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Abstract

Geochemical signatures of arc basalts can be explained by addition of aqueous fluids, melts, and/or supercritical
fluids from the subducting slab to the sub-arc mantle. Partitioning of large-ion lithophile elements between
aqueous fluids and melts is crucial as these two liquid phases are present in the sub-arc pressure-temperature
conditions. Using a micro-focused synchrotron X-ray beam, in situ X-ray fluorescence (XRF) spectra were obtained
from aqueous fluids and haplogranite or jadeite melts at 0.3 to 1.3 GPa and 730°C to 830°C under varied concentrations
of (Na, K)Cl (0 to 25 wt.%). Partition coefficients between the aqueous fluids and melts were calculated for Pb, Rb, and
Sr (Dfluid=melt

Pb; Rb; Sr). There was a positive correlation between Dfluid=melt
Pb; Rb; Sr values and pressure, as well as Dfluid=melt

Pb; Rb; Sr values and
salinity. As compared to the saline fluids with 25 wt.% (Na, K)Cl, the Cl-free aqueous fluids can only dissolve one tenth
(Pb, Rb) to one fifth (Sr) of the amount of large-ion lithophile elements when they coexist with the melts. In the
systems with 13 to 25 wt.% (Na, K)Cl, Dfluid=melt

Pb; Rb values were greater than unity, which is indicative of the capacity of
such highly saline fluids to effectively transfer Pb and Rb. Enrichment of large-ion lithophile elements such as Pb and
Rb in arc basalts relative to mid-oceanic ridge basalts (MORB) has been attributed to mantle source fertilization by
aqueous fluids from dehydrating oceanic plates. Such aqueous fluids are likely to contain Cl, although the amount
remains to be quantified.
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Background
H2O-rich fluids play significant roles in magma genesis
and elemental recycling via subduction processes (Kushiro
1972; Green 1973; Perfit et al. 1980; Tatsumi and Eggins
1995; Keppler 1996; Bureau and Keppler 1999; Kawamoto
2006; Mibe et al. 2007; Kawamoto et al. 2012). The parti-
tioning of large-ion lithophile elements such as Pb, Rb,
and Sr between melts/crystals and aqueous fluids provides
key information for estimating chemical features of
slab-derived components because their abundances
and isotopic compositions of Pb and Sr can distinguish
subduction zone magmas from other types (Perfit et al.
1980; Tatsumi and Eggins 1995). In geochemical studies,
three components are conventionally considered in the
formation of arc basalts: the depleted mantle, an aqueous
fluid-like component, and a melt-like component (Elliott
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et al. 1997; Pearce et al. 2005; Hanyu et al. 2012), the latter
two being from downgoing slab materials. To understand
arc basalt formation, it is important to assess the mixing
ratios of slab-derived aqueous fluids and melts, and in
order to do so, the partitioning of trace elements between
melts and aqueous fluids must be determined.
Partitioning of many trace elements between aqueous

fluids and melts or crystals can be determined by analyzing
experimental products quenched from high-temperature
and high-pressure (HTHP) conditions. While aqueous fluids
dissolve silicate components under HTHP conditions
(Anderson and Burnham 1965; Nakamura and Kushiro
1974), the solutes are not quenched into a single phase and
can be recovered as a mixture of glass globules, quench
crystals, and other materials (Schneider and Eggler 1986;
Keppler 1994; Brenan et al. 1995). Such materials quenched
from aqueous fluids under HTHP conditions can be ana-
lyzed after recovery through various methods including
(1) leaching with water (Cullers et al. 1970; Flynn and
Burnham 1978; Borchert et al. 2010a, b), (2) leaching with
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HCl acid (Keppler and Wyllie 1991; Keppler 1994,
1996; Bai and Koster van Groos 1999), (3) hand-picking
(Schneider and Eggler 1986; Ayers and Eggler 1995;
Brenan et al. 1995), (4) diamond aggregate trap followed
by freezing (Kessel et al. 2005a), and (5) micro-PIXE (par-
ticle induced X-ray emission) analysis of samples quenched
in a Bassett-type hydrothermal diamond anvil cell (HDAC;
Figure 1A,B; Bassett et al. 1993; Bureau et al. 2003, 2005,
2007, 2010). Because of the differences in estimating fluid
Figure 1 High-temperature and high-pressure (HTHP)
experimental tool. (A) Illustration of a Bassett-type externally
heated diamond anvil cell with some modifications. (B) Enlargement
showing diamond anvils seated on WC or Si3N4 heating seats in the
Bassett-type externally heated diamond anvil cell. A Y2O3-doped ZrO2

