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Exploring the polymerization and structural disorder of Ca-Al-rich inclusion (CAI)-like melts is a key question in
cosmochemistry due to strong implications for macroscopic properties of melts (i.e., viscosity and diffusivity).
Here, we report experimental results showing the effect of composition on the structure of melilite glasses and
melts [dkermanite (f\k, Ca;MgSi>07) - gehlenite (Gh, CayAl,SiO,)] in type A CAlIs with varying composition
using high-resolution solid-state nuclear magnetic resonance (NMR). The ?”Al magic angle spinning (MAS) and
3Q (triple quantum) MAS NMR spectra of melilite glasses show predominant “’Al. A non-negligible fraction of
[51A1 is observed in ;\ksoGhso and 1°\k72Gh28 glasses and it slightly increases with increasing dkermanite content.
The 70 3QMAS NMR spectra of melilite glasses show that bridging oxygens (BOs, Si-O-Si, Al-O-Al, and
Si—0-Al) and non-bridging oxygens (NBOs, Ca—O-Si, Ca-O-Al, and mixed {Ca, Mg}-NBO) are partially resolved.
Despite the strong preference of Si over Al for NBOs, for the first time, Ca-O-Al is observed in natural melts (i.e.,
gehlenite and Akszh75 glasses and melts). The results show that AI-NBO (~150 ppm in MAS dimension) can be
distinguished from Si-NBO (~110 ppm) in melilite glasses and melts. The fraction of NBO increases with in-
creasing &kermanite content. The experimental results suggest that composition-induced structural changes
should be considered to interpret the melt viscosity, diffusivity, and oxygen isotopic composition of CAl-like
melts in the early Solar System.

1. Introduction

Ca-Al-rich inclusions (CAIs), submillimeter to centimeter-sized

melts is known to spinel followed by melilite (Stolper, 1982, and re-
ferences therein). Thus, the composition of remaining melts represents
the composition of the melilite after the spinel crystallizes. The melilite

clasts in chondrite, are known to be the oldest objects in the Solar
System, thus probing the formation process of CAI provides insight into
understanding the early evolution of our Solar System (MacPherson
et al., 2005, and references therein). After the formation of CAls at the
early evolution of the Solar System, repeated melting and secondary
alteration occurs in the nebular and on asteroidal parent bodies
(MacPherson et al., 2005). The history of these events can be obtained
from the oxygen isotopic composition of CAls. CAls are classified into
type A, B, and C with composition. Spinel and melilite are predominant
in type A CAls and diopside is additionally observed in type B CAls.
Type C CAlIs are anorthite and pyroxene-rich and melilite-poor
(MacPherson, 2014, and references therein). The precursor melts of
CAls are inferred as Ca-rich Ca—Mg aluminosilicate system based on
their mineral assemblage. The crystallization sequence for type A CAIL

in CAls is binary solid-solution gehlenite (Gh, Ca,;Al,SiO;) - dkermanite
(Ak, CayMgSi;0) with thermal minimum at ~72 mol% of dkermanite.
The composition of melilite in CAIs is relatively simple comparing to
terrestrial igneous melilite mineral including iron and sodium
(Grossman, 1975). According to the phase diagram of melilite, the Al-
rich melilite crystallizes first, thus the composition of remaining melts
becomes &kermanite-rich as the temperature decreases (Osborn and
Schairer, 1941).

One of the unsolved questions in type A CAls is the variable oxygen
isotopic compositions of melilite and spinel. Oxygen isotopic compo-
sitions of spinel in type A CAls are uniformly *®O-rich, whereas those of
melilite are relatively *®O-poor and variable. In some igneous type A
CAls, melilite shows oxygen isotopic variation in a single crystal, which
has been explained by oxygen isotope exchange either between gas and

* Corresponding author at: Oil & Gas Research Center, Korea Institute of Geoscience and Mineral Resources, Daejeon 34132, Republic of Korea.

E-mail address: sunyoung@kigam.re.kr (S.Y. Park).

https://doi.org/10.1016/j.chemgeo.2020.119894

Received 2 March 2020; Received in revised form 8 September 2020; Accepted 15 September 2020

Available online 16 September 2020
0009-2541/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/00092541
https://www.elsevier.com/locate/chemgeo
https://doi.org/10.1016/j.chemgeo.2020.119894
https://doi.org/10.1016/j.chemgeo.2020.119894
mailto:sunyoung@kigam.re.kr
https://doi.org/10.1016/j.chemgeo.2020.119894
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2020.119894&domain=pdf

S.Y. Park, et al.

melt in the solar nebula (Aléon et al., 2007; Yurimoto et al., 1998), or
between melilite crystal and aqueous fluid on the CV parent body (Krot
et al., 2019). Nevertheless, the origin of variable isotopic composition
in melilite has not been fully understood yet. In addition, the changes in
viscosity and diffusivity of melilite melts with composition have not
been considered to understand the variable isotopic composition in
melilite melts.

