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Executive summary:
The natural subsurface is highly heterogeneous with minerals distributed in different 

spatial patterns. Fundamental understanding of how mineral spatial distribution patterns 
regulate sorption process is important for predicting the transport and fate of chemicals. 
Existing studies about the sorption was carried out in well-mixed batch reactors or uniformly 
packed columns, with few data available on the effects of spatial heterogeneities. As a result, 
there is a lack of data and understanding on how spatial heterogeneities control sorption 
processes. In this project, we aim to understand and develop modeling capabilities to predict 
the sorption of Cr(VI), an omnipresent contaminant in natural systems due to its natural 
occurrence and industrial utilization. We systematically examine the role of spatial patterns of 
illite, a common clay, in determining the extent of transport limitation and scaling effects 
associated with Cr(VI) sorption capacity and kinetics using column experiments and reactive 
transport modeling.

Our results showed that the sorbed mass and rates can differ by an order of magnitude due 
to of the illite spatial heterogeneities and transport limitation. With constraints from data, we 
also developed the capabilities of modeling Cr(VI) in heterogeneous media. The developed 
model is then utilized to understand the general principles that govern the relationship between 
sorption and connectivity, a key measure of the spatial pattern characteristics. This correlation 
can be used to estimate Cr(VI) sorption characteristics in heterogeneous porous media. Insights 
gained here bridge gaps between laboratory and field application in hydrogeology and 
geochemical field, and advance predictive understanding of reactive transport processes in the 
natural heterogeneous subsurface. We believe that these findings will be of interest to a large 
number of environmental geochemists and engineers, hydrogeologists, and those interested in 
contaminant fate and transport, water quality and water composition, and natural attenuation 
processes in natural systems.
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Actual accomplishments
The project has led to two AGU presentations and one published paper in Environmental 

Science & Technology, with another one in preparation. We briefly summarize the 
accomplishment below.

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 subsurface environments (Fonseca et 
al., 2009; Khan et al., 2010; Lu et al., 2010). Most studies used well-mixed batch reactors and 
homogeneously packed columns. Large discrepancies have been documented between well- 
mixed batch reactors and 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). The natural subsurface 
typically exhibits spatial variations in physical and geochemical properties at multiple scales 
(Jin et al., 2011; Landrot et al., 2012; Peters, 2009). The role of physical heterogeneity has been 
extensively studied in the past decades (Dagan, 1990; Gelhar, 1986) (Simunek and van 
Genuchten, 2008; Vangenuchten and Wierenga, 1976). Although the chemical heterogeneity is 
also important, it has not received much attention until recently (Simunek and van Genuchten, 
2008; Vangenuchten and Wierenga, 1976). There is a significant lack of experimental data on 
Cr(VI) sorption to systematically understanding and quantifying the role of spatial distribution 
patterns in controlling sorption process. As a result, accurate prediction of reactive transport, 
natural attenuation, and remediation in heterogeneous natural subsurface is challenging. 
Therefore, the objective here is 1) to systematically understand how, to what extent, and under 
what conditions spatial heterogeneities regulate Cr(VI) sorption macrocapacity and 
macrokinetics at the column scale, and 2) to identify key measures of spatial patterns that 
control Cr(VI) sorption in heterogeneous media.

In the ES&T paper, we publish experimental observation and analysis from flow-through 
experiments were carried out at 0.6, 3.0 and 15.0 m/day using columns packed with the same 
illite and quartz mass however with different patterns and permeability contrasts. We define 
sorption macrocapacity as the total mass of sorbed Cr(VI) and macrorates as the rates of Cr(VI) 
sorption at the column-scale. We found that macrocapacity and macrorates decrease with 
transport connectivity, a quantitative measure of heterogeneity characteristics. 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 uniformed distributed illite and quartz. At 15.0 m/day, effects of spatial 
heterogeneities are less significant (up to a factor of 2.8) owing to the close to chemical kinetics- 
controlled condition. 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. Although the column-scale 
macrocapacity can reach full sorption capacity under low flow conditions, the macrorates are 
10-1 to 10-3 of the microrates measured in well-mixed reactors.

