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Abstract. The outer regions of protoplanetary accretion discs are formed by material from the parent molecular cloud of the
freshly forming stars. The interstellar dust in this material is a mixture of species which does not correspond to any kind of
chemical equilibrium state between the solid and gaseous phases. Mass accretion carries this material into the warm inner
disc zones where chemical and physical processes are activated which convert the non-equilibrium solid-gas mixture into a
chemical equilibrium mixture. Part of the equilibrated material is then mixed outwards by turbulent diffusion and large-scale
circulation currents. This work specifically considers the evolution of the main dust components, viz. from the interstellar
mixture of amorphous Mg-Fe-silicates, into a chemical equilibrium mixture of crystalline Mg-silicates, and iron. The basic set
of equations for calculating the evolution of a mixture of silicates and iron is derived. Model calculations based on stationary,
one-zone α-discs are combined with the advection-diffusion-reaction equations for the dust evolution to study the interstellar to
equilibrium dust conversion and the radial mixing of equilibrated dust into the outer disc regions. This determines the mixture of
the main dust components which form the mineral inventory of planetesimals. It is found that the results of the model calculation
for the resulting mineral mixture are in rough agreement with the composition of matrix material of primitive meteorites and
dust in cometary nuclei.
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1. Introduction

Observations of dust from cometary nuclei and the chemi-
cal and isotopic composition of meteoritic material from our
Solar System indicate that the material of the protoplanetary
accretion disc out of which our planetary system formed 4.6
Gyrs ago was subject to extensive mixing and chemical pro-
cessing. Chemical and physical processing at elevated tem-
peratures has converted the dust mixture, originating from
interstellar space and from many different circumstellar envi-
ronments, from a mixture with composition far from any chem-
ical equilibrium state and with an amorphous lattice structure
into a chemical equilibrium mixture of crystalline dust compo-
nents. Radial mixing processes have transported such material
into outer disc regions where the mixture of pristine dust from
the parent molecular cloud and of equilibrated dust from warm
inner disc regions is incorporated first into planetesimals and
later into their descendants, the meteoritic parent bodies and
the planets.

An understanding of the basic processes which are respon-
sible for the conversion of the pristine dust mixture into a chem-
ical equilibrium dust mixture is important in two respects.

On the one hand, the composition of cometary nuclei ma-
terial and of the matrix material of primitive meteorites is
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determined to a large extent by these processes, though con-
siderable further processing of meteoritic matter has occurred
on the surface of their parent bodies. If one attempts to un-
derstand the composition of dust in comets and of the matrix
material of primitive meteorites one has to model the processes
responsible for the dust metamorphosis in the early protoplan-
etary accretion disc.

On the other hand, dust mixtures of interstellar origin and
chemical equilibrium mineral mixtures have quite different ex-
tinction properties. The composition and extinction properties
of the dust component of the disc material are important for the
structure and evolution of protoplanetary discs since the dust
extinction determines the temperature structure in the disc, the
presence or absence of convection, the shielding of the inte-
rior of the disc from ionizing radiation from the outside and
so on. Modeling of the structure and evolution of protostellar
and protoplanetary discs, their chemical evolution, and the de-
termination of the raw material from which planetesimals and
planets later on are formed in the disc requires a knowledge
that is as precise as possible of the composition and structure
of the dust.

Radial mixing processes and annealing of amorphous dust
have already been treated in our previous papers (Gail 2001;
Wehrstedt & Gail 2002, henceforth called Papers I and II, re-
spectively; Wehrstedt & Gail 2003) and by Bockelée-Morvan
et al. (2002). These model calculations showed that radial
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mixing of annealed dust from warm inner into cool outer disc
regions can explain the observed fraction of crystalline dust in
cometary nuclei. The present paper is a first attempt to model
the processes responsible for the conversion of the interstellar
dust mixture into the chemical equilibrium dust mixture domi-
nating the inner portions of protoplanetary discs.

The true dust mixture probably is very complex; it consists
of a large number of different compounds made up of elements
heavier than He, mainly compounds of the rock-forming ele-
ments O, Si, Fe, Mg, Al, Ca, Na, Ni and of carbonaceous com-
pounds, but a number of minerals of the less abundant elements
are also present. For reasons of cosmic element abundance the
most abundant dust components are compounds of Si, Mg,
Fe, and carbon dust. They also dominate the extinction of the
disc material. To construct models of protoplanetary discs it
presently suffices to concentrate on these most abundant dust
species, and only the metamorphosis of these dust components
is considered in the present paper. Other dust components have
no significant influence on the disc structure and evolution.

In the following we outline the basic problems which have
to be solved to arrive at a self consistent description of the evo-
lution of protoplanetary discs, including the chemical evolution
of their mineral content during their early evolution, when the
raw material for formation of planetesimals and planetary bod-
ies is fabricated.

2. Composition of the dust mixture

2.1. The initial dust mixture

Pollack et al. (1994) discussed which types of dust, formed
from the most abundant dust forming elements (i.e. C, N, O,
Mg, Si, S, and Fe), can be expected to exist (i) in the parent
molecular cloud cores from which stars are formed, and (ii) in
the cool outer parts of the resulting protostellar and protoplan-
etary accretion disks. They arrived at the conclusion that in the
cool outer parts of an accretion disk around a newly formed
star there exists a multicomponent mixture of several kinds of
dust species, which is dominated most likely by the few species
listed in Table 1.

This table also shows the best estimate of Pollack et al.
(1994) for the fraction of the key elements C, Mg, Fe, Si,
and S bound into these dust materials: The elements Mg, Fe,
and Si are assumed to be completely condensed into dust while
for S some fraction remains in the gas-phase. The carbon is as-
sumed to form kerogen, a complex organic material containing
considerable portions of H, N, and O besides the carbon. This is
the carbonaceous material found in the matrix of carbonaceous
chondrites. A considerable fraction of carbon (about 40%) re-
mains in the gas-phase, mainly as CO. Solid iron and troilite
are probably solid solutions with Ni and NiS, respectively.

The silicates have an amorphous lattice structure since
the infrared absorption bands from silicate dust in molecular
clouds show no indication of the presence of crystalline sil-
icates. The lattice structure of quartz probably also is amor-
phous, though from observations nothing is known about the
lattice structure of a possible silica component. It has become
common practice in astrophysics to name the amorphous dust

Table 1. Composition of the dust mixture in the outer regions of a
protoplanetary accretion disk according to Pollack et al. (1994). The
table shows the fraction of the indicated elements condensed into the
different dust species. x denotes the mole fraction of the pure mag-
nesium silicate end members of the solid solution series forming the
magnesium-iron-silicates called olivine-type and pyroxene-type, re-
spectively, on the basis of their assumed chemical composition. Only
those dust components of the most abundant refractory elements are
considered that are the main sources of dust opacity.

Species Mg Fe Si S C x

formula

olivine-type 0.83 0.42 0.63 0.7

Mg2xFe2(1−x)SiO4

pyroxene-type 0.17 0.09 0.27 0.7

MgxFe1−xSiO3

quartz-type 0.10

SiO2

iron 0.10

Fe

troilite 0.39 0.75

FeS

kerogen 0.55

CHON-material

species of the ISM by the mineral names of crystalline com-
pounds with the same chemical composition, though minerals
by definition are crystalline. It has been proposed by Jones
(2000) to discriminate in the nomenclature such substances
of unclear composition and/or non-crystalline structure more
clearly from true minerals by calling them for instance olivine-
type instead simply olivine and reserve the mineral names for
the true minerals. We will follow this suggestion.

The numbers in Table 1 result from a critical discussion and
evaluation of the observational material and probably represent
the most reliable model for the composition of the dust ma-
terial in molecular cloud cores and in protostellar disks which
can presently be derived. We base our considerations in this pa-
per with respect to the pristine Mg-Fe-Si dust components in a
protoplanetary disc precisely on this model. We shall call this
the P94-mixture.

The P94 model for the dust composition is quite dif-
ferent from models for the interstellar dust composition, as
for instance the widely used Mathis-Rumpl-Nordsieck model
(Mathis et al. 1977) or the model proposed by Li & Greenberg
(1997). Especially the assumption of an iron and a troilite com-
ponent is unusual. It is motivated by results of thermochem-
ical equilibrium calculations (e.g. Grossman 1972; Lattimer
et al. 1978; Prinn & Fegley 1989) and the existence of such
grains in primitive meteorites. The recent detection of iron and
troilite inclusions in glassy silicate grains of presumably inter-
stellar origin (Bradley 1994, cf. also the discussion in Martin
1995; Goodman & Whittet 1995) and the observational result
of Howk et al. (1999) lends some support to the assumptions of
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Fig. 1. Processes responsible for the conversion of the interstellar silicate dust mixture into a chemical equilibrium dust mixture and its final
destruction.

the P94 model. Also the models for the composition of inter-
stellar dust discussed by Mathis (1996) show iron grains to be
a possible component of the interstellar dust mixture, and FeS
recently has been detected in protoplanetary discs (Keller et al.
2002).

In the P94 model no calcium-aluminium compounds are
included, though such grains of definitely interstellar origin are
observed to exist in the disc material (Nittler et al. 1997; Choi
et al. 1999). They do not constitute, however, abundant dust
components of the dust mixture. For this reason they are not
important for the opacity of the disc material in the outer disc
regions, where the P94 mixture dominates.

One assumption of the P94 model needs a special com-
ment: The presence of SiO2 as a separate dust component is
somewhat doubtful since there are no indications for this ma-
terial to be an abundant part of the interstellar dust mixture.
On the other hand, theoretical calculations (Gail & Sedlmayr
1999) indicate that silica may be formed as a minor dust com-
ponent in circumstellar dust shells and then would be injected
into the interstellar medium. Observationally it is found that
silica seems to be present in protoplanetary discs at later evolu-
tionary stages (Bouwman et al. 2001; Honda et al. 2003). For
this reason we apply the P94 model without changes.

2.2. Modification of the dust composition

Viscous torques in the accretion disc induce a slow inwards
migration of the disc material by which the material is trans-
ported from the outer disc into increasingly warmer zones. On
the other hand, turbulent mixing in the convectively unstable
parts of the disc and large scale circulation currents intermingle
material from different disc regions and transport some mate-
rial from the warm inner into the cold outer parts of the disc.
At sufficiently high temperature, solid diffusion and annealing
processes are activated in the dust grains, which then tend

– to form a regular crystalline lattice structure (Duschl et al.
1996; Gail 1998; Hallenbeck et al. 1998; Fabian et al.
2000) and

– to exsolve impurities from the grain lattice.

