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ARTICLE INFO ABSTRACT
Article history: The redox state, often expressed as oxygen fugacity (fO,), is a fundamental parameter controlling geochemical
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and geodynamic processes. Recent studies have revealed highly variable convective-mantle fO, values, but
causes of the variability are poorly understood. High fO, values of up to 1.6 log units above the Fayalite-
Magnetite-Quartz (FMQ) buffer in Cenozoic Jiaodong basalts of eastern China vary as functions of whole-rock
and olivine compositions, with strongly alkaline rocks being more oxidized than alkaline varieties, and with
the observed fO, variations of the basalts most likely reflecting those of the source. Recycled oceanic-crust car-
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Oxygen fugacity bonates occur throughout sources of Cenozoic basalts and may have acted as oxidants in mantle oxidation. We
Olivine suggest that the melting of a carbonate-bearing peridotite source at depths of ~300 km generated the strongly

oxidized alkaline basalts, whereas melting of a pyroxenite source at depths of ~100 km produced the weakly al-
kaline basalts, with the higher oxidation state of the deeper convective mantle likely resulting from differential
melting of various components with unique fO, values. This study provides a robust petrological link between
mantle oxidation and geochemical recycling, which is key to understanding Earth's evolution and geophysical
anomalies in the deep mantle.
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1. Introduction

It is widely accepted that redox state in the mantle becomes gradu-
ally reduced with increasing depth, due to more ferric Fe substituted
into silicate minerals (e.g., Fe>*-rich garnet component;
Gudmundsson and Wood, 1995), and redox state in the present-day
convective mantle is horizontally relatively homogeneous, as suggested
by global mid-ocean-ridge basalts (MORBs) (Bézoes and Humler, 2005;
Cottrell and Kelley, 2011). Nonetheless, recent studies have shown
highly variable oxygen fugacity (fO,) values (up to 1.5 log units relative
to the Fayalite-Magnetite-Quartz (FMQ) buffer) in the convective man-
tle horizontally beyond convergent regions (Brounce et al., 2017;
Cottrell and Kelly, 2013; Moussallam et al., 2014; Shorttle et al., 2015).
Besides, ocean-island basalts (OIBs) are commonly considered as
being derived from deeper mantle sources than MORBs (e.g., Niu,
2005) but generally have higher fO, values than the latter (Brounce
et al, 2017; Moussallam et al., 2014; Nicklas et al., 2019), inconsistent
with the general view of redox state in the mantle. The redox state of
the convective mantle is thus more complex than previously thought.
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Oceanic crust is usually oxidized through hydrothermal reactions
(Evans, 2012), and its recycling to Earth's interior is generally consid-
ered to be the main convective-mantle oxidation mechanism
(e.g., Brounce et al., 2017; Shorttle et al., 2015). However, recycled oce-
anic crust may be reduced during subduction owing to the release of ox-
idized hydrous fluids and melts to the mantle wedge (Brounce et al.,
2014; Kelley and Cottrell, 2009, 2012). Surface carbon is also delivered
to the mantle along with subducted oceanic crust, with most returning
to the exosphere through arc volcanism (Evans, 2012; Kelemen and
Manning, 2015). Although carbon fluxes in subduction zones are still
debated (e.g., Kelemen and Manning, 2015; Hirschmann, 2018), many
studies have suggested that appreciable amounts of carbon survive
the subduction process (e.g., Kerrick and Connolly, 2001; Li et al,,
2017; Hirschmann, 2018). Such recycled carbon, probably in the form
of carbonates (Debret et al., 2015), may influence the redox state of
the deep mantle (He et al., 2019; Sun and Dasgupta, 2019; Thomson
etal, 2016).

The widespread Cenozoic basalts of eastern China occur >1000 km
from the western Pacific subduction zone (Fig. 1). These intraplate ba-
salts generally display depleted Nd isotopic and OIB-like trace-
element compositions, suggesting an origin in asthenospheric mantle
containing recycled oceanic-crust components (Niu, 2005; Xu et al.,
2018). Their abnormally low Mg and high Zn isotopic ratios further
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Fig. 1. (a) Simplified geological map of Cenozoic basalt distribution in eastern China. (b) Vertical cross-section of P-wave velocity perturbations along the profile (Huang and Zhao, 2006)
shown by the dashed brown line in (a). (c) Comparison of geophysically inferred conductivity (0)-depth profiles between eastern China and the global average (Karato, 2011).

indicate abundant recycled carbonate in their source (Li et al., 2017; Liu
et al., 2016; Wang et al., 2018). The Cenozoic basalts of eastern China
thus provide a unique opportunity to solve the enigma of oxidation
states in the convective mantle.

Vanadium has three dominant valence states (V>*, V4* and V°*)
with abundances decreasing from V3 to V°*. The crystal-melt V parti-
tion coefficient (DSYs-met) decreases with increasing fO, because of
the lower incompatibility of V3* (Canil, 2002). D§¥sta-melt is therefore
sensitive to the V oxidation state in the melts, and Dgvstal-melt
oxybarometers are widely used to determine fO, values of natural
magmas (e.g., Canil, 2002; Mallamnn and O'Neill, 2009; Kelley and
Cottrell, 2012; Wang et al., 2018). Here, we determined fO, values of Ce-
nozoic Jiaodong basalts in Shandong Province, eastern China, by apply-
ing the DYvine-melt gxyharometry of Canil (2002 ). Results indicate that
recycled carbonate derived from the oceanic crust, rather than recycled
oceanic crust, is the main oxidant of convective mantle, and that the
higher oxidation states in the deeper convective mantle likely result
from the differential melting of various components with unique fO,
values.