The second manuscript (in preparation) extrapolate observations from experimental
conditions to a wide range of conditions using two-dimensional reactive transport modeling.
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The effects of permeability contrast between illite and quartz zones and transverse dispersivity 
ar were analyzed. These two variables are essential in determining the diffusion-controlled 
mass transport between the illite and quartz zones, with higher values leading to higher 
macrocapacity. Two sets of spatial patterns with the same permeability mean but different ClnK2 
(variance of lnK) of 4.5 and 0.2 were generated using sequential gaussian simulation (SGS) at 
different correlation lengths and column lengths. Relative longitudinal correlation length (Xl) 
and connectivity exert significant control on sorption macrocapacity and macrokinetics, 
especially for patterns with high ClnK2. The role of spatial heterogeneities becomes more 
important as Xl and connectivity increases, which can lead macrocapacity and macrorates up 
to 1.5 orders of magnitude lower than the well mixed patterns.

Project activities
Original hypotheses and approaches used. The original objective of the project is to 

examine the role of geochemical heterogeneity in determining scaling effects associated with 
the kinetics of Cr(VI) reduction by ferrous ion using column experiments and reactive transport 
modeling. The sediment was composed of quartz and illite, with the former representing the 
major component in coarse-grained materials at the Hanford site, and the latter representing the 
major component in fine-grained materials with high sorbing capacity. Fe(II) was sorbed to 
illite before the column experiments and the illite with absorbed Fe(II) was served as the source 
of Fe(II) for the reduction of Cr(VI) during the column experiments. Column experiments were 
carried out with different mineral distribution patterns and flow velocities. The two minerals 
were mixed with the same mass ratio, but packed with different spatial patterns within the 
column, as shown in Figure 1.

The original hypotheses were as follows:

• The spatial distribution of Fe-saturated illite has a large impact on the Cr(VI) reduction 
rate at the column scale. Column scale Cr(VI) reduction rate is slower in the case 
where Fe-saturated illite is distributed as one large layer (Case C) than in the case 
where it is homogeneously distributed along the column (Case A).

• Flow velocities have a large impact on the magnitude of scaling effects induced by 
geochemical heterogeneities because of the coupling between flow, transport, and 
reaction processes.

Problems encountered. The Cr(VI) reduction by Fe(II) reaction needs anaerobic condition, 
because Fe(II) can be easily oxidized by oxygen. The whole experiment, including absorbing 
Fe(II) onto illite, column packing, flow through experiment, sample collection and analysis, 
was carried out in an anaerobic chamber. It turned out that it was very challenging to maintain 
the anaerobic condition for every single step during the column experiments and that the Fe(II) 
was easily oxidized by oxygen. This challenge led to the shift in research direction to Cr(VI) 
sorption, which does not require anaerobic condition however still represent a large gap in 
understanding the role of spatial heterogeneities in determining chemical reactions. Cr(VI) 
sorption on clays is another important process for Cr(VI) attenuation and remediation in natural 
environments. The new hypotheses were similar to the original ones:
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•The spatial distribution of illite has a large impact on the Cr(VI) sorption capacity and 
rate at the column scale. Column scale Cr(VI) sorption rate is slower in the case where illite is 
distributed as one large layer (Case C) than in the case where it is homogeneously distributed 
along the column (Case A).

• Flow velocities have a large impact on the magnitude of scaling effects induced by 
geochemical heterogeneities because of the coupling between flow, transport, and reaction 
processes.

Departure from planned methodology. In addition to the few spatial patterns proposed 
originally, more spatial patterns with different permeability contrasts were added, as shown in 
Figure 1. We also added the permeability contrast as an additional testing variable and examine 
two, instead of one, sets of columns with different permeability contrast. The C columns have 
illite and quartz grains with the same size range of 210-300 pm 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 pm) compared to that of quartz (350-420 pm) 
and therefore to combine effects of physical and chemical heterogeneities. For comparison, Cr(VI) 
sorption in batch reactors were also carried out to quantify the intrinsic microcapacity and 
microkinetics under well-mixed conditions.

