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Introduction 

The data set contained in the additional supporting information (Tables S1 to S13, three Supplementary document and Figure S1), include whole-rock/basaltic matrix glass data (Table S1), mineral composition (major and Sr isotopic) data (Table S2-3), Olivine-hosted (Table S4, including post-entrapment crystallization of olivine) and plagioclase-hosted (Table S5) melt inclusion data, the results of modelling crystallization through the Petrolog 3 software (Table S6, including post-entrapment crystallization of plagiolcase), calculated results of physical-chemical factors (Table S7-13), analytical procedure (Supplementary document 1), detailed procedure of correcting PEP in plagioclase-hosted melt inclusion (both in Table S6 and Supplementary document 2), detailed method descriptions about the physico-chemical factors (Supplementary document 3) and the photomicrographs to the studied PUBs with the proportions of phenocrysts using ImageJ software (Figure S1) of MORBs from SWIR (this and previous studies). 
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Supplementary document 1: analytical methods
Basaltic glass analytical procedure

     Basaltic glass (collected from the basalts) major elements were determined on fused glass disks using a Rigaku ZSX-100e X-ray fluorescence spectrometer (XRF) according to the analytical methods reported by Goto and Tatsumi (1996). Analytical precision was better than 5% for the majority of major elements, except for the elements (e.g., manganese, phosphorus) with low content in basalts. Trace element analyses were carried out using a Perkin-Elmer ELAN 6000 inductively coupled plasma mass spectrometer (ICP-MS), following the methods reported by Li et al. (2006). About 50 mg of each powdered sample was dissolved in a high-pressure Teflon bomb for 24 h using a HF+HNO3 mixture. Rh was used as an internal standard to monitor signal drift during counting. The USGS (United States Geological Survey) and Chinese National standards BCR-1, BHVO-1, W-2 and GSR-3 were chosen for calibrating element concentrations of measured samples. Analytical uncertainty for most trace elements was better than 5% based on repeated analyses of USGS standards BHVO-2, AGV-1 and AGV-2, which were analyzed as unknowns for data quality control. Replicate analyses of the standard rocks are in good agreement with the reference values. The Sr–Nd–Pb isotopic ratios of whole-rock were measured with a Neptune multicollector-ICPMS. Nd and Sr isotopic ratios were normalized for within-run fractionation to 146Nd/144Nd = 0.7219 (Vance and Thirlwall 2002) and 86Sr/88Sr = 0.1194 (Elburg et al. 2005), respectively. Standards NBS987 and standard JNdi-1 were used to check 87Sr/86Sr and 143Nd/144Nd measurements, respectively. The 87Sr/86Sr measured in NBS987 was 0.710236 ± 0.000016 (2, n=13) compared to a published value of 0.710244 ± 0.000014 (Chu et al. 2009). The 143Nd/144Nd measured in JNdi-1 was 0.512114 ± 0.000010 (2, n=13) compared to a published value of 0.512112 ± 0.000010 (Elburg et al. 2005). Repeated measurements of NBS 981 during the course of the analyses yielded 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb of 16.929 ± 0.0008 (2, n=13), 15.481 ± 0.0008 (2, n=13), and 36.669 ± 0.0020 (2, n=13), respectively, in agreement with the values reported by (Todt et al. 1996) (206Pb/204Pb = 16.935 ± 0.0007, 207Pb/204Pb = 15.489 ± 0.0009, and 208Pb/204Pb = 36.701 ± 0.0034), respectively. 

