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Barium (Ba) is a fluid mobile element and enriched in the Earth’s crust, which
has potential implications for constraining fluid activities during magmatic-
hydrothermal processes. However, the behaviour of Ba and its isotopes during fluid
exsolution from magma is poorly known. Here we present an experimental study on
determining the Ba partition coefficient (DFLUID-MELT) and equilibrium isotope
fractionation factor (α138/134BaFLUID-MELT) between aqueous fluids and silicate melts
with different chemical compositions at 700–900 °C and 200 MPa using cold seal
pressure vessels. The results show that DFLUID-MELT ranges from 0.02 to 0.20, while
Δ138/134BaFLUID-MELT [≈1000 × (α− 1)] ranges from −0.62 ‰ to −0.14 ‰. Both
DFLUID-MELT and Δ138/134BaFLUID-MELT positively correlate with temperature, the

salinity of fluid and alumina saturation index (ASI) of melt. The finding that light Ba isotopes are enriched in aqueous fluids
relative to silicate melts suggests that the fluid exsolution process cannot explain the observed light Ba isotopic compositions
of some granites. Moreover, the experimentally determined α138/134BaFLUID-MELT is useful for tracing fluid activities in felsic
intrusion-related hydrothermal deposits and in seafloor hydrothermal systems.
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Introduction

As an alkaline earth metal, Ba is a large ion lithophile element
(LILE) and fluid mobile element. It has seven stable isotopes,
i.e. 130Ba (0.11 %), 132Ba (0.10 %), 134Ba (2.42 %), 135Ba (6.59 %),
136Ba (7.85 %), 137Ba (11.23 %) and 138Ba (71.70 %) (Eugster et al.,
1969).Due to the high incompatibility of Baduringmantlemelting
(DSOLID-MELT= 0.00012; Workman and Hart, 2005), it is strongly
enriched in the continental crust relative to the mantle. The aver-
age concentration of Ba of the upper continental crust (628 ppm;
Rudnick and Gao, 2003) is remarkably higher than that of the
average mantle (∼7 ppm; Sun and McDonough, 1989). Recently,
significant Ba isotopic variations (δ138/134Ba=−0.62‰ toþ0.15‰;
Nan et al., 2018) have been observed in granites (Fig. S-1), which
may result from assimilation of crustal materials, fractional crystal-
lisation, and/or fluid exsolution. Barium is also strongly enriched in
seafloor hydrothermal fluids (1.6 to 100 μmol/kg) compared to sea-
water (0.14 μmol/kg; Tivey, 2007). The input of Ba from seafloor
hydrothermal activities has been suggested to affect the Ba isotopic
composition of the deep ocean (Hsieh and Henderson, 2017).
Therefore, Ba isotopesmay provide a potential tool for constraining
differentiation of granitic magma and the oceanic budget of Ba.

Fluid exsolution from melts is common in igneous proc-
esses and plays an important role in the formation of magmatic-
hydrothermal ore deposits (e.g., Hedenquist and Lowenstern,

1994). Significant stable isotope fractionation of Zn, B and Cu iso-
topes during fluid exsolution has been demonstrated in previous
studies, with corresponding geological applications (e.g., Telus
et al., 2012; Maner and London, 2018; Guo et al., 2020). Barium
isotopes may also be useful in tracing fluid activities, and the
knowledge about the fractionation behaviour of Ba isotopes dur-
ingmagmatic-hydrothermal processes is a necessary prerequisite.
However, there is still no study on the key parameter of the equi-
libriumBa isotope fractionation factor between aqueous fluids and
silicate melts (α138/134BaFLUID-MELT).

Here, for the first time, we experimentally measured
α138/134BaFLUID-MELT between aqueous fluids and silicate melts
with different chemical compositions at 700–900 °C and
200 MPa. The results show that, in equilibrium, the fluids are iso-
topically lighter than the melts. This finding promises important
applications of Ba isotopes in tracing hydrothermal fluid activities
during magma differentiation, magmatic-hydrothermal mineral-
isation, and seafloor hydrothermal activity.

