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A B S T R A C T   

Arc rocks, as the most common product of plate subduction factory, are generally characterized by high field 
strength element (HFSE) depletions. However, HFSE-enriched arc rocks are also identified, and their origin is still 
controversial. We conduct combined radiogenic and stable isotope analyses on two ocean island basalt (OIB)- 
associated HFSE-enriched mafic intrusions in the Yunnan-Burma region. Median incompatible trace element 
compositions argue for a binary mixing between OIB-like asthenosphere dominated mantle source and a complex 
arc-like component. The high radiogenic Pb [(206Pb/204Pb)i = 17.99–18.85, (207Pb/204Pb)i = 15.53–15.71 and 
(208Pb/204Pb)i = 38.16–39.20] and heavy Mg (δ26Mg = − 0.115‰ to 0.357‰) isotopes could only be inherited 
from subducted marine sediments. Altered oceanic crust (often abbreviated to AOC) is also involved in the source 
as evidenced by light Li isotopes (δ7Li = − 2.54‰ to − 1.31‰). Therefore, we argue that this arc-like component 
is inherited from subducted mélange (i.e., bulk marine sediment and AOC) recycling, rather than the more 
common melt and/or fluid metasomatism. In summary, the OIB associated HFSEs-enriched arc rocks are prod-
ucts of and witnessed the subducted mélange recycling and its interaction with the upwelling asthenosphere.   

1. Introduction 

The behaviors of high field strength elements (HFSE) during oceanic 
plate subduction are of great importance to earth sciences because 
subducted materials modify the Earth's mantle compositions and heavily 
influence the source regions of mafic lavas (Castillo et al., 2002; Munker 
et al., 2004). Subduction-derived arc magmas are featured by relative 
depletions in HFSEs on normalized multielement diagrams when 
compared with other mantle-derived magmas, i.e., strong HFSE negative 
anomalies compared with adjacent large ion lithophile elements (LILE) 
(Kelemen et al., 1990; Munker et al., 2004). However, subordinate 
HFSE-enriched mafic arc rocks have been found in several modern arcs, 
such as, the Panama-Costa Rica (Reagan and Gill, 1989), the Trans- 
Mexican Volcanic Belt (Petrone et al., 2003; Petrone and Ferrari, 
2008), the Greater Antilles (Hastie et al., 2007; Hastie et al., 2011) the 
Cascades (Defant and Drummond, 1993), Kamchatka (Kepezhinskas 
et al., 1996), Baja California (Aguillon-Robles et al., 2001; Castillo, 
2008), and Sulu (Castillo et al., 2002; Castillo et al., 2007). These HFSE- 
enriched rocks, with much high Nb concentrations (>20 ppm versus <4 
ppm for normal arc lavas), have been termed as high-Nb mafic rocks 

(HNB) (Reagan and Gill, 1989). Mafic rocks with lower absolute Nb 
concentrations (7–16 ppm) but similar trace element ratios to high-Nb 
mafic rocks, such as the basalts reported by Sajona et al. (1993) in the 
Sulu Arc, southern Philippines, are termed as Nb-enriched basalts (NEB). 

Normal arc rocks are considered to be originated from the mantle 
wedge that has been metasomatized by HFSE-poor subducted slab- 
derived fluids and/or melts, or mélange partial melting (Hall and Kin-
caid, 2001; Kelemen et al., 1990). Nevertheless, the petrogenesis of Nb- 
enriched mafic rocks is still controversial. Almost all previous studies 
argue that Nb-enriched mafic rocks are derived from partial melting of 
adakitic melt metasomatized mantle (Aguillon-Robles et al., 2001; Azizi 
et al., 2014; Wang et al., 2008; Wyman et al., 2000). This geochemical 
model is supported by the fact that adakites and Nb-enriched mafic rocks 
are erupted more or less simultaneously (Prouteau et al., 2000). How-
ever, (1) due to the high Sr/Y and (La/Yb)PM ratios of adakites (Castillo, 
2012), their metasomatized mantle wedge should also show high Sr/Y 
and (La/Yb)PM ratios, in contrast to the extremely low Sr/Y and (La/ 
Yb)PM ratios of the Nb-enriched mafic rocks (Castillo, 2008); (2) both 
adakite and metasomatized mantle wedge exhibit measurably Nb–Ta 
negative anomalies in their trace element spider diagrams (Wang et al., 
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2008); (3) some Nb-enriched mafic rocks have alkaline or transitional 
geochemical compositions (Petrone et al., 2003; Petrone and Ferrari, 
2008; Righter and Rosas-Elguera, 2001; Verma and Nelson, 1989), and 
cannot be produced by the metasomatism of the mantle by calc-alkaline 
adakites. Thus, an alternative explanation for the formation of Nb- 
enriched mafic rocks is from the partial melting of mixtures between 
enriched OIB-like and depleted-MORB-like or arc-like mantle (Castillo, 
2008; Liu et al., 2017a; Petrone et al., 2003; Petrone and Ferrari, 2008). 
The frequent association of adakite-Nb-enriched mafic rocks with por-
phyry Cu–Au mineralization which is believed to be genetic rather than 
casual (Deng et al., 2020; Kepezhinskas et al., 2022), makes even more 
compelling to understand which mechanism dominated the petrogenesis 
of Nb-enriched mafic rocks. 

