasma mass spec-
trometer (MC-ICP-MS) following the procedures described in de-
tail by An et al. (2014). Approximately 20 mg and 50 mg of
sample powders and USGS reference materials (BCR-2, BHVO-2,
BIR-1 and GSP-2) were weighed and fully dissolved in a mixture
of concentrated HF-HNOs. The clear solutions with 20 pug Mg
were then dried and dissolved in 2 N HNO3 for column chemical
analysis. Detailed procedures of Mg purification can refer to An
et al. (2014). During the purification, we also prepared a syn-
thetic multi-element standard solution IGGMg1-A (K:Al:Fe:Na:
Ca:Mg:Mn:Rb:Ti:Zn:Cs:Cu = 20:10:8:5:5:1:1:0.2:0.1:0.02:0.01:0.01)
to examine the purification efficiency of the column. The Mg yields of all
standards and unknown samples were better than 99.7%, and the total
Mg blank was <6 ng. Mg isotopic compositions were measured by the
sample-standard bracketing method in a medium resolution mode. The
signal intensity for 2*Mg was generally about 4-5 V/ppm and the average
blank were <2 mV. Each sample was measured at least 4 times and then
averaged. Mg isotopic data are expressed in 6 notation as per mil (%) de-
viation from DSM3 (Galy et al., 2003). The long-term external precision
determined by repeated analyses of the international Mg standards
(DSM3 and Cambridge1), in-house Mg standards (IGGMg1, IGGMg2,
and SRM980, (An et al., 2014)) is better than 0.06%. (2SD) for 5°°Mg,
where IGGMg1 and IGGMg2 are mono-elementallCP-MS Mg standards
(1000 ppmin 1 NHNO3) made by the National Center of Analysis and Test-
ing for Nonferrous Metals and Electronic Materials. Repeated measure-
ments of the Cambridge1 and in-house Mg standard IGGMg1at different
dates yielded average 5°°Mg values of —2.60%. & 0.04%. (2SD, n = 26)
and — 1.76%. + 0.04%. (2SD, n = 70), respectively.

4. Geochemical results

The Ninghai basalt samples are characterized by moderate to high
Si0,, and variable MgO, Fe,07, and TiO, contents (Table 1). For compar-
ison, the Xinchang-Shengzhou flood basalts are shown which were di-
vided into low-SiO, (SiO, < 47.5 wt%) and high-SiO, (SiO, > 47.5 wt%)
groups (Yu et al.,, 2015, 2017). The Xinchang-Shengzhoulow-SiO, ba-
salts have low SiO; (39.1-47.4 wt%), and high MgO (8.58-11.4 wt%),
Fe,07 (13.1-16.2 wt%), and TiO, (2.16-3.58 wt%) contents. The

Xinchang-Shengzhouhigh-SiO, basalts have high SiO, (48.1-52.6 wt
%), and low MgO (5.18-7.89 wt%), Fe,03 (11.5-12.5 wt%), and TiO,
(2.0-3.0 wt%) contents (Yu et al., 2015, 2017). According to the classifi-
cation of Le Bas et al. (1986), the Ninghai basalt samples include
basanites and basalts, whereas the Xinchang-Shengzhou basalt samples
include nephelinites, basanites, basalts, trachybasalts, and basaltic an-
desites (Fig. 2a). MgO is positively correlated with CaO/Al,03(Fig. 2b)
and Ni (Fig. 2d) in the Ninghai and Xinchang-Shengzhou samples. No
correlation is observed between MgO and Sc in the Ninghai samples
(Fig. 2¢). For convenience, the Ninghai basalts are also classified into
low-SiO, (basanite) and high-SiO, (basalt) groups according to their
SiO, contents (Fig. 1).

