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Abstract 
Modeling of the nitrogen cycling in the sediments of the Baltic Sea is the major objective of the 
present study. A model of the nitrogen cycling in the sediment of the Western Gotland Basin 
was developed. The model simulates the sedimentary biogeochemical processes such as 
decomposition of the organic detritus and transformation of nitrogen species in the sediment. 
The development of the model is based on the methods and approaches implemented in the 
model of the freshwater Haringvliet Lake, Netherland. 
The sediments of Haringvliet and the Baltic Sea were examined in terms of the interactions and 
controls of biogeochemistry. Both systems are eutrophied. This results in a high sedimentation 
rate of organic matter and creates the same chemical and physical conditions to their 
sediments. However, the sedimentation rate and decomposition of organic detritus is higher 
and nitrification and denitrification is lower in Haringvliet lake system compared to the Baltic 
Sea.  
The results of the model tests show that profiles of the chemical compounds and rates of the 
processes are in good agreement with the observations made in different areas of the Baltic 
Sea. The model can be used for simulation of the sediment processes when there is a constant 
input of organic matter. The model can also reproduce the behavior of the sediment when 
some of the process parameters and conditions are changed. 
A comparison of the rates of the biogeochemical processes predicted by model and those 
measured in the different basins of the Baltic Sea was performed. The rates of decomposition 
of organic detritus, denitrification and nitrification were in agreement with the field data. Based 
on the results of the model the nitrogen removal in the sediment was calculated and it was 
found that 26-32% of total nitrogen entering the sediment is removed by denitrification. 
 
Key words: eutrophication, the Baltic Sea, the Western Gotland Basin, environmental modeling, 
sediment, nitrogen cycle 
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1 Introduction 
Eutrophication is a process occurring when the water bodies become excessively rich in 

nutrients and it is a worldwide problem of the present time, especially in the coastal areas 
(Stockenberg, 1998). The eutrophication-induced changes of an ecosystem can cause reduced 
water quality, shifts in species composition and dead bottoms.  Currently, this problem is a 
matter of concern in the Baltic Sea which is the largest brackish water ecosystem in the world. 
Its water volume is about 21 000 km3 and the surface area is 415 266 km2 (Schiewer, 2008). The 
catchment area of the Baltic Sea is occupied by 14 countries with a total population of 84 
million people, and 15 million of them live within coastal areas of the sea (HELCOM, 2003).  

The hydrological, climatic and biodiversity characteristics of the Baltic Sea makes it 
vulnerable for ecological changes and external disturbance (HELCOM, 2003). The fact that 85 
million people live in the catchment area, means continuous influence and stresses on the 
Baltic Sea ecosystem. Human activities in the area lead to serious environmental issues such as 
eutrophication, invasion of non-native species and pollution with persistent organic pollutants, 
heavy metals and oil spills (Schiewer, 2008). However, the most significant environmental 
problem in the Baltic Sea is eutrophication. The main reason of the eutrophication is nutrients 
enrichment in the Baltic Sea such as nitrogen and phosphorus. Altogether nutrients originating 
from sources such as atmospheric deposition, coastal point sources and river discharges 
contribute to 1 360 000 tons of nitrogen and 59 500 tones of phosphorus each year (Rönnberg 
and Bonsdorff, 2004).  

Magnitudes and levels of the eutrophication are not similar in different areas of the 
Baltic Sea, but all areas including coastal, offshore and central areas are affected by 
eutrophication (HELCOM, 2009). The Baltic Sea is not a uniform system and there are significant 
environmental differences between coastal and open sea areas and between archipelagos and 
open coasts (Rönnberg and Bonsdorff, 2004).  

The present work is focused on the eutrophication problem in the Stockholm 
Archipelago and studies the role of sediment in the nitrogen cycling. This is because the 
nitrogen is one of the limiting essential nutrients. It can be removed in the sediment and the 
knowledge about the nitrogen cycling in the aquatic system is valuable for abatement actions 
on the eutrophication.  

The Stockholm Archipelago has been eutrophied for a century and it is influenced by 
discharge coming from the Stockholm County inhabited by 1.5 million people and 
transportation (Schiewer, 2008). The archipelago also receives significant amount of nutrients 
from the whole Lake Mälaren (Rosenberg and Diaz, 1993). This is one of the major sources of 
the nutrients.  Eutrophication has had dramatic effects on the ecosystem of the archipelago 
such as alteration in nutrient ratios, algae blooms and anoxic bottoms (Bonsdorff et al., 1997). 
In spite of all these factors, archipelago’s areas are very interesting for actions on 
eutrophication abatement, because the archipelago can act as a sink of nutrients and thus 
diminish nutrients discharge to the open sea areas (Rönnberg and Bonsdorff, 2004). The 
archipelago represents the coastal areas, where inputs of nutrient from the land are higher 
and, in addition, it has complex topography and restricted water exchange (Bonsdorff et al., 
2002).   

A number of studies of the eutrophication problem and related changes in ecosystems 
functions have been conducted in the archipelago. Rönnberg and Bonsdorff (2004) have 
studied pathways and consequences of eutrophication in the Baltic Sea including the Stockholm 
Archipelago. They developed a box model of the ecosystem responses to nutrients enrichment 
in the archipelago areas. The model represented a flow-chart illustrating the effects of the 
nutrients surplus on the ecosystem (Rönnberg and Bonsdorff, 2004). Boesch et al. (2006) and 
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Schiewer (2008) have reported the ecological changes related to eutrophication of the 
Stockholm Archipelago. They described physical, chemical and biological alterations in the 
ecosystem and nutrients sources.  

Investigation into the sediment of the Stockholm Archipelago has been carried out. 
Jönsson et al. (2005) performed an evaluation of the potential of organic carbon burial in the 
sediment and reported value of the burial flux for the organic carbon was 3.1Gg year-1 (Jönsson, 
2005). Nevertheless, the sediment can retain not only organic carbon but nitrogen as well. The 
current work attempts to make further investigation into the Stockholm Archipelago sediment 
and focuses on potential of sediment to remove nitrogen.  

The main idea of the current study is to reproduce sedimentary processes related to the 
nitrogen cycling in the model and to calculate a ratio of removed nitrogen. Environmental 
modeling is one method to achieve this and to investigate the eutrophication phenomena and 
its relationship to the sediment at an ecosystem level. It allows simulating biogeochemical 
processes and better understanding on the roles of various critical processes in sediments. An 
effort to study the nitrogen cycling in the archipelago’s sediment has been put before. Sun 
(2008) originated a model of the nitrogen cycling in the sediment of the Stockholm Archipelago 
and the current work presents continued evolvement of that model. A strategy of the work is to 
adopt the existing model to the Baltic Sea environment. It includes finding required values of 
parameters and reliable data for testing. 

1.1 Aims and Objectives 
The overall aim of the present thesis is to develop a model of the nitrogen cycle in the 

sediment of the Stockholm Archipelago, the Baltic Sea. To achieve this aim, a model by Sun 
(2008), simulating the nitrogen cycle in the sediments of freshwater lake, is used as a 
prototype. The model of Haringvliet Lake needs to be modified to represent conditions in the 
sediment of the Stockholm Archipelago – a brackish water body.  

The original model by Sun (2008) uses a lot of specific data and parameters related to 
the sediment of the Haringvliet Lake and it is tested by the field and other models data. In order 
to adapt the model for the Stockholm Archipelago it is necessary to obtain reliable data to 
support the development of the new model. Unfortunately, collecting data about the sediment 
of the archipelago revealed there is not sufficient data for the model. For this reason it was 
decided to change the original aim and to adapt the model for the particular site within the 
Baltic Sea, which has enough field data to work with. So the modified aim of the thesis is to 
modify the existing model in order to adjust it for a specific site within the Baltic Sea that has 
sufficient data for model development and testing. In order to accomplish the aims following 
objectives have to be fulfilled: 

• Identify differences between lake and marine systems 
• Study parameters and processes included in the existing model 
• Analyze what data are necessary for the model evolvement  
• Identify what parameters need to be changed 
• Acquire specific information on the sediments of  one area within the Baltic Sea 
• Calibrate the model 
• Test the results and predictions of the Baltic model by field data 

1.2 Methodology 
Data necessary to fulfill aims and objectives of the work were gathered from scientific 

literature and the Internet. Another set of unpublished data about sediment nutrient profiles in 
the Baltic Sea was obtained from Xiaole Sun, PhD student at Stockholm University. To realize an 
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investigation of nitrogen cycling environmental modeling was chosen as a method and as a tool 
of modeling software called PHREEQC (Parkhurst and Appelo, 1999) was selected.  
 
Environmental Modeling 

A model is a representation of a reality and it describes a real system in the simple and 
adequate way (Mulligan and Wainwright, 2004). Ecological models are capable to describe an 
ecosystem with mathematical expressions. Natural systems are always very complex, due to 
interaction within and between systems involving a number of processes and reactions. 
Recently, environmental models have become a powerful tool in investigation of interaction 
between environment, ecosystems and humans (Mulligan and Wainwright, 2004). 
Environmental models are implemented in studies of fates, persistence and transport of 
pollutants and other chemicals and in predictions of future under certain environmental 
conditions.  

Models can be developed on variety of purposes, for example, the better understanding 
of ecological system, learning, communication or prediction. In this work the model is used to 
learn about the fate of nitrogen species in the sediment. To achieve this, specific processes in 
sediments are simplified, expressed by mathematical equations and integrated in the model. 
Results of the model mainly show concentrations of different nitrogen species at different 
depth and time points. This computer-based environmental model allows identifying important 
processes and quantifying amount of nitrogen escaping the nitrogen cycle in sediments. 

 
PHREEQC 

PHREEQC (Parkhurst and Appelo, 1999) is a computer program written in the C 
programming language and it is used for speciation, reaction path and geochemical 
calculations. It is based on the equilibrium chemistry of aqueous solutions and capable to 
model kinetic reactions (Parkhurst and Appelo, 1999).  PHREEQC is also competent to perform 
speciation, solubility, reaction path, inverse mass balance modeling and one-dimensional 
advective, dispersive and reactive transport calculations. Due to all these characteristics this 
program is utilized to simulate all reactions involved in the nitrogen cycling in the sediment.  

To perform simulations with PHREEQC all reaction and their rate constants have to be 
specified in advance. Afterwards, the data gathered from the Baltic Sea is used as an input to 
the model. The PHREEQC program is organized to simulate the transformation of chemical 
compounds in the upper 10 cm of sediments at different time points. The height of the 
sediment is selected by the modeler. Current work studies only 10 cm of the sediment because 
the most important processes in the nitrogen cycling take place in the top centimeters of the 
sediment. PHREEQC is chosen because it is a powerful program which is able to simulate any 
processes almost without limitations (Schulz and Zabel, 2006). The present study put several 
requirements from the model, it should be feasible to simulate a process of organic matter 
decomposition and mixing of solutes in pore water and selected PHREEQC program can meet 
this demands. 
 PHREEQC can be downloaded from the US Geological Survey web-site, 
http://wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqc/. 
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2 The Stockholm Archipelago 
The Stockholm Archipelago is the largest archipelago in Sweden and located in the east 

coast of Sweden at the latitude of the Stockholm city and it stretches 200 km from Nynäshamn 
in the south till Singö in the north, see Fig. 1 (Schiewer, 2008). It consists of about 30 000 large 
and small islands, a number of sheltered inlets and basins connected to each other, as well as 
open waters, rocky coasts and narrow fjord-like bays (Schiewer, 2008). Additional 
characteristics related to the archipelago are presented in Table 1. 

 

 
Figure 1. The map of the Stockholm Archipelago (Google Maps, 2009). 

