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Abstract The mass removal of an organic contaminant in an aquifer by 
microbial biodegradation has been the focus of a field case study of natural 
attenuation. By detailed numerical modelling we looked at the importance of 
field-scale Terminal Electron Accepting Processes (TEAP) based on results 
from previous laboratory experiments. A main aim was to study the 
dependence of results not only on parameter values, but also on the different 
concepts and approaches that the modelling was based upon. To be able to 
investigate this uncertainty in the results, we first had to build up the 
numerical and computational capability to perform a series of runs with 
models based on different approaches, including the most complex and thus 
demanding ones. Therefore, we applied parallel computing and automatic grid 
adaptation for a relatively comprehensive set of chemical species. Some of the 
conceptual changes had a large effect on the results; for example, the 
biodegradation concept. Some had only a minor influence, at least for this 
field site plume; for example, the permeability heterogeneities.  
Keywords biodegradation concept; conceptual approach; groundwater; natural attenuation; 
numerical simulation; parameter sensitivity; three-dimensional  

 
 
INTRODUCTION 
 
The natural attenuation (NA) processes for field site contaminant plumes may be 
investigated at field sites, where the actual field circumstances are present. Numerical 
modelling is a useful tool that can increase the understanding of the complex and 
diverse processes affecting NA, by also including and transferring insight from 
laboratory experiments. 

The current study used a fully kinetic two-step biodegradation concept together 
with iron and manganese mineral dissolution and surface complexation of ferrous iron, 
to model NA at a field site. This constitutes a complex biogeochemical process 
concept relative to most current modelling studies (cf. Brun & Engesgaard, 2002). 
Furthermore, as a consequence of experimental field and laboratory results, hydrogen 
as an intermediate is taken into account explicitly, as well as acetate, the latter as a 
product due to inhibition of its further degradation. Thus this work aims to demonstrate 
the benefit of applying a detailed concept for description of the biodegradation 
processes to the field site (biogeochemistry concept), and looks particularly at the 
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influence of other conceptual changes including two-dimensional (2-D) vs 3-D 
modelling (dimensionality), source heterogeneity (source uncertainty), and aquifer 
permeability heterogeneity (hydrogeology). Furthermore, this has been accompanied 
by a numerical study of the accuracy of an adaptive meshing approach (numerics). 
 
METHODS 
 
Based on the interpretation of laboratory experiments (Watson et al., 2003) a kinetic 
rate expression was used to model the degradation of the substrate phenol (C6H6O), 
with concentration S, via the specific terminal electron acceptor (TEA), as has been 
implemented formerly by Mayer et al. (2002) for NA modelling: 
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where rs is the rate of consumption of substrate S by this TEAP (mol L-1 s-1); kmax is the 
maximum substrate utilization rate (s-1); X is the biomass concentration; KM_S is the 
Monod half saturation constant with respect to substrate S (mol L-1); KM_TEA is the 
Monod half saturation constant with respect to the specific TEA (mol L-1); I is the 
concentration of an inhibiting substance; KI is the inhibition constant (mol L-1); and all 
concentrations are in mol L-1. 

The 2-D model with a uniform flow field represents a vertical section along the 
groundwater flow from the centre of the source located at the Four Ashes site 
(Thornton et al., 2001), as presented in Watson et al. (2005b), including simulation 
parameters. The model has 24 species and eight kinetic reactions (aerobic degradation, 
denitrification, two fermentation reactions, manganese reduction, iron reduction, 
sulphate reduction, methanogenesis) plus additional equilibrium reactions (iron surface 
complexation, pyrite precipitation, pH reaction, aqueous complexes). Phenol is the 
primary organic contaminant, and the phenol source is spatially variable in the vertical 
direction and changes in time, giving a more realistic plume morphology. A two-step 
reaction process is implemented to simulate the fermentation of phenol to intermediate 
species, hydrogen and acetate, followed by the further consumption of hydrogen by 
respiration reactions. The fate of microbially produced ferrous iron can also be 
simulated because it can be present in the mobile aqueous phase or the immobile 
minerals or surface complexes (see Watson et al. (2005b) for discussion). This 2-D 
model constitutes the reference simulation, against which the results of alternative 
concepts were compared. For 2-D, a stochastic permeability field, varying by about an 
order of magnitude, was implemented as an alternative approach.  

In addition, 3-D models have been simulated using the same eight kinetic 
reactions, but including only 11 species; equilibrium chemical species were omitted for 
simplicity since the 3-D problem is more demanding in terms of size than 2-D. The 
domain has the same height and length as the 2-D one, but now is 90 m wide. For the 
3-D set-up another conceptual alternative was studied, i.e. a stochastically spatially 
varying source instead of a deterministically defined one.  

Since often NA modelling of field site plumes is limited by the available computat-
ional power, it was decided to develop software capabilities for parallel processing and 
automatic grid adaptation, including automatic grid refinement and coarsening. Therefore, 
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a module for reactive transport modelling of NA processes was developed on the basis 
of the UG toolbox (Bastian et al., 1997). The quantification of the advantages and 
disadvantages of the numerical methods used here has been reported in Watson et al. 
(2005a). As hardware components a small, eight processor Beowulf cluster of Linux 
PCs was set up, and occasionally a 512 processor Linux cluster could be accessed too.  
 
