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Abstract 

Sediment organic matter drives many chemical reactions and generally becomes less 

reactive with depth. These chemical reactions are simulated with sophisticated 

conceptual and numerical models. A range of sediment diagenesis modelling 

approaches have been developed over the last two decades, however, the diversity 

makes it difficult to identify the best approach for a particular aquatic system. The 

variables, parameterisations and applications of 83 models published since 1996 were 

summarised and categorised here. The choice of variables and processes used was found 

to be largely arbitrary and while the models have been applied to a range of 

environments, there was no corresponding difference in approach or complexity. 

Among many challenges and opportunities for the development of diagenesis models, 

one of the most important was aligning conceptual models of organic matter 

transformations with measurable parameters and theoretical mechanisms.  

 

Other conceptual models of organic matter consumption were reviewed in order to build 

a new conceptual model of organic matter that addresses these problems and the three 

common mathematical approaches to organic matter limitation and inhibition were 

compared. The thermodynamic basis for the inhibition function was not apparent. 

Theoretical mechanisms behind the inhibition and limitation interactions of sediment 

redox chemistry, including competitive exclusion, and the difference between organic 

matter rate equations with steady microbes or microbial growth were investigated in 

detail. A new organic matter model that parameterizes mechanisms according to 

fundamental thermodynamic properties was presented and the accessibility of the 

necessary parameters was then assessed.  

 

A new sediment diagenesis model was presented, which included the new organic 

matter model, as well as the flexibility to allow many of the features found in the wide 

range of previous diagenesis models. The new diagenesis model showed that the new 

organic matter model captured the environmental redox sequence by using fundamental 

thermodynamic properties and measurable parameters.  
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Preface 

The introductory Chapter 1 presents the objective and motivation for this study and 

links the subsequent chapters. Chapter 2 is a major review and meta-analysis of the 

background literature and its results showed the knowledge gaps and gave the 

motivation for the work in the subsequent chapters. Chapter 2 has been published as:  

 

Paraska, D. W., M. R. Hipsey, and S. U. Salmon (2014), Sediment diagenesis models: 

Review of approaches, challenges and opportunities, Environmental Modelling & 

Software, 61(0): 297-325. 

 

Chapter 3 took up the challenge of improving organic matter mineralization in 

diagenesis models. Part of this chapter was published with substantially different editing 

as:  

 

Paraska, D., M. R. Hipsey, and S. U. Salmon (2011), Comparison of organic matter 

oxidation approaches in sediment diagenesis models, in 19th International Congress on 

Modelling and Simulation edited, Perth. 

 

The diagenesis model code used in this study was originally written by Bernard 

Boudreau, then rewritten by Roger Luff, and then substantially rewritten by Matt 

Hipsey. The changes made by me for the work in Chapter 5 and Chapter 6 focussed 

largely on organic matter degradation.  

 

One other paper that was written during the course of this research but were not 

included in this thesis were: 

 

Norlem, M., D. Paraska, and M. Hipsey (2013), Sediment-water oxygen and nutrient 

fluxes in a hypoxic estuary, paper presented at MODSIM2013–20th International 

Congress on Modelling and Simulation, Modelling and Simulation Society of Australia 

and New Zealand. 
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Chapter 1- Introduction 

The quality of aquatic environments is a concern for scientists because of general 

ecosystem health, global carbon storage and release (Mcleod et al. 2011, Canuel et al. 

2012), aquaculture (Brigolin et al. 2009, Kasih et al. 2008) and threats from hypoxia 

(Diaz and Rosenberg 2008), eutrophication (Davis and Koop 2006), contamination with 

organic pollutants (DeBruyn et al. 2004) and with heavy metals (Boudreau 1999): all of 

which are fundamentally connected with sediment biogeochemistry. Sediment 

biogeochemistry involves a complex set of biological, geochemical and physical 

processes, the quantification of which has required the development of sophisticated 

conceptual and numerical models (Boudreau 1997). These processes in the surface 

sediments are referred to as early diagenesis (Van Cappellen et al. 1993). The aim of 

this research was to challenge the assumptions that underlie the current theory and 

numerical modelling of early diagenesis, in order to improve these models. 

1.1 Sediment biogeochemical reactions 

Chemical concentrations at the sediment-water interface are subject to a mix of 

competing forces at different spatial and temporal scales in both the sediment and the 

water column (Figure 1 - 1). For example: solid particles are deposited via gravity and 

resuspended by currents in the water column; particles are buried following further 

deposition and over geological timescales ultimately form rock (Berner 1980); 

dissolved material diffuses between the water and the sediment, and within the 

sediment, following concentration gradients (Li and Gregory 1974); benthic animals 

and plants cause mixing or binding of the sediment particles, as well as non-local 

transport of chemicals (Meile and Van Cappellen 2003); bacteria use chemical reactions 

to fuel their metabolism (Jorgensen 2000, Megonigal et al. 2003); benthic animals, 

plants and bacteria thrive or die depending on the chemicals present in the sediment 

(Burdige 2011). 

 

At an environmental scale, the sediment acts as a source or a sink of chemicals for the 

water column. For example, sediment bacteria may have such demand for O2 that the 

water column may become hypoxic (Middelburg and Levin 2009, Peña et al. 2010). A 

history of human activity in a waterway may result in a legacy within the sediment 
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chemistry, even after human activity in the waterway ceases (Fossing et al. 2004). For 

example, large inputs of organic matter may produce organic nitrogen and ammonium 

upon degradation by sediment bacteria (Algar and Vallino 2014). This could either lead 

to the formation of NO3
- through nitrification, which could cause a eutrophic water 

column, or the nitrogen could leave the system as N2 through denitrification. As another 

example, heavy metals such as Cu or Zn may be adsorbed to iron minerals within the 

sediment (Boudreau 1999). If the iron minerals are reduced and dissolved, then the 

heavy metals could be released and contaminate the water column, or precipitate as 

metal sulphides. Understanding how these interdependent and often competing 

biogeochemical reactions interact is not simple, and therefore scientists use models to 

help unravel the interactions.  

 

 

Figure 1 - 1 There are many physical, biological and chemical processes occurring in the 

upper layers of the sediment that determine the concentrations of chemicals and the fluxes 

to the water column. 

 

There are many environmental processes that bring about the distribution of chemicals 

in the sediment and each environment has its own factors that complicate any general 

explanation, such as pore water advection and sediment resuspension. However, there 

are two major biogeochemical phenomena that form the basis of our understanding of 

sediment diagenesis reactions, across most environments. The first is that organic matter 

is deposited at the sediment water interface, then buried and mixed into the sediment. 

The addition of fresh organic matter prevents the sediment chemistry from reaching 
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chemical equilibrium, because the organic matter is a source of energy and reduced 

carbon for sediment microbes (Van Cappellen et al. 1993). Microbial reactions produce 

reaction by-products that then continue to react via secondary redox, acid-base and 

precipitation-dissolution reactions. The organic matter has an inherent reactivity that 

tends to decrease with depth, since the most reactive fractions are consumed towards the 

sediment-water interface (Van Cappellen et al. 1993, Figure 1 - 2). Simple models have 

captured the decrease of organic matter reactivity with depth measured in the ocean 

(Middelburg 1989) and in lakes (Katsev and Crowe, 2015).  

 

The second biogeochemical phenomenon, which is both a driver and a result of how the 

transport and biogeochemical processes interact, is the sediment redox sequence (Figure 

1 - 2). The redox sequence emerged as a means of describing the major processes in the 

sediment, following the work of authors such as Froelich et al. (1979). The basic 

conceptual model is that there are six major terminal electron accepting pathways for 

the degradation of organic matter, and that different communities of bacteria will use 

these pathways in order of decreasing free energy yield: aerobic, then denitrifying, 

manganese reducing, iron reducing, sulphate reducing and finally methanogenic 

respiration. Each terminal electron accepting pathway corresponds with a depth zone 

(Van Cappellen et al. 1995, Figure 1 - 2).  

 

Canfield and Thamdrup (2009) provide a concise description of how the zones are 

defined, as well as the ambiguity involved in different naming conventions. The 

separation between the zones is more pronounced in the deep sea where the input of 

organic matter is lower (Van Cappellen and Wang 1996). Exceptions to this general rule 

have been observed in field conditions (Canfield and Thamdrup 2009, Bethke et al. 

2011) and there are many exceptions that result from physical phenomena such as 

advection and mixing. However, this biogeochemical phenomenon was integrated into 

the earliest diagenesis models because it served as a better simple characterisation of 

sediment conditions than pH or Eh (Berner, 1981).  

 

While the physical transport processes are undoubtedly important in creating site-

specific sediment chemical concentration profiles, (addressed, in particular, Section 2.3 

in Chapter 2, Physical and Biophysical Transport Processes), combining these two 
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general biogeochemical phenomena alone provides a simple and widely applicable 

description that reactivity tends to decrease with depth in the sediment (Van Cappellen 

et al. 1993). However, any more precise description of how these reactions interact 

requires an examination of the many details, exceptions and necessary simplifications 

involved in sediment biogeochemical models.  

  

Figure 1 - 2 Two general properties of sediment chemistry provide the general trend of 

decreasing reactivity with depth: organic matter is less reactive with depth; and redox 

pathways form zones that tend to decrease in free energy yield with depth.  

 

1.2 Sediment biogeochemical models 

Sediment models are part of the greater group of increasingly sophisticated numerical 

models that parameterize and combine transport processes and reaction pathways, in 

order to explore the system responses of complex aquatic environments (see, for 

example, Steefel et al. 2005, Soetaert and Herman 2008, for general works). Reactive 

transport models have also been developed to examine specific systems and processes, 

including marine organic matter degradation (Arndt et al. 2013), carbon cycles 

(Mackenzie et al. 2004), hypoxic waters (Peña et al. 2010), aquatic ecology (Arhonditsis 

and Brett 2004, Jorgensen 2010, Mooij et al. 2010), groundwater (Hunt and Zheng 

2012), and heavy metal transport (Boudreau 1999). In recent years, increasing attention 
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has been given to analysing the development of the features and applications of reactive 

transport models in general (see, for example, Jakeman et al., 2006; Robson et al. 2008) 

and developing standards for assessing their performance and suitability (Bennett et al. 

2013).  

 

The importance of using sediment biogeochemical models comes from two main 

difficulties with studying the sediment environment: the interdependence of the many 

physical, chemical and biological processes; and the difficulty of taking measurements 

without disturbing a study site (Luff and Moll 2004). Van Cappellen et al. (1995) 

explain that sediment biogeochemical models form a bridge between field and 

experimental studies: laboratory studies show the mechanisms of individual processes; 

sediment models synthesise the knowledge about individual processes, and capture their 

interdependence. Field studies show the chemicals reacting in the surface layers at the 

time of sampling, as well as a record of previous biogeochemical processes; sediment 

models simulate the greater environmental processes that occur in the field on a 

temporal and spatial scale far broader than field studies can measure. 

 

There are many sediment models that examine sediment metal fluxes, nutrient cycling 

and organic matter decomposition. In particular, sediment early diagenesis models have 

been developed to tackle the major biogeochemical reactions that take place in the 

upper layers of the sediment as they affect the water quality of study sites. These 

models are necessarily complex and therefore it is not easy for a researcher who is not 

familiar with them to simply start using one, nor to customise the model to suit their 

research question (Boudreau 1996, Meysman et al. 2003).   

1.3 Research overview 

At the start of this research process, it was apparent that diagenesis models were 

available, which were well established, but not simple to use. In order to master the 

scientific and technical aspects of diagenesis modelling, two paths opened up. The first 

was to take the assumptions built into diagenesis modelling for granted and to apply a 

numerical model to a management-oriented application. The diagenesis modelling 

details would have been learnt by repeated use and environmental questions would have 

been explored using these existing tools. The second path was to revisit the fundamental 
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assumptions of diagenesis modelling and draw from conceptual models in theoretical 

and laboratory-based studies in order to question how best to develop the numerical 

model further. After briefly reviewing the literature, it became clear that the former 

approach had already been taken many times and that the latter, though more 

challenging, was the more exciting option. 

 

Thus the overall objective of this thesis became to develop a new modelling approach 

with an improved theoretical basis, allowing it to be more universally applied, with less 

reliance on calibration to the conditions of specific study sites. Additionally, as many 

insights gained from other models as possible were to be integrated into this model. 

 

Research scope 

This research has been conducted following four key guiding principles: 

a) the examination of sediment reactions is best conducted using a mechanistic 

approach, where possible, for two reasons: firstly, in order to explain why things 

have happened, and secondly, to avoid the reliance on calibration to site-specific 

conditions; 

b) parameters such as rate constants and boundary conditions should be determined 

empirically where possible; 

c) if processes cannot be described mechanistically or if parameters cannot be 

measured empirically, it can be useful to use simplifications or temporary 

solutions; and  

d) the conceptual and numerical models should be connected to other related fields, 

such as groundwater or microbial metabolism, rather than only those used by 

amongst sediment biogeochemical modellers. 

Research questions and knowledge gaps 

Given the broad scope of diagenesis modelling studies, some specific initial questions 

developed: 

a) can we categorise the wide range of sediment diagenesis models in order to 

make sense of their different features and key components? 

b) how have diagenesis models been applied across a range of environments 

(marine, lacustrine, estuarine, riverine) and research objectives? 
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c) what are the major strengths of these models and the challenges to their 

future development? 