 

2.1 Sources of nutrients 
The inner regions of the archipelago, the closest water body to the Stockholm city, are 

mainly influenced by inflow of freshwater from Lake Mälaren (Schiewer, 2008). The volume of 
the outflow from the lake to the archipelago is 165 m3 s-1 (Rosenberg and Diaz, 1993). It 
provides additional nutrients, algae and other chemical and biological species. However, Lake 
Mälaren is not the single source of nutrients. The archipelago is also affected by sewage 
discharge originated in the Stockholm County. The main sewage treatment plants which have 
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discharges to the archipelago are Bromma, Henriksdal and Käppala (Rosenberg and Diaz, 1993). 
Release of treated water from the sewage together with the lake contributes 5000 and 200 
tonnes of nitrogen and phosphorus each year, respectively, to the archipelago nutrient budget 
(Boesch et al., 1993). Sediments act as internal, natural sources of nutrients and they provide 
30-60 tonnes of phosphorus annually. Unfortunately, the data on the amount of nitrogen 
released from the sediment is not available.  

 
Table 1. General characteristics of the Stockholm Archipelago (Schiewer, 2008). 

Parameters Values Units 
Water temperature +5 – +16.1 °C 
Average precipitation 540 mm a-1 

Mean fresh water inflow 6300×106 m3 a-1 

Mean inflow from Baltic 47300×106 m3 a-1 

Mean total outflow 54000×106 m3 a-1 

Water residence time <10 (outer region)
>40 (inner region) 

d 

Area 5010 km2 

Volume 109.6×106 m3 

Mean depth 14 m 
Maximum depth 241 m 
Catchment area 27265 km2 

Organic matter content in the  sediment 14-25 % dw 
C/N ratio in the sediment 8.5-11.2  

 

2.2 Eutrophication 
Eutrophication is the process when a marine primary production increases substantially 

resulting from enhanced input of nutrients such as nitrogen and phosphorus. These changes 
can cause significant, long-term deteriorations of the marine environment. General effects of 
eutrophication are: shifts in nutrient ratios; increase of organic matter input into the benthic 
system; increased benthic and pelagic primary production; increased turbidity; increased 
oxygen consumptions; toxic blooms; benthic anoxia and dead bottoms (Bonsdorff et al., 1997). 

Indications of eutrophication have been noticed in the archipelago’s waters since 1900 
(Schiewer, 2008). During summer, waters of the Stockholm Archipelago has concentrations of 
total nitrogen and phosphorus of 43 μmol l-1 and 0.7 μmol l-1, respectively, and phytoplankton 
biomass is characterized as “high” and “medium high” (Schiewer, 2008). Eutrophication causes 
turbidity in water column and anoxic conditions in the benthic layer. As a result, these factors 
provoke death of benthic macrofauna and laminations of the sediments (Rosenberg and Diaz, 
1993; Schiewer, 2008).   

3  Nitrogen Cycle in Sediment 
In the sediments a number of chemical and biochemical processes take place. Organic 

detritus and other chemical compounds deposited on the sediment surface stimulate activities 
of the benthic habitat and most processes like oxygen consumption, metabolism and growth of 
bacteria. These processes contribute to degradation of organic matter and formation of 
inorganic chemical compounds.  

In aquatic ecosystems, different forms of nitrogen are involved in a variety of reactions 
and processes. Important forms of nitrogen are ammonium (NH4

+), ammonia (NH3), nitrate 
(NO3

-), nitrite (NO2
-) and nitrogen gas (N2). Ammonium, nitrate and nitrite constitute dissolve 

inorganic nitrogen (DIN). They are consumed by phytoplankton and are used as electron 
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acceptor by bacteria.  Organic forms of nitrogen consist of organic detritus. It can settle as dead 
organic matter to sediment or be grazed by zooplankton.  

The sediments can not only recycle nutrients and other chemical compounds back to 
water column, but also act as a sink of nutrients by retaining them. This, in fact, is a reason why 
sediments play a major role in the eutrophication problem. The denitrification process in 
sediments contributes to removal of nitrogen from the marine nutrient cycles. There are 
several chemical and physical factors influencing sediment processes such as concentration of 
chemicals, type of organic matter, bioturbation and temperature. Combination of these factors 
dictates how sediments behave toward nutrient transformations in aquatic systems 
(Stockenberg, 1998).  

Biogeochemical processes, related to the nutrients turnover, are very complex in aquatic 
ecosystems. Fig. 2 depicts the processes in the sediment related to the degradation of the 
organic matter and the nitrogen cycling. Most of the processes are considered in the current 
work. This chapter describes the benthic processes and further quantification and realization of 
them in the model are given in Chapter 5.2.  

 

 
Figure 2. The nitrogen cycle in sediment. 

 

3.1 Mineralization 
Mineralization is the process in which organic matter is broken down into inorganic 

compounds by bacteria and mainly takes place in the top oxic layer of the sediment (Fig. 2). 
Essentially, a larger part of the mineralization takes place in the sediment than in the water 
pillar (Gönenç and Wolflin, 2005), due to continuous sedimentation of organic detritus. 
Regeneration of ammonium from the sediment back into the water takes place because of this 
process (Gönenç and Wolflin, 2005).  

As long as oxygen is supplied, aerobic bacteria will consume organic detritus and rapidly 
decompose it. As a result of this process organic material will be decomposed to inorganic 
nitrogen compounds like ammonium, Fig. 2.  

Aerobic mineralization could be affected by the sedimentation rate of organic detritus 
and by the oxygen supply. Other physical and chemical factors influencing the mineralization 
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are characteristics of organic matter, temperature, pH, redox potential and bioturbation 
(Gönenç and Wolflin, 2005).  

3.2 Methanogenesis 
In the anoxic sediments mineralization is carried out by anaerobic bacteria (Stockenberg, 

1998; Gönenç and Wolflin, 2005). One of the processes involved in the anaerobic mineralization 
is methanogenesis. During the methanogenesis, bacteria decompose the organic detritus into 
inorganic chemical compounds and produce ammonium, see Fig 2. Methanobacterium, 
Methanococcus, and Methanosarcina are three genera who perform the process (Håkanson 
and Jansson, 1983).  

Methanogenesis occurs in strictly anaerobic environment and at low redox potentials 
(Håkanson and Jansson, 1983). During the intense methanogenesis, methane bubbles are 
formed and escape from the sediment through the water column to the atmosphere. In this 
way aquatic systems contributes to the global climate change, because released methane is a 
strong greenhouse gas (Donner and Ramanathan, 1980). For the Baltic Sea, methanogenesis 
can be important in the carbon cycle under the certain conditions (Schmaljohann, 1996) 

 

3.3 Nitrification 
Nitrification is oxidation of ammonium to nitrite and nitrate through bacterial activity. 

The process is aerobic and consumes the molecular oxygen. It involves two steps (Fig. 2), firstly 
ammonium is oxidized to nitrite by Nitrosomonas bacteria. In the second step, nitrite is oxidized 
to nitrate by Nitrobacter. The latter process is faster than the former one (Gönenç and Wolflin, 
2005). Nitrification can reduce regeneration of ammonium from bottoms. Nitrification coupled 
with denitrification remove the nitrogen from aquatic ecosystems. Factors regulating 
nitrification are temperature, light, pH, ammonium, oxygen availability and benthic bio-activity 
(Gönenç and Wolflin, 2005).  

3.4 Denitrification 
Denitrification is the process when nitrate (NO3

-) and nitrite (NO2
-) is utilized to produce 

the nitrogen gas, N2. The nitrogen gas is not consumed by marine organisms so it escapes the 
marine environment.   The denitrification mostly takes place in the absence of oxygen, see Fig. 
2. This process is carried out by heterotrophic, anaerobic bacteria (Sietzinger, 1988). 
Denitrification occurs at the oxic-anoxic border of sediment. This position allows bacteria to 
uptake NO3

- and NO2
- (Tuominen et al., 1998). A sequence of processes is described below: 

 

22
-
3 N  ON  NO  NO →→→  

 
Denitrification is dependent on the availability of nitrate and organic carbon in 

sediment, here the organic carbon is used as reductant. Other factors affecting the rate of the 
process are temperature, bioturbation and oxygen concentration (Sietzinger, 1988). The main 
sources of nitrate in the sediment are diffusion from bottom water and the nitrification 
(Sietzinger, 1988; Gönenç and Wolflin, 2005). Oxygen availability influences denitrification 
indirectly by inhibiting nitrification.  

The denitrification process removes nitrogen from aquatic systems, thus, regulates 
primary production and alleviates eutrophication. Studies has shown benthic denitrification 
shares 80-90% of total benthic and pelagic denitrification in the Baltic Sea ecosystem 
(Sietzinger, 1988; Tuominen et al., 1998).  
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 Researches in the Baltic Sea manifested that nitrogen recycled from the sediment can 
meet 0-7.4 % of pelagic algal nutrient demand, while the similar value for phosphorus is ranged 
between 0-110 %, respectively (Stockenberg, 1998). Denitrification in the sediment can remove 
about 30% of the nitrogen, and nitrogen and organic matter burial is responsible for another 
30% of nutrient retained in the sediment (Stockenberg, 1998), unfortunately the fate of the rest 
40% are not available.  

3.5 Nitrate reduction 
Nitrate can be reduced to ammonium in the sediment, Fig. 2. This process is referred to 

as dissimilatory nitrate reduction to ammonium (DNRA). Pseudomonas putrefaciens bacteria 
performing DNRA compete with denitrifying bacteria for nitrate (Enoksson and Samuelsson, 
1987). When the conditions are favorable for DNRA, the reaction can be important (Enoksson 
and Samuelsson, 1987; Stockenberg, 1998). This is the main reason why DNRA should be taken 
into account in the investigation into nitrogen cycling. However, compared with DNRA, the 
denitrification is the dominant process in the Baltic Sea (Stockenberg, 1998). 

3.6 Adsorption 
Ammonium produced during the decomposition of the organic detritus can further be 

consumed during the nitrification, released from the sediment, buried or adsorbed, see Fig. 2. 
The adsorption is a process when the dissolved chemical compounds from the pore water are 
sorbed onto the surfaces of the solid particles in the sediment (Berner, 1976). It is significant 
process for the fate of nitrogen in the sediment and it should be considered in the modeling 
(Van Raaphorst and Malschaert, 1996). The adsorption is pronounced to be important for the 
cycling of the nitrogen. The reason is that the sorption surfaces act as a sink for ammonium, so 
the adsorbed ammonium is not available for the sediment processes (Van Raaphorst and 
Malschaert, 1996). Generally, the rate of adsorption depends on the concentration of 
ammonium, the porosity and the area of sorbent solids (Berner, 1976). The adsorption of 
ammonium is dependent on the salinity and it decreases when the salinity increases (Rysgaard 
et al., 1999).   
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4 Haringvliet Lake Model Analysis 
There are a number of models simulating the nitrogen cycling in sediment. In this study 

the model developed by Sun (2008) is selected for adaption and implementation to the Baltic 
Sea. It was developed using data from Haringvliet Lake, Netherlands (Sun, 2008). The model is 
chosen because it is based on the biogeochemical processes in sediments coupled with 
transport. The model simulates the upper 20 cm of the sediment over 80 years. It covers the 
main sediment processes related to the benthic nitrogen cycling at a detailed level and 
considers nitrogen chemical species such as NH4

+, NO3
-, NO2

- and N2 and their transformations.  
All processes and reactions including input data were adapted to the Haringvliet Lake. 
Quantification of the processes, reaction rates and other parameters were obtained from two 
models which were Haringvliet Lake model by Canavan et al. (2006) and a model of 
Mediterranean lagoon by Chapelle (1995). 

4.1 Parts of Model 
Before starting to make any modifications in the existing model it was necessary to 

identify main components that should be changed. It helped to find main characteristics of the 
environmental system and all additional data needed for the development of the model. The 
model of the Haringvliet Lake was studied carefully and divided into general compartments that 
were important in modeling. 

