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Despite the critical influence of oxidation state on the geochemical and geodynamic evolution of Earth, its impact
on the longevity of cratons is poorly understood. To address this issue, we investigated the redox state of the Late
Mesozoic subcontinental lithospheric mantle (SCLM) beneath the eastern North China Craton (NCC), which was
destroyed during the Phanerozoic. We report the occurrence of high-Fo olivine (Fo > 87, where Fo = atomic Mg/
(Mg + Fe?1)) within Early Cretaceous basalts; these olivines show extremely low Ti (<60 ppm) contents, high
580 (5.8%0~7.2%o) values, and relatively cool crystallization temperatures (1125 to 1218 °C). These features sup-
port derivation of the lavas from highly refractory and cold SCLM. The relatively low partition coefficients of va-
nadium between olivine and whole rocks (0.019-0.025) indicate a high fO, for the Early Cretaceous basalts and
their mantle sources (AQFM = +1.0 and AQFM = +-1.5, respectively), and, consequently, an oxidized Late Me-
sozoic SCLM beneath the eastern NCC. The high degree of oxidation of the mantle was caused by the ingress of
hydrous melts and/or fluids released from a subducting slab during the Phanerozoic. We propose that oxidization
of the SCLM softened the mantle, which triggered the removal of the cratonic root beneath the eastern NCC. The
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results highlight the crucial role of oxidation state in craton stability.
© 2019 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

Cratons are the ancient cores of continents that are typically under-
lain by a thick, cold, refractory subcontinental lithospheric mantle
(SCLM) keel (e.g., Jordan, 1975; Lee et al., 2011; Walker et al., 1989;
Peslier et al., 2010). Cratons typically formed during the Precambrian
(Griffin et al., 2003), and underwent no major subsequent tectonism
or magmatism. However, many studies have shown that in some cir-
cumstances, cratons can be thinned and destroyed, thereby removing
>100 km of the SCLM keel (Wu et al., 2014 and references therein).

The rigidity of mantle rocks is influenced by several parameters, in-
cluding chemical composition, temperature, and water content (Lee
et al., 2011). In addition, redox state can influence the strength of the
mantle. Studies of mantle xenoliths have shown that an intact craton
is typically underlain by extremely reduced SCLM, with a reduction gra-
dient in oxygen fugacity (fO,) of 0.5-0.9 log units per GPa (Foley, 2011;
Miller et al., 2016). Such reduction permits carbon to be stable in its na-
tive states of diamond or graphite. However, any oxidation of the man-
tle leads to the transformation of diamond/graphite to carbonate (Foley,
2008, 2011), thereby triggering mantle melting (Dasgupta and
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Hirschmann, 2006, 2010) and a reduction in rigidity as carbonate-rich
partial melts percolate along grain boundaries (Foley, 2011; Gonzalez
and Gorczyk, 2017; Tappe et al., 2017). In addition, recent studies
have demonstrated that oxidation state can markedly influence the
seismic properties of the mantle, in which increasing fO- leads to a de-
crease in wave speed and an increase in wave attenuation, which are
the seismic characteristics generally associated with low-viscosity man-
tle (Cline et al., 2018). This observation implies that mantle oxidation
can soften mantle rocks (Irifune and Ohuchi, 2018). However, to date,
the role of redox state on cratonic stability has received little attention.

The North China Craton (NCC) stabilized during the
Paleoproterozoic (ca. 1.9 Ga; Zhao et al., 2001) and remained stable
until the late Paleozoic. Data from mantle xenoliths show that during
the Middle Ordovician, the SCLM beneath the eastern NCC was cold
(~40 mW/m?), thick (>180 km), ancient (>2.5 Ga), and refractory
(Chu et al., 2009; Gao et al., 2002; Griffin et al., 1998; Menzies et al.,
1993; Menzies and Xu, 1998; Zheng et al., 2006). In contrast, studies
of Cenozoic mantle xenoliths have shown that the present-day SCLM
beneath the eastern NCC is hot (60-80 mW/m?), thin (<80 km), juve-
nile, and fertile (e.g., Chu et al., 2009; Fan et al., 2000; Gao et al., 2002;
Hong et al., 2012; Zheng et al., 2006). This distinct change in the SCLM
demonstrates that at least 100 km of cratonic root beneath the eastern
NCC were lost during the Phanerozoic (Griffin et al., 1998; Menzies
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et al., 1993; Menzies and Xu, 1998; Xu, 2001; Zheng et al., 2006). Thus,
the eastern NCC represents the best-known example of craton
destruction.

The large volumes of Early Cretaceous mantle-derived lavas in the
eastern NCC suggest that the destruction of the craton occurred primar-
ily during that period (Wu et al,, 2005; Xu et al., 2009; Zhu et al., 2012;
Zheng et al., 2018). Studies of these lavas have shown that they origi-
nated mainly from the SCLM (Xu et al., 2009; Zheng et al., 2018; and ref-
erences therein), and consequently record information on the redox
state of the SCLM during the period of cratonic destruction. In this
study, we investigated Early Cretaceous olivine basalts from five locali-
ties in the eastern NCC. Following the model of Canil (2002), we mea-
sured the compositions of high-Fo olivine (Fo > 87, where Fo =
atomic Mg/(Mg + Fe?%)) phenocrysts, and estimated fO, in the
magmas from which they crystallized using partition coefficients of va-
nadium (V) between olivine and their host whole rocks. Using these
data, we reconstruct the redox state of the SCLM source of the basalts
and discuss the important role of redox state on craton stability.