The relationship between the macroscopic properties and atomic
scale structures of silicate melts has been well known (Kelsey et al.,
2008; Le Losq and Neuville, 2017; Lee, 2011; Malfait et al., 2012;
Mysen and Richet, 2019; Navrotsky et al., 1983; Neuville et al., 2006;
Neuville et al., 2008; Toplis and Dingwell, 2004; Xue and Kanzaki,
2008, and references therein). For examples, the network connectivity
of silicate melts plays an essential role in determining the viscosity and
diffusivity, which can be quantified with the fraction of non-bridging
oxygens (NBOs) in melts (e.g., Bottinga et al., 1995; Giordano et al.,
2009; Lee et al., 2004). The fraction of NBO in silicate melts varies with
their composition. For instance, previous nuclear magnetic resonance
(NMR) studies for atomic structure of model basaltic [CaO-MgO-Al,O3-
SiO5 (CMAS) and CaO-MgO-Na,0-K50-Al,03-Ti0,-SiO,] and andesitic
(CaO-MgO0-Na,0-Al,03-Si05) melts have shown that the fraction of
NBO increases with increasing Mg content (Park and Lee, 2012, 2014,
2018). Those studies suggest that the viscosity of model basaltic and
andesitic melts would decrease with increasing Mg content, and thus
NBO fraction. The trend is consistent with experimental data on the
viscosity for CMAS melts in diopside-anorthite join (Gaudio and
Behrens, 2009). Diffusivity of network former in silicate melts also
depends on the composition (Lesher, 2010, and references therein). The
results have shown that the oxygen diffusivity of silicate melts increases
with NBO/T (Lesher, 2010, and references therein). The CAl-like melts
would also show similar results: their viscosity and oxygen diffusivity
should depend on their composition, especially Mg content in melilite
composition. The objective of this study is to unveil the atomic struc-
tures including the degree of network connectivity, and structural dis-
order in type A CAl-like melts (i.e., melilite melts) with varying com-
position to reveal the relationship between structures and properties
(e.g., viscosity and oxygen diffusivity). This allows us to constrain the
oxygen isotopic variations within type A CAI minerals with respect to
the isotope diffusion rate in the melts.

The most common approach to understanding melt structure is to
study glasses quenched from liquids. A glass captures the structure of
the liquid at the glass transition temperature, although the effect of
temperature on the glass structure has been probed, which often shows
minor but detectable structural differences (Stebbins et al., 2008).
High-resolution solid-state NMR spectroscopy is effective in probing the
atomic structures of silicate glasses including complex multi-component
Ca—Mg aluminosilicate glasses (Allu et al., 2018; Glatz et al., 2019;
Jaworski et al., 2016; Lee and Lee, 2020; Park and Lee, 2018; Sukenaga
et al., 2017). The results for those multi-component glasses include the
bonding preference between network-modifying cations and NBOs and/
or bridging oxygens (BOs) (Kelsey et al., 2008; Lee and Sung, 2008;
Park and Lee, 2018, and references therein), coordination numbers of
framework cations (e.g., Al) (Bista et al., 2015; Lee and Lee, 2020;
Malfait et al., 2012; Neuville et al., 2006; Neuville et al., 2008; Park and
Lee, 2014; Xue and Kanzaki, 2008). Previous *’Al and 2°Si magic angle
spinning (MAS) NMR study for melilite-based CaO-MgO-Al,03-SiO,
glasses suggested that Al and "Si are predominant and significant
fraction of Si-O-Al and NBOs are expected (Allu et al., 2018).

Despite the progress, there are still unsolved structural problems in
multi-component silicate glasses and melts. For examples, NBOs in the
silicate glasses studied so far are mainly bonded to Si instead of Al
(Allwardt et al., 2003; Mysen and Richet, 2019; Stebbins et al., 2001).
Nevertheless, a significant fraction of AI-NBO is observed in Si-poor and
Ca-rich aluminosilicate glasses (Allwardt et al., 2003) and rare earth
element (REE) bearing aluminosilicate glasses (Iftekhar et al., 2012;
Jaworski et al., 2016). Recent simulation studies also predicted a
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significant fraction of AI-NBO (up to ~12%) in CMAS glasses (38.7CaO-
9.7Mg0-12.9A1,03-38.7Si0, and 48.6Ca0-8.3Mg0-8.4A1,05-34.7Si0)
(Ganisetti et al., 2019; Gong et al., 2019). However, it is not yet known
whether Al-NBO exists in natural type A CAlI-like melts.

In this study, we reveal the Al coordination environments, bonding
preference of NBOs between Si and Al (i.e., Ca-O-Al and Ca-O-Si), and
the role of cations (i.e., Mg*>* and Ca®") in melilite glasses with varying
composition using high-resolution ?’Al and 70 solid-state NMR.
Finally, we discuss the structural evolution of melilite glasses and melts
with varying composition with the implication for the changes in melt
structures and properties. We explore the change of NBO fraction with
dkermanite content to predict the change of viscosity with composition.
Additionally, the viscosity and the diffusivity are inversely related, we
try to reveal the origin of variable isotopic compositions observed in
type A CAls (Aléon et al., 2007), through the change of 0%~ diffusivity
in the melts.

