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ABSTRACT 

 

Whereas the structure of ‘multi-component’ silicate glasses and melts has 

implication for the properties of natural silicate magmas and relevant geochemical 

processes, little is known about their atomic structures due to lack of suitable 

experimental probes of amorphous ‘multi-component’ oxides. Whereas most of the 

progress in melt structure has been made for relatively simple binary and ternary 

silicate glasses, recent advances in high-resolution solid-state NMR begin to 

provide element specific and quantitative information of atomic configurations in 

multi-component silicate glasses including quaternary oxide glasses. Here we 

report the first experimental results of the effect of composition on the atomic 

structure of CaO-MgO-Al2O3-SiO2 (CMAS) silicate glasses in diopside 

(CaMgSi2O6) and Ca-Tschermakite (CaAl2SiO6) pseudobinary join, a model 

system for basaltic magmas, using high-resolution 1D and 2D solid-state NMR. 

The 27Al MAS NMR spectra for the CMAS glasses show that four-coordinated Al, 

[4]Al is predominant, demonstrating that Al3+ is a network former. The peak 

position moves toward a lower frequency approximately 4.7 ppm with increasing 

diopside content due to a increase in Q4(4Si) fraction with decreasing Al content. 

The result indicates that Al is surrounded only by bridging oxygens. The 27Al 

3QMAS NMR spectra show well resolved [4]Al and [5]Al in CMAS glasses. The 

fraction of [5]Al species increases with increasing diopside content (and thus with  

increasing Mg2+). The structurally relevant quadrupolar coupling constant (Cq) and 

full width half maximum (FWHM) of [4]Al decrease with increasing diopside 

content, suggesting a decrease in topological disorder due to bonding angle and 

length distributions. The 17O MAS NMR spectra for CMAS glasses qualitatively 

suggest that the fraction of non bridging oxygen (NBO) increases with increasing 

diopside content, consistent with the prediction form composition. The high-

resolution 17O 3QMAS NMR spectra show that three types of bridging oxygens 
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(BO; Si-O-Si, Al-O-Al, and Si-O-Al) and two types of NBO (Ca-NBO, and mixed 

{Ca, Mg}–NBO) are partially resolved. The local oxygen configurations in the 

glasses provide previously unknown details of the chemical and topological 

disorders in Ca-Mg aluminosilicate glasses. The significant fraction of the Ca-NBO 

peak is observed around -64 ppm in the glass at intermediate compositions (e.g., 

diopside : Ca-Tschermakite = 50 : 50), suggesting nonrandom distributions of Ca2+ 

and Mg2+ around NBO and BO, characterized with preferential partitioning of Ca2+ 

into NBO; Mg2+ is likely to have proximity to BO including Si-O-Al at 

intermediate compositions thus Mg2+ plays a preferential role as a charge-balancing 

cation, while Ca2+ can act as a network-modifying cation in the Ca-Mg 

aluminosilicate glasses studied here.  

The observed structural changes in the CMAS glasses can account for the 

changes in macroscopic properties with composition. For example, the 

predominance of [4]Al and its extensive mixing with Si as evidenced by the 

significant fractions of [4]Al-O-[4]Si is consistent with a negative experimental 

enthalpy of mixing for silicate glasses in diopside and Ca-Tschermakite join from 

solution calorimetry. As viscosity of silicate melts decreases exponentially with 

NBO fraction, while there is no available experimental data for the viscosity of 

silicate melts in the diopside-anorthite join, the observed increase in NBO fraction 

with increasing diopside content indicates a decrease in melt viscosity toward a 

diopside end-member.  

Finally, the preferential partitioning of Ca2+ and Mg2+ between NBO and 

BO may results in a variation of activity coefficient of CaO and MgO, thus 

controlling composition of melts generated at the Mid-Ocean Ridge or Oceanic 

Islands. This preference also has strong implication for dissolution mechanisms of 

basalts in contact with aqueous fluids. Taking into consideration of stronger bond 

between network modifying cations and NBO (over charge-balancing cation and 

BO), Mg2+ in the basalts is likely to be dissolved easily. The results and methods 
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shed light on structure of multi-component oxide glasses and provide improved 

understanding their structure-property relations.  

 

Keyword: basaltic magma, multi-component silicate glass, diopside-Ca-

Tschermakite join, NMR, atomic structure  
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1. INTRODUCTION 

 

Magmatic process of earth’s interior such as partial melting, mantle 

convection and differentiation of mantle has been a matter of common interest 

(Baker et al., 1995; Ohtani, 1985; Presnall et al., 2002; Tarduno et al., 2009). The 

major component of the earth’s interior is silicate glasses thus studies of silicate 

melts and glasses are essential for understanding of the diverse magmatic process. It 

needs to study for the thermodynamic properties and transport properties like 

enthalpy, entropy, density, viscosity and diffusivity to demonstrate magmatic 

process in earth’s interior. There are many methods to study about the macro 

properties relevant to magmatic processes; there have been three general methods. 

The first method is to measure the macro properties like viscosity, heat capacity, 

density and other thermo dynamical properties directly. For example, viscosity of 

silicate melts and glasses (Giordano et al., 2008a; Neuville and Richet, 1991; Richet, 

1984), density (Lange and Carmichael, 1987), thermodynamic properties (Bottinga 

and Richet, 1978; Navrotsky et al., 1983) and so on. Second method is theoretical 

calculation or modeling including quantum calculation (Asimow et al., 2001; 

Giordano et al., 2008b; Liang et al., 1997). Third method is the calculation from 

microscopic origins. The atomic and molecular structure of silicate melts and 

glasses is related to those thermodynamic and transport properties. For example, the 

viscosity exponentially decreases with increasing the fraction of non bridging 

oxygen in silicate melts (Lee et al., 2004). And the diffusivity and activity 

coefficient has different pattern along degree of disorder (Lee, 2005a). Previous 

study have shown lots of results about measuring macroscopic properties however 
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there is limitation to measure the properties of mantle melt directly due to difficulty 

of extreme condition like high pressure and temperature. Also it can be 

demonstrated origin of macroscopic properties through the calculated results from 

microscopic origin.  

In this thesis we report the atomic structure of Ca-Mg aluminosilicate glasses 

in diopside and Ca-Tschermakite pseudobinary join relevant to natural basaltic 

melts. This thesis is composed of 4 sections and appendix. In section 2, Theoretical 

backgrounds of NMR spectroscopy and difficulty of analysis for multi-component 

glasses are briefly presented. It is difficult to analyze of atomic structure of multi-

component glasses due to overlapping peak site stem from increasing of the 

statistical chemical bond with increasing number of chemical component. The high-

resolution NMR spectroscopy provides element specific information to overcome 

difficulty of analysis for multi-component glasses. In section 3, the atomic structure 

of Ca-Mg aluminosilicate glasses in diopside and Ca-Tschermakite pseudobinary 

join, which is the major thesis in this paper. It includes glass synthesis, 27Al MAS 

and 3QMAS NMR, 17O MAS and 3QMAS NMR results and Raman spectroscopy. 

Multi nuclear MAS and 3QMAS NMR spectra show the change of atomic structure 

with composition. It is probed the change of macroscopic properties such as 

enthalpy of mixing and viscosity from those atomic structure information. In 

section 4, we propose several works to investigate atomic structure of multi-

component glasses which are 43Ca NMR study and synchrotron X-ray study. In 

appendix, the atomic structure of Mg aluminosilicate and amorphous alumina thin 

film are presented.  
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2. THEORETICAL BACKGROUND 

 

2.1 Brief overview of high-resolution solid state NMR 

 

Nuclear magnetic resonance (NMR) process occurs when the nuclear 

magnetic moment associated with a nuclear spin is placed in an external magnetic 

field. Using this process, NMR spectroscopy measure interaction between rf signal 

and spin relaxation of material. The signal of NMR spectroscopy is determined by 

atomic environment of specific atom for example, coordination number, bond 

length, bond angle and connectivity with neighbor atoms. NMR spectrum provides 

dynamic information between atoms and molecules occurring from nano scale to 

second scale. There are several factors of protecting NMR signal, for example 

dipolar coupling, chemical shift anisotropy and quadrupole moment. The chemical 

shift anisotropy means peak broadening due to variation of chemical shift 

depending on orientation of molecular. Many methods are suggested to decrease 

effect of protecting NMR signal. One of method for increasing peak resolution is 

MAS (magic angle spinning), it removes dipole-dipole interaction by fixing the 

angle between rotating sample and external magnetic field specific value (Levitt, 

2001).  

Despite using MAS method the peak broadening effect still remain for 

quadrupolar nuclei (nuclear spin number is larger than 1, for example 17O, 27Al, 11B, 

etc.) because those have quadrupolar effect which is interaction between charge in 

nuclei and electric gradient. Another method, 3QMAS (triple quantum magic angle 

spinning) deduce the second order quadrupolar anisotropy. It provides detail 
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information for atomic structure with high-resolution. Figure 1 shows 27Al MAS 

and 3QMAS spectra for Mg-aluminoborate glasses (MgO:Al2O3:B2O3 = 2:1:2) and 

AlCl3 liquid. The 27Al MAS spectrum of Mg-aluminoborate glasses is broader than 

that of AlCl3 liquid. As mentioned above NMR observes the configuration of spins 

thus the spectrum for liquid is very sharp due to offset effect for liquid whereas the 

spectrum for solid is very broad. Solid state NMR experiment is more challenge 

than liquid state NMR for those broadening effect, especially for amorphous 

material. Figure 1 also shows that it is difficult to peak assignment due to 

overlapping peak of each Al species in 1D 27Al MAS NMR whereas [4]Al, [5]Al, 

[6]Al is partially dissolved at -40, -23, -5 ppm in isotropic dimension in 3QMAS 

NMR spectra. The 3QMAS NMR spectrum shows better resolution than MAS 

NMR spectrum.  

The chemical shift is major important term in NMR spectroscopy. The 

chemical shift is shielding of external magnetic field by electron surround target 

nuclei. Though the unit of NMR spectrum is frequency like other spectroscopy, it is 

expressed dimensionless ppm traditionally, which is divided relative shift to 

reference compound (usually liquid with same isotope) by larmor frequency of 

investigating nuclei. The 2D NMR spectrum demonstrates each of peak having two 

axes (MAS and isotropic dimension), each peak is presented by a contour line. 2D 

NMR spectrum is demonstrated projected direction of isotropic and the resolution 

of isotropic projection is higher than those of MAS (Duer, 2004). It applied to spin 

5/2 nuclides, such as 27Al and 17O, to investigate coordination number and atomic 

configuration in aluminosilicate glasses (Lee and Stebbins, 2000), boro-silicate 

glasses (Lee et al., 2005b), and alumina thin film (Lee et al., 2009b). Also MQMAS 
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NMR is applied to spin 7/2 nuclides such as 43Ca (Angeli et al., 2007; Dupree et al., 

1997; MacKenzie et al., 2007) and low gamma nuclides (e.g. 25Mg) (Shimoda et al., 

2007).  

The magnitude of magnetic field use the unit of tesla (T), figure 2 shows 27Al 

MAS NMR spectrum for Ca-Tschermakite (CaAl2SiO6) glass at 9.4 T and 11.7 T. 

The peak of [4]Al is better resolved at 11.7 T as compared with that of 9.4 T due to 

the Al is quadrupolar nuclei. The peak of quadrupolar nuclei is broad by the second-

order quadrupolar interactions at low magnetic field. In order to separate peaks 

from spinning side band and resolve better 27Al MAS NMR was performed at high 

field. 

 

2.2 Difficulty in getting structural information of multi-component amorphous 

materials from spectroscopic and scattering studies 

 

Figure 3 shows the relation between the number of chemical component ‘n’ in 

the composition and number of statistical chemical bonding. In case of general light 

scattering experiment using photon, the chemical bond increase along ‘n2’ with 

increasing ‘n’. For example, the number of measuring bond in binary system is 4 

and it is increased 4 times to 16 in quaternary system. Also it is difficult to resolve 

peaks due to overlapping each other. One of method solving this problem is NMR. 

The resolution is higher in NMR spectroscopy than other spectroscopy and XRD 

for multi-component glasses due to it provide element specific information. In spite 

of measuring chemical bonds increase along n+1C2 [(n2+n)/2] with increasing 

component. This suggests that it is difficult to analyze for multi-component glasses. 



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

16 

In addition there is barrier resolving peaks due to inhomogeneous broadening in 

case of amorphous material. 

Figure 4 shows the hypothetical spectra representing the change with number 

of component in NMR spectrum. Figure 4A is hypothetical spectrum for single 

component crystal, there is one sharp peak whereas the peak of single component 

amorphous glasses is very broad in figure 4B. Figure 4C shows a spectrum for 

binary amorphous material and it shows overlapping three peaks due to increasing 

chemical bond. It is difficult to resolve peaks in the multi component system 

because of overlapping peaks indicating various atomic environments like figure 

4D. As mentioned above, the analysis of atomic structure for multi-component 

amorphous materials remained unsolved problem because there was not suitable 

probe to resolve it. Even though it is seriously difficult to analyze spectroscopic 

data for multi component system because it has been limited by inhomogeneous 

broadening of spectrum or diffraction pattern brings an inability to unambiguously 

resolve characteristic features. In addition it is difficult to know clearly the reason 

of peak shift because many elements in multi component could affect each other. 

Here we report the atomic structure of CaO-MgO-Al2O3-SiO2 (CMAS) 

silicate glasses in diopside-Ca-Tschermakite pseudobinary join using high-

resolution 27Al NMR and 17O NMR. We already solved partly the structure of multi 

component using a new experimental method MQMAS bring the breakthroughs in 

spectroscopic analysis. The results of CMAS pseudobinary glasses suggest the 

atomic structure of natural magma. In this study, we present the detail aluminum 

and oxygen environments for the CMAS pseudobinary glasses with varying MgO 

fraction using 1-D MAS and 2-D 3QMAS solid-state NMR. We will demonstrate 
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structural change with composition then we discuss the microscopic origins of 

macroscopic properties of CMAS pseudobinary glasses. 

 

3. PROBING ATOMIC STRUCTURE OF MULTI-COMPONENT 

BASALTIC GLASSES USING SOLID-STATE NMR 

 

3.1  Introduction 

 

The earth’s materials can be divided from single component to multi 

component system with number of component. The multi-component silicate 

glasses and melts is major material of glass, ceramic, and refractory and major 

composition of primary melts generated from the mantle (Herzberg, 2006; Presnall 

et al., 2002). Thus the structure of multi-component silicate melts and glasses can 

provide insights into the diverse macroscopic properties of natural melts and 

transport of magma in the earth interior (Giordano et al., 2008a; Webb and Knoche, 

1995). Among the many interesting systems relevant to generation of primary melts 

from the mantle, the glass composition in the CaO-MgO-Al2O3-SiO2 (CMAS) 

quaternary system is particularly important as it reflects a major fraction of the 

chemical composition of the mantle melt and serves as an important model system 

to describe phase relationships between lherzolite minerals and primary mantle 

melts (Presnall et al. 2002). 

Batch melting and fractional melting models are mainly used to demonstrate 

generation of partial melt in mantle and lower crust. Batch melting model assuming 

upwelling with contacting residue demonstrate melting process in equilibrium thus 
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the composition of rock is maintained. Whereas fractional melting model assume 

separating with residue thus the composition of rock is changed continually 

(Langmuir et al., 1992). Previous study has shown that partial melting of peridotite 

experiment demonstrating the melt composition changes with temperature, pressure 

and melt fraction. The fraction of Al2O3 decreases and that of MgO and FeO 

increases with increasing melt fraction. When partial melts are generated, the 

fraction of Al2O3 is high at first due to several reasons. One of the reason is 

minerals including high Al2O3 melt first and the other reason is the composition 

change to maintain equilibrium between mantle rock and melt (Kushiro, 2001). The 

bath melting model has limit to explain partial melting experiment result and 

upwelling of mantle melts thus the fractional melting is used primarily to 

demonstrate partial melting (Iwamori, 1993).   

The mantle melt is divided mid ocean ridge basalt (MORB) and oceanic 

island basalt (OIB) with generating geological condition. Table 1 is the composition 

of MORB in mid-Atlantic ridge, East-Pacific ridge, Indian ocean ridge and OIB in 

Mauna Kea and West Greenland. The mole fraction of SiO2, CaO and MgO of 

MORB is higher than that of OIB. In the previous study the macroscopic properties 

of multi-component silicate glasses and melts change with composition thus it is 

expected the difference of macroscopic properties between MORB and OIB.  