The answers to these initial questions led to further specific questions: 

d) can we align the conceptual model of organic matter degradation in 

diagenesis models with the most recent theoretical models? 

e) can we parameterize organic matter decomposition using empirically-

measured values? 

f) can we find a mechanistic description of organic matter degradation that 

matches the pattern of redox zonation, based on free energy yield? 

g) ultimately, can we create a new full diagenesis model that includes the 

advances analysed here, and is flexible enough to be used for a range of 

environments and applications? 

Research outline 

The thesis is structured to progressively develop from an initial review and meta-

analysis of past studies to the development a new conceptual approach to simulate 

organic matter in sediment, and finally to the application of a new code-base to explore 

the practical outputs of the new approach.  

 

Chapter 2 undertakes a major review of the literature, tracing the history of diagenesis 

models from the original G-model (Berner 1964, 1980), to the crucial point around 1996 

when they formed the main features that developed into the many models that we have 

today. The chapter categorises 83 diagenesis model publications and analyses their 

structure, applications, and the challenges and opportunities for their development. 

 

In Chapter 3 an improved mechanistic basis for modelling organic matter oxidation is 

outlined, addressing one of the major challenges identified in Chapter 2. We consider 

the range of conceptual approaches to studying organic matter oxidation and the range 

of rate expressions used to capture the redox interactions. We develop a model that 

connects the oxidant limitation and inhibition processes with free energy and growth 

yields.  
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Chapter 4 addresses how the necessary parameters needed for the new approach 

outlined in Chapter 3 might be drawn from the empirical and theoretical literature. It 

clarifies the necessary parameters for typical concentrations, kinetic reaction rate 

constants and the other measured and calibrated constants.  

 

Chapter 5 takes the organic matter conceptual model from Chapter 4 and implements it 

in a new flexible and easily configurable diagenesis model. It also includes other 

strengths of diagenesis models identified in Chapter 2, such as a wider range of 

secondary redox reactions, greater flexibility of the model code, and the ability to 

couple this diagenesis model with other physical and biogeochemical models. 

 

Finally, Chapter 6 tests the new, spatially resolved diagenesis model and examines the 

strengths of the new approach. The new model is compared with previously published 

models with similar configurations, and with the other theoretical functions that were 

used as its mechanistic basis. A final chapter is presented summarising the key 

outcomes from the research and future model development priorities. 
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Chapter 2 – Sediment diagenesis models: review of 

approaches, challenges and opportunities 

 

A range of sediment diagenesis modelling approaches have been developed over the last 

two decades, however, the diversity makes it difficult to identify the best approach for a 

particular aquatic system. This study summarised and categorised the variables, 

parameterisations and applications of 83 models published since 1996. The choice of 

variables and processes used was found to be largely arbitrary. Models have been 

applied to a range of environments, however, there was no corresponding difference in 

approach or complexity. The major challenges and opportunities for the development of 

the models include: aligning conceptual models of organic matter transformations with 

measurable parameters; gathering accurate data for model input and validation, 

including datasets that capture a range of time-scales; coupling sediment models with 

ecological and spatially-resolved hydrodynamic models; and making the models more 

accessible for water quality and biogeochemical modelling studies by developing a 

consistent notation through community modelling initiatives. 

 

2.1 Introduction 

Chemical interactions between the sediment and the water column are a key component 

of aquatic biogeochemistry and ecology. The upper layer of the sediment can have more 

chemical processes than the entire overlying water column (Boudreau 2000) and it is a 

hotspot for biogeochemical function. An exploration of the physical, chemical and 

biological dynamics in this near-surface sediment, termed early diagenesis, gives us a 

better understanding of the natural processes that shape elemental pathways, and allows 

us to assess the effects of human activity, which include the disruption of nutrient, 

oxygen and carbon cycles associated with eutrophication and contamination of aquatic 

ecosystems. 

 

Sediment models are part of the greater group of increasingly sophisticated models that 

parameterise and combine transport processes and reaction pathways, in order to 

explore the system responses of complex aquatic environments (see, for example, 
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Steefel et al. 2005, Soetaert and Herman 2008, for general works.). The models of this 

field are able to estimate chemical concentrations and reaction rates at a temporal and 

vertical resolution that is difficult to reproduce with in situ or laboratory 

experimentation (Luff and Moll 2004). As mentioned in Chapter 1, reactive transport 

models have also been developed to examine specifically a range of systems and 

processes, including marine organic matter degradation (Arndt et al. 2013), carbon 

cycles (Mackenzie et al. 2004), hypoxic waters (Peña et al. 2010), aquatic ecology 

(Arhonditsis and Brett 2004, Jorgensen 2010, Mooij et al. 2010), groundwater (Hunt 

and Zheng 2012), and heavy metal transport (Boudreau 1999). In recent years, 

increasing attention has been given to analysing the development of the features and 

applications of reactive transport models (see, for example, Jakeman et al., 2006; 

Robson et al. 2008) and developing standards for assessing their performance and 

suitability (Bennett et al. 2013). With this context, it is therefore timely to analyse the 

development and performance of a large body of literature that has emerged on 

sediment reactive transport models.   

 

The basis of numerical sediment diagenesis models was laid out by Berner (1980) and 

further developed by authors such as Van Cappellen et al. (1993), Van Cappellen and 

Wang (1995), and Boudreau (1997, 2000); readers wishing to understand the theory of 

diagenesis models should begin with these publications. The fundamentals were taken 

into early numerical models by authors such as Rabouille and Gaillard (1991a, b), 

Tromp et al. (1995), Furrer and Wehrli (1996), Dhakar and Burdige (1996) and Park 

and Jaffé (1996). Of the models that were developed in this period, the studies by 

Boudreau (1996), Van Cappellen and Wang (1996) and Soetaert et al. (1996a) have 

emerged as the basis for most of the numerical models developed by other authors since 

then (these three are cited 155, 294 and 201 times, respectively, in ISI Web of 

Knowledge, as of December 2013). The studies that developed from these three papers 

share some common process descriptions and general conceptual bases (Figure 2 - 1), 

however, many variations in the implementation and the increasing complexity of the 

biogeochemical processes in subsequent applications have made it difficult to absorb 

the terminology, compare the models and identify the best approaches for a given 

application that an aquatic ecosystem modeller entering the field may be interested in. 

Further, while many of the original models were intended for the coastal or open ocean, 
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they have since been applied widely across the spectrum of aquatic environments, 

including from oligotrophic to eutrophic inland and coastal waters. The connection 

between models’ purposes, structures and performance (as has been done recently for 

more general models of phosphorus dynamics by Robson et al. 2014) remains 

unexplored.  

 

It is the aim of this chapter to conduct a review and meta-analysis of sediment 

diagenesis model publications that have emerged since the theoretical texts and the key 

1996 model applications. By doing so we aimed a) to identify commonality between the 

studies and define a practical classification of commonly used approaches, b) to 

compare the model studies in the context of the questions they address and study 

environments, c) based on the above analysis, to identify challenges for the 

development and improvement of sediment diagenesis models and opportunities for 

advancing model accuracy and performance, and d) ultimately to assist and encourage 

the uptake and application of these models by the wider ecological modelling 

community. 

 

 

Figure 2 - 1 Schematic of the main physical and chemical processes that cause chemical 

concentration and flux change in the sediment and across the sediment-water interface, 

and therefore are included in most sediment diagenesis models. The chemicals and 

reaction processes included in different studies vary widely and are shown in the following 

tables. 
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2.2 Analysis approach and scope 

We gathered 83 sediment diagenesis modelling studies from the peer reviewed literature 

in the period between 1996 and 2013. We considered vertically multi-layered, rather 

than one- or two-layer models, process-based rather than empirical models and 

numerical rather than analytical models. The focus of this analysis is not on the software 

codes themselves, which have been examined by Meysman et al. (2003a), nor the 

numerical solution methods.  

 

This analysis is primarily focussed on the multi-G models that were developed from the 

G model of Berner (1980). ‘Continuous-G’ models have also been developed, in which 

the properties of the complex mixture are considered to be a function of depth, which in 

turn has reflected organic matter age (originally by Middelburg 1989 then Boudreau and 

Ruddick 1991, followed up recently by authors such as Wallmann et al. 2008, Arndt et 

al. 2009, Vähätalo et al. 2010, Rodriguez-Murillo 2011, Gelda et al. 2013, Katsev and 

Crowe 2015 and Stolpovsky et al. 2015).. The advantages of these empirical models are 

that they can be adjusted to fit depth profiles closely, they require few input parameters 

and they recognise the importance of the changing reactivity of organic matter over 

time, which is a factor that many other models do not take into account (Van Cappellen 

et al. 1993). However, the continuous-G model studies generally neglect the reactions of 

the oxidants and other secondary and mineral reactions that are important in 

determining other environmental geochemical processes, such as the fluxes of nutrients, 

oxygen and contaminants, and so this analysis is solely focused on multi-G models. 

Rather than organic matter reactivity being assigned as proportional to depth or age, 

multi-G models have a few distinct pools each with different reactivity. The origins of 

most of the recent multi-G models can be traced back to one of three sources that had 

developed Berner’s model, based on either the CANDI model (Boudreau 1996), the 

STEADYSED model (Van Cappellen and Wang 1996), or the OMEXDIA model 

(Soetaert et al. 1996a). As will be explained in the following sections, these three 

sources differed originally with respect to the choice of organic matter oxidants and rate 

law parameterisation (Table 2 - 1), but subsequent studies have introduced numerous 

other changes.  
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We believe that this meta-analysis should help readers to identify more easily how 

specific model applications compare with the range of model features published to date. 

As will be shown below, any classification that was useful for the features of the models 

was less useful for the applications of the models, and so in order to analyse these 83 

diverse studies more easily, we started the classification of their features according to 

the three major approaches. Although there is no underlying philosophical difference 

between these approaches, the features of many of the models are explained as a result 

of the historical development of each model from another previously-published models. 

This study summarises the model features, which include the conceptualisation of 

organic matter pools with respect to their reactivity, the choice of organic matter 

oxidants, the selection of the organic matter rate laws and parameters, and the range of 

secondary redox reactions, mineral reactions, and physical and biophysical transport 

processes. For the analysis of model applications, the study describes how these 

fundamental model components have been used in different environments and identifies 

applications of the models where the effects of anthropogenic activity have been the 

specific motivation. The study then assesses where the models have been applied with 

steady or dynamic simulations, including where seasonal timescales of change have 

been examined, and where the coupling of sediment models to spatially resolved water 

column models has occurred. Finally, the features and applications are brought together 

to assess the challenges identified from the previous sections, and potential 

opportunities to help improve model rigour and use by the wider scientific community 

are suggested.  
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2.3 Model components 

Here a concise summary of the common features of numerical sediment diagenesis 

models is given, to provide context for the classifications used in the meta-analysis. The 

models have their origin in the general diagenetic equation, defined by Berner (1980) as 

the sum of chemical reactions and physical processes – advection, diffusion and 

biological mixing: 

 

𝜕[(1 − 𝜙)𝜌𝐶𝑠]

𝜕𝑡
      =      𝐷𝐵

𝜕2[(1 − 𝜙)𝜌𝐶𝑠]

𝜕𝑥2
   −      

𝜕[(1 − 𝜙)𝜔𝜌𝐶𝑠]

𝜕𝑥
         +       (1 − 𝜙)𝜌∑𝑅𝑠  

2 - 1 

Solid particle 

concentration change 

in time 

biodiffusion advection 

(sedimentation) 

reaction  

     

𝜕(𝜙𝐶𝑑)

𝜕𝑡
 =            𝐷𝐵

𝜕2(𝜙𝐶𝑑)

𝜕𝑥2
+  𝜙𝐷𝑆

𝜕2(𝐶𝑑)

𝜕𝑥2
   −    

𝜕(𝜙𝜐𝐶𝑑)

𝜕𝑥
  +    𝛼(𝐶𝑑0 − 𝐶𝑑)   +    𝜙∑𝑅𝑑 

2 - 2 

Solute 

concentration 

change in time 

biodiffusion and molecular 

diffusion 

advection 

(flow) 

irrigation reaction  

 

where Rs is a generic reaction term identifier that applies to the solid substance reactions 

and Rd to dissolved substance reactions, C is a species concentration, ρ is sediment 

density, t is time, DB is the biodiffusion coefficient, DS is the molecular diffusion 

coefficient, x is depth, ϕ is porosity, ω is the rate of burial, 𝜐 is the velocity of flow 

relative to the sediment surface, α is an irrigation constant and 𝐶𝑑0 is the concentration 

of a dissolved substance at the sediment-water interface (Berner 1980, Van Cappellen 

and Wang 1996). While the models chosen in this analysis all include equations similar 

to one 2 - 1 and 2 - 2, there are specific differences in the chemical reactions and 

transport processes that serve as the focus of our comparison below. There are also 

differences in the numerical discretisation, but in general, the models are solved by a 

semi-implicit (Crank-Nicholson) scheme with an iterative solution performed at each 

step to resolve the non-linearities in the set of coupled reaction equations (see for 

example, Van Cappellen and Wang 1996, Berg et al. 1998). 