2. Geological background and sample descriptions

Seismic tomography has revealed that the stagnant Pacific Plate ex-
tends horizontally to a distance of >1000 km within the mantle transi-
tion zone from the western Pacific subduction zone (Fig. 1b; Huang
and Zhao, 2006). The mantle beneath this region displays several salient
geophysical and geochemical characteristics, including abnormally high
electrical conductivity in the mantle transition zone (Fig. 1c; Karato,
2011) and OIB-like geochemical compositions of Cenozoic basalts (Xu
et al., 2018) with lighter Mg (6*°Mg = —0.6%. to —0.3%; Li et al,,
2017) but heavier Zn (6°6Zn > 0.3%.; Liu et al., 2016; Wang et al.,
2018) isotopic compositions compared with normal mantle
(5°°Mg = —0.25% + 0.07%.; 65°Zn = 0.18%. + 0.06%.; Teng et al.,
2010; Wang et al., 2017).

Shandong Province is located on the central coast of eastern China
(Fig. 1). Cenozoic basalts that formed there at 24.0-10.3 Ma and
8.7-0.3 Ma (Luo et al., 2009) comprise primarily strongly alkaline ba-
salts (basanite-nephelinite with SiO, content <43 wt%) with subordi-
nate weakly alkaline basalts (basaltic andesite-basalt with higher SiO,
contents; Fig. 2a; Zeng et al., 2010). Detailed geochemical studies of
the basalts have revealed large compositional variations, ranging from
strongly alkaline basalts with major- and trace-element characteristics
of high-U/Pb (HIMU) OIB but with depleted Sr-Nd-Pb-Hf isotopic com-
positions, to weakly alkaline basalts with enriched-mantle type I (EMI)
OIB-like compositions (Zeng et al., 2010; Sakuyama et al., 2013; Liet al.,
2016; Fig. 2). Eleven samples were collected from Jiaodong Peninsula,
including strongly and weakly alkaline basalts (Table S1; Fig. 2a). All
samples have porphyritic texture with large crystals (>200 um)
primarily composed by olivine with minor pyroxene (Fig. 3), suggesting
fractionation process is olivine-controlled. Many samples, especially the
strongly alkaline basalts, have some (<6%; Table S1) olivine xenocryts
with anhedral corroded outline and embayment (Fig. 3c, d). The sam-
ples compositionally cover the range of Shandong basalts (Fig. 2;
Table S2).

3. Analytical methods
3.1. Analysis of trace element abundances in whole rocks

Trace element analysis of whole rocks was conducted on Agilent
7700e inductively-coupled plasma mass-spectrometry technique (ICP-
MS) at the Wuhan SampleSolution Analytical Technology Co., Ltd.,
Wuhan, China, following the protocols detailed in Liu et al. (2008).The
analytical precision of the procedure based on the two international
standard samples (AGV-2 and BHVO-2) are <3% for V and <10% for
other elements (Table S3).
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Fig. 2. Plots of whole-rock compositions of the Cenozoic Shandong basalts: (a) (Na,0 + K,0)-SiO,; (b) Fe,05-Si0, (c) ('4*Nd/'*Nd)-(®7Sr/%6sr), (d) (Ce/Pb)—(Ba/Th), (e) ("4*Nd/'*Nd)-
(Ba/Th), and (f) primitive mantle-normalized spider diagrams. The EMI and HIMU fields were defined by compositional data of typical EMI and HIMU OIBs (http://georoc.mpch-mainz.
gwdg.de/georoc/). Compositional data of the Cenozoic Shandong basalts are from Zeng et al. (2010, 2011), Wang et al. (2018), and this study.

3.2. EPMA analysis

The basalts were first crushed, and olivine grains were selected and
then mounted in epoxy resin disks. Major element compositions of oliv-
ine grains were measured with a JEOL JXA-8100 superprobe at the State
Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geo-
chemistry, Chinese Academy of Sciences (GIG-CAS). The operating con-
ditions were as follows: 15 kV accelerating voltage, 20 nA beam current
and 1 pm beam diameter, and 10s peak counting time for major ele-
ments (Mg, Fe, Si) and 40s peak counting time for Ca. The reduction
was carried out using ZAF correction.

3.3. LA-ICP-MS analysis

The same olivine grains were analyzed for trace element by in situ
laser ablation-inductively coupled plasma-sector field-mass spectrome-
try (LA-ICP-SF-MS) at the State Key Laboratory of Isotope Geochemistry,
GIG-CAS. Detailed operating conditions for the laser ablation system
and the ICP-MS instrument in the LA-ICP-SF-MS analysis are the same

as described by Zhang et al. (2019). Analyses were carried out with
helium as a carrier gas and argon as the make-up gas. The spot size
and frequency of the laser were set to 33 pm and 5 Hz, respectively. Ol-
ivine compositions were calibrated against three reference materials
(BHVO-2G, BCR-2G and GSD-1G) with Mg as an internal standard.
Each analysis included a 20 s background acquisition and a 30 s data ac-
quisition. Two international reference materials (TB-1G and BIR-1G)
were measured during the analytical procedure. A MATLAB program
named TraceElement was used to perform an off-line selection, the inte-
gration of background and analyzed signals, and a quantitative calibra-
tion for the analysis (Zhang et al., 2019). The relative accuracy and
precision of the TB-1G and BIR-1G are better than 10% for the key ele-
ments (Table S4). A single crystal of San Carlos olivine (Foggg) was
also analyzed periodically to determine the uncertainties of V in the ol-
ivines usually with V < 10 ppm, and the reproducibility between repli-
cate spots was within 5% relative standard deviation. On the basis of
the ~5% uncertainty in the V content (2.87 ppm) of a San Carlos olivine
standard, the analytical uncertainty in AFMQ values is estimated to be
<0.13 log units.
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Fig. 3. Representative microphotographs of Jiaodong basalts: (a)-(b) weakly alkaline basalts, (c)-(f) strongly alkaline basalts. (a), (c) and (e) in transmission light, and others in crossed

polarity. Mineral abbreviations: Ol for Olivine and Cpx for Clinopyroxene.