Minerals and host glasses (melt inclusions) analytical procedure

     Initial back-scattered electron images of plagioclase and olivine grains from 3 polished blocks and 1 epoxy resin disk were collected before quantitative microanalyses. Major elements of minerals and host glasses (from the thin section) were determined using a JEOL JXA-8100 electron probe micro-analysis (EMPA). The volatile elements (Na, K) were analyzed first to minimize their losses. The operating conditions for olivine were a 20 kV accelerating voltage and a 100 nA beam current; and a 15 kV accelerating voltage and a 20 nA beam current for other minerals, melt inclusions and matrix glasses. A variable peak counting time of 10-120 s was designed for the intensity of the characteristic X-ray lines and desired precision. A range of metal, oxide and silicate (e.g., jadeite, wollastonite) standards (e.g., jadeite for Na, periclase for Mg, wollastonite for Ca, Si, rutile for Ti, fayalite for Fe, K-feldspar for K, corundum for Al, apatite for P, manganotantalite (Mn) and pure metals for Cr, and Ni) were used to calibrate the spectrometers and for matrix reduction of the data. To monitor machine drift, an internal olivine standard (from Hannuoba mantle peridotite) and an internal glass standard (JB-2, Ren et al. 2004, 2005) were analyzed before and after each batch analysis. To the major elements of the olivine, the spot size of 2 μm. The internal olivine standard was analyzed after every 5 measurements to monitor potential instrumental drift and to estimate accuracy and precision. The analytical uncertainty is better than 2% for SiO2, FeO, MgO and MnO, 4% for NiO and 7% for CaO. To the major elements of the melt inclusions, the spot diameter is 3μm. To monitor instrumental drift, repeated measurements on the internal glass standard (JB-2) demonstrated that the analytical uncertainty is better than 0.5% for most major elements (except 6% for MnO and 8% for P2O5). Considering the accuracy of testing results of monitoring standard, the sample results of volatile elements are robust and not very different from true values.
In order to determine the chemical composition of melt inclusions, it is almost always preferable to analyze a homogeneous glass rather than a complex one with mixture of various crystalline phases and residual glass. Therefore, slowly cooled melt inclusions containing mixtures of crystals and glass require reheating and quenching prior to analysis (Ren et al. 2005). To homogenize olivine- and plagioclase-hosted melt inclusions, a 1 atm gas-mixing furnace was used to heat olivine and plagioclase separates to 1,250 °C at the quartz–fayalite–magnetite (QFM) buffer. Olivine and plagioclase grains were rapidly lifted to the top of the furnace and quenched after being heated for 10 min. A more detailed procedure of this process has been described by Ren et al. (2005) and Zhang et al. (2021). In this study, both crystal separates and rock fragments (mounted in 2 cm epoxy rounds without heated) were used to analysis the composition of melt inclusions. 
  In situ Sr isotope analysis was performed on plagioclases and host glasses larger than 80 μm following the procedure of Zhang et al. (2018). All in–situ Sr isotope analyses in this study were performed on a Neptune Plus MC–ICP–MS (Thermo Scientific), coupled with a RESOlution M–50 193 nm laser ablation system (Resonetics). An X skimmer cone in the interface was used to improve the instrumental sensitivity. All isotope signals are detected with Faraday cups under static mode. The laser parameters were set as follow: beam diameter, 82 μm; repetition rate, 7 Hz; energy density, ~4 J×cm–2. Helium was chosen as the carrier gas (800 ml×min–1). Each analysis consisted of 250 cycles with an integration time of 0.262 s per cycle. The first 30 s was used to detect the gas blank with the laser beam off, followed by 30 s laser ablation for sample signals collection with laser beam on. During the measurement of this study, the gas blank of 83Kr and 88Sr were less than 2.5 mv and 0.5 mv. The interferences of 84Kr and 86Kr on 84Sr and 86Sr were corrected by subtracting gas blank from the raw time–resolved signal intensities. 85Rb was used to correct the interference of 87Rb on 87Sr with a natural 85Rb/87Rb= 2.593 (Catanzaro et al. 1969). The mass bias of 87Sr/86Sr was normalized to 86Sr/88Sr = 0.1194 with an exponential law. The detailed data reduction procedure is reported in Zhang et al. (2018). Five analyses of NKT–1G (a basaltic glass) during the course of this study yielded a weighted mean of 0.70351 ± 0.00004 (2SD), which is consistent within error with the result reported value (0.703509 ± 0.000019) in Elburg et al. (2005). 5 analyses of an in–house plagioclase glass (PZHPL) yielded a weighted mean of 0.70436 ± 0.00005 (2SD), agrees within error with the result (0.704348 ± 0.000015) measured by solution method (Zhang et al. 2019). 

