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Abstract

Geologic sequestration in depleted oil reservoirs, saline aquifers, etc. has been proposed as an effective
way to stabilize the concentration of CO2 in the atmosphere and thus mitigate its effect on global climate
change. We have developed a massively parallel 3-D reservoir simulator PFLOTRAN for modeling super-
critical CO2 sequestration in geologic formations based on continuum scale mass and energy conservation
equations. The simulator incorporates the effects of CO2 and H2O dissolution and diffusion in the aque-
ous and CO2-rich phases, respectively. The mass and energy equations are sequentially coupled to reactive
transport equations describing multi-component chemical reactions within the formation including aqueous
speciation and precipitation and dissolution of minerals, including CO2-bearing phases, to describe aqueous
and mineral CO2 sequestration. The effect of injected CO2 on pH, CO2 concentration within the aqueous
phase, mineral stability, and other factors can be evaluated with this model. The multiphase flow field is
coupled to changes in porosity and permeability of the geologic porous medium caused by precipitation and
dissolution reactions of minerals. Parallelization is carried out using the PETSc parallel library package
based on MPI providing high parallel efficiency and allowing simulations with several tens of millions of
degrees of freedom to be carried out—ideal for large-scale field applications involving multi-component
chemistry. A lookup table provides rapid evaluation of the H2O and CO2 equations of state. Several ex-
amples are presented which examine the predicted distribution and fate of CO2 injected into a subsurface
geologic system and evaluate the numerical efficiency of the simulator.

1 Introduction

Recently researchers at the Mauna Loa volcano laboratory at the Climate Monitoring Diagnostics Laboratory
directed by NOAA (National Oceanic and Atmospheric Administration) have recorded a record increase in
CO2 to 378 ppm (March 31, 2005). To mitigate the continuous increase in the atmospheric concentration of
CO2, geologic disposal ofCO2 has been suggested as an attractive alternative. Three storage mechanisms
can be identified for subsurface geologic sequestration ofCO2: (i) as a separate gas phase or supercritical
fluid (phase trapping); (ii) dissolved in groundwater (solubility trapping); and (iii) precipitated as secondary
minerals such as calcite, magnesite, dawsonite, etc. (mineral trapping). To investigate the effectiveness of
these different sequestration mechanisms, numerical modeling is essential for gaining an understanding of
the fate ofCO2 injected in subsurface geologic formations over time spans of tens of thousands of years.
However, one must be cautious that model simulations reflect reality and are not contaminated by numerical
effects and lack of adequate understanding of the fundamental processes involved. For example, density
differences in theCO2 enriched brine have been shown to cause instabilities leading to convective mixing
and more rapid dissolution of supercriticalCO2 into the brine compared to diffusion alone (Ennis-King and
Paterson, 2003; Garcia, 2003). To capture these processes requires high grid resolution to resolve fingering
patterns or, alternatively, development of new upscaling techniques that would allow these processes to be
adequately described at larger grid scales. In this contribution the parallel computer model PFLOTRAN is
introduced and applied to an example of sequestration ofCO2 in a sandstone formation.

The computational effort necessary to carry out such an investigation for a realistic 3D field site is
enormous. Length scales involved range from the size of the geologic formation itself, on the order of
kilometers, to much smaller length scales characteristic of fingering phenomena on the order of meters or
less to chemical interactions that may be smaller than centimeters. For example, to discretize a domain 1
km × 1 km× 500 m with100 × 100 × 100 = 106 nodes leads to a typical grid block size of 10 m× 10
m× 5 m, or roughly the size of a small conference room. For a grid block of this size, features that require
smaller scales for their resolution such as fingering, and chemical interactions may be lost. Not accounting
for these processes may give erroneous predictions for the rate of sequestration of theCO2 plume over
time. Incorporating chemical processes may require anywhere from 5–15 additional degrees of freedom per
node, depending on the sophistication of the simulation and what processes are deemed important. This will
depend on the type of host rock (limestone, granite, sandstone, etc.), and the time scale of the simulation.
The longer the simulation time the more important become slowly reacting minerals such as feldspars and
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clay minerals.