Previous studies have identified four separate suites of Nb-enriched 
mafic rocks in the Ailaoshan area of the Yunnan-Burma region 
(Fig. 1b, Supplementary Figs. S1 and S2). Our study sampled and 
analyzed the Cretaceous Nb-enriched mafic rocks from Mili village (139 
Ma; Xinping county) and Yaoshan village (73–68 Ma; Pingbian county) 
in the Ailaoshan area of the Yunnan-Burma region (Fig. 1). Zircon U–Pb 
ages, elemental analyses, and Sr–Nd isotopes have been reported in (Liu 
et al., 2017a). These data, together with Pb-Li-Mg isotope data in this 
study, enable us to reevaluate the origins of the Nb-enriched arc rocks. 

2. Geological background 

Southeast Asia is made up of several structural terranes that were 
assembled during the Neoproterozoic to Phanerozoic (Fig. 1a). In detail 

this includes (1) Neoproterozoic amalgamation between the South 
China Craton and the Indochina block, (2) early Paleozoic rifting of 
South China from Gondwana, (3) latest Permian to Early Triassic Pale-
otethyan Ocean closure, (4) latest Permian eruption of the Emeishan 
large igneous province, and (5) Cretaceous-Neogene Neotethyan Ocean 
closure (Liu et al., 2017a). The NW-trending Ailaoshan-Song Ma tectonic 
belt (also known as Ailaoshan paired metamorphic belt), which is ca. 
1000 km long and 20–200 km wide, includes the Diancangshan, 
Ailaoshan and Yaoshan groups. These three groups have been consid-
ered parts of the Proterozoic basement of the South China Craton 
(Fig. 1b). Fourteen least altered diabase and amphibolite samples in the 
vicinity of the Mili and Yaoshan villages from the Ailaoshan and 
Yaoshan groups, respectively (Fig. 1b), were collected. For more details 
of the studied samples, please refer to (Liu et al., 2017a). 

3. Analytical results 

Analytical methods have been listed in Supplementary texts 1–3. 
Detailed analytical results of Pb-Li-Mg isotopes are given in the Tables 1 
and 2. Previous zircon U–Pb analyses have dated the crystallization 
ages of the diabase and amphibolite to be 139 Ma and 73–68 Ma, 
respectively (Liu et al., 2017a). The Mili diabases and Yaoshan am-
phibolites have typical tholeiite compositions, and are characterized by 
high Na2O (Na2O/K2O = 10.8–60.2, 1.4–4.4), TiO2 (1.5–1.9 wt%, 
0.7–1.5 wt%) and Nb (7.2–9.7 ppm, 8.0–12.3 ppm) contents, and high 
(Nb/Th)PM (0.58–0.87, 0.89–1.37), (Nb/La)PM (0.54–0.86, 1.20–1.58), 
Nb/U (16.2–27.2, 20.5–46.3) ratios. Both suites lack Nb–Ta negative 

