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A B S T R A C T

High–MgO basaltic lavas, including komatiites and picrites, have long been used as probes of both the chemical
and thermal evolution of the mantle through time. The ca. 825Ma Yiyang high–MgO basalts in the central South
China Block (SCB) were considered to be the first evidence for> 1500 °C mantle melts by a Rodinian mantle
plume. However, later studies proposed that they may have been generated within an arc setting and can be
classified as boninites. Here we present a comprehensive Os–Hf–Nd isotopic study of the Yiyang basalts. The
Yiyang basalts have high MgO (>10%), Ni (> 182 ppm), Cr (> 667 ppm) and Os contents (mostly> 0.3 ppb)
with radiogenic Os isotopes ((187Os/188Os)i = 0.134 to 0.282). They have relatively uniform whole–rock Nd and
Hf isotopes with εNd(t) and εHf(t) values ranging from −3.7 to −1.3 and from +2.9 to +4.3, respectively. Our
new data indicate that although crustal assimilation and fractional crystallization (AFC) may have played a role
in the geochemical diversity of the Yiyang basalts, the enrichment in light rare earth elements (LREE) and
large–ion lithophile elements (LILE) relative to high field strength elements (HSFE) most likely are features of
the primary magma. The Yiyang high–MgO basalts, along with contemporary high–MgO basalts in the central
SCB, have lower SiO2 contents, and Al2O3/TiO2 ratios, but higher TiO2, Zr, Nb, and Nd contents and Th/U ratios
than typical boninites. The presence of negative Ba anomalies and depletion in middle REE (MREE) to heavy REE
(HREE) in these high-MgO basaltic rocks are also distinct from what is observed in typical boninites. Therefore,
the primary magma of the Yiyang basalts had similar whole–rock geochemical compositions to that of komatiites
and plume–derived basalts. Their decoupled HfeNd isotopes indicate that recycled oceanic sediments may have
been incorporated into their source. They have primitive mantle–like Al2O3/TiO2 ratios (21−23) and flat HREE
patterns. However, unlike other Al–undepleted or Munro–type komatiites, their mantle source did not undergo
earlier melting events. Our new results support the view that the Yiyang basalts are komatiitic and not boninitic,
and that they were likely derived from a Rodinian mantle plume.

1. Introduction

High–MgO mafic lavas, including komatiite, komatiitic basalt, pi-
crite, and boninite, can be generated in various tectonic settings.
Although their petrogenesis is still open to debate (e.g. Herzberg, 1995;
Arndt et al., 2008; Grove and Parman, 2004; Parman et al., 2004), they
have long been used as probes of both the chemical and thermal

evolution of the mantle through time (Grove and Parman, 2004; Wang
et al., 2007; Sobolev et al., 2016).

The ReeOs isotope system is distinct from other radiogenic isotope
systems in that the parent element (Re) is a moderately incompatible
element that partitions readily from the mantle into magma during
partial melting, whereas the daughter element (Os) is a highly com-
patible element that is retained in the residual mantle (Shirey and
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Walker, 1998). As a consequence, both oceanic and continental crusts
have high Re/Os ratios, and have developed radiogenic Os isotope
compositions over time. Therefore, the ReeOs isotope system is a
particularly sensitive tracer of crustal components involved in basaltic
magma petrogenesis (e.g. Widom, 2011; Suzuki et al., 2011).

The geochemical behavior of LueHf parallels that of SmeNd in the
mantle environment, leading to the correlation of 176Hf/177Hf with
143Nd/144Nd in most mantle (and crustal) rocks (e.g. Patchett et al.,
1984; Blichert-Toft et al., 1999; Vervoort et al., 1999). Nevertheless,
previous studies have shown that sediment–melt interaction during
subduction changes the Sm/Nd ratios < 1%, but increases the Lu/Hf
ratios about 47% relative to unmodified sediments (Stracke et al., 2003
and references therein). Consequently, recycled sediments would de-
velop unradiogenic 143Nd/144Nd and relatively radiogenic 176Hf/177Hf
ratios with time (e.g. Patchett et al., 1984; Vervoort et al., 1999;
Chauvel et al., 2008). Thus, a comprehensive Os–Hf–Nd isotopic study
of high–MgO mafic lavas has the potential to constrain the role of
crustal contamination and enable an estimate to be made of the im-
portance of recycled components in the mantle source and thereby to
constrain the geodynamic environment.

As a part of the supercontinent Rodinia, the South China Block
(SCB) contains extensive ca. 850–760Ma magmatic rocks (e.g. Li et al.,
2003a; Li et al., 2003b; Li et al., 2010a; Li et al., 2010b; Wang et al.,
2009; Zhou et al., 2002; Zhao and Cawood, 2012). However, the pet-
rogenesis and tectonic setting of these rocks still remain controversial.
Both a mantle plume (Li et al., 2003a; Li et al., 2010a; Wang et al.,
2007; Wang et al., 2008; Wang et al., 2009) and a subduction model
(Zhou et al., 2002; Zhou et al., 2006) have been proposed to explain
their genesis. Such competing interpretations have led to different ex-
planations about the position of the SCB within Rodinia: either at the
margin of Rodinia (Zhou et al., 2002; Cawood et al., 2013) or as a
“missing link” between western Laurentia and Australia–East Antarctica
(Li et al., 1995; Li et al., 2008 and references therein). Previous studies
have documented several ca. 830Ma high–MgO basaltic pillow lavas in
the central SCB, including the ca. 825Ma Yiyang komatiitic basalts and
the ca. 840–830Ma Sibao, Lushan, Zhangyuan and Shexian high–MgO
basalts (Fig.1; Wang et al., 2007; Zhao and Zhou, 2013; Zhao and
Asimow, 2014). These high–MgO basalts are very important for in-
vestigating the chemical and thermal evolution of the mantle beneath

the Neoproterozoic SCB. However, their petrogenesis is also open to
debate, as they have been considered to be either plume–derived ko-
matiitic basalts (e.g. Wang et al., 2007; Wang et al., 2009) or arc–-
generated boninites (e.g. Zhao and Zhou, 2013; Zhao and Asimow,
2014).

Here we present new Os–Hf–Nd isotopic data for the Yiyang
high–MgO basalts. Using existing geochemical data, we aim to in-
vestigate the effects of later geological processes (e.g. hydrothermal
alteration, fractional crystallization and continental crustal con-
tamination) on their whole–rock compositions, discuss how they differ
from typical boninites, and constrain their petrogenesis and source.

