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Abstract: In this study, the volumetric compression of jadeite (NaAlSi2O6) melt at high pressures
was determined by three‐dimensional volume imaging using the synchrotron‐based X‐ray
microtomography technique in a rotation‐anvil device. Combined with the sample mass, measured
using a high‐precision analytical balance prior to the high‐pressure experiment, the density of
jadeite melt was obtained at high pressures and high temperatures up to 4.8 GPa and 1955 K. The
density data were fitted to a third‐order Birch‐Murnaghan equation of state, resulting in a best‐fit
of 10.8 .. GPa and its pressure derivative 𝐾
of 3.4 .. .
isothermal bulk modulus 𝐾
Comparison with data for silicate melts of various compositions from the literature shows that
alkali‐rich, polymerized melts are generally more compressible than alkali‐poor, depolymerized
ones. The high compressibility of jadeite melt at high pressures implies that polymerized sodium
aluminosilicate melts, if generated by low‐degree partial melting of mantle peridotite at ~250–400
km depth in the deep upper mantle, are likely denser than surrounding mantle materials, and thus
gravitationally stable.
Keywords: density; jadeite melt; equation of state; high pressure; X‐ray microtomography

1. Introduction
Silicate melts are major agents for transferring heat and chemical species in the interior of Earth
and other terrestrial planets, playing a critical role in planetary differentiation. The density of silicate
melts is a key factor controlling the direction of magma migration during the differentiation process.
Depending on the density contrast between silicate melts and the ambient mantle, melts can either
migrate upwards or sink into the deep interior, resulting in quite different geodynamical scenarios
[1–3]. For magmas that erupt to the surface, knowing their density as a function of pressure is
essential to model their rates of segregation from source regions and the subsequent migration to the
surface [4]. For deep melts, which have been suggested by geophysical observations, for example, at
the lithosphere‐asthenosphere boundary [5,6], atop the 410 km [7] and 660 km [8] discontinuities, and
in the ultra‐low velocity zone above the core‐mantle boundary [9], knowledge of the density of
silicate melts at high pressures is essential to evaluate their gravitational stability in the mantle. In
addition, the early history of the Earth and the Moon is believed to be characterized by at least one
stage of large‐scale melting of the mantle, resulting in a magma ocean, formed in the aftermath of the
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Moon‐forming giant impact event [10,11]. In order to model the solidification of the early magma
ocean, we need to know the high‐pressure density of the magmas.
Alkalis (Na2O and K2O) are important components of silicate melts and their presence in mantle
rocks can significantly lower the solidus of the mantle peridotite [12]. Due to their incompatible
nature, alkalis are relatively concentrated in silicate melts (up to 6–13 wt. % alkalis [13,14]), when a
small degree of partial melting of peridotite is produced. The jadeite composition, NaAlSi2O6 (15.3
wt. % Na2O content), is relevant to alkali‐rich silicate melts in the mantle, especially low‐degree
partial melts [15–17]. Its melting behavior and transport properties (e.g., viscosity, diffusivity) have
been experimentally studied up to 16.5 and 5.5 GPa, respectively [18–21]. The phase transition,
structure, and compressibility of the crystalline jadeite has also been extensively studied due to its
importance in high‐pressure metamorphic rocks and as a major clinopyroxene group mineral in the
mantle [22–25]. However, the density of jadeite melt, as well as the effect of alkali components on the
density of silicate melts at high pressures more generally, is poorly determined, due to experimental
difficulties. The high viscosity, high reactivity, and low density of alkali‐rich melts hinder the
application of some of the most widely used melt density measuring techniques, such as the sink‐
float [1,26–29] and shock‐wave [30–32] techniques. Until now, the only experimental data on the
density of jadeite melt at high pressures were obtained by Sakamaki [33] using the X‐ray absorption
method [34–37], in which the density was calculated from the X‐ray absorption contrast between the
sample and diamond lid using the Beer‐Lambert law and the mass absorption coefficients, but his
results are not in agreement with a recent first‐principles molecular dynamics (FPMD) study on
jadeite melt [38].
Other than the aforementioned techniques, the X‐ray microtomography technique has the
capability to directly measure the 3D volume of samples in any states including amorphous phases
at high pressures [39–42]. However, application of this technique has so far been limited to silicate
glasses [39,40,43] and low melting temperature liquids, such as gallium liquid [41,42]. Because of the
relatively low X‐ray absorption of silicate melts, a long duration (up to a few hours) would be