Fig. 1. (a) Tectonic outline of southeast Asia, and (b) geological map of the Ailaoshan area (China). This figure is modified after (Liu et al., 2018).  
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anomalies on spider diagrams (Fig. 2). These features are akin to typical 
Nb-enriched basalts (Supplementary Fig. S1b and S1c). Furthermore, 73 
Ma OIB-like amphibolites are also identified in the Yaoshan area coex-
isting with the 68 Ma Yaoshan Nb-enriched amphibolites (Fig. 2). The 

initial Sr isotopic ratios for the Mili Nb-enriched diabases vary from 
0.70509 to 0.70598, and the εNd(t) values range from +1.46 to +3.00. 
The Yaoshan Nb-enriched amphibolites have (87Sr/86Sr)i ratios of 
0.70482–0.70518 and εNd(t) values of +3.59 to +3.81. The Yaoshan 
OIB-like amphibolite have a (87Sr/86Sr)i ratio of 0.70534 and εNd(t) 
value of +3.95. 

3.1. Pb–Pb isotopes 

For Mili diabase samples, (206Pb/204Pb)i, (207Pb/204Pb)i and 
(208Pb/204Pb)i ratios range from 17.99 to 18.15, 15.53–15.57 and 
38.16–38.44, respectively, with strongly positive Δ8/4 values (74–97) 
and slightly positive Δ7/4 values (8.4–11.6) (Figs. 3a and 3b and 
Table 1). The Yaoshan Nb-enriched amphibolites have strongly positive 
Δ8/4 values (76.9–88.0) and slightly positive Δ7/4 values (12.1–18.6), 
with (206Pb/204Pb)i = 18.65–18.85, (207Pb/204Pb)i = 15.66–15.71 and 
(208Pb/204Pb)i = 39.05–39.20 (Figs. 3a and 3b and Table 1). Pb–Pb 
isotope analyses have also been carried out on two Yaoshan OIB-like 
amphibolites, and they show variable Δ8/4 (84.0 and 99.4), Δ7/4 
values (12.2 and 21.8), and (206Pb/204Pb)i (18.89 and 18.53), 
(207Pb/204Pb)i (15.66 and 15.72) and (208Pb/204Pb)i (39.30 and 39.02) 
ratios. High radiogenic Pb compositions suggest the involvement of a 
high U/Pb (Th/U) component in their source region. On (206Pb/204Pb)i 
vs (208Pb/204Pb)i and (207Pb/204Pb)I geochemical diagrams, all samples 
plot slightly above the North Hemisphere Reference Line(Hart, 1988) 
and show an affinity to global pelagic sediments (Fig. 3). 

3.2. Magnesium isotopes 

The Mili diabases have MgO contents of 5.35 to 6.12 wt% and 
relatively homogeneous δ26Mg values of − 0.115‰ to − 0.209‰ (mean 

Table 1 
whole-rock Pb isotope analytical results.  

Sample 10HH-22 A 10HH-22B 10HH-22C 10HH-22D 10HH-22E 10HH-22 L 11ML-37 A 11ML-37B 11ML-37E 11ML-37Z 11ML-37Z 
208Pb/204Pb 39.308 39.029 39.056 39.161 39.201 39.112 38.448 38.398 38.416 38.163 38.162 
207Pb/204Pb 15.663 15.721 15.664 15.661 15.656 15.713 15.557 15.541 15.575 15.528 15.528 
206Pb/204Pb 18.927 18.609 18.675 18.859 18.873 18.793 18.201 18.152 18.179 18.021 18.020 

Pb 3.65 4.18 4.14 2.96 5.68 5.31 4.18 4.18 5.41 4.53 4.53 
Th 0.24 0.40 0.20 0.39 0.42 0.27 0.40 0.38 0.40 0.37 0.37 
U 0.92 2.20 0.89 0.89 1.20 1.14 2.20 3.68 1.28 1.13 1.13 

(208Pb/204Pb)t 39.304 39.024 39.054 39.156 39.198 39.110 38.444 38.394 38.412 38.160 38.162 
(207Pb/204Pb)t 15.661 15.717 15.662 15.660 15.655 15.712 15.554 15.536 15.574 15.527 15.528 
(206Pb/204Pb)t 18.889 18.530 18.649 18.825 18.848 18.771 18.134 18.033 18.148 17.992 18.020 

Δ8/4 84.015 99.416 87.958 76.942 78.428 78.986 89.308 96.541 84.437 78.061 74.862 
Δ7/4 12.248 21.778 14.977 12.788 12.095 18.597 9.681 9.014 11.579 8.557 8.358  

Table 2 
whole-rock Li-Si-Mg isotope analytical results.  