4. Results

Olivine compositions of the Jiaodong basalts are given in Table S5,
with mean values summarized in Table 1. The analyzed olivine pheno-
crysts have low Fo values (79-84) and high CaO contents (>0.1 wt%),
with 100Mn/Fe and Ni/(Mg/Fe)/1000 ratios of 1.1-2.0 and 0.4-1.0, re-
spectively. Olivine 100Mn/Fe and Ni/(Mg/Fe)/1000 ratios respectively
increase and decrease slightly with decreasing Fo values, consistent
with the olivine fractionation trend (Fig. 4a, b). The strongly alkaline
basalts generally have much higher 100Mn/Fe and lower Ni/(Mg/
Fe)/1000 ratios than those of the weakly alkaline basalts (Fig. 4a,
b) at fixed Fo values. These ratios plot in the field of olivines in
peridotite- to pyroxenite-derived melts (Fig. 4c). Ni/(Mg/Fe)/1000 ra-
tios of the olivines are strongly correlated with whole-rock composi-
tions, including SiO, and Fe,O% contents, and with Ba/Th, Ce/Pb,
87Sr/86sr, and '*>Nd/!*Nd ratios (Fig. 5).

The fO, values of the Jiaodong basalts were calculated using the
pgfivine-melt oyyharometer (Canil, 2002) following the empirical
relationship:

D:a/(lo(bANNO+C) +1) (1)

where a = 0.9, b = 0.31, c = 1.53, and ANNO represents the loga-
rithm deviation from the Ni-NiO oxygen buffer. fO, values are often
expressed as the logarithm deviation from the FMQ buffer (AFMQ),
and conversion from ANNO to AFMQ here involved the empirical rela-
tionship (Frost and McCammon, 2008):

log fO, = A/T+B+ C(P—1)/T )

where A = —24,930 and —25,096.3, B = 9.36 and 8.735, and C =
0.046 and 0.110 for the NNO and FMQ buffers, respectively; and T and
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Table 1
Summary of whole-rock and olivine compositions of the Jiaodong basalts, and calculated fO, values relative to the FMQ buffer.
QX01 QXx03 QX08 QX07 PLO1 PLO2 PLO5 PLO6 PLO8 PL17 PL18

Whole rock® Si0, 41.52 41.34 4151 42.15 47.12 46.76 4471 46.2 49.1 40.19 40.37
Fe,03 15.33 15.26 15.39 15.40 12.93 12.93 13.49 13.97 12.51 16.25 16.31
Na0 + K0 6.4 7.13 7.21 6.74 5.9 6 6.28 6.87 5.05 8.38 7.99
FeO/MnO 43.73 40.78 4148 44.05 55.71 55.29 46.75 54.83 59.38 42.95 42.18
Ca0-Ca0* 0.81 0.21 0.57 0.14 —-2.39 —2.12 —1.11 —3.30 —2.38 —0.13 —0.11
FC3MS 0.13 0.13 0.11 0.16 0.49 0.44 0.23 0.68 0.55 0.16 0.15
Fe**/Y_Fe 0.30 0.32 0.31 0.30 0.19 0.19 0.23 0.21 0.16 0.35 0.37
\Y% 187 195 175 181 168 175 177 157 156 209 218
Ba/Th 62 30 36 36 75 84 49 69 110 37 30
Ce/Pb 35 35 32 30 26 27 28 23 26 103 123
875865y 0.703778  0.703808 0.703695 0.703740 0.704233  0.704100 0.703955 0.704181 0.704338 0.703507  0.703496
43Nd/"Nd 0512866 0.512860 0.512878 0512869 0.512785 0.512797 0.512851 0.512842 0512785 0.512881 0.512880

Olivine® Fo 81.29 80.89 80.56 80.33 80.84 81.41 82.54 79.76 82.11 81.55 81.55
1o 0.42 0.44 241 0.94 0.71 1.04 1.08 0.66 0.44 1.17 0.26
100Mn/Fe 1.46 1.51 1.79 1.54 1.34 134 1.54 121 124 1.57 1.54
10 0.12 0.22 0.52 0.15 0.02 0.03 0.09 0.01 0.02 0.21 0.11
Ni/(Mg/Fe) 0.69 0.73 0.73 0.75 0.83 0.78 0.83 0.90 0.93 0.60 0.53
1o 0.10 0.10 0.24 0.06 0.05 0.04 0.07 0.03 0.08 0.13 0.06
\ 341 342 3.30 343 542 5.57 4.76 4.25 6.08 3.37 3.11
1o 0.58 0.73 0.72 0.83 0.29 0.30 0.50 0.24 0.28 0.64 0.59

Oxygen fugacity® Dv 0.018 0.018 0.019 0.019 0.032 0.032 0.027 0.027 0.039 0.016 0.014
1o 0.003 0.004 0.004 0.005 0.002 0.002 0.003 0.002 0.002 0.003 0.003
AFMQ 1.26 131 1.21 1.21 0.41 0.44 0.68 0.67 0.14 143 1.61
1o 0.24 0.29 0.33 0.36 0.08 0.08 0.15 0.08 0.07 0.29 0.26

4 Whole-rock compositions of the Jiaodong basalts are volatile free; Fe>/3Fe ratios were calculated using Petrolog software (Danyushevsky and Plechov, 2011) using the fO, values
obtained in this study and the model of Kress and Carmichael (1988); Ca0* = 13.81-0.274MgO (Herzberg and Asimow, 2008); FC3MS = (FeO/Ca0) — 3(Mg0/SiO,) (Yang and Zhou,

2013); Only Fe?* was considered in FeO/MnO and FC3MS.
b Qlivine compositions are mean values.

