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Supplementary Information (SI) Text 
 

S1. The degree of polymerization in silicate glasses:  

The trend in the partition coefficients of elements between basaltic melts and 

coexisting crystalline phases in the upper mantle may originate from structural changes, 

such as the formation of highly coordinated framework cations and changes in the degree of 

melt polymerization (1). 17O NMR allows us to estimate the fractions of the oxygen atoms in 

a glass that are bonded to various cations. As Si and Al are network-forming cations, 

oxygens in groups such as [4]Si-O-[4]Si, [4]Si-O-[5,6]Si, Si-O-[4]Al, [4]Si-O-[5,6]Al and [4]Al-O-[4]Al 

are called bridging oxygens (BO), whereas oxygens in groups such as {Ca, Mg}-O-[4]Si are 

nonbridging oxygens (NBO). The degree of polymerization of a silicate composition is often 

parameterized by the mole fraction of NBO (XNBO, the number of NBO per total oxygens) 

that can be directly estimated from multi nuclear NMR. Furthermore, it has also been 

parameterized by the number of NBO per tetrahedrally-coordinated cation, NBO/T [that can 

vary from 0 (fully polymerized) to 4 (fully depolymerized)]. The estimated XNBO and NBO/T 

of the Di64An3 glasses at 1 atm are ~0.38 and ~1, respectively. Therefore, the model basaltic 

glasses are partially depolymerized and have an intermediate degree of network 

polymerization.  
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S2. Structure of multi-component silicate melts and glasses upon compression: Utility and 

limitation of scattering techniques and solid-state NMR: 

Below we briefly summarize the known utility and limitation of diverse conventional 

scattering and spectroscopic experimental techniques and solid-state NMR (a main technique 

of the current study) of multi-component aluminosilicate glasses at high pressure. More 

detailed information is available in the original manuscripts and references therein.  

Scattering and spectroscopic studies. A number of pioneering, experimental scattering (both 

X-ray and neutron scattering) studies provide direct insights into the pressure-induced 

evolution of the short-to-medium range atomic configurations in silicate and oxide glasses 

and melts under compression [e.g., (2-18) and references therein]. Applications of the 

scattering techniques have mostly been focused on glasses with relatively simple 

compositions because of overlap among multiple binary correlation functions within 

relatively narrow ranges of radial distance in multi-component systems: at ambient pressure, 

it is still challenging to obtain model-free coordination numbers of Si and Al in multi-

component aluminosilicate glasses at even with collections of structure factors up to 40 Å-1 

[e.g., (19)]. This is partly because the scattering factors for these low-Z elements (e.g., Si and 

Al) as well as their difference are rather small. At high pressure, the pressure-induced 

transitions in coordination environments in silicate glasses under densification can be more 

challenging, mostly because of the somewhat limited scattering vector under elevated 

pressure conditions, constrained by the geometry and sample confining environments 

within high-pressure devices.  

It is also not trivial to unambiguously yield model-free structures of multi-

component oxide glasses at high pressure through vibrational spectroscopy (i.e., Raman and 

IR), where overlaps among broad vibrational modes are inherent. Although element-specific 

techniques like X-ray absorption and inelastic X-ray Raman spectroscopy can be effective, 

similar broadening in the overall spectral features is observed with increasing number of 

oxide components at high pressure. Therefore, the challenges of yielding unique structural 

information about multi-component oxide glasses under compression remain [see (13, 20) 

and references therein].  

Solid-state NMR.  1D MAS (magic angle spinning) and 2D 3Q (triple quantum) MAS NMR 

on diverse NMR-active, spin-1/2 (e.g., 29Si) and quadrupolar nuclides (e.g., 27Al, 17O, and 
23Na) have provided pressure-induced changes in atomic structures around framework 

cations (e.g., Si and Al), non-framework cations (e.g., Na, Ca), and certain types of oxygens 

