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ABSTRACT
The study of sorption-desorption and dissolution-precipitation in the natural subsurface is of
fundamental interest in many areas of scientiﬁc, industrial and engineering processes, including
environmental contaminant transport, leaching of agrochemicals from soil surface to groundwater,
chemical weathering, enhanced oil or gas recovery and CO2 sequestration. The natural subsurface is
highly heterogeneous with minerals distributed in different spatial patterns. Knowledge of how
mineral spatial distributions regulate sorption and dissolution processes is important for understanding
and modelling the transport and fate of chemicals. However, most published studies about the sorption
and dissolution reactions were carried out in well-mixed batch reactors or uniformly packed columns,
few data are available on the effects of spatial heterogeneities on the overall reaction rates. The
objective of this work is 1) to examine the largely unexplored role of illite spatial distribution patterns
in dictating sorption of Cr(VI), a ubiquitously occurring contaminant in Hanford, Oak Ridge, Los
Alamos and other sites, 2) to systematically understand and quantify the effects of calcite spatial
patterns on its dissolution rates under various reactivity conditions.
Flow-through experiments were carried out at 0.1-18.5 m/day using columns packed with the
same illite or calcite and quartz mass however with different patterns and permeability contrasts.
Two-dimensional reactive transport modeling was used to reproduce the experimental data and to
extrapolate the model under a wide range of conditions. For Cr(VI) sorption, at 0.6 and 3.0 m/day,
well-connected low permeability illite zone oriented in the flow-parallel direction leads to
diffusion-controlled mass transport limitation for accessing sorption sites. This results in up to 1.4
order of magnitude lower macrocapacity and macrorates compared to those in minimally-connected
columns with well-mixed illite and quartz. At 15.0 m/day, the eﬀects of spatial heterogeneities are less
signiﬁcant (up to a factor of 2.8) owing to the close to chemical kinetics-controlled condition.
Additional patterns with the same permeability mean but different 2 lnK (variance of lnK) of 4.5 and
0.2 were generated by Sequential Gaussian Simulation (SGS) at different correlation lengths and
column lengths. Sorption capacity and rates decrease with correlation length and transport
connectivity, quantitative measures of heterogeneity characteristics. For calcite dissolution, calcite
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dissolution rates in the 1-zone columns are lower than those in the Mixed columns for all conditions
due to the mass transport limitation. The spatial patterns make negligible effects under too low or too
high flow velocities due to the equilibrium or kinetic-controlled regimes. At high local dissolution rate
conditions (pH <4.0, large surface area or fast dissolving mineral), the “critical” flow region where
the effects of spatial heterogeneities are significant is broad and locates at high flow conditions (>10.0
m/d). In contrast, the “critical” region is narrow and locates at low flow conditions (< 0.1 m/d).
Mineral spatial distributions have profound impacts on sorption and dissolution rates.
Understanding these processes are of great importance for many applications in environmental and
geological systems. Insights gained here bridge gaps between laboratory and field application in
hydrogeology and geochemistry fields, and advance predictive understanding of reactive transport
processes in the natural heterogeneous subsurface. Furthermore, identifying the key geochemical
conditions where spatial heterogeneities influence the sorption and dissolution rates most provides
useful information for adsorbent industrial application, landfill design, chemical weathering and
acidization design during energy extraction.
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Chapter 1 Introduction
1. Importance
Cr(VI) Sorption. Chromium is a common contaminant at many sites in soils and groundwater
due to its multiple usages in electroplating, metal finishing, pigments, leather tanning, wood
protection and chromium mining and milling (Aktas, 2007; Bhattacharyya and Sen Gupta, 2009;
Charlet et al., 2005). At several Department of Energy (DOE) sites of the U.S. including Hanford,
Washington; Los Alamos, New Mexico, and Oak Ridge, Tennessee (Riley and Zachara, 1992) as well
as other sites around the world such as Leόn, Mexico and Liaoning Province, China (Beaumont et al.,
2008; Cheng et al., 2012; Smith, 2008), chromium is found as an important contaminant. For example,
about 1.7 trillion litres of liquid waste has been disposed to the groundwater, resulting in chromium
concentration up to 50 ppm in the Hanford 100 Areas (Saeki, 2004). Cr(VI) presents in anionic form,
HCrO4- or CrO42-, which is highly mobile and toxic to biological materials (Bishop et al., 2014;
Lumetta and Rapko, 1999) under oxidizing conditions. The maximum contamination level for Cr
fixed by U.S. EPA in drinking water is 0.1 mg/L (Taylor et al., 2000b).
Sorption–desorption on solid minerals is one of the dominant reactions for chromium
remediation and attenuation in the natural subsurface (Fonseca et al., 2009; Khan et al., 2010; Lu et al.,
2010). Clays are found to be excellent natural scavengers due to their ubiquitous presence, large
surface area and chemical and mechanical stability (Bhattacharyya and Sen Gupta, 2008; Guerra et al.,
2010; Huang et al., 2008; Li et al., 2012; Yuan et al., 2009). Various clays have been reported to be
effective in sorbing Cr(VI), including illite, bentonite, rectorite, montmorillonite and boehmite
(Bhattacharyya and Sen Gupta, 2006; Granados-Correa and Jimenez-Becerril, 2009; Li et al., 2002;
Sarkar et al., 2010). The study of sorption reaction in soils and aquifers plays an important role in a
variety of fields, including study of leaching of agrochemicals from soil surface to groundwater and
remediation of contaminated soils and aquifers (Miller et al., 2010).
Calcite dissolution. Mineral dissolution and precipitation is another important reaction in the
natrual subsurface, and is the main reaction for the exchange of chemical elements between the
Earth’s crust and the Earth’s hydrosphere and biosphere (Jordan and Rammensee, 1998). Calcite is an
1

important mineral because of its abundance and reactivity, which plays a crucial role in several
applications including the global Ca and CO2 cycling (Cubillas et al., 2005; Godderis et al., 2013;
Godderis et al., 2010; Hamzaoui-Azaza et al., 2011; Jordan and Rammensee, 1998; Zhu and Schwartz,
2011), contaminants migration (Frye et al., 2012; Iwakun et al., 2012; Liu et al., 2004), carbonate
reservoir acidizing, geological storage of CO2 (Lasaga and Kirkpatrick, 1981; Parmigiani et al., 2011;
Roetting et al., 2015), enhanced oil or gas recovery (Andréet al., 2006; Crawshaw and Boek, 2013;
Le Gallo et al., 1998; Massarotto et al., 2010) chemical weathering and the evolution of natural
geological environments (Poonoosamy et al., 2015). For example, the risk of CO2 leakage into the
atmosphere after CO2 sequestration could be reduced by mineralization of carbon dioxide gas
(Friedmann, 2007; Zhang et al., 2013). It has been reported that uranium could be spared into the
ground water during calcite weathering (Morrison et al., 2012). The rock properties, such as porosity
and permeability, during acidizing, or acid fracturing scenarios in petroleum reservoirs may change
due to mineral dissolution and precipitation reactions (Andréet al., 2006; Crawshaw and Boek, 2013;
Le Gallo et al., 1998; Massarotto et al., 2010). Therefore, the kinetics of calcite dissolution is a subject
of intensive research.
Spatial heterogeneities. The natural subsurface typically exhibits spatial variations in physical
and geochemical properties at multiple scales. Reactivity variations at micron scales arise from
different mineral types and pore structures (Jin et al., 2011; Landrot et al., 2012; Peters, 2009). Soils
are characterized by different horizons with distinct properties (Jin et al., 2011). Low-permeability
clay lenses commonly occur in soils, aquifers, and rocks (Barber et al., 1992; Campbell et al., 2012b).
Besides, minerals are often distributed in different patterns. Some minerals are distributed relatively
uniform, while others are clustered as layers (Barber et al., 1992; Campbell et al., 2012a). This leads
to orders of magnitude variations in physical, geochemical, and mineralogical properties (Bao et al.,
2014; Barber et al., 1992; Campbell et al., 2012b; Landrot et al., 2012; Li et al., 2010; Liu et al., 2014;
Miller et al., 2013a; Peters, 2009; Tompson et al., 1996). The heterogeneous characteristics have
profound impacts on the flow, transport, and reaction processes in many applications, including
contaminant fate and transport, environmental remediation, chemical weathering, geological carbon
sequestion, and energy extraction (Frye et al., 2012; Jin et al., 2010; Li et al., 2011; Molins et al.,
2

2012b; Salehikhoo et al., 2013; Scheibe et al., 2006).

2. Literature Review
Well mixed conditions. Most of the existing studies about sorption and mineral dissolution were
carried out in well mixed batch reactors or homogeneously packed columns, with the attempts to
develop low-cost and high performance adsorbents by modifying them with different techniques
(Bhattacharyya and Sen Gupta, 2008; Deng et al., 2014; Guerra et al., 2010; Krishna et al., 2000; Li et
al., 2012; Mohan and Pittman, 2006; Setshedi et al., 2014) or to understand the dissolution kinetics
under various geological conditions (Banwart et al., 2011; Brantley, 2010; Chorover et al., 2011; Lin
et al., 2011; Taylor et al., 2000a; Vangrinsven and Vanriemsdijk, 1992).
Experiment and modeling approaches were extensively used to evaluate the sorption process.
Sorption capacity and required contact time, as well as equilibrium and sorption kinetics are important
parameters and processes to understand (Ho et al., 2000). Sorption capacity and kinetics have been
documented to be strongly depended on solution pH, metal concentration, ion strength and flow rate
(Deng et al., 2014; Guerra et al., 2010; Krishna et al., 2000; Li et al., 2012; Mohan and Pittman, 2006;
Setshedi et al., 2014). Various empirical approaches have been developed including the distribution
coefﬁcient and Langmuir and Freundlich isotherm equations (Davis and Kent, 1990).
Carbonate dissolution kinetics have been extensively studied under various geological conditions
(Banwart et al., 2011; Brantley, 2010; Chorover et al., 2011; Lin et al., 2011; Taylor et al., 2000a;
Vangrinsven and Vanriemsdijk, 1992), and have been usually described by three parallel reactions as
shown below (Alkattan et al., 1998; Chou et al., 1989; Pokrovsky et al., 2005):

MeCO3 (s)  H   Me2  HCO3

(1)

MeCO3 (s)  H 2CO30  Me2  2 HCO3

(2)

MeCO3 (s)  Me2  CO32

(3)

The dissolution reaction rate r, can be calculated as follows:

3

 IAP 
r  (k1aH   k2aH CO*  k3 )A  1 


2
3
Keq 


(4)

where Me could be Ca, Mg and etc.; ki are the rate constants (mol/m2/s) for reactions (1)-(3); ai stands
for the activity of the subscribed aqueous species; A is surface area of calcite (m2 / m3 pore volume),
IAP is the ion activity product defined as aMe2+ aCO2−
, and Keq is the equilibrium constant. The ratio
3
IAP/Keq quantifies the distance from equilibrium. Mineral dissolution rates were reported to be
determined by H+ activity, surface area and mineral types (Alekseyev et al., 1997; Anbeek, 1993;
Maher, 2010; Maher et al., 2006; White and Brantley, 1995; Zhu, 2005; Zhu et al., 2010). For example,
Chou et al. investigated mineral dissolution rates for seven carbonates, and found that the general
rates are pH dependent and different minerals have different rate constants (Chou et al., 1989). Calcite
dissolution rates were reported to be faster than other carbonates such as dolomite and magnesite
based on experimental results (Chou et al., 1989; Yadav et al., 2008).
Discrepancy. Large discrepancies have been documented for sorption and mineral dissolution
reactions between well-mixed batch reactors and those in the natural subsurface (Chai et al., 2009;
Fox et al., 2012; Krishna et al., 2000; Miller et al., 2010; Smith et al., 1997; Vereecken et al., 2011). In
well-mixed batch reactors, sorption occurs fast, often reaching equilibrium within seconds to hours
(Bhattacharyya and Sen Gupta, 2006; Comans and Hockley, 1992; Guerra et al., 2010). However, in
natural systems, sorption have been found to be much slower, with temporal scales between days and
weeks (Bao et al., 2014; Curtis et al., 2006; Fox et al., 2012). Besides, it has been consistently
reported by many researchers that mineral dissolution rates calculated from field data were two to five
orders of magnitude lower than those observed in well-mixed systems (Maher et al., 2006;
Swoboda-Colberg and Drever, 1993; White and Brantley, 2003b; Zhu et al., 2010). This rate
discrepancy could be explained by laboratory-field differences in, for example, pH and temperature
conditions, reactive surface area, time scales of reactivity, clay coating on surface and closeness to
equilibrium (Alkattan et al., 2002; Maher, 2010; White and Brantley, 2003b; Zhu et al., 2010). Mass
transport limitation imposed by natural system characteristics has also been indicated as an important
factor for this discrepancy (Espinoza and Valocchi, 1997; MirallesWilhelm and Gelhar, 1996;
Seeboonruang and Ginn, 2006a, b). However, the effects of spatial heterogeneities on sorption and
4

mineral dissolution reactions have not been considered in most studies.
Physical heterogeneity. Physical heterogeneity (variations in porosity and permeability) has
been shown to govern mixing and spreading of conservative solute, which therefore determines the
water distribution and local flow velocity (Adams and Gelhar, 1992; Dagan et al., 2013; Fiori et al.,
2010; Pedretti et al., 2013; Sudicky, 1986a; Sudicky et al., 2010). In highly heterogeneous sites
(Zhang and Zhang, 2015), non-Fickian breakthrough curves (i.e., asymmetry and heavy tails) are
commonly observed for solute transport. The role of physical heterogeneity has been well known in
hydrogeology field for decades, with the development of various theories including Continuous
Random Walk (CTRW) (Berkowitz et al., 2006), fractional Advective-Dispersion equations (fADE)
(Benson et al., 2000), multi-rate model (Haggerty and Gorelick, 1995), mobile-immobile models
(Simunek and van Genuchten, 2008; Vangenuchten and Wierenga, 1976), dual-porosity models
(Larsson and Jarvis, 1999) and so on (Heidari and Li, 2014b).
Quantitative understanding of spatial heterogeneities is challenging due to the data scarcity, scale
limitation and measurement support effects (Benning and Barnes, 2009; Fleckenstein and Fogg, 2008;
Knudby et al., 2006; Renard and Allard, 2013; Zhang and Zhang, 2015). Several measures have been
proposed recently and connectivity and correlation length have been identiﬁed as key parameters in
determining solute transport in various numerical studies (Annibale and Sollich, 2009; Dosch et al.,
2013; Hoch et al., 2015; Renard and Allard, 2013; Vik et al., 2012; Wu et al., 2004). For example, in
well-connected structures, channeling and early solute arrival are usually observed as flow tends to
avoid low-permeability zones for high-permeability zones (Bianchi et al., 2011; Le Goc et al., 2010;
Park et al., 2008; Renard and Allard, 2013). The breakthrough curve tailing increases signiﬁcant with
increasing connectivity in low permeability zones (Willmann et al., 2008). With the same global
correlation length, longer correlation length in low permeability zones leads to more signiﬁcant
increase in longitudinal dispersivity compared to those in high permeability zones (Fiori et al., 2010).
However, all these above quantitative analyses were focused on physical heterogeneity. As far as I
know, connectivity and correlation length have not been used to quantify the role of mineral spatial
patterns in controlling (bio)geochemical reactions.

5

Chemical heterogeneity. Chemical heterogeneity, especially the spatial distribution patterns of
mineral type and reactivity, determines the rates and extent of water-mineral interactions. Its impacts,
however, have received less attention until recently (Brusseau, 1994; Chaudhuri and Sekhar, 2007;
Kaabeche-Djerafi et al., 2012; Massabo et al., 2008; Miller et al., 2010; Semra et al., 2008; Tompson
and Jackson, 1996; Zhang et al., 2008). For example, the uranium bioreduction rate in a ﬁeld
experiment (Luo et al., 2007) has been reported to be 40 times lower than its corresponding laboratory
rate with the same culture (Spear et al., 2000). The biomass growth rates and containment degradation
rates in aggregate pore structures were found to be much slower compared to the homogeneous
micromodel due to the mass transfer limitations (Zhang et al., 2010b). Liu et al. (2014) found that the
uranium desorption in spatial patterns that generated preferential flow paths was much slower than
those in relatively homogeneous columns (Liu et al., 2014). Magnesite distribution rates in the
zonation patterns were found to be one order of magnitude lower than those in the well-mixed
patterns (Li et al., 2014; Salehikhoo et al., 2013). However, the observations were only applicable for
magnesite at pH 4.0. The effects of mineral spatial patterns on its dissolution rates under other mineral
reactivity conditions such as pH, surface area and mineral types are still unknown. By and large, there
is a significant lack of experimental data on sorption and mineral dissolution to systematically
understand and quantify the role of spatial distribution patterns in controlling sorption and dissolution
processes (Friedly et al., 1995; Miller et al., 2010, 2013d; Seuntjens et al., 2002). As a result, accurate
prediction of contaminant reactive transport, natural attenuation and chemical weathering in
heterogeneous natural subsurface is challenging.

3. Objective
The objective of this work is to systematically understand how, to what extent, and under what
conditions mineral spatial patterns regulate sorption and carbonate dissolution processes in porous
media through experiment and modeling approaches.
To be specific, for sorption, the effects of illite spatial patterns in controlling Cr(VI) sorption
capacity and kinetics were examined at different permeability contrasts and flow velocities.
Correlation length and connectivity were used as quantitative analyses to identify the key controls.

6

Illite was used as reactive adsorbent because it occurs ubiquitously in the natural subsurface and its
non-swelling characteristic (Bibi et al., 2011; Gu and Evans, 2007). It is important to note that
although hexavalent chromium and illite are chosen as the model contaminant and clay, the insights
and principles learned here are applicable to sorption process in general.
For dissolution, the effects of spatial heterogeneities on calcite dissolution rates under a variety
of flow, pH, and permeability contrast conditions were examined. Calcite was chosen due to its
abundance and similar kinetic reactions to magnesite. In particular, the objective is 1) to systemically
quantify how and to what extent the mineral reactivity (pH, BET surface area and rate constants) in
governing calcite dissolution rates at different calcite spatial patterns 2) to identify the key conditions
under where the effects of spatial heterogeneities are important.
This dissertation consists of five chapters. Chapter 1 provids an introduction to the entire work.
Chapter 2-4 include three papers published or submitted in the Journal of Environmental Science &
Technology. Chapter 5 gives the conclusions of this work.
1.
2.