By these processes the grain material develops from the dirty
and amorphous composition which is responsible for the ob-
served extinction properties of grains in interstellar space and
molecular clouds to a more clean and (poly)crystalline lattice
structure. The chemical composition of the individual grains,
however, is not changed by these processes since the inventory

of chemical elements within each grain is at most redistributed
within a grain but not exchanged between different grains. The
whole assemblage of minerals forming the dust mixture es-
sentially remains preserved at this stage, since there operate
only intra-grain transport processes by solid diffusion, but no
inter-grain transport processes via the gas-phase.

A change in composition and structure of the individual
grains is often accompanied by considerable changes of their
extinction properties (cf. Fig. 1 of Paper I), which in turn
strongly affect the disc structure. This change of the lattice
structure and of the optical properties of the dust grains oc-
curs in the region where the timescale for solid diffusion and
annealing roughly equals the timescale for the temperature
increase which is of the order of the timescale of radial in-
wards migration of the disc material. The model calculations
in Papers I and II showed this to occur at about 800 K for
glassy silicates. If the structure of the silicate dust is similar
to that of the smokes prepared in the annealing experiments
of Hallenbeck et al. (1998) one determines from the data in
Hallenbeck et al. (2000) a somewhat higher annealing temper-
ature of about 950 K (cf. Paper I). At temperatures above the
annealing temperature the grains have a crystalline lattice struc-
ture, which at the same time increases their stability against
evaporation.

At a temperature significantly higher than that required
for annealing, transport processes between different grains via
the gas-phase start to operate by means of evaporation and
re-condensation. These inter-grain transport processes via the
gas-phase tend to remove the thermodynamically less stable
condensed components from the interstellar mineral mixture in
favour of the thermodynamically most stable minerals existing
in a state characterized by

– a given pressure P and temperature T , and
– a given elemental composition corresponding to the mean

composition of the whole mixture of grains coming from
the parent molecular cloud.

The basic reason for the inter-grain transport via the gas-phase
is that the less stable components tend to have higher vapour
pressures than the more stable components.

Since the pristine dust mixture inherited from the molec-
ular cloud contains dust species that have been formed in
such chemically diverse environments as circumstellar shells
of AGB-, RSG-, WC-stars, and supernovae, or by destruc-
tion and re-condensation behind shocks in the ISM, many of
the mineral components of the mixture are thermodynamically
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unstable in an element mixture corresponding to the mean el-
ement mixture of the protoplanetary disc material. The latter
mixture results from mixing material from a large number of
different sources with widely different element compositions.
Though the dust grains from the different sources were com-
pletely stable in the special environment in which they were
originally formed, many of them are unstable in the result-
ing mean element mixture of the protoplanetary accretion disc.
Grains consisting of such unstable materials slowly vanish by
evaporation or chemi-sputtering while their material is trans-
ported via the gas-phase and finally is consumed by the growth
of mineral grains which are the most stable ones for the mean
element mixture in the protoplanetary disc.

This process (evaporation, transport via the gas-phase, re-
condensation) drives the non-equilibrium mineral assemblage
of the dust originating from circumstellar environments and
the ISM towards an equilibrium composition corresponding
to the averaged element mixture in the protoplanetary disc.
Hence, the transport, diffusion, annealing, evaporation, and re-
condensation processes, schematically indicated in Fig. 1, re-
sult in the existence of two completely different dust mixtures
in the inner and outer part of the accretion disc:

1. Amorphous dust with a strong non-equilibrium composi-
tion in the cold outer parts of the disc.

2. Crystalline dust with chemical equilibrium composition in
the warm inner parts of the disc right into the region of
evaporation of the solids.

A realistic calculation of the disc structure needs to include
the gradual change in dust composition and structure from
the P94 mixture of grains of interstellar origin encountered in
the cool outer parts of the disc, into the chemical equilibrium
mixture existing in the warm inner parts of the disc.

2.3. The thermal equilibrium mineral mixture

The regions of existence in the P-T -plane of the different possi-
ble condensates in chemical equilibrium have often been calcu-
lated as the so-called condensation sequence for Solar System
abundances (e.g. Grossman 1972; Lattimer et al. 1978; Saxena
& Ericksson 1986; Sharp & Huebner 1990; Ebel & Grossman
2001 and many more). Within the context of the structure of
protoplanetary discs this problem is discussed in Gail (1998).
From such calculations it is known that in chemical equilibrium
only a few of the vast number of possible condensates really do
exist. For conditions valid in a protoplanetary accretion disc the
condensates formed from the abundant refractory elements Si,
Mg, Fe, Al, and Ca are:

– the calcium-aluminium compounds:
– corundum (Al2O3) or hibonite (CaAl6O19);
– gehlenite (Al2Ca2SiO7);
– spinel (MgAl2O4);
– diopside (MgCa(SiO3)2);
– anorthite (CaAl2Si2O8);

– the silicate compounds:
– forsterite (Mg2SiO4) and fayalite (Fe2SiO4);
– enstatite (MgSiO3) and ferrosilite (FeSiO3);

– the iron-bearing condensates:

– metallic iron (Fe);
– troilite (FeS).

Solid condensates of some other, less abundant elements,
do exist, but the abundances of such trace condensates, e.g.
Ti-compounds, are too low for them to contribute significantly
to the opacity of the disc material and, thus, are not important
for the structure of protoplanetary discs. They are neglected for
this reason in the present model calculation, but it should be
kept in mind that because of the particular high thermal stabil-
ity of some of such rare compounds they may serve as growth
centres for less stable dust grains formed from more abundant
elements.

Many of the condensates form solid solutions with other
solid compounds. This especially holds for

– metallic iron, which takes up all the available Ni,
– forsterite (Mg2SiO4), which forms olivine, a solid solution

with fayalite (Fe2SiO4), and
– enstatite (MgSiO3), which forms pyroxene, a solid solution

with ferrosilite (FeSiO3).

The secondary solution components in all cases have only
small concentrations in the mixture (e.g. Saxena & Ericksson
1986) and, for this reason, are neglected in the following cal-
culations. The inclusion of solid solutions instead of the pure
substances into a model calculation would be straightforward,
but because of the lack of data for optical constants does not
improve the modeling of the disc opacity.

We have calculated the abundances of molecular and solid
chemical compounds of the most abundant refractory ele-
ments Si, Mg, Fe, Al, Ca for a Solar System element mixture
(Anders & Grevesse 1989, with corrections from Grevesse &
Noels 1993; Holweger 2001), by the methods of chemical ther-
modynamics. Results for the stability limits of the condensates
are shown in Fig. 2. These are the most abundant solids exist-
ing in a chemical equilibrium state in the disc between ≈500 K
and the upper limit of existence of dust. This mixture is formed,
if the pristine P94 dust mixture evolves into chemical equilib-
rium by complete evaporation and re-condensation. The dotted
lines show the P-T -trajectories of the midplane of a disc model
in the one-zone approximation and the corresponding trajec-
tory for the disc photosphere at τ = 2

3 (calculated as described
in Paper I).

In the present paper we concentrate on the conversion
of the silicate and iron dust components of the P94 dust
mixture into the chemical equilibrium mixture of forsterite,
enstatite and iron, and its consequences for the disc struc-
ture. The obviously much more complicated problem of
the Ca-Al-compounds is not treated for two reasons: First, dust
components formed from elements with an abundance less than
that of the Fe-Mg-Si complex do not contribute significantly
to the opacity of the disc material, and thus do not have a
significant influence on the calculated disc structure. Second,
presently it is not known whether Al and Ca in the pristine
interstellar dust mixture are mainly present as dust species of
their own or if part or most of these elements are incorporated
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Fig. 2. Stability limits in the P-T plane of the minerals formed in
chemical equilibrium by the most abundant refractory elements Si,
Mg, Fe, Al, Ca in a Solar System element mixture. The dashed lines
are the P-T -trajectories corresponding to the disc photosphere at τ = 2

3
(left) and the midplane of the disc (right) for a model with accretion
rate Ṁ = 10−7 M� yr−1.

into the more abundant Mg-Fe-silicates. In our model calcu-
lation we consider only corundum as a representative min-
eral from the Ca-Al-compound complex in order to account
for the dust opacity between the stability limits of the sili-
cates and iron at about 1450 K and the stability of corundum
at about 1800 K, where only the Ca-Al-compounds contribute
to the dust opacity.

At low temperatures some of the abundant condensates may
be converted into different solid compounds, e.g. troilite and
iron oxides etc. Such dust components are also outside the
scope of the present paper.

2.4. The dust mixture

In our discussion of the conversion of the silicate-iron dust
complex from its interstellar composition into a chemical equi-
librium composition we consider the following dust species:

– amorphous olivine-type, amorphous pyroxene-type, and
quartz-type dust of interstellar origin and their crystalline
counterparts after annealing,

– iron grains,
– crystalline forsterite and crystalline enstatite formed from

growth processes in the protoplanetary disc.

In the model construction of the protoplanetary disc we addi-
tionally consider carbon and corundum dust. These dust com-
ponents are not related directly to the problem of the evolution
of the silicate-iron dust complex but they are important for the
disc structure and need to be considered in model calculations.
These dust components are treated as in Paper I and therefore
are not further discussed in the present paper.

3. Important processes

The radial distribution and the composition and properties of
the various dust components in the disk are determined by a
number of processes:

1. Viscous accretion slowly carries the dust particles embed-
ded into the carrier gas inwards towards regions of higher
temperature.

2. Turbulent diffusion and large scale-circulation mixes grains
inwards and outwards and tends to smear out radial concen-
tration gradients.

3. Annealing converts the amorphous dust component into
crystalline dust.

4. Vaporization and chemical surface reactions erode the dust
grains. The removed material increases the abundance of
certain molecular species of the gas-phase.

5. Condensation processes accumulate material from the gas-
phase onto the surface of already existing dust particles, or
new condensates may be formed by nucleation and grain
growth. At the same time the gas-phase is depleted by par-
ticle growth from condensible material.

6. Solid diffusion tends to eliminate internal concentration
gradients in grains with inhomogeneous composition. For
instance the cations Mg++ and Fe++ may be distributed in-
homogeneously within the silicates olivine and pyroxene
at low temperatures, but their distribution will be homoge-
nized at elevated temperatures where diffusion is activated
(cf. Fig. 5).

This is just a short list of processes which we believe to be im-
portant for the evolution of the dust grain mixture in the accre-
tion disc environment. Additional processes may be important
in special circumstances or at later stages of the disc evolution,
for instance the important coagulation and fragmentation pro-
cesses at the onset of planetesimal formation.

The first three processes are treated in Paper I. The same
method of modeling radial transport and annealing is applied
in the model calculations in this paper. We will not repeat the
discussion of these processes here.

The processes listed as items 4. and 5. are treated in this
paper. With respect to the processes of evaporation and con-
densation we take advantage of the fact that annealing occurs
at a temperature much lower than the temperature where evap-
oration of dust becomes important (cf. Papers I and II). This
allows us to treat annealing as a separate process, which can be
calculated independently of the processes responsible for grain
destruction and grain growth, since both processes operate in
different regions of the disc.

