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Modelling Assessment of an in situ Oxygen Sparging Remediation 
of an Ammonium Contamination - Pilot Plant BIOXWAND Berlin 

Christoph Horner1, Frank Engelmann2, Lutz-Peter Schmolke3, Gunnar Nützmann1 

Abstract 
Reactive transport modelling is demonstrated by assessing the remediation of an Ammonium contamination plume 
originating from sewage field management over decades and situated close to the Friedrichshagen water works in 
Berlin. As remediation method, an in situ nitrification of the aquifer by injection of Oxygen gas and Air close to the 
production wells will be performed. In order to assess the kernel process itself (the nitrification), but also its impact on 
the hydrochemical composition of the raw water to be pumped from water works production wells, reactive transport 
modelling was performed. First, principal aspects of the coupling of hydrodynamic transport and reactive software 
tools are presented. In order to assess the remediation by in situ nitrificaton a site and problem adapted reaction 
network has to be deduced, followed by the mathematical formulation and by the incorporation of reactive terms into a 
reactive transport solver. Two model versions result from these steps: (1) a generic regional model set up to evaluate 
the long-term reaction zoning to expect due to permanent Oxygen gas injection, and (2) a verification of the monitored 
hydrochemistry during a first field test to estimate reaction parameters for further field tests planned in future closely to 
the well fields.  

1. Introduction 
At a distance of about 3 km from the northern well fields of the Friedrichshagen waterworks in Berlin, 
industrial and municipal waste water was infiltrated at a sewage field between 1900-1976. A schematic 
map of the site with the extension of the contamination plume is shown by Figure 1. Increasing 
wastewater input especially since the 1950 years resulted in a capacity overload of the sewage field. In 
1955, a wastewater input of 25,000 m3/d was faced to a infiltration capacity of 17,000 m3/d of the sewage 
field. During the following years, the excess of waste water input in relation to the available sewage field 
capacity continuously changed to the worse. In 1973, the wastewater input increased to 48,000 m3/d in 
relation to a sewage field infiltration capacity of 13,000 m3/d. Wastewater highly concentrated in 
Ammonium especially came from gas work effluents. Due to the local geological conditions, the 
wastewater infiltrated the capture zone of the the most significant wellfields of the Berlin Friedrichshagen 
waterworks as well. Since the 1970 years, the Berlin Waterworks (Berliner Wasserbetriebe) and its 
ancestors until 1989 assess the Ammonium contamination by an extensive monitoring measurement 
campaign on multi-level observation wells which was enforced after 1992. Monitoring results 
demonstrate that the Ammonium contamination plume has already reached the well fields. 

In 1978, the wastewater treatment plant Muenchehofe began to work, but its sludge drainage capacity 
was limited so that about 2.8 million m3 sludge had to be deposited on unsealed ground and in case of 
emergency also on the sewage field during the time interval 1978-1985. By the wastewater plant 
management, only the load of organic substances was reduced, while the Ammonium load was only 
partially eliminated via off site denitrification. The resulting treated wastewater effluent was infiltrated in 
a rate of about 7000 m3/d to the sewage field. Using this way, the further Ammonium input was provided 
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into the river Erpe and the aquifer. In total, 30,000-35,000 tons of Ammonium were infiltrated on the 
sewage field. 

First remediation activities were initiated since 1994. Because of the migration behaviour of 
Ammonium within the aquifer involving fixation on the aquifer matrix by ion exchanche, a pure 
hydraulic strategy was rejected. Elution experiments on drilling cores sampled from the aquifer that about 
80% of the abundant Ammonium is fixed by ion exchange on the aquifer matrix. Therefore as a 
technological alternative providing more success in remediation an approach carrying oxygen (or air) 
directly in situ to the contaminated aquifer to initiate the nitrification was chosen. As a unique approach at 
this time in Germany, the first tests of this technology were funded by the Ministry of Technology and 
Research of the Federal Republic of Germany (BMFT). 