Introduction
Wang, L. and L. Li, 2015. Illite Spatial Distribution Patterns Dictate Cr(VI) Sorption

Macrocapacity and Macrokinetics. Environmental science & technology 49(3): 1374-1383.
3.

Wang, L., Wen, H., Li, L. The role of spatial connectivity in controlling sorption process in

heterogeneous porous media. Under development.
4. Wang, L., Skocik, M., Chao, T., Li, L. The effects of mineral spatial patterns on carbonate
mineral dissolution rates under various reactivity conditions. Under development.
5. Conclusions
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Chapter 2 Illite Spatial Distribution Patterns Dictate Cr(VI)
Sorption Macrocapacity and Macrokinetics
1. Introduction
Chromium occurs ubiquitously due to its extensive industrial usage and natural occurrence.
Anionic Cr(VI) is highly mobile and poses significant environmental risks (Mohan and Pittman, 2006;
Owlad et al., 2009; Richard and Bourg, 1991). Cr(VI) sorption on clays is important in controlling its
transport and fate in natural environments (Fonseca et al., 2009; Khan et al., 2010; Lu et al., 2010).
Extensive studies on Cr(VI) sorption have documented strong dependence on solution pH, metal
concentration, ion strength, bed height and flow rate (Deng et al., 2014; Guerra et al., 2010; Krishna et
al., 2000; Li et al., 2012; Mohan and Pittman, 2006; Setshedi et al., 2014). These studies used
well-mixed batch reactors and homogeneously packed columns, primarily aiming at understanding
controls on Cr(VI) sorption and developing high performance adsorbents using chemical
modification.
Large discrepancies have been documented for sorption behavior of many chemicals between
well-mixed batch reactors and those in the natural subsurface (Chai et al., 2009; Fox et al., 2012;
Krishna et al., 2000; Miller et al., 2010; Smith et al., 1997; Vereecken et al., 2011). Sorption occurs
fast in well-mixed batch reactors, often reaching equilibrium within seconds to hours (Bhattacharyya
and Sen Gupta, 2006; Comans and Hockley, 1992; Guerra et al., 2010). Sorption “microkinetics” or
microrates in these systems have been observed to undergo multiple stages, with early fast sorption
reflecting chemical kinetics followed by later slower rates limited by intra-grain diffusion
(Abdelwahab et al., 2007; Khezami and Capart, 2005; Liu et al., 2008; Liu et al., 2010; Mohan and
Pittman, 2006; Shang et al., 2011). The sorption “macrokinetics” or macrorates observed in natural
systems, however, have been documented to be much slower, with temporal scales between days and
weeks (Bao et al., 2014; Curtis et al., 2006; Fox et al., 2012). Stochastic analysis indicated that
macrorates depend on flow and mass transport limitation imposed by natural system characteristics
(Espinoza and Valocchi, 1997; MirallesWilhelm and Gelhar, 1996; Seeboonruang and Ginn, 2006a,
b).
8

The natural subsurface typically exhibits spatial variations in physical and geochemical
properties at multiple scales. Reactivity variations at micron scales arise from different mineral types
and pore structures (Jin et al., 2011; Landrot et al., 2012; Peters, 2009). Soils are characterized by
different horizons with distinct properties (Jin et al., 2011). Low-permeability clay lenses commonly
occur in soils, aquifers, and rocks (Barber et al., 1992; Campbell et al., 2012b). Different lithofacies
are characterized by orders of magnitude difference in permeability and (bio)geochemical properties,
leading to uneven distribution of water, flow, and chemicals (Bao et al., 2014; Li et al., 2010; Liu et
al., 2014; Miller et al., 2013a; Tompson et al., 1996). In this work, we define “spatial distribution
pattern”, or spatial heterogeneities, as the spatial variations in both physical (porosity and
permeability) and geochemical properties (sorption capacity). Spatial heterogeneities have been
characterized by a variety of different measures, including the closely related correlation length and
connectivity (Moser and Georgiadis, 2004; Renard and Allard, 2013). Connectivity has been used to
quantify channeling, preferential flow paths, and early solute arrival as flow bypasses
low-permeability zones (Bianchi et al., 2011; LaBolle and Fogg, 2001; Le Goc et al., 2010; Park et al.,
2008).
The role of physical heterogeneity in controlling flow and solute transport has been extensively
studied in the past decades with the development of stochastic theory,(Dagan, 1990; Gelhar, 1986)
Continuous Random Walk (CTRW) (Berkowitz et al., 2006), fractional Advective-Dispersion
equations (fADE) (Benson et al., 2000), multi-rate model (Haggerty and Gorelick, 1995),
mobile-immobile models (Simunek and van Genuchten, 2008; Vangenuchten and Wierenga, 1976),
dual-porosity models (Larsson and Jarvis, 1999), among others (Heidari and Li, 2014b). The impacts
of chemical heterogeneities, especially the spatial distribution patterns of mineral type and abundance,
however, have received much less attention until recently (Brusseau, 1994; Chaudhuri and Sekhar,
2007; Kaabeche-Djerafi et al., 2012; Massabo et al., 2008; Miller et al., 2010; Semra et al., 2008;
Tompson and Jackson, 1996; Zhang et al., 2008). Spatial heterogeneities, especially low permeability
clay zones, can impose a much longer diffusion length than the intra-grain diffusion length observed
in well-mixed conditions (Friedly et al., 1995; Seeboonruang and Ginn, 2006a). Most existing work
on heterogeneity effects on sorption used numerical experiments and stochastic analysis to explore the
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extent of difference caused by chemical heterogeneities. Stochastic analysis indicated the emergence
of macrokinetics in heterogeneous porous media even under the assumption of local equilibrium
(Espinoza and Valocchi, 1997, 1998; MirallesWilhelm and Gelhar, 1996).
A few recent experimental studies on the role of spatial heterogeneities highlighted the
importance of spatial heterogeneities (Miller et al., 2013b; Miller et al., 2013c). Liu et al. (2014) (Liu
et al., 2014) found that the distribution patterns of sediment grains leading to preferential flow path
had much lower rates of U(VI) desorption than those with relatively homogeneous flow. By and large,
however, there is a significant lack of experimental data on Cr(VI) sorption to systematically
understand and quantify the role of spatial distribution patterns in controlling sorption process
(Friedly et al., 1995; Miller et al., 2010, 2013d; Seuntjens et al., 2002). As a result, accurate prediction
of contaminants reactive transport, natural attenuation and remediation in heterogeneous natural
subsurface is challenging. The objective here is twofold. One is to systematically understand how, to
what extent, and under what conditions spatial heterogeneities regulate Cr(VI) sorption macrocapacity
and macrokinetics at the column scale; the other is to identify key measures of spatial patterns that
control Cr(VI) sorption in heterogeneous media. Among various types of clays, illite is ubiquitously
occurring in the natural subsurface and was chosen as the model clay (Bibi et al., 2011; Gu and Evans,
2007). Illite is a 2:1 layer mineral containing one [Al2(OH)4]2+ octahedral sheet sandwiched between
two (Si2O5)2 tetrahedral sheets and has a limited tendency for interlayer swelling (Gu and Evans, 2007;
Konan et al., 2012; Missana et al., 2009). It is important to note that although hexavalent chromium
and illite are chosen as the model contaminant and clay, the insights and principles learned here are
applicable to sorption processes in general.

2. Methodology
2.1 Materials preparation.
Illite particles were obtained by grinding illite shale samples from Ward’s Natural Science. Illite
was repeatedly washed with 1 M NaCl solution (adjusted to pH 3) until the supernatant pH was 3 to
clean the surfaces and remove impurities. Illite was then washed with 0.01 M NaCl solution (pH 7.0)
until the supernatant pH reached 6 (Bibi et al., 2011). After washing, illite was slowly dried at 60 oC in
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an oven (VWR symphony 414004-552). A secondary sieving was used to separate some of the
clustered illite particles. The surface areas of illte and quartz were measured using the
Brunauer-Emmett-Teller (BET) method (Micromeritics ASAP-2020 surface analyzer). The chemical
composition of illite was determined using Inductively Coupled Plasma Atomic Emission
Spectrometry (ICP-AES) (Perkin-Elmer Optima 5300 UV), the results are shown in Table 2.1. The
purity of illite samples was determined by X-ray Diffraction (XRD) analysis (N-008 MSC Bldg), the
results are shown in Figure 2.1. Natural illite has some impurities such as quartz, musovite, chlorite
and brookite.
Table 2.1. Chemical Properties of Minerals
Chemical composition of illite (Weight percentage of each oxide)
SiO2

Al2O3

Fe2O3

K2O

MgO

MnO

Na2O

TiO2

BaO

CaO

SrO

65.10

19.4

5.09

6.12

2.20

0.02

0.40

0.94

0.05

0.14

0.01
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Figure 2.1. XRD patterns of illite

2.2 Column spatial patterns and property measurement
Columns with the same total amount of illite (9.4 ± 0.2 g, 10% volume fraction of the total solid
volume) and quartz were packed in different spatial patterns (Fig. 2.1). The point of zero charges for
illite and quartz are approximately 5.6 and 2.8, respectively (Churchill et al., 2004; Gu and Doner,
1990). Under the inlet pH of 4.0 in this work, illite is the primary sorbing mineral while sorption on
quartz is negligible. The C and PC sets differ in their permeability ratios of the illite and quartz zones
ratio,Ill/Qtz by having different grain sizes (Table 2.2). Both sets have M, FT1, and FP columns. The PC
set includes an additional FT2 column. The spatial patterns differ in zonation orientations relative to
the main flow direction and correlation length. The FP columns have the longest longitudinal relative
correlation length L of 1.0 calculated as the characteristic length of the illite zone divided by the
column length. In contrast, those of M columns are in the order of 10−3, calculated as the grain size
(hundreds of microns) divided by the column length. The FT1 and FT2 have the L of 0.13 and 0.26
respectively. A total of 21 columns were packed for three flow velocities (0.6, 3.0, and 15.0 m/day).
Measured properties, including surface area, porosity, permeability and dispersivity are listed in Table
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2.2.

Figure 2.2. Two dimensional cross-sectional schematics of the 7 columns with different spatial
distribution patterns of illite and quartz. The illite-over-sand permeability ratio, ratio,Ill/Qtz, differ in the
C and PC sets. Each set has the same total mass of illite and quartz. The C columns have illite and
quartz grains with the same size range of 210-300 m to minimize the effects of physical
heterogeneity to the extent possible and to primarily focus on the effects of chemical heterogeneity.
The PC columns have smaller illite grains (75-150 m) compared to that of quartz (350-420 m) and
therefore to combine effects of physical and chemical heterogeneities. Within each column set, the
Mixed column (M) has illite uniformly distributed within the quartz matrix; the Flow-transverse 1
zone column (FT1) has illite in one horizontal layer in the direction perpendicular to the main flow;
the Flow-parallel column (FP) has illite in one cylindrical zone in the direction parallel to the main
flow. The PC set has an additional Flow-transverse 2 zones column (FT2) where illite is horizontally
distributed in 2 zones in the middle of the column, with one zone in the upper left and the other in the
lower right. Pictures of the columns are shown in Fig. 2.3.
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Figure 2.3. Pictures of the PC columns with different spatial distributions of illite (dark brown) and
quartz (sand color). Pictures of the C columns are similar to the PC columns and are not shown here.
Column packing. Omnifit chromatography columns with a diameter of 2.5 cm and an effective
height of 10 cm were used. Columns were packed using the wet-packing procedure (Li et al., 2014;
Salehikhoo et al., 2013). To avoid trapping of air and to minimize segregation, columns were wet
packed layer by layer under fully saturated conditions (Castro-Alcala et al., 2012). The FP column
was first packed using a straw with a diameter of 0.9 cm and a length of 20 cm. The straw was planted
in the middle of the column to keep illite and quartz from mixing. An initial solution at the pH of 4.0
was slowly poured into the column to establish a height of 2.0 cm. Quartz was added from outside the
straw until a height of 1.9 cm. Illite was added subsequently from the top of the straw until reaching
the same height as quartz. After that, the straw was pulled up gently by 1.0 cm. This procedure was
repeated until the whole column was filled. For the M column, illite and quartz were mixed and were
packed using the wet packing method by incrementally adding 1.0 cm every time. The FT1 column
was packed by filling the first half of the quartz, then illite grains, and then the second half of the
quartz grains. For the FT2 column, a thin plate was inserted in the middle of the column to separate
illite and quartz when packing the middle portion of the column. The plate was pulled out gently after
packing. The columns were tapped on the outsides four times to remove air bubbles and ensure
uniformity. After completion, columns were secured with the end-caps. Each end of the column was
capped with a 20 m polytetrafluoroethylene (PTFE) frit to hold the mineral grains in place.
14

Determination of porosity and permeability. The porosity and permeability of pure illite and
sand zones were measured using columns that contain 100% illite and 100% quartz using
corresponding grain sizes in the 2 column sets. A Crystal Engineering pressure gauge (XP2i-DP) was
used to measure the pressure gradients along each column at five steady state flow velocities from 0.6
to 15.0 m/day. At each flow velocity, the pressure gradient was measured three times. The effective
permeability was determined using Darcy’s law based on the measured flow velocities and pressure
gradients.
Table 2.2. Physical and Geochemical Properties of the Columns
C Set (ratio,Ilt/Qtz = 0.67, a2lnK= 0.03±0.01)

PC Set (ratio,Ilt/Qtz=0.01, 2lnK=1.85±0.7)

Illite

Quartz

M

FT1

FP

Illite

Quartz

M

FT1

FT2

FP

210-300

210-300

b

-

-

75-150

350-420

-

-

-

-

15.36

0.15

-

-

-

8.61

0.08

-

-

-

-

TSA (m2)

144.38

12.00

-

-

-

80.93

6.40

-

-

-

-

L

-

-

0.00

0.13

1.00

-

-

0.00

0.13

0.26

1.0

T

-

-

0.00

1.00

0.36

-

-

0.00

1.00

0.50

0.36

8.50

12.61

8.61

9.28

11.80

0.20

14.83

1.32

3.05

10.68

4.07

±0.67

±0.91

±0.67

±0.59

±0.42

±0.15

±0.41

±0.56

±0.65

±1.16

±0.78

53.0

37.3

38.4

38.2

38.9

50.7

36.5

34.5

37.8

38.0

37.9

±0.35

±0.59

±2.41

±1.83

±1.92

±0.42

±0.51

±1.79

±1.75

±1.63

±2.01

-

-

0.12

0.11

0.34

0.76

0.86

±0.03

-

0.15

±0.04

-

0.18

±0.02

±0.08

±0.04

±0.12

±0.04

-

-

4.67

4.58

6.25

-

-

4.70

4.82

9.08

9.76

-

-

1.30

1.33

1.44

1.45

2.08

2.28

±0.04

±0.04

-

1.46

±0.10

-

±0.05

±0.05

±0.19

±0.20

Schematics
Columns
Grain size
(µm)

-

c

SSA

(m2/g)
d
e
f

g

keff

(× 10
h

i

-13

2

m)

ϕave (%)

αL
-2

(× 10 m)
j

DL

(×10-8m2/s)
k

CT95%



a 2

lnK:

natural logarithm permeability variance (Gelhar, 1993);

“-” indicates not applicable;

b
c

SSA: measured BET specific surface area;

d

TSA: total surface area of the total mass used

L: relative longitudinal correlation length, calculated as the ratio of illite zone thickness along the flow direction and

e

the column length;
T: relative transverse correlation length, calculated as the ratio of illite zone thickness perpendicular to the flow

f

direction and the column diameter;
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keff (average ± STD): effective permeability, calculated using Darcy’s law based on measured flow rates and pressure

g

gradients;
ϕave (average ± STD): average porosity, calculated as the ratio of the water volume used during packing over the total

h

column volume, The keff and ∅ave were measured three times;
αL: longitudinal dispersivity;

i
j

DL: longitudinal dispersion coefficients at 0.6 m/day;

k

CT95% (average ± STD): transport connectivity was calculated at three flow velocities, their average values and

standard deviations are shown in the table.

The permeability variance 2lnK for each set was calculated based on euqation 1 (Gelhar, 1993).



2
ln K

1 n
  (lnk eff  lnk ave )
n i 1

ln kave 

2

(1)

1 n
 lnk eff
n i 1

(2)

where n is the number of the overall grid blocks, keff is effective permeablility for illite and quartz
zones (m2), kave is the average permeability (m2). In this work, 100 grid blocks with 10 for illite and 90
for quartz were assumed.

2.3 Tracer test for dispersivity and connectivity.
Tracer experiments were conducted using an inlet bromide concentration of 5.0 mg/L. Effluent
samples were collected and measured every 0.3 residence times for 3.5 residence times. The
one-dimensional advection-dispersion equation was solved using the reactive transport code
CrunchFlow (Steefel and Lasaga, 1994) to quantify the dispersivity assuming homogeneous columns:
∂CBr
∂CBr
∂CBr
= DL
−v
∂t
∂x
∂x

(3)

where CBr is the bromide concentration (mg/L), v is average flow velocity (m/s), t is time (seconds),
and DL is the longitudinal dispersion coefficients (m2/s) (Steefel and Lasaga, 1994):
DL = D∗ + L v

(4)

D∗ = ∅ n D0

(5)
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where D* is the effective diffusion coefficient in porous media (m2/s), αL is the longitudinal
dispersivity (m), ϕ is the porosity, n is the cementation factor with a value of 1.0, and D0 is the
molecular diffusion coefficient in water (1.0×10-9 m2/s) (Li and Gregory, 1974). The L values were
obtained by reproducing bromide breakthrough data and residual minimization using average porosity
and permeability, and therefore are eﬀective values at the column scale.
Transport Connectivity (CT95%) was calculated as the ratio of t95% and , with the former being
the time when the effluent bromide reaches 95% of the inlet concentration and the latter being the
residence time calculated as the total pore volume of the column divided by the overall flow rates. It
compares the time for 95% arrival to the average residence time and is a quantitative measure of
spatial heterogeneities. CT95% is slightly different from the literature (Knudby and Carrera, 2005b)
using the first 5% of inlet Br concentration because the early Br concentrations are close to the
detection limit of IC (0.05 mg/L) and are hard to quantify. Bromide concentrations were measured
using a Dionex ICS2500 Ion Chromatography (IC).