Obtaining solutions to these large systems of equations calls for a massively parallel implementation
to reduce both computation time and memory requirements. For example, assuming ideal speedup running
a problem with ten million nodes on 500 processors is roughly equivalent to running a problem with 20,000
nodes on a single processor workstation—a relatively small sized problem. With present day computational
facilities, a single processor may have 4GB or more of RAM, which is more than adequate to solve mil-
lions of equations using fully implicit Newton-Krylov techniques employing domain decomposition. This
approach is described in more detail in what follows for the computer code PFLOTRAN. This code solves
equations for multiphase-multicomponent reactive flow and transport for nonisothermal, variably saturated
porous media for implementation either on a single workstation or massively parallel computing architec-
tures.

It is important to note that supercomputing alone cannot solve the problem of fine-scale resolution
needed to describe local chemical environments and other processes. In a three dimensional problem, re-
ducing the grid spacing in each direction by a factor of two requires eight times as many processors to keep
the load on each processor the same. In order to capture smaller scale effects an approach is required that
allows information at the sub-grid scale to be incorporated into the model, such as a dual continuum model,
requiring additional computational resources.

2 PFLOTRAN: Massively Parallel, Multiphase-
Multicomponent Flow & Transport Model

The computer code PFLOTRAN solves a coupled system of mass and energy conservation equations for
the two-phase system consisting of supercriticalCO2 andH2O. PFLOTRAN describes coupled thermal-
hydrologic-chemical (THC) processes in variably saturated, nonisothermal, porous media in one (1D), two
(2D), or three (3D) spatial dimensions. PFLOTRAN may be used to describe systems involving two-phase
fluid flow consisting of liquid water andCO2 (or air), and multicomponent reactive chemical transport
involving aqueous, gaseous and mineral species. The model is currently being extended to include three
phasesH2O-CO2-gas.

The code PFLOTRAN consists of two distinct modules: a mass and energy flow code (PFLOW), and
a reactive transport code (PTRAN). The module PFLOW solves mass conservation equations for water and
CO2 and an energy balance equation. For supercriticalCO2, the Span and Wagner (1996) equation of
state for pureCO2 is used. The module PTRAN solves mass conservation equations for a multicomponent
geochemical system. Chemical reactions included in the module PTRAN consist of homogeneous aqueous
speciation reactions, heterogeneous gaseous speciation and mineral precipitation and dissolution reactions,
and ion-exchange and sorption reactions. The rates of mineral reactions are described through kinetic rate
laws. The rates of homogeneous aqueous reactions may be described using either a kinetic description or
by imposing local equilibrium. Both PFLOW and PTRAN are based on a fully implicit solution of the
governing equations.

The modules PFLOW and PTRAN may be run either in standalone or coupled mode. In coupled mode
the flow velocities of liquid and supercriticalCO2 phases, saturation, pressure, and temperature computed
from the module PFLOW are fed to the transport module PTRAN. Both transient and steady-state coupled
modes are possible. In the transient mode, the modules PFLOW and PTRAN are sequentially coupled
allowing for changes in porosity and permeability due to chemical reactions to alter the flow field. In
steady-state mode, the module PFLOW is called first until a steady state is established, and then the module
PTRAN is called which uses the steady-state flow field computed from PFLOW as input. Both modules
apply generally to heterogeneous porous media.

Chemical reactions included in PTRAN involve aqueous species and minerals which can be written in
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the general form ∑
j

νjiAj 
 Ai, (1)

and ∑
j

νjmAj 
 Mm, (2)

respectively, where the set of species{Aj} refer to a set of primary or basis species in terms of which all
other species are written,Ai denotes an aqueous complex referred to as a secondary species, andMm refers
to a mineral. The corresponding thermodynamic equilibrium constantsKi, Km, and reaction stoichiomet-
ric coefficientsνji, νjm are derived from an extensive database for aqueous species, gases, and minerals.
PartitioningCO2 betweenH2O and supercriticalCO2 is accomplished with the reaction

CO2(aq) 
 CO2(g), (3)

where the subscript (g) refers to the supercritical phase and (aq) to the aqueous phase. Other reactions not
include above that may also significantly impactCO2 sequestration are ion exchange and surface complex-
ation reactions.