At a test site situated near the boundary of the sewage field (“Test Site Machnow”) two pilot 
remediation experiments were conducted. The first remediation campaign was performed in 1998/1999 
(NIDESI 2000). Here the in situ nitrification of Ammonium was provided by an infiltration of water 
highly enriched with oxygen gas via a recharge well. Based on the evaluation of this remediation 
experiment which showed only limited success, a second remediation experiment using Oxygen gas and 
air sparging as Oxygen transfer method into the contaminated aquifer was conducted in 2002/2003 
(BIOXWAND, 2004). Both field campaigns were assessed by an extensive monitoring and laboratory 
column experiments concerning oxygen gas transport and solution, microbiology, and the kinetics of the 
nitrification as the kernel process and the denitrification process delimiting the occurrence of nitrate 
downstream to the well fields. Since 2005, the field test campaigns are assessed by reactive transport 
modelling performed by the Leibniz Institute for Freshwater Ecology and Inland Fisheries (IGB, 2005 
(1), IGB, 2005 (2)). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Site map of the ammonium contamination near the Friedrichshagen water works in Berlin 
(Source: modified after BIOXWAND (2004)) 
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2. Fundamentals on reactive transport modeling 
The reactive multi species advective dispersive transport equation for the ith aqueous total component ui is 
given by 

( ) iii
i ssuDuv

dt
du

=∇∇⋅−∇⋅+  (1) 

where v is the pore velocity [L/T], D is the hydrodynamic dispersion coefficient [L2/T], dt the time 
increment [T], and ssi [M/(L3·T)] the source/sink term which subsumes the chemical reaction term.  
For solid species pi, the advective and dispersive terms of equation (1) are cancelled out leaving only the 
source/sink term 

i
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Here, b is the bulk density [M/L3], and  [-] the porosity of soil-water system. The chemical reaction 
term is made up by a reaction network which represents a matrix composed by master species and 
complexed species linked to the master species by association reactions. The aqueous total component ui 
itself result from master species concentration ci and the concentrations of Nc complexed aqueous species 
Xj and their stoichiometric coefficients aj derived from the association reactions involving the master 
species of the reaction network. 

( ) ⋅+=
cN
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In general, the chemical reaction term is strongly non linear due to the fact that the species concentrations 
are calculated via mass balances and mass reaction law relations based on the association reactions, if 
chemical equilibrium is assumed. In general the chemical reaction term results from the interplay of 
chemical kinetics and chemical equilibrium.  

The numerical solution of the reactive advective dispersive transport equation is difficult to handle 
because of the different mathematical nature of the advective dispersive subset (partial differential 
equation systems) and the chemical reaction subset (ordinary differential equation systems). Besides the 
fact of the different mathematical nature, the coupling of both subsets introduces an additional numerical 
error. 

There are several strategies to overcome these problems (Barry et. al., 2002). A straightforward, but 
very consumptive strategy is to solve the transport and the chemical reaction term equation systems 
simultaneously using the global implicit approach (Steefel, 2001). A more suitable and easier practicable 
approach is to couple sequentially the hydrodynamic transport and chemical reactive subsets (sequential 
approach) by enabling the use of well tested hydrodynamic transport and geochemical software tools. The 
numerical error induced by the coupling procedure can be minimized either by internal iterations between 
transport and chemical subsets or by diminishing the simulation time step if an sequential approach 
(calculation of the chemical source/sink term after calculating the transport) is provided. 

As software system, the reactive transport solver PHT3D (Prommer, 2002) was applied for the 
simulations presented here. It sequentially couples the advective dispersive multi species transport solver 
MT3DMS (Zheng and Wang, 1998) with the powerful chemical reaction solver PHREEQC (Parkhurst 
and Appelo, 1999) which can assess kinetics, ion exchange and chemical equilibrium for a broad range of 
natural hydrogeochemical environments. The chemical reaction solver PHREEQC uses extensive 
thermodynamic databases addressing to most natural hydrogeochemical issues. 