2. Geological background and sample descriptions

The NCC in eastern Asia is one of the oldest cratons in the world (up
to 3.8 Ga; Liu et al.,, 1992; Zheng et al., 2004). It is separated into two Ar-
chean blocks (the Eastern and Western Blocks) along the
Paleoproterozoic Trans-North China Orogen (Fig. 1; Zhao et al.,, 2001).
The NCC is bound by three orogenic belts that formed as a result of
Phanerozoic subduction: the Qilianshan Orogen to the west, the Central
Asian Orogenic Belt to the north, and the Sulu-Dabie-Qiling Orogen to
the south and southeast (Fig. 1).

Early Cretaceous olivine basalts from five localities in the eastern
NCC were selected for investigation: the ca. 125 Ma Sihetun basalts
and ca. 126 Ma Zhangwu basalts from the Yixian group in Liaoxi (Gao
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et al.,, 2008; Huang et al., 2007); the ca. 115 Ma Qingdao basalts and
ca. 125 Ma Fangcheng basalts from the Qingshan group in Jiaodong Pen-
insula (Kuang et al., 2012) and Luxi (Zhang et al., 2002; Guo et al.,
2013a; Guo et al., 2013b), respectively; and the ca. 110 Ma Fushun ba-
salts from the Xiaoling group in Liaodong Peninsula (Pang et al., 2015;
Fig. 1). These basalts, which underwent little crustal contamination,
have compositions ranging from tephrite to basalt, and generally show
arc-like trace-element compositions, such as depletion in fluid-
immobile elements (Nb, Ta, Zr, Hf, and Ti) (Table EA1; Fig. 2), and
enriched Sr-Nd isotope compositions (enq(t) as low as —15; Kuang
etal, 2012; Gao et al,, 2008; Pang et al., 2015; Zhang et al., 2002; Guo
et al.,, 2013a; Guo et al., 2013b; Huang et al., 2007). The olivine grains
in these basalts are generally euhedral to subhedral and contain inclu-
sions of spinel and melt (Qian et al., 2017; Guo et al., 2013b; Kuang
et al,, 2012; Gao et al., 2008; Pang et al., 2015; Huang et al., 2007).

3. Analytical methods
3.1. LA-ICP-MS analysis

Olivine grains were selected and mounted in epoxy resin disks. Oliv-
ine compositions were determined by in situ laser-ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) at the Wuhan Sample
Solution Analytical Technology Co., Ltd.,, Wuhan, China, and laser
ablation-inductively coupled plasma-sector field-mass spectrometry
(LA-ICP-SF-MS) at the State Key Laboratory of Isotope Geochemistry,
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences,
Guangzhou, China. Detailed operating conditions for the laser ablation
system and the ICP-MS instrument and data reduction in the LA-ICP-
MS and LA-ICP-SF-MS analysis are the same as described by Zong
etal. (2017) and Zhang et al. (2018), respectively. Analyses were carried
out with helium as a carrier gas, and argon as the make-up gas. In the
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Fig. 2. TAS diagram (a) and primitive-mantle-normalized trace-element patterns (b) for
Early Cretaceous basalts from the NCC. The TAS diagram follows Le Bas et al. (1986), and
the normalizing values are from McDonough and Sun (1995). The composition of arc
basalt in (b) is the global average of Kelemen et al., 2003.

LA-ICP-MS analysis, the spot size and frequency of the laser were set to
40 um and 5 Hz, respectively. Olivine compositions were calibrated
against various reference materials (BHVO-2G, BCR-2G and BIR-1G)
with Si as an internal standard, and a reference material (NIST 610)
for time-drift correction (Liu et al., 2008). Each analysis included a
20-30 s background acquisition and a 50 s data acquisition.
ICPMSDataCal software was used to perform an off-line selection, the
integration of background and analyzed signals, a time-drift correction
and a quantitative calibration for trace element analysis (Liu et al.,
2008). In the LA-ICP-SF-MS analysis, the spot size and frequency of the
laser were set to 33 um and 5 Hz, respectively. Olivine compositions
were calibrated against various reference materials (BHVO-2G, BCR-
2G and GSD-1G) with Mg as an internal standard. Each analysis in-
cluded a 20 s background acquisition and a 30 s data acquisition. A
MATLAB program named TraceElement was used to perform an off-
line selection, the integration of background and analyzed signals, and
a quantitative calibration for the analysis (Zhang et al., 2018). The pre-
cisions of all reported elements in olivines were better than 10%.

3.2. SIMS analysis

The olivine grains analyzed by LA-ICP-MS were remounted in epoxy
together with the Jingyu olivine standards (06]Y29; Su et al., 2015) from
North China and the San Carlos olivine standards. Olivine oxygen iso-
tope compositions were analyzed in situ by a Cameca IMS 1280-HR sec-
ondary ion mass spectrometer (SIMS) at the State Key Laboratory of
Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences, following the same analytical procedures de-
scribed by Yang et al. (2018). Olivines were sputtered with a 10 kV
Cs™ primary beam of 2-3 nA current focused to ~10 um spots after a
pre-sputtering time of 35 s with a 20 um square raster. A single spot

