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ABSTRACT
In this research, we systematically investigated the effect of spatial distribution of
magnesite on its dissolution rate under different conditions of column length, flow velocity, and
permeability contrast. Running the column experiments under a broad range of conditions, we were
able to find the conditions under which the effect of spatial distribution of magnesite mattered in
determining column-scale dissolution rate. The flow-through column experiments were conducted
in plexiglass laboratory columns packed with magnesite and quartz forming different spatial
patterns. Uniform and layered distributions, the two common distributions of minerals occurring in
subsurface, were chosen as the spatial patterns for our experiments. The uniform pattern contained
a uniform mixture of magnesite and quartz and was referred to as the “Mixed column.” The layered
patterns contained layers of magnesite distributed within the matrix of quartz. We studied the effect
of the orientation of magnesite layers on overall dissolution rate. The magnesite layers were placed
either transverse or parallel to the direction of the flow: “flow-transverse” and “flow-parallel
columns.” In the flow-transverse column, a layer of magnesite was horizontally laid within the
column. In the flow-parallel columns, cylindrical layers of magnesite were vertically placed in the
column. To investigate the effect of the number of layers on column-scale dissolution rate, one,
two, and three cylindrical layers of magnesite were placed in columns: “One-zone”, “Two-zone”,
and “Three-zone” columns. The amount of magnesite was kept almost the same in all the
experiments (10% v/v). All the columns were flushed with acidic brine (pH=4) at a series of flow
velocities ranging from 0.015 to 36 m/d.
Comparing the rates of the Mixed with the rates of the One-zone flow transverse columns
under all tested conditions (three length scales of 5, 10, and 22 cm and a series of flow velocities
ranging from 0.18 m/d to 36 m/d) the results showed that the column-scale dissolution rate of the
Mixed column was always higher than that of the One-zone column. At different flow velocities,
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the column-scale magnesite dissolution rate varied between 6.40×10-12 and 1.02×10-9 mol/m2/s.
When comparing columns of different lengths under similar conditions of flow velocity and spatial
distribution, the dissolution rate was higher in the shorter column (5 cm). In the longest columns
(22 cm), under medium flow velocity (3.6 m/d), the Mixed column showed 1.14 times higher
dissolution rate compared to that of the One-zone column. This was the largest rate difference
among the flow-transverse columns.
For the Mixed and flow-parallel columns, we systematically quantified dissolution rates
under different conditions of flow velocities and permeability contrasts. The column experiments
were conducted on two sets of columns with different permeability contrasts. The sets contained
Mixed column and flow-parallel Three-zone, Two-zone, and One-zone columns. The permeability
contrasts between the magnesite and quartz zones in the One-zone column (ratio) were found to be
0.74 and 1.2 for sets one and two, respectively. The columns were run under a series of flow
velocities ranging from 0.015 to 18 m/d. The results showed that the column-scale dissolution rates
were different under different conditions of spatial heterogeneity, flow velocity, and permeability
contrast. Under all tested conditions, the Mixed column had the highest dissolution rate compared
to the flow-parallel columns. The rates of all the spatial patterns were lower at smaller flow regimes.
The effect of permeability contrast did not affect the rates of the Mixed columns. However, the
One-zone column with ratio of 0.74 showed 2% to 29% lower dissolution rate compared to that of
the One-zone column with ratio of 1.2.
Using two-dimensional reactive transport simulation, we defined two important surface
areas: effective surface area (Ae) and interface surface area (AI). The value of Ae describes the
surface area of the grains that effectively participate in dissolution because they interact with fluids
that are far from chemical equilibrium (IAP/Keq<0.1); and the value of AI is the effective surface
areas laid at the magnesite-quartz interface which is the two outer grid blocks of the magnesite
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zone. Both Ae and AI are portions of the total BET surface area (AT) calculated by model fitting. We
found that the spatial distribution of magnesite affected the Ae and AI values of the columns. This
effect can be negligible or significant depending on the flow and permeability contrast. At low flow
velocity, both Mixed and One-zone columns were everywhere at equilibrium and their Ae values
were zero, in the other words, the spatial distribution did not have any effect on magnesite
dissolution rate. On the other hand, at high flow velocity and low permeability of the magnesite
zone (ratio =0.74), the Ae value of the Mixed column determined in the simulation varied up to 80%
larger than that of the One-zone column. The column-scale rate of the Mixed column could be 2.4
times higher than that of the One-zone column.
The results showed that the effect of spatial distribution of magnesite matters when the
mass transport is limited in the magnesite zone and the dissolution reaction mainly occurs at the
magnesite-sand interface. This happens under specific conditions of spatial distribution of
magnesite, flow velocity and permeability contrast. First, when the magnesite zone is distributed
in the direction parallel to the direction of the flow. Second, when the flow velocity is high. And
third, when the permeability of the magnesite zone is low.
Although Ae is easy to understand, it is difficult to measure. For the One-zone column,
simulating more than 36 different conditions of flow regimes and permeability contrast helped us
to find the conditions under which the estimation of Ae is possible based on the spatial distribution.
Our Ae analysis revealed that at high flow regimes and low permeability of the magnesite zone, the
AI/Ae of the One-zone column is close to 1. This means that for layered distribution of magnesite
in natural sediments, we can roughly estimate the value of AI using the calculated surface area of
the grains at the interface of the reactive and nonreactive zones. The column-scale bulk dissolution
rate of magnesite can then be calculated using AI as an estimation of Ae in the equation
RMgCO3 ,B  mol / s   10-9.60 Ae . This dissertation consists of six chapters.
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Chapter1 provides an introduction to entire work. Chapters 2 includes our first published
paper in the journal of Geochimica et Cosmochimica Acta. Chapter 3 is an earlier version of our
second published paper written by the thesis author, which went through substantial editing by the
thesis advisor and was published in Geochimica et Cosmochimica Acta. Chapter 4 includes our
third paper submitted to the journal of Geochimica et Cosmochimica Acta. Chapter 5 gives the
conclusion of the work. All published and the submitted chapter 3-5 have gone through substantial
editing by the co-authors. Chapter 6 is the future direction of the work.

1. Introduction
2. Salehikhoo, F., Li, L., Brantley, S.L., 2013. Magnesite dissolution rates at different spatial
scales: The role of mineral spatial distribution and flow velocity. Geochimica et Cosmochimica
Acta 108, 91-106.
3. Li, L., Salehikhoo, F., Brantley, S.L., Heidari, P., 2014. Spatial zonation limits magnesite
dissolution in porous media. Geochimica et Cosmochimica Acta 126, 555-573.
4. Salehikhoo, F.; Li, L. The role of spatial pattern in dictating magnesite dissolution: when does
it matter? Geochimica et Cosmochimica Acta. (Submitted for Initial Review)
5. Conclusions
6. Future Research
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Chapter 1 Introduction
Mineral dissolution and precipitation reactions have important applications in
environmental and geological systems. In the large time scale, mineralization of carbon dioxide
(CO2) occurs in the geological storages through mineral dissolution-precipitation reactions and
reduces the risk of CO2 leaking to the atmosphere (Friedmann, 2007; Giammar et al., 2005; Zhang
et al., 2013). Mineral dissolution can result in the spread of organic and inorganic contaminants
into the environment and changing the chemistry of the soil (Birkefeld et al., 2006; Choi et al.,
2005; Sobanska et al., 2000) as well as the groundwater (Akai et al., 2004; Morrison et al., 2012;
Tompson et al., 2002; Wang and Jaffe, 2004). The experimental and simulation studies carried on
Chimayó site in New Mexico, suggested that the groundwater is contaminated by uranium released
from calcite. Uranium cations are released into the water during calcite dissolution reaction with
acidic water (Keating et al., 2011; Keating et al., 2013).Weathering of built environment can occur
due to mineral dissolution reaction (Charola et al., 2007; Del Monte and Sabbioni, 1986). Also, the
key physical properties of the reservoirs such as, porosity and permeability can also be affected by
mineral dissolution precipitation reactions (André et al., 2006; Bacci et al., 2011; Crawshaw and
Boek, 2013; Le Gallo et al., 1998; Massarotto et al., 2010; Yu et al., 2008). An experimental study
was carried on travertine rock sample which is similar to Brazilaian reservoir rock to predict the
changes in structural properties of the reservoir. The results showed that minor changes in mass of
the sample (1wt%) caused by dissolution reaction results in a significant change in permeability
and porosity of the samples (50 % in porosity and 180% in permeability) (Yasuda et al., 2013).
Measuring mineral dissolution rates in both laboratory and field scale have been addressed
by a great number of studies. It is found that the laboratory derived-dissolution rates are two to five
orders of magnitude greater than those observed in the field. (Arvidson et al., 2003; Lüttge et al.,
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2013; Maher, 2010; Navarre-Sitchler and Brantley, 2007b; Reeves and Rothman, 2013; SwobodaColberg and Drever, 1993; White and Brantley, 2003a). Many studies have been conducted to find
the reasons to this discrepancy. Various reasons have been attributed to the difference between
laboratory and field rate measurements including fluid residence time (Maher, 2010), the
precipitation of the secondary mineral (Alekseyev et al., 1997b; Nugent et al., 1998), and the
differences in the surface area participating in dissolution reaction(Swoboda-Colberg and Drever,
1993). Among these, the difference in reactive surface area has been studies greatly (Anbeek,
1993b; Chris, 1993; Luettge et al., 1999). (SWOBODA-COLBERG and DREVER, 1993) measured
dissolution rate of the identical materials in flow-through column scale and field scale. With all the
condition the same the dissolution rates in the laboratory columns were 200~ 400 times higher than
the field measurements. Recently (Levenson and Emmanuel, 2013) used the AFM technique to
measure the calcite dissolution rate and find the effect of surface area. They found that polished
surfaces should be more reactive than pore surfaces that have effectively been smoothed during
prolonged contact with natural fluids. In addition to the above reasons, the heterogeneity of the
porous media could be another reason to this discrepancy. Recent studies have shown that the
physical and chemical heterogeneity of the porous media can affect the dissolution rate of mineral
(Li et al., 2007b; Li et al., 2007d; Molins et al., 2012a; Tompson et al., 1996a).
Many of factors such as aging the minerals and heterogeneity distribution of minerals are
results of the differences in determining the reactive surface area. Although the reactive surface
area is easy to understand it is difficult to measure. In natural porous media it is almost impossible
to determine the surface areas that are effectively dissolving because of several reasons. First,
reactivity of different areas of the grains is different (Schott et al., 1989). Second, natural porous
media are very complicated in terms of transport and reaction rate. For example the connectivity
between some pores is very poor which results in the large mass transport limitation in and out of
the pores. The third reason is the spatial distribution of minerals.
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In some studies it has been discussed that the reactivity of the surfaces depends on the
concentration of the fluid. This can interprets as while the pores are getting bathed with equilibrated
fluid the effectiveness of the surfaces decrease. Because the surfaces of the pores which are at
equilibrium conditions do not participate in dissolution reactions (Brantley et al., 2008). This
finding also has been shown in the study conducted by (Li et al., 2007d). They simulated two
networks with different spatial distribution of anortite among the matrix of quartz. The total BET
surface area of anortite was the same in both cases. They showed that the spatial distribution of
anorthite resulted in spatial variation of dissolved metal cations and pH. As a result the local
dissolution rate was different from pore to pore over the network. Heterogeneity in local dissolution
rate resulted in different overall dissolution rate of the different cases.
Heterogeneity is the inherent characteristics of natural porous media such as soil,
geological oil reservoirs, and ground water aquifers. There are three types of heterogeneity;
physical, microbial, and chemical. The physical heterogeneity is considered as the spatial
distribution of the physical properties of a porous media such as porosity, permeability, and
dispersivity. The effect of physical heterogeneity on a variety of areas such as transport contaminant
(Anderson and Cherry, 1979; Mousavi Nezhad et al., 2011; Poeter and Gaylord, 1990) and
microbial biodegradation (Harvey et al., 1993; Murphy et al., 1997) in porous media, and enhanced
oil recovery from petroleum reservoirs(Gupta et al., 1988; Liu et al., 2014; Smith et al., 2000) has
long been addressed in a considerable number of works . Both experimental and modeling
approaches of physical heterogeneity have been studied extensively in literature. Even in the
context of dissolution rate, there are some literatures that echoes the spatial variation in flow field
on dissolution rate of minerals.
From the literature it is known that the flow velocity has a direct effect on overall
dissolution rate. In general, the lower the flow velocity the longer the residence time and the higher
the effluent concentration. However the combined effect of flow rate and mineral spatial

4
distribution has not been experimentally studied yet. (LI et al., 2007d) studied the effect of flow
rate on anorthite dissolution rate using modeling approach. They showed that with the same mineral
spatial distribution, the overall dissolution rate is different under different flow regimes. Under
intermediate flow regime where the system is controlled both by transport and reaction, the overall
dissolution rate is the lowest. The spatial variations in physical properties such as permeability and
porosity have been known to control flow and transport processes (KNAPP, 1989b; NEWELL et al.,
1990a).
Chemical heterogeneity is spatially variation of minerals in a porous media. In the
subsurface different minerals are differently spatially distributed. In the laboratory scale this
heterogeneity in most cases has been ignored. In most of the studies the dissolution rate of minerals
have been measured in well mixed batch reactors in which no heterogeneity has been considered
or flow-through column with homogeneous distribution of minerals. The effect of chemical
heterogeneity has been addressed by few studies mostly in the context of adsorption-desorption
(Deng et al., 2012) and contaminant migration (Mayes et al., 2009; Tompson et al., 1996a).
Recently the effect of chemical heterogeneity on mineral dissolution rate has been explored by few
researchers using modeling approach (Li et al., 2007b; Li et al., 2007d; Molins et al., 2012a). They
showed that overall dissolution rate of minerals is different at different spatial scales. Different
spatial distributions leads to spatial distribution of reactions products which results in variation in
local reaction rate and overall dissolution rate. There are very few literatures that have examined
the role of mineral distribution on their reaction rates and none of them have systematically and
experimentally studied the effect of magnesite distribution on its dissolution rate.
Knowing that more than half of the world’s petroleum reservoirs and most of the ground
water aquifers (Ahr, 2008) are held in carbonate rocks highlights the importance of carbonate rocks.
In carbon sequestration, carbonate rock reservoirs are great options to store CO2 because not only
they are vast storages also they are rich in metal cations such as Mg and Ca. These cations following
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by releasing from dissolution reaction of carbonate trap CO2 and precipitate in the form of stable
mineral phases of magnesite and calcite. Among the carbonate minerals we chose magnesite
(MgCO3) for this study. Although in nature, magnesite is not as common as calcite and dolomite,
it presents is a wide range of geological formations. A study shows that the sample rock from Scan
gas field of North Sea has 2 to 11% magnesite (Purvis, 1989). In addition, magnesite reaction
kinetics have been extensively documented (CHOU et al., 1989b; PLUMMER and WIGLEY, 1976;
POKROVSKY et al., 2009b; POKROVSKY and SCHOTT, 1999; SALDI et al., 2010). (PLUMMER and
WIGLEY, 1976) and (CHOU et al., 1989b) proposed three different parallel reactions for magnesite
dissolution kinetics as below:
𝑴𝒈𝑪𝑶𝟑 + 𝑯+ ↔ 𝑴𝒈𝟐+ + 𝑯𝑪𝑶𝟑 −

(1)

𝑀𝑔𝐶𝑂3 + 𝐻2 𝐶𝑂3 ↔ 𝑀𝑔2+ + 2𝐻𝐶𝑂3 −

(2)

𝑀𝑔𝐶𝑂3 ↔ 𝑀𝑔2+ + 𝐶𝑂3 2−

(3)

From the transition state theory-based rate law (Equation 1) the dissolution reaction rate of
magnesite can be calculated as follows:
𝑟𝑀𝑔𝐶𝑂3 = (𝑘1 𝑎𝐻 + + 𝑘2 𝑎𝐻2𝐶𝑂3 + 𝑘3 )𝐴(1 −

𝐼𝐴𝑃
𝐾𝑒𝑞

)

(4)

Here, the reaction rate constants k1, k2, and k3 (mol/m2/s) at 25 °C are 2.51×10-5, 5.25 ×106

, and 4.53×10-10, respectively. 𝑎𝐻 + and 𝑎𝐻2𝐶𝑂3 are the activities of hydrogen ion and carbonic acid.

A is the surface area of magnesite. The Brunauer-Emmett-Teller (BET) surface area can be used as
the total surface area of a mineral. IAP is the product of ion activity defined as 𝑎𝑀𝑔2+ 𝑎𝐶𝑂32− and
Keq is the equilibrium constant for the reaction (3). The ratio of IAP/Keq shows how far the system
is from equilibrium. The IAP/Keq equals to zero indicating the systems is far from equilibrium,
however the IAP/Keq equals to one is an indication of a system reached at equilibrium.
The overall magnesite dissolution rate is the summation of the reaction rates with
contribution from each reaction pathway. Figure 1.1 shows the dependence of overall magnesite
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dissolution rate on pH in well-mixed batch reactors and under far from equilibrium condition.
Under low pH condition (lower than 6), the rate from the first reaction pathway (𝑘1 𝐴𝑎H+ ) is orders
of magnitude larger than those of the second and the third pathways(𝑘2 𝐴𝑎𝐻2 𝐶𝑂3 , 𝑘3 𝐴). Therefore,
the overall reaction rate is dominated by the first reaction. As a result, the logarithm of the reaction
rate decreases substantially with increasing pH. At pH higher than 6, the first reaction rate term is
smaller than the summation of the other two terms. Because the second and the third terms are
constant and independent of pH, the overall logarithm rates do not depend on pH.

Log Rate ( mol/m2/s)
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Figure 1.1. Overall magnesite dissolution rates as a function of pH

Investigating the effect of spatial distribution (chemical heterogeneity) of magnesite on its
dissolution rate is the main focus of this research. We propose to systematically quantify magnesite
dissolution rate at different spatial scales using both column experiments and reactive transport
simulations. Using simulation approach we will be able to understand the mechanism of the effect
of spatial distribution. The uniform and the layered patterns were chosen as the two common
patterns occurring in the subsurface. The Mixed pattern contained homogeneous mixture of
magnesite and quartz. In the layered patterns, layers of magnesite are placed in separate zones
within the matrix of quartz. Using layered pattern, we tested the effect of the orientation of layers
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to the flow direction on overall dissolution rate of magnesite. Two flow-transverse and flowparallel orientations were chosen to test. In the flow-transverse orientation a layer of magnesite was
horizontally laid within the matrix of quartz. The flow direction was perpendicular to the direction
of the layer. In the flow-parallel orientation, one to three cylindrical layers of magnesite were placed
vertically in the matrix in the way that the flow was parallel to the direction of the magnesite layers.
We also propose to identify the important parameters that determine dissolution rate; reactive
surface area and interface surface area. Using simulation approach we will be able to specify these
parameters and to specify these values for each distribution.
Another goal of this research is to quantify magnesite dissolution rate under different
physical conditions of flow regime and permeability contrast. By that we will answer the questions;
when the effect of spatial distribution of magnesite matters. Columns with uniform (Mixed) and
flow-parallel zonation (Three-zone, Two-zone, and One-zone) patterns were packed into different
sets with different permeability contrast. One set has higher permeability of magnesite zone and
the other has lower permeability compared to that of quartz. Flow through experiments were carried
out under 6 flow velocities varying from 0.015 m/d to18 m/d. As such, we examine the importance
of spatial heterogeneity under different flow and permeability contrast conditions.
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Chapter 2 Magnesite Dissolution Rates at Different Spatial Scales: the Role
of Mineral Spatial Distribution and Flow Velocity

Abstract
We examined the role of mineral spatial distribution and flow velocity in determining
magnesite dissolution rates at different spatial scales. One scale is the column scale, i.e., the scale
of a few to tens of centimeters where dissolution rates are measured. Another scale is at the scale
of approximately 0.1 millimeters, the “local” in situ scale where dissolution actually occurs. The
experiments used two columns with the same total amount of magnesite but different spatial
distributions. In the “Mixed” column, magnesite is evenly distributed spatially within a quartz sand
matrix across the whole column, while in the “One-zone” column, magnesite is distributed in one
zone in the middle of the column. The two columns were run with the same inlet solution under
flow velocities varying from 0.18 to 36 m/d. Columns of different lengths (22, 10, and 5 cm) were
run to understand the role of length scales. Reactive transport modeling was used to establish a
model and to infer local scale dissolution rates.
Under any particular conditions in this study, local in situ dissolution rates vary by orders
of magnitude over a length scale of a few to tens of centimeters. Column scale rates under different
conditions vary between 6.40×10-12 and 1.02×10-9 mol/m2/s, which is approximately one to three
orders of magnitude slower than those calculated directly at the pH of 4 assuming well-mixed
conditions. The distribution of local scale rates, which collectively determine the column scale
rates, depend on flow velocity, column length scale, and mineral distribution. A two orders of
magnitude difference in flow velocity results in a more than two orders of magnitude difference in
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column scale rates. Column scale rates are higher in short columns and are lower in long columns.
Mineral spatial distribution made a maximum difference of 14% in the medium flow velocity
regime where the system is mixed controlled. Under this condition, the larger difference between
the two columns in their spatial variation of pH and saturation state lead to a larger difference in
the spatial distribution of local dissolution rates and therefore column-scale rates. In contrast, under
slow flow velocity conditions, the system is mostly at equilibrium without much spatial variation.
Under fast flow velocity conditions the system is kinetic controlled, the local aqueous geochemistry
is similar to the inlet condition and is also relatively uniform. Under these two conditions, there is
almost no difference between the two columns. Column scale rates were best understood in terms
of the Damkohler number (DaI ) that quantifies the relative dominance of advection and dissolution
processes. The observations in this study lead us to surmise that rates of weathering may be
similarly affected by chemical heterogeneity in natural systems under conditions where reaction
rate and flow rate are comparable – i.e. where 0.3 < DaI < 0.95.

1. Introduction
Mineral dissolution and precipitation reactions influence many chemical and physical
phenomena in earth and environmental sciences (Bain et al., 2001; Berner, 1995; Chang et al.,
2011; Derek R, 1997; Frye et al., 2012; Landrot et al., 2012; Spycher et al.; Yu et al., 2008). The
rates of mineral dissolution have been extensively investigated in both laboratory experiments and
field studies (Chou et al., 1989a; Chris, 1993; Gautelier et al., 1999; Pokrovsky et al., 2009a). Most
laboratory studies on mineral dissolution kinetics were carried out in batch or flow-through reactors
that are designed to be well-mixed. In contrast, in the field, weathering rates have often been
quantified based on observed mineral depletion fronts (Anderson et al., 2002; Brantley et al., 2008;
Brantley and White, 2009; Brimhall and Dietrich, 1987; Casey et al., 1993; Jin et al., 2010b;
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Lebedeva et al., 2007; Maher, 2010; Maher, 2011; Maher et al., 2004; Maher et al., 2006; NavarreSitchler and Brantley, 2007a; Velbel, 1993; White, 2008; Zhu, 2005; Zhu, 2009). Laboratory
derived-dissolution rates have in general been found to be one to five orders of magnitude greater
than those observed in the field (Maher et al., 2004; Navarre-Sitchler and Brantley, 2007a;
Swoboda-Colberg and Drever, 1993; White and Brantley, 2003b).
A variety of factors have been proposed to explain the discrepancies between laboratory
and field rates. These include the differences in the surface area of fresh and weathered minerals
(Anbeek, 1993a; White, 1995; White and Peterson, 1990), the effect of reaction affinity (Maher et
al., 2006; White, 1995; White and Brantley, 2003b), the precipitation of secondary minerals
(Alekseyev et al., 1997a; Maher et al., 2006; Maher et al., 2009; Steefel and Van Cappellen, 1990;
Zhu et al., 2004), and the age of the reacting material (Maher et al., 2004; White and Brantley,
2003b). Recent interest has focused on the combined effects of affinity, clay precipitation, and
residence time in controlling dissolution rates (Maher, 2010; Maher et al., 2009; Zhu, 2009).
Recent studies have also attributed laboratory-field rate discrepancies to conditions under
which weathering occurs (Li et al., 2006; Malmstrom et al., 2000; Malmstrom et al., 2004; Meile
and Tuncay, 2006; Miralles-Wilhelm and Gelhar, 2000; Song and Seagren, 2008; Wood and
Whitaker, 2000). Dissolution processes under natural conditions are often coupled with flow and
transport processes and can be influenced by an array of different factors. Natural subsurface is
inherently heterogeneous in terms of their spatial distribution of physical and chemical properties.
Physical properties, such as permeability, often vary by orders of magnitude and therefore lead to
large variations in flow velocities and therefore residence time (Chen et al., 2001; Fetter, 1999;
Freeze and Cherry, 1979; Gelhar, 1993; Gelhar et al., 1992; Hubbard and Rubin, 2000; Newell et
al., 1990b; Rubin and Gomez-Hernandez, 1990). Minerals are unevenly distributed, which can
result in local geochemical conditions that differ significantly from observations at larger spatial
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scales (Li et al., 2011b; Li et al., 2010b; Noiriel et al., 2007; Peters, 2009; Wilkin et al., 1996). All
these can affect the relative rate of mass transport and dissolution rates at different spatial scales.
Physical heterogeneities have long been known to affect flow and transport processes
(Berkowitz, 2002; Castro-Alcala et al., 2012; Cirpka et al., 2008; Cirpka and Valocchi, 2007;
Dagan, 1990; Freeze, 1975; Gelhar, 1993; Gelhar and Axness, 1983; Gelhar et al., 1992; Knutson
et al., 2007; Knutson et al., 2005; Werth et al., 2006a; Willingham et al., 2008; Zinn et al., 2004).
The effect of geochemical heterogeneities, however, have been investigated to a much lesser extent
(Cirpka et al., 2008; Dentz et al., 2004; Dentz et al., 2011a; Dentz et al., 2011b; Glassley et al.,
2002; Li et al., 2011b; Li et al., 2006; Li et al., 2007a; Li et al., 2007c; Li et al., 2010b; Meile and
Tuncay, 2006; Scheibe et al., 2006; Tompson et al., 1996b). Li and co-workers used pore-scale
network modeling to show the importance of spatial mineral distribution in determining the extent
of mixing and overall reaction rates at the continuum scale (Li et al., 2006; Li et al., 2007c; Li et
al., 2007e). At relatively small scales, for example, at the pore scale, the local scale dissolution
rates are a function of local aqueous geochemistry conditions dictated by local mineral spatial
patterns and heterogeneities (Landrot et al., 2012; Molins et al., 2012b). At larger spatial scales,
the dissolution rates are collectively determined by local scale dissolution rates (Li et al., 2006; Li
et al., 2008; Molins et al., 2012b; Navarre-Sitchler and Brantley, 2007a). As a result, with the same
total amount of reactive minerals, different mineral spatial distribution leads to differing rates at
the pore network scale. At the scale of tens of meters, Li and coworkers (2010, 2011) have also
studied the importance of geochemical and physical heterogeneity in determining uranium
bioreduction rates. However, no systematic experimental work has been done to explore the effects
of geochemical heterogeneities in controlling mineral dissolution rates from geochemical
perspective.
The effect of flow and transport on mineral reaction rates has been discussed in the context
of transport- versus surface-controlled reaction kinetics (Berner, 1978; Casey, 1987; Dibble and
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Tiller, 1981; Kump et al., 2000; Lebedeva et al., 2010; Li et al., 2011b; Li et al., 2007a; Li et al.,
2007e; Li et al., 2008; Maher, 2010; Murphy et al., 1989; Rickard and Sjoberg, 1983; Schnoor,
1990; Sjoberg and Rickard, 1983). Both field data and well-mixed laboratory experiments suggest
that the reaction rates under different flow velocity regimes can vary significantly. For example,
(Schnoor, 1990) argues that Si release rate (equated to weathering rate) increases to a maximum
value that is comparable to release rates measured in silicate dissolution rates in the laboratory as
the soil flushing rate increases. Maher (2010) shows order of magnitude changes in weathering
rates as a function of flow rate, emphasizing the significant hydrologic controls on weathering rates.
Through modeling studies, Li et al. (2007a) has shown that flow velocities can determine the
importance of chemical heterogeneities in controlling anorthite dissolution rates. A few researchers
also have investigated the effect of stirring on mineral kinetics (Rickard and Sjoberg, 1983; Rosso
and Rimstidt, 2000; Sjoberg and Rickard, 1983). However, the experimental work has mainly
focused on effects of stirring rates on dissolution rates in well-mixed batch reactors. Systematic
experimental studies on the role of flow velocities in determining mineral dissolution rates have
rarely been carried out at different spatial scales and under conditions similar to natural weathering
conditions where advection, dispersion / diffusion, and reaction processes are coupled.
The goal of this work is to understand and to quantify the role of mineral spatial distribution
and flow velocity in determining the magnesite dissolution rate measured at different spatial scales.
One scale we consider is the column scale, i.e., the spatial scale of a few to a couple of tens of
centimeters where dissolution rates are measured. Another scale is at the spatial scale of
approximately 0.1 millimeter, the “local” in situ scale where dissolution actually occurs. We use
numerical simulation to understand rates at the spatial scale that is relevant to the size of grid blocks.
We investigate the magnesite dissolution rates in two columns. One is the “Mixed” column in
which the magnesite is distributed evenly within a quartz sand column, while the other is the “Onezone” column in which the magnesite grains are distributed as a single zone in the middle of the
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quartz sand column. The two columns have the same physical properties and total amount of
magnesite. This experiment is a model for natural systems where different types of minerals could
be distributed in different patterns. The two columns were run under the flow velocities of 0.18 to
36 m/d and under three column length scales (22, 10, and 5 cm). With the advantage of wellcontrolled column experiments and the coupled reactive transport modeling, we aim to quantify
dissolution rates at the local scale and the column scale, and to understand key controls of magnesite
dissolution rates under an array of flow and transport conditions.