€ fO, values in the basalts were calculated using the model of Canil (2002) at a temperature of 1200 °C and a pressure of 1 atm.

P are in units of K and bar, respectively. The DVine-melt gxybarometer
(Canil, 2002) was chosen because it is widely applied in determining
fO, values of natural magmas and yields fO, values virtually identical
to those estimated by the Fe?*/Fe3* oxybarometer (e.g., fO, values of
Siqueiros MORBs in Fig. 6; Kelley and Cottrell, 2012).

The Jiaodong basalts have V contents of 156-218 ppm, and olivines
in the Jiaodong basalts have V contents in the range 3.11 4+ 0.59 ppm
to 6.08 + 0.28 ppm (Table 1). DYVne-mel yalyes of the Jiaodong basalts
were obtained by simply assuming constant V contents in the melts
during crystal fractionation. The calculated Dg™"e-melt yalues are
0.014 4+ 0.003 to 0.039 + 0.002 and AFMQ values of 1.61 + 0.26 to
0.14 £ 0.07 (Table 1). The fO, values of the Jiaodong basalts are gener-
ally within the range of arc basalts, overlapping but slightly higher than
OIB and MORB values (Fig. 6), and are correlated with whole-rock com-
positions (Fig. 7). Specifically, fO, values of the basalts are negatively
correlated with SiO, contents and Ba/Th and 87Sr/35Sr ratios, and posi-
tively correlated with Fe,03 contents and Ce/Pb and '**Nd/'**Nd ratios
(Fig. 7). The strongly alkaline basalts (AFMQ = 1.0-1.6) generally have
much higher fO, values than the weakly alkaline basalts (AFMQ =
0.0-0.5).

5. Discussion

Our results indicate two main characteristics of the redox states of
Jiaodong basalts: (a) high fO, values of up to ~AFMQ +1.6 (Fig. 6);
and (b) a relatively wide fO, range (up to ~1.5 log units), with fO, values
varying as a function of whole-rock compositions (Fig. 7). Any feasible
model for the formation of oxidized domains in the convective mantle
should account for these features, as discussed in the following sections.

5.1. Recycled-carbonate-induced mantle oxidation

The wide variations in Jiaodong basalt fO, values may be related
with the assumption of constant V in the melts to obtain Dg/vine-melt
and fO, values. This assumption was primarily built on the fact of the
<10% olivine fractionation (clinopyroxene ignored due to its minor

amount) to form the narrow Fo variations of olivines in each samples
(AFo usually <3; Table S5; Fig. S1). Olivine usually have Dg/ivine-melt
values of 0.01-0.1 in natural magmas with normal redox state (AFMQ =
—1-2; Mallmann and O'Neill, 2009); <10% fractionation would increase
V < 10% in the residual melts and uncertainty in AFMQ values <0.15 log
units (Fig. S1a). As shown in Fig. S1b, many basalts (primarily the
strongly alkaline basalts) and their olivine phenocrysts are in disequilib-
rium, due to bearing olivine xenocrysts (<6%; Table S1). Subtracting
these olivine xenocrysts in the basalts would produce the uncertainty
in AFMQ values <0.1 log units (Fig. S1a). Therefore, assumption of con-
stant V in the melts to obtain DJ™V"e-™elt yalues would cause the total
uncertainty in AFMQ values <0.25 log units, which are extremely
small when comparing with the large AFMQ variations of the basalts
(up to ~1.5 log units).

The wide fO, variations in Jiaodong basalt may be due to magmatic
processes, including crustal contamination, crystal fractionation and
degassing (e.g., Kelley and Cottrell, 2012; De Moor et al., 2013;
Brounce et al., 2014, 2017; Humphreys et al., 2015; Moussallam et al.,
2014, 2016; Nicklas et al., 2019). The Jiaodong basalts have positive
Nb—Ta anomalies and negative Pb anomalies in their primitive-
mantle-normalized spider diagrams (Fig. 2f; Zeng et al., 2010;
Sakuyama et al., 2013), and high Ce/Pb ratios of 22-120 (Fig. 2d).
These characteristics are the converse of those of crustal components,
which have negative Nb—Ta anomalies, positive Pb anomalies, and
low Ce/Pb ratios of <10 (Rudnick and Gao, 2003), suggesting insignifi-
cant crustal contamination. Furthermore, crystal fractionation usually
results in moderate oxidation of the melts (<0.5 AFMQ log units;
e.g., Cottrell and Kelley, 2011; Brounce et al., 2014), much less than
the observed fO, variations in the Jiaodong basalts (up to ~1.5 log
units; Fig. 6). For example, there is lack of systematic differences in fO,
values in MORBs with MgO > 8.5 wt%, MgO = 8.5-8.0 wt%, Mg0 =
8.0-7.0 wt%, and MgO = 7.0-6.0 wt%, suggesting that crystal fraction-
ation has little effect on fO, in the basalts (Fig. 6). More importantly,
crystal fractionation cannot change Ce/Pb or Ba/Th ratios or Sr—Nd iso-
topic compositions and therefore fails to explain the observed fO,-
composition correlations of the basalts (Fig. 7). Magma degassing is an
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effective way to alter redox state of magmas (e.g., Kelley and Cottrell,
2012; De Moor et al., 2013; Brounce et al., 2014, 2017; Moussallam
et al.,, 2014, 2016; Humphreys et al., 2015). In all the gas components,
degassing of sulfur has been demonstrated to have a critical control on
the fO, values of evolving magmas (Moussallam et al., 2014, 2016;
Brounce et al., 2017). Sulfur is primarily present as S~ in mantle-
derived magmas and is degassed primarily as SO, near the Earth sur-
face; degassing of sulfur would substantially decrease fO, values of the