2. Experimental methods
2.1. Glass synthesis

A series of 'O-enriched melilite glasses along the
dkermanite-gehlenite join containing 0, 25, 50, 72, and 100 mol%
dkermanite components were synthesized from carbonate (CaCO3) and
oxide powders (MgO, Al,O3, '”O-enriched SiO,) using high-tempera-
ture furnace at Kongju National University. The '”O-enriched SiO, was
prepared by hydrolyzing SiCl, in 40% '”0O-enriched water. The Al,O5
and CaCO3; powders were dried at 300 °C; MgO and 170-enriched SiO,
were dried at 1000 °C for 1 h in an Ar environment. The weighed
powders were mixed by grinding in an agate mortar during 10 min, and
then decarbonated in a Pt crucible at 800 °C for 30 min. The samples
were then melted above their melting temperature (1550-1700 °C) for
30 min, in an Ar environment and quenched into glasses by plunging
the bottom of the Pt crucible into a water bath.

2.2. Electron microprobe (EPMA) analysis

The compositions of synthetic melilite glasses were measured with a
field emission EPMA (FE-EPMA, JEOL JXA-8530F) at the Korea Polar
Research Institute, using 15 keV accelerating voltage, 20 nA beam
current, and beam size of ~5 pm. Natural mineral standards from
Smithsonian and JEOL including periclase (MgO), quartz (SiO,), an-
orthite (CaAl,Si,0g), and wollastonite (CaO) were used as standards for
silicate minerals. Counting times on peak were 20 s. The ¢(pZ) method
of Armstrong/Love Scott were used to correct background and matrix
effects (Armstrong, 1988). Element detection limits (30) with JXA-
8530F (wt%) were SiO5 (0.02), Al,O5 (0.01), MgO (0.01), and CaO
(0.005). Table 1 shows the nominal compositions and the chemical
compositions of melilite glasses determined by EPMA, which are close
to the nominal compositions.

2.3. NMR spectroscopy

The 2’Al and 70 MAS and triple quantum (3Q) MAS NMR spectra of
glasses were collected using a Varian solid-state NMR 400 system
(9.4 T) at 104.229 MHz with a 3.2 mm Varian double-resonance probe
(Seoul National University, Korea). The relaxation delay for %Al MAS
NMR were 0.8 s and the radio frequency (rf) pulse strength was 0.3 ps.
A fast amplitude modulation (FAM)-based shifted echo pulse sequence
(consisting of two hard pulses with durations of 3.0 and 0.7 us and a
subsequent soft pulse with a duration of 15 ps) was used in Al 3QMAS
NMR (e.g., Baltisberger et al., 1996). Approximately 192-2688 scans
were averaged to achieve the signal-to-noise ratio shown in the 3QMAS
NMR spectra. The spectra were referenced to 0.3 M AlCl; (aq). Sample
spinning speeds of 18 kHz were used. The 0 MAS and 3QMAS NMR
spectra of melilite glasses were collected at a Larmor frequency of
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Table 1
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Nominal composition and EPMA analyses of melilite (3kermanite-gehlenite join) glasses. Xikermanite iS the mole fraction of dkermanite.

Composition CMAS mol% CMAS mol%

(mol%) (Nominal composition) (Determined by EPMA)
CaO MgO Al,O3 Si0, NBO/T* CaO MgO Al,O03 Si0,
X Akermanite 0 50.0 0.0 25.0 25.0 0.7 50.0 0.0 25.1 249
25 47.1 5.9 17.6 29.4 1.1 47.2 6.1 17.6 29.1
50 44.4 11.1 11.1 33.3 1.6 44.5 11.0 11.1 33.4
72 42.4 15.3 5.9 36.4 2.1 42.5 15.1 5.9 36.5
100 40.0 20.0 0.0 40.0 3.0 40.2 20.0 0.0 39.8

# NBO/T = 2 # {X(cao+mgo) — Xaizos} / [1 — {X(cao+mg0) — Xarzos}l.

54.229 MHz, using a 4 mm Doty double-resonance probe. The relaxa-
tion delay for 170 MAS NMR were 1 s and the radio frequency pulse
strength was 0.4 ps. Sample spinning speeds of 14 kHz were used. In the
3QMAS NMR experiment at 9.4 T, a FAM-based shifted echo pulse se-
quence with a hard pulse of duration 4.5 ps for multiple-quantum ex-
citation and two 1.1 ps pulses for single quantum reconversion, a soft
pulse of duration approximately 20 ps, and an echo time of approxi-
mately 500 ps (integer multiple of a rotor period) was used with a re-
laxation delay of 1 s. Approximately 4980-8064 scans of free-induction
decay (FID) were averaged to achieve the signal-to-noise ratio shown in
the 170 3QMAS NMR spectra. Approximately 60 FIDs were collected to
construct the 2D spectra. The spectra were referenced to external tap
water. The rf field strengths for hard pulses for 2’Al 3QMAS and 70
3QMAS NMR are approximately 125 and 75 kHz, respectively.

