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1 INTRODUCTION 

Significant advances have been made in recent years with respect to the modeling of com-
plex reactive transport systems. Increased computer resources now allow the simulation of 
two- and three-dimensional problems involving a large number of unknowns and various 
geochemical processes. The parameter demand for these simulations is significant, but nu-
merical models have nevertheless proven useful to test and investigate conceptual models in 
a quantitative manner, provided adequate aqueous, gaseous and mineralogical data is avail-
able. One of the remaining challenges focuses on the issue of evolving reactivity, which can 
manifest itself in changing (bio)-geochemical reaction rates or changes in the mixing charac-
teristics of pore water and/or NAPL’s within an aquifer. If part of the objective of a modeling 
study is to investigate the evolution of a system, evolving reactivity often needs to be taken 
into account. Here, we utilize two examples involving the remediation of contaminated 
groundwater to highlight the importance of the consideration of evolving reactivity, when 
modeling long-term system evolution. All simulations presented were conducted using the 
multicomponent reactive transport model MIN3P (Mayer et al., 2002). 

2 PERMEABLE REACTIVE BARRIERS 

2.1  Elizabeth City Site – North Carolina 

Multicomponent reactive transport modeling was conducted for the permeable reactive bar-
rier at the Coast Guard Support Center near Elizabeth City, N.C (Mayer et al., 2001). The 
zero-valent iron barrier was installed to treat groundwater contaminated by hexavalent chro-
mium and chlorinated solvents (Blowes at al., 1999). Among the simulated processes were 
contaminant destruction and the reduction of other electron acceptors causing the consump-
tion of the treatment material, and the precipitation of secondary minerals.  

2.2 .Simulation Results 

The model results were able to illustrate the removal of Cr(VI) and the chlorinated solvents 
by the reactive barrier and demonstrate  that reactions other than the remediation reactions 
most significantly affect the water chemistry in the barrier. In particular sulfate reduction and 
iron corrosion appear to control the evolution of the pore water while passing through the 
treatment system. The associated pH increase causes the precipitation of significant amounts 



of carbonate, hydroxide and sulfide mineral phases (Figure 1).  The original simulation re-
sults indicate that secondary mineral formation has the potential to decrease the porosity in 
the barrier over the long term and suggest that the precipitation of minerals is concentrated in 
the up-gradient portion of the barrier (Figure 1). Decreasing iron reactivity due to passivation 
was not accounted for in this study. However, it was hypothesized that passivation causes 
less depletion of the treatment material and precipitation of secondary minerals in the inflow 
area than simulated (Mayer et al., 2001).  
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Figure 1: Simulated volume fractions of secondary minerals in reactive barrier after 240 days 
 

2.3 Comparison to Field Observations 

The simulations presented above have been continued to 4 years of barrier operation and the 
accumulated inorganic carbon (Figure 2) and sulfur (not shown) has been compared to meas-
ured accumulations extracted from cores (Wilkin et al., 2002). Although observed and simu-
lated results compare well in general, the observed data shows a near continuous mass distri-
bution of precipitate within the first 5-6 cm of the barrier, while the simulated results show a 
continuous decrease in precipitate accumulation along the flowpath. The observed data indi-
cate that some passivation may have taken place, which was not accounted for by the model.   
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Figure 2: Simulated and observed inorganic carbon contents after 4 years (Data from Wilkin et al., 2002)  

2.4 Long term column studies 

Currently, column studies are conducted at the University of Waterloo (Jeen, Blowes and 
Gillham, work in progress), which confirm the hypothesis that passivation due to carbonate 



mineral precipitation is occurring. These observations highlight the need to account for 
evolving reactivity in reactive transport models. Other processes that may affect system reac-
tivity in permeable reactive barriers include the formation of hydrogen gas bubbles, or the 
depletion of the more reactive portion of treatment materials (e.g.: Herbert et al., 2000). 

3 IN SITU CHEMICAL OXIDATION USING PERMANGANATE 

3.1  Connecticut Site 

Three-dimensional simulations of permanganate oxidation of chlorinated solvents are being 
conducted for a site located near Hartford, Connecticut. At this site, in-situ chemical oxida-
tion of the DNAPL using potassium permanganate was tested over a seven month period in 
2000 and 2001 (Stewart, 2002).  The oxidant delivery methodology was based on the inject-
and-leave method (Nelson et al., 2000) and relied on two sequential injections of potassium 
permanganate solutions with concentrations approaching aqueous solubility. The simulations 
account for the movement of variable density fluids, water table mounding, and evolving 
aqueous permeability due to the dissolution of non-wetting fluids and the dissolu-
tion/precipitation of mineral phases.  The geochemical reaction network includes kinetic ex-
pressions describing dissolution and precipitation of mineral phases, DNAPL dissolution, 
and the intra-aqueous oxidation reaction between permanganate and dissolved TCE.  Mineral 
phases in the simulations include calcite and manganese oxides, and organic carbon is used 
to simulate the oxidant demand of the aquifer.  The spread of the oxidant, and the reaction 
between the oxidant and TCE was monitored over time using an array of multilevel monitor-
ing points (Stewart 2002), which is available for comparison with the simulated results. 

3.2 Simulation Results 

To illustrate the problem, simulated data for aqueous permanganate, and TCE are shown in 
Figure 3. An initial evaluation of model performance is being performed by comparing ob-
served and simulated data for aqueous permanganate, chloride, and dissolved TCE.   The 
data indicate the model accurately depicts the lateral extent of the spread of permanganate, 
and generally predicted aqueous chloride concentrations within a factor of 2 of the field data.  
However, the permanganate data indicated that the model generally under-predicting the per-
sistence of the permanganate in the immediate vicinity of the aquitard contact, where NAPL 
is present.  
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Figure 3: 1 g/L permangante iso-contour surface (left) and 1 percent DNAPL volume fraction iso-contour sur-
face (right) at 14 days following initial permanganate injection.  Injection point location was 12.5 m northing, 
12.5 m easting, and elevation 5.6 meters 
 



There are several factors that may affect persistence of permanganate, or in other words sys-
tem reactivity, most of which are related to the precipitation of manganese oxides. MnO2-
precipitation may result in a permeability decrease, which may be counteracted by carbonate 
mineral dissolution. The precipitation of manganese oxides may also affect system reactivity 
(limiting the dissolution of both NAPL and carbonate minerals). These results suggest that at 
least some of these processes need to be included in the model formulation to allow a more 
realistic simulation of in-situ chemical oxidation.   

4  CONCLUSIONS 

Examples from groundwater remediation are particularly useful to illustrate the effects of 
evolving reactivity due to rapid reaction rates, a high degree of disequilibrium, steep geo-
chemical gradients, and pronounced geochemical changes. However, many of these conclu-
sions are also valid for large scale reactive transport studies, even in pristine aquifers. Proc-
esses of importance include decreases in reactivity due to the formation of surface coatings 
and passivation (Wunderly et al., 1996, Mayer et al., 2002), increase in reactivity due to gen-
eration of surface sites (e.g.: Postma and Appelo, 1998), but also permeability changes due to 
changes in aqueous phase saturation as a result of NAPL dissolution or gas formation, which 
may result in hydraulic exclusion.  Some of these processes have been considered previously 
in reactive transport models, but to date have not been included in a comprehensive manner. 
This limits the applicability of reactive transport models to study system evolution and to use 
these models in a predictive sense.  Reasons for the lack of implementing evolving reactivity 
include the inherent complexity of the interacting processes, the difficulty of quantifying the 
processes that control reactivity, and their often site-specific nature.   
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