2. Magnesite dissolution rates in well mixed reactors
Magnesite is chosen because it is a carbonate mineral and has been extensively studied in
well-mixed batch reactors (Morse and Arvidson, 2002). Furthermore, magnesite is found in
sedimentary rocks and sediments (Morse and Arvidson, 2002; Morse et al., 2007) and is an
important mineral during geological CO2 sequestration and other applications. Magnesite
dissolution kinetics has been documented extensively (Chou et al., 1989a; Luttge, 2005; luttge and
Arvidson, 2008; Luttge et al., 1999; Pokrovsky et al., 2005; Pokrovsky et al., 2009a). Although the
work of Pokrovsky and others has emphasized surface complexation reactions in determining
magnesite dissolution, we use here the older rate laws based entirely on solution chemistry.
Specifically, we use the three different parallel reactions for magnesite dissolution kinetics as
proposed in literature (Chou et al., 1989a; Plummer and Wigley, 1976):
𝑀𝑔𝐶𝑂3 + 𝐻 + ↔ 𝑀𝑔2+ + 𝐻𝐶𝑂3 −

(1)

𝑀𝑔𝐶𝑂3 + 𝐻2 𝐶𝑂3 ↔ 𝑀𝑔2+ + 2𝐻𝐶𝑂3 −

(2)

𝑀𝑔𝐶𝑂3 ↔ 𝑀𝑔2+ + 𝐶𝑂3 2−

(3)

The reaction rate has been observed to follow a Transition State Theory (TST)-based rate law:
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(4)

where k1 , k 2 , and k 3 are the rate constants (mol m-2 s-1), aH and aH CO* are the activities
2
3


of hydrogen ion and carbonic acid (unitless), IAP is the ion activity product defined as for

aMg 2+ aCO2- Reaction (3), and Keq is the equilibrium constant for Equation (3). The rate law
3
(Equation (4)) reveals that magnesite reaction rates depend on mineral reactivity, surface area, and
aqueous geochemistry, including pH and deviation from equilibrium.

3. Methodology
In this work, effluent magnesium concentrations from column experiments were used to
determine overall integrated dissolution rates at the column scale. Reactive transport modeling was
used to match column experimental effluent data and to infer local “in situ” rates in each grid block.

3.1. Column Experiments
Material preparation. The magnesite sample was from Mongolia. X-ray diffraction
analysis of the sample indicated that magnesite is the only detectable crystalline phase. Consistent
with this, bulk analysis using inductively coupled plasma emission spectrometry (ICP-AES)
revealed 28.3 wt.% Mg (stoichiometric magnesite of composition Mg2CO3 is expected to have 28.6
wt.%) and trace amounts of elemental impurities (Al, Ca, Fe, K, Na, Sr, Mn). The magnesite
specimen was gently ground and sieved to grain sizes between 354 to 500 m. The grain surfaces
were cleaned with 1% HCl for several seconds. The surface area was determined by N 2 gas sorption
using the Brunauer-Emmett-Teller (BET) method (Micromeritics ASAP-2020 surface analyzer).
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The average BET surface area is 1.87 m2/g with a standard deviation of 0.54 m2/g for three samples.
Literature values for magnesite BET surface area vary between 0.0662 (Pokrovsky et al., 2005) to
0.127 m2/g (Pokrovsky et al., 2009a) so this value is in the high end for magnesite surface area.
The grains were ultrasonically cleaned in acetone to remove fine particles, rinsed with distilled
water several times, dried in an oven overnight at 60°C, and stored in a desiccator. Natural
crystalline quartz sand of grain sizes between 354 to 500 m (Unimin Corporation) was prepared
by the same cleaning procedure except that the treatment with HCl was omitted.
Mineral spatial distribution. Two columns with different spatial distributions of
magnesite were used in this study, as shown in Figure 2.1. The total amount of magnesite is 10%
of the overall solid volume in both columns. In the Mixed column, the packing consists of a random,
uniform mixture of magnesite and quartz, which presumably leads to the highest interphase contact
area. In the One-zone column, magnesite grains were distributed as one zone embedded within a
matrix of non-reactive quartz. This represents the extreme case where all reactive minerals are
clustered and the surface area of the “reactive zone” is small even though the magnesite-water
interfacial area is identical compared to the Mixed column. For the One-zone column, the amount
of magnesite per unit length in the reactive zone is 10 times higher than that in the homogeneous
Mixed case.

Figure 2.1. Schematic representation of the two columns packed with different spatial configuration of magnesite (gray)
and quartz (white). The volume fraction of magnesite is 10% in both columns. The two columns have the same total BET
and geometric surface area for magnesite. In the Mixed column, the packing consists of a random, uniform mixture of
magnesite and quartz. In the One-zone column, magnesite grains were distributed as one large zone embedded within a
matrix of non-reactive quartz.
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Column packing. Glass chromatography columns (Omnifit) were used with varying
length scales of 22, 10, and 5 cm and a diameter of 2.5 cm. The columns consist of two fixed end
caps and a 20 m polytetrafluoroethylene (PTFE) frit to hold the porous media in place. “Wet
packing” procedure was used (Minyard and Burgos, 2007). In the Mixed column, magnesite and
quartz grains were mixed and divided into twenty-two portions. Initial solution was poured slowly
into the column to fill the space in an upward manner to establish a column height of 1 cm. After
that, each portion of the solid material was added incrementally until the column was filled. In the
case of the One-zone column, the material was weighed and divided into approximately one gram
portions. The first half portion of sand was packed into the column with the same packing procedure
as described for the Mixed column. Small portions of magnesite were then added incrementally on
top of the sand layer until the section between 10 to 11 cm of the column was filled. The other half
of quartz was then added on top of the magnesite layer until the column was filled. During packing,
columns were tapped on four sides to remove air bubbles and settle the layers to ensure uniformity.
After completion, the columns were secured with the end-cap and connected to a syringe pump
(Harvard Apparatus MA1 55-5920). Total pore volume was determined by weighing the column
dry and fully saturated. Porosity was determined by dividing the pore volume by the entire volume
of each column. The average porosity was measured to be approximately 0.35 with a standard
deviation of 0.01.
Flow through experiments. The experiments were operated at room temperature (∼22
°C), with the influent solution flowing upward. The inlet solution contained 10 -3 M NaCl in
deionized water with pH adjusted with HNO 3 to 4. Potassium bromide at a concentration of 10-4 M
was added as a non-reactive tracer for the measurement of the dispersivity. The inlet reservoir
solution was in equilibrium with the partial pressure of CO2 in the atmosphere. Effluent samples
were collected for ten residence times. All collected effluent samples were filtered through 0.22
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m filters and acidified with one drop of 2% HNO3 to prevent precipitation. Effluent samples were
analyzed for Mg(II) concentration using ICP-AES. For all column lengths (22, 10, and 5 cm), a
series of typical groundwater flow velocities ranging from 0.18 to 36 m/d were used (Newell et al.,
1990b), covering more than two orders of magnitude.

3.2 Reactive Transport Modeling
Reactions and species. In the column experiments, in addition to the magnesite dissolution
as the kinetically controlled reaction, other aqueous speciation reactions also occur. These aqueous
speciation reactions occur instantaneously. The species involved include Mg 2+, MgHCO3-,
MgCO3(aq), H2CO30, HCO3-, CO32-, H+, OH-, Na+, K+, Cl-, and Br-. In a system where both fast and
slow reactions occur, the reactive transport formulation partitions the species into primary and
secondary species, where the secondary species are written in terms of primary species using the
mass action law of the fast reactions (Lichtner, 1985; Lichtner, 1996). In this work, Mg2+, HCO3-,
H+, Na+, K+, Br- and Cl- were used as primary species. All other species were considered as
secondary species. All reactions and their thermodynamic and kinetic parameters are shown in
Table 2.1. The reaction equilibrium constants for all aqueous speciation reactions are from EQ3/6
database except that of magnesite, as will be discussed later (Wolery et al., 1990b). The reaction
parameters for the magnesite dissolution were obtained by matching the experimental data, as will
be detailed later.
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Table 2.1 Chemical and physical parameters used in the model
CHEMICAL PARAMETERS
Aqueous speciation (at equilibrium)

logKeq

H 2O  H   OH 

-14.00




3

H 2CO  H  HCO

k from this work
(mol/m2/s)
-

k ( mol/m2/s,
from Chou et
al., 1989)
-

- 6.35

-

-

HCO  H  CO

-10.33

-

-

MgHCO3  Mg 2  HCO3

-1.04

-

-

MgCO3 (aq)  Mg 2  CO32

-2.98

-

-

-

6.20E-5

2.50E-5

-7.83
1.87 m2/g

5.25E-6
1.0E-10

6.00E-6
4.50E-10

0
3


3



2
3

Kinetic reactions (log K value is logK sp
value)

𝑀𝑔𝐶𝑂3 + 𝐻 + ↔ 𝑀𝑔 2+ + 𝐻𝐶𝑂3 −

𝑀𝑔𝐶𝑂3 + 𝐻2 𝐶𝑂3 ↔ 𝑀𝑔2+ + 2𝐻𝐶𝑂3 −
𝑀𝑔𝐶𝑂3 ↔ 𝑀𝑔

2+

+ 𝐶𝑂3

2−

Magnesite BET surface area

PHYSICAL PARAMETERS
Porosity
Dispersivity
Flow velocity

0.35(±0.01)
0.001 m
0.18 ~ 36 m/d

Reactive transport equations. The governing mass conservation equations for the
reactive transport system were written for the total concentrations of primary species. As an
example, the reactive transport equation for the total concentration of primary species Mg(II) is the
following
𝑉

𝜕(𝜙𝐶𝑀𝑔(𝐼𝐼))
𝜕𝑡

= 𝑉∇ ˑ (𝜙𝐷𝑀𝑔(𝐼𝐼) ∇𝐶𝑀𝑔(𝐼𝐼) ) − 𝑉∇ˑ (𝜙𝑣𝐶𝑀𝑔(𝐼𝐼) ) + 𝑟𝑀𝑔𝐶𝑂3 𝐴

(5)

where V is the total volume of the porous media (m3),  is the porosity, CMg ( II ) is the total
concentration of species that contain Mg2+ (mol/m3), which is the summation of the concentrations
of Mg2+, MgHCO3+, and MgCO3(aq), DMg ( II ) is the dispersion coefficient (m2/s), v is the flow
velocity (m/s), and A is the magnesite surface area (m2). The reaction rate rMgCO3 (mol/m2/s) is
described by the reaction rate law as shown in Equation (4). The mass accumulation rate of total
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Mg(II) (left hand side term) depends on the rate of dispersion / diffusion (1 st term in the right hand
side (rhs) of the equation), rate of mass flow (2nd term on the rhs), and magnesite dissolution and
precipitation (3rd term on the rhs). Similar equations were also written for the total concentrations
of other primary species such as HCO3- and H+. Here the porosity and the specific surface area is
measured value of 0.35 and 1.87 m2/g, respectively. A value of 0.001 m was used for dispersivity
after matching the bromide breakthrough curve. The value is consistent with literature values at
similar spatial scales (Gelhar et al., 1992).

Table 2.2 Initial and boundary concentrations of all species.
Species

Initial Conc. (M)

pH
CO2(aq)

9.0
1.07E-5 (in equilibrium with atmospheric
CO2 gas)
Vary, depending on experiment condition

4.0
1.07E-5

Na
K+
ClBrHCO3CO32MgCO3(aq)

6.78E-3
1.00E-4
1.0E-3
0.0
5.35E-03
3.30E-04
Vary, depending on experiment condition

8.96E-4
1.00E-4
1.00E-3
1.00E-4
5.07E-08
2.68E-14
0.0

MgHCO3+

Vary, depending on experiment condition

0.0

OHSiO2(aq)

1.12E-05
1.00E-5

1.06E-10
1.00E-5

Mg2+
+

Boundary inlet Conc. (M)

0.0

Numerical simulation. The computation domain was set up to mimic that of the
magnesite-quartz packing patterns. In the Mixed column, the magnesite is everywhere but with
only 10% of the material and therefore 10% of the surface area. In the One-zone column, magnesite
is only in the middle section that occupies 10% of the column length. This middle zone has 100%
of the magnesite and therefore 100% of the surface area. The magnesite surface area in the nonquartz zone is zero. The inlet boundary condition and the initial conditions are set the same as those
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done in the experiments, as shown in Table 2.2. The grid block sizes are 0.1 cm or smaller,
depending on whether the resolution is high enough to consider each grid block as well-mixed. A
few grid block sizes were tried and the largest grid block size that produces the same results as a
higher resolution run was used.
The effluent aqueous concentration data were used as constraints in the model to determine
the kinetic rate constants by trial and error (k values in Table 2.1). In matching the data, the BET
surface area was fixed to be the measured value of 1.87 m2/g, while the kinetic rate constants were
varied in order to obtain the best fit to the data. As reported in Table 2.1 with comparison to the
kinetic parameters in Chou et al., our k1, k2, and k3 values are 2.5, 0.88, and 0.22 times their
corresponding Chou values. Various sets of other kinetic parameters have been tried and this is the
set that best matches the Mg(II) breakthrough data under different flow conditions. In particular,
the k1 value is important under high flow rate conditions when the column experience relatively
low pH conditions due to the short residence times. Changing k1 value to larger or smaller numbers
cannot reproduce the Mg(II) data at flow velocities at the vicinity of 36 m/day. The value of k3 is
important in matching Mg(II) data under slow flow velocity conditions where the system is close
to equilibrium and the column experiences high pH conditions. The match is not very sensitive to
the value of k2 as the system does not have high concentration of carbon dioxide. In addition, a K sp
value of 1.48E-8 (log Ksp = - 7.83) was used for magnesite. This is higher than the Ksp value of
6.61E-9 (logKsp= -8.20) reported in Chou et al. (1989) by a factor of 2.34 and is higher than the
reported value of 9.55E-9 (logKsp = -8.02) calculated from SUPCRT92 (Johnson et al., 1992) and
reported in (Morse et al., 2007) by a factor of 1.58. Without this Ksp adjustment, the code
underestimates the Mg(II) effluent concentrations under low flow conditions where the system
reaches equilibrium.
In Chou et al. (1989), the surface area was calculated using geometric shape and the
average size of the particles. With a grain size of 354-500 micron, assuming sphere shape and an
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average diameter of 400 micron, the geometric specific surface area is 0.025 m2/g, 75 times smaller
than our measurement of 1.87 m2/g. Taking into account the difference in the surface area and k
values quantification, the products of the k1A, k2A, and k3A values are higher than their
corresponding Chou values by approximately a factor of 187, 66, and 17 times. In addition, our K sp
value is also larger. Overall, the magnesite used in this study seems to have a much larger reactivity
than those used in Chou et al. (1989). Recent studies on calcite also found that it is challenging to
obtain one to one match for mineral precipitation rates (Noiriel et al., 2012). Discrepancy is likely
caused by different origin of magnesite used. However, in general, the rate constants fall in the
range of area-normalized rates reported in literature (Pokrovsky et al., 2005; Pokrovsky et al.,
2009a; Pokrovsky and Schott, 1999). After matching the data, concentrations of all involved
species at different time and location were used to calculate the local scale dissolution rates as
described in the next section.

3.3. Quantification of Dissolution Rates at Different Scales
Local in-situ dissolution rates. The in situ local dissolution rates for the grid block i were
calculated as follows:

 IAPi 
rMgCO3 ,i  (k1aH  ,i  k2 aH CO * ,i  k3 ) 1 


2
3
Keq 


(6)

Where rMgCO3,i is the dissolution rate, aH  ,i and aH CO * ,i are the activities of H+ and H2CO3*,
2

3

and IAPi is the ion activity product for magnesite. The local dissolution rates depend on local
aqueous chemistry and vary spatially.
Column scale dissolution rates. The steady-state column-scale reaction rate RMgCO
(mol/m2/s) was calculated as follows:

3

22
n

RMgCO3 

QT (CMg ( II ),out  CMg ( II ),in )
AT

r



i 1

MgCO3,i

Ai
(7)

AT

Here QT is the total flow rate (m3/s), CMg ( II ),out and CMg ( II ),in are the concentrations of Mg(II)
in the effluent and influent of the column experiment (mol/L), AT is the total magnesite surface area
within the whole column (m2), rMgCO3,i is the rate at the grid block i and is determined based on
equation (6), and Ai is the local magnesite surface area at grid block i. Because the effluent
concentration was used to constrain the model, both modeling output and experimental data gave
the same dissolution rates for each running condition. The second equal sign was derived from the
mass balance of the column. It describes the fact that that the column scale dissolution rates are
equivalent to the summation of local scale rates in grid blocks ( rMgCO3,i Ai ) divided by the total
amount of surface area AT. Essentially, this states that the column scale rates are the area-averaged
local scale rates. The two equivalent ways of calculating column scale rates were confirmed by
comparing the rates calculated using the outlet Mg(II) concentration data and that using the
numerically produced local rates.
To quantify the effects of minerals spatial distribution, the difference in the column-scale
rates between the Mixed and One-zone columns under a particular condition is calculated as
follows:



RMgCO

3

,One  zone

RMgCO



, Mixed
3

CMg 2 ,out ,One  zone  CMg 2 ,in ,One  zone
CMg 2 ,out , Mixed  CMg 2 ,in , Mixed

1


AT , Mixed
1
AT ,One  zone

n

r
i 1

MgCO3,i

Ai , Mixed

(8)

n

r
i 1

MgCO3,i

Ai ,One  zone

Here RMgCO ,One  zone and RMgCO , Mixed are calculated using Equation (7) for the One-zone and
3

3

the Mixed columns, respectively. Under the same flow condition, the Q T and AT terms in the
Equation (7) are the same for both columns and are cancelled out in the equation. In this work inlet
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concentrations of Mg(II) for all column experiments are zero. As such, the difference in the columnscale rates can be calculated by the difference in the effluent Mg(II) concentration.

4. Result

4.1. Effects of Mineral Spatial Distribution
To illustrate the effect of magnesite spatial distribution on transport and dissolution, Figure
2.2 shows the breakthrough curves of the non-reactive bromide (2A) and magnesium (2B) from the
Mixed and One-zone 22 cm columns at the flow velocity of 3.6 m/d. The tracer breakthrough curves
from the two columns almost overlap, indicating very similar physical properties. A dispersivity
value of 0.001 m matched both breakthrough curves very well, as shown in Figure 2.2 A. For the
Mg(II) breakthrough, the two columns show similar trends however different rates. The Mg(II)
concentrations increased from their initial concentration to their steady state value after about two
residence times. At steady state, effluent magnesium concentrations from the Mixed column are
higher (approximately 2.17 x 10-4 M) than that from the One-zone column (approximately 1.79 x
10-4 M), indicating a higher dissolution rate in the Mixed column. Except some fluctuations, the
modeling results reproduced the difference in the Mg(II) effluent concentration between the two
columns.
Based on the fit to the effluent Mg concentration, Figures 2.2C-2.2F show the model
prediction of the steady-state spatial profiles of local scale dissolution rates, Mg(II), pH, and
IAP/Keq. As can be observed in Figure 2.2C, the local dissolution rates vary by approximately two
orders of magnitude, depending on the local aqueous geochemistry. In the Mixed column, the local
dissolution rates are about 10-6 mol/m2/s close to the inlet because of the low pH and far from
equilibrium conditions as indicated in Figures 2.2E and 2.2F. In less than 5 centimeters, pH has
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increased to a value higher than 8 and the rates are orders of magnitude lower than that close to the
inlet. Correspondingly, the IAP/Keq values are zero for the first several centimeters and increase in
the later part of the column gradually.
In the One-zone column, because all magnesite grains are clustered together, magnesite
dissolution rates are non-zero only in the middle 10 to 11 cm. As a result, pH and Mg(II)
concentrations are the same as the inlet solution for approximately the first 9 cm of the column. At
approximately 10 centimeters along the column, both dissolution rates and pH increase abruptly
due to the presence of magnesite. Values of pH quickly reach to about 9.5 at 11 cm, where the
magnesite zone ends. This value then remains the same until the end of the column. The IAP/Keq
values also show similar patterns. At the end of the columns, the pH values of the two columns are
similar. However, the Mixed column has a higher IAP/Keq value, indicating more dissolution of
magnesite and a closer to equilibrium condition at the end of the column. This is consistent with
the higher effluent magnesium concentration as shown in Figure 2.2B.
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Figure 2.2. For the Mixed and One-zone 22 cm columns under a flow velocity of 3.6 m/d. A) Experimental tracer
breakthrough data (triangles) and modeling output (lines), B) Experimental breakthrough data (dots) and modeling output
(lines) of Mg(II); C-D) Predicted spatial distribution of local scale dissolution rates (C), magnesium concentration (D),
pH (E), and IAP/Keq (F).

4.2. Effects of Flow Velocity
Figure 2.3A shows the effect of flow velocity (0.36, 3.6, and 36 m/d) on the effluent
magnesium breakthrough in the Mixed and One-zone 22 cm columns. Effluent concentrations all
start approximately at 1.0×10-4 M at time zero and reach different values under steady state
conditions. In general, the lower the flow velocity, the longer the residence time, and the higher the
effluent magnesium concentration at steady state. In both low flow velocity of 0.36 m/d and high
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flow velocity of 36 m/d, the effluent magnesium concentrations are similar for the two columns.
At the medium flow velocity of 3.6 m/d, the steady state effluent concentrations differ by
approximately 14%. The modeling captured the trend of the observed changes. The early dip in the
curve during the transient stage is due to the fact that initially there are some Mg(II) dissolved in
the column before the flow through experiments, which is higher than the concentration at the
starting period of the flow through experiment. This is particularly evident with the flow velocity
of 36 m/d due to the short residence time. The model fits the data under steady state conditions,
reproducing the magnitude of the difference between the two columns that is similar to the
experimental observation.
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Figure 2.3 A) Experimental data (dots) and modeling output (lines) for magnesium breakthrough curves for the Mixed
and One-zone 22 cm columns at three flow velocities (0.36, 3.6, and 36 m/d). Simulated spatial profiles of B) local
dissolution rates, C) steady sta state Mg(II) concentration, C) pH, and D) IAP/Keq under three different flow velocity
conditions. Color scheme is the same for all figures.

To understand the difference, Figures 2.3B-2.3E show the predicted spatial profiles for the
two columns. Variations in hydrodynamic conditions have a significant effect on the concentration
fields. At the flow velocity of 0.36 m/d, the reaction products remain in the column for a relatively
long period due to the longer residence time. As a result, local dissolution rates are non-zero only
in the first couple of centimeters of the column, as shown in Figure 2.3B. In effect, pore fluid
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approaches local chemical equilibrium in most of the column because of the relatively slow flow
velocity compared to reaction rate (KNAPP, 1989a). As a result, the effluent magnesium
concentrations at steady state are the same as the equilibrium concentration, as indicated by the
close to unity IAP/Keq values at the outlet of the column (Figure 2.3E).
In the high flow velocity of 36 m/d, however, the fast mass transport moves the reaction
products quickly out of the column. As a result, pH remains low, and IAP/Keq is almost zero as
shown in Figure 2.3E, indicating far from equilibrium conditions. The systems operate in a kinetic
rather than a local equilibrium regime (KNAPP, 1989a). Although the local dissolution rate depends
on pH, the resulting difference in rates between the two columns is relatively small because they
experience very similar pH range. In contrast, in the medium flow velocity of 3.6 m/d, the
magnitude of the characteristic time scales for advection and reaction processes are comparable,
resulting in a mixed control regime. In the early part of the column, the dissolution is controlled by
the pH-dependent reaction kinetics while in the latter part of the column, the reaction is closer to
equilibrium and is controlled by the IAP/Keq term. Therefore, the overall dissolution rates in the
whole column depend on aqueous geochemistry, which lead to a larger difference between the
Mixed and One-zone columns than in the other two flow regimes.
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Figure 2.4 A) Average effluent Mg(II) concentrations as a function of the logarithm of flow velocity (v) in the Mixed ( )
and One-zone () columns (22 cm); B) Column scale rates for the Mixed ( ) and One-zone () columns, and the ratio
of the rates from the two columns (, dashed line) and the error bar of the ratio.