Examples of Eqs.(1) and (2) for an aqueous fluid reacting with calcite consist of the following reaction
network

CO2 −H+ + H2O 
 HCO−
3 , (4a)

CO2 − 2H+ + H2O 
 CO2−
3 , (4b)

Ca2+ + CO2 −H+ + H2O 
 CaHCO+
3 , (4c)

Ca2+ + CO2 − 2H+ + H2O 
 CaCO3(aq), (4d)

Ca2+ + CO2 − 2H+ + H2O 
 CaCO3(s), (4e)

described by the 4 primary species: Ca2+, H+, H2O, andCO2. The first four reactions involve only aqueous
species and are referred to as homogeneous reactions. These reactions are considered to be sufficiently fast
that local chemical equilibrium applies. The remaining reaction involves the solid phase calcite and thus is
referred to as a heterogeneous reaction. The rate of mineral reactions is governed by kinetics and requires
knowledge of the mineral surface area and kinetic rate constant for the reaction. The predominance field of
each secondary species changes in proximity to the supercriticalCO2 plume with the fluid becoming more
acidic in the neighborhood of the plume. Generally, the aqueous fluid is in a state of partial equilibrium with
respect to the solid phase.

2.1 Mass and Energy Conservation Equations: PFLOW & PTRAN

PFLOTRAN solves a coupled system of mass and energy conservation equations for the two-phase system
consisting of supercriticalCO2 andH2O. The code consists of two sequentially coupled routines PFLOW
and PTRAN, which may also be run separately in standalone mode. Briefly the equations solved by PFLOW
for mass and energy conservation can be summarized as:

∂

∂t
φslρlX

l
w + ∇ ·

[
qlρlX

l
w − φslDlρl∇X l

w

]
= −Rw + Ql

w, (5a)

∂

∂t
φsgρgX

g
w + ∇ ·

[
qgρgX

g
w − φsgDgρg∇Xg

w

]
= Rw + Qg

w, (5b)
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∂

∂t

[
φ
(
slρlX

l
c + sgρgX

g
c

)]
+ ∇ ·

[
qlρlX

l
c + qgρgX

g
c

−φ
(
slDlρl∇X l

c + sgDgρg∇Xg
c

)]
= Qc, (5c)

∂

∂t

[
φ
(
slρlUl + sgρgUg

)
+ (1− φ)ρrcrT

]
+∇ ·

(
qlρlHl + qgρgHg − κ∇T

)
= Qe. (5d)

In these equations, phasesl and g refer to liquid water and supercriticalCO2, respectively, species are
designated byw = H2O, c = CO2, φ denotes porosity of the geologic formation,sl = 1−sg refer to liquid
and gas saturation;Xπ

i , (π = l, g), denotes the mole fraction of speciesi = CO2, H2O; ρπ, Hπ, Uπ refer
to the molar density, enthalpy, and internal energy of each fluid phase, respectively;qπ denotes the Darcy
flow rate defined by

qπ = −kkπ

µπ
∇
(
pπ −Wπρπgz

)
, (6)

wherek refers to the water saturated permeability,kπ denotes the relative permeability,µπ denotes the fluid
viscosity,Wπ denotes the formula weight, andg denotes the acceleration of gravity. The rate termRw

allows for a kinetic transition ofH2O between liquid water and supercriticalCO2. The source/sink terms
Qw, Qc andQe, describe injection and extraction at wells and provide coupling terms to the multi-species
transport equations resulting from reaction with solids. This latter aspect is discussed in more detail below.

The flow equations may be rearranged in the equivalent, but more convenient form

∂

∂t

[
φ
(
slρl + sgρg

)]
+ ∇ ·

[
qlρl + qgρg

]
= Qw + Qc, (7a)

∂

∂t
φslρlX

l
w + ∇ ·

[
qlρlX

l
w − φslDlρl∇X l

w

]
= −Rw + Ql

w, (7b)

∂

∂t

[
φ
(
slρlX

l
w + sgρgX

g
w

)]
+ ∇ ·

[
qlρlX

l
w + qgρgX

g
w

−φ
(
slDlρl∇X l

w + sgDgρg∇Xg
w

)]
= Ql

w + Qg
w, (7c)

with the same energy conservation equation as above. This is the form of the flow equations actually solved
by PFLOTRAN.

