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ABSTRACT: Reaction rates for different minerals are usually
measured in ideal conditions in batch experiments, where the
impact of pore morphology and hydrodynamics have been fully
neglected. Such reaction rates are used at continuum-scale (Darcy-
scale) models without the impact of pore structure on upscaled
reaction rates under flow conditions. Therefore, to address the gap
from batch experiments to upscaled reaction rates in continuum-
scale models, a pore-network model coupled with geochemical
modeling has been developed. As a case study, we simulate the
geochemical reactions of geothermal energy storage/recovery in
sandstone rocks by coupling PhreeqcRM (a geochemistry model)
with a pore-network model. The main purpose is to delineate the impact of pore morphology and dynamic conditions on
upscaling of reaction rates using the surface-weighted and volume-weighted averaging. The results show that the kaolinite
reaction rate in porous media highly depends on both the flow rate and spatial distribution of reactive pores. We evaluate the
impact of correlation between the reactive pores and pore size distribution on upscaled reaction rates. Results indicate that if
reactive pores do not belong to the main flow path, then upscaling the geochemical reactions based on the continuum-scale or
batch experiments would be erroneous. In such a scenario, the discrepancy between volume-averaged and surface-weighted
average reaction rates are highlighted. Moreover, increasing the injection flow rate results in lower average concentration of
different species in the effluent, while it results in higher reaction rates in porous media. This research provides insights into the
complex aspects of flow-based reaction rates versus the batch reaction rates. That has a significant impact on continuum-scale
modeling of reactive transport for applications such as geothermal energy and enhanced oil recovery.

KEYWORDS: reactive transport, PHREEQC, geochemistry, geothermal energy, pore-network modeling

■ INTRODUCTION

Modeling reactive transport in the subsurface is essential for
better understanding of many applications ranging from
enhanced oil recovery (EOR) such as alkaline surfactant
polymer (ASP) flooding,1,2 low-salinity waterflooding,3−8 and
chemical injection9,10 to underground CO2 storage,11−15

geothermal energy storage/recovery,16−19 groundwater and
soil contamination,20−22 and nuclear waste disposal.23,24 Our
understanding of the reactive transport process is highly
dependent on modeling across different physical scales because
of multiscale aspects of flow and transport in porous media as
well as difficulty in in situ sampling/measurements of the
geochemical reactions.
Geochemical reaction rate constants are mostly measured in

batch experiments in the laboratory that can be significantly
different from the in situ or flow-based reaction rates. However,
the reactive transport models at the Darcy scale mostly use batch
mineral reaction rates to calculate the progress of reactions in
natural porous media, which may lead to erroneous results due
to the discrepancy in physical scales and hydrodynamic
conditions.25−27 Also, natural sedimentary rocks (carbonate
and sandstone) are usually composed of different minerals, with

considerably different reaction rates (up to 10 orders of
magnitude variation).28 For example, sandstone is mostly
composed of quartz or feldspar and different clay minerals
with highly variable clay content.29 Reaction rates of clay
minerals can be highly variable (2−8 orders of magnitude
difference) at the same condition, but usually, they are larger
than that of quartz.28,30 It is worth mentioning that minerals may
have different spatial distribution patterns in natural sedimen-
tary rocks depending on source rock composition, sedimenta-
tion, and diagenesis processes.31

Pore-scale modeling is an alternative to the Darcy-scale
modeling, which incorporates the detailed pore morphology.
Many researchers have studied reactive transport at the pore
scale, mostly using pore-network modeling,32−40 lattice
Boltzmann,35−37 and computational fluid dynamics.38−40

While many of the utilized pore networks were structured
lattices, an unstructured pore-network model is used in this
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study to be a better representative of sandstone. Moreover, there
has been very limited investigation on the impact of micro-
heterogeneity of pore size distribution and spatial distribution of
mineralogy on the upscaled reaction rates.
Varloteaux et al.34 compared pore-network modeling with a

pore-scale model developed by Beḱri et al.,41 combined with the
level-set method. Oostrom et al.42 performed four sets of solute
transport experiments in the micromodel and used five pore-
scale models and one continuum-scale model to simulate the
experiments. It was concluded that the pore-network modeling
is not only computationally efficient but also satisfactorily
simulating the experiments.
Li et al.43 utilized pore-network modeling to study the

applicability of averaged (upscaled) reaction rates in the CO2
injection process with the focus on sandstone containing
anorthite (Ca-rich feldspar) and kaolinite. They used a regular
lattice of 9000 pores with a constant coordination number of 4 as
the network structure and simulated the flow of highly acidic
water through rock under steady-state single-phase condition,
relevant to CO2 storage and sequestration. They also studied the
effect of reactive mineral spatial distribution,44 reactive cluster
size, and hydrodynamic condition45 on upscaled reaction rates
and concluded that, due to the pore-scale heterogeneity and
local variation of reaction rates, upscaling geochemical reaction
can be associated with large errors and significant scaling effects.
Ameri et al.46 coupled PHREEQC with a pore network to

simulate carbonate acidizing. Comparison of simulation results
with micro-computed tomography experimental data provided
satisfactory match in terms of permeability evolution pattern.
Qin et al.47 studied microbial-induced calcium carbonate
precipitation (MICP) in a 2D network. They showed that
there was a higher possibility of biofilm generation in pore
throats rather than pore bodies due to greater specific area in
throats. The provided results confirmed that the final
distribution of calcium carbonate depended on the biofilm
distribution in the network.
Al-Khulaifi et al.48 showed experimentally the transient

behavior and pore-scale heterogeneity of effective reaction rate
using X-ray tomography, coupled with mass spectrometry of the
effluent in a composite (Silurian dolomite and Ketton
limestone) millimeter-scale core. Holmslykke et al.49 performed
core-flooding experiments to study the effect of temperature (up
to 150 °C) and flow rate on reactive transport in porous media
with applications to seasonal aquifer heat storage in Gassum
sandstone formation in the Stenlille area. They used
PHREEQC50 software to model the experiments and showed
the possible precipitation of kaolinite and the sharp increase in
both iron and silicon concentrations in effluent water above 100
°C.
In this work, we aim to understand what factors influence the