Many studies have performed experimentally and principally about the 

macroscopic property of multi-component silicate glasses and melts having insight 

for natural melt. Figure 5 shows the enthalpy of mixing of diopside (CaMgSi2O6) 

and Ca-Tschermakite (CaAl2SiO6) pseudobinary crystals and glasses. The enthalpy 

of mixing is positive for crystal and negative for glasses (Navrotsky et al., 1983). 
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The entropy of diopside is higher than that of Ca-Tschermakite for crystal and those 

are similar for amorphous (Richet et al., 1993). Figure 6 presents the viscosity of 

anorthite-diopside join (Del Gaudio and Behrens, 2009; Hofmeister et al., 2009; 

Neuville and Richet, 1991; Urbain et al., 1982). It is normalized by Tg (glass 

transition temperature) and the viscosity increases several orders of magnitude and 

the density also increases with an increase diopside content (Barbieri et al., 2004). 

Many studies have been performed about macro properties of multi-component as 

mentioned above whereas the study of atomic structure has been performed only 

about binary or ternary system (Mysen BO, 2005). Recent study has shown the 

structure of the simplest compound Al2O3 made by Al and O which is common 

elements in crust (Lee et al., 2009b) and the structure of multi-component silicate 

glasses has not been well understood yet. The atomic structure of Ca-Na 

aluminosilicate has been performed before (Lee and Sung, 2008) though the system 

is limited to demonstrate melting process in earth system due to the Na+ content is 

higher than natural melt.  

Here we report a study for CaO-MgO-Al2O3-SiO2 pseudobinary glasses, 

which includes the diopside (Di, CaMgSi2O6) component and Ca-Tschermakite 

(CaTs, CaAl2SiO6) component for end-member. The CMAS pseudobinary system 

is commonly used to demonstrate the change of macroscopic properties of mantle 

melts with composition quantitatively and systematically (Gasparik, 1984; 

Navrotsky et al., 1983; Richet et al., 1993). The CMAS pseudobinary glasses was 

used as a model system of natural basaltic melt because the melting temperature of 

diopside and Ca-Tschermakite join is very low. Thus CMAS pseudobinary glasses 

can be the model of preliminary melt. 
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The quantitative analysis of complex quaternary system, which is more close 

to real system, is particularly challenging in experimental aspect. The composition 

including Mg2+ instead of Na+ is used in this study. Although it is difficult to 

analyze atomic structure due to complexity and broadening of peak caused from 

higher cation field strength of Mg2+ than Na+, the study about atomic structure of 

CMAS pseudobinary can provide insight about natural basaltic magma. Here we 

report the atomic structure of CMAS pseudobinary glasses using high-resolution 

27Al NMR and 17O NMR break through the difficulty of analysis for multi-

component glasses. 

 

3.2. Experimental method 

 

Sample preparation  A series of CMAS pseudobinary glasses along the diopside 

and Ca-Tschermakite join with 0, 25, 50, 75 and 100 mol% CaAl2SiO6 component 

have been studied. They were synthesized from carbonate (CaCO3), and oxides 

(MgO, Al2O3 and SiO2). The compositions of pseudobinary glasses are peralkaline 

CMAS [xCaO : yMgO : (x-y)Al2O3 : (x+y)SiO2 (x=4, y=0, 1, 2, 3)](see table 2). 

The Al2O3, CaCO3 and SiO2 powder were dried at 400°C for 48 hours and MgO 

was dried at 1200°C for 2 hours. Each weighed powder was thoroughly mixed by 

grinding in an agate mortar, and then it was decarbonized in a Pt crucible at 800°C 

for 1 hour. Due to the melting temperature of CaMgSiO6 is 1391°C and about 

1500°C for CaAl2SiO6 thus the sample was melted above the respective melting 

temperature (1550~1600°C) for 1 hour, and finally quenched into glasses by 

plunging the bottom of the Pt crucible in a water bath. Approximately, 0.2 wt% of 
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cobalt oxide was added to enhance spin-lattice relaxation. Negligible weight loss 

(0.2~2.6%) was measured.  

The sample for 17O MAS and 3QMAS NMR were synthesized from 

carbonates (CaCO3) and oxide reagents including 17O-enriched SiO2. The latter was 

prepared by hydrolyzing SiCl4 in 20% 17O-enriched water. CaAl2SiO6 glass was 

synthesized by 40% 17O-enriched water. Approximately, 0.2 wt% of cobalt oxide 

was added to enhance spin-lattice relaxation. The mixtures were then fused in a Pt 

crucible for 1 h at 1600°C in an Ar atmosphere. The melt was quenched by 

removing the crucible from the furnace and manually lowering it into water. 

 

NMR spectroscopy  The 27Al MAS NMR spectra of CMAS pseudobinary glasses 

were collected at two static magnetic fields on a Bruker Avance DSX 500 

spectrometer (11.7 T) at a Larmor frequency of 130.284 MHz using a 4mm Bruker 

triple-resonance probe (Seoul National University, Korea) and on a Varian Solid 

NMR 400 system (9.4 T) at 104.229 MHz with a 3.2 mm Varian double resonance 

probe (Seoul National University, Korea). The recycle delay time for 27Al MAS 

NMR at two fields was 1s with 0.5 (11.7 T) and 0.3 (9.4 T) µs rf pulse strength. The 

sample spinning speeds of 15 kHz (11.7 T) and 14 kHz (9.4 T) were used for the 

two fields. The 3QMAS was only performed at 9.4 T using a fast-amplitude 

modulation (FAM)-based shifted-echo pulse sequence (consisting of two hard 

pulses with durations of 3.0 and 0.6 µs and a subsequent soft pulse with a duration 

of 15µs). Approximately 2000 to 5000 scans were averaged to achieve the signal to 

noise ratio shown in the 27Al MAS and 3QMAS NMR spectra.  
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The 17O MAS and 3QMAS NMR spectra of CMAS pseudobinary glasses 

were collected on Varian Solid NMR 400 system (9.4 T) at a Larmor frequency of 

54.229 MHz using a 4 mm Doty double-resonance probe (Seoul National 

University, Korea). The relaxation delay times for the 17O MAS NMR were 1 s and 

the rf pulse strength is 0.5 µs. Sample spinning speeds of 14 kHz was used. In the 

3QMAS NMR experiment at 9.4 T, the FAM (Fast Amplitude Modulation)-based 

shifted-echo pulse sequence (with a hard pulse of duration 4.5 μs for multiple 

quantum excitation and two 1.1 μs pulses for single quantum reconversion, and a 

soft pulse with a duration of approximately 20 μs and an echo time of 

approximately 500 μs (integer multiple of a rotor period) was used (Baltisberger et 

al., 1996; Madhu et al., 1999; Zhao et al., 2001). Approximately 12960 to 20000 

scans were averaged to achieve the signal to noise ratio shown in the 17O 3QMAS 

NMR spectra. The spectra are referenced to external tap water for both the fields. 

 

3.3 Results and discussion  

 

3.3.1 27Al and 17O NMR results 

 

27Al MAS NMR  Figure 7 shows 27Al MAS NMR spectra for CMAS pseudobinary 

glasses with varying composition at 9.4 T. Di means diopside and CaTs means Ca-

Tschermakite, the number of right side indicates each percents. [4]Al is predominant 

at about 60 ppm in all samples, and the line shapes show asymmetric extra intensity 

at lower frequencies, which suggests that the chemical shift distribution is 

predominant over the quadrupolar broadening. Also inhomogeneous broadening is 
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observed due to structural disorder of amorphous materials. The predominant [4]Al 

in all samples means that there is no structural change in nearest neighbor atom 

around Al due to Al3+ acts as a network forming cation (Allwardt et al., 2003; 

Barbieri et al., 2004). As the diopside content increases from 0 (CaAl2SiO6) to 75% 

(CaMgSi2O6), the peak position moves about 4.7 ppm from 56.2 to 51.5 ppm. This 

result is consistent with a trend in ternary silicate glasses from 27Al MAS NMR for 

Ca-aluminosilicate in previous study (Lee and Stebbins, 2003) and it indicates that 

Q4(4Si) increases with increasing Si fraction in CMAS pseudobinary glasses(Q4(4Si) 

means that all of tetrahedral around Al is Si with all of BOs). In spite of the NBO 

fraction of CMAS pseudobinary glasses is dramatically changes along the 

composition, the coordination numbers of Al less changes. It means most of Al are 

surrounded BO instead of NBO (Allwardt et al., 2003).  

The change of bond length and bond angle in atomic environment induce the 

change of peak width and it can be a degree of disorder in amorphous materials 

(Lee et al., 2005a; Lee and Stebbins, 1999). Figure 8 shows the full width half 

maximum (FWHM) of CMAS pseudobinary glasses decreases with increasing 

diopside content (54.5 ppm at diopside=0 and 43.9 ppm at diopside=0.75). As the 

fraction of Mg2+ increases, the degree of disorder in the system can be increasing 

while the trend of FWHM shows contrast results. That means 1D MAS NMR 

spectrum is not enough to explain change of spectrum because the quadrupolar 

coupling constant (Cq) affecting the peak width can be change with composition. 

Thus it needs to perform the supplemental experiment; 3QMAS NMR.  
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27Al 3QMAS NMR  Figure 9 shows 27Al 3QMAS NMR spectra that successfully 

resolve the [4]Al and [5]Al not shown in 1D MAS NMR spectra. All spectra show 

that [4]Al are major Al species and [5]Al is clearly observed around -24 ppm in 

isotropic dimension. The peak shapes are very similar while the peak width in MAS 

dimension decreases with increasing diopside content. Figure 10 shows the 

population of [5]Al changes with composition, which means that topological 

disorder increase in atomic structure. Ca-Tschermakite is single chain silicate thus 

there is [4]Al and [6]Al as shown figure 11 whereas [4]Al and [5]Al are presented in 

CaAl2SiO6 glasses due to topological disorder. As increasing Mg2+ which is a 

network modifying cation, the [5]Al is generated then distance of Al-O or Al-O-Al 

bond angle change affecting the structure medium range order.  

Figure 12 shows total isotropic projection of 27Al 3QMAS NMR spectra for 

CMAS pseudobinary glasses. Figure 12A shows there are [5]Al and [6]Al in CMAS 

pseudobinary glasses. Figure 10B is magnification of figure 12A. The peak position 

of [4]Al moves to higher frequency from -42.44 ppm (Di75CaTs25) to -46.25 ppm 

(CaTs). The trend in the isotropic projections provides a consistent result with MAS 

spectrum, the peak position shifts toward higher frequency in the 3QMAS isotropic 

dimension with increasing diopside content. Figure 13 shows the FWHM of [4]Al in 

total isotropic dimension decrease with an increasing diopside content. It was 

founded that the degree of disorder decrease with an increase diopside content.     

Figure 14 shows quadrupolar coupling constant (Cq) of [4]Al for CMAS 

pseudobinary glasses at 9.4 T with varying composition. The Cq is one of the 

structurally relevant NMR parameters that denotes the magnitude of quadrupolar 

interactions between quadrupole moment of nuclei and electric field gradients 
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generated by surrounding electrons. The Cq of [4]Al in CMAS pseudobinary glasses 

increases with increasing diopside content from 6.27 MHz to 6.98 MHz, suggesting 

larger distortion of [4]Al polyhedral for low diopside content composition (Ghose 

and Tsang, 1973). As increasing diopside content, the isotropic chemical shift and 

FWHM of [4]Al decreases, implying an decrease in topological entropy stemming 

from bond length and width distribution (Lee, 2004). These results contrast with 

those of population of [5]Al in CMAS pseudobinary glasses. The population of [5]Al 

suggests the Mg2+ perturbs the network whereas FWHM in total isotropic 

dimension and Cq indicate decreasing topological entropy. This means bond length 

and bond angle are ordered in CaMgSi2O6 than CaAl2SiO6 glasses.  

 

17O MAS NMR Figure 15 shows the 17O MAS NMR spectra for CMAS 

pseudobinary glasses. The peak shape and position of 17O NMR spectrum changes 

with atomic structure around oxygen, the atomic environment around oxygen is 

determined from that of information in multi component silicate glasses (Lee and 

Sung, 2008). And it can be confirmed structural changes directly from 17O NMR 

spectra which provide the fraction of BO ( e.g. Al-O-Si, Al-O-Al, Si-O-Si) and 

NBO (e.g., Si-O-Ca) in multi-component silicate glasses (Lee, 2005a). In spite of 

17O NMR experiment is very challenging because it is difficult to synthesis 17O 

enriched sample and oxygen nuclei has low gyromagnetic ratio, 17O NMR is very 

useful to study about earth interior because the macroscopic properties can be 

calculated from the atomic structure information obtained by 17O NMR, such as 

activity coefficient topological entropy, and diffusivity involved in generation and 

transport of melt (Lee, 2005b). Figure 15A shows 17O MAS spectra for CAMS 
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pseudobinary glasses and figure 15B shows tremendous change of oxygen 

environment with composition. 17O MAS NMR spectrum shows presence of Ca-

NBO at 99 ppm and the peaks of Al-O-Al overlapped with Al-O-Si in Ca-

Tschermakite (CaAl2SiO6) glass. The fraction of NBO increases with increasing 

diopside content and there is only Si-O-Si and {Ca, Mg}-NBO in diopside 

(CaMgSi2O6) glass. 

 Both of the diopside and Ca-Tschermakite are single chain silicates 

(Ca2+:Al3+ = 1:1) as shown figure 11 and NBO/T are 2 whereas previous study has 

shown that the NBO fraction is much high in those system (Stebbins and Xu, 1997). 

27Al MAS spectra in this study probe all of Al atom is surrounded by BO (Allwardt 

et al., 2003). From those results, the Ca-NBO in figure 15 is Ca-O-Si not Ca-O-Al. 

The bond preference of NBO is proved by quantum chemical calculation. The bond 

energy of Ca-O-Al is much higher (about 100 kJ) than Ca-O-Si (Lee and Stebbins, 

2006). Recent study revealed directly the fraction of Ca-O-Al decrease with 

increasing Si content through a double resonance {17O}27Al HMQC NMR 

experiment (Lee et al., 2009a). BOs and NBOs are overlapped in O-17 MAS NMR 

spectra except Ca-NBO in Ca-Tschermakite thus it is difficult to analyze the 

fraction of BO and NBO quantitatively. It needs high-resolution 2D 17O 3QMAS 

NMR to analyze qualitatively. 

  

17O 3QMAS NMR  Figure 16 shows 17O 3QMAS NMR for model quaternary 

aluminosilicate (CaO: MgO: Al2O3: SiO2=8.8: 18.9: 21.3: 51.0 wt%) resolving four 

different oxygen environments including Si-O-Si, Al-O-Al, Al-O-Si and {Ca, Mg}-

NBO. The peak position of Si-O-Si, Al-O-Al, Al-O-Si and mixed NBO ({Ca, Mg}-
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O-Si) is about -51, -17, -35 and -30 ppm in isotropic dimension, respectively (Lee et 

al., 2005a). The well resolved 17O 3QMAS NMR spectrum for model quaternary 

silicate provides a ground for quantitative analysis of 17O 3QMAS NMR for CMAS 

silicate glasses in pseudobinary join (diopside and Ca-Tschermakite). 

Figure 17 shows 17O 3QMAS NMR spectra for CMAS pseudobinary glasses 

at 9.4 T with varying diopside content providing considerably enhanced resolution 

among the O-atom sites as compared with 17O MAS NMR spectra. The oxygen 

environment of CMAS pseudobinary glasses change with composition as shown 

Figure 17. The peak position of Al-O-Al and Al-O-Si in Ca-Tschermakite glass is 

about -35 and -41 ppm in isotropic dimension respectively. The proportion of each 

of BO is about 38 ± 5% for Al-O-Al and 62 ± 5% for Al-O-Si (Lee and Stebbins, 

2002). It is note that Ca-NBO is well resolved at -63.5 ppm in isotropic dimension. 

The Si-O-Si peaks are shown around -51 ppm in isotropic dimension, the Al-O-Al 

peaks are reduced gradually and the mixed {Ca, Mg}-NBO peaks increase with an 

increase in XDi (the mole fraction of diopside in CMAS pseudobinary glass). The 

chemical shielding of the mixed {Ca, Mg}-NBO peak decrease with diopside 

content (the peak shifts to a lower frequency in isotropic dimension). The peaks of 

Si-O-Si and {Ca, Mg}-NBO are remained in diopside glass (XDi=1) around -40 and 

-51 ppm in isotropic dimension. Note that the peak assignment is based on the 

previous reports on binary silicates and ternary Ca-Mg aluminosilicate glasses 

(Allwardt and Stebbins, 2004; Lee and Stebbins, 2002). The chemical shielding of 

the mixed NBO peak decreases with diopside content and chemical shift dispersion 

increase. This result implies extensive mixing between Ca2+ and Mg2+ around the 

NBO (Lee and Sung, 2008). Figure 18 shows the total isotropic projection of 17O 
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3QMAS NMR spectra for CMAS pseudobinary glasses. The resolution of 17O 

3QMAS NMR spectra is higher than MAS spectra however peaks are still 

overlapped. Ca-NBO is partially resolved in right side of spectrum and it is shown 

that the intensity of Si-O-Si decreases with increasing diopside content. Also Al-O-

Al, Al-O-Si and Mg-NBO are partially resolved in CMAS pseudobinary glasses.     

