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(1) Research Data Statement 
 

All unpublished research data used in this manuscript are included in Tables S1-S7, which 
have already been uploaded in this submission.  

 

Description of Research Data Files 

File Name: Table S1: Major element compositions of the Zhejiang basalts (wt.%).  

File Name: Table S2: Trace element compositions of the Zhejiang basalts (ppm). 

File Name: Table S3: Sr-Nd isotopic compositions of the Zhejiang basalts. 

File Name: Table S4: Zinc isotopic compositions of the Zhejiang basalts. 

File Name: Table S5: Trace element compositions of the standard materials (ppm). 

File Name: Table S6: Sr-Nd isotopic compositions of standard materials. 

File Name: Table S7: Zinc isotopic compositions of the reference materials. 



 

(2) Supplementary Figures 1-10 



Fig. S1. Al2O3, CaO/Al2O3, Ni, Cr, Sr, and Dy versus SiO2 for the studied samples. Error bars are smaller than 
the symbols. Our samples are from Xilong (XL) and Longyou (LY) in the inland area, and from Xinchang (XC), 
Shengzhou (SZ) and Tiantai (TT) in the coastal area. Open triangles show the crustal contaminated samples from 
SZ (see text for details). The grey crosses are published data for Zhejiang basalts (Ho et al., 2003; Huang et al., 
2015; Li et al., 2015; Liu et al., 2016; Yu et al., 2015; Zou et al., 2000).  Symbols are the same as in Figure 2.

0

200

400

600

35 40 45 50 55

N
i(
pp
m
)

SiO2 (wt%)

(c)

0

200

400

600

800

35 40 45 50 55

Cr
(p
pm
)

SiO2 (wt%)

(d)

8

10

12

14

35 40 45 50 55

A
l 2O

3
(w
t%
)

SiO2 (wt%)

(a)

0

500

1000

1500

2000

35 40 45 50 55

Sr
(p
pm
)

SiO2 (wt%)

(e)

4

5

6

7

8

9

35 40 45 50 55

D
y
(p
pm
)

SiO2 (wt%)

(f)

0

0.4

0.8

1.2

1.6

35 40 45 50 55

Ca
O
/A
l 2O

3

SiO2 (wt%)

(b)

Early-stage:
LY
XL

Late-stage:
XC
TT
SZ



Fig. S2. (a) Ce/Pb and (b) K/La versus SiO2 for the studied samples. Symbols are the same as in Figure 2. 
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Fig. S3. (a) Comparison of the studied basalts with lithospheric peridotite mantle xenoliths from South China 
and depleted MORB mantle (DMM) in the 143Nd/144Nd versus 87Sr/86Sr diagram. Data source: 
lithospheric mantle xenoliths (Tatsumoto et al., 1992; Qi et al., 1995) and DMM (Workman and Hart, 2005). 
(b) Enlargement of (a). 
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Fig. S4. Variations of d66Zn with (a) total alkali, (b) Nb, (c) Zn/Fe, (d) Zn, (e) Ba/Th and (f) Ce/Pb. Data for 
alkali basalts from Shandong, North China craton (grey cross symbols) are from Wang et al. (2018). Data source 
for d66Zn of refractory peridotites is in Wang et al. (2018). Zn/Fe ranges for melts of peridotites and pyroxenites 
can be found in Le Roux et al. (2010). In (a-d), the pink arrows indicate increasing contribution from the 
carbonated component. In (e-f), the black arrows show the effect of increasing of contribution from lithospheric 
mantle. Symbols are the same as in Fig. 2. 
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Fig. S5. (a) Ce/Pb versus Ce and (b) Nb/U versus Nb for the studied samples. Symbols are the same as in 
Figure S1. Errors bars are smaller than the symbols. Also shown for reference are the composition of the 
continental crust from Rudnick and Gao (2003) and ratios for oceanic basalts (MORB and OIB) with averages 
of Nb/U and Ce/Pb of 47 ± 7(1σ) and 25 ± 5(1σ), respectively (Hofmann et al., 1986). 
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Fig. S6. V/Sc vs. Zn/Fe*104 for the studied samples. The green field and the grey field are the range of MORB 
and primitive OIB with MgO > 10%. The orange arrow shows the expected effect of increasing oxygen fugacity 
during mantle melting. Modified after Davis et al. (2013). 
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Fig. S7. (a) CaO versus SiO2 for the studied samples. The blue line is an approximate filter that separates CO2-
bearing (left side) and CO2-free (right side) basalts (Herzberg and Asimow, 2008). (b) SiO2 versus pressure 
calculated with Lee et al. (2009). The blue and pink lines are the linear regressions for samples with and 
without CO2 defined in (a), respectively. Symbols are the same as in Fig. 2.   
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Fig. S8. Co and Ni contents vs. MgO for the studied samples. Modified after Herzberg et al. (2016). 