In the approach used here the set of independent variables is fixed to four variables usingpl, g, T ,

sl, g, andX l, g
CO2

. The more commonly used variable switching approach (Pruess et al., 1999), requires
specification of independent variables (3 in this case) at each node depending on the phases present to
generate the residual and Jacobian.

The multicomponent reactive transport equations solved by PTRAN have the form

∂

∂t

[
φ
(
slΨ

l
j + sgΨ

g
j

)]
+ ∇ ·

(
Ωl

j + Ωg
j

)
= −

∑
m

νjmIm, (8)

for thejth primary species, and
∂φm

∂t
= V mIm, (9)

for the mth mineral, whereΨl,g
j , Ωl,g

j denote the total concentration and flux, defined by the expressions
(π = l, g),

Ψπ
j = δπlC

π
j +

∑
i

νjiC
π
i , (10)

and
Ωπ

j = (−τφsπDπ∇ + qπ) Ψπ
j , (11)
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whereCπ
j denotes the solute concentration in phaseπ, Cπ

i denotes the concentration of theith secondary
species related to the concentration of primary species through the mass action equations

Cπ
i = (γπ

i )−1 Kπ
i

∏
j

(
γπ

j Cπ
j

)νπ
ji , (12)

whereγπ
j denotes the activity coefficient,Kπ

i the equilibrium constant for reaction (1). The mineral con-

centration is represented by the volume fractionφm with molar volumeV m. The kinetic reaction rateIm

for themth mineral is assumed to have the form

Im = −kmAmΦ(φm)
(
1−KmQm

)
, (13)

based on transition state theory, wherekm denotes the kinetic rate constant,Km the equilibrium constant
for reation (2),Am the mineral specific surface area, andQm the ion activity product defined by

Qm =
∏
j

(
γπ

j Cπ
j

)νjm . (14)

The factorΦ(φm) is unity if φm > 0 or KmQm > 1, and zero otherwise, whereφm denotes the mineral
volume fraction. The sign of the rate is positive for precipitation and negative for dissolution and vanishes
at equilibrium whenKmQm = 1.

2.2 Auxiliary Relations

The mass conservation equations must be augmented by various auxiliary relations given by

sl + sg = 1, (15)

Xπ
H2O + Xπ

CO2
= 1, (π = l, g), (16)

and
pl = pg − pc, (17)

wherepc denotes the capillary pressure given in terms of saturation by the following constitutive relation

pc =
1

αβc

[
(se

l )
1/m − 1

]1−m
, (18)

where the effective saturation is defined as

se
l =

sl − sr
l

1− sr
l

, (19)

the quantityβc ' 2 gives the surface tension ratio betweenCO2-H2O and air-H2O, sr
l denotes the residual

saturation, andα andm are van Genuchten parameters. Relative permeabilities for liquid waterH2O and
supercriticalCO2 are based on the formulation of Parker et al. (1987) for a multiphase system with the
forms

kr
H2O =

√
se
l

[
1−

(
1− (se

l )
1/m
)m]2

, (20a)

kr
CO2

=
√

1− se
l

[
1−

(
1− (1− se

l )
1/m
)m]7

, (20b)

Parameter values are derived from Holt et al. (1995) and Lindeberg and Holt (1994) determined from EOR
by CO2 injection.
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Henry’s law is used to give the dissolvedCO2 concentration inH2O according to

xl
CO2

= pgφCO2
K−1

CO2
, (21)

whereφCO2
denotes the fugacity coefficient. Henry’s constantKCO2

is based on the fit function from
Crovetto (1991) modified for use with the Duan et al., (1992) EOS for pureCO2 (Lichtner et al., 2003).
This function has the form

log KCO2 = c0 +
1
T

c1 + c3

(
1− T

T c
H2O

)1/3
+

c2

T 2
, (22)

whereT c
H2O denotes the critical temperature of pure H2O. A partial molar volume for CO2 of V CO2 = 35

cm3/mol was used to obtain the fit. Comparison of the calculated and experimental solubility ofCO2 in
water as a function of temperature and pressure is shown in Figure (1). Data is taken from Dodds et al.
(1956), Todheide and Franck (1963), and Takenouchi and Kennedy (1964). An approximate form of the
mixture density forCO2 dissolved inH2O is taken from Ennis-King and Paterson (2003) of the form

ρf = ρH2O

(
1 + αCCO2

)
, (23)

whereρf denotes the fluid density of the mixture,ρw is the density of pure water,CCO2 denotes the con-
centration ofCO2, andα is a constant.
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Figure 1: Comparison of the mole fraction ofCO2 in liquid water using
a modified form of the Crovetto (1991) fit equation with experimental
data as a function of temperature and pressure (Lichtner et al., 2003).

