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S1. Heat capacity of stishovite

To treat the anisotropy of crystals and accurately model the dispersion relation near
the Brillouin zone boundary, Kieffer [1979] proposed a vibrational density of states for the
acoustic modes in a crystal of the form,

g(ω)dω =
3∑

t=1

3NA (2/π)3
[
sin−1 (ω/ωt)

]2
Z (ω2

t − ω2)
1/2

dω, (1)

ωt = viKmax (2/π) , (2)

where ωt is the maximum frequency for each of the three acoustic modes at the zone
boundary, Kmax is the radius of the Brillouin zone, vi is the sound velocity for each
acoustic wave (longitudinal and shear waves), Z is the number of molecules in the unit
cell (2 for stishovite), and NA is Avogadro’s number. The size of the Brillouin zone is
given by,

Kmax = 2π

(
3NA

4πZV μ

)1/3

, (3)

where V is the specific volume and μ = 0.06008 kg mol−1 of molecules.
The remaining vibrational degrees of freedom are treated as a continuum of optic modes,

g0, or individual Einstein oscillators, gE. The vibrational density of states within the
frequency range of the optic modes, ωl < ω < ωu, and at the frequency of Einstein
oscillators, ωE, are given by,

g0 =
3NAnm [1− (1/s)− qE]

ωu − ωl
, (4)

gE = 3qENAnmδ (ω − ωE) , (5)

where nm is the number of atoms per molecule, qE is the proportion of optic modes stored
in Einstein oscillators at frequency ωE, and δ is the delta function.
The isochoric heat capacity, CV , is determined by summing three functions that inte-

grate over the density of states in the acoustic Λ, optical κ, and Einstein phonon modes
ξ:

Λ (xi) =
(
2

π

)3 ∫ xi

0

[
sin−1 (x/xi)

]2
x2ex

(x2
i − x2)

1/2
(ex − 1)2

dx, (6)

κ

(
xu

xl

)
=
∫ xu

xl

x2ex

(x2
u − x2

l )
1/2

(ex − 1)2
dx, (7)

ξ (xE) =
x2
Ee

xE

(exE − 1)2
, and then (8)

CV =
3NAkB
nmZ

3∑
i=1

Λ (xi) + 3NAkB

(
1− 3

3nmZ
− qE

)
κ

(
xu

xl

)
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+3NAkBqEξ (xE) , (9)

where x = h̄ω/kBT .
To determine the isochoric heat capacity in the compressed state, Kieffer [1979] suggests

integrating the definition of the mode Grüneisen parameter,

γoptic = − ∂ln(ω)

∂ln(V )
, (10)

to determine the change in frequency with volume of the optical modes. The wave velocity,
vi, for each acoustic mode is assumed to change according to [Kieffer, 1982],

vi = v0,i

[
1−

(
V

V0
− 1

)(
γi − 1

3

)]
(11)

where V0 is the volume of stishovite at ambient pressure, v0,i is the ambient pressure sound
velocity of acoustic mode i, and γi is the mode Grüneisen parameter of acoustic mode
i. Then, the cutoff frequencies for each acoustic branch of the phonon spectrum can be
calculated using Equations 2 and 3.
Next, we summarize the method discussed by Gillet et al. [1990], and references therein,

to determine the effect of anharmonic potentials on the heat capacity. A mode anharmonic
parameter ai can be used to describe the anharmonicity of a vibrational mode of frequency
ωi,

ai =

(
∂lnωi

∂T

)
V

. (12)

The mode parameter, ai, describes the change in frequency of a certain mode as a func-
tion of temperature at constant volume. As most experimental measurements are not
performed at constant volume, but at constant pressure or temperature, it can be shown
that

ai = αT (γiT − γiP ) (13)

with

γiT = K

(
∂lnωi

∂P

)
T

, (14)

γiP = − 1

αT

(
∂lnωi

∂T

)
P

, (15)

where αT is the coefficient of thermal expansion and K is the bulk modulus.
To determine the effect of the anharmonicity parameter on the heat capacity of a ma-

terial, we start with the internal energy, E, of a system of harmonic oscillators. The
oscillator energy changes with temperature as

E(T ) = kBT
2

(
∂lnQ

∂T

)
V

. (16)

Here Q is the partition function for a system of harmonic oscillators,

Q =
∏ 1

1− exp (−h̄ωi/kBT )
, (17)
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where the product is over all available vibrational modes of the system, ωi.
Inserting Equation 17 into Equation 16, one obtains

E(T ) =
∑

Eh
i (1− aiT ) , (18)

where Eh
i is the internal energy of harmonic oscillator i. The heat capacity at constant

volume is then,

CV =
∑[

Ch
V i (1− aiT )− aiE

h
i

]
, (19)

where ai is assumed to be independent of temperature. At high temperatures, Eh
i is

approximately Ch
V iT , where C

h
V i is the isochoric heat capacity contribution from harmonic

oscillator i. Consequently, Equation 19 can be further simplified to

CV =
∑

Ch
V i (1− 2aiT ) . (20)

The anharmonicity parameter, ai, has been measured for a few optical modes of
stishovite [Gillet et al., 1990]. However, as noted in Gillet et al. [1990], there is sig-
nificant uncertainty in using the average of the anharmonicity parameters for the three
measured vibrational modes. To constrain the anharmonicity parameter, we compare the
measured shock temperature in the stishovite phase with a thermodynamic model for the
shock temperature where the only unconstrained parameter is ai.
For materials that undergo a high-pressure phase transition, shock temperatures are

calculated using the method from Lyzenga and Ahrens [1980]. The internal energy increase
of a material subjected to shock compression is determined by the Rankine-Hugoniot
equation,