Part 1 – Processes of a natural system are processes in the model, that are used to 
simulate the cycling of nitrogen in sediment, for example mineralization and methanogenesis. 
This part shows dependences and relations between the processes. It also describes the 
quantitative formulation of the processes simulated in the model. This part aims at studying 
principles of the model and analyzing the applicability of a model to the Baltic Sea case, and the 
results are described in Chapter 5.1. 

Part 2 – Model parameters are coefficients and constants used to formulate the 
processes and reactions of the model. This part is very important, since it identifies the 
intensity of the processes. Parameters used in the model of Haringvliet Lake are reaction rate 
constants, stoichiometric coefficients and equilibrium constants. All parameters listed can vary 
from one model of natural system to another one. Parameters for the Baltic Sea model are 
described in Chapter 5.7.  

Part 3 – State variables and state constants, where state variables are a set of variables 
that have been modeled and state constants, represent a set of constants needed to run a 
model. State variables of the model of Haringvliet Lake are concentrations of chemical species 
like organic detritus, ammonium, nitrate, methane and nitrogen gas that vary in time during 
simulations. A state constant represents conditions of the simulated system that does not 
change with time. State constants of the model are sedimentation rate, temperature, input 
concentrations of chemicals, sediment diffusion coefficient etc., the state constants and state 
variables are further described in Chapter 5.6.  

Data for model testing are profiles of chemicals in sediments of a system under study. 
The data are needed to test output of a model by data obtained directly in a natural system. 
The outputs of the model of Haringvliet Lake by Sun have been tested by the data measured in 
the lake sediments and results of the Canavan’s model (Sun, 2008). The output of the model 
considers concentrations of ammonium, organic detritus, nitrate, nitrite, ammonium, methane 
and total inorganic carbon. To be able to test the model of the Baltic Sea it is required to have 
the sediment profiles of all chemicals mentioned previously. Acquired data for the testing of 
the Baltic Sea model are presented in Chapter 6.  
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Division of the model into different parts has several benefits, firstly it is easy to study 
and analyze the model and its principles of work. Secondly, it supports effective searching of 
data that are required for further model development and its adaptation for the Baltic Sea case. 
Almost all of the compartments in the Haringvliet Lake model are acquired or supported from 
laboratory and in-situ studies (Canavan et al., 2006). The Baltic Sea has been studied for a long 
time, in fact, it is the most studied brackish water body on the Earth. An attempt to find 
sufficient and reliable data from the literature about the Baltic Sea has been undertaken.  

4.2 Data Acquisition for the Baltic Sea Model 
The Baltic Sea is non-uniform and large sea, its parameters and characteristics differ 

from one area of the sea to another one. This is a main hindrance for the modeling of the Baltic 
Sea at a detailed level. In order to solve this problem it was decided to search for a particular 
place within the Baltic Sea where the model can be implemented and tested. To achieve this 
objective the searching was performed in all basins separately, but the focus was put on the 
Swedish coasts of the sea as close as possible to the Stockholm Archipelago.  

The Baltic Sea is divided into basins that are presented in Fig. 3 and each basin has some 
unique ecological characteristics that should be taken into account in model development. A 
number of articles concerning each basin have been found and carefully analyzed. The most 
important was to find reliable data for testing and values of the model parameters. In case of 
the data for testing there were a lot of articles with sediment nutrient profiles. However, it was 
hard to find profiles of all chemical compounds considered in the modeling, i.e. NH4

+, NO3
-, NO2

-

, total inorganic carbon (TIC) and organic carbon, CH4, O2 in pore and bottom waters. Almost all 
articles had profiles of NH4

+, dissolved inorganic phosphorus (DIP), but it was not enough for 
the model. For example, an article by Carman and Rahm (1997) had characteristics of bottom 
waters and pore water concentrations of chemical compounds like O2, NH4

+, HPO4
2-, Fe2+, Mn2+ 

and others and an article by Mäkelä and Tuominen (2003) had sediment profiles of NH4
+, NO3

- 
from different basins of the Baltic Sea. Stockenberg (1998) reported the profiles of organic 
carbon and oxygen. A pore water methane profile of Gotland Deep was published in the articles 
by Piker (1998) and an article by Schmaljohann (1996) had the same profile for Kiel Harbour.  
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Figure 3. The catchment area and main Basins of the Baltic Sea. Black  rectangle represents the site in the 

Western Gotland Basin, where the model is implemented (HELCOM, 2005). 
 

The same principle worked for the state constants for the modeling. All articles were 
scanned for physical and chemical parameters about bottom environment of each basin. 
Needed parameters were sedimentation rate, porosity, temperature, pH, bulk density of 
sediment and diffusion coefficient. All published literature were analyzed and sorted out 
according to the information about each basin. Concerning model parameters used in the 
Haringvliet Lake model (Table 4) most of them acquired from publications about other models 
implemented for the Baltic Sea Basins. Most of them simulated coupled water pillar and 
sediment processes, for example, models by Humborg et al. (2000),  Savchuk (2002) and Eilola 
et al. (2009). After careful analyzing of the models some of the appropriate parameters were 
selected for development of the Baltic Sea model.  

As a result of the searching and selections sufficient amount of data are gathered from 
the northern part of the Western Gotland Basin, see Fig. 3. The site is investigated continuously 
and a lot of data are available from the literature. Gathered data meets the requirements for 
calibration and testing of the model, so it was decided to implement the Baltic Sea model for 
this site. The Western Gotland Basin, in addition, is situated close to the outer Stockholm 
Archipelago. 

 

4.3 The Western Gotland Basin and Haringvliet Lake 
The Western Gotland Basin is situated in the Baltic Proper, the largest sub-region of the 

Baltic Sea (Lundberg, 2005). The salinity and oxygen availability in the bottom waters of the 
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basin are regulated by water inflow from the North Sea. Consequently, a stagnation of water 
for several years is common phenomenon in the area and, therefore, this natural phenomenon 
coupled to eutrophication lead to the oxygen depletion in the bottoms (Lundberg, 2005). The 
water depth in the Western Gotland Basin varies, there are sites with the depth of 10m and the 
sites with the depth of more than 400m. 

Haringvliet Lake is an eutrophic freshwater lake and receives polluted discharges from 
the Rhine and Meuse rivers. The lake is shallow and water residence time is short, these 
conditions prevent thermal stratification and bottom anoxia (Canavan et al., 2006).  

 
Table 2. Characteristics of the bottom environments of the Western Gotland Basin and Haringvliet Lake. 

Characteristics 
The Western 
Gotland Basin 

References Haringvliet Lake References 

Temperature at the Bottom 4-7 ◦C 1 12 ◦C 2
pH at the sediment surface 7.8 3 7.9 2
Sedimentation rate of organic 
detritus 

9.3 mmol m2 yr-1 4 6300 mmol m2 yr-1 2 

Sediment accumulation rate 0.7-2mm yr-1 4 10mm yr-1 2
Bottom water O2 concentration 328 1 238 2

    References: 1. Stockenberg, 1998; 2. Canavan et al., 2006; 3. Sun, unpublished; 4. Persson and Jonsson, 2000. 

 
Both the Western Gotland Basin and Haringvliet Lake hold eutrophic waters and they 

are influenced by high nutrient input. The sediments are highly porous and bottom water 
anoxia has not been observed at both sites (Stockenberg, 1998; Canavan et al., 2006). 
Consequently, the eutrophication driven processes create the same situation to the sediments 
of both aquatic systems. Sedimentation of organic detritus stimulates the similar processes in 
both sediments, but variations in the chemical and physical conditions, see Table 2, control the 
intensities of the sediment processes.  Haringvliet Lake is exposed to the significant discharge of 
nutrients, phytoplankton and suspended matter from Rhine and Meuse rivers and it results in 
high sedimentation rate in the lake (Smit et al., 1997).  

5 Haringvliet Lake Model Adaptation 
The concepts of the Baltic Sea and Haringvliet Lake models cover the nitrogen cycling in 

the sediment. The biogeochemical processes included to the model simulate the decomposition 
of the organic detritus and the transformation of the nitrogen.  The boundaries of both models 
were placed at the sediment-water interface. The water above the sediment is considered to be 
well-mixed, homogeneous and concentrations of chemicals in the water do not change with 
time (Sun, 2008). 

5.1 Conceptual Model 
According to the conceptual model, the moment when the organic detritus arrives on 

the sediment surface is considered as a starting point of all sediment processes. As a result of 
sediment processes, organic compounds are decomposed into inorganic ones which can be 
released from, consumed by or buried into the sediment. However, to keep the simplicity, 
processes related to fates of phosphorus, methane and inorganic carbon are excluded from the 
model (Sun, 2008). 

The general conceptual model of Haringvliet Lake, Fig. 3, was preserved the same in the 
Baltic Sea model. In both models the chemical compounds are transported by advection and 
diffusion in the sediment. The transport is assumed to be in the vertical direction from the 
sediment-water interface to the deeper sediment. Both the diffusion and the advection do not 
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change with time and depth of the sediment, supplying constant inflow of the organic detritus 
to the sediment. 

The organic detritus and other chemical compounds, settled on the sediment surface, 
start the mineralization and the methanogenesis. Products of these processes are ammonium 
NH4

+, methane CH4, phosphorus P(V) and CO2. A part of chemical compounds becomes buried 
in deeper sediment layers permanently and leaves the upper biochemical cycles of nutrients. 
 In the next step, NH4

+ produced during the organic matter degradation is oxidized in 
nitrification process, products of which are nitrite NO2

- and nitrate NO3
-.  Alternatively, NH4

+  is 
adsorbed by sediment particles.  Afterwards, produced NO2

-, NO3
- attend denitrification process 

where NO2
-, NO3

- is reduced into nitrogen oxides NO, N2O (by-products) and nitrogen gas N2 

(final product) (Sun, 2008). The denitrification takes place under anaerobic conditions and 
requires an extra carbon sources. N2 is a final product of the nitrogen cycle. It is non-reactive 
and cannot be consumed by organisms, and escapes from sediments and marine nitrogen cycle. 
That is why denitrification is important processes in an abatement of eutrophication. 

All these processes and their interactions described are common for all type of 
sediments of marine and freshwater systems. In addition, processes used in the model of the 
lake are selected accurately and they are quite sufficient for simulation of nitrogen 
transformation. However, there can be specific processes influencing the intensity of some 
processes. 

 

 
Figure 4. Conceptual diagram of the sedimentary nitrogen cycle with the biogeochemical processes and transport 

for the models of the Baltic, where the rectangles stand for state variables, dashed arrows represent main 
transport and solid arrows represent  biogeochemical processes (redrawn from Sun, 2008). 

 
Investigation into sediments of the Western Gotland Basin has been performed to 

identify applicability of given conceptual model. Stockenberg (1998) conducted sampling and 
analysis of sediments in the area. It was found out that organic matter settled on the sediment 
floor stimulated decomposition processes and ammonium produced directly oxidized to nitrate 
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if the oxygen was present. Afterwards, nitrate was consumed in denitrification process. 
Stockenberg (1998) also suggested that process of dissimilatory nitrate reduction to ammonium 
was unimportant and all nitrate utilized in denitrification.  According to her observations 
denitrification was limited by nitrate and organic carbon concentrations in sediment. Moreover, 
the sedimentary nitrate was the main source for denitrifies and when oxygen was depleted 
production of nitrate was ceased while anaerobic degradation of organic matter arose. All 
these evidences show the applicability of the concept of the lake model for the Baltic Sea. Thus, 
all these processes given in conceptual model of Haringvliet have been preserved in the model 
of the Baltic Sea, see Fig. 4. 

5.2 Quantification of Biogeochemical Processes 
The next step in the environmental modeling is quantification of processes and their 

reaction rates. Reactions and mathematical equations elucidated here represent 
biogeochemical processes and their relationships with state variables. In the case of the Baltic 
Sea all the relationships and interactions between the processes are similar to the Haringvliet 
Lake model. However, some of them are changed in the Baltic Sea model.  

