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Abstract We apply a multi-component reactive transport lattice Boltzmann model 
developed in previolls studies to modeling the injection of a C02 saturated brine into 
various porous media structures at temperature T=25 and 80°C. The porous media 
are originally consisted of calcite. A chemical system consisting of Na+, Ca2+, Mg2+, 
H+, CO2(aq), and CI- is considered. The fluid flow, advection and diHusion of aqueous 
species, homogeneous reactions occurring in the bulk fluid, as weB as the dissolution 
of calcite and precipitation of dolomite are simulated at the pore scale. The effects of 
porous media structure on reactive transport are investigated. The results are compared 
with continuum scale modeling and the agreement and discrepancy are discussed. This 
work may shed some light on the fundamental physics occurring at the pore scale for 
reactive transport involved in geologic C02 sequestration. 

1 Introduction 

Disposal of C02 in geologic formations represents one of the most promising near­
term solutions to the problem of reducing carbon emissions into the atmosphere [1]. 
Still, the public must be assured by convincing scientific research that C02 may be 
safely injected and sequestered. As predictive models are utilized to assess the im­
pact of CO2 injection on the subsurface, these simulators must account for multiple 
physiochemical processes involving interactions between the injected C02, the brine 
in the pore spaces, and the minerals lining the pores. For example, injection of C02 
into limestone formations may increfl."le the permeability of the rock near the wellbore 
through processes such as wormholing, while precipitation of carbonate minerals may 
reduce permeability, as a result of pH increases caused by reaction with the host rock. 
All these processes are ultimately governed by pore-scale interfacial phenomena, which 
occur at scales of microns. However, because of the wide disparity in scales ranging 
from pore to field, it is virtually impossible to solve the pore-scale governing equations 
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at the field scale. Instead, in modeling geologic C02 sequestration, a continuum for­
mulation based on spatial averages taken over length scales much larger than typical 
pore and mineral grain sizes is often utilized, implying the existence of a representative 
elemental volume (REV) [2]. As a result, spatial heterogeneities at smaller scales are 
unresolved and the aggregate effect of the porescale processes are taken into account 
through various effective constitutive parameters such as permeability, dispersivity, 
tortuosity, and specifi(~ mineral surface area. One of the goals of performing pore-scale 
simulations is to obtain values for these constitutive parameters through upscaling the 
pore-scale results. Other goals are to identify key parameters and physiochemical pro­
cesses that control macroscopic phenomena, to validate continuum descriptions, and 
to determine the most appropriate form of the continuum formulation (single, dual, 
multiple continua) that can best approximate the pore-scale results 

Because of its importance, the general problem of reactive transport at the pore 
scale has been studied extensively using various approaches under different simplifying 
conditions [4-17]. However, only recently has the ful! com plexi ty ofthe strongly coupled 
flow, transport, and precipitation/dissolution reactions in realistic geochemical systems 
been considered [18-21J. 

Recently, Kang et al. [18,19J developed a lattk-e Boltzmann (LB) pore-scale model 
for simulating reactive transport in systems with multiple uc!ueous components and 
minerals. This model takes into account advection, diffusion, homogeneous reactions 
among mUltiple aqueous species, heterogeneolls reactions between the aqueous solution 
and minerals, as well as the resulting geometrical changes in pore space. In this con­
tribution, this model will be applied to modeling injection of a C02 saturated brine 
solution into various porous media structures originally consisted of calcite. The disso­
lution of calcite and precipitation of dolomite will be simulated and the effects of the 
porous media structure on reactive transport will be investigated. 

2 NUD'lCrical Methods 

For completeness, we first briefly present the pore-scale LB model for multicomponent 
reactive transport in porous media developed in previous studies. We also describe 
enhancements to the model since then. Interested readers may refer to [18,19] for more 
details. 