Figure 17 shows that Ca-NBO peak still remained at around -64 ppm in isotropic 

dimension in intermediate composition (Di : CaTs =50 : 50) of which Mg/Ca is 0.5. 

It means that the mixing behavior of CMAS pseudobinary glasses is nonrandom. 

Previous study has shown the simplest model to confirm the random mixing 

behavior between diopside and Ca-Tschermakite glasses. It was assumed that there 

are statistical distributions of three Ca and Mg cations surrounding each NBO, there 

are four possible species which are 3Ca-NBO, 2Ca1Mg-NBO, 1Ca2Mg-NBO, 

3Mg-NBO. The peak position and width of Ca-NBO is predicted from Ca-

Tschermakite, that of Mg-NBO is predicted from enstatite in previous study 

(Allwardt and Stebbins, 2004) and that of other species is estimated using numerical 

means. The predicted peak positions of each NBO are -67, -56, -46 and -36 

respectively and the predicted percentages of each NBO species are  

 

X3Ca = x3 

X2CaMg = 3x2(1-x)                                              (1) 

XCa2Mg = 3x(1-x)2 

X3Mg = (1-x)3 
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Where x=Ca/(Ca+Mg) and this value is change from 1 to 0.5 in CMAS 

pseudobinary glasses. Figure 19 shows the 17O 3QMAS NMR spectrum for 

intermediate composition of CMAS pseudobinary glasses (Di50CaTS50, diopside : 

Ca-Tschermakite = 50 : 50) and a hypothetical spectrum for NBO species including 

3Ca-NBO, 2CaMg-NBO, Ca2Mg-NBO and 3Mg-NBO with random distribution. 

Ca/(Ca+Mg) change with composition from 0 to 1 in CAMS pseudobinary glasses 

and that is 0.67 in Di50CaTS50. The calculated percentage of each NBO using 

equation (1) is 29.5, 55.5 22.3 and 3.7 % in the intermediate composition as shown 

figure 19. The peak maximum of total NBO in hypothetical spectrum is about -56 

ppm whereas that of 2D 17O 3QMAS NMR spectrum is about -64 ppm as presented 

figure 19, suggesting nonrandom distribution of each NBO species. This 17O 

3QMAS NMR spectrum for Di50CaTS50 showing peak maximum at Ca-NBO site 

suggests two possibilities. First, there are less mixed {Ca, Mg}-NBO (2CaMg-NBO, 

Ca2Mg-NBO) and Mg-NBO overlapped with Al-O-Al peak. Second, Mg2+ prefers 

BO than NBO, Ca-NBO is predominant in NBO species. Assuming later possibility 

is correct, the preferential partitioning of Ca and Mg between NBO and BO (Al-O-

Al, Al–O–Si) in CMAS pseudobinary glasses can be expressed by a quasi-

equilibrium expression given below 

 

Ca----Al-O-Al + Mg-NBO = Mg----Al-O-Al + Ca-NBO                    (2) 

Ca----Al-O-Si + Mg-NBO = Mg----Al-O-Si + Ca-NBO                    (3) 

 

The direction of above reactions is left to right basis on the preference of NBO. 

Ca2+ and Mg2+ compete each other and the primary role of Ca2+ may be as a 
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network-modifying cation near the NBO, while that of Mg2+ is as a charge-

balancing cation in CMAS pseudobinary glasses. 

 

3.3.2 Raman spectroscopy 

 

The polymerization of silicate glasses and melts plays a critical role in their 

properties. Raman spectroscopy as well as NMR has been widely used to 

investigate changes in polymerization of silicate glasses (McMillan et al., 1982; 

Mysen et al., 2003; Neuville et al., 2008b). Figure 19 shows the Raman spectra of 

CMAS pseudobinary glasses. There are two groups of Raman mode in silicate 

glasses, which are Si-O-Si bending vibration between 400 and 750 cm-1 and Si-O 

stretching vibration between 800 and 110 cm-1. The frequencies of stretching mode 

are related to the degree of polymerization Si tetrahedron, each of frequencies are 

850(Q0), 900(Q1), 1000(Q2) and 1100(Q3) cm-1. (McMillan, 1984) Qn means SiO4 

tetrahedron with ‘n’ bridging oxygen. Figure 19 shows few change in stretching 

mode, while systematic change in bending mode (400~800 cm-1). Q0 and Q1 

decrease while Q2 and Q3 increase with decreasing diopside component, which 

means degree of polymerization decreases. This is because the NBO fraction 

increases due to perturbation of Mg2+ in diopside component as shown 17O 3QMAS 

NMR spectrum. Also we observe that the frequency of Si-O-Si bending shifts to 

lower frequency with increasing Al2O3 content, which means the bond length and 

bond angle of Si-O-Si changes with composition. These results means that the 

degree of polymerization and bond length, bond angle are change with composition. 
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3.3.3 Implication for macroscopic properties and geophysical process 

 

The atomic structure of CMAS pseudobinary glasses provides implications for 

several macroscopic properties and geophysical process. First of all, previous study 

has shown that the enthalpy of mixing of CMAS pseudobinary glasses is negative 

whereas that of crystalline materials is positive (Navrotsky et al., 1983) which 

means that the diopside phase and Ca-Ts phase are separated in crystal and they are 

mixed in glass. The Al3+ is in tetrahedral site and octahedral site of half rate in 

CaAl2SiO6 crystal. When the Ca-Tschermakite and diopside mix together, the Al3+ 

in tetrahedral in Ca-Ts is a little bit easy to exchange with Si tetrahedral whereas it 

is hard to exchange the Al3+ in octahedral site with Mg2+ in octahedral site in 

diopside because there are lattice difference due to difference of atomic distance 

(Al-O is 1.947 Å and Mg-O is 2.115 Å). The bond of Al3+ octahedral site is broken 

and distorted thus there are [4]Al and [5]Al not [6]Al in CaAl2SiO6 glasses as shown 

figure 9. From this result we can conclude that it is easier to mix together in glass 

than crystal, the enthalpy of mixing is negative in glass. These results has 

implication for generation of basaltic melt. As natural basaltic melt is generated in 

the earth’s interior, the composition of primary melt can be represented as CMAS 

pseudobinary glass due to the melting point of that system is the lowest. The 

negative enthalpy of mixing of CMAS pseudobinary glasses indicates two systems 

can be mixed more easily.     

Second implication is about viscosity affecting the transport mantle melt in 

earth’s interior. It has been known the viscosity decrease with increasing NBO in 

silicate glass and melts as mentioned above (Del Gaudio and Behrens, 2009; 
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Hofmeister et al., 2009; Neuville and Richet, 1991; Urbain et al., 1982), however 

the NBO fraction of those system is predicted by calculation. Here we report the 

experimental value of NBO fraction directly from 17O 3QMAS NMR spectrum. We 

can conclude that difference of viscosity between diopside and Ca-Ts is stem from 

NBO fraction as shown figure 17. We can find the proportion of NBO is larger in 

CaMgSi2O6 than CaAl2SiO6 glasses. Thus viscosity increases with increasing 

diopside content in CMAS pseudobinary glasses. Viscosity is the transport property 

affecting melt migration thus basaltic melt in the earth’s interior transport easier 

with composition that is high diopside content.  

Third, the atomic structure has also implication for geophysical process such 

as dissolution of igneous rock. The rainwater or underground water infiltrate into 

igneous rock such as basalt then the minerals in that of rock react with waters; that 

is dissolution by water. There are alkaline earth’s cation such as Basalt is CMAS 

multi component silicate  Ca2+ extract more easily than Mg2+ because Ca2+ 

connects with NBO whereas Mg2+ connects with BO and the bond energy of BO is 

higher than that of NBO. The bond preference of NBO also affects the dissolution 

process in earth.       

 

4. FURTHER STUDY 

 

4.1 43Ca MAS and 3QMAS NMR  

 

Alkaline earth cation, Ca2+ is abundant element in the magmatic liquids. Most 

studies on their chemical structures have been focused on SiO4 and AlO4 tetrahedral 
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networks, whereas the local environments around the divalent cations have been a 

question to understand amorphous structures. 27Al and 17O NMR is not enough to 

explain the mechanism along the changing composition. It is found that Ca2+ prefers 

NBO from 17O 3QMAS NMR spectrum, however it needs obvious evidence. Also 

we want to know what the role of Ca2+ whether a network modifying cation or a 

charge balancing cation. We expect that 43Ca NMR spectra could distinguish the 

network modifying Ca2+ and charge balancing Ca2+.   

NMR studies on such cation have been suppressed because of low natural 

abundance (0.145% for 43Ca) and low gyromagnetic ratio. Despite 43Ca NMR study 

is very challenging, through the 43Ca NMR study we could obtain information of 

coordination number for the system (Shimoda et al., 2007). And through the 

coordination number or NMR parameter (e.g. Cq) we can predict Ca-O distance. 

From these results we could know the structure for diopside-Ca-Ts join system 

(Laurencin et al., 2008). Thus we want to report the Ca2+ environments in several 

geologically relevant silicate glasses using high-resolution MAS and 3QMAS NMR 

spectroscopy. It is expected that changing composition from diopside to Ca-Ts 

chemical shift of 43Ca could be changed. 

 

4.2 synchrotron study: X-ray absorption spectroscopy  

 

Natural melts in the earth interior include about 10% FeO or Fe2O3 which are 

paramagnetic substance. Paramagnetic substances contain localized unpaired 

electrons, which couple to surrounding nuclei through the hyperfine interactions. 

Since the electron Zeeman states are unequally populated, and the electron 
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relaxation is very fast, the overall effect is to shift the nuclear spin resonances. 

(Levitt, 2001) Thus it needs another method to analyze the atomic structure of 

nearest composition of natural melts which include 10% FeO or Fe2O3. One of the 

effective methods is X-ray absorption spectroscopy, which provides information 

about atomic distance, coordination number, and local symmetry. We will perform 

the EXAFS (extended X-ray absorption fine structure) or XANES (X-ray 

absorption near edge scattering) then it will be possible to demonstrate the atomic 

structure of natural melts. Previous XANES study has shown there was structural 

rearrangement of CMAS silicate melts and glasses at high temperature (Neuville et 

al., 2008a) and another studies has shown XANES study about speciation of Fe in 

silicate glasses and melts (Wilke et al., 2007) however their system was not similar 

with natural basaltic melts. Thus we try to perform EXAFS or XANES experiment 

about CMAS pseudobinary glasses including 5~10 % FeO or Fe2O3. It is also 

expected to analysis the change of atomic structure with pressure using diamond 

anvil cell for multi-component silicate glasses from the atomic structure is probed 

using EXAFS or XANES. 

 

5. CONCLUSION 

 

From the experimental data presented here, an insight into multi 

component silicate glasses can be obtained with CMAS pseudobinary glasses in 

this study. The 27Al MAS NMR spectra for the CMAS pseudobinary glasses show 

that four-coordinated Al is predominant, which demonstrate that Al3+ is a network 

forming cation. The peak position moves toward lower frequency with increasing 

diopside content due to an increase in Q4(4Si) fraction with increasing Si content, 
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indicating that Al is surrounded only by bridging oxygen. The quadrupolar 

coupling constant (Cq) and FWHM of [4]Al decreases with increasing diopside 

content, indicating a decrease of topological disorder. 17O MAS NMR spectra for 

CMAS pseudobinary glasses qualitatively suggest that the NBO fraction increases 

with increasing diopside content. The nonrandom distribution of Ca-NBO and Mg-

NBO indicates NBO prefers Ca2+ than Mg2+. Mg2+ has proximity to Si-O-Al at 

intermediate composition thus Mg2+ plays a preferential role as a charge-balancing 

cation, while Ca2+ can act as a network-modifying cation in the Ca-Mg 

aluminosilicate glasses.  The observed structural changes in the CMAS glasses 

can account for the changes in macroscopic properties with composition. For 

example, the predominance of [4]Al and its extensive mixing with Si as evidenced 

by the significant fractions of [4]Al-O-[4]Si is consistent with a negative 

experimental enthalpy of mixing for silicate glasses in diopside and Ca-

Tschermakite join from solution calorimetry. As viscosity of silicate melts 

decreases exponentially with NBO fraction, while there is no available 

experimental data for the viscosity of silicate melts in the diopside-anorthite join, 

the observed increase in NBO fraction with increasing diopside content indicates a 

decrease in melt viscosity toward a diopside end-member.  

Finally, the preferential partitioning of Ca2+ and Mg2+ between NBO and 

BO may results in a variation of activity coefficient of CaO and MgO, thus 

controlling composition of melts generated at the Mid-Ocean Ridge or Oceanic 

Islands. This preference also has strong implication for dissolution mechanisms of 

basalts in contact with aqueous fluids. Taking into consideration of stronger bond 

between network modifying cations and NBO (over charge-balancing cation and 

BO), Mg2+ in the basalts is likely to be dissolved easily. The results and methods 

shed light on structure of multi-component oxide glasses and provide improved 

understanding their structure-property relations.  
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TABLES 

 

Table 1. Composition of oceanic island basalt and mid ocean ridge basalt in mol % 

 
Ocean Island * (mol%) 

 
Mid Ocean Ridge † (mol%) 

 
Mauna Kea 

West 
Greenland  

Mid-
Atlantic 
Ridge 

East-
Pacific 
Ridge 

Indian-
Ocean 
Ridge 

SiO2 46.20  45.84  46.9 
 

56.46  56.68  56.70  

TiO2 2.01  1.83  1.29 
 

1.04  1.25  0.83  

Al2O3 9.93  9.90  11.6 
 

10.24  9.92  9.98  

Fe2O3 0.93  1.23  1.82 
 2.85  3.31  2.98  

FeO 10.40  10.32  9.4 
 

MnO 0.18  0.19  0.21 
    

MgO 17.80  18.27  17.1 
 

12.77  11.95  12.77  

CaO 10.00  10.12  9.9 
 

13.60  13.79  14.09  

Na2O 1.72  1.53  1.56 
 

2.87  2.91  2.51  

K2O 0.56  0.42  0.09 
 

0.12  0.12  0.10  

P2O5 0.23  0.28  
  

0.06  0.06  0.05  

*(Herzberg, Nature, 2006)                      †(Winter J.D., 2001) 
  

 

 

Table 2. Composition of CaO-MgO-Al2O3-SiO2 silicate glasses in diopside-Ca-

Tschermakite pseudobinary join. 

Di-CaTs mol ratio XMgO 
NBO 

(calculation) 

CMAS mole % 

CaO MgO Al2O3 SiO2 

0 100 0  0 33.0  0.0  33.0  33.0  

25 75 0.25 0.17  30.8  7.7  23.1  38.5  

50 50 0.5 0.33  28.5  14.3  14.3  42.9  

75 25 0.75 0.50  26.7  20.0  6.7  46.7  

100 0 1  0.67  25.0  25.0  0.0  50.0  

 



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

43 

FIGURES 

 

 

 

 

 

Figure 1. 27Al MAS and 3QMAS NMR spectra for Mg-aluminoborate glasses 

(MgO:Al2O3: B2O3=2:1:2) at 9.4 T. 27Al MAS spectrum for AlCl3 liquid is also 

shown. Contour lines are drawn at 5% intervals from relative intensities of 7% to 97% 

with added 3%. 
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Figure 2. Comparison between 27Al MAS NMR for CaAl2SiO6 glass at 9.4 T and 

11.7 T. The spinning sideband is labeled ‘*’. 
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Figure 3. Effect of number of component on number of bond (or species) in oxides. 
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Figure 4. (A) A hypothetical NMR spectrum for single component liquid, (B) for 

single component amorphous material, (C) for binary amorphous material, and (D) 

for multi-component amorphous material. 
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Figure 5. Enthalpy of mixing for CaO-MgO-Al2O3-SiO2 silicate glasses in 

diopside -Ca-Tschermakite pseudobinary join. XDi is the mole fraction of diopside 

(Navrotsky et al., 1983). 
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Figure 6. Viscosity of diopside (Di, CaMgSi2O6) and anorthite (An, CaAl2Si2O8) 

glasses. The red diamond is viscosity of Di, the blue circle is that of An (Hofmeister 

et al., 2009), and the triangle is that of Di-An join (Di:An= 50:50) (Del Gaudio and 

Behrens, 2009). Tg is the glass transition temperature.   
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Figure 7. 27Al MAS NMR spectra for CaO-MgO-Al2O3-SiO2 silicate glasses in 

diopside -Ca-Tschermakite pseudobinary join at 9.4 T with varying diopside 

content. Di is diopside (CaMgSi2O6) and CaTs is Ca-Tschermakite (CaAl2SiO6).   
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Figure 8. FWHM of [4]Al in MAS dimension for CaO-MgO-Al2O3-SiO2 silicate 

glasses in diopside -Ca-Tschermakite pseudobinary join. Di is diopside and CaTs is 

Ca-Tschermakite. XDi is the mole fraction of diopside.   
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Figure 9. 27Al 3QMAS NMR spectra for CaO-MgO-Al2O3-SiO2 silicate glasses in 

diopside -Ca-Tschermakite pseudobinary join at 9.4 T with varying diopside 

content. Di is diopside (CaMgSi2O6) and CaTs is Ca-Tschermakite (CaAl2SiO6). 

