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aBstract

We have carried out equilibrium molecular dynamics simulations of CaAl2Si2O8 (anorthite) liquid 
as a function of pressure (up to 160 GPa) and temperature (2500 to 6000 K) within density functional 
theory. Along the 3000 K isotherm, the Ca self-diffusivity varies most (decreasing by two orders of 
magnitude between 0 and 50 GPa), whereas the self-diffusion coefficients of Al, Si, and O vary anoma-
lously—they initially increase with pressure, reach the broad maxima (around 5 GPa), and then decrease 
upon further compression. The calculated melt viscosity also shows a weak anomalous behavior with 
a local minimum around a similar pressure. Temperature suppresses the dynamical anomalies as well 
as the overall pressure variations. Therefore, the curvatures of the diffusivity (viscosity) isotherms 
change from a concave (convex) shape at 3000 K to a convex (concave) shape at 6000 K. We find 
that anorthite liquid is much more mobile than silica liquid because of its high content of non-bridging 
oxygen atoms (NBO) and oxygen triclusters (O3). The predicted pressure variations can be associated 
with structural changes consisting of the pressure-induced maximum in the abundance of pentahedral 
states (fivefold Al/Si-O coordination) and rapid increase in the O3 abundance. Finally, our predicted 
first-principles results compare favorably with the available experimental data.
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introduction

Knowledge about molten silicates is crucial for our un-
derstanding of the cooling and crystallization of Earth’s early 
magma ocean as well as for our understanding of present day 
mantle dynamics (e.g., Rigden et al. 1984; Solomatov 2007). 
The analysis of xenoliths (e.g., Haggerty and Sautter 1990) 
and seismic observations (Revenaugh and Sipkin 1994; Lay 
et al. 2004) suggest that melts can exist at various depths in 
the mantle including the core-mantle boundary and can have a 
broad range of composition. In recent years, we have carried out 
first-principles simulations of melts in the MgO-SiO2 (binary) 
system at high pressure and temperature to study their structural 
and dynamical properties (e.g., Stixrude and Karki 2005; Karki 
et al. 2006, 2007, 2010; de Koker et al. 2008) including viscosity 
(Karki and Stixrude 2010a, 2010b).

We chose to study anorthite (CaAl2Si2O8) liquid for several 
reasons: First, it represents a composition in ternary (CaO-
Al2O3-SiO2) system. Naturally occurring melts are indeed 
multi-component silicates. Second, it is considered as a highly 
polymerized liquid. Such melts are known to show the non-Ar-
rhenian dependence on temperature and also anomalous increase 
(decrease) of diffusivity (viscosity) with pressure (Bottinga and 
Richet 1995; Giordano and Dingwell 2003; Tinker et al. 2003, 
2004). Third, amorphous anorthite, particularly, in glass form has 

widely been studied experimentally. Since the experimental mea-
surements are confined to relatively low pressures (Urbain et al. 
1982; Taniguchi 1992), to apply these results for the deep mantle 
requires long extrapolations. In addition, the ways in which the 
microscopic (atomic) characteristics control the macroscopic 
(bulk) properties is still an unsolved issue. Fourth, previous 
computational studies were based mostly on semi-empirical 
force fields (Nevins and Spera 1998; Morgan and Spera 2001a, 
2001b; Winkler et al. 2004; Spera et al. 2009). A first-principle 
approach based on quantum mechanical formulation has been 
recently applied to anorthite liquid, with the main focus on the 
structure and thermodynamics (de Koker 2010).

In this paper, we report equilibrium molecular dynamics (MD) 
simulations of molten CaAl2Si2O8 to study from first-principles 
diffusion and viscosity as a function of pressure (up to 160 
GPa) and temperature (2500 to 6000 K). First, we introduce the 
methodology in the context of simulations, and derivation and 
analysis of dynamical properties. Then, we present the specific 
results and discussion on the equation of state, self-diffusivities, 
and viscosity of the melt.