ring was used as thermal insulator. (C) Geometry showing the 160°
scattering angle between the incident X-ray and fluorescence detector,
as used by Bureau et al. (2007) and in the present study. The large melt
globule should be in contact with both surfaces of diamonds.
compositions, the reported values of partition coefficients
between melts and aqueous fluids have varied to some
extent (Ayers and Eggler 1995; Keppler 1996).
In order to obtain more reliable chemical compositions

of aqueous fluids under HTHP conditions, in situ micro
X-ray fluorescence (XRF) analysis was attempted using a
Bassett-type HDAC in synchrotron facilities. In situ ana-
lyses of aqueous fluids have been carried out using
Bassett-type HDACs either with normal diamond anvils
(Sanchez-Valle et al. 2003; Bureau et al. 2005; Muñoz et al.
2005; Bureau et al. 2007, 2010) or with modified anvils
with a recess (Schmidt and Rickers 2003; Manning et al.
2008; Borchert et al. 2009, 2010a, b). For the former, by
using transmission geometry (Figure 1C), Sanchez-Valle
et al. (2003) obtained Sr concentrations in aqueous fluids
coexisting with SrCO3 crystals under HTHP conditions,
and Bureau et al. (2007) analyzed both melts and fluids
under HTHP conditions and reported the first in situ
partition coefficients of Pb between haplogranite melts
and aqueous fluids with and without Cl. For the latter, the
recess in the diamond anvil is filled with aqueous fluid,
and XRF spectra of the fluid are obtained by using the 90°
scattering angle geometry between the incident X-ray and
detector. Borchert et al. (2009) determined concentrations
of Rb and Sr in aqueous fluids coexisting with haplogra-
nite melts under HTHP conditions, and they also analyzed
quenched glasses to calculate the partition coefficients
between them. Borchert et al. (2010b) determined concen-
trations of Ba, La, Yb, and Y in aqueous fluids, employing
similar methods but with higher excitation energy. In this
study, we conducted in situ experiments using experimen-
tal procedures similar to those by Bureau et al. (2007) at
Synchrotron SOLEIL, France.
Partition coefficients of Pb between melts and aqueous

fluids (Dfluid=melt
Pb ¼ Cfluid=Cmelt , where C represents the

weight fraction of Pb in fluid and melt) have been deter-
mined both by a quench experiment (Keppler 1996) and
in situ observation (Bureau et al. 2007). There remains,
however, a contradiction with respect to the effect of Cl
ions between these two experiments; Dfluid=melt

Pb in a Cl-
bearing system was larger than in a Cl-free system using
andesite melts at 0.3 GPa in the quench experiment
(Keppler 1996), although an opposite result was obtained
using haplogranite melts at 0.3 to 1.2 GPa, Pb being in
favor to the silicate melt in the in situ experiment (Bureau
et al. 2003, 2007). Studies using melt inclusions and
submarine glasses have reported that arc basalts contain
larger amounts of Cl and higher ratios of Cl/H2O than
mid-oceanic ridge basalts (MORB), which suggests that
slab-derived aqueous fluids seem to bring Cl to melting
regions (Stolper and Newman 1994; Roggensack et al.
1997; Kent et al. 2002; Wallace 2005; Métrich and Wallace
2008). Wallace (2005) and Métrich and Wallace (2008)
compiled data sets showing a wide range of Cl/H2O at
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salinities of 1 to 15 wt.% NaCl. A recent finding of saline
fluids from sub-arc mantle peridotite indicates that aqueous
fluids in mantle wedge can contain 5 wt.% NaCl
(Kawamoto et al. 2013). It is, therefore, important to deter-
mine the effect of Cl on the trace element partitioning be-
tween fluids and melts. In the present paper, we report in
situ partition coefficients of Pb, Rb, and Sr between aque-
ous fluids and haplogranite or jadeite melts under HTHP
conditions. We also show the effects of pressure and salin-
ity on the partition coefficients to elucidate the discrep-
ancy between the previous studies.

