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Mesoscopic study of the formation of pseudomorphs with presence of 
chemical fluids

ABSTRACT: A numerical approach is developed to simulate the
formation of pseudomorphs with presence of chemical fluids at the
mesoscopic scale. This approach consists of the lattice Boltzmann
method (LBM) for transport of chemical species in the pore space,
a chemical reaction model including basic kinetics of the coupled
dissolution and precipitation reactions, and a mesoscopic model
for nucleation and crystal growth. Our study confirms the mech-
anism of the solution chemistry-driven interface-coupled dissolu-
tion-precipitation for the formation of pseudomorphs and identifies
several sources for the generation of porosity in the pseudomorphs.
We demonstrate that epitaxial precipitation is not necessary and
random crystal growth may be more favorable for pseudomorphs.
We show that the difference of precipitation barrier on the surface
of the primary and secondary minerals should not be too large.
Otherwise only the rim of the primary phase is roughly preserved.

Key words: pseudomorph, precipitation, dissolution, reactive transport,
lattice Boltzmann method

1. INTRODUCTION

Reactive transport involving precipitation and/or dissolu-
tion has attracted scientists in different fields due to the diverse
patterns formed in these processes, such as Liesegang bands
or rings (Chen et al., 2012a) and CO2 storage in deep saline
aquifers (Kang et al., 2010). Among these, the formation of
pseudomorphs is of particular interest, in which the secondary
phase (or phase assemblage) occupies the space previously
occupied by the primary phase through chemical reaction,
while preserving the overall outward morphology or even the
fine internal textural details of the primary phase (Merino
and Dewers, 1998; Spry, 1969). The pseudomorph reaction
widely exists in nature (Putnis, 2002), for example replace-
ment of dolomite by calcite in metasomatic processes (Tucker,
2001). It can also be found in engineering processes such as
uptake of toxic cations from wastewater using zeolites (Ingleza-
kis et al., 2002). Due to the distinct feature of the preservation
of the shape of the primary phase, pseudomorphic replace-

ment provides a novel way to synthesize new materials based
on pre-shaped precursors and has potential applications in
fabricating pure mineral materials (such as functional mate-
rials (Reboul et al., 2012)) that are difficult to synthesize
using conventional routes. 
Pseudomorphic replacement reactions in the presence of
chemical fluids generally present the following distinctive
features (Putnis, 2002): first and foremost, the overall shape
and volume of the primary phase is inherited by the sec-
ondary phase; second, the secondary phase generated is
usually porous; and third, there is a sharp reaction front
between the primary and secondary phases. Conventionally,
pseudomorphism has been considered as a strong argument
for solid-state diffusion mechanism, as morphology of the
primary phase is unlikely to be inherited if dissolution occurs.
Besides, it is found that in some pseudomorphic replace-
ment the reaction kinetics is of zero order which is not the
case where dissolution and precipitation occur (Hunger and
Benning, 2007). However, the last two features of the
pseudomorphism, namely porous structures and sharp reac-
tion front, indicate that the solid-state diffusion mechanism
is unlikely to be a tenable mechanism (Harlov et al., 2011;
Putnis, 2002; Xia et al., 2009). In addition, more delicate
experiments using isotope tracer confirm that chemical
bonds of the primary phase are broken and the whole struc-
tures are recrystallized (O’Neil and Taylor, 1967; Putnis and
Putnis, 2007; Putnis and Mezger, 2004), further casting doubt
on the mechanism of solid-state diffusion mechanism. 
The mechanism of interface-coupled dissolution-precipi-
tation has received increasing attention (Harlov et al., 2011;
Merino et al., 1993; O’Neil and Taylor, 1967; Putnis and
Austrheim, 2010; Putnis and Mezger, 2004; Putnis et al.,
2007; Reboul et al., 2012; Xia et al., 2009). The co-location
of dissolution and precipitation in pseudomorphism requires
the equivalence between dissolution and precipitation rates.
While Merino (Merino and Dewers, 1998; Merino et al., 1993)
suggested that a local non-hydrostatic stress generated by
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crystal growth provides such equivalence, A. Putnis (Putnis,
2002) suggested that the equivalence stem from the local
solution chemistry. The porosity in the secondary phase is
very important as it provides pathways for the reactant in
the bulk fluid to transport into the fluid boundary layer and
thus allows the precipitation to continue (Putnis and Mezger,
2004). However, why the pores are generated is not answered
by Merino (Merino and Dewers, 1998). A. Putnis (Putnis,
2002) pointed out that the porosity results from a volume
deficit caused by either solubility difference or volume dif-
ference between the primary and secondary phases.
We intend to address several important issues related to
the formation of pseudomorphism in this paper: How does
the solution chemistry-driven interface-coupled dissolution-
precipitation form the pseudomorph? Are there other sources
for the porosity generation besides solubility difference or
volume difference? Which kind of crystal growth mechanisms
is favorable for the formation of pseudomorphs? How do
the reaction kinetics affect the formation of pseudomorphs?
Can we simulate pseudomorph growth processes to gain insight
into fundamental mechanisms of crystal growth behavior?
We base our research on a novel numerical approach con-
sisting of the lattice Boltzmann method (LBM) for transport
of chemical species in pore space (Chen et al., 2012a, b), a
chemical reaction model including basic kinetics of the cou-
pled dissolution and precipitation reactions, and a mesos-
copic model for nucleation and crystal growth (Kang et al.,
2004). It is worth mentioning that the pseudomorphism
studied in the present study is restricted to that generated by
pseudomorphic replacement reactions with the presence of
chemical fluids. In nature, some pseudomorphic replacement
reactions take place between a mineral pair without any com-
mon chemical species. Furthermore, a large crystal can be
replaced by another one that does not have internal porosity.
These pseudomorphisms are not in the scope of the present
work.