4. The advection-diffusion-reaction equations

4.1. The inter-grain vapour transport

The conversion of the non-equilibrium into the chemical equi-
librium dust mixture by evaporation and re-condensation re-
quires the transport of material through the gas-phase. This pro-
cess may be limited by slow diffusion of vapour species in the
gas-phase. In Gail (2003) it is shown, that vaporization is lim-
ited by diffusion only if the average grain sizes significantly
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exceed 1 µm. This becomes a problem if coagulation of grains
starts to become efficient at the onset of the planetesimal for-
mation process. We are mainly interested in the evolutionary
phase of accretion discs which precedes the planetesimal for-
mation process, since the essential processes determining the
composition of the ingredients from which planetesimals do
form operate during this phase. Diffusional limitation of inter-
grain vapour transport becomes important only in later phases
of the disc evolution.

Additionally we assumed that the grains are at rest with re-
spect to the gas. The more general case where grains are mov-
ing relative to the gas is considered in Gail (2003), where it is
shown that this has no important effect for micron-sized grains.

4.2. Equation for the dust grains

In the following the chemically or physically different dust
species are distinguished by a lower index j. For each of the
substances we consider a set of fixed grain radii ai. The num-
ber density of grains having radii falling into the radius in-
terval [ai, ai+1] is divided by the number density of hydrogen
nuclei. The resulting quantity, the concentration of dust grains
of species j with radii ai . . . ai+1 relative to hydrogen nuclei,
is denoted by c j,i. We use the same radius grid ai for all dust
species j. All grains are assumed to have spherical shape.

The equation for the transport, diffusion and evaporation of
dust in the one-zone approximation is derived in Paper I. The
time evolution of the concentration c j,i of dust species j with
radii in ai . . . ai+1 with respect to the total number of hydrogen
nuclei is

∂ c j,i

∂ t
+ vr
∂ c j,i

∂ r
=

1
nr
∂

∂ r
rnD
∂ c j,i

∂ r

+



(
c j,i+1

∆ai+1
− c j,i

∆ai

) ∣∣∣∣∣∣
d a j,i

d t

∣∣∣∣∣∣ if
d a j,i

d t
< 0

(
c j,i−1

∆ai−1
− c j,i

∆ai

)
d a j,i

d t
if

d a j,i

d t
> 0

. (1)

vr is the radial drift velocity of viscous accretion. We presently
neglect any drift of the grains relative to the gas. D is the diffu-
sion coefficient of the grains induced by turbulent mixing. This
is calculated in the α-approximation as in Paper I and is as-
sumed in this paper to be the same for all grains of species j and
radii i. The terms depending on vr and D describe the transport
and mixing of the dust component in the protoplanetary disc.
The smallest and the largest grain sizes in our sample require
special treatment, see Paper I.

The quantity da j,i/dt describes the change of radius of the
dust grains of species j and radius ai by growth (da j,i/dt > 0)
or evaporation (da j,i/dt < 0), respectively. These terms de-
scribe size changes of grains by chemical processes, in which
the grains are involved. In the limiting case that dust growth or
evaporation is not diffusion limited, and that there is no relative
motion between the grains and the gas, they are given by

d a j,i

d t
= V j,0 vth α

(
n − peq

kT

)
· (2)

Table 2. Coefficients required for calculating evaporation and conden-
sation rates. Data for ρ and A from the CRC-handbook (Lide 1995).
For V0 and α see text.

Dust ρ A V0 α

species g cm−3 cm3

quartz 2.65 60.085 3.80 × 10−23 0.05

iron 7.87 55.845 1.19 × 10−23 0.9

forsterite 3.21 140.694 7.33 × 10−23 0.1

fayalite 4.30 203.774

enstatite 3.19 100.389 5.26 × 10−23 0.1

ferrosilite 4.00 131.93

olivine 7.55 × 10−23 0.1

pyroxene 5.35 × 10−23 0.1

The volume V j,0 of the (nominal) molecule is given by

V j,0 =
A jmAMU

ρsol, j
, (3)

where A j is the molecular weight and ρsol, j the mass density of
the solid. vth is the root-mean-square thermal velocity of the key
molecule in the evaporation process, n its gas-phase particle
density, and peq is the partial pressure of this molecule in a
chemical equilibrium state.
α is the evaporation coefficient respectively the growth or

sticking coefficient, which are assumed to equal each other.
The evaporation/sticking coefficients α for the silicates are dis-
cussed in Gail & Sedlmayr (1999), Ferrarotti & Gail (2001)
and Gail (2003). The adopted values for α are given in Table 2.

The solution of Eq. (1) requires the prescription of bound-
ary conditions at the inner and outer boundary of the disc
model. The boundary conditions are different for the different
species and are described later when we discuss the individual
dust components.

4.3. Equation for the gas-phase species

For the gas-phase species, of primary interest are the equations
for such atoms and molecules which are involved in the growth
and destruction of the dust species considered in our model
calculation.

The chemistry of the dust species considered involve the
elements O, Si, Fe, and Mg. The gas-phase chemistry of these
elements in the disc region of interest is quite simple: All oxy-
gen not bound in the molecular species CO, SiO and in min-
erals is present in the gas-phase as H2O. All other O-bearing
molecular compounds can be neglected. Because of the high
bond energy of the CO molecule the CO abundance is fixed
by the gas-phase carbon element abundance, since formation
of CO consumes all the available carbon. Note that growth and
evaporation of silicate and iron dust occur at a significantly
higher temperature than carbon dust destruction which means
that in the disc zone where the silicates evaporate the gas-
phase abundance of C equals the total element abundance of C.
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Mg and Fe are present in the gas-phase as free atoms. All other
molecular compounds of Fe and Mg can be neglected. At the
low temperatures of interest the silicon is present in the gas-
phase as SiO and a small fraction as SiS, all other Si-bearing
compounds are negligible. For simplicity we neglect also SiS
and assume that all Si present in the gas-phase is bound in SiO.

The abundance of O for the Solar System element mixture
exceeds the Si abundance by a factor of about 15. Though some
fraction of the O is bound in CO and in minerals, the rate of sil-
icate grain growth is not limited by the H2O abundance but is
limited by the abundances of SiO, Fe, and Mg in the gas-phase.
Water vapour is always present in sufficient quantities for grain
growth such that its precise abundance needs not be known
in the zone of silicate dust evaporation/condensation. Then we
only need to know the gas-phase abundances of SiO molecules
and Fe and Mg atoms. These three species are not involved in
any other chemical reaction of importance. Their abundances
are determined by the equation for the transport and diffusion
processes and by reactions with solids:

∂ cm

∂ t
+ vr
∂ cm

∂ r
=

1
nr
∂

∂ r
rnD
∂ cm

∂ r
+

Rm

NH
· (4)

cm is the concentration of the species m (now a molecule) rela-
tive to hydrogen nuclei, NH the number density of hydrogen
nuclei and Rm the rate of change of the number density of
molecule m by evaporation/condensation processes.

For each of the solids of species j the rate of exchange of
material between the gas-phase and the dust grains of radius ai

has the following form:

Rm, j

NH
=

∑
i

4π a2
i c j,i

1
V j,0

d a j,i

d t
νm, j. (5)

Here 4πa2
i is the surface area of a grain of radius ai, c j,i the

corresponding concentration of grains of species j and radii
between ai and ai+1, the next two terms are the net rate of the
number of (nominal) monomers added to or removed from the
grain per unit time and surface area by chemical reactions with
the gas-phase, and νm, j is the number of molecules of kind m
added to or removed from the gas-phase by the reaction be-
tween the grain and the gas-phase.

The rate term on the r.h.s of Eq. (4) is obtained by sum-
mation over the individual contributions (5) of all such reac-
tions between the gas-phase and grains of species j in which a
molecule of kind m is consumed or liberated. Pure gas-phase
reactions can be neglected for the gas-phase species of inter-
est (SiO, Fe, Mg).

5. Conversion of the interstellar dust mixture
into the chemical equilibrium dust mixture

5.1. Vapour pressures of the silicate dust species

The silicate dust components from the parent molecular cloud –
iron-rich olivine-type and pyroxene-type compounds with a
mole fraction of 0.3 of the iron-rich end members of the solid
solution series, and quartz-type material – are not stable in
an element mixture with Solar System element abundances.
In chemical equilibrium Mg and Si are condensed into nearly

pure forsterite Mg2SiO4, and enstatite MgSiO3 with only trace
amounts of the iron-bearing end members Fe2SiO4 and FeSiO3,
respectively, bound in these solids. Quartz does not even exist
in chemical equilibrium at all. The evolution of the P94 dust
mixture into a chemical equilibrium mixture requires the con-
version of the iron-rich olivine-type, enstatite- and quartz-type
ISM dust species into nearly iro-free forsterite and enstatite and
into solid iron. In a protoplanetary accretion disc where the dust
is suspended in a carrier gas this conversion has to occur by
evaporation and re-condensation.

At the instant when the grains of ISM origin start to evap-
orate, their lattice structure is already converted by annealing
from an amorphous to a crystalline state (cf. Paper I and Fig. 1),
i.e., at the instant of their vaporization they are true olivine,
pyroxene and quartz mineral grains. This makes it possible to
use data for crystalline materials in model calculations of their
evaporation. This point is further discussed in Sect. 5.2.

The key step for the evaporation of the silicate compounds
is the ejection of a SiO molecule from the solid into the gas-
phase. For forsterite this has been checked by laboratory ex-
periments by Nichols & Wasserburg (1995) and Nichols et al.
(1998), for enstatite this follows from the results of the labo-
ratory experiments for enstatite evaporation of Tachibana et al.
(2002), and for SiO2 from the laboratory study of Hashimoto
(1990). Hence, the calculation of the change of grain radii da/dt
by evaporation by means of Eq. (2) requires us to know the
vapour pressure of the SiO molecules, since this determines
the rate of evaporation of the silicates. For the following dis-
cussions, therefore, we have to determine the vapour pres-
sures of SiO molecules for the different dust species from
the Si-Mg-Fe complex.

The dust conversion process in a protoplanetary accretion
disc occurs in a disc region where the pressure of the car-
rier gas is of the order of 10−4 . . . 10−3 bar. We have calcu-
lated the chemical equilibrium composition of a gas-dust mix-
ture with Solar System element composition for a pressure
of P = 10−4 bar and the temperature region of interest be-
tween 800 K and 1400 K. The resulting partial pressures of Mg,
Fe, and H2O in chemical equilibrium between the gas-phase
and the equilibrium condensates are used to calculate the chem-
ical equilibrium vapour pressure of SiO for the reactions

Mg2xFe2(1−x)SiO4 + 3H2 ←→ (6)

2xMg + 2(1 − x)Fe + SiO + 3H2O

MgxFe(1−x)SiO3 + 2H2 ←→ (7)

xMg + (1 − x)Fe + SiO + 2H2O

SiO2 + H2 ←→ SiO + H2O. (8)

The resulting vapour pressures of SiO for iron-rich olivine, py-
roxene and for quartz are shown in Fig. 3 together with the par-
tial pressure of SiO in equilibrium with forsterite and enstatite.