required in traditional tomography setups employing a monochromatic X‐ray beam and light sample
capsuling materials. Such long durations thus prevent reliable measurements on the highly mobile
and reactive silicate melts at very high temperatures (likely higher than 1500 K).
In this study, we have made new technical developments using a modified Paris‐Edinburgh (PE)
cell assembly in a tomographic apparatus to enable volume measurements on jadeite melt up to 4.8
GPa and 1955 K. We employed a pink X‐ray beam [44] to image the molten sample, providing much
faster data collection than previous studies [39,40] using a monochromatic beam. This is critical to
reducing possible chemical reactions of silicate melts with surrounding materials at very high
temperatures. In order to obtain sufficient spatial resolution given the short imaging duration, we
used a relatively strongly absorbing material (molybdenum) to encapsulate the melt sample and to
provide sharp X‐ray absorption contrast with the low‐absorbing jadeite melt. Combined with the
sample mass measured at room pressure before loading to the cell, new density data of jadeite melt
at high pressures and temperatures were obtained. Our results can help resolve the discrepancy in
density estimates for jadeite melt, and to place constraints on the density of sodium‐rich silicate melts
under upper mantle conditions. Besides, the experimental technique developed in this study for melt
density measurements may be readily extended to other melt compositions such as volatile‐bearing
melts and carbonatite melts, expanding the composition space for melt density measurements
significantly, which is essential for developing a unified model for the equation of state (EOS) of
mantle melts at high pressures [45].
2. Materials and Methods
2.1. Starting Materials
Reagent‐grade powders of Na2CO3, Al2O3, and SiO2 were mixed in appropriate proportions
according to the jadeite composition and ground in ethanol for ~2 hrs. The mixture was dried and
decarbonated at 1173 K in a high‐temperature box furnace for ~24 hrs using a platinum crucible. The
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full release of CO2 was confirmed by checking the mixture weight before and after decarbonation.
The decarbonated mixture was then fused at 1873 K for ~4 hrs, and finally quenched to a glass. The
fusion process was repeated twice to ensure homogeneity of the glass. The sodium loss during the
fusion process was insignificant, as shown by the composition of the quenched experimental product
(Supplementary Table S1). The resulting glass was transparent, bubble‐free, and homogeneous. A
perfect cylindrical glass disk with the desired outer diameter (1.6 mm) and thickness (1.0 mm) was
machined from the quenched glass by using a computer numerical control (CNC)‐milling machine
and was used as the starting material for the experiment. The weight of the glass disk was measured
by a high‐precision analytical balance with a resolution of 0.01 mg (Scientech SM50). The weight
measured was 4.385 ± 0.024 mg, arrived at by repeating the measurements five times.
2.2. High‐Pressure Experiments
The high‐pressure X‐ray microtomography (HPXMT) experiments were carried out in a 250‐ton
hydraulic press with a tomography module installed at the GeoSoilEnviro‐Center for Advanced
Radiation Sources (GSECARS) Beamline 13‐BM‐D of the Advanced Photon Source at the Argonne
National Laboratory (Lemont, IL, USA) [46,47]. Pressure was generated by two opposing PE anvils
inserted in the HPXMT module. The HPXMT module allows for a full 360° rotation of the PE cell
while under loads up to 50 tons, thanks to supports from the thrust bearings [46]. The detailed PE
cell assembly is shown in Figure 1. Boron epoxy, which is nearly transparent to the X‐ray employed
in the experiments, was used as the pressure medium. A Lexan ring was placed outside the boron
epoxy to prevent the extrusion of the cell materials under the axial load. A graphite sleeve was used
as the heater, together with zirconia as the thermal insulator and tantalum for the electrodes.
Molybdenum was chosen as the capsule material for the sample melt due to its low reactivity with
silicate melts at high pressure (P) and temperature (T) conditions, as demonstrated by the use of
molybdenum capsules in various experiments including sink‐float density measurements [26],
shock‐wave experiments [30], and ultrasonic measurements [48]. Another advantage of using a
molybdenum capsule is that it has relatively strong X‐ray absorption to show clear contrast to silicate
melts, which is critical for X‐ray imaging of the sample, but not too strong absorption to allow
sufficient X‐ray photons passing through the sample to image sample details. No welding of the
capsule was applied to prevent chemical reactions and mass loss of the sample at high welding
temperatures. The capsule would simply be pressure‐sealed upon compression and this provides
sufficient confining of melt during the tomographic measurements, as confirmed by X‐ray imaging
and the quenched product analysis (see later in this section).