Methods
Starting materials in this study were Pb-, Sr-, and Rb-
bearing glasses (0.7 wt.% for each element) of haplogra-
nite (HGR) and approximately jadeite (Jd) compositions
(Table 1). The glasses were prepared by melting reagent
grade powders of oxides, carbonates, and a hydroxide
(RbOH) at 1 atm and 1,400°C for an hour, following
conventional methods described by Schairer (1950) and
Schairer and Bowen (1956). Compositions of haplogra-
nite and jadeite glasses were slightly different from initial
mixtures of Ab35Or35Qz30 and NaAlSi2O6, respectively,
both of which had an alumina saturation index (ASI)
of 1.1 (Table 1). Major element compositions of glasses
were measured using an Oxford Instruments LINK ISIS
energy dispersive X-ray spectrometer (EDS; Oxford In-
struments, Abingdon, UK) attached to a JEOL JSM-
5310 scanning electron microscope (SEM; JEOL Ltd.,
Tokyo, Japan) housed at the Institute of Geothermal
Sciences at Beppu, Kyoto University, Japan. The ana-
lyzed areas were over 15 × 20 μm2, the Faraday cup
current was 0.5 nA, and the analysis time was 200 s.
A ZAF correction (taking into account the interaction
of the matrix with atomic number Z, the correction ad-
justs for the effect of inner absorption A and fluorescence)
was applied.
Pieces of HGR or Jd glass were loaded with Milli-Q

water (H2O, Millipore Co., Billerica, MA, USA) or saline
solutions (2.5 M NaCl + 2.5 M KCl/kg water, equivalent
to 25.0 wt.% (Na, K)Cl; 2.5 M NaCl/kg water, equivalent
to 12.7 wt.% NaCl; and 5 M NaCl/kg water, equivalent to
22.6 wt.% NaCl) into a rhenium gasket hole in the Bassett-
type HDAC. We used diamond anvils with 1.5-mm
thicknesses and 1-mm culet diameters. Thicknesses of
Re gaskets before experiments were about 0.125 mm;
thicknesses after experiments were not measured. Gasket
hole diameters used as sample rooms were between 0.4
and 0.5 mm.
Synchrotron XRF analyses were conducted at the DiffAbs

beamline at Synchrotron SOLEIL. An achromatic optical
setup system using Kirkpatrick-Baez focusing mirrors was
used to obtain a beam size of 9 × 13 μm at the full width
at half maximum (FWHM). The beam intensity was
estimated at about 109 photons/s. The incident X-ray en-
ergy for all the measurements was 17.5 keV. The sample
environmental setup was similar to that used by Bureau
et al. (2010). A sample in the diamond anvil cell was
placed at the focal point of the microbeam. The inci-
dent angle of the X-ray beam was set to 10° with re-
spect to the sample at the center of the diamond
anvil cell. The XRF spectra were obtained in transmission
geometry using a Si drift detector (SDD). An angle of
20° was imposed between the incident X-ray beam and
the SDD (Figure 1C).
Sample temperature was read by two K-type ther-

mocouples that were attached to the upper and lower
diamond anvils. The thermocouple temperature was cali-
brated against the melting temperatures of NaNO3, CsCl,
and NaCl. The density of the aqueous fluids loaded into
the HDAC was calculated using equations for H2O (Haar
et al. 1984) or saline solutions (Zhang and Frantz 1987),
which were based on the homogenization temperature
between air bubbles and fluid during cooling after the
XRF measurements for each experiment. The pressure at
high temperature was calculated based on those equations
for the state of the solutions. We flushed 5% H2-95% Ar
gas through the diamond anvil cell during heating to pre-
vent diamonds and cell parts from oxidation, and 25°C
water was circulated around the cell to prevent the heat-
ing of cell stage, optics parts, and the detector.
X-ray fluorescence data were calibrated and checked

with the measurement of a 200-μm-thick cube of NIST
(National Institute of Standards and Technology) silicate
glass certified reference material SRM 610 within each
diamond anvil cell at ambient conditions. Recommended
values for trace element abundances by Rocholl et al.
(1997) were used.
We heated the sample from room temperature to the

target temperature within 10 min and typically maintained
the temperature for 30 to 60 min. In some experiments,
we applied temperature cycles between several tens of
degrees above and below the target temperature for a few
minutes in order to obtain fewer and larger melt globules
via thermal convection (Figure 2). We did not reach
complete miscibility in any of the experiments before the
analysis of fluids and melts. Heating for more than 10 min
was deemed sufficient for attaining equilibrium between
melts and fluids. Bureau et al. (2007) estimated the diffu-
sivity of Pb in a haplogranitic melt at conditions of 5 wt.%
H2O at 700°C and reported that Pb atoms travel 0.05 mm/
min based on the diffusivity of Pb reported by Perez and
Dunn (1996). The present experimental melts had 6 wt.%
H2O or more (Table 1), which resulted in similar or higher
diffusivities. Therefore, equilibrium between melt globules
(<0.3 mm diameter, Figure 2) and aqueous fluids can be
achieved within several minutes after reaching experimen-
tal conditions.