To illustrate the differences between the dissolution rates under all flow velocity
conditions, Figure 2.4A shows averaged effluent magnesium concentrations from the two 22 cm
columns as a function of flow velocity varying from 0.18 to 36 m/d. Each pair of Mg(II)
concentrations represents two parallel column experiments (Mixed and One-zone) under one flow
velocity condition. The average effluent magnesium concentrations under each flow conditions
were obtained by averaging four effluent magnesium concentrations at steady state. The error bar
represents the extent of variation between the data points. Effluent magnesium concentrations for
both columns decreased with increasing flow velocity. This is consistent with the observations in
Figure 2.3.
Figure 2.4B shows column scale rates under different flow velocity conditions. In general,
the column scale rate increases with increasing flow velocity, although the effluent concentration
decreases. This is because the dissolution rate is the product of effluent concentration and flow rate,
as shown in Equation (7). At high flow velocity, although the effluent concentration is low, the
flow rate is much higher. This is consistent with the relatively low pH values, far from equilibrium
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conditions, and higher local scale dissolution rates under high flow velocity conditions, as observed
in Figure 2.3.
The ratio of the column scale rates between the two columns (, as defined in Equation
(8)) and its error bar is plotted as a function of flow velocity in Figure 2.4B. The ratio is a
quantitative measure of the difference between the dissolution rates from the two columns. A value
of one means no difference. Deviation from one is a measure of the extent of the difference. As
observed in the figure, the ratio is close to one for low flow velocities of 0.18 and 0.36 m/d, where
the flow is in the local equilibrium regime. The ratio is also close to one at high flow velocities of
18.0 and 36.0 m/d, where the flow is in the kinetic regime. It is at the medium flow velocity of 3.6
m/d that the ratio reaches its minimum value of 0.86, the largest difference between the two
columns (i.e. 14%).

4.3. Effects of Length Scale
To understand the effects of column length on rates at different spatial scales, Figure 2.5A
shows the predicted distribution of local rates (lines) and their corresponding column scale rates
(diamonds) in six columns (Mixed and One-zone columns at 5, 10, and 22 cm). The curves for the
local scale rates in the 5 cm and 10 columns overlap with those in the first 5 cm and 10 cm of the
22 cm columns, respectively. This indicates that the shorter columns represent the early part of the
longer column. The column scale rates for the 5 cm and 10 cm columns represent the integrated
rates over the first 5 and 10 cm of the 22 columns, respectively. The 5 cm column has the highest
column-scale rates while the 22 cm column has the lowest column scale rates. This can be explained
by the relatively lower pH, IAP/Keq values, and higher local rates in the shorter columns, as can be
observed from Figures 2.5A, C, and D. The lower pH and IAP/Keq values lead to higher local rates,
which collectively lead to higher column scale rates in the 5 cm column than in longer columns.
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Figure 2.5B shows increasing effluent Mg(II) concentration as a result of the length scale.
Figure 2.5B has interesting implications for the interpretation of field data. One of the ways to
calculate dissolution rate in the field is to look at solute chemistry versus depth (position along a
flow line). The slope of solute concentration versus depth can be used to infer the dissolution rate
(Murphy et al., 1998; White, 2002). Figure 2.5B exemplifies this technique. However, there is
significant difference between the curves for the Mixed column and those from the One-zone
column. The dissolution rates inferred from the solute profile of the Mixed column therefore can
significantly differ from that using the One-zone curve, although the actual column-scale rates only
differ by a maximum of 14%. In addition, when we sample pore water we typically only get a few
samples so we don’t see the whole curve completely. If only two or three samples are obtained, the
rate that can be calculated would be different for the One-zone and the Mixed columns.

Figure 2.5. Predicted spatial profiles of A) rates, B) Mg(II), C) pH, and D) IAP/Keq for column lengths of 5 (orange lines),
10 (blue lines), 22 cm (gray lines) at the flow velocity of 3.6 m/d. The diamonds in A) are the column scale rates for the
six columns.
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4.4. Combined Effects of all Three Factors
Figure 2.6 shows the effluent concentrations, the column scale dissolution rates, and the
difference between the two columns under all experimental conditions. In general, similar trends
were observed as explained in previous sections. Figure 2.6A shows that the effluent magnesium
concentrations decrease with increasing flow velocity and decreasing column length. Figure 2.6B
shows that column scale rates increase with increasing flow velocity and decreasing column length.
Figure 2.6B also shows  values under all conditions. The figure indicates that the mineral spatial
distribution plays a role in determining the dissolution rates under medium flow conditions,
however not significantly. The largest difference was observed at a medium flow velocity of 3.6
m/d for all three column lengths. The extent of difference reaches a maximum with the 22 cm
column.

Figure 2.6. A) Effluent Mg(II) concentrations, B) Column-scale dissolution rates (left y axis, diamonds), and difference
between the two columns (right y axis,˖ , dashed lines) under all flow velocity, column length, and mineral distribution
conditions. Color schemes are the same as in other figures.

To understand the controlling processes that affect the column-scale dissolution rates, we
define the dimensionless number DaI to group different parameters for the description of the
systems:
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L

LRMgCO AT

v
DaI  adv 

Vp Ceq ,Mg
r
vV p Ceq , Mg

(9)

3

RMgCO3 AT

.

This number compares the relative significance of reaction and advection. The
characteristic time scale for advection is the residence time, defined as  adv 

L
, where L is the
v

length of the column (m) and v is the average flow velocity (m/d). The characteristic time scale for
dissolution is essentially the time that it takes to reach equilibrium. This is defined as

r 

V p Ceq , Mg
RMgCO3 AT

, where Vp is the pore volume (m3), Ceq,Mg is the equilibrium concentration of

Mg(II) (mol/m3), RMgCO3 is the column scale dissolution rate (mol/m2/s), and AT is the total amount
of surface area in the column (m2).
The logarithm of the column scale rates under all conditions as a function of DaI is shown
in Figure 2.7. The figure shows that DaI is a good indicator of the dissolution rates under different
conditions. This is consistent with the conclusion that the column scale dissolution rates are
controlled by the relative rates of reaction versus advection. The column scale dissolution rates
decrease with increasing DaI values, which means that the lower the flow velocities or the longer
the column lengths are, the lower the dissolution rates are. High DaI values indicate long residence
time (low flow velocity or long column length) relative to the time to reach equilibrium and imply
conditions of local equilibrium. Therefore, the rates depend largely on the relative rates of the
advection and dissolution, are orders of magnitude lower, and are very sensitive to DaI value,
especially when it is larger than 0.95. In contrast, low DaI values indicate high flow velocity, high
dissolution rates, and the kinetic flow regime. In this flow regime, the dissolution rate is essentially
determined by the intrinsic kinetics of magnesite dissolution and therefore does not change
significantly with DaI value. As a result, the logarithms of the rates are almost horizontal. In the
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mixed flow regime, the logarithm of the rates shows a linear dependence on the DaI values and
can be quantitatively described as follows:
log RMgCO3  1.9 DaI  8.6

(10)

Here RMgCO is column scale rate in the units of mol m-2 s-1, and DaI is defined in Equation
3

(9). This equation was obtained by regression, with the coefficient of determination R 2 value being
0.895. Figure 2.7 shows that under conditions of 0.3 < DaI < 0.95, some differences between the
Mixed and the One-zone cases are observed.
Overall, under all the conditions, the column scale dissolution rates vary from about
6.40×10-12 to 1.02×10-9 mol m-2 s-1, which cover approximately two and a half orders of magnitude.
The dissolution rate at a pH of 4 under well-mixed condition using the k values from this work is
calculated and plotted on the figure as well, which is approximately 6.47×10 -9 mol m-2 s-1. This is
approximately one to three orders of magnitude higher than dissolution rates from the columns.
The figure also shows that as the DaI value decreases, the column scale rates are closer to the rate
under well-mixed conditions.

Figure 2.7. Column scale rates as a function of DaI. The data shows that the DaI is a good predictor of the column scale
dissolution rates. The red dashed line represents the rates calculated under well-mixed conditions at a pH of 4 (prediction
based on Equation ((4)).
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5. Discussion and Conclusion
In this work, we found that column scale rates measured under different conditions vary
between 6.40×10-12 and 1.02×10-9 mol/m2/s, approximately one to three orders of magnitude slower
than those measured in well-mixed reactors directly at the inlet pH of 4. Column-scale dissolution
rates are collectively determined by the distribution of local scale rates. Under any particular
conditions, local in situ dissolution rates vary by orders of magnitude over a length scale of a few
to a couple of ten centimeters, depending on local aqueous geochemistry conditions. Column scale
rates depend on several factors that influence the distribution of local dissolution rates. Of the
variables tested, the largest impact on column scale dissolution rates was due to flow velocity. A
two order of magnitude difference in flow velocity was observed to cause more than two orders of
magnitude difference in column scale rates. The column scale dissolution rates also depend on the
spatial scales. With other conditions remaining the same, the column scale rates are higher with
relative short length scale and decrease with increasing column length. This could have interesting
applications in interpreting field data. Essentially, this is saying that if the “observation window”
for dissolution changes, the observed rates will change as well.
The importance of flow velocity and length scale (or more specifically, fluid residence
time) has been discussed before by others with respect to natural geochemical rates (Knapp, 1989a;
Maher, 2010; Schnoor, 1990; Steefel et al., 2005). Our results systematically quantified the rates
of magnesite dissolution with different fluid residence time using well-controlled experiments and
reactive transport modeling.
Differences in mineral spatial distribution made a relatively small difference in
experiments with the medium flow velocities where the system is mixed controlled instead of
controlled by local equilibrium or reaction kinetics. Although low and high flow velocity conditions
are characterized as operating within two different regimes – local equilibrium and kinetic. They
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both showed little difference between the Mixed and One-zone columns. In contrast, experiments
with the medium flow velocity, 3.6 m/d, showed the largest difference between the Mixed and Onezone columns. Under low flow velocity conditions, due to the long residence time, the system
reaches local equilibrium condition and maintains relatively uniform distribution of aqueous
geochemistry and local dissolution rates. In the high flow velocity or kinetic regime, transport was
not limiting and the system became surface reaction (interface) controlled. As a result, the
distribution of aqueous geochemistry is again relatively uniform and the local dissolution rates
cover a relatively small range. Under the medium flow regime where the system is mixed
controlled, the column experience a larger spatial variation in aqueous geochemistry and in local
dissolution rates. As a result, chemical heterogeneity affected the column-scale dissolution rates to
a measurable extent.
Column scale rate data was best understood in terms of the Damkohler number that
quantifies the relative dominance of advection and dissolution processes. This dimensionless
number should be useful in understanding why field rates tend to be slower than laboratory rates.
The observations in this study lead us to surmise that rates of weathering may similarly be affected
by chemical heterogeneity in natural systems for conditions where both reaction rate and flow rate
are similar – i.e. where 0.3 < DaI < 0.95.
By quantifying the dissolution rates in well-controlled column experiments under a series
of flow velocity, length scale, and mineral spatial distribution conditions, this paper should help
explain the laboratory-field rate discrepancy because natural systems experience various flow and
mineral distribution conditions at different length scales. In field studies weathering rates are
typically inferred from weathering profile or effluent concentrations at different depth. Typically
detailed aqueous geochemistry at different geological times is largely unknown and it is challenging
to quantify the contribution of different factors. The well-controlled experiments carried out in this
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study will help elucidate the quantitative contribution of different factors and help resolve the rate
discrepancy.
Although the effects of mineral distribution explored in this study are relatively small with
a maximum of 14%, it do not mean heterogeneity is in general not important in natural systems. In
this work we focus on the layered distribution where the main flow direction is perpendicular to
the layers, which does not allow for fluid flow to bypass the layers. This case represents the
scenarios similar to chemical weathering conditions where water flows down into porous media
and form soils. In effect this work represents the scenario that would lead to the lowest impacts of
chemical heterogeneity. In natural systems the flow can also be in parallel to the layered mineral
structure and some layers can have lower permeability than others by orders of magnitude. (de
Marsily et al., 2005; Gelhar and Axness, 1983; Rajaram and Gelhar, 1995; Tompson and Gelhar,
1990). In these scenarios, we expect the heterogeneity effect can be considerably larger due to the
large extent of transport-limitation exerted by the permeability contrast. The fact that the flow
velocity can lead to orders of magnitude difference in column-scale dissolution rates indicate that
the column-scale rates can be affected significantly by the distribution of physical properties such
as permeability.
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Chapter 3 Spatial Zonation Limits Magnesite Dissolution in Porous

Media

Abstract
The effect of mineral spatial distribution and transverse dispersivity were examined on
magnesite dissolution rate at two flow velocities. Column experiment data and two-dimensional
reactive transport simulations were utilized to understand the mechanism that leads to the effect of
the mineral spatial distribution on dissolution rates. Four columns were packed with magnesite and
sand in four different spatial distributions; Mixed, Three-zone, Two-zone, and One-zone. The
columns have the same amount of magnesite. Among all the columns, the Mixed distribution has
the largest column scale dissolution rate. The largest difference, up to 2 times, was observed at flow
velocity of 3.6 m/d between the Mixed and One-zone columns. The differences between the rates
in the Three-zone, Two-zone, and One-zone columns and the Mixed column were relatively small.
The difference was found to be smaller in lower flow velocity, 0.36 m/d. The effect of transverse
dispersivity was studied on the Mixed and One-zone columns. The simulations results showed that,
the Mixed column is not sensitive to transverse dispersivity (aT) value. However, the results of Onezone column is changing with changing the aT value. Using two-dimensional reactive transport
modeling, CrunchFlow, we were able to define two important surface areas; effective (Ae) and
interface (AI) surface area. We found that the transverse dispersivity at the magnesite-sand interface
affects the Ae and AI values. The Ae varies between 2 to 67% of the total BET surface area of
magnesite. Under the conditions we tested in this work, we found that the column-scale bulk rate
changes with Ae and AI, instead of AT (total BET surface area). The column-scale bulk rate related
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to the Ae with the constant of 10 -9.56. This constant was very close to the value of 10 -10.0 mol/m2/s,
the rate constant of magnesite dissolution reaction under well mixed conditions. This indicates that
the differences in the effective surface area can cause the discrepancy between the laboratory-field
rates.

1. Introduction
Mineral dissolution and precipitation play an important role in various applications relevant to
contamination, water sustainability, and energy production. It controls the chemistry of portable
surface water and shallow groundwater (Hamzaoui-Azaza et al., 2011; Zhu and Schwartz, 2011),
changes the structural properties of the reservoirs (Pruess, 2008; Taron and Elsworth, 2009), affects
the spreading of contaminants (Brantley, 2010; Iwakun et al., 2012; Liu et al., 2004; McKinley et
al., 2006), and controls soil formation (Daccord et al., 1993; Jin et al., 2010a; Yu et al., 2008).
Carbonate dissolutions have been found to be the dominant processes that maintain groundwater
hydrochemistry in aquifers (Biswas et al., 2011). (MORRISON et al., 2012) also found that the
groundwater near Mancos shale naturally becomes contaminated with high concentration of
uranium due to mineral weathering. Although mineral dissolution rates have been measured
extensively in laboratory systems, rates measured in the natural subsurface has been found to be 25 orders of magnitude lower. (Emmanuel and Ague, 2011; Jin et al., 2010a; Maher et al., 2004;
Navarre-Sitchler and Brantley, 2007a; Salehikhoo et al.; Salehikhoo et al., 2013; Swoboda-Colberg
and Drever, 1993; White and Brantley, 2003b). Various reasons have been discussed to contribute
to this laboratory-field rate discrepancy. Most of the dissolution and precipitation kinetics have
been done in well-mixed laboratory experimental systems. In these systems, we cannot account for
concentration gradient; on the other hand, in natural porous media we can consider concentration
gradient(Anderson et al., 2002; Brantley et al., 2008; Brantley and White, 2009; Brimhall and
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Dietrich, 1987; Casey et al., 1993; Jin et al., 2010b; Lebedeva et al., 2007; Navarre-Sitchler and
Brantley, 2007a; Velbel, 1993; White, 2008; Zhu, 2005; Zhu, 2009). Using freshly prepared
material in short time laboratory experiment versus weathered material in the field(White and
Brantley, 2003b). Imperfect contact between soil and percolating flow due to preferential flow
pattern and the precipitation of secondary minerals(Alekseev; Maher et al., 2006; Maher et al.,
2009; Steefel and Van Cappellen, 1990; Zhu et al., 2004) have been attributed to the difference
between laboratory and field results by many studies.
In laboratory systems, usually reaction rate is being measured under well mixed condition
due to rapid stirring. In such systems, there is no mass transport limitation and the dominant process
is surface controlled reactions. However, in natural systems, reaction is limited by mass transport.
In addition to hydrological differences between natural porous media and designed laboratory
systems, both systems have differences in terms of mineral distribution. In natural systems,
minerals are inherently spatially distributed, while laboratory systems are designed to be wellmixed systems in which spatial distribution of minerals is being ignored.
One factor that has been less addressed is the effects of natural spatial heterogeneities in
the subsurface. Spatial heterogeneity prevails in natural subsurface (Jin et al., 2010a; Nyle C.
Brady, 2001). Little work has been done to understand and quantify the effects of mineral spatial
heterogeneities on dissolution rates. Few researches have examined the effect of chemical
heterogeneity on mineral dissolution-precipitation rate using only modeling approach (Li et al.,
2007b; Li et al., 2007d; Meile and Tuncay, 2006). Li and her co-workers studied the impact of
spatial distribution of minerals on their reaction rates. They found that spatial distribution of
anorthite over the length scale of several millimeters results in spatial variation in solute
concentration (Li et al., 2007d). The experimental approach of the effect of chemical heterogeneity
on mineral dissolution rate has recently addressed by (Salehikhoo et al., 2013). They used
laboratory column experiment and one dimensional reactive transport simulation to study the role
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of spatial distribution of magnesite and flow velocity on magnesite dissolution rates. They found
that the impact of spatially distribution of magnesite is relatively small when the reactive mineral
is distributed in the direction transverse to the main flow direction. The difference between the
dissolution rate of the columns become larger under medium flow velocities where the system is
mixed controlled instead of controlled by local equilibrium or reaction kinetics (Salehikhoo et al.,
2013). In this area more experimental work needs to be done and more spatial patterns should be
tested to completely understand the mechanism of the role of mineral spatial distribution on their
reaction rates.
Some researchers have been carried out on the effect of transverse mixing on
dissolution/precipitation reactions (Werth et al., 2006b; Willingham et al., 2008; Zhang et al.,
2010a; Zhang et al., 2010c). Zhang et al. found that mineral precipitation reactions in subsurface
sedimentary systems can limit transverse mixing between reactive fluids and give rise to highly
localized changes in porosity and permeability(Zhang et al., 2010a).
In this work, the effect of magnesite spatial distribution on its dissolution rate was studied
using four columns packed with two minerals, quartz and magnesite. The magnesite dissolution
rates are typically orders of magnitude higher than that in quartz and therefore is considered the
reacting minerals. The four columns, i.e. the Mixed, Three-zone, Two-zone, and One-zone
columns, have the same total amount of magnesite however are packed with different spatial
patterns. In the Mixed column, the reactive (magnesite) and non-reactive (sand) minerals are wellmixed and homogeneously distributed across the column. In the Three-zone, Two-zone, and Onezone columns, however, magnesite were distributed in the direction that is in parallel to the main
flow direction in three, two, and one zones in the middle of the columns, respectively, as shown in
Figure 3.1 The column experiments were run under two flow velocities of 0.36 and 3.6 m/d. With
constraints from the column experimental data, reactive transport modeling were utilized to
understand the mechanism that leads to the effect of the mineral spatial distribution on dissolution
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rates. We also investigated the effect of transverse dispersivity on dissolution rate of the Mixed and
One-zone columns.

2. Methodology

2.1. Column Experiments
Magnesite dissolution reaction. Magnesite dissolution has been documented extensively.
(Bénézeth et al., 2011; Chou et al., 1989b; Duckworth and Martin, 2004; King and Putnis, 2013;
Pokrovsky et al., 2009b; Saldi et al., 2009; Saldi et al., 2012; Saldi et al., 2010) Three paralled
reactions have been proposed for magnesite dissolution reactions(Chou et al., 1989b; Plummer and
Wigley, 1976) as follow:
𝑀𝑔𝐶𝑂3 + 𝐻 + ↔ 𝑀𝑔2+ + 𝐻𝐶𝑂3 −

(1)

𝑀𝑔𝐶𝑂3 + 𝐻2 𝐶𝑂3 ↔ 𝑀𝑔2+ + 2𝐻𝐶𝑂3 −

(2)

𝑀𝑔𝐶𝑂3 ↔ 𝑀𝑔2+ + 𝐶𝑂3 2−

(3)

The reaction rate follows the Transition State Theory (TST) based rate law.
𝐼𝐴𝑃

𝑟𝑀𝑔𝐶𝑂3 = (𝑘1 𝑎𝐻 + + 𝑘2 𝑎𝐻2 𝐶𝑂3∗ + 𝑘3 )𝐴 (1 − 𝐾 )
𝑒𝑞

(4)

where k1 , k 2 , and k 3 are the reaction rate constants (mol/m2/s) for their corresponding
reactions, 𝑎H+ and 𝑎H2CO∗3 are the dimensionless activities of the hydrogen ion and carbonic acid,
A is magnesite surface area (m2), IAP is the ion activity product defined as 𝑎Mg2+ 𝑎CO2−
, and Keq is
3
the equilibrium constant of the magnesite dissolution reaction defined in Equation (3). The ratio of
IAP/Keq is the saturation index (SI), showing how far the system is from equilibrium. When IAP/Keq
equals to one the reaction is at equilibrium.
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Mineral Spatial distribution. In this study, columns were packed with magnesite and
quartz grains in four spatial distributions, Mixed, Three-zone, Two-zone, and One-zone, as shown
in Figure 3.1. The volume of the magnesite was 11% ± 1% of the total grain volume in each column
(see Error! Reference source not found.). In the Mixed column, magnesite was uniformly
istributed among the non-reactive matrix of quartz. In the One-zone column, magnesite grains were
distributed as one vertical zone in the middle of the column. In the Three-zone and Two-zone
columns, magnesite was distributed as three and two vertical zones within the quartz matrix. The
Mixed and One-zone columns represent the extreme cases, with the former leading to the largest
interphase contact area, while the latter having the smallest interphase contact area. The Three-zone
and Two-zone columns represent the intermediate cases.
Preparation of materials. The magnesite sample used in this experiment was from
Mongolia. X-ray diffraction analysis showed that magnesite was the only detectable crystalline
phase. Analysis by Inductively Coupled Plasma Emission Spectrometry (ICP-AES) for the
dissolved sample revealed 28.3 wt. % Mg(II) (stoichiometric Mg(II) composition of Mg(II)CO 3 is
expected to have 28.6 wt.%). Only trace amounts of elemental impurities, such as, Al, Ca, Fe, K,
Na, Sr, and Mn, were found in the sample. Using The magnesite specimen was gently grounded by
an agate mortar and pestle and was then sieved to grain sizes between 354 to 500 m. To clean the
surfaces of the grains, the specimen was treated with 1% HCl for several seconds. It was then
ultrasonically cleaned in acetone to remove fine particles, rinsed for several times with distilled
water, dried overnight in an oven at 60°C, and finally stored in a desiccator. The total surface area
of the grains was then determined by N2 gas sorption using the Brunauer-Emmett-Teller (BET)
method (Micromeritics ASAP-2020 surface analyzer). The average BET surface area was found to
be 1.87 m2/g with a standard deviation of 0.54 m2/g. Similar cleaning procedure was performed to
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prepare the natural crystalline quartz sand of grain sizes between 354 to 500 m (Unimin
Corporation) except with exclusion of the HCl treatment step.
Column packing procedure. Four plexiglass columns of 10 cm in length and 2.5 cm in
diameter were used in the experiments. Omnifit fixed end-caps and 20 m polytetrafluoroethylene
(PTFE) frits were utilized to secure the contents of the columns. “Wet packing” method (Minyard
and Burgos, 2007) was used to pack the columns. For the Mixed column, magnesite and quartz
were mixed together to generate a homogeneous mixture. The column was packed in 10 increments.
In each increment, 1/10 of the total mass was added to the solution in the column. For the Onezone column, magnesite and quartz were weighted and divided into 10 portions. A thin plastic tube
with a diameter of 10.97 mm was vertically placed in the center of the column to hold the magnesite
grains. This column was also packed in 10 increments. The initial solution was first poured slowly
into the column to establish a height of 1 cm. Then one portion of magnesite and one portion of
quartz were added into and outside of the vertical tube, respectively. After each step, the tube was
gently pulled out of the matrix to avoid excessive mixing of the magnesite and the quartz zones.
During packing, columns were tapped on four sides to remove air bubbles and ensure uniformity.
After packing, the columns were secured with the end-cap and connected to a syringe pump
(Harvard Apparatus MA1 55-5920). Our observation shows that although we tried carefully to have
the inside one zone to be magnesite only reactive zone, there is certain level of mixing between
quartz and magnesite, which results in about 70% magnesite and 30% quartz in average in that
middle reactive zone. For Two-zone and Three-zone columns, two and three plastic tubes with
diameters of 7.4 and 6.0 mm were used with the same packing procedure as for the One-zone
column.
Determination of porosity, mineral volume fraction, and permeability. The average
porosity was determined by the weight of the minerals packed into the column, the mineral density,
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and the total column volume. For the Mixed columns, homogeneous mixture of minerals gives one
average porosity value. For the zonation columns, the packing with different minerals resulted in
different porosity values for the magnesite and sand zones. It has been observed that during the
packing procedure, when the plastic tube was pulled out, some portion of sand grains entered into
the magnesite zone. To determine the volume fraction and the porosity of each zone, mass and
volume balance equations were solved for the One-zone columns.

M Mg  VMg  1  Mg   VFMg,Mg  Mg

(5)

M Qtz  VQtz  1  Qtz   VFQtz,Qtz  Qtz  VMg  1  Mg   VFQtz,Mg  Qtz

(6)

avg 

VQtz  Qtz  VMg  Mg
Vtot

VFMg,Mg  VFQtz,Mg  1

(7)

(8)

M Mg (gram) and M Qtz (gram) stand for the total amount of the magnesite and quartz
were packed into the columns. VMg is the cylindrical volume of the magnesite zone defined as
2
 rd,Mg
L (r is the radius of the tube used to place the magnesite 1.097 cm and L is the length of

the column 10.50 cm) and VQtz is volume of the sand zone defined as the Vtot  VMg ( Vtot is the
volume of the column).
respectively.

Mg and Qtz are the porosity of the magnesite zone and the sand zone

 Mg and Qtz are the density of the magnesite (3.1 g/cm3) and quartz (2.65 g/cm3).

Assuming that only quartz is occupied the sand zone and no magnesite grains were inserted to this
zone, the VFQtz,Qtz defined as the volume fraction of the quartz in the sand will be 100%. In the
magnesite zone, the summation of VFMg,Mg (volume fraction of magnesite in the magnesite zone)
and VFQtz,Mg (volume fraction of quartz in the magnesite zone) is 100%. The average porosity,

avg
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, is the sum of pore volume in the quartz and magnesite zones divided by the total volume of the
column. For each One-zone column, equations (5)-(8) were solved simultaneously for unknown of

Mg , Qtz , VFMg,Mg , and VFQtz,Mg . The parameters of Mg , Qtz , VFMg,Mg , and VFQtz,Mg
calculated to be 0.54, 0.38, 80%, and 54%, respectively.