3. Results

3.1. Al environments of melilite (Ca;Al,SiO,Ca,MgSi»0;) glasses and
melts: 27Al MAS and 3QMAS NMR results

Fig. 1 shows the 2’Al MAS NMR spectra for melilite glasses with
varying akermanite content. A single asymmetric peak, generally cen-
tered at ~60 ppm is observed in all spectra suggesting that (Al is
dominant in all the glasses. The peak maximum of ?’Al MAS NMR
spectra slightly decreases with increasing dkermanite content from
~62 ppm at gehlenite glass to ~59 ppm at Ak,,Gh,g glass. The long
tails extending to lower frequency are due to the distributions of the

SIAI(?)

AkoGhioo
*

80 40 0 -40
Frequency (ppm)

120 -80 -120

Fig. 1. Al MAS NMR spectra for melilite glasses at 9.4 T with varying mole
fraction of &kermanite.

quadrupolar coupling constant (C,) and the isotropic chemical shift
(8i50) of Al environments in the glasses. Because the 2’Al MAS NMR
spectra are obtained at 9.4 T, the effect of quadrupolar interaction can
be dominant. Nevertheless, those results indicate that the extensive
disorder is observed in melilite glasses because the observed peak width
(~46 ppm) in MAS dimension of melilite glasses is much broader than
that for Ca—Na aluminosilicate glasses (Lee, 2011; Lee et al., 2005).
Fig. 2 shows 2’Al 3QMAS NMR spectra for melilite glasses with varying
mole fractions of dkermanite. The predominant Al and a small frac-
tion of Al are observed. Current peak assignments are based on the
previous NMR studies for aluminosilicate glasses (Baltisberger et al.,
1996, and references therein). Al is observed at ~ — 45 ppm and >Al
is observed at ~—25 ppm in isotropic dimension. The ?’Al 3QMAS
NMR spectra of gehlenite and AkysGhys glasses show only “YAl and
those of f\ksoGhso and 1°\k72Gh28 glasses show a non-negligible fraction
of IAL The fraction of Al slightly increases from AksoGhso to
1°\k72Gh28 glass. While [61A] is not clearly shown in the 27A1 3QNMR
spectra, there could be a minor fraction of /Al in AknGhzs glass (i.e.,
Mg-rich composition). Previous study for glasses in diopside-Ca-
tschermakite join showed non negligible intensity at ~—5 ppm in
isotropic dimension (the expected peak positions for [IAl) in Mg-rich
composition (the mole fraction of diopside is 0.75) (Park and Lee,
2012). A minor fraction of ')Al is not resolved in 1°\k72Gh28 glass due to
~0.5% detection limit in 2D NMR spectra. The peak maximum of Al
moves from ~—62 ppm (AkoGhiq) to ~—59 ppm (AknGhzs) in the
isotropic dimension.

Fig. 3 shows the total isotropic projections of the Al 3QMAS NMR
spectra for melilite glasses with varying &kermanite content. The figure
confirms that “JAl is dominant in all the glasses. The peak maximum of
[41Al in the isotropic projection slightly shifts towards higher frequency
(from ~—49 ppm to ~ —46 ppm) with increasing akermanite content.
Those shifts are due to the increase of Q4,(4Si) and/or Q%(3Si) with
increasing Si/Al ratio in the glasses from 2.0 at f\koGhloo glass to 12.3
at Ak72Gh23 glass based on the peak position of QAi(mSi) (Lee and
Stebbins, 2000). Here, Qa,(mSi) refers to a Al species with n bridging
oxygens and m (0-4) Si as the next nearest neighbors. The peak position
of Q4,(mSi) in isotropic dimension decreases with increasing m (0-4)
(Lee and Stebbins, 2000, and references therein). The similar results
were observed for CMAS glasses in diopside-Ca-tschermakite join (Park
and Lee, 2012). The measured peak width for (Al in the isotropic
projection slightly increases from ~13 ppm at AkoGhloo glass to
~16 ppm at Ak,,Gh,g glass with increasing kermanite content. Those
results are from an increase of dispersion in Q% species distribution
(Park and Lee, 2012).

3.2. Effects of composition on network connectivity in melilite glasses and
melts: insights from 170 MAS and 3QMAS NMR results

The peak assignments for the oxygen clusters in the 7O MAS and
3QMAS NMR spectra are based on the previous reports on binary,
ternary, and quaternary silicate glasses (Allwardt et al., 2003; Lee et al.,
2016; Park and Lee, 2012). While NBO and BO peak positions slightly
vary with composition, peaks positions for three types of BOs (Si-O-Si,
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Fig. 2. 2’Al 3QMAS NMR spectra for melilite glasses at 9.4 T with varying mole fraction of dkermanite. Contour lines are drawn at 5% intervals from relative

intensities of 8% to 88% with added lines at 2%, 3%, and 5%.