2.1 Incompressible lattice Boltzmann model for fluid flow 

It is well known that the conventional LB method actually solves the compressible pore­
scale Navier-Stokes (NS) equations in the nearly incompressible limit with an equation 
of state representing an ideal gas law. The density variation and Mach number of 
the fluid must be very small for an accurate simulation of incompressible flows. These 
requirements, especially small density variations, limit the applicability of conventional 
LB models for practical problems involving flow through porous media, because in these 
problems, fluid motion is often driven by large pressure gradients, or, equivalently, 
elevated density gradients. For low permeable media, even if the pore velocity (Mach 
number) is small, the pressure (density) gradient can be very large. Therefore, use of 
the conventional LB model to simulate flow in porous media may introduce significant 
density changes (and hence compressibility Furthermore, when the velocity field 
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obtained from the conventional LB model is applied to solute transport simulation, one 
may obtain an unphysical breakthrough curve (breakthrough too early) for a tracer, 
or worse, an unphysical disequilibrium of an otherwise chemically equilibrated system 
for reactive solutes 

To eliminate these compressible effects, here we use an incompressible LA model 
constructed by Guo et al. [22]. The pore-scale flow of a single aqueous fluid phase is 
simulated by the following evolution equation: 

fa(X + eadt, t + dt) fa (x, t) (1) 
T 

In the above equation, dt is the time increment, fa the distribution function along the 
0: direction in velocity space, f~q the corresponding equilibrium distribution function, 
and T the dimensionless relaxation time. For the commonly used two-dimensional, 
nine-speed LA model (D2Q9), as shown in figure 1 the discrete velocities ea have the 
following form: 

0, (0:= 
(0-1},.. , (0-;1},,)eo = (cos-:r--, stn c, (0: 1 (2)

{ J2(cos[(a-;5)1r + iJ, sin[(a-;5)lT + (0:=58). 

For the incompressible LB model, the equilibrium distribution is defined by Guo et ai. 

-4(1-;2: + Sa (u), (0:= 

J
eq A P + (0: = 1o p;::r

{ "1-;2: + so(u), (0:=5 8), 

where (1, A, and "I are parameters satisfying 

'\+"1=0 

1 
'\+2"1=2' 

and 
_ [3ea . u 9(ea . u)2 3u· u] 
- Wo c2 + 2c4 2c2 ' 

In these equations, c = dx/dt, where dx is the space increment, and p and u are the 
pressure and velocity of the fluid, respectively. The corresponding weight coefficients 
are Wo = 4/9, Wo = 1/9 for 0: = 1,2,3,4, and Wo = 1/36 for 0: = 5,6,7,8. 

Equation (3) has been shown to recover the following incompressible NS equations 
[22]: 

'i7 u 0, 

au 1 2
+'i7·(uu) --'i7P+!I'i7 u, (6)

p 

with the velocity and pressure given by 

8 

U = Leafa, (7) 
a=l 
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and 
2 p c [~fa + 80(U)] , p 4u 

and the viscosity is determined by 

v (9) 

2.2 Homogeneous reactions in the bulk fluid 

In a previous paper, Kang et al. have derived the following LB equation for the 
total primary species concentrations for chemical systems with reactions written in 
canonical form: 

C"j(X, t) u).
Caj(xt· eaot, t + Caj(x,t)- ()=l,···,Nc),

Taq 

where No is the number of primary species, Pj is the total concentration of the jth 
primary species, C"j is its distribution function along the a direction, C:.» is the 
corresponding equilibrium distribution function, e" are velocity vectors, /jt is the time 
increment, and Taq is the dimensionless relaxation time. Here we use D2Q4 model for 
solute transport, as it has been shown to have comparable accuracy with the D2Q9 
model but better computational efficiency [19]. The equilibrium distribution takes the 
following linear form: 

P
iftj + --.L(e" .
"4 2c2 

with 
(0: - 1)11" . (0; 1)11" 

0" (ms 2 ,8m 2 )c,(a 4). 

Noble [23J has shown that equation (10) can recover the following pore-scale advection­
diffusion equation for 

OPj 
- +\7·0 0, (13)ot J 

with 

Pj = :L:CaJ) (14) 
a 

and 
OJ = uift) V\7Pj, (15) 

as the flux of the total concentration of the jth primary species due to both advection 
and diffusion. The diffusivity is given by 

v = (Taq - 1/2)(ox)2 
(16)

20t 

Assuming the homogeneous reactions are in instantaneous equilibrium, we have the 
following mass action equations [24,25]: 

No 

Ci (ri)-lKi II (17) 
j=,l 
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where Vji are the stoichiometric coefficients, Ki is the equilibrium constant of the ith 
homogeneous reaction, 'Yi is the activity coefficient of the ith secondary species, and 
Cj and C j are solute concentrations for primary and secondary species, respectively. 
They are related to 1/ij by 

Nn 

1/ij Cj + .L:Vj;Ci, 
;=1 

where NR is the number of independent homogeneous reactions, or, equivalently, sec­
ondary species. 