Table 1 Composition of starting materials, experimental conditions, and experimental summary

Experiment name

HGR B BB BA Jd 137 137C 137D 137E 137G

Starting material HGR HGR HGR Jd Jd Jd Jd Jd

Fluid Water Water 5 M (Na, K)Cl Water 2.5 M NaCl 2. 5 M NaCl 5 M NaCl 5 M NaCl

wt.% (Na, K)Cl 0 0 25.0 0 12.7 12.7 22.6 22.6

Temperature (°C) 730 730 760 770 830 830 810 820

Pressure (GPa) 0.36 1 0.84 0.47 0.32 0.43 0.62 1.29

Homogenization
temperature (°C)

330 150 245 308 403 365 330 168

Fluid density (g/cm3) 0.641 0.917 1.017 0.695 0.693 0.765 0.911 1.062

Anhydrous glass density (g/cm3) 2.337 2.337 2.334 2.461 2.449 2.449 2.453 2.451

Weight fraction of melt H2O 0.077 0.119 0.112 0.069 0.066 0.07 0.072 0.064

Melt density (g/cm3) 1.941 1.973 2.038 2.095 2.097 2.122 2.188 2.261

Density ratio melt/fluid 3.029 2.151 2.005 3.013 3.024 2.775 2.402 2.13

Dfluid=melt
Pb ± 1σ 0.065 ± 0.014 0.213 ± 0.009 2.576 ± 0.060 0.187 ± 0.026 0.593 ± 0.047 0.544 ± 0.033 1.033 ± 0.129 1.396 ± 0.133

Dfluid=melt
Rb ± 1σ 0.039 ± 0.002 0.315 ± 0.006 1.343 ± 0.033 0.124 ± 0.007 1.450 ± 0.027 1.394 ± 0.063 1.923 ± 0.022 1.889 ± 0.099

Dfluid=melt
Sr ± 1σ 0.021 ± 0.010 0.105 ± 0.015 0.533 ± 0.032 0.004 ± 0.001 0.029 ± 0.002 0.048 ± 0.007 0.095 ± 0.004 0.238 ± 0.009

Starting glass Quenched glass Quenched glass Not available Starting glass Not available Quenched glass Quenched glass Quenched glass Quenched glass

wt.% SiO2 77.00 76.21 76.03 56.32 56.58 55.34 58.83 59.19

wt.% Al2O3 13.74 15.92 15.22 28.29 28.42 29.51 27.00 26.82

wt.% Na2O 3.87 3.48 3.44 15.39 15.00 15.15 14.17 13.99

wt.% K2O 5.39 4.39 5.31

Raw total 98.39 86.90 87.74 99.28 87.56 90.46 84.31 84.47

ASI 1.13 1.52 1.33 1.12 1.15 1.18 1.15 1.17

CIPW norm Qz33.9Ab32.7 Qz39.2Ab29.4 Qz35.7Ab29.1 Ab57.8Ne39.2 Ab60.0Ne36.3 Ab56.7Ne38.7 Ab68.5Ne27.8 Ab70.0Ne26.2

Or31.9C1.5 Or26.0C5.4 Or31.4C3.8 C3.0 C3.7 C4.6 C3.7 C3.8

Qz, quartz; Ab, albite; Or, orthoclase; C, corundum; Ne, nepheline; ASI, Al2O3/(Na2O + K2O) in moles. Density of aqueous fluids and pressure were calculated by equations of state of H2O (Haar et al. 1984) or saline
solutions (Zhang and Frantz 1987). H2O concentrations in the melts were estimated by Moore et al. (1998). Anhydrous glass and hydrous melt densities were calculated by Bottinga and Weil (1970) and McBirney
(1984), and Bureau and Keppler (1999), respectively. Major element compositions were recalculated to 100 total oxides. Raw total oxides were lower than 100 mainly due to H2O abundances in quenched glasses.
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Figure 2 Transmitted light microscopic photographs. The photographs show melt globules surrounded by aqueous fluids under HTHP
conditions after measurements and before quenching. The diameters of gasket holes are about 0.4 to 0.5 mm, and thickness is about 0.08 to
0.1 mm. (A) Exp. BB at 730°C and 1 GPa. (B) Exp. 137 at 770°C and 0.47 GPa. (C) Exp. 137E at 810°C and 0.62 GPa. (D) Exp. 137G at 820°C and
1.29 GPa.
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Micro-XRF spectra were acquired for 300 s under
HTHP conditions for several sections of the aqueous
fluids and of melt globules large enough to be in contact
with both of the anvil surfaces (Figures 1C and 2). The
XRF peaks identified as Re L lines, Pb L lines, Rb K lines,
Sr K lines, and Y K lines are shown in Figure 3. Peaks of
Re can be attributed to the gasket material and peaks of Y
to the ZrO2 thermal insulator and the Si3N4 heater core
Figure 3 Representative XRF spectra of aqueous fluids and coexisting
globules and blue spectra from fluids. (A) Exp. B at 730°C and 0.4 GPa in th
haplogranite–5 M (Na, K)Cl solution system.
on which the diamonds were placed (Figure 1B). The peak
of the Y Kα overlapped with the peak of Rb Kβ (Figure 3).
H2O concentrations in the haplogranite and jadeite

