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The results of modeling the shock-wave loading of Mg2SiO4 forsterite, which in this case is considered as

a mixture of SiO2 quartz and MgO periclase, are presented. The model is based on the assumption that the

components of the mixture under shock-wave loading are in thermodynamic equilibrium. The model allows us

to reliably describe the phase transition region. The components of the investigated material are considered as

a mixture of low and high pressure phases. Polymorphic phase transitions of quartz and periclase are taken

into account in the calculation of forsterite in pressure range from 1 to 1000GPa. The results are verified by

experimental data obtained in dynamic experiments.
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Introduction

Interest in studies of the high-energy effect on magnesium

silicates and, in particular, on forsterite Mg2SiO4 is due to

the fact that these materials prevail in the Earth’s mantle.

Magnesium silicates and their high pressure phases are

major components of the Earth and possibly of other inner

planets of the Earth group. In this regard, forsterite, for

which there are experimental data on high-energy effects,

can be used in simulation of planetary collisions, which

are an important process in the formation and evolution

of planets [1]. A detailed understanding of both the physical

and chemical processes that occur during and just after

the collision of astronomical bodies motivates an accurate

description of forsterite at pressures and temperatures

significantly exceeding those corresponding to the interior

of the Earth [2]. Besides, the discovery of new exoplanets

around other stars in our galaxy raises new questions

about the diversity of planetary architecture, and how such

planets might form and evolve [3–5]. There is a growing

interest in experimental studies of geological materials under

conditions of ultrahigh pressure and temperature to solve

both new and old problems in the science of the Earth and

planets [6,7]. Knowledge of the composition and mineralogy

of planets helps to determine their evolution and internal

structure [8]. The forsterite parameters under shock-wave

loading were experimentally studied in the range of 200 to

950GPa and supplemented by theoretical calculations [2].
Studies of enstatite Mg2[Si2O6] and forsterite using shock-

wave compression are summarized in [9,10].
High-energy effect leads to phase transformations of

many materials. Experimental studies of phase diagrams

at high pressures, phase transitions in magnesium oxide —
quartz MgO−SiO2 systems were carried out in [11]. In [12]
it is noted that forsterite has several phase transitions at

pressures below 200GPa. The authors [13] obtained shock

adiabats showing several slope changes in the pressure

range between 270 and 470GPa, which were interpreted

as corresponding to regions of phase transformations. On

the contrary, no signs of a phase transition above 200GPa

along the shock adiabat were observed in [11], this directly
contradicts the results in [13]. Data on wave and mass

velocities in these experiments show a linear growth and

no signs of any phase transformations. With such results,

further study of the shock adiabat of forsterite is necessary

for better understanding of this material properties and

making its equation of state in ranges of the pressure

and temperature, which are important for simulating inner

planets and planetary collision processes [2]. It was also

shown in [12] that at pressures corresponding to the lower

mantle of the Earth, there is no stable compound with

the composition Mg2SiO4. So, reaching the equilibrium

state from initially homogeneous forsterite crystal requires

decomposition into at least two compounds.

The phase diagram under shock compression up to 200

GPa of Mg2SiO4 was investigated [9]. Note that the key

question relates to the Mg2SiO4 dissociation along the

shock adiabat, and for this reason it would be important

to confirm the presence of MgO or MgSiO3 in shock-wave

studies of Mg2SiO4. Earlier in [14] it was noted that the

Mg2SiO4 dissociation into oxides MgO and SiO2 (stishovite)
was observed. These experiments were carried out at a

pressure of 33GPa, which corresponds to the pressure in

the Earth’s mantle at a depth of 1000 km. The same
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question is discussed in papers [11,15], where it is noted

that the description of behavior, in particular for MgSiO3

and Mg2SiO4, is still far from satisfactory one, especially

at high pressures above 2Mbar. It was supposed in [16]
that a mixed phase mode exists for single crystal forsterite

subjected to pressures of 50 to 120 GPa, and that this

mode exists in a smaller pressure range for polycrystalline

forsterite. It is assumed that the transformation into a

high pressure mixture of MgO+MgSiO3 of perovskite is

completed at 100GPa for initial material. i. e. forsterite [9].
In paper [17] at normal temperature, the structure of

forsterite under compression to 48GPa was observed. At

50GPa a phase transition to a new structure (forsterite II)
occurs, and then transition to forsterite III at 58GPa. In

this case, a total volume decreasing by ∼ 10% is observed.