All reactions in the model are based on the Redfield-ratio of the organic matter 106:16:1 
corresponding to the C:N:P ratio respectively (Schulz and Zabel, 2006 ). The Redfield-ratio 
represents an elemental composition of the marine phytoplankton (Schulz and Zabel, 2006), 
which is accepted as a sourse of organic detritus in the model of the Baltic Sea.  

 
Mineralization and methanogenesis 

The model of the lake presents mineralization process as degradation of organic detritus 
into ammonium (NH4

+), phosphorus (HPO4
2-) and carbon dioxide (CO2), see Eq. 1 (Sun, 2008). 

This process is aerobic and quickly depletes oxygen. When concentration of oxygen is too low 
to perform mineralization, methanogenesis process take place, instead, Eq. 2, (Sun, 2008). 
Methanogenesis produces carbon dioxide (CO2) and methane (CH4). Both of the processes are 
not changed in the model of the Baltic Sea.  

 
 

   1)H(y  1)O (x   )PO(H)(NHO)(CH 2z43y3x2 →++++ +  
+++++→ 4

-2
422 yNH  zHPO  O2z)H(x   xCO  

(1)

 
 

 0.5xCH  yNH  POzH  0.5xCO  )PO(H)(NHO)(CH 43432z43y3x2 +++→  (2)

  
 
Adsorption of ammonium 
 In both models the adsorption process occurs in the similar way. This process follows a 
simple linear equilibrium isotherm and has a constant adsorption coefficient. The adsorption 
surface is presumed to be constant. When it is introduced to PHREEQC it is assumed there is 
sufficient surface area for the adsorption. The adsorption surface does not change through the 
sediment depth (Sun, 2008). Equation for the ammonium adsorption rate is presented in Table 
3.  
 
Nitrification 

In the model of Haringvliet Lake the nitrification process involves two steps, and both 
steps are oxygen dependent (Sun, 2008). Firstly, ammonium is oxidized into nitrite, as shown in 
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Eq.3. In the second step, nitrite is consumed to produce nitrate and backwards nitrate is broken 
down into oxygen and nitrite, see Eq.4, (Sun, 2008). It is assumed that the latter reaction 
happens very quickly due to the presence of oxygen. The forward (Rforward) and backward 
(Rbackward) reactions are assumed to be in equilibrium, Eq. 5. However, under the conditions 
given in the model the forward reaction is the dominant one (Sun, 2008).  
 

OH  2H  NO  1.5O  NH 2
-
224 ++→+ ++  (3)

 
-
32

-
2 NO  0.5O  NO ↔+  (4)

 
1mol/l  ][O if    R  R 2backwardforward ==  (5)

 
 

The described reactions involved in the nitrification have been simplified in the model of 
the Baltic Sea. It is assumed that the nitrification involve only one step in which ammonium is 
directly oxidized to nitrate, Eq. 6, from Canavan et al. (2006). This is also in agreement with the 
description of sediment processes by Stockenberg (1998).  

 
OHCONOHCOONH 223324 3222 ++→++ −−+  (6) 

 
Denitrification 

The process of denitrification utilizes nitrate and organic carbon and one of the products 
of this process is nitrogen gas (N2). In the Haringvliet Lake model the denitrification is 
represented by a single reaction. The model uses only nitrate and methane to produce N2, Eq. 
7, (Sun, 2008). 
 

O2.8H  CO  0.8N  1.6H  CH  1.6NO 2224
-
3 ++→++ +  (7)

 
The denitrification reaction has changed in the model of the Baltic Sea. In the model of 

Haringvliet Lake denitrification occur by using methane as carbon source, but in the Baltic Sea 
sediment organic carbon is consumed in denitrification as an extra carbon source (Stockenberg, 
1998). Therefore, the chemical reaction of the denitrification is replaced by Eq. 8 from Canavan 
et al. (2006). 
 

OHzyxzHPOyNHHCOzyx

COzyxxNxNOPOHNHOCH zyx

2
2
443

2234332

)26.0()28.0(

)22.0(4.08.0)()()(

+−+++−++

++−+→+
−+

−

 (8)

 
Mathematical expressions 

All processes and reactions related to the nitrogen transformation in the sediments are 
described mathematically in Table 3. The mathematical expressions have been derived from 
other models of biogeochemical nutrient cycles in aquatic environments and they are described 
in details by Chapelle (1995), Canavan (2006) and Sun (2008). None of the mathematical 
expressions have been modified and all are implemented in the model of the Baltic Sea in the 
same way as in the lake model (for details see Sun, 2008). Because reaction rates used in the 
Haringvliet model are common for a range of models and they also consider all factors 
influencing the rates of reactions like temperature, concentration of chemicals and limitations 
by other chemicals. 
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The rates of the processes are determined by the expressions presented in Table 3. They 
have the similar principles. Eq. 9 illustrates the general process, where Rprocess is a process rate, 
kconst is a rate constant regulating the intensity of the process and C is a concentration of the 
chemical compounds. ek×T is a temperature dependency of the process, where k is a 
temperature dependence coefficient and T is temperature. By increasing or decreasing the 
value of kconst the modeler can regulate the rate of the reaction.  

A function f(O2) represents limitation and inhibition of the processes by oxygen, here 
Kprocess represents the half-saturation coefficient for the given process. If the process is aerobic 
the f(O2) function will be equal to Eq. 10, and anaerobic processes use Eq. 11 for f(O2). The 
value of Eq. 10 is close to 1 if the concentration of the oxygen is high, and in contrast, it is near 
0 if the oxygen is depleted. Concerning the Eq. 11, when the concentration of oxygen is high the 
value of it is close to zero and vice versa. In this way f(O2) function organizes a control over the 
aerobic and anaerobic processes in the model. 
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The adsorption is introduced into the model by using dimensionless adsorption 
coefficient (KN) and distribution coefficient (Kd). The value of KN acquired from the literature, 
while Kd is derived from the equation given in Table 3, see Adsorption of ammonium. 
Afterwards it is used to find the ratio of sorbed ammonium to the ammonium in the pore water 
(Kd

’). Then the linear equilibrium coefficient is calculated and utilized in the PHREEQC program. 
 

Table 3. Descriptions of the reactions rates used in the model. 
Process Reaction Rate Description
Mineralization )( 2minmin OfeCkR Tk

org ×××= ×  

 

2min2

2
2 ][
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O
KO

O
Of

+
=  

minR – mineralization reaction rate 

mink  – mineralization rate constant  

orgC – concentration of organic detritus 

k – temperature dependence 
coefficient 
T – temperature 

)( 2Of – oxygen dependency function 

2minO
K – half-saturation coefficient for 

O2 in mineralization 
Methanoge-
nesis 

)( 2OgeCkR Tk
orgmethmeth ×××= ×  

2
][

][
1)(

2

2
2

OmethKO

O
Og

+
−=  

 
 

methR – methanogenesis reaction rate 

methk  – methanogenesis rate constant  

orgC – concentration of organic detritus 

k – temperature dependence 
coefficient 
T – temperature 

)( 2Of – oxygen dependency function 

2OmethK – half-saturation coefficient for 

O2 in methanogenesis 
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Adsorption of 
ammonium 

ρϕ
ϕ
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4

4

−
=−= +

+
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K

NH

NHR
K  

ϕ
ρ

dd KK ='  

AKK surfd ×='  

dK  – distribution coefficient 

NK – dimensionless adsorption 

coefficient 
ρ – sediment density 

ϕ – sediment porosity 

][ 4
+− NHR – concentration of 

adsorbed NH4
+ 

][ 4
+NH – concentration of NH4

+ in 

aqueous phase  
'
dK  – moles sorbed per moles in water 

surfK  – linear equilibrium coefficient 

A  – total sorption capacity of surface 
Nitrification )(][ 24 OheNHkR Tk
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nitriR – nitrification reaction rate 

nitrik  – nitrification rate constant  

][ 4
+NH  – concentration of ammonium 

)( 2Oh – oxygen dependency function 

2nitrioK  – half-saturation coefficient for 

O2 in nitrification 

][ 2O – concentration of oxygen 

Denitrification )(][ 23 OjeNOkR Tk
denideni ×××= ×−
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deniR – denitrification reaction rate 

denik  – denitrification rate constant  

][ 3
−NO  – concentration of nitrate 

)( 2Oj – oxygen dependency function 

2deniOK  – half-saturation coefficient for 

O2 in nitrification 

][ 2O  – concentration of O2 

*All equations are from Sun (2008) 

5.3 Transport Processes 
In the aquatic systems transport is significant. It affects fates of particulate and 

dissolved chemical compounds. Hence, the transport in the model should be capable to 
simulate “natural” flows as accurately as needed. In the Haringvliet Lake model transport is 
carried out by diffusion and advection (Sun, 2008). Transport processes in the Baltic Sea model 
are preserved the same as in the Haringvliet model. 

In the model of Haringvliet Lake transport is one-dimensional and the advection has a 
vertical direction from the sediment-water interface to the deeper sediment. The advection, 
Eq. 12, is a process when particles are transported with water flowing, so the amount of 
transported particles depends on water flow rate and concentration of chemicals in it (Schnoor, 
1996).  
 

QCJ = (12)
 
J  – Rate of substance transported by water flow (mol yr-1) 
Q  – Water flow rate (cm3 yr-1) 
C  – Concentration of substance in the water (mol l-1) 
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Another assumption introduced to both models is regarding the advective velocity of 
chemical solutions in the sediment, without any external stresses like bioturbation or waves. 
The advective velocity of solutes is accepted to be equal to sedimentation rate, when there is 
no external disturbance. It means the burial rates of pore water and sediment particles are 
equivalent (Berner, 1980). 

Diffusion is a transport process when molecules move spontaneously from high 
concentration area to low concentration area. In the lake model the diffusion is determined by 
Fick’s Law, Eq. 13 (Schnoor, 1996). 
 

dx

dC
DAJm −=  (13)

 

mJ  – Mass flux (mol yr-1) 

D  – Diffusion coefficient (cm2 s-1) 
A  – Cross-section area (cm2) 

dx

dC
 – Gradient of concentration (mol l-1 cm-1) 

 
The diffusion coefficient is dependent on the chemical substance and on characteristics of 

the sediments where diffusion occurs. The advection and diffusion supply organic detritus and 
other chemicals to the sediment constantly and thus, support benthic biochemical processes.  

Advection and diffusion determine the dynamics of the organic detritus input into the 
sediment. The assumption that the advection velocity of solutes is equal to sedimentation rate 
of solids results in the fact that solids and solutes have the same sinking rate. It implies there is 
no substantial difference between sedimentation of particular and dissolved organic detritus. 
Hence, all organic detritus is assumed to be soluble in both models and this makes it easy to 
simulate organic detritus transformation in PHREEQC (Sun, 2008).  

5.4 Realization of Transport in PHREEQC 
PHREEQC uses numerically efficient methods to simulate flow of solutions through a 1D 

flow path. During the advective-reactive transport simulation a composition of solutions 
changes due to advection and dispersion coupled to chemical reactions (Parkhurst and Appelo, 
1999). 

In order to model benthic advective-reactive transport processes, the sediment is divided 
into series of cells (a batch reactor) and each cell represents 1 liter of pore water solution 
(Parkhurst and Appelo, 1999). Reactions in each cell occur in completely mixed conditions and 
solutes move downward from one cell into the next, Fig. 5. The mass balance of the equation 
for a single cell of the column accounts all reactions, diffusion and advection, Eq. 14 (Parkhurst 
and Appelo, 1999). 
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C  – Concentration of the solutes in one cell (mol l-1) 
ν  – Advection velocity (cm yr-1) 
x  – Depth the sediment (cm) 
D  – Diffusion coefficient (m2 s-1) 
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Figure 5. Inflows and outflows from one cell of 1D column (redrawn from Parkhurst and 

Appelo, 1999) 
 

Cell 0 keeps concentrations of the chemicals compounds corresponding to the 
concentrations at the sediment-water interface and those chemical compounds flow into the 
1D flow reactor, Fig. 6. Content of Cell 0 does not change during the simulation and supplies 
constant input of solutes. The number of cells and the residence time of solutes in one cell are 
defined by the modeler and it depends on the depth of the sediment considered in the model, 
the advection velocity and the length of one cell, Eq. 15 (Parkhurst and Appelo, 1999). 
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Figure 6. Simple representation of the transport column in PHREEQC, (redrawn form Parkhurst 

and Appelo, 1999). 
 

