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Abstract Silicate melts play a crucial role in planetary differentiation. The density contrast between silicate
melts and the surrounding solid residue exerts a primary control on many magmatic processes. However, direct
measurements of the density of silicate melts at high pressure (P) and temperature (7) conditions remain
challenging, particularly for the highly viscous and reactive silica- and alkali-rich melts. Here we determined the
high P-T densities of three sodium aluminosilicate melts with nepheline (NaAlSiO,), jadeite (NaAlSi,Og), and
albite (NaAlSi;Og) compositions, using the high-P X-ray microtomography technique up to 4.1 GPa and
2020 K. Our results suggest that the substitution of (NaAl)** for Si** along the NaA1SiO,-NaAlSi;Og join leads
to higher melt density and lower melt compressibility. In addition, our new data, combined with a wide range of
literature data, were employed to re-calibrate a modified hard-sphere equation of state (HS-EOS) for silicate
melts, which provides a unified framework for calculating the density and other compressional properties of
multi-component silicate melts in the CaO-MgO-Al,05-Si0,-FeO-Na,0-K,0O (CMASFNK) system up to
~25 GPa. The calibration also reveals that SiO,, alkalis, and CaO are the major components contributing to the
compositional dependence of melt elastic properties. The HS-EOS was then applied to alkali basaltic melts at
cratonic mantle conditions and silica- and alkali-rich melts at early planetesimal melting conditions, with
implications for the gravitational stability and extraction of melts in Earth's mantle and planetesimal settings.

Plain Language Summary Density of silicate melts is crucial for our understanding of magmatic
processes inside Earth and terrestrial planets. However, the density of silicate melts at high pressure (P) and
temperature (7) conditions, corresponding to those in planetary interiors, is still not well-constrained,
particularly for those highly viscous and reactive silica- and alkali-rich melts. In this study, we focus on sodium
aluminosilicate melts along the NaAlSiO,-NaAlSi;Og join and determined their densities up to 4.1 GPa and
2020 K using the high-P microtomography technique. Our new data, combined with a large set of literature data,
were used to re-calibrate a modified hard-sphere equation of state (HS-EOS) for silicate melts. This model,
incorporating the effect of P, T and composition, can serve as a unified framework for calculating the density of
silicate melts in the CaO-MgO-Al,05-Si0,-FeO-Na,O-K,O system. Applying our HS-EOS to alkali basaltic
melts at cratonic mantle conditions shows that these melts are buoyant and will tend to migrate upwards to
interact with the cratonic roots. Evaluating the buoyancy overpressure generated by silica- and alkali-rich melts
in early planetesimals using our HS-EOS suggests that dyke formation due to buoyancy overpressure is unlikely
to be the major mechanism for efficiently extracting melts in planetesimals.

1. Introduction

Silicate melts are ubiquitous in Earth and other terrestrial planets and play an important role in their chemical
evolution and dynamics. As the major carrier of heat and incompatible elements, they are largely responsible for
the formation of crusts and mantle heterogeneities observed geochemically and geophysically (Blundy &
Dalton, 2000; Nakagawa & Tackley, 2012; Shankland et al., 1981). The density contrast between silicate melts
and the surrounding mineral phases exerts a primary control on many igneous and magmatic processes. For
example, accurate knowledge of melt density is required to model the near-surface segregation and migration of
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buoyant magmas (Faul, 2001) and to understand the dynamics of volcanic eruptions (Malfait, Seifert, Petitgirard,
Perrillat, et al., 2014). The occurrence of neutrally or negatively buoyant melts in planetary interiors, on the other
hand, would have significant implications for the geochemical evolution and geophysical anomalies deep inside
the planets (Agee, 1998; Sanloup, 2016; Stolper et al., 1981). In addition, many terrestrial planets are believed to
have had at least one magma ocean stage in their early history (Elardo et al., 2011; Elkins-Tanton et al., 2003). The
thermodynamic modeling of magma ocean solidification processes also requires knowledge of the high-pressure
density of silicate melts. Thus, the equation of state for silicate melts with a wide range of compositions is
fundamental to understanding the evolution of our Earth and other terrestrial planets.

Despite its importance, the density and equation of state of silicate melts at high pressures are still not well-
constrained due to difficulties in direct experimental measurements on melts at high pressure and temperature
conditions. In addition, natural magmas comprise a potentially infinite, multi-dimensional continuum of com-
positions (Thomas & Asimow, 2013), thus requiring the development of a reliable tool to model melt density
based on limited experimental data. Although the density of silicate melts has been determined for a wide range of
compositions, from peridotitic (Sakamaki et al., 2010), basaltic (Agee, 1998; Ohtani & Maeda, 2001), granitic
(Malfait, Seifert, Petitgirard, Perrillat, et al., 2014), to hydrous ultramafic melts (Jing & Karato, 2012; Matsukage
et al., 2005) by a variety of techniques, the EOS obtained in these studies are mostly empirical and can only be
applied to calculate the density of the specific melt compositions studied. Thus, this approach of determining EOS
individually is far from sufficient for the wide composition range of silicate melts relevant to planetary differ-
entiation. Another approach is to determine the density of selected end-member compositions (e.g., diopside,
anorthite) and intermediate compositions (e.g., model basalt) and use these to calibrate a mixing model for the
molar volume as a function of melt composition. The density of any melt composition in between can then be
calculated. The mixing model (mostly linear) approach has been demonstrated successfully for silicate melts by
several pioneering works at room-pressure conditions (Bottinga et al., 1982; Kress & Carmichael, 1991; Lange &
Carmichael, 1987; Rivers & Carmichael, 1987), enabling the calculations of density and compressibility of
silicate melts at 1-atm for a wide range of compositions and temperatures. Extension of such mixing models to
high pressure either utilizes certain expansion of volume in terms of pressure such as the Taylor expansion (e.
g., Lange, 1994) and the Pade expansion (Ghiorso, 2004), or the Birch-Murnaghan equation of state (e.g., Jing &
Karato, 2008, 2009). But all these empirical approaches have difficulties in calibrating the compositional de-
pendences of higher-order expansion parameters with limited experimental data due to the lack of a physical
model.

To extend the EOS of multi-component silicate melts to higher pressures, a modified hard-sphere EOS was
proposed by Jing and Karato (2011), which can well explain the compressional behaviors of silicate melts and
provides a unified EOS formulism for multi-component silicate melts. However, the modified hard-sphere EOS
has only been calibrated to the CMASFH (CaO-MgO-Al,0;-Si0,-FeO-H,0) system (Jing & Karato, 2011,
2012). The effect of the Na,O component has yet been constrained at high pressures, despite its importance in
low-degree melt generation in Earth's deep mantle (Takazawa et al., 1998) and in early planetesimals (Collinet &
Grove, 2020). This is partly due to the difficulty in measuring the density of Na,O-rich melts at high pressures
with the most commonly used techniques for melt density measurements such as the sink-float (e.g., Agee, 1998;
Agee & Walker, 1993; Ghosh et al., 2007; Jing & Karato, 2012; Knoche & Luth, 1996; Matsukage et al., 2005)
and X-ray absorption techniques (Malfait, Seifert, Petitgirard, Perrillat, et al., 2014; Sakamaki et al., 2010; Seifert
et al., 2013), because Na,O-rich melts often have high viscosity, high reactivity, and low X-ray absorption. In
addition, the Na,O component in silicate melts may not always follow linear mixing behavior (Ghiorso &
Kress, 2004; Jing & Karato, 2011; Kress et al., 1988), possibly due to the interaction between the Na,O and Al,O;
components to maintain local charge balance. Thus, more density data on Na,O-bearing melts are needed at high
pressures to extend the hard-sphere EOS (HS-EOS) model to a broader range of silicate melts.