Fig. S9 
 

 
Fig. S9. (a) Enlargement of Fig. 5a (143Nd/144Nd versus 87Sr/86Sr diagram) in the main text. (b) The complete 
Fig. 5b (d66Zn versus 87Sr/86Sr diagram) in the main text showing all the end members including GLOSS and 
carbonate sediments. 
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Fig. S10. Relationship between measured δ66Zn and δ68Zn values for Zhejiang and standard materials. 
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(3) Supplementary Text S1_Methods 



Major element analyses 

Whole-rock major elements were determined at the Wuhan Sample Solution Analytical 

Technology Co., Ltd., Wuhan, China. Major element concentrations were determined by a Rigaku-

3080 X-ray fluorescence (XRF) employing a Rh-anode X-ray tube with a voltage of 40 kV and a 

current of 70 mA after samples were fused in a high-frequency melting furnace. The analytical 

precision (relative standard deviation, RSD) and accuracy (relative error, RE) are both better than 

4% for the major element concentrations determined during this study, and further details of the 

analytical procedures used are given in Ma et al. (2012).  

 

Trace element analyses 

Trace-element concentrations of whole-rock samples were determined by ICP-MS (Agilent 

7500a with shielded torch) after acid digestion of the samples in high-pressure Teflon bombs. 

Sample powder (200 mesh) was weighed into a Teflon bomb and moistened with a few drops of 

Milli-Q ultrapure water. Then, 1.5 ml of HNO3 and 1.5 ml of HF were added to the Teflon bomb, 

which was sealed in a steel jacket and heated in an oven at 190 °C for 48 h to completely dissolve 

the sample. After opening the bomb and evaporating the solution on a hotplate at ~115 °C to 

dryness, 1 ml of HNO3 was added to the Teflon bomb and evaporated to a second round of dryness. 

The resultant salt was redissolved by adding ~3 ml of 30% HNO3, resealed in a steel jacket and 

heated in an oven at 190 °C for 12–24 h. The final solution was diluted to ~100 g with a mixture 

of 2%HNO3 for ICP-MS analysis. Analyses of international rock standards (AGV-2, BHVO-1, 

BHVO-2, GSR-1, GSR-3 and BCR-2) indicate that the precision and accuracy are better than 5% 

for most elements and ~10% for some transitional elements (Table S5). The detailed sample-

digestion procedure for ICP-MS analyses and the analytical precision and accuracy for trace 



elements have been described by Liu et al. (2008).  

 

Whole-rock Sr–Nd isotopes 

Whole-rock Sr–Nd isotopic compositions were determined using a Triton Tl mass spectrometer 

operated in static mode at the Wuhan Sample Solution Analytical Technology Co., Ltd., Wuhan, 

China, yielding an analytical precision better than 0.002%. Prior to analysis, ~100 mg of sample 

material was dissolved in HF + HNO3 acid in Teflon bombs at ~195°C for two days. 87Rb/86Sr and 

147Sm/144Nd ratios were calculated using measured whole-rock Rb, Sr, Sm, and Nd concentrations 

determined by ICP–MS. The resulting measured 143Nd/144Nd and 87Sr/86Sr ratios were normalized 

to 146Nd/144Nd = 0.7219 and 86Sr/88Sr = 0.1194, respectively. Comparison between our results of 

Sr-Nd standard and preferred values are summarized in Table S6. Full details of the Rb–Sr and 

Sm–Nd procedures used during this study given in Gao et al. (2004). 

 

Zinc isotopes 

Zinc isotopic were measured at the State Key Laboratory of Geological Processes and Mineral 

Resources, China University of Geosciences (Wuhan). Approximately 10-40 mg (containing ~1μg 

Zn) of powder of sample are mixed with 1ml of concentrated HF and 1ml of concentrated HNO3 

to be dissolved on hotplate at 120℃ for 24h. And then the solutions are dried down and an 

additional 1ml of concentrated HNO3 is added and evaporated to ensure removal of most of the 

HF. Afterwards, aqua regia (1.5ml of concentrated HCl + 0.5ml of concentrated HNO3) is added 

to the sample and the beaker put on a hotplate at 120℃ for 48h to digest the residues including 

fluorides. After complete digestion, an additional 1ml of concentrated HCl is added and evaporated 

to dryness. Finally, the residual sample is dissolved in 1ml of 8 mol/L HCl + 0.001% H2O2 to 



prepare for chemical purification. The chemical purification is described by Zhu et al. (2019) 

which is a protocol adapted from Maréchal et al. (1999) and Liu et al. (2014). The sample solution 

was loaded on 2ml pre-cleaned AG-MP-1M resin. After the elution of matrix elements (e.g., K, 

Na, Mg, Cu, Fe, etc.) in 8 mol/L HCl + 0.001% H2O2 and 0.5 mol/L HCl, Zn is collected by adding 

an additional 10 ml 0.5 mol/L HNO3. The final Zn elution is dried down and dissolved in 2% (m/m) 

HNO3 for analysis.  