2. Geological background and sample selection

The South China Block (SCB) was formed by amalgamation of the
Yangtze and Cathaysia blocks during the ca. 1.1–0.9 Ga Sibao orogeny
(e.g. Li et al., 1995; Li et al., 2007a; Li et al., 2009), although some
researchers believe that this orogeny lasted until ca. 820Ma or even
later (e.g. Zhao and Cawood, 1999; Zhou et al., 2002; Zhao et al.,
2011). This orogenic event is marked by an angular unconformity be-
tween the Lengjiaxi Group (or Sibao Group and its equivalents) and the
overlying Banxi Group (or Danzhou Group and its equivalents) in the
central South China Block (Wang and Li, 2003). The Lengjiaxi Group
(~860–835Ma) is composed of siltstone, graywacke, tuffaceous sand-
stone, with interbedded pyroclastics and lavas of flysch affinity (Wang
et al., 2003; Zhang et al., 2015), whereas the Banxi Group
(~810–720Ma) comprises sandy conglomerate, arkose, carbonaceous
slate and dolomite deposited in a littoral–neritic environment (Wang
et al., 2003; Zhang et al., 2015), and is associated with bimodal vol-
canic rocks. The Banxi Group represents a typical mid–Neoproterozoic
continental rift succession, developed within the Nanhua rift (NE–SW
trending) between the Yangtze and Cathaysia blocks.

Large–scale magmatic events within and adjacent to these rift sys-
tems have been dated at ca. 830–740Ma (Zhou et al., 2002, Zhou et al.,
2006; Li et al., 2003a; Li et al., 2003b; Li et al., 2008; Wang et al.,
2009), with two major phases of activity at ca. 825–800 and ca.
790–740Ma (Li et al., 2003a; Wang et al., 2009). Amongst the first
phase of magmatic rocks, the Yiyang high–MgO basalts from central
South China have been interpreted as products of high–temperature

Fig. 1. Simplified map of South China
showing the location of major tectonic units
and the distribution of the ca. 830Ma ba-
saltic rock (modified after Wang and Li,
2003; Li et al., 2010b). ZJ–Zhejiang Pro-
vince; AH–Anhui Province; JX–Jiangxi
Province; HN–Hunan Province;
GX–Guangxi Province; FJ–Fujiang Province;
GD–Guangdong Province; CQ–Chongqing
city; SC–Sichuan Province. Data sources:
the ca. 830Ma high–MgO basalts are from
Zhao and Zhou (2013) and Zhao and
Asimow (2014).
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(> 1500 °C) melts related to a mantle plume (Wang et al., 2007) or else
as arc–generated boninites (Zhao and Zhou, 2013; Zhao and Asimow,
2014). In recent years, more 850–860Ma igneous rocks like alkaline
complex (Li et al., 2010a), bimodal volcanic rocks (Li et al., 2010a; Lyu
et al., 2017), granites (Wu et al., 2018) and etc. have been widely re-
ported, indicating a major magmatic event at this time.

The Yiyang high–MgO basalts are well exposed around Yiyang city,
with a total outcrop area of 17 km2 (Fig. 2a). They are locally in fault
contact with the Lengjiaxi Group, whereas their relationship with the
Banxi Group is unclear (e.g. Guo et al., 2003; Che et al., 2005; Wang
et al., 2007). SHRIMP UePb zircon dating of a highly evolved andesitic
sample from the Yiyang high–MgO basalt suite gave an age of
823 ± 6Ma, which is interpreted as the eruption age of these lavas
(Wang et al., 2007). This indicates that the basalts were slightly earlier
or coeval with initial intracontinental rifting in the Nanhua basin at ca.
820Ma (Wang et al., 2003; Wang and Li, 2003).

Thirteen basaltic samples were collected from the Yiyang region for
this study (Fig. 1). They all come from the same flow and preserve
pillow structures with dimensions ranging from 0.5 to 1.5m (Fig. 2b).
Interstices between pillows are filled by tuffaceous matrix. Primary
mineral textures are still preserved, although most olivine and pyroxene
has been altered to tremolite, sericite, talc, and epidote (Fig. 2c, d and
e). Our previous study (Wang et al., 2007) shows that all but a few
highly evolved, crustally contaminated basaltic rocks are character-
istically high in MgO (10.2–17.5%), Ni (183–661 ppm) and Cr
(677–1672 ppm), but low in TiO2 (0.5–0.7%), Al2O3 (10.6–12.7%) and
FeOT (total Fe as FeOT, 7.4–10.5%). Geochemical modeling, which re-
moves the effect of olivine crystallization, suggests that their primary
magma was a typical komatiitic basalt with MgO=20%, FeOT=11%,
SiO2= 47%, TiO2=0.48%, Al2O3= 10%, Ni= 860 ppm and
Cr= 1780 ppm (Wang et al., 2007). Although they underwent variable
degrees of alteration, their high field strength elements (HFSE), rare
earth elements (REE), Th, U, Sc, SiO2, MgO, Al2O3, and FeOT were

essentially immobile during this process. This is confirmed by their
relatively low LOI (loss on ignition) values (mostly< 3%).

3. Analytical methods

The sample preparation is the same as that given by Wang et al.
(2007). The major and trace element data were previously reported in
Wang et al. (2007). In this study, we analyzed Nd and Hf isotopes of
thirteen whole–rock samples, and ReeOs isotopes of eight of these
(05SC72–2, −3, −4, −6, and− 8, 05SC74–2, −4 and− 5).

Neodymium and Hf fractions were separated at the super–clean
laboratory of the State Key Laboratory of Isotope Geochemistry,
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences
(SKLaBIG, GIGCAS). Nd isotopic ratios were determined using a
Micromass Isoprobe multi–collector ICPMS at GIGCAS, using proce-
dures described by Li et al. (2004). Around 150mg rock powder were
dissolved in a high-pressure Teflon bomb for 24 h using a HF+HNO 3
mixture to ensure complete sample digestion. Samples were spiked to
allow concentration determinations by isotope dilution. Sm and Nd
fractions were separated by passing through cation columns followed
by HDEHP columns. Samples were taken up in 2% HNO3, and the
aqueous solutions were introduced into the MC–ICPMS using a Mein-
hard glass nebulizer in free-aspiration mode with an uptake rate of
0.1 mL/min. The inlet system was cleaned for 5min between analyses
using high purity 5% HNO3, followed by a blank solution of 2% HNO3.
Measured 143Nd/144Nd ratios were normalized to
146Nd/144Nd= 0.7219, and the reported 143Nd/144Nd ratios were fur-
ther adjusted relative to the Shin Etsu JNdi-1 standard of 0.512115,
corresponding to a value of 0.511860 for the La Jolla standard (Tanaka
et al., 2000).