In situ Pb isotope compositions of melt inclusions were determined using a Neptune plus MC-ICP-MS and RESOlution M-50 laser ablation system (with a wavelength of 193-nm, spot size of 45 μm, energy of 80 mJ, attenuate value of 25%, repetition rate of 3 Hz, and an integration time of 0.262 s). Samples were analyzed using a JET sample cone and an X skimmer cone. Before analysis, the sample surfaces were cleaned in an ultrasonic bath with dilute HNO3 (~10%) and Milli-Q water for 10–15 min, rinsed several times with distilled water and dried with a nitrogen gas gun. The international reference materials NKT-1G and BHVO-2G were selected as the intensities of their 208Pb peaks resemble those of the melt inclusions. These standards were measured in turn to evaluate the accuracy of the instrument prior to analysis (Zhang et al. 2014). Before and after every five analyses, an internal glass standard (BHVO-2G) was measured to detect instrumental drift. The average value of the internal glass standard was 2.0542 for 208Pb/206Pb, and 0.8335 for 207Pb/206Pb. Analytical uncertainties (2σ, n = 34) for the internal glass standard were better than 0.22% for 208Pb/206Pb and 0.36% for 207Pb/206Pb, while accuracies were better than 0.09% for 208Pb/206Pb, and 0.12% for 207Pb/206Pb. 
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Supplementary document 2: detailed procedure of correcting PEP in plagioclase-hosted melt inclusion
Post entrapment processes (PEP) of plagioclase (Pl) (mainly crystallization) along the walls of the melt inclusions will affect the inclusion composition to departure equilibrium state from the composition of Pl, by enriching the inclusion in elements incompatible in Pl, such as Mg and Fe (Nielsen et al. 2020). Similar to the MORBs, the Pl-hosted melt inclusion compositions also fall along the olivine+plagioclase cotectic, but are typically more primitive compositions than the matrix glass which will experience further evolution (Sinton et al. 1993; Danyushevsky et al. 2002; Nielsen et al. 2020; Hellevang and Pederson 2008). Therefore, it is possible to assess the degree of PEP that has occurred in the inclusions through the comparison between the melt inclusion compositions and the lavas along the olivine+plagioclase cotectic. Using the lever rule (Lange, 2013), the amount of Pl crystallization is roughly equal to the distance the analysis lies off the olivine+plagioclase cotectic (Figure in Table S6). Due to the Pl crystallization from the inclusion, in order to get the original composition of inclusion, Pl (equilibrium Pl or host Pl) must be added back to the inclusion following the general equation: Ci (wt%) = Cs×(1-x) + CPl×x, where Ci is the element content of interest prior to PEP, Cs is the measured element content, CPl is the element content in Pl, and x is the amount of post-entrapment crystallization that has occurred as estimated assuming mass balance and the simplifying assumption that there is no differential diffusive equilibration. Considering the homogenized glassy component in the melt inclusions hosted in situ on rock slices (see Figure 2b-c, 2e-f and 2h, in main text). Therefore, we need only to accommodate the effects of Pl crystallization (Figure in Table S6). In this study, we use MgO-Al2O3 systematics as the interest elements to get the value of x in the general equation (see Figure in Table S6). Then, using the x value, we can obtain the content of other interest elements.
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Supplementary document 3: detailed method descriptions about the physico-chemical factors
Crystallization pressure 
Here we use major elements of basaltic matrix glasses and melt inclusions to calculate the pressures of partial crystallization of the magma related to the studied PUBs. The major element pressure (MEP) is calculated using the barometer of Herzberg (2004), which parameterizes the olivine-clinopyroxene-plagioclase saturation surface from anhydrous experiments on basalt onto the anorthite-diopside-enstatite ternary diagram. A prerequisite for the barometer method is that magmas are co-saturated with olivine, clinopyroxene, and plagioclase. In order to filter the dataset to include only melts that are olivine-clinopyroxene-plagioclase saturated, we follow the approach of Herzberg (2004). Melt compositions saturated with olivine-clinopyroxene-plagioclase are identified by lack of excess CaO (CaOexcess (wt.%) = CaO (wt.%) + 0.3MgO (wt.%)-14.5≤0). 

For any basaltic glass (including mineral hosted melt inclusions) composition with no excess CaO, the pressures of partial crystallization can be estimated with the equation provided by Herzberg (2004):
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An= Al2O3+Cr2O3+TiO2; Di= CaO+Na2O+3K2O-Al2O3-Cr2O3; En= SiO2-0.5Al2O3-0.5Cr2O3-0.5FeO-0.5MnO-0.5MgO-1.5CaO-3Na2O-3K2O-0.5NiO. All weight percent compositions are converted to molar percent. 