ν
τ l=  (15)

 
τ   – Residence time of solutes in one cell (s) 
l   – Length of the cell (m) 
ν  – Advection velocity (m yr-1) 
 
The model of Haringvliet Lake consists of 20 cells in the transport column and the length 

of each cell is 1cm (upper 20 cm of the sediment). The advection velocity (sedimentation rate) 
is 1cm yr-1, which implies the residence time of the solution in the cell is one year. Using Eq. 15 
one can calculate the length of the cell, for the Haringvliet Lake model which is 1cm. However, 
characteristics of the sediments in the Baltic Sea are quite different from Haringvliet Lake. For 
this reason, the Baltic Sea model requires modifications in its transport column. The 
sedimentation rate varies from 0.5 mm yr-1 to 2 mm yr-1 in the Baltic Sea (Persson and Jonsson, 
2000) and the testing data collected contain profiles of upper 10 cm of the sediment, see 
Chapter 6. Based on the available data the transport in the Baltic Sea model is developed. The 
modified flow reactor of the Baltic Sea model has 100 cells with the length of 1 mm and the 
residence time of solutes is 1 year corresponding to the advection velocity of 1 mm yr-1, 
determined by Eq. 15. As a result, the output of transport simulations gives the profiles of 
chemical compounds in the upper 10 cm of the sediment. 

5.5 Additional Diffusion 
The Baltic Sea model was modified by introducing additional diffusions to and from the 

sediment. These modifications allow removing excessive methane from the sediment and 
keeping the concentrations under the solubility limit. Additional diffusion also supports 
constant input of O2 to the transport column in the model. For organization of the additional 
diffusion Eq. 13 has been utilized. 

The following is the code in PHREEQC describing the Rate Keyword which performs the 
additional diffusions in the model for methane. The same principle is used for the O2 supply as 
well. 

 
CH4diff 
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-start 
10 REM PARM(1) = porosity 
20 REM PARM(2) = diffusion coefficient 
30 moles = 0 
40 IF(MOL("C_h") < 0.00266) THEN GOTO 60 
50 moles = MOL("C_h")*PARM(2)*PARM(1) 
60 SAVE moles 
-end 

 
“CH4diff” is the name of the Rate data block. “Start” and “end” indicate the beginning 

and the end of the data block. Lines 10 and 20 describe the parameters used in the data block. 
Line 30 gives the value of zero to moles. Line 40 checks if the concentration of methane is 
under the solubility limit, if the condition is true the command 60 will be performed otherwise 
the command in line 50 calculates the backward diffusion using the diffusion expression Eq. 13. 
Line 60 saves the moles of the diffusion. This is how additional diffusion was introduced to 
PHREEQC program. 

5.6 State variables and model input 
State variables are chemical components included in the models. The values of the state 

variables, except organic carbon, are equal to concentrations of the chemicals at the sediment-
water interface. All state variables are the same as in the Haringvliet model, except for −

2NO  
that is excluded from the model of the Baltic Sea, see Chapter 5.2. There are no solid phases in 
the model, so all chemicals are assumed to be in the dissolved phase.  In the model, the state 
variable C(IV) represents CO2 and HCO3

-, and the state variable P(V) represents phosphorus 
species like PO4

3-, HPO4
2-, H2PO4

-, H3PO4. The values of the state variables for the lake model 
has been acquired by sample collection and analysis from a particular location within a 
Haringvliet Lake (Canavan, 2006), while the Baltic Sea model is developed by using combined 
data from the different locations in the Western Gotland Basin and other regions of the Baltic 
Sea (see Table 4). The water depth at the sample site in the lake is 7.5 m, while in the Baltic 
basin it varies from 10m to 446m.  

The cells 1-100 consist of background solution described in Table 5.  The initial 
conditions introduced in these cells are the minimum concentration of the chemical 
compounds, which are derived from the field observations. The chemical compounds are 
introduced in order to make the solution in the reactor flow close to the pore water in the 
Baltic Sea. The top 3 cells contain oxygen which corresponds to the oxic layer, the rest cells 
have very low concentrations (close to zero) of O2 and they represent anoxic conditions.  
 

Table 4. State variables and their initial concentrations at the sediment water interface. 
State Variables Model of Haringvliet

Lake1 

(μmol/l) 

Model of the Baltic Sea 
(μmol/l) 

Sources for the Baltic 
Sea Model 

Organic detritus 630 9300 Persson and Jonsson, 
2000 

+
4NH  14.5 6.11 Sun, unpublished data

3NH  0 0  
+− 4NHR – adsorbed 

+
4NH  

0 0  

−
3NO  154 1.08 Sun, unpublished data

−
2NO  0 NA  

4CH  0 NA  

)(IVC  422.3 NA  
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2N  0 NA  

)(VP  0 NA  

2O  238.1 328 Stockenberg A., 1998
      1 Sun, 2008; NA – not available    
 

Initial values of the state variables in Table 4 are assumed to be constant and they are 
introduced into Cell 0 in PHREEQC flow reactor. The concentrations of oxygen, nitrogen and 
phosphorus species are equal to concentrations at sediment water interface. The concentration 
of organic detritus, however, is derived from the sedimentation rate of organic carbon in the 
Baltic Proper Basin, Baltic Sea, which is equal to 33 g m-2 yr-1 (Persson and Jonsson, 2000). Eq. 
16 is used to perform the needed calculation of the organic detritus concentration.  

 
qCF = (16)

 
 F  – Sedimentation rate of organic carbon (g m-2 yr-1) 
 q  – Annual sedimentation rate (m yr-1) 
 C  – Concentration of organic carbon (g m-3) 
 

Table 5. The background in the cells 1-100. 
Description μmol/l μmol/l References 
Cell number 1-3 4-100  
Na 600 600 Sun, 2008 
Cl 605 605 Sun,2008 
Organic Detritus 200 200 Stockenberg, 1998
NH4

+ 6.11 6.11 Sun, unpublished
NO3

-  0.1 0.1 Sun, unpublished
O2 328.1 10-14 Stockenberg, 1998

 

5.7 Model parameters 
The model parameters and state constants are used in the mathematical expressions of 

the processes to regulate their intensities in the model. The list of the rate constants and other 
parameters, used in the model, are presented in Table 6. Acquired values of the parameters for 
the Baltic Sea model are different from the lake model. The reason for this is the dissimilarities 
in the chemical and physical conditions in the lake and the sea, described in Chapter 4.3. The 
model parameters for the lake and the sea systems are comparable, see Table 6. It is noticeable 
that the sediment densities, porosities, accumulation rates and diffusion have different values, 
because they describe the individual characteristics of two diverse aquatic systems, Haringvliet 
Lake and the Baltic Sea.  

 
Characteristics of the sediment: A list of sediment characteristics are required to develop the 
model. Present values of sediment parameters vary between the lake and the sea. The 
temperatures, temperature dependency coefficients and porosities in the sediments of the 
Haringvliet Lake and the Baltic Sea are different, see Table 6. The sediments of the Baltic Sea 
are characterized as soft, with the bulk density of approximately 1100 g l-1, which is half of that 
in Haringvliet Lake. In both models the density and porosity of the sediments influence the 
adsorption capacity.  Other important characteristics are the sediment accumulation rate and 
the diffusion coefficient. In the models, advective-diffusive-reactive transport is developed 
taking these characteristics into account.  
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Mineralization and methanogenesis: The rate constant for mineralization at 0 ◦C is obtained 
from a model of oxygen and phosphorus dynamics in the Baltic Sea (Eilola et al., 2009). The 
model by Eilola et al. (2009) uses a similar expression for mineralization, so the rate constant is 
applicable for this study as well. However, the rate constant for methanogenesis have not been 
found. Therefore, it is assumed that rate constants of the methanogenesis and the 
mineralization are equal in the model of the Baltic Sea. The half-saturation constants for O2 in 
the methanogenesis and the mineralization processes have not been found and the values from 
the lake model are used in the Baltic model. The rate constants for mineralization and 
methanogenesis are close to the values of the lake model. This might suggest that the 
degradation rates of the organic carbon are similar in both models. 
 
Nitrification and denitrification processes: In the Baltic Sea the denitrification mainly utilize the 
nitrate produced within the sediment (Stockenberg, 1998), whereas, in Haringvliet Lake it 
depends on the nitrate diffused from bottom water (Canavan et al., 2006). A further difference 
is that the nitrification rate constant in the Baltic Sea model is lower, about a factor of 2, than in 
the Haringvliet lake model.  

Seitzinger (1988) has reported that the rates of denitrification are similar in freshwater 
lakes and coastal marine ecosystems, but another investigation has stated that denitrification 
rates are higher in lakes and rivers relative to coastal ecosystems and estuaries (Piña-Ochoa and 
Álvarez-Cobelas, 2006). This suggests that the denitrification rate can vary a lot between 
ecosystems. Correspondingly, the rates constants for the denitrification in both models are 
different by a factor of around 1.5, Table 6. The half-saturation constants for O2 are unavailable 
for the denitrification and the nitrification. Instead, the values from the Haringvliet model have 
been implemented into the Baltic Sea model. 

 
Table 6. Parameters in the models of Haringvliet Lake and the Baltic Sea. 

Description The Haringvliet
Lake Model1  

The Baltic Sea
Model 

Reference (for the Baltic Sea 
model) 

Mineralisation rate constant, kmin 1 yr-1 0.73 yr-1 Eilola et al., 2009 
Nitrification rate constant, knitri 73 yr-1 36.5 yr-1 Savchuk, 2002  
Methanogenesis rate constant, kmeth 1 yr-1 NA
Denitrification rate constant, kdeni 109.5 yr-1 182.5 yr-1 Eilola et al., 2009 
Temperature dependence, K 

0.07 

0.15 ˚C-1

mineralization 
0.11 ˚C-1 
nitrification 

Eilola et al., 2009 

Temperature, T 12 ˚C 4.6 ˚C Stockenberg, 1998 
Half-saturation coefficient for O2

 

limitation of mineralization, KminO2 
1.56×105 NA  

Half-saturation coefficient for O2
 

limitation of nitrification, KnitriO2 
1.25×104 NA  

Half-saturation coefficient for O2
 

limitation of methanogenesis, KmethO2 
1.56×105 NA  

Half-saturation coefficient for O2
 

limitation of denitrification, KdeniO2 
6.25×105 NA  

Sediment density, ρ 2100 gl-1 1100 gl-1 Persson and Jonsson, 2000
Sediment accumulation rate, ω 

1 cm yr-1 0.5-2 mm yr-1 
Persson and Jonsson, 2000;
Schulz and Zabel, 2006 

Sediment porosity, φ 0.79 0.95 Stockenberg, 1998 
Diffusion coefficient in sediment, D 2×10-10 m2 s-1 3.5×10-10 m2 s-1 Engvall, 1978 
NH4

+ dimensionless adsorption 
coefficient, KN 

22 1.4 Wang and Van Cappellen, 1996 

Distribution coefficient, Kd 0.039 l g-1 0.024 l g-1 Calculated, this study
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Depth of the sediment  20 cm 10 cm This study 
     1 Sun, 2008; NA – not available, the values of the Haringvliet model are used in the Baltic Sea model instead 
 
Adsorption: Investigations of the sediments of the Western Gotland Basin have shown that the 
ammonium adsorption capacity is small and illite is the only clay mineral capable to fix 
ammonium (Engvall, 1978). The value of the dimensionless adsorption coefficient for 
ammonium for the Western Gotland Basin and the Baltic Sea was not available, so it was 
decided to use the one obtained from the model by Wang and Van Cappellen (1996) 
implemented for Skagerrak.  

