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Abstract

We investigate how mineral spatial distribution in porous media affects their dissolution rates. Specifically, we measure the
dissolution rate of magnesite interspersed in different patterns in packed columns of quartz sand where the magnesite concen-
tration (v/v) was held constant. The largest difference was observed between a “Mixed column” containing uniformly distrib-
uted magnesite and a “One-zone column” containing magnesite packed into one cylindrical center zone aligned parallel to the
main flow of acidic inlet fluid (flow-parallel One-zone column). The columns were flushed with acid water at a pH of 4.0 at
flow velocities of 3.6 or 0.36 m/d. Breakthrough data show that the rate of magnesite dissolution is 1.6–2 times slower in the
One-zone column compared to the Mixed column. This extent of rate limitation is much larger than what was observed in our
previous work (14%) for a similar One-zone column where the magnesite was packed in a layer aligned perpendicular to flow
(flow-transverse One-zone column). Two-dimensional reactive transport modeling with CrunchFlow revealed that ion activity
product (IAP) and local dissolution rates at the grid block scale (0.1 cm) vary by orders of magnitude. Much of the central
magnesite zone in the One-zone flow-parallel column is characterized by close or equal to equilibrium conditions with IAP/
Keq > 0.1. Two important surface areas are defined to understand the observed rates: the effective surface area (Ae) reflects the
magnesite that effectively dissolves under far from equilibrium conditions (IAP/Keq < 0.1), while the interface surface area (AI)
reflects the effective magnesite surface that lies along the quartz–magnesite interface. Modeling results reveal that the trans-
verse dispersivity at the interface of the quartz and magnesite zones controls mass transport and therefore the values of Ae and
AI. Under the conditions examined in this work, the value of Ae varies from 2% to 67% of the total magnesite BET surface
area. Column-scale bulk rates RMgCO3 ;B (in units of mol/s) vary linearly with Ae and AI. Using Ae to normalize rates, we cal-
culate a rate constant (10�9.56 mol/m2/s) that is very close to the value of 10�10.0 mol/m2/s under well-mixed conditions at the
grid block scale. This implies that the laboratory-field rate discrepancy can potentially be caused by differences in the effective
surface area. If we know the effective surface area of dissolution, we will be able to use the rate constant measured in labo-
ratory systems to calculate field rates for some systems. In this work, approximately 60–70% of the Ae is at the magnesite–
quartz interface. This implies that in some field systems where the detailed information that we have for our columns is
not available, the effective mineral surface area may be approximated by the area of grains residing at the interface of reactive
mineral zones. Although it has long been known that spatial heterogeneities play a significant role in determining physical
processes such as flow and solute transport, our data are the first that systematically and experimentally quantifies the impor-
tance of mineral spatial distribution (chemical heterogeneity) on dissolution.
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1. INTRODUCTION

Mineral reactions play an important role in applications
relevant to water, energy, and environment. These reactions
affect the chemistry of surface and groundwater
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(Hamzaoui-Azaza et al., 2011; Zhu and Schwartz, 2011),
change reservoir structural properties during energy pro-
duction (Pruess, 2008; Taron and Elsworth, 2009), affect
the transport and fate of contaminants (Liu et al., 2004;
Frye et al., 2012; Iwakun et al., 2012), and influence global
elemental cycles and climate change (Godderis et al., 2013,
2010). Mineral reaction kinetics have been studied exten-
sively in well-mixed laboratory systems, in homogeneously
packed columns (Van Grinsven and Van Riemsdijk, 1992;
Taylor et al., 2000), and in the natural subsurface using field
weathering profiles (Anbeek, 1993; Casey et al., 1993;
White, 2002; Maher et al., 2004; Brantley and White,
2009). Significant progress has been made in understanding
rates under an array of geological and climate conditions
(Jeschke and Dreybrodt, 2002; Brantley, 2010; Banwart
et al., 2011; Chorover et al., 2011; Lin et al., 2011). For
more than three decades, however, rates measured in the
subsurface have been reported to be 3–5 orders of magni-
tude lower than those measured under laboratory condi-
tions (Casey, 1987; Casey et al., 1993; Velbel, 1993;
Anderson et al., 2002; White and Brantley, 2003; Nava-
rre-Sitchler and Brantley, 2007; Brantley and White,
2009). A variety of factors have been proposed to explain
this long-standing rate discrepancy, including, for example,
the effects of reaction affinity, the age of reactive minerals,
secondary mineral precipitation, dynamic porosity evolu-
tion, and residence time (Anbeek, 1993; White and Brant-
ley, 1995; Alekseyev et al., 1997; Zhu, 2005; Maher et al.,
2006; Maher, 2010; Zhu et al., 2010).

In the subsurface, spatial heterogeneity, defined here as
the non-uniform spatial distribution of mineral concentra-
tion within geomedia, is the norm rather than exception.
Mineral phases occur in nature with various spatial pat-
terns at different spatial scales. Distributions vary from ran-
dom and uniform patterns at one extreme, to clustered or
layered patterns at the other end of the spectrum (Scheibe
et al., 2006; Liu et al., 2008; Landrot et al., 2012; Peng
et al., 2012). This leads to significant spatial variations in
mineralogical, geochemical, and physical properties (Gel-
har, 1993; Scheibe et al., 2006; Jin et al., 2010; Taylor and
Macquaker, 2011). In hydrogeology, physical heterogeneity
has been known to control flow and solute transport pro-
cesses for more than three decades (Gelhar and Axness,
1983; Berkowitz and Scher, 2001; Sudicky et al., 2010; Cas-
tro-Alcala et al., 2012). Likewise, the effects of such heteroge-
neities are well known in environmental engineering. For
example, the distribution of spilled oil residues has been
found to determine the time scale of remediation and biodeg-
radation (Brusseau et al., 2000; Yoon et al., 2008, 2009;
Zhang et al., 2008; DiFilippo et al., 2010). Most studies, how-
ever, have focused on spatial variations in physical properties,
including porosity, permeability, and flow paths.

Compared to decades of literature on the effects of spa-
tial heterogeneity on physical processes, studies on the ef-
fects of mineral distribution on (bio)geochemical
processes are scarce even though they have been acknowl-
edged for decades (Knapp, 1989). Mineral reactions typi-
cally involve multiple chemical species that are coupled
through non-linear reaction thermodynamics and kinetics.
A few experimental and modeling studies have shown that
the structure of the porous medium controls reaction rates
(Li et al., 2006, 2007a; Liu et al., 2008, 2013; Tartakovsky
et al., 2008; Rolle et al., 2009; Hochstetler et al., 2013).
For example, rates of calcite precipitation in microfluidic
and Darcy-scale experiments have been found to be limited
by transverse mixing between the Ca(II)-containing and
carbonate-containing waters, which strongly depends on
the structure of porous media (Willingham et al., 2008;
Zhang et al., 2010; Yoon et al., 2012). Field experiments
have documented the controls of both physical and geo-
chemical heterogeneities on biogeochemical reaction rates
during biostimulation (Scheibe et al., 2006; Li et al., 2010;
Yabusaki et al., 2011). Fractured rocks naturally represent
heterogeneous systems with significant contrast between the
fracture and matrix. Reactions between fractured rocks and
fluid have been studied with a main focus on how mineral
reactions alter porosity, permeability, surface area, and
fracture structure (Detwiler et al., 2003; Gouze et al., 2003;
Detwiler, 2010; Noiriel et al., 2010; McGuire et al., 2013).
The role of mineral distribution has rarely been explored sys-
tematically in ways that allow comparisons among systems
with different patterns of mineral distributions.

In our previous work (Salehikhoo et al., 2013), columns
were set up with two spatial distributions. One pattern was
referred to as “Mixed”: a column with an 11% (v/v) concen-
tration of magnesite randomly and uniformly distributed
within a quartz sand matrix. The other pattern was referred
to as “One-zone”: a column with 11% (v/v) magnesite dis-
tributed in one layer that was oriented perpendicular to
the main flow direction. More than fifty flow-through
experiments were run to measure magnesite dissolution
rates under conditions of variable mineral distribution, col-
umn lengths, and flow velocities. At maximum, the magne-
site dissolution rate was 14% higher in the Mixed column
compared to the One-zone column. The largest difference
was observed in moderate flow regimes where the reaction
was neither limited by interfacial kinetics nor by transport
alone. The column-scale rates were observed to vary with
the Damkohler number, defined as the ratio of the time
scales of advection relative to that of chemical equilibra-
tion. The zoned column experiment published in our previ-
ous work is referred to here as “flow-transverse One zone”.