(e.g., bridging and non-bridging oxygen, S2) in oxide glasses [(1, 21-25) and references 

therein]. These NMR studies enable quantification of the degree of polymerization (1, 23) 

and short-range structural parameters in multicomponent aluminosilicate glasses at low 
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pressure conditions [e.g., (26, 27)]. Particularly, the detailed 1 atm structure of multi-

component Di64An36 [diopside (CaMgSi2O6)–anorthite (CaAlSi2O8) eutectic composition] 

glass was explored using solid-state NMR [see (28, 29) and references therein]. The NMR 

study also presents evidence of a small percentage increase in the fraction of [5]Al in shock-

compressed Di64An36 glass (30). Despite previous efforts, the NMR peaks for geologically 

relevant Mg-bearing aluminosilicate glasses are difficult to analyze in part because of the 

larger field strength of Mg2+, which leads to significant peak-broadening in the NMR spectra 

(31). Furthermore, applications of the NMR have mainly been limited to iron-free oxide 

glasses because interactions between nuclear spins and unpaired electrons in paramagnetic 

elements, including iron result in a decreases in NMR signal and a significant broadening in 

NMR spectrum (32). Broadening in the NMR spectra for oxide glasses at high pressure 

conditions also becomes prevalent with increasing number of oxide components, making it 

difficult to yield unique structural insights. The pronounced heterogeneous spectral 

broadening stems from a pressure-induced increase in diverse aspects of configurational 

disorder in amorphous oxides, such as the formation of highly coordinated cation and anion 

species, the enhanced mixing among these structural units, and the broader bond-angle and 

length distributions. Therefore, the effect of pressure on the detailed structures of multi-

component mafic melt at its formation depth has not been fully understood.  

 

S3. Composition of synthetic model basaltic glasses:  

The effect of melt composition on Al coordination environment of multi-component 

basaltic glasses was explored (Figure 1, bottom-left). Here, the chemical compositions of the 

glasses were from those of the KLB-1 basaltic melts with varying formation depth up to 3 

GPa (33). Because of the pronounced paramagnetic effect (due to the strong coupling 

between nuclear spins and unpaired electrons in iron), signal intensity decreases noticeably 

with increasing iron content. Therefore, we replaced FeO and Fe2O3 components from the 

composition of KLB-1 basaltic glasses by MgO and Al2O3, respectively. The Mg:Al ratio is 

from the reported Fe2+:Fe3+ ratio of iron in MORB glasses (29, 34) (Table S2). While further 

experimental study is necessary to confirm the effect of Mg on the Al coordination 

environments at high pressure, Mg-rich aluminosilicate glasses is difficult to synthesize at 

high pressure because of the formation of quench crystals and the high melting temperature 

at an elevated pressure condition.  
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S4. Structural difference in the silicate liquids and the quenched glasses: 

The structures of model basaltic glasses quenched from melts at high pressure 

preserve those of compressed liquids that are super cooled below its melting temperature 

(Tm), but are frozen at the glass transition temperature (Tg) (35). Because Tm is higher than Tg, 

the glass structure is not identical to that at Tm (see S11 for detailed discussion).  

 

S5. Shearing of 27Al 3QMAS NMR spectra for the model basaltic glasses: 

Figure S1 shows the 27Al 3QMAS NMR spectra for the model basaltic glasses without 

additional shearing (Figure S1. A) and with an additional shearing factor to align the Al sites 

to be parallel to the MAS-dimension (y-axis) (Figure S1. B).  

 

S6. 29Si NMR spectra for the model basaltic glasses quenched from melts at high pressure: 

Figure S2 shows the 29Si NMR spectra for the model basaltic glasses at 1 atm and 5 

GPa. Expected peak positions for [5,6]Si species are ~-140 ppm ([5]Si) and ~-190 ppm ([6]Si), 

respectively (36, 37). These features are not detected in the 29Si MAS NMR spectra of the 

glass at 5 GPa, so the total decrease in NBO is solely due to an increase in [5,6]Al in the model 

basaltic melts up to 5 GPa. 