MethodoLogy
The first-principles molecular dynamics method, Vienna ab initio simulation 

package (VASP) (Kresse and Furthmuller 1996), was used within the local density 
approximation (Ceperley and Alder 1980). The projector augmented wave (PAW) 
method (Kresse and Joubert 1999) was used with a plane wave cutoff of 400 eV 
and γ point. Simulations based on the canonical (NVT) ensemble were performed * E-mail: karki@csc.lsu.edu
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to explore compression from V/VX = 1.33 to 0.45 covering pressure range of 0 to 
160 GPa at 2500 to 6000 K, where VX = 3026.23 Å3 is equal, for the number of 
atoms (16 CaAl2Si2O8 units, i.e., 208 atoms) in our simulation cell, to the refer-
ence volume for the self-consistently derived equation of state for anorthite liquid 
(Ghiorso 2004). The initial structure at each volume was first melted at 6000 K, 
and then cooled isochorically to lower temperatures. Long simulation durations 
ranging from 1 to 100 ps with time step (1 fs) were performed to achieve an ac-
ceptable convergence. Pressure corrections were included as before (e.g., Karki 
et al. 2010) with Pulay stress of 2.5 to 7.5 GPa over the volume range studied and 
an empirical correction of 1.8 GPa applied at each volume.

We compute the self-diffusion coefficient for each species, α, from first-prin-
ciples equilibrium molecular dynamics simulations using the Einstein relation
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The positions of the ith atom of type α at time origin t0 and then after time t
are rα,i(t0) and rα,i(t + t0), respectively. We calculate the shear viscosity (η) using 
the Green-Kubo relation
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Here, the deviatoric stress tensor Pαβ, which is the symmetrized traceless por-
tion of the stress tensor σαβ computed at every FPMD (first-principles molecular 
dynamics) step, is defined as (Chen et al. 2009)
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where δαβ is the Kronecker δ. Using both the off-diagonal (with a weighting 
factor of 1) and diagonal (with a weighting factor 4/3) components improves the 
statistics (Chen et al. 2009; Nevins and Spera 2007).

The mean square displacement, MSD (in Eq. 1), and stress autocorrelation 

function, ACF (in Eq. 2), represented by angular brackets are averaged over dif-
ferent time origins, t0 values (i.e., different initial configurations). Figure 1 shows 
the MSD and viscosity curves at different conditions. The diffusive (linear) regime 
(a slope of unity in the log-log MSD plot) and shear relaxations (the plateau in the 
viscosity or Green-Kubo integral) occur well within the simulation durations. At 
two conditions, namely 0.55VX, 3000 K (51 GPa) and 0.45VX, 4000 K (141 GPa), 
the liquid is in a deeply supercooled state showing very slow dynamics. The slowest 
moving species (Ca) reaches the maximum MSD of ∼5 and ∼4 Å2, respectively, 
at these conditions. The linear regime does appear in the Ca MSD plot although 
it is delayed considerably. Also, the total MSD exceeds 10 Å2 at both conditions. 
Because the statistics degrade toward the end of the simulation, it is better to make 
diffusivity and viscosity estimates at a time once the linear regime in the MSD 
curve or the plateau in the viscosity curve has been reached to avoid larger errors 
(Chen et al. 2009). Such optimal time varies from run to run but it tends to increase 
on cooling and compression. The uncertainty generally becomes larger at lower 
temperature and/or higher pressure with its typical values lying within 20 and 30% 
for the diffusivity and viscosity, respectively. These sizes are acceptable given that 
the transport properties vary exponentially with both temperature and pressure (i.e., 
they vary by two to three orders of magnitude over the pressure-temperature ranges 
studied here, see the results and discussion sections). The uncertainty, particularly 
in the case of viscosity, exceeds 50% as the liquid goes deeper in the supercooled 
state at highly compressed volumes (0.55VX and 0.45VX).

siMuLation resuLts

First, we present the calculated pressure-volume-temperature 
results (Fig. 2), which can be accurately represented by the third-
order Birch-Murnaghan equation of state (EOS) for the reference 
isotherm, P(V,T0), and a simple form of the thermal pressure, 
PTH(V,T) = B(V)(T – T0). The 3000 K reference EOS parameters 
are: V0 = 193 (±2) Å3 per formula unit, K0 = 11.5 (±3) GPa and 
K′0 = 6.8 (±6), and the thermal pressure coefficient is: B(V) = 29.8 
– 0.288V + 0.00073V 2 in MPa/K. The calculated P-V isotherms 
gradually diverge on compression because the thermal pressure 
increases on compression. Further details on EOS and thermal 
properties of anorthite liquid can be found in de Koker (2010).