2.3 Heterogeneous reactions at mineral interfaces 

Heterogeneous reactions taking place at mineral interfaces are incorporated through 
boundary conditions. The following boundary condition for the total concentrations 1/ij 
has been employed in the paper by Kang et al. [18]: 

{)1/i. N", 

V ()~ 	 = .L: Vjmkm (1 - KmQm) . (19) 
m=l 

In this equation, n is the direction normal to the interface pointing toward the fluid 
phase, km is the reaction rate constant, Km is the equilibrium constant, and the ion 
activity product Qm is defined by 

Nc-

Qm 	 IIbjCj)!lj",. (20) 
j=l 

In this study, we use the improved LB implementation of the above boundary condition, 
which strictly conserves mass during the heterogeneous reactions [19]. The formulation 
of the unknown distribution functions at the fluid/solid interface depends on the ori­
entation of the surface. For a wall node shown in Figure 2, the unknown distribution 
function G2j can be calculated by: 

G2j 	 1/ij/2- (21) 

where 1/ij is determined from equation (18) after Cj is calculated from the following 
nonlinear algebraic equation through Newton-Raphson iteration method: 

N", 
- 1/ij 1.L: (1 KmQm). (22) 

2 c m=l 

2.4 Update of solid phase 

Since the solid movement with fluid flow is not considered, the volume of the stationary 
solids satisfies the following equation: 

=Vmam l ;', 
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where v'n, and am are dimensionless volume, molar volume, and Hpecific surface 
area of the mth mineral, respectively. Solute diffusion in the solid phase is neglected and 
mineral reactions are assumed to only occur at the fluid-solid interface. Each interface 
node represents a control volume (a control area in the 2D case) with a size of 1 x 1 (in 
lattice units) and is located at the center of this volume. As can be seen from figure 
2, node Q is the center of the control volume surrounded by dashed lines. The initial 
control volume is given a dimensionless volume The volume is updated at each 
time step explicitly according to the equation 

+ at) = Vm(t) +Vma", I:',8t , (24) 

where at is the time increment. In this study both at and am equal unity in lattice 
units. 

When Vm reaches certain threHhold values, the pore geometry needs to be updated. 
For dissolution, the solid node associated with V", can be simply removed (i.e., changed 
to a pore node), when V", reaches zero. For precipitation, however, there are multiple 
ways to add a solid node when v,,, reaches a certain threshold value. A random-growth 
method was proposed by Kang et al. for single-species [16] and multi-component sys­
tems [18]. In that method, the growth has no preference in any particular direction and 
the method has been shown to be lattice-effect free. Growth in preferred directions can 
be achieved by incorporating corresponding physics in the growth rules. For example, 
polygonal and dendritic crystals with symmetry have been produced by aligning the 
direction of growth to that of the maximum concentration gradient and different mor­
phologies have been obtained by varying the probability of adding a solid node in that 
direction [26]. 

In the above methods, the grid size is assumed to be small enough that each node 
is only represented by one mineral at olle time, and the effect of both dissolution and 
precipitation is recorded at that node through equation (24). In reality, changes of solid 
morphology can involve scales much smaller than the lattice or pore size used in the 
simulations. In this study, we assume that e3{~h node can be represented by multiple 
minerals whose initial total volume fraction amounts to unity. The volume fraction of 
each mineral is still updated by equation and dissolution recorded in the solid 
node. Mass accuIllulation due to precipitation, however, is recorded at the neighboring 
pore nodes. As seen in figure 2, when 

EVm(Q) =0, 
m 

node Q is changed to a fluid node. When 

Ev,n(S) 1, (26) 

'" 
node S becomes a solid node consisted of multiple minerals. In contrast to previous 
methods [16,18] for updating pore geometry, the current method can account for co­
existence of multiple minerals at the same node and the growth is deterministic rather 
than random. However, the underlying physical properties/processes associated with 
various growth methods are not clear and need to be identified through high resolution 
microscopic experiments. 
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3 Simulation Examples 

a.1 Porous media structures 

Fig. a shows porous media structures used in the simulations. They are periodic array of 
small circles (gool), large circles (ge02), hori7Alntal ellipses (geoa), and vertical ellipses 

