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A B S T R A C T   

Nephelinites, a highly alkaline volcanic rock type, have widely been thought to be formed in a shallow litho-
sphere previously impregnated with phlogopite and/or amphibole. Here we argue that nephelinites start melting 
at much greater depths than previously thought. Taking four Cenozoic nephelinitic volcanoes in eastern China as 
specific examples, we show that nephelinites have exceptionally low K/U and Ba/Th ratios, similar to most 
nephelinites worldwide, but their Nd-Sr-Hf isotopic compositions are inconsistent with a local lithospheric 
origin. They also have low, marine‑carbonate-like δ26Mg. We explain these features by partial melting of recy-
cled, carbonate-bearing sediments in the mantle transition zone (MTZ; 410–660 km), where the high-pressure 
mineral liebermannite (KAlSi3O8, previously known as K-hollandite) is stable as a residual phase, preferen-
tially retaining K, Ba, Rb and Pb relative to Th, U and light REE, thus releasing liquids with the characteristic 
trace-element patterns. Group-I kimberlites and oceanic HIMU basalts globally share the same peculiar 
geochemical anomalies characterizing the nephelinites, suggesting they may all have their roots in the MTZ. 

The nephelinites show correlations for Mg-Sr isotopes, 143Nd/144Nd-MgO, and δ26Mg-Ba/Th ratios, suggesting 
binary mixing between melts. We therefore invoke a two-stage process to generate these nephelinites. In the first 
stage, an initial carbonated silicate melt is formed by melting of carbonate-bearing sediments in the MTZ. 
Subsequently, during the ascent, the initial melt reacts with the surrounding peridotite, thereby generating a 
reacted melt, which ultimately mixes with the initial, unreacted carbonated silicate melt. Accordingly, Cenozoic 
nephelinites in eastern China can be regarded as evolved melts from the MTZ.   

1. Introduction 

The origin of nephelinite, a comparatively rare, highly alkaline 
(mostly sodic with high Na2O/K2O ratios) volcanic rock type, has been 
the subject of much petrologic descriptive and experimental research. 
Nephelinites (along with melilitites and more exotic varieties such as 
kamafugites and alnoites) commonly erupt in continental rift zones, 
where they are sometimes associated with carbonatites, but they are also 
found on oceanic islands and in some subduction settings. Experimental 
work has established that they are the product of low-degree melting at 
elevated CO2 pressures (Brey and Green, 1975). But their ultimate origin 
and their relationship to more ordinary alkaline basalts remains poorly 
understood. 

In recent years, nephelinites have most commonly been explained as 

products of low-degree partial melting of a volatile-rich, metasomatized 
lithosphere in the presence of phlogopite (Sun and Hanson, 1975; Foley, 
1992; Class and Goldstein, 1997; Rosenthal et al., 2009; Pfänder et al., 
2018), or amphibole (Pilet, 2015) at mantle depths of less than 200 km. 
However, Pfänder et al. (2018) showed that the large negative K-Rb 
anomalies are not reproduced in melting models containing residual 
amphibole, which is not surprising given the low partition coefficients 
for Rb (and Ba) in amphibole-melt systems (Tiepolo et al., 2007). On the 
other hand, residual phlogopite during partial melting may indeed 
generate melts with significant negative K-Rb anomalies (see Fig. 1), 
which appear to be characteristic of nephelinites in general. This model 
can also explain the relatively high contents of water and CO2 of 
nephelinites, although the latter is often largely lost before or during 
eruption. One weakness of the residual-phlogopite model is that many of 
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these rocks also have large negative Pb anomalies, usually expressed as 
ratios of Ce/Pb > 25, and the residual-phlogopite model provides no first 
order explanation for this. This is because the mechanism for generating 
lithospheric phlogopite in the first place, presumably metasomatic in 
nature, must introduce sufficient potassium to precipitate phlogopite. 
This metasomatic fluid may be expected to also introduce most of the 
lead to this hypothetical source. If the ultimate origin of the metasomatic 
fluid is crustal, then the lead concentration and isotopic composition 
should also be essentially crustal, leading to low, crustal-type Ce/Pb 
ratios and elevated 207Pb/204Pb ratios for a given 206Pb/204Pb, but it will 
be seen that this is not the case for the Shandong nephelinites described 
in this paper. It will also be seen below that, in the specific case of 
eastern China, a lithospheric origin of the nephelinites is inconsistent 
with their Nd-Sr-Hf isotopic signatures, which differ markedly from 
those of lithospheric xenoliths in this region. Following early work by 
Brey and Green (1975), more recent experimental results also highlight 
an origin in the convecting asthenospheric mantle by the influence of 
CO2 in the garnet stability field to produce such nephelinitic melt (e.g., 
Dasgupta et al., 2006; Mallik and Dasgupta, 2013), but these studies do 
not explain the possible reason for the K depletion of nephelinite. 

An alternative way to generate negative trace element anomalies is 
to remove these elements from the source of the melts, for example via 

volatile loss during subduction. This mechanism has widely been 
invoked to explain the origin of HIMU basalts (Chauvel et al., 1992). 
This mechanism is also likely to preferentially remove K and Rb, as well 
as Pb from the source rocks, but this also creates elevated Th/Pb and U/ 
Pb ratios at the same time, which ultimately lead to highly radiogenic 
isotopic compositions of lead, which are indeed observed in HIMU rocks 
but not in nephelinites. Thus, neither lithospheric metasomatism nor 
volatile loss is easily consistent with the isotopic relationships seen in 
the nephelinites from eastern China. 