Figure 1. Total mean square displacement (MSD) and viscosity as a function of maximum time used in evaluating Equations 1 and 2. The 
MSD and viscosity curves are at different temperature and volume conditions as shown. The dotted lines represent the partial Ca MSD at 0.55VX

and 3000 K (upper), and 0.45VX and 4000 K (lower). The value of ∆t is 0.001, 0.002, 0.004, 0.02, 0.05, and 0.05 for viscosity curves from the 
bottom to the top. (Color online.)
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Self-diffusion coefficients
The calculated self-diffusion coefficients for all species 

increase with increasing temperature at zero pressure (Fig. 3a) 
closely following the Arrhenian relation: Dα = D0αexp[–EDα/(RT)] 
where α represents Ca, Al, Si, and O. The activation energies fall 
in the range 117 to 166 kJ/mol (Table 1), which are generally 
smaller than the values derived from low-temperature (<2000 K) 
experimental data for silicate melts with similar bulk compositions.

Our results at 2500 K show that Ca is the fastest species, 
whereas Si is the slowest species with DCa/DSi = 6.5. The pre-
dicted ordering of DCa > DAl ≈ DO > DSi agrees with the measured 
ordering for the composition 20CaO-20Al2O3-60SiO2 (wt%) 
at 1 GPa and 1773 K (Liang et al. 1996). Note that anorthite 
is 20CaO-37Al2O3-43SiO2. Different diffusivities converge as 
temperature increases. Relatively small diffusion differences at 
high temperatures suggest that the mechanisms for all species are 
similar at high temperatures in that they involve flow-like motion 
of particles mediated by frequent bond breakings occurring at 
similar rates for all cation-anion bonds (Table 2). As temperature 
decreases, the mechanisms become increasingly sensitive to local 
structural environments and different species see different local 
potentials. In particular, a Si atom sits in deeper minima and its 
diffusion motion is not simply related to breakage of the bond 
with one of its oxygen neighbors. On the other hand Ca atoms, 
being relatively weakly bonded to O atoms compared to bonding 

between Si (or Al) and O atoms, can move easily in open space 
available at large volumes. Consistently, Mg was also predicted 
to be the fastest species in MgSiO3 liquid (Karki et al. 2010). This 
is supported by the observation that the Ca-O and Mg-O bonds 
are much weaker than the Al-O and Si-O bonds, and hence are 
broken at much higher rates (Table 2).

The calculated self-diffusivities vary with pressure in a way 
that is sensitive to temperature (Fig. 4). At 6000 K, they show the 
normal trend that the diffusivity decreases monotonically with 
pressure. As temperature is decreased, the pressure dependence 
becomes stronger. At 3000 K, all framework ions (Al, Si, and O) 
show weak anomalous diffusion in the low-pressure regime—the 
diffusivities initially increase slowly or remain unchanged with 
pressure up to about 5 GPa. The diffusivities rapidly decrease 
on further compression, i.e., normal diffusion appears in the 
high-pressure regime. Such a change in the pressure behavior 
was predicted by previous MD studies of anorthite liquid (Nevins 
et al. 1998; Spera et al. 2009). Other silicate liquids, including 
silica liquid, also show anomalous diffusion as confirmed by 
recent first-principles simulations (Karki and Stixrude 2010b). 
In agreement with theory, low-pressure experiments have found 
that the diffusivity increases with pressure in polymerized silicate 
melts such as dacite (Tinker et al. 2003).

All three isotherms for diffusivity plotted in the logarithmic 
scale (i.e., logDα) in Figure 4 are not straight lines suggesting 
that diffusivity does not vary with pressure according to the 
standard Arrhenian law. We represent the complicated pressure 
variation of diffusion coefficient for each species, α, using the 
modified Arrhenian relation:

D P T A P B P C P T Tα ( , ) exp[ ( ) { ( ) ( ) / } / ( )]= − − − R  (4)

where the parameters A, B, and C are defined in Table 3. This 
means that the activation volume, V*Dα ∝ (dlnDα/dP)T, is a func-
tion of both pressure and temperature. The anomalous regime 
corresponds to negative (small) activation volumes at low pres-
sures along 3000 K. The activation volumes become positive 
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Figure 2. Calculated pressure-volume equation of state isotherms 
of anorthite liquid along 3000 K (circles), 4000 K (squares), and 6000 
K (diamonds). The uncertainties are within the size of symbols used. 
The inset shows the liquid structure at the reference volume (3000 K, 
0.2 GPa) consisting of mainly Si/Al-O tetrahedra (cyan), a few Al-O 
pentahedra (blue), and one Al-O octahedron (magenta), with Ca atoms 
(spheres) in the background. Color online.