ΔE =
1

2
(PH − P00) (V00 − VH) (21)

where subscript 00 denotes the pressure and volume of the starting phase. As the shocked
state is in equilibrium, the calculation of internal energy is path independent. For a
material shocked from a low-pressure phase to a high-pressure phase, such as fused quartz
to stishovite, the internal energy increase upon going from the initial state (P00, V00) to
the shock state (PH, VH) is obtained by summing the energy of transition from the low
pressure to the high pressure phase Etr (Table S.2) at P00, the work done in compressing
the the high-pressure phase isentropically from the initial volume V0 to the volume in
the shocked state VH, and the energy of heating the material from the isentrope to the
Hugoniot state:

ΔE = Etr +
∫ VH

V0

PSdV +
∫ TH

TS

CV dT. (22)

TS is the temperature on the isentrope at volume VH, and TH is the temperature on the
Hugoniot at volume VH. We use a third-order Birch-Murnaghan EOS with parameters
from Panero et al. [2003] to calculate pressure on the isentrope, PS(V ).
In spite of the large number of shock wave experiments performed on silica polymorphs,

there are few accurate shock temperature measurements on silica that are confidently
within the stishovite phase. Here we focus on the shock temperature measurement by
Lyzenga et al. [1983] on silica glass shocked to stishovite [later corrected by Boslough,



KRAUS ET AL.: SHOCK VAPORIZATION OF SILICA X - 5

1988]. At a shock pressure of 58.9±1 GPa, the shock temperature is 4960±100 K (where
VH=2.17(3)×10−4 m3 kg−1 [Ahrens and Johnson, 1995]).
To match the measured shock temperature with the heat capacity model presented

above (Equation 19) requires an average anharmonicity parameter of ai=-3.1(6)×10−5

K−1, which is slightly above the three measured anharmonicity parameters for individual
optical modes of stishovite [Gillet et al., 1990]. The other parameters used in the Kieffer
model calculation are given in Table S.3.
Using ai=-3.1(6)×10−5 K−1, the isochoric heat capacity of stishovite at a temperature

of 4500 K is 3.65(0.15)kB per atom, significantly above the Dulong-Petit limit. Note that
we are forcing the phonon contribution to account for the entire temperature dependence
of the entropy; however, at these high temperatures, it is not unlikely that transitions
between electronic energy levels or defect generation may contribute to the heat capacity
at high temperatures.

S2. Revised boiling point for SiO2

S2.1. Heat capacity of liquid silica at 1 bar

The entropy change along an isobar is found by integrating the heat capacity at con-
stant pressure, CP , from T = 0 K, where the entropy is zero from the third law of
thermodynamics, to the temperature of interest T ∗,

S =
∫ T ∗

0

CP

T
dT, (23)

where CP is defined below (Equation 24).
In the recent literature, there are two primary sources of data for CP of silica liquid

at 1 bar. The well-known JANAF thermodynamic tables are widely cited [Chase, 1998];
however, the heat capacity data above 1700 K are only estimates based upon extrapolation
to lower temperature data by Wietzel [1921] and agreement with liquid heat capacities
of various silicates. The second widely-cited source of heat capacity data for liquid silica
is from Richet et al. [1982]. Where the enthalpy of silica glass was measured through
the glass transition at ≈1600 K, for a fast cooling rate, up to 1776 K. The heat capacity
data of Richet et al. [1982] are the most accurate measurements on silica liquid in the
literature with error estimates of ∼0.3%. Note, however, that 1776 K is still below the
equilibrium melting temperature of cristoballite, ∼1995 K. Using DFT-MD methods,
Karki et al. [2007] found the isochoric heat capacity of liquid silica at 3000 K to be
significantly higher than the measurements of Richet et al. [1982]. de Koker et al. [2008]
re-analyzed the DFT-MD data of Karki et al. [2007] in a thermodynamically consistent
manner and found the heat capacity to increase quasi-linearly from 3000 up to 6000 K;
however, without any simulations below 3000 K, it is difficult to determine the source of
the difference between the experimental data and the theoretical calculations. Recently,
Ottonello et al. [2010] calculated the heat capacity of liquid silica up to 3000 K and found
their calculated CP to agree with heat capacity measurements of Richet et al. [1982]. de
Koker (private communication) suggests the difference could be in the numerical models,
the DFT-MD methods include depolymerization of the SiO2 structure and the electronic
contribution to the heat capacity, which would both cause an increase in the calculated
heat capacity. However, it should be noted that DFT methods may underestimate the
band gap and consequently overestimate the electronic contribution to the heat capacity.
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Interestingly, there is more enthalpy data above 1800 K, from 1400 to 2400 K [Tarasov
et al., 1973], that has been neglected in the literature due to scatter in the data. However,
as the data is over a much larger temperature range than that of Richet et al. [1982], the
enthalpy data were fit to a second order polynomial to obtain a temperature dependence
to the isobaric heat capacity. Even with the reasonably high uncertainties in enthalpy,
0.8−1.3%, the combined data of Richet et al. [1982] and Tarasov et al. [1973] provide ex-
perimental constraints on the enthalpy and hence heat capacity over a wider temperature
range than previously considered.
The best fit to the combined enthalpy data of Richet et al. [1982] and Tarasov et al.