Darcy-scale reaction rates. Experimental approaches cannot
provide in situ pore-scale reaction rates and distributions of
different species in the sample. However, the pore-scale
simulation techniques can give a valuable capability to simulate
pore-scale reactions coupled with flow and transport and can be
used as a tool to understand the impact of spatial distribution of
pore sizes andmineralogy on the upscaled reaction rates. We use
pore-network modeling coupled with PhreeqcRM,51,52 a
geochemistry module, to model reactions in geothermal energy
extraction53,54 and aquifer thermal energy storage (ATES)49,55

in sandstones inmoderate pH values. Themajor objective of this
work is to investigate the following:

1. Impacts of spatial distribution of reactive pores and pore
size correlation on the average reaction rates calculated
using surface-weighted averaging versus volume-weighted
averaging.

2. The effect of different averaging schemes on averaged
reaction rates of different minerals in sandstones that give
insight into potential uncertainties for parameterization of
geochemical modeling at the Darcy scale.

To achieve these objectives, we have developed a coupled
PHREEQC pore-network model that can be used for simulation
of any geochemical reactions at single-phase flow condition.
This coupled model is a versatile and flexible pore-scale model
that can be used and adapted to different subsurface reactive
transport modeling applications.
In the remainder of the paper, first, the theoretical

backgrounds of reaction equilibrium constants, diffusion
coefficients, and experimental reaction rates are presented.
Then, the formulation of the pore-network modeling will be
provided. Next, network generation and pore-network simu-
lation processes, along with the methods for averaging reaction
rates, are discussed. In the Results and Discussion section, cross-
correlated reactive networks are generated, and then the effects
of spatial distribution of the reactive pores, injection flow rate,
and network structure on the averaged reaction rates are
discussed. In the end, concluding remarks and implications of
the results to ATES and geothermal energy extraction, learned
from pore-scale modeling, will be discussed.

■ THEORETICAL BACKGROUND

Geochemistry of Sandstone Rocks for ATES. The
geochemistry of sandstone rocks in ATES is highly dependent
on the operating temperature, rock mineralogy, and injection
fluid. We assumed that the rock was composed of quartz (SiO2),
kaolinite (Al2Si2O5(OH)4), albite (NaAlSi3O8), anorthite
(CaAl2Si2O8), and siderite (FeCO3) minerals to represent a
realistic sandstone mineral assemblage based on a typical
geothermal site in Denmark, named the Gassum formation.49

The network was composed of pore bodies (spheres) and pore
throats (cylinders), which both had a volume and surface. Pore
units (i.e., each pore unit comprises a pore body and half-length
of the connecting pore throats) were either reactive or
nonreactive. Kinetic and local equilibrium reactions are the
two common reactions to model rock and fluid interactions in
reactive transport modeling. The local equilibrium approach
(LEA) is recommended for relatively fast reactions, where
transport is the limiting factor for the process such as water/
calcite interaction. The kinetic approach is used for the systems
where the process needs a considerable time to reach the
equilibrium condition. Quartz, kaolinite, siderite, anorthite, and
albite reactions were considered as kinetic reactions. Steady-
state single-phase flowwas assigned to each simulation case. The
injection fluid was assumed to be acidic (pH ≈ 5.0) relevant to
ATES.49 The PhreeqcRM geochemical module was coupled
with the transport model to handle the kinetic and equilibrium
geochemical reactions.

Geochemical Reaction Rates. The reaction rate law or the
rate equation is a function that describes mineral (phase)
dissolution/precipitation rate with the general form of

∏= { } − Ωr k s (1 )
s

n ms

(1)
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where r is the reaction rate (mol/m2 s), k is the reaction-rate
constant (mol/m2 s), s is the chemical species with a catalytic or
prohibitive effect on the phase reaction, {s} denotes the activity
of species s, ns is a constant describing the degree of rate
dependence on species s,Ω is the phase saturation ratio, andm is
a constant that describes the dependence of rate on the
saturation state.
Saturation ratio is an indication of how far the reaction is from

the equilibrium state and is equal to the ratio of the ionic activity
product (IAP) to the reaction equilibrium constant (Keq, which
is discussed in the Supporting Information in detail). Since the
values ofΩ cover orders of magnitude, the saturation index (SI =
logΩ) is used to quantify the saturation state. IfΩ < 1 (SI < 0),
then the net reaction is in forward direction, meaning that more
solid can dissolve in the aqueous phase. Conversely, ifΩ > 1 (SI
> 0), then the aqueous phase is supersaturated and the net
reaction is in the precipitation direction. If Ω = 1 (SI = 0), then
the system is at equilibrium. As an example, the kaolinite
dissolution reaction is as follows

+ + ++ +FAl Si O (OH) 6H H O 2Al 2H SiO2 2 5 4 2
3

4 4 (2)

Mineral dissolution and precipitation reactions are generally
described by different mechanisms, each of them being catalyzed
by different chemical species, for instance, H+, OH−, and H2O.
The rate law for each mechanism has the general form of eq 1,
and the total reaction rate is the summation of all involving
mechanisms. So, for kaolinite, the reaction rate equation (rK)
reads