2.4 Sorption experiments in batch reactors for microcapacity and microkinetics
Cr(VI) sorption in batch reactors was carried out to quantify the intrinsic microcapacity and
microkinetics under well-mixed conditions. A Cr(VI) solution (1.5 mg/L) was prepared using K2CrO4
and a background water with 590.0 mg/L NaCl to maintain relatively constant ionic strength (Amaya
et al., 1997; Lim et al., 1997). The pH was adjusted to 4.0 using HCl. Illite grains (2.0 g) and 250 ml
Cr(VI) solution were mixed in a 500-ml conical flask and agitated on an electromagnetic stirrer at
25C. Samples were taken out and filtered periodically and measured using UV/VIS spectroscopy
(Thermo Fisher Scientific 333183) at 540 nm based on Cr(VI) reactions with diphenyl carbazide (Li
et al., 2012). Values of pH were measured immediately after sample collection. The data indicated an
equilibrium time of around 60 minutes, as will be discussed later.

2.5 Flow through sorption experiments for macrocapacity and macrokinetics
All experiments were carried out using a peristaltic pump (Cole Parmer 7535-08) with the
influent solution (5.0 mg/L Cr(VI), 590.0 mol/L NaCl and at pH 4.0) flowing upward. Before the
experiment, the columns were flushed at a high flow velocity of 20 m/day for approximately 40 pore
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volumes to remove impurities and to ensure a relatively similar starting point across columns. Effluent
samples were taken every 2 pore volumes for a total of 50 pore volumes. Three flow velocities of 0.6,
3.0, and 15.0 m/day were studied, with the residence times of 98.13, 19.63 and 3.93 minutes,
respectively. The flow velocities are within the typical range of groundwater flow velocity (Newell et
al., 1990b). Note that they are either higher or lower than the equilibrium time of 60 minutes
determined in batch reactors.

2.6 Sorption quantification
Quantification of microcapacity and microkinetics. Sorbed concentration Csb (mg / g illite)
was calculated as follows (Wang et al., 2010) :
Csb =

(C0 − C)
V
M

(6)

Where C0 is the initial Cr(VI) aqueous concentration (mg/L), C is the aqueous concentration during
the experiment, V is the solution volume (L), and M is the total illite mass (g). The Csb,eq is the sorbed
concentration at equilibrium, which defines the intrinsic sorption “capacity” in batch reactors. As will
be discussed later, Cr(VI) sorption exhibits two sorption stages with earlier high rates and later slower
rates. The microkinetic rates constants kb1 and kb2 (mg/g/s) were obtained from the early and late slope
of the cumulative sorbed Cr(VI) curves before reaching the equilibrium concentration, respectively.
Quantification of macrocapacity and macrokinetics. For column experiments, the sorbed
Cr(VI) concentration Csc (mg / g illite) was calculated as follows :

Csc

t C
C
Q ∫0 i [C Br − C Cr ] CCr,0 dt
Br,0
Cr,0
=
M

(7)

where Q is the flow rate (L/s), CBr and CBr,0 are the modeled effluent Br concentration and inlet
Br concentration (mg/L), CCr and CCr,0 are the measured Cr(VI) eﬄuent and inlet concentrations
(mg/L). According to equation 5, Csc was obtained by integrating the difference between normalized
bromide and Cr(VI) concentrations. That is because Cr(VI) concentration depends on both transport
and sorption, while Br concentration only reflects transport. The difference between the two therefore
quantifies the sorbed mass. The Csc,m is the maximum sorbed concentration in columns and therefore
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defines “macrocapacity”. Similar to sorption in batch reactors, sorption in columns also exhibit two
distinct stages. The macrokinetic rates constants kc1 and kc2 were similarly obtained from the early and
later slope of the cumulative Csc evolution curves, respectively, as will be discussed later in the
Results and Discussion section.
Comparison between micro- and macro- characteristics. The ratio of the macrocapacity Csc,m
over the microcapacity Csb,eq, γc, is essentially the proportion of accessible sorption sites in columns.
Similarly, the ratios of the macrorates from the columns and microrates from the batch reactors, γk,
quantify the rate diﬀerence between the two systems:
γc =

Csc,m
kc
, γk =
Csb,eq
kb

(8)

Effects of Spatial Patterns. Comparison between zonation columns (FP, FT1, and FT2) and
their corresponding mixed column (M) quantiﬁes the eﬀects of illite distribution patterns on sorption
macrocapacity and macrokinetics. Here c and k are defined as follows:

c =

Csc,m,Z
k c,Z
, k =
Csc,m,M
k c,M

(9)

where Csc,m,Z and kc,Z are macrocapacity and macrorates of zonation columns; Csc,m,M and kc,M are
those for their corresponding mixed columns. Large deviation of β values from one means large
diﬀerences between zonation and mixed columns and therefore indicates the signiﬁcance of spatial
heterogeneities.

3. Results and Discussion
3.1 Column Properties
The two column sets differ in both physical and geochemical properties, as shown in Table 2.2.
The smaller grain illite in the PC set has smaller specific and total surface area, possibly due to
aggregate formation within fine materials (<125 m), as discussed in literature (Horowitz and Elrick,
1987; Zhang et al., 2010c). Measured effective permeability of the C columns vary between 8.61 ~
11.8010-13 m2, and those of the PC columns have a larger range of 1.32 ~ 10.6810-13 m2. The
ratio,Ilt/Qtz for the C and PC sets are 0.67 and 0.01, corresponding to permeability variance 2lnK of 0.03
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and 1.85, respectively. To put these numbers in perspective, the Bordon site (Borden, Ontario) is
known as relatively homogenous with low 2lnK of around 0.20 (Sudicky, 1986b) and the
Macrodispersion Experiment (MADE) site is considered highly heterogeneous with 2lnK of around
4.5 (Boggs et al., 1992). Therefore, the C columns are essentially physically homogeneous while the
PC columns are intermediately heterogeneous.

3.2 Dispersivity and Connectivity
For both column sets, the bromide breakthrough curves (BTCs) of the M and FT1 columns
overlap (Fig. 2.4), indicating similar dispersive characteristics. The FP C column has an earlier
breakthrough and a slightly longer tail (Fig. 2.4A). The differences among the C columns are
relatively small, with the outlet quickly reaching 0.99CBr,0 within 1.5 pore volumes (Fig. 2.4A). The
FP PC and FT2 PC columns, however, show much longer tails. Most of bromide broke through
between 0.6 to 1.2 pore volumes, reaching about 0.80CBr,0. After that, slow breakthrough continues
with the outlet approaching 0.95CBr,0 at about 2.3 pore volumes. These highly asymmetric BTCs and
long tails are commonly observed in porous media with large permeability variances (Bianchi et al.,
2011; Haggerty et al., 2000; Miller et al., 2013d; Zinn et al., 2004). As expected, the ADE equation
reproduce the data well for all M and FT1 columns however not for the FP PC and FT2 PC columns.
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Figure 2.4. (A and B) Experimental and modeling output of the bromide breakthrough curves for the
C columns (A, gray) and PC columns (B, black) at 0.6 m/day. Although not presented here, the Br
breakthrough curves at 3.0 and 15.0 m/day are similar to curves shown here. Note that the PC column
has much longer tails than the C columns, which is characteristic of heterogeneous porous media with
zones of distinct properties. (C) 1-CBr/CBr,0 for C and PC columns in the logarithm scale. This curve
allows better visualization of the breakthrough tails. Note that the eﬄuent concentrations drop to
below 10-2CBr,0 in the C columns within 1.5 pore volumes, while the PC columns show much longer
tails, especially FP and FT2. (D) Longitudinal dispersivity αL positively correlates to the mean of CT95%
values at three ﬂow velocities for each column. The FP PC and FT2 PC columns have much larger
connectivity than other columns.
These media therefore have early breakthrough from short, highly permeable paths and long tails
from long, low permeability ﬂow paths, generating wider BTCs and larger dispersivity. The opposite
occurs in the less connected M and FT1 columns. The αL values are much larger for FT2 PC and FP
PC and positively correlate to connectivity (Figure 2.4D) (Zinn et al., 2004).

21

Figure 2.5. Evolution of (A) Cr(VI) aqueous concentration normalized by initial concentration C0 (1.5
mg/L) and pH (insert) in batch experiments; (B) sorbed Cr(VI) concentration (mg/g illite). The illite
speciﬁc surface area is 15.36 m2/g in the C set, almost 2 times that of the 8.67 m2/g in the PC set,
leading to almost doubled microcapacity of the C set illite than that of the PC set. Note that the
sorption occurs fast within the ﬁrst 20 min, corresponding to the chemical kinetics for sorption on
easily accessible, external sites (kb1). The later slow sorption reﬂects a rate limited by mass transport
through intragrain diﬀusion (kb2). Values of kb1 and kb2 were obtained by drawing tangent lines and
quantifying the slopes of Csb curve (panel B) in early and late stages before reaching equilibrium.

3.3 Microcapacity and Microkinetics
During the batch experiment, Cr(VI) aqueous concentration decrease quickly in the first 20
minutes and gradually reach a plateau at around 60 min (Fig. 2.5). The pH increases over time and
reaches approximately 4.4 and 4.2 for C and PC grains, respectively. The microcapacity are 0.103 and
0.056 mg/g, respectively, which are in the range of illite sorption capacity (Khan et al., 2010; Pandey
and Mishra, 2011; Ward, 1990). The kinetics indicates early fast, almost instantaneous sorption at
external surface sites characterized by kb1 of 1.26×10-4 and 4.8×10-5 mg/g/s, and second slow stage
with microrates kb2 of 7.44×10-6 and 9.2×10-6 mg/g/s for C and PC grains, respectively. The
multi-stage sorption behavior has been discussed extensively (Abdelwahab et al., 2007; Khezami and
Capart, 2005; Liu et al., 2010; Mohan and Pittman, 2006; Shang et al., 2011). The early stage reflects
the chemical kinetics without mass transport limitation while the later rate is limited by intragrain
diffusion at the grain scale of hundreds of micrometers.
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Figure 2.6. Temporal evolution of (A) Cr(VI) breakthrough curves normalized by inlet concentration
CCr,0; (B) sorbed Cr(VI) concentration (mg/g); and (C) effluent pH for the C (gray) and PC columns
(black). All data are for 0.6 m/day with a residence time of 98.13 minutes. Note that the total illite
surface area was 144 m2 in the C columns, almost 2 times that of the 81 m2 in the PC columns.

3.4 Macrocapacity and Macrokinetics: Effects of Spatial Patterns and Permeability
Variances
At 0.6 m/day, Cr(VI) breaks through much earlier from the PC columns than from the C columns
(Fig. 2.6A), with the earliest from FP PC. Correspondingly, this column has the least sorbed Cr(VI)
and the lowest rate (Fig. 2.6B), and effluent pH closest to the inlet pH (Fig. 2.6C) among all columns.
Similar to observations in batch reactors, sorption is fast early on and is slow later in all columns (Fig.
2.6A and B). For M PC, Cr(VI) does not break through until after 5 pore volumes. After that, Cr(VI)
breaks through quickly, reaching about 80%CCr,0 around 13 pore volumes, beyond which slow sorption
continues. FT2 PC falls between these two extremes (M and FP). The C columns behave similarly to
the PC columns, except that Cr(VI) breaks through much later than their corresponding PC columns.
This is due to smaller permeability contrast and larger total illite surface area that is almost 2 times
that of the PC columns. The FT1 columns in both sets behave similarly to the M columns.
Although the kinetics are quite different, the macrocapacity Csc,m for all C columns are similar to
the microcapacity (0.103 mg/g). The macrocapacity of the PC columns are much lower than the
microcapacity (0.056 mg/g) except M PC. The pH increases in all columns (Fig. 2.6C) because Cr(VI)
sorption consumes H+ (Ainsworth et al., 1989; Zachara et al., 1989; Zachara et al., 1988). The outlet
pH of M C is higher than FP C due to its higher sorption rates early on, while the difference becomes
negligible at later time due to similar Csc,m. The outlet pH of M PC is much higher than other PC
columns due to its higher macrocapacity.
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The fact that FT1 and M are similar and are different from the FP columns indicates the
importance of the zonation orientation relative to the main flow direction. In FT1, the
Cr(VI)-containing inlet solution can flow through the low permeability illite zone and therefore all
surface sites are accessible. In FP C with Ill/Qtz being 0.67, flow velocity in the illite zone is about 67%
of that in the sand zone, still high enough to access all sorption sites. In FP PC, however, flow in the
illite zone is only about a negligible 1% of the sand zone. As such, the sorption sites can only be
accessed through diffusion, with the diffusion length being the radius of the illite zone (r=0.45 cm). To
access all sorption sites in FP PC, the time needs to be higher than T = r 2/ D* = 888.2 minutes with a
diffusion coefficient D* of 3.8×10-10 m2/s. At 0.6 m/day the residence time is 98 minutes, about one
order of magnitude lower than T. As such, only about 17% of the surface sites are accessible. In FT2
PC, flow can go through the connecting point and bypassing the illite zones leading to similar sorption
dynamics as in FP PC.

Figure 2.7. Evolving Cr(VI) effluent normalized concentrations (top) and cumulative sorption mass
(bottom) at 3.0 (left) and 15.0 m/day (right). The residence times are 19.63 and 3.93 minutes,
respectively.
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3.5 The Role of Flow Conditions
The BTCs and sorbed chromium evolution at 3.0 m/day are similar to those at 0.6 m/day for all
columns, with M having the highest while FP has the lowest rates and capacity within each set (Figure
2.7). At 15.0 m/day, however, the macrocapacity for all columns are much lower. The residence time
at 3.0 m/day is 19.6 min. Batch results indicate that more than 80% sorption occurs on the easily
accessible sites within the ﬁrst 20 min, a time much shorter than the equilibrium time of 60 min. As
such, in C columns, Cr(VI) can still access most of the sorption sites, leading to similar macrocapacity
values to microcapacity. At 15.0 m/day, the residence time of 3.9 min is much shorter than the 20 min
that is needed to access most of the external sites. As such, C(VI) can only access a relatively small
portion of the sorption sites in all columns. At 15.0 m/day, the diﬀerence across columns within each
set is much smaller, indicating the less signiﬁcant role of spatial heterogeneities under high ﬂow
conditions. Although macrocapacity decreases with flow velocity, the early kc1 of M C increases from
1.54×10-6 at 0.6 m/day to 6.06×10-6 at 3.0 m/day, and to 7.63×10-6 mg/g/s at 15.0 m/day.
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Figure 2.8. Cr(VI) sorption parameters as a function of the transport connectivity (CT95%) under
different flow conditions. (A) total sorbed mass Csc,m, (B) early sorption rate kc1, and (C) late sorption
rate kc2. For comparison the two microkinetic rate constants kb1 and kb2 are also shown here for C
(gray) and PC (black) as horizontal lines. (D) – (F):  values comparing macro- to microvalues.
Macrocapacities are within an order of magnitude lower than the microcapacities; macrorates are 1 to
3 orders of magnitude lower than the microrates. (G) – (I):  values comparing zonation columns to
their corresponding Mixed columns. The impacts of spatial heterogeneities are within a factor of 2.0
under high ﬂow condition (15 m/day) and can reach close to 2 orders of magnitude under low ﬂow
conditions (0.6 and 3.0 m/day). The dashed lines here are to help visually connect the symbols of the
same flow condition however they do not necessarily suggest linear relationship between the
variables.