The discussion about the occurrence of phase transitions

along shock adiabats is currently ongoing. Note that the

experimental study of the pressure effect on the kinetics of

phase transformations is even more difficult problem than

the study of phase equilibria under pressure. This explains

the very small number of studies in this direction [18].

1. Problem formulation

Based on the availability of data on the dissociation of

magnesium silicates into components, it was suggested that

these components are MgO and SiO2. Many papers, in

particular [19], were associated with the study of these

oxides in connection with the study of the composition

of the Earth’s mantle. In this case, phase transitions

of silicates can be considered as phase transitions of the

components into which they decompose at appropriate

pressures. Simulation requires a model of shock-wave

loading of materials with components experiencing a phase

transition under high dynamic loads. A reliable description

for materials undergoing phase transition was obtained using

the thermodynamic equilibrium model [20]. Based on

this model, calculations of shock-wave loading of forsterite,

considered as a mixture of quartz SiO2 and periclase MgO

in the ratio 1 : 2, are performed, based on the stoichiometric

ratio. It is assumed that the components of the material

under study under shock-wave loading are in thermody-

namic equilibrium (equality of velocities, pressures and

temperatures). For a two-phase medium this assumption

was previously applied, in particular, in [21]. The model

under study makes it possible to reliably describe the results

of shock-wave experiments in the pressure range of 1GPa to

10 TPa for both solid and porous samples of pure materials,

including SiO2 and MgO. Complementing the system of

equations of dynamic compatibility with the condition

of equality of temperatures of the mixture components,

dependences are written that can be interpreted as shock

adiabats of heterogeneous sample [22–24]. At the same

time, considering the material under study in the phase

transition region as a mixture of low pressure and high

pressure phases, it is possible to reliably describe the region

of polymorphic phase transition for various substances,

including oxides [25,26].

2. Calculation procedure

The Mie-Gruneisen equation of state is used to simulate

the behavior of condensed phases:

P(ρ, T ) = Pc(ρ) + PT (T ), PT (ρ, T ) = ŴρET (T ),
(1)

where

ET (T ) = cV (T − T0), (2)

PC , is the potential component of pressure, PT , is the

thermal component; ET is the thermal component of

pressure of specific energy, cV is the thermal capacity, and

T0 is the initial temperature. The perfect gas equation is

taken for gas. The conditions for dynamic compatibility

at the wave front are written out in the form of the

Rankine−Hugoniot relationships, which express the condi-

tions for the conservation of mass, pulse, and energy [27]:

ρ

ρ0
=

D
D −U

, P = ρ0UD, E =
1

2
P

(

1

ρ0
−

1

ρ

)

, (3)

where ρ, ρ0 are current and initial density of the condensed

component, U, D are mass and wave velocities. Taking

into account the area of this model application, for pressure

values over 1GPa, the values of energy and pressure under

normal conditions are not considered. The conditions for

conservation of pulse and energy flows are given for the

mixture as a whole. In this case, for the mass flow, the

conservation conditions are written out for each component

separately. This approach makes it possible to calculate not

only the compression of the material as a whole, but also to

determine the compression of each component separately.

For the material containing n solid components with initial

volume fractions µn0, the following expressions are obtained:

P =

n
∑

i=1

Ai
µi0

σi

[(

hi −
k i+1
k i−1

)

σ
k i
i + 2k1σi

k i−1
− hi − 1

]

n
∑

i=1

µi0

σi
hi +

(

hg

σg

)

(

1−
n

∑

i=1

µi0

)

− 1

, (4)

hi =
2

Ŵi
+ 1, hg =

2

γ − 1
+ 1.

Here σi = ρi/ρi0, σg = ρg/ρg0 are compression ratios of

the corresponding component i = 1 . . . n, and ρg , ρg0 are

current and initial gas densities with adiabatic exponent,

γ = 1.41. The function Ŵ = PTV/ET determines the

contribution of the thermal components, while it explicitly

depends only on the temperature [28]. Complementing (4)
with the condition of equality of the component tempera-

tures and with the equations of state of each component,

the dependencies are found that can be considered as

shock adiabats of the heterogeneous material P(U) or D(U)
(A, k are coefficients in the equations of state).
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Thermodynamic parameters of heterogeneous materials