Copyright © Shaker Verlag, Aachen 2007. ISBN: 978-3-8322-6397-3



 374

3. Modeling and field test verification 
3.1 Model setup 
3.1.1 Conceptual long term prognosis model 
At the beginning of modelling, a conceptional regional 2D model was set up in order to estimate the long 
term impact of a permanent management of the in situ nitrification remediation over 50 years. The model 
extension is 3000 m and covers the distance between the sewage field and the well field A of the 
Friedrichshagen waterworks (Figure 1). As shown by Figure 2, the left model boundary (constant 
potential inflow) represents the sewage field site whereas the right model boundary (constant potential 
outflow) Figures the production wells of the well field A. According the long term planning, the Oxygen 
bubble wall where the remediation will be managed is placed 500 m upstream of the outflow boundary. 
In relation to the local hydrogeological setting, the aquifer thickness was assigned at 50 m. Both hydraulic 
aquifer parameters as well as the inflow and outflow potentials were specified so that the mean pore 
velocity monitored within the upstream of the well field (0.3 [m/d]) is verified by the conceptual model. 
 
 
 
 
 
 
 

Figureure 2: Model setup of the long-term prognosis model 
(Source: IGB 2005(1)) 

3.1.2 Verification test site model 
In order to verify the monitoring results of the test campaign “Bioxwand” performed during 2002/2003 
on the test site Machnow, a detail model showing all site typical hydrogeological and hydraulic 
characteristics was integrated into a 3D version of the conceptual model using a finer discretization. 
Figure 3 additionally shows the monitoring setup with a pumping well, 3 observation wells and the 
extension of the Oxygen gas infiltration area (Oxygen bubble wall) and of the aerobic zone downstream 
monitored after 160 d. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Model setup of the verification model 
(Source: BIOXWAND 2004, IGB 2005 (2)) 
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From the various test phases, beginning with the build up of a consistent Oxygen gas phase zone, a time 
interval with a still stable Oxygen bubble wall and nearly constant gassing rates was selected for the 
verification of monitoring results. The field test was performed over a total time interval of 343 days, and 
a time interval of 120 days (beginning with the 51th day) was selected for verification by reactive 
transport modelling. 

3.2 Reaction Network 
The first step of reactive transport modelling is to deduce a suitable site and problem adapted reaction 
network. 

The kernel process of the remediation measure is the nitrification reaction 

OHHNOONH 2324 22 +++ +−+  (4) 

Depending on the matrix composition of the aquifer, the nitrification initiates a sequence of secondary 
reactions which also affect the groundwater quality. By (NIDESI, 2000), the abundance of Calcite 
(CaCO3) of up to 2 weight %, Pyrite (FeS2) of up to 100 [mg/kg], matrix bound organic carbon, and a ion 
exchange capacity of 1.3x10-4 to 1.67x10-3[mol eq/100g] were demonstrated. In detail, the following 
secondary hydrochemical reactions have to be considered: 

Denitrification reactions involving Pyrite and /or organic carbon provide the elimination of Nitrate 
downstream of the Oxygen source. 

( ) +−− +++++ HSONOHFeOHNOFeS 510
2
17510155 2

423232  (5) 

OHHNHCONOOCH 22332 22545 ++++ +−−  (6) 

Consumption of excess Oxygen by Pyrite and/or by organic Carbon is provided by 

( ) +− ++++ HSOOHFeOHOFeS 42
2
7

4
15 2

43222  (7) 

+− ++ HHCOOOCH 322  (8) 

The most striking impact of these reactions on the groundwater quality is the acidification by release of 
sulphate due to the decomposition of pyrite. But due to the demonstrated presence of Calcite, the 
acidification is buffered by the dissolution of Calcite. 

−++ +⇔+ 3
2

3 HCOCaHCaCO  (9) 

Other important processes are ion exchange processes especially involving Ammonium by fixing 
Ammonium on the matrix and providing a retarded hydrodynamic transport of Ammonium so that 
a hydraulic remediation seems highly inefficient. Additionally, the dissolution of Oxygen gas and the 
supply of organic carbon by mobilizing matrix bound organic carbon have to be considered. 