3.6 Connectivity Controls
Figure 2.8A-C show the dependence of macrocapacity and macrokinetics on the transport
connectivity CT95%. The C columns have low connectivity and high macrocapacity and macrokinetics.
In the well-connected FT2 PC and FP PC, where a large proportion of inaccessible sites leads to much
lower capacity and rates. The comparison with microcapacity and microkinetic rates are shown in
Figure 2.8D-F. All values are shown in Table 2.3. Macrocapacity values are the same as the
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microcapacity (c=1) only in low connectivity columns at 0.6 and 3.0 m/day where the residence
times are longer or similar to the sorption equilibrium time (60 min). Under all other conditions,
macrocapacity are lower than microcapacity, with the lowest being 11% of the microcapacity in FP
PC at 3.0 m/d. Note that for this column with the largest connectivity, c values almost overlap at
different flow velocities (Figure 2.8D), indicating strong diffusion-control imposed by the low
permeability illite zone, instead of advection-control.
As discussed in literature (Abdelwahab et al., 2007; Khezami and Capart, 2005; Liu et al., 2010;
Mohan and Pittman, 2006), the microkinetic rates kb1 and kb2 reflect the chemical kinetic rates and the
intragrain diffusion rates, respectively. The kb1 from C set is larger than that from PC set (Figure 2.8B).
The kb2 in PC set is slightly higher than that in C set (Figure 2.8C), likely due to its smaller grain size
and therefore shorter intragrain diffusion length. All macrokinetic rates are lower than the
microkinetic rates. At 15.0 m/day, macrorates are highest among the three velocities and are within
the same order of magnitude as the microkinetic rates, indicating close to chemical-kinetic control at
this ﬂow velocity. This explains the lower dependence on spatial patterns. Interestingly, at this high
flow velocity, the k1 values (kc1 relative to kb1) increase slightly with connectivity, which is the
opposite of all other parameters (Figure 2.8E). This is likely due to the diﬀerence in local ﬂow
velocities in diﬀerent columns. Although under the same 15.0 m/day, the large permeability contrast
in FP PC and FT2 PC diverts the majority of the flow to the sand zone, leading to much higher flow
rates at the sand-illite interface and higher sorption rates. In contrast, in other columns, flow velocities
are averaged out because of the same permeability in the direction transverse to the main ﬂow. The k2
values are very close to 1 in low connectivity M columns because illite are homogeneously distributed
and the diﬀusion length is deﬁned by the grain sizes, similar as in batch reactors. The k2 values
decrease with increasing connectivity because of the longer diffusion length in the FP PC and FT2 PC
columns.
At 0.6 m/day, both kc1 and kc2 are much smaller and are far from the kinetic-controlled regime.
Mass transport limits sorption, which explains the consistent and pronounced rate dependence on
connectivity. It is important to note that even in the homogeneous M column without spatial
heterogeneities, rates are 1.1%−2.3% of the microrates, although its macrocapacity is the same as the
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microcapacity. This indicates that the rate discrepancy across scales is not merely due to
heterogeneities, but also because of the ﬂow and transport processes that are not represented under
well-mixed conditions. Measurements under well-mixed systems essentially quantify the reaction
potential and cannot be directly extrapolated to natural conditions where reactions occur
simultaneously with ﬂow and transport.
The significance of spatial heterogeneity (Figure 2.8G-I), quantiﬁed by the deviation of β values
from 1.0, increases with increasing connectivity at each ﬂow velocity. In this column at 0.6 m/day, the
macrocapacity is 16% of the M PC column, and the kc1 and kc2 values are 7% and 9% of the rates in
the M columns. At 15.0 m/day, the deviation from 1.0 is much smaller.
The data here indicates that chemical heterogeneity alone causes much less eﬀects than the
coupled chemical and physical heterogeneities. Among the three C columns, although illite spatial
patterns are the same as the PC columns, the capacity and rates are very similar. Only in PC columns
where the illite permeability is 2 orders of magnitude lower than that of quartz, the eﬀects of spatial
patterns are signiﬁcant. The general trend of macrokinetic rates increasing with increasing velocity
and decreasing connectivity conﬁrms conclusions from earlier stochastic analyses on single sorbing
solutes (Espinoza and Valocchi, 1997; MirallesWilhelm and Gelhar, 1996). These analyses show that
the time scale of sorption, which is inverse of sorption rates, increases with correlation length
(positively correlates to connectivity) and decreases with ﬂow velocity (Deng et al., 2014; Setshedi et
al., 2014).
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Table 2.3. Capacity, rates, and corresponding ratios for column and batch experiments
Flow

Values

Columns

velocity
Csc,m (mg/g)

-6

kc1 (× 10 mg/g/s)

-6

kc2 (× 10 mg/g/s)

c

k1

k2

βc

βk1

βk2

Batch

(m/day)

MC

FT1 C

FP C

M PC

FT1 PC

FT2 PC

FP PC

0.6

0.11

0.11

0.10

0.06

0.06

0.03

0.01

3.0

0.10

0.11

0.10

0.05

0.05

0.02

0.01

15

0.03

0.03

0.05

0.02

0.03

0.01

0.01

0.6

1.54

1.64

0.69

0.92

0.90

0.22

0.06

3.0

6.06

6.57

2.50

6.05

5.89

0.80

0.26

15

7.63

8.27

11.69

24.14

36.99

13.83

20.20

0.6

0.13

0.13

0.11

0.10

0.07

0.02

0.01

3.0

0.82

0.90

0.86

0.55

0.73

0.37

0.11

15

1.78

2.48

3.87

1.80

3.11

2.07

0.65

0.6

102.25

108.45

100.18

110.18

108.29

51.29

17.09

3.0

98.12

104.32

97.09

85.48

94.98

36.09

11.39

15

30.98

32.02

44.41

30.39

47.50

26.59

17.09

0.6

0.012

0.013

0.005

0.023

0.022

0.005

0.002

3.0

0.048

0.052

0.020

0.148

0.144

0.019

0.006

15

0.061

0.066

0.093

0.592

0.907

0.339

0.495

0.6

0.017

0.017

0.015

0.011

0.008

0.002

0.001

3.0

0.110

0.120

0.115

0.060

0.079

0.040

0.012

15

0.239

0.333

0.520

0.195

0.338

0.225

0.071

0.6

1.00

1.06

0.98

1.00

0.98

0.47

0.16

3.0

1.00

1.06

0.99

1.00

1.11

0.42

0.13

15

1.00

1.03

1.43

1.00

1.56

0.87

0.56

0.6

1.00

1.07

0.45

1.00

0.98

0.23

0.07

3.0

1.00

1.08

0.41

1.00

0.97

0.13

0.04

15

1.00

1.08

1.53

1.00

1.53

0.57

0.84

0.6

1.00

1.00

0.88

1.00

0.72

0.20

0.09

3.0

1.00

1.09

1.05

1.00

1.31

0.67

0.20

15

1.00

1.39

2.18

1.00

1.73

1.15

0.36

C

PC

0.103

0.056

-6

126.00

48.00

-6

7.44

9.20

Csb,eq (mg/g)
kb1 (× 10 mg/g/s)
kb2 (× 10 mg/g/s)
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4. Conclusion
This work presents the ﬁrst study that systematically examines the role of illite spatial patterns in
determining Cr(VI) sorption. Connectivity exerts a signiﬁcant control on sorption macrocapacity and
macrokinetics, especially at low ﬂow velocities relevant to groundwater. Highly connected low
permeability illite zones in ﬂow-parallel orientation lead to approximately an order of magnitude
lower capacity than those in minimally connected homogeneous columns. The column-scale
macrocapacity can reach the intrinsic microcapacity in low connectivity columns under low ﬂow
conditions where the residence time is comparable to or longer than the intrinsic sorption equilibrium
time. The macrokinetic rates are 1−3 orders of magnitude lower than the microkinetic rates.
Macrocapacity and macrokinetic rates are in general lowest with highest connectivity.
Liu et al. (2014) (Liu et al., 2014) made similar observations that preferential flow path results in
minimum uranium desorption. Li et al. (2014) (Li et al., 2014a; Salehikhoo et al., 2013) found that
layered structures of magnesite lead to lower dissolution rates by a factor of 2, with the maximum
heterogeneity impacts at 18.0 m/day. Interestingly, here the spatial patterns have the most signiﬁcant
impacts under low ﬂow conditions. This is likely because reactions with diﬀerent rates have diﬀerent
“critical” ﬂow regimes where the eﬀects of spatial heterogeneities are important (Salehikhoo et al.,
2013). For Cr(VI) sorption, at 15.0 m/day, the sorption rates are close to the kinetic-controlled regime
where transport does not aﬀect sorption, leading to the least diﬀerence among columns. With
magnesite dissolution, even in the high ﬂow velocity of 18.0 m/day, it is still inﬂuenced by mass
transport and therefore spatial heterogeneities play a signiﬁcant role.
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Chapter 3 The role of spatial connectivity in controlling sorption process in
heterogeneous porous media
1. Introduction
Chromium is a common contaminant at many Department of Energy (DOE) sites of the U.S.
including Hanford, Washington; Los Alamos, New Mexico, and Oak Ridge, Tennessee (Riley and
Zachara, 1992) as well as other sites around the world such as Leόn, Mexico and Liaoning Province,
China (Beaumont et al., 2008; Cheng et al., 2012; Smith, 2008), due to its multiple usages (Aktas,
2007; Bhattacharyya and Sen Gupta, 2009; Charlet et al., 2005). Clays are found to be excellent
natural adsorbents due to their ubiquitous presence, large surface area and chemical and mechanical
stability (Bhattacharyya and Sen Gupta, 2008; Guerra et al., 2010; Huang et al., 2008; Li et al., 2012;
Yuan et al., 2009). Various clays have been reported to be effective in sorbing Cr(VI), including illite,
bentonite, rectorite, montmorillonite and boehmite (Bhattacharyya and Sen Gupta, 2006;
Granados-Correa and Jimenez-Becerril, 2009; Li et al., 2002; Sarkar et al., 2010).
Natural subsurface systems typically exhibit heterogeneous spatial distribution with distinct
properties over a wide range of length scales. Examples include different soil horizons, micro and
macro pores, and fissures and fractures (Campbell et al., 2012a; Haggerty and Gorelick, 1998; Rao et
al., 1980; Shackelford, 1991). Spatial heterogeneities, the spatial variations in both physical (e.g.,
porosity and permeability) and geochemical properties (e.g., sorption capacity), aﬀect transport,
mixing, and geochemical processes (Li et al., 2010; Liu et al., 2014; Miller et al., 2013a; Shi et al.,
2013; Tompson et al., 1996). Orders of magnitude lower sorption rates have been documented in
heterogeneous porous media than those measured in well-mixed batch reactors (Chai et al., 2009; Fox
et al., 2012; Krishna et al., 2000; Miller et al., 2010; Smith et al., 1997; Vereecken et al., 2011; Wang
and Li, 2015). Accurate predication of contaminants sorption processes is challenging due to the
spatial heterogeneities of natural environments and the possible scale dependency of various
measurements (Bao et al., 2014; Fiori and Jankovic, 2012; Navarre-Sitchler and Brantley, 2007; Vogel
and Roth, 2003; White and Brantley, 2003a).
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Quantitative understanding of ﬂow and transport is challenging as it requires the transfer
information in space, time, and across scales (Benning and Barnes, 2009; Fleckenstein and Fogg,
2008; Knudby et al., 2006; Renard and Allard, 2013; Zhang and Zhang, 2015). Several parameters
have been proposed to quantify spatial heterogeneities, including the closely related concepts of
correlation length and connectivity (Annibale and Sollich, 2009; Dosch et al., 2013; Hoch et al., 2015;
Renard and Allard, 2013; Vik et al., 2012; Wu et al., 2004). It was observed that the longitudinal
macrodispersivity was strongly aﬀected by the correlation length of the conductivity ﬁeld (Beaudoin
et al., 2010; Le Borgne et al., 2010). Connectivity is a measure of how zones of different hydraulic
conductivities are connected and has been shown to be important in determining flow and solute
transport (Knudby and Carrera, 2006; Krishnan and Journel, 2003; Le Goc et al., 2010; Renard and
Allard, 2013; Zheng and Gorelick, 2003). “Channeling”, “preferential flow paths” and “early solute
arrival” were usually found in well-connected structures as flow goes through high-permeability
zones

and bypasses low-permeability zones (Bianchi et al., 2011; Le Goc et al., 2010; Park et al.,

2008; Renard and Allard, 2013). It has been found that flow was mainly controlled by the continuity
and connectivity of sand deposits rather than by local hydraulic conductivity values (Fogg, 1986; Le
Goc et al., 2010).
Most existing studies focus on physical heterogeneities, the role of which has been investigated
for several decades with the development of various theories (Benson et al., 2000; Dagan, 1990;
Gelhar, 1986; Heidari and Li, 2014b; Larsson and Jarvis, 1999). Chemical heterogeneities, in
particular, the spatial distribution patterns of mineral type and abundance, have received much less
attention until recently (Brusseau, 1994; Chaudhuri and Sekhar, 2007; Kaabeche-Djerafi et al., 2012;
Massabo et al., 2008; Miller et al., 2010; Semra et al., 2008; Tompson and Jackson, 1996; Zhang et al.,
2008). Solute transfer between high and low permeability zones has been found to limit rates of
remediation in aquifers (Haws et al., 2007; Jawitz et al., 2005). The spatial pattern of magnesite can
limit its dissolution rates by orders of magnitude (Li et al., 2014a; Salehikhoo and Li, 2015). In
general, the relationship between the role of heterogeneities and sorption behavior has not been
quantitatively established. Furthermore, reaction rates were found to be dependent on spatial scales,
and decrease with increasing length scale as extensively discussed for chemical weathering and U(VI)
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bioreduction (Bao et al., 2014; Navarre-Sitchler and Brantley, 2007; White and Brantley, 2003a).
Our recent column experiment studies (Wang and Li, 2015) show that connectivity exerts a
significant control on Cr(VI) sorption macrocapacity and macrokinetics. Highly-connected low
permeability illite zone in flow-parallel orientation leads to approximately an order of magnitude
lower capacity and rates than those in minimally-connected homogeneous columns. The objective of
this work is to understand and quantitatively analyze the role of illite spatial patterns, correlation
length and connectivity, in regulating Cr(VI) sorption processes across scales. Reactive transport
modeling was used to reproduce data from our previous experiments (Wang and Li, 2015). The model
was then used to carry out 30 numerical experiments understand the role of spatial patterns with
different variances, correlation lengths, and length scales.

2. Methodology
In our previous study, column experiments were carried out to investigate the role of illite spatial
distribution patterns on Cr(VI) sorption macrocapacity and macrokinetics (Wang and Li, 2015). In this
work, the role of spatial heterogeneities was further understood by reactive transport modeling.
Additional cases generated by sequential gaussian simulation (SGSIM) at different correlation lengths
and column lengths were then simulated in reactive transport modeling.

2.1 Column experiments
Seven columns with a diameter of 2.5 cm and an effective height of 10 cm were packed with the
same total amount of illite (9.4 ± 0.2 g, 10% volume fraction of the total solid volume) and quartz but
different spatial patterns. The Mixed column (M) has illite evenly distributed within the quartz matrix;
the Flow-parallel column (FP) has illite distributed in one cylindrical zone in the direction parallel to
the main flow; the Flow-transverse column (FT1) has illite distributed in one horizontal layer in the
direction that is perpendicular to the main flow; The Flow-transverse 2 zones column (FT2) has illite
horizontally located as 2 zones with one half in the upper left and the other in the lower right. The C
and PC sets differ in their permeability ratios of the illite and quartz zones, ratio,ill/qtz, by having
different grain sizes (Table 3.1), with corresponding to permeability variance 2lnK of 0.03 and 1.85,
respectively. The permeability variance 2lnK was calculated based on euqation 1 (Gelhar, 1993).
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where n is the number of the overall grid blocks, keff is effective permeablility for illite and quartz
zones (m2), kave is the average permeability (m2). In column experiments, 100 grid blocks with 10 for
illite and 90 for quartz were assumed. In natural field, the Bordon site with low 2lnK of around 0.20 is
known as relatively homogenous (Sudicky, 1986b) and the Macrodispersion Experiment (MADE) site
with 2lnK of around 4.5 is considered highly heterogeneous (Boggs et al., 1992). Therefore, the C
columns are essentially physically homogeneous while the PC columns are intermediately
heterogeneous.
All sorption experiments were carried out at 0.6 m/d using the influent solution (5.0 mg/L Cr(VI),
590.0 mg/L NaCl and at pH 4.0) flowing upward. Bromide was used as a tracer with an inlet
concentration of 5.0 mg/L. Measured properties, including surface area, porosity, permeability and
dispersivity are listed in Table 3.1. The composition of the inlet and initial aqueous solutions are
shown in Table 3.2. Measurement and experimental details are documented in our previous work
(Wang and Li, 2015).
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Table 3.1. Physical and Geochemical Properties of the Columns
C Set (ratio,Ilt/Qtz = 0.67, a2lnK= 0.03±0.01)

PC Set (ratio,Ilt/Qtz=0.01, 2lnK=1.85±0.7)

Illite

Quartz

M

FT1

FP

Illite

Quartz

M

FT1

FT2

FP

15.36

0.15

b

-

-

8.61

0.08

-

-

-

-

TSA (m2)

144.38

12.00

-

-

-

80.93

6.40

-

-

-

-

e

keff

8.50

12.61

8.61

9.28

11.80

0.20

14.83

1.32

3.05

10.68

4.07

(× 10-13 m2)

±0.67

±0.91

±0.67

±0.59

±0.42

±0.15

±0.41

±0.56

±0.65

±1.16

±0.78

53.0

37.3

38.4

38.2

38.9

50.7

36.5

34.5

37.8

38.0

37.9

±0.35

±0.59

±2.41

±1.83

±1.92

±0.42

±0.51

±1.79

±1.75

±1.63

±2.01

-

-

0.12

0.11

0.28

-

-

0.18

0.15

0.50

0.30

0.012

0.011

0.02

0.018

0.015

0.05

0.003

1.30

1.33

1.44

1.46

1.45

2.08

2.28

±0.10

±0.04

±0.04

±0.05

±0.05

±0.19

±0.20

Schematics
Columns
c

SSA

(m2/g)
d

ϕave (%)

f

g

L

(× 10-2 m)
h

T

(× 10-2 m)
i

CT95%



a 2
b
c

-

-

-

natural logarithm permeability variance (Gelhar, 1993);

“-” indicates not applicable;

SSA: measured BET specific surface area;

d
e

lnK:

-

-

TSA: total surface area of the total mass used;

keff (average ± STD): effective permeability, calculated using Darcy’s law based on measured flow rates and

pressure gradients;
f

ϕave (average ± STD): average porosity, calculated as the ratio of the water volume used during packing over the

total column volume, keff and ϕave were measured three times;
g

L and hT are local longitudinal and transverse dispersivity defined in Equations (2) and (3), respectively, they

were obtained by fitting Br breakthrough curves using 2D reactive transport modeling at 0.6 m/day;
i

CT95% (average ±STD): transport connectivity, and CT95% were calculated at three flow velocities.
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Table 3.2. Initial and Inlet conditions
Species

Initial Conditions

Inlet Conditions

(mg/L)

(mg/L)

pH

4.0

4.0

Cr(VI)

0.0

5.0 (in Cr(VI) sorption experiment)
0.0 (in tracer experiment)

Na

+

235.0

235.0

-

355.0

355.0

-

0.0

0.0 (in Cr(VI) sorption experiment)

Cl

Br

5.0 (in tracer experiment)
K

+

0.0

7.2 (in Cr(VI) sorption experiment)
0.0 (in tracer experiment)

3+

0.0

0.0

3+

0.0

0.0

0.0

0.0

Al

Fe

SiO2(aq)

2.2 Reactive transport modeling
Reactive transport equations. 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). Two-dimensional simulation was
carried out for a thin slice of the 3D columns using the reactive transport code CrunchFlow (Steefel
and Lasaga, 1994). The mass conservation equations were solved based on the mass action laws and
primary species. As an example, the reactive transport equation for Cr(VI) is written below (Miller et
al., 2010):