analysis lasted for 3 min, in which 2 min was used for pre-sputtering
and automatic centering in the secondary optics, and 1 min was used
for integrating 16 cycles of the oxygen isotope signal. Corrections for in-
strumental mass fractionation (IMF) were conducted by a “standard-
sample-standard” bracketing external standardization method. The
06]Y29 olivines were used as the external standard and the San Carols
olivines were used as unknowns. Each 06]Y29 olivine analysis was con-
ducted with every five unknown spots in the whole session. The '80/1°0
ratios were normalized to Vienna Standard Mean Ocean Water (V-
SMOW '80/'%0 = 0.0020052; Baertschi, 1976) and expressed on the
5'80-scale. A recommended value of §'80 = 5.30 & 0.10%. (2SD)
assigned to the 06]Y29 olivines was used in this study, and then
corrected for the IMF (880 measured-0 ' *Ogrue). The internal precision is
within 0.34%. (2SD), and the external reproducibility of the San Carlo ol-
ivines was better than 0.36%. (2SD). Because there is no systematic dif-
ference in the 6'0 IMF value obtained by SIMS for olivine with Fo > 70
(e.g., Guo et al., 2013a), and the olivines of the Early Cretaceous basalts
in the NCC in this study have high Fo values (Fo > 87), we did not con-
sider the potential matrix effects below.

4. Results
4.1. Olivine chemistry

The chemical compositions of olivine in the Early Cretaceous basalts
from the eastern NCC are summarized in Table EA2, with mean values
listed in Table 1. The olivine grains have high Fo values (87.0-91.8)
and Ni contents (1840-4070 ppm), with the highest Fo values occurring
in the Sihetun and Fangcheng basalts. They generally have low Ca
(780-1490 ppm), Ti (15-56 ppm), and V (2.7-4.9 ppm) contents. The
Ca contents are slightly higher than in typical mantle olivine
(Ca <715 ppm, corresponding to 0.1 wt% CaO; Thompson and Gibson,
2000), which, together with the euhedral and subhedral crystal shapes
and melt/spinel inclusions, argue for a magmatic origin. The 100Mn/Fe
and 100Ca/Fe ratios are 1.26-1.56 and 0.92-1.79, respectively. At a
given value of 100Mn/Fe, the olivine grains generally have a much
lower 100Ca/Fe ratio than non-subduction-related olivine but are com-
parable with olivine from convergent margins (Fig. 3b).

The olivine grains in the Early Cretaceous basalts have high O isoto-
pic compositions (6'80yjivine = 5.8%0—7.2%) that are similar to those of
Early Cretaceous mantle olivine from the eastern NCC and from arc-
related lavas (Fig. 4). The 6'0gvine Values are substantially higher
than those of olivines in mid-ocean ridge basalts (MORBs), and HIMU
ocean-island basalts (OIBs) (8'®0gjiyine < 5.4%o), and partially overlap
with, but are slightly higher than, 5'80,jiyine values of enriched mantle
(EM) OIBs (Fig. 4).

4.2. Oxygen fugacity

The partition coefficients for Fe and Mg (Kfz™¢) between olivine
and whole rocks in the Early Cretaceous basalts range from 0.30 to
0.42 (Fig. 3a). This range is broadly consistent with the values predicted
by the model of Toplis (2005) (Fig. 3a), suggesting equilibrium. As Fo
values of all of the analyzed olivine grains are high (>87), and similar
to those from the mantle-derived primary magmas, we assume that
the Early Cretaceous basalts represent primary magmas.

Partition coefficients for V (Dy) in the Early Cretaceous basalts,
which were obtained from the measured V contents of olivine divided
by those in the whole rocks, range from 0.019 4+ 0.002 to 0.025 +
0.002 (Table 1). Using the model of Canil (2002), we calculated the ox-
ygen fugacity relative to the quartz-fayalite-magnetite buffer (AQFM)
in the Early Cretaceous basalts at 1 atm as lying between 0.79 4 0.15
and 1.21 + 0.13 (Table 1).

For comparison, we compiled fO, values for a global dataset of lavas
based on the Dy and Fe**/>Fe data. For the Dy dataset, the procedure for
obtaining fO, values was the same as that used for the Early Cretaceous
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Fig. 3. Geochemical plots for the Early Cretaceous basalts, North China Craton. (a) Fe/Mg equilibrium between olivines (Foyjiyine) and their whole rocks (Mg#whole rock)- (b) Ca/Fe (100 Ca/
Feojivine) and Mn/Fe (100 Mn/Fegjivine) in olivine grains. (c) Partition coefficient of Ca between olivine and whole rocks (D2ig"¢/™e1) and MgO contents in equilibrium melts (MgOmeic).
(d) Olivine crystallization temperature under hydrous (Thydrous) and anhydrous (Tanhydrous) conditions. The high-precision data from olivine from non-subduction-related and subduc-
tion-related lavas in (b) are from the Georoc database (http://georoc.mpch-mainz.gwdg.de/georoc/), for which only the highest Fo olivine grains (typically AFo < 0.5) were selected.
The effects of water on depression of DZiE"/™e! values in (c) and on depression of olivine liquidus temperature in (d) follow Gavrilenko et al. (2016) and Médard and Grove (2008), re-

spectively (see Section 4.3 in text for details).

basalts described above. Like the Early Cretaceous basalts, we assumed
that the lavas in equilibrium with high-Fo (>86) olivine represent pri-
mary magmas. For low-Fo (<86) olivine, we reconstructed fO, values
of the primary magmas by sequentially adding 0.01% olivine with an
equilibrium composition until the magmas equilibrated with Fogg oliv-
ine at 1 atm. These calculations were performed with Petrolog software
(Danyushevsky and Plechov, 2011) using the K&¥™¢ model of Toplis
(2005), the model describing melt oxidation state of Kress and
Carmichael (1988), and by assuming a closed system for oxygen. For
the Fe3*/SFe dataset, samples showing significant degrees of S
degassing were first excluded, then fO, values of the global lavas were
calculated with Petrolog using the Kress and Carmichael (1988)
model for melt oxidation at 1 atm. The procedure for obtaining fO,
values of the primary magmas was the same as that described for
low-Fo olivine.