In the primitive-mantle-normalizedmulti-element diagram (Fig. 3),
all samples are characterized by enrichment in highly incompatible ele-
ments, and positive Nb, Ta, and negative Pb anomalies, similar to ocean
island basalt (OIB; Hofmann et al., 1986). The degree of enrichment de-
creases from nephelinites to basaltic andesites (Fig. 3). The Ninghai low-
SiO, basalts exhibit negative Hf (Hf/Hf* = 0.67-0.68; Hf/Hf* = Hfy/
(Smy x Ndy)??, where N indicates normalized to primitive mantle)
and Ti (Ti/Ti* = 0.77-0.78; Ti/Ti* = Tin/(Nd®%® x Sm$333
x Gd$7??)) anomalies, similar to the Xinchang-Shengzhoulow-SiO, ba-
salts (Hf/Hf* = 0.58-0.76, Ti/Ti* = 0.80-0.97), while other samples
yield values of Hf/Hf* and Ti/Ti* values of 0.72-0.96 and 1.02-1.20, re-
spectively. In chondrite-normalizedREE patterns, there are no Eu anom-
alies (Supplementary Figure 2). In addition, all basalt samples have
variable Ce/Pb and Nb/U ratios, with ranges larger than those of MORB
and OIB(Hofmann et al., 1986).

Sr-Nd-Hf isotopic compositions have limited ranges (Table 2), but
are well correlated with each other. Compared with Cenozoic basalts
from eastern China, samples of the present study are relatively depleted.
The Sr—Nd-Hf isotopic compositions of the Ninghai and Xinchang-
Shengzhou samples indicate the mixing of two end-members, where
£ng correlates negatively with 87Sr/86Sr and positively with eyq(Fig. 4a,
b). In plot of enq versus ey, both Ninghai samples and Xinchang-
Shengzhoulow-SiO, basalts are located below the mantle array (Fig.
4b), similar to Pacific Ocean MORB. To evaluate the degree of Nd-Hf
decoupling, we calculated Agys values, where Agyy is the difference in
eyr relative to the eng-eyr mantle array, defined as Aeyr = ey
1.55eng-1.21 (Vervoort et al.,, 2011). The Ninghai and Xinchang-
Shengzhou samples yield Aey values of —3.7 to +1.4, which are well
correlated with Sr and Nd isotopic compositions. For Mg isotopic com-
positions, the Ninghai and Xinchang-Shengzhou samples, as well as
the international standards (Supplementary Table 3), fall along the
mass-dependent fractionation line for Mg isotopes (Supplementary Fig-
ure3; Young and Galy 2004). All samples have °°Mg values ranging
from —0.29%. to —0.38%. (Fig. 4c, d), lower than those of terrestrial
mantle (6*°Mg = —0.23% + 0.04%., Lai et al, 2015; 6*°Mg =
—0.25%o + 0.04%., Teng 2017). In addition, §*°Mg shows weak positive
correlations with 37Sr/%%Sr (Fig. 4c) and Agyy;, and negative correlations
with eng(Fig. 4d) and ey

5. Discussion

5.1. Weathering processes, fractional crystallization, and crustal
contamination

Geochemical differences between intraplate basalts can be produced
by shallow processes such as surface weathering and magma chamber
processes (e.g., Carlson et al., 1981; Kumar et al., 2010), in addition to
source heterogeneity (e.g., Chen et al., 2009; Liu et al., 2016b; Xu,
2014; Zou et al.,, 2000). These shallow processes should be evaluated
prior to a discussion of basalt origin. The relatively low LOI values
(<2 wt%) and the fresh appearance of hand specimens indicate that
weathering has little influence on the geochemical compositions of
the investigated basalts. This is also verified by the good correlations
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Fig. 2. Variations of SiO, versus total alkali (a), and MgO versus CaO/Al,03, Sc, and Ni (b-d) for Ninghai, Xinchang-Shengzhou basalts and basalts from other places of Zhejiang. Data for
published Cenozoic basalts from Zhejiang(Ho et al., 2003; Li et al., 2015; Liu et al., 2016b; Zou et al., 2000) are presented as comparison. In (b)and (c), we used Petrolog 3 software
(Danyushevsky and Plechov, 2011) to model the compositional variation of CaO/Al053 and Sc as a function of olivine and clinopyroxene removal from Zhejiang basalts.

between Nb and other strongly incompatible elements such as Sr, La,
and U (Supplementary Figure 4).