Figure 3.1 A) Photo of the packed columns with four different spatial distributions of magnesite (white) and quartz (sand
color). On top and right side of each column are their corresponding 2D schematic cross-sectional views. In all columns,
the volume fraction of magnesite is 11.5% ± 0.5% (v/v). In the Mixed column, the packing consists of a random, uniform
mixture of magnesite and quartz. In other columns, magnesite grains are vertically embedded within a matrix of quartz.
. B) Radial cross-section representation for the One-zone column. The symbols qi and ci represent the flow rates (ml/min)
and concentrations (mol/L) out from the annulus between r i-1 and ri. Fluid flowed upward for all columns.
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Table 3.1 Physical properties of the columns

1

Quartz
(gram)

1

VFMg in 2aL
Solids (%) (cm)

3

aL’
(cm

4

Columns

Magnesite
(gram)

Mixed
Three-zone

11.47
11.25

76.49
76.86

11.37
11.12

0.05
-

0.05
0.10

Two-zone

11.27

74.58

10.99

-

One-zone

11.90

78.04

12.00

0.07

aT
(cm)

5

Average
Porosity

0.005
-

Effective
Perm(1013 2
m)
8.26 (±0.060)
12.30 (±0.004)

0.20

-

7.79 (±0.120)

0.422

0.15

0.004

10.74 (±0.030) 0.395

0.410
0.407

Calculated value for the volume fraction of magnesite in the porous medium (volume magnesite/volume of column)
2
aL is the local longitudinal dispersivity in Equation (10) for each grid block. Value determined by model fitting as described in text. The Two and Three–zone
columns were not simulated so no dispersivity values are reported.
3
aL’ is the global longitudinal dispersivity at the column scale. This is obtained by matching the breakthrough data using average porosity, permeability, and flow
rates without detailed heterogeneity.
4
aT is the transverse dispersivity in Equation (14). The Two and Three–zone columns were not simulated so no dispersivity values are reported.
5
Permeability, calculated based on Darcy’s law using measured flow rates and pressure gradient. The permeability of the sand column was measured to be 8.71013 2
m.
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Permeability. Effective permeability of each column was measured using a Crystal
Engineering pressure gauge (XP2i-DP) that can measure a 15 psi differential pressure with the
precision of 0.001 psi. The measurement was carried out at the flow rates of 0.3, 0.5, and 1.0 ml
min-1. To ensure the steady state condition, each flow rate was kept constant until a differential
pressure was stabilized for 15 minutes with a maximum variation of 0.005 psi. With the measured
flow rate and pressure gradient, Darcy’s law was used to calculate the absolute permeability of the
columns. The permeability values of the columns are shown in Table 3.1.
Dispersivity. Tracer test was conducted to determine the breakthrough curves and the
dispersivity coefficient for the columns. Sodium bromide at the concentration of 1.210-4 M was
injected into the columns under the flow velocity of 3.6 m/d with a residence time of 16.2 minutes.
Effluent samples were collected every 0.2 residence times for 2.5 residence times. Effluent bromide
concentrations were measured using Dionex ICS2500 Ion Chromatography equipment (IC).
Dispersivity values were determined by matching the bromide breakthrough curves using transport
modeling without the reaction term, as shown in Equation (12) in a later section. Measured
permeability, porosity and flow rate were used in the transport modeling. The dispersivity values
were adjusted to obtain the best fit to the experimental data. The obtained dispersivity values are
shown in Table 3.1.
Total, effective, and interface surface areas. In this work we defined three surface areas
and surface area ratios. Figure 3.2 schematically shows all the surface areas and surface area ratios
we used in this work. The total BET surface area of magnesite (AT) was obtained by multiplying
the measured BET surface area of magnesite grains (1.87 m2/g) by the total amount of magnesite.
The AT value was constant during the flow-through column experiment. The effective surface area
(Ae) was defined as the surface area of the magnesite grains that are far from equilibrium. Here we
defend the far from equilibrium as those grains which have IAP/Keq <0.1. We used 0.1 based on
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the two-dimensional analysis. Using two-dimensional simulations we were able to simulate the
experimental conditions of the columns and define the IAP/Keq values of the grid blocks. Then Ae
was calculated by multiplying the mass of magnesite grains which have IAP/Keq <0.1 by the BET
surface area (1.87 m2/g). The last surface area is interface surface area (AI) which was defined as
those effective surface area are laid at the magnesite-sand interface. For the Mixed column, the AI
was the same as Ae because all the magnesite grains were surrounded by the sand grains. For the
One-zone column, the AI was defined as those effective surface area which are laid in the 2 outer
layers of the magnesite zone. Since the magnesite zone was a cylindrical zone in the middle of the
column, the 2 outer layers of magnesite are those grains which were closer to the magnesite-sand
interface.
We introduce 2 surface area ratios, Ae/AT and AI/Ae. The Ae/AT is the ratio of the effective
surface area (Ae) to the total BET surface area (AT). This ratio shows the portion of the total
magnesite grains involved in the dissolution reaction. The AI/Ae is the ratio of the interface surface
area (AI) to the effective surface area (AT). This ratio shows the portion of the effective surface area
which are laid at the magnesite-sand interface.
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Figure 3.2 schematic view of One-zone column and its different surface areas. A) One-zone column, B) Vertical crosssection area of One-zone column, C) The 2D simulation of the vertical cross section area of the One-zone column. The
middle zone (gray color) is the magnesite zone and the black dashed lines show the magnesite-sand interface. The total
BET surface area of magnesite (AT) is constant, D) The 2D simulation result under the condition when the whole
magnesite zone is at equilibrium. Under this condition no magnesite grain dissolves and the value of Ae is 0. Ae is defined
as the portion of the AT value which are bathed in the pores with IAP/Keq<0.1. Under equilibrium condition all the
magnesite pores have IAP/Keq larger than 0.1., E) The 2D simulation result under the condition when the mass transport
at the magnesite-sand interface is larger compared to the D. Under this condition the magnesite grains laid at the
magnesite-sand interface and close to the inlet are effectively dissolving, shown in white dashed lines. The total surface
area of the grains laid at the magnesite-sand interface is 64% of the total surface area of magnesite grains packed in the
column. F) The 2D simulation result under the condition when the mass transport is very large. The whole column is far
from equilibrium (IAP/Keq<0.1). Under this condition all of the magnesite grains are effectively dissolving. Therefore,
the Ae is the same as AT.

Calculation of average effluent Mg(II) concentration for One-zone column. The results
of the flow through experiments were simulated by reactive transport software (CrunchFlow code).
The code generated the simulation results from a 2D domain of 25× 100 mm in width and length
with the resolution of 1 mm. As shown in Figure 3.1, the 2D domain was a representative of radial
cross sectional area of the column. The mixed columns are homogenous in terms of mineral
distribution and hydrodynamic parameters. As a result the concentrations and flow rate are
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homogeneously distributed in the radial direction. However for the One-zone column, the
heterogeneous distribution of the mineral and hydrodynamic parameters, results in the
heterogeneous distribution of the concentration and flow across the cross section area and the radial
direction. Therefore, the mineral species and the flow rate need to be averaged over cross section
in the radial direction. The 11×100 grids in the middle of the 2D domain are specified for the
magnesite zone and the two 7×100 grids in both sides are for the sand zone. The total radial cross
section area of the 3D column Ac,T, total flow rate QT, and average effluent concentrations Ceffluent
can be expressed through the following equations:

AC ,T  Ac ,i    rd,2i  rd,2i 1 
n

n

i 1

i 1

n

n

i 1

i 1

(9)

QT  qi  vi Ac ,i

(10)




(11)

Ceffluent

n

c qi

i 1 i

QT

Here rd,i-1 and rd,i are the radius of the (i-1)th and ith circle from the center of the domain
(cm), Ac,i is the cross-sectional area between rd,i-1 and rd,i (cm2), QT and qi are the total flow rate and
the flow rate coming out from between radius rd,i-1 and rd,i (cm3), vi is the flow velocity coming out
from between radius rd,i-1 and rd,i (cm/day), Ceffluent is the effluent concentration averaged over the
radial cross section (mol/L), and ci is the concentration between radius rd,i-1 and rd,i (mol/L).
Flow through mineral dissolution experiment. The experiments were operated at the
room temperature of 22 °C, with the influent solution flowing upward through the column. The
experiment was run for all four columns under two flow velocities, 0.36 and 3.6 m/d, to represent
a medium to fast rate of flow in natural groundwater systems (Newell et al., 1990b). Before each
flow through experiment, the columns were flushed with a solution at a pH of 8.4 at a flow rate of
18 m/d to wash out the dissolved Mg(II) in the columns and to maintain relatively consistent initial
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conditions across the four columns. The inlet solution contained 10 -3 M NaCl in deionized water
with pH adjusted to 4.0. The inlet reservoir solution was in equilibrium with the partial pressure of
CO2 in the atmosphere. Effluent samples were collected after each residence time for nine residence
times. All collected effluent samples were filtered through 0.22 m filters, collected in
polypropylene plastic vials, and acidified with one drop of 2% HNO 3 to prevent precipitation.
Effluent samples were analyzed for Mg(II) concentration using Perkin-Elmer Optima 5300
Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES).

2.2. Reactive transport modeling
Reactive transport modeling has been used to integrate various processes that involve
reactions in a wide range of applications (Chang et al., 2011; Laverman et al., 2007; Steefel et al.,
2005; Van Cappellen and Gaillard, 1996). CrunchFlow (Steefel, 2007) was used to simulate
multicomponent reactive transport processes in the column. It has been used to model mineral
dissolution (Maher et al., 2006), reactive contaminant transport (Thompson et al., 2010), chemical
weathering where transport is largely by advection (Maher et al., 2009) and diffusion (Hausrath et
al., 2008), and geological carbon sequestration (Knauss et al., 2005). In particular, it has been used
to simulate coupled reaction and transport processes in both physically and chemically
heterogeneous subsurface systems (Li et al., 2011b; Li et al., 2010b).
Reactions and species. In the column experiments, in addition to the magnesite dissolution
as the kinetically controlled reaction, other aqueous speciation reactions also occur. These aqueous
speciation reactions occur instantaneously. The species involved include Mg 2+, MgHCO3-,
MgCO3(aq), H2CO30, HCO3-, CO32-, H+, OH-, Na+, K+, Cl-, and Br-. In a system where both fast and
slow reactions occur, the reactive transport formulation partitions the species into primary and
secondary species, where the secondary species are written in terms of primary species using the
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mass action law of the fast reactions (Lichtner, 1985; Lichtner, 1996). In this work, Mg2+, HCO3-,
H+, Na+, K+, Br- and Cl- were used as primary species. All other species were considered as
secondary species. All reactions and their thermodynamic and kinetic parameters are shown in
Table 3.2. The reaction equilibrium constants for all aqueous speciation reactions are from EQ3/6
database except that of magnesite, as will be discussed later (Wolery et al., 1990b). The reaction
parameters for the magnesite dissolution were obtained by matching the experimental data, as will
be detailed later.

Table 3.2. Chemical and physical parameters used in the model
Log Keq

k (mol/m2/s)

SSA (m2/g, BET,
measured)

-14.00

-

-

- 6.35
-10.33
-1.04

-

-2.98

-

-

Kinetic reactions (logK value is logKsp
value)
𝑀𝑔𝐶𝑂3 + 𝐻 + ↔ 𝑀𝑔2+ + 𝐻𝐶𝑂3 −
𝑀𝑔𝐶𝑂3 + 𝐻2 𝐶𝑂3 ↔ 𝑀𝑔2+ + 2𝐻𝐶𝑂3 −

-

6.20×10-5
5.25×10-6

1.87
1.87

𝑀𝑔𝐶𝑂3 ↔ 𝑀𝑔2+ + 𝐶𝑂3 2−

-7.83

1.00×10-10

1.87

Aqueous speciation (at equilibrium)
H 2O  H   OH 



3

H 2CO  H  HCO
0
3


3



2
3

HCO  H  CO

MgHCO3  Mg 2  HCO3
MgCO3 (aq)  Mg 2  CO32

Reactive transport equations. Two-dimensional (2D) reactive transport modeling were
carried out to simulate the flow through dissolution experiments for the Mixed and One-zone
columns as these two columns are symmetric in the direction that is vertical to the flow. The
reactive transport code, CrunchFlow, solves Reaction-Advection-Dispersion Equations for all
primary species. For example, the reactive transport equation for the total concentration the primary
species Mg(II) is the following:
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𝜕(𝑐𝑀𝑔(𝐼𝐼) )
𝜕𝑡

= 𝐷𝐿

𝜕2 𝑐𝑀𝑔(𝐼𝐼)
𝜕𝑥 2

+ 𝐷𝑇

𝜕2 𝑐𝑀𝑔(𝐼𝐼)
𝜕𝑦 2

− 𝑣𝑥

𝜕𝑐𝑀𝑔(𝐼𝐼)
𝜕𝑥

− 𝑣𝑦

𝜕𝑐𝑀𝑔(𝐼𝐼)
𝜕𝑦

+ 𝑟𝑀𝑔𝐶𝑂3 𝐴

(12)

Where CMg(II) is the total concentration of all species that contain Mg(II) (mol/m3), which
is the summation of the concentrations of Mg2+, MgHCO3-, and MgCO3(aq), 𝑣 is the advection flow
velocity (m/s), x is the location (m), t is time (s), and A is the magnesite surface area per unit pore
volume (m2/m3 pore volume). The rMgCO3 (mol/m2/s) is the dissolution rate law of magnesite given
in equation (4). DL and DT are longitudinal and transverse dispersion coefficients (m2/s) which are
given by
𝐷𝐿 = 𝐷∗ + 𝑎𝐿 𝑣𝑥

(13)

𝐷𝑇 = 𝐷∗ + 𝑎 𝑇 𝑣𝑦

(14)

Where D* is the effective diffusion coefficient in porous media (m2/s), aL and aT are the
longitudinal and transverse dispersivity (m). The Longitudinal dispersivity (aT) of 0.05 and 0.04
cm and transverse to longitudinal dispersion ratio (aT/aL) of 1 and 0.1 were set for Mixed and Onezone columns respectively.

Table 3.3. Initial and boundary concentrations of all species.
Species

Na(I)

Initial Concentrations in the
column pore fluid at t = 0
(mol/L, except for pH)
8.8
3.43E-3 (Approximate, close to
equilibrium with magnesite)
Varies between 0.52E-5 to 1.2E-5,
depending
on
experimental
conditions
1.00E-3

Cl(-I)
Br(-I)

1.00E-3
0.0

SiO2(aq)

1.00E-5

pH
Total Inorganic
Carbon (TIC)
Mg(II)

Concentrations of inflowing fluid
(mol/L, except for pH)
4.0
1.07E-5 (in equilibrium with CO2
gas)
0.0

1.00E-3 (in dissolution experiment)
1.12E-3 (in tracer experiments)
1.00E-3
0.0 (in dissolution experiments)
1.20E-4 (in tracer experiments)
1.00E-5
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The 2D domain was evenly discretized into 100×25 grid blocks with the resolution of 1×1
mm2. To simulate the Mixed column, the volume fraction of magnesite and quartz in each grid
block were set as 11.17% and 88.82% of the total solid volume of that grid block. In the
experimental condition, it was impossible to have a homogeneous magnesite zone at the center of
the column; therefore for the One-zone column, we assumed that the middle zone is a mixture of
magnesite and quartz. The percentage of the each mineral, 70% and 30% for magnesite and quartz,
were obtained from simulation result. The physical properties of the two columns are indicated in
table 3.1. The grid block resolution was small enough, 1x1 mm2, so that each grid block can be
considered as a well-mixed reactor.
To obtain the best fit to the data, the parameters measured in the laboratory including BET
surface area, permeability and the kinetic rate constants were fixed. Permeability ratio and
transverse dispersivity values were adjusted for the One-zone column. For all the experiments, 13
samples were taken for 9 residence times. For each experiment, the averaged effluent Mg(II)
concentrations were calculated by averaging the concentration of the last four samples were taken
at 6 to 9 residence times.
Calculation of continuum-scale dissolution rates. The continuum-scale dissolution rate

𝑅𝑀𝑔𝐶𝑂3 (mol/m2/s) is determined as below equation.
𝑅𝑀𝑔𝐶𝑂3 =

𝑄(𝐶𝑀𝑔(𝐼𝐼),𝑜𝑢𝑡 −𝐶𝑀𝑔(𝐼𝐼),𝑖𝑛)
𝐴𝑇

Where QT is the experimental flow rate (L/s),

(15)
CMg ( II ),out and CMg ( II ),in are the Mg(II)

concentrations in the effluent and influent of the experiment (mol/L), AT is the total surface area of
magnesite within the whole column (m2).
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3. Results and Discussion

3.1. Physical properties of the columns
Permeability. Although we used the same grain size distribution for magnesite and quartz,
the effective permeability values vary between 7.79 ~ 10.7410-13 m2 for the four columns, as show
in Table 3.1. The effective permeability was affected by the spatial distribution and possibly the
texture of the two minerals.
Dispersivity. Figure 3.3A shows the tracer breakthrough curves and the simulated results
fitted to the Mixed and One-zone columns. The breakthrough data showed similar trend and nearly
overlapped if considering the error bar, indicating similar dispersive characteristics across the
columns. They all increased around 0.8 residence time and reached steady state at approximately
1.7 residence times. The figures show longer tails and some extent of non-Fickian behavior than
those predicted by the standard Advective Dispersion Equations (ADE) through transport
modeling, indicating certain levels of heterogeneity within each column. Of the four columns, the
Mixed column is closest to the ADE simulation curve, most likely due to its homogeneous mixing
between quartz and magnesite. The Two-zone column has the largest extent of non-Fickian
behavior among the four columns. Interestingly, this column also has the largest permeability value
among the four columns.
Figure 3.3B shows the spatial distributions of local floe velocities of the Mixed and Onezone columns. For the Mixed column, the physical properties (porosity and permeability) are
distributed homogeneously across the column. As a result this column has a homogenous
distribution of local flow velocity. For the One-zone column, different zones (magnesite and sand
zones) have different permeability values. The permeability of magnesite zone is 1.2 times larger
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than the sand zone therefore; the flow velocity in the magnesite zone is 1.2 times higher than that
in the sand zone.
Figure 3.3C shows global and local longitudinal dispersivity values as a number of zones.
The local longitudinal dispersivity values (aL) were obtained only for the Mixed and One-zone
columns using 2D simulation. We obtained global longitudinal dispersivity values (aLˊ) for all the
columns using one-dimensional simulations. To obtain these values, the effective permeability and
porosity of the columns were used in homogeneous 1D simulations. The global longitudinal
dispersivity of the columns were found to be larger than the local longitudinal dispersivity values.
Also the aLˊ values of the zoned columns were larger than that of the Mixed column, meaning that
aLˊ value is affected by spatial heterogeneity.

Figure 3.3 A) Experimental and simulated breakthrough curves of bromide. The dots indicate the experimental data with
error bars for Mixed, Three, Two, and One-zone distributions. The lines indicate the modeling output of the breakthrough
curves for the Mixed and One-zone columns. The flow rate is 3.6 m/d, with a residence time of 16 min. B) Spatial
distribution of local flow velocity in the Mixed and One-zone columns. C) Global and local dispersivity ( aL’ and aL) as
a function of the number of zones. The “>3” case is for the Mixed column.

3.2. Effects of Mineral Spatial Distribution
Mg(II) breakthrough curves. Figure 3.4 shows the effect of flow velocity (0.36 and 3.6
m/d) on the effluent Mg(II) breakthrough for all the four columns. The effluent Mg(II)
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concentrations for the four columns followed a similar trend. They increased from their initial
concentrations to steady state values after about three residence times.
At the flow velocity of 3.6 m/d, effluent Mg(II) concentration in the Mixed column has
higher steady state concentration of 1.61×10-4 mol/L, indicating higher magnesite dissolution rate
compared to the other three columns. Its effluent concentrations are about 1.6, 1.7, and 1.9 times
higher than the Three, Two, and One-zone columns. The difference between the concentrations in
the Three, Two, and One-zone columns is relatively small. This may be due to the fact that the
diameter of the column is only 2.5 cm, which does not allow sufficient spacing even if the
magnesite is distributed in different numbers of reactive zones.
At the flow velocity of 0.36 m/d, the Mixed column has the highest steady state
concentration of Mg(II) (2.6×10-7 mol/L) compared to the other three columns. At this flow
velocity, the residence time was 10 times longer, which allowed more dissolution to occur and
steady state concentrations than in the 3.6 m/d situation. Comparing the four columns, similar trend
but slightly smaller difference between the columns has been observed in this case as in the 3.6 m/d
case. The steady state Mg(II) concentrations from the Mixed column were about 1.5, 1.6, and 1.7
times higher than the Three, Two, and One-zone columns.
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Figure 3.4 Experimental and simulated breakthrough curves of Mg(II) concentration at flow velocity of A) 3.6 m/d and
B) 0.36 m/d . The dots are the experimental data for the four columns and the lines are the modeling output for the Mixed
and One-zone columns.

The processes in the two extreme Mixed and One-zone columns were simulated using two
dimensional reactive transport modeling. In the Mixed case, all parameters, including magnesite
percentage, porosity, and permeability, were from experimental measurement. For the One-zone
case, although we tried our best to make the column homogeneous, it does seems certain level of
physical heterogeneity between the magnesite and quartz zones. We were not able to reproduce the
Mg(II) breakthrough curves by assuming it is a homogenous column. In fact, we had to assume that
the middle zone was a mixture of 70% magnesite and 30% quartz to match the data. The simulation
curve was fitted to the One-zone experimental results with porosity and permeability values of 0.49
and 2.1×10-13 m2 for the magnesite zone and 0.38 and 1.67×10-13 m2 for the non-reactive zones,
respectively. The distinct porosity and permeability values of the two zones indicate structural
differences. This set of parameters generated the best curves that fit the experimental results.
Column-scale dissolution rates. Figure 3.5A shows the column scale rate of the column
at two flow velocities of 0.36 and 3.6 m/d. The column scale rate decrease with decreasing the
number of zones. For the same magnesite pattern the rate decrease with decreasing flow velocity.
Figure 3.5B shows the ratio of the column scale of the zoned columns (Three-zone, Two-zone, and
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One-zone) to the column scale rate of the Mixed column. The Rate ratio of 1 indicates that the
columns have similar dissolution rates. When the Rate ratio is smaller than 1, it indicates that the
dissolution rate of magnesite in the zoned columns are lower than that in the Mixed column. As we
can see from Figure 3.5B, the Rate ratio varies between 0.46 to 1 for different columns and different
flow velocities. The rate ratio is the smallest for the One-zone column and under flow velocity
condition of 3.6 m/d. This is due to the shorter residence time and less importance of diffusion
process in homogenizing the concentration across the column.

Figure 3.5 A) The logarithm of column-scale dissolution rates for Mixed and zoned (Three-zone, Two-zone, and Onezone) columns under two different flow velocities of 0.36 and 3.6 m/d. B) The ratio of the column-scale dissolution rate
of the zoned columns to the of the Mixed columns. The symbol “>3” represents the Mixed column.

Spatial distribution of aqueous geochemistry. Figure 3.6 shows the prediction of the 2D
steady state spatial profiles of Mg(II) concentration, pH, IAP/Keq, and local dissolution rates for the
Mixed and One-zone columns using the set of parameters that matched the Mg(II) breakthrough
curves. The simulation results are presented for two flow velocities of 3.6 (Figures 3.6A-D) and
0.36 m/d (3.6E-H) respectively. In the Mixed column, since magnesite grains were homogenously
distributed, dissolution occurred everywhere in the column. The dissolution also led to increases in
pH and Mg(II) concentration, as shown in Figure 3.6B. As a result, the saturation index IAP/Keq
increase in the main flow direction, which resulted in decreases in local dissolution rates. Along
the column, the local dissolution rates vary by approximately two orders of magnitude, depending
on the local pH and IAP/Keq values, as shown in Figure 3.6D.
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In the One-zone case, magnesite grains are only located in the middle of the column
however with surface area ten times of the magnesite in the Mixed column. As a result, Mg(II)
concentration, pH, and the saturation state increase very quickly in the magnesite zone, while the
local dissolution rates decrease quickly along the column. Toward the outlet of the column, it can
be observed that the magnesite zone reached equilibrium with close to unity IAP/Keq values and
more than two orders of magnitude lower rates than those close to the inlet. This indicates that the
overall magnesite dissolution is somewhat transport limited. In contrast, Mg(II) concentration in
the quartz zone depends on how fast the dissolved Mg(II) was transported to these locations. This
is why the Mg (II) concentrations close to the magnesite zone are higher than in locations far away.
In general, the two columns showed very distinct dynamics and characteristics.
At the flow velocity of 0.36 m/day, the residence time is longer, which allows more time
for reactions and diffusion to occur. As a result, compared to the 3.6 m/day, the Mg(II) transported
more to the down gradient non-reactive zones. At the same time, the local dissolution rates are also
much lower in general due to the larger increase in pH and saturation states.
As the dissolution occurs, pH and IAP/Keq increase only in the reactive zone. As shown in
Figure 3.6C, IAP/Keq is 1.0 in most of the reactive zone and at the end of the column. This means
that the pores are at equilibrium with magnesite. This happens because mass transport is limited by
dissolution rate. The dissolution reaction is sensitive to transverse dispersion coefficient (aT) which
is not high enough so the cations are accumulated in the zones. As a result local dissolution rate is
low in those zones (see Figure 3.6D).
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Figure 3.6. Predicted 2D spatial profiles of aqueous geochemistry and local dissolution rates under steady state conditions
for the Mixed (left) and One-zone (right) columns at flow velocities of 3.6 m/day (top) and 0.36 m/ day (bottom). A)
Mg(II), B) pH, C) IAP/Keq, D) log r.

3.3. Effect of transverse dispersivity
Effect of transverse dispersivity. To match the Mg(II) breakthrough curves, we realized
that the transverse dispersivity is a key parameter that determine the rates of mass transport from
reaction products from the reactive magnesite zone and the spatial distribution of the magnesite
dissolution and column-scale dissolution rates. Large aT values indicates fast mass transport rates
out of reactive zones. Figure 3.7A shows the effect of transverse dispersivity coefficient (aT) on
effluent Mg(II) concentration. For the Mixed column the simulation result with aT value of 0.005
matched very well with the experimental results and its breakthrough curves are not sensitive to
the aT values. This is because reactive minerals are distributed homogeneously everywhere in the
column and therefore transverse dispersion does not enhance mass transport. For the One-zone
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column, the transverse dispersivity value of 410-3 fitted the Mg(II) breakthrough curves well
however no other values. Increasing aT value to 410-4 leads to a much lower Mg(II) concentration
while increasing to a value of 410-2 significantly enhanced the dissolution and lead to the same
column-scale rates as in the Mixed column.
To further understand the mechanism in the different magnesite dissolution rates with
different spatial distribution and the importance of aT value , Figure 3.7B shows the 2D spatial
profiles of dissolved Mg(II) concentration, IAP/Keq, and local scale dissolution rate in the Mixed
and One-zone columns with different aT values. Larger aT value results in faster transport rate of
reaction products out of the magnesite zone, which enhanced the rates in One-zone columns. With
a lower aT value, 410-4, Mg(II) cations cannot easily be transported out of the magnesite zone,
which essentially lead to a “confined” area of magnesite dissolution, high pH, close to equilibrium
conditions, and therefore much lower overall reaction rates.
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Figure 3.7. A) Effects of transverse dispersivity on magnesium breakthrough curves. B) Spatial profiles of dissolved
Mg(II) cations, IAP/Keq, and local scale dissolution rate for Mixed and One-zone columns. Three different transverse
dispersivity values, aT, of 4×10-2, 4×10-3, and 4×10-4 were tested on One-zone column and the results are compared with
the Mixed column.