2. PHYSICOCHEMICAL MODEL AND NUMIRCAL 
METHOD

2.1. Chemical Model

In the present study, we use a simplified chemical model
containing the minimum number of constituents that ade-
quately captures the key characteristics of pseudomorphic
replacement reactions. This consists of three aqueous species
(A(aq), B(aq) and C(aq)), two solid phases (D(s) and P(s)) and
two reactions (dissolution and precipitation)

A(aq)+D(s)FB(aq) (1)

C(aq)+B(aq)FP(s) (2)

Equation (1) is the dissolution reaction in which aqueous
A(aq) reacts with solid phase D(s) generating aqueous B(aq),

and Equation (2) is the precipitation reaction in which B(aq)
generated by Equation (1) reacts with another aqueous C(aq)
leading to the secondary precipitate P(s). Since B(aq) is one
of the elements of P(s) and is released by the dissolution
reaction, the two reactions are closely coupled at the D(s)-fluid
interface. An example reaction would be the conversion of
calcite to fluorite:

(3a)

(3b)

where the bicarbonate ion is lost from the system. This
simplified chemical model is handy and efficient to study
the transport and reaction kinetic parameters and to iden-
tify dominant processes and mechanisms for the formation
of pseudomorphs.

2.2. Governing Equations

The governing equations for mass transport are

(4a)

(4b)

(4c)

where t is time, C is the concentration, and D is the diffusivity.
Δ is the Laplace operator.

2.3. Precipitation

In the present study, the precipitation is regarded as a
kinetically hindered, autocatalytic process, meaning that the
precipitation reaction between C(aq) and B(aq) has two bar-
riers. One is a kinetic barrier related to the kinetics of the
nucleation process, and the other is a thermodynamic barrier
with regard to crystal growth (Mullin, 2001). In this study,
we do not consider homogeneous nucleation from the solu-
tion (which requires significant degrees of supersaturation
to overcome the high surface energy (Mullin, 2001). We
assume that the surface of the D(s) can act as a template that
catalyzes the precipitation of P(s) after a model-defined degree
of supersaturation is reached and thus crystal growth takes
place on this surface or on the surface of P(s) once this ther-
modynamic barrier is overcome. Two thermodynamic barriers
to crystal growth are introduced by Kc,D on the existing surface
of D(s) and Kc,P on the surface of P(s). The values of these
barriers are listed in Table 1.
The crystal growth process around an existing surface is
simulated using the crystal growth model developed in Ref.
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(Kang et al., 2002, 2003, 2004, 2006). On the surface of a
precipitating node or an existing D(s) node, C(aq) and B(aq) react,
leading to the consumption of C(aq) and B(aq) in the vicinity
and a change of the node density due to gain of P(s). For
generality, a simple kinetic reaction model is applied.

