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Abstract We present a tool for coupling thermochemis-

try with mechanics. Thermodynamic potential functions

are used to calculate reversible material properties such as

thermal expansion coefficient, specific heat, elastic shear

modulus, bulk modulus and density. These material prop-

erties are thermodynamically self consistent. Transport

properties such as thermal conductivity (diffusivity) and

melt viscosity are also included, but these are derived from

laboratory experiments. The transport properties are

included to provide a reference database as a common

standard of material properties necessary for comparing

geological, geodynamic and geotechnical calculations. We

validate the chemically derived elastic material properties

by comparing computed seismic velocities for a pyrolitic

composition to the seismic models PREM and ak135.
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1 Introduction

Material properties are essential to realistic simulations of

geodynamic and geological processes. These properties

generally derive from laboratory experiments and geo-

physical observations [3, 5, 6, 12, 13, 22, 23, 29, 36, 43,

46]. Additionally, numerical data calculated from thermo-

dynamic potentials are a complement to empirical data [24,

25, 40, 44]. There has been considerable progress in geo-

dynamic, thermodynamic and petrological modelling [9,

11, 29, 40, 41]. Here, we present a tool for coupling ther-

mochemistry with mechanics. The main purpose of this

tool is to provide geodynamicists and seismologists easy

access to thermochemistry.

The thermodynamic equilibrium problem as solved by

Gibbs energy minimisation determines the basic mechani-

cal properties needed for geophysics and geodynamics.

Reversible material properties such as the thermal expan-

sion coefficient, specific heat, elastic shear modulus, bulk

modulus and density can thus be obtained self-consistently,

in a thermodynamic sense. It follows that thermodynamic

potential functions can be used to model geodynamical

processes. Specifically, density differences driving for

instance subduction do not need to be assigned but follow

from chemical composition and temperature. Moreover,

reversible material property changes at phase transitions

can trigger events that may be of interest to the geody-

namicists and seismologists [4].

Previous works on thermodynamically derived material

data have been presented in the seismic tomographic

community with the focus of solving the inverse problem

for chemistry from seismic velocities [5, 14, 46]. These

models gather a collection of physical properties from

independent sources and are not thermodynamically self-

consistent as pointed out by several authors [9, 10, 41].
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Stixrude and Lithgow-Bertelloni [41] have extended the

thermodynamic formulation by tensorial presentation of

stress and the relationship to entropy and temperature.

Therefore, the elastic shear modulus is derived without ad

hoc assumptions. This formulation, among others, is

implemented in the software Perple_X [9] which permits

extraction of any thermodynamic property as a generalised

formulation of temperature, pressure and composition.

Other codes have also been put forward (ThermoCalc,

Domino, FreeGs) with different thermodynamic solvers

that focus on determining phase equilibria in petrological

systems regardless of the self consistency of material

properties. These codes use non-linear techniques for

Gibbs energy minimisation. The strength of these non-

linear methods is their accuracy. However their weakness

is that identification of the stable mineral assemblage is

probable but not certain. This lack of robustness obviates

the use of non-linear methods for embedded geodynamic

calculations. In contrast, Perple_X utilises a linearised

formulation of the minimisation problem which always

converges [8, 9, 11]. For the derivation of self consistent

material properties, this linearised algorithm is convenient

because it minimizes data gaps. Another important aspect

is that for the purpose of deriving material data the best

strategy is to reject mixed formulations, where discrepan-

cies with field observations are adjusted without changing

the underlying basic entropy model. Emergence of ther-

modynamic solvers for geodynamic processes thus puts a

strong constraint on basic consistency of the dataset. All

these reasons lead us to use Perple_X. We present here a

reference database for the purpose of standardising mate-

rial properties to be used particularly in geological,

geodynamic and geotechnical calculations. The numerical

results have been validated by comparing seismic veloci-

ties predicted for a pyrolitic composition to the seismic

models PREM [15] and ak135 [26, 32]. These models,

constructed after travel time data, give access to detailed

information about the average Earth’s structure.