(values of pressure, density, temperature) are calculated in

the region of polymorphic phase transition, based on the

assumption that the material under study is a mixture of

the low pressure phase and the high pressure phase [24–26].
When simulating in the phase transition region, it is assumed

that the volume fraction of the low-pressure α-phase passed

into the high-pressure phase. According to the experimental

data the pressure value corresponding to the beginning of

the phase transition process is determined. The value of

the fraction α is close to linear one depending on the in-

ternal energy increment: α = 1E/k f , while k f = E f − Eb,

1E = E − Eb (E — current internal energy, Eb — internal

energy at the beginning of the phase transition, E f — inter-

nal energy at the end of the phase transition when all the

material passed into the high pressure phase). k f parameter

makes it possible to describe the experimental data for the

samples under study with different porosity values. When

calculating the shock adiabat, three sections of simulation

are specified for materials experiencing polymorphic phase

transition [24]:











E ≤ Eb, α = 0,

Eg ≤ E ≤ f , α = 1E/k f ,

E ≤ E f , α = 1.

(5)

The following values are determined for SiO2 and MgO: the

parameter k f is equal to 2.5 and 15.0 kJ/g, the pressure

of the phase transition beginning is 11 and 250GPa,

respectively.

3. Simulation results

The simulation results of the thermodynamic parameters

and the data obtained on the basis of experiments are

shown in Fig. 1 for amorphous quartz with a density

ρ0 = 2.204 g/cm3, taking into account the phase transition

in pressure−compression coordinates. Before the phase

0 1.5 2.0 2.5
0

20

40

60

80

100

r r/ 0

P
, 
G

P
a

Figure 1. Shock adiabat of quartz. Data [29,30].
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Figure 2. Shock adiabat of MgO. Calculation — solid line.

Data 1 — [31], 2 — [32] and 3 — [33].

transition beginning at a pressure of 11GPa, the calculation

coincides with the shock adiabat of quartz (low pressure

phase). At pressures above 40 GPa we assume that the

phase transition completed; the calculation corresponds to

the shock adiabat of stishovite considered as a high-pressure

phase of quartz with the same initial density as the original

sample. In this case, the porosity m (the ratio of the

monolithic sample density to the porous sample density)
for stishovite will be 1.63.

For MgO the simulation results and experimental data

are shown in Fig. 2 in pressure−compression variables. The

model parameters that were used in the calculations for

SiO2 and MgO oxides are shown in the Table for the low (1)
and high pressure (2) phases, respectively.

The ability to describe the behavior of pure materials

made it possible to calculate, among other things, the behav-

ior of mixtures, which, in particular, include quartz. Fig. 3

shows the calculation in variables pressure−compression

of a mixture of aluminum and quartz at ratio of volume

fractions 50 : 50, 40 : 60, 30 : 70, and for comparison the

shock adiabat for pure quartz is given, using experimental

data from [30,34,35]. As noted by the authors of paper [34],
the additive model for such mixture description did not

allow the shock adiabat of quartz restoration. This is

due to the fact that the additivity rule in this approach

is approximate, since it assumes the actually non-existent

correspondence of compression of components in heteroge-

neous mixtures and the shock compression of homogeneous

components [36,37]. A reliable description of the results of

shock-wave loading of quartz with other materials is given

in [38]. Mixtures of quartz with paraffin, tungsten of various

compositions, as well as with Teflon and epoxy resin were

simulated in the compression range up to 80 GPa.

Using this method for calculating heterogeneous ma-

terials, the experimental results of shock-wave loading

of various nitrides experiencing a phase transition under

dynamic loads [25], as well as of their mixtures, are reliably
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SiO2 and MgO parameters for low pressure phases — 1 and high

pressure phases — 2

Parameter MgO (1) MgO (2) SiO2 (1) SiO2 (2)

A, GPa 39.62 40.0 14.5 130

ρ, g/cm3 3.584 4.050 2.204 4.310

n 4 3.99 4.05 3.00

cv , J/(kg·K) 937.2 937.2 1100 1100

Ŵ(T0) 1.05 1.07 1.3 1.3

Ŵ(T∗) 0.90 1.06 0.80 0.09

T , K·103 23 23 20 20

Ŵ(T∞) 0.500 0.500 0.500 0.500
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Figure 3. Shock adiabats of mixtures of aluminum with quartz

and of quartz. The solid curves are the shock adiabats of mixtures,

the dashed line is the adiabat of quartz. Experiment: mixtures of

Al and SiO2 having a ratio of mole fractions: 1 — 50 : 50, 2 —
40 : 60, 3 — 30 : 70 [34]; 4 — quartz [35].

described. The possibility of simulating the parameters of a

mixture with two components experiencing phase transition

under shock-wave loading was shown.