In the present paper, it is not our purpose to conclusively rule out the 
lithospheric phlogopite model or the volatile-depletion models for the 
origin of nephelinites completely, but to propose an alternative origin of 
the nephelinites, one that is not plagued by either of the difficulties 
discussed above. There is, indeed, one mantle mineral, which can 
simultaneously generate negative K, Rb, and Pb anomalies, and that is 
liebermannite (KAlSi3O8, previously known as K-hollandite; Ma et al., 
2018). It is stable far below the lithosphere at mantle depths of 270 to 
660 km (Ono, 1998; Wang and Takahashi, 1999; Nishiyama et al., 
2005), and it generally occurs as an important residual phase during the 
melting of recycling carbonate-bearing sediments (Rapp et al., 2008; 
Grassi and Schmidt, 2011). Grassi and Schmidt (2011, Fig. 10)) also 
showed that K2O/Na2O ratios in such carbonate melts decrease by a 

Fig. 1. (a) Distribution of Cenozoic basalts in eastern China and surrounding area. Also shown are the main outcrops of nephelinites in eastern China, including: 1- 
Huihe, 2-Pingmingshan and Anfengshan, 3-Xilong and Longyou, and 4-Mingxi. Outcrops of nephelinites from Shandong are shown in Fig. 1b. (b) Distribution of 
Cenozoic alkaline rocks from Shandong, eastern China. Nephelinites distributed in Dashan, Laoheishan, Mashan and Fangshan are erupted later than alkali basalts/ 
basanites distributed in Weifang-Yishui field (Luo et al., 2009). (c) Primitive-mantle normalized incompatible element diagram (“spidergram”) for average trace 
element compositions of nephelinites from Shandong, eastern China (Luo et al., 2009; Zeng et al., 2010; Sakuyama et al., 2013; Zhang et al., 2017). The Kimberlite 
data correspond to near-primary melts of Group-I kimberlites (based on 179 samples from Canadian shield, Siberian traps, South Africa, North Atlantic Craton, Congo 
Craton and Dharwar Craton), following the classification of Smith (1983). The average value for HIMU-type OIBs is based on 119 basaltic samples from the islands of 
St. Helena, Mangaia, and old Rurutu. Primitive mantle values are from McDonough and Sun (1995). See SI Appendix, Part 3 for data sources. 
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factor of 100 as the pressure increases from 8 to 22 GPa. For this reason, 
we will explore the possibility that nephelinites and similar volcanic 
rocks are generated by partial melting in the MTZ (Mantle Transition 
Zone; 410–660 km) rather than in the shallower upper mantle. We note 
the strong similarities in the trace element patterns of nephelinites, 
HIMU basalts and kimberlites (Fig. 1), which we take to be a hint that 
they may share some essential aspects of their genesis, such as an 
essential role of deep carbonate melts. 

Magnesium isotopes have recently been introduced as a new tracer of 
mantle sources, based on the observation that δ26Mg values of marine 
carbonates are lower than in normal crustal and mantle rocks. Low 
δ26Mg ratios, particularly when correlated with radiogenic isotope 
tracers, can therefore serve as powerful tools to identify subducted and 
recycled carbonates, and such recycled carbonates have been identified 
in Cenozoic lavas of large parts of eastern China (Fig. 1a) (Zeng et al., 
2010; Huang et al., 2015; Li et al., 2017; Su et al., 2017; He et al., 2019a; 
Qian et al., 2020; Cai et al., 2021). Two independent observations point 
to the inference that the sources of all this volcanism are located in the 
MTZ: (1) Much of eastern China is underlain by a stagnant subducted 
slab resting in the MTZ (Huang and Zhao, 2006; Fukao et al., 2009), and 
(2) experimental evidence strongly suggests that the MTZ is at an 
appropriate depth for carbonate melting (Walter et al., 2008; Litasov 
and Ohtani, 2010; Grassi and Schmidt, 2011; Thomson et al., 2016). 

Kimberlite is the only magmatic rock type that has definitely been 
documented to originate, at least in part, in the MTZ, based on the 
discovery of ultradeep diamond xenocrysts (Ringwood et al., 1992; 
Walter et al., 2008; Pearson et al., 2014; Nestola et al., 2018) and the 
decoupled Nd-Hf isotopes of whole rocks (Tappe et al., 2013). Authors 
studying lamproites from Gaussberg, Antarctica (Murphy et al., 2002) 
and high-FeO basalts in eastern China (Sakuyama et al., 2013) have also 
previously speculated that they might represent melts directly released 
from the MTZ, but these studies presented no specific evidence that 
would restrict the melting region of these rocks to such depths. In 
contrast, Wang et al. (2017) have argued that EM1-type, highly potassic 
basalts from Wudalianchi and neighboring localities are ultimately 
derived from the liebermannite bearing residues of MTZ partial melting. 
The high partition coefficients of liebermannite for K, Rb, Ba, and Pb 
cause these residues to be strongly enriched in these elements relative to 
other incompatible elements during removal of a partial melt. In the 
model of Wang et al. (2017), such residues were transported to the upper 
mantle by solid-state convection prior to melting, which ultimately 
produced the EM1-type basalts. Thus, the role of liebermannite is seen as 
crucial: The stability of this mineral is largely restricted to the MTZ 
(Rapp et al., 2008; Grassi and Schmidt, 2011); its mineral-melt partition 
coefficients for K, Rb, Ba, Pb, and Ti are greater than unity, whereas 
other trace elements such as Th, U, Nb, Ta and LREE, are incompatible 
(Grassi et al., 2012; Suzuki et al., 2012). In the present paper, we will 
argue that the nephelinites, which are depleted in K, Rb, Ba, and Pb, and 
are thus chemically complementary to EM1-type Wudalianchi melts and 
OIB (Fig. 2), are ultimately derived from the initial, carbonated silicate 
melts in the MTZ, but these carbonated melts were subsequently 
modified by reaction and mixing during ascent through the astheno-
sphere. These melts are chemically quite similar to HIMU-type ocean 
island basalts, including the newly discovered extreme HIMU basalts 
from Bermuda (Mazza et al., 2019), though they lack the radiogenic 
enrichment of Pb isotopes seen in most HIMU basalts. 

We focus on nephelinites from four volcanoes in Shandong, eastern 
China (Fig. 1b): Laoheishan in Penglai, Mashan in Yantai, Fangshan in 
Qixia, and Dashan in Wudi, which are characterized by exceptionally 
low K/U, Ba/Th, and δ26Mg, but high Ca/Al and Ce/Pb ratios, properties 
that are consistent with those of partial melts of carbonate-bearing 
(subducted) sediments in the presence of residual liebermannite. How-
ever, any process of extensive progressive reaction of an initial 
carbonated silicate melt with ambient mantle peridotite would yield 
nephelinites with nearly ordinary mantle-like magnesium isotopes 
because of the high MgO content of peridotite. We therefore develop a 

model whereby such reacted melts are mixed in variable proportions 
with essentially primary melts. 

