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ARTICLE INFO ABSTRACT

Editor: Dr R. Hickey-Vargas Iron isotope studies on ocean island basalts (OIBs) and mid-ocean ridge basalts (MORBs) have disclosed the
contribution of pyroxenite lithologies in the generation of basaltic magmas. Whether Fe isotopic compositions of
continental intraplate basalts can be applied to trace lithological heterogeneity within the mantle source regions
remains poorly investigated. To explore the systematics of stable Fe isotopes as a potential probe of lithological

heterogeneity in the source of continental intraplate basalts, we present twenty-four Fe isotope data on a suite of

Keywords:
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iz:ﬁ:s;l;:here well-characterized Cenozoic basalts from SE China. The samples show a large range of Fe isotope values (5°°Fe =
Lithosphere +0.09%o to +0.20%o0), which correlate with SiOy, CaO/Al2Os3, Ti/Eu, Hf/Hf*, Zr/Nb, Dy/Yb, La/Yb, Nb/Y, K/La,

Sr/Ce, §°°Zn and estimated equilibrium pressures. The samples with the highest 5°°Fe values represent early-
stage low-silica basalts with moderately enriched Sr-Nd isotope ratios and high §%°Zn values, while the late-
stage high-silica basalts display a broad §°°Fe decrease with increasing 8’Sr/%6Sr and with decreasing exq and
8%6Zn. We demonstrate that the heaviest Fe isotope signatures cannot be derived from a pure peridotite source
and require a pyroxenite component in the source. Combined with other geochemical proxies, we show that the
heaviest basalt compositions are consistent with low-degree melts produced by the adiabatic decompression of a
carbonated pyroxenite-bearing asthenospheric mantle. Mixing of these hybrid melts with melt produced from in-
situ melting of the subduction-modified sub-continental lithospheric mantle (SCLM) reproduces the Fe-isotope
variability of the late-stage basalts. Our results demonstrate the significance of lithological heterogeneity in
the mantle source of continental intraplate basalts and highlight the subsequent imprint of mantle lithosphere in
the evolution of their Fe isotope compositions. Finally, this study exemplifies the potential of the Fe-Zn stable
isotope pair for mantle geochemistry; coupled with traditional radiogenic isotopes and major and trace element
concentrations, they formed an efficient tool to trace the nature and contribution of the mantle source compo-
nents in the formation of intraplate basalts.

1. Introduction

The formation of ocean island basalts (OIBs) is generally attributed
to shallow emplacement of hot upwelling heterogeneous mantle plumes
(Hofmann, 1997; White, 2010). The wide diversity in major and trace
element and radiogenic isotope compositions of OIBs corroborates that
their mantle source regions are highly heterogeneous. Subducted
oceanic crust recycled into the Earth’s deep interior and ultimately
incorporated as an inherent component in the deep-seated mantle

* Corresponding authors.

plumes is often considered to be responsible for the chemical and lith-
ological heterogeneity in the source of OIBs (Hofmann, 1997; White,
2010). Incompatible trace elements are very sensitive to melting and
differentiation processes, but are not good indicators of variable source
mineralogy or lithology (e.g., Hofmann, 1997). Heavy radiogenic iso-
topes, on the other hand, can track mantle chemical heterogeneity but
do not necessarily provide information of the mantle source lithology (e.
g., recycled crust in the mantle may be present in the form of distinct
pyroxenitic  lithologies, but may also be expressed as
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refertilized/metasomatized peridotite). Major and minor element
geochemistry of basalt and olivine phenocryst is frequently adopted as
tracking tools to trace the presence of pyroxene- and garnet-rich li-
thologies (e.g., eclogite or garnet pyroxenite - for simplicity, we here-
after use the term “pyroxenite” to refer to olivine-deficient, pyroxene-
and garnet-rich lithology) in the source (e.g., Herzberg, 2011; Lambart
etal.,, 2013; Le Roux et al., 2011; Sobolev et al., 2005; Yang et al., 2019).
However, several recent studies suggested that these tracers may be
compromised by crustal processes (Gleeson and Gibson, 2019; Lang and
Lambart, 2022 and references therein) or variation of melting conditions
(Matzen et al., 2017; Xu et al., 2020a).

Non-traditional stable Fe isotopes have been established as a prom-
ising, alternative tool to identify pyroxene-rich lithologies in the mantle
(Williams and Bizimis, 2014). In principle, equilibrium Fe isotope
fractionation among different phases during both high-temperature
igneous processes and sub-solidus mantle conditions depends on the
valence state and the bonding environment (Sossi and O’Neill, 2017).
Because high valent ferric Fe has small ionic radii, it will form short and
strong Fe-O bonds that favor heavy Fe isotopes (Dauphas et al., 2014;
Sossi and O'Neill, 2017). Consequently, it is expected that Fe>*-deficient
phases, such as olivine, possess lighter 5°°Fe values compared to the
Fe3*_bearing phases, such as pyroxenes (Macris et al., 2015; Sossi and
O’Neill, 2017). During mantle melting, as Fe3* is more incompatible
than Fe* (Canil and O’Neill, 1996; Davis and Cottrell, 2021; Le Roux
et al., 2015; Mallmann and O’Neill, 2009; McGuire et al., 1991), and
because Fe3*-bearing clinopyroxene contributes more to the melt
component than other minerals (e.g., Mallik et al., 2021), partial melts
usually have higher §%Fe than the residue (Williams and Bizimis, 2014).
As a result, both larger Fe isotopic fractionations between the partial
melt and the residual mineral assemblage during melting of
pyroxene-rich mantle and the inherent higher 5°°Fe nature of pyroxenite
component compared to the olivine-rich peridotite are expected to cause
pyroxenite-derived partial melts to have higher §°°Fe than those derived
from peridotite (Williams and Bizimis, 2014). Several recent Fe isotope
studies on both OIBs and MORBs supported the role played by melting of
pyroxenite lithologies in basaltic magma genesis (e.g., Gleeson et al.,
2020; Guo et al., 2023a; Konter et al., 2016; Liao et al., 2021; Nebel
et al., 2019; Shi et al., 2022; Soderman et al., 2021, 2022; Sun et al.,
2020; Wang et al., 2021).