Figure 3.8 shows that the change in transverse dispersivity values affects the Ae, AI and
column-scale bulk rate of One-zone column. We systematically changed the aT values while
keeping other parameters constant and then calculated Ae, AI and RMgCO3,B. Figure 3.8A shows how
Ae and AI change with aT value. When the aT value is small, both Ae and AI do not change
significantly with aT. Under this condition, the diffusion process dominates in the system. When
the aT value is very low only 16% of the AT value of the column are effective and most of the surface
areas located at the magnesite-sand interface effectively dissolve, shown in Figure 3.8B. Due to the
low mass transport, only the grains located at interface and close to the inlet are involved in
dissolution reaction. As shown in Figure 3.8A, when the aT value is large, both Ae and AI increase
significantly with increasing aT. Under this condition the mass transport is larger and dispersion
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becomes dominant in the system. The reaction products are quickly moved away from the reactive
zone in the horizontal direction. Under this condition, larger portion (~27%) of the AT value become
effective compared to the condition when the aT value is small. With larger mass transport, part of
the grains located close to the center of the column which are far from the interface become more
reactive. Figure 3.8C shows how column-scale bulk rate change with surface areas. As it can be
observed, RMgCO3,B change with Ae and AI, however it does not depend on AT.

Figure 3.8 A) Effective (Ae) and interface (AI) surface areas as a function of logarithm of transverse dispersivity (aT); B)
surface area ratios, Ae/AT and AI/Ae) as a function of aT, values; Column-scale bulk rates (RMgCO3,B , mol/s) as a function
of Ae and AI. The surface area values were obtained by varying the aT value.

3.4. Effective and interface surface area
Effective (Ae) and interface (AI) surface area. Figure 3.9A shows logarithm of surface
areas as a function of number of zones. For both flow velocities (0.36 and 3.6 m/d), Ae and AI have
similar trends. For the Mixed column, AI is the same as Ae. For the zoned columns, AI are always
smaller than Ae values. This is because besides the grains which are laid at the interface, some of
the grains laid close to the center are involved in dissolution reaction. From this figure we can
observe that the Mixed column have larger Ae values compared to those of the zoned columns. This
happens as a result of larger mass transport in the Mixed column rather than in the zoned columns.
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It is notable the Ae and AI for all the four column are larger at higher flow velocity. At higher flow
velocity, the residence of the fluid in the columns is smaller and the mass transport is larger.
Figure 3.9B shows that the column scale-bulk rate strongly depends on Ae and AI not the
AT. The regression line for rates (mol/s) as a function of Ae is RMgCO3,B (mol/s) =10-9.56Ae with an R2
of 0.88, while the regression line for Rates (mol/s) as a function of AI is RMgCO3,B (mol/s) = 10-9.22AI
with an R2 of 0.83. Under this flow velocity conditions reaction (3) with rate constant of 10 -10 is the
dominant reaction. Interestingly, this value (10-10) is very close to the constant (10-9.56) we found
for our two flow velocities. In the equation for reaction 3 (RMgCO3,B (mol/s) = 10-10AT), the rate
depend on the total surface area (AT). However the regression line shows that the rate is a function
of the effective surface area (Ae) not the total surface area (AT).

Figure 3.9 A) The logarithm of effective (Ae) and interface (AI) surface area as a function of number of zones at two
different flow velocities of 0.36 m/d and 3.6 m/d.; B) Column-scale bulk dissolution rate as a function of effective (Ae)
and interface (AI) surface area. The Mixed column is shown as >3 zones.

Column-scale rates and Damkohler number. All measured experimental rates from our
previous study (LI et al., 2014; SALEHIKHOO et al., 2013) and this work are plotted as a function
of Damkohler number (DaI) in Figure 3.10. DaI is the relative importance of advection to reaction.
This relative importance of these two processes can be determined by using the ratio of their time
characteristics,

𝜏𝑎𝑑𝑣
𝜏𝑟

.
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Here, 𝜏𝑎𝑑𝑣 is the residence of the fluid in the column which is the ratio of the column
length, L (m), to the flow velocity, v (m/d). 𝜏𝑟 is the characteristic time for the dissolution reaction
which can be define as the time the whole column reaches to equilibrium. The 𝜏𝑟 can be written in
terms of Vp (m3) the total pore volume of the column, Ceq,Mg (mol/m3) the equilibrium concentration
of Mg(II), RMgCO3 (mol/m2/s) the column-scale dissolution rate, and AT (m2) is the total magnesite
surface area in the column. This figure shows three regimes; kinetic control, mixed control, and
local equilibrium control. In the kinetic control regime, the mass transport is faster than dissolution
reaction. Under this condition the DaI is very small due to higher flow velocity and shorter
residence time. In the mixed control (middle region), dissolution reaction and mass transport
compete in controlling the rate of the system. The rates from the Mixed columns and flowtransverse columns which are fallen this regime follows a regression line shown in the figure:
log 𝑅𝑀𝑔𝐶𝑂3 = −1.9 𝐷𝑎𝐼 − 8.6

(17)

The line has a R2 of 0.895. In the local equilibrium regime (large DaI), advection is limiting
and the system reaches to equilibrium. We can observe from the figure that the rates of the zoned
column do not follow the regression line, indicating that the heterogeneous spatial distribution of
magnesite in these columns results in a mass transport limitation and their rates cannot be predicted
with the regression line.
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Figure 3.10 Logarithm of column-scale rates,RMgCO3 (mol/m2/s), from our previous work and this work are plotted as a
function of dimensionless Damkohler number (DaI). The diamonds are the rates from flow-transverse columns with three
columns lengths of 22, 10, and 5 cm. The rates of the Mixed and the zoned columns from the flow-parallel set are shown
in open (0.36 m/d) and close (3.6 m/d) circles. The rates from flow-transverse columns and the Mixed columns from
flow-parallel columns followed the equation obtained from the regression line. The rates of the zoned columns do not
follow the equation.

4. Conclusion
The effect of spatial heterogeneity of minerals on their dissolution rates have been addressed
by few researches using modeling approaches (Li et al., 2007b; Li et al., 2007d; Molins et al.,
2012a). However, no study has been reported to experimentally investigate the effects spatial
distribution of minerals on their dissolution/precipitation rates. Our series of experimental work on
the effect of spatial distribution of magnesite are the first and the only study in this field using
experimental approach. In our previous study, we quantified the magnesite dissolution rates from
uniform distribution and compared with the rates from the flow-transverse(Salehikhoo et al., 2013).
In this work, we studied the effect of zoned patterns which are parallel to the direction of the flow
on the column-scale dissolution rate of magnesite. The rates from the zoned columns were 1.5 to 2
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times smaller than that of the Mixed column. In the zoned flow-parallel columns, the local
dissolution rates are limited by the rates of mass transport out of the magnesite zone and middle
zone become saturated with the equilibrated fluid.
Using the two-dimensional reactive transport modeling, we were able to define the two
important surface areas of effective (Ae) and interface (AI). The Ae is a function of both flow rate
and spatial pattern. We found that the column-scale bulk rate with the unit of mol/s strongly
depends on the Ae instead of the AT (total BET surface area). At lower flow velocity of 0.36 m/d,
the Ae was about 2% of the AT. With increasing flow velocity to 3.6 m/d, both Ae and column-scale
bulk rate increases up to 1.5 orders of magnitude.
We fitted a regression line with the equation of RMgCO3,B (mol/s) =10-9.56Ae to the data. This
equation indicates that the column-scale bulk rate depends on the effective surface area. The
difference in effective surface area may cause the laboratory-field discrepancy in rates. And the
difference in effective surface area may have been caused by slow flow velocity or spatial zonation
patterns on magnesite. Knowing the effective surface area, someone can more accurately calculate
the dissolution rate by using the equation (RMgCO3,B (mol/s) =10-9.56Ae).
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Chapter 4 The role of spatial pattern in dictating magnesite dissolution: when
does it matter?

Abstract

We systematically explore the role of magnesite distribution patterns in dictating its
dissolution rates under an array of flow regimes and permeability contrast conditions using flowthrough column experiments and reactive transport modeling. Columns (10 cm in length) were
packed with magnesite distributed within the quartz matrix in different spatial patterns: the Mixed
column has uniformly distributed magnesite while the zonation columns contain magnesite in
different number of zones (Three-zone, Two-zone, and One-zone) in the direction parallel to the
main flow. Two column sets were packed with different permeability contrast (ratio) between
magnesite and quartz zones (ratio,Mg/Qtz). The MgLow set has magnesite permeability higher than
that of the quartz zone with a ratio,Mg/Qtz of 0.74 while the MgHigh set has higher permeability
magnesite with a ratio,Mg/Qtz of 1.2. Numerical experiments further expanded to a wider range of
ratio,Mg/Qtz between 0.01 and 12. The experiments were carried out under flow velocities ranging
from 0.015 to 18 m/d.
Dissolution rates are in general highest for conditions that maximize the water flowing
through the magnesite zone, when the flow is fast, magnesite is uniformly distributed or in zones
oriented transverse to the main flow, or in high permeability zone(s). Spatial patterns do not make
a difference under low flow velocity conditions (< 0.36 m/d) where the system reaches equilibrium,
or under high flow and high permeability magnesite conditions. Under high flow and low
permeability magnesite conditions, the rate of the One-zone column was observed to be lower than
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that of the Mixed columns by a factor of 2.7 with a ratio,Mg/Qtzvalue of 0.74 and by an order of
magnitude with a ratio,Mg/Qtz value of 0.01. Under these conditions, dissolution is significantly
limited by mass transport  only the magnesite with 2 mm from the magnesite-quartz interface
effectively dissolves.
Combining data from 79 flow-through experiments, we found that the bulk column-scale
-9.60
rate depends on Ae through the equation R MgCO3 ,B  mol/s  =10 A e , where Ae is defined as the

surface area of magnesite grains that effectively dissolve in dilute water with IAP/Keq < 0.1. The
value of 10-9.60 is very close to 10 -10.0 mol/m2/s under well-mixed conditions, suggesting that the
laboratory-field rate discrepancy can be resolved when Ae, instead of the total BET surface area, is
used in the rate law. Surface area analysis shows that Ae can vary between 0.1% of AT under low
flow conditions and 100% of AT under high flow and high magnesite permeability conditions. For
patterns where the reactive minerals have low permeability, the reactive-nonreactive interface area
can potentially be used to approximate Ae. This work quantifies the significance of spatial patterns
in controlling mineral reactions and chemical weathering, and points to its potential of regulating
landscape formation and evolution, ecosystem functioning, and water cycles at larger scales.

1. Introduction
Mineral reactions occur ubiquitously and are important in understanding the evolution of
earth system formation, evolution, and functioning in applications relevant to water, energy, and
environment. Mineral reactions provide nutrients and shape landscapes in the critical zone
(Brantley and Lebedeva, 2011; Chorover et al., 2011; Hahm et al., 2014). They also alter the
properties of deep subsurface energy resource systems, including oil and gas reservoirs and
geothermal reservoirs (André et al., 2006; Crawshaw and Boek, 2013; Le Gallo et al., 1998;
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Massarotto et al., 2010). Over geological time scale, chemical weathering and carbon
mineralization regulates the atmospheric concentration of carbon dioxide and climate (Godderis et
al., 2013; Maher and Chamberlain, 2014; Oelkers et al., 2008; Veizer et al., 2000).
Water drives mineral dissolution and chemical weathering in the natural subsurface. With
the ubiquitous presence of spatial heterogeneity, i.e., the spatial variations in physical and
geochemical properties (Brady and Weil, 2001; Harrington and Hendry, 2005; Jardine et al., 1993;
Jin et al., 2010a; McDuff and Gieskes, 1976; Pearce et al., 2012), water distribution is typically
dictated by the spatial patterns of hydrological properties such as permeability. Macro pores occur
ubiquitously in soil (Beven and Germann, 1982; Luo et al., 2010). Different types of minerals in
the natural subsurface exhibits orders of magnitude variation in permeability and are distributed in
patterns varying from uniform distribution in one extreme, to layered or clustered patterns at the
other end of the spectrum. For example, clays typically present themselves as low permeability
“lenses”, while carbonates are often distributed as scattered cementation material in sandstones of
much higher permeability (Gelhar, 1993; Koltermann and Gorelick, 1996). Large spatial variations
in conductive properties regulate the spatial distribution of water, local flow velocities, the extent
of contact between water and rocks, and therefore mineral dissolution and chemical weathering
rates over geological time scales (CLOW and DREVER, 1996; KNAPP, 1989b; NEWELL et al., 1990a).
The role of physical heterogeneity, i.e., the spatial variation in porosity and permeability,
has been studied extensively using modeling, experimental, and field approaches (Adams and
Gelhar, 1992; Dagan et al., 2013; Fiori et al., 2010; Pedretti et al., 2013; Sudicky, 1986; Sudicky
et al., 2010) and has been known to play a pivotal role in determining flow and solute transport
(Rolle et al., 2009; Willingham et al., 2008; Willmann et al., 2008; Zinn et al., 2004). Extensive
work has been done to capture the anomalous, non-Fickian behavior commonly observed in
heterogeneous porous media using, for example, the dual porosity model (Gerke and
Vangenuchten, 1993), multi-rate mass transfer model (Haggerty and Gorelick, 1995), as well as
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non-local methods (Dentz et al., 2011a; Willmann et al., 2010). Berkowitz and co-workers
developed the framework of Continuous Time Random Walk (CTRW) that is non-local in time
(Berkowitz et al., 2006), while non-local in space method such as Fractional Advection Dispersion
Equation (FADE) has also been extensively used (Benson et al., 2000a; Benson et al., 2000b).
Understanding on the role of geochemical spatial patterns in determining reaction rates in
natural subsurface, however, is still in its infancy. Weathering rates measured in field studies have
been extensively documented to be 2-5 orders of magnitude lower than laboratory-derived rates
and are a natural result of spatial heterogeneity (Maher et al., 2006; Swoboda-Colberg and Drever,
1993; White and Brantley, 2003b; Zhu et al., 2010). However, quantifying the particular role of
mineral spatial patterns is challenging due to the complex natural process coupling. The effects of
physico-chemical heterogeneity on biogeochemical reactions have recently started to be addressed
in the context of environmental bioremediation (Li et al., 2011a; Li et al., 2010a; Scheibe et al.,
2011; Zhang et al., 2010b), adsorption-desorption (Deng et al., 2012; Liu et al., 2013; Liu et al.,
2008; Sassen et al., 2012), and

mineral dissolution and precipitation (Werth et al., 2010;

Willingham et al., 2008; Zhang et al., 2010a). Most of existing work, however, has been limited to
document observation of impacts through numerical experiments and to a lesser degree, flowthrough pore-scale or column experiments. For example, spatial heterogeneities in mineral
distribution has been found to cause unstable dissolution fronts and wormhole development within
carbonate cores upon CO2 injection (Smith et al., 2013). Liu et al. (2013) concluded that spatial
patterns of sediment grains that led to preferential flow paths result in much slower uranium
desorption compared to those in relatively homogeneous columns.
Despite of these recent advances, systematic studies with particular focus on the role of
spatial heterogeneities on (bio) geochemical processes are rare. General principles and theoretical
framework on the control of geochemical spatial patterns on biogeochemical processes remain out
of reach. Key questions remain outstanding. For example, what are the key factors that control the
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effects of spatial patterns? How and under what conditions do mineral spatial patterns play a
significant role? What are the general principles that underlie the dependence of mineral dissolution
rates on spatial patters?
Our goal here is to systematically explore the role of spatial patterns in determining mineral
dissolution in natural porous media. Using columns packed with the same total amount of
magnesite (10% weight) distributed in quartz matrix with different spatial patterns, we examine
how the spatial patterns affect their column-scale rates in two different orientations. In the flowtransverse case (Salehikhoo et al., 2013) where a magnesite layer was distributed in the direction
perpendicular to the main flow, a maximum difference of 14% was reached between the One-zone
column with all magnesite distributed in one zone and the Mixed column with uniformly distributed
magnesite. In Li et al. (2014), the magnesite zones were oriented in the direction that was parallel
to the main flow. The rates from the One-zone column with one cylindrical magnesite zone were
only half of those from the Mixed column under the flow velocity of 3.6 and 7.2 m/d.
This work expands Li et al. (2014) by investigating a large range of variable space to
understand and quantify how, to what extent, and under what conditions the physical and
geochemical patterns regulate water distribution and magnesite dissolution rates. Columns were
packed similar to previous studies with the patterns of Mixed, Three-zone, Two-zone, and Onezone, where magnesite was distributed in different number of zones in parallel to the main flow.
Two sets of columns were packed, with the MgHigh columns having higher permeability magnesite
zone and the MgLow columns having lower magnesite permeability compared to that of quartz.
Flow-through experiments were carried out at 6 flow velocities varying from 0.015 m/d to18 m/d.
With parameters constrained by the data, reactive transport modeling were carried out under a wider
range of permeability contrast ratios of 0.01 to 12.0 to understand the role of physical and
geochemical heterogeneity coupling.
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2. Methodology
We choose to study magnesite dissolution that has been documented extensively (Bénézeth
et al., 2011; Chou et al., 1989b; Duckworth and Martin, 2004; King and Putnis, 2013; Pokrovsky
et al., 2009b; Saldi et al., 2009; Saldi et al., 2012; Saldi et al., 2010). We focus on the largely
unexplored effects of magnesite spatial distribution patterns on its column-scale dissolution rates.
Mineral volume fraction, mineral preparation procedure, and inlet solution were kept the same as
in our previous work for easy comparison (Li et al., 2014; Salehikhoo et al., 2013).

2.1. Column Experiments
MgHigh and MgLow columns. Columns were packed with two minerals, with magnesite
representing the reacting mineral while sand representing the non-reactive mineral because of its
much low dissolution rate compared to that of the magnesite. Two sets of columns were packed.
The MgHigh column used the same grain size range of 354 to 500 µm for quartz and magnesite,
the same as those in our previous work (Li et al., 2014). Although with the same grain size, the
packing led to a higher permeability magnesite zone compared to that of the quartz zone by a ratio,
Mg/Qtz

of 1.2. The MgLow columns were packed with smaller magnesite grains of 297 to 354 µm

compared to that of the sand grains (354 to 500 µm), leading to lower permeability magnesite zone
by a ratio, Mg/Qtz of 0.74 compared to the quartz zone. Attempts to use smaller magnesite grains failed
because smaller grains became milky in water and the column packing was not successful. This
smaller grain size The MgHigh set has 4 columns with Mixed, Three-zone, Two-zone, and Onezone distributions, while the MgLow set has 3 columns of these patterns except the Three-zone
pattern. As shown in Fig. 1, in the Mixed column, magnesite and sand mixture was packed
uniformly throughout the column. For the Three-zone, Two-zone, and One-zone columns,
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magnesite was distributed in the direction parallel to the main flow as three, two, and one vertical
cylinder(s), respectively. The magnesite volume percentage was 11.02 %±0.2% of the total solid
volume, as shown in Table 4.1.

Figure 4.1. A) Schematic figures of the packed columns with four different spatial patterns of magnesite (white)
and sand (sand color): Mixed, Three-zone, Two-zone, and One-zone. A total of seven columns were packed into two sets
of columns with different permeability contrasts. The MgHigh columns were packed with the same grain sizes of
magnesite and quartz (354 to 500 µm) and have higher permeability magnesite zone with a ratio, Mg/Qtz of 1.2. The MgLow
columns have smaller magnesite grains (297 to 354 µm) and lower permeability magnesite zone with a ratio, Mg/Qtz of
0.74. The volume fraction of magnesite was 11.02% ± 0.2% of the total solid volume in all columns. B) The 3D schematic
of the One-zone column and its radial cross-section representation. The symbol qi and ci represent the flow rates and
concentrations from the annulus between radius ri and ri-1.

Mineral preparation and column packing. Magnesite samples were from a private
collection in Mongolia. Crystalline phase of magnesite (MgCO 3) was confirmed using X-ray
diffraction (XRD) analysis. Inductively Coupled Plasma Emission Spectrometry (ICP-AES,
Perkin-Elmer Optima 5300) analysis revealed 28.3 wt% Mg (MgCO3 stoichiometric value is 28.6
wt %). The grains were treated with 1% HCl for several seconds, ultrasonically cleaned in acetone
to remove fine particles, rinsed with distilled water several times, dried in an oven overnight at 60
°C, and stored in a desiccator. The Brunauer-Emmett-Teller (BET) surface areas of magnesite
were determined to be 1.87(±0.54) and 2.04 m2/g for the large and small grains, respectively. Sand
(from Unimin Corporation) grains of size range between 354 to 500 m were used for all
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experiments with a measured BET surface area of 0.10 m2/g. They were prepared using the same
cleaning procedure as described above except that the treatment with HCl was omitted.
Plexiglass columns with a diameter of 2.56 cm and a length of 10.5 cm were wet packed
(Minyard and Burgos, 2007). The packing procedure was detailed in our previous work and is
summarized briefly here. To pack the Mixed column, a homogenized mixture of magnesite and
sand was added incrementally into the column with each increment being 1/10 of the mixture. For
the One-zone column, a thin plastic tube with a diameter of 1.10 cm was placed vertically in the
middle of the column. The magnesite and sand grains were added incrementally into the initial
solution inside and outside of the tube, respectively. The tube was gently pulled out to keep the
magnesite grains in place at the end of each step. During the packing, the columns were tapped
constantly on the four sides to remove air bubbles and to settle the recent layer of solid phase to the
previous one. The Two-zone and the Three-zone columns were packed similarly as the One-zone
columns except with two and three plastic tubes of the diameters of 0.74 and 0.60 mm, respectively.
Column properties: porosity, mineral volume fraction, and permeability. The average
porosity was determined by the weight of the minerals packed into the column, the mineral density,
and the total column volume. For the Mixed columns, homogeneous mixture of minerals gave one
average porosity value. For the zonation columns, the packing with different minerals resulted in
different porosity for the magnesite and sand zones. It has been observed that during the packing
procedure, when the plastic tube was pulled out, some portion of sand grains entered the magnesite
zone. To determine the volume fraction and the porosity of each zone, mass and volume balance
equations were solved for the One-zone columns, as detailed previously (Li et al., 2014).
Essentially, 4 equations for the total mass of magnesite and quartz, average porosity, and solid
volume fraction summation were written to solve for 4 unknowns -- magnesite zone porosity Mg ,
quartz zone porosity Qtz , magnesite volume fraction in magnesite zone VFMg,Mg , and quartz
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volume fraction in magnesite zone VFQtz,Mg . With measured mass, average porosity, densities and
volume of different solids as known, Mg , Qtz , VFMg,Mg , and VFQtz,Mg were calculated as 0.56,
0.37, 0.74, and 0.26, respectively, for the MgLow One-zone column. For the MgHigh One-zone
column, these values were calculated to be 0.54, 0.38, 0.80, and 0.20, respectively.
The permeability of each column was determined by measuring pressure gradients of the
columns at the flow rates of 0.3, 0.5 and 1.0 ml/min using a Crystal Engineering pressure gauge
(XP2i-DP). The effective permeability of each column was calculated using Darcy’s law based on
measured flow rates and pressure gradients.

89
Table 4.1. Physical properties of the columns
MgLow Columns
MgHigh Columns

Mixed
Magnesite(gram)
sand (gram)
1
VFMg (Solids)
2
aL (cm)
3
aT (cm)
4

aL’ (cm)

5

eff (10-13m2)

ratio, Mg/Qtz
 ave
 Mg,one-zone
 Qtz,one-zone

Onezone
10.45

Mixed

11.59

Twozone
10.48

11.47

Threezone
11.25

Twozone
11.27

83.53
10.60
0.05
--

76.47
10.48
---

0.05
3.4
(±0.05)
-0.347
---

Onezone
11.90

76.49
11.37
0.05
--

76.86
11.12
---

74.58
10.99
---

0.3

75.58
10.57
0.07
0.003~0
.008
0.25

0.05

0.1

0.2

78.04
12.00
0.07
0.004~0.
008
0.15

14.0(±
2.09)
-0.403
---

6.69
(±0.04)
0.74
0.410
0.37
0.56

8.26
(±0.06)
-0.410
---

12.3
(±0.004)
-0.407
---

7.8
(±0.12)
-0.422
---

10.74
(±0.03)
1.2
0.395
0.38
0.54

1

The percentage of the magnesite grain volume per total volume of the solid phase (magnesite and sand).
L and T are the longitudinal and transverse dispersivity defined in Equations (2) and (3), respectively.
They were obtained by 2D reactive and non-reactive simulations. Note that there are no L and T values for the Twozone and Three–zone columns because these columns were not simulated in 2D domain. For the Mixed columns, T does
not have impact on tracer and Mg(II) breakthrough so no values were obtained. For the One-zone column, the T values
of 0.008, 0.008, 0.008, 0008, 0.004, 0.003, and 0.003 were obtained for the flow velocities of 0.015, 0.03, 0.36, 3.6, 7.2,
and 18 m/d, respectively.
4
L’ are the longitudinal dispersivity obtained using 1D non-reactive transport simulation without considering
details of spatial heterogeneity.
5
Effective permeability calculated based on Darcy’s law using measured flow rates and pressure gradient.
2,3

Surface areas. Following our previous work (Li et al., 2014), here we defined three surface
area terms (AT, Ae, and AI) and two surface area ratios (Ae/AT and AI/Ae) for dissolving magnesite
grains. AT is the total BET surface area of magnesite, which is the product of the total magnesite
mass (g) and the measured BET surface area (m2/g) of the whole column. AT is a constant for all
columns within each column set because each column has the same total amount of magnesite mass
and BET surface area. The effective surface area (Ae) is the surface area of magnesite grains that
are bathed in far from equilibrium fluids with IAP/Keq lower than 0.1 and contribute significantly
to the overall column-scale rates. The choice of 0.1 was made based on the analysis of the 2D
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simulations. The simulation results indicate that the local rates in minerals bathed in grid blocks
with IAP/Keq <0.1 contribute to the majority of the overall column scale rates.
The interface surface area (AI) is the Ae that is at the immediate vicinity (within 2
millimeters) of the magnesite-sand interface. Based on modeling output with Mg(II) concentrations
constraints, the thickness of 2 millimeters can encompass the boundary layer thickness for multiple
cases with low permeability magnesite zone. For the Mixed column, because all magnesite and
sand grains are in contact with each other, AI equals to Ae. AT is constant while Ae depends on spatial
distribution of magnesite, gain size, permeability contrast, and flow velocity. The ratio Ae/AT
defines the portion of the magnesite surface area that is effectively dissolving. The ratio AI/Ae
defines the contribution of the magnesite at the magnesite-quartz interface to the total effective
surface area. . A large value of AI/Ae indicates a large proportion of the dissolving magnesite at the
interface so the interface is very important, while a small value indicates that magnesite at the
interface is not important. These area concepts will be illustrated in more details in the Results and
Discussion section with spatial profiles of saturation index and dissolution rates.
Non-reactive tracer test and dispersivity determination. Tracer tests were conducted by
injecting sodium bromide as the non-reactive tracer at the flow velocity of 7.2 m/d using a syringe
pump (Harvard Apparatus MA1 55-5920). The effluent samples were collected every 0.2 residence
time and were analyzed using Dionex ICS2500 Ion Chromatography (IC). The bromide transport
in the Mixed and One-zone columns was simulated using advection and dispersion equation (ADE,
shown later in Equation (1) however without the reaction term) in a 2D domain using the reactive
transport code CrunchFlow. The measured porosity, flow rate, bromide concentration were used
the constraints with the local longitudinal dispersivity ( L) and permeability ratios as the unknowns.
The global dispersivity value (´L) was obtained by running 1D ADE simulation using the average
column scale properties without explicitly considering the spatial heterogeneity.
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Flow-through dissolution experiments. The dissolution experiments were run with the
flow pumping upward at the room temperature (∼22 °C). The inlet solution used in all experiments
contained 10-3 M NaCl in deionized water with pH adjusted to 4.0. The flow velocities were 0.015,
0.03, 0.36, 3.6, 7.2, and 18 m/d, with residence time varying from 3.2 minutes to 3,951 minutes.
The low end of the flow velocities ranging from 0.015 m/d to 0.36 m/d are typical for groundwater
in natural porous media (KNAPP, 1989b; NEWELL et al., 1990a), while the high end of the flow
ranging from 3.6 m/d to 18 m/d represent those in fractures and engineered systems.
Before each flow through experiment at each flow velocity, the columns were flushed with
a solution at the pH of 8.8 and flow velocity of 18 m/d to wash out the original solution in the
column to ensure similar starting initial conditions. The composition of the inlet and initial aqueous
solutions are shown in Table 4.2. The effluent samples passing through 0.22 m filters were
collected at the outlet of the columns. The samples were stored in polypropylene plastic vials
acidified with 2% HNO3 beforehand to prevent magnesite precipitation. Effluent samples were
analyzed using a Perkin-Elmer Optima 5300 Inductively Coupled Plasma Atomic Emission
Spectrometry (ICP-AES).