The vapour pressures of SiO for olivine, pyroxene, and
quartz obviously are much higher, at least by a factor of three
(see Fig. 3), than the vapour pressure of SiO for forsterite and
enstatite if the partial pressures of Mg, Fe, and H2O are fixed
by the presence of forsterite, enstatite, and solid iron in equilib-
rium with the gas-phase. The SiO, Mg, and Fe evaporated off
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Fig. 3. Partial pressures of SiO in chemical equilibrium between a gas
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with a mole fraction of 0.7 of the magnesium-rich end-members of the
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Fig. 4. Exchange of material between annealed pristine dust compo-
nents with crystalline structure and equilibrium dust components via
the gas-phase. The middle row refers to the vapour species. The solids
in the upper and lower row are denoted by obvious abbreviations.

olivine, pyroxene, and quartz for this reason chiefly precipitate
onto forsterite, enstatite, and iron and only a small fraction of
the SiO re-condenses onto olivine, pyroxene, and quartz. The
exchange of material between the quartz, olivine, and pyrox-
ene of the annealed pristine dust mixture on the one hand, and
of the components forsterite and enstatite of the equilibrium
mixture on the other hand, is nearly a one-way process. For a
first-order approach to the problem it suffices, then, to neglect
the re-condensation of evaporated material onto quartz, olivine,
and pyroxene. The exchange of material between the annealed
pristine dust components and the equilibrium dust components
is schematically represented in Fig. 4.

If in the protoplanetary accretion disc mixing processes in-
termingle forsterite and enstatite from the inner disc region
with pristine dust material from the parent molecular cloud,

the gas-phase abundance of SiO and Mg atoms in the re-
gion where the pristine dust starts to evaporate are essentially
determined by the equilibrium between evaporation and re-
condensation of forsterite and enstatite, while the gas-phase
abundance of Fe atoms is determined by the equilibrium with
solid iron. The presence of the equilibrium components acts
as a buffer for the partial pressures of their evaporation prod-
ucts SiO, Mg, and Fe (forsterite-enstatite buffer). Their abun-
dances, however, do not completely correspond to a chemical
equilibrium state, because (i) there occurs a diffusive turbulent
transport of gas-phase species from regions of higher to regions
of lower concentration within the protoplanetary disc and (ii)
there occurs a mass-transport through the gas-phase from the
annealed non-equilibrium species quartz, olivine, and pyrox-
ene to the equilibrium species forsterite and enstatite.

Olivine is known to evaporate congruently, i.e. the evap-
oration residue has the same composition as the starting ma-
terial (Nagahara et al. 1994). The laboratory experiments of
Nagahara & Ozawa (1994, 1996) and Tsuchiyama et al. (1999)
on olivine evaporation have shown that at pressures above 1 ×
10−6 bar the evaporation of olivine in the presence of a hot hy-
drogen gas is determined by a chemical reaction of the type (6).
The alternative pure vacuum evaporation reaction

Mg2xFe2(1−x)SiO4 −→
2xMg + 2(1 − x)Fe + SiO + 3

2 O2 (9)

studied by Hashimoto (1990) governs the evaporation process
at H2 pressures below 1×10−6 bar. Since pressures in the evapo-
ration region in the protoplanetary disc are higher, the chemical
reaction (6) is the relevant process for olivine evaporation in a
protoplanetary disc.

The evaporation behaviour of pyroxene is more complex
because this material evaporates incongruently. Detailed ex-
perimental studies of enstatite evaporation in vacuum and hot
H2 gas have been performed by Tachibana et al. (2002) who
found that enstatite develops a forsterite residue layer dur-
ing evaporation and that enstatite evaporation probably is con-
trolled by diffusion of O or Si in the forsterite boundary layer.
They found the steady-state evaporation of enstatite in vacuum
and H2 gas to proceed at the evaporation rate of the forsterite
residue layer.

5.2. Equations for the pristine dust components

For the quartz-, olivine-, and pyroxene-type dust components
of interstellar origin two processes are important for the change
of their structure and abundance:

1.) At about 800 K (or 950 K, depending on the adopted
experimental data, see Paper I), annealing converts the amor-
phous lattice structure of the grains from the interstellar
medium into a crystalline lattice structure. The consequence of
this is that in the warm inner region of the protostellar disc,
where decomposition/evaporation processes start to operate,
one has to consider the evaporation of crystalline material with
its rather well defined properties and not that of amorphous ma-
terial, the properties of which usually are not well known.

The degree of crystallinity ξ of olivine- and pyroxene-type
dust is calculated by the set of equations given in Paper I.
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2.) At a much higher temperature the annealed interstellar
quartz, olivine, and pyroxene grains start to evaporate by re-
action with H2, which is just a reduction. Here we can apply
the approximation that material which evaporated from these
grains is completely lost because it precipitates on the more
stable dust components forsterite and enstatite.

The decomposition of quartz, olivine, and pyroxene can be
treated in the same way as we treated the oxidation of car-
bon grains in Paper I. We only have to replace expression (17)
in Paper I by

da
dt
= −V0 α vth,SiO

pSiO,eq

kT
· (10)

V0, α, and pSiO,eq are the volume of the nominal molecule
in the bulk condensate, the evaporation (sticking) coefficient,
and the partial vapour pressure of SiO in chemical equilib-
rium with quartz. vth,SiO is the root-mean-square velocity of
SiO molecules in the gas-phase

vth =

√
kT

AmAMU
, (11)

where A is the atomic weight of the growth species (in the
present case that of SiO), and mAMU is the atomic mass unit.
da/dt may depend on the grain size, for instance by a size-
dependent vapour pressure, but we shall assume in our calcula-
tions that da/dt does not depend on grain size ai. Similar equa-
tions hold for olivine and pyroxene. The quantities V0 and α for
the different dust species are given in Table 2.

The boundary conditions for the concentration of grains
within a given size interval are given by the analogue of
Eq. (22) of Paper I, where f (a) in that equation now denotes
the interstellar size distributions of the olivine-, pyroxene-, and
quartz-type ISM grains. In the normalization condition (21) of
Paper I one has to use for ε the Si abundance and for f the frac-
tion of the Si bound in the olivine-, pyroxene- and quartz-type
dust components, given in Table 1.

The evaporation of the olivine, pyroxene, and quartz dust
adds SiO molecules and Mg and Fe atoms to the gas-phase.
The rate term (5) in Eq. (4) corresponding to the gain of
SiO molecules by evaporation of olivine (Mg2xFe2(1−x)SiO4),
pyroxene (MgxFe1−xSiO3) and quartz (SiO2) dust is

Rm

NH
=

∑
i

4π a2
i

[
− 1

Vol,0

d aol,i

d t
col,i − 1

Vpy,0

d apy,i

d t
cpy,i

− 1
Vqu,0

d aqu,i

d t
cqu,i

]
, (12)

where the index m here corresponds to SiO. The quanti-
ties da/dt are given by Eq. (10) for each of the three materials.
The corresponding expression for the gain of Mg by evapora-
tion of olivine and pyroxene is

RMg

NH
=

∑
i

4π a2
i

[
− 1

Vol,0

d aol,i

d t
2xol col,i

− 1
Vpy,0

d apy,i

d t
xpy cpy,i

]
(13)

and that for Fe is

RFe

NH
=

∑
i

4π a2
i

[
− 1

Vol,0

d aol,i

d t
2(1 − xol) col,i

− 1
Vpy,0

d apy,i

d t
(1 − xpy) cpy,i

]
, (14)

where xol and xpy are the mole fractions of fayalite and fer-
rosilite in olivine and pyroxene, respectively.

The volume V0 in the above equations is given by
Eq. (3). Since olivine with composition Mg2xFe2(1−x)SiO4

forms an ideal solution series between the end members
forsterite Mg2SiO4 and fayalite Fe2SiO4 we can calculate the
density of olivine with mixing ratio x as the linear superposi-
tion of the densities of forsterite and fayalite. Using an obvious
notation, we have

A
ρsol
=

xAfo + (1 − x)Afa

xρfo + (1 − x)ρfa
· (15)

Similarly we calculate A/ρsol for pyroxene. The data and the
results for the mixing ratio x = 0.7 of the P94 dust mixture
are given in Table 2. The values adopted for the sticking coef-
ficient α are given in Table 2.

5.3. Cation diffusion

In olivine and pyroxene the Mg2+ and Fe2+ cations may be in-
homogeneously distributed within the dust grains as they enter
the accretion disc. At sufficiently high temperature the spatial
inhomogeneities are erased, however, by solid diffusion (Gail
& Sedlmayr 1999; Gail 2001). The characteristic timescale for
diffusion across a grain of size a is

tdiff =
a2

D
, (16)

where D is the diffusion coefficient. The coefficient of cation in-
terdiffusion in olivine is rather well studied by laboratory mea-
surements. The most recent determination is

D = 2 × 10−2 exp {−27180/T − 6.91 x}
[
cm2 s−1

]
(17)

where x is the mole fraction of forsterite in olivine
(Chakraborty 1997). The cation interdiffusion in pyroxene is
much less well known; especially the dependence on compo-
sition is not known. A recent determination for orthopyroxene
with x = 0.88 is (Schwandt et al. 1998)

D = 1.1 exp {−43300/T }
[
cm2 s−1

]
. (18)

Figure 5 shows the timescales for cation interdiffusion and for
radial or vertical mixing as a function of the midplane tempera-
ture in a protoplanetary accretion disc model. Homogenization
of cation concentration variations within dust grains occurs at
about 700 K for olivine and at about 900 K for orthopyroxene
grains. These temperatures are well below the stability lim-
its of both silicates. If such grains enter the evaporation zone
of silicate grains, all internal spatial inhomogeneities with re-
spect to the cation concentrations are erased. It suffices to con-
sider evaporation of grains which are homogeneous with re-
spect to Mg2+ and Fe2+ cation concentrations.
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with midplane temperature for a disc model with Ṁ = 10−7 M� yr−1.

5.4. Equations for the iron component

5.4.1. Equations for the size spectrum

The problem of the iron grains is somewhat more complicated.
In the P94 mixture, that part of the iron that is not bound in
silicates is present either as troilite (FeS) or as free iron grains.
At moderately elevated temperatures activation energy barriers
preventing the free iron at low temperatures to be converted
into FeS can be surmounted, and the iron grains react with H2S
from the gas-phase to form also FeS. At an even higher tem-
perature of about 700 K the FeS is reduced by hydrogen into
metallic iron. The details of this process have been studied in
the laboratory by Lauretta et al. (1996, 1998) and Tachibana
& Tsuchiyama (1998). In the present model calculation we do
not consider the conversion of Fe into FeS and back into Fe.
In order to hold the number of dust species, i.e. the number of
diffusion equations to be considered in the model calculation,
at a minimum, we concentrate completely on the processes of
conversion of the silicates into the equilibrium mixture which
operate at temperatures where no FeS exists. For this reason we
only consider solid iron in our calculations.