Continental intraplate alkali basalts share many common features
with alkali OIBs, such as low silica contents and enriched incompatible
trace element and radiogenic isotope compositions (e.g., Pilet, 2015; Xu
et al., 2022, 2020b). Studies on bulk-rock and olivine phenocryst com-
positions indicated that mantle sources of many continental intraplate
basalts could also contain pyroxenitic lithologies (e.g., Dai et al., 2019;
Lietal.,, 2016; Xu et al., 2017; Yang et al., 2016; Yang and Zhou, 2013;
Zou et al., 2022). However, limited data are available hitherto (Guo
et al., 2023b; He et al., 2019; Shi et al., 2023). He et al. (2019) reported
data that systematically investigate the Fe isotope behavior for conti-
nental intraplate basalts. In their study, the authors presented §°°Fe
values up to 0.29 for continental intraplate basalts from eastern China,
approaching the higher end values observed for OIBs (Konter et al.,
2016; Soderman et al., 2021). They attributed this heavy Fe signature to
melting of a peridotite source, previously oxidized by recycled carbon-
ates. Therefore, an apparent knowledge gap still exists between the
heavy Fe isotope signatures of continental intraplate basalts and the
plenty geochemical evidence for pyroxenitic lithologies in their mantle
sources. It is this disconnect between theoretical expectations and
observational data that motivates our reinvestigation of Fe isotope sys-
tematics of continental intraplate basalts.

Here, we report Fe isotope analyses performed on a suite of conti-
nental intraplate basalts from SE China, south of the area covered by He
et al. (2019). These basalts were previously characterized for their
Sr-Nd-Zn isotopic ratios and their major and trace element compositions
(Xu et al, 2022). Providing iron isotopic analyses of these
well-characterized samples gives a unique opportunity to test for the
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presence of lithological heterogeneity in the mantle source of conti-
nental intraplate basalts. Below, we demonstrate that the co-variations
of Fe isotopes with the other geochemical and petrological parameters
are the direct testimony in favor of interactions between a lithological
heterogenous asthenosphere and the overlying mantle lithosphere, and
we discuss the potential of the Fe-Zn isotopic system as a novel and
promising tool for tracing the nature of the components in the mantle
source of continental intraplate basalts.

2. Geological background and samples

Cenozoic intraplate alkali basaltic volcanism is widespread in
eastern China (Xu et al, 2020b, 2018), mostly along the
trans-lithospheric faults. The Cenozoic Zhejiang basalts are located in
the northeastern South China block (Ho et al., 2003). In brief, the
samples studied here are basanites, alkali basalts and minor tholeiites (<
~11Ma) from Xinchang (XC), Shengzhou (SZ) and Tiantai (TT) in the
coastal area, and nephelinites and basanites (~26-17 Ma) from Xilong
(XL) and Longyou (LY) in the inland area (Ho et al., 2003; Xu et al.,
2022). Their detailed petrology, major and trace element contents and
Zn-Sr-Nd isotopic compositions are reported in Xu et al. (2022). Here we
provide a brief comparison between the early- and late-stage magma-
tism: the early-stage inland basalts have, in general, (1) higher MgO and
total alkali (Nay0O+K20) contents and CaO/Al,03 ratios and lower SiO,
contents, (2) higher incompatible trace element contents (e.g., Sr and
LREE), (3) higher ratios of more to less incompatible elements (e.g.,
Dy/Yb and Nb/Y), (4) higher ratios of elements with similar bulk
partition coefficients (e.g., Ti/Eu), and (5) lower ratios of fluid-mobile to
less fluid-mobile elements (e.g., K/La and Sr/Ce). Finally, the early-stage
basalts show a coupled Zn-Sr-Nd isotopic composition with high §%°Zn
and moderately enriched Sr-Nd isotopic signals, whereas the late-stage
basalts display a decoupled Zn-Sr-Nd isotopic signature with a pro-
nounced §%Zn decrease with increasing SiO, and Sr isotope ratio and
with decreasing alkalis and Nd isotope ratio.

3. Analytical methods

Iron isotopic analyses were conducted at the State Key Laboratory of
Geological Processes and Mineral Resources, China University of Geo-
sciences (Wuhan), utilizing established protocols by Lei et al. (2022).
The sample powders which contain 50-100 pg Fe were weighed into 7
mL Savillex beakers. Sample powders were dissolved using
double-distilled concentrated HF + HNO3 (1:1), HNO3 + HCI (1:3) by
heating at 120°C on a hotplate for 24 and 12 h, respectively. Dissolved
samples were evaporated to dryness, then re-dissolved in 1 mL
concentrated HCl and heated to dryness. Finally, solutions were dried
and then dissolved in 0.5 mL 8 mol L.~* HCI (+0.001% H505) in prep-
aration for column chemistry. The sample solutions were loaded onto
0.8 ml pre-cleaned AG-MP-1 M anion exchange resin to separate Fe from
the matrix. The detailed exchange procedures of column chemistry are
in Lei et al. (2022). The total procedural Fe blank is ~20 ng, which is
negligible for analysis.