Figure 1. Cross section of the Paris‐Edinburgh (PE) cell assembly used for X‐ray microtomography
experiments on silicate melts.
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Since tomographic measurements require a 180° rotation of the cell assembly, it is not possible
to insert a thermocouple in the cell to measure temperature during the experiments. Instead, the
temperature of experiments was estimated based on the temperature‐power relationships
(Supplementary Figure S1) calibrated in a separate experimental run without rotating the sample,
using exactly the same cell assembly as in the tomographic experiments but with a thermocouple
placed in the middle of the sample. The uncertainties in the estimated temperatures are within ±100
K. The pressure of the experiments was obtained by energy‐dispersive X‐ray diffraction
measurements of the cell parameters of the MgO pressure standard, either the MgO disk atop of the
sample or the MgO ring outside the heater (the differences between the two are within 0.5 GPa), using
the thermal equation of state of MgO [49]. The uncertainty in pressure mainly comes from the
uncertainty in temperature measurements, and is estimated to be about ±0.5 GPa.
The high‐pressure tomographic measurements on the jadeite melt were carried out at three
different hydraulic ram loads, corresponding to pressures from ~1.3 to 4.8 GPa, depending on
temperature. The pressure was first increased to the target load during the experiment. After the
target load was reached, the sample was steadily heated up to a temperature above the melting
temperature of jadeite [20] by ramping up the heating power output. After the experiment, the
sample was quenched from high temperature by turning off the heater power. The quenched sample
was analyzed using a field‐emission scanning electron microscope (FE‐SEM) at the Swagelok Center
for Surface Analysis of Materials (SCSAM) of Case Western Reserve University (CWRU), Cleveland,
OH, USA (FEI Nova 200 Nanolab SEM). The acceleration voltage and probe current were set at 10 kV
and 15 nA, respectively. No sign of leakage of the molten sample under high P‐T conditions was
observed based on the secondary electron (SE) and backscattered electron (BSE) images of the
quenched product (Supplementary Figure S2a), and no sign of molybdenum contamination of the
sample was found based on the elemental mapping using the energy‐dispersive spectroscopy (EDS)
(Oxford EDS X‐Max 50 sq. mm) with internal standards (Supplementary Figure S2b and
Supplementary Table S1).
2.3. X‐Ray Microtomography Measurements
We followed the experimental setup for the in‐situ X‐ray microtomography technique that was
described in Yu et al. [47]. In this technique, the three‐dimensional (3D) tomographic image of the
sample can be reconstructed from a series of X‐ray radiographic images taken while rotating the cell
(hereafter referred to as a tomography scan). A pink beam (energy ~25–65 keV, mirror pitch angle
~1.2 mrad for imaging, with a 1 mm‐thick Ti filter applied) was used for taking radiographic images
of the sample, including its capsule. This enables significantly faster data collection than using a
monochromatic beam [44] and helps reduce the time that the sample spends at high temperatures.
The transmitted X‐ray from the cell assembly was converted to visible light by a LuAG scintillator,
reflected by a mirror, zoomed in by an objective lens, and finally detected by a charge‐coupled device
(CCD) camera and recorded as a 2‐D image.
Before each tomography scan, the dark current—the image intensity signal recorded in absence
of X‐rays—was first measured in order to properly account for the background noise from the
scintillator and the CCD detector. During each scan, the high‐pressure cell inside the tomography
module was rotated from 0° to 180° continuously, with the rotation axis perpendicular to the incident
beam. The rotation rate was set to about 0.1 rpm (revolutions per minute), which is sufficiently slow
to limit the blurring of images to less than 1 pixel for the exposure time of 0.045 s used in this study.
Three flat field images of a dummy cell with an empty sample chamber were taken both before and
after each tomography scan. The averaged flat field is then used as the intensity background to
account for non‐uniformities in the X‐ray beams. Each tomography scan at one P‐T condition takes
approximately 20 min. The raw data collected for each scan are 360 frames of 16‐bit images with 1920
× 1440 pixels for each image. The pixel length was calibrated to be 1.687 μm/pixel for both horizontal
and vertical directions.