2. Geological setting and sample description 

Cenozoic intraplate basalts are widely distributed in eastern China, 
which includes the Xing-Meng Block (XMB), the North China Craton 
(NCC), the Yangtze Craton (YC) and the Cathaysia Block (CB) (Fig. 1a). 
The Shandong province is located in the southeast of the NCC, and the 
Cenozoic alkaline magmatism in this area took place during two periods 
(Luo et al., 2009): 24.0–10.3 Ma and 8.7–0.3 Ma. The early magmatism 
was profuse and characterized by large volcanoes densely distributed in 
a narrow area near the Tan-Lu Fault (Fig. 1b); the rocks of this age are 
mainly alkali olivine basalts. The later magmatism is characterized by 
isolated, monogenetic volcanoes, widely scattered in areas far from the 
Tan-Lu Fault (Fig. 1b); the rocks of this group are dominated by neph-
elinites, and they commonly contain mantle xenoliths. 

Nephelinites studied here were collected from four volcanoes: Lao-
heishan in Penglai (8.0 Ma), Mashan in Yantai (7.4 Ma), Fangshan in 
Qixia (6.6 Ma), and Dashan in Wudi (0.75 Ma). Samples from 

Fig. 2. Variations in K/U (a) and Ce/Pb (b) vs. Ba/Th for Cenozoic nephelinites 
from Shandong, eastern China. Red and grey circles represent the Shandong 
Cenozoic nephelinites in this study and previous studies (see Table S1 for data 
sources), respectively. Average value for EM-type OIBs is based the 223 basaltic 
samples from islands of Gough, Tristan da Cunha, Pitcairn, Samoa and Society. 
Also shown are the average value with SD for MORBs (Gale et al., 2013), GLOSS 
(Plank, 2014) and primitive mantle values (McDonough and Sun, 1995). See SI 
Appendix, Part 3 for data sources. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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Laoheishan and Dashan are unaltered. Most samples are fresh except a 
few samples from Fangshan and Mashan, which are slightly altered, and 
olivine phenocrysts are partially altered to low-temperature iddingsite. 
All samples contain olivine (<15%) as phenocrysts set in a groundmass 
of olivine, Ti-magnetite, nepheline, and glass. Samples from Mashan 
have minor clinopyroxene (<5%) phenocrysts, and neither plagioclase 
nor pyroxene phenocrysts are observed in other samples. Mantle xeno-
liths are common in these nephelinites. Except for Mashan, the major 
and trace element compositions of the nephelinites from Laoheishan, 
Fangshan and Dashan have been reported in previous studies (Luo et al., 
2009; Zeng et al., 2010). The Sr-Nd-Pb-Hf-Mg isotopes of these nephe-
linites from Shandong have not been reported before, except for Sr-Nd- 
Hf isotopes of Dashan nephelinites (Luo et al., 2009). 

3. Geochemical results 

Major oxides, trace elements, and Sr-Nd-Pb-Hf-Mg isotopes for 
nephelinites from Shandong (Table S1) are described in this part. The 
analytical methods are given in SI Appendix, Part 1. 

The Cenozoic nephelinites from Shandong, including those from 
Mashan, show similar major and trace elemental compositions 
(Table S1). Compared with the alkali basalts/basanites from Shandong 
(Zeng et al., 2011), these nephelinites have typically low concentrations 
of SiO2 (39.2–42.1 wt%) and Al2O3 (10.3–11.8 wt%), high concentra-
tions of MgO (8.0–13.9 wt%), CaO (8.4–12.6 wt%), and total alkalis 
(4.3–8.6 wt%), high CaO/Al2O3 ratios (0.7–1.1), and higher concen-
trations of incompatible elements. On a primitive-mantle normalized 
concentration diagram (Fig. 1c), the nephelinites show pronounced 
negative Rb, Ba, K, Pb, Zr, Hf and Ti anomalies, and their trace element 

patterns are similar to those of Group I kimberlites and HIMU-type OIBs. 
These anomalies distinguish this type of alkaline, highly enriched vol-
canic rocks from other alkaline volcanics such as EM1 and EM2-type 
ocean island basalts. 

The Shandong nephelinites have moderately depleted Sr, Nd and Hf 
isotopic compositions (Table S1; Figs. 3a and S1a). Though the variation 
in the Nd and Hf isotopic compositions of these samples is limited, their 
Sr isotopic compositions vary significantly, and they are negatively 
correlated with (143Nd/144Nd)i (Fig. 3a). In general, the Sr, Nd, and Hf 
isotopic compositions of nephelinites are more depleted than those of 
the alkali basalts/basanites from Shandong, but less depleted than the 
local lithospheric mantle (represented by mantle xenoliths). Addition-
ally, isotopic compositions of the nephelinites are generally correlated 
with their major elements (MgO and Al2O3; Figs. 3b and S2a) and 
selected elemental ratios (K/U, Ti/Ti*, La/Sm, and Ba/Th ratios; not 
shown). Their Pb isotopic compositions (Table S1) are remarkably ho-
mogeneous, and are generally more radiogenic than those of alkali ba-
salts/basanites. 

In a δ25Mg vs. δ26Mg diagram (Fig. S3a), all samples conform to the 
equilibrium mass-dependent isotope fractionation line, with a slope of 
0.521 (Young and Galy, 2004). Overall, the nephelinites from Shandong 
have δ26Mg values ranging from − 0.350‰ to − 0.460‰ (Table S2), and 
are thus significantly lower than those of the terrestrial mantle (Teng, 
2017) (average δ26Mg = − 0.25 ± 0.04‰). Furthermore, the δ26Mg 
values of these rocks correlate with their Sr, Nd isotopic compositions 
(Fig. 3c, Nd isotopes not shown), major elements concentrations (e.g., 
Al2O3; not shown) and some elemental ratios (CaO/Al2O3, Ti/Ti*, K/U, 
Ba/Th; Figs. 3d and S4). 