melts were estimated for each of the pressure and tempe-
rature conditions using the empirical equation described
by Moore et al. (1998). Hydrous melt densities at HTHP
conditions were calculated based on melt densities of
starting materials using (1) the empirical equation
melts at HTHP conditions. Red spectra show XRF data from melt
e haplogranite–H2O system. (B) Exp. BA at 760°C and 0.8 GPa in the
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originally suggested by Bottinga and Weil (1970) and
modified by McBirney (1984), (2) the H2O concentrations
in the melts, and (3) the fluid densities (Table 1), which
followed the procedures used by Bureau and Keppler
(1999). Partition coefficients between fluids and melts of
element i (Dfluid=melt

i ) were calculated using PyMCA soft-
ware (Solé et al. 2007). Because we did not measure gasket
thickness after each experiment, we could not calculate
absolute concentrations of Pb, Rb, and Sr in melts and
fluids with PyMCA. Partition coefficients were calculated
by dividing the concentrations of fluid by concentrations
of melt, assuming that the sample (gasket) thickness was
0.1 mm. Differences in Dfluid=melt

i values calculated for
sample thicknesses of 0.08 and 0.1 mm lie within two σ.
Silicate components dissolved into the fluids were ignored
in the present calculations for estimating fluid densities.
This assumption reduces fluid densities and increases
calculated Dfluid=melt

i values. After the experiments, quenched
glass samples were fixed in epoxy in the gasket and polished
for the SEM-EDS analysis. The samples were quenched to
glass globules, and their major element compositions were
measured (Table 1).
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Figure 4 Partition coefficients of Pb, Rb, and Sr between aqueous fluids

Partition coefficients as a function of pressure. In (A), the data for Dfluid=melt
Pb =

NaCl/kg water bearing system. The other data were obtained in Cl-free system
represents the minimum pressure (Bureau et al. 2007). (D, E, F) Partition coeffic
system and NaCl in the jadeite–H2O system. Numbers represent experimental
Results
Major element compositions
Recovered samples were composed of quenched glass
globules. Their chemical compositions (Table 1) were
characterized by lower concentrations of Na and K
and a higher concentration of Al than the starting mate-
rials, thus resulting in a higher norm corundum and higher
ASI than the starting materials. This indicates that Na and
K were selectively dissolved into aqueous fluids while the
silicates were melted. Cl concentrations in the quenched
glasses were below the detection limit (0.1 wt.%) of
the EDS.

Pressure effect on partitioning
Elemental partitioning coefficients between fluids and
melts (Dfluid/melt) were calculated (Table 1). In order to
determine the effect of pressure, partition coefficients
are plotted as a function of pressure in the Cl-free water
and haplogranite or jadeite systems (Figure 4A,B,C).
Dfluid=melt

Pb; Rb; Sr values obtained by the present study increase
with increasing pressure (Figure 4A,B,C). The data repor-
ted by previous works are also plotted for comparison.
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0.22 and 0.23 at 0.7 and 0.9 GPa, respectively, were obtained in a 0.26 M

s. In (A), the pressure of the datum of Dfluid=melt
Pb = 0.93 at 0.3 GPa

ients of Pb, Rb, and Sr as a function of NaCl + KCl in the haplogranite–H2O
pressure in GPa.
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Bureau et al. (2007) reported Dfluid=melt
Pb based on in situ

analyses of haplogranite melt and aqueous fluids, and
Borchert et al. (2009, 2010a) reported Dfluid=melt

Rb; Sr based on
in situ analysis of aqueous fluids and quenched analyses of
haplogranite glasses. Two Dfluid=melt

Pb data points by Bureau
et al. (2007) at 0.7 and 0.9 GPa (Figure 4A) were obtained
using dilute saline fluids (0.26 M NaCl/kg water), which is
discussed later. Almost all Dfluid=melt

Pb values increase with
increasing pressure, except for one set of data plotted
at 0.3 GPa and D = 0.93 (Bureau et al. 2007) (Figure 4A).
This pressure value of 0.3 was the minimum pressure
reported by Bureau et al. (2007), and the experimental
pressure may actually have been higher. The other data
are consistent with one another and plotted on a positive
trend with pressure (Figure 4A).