Al-0O-Al, and Si-O-Al) in 0 3QMAS NMR spectra for quaternary si-
licate glasses at 9.4 T have been well constrained (Kelsey et al., 2008;
Park and Lee, 2012, 2018). The peak positions and structurally relevant
NMR parameters (i.e., Cq and isotropic chemical shift) for various NBOs
(Ca-0-Al, Ca-0O-Si, {Ca, Mg}-0O-Si, and Mg-O-Si) in silicate glasses
were also reported in the previous 7O NMR study for ternary Ca—Mg
silicate glasses, Ca-aluminosilicate glasses, quaternary Ca—Mg alumi-
nosilicate glasses, and complex multi-component silicate glasses
(Allwardt et al., 2003; Allwardt and Stebbins, 2004; Kelsey et al., 2008;
Park and Lee, 2012, 2014, 2018; Stebbins and Xu, 1997).

Fig. 4 shows the 7O MAS NMR spectra for melilite glasses with
varying &kermanite content. The ’O MAS NMR spectrum of gehlenite
glass shows the presence of Si-NBO (Ca-O-Si) peak at ~99 ppm con-
sistent with previous study (Allwardt et al., 2003; Lee and Stebbins,
2006). Similarly, a non-negligible fraction of NBO has been observed in
a fully polymerized Ca-aluminosilicate glasses including anorthite
(CaAl,Si»0g) (Stebbins and Xu, 1997) and Ca-tschermakite (CaAl,SiOg)
(Park and Lee, 2012; Stebbins et al., 1999) composition glasses. In
addition to the typical NBO peak (Ca-O-Si), an additional broad
shoulder feature at ~150 ppm is observed in gehlenite and ;\kszh75
glasses. The peak is possibly due to Al-NBO (Ca-O-Al) (Allwardt et al.,

2003; Lee et al., 2009). In this study, the first 170 MAS NMR spectra for
melilite glasses reveal that AI-NBO can be generated in CAl-like melts
despite higher energy penalty (see Section 4.3 for the detailed discus-
sion).

Si-0-Si and {Ca, Mg}-mixed NBO are partially resolved in the 170
MAS NMR spectrum for dkermanite glass. NBO peak positions move to
lower frequency from Ca—-O-Si (~107 ppm) to Mg-O-Si (i.e., Mg—-NBO
at ~35 ppm) (Allwardt and Stebbins, 2004; Lee et al., 2016). Those in
quaternary CMAS glasses at the intermediate composition show varying
fractions of Ca—O-Si and {Ca, Mg}-0O-Si (Allwardt and Stebbins, 2004;
Park and Lee, 2012). As Mg-0O-Si peak overlaps with other NBO and BO
peaks in the glasses, those are not resolved in all the glasses. The peak
shape and width for each oxygen sites change with increasing aker-
manite content, suggesting changes in oxygen cluster populations. As
considerable overlaps among BO and NBO peaks make it difficult to
estimate quantitatively the changes in their fractions, those predictions
are qualitative.

Fig. 5 shows 7O 3QMAS NMR spectra for melilite glasses with
varying &kermanite content, providing enhanced resolution among the
oxygen peaks compared to that obtained in 70O MAS NMR spectra
(Fig. 4). These spectra show multiple oxygen sites including Si-O-Si, Al-
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Fig. 3. Total isotropic projection of *?Al 3QMAS NMR spectra for melilite
glasses at 9.4 T with varying mole fraction of dkermanite.
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Fig. 4. 170 MAS NMR spectra for melilite glasses at 9.4 T with varying mole
fraction of dkermanite. The arrows are from the peak positions in the 2D 70
3QMAS NMR spectrum (Fig. 5).

0-Al, Si-O-Al, Ca-O-Si, {Ca, Mg}-O-Si, and Ca-O-Al peaks. The oxygen
peak from 150 to O ppm in the MAS dimension stems from different
types of NBOs [Ca-O-Al, Ca-O-Si, mixed-{Ca, Mg} NBO, and Mg-O-Si].
Ca-0-Si peak is well resolved at ~ — 66 ppm in the isotropic dimension
in all glasses suggesting prevalence of Ca-NBO in the quaternary sili-
cate glasses studied here. Ca-O-Al is partially resolved at ~ —87 ppm in
isotropic dimension in gehlenite and Ak,sGhys glasses. The fraction of
Ca-0-Al could not be obtained quantitatively, but it was confirmed that
those peaks are clearly distinguished from Ca-O-Si in melilite glasses.
The Mg-O-Si and mixed-NBO peaks partially overlap with other BO
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peaks. The mixed-NBO peaks shift to a higher frequency in the isotropic
dimension with increasing &kermanite content. The proportion of each
BO and NBO changes with dkermanite content. The fraction of Al-O-Al
and Si-O-Al apparently decreases and that of Si-O-Si increases with
increasing dkermanite content. The prevalence of Si-O-Al peak in all
the melilite glasses suggests a substantial mixing between Si and Al
(Park and Lee, 2012, 2014, 2018). Al-O-Al peak is partially resolved at
~ —38 ppm in the isotropic dimension and it decreases with increasing
dkermanite content. The intensities of Si-O-Si peak (~ —55 ppm in the
isotropic dimension) and {Ca, Mg}-mixed NBOs peak also increase with
increasing dkermanite content up to endmember dkermanite glass.