Here we determined the high-pressure density of three Na,O-rich melts along the NaAlSiO,-NaAlSi;Og join
using our newly developed high-pressure X-ray microtomography technique for silicate melts (Xu, Jing, Van
Orman et al., 2020). Our new data provide an improved basis for constraining the effect of Na,O on the
compressional properties of silicate melts. Combined with a large set of literature data, the modified hard-sphere
EOS model was re-calibrated for multi-component silicate melts in the CMASFNK (CaO-MgO-Al,05-SiO,-
FeO-Na,0-K,0) system. Analyses using this HS-EOS allowed a better understanding of the stability of low-
degree alkali-rich melts in planetary interiors with implications for melt extraction processes in Earth's mantle
and planetesimal settings.
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T 2. Materials and Methods
able 1
Composition of Recovered Samples (Mol%) 2.1. Starting Materials
Sio, ALO, Na,0 ) , o )
The starting materials were prepared by mixing reagent-grade chemical
Ab 75.9(0.9) 132 (0.) 109 (1.0) powders of Na,CO;, Al,O5 and SiO, (Alfa Aesar, 99.99% purity) in appro-
Id 65.8 (0.5) 17.7(0.2) 16.5(0.7)  priate ratios in an agate mortar under ethanol for ~2 hr. The mixture was then
Ne 50.5 (0.3) 26.5 (0.2) 23.0 (0.4) dried and decarbonated using a platinum crucible at 1173 K in a high-

Note. The compositions were measured by EDS and recalculated as oxides.
Numbers in parentheses represent one-standard deviation of multiple
measurements.

temperature box furnace for ~24 hr. The full release of CO, in the mixture
was confirmed by checking the mixture weight before and after decarbon-
ation. The decarbonated mixture was then fused at 1873 K for ~4 hr and
quenched to a glass by removing the crucible rapidly from the furnace and

immersing the crucible bottom in water. The fusion process was repeated twice to ensure the homogeneity of the
obtained glass. Sodium loss during the fusion is insignificant as demonstrated by the measured compositions of
the recovered samples from the experiments (Table 1). The resulting bubble-free, transparent glass was then

machined to a cylindrical disk with 1.6 mm outer diameter and 1.0 mm thickness using a CNC-milling machine.
The machined glass disks were used as the starting samples for high-pressure experiments. Before each exper-
iment, the weight of the glass disk was measured using a Scientech SM50 high-precision analytical balance at
GSECARS with a resolution of 0.01 mg. The measured weights were 5.242 + 0.029 mg for the albite (Ab) glass,
3.080 £ 0.018 mg for the jadeite (Jd) glass (smaller sample size than normal due to chip of the glass during
machining), and 5.319 £+ 0.027 mg for the nepheline (Ne) glass. The weights were averaged from at least 5
repeated measurements for each sample.

2.2. High-Pressure X-Ray Microtomographic Experiments

Volumetric measurements of liquid samples were enabled by in situ X-ray microtomographic experiments at high
pressures and temperatures. The detailed experimental procedures have been described in Xu, Jing, Van Orman,
et al. (2020) and therefore are only briefly summarized here. To produce a 3D volume rendering of the sample, the
entire cell assembly containing the sample needs to be rotated by 180° with radiographs taken at each 0.5° angular
increment. This was achieved using a 250-ton press equipped with a tomography module at GSECARS Beamline
13-BM-D of the Advanced Photon Source (APS), enabling rotation of the cell under load up to 50 tons (Wang
et al., 2005; Yu et al., 2016). A modified Paris-Edinburgh (PE) cell was used for high-pressure generation
(Figure 1). The pressure medium is X-ray transparent boron epoxy. The heater, thermal insulator, and electrodes
are made of graphite, zirconia, and tantalum, respectively. Molybdenum was used to encapsulate the sample
under high P-T conditions because it has relatively low reactivity and strong X-ray absorption contrast with

D ZrO, D MgO . Mo . Sample
. Graphite D AlLO, D Lexan — 1 MM
. Tarod . Boron epoxy

Figure 1. Drawing of the PE cell assembly designed for density
measurements on silicate melts using the high-pressure microtomography
technique.

silicate melts (Xu et al., 2018; Xu, Jing, Van Orman et al., 2020). A pink beam
was used for the tomographic scans, which enables faster data collection than
using a monochromatic beam (Rivers, 2016) and greatly reduces the time that
the samples stay at high temperatures. The experimental pressure was
determined from the energy-dispersive X-ray diffraction of the MgO pressure
standard in the cell assembly using the EOS of MgO (Tange et al., 2009), and
temperature was estimated using power-temperature curves calibrated in
separate experiments using exactly the same cell assembly (Xu, Jing, Van
Orman et al., 2020). The uncertainties are within £0.5 GPa for pressure, and
within 100 K for temperature.

For each experiment, the pressure was first increased to the target load, after
which the sample temperature was raised above its liquidus curve (Figure 2).
Three compression-heating cycles were performed for each experiment, with
maximum achieved pressure of 4.1 GPa and temperature of 2020 K,
respectively. The experiments were quenched by turning off the heater power.
The recovered samples were analyzed using an SEM at GSECARS and
the Center for Nanoscale Materials of Argonne National Laboratory. The
recovered samples were transparent, homogenous glasses, confirming the
complete melting of the samples during the experiments (Figure 2). No
leakage of the melt sample from the capsule was observed in the quenched
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Figure 2. Experimental P-T conditions, melting curves, and SEM images of the recovered products for (a) Ab melt, (b) Jd
melt, and (c) Ne melt. Melting curves for Ab are from several studies including Boyd et al. (1963), A. F. Birch and
LeComte (1960), Boettcher et al. (1982), and Tenner et al. (2007). The melting curve for Jd is from Litvin and

Gasparik (1993), and the melting phase relations for Ne are from Bell and Roseboom (1969). All experimental P-T
conditions were above the corresponding liquidus temperatures for each phase, and the recovered samples were all
homogeneous glasses.

products. The measured compositions of the recovered samples were close to the ideal stoichiometric compo-
sitions and no significant molybdenum contamination was detected (Table 1).

2.3. Data Analysis

Tomographic reconstruction involves: (a) subtracting background dark current and flat field intensities from the
raw radiographic images; (b) correcting rotation center and minimizing ring artifacts; and (c) performing the
Radon transform and grid reconstruction to produce 2D slices perpendicular to the rotation axis. All these steps
were accomplished using the IDL program Tomo_Display at GSECARS (Rivers & Wang, 2006), which uses the
high-speed Gridrec FFT algorithm and can reconstruct the slices in parallel on multiple CPU threads. Figure 3a
shows one reconstructed horizontal slice (viewed from the top) of the Jd melt sample at 3.6 GPa and 1921 K. The
sample can be clearly distinguished from the molybdenum capsule. The reconstructed horizontal slices were
imported into ImageJ and Blob3D (Ketcham, 2005) for additional filtering and sample segmentation (Figure 3b).
The pixel size (1.687 pm for both horizontal and vertical direction) and slice distance (1 pixel) form an effective
voxel size of 4.801 um>. A mean filter was applied to the imported slices to smooth out noisy pixels and enhance
the contrast between the sample and Mo capsule (Lesher et al., 2009; Xu, Jing, Van Orman et al., 2020). The voxel
intensity ranges of the sample and capsule were carefully examined in Blob3D, and the sample volume was then

Figure 3. (a) A reconstructed slice from the Z direction (viewing from the top) of the Jd melt sample at 3.6 GPa and 1,921 K.
(b) Segmentation of the sample from surrounding molybdenum capsule using advanced thresholding methods in Blob3d.
(c) Reconstructed 3D volume rendering of the sample.
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Table 2 segmented from the capsule using various thresholding methods available in

Experimental Conditions and Results

BloB3D (Ketcham & Carlson, 2001; Xu, Jing, Van Orman et al., 2020).