[1973] from 1600 to 2400 K is as follows,

CP [J mol−1K−1] = 80.1(1.8) + 0.0079(58) (T − 1600) (24)

where temperature is in Kelvin and the covariance between the uncertainty in the intercept
and the slope is -0.00465. Although the increase in heat capacity with temperature is
relatively uncertain, it is significant. Since the band gap for SiO2 is 8.9 eV [Laughlin, 1980],
we expect the electronic contribution to the heat capacity to be small in the temperature
range from 2000 to 3000 K.

S2.2. Entropy of liquid silica at 1 bar

Upon integration of all available thermodynamic data, Richet et al. [1982] calculated the
absolute entropy of amorphous silica at the observed glass transition temperature of their
experiments, S=154.757 J mol−1 K−1 at 1600 K. As the transition between glass and liquid
is second order, there is no entropy discontinuity, and the heat capacity can be integrated
across the glass transition temperature. Hence, above 1600 K, we use the isobaric heat
capacity (Equation 24) to determine the entropy of liquid silica for temperatures above
1600 K:

S(T > 1600K) = 154.0(3.0) + 80.1(1.8)ln
(

T

1600

)

+0.0078(58)
[
(T − 1600)− 1600ln

(
T

1600

)]
. (25)

We also calculated the enthalpy of liquid silica above 1600 K using the tabulated value
from Richet et al. [1982] at 1600 K and the isobaric heat capacity (Equation 24), noting
that the covariance between the uncertainty in the linear term and the quadratic term is
-0.00465:

H(T > 1600K)−H(298 K) = 87849 + 80.1(1.8) (T − 1600)

+
0.0079(58)

2
(T − 1600)2 . (26)

S2.3. Equilibrium vaporization of silica

We include the following reactions to calculate equilibrium between liquid and vapor:

SiO
(l)
2

⇀↽ SiO(g) +
1

2
O

(g)
2 , (27)

1

2
O

(g)
2

⇀↽ O(g), (28)

SiO
(l)
2

⇀↽ SiO
(g)
2 . (29)
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Equilibrium between the reactions described in Equations 27 and 28 must be solved si-
multaneously with the constraint that the partial pressures of the product gases from
reactions 27 to 29 must sum to 1 bar at the vaporization temperature. The equilibrium
constants for reactions 27 and 28 are defined as follows,

K27 =
PSiOP

1/2
O2

aSiO2

(30)

K28 =
PO

P
1/2
O2

(31)

K29 =
PSiO2

aSiO2

(32)

where aSiO2 is the activity of SiO2 in the liquid phase. As in Schick [1960], we now make
the assumption that the liquid is a pure compound and hence the activity of the pure
phase is aSiO2=1.
To calculate the equilibrium partial pressures within reactions 27 and 28, we assume a

closed system. Thus, the number of moles, N , of molecular oxygen in the system can be
related to the number of moles of SiO and atomic oxygen by

NO2 =
1

2
NSiO − 1

2
NO. (33)

As 1 bar and a few thousand Kelvin is not close to the critical point for any of the
species considered above, the ideal gas law is valid. Then, the relation between the
partial pressures of the species is

PO2 =
1

2
PSiO − 1

2
PO (34)

Equations 30 to 34 can be solved with knowledge of the equilibration constants or, more
specifically, the difference in Gibbs free energy of reactions 27 to 29.
The Gibbs free energy of a reaction, ΔGrxn, is most accurately determined from the

heat of reaction less the entropy difference between the products and reactants, ΔHrxn −
TΔSrxn. The heat of formation of SiO

(l)
2 , ΔfH

SiO
(l)
2
, was calculated at 2000 K by Richet

et al. [1982]. As this calculation required only a small extrapolation of experimental
calorimetry data, we expect the uncertainty to be similar to the uncertainty in the heat
content data, ∼ 0.5%. There is a scarcity of information regarding the heat of formation
of SiO gas; consequently, we consider the analysis by Schick [1960] of the heat of formation
of SiO vapor at 2000 K to be reasonable. At T = 2000 K, the heats of formation are

ΔfH
SiO

(l)
2

(2000 K) = −934862± 4674 J mol−1, (35)

ΔfHSiO(g) (2000 K) = −151190± 5289 J mol−1. (36)

The enthalpy change of reaction 27 at temperatures greater than 2000 K is then

ΔH27(T ) = ΔfHSiO(g)(2000 K)

+ [HSiO(g)(T )−HSiO(g)(2000 K)]

+
1

2

[
H

O
(g)
2
(T )−H

O
(g)
2
(2000 K)

]
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−ΔfH
SiO

(l)
2
(2000 K)

−
[
H

SiO
(l)
2
(T )−H

SiO
(l)
2
(2000 K)

]
. (37)

The enthalpy of SiO2 liquid above 2000 K is given in Equation 26. The enthalpy of O2,
tabulated in the JANAF thermochemical tables [Chase, 1998], was fit to a polynomial,
which accurately describes the enthalpy of molecular oxygen as a function of temperature
for T>2000 K:

H
O

(g)
2
(T )−H

O
(g)
2
(2000 K) = −63925 + 33.918T + 0.0009777T 2 (38)

As uncertainties are not presented in the JANAF thermodynamic tables, we assume the
same level of uncertainty in the enthalpy difference as presented in the analysis of Schick
[1960], ∼ 1%.
The heat capacity of SiO vapor has not been measured. We assume the heat capacity

follows the heat capacity of an ideal diatomic molecule at high temperatures, i.e. CP = 9
2
R.