Methods

Phase equilibrium experiments within cold seal pressure vessels
have been widely used to determine the partitioning coefficients
of elements (e.g., Borchert et al., 2010). Recently, this method has
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been successfully applied to obtain the equilibrium Cu isotope
fractionation factors between aqueous fluids and silicate melts
(Guo et al., 2020). In this study, similar experiments were per-
formed at 700–900 °C and 200 MPa in rapid quenched cold seal
pressure vessels (the capsule design is shown in Fig. S-2a).
Besides temperature, chemical compositions of the fluid and
melt will also affect the equilibrium Ba isotope fractionation
factors, so a series of Ba-doped haplogranitic glasses from per-
alkaline to peraluminous (with ASI ranging from 0.8 to 1.2), and
0.5–1.5 mol/L NaClþKCl (Na:K= 1:1 in moles) bearing fluids
were used as starting materials. Approximately 1:1 fluid and
glass in mass were loaded into gold capsules, and were sub-
sequently equilibrated in the cold seal pressure vessels for 10–
40 days. After rapid quenching the experiments, the fluid and
glass (quenched melt) phases were carefully and completely
separated, and then transferred into solutions respectively. No
other mineral phases were observed in the quenched glasses
(Fig. S-2b). Afterwards, the Ba concentrations and Ba isotopic
compositions of the solutions prepared from the run products
were measured by ICP-MS and MC-ICP-MS, respectively.
Additional details about the experimental and analytical meth-
ods are given in the Supplementary Information.

Results and Discussion

The experimental conditions and results are listed in Table 1.
The attainment of equilibrium Ba partitioning and isotope frac-
tionation between fluids and melts was evidenced by the time
series experiments. Experiments with the duration of 10, 20
and 40 days show similar results for both DFLUID-MELT and
Δ138/134BaFLUID-MELT (Fig. S-3). In addition, our experimental
durations are longer than or comparable to those of previous
studies that have achieved equilibrium partitioning of Ba
between fluids and melts (e.g., 5–12 days at 750–950 °C and
200 MPa; Borchert et al., 2010). Therefore, the experimental
results summarised in Table 1 represent the equilibrium values.

Figure 1 shows that DFLUID-MELT ranges from 0.02 to 0.20,
while Δ138/134BaFLUID-MELT ranges from −0.62 ‰ to −0.14 ‰,
both of which change with the temperature and display good
positive correlations with salinity of the fluid and ASI of the
melt. Specifically, at the fixed melt ASI= 1.0 and fluid salinity
of 1 mol/L (Na, K)Cl, DFLUID-MELT increases from 0.06 to 0.10,
and Δ138/134BaFLUID-MELT increases from −0.62 ± 0.07 ‰ to
−0.20 ± 0.07‰ with temperature increasing from 700 to 900 °C
(Table 1, Fig. 1a,b). Both fluid salinity andmelt ASI are important
factors that affect DFLUID-MELT and Δ138/134BaFLUID-MELT. For
example, at 800 °C and the melt ASI of 1.0, increasing the
(Na, K)Cl concentration from 0.5 to 1.5mol/L in the starting fluids
enhancesDFLUID-MELT from0.04 to 0.20, andΔ138/134BaFLUID-MELT

from −0.31 ± 0.07 ‰ to −0.14 ± 0.07 ‰, respectively (Table 1,
Fig. 1c,d). Similarly, at 800 °C and the fluid with 1 mol/L
(Na, K)Cl, increasing the ASI from 0.8 to 1.2 in the starting hap-
logranitic glasses enhances DFLUID-MELT from 0.02 to 0.17, and
Δ138/134BaFLUID-MELT from −0.44 ± 0.07 ‰ to −0.16 ± 0.07 ‰,
respectively (Table 1, Fig. 1e,f).

The correlations of DFLUID-MELT and Δ138/134BaFLUID-MELT

with temperature, fluid salinity and melt ASI can be expressed
by numerical regression equations. Since both DFLUID-MELT and
Δ138/134BaFLUID-MELT have a linear function with fluid salinity
and melt ASI (Fig. 1c–f), as well as DFLUID-MELT is generally
expressed as a function of 1/TwhileΔ138/134BaFLUID-MELT as a func-
tion of 1/T and 1/T2, the regression equations can be described as

DFLUID-MELT =−0.177 ± 0.159 − ð276.0 ± 151.5Þ � 1=T
+ ð0.156 ± 0.027ÞCl + ð0.373 ± 0.067ÞASI Eq. 1

Δ138=134BaFLUID-MELTð‰Þ= − 14.96 ± 3.32

− ð18221013 ± 4641078Þ � 1=T2
+ ð31828 ± 8761Þ � 1=T
+ ð0.167 ± 0.062ÞCl
+ ð0.699 ± 0.155ÞASI Eq. 2

Table 1 Summary of experimental conditions and results.

Run
No. T (°C)

P
(kbar)

Duration
(days)

Starting
melt ASI

Starting
fluid

Melt product Fluid product

DBa
a Δ138/134

BaFLUID-MELT
b 2 s.d.bBa

(ppm)
δ138/134Ba

(‰)
2 s.d. Ba

(ppm)
δ138/134Ba

(‰)
2 s.d.