Crystallization temperature

(1) Al-in-olivine thermometer (TAO): the Al-in-olivine thermometer, presented by Wan et al. (2008) and Coogan et al. (2014), is independent of crystallization pressure, oxygen fugacity, melt composition, and source lithology. The compositions of studied spinels (Cr#= 0.39-0.49, Fe3+/Fetotal=0.26-0.29, Al + Cr=1.80-1.85, Ti=0.01-0.02, per four oxygens) are within the calibration ranges of the thermometer for spinel in terms of the Cr# (0-0.69), Fe3+/Fetotal (≤ 0.35), Al + Cr (≥1.4) values and Ti (< 0.025) concentrations (Coogan et al. 2014; Jennings et al. 2019). Concerning olivine composition, the high CaO (0.29-0.31 wt.%) and low P2O5 (close to zero) contents are within the calibration range of the thermometer (CaO≥ 0.2 wt.% and P2O5≤ 0.046 wt.% or P (phosphorus)≤ 200ppm) (Coogan et al. 2014; Thompson and Gibson 2000), ruling out a mantle or pre-existing cumulate xenocryst origin and the effect of Al-P charge balance substitution in the olivine. The Al-in-olivine thermometer of the olivine–spinel pairs is expressed as:  
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are the values of atomic Cr and Al of spinel (per four oxygens),  [image: image10.png]AL, 0,°" and Al, 0,57



are the Al2O3 contents of olivine and spinel (in wt.%), respectively. The values in parentheses are the published standard errors of the parameter from Coogan et al. (2014). 

(2) Glass (or liquid) thermometer (Tliq): we used the melt thermometer, presented by Yang et al. (1996) and applied to liquids in equilibrium with olivine + plagioclase + clinopyroxene, to calculate the liquidus temperature of the studied glasses. The input data includes the major element composition of basaltic glass and its mineral host melt inclusions. The temperature of equilibration was computed with the equation of Yang et al. (1996) and Putirka (2008) (equation 16): 
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are the molar fractions of SiO2, Al2O3 and MgO in the liquid. 

Considering the minor effects of pressure on the geothermometers used here and the consistency of results with other methods, the input parameters were defined using MEPs (Table S9). 
(3) Olivine-liquid thermometer (TOLiq): the olivine-liquid thermometer, based on the formulation of olivine-liquid equilibrium by Putirka (2008) (equation 22), is expressed as:
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Where H2Oliq is in wt.%, and [image: image20.png]0l/liq
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, cation fraction ratio of AlO1.5, TiO2 in liquid, respectively). 

We used the measured compostions of olivine and bulk rock (basaltic matrix glasses) and melt inclusions from Mountain Jourdanne area after excluding the disequilibrium pairs (accounting for 13%) with KD(Fe-Mg)Ol-liq below 0.26 (Table S10). An essential requirement for accurate determination of olivine-melt temperatures was the attainment of equilibrium between the minerals and their host whole rocks (melts). The input conditions were also set based on the results of MEP determinations (Tables S10). 

(4) Plagioclase-liquid thermometers (TPLiq): plagioclase compositions are a useful indicator of crystallization temperature and its related thermometry has since received much attention (Kudo and Weill, 1970; Putirka, 2008). In this study, a plagioclase–melt thermometry method proposed by Putrika (2008, equation 24a) was used to estimate the crystallization temperature of the plagioclase. Equation 24a is expressed as: 
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is in wt.%. In there, the plagioclase–liquid equilibrium was inferred from the Ab-An exchange (KD(An-Ab)Pl-liq=[image: image57.png]Pl yliq liq Pl yliq liq
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), which is nearly invariant with respect to T-P-H2O (Putirka, 2008). The values of KD(An-Ab)Pl-liq are normally distributed (0.27±0.11 for T ≥ 1050 °C). 

We have used the measured compostions of plagioclases and their melt inclusions from segments 27-28 and Mountain Jourdanne area but do not consider disequilibrium pairs. It is necessary that equilibrium between the minerals and their host whole rocks to be achieved to ensure the validity of the temperature estimates (excluding 23% disequilibrium pairs). Before applying the geothermometry method, the input conditions of pressures were also set based on the results of MEPs (Table S11). 

Calcium-in-olivine geohygrometer 

The calcium-in-olivine geohygrometer provided by Gavrilenko et al. (2016) can be utilized to predict magmatic water contents, based on the partitioning of CaO between olivine and melt (or liquid) (i.e., DCaOOl/L) (Hesse and Grove 2003; Feig et al. 2006). The equation is expressed as: 
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where MgOliq and CaOliq are the MgO and CaO composition (in wt.%) of liquid, respectively. Moreover, CaOOl is the composition (in wt.%) of the olivine in the samples. 