Sample δ7LiLSVEC 

‰ 
2σ δ25Mg DSM- 

3‰ 
2σ δ26Mg DSM- 

3‰ 
2σ 

10HH-22 
A 

− 1.3 0.14 − 0.172 0.022 − 0.336 0.046 

10HH-22 
A 

− 1.27 0.2 − 0.174 0.037 − 0.34 0.018 

10HH- 
22B − 1.99 0.06 − 0.12 0.03 − 0.236 0.038 

10HH- 
22C − 1.41 0.1 − 0.12 0.016 − 0.234 0.06 

10HH- 
22D 

− 2.39 0.02 − 0.138 0.018 − 0.265 0.039 

10HH- 
22E 

− 2.18 0.22 − 0.135 0.028 − 0.257 0.067 

10HH-22 
L − 2.19 0.11 − 0.148 0.03 − 0.293 0.073 

11ML-37 
A 

− 2.01 0.17 − 0.067 0.024 − 0.127 0.049 

11ML- 
37B 

− 1.43 0.15 − 0.065 0.029 − 0.115 0.047 

11ML- 
37E 

− 2.54 0.2 − 0.103 0.014 − 0.198 0.018 

11ML- 
37Z − 1.77 0.92 − 0.075 0.024 − 0.143 0.049 

11ML- 
37Z 

− 1.31 0.15 − 0.108 0.057 − 0.209 0.081  

Fig. 2. (a) Primitive mantle-normalized trace element and (b) chondrite-normalized REE patterns spider grams for the OIB-associated Nb-enriched mafic rocks in the 
Ailaoshan area of the Yunnan-Burma region. 
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= − 0.158 ± 0.05, n = 5) (Fig. 3c and 3d and Table 2). The Nb-enriched 
amphibolites have MgO contents of 6.52 wt% to 13.17 wt% and rela-
tively homogeneous δ26Mg values of − 0.234‰ to − 0.357‰ (mean =
− 0.287 ± 0.06, n = 4). The geographically close OIB-like amphibolites 
have MgO contents of 6.52 wt% to 6.66 wt% and relatively homoge-
neous δ26Mg values of − 0.236‰ to − 0.340‰ (mean = − 0.298 ± 0.03, 
n = 3). 

3.3. Lithium isotopes 

The Mili diabases have δ7Li values of − 2.54‰ to − 1.31‰ (Fig. 4 and 
Table 2). The Yaoshan Nb-enriched and OIB-like amphibolites have 
relatively restricted ranges of δ7Li values, with − 2.19 ‰ – -1.41 ‰ and 
− 1.99 ‰ to − 1.27 ‰, respectively. These lithium isotopes are much 
lighter than those of OIB, fresh MORB, and slab fluids and melts, but 
heavier than the residual AOC (Fig. 4). 

4. Discussion 

4.1. Upwelling of OIB-like asthenosphere dominates the HFSEs 
enrichment 

The HFSEs, rare earth elements, Th and U are significantly correlated 
with immobile Zr (Liu et al., 2017a), indicating their immobile behavior 
during post-intrusion metamorphism and sub-solidus alteration (Polat 
and Kerrich, 2002). Crustal contamination was minimal, and fractional 
crystallization of olivine, clinopyroxene and plagioclase is significant 
(Liu et al., 2017a). At the same time radiogenic isotopes indicate an 
heterogeneosu mantle source. 

The calc-alkaline to alkaline geochemical variations, median 
incompatible trace element compositions between OIB and MORB- or 
arc-like mantle (Fig. 2), weakly depleted Sr–Nd isotopes, and generally 
positive correlation between Nb and other incompatible trace elements, 
suggest a binary mixture of OIB and MORB− /arc-like mantle source 
components (Supplementary Figs. S3 and S4) for the HFSE-enriched 
magma. The Nb-enriched mafic rocks in the Ailaoshan area coexist 
with OIB-like rocks, indicating that their source region may contain 