2 Methods

The purpose of PreMDB is to provide modellers with a

complete and easy access to fundamental material data for

terrestrial rocks and minerals. Another goal is to stan-

dardise material data in order to compare results from

various numerical and experimental techniques. In order to

satisfy these requirements, thermodynamically consistent

data have been chosen as they are defined over a large

range of temperature and pressure and provide an impor-

tant complement to experiments and observations. Non-

thermodynamic data such as transport or ad hoc properties

have also been added. Currently, PreMDB lists 20 material

properties for each rock and mineral (Table 1).

In isothermal-isobaric closed chemical system com-

posed of P phases, the phase equilibria are determined

minimising the Gibbs free energy of the system (Gsys). This

thermodynamic function is a function of temperature (T),

pressure (P) and the chemical composition of the system

[9, 10]. It is defined as:

GsysðP; T ; nÞ ¼
Xp

i

niG
m
i ðP; T ; x1

i ; x
2
i ; . . .; xc

i Þ ð1Þ

where Gi
m and ni are respectively the molar Gibbs energy

and the number of moles of phase i; xi
j is the composition of

the ith phase with respect to the jth component of the

system.

In Perple_X, all reversible material properties are rela-

ted to the thermodynamic potentials G:

• Entropy S

S ¼ � oG

oT

� �

P

ð2Þ

• Isochemical enthalpy H

H ¼ Gþ TS ð3Þ

• Internal energy U

U ¼ H � PV ð4Þ

V being the volume.

• Heat capacity CP

CP ¼ �T
o2G

oT2

� �

P

ð5Þ

• Density q

q ¼ N

V
¼ N

oG

oP
ð6Þ

where N is the molar formula weight.

• Thermal expansion a

a ¼ � 1

V

oS

oP

� �

P

¼ 1

V

o2G

oPoT

� �
ð7Þ

• Compressibility b

b ¼ � 1

V

o2G

oP2

� �

T

ð8Þ

• Adiabatic bulk modulus Ks

Ks ¼ �
oG

oP

o2G

oP2
þ o

oP

oG

oT

� �2
o2G

oT2

�" #�1

ð9Þ

• Grüneisen parameter c
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c ¼ V
oP

oU

� �

V

ð10Þ

Connolly and Kerrick [10] use an ad hoc empirical model

(see equation 5 in [10]) to calculate the shear modulus.

Stixrude and Lithgow-Bertelloni’ [41] formulation of

Gibbs energy for isotropic material permits to relate the

shear and elastic moduli to thermodynamic potentials:

• Elastic compliance tensor sijkl

sijkl ¼ �
1

V

o2G

oeijoekl
ð11Þ

where qeij is the Eulerian elastic strain tensor. The

elastic compliance tensor describes the general elastic

material behaviour in compression and shear. For an

isotropic body there are two independent quantities, e.g.

bulk and shear moduli. For anisotropic assemblages of

phases, the shear modulus is essentially interpreted as

that of an isotropic polycrystalline aggregate.

• Shear modulus l

1

l
¼ 1

V

Xn

w

xwVw
1

lw

 !
ð12Þ

For any equations of state other than those of Stixrude and

Lithgow-Bertelloni [40, 41], the shear modulus calculated

in Perple_X is not computed self-consistently from

thermodynamic potentials [10].

