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Starting Materials and Encapsulation  

The starting haplogranitic glasses were prepared from stoichiometric mixtures of analytical grade SiO2, Al(OH)3, 

Na2CO3, and K2CO3. The haplogranitic composition corresponds to the 2 kbar haplogranite eutectic melt composition 

(Qz35Ab40Or25; Johannes and Holtz, 1996), and the alumina saturation index (ASI) was set to be 0.8, 1.0 and 1.2 by 

varying the amounts of Al(OH)3, Na2CO3, and K2CO3 at a constant Na/K-ratio. The mixtures were dehydrated and 

decarbonated in a platinum crucible by heating from room temperature to 1100 °C at a rate of 100 °C /h and holding at 

1100 °C for a further 12 h in a muffle furnace. The recovered samples were ground to fine powders in an agate mortar 

until they were homogenised and free of gas bubbles, then melted at 1600 °C for 2 h in a platinum crucible and 

quenched in distilled water. Part of these glass powders were then doped with ~1000 ppm Ba by mixing them 

thoroughly with Ba(NO3)2. The Ba-doped glass powders were heated at 1100 °C for 12 h to remove nitrogen 
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(Ba(NO3)2 was decomposed to BaO and NO2 at this temperature) and then remelted at 1600 °C in a platinum crucible 

for 2 h in the furnace. Aqueous fluids with the (Na, K)Cl (Na:K = 1:1 in moles) concentration of 0.5, 1 and 1.5 mol/L 

were prepared with deionised H2O, analytical grade NaCl and KCl. 

All experiments were conducted in Bayerisches Geoinstitut, University of Bayreuth. Silicate glass powders and the 

nearly similar amount of aqueous fluids (~100 mg) were loaded into Au capsules with 4.3 mm O.D. (outer diameter), 

4.0 mm I.D. (inner diameter) and 2.5 mm length (Fig. S-2a). Capsules were welded and then put in an oven at 110 °C 

to check potential leaks, and the capsules with obvious weight changes were discarded. 

High Temperature and Pressure Experiments 

The capsules were then loaded into vertical rapid-quench cold-seal pressure vessels made of Inconel 713LC super 

alloy using water as the pressure medium, with the setup similar to that described in Matthews et al. (2003). 

Temperatures were measured with NiCr-Ni (K-type) thermocouples in an external borehole of the vessels. The 

uncertainties of the temperature and pressure are smaller than 5 °C and 30 bar, respectively. Oxygen fugacity was not 

specifically controlled in the vessels, but it should be 0.5 to 1 log unit above the Ni-NiO buffer as suggested by the 

reaction of water with the autoclave material (Keppler, 2010). All experiments were run at 700 to 900 °C and 200 

MPa for 10 to 40 days (Table 1). The samples were quenched by dropping the external magnet to force the sample to 

fall into the water-cooled zone within a few seconds. 

Run Product Separation and Dissolution 

The capsules were recovered and weighed again to check for potential leaks during the experiments. Those without 

obvious weight changes were then cleaned, cooled by liquid-N2, and then punctured with a steel needle. After the 

solution was withdrawn as much as possible with a micropipette, the capsules were opened and boiled in deionised 

water for 30 minutes. After that, they were further rinsed several times with deionized water. All solutions obtained 

during these operations were added together with the solution phase withdrew from the experiment. This procedure is 

similar to the treatment of Keppler and Wyllie (1991) in re-dissolving materials precipitated from the fluid during 

quenching. The capsule and recovered glass samples were dried at 130 °C in the oven for at least 2 h. Then, the Au 

capsule material and glass were weighed to determine the actual fluid weight after quenching by subtraction. Previous 

studies showed that such a method works well under relatively low-pressure experiments (<1 GPa; Borchert et al., 

2010; Keppler, 2017), which is suitable for the experiments conducted at 200 MPa in this study. 

The solution extracted from each run product was transferred directly into a pre-cleaned screw-top Teflon beaker, 

and then evaporated to dryness at 100 ºC on a hot plate. The dried residue was dissolved in 2 mL concentrated HCl (all 

of the acids used in this study throughout the dissolution and purification processes were produced by double sub-

boiling distillation). The solution was divided into two parts and processed as follows: (1) 0.1 mL of the solution was 

transferred into a pre-cleaned Teflon tube, and then diluted to 3 mL for Ba concentration analyses; (2) the other 1.9 mL 
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of the solution was evaporated to dryness, and then diluted with 3 mol/L HCl to achieve the desired Ba concentration 

of ~2 ppm, in preparation for column chemistry. 