(CCr(VI) )
t



 m
 (  DCCr(VI)  vCCr(VI) )  0
 t

(3)

where CCr(VI) is the total concentration of all Cr(VI) - containing species (mg/m3 pore volume); t is
time (s); ρ is the bulk density (mg/ m3); ϕ is the porosity; m is the average adsorbed mass per unit
mass of the solid phase (mg/mg); v (m/s) is the flow velocity vector and can be decomposed into vz
and vx in the directions parallel and transverse to the main flow; D is the combined dispersion–
diffusion tensor (m2/s). At any particular location (grid block), their corresponding diffusion /
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dispersion coefficients DL (m2/s) and DT (m2/s) are calculated as follows:

DL  D*   L vz

DT  D*   T vx

(4)

where L and T are the longitudinal and transverse dispersivity (m), which were obtained by fitting
the Br experimental data, for the zonation columns, T values were further determined by Cr(VI)
breakthrough curves; D* is the effective diffusion coefficient in porous media (m2/s):

D*   n D0

(5)

where ϕ is the porosity; n is the cementation factor with a value of 1.0 and 2.5 were used for C and PC
system, respectively; and D0 is the molecular diffusion coefficient in water, a median value of
1.0×10-9 m2/s was used (Li and Gregory, 1974).
Surface complexation reactions. For clays, surface complexation reactions are, in principle, the
main contribution to the sorption of anions (Missana et al., 2009). Surface speciation models provide
a molecular description of the adsorption process based on chemical reaction equilibrium. Similar to
aqueous complexation, surface complexation is considered as fast reaction and chemical
thermodynamics controls the reaction (Goldberg et al., 2007). The groundwater in natural porous
media is typically lower than 0.36 m/day (Knapp, 1989; Newell et al., 1990a). So in the work, we just
simulated the experimental data at 0.6 m/day. The residence time at 0.6 m/day is 98 min, which is
longer than the time needs for Cr(VI) to reach equilibrium (60 min) (Wang and Li, 2015).
Surface functional groups (SOH) are formed at the edge of the clay particles where the primary
bonds of the tetrahedral and octahedral layer are broken (Rai, 1988; Riese, 1982). Three surface sites
(Si, Al and Fe), which have been used by Ward (Ward, 1990) in the study of Cr(VI) adsorption on
illite, were used in this modeling. The sorption capacity in the modeling was determined by site
density (Jiang et al., 2010). The site density of illite has been reported from 0.95 (Missana et al., 2009)
to 2.49 umol/m2 (Ward, 1990) due to different analysis techniques. In this work, a medium value was
chosen at the first, and the final value of 1.24 umol/m2 was obtained by matching the experimental
data (Table 3.3). The site ratios of the three surface sites (Si, Al and Fe) were usually indicated by clay
crystal structure (Zachara et al., 1988). Based on illite structural formula, silica complex was
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dominant while iron complex was relatively low (Table 2.1). The specific values were finally adjusted
by matching the experimental data (Table 3.3). The intrinsic surface complexation constant (K) is an
important parameter for surface complexation reaction because it determines the partition of the ions
in aqueous and solid phases (Goldberg et al., 2007). Most of K values were taken from Davis and
Leckie’s (Davis and Leckie, 1978, 1980) research with chromium adsorption on a Georgia kaolinite.
In addition to surface complexation reactions, other chemical reactions occur in aqueous phase (Table
3.3). The thermodynamic parameters (Keq) for aqueous speciation reactions were obtained from
EQ3/6 database (Wolery et al., 1990).
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Table 3.3. Surface parameters and main reactions used in adsorption modeling.
Parameter/Reaction

Value

Source

≡ SiOH

1.00

This study

≡ AlOH

0.10

This study

≡ FeOH

0.08

This study

Specific surface area (m2/g)

15.36a

Surface complexation reactions

logK

≡ SiOH + H +  ≡ SiOH2+

0.95

(Riese, 1982)

-6.59

(Riese, 1982)

-6.60

(Rai, 1988)

14.50

(Davis and Leckie, 1978)

5.70

(Davis and Leckie, 1978)

-11.40

(Rai, 1988)

-9.15

(Rai, 1988)

7.90

(Davis and Leckie, 1980)

9.42

(Davis and Leckie, 1980)

16.30

(Davis and Leckie, 1980)

5.10

(Davis and Leckie, 1980)

-10.70

(Riese, 1982)

-9.00

(Riese, 1982)

6.60

(Rai, 1988)

10.58

(Davis and Leckie, 1978)

18.10

(Davis and Leckie, 1978)

logKeq

(Wolery et al., 1990)

2

Surface site density (µmol/m )

−

≡ SiOH  ≡ SiO + H

+

+

≡ SiOH + Na  ≡ SiONa + H
≡ SiOH +

CrO2−
4
+

≡ AlOH + H 

+ 2H

+

+
0

(≡ SiOH −

H2 CrO04 )0

≡ AlOH2+
−
+

≡ AlOH  ≡ AlO + H
+

≡ AlOH + Na  ≡ AlONa + H
+

+

+

≡ AlOH + Cl + H  ≡ AlOH2 Cl
≡ AlOH +
≡ AlOH +

CrO2−
4
CrO2−
4
+

+ H

+

+ 2H

(≡
+

AlOH2+

−
− CrO2−
4 )
AlOH2+ − HCrO4− )0

(≡

≡ FeOH + H  ≡ FeOH2+
−

≡ FeOH  ≡ FeO + H

+

+

≡ FeOH + Na  ≡ FeONa + H
+

+

+

≡ FeOH + Cl + H  ≡ FeOH2 Cl
≡ FeOH +
≡ FeOH +

CrO2−
4
CrO2−
4

+ H

+

+ 2H

↔ (≡
+

FeOH2+

↔ (≡

−
− CrO2−
4 )
0
FeOH2+ − HCrO−
4)

Aqueous reactions
H2CrO4  CrO4 + 2H
2-

HCrO4  CrO4 + H
-

2-

+

-5.17

+

-6.49

Cr2O7 + H2O  2CrO4 + 2H
2-

2-

+

Al(OH)2 + 2H
4+

Al2(OH)2 + 2H

+

-14.51

 Al + 2H2O

+

3+

10.59

 2Al + 2H2O

+

3+

7.69

Mg(OH)2 + 2H+  Mg2+ + 2H2O

5.71

FeOH2+ + H+  Fe3+ + H2O

2.19

Fe2(OH)2 + 2H  3Fe + 2H2O

2.95

Fe(OH)3(aq) + 3H  Fe + 3H2O

12.0

SiO2 (am)  SiO2(aq)

-3.12

H2O  H +OH

-14.00

4+

+

3+

+

+

8.61b

3+

-

a

Measured BET SSA for the larger illite grain size between 210-300 µm.

b

Measured BET SSA for the smaller illite grain size between 75-150 um.
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Numerical simulation. The computation domain was built up to mimic the experimental
conditions. Three grid block sizes of 1.0, 0.5 and 0.25 mm were tested. However, they showed no
difference on Cr(VI) breakthrough curves. Therefore, we chose the largest size, 1.0 mm, with 100 grid
blocks in z direction and 25 in x direction. The illite volume fraction is 10% of the total solid volume.
The 2D domain was set up using the exact distribution of illite and quartz zones. The permeability and
porosity values were based on experimental measurement as shown in Table 3.1. The permeability
was set to be isotropic. The initial and inlet conditions were set the same as those used in the
experiments (Table 3.2). Details were shown in our previous study (Li et al., 2014b).

2.3 Generation of spatial patterns by sequential gaussian simulation
In the natural subsurface, permeability of shale and sandstones are typically varied in a range of
10-17 to 10-22 m2 and 4.6 10-11 m2 to 8.2 10-14 m2 (Faulkner and Rutter, 2000; Kwon et al., 2004;
Revil and Cathles, 1999). A high 2lnK of around 4.5 was evaluated at a natural gradient tracer test site
located at the Macrodispersion Experiment (MADE) site (Boggs et al., 1992), while a relatively low
2lnK of around 0.20 was found at the Bordon site (Borden, Ontario) (Sudicky, 1986b). SGSIM were
used to generate spatial patterns that were similar to the natural subsurface (Deutsch CV, 1992). Two
sets of patterns with the same permeability mean however different variances were generated at
different relative correlation lengths () and column lengths. One set has a high 2lnK of 4.50 as
MADE site (Boggs et al., 1992), with a mean permeability ratio between illite and quartz, ratio,Ill/Qtz, of
0.025. The other set has a low 2lnK of 0.2 as Bordon site (Sudicky, 1986b) with ratio,Ill/Qtz of 0.457.
Correlation length. Correlation length is an important geostatistical measure for permeability
distribution (Hu and He, 2006; Park et al., 1995). In this study, the spherical model was used to fit the
experimental variogram (Huisman et al., 2003):

 (h)  0

for h=0

h
a

h
a

 (h)  c0  c[1.5  0.5( )3 ]
 (h)  c0  c

for 0<h  a

for h>a
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(6)

where h is the distance separating two locations (m); c0 is the nugget variance (m3m-3)2, represents
short distance variation and measurement error; The variogram range a (m) describes the correlation
length.
Column length was kept at 10 cm with 100 grid blocks in z direction and 25 in x direction.
Various spatial patterns were generated by using different absolute longitudinal correlation lengths
(CLL) ranging from 0.2-6.0 cm and absolute transverse correlation lengths (CLT) ranging from
0.05-1.5 cm. The relative correlation length () is calculated as the ratio of absolute correlation length
(CL) over the column length in each direction. For each pattern, the relative longitudinal correlation
length (L) is equal to the relative transverse correlation length (T).
Column length. Spatial patterns with different column lengths ranging from 10-100 cm were
generated. The domain size in x direction was kept the same. For each pattern, CLL and CLT of 2.8 cm
and 0.7 cm were used.

2.4 Sorption quantification
Connectivity. As discussed in our previous work (Wang and Li, 2015), Transport Connectivity
(CT95%) was used as a quantitative measure for spatial heterogeneities as well as for sorption
macrocapacity and macrokinetics. It compares the time for 95% arrival to the average residence time
as shown below:

CT95% 

t95%



(7)

where t95% is the time when the effluent bromide reaches 95% of the inlet concentration (s), and  is
the residence time calculated as the total pore volume of the column divided by the overall flow rates
(s).
Quantification of macrocapacity and macrokinetics. The sorbed Cr(VI) concentration Csc
(mg/g) in column experiments was calculated as follows:
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ti  C
C 
Q   Br  Cr CCr ,0dt
0
 CBr ,0 CCr ,0 
Csc 
M

(8)

where Q is the flow rate (L/s), CBr and CBr,0 are the modeled effluent Br concentration and inlet Br
concentration (mg/L), CCr and CCr,0 are the measured effluent concentration and inlet Cr(VI)
concentration (mg/L). The Csc was obtained by integrating the difference between normalized bromide
and Cr(VI) concentrations. The Csc,m is the maximum sorbed concentration in columns and therefore
defines “macrocapacity”. The macrokinetic rates constants kc1 and kc2 were obtained from the early
and later slope of the cumulative Csc evolution curves, respectively.
Effects of spatial patterns. Comparison between zonation columns and their corresponding
Mixed column quantifies the effects of illite distribution patterns on sorption macrocapacity and
macrokinetics. Here c and k are defined as follows:

c 

Csc ,m ,Z
Csc ,m ,M

k 
,

kc ,Z
kc ,M

(9)

where Csc,m,Z and kc,Z are the macrocapacity and macrorates of zonation columns, and Csc,m,M and kc,M
are for the Mixed columns. Large deviation of β values from unity means large differences between
the zonation and Mixed columns and therefore more significant role of spatial heterogeneities.
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3. Results and Discussion
3.1 Matching the experimental data

Figure 3.1. Experimental Br (A and B) and Cr(VI) (C and D) breakthrough data (symbols) and
modeling output (lines) for the C columns (gray) and PC columns (black). The flow velocity is 0.6
m/day with a residence time of 98.13 min. Note that the total illite surface area was 144 m2 in the C
set, almost 2 times that of the 81 m2 in the PC set.
2D reactive transport modeling with explicit measured permeability and porosity heterogeneity
in each grid block was set up. The simulated Br and Cr(VI) breakthrough curves (BTCs) can
reproduce the data well for all columns as shown in Fig. 3.1. For both sets, the Br and Cr(VI) BTCs of
the Mixed and the FT1 columns almost overlap, indicating similar dispersive characteristics and
sorption behavior. The FP column has an earlier start and a longer tail and the tail is more distinct in
Cr(VI) BTCs. The Cr(VI) BTC of the FT2 PC column falls between these two extremes (M and FP).
Dispersion is particularly important in predicting solute transport and mixing between
groundwater and contaminant plumes. The local longitudinal dispersivity (L) and transverse
dispersivity (T) were obtained by fitting the Br experimental data. For FP and FT2 columns, the
values of T were further determined by Cr(VI) BTCs. The values are summarized in Table 3.1. All
these values fall in the typical range reported for grid- block spatial scales in the literature (Gelhar et
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al., 1992; Hunt et al., 2011). The FP and FT2 columns have relatively higher L than other columns.
For the M and FT1 column, the BTCs of Br and Cr(VI) are not influenced by T due to their uniform
arrangement in each layer. Therefore, a transverse-to-longitudinal dispersivity ratio (aT/aL) of 0.1 was
assigned (Gelhar et al., 1992). For the FP and FT2 columns, however, T can change the shape of
BTCs as well as marcocapacity and macrokinetics. Lower T leads to longer tail and smaller sorption
capacity.
In our previous study (Wang and Li, 2015), L values were determined by assuming
homogeneous 1D columns. The 1D modeling cannot reproduce the data well for FP PC and FT2 PC
columns, and L values are around two times higher than the 2D local L values. That is because L
values obtained from 1D model represent the column scale heterogeneities, while those from 2D
model represent the local scale heterogeneities. It was reported that high αL was a direct consequence
of the heterogeneous nature of the porous medium (Chen et al., 2006). Pore network simulations
(Bruderer and Bernabe, 2001) revealed that as the heterogeneity of the pore structure increased, the
longitudinal dispersion coefficient DL also increased.
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3.2 The effects of spatial heterogeneities

Figure 3.2. Predicted 2D spatial profiles after 53 residence times for the C and PC columns. (A)
distribution of flow velocity; (B) distribution of Cr(VI) concentration in aqueous phase; (C)
distribution of Cr(VI) concentration on solid phase; (D) distribution of solution pH.
To better understand the role of spatial heterogeneities on the Cr(VI) sorption behavior, figure
3.2 presents the 2D distribution of flow velocity, Cr(VI) aqueous concentration, sorbed Cr(VI) amount
and pH for C and PC columns. The illite spatial patterns led to different distributions of flow, Cr(VI)
concentration, and pH. In the M column, all properties are uniformly distributed and pH increases
along the main flow direction as Cr(VI) sorption consumes H+ (Ainsworth et al., 1989; Zachara et al.,
1989; Zachara et al., 1988). In FT1 column, flow and Cr(VI) concentration are also evenly distributed.
Cr(VI) is completely sorbed on the middle of the illite layer, and pH sharply increases after flow goes
through the illite zone. In FP and FT2 columns, preferential flow paths are formed, which results in
low Cr(VI) concentration, low sorption amount and high pH in the center of the illite zone. Similar
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results were observed in Wang et al.’s work, two flow patterns (a higher velocity in the coarse sand
core and a lower velocity in the fine sand annulus) were found due to the different conductivities of
the structured column (Wang and Ford, 2009, 2010).
In M column, illite grains can be considered as being present in an infinite number of small
zones which experience the least mass transport limitation, and result in the largest marcocapacity. In
FT1 column, all the illite grains are accessible as the main flow can pass through the whole illite zone
even for PC set with ratio,Ilt/Qtz of 0.01. Similar observation was observed for U(VI) desorption and
mineral dissolution (Liu et al., 2014; Salehikhoo et al., 2013). The distinct zones with high
permeability contrast lead to large variations in the flow velocity and solute transport. In FP PC
column, flow in illite zone is only about 1% of the quartz zone. As such, only a small portion of
sorption sites, i.e. those located at the illite-quartz interface or close to the inlet, participate in the
sorption process. Most sorption sites in the center of illite zone are inaccessible due to the mass
transport limitation. The FT2 column behaves similarly to the FP PC column. In FP C column,
however, flow in illite zone is 67% of the quartz zone due to small permeability contrast, which is
high enough to access all sorption sites, so the Cr(VI) concentration and sorption amount are higher
than that of the FP PC column. All the above results further dominate that mineral spatial patterns as
well as permeability contrast exert a critical control the mass transport and therefore sorption capacity.