Fig. 3. Variations in (143Nd/144Nd)i vs. (87Sr/86Sr)i (a), (143Nd/144Nd)i vs. MgO (b), δ26Mg vs. (87Sr/86Sr)i (c) and δ26Mg vs. Ba/Th (d) for alkaline rocks from 
Shandong, eastern China. Correlations are observed in these figures for nephelinites. Grey area represents the widely accepted δ26Mg (− 0.25 ± 0.04‰) of normal 
mantle (Teng, 2017). Yellow area with red line represents the 95% confidence band of linear regression through the data of nephelinites. See SI Appendix, Part 3 for 
data sources. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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4. Discussion 

4.1. Lithospheric mantle origin? 

Nephelinites from Shandong have high concentrations of MgO 
(8.0–13.9 wt%), CaO (8.4–12.6 wt%) and Ni (106–401 ppm), suggesting 
insignificant fractional crystallization of olivine and pyroxene. The lack 
of a negative Eu anomaly (Fig. 1c) suggests negligible removal of 
plagioclase. High Ce/Pb ratios (Fig. 2b) and significantly negative 
anomalies of Pb (Fig. 1c) suggest these melts have not been contami-
nated by crustal components. Mantle xenoliths are common in these 
nephelinites, which indicates that the host magma ascended rapidly, and 
thus show no significant contamination by continental crust. Therefore, 
these nephelinites have not experienced significant changes during 
shallow magmatic processes. 

Origin of nephelinites worldwide have commonly been explained by 
low-degree partial melting of a volatile-rich, metasomatized sub- 
continental lithospheric mantle (SCLM) (Sun and Hanson, 1975; Foley, 
1992; Class and Goldstein, 1997; Rosenthal et al., 2009; Pilet, 2015; 
Pfänder et al., 2018). However, as already noted in the Introduction, for 
these nephelinites from Shandong, there are several lines of evidence 
against such SCLM models. Firstly, the SCLM beneath Shandong has 
distinctly more depleted Sr-Nd-Hf isotopic characteristics (represented 
by the isotopic compositions of peridotite xenoliths in this area; Figs. 3a 
and S1a), with virtually no overlap. Thus the metasomatized lithosphere 
that yielded the nephelinites at four locations would have to be funda-
mentally different from the lithosphere sampled by the available mantle 
xenoliths. Secondly, because of simple mass balance considerations, it is 
nearly impossible to modify the Mg isotopes of the Mg-rich peridotitic 
mantle by a relatively Mg-poor metasomatic fluid. For this reason, 
δ26Mg values of carbonatite-metasomatized peridotite xenoliths (from 
− 0.27‰ to − 0.16‰) (Wang et al., 2016) fall within the normal mantle 
range (− 0.25 ± 0.04‰; Teng, 2017). Low-degree partial melting of 
carbonatite-metasomatized SCLM cannot generate the light Mg isotopes 
of nephelinites from Shandong (δ26Mg = − 0.350‰ to − 0.460‰; 
Fig. 3c). Therefore, we do not consider models involving partial melting 
of metasomatized SCLM for the genesis of these nephelinites from 
Shandong. 

4.2. Recycled carbonate-bearing sediment 

Previous studies on nephelinites from Shandong have suggested the 
presence of a carbonated component in the mantle source, based on their 
low Ti/Ti* and Hf/Hf* ratios and high CaO/Al2O3 ratios (Zeng et al., 
2010), and this is consistent with experimental results on carbonatitic 
liquids, because the bulk partition coefficients for Zr, Hf, and Ti are 
much higher than those for rare earth elements (REEs) under the con-
ditions of the deep upper mantle (Dasgupta et al., 2009). Because of the 
extremely light Mg isotopic compositions of marine carbonates (− 3.32 
± 1.33‰; 1SD (Teng, 2017)), Mg isotopes can be used as a test for such a 
carbonated component in the mantle source, and melt derived from such 
a component is expected to have low δ26Mg values (Huang et al., 2015; 
Li et al., 2017; Su et al., 2017; Cai et al., 2021). The observed δ26Mg 
values of the nephelinites (− 0.350‰ to − 0.460‰) are significantly 
lower than the normal mantle value (− 0.25 ± 0.04‰) (Teng, 2017), 
lending further support to the important influence of carbonated com-
ponents during the formation of these nephelinites. Heavy Fe and Zn 
isotopic compositions of nephelinites from the same area also highlight 
the importance of recycled carbonates during their formation (Wang 
et al., 2018; He et al., 2019b; Cai et al., 2021). These variations in metal 
isotopes cannot be caused by the thermal or chemical diffusion processes 
for two reasons. Firstly, the possible diffusion-driven kinetic isotope 
fractionation can hardly be preserved at mantle temperatures because 
Mg diffusion will be very fast at high temperatures (e.g., Richter et al., 
2008). Secondly, the Cenozoic basalts in eastern China, including the 
Shandong nephelinites, show a negative correlation between δ26Mg and 

δ66Zn values and a positive correlation between Zn concentration and 
δ66Zn value, which are at odds with the diffusion trends (see Fig. 3 in Liu 
and Li, 2019). 

We note significant correlations between different radiogenic isotope 
ratios and between radiogenic isotopes and magnesium isotopes, as 
shown in Figs. 3a, c, 4 and S1a, as well as the correlation between Nd 
isotopes and MgO contents shown in Fig. 3b. Such relationships also 
extend to correlations between δ26Mg and K/U, Ba/Th, CaO/Al2O3, and 
Ti/Ti* (Figs. 3d and S4). All these correlations are most easily inter-
preted as mixing relationships between an enriched, carbonate-bearing 
component and a more “ordinary”, depleted mantle component. The 
enriched component is characterized by low MgO, high CaO/Al2O3, low 
Ba/Th, K/U, and Ti/Ti*, unradiogenic Nd (and Hf), radiogenic Sr, and 
low δ26Mg. We infer that the most likely enriched endmember of this 
mixing array is a carbonate liquid derived from a liebermannite-bearing 
source in the MTZ. The other, more depleted component is likely to be 
from an upper-mantle peridotite. 