For isotropic elasticity the elastic modulus, as well as

seismic properties are obtained from the following

equations:

• Elastic modulus E

E ¼ 9Ksl
3Ks þ l

ð13Þ

• Poisson’s ratio m

m ¼ 3Ks � 2l
6Ks þ 2l

ð14Þ

• Bulk sound velocity VU [24]

VU ¼
ffiffiffiffiffi
Ks

q

s

ð15Þ

• S-wave velocity VS

VS ¼
ffiffiffi
l
q

r
ð16Þ

• P-wave velocity VP

Table 1 Physical properties available in PreMDB

Properties calculated in Perple_X Symbol Units Thermodynamic-consistent

S&LB modela Other models

Enthalpy h J/kg 4 4

Specific enthalpy h 9 q J/m3
4 4

Entropy s J/K/kg 4 4

Specific entropy s 9 q J/K/m3
4 4

Heat capacity c J/K/kg 4 4

Specific heat c 9 q J/K/m3
4 4

Density q kg/m3
4 4

Thermal expansion a 1/K 4 4

Compressibility b 1/Pa 4 4

Bulk sound velocity VU km/s 4 4

P-wave velocity VP km/s 4

S-wave velocity VS km/s 4

Bulk modulus KS GPa 4 4

Shear modulus l GPa 4

Elastic modulus E GPa 4

Poisson’s ratio m – 4

Gruneisen ratio c – 4 4

Additional transport properties

Thermal conductivity k W/K/m

Thermal diffusivity j m2/s

Melt viscosity g Pa.s

a The equations of state describing the solutions are from [3, 6, 10, 14]
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VP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ks þ 4=3l

q

s

ð17Þ

Seismic wave velocities in a single crystal are

thermodynamically self-consistent. On the contrary, they

are not in an aggregate of crystals and must be obtained by

an ad-hoc averaging scheme such as the Voight-Reuss-Hill

theory [10, 45].

Transport properties are estimated from empirical

models that are derived from laboratory experiments and

expressed as functions of the computed thermodynamic

properties:

• Thermal conductivity k

Two equations have been implemented in PreMDB to

define k:

• As a function of the temperature T

k ¼ Aþ B

350þ T
ð18Þ

where constants A and B are defined for different rock

types. k is expressed in n W/m/K and T in Celsius

[7, 47].

• As a function of the P-wave velocity VP

k ¼ 0:0681e 0:0006VPð Þ ð19Þ

with k in W/m/K, VP in m/s [33].

• Thermal diffusivity j

j ¼ k

qCP
ð20Þ

where k is defined according to (Eq. 19), q and CP

derived from Perple_X.

• Melt viscosity g

g ¼ Aþ B

T
þ exp C þ D

T

� �
ð21Þ

where A, B, C and D are linear functions of mole fractions

of oxide components, except for H2O [21].

Depending on the complexity of the system and the

precision required, the linearised Gibbs energy minimisa-

tion problem can be time consuming. For this reason,

computed phase diagram sections and material properties

are stored in the PreMDB database. At present composi-

tions of 48 major rock forming dry and wet minerals and 9

terrestrial rocks have been incorporated, representing a

standard for the sedimentary part of the crust [34], the

upper and lower continental crust [37, 42], the oceanic

crust [39] and the mantle (pyrolite and peridotite) [18, 35].

The rocks and minerals currently described in PreMDB are

listed in Table 2.

A graphical user interface has been developed to browse

the database and plot all properties as 2D graphs. The

visual representation of all properties is an important role

of PreMDB as it is generally cumbersome to interpret or

validate data in a tabulated format directly from text files as

Perple_X produces them. Reversible properties computed

from Perple_X can be visualised as a scale coloured 2D

map function of temperature and pressure. Transport

properties are either visualised the same way (thermal

conductivity derived from Eq. 19 and diffusivity from

Eq. 20) or represented as functions of the temperature

(thermal conductivity from Eq. 18 and melt viscosity from

Eq. 21). Source (Perple_X/equation) and references of

each property are presented in the graphical interface.