2.3 Coupling PFLOW and PTRAN

The routines PFLOW and PTRAN are solved sequentially. An option to iterate between the PFLOW and
PTRAN solutions until a fully consistent solution is obtained will be implemented in the future. Generally
PTRAN requires smaller time steps than PFLOW and therefore it is necessary to interpolate field variables
passed from PFLOW to PTRAN at the desired time. A linear interpolation relation is used to obtain pressure,
temperature, saturation, and Darcy velocities of the fluid phases at intermediate times between two PFLOW
time stepst1, t2, using a relation of the form of the form

F(t) =
t− t1
t2 − t1

F2 +
t2 − t

t2 − t1
F1, (24)

for t1 ≤ t ≤ t2, for field variableF .
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Ghost Nodes

Single

Processor

Domain

Figure 2: Schematic of domain decomposition showing posi-
tion of ghost nodes and message passing indicated by arrows.

To account for changes in porosity and permeability due to mineral reactions, PTRAN is used to cal-
culate an updated porosity over a time step∆t from the relation

φ(r, t + ∆t) = φ(r, t)−∆t
∑
m

V mIm(r, t + ∆t), (25)

and the revised porosity is passed back to PFLOW. Permeability is derived from porosity through a power
law or other phenomenological relation.

In addition to porosity, it is also necessary to keep track of the amount ofH2O andCO2 consumed
or produced by reactions with minerals and pass this rate from PTRAN back to PFLOW. In this regard
there is redundancy in PFLOW and PTRAN, since both contain conservation equations forCO2 andH2O.
Dissolution ofCO2 from the supercritical phase into liquid water is assumed to be governed by a local
equilibrium relation based on Henry’s constant and is therefore contained in the saturation variable.

3 Parallel Implementation

PFLOTRAN is written from the ground up to run on massively parallel computer architectures. Paralleliza-
tion is implemented through the PETSc parallel library developed at Argonne National Laboratory (Belay
et al., 1997). PETSc provides a user friendly set of routines for solving systems of nonlinear equations in
parallel using domain decomposition. This includes parallel solvers and preconditioners, parallel construc-
tion of the Jacobian matrix and residual function, and seamless message passing, which together provide a
high parallel efficiency. PETSc (latest version 2.3.0) has achieved a high level of maturity that allows rapid
development with efficient parallel implementation for solving systems of non-linear partial differential
equations. PFLOTRAN makes use of object-oriented features in FORTRAN 90 and is essentially platform
independent, running on any machine that PETSc runs on. This includes laptop computers, workstations,
and massively parallel high performance computing facilities.

A domain decomposition approach is used to provide a fully implicit solution to the governing equa-
tions based on iterative Newton-Krylov methods [see Figure (2)]. In this approach each processor is as-
signed a subdomain of the system and a parallel solve is implemented over all processors. Message passing
is required at the boundary nodes to adjacent processors to compute flux terms. PETSc provides highly
efficient parallel solvers and preconditioners. Use of the distributed array (DA) parallel data structure pro-
vides a seamless construction of parallel vectors and communication between processors. Three different
types of vectors can be distinguished: natural vectors associated with the physical coordinate system; local
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vectors associated with each processor domain; and ghosted vectors which include boundary nodes from
neighboring processors. Input properties, such as porosity and permeability, are input in physical or natural
coordinates and then transformed to coordinates local to each processor. The DA implementation, however,
is restricted to structured grids, although PETSc also provides data structures for unstructured grids. A gen-
eral check of the parallel implementation is to note that the number of time steps, Newton iterations, and
time step cuts should be independent of the number of processors, with some exception allowed for large
numbers of processors due to degradation in preconditioning.