Contour lines are drawn at 5% intervals from relative intensities of 2% to 97%. 
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Figure 10. The population of [5]Al for CaO-MgO-Al2O3-SiO2 silicate glasses in 

diopside -Ca-Tschermakite pseudobinary join. Di is diopside and CaTs is Ca-

Tschermakite.  
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Figure 11. The atomic structure of diopside and Ca-Tschermakite crystals. The left 

one is diopside and right one is Ca-Tschermakite. 
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Figure 12. Total isotropic projection of 27Al 3QMAS NMR spectra for CaO-MgO-

Al2O3-SiO2 silicate glasses in diopside -Ca-Tschermakite pseudobinary join at 9.4 

T. Di is diopside and CaTs is Ca-Tschermakite. (B) is magnification of (A).    
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Figure 13. FWHM of [4]Al in total isotropic projection of 27Al 3QMAS NMR 

spectra for CaO-MgO-Al2O3-SiO2 silicate glasses in diopside -Ca-Tschermakite 

pseudobinary join at 9.4 T. Di is diopside and CaTs is Ca-Tschermakite. 
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Figure 14. Quadrupolar coupling constant (Cq) of [4]Al in CaO-MgO-Al2O3-SiO2 

silicate glasses in diopside -Ca-Tschermakite pseudobinary join. Di is diopside and 

CaTs is Ca-Tschermakite. 
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Figure 15. 17O MAS NMR spectra for CaO-MgO-Al2O3-SiO2 silicate glasses in 

diopside -Ca-Tschermakite pseudobinary join, (B) for diopside glass and Ca-

Tschermakite glass at 9.4 T. Di is diopside and CaTs is Ca-Tschermakite.  
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Figure 16. 17O 3QMAS NMR spectra for model quaternary aluminosilicate glasses 

(CaO: MgO: Al2O3: SiO2=8.8: 18.9: 21.3: 51.0 wt%) at 9.4 T. Contour lines are 

drawn at 5% intervals from relative intensities of 3% to 98%. 
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Figure 17. 17O 3QMAS NMR for CaO-MgO-Al2O3-SiO2 silicate glasses in 

diopside -Ca-Tschermakite pseudobinary join at 9.4T with varying diopside 

content. Di is diopside and CaTs is Ca-Tschermakite. Contour lines are drawn at 5% 

intervals from relative intensities of 8% to 98% with added lines at 4%. 
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Figure 18. Total isotropic projection of 17O 3QMAS NMR spectra for CaO-MgO-

Al2O3-SiO2 silicate glasses in diopside -Ca-Tschermakite pseudobinary join at 9.4 

T with varying diopside content. Di is diopside and CaTs is Ca-Tschermakite.  
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Figure 19. 17O 3QMAS NMR spectrum for intermediate composition of diopside 

(Di)-Ca-Tschermakite (CaTs) pseudobinary join (Di : CaTs = 50 : 50) at 9.4 T. 

Contour lines are drawn at 5% intervals from relative intensities of 8% to 98% with 

added lines at 4%. A predicted spectrum of NBO peaks (in the isotropic projection) 

are also shown based on composition (Ca/(Ca+Mg)=0.67) using the random model 

is also shown.  
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Figure 20. Normalized Raman spectra at room temperature for CaO-MgO-Al2O3-

SiO2 silicate glasses in diopside -Ca-Tschermakite pseudobinary join. Di is 

diopside and CaTs is Ca-Tschermakite. 
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APPENDIX 1 

The effect of network modifying cation (i.e. Mg2+) in Mg-aluminosilicate glass 

(Park et al., in preparation) Mg-aluminosilicate glass is a model silicate melts of 

mantle melts in the earth’s interior (Lee, 2005b) In the two series of Mg-

aluminosilicate glasses (i.e. MgSiO3+2.5%Al2O3 and MgSiO3 + 10% Al2O3), we 

performed 27Al MAS and 3QMAS NMR experiments. The 27Al NMR spectra 

obtained on a Varian 400 solid-state spectrometer (9.4 T) at resonance frequency of 

104.229 MHz. Figure A1 shows 27Al MAS NMR spectra for Mg-aluminosilicate 

with different alumina content, which are overlapped due to quadrupolar effect. The 

overlapped [4]Al, [5]Al, [6]Al atomic structures are fully resolved with two-

dimensional 27Al 3QMAS NMR as shown figure A2. Those Al species have not 

been observed for other alkaline earth aluminosilicate melts and glasses. The results 

thus suggest significant topological and configuration disorder in the mantle melts 

due to the presence high field strength cation (i.e., Mg2+). 
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Figure A1. 27Al MAS spectra for Mg-aluminosilicate glasses at 9.4 T,. * refers to 

spinning side bands. 
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Figure A2. 27Al 3QMAS spectra for Mg-aluminosilicate glasses at 9.4 T. Contour 

lines are drawn from 3% to 98% of relative intensity with a 5% increment. 
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APPENDIX 2 

The atomic structure of Al2O3 thin film (Lee, S.K., Lee, S.B., Park, S.Y., Yi, 

Y.S., and Ahn, C.W., 2009, Physical Review Letter) While the structure of 

amorphous alumina has diverse industrial applications as catalyst, ceramics, and 

thin film devices, little is known about their atomic structures including its 

coordination states due to lack of suitable experimental probes. 27Al MAS and 

3QMAS NMR has proven to be extremely useful to resolve, otherwise overlapping 

Al species in amorphous materials. Here we extended these methods to explore the 

nature amorphous alumina in thin film and report the first high resolution 27Al MAS 

and 3QMAS NMR spectra where the presence of distinct Al coordination species 

including [4]Al, [5]Al, and [6]Al are for the first time demonstrated(figure A3. The 

calibrated fractions considering rotor background and other factor (i.e. Cq, 

quadrupolar broadening factor) for [4]Al, [5]Al, and [6]Al are 55 ± 3, 42 ± 3, and 3 ± 

2%, respectively. Study of alumina thin film with solid state NMR provides future 

directions to study single component glasses which are hard to synthesis. 
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Figure A3. 27Al 3QMAS NMR spectra for alumina thin film. Projections on the 

isotropic are also shown. (Lee et al., 2009) Contour lines are drawn at 5% intervals 

from 12% to 97% with added lines at 6% and 9%. 
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국  요 약 

 

지구 구  질들  분  에 라 단 분계에  다 분계  

분   있다. 이  다 분계 질 규산염  리질, 라믹, 

내 질  주요 구  질이고 맨틀 부  생 는  

용 체(melt)  주요 구  분이므  다 분계 질 규산염  

원자구조  리 학  특  히는 것  지구 내부  마그마  이동, 

지구 시스  분  등  명에 실마리를 공해 다. 특  원자 

심  보를 공해주는 고분해능 고상핵자  공명 분 분 (NMR)  

암질 마그마를 포함한 부분  자연계  다 분계 규산염 용 체  

원자 구조 분 에 합하다. 본 연구에 는 일차원과 이차원 고상 

NMR  이용하여 암질 마그마  모델 시스 인 과 Ca-

처마카이트를 단종  하는 CMAS (CaO-MgO-Al2O3-SiO2) 질 

규산염  조 에 른 원자 구조  변 를 규명하 다. 27Al MAS NMR 

실험 결과 모든 조 에 해 60 ppm 근처에  [4]Al 피크가 지  

나타나며 이는 Al3+이 트워크  이  작용한다는 것  

지시한다.  분이 증가함에 라 피크 가  향  4.7 

ppm 이동하는 것  조 에  Si  상 인 양이 증가하면  Q4(4Si)가 

증가하는 것  미하고 이를 통해 Al 주변  산소가 모  연결 

산소(BO, bridging oxygen)임이 인 었다. 27Al 3QMAS NMR 실험 결과 1-

D MAS NMR 스펙트럼에 는 구별 지 않  [4]Al  [5]Al  피크가 

분리 어 찰 었다.  분이 증가하면  [5]Al  상 인 양이 

증가하는 것이 찰 며 이는 트워크 란작용  일 키는 Mg2+ 가 

증가하  이다. Ca-Mg 알루미노규산염 내  [4]Al 에 한 Cq 

(quadrupolar coupling constant) 값   조 이 증가할  감소하는 
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경향  보이며 이는 상학  질 가 감소한 것  미한다. 17O MAS 

NMR 실험 결과 Ca-Mg 알루미노규산염 내에 Ca-NBO (non bridging 

oxygen)인 Ca-O-Si  연결 산소가 17O MAS NMR 스펙트럼상에  

구별 며  분이 증가함에 라 NBO  상 인 양이 증가하는 

것이 인 었다. 고해상도 17O 3QMAS NMR 실험 결과 1D MAS NMR 

상에  인 지 않  Al-O-Al, Al-O-Si, Si-O-Si  Ca-NBO, {Ca, Mg}-

NBO 가 부분  구별 며 산소 주변  원자 경  과 Ca-

Mg 알루미노규산염에 해 이 에 알 지지 않았  학  상학  

질 도에 한 보를 공해 다. 과 Ca-처마카이트가 

50:50  여 있는 간 조 에  상당한 양 Ca-NBO 가 -64 

ppm 도에  분리 어 있는 것이 찰 며 이는 Ca-NBO  Mg-NBO 가 

생   랜  분포를 가지지 않고 Ca2+가 NBO 를 한다는 것  

미한다. Ca-Mg 알루미노 규산염 내에  Mg2+는 Si-O-Al  포함하는 

BO  연결 어 하 균  양이  작용하는 면 Ca2+는 트워크 

란 양이  작용한다. 본 연구에  Ca-Mg 알루미노 규산염에 

한 원자 구조는 조 에 른 거시  질  변 를 명한다. 를 

들어 [4]Al 과 [4]Al-O-[4]Si  존재는 질 과 Ca-처마카이트 

사이원계  합 엔탈피가  값  가지는 것  명한다. 규산염 

용 체  도는 NBO 가 증가할  격히 감소하는 것  알  

있 나 과 회장  이원계에 해 실험  NBO  변 를 힌 

는 없다. 본 연구에 는 Ca-Mg 알루미노 규산염  산소 주변 

원자 경  통해 조  변 에 라 NBO  상  양이 변하는 것  

실험  증명하 며 이는  상  양이 증가할  

도가 감소하는  실험값과 일 하는 경향  보인다.  
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NBO  BO 사이  Ca2+, Mg2+ 도는 CaO  MgO  동도 

계 에 향  주므  궁극  해양도  앙 해 에  생 는 

용 체  조  변 를 도한다. 또한 지하 나 에 한 암  

용해과 에  트워크 란 양이 과 NBO 사이  강한 결합  

인해 Ca2+에 해 Mg2+가  쉽게 용해 다. 본 연구에  결과는 

다 분계 질 질  원자구조를 명 히 규명해 주며 원자구조  

질 사이  계에 한 새 운 연구 향  시한다. 

 

주요어 : 암질 마그마, 다 분계 질 규산염, -Ca-

처마카이트 이원계, 핵자  공명 분 분 , 원자구조 
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ABSTRACT 

 

Whereas the structure of ‘multi-component’ silicate glasses and melts has 

implication for the properties of natural silicate magmas and relevant geochemical 

processes, little is known about their atomic structures due to lack of suitable 

experimental probes of amorphous ‘multi-component’ oxides. Whereas most of the 

progress in melt structure has been made for relatively simple binary and ternary 

silicate glasses, recent advances in high-resolution solid-state NMR begin to 

provide element specific and quantitative information of atomic configurations in 

multi-component silicate glasses including quaternary oxide glasses. Here we 

report the first experimental results of the effect of composition on the atomic 

structure of CaO-MgO-Al2O3-SiO2 (CMAS) silicate glasses in diopside 

(CaMgSi2O6) and Ca-Tschermakite (CaAl2SiO6) pseudobinary join, a model 

system for basaltic magmas, using high-resolution 1D and 2D solid-state NMR. 

The 27Al MAS NMR spectra for the CMAS glasses show that four-coordinated Al, 

[4]Al is predominant, demonstrating that Al3+ is a network former. The peak 

position moves toward a lower frequency approximately 4.7 ppm with increasing 

diopside content due to a increase in Q4(4Si) fraction with decreasing Al content. 

The result indicates that Al is surrounded only by bridging oxygens. The 27Al 

3QMAS NMR spectra show well resolved [4]Al and [5]Al in CMAS glasses. The 

fraction of [5]Al species increases with increasing diopside content (and thus with  

increasing Mg2+). The structurally relevant quadrupolar coupling constant (Cq) and 

full width half maximum (FWHM) of [4]Al decrease with increasing diopside 

content, suggesting a decrease in topological disorder due to bonding angle and 

length distributions. The 17O MAS NMR spectra for CMAS glasses qualitatively 

suggest that the fraction of non bridging oxygen (NBO) increases with increasing 

diopside content, consistent with the prediction form composition. The high-

resolution 17O 3QMAS NMR spectra show that three types of bridging oxygens 
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(BO; Si-O-Si, Al-O-Al, and Si-O-Al) and two types of NBO (Ca-NBO, and mixed 

{Ca, Mg}–NBO) are partially resolved. The local oxygen configurations in the 

glasses provide previously unknown details of the chemical and topological 

disorders in Ca-Mg aluminosilicate glasses. The significant fraction of the Ca-NBO 

peak is observed around -64 ppm in the glass at intermediate compositions (e.g., 

diopside : Ca-Tschermakite = 50 : 50), suggesting nonrandom distributions of Ca2+ 

and Mg2+ around NBO and BO, characterized with preferential partitioning of Ca2+ 

into NBO; Mg2+ is likely to have proximity to BO including Si-O-Al at 

intermediate compositions thus Mg2+ plays a preferential role as a charge-balancing 

cation, while Ca2+ can act as a network-modifying cation in the Ca-Mg 

aluminosilicate glasses studied here.  

The observed structural changes in the CMAS glasses can account for the 

changes in macroscopic properties with composition. For example, the 

predominance of [4]Al and its extensive mixing with Si as evidenced by the 

significant fractions of [4]Al-O-[4]Si is consistent with a negative experimental 

enthalpy of mixing for silicate glasses in diopside and Ca-Tschermakite join from 

solution calorimetry. As viscosity of silicate melts decreases exponentially with 

NBO fraction, while there is no available experimental data for the viscosity of 

silicate melts in the diopside-anorthite join, the observed increase in NBO fraction 

with increasing diopside content indicates a decrease in melt viscosity toward a 

diopside end-member.  

Finally, the preferential partitioning of Ca2+ and Mg2+ between NBO and 

BO may results in a variation of activity coefficient of CaO and MgO, thus 

controlling composition of melts generated at the Mid-Ocean Ridge or Oceanic 

Islands. This preference also has strong implication for dissolution mechanisms of 

basalts in contact with aqueous fluids. Taking into consideration of stronger bond 

between network modifying cations and NBO (over charge-balancing cation and 

BO), Mg2+ in the basalts is likely to be dissolved easily. The results and methods 
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shed light on structure of multi-component oxide glasses and provide improved 

understanding their structure-property relations.  