In this new contribution we now explore the magnesite
dissolution rates for columns with 11% (v/v) magnesite
packed within a quartz sand matrix where the magnesite
is packed in zones aligned parallel to the main flow
(“flow-parallel One-zone column”). In effect, our columns
provide experimental models of dissolution of natural sys-
tems where flow is either aligned perpendicular to the main
flow direction (Salehikhoo et al., 2013) or parallel to the
main flow direction (this work). Magnesite was chosen be-
cause carbonates are one of the most abundant minerals in
sedimentary rocks (Morse and Arvidson, 2002; Morse
et al., 2007) and are important in many applications (Bis-
was et al., 2011; Krumins et al., 2013). In addition, magne-
site dissolution has been studied extensively in well-mixed
reactors and is known to dissolve readily (Chou et al.,
1989; Saldi et al., 2010). However, its dissolution has not
been studied under coupled flow and transport conditions
except in our recent study (Salehikhoo et al., 2013). Here
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we use four columns with the same concentration of magne-
site packed in different patterns, i.e., Mixed, Three-zone,
Two-zone, and One-zone columns (Fig. 1A). The column
experiments were flushed with acidic solutions at flow
velocities of 0.36 and 3.6 m/d. To understand the mecha-
nism explaining the effects of spatial zonation, a two-dimen-
sional reactive transport model was applied to interpret the
tracer and Mg breakthrough data.

2. MAGNESITE DISSOLUTION

Magnesite dissolution thermodynamics and kinetics
have been documented extensively (Chou et al., 1989; Pok-
rovsky et al., 2009; Saldi et al., 2009, 2010; Benezeth et al.,
2011; Saldi et al., 2012). As has become the norm in reactive
transport models, we use here the rate laws based on solu-
tion chemistry rather than mineral surface complexation.
Specifically, we model three parallel reaction paths (Plum-
mer and Wigley, 1976; Chou et al., 1989):

MgCO3ðsÞ þHþ�Mg2þ þHCO�3 ð1Þ
MgCO3ðsÞ þH2CO�3�Mg2þ þ 2HCO�3 ð2Þ
MgCO3ðsÞ�Mg2þ þ CO2�

3 ð3Þ

The Transition State Theory (TST)-based rate law for
these reactions is written as follows:

rMgCO3
¼ k1aHþ þ k2aH2CO�3

þ k3

� �
A 1� IAP

Keq

� �
ð4Þ

Here k1, k2, and k3 are the rate constants (mol m�2 s�1) for
their corresponding reactions, aHþ and aH2CO�3

are the activ-
ities of hydrogen ion and carbonic acid (dimensionless), A is
the mineral surface area (m2). Typically the Brunauer–
Emmett–Teller (BET) area is used for the rate calculation.
The ion activity product (IAP) is defined as aMg2þaCO2�

3
,

  A.  Mixed        3-zone          2-zone         1

Fig. 1. (A) A photo of the packed columns showing the four different
Above each column to the right are cross-sections showing either a section
direction (below). In all columns, the volume fraction of magnesite in qu
random, uniform mixture of magnesite and quartz. In the other columns,
of quartz such that the cylinders are oriented in the direction parallel to
zone column. The symbols qi and ci represent the flow rates and concentra
for all columns. (For interpretation of the references to color in this figu
and Keq is the equilibrium constant for reaction (3). The
saturation index value of IAP/Keq is a measure of the dis-
tance from equilibrium – a value of 1.0 denotes equilibrium
and values close to zero denote far from equilibrium. The
fact that the saturation index values are the same for all
three reactions can be easily proved by explicitly writing
the IAP/Keq expressions for each reaction pathway. The
rate law (Eq. (4)) reveals that magnesite reaction rates de-
pend on its intrinsic reactivity (k1, k2, k3), surface area
(A), and aqueous geochemistry (IAP). Note that the rates
of each of the three reactions dominate different conditions
within the overall geochemical reaction space. For example,
the rate of the first reaction dominates under acidic condi-
tions where pH is below �5, the rate of the second reaction
dominates when CO2 concentrations are high, and the last
rate dominates when pH is higher than 6–7.

3. METHODOLOGY

3.1. Column experiments

3.1.1. Mineral spatial distribution

We use four columns of 10.5 cm in length and 2.56 cm in
diameter. For easy comparison, the mineral properties
(including grain size and surface area), the proportion of
magnesite versus quartz, the preparation procedures, and
flow-through experiments are the same as in our previous
study (Salehikhoo et al., 2013). The only difference is the
orientation of the magnesite zones relative to the main flow
direction. The columns were packed with the same concen-
tration (11.5 ± 0.5%, v/v) of magnesite within a quartz sand
matrix in four patterns: Mixed, Three-zone, Two-zone, and
One-zone columns (Fig. 1A). In the Mixed column, magne-
site was uniformly distributed. In the One-zone column,
magnesite was packed in the middle of the quartz matrix
-zone   B. Radial cross section

qi ci

riri-1

spatial distributions of magnesite (white) and quartz (sand color).
cut in parallel to the flow direction (above) or perpendicular to flow
artz matrix is 11.5% ± 0.5% (v/v). The Mixed column consists of a
the magnesite grains are aligned in cylindrical zones within a matrix
the main flow. (B) Radial cross-section representation for the One-
tions out from the annulus between ri�1 and ri. Fluid flowed upward
re legend, the reader is referred to the web version of this article.)
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as one cylindrical zone with a diameter of 10.97 mm aligned
parallel to the main flow (Fig. 1B). In that center zone, the
concentration of magnesite was maintained as close to
100% as possible. In the Three-zone and Two-zone col-
umns, magnesite was distributed as three and two cylindri-
cal zones with diameters of 6.0 and 7.4 mm, respectively.
Again, each zone contained as close to 100% magnesite as
possible during packing. The properties of each column
are shown in Table 1.

3.1.2. Material preparation

The magnesite (from Mongolia) was examined by X-ray
diffraction analysis and was found to contain no other
detectable crystalline phases. Analysis by Inductively Cou-
pled Plasma Emission Spectrometry (ICP-AES) revealed
28.3 wt% Mg (compared to an expected value of 28.6 wt%
based on the stoichiometry of MgCO3). Magnesite grains
were sieved to a size interval of 354–500 lm (sieve numbers
30 and 40). This same size range was used for quartz grains
to ensure physical homogeneity of the column. To clean
grain surfaces, the magnesite specimen was treated with
1% HCl for several seconds and was ultrasonically cleaned
in spectroscopic-grade acetone to remove fine particles fol-
lowing standard practice (Brantley, 2004). The samples
were then rinsed with distilled water, dried in an oven at
60 �C, and stored in a desiccator. The surface area was
determined by N2 gas sorption using the Brunauer–Em-
mett–Teller (BET) method (Micromeritics ASAP-2020 sur-
face analyzer). The average BET surface area of magnesite
and quartz sand was measured to be 1.87 ± 0.54 and
0.097 ± 0.028 m2/g, respectively. A similar cleaning proce-
dure was followed for quartz grains from Unimin Corpora-
tion except without the HCl treatment.

3.1.3. Column packing procedure

A “wet packing” method (Minyard and Burgos, 2007)
was used with the initial solution specified in Table 2. For
the Mixed column, magnesite and quartz grains were mixed
to generate a homogeneous mixture. The column was
packed in 10 increments with 1/10 of the total mass added
to the solution in the column in each increment. For the
Table 1
Physical properties of the columns.