Dfluid=melt
Rb data reported by Borchert et al. (2009,

2010a) are plotted at a lower Dfluid/melt for each pressure
than those of the present study, except for a datum
at D = 0.22 and 0.7 GPa (Figure 4B). Dfluid=melt

Sr in the
haplogranite–water is larger than that in the jadeite–
water system at similar pressure (Figure 4C). The
Dfluid=melt

Sr data in the haplogranite–water system of
the present study are larger than those by Borchert
et al. (2009, 2010a) at similar pressures.
Salinity effect on partitioning
All the partition data obtained in the present study
are plotted as a function of (Na, K)Cl concentrations
in Figure 4D,E,F. In the jadeite–2.5 M NaCl/kg H2O
solution system (hereafter referred to as Jd-2.5 M),
two Di values for Pb, Rb, and Sr are similar to each other.
Additionally, these two experiments for the same system
were carried out at pressure and temperature conditions
similar to each other (within ±15% relative error bar).
These data attest to the reproducibility of the present
experiment.
With increasing salinity in solutions, D values increase

in both the haplogranite and jadeite melt systems.
Dfluid=melt

Pb; Sr values in the haplogranite system are larger
than those in the jadeite system at similar pressures
(Figure 4D,F). In contrast, Dfluid=melt

Rb values in the hap-
logranite system are smaller than those in the jadeite
system at similar pressures (Figure 4E). Dfluid/melt increases
as the pressure increases in the saline solution systems as
well as in the Cl-free water system. Some of Dfluid=melt

Pb; Rb
values are higher than unity (Figure 4D,E). This may sug-
gest that the present highly saline fluids and silicate
melts do not approach miscibility, or they may even
move away from each other, which has not been ex-
perimentally investigated. The pressure effects are not
as obvious as the salinity effects for each element
(Figure 4D,E,F). Cl-free aqueous fluids can transfer
only one tenth (Pb, Rb) or one fifth (Sr) of elemental
concentrations partitioned into the 25 wt.% (Na, K)Cl-
bearing solutions (Figure 4D,E,F).
In the haplogranite–2.5 M NaCl + 2.5 M KCl/kg H2O

solution system (hereafter referred to as HGR-5 M) and
jadeite–5 M NaCl/kg H2O solution system (Jd-5 M),
Dfluid=melt

Pb values are larger than unity (Figure 4D), which
suggests that Pb is preferentially partitioned into these
saline fluids. Additionally, in Jd-2.5 or Jd-5 M and HGR-
5 M, Dfluid=melt

Rb values are larger than unity (Figure 4E),
which suggests that Rb is preferentially partitioned into
these saline fluids than coexisting melts. In summary,
Dfluid=melt

Pb; Rb; Sr values increase with both increasing pressure
and increasing salinity.

Discussion
Partitioning behavior of Pb

The present study shows that Dfluid=melt
Pb increases with

increasing salinity (Figure 4D). In contrast, in the study
by Bureau et al. (2007) on Dfluid=melt

Pb between haplogra-
nite (78.7 wt.% SiO2, 12.4 wt.% Al2O3, 4.5 wt.% Na2O,
4.4 wt.% K2O) and an aqueous fluid with and without
Cl, it was reported that Dfluid=melt

Pb values in Cl-free
fluid systems are larger than those in Cl-bearing systems
(Figure 5A). Bureau et al. (2007) observed that Dfluid=melt

Pb
in a Cl-bearing system is about 0.2, which is smaller than
the value of about 0.8 in the Cl-free system (Figure 5A).
Their salinity was, however, much lower than the present
study (0.26 M NaCl/kg water) and less than half of sea-
water (0.6 M NaCl/kg water, which is equal to 3.5 wt.%).
Because the salinity of experiments carried out by Bureau
et al. (2007) was much lower than that of the present
study, the data plots more closely to our data in the
Cl-free haplogranite system (Figure 4A), and so their
Dfluid=melt

Pb values can be explained by the effect of pressure
in haplogranite melt in a nearly Cl-free fluid system. If this
is the case, the present data and the published in situ data
by Bureau et al. (2007) indicate that Dfluid=melt

Pb increases
with increasing salinity (Figures 4D and 5A). This finding
is consistent with a previous study based on quench
experiments at 0.3 GPa (Keppler 1996), which is dis-
cussed later.