Primary redox reactions of organic matter 

The primary redox reactions describe the microbial oxidation of organic matter, which 

is one of the major processes driving chemical changes in the sediment (Gaillard and 

Rabouille 1992, Middelburg et al. 1997). The rate of oxidation directly determines the 

fate of many important constituents, such as nutrients and oxygen, and indirectly affects 
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the rate of many other processes, such as the secondary oxidation of by-products. The 

modelling of organic matter mineralisation can be traced back to Berner’s (1964) ‘G 

model’, where the reaction rate was defined as proportional to the organic matter 

concentration, rather than the oxidant concentration, thereby assuming that organic 

matter availability was the primary control on the mineralisation rate. In the current 

sediment diagenesis models, this formulation has been retained, and below we explore 

the inclusion of additional factors such as the number and reactivity of the organic 

matter pools, the choice of oxidants, the different ways to parameterise rate laws, and 

the choice of the values for rate constants and other parameters.  

 

ORGANIC MATTER TYPES AND POOLS  

Particulate organic matter 

A major challenge in modelling organic matter oxidation has always been 

conceptualisation and simplification of the reactions of thousands of different organic 

molecules. The ‘multi-G’ model divides organic matter into several classes, based on 

reactivity, which are mineralised to CO2 at different rates. The basis of the multi-G 

assumption came from laboratory experiments that showed organic matter decay could 

be approximated as a function of two distinct carbon pools (Berner 1980 and Westrich 

and Berner 1984). This was criticised in early years on the basis that the assignment of 

rates to fractions in multi-G models is a result of the laboratory processes, rather than an 

inherent property of organic matter (Middelburg 1989, Boudreau and Ruddick 1991). 

Nevertheless, the multi-G approach has continued to be used because of its conceptual 

and mathematical simplicity (Boudreau and Ruddick 1991, Thullner et al. 2007). Of the 

83 modelling studies in this analysis, 22 use only one pool; 31 use two, 22 use three and 

two use four. For “3G” models, in general, there is a highly reactive fraction, a 

moderately reactive fraction and an unreactive fraction (Table 2 - 2). However, the 

variety in number of pools, rate constants, and indeed even terminology in Table 2 - 2 

shows that there is limited consistency, and assignment of G type is not based on any 

inherent property of organic matter.  
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Dissolved organic matter  

While different solid phase organic matter fractions of varying reactivity are routinely 

considered in sediment models, organic matter in the dissolved phase is included in only 

eight models, which have been published in thirteen papers (Table 2 - 2). Within these, 

a range of techniques are used: Approach 1 models input DOM to the sediment surface 

as a flux from the water column; Approach 2 models have DOM form as a product of 

the breakdown of particulate organic matter (POM). Approach 3 papers specify the 

individual DOM sources, such as phytoplankton, zooplankton and benthic algae; the 

DOM is conceptualised as one or two pools that are mineralised through the same 

processes as POM and transported through diffusion. DOM adsorption to solid particles 

has been used in three of the studies (Sohma et al. 2004, 2008, Massoudieh 2010). 

 

Microbial biomass  

Most models do not consider variation in microbial biomass as a control on organic 

matter decay, however sediment bacteria are included in some models as a dynamically 

varying organic matter pool. This has been either as total bacteria (Talin et al. 2003), 

groups that oxidise organic matter through each of the six pathways (Thullner et al. 

2005), or assuming a steady-state biomass (Dale et al. 2008, based on Dale et al. 2006, 

which explicitly models acetogenic, sulphate-reducing and fermenting bacteria, and 

methane-oxidising and methanogenic archaea reactions, but without transport 

processes).  
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CHOICE OF REACTION PATHWAYS 

A common approach for organic matter oxidation in multi-G models is through the 

sequence of reactions 2 - 3 – 2 - 8, based on general observations from authors such as 

Froehlich et al. (1979) and Emerson et al. (1980):  

 

OM + xO2 + (-y + 2z)HCO3
- → (x – y + 2z)CO2 + yNH4

+
 + zHPO4

2- + (x + 2y + 2z)H2O 2 - 3 

OM + 0.8xNO3
-→ (0.2x – y + 2z)CO2 + 0.4xN2 + (0.8x + y +- 2z)HCO3

- + yNH4
+ + zHPO4

2- + 

(0.6x – y  + 2z)H2O H3PO4 + 177.2H2O 

2 - 4 

OM + 2xMnO2 + (3x + y – 2z)CO2 +(x + y – 2z)H2O → 2xMn2++ (4x + y – 2z)HCO3
-
 + yNH4

+
 

+ zHPO4
2-  

2 - 5 

OM + 4xFe(OH)3 + (7x + y – 2z)CO2 + (x – 2z)H2O→ 4xFe2+ + (8x + y – 2z)HCO3
- + yNH4

+
 + 

zHPO4
2- + (3x + y - 2z)H2O  

2 - 6 

OM + 0.5xSO4
2- + (y – 2z)CO2 + (y – 2z)H2O → 0.5xH2S + (x + y – 2z)HCO3

- + yNH4
+ + 

zHPO4
2- 

2 - 7 

OM + (y – 2z)H2O →0.5xCH4 + (0.5x – y + 2z)CO2 + (y – 2z)HCO3
- + yNH4

+ + zHPO4
2- 2 - 8 

 

where x, y and z represent the user-defined C:N:P ratios (Table 2 - 2). The reaction 

stoichiometry shown here is from Canavan et al. (2006), with most studies adopting 

different stoichiometric relationships. Many studies (28) use all six pathways, however, 

depending on reasons specific to individual applications, any of the pathways may be 

left out (Table 2 - 3). A subset of the models combines the pathways in reactions 2 - 5 to 

2 - 8 together to produce oxygen demand units (ODU), which are a combination of 

reduced-species products of the anoxic oxidation of organic matter: 

 

𝑂𝑀 + 𝑇𝐸𝐴
𝑅𝐴𝑛𝑜𝑥
→   106𝑂𝐷𝑈 + 106𝐶𝑂2 + 12𝑁𝑂3

− +𝐻𝑃𝑂4
2− + 106𝐻2𝑂 

2 - 9 

 

where TEA is a terminal electron acceptor. The models that combine the anoxic 

processes fall into the rate law formulation category that we define as Approach 3, 

described below. The same reactions are generally applied to all organic matter pools, 

although different rate constants are applied for different pools and sometimes for 

different oxidants (see Table 2 - 2 and text below).  

 

RATE LAW FORMULATION 

Most models inspected in this analysis employ one of three main approaches to organic 

matter oxidation rate laws; together these three approaches have made up the bulk of 

depth-resolved numerical process-based models since 1996 (Table 2 - 1). In Approaches 

1 and 2 the total organic matter reaction rate (ROM) is the sum of some combination of 



25 

 

the oxidation pathways 2 - 3 to 2 - 8. In Approach 3, the total ROM is the sum of 

pathways 2 - 3, 2 - 4 and 2 - 9, where equation 2 - 9 combines Mn(IV), Fe(III) and SO4
2- 

reduction. A common feature of all three approaches is that the oxidation rate 

expression ROx is a product of up to seven terms: an organic matter reaction rate 

constant kOM; the organic matter concentration, FOM; a temperature dependence FTem; a 

microbial biomass factor, FBio; a term FTEA for limitation; an inhibition term FIn; and a 

thermodynamic factor, FT (Arndt et al. 2013): 

 𝑅𝑂𝑥𝑖 = 𝑘𝑂𝑀𝐹𝑂𝑀𝐹𝑇𝑒𝑚𝐹𝐵𝑖𝑜𝐹𝑇𝐸𝐴𝑖𝐹𝐼𝑛𝑖𝐹𝑇 2 - 10 

The FTem is rarely employed, but in a handful of cases it uses a Q10 relationship between 

2 and 4 (see Fossing et al. 2004 for a clear explanation of how temperature affects 

reaction rates and Eldridge and Morse 2008 or Reed et al. 2011b for a specific 

examination of the effect of temperature). The TEA factor, FTEA, term accounts for the 

ROx dependence on the oxidant concentration when the oxidant concentration is low. 

The FTEA term in Approach 1 is a Monod expression (Table 2 - 1), which uses Monod 

half-saturation constants (KOx), and which is chosen because it best reflects laboratory 

data of bacterially-controlled oxidation reactions (Boudreau and Westrich, 1984, 

Gaillard and Rabouille 1992). The FTEA of Approach 3 uses Monod functions, modified 

to include inhibition terms. In Approach 2 the FTEA is either 0, 1 or the ratio of Oxi to 

LOx, depending on the oxidant concentration relative to LOx, a specified limiting 

concentration. We use the notation KOx and LOx to emphasise that a distinction should be 

made between the Monod half constants in Approaches 1 and 3 and the limiting 

concentrations used in Approach 2; the difference in conceptual representation is not 

always clear in Approach 2 papers that use the notation KOx.  

 

The redox zonation commonly observed in the sediment is implemented in the models 

through inclusion of the inhibition factor, FIn. This term limits ROx for a pathway that 

yields less energy while higher-energy pathways continue to be active. Most Approach 

1 and 2 papers set KOx and KIn or LOx and LIn to have the same value, whereas Approach 

3 papers generally specify separate KOx and KIn values, as does the Approach 1 study by 

Couture et al. (2010). The inhibition term FIn in Approaches 1 and 3 is a Monod 

function, while in Approach 2 it is the ‘modified Monod’ term, which employs 

Blackman kinetics (Boudreau, 1997). The organic matter oxidation rate expressions of 

the three approaches have been compared in detail in chapter 3. 
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The FOM term is usually a first order dependence on organic matter concentration, 

however Dhakar and Burdige (1996), Smith and Jaffé (1998), Regnier et al. (2003) and 

Thullner et al. (2005) (scenario three) have included a Monod limitation term: 

 𝑂𝑀

𝑂𝑀 + 𝐾𝑂𝑀
 

2 - 11 

where KOM is a half-saturation constant inducing limitation of the organic matter 

breakdown rate.  

 

The models described above that include bacteria as an organic matter pool, also include 

a term for the effect of bacteria FBIO, when calculating ROx. The very rare inclusion of 

bacteria in sediment diagenesis models is adapted from approaches used in groundwater 

models, such as the model of Schäfer et al. (1998a, b). This approach has been used in 

surface water sediment models by Talin et al. (2003), who compared their model to 

Approach 3, and by Thullner et al. (2005) who compared theirs to Approach 2. In both 

cases, the authors found that including bacteria makes a larger difference under dynamic 

conditions than at steady state (see below for discussion of steady and dynamic 

conditions). The exclusion of bacteria from most diagenesis models is based on the 

assumption that when the microbial populations are at steady state, ROM should not be 

limited by the biomass (Van Cappellen et al. 1993).  

 

Many of the early authors have referred to the work of Froehlich et al. (1979), who 

showed not only an organic matter oxidation sequence, but also explained the sequence 

in terms of the free energy made available in each reaction. However, the most models 

distribute the rates via the inhibition terms. The consideration of free energy as a 

controlling factor in the oxidation process (FT) has mostly not been considered in 

sediment models, except for where it has re-emerged in the work of Dale et al. (2008), 

who have built on work by authors such as Jin and Bethke (2002, 2003, 2005). Note 

however, that the Dale et al. (2008) model did not include many of the primary and 

secondary reactions that have been included in the majority of papers from the last two 

decades, thus we are yet to see a full diagenesis model that uses free energy as a 

controlling factor in its rate calculations. FT is usually expressed as in equation 2 - 12, 

where ΔGr is the energy released upon reaction of an organic molecule, ΔGATP the 
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energy required to synthesise ATP, m and χ stoichiometric coefficients, R is the gas 

constant and T temperature (Jin and Bethke 2007, LaRowe and Van Cappellen 2011, 

LaRowe et al. 2012).  

 
𝐹𝑇 = 1 − exp (

Δ𝐺𝑟 +𝑚Δ𝐺𝐴𝑇𝑃
𝜒𝑅𝑇

) 
2 - 12 

The difficulty in using an FT term lies in reconciling the very specific reaction 

energetics of individual molecules with the imprecise basis of kOM values used in multi-

G models. 

 

CHOICE OF PARAMETER VALUES 

As can be seen from the range of conceptualisations and parameterisations discussed 

above, the maximum rate of degradation, kOM (Figure 2 - 2, Table 2 - 2), could represent 

a rate constant for a wide range of different reactions, so a direct comparison of kOM 

from different modelling studies remains difficult. Most models have separate kOM 

values for each G fraction and assume this is the same for all oxidation pathways. Some 

account for an increased oxic mineralisation rate with an acceleration factor for the 

faster rate of aerobic mineralisation (25× for Canavan et al. 2006, Brigolin et al. 2009, 

Couture et al. 2010; 10× for Dale et al. 2011, Bessinger et al. 2011), while Reed et al. 

(2011a, b) attenuate SO4
2- reduction and methanogenesis rates by 1.57×10-3, based on 

field data from Moodley et al. (2005) and Tsandev et al. (2012) by 7×10-4. Nine studies 

have separate oxidation rate values (kOM) for each oxidant (Table 2 - 2), however, in the 

majority of studies, kOM represents an average of all of the oxidation pathways and is 

assigned a constant value.  
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Figure 2 - 2 Plot of the range and median of kOM values, the maximum organic matter 

reaction rate coefficient. 2G-1 and 3G-1 are the most reactive fractions of 2- and 3-G 

models, and 2G-2 and 3G-2 are the second-most reactive fractions of 2- and 3-G models.  