Columns Magnesite
(gram)

Quartz
(gram)

VFMg in solids
(%)a

aL

(cm)b

Mixed 11.47 76.49 11.37 0.05
Three-
zone

11.25 76.86 11.12 –

Two-zone 11.27 74.58 10.99 –
One-zone 11.90 78.04 12.00 0.07

a Calculated value for the solid volume fraction of magnesite (volume
b aL is the local longitudinal dispersivity in Eq. (10) for each grid block.

three-zone columns were not simulated using 2D transport models so no
c aL

0 is the global longitudinal dispersivity at the column scale. This
porosity, permeability, and flow rates without considering detailed heter

d aT is the transverse dispersivity in Eq. (11). The Two and Three–zone
e Effective permeability, calculated based on Darcy’s law using measur

column was measured to be 8.7 � 10�13 m2.
One-zone column, magnesite and quartz were also packed
in 10 increments. However, a thin plastic tube with a diam-
eter of 10.97 mm was vertically placed in the center of the
column to align the magnesite grains in place. In each incre-
ment, the initial solution was poured slowly into the column
to establish a height of approximately 1 cm with one por-
tion of magnesite and quartz added into and outside of
the plastic tube, respectively. After each step, the tube
was gently pulled out of the matrix to avoid excessive mix-
ing of magnesite and quartz. Columns were tapped on the
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). Although we tried carefully to have the in-
side zone contain pure magnesite, we observed minor mix-
ing between quartz and magnesite. For the Two-zone and
Three-zone columns, two and three plastic tubes with diam-
eters of 7.4 and 6.0 mm were used respectively with the
same packing procedure as for the One-zone column.

3.1.4. Determination of porosity and mineral volume

fractions

The average porosity was determined by the mineral vol-
ume packed in each column. These values were confirmed
by a separate calculation on the amount of water used in
packing the column to fill the pore space of each column.
For the One-zone column, the quartz zone is nominally
100% quartz with relatively little magnesite. However, some
quartz was unavoidably dislocated into the magnesite zone
during packing, yielding somewhat less than 100% magne-
site in the magnesite zone. Based on the packed mass, the
porosity was found to be different for the magnesite and
the quartz zones. To determine the amount of each mineral
in the magnesite zone and the porosity values of the magne-
site and quartz zones, the mass and volume balance equa-
tions were written for magnesite, quartz, and the average
porosity. The unknowns for these equations were the
porosity of the two individual zones (/Mg and /Qtz) and
the solid volume fraction of magnesite (VFMg,Mg) and
quartz (VFQtz,Mg) in the magnesite zone. The three mass
and volume balance equations, together with the fact that
aL
0

(cm)c
aT

(cm)d
Effective perm
(�10�13 m2)e

Average
porosity

0.05 0.005 8.26 (±0.060) 0.410
0.10 – 12.30 (±0.004) 0.407

0.20 – 7.79 (±0.120) 0.422
0.15 0.004 10.74 (±0.030) 0.395

magnesite/volume of both quartz and magnesite).
Value determined by model fitting as described in text. The two and
local dispersivity values are reported.
was obtained by matching the breakthrough data using average

ogeneity.
columns were not simulated so no dispersivity values are reported.
ed flow rates and pressure gradient. The permeability of the sand



Table 2
Initial and boundary (inlet) fluid composition.a

Species Initial Concentrations in the column pore fluid at t = 0 (mol/L,
except for pH)

Concentrations in the inflowing fluid (mol/L,
except for pH)

pH 8.8 4.0
Total Inorganic Carbon
(TIC)

3.43 � 10�3 (approximate, close to equilibrium with magnesite) 1.07 � 10�5 (in equilibrium with CO2 gas)

Mg(II) Varies between 0.52 � 10�5 and 1.2 � 10�5, depending on
experimental conditions

0.0

Na(I) 1.00 � 10�3 1.00 � 10�3 (in dissolution experiment)
1.12 � 10�3 (in tracer experiments)

Cl(-I) 1.00 � 10�3 1.00 � 10�3

Br(-I) 0.0 0.0 (in dissolution experiments)
1.20 � 10�4 (in tracer experiments)

Si(VI) 1.00 � 10�5 1.00 � 10�4

a The measured quantities include pH, total aqueous Mg(II), Na(I), Cl(-I), Br(-I), and Si(VI). Concentrations of all individual species were
calculated using the speciation calculation in CrunchFlow based on thermodynamic data in Eq3/6 (Wolery et al., 1990).
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the summation of VFMg,Mg and VFQtz,Mg equals to 1, yield
4 equations for 4 unknowns as shown below.

MMg ¼ V Mg � 1� /Mg

� �
� VF Mg;Mg � qMg ð5Þ

MQtz ¼ V Qtz � 1� /Qtz

� �
� VF Qtz;Qtz � qQtz

þ V Mg � 1� /Mg

� �
� VF Qtz;Mg � qQtz ð6Þ

/avg ¼
V Qtz � /Qtz þ V Mg � /Mg

V tot

ð7Þ

VF Mg;Mg þ VF Qtz;Mg ¼ 1 ð8Þ

In Eq. (5), MMg is the total magnesite mass added to the
column assuming it is strictly in the magnesite zone (gram,
measured); VMg is the total volume of the cylindrical mag-
nesite zone (cm3, i.e., pr2

d; MgL, where rd,Mg is the cylinder ra-
dius (0.55 cm) and L is the length of the column (10.50 cm);
qMg is the grain density of magnesite (3.10 g/cm3). In Eq.
(6), MQtz is the total mass of quartz (gram, measured),
which is primarily in the quartz zone: i.e., VFQtz,Qtz = 100%
and VFQtz,Mg is an unknown; VQtz is the total volume of the
quartz zone which can be calculated by difference between
the total volume of the column Vtot and the volume of
the magnesite zone, i.e., V tot � V Mg ¼ pR2

dL� pr2
d;MgL. Here

Rd is the radius of the whole column (1.28 cm). The grain
density of quartz, qQtz, is 2.65 g/cm3. In Eq. (7), the average
porosity, /avg, equals the ratio of total pore volume of the
entire column (i.e., the sum of pore volume in the quartz
and magnesite zones) divided by the total volume of the col-
umn. The solution to the 4 equations showed that the center
zone contained 80.0 vol.% magnesite (VFMg,Mg = 0.8) and
20.0 vol.% quartz (VFQtz,Mg = 0.2) and was packed with a
porosity of 54% (/Mg = 0.54). In contrast, the porosity of
the quartz zone was 38% (/Qtz = 0.38).

3.1.5. Permeability determination

The effective permeability value of each column was cal-
culated using Darcy’s law based on measured pressure gra-
dients and flow rates. Another sand column was packed
with only quartz to obtain the permeability of the quartz
zone. Before this permeability measurement, air bubbles
were carefully removed from the pump and the tubes
through vacuum and from the columns by flushing at high
flow rate. The pressure gradients were measured at flow
rates of 0.3, 0.5, and 1.0 ml min�1 using a Crystal Engineer-
ing pressure gauge (XP2i-DP) that can measure a 15 psi dif-
ferential pressure with a precision of 0.001 psi. To ensure
the measurements were made at steady state conditions,
each flow rate was kept constant until a differential pressure
was stabilized for 15 min with a maximum variation of
0.005 psi.

3.1.6. Tracer tests and dispersivity determination

Tracer tests were conducted to obtain the dispersivity
coefficients. Sodium bromide at a concentration of
1.2 � 10�4 mol/L was injected at flow velocities of 3.6 m/
d (1.23 ml/min) and 0.36 m/d (0.123 ml/min). With the
porosity of the quartz and magnesite zones and the column
dimension, the total pore volume can be calculated for each
column. The average residence time was then calculated
from the total pore volume divided by the flow rate. At
3.6 and 0.36 m/d, the residence time was approximately
16.4 and 164.0 min, respectively. Effluent samples were col-
lected every 0.2 residence times for 2.5 residence times.
Effluent bromide concentrations were measured using a
Dionex ICS2500 Ion Chromatography (IC). Local longitu-
dinal dispersivities at the grid block scale (aL) were deter-
mined for the Mixed and One-zone column respectively,
by assuming no reactions and modeling only transport in
the 2D domain using an explicit distribution of magnesite
and quartz zones and by matching the bromide break-
through curves using CrunchFlow (Steefel and Lasaga,
1994). For the One-zone case, porosity values calculated
using Eqs. (5)–(8) were applied in the transport modeling,
while the permeability ratio and the longitudinal dispersiv-
ity were varied as the unknowns. Another “global” disper-
sivity value (aL

0) was obtained by representing the columns
as homogeneous 1D columns with the calculated average
porosity and permeability. The global dispersivity values,
obtained by matching the effluent bromide data, represent
those at the column scale.