Partitioning behavior of Rb and Sr

The present study shows that Dfluid=melt
Rb; Sr values also in-

crease with increasing pressure (Figure 4B,C) and salinity
(Figure 4E,F) in haplogranite or jadeite melt–aqueous
fluid systems. Similar characteristics of Rb and Sr were ob-
served by Borchert et al. (2009, 2010a) in haplogranite
melt–aqueous fluid systems (Figure 4B,C and Figure 5B,C).
The present data in saline fluids are consistent with those
reported by Borchert et al. (2009, 2010a) (Figure 5B,C).
Borchert et al. (2009) stated that they did not analyze in
situ melt droplets because of possible co-excitation of
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aqueous fluids around the droplets. If this is the case in the
present experiments, the obtained XRF spectra might have
been affected by the other phase and the partition coeffi-
cients might have been shifted towards unity by con-
tamination. However, similar Dfluid/melt values were
obtained as results from two different experiments
having different spatial distributions of melt globules
but under similar PT conditions (Exp. 137C, 137D; see
Table 1; Figure 4D,E,F at Jd-2.5 M). These data indicate
that the in situ analyses of both melts and aqueous fluids
in the present geometry (Bureau et al. 2010) have not been
adversely affected, as thought by Borchert et al. (2009).
Dfluid/melt in Cl-bearing systems are consistent with the

data by Borchert et al. (2009, 2010a) (Figure 5B,C). In
contrast, the present partition coefficients of Rb and Sr
between haplogranite and Cl-free fluids are higher
than those reported by Borchert et al. (2009, 2010a)
(Figure 4B,C), with one exception (Dfluid=melt

Rb = 0.22 at
0.7 GPa shown in Figure 4B; sample 5 in Table one
of Borchert et al. 2009). They determined the concen-
trations of Rb and Sr in aqueous fluids under HTHP
and analyzed those of quenched glasses. In addition
to those in situ experiments, they also examined the
effects of quenching on fluid composition by comparing
their own quench experiment results with the results of in
situ fluid analyses. They found that the partition coeffi-
cients are basically consistent in the Cl-bearing system,
whereas in the Cl-free system, the Dfluid/melt values by their
quench experiments are smaller than those by their in situ
experiments. Borchert et al. (2009, 2010a) suggest that
back-reactions during quenching reduce Dfluid/melt in the
Cl-free system. In contrast, possible complexation with Cl
ions prevents back-reactions in the Cl-bearing system.
The discrepancy between the present study and their in
situ and quench data in the Cl-free system can be ex-
plained by such modification by back-reactions through
quenching in their experiments.

Partitioning behavior and slab-derived components
The obtained Dfluid/melt values are consistent with those
reported with quench experiments by Keppler (1996)
and by Bai and Koster van Groos (1999) (Figure 5D,E,F).
Keppler (1996) analyzed solutions and solutes leached
by boiling with half-concentrated HCl acid for a few



Figure 6 Experimentally determined partition coefficients

(Dfluid=melt
Pb; Rb; Sr) and geochemical signatures of arc basalt. (A)

Partition coefficients of Pb, Rb, and Sr between aqueous fluids and
coexisting haplogranite (HGR) or jadeite (Jd) melts at HTHP conditions
as a function of pressure. Open symbols denote data obtained in the
Cl-free system, and filled symbols denote data obtained in the 5 M
(Na, K)Cl/kg water system. (B) A schematic diagram showing the
geochemical pattern for Mariana arc basalt with three components
normalized by Yb. Aqueous fluid-like and melt-like components
represent shallow and deep subduction components in the original
Figure two (C) of Pearce et al. (2005) using the data from Elliott et al.
(1997); these components are attributed to aqueous fluids and
sediment-derived melt or supercritical fluids, respectively (Elliott et al.
1997; Pearce et al. 2005; Hanyu et al. 2012).
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minutes to dissolve the quench products from aqueous

fluids. Keppler (1996) reported Dfluid=melt
Pb; Rb; Sr in andesite and

Cl-free water or 5 M (Na, K)Cl solution systems at
0.3 GPa and 1,040°C. Although the melt composition used
in Keppler (1996) was andesite and different from haplo-
granite or jadeite in the present experiments, his data are
consistent with the present data (Figure 5D,E,F). This
consistency indicates that the experimental procedures
employed by Keppler (1996) are appropriate for estimating
aqueous fluid compositions in quench experiments. Bai
and Koster van Groos (1999) also boiled experimental
products in hot HCl acid for 10 min in order to leach