melts (e.g., Moussallam et al., 2014, 2016; Brounce et al., 2017). During
magma evolution, degassing of sulfur may happen before olivine crys-
tallization. In this scheme, the method of using DgVi**-™€! to determine
fO, of melts would fail to constrain the redox state of the melts before
degassing; the results can only represent the redox state of the instanta-
neous evolved melts at the time of the olivine formation. Although pres-
ently we cannot exclude the possibility of sulfur degassing before
olivine formation, due to poor constrain on sulfur contents in the
Jiaodong basalts, we suggest that this possibility seems impossibly,
given the reasons below. (1) Degassing of sulfur usually happens near
the Earth surface (e.g., Brounce et al., 2017), whereas olivine usually
crystallizes at much deeper depth, implying that olivine forms before
degassing of sulfur. (2) Degassing of sulfur would substantially decrease
fO, values of the melts (e.g., Moussallam et al., 2014, 2016; Brounce
et al.,, 2017), but many Jiaodong basalts still have high fO, values
(AFMQ >0.5) and each samples have relatively homogeneous AFMQ
values (1 sigma <0.4 log units). (3) Degassing of sulfur cannot change
basalt compositions including SiO,, Fe,03, Ba/Th, Ce/Pb and Sr—Nd iso-
topes, thus, cannot explain the observed fO,-composition relationships
of the Jiaodong basalts.

Melting temperature and pressure may influence fO, in the mantle
when deduced from the fO, values of the 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 AFMQ is negligible (<0.1 log units from
1200 to 1700 °C; Kress and Carmichael, 1991; Brounce et al.,, 2017). On
the other hand, the effect of pressure on AFMQ is not negligible. For
solid silicate materials, increasing pressure would decrease fO, values
in the mantle (~ 0.7 log units per GPa relative to the FMQ buffer;
Foley, 2011; Frost and McCammon, 2008). In contrast, the AFMQ of sil-
icate liquid increases slightly with increasing pressure at a rate of ~0.17
log units per GPa (Kress and Carmichael, 1991). In the Jiaodong region,
the strongly alkaline basalts have low SiO,, high Fe,0% and negative Zr-
Hf-Ti anomalies (Zeng et al., 2010; Sakuyama et al.,, 2013; Fig. 2), similar
to experimental melts of carbonate-bearing mantle rocks (Dasgupta
et al., 2006, 2009), whereas the weakly alkaline basalts have much
higher SiO,, lower Fe,0% and no Zr-Hf-Ti anomalies. These different geo-
chemical features suggest that the strongly and weakly alkaline basalts
are derived from the CO, -rich and -poor mantle source, respectively
(Zeng et al., 2010; Sakuyama et al., 2013; Li et al., 2016; Zhang et al.,
2017). Furthermore, experiments have demonstrated that carbonate-
induced depression of mantle rock solidus (Dasgupta and Hirschmann,
2010) would cause carbonate-bearing rocks to start melting at a much
greater depth (>150 km; Dasgupta and Hirschmann, 2010; Rohrbach
and Schmidt, 2011; Dasgupta et al., 2013) compared with carbonate-
free rocks (~100 km; Spandler et al., 2008). This suggests that the
strongly alkaline basalts are derived from a deeper mantle source than
the weakly alkaline basalts, elevating more AFMQ values in the mantle
source while considering the positive effect of pressure on the fO, of sil-
icate melt. Because the strongly alkaline basalts tend to have higher
AFMQ values than the weakly alkaline basalts (Fig. 7), their mantle
source would still be more oxidizing than that of the latter. The mantle
source of the strongly alkaline basalts corrected to the depth of the
shallower mantle source of the weakly alkaline basalts, if not melt,
would increase AFMQ values, exhibiting more oxidizing feature than
the latter, too. More importantly, because the geochemical composi-
tions (Ce/Pb, Ba/Th and Sr—Nd isotopes) of the basalts are usually inde-
pendent with the melting pressure, different melting pressure in the
mantle cannot explain the observed fO,-composition relationships in
the Jiaodong basalts, too.

We therefore conclude that fO, variations in the Jiaodong basalts re-
flect primarily the heterogeneity of oxidation states in the mantle
source, with their fO,-composition trends indicating two distinctive
mantle redox domains, namely, oxidized and reduced domains for
strongly and weakly alkaline basalts, respectively. The derivation of
strongly alkaline basalts from an oxidized mantle source is supported
by other observations, as follows. The strongly alkaline basalts with
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low Si0,, high Fe,0% and negative Zr-Hf-Ti anomalies (Fig. 2) suggest
the carbonate-bearing mantle source formed under highly oxidized
conditions (Dasgupta et al., 2006, 2009). Their high §°°Fe values (up
to 0.29%.) also require a source oxidation state sufficient to fractionate
Fe isotopes (He et al., 2019). Nevertheless, whether recycled carbonate
(Rohrbach and Schmidt, 2011; Sun and Dasgupta, 2019; Thomson et al.,
2016) or recycled oceanic crust (Brounce et al., 2017; Shorttle et al.,
2015) caused the mantle oxidization remains a subject of debate.