Minerals 2020, 10, 161

5 of 15

2.4. Tomographic Reconstruction and 3D Volume Rendering
Tomography reconstruction was performed using the tomoRecon multi‐threaded code available
at GSECARS [50]. This code uses the high‐speed Gridrec FFT algorithm and can reconstruct the slices
in parallel on multiple CPU threads. Figure 2 shows the steps to transform raw images from the
tomographic scans to a 3D volume rendering of the sample. First, the raw radiographic images
(Figure 2a) were corrected by subtracting background dark current and flat field intensities. Then,
the corrected images were combined to produce a series of sinograms for each slice of the 3D
rendering, after correcting the rotation center and minimizing ring artifacts. The sinogram represents
line integral of pixel intensities for a given pixel row height in each radiograph (Figure 2b). Each slice
of the final 3D volume representing a 2D map of linear attenuation coefficient (Figure 2c) was then
reconstructed from the sinograms using tomoRecon [50]. Figure 2c shows the reconstructed
horizontal slice (viewed from the top), and the inset is a corresponding reconstructed vertical slice
(viewed from the side). The sample can be clearly distinguished from the molybdenum capsule in
these reconstructed slices. All these processing steps were accomplished using the IDL (Interactive
Data Language) GUI (graphical user interface) program of the tomoRecon code (TOMO_DISPLAY)
[51]. Finally, the reconstructed horizontal slices (Figure 2c) were imported into ImageJ
(https://imagej.nih.gov/ij/) for additional filtering, and then the Blob3D software ([52];
http://www.ctlab.geo.utexas.edu/software/blob3d/) was used to separate the sample and capsule,
and to get the volume rendering of the sample (Figure 2d).
(a)

Mo capsule

(b)

Sample

(c)

(d)
Mo capsule

Sample

Figure 2. Steps for tomographic reconstruction. (a) A representative raw radiographic image obtained
for the sample at 3.7 GPa and 1934 K. The inset is the same image after adjusting brightness and
contrast. (b) Sinogram showing the stack of line integrals of the pixel values at a given row height
within the sample. (c) Reconstructed horizontal slice (viewed from the top) using the
TOMO_DISPLAY program. The inset shows the reconstructed vertical slice (viewed from the side).
The rectangular area is zoomed in Figure 3 showing the filtering and separation processes. (d) 3D
volume rendering of the sample using Blob3D. The Mo capsule was removed for clarity in this view.

Figure 3 shows the processed images after various stages of filtering and thresholding
procedures. Using ImageJ, the reconstructed horizontal slices were first cropped to reduce image size
without affecting the pixels of the sample and capsule, and then were adjusted for brightness and

Minerals 2020, 10, 161

6 of 15

contrast to maximize the contrast between the Mo capsule and the jadeite melt sample without
saturating the image (Figure 3a). A mean filter with a radius of two pixels was applied to each slice
to smooth out the noisy pixels and enhance the contrast between the sample and surrounding
materials (Figure 3b). Lesher et al. [39] showed that the volume obtained by using the mean filter is
within 1% of the true volume. The filtered images were then imported into Blob3D for sample
segmentation, separation, and volume extraction [53]. The pixel size and slice distances were input
into Blob3D, forming an effective voxel size of 4.801 μm3. The pixel intensity of each imported slice
was rescaled to 0–255 in Blob3D, and the voxel intensity ranges of the sample and capsule were
examined carefully. The sample volume was first segmented from the capsule using the general
thresholding range (GTR) based on the voxel intensity range of the sample, and subsequently
modified by the Seed Range (SR) in Blob3D. This removes the voxels selected by GTR values that are
not connected to the sample volume. After these thresholding processes, the sample can be
segmented from the capsule and surrounding materials (Figure 3c). Two additional filters, the
Remove Islands/Holes filter (removing small areas of voxels forming as islands or holes in the
sample) and the Majority filter (facilitating segmentation based on homogeneity rather than just
grayscale to smooth the boundary between sample and capsule), were then applied to the segmented
images to refine the segmentation (Figure 3d). After segmentation, the sample can be easily separated
from the surrounding voxel volumes in Blob3D, and its real volume was then extracted from the total
sample voxel volumes.

(a)

(b)

(c)

(d)

Figure 3. Images showing the filtering and separation processes of the sample and capsule. The
images are zoomed in corresponding to the rectangular area in Figure 2c to better show the effects of
different processes. (a) Reconstructed slice after adjusting contrast and brightness. (b) Slice after
applying the mean filter. (c) Slice showing the separated sample based on specifying the general
thresholding range (GTR) and Seed Range (SR). (d) Slice showing the separated sample after applying
the Remove Islands/Holes filter and the Majority filter.