= { } + + { } − Ω+ −r k k k( H OH )(1 )n n m
K H H O OH K

1
2

2
(3)

Also, the expression for the saturation ratio of kaolinite (ΩK) is
as follows

Ω =
{ } { }

{ }

+

+
Al H SiO

H KK

3 2
4 4

2

6
eq,K (4)

It can be inferred from eq 3 that, under acidic conditions, the
first term (H+ activity) determines the rate of dissolution of
kaolinite and the other terms can be neglected; under basic
conditions, the third term (OH− activity) is more important
than the other two terms. Also, the second term is more
important under basic conditions in comparison with the acidic
condition. As ATES is performed at high temperatures and the
system is nonisothermal, it is important to consider the effect of
temperature on the reaction rate constants. The temperature
dependency of the reaction rate constant is expressed by the
Arrhenius equation. Eventually, one can write the rate (mol/s)
for the reactive surface of m( )2 as

=

× × { } +

× +

× × { } +

− Ω

[− − ] +

[− − ]

[− − ] −

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑÑ

r

k e

k e

k e

H

OH

(1 )

E R T n

E R T

E R T n

m

298.15
acid / ( 1 1

298.15 )

298.15
neutral / ( 1 1

298.15 )

298.15
base / ( 1 1

298.15 )

a

a

a

acid
1

neutral

base
2

(5)

Reaction rate coefficients for different kinetic reactions of this
study are presented in Table S-3.

■ PORE-NETWORK GENERATIONS AND
SIMULATION

To investigate the geochemical reactions for ATES at the pore
scale, the pore morphology should be introduced. Results of the
network were averaged over the network to calculate the Darcy-
scale values. Laminar flow was assumed at pore throats, and pore
bodies were assumed to be fully mixed, that is, uniform
concentration in each pore element.56 Each pore body and half-
length of the connecting pore throats are assumed as a pore unit,
and the corresponding surface area is assumed as the reaction
surface area for each pore unit.

Network Structure. The first step in the pore-network
modeling is to construct a network of connected pores and
throats. In this study, we have used the same methodology
developed by Leng57 and further improved by Babaei and
Joekar-Niasar58 to construct unstructured anisotropic networks
with different correlation lengths. To study the effect of the
network structure and correlation length, we have used two
different networks, with correlation lengths of 1 μm (hereafter
named random/uncorrelated network) and 20 μm (named
correlated network). Both networks have the same size,
topology, coordination number, and pore and throat size
distribution, and the only different factor is the spatial
distribution of the pore sizes. Both networks have 56,000 pore
bodies, and the size is 4.6 × 4.6 × 4.6 mm3. The 3D
representations of both networks, pore size, and coordination
number distributions are shown in Figure 1.

Steady-State Single-Phase Flow Modeling. The system
is assumed to be at steady-state condition. The mass
conservation for different species considering sink/source
terms due to the kinetic reactions is solved over the steady-
state flow field. To determine the steady-state flow field over the
network, fixed fluid pressures are imposed at the inlet and outlet
boundaries (Pinlet > Poutlet) in the flow direction with no-flow
boundary conditions in other two orthogonal planes. In the

Figure 1. 3D visualizations of (A) uncorrelated (random) and (B)
correlated networks; (C) pore size and (D) coordination number
distributions. Arrows show the flow direction. (Note that all pores are
shown with the same size for the sake of visualization.)
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pore-network modeling, the computational nodes are pore
bodies, so mass balance is solved in all pore bodies (eq 6); the
flow rate between two connecting pore bodies is proportional to
the differential pressure between the connecting pore bodies,
multiplied by the hydraulic conductivity, which is calculated
based on the Hagen−Poiseuille flow equation.

∑ ∑
π

μ
= − =

= =

Q
d

P P
128

( ) 0
j

np

ij
j

np
ij

ij
i j

1 1

4

(6)

whereQij (mm3/s) is the flow rate between pore bodies i and j; Pi
and Pj (Pa) are fluid pressures in pores i and j, considering that
the flow is from pore i to pore j; dij and ij (mm) denote the

diameter and length of the connecting throat, respectively; and μ
(Pa s) is the fluid viscosity. Writing eq 6 for all pore units results
in a linear system of equations as = ̲KP B( ), where K is a square
sparse coefficient matrix of size np × np, P is the unknown
pressure field vector, and B̲ is the right-hand (known) vector.
This system of algebraic equation is solved using the biconjugate
gradient squared method with diagonal scaling, and the pressure
field is calculated over the network by means of which one can
calculate the steady-state velocity field.
Reactive Transport Modeling. In each pore, the

concentration of each species changes due to transport
(advection and diffusion) and chemical reactions. To solve the
coupled flow and reactions, a sequential noniterative approach
(SNIA) is used.1,52,59 In this scheme, fluid flow and chemical
reactions are solved separately and sequentially, and it is
assumed that, during transport time step, the aqueous-phase
chemistry does not change. Then, after calculation of the
transport equations, the chemical composition of the aqueous
phase is updated for all reactive pores to be used in the next time
step. Solving the geochemical reaction in the assigned time step
is handled by the PhreeqcRM geochemical module. Detailed
numerical schemes for solving ordinary differential equations
corresponding to each geochemical reaction/aqueous-phase
reactions can be found in PHREEQC documentation.50 The
SNIA approach is accurate if the time step is small enough in
comparison to the rate of the reaction. In addition, the changes
of the component concentrations due to the chemical reactions
must be smaller than the concentration change due to transport.
SNIA is computationally less expensive in comparison to the
fully implicit method, but it needs smaller time steps to
guarantee numerical stability and acceptable accuracy.60,61 In
this study, the time-step calculation is based on the concept of
residence time. Given that multiple species are present, each
component has its own residence time. We consider the shortest
residence time of all species as the global time step. To calculate
the residence time, rates of change for all species in all pore units
were calculated, and then the residence time of all species in all
pore units was calculated considering whether they were
increasing or decreasing to reach the maximum or minimum
concentration.
Transport equations are solved for each species separately,

and then the mass balance equation for each pore unit is
described as follows

∑ ∑

∑

[ ]
= [ ] + [ ]