fO, values of the primary magmas of the global lavas at 1 atm are
listed in Tables EA3 and EA4. fO, values of the primary magmas obtained
using the two different datasets are identical within uncertainty
(e.g., MORBs in the Siqueiros segment; Fig. 5), consistent with the con-
clusion of Kelley and Cottrell (2012). The studied Early Cretaceous ba-
salts have much higher fO, values (AQFM = +1.0) compared with
MORBs (AQFM = —0.2 to +0.5) and OIBs (AQFM = —0.6 to +0.7),
but slightly lower values compared with arc-related lavas (AQFM =
+0.03 to >+-2.0) and ultramafic lamprophyres formed during cratonic
thinning or destruction (AQFM = —0.15 to +1.88), which show large
fO, ranges (Fig. 5).

4.3. Water contents

Water contents of the Early Cretaceous basalts and global lavas were
determined using the Ca-in-olivine geohygrometer (Gavrilenko et al.,
2016). First, we modeled olivine-controlled fractionation taking the
starting compositions of the whole rocks and using Petrolog software
(Danyushevsky and Plechov, 2011), the K™ model of Toplis (2005),

and the assumption of a closed system for oxygen. MgO and CaO con-
tents of the melts at given Fo values were obtained by regression
based on the relationships between MgO and CaO in the melt and the
Fo of olivine in equilibrium with the melt. Applying the model of
Gavrilenko et al. (2016), we calculated the partition coefficient values
of Ca under dry (D"4rous) and hydrous (DRY4°") conditions (where
ADc, = Dgahydrous _ phydrousy ‘55 finally the water contents of the
melts. Results are displayed in Tables 1 and EA2. The D! and
panhvdrous yalyes of the Early Cretaceous basalts are 0.0149 + 0.0009
to 0.0221 4 0.0019, and 0.0245 + 0.0002 to 0.0323 4+ 0.0015, respec-
tively. The corresponding ADc, values are 0.0059 + 0.0011 to
0.0143 + 0.0015 (Fig. 3c), and the water contents are 1.5 + 0.5 wt%
to 3.9 £ 0.5 wt% (Figs. 3¢, 6).

To test the reliability of these results, we used an independent
method built on the effect of water on olivine liquidus depression. We
calculated the crystallization temperature of olivine under dry
(Tenhydrousy and hydrous (T"Y9"°U) conditions using a thermometer
based on the MgO content of melt (Herzberg and Asimow, 2015) and
the partition coefficient for Ni between olivine and melt (Pu et al.,
2017). MgO contents of the melts were assumed to be the same as
those in the whole rocks, whereas Ni contents were calculated using a
regression based on the Fo-Ni relationship to correct these contents
with respect to the Fo values of olivine in equilibrium with the whole
rocks. After obtaining T4 and T2"drous we calculated AT (=T-
anhydrous _ hydrousy ‘and the water content of the melt following the
method of Médard and Grove (2008). Results are summarized in
Tables 1 and EA2. The T"V4r°Us apnd T2"vdrous yalues of the Early Creta-
ceous basalts range from 1125 4 6 to 1218 £ 12 °C, and from 1238 to
1306 °C, respectively. The AT values are 63 &+ 12 to 137 £ 14 °C, and
the water contents are 1.8 + 0.4 wt% to 5.1 4+ 0.9 wt% (Fig. 3d). These
values are identical within uncertainty for the two independent
methods: 0.7 wt% H,0 using the Ca-in-olivine geohygrometer of
Gavrilenko (et al., 2016), and 41 °C and 29 °C using the models of
Herzberg and Asimow (2015) and Pu et al. (2017), respectively.
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Table 1
Average olivine compositions, oxygen fugacity, water contents and olivine crystallization temperature of the Early Cretaceous basalts in eastern NCC.
Sample name Fushun Qingdao Fangcheng Sihetun Zhangwu
FS-24 +/= QD-2 +/= FC09 +/= SHT-21 +/= SHT17-02 +/= SHT1701 +/—= ZWO06 +/=

Olivine chemistry ~ Fo (%) 87.60 0.37 88.65 0.52 91.00 0.60 90.91 043 90.50 0.42 90.03 0.65 88.20 0.32
Fe/ppm 96,393 3051 86,717 3762 70,207 3987 71,143 3205 72,737 3156 75,463 4784 90,038 2460
Mg/ppm 296,452 3288 294,715 4651 309,071 6347 309,573 5990 301,515 2017 296,637 2835 292,759 1437
Ca/ppm 1197 122 1278 113 1122 94 1075 64 957 86 963 73 895 53
Ti/ppm 40 2 49 4 29 3 27 1 32 5 21 2 28 4
V/ppm 4.64 0.19 3.89 0.46 4.07 0.39 3.47 0.33 3.75 0.37 3.20 0.29 4.01 0.33
Ni/ppm 2828 359 3006 358 2414 314 3355 395 3679 268 3302 507 3529 213
Mn/ppm 1373 50 1225 65 959 82 1087 61 1039 51 1042 82 1187 25
100Mn/Fe 142 0.02 141 0.04 1.36 0.05 1.53 0.02 1.43 0.02 1.38 0.03 132 0.03
100Ca/Fe 1.24 0.13 1.47 0.12 1.60 0.11 1.51 0.10 131 0.09 1.28 0.06 0.99 0.05
5'%0/%. 6.28 0.17 6.08 0.22 6.79 0.29 6.67 0.27 6.35 0.29
20 0.20 0.05 0.21 0.05 0.22 0.04 0.21 0.04 0.22 0.03