The typical sample volume in this study is on the order of ~1–2 mm3, which is more than eight
orders of magnitude larger than the volume of a voxel (4.801 × 10−9 mm3). This high spatial resolution
in voxels greatly helps reduce the uncertainty in the measured volumes. The tomographic technique
at the same beamline has been benchmarked against a sapphire sphere with known volume
embedded in FeS by Lesher et al. [39], showing that the measured volume can be accurate to within
1% of the true volume. The uncertainty in the reconstructed sample volume mainly comes from the
thresholding process. By adjusting the threshold value, an optimal range of threshold values can be
found in which the resulted sample volume is relatively insensitive to the threshold value [39]. The
variation of the reconstructed volume in this threshold range is ~0.015 mm3, which gives a relative
uncertainty of ~1%. The density of jadeite melt was then obtained by dividing the mass of the glass
sample measured before the experiment by the reconstructed sample volume. Uncertainty in the
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mass was estimated by the deviation of repeated measurements and is estimated to be ~0.6%.
Therefore, the propagated uncertainty in the density is about 1.2%.
3. Results and Discussions
3.1. Density of Jadeite Melt at High Pressures
The P‐T conditions, reconstructed volumes, and calculated densities for the jadeite melt are listed
in Table 1. Since most of the data were measured at around 1900 K, the densities obtained at different
temperatures were corrected to the 1900 K isotherm, using a fixed thermal expansion coefficient of
4.4 × 10−5 K−1 for jadeite melt calculated from the partial molar volumes and the temperature
dependence of partial molar volumes of the oxide components (Na2O, Al2O3, and SiO2) given in an
earlier work [54]. The density of jadeite melt increases with pressure monotonically from 2.56 g/cm3
at 1.4 GPa to 3.05 g/cm3 at 4.8 GPa. The high‐pressure densities determined in this study are consistent
with the room‐pressure density calculated from the ideal mixing model using partial molar volumes
of the oxide components [54]. Figure 4 compares our results with previous studies on jadeite melt
including X‐ray absorption measurements from Sakamaki [33], FPMD simulations from Bajgain et al.
[38], and classical molecular dynamics (MD) simulations from Suzuki et al. [21]. After correcting for
thermal effects, our data are mostly consistent with the results from the FPMD [38] over the entire
pressure range of our experiments. Although our results also agree with those of classical MD
simulations from Suzuki et al. [21] between ~1–3 GPa, a deviation in the pressure effects on density
can be observed. Such a deviation could be partly resulted from the particular choice of the pairwise
interatomic potentials used in [21]. However, because the study conducted by Suzuki et al. [21] was
mainly devoted to viscosity measurements and only a small fraction of the paper describes the MD
simulations of density for jadeite melt, not sufficient details are given to resolve the deviation in
pressure effects. The densities measured by the X‐ray absorption method in the study of [33], on the
other hand, are significantly lower than our results and both simulation results. The reason for this
discrepancy is not unclear. However, in the study conducted by Sakamaki [33], the sample was
scanned by moving the incident slits instead of moving the sample directly as in most other X‐ray
absorption measurements [35,36]. This difference in scanning techniques to obtain the X‐ray
absorption profiles would result in an unwanted variation of the incident X‐ray beam intensity due
to the inhomogeneity of the defocused X‐ray beam at 13‐BM‐D of APS. This variation in beam
intensity could be as large as 5–10%, depending on the specific beam optics parameters and beam
position used. In addition, the divergence of the beam (change of beam direction) caused by moving
the incident slits (relative to the front slits of the hutch) would also result in an inconsistency between
the slit position and the actual sample location shone by the X‐ray beam. This would result in a
deviation of about 4% in the estimated X‐ray travel lengths in the sample and hence the absolute
density at a given mass absorption coefficient.
Table 1. Experimental pressure‐temperature conditions and measured densities for jadeite melt.

Load (tons)
10
10
20
30

P (GPa)
1.4
2.2
3.7
4.8

T (K)
1741
1955
1934
1921

V (mm3)
1.704
1.629
1.508
1.437

V1900 K (mm3)
1.716
1.625
1.506
1.436

 (g/cm3)
2.556
2.698
2.912
3.054

Note: Uncertainty in pressure is about 0.5 GPa, uncertainty in temperature is about 100 K and
uncertainties in reconstructed volume and density are about 1% and 1.2%, respectively.
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2.6
this study
1900 K BM-EOS fit
failure of BM-EOS at small K'
1900 K M-EOS fit
L97 room-pressure data
B19 data (2500 K)
B19 2500 K EOS fit
B19 data corrected to 1900 K
Sa17 data (1900 K)
Sa17 1900 K EOS fit
Su11 data corrected to 1900 K

2.4

2.2

2
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3

4
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Pressure (GPa)

Figure 4. Density of jadeite melt as a function of pressure measured in this study and its comparison
with previous studies. The shaded area is the uncertainty of the compression curve based on the Birch‐
Murnaghan equation of state (BM‐EOS) fitting results. The solid black line for BM‐EOS overlaps with
the dashed black line for Murnaghan equation of state (M‐EOS). L97‐Lange [54], B19‐Bajgain et al.
[38], Sa17‐Sakamaki [33] and Su11‐Suzuki et al. [21].