The change of the radius of iron grains, Eq. (2), is

da
dt
= Vir,0 αir vth,Fe

(
NHcFe − pFe,eq

kT

)
· (19)

Vir,0, αir, vth,Fe, and pFe,eq are the volume that Fe atoms occupy
in solid iron, the sticking coefficient of iron, the root-mean-
square velocity of Fe atoms in the gas-phase, and the vapour
pressure of Fe atoms over solid iron, respectively. cFe is the gas-
phase concentration of Fe atoms and NH the particle density
of H nuclei. The sticking coefficient αir of iron is discussed
e.g. in Gail & Sedlmayr (1999), Ferrarotti & Gail (2001) and
Gail (2003). The adopted values for Vir,0 and αir also are given
in Table 2.

The boundary conditions for the concentration of iron
grains within a given size interval are given by the analogue
of Eq. (22) of Paper I where f (a) in that equation now denotes
the interstellar size distributions of the iron grains. Note that,
at the outer boundary, part of the iron is bound in olivine- and
pyroxene-type dust. The normalization condition Eq. (21) of
Paper I in case of the the size distribution f (a) of iron grains
then reads as follows∫ ∞

0

4π
3

a3 f (a) =

Vir,0

[
2(1 − xol) fol,ISM + (1 − xpy) fpy,ISM

]
εSi. (20)

Here fol,ISM and fpy,ISM denote the degree of condensation of Si
into the pristine olivine- and pyroxene-type grains, respec-
tively. For the P94 mixture they are given in Table 1. xol and xpy

are the initial mole fractions of forsterite- and enstatite-type
material in the olivine- and pyroxene-type solid solutions, re-
spectively. For the P94 dust mixture they are given in Table 1,
too. The quantity in brackets is just the fractional abundance
of Fe in the silicate grains.

The contribution of iron evaporation and growth to the
rate term (5) in Eq. (4) for the evolution of the concentration
of Fe atoms in the gas-phase is

RFe

NH
=

∑
i

4π a2
i cir,i

(
− 1

Vir,0

d air,i

d t

)
, (21)

where da/dt is given by Eq. (19).

5.4.2. Equation for the free iron abundance

If one adds the advection-diffusion-reaction equations for iron
grains and for the iron in the gas-phase, one obtains an equa-
tion for the total concentration of the iron not bound in sili-
cates. As long as the size of the iron grains is less than ≈1 mm
the iron grains are dynamically coupled to the gas (cf. Fig. 3 of
Weidenschilling & Cuzzi 1993) such that their transport coef-
ficients D and vr are the same as that for the gas-phase species.
The resulting equation is

∂ ε∗Fe

∂ t
+ vr
∂ ε∗Fe

∂ r
=

1
nr
∂

∂ r
rnD
∂ ε∗Fe

∂ r
+

RFe∗

NH
· (22)

where RFe∗/NH is given by Eq. (14). The quantity ε∗Fe is the ele-
ment abundance of Fe (relative to hydrogen nuclei) not bound
in silicates. Terms corresponding to evaporation and condensa-
tion of solid iron cancel from this equation; only the produc-
tion term resulting from evaporation of olivine and pyroxene
remains.

The boundary conditions required for solving Eq. (22) ob-
viously are as follows: at the inner boundary ri of the disc
model we have

ε∗Fe(ri) = εFe, (23)

where εFe is the total element abundance of Fe relative to H nu-
clei in the matter from the parent molecular cloud. At the outer
boundary ro of the disc model we have

ε∗Fe(ro) = εFe

−
(
2(1 − xol) fol,ISM + (1 − xpy) fpy,ISM

)
εSi (24)
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which is the total Fe abundance of the interstellar matter from
which the disc is formed, reduced by the fraction of the iron
bound in silicates.

In Duschl et al. (1996) it is shown that the timescale for
evaporation or condensation is much smaller than the charac-
teristic timescale for the change of the pressure and temper-
ature of a comoving gas element in the disc. The difference
between the gas-phase partial pressure of free Fe atoms and the
vapour pressure of iron is very small in this case. If we neglect
this small difference, the degree of condensation of Fe into iron
grains is given by

fir =
ε∗Fe

εFe
− pFe,eq

εFeNHkT
· (25)

This quantity, which is important for the construction of disc
models, can already be obtained from the solution of Eq. (22).

5.4.3. Equation for the gas-phase iron abundance

The equation for the concentration of iron atoms in the gas-
phase is according to Eq. (4)

∂ cFe

∂ t
+ vr
∂ cFe

∂ r
=

1
nr
∂

∂ r
rnD
∂ cFe

∂ r
+

RFe

NH
· (26)

The source term RFe/NH consists of several contributions:

– The gain terms Eq. (14) corresponding to evaporation of the
annealed pristine olivine and pyroxene grains and

– the gain and loss terms Eq. (21) from evaporation and con-
densation of solid iron.

If, as we shall always assume, the evaporation and condensa-
tion rates do not depend on the grain size (i.e. we neglect the
increase of vapour pressure with decreasing radius of curvature
of the grain surface) then we may take the rates per unit surface
out of the summation over the size spectrum. We introduce for
each dust species j the total surface area of grains per H nu-
cleus by

A j =
∑

i

4πa2
i c j,i. (27)

Then we have

RFe

NH
= −αir vth,Fe

(
NHcFe − pFe,eq

kT

)
AFe

+2(1 − xol)αol vth,SiO

pol
SiO,eq

kT
Aol

+(1 − xpy)αpy vth,SiO

ppy
SiO,eq

kT
Apy. (28)

The differential Eq. (26) with this source term (28) determines
the gas-phase abundance of free Fe atoms.

The source terms corresponding to the evaporation of
olivine and pyroxene are important only over a limited temper-
ature region since pSiO,eq strongly increases with temperature
(approximately exponentially) and Aol and Apy rapidly go to
zero if the grains evaporate.

5.4.4. Deviation from equilibrium

First we consider the temperature region where evaporation of
olivine and pyroxene is inefficient or both species are absent.
In that case the source and sink terms due to iron evaporation
and condensation, respectively, on the r.h.s. of Eq. (26) have
to compensate the drift and diffusion terms on the l.h.s. of the
equation.

Since the characteristic timescale for diffusion and inwards
transport of matter are rather long there is ample time for estab-
lishing a near-equilibrium state in which the gas-phase partial
pressure of Fe atoms nearly equals the vapour pressure of iron

cFe,eqNH ≈ pFe,eq

kT
(29)

such that the small difference between cFe,eqNH and pFe,eq/kT
results in a growth/evaporation time scale of the same order of
magnitude as the shorter one of the drift or diffusion timescales.

To estimate the order of magnitude to be expected for
the deviation between the gas-phase abundance cFe,eqNH of
Fe atoms and their chemical equilibrium abundance pFe,eq/kT
we compare the first term on the right hand side of Eq. (28)
with the drift term. The diffusion term is of the same order of
magnitude as the drift term since for α-discs D = 2

3 rvr (see
Paper I).

As an order-of-magnitude approximation we obtain for the
ratio of the growth/evaporation term to the drift term

αvthNHcFeAr
vrcFe

(1 − 1
S

)

where S is the ratio

S =
cFe

cFe,eq
(30)

and

cFe,eq =
pFe,eq

NHkT
· (31)

Assuming for an order-of-magnitude estimate that all grains
have the same radius a we have A = 4πa2ngr/NH, where ngr

is the number density of grains. At about 1 AU the total den-
sity of H nuclei is about 1015 cm−3 and ngr then is of the order
of 100 cm−3.

Then we have to estimate the order of magnitude of

αvth4πa2ngrr

vr

(
1 − 1

S

)
·

With typical values of vth = 104 cm s−1, a = 10−5 cm, ngr =

102 cm−3, r = 1013 cm and vr = 10 cm s−1 we obtain

108

(
1 − 1

S

)
·

Since this has to be of order unity this means that S deviates
from unity only by about 10−8, i.e., with a high degree of accu-
racy we have cFe = cFe,eq.

Next consider the region where olivine and pyroxene evap-
oration is important. In this region we also have to consider the
gain terms from this process. We compare the order of magni-
tude of the growth/evaporation term of iron grains to that of the
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gain term due to olivine evaporation. Their ratio is of the order
of magnitude

αir pFe,eqAFe

αol pSiO,eqAol

(
1 − 1

S

)
·

If the olivine is not yet nearly completely evaporated, the quan-
tities Aol and AFe are of comparable order of magnitude.
Since pFe,eq exceeds pSiO,eq by about two orders of magni-
tude in the temperature regime 1000. . . 1100 K (cf. Fig. 3) and
αir ≈ 10αol (cf. Table 2), the ratio of the two terms is

103

(
1 − 1

S

)
·

Then the source terms from silicate evaporation are
much bigger than the transport and diffusion terms from
the l.h.s. of Eq. (26) and they have to compensate the
growth/evaporation term from the r.h.s. This requires that the
deviation of S from unity is very small, of the order of 10−3,
i.e., also in the present case we have cFe = cFe,eq with a high
degree of accuracy, but the deviations are not as small as in the
preceding case.

The fact that cFe is very close to cFe,eq would allow us to
replace cFe on the left hand side of Eq. (26) and in the diffusion
term by cFe,eq. Since cFe,eq for a given disc model is a known
quantity, Eq. (26) reduces to a simple algebraic equation from
which we could calculate the difference cFe − cFe,eq, if we know
the quantitiesA j. Numerical test calculations showed that, in-
deed, the results for cFe − cFe,eq calculated in this way are the
same as that obtained from a solution of Eq. (26), but they also
showed that the simpler approach has no advantages over the
direct solution of Eq. (26) because the numerical differentia-
tion of cFe,eq is sensitive to numerical noise from the iterations
required for the temperature calculation.

These estimates all refer to radial transport processes. If
vertical transport processes were considered, the deviations
from equilibrium would become bigger because of shorter ver-
tical transport timescales. Within the frame of the one-zone
model for which we do our model calculations, vertical trans-
port in the accretion disc cannot be treated and so we do not
consider this case, but one should bear in mind that the real
deviations from equilibrium may not be as extremely small as
found in the above estimates.