Table 1. Arrhenius fit parameters for the temperature variations of 
self-diffusion coefficients and viscosity around 0 GPa of 
anorthite liquid

Parameters DCa DAl DSi DO η

D0 (x 10–9 m2/s) or η0 (Pa·s) 710 1095 1290 1450 0.000015
ED or Eη (kJ/mol) 117 (8) 149 (5) 166 (6) 158 (4) 162 (13)
ED or Eη (kJ/mol) 172*  179† 174† 210‡, 275§

Note: The experimental data are for hyplobasaltic (* = La Tourrette et al. 1996), 
basaltic († = Lesher et al.1996), anorthitic (‡ = Urbain et al. 1982), and dacitic (§ 
= Tinker et al. 2004) melts.

Table 2. Ca-O, Al-O, Si-O bond related parameters at different  
conditions

V, T (K), P (GPa) Ca-O Al-O Si-O

 αB αT αB αT αB αT

VX, 3000, 0.2 417 0.14 211 0.24 48 0.39
VX, 4000, 1.2 497 0.21 352 0.33 156 0.44
VX, 6000, 4.8 680 0.35 680 0.46 472 0.50
0.7VX, 3000, 15 494 0.17 317 0.21 119 0.30
0.55VX, 3000, 51 539 0.04 463 0.06 272 0.07

Note: αT represents the fraction of the bond events, which result in the formation 
of new bonds and thus cause the transfer of oxygen from one coordination shell 
to another. αB is the rate of bond-breakings (per picosecond).
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Figure 3. Calculated self-diffusivities of different species (a) and viscosity (b) at VX (2500 K, 0.0 GPa), VX (2750 K, 0.1 GPa), VX (3000 K, 
0.2 GPa), VX (3500 K, 0.6 GPa), 1.14VX (4000 K, 0.5 GPa), 1.26VX (5000 K, 0.7 GPa), and 1.33VX (6000 K, 1.1 GPa). The straight lines are the 
Arrhenian fits. Also shown is the VFT fit (red curve) to the viscosity results along with the experimental data (diamonds) from Urbain et al. (1982). 
The reference volume (VX) results at 4000 K (1.2 GPa), 5000 K (2.7 GPa), and 6000 K (4.8 GPa) are shown (asterisks) only for the viscosity (the 
VX diffusivities being consistently smaller than those at the larger volumes by about 15, 23, and 32%, respectively). Our results are compared with 
the previous MD calculations (open symbols) of anorthite liquid (Spera et al. 2009) and first-principles calculations (gray lines) for silica liquid 
(Karki and Stixrude 2010b). (Color online.)
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Figure 4. Self-diffusion coefficients 
of Ca, Al, Si, and O in anorthite liquid as 
a function of pressure at 3000 K (circles), 
4000 K (squares), and 6000 K (diamonds). 
The lines are fit to the modified Arrhenius 
relation (Eq. 4). The previous MD results 
(open squares) for anorthite liquid at 4000 
K (Spera et al. 2009) and first-principles 
results (gray line) for silica liquid at 3000 K 
(Karki and Stixrude 2010b) are also shown 
for comparison. (Color online.)
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when pressure and temperature increase to reach outside the 
anomalous regime. These changes are significant in that the dif-
fusivity isotherms show change in their curvatures from concave 
to convex between 3000 and 6000 K. Such changes turn out to 
be robust features predicted in other liquids as well (Karki et al. 
2010; Karki and Stixrude 2010a, 2010b).

Viscosity
The calculated viscosity decreases with increasing tempera-

ture at zero pressure (Fig. 3b). The Arrhenian representation (η 
= η0exp[Eη/(RT)]) of viscosity over the range 2500 to 6000 K 
gives the activation energy 162 kJ/mol, which is lower than 
the experimentally derived values (≥200 kJ/mol) for anorthite 
liquid (Urbain et al. 1982) and other liquids (e.g., Tinker et al. 
2004) (Table 1). Low-temperature extrapolation of the calculated 
viscosity results systematically deviates from the experimental 
data (Urbain et al. 1982). This suggests that the activation en-
ergy is a function of temperature, changing from a high value 
obtained from low-temperature measurements to a low value 
obtained from high-temperature simulations. The Vogel-Fulcher-
Tammann (VFT) formulation, η = Aexp[B/(T – T0)], with A 
= 0.000038 Pa·s, B = 12 200 K, and T0 = 800 K) permits the 
activation energy to vary with temperature over a wide range 
in a way that is seen in other silicate melts (Karki and Stixrude 
2010a) (see Fig. 3b).