Composition ~ Load (tons) P (GPa) T (K) V(mm®) p (g/cm®) After segmentation, the sample can be easily separated from the surrounding
Ab 10 173 1,638 2.095 2502 voxel volumes, and its total volume was obtained from the summation of the
10 1.85 1741 2077 2504 voxel V(;lu.mes occupied.by the sample (Figure 3c). The sample voluI.ne
10 2.05 1.847 2109 2486 (~1 mm”) 1s_r9nore t3han elg'ht' orders .of magmtu.de larger than the voxel size
(4.801 X 107" mm"), providing a high resolution for 3D volume measure-
20 2.40 1,735 2.032 2.580 . . .
ments. The uncertainty in the measured volumes mainly comes from the
el Zlle s 22 A thresholding process, and is estimated to be ~1% based on the deviations of
20 2.78 1,934 2.046 2.562 reconstructed volumes (~0.015 mm?®) obtained by adjusting the threshold
30 3.56 1,729 1.991 2.633 value slightly. The density was then obtained by dividing the mass of the glass
30 3.80 1,824 1.943 2.698 sample measured before each experiment by the reconstructed sample vol-
30 4.09 1,921 1.961 2.673 ume. The total uncertainty in the obtained density can be estimated by
1d 10 1.57 1,638 1.225 2514 propagating errors from mass (~0.6%) and volume measurements (~1.0%)
10 2.31 1,741 1210 2.546 as o, & /oy + oy = 1.2%.
20 2.50 1,847 1.182 2.606
20 2.95 1,934 1.187 2.595 3. Results
30 3.62 1,921 1.159 2.658
e 10 0.85 1,638 5142 2483 3.1. High-Pressure Densities of Sodium Aluminosilicate Melts
10 1.10 1,741 2.155 2.468 The experimental conditions and results are reported in Table 2. Measured
10 1.14 1,847 2.154 2.469 densities are plotted as functions of pressure in Figure 4, after correcting to the
20 1.86 1735 2.095 2539 1,773 K isotherm using the thermal expansion coefficients calculated for each
20 1.96 1,834 2105 2527 mejlt from the temperature dependences of the part'%a.l molar volumes of the
20 228 1.934 2,096 2538 oxide comPonents .(L.ange, 1997). The room-P .densmes were also calculéted
from the linear mixing model using the partial molar volumes of oxides
30 256 L7290 2030 26201, 00e 1997). The obtained high-P densities for albite (Ab), jadeite (Jd) and
=L 22 12 A 2l nepheline (Ne) melts increase monotonically with pressure, with Ne melt
30 3.38 1,921 2.022 2.630 having the highest density and Ab melt having the lowest density, respec-
30 3.39 2,020 2.048 2597 tively, in the investigated experimental pressure range. For Ab melt, our

Note. The uncertainty is less than +0.5 GPa for pressure and less than measured densities are higher than those predicted from the fusion curve
+100 K for temperature. The total uncertainty in determined densities is analysis of albite (Tenner et al., 2007). As the high-P density obtained from

within 1.2%.

fusion curve analysis strongly depends on the accuracy of the position of the

melting curve as well as a range of thermodynamic parameters for both the

solid and melt phase, it could have large uncertainties if there are any in-
consistencies in the melting curve (e.g., Figure 2a) or poorly constrained parameters during the calculation. For Jd
melt, our new results are significantly lower than those from our previous study using the same experimental
approach (Xu, Jing, Van Orman et al., 2020) and higher than those obtained in Sakamaki (2017) using X-ray
absorption method (Figure 4b). A re-examination of the quenched sample from our previous study shows that
a small portion of the melt sample may have leaked out of the capsule during the experiment, resulting in smaller
apparent sample volume, hence an overestimate on density and compressibility (Figure S1 in Supporting In-
formation S1). The present experiments do not have any leakages as evidenced from the SEM analysis on
recovered samples (Figure 2). The density obtained from Sakamaki (2017) may have suffered from some
background correction issues due to the low X-ray absorption contrast between the sodium-rich melt and sur-
rounding cell assembly materials. The derived bulk modulus Ky (19.0 GPa) for Jd melt in our current study show
excellent consistency with the value (19.6 GPa) derived from the room-pressure ultrasonic measurements on
Na,0-Al,05-Si0, melt system (Kress et al., 1988). For comparison, previous study by Xu, Jing, Van Orman,
et al. (2020) reported a much smaller value of K7y (10.8 GPa) due to the potential sample leakage as noted in SI
Figure S1 in Supporting Information S1, and the study by Sakamaki (2017) reported a somewhat higher value
(21.5 GPa). Thus, the current data set can be considered to be more accurate than previous density measurements.
For Ne melt, to our best knowledge, there are no other available density data to compare with our measurements.
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(a) og 3.2. Data Fitting Using the Birch-Murnaghan EOS
2751 Ab melt The Birch-Murnaghan EOS (BM-EOS) was derived from the finite strain
theory for solids (F. Birch, 1947) and has also been widely used to fit the
27y density data for geological melts at high pressures (e.g., Agee, 1998; Saka-
2651 maki et al., 2010; Sanloup et al., 2013; Seifert et al., 2013). Here we first fit
26| our data using the third-order BM-EOS, which relates pressure (P) and high-P
%2.55 | | density (p) as follows:
z o5l i 'IF;his study ] 3K : ) s )
oom-P L97 ;
*omor | 8 (I ) (R C (Rl A
o4 —— HS-EOS ,
235 ===-HS-EOS average ¢ | | The BM-EOS has three parameters, the room-P density (p,), the room-P bulk
‘ ‘ T ‘ modulus (K7), and the pressure derivative of bulk modulus at room P (K7,).
2 0 1 2 3 4 5 All three parameters are temperature and composition dependent. For p, and
P (GPa) Ko, they can be calculated using the linear mixing model as a function of
(b) 31 ‘ partial molar quantities at a reference temperature as:
<> This study
3r 9|6 Room-P L97 Jd melt _ ZiMiXi
PO o v ()
jql" = BWEOS | 2iVoiXi
——HS-E0S _
6\2.8 L|====HS-EOS average ¢ Ko = _72,'(‘:%:'&' s (3)
5o o , Ziar
2
S26) 1 where X;, M;, V,,, and ! are the molar fraction, molar mass, partial molar
o5l | volume and its pressure dependence of the i-th oxide component in the melt.
For the fitting, we first fixed p, for each melt to the values calculated from the
2.4+ 1 calibrated partial molar volumes and their temperature dependences by
Lange (1997). All our high P-T density data were corrected to the 1773 K
2 0 1 2 3 4‘1 5 reference isotherm using p = pyyr exp[—a(T) (T — Tyr)], where a(T) is the
(GPa) thermal expansion coefficient for silicate melts, also obtained from the liner
(C) . mixing model by Lange (1997). Here it was assumed that the effect of
pressure on «(7T) is small up to ~4 GPa. A Monte-Carlo approach was then
275 Ne melt used to fit the density data and to estimate the uncertainties in the fitting

(=]

* Room-P L97
- = BM-EOS B
——HS-EOS

=-=-HS-EOS average ¢

3 4 5

P (GPa)

