
Elimination of the reaction rate “scale effect”: Application of the 
Lagrangian reactive particle-tracking method to simulate 

mixing-limited, field-scale biodegradation at the Schoolcraft 
(MI, USA) site [1]. 

David A. Benson, Colorado School of Mines, Golden, USA 
Dong Ding, Itasca Denver Inc., Denver, CO, USA 

Daniel Fernandez-Garcia, Universitat Politecnica de Catalunya, Catalonia, Spain 
Christopher V. Henri, University of California, Davis, CA, USA 

David W. Hyndman, Michigan State University, E. Lansing, MI, USA 
Mantha S. Phanikumar, Michigan State University, E. Lansing, MI, USA 

Diogo Bolster, Notre Dame University, Notre Dame, IN, USA 

Abstract 

Measured (or empirically fitted) reaction rates at groundwater remediation sites are typically much lower than those 
found in the same material at the batch- or laboratory-scale. The reduced rates are commonly attributed to poorer 
mixing at the larger scales. A variety of methods have been proposed to account for this scaling effect in reactive 
transport. In this study, we use the Lagrangian particle tracking and reaction (PTR) method to simulate a field 
bioremediation experiment at the Schoolcraft, Michigan site. A denitrifying bacterium, Pseudomonas Stutzeri strain 
KC (KC), was injected to the aquifer, along with sufficient substrate, to degrade the contaminant, Carbon 
Tetrachloride (CT), under anaerobic conditions. The PTR method simulates chemical reactions through probabilistic 
rules of particle collisions, interactions, and transformations to address the scale effect (lower apparent reaction rates 
for each level of upscaling, from batch- to column- to field-scale). In contrast to a prior Eulerian reaction model, the 
PTR method is able to match the field-scale experiment using the rate coefficients obtained from batch experiments. 

Introduction  

The limited predictive capability and uncertainty associated with the advection-dispersion-reaction (ADRE) model in 
practice has prompted the development of other models to incorporate the effects of poor mixing. One of these is the 
Lagrangian particle tracking and reaction (PTR) algorithm, which simulates the reactive transport via Monte Carlo 
simulation of particle collision and interaction through probabilistic rules [2]. These authors proposed a PTR method 
to simulate diffusion-controlled bimolecular reaction under incomplete mixing conditions. Their method showed that 
patterns of chemical heterogeneity engendered poor mixing and explained the slowed reaction at late times. The 
method was extended to moving flows, and the degree of mixing was linked to the number of particles used in a 
simulation, which represents the non-uniform distribution of initial concentrations (chemical heterogeneity) [3,4]. 
The PTR method also successfully reproduced the results of two benchmark laboratory-scale column experiments 
that showed the ``scale effect'' of poor mixing relative to beaker-scale reactions [5].  

Moving toward the goal of simulating realistic field-scale experiments, [6] extended the PTR method to the Monod-
type reactions and applied the method to a column experiment of Carbon Tetrachloride (CT) biodegradation. The 
authors found that various mechanisms that may contribute to slower biochemical reactions (e.g., crowding, enzyme 
de-activation) all manifest as diffusion-limited mixing. Therefore, the intricacies of bioremediation can be handled 
by the PTR method. In this study, we focus on the application of the PTR method to accurately simulate reactive 
transport associated with a bioremediation experiment at the Schoolcraft site in Michigan, USA. Previous studies 
(e.g., [7]) noted the scale effect when moving from flask- to column- to field-scale biodegradation of CT. Our 
hypothesis is that the PTR method will explain the scale-dependent chemical reactions through simulation of the 
poor-mixing effect, rather than by adjusting the empirical kinetic rates as in previous studies.  

Results 

To match the field measurements using the ADRE, [7] increased the kinetic attachment value and lowered the CT 
degradation rate. In contrast, our PTR model did not adjust the kinetic parameters; instead, the number of particles, 
which represents the mass of solutes and biomass, as well as the variability of concentrations within a fixed volume, 



were estimated via variograms of the initial condition to account for the incomplete mixing. The biodegradation of 
CT during the field-scale bioremediation is well-simulated using the PTR method with batch-scale parameters (Fig. 
1). By RSME, the PTR method better predicted the CT concentration breakthrough curves in 23 of 25 wells. 
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Figure 1: Measured and simulated breakthrough curves of CT. The circles are the measured concentrations, the blue 

lines are simulations using RT3D, and the green lines with error bars are the means plus/minus one standard 
deviation from 50 simulations of the PTR method in RW3D. Bold, dashed numbers denote well and sampling depth 
(ft bgs). Numbers reflect RMSE differences between modeled and measured normalized concentrations, and wells 

with better PTR simulations are given a yellow background.  
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