Oxygen fugacity Dy 0.021 0.001 0.022 0.003 0.025 0.002 0.021 0.002 0.024 0.002 0.019 0.002 0.023 0.002
AQFM 4¢m” 1.03 0.06 0.97 0.18 0.79 0.15 1.05 0.14 0.85 0.14 1.21 0.13 0.92 0.12
AQFMsource” 1.54 0.06 1.48 0.18 1.30 0.15 1.56 0.14 1.36 0.14 1.72 0.13 1.43 0.12

Water in magma1 MgO’/wt%® 9.23 0.36 9.71 0.49 12.20 0.86 11.62 0.58 11.52 0.57 10.78 0.82 9.77 032
Ca0'/wt%* 8.66 0.08 8.09 0.10 10.54 0.24 8.08 0.13 7.87 0.12 9.06 0.18 7.99 0.07
phydrousd 0.0193 0.0019 0.0221 0.0019 0.0149 0.0011 0.0186 0.0011 0.0170 0.0014 0.0149 0.0009 0.0157 0.0009
Dgghvdrousd 0.0323 0.0015 0.0302 0.0021 0.0247 0.0004 0.0245 0.0002 0.0248 0.0004 0.0263 0.0026 0.0300 0.0014
AD! 0.0130 0.0017 0.0081 0.0024 0.0098 0.0013 0.0059 0.0011 0.0078 0.0014 0.0114 0.0020 0.0143 0.0015
H,0/wt%® 2.4 0.3 15 0.5 39 0.5 23 0.4 2.6 1.0 3.2 0.8 2.8 0.6

Water in magma 2 Ni’gjiyine® 2810 76 3135 239 2197 109 3355 395 4230 95 3319 218 3568 189
Dt 15.8 04 142 1.1 9.47 0.47 13.0 15 10.45 0.23 15.61 1.03 15.90 0.84
T1/°C8 1238 1247 1281 1281 1306 1265 1246
T2/°C® 1125 6 1152 17 1218 12 1169 26 1207 5 1128 14 1133 11
AT/°C8 112 6 95 17 63 12 112 26 98 5 137 14 112 11
H,0/wt%" 3.7 03 3.0 0.7 1.8 0.4 38 12 3.1 0.2 5.1 0.9 3.7 0.5

@ Oxygen fugacity values in magmas (AQFM; am) Were calcualted based on Canil (2002) at 1 atm and 1200 °C, and partition coefficient of V between bulk rocks and olivines (Dy) were obtained by simply assuming the V contents in the bulk rocks as

that in the magmas.

b Oxygen fugacity values in the mantle source (AQFMsource) Were calculated by assuming at 3.0 GPa and increasing 0.17 log unit per GPa relative to QFM (see detail in text).

¢ MgO’ and Ca0’ are MgO and CaO contents in the magmas which are in equilibrium with the olivine's Fo values; They were obtained by olivine fractionation modeling at the start compositions of the bulk rocks, using the K2 of Toplis (2005) and

fO, obtained by Dy,.

4 Water in the magmas were calculated following the work of Gavrilenko et al. (2016); D™ and Dga"vdrous are partition coefficient of Ca between olivine and melt at hydrous and dry conditions; Dga"Vdrous was calculated following the work of
Gavrilenko et al. (2016) and D&Y = Cagjyine/Ca0’; AD¢, = Dhvdrous _

Da/drous.

€ Ni’glivine is the Ni cotent in the olivine, which was been corrected in equilibrium with bulk rock compositions based on the relationship between MgO’ and Ni in olivine phenocrysts.
" Dnir = Ni‘otivine/Nibulk rock-

& T1-Olivine crystallization temperature calculated following the method of Herzberg and Asimow (2015) and using the MgO content in bulk rock; It represents the dry conditions. T2-Olivine crystallization temperature calculated based on the

model of Pu et al. (2017) and using Dy listed in Table 1; it seems independent on water in the melt (Pu et al., 2017), thus, represent the hydrous condition.
" Water in the melts were calculated following the model of Médard and Grove (2008).
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Fig. 4. Comparison of the O isotopic composition of olivine (8'®0jivine) between the Early
Cretaceous basalts and a global dataset of lavas. §'®0,jine data sources: MORBs and OIBs
from Eiler (2001); arc lavas from Bindeman et al. (2005); 6'®0yjivine in Mesozoic SCLM
from Wang et al. (2018) and Xu et al. (2013); 6'®Oqjivine in Early Cretaceous basalts from
Guo et al. (2013b) and this study. The range of 5'®Qyjivine in unaltered mantle is defined
by the MORB data.

Water contents of the Early Cretaceous lavas from the eastern NCC
are higher (1.5-3.9 wt% H,0) than those of MORBs (0-0.5 wt% H,0),
overlap with, but are slightly higher than, those of OIBs (0-2.5 wt%
H,0), and are comparable with those of arc-related lavas (1.3-7.5 wt%
H,0) (Fig. 6).