Figure 4. Experimental and fitting results for (a) Ab melt, (b) Jd melt, and
(c) Ne melt. The room-P density for each melt is calculated from the linear
mixing model L97 (Lange, 1997). BM-EOS: Birch-Murnaghan equation of
state, HS-EOS: hard-sphere equation of state (Jing & Karato, 2011), hard-
sphere equation of state (HS-EOS) average &: HS-EOS with an average of
the deformability of spheres (£), see detailed discussion in Section 3.3. T07-
Tenner et al. (2007), X20-Xu, Jing, Van Orman, et al. (2020), S17-
Sakamaki (2017).

parameters (Xu et al., 2018; Xu, Jing, Bajgain, et al., 2020). The best-fit
values for Ky and K7, were found by minimizing 2, defined as

data __ odel )
, )

model ;

7 —Z(” : 4)

where pd@ j

is the high-P density data, p] is the modeled density from BM-
EOS using randomly generated values of K7 and K7, and o/ is the uncer-
tainty in measured density including both the uncertainty from density
measurements and the propagated equivalent uncertainty in density due to the
uncertainty in pressure. We explored the parameter range 5-25 GPa for Ky
and 3-13 for K7,. The fitting results are shown in Table 3. Due to the trade-
offs between Ky, and K'TO (Bass et al., 1981), the fitting results have large
uncertainties, almost covering the entire range for the parameter spaces set for
the fitting. This basically means that density data in a limited pressure range is
unable to uniquely constrain both Ky, and K7, for the BM-EOS. Therefore,
we also fixed the K7y based on the linear mixing model for Na,0-Al,05-Si0,
melts calibrated by the room-P ultrasonic measurements (Kress et al., 1988)

to fit only the K7,,. As can be seen from the fitting results (Table 3), fixing Ko
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significantly reduces the uncertainty. From Ne melt to Ab melt, the K7, of the melt generally decreases with
increasing SiO, fraction, while K7 increases. The calculated compressional curves based on the fitting results
recover the experimental data well (Figure 4). However, its extrapolation to higher pressures is highly uncertain,
as the BM-EOS is not based on the physics of liquids and its application to silicate melts is purely empirical.

Another major drawback of applying the BM-EOS to silicate melts is that the compositional dependence of K7, is
not known. Since K7 is related to the second order derivative of density, a linear mixing model for K7, is un-
justified. Therefore, for each melt composition, an individual K7, has to be determined from high-P density data,
and density data for different melt compositions cannot be combined to derive a single set of equations for all melt
compositions. As the composition of silicate melts varies widely in the interiors of the Earth and other planets, it is
not possible to measure the density of every melt composition.

3.3. Data Fitting Using the Modified Hard-Sphere EOS (HS-EOS)

Based on the hard-sphere mixture model of liquids (Lebowitz, 1964; Lebowitz et al., 1965), Jing and Kar-
ato (2011) proposed a new equation of state for multi-component silicate melts which can well explain the
compressional behaviors of silicate melts and their differences with silicate glasses and solids. The model ac-
counts for both entropic and internal energy contributions to compression in silicate melts, in contrast to the BM-
EOS which considers only the contribution from internal energy. In this model, each melt component is assigned
to a hard sphere of a certain size. Spheres of different sizes representing multiple components move freely in the
melt except for the volumes occupied by other spheres. The entropic contribution to compression comes from the
geometrical arrangement of these spheres, while the internal energy contribution to compression is provided by
the Coulombic attraction between all ions. The temperature dependence of sphere size and sphere deformability
were introduced to account for the effect of temperature and pressure on melt properties. Detailed discussion on
the formulations of the HS-EOS is given in Jing and Karato (2011). The general form of the HS-EOS is
expressed as:

RT

P=—
Vv

— \H—1 - v—1
(1—§)¢—¢0<%) +¢<1>0(V'”°) ] 5)

where R is the gas constant, V is the molar volume of the melt, V,, is the volume of one mol of spheres in the melt.
The subscript “0” indicates that a variable is evaluated at room pressure. V,, can be written as:

o m o 1 m
Vin = invmi = gﬂNA ZXiG?g 6)
i=1 i=l

where X; , V,;, and o, are the concentration, volume of one mol of spheres, and sphere diameter for the i-th melt
component, respectively; N, is the Avogadro constant. The three different terms on the right-hand side of
Equation 5 represent the excluded volume effect, the Coulombic attraction, and the repulsive energy contribution
due to the deformability of spheres. u = 4/3 and v = 8/3 are the exponents for the attractive and repulsive energy
terms, respectively. The parameter @ is a function of the packing fraction (f = V,,/V) and represents the
excluded volume effect of the hard spheres. The packing fraction (f) itself also depends on the molar volume of
the melt (V), the composition of the melt (X;) and the sphere diameter of each melt component (o;). The detailed
formulation of @ can be found in Jing and Karato (2011).

The major parameters to calibrate for the HS-EOS are the sphere diameter (o;) for each component in the melt and
the effect of temperature and pressure on the sphere diameter, which can be evaluated as:

5
T\" & V\*
0 = 00T, (T_f> exp [gao(T - Tref)] (‘7—) , ™
re 0

where oy 1. . is the diameter of the sphere at the reference temperature (1,773 K in this study) and room pressure.
o; is the sphere diameter at high P-T conditions. #; and &; describe the temperature and volume dependences of the
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Table 3 sphere diameter for the i-th component, respectively. The average of the
BM-EOS Fitting Results sphere deformability £ can be expressed as:
C siti K K, —
S . , f= (V) - LS xve ®)
Ab 19.2424 3.8%52 = \omv ), = v, &% Vmit
17.9 (fixed) 48 £ 1.1
Id 19.0+32 4.0189 When & = 0, the liquid is a hard-sphere mixture and no sphere deformation
19.6 (fixed) 36+ 12  occurs, whereas when & = 1, the liquid will behave like a solid and the
entropic contribution to compression will vanish.
Ne 2193 47483 P P
24.3 (fixed) 3.0+ 0.8 The HS-EOS is based on the physical model of the hard-sphere mixtures for

Note. Reference T at 1,773 K.

liquids, and the effect of composition is explicitly included in the EOS, in
contrast to the BM-EOS in which no composition effect is considered. This
advantage of the HS-EOS gives us the opportunity to employ all available
melt density data for various melt compositions to calibrate a single, unified EOS for silicate melts. All
compressional properties of silicate melts at high pressures can be derived from the HS-EOS (Jing & Kar-
ato, 2011). In addition, the room-pressure bulk moduli data obtained from ultrasonic measurements can also be
incorporated to calibrate the HS-EOS. Taking the volume derivative of Equation 5 and letting P = 0, one can
obtain the formulation for the room-P bulk modulus as (Jing & Karato, 2011, 2012):

Kro = RV(T)[(I — &)'To + @ (28 + (v = )& - ”)]’ ©

where I' = d(f®)/0f. The K, data can be obtained through ultrasonic sound velocity measurements via:

1 _ ‘_/0 TvOa%

1 , 10
Krg 2 Cpo (10

where ¢ is the measured relaxed sound velocity for silicate melts, and oy and Cp are the room-pressure thermal
expansion coefficient and heat capacity, respectively, which can be calculated from the linear mixing model for
silicate melts (Lange, 1997; Lange & Navrotsky, 1992). Therefore, the room-pressure Ky, data derived from
ultrasonic measurements and the high-P density data obtained from various methods can be combined to fit
Equation 5 and Equation 9 simultaneously by minimizing a misfit function:

A= Zj(Pj - Py + Zk(KTO.k —Kno) |, (11

where P; is the pressure for the j-th density measurement, and Kr is the room-P bulk modulus for the k-th bulk

modulus measurement.