As in the case of the diffusion, the pressure variation of the 
viscosity is sensitive to temperature and the logη curves are not 
straight lines (Fig. 5). We represent the complex P-T behavior 
by the modified Arrhenian relation:

η( , ) exp ( ) ( ) ( ) / ( )P T A P B P C P T RT= + +{ }   
(5)

where the parameters A, B, and C are given in Table 3. Whereas 
the 6000 and 4000 K isotherms show normal trend of increas-
ing viscosity on compression, the 3000 K isotherm shows a 
weak anomalous behavior—it initially decreases slightly with 
pressure, reaches the minimum around 5 GPa and increases at 
higher pressures. Accordingly, the activation volume, Vη ∝ (dlnη/
dP)T, is small negative at low pressures (<5 GPa) and 3000 K, 
whereas it is positive at all other pressure and temperature condi-
tions. The viscosity isotherm changes from a convex curve to a 
concave curve between 3000 and 6000 K, which is opposite to 
the case of diffusion. The other liquids including MgSiO3 (Karki 
and Stixrude 2010a) and SiO2 (Karki and Stixrude 2010b) were 
predicted to show similar pressure-temperature behavior of the 

viscosity including the viscosity anomaly at 3000 K. Our predic-
tion is also consistent with the low-pressure experimental ob-
servations of viscosity decreasing with pressure in polymerized 
silicate melts (Tinker et al. 2004; Behrens and Schulze 2003).

discussion

Diffusivity differences among different species are sup-
pressed on compression: the DCa/DO, DAl/DO, and DSi/DO ratios 
(along 3000 K) are 2.4, 1.0, and 0.7, respectively, at zero pressure 
and 0.3, 0.7, and 0.5, respectively, at high pressure (51 GPa). 
Calcium changes from being the fastest species at low pressure 
to the slowest species at high pressure, whereas Si is the slowest 
species at low pressure and oxygen is the fastest species at high 
pressure. Pressure-induced slowing down of Ca can be associated 
with the enhanced local structure consisting of Ca and O atoms. 
Note that the Ca-O radial distribution function (RDF) becomes 
sharper and taller closely resembling Al-O and Si-O RDFs, and 
that the Ca-O coordination tends to saturate with increasing 
pressure (Fig. 6). We also find that all three cation-anion bond-
breaking rates become similar (Table 2). As such, all cations 
become systematically slower than the anion and their diffusion 
coefficients tend to be comparable with each other roughly fol-
lowing the atomic mass order (mCa > mSi > mAl).

Our calculated self-diffusion coefficients are expected to be 
superior to those from recent first-principles study (de Koker 
2010), which used a smaller supercell (104 atoms) and shorter 
simulations (<10 ps). In particular, the differences between the 
two studies are important at lower temperatures and higher pres-
sures, where longer runs are needed to achieve diffusive regime 
(where MSD is proportional to time). We also ensure that total 

Table 3. Modified-Arrhenius fit parameters (Eqs. 4 and 5) for the 
pressure-temperature variations of self-diffusion coef-
ficients and viscosity of anorthite liquid* 

Parameters DCa DAl DSi DO η

A0 –5.5 –5.6 –6.2 –6.8 –10.8
A1 0.08 –0.11 –0.06 –0.09 0.02
A2 0.00024 0.0032 0.0026 0.0032 0.0014
B0/R 8108 7491 13 715 16 256 24 568
B1/R –473 1261 851 1131 191
B2/R –4.3 –33 –28 –34 –16
C0/R 12 338 511 19 596 458 10 161 126 4 354 768 –22 215 126
C1/R 1 299 173 –2 859 631 –2 112 063 –2 743 504 –327 043
C2/R 13   427 81 563 72 454 86 592 43 132