(5a)

(5b)

where k2 and K2 are the reaction rate and equilibrium con-
stants, respectively. Kc is Kc,D or Kc,P, depending on which
surface the crystal growth takes place. High equilibrium
constant means low solubility of P(s). n is the direction nor-
mal to the surface pointing to the void space. Correspond-
ingly, the volume of the node is updated by

(6)

where A is the reaction area,   is the molar volume. The
volume of P(s) grows at the expense of C(aq) and B(aq), and
the surface reaction continues as long as CCCB exceeds the
crystal growth threshold (Kc). When the volume of this
precipitate node exceeds a certain threshold value (in the
present study 2V0, with V0 as the initial volume), the crys-
tal grows and one of the nearest neighboring fluid nodes of
this node becomes a solid node. Then the volume of the
precipitate node is set back to V0; meanwhile the new formed
node is assigned with an initial volume V0 and is marked
as a “crystal growth node (CGN)”. Three rules are used to
determine which one of the nearest neighboring fluid nodes
will turn into a CGN. In the first rule the node is randomly

chosen (random precipitation) (Kang et al., 2004). In the
second rule the node with highest CCCB is chosen (con-
centration-controlled precipitation), thus the crystal growth
is always towards the direction with highest CCCB (Chen et
al., 2013b). In the third rule the node adjacent to the D(s)-
fluid interface is chosen, thus the crystal tends to cover the
surface of D(s). The third rule is used to approximately mimic
the epitaxial precipitation process in which the secondary
phase tends to form a thin layer covering the surface of the
primary phase. 

2.4. Dissolution

On the surface of D(s), a dissolution reaction takes place
that consumes A(aq) and releases B(aq). This reaction is con-
sidered in the simulation through the surface reaction. Based
on the canonical form of Equation (1): B(aq)−A(aq)FD(s),
the following kinetic model can be used to describe the dis-
solution (Kang 2006).

(7a)

(7b)

where k1 and K1 are reaction rate and equilibrium constants,
respectively. The volume of the corresponding surface D(s)
node is decreased as follows

(8)

If VD reaches zero, this solid node is removed from the sys-
tem and is converted to a fluid node.
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Table 1. Values of variables used in the simulations

Variable Physical unit Lattice unit

Diffusivity of A, B and C D 1.0×10–9 m2 s–1 0.2

Molar volume of D 3.0×10–5 m3 mol–1 0.6

Molar volume of P 3.0×10–5 m3 mol–1 0.6

Inlet concentration of A CA,in 2 M (2000 mol m–3) 0.1

Inlet concentration of B CB,in 0 M 0

Inlet concentration of C CC,in 2 M 0.1

Initial volume V0 5.0×10–5 m3 1

Reaction constant of Reaction 1 k1 1×10–1 mol m–2 s–1 1×10–3

Reaction constant of Reaction 2 k2 1×10–3 mol m–2 s–1 1×10–5

Equilibrium constant of Reaction 1 K1 1×10–2 1×10–2

Equilibrium constant of Reaction 2 K2 1.25×10–3 m6 mol−2 5000

Thermokinetic barrier on D surface Kc,D 0.8×105 mol2 m–6 2×10–4 

Thermokinetic barrier on P surface Kc,P 0.8×105 mol2 m–6 2×10–4 

VmD,

VmP,
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2.5. Lattice Boltzmann Method 

The governing equations of A(aq), B(aq) and C(aq) are solved
using the LBM for solute transport (Chen et al., 2012a, b).