+
[ ] − [ ]

+

= > = <
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1, 0 1, 0

Advection

1
,

Diffusion

,

Reaction

ij

cti

ij

cti

cti

(7)

Equation 7 is written for component c in the pore body number i.
ncti denotes the number of connecting throats to the pore body i.
[c] (mol/L) denotes the concentration of component c.Qij is the
flow rate entering pore body i from connecting pore body j: ifQij
< 0, the flow is entering the pore body i, and conversely, ifQij > 0,
the flow is leaving the pore body i. Dc, ij (mm2/s) is the effective
dispersion coefficient for component c including the Taylor−
Aris dispersion, aij (mm2) is the cross-sectional area of the
connecting throat, and ij is the throat length. Si, c (mol/s) is the
source/sink term for component c due to kinetic reactions in the
pore body i, which is handled by PhreeqcRM. For example, for a
pore unit, the aluminum (Al) sink/source term is as follows

= × + + ×[ ]S r r r2 2i i i i, Al ,K K ,A A ,An AnT (8)

where K , A , and An are the reactive areas of kaolinite, albite,
and anorthite, respectively. To calculate the species concen-
tration of different components through all pore units of the
network, eq 7 must be solved for all pore bodies over all
components.

Coupled Geochemical Reactive Pore-Network Model.
First, the steady-state solution of flow was solved, and the
velocity field was obtained over the network. The composition
of injection water at the inlet was kept constant for all time steps
(fixed pH and concentration of the chemical components).
Based on the velocity (advection) and diffusion of each species,
the time step was set based on the smallest residence time in the
pore units, considering all locally increasing or decreasing
concentrations. After calculating the concentration change due
to advection and diffusion, the aqueous phase chemical
composition was fed into the PhreeqcRM module (in all
reactive pores), the equilibrium and kinetic reactions were
simulated for the time step, and then the aqueous-phase
composition was updated as the output of the PhreeqcRM
module. The flowchart of the calculation steps is presented in
Figure S-1.

Averaged Reaction Rates. Two different averaging
schemes were used to calculate the average network-scale
reaction rates from the pore-scale simulation results. Surface-
weighted average reaction rate for a continuum-scale domain is
defined based on the mass change rate due to reaction at every
reactive surface. As an example, for kaolinite, one can write

=
∑

∑
=

=
R

ri
np

i i

i
np

i
S,K

1 K, K,

1 K, (9)

where np is the total number of pore units. As the reactive surface
of kaolinite is zero in nonreactive pores, eq 9 results in a surface-
weighted average of the local reaction rates. Analogous
equations can also be defined for other reactive minerals.
While eq 9 uses the distribution of the concentrations in the
porous medium, one must define a reaction rate weighted by the
volumes of the pore units (R̅). This results in the resident
average concentrations. As an example, during core-flooding
experiments or in situ sampling (from a geothermal well as an
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example), the produced fluid is a representative of a bigger
domain rather than just reactive pores. The sampled fluid from a
geothermal well is also representative of the average aquifer fluid
properties. As an example, for kaolinite, we have

= { } + + { } − Ω̅+ −R k k k( H OH )(1 )V
n n m

H H O OH K
1

2
2

(10)

where {H̅+} is the product of activity coefficient by the volume-
averaged concentration of H+ ion and can be calculated as
follows

[ ] =
∑ [ ]

∑
+
̅

=
+

=

V

V
H

Hi
nn

i i

i
nn

i

1

1 (11)

The overall saturation ratio of kaolinite (Ω̅K) is calculated by eq
4 using the volume-averaged concentration of the involving
species.
Simulation Scenarios. All simulations were conducted at a

constant temperature of 100 °C. Initially, the in situ water was
set to be at equilibrium with the rock minerals. Pore networks
comprised two types of pores, reactive pores (consisting of
reactive minerals) and nonreactive pores (in some studies, it was
assumed that nonreactive quartz is present in these
pores43,44,62). It was also assumed that mineral dissolution/
precipitation did not change the composition of reactive
minerals in the reactive pores and had no impact on the
porosity and permeability of the sample. The fluid was assumed
to be fully mixed in the pore bodies. The limiting factor was the
reaction rate and not the mass transfer of the reactive species
(mostly H+) into the rock reactive surface. In the reactive pores,
anorthite and quartz minerals each occupied 20% of the pore
unit surface, albite and kaolinite each occupied 29.5% of the
reactive surface, and the rest was occupied by siderite. As siderite
is not widespread in sandstone rocks and is highly active, its
amount was assumed to be low (1%).49 Boundary condition for
the network was the constant pressure at the inlet and outlet
(which resulted in constant injection flow rate). The injection
water at the inlet had fixed pH, chemical composition, and
concentrations. Diffusion in the outflow pore throats was set to
zero.
Since pore geochemistry might be correlated to pore sizes,

three scenarios were considered. In the first case, 23.5% of the
smallest pores (pores smaller than 23.5 percentile in the pore
size probability distribution) were reactive; in the second case,
10% of the middle-sized pores (pores larger than 45 percentile
and smaller than 55 percentile) were reactive; and in the third
case, 2.6% of the largest pores (pores bigger than 97.4
percentile) were reactive. These cases were designed such that
the total reactive surface area for all cases was similar. The pore
size distribution, percentiles, and reactive pores are shown in
Figure 2.