Fig. 6 shows the total isotropic projection of 2D 7O 3QMAS NMR
spectra for melilite glasses. Al-O-Al and Si-O-Al peaks are partially
resolved in the gehlenite glass, whereas these peaks are overlapped
with the mixed NBO peaks with increasing 8kermanite content. Note
that a small but non-negligible fraction of Ca-O-Al is observed at
~—85 ppm in gehlenite and Ak,sGhys glasses and Ca-O-Si peak is
clearly resolved at ~—66 ppm in all the glasses. The spectra qualita-
tively show that the fraction of NBOs and Si—O-Si increases with in-
creasing dkermanite content, whereas the Si-O-Al and Al-O-Al peak
intensities decrease (increasing Si/Al ratio).

4. Discussion
4.1. Effects of composition on Al coordination environments

The fraction of '®!Al increases with increasing &kermanite content as
shown in Fig. 2. The observed trend in the >’Al MAS and 3QMAS NMR
spectra in melilite glasses and melts confirms that the Al is derived
from the presence of Mg? ™. The trend is consistent with previous NMR
studies for aluminosilicate glasses, where the fraction of [>Al increases
with increasing field strength of non-network forming cations (Kelsey
et al., 2008; Le Losq et al., 2014; Neuville et al., 2008; Park and Lee,
2018, and references therein). Previous study suggests that the
threshold value of the average cationic potential of non-network
forming cations [ < ¢/r > ,,.=Zx;a;, where x; is the mole fraction of
each cation; and g; is the cationic potential {charge (c)/ionic radius (r)}
of each non-network cation] is ~2 to form the ™Al (Park and Lee,
2014). The < ¢/r > L of melilite glasses slightly increases from 2 (at
gehlenite glass) to 2.2 (at ;\k75Gh25 glass). The threshold < ¢/r > e
value to generate °JAl is ~2.2 in melilite glasses. The increased *Al
with increasing &kermanite content indicates that the structural dis-
order (configurational disorder) increases with increasing akermanite
content (Park and Lee, 2018). The formation of highly coordinated Al
(e.g., ®'Al and ®'Al) leads to an increase in configurational entropy in
multi-component silicate glasses due to the rearrangement of atomic
configurations (Lee et al., 2020). While Al in gehlenite and f\kszh75
glass is not fully polymerized due to observed AI-NBO, Al in
AksoGhso and Ak;sGhas glass is polymerized (evidenced by the lack of
Al-NBO).

4.2. Si—Al disorder and preferential interaction between NBO and network
modifying cations

The 70O NMR results show that the fraction of Al-O-Al decreases
with increasing &kermanite content as expected from the composition
(i.e., an increase of Si/Al) and it is not observed in the Ak72Gh28 glass
under detection limit (Figs. 5 & 6). The degree of intermixing between
Al and Si may range between a random distribution and chemical order.
Al-avoidance rule, also called Loewenstein's rule is that Al-O-Si is more
favorable than Si-O-Si and Al-O-Al (Loewenstein, 1954). The observed
Al-O-Al ensures that the distributions of Si and Al in the melilite glasses
and melts deviate from perfect chemical ordering (i.e., Al-avoidance
rule). Current results are consistent with previous studies for Mg-alu-
minosilicate glasses (Lee et al., 2016), glasses in diopside-Ca-tscher-
makite join (Park and Lee, 2012), glasses in diopside-jadeite join (Park
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Fig. 5. 170 3QMAS NMR spectra for melilite glasses at 9.4 T with varying mole fraction of akermanite. Contour lines are drawn at 5% intervals from relative

MAS dimension (ppm)
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and Lee, 2014), and iron-free model basaltic glasses (Park and Lee,
2018) where the fraction of Al-O-Al also tends to decrease with de-
creasing Al,03/(MgO + Al,O3).

As mentioned above, Fig. 5 shows that Si-NBO (Ca-O-Si) is observed

at ~107 ppm in MAS dimension in the spectra of melilite glasses. The
170 3QMAS NMR spectra (Fig. 6) show that Ca-O-Si is observed in all
glasses at ~—66 ppm in isotropic dimension. Total isotropic projection
(Fig. 6) also shows prominent Ca-O-Si in all glasses. A previous NMR
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Fig. 6. Total isotropic projection of 7O 3QMAS NMR spectra for melilite
glasses at 9.4 T with varying mole fraction of dkermanite.