Zinc isotopic ratios were measured on a Nu Plasma 1700 MC-ICP-MS instrument located at 

the State Key Laboratory of Geological Processes and Mineral Resources, China University of 

Geosciences (Wuhan). The instrumental isotopic fractionation is corrected by the sample-standard 

bracketing method and by adding Cu as an internal standard (Maréchal et al., 1999). The bracketing 

standard is NIST SRM 683, which is fractionated compared to JMC Lyon by 0.12 ± 0.04‰ (Chen 

et al., 2016). The Zn concentrations of the samples were checked and adjusted to match the NIST 

SRM 683 solution within 10%. Zinc solutions were introduced to the Ar plasma using a Glass 

Expansion nebulizer with an uptake rate of ~100 µl/min.  

In total, the intensity of seven signals (60Ni, 63Cu, 64Zn, 65Cu, 66Zn, 67Zn and 68Zn) were 

collected using Faraday cups at positions L6, L4, L3, L2, Ax(C), H2 and H4, respectively, and all 

Faraday amplifiers used 1011 Ω resistors. Among them, the 60Ni was used to monitor the 

interference of 64Ni on 64Zn. For all samples 64Ni interference were negligible (60Ni/64Zn < 5×10-

4). The samples were analyzed in low-resolution mode and a 300 ppb Zn solution returns ~4V for 

64Zn. Each analysis consisted of the integration of 25 cycles of 8 seconds each. Finally, zinc isotope 

ratios are reported in standard δ-notation in permil relative to JMC Lyon 3-0749L: δXZn(‰) = 

[(XZn/64Zn)sample/(XZn/64Zn)JMC Lyon 3-0749L – 1] × 1000, where X = 66 and 68.  

International standards and replicate analyses were applied to test the accuracy of the method. 



Nine full replicates of these samples (dissolution from aliquots of a homogeneous powder, 

chemical purification and mass spectrometry measurements), show identical δ66Zn values within 

the uncertainty of 0.05‰ (2sd). Full details of analytical procedures and standard samples have 

been reported in Zhu et al. (2019). The results of standard samples (Table S7) are consistent with 

previous studies and recommended values (Moynier et al., 2017) within error (0.05‰). The δ66Zn 

and δ68Zn values of all samples analyzed here fall onto a mass-dependent fractionation line with a 

slope of 1.9999 (Fig. S10). 
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(4) Supplementary Text S2_Correction of the CO2 effect on 
P-T estimates 



Supplementary Text S2. Correction of CO2 on P-T estimates 

To correct the effect of CO2 on P-T estimates with Lee et al’s (2009) thermobarometer, we 

first used melt CaO vs. SiO2 (Fig. S7a) to discriminate partial melts of carbonated source from 

CO2-free source (Herzberg and Asimow, 2008). Most of the samples with SiO2 > ~43 wt.% plot 

on the right side of the discriminating line, pointing to a CO2-free mantle source. However, samples 

with SiO2 < ~43 wt.% fall on the left side of the discriminating line, showing an affinity with a 

CO2-bearing source. This observation means that calculated pressures for samples with SiO2 < ~43 

wt.% in Figure S7a were overestimated due to the presence of CO2. We empirically corrected the 

pressures of these samples to fit the liner trend for samples with SiO2 > ~43 wt.%, as defined by 

the blue line (P = -0.2281× SiO2 + 13.155) in Figure S7b. The corrected results show that pressure 

was overestimated by 0.2-1.6 GPa for these samples. Following the pressure correction, we need 

to further correct the impact of CO2 on temperature estimates. Because in carbonated peridotite 

system, melt CO2 content is generally negatively correlated with melt SiO2 contents. We therefore 

use the empirical equation of Dasgupta et al. (2013) to infer the melt CO2 contents:  

CO2 = (44.8-SiO2)/0.89 

We then correct the effect of CO2 on melting temperature using the following empirical function: 

ΔT (°C) = a×CO2 + b × ln [(100 - c × CO2)/100] 

Where a, b and c are pressure-dependent constants and are given in Dasgupta et al. (2013). Using 

this method, the average ΔT at 3-4 GPa (corrected pressure for samples with SiO2 < ~43 wt.%) 

varies from 26 to 57 °C. 
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Supplementary Text S3. Descriptions of mixing modeling in Fig. 4. 