 

Keyword: basaltic magma, multi-component silicate glass, diopside-Ca-

Tschermakite join, NMR, atomic structure  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

4 

TABLE OF CONTENTS 

ABSTRACT-----------------------------------------------------------------------------------1 

TABLE OF CONTENTS-------------------------------------------------------------------4 

LIST OF FIGURES-------------------------------------------------------------------------5 

LIST OF TABLES---------------------------------------------------------------------------1- 

1. INTRODUCTION----------------------------------------------------11 

2. THEORETICAL BACKGROUND-------------------------------------13 

2.1 BRIEF OVERVIEW OF HIGH RESOLUTION SOLID STATE NMR  

-----------------------------------------------------------------------------------13 

2.2 DIFFICULTY IN GETTING STRUCTURAL INFORMATION OF 

MULTI-COMPONENT AMORPHOUS MATERIALS FROM 

SPECTROSCOPIC AND SCATTERING STUDIES-------------------15 

3. PROBING STRUCTURE OF MULTI-COMPONENT BASALTIC 

GLASSES USING SOLID-STATE NMR-------------------------------------17 

3.1 INTRODUCTION------------------------------------------------------------17 

3.2 EXPERIMENTAL METHOD-------------------------------------20 

3.3 RESULTS AND DISCUSSIONS -----------------------------------22 

3.3.1 27Al AND 17O NMR RESULTS------------------------------22 

3.3.2 RAMAN SPECTROSCOPY -------------------------------------30 

3.3.3  IMPLICATION FOR MACROSCOPIC PROPERTIES-------31 

4. FURTURE STUDIES-------------------------------------------------------------32 

4.1 43Ca MAS AND 3QMAS NMR -------------------------------------------32 

4.2 SYNCHROTRON STUDY-------------------------------------------------33 

5. CONCLUSION--------------------------------------------------------------------34 



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

5 

6. REFERENCE----------------------------------------------------------------------36 

7. TABLES----------------------------------------------------------------------------42 

8. FIGURES---------------------------------------------------------------------------43 

APPENDIX------------------------------------------------------------------------------63 

- THE EFFECT OF NETWORK MODIFYING CATION (i.e. Mg2+) IN 

Mg-ALUMINOSILICATE-----------------------------------------------------63 

- THE ATOMIC STRUCTURE OF Al2O3 THIN FILM----------------------66 

ABSTRACT IN KOREAN-----------------------------------------------------------70 

    ACKNOWLEDGMENTS -----------------------------------------------------------73 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

6 

LIST OF FIGURES 

 

Fig. 1. 27Al MAS and 3QMAS NMR spectra for Mg-aluminoborate glasses 

(MgO:Al2O3:B2O3=2:1:2) at 9.4 T. 27Al MAS spectrum for AlCl3 liquid is also 

shown. Contour lines are drawn at 5% intervals from relative intensities of 7% to 97% 

with added 3%. 
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and 11.7 T. The spinning sideband is labeled ‘*’. 

 

Fig. 3. Effect of number of component on number of bond (or species) in oxides. 

 

Fig. 4. (A) A hypothetical NMR spectrum for single component liquid, (B) for 

single component amorphous material, (C) for binary amorphous material, and (D) 

for multi-component amorphous material. 

 

Fig. 5. Enthalpy of mixing for CaO-MgO-Al2O3-SiO2 silicate glasses in diopside-

Ca-Tschermakite pseudobinary join. XDi is the mole fraction of diopside 

(Navrotsky et al., 1983). 

 

Fig. 6. Viscosity of diopside (Di, CaMgSi2O6) and anorthite (An, CaAl2Si2O8) 

glasses. The red diamond is viscosity of Di, the blue circle is that of An (Hofmeister 

et al., 2009), and the triangle is that of Di-An join (Di : An= 50: 50) (Del Gaudio 

and Behrens, 2009). Tg is the glass transition temperature.   
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Fig. 7. 27Al MAS NMR spectra for CaO-MgO-Al2O3-SiO2 silicate glasses in 

pseudobinary join (diopside and Ca-Tschermakite) at 9.4 T with varying diopside 

content. Di is diopside (CaMgSi2O6) and CaTs is Ca-Tschermakite (CaAl2SiO6).   

 

Fig. 8. FWHM of [4]Al in MAS dimension for CaO-MgO-Al2O3-SiO2 silicate 

glasses diopside-Ca-Tschermakite pseudobinary join. Di is diopside and CaTs is 

Ca-Tschermakite. XDi is the mole fraction of diopside.   

 

Fig. 9. 27Al 3QMAS NMR spectra for CaO-MgO-Al2O3-SiO2 silicate glasses 

diopside-Ca-Tschermakite pseudobinary join at 9.4 T with varying diopside content. 

Di is diopside (CaMgSi2O6) and CaTs is Ca-Tschermakite (CaAl2SiO6). Contour 

lines are drawn at 5% intervals from relative intensities of 2% to 97%. 

 

Fig. 10. The population of [5]Al for CaO-MgO-Al2O3-SiO2 silicate glasses 

diopside-Ca-Tschermakite pseudobinary join. Di is diopside and CaTs is Ca-

Tschermakite.  

 

Fig. 11. The atomic structure of diopside and Ca-Tschermakite crystals. The left 

one is diopside and right one is Ca-Tschermakite. 

 

Fig. 12. Total isotropic projection of 27Al 3QMAS NMR spectra for CaO-MgO-

Al2O3-SiO2 silicate glasses diopside-Ca-Tschermakite pseudobinary join at 9.4 T. 

Di is diopside and CaTs is Ca-Tschermakite. (B) is magnification of (A).   
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Fig. 13. FWHM of [4]Al in total isotropic projection of 27Al 3QMAS NMR spectra 

for CaO-MgO-Al2O3-SiO2 silicate glasses diopside-Ca-Tschermakite pseudobinary 

join at 9.4 T. Di is diopside and CaTs is Ca-Tschermakite. 

 

Fig. 14. Quadrupolar coupling constant (Cq) of [4]Al in CaO-MgO-Al2O3-SiO2 

silicate glasses diopside-Ca-Tschermakite pseudobinary join. Di is diopside and 

CaTs is Ca-Tschermakite. 

 

Fig. 15. 17O MAS NMR spectra for CaO-MgO-Al2O3-SiO2 silicate glasses 

diopside-Ca-Tschermakite pseudobinary join, (B) for diopside glass and Ca-

Tschermakite glass at 9.4 T. Di is diopside and CaTs is Ca-Tschermakite.  

 

Fig. 16. 17O 3QMAS NMR spectra for model quaternary aluminosilicate glasses 

(CaO: MgO: Al2O3: SiO2=8.8: 18.9: 21.3: 51.0 wt%) at 9.4 T. Contour lines are 

drawn at 5% intervals from relative intensities of 3% to 98%. 

 

Fig. 17. 17O 3QMAS NMR for CaO-MgO-Al2O3-SiO2 silicate glasses diopside-Ca-

Tschermakite pseudobinary join at 9.4T with varying diopside content. Di is 

diopside and CaTs is Ca-Tschermakite. Contour lines are drawn at 5% intervals 

from relative intensities of 8% to 98% with added lines at 4%. 

 

Fig. 18. Total isotropic projection of 17O 3QMAS NMR spectra for CaO-MgO-

Al2O3-SiO2 silicate glasses diopside-Ca-Tschermakite pseudobinary join at 9.4 T 

with varying diopside content. Di is diopside and CaTs is Ca-Tschermakite.  
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Fig. 19. 17O 3QMAS NMR spectrum for intermediate composition of diopside 

(Di)-Ca-Tschermakite (CaTs) pseudobinary join (Di : CaTs = 50 : 50) at 9.4 T. 

Contour lines are drawn at 5% intervals from relative intensities of 8% to 98% with 

added lines at 4%. A predicted spectrum of NBO peaks (in the isotropic projection) 

are also shown based on composition (Ca/(Ca+Mg)=0.67) using the random model 

is also shown.  

 

Fig. 20. Normalized Raman spectra at room temperature for CaO-MgO-Al2O3-SiO2 

silicate glasses diopside-Ca-Tschermakite pseudobinary join. Di is diopside and 

CaTs is Ca-Tschermakite.  

 

Fig. A1. 27Al MAS spectra for Mg-aluminosilicate,. * refers to spinning side bands. 

 

Fig. A2. 27Al 3QMAS spectra for Mg aluminosilicate glasses at 9.4 T. Contour lines 

are drawn from 3% to 98% of relative intensity with a 5% increment. 

 

Fig. A3. 27Al 3QMAS NMR spectra for alumina thin film. Projections on the 

isotropic are also shown. (Lee et al., 2009) Contour lines are drawn at 5% intervals 

from 12% to 97% with added lines at 6%. 
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1. INTRODUCTION 

 

Magmatic process of earth’s interior such as partial melting, mantle 

convection and differentiation of mantle has been a matter of common interest 

(Baker et al., 1995; Ohtani, 1985; Presnall et al., 2002; Tarduno et al., 2009). The 

major component of the earth’s interior is silicate glasses thus studies of silicate 

melts and glasses are essential for understanding of the diverse magmatic process. It 

needs to study for the thermodynamic properties and transport properties like 

enthalpy, entropy, density, viscosity and diffusivity to demonstrate magmatic 

process in earth’s interior. There are many methods to study about the macro 

properties relevant to magmatic processes; there have been three general methods. 

The first method is to measure the macro properties like viscosity, heat capacity, 

density and other thermo dynamical properties directly. For example, viscosity of 

silicate melts and glasses (Giordano et al., 2008a; Neuville and Richet, 1991; Richet, 

1984), density (Lange and Carmichael, 1987), thermodynamic properties (Bottinga 

and Richet, 1978; Navrotsky et al., 1983) and so on. Second method is theoretical 

calculation or modeling including quantum calculation (Asimow et al., 2001; 

Giordano et al., 2008b; Liang et al., 1997). Third method is the calculation from 

microscopic origins. The atomic and molecular structure of silicate melts and 

glasses is related to those thermodynamic and transport properties. For example, the 

viscosity exponentially decreases with increasing the fraction of non bridging 

oxygen in silicate melts (Lee et al., 2004). And the diffusivity and activity 

coefficient has different pattern along degree of disorder (Lee, 2005a). Previous 

study have shown lots of results about measuring macroscopic properties however 



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

12 

there is limitation to measure the properties of mantle melt directly due to difficulty 

of extreme condition like high pressure and temperature. Also it can be 

demonstrated origin of macroscopic properties through the calculated results from 

microscopic origin.  

In this thesis we report the atomic structure of Ca-Mg aluminosilicate glasses 

in diopside and Ca-Tschermakite pseudobinary join relevant to natural basaltic 

melts. This thesis is composed of 4 sections and appendix. In section 2, Theoretical 

backgrounds of NMR spectroscopy and difficulty of analysis for multi-component 

glasses are briefly presented. It is difficult to analyze of atomic structure of multi-

component glasses due to overlapping peak site stem from increasing of the 

statistical chemical bond with increasing number of chemical component. The high-

resolution NMR spectroscopy provides element specific information to overcome 

difficulty of analysis for multi-component glasses. In section 3, the atomic structure 

of Ca-Mg aluminosilicate glasses in diopside and Ca-Tschermakite pseudobinary 

join, which is the major thesis in this paper. It includes glass synthesis, 27Al MAS 

and 3QMAS NMR, 17O MAS and 3QMAS NMR results and Raman spectroscopy. 

Multi nuclear MAS and 3QMAS NMR spectra show the change of atomic structure 

with composition. It is probed the change of macroscopic properties such as 

enthalpy of mixing and viscosity from those atomic structure information. In 

section 4, we propose several works to investigate atomic structure of multi-

component glasses which are 43Ca NMR study and synchrotron X-ray study. In 

appendix, the atomic structure of Mg aluminosilicate and amorphous alumina thin 

film are presented.  
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2. THEORETICAL BACKGROUND 

 

2.1 Brief overview of high-resolution solid state NMR 

 

Nuclear magnetic resonance (NMR) process occurs when the nuclear 

magnetic moment associated with a nuclear spin is placed in an external magnetic 

field. Using this process, NMR spectroscopy measure interaction between rf signal 

and spin relaxation of material. The signal of NMR spectroscopy is determined by 

atomic environment of specific atom for example, coordination number, bond 

length, bond angle and connectivity with neighbor atoms. NMR spectrum provides 

dynamic information between atoms and molecules occurring from nano scale to 

second scale. There are several factors of protecting NMR signal, for example 

dipolar coupling, chemical shift anisotropy and quadrupole moment. The chemical 

shift anisotropy means peak broadening due to variation of chemical shift 

depending on orientation of molecular. Many methods are suggested to decrease 

effect of protecting NMR signal. One of method for increasing peak resolution is 

MAS (magic angle spinning), it removes dipole-dipole interaction by fixing the 

angle between rotating sample and external magnetic field specific value (Levitt, 

2001).  

Despite using MAS method the peak broadening effect still remain for 

quadrupolar nuclei (nuclear spin number is larger than 1, for example 17O, 27Al, 11B, 

etc.) because those have quadrupolar effect which is interaction between charge in 

nuclei and electric gradient. Another method, 3QMAS (triple quantum magic angle 

spinning) deduce the second order quadrupolar anisotropy. It provides detail 
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information for atomic structure with high-resolution. Figure 1 shows 27Al MAS 

and 3QMAS spectra for Mg-aluminoborate glasses (MgO:Al2O3:B2O3 = 2:1:2) and 

AlCl3 liquid. The 27Al MAS spectrum of Mg-aluminoborate glasses is broader than 

that of AlCl3 liquid. As mentioned above NMR observes the configuration of spins 

thus the spectrum for liquid is very sharp due to offset effect for liquid whereas the 

spectrum for solid is very broad. Solid state NMR experiment is more challenge 

than liquid state NMR for those broadening effect, especially for amorphous 

material. Figure 1 also shows that it is difficult to peak assignment due to 

overlapping peak of each Al species in 1D 27Al MAS NMR whereas [4]Al, [5]Al, 

[6]Al is partially dissolved at -40, -23, -5 ppm in isotropic dimension in 3QMAS 

NMR spectra. The 3QMAS NMR spectrum shows better resolution than MAS 

NMR spectrum.  

The chemical shift is major important term in NMR spectroscopy. The 

chemical shift is shielding of external magnetic field by electron surround target 

nuclei. Though the unit of NMR spectrum is frequency like other spectroscopy, it is 

expressed dimensionless ppm traditionally, which is divided relative shift to 

reference compound (usually liquid with same isotope) by larmor frequency of 

investigating nuclei. The 2D NMR spectrum demonstrates each of peak having two 

axes (MAS and isotropic dimension), each peak is presented by a contour line. 2D 

NMR spectrum is demonstrated projected direction of isotropic and the resolution 

of isotropic projection is higher than those of MAS (Duer, 2004). It applied to spin 

5/2 nuclides, such as 27Al and 17O, to investigate coordination number and atomic 

configuration in aluminosilicate glasses (Lee and Stebbins, 2000), boro-silicate 

glasses (Lee et al., 2005b), and alumina thin film (Lee et al., 2009b). Also MQMAS 
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NMR is applied to spin 7/2 nuclides such as 43Ca (Angeli et al., 2007; Dupree et al., 

1997; MacKenzie et al., 2007) and low gamma nuclides (e.g. 25Mg) (Shimoda et al., 

2007).  

The magnitude of magnetic field use the unit of tesla (T), figure 2 shows 27Al 

MAS NMR spectrum for Ca-Tschermakite (CaAl2SiO6) glass at 9.4 T and 11.7 T. 

The peak of [4]Al is better resolved at 11.7 T as compared with that of 9.4 T due to 

the Al is quadrupolar nuclei. The peak of quadrupolar nuclei is broad by the second-

order quadrupolar interactions at low magnetic field. In order to separate peaks 

from spinning side band and resolve better 27Al MAS NMR was performed at high 

field. 

 

2.2 Difficulty in getting structural information of multi-component amorphous 

materials from spectroscopic and scattering studies 

 

Figure 3 shows the relation between the number of chemical component ‘n’ in 

the composition and number of statistical chemical bonding. In case of general light 

scattering experiment using photon, the chemical bond increase along ‘n2’ with 

increasing ‘n’. For example, the number of measuring bond in binary system is 4 

and it is increased 4 times to 16 in quaternary system. Also it is difficult to resolve 

peaks due to overlapping each other. One of method solving this problem is NMR. 

The resolution is higher in NMR spectroscopy than other spectroscopy and XRD 

for multi-component glasses due to it provide element specific information. In spite 

of measuring chemical bonds increase along n+1C2 [(n2+n)/2] with increasing 

component. This suggests that it is difficult to analyze for multi-component glasses. 



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

16 

In addition there is barrier resolving peaks due to inhomogeneous broadening in 

case of amorphous material. 