In PFLOW and PTRAN different approaches are used to implement the PETSc parallel routines.
PFLOW is based on the nonlinear solver in PETSc referred to as SNES. In the SNES algorithm a sys-
tem of nonlinear equations are solved directly and the user need only provide the residual function and
Jacobian matrix. PTRAN, by contrast, uses the PETSc routines to solve a linear problem at each Newton
iteration using the linear solver routines referred to as KSP (formally named SLES).
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Figure 3: Speedup curves for PFLOW and PTRAN for anx-z prob-
lem on a 3D grid 256×64×256 with 4 degrees of freedom per node.

Parallel speedup for PFLOW and PTRAN with up to 512 processors is shown in Figure 3 for a 3D
problem involving injection ofCO2. For PTRAN a 4-component system was used with primary species:
Ca2+, H+, SiO2(aq), and CO2. Calculations were carried out on Mpp2 (1960 Itanium-2, 1.5 GHz processors
with Quadrics QsNetII interconnect) at the Molecular Sciences Computing Facility in EMSL located at
PNNL. A grid with dimensions 256×64×256 with 1 m grid spacing and with 4 equations per node, giving
a total of 16,777,216 degrees of freedom, was used. This corresponds to a single processor domain, for
example, of 16×16×32. As can be seen from the figure, speedup begins to decline above 256 processors.
PTRAN gives slightly better results compared to PFLOW for more than approximately 256 processors. Still
with 512 processors a speedup of 300–400 is obtained, which is quite reasonable considering the preliminary
nature of the results. Better efficiency is expected as the code parallelization is improved. PETSc has a
number of tools available for analyzing run time efficiency which have yet to be implemented.
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4 Application to GeologicCO2 Sequestration

In this section an example is presented forCO2 diffusion into a carbonated arkosic sandstone and the effects
of convective mixing on mineral alteration. The composition of the sandstone is listed in Table 1. The effec-
tive rate constants (product of specific mineral surface area and kinetic rate constant) used in the simulation
is also listed. These values are highly uncertain on depend on grain size, surface roughness and solution
composition (Dove, 1999). A domain measuring 64 m× 128 m with a grid spacing of 1 m is considered.
The system is initially in hydrostatic equilibrium with a pressure at the top of the domain of 20 MPa and
temperature of 50◦C with a geothermal gradient of 0.025◦C/m. No flow boundary conditions are imposed
at the sides and bottom of the domain, and a fluid in equilibrium with a fixedCO2 concentration of 170 bars
is imposed at the top. The initial fluid has pH 8 and is in equilibrium with respect to the primary minerals in
the sandstone formation. TheCO2-saturated fluid at the top boundary is also in equilibrium with respect to
the sandstone primary minerals, but with a lower pH of 4.5.

Table 1: Carbonated sandstone composition and effective
kinetic rate constants used in the model simulations.

Mineral Volume Fraction Effective Rate Constant
— mol/cm3/s

Quartz 0.55 1× 10−16

K-feldspar 0.20 1× 10−14

Calcite 0.10 1× 10−08

Dolomite 0.00 1× 10−10

Dawsonite 0.00 1× 10−12

Kaolinite 0.00 1× 10−12

porosity 0.15

Shown in Figure 4 is the concentration of Ca2+ in equilibrium with calcite for the system Ca2+-Na+-
Cl−-CO2-H2O plotted as a function of pH at 50◦C. Also shown is the correspondingCO2 partial pressure.
The Ca2+ concentration increases with decreasing pH and increasing NaCl concentration, the latter caused
by complexing with NaHCO−3 . As can seen from the figure, at highCO2 partial pressures equilibrium with
respect to calcite can be achieved even for relatively low pH with reasonable Ca2+ concentrations. This
result suggests that aCO2-saturated brine will eventually dissolve a sufficient quantity of calcite to come
to equilibrium and thus calcite should remain relatively stable followingCO2 injection, except near the
injection well. It should be noted that this analysis does not take into account the change in solubility of
CO2 in the presence of NaCl (Duan and Sun, 2003).