Radiogenic isotopic data from previous studies indicate that some of
the Xinchang-Shengzhou basalts were affected by crustal contamina-
tion (Yu et al.,, 2015, 2017). To evaluate the role of crustal contamina-
tion, Nb/U and Ce/Pb ratios were examined in this study (Fig. 5a),
because continental crust is characterized by lower Nb/U and Ce/Pb

1000 Po

ratios (Nb/ULCC = 25, Nb/UUCC = 4; Ce/PbLCC =5, Ce/PbUCC = 3.7;
Rudnick and Gao, 2014) than DMM (Nb/U = 46.4, Ce/Pb = 30.6;
Workman and Hart, 2005). Therefore, low Nb/U and Ce/Pb ratios for
those Xinchang-Shengzhouhigh-SiO, basalts and low-volume Ninghai
high-SiO, basalts (Fig. 5a) indicate the significant influence of crustal
contamination. In comparison, most Ninghai basalts and Xinchang-
Shengzhoulow-SiO, basalts show OIB-like Nb/U and Ce/Pb ratios,
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Fig. 3. Whole rock trace element abundances for Ninghai and Xinchang-Shengzhou basalts and basalts from other places of Zhejiang. The primitive mantle values are from McDonough

and Sun, (1995).
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indicating negligible influence of crustal contamination, consistent with
the conclusions of previous studies (Li et al., 2015; Liu et al., 2016b; Yu
etal,, 2015, 2017). The negative correlation between MgO and &y for
the Ninghai basalts (Fig. 5b) also supports this proposal. In contrast,
the Xinchang-Shengzhouhigh-SiO, basalts show a positive correlation
between MgO content and &y¢ (Fig. 5b), again indicating the potential
influence of crustal contamination as continental crust is characterized
by low MgO contents and enriched Hf isotopic compositions (Rudnick
and Gao, 2014). We argue that crustal contamination was insignificant
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for most of the Ninghai basalts and Xinchang-Shengzhoulow-SiO,
basalts.

Petrographic characteristics and whole-rock compositions record
fractional crystallization. The presence of olivine phenocrysts in some
Ninghai basalts indicates the role of olivine fractionation in the basaltic
melts, which is also suggested by the positive correlation between MgO
and Ni contents (Fig. 2d). For Ninghai samples and Xinchang-
Shengzhoulow-SiO, basalts, though they show a positive correlation be-
tween MgO and Ca0O/Al,Os3 (Fig. 2b), no correlation is observed between
MgO and Sc contents (Fig. 2c¢). This indicates that fractional
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Fig. 5. Nb/U versus Ce/Pb (a)and MgO versus ey (b)for Ninghai and Xinchang-Shengzhou basalts. Data for published Cenozoic basalts from Zhejiang(Ho et al., 2003; Li et al., 2015; Liu et al,,
2016b; Zou et al., 2000) are presented as comparison. Data for DMM (depleted MORB mantle) is from Workman and Hart, (2005). The shadow stands for the area of data of MORB and OIB

(Hofmann et al., 1986).
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crystallization of clinopyroxene had little influence on the observed be used to indicate the degree of partial melting (Supplementary Figure

geochemical variations. In contrast, the Xinchang-Shengzhouhigh- 6), as heavy rare earth elements (HREEs) are compatible in garnet (e.g.,
SiO, basalts exhibit positive correlations between MgO and CaO/Al,0s, Johnson, 1998). The Ninghai high-SiO, basalts have lower La/Yb and
and between MgO and Sc, indicating clinopyroxene fractionation. Sm/Yb ratios than those of low-SiO, basalts from Xinchang-

Petrolog 3 software (Danyushevsky and Plechov, 2011) was used to Shengzhou and Ninghai, indicating a higher degree of melting for the
model CaO/Al,05 (Fig. 2b) and Sc (Fig. 2¢) variations as a function of ol- high-SiO, samples (Supplementary Figure6). However, variable degrees

ivine and clinopyroxene removal for the Ninghai and Xinchang- of partial melting of the same source would not affect the Sr-Nd-Hf iso-
Shengzhou basalts. For modeling, we selected the nephelinite samples topic compositions of basalts. Therefore, good correlations between the
with compositions approaching the primary magma composition. Sr-Nd-Hf-Mg isotopic compositions (Fig. 4) of low-SiO, basalts from
With decreasing of CaO/Al,O5 ratios, the Ninghai samples and Xinchang-Shengzhou (mainly nephelinites and basanites) and Ninghai,
Xinchang-Shengzhoulow-SiO, basalts show higher MgO and Sc con- and between their Ti/Ti* and isotopic compositions (Fig. 6a, b), cannot
tents than the modeling results (Fig. 2b), indicating that the basalts be explained by differences in the degree of partial melting alone, thus
underwent solely olivine fractionation. However, for the Xinchang- indicating that source heterogeneity played an important role in the for-
Shengzhouhigh-SiO, basalts, the modeling curves of clinopyroxene mation of these basalts.