Hf isotope was separated from separate powder aliquot. Around
100mg of rock powder were mixed with 200mg of Li2B4O7 and the
mixture was digested for 15min at 1200 °C in a PteAu crucible. It was

Fig. 2. (a) and (b) Simplified map showing the Yiyang basalts and sample location (after Wang et al., 2007). (c), (d) and (e) Photomicrographs show the skeletal
olivine pseudomorphs with acicular olivine/clinopyroxene in the matrix of the Yiyang basalts. Ol–Olivine; Py–pyroxene. (b) and (c) are from Wang et al. (2007).
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then dissolved in 2M HCl. The samples were spiked for Lu and Hf
isotope dilution analyses prior to digestion. The Hf fraction was sepa-
rated using a modified single-column procedure by ion exchange using
Eichrom® Ln-Spec resin (Li et al., 2007b). Hf isotopes were analyzed
using a ThermoFinnigan Neptune MC-ICP-MS at the State Key Labora-
tory of Lithospheric Evolution, Institute of Geology and Geophysics,
Chinese Academy of Sciences (IGGCAS) in Beijing. The 176Hf/177Hf
ratios were normalized to 179Hf/177Hf= 0.7325, and then further ad-
justed relative to the JMC-475 standard (176Hf/177Hf= 0.282160).
During the course of this study, international standard rocks BHVO-2
and JB-1 yielded 176Hf/177Hf= 0.283099 ± 6 (2 σ, n= 7) and
0.282974 ± 7 (2 σ, n= 7), respectively, which are in good agreement
with the results reported by Kleinhanns et al. (2002).

The chemical separation techniques employed in this study for
ReeOs analyses were described by Li et al. (2015a) and the analyses
were undertaken at GISCAS. In brief, Os and Re concentrations and Os
isotopic measurements were made on 2–3 g bulk powdered samples.
Samples were spiked with solutions enriched in 190Os and 185Re and
digested in inverse aqua regia in sealed Carius tubes at 230 °C for at
least 24 h (Shirey and Walker, 1995). Osmium was extracted by carbon
tetrachloride and subsequently extracted back into high–purity con-
centrated HBr (Cohen and Waters, 1996; Pearson and Woodland,
2000). Further purification of Os was accomplished via micro–distilla-
tion in a conical Teflon vial (Roy-Barman et al., 1996). The purified Os
was then ready for mass spectrometry. Rhenium was separated using
Bio–Rad AG 1–X8 anion exchange resin (100–200 mesh).

Osmium isotopic compositions were measured using a GV
IsoProbe–T negative thermal ionization mass spectrometer (TIMS) at
the IGGCAS. Four duplicate analyses were also carried out using a
Thermo–Finnigan Triton TIMS at the State Key Laboratory of Geological
Processes and Mineral Resources, China University of Geosciences in
Wuhan. The mass spectrometric procedures used in this study followed
those described by Creaser et al. (1991) and Volkening et al. (1991).
The Os was loaded on high purity Pt filaments (99.999%,
1mm×0.025mm, H. Cross Co. Ltd.). The sample was covered with
1 μL 10,000 ppm Ba(NO3)2 solution (CLARITAS, SPEX Inc.). Osmium
isotopic compositions were measured in pulse counting electron mul-
tiplier mode. Instrumental mass fractionation of Os was corrected by
normalizing the obtained 192Os/188Os ratio to 3.08271 (Nier, 1973).
Oxide corrections were made using 17O/16O=0.00037 and
18O/16O=0.002047. Rhenium was determined using a Finnigan Nep-
tune MC-ICPMS (VG Instruments, England) at IGGCAS. For Re mea-
surements, an Aridus desolvation high-efficiency nebulizer was used for
sample delivery, using Ir-doped sample solutions for controlling mass
fractionation of Re through monitoring the 190Ir/191Ir ratio on line (Re
and Ir ion beams were detected simultaneously in a Faraday cup). The
analytical procedure is described in detail in Li et al. (2007c). During
the course of this study, USGS basalt BIR-1a yielded
187Os/188Os=0.13380 ± 0.00096 (2σ, n= 4), Os= 0.352 ±
0.41 ppb (2σ, n= 4), and Re=0.683 ± 0. 10 ppb (2σ, n= 4), which
are in good agreement with the results reported by Li et al. (2015b) and
Zhang et al. (2017), as well as those of other labs (e.g. Ackerman et al.,
2017).

The total blank levels for Re and Os were 5 ± 3 and
0.42 ± 0.42 pg (2σ, n= 3), respectively, which are negligible com-
pared to their concentrations in most samples. All data were corrected
for blanks.

4. Results

4.1. Nd and Hf isotopes

The Yiyang samples display fairly constant 143Nd/144Nd ratios
ranging from 0.51221 to 0.51231, except for one highly evolved sample
(05YY–2) with much lower 143Nd/144Nd=0.51190 (Table S1). The
calculated initial εNd(t=825Ma) values vary from −1.3 to −4.5.

Except for one high silica sample (05YY–2) that has lower εHf(t) values
of −1.1, all other samples have initial εHf(t) values of +3.0 to +4.3,
corresponding to remarkably uniform 176Hf/177Hf ratios between
0.28258 and 0.28267.

4.2. ReeOs isotopes

Whole–rock Re and Os concentrations range from 0.128 to 0.384
and from 0.162 to 0.485 ppb (mostly> 0.3 ppb), respectively (Table
S2). Os concentrations correlate with major (e.g. Al2O3, MgO and TiO2)
and trace elements (e.g. Ni, Th, and Nb) (Fig. 3). Assuming a primary
melt composition of 20 wt% MgO, 10% Al2O3, and 860 ppm Ni (Wang
et al., 2007), the correlations of MgO, Al2O3 and Ni versus Os (Fig. 3a,
b, d) would predict 0.6 ppb Os in the primary melt. The Os con-
centrations of the Yiyang basalts are much higher than those of mid-
ocean ridge basalts (MORBs) and arc volcanic rocks, but similar to those
of ocean island basalts (OIBs) and published values for komatiites
(Fig. 4a).

The 187Os/188Os ratios range from 0.153 to 0.442 (mostly between
0.271 and 0.215) and the calculated initial 187Os/188Os isotopic ratios
(t=825Ma) range from 0.134 to 0.282, corresponding to γOs(t) values
from +11 to +132 (the parameters of Os evolution curve used to
calculate gamma Os values are shown in Table S2.). Sample 05SC72–2
has the highest Os concentration and the lowest (187Os/188Os)i
(Fig. 4b). In contrast, sample 05SC72–4 has the highest (187Os/188Os)i
and the lowest Os content (Os=0.16 ppb) with relatively high SiO2

(~51%) and Al2O3 (~14%) contents, but low MgO (~10%) content.
The (187Os/188Os)i ratios of the Yiyang samples are negatively corre-
lated with Os, and Mg#, but positively correlated with Al2O3, and TiO2

(Fig. 5a, b, c and d). All the basaltic samples have Al2O3/TiO2 ratios of
21–23 with flat HREE patterns (Wang et al., 2007 and Table S1), similar
to those of Al–undepleted or Munro–type komatiites (Arndt, 2003;
Robin-Popieul et al., 2012).