Our high-P density for Ab, Jd and Ne melts, combined with the room-P bulk modulus data obtained from the
ultrasonic measurements of Kress et al. (1988), were employed to calibrate the HS-EOS for the Na,0-Al,05-SiO,
(NAS) melt system. Due to the interaction between the Na,O and the Al,0; components to maintain local charge
balance, Jing and Karato (2011) introduced an Na,0-Al,O; interaction term cn,,0- al,0, t0 account for the
compositional dependence of the sphere diameter for the Na,O component which has an effective sphere diameter
expressed as:

ONayo = ONa, (1 + Xa1,0,CNa,0-A1,0,)- (12)

Introducing such an interaction term can significantly improve the fitting for Na,O-bearing melts (Jing & Kar-
ato, 2011). Therefore, we have also adopted the interaction term for Na,O-Al,Oj5 in our calibration. Our high-P
density data on NAS melts provides significantly better constraints on the parameters for the Na,O component
compared to the previous calibration by Jing and Karato (2011), in which only 1-atm density and bulk modulus
data were incorporated for the Na,O-bearing melts. In total, 38 relaxed bulk moduli data from Kress et al. (1988)
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Table 4 and 24 density measurements from our study were used in the calibration. A
Calibrated Sphere Diameters and Their Temperature and Volume non-linear regression was conducted on these data by minimizing Equa-
Dependences for the NAS Melt System tion 11. Our calibrated sphere diameters and their temperature and volume
Component Gio,, (nm) 7 & dependences for the NAS melts are listed in Table 4. The calculated

- compressional curves using the calibrated HS-EOS recover the experimental
$i0, 0.370 £ 0.018 —0.11£003 091 £ 0.36 density data well (Figure 4). Compared to the BM-EOS, the HS-EOS predicts
ALO; 0.447 + 0.046 0.13 £ 0.07 1.00 + 0.84 similar density results for the NAS melts at low pressures, but slightly higher
Na,O 0.371 £ 0.042 —0.10 £ 0.11 0.34 +£0.48  densities at higher pressures, implying a higher melt compressibility captured
CNayO — ALOs 0.12 + 0.73* by the HS-EOS.

Note. Ty is 1773 K, and errors are 1 o estimates. “The interaction termisa  The calibrated parameters for the HS-EOS have relatively large uncertainties

non-dimensional parameter.

Table 5

Calibrated Sphere Diameters and Their Temperature and Volume
Dependences for the NAS Melt System Using an Average Sphere

Deformability

(Table 4) due to the large number of parameters involved and the limited P-T'

range for the experimental data. We therefore conducted another calibration
using an average sphere deformability (Equation 8) for the NAS melts. The new calibration results are shown in
Table 5 with significantly reduced uncertainties. The density results can also be well reproduced by using a single
¢ for the melts (Figure 4), although fewer parameters were employed for the HS-EOS. The predicted room-
pressure bulk modulus K7, (Equation 9) and density p (Equation 5) using both calibrations can match the
experimental data equally well, with a residual in percentage less than 2% and 1.5%, respectively (Figure 5).
Therefore, the HS-EOS with an average ¢ is recommended for calculating the density for NAS melts at high P-T'
conditions up to ~5 GPa and 2000 K. It should be noted that the bulk moduli data from Kress et al. (1988) contain
multiple measurements on same compositions at roughly same conditions, thus being shown as arrayed horizontal
segments with a range of experimental K7, values corresponding to a constant calculated K, value (Figure 5a).
This is purely due to the repeatability uncertainty associated with the experiments and does not mean that the
variability in K is not captured by the HS-EOS.

3.4. Extending the HS-EOS to Silicate Melts in the Ca0-MgO-Al,0;-Si0,-Fe0-Na,0-K,0 (CMASFNK)
System

Here we combine our new high-P density data on sodium aluminosilicate melts with other high-P density data and
room-P sound velocity data for a wide range of melt compositions from the literature to calibrate a universal EOS
for silicate melts in the CAMSFNK system, covering nearly all the major components in silicate melts except for
TiO, and volatiles. The data sources used in the calibration are compiled in SI Table S1 in Supporting Infor-
mation S1, including the data set originally compiled by Jing and Karato (2011) together with some more recent
sound velocity and density measurements on various melt compositions. The room-P sound velocity data from Ai
and Lange (2008) Guo et al. (2013), Guo et al. (2014), Kress et al. (1988), Rivers and Carmichael (1987), Secco
et al. (1991), and, Webb and Courtial (1996) combined with the linear mixing models for the molar volume,
thermal expansivity, and heat capacity of silicate melts at room pressure (Lange, 1997; Lange & Carmi-
chael, 1987; Lange & Navrotsky, 1992) were used to calibrate the room-P bulk modulus K7 in Equation 9. Only
the sound velocity data that can be confirmed to be relaxed, that is, showing no frequency dependence, were used
in the calibration. High-P density data include the sink-float/X-ray absorption experimental results on volatile-
free silicate melts from Agee (1998), Agee and Walker (1993), Ohtani and Maeda (2001), Sakamaki
et al. (2010), Suzuki and Ohtani (2003), and Suzuki et al. (1998), as compiled
in Jing and Karato (2011), Jing and Karato (2012), and more recent data from
X-ray absorption measurements on relatively silica-rich melt compositions
(Malfait, Seifert, Petitgirard, Mezouar, et al., 2014; Malfait, Seifert, Petit-
girard, Perrillat, et al., 2014; Seifert et al., 2013), as well as the 24 data points

from this study on sodium aluminosilicate melts determined from X-ray

Component 00,1, (NmM) n; ¢ : i i
microtomography. Compared to other density models (e.g., Ueki & Iwa-

Si0, 0.370 £ 0.001 —0.06 + 0.02 0.67 £ 0.03* mori, 2016), the current HS-EOS calibration has the most extensive data set,

Al O, 0.439 £ 0.008 0.13 £ 0.05 covering both the relaxed sound velocity data and the high-P density data on

Na,O 0.370 + 0.004 —0.14 + 0.02 volatile-free silicate melts in the literature to date.

CNayO - AL Os 0.16 + 0.11° A regression was conducted on the data set in Table S1 in Supporting In-

Note. Ty is 1,773 K, and errors are 1 ¢ estimates. “¢ is the average of sphere formation S1 using Equations 5 and 9 simultaneously by minimizing Equa-
deformability and takes the same value for all melt components. “The inter-  tion 11. The matlab code used for performing the HS-EOS fitting has been

action term is a non-dimensional parameter.

provided in the data repository (Xu et al., 2025). The calibrated sphere
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Figure 5. (a) Calculated K7, versus experimental K7, and (b) calculated p versus experimental p based on the calibrated
hard-sphere equation of state (HS-EOS) with individually defined sphere deformability &; (Table 4, blue circles) and HS-
EOS with an average sphere deformability & (Table 5, red squares) using Equation 9 and Equation 5, respectively. The black line
shows the 1:1 correlation between the axes. (c) Residual in percentage for the calculated room-pressure bulk moduli as a
function of temperature. (d) Residual in percentage for the calculated densities as a function of pressure.
parameters for each component are listed in Table 6. The uncertainty in the K,O component is relatively large due
to the very limited number of data points on K,O-bearing silicate melts at both room P and high P (Table S1 in
Supporting Information S1). More data on K,O-rich melts are needed in future to better constrain the parameters
for the K,O component. The fitted sphere diameters are generally consistent with those obtained in Jing and
Karato (2011) for the CMASF system. It should be noted that the Al,0; component in the previous calibration by
Jing and Karato (2011) was treated as AlO, 5 during the regression. There-
Table 6 fore, their fitted sphere diameter for Al,O; should be about a factor of

Calibrated Sphere Diameters and Their Temperature and Volume
Dependences for the CAMSFNK Melt System

Component O, (NmM) n; &

SiO, 0.358 + 0.001 —0.09 = 0.01 0.39 = 0.02
Al,O4 0.426 = 0.001 —0.01 £ 0.01 0.66 £+ 0.03
MgO 0.287 = 0.002 0.16 £ 0.01 0.71 £ 0.07
CaO 0.340 = 0.001 0.00 £+ 0.01 0.91 £ 0.03
FeO 0.255 = 0.002 0.03 £ 0.01 —0.46 £ 0.09
Na,O 0.361 + 0.010 0.01 + 0.01 0.34 + 0.19
K,O 0.440 = 0.113 0.04 + 0.08 0.69 + 0.37
CNayO — AL O; 0.29 + 0.03"

Note. T is 1,773 K, and errors are 1 o estimates. “The interaction term is a
non-dimensional parameter.