(9)

where gαk is the distribution function of the kth component
with velocity eα at the lattice site x and time t, and τ is the
collision time related to the diffusivity. Here, we use the D2Q5
lattice model for solute transport, as it has been shown to
have not only comparable accuracy with the D2Q9 model
but also better computational efficiency (Chen et al., 2013a,
2013b, 2013c; Kang et al., 2006, 2007). The equilibrium
distribution function geq takes the following form

(10)

J is given by

(11)

 
where the rest fraction J0 can be selected from 0 to 1 to obtain dif-
ferent diffusivity. The equilibrium distribution function given
by Equation (10) can cover a wide range of diffusivity by
adjusting J0, which is a prominent advantage of such an
equilibrium distribution (Chen et al., 2013a, 2013b).
Species concentration C and diffusivity are obtained by

(12)

(13)

where δx is the length of one lattice.

2.6. Computational Domain and Numerical Method

Our model is defined on a two-dimensional 200×90 μm
channel at the center of which is located a 100×30 μm D(s)
grain. Initially the domain is filled with A(aq) and B(aq)  in
equilibrium with D(s) and is free of C(aq). Then, a solution
including only A(aq) and C(aq) is introduced at the left entrance.
Subsequently, D(s) dissolves and releases B(aq), leading to
the supersaturated condition with respect of P(s) which then
precipitates. The LBM introduced in Section 2.5 is used for
reactive solute transport. The volume evolution Equations
(6) and (8) are updated explicitly at each time step (Kang et
al., 2006). The computational domain is discretized by
200×90 lattices with a resolution of 1μm. The values of
parameters used in the simulations are listed in Table 1. The
crystal growth mechanism is random crystal growth mech-
anism, unless otherwise stated.

3. RESULTS AND DISCUSSION

3.1. Effect of Molar Volume Ratio

First the effect of molar volume ratio between P(s) and
D(s) (denoted byϕ) on the coupled dissolution and precip-
itation processes is investigated. The molar volume ratio (ϕ)
is varied by changing the molar volume of P(s) while keep-
ing that of D(s) fixed. The top three images in Figure 1 show
the final geometries (Black denotes D(s) and Red P(s)) at three
values of molar volume ratio. As can be seen in Figure 1,
a small molar volume of P(s) (ϕ = 0.2) leads to a severe volume
deficit, generating sporadic precipitates with much porosity.
Here, volume deficit means the total volume of precipita-
tion is much lower than that of dissolution. Increasing ϕ to
0.5 results in precipitates P(s) with porous structures inher-
iting the overall shape of the primary phase D(s), and thus
pseudomorphism takes place. The interconnected pores in
such porous P(s) play an important role of allowing reactants
in the bulk fluid to transport to the reaction front near the
D(s)-fluid interface. When ϕ is further increased to 1, these
interconnected pores are lost, and the compact microstruc-
tures of P(s) completely separate D(s) from the bulk fluid. As
a result, the dissolution is hindered by armoring of P(s), which
in turn suppresses the precipitation due to coupled charac-
teristics between these two reactions. The bottom image in
Figure 1 shows the time evolution of the volume changes of
D(s) and P(s) (normalized by the initial volume of D(s)). The
volume change denotes the difference between the initial
volume and the volume at a certain time. The most impor-
tant observation is that the dissolution is accelerated by the
precipitation, by comparing the rate (slope of the curve) of
the volume change of D(s) for coupled dissolution and pre-
cipitation reactions with that for the case containing only
dissolution (precipitation is turned off). This is because the
precipitation reaction consumes B(aq), and thus drives the
dissolution reaction Equation (1) towards the right side. There-
fore, the dissolution reaction is accelerated and releases
more B(aq) which in turn facilitates the precipitation, leading
to positive feedback between the precipitation and dissolu-
tion reactions.
Another important observation in Figure 1 is that the case
of pseudomorphism (ϕ= 0.5) exhibits the highest dissolution
rate as well as the largest amount of precipitate. This can be
explained by the opposite effects of the precipitates on the
coupled dissolution-precipitation processes, namely the posi-
tive effect of accelerating the dissolution reaction and the
negative effect of hindering the transport of reactant. The porous
structures of precipitates in the case of pseudomorphism are
neither too compact nor too loose, leading to concordant
dissolution and precipitation with the highest dissolution
rate and the largest amount of precipitates. Such character-
istics imply significant potential applications in the energy and
environmental fields such as carbon dioxide mineral trap-