5. Discussion

5.1. Alteration, fractional crystallization and continental crustal
contamination

The primary melt compositions may be influenced by post–melting
processes, such as assimilation fractional crystallization (AFC) and al-
teration. Therefore, before discussing the melt generation process, we
need to evaluate the contribution of these processes on the whole–rock
geochemical compositions. According to our earlier study (Wang et al.,
2007), the high field strength elements (HFSE, such as Nb and TiO2),
REE, Th, U, Sc, SiO2, MgO, Al2O3 and FeOT are essentially immobile
during alteration, as shown by the good correlations between them and
Zr. In this study, there is no correlation between LOI and Re/Os or
187Os/188Os ratios (Fig. 5e, f) suggesting that the ReeOs isotope system
was not disturbed during later hydrothermal alteration (See Van Acken
et al., 2016). Furthermore, the Os contents tightly correlate with MgO
and Ni (Fig. 3a, d), possibly reflecting the contribution of olivine
fractionation. However, as indicated by Gannoun et al. (2016), there is
little evidence to suggest that the Os is strongly partitioned into olivine.
Studies on natural basaltic olivines from different basaltic rocks (e.g.
picritic lavas from Bandama, Grand Canary, less MgO rich basalts from
Mt. Maletto and Mt. Silvestri on Mt. Etna, Italy and basanites from the
Cameroon volcanic line) indicate that Os is highly incompatible in
olivine (Burton et al., 2002; Gannoun et al., 2015). On the other hand,
sulfide strongly incorporates Os, with sulfide/silicate melt partition
coefficients of 105–106 (Brenan et al., 2016). Therefore, the tight cor-
relations between Os and MgO and Ni contents can be explained by
fractionation of olivine with sulfides or platinum–group element
(PGE)–rich alloy phases that occur as inclusions in the olivine (e.g.
Burton et al., 2002; Day, 2013). Previous studies have demonstrated
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Fig. 3. Os (ppb) vs. selected major and trace elements for the Yiyang high–MgO basalt. The data of Zhao and Zhou (2013) were not used to establish the correlation
coefficients, because of their high LOI. The correlations shown in (a), (b) and (d) were used to calculate the Os concentration of the primary magma.

Fig. 4. (a) Plot of Re and (b) (187Os/188Os)i vs. Os. Data for arc volcanic rocks and MORB are from Alves et al. (2002), Turner et al. (2009), Woodhead and Brauns
(2004), Escrig et al. (2005), Gannoun et al. (2015), and Lissner et al. (2014). Data for boninites are from Suzuki et al. (2011) and Senda et al. (2016). The OIB field is
from Shirey and Walker (1998). Data for komatiites are from Brandon et al. (2003), Puchtel et al. (2004, 2005, 2009, 2014), Connolly et al. (2011) and Van Acken
et al., 2016. PUM in (b) indicates putative present–day primitive upper mantle with 187Os/188Os= 0.1296 ± 0.0008 (Meisel et al., 2001). The light green area
represents the range of depleted mid-oceanic-ridge basalt (MORB) source mantle (DMM) estimated from abyssal peridotite (Liu et al., 2008 and Harvey et al., 2006).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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that Cu is incompatible in olivine (Dol/melt = 0.05), orthopyroxene
(0.035), clinopyroxene (0.04), amphibole (0.05), garnet (0.004), and
spinel (0.2), but is strongly partitioned into sulfide minerals (Dsf/

melt = 600–1200) (Lee et al., 2012). Therefore, the decreasing Cu with
increased SiO2 and decreased Mg# values suggested these basalts are
sulfide saturated (figures not shown). As shown in Fig. 6a, 4–21%
fractionation of olivine +0.001% sulfide can explain the OseNi var-
iation of the Yiyang basalts. However, several lines of evidence argue
that fractional crystallization alone cannot explain the observations.

Firstly, if produced solely by olivine fractional crystallization, the
MgO variations (from 18% in 05SC72–2 to 10% in 05SC72–4) would
require about 25% fractional crystallization of olivine with Fo=90
(Fo=100 ∗Mg/(Fe+Mg), molar ratios in olivine), whereas the SiO2

(47–54%) and Al2O3 (11–15%) variations predict a very high propor-
tion of olivine fractional crystallization (up to 60% for SiO2) (Fig. 6b, c,
d). Secondly, their Os concentrations are strongly correlated with not
only compatible elements (e.g. MgO and Ni; Fig. 3a, d) but also with
highly incompatible elements (e.g. Nb, Th and La; Fig. 3e, f and Fig. 6e),
as well as incompatible element ratios such as Nb/U (Fig. 6f). Because
such incompatible element ratios are insensitive to fractional

crystallization of olivine, their concentrations can only be strongly af-
fected by contamination by continental crust or mixing of distinctive
melts. Thirdly, the large FeOT variations (5–11%) are also inconsistent
with fractional crystallization of olivine, because the partition coeffi-
cient of Fe between olivine and melt is close to unity (Putirka, 2005).
Although significant crystallization of plagioclase plus olivine could
result in large FeOT variations, such a process would produce a negative
correlation between MgO and FeOT (Herzberg et al., 2007), whereas the
opposite trend was observed (figure not shown). Therefore, the co–v-
ariations mentioned above are mainly attributed to contamination or
mixing processes rather than simple fractional crystallization.

Some continental crustal contamination is inevitable when basaltic
lavas pass through the Earth's crust. Because of its very high liquidus
temperature, low viscosity and low incompatible element contents,
komatiitic melt is especially susceptible to contamination by con-
tinental crustal rocks (e.g. Arndt and Jenner, 1986; Huppert et al.,
1985; Puchtel et al., 1997). In the case of the Yiyang basalts, our earlier
studies have shown that crustal contamination played an important role
during magma evolution, because negative correlations between FeOT/
MgO, SiO2/MgO and Nb/La with Nb/U ratios were observed (Wang

Fig. 5. (a), (b), (c) and (d) Correlations between (187Os/188Os)i and major and trace elements. The two end–members (see text for details) in (b) were chosen for
modeling. (e) and (f) Re/Os and 187Os/188Os vs. LOI diagrams.
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et al., 2007). In this present study, the broad negative correlations
between (187Os/188Os)i ratios, εNd(t), εHf(t) and Os, Nb/La, and Th/Nb
also suggest that crustal contamination occurred (Fig. 7). The least
radiogenic sample (05SC72–2) has an initial 187Os/188Os values of
0.134. However, it may also have undergone crustal contamination and
its Os isotopic ratio only provides the upper limit of its source. Here, we
estimated the (187Os/188Os)i ratios of the primary magma by using the
regression approach. From the correlation shown in Fig. 5d, 0.48% TiO2

(Wang et al., 2007) in the primary magma would predict a depleted
MORB mantle (DMM)-like (187Os/188Os)i ratio of 0.122. In the fol-
lowing part, we will evaluate the effect of crustal contamination on
both Os isotopes and trace elements of the Yiyang basalts.