Although the evidence for a carbonated component in the mantle is 
strong, and there is ample evidence for the potential survival of car-
bonates during the subduction process (Dasgupta et al., 2004; Yaxley 
and Brey, 2004), the exact nature of such a carbonate is not immediately 
obvious. Recycled carbonate-bearing pelagic sediments and carbonated 

Fig. 4. Variations of δ26Mg vs. 87Sr/86Sr (a) and (206Pb/204Pb)i vs. (87Sr/86Sr)i 
(b) for nephelinites from Shandong, eastern China and modeling for their 
genesis. Initial melt released from recycled ancient carbonate-bearing sediment 
(i.e., carbonated garnetite) are assumed to react with the surrounding depleted 
mantle (blue dotted lines); the reacted melt then mixes with the initial melt to 
produce the nephelinites from Shandong (red curves). The percentages in blue 
colors represent the reacted degrees between initial melts and peridotite, while 
the percentages in red colors represent the proportions of reacted melts during 
the mixing between initial melts and reacted melts. The detailed description for 
the calculation is shown in the SI Appendix, Part 2 and Table S3. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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oceanic crust, which may sequester carbonates by hydrothermal alter-
ation (Alt and Teagle, 1999), are two potential candidates. Evidence 
from Pb and Sr isotopes suggests that modern MORB and modern marine 
sediments cannot be responsible for the isotopic compositions of alka-
line rocks from Shandong. In the plots of (87Sr/86Sr)i vs. (208Pb/206Pb)i 
(Fig. S1b), these alkaline rocks show non-overlapping fields with mod-
ern global marine sediments and Pacific MORBs. Additionally, the 
alkaline rocks from Shandong exhibit an obviously diverging trend away 
from modern marine sediments and towards the EM1 endmember. 
Although the origin of EM1-type basalts has been a subject of debate, 
there is substantial recent evidence that EM1-type isotopic characteris-
tics of OIBs are attributable to the recycling of ancient pelagic sediments 
(Eisele et al., 2002; Delavault et al., 2016), and such EM1-type basalts 
have also been identified in eastern China (Wang et al., 2017). There-
fore, we infer that ancient carbonate-bearing sediment is an appropriate 
choice. 

At first sight, one potential problem with invoking a sedimentary 
source is that such a source may be expected to produce melts with 
strongly negative Nb anomalies because of the depletion of Nb relative 
to Th and U in sediments (Hofmann et al., 1986; Plank, 2014). Although 
none of the nephelinites actually show negative Nb anomalies, there is a 
clear trend of decreasing Nb/Th with decreasing SiO2 seen in Fig. S2b. 
We infer from this that an “undiluted” carbonate endmember of this 
trend should indeed have a negative Nb anomaly, as is expected from a 
sedimentary source. It is not obvious that a carbonated, altered ocean 
crust would have such a negative Nb anomaly, and for this reason we 
suggest that a carbonate-bearing sediment is the most appropriate 
source of the enriched source component. We note that a very similar 
phenomenon is commonly observed in EM1 and EM2-type basalts, 
which tend to have lower-than-normal positive Nb anomalies, but not 
actually negative anomalies, because the recycled sedimentary material 
contributes only a relatively small portion of the total source (e.g., 
Hofmann, 2014). 

We emphasize that the extremely low Ba/Th and K/U ratios of 
nephelinites cannot be attributed to simple dehydration of recycled 
crustal materials during subduction, though the recycled materials are 
inferred to be present in the source. To illustrate this point, we have 
calculated the Nb/U and Ba/Th ratios of recycled crustal materials 
during dehydration (Fig. 5), following Pietruszka et al. (2013). The 
fluid/rock partition coefficients (Di

fluid/rock) for oceanic crust and 

sediment are after Kessel et al. (2005) and Johnson and Plank (2000), 
respectively. When the recycled material is oceanic crust, Nb/U ratio is 
expected to increase during dehydration, whereas the Ba/Th ratio 
should decrease. High Nb/U ratios for fresh oceanic crust obviously 
cannot explain low Nb/U ratios of nephelinites even if dehydration oc-
curs. Alteration might increase the U concentration of the oceanic crust 
(i.e., decrease Nb/U ratio) (Kelley et al., 2003). However, the Ba con-
centration of the oceanic crust will also be increased during such pro-
cess, and in this condition, the Ba/Th ratio will significantly increase, 
which is also not consistent with the observed low-Ba/Th nephelinites. 
The same argument holds for the Th/U ratio, which should be signifi-
cantly lowered by U uptake during alteration. In contrast, recycled 
sediments have much lower Nb/U ratios than recycled oceanic crust, an 
effect which has not been reversed by dehydration. Although the Ba/Th 
ratio can be decreased during the dehydration, however, the extent of 
such a decrease is quite limited. In summary, dehydration of recycled 
materials cannot explain the correlation between Nb/U and Ba/Th ratios 
of nephelinites, and this calls for a fundamentally different process to 
explain these characteristics. 

4.3. Melting in the mantle transition zone (MTZ) 

We now address in more detail how the geochemical anomalies 
noted earlier may be generated by melting in the MTZ. Based on the 
experimental results on melting of dry carbonated pelite at high pres-
sures (Grassi and Schmidt, 2011; Grassi et al., 2012), K, U, Ba and Th will 
be affected by the partial melting degree and the partition coefficients of 
the residual mineral phases, including clinopyroxene, garnet, lie-
bermannite and CAS-phase (CaAl4Si2O11). Because the concentrations of 
these elements in residual coesite, kyanite, stishovite and corundum are 
extremely low (Grassi and Schmidt, 2011), the influence of these min-
erals is considered to be negligible. 