2.2. Reactive transport modeling
Two-dimensional simulation was carried out for a thin slice of the 3D Mixed and One-zone
columns using the reactive transport code CrunchFlow, as shown in Figure 4.1. CrunchFlow has
been used to understand various processes including chemical weathering and carbon cycle,
contaminant transport (Chang et al., 2011; Thompson et al., 2010), geological carbon sequestration
(Knauss et al., 2005), and more recently, isotope fractionation during biostimulation experiments
(Druhan et al., 2014).

92
Table 4.2. Initial and boundary concentrations
Species

Na(I)

Initial Concentrations
(mol/L, except pH)
8.8
3.43E-3 (Approximate, close to
equilibrium with magnesite)
Varies between 0.52E-5 to 1.20E-5,
depending
on
experimental
conditions
1.00E-3

Cl(-I)
Br(-I)

1.00E-3
0.0

SiO2(aq)

1.00E-5

pH
Total Inorganic
Carbon (TIC)
Mg(II)

Inlet Concentrations
(mol//L, except pH)
4.0
1.07E-5 (in equilibrium with CO2
gas)
0.0

1.00E-3 (in dissolution experiment)
1.12E-3 (in tracer experiments)
1.00E-3
0.0 (in dissolution experiments)
1.20E-4 (in tracer experiments)
1.00E-5

Reactive transport equations. CrunchFlow solves mass conservation equations to obtain
spatial and temporal evolution of involved species and elements. The equations were solved for the
concentrations of primary species that are the building blocks of the system. The concentrations of
the secondary species were calculated through the mass action laws and the primary species. As an
example, the reactive transport equation for Mg(II) is as follows:
𝜕(𝑐𝑀𝑔(𝐼𝐼))
𝜕𝑡

+ ∇. (−𝑫 ∇𝐶𝑀𝑔(𝐼𝐼) + 𝒗𝐶𝑀𝑔(𝐼𝐼) ) + 𝑟𝑀𝑔𝐶𝑂3 𝐴

(1)

Here CMg(II) is the total Mg2+ concentration (mol/m3 pore volume), t is the time (s), D is the
combined dispersion–diffusion tensor (m2/s), v (m/s) is the flow velocity vector and can be
decomposed into vx and vz in the directions parallel and transverse to the main flow direction,
𝑟MgCO3 is the magnesite dissolution rate (mol/m3 pore volume/s).
The dispersion-diffusion tensor D is defined as the sum of the mechanical dispersion
coefficient and the effective diffusion coefficient in porous media D*(m2/s). At any particular
location (grid block) with flow velocities in longitudinal and transverse directions being vx and vz,
their corresponding diffusion / dispersion coefficients DL (m2/s) and DT (m2/s) are calculated as
follows:
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DL  D*   L vz

(2)

DT  D*  T vx

(3)

Here L and T are the longitudinal and transverse dispersivity (m). The flow velocities
vary spatially with non-uniform distribution of the permeability values, which can lead to the spatial
variation in diffusion / dispersion coefficients.
Magnesite dissolution is typically described by three parallel reactions (Chou et al., 1989b;
Plummer and Wigley, 1976), as listed in Table 4.3. Under pH conditions lower than 6.0, the reaction
path (1) in Table 4.3 typically dominates, while under higher pH conditions the reaction pathway
(3) dominates. The reaction pathway (2) dominates under CO2-rich conditions. The overall rate
follows the Transition State Theory (TST) based rate law

 IAP 
rMgCO3  k1aH  k2 aH CO*  k3 A 1 


2
3
K
eq







(4)

Where 𝑘1 , 𝑘2 , and 𝑘3 are the reaction rate constants (mol/m2/s) for their corresponding
reactions, 𝑎H+ and 𝑎H2CO∗3 are the activities of the hydrogen ion and carbonic acid, A is surface area
of magnesite (m2 / m3 pore volume), which is calculated as the measured Brunauer-Emmett-Teller
(BET) area per m3 of pore volume, IAP is the ion activity product defined as 𝑎Mg2+ 𝑎CO2−
, and Keq
3
is the equilibrium constant. The ratio of IAP/Keq quantifies how far the system is from equilibrium.
An IAP/Keq value of zero indicates far from equilibrium conditions, while an IAP/Keq value of one
indicates equilibrium conditions.
In our system, three kinetic magnesite reactions and five aqueous reactions were included.
The involved species include Mg2+, MgHCO3+, MgCO3(aq), H2CO30, HCO3-, CO32-, H+, OH-, Na+,
Cl-, and Br-, with the primary species being Mg2+, HCO3-, H+, Na+, Br- and Cl-. The rest are
secondary species and can be written in terms of primary species. All chemical reactions and their
kinetic parameters shown in Table 4.3 are from the database EQ3/6 (Wolery et al., 1990a) except
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for those of magnesite. For magnesite dissolution, the same reactions, rate constants (k1, k2, and k3),
and equilibrium constants were used as those in our previous studies (Li et al., 2014; Salehikhoo et
al., 2013). All these values are within the typical range for these values in literature, with detailed
comparison in Salehikhoo et al. (2013).

Reactions

Table 4.3. Chemical reactions and parameters used in the model
Log Keq
k (mol/m2/s) BET SSA (m2/g)

Aqueous speciation (at equilibrium)
H 2 O  H + +OH -

-14.00

-

-

H 2 CO3  H + +HCO3-

-6.35

-

-

HCO3-  H + +CO32-

-10.33

-

-

MgHCO3-  Mg 2+ +HCO3-

-1.04

-

-

MgCO3  Mg 2+ +CO32-

-2.98

-

-

1.87a, 2.04b

Kinetic reactions
MgCO3  s  +H +  Mg 2+ +HCO3-

(1)

2.50

6.20×10-5

MgCO3  s  +H 2 CO30  Mg 2+ +2HCO3-

(2)

-3.85

5.25×10-6

1.87, 2.04

MgCO3  s   Mg 2+ +CO32-

(3)

-7.83

1.00×10-10

1.87, 2.04

a
b

Measured BET SSA for the larger magnesite grain size between 354 to 500 µm
Measured BET SSA for the smaller magnesite grain size between 297 to 354 µm

Calculation of average effluent Mg(II) concentration for One-zone column. The 2D simulation
domain representing one slice of the column in the radial direction was 25 × 100 mm in width and
length with the resolution of 1 mm. The Mixed column has homogenously concentrations and flow
rates in the radial direction. For the One-zone column, the middle 11×100 grids were for the
magnesite zone and the two 7×100 grids at the sides were for the sand zone. The heterogeneous
mineral distribution resulted in heterogeneous concentration and flow fields. To take that into
account, average effluent concentrations Ceffluent were calculated as the local flow rate-weighted
average concentration, as has been detailed in Li et al. (2014).
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2.3. Dissolution Rates at Different Scales

Local dissolution rates. The local dissolution rate rMgCO3 ,i is the rate in the grid block i
based on equation (4) and was obtained from the simulation outputs.
Column-scale dissolution rates. The column-scale bulk rate 𝑅MgCO3 ,B (mol/s) is the
overall dissolution rate of magnesite in the column. It was calculated from the experimental effluent
and concentration data, which is equivalent to the summation of calculated local rates:
n

RMgCO3 , B  QT CMg II , out  CMg II ,in   rMgCO3,i
i 1

(5)

Here QT is the total flow rate (L/s), CMg  II ,out and CMg  II ,in are the effluent and influent
Mg(II) concentrations, respectively (mol/L). The second term is based on the mass balance of the
column for magnesium concentration. The third term is the summation of the local rates in the
entire column. The two equations are equivalent because the mass is conserved in and out of the
columns.
The bulk column-scale rate difference between the zoned columns RMgCO3 , B, Z and the
corresponding Mixed column RMgCO3 , B, M is defined as the rate ratio:

Z / M 

RMgCO3 , B, Z
RMgCO3 , B, M

(6)

A rate ratio of one means the rates from the zonation column and the Mixed column are
the same and spatial pattern does not make a difference. Larger deviation from 1.0 means more
significant effects of spatial patterns.
The surface area-normalized column-scale dissolution rate, RMgCO3 (mol/m2/s), was obtained by
normalizing the RMgCO3 , B (mol/s) by the total BET surface area AT (m2) of the column.
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RMgCO3 

RMgCO3 , B

(7)

AT

3. Results and Discussion

3.1. Physical properties of the columns
Porosity and permeability. The MgHigh and MgLow column sets have different porosity,
permeability, and dispersivity values, as listed in Table 4.1. The average porosity varies between
0.35 and 0.42. In the MgHigh columns, the average porosity values cover a narrow range between
0.395 to 0.420, probably due to the same grain size of magnesite and quartz. In the MgLow
columns, the porosity of the Mixed column (0.35) is considerably lower than that of the other two
columns (0.40 and 0.41). This is likely because smaller magnesite grains tend to fill in the pore
space between large sand grains in the Mixed column, which is further confirmed by its lowest
permeability value among all 7 columns. The effective permeability varies from 3.4 10-13 m2 to
14.0 10-13 m2. The Mixed and One-zone MgLow columns have lower effective permeability
compared to that of the pure sand column and the MgHigh column. The effective permeability
values do not correspond to their average porosity values. For example, the Two-zone and Onezone MgLow columns have similar average porosity of 0.403 and 0.410, while their effective
permeability values differ by almost a factor of 2 (14.010-13 and 6.6910-13 m2). This suggests that
the effective permeability also depends on mineral spatial distribution.
The effective permeability of the One-zone MgLow and One-zone MgHigh were measured
to be 6.710-13 and 10.710-13, respectively. The effective permeability of the sand column were
measured separately to be 8.710-13 m2, indicating the effective permeability is apparently not the
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cross sectional area-weighted average of the individual zones. To calculate the permeability of
individual zones, the permeability ratios of the two zones were determined by the solute transport
simulation together with the longitudinal dispersivity as unknowns with the measured overall flow
rate, effective permeability, and tracer breakthrough curves as constraints, as will be detailed in the
dispersivity section. Permeability ratios of 1.2 and 0.74 were determined for the One-zone columns
of MgHigh and MgLow sets, respectively.
The Two-dimensional flow fields for the Mixed and One-zone MgHigh and MgLow
columns at the average flow velocity of 7.2 m/d are shown in Figure 4.2A. For the Mixed column,
flow rates were homogeneously distributed. For the One-zone columns, the water flow fields were
dictated by the permeability ratio of the different zones. With the same overall flow rate, the
velocity and therefore the amount of water that flow through the reactive magnesite zone in the
One-zone MgHigh column is higher than that through the sand by a factor of 1.2. In contrast, the
velocity and the water volume that flow through the lower permeability magnesite zone is lower
than that in the sand zone by a factor of 0.74 in the One-zone MgLow column was lower. As will
be discussed later, this redistribution of water governed by spatial pattern has important
implications for the overall magnesite dissolution rates.
Dispersivity. The bromide breakthrough curves (BTC) of the MgHigh columns almost overlap, as
shown in Figure 4.2C – 4.2D. The BTC curve of the Mixed column is close to the standard
Advection-Dispersion prediction, while the zonation columns slight tails that are typical for
heterogeneous porous media (Neuman and Tartakovsky, 2009). For the MgLow columns, the BTC
of the Mixed column follows the standard ADE curve while those of the zonation columns overlap
and show much longer tail compared to their corresponding MgHigh columns, indicating larger
effects of spatial heterogeneity.
As shown in Table 4.1 and Figure 4.2, the L values obtained from the two dimensional
transport modeling were 0.05 and 0.07 cm for the Mixed and One-zone columns, respectively, in
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both column sets. With the explicit representation of the spatial distribution in porosity and
permeability, the 2D transport equation reproduced the tracer breakthrough from the Mixed and the
MgHigh columns relatively well. For the One-zone MgLow columns, it reproduced the longer tail
however also predicted earlier breakthrough than the data, indicating the inadequacy of the ADE
equations in capturing solute transport in heterogeneous porous media, as has been extensively
discussed in literature (Bijeljic et al., 2011; Pedretti et al., 2013).
One-dimensional transport simulation was carried out to determine the column-scale
(global) longitudinal dispersivity value ( L’) for all columns using the breakthrough data as
constraints. As shown in Figure 4.2B, for the Mixed columns, because of their homogeneous
distribution, their L’ values are the same as their local longitudinal dispersivity and are lower than
the zonation columns, indicating the impacts of spatial patterns in affecting solute transport.
Comparing the two sets of columns, the L’ values for the MgLow columns are higher than that of
their corresponding MgHigh column. For example, the values are 0.25 cm and 0.15 cm for the Onezone MgLow and One-zone MgHigh columns, respectively. As expected, for the One-zone
columns, the global dispersivity values L’ are in general larger than the local dispersivity values

L, because dispersivity is scale dependent and increases with spatial scale, one of the major
findings in subsurface stochastic hydrology in the past decades (Gelhar et al., 1992; Hochstetler et
al., 2013; Hunt et al., 2011).
Simulation results show that the transverse dispersivity T values have negligible impacts
on the tracer breakthrough of all columns, a similar observation to those in literature (Ballarini et
al., 2014). However, it is critical in reproducing the Mg(II) breakthrough for the One-zone column.
The T values of 0.008, 0.008, 0.008, 0.008, 0.004, 0.003, and 0.003 cm were obtained respectively,
for the flow velocities of 0.015, 0.03, 0.36, 3.6, 7.2, and 18 m/d. These values are in similar range
to the observed transverse dispersivity in the order of 10 -5 m in 2D tank experiments under similar
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flow velocity conditions (Hochstetler et al., 2013; Rolle et al., 2009). The transverse dispersivity
values remain relatively constant in the slow end of the flow regime however decreases as flow
velocity increases to 18 m/d. This decreasing T with increasing flow velocity is also consistent
with the literature observations (Hochstetler et al., 2013).

Figure 4.2. A) The spatial profiles of local flow velocity at 7.2 m/d for the Mixed and One-zone columns. With
the same total flow rates, water is redistributed according to the permeability distribution and therefore flows more
through the higher permeability magnesite zone in the One-zone MgHigh column than that in the One-zone MgLow
column. B) Global (’L) and local (L) dispersivity values. The zonation columns of both sets have higher global
dispersivity values than those of the Mixed columns. C) and D) Experimental (symbols) and 2D transport modeling
output (lines) of the bromide breakthrough curves at the Darcy flow velocity of 7.2 m/d for the MgHigh set (C) and
MgLow (D) column sets. The symbol C/C0 represents ratio between the effluent concentration and the inlet concentration.
Only Mixed and One-zone columns were simulated in 2D transport modeling. Long tails occur for the Two-zone and
One-zone MgLow columns due to their low permeability zone. The tails are relatively small for the MgHigh columns
compared to those of the MgLow columns.
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3.2. Effects of permeability contrast
The Mg(II) breakthrough curves are shown in Figure 4.3A for the flow velocity of 7.2 m/d.
For all columns, the concentrations increased from their initial values and reached steady state after
about three residence times. The steady state concentrations of the two Mixed columns are nearly
identical (1.40×10-4 mol/L) and are both higher than those from the zoned columns. The One-zone
MgLow column has the lowest Mg(II) concentration of 5.37×10-5 (mol/L) at steady state.
Concentrations of Mg(II) from all other columns fall between these two extremes. The steady state
Mg(II) concentrations from the zonation columns in the MgHigh set almost overlap while those
from the MgLow set are more different. Between the two One-zone columns, the MgHigh column
has Mg(II) concentrations about 1.4 times that of the One-zone MgLow column.
As expected, the column-scale bulk rates calculated based on Equation (5) followed the
same trend as the Mg(II) steady state concentrations among different columns. The two Mixed
columns have similar rates and are the highest among all 7 columns. The rates decrease with
decreasing number of magnesite zones, with the lowest rate from the One-zone MgLow column.
Figure 4.3B shows the ratio of the column-scale rates compared to their corresponding Mixed
column in the same column set. This value is 1 for the Mixed columns and are lower than 1 for
zonation columns. For the MgHigh columns, the ratios are 0.58, 0.54, and 0.55 for the Three-zone,
Two-zone, and One-zone columns, respectively, approximating half of the rate of the Mixed
column. For the MgLow columns, the ratios of the One-zone MgLow column is 0.37, indicating
2.7 times lower rate of that from the Mixed column. Comparing the same zonation column in the
two column sets, the permeability contrast affects the rates of the Two-zone columns only slightly
however has a much larger impact for the One-zone columns, as shown in Fig. 3B with much
different rate ratios of Z/M for the two One-zone columns.
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Figure 4.3. A) Experimental and modeling output of Mg(II) breakthrough data for the MgLow (open symbols) and
MgHigh (filled symbols) columns at the flow velocity of 7.2 m/d. Lower permeability magnesite zone in the MgLow
column set resulted in much lower steady state Mg(II) concentrations than that of the corresponding Mg(II) in the MgHigh
column, indicating the role of permeability contrast in affecting column-scale rates. B) Ratios of column-scale bulk rates
between the zonation and the Mixed column. Z/M is 1 for the Mixed columns and lower than 1 for zonation columns,
indicating lower rates in zonation columns. Magnesite spatial pattern has the largest effect with the low permeability
One-zone column, with its rate about 0.37 that of the Mixed column.

The permeability ratios between the magnesite and sand zones are 1.20 and 0.74 for the
MgHigh and MgLow sets, respectively. In natural subsurface systems, the permeability values
often vary by orders of magnitude. To further quantify the extent of difference with larger
permeability contrast, we used the same set of parameters (rate constants, porosity, dispersivity)
obtained from reproducing the measured data to simulate more One-zone columns with different
permeability values of the magnesite zone however with the same permeability of the sand zone.
Figure 4.4A compares the breakthrough curves of two columns with the permeability ratios
(ratio,Mg/Qtz) of 0.07 and 12 together with the experimental One-zone MgLow columns at the flow
velocity of 7.2 m/d. Note that in all cases, the T values were kept a constant 0.003 cm that
reproduced the Mg(II) BTC. Figure 4.4A shows that the steady state Mg(II) concentration increases

102
with increasing magnesite permeability. With the large ratio,Mg/Qtz of 12, the Mg(II) concentration
approaches that of the Mixed column. At the small ratio,Mg/Qtz of 0.07, the effluent Mg(II)
concentration is about 6 times lower than that from the Mixed column.

Figure 4.4. A) The Mg(II) breakthrough curves for the Mixed MgLow column and One-zone columns under 3 different
permeability contrast values ( ratio,Mg/Qtz of 0.07, 0.74, and 12) ; B) Spatial profiles of dissolved Mg(II) (first row),
IAP/Keq (second row), and local dissolution rates (third row) in the Mixed column (the first left one in each row) and in
the One-zone column with different ratio,Mg/Qtz. The results are for the flow velocity of 7.2 m/d. The figures show that
higher permeability magnesite zone (ratio,Mg/Qtz of 12) enhances water flow through this reactive zone, leading to far
from equilibrium conditions and more effective-dissolving magnesite grains. In contrast, low permeability magnesite
zone limits the amount of water flowing through the reactive zone and leads to significant mass transport limitation. Only
the magnesite grains at the magnesite-quartz interface dissolve effectively.

Figure 4.4B compares the steady-state spatial profiles of pH, IAP/Keq, and local rates for
the 4 columns. Although not shown here, the case with ratio,Mg/Qtz of 0.07 is characterized by more
than an order of magnitude lower water flow velocity in the magnesite zone than that in the quartz
zone as dictated by the permeability ratio. This low flow velocity in the magnesite zone and limited
mass transport between the two zones led to high pH, high IAP/Keq, and therefore low dissolution
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rates. In fact, only the magnesite grains at the immediate vicinity of the inlet and at the magnesitequartz interface effectively dissolved under far from equilibrium conditions. In contrast, with the
ratio of 12, the flow velocity in the magnesite zone was more than one order of magnitude higher
than that in the sand zone. The fast flow rapidly flushed out the reaction products, resulting in
relatively low local pH, IAP/Keq, and high magnesite dissolution rates. The whole magnesite zone
was far from equilibrium and all magnesite grains dissolved under far from equilibrium conditions.
The spatial distribution of the local rates in this case was very similar to that of the Mixed column,
leading to similar overall dissolution rate between the two columns. The result shows that if the
reactive minerals are in high permeability zone where most of the water flow is distributed, the
column-scale dissolution rates do not depend on the mass transport rates between the two zones
and therefore not on the interface grains.
To demonstrate the concepts of different surface areas and how they vary as a function of
permeability contrast, Figure 4.5 top panel used the spatial profiles of IAP/Keq to illustrate effective
(Ae) and interface (AI) surface areas and their ratios for the two cases of ratio,Mg/Qtz being 0.07 and
12 in Figure 4.4. Note that Ae is the surface area of ANY magnesite grains bathed in dilute solution
with IAP/Keq < 0.1 (within the region labeled by the solid white lines), while AI is the surface area
of magnesite grains that are 1) bathed in dilute solution AND 2) sitting within 2 mm from the
magnesite-quartz interface (area with the dashed white lines). As shown in Figure 4.5, in the case
of ratio,Mg/Qtz being 0.07, only the magnesite grains at the very interface and at the inlet were bathed
in dilute solution. Both effective and interface area are relatively small (approximately 2 m 2) and
are similar numbers because the contribution of inlet effective region is relatively small compared
to that of the magnesite boundary annulus of 2 mm thickness. As such, the AI/ Ae is approximately
90%, indicating that most effectively-dissolving magnesite is at the magnesite-quartz interface.
With ratio,Mg/Qtz being 12.0, all magnesite grains are bathed in dilute solutions and the effective
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surface area is the same at the total BET surface area 22.5 m2. The AI is essentially the surface area
of the magnesite in the interface annulus of 2 mm thickness. The AI/Ae is about 60%, which is
essentially the mass and volume percentage of the magnesite grains within the 2 millimeters thick
annulus over the magnesite in the whole domain. This can be calculated by the volume ratio of the
interface annulus of 2 mm thickness to the total cylindrical volume of 11 mm diameter (

𝜋(𝑅 2 −𝑟2 )L
𝜋𝑅 2𝐿

=

66%, where R and r are 11 mm and 9 mm, respectively, and L is the column length). In this case,
the interface magnesite grains are less important in contributing to the overall dissolution rates
compared to the low permeability magnesite case.
Figure 4.5A-C show effective and interface surface areas, ratios of surface areas, and the
column-scale bulk rates (𝑅MgCO3 ,B (mol/s)) as a function of ratio,Mg/Qtz for the One-zone column
under the flow velocity of 7.2 m/d. The values were calculated using reactive transport simulation
with different ratio,Mg/Qtz, values however with the same set of parameters that reproduced the
measured data. At the small ratio,Mg/Qtz of 0.07, Ae and AI values almost overlap at about 2 m2. They
increase slowly within increasing the ratio, ,Mg/Qtz values at the low end of the figure, indicating that
when the permeability of the magnesite zone is sufficiently low, increasing its permeability has a
relatively minor impact on Ae because of the diffusion process being the dominant mass transport
process. Between the ratio,Mg/Qtz value of 0.7 and 12, both surface areas increase almost linearly. At
and beyond the ratio,Mg/Qtz of 12, Ae is the same as the AT value of 22.5 m2, meaning all magnesite
grains are effectively dissolving. The Ae/AT values show a very similar trend (Figure 4.5B).
Values of AI quantify the amount of surface area at the magnesite-quartz interface. Under
low ratio,Mg/Qtz conditions, values of AI are low however values of AI/Ae are high. For example, at
the ratio,Mg/Qtz values of 0.07 and 0.25, the Ae and AI values overlap, indicating only the magnesite
grains at the interface are effectively dissolving while the rest of the grains are close to equilibrium.
Values of AI increase with ratio,Mg/Qtz however are always lower than Ae. The AI/Ae decreases with
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increasing ratio,Mg/Qtz, until it reaches about 60% at the ratio,Mg/Qtz of 12, beyond which both AI and
AI/Ae values remain constant. Under these high ratio,Mg/Qtz conditions, water primarily flows through
the high permeability magnesite zone, all magnesite grains effectively dissolves and the interface
grains are less important. Figure 4.5C shows that the continuum-scale rates increase from 9.03×1010

mol/s to 5.44×10-9 mol/s with ratio,Mg/Qtz and magnesite permeability increasing by about 3 orders

of magnitude.