respectively. Table I lists the properties of the four porous media, including 
particle size, porosity, and permeability. The size of the small circle is the same 
as that of the horizontal or vertical ellipse, while that of the large circle is three times 
greater. The specific surface area of the ellipses is slightly higher than that ofthe small 
circle, while the large circle has the smallest specific surface area. Particle size and 
porosity are prescribed when the images are generated, and permeability is calculated 
using the incompressible LB model presented here. The same structures have been 
used in [27] to investigate the effects of porous media geometry on a transverse mixing­
limited chemical reaction. Unlike the micromixing problem, in our study, the structure 
is periodic in the y direction. Therefore, we can use only one REV in that direction 
and a relative long domain in the main How direction. Figure 4 shows an REV for the 
small circle porous structure, with a size of 48 x 48. Hence the grid size is 1728 x 48, 
1728 x 96, 1728 x a6, and 1728 x 64 for the four porous media, respectively. The grid 
resolution is 1 x 10-5 m (10 microns). 

a.2 Chemical system and reaction kinetics 

TILe chemical system in the aqueous phase can be described by six components: N a + , 

Ca2+, Mg2+, H+, COz(aq), and Cl-, and a number of complexes 

of varying importance: on-, CO;-, HCO;-, CaCO~, CaHCOt, CaOH+, MgCO~, 

MgHCOt, MgOH+, NaClo, NaHCO~, and NaOHo. 


Calcite According to Chou et al. {28] the calcite rate law has the form 

R + + [1- (27) 

where kl, k2, and k3 are the reaction rate constants, aH+ and aH2co,,(aq) refer to 
the activities of H+ and nco;-, respectively, Kee is the equilibrium constant, and 
Qee the ion activity product. The values of kl' kz, and k3 at 25°C are 0.89xlO-4

, 

5.01 x 10-8 , and 6.6x 10-11 mol cm -2s-1, respectively. The calcite reaction rate is pH­
dependent under acidic conditions and becomes almost constant above a pH of about 
7. 

Dolomite Aecording to Gautelier et al. the dolomite rate in the pH range 0.5-5 is 
given by 

R = -kalI+ (1 KdolQdod. (28) 

Values for k and n are listed in Table 2. 
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tion. The rate constants (kI, k2, and k3) for calcite at this temperature are calculated 
through equation (29) based on their values at 25°C and ,dE =35 kJ Imo!. The diffu­

Temperature dependence The temperature dependence of the kinetic rate constants is 
given by the Arrhenius expression 

,dE ( 1 1 )]k(T) = koexp [-Ii: T To ' (29) 

where ko denotes the rate constant at the reference temperature To, usually taken to 
be R denotes the gas constant, and ,dE the mineral activation energy. 

By comparison, the diffusion coefficient depends on temperature according to the 
relation: 

,dED (1 1f) = Doexp-·[ ----yr- T (30) 

Clearly, both the reaction rate constants and diffusion coefficient increase with tem­
perature. Two temperature points (T =25°C and 80°C) are considered in this study. 
T =80°C is probably more close to the working environment of geologic C02 sequestra­

sion coefficient of all aqueous species is assumed to be 1 x 
value at 80°C is calculated using equation (30) with ,dED~14 kJ/mol. The equilibrium 
constants for different tcmperature points are read in from an existing database. 

3.3 Boundary and initial conditions 

A constant pressure gradient is imposed across the domain to establish a steady state 
flow field. The pressure is prescribed such that the steady-state flux for all the four 
initial porous media are the same (168.27 m/year). For such a long domain, the conven­
tional LB model will result in a velocity field whose mean velodty increases along the 
x direction due to its inherent compressibility. The incompressible LB model presented 
here, however, is free of such a problem and will provide a velodty field with constant 
mean velodty. 

The initial fluid is 2.69 M NaCl brine with pH of 7.75, in equilibrium with minerals 
caldte and dolomite. The initial composition of the grains is calcite. When flow reaches 
steady state, a fluid of pH 3.87 in equilibrium with 179 bars C02(g) and dolomite is 
injected from the left. Because of the injection of a solution with lower pH and higher 
C02 concentration, calcite dissolves, causing oversaturation of dolomite, and hence its 
precipitation. Zero gradient boundary conditions are imposed at the outlet for solute 
concentration. 

3.1 Simulation results 

Fig. 5 shows steady-state stream lines and contours of vertical velocity predicted by 
the LB model for the vertical ellipse porous medium. It is clear that the pore velocity 
is fully resolved. Other simulation results are shown in Figures 6 through 13. 