Schick [1960] performed a more rigorous assessment of the enthalpy and entropy based on
spectroscopic data; however, their rigorous derivation again suggests CP = 9

2
R.

The entropy of reaction is just the difference in standard entropy at temperature T
between products and reactants:

ΔS27(T ) = SSiO(T ) +
1

2
SO2(T )− SSiO2(T ). (39)

The entropy of SiO2 liquid is given in Equation 25. The entropy of O2 is obtained from
the JANAF thermochemical table [Chase, 1998], where we fit the polynomial,

S
O

(g)
2
(T ) = 211.5 + 0.0405T − 7.0794× 10−6T 2

+5.617× 10−10T 3. (40)

We defer to the calculation of the entropy of SiO gas by Schick [1960], where

SSiO(g)(T ) = 276.31 +
∫ T

2000

CP

T
dT, (41)

and assume CP = 9
2
R over the temperature range of interest.

The enthalpy change of reaction 28 at temperatures above 2000 K is

ΔH28(T ) = ΔfHO(g)(2000 K)

+ [HO(g)(T )−HO(g)(2000 K)]

−1

2

[
H

O
(g)
2
(T )−H

O
(g)
2
(2000 K)

]
. (42)

The enthalpy and entropy of monatomic oxygen are tabulated in the JANAF thermody-
namic tables and have been fit to a polynomial,

HO(g)(T )−HO(g)(2000 K) = −41188 + 20.404T + 9.4859× 10−5T 2 (43)

SO(g)(T ) = 168.04 + 0.024223T − 4.5631× 10−6T 2

+3.7315× 10−10T 3 (44)

and the heat of formation of monatomic oxygen at 2000 K is 255,299 J mol−1.
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The enthalpy change of reaction 29 at temperatures above 2000 K is

ΔH29(T ) = ΔfH
SiO

(g)
2
(2000 K)

+
[
H

SiO
(g)
2
(T )−H

SiO
(g)
2
(2000 K)

]
(45)

−ΔfH
SiO

(l)
2
(2000 K)

−
[
H

SiO
(l)
2
(T )−H

SiO
(l)
2
(2000 K)

]
. (46)

The enthalpy and entropy of SiO2 gas, tabulated in the JANAF thermodynamic tables,
were fitted with polynomials:

H
SiO

(g)
2
(T )−H

SiO
(g)
2
(2000 K) = −121630 + 60.327T + 24.4× 10−5T 2 (47)

S
SiO

(g)
2
(T ) = 237.13 + 0.069519T − 12.757× 10−6T 2

+10.178× 10−10T 3 (48)

and the heat of formation of SiO2 gas at 2000 K is -361,747 J mol−1.
Using the thermodynamic data detailed above, the Gibbs free energy of the reactions

described in Equations 27 to 29 were fit with linear functions in temperature,

ΔG27 = 7.684× 105 − 231.7T, (49)

ΔG28 = 2.442× 105 − 61.57T, (50)

ΔG29 = 5.539× 105 − 153.3T, (51)

where the free energy is in J mol−1 and temperature is in Kelvin. We find that the partial
pressures of the vapor species in Equations 27 to 29 sum to 1 bar at 3177 K.
Due to the large, previously unknown, uncertainty in the heat capacity of SiO2 liquid,

the uncertainty in ΔG27 presented in Schick [1960] needs to be increased. As the uncer-
tainty in the enthalpy and entropy are strongly correlated by the uncertainty in the heat
capacity of the materials, to first order it is reasonable to approximate the uncertainty in
the free energy of reaction with the uncertainty in the enthalpy of reaction. Using values
for the uncertainty in the enthalpy of formation and heating of SiO gas and O2 gas given
in Schick [1960], the enthalpy of formation of SiO2 liquid given in Richet et al. [1982], and
the enthalpy of heating SiO2 liquid determined here, we find the enthalpy of reaction 27
is uncertain to within ∼29,000 J mol−1 at 3000 K. Consequently, the boiling point will be
uncertain to ±115 K.

S3. Streaked optical pyrometer calibration

The spectral radiance emitted from a surface at temperature T is described by Planck’s
law,

L(λ, T ) = ε
2hc2

λ5

1

ehc/λkBT − 1
, (52)

where ε is the emissivity, λ is the wavelength of light, and T is the temperature of the
radiating surface. From Kirchoff’s law for an opaque surface, ε=(1-R′), where R′ is the
frequency-dependent the reflectivity. Here we make the assumption that R′ is frequency
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independent over the range of interest. Based on previous measurements of spectrally
resolved and absolutely calibrated detectors [Lyzenga et al., 1983], our assumption of gray-
body emission is reasonable. For a pyrometer that collects light over a small wavelength
band, Planck’s law can be inverted into a form more suitable for apparent temperature
measurements,