Figure 4.5. Top Panel: Illustration of effective (Ae) and interface (AI) surface area for the One-zone column with  and
12.0 under the overall flow velocity of 7.2 m/d. Note that Ae is the surface area of ANY magnesite grains that are bathed
in dilute solution with IAP/Keq < 0.1 (within the zones labeled by the solid white lines). In contrast, AI is the surface area
of magnesite grains that are 1) bathed in dilute solution AND 2) sit within 2 mm from the magnesite-quartz interface
(area within the dashed white lines). In the case of ratio,Mg/Qtz = 0.07 (left), only the magnesite grains at the immediate
vicinity of the magnesite-quartz interface and at the inlet are bathed in dilute solution because the water that flows through
the low permeability magnesite is a small proportion (7% of overall flow). The interface magnesite AI is 90% of the
overall Ae and is very important. With ratio,Mg/Qtz = 12.0 (right), all magnesite grains are bathed in dilute solution because
most water flushes through the high permeability magnesite zone. The interface grains AI is approximately 60% of the
overall Ae (close to the volume fraction of the interface annulus of 2 mm thickness to the overall volume of magnesite
zone) and is less important. A) Calculated surface areas as a function of ratio,Mg/Qtz. The dashed line is the total BET
surface area (AT) (22.5 m2), which does not change with ratio,Mg/Qtz; B) Surface area ratios (Ae/AT and AI/Ae) as a function
of ratio,Mg/Qtz; C) Bulk dissolution rates as a function of the ratio, Mg/Qtz.
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3.3. Effects of flow rates

The Mg(II) breakthrough curves from the MgLow columns (ratio,Mg/Qtz of 0.74) are
compared under the flow velocities of 0.03 and 7.2 m/d in Figure 4.6A. Steady state Mg(II)
concentrations are higher under low flow velocities due to the longer residence time for magnesitewater contact. At 0.03 m/d, the steady state Mg(II) concentration from the Mixed column is
3.71×10-4 mol/L, about 1.3 times of the concentrations from the Two-zone (2.87×10-4 mol/L) and
One-zone (2.82×10-4 mol/L) columns. At 7.2 m/d, the Mg(II) concentration from the Mixed column
is 1.44×10-4 mol/L, about 2.0 times that of the Two-zone and 2.7 times that of the One-zone column.
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Figure 4.6. A) Experimental (symbols) and simulation output (lines) of Mg(II) breakthrough curves from Mixed, Twozone, and One-zone MgLow columns with ratio,Mg/Qtz of 0.74. The results are compared under the flow velocities of 0.03
(gray symbols and lines) and 7.2 m/d (black symbols and lines). B) The 2D spatial profiles of pH, IAP/Keq, and local
dissolution rates of the Mixed and One-zone columns at the flow velocity of 7.2 m/day (top) and 0.03 m/d (bottom) under
steady state condition. In each pair (a to f) in B, the left and right figures are Mixed and One-zone columns, respectively.
The flow was from the bottom to the top. In the Mixed column, the aqueous geochemistry was the same along the x
direction and gradually changed along the main flow z direction. At the slower flow velocity of 0.03 m/d, the whole
column was at equilibrium therefore the change along the Z direction is only obvious in the first couple of millimeter
close to the inlet. At this low flow condition, the One-zone column was at equilibrium. However, at 7.2 m/d, the whole
magnesite zone (middle zone) is reactive. The zones at the magnesite- sand interface (x=0.8 cm and x=1.8 cm) are more
reactive due to the higher mass transport.

The 2D spatial profiles of pH, IAP/Keq, and local dissolution rates of the Mixed and Onezone MgLow columns are shown in Figure 4.6. At 7.2 m/d, due to the low residence time (8.2 min)
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and fast transport of reaction products out of the column, values of IAP/Keq were close to zero
across column. Correspondingly, the local rates vary by less than two orders of magnitude across
the column and remain relatively high. For the One-zone column, the whole magnesite zone was
far from equilibrium except a few grids close to the outlet. At 0.03 m/d, the residence time is more
than 2 orders of magnitude longer (2012 min). The advection was so slow that the accumulated
reaction products resulted in high pH and IAP/Keq values. The column was at equilibrium except
for the very few grid blocks at the immediate vicinity of the inlet for both Mixed and One-zone
columns. In addition, diffusion also plays a much more significant role than in fast flow conditions.
Both reasons lead to similar distributions of pH, IAP/Keq, and dissolution rates between the Mixed
and One-zone columns.
Figure 4.7A shows the calculated effective and interface surface area as a function of flow
velocity, both in logarithm scale. All simulations were done using the ratio,Mg/Qtz of 0.74, the same
as the MgLow columns. As observed from the figure, the surface areas increase by orders of
magnitude as flow velocities increase by orders of magnitude. The Ae value of the Mixed column
increases from zero at the slowest flow velocity (0.015 m/d) to the maximum total surface area
(AT=22.5 m2) at the high flow velocities of 7.2 and 18 m/d. Similarly, the Ae and AI values of the
One-zone column increase with increasing flow velocity however are much lower than that of the
Mixed column under all flow conditions.
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Figure 4.7. A) Calculated effective (Ae) and interface surface area (AI ) as a function of the flow velocity for the Mixed
and One-zone columns. All simulations were done using the ratio,Mg/Qtz of 0.74, the same as the MgLow columns. For
the Mixed column, it was assumed that all the magnesite grains were surrounded by the quartz grains so that AI is the
same as Ae. Total surface area, AT, is a constant for both columns and under all conditions. B) Surface area ratios (Ae/AT
and AI/Ae) as a function of flow velocity.

For the Mixed column, it is assumed that all magnesite grains are surrounded by the quartz
grains. In effect, all magnesite grains are in contact with quartz and the AI equals to the Ae. For the
One-zone column, AI is the effective surface area within 2 mm from the magnesite-quartz interface.
At slower flow velocities, values of AI, Ae, and Ae/AT are zero for both columns because all grains
were bathed in equilibrated fluid. At flow velocities higher than 0.36 m/d, the AI values remains a
relatively constant 60% of the Ae values, which is the lower end of AI/Ae dictated by the geometry
and volume percentage of the magnesite zone within the overall magnesite domain. The other about
40% of the Ae lies at the immediate vicinity of the column inlet, as shown in the 2D spatial profiles
in Figure 4.6.

3.4. Combined effects of permeability contrast and flow rates
To obtain a systematic view of how the two major variables, permeability contrast and flow
rates, affect the extent of difference caused by the mineral spatial distribution, Figure 4.8 shows
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Z/M, the rate ratio calculated based on Mg(II) breakthrough data and Equation (6) comparing rates
from the zonation column and the Mixed columns for both MgHigh and MgLow sets under
different flow conditions. The ratio is a measure of rate difference caused by the mineral spatial
distribution. The flow velocities varied from 0.015 to 18 m/d, with corresponding average residence
time was 3951.5 to 3.22 minutes. Figure 4.8 shows that all rate ratios are lower than unity,
indicating the rates in all zonation columns are lower than their corresponding Mixed columns. As
expected, the ratios of the MgHigh set are closer to unity, meaning smaller differences between
zonation and Mixed column compared to that of the MgLow set under the same condition. For
example, at the flow velocity of 18 m/d, the ratio is 0.37 for the One-zone MgLow column, which
means a difference by a factor of 2.7. For the MgHigh column under the same flow velocity, the
corresponding ratio is 0.54, approximately a factor of 2. Within the same column set, under each
flow velocity, the ratio decreases with decreasing number of zones.
The flow regime plays a key role in determining the significance of the spatial patterns.
Under all mineral distribution and permeability contrast conditions, the ratios are closer to unity
under slow flow velocities (0.015 and 0.03 m/d) and decrease with increasing flow velocities,
indicating increasing extent of rate differences caused by spatial patterns under increasing flow
conditions. For the MgHigh columns, the rates from different zonation columns are similar. For the
MgLow columns, the difference in rates from different zonation columns increases with increasing
flow velocity. As discussed previously, in the low flow regime, the equilibrium condition and the
dominance of diffusion eliminates the effects of the spatial distribution. Spatial distribution plays
a much more important role under fast flow conditions.
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Figure 4.8. Ratios of the measured column-scale rates of zonation columns to their corresponding Mixed column, Z/M,
as a function of flow velocity in the MgHigh and MgLow column sets. The rate ratios are close to 1 at slower flow
velocities and decrease with increasing flow velocity. The One-zone column from the MgLow set shows the smallest rate
ratio, and therefore largest differences from the Mixed column, under higher flow velocity conditions.

In natural systems, the permeability between different zones can vary by orders of
magnitude (Koltermann and Gorelick, 1996). The column experiments were limited by the smallest
magnesite grain size that can be packed. To extrapolate the range of the permeability contrast,
simulations were carried out for the One-zone column under a wider range of permeability contrast
conditions between 0.01 and 12 and the flow velocity from 0.015 to 18 m/day. Figure 4.9 maps the
bulk column-scale rates, rate ratio, and surface area ratios under these conditions.
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Figure 4.9. A) Calculated column scale bulk rate (𝑅MgCO3,B ), B)  Z/M, C) Ae/AT, D) AI/Ae, and E) AI/AT of the One-zone
column under permeability contrasts ratio,Mg/Qtz from 0.01 to 12 and flow velocities from 0.015 to 18 m/d. The
permeability of the magnesite zone was varied while permeability of the sand zone and other parameters were maintained
constant for the simulation. Column-scale rates reach their maximum under high flow velocity and high permeability
magnesite conditions (top right corner of the mapping figures), where the difference between the Mixed and One-zone
column is lowest and the interface surface area is the least important. The spatial pattern matters most under fast flow
and lowest magnesite permeability conditions (bottom right corner of the mapping figure), where only the interface
magnesite grains effectively dissolve.

Figure 4.9A shows that the column-scale bulk rates vary by more than 2 orders of
magnitude within 3 orders of magnitude range in flow velocity and permeability contrast. Under
low flow velocity conditions (v < 10-0.4 m/d), the column-scale rates do not depend on permeability
contrast, because the systems are at equilibrium. In addition, Z/M values are close to unity (Figure
4.9B), indicating no rate difference between the One-zone and the Mixed columns and negligible
impacts of spatial patterns. In other words, neither physical heterogeneity (permeability ratio) nor
geochemical heterogeneity (mineral spatial pattern) is important because reaction thermodynamics
controls the system. Under these conditions, the effective and interface surface areas are both close
to zero.
Under higher flow velocity conditions (v > 10-0.4 m/d), the column-scale rates increase with
increasing flow velocity and permeability contrast, reaching their maximum at the top right corner
of the figure with the highest flow velocity and magnesite permeability. Under these conditions,
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the Z/M values are also close to unity, suggesting negligible rate differences from the corresponding
Mixed columns. The Z/M values in general decrease with increasing flow velocity and decreasing
ratio,Mg/Qtz, reaching its minimum and therefore maximum effects of spatial patterns at the right
bottom of the figure under the low permeability magnesite conditions. At the lowest ratio,Mg/Qtz value
of 0.01, the Z/M values are approximately 0.1, indicating an order of magnitude lower rate in the
One-zone column than in the corresponding Mixed column.
The mapping of the Ae/AT follows similar patterns as that of the column-scale rates.
Interestingly, only under a few highest flow velocity and highest ratio, Mg/Qtz conditions at the top
right corner of the figure, the Ae/AT is close to unity because the high permeability magnesite zone
allows the majority of the water flowing through at high rates, leading to minimum mass transport
limitation. Under the majority of the simulated conditions, however, the effective surface area is
much lower than the total surface area. Under low permeability magnesite conditions, Ae can be
orders of magnitude lower than the total BET surface area.
The values AI/Ae covers a relative narrow range of 0.60 to 1.0 compared to orders of
magnitude range of Ae/AT values, as shown in Figure 4.9D. This lowest 60% occur at the right top
corner under high flow and high magnesite permeability conditions and is essentially the mass and
therefore volume percentage of the magnesite grains in the 2 outermost millimeters of the
magnesite zone, as discussed previously. Values of AI/Ae reach a maximum of 100% under fastest
flow and lowest magnesite permeability conditions where only magnesite at the magnesite-quartz
interface effectively dissolves. The AI/AT values depend on both the importance of interface
magnesite and the effective magnesite. Figure 4.9E shows that this value does not exceed 60% of
the total BET surface area. Under most conditions, the interface effective surface area is much
lower than the total BET surface area.
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3.5. Magnesite dissolution rates as a function of effective surface area
To understand the control of column-scale dissolution rates, we combine the experimental
data of the Mixed columns and the flow-transverse and flow-parallel One-zone columns from this
work and those from our previous work (Li et al., 2014; Salehikhoo et al., 2013) and calculate the
effective surface area under each flow through experiments. In Salehikhoo et al. (2013), the column
length ranged from 5 to 22 cm and the flow velocities varied from 0.015 to 36 m/d. Figure 4.10A
shows the effective surface area increases almost linearly with the flow velocity on a log-log scale,
until it equals the total surface area AT at high flow velocities. The 5 cm, 10 cm, and 22 cm Mixed
and flow-transverse One-zone columns reaches their respective AT values at the flow velocities of
approximately 2 m/d, 5 m/d, and 20 m/d. Under each flow velocity, the Mixed and the One-zone
flow transverse columns have the highest Ae values, followed by flow-parallel MgHigh columns,
and by flow-parallel MgLow columns. The effective surface area of the MgLow One-zone columns
is the lowest under all flow conditions.
The column-scale bulk rates increase with the effective surface area Ae, instead of the
total BET surface area (AT), as shown in Figure 4.10B. The regression line of RMgCO3,B (mol/s) =109.60

Ae fits through most experimental data with an R 2 of 0.91. The slope of 10-9.60 mol/m2/s is very

close to the rate constant (10 -10) of reaction (3) in Table 4.3. This indicates that the measured rate
constant under well mixed laboratory condition can potentially be used directly if we use the
effective surface area, instead of the total surface area AT, therefore resolving the long-standing
laboratory-field rate discrepancy.
A few exceptions (within the dashed circle) occur at the flow velocity higher than the flow
velocity where the Ae values of the Mixed and flow-transverse columns reach their corresponding
AT. Under these conditions, the Ae remains the same as AT however the column-scale bulk rates
continue to increase. This is owing to the fast flow velocity and the resulting low pH values across
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the whole column that are all below 6.8, as discussed in Salehikhoo et al. (2013). Under such
conditions, the dissolution rates are controlled by the hydrogen-ion dependent reaction (1) in Table
4.3 under acidic conditions, instead of that of the reaction (3). As such, even with the same Ae that
is equal to AT, the column-scale dissolution rates still increase because of the lower pH conditions
with higher flow conditions. Under other slower flow velocity and longer columns, pH values are
mostly higher than 6.8 so that the reaction (3) dominates with not as much dependence on pH.

Figure 4.10. A) Effective surface area under different flow regime, spatial patterns, and permeability contrast conditions.
B) The column-scale bulk rates as a function of effective surface area. The data includes those from our previous work
(Salehikhoo et al., 2013) for Mixed and flow-transverse One-zone columns and those in this study. The diamonds are for
the Mixed and flow-transverse columns from (Salehikhoo et al., 2013). Other symbols (circle, triangle, star, and square)
are for the flow-parallel One-zone columns (Mixed, Three-zone, Two-zone, and One-zone). Each color is for one flow
velocity. The regression line RMgCO3,B (mol/s) =10-9.60Ae runs through data with an R2 of 0.91.
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3.6. Column-scale rates and Damkohler number
Following our previous work (Li et al., 2014; Salehikhoo et al., 2013) for the definition of
Damkohler number (DaI), we compare the relative importance of advection to reaction by
comparing their characteristic time scales

𝜏𝑎𝑑𝑣
𝜏𝑟

and have the following equation:

L

L RMgCO AT

v
DaI  adv 

Vp Ceq ,Mg
r
vV p Ceq , Mg
3

(8)

RMgCO3 AT
Here, 𝜏𝑎𝑑𝑣 is the residence of the fluid in the column and was calculated by the column
length L (m) divided by the overall flow velocity v (m/s), 𝜏𝑟 is the characteristic dissolution time
scale for magnesite in the column to reach equilibrium. The 𝜏𝑟 is calculated by the total mass of
Mg(II) at equilibrium (Vp, the total pore volume of the column (m3), multiplied by the Mg(II)
concentration at equilibrium Ceq,Mg, typically 3.0  10-3 mol/L in this work),) divided by the columnscale bulk rate R MgCO3, B (mol/s).
All measured experimental rates from our previous studies and this work are plotted as a
function of DaI in Figure 4.11A, covering different spatial patterns (Mixed versus zoned columns),
flow velocities from 0.015 m/d to 18.0 m/d, and permeability contrasts (ratio = 0.74 and 1.20).
Under fast flow regime, DaI values are small (DaI <0.25) and column-scale rates are high with
kinetic-controlled reactions. Under low flow regime, DaI values are large (DaI >1) and columnscale rates are high with transport-controlled reactions. At medium flow velocities, advection and
reaction rates are comparable and the two processes compete with each other.
As shown in our previous work, a regression line of log RMgCO3  1.9 DaI  8.6 with
R2=0.895 was fitted to all Mixed and One-zone transverse columns, indicating the dominant control
of the advection and dissolution. The rates from the flow-parallel zonation columns from this work
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all deviate from the fitting line, with both rates and DaI lower than their corresponding Mixed and
flow-transverse One-zone columns. Rates and DaI values from the MgLow columns deviate more
than those from the MgHigh columns. For example, at 7.2 m/d, the DaI of the One-zone MgLow
column is 1.47 times smaller than that of the One-zone MgHigh column.
We define another modified DaI’ by dividing the original DaI with the ratio of the effective
surface area of the zonation column and their corresponding Mixed column:

L
L RMgCO3 , B Ae, M
DaI
v
DaI ' 



Ae, Z V p Ceq , Mg Ae, Z vV p Ceq , Mg Ae , Z

Ae, M
RMgCO3 , B Ae, M

(9)

Essentially, the Ae,Z /Ae,M is a correction factor for the mass transport limitation caused by
the spatial patterns. In the Mixed column, the mass transport limitation is the lowest under any
particular flow velocity and permeability contrast conditions. The spatial patterns of the zonation
column lead to larger extent of mass transport limitation, which can be quantified using the Ae,Z
/Ae,M ratio. For Three-zone and Two-zone columns that the effective surface areas are not available
because they are not simulated, the Ae,Z /Ae,M was approximated by the bulk rate ratio RMgCO3,B,,Z
/RMgCO3,B,,M, based on the linear relationship between the bulk rates and the Ae. Replotting the
column-scale rates as a function of DaI’ moved the data points of the zonation columns closer to
the regression line, as shown in Figure 4.11B.
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Figure 4.11. A) BET area-normalized column-scale rates R MgCO (mol/m2/s) as a function of the dimensionless
3

Damkohler number (DaI) calculated from Equation (8). The diamonds are the rates from Salehikhoo et al. (2013) for the
Mixed and flow-transverse One-zone columns of lengths of 22, 10, and 5 cm. All other symbols are for the rates of
Mixed, and flow-parallel Three-zone, Two-zone, and One-zone columns in this work. The rates of all Mixed columns
and the flow-transverse One-zone columns follow the regression line log RMgCO

3

 1.9 DaI  8.6 , while those of

the flow-parallel zonation columns deviate from the regression line. B) BET area-normalized column-scale rates

R MgCO3 (mol/m2/s) as a function of the corrected dimensionless Damkohler number (DaI’) using the ratio Ae,Z /Ae,M
calculated from Equation (9). The correction term takes into account the mass transport limitation relative to the Mixed
column.
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4. Conclusion
The effects of physical heterogeneities on flow and solute transport have been studied
extensively in the past four decades. The effects of mineral spatial patterns on geochemical
processes, however, have remained largely unexplored (Li et al., 2007b; Li et al., 2007d; Molins et
al., 2012a). Despite the universal presence of spatial patterns and heterogeneities in natural
systems, no existing experimental work systematically focuses on its role in determining mineral
dissolution and chemical weathering. Here we offer the first series of experimental data on the role
of magnesite distribution on its dissolution rates with the goal of answering three questions: 1)
What are the key factors that control the significance of mineral spatial patterns? 2) How much are
the effects of spatial patterns? 3) Under what conditions are the spatial patterns significant?
Together with our previous work (Li et al., 2014; Salehikhoo et al., 2013), a total of 79 flowthrough experiments (39 in this work and 40 in the previous two papers) were carried out using
Mixed and zonation columns (One-zone, Two-zone, Three-zone) oriented in flow-transverse and
flow parallel directions. Flow velocities varied from 0.015 to 18 m/d and the permeability ratios
(ratio,Mg/Qtz) were 1.20 and 0.74. All Mixed and One-zone columns were also simulated using
reactive transport modeling to quantify the effective surface area and interface surface area under
each condition. An additional total number of more than 36 simulations were carried out to expand
the conditions to a larger range of permeability ratios (ratio,Mg/Qtz) of 0.01 to 12.
This series of experiments and simulations show that the spatial patterns can make a
significant difference, especially under conditions when mass transport from the magnesite zone is
limited. This includes conditions when the reactive mineral is distributed in the direction parallel
to the main flow, in low permeability zones, and under fast flow conditions. The measured
maximum rate difference is a factor of 2.7 (an Z/M of 0.37) occurs between the One-zone flow-
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parallel column and the Mixed column at the flow velocity of 18 m/d and the ratio,Mg/Qtz of 0.74. A
maximum difference by an order of magnitude (an Z/M of 0.11) was observed in the simulation at
the flow velocity of 18 m/d with the ratio,Mg/Qtz of 0.01. This happens as a result of mass transport
limitation in the middle magnesite zone so that dissolution only occurs at the very interface of
magnesite and quartz while the rest of magnesite zone is at equilibrium. In natural systems,
permeability values easily vary by orders of magnitude (Koltermann and Gorelick, 1996). This
indicates that the rates from systems with large, low permeability reactive clusters or layers can be
much lower than those where the reactive minerals are uniformly distributed. This can largely
contribute to the long-standing laboratory-field rate discrepancy, because mass transport is
maximized under extreme laboratory conditions, while is typically limited under natural subsurface
conditions.
The role of spatial patterns is not significant when the flow velocities are sufficiently low
(<0.36 m/d) that the reactions reach equilibrium. Under faster flow conditions, spatial patterns are
not important when the condition maximize the water flowing through the reactive zone with
negligible mass transport limitation. This happens when 1) magnesite is in higher permeability zone
(ratio, Mg/Qtz > 10) so that most water flow through the reactive zone, or 2) the reactive zone is
oriented in the direction transverse to the main flow so that the flow easily flushes out reaction
products.
Column-scale dissolution rates depend on three key variables: spatial pattern, flow
velocity, and the permeability contrast between the different zones. In general, the rates are highest
when the conditions maximize the water flow through the reactive mineral. We introduced the
effective surface area (Ae) as the surface area of the magnesite grains that effective dissolve in dilute
solutions with IAP/Keq<0.1. The values were obtained using 2D simulation with constraints from
experimental data. Our analysis indicated that Ae varies by more than 3 orders of magnitude and is

121
much lower than AT under most experimental conditions. The Ae directly relates to column-scale
dissolution rates through the equation RMgCO3,B (mol/s) =10-9.60Ae, with the slope of 10-9.60 (mol/m2/s)
very similar to the rate constant of 10-10 mol/m2/s used for well-mixed conditions. This indicates
that if Ae, instead of AT, is used, we can directly use the rate laws and constants measured in wellmixed laboratory systems. This may explain why we often need to lower the surface area by orders
of magnitude from those lab-measured values in order to reproduce field data (Moore et al., 2012).
This can help resolve the observed laboratory-field rate discrepancy – the two to five orders
of magnitude higher measured rates in laboratory systems than those observed in the field
(Arvidson et al., 2003; Maher, 2010; Reeves and Rothman, 2013; Swoboda-Colberg and Drever,
1993; Velbel, 1993) -- a major puzzle in the geochemical community. Although a large body of
literature has documented possible reasons for this discrepancy (Alekseyev et al., 1997b; Maher,
2010; Nugent et al., 1998), this discrepancy has not been examined from the perspective of spatial
patterns.
The interface surface area, AI, is the surface area of the magnesite grains that 1) effective
dissolve under dilute conditions with IAP/Keq<0.1, and 2) sit within the immediate 2 mm from the
magnesite-quartz interface. It is a measure of the effective-dissolving magnesite surface area at the
magnesite-quartz interface. Under the conditions where the spatial patterns are important (fast flow,
low permeability, flow-parallel), the AI is more than 90% of the Ae. This indicates that under these
conditions, we can approximate the effective dissolving surface area by directly using the AI, which
is a convenient approximation if the geometry of the mineral spatial structure is known. For
example, for a system with layered structure, the AI calculated based on interface between reactive
and non-reactive minerals can be used to approximate Ae that are much harder to obtain.
Broader implications. The experimental evidence on the control of spatial patterns on
mineral dissolution rates has broad implications for understanding and forecasting earth systems.
For example, the critical zone (Brantley et al., 2011) is characterized by a wealthy of macro pores
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and preferential flow paths that dictate the distribution of water flow (Beven and Germann, 1982;
Luo et al., 2008; Luo et al., 2010). The specific patterns of how different minerals, macro pores,
and preferential flow paths are spatially allocated ultimately determine the extent of water rock
interactions and the rates of geochemical reactions and weathering. The biogeochemical
community has long known that “hot spots” occurs at the interfaces of different zones of contrasting
conditions and properties (McClain et al., 2003). The spatial patterns of different mineralogical /
geochemical compositions and hydrologic properties have been found to regulate the spatial
distributions and the functioning of microbial activities in engineered biogeochemical systems (Li
et al., 2011a; Li et al., 2010a). A recent study has documented the strong correlation between
bedrock composition and vegetation (Hahm et al., 2014)  the spatial patterns of bedrock type
govern the release of phosphorus, therefore determining the distribution of forest cover in Sierra
Nevada Batholith, California under otherwise similar climatic and elevation conditions. These
studies point to the significance of spatial patterns not only in controlling mineral reaction and
chemical weathering rates, but also in regulating landscape formation and evolution, ecosystem
functioning, and water cycles at larger scales.
ACKNOWLEDGEMENT
This work was supported by the Penn State Institutes of Energy and the Environment
(PSIEE) and by the DOE Subsurface Biogeochemistry Research program DE-SC0007056. The
Penn State Laboratory for Isotopes and Minerals in the Environment, and the Penn State Earth and
Environmental Systems Institute provided valuable support for sample analysis.

5. References
Adams, E.E., Gelhar, L.W., 1992. Field study of dispersion in a heterogeneous aquifer: 2. Spatial
moments analysis. Water Resources Research 28, 3293-3307.