Figure 4 shows the hypothetical spectra representing the change with number 

of component in NMR spectrum. Figure 4A is hypothetical spectrum for single 

component crystal, there is one sharp peak whereas the peak of single component 

amorphous glasses is very broad in figure 4B. Figure 4C shows a spectrum for 

binary amorphous material and it shows overlapping three peaks due to increasing 

chemical bond. It is difficult to resolve peaks in the multi component system 

because of overlapping peaks indicating various atomic environments like figure 

4D. As mentioned above, the analysis of atomic structure for multi-component 

amorphous materials remained unsolved problem because there was not suitable 

probe to resolve it. Even though it is seriously difficult to analyze spectroscopic 

data for multi component system because it has been limited by inhomogeneous 

broadening of spectrum or diffraction pattern brings an inability to unambiguously 

resolve characteristic features. In addition it is difficult to know clearly the reason 

of peak shift because many elements in multi component could affect each other. 

Here we report the atomic structure of CaO-MgO-Al2O3-SiO2 (CMAS) 

silicate glasses in diopside-Ca-Tschermakite pseudobinary join using high-

resolution 27Al NMR and 17O NMR. We already solved partly the structure of multi 

component using a new experimental method MQMAS bring the breakthroughs in 

spectroscopic analysis. The results of CMAS pseudobinary glasses suggest the 

atomic structure of natural magma. In this study, we present the detail aluminum 

and oxygen environments for the CMAS pseudobinary glasses with varying MgO 

fraction using 1-D MAS and 2-D 3QMAS solid-state NMR. We will demonstrate 
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structural change with composition then we discuss the microscopic origins of 

macroscopic properties of CMAS pseudobinary glasses. 

 

3. PROBING ATOMIC STRUCTURE OF MULTI-COMPONENT 

BASALTIC GLASSES USING SOLID-STATE NMR 

 

3.1  Introduction 

 

The earth’s materials can be divided from single component to multi 

component system with number of component. The multi-component silicate 

glasses and melts is major material of glass, ceramic, and refractory and major 

composition of primary melts generated from the mantle (Herzberg, 2006; Presnall 

et al., 2002). Thus the structure of multi-component silicate melts and glasses can 

provide insights into the diverse macroscopic properties of natural melts and 

transport of magma in the earth interior (Giordano et al., 2008a; Webb and Knoche, 

1995). Among the many interesting systems relevant to generation of primary melts 

from the mantle, the glass composition in the CaO-MgO-Al2O3-SiO2 (CMAS) 

quaternary system is particularly important as it reflects a major fraction of the 

chemical composition of the mantle melt and serves as an important model system 

to describe phase relationships between lherzolite minerals and primary mantle 

melts (Presnall et al. 2002). 

Batch melting and fractional melting models are mainly used to demonstrate 

generation of partial melt in mantle and lower crust. Batch melting model assuming 

upwelling with contacting residue demonstrate melting process in equilibrium thus 



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

18 

the composition of rock is maintained. Whereas fractional melting model assume 

separating with residue thus the composition of rock is changed continually 

(Langmuir et al., 1992). Previous study has shown that partial melting of peridotite 

experiment demonstrating the melt composition changes with temperature, pressure 

and melt fraction. The fraction of Al2O3 decreases and that of MgO and FeO 

increases with increasing melt fraction. When partial melts are generated, the 

fraction of Al2O3 is high at first due to several reasons. One of the reason is 

minerals including high Al2O3 melt first and the other reason is the composition 

change to maintain equilibrium between mantle rock and melt (Kushiro, 2001). The 

bath melting model has limit to explain partial melting experiment result and 

upwelling of mantle melts thus the fractional melting is used primarily to 

demonstrate partial melting (Iwamori, 1993).   

The mantle melt is divided mid ocean ridge basalt (MORB) and oceanic 

island basalt (OIB) with generating geological condition. Table 1 is the composition 

of MORB in mid-Atlantic ridge, East-Pacific ridge, Indian ocean ridge and OIB in 

Mauna Kea and West Greenland. The mole fraction of SiO2, CaO and MgO of 

MORB is higher than that of OIB. In the previous study the macroscopic properties 

of multi-component silicate glasses and melts change with composition thus it is 

expected the difference of macroscopic properties between MORB and OIB.  

Many studies have performed experimentally and principally about the 

macroscopic property of multi-component silicate glasses and melts having insight 

for natural melt. Figure 5 shows the enthalpy of mixing of diopside (CaMgSi2O6) 

and Ca-Tschermakite (CaAl2SiO6) pseudobinary crystals and glasses. The enthalpy 

of mixing is positive for crystal and negative for glasses (Navrotsky et al., 1983). 
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The entropy of diopside is higher than that of Ca-Tschermakite for crystal and those 

are similar for amorphous (Richet et al., 1993). Figure 6 presents the viscosity of 

anorthite-diopside join (Del Gaudio and Behrens, 2009; Hofmeister et al., 2009; 

Neuville and Richet, 1991; Urbain et al., 1982). It is normalized by Tg (glass 

transition temperature) and the viscosity increases several orders of magnitude and 

the density also increases with an increase diopside content (Barbieri et al., 2004). 

Many studies have been performed about macro properties of multi-component as 

mentioned above whereas the study of atomic structure has been performed only 

about binary or ternary system (Mysen BO, 2005). Recent study has shown the 

structure of the simplest compound Al2O3 made by Al and O which is common 

elements in crust (Lee et al., 2009b) and the structure of multi-component silicate 

glasses has not been well understood yet. The atomic structure of Ca-Na 

aluminosilicate has been performed before (Lee and Sung, 2008) though the system 

is limited to demonstrate melting process in earth system due to the Na+ content is 

higher than natural melt.  

Here we report a study for CaO-MgO-Al2O3-SiO2 pseudobinary glasses, 

which includes the diopside (Di, CaMgSi2O6) component and Ca-Tschermakite 

(CaTs, CaAl2SiO6) component for end-member. The CMAS pseudobinary system 

is commonly used to demonstrate the change of macroscopic properties of mantle 

melts with composition quantitatively and systematically (Gasparik, 1984; 

Navrotsky et al., 1983; Richet et al., 1993). The CMAS pseudobinary glasses was 

used as a model system of natural basaltic melt because the melting temperature of 

diopside and Ca-Tschermakite join is very low. Thus CMAS pseudobinary glasses 

can be the model of preliminary melt. 



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

20 

The quantitative analysis of complex quaternary system, which is more close 

to real system, is particularly challenging in experimental aspect. The composition 

including Mg2+ instead of Na+ is used in this study. Although it is difficult to 

analyze atomic structure due to complexity and broadening of peak caused from 

higher cation field strength of Mg2+ than Na+, the study about atomic structure of 

CMAS pseudobinary can provide insight about natural basaltic magma. Here we 

report the atomic structure of CMAS pseudobinary glasses using high-resolution 

27Al NMR and 17O NMR break through the difficulty of analysis for multi-

component glasses. 

 

3.2. Experimental method 

 

Sample preparation  A series of CMAS pseudobinary glasses along the diopside 

and Ca-Tschermakite join with 0, 25, 50, 75 and 100 mol% CaAl2SiO6 component 

have been studied. They were synthesized from carbonate (CaCO3), and oxides 

(MgO, Al2O3 and SiO2). The compositions of pseudobinary glasses are peralkaline 

CMAS [xCaO : yMgO : (x-y)Al2O3 : (x+y)SiO2 (x=4, y=0, 1, 2, 3)](see table 2). 

The Al2O3, CaCO3 and SiO2 powder were dried at 400°C for 48 hours and MgO 

was dried at 1200°C for 2 hours. Each weighed powder was thoroughly mixed by 

grinding in an agate mortar, and then it was decarbonized in a Pt crucible at 800°C 

for 1 hour. Due to the melting temperature of CaMgSiO6 is 1391°C and about 

1500°C for CaAl2SiO6 thus the sample was melted above the respective melting 

temperature (1550~1600°C) for 1 hour, and finally quenched into glasses by 

plunging the bottom of the Pt crucible in a water bath. Approximately, 0.2 wt% of 
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cobalt oxide was added to enhance spin-lattice relaxation. Negligible weight loss 

(0.2~2.6%) was measured.  

The sample for 17O MAS and 3QMAS NMR were synthesized from 

carbonates (CaCO3) and oxide reagents including 17O-enriched SiO2. The latter was 

prepared by hydrolyzing SiCl4 in 20% 17O-enriched water. CaAl2SiO6 glass was 

synthesized by 40% 17O-enriched water. Approximately, 0.2 wt% of cobalt oxide 

was added to enhance spin-lattice relaxation. The mixtures were then fused in a Pt 

crucible for 1 h at 1600°C in an Ar atmosphere. The melt was quenched by 

removing the crucible from the furnace and manually lowering it into water. 

 

NMR spectroscopy  The 27Al MAS NMR spectra of CMAS pseudobinary glasses 

were collected at two static magnetic fields on a Bruker Avance DSX 500 

spectrometer (11.7 T) at a Larmor frequency of 130.284 MHz using a 4mm Bruker 

triple-resonance probe (Seoul National University, Korea) and on a Varian Solid 

NMR 400 system (9.4 T) at 104.229 MHz with a 3.2 mm Varian double resonance 

probe (Seoul National University, Korea). The recycle delay time for 27Al MAS 

NMR at two fields was 1s with 0.5 (11.7 T) and 0.3 (9.4 T) µs rf pulse strength. The 

sample spinning speeds of 15 kHz (11.7 T) and 14 kHz (9.4 T) were used for the 

two fields. The 3QMAS was only performed at 9.4 T using a fast-amplitude 

modulation (FAM)-based shifted-echo pulse sequence (consisting of two hard 

pulses with durations of 3.0 and 0.6 µs and a subsequent soft pulse with a duration 

of 15µs). Approximately 2000 to 5000 scans were averaged to achieve the signal to 

noise ratio shown in the 27Al MAS and 3QMAS NMR spectra.  
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The 17O MAS and 3QMAS NMR spectra of CMAS pseudobinary glasses 

were collected on Varian Solid NMR 400 system (9.4 T) at a Larmor frequency of 

54.229 MHz using a 4 mm Doty double-resonance probe (Seoul National 

University, Korea). The relaxation delay times for the 17O MAS NMR were 1 s and 

the rf pulse strength is 0.5 µs. Sample spinning speeds of 14 kHz was used. In the 

3QMAS NMR experiment at 9.4 T, the FAM (Fast Amplitude Modulation)-based 

shifted-echo pulse sequence (with a hard pulse of duration 4.5 μs for multiple 

quantum excitation and two 1.1 μs pulses for single quantum reconversion, and a 

soft pulse with a duration of approximately 20 μs and an echo time of 

approximately 500 μs (integer multiple of a rotor period) was used (Baltisberger et 

al., 1996; Madhu et al., 1999; Zhao et al., 2001). Approximately 12960 to 20000 

scans were averaged to achieve the signal to noise ratio shown in the 17O 3QMAS 

NMR spectra. The spectra are referenced to external tap water for both the fields. 

 

3.3 Results and discussion  

 

3.3.1 27Al and 17O NMR results 

 

27Al MAS NMR  Figure 7 shows 27Al MAS NMR spectra for CMAS pseudobinary 

glasses with varying composition at 9.4 T. Di means diopside and CaTs means Ca-

Tschermakite, the number of right side indicates each percents. [4]Al is predominant 

at about 60 ppm in all samples, and the line shapes show asymmetric extra intensity 

at lower frequencies, which suggests that the chemical shift distribution is 

predominant over the quadrupolar broadening. Also inhomogeneous broadening is 
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observed due to structural disorder of amorphous materials. The predominant [4]Al 

in all samples means that there is no structural change in nearest neighbor atom 

around Al due to Al3+ acts as a network forming cation (Allwardt et al., 2003; 

Barbieri et al., 2004). As the diopside content increases from 0 (CaAl2SiO6) to 75% 

(CaMgSi2O6), the peak position moves about 4.7 ppm from 56.2 to 51.5 ppm. This 

result is consistent with a trend in ternary silicate glasses from 27Al MAS NMR for 

Ca-aluminosilicate in previous study (Lee and Stebbins, 2003) and it indicates that 

Q4(4Si) increases with increasing Si fraction in CMAS pseudobinary glasses(Q4(4Si) 

means that all of tetrahedral around Al is Si with all of BOs). In spite of the NBO 

fraction of CMAS pseudobinary glasses is dramatically changes along the 

composition, the coordination numbers of Al less changes. It means most of Al are 

surrounded BO instead of NBO (Allwardt et al., 2003).  

The change of bond length and bond angle in atomic environment induce the 

change of peak width and it can be a degree of disorder in amorphous materials 

(Lee et al., 2005a; Lee and Stebbins, 1999). Figure 8 shows the full width half 

maximum (FWHM) of CMAS pseudobinary glasses decreases with increasing 

diopside content (54.5 ppm at diopside=0 and 43.9 ppm at diopside=0.75). As the 

fraction of Mg2+ increases, the degree of disorder in the system can be increasing 

while the trend of FWHM shows contrast results. That means 1D MAS NMR 

spectrum is not enough to explain change of spectrum because the quadrupolar 

coupling constant (Cq) affecting the peak width can be change with composition. 

Thus it needs to perform the supplemental experiment; 3QMAS NMR.  
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27Al 3QMAS NMR  Figure 9 shows 27Al 3QMAS NMR spectra that successfully 

resolve the [4]Al and [5]Al not shown in 1D MAS NMR spectra. All spectra show 

that [4]Al are major Al species and [5]Al is clearly observed around -24 ppm in 

isotropic dimension. The peak shapes are very similar while the peak width in MAS 

dimension decreases with increasing diopside content. Figure 10 shows the 

population of [5]Al changes with composition, which means that topological 

disorder increase in atomic structure. Ca-Tschermakite is single chain silicate thus 

there is [4]Al and [6]Al as shown figure 11 whereas [4]Al and [5]Al are presented in 

CaAl2SiO6 glasses due to topological disorder. As increasing Mg2+ which is a 

network modifying cation, the [5]Al is generated then distance of Al-O or Al-O-Al 

bond angle change affecting the structure medium range order.  

Figure 12 shows total isotropic projection of 27Al 3QMAS NMR spectra for 

CMAS pseudobinary glasses. Figure 12A shows there are [5]Al and [6]Al in CMAS 

pseudobinary glasses. Figure 10B is magnification of figure 12A. The peak position 

of [4]Al moves to higher frequency from -42.44 ppm (Di75CaTs25) to -46.25 ppm 

(CaTs). The trend in the isotropic projections provides a consistent result with MAS 

spectrum, the peak position shifts toward higher frequency in the 3QMAS isotropic 

dimension with increasing diopside content. Figure 13 shows the FWHM of [4]Al in 

total isotropic dimension decrease with an increasing diopside content. It was 

founded that the degree of disorder decrease with an increase diopside content.     

Figure 14 shows quadrupolar coupling constant (Cq) of [4]Al for CMAS 

pseudobinary glasses at 9.4 T with varying composition. The Cq is one of the 

structurally relevant NMR parameters that denotes the magnitude of quadrupolar 

interactions between quadrupole moment of nuclei and electric field gradients 
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generated by surrounding electrons. The Cq of [4]Al in CMAS pseudobinary glasses 

increases with increasing diopside content from 6.27 MHz to 6.98 MHz, suggesting 

larger distortion of [4]Al polyhedral for low diopside content composition (Ghose 

and Tsang, 1973). As increasing diopside content, the isotropic chemical shift and 

FWHM of [4]Al decreases, implying an decrease in topological entropy stemming 

from bond length and width distribution (Lee, 2004). These results contrast with 

those of population of [5]Al in CMAS pseudobinary glasses. The population of [5]Al 

suggests the Mg2+ perturbs the network whereas FWHM in total isotropic 

dimension and Cq indicate decreasing topological entropy. This means bond length 

and bond angle are ordered in CaMgSi2O6 than CaAl2SiO6 glasses.  