Ta =
T0

ln
(
1 + A

Icor

) , (53)

where T0 and A are coefficients determined from calibration of the pyrometer and Icor is
the pyrometer signal corrected for a non-zero reflectivity [Celliers et al., 2010].
In Figure S.2, the spectral response of the Janus Streaked Optical Pyrometer (SOP)

is given as a function of wavelength (which includes transmission through the optical
components and wavelength dependence of the Hamamatsu C7700 streak camera detec-
tor efficiency). Quartz shock temperatures were absolutely calibrated using the SOP at
the Omega laser, which has a sensitivity spectrum similar to Figure S.2. However, the
spectrum is split into two channels at Omega, and consequently, it is reasonable to treat
the emission from each channel as though it occurs over a small wavelength range [Miller
et al., 2007]. At Janus, radiation from the entire spectrum (Figure S.2) is combined into
one channel; hence, a delta function approximation for the emitting frequency does not
seem appropriate.
However, upon simulating the combined thermal emission with the SOP response (Fig-

ure S.3), we find the error in using Equation 53 to be less than 2% over the tempera-
ture range of interest here. At temperatures greater than 20,000 K, the error in using
Equation 53 can increase beyond 5% and should be accounted for in data analysis of
high-temperature shock wave experiments.
We fit the SOP calibration coefficients T0 and A to shock velocity–Icor data from six

different experiments (with no intermediate modifications to the SOP or collecting optics).
The structure in the thermal emission from quasi-steady shock waves is similar to the
structure in the shock velocity measurements. Paired intensity and shock velocity data
were selected at locations with correlated structure for the calibration, as shown in Figure
S.4. The paired shock velocity and intensity data were taken at least 2 ns after the
shock wave enters the quartz to avoid any possible pre-heating related to hard x-ray
deposition within the quartz sample. The intensity of the thermal emission is corrected
for the reflectivity of the shock front using the reflectivity of quartz as a function of shock
velocity [Celliers et al., 2010]. For targets that did not have an anti-reflective coating
on the downrange free surface, a second correction for the reflectivity of an interface
between disparate indices of refraction was done using the Fresnel equation (1.547 for c-
axis quartz). The calibration uses the shock velocity–temperature calibration from Hicks
et al. [2006] with the corrected reflectivity from Celliers et al. [2010]. The fit to Equation
53 is shown in Figure S.5. The least-squares fitted coefficients are A = 3140(760) [counts]
and T0 = 24300(2350) [K] with a covariance of 1.745× 106.
For the lowest-pressure experiment (e100727s1 in Figure S.5), the SOP intensity data

were not determined from the companion shock wave velocities because of the lack of
reflectivity in the shock front. Instead, the intensity is calibrated by the superheating
signature in quartz. As superheating temperatures are rate dependent [Luo et al., 2003b],
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we calibrate using the temperature measurements of Hicks et al. [2006] rather than the
more accurate gas-gun measurements by Lyzenga et al. [1983].
Upon formal propagation of errors, the uncertainty in the post-shock temperature mea-

surements is ∼ 11%, which is a combination of both the uncertainty in the fit presented
in Figure S.5 and the 8% uncertainty in calibration of the quartz standard by Hicks et al.
[2006]. The uncertainty in our calibration fit is due to random noise and spatial variability
in the SOP (> 5%) and the random error in shock velocity measurement (2%−4%). The
uncertainty in the reflectivity correction to Icor is small due to the low reflectivity at these
pressures.

S4. Absorbance of silica fluid

We used first-principle MD simulations to generate samples of thermally perturbed po-
sitions for a model of fluid silica with 96 atoms under temperature and pressures relevant
to planetary impacts. In FPMD, the forces governing the dynamics are evaluated us-
ing Density Functional Theory (DFT) [Hohenberg and Kohn, 1964], which is in principle
an exact representation of the many-body Schrödinger equation and in practice is only
limited by the approximation of the exchange-correlation functional. The FPMD simula-
tions were performed using the Vienna ab initio Simulation Package (VASP) [Kresse and
Hafner, 1993]. We used the Perdew-Burke-Ernzerhof (PBE) [Perdew et al., 1996] level
of approximation to the exchange correlation functional with projector-augmented wave
(PAW) [Blochl, 1994] pseudopotentials to account for the core electrons. We used Born-
Oppenheimer MD (BOMD) within the NVT-ensemble (with a Nose-Hoover thermostat
with a frequency of 13.2 THz and a 1.0 fs ionic time step). For the MD, the Brillouin zone
was sampled at the Γ-point and the plane-wave cutoff was set to 1200 eV. The electron
occupancy are set according to a Fermi-Dirac distribution function (Te = Tions). For the
optical properties post-processing calculations, the sample configurations are drawn from
a 5 ps trajectory (after equilibration). We used 30 well spaced configurations, a lower
plane-wave cutoff of 900 eV, a smearing of 0.03 eV for the spectra and enough unoccupied
bands to cover all excitations within a 80 eV window. For each configuration drawn from
the trajectories, we used the Gamma point electronic density from the MD to evaluate
the set of Kohn-Sham orbitals at the (1