The melt-quenched glass in each run product was firstly ground to fine powders in an agate mortar, in order to 

crush fluid inclusions that were possibly trapped in the glass (Fig. S-2b). Then, the powder was transferred into a pre-

cleaned Teflon tube, and rinsed with ~70 ºC ultra-pure water (18.2 MΩ.cm) for three times to remove the concomitant 

fluid released from fluid inclusions during crushing. Finally, the powder was dried at 105 ºC in an oven, weighed into 

a pre-cleaned screw-top Teflon beaker, dissolved in a combination of concentrated HF-HNO3-HCl, and evaporated to 

dryness on a hot plate. The following procedures for the dried residue were the same as those described above for the 

fluid phase extracted from the run products. 

Barium Concentration Analyses 

As described above, a small fraction of each sample solution was diluted to ~1% HCl for Ba concentration 

analyses. The analyses were conducted using a Perkin-Elmer ELAN DCR-II inductively coupled plasma mass 

spectrometer (ICP-MS) at the CAS Key Laboratory of Crust-Mantle Materials and Environments, University of 

Science and Technology of China (USTC), Hefei. The procedures were described in Hou and Wang (2007). The 

relative standard deviation (RSD) of Ba concentration is better than 5 %. 

Barium Isotope Analyses 

Barium isotope analyses were performed at the CAS Key Laboratory of Crust-Mantle Materials and Environments, 

USTC, Hefei. All chemical procedures were carried out in an ISO-class 6 clean laboratory. The chemical purification 

of Ba was achieved by cation exchange chromatography with pre-cleaned resin (Bio-Rad 200-400 mesh AG50W-X12), 

following established procedures (Nan et al., 2015, 2018). Sample solutions containing ~2 μg Ba were loaded onto the 

resin. The Ba recoveries through column chemistry, based on analyses of Ba concentration in the elution collected 

before and after the Ba cut, were >99%. The procedural blank was 2 ng Ba. 

Barium isotope measurements were carried out on a Neptune Plus multi-collector inductively coupled plasma 

mass spectrometer (MC-ICP-MS), and a double-spike (135Ba-136Ba) technique was used to correct for instrumental 

mass bias. The "dry" plasma conditions (Aridus II desolvating nebuliser) were used to increase sensitivity. Barium 

isotope analyses were conducted in a low-resolution mode, with 134Ba, 135Ba, 136Ba, 137Ba and 138Ba collected 

simultaneously by the L2, L1, C, H1 and H2 Faraday cups, respectively. 131Xe and 140Ce were also collected by the L4 

and H3 Faraday cups to correct the effects of isobaric interferences from Xe and Ce. The background signals for 138Ba 

(<0.03 V) were negligible relative to the sample signals (~30 V of the measured solutions with the Ba concentration of 

~100 ppb). 

   The Ba isotopic data are reported in δ-notation in per mil relative to NIST SRM3104a, i.e., δ138/134Ba = 
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[(138Ba/134Ba)sample/(138Ba/134Ba)SRM3104a − 1] × 1000. Based on replicate analyses of two in-house reference solutions 

USTC-Ba and ICPUS-Ba during this study, the external precision is better than 0.05‰ on δ138/134Ba (2SD). To monitor 

the accuracy, two reference materials G-2 and GSP-2 were processed through the column chemistry with samples. The 

δ138/134Ba values of granite G-2 (+0.01 ± 0.04 ‰, 2SD, n = 4) and granodiorite GSP-2 (-0.04 ± 0.05 ‰, 2SD, n = 6) 

obtained in this study agree well with previously published values within analytical uncertainties (+0.03 ± 0.04 ‰ and 

+0.04 ± 0.04 ‰ of G-2, and +0.02 ± 0.05‰ and 0 ± 0.04 ‰ of GSP-2; Nan et al., 2015, 2018; van Zuilen, 2016). For 

comparison, the published δ137/134Ba values have been converted to δ138/134Ba values by assuming mass-dependent 

fractionation following δ138/134Ba ≈ 1.33 × δ137/134Ba (Horner et al., 2015). 

Rayleigh Fractionation Model  

The fraction of Ba in the residual melt (f) after fluid exsolution from melt can be defined as a function of the fraction 

of fluid exsolution (F) and DFLUID-MELT in Eq. S-1.  