In summary, all main components of hydrochemical groundwater analyses were incorporated in order 
to simulate the observed changes in groundwater quality as close as possible so that in total 17 
components result. As outlined above, all reactions to be considered are formulated within the chemical 
reaction module PHREEQC by applying kinetics to the nitrification, the degradation of pyrite, the 
dissolution of Oxygen gas and the supply of organic carbon, and chemical equilibrium to the remaining 
reactions. 
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3.3 Modeling results 
3.3.1 Conceptual long term prognosis model 
The simulation results for the long term prognosis are illustrated by Figure 3. From Figure 3, the 
extension of the different reaction zones caused by a permanent in situ nitrification measure can be 
extrapolated. Thus the reach of the aerobic reaction zone can be extrapolated at about 100 m downwards 
from the Oxygen bubble wall. To the aerobic/anaerobic Nitrate zone, a reach of about 300 m can be stated 
indicating that Nitrate can only break through if all Pyrite is consumed. After a remediation management 
period of 50 years, Ammonium is simulated to be eliminated over the whole downstream area so that the 
production wells which are now still affected by Ammonium contamination can be expected at longer 
terms free from Ammonium. The simulation results show an additional load of sulphate in concentrations 
above the drinking water limiting value of 250 [mg/l] related to the progress of the pyrite degradation 
front and indicate some acidification for the pumped groundwater starting from pH values of about 7 to 
6.7 during the breakthrough of the acidification front. 
 
 

 
Figure 3: Results of the long-term prognosis model: Extrapolated reach of the reaction zones after the 

management of the in situ nitrification over 50 years 
(Source: IGB 2005(1)) 

3.3.2 Verification of selected phases of the field test campaign 2002/2003 on the test 
site Machnow 

Selected results of the field test verification are presented by Figure 4 for Ammonium and Figure 5 for 
Nitrate. As available from Figure 2, the observation well P2/M is situated within the gas source (Oxygen 
bubble wall) whereas the observation wells P3/M and P4/M represent the closer and the more distant 
downstream area (at distances of 10 m and 15 m downstream). The signatures of the solid lines Figuring 
the simulated breakthrough symbolize different kinetics parameter specifications for the nitrification and 
denitrification reactions. In general, the simulation results confirm quite well the monitoring results. 
Therefore, these kinetic parameters can be estimated as a sufficient data basis for the following modelling 
phases which are now ongoing at a new test site situated close to the well fields A and B of the 
Friedrichshagen waterworks. 
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Figure 4: Model verification of the BIOXWAND field test 2002/2003 on the test site Machnow: 

Measured (indicated by dots) and simulated breakthrough of Ammonium 
Source: (BIOXWAND, 2004; IGB, 2005(2)) 

 
Figure 5: Model verification of the BIOXWAND field test 2002/2003 on the test site Machnow: 

Measured (indicated by dots)and simulated breakthrough of Nitrate 
Source: (BIOXWAND, 2004; IGB, 2005(2)) 

4. Discussion and Conclusions 
Since 2005, the field pilot experiments to protect the well fields of the Friedrichshagen waterworks from 
an Ammonium contamination plume are assessed by reactive transport modelling performed by the 
Institute of Freshwater Ecology and Inland Fisheries, Berlin. The main hydrogeochemical processes 
within the contaminated aquifer caused by the in situ Oxygen gas sparging, such as nitrification of the 
Ammonium, denitrification by both organic matter and Pyrite (FeS2), acidification due to the degradation 
of Pyrite, and buffering of the acidification and hardening by dissolution of matrix bound Calcite are 
assessed by reactive transport modelling. First, a long-range prognosis concerning the raw water quality 
was provided if the downstream vertex of the ammonium contamination plume is cut by an Oxygen 
bubble wall, along with in situ oxygen sparging is managed steadily over decades until the Ammonium 
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load has been flushed out. So the extension of the reaction zones to expect – aerobic zone, nitrate zone, 
denitrification zone – and the displacement of the acidification front towards the well fields of the Berlin 
Friedrichshagen waterworks - was estimated. Finally, the developed reactive transport model will provide 
an effective experimental control model of the ongoing pilot experiments performed on a new test site 
close to the contamination plume vertex during the next two years (2007-2008) over all test phases such 
as the build up of an aerobic zone wall and the perpetuation of the aerobic zone in order to reduce 
effectively the contamination of the production wells. During the presentation, the reactive transport 
modelling concept as well as the results of the long-term hydrochemical prognosis and examples of the 
verification of hydrogeochemical changes during the BIOXWAND pilot remediation experiment by the 
reactive transport model will be shown. 
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