 

S7. The extent of [4,5,6]Al - [4]Si distribution and densification mechanisms of basaltic 
liquids up to 5 GPa: 

The degree of Al avoidance (Q) linearly decreases with increasing cation field 

strength from ~0.85 for Ca-aluminosilicate glasses (i.e., QCa) to ~0.65 (QMg) for Mg 

aluminosilicate glasses (31). Considering the Ca/(Ca+Mg) (XCa=0.61) ratio in the model 

basaltic glasses, the average Q value in the model basalt is expected to be ~0.77 [=QCa* XCa+ 

QMg* XMg]. The pressure-induced coordination transformation is responsible for the overall 

densification. The following scheme has been used to describe the formation of [5,6]Al: 

[4]Si-O-[4]Al + (Ca, Mg)-O-[4]Si = [4]Si-O-[5]Al-O-[4]Si…Ca*-Mg*  (S1.1) 

[4]Si-O-[5]Al + (Ca, Mg)-O-[4]Si = [4]Si-O-[6]Al-O-[4]Si…Ca*-Mg*  (S1.2) 

Ca2+ and Mg2+ play the roles of network-modifying cations in basaltic melts at 1 atm 

(forming Si-NBO). In contrast, as shown in the schemes above, these cations tend to balance 

the negative charge of the bridging oxygen [[4]Si-O-[5]Al-O-[4]Si] formed at the expense of 

NBO with increasing pressure and thus tend to play a role of charge-balancing cations 

(shown with asterisks).  
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S8. Calculation of configurational entropy (Sconf) of basaltic liquids at ambient and high 

pressure: 

Choice of mixing units for calculation of Sconf. The configurational entropy (Sconf) refers to 

the degree of disorder that is estimated from the pressure-induced changes in oxygen cluster 

populations resulting from the formation of different Al-coordination environments. Sconf in 

the melts at high pressure may be calculated by considering the mixing of oxygen clusters (1) 

such that:  
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where i
NBOX  and i

BOX are the mole fractions of NBO and BO clusters. Here, a single type of 

NBO ({Ca, Mg}-O-Si) cluster and four distinct types of BO ([4]Si–O–[4]Si, [4]Si–O–[4]Al, [4]Si–O–
[5,6]Al, and [4]Al–O–[4]Al) clusters are taken into consideration. The calculated Sconf tends to 

increase with increasing pressure and then to decrease with further increase in pressure 

(Figure 4 and Figure S3). Below the pressure at which the maximum number of 

configurations is attained, the formation of highly coordinated Al and consequent 

rearrangement in oxygen configurations results in an increase in Sconf. This structural change 

is similar to an addition of a new chemical component in the melts, which increases Sconf. The 

increase in Sconf suggests that the flexibility of the melt network increases with pressure; the 

pronounced diversity in oxygen-site configurations and the formation of highly coordinated 

Al is expected to soften the mechanical strength of the network. The entropy factor is 

expected to decrease with further increases in the pressure, as the structural change no 

longer leads to configurational diversity in the networks. 

Sconf beyond 5 GPa. It is not trivial to estimate Sconf beyond 5 GPa where NMR data for 

coordination states in the model basaltic glasses are not available. The formation of highly 

coordinated Si (e.g., [5,6]Si) in aluminosilicate melts is reported to be prevalent at much higher 

pressure (18, 38, 39). Therefore, [4]Si–O–[5,6]Si cluster is not taken into consideration explicitly 

in the current study, while the formation of [5,6]Si at higher pressure may increase the Sconf. 

The estimation of Sconf at higher pressure using the current set of mixing units would mean 

that highly coordinated species [5,6](Al, Si) act as a single mixing unit. Therefore, the Sconf 

above 5 GPa can be somewhat underestimated. Nevertheless, the distribution of [4]Si–O–
[5,6](Si,Al) in the glass network is uniquely constrained by the distribution [4]Si-O-[4]Al, [4]Si-O-
[4]Si, and NBO species. Distinguishing all the highly coordinated species and randomizing 

the distribution of the species would certainly overestimate Sconf. As the Sconf depends on the 

choice of the clusters, the current modeling above 5 GPa provides a qualitative guide to 

anomalous pressure-induced changes in melt properties.  
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S9. Quantification of oxygen species and the effect of XNBO on Sconf: 