5.5. Equations for the solar nebula condensation
products forsterite and enstatite

5.5.1. Equations for the size spectrum

For the dust components of the Mg-Si-complex resulting from
evaporation and re-condensation processes we have to consider
the species forsterite and enstatite. In Duschl et al. (1996) we
have shown that these dust components grow and evaporate
in the warm inner parts of the protostellar disc under near-
equilibrium conditions. At the vaporization limit all forsterite
and enstatite grains are destroyed. The existence of such grains
at lower temperatures, thus, requires that seed nuclei for the
growth of forsterite and enstatite are formed somewhere in the

disc. Direct nucleation from the gas-phase is not possible be-
cause the nominal molecules of both minerals do not exist in
the gas-phase. The forsterite and enstatite grains instead have
to grow on top of some different kind of seed nuclei. In the
chemical mixture of the protoplanetary disc there exist many
mineral compounds which are stable up to much higher temper-
atures than forsterite and enstatite and are possible candidates
for serving as growth centres for the magnesium silicates, for
instance Ca-Al-compounds, Ti compounds like perovskite, zir-
conium oxide . . . , just to mention a few. Figure 2 shows the
stability limits of some of these compounds. The precise na-
ture of the seed nuclei does not play any role, as long as such
seed nuclei exist. We assume in our model calculation that the
equilibrium condensates forsterite and enstatite grow on some
kind of pre-formed seed nuclei, the nature of which needs not
be specified.

This behaviour can be simulated in the numerical solu-
tion of the advection-diffusion-reaction Eqs. (1) by omitting the
loss-term

− c j,i

∆ai

∣∣∣∣∣∣
d a j,i

d t

∣∣∣∣∣∣
from the equation for the smallest grain size in the case
dai, j/dt < 0. These smallest grains then formally act as the
growth centres, onto which material grows if dai, j/dt > 0, but
which are never destroyed. The concentration of such grains
(seed particles) has to be specified in this approach as an inner
boundary condition for the corresponding concentration c j,i.

The change of the radius of the grains of forsterite or en-
statite, Eq. (2), is given by

da
dt
= V0 α vth,SiO

(
NHcSiO − pSiO,eq

kT

)
· (32)

The meaning of the quantities entering into this expression is
analogous to that in the above cases. The values of the stick-
ing coefficients α of forsterite and enstatite are discussed e.g.
in Gail & Sedlmayr (1999), in Ferrarotti & Gail (2001) and
Gail (2003). The adopted values for V0 and α are also given
in Table 2.

The boundary conditions required for solving Eqs. (1) for
the particle size spectrum c j,i at the inner and outer disc bound-
aries are as follows: At the outer boundary ro of the disc model
we simply have

c j,i(ro) = 0, (33)

since the enstatite and forsterite grains are not members of the
pristine dust mixture. At the inner boundary ri of the disc model
the forsterite and enstatite grains are completely evaporated,
i.e. we have

c j,i(ri) = 0, (34)

except for the smallest grain size ai for which we have to
prescribe

c j,i(ri) = cgrains, j. (35)

j denotes the dust species, forsterite and enstatite in our case,
and cgrains, j is the total number of grains per hydrogen nuclei
of that dust species. This concentration of seed nuclei must be
guessed in some way.
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5.5.2. Equations for the abundance of Si and Mg not
in pristine dust

If one adds the advection-diffusion-reaction equations for
forsterite and enstatite grains and for the SiO molecules in the
gas-phase, one obtains an equation for the total concentration
of the Si not bound in the pristine silicate dust components of
olivine-, pyroxene- and quartz-type composition. The resulting
equation, analogous to the case of iron, is

∂ ε∗Si

∂ t
+ vr
∂ ε∗Si

∂ r
=

1
nr
∂

∂ r
rnD
∂ ε∗Si

∂ r
+

RSi

NH
, (36)

where RSi/NH is given by Eq. (12). Terms corresponding to
evaporation and condensation of forsterite and enstatite, again,
cancel from this equation, only the production terms resulting
from evaporation of olivine, pyroxene and quartz remain. The
quantity ε∗Si is the element abundance of Si relative to hydrogen
nuclei not bound in the pristine silicates. This silicon either
is bound in forsterite and enstatite or is present as molecular
species (mainly SiO) in the gas-phase.

The boundary conditions required for solving Eq. (36) ob-
viously are as follows: at the inner boundary ri of the disc
model we have

ε∗Si(ri) = εSi, (37)

where εSi is the total element abundance of Si relative to H nu-
clei in the matter from the parent molecular cloud. At the outer
boundary ro of the disc model we have

ε∗Si(ro) = 0 (38)

since all Si is bound in the pristine silicates.
For the abundance of Mg not bound in the pristine dust

components we obtain in complete analogy

∂ ε∗Mg

∂ t
+ vr
∂ ε∗Mg

∂ r
=

1
nr
∂

∂ r
rnD
∂ ε∗Mg

∂ r
+

RMg

NH
, (39)

where RMg/NH is given by Eq. (13). The boundary equations
for (39) are

ε∗Mg(ri) = εMg (40)

at the inner boundary ri of the disc model and

ε∗Mg(ro) = 0 (41)

at the outer boundary ro of the disc model.

5.5.3. Equations for the gas-phase abundance of SiO
and Mg

The equation for the concentration of silicon in the gas-phase
is according to Eq. (4)

∂ cSi

∂ t
+ vr
∂ cSi

∂ r
=

1
nr
∂

∂ r
rnD
∂ cSi

∂ r
+

RSiO

NH
· (42)

Neglecting the small contribution of Si-bearing molecules
different from SiO, the gas-phase Si concentration is iden-
tical with the concentration of SiO molecules. The source
term RSi/NH has two contributions: (i) the gain term (12)

corresponding to evaporation of the annealed pristine olivine
and pyroxene grains; (ii) the gain and loss terms, which de-
scribe the contributions of evaporation and condensation of
forsterite Mg2SiO4 and enstatite MgSiO3 to the change of the
gas-phase SiO concentration

RSiO

NH
=

∑
i

4πa2
i

[
− 1

Vfo,0

d afo,i

d t
cfo,i − 1

Ven,0

d aen,i

d t
cen,i

]
. (43)

If we assume as in the case of iron evaporation that the evap-
oration and growth rates do not depend on the grain size we
can take the rate terms out of the summation over the grain size
spectrum. The rate term in Eq. (42) then is

RSiO

NH
= −αfo vth,SiO

NHcSi −
pfo

SiO,eq

kT

 Afo

−αen vth,SiO

NHcSi −
pen

SiO,eq

kT

 Aen

+αol vth,SiO

pol
SiO,eq

kT
Aol

+αpy vth,SiO

ppy
SiO,eq

kT
Apy (44)

+αqu vth,SiO

pqu
SiO,eq

kT
Aqu. (45)

Equation (42) has to be solved with the obvious boundary
conditions

cSi = εSi at r = ri (46)

and

cSi = 0 at r = ro. (47)

For the concentration of magnesium one obtains the analogue
of Eq. (42) with the source term

RMg

NH
= −2αfo vth,SiO

NHcMg −
pfo

Mg,eq

kT

 Afo

−αen vth,SiO

NHcMg −
pen

Mg,eq

kT

 Aen

+2xolαol vth,SiO

pol
SiO,eq

kT
Aol

+xpyαpy vth,SiO

ppy
SiO,eq

kT
Apy. (48)

The boundary conditions in this case are

cMg = εMg at r = ri (49)

and

cMg = 0 at r = ro. (50)

The estimates of Sect. 5.4.3 for the order of magnitude of the
advection and diffusion term on the one hand and the source
and sink terms on the r.h.s of the advection-diffusion-reaction
equation on the other hand can also be applied to the present
case. They show that the differences between the equilibrium
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Table 3. Parameters used for the calculation of the disc model.

accretion rate Ṁ 10−6, 10−7, 10−8 M� yr−1

stellar mass M∗ 1 M�

effective temperature Teff 4 500 K

stellar luminosity L∗ 5 L�

viscosity parameter α 3 × 10−3

molecular cloud temp. Tmol 20 K

inner disc radius rin 5 R∗

outer disc radius rout 100 AU

gas-phase concentrations of SiO and Mg and the actual con-
centrations defined by the solutions of the advection-diffusion-
reaction equations ought to be small. The concentration dif-
ferences, again, can be calculated by replacing cSiO and cMg

in the advection and diffusion term of the advection-diffusion-
reaction equations for SiO and Mg by

cSiO,eq =
pSiO,eq

NHkT
(51)

and

cMg,eq =
pMg,eq

NHkT
, (52)

respectively. Since for a given disc model the equilibrium con-
centrations are known quantities, the concentration differences
can be calculated from a simple set of algebraic equations.

6. Model calculation

6.1. Disk model

The calculation of the conversion of the pristine dust from the
molecular cloud into the equilibrium dust mixture in the inner
disc region requires us to calculate a self-consistent model for
the accretion disc including the transport and mixing processes
and the evaporation and re-condensation of the dust compo-
nents. This determines some important input parameters for the
calculation of the dust-related chemical processes, the tempera-
ture for instance, which depend themselves on the dust compo-
sition in the disc. The calculation follows essentially the meth-
ods described in Paper I.

Models are calculated for a protostellar accretion disc
around a single star with the set of parameters shown in Table 3.
The model is a stationary one-zone Keplerian α-disc model.
The stellar parameters correspond to a star of one solar mass
in a stage of evolution where the star is already visible, i.e.
the process of mass infall and star formation is nearly finished
and the remaining disc gradually disappears by accretion onto
the star (cf. Stahler & Walter 1993). This is just that phase
of the disc evolution that we want to consider. The viscosity
parameter α is set to a value which results in a timescale for
disc disappearance in time-dependent one-zone model calcula-
tions which is of the order of the observed timescale of roughly
106 years (Ruden & Pollack 1991; Paper II). Slightly higher

values for α are favoured by others (e.g. Lin & Papaloizou
1996; Stepinski 1998).

The calculation is done for a mass accretion rate of Ṁ =

10−7 M� yr−1. This rate is suggested by typical disc masses
of 0.1 M� around solar mass stars and typical disc lifetimes
of 106 years (e.g. Beckwith & Sargent 1993; Haisch et al.
2002). This accretion rate is generally thought to be represen-
tative for the early stages of the evolution of a protoplanetary
disc prior to the onset of planetary formation. For comparison
also models with an accretion rate of 10−6 and 10−8 M� yr−1

are calculated. The former corresponds to an early evolution-
ary stage where the parent molecular cloud is not yet dissi-
pated and the system is hidden behind a thick dust shell. The
latter mass accretion rate probably corresponds to a late stage
of the disc evolution where planet formation already is un-
derway. Observationally determined mass accretion rates for
young stellar objects of age less than 106 yr seem to support
our assumption of a mass accretion rate of 10−7 M� yr−1 for the
pre-planetary phase (e.g. Hartmann 2000; Calvet et al. 2000).