C set PC set

C Set: K ratio.llt/Qtz - 0.67; PC Set: K ratio,llt/Qtz - 0.01]
M : Mixed column; ■ Illite zone in C set
FP: Flow-Parallel column; ■ Quartz zone in C set
FT1: Flow-Transverse 1 zone column; ■ Illite zone in PC set 
FT2: Flow-Transverse 2 zones column; Quartz zone in PC set

0.9 cm
I------- 1
2.5 cm

Figure 1. Two dimensional cross-sectional schematics of the 7 columns with different spatial 

distribution patterns of illite and quartz. The illite-over-sand permeability ratio, Kratio,nl/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 pm 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 pm) compared to that of quartz 

(350-420 pm) 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
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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.

Transport Connectivity (CT95%) (Knudby and Carrera, 2005) was used as a quantitative 
measure for spatial heterogeneities as well as for sorption capacity and kinetics. It compares 
the time for 95% arrival to the average residence time as shown below:

^95%
CT 95%

T

Where t95% is the time when the effluent bromide reaches 95% of the inlet concentration (s), 
and t is the residence time calculated as the total pore volume of the column divided by the 
overall flow rates (s).

Impacts of the project results: Effects of Spatial Patterns and Permeability Contrasts at 
different flow conditions

The Cr(VI) breakthrough curves and sorbed chromium evolution for all patterns are shown 
in Figure 2. The addition of illite spatial patterns with different permeability contrasts 
confirmed our hyphotheses that illite spatial patterns exert significant control on Cr(VI) 
sorption capacity and kinetics, expecially at low flow velocity conditions.

At 0.6 m/day, Cr(VI) breaks through much earlier from the PC columns than from the C 
columns. FP PC has the earliest breakthrough, the least sorbed Cr(VI) and the lowest rate. The 
macrocapacity Csc,m for all C columns are similar, but different for PC columns. The FT1 data 
almost overlaps with the M column and are not shown here. At 3.0 m/day, the Cr(VI) 
breakthrough curves and sorbed chromium evolution are similar to those at 0.6 m/day for all 
columns. At 15.0 m/day, however, the macrocapacity for all columns are much lower. 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. The difference across columns within each set is much smaller, 
indicating the less significant role of spatial heterogeneities under high flow conditions.

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 FT2 and FP PC, sorption sites can only be accessed through 
diffusion, with the diffusion length much longer than grain scale. To access all sites, more time 
are needed than residence time (98 min). Only small amount of the surface sites are accessible 
for FT2 and FP PC.
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Figure 2. Evolving Cr(VI) effluent normalized concentrations (top) and cumulative sorption mass 

(bottom) at 0.6 (left), 3.0 (middle) and 15.0 m/day (right) for the C (gray) and PC columns (black). 

The residence times are 98.13, 19.63 and 3.93 minutes, respectively. The FT1 data are not shown 

here because it almost overlaps with the M column. 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.

Connectivity Controls
Our second objective is to identify key measures of spatial patterns that control Cr(VI) 

sorption in heterogeneous media. We found that, connectivity, a quantitative measure of 
heterogeneity characteristics, exerts a significant control on sorption macrocapacity and 
macrokinetics, especially at low flow velocities relevant to groundwater. The summary results 
are shown in Figure 3.

Sorption macrocapacity and macrokinetics decrease with connectivity. All macrokinetic 
rates are lower than the microkinetic rates. At 15.0 m/day, macrorates are highest and close to 
chemical kinetic-controlled regime. Macrocapacity values are the same as the microcapacity 
(yc=1) only in low connectivity columns at 0.6 and 3.0 m/day. The yu and yk2 decrease with 
increasing connectivity due to diffusion-controlled mass transport limitation imposed by the 
low permeability illite zone. The deviation of P values from 1.0, increases with increasing 
connectivity, with the FP PC having the largest deviation. 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
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sorption rates, increases with correlation length (positively correlates to connectivity) and 
decreases with flow velocity (Deng et al., 2014; Setshedi et al., 2014).

Figure 3. 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): j 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): P 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.

Reactive transport modeling in heterogeneous porous media.
The 2D reactive transport modeling with experiment conditions was used to reproduce the 

experimental data, as shown in Figure 4. The simulated Br and Cr(VI) breakthrough curves 
(BTCs) can reproduce the data well for all columns. And the modeling parameters such as ai, 
cct and surface site density were obtained. The parameters obtained from matching the 
experimental data were used to simulate more columns with different permeability contrasts, 
correlation lengths and column lengths.
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Figure 4. 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.

