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Discussion
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Our paper ‘‘Upscaling geochemical reaction rates using
pore-scale network modeling’’ [1] presents a novel application of pore-scale network modeling to upscale mineral
dissolution and precipitation reaction rates from the pore
scale to the continuum scale, and demonstrates the methodology by analyzing the scaling behavior of anorthite
and kaolinite reaction kinetics under conditions related to
CO2 sequestration. We conclude that under highly acidic
conditions relevant to CO2 sequestration, the traditional
continuum-based methodology may not capture the spatial
variation in concentrations from pore to pore, and scaling
tools may be important in correctly modeling reactive
transport processes in such systems.
This work addresses the important but diﬃcult question
of scaling mineral dissolution and precipitation reaction
kinetics, which is often ignored in ﬁelds such as geochemistry, water resources, and contaminant hydrology.
Although scaling of physical processes has been studied
for almost three decades [2–5], very few studies have examined the scaling issues related to chemical processes [6–8],
despite their importance in governing the transport and
fate of contaminants in subsurface systems.
Lichtner and Kang correctly point out that under conditions of relatively slow reaction rates and fast diﬀusion, the
continuum approach should apply. However, they failed to
note that in our model, such ‘‘benign’’ conditions only
apply at the single pore level. The relative importance of
reaction and diﬀusion rates is determined by the spatial
scale. At the network scale, the larger spatial length
requires longer times for the diﬀusion process to homogenize the concentration ﬁeld, while reaction rates are faster

*

Corresponding author. Tel.: +1 609 2585645; fax: +1 609 2582799.
E-mail address: cap@princeton.edu (C.A. Peters).

0309-1708/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.advwatres.2006.05.002

due to the presence of a larger amount of mineral surface
area when the larger spatial domain is considered (see
our time scale analysis in the discussion section of our
paper). As a result, the diﬀusion process becomes the relatively slower process, and therefore, conditions at the network scale are not easily treated as a continuum, as we
demonstrate in our paper.
Although it was our purpose to understand the mechanisms of the scaling behavior and to identify conditions
under which the continuum approach may not be suﬃcient, we do not mean to suggest that the continuum
approach is not applicable under all circumstances. Based
on our study, the continuum approach fails under conditions where reaction rates are fast enough to develop concentration gradients at the network scale. However, it is
still an appropriate approach to use under many circumstances. For example, with a much higher boundary pH
in the case of minerals with a pH dependent rate like anorthite, or in the case of minerals with much slower
dissolution rates (e.g., quartz), reaction rates will be commensurately smaller, thus eliminating the development of
signiﬁcant concentration gradients at the network scale.
But in other cases, the traditional continuum approach
fails and requires modiﬁcation to correctly model the
reactive transport processes, as pointed out in our
contribution.
Lichtner and Kang pointed out three main concerns
with our work. In the following, we address these three
concerns one by one.
1. Species-dependent diﬀusion coeﬃcient and violation
of charge balance
Lichtner and Kang pointed out that the problem of
charge balance was ignored in our work. It is true that
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we did not consider charge balance, and a full treatment of
the Nernst–Planck equation, with incorporation of
electrochemical migration that occurs as a result of the
development of a diﬀusion potential when charged species
diﬀuse at diﬀerent rates, has not been used here [9]. However, the approach we took is one of the two methods that
have been used to simplify species-dependent diﬀusion.
One method, as pointed out by Lichtner, is to use a ﬁxed
diﬀusion coeﬃcient for all species to avoid the violation
of charge balance [10,11]. The other method is to use species-dependent diﬀusion coeﬃcients, but to neglect the
charge balance and electrochemical migration. The second
simpliﬁcation method is standard in ocean modeling and
early diagenesis [12,13], with the justiﬁcation that the eﬀect
of charge balance, or electrochemical migration, is mostly
negligible due to the high background electrolyte concentration, present without signiﬁcant gradients themselves,
used in such modeling. In fact, in a recent paper that does
fully consider the species-dependent diﬀusion and charge
balance in seawater, Giambalvo et al. [14] found that adding the electrochemical migration term only ‘‘introduces a
slight curvature into what would otherwise be a linear
proﬁle for a conservative ion undergoing pure diﬀusive
transport at steady state.’’ In our situation, such electrochemical migration should also be negligible, because the
background brine salinity (0.45 mol/L) is suﬃciently high
(close to the salinity of the sea water).
To evaluate the eﬀect of these two simpliﬁcation methods on reactive transport processes, we set up a relatively
simple scenario, with the model system being a cylinder,
and anorthite and kaolinite present as reactive phases
along the cylinder wall. Highly acidic brine (pH = 3.0, with
a representative NaCl concentration of 0.45 mol/L) ﬂows
through the cylinder, at a constant ﬂow velocity of
5.0 · 10 3 cm/s. Anorthite and kaolinite dissolve or precipitate at the cylinder wall, and eventually the system reaches
steady state. The steady-state Ca2+ spatial proﬁle in the
cylinder at the ﬂow direction is an indicator of the extent
of the reactive transport processes that occur. We use a
numerical model Crunch [15,16] that has the option of considering or neglecting the electrochemical migration that
occurs as a result of charge imbalances when charged species diﬀuse at diﬀerent rates.
Fig. 1 compares the steady-state Ca2+ proﬁle under ﬁve
diﬀerent conditions: (1) a saline aqueous phase with electrochemical migration (charge balance), (2) a saline aqueous
phase without electrochemical migration, (3) a saline aqueous phase with the same diﬀusion coeﬃcients for all the
aqueous species (no species-dependent diﬀusion, with the
ﬁxed diﬀusion coeﬃcient being 0.8 · 10 5 cm2/s), (4) a
dilute aqueous phase with electrochemical migration and
(5) a dilute aqueous phase without electrochemical migration. From the ﬁgure, it is obvious that neglecting electrochemical migration (charge balance) in the saline solution
has almost no eﬀect. It is in dilute solutions, however, that
the neglect of electrochemical migration makes a signiﬁcant
diﬀerence. Another interesting observation is that large
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Fig. 1. Steady-state Ca2+ spatial proﬁles in a cylinder with anorthite and
kaolinite as the reactive minerals at the cylinder wall. This ﬁgure compares
the eﬀect of considering charge balance in species-dependent diﬀusion in
saline and dilute aqueous phase, as well as the eﬀect of using a ﬁxed
diﬀusion coeﬃcient (0.8 · 10 5 cm2/s).