The Yiyang basalts are characterized by relatively high Os con-
centrations (up to 0.485 ppb), suggesting this is not the result of upper
crustal contamination, because possible highly radiogenic upper crustal
materials have very low Os contents (0.036 ± 0.008 ppb; 87Os/188Os
(t=825Ma)= 0.916; Chen et al., 2016). To develop such radiogenic

Os isotopes, simple mixing of 20–80% of a hypothetical 825Ma crustal
component (Chen et al., 2016) into a primary Yiyang basalt melt
(Os= 0.6 ppb; (187Os/188Os)i = 0.122) would be required to reproduce
the (187Os/188Os)i variation (Fig. 5b). However, such high and variable
degrees of crustal contamination are inconsistent with the high MgO
and FeO contents of the Yiyang samples. The nearly constant HfeNd
isotopes of the least–evolved samples also preclude the possibility of
high and variable degrees of UCC contamination (Table S1). Further-
more, assuming that olivine +0.001% sulfide are the only fractionating
phases, upper crustal assimilation and fractional crystallization (AFC)
simulation suggests that when Os > 0.1 ppb, the (187Os/188Os)i ratios
change very little, failing to simulate the geochemical variations seen in
the Yiyang basalts (Fig. 8a). Therefore, upper crustal materials seem to
have played an insignificant role in the ReeOs isotope diversity of the
Yiyang basalts. This being the case, it is necessary to test whether lower
crustal material may have contributed to the mafic magmas.

The Re and Os contents of lower continental crust (LCC) are quite

Fig. 6. (a) fractionation of 4–21% olivine+ 0.001% sulfide can explain the OseNi variation in the Yiyang basalts. The primary melt was assumed to have
Ni= 860 ppm and Os= 0.6 ppb. The DNi and DOs between olivine and melt is 7.4 and 0.51, respectively (Burton et al., 2002). The DNi and DOs between sulfide and
melt is 600 and 5 ∗ 105, respectively (Burton et al., 2002; Brenan et al., 2016). Fractionation of olivine in (b) 4–21%, (c) 20–60%, and (d) 10–32% can model the
MgO, SiO2 and Al2O3 contents of the Yiyang basalts. The DMgO, DSiO2 and DAl2O3 between olivine and melt are from Beattie (1994). (e) La and (f) Nb/U show good
correlations with Os. Primary melt: MgO=20%, SiO2= 47%, Al2O3=10%, Ni=860 ppm (Wang et al., 2007) and Os=0.6.
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heterogeneous. According to the limited lower crustal xenolith data
that are available, the LCC has Re and Os contents ranging from 0.0345
to 1.21 ppb and from 0.0032 to 1.043 ppb, respectively (Saal et al.,
1998). Here, we use a Re concentration of 0.5 ppb as the value of the
lower crust beneath the SCB. Previous studies have demonstrated that
the Archean TTG gneisses of the Kongling Complex, which are con-
sidered as the basement rock in our study area, were mainly emplaced
at 3.0–2.9 Ga and metamorphosed at 2.73 Ga and 2.0 Ga (Zhao and
Cawood, 2012 and references therein). We use 2.9 Ga as the likely mean
age for the lower crust and use Os concentrations of 0.01, 0.03, 0.05
and 0.1 ppb, respectively, to calculate the 187Os/188Os ratios at 825Ma.
We then conducted AFC modeling by assuming that olivine +0.001%
sulfide are the only fractionating phases. As shown in Fig.8b, a LCC AFC
model can account for the Ni concentrations and Os isotope variations
of the Yiyang basalts.

However, the Yiyang basalts have low Nb/La (0.4–0.5; upper crust:
Nb/La=0.4; lower crust= 0.6; Rudnick and Gao, 2003) and Nb/Th
(1.4–1.5; upper crust: Nb/Th= 1.1; lower crust= 4.2; Rudnick and
Gao, 2003) ratios. If such elemental ratios were caused by the upper
crustal contamination, it would require> 70% crustal materials to
have contaminated the magma (Fig. 8c). Such high degrees of crustal
contamination are inconsistent with the high MgO and low SiO2 sig-
natures of the Yiyang samples (Table S1). Low crustal contamination
also failed to explain the geochemical variation of the Yiyang basalts
(Fig. 8c). Therefore, it seems that crustal contamination cannot account
for the enrichment in LREE and large-ion lithophile elements (LILE)
relative to HFSE in the Yigang basalts, indicating they were most likely
inherited from the primary source.

5.2. Are they boninites?

As mentioned earlier, along with the Yiyang basalts, there are also
several other contemporary (ca. 830Ma) high–MgO pillow lavas, such
as the Sibao, Lushan, Shexian and Zhangyuan high–MgO basalts within

the early Neoproterozoic strata in the central SCB (Fig.1). Zhao and
Asimow (2014) proposed they were generated within a subduction
setting. Previously, the Yiyang basalts from the central SCB were con-
sidered to be typical plume related high–MgO lavas (e.g. Xiao, 1988;
Wang et al., 2007; Che et al., 2005). In our earlier study (Wang et al.,
2007), it was demonstrated that the Yiyang lavas have relatively low
SiO2, negatively sloping REE patterns, high Th/U, Ti/V and Ti/Sc ra-
tios, and high Ni contents, which are distinct from typical sub-
duction–related high–MgO mafic rocks, i.e. boninites. However, in
subsequent studies, Zhao and Zhou (2013) and Zhao and Asimow
(2014) proposed that the ca. 830Ma high–MgO volcanic rocks in the
central SCB were typical boninite–series rocks.

Boninites are volcanic rocks derived from shallow partial melting of
highly–depleted hydrous mantle, fluxed with water from subducted
slabs. They are mafic lavas with high SiO2 (> 52wt%) and MgO
(>8wt%), but with TiO2 as low as< 0.5 wt% (Le Bas, 2000). Com-
pared with typical boninites, the data for the published ca. 830Ma
high–MgO volcanic rocks in the central SCB have lower SiO2 contents
(average SiO2= 51.3 wt%; N=77), and lower Al2O3/TiO2 (average
Al2O3/TiO2=21; N=77; boninites: average Al2O3/TiO2= 57;
N=573) ratios. However, they have higher TiO2 (average
TiO2=0.74; N=77; boninites: average TiO2= 0.3; N=575), Zr
(43.6–198 ppm; boninites: average Zr= 27 ppm; N=456), Nb
(2.5–8.4 ppm; boninites: average Nb=1.8 ppm; N=321), and Nd (up
to 25.6 ppm; boninites: average Nd=2.9 ppm; N=316) contents and
Th/U ratios (3–7; boninites: average Th/U=2.5 ppm; N=179)
(Fig. 9) than boninites, and therefore, almost all of them plot outside of
the field of typical boninites (Fig. 9a, c; Le Bas, 2000). As shown in
Fig. 9a, these rocks have geochemical compositions that are mostly
distinct from those of typical boninites from Tonga and Troodos
(Golowin et al., 2017). Additionally, boninites normally have negative
NbeTa and Ti anomalies (unusually low concentrations) and positive
Rb, Ba, and Sr anomalies in mantle–normalized trace element dis-
tribution patterns (Crawford et al., 1989; Arndt, 2003). Their REE