While the 17O NMR spectra for the model basaltic glasses at 1 atm and high pressure 

qualitatively confirm the formation of [4]Si-O-[5]Al, the absence of a Si-O-[5,6]Si peak at high 

pressure, and the overall decrease in NBO fraction (Figure 2), overlap among peaks in the 
17O 3QMAS NMR spectra makes it difficult to directly and completely estimate all the 

oxygen species fractions at high pressure from the data alone. Despite the difficulty, the 

fractions of the NBO and each BO species can be calculated quite precisely at 1 atm from the 

combination of constraints from 27Al NMR (Figure 1) — which yield robust estimates of the 

fractions of [4,5,6]Al —with a numerical simulation based on statistical thermodynamic 

modeling of oxygen species at constant Q value of 0.77 (40). At high pressure, because the 

changes in oxygen configurations with pressure stem solely from the formation of [5,6]Al, the 

NBO and BO fractions at elevated pressure can then be directly estimated: approximately, 

the reduction in 1 mole of NBO and Si-O-[4]Al corresponds to the formation of 2 mole of Si-O-
[5,6]Al species. Uncertainly in oxygen site fraction results mostly from uncertainty in the 
[4,5,6]Al species fractions and from variation of Q values. The estimated uncertainty in oxygen 

species in the model basaltic glass of ±3-4% leads to an uncertainty in the calculated Sconf 

value of ±0.2 J/K.  

XNBO at higher pressure conditions beyond 5 GPa. As the direct experimental XNBO is 

available only up to 5 GPa, the data beyond 5 GPa are extrapolated from the data up to 5 

GPa (Figure 4). It has been previously shown that the pressure-induced structural 

transitions, including XNBO can be described as follows (1, 41): 

XNBO(P) = 1 - exp[(P/ PXNBO=0.5 -1)/]      (S3) 

where  is a constant describing the degree of network rigidity upon compression and 

PXNBO=0.5 is the pressure where the XNBO reaches 50% of the value at 1 atm (1, 41). Despite its 

utility, Eq. S3 may not correctly describe the pronounced distribution of structural units (i.e., 

coordination environments) in oxides glasses and melts and the smaller [∂XNBO/∂P]T at 

higher pressure (i.e., change in XNBO becomes more difficult with increasing pressure if 

XNBO<0.5). Rather, these characteristics in XNBO and pressure-induced structural transitions in 

glasses can be better described with the following equation based on the error function (42, 

43):  

XNBO(P) = -Erf[(P/PXNBO=0.5- 1)/]/2+0.5      (S4) 

where  is a constant similar to , quantifying the network rigidity during pressurization.  

While the calculated patterns (using Eq. S3 and S4) are similar up to XNBO=0.5, the error 

function is more suitable to describe the pressure-induced transitions beyond XNBO<0.5. 

Figure S3 shows the estimated XNBO (blue line) and the corresponding Sconf (red line) with 



           

8 

 

varying pressure. Those with varying [from 0.62 (thick dashed line) to 1 (thin dashed line)] 

demonstrate that a larger XNBO at a given pressure leads to a smaller Sconf and Sconf*V. We 

note again that the estimated XNBO above 5 GPa is subject to a moderate degree of 

uncertainty as the experimental confirmation of the trend in XNBO at higher pressure remains. 

 

S10. Molar volume of basaltic glasses under pressure: 

Figure S3 shows normalized volume of diverse basaltic glasses and melts from in situ 

high-pressure measurements and ab initio calculations. Of course, all studies find that molar 

volume decreases with increasing pressure, but there are differences apparent among 

compositions and among measurement techniques. Whereas the origin of the systematic 

variation (and the effect of composition) is beyond the scope of the current manuscript, there 

is indeed non-negligible dispersion in the reported densities of the glasses and melts (44). For 

example, the estimated molar volume of CRB estimated from x-ray absorption is smaller 

than that from interferometry by up to ~ 15%. This indicates a moderate degree of 

uncertainty in the molar volume of the glasses with varying pressure. In the current study, 

molar volumes of Di64An36 melts (45) and BCR-2 glasses (44) were selected as models to 

account for pressure-induced mechanical properties. At the level of a conceptual model, the 

selection of only two compositions is justified because differences among compositions are in 

fact comparable to uncertainties due to experiment method. Future studies of the effect of 

composition remain. As demonstrated in Figure S5, the resulting trend for Sconf*V varies 

depending on the pressure-induced changes in V. 

 

S11. Cation coordination environments in the glasses and the corresponding liquids at 
high pressure. 