𝑓 = (1 − 𝐹)𝐷𝐹𝐿𝑈𝐼𝐷−𝑀𝐸𝐿𝑇       Eq. S-1 

The equilibrium Ba isotope fractionation factor (α) between fluid and melt is calculated based on the Δ138/134BaFLUID-

MELT described in Eq. 2. 

𝛼 ≈  1 +  
△138/134𝐵𝑎𝐹𝐿𝑈𝐼𝐷−𝑀𝐸𝐿𝑇

1000
       Eq. S-2 

With the f and α values calculated above, the Ba isotopic composition of the cumulative exsolved fluid and residual 

melt can be described by Eq. S-3 and Eq. S-4, respectively: 

𝛿138/134𝐵𝑎exsolved 𝑓𝑙𝑢𝑖𝑑 = (𝛿138/134𝐵𝑎𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 1000)(𝑓𝛼 − 1)/(𝑓 − 1) − 1000      Eq. S-3 

𝛿138/134𝐵𝑎𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑚𝑒𝑙𝑡 = (𝛿138/134𝐵𝑎𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 1000) 𝑓(𝛼−1) − 1000           Eq. S-4 

where 𝛿138/134𝐵𝑎𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the Ba isotopic composition of the initial fluid-saturated melt in nature. Supposing that the 

𝛿138/134𝐵𝑎𝑖𝑛𝑖𝑡𝑖𝑎𝑙 value equals to the average Ba isotopic composition of the upper continental crust (i.e. 0 ‰; Nan et 

al., 2018), the 𝛿138/134𝐵𝑎exsolved 𝑓𝑙𝑢𝑖𝑑 and 𝛿138/134𝐵𝑎residual 𝑚𝑒𝑙𝑡 can be modeled using Eqs. 1, 2 and S-1 to S-4. 

Since the fluid content in silicate melts is usually less than 10 wt. % (e.g., Edmonds and Woods, 2018), up to 10 % 

fluid fraction (i.e. F = 0.1) is considered in the model. 
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Supplementary Figures 
 

 
 

Figure S-1 δ138/134Ba vs. SiO2 content of granite samples reported in Nan et al. (2018). Error bars represent 2SD 

uncertainties. The gray area represents the estimated average δ138/134Ba of the mantle (Li et al., 2020). The δ137/134Ba 

reported in the literature has been converted to δ138/134Ba assuming mass-dependent fractionation following δ138/134Ba ≈ 

1.33 × δ137/134Ba (Horner et al., 2015). 

 

 
 

Figure S-2 (a) Experimental design with Ba-doped haplogranitic glass and (Na, K)Cl bearing fluid starting materials 

in a gold capsule. The outer diameter of the Au capsule is 4.3 mm. (b) A typical run product showing fluid inclusions 

in quenched glass (Run No. Ba05). 
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Figure S-3 Partitioning coefficient (DFLUID-MELT) and isotope fractionation (Δ138/134BaFLUID-MELT) of Ba between 

aqueous fluid and silicate melt as a function of run durations (10, 20 and 40 days). Error bars in Figure S-3b represent 

2SD uncertainties (see Table 1).  
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Figure S-4 Comparison between the experimentally measured data (Table 1) and predicted results based on Eqs. 1 

and 2 for (a) partitioning coefficient of Ba (DFLUID-MELT), and (b) equilibrium isotope fractionation of Ba 

(Δ138/134BaFLUID-MELT) between aqueous fluid and silicate melt.  
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Figure S-5 A preliminary box model for the cycle of Ba and Ba isotopes in the ocean. Oceanic crust alteration is 

ignored in this model as the net alteration flux of Ba is insignificant (e.g., Kelley et al., 2003). The Ba fluxes of the 

riverine input, hydrothermal input, precipitation output, and barite dissolution, as well as the mean Ba concentrations 

of surface and deep sea water are from Dehairs et al. (1980) and Paytan and Kastner (1996). The δ138/134Ba of rivers 

are from Cao et al. (2016) and Gou et al. (2020). The δ138/134Ba of sea water are from Horner et al. (2015), Bates et al. 

(2017), Hsieh and Henderson (2017), and Bridgestock et al. (2018). The δ138/134Ba of barite and marine sediments are 

from Bridgestock et al. (2018, 2019), Nielsen et al. (2018), and Crockford et al. (2019).  
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