Fig. 7. Plots of (a) (187Os/188Os)i vs. Os; (b) εHf(t) vs. La/Nb; (c) εNd(t) vs. Nb/U; (d) (187Os/188Os)i vs. Nb/La. All figures show crustal contamination may have
occurred.
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patterns commonly have a characteristic U shape, due to low con-
centrations of the middle REE (MREE) compared to the light REE
(LREE) and heavy REE (HREE) (Arndt, 2003). However, most of the ca.
830Ma high–MgO basalts in the central SCB have negative Ba and Sr
anomalies with depleted HREE patterns, which are distinct from those
of typical boninites from Cape Vogel, Papua New Guinea and the

Izu–Bonin–Mariana arc (Fig.10). Additionally, the relatively high
melting pressure of the Yiyang basalts (up to 3.0 GPa; Wang et al.,
2007) further argues against the boninite model, because boninites
form at relatively shallow depths (ca. 30–50 km, Crawford et al., 1989).

Furthermore, boninites are commonly considered to be the result of
melting of highly–depleted (through previous melt extraction) perido-
titic mantle, triggered by addition of a hydrous slab–derived fluid or
melt enriched in incompatible elements (Crawford et al., 1989; Sobolev
and Danyushevsky, 1994).The peridotitic source of boninites will be
highly susceptible to modification by melts and fluids passing through
them. Many studies of mantle wedge peridotites have reported that
most have highly radiogenic Os isotopes (Brandon et al., 1996; Widom
et al., 2003). As a consequence, like other arc basalts (e.g. Alves et al.,
1999; Borg et al., 2000; Woodhead and Brauns, 2004; Righter et al.,
2008), boninites may also have radiogenic Os isotopic compositions
with low Os concentrations (e.g. Suzuki et al., 2011; Senda et al., 2016).
From this study, the primary melt of the Yiyang basalts most likely had
high Os concentration (0.6 ppb), coupled with DMM–like Os isotopes
((187Os/188Os)i = 0.122), such features being similar to those of ko-
matiites, and thus were unlikely to have been generated by water–-
fluxed melting of an ultra–depleted peridotite source, as required for
boninites (Fig. 4b).

One of the key pieces of evidence cited to support an arc origin for
these ca. 830Ma high–MgO basalts was their enrichment of LREE and
LILE relative to HFSE in the primitive mantle normalized trace element
diagrams, i.e. the so–called “arc signatures” (Zhao and Zhou, 2013;
Zhao and Asimow, 2014). However, Wang et al. (2016) demonstrated
that such “arc signatures” are also present in many large intraplate
igneous provinces, such as Karoo, Siberia, CAMP (Central Atlantic
magmatic province), Columbia River, Emeishan, and Deccan (e.g.
Luttinen et al., 1998; Xiao et al., 2004; Shirey et al., 1994; Wang et al.,
2016; Ivanov et al., 2018). They further pointed out that TieV and
Zr–Zr/Y discrimination diagrams can effectively distinguish arc–like
intra–continental basalts from true arc basalts. Here, only samples with
SiO2≤ 56% (volatile–free) of the ca. 830Ma high–MgO basalts in the
central SCB were used (Fig. 11). Samples from Yiyang, Zhuangyuan,
Shexian and Sibao mostly plot near the boundary between arc tholeiite
and MORB (Fig. 11a), whereas those from Lushan plot in or near the
MORB fields (Fig. 11a). Nearly all samples plot outside of the IAB field
(Fig. 11b). Considering their close spatial and temporal relationships,
we suggest that they were most probably generated within an intraplate
setting rather than a subduction environment. There are also many
geological observations that support this conclusion: 1) The ca. 830Ma
high–MgO magmatism was slightly earlier to almost coeval with initial
intracontinental rifting in the Nanhua Basin at ca. 820Ma (Wang et al.,
2003; Wang and Li, 2003) and the basalts were all distributed within
this basin (Fig. 1); 2) Detrital zircon studies indicate that sediments
across the mid–Neoproterozoic unconformity share similar sedimentary
provenances and were deposited within a similar tectonic setting. Both
the Sibao and Danzhou groups were most likely deposited in a con-
tinental rift basin, strongly arguing against an orogenic origin for the
regional mid–Neoproterozoic unconformity between them (Yang et al.,
2015); 3) The widespread ca. 825–760Ma basaltic rocks in the SCB
have continental intraplate geochemical signatures (Wang et al., 2009
and references therein); 4) The recognized ca. 870–700Ma low–δ18O
magmatism in the SCB (Wang et al., 2011; Yang et al., 2015) indicates
intensive high-temperature water-rock interaction, consistent with
generation in a rift setting during this period; 5) New geophysical data
clearly show that the Yangtze Block has a typical rifted middle–lower
continental crustal structure (Dong et al., 2013, 2015). Based on all the
evidence above, we propose that the ca. 830Ma high–MgO basalts in
the central SCB were most likely generated within an intraplate setting
and that they cannot be classified as boninites.

Fig. 8. (a) and (b) AFC models (DePaolo, 1981) for the Yiyang basalts; (c) Th/
Nb vs. Nb/La diagram. Primary melt: (187Os/188Os)i = 0.122; Os= 0.6 ppb.
Upper crustal materials in (a): (187Os/188Os)i = 0.916; Os= 0.036 ppb (Chen
et al., 2016). Lower crustal materials in (b) (see text for details). In (a), simple
bimodal mixing (the dashed line) and fractional crystallization models (hor-
izontal line with arrow) are also shown. r=Ma/Mc; where Ma is the amount of
assimilated material and Mc is the amount of crystallized material. Upper crust
(UC) and Lower crust (LC) in (c) are from Rudnick and Gao (2003). Primitive
Mantle (PM) and N-MORB are from Sun and McDonough (1989).
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Fig. 9. Plots of (a) SiO2, (b) Al2O3/TiO2, (c) TiO2, (d) Zr, (e) Nb, (f) Nd, (g) Th/U, and Sr/Sr* vs. MgO of the ca. 830Ma high–MgO volcanic rocks from the central SCB
and published boninites. All the data were normalized on a volatile–free basis to 100%. The fields of the Tonga and Troodos boninites are from Golowin et al. (2017)
and references therein. The data for ca. 830Ma high–MgO volcanic rocks are from Wang et al. (2007), Zhao and Zhou (2013) and Zhao and Asimow (2014). Boninite
data are from http://georoc.mpch-mainz.gwdg.de/georoc/Start.asp. Only samples with LOI values≤ 5wt% (or total summations ranging from 95wt% to 102%, if
LOI values were not available) were considered.
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5.3. Recycled sediments in the Yiyang mantle source