 

17O MAS NMR Figure 15 shows the 17O MAS NMR spectra for CMAS 

pseudobinary glasses. The peak shape and position of 17O NMR spectrum changes 

with atomic structure around oxygen, the atomic environment around oxygen is 

determined from that of information in multi component silicate glasses (Lee and 

Sung, 2008). And it can be confirmed structural changes directly from 17O NMR 

spectra which provide the fraction of BO ( e.g. Al-O-Si, Al-O-Al, Si-O-Si) and 

NBO (e.g., Si-O-Ca) in multi-component silicate glasses (Lee, 2005a). In spite of 

17O NMR experiment is very challenging because it is difficult to synthesis 17O 

enriched sample and oxygen nuclei has low gyromagnetic ratio, 17O NMR is very 

useful to study about earth interior because the macroscopic properties can be 

calculated from the atomic structure information obtained by 17O NMR, such as 

activity coefficient topological entropy, and diffusivity involved in generation and 

transport of melt (Lee, 2005b). Figure 15A shows 17O MAS spectra for CAMS 
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pseudobinary glasses and figure 15B shows tremendous change of oxygen 

environment with composition. 17O MAS NMR spectrum shows presence of Ca-

NBO at 99 ppm and the peaks of Al-O-Al overlapped with Al-O-Si in Ca-

Tschermakite (CaAl2SiO6) glass. The fraction of NBO increases with increasing 

diopside content and there is only Si-O-Si and {Ca, Mg}-NBO in diopside 

(CaMgSi2O6) glass. 

 Both of the diopside and Ca-Tschermakite are single chain silicates 

(Ca2+:Al3+ = 1:1) as shown figure 11 and NBO/T are 2 whereas previous study has 

shown that the NBO fraction is much high in those system (Stebbins and Xu, 1997). 

27Al MAS spectra in this study probe all of Al atom is surrounded by BO (Allwardt 

et al., 2003). From those results, the Ca-NBO in figure 15 is Ca-O-Si not Ca-O-Al. 

The bond preference of NBO is proved by quantum chemical calculation. The bond 

energy of Ca-O-Al is much higher (about 100 kJ) than Ca-O-Si (Lee and Stebbins, 

2006). Recent study revealed directly the fraction of Ca-O-Al decrease with 

increasing Si content through a double resonance {17O}27Al HMQC NMR 

experiment (Lee et al., 2009a). BOs and NBOs are overlapped in O-17 MAS NMR 

spectra except Ca-NBO in Ca-Tschermakite thus it is difficult to analyze the 

fraction of BO and NBO quantitatively. It needs high-resolution 2D 17O 3QMAS 

NMR to analyze qualitatively. 

  

17O 3QMAS NMR  Figure 16 shows 17O 3QMAS NMR for model quaternary 

aluminosilicate (CaO: MgO: Al2O3: SiO2=8.8: 18.9: 21.3: 51.0 wt%) resolving four 

different oxygen environments including Si-O-Si, Al-O-Al, Al-O-Si and {Ca, Mg}-

NBO. The peak position of Si-O-Si, Al-O-Al, Al-O-Si and mixed NBO ({Ca, Mg}-
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O-Si) is about -51, -17, -35 and -30 ppm in isotropic dimension, respectively (Lee et 

al., 2005a). The well resolved 17O 3QMAS NMR spectrum for model quaternary 

silicate provides a ground for quantitative analysis of 17O 3QMAS NMR for CMAS 

silicate glasses in pseudobinary join (diopside and Ca-Tschermakite). 

Figure 17 shows 17O 3QMAS NMR spectra for CMAS pseudobinary glasses 

at 9.4 T with varying diopside content providing considerably enhanced resolution 

among the O-atom sites as compared with 17O MAS NMR spectra. The oxygen 

environment of CMAS pseudobinary glasses change with composition as shown 

Figure 17. The peak position of Al-O-Al and Al-O-Si in Ca-Tschermakite glass is 

about -35 and -41 ppm in isotropic dimension respectively. The proportion of each 

of BO is about 38 ± 5% for Al-O-Al and 62 ± 5% for Al-O-Si (Lee and Stebbins, 

2002). It is note that Ca-NBO is well resolved at -63.5 ppm in isotropic dimension. 

The Si-O-Si peaks are shown around -51 ppm in isotropic dimension, the Al-O-Al 

peaks are reduced gradually and the mixed {Ca, Mg}-NBO peaks increase with an 

increase in XDi (the mole fraction of diopside in CMAS pseudobinary glass). The 

chemical shielding of the mixed {Ca, Mg}-NBO peak decrease with diopside 

content (the peak shifts to a lower frequency in isotropic dimension). The peaks of 

Si-O-Si and {Ca, Mg}-NBO are remained in diopside glass (XDi=1) around -40 and 

-51 ppm in isotropic dimension. Note that the peak assignment is based on the 

previous reports on binary silicates and ternary Ca-Mg aluminosilicate glasses 

(Allwardt and Stebbins, 2004; Lee and Stebbins, 2002). The chemical shielding of 

the mixed NBO peak decreases with diopside content and chemical shift dispersion 

increase. This result implies extensive mixing between Ca2+ and Mg2+ around the 

NBO (Lee and Sung, 2008). Figure 18 shows the total isotropic projection of 17O 
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3QMAS NMR spectra for CMAS pseudobinary glasses. The resolution of 17O 

3QMAS NMR spectra is higher than MAS spectra however peaks are still 

overlapped. Ca-NBO is partially resolved in right side of spectrum and it is shown 

that the intensity of Si-O-Si decreases with increasing diopside content. Also Al-O-

Al, Al-O-Si and Mg-NBO are partially resolved in CMAS pseudobinary glasses.     

Figure 17 shows that Ca-NBO peak still remained at around -64 ppm in isotropic 

dimension in intermediate composition (Di : CaTs =50 : 50) of which Mg/Ca is 0.5. 

It means that the mixing behavior of CMAS pseudobinary glasses is nonrandom. 

Previous study has shown the simplest model to confirm the random mixing 

behavior between diopside and Ca-Tschermakite glasses. It was assumed that there 

are statistical distributions of three Ca and Mg cations surrounding each NBO, there 

are four possible species which are 3Ca-NBO, 2Ca1Mg-NBO, 1Ca2Mg-NBO, 

3Mg-NBO. The peak position and width of Ca-NBO is predicted from Ca-

Tschermakite, that of Mg-NBO is predicted from enstatite in previous study 

(Allwardt and Stebbins, 2004) and that of other species is estimated using numerical 

means. The predicted peak positions of each NBO are -67, -56, -46 and -36 

respectively and the predicted percentages of each NBO species are  

 

X3Ca = x3 

X2CaMg = 3x2(1-x)                                              (1) 

XCa2Mg = 3x(1-x)2 

X3Mg = (1-x)3 
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Where x=Ca/(Ca+Mg) and this value is change from 1 to 0.5 in CMAS 

pseudobinary glasses. Figure 19 shows the 17O 3QMAS NMR spectrum for 

intermediate composition of CMAS pseudobinary glasses (Di50CaTS50, diopside : 

Ca-Tschermakite = 50 : 50) and a hypothetical spectrum for NBO species including 

3Ca-NBO, 2CaMg-NBO, Ca2Mg-NBO and 3Mg-NBO with random distribution. 

Ca/(Ca+Mg) change with composition from 0 to 1 in CAMS pseudobinary glasses 

and that is 0.67 in Di50CaTS50. The calculated percentage of each NBO using 

equation (1) is 29.5, 55.5 22.3 and 3.7 % in the intermediate composition as shown 

figure 19. The peak maximum of total NBO in hypothetical spectrum is about -56 

ppm whereas that of 2D 17O 3QMAS NMR spectrum is about -64 ppm as presented 

figure 19, suggesting nonrandom distribution of each NBO species. This 17O 

3QMAS NMR spectrum for Di50CaTS50 showing peak maximum at Ca-NBO site 

suggests two possibilities. First, there are less mixed {Ca, Mg}-NBO (2CaMg-NBO, 

Ca2Mg-NBO) and Mg-NBO overlapped with Al-O-Al peak. Second, Mg2+ prefers 

BO than NBO, Ca-NBO is predominant in NBO species. Assuming later possibility 

is correct, the preferential partitioning of Ca and Mg between NBO and BO (Al-O-

Al, Al–O–Si) in CMAS pseudobinary glasses can be expressed by a quasi-

equilibrium expression given below 

 

Ca----Al-O-Al + Mg-NBO = Mg----Al-O-Al + Ca-NBO                    (2) 

Ca----Al-O-Si + Mg-NBO = Mg----Al-O-Si + Ca-NBO                    (3) 

 

The direction of above reactions is left to right basis on the preference of NBO. 

Ca2+ and Mg2+ compete each other and the primary role of Ca2+ may be as a 
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network-modifying cation near the NBO, while that of Mg2+ is as a charge-

balancing cation in CMAS pseudobinary glasses. 

 

3.3.2 Raman spectroscopy 

 

The polymerization of silicate glasses and melts plays a critical role in their 

properties. Raman spectroscopy as well as NMR has been widely used to 

investigate changes in polymerization of silicate glasses (McMillan et al., 1982; 

Mysen et al., 2003; Neuville et al., 2008b). Figure 19 shows the Raman spectra of 

CMAS pseudobinary glasses. There are two groups of Raman mode in silicate 

glasses, which are Si-O-Si bending vibration between 400 and 750 cm-1 and Si-O 

stretching vibration between 800 and 110 cm-1. The frequencies of stretching mode 

are related to the degree of polymerization Si tetrahedron, each of frequencies are 

850(Q0), 900(Q1), 1000(Q2) and 1100(Q3) cm-1. (McMillan, 1984) Qn means SiO4 

tetrahedron with ‘n’ bridging oxygen. Figure 19 shows few change in stretching 

mode, while systematic change in bending mode (400~800 cm-1). Q0 and Q1 

decrease while Q2 and Q3 increase with decreasing diopside component, which 

means degree of polymerization decreases. This is because the NBO fraction 

increases due to perturbation of Mg2+ in diopside component as shown 17O 3QMAS 

NMR spectrum. Also we observe that the frequency of Si-O-Si bending shifts to 

lower frequency with increasing Al2O3 content, which means the bond length and 

bond angle of Si-O-Si changes with composition. These results means that the 

degree of polymerization and bond length, bond angle are change with composition. 
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3.3.3 Implication for macroscopic properties and geophysical process 

 

The atomic structure of CMAS pseudobinary glasses provides implications for 

several macroscopic properties and geophysical process. First of all, previous study 

has shown that the enthalpy of mixing of CMAS pseudobinary glasses is negative 

whereas that of crystalline materials is positive (Navrotsky et al., 1983) which 

means that the diopside phase and Ca-Ts phase are separated in crystal and they are 

mixed in glass. The Al3+ is in tetrahedral site and octahedral site of half rate in 

CaAl2SiO6 crystal. When the Ca-Tschermakite and diopside mix together, the Al3+ 

in tetrahedral in Ca-Ts is a little bit easy to exchange with Si tetrahedral whereas it 

is hard to exchange the Al3+ in octahedral site with Mg2+ in octahedral site in 

diopside because there are lattice difference due to difference of atomic distance 

(Al-O is 1.947 Å and Mg-O is 2.115 Å). The bond of Al3+ octahedral site is broken 

and distorted thus there are [4]Al and [5]Al not [6]Al in CaAl2SiO6 glasses as shown 

figure 9. From this result we can conclude that it is easier to mix together in glass 

than crystal, the enthalpy of mixing is negative in glass. These results has 

implication for generation of basaltic melt. As natural basaltic melt is generated in 

the earth’s interior, the composition of primary melt can be represented as CMAS 

pseudobinary glass due to the melting point of that system is the lowest. The 

negative enthalpy of mixing of CMAS pseudobinary glasses indicates two systems 

can be mixed more easily.     

Second implication is about viscosity affecting the transport mantle melt in 

earth’s interior. It has been known the viscosity decrease with increasing NBO in 

silicate glass and melts as mentioned above (Del Gaudio and Behrens, 2009; 
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Hofmeister et al., 2009; Neuville and Richet, 1991; Urbain et al., 1982), however 

the NBO fraction of those system is predicted by calculation. Here we report the 

experimental value of NBO fraction directly from 17O 3QMAS NMR spectrum. We 

can conclude that difference of viscosity between diopside and Ca-Ts is stem from 

NBO fraction as shown figure 17. We can find the proportion of NBO is larger in 

CaMgSi2O6 than CaAl2SiO6 glasses. Thus viscosity increases with increasing 

diopside content in CMAS pseudobinary glasses. Viscosity is the transport property 

affecting melt migration thus basaltic melt in the earth’s interior transport easier 

with composition that is high diopside content.  

Third, the atomic structure has also implication for geophysical process such 

as dissolution of igneous rock. The rainwater or underground water infiltrate into 

igneous rock such as basalt then the minerals in that of rock react with waters; that 

is dissolution by water. There are alkaline earth’s cation such as Basalt is CMAS 

multi component silicate  Ca2+ extract more easily than Mg2+ because Ca2+ 

connects with NBO whereas Mg2+ connects with BO and the bond energy of BO is 

higher than that of NBO. The bond preference of NBO also affects the dissolution 

process in earth.       

 

4. FURTHER STUDY 

 

4.1 43Ca MAS and 3QMAS NMR  

 

Alkaline earth cation, Ca2+ is abundant element in the magmatic liquids. Most 

studies on their chemical structures have been focused on SiO4 and AlO4 tetrahedral 
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networks, whereas the local environments around the divalent cations have been a 

question to understand amorphous structures. 27Al and 17O NMR is not enough to 

explain the mechanism along the changing composition. It is found that Ca2+ prefers 

NBO from 17O 3QMAS NMR spectrum, however it needs obvious evidence. Also 

we want to know what the role of Ca2+ whether a network modifying cation or a 

charge balancing cation. We expect that 43Ca NMR spectra could distinguish the 

network modifying Ca2+ and charge balancing Ca2+.   

NMR studies on such cation have been suppressed because of low natural 

abundance (0.145% for 43Ca) and low gyromagnetic ratio. Despite 43Ca NMR study 

is very challenging, through the 43Ca NMR study we could obtain information of 

coordination number for the system (Shimoda et al., 2007). And through the 

coordination number or NMR parameter (e.g. Cq) we can predict Ca-O distance. 

From these results we could know the structure for diopside-Ca-Ts join system 

(Laurencin et al., 2008). Thus we want to report the Ca2+ environments in several 

geologically relevant silicate glasses using high-resolution MAS and 3QMAS NMR 

spectroscopy. It is expected that changing composition from diopside to Ca-Ts 

chemical shift of 43Ca could be changed. 

 

4.2 synchrotron study: X-ray absorption spectroscopy  

 

Natural melts in the earth interior include about 10% FeO or Fe2O3 which are 

paramagnetic substance. Paramagnetic substances contain localized unpaired 

electrons, which couple to surrounding nuclei through the hyperfine interactions. 

Since the electron Zeeman states are unequally populated, and the electron 
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relaxation is very fast, the overall effect is to shift the nuclear spin resonances. 

(Levitt, 2001) Thus it needs another method to analyze the atomic structure of 

nearest composition of natural melts which include 10% FeO or Fe2O3. One of the 

effective methods is X-ray absorption spectroscopy, which provides information 

about atomic distance, coordination number, and local symmetry. We will perform 

the EXAFS (extended X-ray absorption fine structure) or XANES (X-ray 

absorption near edge scattering) then it will be possible to demonstrate the atomic 

structure of natural melts. Previous XANES study has shown there was structural 

rearrangement of CMAS silicate melts and glasses at high temperature (Neuville et 

al., 2008a) and another studies has shown XANES study about speciation of Fe in 

silicate glasses and melts (Wilke et al., 2007) however their system was not similar 

with natural basaltic melts. Thus we try to perform EXAFS or XANES experiment 

about CMAS pseudobinary glasses including 5~10 % FeO or Fe2O3. It is also 

expected to analysis the change of atomic structure with pressure using diamond 

anvil cell for multi-component silicate glasses from the atomic structure is probed 

using EXAFS or XANES. 

 

5. CONCLUSION 

 

From the experimental data presented here, an insight into multi 

component silicate glasses can be obtained with CMAS pseudobinary glasses in 

this study. The 27Al MAS NMR spectra for the CMAS pseudobinary glasses show 

that four-coordinated Al is predominant, which demonstrate that Al3+ is a network 

forming cation. The peak position moves toward lower frequency with increasing 

diopside content due to an increase in Q4(4Si) fraction with increasing Si content, 
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indicating that Al is surrounded only by bridging oxygen. The quadrupolar 

coupling constant (Cq) and FWHM of [4]Al decreases with increasing diopside 

content, indicating a decrease of topological disorder. 17O MAS NMR spectra for 

CMAS pseudobinary glasses qualitatively suggest that the NBO fraction increases 

with increasing diopside content. The nonrandom distribution of Ca-NBO and Mg-

NBO indicates NBO prefers Ca2+ than Mg2+. Mg2+ has proximity to Si-O-Al at 

intermediate composition thus Mg2+ plays a preferential role as a charge-balancing 

cation, while Ca2+ can act as a network-modifying cation in the Ca-Mg 

aluminosilicate glasses.  The observed structural changes in the CMAS glasses 

can account for the changes in macroscopic properties with composition. For 

example, the predominance of [4]Al and its extensive mixing with Si as evidenced 

by the significant fractions of [4]Al-O-[4]Si is consistent with a negative 

experimental enthalpy of mixing for silicate glasses in diopside and Ca-

Tschermakite join from solution calorimetry. As viscosity of silicate melts 

decreases exponentially with NBO fraction, while there is no available 

experimental data for the viscosity of silicate melts in the diopside-anorthite join, 

the observed increase in NBO fraction with increasing diopside content indicates a 

decrease in melt viscosity toward a diopside end-member.  