The density data in this study were fit to the third‐order Birch‐Murnaghan equation of state (BM‐
EOS) [55] using a Monte‐Carlo approach to estimate the uncertainties in the fit parameters [48]. The
third‐order Birch‐Murnaghan EOS is given as
𝑃

1

𝐾

4

1

(1)

where 𝑃 is pressure, 𝐾 the isothermal bulk modulus at room pressure, 𝐾 the pressure derivative
of bulk modulus, 𝜌 the room‐pressure density, and 𝜌 the density at high pressures. 𝜌 was fixed
to 2.30 g/cm3 at 1900 K, based on the ideal‐mixing model of [54], during the fitting procedure. The
details of the Monte‐Carlo approach were described in our previous study [48]. In this approach, the
best‐fit values for 𝐾 and 𝐾 were searched by minimizing 𝜒 , which is defined as
𝜒

𝜌

𝜌
𝜎

(2)

is the i‐th density data point at high pressures, 𝜌
is the modeled density from BM‐
where 𝜌
EOS using randomly generated values of 𝐾 and 𝐾 , and 𝜎 is the uncertainty in measured
density including both the uncertainty from density measurements and the propagated equivalent
uncertainty in density from the uncertainty in pressure measurements. We explored the parameter
range of 5–25 GPa for 𝐾 and 3–13 for 𝐾 , with the lower bound on 𝐾 being constrained by the
use of the 3rd order BM‐EOS, which does not give reasonable solutions for 𝐾 < 3.
The best‐fit values for 𝐾 and 𝐾 are 10.8 .. GPa and 3.4 .. , respectively. As shown by the
large uncertainties associated with the fitting, there exists a strong correlation between 𝐾 and 𝐾
due to the limited pressure range in this study (Supplementary Figure S3a) and as a result, 𝐾 and
𝐾 cannot be uniquely constrained from current density data. A large number of 𝐾 and 𝐾 pairs
can recover the experimental data equally well. If we fix the 𝐾 to 4 and fit only 𝐾 , the fitted 𝐾
in this case is 9.9 .. GPa. It should be noted that although a very small 𝐾 (<3) is not compatible
with the BM‐EOS and gives no reasonable solutions, the compression curve calculated from the BM‐
EOS using a very small 𝐾 (e.g., 1.3) can pass through the data (the thin black dash‐dotted line in
Figure 4). In order to examine the possibility of a very small 𝐾 , we also fit the data to the Murnaghan
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equation of state (M‐EOS) [56] in the parameter space of 5 to 25 GPa for 𝐾 and −1 to 15 for 𝐾 ,
respectively, using the same approach as that in fitting the BM‐EOS. The M‐EOS is given as
𝜌

𝜌

1

𝐾
𝑃
𝐾

/

(3)

and the parameters are same as those in BM‐EOS. The best‐fit values using the M‐EOS for 𝐾 and
𝐾 are 11.0 .. GPa and 3.0 .. , respectively, and their correlations are shown in Supplementary
Figure S3b. The fitting results are generally consistent with those using BM‐EOS, with the 𝐾 and
𝐾 in M‐EOS having slightly larger and smaller values, respectively than those in BM‐EOS.
The compression curve calculated using the BM‐EOS and its uncertainty range, as well as the
compression curve using M‐EOS, are shown in Figure 4. The compression curves for jadeite melt
obtained from both the EOS models nearly overlap with each other and recover the experimental
densities well. Table 2 shows a comparison of the fitting results with previous studies. Kress et al.
[57] measured the ultrasonic velocity in the Na2O–Al2O3–SiO2 liquid ternary at room pressure and
developed a linear compressibility model for this ternary. The isothermal bulk modulus of jadeite
melt calculated from their model is 19.1 GPa and significantly higher than the values determined in
our study and from molecular simulations. This may be because that the model developed in Kress
et al. [57] was based on melt compositions that are significantly different from the jadeite
composition, which has equal molar amounts of Na2O and Al2O3. The starting compositions for which
Kress et al. [57] were able to obtain relaxed sound velocities, on the contrary, all have an excess in
Na2O content relative to Al2O3 content and hence are more depolymerized than the jadeite melt. As
a result, without experimental constraints on the Al2O3‐rich side, it may not be appropriate to directly
extrapolate from the results of Kress et al. [57] to obtain the room‐pressure bulk modulus for jadeite
melt. The derived 𝐾 and 𝐾 in this study are also generally in agreement with the simulation
results. Although the simulations in Bajgain et al. [38] were performed in a larger pressure range (up
to 30 GPa) than the present study, no abrupt change or discontinuity is observed in the density data
with pressure and the data can be fitted using a single 3rd‐order EOS up to ~30 GPa [38], indicating
that if there is any change in compression mechanisms of jadeite melt at low to moderate pressures
[2], such a change does not affect the EOS behavior of jadeite melt significantly. Only at very high
pressures as in the study of Ni and de Koker [58] (up to 144 GPa), the structural change can be evident
from the EOS as a 4th‐order formula is needed for the fitting. The X‐ray absorption study by Sakamaki
[33], however, shows a quite different compression curve and distinct 𝐾 ‐𝐾 values from this study
and the simulations.
Table 2. Fitting results on bulk modulus and its pressure derivative and comparison with previous
studies.