3.3 Permeability contrast (ratio,Ilt/Qtz) and T

Figure 3.3. Macrocapacity comparison (c) between zonation and Mixed columns at various ratio,Ilt/Qtz
and T for FP (A) and FT2 (B) columns, respectively. The T and ratio,Ilt/Qtz determine the mass
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transport between the illite-quartz interface, and therefore the overall Cr sorption capacity. The T unit
is cm.
In natural subsurface systems, permeability of shale and mudstone often vary by orders of
magnitude (Faulkner and Rutter, 2000; Kwon et al., 2004; Revil and Cathles, 1999). The same set of
parameters obtained from matching the experimental data (PC set) was used to simulate more FP and
FT2 columns with different permeability values of the illite zone however with the same permeability
of the quartz zone. Total 25 series, with permeability ratios (ratio,Ilt/Qtz) ranging from 1.4×10-4 to 0.9
and aT values ranging from 10-4 to 0.02 cm were simulated for FP and FT2 columns. Values of c at
various ratio,Ilt/Qtz and T are shown in Figure 3.3. For both FP and FT columns, c values increase
with increasing ratio,Ilt/Qtz and T. For FP column, c is more sensitive to T, with relative small raise
when ratio,Ilt/Qtz increases. Therefore, aT is the key parameter that regulates the Cr(VI) macrocapacity
for FP column. For FT2 column, on the contrary, aT has negligible effects on c, with almost
overlapping c values at different aT. Therefore, ratio,Ilt/Qtz is the dominate factor in determining
macrocapacity for FT2 column.
Value of c is used to quantify the role of spatial heterogeneities. High c value means small
mass transport limitation. ratio,Ilt/Qtz and aT are essentially two variables that influence Cr(VI) diffusion
at the illite-quartz interface. The larger the two variables, the easier for Cr(VI) to diffuse and access
the sorption sites, and the higher c. ratio,Ilt/Qtz controls diffusion in two directions, parallel (z) and
perpendicular (x) to the main flow. However, aT can only control diffusion through the x direction. For
FP pattern, illite-quartz interface is parallel to the main flow across the whole column. Cr(VI) can
only be sorbed through diffusion in the direction that perpendicular (x) to the main flow. Therefore,
higher aT and ratio,Ilt/Qtz can both lead to larger extent of mass transport and result in higher c. For FT2
pattern, however, the illite-quartz interface has two directions, with the diffusion through x direction
(2Rl=6.5 cm2 where R is the column diameter 2.5 cm and l is the length of illite zone in z direction
1.3 cm) smaller than that through z direction (2

πR2
=9.8
4

compares to that of ratio,Ilt/Qtz.
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cm2). Therefore, the effect of aT is negligible

3.4 Correlation length and connectivity

Figure 3.4. Predicted 2D spatial distribution of permeability (A), flow velocity (B), Cr(VI)
concentration in aqueous phase (C) and Cr(VI) sorbed on solid phase (D) at different relative
longitudinal correlation length (L) at 100 pore volumes. The relative transverse correlation length (T)
is equal to L, so L is used to present different cases. The column length is 10 cm and the 2lnK is 4.5.
Note that the 2D spatial profiles for 2lnK =0.2 is similar to 2lnK =4.5 and are not shown here.
Figure 4 shows spatial patterns with different relative correlation lengths (L) ranging from 0.02
to 0.60. All patterns have the same permeability mean with 2lnK of 4.5. The 2D spatial distributions of
local permeability, flow velocity, Cr(VI) concentration in aqueous and solid phase are illustrated in
Figure 3.4. At low L of 0.02, illite grains are randomly distributed as small patches. As L increases,
these small patches concentrate as large zones. When L is as high as 0.6, one zone with all illite
grains clustered together is formed. The permeability distributions of the column at low L of 0.02 is
like the Mixed column. The flow velocity and Cr(VI) concentration are uniformly distributed, and
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most of the sorption sites are accessible. As L increases, preferential flow channels are formed. As
such, the center of the illite zone becomes inaccessible due to the slow diffusion rate. Similar results
were found in Bruderer-Weng et al.’s work (Bruderer-Weng et al., 2004) that flow channeling
increases with correlation length.

Figure 3.5. Cr(VI) sorption parameters as a function of L and transport connectivity (CT95%). 
values compare the zonation columns to Mixed columns, the value close to unity means small
differences. Note that the 2lnK =4.5 are in black color and 2lnK =0.2 are in gray color.
The 2D profiles indicate that the higher the L, the larger size the illite zones, and the lower the
macrocapacity. To quantify the correlation between L and sorption behavior,  values as a function of
L are displayed in figure 3.5A-C. Two 2lnK (4.5 and 0.2) with the same permeability mean are
studied. All  values decrease linearly with L in their logarithmic forms. At low L,  values are close
to 1, which means the effects of spatial heterogeneities are not important as the patterns are similar to
the Mixed pattern. As L increases, macrocapacity and macrokinetics decrease significantly. All 
values in the patterns with 2lnK of 4.5 are lower than that with 2lnK of 0.2, and the lines with higher
2lnK are steeper. That is expected as at the same L, solute transport is more restricted in patterns with
higher 2lnK (Knudby and Carrera, 2005a; Paleologos et al., 1996).
The CT95% for each pattern was calculated, and its correlation with  are shown in figure 3.5D-F.
The CT95% for the two 2lnK are different even with the same L. Patterns with higher 2lnK cover a
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wider range of CT95% (1.66-5.15) compare to that with lower 2lnK (1.41-1.92). The largest CT95% is
2.28 for the experimental patterns due to the experiment limitation. The results gained here extend our
previous study (Wang and Li, 2015). When connectivity is lower than 1.5,  value is close to one,
indicating that the differences between heterogeneous and homogeneous patterns could be negligible.
After 1.5,  values decrease sharply with CT95% until CT95% reaching 2.5. After 2.5,  values drop
down slowly and remain at low values. Connectivity at 2.5 is named as “critical point”. After the
“critical point”, the effects of spatial heterogeneities are significant, which can lead to up to 1.8 orders
of magnitude lower macrocapacity and macrorates compare to the Mixed patterns.

3.5 Length scale effects

Figure 3.6. Cr(VI) sorption parameters as a function of column length (A) L (B) and connectivity
(CT95%) (C) at two 2lnK of 4.5 and 0.2. Red color is the data obtained from column length longer than
10 cm with the same CLL of 2.8 cm. Gray and black color are data obtained from column length of 10
cm with different L.
Heterogeneities occur over a wide range of length scales (Fiori and Jankovic, 2012; Leung and
Srinivasan, 2012; Navarre-Sitchler and Brantley, 2007; Vogel and Roth, 2003; White and Brantley,
2003a). The effects of column length ranging from 10 -100 cm with the same absolute correlation
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length (CL) on Cr(VI) sorption behavior are investigated (Figure 3.6A). All C values increase with
increasing column length, and are close to one when column length is longer than 40 and 80 cm for
2lnK of 4.5 and 0.2, respectively. That means the effects of spatial heterogeneities become less
significant as the length scale increases. CL could be considered as the size of clustered illite zone
(Bruderer-Weng et al., 2004; Heidari and Li, 2014a). The size of illite zone at CLL 2.8 cm is large for
column of 10 cm, which is 28% of the entire domain size. However, it becomes small for column of
100 cm, which is only 2.8% of the entire domain size. Therefore, the role of spatial heterogeneities is
less significant for longer columns. The L and CT95% were calculated and compared with the data
obtained from 10 cm columns (Figure 3.6B and C). C values gained from long columns follow the
same trend as those from 10 cm columns, which indicates that no matter at what column lengths, C
values are equally as long as at the same L or CT95% values. Therefore, both L and connectivity are
good quantitative measures for heterogeneity characteristics. The larger the L and connectivity, the
lower the sorption macrocapacity and macrokinetics.

4. Conclusion
This work provides mechanistic and quantitative understanding on the effects of mineral
distribution patterns in determining Cr(VI) sorption macrocapacity and macrokinetics. Two
quantitative measures of heterogeneity characteristics, relative longitudinal correlation length (L) and
connectivity, exert significant controls on sorption macrocapacity and macrokinetics. The effects of
spatial heterogeneities become more important as increasing L and connectivity, which can lead
macrocapacity and macrorates up to 1.8 orders of magnitude lower than the well mixed patterns. The
significance of spatial heterogeneities in determining sorption process decreases with increasing
length scales, as local heterogeneities become negligible when are viewed from a large domain size.
Connectivity is the key control in regulating sorption process, which provides the potential to estimate
the containment fate and transport at various geological conditions across scales. These results have
the added benefit of creating a database of sorption kinetics as a function of correlation length and
connectivity, which can be used to test upscaling methodologies.
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Chapter 4 The effects of mineral spatial patterns on carbonate mineral
dissolution rates under various reactivity conditions

1. Introduction
Carbonate is one of the most abundant minerals on earth. Carbonate dissolution and precipitation
plays a critical role in regulating global carbon cycles, chemical weathering, and earth system
evolution (Cubillas et al., 2005; Godderis et al., 2013; Godderis et al., 2010; Hamzaoui-Azaza et al.,
2011; Jordan and Rammensee, 1998; Zhu and Schwartz, 2011). Carbonate dissolution is also
important in understanding and coming up with engineering strategies for energy production and
environmental related issues, including, for example,

neutralization of acidic lakes and matrix

acidification for opening up pore space for energy production (Fredd and Fogler, 1998; Huh, 2003;
Liu, 2001; Perrin et al., 2008; Torres et al., 2014). Carbonate reaction kinetics have been studied
extensively in well-mixed laboratory systems where mass transport limitation is eliminated. Chemical
weathering data collected in natural systems under natural conditions, however, document 2- 6 orders
of magnitude lower rates than those observed in well-mixed systems (Maher et al., 2006;
Swoboda-Colberg and Drever, 1993; White and Brantley, 2003b; Zhu et al., 2010).
Earlier studies have attributed this significant rate discrepancy mostly to laboratory-field
differences in, for example, pH and temperature conditions, reactive surface area, time scales of
reactivity, clay coating on surface, closeness to equilibrium (Alkattan et al., 2002; Maher, 2010; White
and Brantley, 2003b; Zhu et al., 2010). Two processes primarily controlled the kinetics of mineral
dissolution at different pH (De Giudici, 2002; Velbel, 2004; Yadav et al., 2008). The reactive surface
area of mineral in natural field is hard to estimate, usually orders of magnitude lower than the
measurement of freshly ground powder. This is not only due to the age of the reacting material or
physical and organic covering during weathering processes, but also due to the heterogeneous
distribution of different minerals (Anbeek, 1993; Luttge et al., 1999; Rimstidt et al., 2012; White and
Peterson, 1990; Wogelius et al., 2007).
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The natural subsurface is spatially heterogeneous at all scales due to the variations in lithology,
sedimentation history (Jin et al., 2011; Landrot et al., 2012; Peters, 2009). The role of physical
heterogeneity in governing mixing and spreading of conservative solutes has received considerable
attention in the last four decades (Dagan, 1990; Gelhar, 1986; Rolle et al., 2009; Willingham et al.,
2008; Willmann et al., 2008; Zinn et al., 2004). Various models have taken into account the
heterogeneity effects, including the Continuous Random Walk (Berkowitz et al., 2006), fractional
Advective-Dispersion equations (Benson et al., 2000), dual-porosity models (Larsson and Jarvis, 1999)
and among others (Heidari and Li, 2014b). The role of physico-chemical heterogeneity, however, has
received much less attention until recently (Navarre-Sitchler et al., 2013; Wang and Li, 2015; Werth et
al., 2010; Willingham et al., 2008; Zhang et al., 2010a). Molins et al. (Molins et al., 2012a) found that
the dissolution rates are dependent on flow pattern, which in its turn is dependent on spatial
heterogeneity of the media. Unstable dissolution fronts and wormhole development were caused by
mineral spatial distribution (Smith et al., 2013).
Our previous studies have explored the role of spatial heterogeneity on magnesite dissolution
rates at pH 4.0. A measured maximum rate ratio of 0.37 was observed between the flow-parallel
One-zone and Mixed columns at high flow velocity of 18.0 m/day (Li et al., 2014b; Salehikhoo and Li,
2015; Salehikhoo et al., 2013). However, the observation was only applicable for magnesite at pH 4.0.
The effects of mineral spatial patterns on dissolution rates under other mineral reactivity conditions
such as pH, surface area and mineral type are still unknown.
This work examined the effects of spatial heterogeneities on carbonate dissolution rates under a
variety of flow, pH, and permeability contrast conditions. Calcite was chosen due to its abundance and
similar kinetic reactions to magnesite. In particular, the objective is 1) to systemically quantify how
and to what extent the mineral reactivity (pH, BET surface area and rate constants) in governing
calcite dissolution rates at different calcite spatial patterns 2) to identify the key conditions under
where the effects of spatial heterogeneities are important.
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2. Methodology
Column experiments and reactive transport modeling were used to investigate the role of spatial
heterogeneities on calcite dissolution rates under various flow and geochemical conditions. The
procedure largely follows our previous work on magnesite dissolution (Li et al., 2014b; Salehikhoo
and Li, 2015). Two patterns, the Mixed column and 1-zone column, were packed with three
permeability contrasts (Table 4.1). The columns were carried out under various pH and flow velocity
conditions. The 2D reactive transport modeling was performed using CrunchFlow to simulate the
column set-up and to extrapolate the model under a wide range of reactivity conditions.

2.1 Column Experiments
Material preparation. The purity of calcite rock samples from Ward’s Natural Science) was
confirmed using X-ray Diffraction (XRD) analysis with no other detectable crystalline phases.
Inductively Couple Plasma Atomic Emission Spectroscopy (ICP-AES) analysis was used to analyze
the dissolved sample. Some insignificant contaminants were identified, including 0.17% weight
percentage of magnesite, 0.05% of sodium, 0.05% of strontium, and 0.001% of aluminum. Calcite
rock was manually ground into small grains for column packing. Sand was used as unreactive mineral.
Calcite and sand grains were sieved separately through the appropriate meshes to obtain the target
grain sizes (Table 4.1). The minerals were then washed with 1% HCl for several seconds to clean the
surfaces and to remove impurities, followed by excessive washing using deionized water until pH
reaching 7.0. After drying at 60 oC in an oven (VWR symphony 414004-552) for 12 hours, calcite
was sieved again for the proper size. The surface areas of calcite and quartz in different sizes were
measured using the Brunauer-Emmett-Teller (BET) method (Micromeritics ASAP-2020 surface
analyzer).
Mixed and 1-zone columns. Cylindrical columns with diameter of 2.5 cm and effective length
of 10.0 cm were used in this study. A total of six columns were packed with two sets of calcite spatial
distribution patterns. One is the Mixed column, which has calcite uniformly distributed within the
quartz matrix and therefore represents a homogeneous column; the other is the 1-zone column, which
has calcite in a cylindrical zone (with a diameter of 1.1 cm) in the center of the column in the
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direction parallel to the main flow. The 1-zone column represents a heterogeneous column with all
calcite clustered in one zone. Three permeability ratios between calcite and quartz (ratio,Ca/Qtz of 1.0,
0.78 and 0.5) were obtained by using different calcite and quartz grain sizes. For ratio,Ca/Qtz of 1.0,
calcite and quartz had the same grain size of 225-350 µm. For ratio,Ca/Qtz of 0.78 and 0.5, the calcite
gain size was between 125-150 µm and the quartz size was 297-350 µm and 420-500 µm, respectively.
A “wet packing” procedure was used in column preparation (Minyard and Burgos, 2007), as detailed
in our previous work (Li et al., 2014b).
Determination of porosity and permeability. The average porosity, ave, of each column was
determined by the ratio of the water volume used during packing to the overall volume of the column.
The pressure gradients between the bottom and the top of each column were measured with Crystal
Engineering differential pressure gauge (XP2i-2P) at three different flow velocities: 0.1, 3.0, and 18.0
m/d. Each flow velocity was maintained constant for 15.0 minutes to achieve a stable pressure reading
with maximum variation of 0.005 psi. The effective permeability, keff, of each column was determined
using Darcy’s law based on the measured flow velocities and pressure gradients. In case of the 1-zone
columns, the porosity and permeability of calcite and quartz zones were measured using columns
contained pure calcite and pure quartz with their corresponding grain sizes. All values are shown in
Table 4.1.
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Table 4.1. Physical properties of the columns
ratio, Ca/Qtz = 1.0

1

ratio, Ca/Qtz = 0.78

ratio, Ca/Qtz = 0.50

Schematics
Columns

Mixed

1-zone

Mixed

1-zone

Mixed

1-zone

Calcite (gram)

14.62

14.62

12.57

12.57

12.57

12.57

Quartz (gram)

76.10

76.80

76.70

75.70

81.37

75.98

Grain Size Calcite (μm)

225-350

225-350

125-150

125-150

125-150

125-150

225-350

225-350

297-350

297-350

420-500

420-500

0.115

0.115

0.24

0.24

0.24

0.24

0.008

0.008

0.016

0.016

0.016

0.016

BET SSA of Quartz (m /g)

0.41

0.41

0.35

0.35

0.10

0.10

4

AT Calcite (m2)

1.68

1.68

3.02

3.02

3.02

3.02

5

 ave

0.40

0.42

0.40

0.41

0.37

0.41

 Ca, 1-zone

-

0.52

-

0.56

-

0.56

-

0.38

-

0.36

-

0.36

Grain Size Quartz (μm)
2

2

BET SSA of Calcite (m /g)

3

2

GSA of Calcite (m /g)
2

 Qtz,1-zone
6

-13

2

8.20

-

6.72

-

5.96

-

-13

2

-

8.22

-

5.50

-

5.50

-13

2

kQtz,1-zone (10 m )

-

8.12

-

7.00

-

11.0

7

0.20

0.05

0.05

0.20

0.50

0.05

8

-

0.01~0.025

-

0.007~0.018

-

0.005~0.027

keff (10 m )

kCa,1-zone (10 m )
aL (cm)
aT (cm)

The schematic figures of the Mixed and 1-zone columns, calcite is in white color and quartz is in sand.
1

ratio, Ca/Qtz =the permeability ratio of calcite over quartz.

2

BET SSA: measured BET Specific surface area.

3

GSA: Geometric surface area is calculated as 3/(dr), d stands for solid density (g/m3) and r is the particle radius

(m) (Brantley and Mellott, 2000; Cubillas et al., 2005), the GSA of calcite is about 1.2 orders of magnitude smaller
than BET SSA.
4

AT: Total surface area is calculated by SSA times total mineral mass.

5

ϕave, Ca, 1-zone and Qtz,1-zone: average porosity, porosity of calcite zone and porosity of quartz zone in the 1-zone

column, respectively.
6

keff, kCa,1-zone and kQtz,1-zone: effective permeability, permeability of calcite zone and permeability of quartz zone in

the 1-zone column, respectively.
7,8

L and T are the local longitudinal and transverse dispersivity defined in Equations (2) and (3), respectively.