3.1.7. Total, effective, and interface surface areas

Here we define several surface areas for the reacting
mineral magnesite. The total reactive surface area of mag-
nesite (AT) was calculated by multiplying the BET surface
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area (1.87 m2/g) and the total mass of magnesite. AT only
depends on the amount of magnesite packed in the column
and is a nearly constant value because we purposely packed
the same amount of magnesite in all columns. The effective

surface area (Ae) was defined as the surface area of the mag-
nesite grains that are effectively dissolving – these are the
grains that are far from equilibrium. It therefore represents
the surface area of the magnesite grains that have local dis-
solution rates significantly above 0. In this work, values of
Ae were calculated by multiplying the magnesite mass that
was effectively dissolving (grams) by the measured BET sur-
face area (m2/g). The mass of the effectively dissolving mag-
nesite were determined based on the output of the reactive
transport modeling. Specifically, the effective magnesite was
defined as grains having local IAP/Keq values <0.1. The
choice of 0.1 was made based on the analysis of the 2D sim-
ulations. These results indicate that the local rates in grid
blocks with IAP/Keq <0.1 contribute to the majority of
the overall column-scale rates. In addition, other choices
of the threshold IAP/Keq such as 0.5 or 0.9 yields similar
conclusions with respect to how the rate depends on Ae,
as will be discussed later. Values of Ae (and Ae/AT) depend
on the spatial distribution of the magnesite and on the flow
rate. The ratio Ae/AT represents the fraction of magnesite
that is “effectively” dissolving at a significant rate. A third
surface area, the interface surface area AI, was defined as
the amount of the effective surface area that is at the mag-
nesite–quartz interface. For the Mixed column, it was taken
to be the same as the total effective magnesite surface area
because all the magnesite grains were assumed in that col-
umn to be surrounded by quartz. For the One-zone column,
it was calculated as the effective surface area of magnesite
grains lying within the first 2 grid blocks from the magne-
site-quartz interface. In other words, the quartz–magnesite
interface was defined to be two grid blocks thick. As such,
the ratio of AI/Ae represents the proportion of the effective
surface area that is at the immediate interface of the zones
of magnesite and quartz. This ratio emphasizes the impor-
tance of the magnesite lying within the magnesite–quartz
interface in contributing to the effective surface area.

3.1.8. Flow through dissolution experiment

The experiments were operated at room temperature be-
tween 22 and 25 �C with the influent solution flowing up-
ward. The experiment was run with velocities of 0.36 and
3.6 m/d to represent medium to fast flow velocities of
ground water in the natural subsurface (Newell et al.,
1990). Due to the relatively short time scale of the dissolu-
tion experiments, the total magnesite surface area was as-
sumed to remain constant over time and the same
columns were used for both flow velocities. For each flow
velocity, duplicate flow through experiments were run. Be-
fore each experiment, the columns were flushed with an ini-
tial solution at a pH of 8.8 at a flow rate of 18.0 m/d to
wash out the dissolved Mg(II) initially in the columns and
to maintain relatively consistent initial conditions across
different columns and different experiments. Although the
permeability values differ, we used a syringe pump to main-
tain constant flow rates for all four columns during the
experiments.
The inlet solution contained 10�3 M NaCl with pH ad-
justed to 4.0 using HCl. The inlet reservoir solution was
maintained in equilibrium with the partial pressure of
CO2 in the atmosphere. The inlet and initial aqueous com-
position are shown in Table 2. For each column, 14 effluent
samples were collected for 8 residence times at a frequency
of 3 times per residence time for the first 3 residence times
and once per residence time for the final 5 residence times.
All samples were filtered through 0.22 lm filters, collected
in polypropylene plastic vials, and acidified with one drop
of 2% HNO3 to prevent precipitation. Effluent samples
were analyzed using a Perkin-Elmer Optima 5300 Induc-
tively Coupled Plasma Atomic Emission Spectrometry
(ICP-AES).

3.2. Reactive transport modeling

Two-dimensional (2D) reactive transport modeling was
carried out using the code CrunchFlow for the Mixed and
One-zone columns to represent one slice of each column.
Reactive transport modeling has been used to understand
various processes in a wide range of applications (Lichtner,
1985; Van Cappellen and Gaillard, 1996; Steefel et al., 2005;
Li et al., 2006; Laverman et al., 2007; Chang et al., 2011),
including, for example, mineral dissolution (Maher et al.,
2006; Molins et al., 2012; Moore et al., 2012), chemical
weathering (Hausrath et al., 2008; Maher, 2011), ion ex-
change (Singha et al., 2011), and microbe-mediated redox
reactions (Li et al., 2010; Druhan et al., 2012; Godderis
et al., 2013). In particular, it has been used to simulate cou-
pled processes in physically and chemically heterogeneous
subsurface (Li et al., 2011).

3.2.1. Reactions and species

In the column experiments, in addition to the magnesite
dissolution as the kinetically controlled reaction, other
instantaneous aqueous speciation reactions occur. The spe-
cies include Mg2+, MgHCO3

+, MgCO3(aq), H2CO3
0,

HCO3
�, CO3

2�, H+, OH�, Na+, Cl�, and Br�. A reactive
transport formulation typically partitions the species into
primary and secondary species. The primary species com-
pose the key species that determine the chemistry of the sys-
tem, while the secondary species can be written in terms of
primary species using the mass action laws of the instanta-
neous reactions (Lichtner, 1985, 1996). Here Mg2+, HCO3-
�, H+, Na+, Br� and Cl� were assumed to be the primary
species. All other species were set as secondary species.

All reactions and their thermodynamic and kinetic
parameters are shown in Table 3. The reaction equilibrium
constants were derived from the EQ3/6 database (Wolery
et al., 1990) except that of magnesite. We used the same
thermodynamic and rate constants for magnesite dissolu-
tion as in our previous study (Salehikhoo et al., 2013).
We did not need to adjust any of these to match data. In
comparison with literature values, the log (equilibrium con-
stant) we used for magnesite solubility (logKsp = �7.83) is
higher than the reported value �8.02 calculated from SUP-
CRT92 (Johnson et al., 1992) and that reported in Morse
et al. (2007), resulting in a solubility which is higher by a
factor of 1.58 (Morse et al., 2007). This value is very close



Table 3
Chemical reactions and parameters used in the model.

LogKeq k (mol/m2/s) SSA (m2/g, BET, measured)

Aqueous speciation (at equilibrium)

H2O() Hþ þOH� �14.00 – –
H2CO0

3 () Hþ þHCO�3 �6.35 – –
HCO�3 () Hþ þ CO2�

3 �10.33 – –
MgHCOþ3 ()Mg2þ þHCO�3 �1.04 – –
MgCO3ðaqÞ ()Mg2þ þ CO2�

3 �2.98 – –

Kinetic reactions (log K value is log Ksp value)

MgCO3ðsÞ þHþ�Mg2þ þHCO�3 – 6.20 � 10�5 1.87
MgCO3ðsÞ þH2CO0

3�Mg2þ þ 2HCO�3 – 5.25 � 10�6 1.87
MgCO3ðsÞ�Mg2þ þ CO2�

3 –7.83 1.00 � 10�10 1.87
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to the logKsp value of �7.99 ± 0.15 reported at 50 �C
(Benezeth et al., 2011). Our rate constants and surface area
are also in general higher than those reported in Chou et al.
(1989), reflecting the higher reactivity of our samples.

3.2.2. Reactive transport equations

The reactive transport equations were solved for the to-
tal concentration of all primary species. For example, the
equation for the total concentration of the primary species
Mg(II) is the following:

@ cMgðIIÞ
� �
@t

¼ DL
@2cMgðIIÞ

@z2
þ DT

@2cMgðIIÞ

@x2
� vz

@cMgðIIÞ

@z

� vx
@cMgðIIÞ

@x
þ rMgCO3

ð9Þ

where cMg(II) is the total concentration of all Mg2+-contain-
ing species (mol/m3), v is the flow velocity (in all directions)
with the z direction being the main flow direction (m/s), t is
time (s), and A is the magnesite surface area per unit pore
volume (m2/m3 pore volume). The value of rMgCO3

(mol/s)
is the dissolution rate represented by Eq. (4) per unit pore
volume. DL and DT are longitudinal and transverse disper-
sion coefficients (m2/s) given by

DL ¼ D� þ aLvz ð10Þ
DT ¼ D� þ aT vx ð11Þ

Here D* is the effective diffusion coefficient in porous media
(m2/s), aL and aT are the longitudinal and transverse disper-
sivity (m). For non-reactive tracer transport modeling to
determine dispersivities, a similar equation to Eq. (9) was
solved except without the reaction term. The D* was calcu-
lated using Archie’s law (Roy and Tarafdar, 1997) by mul-
tiplying the molecular diffusion coefficient in water times
the value of the porosity, assuming a cementation factor
of 1.0. Although the diffusion coefficients for individual
aqueous species vary, we used a median value of
6.34 � 10�6 cm2/s from among the diffusion coefficient of
all species.