References
This study (BM‐EOS)
This study (M‐EOS)
Bajgain et al. [38]
Ni and de Koker [58]*
Sakamaki [33]
Kress et al. [57]#

𝑲𝟎 (GPa)
10.8 ..
9.9 ..
11.0 ..
9.70 ± 3.88
15.0
21.5 ± 0.8
19.1

𝑲
3.4 ..
4 (fixed)
3.0 ..
5.42 ± 1.35
3.56
8.9 ± 1.2

T (K)
1900
1900
1900
2500
3000
1473
1773

Method
HPXTM
FPMD
FPMD
X‐ray absorption
Room‐pressure ultrasonics

Note: All reported values are isothermal ones. * This study does not report density values and the
fitting was performed using a fourth order finite strain expansion with a 𝐾′′ of about −0.11. # The
value was calculated using the linear compressibility model developed in this study for Na2O–Al2O3–
SiO2 ternary with mole fractions of Na2O > Al2O3, which may not be applicable to jadeite melt. See
discussion in the text. HPXTM; high‐pressure X‐ray microtomography. FPMD; first‐principles
molecular dynamics.

3.2. Comparison of the Compressibility with Other Silicate Melts and Geological Implications
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The relatively small 𝐾 and 𝐾′ determined for jadeite melt in this study imply that it may be
more compressible at high pressures than previously thought. Figure 5 compares the isothermal
compressibility for silicate melts with different alkali concentration and degree of polymerization at
high pressures, including the jadeite melt (~16.7 mol% alkalis, NBO/T = 0) from this study, peridotite
melt (no alkalis, NBO/T = 2.45) from Sakamaki et al. [59], mid‐ocean ridge basalt (MORB) melt (~3.2
mol% alkalis, NBO/T = 0.76) from Agee [1], diopside melt (no alkalis, NBO/T = 2.01) from Ai and
Lange [60], rhyolitic melt (~7.9 mol% alkalis, NBO/T = 0.01) from Malfait et al. [36] and phonolitic
melt (~12.7 mol% alkalis, NBO/T = 0.13) from Seifert et al. [35], where the NBO/T is the ratio of non‐
bridging oxygen (NBO) to tetrahedrally coordinated cations (T) [61]. It can be seen from Figure 5 that
alkali‐rich and polymerized melts are in general more compressible than alkali‐poor and
depolymerized melts under upper mantle conditions, and jadeite melt has the highest compressibility
among these melts over the entire pressure range shown here. It is likely that both the alkali content
and the degree of polymerization can significantly affect the compressibility of silicate melts.
However, it is difficult to assess the relative roles of alkali and polymerization in affecting the melt
compressibility based on currently available data, as melts containing more alkalis are often more
polymerized at the same time.
0.1
Jd (alkalis=16.7 mol%, SiO 2=66.7 mol%, NBO/T=0)
MORB (alkalis=3.2 mol%,SiO 2=52.9 mol%, NBO/T=0.76)

0.09

Rhyolite (alkalis=7.9 mol%, SiO 2=84.6 mol%, NBO/T=0.01)
Phonolite (alkalis=12.7 mol%, SiO 2=63.1 mol%, NBO/T=0.13)

Compressibility (GPa -1 )

0.08

Di (no alkalis, SiO 2=49.8 mol%, NBO/T=2.01)
Peridotite (no alkalis, SiO 2=40.8 mol%, NBO/T=2.45)

0.07
0.06
0.05
0.04
0.03
0.02
0.01

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Pressure (GPa)

Figure 5. Comparison of the isothermal compressibility (at 1473 K) for various anhydrous silicate
melts at high pressures. Data for mid‐ocean ridge basalt (MORB), rhyolite, phonolite, diopside (Di)
and peridotite melts are from Agee [1], Malfait et al. [36], Seifert et al. [35], Ai and Lange [60] and
Sakamaki et al. [59], respectively. The compressibility curve for jadeite melt was calculated using the
best‐fit values from BM‐EOS. Blue curves are for polymerized melts based on the non‐bridging
oxygen (NBO)/tetrahedrally coordinated cations (T) ratios, and red curves are for depolymerized
melts.