Figures 6 and 7 show distribution of volume-averaged (over an REV) volume frac­
tion of calcite and dolomite along the x-direction at time t=9500 seconds for all the 
four porous structures, and for temperature T=25°C and 80°C, respectively. For all 
the cases, the volume fraction of calcite decreases from its initial value (0.58) due to 
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dissolution while that of dolomite increases from its initial value (0) due to precipi­
tation. The symbols of calcite and dolomite seem to be symmetric, meaning that the 
calcite dissolution and dolomite precipitation are complementary. Wherever calcite dis­
solves most, dolomite precipitates most. Unlike continuum scale model, here the volume 
fraction of calcite never reduces to zero, because of the armoring effect considered in 
the pore scale modeling. The precipitation of dolomite on top of the dissolving calcite 
may block the passage for the aqueous species to access the calcite, halting its further 
dissolution. 

While the volume fraction varies smoothly along the x direction for T=25°C, it 
has a jump at some point for T=80oC, downstream from which the calcite is unre­
acted. There exists a sharp interface (reaction front) when the temperature is high 
(or equivalently, the reactions are fast). The reaction front of the large circle structure 
propagates much further than that of the other three porous media, and the mineral 
volume fraction for the horizontal ellipse structure almost coincides with that for the 
vertical ellipse structure. These results are quite different from those of the micromixing 
problem [27], where product formation is almost identical for small and large circles, 
but very different for the two ellipse structures. There are three reasons for this differ­
ence: first, the chemical reaction considered is different, while a homogeneous reaction 
assumed to be instantaneous is considered in the micromixing problem, in the present 
study, we are concerned about the heterogeneous reactions between the solution and 
minerals, which is treated kinetically. Second, in the former problem, the interfacial 
contact area between reactive species plumes is a controlling factor for mixing and 
extent of chemical reaction. The porous media structure only affects the process by 
influencing the contact between the two reacting fluids. In the latter problem, how­
ever, the reactions occur between the solution and minerals that make up the porous 
media. Therefore, the interfacial contact area between the solution and the minerals 
is a controlling factor, and specific surface area plays an important role. Third, in the 
former problem, the two reacting fluids are injected from the top and bottom of the 
structure, respectively, while in the latter problem, the transverse direction is periodic 
and there is no concentration gradient in that direction at the REV scale. 

Figure 8 shows volume fraction for the large circle and horizontal ellipse structures 
at T=80oC and t=7000, 9500, and 12000 seconds. For both structures, the reaction 
front moves at an approximately constant velocity. Clearly, the front of the large circle 
structure propagates faster (R:! 40 m/year) than that of the horizontal ellipse structure 
(R:! 20 m/year). Roughly the front velocity is inversely proportional to the volume of 
reactive calcite (0.58 - 0.53 0.05 versus 0.58 - 0.47 0.11). This is consistent with 
the conclusion from the continuum scale model [30]. However, the front velocity is also 
roughly inversely proportional to the specific surface area (6.9 versus 15.2 as shown in 
Table 1). This finding contradicts the continuum seale model, in which the front velocity 
is independent of surface area [30J. This discrepancy may be due to the armoring effect 
that is explicitly accounted for in the pore scale modeling. Interestingly, the ratio of the 
volume fraction of reactive calcite equals that of the specific surface area (both 0.45: 1). 
However, since the armoring effect in the current method may depend on the specific 
way to update the solid phase, how accurate this finding is needs further scrutiny. 

Continuum scale modeling using the computer code FLOTRAN [31] is also per­
formed for horizontal ellipse structure at temperature=80°C. Two sets of calculations 
are shown in figure 9 for the volume fractions of calcite and dolomite: one assumes all 
calcite (58%) is reactive, and the other only 11% of the calcite is reactive, correspond­
ing to the LB simulation caused by armoring of the calcite surface. In the case with all 
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calcite reactive the reaction front advances more slowly compared to the LB simula­
tion, and in the other case more rapidly. It is possible to fit the front position by varing 
the volume fraction of reactive calcite. However, it is not possible to fit both of them 
simultaneously. The reason may be that in the LB simulation, the calcite surface is 
covered by dolomite gradually. This process is simulated in the continuum scale model 
by using a constant value for the volume fraction of the reactive calcite derived from 
the LB simulation at a longer time. The use of this single constant may be insufficient 
to capture the dynamic process of armoring. 