\3/5 = 1.26 smaller than that of the present calibration. The calculated K7,
and density p using the calibrated parameters in Table 6 recover the experi-
mental values very well (Figure 6, blue circles), with the maximum residuals
for Ky less than 8% (~2 GPa) and for p better than 3%. For most melt
compositions, the difference between the calculated densities using the HS-
EOS and the experimental values is smaller than 2%. Therefore, the current
calibrated HS-EOS can be confidently applied to calculate the high-P density
of silicate melts in the CMASFNK system. We have also conducted another
regression using an average sphere deformability £ for the HS-EOS, and the
calibration results are shown in Table 7. Although the calibration using an
average sphere deformability can also fit the experimental data very well, the
residuals are slightly larger than the calibration using the regular HS-EOS. As
the fitting of separate &; for each component does not result in very large
uncertainties in the calibrated parameters, the regular HS-EOS is thus rec-
ommended for calculating the densities for melts in the CAMSFNK system

XU ET AL.

10 of 20

8518017 SUOWILLOD BAITERID 3|t (dde ay) Aq peusenob afe saoie O ‘88N JO S3|n. 1oy AkeiqiT8UlUO /8|1 UO (SUOHIPUOD-pUR-SURY WD A8 1M AteIq 1 [BulUO//SA1Y) SUORIPUOD Pue SWLB | 8y} &8s *[9202/50/50] uo Areiqiauliuo A8 (1M “ABojouyoe | puy aousios Jod rybueys JO A1sBAIUN Aq £22€€08rS202/620T 0T/10p/L0d A8 M Areiq1jutjuo'sgndnBe//sdny Wwo.y papeojumoq ‘Z ‘9202 ‘9566912



I Vedl
M\I Journal of Geophysical Research: Solid Earth 10.1029/2025JB033223
AND SPACE SCIENCES

28 ‘ 4 ‘ : :
(a) sgl ©® i
241 ] 361 1
s G 84¢ 1
& §
° 20 1 D32 1
X U
3 B ]
% 16t 1 % 2.8+ 1
S 826t 1
12+ 1 241 1
@ HS-EOS 2oL ]
[0 HS-EOS with average &
8 ‘ ‘ : ‘ ‘ ‘ ‘
8 16 24 28 22 2.5 3 3.5 4
Experimental K, (GPa) Experimental p (g/cm®)
12
10 ] |
gl i
> 4
£ 4r 1 S |
® £ L
s I s
3 — 4
o2 1 3. ]
4 4
-6 F 4 i
. S = D = N |
1400 1500 1600 1700 1800 1900 2000 20 25
T (K) P (GPa)
Figure 6. (a) Calculated K7, versus experimental K7, and (b) calculated density p versus experimental p based on the
calibrated hard-sphere equation of state (HS-EOS) with individually defined sphere deformability &; (Table 6, blue circles)
and HS-EOS with an average sphere deformability & (Table 7, red squares) for CAMSFNK melt system using Equation 9 and
Equation 5, respectively. The black line shows the 1:1 correlation between the axes. (c) Residual in percentage for the calculated
room-pressure bulk moduli as a function of temperature. (d) Residual in percentage for the calculated densities as a function of
pressure.
up to ~25 GPa and 2,000 K. For Na,O-rich melts, although our own
experimental data only extend to 4.1 GPa, the extrapolation using our HS-
EOS to 25 GPa is unlikely to result in a significant increase in the uncer-
Table 7 tainty. This is because that the effect of pressure is mainly described by the

Calibrated Sphere Diameters and Their Temperature and Volume
Dependences for the CAMSFNK Melt System Using an Average Sphere

Deformability

Component 00,7, (NmM) n; 13

SiO, 0.359 + 0.001 —0.11 = 0.01 0.43 £+ 0.02°
AlLO, 0.417 %+ 0.001 —0.07 = 0.01

MgO 0.278 + 0.001 0.18 = 0.01

CaO 0.321 + 0.001 0.13 = 0.02

FeO 0.280 % 0.001 —0.11 = 0.01

Na,O 0.368 + 0.001 0.06 = 0.02

K,O 0.429 + 0.003 0.15 + 0.08

CNa,O — AL, O3 0.21 + 0.01°

Note. T, is 1773 K, and errors are 1 ¢ estimates. *¢ is the average of sphere
deformability and takes the same value for all melt components. °The inter-
action term is a non-dimensional parameter.

sphere deformability parameter &; in the HS-EOS model, which can be treated
as a constant up to ~40 GPa (Jing & Karato, 2011). For K,O-rich melts, due
to limited data set, the calibrated parameters have relatively large un-
certainties, and their extrapolation using our HS-EOS model should be
treated with caution. Future measurements on a wider composition range at
much higher pressures are needed to better refine the HS-EOS.

Compared to the previous studies (Jing & Karato, 2011, 2012), the main
contribution of current study to the HS-EOS is to extend its applicability to a
larger compositional space. Due to the lack of high-P density data on Na,O-
bearing melts, the previous studies did not constrain the volume dependence
of the sphere diameter &; for the Na,O component. Our new data and cali-
bration provide constraints on all the HS-EOS parameters related to the Na,O
component. While K,O was also included in our calibration, its uncertainty is
relatively large due to limited data. Therefore, our new calibration is more
suitable for modeling alkali-rich melts, particularly for sodium-bearing melts
in planetary interiors.
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Figure 7. (a) Density and (b) compressibility as a function of pressure for Ab-Jd-Ne melt join calculated at the reference
temperature 1773 K using the modified hard-sphere equation of state (Table 5).

4. Discussion
4.1. Effect of Composition on Melt Compressibility and Density

The composition of a silicate melt plays an important role in determining its properties. Figure 7 compares the
density and compressibility for melts on the Ab-Ne join calculated using our modified HS-EOS. The results
suggest that with greater NaAlO, substitution for SiO, along this join, the density increases while the
compressibility decreases. This is consistent with the room-pressure sound velocity measurements showing that
the melt velocity increases with increasing Na,O content in Na,0-Al,05-SiO, melts (Kress et al., 1988).
Structural measurements on polymerized silicate melts have shown that the dominant compression mechanism in
relatively low-pressure range is through bending and tightening of the inter-tetrahedral bond angles (Wang
et al., 2014). It has been suggested that the effect of the substitution of (NaAD** for Si** is to narrow the T-O-T
bond angle (where T represents the tetrahedrally coordinated cations) (Okuno & Marumo, 1982), as T-O-T
linages containing AI>* would carry electric charges, providing an electrostatic attraction between the Al-
containing tetrahedra and alkali cations (Navrotsky et al., 1985). For fully polymerized melts along the Ab-Ne
join, A’ is expected to be a network former in the tetrahedral site, and Na™ would show greater structural
affinity to the T-O-Al bridges, perturbing the Al-O bond more than the Si-O bond. Therefore, replacing Si** with
(NaAD** is expected to narrow and restrict the T-O-T angles, resulting in its lower compressibility with

13* in the melt is a

increasing (NaAl)** content. However, it should be noted that this may only hold true when A
network former. For compositions with Al,O; > Na,O, AI’* is likely to become a network modifying cation with
a substantial portion entering the six-fold coordinated sites (Mysen et al., 1980), which may show different trends

than those along the Ab-Jd-Ne join.