5. Discussion
5.1. Redox state of Late Mesozoic SCLM beneath the eastern NCC

5.1.1. SCLM source of the Early Cretaceous basalts

There are distinct geochemical differences between Early Cretaceous
and Late Cretaceous to Cenozoic mantle-derived lavas in the eastern
NCC. The Early Cretaceous lavas generally show low eng(t) values
(<0), whereas Late Cretaceous to Cenozoic lavas commonly exhibit
higher eng(t) values (>0) (e.g., Xu, 2001; Zheng et al., 2018; and refer-
ences therein). These temporal and compositional differences are gen-
erally attributed to a change in source from enriched SCLM to
asthenospheric mantle (Xu, 2001; Zheng et al., 2018).
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Fig. 5. Comparison of calculated oxygen fugacity relative to the QFM buffer in the primary
magmas (AQFMprimary magma) between the Early Cretaceous basalts from the NCC and
lavas from other areas. The AQFMprimary magma data are listed in Tables 1 and EA2-EA4
(see Section 4.2 for details).The lamprophyres are ultramafic lamprophyres from the
Labrador Sea, the Lambert-Amery rift, and the western East African Rift, all of which
formed within thinned/destroyed cratons (Foley, 2008).
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Fig. 6. Comparison of water contents of Early Cretaceous basalts from the eastern NCC
with a global database of mantle-derived lavas. The water contents of the lavas
(Tables 1 and EA5) were calculated using the calcium-in-olivine geohygrometer of
Gavrilenko et al. (2016).

The low eng(t) values in the Early Cretaceous basalts investigated
here (—14 to —2; Table EA1; Pang et al.,, 2015; Kuang et al., 2012;
Zhang et al., 2002; Guo et al., 2013a; Guo et al,, 2013b; Huang et al.,
2007; Gao et al.,, 2002) indicate an enriched SCLM source. Moreover, ol-
ivine grains in the Early Cretaceous basalts have extremely low Ti
(<60 ppm), a feature commonly observed in partial melts of highly re-
fractory SCLM (e.g., lamproites in orogenic belts; Foley et al., 2013). In
addition, the Early Cretaceous basalts have low olivine crystallization
temperatures of 1125-1218 °C (Table 1; Fig. 3d), slightly lower than
those from asthenospheric mantle at the appropriate Fo values (>86),
which are 1200-1320 °C according to the global MORB database
(Fig. 3d). This suggests that the Early Cretaceous basalts originated
from a colder mantle. Furthermore, the Early Cretaceous basalts have
high 680 values (5.7%.~7.2%.; Guo et al., 2013b; this study) that are
consistent with the high 6'80 of SCLM beneath the NCC based on the
composition of contemporaneous mantle xenoliths (up to >7.0%.;
Fig. 4; Wang et al., 2018; Xu et al., 2013). All of these results suggest
that the investigated Early Cretaceous basalts are partial melts of
enriched SCLM.

5.1.2. Oxidation state of the mantle source of the Early Cretaceous basalts

Melting temperature and pressure in the mantle may influence fO,
in the mantle when deduced from fO, values of the primary magmas
at 1 atm. At constant pressure, an increase in temperature can lead to
a decrease in the fO, of silicate liquid, but the change in AQFM is negli-
gible (for example, <0.02 log units from 1200 to 1400 °C at 1 GPa; Kress
and Carmichael, 1991; Brounce et al., 2017). In contrast, the effect of
pressure on AQFM is not negligible. The AQFM of silicate liquid in-
creases slightly with increasing pressure at a rate of ~ 0.17 log units
per GPa (Kress and Carmichael, 1991). Given the above, we corrected
only for pressure to obtain AQFM values of the mantle source.

Early Cretaceous basalts of the NCC show weak to strong fraction-
ation of heavy rare-earth elements, with primitive-mantle-normalized
Dy/Yb ratios (Dyppm/Ybpy) ranging from 1.4 in the Qingdao basalts to
2.3 in the Sihetun basalts (Fig. 2b). This indicates the presence of garnet
in their mantle sources, for which melting pressures of >~3.0 GPa may
be inferred. A similar pressure (3-4 GPa) has been inferred for the
source of the Sihetun basalts based on phase diagram considerations
(Gao et al., 2008). Here, we assumed a melting pressure of 3.0 GPa,
which likely represents minimum depths and corresponds to minimum
fO5 values of the source (Kress and Carmichael, 1991). To better under-
stand the redox state of the mantle, we also undertook calculations on
mantle-derived lavas from other localities, assuming pressures as fol-
lows: ~1.0 GPa for MORBs (e.g., Cottrell and Kelley, 2011), ~2.0 GPa for
arc lavas (e.g., Lee et al., 2009; Plank and Forsyth, 2016; Gazel et al.,
2012), ~3.0 GPa for OIBs (Canary and Hawaii Islands; Herzberg, 2011),
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and ~5.0 GPa for ultramafic lamprophyres from thinned or destroyed re-
gions within cratons (Foley et al., 2009).

Calculated fO, values of the mantle sources are given in Tables 1,
EA3, and EAA4. fO, values of the mantle source regions of the five Early
Cretaceous basalts in the eastern NCC are similar, with AQFM around
+1.5. These values are much higher than those of MORB sources
(AQFM = —0.1 to +0.6), slightly higher than OIB sources (AQFM =
—0.1 to +1.1), and within the range of the sources of arc lavas and ul-
tramafic lamprophyres (AQFM = +0.3 to +2.5 and +0.7 to +2.7, re-
spectively) (Fig. 7).