In order to confirm the potential influence of carbonate-bearing 
sediment during melting, we calculated the K/U and Ba/Th ratios of 
melts with different residual minerals (i.e., with or without lie-
bermannite) using a simple batch melting model, assuming a composi-
tion of average East Sunda trench sediment (Plank, 2014) (Fig. 6a) as the 
starting composition and following the residual lithology modes of 
Grassi and Schmidt (2011). At low-pressure condition (<9 GPa), 
because liebermannite is absent (Ono, 1998; Wang and Takahashi, 
1999; Nishiyama et al., 2005), the residual lithology of recycled crustal 
materials is carbonated eclogite. Low-degree melts released from it 
contain unfractionated K/U and Ba/Th ratios, because all four of these 
elements are quite incompatible in eclogite minerals. At high-pressure 
conditions (9–22 GPa), liebermannite is stable (Ono, 1998; Wang and 
Takahashi, 1999; Nishiyama et al., 2005). Two possible melting sce-
narios are proposed to occur during the recycling of carbonate-bearing 
sediment, based on the solidi of carbonated pelites (see Fig. 12 in 
Grassi and Schmidt, 2011): at 6–9 GPa (in warm subduction zones) and 
20–22 GPa (in MTZ), respectively. Based on the P-wave tomography 
beneath Shandong (Liu et al., 2017), there is a prominent, flat-lying, 
stagnant subducted Pacific slab in the MTZ. This means that the local 
MTZ is a potentially ideal reservoir to store ancient recycled crustal 
materials. As the stagnant slab undergoes gradual heating, the beginning 
of decarbonation melting for recycled crustal materials is most likely 
located in the MTZ. At this depth, the carbonated pelite lithology 
transforms into carbonated garnetite, and garnet and liebermannite are 
the dominant residual minerals (with 20–26 wt% liebermannite) during 
melting (Grassi and Schmidt, 2011). Potassium is a stoichiometric 
component of liebermannite, which should fix its concentration in a 
coexisting liquid, thus making it roughly independent of the degree of 
melting. This behavior corresponds to the special case of the non-modal 
formulation of the batch partial melting equation given by Shaw (1970), 
namely Cmelt = Cbulk /[Dbulk + F×(1-P)], where P is the bulk partition 
coefficient weighted by the proportions of the solid phases entering the 
melt. When P approaches unity, the concentration in the melt becomes 

Fig. 5. Variations in Nb/U vs. Ba/Th for alkaline rocks from Shandong, eastern 
China and modeling for dehydration of recycled crustal materials, following 
Pietruszka et al. (2013). The concentration of element i in the dehydrated 
residue (Ci

residue) was calculated from the equation Ci
residue 

= Ci
crust / (1 + (Di

fluid/ 

rock × Xf) - Xf), where Ci
crust is the concentration of element i in the fresh or 

altered oceanic crust and Xf is the weight fraction of fluid lost relative to the 
initial source. The detailed parameters for calculations are shown in Table S4. 
See SI Appendix, Part 3 for data sources. 
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constant and independent of the melt fraction. Since the value of P 
cannot be directly inferred from the experiments of Grassi et al. (2012), 
but the K concentration is in fact buffered by the stoichiometry of lie-
bermannite, P must be close to unity, and we will simply use a fixed K 
concentration for the melt, which should persist as long as liebermannite 
remains in the residue. Based on the experimental results of Grassi and 
Schmidt (2011), a large amount of liebermannite (20.5%) is still residual 
in the source at a low-degree melting (8.5% melting) at 18 GPa. 
Therefore, we use the experimental result of K concentration for the melt 
(37,357 ppm) for our calculation in Fig. 6a. U and Th, on the other hand, 
are highly incompatible, so their concentrations in the melt become very 
high at very low melt fractions. Consequently, melts with low K/U ratios 
will be generated at very low melt fractions, which are relevant in the 
case of carbonate melts. Fig. 6a shows that the K/U and Ba/Th ratios of 
carbonate melts as a function of melt fraction, using partition co-
efficients for Th, U, and Ba from refs. (Adam and Green, 2001; Grassi 
et al., 2012). We note that when the CAS-phase begins to appear in the 
residue (at ~22 GPa; Grassi and Schmidt, 2011), the Ba/Th ratios of 
melts will decrease only slightly, or not at all, because Th is compatible 
in the CAS-phase (DTh = 3.5–4.14) (Grassi et al., 2012). We therefore 
suggest that melting of recycled ancient carbonate-bearing sediments 
should occur at the depth of the MTZ at pressures below 22 GPa. A 
similar deep-melting model involving recycled crustal materials has 
been proposed based on the studies of high-pressure mineral inclusions 
in ultra-deep diamonds (Walter et al., 2008), and the estimated com-
positions of deep melts that are in equilibrium with such mineral in-
clusions also show low Ba/Th ratios (0.8–9.7). Experimental studies 
have further verified that melting of recycled slabs can occur at MTZ 
depths (Kiseeva et al., 2013; Thomson et al., 2016). Most recently, 
Huang et al. (2020) have reported a diamond inclusion formed in the 
transition zone, which shows a trace element pattern similar to typical 
OIB-HIMU basalts, lending independent support to the hypothesis that 
HIMU basalt sources may be located in the transition zone. 

4.4. Origin of nephelinites 

We will consider two possible ways to generate nephelinites from the 
MTZ. One model is that the primary melts released from the recycled 
ancient materials at the MTZ depth metasomatize the surrounding 
peridotite to produce a carbonated peridotite. When this peridotite as-
cends to the shallow mantle, it melts to form nephelinites, which is 
analogous to the genesis of kimberlites proposed by Tappe et al. (2013). 

The other possible model is that primary melts ascend directly, react 
with the surrounding peridotite, and are thereby transformed into 
nephelinitic melts (Fig. 7). Although nephelinites can in principle be 
formed by either model, in the case of the Shandong nephelinites we 
argue in favor of the latter process for two reasons. First, these nephe-
linites are in important aspects similar to the experimental melts of 
carbonated eclogite, and in particular they have lower MgO and higher 
TiO2 and Na2O concentrations than experimental melts of carbonated 
peridotite (Fig. S5). Second, because carbonated eclogite/garnetite- 
produced melts have much lower MgO concentrations than peridotite 
(Grassi and Schmidt, 2011), a low proportion of carbonatite melts 
cannot significantly modify the Mg isotopic compositions of peridotite 
during metasomatism. This is confirmed by the observation that δ26Mg 
values of carbonatite-metasomatized peridotite xenoliths (from − 0.27‰ 
to − 0.16‰) fall within the normal mantle range (Wang et al., 2016), 
supporting our argument above. Our calculations predict that even 
when the δ26Mg of carbonated eclogite/garnetite is as low as − 1.9‰, a 
proportion of 60–70% of carbonatite melts would still be required to 
explain the light Mg isotopes of the nephelinites (Fig. S3b). Therefore, a 
metasomatized mantle (i.e., carbonated peridotite) generated by the 
reaction between the carbonate melts and peridotite will still have 
normal mantle-like Mg isotopes, and it will plot along the blue dotted 
line in a Mg-Sr isotope diagram (Fig. 4a), which cannot be reconciled 
with the actually observed hybrid compositions. Thus, melting such a 
metasomatized peridotite at shallow depth cannot explain the correla-
tion between Mg isotopes and Sr isotopes of nephelinites from 
Shandong. 