fractionation are consistent with the evolutionary trends. At lower As all the basalts have OIB-liketrace-element signatures (Fig. 3),

MgO contents, the Zhejiang basalts show relatively constant, or slightly there are several possible source lithologies: (1)fertile peridotite/
increased, TiO, contents (Supplementary Figure 5), indicating negligible hornblendite/secondary pyroxenite that was previously metasomatized

fractionation of Fe-Ti oxides and other Ti-bearing minerals. by slab-derived fluids/melts (e.g., Pilet et al., 2008; Sobolev et al., 2005;
To exclude the potential effects of crustal contamination and frac- Yaxley, 2000), (2)eclogite/pyroxenite derived from slab or directly from
tionation of clinopyroxene, Fe-Ti oxides, and other Ti-bearing minerals, sediments (e.g., Hirschmann et al., 2003; Irifune et al., 1994; Kogiso et

the geochemical compositions of basalts with MgO > 6 wt% and Nb/U al., 2003), and (3)carbonated peridotite/eclogite derived from the
> 45 (Fig. 5a) from Ninghai, Xinchang-Shengzhou, and other parts of recycling of carbonated components (e.g., Dasgupta et al., 2007;
Zhejiang were selected for discussion of their mantle source character- Gerbode and Dasgupta, 2010). These potential source components are
istics or partial melting processes in the following sections. In addition, considered in the following sections.

data of the Xinchang-Shengzhouhigh-SiO, basalts, which formed by

magmatic recharge (with minor crustal contamination), are also plotted 5.2.1. Asthenospheric mantle contaminated by recycled sediments

in Figs. 6, 7, and 8(Yu et al., 2015, 2017). The correlations observed between the Sr-Nd-Hf isotopic composi-
tions of the Ninghai basalts and the Xinchang-Shengzhoulow-SiO, ba-

5.2. Source lithologies of the Ninghai and Xinchang-Shengzhou basalts salts indicate the mixing of two end-members in the source (Fig. 4a,
b). One end-member is characterized by moderate radiogenic isotopes

Variations in elemental ratios can be controlled by both partial melt- (more enriched than those of Pacific MORB) (Fig. 4a, b). However, this

ing and source heterogeneity. The La/Yb and Sm/Yb ratios of basalts can end-member shows a weak Ti anomaly, similar to DMM (Fig. 6)
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Fig. 7. Plots of 5*°Mg versus Ca/Al (a), Hf/Hf* (b)and Ay (c)for Ninghai and Xinchang-
Shengzhou basalts. The horizontal grey bar (6°Mg = —0.23 + 0.04%.) and striped bar
(5°°Mg = —0.25 + 0.04%.) stand for recommended °Mg values of the terrestrial
mantle, and the data are from Lai et al. (2015) and Teng, (2017). The average elemental
data for continental and oceanic carbonatites are from Hoernle et al. (2002). The Mg
isotopic composition of carbonatites can be referred to Li et al. (2017) and references
therein. Average Agyr values in (c¢)of Indian Ocean MORB and Pacific Ocean MORB are cal-
culated from Petrological Database (http://www.earthchem.org/petdb). Only samples
with little influence from crustal contamination (Nb/U > 45) and fractional crystallization
(MgO > 6 wt%) are picked up for comparison. Error bars represent 2SD (2 times the stan-
dard deviation) uncertainties.

(Workman and Hart, 2005). The OIB-like trace elemental patterns of
these basalts (Fig. 3) indicate their derivation from the asthenospheric
mantle (Li et al., 2015; Liu et al., 2016b; Yu et al., 2015, 2017). Recent
studies of OIB in the western Pacific have observed similar isotopic
characteristics, which are also considered the result of melting of the
asthenospheric mantle (e.g., Jackson et al., 2017). The moderate radio-
genic isotopes of this end-member are explained by contributions
from recycled sediments (Liu et al., 2016b), and this signature is

particularly pronounced in the Xinchang-Shengzhouhigh-SiO, basalts
(Yu et al., 2017). Mg isotopic compositions of this end-member are
close to that of the terrestrial mantle (Fig. 4c, d), indicating that car-
bonate is free in these recycled sediments. In this study, we pay
more attention to the other end-member, which is characterized by
depleted radiogenic isotopes and light Mg isotopic compositions
(Fig. 4).