In contrast to the redox state of the mantle source, which is inferred
based on the composition of basalts, the redox state of the SCLM is gen-
erally reconstructed using mantle xenoliths (Foley, 2011). A recent ex-
perimental study has demonstrated that for equilibrated mantle
minerals and basaltic melts, absolute fO, values calculated using Fe3*/
3Fe in basaltic melt and spinel oxybarometry show good correspon-
dence (Davis and Cottrell, 2018), thus, confirming that there is no sys-
tematic discrepancy between absolute fO, values inferred from studies
of basalts and mantle xenoliths. The redox state of the cratonic root re-
constructed using garnet-bearing mantle xenoliths is highly reduced
(AQFM below —1), with a reduction gradient of 0.5-0.9 log units/GPa
(Foley, 2011; Miller et al., 2016). These conditions are two log units
lower than those of the mantle sources of Early Cretaceous basalts in
the eastern NCC (Fig. 8), indicating that these basalts were derived
from an oxidized SCLM source.

5.1.3. Mantle oxidation and carbonatite magmatism

High fO, in the SCLM results in the transformation of diamond/
graphite to carbonate, inducing mantle melting and the formation of
carbonate-rich melts. Calculated fO, values for the Late Mesozoic
SCLM beneath the eastern NCC lie above the enstatite-magnesite-
olivine-graphite/diamond (EMOG/D) oxygen buffer, which defines the
stability field between diamond/graphite and magnesite in cratonic
SCLM (Fig. 8). This suggests that oxidization of carbon in the SCLM be-
neath the eastern NCC occurred during the Early Cretaceous or earlier.
Support for this argument comes from the occurrence of Mesozoic igne-
ous carbonatites that crop out in the NCC (Fig. 1; Yan et al., 2007; Ying
et al.,, 2004). Importantly, not all carbonate-rich melts will reach the sur-
face but may react with mantle rocks and be consumed within the
SCLM. Such a scenario is consistent with the high Ca/Al and low Ti/Eu ra-
tios of clinopyroxene grains in coeval peridotite xenoliths in the eastern
NCC (Xu et al., 2013; Zhou et al., 2012; Zong and Liu, 2018).
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Fig. 7. Comparison of the reconstructed oxygen fugacity relative to the QFM buffer in the
mantle source (AQFM;ource) between the Early Cretaceous basalts from the NCC and lavas
from other areas. The AQFMyrce data are given in Tables 1 and EA2-EA4 (see Section 5.1.2
for details).
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Fig. 8. Variation in oxygen fugacity of the mantle relative to the QFM buffer as a function of
pressure. The AQFM profile of the mantle was reconstructed by assuming a reducing
gradient of 0.7 log units per GPa (Foley, 2011). Curves for the EMOG/D and IW buffers
are from Stagno et al. (2013). The AQFM values of intact cratons globally are inferred
from kimberlite-bearing garnet peridotites (Foley, 2011). The AQFM values of destroyed
cratons are inferred from Early Cretaceous basalts for the NCC and ultramafic
lamprophyres for other cratons. The red and green fields indicate variations in fO, of
destroyed and intact cratons, respectively, as a function of pressure.

5.2. Why is the oxygen fugacity of Late Mesozoic SCLM beneath the eastern
NCC so high?

Cratonic roots typically have low fO, (down to AQFM = —4; Foley,
2011; Miller et al., 2016), conditions under which carbon/graphite re-
mains stable (Fig. 8). Therefore, although the precise redox state of the
SCLM beneath the eastern NCC before its destruction remains uncon-
strained, the presence of diamond in Middle Ordovician kimberlites
(e.g., Wang et al, 1998) indicates that the SCLM was reduced
(AQFM < —1; Stagno et al., 2013). As the SCLM was oxidized during
the Late Mesozoic, as revealed by the Early Cretaceous basalts (Fig. 8),
this oxidization must have occurred during the Phanerozoic.

Studies of arc-related lavas and peridotites at convergent margins
have shown that fluids and/or melts released from the subducting slab
are oxidized (e.g., Brounce et al., 2014, 2015; Kelley and Cottrell, 2012;
Gazel et al., 2012; Plank and Forsyth, 2016; Rielli et al., 2018). Incorpo-
ration of these fluids/melts can elevate fO, in the mantle wedge by up
to four log units above the QFM buffer (Foley, 2011; Rielli et al., 2018).
These observations demonstrate that subduction is an efficient means
of oxidizing the mantle (Rielli et al., 2018). There is evidence for multi-
ple Phanerozoic subduction zones around the eastern NCC, including
subduction of Paleozoic Paleo-Asian oceanic lithosphere at its northern
margin, deep subduction of Yangtze continental crust during the Trias-
sic that followed subduction of Paleo-Tethys oceanic lithosphere during
the Phanerozoic at its southern margin, and Mesozoic subduction of the
Paleo-Pacific plate on its eastern side (Windley et al., 2010). Three lines
of evidence also suggest that subduction processes modified the Late
Mesozoic SCLM of the eastern NCC: (1) Early Cretaceous lavas derived
from the SCLM are generally depleted in fluid-immobile elements (Nb,
Ta, and Ti) (e.g., Fig. 2b; Zheng et al., 2018, and references therein),
which are characteristics of arc lavas; (2) petrological methods have re-
vealed high water contents in Early Cretaceous lavas (1.5-3.9 wt%; Xia
et al.,, 2013; Ma et al., 2016; Hong et al., 2017; this study), indicating a
hydrated SCLM; and (3) olivine grains in the Early Cretaceous basalts
and mantle xenoliths show that the SCLM in the Mesozoic had high
5180 values (630 up to 7.2%.; Fig. 4; Guo et al., 2013b; Wang et al,,
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2018; Xu et al., 2013; this study), consistent with mantle modified by
high-5'80 hydrous melts/fluids released from subducted oceanic litho-
sphere and/or continental crust (e.g., Bindeman et al.,, 2005). Therefore,
we suggest that Phanerozoic subduction controlled the oxidation state
of the SCLM beneath the eastern NCC during the late Mesozoic. This in-
ference implies a protracted gradual oxidation of the SCLM beneath the
eastern NCC, consistent with mantle xenoliths from the region that
underwent secular carbonate metasomatism from the Late Paleozoic
(Zong and Liu, 2018).