They were obtained by 2D reactive and non-reactive transport simulations. For the Mixed column, T does not
have impact on Br and Ca(II) breakthrough so no values were obtained. For the 1-zone column, the T values
are decreased with increasing flow velocities.
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Dispersivity determination from bromide tracer test. A bromide solution with 1.22×10-4 mol/L
NaBr and 1.0×10-3 mol/L NaCl was used as the inlet solution. The pH level of 8.8 was used to
eliminate calcite dissolution during the tracer study. The inlet solution was pumped through the
column in upwards direction by a syringe pump (Harvard Apparatus MA1 55-5920) at the flow rates
of 18.5 m/d. Effluent samples were collected every 0.2 residence time from 0.10 to 3.0 residence
times and Br concentrations were analyzed by Dionex ICS2500 Ion Chromotography (IC). The
experimental data were then simulated by two-dimensional advection and dispersion equation (ADE,
shown later in Equation (1) however without the reaction term) using the reactive transport code
CrunchFlow (Steefel and Lasaga, 1994). The columns were set up using physical properties in Table
4.1 and initial solution conditions in Table 4.2. The longitudinal dispersivity (L) was obtained by the
best fit to the Br breakthrough data, and the transverse dispersivity (T) was further determined by
Ca(II) breakthrough data.
Calcite dissolution experiment. The set-up of dissolution experiments is similar to the above
described tracer study except with a few differences. The inlet pH conditions of 4.0 and 6.7 were used
for the columns with ratio,Ca/Qtz of 0.5. Other two sets were only run at inlet pH of 4.0. Five flow
velocities of 0.1, 0.31, 3.6, 7.2 and 18.5 m/d were carried out for columns at pH 4.0 (columns with
ratio,Ca/Qtz of 1.0 did not run at 0.1 m/d). The columns at pH 6.7 were run at three flow velocities: 0.1,
3.6 and 18.5 m/d. A total number of 34 experiments were carried out. The inlet and initial solution
compositions are listed in Table 4.2. Prior to dissolution experiments, each columns were flushed with
10-3 mol/L NaCl solution at pH 8.8 at 18.0 m/d to flush out pre-dissolved Ca(II) for a relatively
uniform starting point. During each run, 15 samples were collected between 0.30 and 10 residence
times. The Ca(II) concentration was later analyzed using ICP-AES.
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Table 4.2. Initial and boundary concentrations, chemical reactions and kinetic parameters
Species
pH

Initial Concentrations

Inlet Concentrations

(mol/L, except pH)

(mol//L, except pH)

8.8

4.0 for all columns and 6.7 only for ratio,Ca/Qtz at
0.5 (in dissolution experiment)
8.8 (in tracer experiments)
-3

Total Inorganic

1.0×10 (Approximate, close to

1.0×10-10 to 1.0×10-5 (depending on

Carbon (TIC)

equilibrium with calcite)

experimental conditions, some contain CO2
bubbles)

Ca(II)

-5

-4

Varies between 1.0×10 to 1.5×10 ,

1.0×10-20

depending on experimental conditions
1.0×10-3

Na(I)

1.0×10-3 (in dissolution experiment)
1.12×10-3 (in tracer experiments)

Cl(-I)

1.0×10-3

1.0×10-3

Br(-I)

1.0×10-20

1.0×10-20 (in dissolution experiments)
1.22×10-4 (in tracer experiments)

SiO2(aq)

1.0×10-10

1.00×10-10

Kinetic reactions

Log Keq

kCa (mol/m2/s)

SSA

Calcite

Calcite

(m2/g)
Calcite

CaCO3 (s)  H   Ca 2  HCO3

1.85

1.0×10-2

CaCO3 (s)  H 2CO30  Ca 2  2 HCO3 (2)

-

5.62×10-6

CaCO3 (s)  Ca 2  CO32

-

7.24×10-9

(1)

(3)

0.115a
0.240b

Reaction (1) dominates when pH < 6.0; reaction (3) dominates at higher pH conditions; reaction (2) are
important under CO2-rich conditions. The rate constants for magnesite are 6.20×10-5, 5.25×10-6 and
1.00×10-10 for reactions (1)-(3), respectively. The BET surface areas are 1.807 and 2.04 m2/g for grain
size between 354 to 500 µm and between 297 to 354 µm, respectively (Li et al., 2014b; Salehikhoo and
Li, 2015).
a
Measured BET SSA for the larger calcite grain size between 225-350 µm
b
Measured BET SSA for the smaller calcite grain size between 125 to 250 µm

2.2 Reactive transport modeling
Reactive transport equations. Two-dimensional (2D) reactive transport modeling was
performed using CrunchFlow (Steefel and Lasaga, 1994) for all columns to represent one vertical
slice of the 3D column. Species are categorized into primary or secondary species, with the former
being the building blocks of the system chemistry while the secondary species can be expressed in
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terms of the primary species through laws of mass action (Lichtner, 1985). Here Ca2+, H+, SiO2(aq),
Cl-, Br-, and CO2(aq) were designated as primary species and other species, including HCO3-, CO32-,
OH-, CaHCO3+, CaCO3(aq), were set as secondary species. The inlet CO2(g) concentrations varied for
different experiments, primarily because CO2(g) could be introduced into the system when the inlet
solution was pulling into the syringe. The initial Ca2+ concentrations are also different as various
amounts of dissolved Ca2+ presented at the beginning of the dissolution process even though the
columns were flushed prior to the experiments.
The reactive transport equation follows the mass conservation principles. For Ca2+, its governing
equation is as follows:

(CCa( II ) )
t

 ( DCCa( II )  vCCa( II ) )  rCaCO3  0

(1)

where CCa(II) is the total concentration of all Ca2+ - containing species (mol/m3 pore volume); t is time
(s); v (m/s) is the flow velocity vector and can be decomposed into vz and vx in the directions parallel
and transverse to the main flow, rCaCO3 is the calcite dissolution rate (mol/m3 pore volume/s); D is the
combined dispersion–diffusion tensor (m2/s), at any particular location (grid block), their
corresponding diffusion / dispersion coefficients DL (m2/s) and DT (m2/s) are calculated as follows:

DL  D*   L vz

DT  D*   T vx

(2)

where L and T are the longitudinal and transverse dispersivity (m); D* is the effective diffusion
coefficient in porous media (m2/s):
D*   n D0

(3)

where ϕ is the porosity, n is the cementation factor with a value of 1.0, and D0 is the molecular
diffusion coefficient in water, a median value of 6.34×10-10 m2/s from among the diﬀusion coeﬃcient
of all species were used (Li and Gregory, 1974).
Calcite dissolution rate rCaCO3 (mol/m3 pore volume/s) follows the Transition State Theory
(TST)-based rate law based on three parallel reactions as shown in Table 4.2 (Chou et al., 1989):
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 IAP 
rCaCO3  (k1aH  k2aH CO*  k3 )A 1 


2
3
Keq 


(4)

where k1 , k 2 and k 3 are the rate constants (mol/m2/s) for their corresponding reactions, aH+ and
aH2 CO∗3 are the activities of the hydrogen ion and carbonic acid, A is surface area of calcite (m2 / m3
pore volume), IAP is the ion activity product defined as aCa2+ aCO2−
, and Keq is the equilibrium
3
constant. The ratio IAP/Keq quantifies the distance from equilibrium. The aqueous reaction equilibrium
constants were derived from EQ3/6 database (Wolery and al., 1990).
A higher equilibrium constant results in higher effluent Ca(II) concentration. A value of log
Keq=1.85 was adjusted at the lowest flow velocity of 0.1 m/d when the residence time was long
enough for calcite to reach equilibrium, which is close to the value in literature (Ellis et al., 2011). All
three rate constants underwent adjustment in order to match the experimental data points, the values
are shown in Table 4.2. The calcite rate constants used in our work are almost two orders of
magnitude smaller than Chou’s work (Chou et al., 1989) (8.9× 10-1, 5.0× 10-4 and 6.5× 10-7
(mol/m2/s)), probably because they used geometric surface area that was more than one order of
magnitude lower than our measured BET surface area (Table 4.1).
The 2D simulation domain was evenly discretized into 400 grid blocks in z direction and 100
grid blocks in x direction. The grid size was 0.25 by 0.25 mm as it was the lowest resolution that
generated the same outputs as those using higher resolution. For the 1-zone column, the middle
11×100 grids were assigned for the calcite zone and the rest were for the quartz zone.
Total and effective surface areas. The total reactive calcite surface area AT (m2) was calculated
as a product of calcite BET surface area (m2/g) and the total calcite mass (g) used in the column.
Therefore, AT values were constant for columns with the same calcite grain size. The effective surface
area Ae (m2) is the surface area of calcite that is far from equilibrium. Here we defined Ae as a product
of BET area and effectively dissolved mineral mass where IAP/K eq was less than 0.1. The 0.1 was
chosen as the overall column-scale rates were most significantly controlled by the local rates with
IAP/Keq <0.1. The ratio Ae/AT defines the portion of the effectively-dissolving surface area.
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2.3 Quantification of calcite dissolution rates at different scales
Local dissolution rate rCaCO3,i . The local dissolution rate rCaCO3,i (mol/m3/s) at each
individual grid block i was calculated based on Equation 4, and was obtained from modeling results.
Column-scale dissolution Rate. The column-scale reaction rate RCaCO3,B (mol/s) is applicable
when the column reaches a steady-state condition after approximately five residence times. The
parameters were calculated by:
RCaCO3 ,B  QT [CCa (II),out -CCa (II),in ]

(5)

where QT is the total flow rate (L/s), CCa(II),out and CCa(II),in are the effluent and influent Ca2+
concentrations, respectively (mol/L). For easy comparison with magnesite, the column-scale total
surface area normalized dissolution rate RCaCO3 (mol/m2/s) was calculated:

RCaCO3 

RCaCO3 ,B
AT

(6)

To quantify the effects of calcite distribution patterns on calcite dissolution rates, β Z/M is defined
as a ratio of bulk-scale dissolution rates for 1-zone columns RCaCO3,B,Z to their corresponding Mixed
Columns RCaCO3,B,M: .

Z /M 

RCaCO3 ,B ,Z
RCaCO3 ,B ,M

(7)

Large deviation of βZ/M values from unity indicates large differences between the 1-zone and Mixed
columns and therefore more significant role of spatial heterogeneities.

2.4 Modified Damkohler number, DaI’
The Damkohler number, DaI, is introduced to characterize the relative effects of advection and
dissolution processes in the system. It determines whether advection or chemical reaction is the
dominant activity in the column. The parameter is a ratio of the residence time τadv and the time
required for the system to reach equilibrium τr . To best quantify the relationship between RMgCO3 and
DaI for all columns, a modified DaI’ was defined as:
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Da I ' 

Ae,M
Ae,Z

L
 adv
v /
DaI 

Ae,Z
Ae,Z V pCeq ,Ca
r
Ae,M
Ae,M RCaCO3 ,B

(8)

where L is the length of the column (m); v is the average flow velocity (m/s);  is the porosity; VP is the
total pore volume in the column (m3), Ceq,Ca is the equilibrium concentration of calcium (mol/m3)
(approximately 2.210-7 mol/m3 in this work), RCaCO3,B is the column-scale dissolution rate (mol/s); the
ratio Ae,Z/Ae,M is a correction factor for the 1-zone columns, and was approximated equal to the bulk
rate ratio RMgCO3,B,Z /RMgCO3,B,M, based on the linear relationship between the bulk rates and the Ae/AT.

3. Results and discussions
3.1 Column physical properties.
Physical properties of the six columns varied due to different mineral grain sizes and calcite
distribution patterns (Table 4.1). The permeability ratios between calcite and quartz zones, ratio, Ca/Qtz,
were found to be 1.0, 0.78 and 0.5 for the three different column sets. The total surface area (AT) is
1.68 and 3.02 m2 for calcite grains of 225-350 µm and 125-150 µm, respectively. The average
porosity is similar for the six columns expect the lowest value of 0.37 in the Mixed column with ratio,
Ca/Qtz of

0.5. The effective permeability of the Mixed columns varies between 5.96 and 8.20×10-13 m2,

with larger grain size contrast leading to lower effective permeability of the column. That is because
small calcite tend to fill in the pore space between large quartz grains (Heidari and Li, 2014b).
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Figure 4.1. (A) Experimental (symbols) and 2D transport modeling (lines) breakthrough curves
(BTCs) of Br at 18.5 m/d for columns with ratio, Ca/Qtz of 1.0 and 0.5. The CBr/CBr,0 is the ratio of the
effluent and inlet Br concentration. The Br curves for columns with of ratio, Ca/Qtz 0.78 fall between
that of 1.0 and 0.5, and are not shown here. The Br BTC tails are more significant for the 1-zone
column with higher permeability contrast. (B) Predicted spatial profiles of local flow velocities at 18.5
m/d. The flow velocity ratio between calcite and quartz zone is consistent with ratio, Ca/Qtz.
Dispersivity. The bromide breakthrough curves (BTCs) of the columns are shown in figure 4.1A.
For column set with ratio, Ca/Qtz of 1.0, the Br BTC of the Mixed and the 1-zone column almost overlap
with the classic shape of BTC for homogeneous columns. However, for column set with ratio, Ca/Qtz of
0.5, the tail in the 1-zone column is much longer compared to that in the Mixed column. The 2D ADE
equation reproduces the data well. The Mixed column with ratio, Ca/Qtz of 0.5 has a higher L value of
0.5 cm than that with ratio, Ca/Qtz of 1.0. The L values for the 1-zone columns vary from 0.05 to 0.2 cm,
with some lower than their corresponding Mixed column. For the 1-zone columns, higher permeability
contrast leads to longer tails. The transverse dispersivity T values have relatively negligible impacts
on Br BTCs (Ballarini et al., 2014) and decreases as flow velocity increases (Hochstetler et al., 2013;
Rolle et al., 2009).
The 2D flow velocity distributions for each column are shown in figure 4.1B. Flow velocities are
uniformly distributed in the Mixed column. In the 1-zone column, the ratios of the flow velocities in
the low and high permeability zones are consistent with their permeability contrasts. The flow
velocities for the 1-zone columns with ratio, Ca/Qtz of 1.0 are uniform while those in the calcite zone is
about half of those in the quartz zone in the 1-zone columns with ratio, Ca/Qtz of 0.5.
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Figure 4.2. Experimental and modeling output of Ca (II) dissolution curves at 3.6 m/d for the Mixed
(open symbols) and 1-zone (filled symbols) columns under ratio,Ca/Qtz of 1.0, 0.78, and 0.5 at pH 4.0
and under ratio,Ca/Qtz of 0.5 at pH 6.7.

3.2 Calcite dissolution: the role of pH and permeability contrast
Calcite dissolution BTCs at inlet pH of 4.0 and 6.7 at 3.6 m/d are presented in figure 4.2. The
Ca(II) reaches a steady state at around 3 pore volumes for all the columns. At the inlet pH of 6.7, the
steady-state concentrations are much lower than that at the inlet pH of 4.0 for both Mixed and 1-zone
columns. At the inlet pH of 4.0, all Mixed columns have similar Ca(II) steady-state concentration of
1.8×10-4 mol/L. For the 1-zone columns, the Ca(II) steady state concentrations deviate from each
other and column with ratio, Ca/Qtz of 0.5 has the lowest concentration.
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Figure 4.3. (A) bulk dissolution rate and ratio between 1-zone and Mixed columns,  Z/M, as a function of
pH for columns with ratio,Ca/Qtz of 0.5 at 3.6 m/d. (B) Calculated surface area ratio as a function of pH.
Note that Ae is the surface area of ANY calcite grains in dilute solution with IAP/K eq < 0.1. (C)
Predicted spatial profiles of pH (first row), IAP/Keq (second row), and local dissolution rate (third row)
in the Mixed and 1 zone column for pH 3.0 and 7.0 at steady state.
To further explore the effects of calcite spatial patterns on dissolution rates at a wide pH
conditions, more simulations were run using the parameters obtained from column set with ratio, Ca/Qtz
of 0.5 (largest differences were found between the Mixed and 1-zone columns). The bulk dissolution
rate, RCaCO3,B, decreases sharply when pH increases from 3.0 to 4.0 and reaches constant values after
pH 5.0 for all columns (Figure 4.3A). The 1-zone columns have lower RCaCO3,B than the Mixed
columns for all pH conditions. Rate ratio, Z/M, maintains at a constant value of around 0.4. The Ae/AT
ratio represents how much total surface area is eﬀectively dissolved, which follows similar trends as
RCaCO3,B (Figure 4.3B). At pH 3.0, large portions of 51% and 20% of AT are effectively dissolved for
the Mixed and 1-zone column, respectively. At pH 7.0, Ae/AT ratios are much lower, and almost zero
for the 1-zone column. At low pH of 3.0, reaction 1 dominates the overall dissolution rates. The H+
activity, aH+ , is as high as 10-3 mol/L, which promotes the reaction to the right direction (Arvidson et
al., 2003; Dolgaleva et al., 2005; Siagi and Mbarawa, 2009). Therefore, more calcite is effectively
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dissolved at lower pH.
Figure 4.3C portrays the predicted 2D steady-state spatial proﬁles of pH, IAP/Keq, and local
dissolution rate for the Mixed and 1-zone columns at inlet pH of 3.0 and 7.0. At pH 3.0, the local pH,
IAP/Keq are lower, and local dissolution rates are higher compare to those at pH 7.0 due to the higher
H+ activity at lower pH. The number of grid blocks with IAP/Keq < 0.1 is higher at lower pH,
indicating more calcite is effectively dissolved at pH 3.0. For the Mixed columns, pH and IAP/Keq
values increase along the main flow, while the local rates decrease. For the 1-zone columns, local
dissolution rates are higher at the calcite-quartz interface and the inlet portion. This indicates that only
the calcite grains located at the calcite-quartz interface and the inlet portion are effectively dissolved
due to the mass transfer limitation. Although pH plays a vital role in determining RCaCO3,B, it has
negligible impact on rate ratios, Z/M, which may be influenced by flow velocity (Li et al., 2014b;
Salehikhoo et al., 2013).