 

Sourcing locally relevant parameters has been a challenge for many studies, and only in 

a few cases has direct measurement of kOM been possible (for example, Boudreau 1996, 

Sohma et al. 2008, Reed et al. 2011a). Most applications therefore rely on literature 

values or calibration. Van Cappellen and Wang (1996) obtained their oxidation rate 

from sediment incubation experiments by Canfield et al. (1993), situated at the same 

study site as their modelling study. Couture et al. (2010) measured organic matter 

breakdown with depth in a sediment column and used the experimental value for kOM in 

their diagenesis model. However, most studies calibrate kOM to fit concentration depth 

profiles or use an assumed value from the literature, where those that are taken from 

previous papers have often been determined by calibration to another dataset, rather 

than originating from an experimental determination. Many of these can be traced back 

to Van Cappellen and Wang (1995), where several parameter values are fitted to core 

profiles. Most papers have calibrated their depth profiles against 4 to 7 measured 

variables, except Approach 3 papers, where few variables are simulated; a few 

Approach 1 and 2 studies calibrate up to 16 variables (Berg et al. 2003, Fossing et al. 

2004, Dittrich et al. 2009). Other kOM estimates are based on denitrification laboratory 
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experiments (for example, Billen 1978, Esteves et al. 1986, Murray et al. 1989) and 

sulfate reduction experiments (Boudreau and Westrich 1984). While some publications 

have considered parameter sensitivity and identifiability, detailed investigations 

adopting contemporary model performance metrics (see, for example, Bennett et al. 

2013) remain limited.  

 

Some studies, (e.g., Brigolin et al. 2009, 2011), use the kOM value directly from, or use 

the method of, Tromp et al. (1995). With this method, kOM is determined using a 

statistical relationship between ω (burial) and 22 measured organic matter degradation 

rates from sites in the Pacific Ocean. Canfield (1994) and Middelburg et al. (1997) 

present similar methods for determining the oxidation rate from ω in the sea and Li et 

al. (2012) in lakes, and Burdige et al. (1999) developed a relationship between the 

organic matter oxidation rate and the DOM flux. The other important parameters within 

the rate laws are the Monod half saturation constants (KOx and KIn) in Approaches 1 and 

3, and the limiting concentrations (LOx and LIn) in Approach 2, as described above. 

While these parameters have a slightly different use in the respective approaches, 

inspection of the literature shows that values have been used interchangeably between 

Approach 1 and 2 papers. For example, seven Approach 1 papers source constants from 

the Approach 2 papers Van Cappellen and Wang (1996). However, Approach 3 

constants are consistently sourced from the original Approach 3 paper (Soetaert et al. 

1996a). 
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Table 2 - 1 The three major approaches to the parameterisation of organic matter 

oxidation. 

ROM Total organic matter  

oxidation rate 

Oxidation rate due to ith 

oxidant 𝑹𝑶𝒙𝒊  
Oxidation term 𝑭𝑻𝑬𝑨𝒊 Inhibition term 𝑭𝑰𝒏𝒊  

𝑭𝑰𝒏𝟏 = 𝟏 

Approach 1  

i from reactions (3) to (8) 

 

𝑅𝑂𝑀 =∑ 𝑅𝑂𝑥𝑖

6

𝑖=1
 

𝑅𝑂𝑥𝑖 = 𝑘𝑂𝑀𝐹𝑂𝑀𝑎𝐹𝑇𝐸𝐴𝑖𝐹𝐼𝑛𝑖  
for i = 1 to 5, 𝐹𝑇𝐸𝐴𝑖 = (

𝑂𝑥𝑖

𝐾𝑂𝑥𝑖+𝑂𝑥𝑖
) , 𝐹𝑇𝐸𝐴6 = 1 

* 

for i = 2 to 6, 𝐹𝐼𝑛𝑖 =

∏ (
𝐾𝑂𝑥𝑗

𝑂𝑥𝑗+𝐾𝑂𝑥𝑗
)𝑖−1

𝑗=1  

** 

Approach 2 

i from reactions (3) to (8) 

𝑅𝑂𝑀 =∑ 𝑅𝑂𝑥
6

𝑖=1
 

= 𝑘𝑂𝑀𝑂𝑀 

 

for i = 1 to 5 

𝑅𝑂𝑥𝑖 = 𝑘𝑂𝑀𝐹𝑂𝑀𝑎𝐹𝑇𝐸𝐴𝑖𝐹𝐼𝑛𝑖  

and 

𝑅𝑂𝑥6

= 𝑘𝑂𝑀𝐹𝑂𝑀 −∑ 𝑅𝑂𝑥𝑖

5

𝑖=1
 

for i = 1 to 5 

              0       when 𝑂𝑥𝑖−1 > 𝐿𝑂𝑥𝑖−1  

𝐹𝑇𝐸𝐴𝑖=        1       when 𝑂𝑥𝑖−1 < 𝐿𝑂𝑥𝑖−1and 𝑂𝑥𝑖 > 𝐿𝑂𝑥𝑖 

                
𝑂𝑥𝑖

𝐿𝑂𝑥𝑖
    when 𝑂𝑥𝑖−1 < 𝐿𝑂𝑥𝑖−1 and 𝑂𝑥𝑖 < 𝐿𝑂𝑥𝑖 

𝐹𝑇𝐸𝐴6 = 1 

for i = 2 to 5 

𝐹𝐼𝑛𝑖

=∏ (1 −
𝑂𝑥𝑗

𝐿𝑂𝑥𝑗
)

𝑖−1

𝑗=1
 

Approach 3 

i from reactions (3), (4) and (9)  

𝑅𝑂𝑀 =∑ 𝑅𝑂𝑥𝑖

3

𝑖=1
 

 

𝑅𝑂𝑥𝑖 = 𝑘𝑂𝑀𝐹𝑂𝑀𝑎𝐹𝑂𝑥𝑖𝐹𝐼𝑛𝑖  

for i = 1, 2 , 𝐹𝑂𝑥𝑖 = 

(
𝑂𝑥𝑖

𝐾𝑂𝑥𝑖 + 𝑂𝑥𝑖
)

{
 
 

 
 (

𝑂2
𝐾𝑂2 + 𝑂2

) + (
𝑁𝑂3

𝐾𝑁𝑂3 + 𝑁𝑂3
) (

𝐾𝑂2
𝑁𝑂3

𝑂2 + 𝐾𝑂2
𝑁𝑂3
)

+(
𝐾𝑁𝑂3
𝐴𝑛𝑜𝑥

𝑁𝑂3 + 𝐾𝑁𝑂3
𝐴𝑛𝑜𝑥)(

𝐾𝑂2
𝐴𝑛𝑜𝑥

𝑂2 + 𝐾𝑂2
𝐴𝑛𝑜𝑥)

}
 
 

 
 

 

for 𝑖 = 3, (
𝑂𝑥𝑖

𝐾𝑂𝑥𝑖 + 𝑂𝑥𝑖
) = 1 

for i = 2, 3 

 

𝛩𝐼𝑛𝑖

=∏ (
𝐾𝐼𝑛𝑗

𝑂𝑥𝑗 + 𝐾𝑂𝑥𝑗
)

𝑖−1

𝑗=1
 

=∏ (1
𝑖−1

𝑗=1

−
𝑂𝑥𝑗

𝑂𝑥𝑗 + 𝐾𝐼𝑛𝑗
) 

 

 

 

 

 

Approach 1 

* Boudreau (1996) and Boudreau et al. (1998) use a different expression for Mn and Fe reduction to that shown 

above, but subsequent Approach 1 papers report the same Monod expression for each oxidation pathway. 

** Three Approach 1 studies use a simple on-off inhibition term. 

*** Classification based on organic matter oxidation parameterisation yet could be argued to belong to another 

approach. See text in 3.1.3. 

**** Also include a term for bacterial reaction, FBact. See text in 3.1.3. 

  

 

Boudreau 1996*, Park and Jaffé 1996**, Smith and Jaffé 1998** , Boudreau et al. 1998*, Park et al. 1999 a , Luff et 

al. 2000, Eldridge and Morse 2000, Haeckel et al. 2001, König et al. 2001, Wijsman et al. 2002***, Meysman et al. 

2003(a), Meysman et al. 2003(b), Regnier et al. 2003(b), Luff and Wallmann 2003, Luff and Moll 2004, Eldridge et 

al. 2004, Benoit et al. 2006, Katsev et al. 2006(a), Katsev et al. 2006(b), Katsev et al. 2007, Morse and Eldridge 

2007, Eldridge and Morse 2008, Devallois et al. 2008, Dittrich et al. 2009, Couture et al. 2010b, Massoudieh et al. 

2010, Reed et al. 2011(a), Reed et al. 2011(b), Bektursunova and L’Heureux 2011, Dale et al. 2011, Trinh et al. 

2012, Tsandev et al. 2012, Dale et al. 2013, Katsev and Dittrich 2013, McCulloch et al. 2013 

Approach 2 Van Cappellen and Wang 1996, Wang and van Cappellen 1996, Rysgaard and Berg 1996, Van den Berg et al. 2000, 

Berg et al. 2003, Fossing et al. 2004, Aguilera et al. 2005,  Thullner et al. 2005****, Jourabchi et al. 2005, Canavan 

et al. 2006,  Canavan et al. 2007**, Canavan et al. 2007***, Jourabchi et al. 2008, Sochaczewski et al. 2008, Kasih 

et al. 2008, Kasih et al. 2009, Dale et al. 2009, Brigolin et al. 2009, Brigolin et al. 2011, Bessinger et al. 2012, Smits 

and van Beek (2013) 

Approach 3 Soetaert et al. 1996(a), Soetaert et al. 1996(b), Middelburg et al. 1996, Soetaert et al.1998, Herman et al. 2001, 

Sohma et al. 2001, Epping et al. 2002, Talin et al. 2003(c), Sohma et al. 2004, Berg et al. 2007, Dedieu et al. 2007, 

Sohma et al. 2008, Soetaert and Middelburg 2009, Hochard et al. 2010, Pastor et al. 2011 

Others Rabouille and Gaillard 1991**, Tromp et al.1995, Dhakar and Burdige 1996, Furrer and Wehrli 1996, Hensen et al. 

1997, Berg et al. 1998, Rabouille et al. 2001, Archer et al. 2002, Sengör et al. 2007, Dale et al. 2008(a), Dale et al. 

2008(b), Mügler et al. 2012 
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Table 2 - 2 Different organic matter pools, fluxes, rate constants, and stoichiometry.  

Reference Fractions Flux to sediment surface   
Approach 1 POM 

pools 

DOM Pool 

names 

% of flux, data  

source 

POM flux  

µmol cm-2 y-1 

kOM 

y-1 

C:N or C:N:P 

Boudreau 1996 2  - - a 18.5 1 

2.2x10-5 

200:21:1 for deep 

sea, rise, 

slope/shelf 

106:16:1 
Coastal 

Park and Jaffé 1996 1  Total - b 100 By O2 1 
NO3

- 0.5 

Mn(IV) 0.01  
Fe(III) 0.005 

SO4
2- 0.1 

Meth 0.01 

106:16:1 

Boudreau 1998 2  Highly 
reactive 

Weakly 

reactive 

3%,   74%, 
50% 

97%, 26%, 

50% 

r No flux: fixed 
bottom water 

concentration of 

OM as a fraction of 
solids 

Various 1, 3  
5x10-5, 1x10-3, 2x10-3 

106:22 for one 
site 

106:25 for two 
sites 

Smith and Jaffé 1998 1  Total - b 100 By O2 1 

NO3
- 0.04 

Mn(IV) 0.01  

Fe(III) 0.005 

SO4
2- 0.17 

Meth 0.05 

Not given 

Park and Jaffé 1999 1  Total - b 2555 

(Sensitivity 

analysis: 36.5, 365, 
730, 1825, 3650) 

By O2 10.95 

NO3
- 1.825 

Fe(III) 0.0365 
SO4

2- 14.6 

Meth 0.146 

106:16:1, 

106:32:1, 

106:52:1 

Luff et al. 2000 3  Extremely 
labile 

Moderately 

labile 
Refractory 

6 – 82% 
15 – 90% 

1 – 6 % 

e 70, 75, 55, 1 
60, 25, 20, 10, 16 

8, 1.2, 2, 0.7 

30, 15 Extremely 
 

0.6, 0.35, 0.34, 0.2 

Moderately 
5x10-4, 3x10-4, 

2.2x10-4Refractory 

106:16:1 for all 
fractions  

Eldridge and Morse 

2000 

2 
 

 

 
 

1 

Labile 
Refractory 

DOM 

5.8 – 73% 
26 – 94% 

e 51.1 – 678.9 
248.2 – 901.6 

6.5 –15.5 Labile 
0.06 – 0.3 Refractory 

0.25 – 6 DOM 

105:12, 6, 9:0.2,  
105:4, 6, 8:0.1 

105:3:0.1 

Haeckel et al. 2001 2  Labile 

Refractory 

97% 

3% 

e 12, 9, 6.5 

0.4, 0.15 

1x10-2, 8x10-3 Labile 

1x10-6, 5x10-6 Refr. 