 To produce carbonated eclogite with d66Zn as high as 0.45‰, we follow the method of 

Beunon et al. (2020) and assume that the carbonated eclogite is a mixture of 90% MORB-eclogite 

and 10% high-pressure carbonates. Because the solidus temperature of carbonated eclogite is 

significantly deeper and their melt productivity is higher than that of peridotites (Gerbode and 

Dasgupta, 2010), this component is expected to be completely molten when incipient melting 

(F=1%) of the surrounding peridotite matrix begins (Gerbode and Dasgupta, 2010). Therefore, we 

assume that, at the base of the melting column, low degree (F=1%) partial melts of peridotite are 

mixed with carbonated eclogites. The reaction of the carbonated eclogite-derived melt with 

surrounding peridotite should result into an increase of the orthopyroxene (opx) mode at the 

expense of olivine (Mallik and Dasgupta, 2014) and explain why “transitional lithologies” are 

predicted by the FCKANTMS parameter (see Fig. 6 in the manuscript). 

The incipient melt composition of peridotite is calculated after Beunon et al. (2020). Our 

model shows that mixing this high-d66Zn carbonated eclogite component with less than 5% 

peridotite-derived low-degree melts can generate both the elevated Zn isotopes and the relatively 

enriched Sr-Nd isotopes of the low-silica samples (Fig. 4 in the manuscript). As upwelling 

progresses to shallower pressure, the melting degree enhances and the contribution of the depleted 

peridotite matrix increases, resulting in the dilution of the isotopically enriched component signal. 

Our model predicts the depleted endmember of the high-silica samples can be produced by mixing 

of 9-19% depleted peridotite mantle derived melt with carbonated eclogite melt at the deepest level 

of the melting column. This is consistent with the discussion that the low-silica samples, which 

contain less than 5% melt of matrix peridotite, is are more isotopically enriched compared to the 

depleted endmember of the high-silica samples. 

During carbonated asthenosphere-lithosphere interaction, shallower silica-rich melts have 

significantly higher K/La, Ba/Th and Sr/Nd than the deeper melts, indicating a greater contribution 

from fossil subduction components. Here, we calculate the partial melt composition of isotopically 

enriched lithospheric mantle by assuming it was produced by mixing of melt from a more depleted 

peridotite residue with subducted sediment (GLOSS) (Plank and Langmuir, 1998) during earlier 

subduction events. The metasomatized depleted lithospheric mantle is assumed to be a F=15% 

partial melting residue of DMM, this residue was then metasomatized by GLOSS to account for 



the isotopic compositions of enriched endmember of high-silica samples. Our isotopic modelling 

show that mixing of 7-9% subducted sediment (GLOSS) to partial melts of sub-continental 

lithospheric mantle can produce the enriched component of the high-silica samples. If we assume 

a more fertile lithospheric mantle residue, e.g., similar to melting residue of the asthenosphere with 

an extremely low melting degree of 1%, a much higher proportion of GLOSS (20-27%) would be 

required to account for the enriched endmember of high-silica samples and the observed negative 

correlation between d66Zn and Sr isotopes and the positive correlation between d66Zn and Nd 

isotopes.  

 

Parameters used for model calculation 

  
a Carbonate is from Jin et al. (2020). 
b Eclogite: Sr and 87Sr/86Sr is from Hauff et al. (2003), the same value as used in Li and Wang 

(2018) and this corresponds to the most sea-water altered basalt drilled on the ocean crust closed 

to the Mariana trench. Nd is from Jin et al. (2020). 143Nd/144Nd is from Cousens (1992). Zn and 

d66Zn is from Jin et al. (2020).	 
c Carbonated eclogite is assumed to be mixture of 90% eclogite with 10% carbonate, after Beunon 

et al. (2020).  

d Melt of asthenospheric peridotite is assumed to be low-degree melt (F=1%) of DMM. Sr-Nd-Zn 

contents and  d66Zn is from Beunon et al. (2020), 87Sr/86Sr and 143Nd/144Nd is from Workman and 

Hart (2005). 
e Melt of depleted lithospheric residue before subduction modification is assumed to be high-

degree melting residue (F=15%) of DMM. 87Sr/86Sr and 143Nd/144Nd is are from Workman and 

Hart (2005), Sr, Nd, Zn and  d66Zn is calculated following Beunon et al. (2020). 



f GLOSS: Zn-Sr-Nd contents and Sr-Nd isotopic composition is from Plank and Langmuir (1998) 

and d66Zn is from Moynier et al. (2017). 
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