Python (http://www.python.org) is used as a scripting

language to post process Perple_X’ data and convert them

to our own internal data structure. The graphical user

Table 2 Terrestrial rocks and minerals available in PreMDB

Minerals Rocks

Dry (25) Wet (22) Composition

(10)

Water

content

References

Albite Amesite Sediment Wet [3]

Almandine Annite Granite Dry/

wet

[6]

Anorthite Anthophyllite Granitoid Dry/

wet

[1]

Cordierite Antigorite Basalt Wet [5]

Diopside A-phase Gabbro Wet [1]

Enstatite Brucite Peridotite Dry/

wet

[2]

Fayalite Celadonite Pyrolite Dry [4]

Fe-Cordierite Clinochlore

Ferrosilite Daphnite

Forsterite Eastonite

Grossular Fe-

Anthophyllite

Hedenbergite Fe-Celadonite

Hematite Ferroactinolite

Hercynite Glaucophane

Ilmenite Hydrous

Cordierite

Jadeite Margarite

Kalsilite Muscovite

Microcline Paragonite

Nepheline Pargasite

Pyrope Phlogopite

Quartz Talc

Sanidine Tremolite

Sapphirine442

Sapphirine793

Spinel
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interface is implemented with wxPython (http://www.

wxpython.org) and the plots are rendered with Matplotlib

(http://matplotlib.sourceforge.net/).

PreMDB’s main window lists all materials of the

database regrouped by categories under different tabs.

There are currently two categories: earth materials and

major rock forming minerals. Each category displays a

table listing sequentially different rocks/minerals along

with their name, composition, comments, Perple_X input

files (when applicable) and resulting pseudo-sections.

Double clicking on a rock/mineral line opens a new

window composed of two distinct parts. The first one lists

all material properties available and the second one dis-

plays extra information and references on any property

selected. Select a property to visualise it. In the case of

transport properties, an option is offered for each avail-

able equation. The visualisation pops up in another

window as the graphical representation of the underlying

equation or tabulated data (Fig. 1). Basic functionalities

are then available, for instance to magnify the picture,

obtain data values under the mouse in the status bar or

save the pictures in different file formats. It is possible to

open up as many windows as needed to easily compare

properties of one or several materials. The main window

also displays a toolbar with a unit converter and search

functionality.

3 Results

Comparison of petrological data between Perple_X and

other thermodynamical softwares has been presented

elsewhere [20]. We focus here on the validation of the

simulated material properties comparing thermodynamic

results to independent sources. The focus of this first

presentation of PreMDB is on bulk material properties

not on individual mineral data, which will be done in a

future contribution. Standard rock compositions are

assemblages of different minerals and their properties

here are derived from averaging of these constituents.

Moreover, simulations calculate ideal rock phase dia-

grams at thermodynamic equilibrium. Therefore, because

of the large variability of rock composition and natural

inhomogeneities, it is impossible to perform an exact one

to one comparison with a real rock. Another limitation to

the validation procedure is that material property data are

conventionally derived at ambient laboratory temperature

and pressure conditions while thermodynamic simula-

tions cover an extended T–P range. Therefore, we focus

here on a comparison with PREM [15] and ak135 [26,

32] models for the Earth’s mantle, down to the core-

mantle boundary. To assess the influence of chemistry on

seismic properties, three pyrolitic compositions have

been considered presenting variable Al2O3, CaO and FeO

Fig. 1 Example of PreMDB’s GUi showing a wet peridotite composition saturated in H2O. The major density jumps reflect dewatering reactions

predicted from thermodynamic modelling
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contents [35, 38, 40]. These compositions are respec-

tively named ‘‘Sax’’, ‘‘Rng’’ and ‘‘Stx’’. Calculations

have been performed using the thermodynamic datafile

developed by Stixrude and Lithgow-Bertelloni [40] and

augmented for the lower mantle as described by Khan

et al. [27].

Both seismic models PREM and ak135 have been con-

structed from travel time data. These 1D models provide a

good description of the elastic moduli of the mantle, but

inferring average temperature and composition from them

requires a model of the equation of state (EoS) and accurate

knowledge of the thermoelastic properties of minerals. For

the purpose of the comparison to seismic datasets, we

calculate the temperature in the mantle self-consistently

following an approach proposed by Ita and Stixrude [24].