4
, 1
4
, 1
4
) k-point (again using Fermi broadening at

the ionic temperature). Based on these orbitals, we use the Kubo-Greenwood formula to
estimate the real component of the frequency dependent conductivity, σ1(ω) [e.g. Matts-
son and Desjarlais, 2006; Holst et al., 2008]. The DC conductivity is obtained as the
zero frequency limit of σ1(ω) averaged over the different configurations while the imag-
inary component of the conductivity is obtained using the Kramers-Kronig transform.
Using the complex conductivity, we can get the complex dielectric function, the index
of refraction, and the coefficient of extinction. To get an estimate of the opacity of the
vapor, we ran a short MD simulation using 4 SiO molecules and 2 O2 molecules in a large
volume to capture a sample of bond vibrations. The density was 0.0092 g/cc. Here, a
plane-wave cutoff of 500 eV was used. Configurations from this short MD were used to
get the conductivity with enough unoccupied bands to cover all excitations within a 11
eV window.
The FPMD-DFT opacity calculations are thought to be reasonably accurate for silicate

fluids based on their previous success in predicting optical properties of supercritical
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fluids [Laudernet et al., 2004; Clérouin et al., 2005]. Given the computational expense
in calculating the opacity at a single (ρ,T) point, creating a opacity table from DFT
calculations that is sufficiently populated for accurate interpolation is not yet feasible.
Hence, we use a semiconductor type Drude model to determine how the opacity scales

as a function of density and temperature. The Drude model has been shown to adequately
describe the increase in reflectivity along the supercritical fluid Hugoniot of LiF, Al2O3,
H2O, and He [Hicks et al., 2003; Celliers et al., 2004, 2010]. We use the FPMD-DFT
calculations to constrain the parameters in the Drude model.
The Drude model for the conductivity is given as,

σ(ω) =
nee

2
cτe

2ε0meff(1− iωτe)
, (54)

where ne is the free electron concentration, ec is the charge on the electron, τe is the electron
relaxation time, meff is the effective mass of the electron, which is approximately the mass
of an electron, and ω is the angular frequency. For disordered materials the electron
relaxation time τe is close to the Ioffe-Regel limit [Ioffe and Regel, 1960], at which the
scattering length is close to the interatomic distance R0. The relaxation time is then τe =
R0/ue, where ue is the mean electron velocity, which is approximately proportional to T 1/2;
consequently τe = A0ρ

1/3T−1/2, where A0 is a constant. The free electron concentration
ne in the semiconductor model is described by the carrier concentration of an intrinsic
semiconductor [Kittel and Kroemer, 1980], which for thermal energies lower than the gap
energy scales approximately as

ne = n0T
3/2exp

(
−Eg(ρ, T )

2kBT

)
, (55)

where Eg is the gap energy and n0 is a constant. The gap energy has been found to be
linearly dependent on density and temperature for a number of materials [Hicks et al.,
2003; Celliers et al., 2004, 2010], and consequently, we assume the form below for SiO2 in
the expanded regime,

Eg = A1 + A2ρ+ A3T, (56)

where A1, A2, and A3 are constants.
The frequency-dependent absorption coefficient α(ω) is given by [Clérouin et al., 2005]

α(ω) =
4πσ1(ω)

n1(ω)c
, (57)

where c is the speed of light and n1(ω) is the real part of the index of refraction. As n1(ω)
has a relatively weak dependence on temperature and density, we consider it a constant.
Substituting the previously mentioned scalings for τe, ne, and the real part of the con-

ductivity σ′(ω), one finds

α(ω) =
4π

n1c

e2c
2meε0

A0ρ
1/3T−1/2

(1 + ω2τe)
n0T

3/2e
−A1+A2ρ+A3T

kBT . (58)

As the electron relaxation time τe, is greater than ω when the mean electron velocity
is comparable to the Fermi velocity of metals, we assume ω2τ 2e � 1. Note that this
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assumption also removes any frequency dependence of the absorbance. Collecting terms
that are independent of of temperature and density, and normalizing the temperature and
density terms by arbitrary constants Tn and ρn, we find the absorption coefficient scales
as,

αvap = B0

(
ρ

ρn

)1/3 (
T

Tn

)
e−B1

Tn
T e−B2

ρTn
ρnT , (59)

where B1 and B2 are dimensionless fitting parameters and B0 scales the absolute ab-
sorbance and has units of absorbance.
To compare with the FPMD-DFT calculations of frequency dependent absorbance, we

calculate a Rosseland mean absorption coefficient αRM for each DFT point,

1

αRM
=

∫∞
0

κλ

α(λ)
∂Lλ

∂T
dλ∫∞

0 κλ
∂Lλ

∂T
dλ

(60)

where the weighting function κλ describes the spectral response of the SOP and Lλ is the
Planck function. The mean absorption coefficient ranges from 0.008 mm−1 for the silicate
vapor at ∼ 9 kg m−1 and 4150 K up to 4400 mm−1 for the silicate liquid at 1900 kg m−1

and 4150 K.
To constrain B0, B1, and B2, we fit Equation 59 to the mean absorption coefficients

calculated using Equation 60. Using ρn = 1900 kg m−1 and Tn = 4150 K, we find
B0 = 6.0× 1014 [mm−1], B1 = 37, B2 = −11.6. The fit is shown in Figure S.6.
Spectroscopic measurements of post-shock thermal emission from samples of diopside

shocked into the high pressure fluid phase suggest that the vapor phase could be partially
ionized [e.g. Kurosawa et al., 2012]. However, in their measurements the shock state in
the diopside was not measured and so it is not clear that the measurements are in a
comparable region of the phase diagram.
Ionization is not taken into account in our radiative transfer model because the ioniza-