Ba05 800 2 10 1.0 1 m
(Na,K) Cl

1289 0.03 0.05 115 −0.18 0.05 0.09 −0.21 0.07

Ba15 800 2 20 1.0 1 m
(Na,K) Cl

1140 0.04 0.05 112 −0.20 0.04 0.10 −0.24 0.06

Ba14 800 2 40 1.0 1 m
(Na,K) Cl

1145 0.07 0.03 89 −0.18 0.01 0.08 −0.25 0.03

Ba06 900 2 10 1.0 1 m
(Na,K) Cl

1186 0.08 0.05 121 −0.12 0.05 0.10 −0.20 0.07

Ba07 700 2 20 1.0 1 m
(Na,K) Cl

1227 0.10 0.05 69 −0.52 0.05 0.06 −0.62 0.07

Ba09 800 2 10 1.0 0.5 m
(Na,K) Cl

1427 0.07 0.05 57 −0.24 0.05 0.04 −0.31 0.07

Ba10 800 2 10 1.0 1.5 m
(Na,K) Cl

1291 0.05 0.05 253 −0.09 0.05 0.20 −0.14 0.07

Ba11 800 2 10 0.8 1 m
(Na,K) Cl

1253 0.06 0.05 23 −0.38 0.05 0.02 −0.44 0.07

Ba12 800 2 10 1.2 1 m
(Na,K) Cl

702 0.07 0.05 118 −0.09 0.05 0.17 −0.16 0.07

a DBa is the partitioning coefficient between fluid and melt, which is calculated from the concentration of Ba in the fluid product and that in the melt product.
b Δ138/134BaFLUID-MELT= δ138/134BaFluid− δ138/134BaMelt, and the uncertainties (2 s.d.) are calculated by error propagation.
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where T is temperature in Kelvin and Cl is the (Na, K)Cl molarity
concentration of fluid. The DFLUID-MELT and Δ138/134BaFLUID-MELT

values predicted by the Eqs. 1 and 2 are consistent with the
experimentally measured data (Fig. S-4), indicating that these
two equations can provide reliable estimations.

Our work demonstrates for the first time that, in equilib-
rium conditions, aqueous fluids are enriched in light Ba isotopes
compared to the coexisting silicate melts. This observation pro-
vides direct constraints on the behaviour of Ba isotopes during

fluid exsolution from silicate melts. Based on the DFLUID-MELT

and Δ138/134BaFLUID-MELT obtained here (Eqs. 1 and 2), we use
the Rayleigh fractionation model to simulate the Ba isotopic
compositions of the exsolved aqueous fluid and residual silicate
melt in natural conditions (modelling details are available in the
Supplementary Information).

Figure 2 shows that the modelled δ138/134Ba of the residual
melt and exsolved fluid are related to the fluid fraction, temper-
ature, ASI of the melt, and salinity of the fluid. The most obvious

Figure 1 Partitioning coefficient (DFLUID-MELT) and equilibrium isotope fractionation (Δ138/134BaFLUID-MELT) of Ba between aqueous fluid and
silicate melt as a function of temperature from 700 to 900 °C (a,b), salinity of the fluid (c,d), and ASI of the melt (e,f). Error bars in b, d, and f
represent 2 s.d. uncertainties (see Table 1).
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result is that δ138/134Baresidual melt is similar to that of the initial
melt (set as 0‰ in the model), regardless of the fraction of fluid
exsolution, temperature, salinity of the fluid, and ASI of themelt.
The reason for the nearly unchanged Ba isotopic composition
of the residual melt after fluid segregation is that Ba is incompat-
ible in aqueous fluids relative to silicate melts (Borchert et al.,
2010; and this study), leading to limited fraction of Ba transferred
from melts to fluids. For example, based on Eq. S-1 of the
Supplementary Information, the fluid phase only removes less
than 2 % of the total Ba from the hydrous melt even if the fluid
exsolution fraction is as high as 0.1.On the contrary, the exsolved
fluids display significantly lower δ138/134Ba, down to −0.63 ‰,
than the residual melts (Fig. 2). The δ138/134Baexsolved fluid depends
strongly on temperature (Fig. 2a), and also on salinity of the fluid
and ASI of the melt (Fig. 2b,c), i.e. δ138/134Baexsolved fluid increases
with increasing temperature, the (Na, K)Cl concentration
and ASI.