106:16:1 for all 

fractions 

König et al. 2001 3  Very labile 

Labile 

Refractory 

85% 

15% 

0.30% 

e 40 

7 

0.15 

1, 0 Very labile 

8x10-3, 0 :Labile 

1x10-6 Refractory 

106:16:1 for all 

fractions 

Wijsman et al. 2002 3  Fast-
decaying 

Slow-

decaying 
Refractory 

29%, also 
dependent on 

water depth 

e Maximum 6351 27.5 Fast 
 

1.1 Slow 

 

106:16 fast 
106:11 slow 

Meysman et al. 2003b 3  Fast 

degradable 
Medium 

degradable 

Slowly 
degradable 

18% 

16% 
66% 

e 67 

60 
250 

2 Fast 

 
0.056 Medium 

 

1.1x10-4 Slow 

106:16:1.5 fast 

106:16:1.5 med 
265:24.5:1 slow 

Luff and Wallmann 

2003 

2  Labile 

Refractory 

68% 

32% 

e 55 

26 

0.2 Labile 

3×104 Refractory 

Not given 

Luff and Moll 2004 3  Labile 

Moderately 
degradable 

Refractory 

40% 

55% 
 

5% 

e 60 

82 
 

7 

30 Labile 

0.2 Moderate 
 

5x10-4 Refractory 

106:16:1 

for all 
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Table 2 - 2 Continued 

Reference Fractions Flux to sediment surface   
Eldridge et al. 2004 2  Labile 

Refractory 
 e  25 Labile 

0.12 Refractory 
105:5:0.6 
105:4:0.6 

Benoit et al. 2006 2  Reactive 

autochthon

ous marine 
Less 

reactive 

allochthon
ous 

terrestrial  

Changing 

along stream 

from field 
data 

a 100 – 200, 50 – 110 

0 – 500, 0 – 60  

 

10Reactive 

 

0.4×sedimentation^0.6 

Less 

C:N 106:16 

 

C:N 106:8.83 

Katsev et al. 2006a 1  - 100% b 1.25 – 5 0.9 C:P 200:1 

Katsev et al. 2006b 1  Reactive 
(Refractory) 

99.6% 
(0.4%) 

b 2.33x10-2 

1.0x10-4 

0.1 Reactive 
4x10-5 Refractory 

Not given 

Katsev et al. 2007 2  Reactive 

Refractory 

30% 

70% 

e 100 

230 

1.8 Reactive 

0.02 Refractory 

67:3.3:1 

250:12.5:1 

Morse and Eldridge 

2007 

2  
 

 

1 

 
Labile 

Non-labile 

Dissolved 

 
68%, 83%, 

80% 

32%, 17%, 
20% 

e Sensitivity: 
791,  1034,  365 

365,  213,    91 

 
20 Labile 

0.8 Non-labile 

35 Dissolved 

 
105:25:0.158 

105:25:0.10 

105:25:0.10 

Eldridge and Morse 

2008 

2 

 
 

 

 
 

2 

Reactive 

Relatively 
non-

reactive 

DOM 
DOMI 

 d Taken from Morse 

and Eldridge 2007 

20 Reactive 

0.080 Relatively non- 
 

 

35 DOM 

105:25:0.158 

105:25:0.10 
105:25:0.10 

Devallois et al. 2008 1  - - b Not given 2x10-8 July, 2x10-9 

November 

106:16:1 

Dittrich et al. 2009 3  Fast 
degradable 

Slow 

degradable 
Non-

degradable 

30% 
20% 

50% 

d 0.21 
0.14 

0.35 

For degradable only: 
by 

O2 9.2 

NO3
- 7.3 

MnO2 0.04 

FeOOH 1.8x10-4 

SO4
2- 0.04 

Meth 5.8x10-3 

93:13:1 fast 
93:13:1 slow 

357:15:1 non 

Couture et al. 2010 1  - - b Not given 400×e(-0.183×depth) Not given 

Massoudieh et al. 

2010 

1  Easily 

mineralisa
ble 

- b Not given 25 C:N 106:815  

Reed et al. 2011a 2  Reactive 

Refractory 

91.5% 

8.5% 

g 2.7 

0.25 

0.07 Reactive 

0 Refractory 

106:30:1 reactive 

106:7.6:1 

refractory 

Reed et al. 2011b 3  Highly 

reactive 

Less 
reactive 

Non-

reactive 

50% 

16% 

34%  

a Maximum 438 24 ± 4 Highly- 

1.4 ± 0.7 Less- 

106:16:1 

290:29:1 

Bektursunova and 

L’Heureux 2011 

1  - - b Not given - Not given 

Dale et al. 2011 3  G1 

G2 

G3 

100% 

Fixed 

concentration 

e/g 329, 767 0.05 G1 

1.5×10-3 G2 

4.2×10-4 G3 

C:N 106:9.5 

106:8 

106:27 

Trinh et al. 2012 2  Degradable 
Refractory 

48, 57, 63 
52, 43, 37 

a 8517, 12167, 
20370 

9125, 9125, 12167 

By O2 36.5 
NO3

-29.2 

Fe3+0.011 

SO4
2-0.29 

Meth 0.146 

27.5:3:1 
degradable 

60:2:1 refractory 

Tsandev et al. 2012 3  Very labile 

Moderately 
labile 

Refractory 

90% d 7.5, 15 0.15 Very 

0.0015 Moderately 
 

Retardation by SO4
2- 

and Meth 7×10-4 

200:21:1 
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Table 2 - 2 Continued 

 

Reference Fractions Flux to sediment surface   
Dale et al. 2013 4  G0 

G1 

G2 

G3 

89% 

11% 
Fixed 

concentration 

e/g  5.84 G0 

0.05G1 

1.5×10-3 G=2 

4.2×10-4 G3 

C:N 106/9.5 

106/9.5 
106/8 

106/27 

Katsev and Dittrich 

2013 

3  Reactive 

Weakly 
reactive 

Refractory 

40 

14 
 

46 

e 114 

40 
 

130 

2 Refractory 

0.05 Weak 
 

0 Refractory 

50:7:1 

 

McCulloch et al. 2013 2  Degradable 
Refractory 

48% 
52% 

e 1.6 
1.7 

By O2 8.8 
NO3

- 763 

MnO2 1.6×10-3 

FeOOH 1.2x10-4 

SO4
2- 3.6 x10-2 

106:16:1 

Approach 2 POM 

pools 

DOM Pool names % of flux Data  

source 

POM flux  

µmol cm-2 y-1 

kOM  

y-1 

C:N or C:N:P 

Van Cappellen and 

Wang 1996 

  Rate assigned to measured depth profile 

Wang and Van 

Cappellen 1996 

  Rate assigned to measured depth profile 

Rysgaard and Berg 

1996 

1  - - b Not given Rate by O2 0.0035 

nmol cm-3 s-1 

Rate by NO3
- 0.00058 

nmol cm-3 s-1 

106:16:1 

Van den Berg et al. 

2000 

1  Total OM 

from cores 

- b Not given 150, 600, 950 µmol 

cm-3 y-1 

at sediment-water 

interface 

20:1.6:1 

Berg et al. 2003 3  Fast 

decomposi
ng 

Slow 

decomposi
ng 

Not 

decaying 

25% 

75% 

a 292 – 1200 

 

Calculated by depth 

from core data 

Trials of 106:14, 

106:10.3, 106:16 
for all fractions 

Fossing et al. 2004 3  Degraded 

fast 

Degraded 
slowly 

Not 

degraded 

42% 

50% 

8% 

g 445 

530 

85 

303 Fast 

 

0.378 Slow 
 

0 

80:8:1 for all 

fractions 

Aguilera et al. 2005 2  Labile 
Refractory 

 c 32 total 30 Labile 
0.3 Refractory 

Not given 

Jourabchi et al. 2005 1  - - b 80 0.01 200:21:1 

Thullner et al. 2005 1  

1 
 

Labile 

DOM 

- b 660, 650, 635 0.95 106:12:1 

Canavan et al. 2006 3  Most 

reactive 
Less 

reactive 

Non-
reactive 

42% 

21% 
37% 

e 630 

315 
546 

1 Most 

0.01Less 
0  

112:20:1 most 

reactive 
200:20:1 less 

reactive 
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Table 2 - 2 Continued 

 

Reference Fractions Flux to sediment surface   
Canavan et al. 2007b 3  Highly 

reactive 
Less 

reactive 

Refractory 

42%, 33% 

21%, 25% 
37%, 43% 

e 630, 420 

315 
546 

25 Highly 

0.01Less 
0 

106:19 

106:11 
106:5 

Kasih et al. 2008 3 
 

 
 

 

 
 

2  

Fast 

degradable 

POM 

Slow 

degradable 

POM 

Non-

degadable 

POM 

Fast 

degradable 

DOM 

Slow 

degradable 

DOM 

40% 
40% 

20% 

 
 

g a  31.5 Fast 
0.00315 Slow 

0 

70:8.75:1 for all 
fractions 

Sochaczewski et al. 

2008 

2  Fast 

reacting 
Slow 

reacting 

Not given c Not given 302Fast  

 
0.378 Slow 

Not given 

Jourabchi et al. 2008 2  Highly 
degradable 

Refractory 

50% to 100% 
(13 values) 

e 4.3 to 29 (13 values) 1.16 to 10 (13 values) 106:16:1 
200:21:1 

Kasih et al. 2009 3 

 

 

 
 

2 

Fast 

degradable 
Slow 

degradable 

Non-
degadable 

Fast 

degradable 
Slow 

degradable 

40% 

40% 
20% 

43% 

57% 

a 328 

328 
164 

78.8 Fast 

 
0.00378 Slow 

 

0 Non 

70:8.75:1 for all 

fractions 

Dale et al. 2009 3  Fast 
reacting 

labile 

Intermediat
e reactivity 

Slowly 

reacting 
refractive 

53% 
34% 

 

12% 

e 700 
450 

 

160 

2 Fast 
 

 

0.03 Intermediate 
 

1.4x10-4 Slowly 

106:11 

Brigolin et al. 2009 3  Refractory 

Labile 
Salmon 

farm 

organic 
deposit 

67% 

33% 

d 90 

30 

0.1 

0.0 
1 

80:8:1 

80:8:1 
70:8:1 

Brigolin et al. 2011 2  Refractory 

Labile 

0.4 

0.6 

a 160 

240 

0.001 Refractory 

1.0 Labile 

106:16:1 

106:16:1 

Bessinger et al. 2012 1  
1 

 - b SOM flux not given 
DOC 1-10 mg/L 

0.002 POM 
0.001 DOM 

Not given 

Smits and van Beek 

2013 

4  

 

 
 

 

1 

Fast 

Moderately 

slow 
Slow 

Very slow 

Refractory 

 f   Calculated 

dynamically  

Approach 3 POM 

pools 

DOM Pool names % of flux Data  

source 

POM flux  

µmol cm-2 y-1 

kOM  

y-1 

C:N or C:N:P 
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Table 2 - 2 Continued 

 

Reference Fractions Flux to sediment surface   
Soetaert et al. 1996a 3  Most 

degradable 
Least 

degradable 

Refractory 

74% 

26% 

e 207, 48, 18 

73,   17,  6 

26 Most 

0.26 Least 
0 Refractory 

C:N 106:16 

C:N 106:14 

  g   

Soetaert et al. 1996b 2  Most 
reactive 

Least 

reactive 

50% 
50% 

d 32.5 
32.5 

2 Most 
 

0.02 Least 

 

C:N 6.6 
C:N 7.5 

Middelburg et al. 1996 2  Fast 

Slow 

Not given c Sensitivity analysis 

0.00365 to 365 

 C:N 6.6, 8 

C:N 10, 20 

Soetaert et al. 1998 2  Highly 

reactive 

Less 

degradable 

Refractory 

70 – 80% 

 

0.32% 

a Total 64 28.5 Highly 

 

0.03 Less 

Not given 

Sohma et al. 2001 2 

 

 

 

 

1 

Fast labile 

Slow labile 

Dissolved 

 f 0.438Fast 

8.76×10-3 Slow 

8.76×10-3 DOM 

106:15 

106:15 

106:9.6 
Herman et al. 2001 2  Fast 

degrading 

Slowly 

degrading 

 Calibrated with monte carlo sensitivity analyses “different” 

Epping et al. 2002 2  Degradable 

Refractory 

60 to 85% d ~11.4 to 189.8 0.066 to 7.91 Degrad. 

0.0002 to 0.319 Refr. 