solutes. Their Dfluid=melt
Rb values are comparable with the

present values, but their Dfluid=melt
Sr values are slightly

higher than the present data (Figure 5E,F). Their acid may
have been too strong or their duration too long, resulting
in excess Sr leaching from glasses quenched in the
Cl-bearing system.
The present experiment shows that highly saline fluids

can transfer Pb and Rb more effectively than Sr from the
subducting oceanic lithosphere to the mantle wedge. As
suggested by Keppler (1996), saline fluids can be an
important agent in the transfer of large-ion lithophile
elements such as Pb, Rb, and Sr in subduction zones
(Perfit et al. 1980; Tatsumi and Eggins 1995). Alternatively,
if the slab components are liquid-like supercritical fluids
or melts (Bureau and Keppler 1999; Hermann et al. 2006;
Zheng et al. 2011; Kawamoto et al. 2012), such fluids
could contain large amounts of these elements even with-
out Cl (Kessel et al. 2005b). In situ determination of trace
element solubility in silicate-rich aqueous fluids is a feas-
ible (Manning et al. 2008) and promising technique for
understanding element transfer by fluid phases.
Geochemical studies have suggested that three compo-

nents are involved in the formation of arc basalts: the
depleted mantle, an aqueous fluid-like component, and a
melt-like component, which are schematically illustrated
in Figure 6B (Elliott et al. 1997; Pearce et al. 2005;
Hanyu et al. 2012). The aqueous fluid-like and melt-like
components are termed as shallow and deep subduction
components, respectively (Pearce et al. 2005), and the
latter is attributed to sediment-derived melts or super-
critical fluids (Elliott et al. 1997; Hanyu et al. 2012). In
Figure 6B, Yb is assumed not to be added from the sub-
ducting plate. In Figure 6B, concentrations of Nb, Ta, Zr,
Hf, Ti, and heavy rare earth elements of the melt-like
component can be underestimated as a sediment-derived
melt or supercritical fluid (cf. Kessel et al. 2005b); however,
this figure schematically shows overall characteristics of
three components for sub-arc basalt chemistry. If super-
critical fluids contain Cl and then subsequently separate
into aqueous fluids and melts (Kawamoto et al. 2012),
then it follows that such aqueous fluids will inherit much
of the Cl (Borchert et al. 2010a, b) and also some of the
large-ion lithophile elements. In contrast, Cl-free aqueous
fluids may not be able to transfer Pb to the magma source.
In situ characterization between aqueous fluids and melts
or crystals under HTHP conditions will shed more
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light on our quantitative understanding of the chemical
composition of slab fluids including salinity and silicate
components.

Conclusions
Synchrotron radiation X-ray fluorescence analysis was
conducted to understand elemental partition between
aqueous fluids and haplogranite or jadeite melts with
Bassett-type hydrothermal diamond anvil cell at DiffAbs
beamline at Synchrotron SOLEIL. A series of experiments
was carried out to obtain partition coefficients of Pb, Rb,

and Sr (Dfluid=melt
Pb; Rb; Sr ) at 0.3 to 1.3 GPa and 730°C to 830°C

under varied concentrations of (Na, K)Cl (0 to 25 wt.%).

Dfluid=melt
Pb; Rb; Sr values increase with increasing pressure and sal-

inity. The effects of salinity and pressure on the partition-
ing can elucidate the discrepancy of partitioning behavior
of Pb between the previous quench and in situ experi-
ments (Keppler 1996; Bureau et al. 2007).
Two slab-derived components such as fluid-like and

melt-like components have been suggested to explain
trace element characteristics of arc basalts (Elliott et al.
1997; Pearce et al. 2005). The fluid-like component is
characterized by enrichment of alkali, alkali earth ele-
ments, and Pb. These features can be explained if the
fluid component is a Cl-rich aqueous fluid, because Sr
and Pb are much less mobile with Cl-free fluids than Cl-
rich fluids as suggested based on quench experiments
(Keppler 1996). We suggest that the slab-derived com-
ponents have compositional features consistent with a
Cl-rich aqueous fluid and a melt, which can be formed
through a separation of a slab-derived supercritical fluid
(Kawamoto et al. 2012). If supercritical fluids contain Cl
and subsequently separate into aqueous fluids and melts,
then it follows that such aqueous fluids will inherit
much of the Cl (Borchert et al. 2010a, b) and also some
of the large-ion lithophile elements.
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