Iron isotopic measurements were performed on a Nu Plasma 1700
MC-ICP-MS (Nu Instruments, Wrexham, UK). Five pg g’1 Fe solutions
produced a typical signal intensity of ~25 V for “®Fe. The dissolved
IRMM-014 Fe isotope standard with five pg g Fe was used as the
bracketing standard, and sample solutions were typically diluted to 5.00

+ 0.25 pg ¢! Fe for analysis. Iron isotopic compositions were reported

using the standard per mil (%o) notation of 5°°Fe for >°Fe/>*Fe ratio, and
5°Fe for >’Fe/>*Fe ratio, where:

5%Fe — [(56Fe/54Femmple> / (56Fe/54Fe,RMM,m4) - 1] x 1000
5" Fe = [(57Fe/5“Femple) / (57Fe/5“FeIRMM,m4> - 1] % 1000

To ensure reliability and comparability of our Fe isotope data, the
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reference materials BCR-2, BHVO-2, GSP-2 and AGV-2 were also
analyzed (Table 1). Full details about the Fe elemental purification and
isotope analysis can be found in Lei et al. (2022).

4. Results

The stable Fe isotopic compositions of the studied basalts and stan-
dard reference materials are provided in Table 1. The samples plot on
the mass fractionation line in 5°°Fe vs. §°”Fe space (Fig. S1) with a slope
of 1.4942 (R? = 0.9927; n = 55), indicating negligeable or no analytical
artifacts from unresolved isobaric interferences on measured Fe isotopic
compositions. The measured 5°°Fe of the Zhejiang basalts ranges from
0.09%o to 0.20%o0, which expands to higher values than those published
for MORB (5°°Fe ranges from +0.07%o to +0.14%o with an average of
+0.105%0 + 0.006%0) (Teng et al., 2013). In general, the low-silica ba-
salts have slightly higher §°°Fe values (0.15 to 0.20%o with an average of
0.16%0; n = 8) than the high-silica samples (0.09 to 0.19%o with an
average of 0.13%o; n = 16). 5°°Fe in the samples also shows broad cor-
relations with SiO,, elemental ratios and isotopic ratios (Figs.1-3).

5. Discussion
5.1. Effect of crustal contamination and fractional crystallization

Two of the analyzed samples (i.e., those with the highest SiO, con-
tents) have been identified by Xu et al. (2022) as likely affected by
crustal contamination: they have significantly higher Sr and lower Nd
isotopic ratios than samples from the same locality (Shengzhou), and
have the lowest Ce/Pb and Nb/U ratios than the other samples. These
samples are not taken into account in the following discussion and are
plotted as open symbols. For all the other samples, Xu et al. (2022)

Table 1
Iron isotopic compositions of the studied basalts and standard materials.
Sample Location 8°°Fe”  2SE°  8%Fe"  2SE°  8%Fepim”  n°
18LYO01 Longyou 0.15 0.01 0.23 0.05 0.15 3
18LY02 Longyou 0.16 0.03 0.26 0.03 0.15 3
18LYO03 Longyou 0.16 0.02 0.23 0.02 0.14 3
18XL01 Xilong 0.20 0.01 0.30 0.04 0.19 3
18XL02 Xilong 0.20 0.01 0.30 0.04 0.18 3
18XL09 Xilong 0.15 0.01 0.22 0.02 0.14 3
18XL10 Xilong 0.15 0.03 0.23 0.01 0.14 2
18XL11 Xilong 0.16 0.03 0.26 0.02 0.15 3
18XC01 Xinchang 0.11 0.01 0.16 0.02 0.09 6
18XC03 Xinchang 0.11 0.02 0.13 0.01 0.09 2
18XCO05 Xinchang 0.12 0.02 0.16 0.05 0.09 3
18XC15 Xinchang 0.12 0.01 0.21 0.04 0.10 3
18XC16 Xinchang 0.09 0.02 0.15 0.01 0.06 3
18TTO1 Tiantai 0.15 0.02 0.21 0.02 0.13 3
18TT02 Tiantai 0.13 0.01 0.20 0.01 0.11 2
18TT03 Tiantai 0.11 0.02 0.17 0.03 0.09 3
18TT12 Tiantai 0.12 0.02 0.17 0.03 0.12 3
18TT13 Tiantai 0.18 0.02 0.22 0.05 0.17 2
18Sz10 Shenzhou 0.15 0.01 0.25 0.01 0.13 3
185712 Shenzhou 0.17 0.02 0.23 0.04 0.16 3
18S713 Shenzhou 0.19 0.02 0.31 0.01 0.17 3
185714 Shenzhou 0.14 0.02 0.22 0.04 0.12 3
185718 Shenzhou 0.12 0.02 0.19 0.03 0.10 3
18S719 Shenzhou 0.11 0.02 0.18 0.02 0.08 3
BHVO-2 0.10 0.01 0.15 0.01 57
BCR-2 0.08 0.01 0.12 0.01 62
GSP-2 0.12 0.01 0.20 0.02 15
AGV-2 0.11 0.02 0.16 0.04 6

2 §°Fe and §°"Fe are permil deviation of the *°Fe/>*Fe and %"Fe/>*Fe ratio
from the IRMM-014 standard.

b Two times standard error calculated as 2SE = 25D/n
standard deviation.

¢ 656Feprim represent olivine fractionation-corrected values.