To predict the magmatic water contents, we should use the composition of olivine and the melt from which they grew. We can estimate the composition of the melts (Fig. 3 and Table 13), but we do not know the composition of the olivines which were in equilibrium with them. Because it is difficult to match the relevant data one by one, especially to the data from literatures. Therefore, we assume that both the whole-rock (including matrix glasses) and the mineral melt inclusions compositions are similar to the melt composition, and then calculate the equilibrium olivine composition based on PRIMELT3 software (Herzberg and Asimow, 2015). The equilibrium olivine composition is predicted to be in equilibrium with the composition of olivine-hosted melt in Mountain Jourdanne area having an Mg number of 0.86 (Colum BD /Line 59-77, in Table S12), in excellent concordance with our measured olivine grains that have a similar Mg number ranging 0.85-0.87 (Colum X /Line 4-33, in Table S2). This measured olivine grains also have CaO concentrations ranging 0.25-0.36 wt.% (average at 0.31 wt.%; Colum Q /Line 4-33, in Table S2), similar to the estimated olivines (CaO=0.37-0.42 wt.%, average at 0.40 wt.%; Colum AT /Line 59-77, in Table S12). It, therefore, indicates that this assumption we used is valid. Then, we constrain DCaOOl/liq using the CaO contents of the calculated olivine, and whole-rock and the mineral melt inclusions compositions. Finally, water contents can be obtained by the equations provided by Gavrilenko et al. (2016). Detailed results are listed in supplementary Table S12. 

Density 
We have also calculated the density variation of the liquid and its related minerals (i.e., plagioclase and olivine), as well as melt compositions and temperature during crystallization. The liquid densities were calculated using the Petrolog3 (version 3.1.1.3) software (Danyushevsky and Plechov 2011) based on the models from Bottinga and Weill (1970), and Lange and Carmichael (1987). The corresponding plagioclases densities were calculated by extrapolating from the measured endmember densities of anorthite and albite at 25°C and 1 atm (2.76 and 2.61 gcm-3, respectively) (Robie et al. 1966), assuming that plagioclase density varies linearly between the end-members (Lange et al., 2013). Due to the limited effects of pressure on the density of minerals (Niu and Batiza 1991), the plagioclase densities are only adjusted to account for thermal expansion using the Berman model and anorthite-dependent thermal expansion expressions (Tribaudino et al. 2010): 
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The equation for determining plagioclase density is expressed as: 
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XAn is the anorthite component of plagioclase, ranging from 0-100. The value of ρ(An100, 25°C) and ρ(An0, 25°C) is 2.76 and 2.61, respectively. 

Olivine density was also calculated by extrapolating from the measured end-member densities of forsterite and fayalite at 25°C and 1 atm (3.21 and 4.39 gcm-3, respectively) (Robie et al. 1966), assuming a linear relationship between end-members (Lange et al. 2013). Then, we readjust the end-member densities for thermal expansion using the thermal expansion expressions (Lange et al. 2013):
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XFo is the forsterite component of olivine, ranging from 0-100. ρ(Fo100, 25°C) and ρ(Fa100, 25°C) is 3.21 gcm-3 and 4.39 gcm-3, respectively. 

However, in order to plot the mineral density (which varies with temperature) on the melt density-MgO diagrams, equilibrium MgO of their melt needed to be estimated for each temperature. Thus, we selected melt compositions with the highest MgO contents (DY30II-1 in segment 28 and 30I-2-1-17 in Mountain Jourdanne area; Table S13) based on the outcomes of calculated primary magma results which were corrected by PRIMELT3 software (Herzberg and Asimow 2015) and listed in Table S12. The basis for this calculation is to adjust the evolved melt composition to equilibrate with the highest Mg number olivine (the Mg#maxOl close to ~88 for segments 27-28 areas and ~86 for the Mountain Jourdanne area; Table S2) in the studied samples (Herzberg and Asimow 2015). Then, we calculated their evolutionary paths using Petrolog3 (version 3.1.1.3) (Danyushevsky and Plechov 2011) during crystallization, choosing 1 and 4 kbar as the crystallization pressure and QFM to control the oxygen fugacity. Despite the limited effect on the density of plagioclase and olivine (Niu and Batiza 1991), pressure can cause appreciable increases in melt density (Lange et al. 2013). For this reason, we chose two representative pressures (1 and 4 kbar, based on the major element pressure results) to model the crystallization. Lastly, we use all of the calculated liquid compositions and above equations for plagioclase and olivine density to obtain the liquid density and related mineral density. The results are shown in Fig. 8d and listed in Table S13.
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