■ RESULTS AND DISCUSSION
Effect of Spatial Distribution of Reactive Pores on

Averaged Geochemical Properties. In this section, we study
the effect of spatial distribution of the reactive pores on different
characteristics of the reactive transport in a sandstone rock
sample, including average pH, average ion concentrations,
surface-weighted average reaction rate, and associated discrep-
ancy of the upscaled reaction rates. Figure 3 shows that the
steady-state concentration and pH fields vary significantly for
the three different presented cases. In case 1, in which the
smallest pores are reactive, there is a clear distinction between

the reactive and nonreactive pores, which has three reasons.
First, the local flux is lower in the small pores as a significant
amount of flow passes through the highly conductive pathways
in the sample. Second, the ratio of the volume to the surface area
is inversely proportional to the pore size, and as a result, the
concentration change due to the reaction is higher in the small
pores.58 Last, in case 1, the reactive pores are present in the
sample as clusters, which results in lower mixing with the
nonreactive pores and higher saturation ratio of phases (SI≥ 0).
By assigning the reactive pores to the large pores, the reactions

take place in the main flow paths. Therefore, the reactive pores
are flushed faster with injecting fluid than the case in which small
pores are considered reactive. Consequently, the system is more
heterogeneous in case 1, and the range of variation of the
geochemical identities is wider. In all cases, the reactive pores act
as H+ consumption (which is associated with higher pH; see
Figure 3B.1−B.3) and species production sites. This results in a
lower pH and higher aluminum concentration in the reactive
sites.

Figure 2. Probability distribution of pore size in the correlated network,
dmin and dmax, are the minimum and maximum pore sizes and are equal
to 0.0015 and 0.05 mm, respectively. d1 to d4 are 23.5, 45, 55, and 97.4
percentiles and are equal to 0.0091, 0.0131, 0.0154, and 0.0418 mm,
respectively.

Figure 3. (A.1−A.3) Pattern of the reactive pores and the steady-state
distribution of (B.1−B.3) pH and (C.1−C.3) log[Al]T in the network
for the cases in which the smallest (case 1), middle-sized (case 2), and
largest (case 3) pores are reactive. (Note that pore-body sizes are scaled
in A.1−A.3 but not scaled in B.1−C.3 visualizations.)
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The steady-state distribution of pH in the network and the
reactive pores are shown in Figure 4. For the sake of comparison,

the average values of the aluminum concentration/pH in each
case is also shown with a red dashed line. The transient behavior
of the average pH for the network and the reactive pores as well
as the average total aluminum concentrations ([Al]T) are shown
in Figure 5. In case 3, where the largest pores are reactive, the
distribution is wider as the concentration of the reactive pores is
affected by the neighboring pores. This is in agreement with
findings of other studies.44,45

Figures 5A,B show the transient behavior of the average pH
and aluminum concentration in the whole network and the
reactive pores. Although the average pH of the reactive pores is
higher in case 1, it has the lowest average pH over the network.
The case in which the smallest pores are reactive (case 1) has a
lower average pH in the reactive pores but a conversely higher
average network pH. Based on Figure 5B, the average
concentration of aluminum in the network first decreases and
then increases as the injection continues. It happens because,
initially, the system was in equilibrium with the rock minerals,
which results in a high concentration of aluminum. Then, the
system is washed with injecting fresh water at the early time of
injection. Afterward, as a result of the kaolinite, albite, and
anorthite reaction, the average concentration increases until it
reaches a plateau.
The transient behavior of pH (Figure 5A) shows that, during

all times, case 1 results in a higher pH. However, the early-time
and steady-state trends of aluminum are different. At early times
(from the start of injection up to 2 PV), case 3 shows the highest
concentration, while case 1 has the lowest. However, this trend is
completely opposite at the late times. This shows the nonlinear
interactions between rock chemistry and flow pathways that
cannot be illustrated without spatial mapping of pore
morphology and spatial distribution of mineralogy.
Figure 6 shows the surface-weighted and volume-averaged

reaction rates for kaolinite and albite for the three different cases.
As can be seen, for kaolinite in case 1 (Figure 6A.1), the overall
surface-weighted reaction rate is negative (RS, kaolinite < 0), which
means that kaolinite precipitation dominates the kaolinite
dissolution. However, averaging the concentrations over the
whole network (or even over the reactive pores) predicts
kaolinite dissolution to be dominant. Averaging the reaction rate
over the network predicts kaolinite precipitation at early
injection time and then changes into kaolinite dissolution in
the steady-state condition.
In all other cases including albite (Figure 6B.1−B.3),

averaging over the reactive pores matches the surface-weighted
reaction rate. For albite reactions, volume averaging over the
whole network overestimates the reaction rate. Because, not
only the average pH is lower in the network in comparison to the
local pH of the reactive pores, but also the fluid saturation is
further from equilibrium in comparison to the local fluid in the
reactive pores. Moreover, the averaged reaction rates work
better for less complex minerals such as quartz because, for these
minerals, fewer heterogeneous parameters play a role in the
calculation of the rate. To further clarify this point, one must pay
attention that, in the case of albite, H4SiO4, Al(OH)4

−, Na+, H+,
and OH− play a role in the rate calculation, while in the case of
quartz, only the H4SiO4 concentration (and the subsequent
dissociation reaction products) is important. An interesting
point in Figure 6A.1−A.3 is that the surface-weighted kaolinite
reaction rate changes from being precipitation-dominant in case
1 into dissolution-dominant in cases 2 and 3. In the cases with
large reactive pores, the reactive pores are flushed faster, and the
ratio of the pore-unit volume to surface area is greater than the
other two cases. The residing fluid in the reactive pores does not
reach equilibrium or precipitation state.
To give a better insight into the reactive transport,

macroscopic dimensionless Damköhler number (Da) is
estimated for the mineral i using the expression

= × ×
× ×Dai

R L

U C PV
i T i,

eq reactive
, where i denotes the reactive surface of

the mineral, L is the characteristic length of the system (sample

Figure 4. Steady-state pH distribution in (A.1−A.3) the network and
(B.1−B.3) reactive pores for the cases in which the smallest (case 1),
middle-sized (case 2), and largest (Case 3) pores are reactive. Average
values are shown as dashed lines.