More spatial patterns that were similar to the natural subsurface (Deutsch CV, 1992) were 
generated at permeability variances (c2lnK) of 4.5 and 0.2. The effects of column lengths, 
permeability variances, correlation lengths and connectivity on sorption capacity and kinetics 
were examined, as shown in Figure 6. The Pc value compares the sorption capacity between 
zonation columns and their corresponding Mixed columns. Large deviation of Pc values from 
one means large differences between zonation and mixed columns and therefore indicates the 
significance of spatial heterogeneities.

All PC values increase with increasing column length, and are close to one when column 
length is longer than 40 and 80 cm for c\k of 4.5 and 0.2, respectively. That means the effects 
of spatial heterogeneities become less significant as the length scale increases. All PC values 
decrease with increasing Xl (correlation length/column length) and connectivity (CTWo), which 
indicates that the effects of spatial heterogeneities are more significant in determining sorption 
capacity and kinetics when the reactive zones are relative large compare to the whole domain 
or when the domain is well-connected.
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Column length (cm)

Figure 5. The Pc value compares the sorption capacity between zonation columns and their 

corresponding Mixed columns. Large deviation of Pc values from one indicates the significance of 

spatial heterogeneities. The Pc value as a function of column length (A), relative longitudinal 

correlation length Xl (B), and connectivity (CT95%) (C) at two permeability variances, o2lnK, of 4.5 

and 0.2. Red color is the data obtained from column length longer than 10 cm with the same 

longitudinal correlation lengths of 2.8 cm. Gray and black color are data obtained from column 

length of 10 cm with different Xl.

Details of reactive transport modeling
The two-dimensional (2D) reactive transport modeling was performed to analyze the 

experimental data and quantify reaction kinetics at different spatial scales. The code 
CrunchFlow was used to calculate the concentration of species by solving the governing 
Advection-Dispersion-Reaction equation (Steefel and Lasaga, 1994). 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 terms of the primary species through 
laws of mass action (Lichtner, 1985). As an example, the reactive transport equation for Cr(VI) 
is written below (Miller et al., 2010):

+ + V(-DVCCr(VI) + vCCr(VI)) = 0 (1)

where Cci-(vi) is the total concentration of all Cr(VI) - containing species (mg/m3 pore 
volume); t is time (s); p is the bulk density (mg/ m3); ^ 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 v 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
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corresponding diffusion / dispersion coefficients Dl (m2/s) and Dt (m2/s) are calculated as 
follows:

Dl = D* + aL v Dt = D + a Tv (2)

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

D = fD0 (3)

where ^ is the porosity; n is the cementation factor; and D0 is the molecular diffusion 
coefficient in water. For non-reactive species, similar equations to Eq. (1) were solved except

without the reaction term
p dm 

$ dt
. The thermodynamic parameters (Keq) for aqueous speciation

reactions were obtained from EQ3/6 database (Wolery et al., 1990).

In CrunchFlow, surface complexation reactions are used to represent Cr(VI) sorption 
process on illite (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). Specific surface species, 
equilibrium constants, mass balances, chemical reactions, and charge balances, and their 
molecular features are defined in these models (Dong et al., 2012; Goldberg et al., 2007; 
Serrano et al., 2009; Singha et al., 2013; Wen et al., 1998).

Reactive transport modeling is a useful tool for the analysis of coupled physical, chemical, 
and biological processes in Earth systems, and can describe the interactions of competing 
processes at a range of spatial and time scales. The advantages of applying the surface 
complexation reactions to describe adsorption in CrunchFlow include the following: it allows 
predictive calculations for a range of chemical conditions without adjusting the values of the 
model parameters, as chemical conditions are varied in space or time; it can be included 
efficiently in transport simulations having chemical gradients in space or time. However, there 
are some weaknesses. The surface complexation reactions do not have kinetic items, therefore, 
the model are not applicable for high flow velocity conditions. In addition, the simulation 
becomes slow either more reactions are involved or the scale is large. In this context, upscaling 
or multi-scale analysis is needed to identify strategies for multi-scale simulation.
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