A more plausible explanation for the correlations observed in the 
nephelinites involves melt-melt mixing (Figs. 3 and 4). Here we envision 
a two-stage process, whereby an initial carbonated melt reacts with 
peridotite to form a silicate melt. This “reacted melt” is then mixed in 
variable proportions with fresh (=unreacted) carbonated melt. High 
Al2O3 contents for the carbonated endmember (with low (143Nd/144Nd)i 
and δ26Mg; Fig. S2a) indicate that such initial MTZ-derived melts are 
carbonated silicate melts rather than purely carbonatitic melts (Suzuki 
et al., 2012; Kiseeva et al., 2013). We tentatively envision a system of 
deep mantle veins, which may serve as conduits for unreacted carbon-
ated silicate melts to ascend and mix with the reacted silicate melts. We 
further speculate that a more rapid ascent of the primary carbonated 
silicate melt might be facilitated by viscosity contrasts between this 
liquid and the more slowly ascending “reacted” silicate melt. On Fig. 7, 
we show a conceptual, schematic cartoon of the process of wall rock 

Fig. 6. Variations of K/U vs. Ba/Th for nephelinites from Shandong, eastern China and modeling for their potential genesis. Data for nephelinites/basanites (SiO2 <

43 wt%) worldwide (open triangles) are from the GEOROC database (http://georoc.mpch-mainz.gwdg.de/georoc) and references therein. Melts released from the 
initial sediment (average compositions of carbonate-bearing sediments from East Sunda trench) (Plank, 2014) in different pressure condition are calculated based on 
the melting experimental results (Grassi and Schmidt, 2011; Grassi et al., 2012). grt: garnet; lieb: liebermannite. The detailed description for the calculation is shown 
in the SI Appendix, Part 2, Table S3 and S4. 
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reaction and melt mixing. As the initial carbonated silicate melt ascends 
through asthenosphere via veins; it reacts with the surrounding peri-
dotite, generating a hybrid reaction melt which then mixes with the 
more primary (and less viscous) melt ascending more rapidly through 
the center of the vein. The details of the actual physical processes 
involved here certainly require further study and modeling. For 
example, we need to find answers under what circumstances vein for-
mation well below the lithosphere is possible, but this question is 
similarly relevant to the origin of deep-sourced kimberlites. Here we 
simply present arguments that melts do ascend from the mantle transi-
tion zone, and the chemographic relationships seen in Fig. 4 compel-
lingly argue in favor of mixing two liquids. Fig. 4a shows that the 
reaction path between a liquid and peridotite in δ26Mg–87Sr/86Sr space 
is very strongly curvilinear, whereas the subsequent mixing process 
follows an only slightly curvilinear path (for details see SI Appendix, 
Part 2). Since the compositions of initial carbonated silicate melts are in 
disequilibrium with the surrounding peridotite, reaction between them 
should occur during the ascent of the melt, and clinopyroxene (Cpx) is 
expected to be precipitated with the dissolution of orthopyroxene (Opx) 
by the following reaction (Sokol et al., 2016; Sharygin et al., 2018): 

Mg2Si2O6 (Opx)+CaCO3 (melt)→CaMgSi2O6 (Cpx)+MgCO3 (melt)

The important effect of this reaction is that it produces a mixing 
endmember with the isotopic compositions of mantle peridotite but 
major (and trace) element compositions of a melt. Subsequent mixing of 
melts will then generate chemical or isotopic trajectories that are close 
to being linear. This is the crucial feature which preserves the correla-
tions between isotopes of major elements, in this case incompatible trace 
elements and Mg. It also explains the various correlations seen in Fig. 3. 
In Fig. 6, the trajectory of K/U vs Ba/Th ratios, shown as a function of 
the degree of melting is nearly linear. Reaction of such a partial melt 
with peridotite and back-mixing of the reacted melt with the primary 
melt will follow essentially the same trajectory (Fig. 6b), simply because 
the Th/U ratios of the various initial melts, the reacted melts, and the 
mixed melts will all be very similar. For this reason, the reaction and 
mixing processes may attenuate the Ba/Th - K/U signature somewhat, 

but the anomalies themselves will remain recognizable unless the re-
action with peridotite is very extensive. 

The behavior of lead concentrations and isotopic compositions in the 
Shandong nephelinites is somewhat puzzling: Fig. 2b shows that the Ce/ 
Pb is generally higher than the canonical value of Ce/Pb = 25 which 
characterizes normal mantle-derived melts (Hofmann et al., 1986), but 
it is also highly variable, reaching values up to 200. While this may be 
expected to be the result of the high partition coefficient of the residual 
liebermannite for Pb (DPb = 8.5), the isotopic compositions of lead are 
remarkably uniform and similar to many upper-mantle values mostly in 
the range of 206Pb/204Pb = 18.0 to 18.3, and there is no observable 
enrichment in 206Pb/204Pb that would be inherited from the sedimen-
tary input. Because there is no observable correlation between radio-
genic Pb enrichment and U/Pb (Fig. S1c), it seems clear that the Pb 
depletion that affected a significant portion of the nephelinites and/or 
their sources must be rather recent, as is implied by our melting model. If 
the lead depletion had occurred during subduction, we would expect 
significant enrichments in radiogenic lead. It is possible that the initial 
carbonatitic or carbonated silicate melts extracted in the MTZ were 
sufficiently depleted in lead (due to the extreme partitioning into lie-
bermannite), so that the observed isotopic Pb-isotopic compositions are 
essentially completely derived from the reaction with the overlying 
asthenospheric mantle (Fig. 4b). Another possibility might be that the 
reaction of the ascending melt with asthenospheric sulfides is much 
more rapid than with the silicates, and because sulfides are the primary 
hosts of asthenospheric lead, this might lead to the enigmatic decoupling 
of the lead isotopes from the purely lithophile elements. 