* A(P) = A0 + A1P + A2P2, B(P) = B0 + B1P + B2P2, and C(P) = C0 + C1P + C2P2.
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Figure 5. Pressure variations of viscosity (solid symbols) of 
anorthite liquid at 3000 K (circles), 4000 K (squares), and 6000 K 
(diamonds) fit to the modified Arrhenian relation (Eq. 5). The previous 
MD results (open squares) for anorthite liquid at 4000 K (Spera et al. 
2009) and first-principles results (gray line) for silica liquid at 3000 K 
(Karki and Stixrude 2010b) are shown for comparison. (Color online.)
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MSD exceeds 10 Å2 at each P-T condition studied. Although our 
results for both viscosity and diffusivities qualitatively agree 
with the previous pair-potentials MD calculations (Nevins and 
Spera 1998; Spera et al. 2009), the quantitative differences are 
large. Comparisons with the experimental data for the viscosity 
of anorthite liquid at zero pressure (Urbain et al. 1982) suggest 
that the pair-potential calculations most likely have overesti-
mated the viscosity and, consistently, underestimated the diffu-
sion coefficients. As mentioned earlier, the activation energies 
of diffusivity and viscosity (at zero pressure) predicted by the 
simulations (both first-principles and pair-potentials) tend to be 
consistently lower than their experimentally derived values for 
anorthite and other silicate liquids (Karki and Stixrude 2010a, 
2010b; Spera et al. 2009; Nevins et al. 2009). Much of the differ-
ence can be attributed to a dependence of the activation energy 
on temperature as suggested by the VFT representation of our 
viscosity results (Fig. 3b).

Comparison with previous first-principles results of silica 
liquid (Karki and Stixrude 2010b) allows us to examine the effects 
of CaO and Al2O3 components on the dynamics of anorthite liquid 
in relation to the structural changes. We find that the Si and O self-
diffusivities (viscosity) of silica liquid are smaller (larger) than the 
corresponding values of anorthite liquid by more than one order 
of magnitude at 3000 K (Fig. 3). Also, silica liquid shows a much 
stronger anomalous pressure behavior of diffusivity and viscosity 
(Figs. 4 and 5). Temperature suppresses the dynamical differences 
between two liquids. Both liquids are usually considered to be 
highly polymerized structures. The large dynamical differences 
can be attributed to the structural modifier content (Ca atom) of 
anorthite liquid, which breaks up polymerization as previously 
suggested (e.g., Giordano and Dingwell 2003; Giordano et al. 
2006). Here, we further elaborate on why the anorthite liquid is 
so much more mobile than the silica liquid.

First, the structural polymerization of anorthite liquid consists 
of Al-O and Si-O bonds in almost equal numbers, whereas that 
of silica liquid consists of only Si-O bonds. We find the Al-O 
bonds to be larger and weaker than the Si-O bonds. The calculated 

Al-O RDF shows shorter and broader first peak located at larger 
distance, compared to the peak in the Si-O RDF (Fig. 6b). This is 
consistent with larger effective size of the Al ion. Our calculations 
also show that the Al-O bonds are broken more often than the 
Si-O bonds, as many as four times at 3000 K and VX (Table 2).

Second, the odd coordination species are much more abundant 
in anorthite liquid than in silica liquid (Table 4). Non-bridging 
oxygen (NBO) and oxygen tri-clusters (O3) are present in large 
amounts (12% and 18%, respectively, at 3000 K and 0 GPa), 
compared to a total of 1% in silica liquid. Among the bridging 
oxygen, only one fourth connects two Si atoms, whereas all 
remaining also involve bonding with aluminum. Non-tetrahedral 
states consisting of three- and five-oxygen coordinated Si and Al 
atoms together account for more than 20% compared to less than 
2% in silica liquid. It is increased proportions of odd coordination 
(NBO, O3, non-tetrahedral states) that systematically enhance 
the dynamics of anorthite liquid relative to that of silica liquid as 
explained below. Note that NBO, O3 and fivefold Al/Si have been 
detected experimentally in silicate melts and glasses (Stebbins and 
McMillan 1993; Stebbins and Xu 1997; Lee et al. 2004, 2008).

Non-bridging oxygen atoms contribute to the liquid dynam-
ics at low pressures in two ways since it can be associated with 
the formation of both three- and five-coordinated T (Al or Si) 
atom. When one of two bonds of a BO with T atoms breaks, a 

Figure 6. Ca-O (a) and T-O (b) (where T is Al/Si) radial distribution functions of anorthite liquid at different conditions shown. The inset 
shows the Al-O and Si-O components of T-O RDF at VX and 3000 K. (Color online.)