Figure 5. Effect of spatial distribution of the reactive pores on the
transient behavior of (A) the average pH and (B) average aluminum
concentration of the network and the reactive pores. (Note that
injection water pH and aluminum concentration are 4.9 and 1.8 × 10−8

m, respectively.)
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Figure 6. Effect of the spatial distribution of the reactive pores on the surface and volume-averaged reaction rates for (A.1−A.3) kaolinite and (B.1−
B.3) albite minerals after 7 pore volumes of injection.

Figure 7. (A.1−A.3) Effect of the spatial distribution of the reactive pores on the dissolution/precipitation pattern of kaolinite, (B.1−B.3) distribution
of the saturation index (SI) in the reactive pores (SI < 0 shows dissolution, SI > 0 shows precipitation, and equilibrium is also shownwith a dashed black
vertical line), and (C.1−C.3) logarithm of the reaction rate distribution in the reactive pores. (Note that pore-body sizes are scaled in the network
visualizations.)
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length), U is the injection velocity, Ceq is the steady-state
concentration of the main element (H+) in the reactive pores,
and PVreactive is the volume of reactive pores. In case 1, the
Damköhler number varies between 0.044 and 1500 for kaolinite
and siderite, respectively. As Dasiderite ≫ 1, which is the most
reactive mineral, it can be concluded that the local equilibrium
approach (LEA) can be followed for this mineral.63 It it
noteworthy to mention that, in this case, Daalbite = 17.8 and
Daanorthite = 136.9. It is also interesting that Da will decrease from
case 1 to case 3. Even though the average pH in the reactive
pores decreases, the reactive surface corresponds to a higher
ratio of sample pore volume since the reactive pores are larger in
case 3.
Figure 7 presents the dissolution/precipitation pattern of

kaolinite in the network (Figure 7A.1−A.3) and distribution of
the saturation index in the reactive pores. Figure 7A.1 shows that
precipitation takes place in the middle of the reactive clusters
and mostly in the downstream half of the sample because, in
these regions, the fluid becomes saturated with respect to the
species. Also, precipitation of the minerals is not seen in the
isolated reactive pores or small clusters because, in these regions,
the saturation index is mostly affected by the adjacent pores and
the fluid becomes diluted. In Figure 7B.1−B.3, the distribution
histogram is shifted to the left-hand side of the equilibrium line
as the reactive pores are moved from the small pores to the larger
pores. Based on the provided results, case 1 is more challenging
in terms of geochemical modeling due to the separation of pores
contributing to flow from the pores contributing to geo-
chemistry. This implies a zonation in the reactive transport that
can give insights into the geochemical modeling at the Darcy
scale.
Effect of Hydrodynamic Conditions. Since the system

dynamics plays an important role in reactive transport, in this
section, the effects of the flow rate on the pore-scale
heterogeneities in the reactive transport and continuum-scale
reaction rates are discussed. For this purpose, the network with
23.5% of the smallest pores being reactive (case 1) is chosen.We
expect the clay minerals to be more abundant in the small pores
of the sandstone rocks because they play a role as pore-filling and
pore-bridging minerals.62,64−66 It was also shown in the previous
sections that upscaling of geochemical reactions of this system is
more challenging. To study the effect of flow rate, three
simulation cases are designed: the first one (case 4) has the
average velocity of 3.66 × 10−3 cm/s; the second simulation
(case 5) has the flow velocity of 1.26 × 10−2 cm/s, which is
identical to case 1; and also, the last simulation (case 6) has the
average pore velocity of 7.33 × 10−2 cm/s (a summary of
simulation cases is presented in Table S-4). These pore
velocities correspond to the pressure gradients of 15.2, 54.3,
and 304.3 kPa/m, respectively. Figure 8A,B presents the
transient behavior of average pH and aluminum concentration
in both reactive pores and the whole network. Generally,
increasing the flow rate results in a decrease in the average pH of
the network and the reactive pores but results in a lower
aluminum concentration. This is because, when the flow rate is
increased, the pores are flushed faster with the injection fluid,
and the chemical reactions do not have enough resident time to
proceed due to a lower Damköhler number.
Figure 9 depicts the steady-state distribution of pH and

logarithm of the total aluminum concentration for the whole
network. As shown in Figure 9A.2, the frequency of the lower pH
(around 5−5.5) is higher than that of Figure 9A.1, which
corresponds to a lower injection flow rate. In the case of

aluminum concentration, for case 4, the concentration profile
spans up to 4 orders of magnitude, while for case 6, the span is
almost 3 orders of magnitude. Additionally, the aluminum
concentration distribution is shifted to lower values as the flow
rate increases. Both phenomena can be explained by the
decrease in theDamköhler number at higher injection flow rates.
As the Damköhler number decreases, the geochemical reactions
take place slower in comparison to transport, and consequently,
the steady-state H+ concentration increases. Conversely, the
aluminum concentration decreases in the system as aluminum is
a product of the geochemical reactions, and therefore, both of
these effects result in higher steady-state solid-phase reaction
rates.