4 n represents the times of repeat measurements of the same purified solution
by MG-ICP-MS.

172 with SD represents
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demonstrated that the effect of crustal contamination is negligeable.
Crystal fractionation during magma petrogenesis is known to affect
the original Fe isotope composition of the ascending magma, it is
therefore important to assess its potential role in the Fe isotope evolution
of our studied basalts. The samples studied here that not affected by
crust assimilation have > ~8 wt.% MgO and < ~48.5 wt.% SiO2 and no
signs of clinopyroxene fractionation was observed (e.g., the positive
correlation between clinopyroxene fractionation-sensitive elements,
such as Sc and magma evolution indices, such as SiOy, argues against
significant clinopyroxene fractionation; see also in Xu et al., 2022),
indicating these basalts have not fractionated any phases other than
olivine. Overall, fractional crystallization of magmatic olivine prefer-
entially incorporates isotopically light Fe, enriching the evolved melt in
heavy Fe isotopes (Teng et al., 2008). To evaluate the Fe isotope
composition of primary magmas, we correct the effect of olivine removal
on 5°°Fe values following the scheme of Sossi et al. (2016). In the
correction, we use an olivine-melt Fe-Mg exchange partition coefficient
(KEFM8) of 0.32, and iteratively add equilibrium olivine by 0.01 incre-
ment into the melt until the melt (Mg# = 74) is in equilibrium with a
mantle olivine of Fogy. We assume an initial Fe3*/SFe ratio of 0.15 (Xu

et al., 2022) and use an isotope fractionation factor A56Feoh~vmg_melt ~

w after Dauphas et al. (2014), where (F) is the mean force

constant of Fe-O bonds ((F),jyine ~197 N/m, (F)ppa- gy ~199 N/m,
(F)es: mer ~351 N/m and (F), = (1 — Fe** / 5" Fe) x (F)pa: o+
Fe** /> Fex (F)ps: mar)> and T (temperature) in Kelvin is calculated
similarly to that of Sossi et al. (2016). The corrected 5°0Fe values range
from +0.06 to 0.19%o and are only slightly lower than the measured
values (Table 1). The validity of our correction scheme is supported by
the negative correlation between ASFe (= 656Femeasured - 656Feprimary)
and Ni content (Fig. S2), as Ni is an independent marker of olivine
fractionation and thus not affected by our correction.

In the following sections, we will use the corrected 5°°Fe values
(Figs. 1-6) to assess the Fe isotope variations of mantle sources/pro-
cesses. We note however that the correlations described below, and their
associated interpretations would stand if the measured §°°Fe values
were plotted instead.

5.2. Effect of melting conditions of a peridotite mantle

Both source heterogeneity and mantle process such as partial melting
could produce Fe isotope variations in the primary magmas. Source
heterogeneity is well-characterized in the studied samples. For instance,
in the Sr-Nd isotopic space, three isotopically different components can
be identified for these samples, anchoring a distribution of compositions
among a depleted mantle endmember, a carbonated-pyroxenite and a
subduction-modified SCLM (Xu et al., 2022). These heterogeneous
source components may have distinct mineral assemblages and/or Fe
isotope compositions, thus may be responsible for the observed Fe
isotope heterogeneity. However, before this assertion we need to eval-
uate the effect of melting conditions (melting degree, mantle redox state,
source mineralogy and mantle potential temperature) that may have on
the 5°°Fe of our samples.

Overall, the early-stage basalts (LY and XL) have slightly higher and
less variable 5°°Fe values than the late-stage samples (XC, TT and SZ)
(Figs. 1-2). Both the Fe isotopic variation and the heavy Fe isotope
compositions could be the result of partial melting process (Gleeson
et al., 2020; Williams and Bizimis, 2014). To explore whether partial
melting of mantle peridotite and/or variation of the mantle source fO,
can generate the observed heaviest Fe isotope signatures, we quanti-
tively investigate Fe isotope fractionation during adiabatic decompres-
sion (Fig. 4). We used the phase assemblages along adiabatic
decompression paths for mantle potential temperatures (Tp) of 1300 °C
and 1550 °C determined by Elkins et al. (2019) for melting of pure
peridotite with the BSE-type Fe isotope composition (§°°Fe = 0.02 +
0.03%0, Weyer and Ionov, 2007) and used the same approach to
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Fig. 1. Fractionation-corrected 5°°Fe variation as a function of SiO,, 8°°Zn, CaO/Al,05, Zr/Nb, Ti/Eu and Hf/Hf* (Hf anomaly). The best-fit regressions with R?

values are shown, with the 95% confidence intervals for these regressions. The error bars represent 2 S.E., and are calculated as follows: 2 S.E. =2S.D. /n

being the number of analyses.

calculate the mineral mode evolution at Tp = 1400 °C (Fig. S3): the
pressure-temperature-melt fraction paths are determined using Melt-PX
(Lambart et al., 2016) and the corresponding phase assemblages are
determined with pMELTS (Ghiorso et al., 2002). The method is
described in detail in Elkins et al. (2019). Accumulated melt and residue
compositions (i.e., FeO, Fe303, Dy and Yb concentrations and 5%Fe) are
calculated using an incremental (dP = 0.1 kbar) non-modal melting
model (Williams and Bizimis, 2014). To account for the effect of
Fe*t/SFe on the melt 656Fe, we estimate the force constants for the Fe-O
bonds for mineral sites hosting Fe in olivine (ol), orthopyroxene (opx),
clinopyroxene (cpx), spinel (sp) and garnet (gt) using equations in Sossi
and O’Neill (2017) and the force constant estimated for basaltic melts by
the Nuclear Resonant Inelastic X-ray Scattering in Dauphas et al. (2014).
We also test for the effect of oxygen fugacity by varying the mineral
Fe3*/SFe and the partition coefficients for Fe>* and Fe?* to cover a large
range of fO, (equivalent to ~ FMQ (fayalite-magnetite-quartz) —2.85 to
FMQ + 3.01). In parallel with the decompression melting calculations,
we also performed another set of model calculations (Fig. 5) considering