5.2.2. Carbonated peridotite source

The Ninghai low-SiO, basalts are characterized by negative Zr, Hf,
and Ti anomalies (Ti/Ti* = 0.77-0.78; Fig. 3), with superchondritic Zr/
Hf (45.9-47.2) and Ca/Al ratios (1.20-1.22; Fig. 6¢). These characteris-
tics are similar to those of low-SiO, basalts from Xinchang-
Shengzhou, which are considered to represent carbonated peridotite-
derived melts (Yu et al., 2015). Such carbonated characteristics can
also been certified by the light Mg isotopic compositions of low-SiO, ba-
salts from Ninghai and Xinchang-Shengzhou (6*°Mg = —0.29%. to
—0.38%0).

Mg isotopic fractionation during high-temperature processes, e.g.,
fractional crystallization and partial melting, is limited (e.g., Teng et
al., 2007; Zhong et al., 2017). The negative correlation between MgO
and §2°Mg for these Zhejiang basalts (not shown) also indicates that
light Mg isotopic compositions are not induced by fractional crystalliza-
tion. Recent studies suggest that low-degree partial melting of garnet-
peridotite/pyroxenite may also result in light Mg isotopic compositions,
since garnet is enriched in light Mg isotopes compared with other
coexisting silicate minerals (Huang et al., 2013; Zhong et al., 2017).
However, the difference (~10%) in melting degrees between the
Xinchang-Shengzhou basanites/nephelinites and basalts (Supplemen-
tary Figure 6; Yu et al., 2015) only causes <0.05%. difference in 6*°Mg
(Zhong et al., 2017), which is smaller than the variation observed in
samples from this study (0.09%.). Therefore, the involvement of carbon-
ated components in the mantle source is the most likely candidate for
explaining the Mg isotopic differences between our samples, which is
also considered responsible for the light Mg isotopic compositions of Ce-
nozoic basalts in eastern China(Li et al., 2017; Yang et al., 2012). Good
correlations between Ca/Al (or Hf/Hf*) and 6%°Mg (Fig. 7a and b)
strongly support our proposal of carbonated peridotite as the source
of the light Mg isotopic compositions of low-SiO, basalts from Ninghai
and Xinchang-Shengzhou. However, melts from carbonated compo-
nents generally have negative Nb and Ta anomalies compared with
LREE (e.g., Hoernle et al., 2002), which is different from our samples
(Fig. 3). A possible explanation is that carbonated silicate melts are
enriched in strongly incompatible elements, and therefore are easy to
react with nearby peridotite (Mallik and Dasgupta, 2013). The melt-
rock interaction would significantly decrease the abundance of REEs,
but with little modification of the HFSEs such as Nb and Ta (Zhang et
al, 2017).