study for diopside (CaMgSi»Og) glass has shown that Ca-O-Si were not
resolved due to the small fraction and overlapping with other peaks
(i.e., mixed-NBO peaks) (Park and Lee, 2012) whereas it is still ob-
served at ~ —67 ppm (in isotropic dimension) in dkermanite glass (Mg-
rich composition). This is because the Ca/Mg ratio of dkermanite glass
is 2 while that of diopside glass is 1. Previous NMR study for CMAS
glasses in diopside-Ca-tschermakite join suggested that preferential
partitioning of Ca>* and Mg2?* and/or unmixing of these cations be-
tween NBOs and BOs may occur (Park and Lee, 2012). Similarly, two
possibilities can be considered in this study. The first possibility is
preferential interaction between Ca?* and NBO (Park and Lee, 2012).
Additionally, those anomaly (i.e., preference of Ca-NBO) is due to the
spatial proximity of Mg?* with Si-O-*%1Al (Lee et al., 2016). Second,
the current results with the prevalence of Ca-O-Si peak in all the
glasses also imply a clustering of Ca®?* and Mg?*. The current results,
together with our previous studies on multi-component silicate glasses,
corroborate that Ca?* and Mg®* show a non-random distribution
around NBO and BO. Those results are not fully consistent with pre-
vious suggestion of Ca—Mg random mixing in glasses in Mg3Al,SizO2-
Ca3Al,Siz01, join inferred from viscosity measurement data (Neuville
and Richet, 1991). While the origin is not clear, the inconsistency may
be due to the difference in sample composition.

4.3. Formation of AI-NBO in Ca-rich natural melts (type A CAI-like melts)

The reported 0O NMR results show that A-NBO is present in me-
lilite glasses. AI-NBO (Ca-O-Al) is observed in gehlenite and Akszh75
glasses at ~150 ppm in MAS dimension (~—87 ppm in isotropic di-
mension) (see Figs. 5 and 6). Previous studies suggested that Si has a
strong preference over Al for NBO in aluminosilicate glasses and melts
(Allwardt et al., 2003; Engelhardt et al., 1985; Ganster et al., 2004; Lee
et al., 2009; Lee and Stebbins, 2006; Petkov et al., 2000; Stebbins et al.,
2001). For example, previous density functional theory (DFT) calcula-
tion study for Ca-aluminosilicate glass has shown that the energy
penalty is higher for forming Al-NBO (108 kJ/mol) than Si-NBO (72 kJ/
mol) (Lee and Stebbins, 2006). Nevertheless, AI-NBO has been observed
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in several composition of silicate glasses including high Al content (i.e.,
Al/Si > 3) and REE bearing silicate glasses as mentioned before
(Allwardt et al., 2003; Iftekhar et al., 2012; Jaworski et al., 2016;
Neuville et al., 2006). The significant fraction of Ca-O-Al is also ex-
pected by MD simulations in Si-rich and Al-poor CMAS glasses (Al/
Si = 0.66 and 0.48) (Ganisetti et al., 2019; Gong et al., 2019). In this
study, the first 7O MAS and 3QMAS NMR spectra for melilite glasses
reveal that Ca-O-Al is present in gehlenite and ;\kszh75 glasses (i.e.,
Al/Si = 2 and 1.2, respectively). This indicates that Al is not fully
polymerized in melilite glasses and melts (i.e., gehlenite and f\kszhys
glasses and melts). The observed Al-NBOs in gehlenite and ;\kszh75
glasses can be generated by high field strength cations (i.e., Ca%").

4.4. Implications for viscosity, diffusivity, and variable oxygen isotopic
compositions of melilite in type A CAls

The NBO fraction of melilite glasses and melts observed from 7O
3QMAS NMR spectra increases with an increase in Mg content, in
agreement with the NBO/T values estimated from the composition
(Table 1). Here, NBO/T (the number of NBOs per tetrahedral network
cation) is a very important parameter because numerous melt proper-
ties are correlated with this parameter (Mysen and Richet, 2019). The
viscosities of silicate melts negatively correlate with the degree of melt
polymerization (n « exp[A/(B + Xypo)], where A and B are constants
depending on the composition of melts) (e.g., Bottinga et al., 1995;
Giordano et al., 2009; Lee et al., 2004). Though it is qualitative, an
increase of the NBO fraction suggests that the viscosity of melilite melts
decreases with increasing akermanite content. The viscosity of melts is
inversely proportional to 0%~ diffusion coefficient (Lesher, 2010, and
references therein). This relationship can be represented by the Eyring
equation (D = kT/nA, here D is diffusivity, k is Boltzmann constant, A is
jump distance, T is temperature, and 7 is viscosity) (Eyring, 1936).
Here, we estimated 0%~ diffusivity in melilite melts from viscosity in
melts in diopside-anorthite join using Eyring equation because both
system are Ca—Mg aluminosilicate. Fig. 7A shows that the viscosity (at
~1300 K) of melts in diopside-anorthite join decreases with increasing
NBO/T (Gaudio and Behrens, 2009). Fig. 7B shows the estimated 0%~
diffusivity (log D, cm?/s) of melts in diopside-anorthite join (black
circles) from viscosity of those melts using Eyring equation [where A is
2.8 A (oxygen interatomic distance) at constant temperature
(~1300 K)]. Taking into consideration the effect of composition (NBO/
T) on the diffusivity in melt, the 0%~ diffusivity of melilite melts (blue
rectangles) is estimated. The trend line is predicted using the diffusivity
of melts in diopside-anorthite join with NBO/T. The diffusivity of me-
lilite melts is estimated using NBO/T estimated from the composition
(Table 1). The results show that the estimated 0%~ diffusivity increases
with increasing NBO/T (dkermanite content). The current trend would
certainly allow us to predict the diffusivity in the diverse silicate glasses
and melts at constant temperature when the compositions of the melts
are known (as shown in Fig. 7B).