Y2 with n

isobaric melting of a peridotite at both low-pressure (1.5 GPa) spinel
stability field and high-pressure (3-7 GPa) garnet stability field, with the
solidus mineral modes and pressure-dependent melt reactions calculated
according to the experimental parameterization of Brown and Lesher
(2016). The parameters used in the calculations are reported in Table 2
and Tables S1 and S2. Our decompression and isobaric melting models
show that:

(1) the magnitude of Fe isotope fractionation during partial melting
of peridotite (A%®Fe) is relatively small and lower than
0.04-0.05%o, independently of the mantle fO, and Tp (Figs. 4 and
5). This is consistent with previous estimates (Gleeson et al.,
2020; Shi et al., 2022; Soderman et al., 2021; Sossi and O’Neill,
2017).

(2) while increasing the potential temperature from 1300 to 1400 °C
slightly increases the fractionation of 5°°Fe of the low degree
melts because of the appearance of garnet in the residue (Fig. S3),
further increase of the potential temperature (and of the pressure
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3

of melting) results in similar or lower 5°°Fe in low-degree partial
melts (Figs. 4). In fact, although the solidus mode of garnet
slightly increases with Tp, partial melt produced at higher pres-
sure are produced from a higher consumption of olivine which
leads to an enrichment of the partial melts in light Fe isotope. This
is also supported by the isobaric melting model results which
show that both higher melting temperatures and more con-
sumption of olivine and garnet with low 5°°Fe at higher pressures
will lead to partial melts enriched in lighter Fe isotope (Fig. 5).
The observed correlations between 5°°Fe and Dy/Yb (Figs. 6 and
S4) and estimated segregation pressures (Fig. 2d) therefore do not
imply a causal relationship between the abundance of residual
garnet in the peridotite mantle source and the Fe isotope
composition of continental intraplate basalts.

variations of the melting conditions of a peridotite mantle alone
cannot explain the variability of §°°Fe observed in our study
(Figs. 4 and 5). For an intermediate fO;, close to FMQ, the
maximal fractionation is observed for Tp = 1400 °C. At this

In

mantle potential temperature, low degree partial melt of a highly
oxidized mantle source reaches 5°°Fe values up to 0.07%o. In our
study, however, all but one samples have 656Feprima,y > 0.07%0
(Table 1).

summary, partial melting of a peridotite mantle cannot explain the

high 8°¢Fe values of our samples; this latter most likely reflects a lith-
ological heterogeneity.

5.3. Fe-Zn isotopic pair: a tracer for the mantle components

5.3.1.

A 3-component mantle source

He et al. (2019) suggested that the component responsible for the
high 8°Fe observed in Cenozoic basalt from eastern China is a perido-
titic source metasomatized and oxidized by recycled carbonates. In fact,

some
and I

metasomatized peridotite record high 5°¢Fe, up to 0.17%o (Weyer
onov, 2007) and may produce a possible melt end-member with

heavier Fe isotope composition that would explain the variability of our
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samples. This is consistent with many compositional features of our
early-stage basalts (e.g., low silica contents, low Ti/Eu and K/La,
negative Hf anomalies, high 8°6Zn; Figs. 1 and 2) that indicate that a
carbonatite melt (see Xu et al., 2022 for details) rather than a low-degree
melt sourced from normal depleted MORB-like asthenosphere (Guo
et al., 2023a, 2023b; Sun et al., 2020), must be involved in their gen-
eration. However, the iron isotopic signatures reported for suites of
xenoliths from Cameroon and Kergelen, both interpreted as metasom-
atized by carbonated-mafic melts, mostly expand toward low 5°°Fe
values (down to —0.153%o with a mean value of —0.078%o and down to
—0.54%0 with a mean value of —0.03%o, respectively; Poitrasson et al.,
2013). In addition, Johnson et al. (2009) showed that a carbonatite melt
in equilibrium with the silicate mantle is expected to have negative
5°°Fe values (< —0.3%o0). Hence, if a carbonatite melt acts as a meta-
somatic agent here, it would result in decreasing the §°°Fe values of the
peridotite. Therefore, carbonated peridotite is not a good candidate for
the high 5°°Fe. As described in Section 5.2, the oxidation of the source
alone also cannot explain the heaviest iron isotopic compositions
observed in the basalts.

Pyroxenite are known to have heavier iron isotopic signatures
(Williams and Bizimis, 2014). In addition, the basalts with the highest
5°°Fe also have some of the highest 5%07n values (Fig. 1). Xu et al. (2022)
demonstrated that the heavy Zn isotopic signature of the low-silica ba-
salts along with their major and trace element features indicates the
presence of a carbonated component in the mantle source. Hence, the
best candidate for the isotopically heavy endmember appears to be a
carbonated pyroxenite. The compositional variability of the heavy
early-stage basalts is then consistent with melting of both the carbonated
pyroxenite and the surrounding peridotite.