Table 4. Abundances of various T-O coordination species (denoted 
as ZCTO and ZCOT) of anorthite and silica liquids

 3CTO 4CTO 5CTO 6CTO 0COT 1COT 2COT 3COT 4COT

2500 K, 0 GPa 1.7 83 15 0.9 0.00 10 73 16 0.6
3000 K, ~0 GPa 3.0 76 19 2.0 0.04 12 69 18 0.8
silica 0.44 98 1.6 0.02 0.00 0.16 99 0.76 0.0
3000 K, ~5 GPa 0.87 52 39 7.8 0.00 7.4 61 30 2.5
silica 0.32 97 3.2 0.04 0.05 0.14 98 1.6 0.25
3000 K, ~20 GPa 0.07 12 45 39 0.00 2.3 40 47 10
silica 0.18 36 46 17 0.02 0.08 58 39 2.8
4000 K, ~2 GPa 8.6 62 26 3.4 0.04 14 62 22 1.7
silica 4.6 87 8.2 0.2 0.04 2.1 94 3.7 0.2
4000 K, ~140 GPa 0.00 0.05 4.8 55 0.00 1.2 15 49 32
silica 0.00 0.12 5.2 65 0.03 0.11 4.5 77 16

Note: Z represents the coordination number and T represents Al and/or Si.
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tetrahedron (four-coordination) changes into a three-coordination 
state, which eventually forms bond with another O atom and 
turns back to a four-coordination state. On other hand, a NBO 
gets bonded to a four-coordinated silicon or aluminum to form a 
pentahedron (fivefold state), which eventually looses one of its 
original BOs as NBO and turns back into a tetrahedron. The bond 
breaking/formation events should not involve the same O atom 
(i.e., no recombination reactions) to make dynamical contribu-
tion. In effect, an oxygen atom thus exits from (enters into) and 
another oxygen atom enters into (exits from) the T coordination 
shell under consideration in the first (second) mechanism. These 
mechanisms (separately or in combination) are operative on 
initial compression where NBOs are highly abundant. The ratio 
0.5(3CTO/1COT) is small (<0.2) and decreases on compression 
(Table 4). This suggests that there are plenty of NBOs that can 
also participate in the pentahedral formation.

At pressures where pentahedral states become highly abun-
dant (about 50%), NBOs are present in small amount (about 5%) 
but oxygen tri-clusters are present in a large amount (about 35%). 
Another way of forming pentahedron is that a BO gets bonded 
to a four-coordinated T atom and turns into O3. Suppose that a 
pentahedron (T1) is formed when one BO atom (O1) turns into 
O3. The O3 continues to exist and a second pentahedron (T2) is 
formed by bonding to a BO atom (O2) from the first pentahedron 
(T1). Eventually, the T1-O2 and T2-O1 bonds break, and both O3s 
turn into BOs and both pentahdera turn into tetrahedra. The net 
result is thus an exchange of O atoms between two tetrahedra 
(T1 and T2). However, if the second pentahedron (T2) is formed 
by bonding with a BO atom (O3) from a third tetrahedron 
(T3), then T2-O1 bond rupture results in a single oxygen atom 
transfer (i.e., O1 from T2 to T1). The first pentahedron (T1) and 
the second oxygen tricluster (O3) continue to exist. Since the 
ratio 0.5(5CTO/3COT) is high and increases on compression, this 
mechanism involving pentahedra and O3s is operative as the 
liquid is compressed.

Non-bridging oxygen and O3 coexisting in significant 
amounts complement each other to enhance the dynamical 
relevance of pentahedral states, whose abundance increases on 
compression. A pentahedral state is formed through NBO → 
BO or BO → O3 reaction capturing an oxygen atom, whereas it 
decays through BO → NBO or O3 → BO reaction releasing an 
oxygen atom. The importance of pentahedral states as an acti-
vated complex was previously proposed in the case of anorthite 
liquid (Spera et al. 2009) and other liquids (e.g., Kushiro 1978; 
Angell et al. 1982; Lesher et al. 1996; Behrens and Schulze 2003; 
Lee et al. 2004; Tinker et al. 2004; Karki and Stixrude 2010b).
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