While there is, indeed, a minor structural difference between liquids and glasses, 

previous experimental studies confirm that the short-range structures, including the cation 

coordination environment, of liquids and of glass analogs at high pressure may not differ 

significantly (24, 25). As this is not the focus of the current study, we only provide brief 

discussion of the structural differences between glasses and melts. As for the glasses with 

simpler compositions, theoretical calculations indicated that the cation coordination 

environments for GeO2 and SiO2 glasses and the corresponding liquids are almost identical 

up to ~ 15 GPa (46). It has been shown that the Al coordination environment of amorphous 

(and thus glassy) Al2O3 is almost identical to the corresponding liquids at 1 atm [e.g., (47)]. 

The effect of temperature (from 3000 K to 6000 K) on the Al coordination number for the 

Al2O3 liquid is reported to be negligible (48). The average Si coordination number of the 

MgSiO3 glasses is only slightly larger than that of the liquids at low pressure conditions (39, 
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49). Whereas the pressure is much higher, our recent ab initio calculations of MgSiO3 glass 

and melts at 131 GPa shows that average Si coordination number does not change 

significantly (~6.06 at 3000 K to ~6.09 at 6000 K), while the dispersion of the Si coordination 

states may increase (50). The structural differences between the multi-component liquids and 

glass analogs at high temperature and pressure remain to be explored. Detailed high-

resolution NMR studies showed that the fractions of highly coordinated Al slightly increases 

with increasing fictive temperature (51). We believe that current NMR methods provide a 

unique window through which to study the structures of multi-component super-cooled 

liquids at the glass transition temperature (e.g., detailed Al and Si coordination states). The 

fractions of [5,6]Al may slightly increase at higher temperature, where the extent of 

configurational disorder is likely to be more pronounced. Taking this into consideration, 

more diverse structural units at high temperature conditions lead to an increase in Sconfig.]  

 

S12. Structural origins of the mechanical weakening and transport properties of oxides 
glasses under compression:  

In the earlier pioneering studies, the weakening of the mechanical properties of 

diverse oxide glasses with increasing pressure was observed (44, 52). The degree of melt 

polymerization (a fixed NBO/T) and the rotational degree of freedom play important roles 

in the overall weakening of the mechanical properties. Similarly, Liu and colleagues report 

the change in the elastic properties of glasses and propose that the changes are due to the 

pressure-induced changes in the void space (i.e., free volume) (53). Despite the progress, the 

structural origin of this phenomenon has remained to be explored: the structural data (i.e., 

independent Al, Si coordination numbers and the pressure-induced changes in the degree of 

melt polymerization from NBO and BO environments) for the multi-component silicate 

glasses are difficult to retrieve at ambient and high pressures. Only solid-state NMR 

provides unambiguous Al and Si coordination environments in multi-component silicate 

glasses at high pressure. In the current study, based on the unique structural data that we 

acquired, we found the link between configurational entropy and mechanic properties, 

providing a novel conceptual framework that is based on an unprecedented high-resolution 

structural measurement. Specifically, the current model of the scaled entropy with density 

provides a qualitative framework based on atomistic constraints) with which the elastic 

constants and the seismic wave velocity of the glasses (and potential melts) can be 

understood. We show that the NBO fraction is not constant, but decreases with increasing 

pressure by forming highly coordinated Al, which we use to calculate the Sconf. Therefore, in 

addition to Clark et al.’s experimental breakthrough (44, 52), we provide novel conceptual 

breakthroughs based on the measurement of the true structural data that we acquired using 

solid state NMR. We also found that our Sconf should be well correlated with the rotational 
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degree of freedom that is inherent in the glass structures and the free volume (as shown in 

Figure 3).  

We also note that in a recent molecular dynamics simulation of SiO2 glass (54), a 

decrease in the macroscopic bulk modulus results from an increase in number of micro-

jumps. While the dynamic jump event cannot be specified from the static structural 

information provided in our manuscript, the non-linear change in the number of micro-

jumps from the theoretical study can be inferred from the pressure-induced changes in 

Sconf/density: the number of micro-jumps may increase with the degree of network flexibility 

and the number of configurational available to jump events, and therefore, Sconf. It may also 

decrease with increasing density of network. Therefore, the maximum of Sconf/density is 

expected to be positively correlated to the number of micro-jumps.  