6 Data for Model Testing 
Data acquired during field measurements are used for model testing. It helps to see the 

dynamics of the chemical compound through time and compare the dynamics with the model 
output. A single shortcoming of all data is that they are taken from various locations within the 
Western Gotland Basin (Fig. 7), for this reason it is hard to identify reasons for variations 
between them. The general explanation could be differences in temperature, availability of the 
chemical compounds and biological factors like bioturbation and amount of bacteria in the 
sediment. Some information on samples: 

• Engvall (1978) performed field study of the coastal sediments of Trösa 
Archipelago, the coastal areas of the Western Gotland Basin. The study was 
focused on the nitrogen transformations in the sediment and the effect of light 
on the processes. The analyses were carried out in the Askö Laboratory (SMF, 
2009). The water depth of the site was 10 m. The profiles of pH and ammonium 
were reported in the work by Engvall (1978), Figs. 7a and 7d.  

• Carman and Rahm (1997) collected sediment samples from six locations in the 
Baltic Proper in January, 1990. They analyzed pore water and sediment with 
respect to Eh, pH, alkalinity, iron manganese, ammonium, phosphorus, hydrogen 
sulfide and others, see details in Carman and Rahm (1997). One of the six 
locations was situated in the Western Gotland Basin, the water depth there was 
125 m. The profiles of ammonium and pH reported were used in the current 
study, Figs. 7a and 7d. 

• Mäkelä and Tuominen (2003) collected sediment samples in the northern Baltic 
Sea during 1994-1998. One of the samples was taken close to the Western 
Gotland Basin. The water depth in that location was 446m. Profiles of nitrate, 
nitrite and ammonium were determined and nitrification coupled denitrification 
processes were studied. The profile of nitrate presented was used in this study, 
Fig. 7b. 

• Stockenberg (1998) studied the sediments at two sites, shallow and deep 
respectively, in the Western Gotland Basin. Stockenberg (1998) measured the 
profiles of nutrients, organic carbon, sediment-water nutrient fluxes and rate of 
the denitrification. This study uses the pore water profiles of organic carbon, 
ammonium and nitrate reported, see Figs. 7a, 7b, and 7c.  

• Sun, unpublished data, performed measurements of ammonium, nitrate and 
organic carbon in the Western Gotland Basin. The analysis was performed at 
Askö Laboratory (SMF, 2009).  The water depth at the sampling location was 
40m, see Figs. 7a, 7b, and 7c. 

 
The profiles of the organic carbon have diverse patterns, Fig. 7a. Differences in the 

sedimentation rate of the organic carbon and availability of oxygen can be a reason for these 
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dissimilarities. All collected samples show similar trends of nitrate concentrations versus depth 
at all locations. The top centimeters of the sediment have high concentrations of nitrate which 
are reduced steeply with the depth, Fig. 7b. This implies that the nitrate is quickly depleted 
during denitrification. However, one can notice that the sample, collected from the location of 
80m in 1998, has very high concentration of nitrate compared to the other two. This suggests 
that the conditions for the nitrification were favorable such as high concentrations of O2 and 
organic carbon (Mäkelä and Tuominen (2003). The profiles of ammonium show diverse 
dynamics in the shallow and deep sites. In the shallow sites (10 m and 40 m) the concentration 
of ammonium is increasing with the sediment depth, while at the deep ones (80 m and 125 m) 
it is stable and low, Fig. 7c. The profiles of pH are depicted in Fig. 7d. They are from deep and 
shallow locations. One can see that in the top 20 mm pH values are approximately the same, 
but in the deeper sediment the profiles change. In the deeper location, where the water depth 
is 125m, pH is increasing with the depth, while in the shallow water location, where the depth 
is 10 m, pH is gradually decreasing in the pore water.  

 

 
Figure 7. Sediment profiles of chemical compounds and pH. The water depth at the sampling locations 

and the year of measurements are presented on each plot (Water depth of 10m by Engvall (1978), water 
depth of 125m by Carman and Rahm (1997), water depth of 446m by Mäkelä and Tuominen (2003), 

water depth of 80m by Stockenberg (1998), water depth of 40m by Sun, unpublished). 
  

Fig. 7 suggests that the chemical composition and thus the biogeochemical processes in 
the sediment can vary from one location to another. It also implies that inputs to the sediment 
and concentration of chemicals in the bottom water can vary.  

7 Calibration 
The behaviors of the model and relationships between the processes have been 

checked, before starting the calibration. The testing of the model showed that the relationships 
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between processes, established in the conceptual model, are kept and the model worked 
adequately when one or more of the processes were switched off. For example, when the 
denitrification rate was reduced to zero the accumulation of nitrate occurred and when all 
process rates were reduced 100 times the oxygen consumption ceased substantially. 

Initially the model of the Baltic Sea was based on the parameters gathered from 
literature. The results of the model were satisfactory (see Chapter 8), except for the 
concentration of organic carbon (Fig. 8). Predicted concentrations of organic carbon were low 
in comparison to the field data. So, it was determined to tune the model parameters in order to 
get the results close to the field observations. 

The decomposition of the organic carbon is regulated by the methanogenesis and the 
mineralization processes. In order to fit the observation data the rate constants of processes 
was reduced together.  It is assumed in the model that rate of aerobic and anaerobic 
mineralization are equal, correspondingly, the rate constant of the methanogenesis is equal to 
the mineralization rate constant. As a result of the calibration both rate constants are reduced 
from 0.73 yr-1 to 0.25 yr-1. The results, after the calibration, are presented in Chapter 8. 

 

 
Figure 8. The concentration of the organic carbon predicted 

 by the Baltic Sea model before the calibration. 
  

During the calibration, the nitrification rate constant was increased by a factor of 10, but 
a change in the concentrations was not noticed. The denitrification rate constant was reduced 
in order to increase the concentration of the nitrate. However decreasing of the rate constant 
for the denitrification did not altered the results of the model. Consequently, the nitrification 
and the denitrification rate constants kept the same values as presented in Chapter 5.7. 

8 Results 
The model of the Baltic Sea simulates the dynamics of the sedimentary nitrogen cycle, in 

the top 10 cm of the sediment. The model considers all major processes in benthic nitrogen 
cycling and the main focus is on N2 production. The sediment processes simulated by the model 
do not reach a real steady state and the modeled state variables are constantly accumulating or 
reducing with time. The presence of the chemical compounds like oxygen and organic carbon 
supports the nitrification and denitrification processes. As a result, predicted concentrations of 
organic carbon and oxygen is continuously reducing, while nitrate and nitrogen gas is 
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increasing. Moreover, the concentrations of the inorganic carbon, the dissolved and adsorbed 
ammonium is increasing with time (see Chapters 8.2 and 8.4). 

8.1 Organic Detritus 
The concentrations of the organic detritus predicted by the model are lower than the 

measured ones. In the model, the organic detritus is consumed quickly and its concentration is 
reduced from 9300 μmol/l to about 300 μmol/l in the upper 1 mm of the sediment. Below this 
the concentration is stable and it does not change with the depth, see Fig. 9a.  

The concentration predicted by the model is stable and is kept around 300-320 μmol/l, 
Fig. 9b, while the measurements show a range of 260-450 μmol/l in 1998 and 350-400 μmol/l in 
2008 (Stockenberg, 1998; Sun, unpublished). Therefore, the results of the model are close to 
the observations and shows fairly good agreement with the field measurements. Examination 
of the organic detritus dynamics at different depths, 0.5 mm, 4.5 cm and 9.5 cm, as a function 
of time shows rapid increase in the beginning. One can notice after 10 years the concentrations 
are more stable and have a decreasing trend, Fig. 9b. The predictions imply that the organic 
detritus is not totally consumed and remains enriched in the sediment. Nevertheless, it is 
noticeable in Fig. 9b, that the concentration of organic carbon in the pore water has slight 
decreasing tendency which can be seen that a system has not fully reached the steady state.  

 

 
Figure 9. Simulated and measured concentrations of organic carbon in pore water, a) depth 

profile at 1year, 10 years, 20 years and 40 years of simulation and field data from a locations with 
80m (1998) and 40m (2008) water depth, b) profiles at 0.5mm, 4.5cm and 9.5cm sediment depth 

as a function of time. 

8.2  Inorganic Carbon 
In the model, the mineralization, the methanogenesis and the denitrification processes 

produce inorganic carbon CO2 and methane CH4. Nevertheless, under the conditions introduced 
into the model the dominant form of the inorganic carbon is HCO3

-.  
Increase in methane concentration can result in formation of gas bubbles in the 

sediment. In the model the concentration of methane is kept under its solubility limit, which is 
assumed to be 2.66 mmol/l (Canavan et al., 2006). When the concentration exceeds the 
threshold the excessive methane will leave the sediment. However, the effects of the bubbling 
on other processes and the state variables are not included into the model. As a result, the 
modeled concentration of the methane is always around 2.66 mmol/l, see Fig. 10a. The 
methane reaches the solubility limit in one year and stays unchanged through the whole period 
of simulation. The concentration does not vary with time, see Fig. 10b.  
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The concentrations of CH4 are not comparable to the measurements made in the Baltic 
Sea. This is because the sediment of the sea is abundant in SO4

-, which is utilized during 
anaerobic decomposition of the organic detritus, when the O2 is depleted. In the Baltic Sea 
model the anaerobic decomposition of organic detritus based on the sulfate reduction is 
replaced by the methanogenesis. As a result, higher amount of the CH4 is formed in the model 
in comparison to the natural sediment. 

 

 
Figure 10. Simulated  concentrations of CH4 in pore water, a) depth profile at 1year, 10 years, 20 

years and 40 years of simulation, b) profiles at 0.5mm, 4.5cm and 9.5 cm sediment depth as a 
function of time. 

 
Results of the simulations show that the total inorganic carbon (TIC) with the valence of 

four C(IV) is accumulating with time in the sediment, Fig 11a, b. The dynamics of the TIC at 
different sediment depths show the same but increasing concentrations with time as well, Fig. 
11b. The model does not consider further transformation of the TIC in the sediment, so when it 
is produced it will remain in the pore water. Nevertheless, in the sediment accumulation of 
CO2, like methane, can result in formation of bubbles. Ideally, this factor should be considered 
in the model, but it seems to be unnecessary because the solubility limit of the CO2 is much 
higher than methane (1.2mol of CO2 per kg of H20 at 5°C and 22.5 bars pressure, Barton and 
Chou, 1993 cited in Harrison and Wendlandt, 1995).  
  

 
Figure 11. Simulated  concentrations of TIC in pore water, a) depth profile at 1year, 10 years, 20 years 

and 40 years of simulation, b) profiles at 0.5mm, 4.5cm and 9.5cm sediment depth as a function of 
time. 
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8.3 pH 
pH affects the speciation of a number of chemical compounds like NH4

+, HCO3
-, but it 

does not affect the processes in the model. Predicted values of pH are low, 5.5-5.8, Fig. 12a. 
The values suggest the acidification of the sediment, whereas the measurements show pH 
range between 6.8 and 7.3 (Engvall, 1978; Carman and Rahm, 1997). Also, results of the model 
show decreasing of pH through time, Fig 12b. The reason for this behavior is that the alkalinity 
of the sediment has not been included in the model, i.e. the model does not consider the pH 
buffer which can withstand decrease of pH. Most of the biogeochemical reactions included in 
the model produce CO2 which is a reason of the pH reduction. 