We assume an adiabatic interior overlain by a lithosphere

defined by the half-space conductive cooling solution. We

chose to consider a potential temperature of 1,600K for the

100 Ma geotherm as this temperature lies between two

estimates of potential temperature required to produce

oceanic crust of average thickness [28, 31]. The isentrope

is computed self-consistently by finding the P–T path along

which the total entropy of the assemblage is constant.

While the isentropic assumption follows the principle of

self-consistency, we do not argue that the mantle is

isentropic.

We compare the density, P- and S-wave velocity and

Poisson’s ratio adopted in the seismic models PREM and

ak135 to the one calculated for pyrolite mantle composition

with varying Al2O3, CaO and FeO contents (Figs. 2, 3, 4,

5). We obtain global agreement between seismological and

thermochemical models (autocorrelation functions ACF

respectively varying between 0.996–0.998, 0.996–0.998,

0.988–0.995 and 0.748–0.779 for PreMDB/PREM and

0.992–0.996, 0.994–0.997, 0.987–0.994 and 0.763–0.782

for PreMDB/ak135), except for the Poisson’s ratio. The

discrepancy for this parameter results from the square root

relation between the P- and S-wave velocity ratio (VP/VS)

and the Poisson’s ratio (m):

VP

VS

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1� mÞ
1� 2m

r
ð22Þ

Therefore, the deviation for this latter parameter is

squared, making the Poisson’s ratio more sensitive to

chemistry.

The mixture of 60% of pyrolitic and 40% of chondritic

composition proposed by Matas et al. [29] has also been

tested but did not fit any better the seismic models.

A robust result of our comparison is that the low-

velocity layer underneath the lithosphere emerges out of

phase changes and does not necessitate partial melt as

pointed out by Stixrude and Lithgow-Bertelloni [40]. Our

results show the abrupt discontinuity around 410–420 km

depth, with a better agreement with ak135 than PREM

(best fit obtained with the ‘‘Stx’’ composition). It corre-

sponds to the formation of wadsleyite (‘‘Stx’’ and ‘‘Rng’’

compositions) or the disappearance of olivine (‘‘Sax’’

Fig. 2 Density-depth profile of PreMDB compared to the seismic

models PREM and ak135

Fig. 3 VP-depth profile of PreMDB compared to the seismic models

PREM and ak135

Fig. 4 VS-depth profile of PreMDB compared to the seismic models

PREM and ak135
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composition). This result is in good agreement with

seismological studies [3, 13, 22]. The calculation also

predicts two other seismic discontinuities around 536 and

565 km depth only in the case of a composition depleted in

Al2O3 and CaO but enriched in FeO (‘‘Sax’’). They

correspond to the formation of majorite that then trans-

forms in akimotoite. This result fits seismic observations

[2, 13] and suggests that heterogeneities in the upper

mantle composition lead to the presence or absence of this

seismic discontinuity. Another significant result is that in

none of the chemical models considered, the 660 km

discontinuity comes out as a sharp jump in physical

properties. There is rather a series of phase changes in the

650–890 km depth range depending on the composition

considered. This result differs from PREM and ak135

seismological data and may result from an incomplete

description of the solid solutions considered in the ther-

modynamic model. The chemical composition and

temperature profile considered, in particular the underlying

equilibrium assumption, may also be responsible for this

discrepancy. However, compositions depleted in Al2O3 and

CaO but enriched in FeO [38] fit the jump more closely

than the other compositions considered. The calculations

predict the formation of perovskite at the detriment of

akimotoite at 649 km depth, followed by the appearance of

periclase at 697 km depth and finally the transformation of

ringwoodite in magnesiowustite at 758 km depth. This

result supports the hypothesis that the 660 km discontinuity

is a transition zone as inferred by receiver function anal-

yses [13, 44] and is thus in agreement with more recent

observations than ak135 and PREM.