 As for the diffusivity of metal cation in silicate glasses, it has been shown that that the 

Al diffusion maximum is related to an increase in the Al coordination number (55). An 

increase in configurational entropy (Sconf) has been linked to a decrease in melt viscosity: Sconf 

(without normalization with its density) was used to describe the melt viscosity at high 

pressure (56-59). An excellent review chapter on this issue is also available [e.g., (60)].  

 

S13. Insights into the effects of pressure on trace element compatibility in basaltic melts: 

While the current proposal takes the Sconf and melt volume into consideration to 

account for the non-linear variation of pressure-induced changes in the mechanical 

properties of glasses, the results can also provide qualitative insights into other properties, 

including trace element compatibility. For example, the solubility of a high field-strength 

(charge/cation radius) cation (HFSC) tends to increase with decreasing melt SiO2 content 

[See (61) and references therein]. This trend suggests that the HFSCs may have a strong 

affinity with nonbridging oxygen. Therefore, the decrease in NBO content that we have 

documented would make it more difficult to incorporate these elements into melts at high 

pressure (1). The current result also suggests that the observed changes in partition 

coefficients of elements between basaltic melts and coexisting crystalline phases in the upper 

part of the mantle may originate from the reduction in NBO and/or the formation of highly 

coordinated framework cations. 

The pressure-induced changes in the atomic configurations in silicate melts allow us 

to speculate on the atomistic origin of the anomalous U/Pb ratio of mantle-derived rocks. As 

U decays into Pb through multiple decaying processes, providing that the U content of the 

primitive mantle has been constant over ~4.5 billion years, the U/Pb ratio of mantle-derived 

rock is expected to decrease over geologic time. Furthermore, U is more incompatible than 

Pb below 2 GPa (62), so more U (compared with Pb) is expected to be enriched in melts, and 
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the residual mantle is expected to lose U during partial melting, resulting in a decrease in 

U/Pb over time. This ratio is opposite that of observed mantle and crustal rocks and is 

known as the Pb paradox (62). The anomalous U/Pb ratio has been attributed to the 

partitioning of Pb into the core, as Pb is both a chalcophile and a siderophile element, to the 

volatile nature of Pb and, thus, the potential loss of Pb during initial stages of planetary 

accretion [see (62) and references therein], and to the preferential incorporation of Pb into 

continental crust due to its mobility in subduction zone fluids (63). Alternatively, the current 

study shows that the relative compatibility of these elements in silicate melts at high 

pressure may differ significantly from compared to 1 atm (and relatively low-pressure 

conditions). This difference may account for the increased U in the silicate melts at high 

pressure. Indeed, based on experimental partitioning between Ca (and Mg)-perovskite and 

melt, U is more compatible than Pb (by 1-1.5 order of magnitude) at ~25 GPa [ref.(64)], 

indicating a drastic reversal of compatibility at higher pressure. 

 

S14. Effect of temperature and volatile contents on the structure of multi-component 

glasses:  

The structures of model basaltic glasses quenched from melts at high pressure 

preserve those of compressed liquids that are super cooled below its melting temperature 

(Tm), but are frozen at the glass transition temperature (Tg) (35). Because Tm is higher than Tg, 

the glass structure is not identical to that at Tm. Furthermore, upon quenching, the pressure 

conditions in the assembly can be lower than the desired pressure. Because we explore iron-

free model basaltic glasses in the nominal absence of fluids (H2O and CO2), their effects on 

the structures of melts remain to be explored.  