errors can be introduced in saline solution by using a ﬁxed
diﬀusion coeﬃcient, although charge is conserved in such
cases. In the study of reactions in deep sea sediments discussed by Giambalvo et al. [14], the error in using the same
value for all of the diﬀusing species was signiﬁcantly greater
than the error associated with the neglect of electrochemical
migration (Steefel, pers. commun., 2006).
2. Network (pore) scale heterogeneity
Lichtner and Kang argue that the main cause of the
large spatial variation in concentration obtained in the network model is the large variation in mineral surface area
used in the simulation, and that therefore the continuum
calculation is not based on a REV. They question the
extent of the spatial variation of mineral surface area at
the pore scale, and the size of REV. To address these
points, ﬁrst of all we want to point out that the REV size
is around 6000 pores for the network. As shown in
Fig. 2, both the porosity and the mineral-surface-area-tovolume ratio stabilize when the number of pores exceeds
6000. In our simulation the network contains 9000 pores,
larger than the REV size. As such, the control volume
for the continuum model, which is the same as the total
volume of the network model, is large enough for the continuum calculation.
Secondly, Lichtner and Kang appear to misunderstand
how we chose the values of surface area at the pore scale.
We chose 1.3 · 104 cm 1 to be the average of surfacearea-to-volume ratio for the network, justiﬁed as being
an intermediate value based on the Sen data [17]. The range
of surface area variation was not based on the Sen data,
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Fig. 2. The overall porosity and mineral area over volume ratio of the
network model as a function of the pore number included in the network
model. The network model reaches the size of REV at around 6000 pores.