5.2.3. Rutile-bearing eclogitic component in the mantle source

High-SiO, basalts from Ninghai show similar Sr-Nd-Hf isotopic
compositions to low-SiO, basalts from Ninghai and Xinchang-
Shengzhou(Fig. 4a and b). However, these basalts have positive Ti
anomalies (Fig. 3) and their Ti/Ti* ratios (1.03-1.20) correlate with
Sr-Nd-Hf isotopic compositions (Fig. 6a and b). Furthermore, the
Ninghai high-SiO, basalts are also characterized by high Fe,03 and
TiO, with moderate MgO contents (Table 1). These observations can
hardly be explained by the melting of peridotite (e.g., Takahashi et
al,, 1993). Hornblendite-derived melts constrained by melting experi-
ments have low (K;O + Nay0)/TiO, values (<1) (Pilet et al., 2008),
which differ from the Ninghai high-SiO, basalts ((K;O + Nay0)/TiO,
= 1.2-1.6). Therefore, we infer that eclogite/pyroxenite is a possible
source lithology of basalts with depleted isotopic compositions. The
Ninghai high-SiO, basalts have high Sm/Yb and low Lu/Hf ratios
(Fig. 6d), which also indicate the important influence of garnet in
the source (because HREEs are strongly compatible in garnet; e.g.,
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Westrenen et al., 1999). In addition, the large variations in TiO, con-
tents (Table 1) and positive Ti anomalies (Fig. 6) indicate the presence
of rutile-bearing eclogite in the source, since rutile is a common acces-
sory phase in eclogite and Ti is highly compatible in rutile (e.g., Foley
et al,, 2000; Klemme et al., 2005). Residual rutile in the source would
strongly buffer the Ti abundance in melts. Experimental petrology
studies have shown that rutile can be consumed at moderate degrees
of partial melting (~22%; Gaetani et al., 2008). Additionally, the TiO,
content of the rutile-bearing eclogitic source would also affect rutile
consumption. For example, for an eclogitic source with TiO, < 1.6 wt
%, ~25% partial melting can completely consume the rutile at a tem-
perature of 1250 °C (Klemme et al., 2002). If the rutile was totally con-
sumed, the melt would be enriched in Ti and ultimately form basalts
with positive Ti anomalies (e.g., Foley et al., 2000; Rudnick et al.,
2000), which is similar to the geochemical features of the Ninghai
high-SiO, basalts. In addition to Ti, Hf is also compatible in rutile
(e.g., Klemme et al., 2002, 2005). The positive correlations between
Ti/Ti* and Hf/Hf* (not shown) also support the existence of rutile in
the source. Furthermore, Ca/Al ratios are negatively correlated with
Ti/Ti* ratios (Fig. 6¢), indicating that the consumption of rutile, to-
gether with residual clinopyroxene, played an important role in the
source (because Ca/Al is controlled by clinopyroxene in the source;
e.g., Hirschmann et al., 2003; Kogiso et al., 2003). An eclogite compo-
nent therefore exists in the mantle source for the Ninghai high-SiO,
basalts, in addition to mantle peridotite. The terrestrial mantle-like
Mg isotopic compositions of the Ninghai high-SiO, basalts can be ex-
plained by high-degree (~15%-20%) partial melting (Yu et al., 2015)
of the mixed source of asthenospheric mantle peridotite and rutile-
bearing eclogite.

5.3. Recycling of Pacific oceanic crust

Ti-enrichment in OIB indicates that recycled oceanic crust is present
in the mantle source (Prytulak and Elliott, 2007). The consistently de-
pleted Sr-Nd-Hf and light Mg isotopic compositions (Fig. 4) of the
Ninghai and Xinchang-Shengzhou basalts indicate that they were de-
rived from the same young oceanic crust, rather than from ancient
(>1 Ga) crust, as ancient crust generally has more enriched isotopic
compositions than young crust (Zeng et al., 2017). Since the Mesozoic,
subduction of the Pacific Plate has played an important role in control-
ling the tectonic evolution of eastern China(Li and Li, 2007) and related
basaltic magmatism (e.g., Zeng et al., 2016). Geophysical observations
indicate that a stagnant cold and dense component (representing the
Pacific oceanic slab) is present in the mantle transition zone (Huang
and Zhao, 2006; Liu et al., 2017b). Recycling of Pacific oceanic crust
has been considered in studies of intraplate basalts from northeastern
and northern China (e.g., Sakuyama et al.,, 2013; Xu et al., 2012, Xu,
2014), where unusual geochemical features have been observed, such
as the positive correlation between 87Sr/25Sr and eng in the Shuangliao
basalts (Xu et al., 2012). Unlike DMM and Indian Ocean MORB, Pacific
Ocean MORB is characterized by decoupled Nd-Hf isotopes that gener-
ally plot below the mantle-array line (Fig. 4b). The A&y value is used
to evaluate the degree of decoupling of Hf relative to Nd. Pacific MORB
has negative Agys values, Indian MORB has positive Agye values, and
DMM has values close to unity (Workman and Hart, 2005) (Fig. 7c).
The depleted end-member of the Ninghai and Xinchang-Shengzhou
samples is characterized by high &ng and negative Aeyy values, and
plots toward the calculated evolutionary path of Pacific oceanic crust
at~200-100 Ma (Fig. 4b). The oldest Pacific oceanic crust in the western
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Pacific Ocean formed at ~170 Ma (Koppers et al., 2003). It is therefore
suggested that the Pacific oceanic crust should be considered as the
source of the recycled carbonated component and rutile-bearing
eclogite in the mantle source of the Zhejiang basalts.