6.2. Opacities

The opacities of the different dust species are treated by cal-
culating the opacity κ entering the disc equations by the linear
superposition

κ =
∑

i

fiκi. (53)

The individual κi are Rosseland means of the opacity of dust
species i calculated from Mie theory and a MRN size distri-
bution (Mathis et al. 1977). This clearly is a simplification
because Rosseland means are not additive, except in regions
where one species dominates the whole extinction or if we deal
with grey absorption.

The opacities κi are calculated for the case of 100% con-
densation. They are multiplied by the true degree of condensa-
tion fi to account for the true abundance of the dust species in
the mixture.

For the opacity of the unmodified amorphous silicate dust
grains of interstellar origin for both species optical constants of
Draine (1985) are used. Also for the carbon dust component the
optical constants from the tabulation of Draine have been used.
This choice was made in order that the pristine dust component
yields opacities that at least are similar to that of interstellar
dust.

For the annealed crystalline silicate grains of interstellar
origin dust optical constants for pyroxene with a mole fraction
of ferrosilite of x ≈= 0.5 in the solid solution are taken from
the database of the Astrophysical Institute of the University
of Jena1 and for olivine optical constants of a natural spec-
imen from Huffman & Stapp (1972) and Steyer (1974) are
used. These data are the only ones available for materials
which may have some similarity in their composition to the an-
nealed interstellar silicates and which cover the extended wave-
length region (0.2 . . . 300µm) necessary for purposes of model
calculation.

1 See: http://www.astro.uni-jena.de/
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For the disc-made forsterite and enstatite dust grains opti-
cal constants for nearly-iron-free silicates are taken from the
database of the Astrophysical Institute of the University of
Jena; they are supplemented by data from glassy materials in
the short-wavelength region.

For the other dust materials the same data are used as
in Paper I.

6.3. Method of model construction

For each of the dust species we use a grid of 25 grid points ai

between a1 = 3 Å and a25 = 0.25 µm for the grain-size spec-
trum. The initial size distribution at the outer border of the
disc is set to the MRN size distribution (Mathis et al. 1977).
Different size distributions for interstellar grains have been pro-
posed, e.g. by Weingartner & Draine (2001), but it is question-
able that such a model can be used as initial size distribution at
the outer border of the model because the very small grain size
component of the model may not survive the passage through
the accretion shock. The sizes of grains in the parent molecular
clouds of newly formed stars often seem to be bigger than ISM
grains due to coagulation. In view of the probably weak forces
responsible for coagulation in the cold clouds it seems likely,
however, that such grain clusters are disrupted in passing the
accretion shock and the ISM size distribution is therefore re-
stored behind the shock.

The disc model is constructed by a fixed-point iteration
method. With an initial estimate for the degrees of condensa-
tion and crystallinity of the various dust species, a model for the
radial disc structure is calculated as described in Paper I. With
this model, silicate annealing and carbon dust combustion are
calculated by the methods described in Paper I.

Next the evaporation of olivine, pyroxene and quartz is cal-
culated by solving the set of 25 advection-diffusion-reaction
Eqs. (1) for each of the species (see Sect. 5.2). This provides
the injection rate of Mg, Fe, and SiO into the gas-phase.

Next Eqs. (22), (36) and (39) for the abundances of Mg, Fe,
and Si not bound in the pristine dust components are solved.
For these abundances the problem of chemical equilibrium be-
tween the gas-phase and the solids is solved, which provides
molecular abundances in the gas-phase and the different de-
grees of condensation f j of the solids in chemical equilibrium.

The whole set of calculations is then repeated by calculat-
ing a new disc model with the results for the degrees of con-
densation and the degrees of crystallinity of the various dust
species. Then, again, new degrees of condensation and degrees
of crystallinity of the various dust species are calculated. The
procedure is repeated until relative deviations in the physical
quantities between subsequent iteration steps do not change by
more then 10−7. This usually is achieved within about 12 itera-
tion steps.

6.4. General disc structure

Figure 6 shows the structure of the stationary disk model for a
set of mass-accretion rates of Ṁ = 10−6, 10−7, 10−8 M� yr−1.
The overall disc structure is not significantly changed by the
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Fig. 6. Model of the radial disc structure for mass accretion rates of
Ṁ = 10−6, 10−7, 10−8 M� yr−1. a) Temperature Tc at the midplane of
the disk. b) Surface density Σ of the disc. c) Vertical optical depth τc

at the midplane. d) Vertical height h of the disk in units of the radius r
(aspect ratio).

improved calculation of the dust composition in the disc, as
can be seen by comparing Fig. 6 with Fig. 2 of Paper I. The
reason is that the total amount of silicate dust does not change
much by the present improved model calculation for the dust
mixture, but only the distribution of Si, Mg, and Fe between
the different dust species. This results in only moderate opacity
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Fig. 7. Abundance of the elements Fe, Mg, Si, and O not bound in the
ISM dust components normalized to Solar System abundances. Disc
model with accretion rate Ṁ = 1 × 10−7 M� yr−1.

changes which do not significantly change the general structure
of the disc.

6.5. Vaporization of the pristine dust component

The annealed pristine dust components olivine, pyroxene, and
quartz evaporate as they are moved into warm inner disc zones.
The elements Si, Mg, Fe (and O) liberated by this process either
form new dust components at low temperatures or form molec-
ular or atomic species in the gas-phase at higher temperatures.
The radial distribution of the elements liberated by the evapora-
tion of the pristine dust components is described by Eqs. (22),
(36), and (39). Figure 7 shows the resulting radial variation of
the abundances of the main dust forming elements Si, Mg, Fe
(and O) not bound in the ISM dust component, obtained by
our computation of the disc structure and chemistry. A con-
spicuous feature of the resulting abundance distributions is the
enrichment of these elements in the region of dust evaporation
over their abundances in the pristine matter falling from the par-
ent molecular cloud onto the accretion disc. This results from
the diffusive transport of vapours from the evaporation zone
into cooler regions, opposing the effect of inwards transport
by accretion. This local enrichment of elements is already pre-
dicted by the analytical studies of Morfill & Völk (1984) and
Morfill et al. (1985) and our numerical results even resemble
their semi-analytically calculated abundance profiles.

6.6. Iron grains

Figure 8 shows the relative deviation of the true gas-phase
abundance of Fe atoms from the concentration of the partial
pressure of Fe in the gas-phase if this equals the vapour pres-
sure of iron. In Sect. 5.4.4 we have argued that the deviations
from equilibrium are always very small and for most purposes
one can assume that the Fe concentration equals its equilibrium
value.
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Fig. 8. Relative deviation of the Fe concentration in the gas-phase from
the equilibrium concentration for the model with accretion rate Ṁ =
1 × 10−7 M� yr−1. In the region r > 0.5 AU labeled by “growth”, the
gas-phase concentration of Fe atoms exceeds that of the equilibrium
vapour pressure, in the region labeled by “evaporation” it is less than
the equilibrium concentration. The dashed line shows the evaporation
rate of the Mg-Fe-silicates in arbitrary units.

The actual concentration of Fe in the gas-phase, calculated
by solving the differential Eq. (26), exceeds the equilibrium
concentration in the region outwards of about r = 0.5 AU.
This region is labeled by “growth” in Fig. 8 since the iron
grains increase in size if cFe > cFe,eq. The actual concentra-
tion is less than the equilibrium concentration inside of the ra-
dius r = 0.5 AU. This region is labeled by “evaporation” in
Fig. 8 since the iron grains decrease in size if cFe < cFe,eq. The
difference has a local maximum close to the radius where the
evaporation rate of olivine and pyroxene peaks. This evapora-
tion introduces free iron atoms into the gas-phase which are
distributed outwards and inwards by diffusional mixing until
in the outer region the iron vapour has completely precipitated
onto the iron grains.

The relative deviations between the actual concentration
and the equilibrium concentration of Fe in the gas-phase are
very small in both cases. In the innermost disc region the dif-
ference between the actual Fe concentration determined from
Eq. (26) and the equilibrium concentration is in fact so small
that it could not be calculated with sufficient accuracy. For r <∼
0.35 AU the difference disappears in the numerical errors of the
calculation and it is set to zero in this region.

Obviously the numerical results for the deviation of the par-
tial pressure of iron vapour from its chemical equilibrium value
are fully in accord with the predictions of the simple estimates
of Sect. 5.4.4.

Since the deviations between the true and the chemical
equilibrium partial pressure of Fe are extremely small the de-
gree of condensation of Fe into solid iron can be calculated
with good accuracy as for a chemical equilibrium state. For
the element abundance of Fe one has to use the abundance of
Fe not bound in the pristine dust components, as determined
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Disc model with Ṁ = 1 × 10−7 M� yr−1.

from Eq. (22) and shown in Fig. 7. Figure 9 shows the result-
ing radial variation of the degree of condensation of Fe into
iron grains. The abundance of iron grains increases from out-
side inwards because in the pristine dust mixture part of the
iron is bound in olivine- and pyroxene-type silicates. This frac-
tion of the Fe is liberated in the warm inner disc regions, where
the annealed Mg-Fe-silicates evaporate, and the Fe vapour then
precipitates on the already existing solid iron. Again, the accu-
mulation of iron within a certain region of the disc due to the
outwards transport of vapour from the evaporation zone of iron
grains can clearly be seen. This effect is not particular strong,
but in any case it is non-negligible.

6.7. Abundance of the silicate dust species

The model calculation considers the destruction of the pris-
tine silicate dust components with olivine-, pyroxene-, and
quartz-type composition and the formation of the equilibrium
dust components forsterite and enstatite.

Figure 10 shows the results for the radial variation of the
degree of condensation of the different dust species for a disc
model with an accretion rate of Ṁ = 1 × 10−7 M� yr−1. It
shows the degree of condensation of Si into the different Si-
bearing solid compounds, and the fraction of the Si present
as SiO molecule. As can be clearly seen the pristine olivine-,
pyroxene- and quartz-type dust components gradually disap-
pear between the outer disc and a radius of about 0.55 AU
which is the point where the last grains of these silicates dis-
appear. The evaporation temperatures of the three species are
not identical, but too close to each other for this difference to
be recognized in the figure. The annealed olivine, pyroxene
and quartz grains disappear at a significantly lower tempera-
ture than the equilibrium compounds in the mixture, forsterite
and enstatite, because of their lower stability. The continuous
decrease of the abundance of the pristine silicates with decreas-
ing radius results from diffusional mixing, which mixes mate-
rial free of olivine, pyroxene and quartz from the inner disc,
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Fig. 10. Radial variation of the fraction of the silicon condensed
into the individual Si-bearing condensates and the fraction of sili-
con present as SiO molecules, normalized to the solar abundance
of Si. By diffusional mixing the abundance of Si-compounds is lo-
cally increased over the solar Si abundance. Disc model with Ṁ =

1 × 10−7 M� yr−1.

interior to the evaporation limit at about r = 0.55 AU, into the
outer disc zone and dilutes the unprocessed interstellar mate-
rial with material from the inner disc region. As a result part of
the pristine dust is replaced by condensation products from the
inner disc: crystalline forsterite and enstatite.