Late-stage basalts also partly record the mantle upwelling. In fact,
progressive melting of a lithologically heterogeneous asthenosphere will
result in the signal from the pyroxenite to be increasingly diluted and
thus in a decrease of the melt 5°°Fe. However, the basalts with the
lightest iron signature also have the most enriched Sr-Nd isotope com-
positions (Fig. 3), which is not consistent with an increasing contribu-
tion of the depleted peridotitic mantle. This interpretation also fails to
explain why the late-stage basalts have significantly higher K/La and Sr/
Ce ratios, two ratios that do not fractionate during melting (Fig. 2). To
explain the co-variations of Sr-Nd isotopic compositions and of the fluid
mobile/immobile element ratios with depth (Figs. 2 and 3), Xu et al.
(2022) suggested a contribution from the subcontinental lithospheric
mantle (SCLM) modified by subducted silicious sediment component.
Considering the low 5°Fe values of our samples are found in magmas
with equilibrium depths (calculated with the barometer of melt silica
activity buffered by coexisting olivine-orthopyroxene with additional
corrections for the effect of COs, see details in Xu et al., 2022) coinciding
with or close to the lithosphere-asthenosphere boundary (LAB) (Fig. 2d),
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Fig. 4. 5°°Fe in the accumulated melt (solid line) and the residue (dashed line)
for adiabatic melting of peridotite melting (a) at Tp = 1300 °C, 1400 °C and
1550 °C and for an intermediate oxidation of the source (~ FMQ), and (b) at Tp
= 1400 °C and for a source Fe>*/Fe'®? of 0.021, 0.091, and 0.134 (equivalent
to FMQ —2.85, FMQ+0.25 and FMQ + 3.01, respectively). The open square is
the bulk composition of peridotite used in the calculation with §°°Fe = 0.02 +
0.03%o (Weyer and Ionov, 2007). Details of the calculations can be found in the
main text; the phase assemblage evolutions are presented in Fig. S3 and the
parameters used in calculations are compiled in Table 2.

this would suggest that the melt generated by the SLCM under the
Zhejiang area must have a lower §°°Fe value than the asthenospheric
mantle. The SCLM in the Zhejiang area is thought to have suffered from
early melt depletion and subsequent subduction-related metasomatic
processes (see references in Xu et al., 2022). Both influx of slab-derived
fluids and prior melt extraction would result in a SCLM depleted in
heavy iron isotopes (e.g., Nebel et al., 2013). This is also consistent with
the light Fe isotope compositions reported in arc magmas that are
interpreted as reflecting the contribution of a melt-depleted, refractory,
low-5°°Fe mantle wedge (Foden et al., 2018). Mixing of melts derived
from the heterogeneous carbonated pyroxenite-bearing asthenosphere
with low degree melt produced by the SCLM, previously modified by
slab-derived fluids during fossil subduction, consequently might eluci-
date the origin of both the high and the low §°°Fe values of continental
intraplate basalts.
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Fig. 3. Variation of fractionation-corrected 5°°Fe as a function of 8Sr/%Sr and eyq for the studied basalts. The stage 1 arrow indicates decompression melting of the
heterogeneous asthenosphere that dilutes the enriched signature of carbonated pyroxenite. The stage 2 arrow indicates mixing of melt from subduction-modified

SCLM with the hybrid asthenospheric melt. See details in the main text.
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GPa). (e) 6°°Fe in instantaneous (inst. melt) and accumulated (accu. melt) melt and residue for peridotite melting at the different pressures. (f) 8°°Fe in instantaneous
and accumulated melt and residue melting of garnet peridotite at 3 GPa with different source Fe>*/Fe'®@ of 0.03, 0.08 and 0.13, respectively. The initial peridotite
8%Fe = 0.02 (Weyer and Ionov, 2007). The solidus mineral mode and pressure-temperature-dependent melting reactions are calculated according to Brown and
Lesher (2016). Parameters used in the calculations are reported in Tables 2, S1 and S2.

Table 2
Parameters used for modeling iron isotope fractionation during partial melting (Fig. 4).
olivine opx cpx spinel garnet melt
D2 melt” 1.06 0.69 0.71 0.95 0.654
D i melt 0.063" 0.63° 0.78° f(T,[Fex03]5p)° 0.18"
Fe®*/Y Fe reduced 0.01¢ 0.03¢ 0.07¢ 0.064° 0.02°
Fe?/Y Fe 0.035" 0.19° 0.32° 0.25° 0.075°
intermediate
Fe®*/S Fe oxidized 0.06° 0.28° 0.41¢ 0.639° 0.13¢
Kre.0 185 + 125(Fet/ 185 + 125(Fe>t/ 185 + 125(Fe>t/ 225 + 125(Fe**/ 145 + 125(Fe>t/ 199 + 152(Fet/
S Fe)” S Fe)® S Fe)® S Fe)® S Fe)® S Fe)
FeOr (wt.%) 9.5" 7" 5P 15¢ 7"

2 Le Roux et al., 2015.

b Sossi and O’Neill, 2017.

¢ Davis and Cottrell, 2021 with ln[DFe3+sp-me1t] = 0.87x10,000/T(K)—4.6 + 0.24*In([FexO3]sp (wt.%)), and Fe3+/ZFe reduced, intermediate and oxidized
corresponding to ratios determined in experiments at FMQ-2.85, FMQ+0.25 and FMQ + 3.01, respectively.

4 McGuire et al., 1991, the intermediate Fe>*/Y Fe is the average between the minimal and the maximal value.

¢ Canil and O’Neill, 1996, the intermediate Fe3+/ZFe is the average between the minimal and the maximal value.

f Dauphas et al. (2014).