tion energies for silicon and oxygen are sufficiently high to expect negligible vaporization
at the measured temperatures in these experiments. More work is needed to determine
the quantitative effect of ionization on the thermodynamics of shock induced vaporization.
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Figure S.1. Reference entropy states of Table 2 plotted on a pressure-temperature phase
diagram of silica. The stability region of stishovite is expanded beyond that of the equilibrium
phase diagram to represent the zero pressure reference state used in the main text.
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Figure S.2. Spectral response of the streaked optical pyrometer used in post-shock temperature
measurements at the Janus laser. The gap in transmission from 500 to 600 nm was created by
multiple notch filters used to block light from the drive laser (527 nm) and the VISAR probe
laser (532 nm).
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Figure S.3. Top: Model streaked optical pyrometer intensity as a function of temperature for
emission bands from 430–500 nm (blue), 600–740 nm (red), and the combined emission spectrum
(green). Equation 53 is fit to the combined spectrum (dashed black line). Bottom: Relative
difference between the model temperature and the temperature derived from Equation 53. The
error is less than 2% for the range of temperatures considered here.
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Figure S.4. (A) Shock velocity and corrected streaked optical pyrometer (SOP) intensity Icor
from shot e100726s4. The dark grey line (dashed) represents the shock velocity (uncertainty),
light grey line (dashed) represents the corrected thermal emission (uncertainties) measured by
the SOP for the same experiment. Dark horizontal bars represent regions of time where we are
confident the shock velocity corresponds to the respective SOP intensity (i.e., where the structure
in the profiles are obviously corresponding). (B) SOP image from shot e100726s4, dashed white
lines represent region of space over which the corrected SOP intensity was taken. Uncertainties
from part (A) of this figure are determined from the scatter in the SOP intensity at a given time.
For the given laser spot size and target thickness, lateral release waves do not reach the area of
interest.
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Figure S.5. Streaked optical pyrometer calibration. Data from individual experiments (sym-
bols) are fit to Equation 53. The least-squares fitted coefficients are A = 3140(760) [counts] and
T0 = 24300(2350) [K] with a covariance of 1.745× 106.
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Figure S.6. Comparison of DFT-MD absorbance calculations for silica over a range of tem-
peratures and densities (filled circles), with fitted absorbance model (lines, Equation 59) based
on semiconducting Drude model.
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Table S.1. Summary of variables and annotations used in the Auxiliary Materials.

Symbol Definition

General Variables

P Pressure

V Specific volume

E Internal energy

T Temperature

S Entropy

H Enthalpy

ω Angular frequency

h, h̄ Planck constant, reduced Planck constant

c Speed of light

kB Boltzmann constant

NA Avogadro’s number

R Gas constant

H Subscript denoting state on the Hugoniot

00 Subscript denoting initial state on the Hugoniot

S Subscript denoting state on an isentrope

Heat capacity of stishovite (§S1)
g(ω) Vibrational density of states

ωt Maximum frequency of acoustic vibrational modes at zone boundaries

Kmax Radius of the Brillouin zone

Z Number of SiO2 molecules in unit cell

μ Molar mass

g0 Frequency continuum of optic modes

vi Sound velocity of each acoustic mode

nm Number of atoms per molecule

qE Proportion of optic modes stored in Einstein oscillators

ωl, ωu Lower and upper frequency bounds to continuum of optic modes

ωE Frequency of Einstein oscillators

CV Isochoric heat capacity

Λ, κ, ξ Density of state functions for acoustic, optical, and Einstein phonon modes, respectively

x h̄ω/kBT

γi Mode Grüneisen parameter for acoustic mode i

V0 Specific volume of stishovite at ambient pressure

v0,i Ambient pressure sound velocity of acoustic mode i

ai Linear anharmonicity parameter

αT Coefficient of thermal expansion

K Adiabatic bulk modulus

Q Partition function for a system of harmonic oscillators

Eh
i Internal energy of harmonic oscillator i

Ch
V i Contribution to the isochoric specific heat from harmonic oscillator i

Etr Specific energy of transformation from low to high pressure phase
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Table S.1. Summary of variables and annotations used in the Auxiliary Materials (continued).

Symbol Definition

Revised boiling point for SiO2 (§S2)
(g) Superscript denoting gas phase

(l) Superscript denoting liquid phase

CP Isobaric heat capacity

KEq.i Equilibrium constant for reaction i

ΔfH Heat of formation

N Number of moles

G Gibbs free energy

Streaked optical pyrometer (SOP) calibration (§S3)
L Radiance

ε Emissivity

λ Wavelength

R′ Frequency-dependent optical reflectivity

T0, A Calibration coefficients (Equation 53)

Icor Reflectivity-corrected SOP intensity

Absorbance of silica fluid (§S4)
σ Frequency-dependent conductivity

ne Free electron concentration

ec Charge of an electron

τe Electron relaxation time

ε0 Permittivity of free space

meff Effective electron mass

R0 Interatomic distance

ue Mean electron velocity

Eg Band gap energy

A0, A1, A2 Constants for linearized Eg (Equation 56)

Tn, ρn Normalization constants (Equation 59)

B0, B1, B2 Fitting parameters (Equation 59)

α(ω) Frequency-dependent absorption coefficient

n1(ω) Real part of the frequency-dependent index of refraction

σ1 Real part of frequency-dependent conductivity

αvap Absorption coefficient along the release isentrope

αRM Rosseland mean absorption coefficient

κλ Spectral response of the Streaked Optical Pyrometer

Lλ Planck function
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Table S.2. Published enthalpies of transition for quartz to stishovite and fused quartz to

stishovite.