3.2.3. Numerical simulation

The 2D domain was evenly discretized into 100 � 25
grid blocks with an approximate resolution of 1 � 1 mm2.
This resolution was chosen because it was the lowest reso-
lution that generated the same outputs as those using higher
resolution. Measured porosity, permeability, and flow rates
and estimated aL values from the tracer breakthrough
curves were used in the reactive transport model. The reac-
tion thermodynamic and kinetic parameters are the same as
those we used in our previous study (Salehikhoo et al.,
2013) and are shown in Table 3. The numerical simulation
generates the spatial and temporal evolution of the aqueous
concentrations. For the Mixed column, using the measured
and estimated set of parameters fit the Mg breakthrough
curves well. For the One-zone column, the transverse dis-
persivity aT was adjusted to match the breakthrough data.

3.2.4. Representation of the 3D columns by 2D domain

The Mixed and the One-zone columns are symmetric in
the radial direction and were numerically simulated for
their 2D cross-sectional domains. The Mixed column is
physically homogeneous so the concentrations and flow
rates are spatially uniform across the cross-section in the
top-down 2D radial dimension. For the One-zone column,
however, due to the heterogeneity in porosity, permeability,
and mineral distribution, both the flow fields and the geo-
chemical conditions vary in the radial direction. In order
to compare 2D simulation results with the measured data
from the actual 3D column, the spatial variation in the ra-
dial direction must be taken into account. Fig. 1B shows a
schematic representation of the One-zone case plotted in
the radial direction. The numerical simulation was com-
pleted on the radial cross section which was divided into
25 grid blocks, with the middle 11 grid blocks being the
magnesite blocks and the outside 14 grid blocks being the
quartz blocks. The total radial cross sectional area of the
3D column Ac,T, total flow rate QT, and average effluent
concentrations Ceffluent can be expressed through the follow-
ing equations:

Ac;T ¼
Xn

i¼1

Ac;i ¼
Xn

i¼1

p r2
d;i � r2

d;i�1

� �
ð12Þ

QT ¼
Xn

i¼1

qi ¼
Xn

i¼1

viAc;i ð13Þ

Ceffluent ¼

Xn

i¼1

ciqi

QT

ð14Þ

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, qi, vi, and ci,
are the corresponding cross-sectional area (cm2), flow rate
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(cm3/day), flow velocity (cm/day), and concentration (mol/
L) eluting from the annulus between radius rd,i�1 and rd,i,
respectively, QT is the total flow rate (cm3/day), and Cefflu-

ent is the effluent concentration averaged over the radial
cross section (mol/L). Eq. (14) says that the total effluent
concentration is the flow rate-averaged concentration from
individual annulus.

3.3. Dissolution rates at different scales

3.3.1. Local dissolution rates rMgCO3 ;i

The local bulk magnesite dissolution rate (mol/s)
rMgCO3 ;B;i in each grid block i depends on local aqueous
chemistry and local magnesite surface area. It was calcu-
lated by using Eq. (4) and the local concentrations in each
grid block i predicted by the model.

3.3.2. Column-scale dissolution rates

The columns typically reach steady state, where the con-
centrations do not vary with time, after a couple of resi-
dence times. The steady-state column-scale reaction rate
RMgCO3 ;B (mol/s) was calculated as follows:

RMgCO3 ;B ¼ QT CMgðIIÞ;out � CMgðIIÞ;in
� 	

¼
Xn

i¼1

rMgCO3;i
ð15Þ

Here QT is the total flow rate (m3/s), CMgðIIÞ;out and CMgðIIÞ;in
are the effluent and influent Mg(II) concentrations, respec-
tively (mol/L), rMgCO3;i

is the rate in grid block i determined
based on Eq. (4). The first equation is simply a statement of
mass balance for the column and was calculated strictly
from measured quantities. The second equation says that
the overall rates at the column scale is the summation of lo-
cal rates at the grid block scale calculated using Crunch-
Flow model results. The two ways of calculating column
scale rates are equivalent.

If the column-scale bulk rates in Eq. (15) is normalized
by BET surface area AT, we obtain RMgCO3

in units of
mol/m2/s as follows:

RMgCO3
¼ RMgCO3 ;B

AT
ð16Þ
4. RESULTS AND DISCUSSION

4.1. Porosity and permeability

All columns have similar average porosity with similar
mass of magnesite and quartz, as shown in Table 1. The
average porosity of the 4 columns varies between 0.395
and 0.422, with the One-zone and Two-zone columns hav-
ing the lowest and highest porosity, respectively. The effec-
tive permeability values vary between 7.79 and
10.74 � 10�13 m2 (Table 1). The measured permeability of
the pure sand column was 8.70 � 10�13 m2. These are with-
in the reported range of 8.2 � 10�14 to 4.6 � 10�11 m2 for
unconsolidated sand with a medium grain size range of
0.25–0.50 mm (Domenico, 1990). The differences among
columns are likely caused by differences in texture and par-
ticle geometries of the two minerals. Among the 4 columns,
the average porosity values do not correspond to the effec-
tive permeability values. For example, although the Two-
zone column has the highest average porosity of 0.422, it
has the lowest effective permeability of 7.79 � 10�13 m2.
The different effective permeability values indicate that spa-
tial zonation – chemical heterogeneity – can result in differ-
ent hydrological properties.

Although the same grain sizes for magnesite and quartz
were used with the intention of generating a physically
homogeneous column, the porosity of the magnesite and
quartz zones in the One-zone column were calculated to
be 0.54 and 0.38 for the magnesite and quartz zones, respec-
tively. With different porosity, it is expected that they have
different permeabilities. With the measured effective perme-
ability value of 10.74 � 10�13 m2 for the entire column and
a sand-column permeability of 8.7 � 10�13 m2, the perme-
ability values of the magnesite zone can be estimated to
be 20.2 � 10�13 m2 assuming the effective permeability is
the cross sectional area-weighted average of individual
zones. This gives a permeability ratio of approximately
2.2 for magnesite versus quartz zones. However, this value
leads to early breakthrough and overestimation of Br con-
centration during the tracer modeling. This indicates either
that the permeability measurement was inaccurate or that
the effective permeability was not adequately calculated
by cross-sectional area-weighting of the permeability of
the individual zones (or both). As an alternative, the perme-
ability ratios of the two zones were determined together
with the longitudinal dispersivity value by using the mea-
sured overall flow rate, effective permeability, and tracer
breakthrough curves as constraints. The best match was
obtained when a permeability ratio of 1.2 was used. We
did not use a porosity–permeability relationship because
such relationships are typically sample-specific and largely
depend on the details of pore structure (Bernabe and
Bruderer, 1998; Bernabe et al., 2003, 2011; Colon et al.,
2004). Even with the same mineralogy, porosity–permeabil-
ity relationships can vary significantly from one system to
another.

4.2. Dispersivity

Despite the differences in effective permeability, the
breakthrough data nearly overlapped within the measure-
ment error (note error bars), indicating similar dispersive
characteristics across the columns, as shown in Fig. 2.
The similarity in the mean breakthrough times confirmed
similar average porosities (0.395–0.422) for all columns.
The data show slightly longer tails and some non-Fickian
behavior as compared to predictions based on the standard
Advective Dispersion Equations (ADE). The Mixed col-
umn is the closest to the standard ADE curve, primarily
due to its homogeneous properties. The Two-zone column
shows the longest tail and the largest extent of non-Fickian
behavior. Interestingly, this column also has the largest
porosity and lowest measured effective permeability values.
Local longitudinal dispersivity (aL) values were determined
to be 0.05 and 0.07 cm for the Mixed and One-zone col-
umns, respectively. All these values are within the range re-
ported for grid-block spatial scales of 1 mm in the literature
(Gelhar et al., 1992; Hunt et al., 2011).
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To match the bromide breakthrough data of the One-
zone column, the permeability ratio between the magnesite
and the quartz zones turned out to be a critical parameter.
Fig. 2C compares the spatial distribution of flow velocities
calculated in the Mixed and One-zone columns using the
permeability ratio of 1.2. The Mixed column is homoge-
neous and has the same flow velocity everywhere, 3.6 m/
d. For the One-zone column, due to the difference in perme-
ability values of the magnesite and the quartz zones, the
flow velocity in the magnesite zone is 4.2 m/d, i.e., 1.2 times
that of the 3.4 m/d in the quartz zone.