C:N 106:16 to 

106:7 

Talin et al. 2003 1  - - b BW conc, no flux 14.6 Not given 

Sohma et al. 2004 3 
 

 

 

 
 

 

2 

Fast labile 
Slow labile 

Refractory 

Labile  
Refractory  

 f  4.38 Fast 
0.0438 Slow 

0.000876 Refr. 

8.76DOM Lab 
0 DOM Ref 

Not given 

Berg et al. 2007 2  Fast 
decomposing 
Slowly 
decomposing 

50% 

50% 

d Total 230 63 Fast 

 

9.5x10-2 Slow 

Not given 

Dedieu et al. 2007 2  Labile 

More 
refractory 

80, 85, 90% 

20, 15, 10% 

e 350.4 to 3153.6 

87.6 to 788.4 

21.9, 36.5 Labile 

0.365 More 

C:N 6.6:1 

C:N 10:1 

Sohma et al. 2008 3 

 

 

 
 

2 

Fast labile 

Slow labile 
Refractory 

Fast labile  

Refractory  

90% 

7.5% 
2.5% 

 

 

c From the model 4.4 Fast 

4.4x10-1 Slow 
4.4x10-3 Refr 

8.8 DOM fast 

0 DOM Refr. 

27.6:6.2:1 

47.6:7.5:1 
500:37:1 

25:6:1 

500:37:1 

Soetaert and 

Middelburg 2009 

2  Rapidly 
decaying 

Slowly 

decaying 

50% 
50% 

d or 
a 

Input by pelagic 
model 

26 Rapid 
 

0.26 Slow 

C:N 106:16 
C:N 106:14 

Hochard et al. 2010 3  Labile, fast 

decaying 

Stable, 

slow 

decaying 

EPS 
(labile, 

particulate) 

38% 

62% 

d 1261 

2050 

27.4 Labile 

 

1.1 Stable 

106:16 fast 

106:7 slow 

CH2O 

Pastor et al. 2011 2  Fast 
degraded 

Slow 

degraded 

50% to 94% e 1.96x103 to 95.47 11, 33 Fast 
 

0.21 to 0.36 Slow 

106:15 fast 
106:7.4 slow 
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Table 2 - 2 Continued 

 

Reference Fractions Flux to sediment surface   
Others  POM 

pools 

DOM Pool names % of flux Data  

source 

POM flux  

µmol cm-2 y-1 

kOM  

y-1 

C:N or C:N:P 

Rabouille and Gaillard 

1991 

1  Reactive 
 

 

 
(Inert) 

100% of POC 
flux 

 

 
(0.1% of dry 

solids) 

b 25.2, 17.3, 9.5 By O2 0.047 
By NO3

- 0.0158 

By Mn 1.58×10-8 

 
0 

106:16:1 

Tromp et al. 1995 2  Labile 
 

Refractory 

90% 
 

10%  

g/a Many sites Function of 
sedimentation rate 

0 

106:16:1 

Dhakar and Burdige 

1996 

1  - - b 4.2 – 8.5 By O2 1.3x10-3, 

2.3x10-3, 6.8x10-3 

NO3
- 6x10-4, 1.2x10-3 

Mn 5.2x10-4, 1.3x10-3  

Fe 6.5x10-4, 1x10-3 

106:16:1 

Furrer and Wehrli 

1996 

1  - - b 620.5 Various 106:16:1 

Hensen et al. 1997 1  - - b Assumed excess Depth dependent C:N 106:16 

Rabouille et al. 2001 2  Labile 

Intermediat

e reactivity 

79%, 54% 

21%, 46% 

e 34, 14 1.6, 1.6 

0.012, 0.008 

C:N 9.3:1 

Archer et al. 2002 2  Labile 

Refractory 

50% 

50% 

e 0 – 905 Proportional to 

sediment depth 

Not given 

Sengör et al. 2007  1 Acetate - g 7 000 M 0.16 Not given 

Dale et al. 2008a 3  
 

 

 
 

 

Labile 
Intermediate 

Refractory 
 

Specific 

DOM 
molecules 

95%, 25% 
0%,   6% 

5%,   9% 

e 450, 100 
0,      23 

25,    270 

0.22, 0.12 
-,       0.0035 

0,      0 

(Not kOM, rather 
hydrolysis rate) 

 

Not given 

Dale et al. 2008b 2  

 
 

Labile 

Refractory 
Specific 

DOM 

molecules 

90% 

10% 

e   Not given 

Mügler et al. 2012 1  

1 

OMppt 

OMred 

- b  

8×10-4 M 

By O2 272, Anoxic 

9.86 

Not given 

The assignment of the organic matter reactivity fractions is given by methods a to g. 

a Assigned according to field data: Boudreau 1996 from Murray and Kuivila 1990. Berg et al. 2003 – From Westrich 

and Berner 1984, Otsuki and Hanya 1972, Rysgaard et al. 1988; Fossing et al. 2004 – Fast: from ‘literature values’; Not 

degraded: function of sedimentation rate and bottom concentration; Benoit et al. 2006 – relative fluxes actually estimated 

in this source; Kasih et al. 2008 – Total flux has monthly data; For the reactive particulate, cites Fossing et al. 2004 and 

Berg 2003; For the dissolved, tuned in this study; Reed et al. 2011b – From Westrich and Berner 1984; Brigolin et al. 

2011 – “Tentative”, from Giordani 2002; Trinh et al. 2012 from Trinh et al. 2006 

b 1G 

c Not given  
d Proportions assigned at the outset: Soetaert et al. 1998 – Based on Soetaert et al. 1996a;  Berg et al. 2007 – From 

Soetart et al. 1996b; Eldridge and Morse 2008 – Taken from Morse and Eldridge 2007;  Kasih et al. 2009 – Based on  

Kasih 2008 

e Tuned to fit a chemical depth profile or flux data from the site of the study 

f Flux input from a coupled model  
g Assigned by a function: Tromp et al. 1995 – From Ingall and Van Cappellen 1990 – a general rule for sediment 

carbon, not a site flux; Reed et al. 2011a – estimated based on primary production data from the site. Sengor et al. 2007 – 

concentration set to be higher than values measured at the study site, and always to be in excess. 
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Table 2 - 3 Organic matter oxidation pathways used in sediment diagenesis models. 

Reference 

 

Approach 1 

O
2

 

N
O

3
- 

M
n

 

F
e 

S
O

4
2

- 

M
e
th

 

A
n

o
x
ic
 Reference 

 

Approach 2 

O
2

 

N
O

3
- 

M
n

 

F
e 

S
O

4
2

- 

M
e
th

 

A
n

o
x
ic

 

Boudreau 1996        Thullner et al. 2005        

Park and Jaffé 1996        Jourabchi et al. 2005        

Smith and Jaffé 1998        Canavan et al. 2006        

Boudreau 1998        Canavan et al. 2007a        

Park and Jaffé 1999        Canavan et al. 2007b        

Luff et al. 2000        Kasih et al. 2008        

Eldridge and Morse 2000        Sochaczewski et al. 2008        

Haeckel et al. 2001        Jourabchi et al. 2008        

König et al. 2001        Kasih et al. 2009        

Wijsman et al. 2002        Dale et al. 2009        

Meysman et al. 2003        Brigolin et al. 2009        

Luff and Wallmann 2003        Brigolin et al. 2011        

Luff and Moll 2004        Bessinger et al. 2012   a     

Eldridge et al. 2004        Approach 3        

Benoit et al. 2006        Soetaert et al. 1996a        

Katsev et al. 2006a        Soetaert et al. 1996b        

Katsev et al. 2006b        Middelburg et al. 1996        

Katsev et al. 2007        Soetaert et al. 1998        

Morse and Eldridge 2007        Sohma et al. 2001        

Devallois et al. 2008        Herman et al. 2001        

Eldridge and Morse 2008        Epping et al. 2002        

Dittrich et al. 2009        Talin et al. 2003        

Couture et al. 2010        Sohma et al. 2004        

Massoudieh et al. 2010        Berg et al. 2007        

Reed et al. 2011a        Dedieu et al. 2007        

Reed et al. 2011b        Sohma et al. 2008        

Bektursunova and 

L’Heureux 2011  
       Soetaert and Middelburg 2009        

Dale et al. 2011  b      Hochard et al. 2010        

Trinh Anh et al. 2012        Pastor et al. 2011   Coupled    

Tsandev et al. 2012        Others       

Dale et al. 2013  b      Rabouille and Gaillard 1991        
Katsev and Dittrich 2013        Tromp et al. 1995        
McCulloch et al. 2013        Dhakar and Burdige 1996         
Smits and van Beek 2013        Furrer and Wehrli 1996         
Approach 2        Hensen et al. 1997        

Van Cappellen and Wang 

1996 
       Rabouille et al. 2001        

Wang and Van Cappellen 

1996 
       Archer et al. 2002        

Rysgaard and Berg 1996        Sengör et al. 2007        

Van den Berg et al. 2000        Dale et al. 2008a, b        

Berg et al. 2003        Dale et al. 2008a, b        

Fossing et al. 2004        Dale et al. 2008a, b        

        Mügler et al. 2012        
a Includes arsenate reduction 
bAlso uses NO2

- as an oxidant 
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Other chemical processes  

SECONDARY REDOX REACTIONS 

The subsequent reactions of chemical species produced by the primary redox reactions 2 

- 3 to 2 - 8 are referred to as secondary redox reactions, and are usually given 

bimolecular rate laws that are first order with respect to the oxidant and reductant. 

Secondary reactions in Approaches 1 and 2 include the oxidation of reduced species by 

oxygen and other reoxidation pathways, though these are not always included and are 

variable depending on the application (Table 2 - 4). Approach 3 models treat these more 

simply and include only the oxidation of ODU and NH4
+ by oxygen, in most cases. 

 

PH CONTROL AND MINERAL SOLUBILITY 

Many Approach 1 and 2 papers include the ability for a calculated or fixed pH, but pH 

is not simulated in 26 papers, and it is not included in the Approach 3 papers (Table 2 - 

5). When pH is considered, it is often calculated as a result of the reaction and transport 

of species such as H2CO3, H2S, H3PO4, NH4
+ and B(OH)3. The fast, reversible 

equilibrium reactions are in some cases calculated separately from the slower, kinetic 

organic matter oxidation reactions. Luff et al. (2001) discuss advantages and 

disadvantages of three methods for calculating pH in marine systems, comparing the 

“charge balance” approach in CANDI (Boudreau 1996) and the “alkalinity 

conservation” (or “proton condition” in Meysman et al. 2003) approach in 

STEADYSED (Van Cappellen and Wang 1996) with an “equilibrium advancement” 

approach (Luff et al. 2001). With the charge balance approach, H+ concentration is 

calculated from the sum of all charged species, whereas in the alkalinity conservation 

approach, H+ is calculated from total alkalinity, which is the sum of ΣCO2, ΣH2S and 

ΣBOH. In the advancement approach, the progress of all acid-base speciation reactions 

towards equilibrium is used to calculate pH. The latter approach also allows transport of 

individual species rather than lumped parameters, and therefore allows implementation 

of species-specific diffusion coefficients. The advantages of these approaches are 

primarily compared as a balance between computation time and accuracy. Computation 

time is minimised by reacting or transporting lumped species, whereas accuracy is 

maximised by reacting or transporting many individual species (Luff et al. 2001). 

Meysman et al. (2003b) add an acid-base equilibrium of the solid phase to the alkalinity 

conservation model. Most papers that calculate pH use the alkalinity conservation 
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approach. Jourabchi et al. (2005) and Devallois et al. (2008) focus specifically on 

calculating pH profiles in diagenesis models. 

 

Some models include the ageing of iron and manganese minerals from the more-

reactive amorphous form to the less-reactive crystalline form (Table 2 - 5). The notation 

for more reactive (MnO2A, Fe(OH)3A) and less reactive (MnO2B, Fe(OH)3B) is consistent 

across all Approach 2 papers, while one Approach 1 paper uses the notation α and β 

(Reed et al. 2011b). The crystalline phases do not react with organic matter, but they do 

react with ∑H2S, and MnO2B oxidises Fe2+. The inclusion and treatment of pH and 

mineral transformations has no relation to the treatment of primary or secondary redox 

reactions, and the minerals are typically chosen in any study are based on the 

environmental context and application. 

 

NUTRIENTS AND ADSORPTION 

Numerous studies include nutrients, and most generate NO3
- via oxidation of NH4

+ 

(nitrification; Table 2 - 4), and only Dhakar and Burdige (1996) include oxidation of 

NH4
+ by NO2

-, (anammox) despite this being a potentially important denitrification 

pathway (Lam et al. 2011). Some studies include the adsorption of ammonium to iron 

minerals, which makes it unavailable to living organisms (Table 2 - 6). Sohma et al. 

(2001, 2004 and 2008) have a detailed transport of organic PO4
3- through water column 

microorganisms. Several studies include acid/base reactions that change the speciation 

of H3PO4, while others allow PO4
3- to be adsorbed to particulate metal phases (Table 2 - 

6).  
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Table 2 - 4 Secondary redox reactions implemented in sediment diagenesis models. 

Oxidant O2 NO2
- NO3

- Mn(IV) Fe(III) SO4
2-

 H2O 

Reductant 

N
H

4
+

 

M
n

2
+

 

F
e

2
+

 

H
2
S

 

C
H

4
 

F
e
S

 

F
e
S

2
 

O
D

U
 

N
H

4
+
 

M
n

2
+

 

F
e

2
+

 

H
2
S

 

C
H

4
 

F
e

2
+

 

H
2
S

 

F
e
S

 

H
2
S

 

F
e
S

 

C
H

4
 

H
2
 

S
(0
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Approach 1                     
Boudreau 1996                      
Park and Jaffé 1996                      
Boudreau 1998                      
Smith and Jaffé 1998                      
Park et al. 1999 a    a                 
Luff et al. 2000                      
Eldridge and Morse 2000                      
Haeckel et al. 2001                      
König et al. 2001                      
Wijsman et al. 2002                      
Meysman et al. 2003                      
Luff and Wallmann 2003                      
Luff and Moll 2004                      
Eldridge et al. 2004                      
Benoit et al. 2006 None 
Katsev et al. 2006a                      
Katsev et al. 2006b                      
Katsev et al. 2007                      
Morse and Eldridge 2007                      
Devallois et al. 2008                      
Eldridge and Morse 2008                      
Dittrich et al. 2009                      
Couture et al. 2010                      
Massoudieh et al. 2010                      
Reed 2011a                      
Reed 2011b                      
Bektursunova and L’Heureux 

2011 
                     

Dale et al. 2011                      
Tsandev et al. 2012                      
Trinh et al. 2012 None 
Dale et al. 2013                      
Katsev and Dittrich 2013                      
Smits and van Beek 2013                      
McCulloch et al. 2013                      
Approach 2                   
Van Cappellen and Wang 1996                      
Wang and Van Cappellen                      
Rysgaard and Berg 1996                      
Van den Berg et al. 2000                      
Berg et al. 2003                      
Fossing et al. 2004                      
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Table 2 - 4 Continued. 