 
RESULTS 
 
For brevity we concentrate here on the aspects of 3-D modelling and only summarize 
the results regarding the other conceptual aspects. 
 
 
Two-dimensional homogeneous model and parameter sensitivity 
 
Figure 1 shows selected results for a reference case, a 2-D homogeneous model, with a 
locally adapted mesh. Grid adaptation parameters were set to obtain results comparable 
to simulations on a fine uniform mesh (cf. Table 3; Watson et al., 2005a). The 
advancing phenol plume consumes TEAs in and around the plume area, i.e. oxygen 
and nitrate at the plume fringes, but also iron and manganese minerals, mainly in the 
plume core. The 2-D results are also discussed in Watson et al. (2005b). 
 
 

 
Fig. 1 Two-dimensional results for nitrate (NO3

-1) and phenol (C6H6O) at 25 and 
47 years, simulated with an adaptively refined and coarsened mesh.  
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 The heterogeneous flow field, based on what was known as possible permeability 
variations of the Triassic sandstone aquifer at the site, creates some additional 
variability of the plume shapes, but does not significantly change the mass turnover. 

Comparison with earlier simulation runs (Mayer et al., 2001) performed before the 
more detailed biodegradation concept has been developed by additional laboratory 
studies, showed that the conceptual improvement, especially the iron surface 
complexation and the two-step biodegradation kinetics (Oswald et al., 2004; Watson et 
al., 2005b), had a significant effect on the phenol mass removal (cf. Table 2). 

Many of the parameters were taken from literature values, but some calibration to 
detailed field observations was necessary. Sensitivity of these parameters was studied 
by re-running the homogeneous 2-D model with each parameter first doubled and then 
halved. Since a total of 46 simulations were necessary, they were run on a relatively 
coarse grid, level 3, which had been observed to give, in a much shorter time, results 
not too dissimilar to more refined simulations in terms of concentrations and mass 
turnover, which was sufficient to reveal which parameters were most sensitive.  

Table 1 shows selected results giving typical patterns which emerged from the 
sensitivity study. In general the results are most sensitive to changes in the kmax 
parameter and less sensitive to other parameters such as KM or KI. The most sensitive 
parameter for the whole model is the kmax rate parameter for fermentation of phenol to 
hydrogen, for which parameter doubling approximately doubles the reacted mass of 
most species. Most of the parameters shown relate to plume core reactions, and have 
little effect on nitrate which reacts at the fringe. The mass of nitrate reacted is 
insensitive to denitrification reaction parameters, kmax and KM, but is sensitive to 
transverse dispersivity, αTV, and to a lesser extent longitudinal dispersivity. This shows 
that the fringe reactions are limited by dispersive mixing and not by the reaction rates, 
i.e. fringe reactants react immediately after dispersive mixing. This is true even on the 
coarse grid which includes more numerical dispersion than more highly refined grids. 
Overall, the plume core processes are controlled by the fermentation rate, while the 
fringe processes are controlled by dispersive mixing processes.  
 
 
Table 1 Parameter sensitivity study of two-dimensional homogeneous case, showing selected typical 
results for relative changes in reacted masses for doubling of parameter values. 

Parameter Reaction Phenol NO3
-  H2 FeII MnII SO4

2- CH4

kmax  Fermentation 1.61 0.98 2.43 1.91 1.91 2.06 2.12 
kmax Fe(III) red’n 1.00 1.00 0.58 1.28 0.64 0.76 0.78 
kmax CH4 prod’n 1.00 1.00 0.84 0.91 0.92 0.78 1.49 
kmax SO4

2- red’n 1.00 1.00 0.89 0.94 0.94 1.72 0.84 
KM_SO4 SO4

2- red’n 1.00 1.00 1.04 1.02 1.02 0.75 1.07 
KM_H2 SO4

2- red’n 1.00 1.00 1.07 1.03 1.03 0.56 1.11 
KI_phenol All TEAPs 1.00 1.00 0.76 1.00 1.00 1.00 0.99 
kmax NO3

- red’n 1.01 1.00 1.00 1.00 1.00 1.01 1.01 
KM_NO3 NO3

- red’n 1.00 1.00 1.00 1.00 1.00 1.01 0.99 
αTV - 1.05 1.14 1.01 1.00 1.00 1.01 1.00 
All 23 parameters were doubled. red’n – reduction; prod’n – production. Numbers are total reacted mass 
of species in moles normalized to the reacted mass given by the base case. For the original parameter 
values see (Watson et al., 2005b). All simulations were done on a level 3 uniform grid, to save time. 
Halving the parameters typically gave a similar magnitude of change, but in the opposite direction from 
doubling. 
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Fig. 2 Three-dimensional results at 47 years, cut at the plume centre along the flow 
direction to show concentrations inside. Concentrations are plotted with the same 
shade coding as in Fig. 1, each between zero and maximum concentration of the given 
species.  

Table 2 Mass balance comparison after 47 years between models with different conceptual approaches. 