Although the 2D reactive transport modeling was car-
ried out only for the Mixed and One-zone cases, the col-
umn-scale (global) longitudinal dispersivity values (aL

0)
were determined for all 4 columns. This was done by
non-reactive transport modeling to match the tracer break-
through data and by assuming homogeneous 1D columns
with average porosity and measured effective permeability
values. As shown in Table 1 and Fig. 2C, the global disper-
sivity values were determined to be 0.05, 0.10, 0.20, and
0.15 cm for the Mixed, Three-zone, Two-zone, and One-
zone columns, respectively. As expected, these values are
larger than the local dispersivity values because dispersivity
values depend on spatial scales (Gelhar et al., 1992; Hunt
et al., 2011). In addition, the global dispersivity values of
all three zonation columns (Three-zone, Two-zone, and
One-zone) are larger than that in the Mixed column, indi-
cating that even at the 10 cm spatial scale, the global col-
umn-scale dispersivity values are affected by spatial
heterogeneities.

For the Mixed column, both tracer and Mg(II) break-
through curves are not sensitive to the transverse dispersiv-
ity so a transverse-to-longitudinal dispersivity ratio (aT/aL)
of 0.1, typical for this type of system, was assigned to ob-
tain a aT value of 0.005 cm (Gelhar et al., 1992). For the
One-zone column, the transverse dispersivity was deter-
mined to be 0.004 cm by matching the Mg(II) breakthrough
curves at 3.6 m/d. This leads to an aT/aL ratio of 0.06, close
to a ratio of 0.1. These values fall in the typical range for
longitudinal and transverse dispersivity values determined
at a spatial scale of grid blocks (Gelhar et al., 1992; Hunt
et al., 2011).

4.3. Mg breakthrough curves

The Mg breakthrough curves are shown in Fig. 3. Under
each flow condition, the effluent Mg concentrations in-
creased from the initial to steady state concentrations after
about three residence times. At 3.6 m/d, the steady-state
concentration from the Mixed column was the largest
(1.61 � 10�4 mol/L), i.e., approximately 1.6, 1.7, and 1.9
times the concentrations observed for the other three col-
umns (Three-, Two- and One-zone respectively). The differ-
ence was relatively small among the zonation columns
(Three, Two, and One-zone columns). Similarly, at
0.36 m/d, the Mixed column had the highest Mg(II) con-
centration (2.60 � 10�4 mol/L). At this flow velocity, the
residence time was 10 times longer, allowing much longer
water–magnesite contact. This resulted in a higher Mg(II)
concentration than that at 3.6 m/d. The Mg(II) concentra-
tions from the Mixed column were about 1.5, 1.6, and 1.7
times those in the Three, Two, and One-zone columns,
respectively. The rates in the zoned columns once again re-
main relatively similar.

4.4. Column-scale dissolution rates

Fig. 4A shows the column-scale rates calculated using
Eq. (15) based on the steady-state effluent Mg(II) concen-
trations. The column-scale rates are highest in the Mixed
column and decrease with decreasing number of magnesite
zones. Fig. 4B shows the ratios of the column-scale rates in
the Three-, Two-, and One-zone columns relative to that in
the Mixed column. The ratio values are all lower than
unity, indicating lower rates in the zonation columns com-
pared to those in the Mixed column. The deviation of the
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ratio from 1 is slightly lower with the lower flow velocity of
0.36 m/d, indicating smaller differences among the columns.
This is likely due to the longer residence time and the
increasing importance of diffusion in homogenizing the
concentration fields at the slower flow rate. In addition,
lower flow velocities also lead to local equilibrium condi-
tions, which make the reaction kinetics less relevant because
a higher proportion of the fluid in the column is equili-
brated with magnesite under these conditions.

4.5. Local geochemistry and dissolution rates

To understand the difference in column-scale rates,
Fig. 5 shows the predicted 2D steady-state spatial profiles
of Mg(II) concentration, pH, IAP/Keq, and local dissolu-
tion rates for the Mixed and One-zone columns using the
set of parameters that matched the bromide and Mg break-
through curves. The top (5A–5D) and the bottom figures
(5E–5H) are for 3.6 and 0.36m/d, respectively. Comparing
the two flow velocities, the lower flow velocity results in
higher Mg(II), pH, and IAP/Keq due to an order of magni-
tude longer residence time. This is consistent with the larger
effluent Mg concentration in Fig. 3.
In the Mixed column (the left figure of each pair), be-
cause magnesite was homogenously distributed, dissolu-
tion occurred everywhere. The dissolution increases the
pH, Mg(II), and IAP/Keq values along the main flow
direction. Correspondingly, the local dissolution rates de-
crease by approximately 2–5 orders of magnitude, depend-
ing on the flow velocity. The magnesite grains in the
Mixed column can be considered as being present in an
infinite number of small zones which experience the least
mass transport limitation. In the One-zone column, how-
ever, magnesite grains are concentrated in the middle zone.
Like the Mixed column, the Mg(II) concentration, pH,
and IAP/Keq increase significantly in the magnesite zone
toward the outlet. They also increase toward the center
of the magnesite zone, leading to local equilibrium condi-
tions with IAP/Keq close to 1. The local dissolution rates
in these local equilibrium regions are 2–4 orders of magni-
tude lower than the maximum dissolution rates close to
the inlet and those at the magnesite–quartz interface.
The center of the zone is essentially non-reactive. In other
words, only the magnesite grains close to the inlet and at
the magnesite-quartz interface are effectively dissolving.
Likewise, the Mg(II) concentration in most of the quartz
zone is close to zero except right at the magnesite–quartz
interface. The concentration gradients and the distribution
of rates and IAP/Keq values in the x direction indicate that
the overall magnesite dissolution is transport limited, i.e.,
the rate depends on how fast the dissolved Mg(II) and car-
bonate are transported out of the local equilibrium-con-
trolled magnesite zone into the dilute quartz zone. In
effect, the mineral zonation creates mass transport limita-
tion in the direction that is perpendicular to the main flow.
This does not occur in the Mixed column which was as-
sumed to be perfectly well mixed. Of course, in real sys-
tems small clusters of reactive mineral could be
transport-limited at the scale of the cluster size. Note also
that under both flow velocity conditions, the majority of
the magnesite zone in the One-zone column contains fluid
within the pH range of 8–10, indicating the dominance of
reaction (3) under such conditions.
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flow velocity of 0.36 m/d, almost the whole magnesite zone is at equilibrium in both columns except at the inlet, or in the outer zone toward
the inlet in the One-zone column. Under both flow velocities, the magnesite zone in the One-zone column is characterized by a much higher
local Mg(II), pH, IAP/Keq, and correspondingly lower dissolution rates, indicating mass transport limitation. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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4.6. Effects of transverse dispersivity

For the Mixed column, the model output is not sensitive
to the transverse dispersivity aT because there is no concen-
tration gradient in the direction perpendicular to the main
flow. For the One-zone column, however, aT was found
to be the key parameter that controls the fit to the Mg(II)
breakthrough data. This is expected because magnesite dis-
solution reaches equilibrium inside the middle zone and the
rate of dissolution is limited by rates of mass transport be-
tween the two zones. To illustrate the effects of transverse
dispersivity, we simulated additional cases by varying the
aT value while keeping all other parameters constant,
including the longitudinal dispersivity value aL. Fig. 6A
shows the comparison of three cases with three different
aT values and their corresponding effluent Mg(II) concen-
trations for the One-zone column. Relatively low aT values
of 4.0 � 10�4 cm leads to much lower effluent Mg(II) con-
centrations, while a relatively high value of 4.0 � 10�2 cm
results in the same effluent Mg(II) as that in the Mixed col-
umn. The medium value of 4.0 � 10�3 cm fits the Mg(II)
breakthrough data from the One-zone column.