Taking into account the observed dissociation of Mg2SiO4

into oxides MgO and SiO2 in the form of stishovite [14]
at pressures of 33GPa, it can be assumed that forsterite

at this pressure value will also contain stishovite. The

model calculation showed that at this pressure value most

of the SiO2 actually passed into the high-pressure phase, i. e.

stishovite.

Based on the assumption of possible dissociation of

magnesium silicates under pressure, calculations were made

for forsterite as a mixture of oxides SiO2 and MgO.

Simulation results for forsterite ρ0 = 3.273 g/cm3 are shown

in Fig. 4 in variables pressure−mass velocity, porosity value

m = 1.03, 1.08 was determined by the average value of the

studied samples. The data of two groups of experiments for

samples with an average density of 3.01 and 2.95 g/cm3 are

also shown here. The deviation, in particular, is explained

by the scattering of density values. A description of the

behavior of porous samples within the accuracy of the

experiment is obtained.

The simulation results for forsterite in the pressure range

up to 1 TPa and the data [13] are shown in Fig. 5, 6 taking

into account the phase transitions of SiO2 and MgO. For

MgO the phase transition region is determined in the range

250−400GPa.

It is of interest to compare the simulation results for mix-

tures with the same composition, which presumably arises

during the forsterite dissociation into two oxides. Model

calculations for porous mixtures of periclase and quartz in

the molar ratio MgO(67)SiO2(33), having density values

ρ0 = 1.894 and 1.693 g/cm3 are shown in Fig. 7, 8; the

porosity value for them is m = 1.675 and 1.84, respectively.

Here are the data obtained on the basis of experiments [28].

A reliable description of the available experimental data

was obtained, while the parameters determined for oxides

were used to describe mixtures with these oxides, as well

as for forsterite, considering it as a mixture of oxides at the

level of experimental accuracy.
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Figure 4. Shock adiabat of forsterite ρ0 = 3.273 g/cm3 . Calcu-

lation — curve 1 — m = 1.03, 2 — m = 1.08; data 3, 5 — [29],
4 — [32], 6 — [39].
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Figure 5. Shock adiabat of forsterite in variables pressure−mass

velocity ρ0 = 3.273 g/cm3 . Calculation — curve 1; data 2 — [29],
3 — [13].
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Figure 6. Shock adiabat of forsterite in variables

pressure−compression ρ0 = 3.273 g/cm3 . Calculation — curve 1;

data 2 — [29], 3 — [13].
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Figure 7. Shock adiabat of mixture of periclase and quartz in

variables pressure−mass velocity. 1 — ρ0 = 1.894 g/cm3, 2 —
ρ0 = 1.693 g/cm3 . (m 1.675; 1.84) [29,30].
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Figure 8. Shock adiabat of mixture of periclase and quartz in

variables wave−mass velocity. Designations as in Fig. 7.

4. Results and discussion

The simulation results show that calculations by the ther-

modynamically equilibrium model, based on the assumption

of the forsterite Mg2SiO4 dissociation into SiO2 and MgO,

in according to the stoichiometric ratio reliably describe

the available data obtained on the basis of experiments.

Considering the components of the material under study in

the phase transition region as a mixture of the low pressure

and high pressure phases, the model used makes it possible

to reliably describe several phase transitions. In this case,

it becomes possible to take into account the high-pressure

phase transition for MgO.

Taking into account the reliable description of experimen-

tal data for forsterite up to 1000GPa, which exceeds the

pressure value in the center of the Earth by three times [40],
it can be assumed that this approach will be useful in

calculations for more massive planets. This approach can be

used for other magnesium silicates as well. The joint results

for various silicates will make it possible to predict pressure

and temperature profiles depending on their composition,

and will also allow us to estimate the contribution of phase

transitions of materials to the density change of the Earth’s

mantle.

The good agreement between the model calculations and

the results obtained for forsterite based on experiments

suggests that the procedure used will allow us to reliably

describe the behavior of other similar materials containing

components that experience the phase transition under

dynamic action.
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