Figure 8. Effect of the injection flow rate on (A) the transient behavior
of the average pH and (B) the average aluminum concentration of the
network and the reactive pores. (Injection flow rates are equal to 0.41,
1.41, and 8.2 PV/min for cases 4, 5, and 6, respectively. Injection water
pH and aluminum concentration are 4.9 and 1.8 × 10−8 m,
respectively.)

Figure 9. Distribution of pH and logarithm of the total aluminum
concentration ( log [Al]T) in the network for (A.1, B.1) case 4 and (A.2,
B.2) case 6. In each case, the average value is shown with a vertical red
dashed line.
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Figure 10 illustrates the effect of the injection flow rate on the
surface-weighted and volume-averaged reaction rates of

kaolinite (Figure 10A.1−A.3) and albite (Figure 10B.1−B.3).
As the injection velocity increases, the reaction rate usually
increases because of two factors: first, the reactions are further
from equilibrium condition because the system is flushed faster,
and second, the local and average pH values are lower (more
acidic), which result in a higher reaction rate. For kaolinite, the
direction of the reaction is highly dependent on the injection
flow rate; at low flow rates, the reactions are closer to
equilibrium and precipitation (SI ≥ 0). Consequently, in case
4, a high precipitation rate of kaolinite is seen. Conversely, in
case 6, the kaolinite dissolution reaction dominates. In all cases,
the averaged kaolinite reaction rate over the network predicts
dissolution, which is wrong even in the prediction of the reaction
direction for cases 4 and 5. The averaged reaction rate over
reactive pores predicts the kaolinite reaction direction correctly
in case 4 but underestimates the reaction rate. In case 5, the
direction of the reaction is predicted incorrectly, and finally,
averaging over the system provides an acceptable estimation of
surface-weighted averaged reaction rate in case 6 in comparison
to cases 4 and 5.
To clarify the sensitivity of the kaolinite reaction rate to the

injection flow rate, the steady-state saturation index distribu-
tions of the reactive pores are presented for cases 4−6 in Figure
11. As the injection flow rate increases, the saturation index (SI)
distribution is shifted to the left-hand side of the equilibrium
line, implying a reduction in the saturation index of kaolinite
(lower chance of precipitation).
Effect of Network Structure. In this section, the effect of

the network structure on the multicomponent reactive transport
in porous media is studied. For this purpose, different scenarios,
with different Pećlet numbers, are simulated on two different
networks, an uncorrelated (random) network and a network
with a correlation length of 20 μm (see Figure 1). In all
simulations, 23.5% of the smallest pore units are reactive, and the
other pores are nonreactive. The macroscopic Pećlet number is

calculated as ⟨ ⟩ =Pe Lu
D
, where L (mm) is the sample length, u

(mm/s) is the flow velocity, and D (mm2/s) is the diffusion
coefficient. We have calculated the Pećlet number with respect
to the H+ diffusion coefficient since the availability of the H+ ion
is important for the kinetic reactions. TheH+ ion has a very small
size and is the fastest ion among the existing species in this study.
The Pećlet number can be up to 1 order of magnitude larger for
slower species. In all cases, 7 pore volumes of water is injected.
The results of the steady-state conditions are plotted for
different Pećlet numbers to draw a comparison on the effect of
the network structure on the pore-scale conductive-diffusive
reactive transport properties.
Figure 12 presents the average pH for the reactive pores and

the network for both random and correlated networks for

different Pećlet numbers. Generally, the pH decreases with
increasing Pećlet number as the influx of H+ ion is larger.
However, the change is more significant in the reactive pores as
the network average pH is mostly controlled by the nonreactive
pores.
Figure 13A illustrates the effect of Pećlet number on the

reaction rate in both random and correlated networks. It has
been shown that kaolinite precipitation is likely to happen in low
Pećlet numbers. At high Pećlet numbers, the increasing injection
rate results in a larger dissolution rate. An interesting point in
Figure 13A is that, at small Pećlet numbers in the correlated
network, kaolinite precipitation outweighs dissolution, and the
overall reaction rate is negative. Conversely, averaging over the
network (network-averaged reaction rate) predicts kaolinite
dissolution, while the results are opposite in the random
network. Also, averaging over the network in large Pećlet
numbers overestimates the dissolution rate.
Figures 13B,C show the steady-state reaction rates for albite

and siderite, respectively. The reaction rate is larger in the
uncorrelated (random) network because the reactive pores do

Figure 10. Effect of injection velocity on surface-weighted (RS) and
volume-weighted (RV) averaged reaction rates for (A.1−A.3) kaolinite
and (B.1−B.3) albite minerals.

Figure 11. (A.1−A.3) Steady-state distribution of kaolinite saturation
index (SI) in the reactive pores for cases 4−6.

Figure 12. Average pH in the reactive pores and the whole network for
the correlated and uncorrelated (random) networks at different Pećlet
numbers. (Note that injection water pH is 4.9.)
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not make clusters and are dispersed in the network. In the
correlated network, they form reactive clusters. In both cases,
averaged reaction rates over the network overestimate the
surface-weighted average reaction rate because of the pore-scale
heterogeneity in pH and species concentration distribution in
the network.
It appears from Figure 13B,C that the difference between the

network-averaged and surface-weighted averaged reaction rates
is smaller for the case with the uncorrelated (random) structure.
This increases by increasing the Pećlet number. In the
uncorrelated (random) network, the reactive pores are
connected to the nonreactive pores, so the system is less
heterogeneous with respect to the reactive transport properties
in comparison to the correlated network. Also, at small Pećlet
numbers, the ion exchange between reactive and nonreactive
pores is increased because diffusion becomes more important in
comparison to advection, so the system is less heterogeneous.
Figure 14A,B shows the change of aluminum and iron content

of the whole network and the reactive pores for both random
and correlated networks with different Pećlet numbers.
Generally, the concentration decreases with increasing Pećlet
number as the system is flushed with a higher flow rate. The
effect is more pronounced in the case of the reactive pores
averaged as the reaction takes place in the reactive pores.