 2-D with  
homogeneous 
flow field 

3-D with  
deterministic 
source a

3-D with  
stochastic  
source a

3-D (Mayer et al., 
2001) with former 
degr. concept b

Total mass degraded (mol phenol) 1.47 × 103 1.18 × 105 1.18 × 105 1.30 × 105

Total mass degraded per m 
plume width (mol phenol) 

1.47 × 103 1.82 × 103 1.82 × 103 1.00 × 103

Total mass degraded 
relative to total added (wt. %) 

4.2 5.3 5.0 2.2 

TIC 41.5 45.0 45.2 97.3 
Acetate 56.1 53.0 52.8 0 

Balance of carbon 
in products (% of 
mol C degraded) CH4 2.4 2.0 2.0 2.7 

O2 4.1 5.0 5.0 6.5 
NO3

- 28.9 31.3 31.5 47.5 
MnO2 13.7 13.8 13.7 5.6 
FeOOH 30.7 30.8 30.7 4.9 
SO4

2- 8.2 6.9 6.9 19.3 

Relative 
contribution of 
each TEA to total 
degradation (%) 

CH4 14.4 12.2 12.2 16.2 
Degradation at fringe (%) 33.0 36.3 36.5 54.0 
Degradation in core (%) 67.0 63.7 63.5 46.0 
All figures based on global masses cumulatively reacted in 47 years unless stated otherwise 
a plume width 65 m.  b plume width 130 m 
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Three-dimensional homogeneous model with deterministic source 
 
Simulations of the 3-D model, thus including the horizontal dispersive fringe, show a 
plume development very similar to the 2-D case (Fig. 2). Though the total mass of 
phenol degraded is much larger, the input of phenol is larger too due the lateral 
extension of the source, and the mass degraded per m width of the plume is only 
moderately larger (Table 2). In summary, the more realistic 3-D simulation gives a 
mass degradation increased by about 20% compared to a 2-D representation of the 
plume. But notably, there is no significant shift of the relative contribution, and thus 
importance, of the fringe and core processes; the majority of the degradation takes 
place in the core of the phenol plume (Table 2). 
 
 
 
Three-dimensional model with variable source 
 
Figure 3 illustrates the resulting plumes for a 3-D simulation with spatially variable 
phenol source with phenol and acetate as isosurfaces. A small amount of fingering of 
the plume is apparent in the simulations, which is not caused by the flow field, being 
uniform, but solely by the spatially variable phenol source. However, the effect on the 
mass balance and phenol removal is almost negligible. 
 
 
 

 
Fig. 3 Results of 3-D model showing contours on the variable source plane and the 
resulting fingering plume isosurfaces for phenolics and acetate after 47 years.  
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Numerical accuracy depending on grid refinement 
 
A study on the grid refinement showed that automatic grid refinement can reduce the 
runtime with very limited changes in the mass balance, and also that a uniform grid 
level (level 5) with four times fewer nodes than the default (level 6) provides 
acceptable results, but that coarsening the grid further (level 4) then introduces more 
substantial deviations (Table 3). 
 
 
Table 3 Results of parallel adaptive 2-D multi-species simulations given at 47 years. 

    Efficiency: Global mass: 
Uni. Rfn. Crs. Final  

nodes 
Linear 
iterations 

Runtime 
(h) 

Phenol 
(mols)  

O2  
(mols) 

NO3
2-  

(mols) 
FeII 
(mols) 

6 – – 16705 15895 55.3 100.0% 100.0% 100.0% 100.0% 
– 6 – 8372 14694 36.0 100.0% 100.0% 100.0% 100.0% 
– 6 5 5224 16500 28.3 100.2%   97.8%   97.9% 107.2% 
– 6 4 4900 17004 28.3 100.4%   97.4%   97.6% 107.7% 
5 – – 4257   9598   9.5 100.4%   95.6%   96.7% 105.2% 
– 5 – 2676   9587   7.6 100.4%   95.6%   96.7% 105.2% 
4 – – 1105   6086   2.2 101.4%   86.8%   93.6% 109.5% 
Simulations were run on six processors of the Beowulf cluster. Uni. – maximum uniform level. Rfn. – 
most refined grid level. Crs. – lowest level grid coarsened to following refinement. Four adaptations 
were allowed each time step. Total Global Masses are normalized to the mass of the level 6 uniform 
results. 
 
 
CONCLUSIONS 
 
Enhanced numerical capabilities have been applied to facilitate comparison of 
modelling concepts for reactive transport and perform a realistic 3-D simulation. The 
biodegradation concept was shown to be the most important conceptual step-up, more 
important than extending a homogeneous model to one with a heterogeneous 
permeability field, or enlarging a 2-D to a 3-D model. Though this is a site-specific 
result, it indicates that the importance of improving the biodegradation concept should 
not be underestimated, even for already relatively sophisticated biodegradation 
concepts. This in turn also implies that there is a need for detailed laboratory data on 
biodegradation for close-to-field conditions, and that an effort in this direction may be 
more beneficial to capture the mass turnover than further characterizing the 
permeability heterogeneity of a weakly or moderately heterogeneous field site. 
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