The least–evolved samples of the Yiyang basalts display high εHf(t)
values relative to the HfeNd isotopic terrestrial array at a given Nd
isotopic composition (Fig.12a; e.g. Blichert-Toft et al., 1999). There-
fore, the decoupling between Hf and Nd isotopes seen in the Yiyang
basalts is a primary feature of their mantle source. This distinctive
isotopic fingerprint suggests that their mantle source had low time–-
integrated Sm/Nd and high time–integrated Lu/Hf ratios. In the upper
mantle source region, the minerals that control Lu/Hf and Sm/Nd ratios
during partial melting are clinopyroxene or, more effectively, garnet.

The published data sets (the GERM database http://earthref.org/
GERM/) indicate that clinopyroxene and garnet partition coefficients
for Sm and Lu are greater than those for Nd and Hf. As a consequence, a
clinopyroxene or garnet cumulate would evolve over time to positive
values of both εNd and εHf (Blichert-Toft et al., 2015). The least–evolved
sample of Yiyang basalts still has a negative εNd(t) value (05SC72–2;
εNd(t)=−1.6), which is inconsistent with the clinopyroxene or garnet
cumulate model. Furthermore, decoupled HfeNd isotopes have also
been observed in some other komatiites, where it was proposed to be
related to the presence of recycled sediments in the source (Blichert-
Toft et al., 2015). Such a scenario seems likely to have occurred in the

Fig. 10. (a) and (c) Primitive–mantle normalized trace element diagrams and (b) and (d) chondrite–normalized REE diagrams of the ca.830Ma high–MgO volcanic
rocks from the central SCB, and boninites from Cape Vogel, Papua New Guinea (CVPNG) and Izu–Bonin–Mariana (IBM). Typical boninites have positive Sr anomalies
and u–shaped REE patterns, whereas those of the ca. 830Ma high–MgO volcanic rocks do not. Chondrite and primitive mantle–normalized values are from Sun and
McDonough (1989). The boninites from CVPNG and IBM are from Konig et al. (2010), Taylor et al. (1994), and Reagan et al. (2010).

Fig. 11. Plots of (a) V vs. Ti/1000 (Shervais, 1982) and (b) Zr/Y vs. Zr (Pearce and Norry, 1979). Fields of arc tholeiitic basalts, calc-alkaline basalts, MORB,
continental flood basalts (CFBs), Oceanic Island basalts (OIBs), Within Plate basalts (WPB) and Island Arc basalts (IAB) are after Wang et al. (2016). Only basaltic
samples with SiO2≤ 56% (volatile–free) are plotted. Data source: Wang et al. (2007), Zhao and Zhou (2013) and Zhao and Asimow (2014).
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case of Yiyang basalts.
Zircon grains have low Lu/Hf and 176Lu/177Hf ratios and show en-

richment in Hf. Because of their “zircon effect”, recycled sediments can
form a distinctive isotopic reservoir that results in decoupling of the Hf
and Nd isotopic systems (Vervoort et al., 1999). These sediments are
characterized by high Lu/Hf ratios because zircons have been removed
and thus have higher positive εHf(t) values relative to the HfeNd iso-
topic mantle array at any given Nd isotopic composition (e.g. Blichert-
Toft et al., 1999; Chauvel et al., 2008). On the other hand, the Yiyang
basalts plotted above the terrestrial array, close to the Hawaiian and
island arc arrays (Fig. 12a). The Hawaiian and island arc arrays are
shallower than the terrestrial array, which has been explained due to
the presence of recycled sediments in the mantle source (Blichert-Toft
et al., 1999; Chauvel et al., 2009). Additionally, the recycled compo-
nents may react with mantle peridotite to form the pyroxenites
(Sobolev et al., 2007), and this may be true for the Yiyang mantle
source. The published data show that pyroxenites have highly variable
εHf(t) (−8.5 to 65.9) and εNd(t) values (−8.3 to 27.4), and 187Os/188Os
ratios (0.1264 to 2.472) (Pearson and Nowell, 2004; van Acken et al.,
2010; Ackerman et al., 2016). However, as alteration and AFC process
have significantly modified the whole–rock compositions of the Yiyang
basalts, we cannot determine whether or not the recycled components
occurred as pyroxenite in the Yiyang mantle source. Nonetheless, our
new NdeHf data suggest that recycled oceanic sediments may have
been incorporated into the source of the basalts.

5.4. Petrogenesis of the Yiyang komatiitic basalts

Mantle potential temperature (Tp) is a useful parameter for con-
straining thermal anomalies of the upper mantle (e.g. Herzberg and
Asimow, 2008). The Tp of the Yiyang basalts was previously estimated
by several different authors. Although using the same data, Wang et al.
(2007) and Zhao and Zhou (2013) obtained different Tp values
(> 1500 °C; Wang et al., 2007; 1444–1480 °C; Zhao and Zhou, 2013)
based on their different views of the MgO content of the primary
magma. For example, Zhao and Zhou (2013) used the software PRI-
MELT2 to calculate the composition of the primary magma (Herzberg
and Asimow, 2008). They suggested that the Yiyang primary magma
had much lower MgO contents (14.4–15.8 wt%) and therefore Tp values
(1444–1480 °C) than was estimated by Wang et al. (2007). However,
their simulation can be questioned. Firstly, the Yiyang samples had
undergone some degree of alteration, with most olivine and pyroxene
converted into tremolite, sericite, talc, and epidote (Wang et al., 2007).
Although, as discussed above, elements like SiO2, TiO2, and Al2O3 etc.
may be unaffected, however, highly mobile components like CaO, K2O
and Na2O may be lost during alteration. Therefore, the mobile com-
ponents cannot be used to estimate the primary magma composition.
Secondly, crustal contamination may have modified the chemical
composition, and the three samples they used (05SC72–8 (γOs(t)= 92),
05SC74–5 (γOs(t)= 48) and 05SC74–7) are amongst the most evolved,
and so their primary melts were likely modified by AFC processes (see
section 5.1). Therefore, the primary magma compositions calculated
based on these evolved samples are suspect. Our earlier study demon-
strated that the lack of correlation between phenocryst proportions and
MgO concentrations rules out the possibility of olivine accumulation
(Wang et al., 2007). Therefore, the primary MgO contents of the basalts
may be higher than that of the least–evolved sample (18 wt%; volati-
le–free). Furthermore, Wang et al. (2007) used the models of McKenzie
and Bickle (1988), Langmuir et al. (1992), Putirka (2005) and Herzberg
et al. (2007) to calculate the Tp values considering the least–evolved
sample (05SC72–2). Here, our new Os–Hf–Nd data have also shown
that the primary melt of these Yiyang basalts is similar to the 2.7 Ga
Tisdale, Munro and 2.9 Ga Ball komatiites of Canada, but distinct from
boninites (Fig. 12b, c). Additionally, the source of komatiite has widely
been considered to have close to chondritic values (Arndt et al., 2008;
Puchtel et al., 2009). As we discussed above, the primary magma of the