As shown in Fig. 6B, a larger aT value (4.0 � 10�2 cm)
results in faster mass transport of dissolution products
out of the magnesite zone, which significantly enlarges the
zone with non-zero Mg(II) concentration. This in turn leads
to larger column volumes with smaller IAP/Keq values and
higher local dissolution rates that occur without reaching
local equilibrium. In effect, all magnesite is dissolving. In
contrast, with a small aT value (4.0 � 10�4 cm), Mg(II) that
was released by dissolution essentially was “confined” to
the magnesite zone due to the small mass transport rates
at the magnesite–quartz interface. This results in a large lo-
cal equilibrium volume in the middle of the magnesite zone:
in this volume, local dissolution rates were 2–3 orders of
magnitude lower than the maximum local rates. In effect,
as the transverse dispersivity decreases, dissolution becomes
more restricted to only the magnesite grains at the magne-
site–quartz interface and close to the inlet. As such, the
transverse dispersivity, essentially a measure of the mass
transport rate at the interface, controls the amount of effec-
tively-dissolving magnesite.

As discussed in the methodology section, the effective

surface area (Ae) was defined as the surface area of the mag-
nesite grains bathed in porefluids with local IAP/Keq values
lower than 0.1. The ratio Ae/AT represents the proportion
of the total surface area that is effectively dissolving. The
interface surface area AI was defined as the effective surface
area that is close to the magnesite–quartz interface. For the
Mixed column, it was taken to be the same as the effective
magnesite surface area, i.e., assuming perfect mixing such
that all magnesite grains are surrounded by quartz grains.
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Fig. 6. (A) Sensitivity of the calculated breakthrough curves (lines) to the assumed values of the transverse dispersivity aT shown in
comparison to measured values (symbols); (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 three transverse dispersivity values (aT)
of 4.0 � 10�2, 4.0 � 10�3, and 4.0 � 10�4 cm. These are for the flow velocity of 3.6 m/d. The transverse dispersivity determines the rates of
mass transport, the local equilibrium regions, the effective surface area, and therefore the overall column-scale dissolution rates.
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For the One-zone column, it was calculated as the effective
surface area that is within the first 2 grid blocks from the
magnesite–quartz interface. The ratio of AI/Ae represents
the proportion of the effective surface area lying within
the magnesite–quartz interface and is a measure of the
importance of the interface magnesite in contributing to Ae.

Under one flow condition, the transverse dispersivity
controls Ae, AI, and column-scale bulk rates RMgCO3 ;B, as
shown in Fig. 7. The surface area and rates were obtained
by systematically varying the value aT while maintaining
all other parameters constant. Fig. 7A shows that although
AT remains a constant value of 22.5 m2 for all cases, Ae and
AI increase with increasing aT values. The Ae values vary
between 16% and 27% of the AT values. When aT values
are smaller than 10�3 cm, Ae and AI increase slowly, as
shown in Fig. 7A, indicating the dominance of the diffusion
process with constant diffusion coefficient, as implied in Eq.
(11). Under this condition, the Ae and AI values are at their
lower limit and they do not increase quickly with increasing
aT values. Under these low aT value conditions, the magne-
site grains in the interface contribute to about 60% of the
Ae, as shown in Fig. 7B. When aT values are larger than
10�3 cm, both Ae and AI increase faster, indicating that
mass transport is faster and the dispersion term dominates
in Eq. (11). Under these conditions, the magnesite grains in
the interface contribute about 61–72% of the Ae. The mag-
nesite grains close to the inlet contribute the rest of the Ae.

Fig. 7C shows the corresponding column-scale bulk
rates (RMgCO3 ;B, mol/s) as a function of Ae and AI with dif-
ferent aT values. As shown before, AT is a constant while
the rates vary from 1.37 � 10�9 to 3.36 � 10�9 (mol/s).
Thus, column-scale bulk rates do not depend on the total
surface area. Instead, the rates depend strongly on Ae and
AI. The importance of the transverse dispersivity echoes
the importance of transverse mixing that has been discussed
in modeling and experimental studies for bimolecular reac-
tions where two different types of waters containing aque-
ous reactants A and B were mixed at the interface and
transformed into an aqueous product C (Tartakovsky
et al., 2008; Zhang et al., 2010; Hochstetler et al., 2013).

4.7. Column-scale bulk rates as a function of effective and

interface surface area (Ae and AI)

With the constant aT value for the columns, the effective
and interface surface areas are a function of the magnesite
spatial distribution and flow rates, as shown in Fig. 8A. The
Mixed and the One-zone columns were modeled and their
Ae and AI values were directly calculated from the model
output as discussed before. For the Two-zone and Three-
zone columns, the Ae and AI values were obtained by using
the ratio of their column-scale rates to the corresponding
rate of the Mixed column under the same flow rate. For
example, for the Two-zone column, at 3.6 m/d, its rate is
approximately 60% of that of the Mixed column. As a re-
sult, we approximate the Ae and AI to be 60% of the corre-
sponding surface area values of the Mixed column at 3.6 m/
d. This is based on the observation that the column-scale
strongly depend on the Ae value for the One-zone column,
as shown in Fig. 7C.
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The trend of Ae and AI as a function of the number of
zones shown in Fig. 8A is very similar to that of the col-
umn-scale rates shown in Fig. 4. It is notable that the AI

values are very close to the Ae values, i.e., between 60%
and 72% of the effectively dissolving surface lies within 2
grid blocks from the magnesite–quartz interface. It is also
interesting to note that although the BET surface area re-
mains a constant 22.5 m2 in all columns, Ae/AT varies be-
tween 18% and 66% at the higher flow rate while Ae/AT

varies between 2% and 8% at the slower flow rate. In effect,
although the total surface area of magnesite remains the
same, decreasing the flow rate essentially reduces the
amount of dissolving magnesite, and therefore results in
lower column-scale dissolution rates.

The column-scale rates in units of mol/s strongly depend
on values of Ae and AI as shown in Fig. 8B. 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�9.22 AI with an R2 of 0.83. With the steady state
pH values around 8–10 for most of column in the magnesite
zones, one would expect that reaction (3) would dominate.
Under well-mixed conditions, the rate law for reaction (3) is
RMgCO3 ;B (mol/s) = 10�10 AT. The local rate constant of
10�10 (mol/m2/s) is remarkably close to the value of
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plotted as a function of Ae and AI as shown by symbol definitions in (A
10�9.56 inferred from Fig. 8B for the relationship between
RMgCO3 ;B and Ae. This indicates that the rate constant mea-
sured under well-mixed laboratory conditions is only appli-
cable to the column-scale reaction rate if we use Ae, the
surface area of magnesite in the column bathed by non-
equilibrated fluids. The laboratory constant is not applica-
ble if we instead use AT, the total surface area. Since it is the
norm for most reactive transport model treatments of nat-
ural systems to use a surface area that is orders-of-magni-
tude smaller than the total surface area to achieve good
fits between models and observations (Moore et al.,
2012), we hypothesize that a large fraction of the surface
area in natural systems is bathed in equilibrated fluids
where reaction rates are minimal.

4.8. Column-scale rates and Damkohler number

To compare the rates in the flow-parallel zonation col-
umns from this work with those from our previous study
using Mixed and flow-transverse One-zone columns, we
introduce the dimensionless Damkohler number that we de-
fined previously (Salehikhoo et al., 2013):
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(Salehikhoo et al., 2013), and for data from this study with Mixed and flow-parallel columns (open and filled circles). Note that although plots
of log RMgCO3

vs. DaI for the Mixed columns still fall on the black line dictated by the previously derived log RMgCO3
� DaI relationship

(log RMgCO3
¼ �1:9DaI � 8:6, Eq. (18)), those for Three-zone, Two-zone, and One-zone columns do not. Apparently, this developed

relationship does not work for systems with mineral spatial zonation patterns that limit dissolution rates.
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The characteristic time scale for advection is the resi-
dence time of fluid in the column, defined as sadv ¼ L

v, where
L is the length of the column (m) and v is the average flow
velocity (m/d). The characteristic time scale for dissolution
is essentially the time to reach equilibrium in the entire col-

umn. This is defined as sr ¼ V pCeq;Mg

RMgCO3
AT
;, where Vp is the total

pore volume of the column (m3), Ceq,Mg is the equilibrium
concentration of Mg(II) (mol/m3), RMgCO3

is the column-

scale BET-surface-area-normalized dissolution rate (mol/
m2/s), and AT is the total BET magnesite surface area in
the column (m2). The Damkohler number essentially com-
pares the relative dominance of reaction and advection at
the column scale.