Fig. 3. (a and b) Plots of 206Pb/204Pb vs 207Pb/204Pb and 208Pb/204Pb, and (c and d) MgO and (87Sr/86Sr)i versus δ26Mg for the HFSE-enriched mafic rocks in the 
Ailaoshan area. The fields of OIB-like mantle and marine sediments are from refs. (Hart et al., 1986; Hu et al., 2017; Huang et al., 2018; Plank et al., 2007; Weaver, 
1991; Zhong et al., 2017). The LoNd array and Northern Hemisphere Reference Line (NHRL) are from ref. (Hart, 1984). The fields of Indian Ocean MORB, Shuanggou 
and Jinshajiang ophiolites are from refs. (Hamelin and Allègre, 1985; Xu and Castillo, 2004) and references therein. Mixing component OIB-like mantle has 
206Pb/204Pb = 17.05, 207Pb/204Pb = 15.43, 208Pb/204Pb = 37.80, Pb = 5.0 ppm, MgO = 16.0 wt%, δ26Mg = − 0.32‰, (87Sr/86Sr)i = 0.7040, and Sr = 200.0 ppm. 
Marine sediments have 206Pb/204Pb = 18.99, 207Pb/204Pb = 15.74, 208Pb/204Pb = 39.32, Pb = 34.0 ppm, MgO = 2.5 wt%, δ26Mg = 0.10‰, (87Sr/86Sr)i = 0.71427, 
and Sr = 235 ppm. Mixing component AOC has MgO = 7.5 wt%, δ26Mg = 0.15‰, (87Sr/86Sr)i = 0.7036, and Sr = 94.0 ppm. 

H. Liu et al.                                                                                                                                                                                                                                      
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upwelling OIB-like asthenosphere (Supplementary Fig. S2 and Fig. 2). 
The presence of OIB-like components in the Ailaoshan area with the Nb- 
enriched mafic rocks is analogous to the Sulu arc in the southern 
Philippines and to the Western Mexican arc, where similar Nb-enriched 
rocks originate from a mantle source mixed with an OIB-like mantle 
(Petrone and Ferrari, 2008). Metasomatism-free primary OIB-like 
magma is characterized by extremely high HFSEs contents and 

alkaline geochemical features, and its mixing with other mantle com-
ponents could fully explain the HFSE-enriched (Fig. 2), and subalkaline 
to alkaline elemental compositions in our Nb-enriched rocks (Supple-
mentary Fig. S1a). Thus, involvement of upwelling OIB-like astheno-
sphere dominates the HFSEs-enriched features of our samples. 

4.2. Subducted mélange recycling into OIB-like asthenosphere produces 
HFSE-enriched arc rocks 

The OIB-like mantle is one of the mixing components for the HFSE- 
enriched mafic rocks, and another component may be MORB 
(depleted mantle) -like or arc-like mantle. Late Paleozoic Shuanggou 
ophiolites with typical N-MORB geochemical features in the central 
Ailaoshan belt could represent the depleted mantle. Radiogenic Sr and 
Nd isotopes do not fractionate with oceanic crust alteration during slab 
subduction. The AOC has the same Sr–Nd isotope compositions with 
the unaltered N-MORB. The peridotites of the Shuanggou ophiolites, 
taken as representative of N-MORB and also of AOC relatively to their 
Nd and Sr isotopes compositions (Xu and Castillo, 2004), show high 
εNd(t) values of +10.3 − +11.5, while εNd(t) value of our OIB-like 
samples is +3.95. The OIB-like component has similar, but the N- 
MORB-like component has much more depleted Sr–Nd isotopic com-
positions than the Mili and Yaoshan Nb-enriched mafic rocks. Besides, 
the OIB and depleted mantle (DM) show similar Si and Mg isotope 
compositions, and their mixing cannot explain the low δ30Si and high 
δ26Mg values of our samples (Fig. 3). Mixing between OIB-like and 
MORB-like mantle components cannot generate Sr-Nd-Mg isotopic 
compositions of our Nb-enriched rocks. 

A possible mixing component may be represented by the arc-like 
mantle characterized by LILE-enrichment and HFSE-depletion. We 
calculated trace element mixing models on a number of bivariate dia-
grams (Supplementary Fig. S4). All the Nb-enriched samples fall along 
mixing lines between OIB-like and arc-like mantle components, sug-
gesting that their mixing can produce the Nb-enriched geochemical 
characteristics (Supplementary Fig. S4). Furthermore, their REE com-
positions can also be explained by OIB-like and arc-like magma mixing 
(Supplementary Fig. S5). There are two possible origins for the LILE- 
enriched and HFSE-depleted features of the arc rocks beneath the 
Yunnan-Burma region: (1) adakitic metasomatism produced by slab 
melts modify the overlying mantle wedge associated with partial 
melting of the metasomatized mantle wedge (Rupke et al., 2004); (2) 
hybrid mélange rocks formed by sediments, AOC and/or hydrated 
mantle rising as diapirs into the mantle wedge. 