8 Williams and Bizimis, 2014
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5.3.2. A two-stage melting process

To test the hypothesis of the contribution of three distinct mantle
components in the genesis of the basalt suite, we model the mixing of
melt produced from peridotite and carbonated pyroxenite along an
adiabatic decompression path for Tp = 1400 °C (i.e., the average Tp
estimated for the Zhejiang basalts, Xu et al., 2022), with a final pressure
of 2.5 GPa, and an intermediate source Fe3t/Fe (Table 2). To calculate
the mineral assemblages of the carbonated pyroxenite along the
decompression path, we apply the approach used for decompression
peridotite melting (Section 5.2), but for a bulk composition corre-
sponding to mixing 7% magnesium carbonatite (80LI34, Hoernle et al.,
2002) with pyroxenite (MIX1G, Hirschmann et al., 2003). There is no
melting parameterization that exists to model the melting of a carbon-
ated pyroxenite, so we run calculations assuming volatile-free lithol-
ogies. Despite this caveat, the addition of CO; to the pyroxenite will
mostly depress its solidus (i.e., the pyroxenite will start to melt at higher
pressure, e.g., Gerbode and Dasgupta, 2010), but is unlikely to strongly
affect the melt productivity of the pyroxenite because of the “low-tail
effect”. In other words, the melt fraction produced along the adiabatic
path between the carbonated solidus and the anhydrous solidus would
stay small. Model calculations show that mixing of carbonated pyroxe-
nite melts and peridotite melts along an adiabatic path can generate
both the heavy iron isotopic signature and the high Dy/Yb ratios (Fig. 6).
To limit the scope of this study, we used fixed values for the §°°Fe of the
peridotite and the pyroxenite component in the asthenosphere. As dis-
cussed above, the peridotite component might have an iron isotopic
composition that diverges from BSE, with potentially a higher value for
5°°Fe than considered in these calculations. Similarly, the (carbonated)
pyroxenite component might have an iron isotopic composition that
differs from the garnet pyroxenite considered in Williams and Bizimis
(2014). From Fig. 6a, we can easily predict that using a heavier iron
isotopic composition for the peridotite component and a lighter
composition for the carbonated pyroxenite component would result in a
narrower range of 5°°Fe values produced by the melting of a heteroge-
neous asthenospheric mantle; so changing the initial isotopic composi-
tions would mostly affect the respective contribution of each component

Carbonated
pyroxenite melt

15 25 35
Dy/Yb

45 55
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in basalts, but would not change the main conclusion that a lithologi-
cally heterogeneous mantle is required to explain the scatter in 5°°Fe
observed in the samples. We also note that using a CO»-free pyroxenite
composition in our calculations would not be able to produce the highest
Dy/Yb ratios as carbonatites are usually significantly more enriched in
REE and present much more fractionated REE pattern (i.e., higher
Dy/Yb ratios) than MORB (e.g., Hoernle et al., 2002), which is consistent
with the low silica contents, and the low Ti/Eu and K/La ratios observed
in the early-stage basalts (Fig. 1). This is also in agreement with previous
conclusions from Xu et al. (2022) who showed that a carbonated recy-
cled component is indeed required to explain the high §°°Zn and
moderately radiogenic Sr-Nd isotope compositions of these samples.

To test for a contribution of the SCLM, we perform isobaric calcu-
lations using pMELTS (Ghiorso et al., 2002) at 2.5 GPa, simulating
in-situ melting of the SCLM between F = 1% and 5%. For the SCLM, we
used the DMM composition from (Workman and Hart, 2005) and we test
for two initial values of §°°Fe: 0.013%c and —0.017%o (Foden et al.,
2018). The compositional variation of the SCLM-derived melt between F
= 1% and 5% is negligible (less than 0.005%0) and our results show that
mixing of hybrid melts produced by the heterogeneous carbonated
pyroxenite-bearing asthenosphere (Stage 1) with low-degree melts from
the SCLM (Stage 2) well account for the overall positive correlation
between 5°°Fe and Dy/Yb ratios (Fig. 6). The relatively low Dy/Yb and
high Lu/Hf ratios and the thermobarometer constraints indicate the low
5°°Fe sample melts from the lower SCLM or the LAB depth. This is also
supported by their high K/La, Ba/Th and Sr/Nd ratios and their enriched
Sr-Nd isotopic compositions, indicating there must be a substantial
contribution from subduction-modified SCLM components to the low
5°°Fe samples.

All additional parameters used in these calculations are presented in
Tables S1 and S2. Additionally, to test the effects of pressure and of the
Fe3*/SFe of the source minerals on our model, we performed another set
of calculations considering isobaric melting at 3, 5 and 7 GPa and taking
into account that spinel peridotite, garnet peridotite and pyroxenite
likely do not have the same mineral chemistry (Table S2). These cal-
culations show that our results are not model dependent: blending of