Fig. 12. (a) Plot of εHf(t) vs. εNd(t) for the Yiyang basalts. The terrestrial array is
from Vervoort et al. (2011). The data for Hawaiian ocean island basalts are
from Blichert-Toft et al. (1999). The data for marine sediments are from
Vervoort et al. (2011). The boninite data are from Konig et al. (2010), Reagan
et al. (2010) and Todd et al. (2012), and the island arc array is from Chauvel
et al. (2009). (b) SiO2 vs. MgO and (c) TiO2 vs. MgO show that the primary melt
of the Yiyang basalts was similar in composition to the 2.7 Ga Tisdale and
2.9 Ga Ball komatiites of Canada, but distinct from boninites. The fields of OIB,
boninite and komatiite are from Grove and Parman, 2004. Komatiites: Barb.
(Barberton, South Africa, 3.5 Ga; Parman et al., 2004), C (Commondale, South
Africa, 3.3 Ga; Wilson, 2003), T (Tisdale, Canada, 2.7 Ga; Fan and Kerrich,
1997), B (Ball, Canada, 2.9 Ga; Hollings et al., 1999), Munro (Munro, Canada,
2.7 Ga; Fan and Kerrich, 1997) and Gorg. (Gorgona, South America, 0.088 Ga;
Aitken and Echeverria, 1984).
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Yiyang basalts may also have a chondritic (187Os/188Os)i=825 Ma ratio of
0.122, which suggests that their source may be similar to those of ty-
pical komatiites. Consequently, we agree with Wang et al.'s (2007)
results that the Yiyang lavas are komatiitic basalts and their Tp values
are 260 ± 50 °C hotter than the contemporary ambient MORB–source
mantle.

Besides the ca. 825Ma Yiyang komatiitic basalts of this study, the
Gorgona komatiites (90Ma) are the only true komatiite formed since
the Neoproterozoic (Kerr, 2005). They have high Al2O3/TiO2 ratios
(20–50), depleted upper mantle–like Nd isotope compositions, and
were inferred to have formed from a primary magma containing about
18 ± 3wt% MgO (Kerr, 2005; Arndt et al., 2008). Incompatible ele-
ments are strongly depleted in the Gorgona komatiites and they were
proposed to have formed by dynamic melting at an average pressure of
3–4 GPa, leaving residual harzburgite (Kerr, 2005). In this study, the
primary magma of the Yiyang komatiitic basalts are proposed to have
MgO of 20% with a melting pressure up to 3 GPa (Wang et al., 2007),
similar to the Gorgona komatiites, however, the primitive mantle–like
Al2O3/TiO2 ratios (21–23), enrichment in incompatible elements and
unradiogenic Nd isotopes, suggest that their petrogenesis is different. In
a previous study, Robin-Popieul et al. (2012) proposed a fresh per-
spective whereby the various types of komatiite represent liquids that
escape from the source at different stages of the melting process. In
their model, Al–depleted komatiites form first at about 13 GPa by
equilibrium melting under conditions in which a large proportion of
melt (30%–40%) was retained in the source and the residue contained
abundant garnet (15%). Al–undepleted and Al–enriched komatiites
from by fractional melting at intermediate to shallow depths after ex-
haustion of residual garnet. In this study, the Yiyang komatiitic basalts
have primitive mantle–like Al2O3/TiO2 ratios (21–23) and flat HREE
patterns, similar to those of Al–undepleted or Munro–type komatiites
(Sun and Nesbitt, 1978; Arndt et al., 2008). However, according to
Robin-Popieul et al. (2012), the Al–undepleted or Munro–type koma-
tiite commonly have depleted mantle (DM)–like lithophile isotopes and
are strongly depleted in incompatible elements (Arndt et al., 2008),
which was not observed in the Yiyang basalts. Instead, they show en-
richment in LREE and other incompatible elements including LILE. This
means that, unlike other Al–undepleted or Munro–type komatiites, the
mantle source did not undergo earlier melting events, which would
have consumed the enriched components of the mantle source (Robin-
Popieul et al., 2012).

Additionally, recent studies on meimechite from the Siberian Traps
Large Igneous Province (Ivanov et al., 2018), komatiites from the
Abitibi greenstone belt in Canada (Sobolev et al., 2016), as well as
basaltic rocks in many large intraplate igneous provinces, such as
Karoo, Siberia, CAMP (Central Atlantic magmatic province), Columbia
River, Emeishan, Deccan, and the Basin and Range Province (Wang
et al., 2016), indicate that the primary melts of high-MgO members of
LIPs are characterized by high H2O concentrations. Several authors
further proposed that the water may come from the mantle transition
zone (e.g. Ivanov et al., 2018; Sobolev et al., 2016; Wang et al., 2016).
Water–rich fluids will carry LILE such as Ba, Pb, K, and Sr, and LREE (La
to Nd), but are not able to carry HFSEs such as Nb, Ta, and Ti (Wang
et al., 2016). Therefore, the enrichment in LREE and LILE relative to the
HSFE in the Yiyang komatiitic basalts can be explained by a deep vo-
latile cycling model, with a possible relationship to stagnant oceanic
slabs.

6. Conclusions

Based on our Os–Hf–Nd isotopic study of the ca. 825Ma Yiyang
basalts in the central SCB, we come to the following conclusions:

1) The Yiyang basalts have high Os contents (0.162–0.485 ppb;
mostly> 0.3 ppb) and radiogenic Os compositions
((187Os/188Os)i = 0.134 to 0.282). Although AFC processes may

have played a role in determining their whole–rock composition, the
enrichment in LREE and LILE relative to the HSFE most likely reflect
the nature of the primary magma.

2) The ca. 825Ma Yiyang basalts and other contemporary high–MgO
basalts in the central SCB have geochemical compositions distinct
from typical boninites and are instead more closely aligned with
komatiitic basalts. They were most likely generated within an in-
traplate setting.

3) Hafnium and Nd isotopes are decoupled in the Yiyang komatiitic
basalts, suggesting that recycled sediments were incorporated into
their source.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.chemgeo.2018.10.027.
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