but rather, it is the result of the form of the distribution we
used for surface area. Although we carefully searched
through all of the available data in the literature, we could
not ﬁnd any information that documents the extent of variation in surface area at the individual pore scale. We
assumed the form of the distribution to be exponential,
based on the fact that the surface area of a pore should
be larger than the geometric surface area of the corresponding spherical pore. The exponential distribution is a
single parameter distribution, with the variance equal to
the inverse of the square of the mean. The resulting values
of pore surface area do vary over several orders of magnitude, as a result of the large variation in pore volume.
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However, the large spatial variation in mineral surface
area is not the main cause of the large variation in concentrations from pore to pore. To illustrate this, we maintain
the same total amount of surface area at the network scale
as in the case simulated in our paper, and carry out the simulation for two other cases with much smaller variations of
mineral surface area. One case is with a uniform distribution of pore surface area, so that the amount of surface
area in each pore is the same; in the other case, we specify
a constant ratio of area per pore volume for all pores (constant A–V ratio), as this ratio is a key factor that determines the reaction dynamics in a pore. The simulations
were run under the same conditions as in case A in our
paper, with a highly acidic aqueous phase at the boundary.
Simulation results show that with much smaller variations in mineral surface area, large spatial variations in
concentration still occur. The steady state pH values span
almost the same range as in case A in our paper. As a
result, the rates calculated from the continuum model still
fail to predict the overall reaction rate, as shown in Fig. 3.
For anorthite dissolution, the distribution form and the
spatial variation of mineral surface area have a minor
eﬀect. For kaolinite precipitation, the extent of variation
has a relatively larger eﬀect. However, the rate from the
continuum model is still orders of magnitude smaller than
the prediction of the network models, with the ratios from
the continuum model to the network model being 0.083
and 0.051 for ﬁxed area to volume ratio and uniform distribution respectively. Such values are similar to the ratio of
0.048 with the exponential distribution in our paper.
These results indicate that the large variation in mineral
surface area is not the key factor that leads to the large
discrepancy between rates from the two models. In fact,
we found that the spatial pattern and the abundance of
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Fig. 3. The evolution of anorthite and kaolinite reaction rates from the continuum model (RC,A and RC,K) and those from the network models with
exponential distribution of surface area (as done in our paper), with ﬁxed area over volume ratio, and with uniform distribution of pore surface area. The
average surface area over volume ratio remains constant for all cases.
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reactive minerals within the network play a much more
important role. As detailed elsewhere [18], the discrepancy
between the rates from the two models tends to be smaller
when the reactive minerals (anorthite and kaolinite) are
more evenly distributed throughout the network, and when
the reactive minerals are abundantly present. Large clustered reactive mineral blocks, which may often be the case
in reality, lead to larger discrepancies than is the case with a
more homogeneous distribution, due to the inability of
mass transport mechanisms to homogenize the concentration ﬁeld across the whole network model.
3. Violation of homogeneous equilibria and volume
averaging
Lichtner and Kang argued that the calculation of volume averaged reaction rates may be troublesome for two
reasons. One is that the species concentrations should be
ﬂux averaged, instead of volume averaged. The second reason is that our calculation violated homogeneous equilibria. We believe that ﬂux averaging would generate similar
results to volume averaging, due to the correlation between
pore conductance and the volumes of connected pores (see
Section 3.2.2 in our paper for details). Such a correlation
associates relatively large ﬂuxes with large pores, and relatively small ﬂuxes with small pores, which would lead to
similar averaged concentrations, whether weighted by ﬂux
or volume.
Concerning the possible violation of homogeneous equilibria, one would expect that such equilibria apply in a wellmixed system with no spatial variation in concentration. In
fact, this is the case at the individual pore scale, and is
implemented in the calculation of species concentrations
in individual pores. However, at the network scale, we

would argue that the violation of homogeneous equilibria
is exactly the result of scaling eﬀects, due to the large concentration gradients, as indicated in Fig. 10 in our paper.
Still, one may argue that since the volume-averaged
reaction rates are intended to represent rates estimated
from ﬁeld sampling, which usually includes mixing of pore
water from multiple pores, the homogeneous equilibria
should apply for such calculations. Lichtner and Kang also
suggested that we calculate the averaged reaction rates by
calculating the concentrations of total species ﬁrst, and
then use laws of mass action to calculate concentrations
of primary and secondary species. Such calculation uses
the conservative quantities of the total species, and imposes
the laws of mass action as an additional constraint. To see
how large an eﬀect this method would have in comparison
to the approach we adopted in our paper, we carried out
some additional calculations using their suggested method.
Fig. 4 compares the reaction rates obtained from such calculations with those from the volume averaging method
used in our paper. In this case, it appears that the approach
of Lichtner and Kang does not make a signiﬁcant diﬀerence. For kaolinite, the rates calculated using ﬂux averaging and homogeneous equilibria still predict the wrong
reaction direction. In general, however, we agree that
where the averaging procedure is intended to present actual
mixing processes (e.g., mixing in the wellbore), the total
concentrations should be averaged ﬁrst before applying
the homogeneous equilibrium constraint.
As we discuss in our paper, the failure of the volume
averaging method is attributed to the fact that it non-discriminantly averages the concentrations over all pores,
while only the concentrations in reactive pores reﬂect the
reaction progress. Similarly, the ﬂux averaging method is
also a non-discriminant averaging method. Although the
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Fig. 4. Evolution of anorthite and kaolinite reaction rates calculated from the network model, from the volume averaging method, and from the ﬂux
averaging method with the application of homogeneous equilibria suggested by Lichtner and Kang (see text for details of calculation).
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averaged total concentrations reﬂect the total mass change
within the network, it does not accurately reﬂect the reaction progress in reactive pores, and the application of the
homogeneous equilibria by itself does not improve the
results signiﬁcantly.
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