[ (b) Carbonated pyroxenite

Pyroxenite 5 GPa

Peridotite 7 GPa
0.00 + : : : :
2 3 4 5
Dy/Yb

Fig. 6. Variation of fractionation-corrected 5°°Fe vs. Dy/Yb for the studied continental intraplate basalts compared with (a) the 2-stage adiabat decompression
model and (b) isobaric melting model described in the text. In (a), the pink-to-orange area represents melt compositions produced by decompression melting at
Tp=1400 °C and for a final pressure of 2.5 GPa of a carbonated pyroxenite-bearing asthenosphere (Stage 1). The pink and orange arrows show the composition of
carbonated pyroxenite melt and pure peridotite melt produced during the decompression. The shaded blue area represents mixing of hybrid melts produced in Stage
1 with melts produced by 5% melting of the SCLM at 2.5 GPa (Stage 2). The gray curves are isopleths of mixing fraction with each increment represents 0.2. The blue
arrow linking two blue circles shows the effect of decreasing the SCLM 5°°Fe from 0.013%. to —0.017%. (Foden et al., 2018). All the parameters used to create this
model are compiled in Table 2 and Table S1. In (b), also shown are isobaric melting curves (F = 1 to 5% with each increment of 1%) for peridotite at 3 GPa (green
line), 5 GPa (light blue line with F =1, 5, 10, 15, 20%) and 7 GPa (dark blue line with F =1, 5, 10, 15, 20%), for Mix1G pyroxenite at 3 GPa (orange line) and 5 GPa
(red line) and for carbonated Mix1G pyroxenite at 5 GPa (pink line with F =1, 5, 10, 15, 20%). The purple line represents binary mixing of partial melts (F = 5%) of
garnet peridotite, with partial melts (F = 10%) of carbonated pyroxenite at 5 GPa in the asthenosphere with each increment of 0.2. The gray lines represent mixing of
hybrid melts derived from carbonated pyroxenite-bearing heterogeneous asthenosphere at 5 GPa with partial melts of the lower part of lithospheric mantle at 3 GPa.
The black curves are isopleths of mixing fraction with each increment represents 0.2. For pyroxenite melting, the solidus mineral mode and
pressure-temperature-dependent melting reactions are calculated for MIX1G according to Brown and Lesher (2016). All the parameters used to create this model are
compiled in Table S2.
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carbonated pyroxenite melt with peridotite melt at high pressure can
generate melt with heavy iron isotopic signature and high Dy/Yb ratios
that cannot be generated by peridotite melting, and mixing of these
heavy hybrid melts with shallow melts of mantle peridotite reproduce
the positive correlation between §°°Fe and Dy/Yb ratios (Fig. 6).

5.4. Global implications for the study of continental intraplate basalts

Several studies have suggested that continental intraplate basalts
contain recycled mafic crustal materials in their mantle sources (e.g.,
Dai et al., 2019; Hoernle et al., 2006; Li et al., 2016; McGee et al., 2015;
Sakuyama et al., 2013; Timm et al., 2009; Xu et al., 2017, 2020b; Yang
et al., 2016; Zou et al., 2022). Decompression melting of a heteroge-
neous asthenosphere has also been raised to explain the compositional
variation of the silica-deficient continental alkaline mafic volcanic
rocks. However, whether the source is dominated by carbonated peri-
dotite (e.g., He et al., 2019; Liu et al., 2016; Zeng et al., 2010) or
composed of diverse lithologies (e.g., peridotite + carbonated pyroxe-
nite residing deep in the asthenosphere; Hoernle et al., 2006; Li et al.,
2016; McGee et al., 2015; Sakuyama et al., 2013; Timm et al., 2009; Xu
et al.,, 2020b, 2018) remains contentious. Similarly, both a silica-rich
pyroxenite component (e.g., Li et al., 2016; Xu et al., 2018 and refer-
ences therein) and the depleted lithospheric mantle (e.g., Timm et al.,
2009; Xu et al., 2022) have been proposed as playing a role in the for-
mation of high-silica continental intraplate basalts. Together with con-
ventional major and trace elements and radiogenic isotopes, the
iron-zinc stable isotope pair strikes as being a powerful tool to
discriminate between the potential mantle components, with iron iso-
topes acting as a tracer of lithological heterogeneity, and zinc isotopes
acting as a probe for the presence of carbonated lithology in the mantle
source, and may consequently provide critical insights into the geo-
dynamics for generation of continental intraplate basalts.

6. Conclusions

We present Fe isotope data for well-characterized Cenozoic conti-
nental intraplate basalts from SE China. This suite of basalts has been
separated in two groups: early-stage inland samples with low-silica
contents and enriched Zn-Sr-Nd isotopic signatures, and later-stage
coastal basalts that show a pronounce §°¢Zn decrease with increasing
SiOy and ®7Sr/%0sr and with decreasing alkali contents and eng. Our
results show that the Fe isotope values of these basalts are strongly
correlated with the other compositional features, with the early-stage
basalts exhibiting the highest §°°Fe and the iron isotopic values of the
suite displaying positive correlations with alkali content, §°°Zn, CaO/
Al,03, ratios of more to less incompatible elements (e.g., La/Yb, Dy/Yb
and Nb/Y) and eyng, and negative correlations with SiO, ratios of fluid
mobile/immobile element (K/La and Sr/Ce) and &Sr/%°sr.

Our study shows that iron isotope fractionation is limited during
partial melting of peridotite, consistently with previous studies (e.g.,
William and Bizimis, 2014; Soderman et al., 2021), and demonstrates
that neither the presence of residual garnet nor a high degree of
oxidation of the source has a significant effect on the iron isotopic
signature of the melt. On the contrary, our study supports the contri-
bution of carbonated pyroxenitic lithologies is responsible for the heavy
iron and zinc isotopic signatures and the low silica contents and Ti/Eu
and K/La ratios, and shows that decompression melting of a carbonated
pyroxenite-bearing asthenosphere can produce the high §°°Fe and §°6Zn
values of the early-stage basalts. Subsequential progressively decom-
pression melting and mixing with low-degree melts from the
subduction-modified sub-continental lithospheric mantle can reproduce
the compositional variability of the late-stage suite. We propose that Fe
isotopes can be used as a powerful tool to identifying source lithology of
continental intraplate basalts in future studies.
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