Based on magnesite dissolution data in our previous
work and also shown here in Fig. 9, we observe three re-
gimes. Where advection is fast compared to dissolution
(small DaI), we observe the kinetic regime where dissolution
is limiting. The rates in the kinetic regime only depend on
kinetics and not on the rate of advection or the value of
DaI. In the middle regime with intermediate DaI values,
the advection and dissolution rates are comparable and de-
pend on DaI through the following equation shown as the
black line in Fig. 9:

log RMgCO3
¼ �1:9DaI � 8:6 ð18Þ

This equation was obtained by regression in our previous
work, yielding a coefficient of determination (R2) equal to
0.895. In the local equilibrium regime (large DaI), advection
is limiting and the system eventually reaches equilibrium.
For the Mixed and the flow-transverse One-zone columns
in our previous work, rates were limited by up to 14% in
the flow-transverse columns compared to the homogeneous
Mixed column. This maximal rate suppression was observed
in the middle regime with intermediate DaI values.

To understand if the column-scale rates from the flow-
parallel One-zone columns in this work also follows Eq.
(18), the rates were plotted on the same figure using open
and filled black circles. As expected, the rates from the
Mixed column follow the black line dictated by Eq. (18).
However, the rates from the flow-parallel zonation columns
deviate from the regression line predicted by the equation
derived for the flow-transverse zonation columns. The rates
of the One-zone column deviate most from the regression
line. This indicates that the ratio of the time scales of advec-
tion and reaction – i.e., the DaI – is not sufficient to describe
the rates for the flow-parallel heterogeneous columns. Some
other measure must be used to characterize the correspond-
ing rates in the zonation columns reported here.
5. CONCLUSIONS

This work compares dissolution rates in columns with
magnesite packed in distinct zones to those with uniform
spatial distribution. We show that mineral spatial distribu-
tion at the column scale affect their dissolution rates, which
for the first time experimentally confirms conclusions from
modeling studies that randomly distributed minerals with
small clusters typically have higher dissolution rates than
zoned distributions (Li et al., 2006, 2007a,b). We have
now explored zonation that is transverse to the flow path
(Salehikhoo et al., 2013) and parallel to flow path (this
work). Rates from flow-parallel One-zone columns are low-
er than those from Mixed columns by a factor of 1.5–2,
whereas rates from transverse columns are lower by only
up to a factor of 1.14. This is largely because the reaction
products were easily transported out of the horizontal lay-
ers of reactive minerals by advective flow in the flow-trans-
verse case. In the flow-parallel cases in this study, the local
dissolution rates are limited by the rates of mass transport
out of the magnesite zone and pore fluids easily reach local
equilibrium inside the reactive mineral zones. The trans-
verse dispersivity, a measure of the mass transport rate at
the magnesite–quartz interface, determines the amount of
effectively dissolving magnesite grains and ultimately the
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column-scale bulk dissolution rates. This observation
echoes other studies that focus on bimolecular reactions
occurring at the mixing “interface” of waters containing
different reactants (De Simoni et al., 2007; Chiogna et al.,
2011).

Importantly, our analysis based on 2D reactive trans-
port modeling shows that the column-scale dissolution rates
are not a function of total magnesite surface area. Instead,
the rates strongly depend on the effective surface area Ae de-
fined as the surface area of magnesite grains bathed in fluids
that are far from equilibrium (with IAP/Keq < 0.1). This
effective surface area is a function of both flow rate and
the pattern of spatial zonation. With an order of magnitude
variation in flow velocity, the Ae value for these columns
can vary by almost 1.5 orders of magnitude, resulting in
1.5 orders of magnitude variation in column-scale bulk dis-
solution rate. In our flow-parallel One-zone column exper-
iment, only about 2% of the magnesite BET surface area
was dissolving under far from equilibrium conditions at
the lower flow rate of 0.36 m/d. In contrast, 67% of the
BET surface area was dissolving in the Mixed column at
the higher flow rate of 3.6 m/d. The column-scale bulk rates
(RMgCO3 ;B, mol/s) depend on the effective surface area in the
form of RMgCO3 ;B (mol/s) = 10�9.56 Ae.

This has very interesting implications for interpreting
laboratory-field rate discrepancies. Extrapolating our
observations, we infer that lab-field rate discrepancies
may often be caused by slow flow or zonation of reactive
minerals that leave some surface area bathed by equili-
brated fluid and some bathed by far-from-equilibrium fluid.
If we know exactly the amount of effective surface area of
reactive minerals that participate in the reactions, we can
approximately use the rate constant obtained in well-mixed
laboratory systems. This argument on the importance of
effective surface area echoes some of the discussion in liter-
ature that we should use geometric surface area, instead of
total BET surface area, to calculate rates in natural systems
(Gautier et al., 2001; Jeschke and Dreybrodt, 2002).
Interestingly, geometric surface area is typically lower than
the BET surface area. This is also consistent with some
of the insights gained in modeling weathering rates in the
long term that the values of surface area used has to be
orders of magnitude lower than the measured BET sur-
face area in order to match weathering data (Moore
et al., 2012).

For the One-zone columns, the magnesite grains at the
magnesite–quartz interface (AI) contribute 55–73% of the
overall effective surface area across all flow and spatial
zonation conditions we studied here. The rest of the effective
surface area (bathed in non-equilibrated porefluids) lies near
the column inlet. Considering that here we have relatively
short columns (10 cm) where grid blocks close to the inlet
can contribute significantly to the overall rate, we expect that
the interfaces of reactive mineral clusters will be more impor-
tant in natural systems with longer flow paths where bound-
ary or inlet effect is smaller. As such, a first-order estimate of
the column-scale rate can be attained by using the surface
area of magnesite at the interface instead of the total magne-
site surface area. Importantly, the interface surface area can
be determined through observation.
It is worth noting that the length scales of mineral zona-
tion must be taken into account when scaling mineral reac-
tions from the laboratory to the field. Consider, for
example, soils that have flow-parallel mineral zones that
contain either 90% reactant with 10% inert mineral sur-
rounded by zones of 10% reactant with 90% inert material.
We might successfully predict pore fluid chemistry due to
mineral reaction along the flow path if our system of study
was small enough that it only included the mineral-rich
zone itself. In contrast, if our system of study included both
the mineral-rich and mineral-poor zones, scaling from the
laboratory to the field system would “discover” a rate dis-
crepancy due to the zonation. This example points to the
importance of the length scales of reactive mineral distribu-
tion in scaling reaction rates from one system to another.
Scaling that crosses the characteristic length of layer spac-
ing will show a larger laboratory-field discrepancy than
scaling that does not cross this characteristic length.

While the rate discrepancies discussed here and in our
previous paper may appear to be relatively small (1.14 for
flow-transverse or 1.5–2 times for flow-parallel), such dis-
crepancies result in very large differences in mineral compo-
sitions in soils or aquifers when rates have been operative
over geologic time. For example, for moderately fast-erod-
ing, relatively thin soils that are not weathering in either the
kinetic or the local equilibrium regimes (Lebedeva et al.,
2007, 2010), different distributions of the reacting mineral
may result in soils that are very different in mineral compo-
sition. Assuming that the effects of spatial zonation for a
mineral such as apatite are the same as the magnesite stud-
ied here, the soil could become depleted at different extent.
Since apatite is often the ultimate source of phosphorus for
plants and the depletion is generally most severe in the top-
soil, such “small” rate variations can have profound impli-
cations on ecosystem function (Christophe et al., 2013).
Furthermore, if the solute released during mineral dissolu-
tion is a key nutrient that sustains bacterial or plant growth,
differences in spatial distribution of poreflulid chemistry
can largely control the patterns of biota, creating biogeo-
chemical “hot spots”. In fact, hot spots have generally been
observed at the interface of distinct zones with drastically
different conditions (McClain et al., 2003). In a broader
context, this indicates that mineral spatial heterogeneity
can potentially dictate patterns of both biogeochemistry
and ecosystem functioning.
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