Implications

Aqueous fluids could be derived from cooling of the hydrous
crustal melts, when they rise up to the depth where the temper-
ature decreases to the solidus. Our experimental results and
models demonstrate that fluid exsolution from granitic melts
cannot significantly affect the Ba isotopic composition of the
residual melt (Fig. 2). Thus, our work supports the suggestion
of Nan et al. (2018) that the light Ba isotopic compositions
observed in some granites (Fig. S-1) probably result from frac-
tional crystallisation of Ba-bearing minerals with heavy Ba iso-
topes rather than from fluid exsolution. More data from
natural samples and experimental determination of the equilib-
rium Ba isotope fractionation factors between magmatic miner-
als and silicate melts are needed for further interpretation. In any
event, the behaviour of Ba isotopes during fluid exsolution
revealed in this study is essential for understanding the Ba
isotopic signatures of granites.

The light Ba isotopic compositions of the aqueous fluids
derived frommagmas also have implications for tracing the proc-
ess of extracting metal elements frommagmas into fluids, which
is an initial process (generally occurring at T> 600 °C) related
to many kinds of magmatic-hydrothermal ore deposits.
The hydrogen and oxygen isotopic data have been applied to dis-
criminate the origin of hydrothermal fluids (e.g., Sheppard,
1986), as the magmatic H2O (δD=−80∼−40 ‰, δ18O=
∼5–10 ‰) has distinct H–O isotopic compositions from the
Global Meteoric Water Line (GMWL, δD= 8δ18Oþ 10; Craig,
1961). However, since oxygen is a major component in both flu-
ids and rocks, hydrothermal alteration of rocks may cause
meteoric waters to have similar δ18O values to those of magmatic
fluids. By contrast, Ba isotopes may serve as an effective tracer of
magmatic fluids because hydrothermal fluids that exsolved from
melts will be enriched in light Ba isotopes (Fig. 2), whereas
meteoric waters with dissolved Ba are enriched in heavy Ba iso-
topes (e.g., δ138/134Ba ranging from þ0.17 ‰ to þ0.46 ‰; Gou
et al., 2020). For example, alkaline intrusions particularly have
the capacity to form rare earth element and other metal deposits
(e.g., Verplanck et al., 2014). According to Fig. 2c, the exsolved
fluids from the alkaline intrusion systems (e.g., ASI= 0.8) are
expected to display significantly low δ138/134Ba (Fig. 3). In addi-
tion, pegmatites reacted with such exsolved fluids and volatiles
with the potential for rare earth element mineralisation may also
be characterised by light Ba isotopic compositions (Fig. 3).
Therefore, Ba isotopes may be a new monitor for hydrothermal
activities associated with metal mineralisation at shallow crustal
levels. Such hypotheses can be tested by further measurements

Figure 2 The modelled δ138/134Ba values of residue melt and
exsolved fluid as a function of fluid fraction, using the Rayleigh
fractionation model. The Ba isotopic composition of the initial
fluid-saturated melt is set as 0 ‰, which is the average δ138/134Ba
of the upper continental crust (Nan et al., 2018). Three factors
affecting the Ba isotope fractionation between the melt and fluid
are considered: (a) temperature, (b) salinity of the fluid, and (c)ASI
of the melt. Based on Eq. S-1 in the Supplementary Information,
the fluid phase only removes less than 2 % of the total Ba from
the hydrous magma system, even if the fluid exsolution fraction
is as high as 0.1. See text for the details.
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of the Ba isotopic compositions of pegmatite and hydrothermal
deposit samples.

Supposing that basaltic melt has a similar structure to gra-
nitic melt, the exsolved fluids from seafloor volcanoes are also
expected to have low δ138/134Ba (<0 ‰), which will contribute
to the hydrosphere (Fig. 3). The vertical ocean profiles have
heterogeneous Ba isotopic compositions with the deep ocean
being enriched in light Ba isotopes (∼ þ0.2 ‰) relative to the
surface ocean (∼ þ0.6 ‰; Fig. 3). The light Ba isotopic compo-
sitions of the deep ocean have been suggested to result from dis-
solution of isotopically light barite during its sinking (e.g., Horner
et al., 2015; Bates et al., 2017; Hsieh and Henderson, 2017;
Bridgestock et al., 2018). Our results imply that, besides the effect
of barite, fluid derived from the seafloor hydrothermal system
may be another important source of isotopically light Ba to the
deep ocean (Fig. 3), which should be taken into account in future
studies on the global oceanic budget of Ba isotopes (the relevant
Ba fluxes and isotopic compositions are shown in Fig. S-5).
Collectively, our experimental results and models suggest that
Ba isotopes could be a novel tracer for hydrothermal fluids in
the shallow crust and at the seafloor, on the premise that more
Ba isotopic data of granites, felsic intrusion-related hydrothermal
deposits and seafloor hydrothermal vents will be accumulated.
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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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