 
Figure 12. Modeled and measured pH values in the pore water, a) depth profile at 1year, 10 years, 20 

years and 40 years of simulation and field data from a locations with 10m (1978) and 125m (1990) 
water depth, b) profiles at 0.5mm, 4.5cm and 9.5cm sediment depth vs. time 

8.4  Nitrogen  
The inorganic nitrogen entering the sediment is NH4

+ and NO3
-, while the organic 

nitrogen is a part of the organic detritus. The decomposition of the organic detritus in the 
sediment produces NH4

+. In the model the concentrations of the NH4
+ do not reach the steady 

state and it is accumulating with time, Fig. 13a, b.   
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Figure 13. Simulated and measured concentrations of free NH4

+ (a) and adsorbed NH4
+ (b) in the sediment, depth 

profile at 1year, 10 years, 20 years and 40 years of simulation and field data from the locations with 10m (1978), 
125m (1990), 80m (1998) and 40m (2008) water depth, c)and d)the same profiles at 0.5mm, 4.5cm and 9.5 cm 

sediment depth as a function of time. 
 
According to the profiles of NH4

+ illustrated in Fig. 13a, the dynamics simulated by the 
model are more similar to the deep waters (80 and 125 m). Fig. 13a also depicts that, in the 
model, produced NH4

+ is consumed in the nitrification process in the upper oxic layer (10-15 
mm) of the sediment, because the concentrations are slightly lower than in deep sites.   

In the model it is assumed that the adsorption has enough surface area and it is in linear 
equilibrium with NH4

+ concentrations. The output of the model follows the linear relationship 
defined between free NH4

+ and adsorbed NH4
+, Fig 13a, b, they both increase with time and 

their dynamics are the same. Examination of the profiles of free and adsorbed NH4
+ at given 

depths as a function of time demonstrate that concentration of free NH4
+ and adsorbed NH4

+ 
are increasing constantly, Fig. 13c and 13d.  

The concentrations of NO3
- have a peak in the upper oxic layer (10 mm) of the sediment 

which is in agreement with the field observations, Fig. 14a. In addition, the peak of NO3
- is 

coincides with the oxygen concentrations, see Fig. 16a, i.e. the peak and point, when O2 starts 
steeply decrease, locate at the same sediment depth.  This is because, when oxygen is present, 
NH4

+ is oxidized into NO3
-, as the oxygen is depleted production of NO3

- is ceased and 
denitrification starts to consume NO3

-. The maximum concentration of NO3
- is about 5μmol/l 

that is higher than measurements performed in 2008 (Sun, unpublished), but lower than 
observations made in 1990 and 1998, Fig. 14a, (Stockenberg, 1998; Mäkelä and Tuominen, 
2003). This implies that the model results are in agreement with the filed data. If looking at the 
profile of NO3

- as a function of time at different depths, it can be seen that the concentration of 
NO3

- at the depth of 0.5cm increases, whereas the concentrations at deeper parts are close to 
0.01μmol/l, Fig. 14b. 
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Figure 14. Simulated and measured concentrations of NO3

-  in the sediment, a) depth profile at 
1year, 10 years, 20 years and 40 years of simulation and field data from the locations with 446m 

(1990), 80m (1998) and 40m (2008) water depth, b) the profiles at 0.5mm, 4.5cm and 9.5cm 
sediment depth as a function of time. 

 
Mäkelä and Tuominen (2003) investigated sediments in the different basins of the Baltic Sea. 
They observed variations in the concentrations of NO3

-, ranging from 7-100 μmol/l in the Gulf of 
Finland and 5-9 μmol/l in the Bothnian Sea, respectively. Moreover, they stated that NO3

- 
concentration is nearly zero in the sediments with the low oxygen concentration (Mäkelä and 
Tuominen, 2003). This implies that the model results are in agreement with these observations, 
since, in the model, the nitrification take places in the oxic layer of the sediment only and 
ceased when O2 is depleted. 

 

 
Figure 15. Simulated  concentrations of N2  in pore water, a) depth profile at 1year, 10 years, 20 

years and 40 years of simulation, b) profiles at 0.5mm, 4.5cm and 9.5 cm sediment depth as a function 
of time 

In the model, produced N2 accumulates in the sediment without further transformation 
and reactions. N2 is a non-reactive gas and cannot be grazed by organisms in the sediment. Figs. 
15a and 15b depict increase of the concentration of N2 with time in the sediment at all depths.  

8.5  Oxygen 
In the model, oxygen is consumed quickly in the upper millimeters of the sediment. The 

model predicts low concentrations compare to the field observations and it depletes at top 
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4mm of the sediment, Fig. 16a. Whereas, the field measurements show that the oxygen 
depletes at 6-7mm of sediment depth (Stockenberg, 1998). Nevertheless, other investigations 
of the Baltic and other marine sediments stated that oxygen penetrates to only top 3-4 mm of 
the sediment (Stockenberg, 1998). It means the profiles of oxygen derived from the model are 
in agreement with other observations, than those available for plotting in Fig. 16a. 
 

 
Figure 16. Modeled and measured concentrations of O2 in the sediment, a) depth profile at 1year, 10 

years, 20 years and 40 years of simulation and field data from the locations with 25m (1998) water 
depth, b) the profiles at 0.5mm, 4.5cm and 9.5 cm sediment depth as a function of time 

 
Fig. 16b depicts the concentration of oxygen vs. time at several depths of the sediment. 

It is clearly seen that at the deeper sediments the oxygen concentrations is equal to zero, while 
at the top of the sediment the oxygen is always available. However, both Fig. 16a and 16b show 
decrease in the oxygen concentration at the top of the sediment with time.  

The oxygen is an interesting state variable. The aerobic degradation of organic matter 
and nitrification are limited by oxygen, while the denitrification and methanogenesis are 
inhibited. The simulations show the deep oxygen penetration at the 1 year and afterwards it 
reduces steeply. Such a behavior of the model means that the consumption of the oxygen is 
increasing with time and the steady state is not reached.  

8.6  The Reaction Rates 
The reaction rates have been calculated from the output of the PHREEQC model. 

PHREEQC simulations give the rates of the processes. The unit of the processes rate is mol l-1 yr-

1, but, in the literature, the unit of mol m-2 yr-1 is widely spread. To be able to compare the 
units, the ones derived from the model are changed using following method. 
 The model of the Baltic Sea has 100 cells with 1 l of solution in each. Altogether it makes 
total volume (V) of 100 l and the surface area (A) of each cell is 1 m2. Before the calculation the 
process rate (R) is changed from mol l-1 yr-1 to mol m-3 yr-1. Afterwards, a following expression is 
used to transfer the process rate (R) to the literature rate (RLIT), see Eq. 17: 
 
 

A

RV
RLIT =  (17)

 
The reaction rates acquired from the model have been compared to the rates reported 

in literature, (Table 7). The rates of the processes are calculated for 1, 10, 20, 50 years. The 
difference between the rates for 10 and 50 years are not substantial, but the 1-year rates are 
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low. The reason for this variation could be the low amounts of the chemical compounds in the 
beginning of simulations, since the reactions rate were controlled by availability of the chemical 
compounds, see Chapter 5.2. 

The mineralization rate represents the sum of aerobic and anaerobic decomposition of 
organic matter in the top 10 cm of the sediment per year. The results obtained from the model 
are close to the rates derived from the Northern Baltic Proper, see Table 7, and in general it is 
within the range of other measurements performed in the Baltic Sea.  

The nitrification rate from the model is within the range of the rates observed in the 
Gulf of Riga, (Table 7). Moreov, the results are comparable to the nitrification rates from 
Norsminde and Gullmar Fjords (Skagerrak and Kattegat, not the Baltic Sea) that are 2990 and 
2190 mmol N m-2 yr-1 respectively (Enoksson and Samuelsson, 1987; Binnerup et al., 1992). The 
nitrification rates can vary a lot depending on the availability of the oxygen, so correspondingly 
the concentration of the nitrate will increase or decrease (Mäkelä and Tuominen, 2003).  

The rates of the denitrification as well as mineralization differ from basin to basin in the 
Baltic Sea. The denitrification rates derived from the model are within the range of other 
observations made in the Baltic Sea, (Table 7). Nevertheless, the results are at the lower end of 
the spectrum reported for the Western Gotland Basin by Stockenberg (1998).  

 
Table 7. The reaction rates predicted by the Baltic model and reported in the literature 
Basin Mineralization

 
Nitrification Denitrification Reference

mmol Corg m
-2 yr-1 mmol N m-2 yr-1 mmol N m-2 yr-1 

Western Gotland 
Basin 

594-858 2792-3785
 
 

37-45
 

43.8-131.4 

This study
 

Stockenberg, 1998 
 

Northern Baltic 
Proper 

 

438-730
 

-- 5.5-109 Tuominen et al., 
1998 

Ståhlberg et al., 
2006 

Southern Baltic 
Proper 

219-2190 -- -- Graca et al., 2004

Gulf of Riga -- 0-3187 4.3-92 Stockenberg, 1998
Gulf of Finland -- -- 50.7-53.3 Stockenberg and 

Johnstone, 1997 
  

It is noticeable that the rates of the sedimentary processes vary from a basin to another. 
They might also be dependent on the methods used for measurements and on the availability 
of important chemical substances. It is necessary to acquire the rates from the Western 
Gotland Basin sediments to perform the comparison between the model results and the field 
data.  

8.7 Nitrogen Removal 
Using the data from the model it is possible to calculate the percentage of nitrogen 

removal via the denitrification. The total nitrogen entering the sediment is equal to the sum of 
ammonium, nitrate and organic nitrogen in the input solution. The calculations demonstrate 
that the nitrogen removal varies from 26% to 32%. Stockenberg (1998) calculated that 16% of N 
input removed by denitrification in the Baltic Proper. However, the author used the total N 
input to the basin itself, no to the sediment, which makes the results incomparable.   

The calculations of the nitrogen removal require the data on total nitrogen (Ntot) 
entering the sediment, which includes NH4

+, NO3
- and organic nitrogen, in the organic detritus. 

In fact, the organic detritus shares the major input of N to the sediment. Required calculations 
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are perfored using the process rates derived from the Baltic Sea model and Redfield’s molecular 
stoichometry of carbon, nitrogen and phosphorus in phytoplankton, details are given in 
Appendix 1. 

9 Discussion 
Modeling of the nitrogen cycling in the sediments of the Baltic Sea is the major objective 

of the thesis. The aim of this study is to learn more about the nutrients cycle in the sediment 
coupled to the eutrophication problem. The overall target of the modeling is to reproduce 
mineralization of the organic nitrogen and transformation of the nitrogen species into nitrogen 
gas. As a prototype, the model of Haringvliet Lake by Sun (2008) is used and modified for the 
Western Gotland Basin. However, there are still some differences between the model and 
natural sediments. 

9.1 Processes Involved in the Nitrogen Cycle 
The early biogeochemical processes at the sediment-water interface are very important 

for the cycles of nutrients, because it is determined in the upper sediments if any of substances 
are recycled back to water pillar or buried (Schulz and Zabel, 2006). The nutrients cycles in the 
sediments are coupled to the mineralization of organic matter which is performed by bacteria. 
The processes of organic matter degradation and nutrients transformation are very complex 
and in addition involve different bacterial communities.  

The model of the Baltic Sea does not cover all processes which occur in the real 
sediments of the Baltic Sea and other marine environments.  In the natural sediments, bacteria 
use several pathways to perform decomposition of organic matter. During the oxic conditions 
bacteria rapidly decompose the detritus by using oxygen, because it is the most favorable 
electron acceptor for bacteria (Schulz and Zabel, 2006). In the oxygen free environment, 
bacteria consume alternative electron acceptors like NO3

-, MnO2, Fe(OH)3 and SO4
2- (Canavan et 

al., 2006). For bacteria NO3
-, Fe(III) and Mn(IV) are energetically more beneficial compared to 

SO4
2- and these chemical compounds will be reduced first (Håkanson and Jansson, 1983). 