Due to the complex structures and interactions among different components in multi-component silicate melts, it is
difficult to find a single parameter to characterize the effect of composition on melt properties. Here our calibrated
HS-EOS were employed to evaluate the general trend for each individual component on the elastic properties of
silicate melts. The calculated K7, for various melt compositions (Table S1 in Supporting Information S1) are
plotted as a function of the mole fraction of the individual oxide component in Figure 8. The bulk moduli generally
demonstrate a decreasing trend with increasing SiO, and alkali contents, an increasing trend with CaO content, and
are nearly independent of the MgO, FeO, and Al,O; contents in the melts. It seems that SiO,, alkalis, and CaO are
the major components contributing to the compositional dependence of melt elastic properties. All these com-
ponents have relatively large sphere diameters (>0.3 nm) (Table 6), while components with small sphere diameters
(FeO,MgO) seem to play aless important role. Al,O5 is an outlier, likely due to its dual role in melt structures, either
as a network former or a network modifier, which may help compensate its compositional effect. The trend for SiO,
is consistent with structural measurements on silicate melts (Wang et al., 2014), showing that before reaching the
tetrahedral packing limit, polymerized melt will be depolymerized (breakup of the tetrahedral connectivity) first
upon compression through tightening of the inter-tetrahedral bond angles, resulting in its high compressibility. It is
interesting to see that although both alkalis and CaO tend to act as network modifiers in silicate melts, their general
trends are totally different. Increasing the number of interstitial ions within the tetrahedral network will generally
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Figure 8. Calculated K7 using the hard-sphere equation of state for various melts as a function of (a) SiO, content, (b) Al,O5
content, (c) MgO content, (d) CaO content, (¢) FeO content, and (f) total alkali (Na,O + K,O) content.
reduce free space, and is thus expected to result in lower compressibility of the melt, as is the case for CaO. The
effect of alkalis on melt properties is more complicated. On one hand, alkali-rich melts also tend to be silicarich in
most cases, so their effects are likely coupled together. On the other hand, alkali ions have lower charge and larger
sizes than alkaline earth ions, which may lead them to have greater disruption of the network connectivity (Karlsson
et al., 2005), resulting in more non-bridging oxygens and higher compressibility. The calibrated partial molar
compressibilities by room-pressure ultrasonic measurements for the two alkali components are also higher than that
of other components (Rivers & Carmichael, 1987), supporting the important role of alkali components in modi-
fying the elastic properties of silicate melts. A general simplified conclusion from observing Figure 8 is that alkali-
rich, polymerized melts are generally more compressible than alkali-poor, depolymerized ones. It should be noted
that this general observation cannot be directly applied to a specific melt composition, as outliers from this general
trend do exist, such as the case for Ab-Jd-Ne join.
XU ET AL. 13 of 20
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Figure 9. Calculated (a) density and (b) compressibility as functions of pressure for some representative silicate melt

compositions using the hard-sphere equation of state model. The melt compositions include peridotite (blue), tholeiitic basalt

(MORB) (cyan), andesite (orange), and peralkaline granite (red) from Rogers (2015). PREM (dash line) and AK135 (dash-
dot line) are from Dziewonski and Anderson (1981) and Kennett and Engdahl (1991), respectively.

We have further calculated the compressibility and density as functions of pressure for some representative
silicate melt compositions on Earth using our calibrated HS-EOS, including peridotiticc MORB (tholeiitic),
andesitic, and granitic melts in Figure 9. The representative melt compositions are from Rogers (2015). As ex-
pected, the density of peridotitic melt is the highest while the density of granitic melt is the lowest in Earth's
interior. Compared to the PREM (Dziewonski & Anderson, 1981) and AK135 model (Kennett & Engdahl, 1991),
only peridotitic and MORB melts could have density crossovers with the solid mantle, at ~7-9 and ~12 GPa,
respectively (Figure 9a). Melts with andesitic and granitic compositions should be always positively buoyant
relative to the ambient mantle despite their higher compressibility. Our results indicate that even though
increasing SiO, in the melt can significantly increase the melt compressibility, such effect is only pronounced in
the low-pressure range (<10 GPa) and rapidly diminishes with increasing pressure. This is likely due to the fact
that SiO,-rich, polymerized melts have a “spongier” initial intermediate-range structure than depolymerized
melts (Sakamaki et al., 2014; Wang et al., 2014). In the low-pressure range, the compression of polymerized melts
is mostly accommodated through bending and tightening of the T-O-T angles and compaction of voids in the
intermediate range structure, resulting in their high compressibility. With further increasing pressure, the tetra-
hedral packing limit is reached, and Si, Al coordination changes start to play a dominate role in accommodating
the compression (Wang et al., 2014).

4.2. Implications for the Stability of Alkali Basaltic Melt at the Continental lithosphere-asthenosphere
boundary (LAB)

The lithosphere-asthenosphere boundary (LAB) beneath continents is a key discontinuity bearing on the origin
and evolution of continents and their dynamics (Aulbach et al., 2017; Fischer et al., 2010). It is characterized by
strong seismic velocity gradients and enhanced electrical conductivity, which may require the presence of partial
melts (Eaton et al., 2009; Jones, 1999; Yuan & Romanowicz, 2010). A previous study suggested that alkali
basaltic magmas could be gravitationally trapped at the continental LAB, providing a way to explain its
geophysical characteristics (Crépisson et al., 2014). However, the density measurements by Crépisson
et al. (2014) on alkali basaltic melt may have suffered from several experimental limitations and assumptions.
First, because the study by Crépisson et al. (2014) relied on a combination of challenging X-ray diffraction and
absorption measurements to determine the density of alkali basaltic melts, only two experimental runs were
performed, both at sub-liquidus conditions. Fully molten of the sample is not guaranteed and the presence of small
residual crystals in the melt at sub-liquidus conditions may have complicated the absorption and diffraction
measurements, thereby affecting the density results. In addition, the derived equation of state for alkali basaltic
melt has large uncertainties due to the small number of data points (only two) and the presence of volatiles with
poorly constrained partial molar properties. Therefore, its extrapolation to higher pressure is debatable.

Here, using our newly calibrated HS-EOS model for multi-component silicate melts, we have reevaluated the
gravitational stability of alkali basaltic melt at the continental LAB conditions. The alkali basaltic melt composition
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0 0 used in our calculations is the same as that of the starting material used in
1 | [ Alkali basalt melt Crépisson et al. (2014), with the composition originally reported in Pichavant
ol - g';ég,i;sr‘r’]zdeéla" 2014 {50 etal. (2009). In contrast to the previous study (Crépisson et al., 2014), our new
= =AK135 model results suggest that alkali basaltic melts are positively buoyant relative to the
= 3r Craton density model 1100 cratonic mantle (Figure 10). It should be noted that the calculation represents a
% 4r g minimum buoyancy scenario, as our HS-EOS is calibrated for volatile-free
E,/ 5L 1150 = compositions and the presence of dissolved volatiles would significantly
% Al § lower melt density (e.g., Jing & Karato, 2012), which could further increase its
S | Continental LAB 1500 Ellfgzsag;};ﬁ”lz“leletrhejodr; typical a.llkah basaltic melts should m}grate upwa.ud to
p cratonic root. Due to the good wetting properties of
8l 1250 basaltic melts (Holness, 2006; Yoshino et al., 2009), compaction and perco-
ol lation may cause the melt at the LAB to drain even at small melt fractions
(Faul, 2001; McKenzie, 1985). This may help explain the sparseness of seismic
101 1_‘5 2 ] ) ;;300 observations of the continental LAB due to the difficulty of retaining melts
Density(g/cm?®) beneath these thick (200-250 km) regions of lithosphere (Aulbach etal., 2017).