Although there are several factors including temperature to affect
the O~ diffusivity, here we only consider the change of melt structure
(NBO fraction) with composition to explain variable oxygen isotopic
composition in constituent minerals in type A CAls (Aléon et al., 2007;
Ito et al., 2004). If the precursor materials of type A CAls having '°0-
rich compositions experienced melting in the °0O-poor nebular gas,
spinel can retain its ®O-rich composition because either spinel could
not melt due to the high melting temperature (~2378 K) (Hallstedt,
1992) or it could have been isolated from oxygen isotopic exchange due
to its very sluggish oxygen isotopic diffusivity (Ryerson and McKeegan,
1994). The gehlenitic melilite (the first phase crystallized from the
partial melt of type A CAI precursors or remained melt after crystal-
lization of spinel) may have a similar isotopic composition to that of
spinel (*°0-rich) because it could have crystallized before oxygen iso-
tope exchange between the melt and '°0-poor gas due to its relatively
slow oxygen isotope diffusivity. As fractional crystallization proceeds,
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Fig. 7. (A) Experimental viscosity data of melts at 1300 K in diopside-anorthite
join with NBO/T. (B) Estimated 0%~ diffusivity of melts at 1300 K in diopside-
anorthite join and melilite melts with NBO/T.

remained melt composition becomes more Mg-rich, resulting in lower
viscosity and faster oxygen diffusivity. Thus the melilite with higher
akermanite content may show ®0O-poor composition similar to the
surrounding gas composition, as the oxygen diffusion rate in melts in-
creased. We note again that the current model considers the effect of
composition (and therefore NBO content) at constant temperature on
02~ diffusivity. The current proposal of NBO-dependent diffusivity of
CAl-like melts is, therefore, qualitative, as the effect of temperature has
not been explicitly taken into consideration. More extensive future
modeling efforts with varying temperature condition during fractional
crystallization remain to fully account for the isotope composition of
melilite in type A CAls.

5. Conclusion
We clarified the structural details of the atomic environments

around Al and O in melilite glasses and melts including the distribution
of cations around NBOs and BOs, network connectivity, and extent of
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disorder. The %A1 MAS and 3QMAS NMR spectra for the glasses clearly
show predominant Al A non-negligible fraction of "®'Al is observed
in Mg-rich glasses (i.e., f\ksoGhso and Ak72Gh28 glasses) and it slightly
increases with increasing dkermanite content. These results bring an
increase of the structural (i.e., configurational and topological) disorder
in melilite glasses and melts.

The 0 MAS and 3QMAS NMR spectra unveiled diverse structural
disorder in melilite glasses. A partially resolved Ca-O-Si is observed in
all the glasses confirming non-random distributions of Ca®>* and Mg?"*
around NBOs and BOs in multi-component CMAS glasses and melts.
Especially, Ca-O-Si is still observed in dkermanite glass due to the high
Ca/Mg ratio (i.e., 2). Despite the strong bonding preference of Si over Al
for NBOs the first 170 MAS and 3QMAS NMR spectra for melilite glasses
reveal that AI-NBO (i.e., Ca-O-Al) can be generated in natural CAlI-like
melts (gehlenite and ;\kgsGh75 glasses and melts). The fraction of Ca-O-
Al could not be obtained quantitatively, but it was confirmed that those
peaks are clearly distinguished from Ca-O-Si in CMAS melilite melts. In
addition, Al-O-Al peak is partially resolved and it decreases with in-
creasing 8kermanite content. Those results indicate that Al-avoidance
rule is not obeyed in melilite glasses and melts and the mixing of Si and
Al deviates from perfect chemical ordering. In spite of the formation of
Al-O-Al and AI-NBO is energetically less preferred, a non-negligible
fraction of Al-O-Al and Al-NBO is observed in melilite glasses and melts.
The structural disorder can be derived from a high amount of high field
strength cations (i.e., Ca®>* and Mg?*).

The intensity for NBO peak apparently increases with dkermanite
content suggesting the decrease of polymerization in melts. Though
qualitative, the observed increase in NBO fraction with increasing
dkermanite content indicates an obvious decrease in melt viscosity.
Additionally, the diffusion of oxygen is also affected by the melt poly-
merization thus the diffusivity of 0%~ in melilite melts decreases with
increasing dkermanite content. Although the effect of temperature and
cooling rate should be considered, changes in O~ diffusivity could
explain the variable oxygen isotopic compositions of melilite minerals
in type A CAls.
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