ΔH [MJ kg−1] ΔH [MJ kg−1]

Source quartz to stishovite fused quartz to stishovite

Panero et al. [2003]a 0.89 0.70

Lyzenga et al. [1983]b 0.822 0.697

Akins and Ahrens [2002]c 0.86 0.70

Luo et al. [2003a]d 0.7772 −
Akaogi et al. [1995]e 0.6162 0.464

The primary sources of the thermodynamic data are: (a) Robie and Waldbaum [1968], (b)
Robie et al. [1978], (c) Navrotsky [1995] and Richet and Bottinga [1986] (d) Saxena et al. [1993],
(e) our recommended value used in calculating the stishovite Hugoniot, transition enthalpy from
fused quartz to stishovite determined using enthalpy data for fused quartz from Richet et al.
[1982] (heat of formation of quartz at 298 K is 910.700 kJ mol−1, heat of formation of fused
quartz at 298 K is 901.554 kJ mol−1, at 0.06008 kg mol−1, ΔH (quartz to fused quartz)=0.152
MJ kg−1).
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Table S.3. Standard density Kieffer model parameters for stishovite.

Parameter Value Source

V0 [m3 kg−1] 2.331 × 10−4 Weidner et al. [1982]

v1 [m s−1] 5050 Gillet et al. [1990]

v2 [m s−1] 6190 Gillet et al. [1990]

v3 [m s−1] 11000 Gillet et al. [1990]

ωl [cm
−1] 230 Gillet et al. [1990]

ωu [cm−1] 1020 Gillet et al. [1990]

qE 0 Gillet et al. [1990]

γoptic 0.95 Kieffer [1982]

γ1 0.59 Kieffer [1982]

γ2 0.59 Kieffer [1982]

γ3 2.35 Kieffer [1982]

ai [K−1] -3.1(6)×10−5 this work
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Table S.4. Experimental values for Grüneisen parameter in silica fluid.

Source Volume [10−4 m3 kg−1] γ

Hicks et al. [2006] ≤∼ 1.7 ∼ 0.6

Trunin [1994, 1998] ∼ 2 0.6± 0.1

Lyzenga et al. [1983]a 2.127 0.75± 0.3

McQueen [1992]a 2.11 1.2

McQueen [1992]b 1.90 0.4

The sound velocity measurements were reanalyzed using the Hugoniots for (a) fused quartz:

Equation 4 in the main text and (b) quartz: Knudson and Desjarlais [2009].
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Table S.5. Revised model liquid–vapor curve for silica.

T P Sliq Svap ρliq ρvap

[K] [GPa] [J kg−1 K−1] [J kg−1 K−1] [g cm−3] [g cm−3]

5130 1.32E-01 5149 5149 5.08E-01 5.08E-01

5126 1.31E-01 5074 5224 5.66E-01 4.50E-01

5120 1.29E-01 5030 5269 6.02E-01 4.18E-01

5114 1.27E-01 5002 5301 6.26E-01 3.97E-01

5108 1.25E-01 4979 5327 6.45E-01 3.79E-01

5102 1.23E-01 4956 5350 6.65E-01 3.64E-01

5100 1.23E-01 4949 5355 6.70E-01 3.60E-01

5090 1.20E-01 4919 5388 6.97E-01 3.39E-01

5080 1.17E-01 4892 5416 7.21E-01 3.21E-01

5070 1.14E-01 4870 5443 7.41E-01 3.05E-01

5060 1.11E-01 4846 5467 7.63E-01 2.91E-01

5050 1.08E-01 4827 5489 7.80E-01 2.78E-01

5040 1.05E-01 4806 5509 7.99E-01 2.66E-01

5020 1.00E-01 4771 5550 8.32E-01 2.45E-01

5000 9.49E-02 4740 5586 8.61E-01 2.26E-01

4980 8.99E-02 4711 5621 8.89E-01 2.09E-01

4960 8.52E-02 4682 5652 9.17E-01 1.93E-01

4940 8.07E-02 4657 5683 9.41E-01 1.80E-01

4920 7.64E-02 4621 5700 9.65E-01 1.67E-01

4800 5.42E-02 4495 5858 1.09E+00 1.09E-01

4600 2.94E-02 4337 6084 1.26E+00 5.32E-02

4400 1.52E-02 4199 6272 1.40E+00 2.55E-02

4200 7.60E-03 4077 6440 1.52E+00 1.20E-02

4000 3.64E-03 3966 6597 1.62E+00 5.51E-03

3800 1.66E-03 3861 6749 1.71E+00 2.47E-03

3600 7.10E-04 3759 6901 1.80E+00 1.06E-03

3400 2.80E-04 3659 7061 1.87E+00 4.26E-04

3200 9.97E-05 3559 7233 1.94E+00 1.57E-04

3000 3.12E-05 3457 7425 2.01E+00 5.14E-05

2800 8.29E-06 3354 7645 2.07E+00 1.44E-05

2600 1.79E-06 3248 7904 2.13E+00 3.33E-06

2400 2.98E-07 3135 8211 2.19E+00 5.99E-07

2200 3.51E-08 3018 8590 2.24E+00 7.70E-08

2000 2.68E-09 2946 9247 2.29E+00 6.46E-09

To compare the liquid–vapor curve presented here and that of Melosh [2007], there is a typo-
graphical error in Table 3 of Melosh [2007], the parameters for the critical point adjustment are

reversed and should read: C53=6×1011 dynes cm−2 and C54=0.8.