The figure also shows the fraction of Si present as
SiO molecules in the gas-phase. The zones where the pristine
silicates disappear and the zone of evaporation of the equilib-
rium components, characterized by the coexistence of solids
and a non-negligible fraction of SiO molecules in the gas-
phase, obviously are well separated. They occur in different
regions of the disc.

Figure 11 again shows the degree of condensation of the
silicates, but this time in a cumulative representation which
shows how the fractions of the silicon bound in the individ-
ual species add up to the total Si abundance. The figure shows
the total abundance of silicon bound into dust normalized to the
Si abundance of the material from the parent molecular cloud.
The most remarkable feature is that the added-up Si abundance
of the silicates exceeds unity. This is a result of the diffusion of
solids and vapour, which is predicted in the studies of Morfill
(1983) Morfill & Völk (1984), Morfill (1985), and Morfill et al.
(1985). The outwards decrease of the SiO concentration drives
a diffusion current of condensible material inside out where
it precipitates onto grains. This leads to an intermediate zone
of accumulation of Si-bearing material which corresponds in
our own Solar System to the region of the innermost terrestrial
planets. The increase of the Si abundance over its interstellar
value is not particularly strong, but on the other hand it is not
negligibly small.
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Fig. 11. Cumulative representation of the distribu-
tion of the silicon condensed into dust between the
different kinds of silicate dust components (inter-
stellar and equilibrium ones) within the protoplan-
etary disc. The total Si abundance is normalized to
the interstellar Si abundance. An enhancement of
the Si abundance in the region of evaporation of
the interstellar silicates is due to diffusive mixing
effects. The grey-shaded areas roughly indicate the
regions where the parent bodies of meteorites and
cometary nuclei are formed. Stationary disc model
with an accretion rate Ṁ = 1 × 10−7 M� yr−1.

6.8. Comparison with Solar System bodies

6.8.1. Limitations of the results of the model
calculation

The main shortcoming of the present model calculation is that
it is performed for a stationary one-zone model, which some-
what restricts the possibilities for a comparison of the results
with real accretion discs. A comparison of the present model
with the time-dependent model calculation of Paper II shows
that the radial distribution of the dust components common to
both model calculations are to some extent similar at about
t = 106 yrs and out to a distance of roughly 20 AU, but that
they are not completely equivalent. Beyond 20 AU the results
for the stationary and the time-dependent model calculations
strongly disagree, because mixing cannot transport matter from
the innermost parts of the disc (r < 1 AU) significantly beyond
20 AU within 106 years (cf. Paper II and Fig. 9 in Paper I). The
results of the present calculation, thus, can only be taken as a
crude approximation to the radial structure of a protoplanetary
disc and the composition of the mineral mixture for the inner
disc region up to ≈20 AU at several 105 yrs.

In the present model calculation turbulent diffusion is con-
sidered as the sole process responsible for radial mixing in the
disc. Preliminary calculations of time dependent 2-D hydro-
dynamic disc models (Keller & Gail 2002; Kley & Lin 1992)
however show that large-scale circulation currents present in
protoplanetary discs are at least as important for large-scale ra-
dial mixing of the disc material as is turbulent mixing. This
additional mixing process is lacking in the present model.

6.8.2. Composition of meteorite and cometary dust

As a result of the model calculation one obtains the radial varia-
tion of the composition of the mineral mixture in the protoplan-
etary accretion disc. It is this mixture of silicate dust species
which enters the planetesimals during their growth which in

turn form the building blocks for the subsequent process of
planetary formation. The formation of the planetesimals and
the formation of planets from the planetesimals is generally as-
sumed to start several 105 yrs after the formation of the proto-
star (e.g Cameron 1995). We can thus compare the results of
the present model calculation to the composition of planetesi-
mals in the formation phase of the Solar System.

In our own Solar System we have two types of objects in
which material from the early formation time of the solar sys-
tem survived:

1) Primitive meteorites, which are debris particles from col-
lisions of undifferentiated asteroids from the asteroid zone of
our Solar System between Mars and Jupiter. Besides chon-
drules and Ca-Al-inclusions they contain varying percentages
of a fine-grained material, called the matrix. The matrix ma-
terial in primitive meteorites is thought to represent pristine
dust from the Solar Nebular (e.g. Scott et al. 1988) which
was only slightly processed by thermal and aqueous alteration
on the meteoritic parent body. The composition of the ma-
trix material probably closely resembles the composition of the
dust from which the planetesimals are made. The chondrules
and Ca-Al-inclusions also are surviving material from the for-
mation phase of the planetary system, they are, however, heav-
ily processed and are not representative for the primordial dust.

2) Cometary nuclei, which are thought either to be surviv-
ing planetesimals from the giant planet zone out to Neptune
(the long period comets from the Oort cloud) or from the zone
beyond Neptune (the short period comets from the Kuiper belt).
Since this material was never heated to temperatures higher
than about 20 K during the last 4.6 Gyr until the body entered
the inner Solar System, the dust grains in these comets are also
thought to represent truly pristine dust from the Solar Nebula.

Table 4 shows the composition of the silicate mixture in our
disc model at two radii of 3 AU and 20 AU which are roughly
representative for the regions where the parent bodies of mete-
orites and the cometary nuclei of long period comets, respec-
tively, have been formed. The results outline the trends which
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Table 4. Composition of the silicate mixture at 3 and 20 AU in a stationary protoplanetary disc model with Ṁ = 1×10−7 M� yr−1. The numbers
are fractions of the silicon contained in the different dust species. “cr” and “am” denote crystalline dust or amorphous dust with a composition
like that of the indicated crystalline material, respectively.

r olivine forsterite pyroxene enstatite quartz

AU cr am cr cr am cr cr am

3 0.159 0.158 0.037 0.067 0.070 0.458 0.023 0.027

20 0.073 0.469 0.010 0.031 0.202 0.129 0.011 0.076

are to be expected for the composition of the silicate mineral
mixture in these objects:

– A mixture of interstellar silicates and of equilibrated sili-
cate dust from the warm inner disc region in about equal
proportions and a rather high degree of crystallization of
the interstellar dust in the zone where the parent bodies of
meteorites are formed.

– Mostly interstellar dust with an admixture of up to about
20% annealed interstellar dust and equilibrated dust from
the warm inner disc region in the zone where cometary nu-
clei are formed.

From comets one has a direct indication for the kind of mix-
ing between disc material from the warm inner and cold outer
zones, as it is predicted by the model calculation. This indica-
tion comes from observations of dust emission from comets
where an analysis of the silicate emission bands definitely
shows that part of the silicate dust is crystalline. Hanner et al.
(1994) discussed in their analysis of comet Mueller 1993a the
origin of this crystalline dust component. As there are no indi-
cations for significant amounts of crystalline silicate dust to be
present in the interstellar medium and in molecular clouds, the
crystalline dust is likely to originate within the Solar Nebula it-
self. It can result either from annealing of amorphous dust or by
growth of crystalline grains from the gas-phase. Both processes
require elevated temperatures (T >∼ 800 K in our model calcula-
tions) which are only encountered in the inner part of the solar
nebula (r <∼ 1 . . .2 AU), but not in the region beyond Jupiter
where comets are thought to form. This suggests that some ra-
dial mixing took place between the inner and outer parts of the
Solar Nebula. Wooden et al. (1999, 2000) discussed the struc-
ture of the silicate band in comet Hale–Bopp and showed that
the cometary material contains a considerable fraction of crys-
talline silicates, probably with quite a high magnesium content
which is characteristic for chemical equilibrium condensates at
high temperature (e.g. Saxena & Ericksson 1986). This indi-
cates mixing of material from high temperature regions of the
disc to the formation zone of cometary bodies. Another expla-
nation may be that this material is of circumstellar origin from
e.g. AGB stars, as is favored by Wooden et al. (1999); this,
however, immediately raises the question why no crystalline
grains are seen in the ISM.

Nuth (1999) and Nuth et al. (2000) interpreted the pres-
ence of crystalline material in comets as an indication of radial
transport of matter from warm inner regions of a protostellar
accretion disk where annealing of initially amorphous grains is

possible to the cold outer zones of the disk. They point out, that
possibly even an evolutionary sequence is seen in disks around
pre-main-sequence A and B stars showing an increase of the
amount of crystalline material present with age of the objects,
which may result from progressive mixing.

For meteoritic matrix material the fraction of enstatite in the
mixture predicted by the model calculation seems to be some-
what high, but the general trends fits the observed composi-
tion of the matrix material of primitive meteorites (e.g. Scott
et al. 1988; Brearley et al. 1989; Buseck & Hua 1993); how-
ever, even for the most primitive meteorites the material is not
truly pristine since it shows clear indications of chemical alter-
ations (cf. Wasson 1985).

The high enstatite content in the model may result from the
present assumption of complete chemical equilibrium between
forsterite and enstatite, which possibly cannot be attained be-
cause of the slow forsterite-enstatite conversion (cf. Fig. 5).
A realistic modeling of the kinetics of the forsterite-enstatite
interconversion likely reduces the fraction of enstatite in
the mixture.

In principle the interplay between radial transport processes
in the disc, the annealing of amorphous ISM dust, and the evap-
oration and re-condensation processes, as considered in the
present model calculation, seems to be able to reproduce some
of the basic properties of the most pristine relic materials in
our Solar System backdating to the earliest formation period of
the planetary system. This demonstrates the important role that
large-scale radial mixing processes have played for the compo-
sition of the protoplanetary disc and explains the presence of
high-temperature equilibrated material in low-temperature re-
gions of the early Solar System.

7. Concluding remarks

In this paper the basic set of equations for describing the dust
metamorphosis from the interstellar dust mixture of the par-
ent molecular cloud to a chemical equilibrium composition
have been worked out. The equations have been solved self-
consistently together with the equations for a stationary one-
zone accretion disc model in order to get an impression how
the dust metamorphosis in an accretion disc proceeds.

The results show that this simple model can successfully re-
produce some basic properties of the composition of the most
primitive materials we have in our Solar System. A detailed
comparison of the results of such a calculation, however, will
be possible only if at least two-dimensional time-dependent
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models for the turbulent (MHD) flows in accretion discs be-
come available, because one-zone models cannot properly
account for the probably very important effects of vertical
mixing in the disc. Cylindrically symmetric, time-dependent
2-D calculations for the hydrodynamics, chemistry, and radia-
tive transfer in protoplanetary discs are presently under way.
Additionally, some conversion processes between different dust
materials, especially the pyroxene-enstatite conversion, have to
be modeled more accurately than has been done in this paper.
Also a number of additional materials not considered in this
model calculation has to be added to the model calculation in
order to improve the modeling, especially the Al and Ca com-
pounds and the iron oxides and sulfides.
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