gαkx eα tδ+ t tδ+,( ) gαkxt,( )
1
τk
----gαkxt,( )gαk

eq
Cku,( )–( )–=

gαk
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Ck Jαk=
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J0             α 0=,
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ping (Daval et al., 2009) and uptake of toxic cations from
polluted water (Inglezakis et al., 2002). Overall, the results
here demonstrate the solution chemistry-driven interface-
coupled dissolution-precipitation mechanism proposed by
Putnis (Putnis, 2002) based on his experiments, and con-
firm the importance of the porosity in the secondary phase
(Putnis and Putnis, 2007). In addition, the first origin of the
volume deficit (or the porosity generated), namely the molar
volume difference between the primary and secondary phases,
is identified.

3.2. Effect of Equilibrium Constant, Reaction Rate Con-
stant, and Concentration of Reactants

In addition to the molar volume, the final amount of the
secondary phase generated also depends on the equilibrium
constant of the secondary phase K2, the reaction rate con-
stant of precipitation k2, and the concentration of reactants.
We carried out a series of simulations under different con-
ditions, and found that as K2 (or k2, or Cin) is increased, the
morphologies of the precipitates change from sparse distri-
butions, to pseudomorphic replacement, and to armoring,
similar to the features observed as ϕ is increased. While the
importance of molar volume and solubility differences between
the primary and secondary phases have been emphasized in
the literature as the origins of the volume deficit (Putnis and
Putnis, 2007), the role of reaction rate and the concentra-
tions of reactants have received less attention. 
Since K2, k2, and Cin have similar effect as ϕ, the com-
mon belief that pseudomorphs are not possible when the
molar volume of the second phase is greater than that of the
primary phase is then questionable, because the effect of a
high ϕ can be offset by a low value of other parameters. Indeed,
in this study pseudomorphs are obtained by different com-
binations of the relevant parameters under such elevated
molar volume ratio conditions, and Figure 2 shows one such
case in which ϕ=1.2, Cin,C= 0.04, k2=5×10

–6 and K2=
4000. In fact, it was also pointed out in (Putnis et al., 2007)
that such a requirement on molar volume ratio is not nec-
essary for pseudomorphic replacement .

3.3. Effect of Crystal Growth Mechanism

We next investigate the effects of crystal growth mech-
anisms, comparing random growth with concentration-con-
trolled precipitation and epitaxial precipitation in Figure 3.
These results were obtained with all other parameters set
the same as the random growth result shown in Figure 1.
The different precipitation mechanisms generate completely
different morphologies of the precipitates. For concentra-
tion-controlled precipitation (Fig. 3a), the precipitates form
structures oriented towards the surface of D(s). This is

Fig. 1. Effects of molar volume ratio. Top three images: the final
geometries of the primary phase (D(s)) and the secondary phase
(P(s)) under different molar volume ratio of secondary phase to pri-
mary phase, ϕ. The dissolving primary phase is black and the pre-
cipitating secondary phase is red. Values of other parameters used
are listed in Table 1. Bottom: time evolution of volume changes of
the primary phase (D(s)) and the secondary phase (P(s)) under dif-
ferent molar volume ratios between the secondary phase and the
primary phase. Values of other parameters used are listed in Table 1.
Volume deficit means the difference between the volume variation
of D and that of P.