Finally, the preferential partitioning of Ca2+ and Mg2+ between NBO and 

BO may results in a variation of activity coefficient of CaO and MgO, thus 

controlling composition of melts generated at the Mid-Ocean Ridge or Oceanic 

Islands. This preference also has strong implication for dissolution mechanisms of 

basalts in contact with aqueous fluids. Taking into consideration of stronger bond 

between network modifying cations and NBO (over charge-balancing cation and 

BO), Mg2+ in the basalts is likely to be dissolved easily. The results and methods 

shed light on structure of multi-component oxide glasses and provide improved 

understanding their structure-property relations.  
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TABLES 

 

Table 1. Composition of oceanic island basalt and mid ocean ridge basalt in mol % 

 
Ocean Island * (mol%) 

 
Mid Ocean Ridge † (mol%) 

 
Mauna Kea 

West 
Greenland  

Mid-
Atlantic 
Ridge 

East-
Pacific 
Ridge 

Indian-
Ocean 
Ridge 

SiO2 46.20  45.84  46.9 
 

56.46  56.68  56.70  

TiO2 2.01  1.83  1.29 
 

1.04  1.25  0.83  

Al2O3 9.93  9.90  11.6 
 

10.24  9.92  9.98  

Fe2O3 0.93  1.23  1.82 
 2.85  3.31  2.98  

FeO 10.40  10.32  9.4 
 

MnO 0.18  0.19  0.21 
    

MgO 17.80  18.27  17.1 
 

12.77  11.95  12.77  

CaO 10.00  10.12  9.9 
 

13.60  13.79  14.09  

Na2O 1.72  1.53  1.56 
 

2.87  2.91  2.51  

K2O 0.56  0.42  0.09 
 

0.12  0.12  0.10  

P2O5 0.23  0.28  
  

0.06  0.06  0.05  

*(Herzberg, Nature, 2006)                      †(Winter J.D., 2001) 
  

 

 

Table 2. Composition of CaO-MgO-Al2O3-SiO2 silicate glasses in diopside-Ca-

Tschermakite pseudobinary join. 

Di-CaTs mol ratio XMgO 
NBO 

(calculation) 

CMAS mole % 

CaO MgO Al2O3 SiO2 

0 100 0  0 33.0  0.0  33.0  33.0  

25 75 0.25 0.17  30.8  7.7  23.1  38.5  

50 50 0.5 0.33  28.5  14.3  14.3  42.9  

75 25 0.75 0.50  26.7  20.0  6.7  46.7  

100 0 1  0.67  25.0  25.0  0.0  50.0  
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FIGURES 

 

 

 

 

 

Figure 1. 27Al MAS and 3QMAS NMR spectra for Mg-aluminoborate glasses 

(MgO:Al2O3: B2O3=2:1:2) at 9.4 T. 27Al MAS spectrum for AlCl3 liquid is also 

shown. Contour lines are drawn at 5% intervals from relative intensities of 7% to 97% 

with added 3%. 
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Figure 2. Comparison between 27Al MAS NMR for CaAl2SiO6 glass at 9.4 T and 

11.7 T. The spinning sideband is labeled ‘*’. 



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

45 

 

 

 

 

 

 

Figure 3. Effect of number of component on number of bond (or species) in oxides. 
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Figure 4. (A) A hypothetical NMR spectrum for single component liquid, (B) for 

single component amorphous material, (C) for binary amorphous material, and (D) 

for multi-component amorphous material. 
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Figure 5. Enthalpy of mixing for CaO-MgO-Al2O3-SiO2 silicate glasses in 

diopside -Ca-Tschermakite pseudobinary join. XDi is the mole fraction of diopside 

(Navrotsky et al., 1983). 
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Figure 6. Viscosity of diopside (Di, CaMgSi2O6) and anorthite (An, CaAl2Si2O8) 

glasses. The red diamond is viscosity of Di, the blue circle is that of An (Hofmeister 

et al., 2009), and the triangle is that of Di-An join (Di:An= 50:50) (Del Gaudio and 

Behrens, 2009). Tg is the glass transition temperature.   
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Figure 7. 27Al MAS NMR spectra for CaO-MgO-Al2O3-SiO2 silicate glasses in 

diopside -Ca-Tschermakite pseudobinary join at 9.4 T with varying diopside 

content. Di is diopside (CaMgSi2O6) and CaTs is Ca-Tschermakite (CaAl2SiO6).   
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Figure 8. FWHM of [4]Al in MAS dimension for CaO-MgO-Al2O3-SiO2 silicate 

glasses in diopside -Ca-Tschermakite pseudobinary join. Di is diopside and CaTs is 

Ca-Tschermakite. XDi is the mole fraction of diopside.   
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Figure 9. 27Al 3QMAS NMR spectra for CaO-MgO-Al2O3-SiO2 silicate glasses in 

diopside -Ca-Tschermakite pseudobinary join at 9.4 T with varying diopside 

content. Di is diopside (CaMgSi2O6) and CaTs is Ca-Tschermakite (CaAl2SiO6). 

Contour lines are drawn at 5% intervals from relative intensities of 2% to 97%. 
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Figure 10. The population of [5]Al for CaO-MgO-Al2O3-SiO2 silicate glasses in 

diopside -Ca-Tschermakite pseudobinary join. Di is diopside and CaTs is Ca-

Tschermakite.  
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Figure 11. The atomic structure of diopside and Ca-Tschermakite crystals. The left 

one is diopside and right one is Ca-Tschermakite. 
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Figure 12. Total isotropic projection of 27Al 3QMAS NMR spectra for CaO-MgO-

Al2O3-SiO2 silicate glasses in diopside -Ca-Tschermakite pseudobinary join at 9.4 

T. Di is diopside and CaTs is Ca-Tschermakite. (B) is magnification of (A).    
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Figure 13. FWHM of [4]Al in total isotropic projection of 27Al 3QMAS NMR 

spectra for CaO-MgO-Al2O3-SiO2 silicate glasses in diopside -Ca-Tschermakite 

pseudobinary join at 9.4 T. Di is diopside and CaTs is Ca-Tschermakite. 
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Figure 14. Quadrupolar coupling constant (Cq) of [4]Al in CaO-MgO-Al2O3-SiO2 

silicate glasses in diopside -Ca-Tschermakite pseudobinary join. Di is diopside and 

CaTs is Ca-Tschermakite. 
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Figure 15. 17O MAS NMR spectra for CaO-MgO-Al2O3-SiO2 silicate glasses in 

diopside -Ca-Tschermakite pseudobinary join, (B) for diopside glass and Ca-

Tschermakite glass at 9.4 T. Di is diopside and CaTs is Ca-Tschermakite.  
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Figure 16. 17O 3QMAS NMR spectra for model quaternary aluminosilicate glasses 

(CaO: MgO: Al2O3: SiO2=8.8: 18.9: 21.3: 51.0 wt%) at 9.4 T. Contour lines are 

drawn at 5% intervals from relative intensities of 3% to 98%. 
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Figure 17. 17O 3QMAS NMR for CaO-MgO-Al2O3-SiO2 silicate glasses in 

diopside -Ca-Tschermakite pseudobinary join at 9.4T with varying diopside 

content. Di is diopside and CaTs is Ca-Tschermakite. Contour lines are drawn at 5% 

intervals from relative intensities of 8% to 98% with added lines at 4%. 
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Figure 18. Total isotropic projection of 17O 3QMAS NMR spectra for CaO-MgO-

Al2O3-SiO2 silicate glasses in diopside -Ca-Tschermakite pseudobinary join at 9.4 

T with varying diopside content. Di is diopside and CaTs is Ca-Tschermakite.  
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Figure 19. 17O 3QMAS NMR spectrum for intermediate composition of diopside 

(Di)-Ca-Tschermakite (CaTs) pseudobinary join (Di : CaTs = 50 : 50) at 9.4 T. 

Contour lines are drawn at 5% intervals from relative intensities of 8% to 98% with 

added lines at 4%. A predicted spectrum of NBO peaks (in the isotropic projection) 

are also shown based on composition (Ca/(Ca+Mg)=0.67) using the random model 

is also shown.  
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Figure 20. Normalized Raman spectra at room temperature for CaO-MgO-Al2O3-

SiO2 silicate glasses in diopside -Ca-Tschermakite pseudobinary join. Di is 

diopside and CaTs is Ca-Tschermakite. 
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APPENDIX 1 

The effect of network modifying cation (i.e. Mg2+) in Mg-aluminosilicate glass 

(Park et al., in preparation) Mg-aluminosilicate glass is a model silicate melts of 

mantle melts in the earth’s interior (Lee, 2005b) In the two series of Mg-

aluminosilicate glasses (i.e. MgSiO3+2.5%Al2O3 and MgSiO3 + 10% Al2O3), we 

performed 27Al MAS and 3QMAS NMR experiments. The 27Al NMR spectra 

obtained on a Varian 400 solid-state spectrometer (9.4 T) at resonance frequency of 

104.229 MHz. Figure A1 shows 27Al MAS NMR spectra for Mg-aluminosilicate 

with different alumina content, which are overlapped due to quadrupolar effect. The 

overlapped [4]Al, [5]Al, [6]Al atomic structures are fully resolved with two-

dimensional 27Al 3QMAS NMR as shown figure A2. Those Al species have not 

been observed for other alkaline earth aluminosilicate melts and glasses. The results 

thus suggest significant topological and configuration disorder in the mantle melts 

due to the presence high field strength cation (i.e., Mg2+). 
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Figure A1. 27Al MAS spectra for Mg-aluminosilicate glasses at 9.4 T,. * refers to 

spinning side bands. 
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Figure A2. 27Al 3QMAS spectra for Mg-aluminosilicate glasses at 9.4 T. Contour 

lines are drawn from 3% to 98% of relative intensity with a 5% increment. 
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APPENDIX 2 

The atomic structure of Al2O3 thin film (Lee, S.K., Lee, S.B., Park, S.Y., Yi, 

Y.S., and Ahn, C.W., 2009, Physical Review Letter) While the structure of 

amorphous alumina has diverse industrial applications as catalyst, ceramics, and 

thin film devices, little is known about their atomic structures including its 

coordination states due to lack of suitable experimental probes. 27Al MAS and 

3QMAS NMR has proven to be extremely useful to resolve, otherwise overlapping 

Al species in amorphous materials. Here we extended these methods to explore the 

nature amorphous alumina in thin film and report the first high resolution 27Al MAS 

and 3QMAS NMR spectra where the presence of distinct Al coordination species 

including [4]Al, [5]Al, and [6]Al are for the first time demonstrated(figure A3. The 

calibrated fractions considering rotor background and other factor (i.e. Cq, 

quadrupolar broadening factor) for [4]Al, [5]Al, and [6]Al are 55 ± 3, 42 ± 3, and 3 ± 

2%, respectively. Study of alumina thin film with solid state NMR provides future 

directions to study single component glasses which are hard to synthesis. 
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Figure A3. 27Al 3QMAS NMR spectra for alumina thin film. Projections on the 

isotropic are also shown. (Lee et al., 2009) Contour lines are drawn at 5% intervals 

from 12% to 97% with added lines at 6% and 9%. 
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국  요 약 

 

지구 구  질들  분  에 라 단 분계에  다 분계  

분   있다. 이  다 분계 질 규산염  리질, 라믹, 

내 질  주요 구  질이고 맨틀 부  생 는  

용 체(melt)  주요 구  분이므  다 분계 질 규산염  

원자구조  리 학  특  히는 것  지구 내부  마그마  이동, 

지구 시스  분  등  명에 실마리를 공해 다. 특  원자 

심  보를 공해주는 고분해능 고상핵자  공명 분 분 (NMR)  

암질 마그마를 포함한 부분  자연계  다 분계 규산염 용 체  

원자 구조 분 에 합하다. 본 연구에 는 일차원과 이차원 고상 

NMR  이용하여 암질 마그마  모델 시스 인 과 Ca-

처마카이트를 단종  하는 CMAS (CaO-MgO-Al2O3-SiO2) 질 

규산염  조 에 른 원자 구조  변 를 규명하 다. 27Al MAS NMR 

실험 결과 모든 조 에 해 60 ppm 근처에  [4]Al 피크가 지  

나타나며 이는 Al3+이 트워크  이  작용한다는 것  

지시한다.  분이 증가함에 라 피크 가  향  4.7 

ppm 이동하는 것  조 에  Si  상 인 양이 증가하면  Q4(4Si)가 

증가하는 것  미하고 이를 통해 Al 주변  산소가 모  연결 

산소(BO, bridging oxygen)임이 인 었다. 27Al 3QMAS NMR 실험 결과 1-

D MAS NMR 스펙트럼에 는 구별 지 않  [4]Al  [5]Al  피크가 

분리 어 찰 었다.  분이 증가하면  [5]Al  상 인 양이 

증가하는 것이 찰 며 이는 트워크 란작용  일 키는 Mg2+ 가 

증가하  이다. Ca-Mg 알루미노규산염 내  [4]Al 에 한 Cq 

(quadrupolar coupling constant) 값   조 이 증가할  감소하는 
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경향  보이며 이는 상학  질 가 감소한 것  미한다. 17O MAS 

NMR 실험 결과 Ca-Mg 알루미노규산염 내에 Ca-NBO (non bridging 

oxygen)인 Ca-O-Si  연결 산소가 17O MAS NMR 스펙트럼상에  

구별 며  분이 증가함에 라 NBO  상 인 양이 증가하는 

것이 인 었다. 고해상도 17O 3QMAS NMR 실험 결과 1D MAS NMR 

상에  인 지 않  Al-O-Al, Al-O-Si, Si-O-Si  Ca-NBO, {Ca, Mg}-

NBO 가 부분  구별 며 산소 주변  원자 경  과 Ca-

Mg 알루미노규산염에 해 이 에 알 지지 않았  학  상학  

질 도에 한 보를 공해 다. 과 Ca-처마카이트가 

50:50  여 있는 간 조 에  상당한 양 Ca-NBO 가 -64 

ppm 도에  분리 어 있는 것이 찰 며 이는 Ca-NBO  Mg-NBO 가 

생   랜  분포를 가지지 않고 Ca2+가 NBO 를 한다는 것  

미한다. Ca-Mg 알루미노 규산염 내에  Mg2+는 Si-O-Al  포함하는 

BO  연결 어 하 균  양이  작용하는 면 Ca2+는 트워크 

란 양이  작용한다. 본 연구에  Ca-Mg 알루미노 규산염에 

한 원자 구조는 조 에 른 거시  질  변 를 명한다. 를 

들어 [4]Al 과 [4]Al-O-[4]Si  존재는 질 과 Ca-처마카이트 

사이원계  합 엔탈피가  값  가지는 것  명한다. 규산염 

용 체  도는 NBO 가 증가할  격히 감소하는 것  알  

있 나 과 회장  이원계에 해 실험  NBO  변 를 힌 

는 없다. 본 연구에 는 Ca-Mg 알루미노 규산염  산소 주변 

원자 경  통해 조  변 에 라 NBO  상  양이 변하는 것  

실험  증명하 며 이는  상  양이 증가할  

도가 감소하는  실험값과 일 하는 경향  보인다.  



 

 

Copyright(c)2002 by Seoul National University Library. 

 All rights reserved.(http://library.snu.ac.kr) 

 

72 

NBO  BO 사이  Ca2+, Mg2+ 도는 CaO  MgO  동도 

계 에 향  주므  궁극  해양도  앙 해 에  생 는 

용 체  조  변 를 도한다. 또한 지하 나 에 한 암  

용해과 에  트워크 란 양이 과 NBO 사이  강한 결합  

인해 Ca2+에 해 Mg2+가  쉽게 용해 다. 본 연구에  결과는 

다 분계 질 질  원자구조를 명 히 규명해 주며 원자구조  

질 사이  계에 한 새 운 연구 향  시한다. 

 

주요어 : 암질 마그마, 다 분계 질 규산염, -Ca-

처마카이트 이원계, 핵자  공명 분 분 , 원자구조 
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