5.4. Implications for the petrogenesis of Cenozoic intraplate basalts in east-
ern China

During the subduction of oceanic slab, CO, can be introduced into
the mantle transition zone, together with oceanic eclogite, in the form
of Mg-rich carbonates (e.g., Dasgupta et al., 2004; Li et al., 2017). Such
a carbonated component is unstable at the depth of the mantle tran-
sition zone during hot subduction, and likely undergoes partial melt-
ing (e.g., Dasgupta et al., 2004; Thomson et al., 2016). The resulting
carbonatitic melts then ascend and metasomatize the surrounding
mantle peridotite to form carbonated peridotite. This two-stage
model can explain the formation of basalts in continental and oceanic
environments (e.g., Dasgupta et al., 2007; Hirose, 1997; Li et al., 2017).
The geochemical compositions of the Zhejiang basalts provide evi-
dence of both carbonated peridotite and rutile-bearing eclogite in
the mantle source. Both components are characterized by similar de-
pleted isotopic compositions, which are consistent with the recycling
of subducted Pacific oceanic crust and indicate a genetic relationship
between them.

The Pacific oceanic slab underwent cold subduction toward the
west (Syracuse et al., 2010), and the subducted carbonated eclogite
should therefore be stable in the mantle transition zone (Dasgupta
et al,, 2004; Thomson et al., 2016), which is also supported by the geo-
physical observations in this area (Huang and Zhao, 2006). Fracturing
and upwelling of the stagnant carbonated oceanic crust may have
transported carbonated eclogite into the upper mantle. Upon reaching
the solidus line, release of the carbonatitic melts would have occurred,
leaving an eclogitic residue (e.g., Dasgupta et al., 2007; Zeng et al.,
2017). The generated carbonatitic melts then interacted with perido-
tite to produce carbonated peridotite. The partial melting of carbon-
ated peridotite at about 300 km depth formed melts with low SiO,
(similar to the nephelinites and basanites from Ninghai and
Xinchang-Shengzhou), while the partial melting of the eclogitic com-
ponent at about 90 km depth formed melts with high SiO, (similar to
the Ninghai high-SiO, basalts). In our simple melt-extraction model
(Fig. 8), high melt fractions (20%-50%) were extracted from the
rutile-bearing oceanic crust. Eclogite-derivedhigh-degree melts show
high Ti/Ti* values (1.08-1.25) because Ti is compatible in rutile
(which is exhausted from the residual solid at >22% partial melting;
Gaetani et al.,, 2008). In contrast, carbonatites are characterized by
negative Ti anomalies, and thus low-degree melting of a carbonated
source would produce melts with low Ti/Ti* values (0.33-0.83).
These two types of partial melts ultimately mixed with nearby
peridotite-derived melts to produce the Ninghai high-SiO, and low-
SiO, basalts, respectively. Such model can generally explain the com-
positional variations of basalts in Zhejiang Province, and even Ceno-
zoic intraplate basalts in eastern China (Fig. 8). Basalts with low Nd
isotopic compositions (eng < 5) indicate the influence of recycling of
ancient crustal materials or crustal contamination.

As discussed above, the coexistence of carbonated and eclogitic
sources may be common in the source of intraplate basalts in eastern
China, and the mantle carbonitization in this area can be explained by
the recycling of young carbonated oceanic crust. In other words, the for-
mation of carbonated oceanic eclogite during Pacific Plate subduction
represents an important mechanism in the recycling of sedimentary
carbonates. Compared with the recycled sedimentary carbonates with
radiogenic Sr isotopic compositions (Huang and Xiao 2016, and refer-
ence therein), the carbonitization of oceanic crust during subduction
may induce Mg-isotopic exchange without significantly changing radio-
genic isotopic compositions, thereby resulting in depleted carbonated
oceanic crust with a light Mg isotopic composition (e.g., Wang et al.,

2014). The positive correlation between Mg and Sr isotopic composi-
tions (Fig. 4c) and the negative correlation between Mg and Nd isotopic
compositions (Fig. 4d) for the Zhejiang basalts may confirm the above
possibility.

6. Conclusion

Intraplate basaltic volcanism in the Ninghai region produced low-
SiO, (nephelinites and basanites) and high-SiO, basalts by partial melt-
ing of carbonated peridotite and rutile-bearing eclogite, respectively.
Similarities in the isotopic compositions of low-SiO, and high-SiO, ba-
salts indicate a genetic relationship between them. Depleted Sr, Nd,
and Hf isotopic compositions, as well as negative Aeyrand light 62°Mg
values, further indicate that their source components originated from
the subducted carbonated Pacific oceanic crust.
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