3.3 Under what conditions spatial heterogeneities are important?

Figure 4.4. Effects of pH and flow velocity on bulk dissolution rate, RCaCO3,B, and rate ratio, Z/M for
columns with ratio,Ca/Qtz of 0.1 (A and B) and 0.01 (C and D).
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Effect of pH and flow velocity. The effect of pH on calcite dissolution rates was simulated at a
broad range of flow velocity from 10-2 to 103 m/d. At inlet pH of 3.0, the bulk dissolution rate,
RCaCO3,B increases linearly with flow velocity for both Mixed and 1-zone columns (Figure 4.4A). At
inlet pH of 7.0, RCaCO3,B values are lower than that of pH 3.0. When flow velocity is higher than 10.0
m/d, RCaCO3,B values deviate from the linear trends and reach the same values at 103 m/d for the two
columns.
The rate ratio, βZ/M, indicates the significance of spatial patterns on dissolution rates. The larger
deviation of βZ/M from one, the more significant effects of spatial heterogeneities. All βZ/M values
decrease from 1.0 to 0.25 when flow velocity increases from 10-2 to 10.0 m/d for all pH conditions
(Figure 4.4B). After 10.0 m/d, βZ/M values diverge for different pH conditions. For pH 3.0, βZ/M values
remain at the value of 0.25, while for pH 7.0, βZ/M values increase again and reaches 1.0 at 103 m/d.
The values for pH 5.0 fall between these two pH conditions. The effects of spatial patterns on
dissolution rates are most significant under medium flow velocities, and the flow range is defined as
“critical” flow region. At pH 7.0, the “critical” flow region is very narrow, only at the flow velocity of
10 m/d. At pH of 3.0, a broad “critical” flow region ranging from 10 to 103 m/d is observed.
Under high flow velocity at pH 7.0, the system is kinetic controlled where transport has no
limitation. The distribution of aqueous geochemistry is relatively uniform for the 1-zone column, so
the difference between the Mixed and 1-zone column is small. For low pH of 3.0, however, the local
dissolution rates are still high due to the high H+ activity. Therefore, even at high flow of 103 m/d, the
system is still limited by mass transport caused by spatial heterogeneities. That is why the “critical”
flow region is broader at lower pH conditions. Under low flow velocity conditions, the residence time
is long enough for flow to diffuse the middle calcite zone in the 1-zone column to reach equilibrium,
so the effects of spatial distributions are less significant no matter at what pH conditions (Li et al.,
2014b; Salehikhoo et al., 2013).
In the natural subsurface, permeability contrasts between different zones often vary by orders of
magnitude (Koltermann and Gorelick, 1996). The RCaCO3,B and βZ/M values for columns with ratio, Ca/Qtz
of 0.01 are lower than those with ratio, Ca/Qtz of 0.1. This is expected as large permeability contrast
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further limits the mass transport between calcite and quartz zones, and results in more significant role
of spatial heterogeneities.

Figure 4.5. The effects of SSA and flow velocity on column-scale reaction rate and rate ratio, Z/M (B) at
pH 4.0 (A and B) and 7.0 (C and D) for columns with ratio,Ca/Qtz of 0.1. Decreasing rate constants, k,
shows the same results as decreasing the same order SSA.
Effect of mineral surface and rate constants. In the natural subsurface, the reactive surface
area of minerals is usually much lower than BET measurement, which depresses the mineral
dissolution rates to orders of magnitude (Anbeek, 1993; Luttge et al., 1999; Rimstidt et al., 2012;
White and Peterson, 1990; Wogelius et al., 2007). At pH 4.0, the effect of SSA on RCaCO3,B is similar as
pH effect (Figure 4.5A). The RCaCO3,B values increase linearly with flow velocity for columns with
large SSA, but gradually reach a constant value for columns with small SSA. The larger the SSA, the
higher the RCaCO3,B values. All βZ/M values decrease with flow velocity and then increase again (Figure
4.5B). The “critical” flow region is narrow for calcite with small surface area, and becomes broad as
surface area increases.
At pH 7.0, all βZ/M values decrease with flow velocity and then increase again (Figure 4.5D).
However, the “critical” flow region shifts from 10 m/d to 0.1 m/d as SSA decreases to 10-2 SSA. The
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βZ/M value at the “critical” flow region is 0.64 for 10-2 SSA compares to that of 0.25 for SSA,
indicating less significant impacts of spatial heterogeneities on calcite dissolution rates for calcite with
small surface area. That is because the local dissolution rate is lower for minerals with smaller surface
area, which moves the kinetic controlled regime to slow flow velocities.
The effect of rate constants is not shown here, as it has similar results as surface area effect based
on equation (4). Fast dissolving minerals have high rate constant values. For slow dissolving minerals,
the effects of spatial heterogeneities are less significant, and the “critical” flow region is narrow and
locates at low flow velocities.

3.4 Comparison between calcite and magnesite

Figure 4.6. Comparison of rate ratio, Z/M, between calcite and magnesite under different flow velocity,
pH and permeability contrast conditions. Solid lines are the experimental data, dash lines represent the
data from simulation. The rate ratios decrease with increasing flow velocity, and then increase again.
The effects of spatial patterns are most significant at medium flow regime with high permeability
contrast conditions.
Calcite and magnesite are both carbonate minerals with similar molecular structure and kinetic
reactions. Therefore, βZ/M values for calcite (obtained from this work) and magnesite (obtained from
our previous work (Li et al., 2014b; Salehikhoo et al., 2013) under different conditions are compared
in figure 4.6. The rate constants of calcite are 2.21 orders of magnitude higher than those of magnesite,
but the SSA of calcite is one order of magnitude lower than that of magnesite (Table 4.2). The local
dissolution rate rCa is eventually one order of magnitude higher than rMg. The experimental data were
calculated under flow velocity varies from 0.015 to 18.5 m/d at inlet pH 4.0. More βZ/M values were
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obtained by simulation for easy viewing the overall trend. All βZ/M values decrease with flow velocity
and then increase again for both calcite and magnesite. At pH 4.0, a broad “critical” flow region is
observed for both calcite and magnesite due to high H+ activity. At 10 m/d, the lowest βZ/M values are
found for columns with high ratio, Ca/Qtz. For permeability ratio of 0.01 at pH 7.0, βZ/M values further
deviate from 1.0. The “critical” flow region for magnesite is narrower than calcite and locates at low
flow velocities due to its slower dissolution rates. The results indicate that for slowly dissolved
minerals under natural subsurface pH conditions (6.7), the “critical” flow region is relative narrow,
and occurs at low flow velocities.
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Figure 4.7. (A) Ae/AT as a function of flow velocity under different spatial patterns, permeability
contrast, and pH conditions. (B) The total surface area-normalized column-scale rate, RCaCO3,B, as a
function of Ae/AT for calcite and magnesite. Surface area and rate are normalized by total surface area to
eliminate the original difference in AT in different columns.
Dependence of column-scale rates on effective surface area Ae. The Ae/AT ratios increase with

flow velocity for both calcite and magnesite (Figure 4.7A). Under the same flow velocity, magnesite
has higher Ae/AT ratios than calcite. Calcite dissolves faster than magnesite, so it reaches equilibrium
earlier and less surface area is effectively dissolved. For calcite, the Mixed columns have the highest
Ae/AT values, and followed by the 1-zone columns with high permeability ratios. The total
area-normalized column-scale rates show positive linear relationship with Ae/AT (Figure 4.7B). With
the same Ae/AT, calcite has higher dissolution rates than magnesite due to its faster intrinsic kinetics.
The slopes of 10-7.51 and 10-9.45 mol/m2/s are relative higher than the k3 values of 10-8.14 and 10-10
mol/m2/s for calcite and magnesite, respectively (Table 4.2 reaction (3)). Reaction (1) may also
contribute to the dissolution rates for some conditions.
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Figure 4.8. (A) Total area-normalized column-scale rate RCaCO3 (mol/m2/s) as a function of DaI under
different spatial patterns, flow velocity, and pH conditions (B) Column-scale rates of calcite and
magnesite as a function of the modified Damkohler number (DaI’).
Modified Damkohler number. Damkohler number DaI is used to characterize how quickly the
advection with respect to the reaction progression. As discussion in our previous work (Li et al.,
2014b; Salehikhoo et al., 2013), Three regimes were observed: 1) DaI < 0.25, kinetic controlled
regime where the dissolution rate is essentially determined by its intrinsic kinetics and does not
change signiﬁcantly with flow velocity or DaI; 2) 0.25 < DaI < 1.0, transport-controlled regime where
the advection and dissolution rate are comparable and the logarithms of the rates linearly depend on
DaI; 3) DaI > 1.0, equilibrium regime where the system reaches equilibrium and is not affected by
advection. For calcite, all the experimental data are located in the transport-controlled regime (Figure
4.8A). The DaI values in the 1-zone columns are smaller than those in the Mixed columns, as a longer
time is required for the 1-zone columns to reach equilibrium due to the mass transport limitation.
After DaI modification, the effects of spatial patterns for 1-zone columns are eliminated and all the
rates follow the linear regression line expect the data obtained at pH 7.0 (Figure 4.8B). An interesting
observation is that the calcite regression line is steeper than that of magnesite, which indicates that
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calcite dissolution will be transport-controlled by a wider flow region compares to magnesite. The
slop of the regression line is determined by mineral intrinsic kinetics, which is essentially determined
by reactivity such as pH, surface area and rate constants. Minerals with higher intrinsic kinetics have a
broader flow region where the system is dominated by transport.

4. Conclusion
This work systematically investigated the role of mineral spatial patterns on its dissolution under
various reactivity conditions. Mixed and 1-zone columns were packed with different permeability
ratios (ratio,Ca/Qtz) of 1.0, 0.78 and 0.5. A total number of 34 column experiments were performed at
inlet pH of 4.0 and 6.7 under the flow velocity from 0.1 to 18.5 m/d. A large range of reactivity
conditions were further simulated via reactive transport modeling, with 47 scenarios at different pH,
SSA and flow velocity conditions.
Calcite column-scale dissolution rates are low at low local dissolution rates conditions (high pH,
low BET surface area and rate constants) for both Mixed and 1-zone columns, with the 1-zone
columns have lower dissolution rates due to the mass transport limitation. The role of spatial patterns
is only significant under the “critical” flow region, and becomes negligible if the flow is too high
where the system is kinetic-controlled or too low where the system approaches equilibrium. Local
dissolution rate determines the extent and location of this “critical” flow region. At high local rate
conditions (pH<4, high surface area and rate constants), the “critical” flow region is broad and locates
at relatively high flow conditions (> 10 m/d), with the column-scale dissolution rates in the 1-zone
columns five times slower than those in the Mixed columns. At low local rate conditions (pH>7, low
surface area and rate constants), however, the “critical” flow region narrows down and moves to low
flow conditions, and the effects of spatial heterogeneities become less significant. The limitation
caused by spatial patterns on calcite dissolution is similar as our previous magnesite study (Li et al.,
2014b; Salehikhoo et al., 2013). However, calcite has a wider transport-controlled flow region than
magnesite due to its higher intrinsic kinetics. Identifying the key controls provide useful information
to study chemical weathering, element global cycle and the evolution of natural geological
environments.
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Chapter 5 Conclusions
The study of sorption and dissolution reactions in heterogeneous porous media is important in
many applications like environmental contaminant transport, migration of heavy metal,
bioremediation, chemical weathering, concrete degradation, mineral mining and geologic
sequestration of carbon dioxide. In the natural subsurface, minerals are often distributed with different
patterns. Even for a single mineral, physical properties such as permeability may differ spatially. The
effects of mineral spatial distributions on sorption and dissolution reactions were ignored in most
experimental studies, which leads to large discrepancies between field study and laboratory
measurements. In this work, the effects of illite spatial distributions on Cr(VI) sorption capacity and
kinetics and carbonate spatial distributions on its dissolution rates were systematically examined via
series of column experiments and numerical simulations.
Illite spatial patterns exert a significant control on Cr(VI) sorption macrocapacity and
macrokinetics, the role of which depends on permeability contrast and flow velocity. The data
indicates that chemical heterogeneity alone causes much less eﬀects than the coupled chemical and
physical heterogeneities. When illite has similar permeability as quartz (with Ill/Qtz being 0.67), illite
spatial patterns cause less variations on local flow velocity. As such, all sorption sites are accessible,
and the capacity and rates are very similar among different columns. However, when the illite
permeability is 2 orders of magnitude lower than that of quartz, the flow-parallel orientation column
(FP) has approximately an order of magnitude lower capacity and rates compared to the Mixed
column. Under low flow conditions, the effects of spatial patterns are significant due to the
diffusion-controlled mass transport limitation. Under high flow conditions, however, the differences
caused by spatial patterns are less significant due to the fast sorption rates and close to chemical
kinetic-controlled regime. The macrokinetic rates are 1-3 orders of magnitude lower than microkinetic
rates although macrocapacity can reach full sorption capacity under low flow conditions.
Two-dimensional reactive transport modeling was used to reproduce the experimental data and
an additional 48 numerical experiments were simulated to expand the model to a large range of
ratio,Ill/Qtz (10-4 to 0.9) and transverse dispersivity T (10-4 to 0.02 cm). The diffusion between the illite
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and quartz zones are controlled by two parameters, ratio,Ill/Qtz and transverse dispersivity T. The
smaller the ratio,Ill/Qtz and T, the lower the macrocapacity. Additional patterns with the same
permeability mean but different 2lnK (variance of lnK) of 4.5 and 0.2 were generated by Sequential
Gaussian Simulation (SGS) at different correlation lengths and column lengths. Relative longitudinal
correlation length (L) and connectivity are quantitative measures of spatial heterogeneities. Sorption
macrocapacity and macrorates decrease with increasing L and connectivity, and could be up to 1.8
orders of magnitude lower compare to those in the well mixed patterns at 2lnK of 4.5. The difference
between zonation and Mixed columns decreases as column length increases, and becomes negligible
when column is longer than 80 cm. Patterns with higher 2lnK of 4.5 have lower sorption capacity and
rates than that of 0.2 due to the larger mass transport limitation.
The effects of reactivity (pH, BET surface area and mineral type) on carbonate distribution rates
in the heterogeneous porous media were systematically quantified. Columns were packed with the
same total amount of calcite and quartz but two different patterns. A total of 34 flow-through
experiments on calcite dissolution were carried out using Mixed and 1-zone column at various
permeability ratio (ratio,Ca/Qtz) (0.5-1.0), flow velocity (0.1-18.5 m/d) and pH (4.0 and 6.7) conditions.
Reactive transport modeling was used to simulate the experimental data and to expand the model to a
large range of reactivity conditions.
Calcite dissolution rates in 1-zone columns are lower than those in the Mixed columns for all
conditions due to the mass transport limitation between calcite and quartz zones. Mineral spatial
patterns can affect mineral dissolution rates up to a factor of 5.0. Column-scale mineral dissolution
rates depend on reactivity (pH, surface area and mineral type), flow velocity and permeability contrast.
The effects of spatial heterogeneities are significant at a “critical” flow region where the reaction is far
from equilibrium or kinetic-controlled regimes. Local dissolution rate is essentially the key control in
determining the transport-controlled “critical” flow region. At high local rate conditions (pH<4, high
surface area and rate constants), the “critical” flow region is broad and locates at relatively high flow
conditions (> 10 m/d), and the dissolution rate ratios between 1-zone and Mixed columns could be as
low as 0.2. At low local rate conditions (pH>7, low surface area and rate constants), however, the
“critical” flow region narrows down and moves to low flow conditions, and the effects of spatial
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heterogeneities become less significant.
Implications. Although the rates of heavy metal sorption and mineral dissolution in well-mixed
small scale laboratory systems have been studied extensively, research on the effects of subsurface
characteristics and their key controls are still limited. This study highlights the importance of mineral
spatial patterns in determining sorption and mineral dissolution rates in the natural subsurface, which
is likely to provide new perspectives for resolving the long-standing lab-ﬁeld rate discrepancy. These
findings also provide potentially signiﬁcant implications for the interpretation of ﬁeld data, heavy
metal migration, reactive transport modeling, chemical weathering and global element (such as C, Ca
and Mg) cycle.
Cr(VI) sorption capacity and rates were observed up to 1.5 orders of magnitude difference in the
heterogeneous porous media. The insight gained here are also applicable for other heavy metals such
as As, Cu, Hg, Pb, Zn, and Cd. Low permeability clay lenses, such as those in FP PC columns,
commonly exist in the natural subsurface, which may explain the strikingly longer time needed for
groundwater remediation than the prediction based on laboratory measurement (Carroll et al., 2013;
Zachara et al., 2013). In these systems, macrocapacity can only reach a relatively small portion (11%)
of the overall microcapacity regardless of the flow condition. This implies that although natural
systems can have high sorbing potential, the low permeability prevents the contaminant-clay
interaction. As a result, contaminant may end up remaining mobile.
Numerical studies have emphasized the importance of connectivity and correlation length in
controlling solute transport, but none of them have been used to quantify sorption capacity and rates
in the heterogeneous porous media. In this work, connectivity and correlation length were first used as
quantitative measures to quantify sorption capacity and rates at different spatial patterns. These
ﬁndings may offer lower cost and less destructive alternatives to investigate controls of rates at large
scale systems. Instead of having the specific ﬁeld geological conditions, only connectivity values of
the filed are needed. As geological conditions are hard to obtain due to data scarcity or measurement
support effects. But connectivity could be easily calculated from tracer tests, which have been
conducted at various locations e.g., Borden, Canada; Mobile, Alabama, Mirror Lake and New
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Hampshire (Zhang and Zhang, 2015). However, upscaling in both space and time are changeling.
Therefore, more studies on ﬁeld-scale systems are required and general laws incorporating the
heterogeneity eﬀect need to be developed.
Mineral spatial distribution can affect dissolution rates up to a factor of 5.0, and the key controls
depend on hydrodynamic conditions, reactivity and the total amount and spatial distributions of
reactive minerals. Larger permeability contrast leads to more significant role of spatial patterns. Under
the conditions where minerals have small surface area and at pH around 7.0, the effects of mineral
spatial distributions could be negligible. However, for fast dissolving minerals such as calcite under
acidic conditions of acid mine drainage (De Giudici, 2002) or acid rain, geochemical modeling must
be approached carefully. Identifying the key controls provide useful information to study chemical
weathering, element global cycle and the evolution of natural geological environments.
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