If we compare the major-element compositions of the Shandong 
nephelinites with those of experimental melts of carbonated eclogite, 
carbonated peridotite, and the reacted melts between eclogite-derived 
carbonated silicate melts and peridotite, the Shandong nephelinites 
plot between the carbonated eclogite-derived melts and the reacted 
melts (Fig. S5), further supporting our melt-melt mixing model. 

Fig. 7. Cartoon illustrating the genesis of nephelinites. (a) Brown fragments represent the recycled crustal materials in the MTZ. Carbonated silicate melt released 
from such recycled crustal material in the MTZ reacts with surrounding mantle during the ascent, and consequently transforms into nephelinitic melt. Kimberlite 
melts may also inherit their characteristic trace element patterns from melts formed initially in the transition zone (Tappe et al., 2013). But kimberlites are located in 
craton areas with thick lithosphere (>200 km), whereas nephelinites are found in off-craton areas with thin lithosphere (<100 km). Thick lithosphere may be a 
requirement for the explosive nature of kimberlites (Russell et al., 2012), and it reduces the reaction distance during ascent of deep melts before they reach the 
bottom of the lithosphere, and consequently the reacted (kimberlitic) melts are less ‘evolved’, retaining higher carbonate content than nephelinitic melts. (b) During 
ascent, part of the initial melts reacts with surrounding peridotite, perhaps by wall rock reaction, to produce the reacted melts. Subsequently, such reacted melts will 
mix with fresh initial melts, thus ultimately forming the erupted nephelinitic melts. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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4.5. Global implications 

Global tomographic observations show that subducted slabs can be 
present and stagnant in the MTZ, e.g., beneath eastern Asia, central/ 
south America, the Mediterranean and elsewhere (Fukao et al., 2009). If 
the Shandong nephelinites represent melts derived from recycled crustal 
materials in the MTZ, this rock type should not be rare in the world. We 
collected data for nephelinites/basanites worldwide (including conti-
nental flood basalts, intraplate volcanics, ocean island basalts and rift 
volcanics), and found that irrespective of the difference in tectonic 
setting, about 40% of these samples also show low K/U (<10,000) and 
Ba/Th (< 70) ratios (Fig. 8). Such negative trace element anomalies are 
therefore common, though not universal characteristics of nephelinites 
worldwide. These ratios are substantially lower than primitive-mantle 
values (K/U = 11,823, Ba/Th = 83) (McDonough and Sun, 1995) and 
average MORB values (K/U = 12,344. Ba/Th = 72) (Gale et al., 2013), 
strongly indicating that melting of recycled carbonate-bearing sediment 
in the MTZ is a viable alternative to models of nephelinite formation by 
melting of metasomatized SCLM. 

Finally, we note that trace element patterns and some critical 
elemental ratios (including high CaO/Al2O3 and U/Pb, and low K/U and 
Ba/Th) of the Shandong nephelinites are quite similar to those of HIMU- 
type basalts (Figs. 1c, 2, 5 and S4). They are also very similar to near- 
primary melts of Group-I kimberlites (Becker and Le Roex, 2006). 
Thus, both of these rock types share distinctive trace element charac-
teristics with nephelinites, namely negative Rb, Ba, K, Pb, Hf, Zr and Ti 
anomalies. Indeed, Castillo (2015) recently speculated that recycled 
carbonates might constitute a source component of HIMU basalts. While 
the origin of HIMU basalts is beyond the scope of the present paper, it is 
clear that the isotopic systematics of HIMU basalts clearly point to an 
ancient U-Pb differentiation. Nevertheless, it seems likely that the 
chemical differentiation processes that generated HIMU mantle sources 
also took place in the MTZ, albeit in a different time frame. Tappe et al. 
(2013) also highlighted the influence of a carbonated component during 
the formation of kimberlites, and suggested carbonated peridotite as the 
source lithology, differing from the carbonated mafic lithology of 
nephelinite sources. However, simply invoking carbonated sources or 
carbonate melting does not explain the essential characteristics of 
nephelinites, kimberlites, or HIMU basalts, because it does not predict 
the prominent negative K, Rb, Ba anomalies characterizing all these 
rocks. Specifically, the experimental work of Dasgupta et al. (2009) and 
Martin et al. (2013) shows that, at pressures below 9 GPa, elements such 
as K, Rb, and Ba in carbonate melts display very similar partitioning 
behavior as in silicate melts. All three of these elements behave as 
moderately to highly incompatible elements when the residual mineral 
assemblage consists of ordinary, upper-mantle peridotites, and neither 
silicate nor carbonate melts in equilibrium with such peridotites are 
likely to develop any negative K-Rb-Ba anomalies, irrespective of 
whether the melt is silicate or carbonatite. Thus, simply invoking car-
bonate melts without specifically considering the partitioning behavior 
of the melting assemblage does not lead to a full understanding of the 
genesis of these rock types. For this reason, we view the carbonate pri-
marily as a fluxing agent, which facilitates very deep melting. The 
salient geochemical characteristics, specifically their specific negative 
trace element anomalies, are generated during the initial partial melting 
process, not by the carbonate, but by the presence of residual lie-
bermannite. The stability relationships of this mineral constrain an 
important portion of the genesis of these rocks to take place in the MTZ. 
This goes against most conventional thinking about the origin of mantle 
melting, which places such melting locations within or just below the 
lithosphere. The spectacular lowering of the mantle-melting tempera-
tures documented by experimental petrologists, together with the 
remarkable similarities of several seemingly disconnected melt types, 
seen in Fig. 1c, justifies a re-examination of the conventional assump-
tions about the depth of origin of these melts. More experimental work 
on the phase relationships and partitioning behavior of liebermannite 

and other transition-zone minerals and melts will be needed to fully 
understand the similarities and differences in the origin of nephelinites, 
kimberlites and HIMU basalts. 
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