■ SUMMARY AND CONCLUSIONS
In this work, a geochemistry module, PhreeqcRM, is coupled
with an irregular lattice pore-network model consisting of
56,000 pores, representative of sandstone rock samples.
Correlated (correlation length = 20 μm) and uncorrelated
(random) networks were generated with the same pore size
distribution and topology. In this research, 5 kinetic solid-phase
reactions along with 14 equilibrium aqueous reactions were
solved in reactive pores using the sequential noniterative
approach (SNIA) to simulate high-temperature, steady-state
single-phase reactive flow, relevant to aquifer thermal energy
storage (ATES) and geothermal energy extraction schemes.
Five different minerals, consisting of quartz, kaolinite, albite,

anorthite, and siderite, were considered in the network to
represent a realistic sandstone mineral assemblage. We have
calculated three different average reaction rates to quantify the
associated error with upscaling and averaging reaction rates in
porous media: surface-weighted averaged (RS) and volume-
averaged reaction rates in reactive pores (RV reactive) and in the
network (RV network).
The effects of spatial distribution of the reactive pores,

injection velocity, and network structure (correlated and
random cases) were studied on different characteristics of the
reactive transport in porous media. To be consistent with the
existing characteristics of sandstone in the nature, we chose the
location of the reactive pore with respect to their sizes and
generated different cross-correlated networks, while the total
reactive surface area was conserved.
The following major concolusions can be made based on the

performed simulations:

1. Simulation results show that spatial distribution of the
reactive pores has a strong effect on the reactive transport
in porous media. In the case in which the smallest pores

Figure 13. Surface-weighted averaged (RS) and network-averaged (RV
network) reaction rates for (A) kaolinite, (B) albite, and (C) siderite in
the correlated and uncorrelated (random) networks.

Figure 14. (A) Average aluminum concentration and (B) average iron
concentration for reactive pores and network for both correlated and
uncorrelated (random) networks in different Pećlet numbers. (Note
that injection water aluminum and iron concentrations are 1.8 × 10−8

and 1.7 × 10−8 m, respectively.)
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are reactive, the fluid is likely to become supersaturated,
so kaolinite precipitation is likely to happen. The reasons
are low local flux and reactive cluster formation in the
correlated network. Also, the average pH of the system is
higher in comparison to the cases in which the middle-
sized pores or the largest pores are reactive.

2. Averaging the reaction rates through both network and
reactive pores overestimates the surface-weighted reac-
tion rates, while for the kaolinite, it cannot even determine
the dominant reaction direction. For the simulation case
in which the smallest pores are reactive, precipitation
dominates the kaolinite dissolution, while the averaged
kaolinite reaction rates predict kaolinite dissolution to be
the dominant mechanism.

3. Kaolinite precipitation is more likely to happen in low
flow rates. It is worth noting that, in low flow rates, the
geochemistry becomes more heterogeneous, and distri-
bution profiles for concentrations of different species
cover a broader range. In the case of a high flow rate, the
system is flushed faster with fresh water, and the
geochemical reactions have less time to proceed. It can
be concluded that formation damage due to the
geochemical reactions is more likely to happen in low
injection rates. So, it can be avoided by increasing the flow
rate higher than the critical flow rate, in which the
kaolinite precipitation is not dominant in comparison to
dissolution.

4. Correlation length has a significant effect on the reactive
transport in porous media. In the random network, the
concentration of the reactive pores is affected by
neighboring pores, which leads to less chance of mineral
precipitation. In such a network, flow fingering is less
likely to happen, so the system becomes more
homogeneous compared to the correlated case. So,
because of a lower extent of pore-scale heterogeneity,
the error of the averaged reaction rates is smaller in
comparison to the correlated network with the same
specifications.

5. In a random network, as the reactive clusters are less likely
to happen, the geochemical reaction rates are faster due to
a lower local pH in the reactive pores as well as a lower
saturation index due to mass transfer with the nonreactive
pores and the higher local flux in comparison to the
correlated network.
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■ NOMENCLATURE
a surface area (m2)
D diffusion coefficient (m2 s−1)
Ea activation energy (kJ mol−1)
ΔH0 standard enthalpy of reaction (kJ mol−1)
Keq equilibrium constant
k reaction rate constant
kH acid mechanism rate constant
KH2O neutral mechanism rate constant
KOH base mechanism rate constant
m dependence of rate on saturation state constant
ns degree of rate dependence constant
P pressure (Pa)
Q flow rate (m3/s)
R universal gas constant (kJ mol−1 K−1)
r reaction rate (mol/m2 s)
RS surface-weighted reaction rate (mol/m2 s)
S sink/source term due to geochemical interactions
RV volumetric-averaged (continuum scale) reaction rate

(mol/m2 s)
T absolute temperature (K)
V pore-unit volume (m3)

Abbreviations
ATES aquifer thermal energy storage
IAP ionic activity product
MICP microbial-induced calcium carbonate precipitation
LEA local equilibrium approach
np number of pores
SI saturation index

Notations
{} species activity
[] concentration (molality)
− average

reactive surface (m2)
length (m)

Greek Letters
Ω saturation ratio
μ viscosity (Pa s)
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