The OIB-like compositions of the Jiaodong basalts suggest a recycled
oceanic crust component in the source (Zhang et al., 2009; Xu et al.,
2012; Sakuyama et al., 2013; Xu, 2014; Li et al., 2016). Owing to its
much lower solidus, recycled oceanic crust (in the form of eclogite)
melts before peridotite, producing SiO,-rich melts followed by pyroxe-
nite via reaction with ambient peridotite (Herzberg, 2011; Sobolev

et al., 2005). The relative contributions of pyroxenite and peridotite to
basalt genesis depend on the extent of partial melting and can be
assessed by the compositions of olivine phenocrysts (Sobolev et al.,
2005; Herzberg, 2011; Fig. 4c). Because pyroxenite has much lower
Dni and higher Dyn e (Dni and Dy re are Ni and Mn/Fe partition coeffi-
cients) values than peridotite, melts from pyroxenite would crystallize
olivines with higher Ni/(Mg/Fe)/1000 and lower 100Mn/Fe ratios
(Herzberg, 2011; Sobolev et al., 2005). The strongly alkaline Jiaodong
basalts generally have higher 100Mn/Fe and lower Ni/(Mg/Fe)/1000 ra-
tios than the weakly alkaline basalts (Fig. 4). All the analytical olivine
phenocrysts in the Jiaodong basalts have relatively low Fo values
(Fo < 85), possibly suggesting some extend of crystal fractionation in
the early stages. Nonetheless, these basalts primarily underwent
olivine-controlled fractionation, which has subtle influence on
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Ni/(Mg/Fe)/1000 and 100 Mn/Fe of olivines (Sobolev et al., 2007;
Herzberg, 2011; Figs. 4a, b). Therefore, the Ni/(Mg/Fe)/1000 and 100
Mn/Fe ratios of the low Fo olivines can still record the features of the ol-
ivines in the primitive melts. Olivine Ni/(Mg/Fe)/1000 ratios of the
Jiaodong basalts are correlated with their whole-rock compositions
(Ba/Th, Ce/Pb, 7Sr/86Sr, and '**Nd/"**Nd ratios; Figs. 5¢c-f), which are
unrelated to magmatic processes, further indicating primary control of
olivine compositions by source lithology, with peridotite-derived and
pyroxenite-derived melts for strongly and weakly alkaline basalts, re-
spectively. Furthermore, peridotitic melts typically have lower FeO/
MnO and FC3MS values [FC3MS = (FeO/Ca0O) — 3(Mg0/SiO,); Yang
and Zhou, 2013)], higher CaO — CaO* (Ca0* = 13.81-0.274MgO) ratios
(Herzberg and Asimow, 2008), compared with pyroxenitic melts. We
only used Fe?*, not Fe®? to calculate FeO/MnO and FC3MS values, be-
cause in the highly oxidizing melts such as the strongly alkaline basalts,
increase of Fe>* would significantly elevate FeO/MnO and FC3MS. The
strongly alkaline basalts have lower FeO/MnO and FC3MS and higher
CaO — CaO* values than the weakly alkaline basalts (Fig. 8), further
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AFMQ of MORB (0.10 = 0.18; Cottrell and Kelley, 2011).
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supporting higher proportions of peridotite-derived melts in the for-
mer. The fO, values of the Jiaodong basalts are correlated with whole-
rock source lithological indices (FeO/MnO, FC3MS, and CaO — Ca0*)
and olivine Ni/(Mg/Fe)/1000 values, and decrease with increasing re-
duction of pyroxenite-derived melts (Fig. 9). These observations sug-
gest that the source with more pyroxenite is more reduced and that
recycled oceanic crust did not oxidize the mantle. This conclusion is ap-
parently inconsistent with the oxidation state of oceanic crust on the
seafloor, but it may be understood if a redox transformation occurs in
the subducting slab through the release of oxidative fluids and melts
to the mantle wedge during subduction. The gradual decrease in fO,
from arc- to backarc-related lavas (Brounce et al., 2014; Kelley and
Cottrell, 2009, 2012) is consistent with the decreasing ingress of fluids
from the subducting slab to the overlying mantle wedge, with the slab
thus becoming less oxidized during subduction. This conclusion is sup-
ported by the comparable reduction state between mantle peridotite
and eclogite, vestiges of subducted oceanic crust (Stagno et al., 2015),
and enriched mantle containing more recycled crustal components
being more reduced than the ambient mantle (Cottrell and Kelley,
2013).

Like Sr—Nd isotopes, 6*°Mg and 6°°Zn of the basalts do not fraction-
ate significantly during magma processes, thus, can record the features

of the mantle source. The abnormally low §**Mg and high 6°6Zn values
of the Jiaodong basalts (He et al., 2019; Wang et al., 2018) signify
recycled carbonates in their mantle source (Fig. S2), as carbonate is
the only known natural material with low §2°Mg and high §°Zn values
(Lietal, 2017; Liu et al., 2016). 6°6Zn values, together with fO- variabil-
ity, gradually increase from the weakly to strongly alkaline basalts
(Figs. S2 and 7). These observations further indicate the involvement
of recycled carbonate as a mantle oxidant.