 

S15. Pressure uncertainty for high pressure synthesis via melt-quenching: 

Upon quenching, the pressure conditions in the assembly can be lower than the 

desired pressure (26, 65). An earlier study on melting of aluminosilicates reported deviation 

from the desired pressure in multi-anvil apparatus (65); with increasing temperature at 

constant load designed to reach 6 GPa, the pressure increased up to ~7 GPa, and upon 

quenching, pressure can decrease up to ~4.5 GPa. Similar pressure drop has been suggested 

to account for the observed differences in the Al fractions estimated at near the glass 

transition temperature and those quenched from melts (26). Currently, because of differences 

in the assemblies, it is difficult to estimate the potential pressure drop quantitatively. We also 

note that the pressure drop in these earlier studies is based to a degree on the extrapolated 

fictive temperature at low pressure conditions. However, it is not clear whether the fictive 

temperature continues to decrease up to 5 GPa.  
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S16. Glass quenched from melts at high pressure vs. glass annealed near Tg at high 

pressure:  

Recent studies of silicate glasses at high pressure near the glass transition 

temperature (Tg) revealed the structures of glasses that may not be accessible to typical melt-

quench methods, such as Mg-rich silicate glasses and/or glasses with high melting 

temperature [e.g., (66)]. We note that the structural states of these glasses may not be clear 

due to temperature gradient within the assembly and uncertainty in Tg: the structure may 

represent a metastable snapshot of one of the plastically deformed states. The structures are 

also manifesting the diverse temperature variations within the sample. In contrast, the 

physical states of quenched glasses from liquids are clearly defined by the melt-quench and, 

thus, the process variable Tg. The glasses quenched from melts may not be subject to a 

structural heterogeneity. 
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SI Tables  
 
Table S1. Fractions and NMR parameters [center of gravity, isotropic chemical shift (𝛿 ), 

quadrupolar coupling constant (Cq)] of Al sites obtained from 27Al 3QMAS and MAS NMR 
spectra for (CMAS) glasses quenched at 1 atm and 5 GPa.  

 

 
Pressure 
(GPa) 

Center of gravity (ppm) 

𝛿  (ppm) 
Cq (MHz) 

( = 0.5)* 

Calibrated 
intensity 

(%) 
MAS MAS 

dimension 
Isotropic 
dimension 

[4]Al  0  42.3±1.5  ‐42.0±1.5  63.9±1.5  6.0±0.5  97±2  97±2 

  3  43.3±1.5  ‐42.4±1.5  64.7±1.5  6.0±0.5  74±3  76±3 

  5  42.9±1.5  ‐42.7±1.5  64.9±1.5  6.1±0.5  61±3  60±3 

[5]Al  0  21.5±2.5  ‐21.1±2.5  32.2±1.5  4.2±0.5  4±2  3±2 

  3  16.9±2.5  ‐21.5±2.5  30.9±1.5  4.8±0.5  18±2  15±2 

  5  14.4±2.5  ‐22.3±2.5  30.9±1.5  5.3±0.5  23±2  24±3 

[6]Al  0  ‐  ‐  ‐  ‐  ‐  ‐ 

  3  ‐7.4±2.5  ‐2.7±2.5  0.3±1.5  3.6±0.5  8±2  8±2 

  5  ‐9.9±2.5  ‐4.1±2.5  1.0±1.5  4.3±0.5  16±3  16±2 
 

a Normalized to that of [4]Al site. 

*here asymmetry parameter of 0.5 is assumed. 
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Table S2. Nominal composition and ICP analysis of model (Fe-free) KLB-1 basaltic glasses. 
XMgO is the mole fraction of MgO among non-framework cations [XMgO=MgO/(CaO + 
MgO + Na2O + K2O)]. The table is from our previous report on these basaltic glasses (29).  

 

Composition 

(mol%) 

  XMgO   

0.47  0.56  0.65 

SiO2  54.4  49.8  46.3 

TiO2  0.7  0.4  0.3 

Al2O3  12.3  9.5  8.1 

MgO  15.2  22.5  29.7 

CaO  12.4  16  14.7 

Na2O  4.7  1.6  0.8 

K2O  0.2  0.1  0.1 

 

Composition 

(mol%) 

Nominal composition    ICP analysis* 

  XMgO        XMgO   

0.47  0.56  0.65    0.47  0.56  0.65 

TiO2  1.5  0.8  0.6    1.6  1.0  1.0 

Al2O3  27.0  19.0  15.1    23.5  16.7  13.3 

MgO  33.4  44.9  55.2    34.9  47.0  57.9 

CaO  27.3  31.9  27.4    28.9  31.9  26.2 

Na2O  10.3  3.2  1.5    10.6  3.2  1.4 

K2O  0.4  0.2  0.2    0.5  0.3  0.2 
 

*SiO2 in the glasses was removed by reacting with hydrofluoric acid for the ICP analysis. 
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Table S3. Compositions of diopside-anorthite eutectic (Di64An36), Icelandic basalt (BIR-1G), and Columbia River basalt (BCR-2G) 
glasses in wt%.  