For the Mili and Yaoshan Nb-enriched mafic rocks, neither Creta-
ceous adakites nor evidence for Cretaceous subducting slab melting has 
been found in the Ailaoshan area, which are a prerequisite for an ada-
kitic metasomatism model. Both adakite and mantle wedge composi-
tions have much heavier Li isotope compositions (δ7Li = +1.8 − +5.1 
and δ7Li = +3.4 ± 1.4 ‰, respectively) (Hanna et al., 2020) than our 
samples. 

Marine sediments and AOC can mix to form hybrid mélange rocks 
along the interface between the subducted slab and the overlying 
mantle. Mélange subsequently rises as diapirs into the mantle wedge 
where they dehydrate and melt to form arc magmas (Nielsen and Mar-
schall, 2017). Sediment melts and AOC fluids display similar Sr–Nd 
isotope compositions but much lower Nd/Sr ratios than their respective 
bulk counterparts (marine sediment and AOC). Mixing curves of sedi-
ment melts and AOC fluids in Sr–Nd isotope space have discernible 
curvatures from those of mixing between bulk sediment and AOC 
(Supplementary Fig. S3a)(Nielsen and Marschall, 2017). Our samples 
plot far away from the mixing lines between sediment melts and AOC 
fluids, and along those of bulk marine sediment and AOC (Supplemen-
tary Fig. S3a). Mixing between the mantle and bulk sediment, and 
sediment melts follows distinct straight lines (Supplementary Fig. S3b). 
Our samples show finite Nd isotope and Hf/Nd ratio variation. The 
Yaoshan HFSEs-enriched rocks plots close to the AOC-sediment mixing 

Fig. 4. (a) Diagram of 143Nd/144Nd (a), 87Sr/86Sr (b) and 206Pb/204Pb versus 
δ7Li ages for the HFSEs-enriched mafic rocks in the Ailaoshan area. Data for the 
OIB, marine sediment, MORB and residual AOC are from refs. (Chan et al., 
2006; Chan et al., 2009; Leeman et al., 2004; Nishio et al., 2007; Zack et al., 
2003), respectively. Mixing component AOC has 143Nd/144Nd = 0.51324, Nd =
5.34 ppm, 87Sr/86Sr = 0.7036, Sr = 102 ppm, 206Pb/204Pb = 17.484–18.313, 
Pb = 0.26–0.46 ppm, δ7Li = − 11‰, − 7.8‰ and − 4.5‰ (Xu and Castillo, 2004; 
Zack et al., 2003). Marine sediment has 143Nd/144Nd = 0.51263, Nd = 15.75 
ppm, 87Sr/86Sr = 0.7060, Sr = 124 ppm, 206Pb/204Pb = 18.459–18.130, Pb =
15.14–13.80 ppm, δ7Li = − 3.2‰ (Chan et al., 2006). Note that 143Nd/144Nd, 
87Sr/86Sr and 206Pb/204Pb ratios haven't been calculated to the crystalliza-
tion age. 
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lines, and the Mili rocks fall along horizontal partial melting lines, 
indicating that their source magma is originated from mixing between 
AOC and bulk sediment before partial melting. 

The role played by subducted mélange is highlighted by Li isotopes. 
Lithium is a moderately incompatible element in basaltic systems. Its 
heavy 7Li isotope partitions preferentially into melts and fluids over a 
residual mantle mineralogy, giving melts and fluids much higher δ7Li 
values than the residual source rocks (Elliott et al., 2006). Sediment melt 
and AOC fluid metasomatism will release heavy Li isotopes into the 
mantle wedge, and modern arc rocks indeed have much higher δ7Li 
values relative to MORB and OIB (Hanna et al., 2020). The residual 
marine sediment on the slab interface will have extremely light Li 
isotope compositions. The AOC often possess extremely light Li isotope 
compositions with δ7Li values as low as − 11‰ (Elliott et al., 2006; Zack 
et al., 2003). Our Mili rocks show low δ7Li values of − 2.54‰ to − 1.31‰, 
and the Yaoshan Nb-enriched rocks have δ7Li values of − 2.19 to − 1.41 
‰ (Fig. 4). Both are much lower than published values for arc rocks 
(Hanna et al., 2020), OIB (Nishio et al., 2004) and MORB (Brant et al., 
2012; Tomascak et al., 2008). However, addition of residual marine 
sediment and AOC with low 7Li isotopic compositions (i.e., subducted 
mélange), rather than sediment melts and AOC fluids, can produce the 
low δ7Li values in our samples (Fig. 4). 