5.3. Mantle oxidation and cratonic destruction

The mechanism of destruction of the eastern NCC has been debated
for several decades (Zhu et al., 2012; Wu et al., 2014 and references
therein). Our results show that the SCLM of the eastern NCC was oxi-
dized contemporaneously with its thinning and ultimate destruction.
This oxidation had two consequences, both of which facilitated cratonic
instability. First, mantle oxidation can soften mantle rocks, weakening
the rigidity of cratons (Cline et al., 2018; Irifune and Ohuchi, 2018).
Under more oxidizing conditions, ferric iron (Fe>*+) and associated va-
cancies on the metal sites in olivine would become stabilized, resulting
in increased crystal defects and/or modified grain boundaries (Cline
et al., 2018). Such changes would reduce the effective grain-boundary
viscosity of olivine and consequently of the SCLM as a whole (Cline
et al., 2018; Irifune and Ohuchi, 2018). Second, high fO, in the mantle
likely triggers oxidation of carbon, transforming diamond/graphite
into carbonate (Foley, 2008, 2011), which depresses the mantle solidus
(Dasgupta and Hirschmann, 2006, 2010), triggering partial melting. The
subsequent percolation of carbonate-rich partial melts along grain
boundaries would decrease the rigidity of the mantle (Foley, 2008,
2011; Gonzalez and Gorczyk, 2017; Tappe et al., 2017).

Oxidization of the SCLM was likely associated with Phanerozoic sub-
duction zones that surrounded the eastern NCC, implying that
oxidization must have been initiated at the base of the SCLM. Given
the influence of oxidation on reducing the viscosity of the mantle, de-
struction of the eastern NCC would have led to the gradual detachment
of cratonic materials aided by flow of the asthenosphere. In addition to
mantle oxidization, Phanerozoic subduction surrounding the eastern
NCC would also have introduced large quantities of water into the man-
tle, as revealed by the presence of hydrous SCLM-derived lavas in the
eastern NCC (Xia et al., 2013; Hong et al., 2017; Ma et al., 2016; this
study). This hydration of the SCLM would also have led to a significant
decrease in its viscosity, accelerating removal of the cratonic root from
the eastern NCC (Niu, 2005; Xia et al., 2013). The destruction of the

eastern NCC probably began during the Late Triassic and attained its cli-
max during the Early Cretaceous (Wu et al.,, 2005; Yang and Wu, 2009).
We suggest that the Mesozoic destruction of the eastern NCC implies
that oxidization and rehydration of the SCLM, although beginning dur-
ing the Paleozoic, were associated primarily with Mesozoic subduction
of the Paleo-Pacific oceanic plate (Fig. 9).

Ultramafic lamprophyres and other carbonate-rich rocks are com-
mon in other thinned and/or destroyed cratons (e.g., the North Atlantic
and Antarctica cratons; Foley, 2008, 2011; Tappe et al.,, 2017). Because
these carbonate-rich rocks are generally synchronous with thinning
(Foley, 2008), their appearance indicates the presence of coeval oxi-
dized mantle sources (AQFM = +0.7 to +2.7; Foley, 2008, 2011;
Fig. 7; Table EA3), which contrasts strongly with the highly reduced cra-
tonic root (Foley, 2011; Miller et al., 2016; Fig. 8). The close space-time
associations between carbonate-rich igneous rocks and thinned or
destroyed cratons suggest that mantle oxidization is probably ubiqui-
tous and plays a crucial role in craton stability.

6. Conclusions

We measured the chemical compositions of high-Fo (Fo > 87) oliv-
ine phenocrysts in five Early Cretaceous basalts from the eastern NCC.
Taken together, the low temperatures of olivine crystallization (1125
to 1218 °C), the whole-rock compositions, and the extremely low Ti
contents (<60 ppm) and high 680 (5.8%.~7.2%.) in olivine crystals indi-
cate that the Early Cretaceous basalts originated from the SCLM. Values
of fO, for the Early Cretaceous basalts and their mantle sources, calcu-
lated using Dy values for olivine, are around AQFM = +1.0 and AQFM =
+1.5, respectively. The oxidized Late Mesozoic SCLM beneath the east-
ern NCC contrasts with the generally reduced nature of cratonic roots
worldwide, thus highlighting the important role of redox state in craton
destruction. This oxidation was likely caused by ingress of hydrous
melts/fluids released by subducting slabs during the Phanerozoic. Both
oxidization and rehydration of the SCLM facilitated the thinning and de-
struction of the eastern NCC.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gr.2019.11.012.
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Fig. 9. Schematic diagram illustrating the role of oxidation state on the destruction of the NCC. Paleozoic subduction along the northern, eastern and sourthern margins of the NCC elevated
the fO, of the SCLM, but the craton remained stable with limited magmatic activity (e.g., kimberlites) at its margins. Mesozoic subduction of the Paleo-Pacific plate at the eastern margin of
the NCC (via release of high-fO, fluids/melts; curved white line with arrow in the figure) further oxidized the SCLM, thereby triggering thinning and destruction of the eastern NCC and
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