For cratons where clear LABs are seismically imaged (Ford et al., 2010; Foster

Figure 10. Density of alkali basaltic melt (red curve) as a function of pressure etal., 2014; Rychert et al., 2005), other mechanisms such as ponded melts due
and depth calculated using the hard-sphere equation of state along a mantle to the pressure-induced change in melt viscosity and mobility (Sakamaki

adiabat (Katsura, 2022) and its comparison with the previous density
measurements by Crépisson et al. (2014) (blue dotted curve), the PREM

etal.,2013; Zhou et al., 2024) or long-lived mantle upwellings to replenish the

model (Dziewonski & Anderson, 1981) (black solid curve), the AK135 melts (Zhao et al., 2015) must be invoked to explain their long-term presence at
model (Kennett & Engdahl, 1991) (black dashed curve) and a cratonic the continental LAB. For most of the cratonic mantle, our results support the
mantle density model (Poudjom Djomani et al., 2001) (gray dash-dot curve). view that melt migration and percolation from the LAB upwards lead to the
The shaded area marks the approximate depth range for the continental thermochemical erosion of the cratonic roots, thereby generating the topog-

Lithosphere-asthenosphere Boundary.

raphy at the LAB (non-flat LAB at various depths) and its weak, intermittent
seismic signals (Aulbach et al., 2017). These weak continental LABs may
reflect ongoing melt-lithosphere interaction.

4.3. Implications for Melt Extraction Processes in Planetesimals

Recent discoveries of andesitic meteorites have suggested that the products of early silicate melting in plane-
tesimals are silica- and alkali-rich in nature (Barrat et al., 2021; Bischoff et al., 2014; Nicklas et al., 2022). This
has been supported by melting experiments on chondritic materials, showing that silica- and alkali-rich melts can
be widely produced during low-degree (<15%) planetesimal melting (Collinet & Grove, 2020; Lunning
et al., 2017; Usui et al., 2015). Such melts have compositions that resemble those of igneous andesitic or tra-
chyandesitic achondrites, with the residual mineral assemblages similar to those of primitive achondrites (Collinet
& Grove, 2020). These silicic, alkali-rich melts are highly viscous, with viscosities larger than 10* Pa s (Giordano
et al., 2008), and are thought to be unable to efficiently extract through melt compaction and percolation (Collinet
& Grove, 2020; Monnereau et al., 2023). The calculations by Collinet and Grove (2020) suggest that such high-
viscosity melts can only migrate a negligible distance compared to the radius of even the smallest planetesimals
over the timescale of one half-life of 2°Al (0.72 Ma). This means that a planetesimal would either be melted into a
magma ocean, if sufficient ?°Al was present at the time of accretion, or it would cool below the solidus too rapidly
to migrate significantly due to depletion of the radiogenic heat source after low-degree partial melting (Lich-
tenberg et al., 2019; Zhang et al., 2023). In either case, the removal of low-degree silica- and alkali-rich melts
recorded by the formation of andesitic and primitive achondrites is difficult to explain. Alternatively, Collinet and
Grove (2020) proposed that migration of such viscous melts in planetesimals may be similar to the silicic melts on
Earth, with excess pressures in the magma chamber leading to the formation of veins and dykes that can
significantly increase the drainage efficiency of the partial melts (Sleep, 1988). The excess pressure may come
from the large density contrast between the melts and wall rocks (Malfait, Seifert, Petitgirard, Perrillat,
et al., 2014) and/or exsolution of volatiles from the magma (Sisson & Bacon, 1999). However, whether this
overpressure is large enough to initiate cracks and veins in planetesimals has not been quantitatively evaluated.

Here using our HS-EOS model, we can evaluate the buoyancy-driven overpressure for silica- and alkali-rich melts
in planetesimals. We use the composition of recently identified andesitic achondrite Erg Chech (EC) 002 (Nicklas
etal., 2022) as the representative composition for low-degree silica- and alkali-rich silicate melts in planetesimals.
Assuming that the gravity on planetesimals can be scaled as g = (gER)/ Rg, where R represents the radius of the
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— 1880":‘ calculate the buoyancy-driven overpressure AP due to the production of these
—_ i m—— m & .
& &0 melts by integrating the density contrast Ap between the melt and surrounding
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Q30] Ordinary chondrites | comes comparable to the average tensile strength of carbonaceous chondrites
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Figure 11. Calculated buoyancy overpressure for silica- and alkali-rich early

Thickness of melt layer (km)

1,000 km planetesimals the buoyancy overpressure is significantly smaller
than the tensile strength of achondrite, which is thought to be the differentiated
product in planetesimals after melt removal. Therefore, our results suggest that

melts in planetesimals using our hard-sphere equation of state. The melt the buoyancy overpressure may play a negligible role in extracting early silica-
composition is from andesitic achondrite EC002 (Nicklas et al., 2022), and and alkali-rich melts in planetesimals, as it is not large enough compared to the
the density and temperature of planetesimal are assumed to be 3,300 kg/m tensile strength of solid matrix to initiate veins and dykes (Collinet &

and 1400 K, respectively (Moskovitz & Gaidos, 2011). The tensile strength
for various meteorites is from the compilation of Pohl and Britt (2020), with
the black, green and magenta dashed lines correspond to the average values

Grove, 2020). It may contribute to the melt extraction processes for larger
planetesimals and planetesimals made of carbonaceous chondritic materials,

for carbonaceous chondrites, ordinary chondrites and achondrites, butitis unlikely to be the dominant mechanism. Other mechanisms such as the
respectively, and the shaded areas correspond to the possible ranges for each recently proposed “rubble-pile” model for melt migration through macro-

category of meteorites.

pores between meter-sized boulders created by collision and shattering of
the planetesimal must be invoked to explain the efficient migration and
extraction of these highly viscous melts (Zhang et al., 2023).

5. Conclusions

We have determined the high P-T density of NaAlSiO,, NaAlSi,Og, and NaAlSi;Og melts up to 4.1 GPa and
2,020 K using the high-pressure X-ray microtomography technique in a Paris-Edinburgh cell assembly. The
experimental results show that increasing the amount of Si** at the expense of (NaAl)** in the melt along the Ab-
Ne join will result in lower melt density and higher melt compressibility. The new data were combined with a
wide range of literature data on the density and sound velocity of silicate melts with various compositions to
calibrate a single, unified equation of state for multi-component silicate melts based on the modified hard-sphere
mixture model (Jing & Karato, 2011). Our calibration results can recover the existing density and bulk moduli
data for silicate melts to better than 3% and 8%, respectively. This HS-EOS model for silicate melts, incorporating
the effects of pressure, temperature, and composition, can be applied broadly in modeling the evolution and
dynamics of early Earth and planets. Applying it to alkali basaltic melts at continental LAB conditions shows that
alkali basaltic melts are buoyant under these conditions and will tend to migrate upwards to metasomatize the
cratonic roots, which may help explain the topography and weak seismic observations of the continental LABs.
Our HS-EOS model was also employed to evaluate the buoyancy overpressure generated by silica- and alkali-rich
early silicate melts in planetesimals and the results suggest that dyke formation due to buoyancy overpressure is
unlikely to be the major mechanism for efficiently extracting melts in planetesimals.
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