Fig. 2. Pseudomorph formed for the case in which the molar vol-
ume of the secondary phase is larger than the primary phase. ϕ =
1.2, Cin,C = 0.04, k2 = 5×10

–6 and K2 = 4000. The dissolving pri-
mary phase is black and the precipitating secondary phase is red. 
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expected because CBCC is higher near the D(s)-fluid interface
as B(aq) is released there. For epitaxial precipitation, the pre-
cipitates tend to grow on and cover the surface of D(s), thus
completely ceasing the coupled reactions (Fig. 3b). 
Note that epitaxial precipitation is usually considered to
be crucial for the crystallographically oriented replacement
of the primary phase by the secondary phase (Putnis, 2002;
Xia et al., 2009). Here, based on our simulation results,
we argue that epitaxial precipitation is not always needed
for pseudomorphic replacement. First, epitaxial precipitation
requires similar crystallographic structures between the pri-
mary and secondary phases, but pseudomorphism also takes
place in systems where the precipitates have quite different
structures from the primary phase (Putnis and Putnis, 2007).
Second, we have found that in epitaxial precipitation pro-
cesses the secondary phase tends to precipitate on the sur-
face of the primary phase, which can efficiently and quickly
passivate the underlying surface of the primary phase, thus
arresting both dissolution and precipitation (Cubillas et al.,
2005). In contrast, random heterogeneous nucleation and
growth help form porous structures in the precipitates (Cubillas
et al., 2005), allowing the underlying dissolution to continue
which in turn sustains the precipitation. Third, the interface-
coupled dissolution and precipitation processes have already
guaranteed that the precipitates always locate near the dis-
solution sites (where the highest supersaturated conditions
exist with respect to the secondary phase), thus generating
precipitates that preserve the morphology of the primary
phase. In conclusion, although epitaxial precipitation indeed
takes place in situations where the primary and secondary
phases have similar structures, it is not required for the for-
mation of pseudomorphs. 

3.4. Effect of Thermodynamic Barrier

The thermodynamic barrier to crystal growth on different
solid surfaces may vary due to different surface energy. In
the following calculations, we increase the degree of super-
saturation conditions required for precipitation on the surface
of the primary phase (while fixing that of the secondary
phase), meaning that precipitation is favored on existing
secondary phases. Figures 4a and b show the final geometries
of P(s) and D(s) with thermodynamic barrier on D(s) surface
as 3Kc,D and 2Kc,D (Kc,D is listed in Table 1), respectively,
with values of other parameters the same as those in Figure
1. In this figure we distinguish between precipitates forming
on the dissolving primary phase (red) and those forming on
a precipitating secondary phase (blue). Two important observa-
tions can be obtained by comparing images in Figure 4 with
Figure 1. First, as precipitation on the surface of primary phase
becomes more difficult, less precipitation occurs directly on
the surface of the primary phase and precipitates growing
on the existing secondary phase are increasingly common,
resulting in coarser crystals with larger aggregates. Second,
as precipitation on the surface of the primary phase becomes
more difficult, only the rim of the primary phase is roughly
preserved while the inner part is lost and becomes void. These
simulations clearly explain similar observations obtained in
recent experiments (Xia et al., 2009) where precipitation on
the primary phase becomes rate-limited. The results here sug-
gest that generation of pseudomorphs requires that the dif-
ference of precipitation barrier on the surface of the primary
and secondary phases should not be too large.

Fig. 3. The final geometries of the primary phase (D(s)) and the
secondary phase (P(s)) under different crystal growth mechanisms:
(a) concentration-controlled precipitation and (b) epitaxial precip-
itation. The dissolving primary phase is black and the precipitating
secondary phase is red. The values of all the parameters are the
same as those in Figure 1.

Fig. 4. The final geometries of the primary phase (D(s)) and the sec-
ondary phase (P(s)) with different thermodynamic barriers to growth
on the surface of the primary phase: (a) 3Kc,D and (b) 2Kc,D. The
precipitates forming on the dissolving primary phase are red and
those forming on a precipitating secondary phase are blue. In both
cases, all of the primary phase is consumed. The values of all the
parameters are the same as those in Figure 1.
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4. CONCLUSION

A mesoscopic model is proposed for predicting reactive
transport processes involving dissolution and precipitation.
The model is able to reproduce diverse precipitation mor-
phologies observed in experiments and in nature. With empha-
sis on the formation of pseudomorphs, we demonstrated for
the first time by numerical simulation that a solution chem-
istry-driven interface-coupled dissolution-precipitation mecha-
nism combined with volume deficit, proper precipitation
mechanism, and low precipitation barrier on the surface of
the primary phase is able to produce pseudomorphs.
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