The Yaoshan rocks show similar Pb isotope ratios to the global 
pelagic sediments (Plank et al., 2007). Both the Mili and Yaoshan rocks 
have much higher radiogenic Pb compositions, and plot along mixing 
lines between the OIB-like mantle and global pelagic sediments in Fig. 3. 
Thus, these Pb compositions also argue for the involvement of marine 
sediments. The Mili and Yaoshan HFSEs-enriched rocks have heavier 
δ26Mg values of − 0.115‰ to − 0.209‰ and − 0.234‰ to − 0.357‰ than 
OIB (Zhong et al., 2017), arc rocks (Teng et al., 2016) and MORB (Liu 
et al., 2017b). Aqueous Mg2+ in subduction zones is enriched in lighter 
Mg isotope compositions (Wang et al., 2019), and the AOC fluid and 
sediment melt typically show much lower δ26Mg values (down to − 1.3 
‰) than mantle peridotites (Chen et al., 2018). Thus, AOC fluid and 
sediment melt metasomatism cannot produce the heavy Mg composi-
tions of the Mili and Yaoshan HFSE-enriched rocks (Fig. 3). A compo-
nent with heavier Mg compositions is required in the source region of 
our rocks. Sediment melts and AOC fluids release lighter Mg isotope into 
mantle wedge from the down going slab. Low-temperature alteration of 
oceanic crust drives the residual AOC and marine sediment to heavier 
Mg isotopic compositions with weighted average δ26Mg values of 0.00 
± 0.09 ‰ (Huang et al., 2018) and 0.10 ± 0.05 ‰ (e.g., radiolarian- 
bearing chert) (Hu et al., 2017), respectively (Fig. 3). Mixing of the 
marine sediments with the OIB can generate the Mg isotope 

Fig. 5. Schematic cartoon of subducted mélange recycling in upwelling OIB-like asthenosphere depicting two different trajectories for the buoyant mélange diapirs. 
Mélange diapirs detached from the mantle-slab interface. Some buoyantly upwelled into the mantle wedge, and partially melted at the base of the lithosphere, where 
diapirs are heated to temperatures >1000–1100 ◦C after (Nielsen and Marschall, 2017). Others were absorbed into upwelling asthenosphere, and their mixing 
magma produced the HFSEs-enriched mafic rocks. 
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compositions of the HFSE-enriched mafic magma. 
Consequently, bulk AOC and marine sediment (i.e., subducted 

mélange) recycling into the upwelling OIB-like asthenosphere produced 
the HFSE-enriched and Sr-Nd-Pb-Si-Li-Mg isotope characteristics of the 
HFSE-enriched arc rocks (Fig. 5). The existence of mélange diapirs un-
derneath continental arcs has been evidenced by previous numerical 
modeling and geophysical observations (Behn et al., 2011; Lin et al., 
2021). Subducting marine sediments have lower density than the 
overlying mantle, and the negative density contrast also causes in-
stabilities along the interface between the subducting slab and the 
mantle (Behn et al., 2011; Ho, 2019). Thus, the viscosity and density 
contrasts make the formation and ascent of mélange diapirs possible. 
When the rising mélange diapirs mix with the mantle wedge, their 
partial melting will produce HFSE-depleted arc rocks (Fig. 5)(Liu et al., 
2022). When the rising mélange diapirs mix with upwelling OIB-like 
asthenosphere, the generation of the OIB associated HFSE-enriched 
arc rocks is favored (Fig. 5). The OIB associated HFSE-enriched arc 
rocks witnessed the subducted mélange recycling and their interactive 
processes with the upwelling asthenosphere. 
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