For aluminosilicate minerals and formation of dawsonite the situation is somewhat different. In this
case an equilibrium state does not exist at highCO2 concentrations, and the mineral assemblage dawsonite-
K-feldspar-quartz is incompatible. Consider the simultaneous reactions

KAlSi3O8 + 4H+ 
 K+ + Al3+ + 3SiO2(aq) + 2H2O, (26a)

NaAlCO3(OH)2 + 4H+ 
 Na+ + Al3+ + CO2 + 3H2O, (26b)

for K-feldspar and dawsonite, respectively. Subtracting gives the overall reaction for dawsonite replacing
K-feldspar

Na+ + CO2 + H2O + KAlSi3O8 
 NaAlCO3(OH)2 + K+ + 3SiO2(aq). (27)

The mass action equation for this reaction reads

aK+

a
Na+

=
KksparKCO2

Kdaw

PCO2

aSiO3
2(aq)

, (28)
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Figure 4: Solubility of calcite plotted as a function of pH with and
without the presence of a NaCl brine. Also shown is the correspond-
ing CO2 partial pressure.

with PCO2 the partial pressure ofCO2. At 50◦C, Kkspar = 10−0.73, Kdaw = 109.58, andKCO2
= 10−1.71.

To bracket possible silica concentrations note that the logK for quartz and chalcedony at 50◦C areKqtz =
10−3.59 andKchal = 10−3.34, respectively. Substituting these values gives for the potassium to sodium
ratio values of 4.16 and 0.74 for equilibrium with quartz and chalcedony, respectively, atPCO2 = 200 bars.
For Na+ concentrations on the order of 2 m or larger, gives extremely large K+ concentrations (∼10 m) for
equilibrium with quartz. This result implies that under highCO2 concentrations, quartz and K-feldspar must
dissolve as dawsonite precipitates and that the reaction will continue until theCO2 concentration drops or
one of the reactants is consumed.

As the system evolves in time, the highCO2 concentration at the upper boundary diffusives downward
into the domain increasing the density of the initial fluid present in the sandstone pores and thereby causing
a density instability (Ennis-King and Paterson, 2003; Garcia, 2003). To seed the instability, white noise is
added to the permeability which is assumed to have an average value of10−14 m2.

As can be seen in Figure 5(a) showing the mol fraction of dissolvedCO2 after an elapsed time of 200
years, fingering develops with lobes of highCO2 concentration migrating downward. The corresponding
pH profile is shown in Figure 5(b). The pH ranges from the initial pH value of 8 to approximately 4.8 at
the center of the highCO2 lobes. The concentrations for Ca2+, SiO2(aq), K+, and Al3+, and are shown in
Figures 6(a, b) and 7(a, b), respectively.

The resulting mineral alteration over the time span of 200 years is found to be minimal, even for
carbonate minerals. Shown in Figure 8(a) is the volume fraction of kaolinite, and in Figure 8(b) the volume
fraction of dawsonite. Dawsonite forms in the highCO2 and low pH regions corresponding to the fingers,
whereas kaolinite forms in the lowCO2 and high pH regions between the fingers. Note the interlocking
relative positions of the two phases as shown in the figures. Given longer times (∼104 years), significantly
greater alteration is expected to occur for these minerals.
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5 Conclusions

The PETSc library for parallel computing was successfully implemented in PFLOTRAN, providing speedups
of up to 300-400 for 512 processors for a 3D problem with 256×64×256 nodes. A simple example problem
was used to illustrate the application of the code toCO2 sequestration in a carbonated sandstone. It was
found that calcite was surprisingly stable, even under the low pH conditions produced by the highCO2

concentrations. Kaolinite and dawsonite were found to precipitate in small quantities after an elapsed time
of 200 years. However, over geologic times significant alteration could occur. To resolve fingering patterns
resulting from density instabilities asCO2 dissolves into the ambient aquifer fluid, relatively small grid
spacing is required on the order of a meter. This will place stringent limitations on the grid resolution of
field scale simulations to resolve such details. In this regard, parallel computing combined with adaptive
mesh refinement techniques will be essential.
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Figure 5: Plot of dissolvedCO2 mole fraction (left), and pH
(right) after an elapsed time of 200 years.
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Figure 6: Plot of Ca2+ (left), and SiO2(aq) (right) after an elapsed
time of 200 years.
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Figure 7: Plot of K+ (left), and Al3+ (right) after an elapsed time of
200 years.
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Figure 8: Plot of kaolinite (left), and dawsonite (right) volume frac-
tions after an elapsed time of 200 years.
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