However, their concentration is too low to be significant in biogeochemical cycles of nutrients 
in marine sediments (Schulz and Zabel, 2006). Consequently, when NO3

-, Fe(III) and Mn(IV) are 
exhausted, SO4

2- reduction becomes a main pathway in degradation of organic matter and 
when it is depleted  degradation proceeds through methanogenesis. These pathways are 
common for all marine systems and for the brackish Baltic Sea ecosystem as well (Engvall, 1978; 
Piker et al., 1998; Stockenberg, 1998). 

Piker at al. (1998) conducted a study on methane production and sulfate reduction in 
sediment of the Gotland Deep, the Baltic Sea. Based on that study they found out that 44% of 
organic carbon, deposited on the sediment, was mineralized by sulfur reducing bacteria, while 
the methanogenesis was responsible for mineralization of 4.6% of organic carbon. The 
observations also revealed that the methanogenesis took place in the sulfate free layers of the 
sediment. 

In the model of the Baltic Sea, all the alternative anaerobic pathways are not taken into 
account and methanogenesis proceeds anaerobic degradation instead. This approach is a main 
simplification of the real system implemented in the model, since it does not reproduce all 
processes related to decomposition of organic matter and reoxidation of reduced chemical 
compounds. However, it should be mentioned that the main objective of the work is to 
simulate transformation of nitrogen in the sediment. So, it is vital to reproduce the degradation 
of organic matter and the regeneration of ammonium and in the model it is reproduced by the 
methanogenesis and the mineralization. The rates of the processes derived from and the 
results of the model are quite comparable to the field observations from the Baltic Sea, see 
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Chapter 8.6. This suggests that the simplified approach used in the model is applicable for the 
simulation of the nitrogen cycling in the sediments. 

Sun (2008) reproduced the model of the nitrogen cycling in the sediment of Haringvliet 
Lake, originally developed by Canavan et al. (2006). Canavan et al. (2006) included most of 
major pathways in the organic matter degradation, but the model by Sun (2008) was developed 
in PHREEQC including only methanogenesis as the process of anaerobic degradation. The 
results of both models show that they are quite comparable and suggest that the model of 
nitrogen cycling in sediments can be developed with the limited number of processes and 
proves the applicability of the simplified approach.  

9.2  The applicability of the Model 
The current study is focused on the sediments of the freshwater lake and the sea. The 

similar modeling principles and approaches are implemented to the models of the sea and the 
lake. Considering the sedimentary processes one can notice that all considered processes are 
common for both of the systems, they are described in Chapter 3. 

An examination of the models shows that the decomposition of the organic detritus, the 
nitrification and the denitrification are regulated by the rate constants for the processes. By 
alteration of the rate constants the model can be adjusted for the given marine or lake systems. 
Nevertheless, the specific characteristics of the sediments and the transport velocities in 
Haringvliet and Baltic systems are needed to be considered. The sediment advection is higher 
and the diffusion is lower in the lake compare to the sea and there are variations in the 
sediment parameters like the density, the adsorption capacity and the porosity etc. The current 
study reveals that the model developed in PHREEQC is flexible and can be adjusted to both 
freshwater lakes and seas by adjusting the parameters and the specific characteristics of the 
sediment. 

The model is capable to give the concentration of the chemical compounds as a function 
of time and depth. The model also helps to retrieve the rates of the sedimentary processes and 
to calculate the removal of the nitrogen by the sediment, when there is a constant input of the 
organic detritus and other chemical compounds. 

9.3 The Stockholm Archipelago 
The initial aim of the work was to perform modifications on the Haringvliet model by 

Sun (2008) to the Stockholm Archipelago. Lack of data on the characteristics of the sediment of 
the archipelago did not allow the full development of the archipelago model. However, the 
model developed for the Western Gotland Basin can be adapted and utilized for the 
archipelago case as well, because it is flexible and if the parameters are adjusted for the 
archipelago, the model will be able to simulate the sedimentary nitrogen cycle there.  

The current work suggests that to have the input values of the state variables and state 
constants, model parameters and sediment profiles of state variables is crucial for working with 
the model. The model parameters, rate constants and equilibrium constants, can be further 
calibrated to fit the system. The state constants represent characteristics of the sediment like 
sedimentation rate, density, temperature, diffusion, advection etc. and they are important for 
the organization of the advective-diffusive-reactive transport in the model.  

9.4  Data Requirements 
The model of the Baltic Sea is based on the data found from different sites within the 

Baltic Sea. Some of the data used in the model is not specific for the Western Gotland Basin. 
For example, the input value of the organic carbon in the model is from the Baltic Proper, 
ammonium adsorption coefficient is from the Skagerrak and the sedimentation rate in the 
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Western Gotland Basin is not found in the literature. However, the organization of the 
transport in the model is based on the mean sedimentation rate in the Baltic Sea. The 
adsorption coefficient and the input value of the organic carbon can influence the dynamics 
and the concentration of the state variables in the model. 

The values of the half-saturation constants for O2 limitation of the processes are not 
available for the Western Gotland Basin. In the model the concentrations of O2 limits the 
nitrification and aerobic mineralization and at the same time inhibits anaerobic processes like 
the denitrification and the methanogenesis. The half-saturation constants are individual 
parameters which can differ from one aquatic system to another. In the modeling they can be 
controlling factors for most sediment processes. For instance, in the freshwater systems, it is 
accepted that the concentration of the oxygen should be lower than 15 μmol l-1 and 
concentration of organic carbon should be higher than 2 μmol l-1 for the denitrification to occur 
(Piña-Ochoa and Álvarez-Cobelas, 2006).  

The correct input of the state variables and the half-saturation constants can contribute 
to developing the conditions in the model close to the real ones. These modifications of the 
model can improve simulations and predictions and keep similar interdependences between 
processes as in the natural system.  

9.5  Eutrophication 
Eutrophication can cause changes in the pelagic and benthic ecosystems. In order to 

investigate the sediment the scope of this study covers the benthic processes only, because 
when pelagic phytoplankton biomass deposits on the sediment surface, the benthic processes 
will start. In the sediment, the nutrients, consumed in the pelagic layer, are regenerated and 
can be recycled back or removed. In eutrophied aquatic systems the bottoms receive higher 
amounts of phytoplankton biomass. The Baltic Sea model tries to simplify and reproduce the 
benthic processes, when the input of organic detritus is high, and show the transformation of 
the nitrogen species in the sediment. This helps to learn the long term responses of the 
sediment to the high input of the organic detritus and how much of the entered nitrogen is 
denitrified and escapes the aquatic system. Thus, it is possible to learn the role of the sediment 
in the cycling of nitrogen.  

The model predicts slight decrease in the concentration of the organic detritus in the 
sediment with time, this fact, in turn, suggests reduction in organic carbon enrichment, see Fig. 
9, Chapter 8.2. Nevertheless, there is no data available on continuous observations of one 
specific location in the Baltic Sea to test the model predictions. Fig. 9 depicts the field data of 
1998 and 2008 from different locations within the Western Gotland Basin (80 and 40 m water 
depths, respectively). The field data show that the concentration of organic carbon is lower in 
the 2008 compare to 1998 and the model results are closer to the data of 2008.  

The predicted concentrations of NO3
-, NH4

+ and N2 are increasing with time. The 
equilibrium between the adsorbed and free NH4

+ is kept and NO3
- concentrations predicted by 

the model are close to the observations made in 2008 (Figs. 13 and 14). These results make the 
model feasible to reproduce the degradation of the organic detritus and the transformation of 
the nitrogen species and these processes are important in the eutrophication management.  

It is possible to improve the potential capabilities of the Baltic Sea model. If the model 
covers nitrogen cycling coupled to phosphorus it would better for the actions on mitigation of 
eutrophication in the basin. Some modifications that could be introduced to the model are 
bioturbation, sulfate reduction and pH buffering. These features would help to make the 
reproduction of the sediment processes closer to the real ones and pH buffering would govern 
the chemical conditions and speciation of chemical compounds defined in the model.  
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10 Conclusion 
In this study, the simple and sufficient model of the nitrogen cycling in the sediment of 

Haringvliet Lake has been modified for the Western Gotland Basin, Baltic Sea. The developed 
model simulates the transformation of the nitrogen species deposited on the sediment floor. 
The model considers all factors influencing the processes and reproduces vertical profiles of the 
state variables vs. time and depth. The results of the Baltic model are tested using independent 
field data and model results show acceptable deviations from data except for ammonium and 
total inorganic carbon which are accumulated in the sediment. In the model the rates of the 
processes predicted by the model are in fair agreement with the observations made in the 
different basins of the Baltic Sea. 

The approach used in the model, when all alternative pathways in decomposition of the 
organic matter are replaced by methanogenesis, is approved to be efficient for the simulation 
of the nitrogen cycle. The model can be used for simulation of the sediment processes when 
there is constant input of organic matter. It can also reproduce the behavior of the sediment in 
respond to different changes in the process parameters and conditions. 

During the study the differences and the similarities between the Haringvliet Lake and 
the Western Gotland Basin has been identified. It was found that both systems are eutrophied 
and this brought the similar situation to their sediments. The characteristics of the sediments, 
transport velocities and the rates of the sedimentary processes varied between the lake and 
the sea. The temperature, density and adsorption in the sediments of the Baltic Sea were lower 
than in Haringvliet Lake. Concerning the processes the decomposition of organic detritus was 
high and the nitrification and the denitrification were low in the Haringvliet model in 
comparison to the Baltic Sea model. The diffusion was higher in the Baltic Sea sediments, 
whereas the advection was higher in the lake model.  

During the adaptation of the Haringvliet model to the Baltic Sea it was revealed that the 
reaction rate constants, sediment characteristics (density, porosity, and temperature, 
sedimentation rate), advection, diffusion, adsorption coefficient and input values of the state 
variables had to be changed. There is also requirement for the testing data: it should include 
the profiles of all chemical compounds and pH. Most of the listed data are not available for the 
Stockholm Archipelago. This is a main obstacle in implementation of the model. Nevertheless, 
the Baltic Sea model is capable of determining the removal of the nitrogen by the sediment, 
which is meaningful for eutrophication investigation. The developed model is focused on the 
denitrification process and related nitrogen removal, however, in the outlook there should be 
included determination of the ratio of adsorbed ammonium, flow of nitrogen species to the 
upper water. These additions open the wider view on the role of the sediment in the nitrogen 
cycling coupled to eutrophication. 
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Appendix 1 
Calculations of the nitrogen removal by the sediment 

By using Redfield’s molecular stoichometry of carbon, nitrogen and phosphorus in 
phytoplankton (C:N:P = 106:16:1), it is possible to calcualte the share of N in the organic 
detritus by formula of Norg = Corg ÷ CRedfiled (106) × NRedfield(16). The maximum and minimum of 
the denitrification rates are derived from the PHREEQC model. Using Eq. 18 the maximum and 
minimum percentage of removed nitrogen have been determined. 
 
The input concentrations of chemical compounds are:  
NH4

+ = 6.11 μmol l-1 yr-1 
NO3

- = 1.08 μmol l-1 yr-1 
Corg = 9300 μmol l-1 yr-1 
 
The denitrification rates derived from the model are: 
Minimum Ndeni = 373.62 μmol l-1 yr-1 
Maximum Ndeni = 446.32 μmol l-1 yr-1 
 
The share of organic nitrogen in organic detritus and total nitrogen Ntot: 
Norg = Corg ÷ 106 × 16 = 9300 ÷ 106 × 16 = 1403 μmol l-1 yr-1  
Ntot = NH4

+ + NO3
- + Norg = 6.11 + 1.08 + 1403 = 1410.2 μmol l-1 yr-1 

 
The nitrogen removal by the sediment: 
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