123
Alekseyev, V.A., Medvedeva, L.S., Prisyagina, N.I., Meshalkin, S.S., Balabin, A.I., 1997. Change
in the dissolution rates of alkali feldspars as a result of secondary mineral precipitation and
approach to equilibrium. Geochimica et Cosmochimica Acta 61, 1125-1142.
André, L., Rabemanana, V., Vuataz, F.-D., 2006. Influence of water–rock interactions on fracture
permeability of the deep reservoir at Soultz-sous-Forêts, France. Geothermics 35, 507-531.
Arvidson, R.S., Ertan, I.E., Amonette, J.E., Luttge, A., 2003. Variation in calcite dissolution rates::
A fundamental problem? Geochimica et Cosmochimica Acta 67, 1623-1634.
Ballarini, E., Bauer, S., Eberhardt, C., Beyer, C., 2014. Evaluation of the Role of Heterogeneities
on Transverse Mixing in Bench-Scale Tank Experiments by Numerical Modeling.
Groundwater 52, 368-377.
Bénézeth, P., Saldi, G.D., Dandurand, J.-L., Schott, J., 2011. Experimental determination of the
solubility product of magnesite at 50 to 200&#xa0;°C. Chemical Geology 286, 21-31.
Benson, D.A., Wheatcraft, S.W., Meerschaert, M.M., 2000a. Application of a fractional advectiondispersion equation. Water Resources Research 36, 1403-1412.
Benson, D.A., Wheatcraft, S.W., Meerschaert, M.M., 2000b. The fractional-order governing
equation of Lévy Motion. Water Resources Research 36, 1413-1423.
Berkowitz, B., Cortis, A., Dentz, M., Scher, H., 2006. Modeling non-Fickian transport in geological
formations as a continuous time random walk. Rev. Geophys. 44, RG2003.
Beven, K., Germann, P., 1982. MACROPORES AND WATER-FLOW IN SOILS. Water
Resources Research 18, 1311-1325.
Bijeljic, B., Rubin, S., Scher, H., Berkowitz, B., 2011. Non-Fickian transport in porous media with
bimodal structural heterogeneity. Journal of Contaminant Hydrology 120-21, 213-221.
Brady, N., Weil, R., 2001. The nature and properties of soils, 13 ed. Prentice Hall, New Jersey.
Brantley, S.L., Lebedeva, M., 2011. Learning to Read the Chemistry of Regolith to Understand the
Critical Zone, in: Jeanloz, R., Freeman, K.H. (Eds.), Annual Review of Earth and Planetary
Sciences, Vol 39, pp. 387-416.
Brantley, S.L., Megonigal, J.P., Scatena, F.N., Balogh-Brunstad, Z., Barnes, R.T., Bruns, M.A.,
Van Cappellen, P., Dontsova, K., Hartnett, H.E., Hartshorn, A.S., Heimsath, A., Herndon,
E., Jin, L., Keller, C.K., Leake, J.R., McDowell, W.H., Meinzer, F.C., Mozdzer, T.J.,
Petsch, S., Pett-Ridge, J., Pregitzer, K.S., Raymond, P.A., Riebe, C.S., Shumaker, K.,
Sutton-Grier, A., Walter, R., Yoo, K., 2011. Twelve testable hypotheses on the geobiology
of weathering. Geobiology 9, 140-165.
Chang, H.-s., Um, W., Rod, K., Serne, R.J., Thompson, A., Perdrial, N., Steefel, C.I., Chorover, J.,
2011. Strontium and Cesium Release Mechanisms during Unsaturated Flow through
Waste-Weathered Hanford Sediments. Environmental Science & Technology 45, 83138320.
Chorover, J., Troch, P.A., Rasmussen, C., Brooks, P.D., Pelletier, J.D., Breshears, D.D., Huxman,
T.E., Kurc, S.A., Lohse, K.A., McIntosh, J.C., Meixner, T., Schaap, M.G., Litvak, M.E.,
Perdrial, J., Harpold, A., Durcik, M., 2011. How Water, Carbon, and Energy Drive Critical
Zone Evolution: The Jemez-Santa Catalina Critical Zone Observatory. Vadose Zone
Journal 10, 884-899.
Chou, L., Garrels, R.M., Wollast, R., 1989. Comparative study of the kinetics and mechanisms of
dissolution of carbonate minerals. Chemical Geology 78, 269-282.
Clow, D., Drever, J., 1996. Weathering rates as a function of flow through an alpine soil. Chemical
Geology 132, 131-141.
Crawshaw, J.P., Boek, E.S., 2013. Multi-scale imaging and simulation of structure, flow and
reactive transport for CO2 storage and EOR in carbonate reservoirs. Reviews in
Mineralogy and Geochemistry 77, 431-458.

124
Dagan, G., Fiori, A., Jankovic, I., 2013. Upscaling of flow in heterogeneous porous formations:
Critical examination and issues of principle. Advances in Water Resources 51, 67-85.
Deng, H., Dai, Z., Wolfsberg, A.V., Ye, M., Stauffer, P.H., Lu, Z., Kwicklis, E., 2012. Upscaling
retardation factor in hierarchical porous media with multimodal reactive mineral facies.
Chemosphere.
Dentz, M., Gouze, P., Carrera, J., 2011. Effective non-local reaction kinetics for transport in
physically and chemically heterogeneous media. Journal of Contaminant Hydrology 12021, 222-236.
Druhan, J.L., Steefel, C.I., Conrad, M.E., DePaolo, D.J., 2014. A large column analog experiment
of stable isotope variations during reactive transport: I. A comprehensive model of sulfur
cycling and δ34S fractionation. Geochimica Et Cosmochimica Acta 124, 366-393.
Duckworth, O.W., Martin, S.T., 2004. Dissolution rates and pit morphologies of rhombohedral
carbonate minerals. American Mineralogist 89, 554-563.
Fiori, A., Boso, F., de Barros, F.P.J., De Bartolo, S., Frampton, A., Severino, G., Suweis, S., Dagan,
G., 2010. An indirect assessment on the impact of connectivity of conductivity classes upon
longitudinal asymptotic macrodispersivity. Water Resources Research 46, W08601.
Gelhar, L.W., 1993. Stochastic subsurface hydrology. Prentice-Hall, Englewood Cliffs, N.J.
Gelhar, L.W., Welty, C., Rehfeldt, K.R., 1992. A Critical-Review of Data on Field-Scale
Dispersion in Aquifers. Water Resources Research 28, 1955-1974.
Gerke, H.H., Vangenuchten, M.T., 1993. A DUAL-POROSITY MODEL FOR SIMULATING
THE PREFERENTIAL MOVEMENT OF WATER AND SOLUTES IN STRUCTURED
POROUS-MEDIA. Water Resources Research 29, 305-319.
Godderis, Y., Brantley, S.L., Francois, L.M., Schott, J., Pollard, D., Deque, M., Dury, M., 2013.
Rates of consumption of atmospheric CO2 through the weathering of loess during the next
100 yr of climate change. Biogeosciences 10, 135-148.
Haggerty, R., Gorelick, S.M., 1995. multiple-rate mass transfer for modeling diffusion and surface
reactions in media with pore-scale heterogeneity. Water Resources Research 31, 23832400.
Hahm, W.J., Riebe, C.S., Lukens, C.E., Araki, S., 2014. Bedrock composition regulates mountain
ecosystems and landscape evolution. Proceedings of the National Academy of Sciences.
Harrington, G.A., Hendry, M.J., 2005. Chemical heterogeneity in diffusion‐dominated aquitards.
Water Resources Research 41.
Hochstetler, D.L., Rolle, M., Chiogna, G., Haberer, C.M., Grathwohl, P., Kitanidis, P.K., 2013.
Effects of compound-specific transverse mixing on steady-state reactive plumes: Insights
from pore-scale simulations and Darcy-scale experiments. Advances in Water Resources
54, 1-10.
Hunt, A.G., Skinner, T.E., Ewing, R.P., Ghanbarian-Alavijeh, B., 2011. Dispersion of solutes in
porous media. European Physical Journal B 80, 411-432.
Jardine, P.M., Jacobs, G.K., O'Dell, J.D., 1993. Unsaturated Transport Processes in Undisturbed
Heterogeneous Porous Media: II. Co-Contaminants. Soil Sci. Soc. Am. J. 57, 954-962.
Jin, L., Ravella, R., Ketchum, B., Bierman, P.R., Heaney, P., White, T., Brantley, S.L., 2010.
Mineral weathering and elemental transport during hillslope evolution at the
Susquehanna/Shale Hills Critical Zone Observatory. Geochimica Et Cosmochimica Acta
74, 3669-3691.
King, H.E., Putnis, C.V., 2013. Direct observations of the influence of solution composition on
magnesite dissolution. Geochimica et Cosmochimica Acta 109, 113-126.
Knapp, R.B., 1989. Spatial and temporal scales of local equilibrium in dynamic fluid-rock systems.
Geochimica et Cosmochimica Acta 53, 1955-1964.

125
Knauss, K.G., Johnson, J.W., Steefel, C.I., 2005. Evaluation of the impact of CO2, co-contaminant
gas, aqueous fluid and reservoir rock interactions on the geologic sequestration of CO2.
Chemical Geology 217, 339-350.
Koltermann, C.E., Gorelick, S.M., 1996. Heterogeneity in Sedimentary Deposits: A Review of
Structure-Imitating, Process-Imitating, and Descriptive Approaches. Water Resources
Research 32, 2617-2658.
Le Gallo, Y., Bildstein, O., Brosse, E., 1998. Coupled reaction-flow modeling of diagenetic
changes in reservoir permeability, porosity and mineral compositions. Journal of
Hydrology 209, 366-388.
Li, L., Gawande, N., Kowalsky, M.B., Steefel, C.I., Hubbard, S.S., 2011. Physicochemical
heterogeneity controls on uranium bioreduction rates at the field scale. Environmental
Science and Technology 45, 9959-9966.
Li, L., Peters, C.A., Celia, M.A., 2007a. Applicability of averaged concentrations in determining
geochemical reaction rates in heterogeneous porous media. Am J Sci 307, 1146-1166.
Li, L., Peters, C.A., Celia, M.A., 2007b. Effects of mineral spatial distribution on reaction rates in
porous media. Water Resour. Res. 43, W01419.
Li, L., Salehikhoo, F., Brantley, S.L., Heidari, P., 2014. Spatial zonation limits magnesite
dissolution in porous media. Geochimica Et Cosmochimica Acta 126, 555-573.
Li, L., Steefel, C., Kowalsky, M., Englert, A., Hubbard, S., 2010. Effects of physical and
geochemical heterogeneities on mineral transformation and biomass accumulation during
a biostimulation experiment at Rifle, Colorado. J Contamin Hydrol 112, 45 - 63.
Liu, C., Shang, J., Shan, H., Zachara, J.M., 2013. Effect of Subgrid Heterogeneity on Scaling
Geochemical and Biogeochemical Reactions: A Case of U(VI) Desorption. Environmental
Science & Technology 48, 1745-1752.
Liu, C., Zachara, J.M., Qafoku, N.P., Wang, Z., 2008. Scale-dependent desorption of uranium from
contaminated subsurface sediments. Water Resources Research 44.
Luo, L., Lin, H., Halleck, P., 2008. Quantifying soil structure and preferential flow in intact soil
using x-ray computed tomography. Soil Science Society of America Journal 72, 10581069.
Luo, L., Lin, H., Li, S., 2010. Quantification of 3-D soil macropore networks in different soil types
and land uses using computed tomography. Journal of Hydrology 393, 53-64.
Maher, K., 2010. The dependence of chemical weathering rates on fluid residence time. Earth and
Planetary Science Letters 294, 101-110.
Maher, K., Chamberlain, C.P., 2014. Hydrologic Regulation of Chemical Weathering and the
Geologic Carbon Cycle. Science 343, 1502-1504.
Maher, K., Steefel, C.I., DePaolo, D.J., Viani, B.E., 2006. The mineral dissolution rate conundrum:
Insights from reactive transport modeling of U isotopes and pore fluid chemistry in marine
sediments. Geochimica et Cosmochimica Acta 70, 337-363.
Massarotto, P., Golding, S.D., Bae, J.S., Iyer, R., Rudolph, V., 2010. Changes in reservoir
properties from injection of supercritical CO2 into coal seams — A laboratory study.
International Journal of Coal Geology 82, 269-279.
McClain, M.E., Boyer, E.W., Dent, C.L., Gergel, S.E., Grimm, N.B., Groffman, P.M., Hart, S.C.,
Harvey, J.W., Johnston, C.A., Mayorga, E., McDowell, W.H., Pinay, G., 2003.
Biogeochemical hot spots and hot moments at the interface of terrestrial and aquatic
ecosystems. Ecosystems 6, 301-312.
McDuff, R.E., Gieskes, J.M., 1976. Calcium and magnesium profiles in DSDP interstitial waters:
Diffusion or reaction? Earth and Planetary Science Letters 33, 1-10.
Minyard, M.L., Burgos, W.D., 2007. Hydrologic Flow Controls on Biologic Iron(III) Reduction in
Natural Sediments. Environmental Science & Technology 41, 1218-1224.

126
Molins, S., Trebotich, D., Steefel, C.I., Shen, C., 2012. An investigation of the effect of pore scale
flow on average geochemical reaction rates using direct numerical simulation. Water
Resources Research 48.
Moore, J., Lichtner, P.C., White, A.F., Brantley, S.L., 2012. Using a reactive transport model to
elucidate differences between laboratory and field dissolution rates in regolith. Geochimica
Et Cosmochimica Acta 93, 235-261.
Neuman, S.P., Tartakovsky, D.M., 2009. Perspective on theories of non-Fickian transport in
heterogeneous media. Advances in Water Resources 32, 670-680.
Newell, C.J., Hopkins, L.P., Bedient, P.B., 1990. A Hydrogeologic Database for Ground‐Water
Modeling. Ground Water 28, 703-714.
Nugent, M., Brantley, S., Pantano, C., Maurice, P., 1998. The influence of natural mineral coatings
on feldspar weathering. Nature 395, 588-591.
Oelkers, E.H., Gislason, S.R., Matter, J., 2008. Mineral Carbonation of CO2. Elements 4, 333-337.
Pearce, C.I., Wilkins, M.J., Zhang, C., Heald, S.M., Fredrickson, J.K., Zachara, J.M., 2012. PoreScale Characterization of Biogeochemical Controls on Iron and Uranium Speciation under
Flow Conditions. Environmental Science & Technology 46, 7992-8000.
Pedretti, D., Fernàndez-Garcia, D., Bolster, D., Sanchez-Vila, X., 2013. On the formation of
breakthrough curves tailing during convergent flow tracer tests in three-dimensional
heterogeneous aquifers. Water Resources Research 49, 4157-4173.
Plummer, L.N., Wigley, T.M.L., 1976. The dissolution of calcite in CO2-saturated solutions at
25°C and 1 atmosphere total pressure. Geochimica et Cosmochimica Acta 40, 191-202.
Pokrovsky, O.S., Golubev, S.V., Schott, J., Castillo, A., 2009. Calcite, dolomite and magnesite
dissolution kinetics in aqueous solutions at acid to circumneutral pH, 25 to 150 °C and 1
to 55 atm pCO2: New constraints on CO2 sequestration in sedimentary basins. Chemical
Geology 265, 20-32.
Reeves, D., Rothman, D.H., 2013. Age dependence of mineral dissolution and precipitation rates.
Global Biogeochemical Cycles 27, 906-919.
Rolle, M., Eberhardt, C., Chiogna, G., Cirpka, O.A., Grathwohl, P., 2009. Enhancement of dilution
and transverse reactive mixing in porous media: Experiments and model-based
interpretation. Journal of Contaminant Hydrology 110, 130-142.
Saldi, G.D., Jordan, G., Schott, J., Oelkers, E.H., 2009. Magnesite growth rates as a function of
temperature and saturation state. Geochimica Et Cosmochimica Acta 73, 5646-5657.
Saldi, G.D., Schott, J., Pokrovsky, O.S., Gautier, Q., Oelkers, E.H., 2012. An experimental study
of magnesite precipitation rates at neutral to alkaline conditions and 100–200&#xa0;°C as
a function of pH, aqueous solution composition and chemical affinity. Geochimica et
Cosmochimica Acta 83, 93-109.
Saldi, G.D., Schott, J., Pokrovsky, O.S., Oelkers, E.H., 2010. An experimental study of magnesite
dissolution rates at neutral to alkaline conditions and 150 and 200&#xa0;°C as a function
of pH, total dissolved carbonate concentration, and chemical affinity. Geochimica et
Cosmochimica Acta 74, 6344-6356.
Salehikhoo, F., Li, L., Brantley, S.L., 2013. Magnesite dissolution rates at different spatial scales:
The role of mineral spatial distribution and flow velocity. Geochimica Et Cosmochimica
Acta 108, 91-106.
Sassen, D.S., Hubbard, S.S., Bea, S.A., Chen, J., Spycher, N., Denham, M.E., 2012. Reactive
facies: An approach for parameterizing field-scale reactive transport models using
geophysical methods. Water Resources Research 48, W10526.
Scheibe, T.D., Hubbard, S.S., Onstott, T.C., DeFlaun, M.F., 2011. Lessons Learned from Bacterial
Transport Research at the South Oyster Site. Ground Water 49, 745-763.

127
Smith, M.M., Sholokhova, Y., Hao, Y., Carroll, S.A., 2013. CO2-induced dissolution of low
permeability carbonates. Part I: Characterization and experiments. Advances in Water
Resources 62, Part C, 370-387.
Steefel, C.I., DePaolo, D.J., Lichtner, P.C., 2005. Reactive transport modeling: An essential tool
and a new research approach for the Earth Sciences. Earth and Planetary Science Letters
240, 539-558.
Sudicky, E.A., 1986. A natural gradient experiment on solute transport in a sand aquifer: Spatial
variability of hydraulic conductivity and its role in the dispersion process. Water Resources
Research 22, 2069-2082.
Sudicky, E.A., Illman, W.A., Goltz, I.K., Adams, J.J., McLaren, R.G., 2010. Heterogeneity in
hydraulic conductivity and its role on the macroscale transport of a solute plume: From
measurements to a practical application of stochastic flow and transport theory. Water
Resources Research 46.
Swoboda-Colberg, N.G., Drever, J.I., 1993. Mineral dissolution rates in plot-scale field and
laboratory experiments. Chemical Geology 105, 51-69.
Thompson, A., Steefel, C.I., Perdrial, N., Chorover, J., 2010. Contaminant Desorption during LongTerm Leaching of Hydroxide-Weathered Hanford Sediments. Environmental Science &
Technology 44, 1992-1997.
Veizer, J., Godderis, Y., François, L.M., 2000. Evidence for decoupling of atmospheric CO2 and
global climate during the Phanerozoic eon. Nature 408, 698-701.
Velbel, M.A., 1993. Constancy of silicate-mineral weathering-rate ratios between natural and
experimental weathering: implications for hydrologic control of differences in absolute
rates. Chemical Geology 105, 89-99.
Werth, C.J., Zhang, C.Y., Brusseau, M.L., Oostrom, M., Baumann, T., 2010. A review of noninvasive imaging methods and applications in contaminant hydrogeology research. Journal
of Contaminant Hydrology 113, 1-24.
White, A.F., Brantley, S.L., 2003. The effect of time on the weathering of silicate minerals: why
do weathering rates differ in the laboratory and field? Chemical Geology 202, 479-506.
Willingham, T.W., Werth, C.J., Valocchi, A.J., 2008. Evaluation of the effects of porous media
structure on mixing-controlled reactions using pore-scale modeling and micromodel
experiments. Environmental Science & Technology 42, 3185-3193.
Willmann, M., Carrera, J., Sanchez-Vila, X., 2008. Transport upscaling in heterogeneous aquifers:
What physical parameters control memory functions? Water Resources Research 44.
Willmann, M., Carrera, J., Sanchez-Vila, X., Silva, O., Dentz, M., 2010. Coupling of mass transfer
and reactive transport for nonlinear reactions in heterogeneous media. Water Resources
Research 46.
Wolery, T.J., Jackson, K.J., Bourcier, W.L., Bruton, C.J., Viani, B.E., Knauss, K.G., Delany, J.M.,
1990. Current status of the EQ3/6 software package for geochemical modeling. Chemical
modeling of aqueous systems II 416, 104-116.
Zhang, C., Dehoff, K., Hess, N., Oostrom, M., Wietsma, T.W., Valocchi, A.J., Fouke, B.W., Werth,
C.J., 2010a. Pore-Scale Study of Transverse Mixing Induced CaCO3 Precipitation and
Permeability Reduction in a Model Subsurface Sedimentary System. Environmental
Science & Technology 44, 7833-7838.
Zhang, C., Kang, Q., Wang, X., Zilles, J.L., Mueller, R.H., Werth, C.J., 2010b. Effects of PoreScale Heterogeneity and Transverse Mixing on Bacterial Growth in Porous Media.
Environmental Science & Technology 44, 3085-3092.
Zhu, C., Lu, P., Zheng, Z., Ganor, J., 2010. Coupled alkali feldspar dissolution and secondary
mineral precipitation in batch systems: 4. Numerical modeling of kinetic reaction paths.
Geochimica Et Cosmochimica Acta 74, 3963-3983.

128
Zinn, B., Meigs, L.C., Harvey, C.F., Haggerty, R., Peplinski, W.J., Von Schwerin, C.F., 2004.
Experimental visualization of solute transport and mass transfer processes in twodimensional conductivity fields with connected regions of high conductivity.
Environmental Science & Technology 38, 3916-3926.

129

Chapter 5 Conclusions
The effect of spatial heterogeneity of minerals on their dissolution rates has been addressed
in a few studies, where modeling approaches were used (Li et al., 2007b; Li et al., 2007d; Molins
et al., 2012a). However, no study has been reported to experimentally investigate the effects spatial
distribution of minerals on their dissolution/precipitation rates. Our series of experimental work on
the effect of spatial distribution of magnesite are the first and the only work in this field using
experimental approach. In this research, we studied the combined effects of physical and chemical
heterogeneity on magnesite dissolution rate and determined important variables of effective and
interface surface area using 2D reactive transport simulations. We compared the rates from the two
common spatial patterns in natural sediments; uniform and layered patterns (flow-parallel and flowtransverse). Using layered patterns, we tested the effect of the orientation of magnesite layers to
the flow direction on dissolution rate. Moreover, we tested the effect of flow velocity ranging from
0.015 m/d to 36 m/d on magnesite dissolution rate. Finally, we tested the effect of permeability
contrast between magnesite and sand zone on dissolution rate. From the results of this research, we
were able to answer some of the specific and important questions, when the effect of spatial
distribution matters and how the rate can simply be calculated by using spatial distribution of
magnesite.
The main focus of this research was to investigate the effect of spatial distribution of
magnesite on its dissolution rate. We found that the column-scale dissolution rate is different at
different spatial scales. Comparing the rates from the Mixed and the layered patterns, the rate from
the Mixed column was always higher compared to that of any of the layered patterns. For the
layered patterns, we tested the effect of the orientation and the number of layers to the flow direction
on magnesite dissolution rate. The flow-parallel columns included three configurations, One-zone,
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Two-zone, and Three-zone. And the flow-transverse column included only one configuration, Onezone. The differences among the rates from the flow-parallel columns were relatively small. Among
all layered patterns (flow-parallel and flow-transverse), the One-zone flow-parallel column had the
lowest dissolution rate. Parallel orientation of the layers resulted in the relative importance of the
transverse dispersion. In this case, the rates are limited by mass transport of the reaction products
out of the reactive zones. The pores in the middle of the reactive zones were quickly reached to
equilibrium and the rates mostly were determined by reactive grains located close to the inlet and
at the magnesite-quartz interface which are far from equilibrium.
Knowing that there are conditions under which the rate from the Mixed pattern is
significantly different from that of the zonation pattern, highlight the importance of the effect of
spatial distribution of minerals in measuring their rates at the field scale where the zonation patterns
of mineral is very common. Especially when a deep deposit of soil or rock is a target to measure
the rate. It is the norm that the few samples are taken from a deep profile (ANDERSON et al., 2002;
JIN et al., 2010a), and the rates from those samples considered as the uniform distribution of
minerals. However, not knowing the spatial distribution, may added more inaccuracy to the
measurement.
Another goal of this research was to find the conditions, under which the effect of spatial
distribution mattered. For uniform and layered patterns (flow-parallel and flow-transverse) the
column-scale dissolution rates were quantified under different conditions of column length, flow
velocity, and permeability contrast. For the flow-transverse column, under any condition of flow
velocity and column length, the effect of spatial distribution was minimal (14%). However, for the
flow-parallel columns under specific conditions of flow regime and permeability contrast the effect
of spatial distribution was significant (50%). The largest rate difference of 2.42 was observed
between the Mixed and One-zone columns at the flow velocity of 7.2 m/d and permeability contrast
of 0.74. Running simulations for a broader range of conditions, the rate difference increased to 5.61
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at flow velocity of 18 m/d and lower permeability contrast (ratio) of 0.07. In general, at low flow
regime regardless of the permeability contrast between the zones, the rates were similar for both
Mixed and layered patterns. Under this condition, where the mass transport limited the dissolution
rates, the effect of spatial distribution did not matter. However, at higher flow velocities, both flow
velocity and permeability contrast affected the rate differences between the Mixed and One-zone
columns. This happened as the result of a larger mass transport and a stronger competition between
the mass transport and reaction rates in controlling the column scale rate. Under this condition the
effect of spatial distribution of magnesite matters therefore the rate of the layered patterns cannot
be inferred from the rate of the Mixed column. For the first time, we experimentally confirmed the
conclusions from previous modeling efforts that the spatial distribution of a mineral could affect
its dissolution rate (Li et al., 2007b; Li et al., 2007d). From our results, the extent of the rate
difference varies from 1.14 (14%) to 2.4 (50%) under different conditions of flow rate, column
length scale, and spatial distribution.
In our previous work, we introduced the effective surface area (Ae) as the surface area of
the magnesite grains with IAP/Keq<0.1 and interface surface area (AI) as those effective surface
areas are laid at the magnesite and quartz interface. Using 2D simulation, we modeled all of our
experimental conditions and specified the Ae and AI values for each column. The results showed
that regardless of the spatial pattern of magnesite, in general the Ae values were smaller than the
total BET surface area (AT). For the Mixed column, only at high flow regime (7.2 and 18 m/d)
where the rate of mass transport is larger than the rate of reaction, the Ae reaches to its maximum;
BET surface area (AT). Under this condition, the rate can be directly calculated from kinetic rate
laws using BET surface area and the rate constant. However, for the One-zone column, under the
same condition as the Mixed column, the Ae cannot reach to the AT due to the larger mass transport
limitation caused by spatial zonation of magnesite. Finding that not all the surface areas are
effectively dissolving, confirms other findings that the BET surface area is not a good estimate for
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the surfaces involved in dissolution reaction (NAVARRE-SITCHLER and BRANTLEY, 2007b). In
order to accurately quantify the reaction rate, a good estimate of reactive surface is needed. And to
reduce the discrepancy between the rates measured in the field and the laboratory scales, the effect
of spatial distribution also has to be considered so that the surface area can be estimated more
accurately.
Using all the 79 experimental data from this study, we were able to find the equation
showing the direct relation between the Ae and the column-scale bulk reaction rate; RMgCO3,B (mol/s)
=10-9.60Ae . This equation showed that the magnesite dissolution rate did not depend on total BET
surface area since it was constant for all the columns. Instead the rate is a function of Ae. Although
Ae is easy to understand, it is difficult to measure. For the One-zone column, simulating more than
36 different conditions of flow regimes and permeability contrasts led us to find the conditions,
under which Ae estimation became possible by using spatial distribution. Our Ae analysis revealed
that at high flow regimes and low permeability of the magnesite zone, the AI/Ae of the One-zone
column equaled to 1. For any layered patterns, which are very common in natural sediments, one
can roughly estimate AI values, assuming that it can be the total surface areas of the grains located
at the interface of reactive and nonreactive zone. The column scale rate can be simply calculated
using AI as an estimation of Ae in the equation RMgCO3,B (mol/s) =10-9.60Ae.

133

Chapter 6 Future Research
In the last few years, studies on the effect of chemical heterogeneity on different processes
spatially on the dissolution rate of minerals have received more attentions. This highlights the need
for more research in this field. Based on our findings, I suggest five research directions to fill the
present gaps in this field.
First, an important task is to study the effect of spatial distribution of other abundant
minerals such as calcite. Calcite is plentiful in sedimentary rocks and also it is of concern in many
important processes such as reservoir engineering and CO2 sequestration. Calcite is more reactive
compared to magnesite. It would be more interesting to see the effect of spatial distribution of a
more reactive mineral on its dissolution rate.
Second, other spatial distributions could be studied to find a spatial distribution that has a
larger effect on magnesite dissolution rate. Among so many spatial patterns, we only tested flowtransverse and flow-parallel patterns. For example, we intend to test the combination of flowparallel and flow-transverse distributions in one column.
Third, we need more conditions to examine the effect of spatial distribution of magnesite.
Among many conditions, we tested flow velocity and permeability contrast. For the flow-parallel
pattern, we could test the effect of mineral abundance, column length, magnesite grain size and the
distance between the zones.
Fourth, we intend to provide a more accurate definitions of effective and interface surface
areas. In our research, we defined the interface surface area as the magnesite grains, which are laid
at the two outer layers of magnesite zone. This two layers are the closest layers to the sand zone.
To better define this interface surface area, we should define it based on the magnesite grain size
and the transverse dispersivity.
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