Oxidant O2 NO2
- NO3

- Mn(IV) Fe(III) SO4
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Jourabchi et al. 2005                      
Canavan et al. 2006                      
Canavan et al. 2007a                      
Canavan et al. 2007b                      
Jourabchi et al. 2008                      
Kasih et al. 2008, 2009                      
Dale et al. 2009                      
Brigolin et al. 2009                      
Brigolin et al. 2011                      
Bessinger et al. 2012  c                    
Approach 3                  
Soetaert et al. 1996a, b                      
Middelburg et al. 1996                      
Soetaert et al. 1998                      
Herman et al. 2001                      
Soetaert et al. 2001                      
Sohma et al. 2001                      
Epping et al. 2002                      
Talin et al. 2003                      
Sohma et al. 2004                      
Berg et al. 2007                      
Dedieu et al. 2007                      
Sohma et al. 2008                      
Soetaert and Middelburg 2009                      
Hochard et al. 2010                      
Pastor et al. 2011                      
Others                   
Rabouille and Gaillard 1991                      
Tromp et al. 1995                      
Dhakar and Burdige 1996                      
Furrer and Wehrli 1996                      
Rysgaard and Berg 1996                      
Hensen et al. 1997 None 

Rabouille et al. 2001 None 

Archer et al. 2002                      
Regnier et al. 2003                      
Sengör et al. 2007 None 

Dale et al. 2008a, b                     b 
Mügler et al. 2012                      
a Uses a Monod function  

b Anaerobic oxidation of methane, requiring H2O 

c Includes oxidation of H3AsO3 by O2  

d Includes oxidation of NO2
- by O2 
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Table 2 - 5 pH and mineral reactions in sediment diagenesis models. 

Reference  
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∑
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Approach 1           

Boudreau 1996           

Park and Jaffé 1996       a    

Smith and Jaffé 1998 b 6.75      a    

Boudreau 1998   c        

Park and Jaffé 1999       a    

Luff et al. 2000           

Eldridge and Morse 2000 b          

Haeckel et al. 2001           

König et al. 2001           

Wijsman et al. 2002 d          

Regnier et al. 2003           

Meysman et al. 2003       a    

Luff and Wallmann 2003   c        

Luff and Moll 2004           

Eldridge et al. 2004           

Benoit et al. 2006 l          

Katsev et al. 2006a           

Katsev et al. 2006b b 8  e     f  g 

Katsev et al. 2007 7.5          

Morse and Eldridge 2007 b 7.0 to 7.43          

Devallois et al. 2008       h  h  

Eldridge and Morse 2008           

Dittrich et al. 2009       a, i    

Couture et al. 2010     j      

Massoudieh et al. 2010 No minerals 

Reed et al. 2011a           

Reed et al. 2011b       k  k  

Bektursunova and L’Heureux 2011 b 6, 7, 8     h     

Dale et al. 2011           

Trinh et al. 2012           

Tsandev et al. 2012           

Dale et al. 2013       k    

Katsev and Dittrich 2013           

Smits and van Beek 2013           

McCulloch et al. 2013           

Approach 2           

Van Cappellen and Wang 1996 l          

Wang and Van Cappellen 1996 l          

Rysgaard and Berg 1996       a    

Van den Berg et al. 2000  l         

Berg et al. 2003       a, k  k  

Fossing et al. 2004       a, k  k  

Aguilera et al. 2005           

Jourabchi et al. 2005           

Thullner et al. 2005       a, m    

Canavan et al. 2006       k  k  

Canavan et al. 2007a       k  k  

Canavan et al. 2007b       k    

Kasih et al. 2008       k  k  

Sochaczewski et al. 2008           

Jourabchi et al. 2008           

Kasih et al. 2009       k  k  

Dale et al. 2009 b 7.9          

Brigolin et al. 2009           

Brigolin et al. 2011           

Bessinger et al. 2012 b7, 8      a    
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Table 2 - 5 Continued. 

Reference  
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Approach 3  No minerals 

Others           

Rabouille and Gaillard 1991           

Tromp et al. 1995           

Dhakar and Burdige 1996           

Furrer and Wehrli 1996       a    

Hensen et al. 1997  l         

Berg et al. 1998           

Archer et al. 2002       a    

Sengör et al. 2007 b7.2          

Dale et al. 2008a, b No minerals 

Mügler et al. 2012 b7.9, 7.38      k    

a FeOOH 

b Imposed 

c Calcite 

d forcing function 

e FexCa-xCO3, MnxCa1-xCO3 

f FexCa-xCO3 

g MnxCa1-xCO3 

 

h Particulate, colloidal 

i Vivianite 

j Dissolution with H
+

 

k Ageing 

l Alkalinity, aragonite 

m Fe(OH)3 

 

 

  



44 

 

Physical and biophysical transport processes  

BENTHIC FAUNA  

Most studies account for bioturbation by including constant mixing down to a certain 

depth, with a decreasing amount below that. This decrease is calculated by a function 

applied to the biodiffusivity (or bioturbation) term DB (see equations 2 - 1 and 2 - 2). 

Many studies use depth-dependent exponential decay and fit the function to the data 

according to their study site, while many CANDI modellers use a function dependent on 

burial rate ω. The relationship between DB and ω is generally explained on the basis that 

a higher flux of organic matter will sustain a higher density of benthic macrofauna, as 

was tested statistically by Tromp et al. (1995) against 37 field studies. Haeckel et al. 

(2001) required a range of bioturbation coefficients, based on radionuclide data of their 

study site. Due to the limits of the sediment diagenesis model, they applied a higher 

bioturbation rate with a lower organic matter flux, though this does not reflect the 

general understanding that higher organic matter deposition would support more 

bioturbation (Haeckel et al. 2001). Berg et al. (2003) and Fossing et al. (2004) suggest 

that DB should be assigned differently to solids and solutes, as bioturbation affects 

solutes much more than solids, and so the coefficient could be around 10 times larger. 

However, few other authors (Kasih et al. 2008, 2009) have implemented separate DB 

values for solids and solutes.  

 

The onset of hypoxic conditions can reduce or stop the activity of benthic animals, 

especially larger ones, and the return of oxic conditions, which causes the return or 

growth of animals, requires site-specific information, as regions with a history of low 

O2 may have benthic organisms that have adapted to the conditions (Diaz and 

Rosenberg 2008). Soetaert and Middelburg (2009) use different DB values for oxic and 

anoxic bottom water conditions. Fossing et al. (2004) account for bioactivity with an 

index (A) between 0 and 1 for the rate of bioturbation as 

 ∆𝐴

∆𝑡
= −𝐾𝑚𝐴 + 𝐾𝜈(1 − 𝐴) 

2 - 

13 

where Km is a potential rate of animal mortality, Kν a potential rate of growth, and the 

value of A is dependent on the amount of oxygen in the system. In periodically hypoxic 

waterways (Sohma et al. 2004, 2008), this is accounted for by making the bioturbation 
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(D′
B) and bioirrigation (DI) coefficient  dependent on the biomass of deposit (DFB) and 

suspension (SFB) feeders, e.g.,: 

 
𝐷𝑖 =

𝐷𝐹𝐵 + 𝑆𝐹𝐵

𝐷𝐹𝐵 + 𝑆𝐹𝐵 + 𝐻𝐹𝑖
∙ 𝐷𝑖 𝑚𝑎𝑥 

2 - 14 

where i refers to either bioturbation or bioirrigation, HFi is a half saturation coefficient 

and Di max is the maximal coefficient of either bioturbation or bioirrigation and the 

concentrations of DFB and SFB are proportional to the dissolved oxygen concentration. 

Depending on the growth rates, such formulations show the rate of recovery of benthic 

fauna biomass after reoxygenation, and a possible delay in that recovery. In 

environments where field studies show that irrigation is a minor transport process, 

especially anoxic waters without macrofauna, the irrigation function is simply not used 

(Soetaert et al. 1998, Luff et al. 2000, Dale et al. 2009, Reed et al. 2011a). Detailed 3D 

transport models of irrigating worms have been developed (Meysman et al. 2006a, 

2006b, 2007) but are yet to be routinely integrated with reactive transport models (see 

Meile et al. (2003) and Sochaczewski et al. (2008) for recent studies in this area). 

 

RESUSPENSION OF SEDIMENT PARTICLES 

An early coupled benthic-pelagic model by Wainright and Hopkinson (1997) examined 

the effect of resuspension on aerobic oxidation of organic matter and denitrification in 

the sediment and water column, however, this study was limited to a subset of chemical 

reactions. There has not been the same adoption or expansion of this approach over the 

last two decades as there was with the diagenesis models, except for a recent study by 

Massoudieh et al. (2010) who demonstrate a full vertically-resolved diagenesis model 

that also includes resuspension.   
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2.4 Applications  

Next we highlight some of the practical issues involved in applying a sediment 

diagenesis model that are not easily grasped by reading the theoretical resources (Table 

2 - 7 provides an overview of application approach). In general terms, early publications 

focused on development of a new model code or simulated depth profiles and surface 

fluxes of the main chemicals involved in the early diagenesis process, with focus on 

examining the fit of model results to field data, and establishing the sediment models as 

fit for purpose. Later publications have tended to target application of the models to a 

more specific research questions, by conducting broad sensitivity analyses and 

examining system behaviour (Archer et al. 2002, Katsev et al. 2006a, Dittrich et al. 

2009), while others have been more management oriented. An overview of the 

application of the models in different environments provides a useful starting point from 

which to consider their timescales, their coupling to the water column, and chemical 

fluxes in more detail.  

 

Application and environment 

Here the studies are classified according to the nature of the environment in which the 

study was set: deep ocean, coastal, estuarine, riverine or lacustrine. Of the 83 studies 

inspected, coastal environments have received the highest number (35) of applications 

of sediment models, followed by the deep sea (17) (Table 2 - 7). One reason for the high 

number of coastal studies is that large datasets have been collected at a few key sites, 

such as Young Sound and the Skagerrak. After 1996, when many new models were 

introduced, most deep ocean studies were published between 1998 and 2002; most 

coastal studies were published from 2002 onwards (Figure 2 - 3). Marine studies 

(coastal and deep ocean) have been used to test the abilities of the models to reproduce 

field measurements of depth profiles and the associated chemical reactions, with a focus 

on understanding biogeochemical cycles rather than focussing on a specific applied 

problem. 

 

In contrast, the 13 studies based in estuaries are much more targeted at management-

related questions, especially in terms of representing more complex hydrodynamics, 

spatial heterogeneity and ecology, by coupling the sediment models to physical models 
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of the overlying water body and to ecological models (see below). Other differences to 

the marine studies are that most of the estuarine studies were published from 2004, 5 of 

the 13 include DOM, and one study (Bessinger et al. 2012) included heavy metals. 

 

Up to the late 1990s, the geochemistry and ecology of marine sediments had generally 

been studied more than freshwater sediments (Boudreau 1999); this is also true for the 

sediment diagenesis modelling studies inspected here, where only 15 studies are based 

in freshwater lakes and 4 in freshwater rivers. The most striking contrasts between the 

freshwater lake studies and the marine studies are that 5 lake studies were motivated to 

model the flux of heavy metals, and no lake studies to date include dynamic coupling to 

an ecological model or a spatially-resolved water column model. 

 

 

Figure 2 - 3 Number of publications each year per environment. 1996 stands out as the key 

year for publishing diagenesis model studies. After 1996, most deep ocean studies were 

published between 1998 and 2002, and most coastal studies from 1996. 

 

Steady state and dynamic simulations 

Many diagenesis model papers refer to the concept of a steady state, a term that applies 

to both the solution of the differential equations and to the assumption about the 

condition of the sedimentary environment. Steady state is where the concentrations do 

not change in time; the total inflows and production are in balance with the outflows 

and consumption of all species.  
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STEADY STATE AS A DESCRIPTION OF THE ENVIRONMENT 

Steady state can be a valid approximation when the changes at the interface occur over a 

much longer timescale, such as a shift in climate, or shorter timescale, such as 

bioirrigation, than the time of response of the whole system to a perturbation (Van 

Cappellen et al. 1993). Deciding whether the system is at steady state depends on which 

sediment constituents are examined and the reference time scale. Generally, pore water 

responds to environmental changes faster than the solid phase. Pore water solutes are 

transported through the reactive part of the sediment over a few months and so do not 

reach steady state on a seasonal time scale, but can be considered at steady state on a 

decadal time scale (Peña et al. 2010). On the other hand, solids take decades or centuries 

to travel through the reactive sediment zone and so are at steady state on a seasonal time 

scale but not a decadal time scale (Peña et al. 2010). Soetaert et al. (1996b) found that 

dissolved substances are at steady state with respect to the instantaneous fluxes of 

carbon mineralisation processes, but the solid substances are not. In some diagenesis 

model papers, the difference between the observed and calculated concentrations is 

explained as a result of the inability of a steady state model to capture dynamic changes 

in that environment, especially in the uppermost layers of the sediment (Boudreau et al. 