Figures 10 and 11 show spacial distribution of volume fraction and reaction rate 
of calcite and dolomite for the small circle structure at t,-=9500 seconds, for T=2,5°C 
and 80°C, respectively. Only part of the domain is shown for better visualization. The 
dissolution of calcite and precipitation of dolomite can be seen clearly. For both tem­
perature points, the dolomite reaction rate is always positive, meaning that dolomite 
only precipitates. The calcite reaction rate, however, can be either positive or negative, 
indicating reprecipitation of calcite. 

For T=25°C, there is nOn-7fl3rO reaction rate for both calcite and dolomite at the 
surface of the circles throughout the domain. For however, the rate at the 
upstream of the reaction front is zero. This is consistent with the concentration contours 
shown in figures 12 and 13. Clearly there is spacial vilriation in the concentration of 
aqueous species for the lower temperature. But the concentration is almost uniform at 
the upstream of the reaction front for the high temperature case. 

4 Conclusions 

\Ve applied a multi-component reactive transport LB model developed in previous 
studies to modeling the injection of a C02 saturated brine solution into various porous 
media structures at temperature T=25 and 80°C. The porous media were originally 
consisted of calcite. A chemical system consisting of Na+, Mg'+, H+, CO2(aq), 
and Cl- wa..s considered, with calcite dissolution and dolomite precipitation. It is shown 
that the LB model is able to provide detailed information on fluid velocity, solute 
concentration, mineral composition and reaction rates, as well as the evolution of the 
porous media geometry. It is found that for the higher temperature, there is a sharp 
reaction front, downstream from which the minerals are unreacted, and upstream from 
which the reaction rates reduce to zero. The front moves at an approximately constant 
velocity independent of surface area, and the velocity is roughly inversely proportional 
to the volume fraction of the reactive calcite, consistent with the continuum scale 
model. However, the front velocity is also found to be roughly inversely proportional 
to the specific surface, contradicting the continuum scale model. For both T=25 and 

dolomite only precipitates but calcite dissolves and reprecipitates. The grain 
orientation has little effect on the reactive transport at the REV scale. The numerical 
results presented here are still subject to confirmation by high resolution microscopic 
experiments. Nevertheless, the results presented may help understand the fundamental 
physicochemical processes during CO2 sequestration in geologic formations. A three­
dimensional multi-pha..~e multi-component model is under development and the results 
will be presented in future publications. 
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Table 1 Porous media properties. 

Structure Particle size m 2 Porosity Specific surface area m- 1 Permeability m 2 


small circles (geol) 6.61 x 10 8 0.42 1.38 x 10· 8.58 X 10-11 


large circles (geo2) 2.66 x 10 0.42 6.9 x 103 3:38>< 10-10 


horizontal ellipses (geo3) 6.66 x 1O -~ 0.42 1.52 x lQ'I 1.02 X 10-10 


vertical ellipses (geo4) 6.66 x 1O-~ 0.42 l.52 x 104 3.20 X 10- 11 


Table 2 Kinetic rate parameters for dolomite from Gautelier et aI. [29). 

T[OC) k[mol cm -2S-1) n 
25°C 9.82 x 1O-~ 0.63 
50° C 5.13 X 10-7 0.73 
80°C 1.77 x 10-0 0.80 
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Fig. 2 Schematic illustration of a D2Q4 lattice at a wall node. 
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Fig. 3 Porous media structures used in the simulations. 
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Fig. 4 A representative elementaLvolume_foI the_ periodic array of small circles. 

Fig. 5 Velocity field (stream lines and contours of vertical velocity) predicted by the LB model 
for the vertical ellipse porous medium. 
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Fig. 6 Distribution of volume-averaged (over an REV) volume fraction of calcite and dolomite 
along the x-direction at time=9500 seconds and temperature=25°C. 
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Fig. 10 Spacial distribution of volume fraction and reaction rate of calcite and dolomite for 
the small circle porous medium at time=9500 seconds and temperature=25°C. 
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Fig. 11 Spacial distribution of volume fraction and reaction rate of calcite and dolomite for 
the small circle porous medium at time=9500 seconds and temperature=80°C. 
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Fig. 12 Concentration distribution of aqueous species for the small circle porous medium at 
time=9500 seconds and temperature=25°C. 
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