There are three different carbonate reservoirs in the oceanic litho-
sphere, namely, sediment, altered oceanic crust, and sub-lithospheric
mantle (e.g., Kelemenn and Mann, 2015). The OIB-like trace-element
and depleted Sr—Nd isotopic compositions of the Jiaodong basalts indi-
cate that the recycled carbonate is derived primarily from igneous oce-
anic crust (Sakuyama et al., 2013). It has been experimentally shown
that carbonate-bearing igneous oceanic crust melts when the subducted
slab reaches the mantle transition zone (Thomson et al., 2016). There is
little evidence for recycled carbonate sediment in the Jiaodong basalts,
suggesting that it had been detached from the subducted slab before en-
tering the mantle transition zone, possibly on account of its positive
buoyancy in the ambient mantle (Dasgupta, 2013). Carbonate-bearing
oceanic sub-lithospheric mantle apparently does not melt in the mantle
transition zone because of its much higher solidus (Fig. 10). We propose
a two-stage model for the formation of oxidized domains in the convec-
tive mantle (Fig. 10), as follows.

Stage 1: Melting of carbonate-bearing slab. As the subducted slab de-
livered carbonate-bearing igneous oceanic crust to the deep mantle, a
steep solidus depression would trigger melting of this crust, producing
strongly oxidized carbonate-rich melts with high Fe,03, Al,05, and
Ca0 contents (Thomson et al., 2016).

Stage 2: Redox ‘freezing’. Owing to their ultra-low viscosity (Kono
etal, 2014), the carbonate-rich melts would flow out of the slab and in-
filtrate the reduced ambient mantle (Rohrbach and Schmidt, 2011).
Under such reducing conditions, the melts would be unstable and re-
duced to diamond (Thomson et al., 2016). Expulsion of the oxidizing
and fertile carbonate-rich melts from the slab would also cause the ox-
idation and re-fertilization of ambient mantle (Rohrbach and Schmidt,
2011; Thomson et al., 2016), whereas the reduction of carbonate to car-
bon would produce oxidized domains in the deep mantle. It is possible
that abundant recycled carbonate may be in excess to redox freezing
and possibly lead to carbonate-fluxed peridotite melting, but consider-
ing too much reduced materials in convective mantle when comparing
with abundance of the recycled carbonate-rich melts, the carbonate-
rich melts are more likely reduced to carbon completely. The link be-
tween fO, values of the oceanic basalts and their compositions (Cottrell
and Kelley, 2013; Shorttle et al.,, 2015) indicates that recycled compo-
nents may be stored in the convective mantle for billions of years
(Hofmann, 1997; White, 2010), with redox-state heterogeneity being
preserved in the convective mantle over tectonic timescales (Cottrell
and Kelley, 2013).

5.2. fO, variability due to differential melting within a heterogeneous
mantle

As discussed in Section 5.1, the oxidizing strongly alkaline basalts
were derived from a deep carbonate-bearing peridotite source, whereas
the reduced weakly alkaline basalts were partial melts of carbonate-free
pyroxenite in much shallower depth. This implies an inverse depth-fO,
profile in the convective mantle, with oxidation increasing with depth.
A more oxidized convective mantle at greater depth is also indicated
by other studies of natural lavas beyond convergent regions. OIBs usu-
ally form in the convective mantle at greater depths than do MORBs,
and tend to have much higher fO, values relative to MORBs (Shorttle
et al., 2015; Brounce et al., 2017; Fig. 6). The inferred inverse depth-
fO, profile in the convective mantle is inconsistent with the general rec-
ognition that the redox state of the convective mantle becomes
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values of olivines.

increasingly reduced as depth increases (Eguchi and Dasgupta, 2018;
Frost and McCammon, 2008).

Whether or not there is an inverse depth-fO, profile depends
strongly on the assumption that the redox state of the mantle basalt
source is fully equilibrated with that of ambient mantle. It is known
that heterogeneous components occur in the convective mantle
(Herzberg, 2011; Hofmann, 1997; Sobolev et al., 2005; White, 2010).
Furthermore, the end-member basalts have different fO, values
(Cottrell and Kelley, 2013; Shorttle et al., 2015; this study), suggesting
a heterogeneous redox state in the convective mantle and thus a lack
of equilibrium between the mantle basalt source and ambient mantle.
Basalt fO, values may therefore reflect only the redox state of related
components in the mantle source, rather than those of large-scale man-
tle domains. In that case, the observed variability of fO, values in
Jiaodong basalts most likely resulted from differential melting of a het-
erogeneous mantle. The strongly and weakly alkaline basalts would
have been formed in the same upwelling mantle column but at different
mantle depths, with the strongly alkaline basalts (with higher fO,
values) originating from oxidized carbonate-bearing peridotite at
deeper depths, and the weakly alkaline basalts from reduced pyroxenite
at much shallower depths (Fig. 10). We propose a two-stage model for
the formation of the Jiaodong basalts (Fig. 10), as follows.