Sodium‐rich melts have been observed in the experimental products of low‐degree partial
melting of mantle rocks [15,16,62,63]. For example, the liquid composition of low‐degree partial
melting of a fertile peridotite near the solidus temperature at 1.5 GPa in the experimental study of
Robinson et al. [63] has Na2O content up to ~8 wt. %. The experimental results of Falloon et al. [15]
show that the first melt in equilibrium with a harzburgite residue at 1493 K could contain ~12 wt. %
Na2O. The melt compositions calculated for partial melting of both fertile and depleted peridotite by
using the pMELTS package [64] also show high sodium content [17]. It is important to evaluate the
density and gravitational stability of sodium‐rich melts at upper mantle conditions, in order to
understand the migration behavior of early partial melts in the mantle. Jadeite melt may be used as
a representative and simplified sodium‐rich melt composition in the upper mantle. Our experimental
results show that jadeite melt is very compressible and that its density increases rapidly with
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pressure. The calculated density profile for jadeite melt was compared with the density of jadeite
solid [22], the PREM (Preliminary Reference Earth Model) density model [65], and the density of
diopside, anorthite, and model basalt (Di64An36) melts from shock‐wave studies by Asimow and
Ahrens [30], as shown in Figure 6. The density of jadeite melt is the lowest among these silicate melts
at room pressure, while at around 4–6 GPa the density of jadeite melt exceeds those of Ca–Mg rich
melts. At around 8–13 GPa, there could be a density crossover between the jadeite melt and mantle
minerals (Figure 6) if our equation of state can be extrapolated to higher pressures. This implies that
sodium‐rich melts generated by low‐degree partial melting of mantle peridotite may become
gravitationally stable at ~250–400 km depth in the upper mantle, which could be a possible
explanation for the seismically observed anomalies at around these depths in the upper mantle [7,66].
In addition to the Na2O component, FeO, the heaviest major component in silicate melts, also prefers
the melt phase during partial melting [67]. Thus, the presence of iron in these early melts would make
the density‐crossover happen more easily [45,68].
4.5
4

Density (g/cm 3 )

3.5
3
2.5
2

Jd liquid
Jd solid
PREM
Di liquid
An liquid
Model basalt liquid

1.5
1

0

2

4

6

8

10

12

14

16

Pressure (GPa)
Figure 6. Comparison of the density profile of jadeite melt obtained in this study with that of jadeite
solid [22], PREM (Preliminary Reference Earth Model) model [65] and Di, An, model basalt (Di64An36)
melts [30]. The Jd melt and solid are compared at 1673 K isotherm, while the Di, An and model basalt
liquids from shock‐wave studies are along their respective adiabats with a potential temperature of
1673 K. The shaded area represents the uncertainty in the compression curve for jadeite melt.

4. Conclusions
We have successfully measured the density of a jadeite melt up to 4.8 GPa and 1955 K using the
high‐pressure X‐ray microtomography technique in a Paris‐Edinburgh cell assembly. The
microtomographic technique can accurately recover the density for silicate melts with low X‐ray
absorption by using a pink X‐ray beam and a relatively strongly absorbing material to encapsulate
the liquid sample. The densities obtained are higher than previous experimental results using the X‐
ray absorption method, but are generally consistent with previous molecular dynamics simulation
results, especially the first‐principles molecular dynamics results. By comparing the compressibility
of various silicate melts, we have shown that alkali‐rich, polymerized melts are more compressible
than alkali‐poor, depolymerized melts under upper mantle conditions. The high compressibility of
jadeite melt implies that low‐degree sodium‐rich silicate melts in the deep upper mantle may become
denser than surrounding mantle materials.
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1:
Temperature‐power relationships calibrated at different loads for the PE cell assembly used for tomographic
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measurements on silicate melts, Figure S2: SEM images and EDS composition mapping of the quenched sample,
Figure S3: Correlations between fitted K0 and K’, Table S1: Compositions of the quenched sample measured by
EDS.
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J.A.V.O. and Y.W.; data curation, M.X.; writing—original draft preparation, M.X.; writing—review and editing,
all authors; visualization, M.X.; supervision, Z.J. and J.A.V.O.; project administration, Z.J., J.A.V.O. and Y.W.;
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