A third deviation of the model is observed in the

lower mantle increasing towards the core-mantle

boundary and particularly around 2,830–2,840 km depth

that corresponds to the transformation of perovskite into

post-perovskite. The deviation to the seismic data sug-

gests that the pyrolite composition model may not

accurately reflect the chemistry of the lowermost mantle.

This observation supports the hypothesis that the lower-

most mantle has a different chemical composition

resulting possibly from an accumulation of subducted

slabs [17]. Other parameters such as sub-adiabatic con-

ditions in the lower mantle, anisotropy or iron spin

transition could also be responsible for the shift observed

in the lower mantle results.

An interesting observation is the discrepancy between

simulated and seismological Poisson’s ratio (autocorrela-

tion functions respectively of 0.748–0.779 and 0.763–0.783

for PREM and ak135, depending on the pyrolitic compo-

sition considered—Fig. 5), especially around the 660 km

discontinuity. This result shows that this parameter is very

sensitive to chemistry variation. Therefore it can be a

useful marker of the variation of mantle composition with

depth and could be used for future fine tuning of mantle

chemistry.

4 Discussion

Recent studies [40, 41] have shown that physical properties

of terrestrial rocks and minerals derived from thermody-

namic potentials complement geophysical observations and

experimental measurements. In our benchmark study, the

model fits the PREM and ak135 seismic models and may

even record more precise discontinuities due to thermody-

namically predicted of phase transitions. Discrepancies in

the thermodynamic simulations may result from an incom-

plete description of the solid solutions considered in the

thermodynamic model, as well as from the chemical com-

position and temperature profile considered, in particular the

underlying equilibrium assumption. Another component of

the uncertainties is that the PREM and ak135 seismic ref-

erence data derive from experimental measurements.

The properties of terrestrial rocks and minerals previ-

ously determined from laboratory analyses can now be

derived more accurately from thermodynamic modelling

for the entire temperature and pressure range of the Earth’s

mantle. An advantage of this approach is that it permits

self-consistent extrapolation beyond the range of the lab-

oratory. The computational tool we use for this purpose is

Perple_X, a Gibbs energy minimisation algorithm that

computes phase equilibria, maps phase relations and

extracts mineral physical properties of geodynamical

interest. Perple_X is robust and computes stable mineral

assemblages. It computes the thermochemical, thermal,

seismic and other elastic properties from fundamental

thermodynamic relations. In particular, Perple_X predicts

phase transitions that are important for seismic tomography

and geodynamic modelling. In addition to input from

Fig. 5 Poisson’s ratio profile of PreMDB compared to the seismic

models PREM and ak135
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Perple_X, complementary transport properties derived

from laboratory experiments were added to enhance the

information for the user. The resulting reference material

database is a foundation for performing realistic simula-

tions of rock behaviour during geological and geodynamic

processes.

5 Future work

A particularly useful addition for the PreMDB database is

the incorporation of other transport properties such as

plasticity and creep, or fluid permeability of solid rocks.

This addition builds on the capability of PreMDB to

incorporate and visualize empirical data sets. This work is

in progress. End-member flow laws such as olivine, quartz

and feldspar dominated rocks are implemented as proxies

for mantle, upper crust and lower crust, respectively.

Quartz and olivine creep properties are implemented as a

function of water fugacity.

We also intend to upgrade the PreMDB database in the

future to implement more single mineral data and bulk

composition models, with an effort to validate the indi-

vidual solid solution models. Another focus will be the

improved implementation of melts, melt solutions allowing

the user to extract further melt properties. Other improve-

ments consider the implementation of a new GUI for

pseudosections to allow stacking of layers of individual

phases. We will also apply PreMDB by coupling it with

finite element models to run geological, geotechnical and

geodynamical models driven by chemistry and heat.
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