(1) Mantle upwelling, probably induced by rollback of the
subducting Pacific slab (Xu et al., 2018), carried diamond-
bearing peridotite that had been oxidized by carbonate-rich
melts from the subducted slab (Section 5.1) and carbonate-free

(2

—

eclogitic fragments detached from the stagnant slab. This up-
welling process would further elevate fO, values in the mantle
as a result of the increasing instability of the Fe>"-bearing
skiagite component of garnet at shallower depths
(Gudmundsson and Wood, 1995). When the oxidation state
was sufficiently high, diamond in the oxidized domain would
have been re-oxidized to carbonate (Rohrbach and Schmidt,
2011). The reappearance of carbonate would have triggered pe-
ridotite melting to first form carbonatitic melts and then strongly
alkaline basalts at shallower depths (Dasgupta et al., 2013). Be-
cause the redox partial melting is self-driven reaction, the
redox state of the local mantle during the reaction is invariable,
and the partial melts would also preserve the oxidized state of
the mantle. The redox melting reaction of oxidized peridotite
would probably have occurred at depths of ~300 km, slightly
deeper than normal mantle (150-250 km; e.g., Dasgupta et al.,
2013; Rohrbach and Schmidt, 2011; Stagno et al., 2013).
Carbonate-free eclogitic fragments have a slightly higher solidus
than carbonated peridotites and would melt after carbonate-
bearing peridotite at a shallower depth (~120 km; Takahashi
et al., 1998). Their SiO,-rich partial melts would react with peri-
dotite to form pyroxenite, which would melt at depths of
~100 km (Spandler et al., 2008), leading to the formation of
weakly alkaline basalts. The volatile-free ambient peridotite has
the higher solidus and would melt just below the Jiaodong region
where the lithosphere is ~80 km thick.
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redox melting at slightly greater depths (~300 km) than in other regions (~200 km).

This interpretation does not preclude the possibility of an oxidized
lowermost upper mantle, as mantle oxidation usually takes place at
the bottom of the upper mantle within the transition zone because of
the continuous interaction between the stagnant slab and the overlying
mantle wedge (Li et al., 2017; Xu et al., 2018).

5.3. Implications

The recycled-carbonate-induced mantle oxidation model yields
some insights into the geodynamic processes that occur in the deep
mantle.

Geophysical studies have detected global low seismic velocity
anomalies and high electrical conductivities in the asthenosphere, usu-
ally extending to a depth of ~200 km (e.g., Gu et al., 2005; Lizarralde
etal,, 1995), close to the mantle depth where the redox melting reaction
begins to occur (Rohrbach and Schmidt, 2011; Stagno et al., 2013;
Dasgupta et al., 2013). Redox melting produces carbonatite-rich melts,
effectively increasing electrical conductivity and decreasing seismic ve-
locity (Gaillard et al., 2008; Sifré et al., 2014), so these geophysical
anomalies are commonly attributable to the presence of carbonatite-
rich melts in the deep mantle. However, beneath eastern China, the
anomalies extend to much greater depths (>300 km; Karato, 2010;
Huang and Zhao, 2006), where the mantle is usually assumed to be
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highly reduced and metal saturated, with unstable carbonates
(Rohrbach and Schmidt, 2011). However, carbonate stability at such
depths may be achieved if the mantle there has been oxidized
(Rohrbach and Schmidt, 2011). This may occur through two stages:
(1) incorporation of carbonate-rich melts from the stagnant subducted
Pacific slab into the mantle transition zone to oxidize the ambient man-
tle with reduction of carbonate to diamond; and (2) re-oxidation of di-
amond to carbonate during upwelling. The unusual vertical extent of
the seismic velocity and electrical conductivity anomalies in eastern
China would then be consistent with results of petrological and isotopic
studies (Li et al,, 2017; Liu et al.,, 2016; Wang et al., 2018).

Recent studies have revealed a gradual increase in fO, values in the
mantle during the period 3.5-1.8 Ga (with AFMQ up to ~1.3 log units;
Aulbach and Stagno, 2016; Nicklas et al., 2019). Mantle oxidization
across the Archean-Proterozoic boundary is coupled with the Great Ox-
idation Event of ca. 2.4-2.3 Ga (Bekker and Holland, 2012), suggesting
an intimate link with the oxidation state of the atmosphere. Several
models including recycled oceanic crust and mixing of highly oxidized
lower mantle with incorporation of metallic Fe into the core have
been proposed to explain this secular mantle oxidation (Frost and
McCammon, 2008; Nicklas et al., 2019). Precambrian sedimentary re-
cords indicate that Archean carbonate rocks became more abundant
from ca. 3.5 Ga (Shaw, 2008), whereas fossil subduction markers such
as the geochemical ‘arc’ signatures in various igneous rocks, structural
thrust belts and dipping seismic reflectors, and high-pressure/low-tem-
perature and low-pressure/high-temperature paired metamorphic
belts, indicate that subduction had probably begun at ca. 3.2 Ga (van
Hunen and Moyen, 2012Van Hunen and Moyen, 2012). The cycling of
carbonates may therefore have begun as early as ca. 3.2 Ga. From the
perspective of this study, episodic cycling of carbonate via subduction
would probably have shaped mantle oxidation across the Archean-
Proterozoic transition.

6. Conclusion

The application of V olivine-whole-rock distribution coefficients in
determining redox states of Cenozoic Jiaodong basalts in eastern China
reveals high and highly variable fO, values of 1.61 + 0.26 to 0.14 +
0.07 log units above the FMQ buffer. The fO, variations are correlated
with whole-rock compositions, suggesting that they reflect their mantle
source. Recycled carbonate within the oceanic crust oxidizes the mantle,
rather than recycled oceanic crust. We suggest that the fO, values of the
basalts reflect only the redox state of the relevant components in the
mantle source. Oxidizing strongly alkaline basalts are from much
greater depths in the convection mantle compared with the reduced
weakly alkaline basalts because of differential melting in an upwelling
heterogeneous mantle. Results of this study provide insights into the
evolution of the redox state of the convective mantle.
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