 

Sample 
Composition (wt%) 

   

Ref.* 
SiO2  Al2O3  CaO  MgO  FeO+Fe2O3  Na2O  K2O  MnO  P2O5  TiO2  H2O  Total 

 

Di64An36  50.33  15.37  23.49  10.80                100   
Current 
study 

BIR‐1G†  47.96  15.50  13.30  9.70  11.30  1.82  0.03  0.18  0.02  0.96    99.87    (1) 

BCR‐2G†  54.10  13.50  7.12  3.59  13.80  3.16  1.79    0.35  2.26  0.35  100.02    (2) 
 

* (1) Liu et al. (2014) (53) (2) Clark et al. (2016) (44) 
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SI Figures 

 

Figure S1| 2-dimensional 27Al 3QMAS NMR spectra for the model basaltic glasses. a. 27Al 
3QMAS NMR spectra for the model CMAS glasses quenched from melts 5 GPa (identical 
to figure 1, top). b. The spectrum in A was sheared (rotated) in such a way that the 
projection (into the x-axis) provides better-resolved Al sites with Gaussian peak shapes 
(Figure 1, bottom right). This increased resolution allowed for robust quantification of each 
Al site fraction. In the spectrum shown in A, Al sites in the total isotropic projection 
overlap, and the peak shape cannot be described with a single Gaussian function. 
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Figure S2| 29Si MAS NMR spectra for model basaltic glasses quenched from melts at 1 atm 
and 5 GPa. 
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Figure S3| Effect of pressure on the normalized volume (V) of diverse multi-component 
melts from the previous experimental and theoretical studies. Di64An36, and BCR-2 refer to 
glasses in diopside-anorthite eutectic composition and Columbia River basalt glasses, 
respectively (see Table S3). The red diamonds (♦) refer to the normalized volume of 
Di64An36 melt estimated from acoustic wave velocity measurement (45). The pale red solid 
line refers to the normalized volume of Di64An36 melt obtained using first-principles 
simulations (67). Closed triangles (▲) and open triangles (△) refer to the normalized molar 
volume of BCR-2 glasses estimated from High pressure x-ray micro-tomography (HPXMT) 
and gigahertz- ultrasonic interferometry experiment in a DAC, respectively (44). The thick 
dotted line (‘Clark I’) is the original trend line for the data from HPXMT in the previous 
study (44). Thick solid line (‘Clark II’) is the modified trend line of the normalized volume 
of BCR-2 glasses. Closed squares (■), circles (●), and diamonds (♦) refer to the normalized 
volumes of diverse multi-component glasses estimated from refractive index 
measurement, such as alkali basaltic glass (68); tholeiite glass (69), and Di64An36 glass (70), 
respectively. The thin dotted line represents the trend line connecting the data for the 
tholeiite glass (69). 
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Figure S4| Effect of pressure on the normalized configurational entropy. Left. Effect of 
pressure on the normalized configurational entropy (Sconf, red square) of the Di64An36 
glass. Variation in the normalized NBO fraction in model basaltic glass with pressure was 
also shown (XNBO, blue square). The XNBO beyond 5 GPa is modeled with Eq. S4 with 
PXNBO=0.5 of 9 and  of 0.75. Variation in the normalized NBO fraction with varying [from 
0.62 (thick dashed line) to 1 (thin dashed line)] was also shown. A larger often results in 
the XNBO at 1 atm less than 1. In such a case, the XNBO was renormalized to that at 1 atm.  
Right. Calculated Sconf*V with varying  from 0.62 to 1.  
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Figure S5| Effect of pressure-induced decrease in normalized volume on Sconf*V. Variation 
in the normalized molar volume in basaltic glass with pressure was also shown (blue solid 
and dashed lines, see figure S3). A larger molar volume results in increase in Sconf*V and 
vice versa.  
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