1998, Haeckel and König 2001, Wijsman et al. 2002, Canavan et al. 2006). 

 

In theory, conditions in the deep ocean are more likely to resemble steady state than 

lake or coastal marine sediments, where seasonal or episodic effects should be stronger 

and therefore external conditions fluctuate on early diagenetic timescales (Rabouille and 

Gaillard 1991, Gallon et al. 2004). However, Table 2 - 7 shows that in practice, 

simulations of deep-sea systems are equally likely to have been run at steady state or 

dynamically, while somewhat counter-intuitively more applications to freshwater lakes 

have been assumed as steady state rather than dynamically. Seasonal changes are also 

considered more often in marine studies (5/17 in deep sea and 7/33 in coastal) than in 

estuarine (2/13) and freshwater lakes (2/15). 
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STEADY STATE AS A NUMERICAL TECHNIQUE 

There are two main numerical methods by which steady state is reached. The most 

common method is to set the temporal derivative to zero in the governing equations, 

then iterate the differential equations until convergence, where the concentration change 

between iterations is less than an error tolerance (10-6 in Van Cappellen and Wang 

1996, and 10-3 in Benoit et al. 2006, or a residual of 10-14 in Rabouille and Gaillard 

1991a). Meysman et al. (2003b) refer to this as the steady-state calculation. The 

alternative method is to solve the dynamic equations over many time steps until the 

concentration changes stabilise, known as an asymptotic run (Meysman et al. 2003b). 

With constant boundary conditions, the main practical difference between the methods 

is that the asymptotic run is more computationally demanding. Some models can be run 

with a combination of both methods, with steady state calculations for some kinetic 

reactions, such as organic matter oxidation, and a time-dependent solution for 

adsorption and other kinetic reactions (Smith and Jaffé 1998, Luff et al. 2000). Once the 

steady state has been calculated, a few models cease their simulation (for example, 

STEADYSED in Van Cappellen and Wang 1996, Wang and Van Cappellen 1996, Van 

den Berg et al. 2000) whereas most use the steady state as an initial condition for time-

dependent calculations with changing boundary conditions.  

 

The models with time-dependent calculations (Table 2 - 7) and changing boundary 

conditions also adopt a range of approaches. Those that use the iterative steady state 

calculation can go through a series of successive steady states over time, which is the 

approach of Soetaert et al. (1996a), later taken up by authors such as Archer et al. 

(2002) and Wijsman et al. (2002). The BRNS model, which was partly developed from 

STEADYSED, has the capacity to use a similar approach (Regnier et al. 2003, Aguilera 

et al. 2005, Thullner et al. 2005) or the asymptotic run (Canavan et al. 2006, Dale et al. 

2009, Brigolin et al. 2009, 2011). Those that use the asymptotic method ‘spin up’ to a 

new asymptote over time. Within these, either a single perturbation may be introduced 

(Wijsman et al. 2002, Talin et al. 2003, Katsev et al. 2006a), a ‘stationary’ average of 

fluctuations can be set as the boundary (Fossing et al. 2004) or a fluctuating quasi-

steady boundary condition can be run, such as a pattern of seasonal change (Luff and 

Moll 2004, Kasih et al. 2008). The advantage of using the asymptotic method is that the 

time taken to respond to the perturbation or the regular fluctuation can be examined. 
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There is no pattern in the application of these techniques according to the groups used in 

the classification. Rather, in general, these models have developed to allow any 

combination of steady-state calculations, asymptotic runs, constant boundary 

conditions, perturbations or quasi-steady fluctuations. While the options in early studies 

were limited by the code of the model, most recent models provide the option of steady 

or time-varying conditions and the choice can be made as to how the model is best 

applied to the study site. 

Organic matter flux from the water column 

The input of organic matter to the sediment-water interface is one of the most important 

chemical inputs driving changes in the sediment (Tromp et al. 1995). Across the papers, 

there is a surprisingly large range of total organic matter inputs, which are mostly 

arrived at by calibrating the model against sediment depth profile data, usually total 

organic carbon or O2 depth profiles. However, in a handful of cases, the studies have 

used sediment traps and ΣCO2 fluxes (Berg et al. 2003, Fossing et al. 2004, Benoit et al. 

2006, Katsev et al. 2006a, Kasih et al. 2008, 2009) while others predict the input with 

data and estimates based on primary production (Reed et al. 2011b) or full water 

column models (Eldridge and Morse 2000, Sohma et al. 2001, Sohma et al. 2004, 

Eldridge et al. 2004, Morse and Eldridge 2007, Brigolin et al. 2009, Pastor et al. 2011). 

Each environment shows a straightforward relationship with POM fluxes, which are 

generally smallest in the deep sea, as the deep sea nutrient inputs are lower and more of 

the organic matter is oxidised in the water column before it reaches the sediment 

surface. The lowest total POM fluxes, around 1 µmol cm-2 y-1, are found in deep sea 

sites and most of the highest fluxes, around 1000, are found in the coastal sea. The 

quantities of these fluxes are broadly consistent with the estimates of Van Cappellen 

and Wang (1995) for fluxes in each environment, suggested in the early days of these 

models. For freshwater eutrophic lakes, however, there is no typical amount of lake 

sediment organic matter input.  

 

In multi-G models, one of the more difficult parameters to set has been the percentage 

of labile and refractory carbon, for which there is no simple experimental or theoretical 

guide. Of the 55 2, 3 and 4 G models presented here, in 24 cases the diagenesis model 
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has been used to estimate the proportions of the fractions in the flux to the sediments by 

back calculating from depth profiles or surface fluxes (see Table 2 - 2). In eight cases 

the proportion is simply assumed (five of these are Approach 3) and in five cases the 

amounts are estimated based on an empirical relationship to other factors such as 

sedimentation rate or primary productivity. Only Benoit et al. (2006) estimate the fluxes 

and proportions by using fluxes from a compilation of water column measurements at 

the site itself. Those studies with lower amounts of labile organic matter (where the 

most reactive fraction is less than 50% of the flux) are mostly in near shore marine 

waters, coastal lagoons and one freshwater lake, which might reflect a higher 

allochthonous input from the catchment. However, many other coastal and freshwater 

lake studies have much higher proportions of highly reactive organic matter, so no 

typical labile-refractory ratio can be distilled from the analysis in relation to 

environmental characteristics.  

Coupling to water column models  

Most sediment models are one-dimensional with depth, where one sediment column is 

used to represent an entire study site, or an idealisation of various representative 

sampling locations. Most of these have a simple water column boundary condition at 

the sediment water interface, or a diffusive boundary layer. Conversely, in 

biogeochemical water column models, the sediment-water interface has usually been 

represented as a simple flux, resolved in one (Oguz et al. 2000, Shen et al. 2008, Lopes 

et al. 2010), two (Bruce et al. 2014) or three dimensions (see for example, Kiirikki et al. 

2006, Xu and Hood 2006, Kremp et al. 2007).  

 

A few sediment diagenesis modelling studies couple the sediment to water column 

hydrodynamic and ecology models; rather than just a bottom water boundary at the 

sediment-water interface, the water column is resolved with depth in one (Soetaert et al. 

2001, Eldridge and Morse 2008, Soetaert and Middelburg 2009), two (Benoit et al. 

2006, Brigolin et al. 2011) and three dimensions (Sohma et al. 2001, 2004, 2008, Luff 

and Moll 2004, and Smits and van Beek 2013). Luff and Moll (2004) undertook a 

thorough three-dimensional sediment-water modelling study where a spatially resolved 

model of the North Sea was used. The advantage of using a coupled model is that both 

models are buffered by the dynamic feedback of the other, providing realistic forcing to 
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the sediment. The studies by Sohma et al. (2001, 2004 and 2008) are dynamic three-

dimensional models based in estuaries, which examine the effects of oxic/anoxic 

fluctuations in the water column on the sediment. While these estuary studies have 

lower spatial resolution than in Luff and Moll (2004), they include more complex 

ecological models and consider plankton and seagrass as sources of POM, DOM, 

nutrients and O2. 

Applications to assess the effects of human activity 

Beyond simply understanding the chemical processes in the sediment, some studies 

have been applied to assess the effects of human activity on waterways (Table 2 - 7). 

The models have been used as predictive tools to assess management options: Canavan 

et al. (2006) predict the effect of opening up a freshwater coastal lagoon to the sea; 

Brigolin et al. (2009) use the model to predict the effects of a fish farm in a fjord; König 

et al. (2001) predict the effects of deep sea mining on sea floor geochemistry; and 

Eldridge et al. (2004) predict the effects of dredging and harmful algal blooms. They 

have also be used to examine the past drivers of water quality deterioration: Dittrich et 

al. (2009) examine the change of state in Lake Zug from oligotrophic to eutrophic; 

Kasih et al. (2008, 2009) examine the deterioration of the former pearl fishery in Ago 

Bay; and Katsev and Dittrich (2013) examine phosphorus fluxes over decadal 

timescales.  

 

Many of the studies have included nutrients (Table 2 - 6), which is essential for model 

studies examining eutrophication, however, models have rarely been used as a tool for 

examining contaminant flux. There are many sediment reactive transport models that 

were not within the scope of this analysis, which calculate heavy metal transport in the 

sediment (for example, Gallon et al. 2004, Carbonaro et al. 2005, see also the review by 

Boudreau 1999) but few use the full diagenesis model to relate contaminants to the fate 

and transport of other sediment components.  
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Table 2 - 6 Inclusion of nitrogen and phosphorus as nutrients in diagenesis models. 

Reference PO4
3- NH4

+ 

NO3
- 

Reference PO4
3- NH4

+ 

NO3
- 

Approach 1   Approach 3   

Boudreau 1996 a a Middelburg et al. 1996   

Park and Jaffé 1996  
 

Sohma et al. 2001 b b 

Smith and Jaffé 1998   Sohma et al. 2004 b  

Boudreau 1998  
 

Dedieu et al. 2007  b 

Park and Jaffé 1999  
 

Sohma et al. 2008   

Wijsman et al. 2002  
 

Soetaert and Middelburg 2009  c 

Luff and Wallmann 2003   Hochard et al. 2010   

Luff and Moll 2004 
 

 Pastor et al. 2011 b  

Eldridge et al. 2004   Others   

Katsev et al. 2006a a  c  Rabouille et al. 1991a   

Kastev et al. 2006b   Tromp et al. 1995 c  

Katsev et al. 2007 b a, b Dhakar and Burdige 1996   

Devallois et al. 2008 a a Furrer and Wehrli 1996 a a 

Eldridge and Morse 2008   Hensen et al. 1997   

Dittrich et al. 2009 b a Berg et al. 1998   

Reed et al. 2011a  b  Rabouille et al. 2001   

Reed et al. 2011b b  Archer et al. 2002   

Dale et al. 2011  c    

Trinh et al. 2012      

Tsandev et al. 2012 c     

Dale et al. 2013 b, c     

Katsev and Dittrich 2013 c     

Smits and van Beek 2013 a, c c    

McCulloch et al. 2013 b, c     

Approach 2      

Wang and Van Cappellen 1996  b    

Rysgaard and Berg 1996  
 

   

Van den Berg et al. 2000  
 

   

Berg et al. 2003  
 

   

Fossing et al. 2004 b     

Aguilera et al. 2005  b    

Thullner et al. 2005      

Canavan et al. 2006  
 

   

Canavan et al. 2007a  
 

   

Canavan et al. 2007b  b    

Morse and Eldridge 2007      

Kasih et al. 2008 b b    

Sochaczewski et al. 2008      

Jourabchi et al. 2008      

Kasih et al. 2009 b b    

Dale et al. 2009  b    

Brigolin et al. 2009      

Brigolin et al. 2011      

a Speciation  

b Adsorption to iron  

c Main focus  
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Table 2 - 7 Application of diagenesis models to different environments with either steady 

or non-steady solutions. 

               Reference 

Approach 

Site Time 

 Deep sea (17 studies)  Steady Non-

steady 

1 

Boudreau 1998 Eastern Canada, Atlantic a  

Luff et al. 2000 Arabian Sea a  

Haeckel et al. 2001 Peru   

König et al. 2001 Peru  c 

Katsev et al. 2006b Deep Arctic   

Reed et al. 2011a  Eastern Mediterranean   

Tsandev et al. 2012 General deep a  

2 Jourabchi et al. 2008 13 deep sea sites   

3 

Soetaert et al. 1996a General marine   

Soetaert et al. 1996b North Pacific   

Soetaert et al. 1998 Irish Atlantic   

Herman et al. 2001 Northeast Atlantic a  

Epping et al. 2002 Iberian Atlantic   

O 

Tromp et al. 1995 Many sites   

Dhakar and Burdige 1996 Pacific sites   

Rabouille et al. 2001 Deep North Atlantic a  

Archer et al. 2002 Many sites   

 Coastal marine (35 studies) Site   

1 

Boudreau 1996 General   

Wijsman et al. 2002 Black Sea - hypoxic a  

Regnier et al. 2003 General marine   

Meysman et al. 2003b Santa Barbara Basin, California 

Pacific 

  

Luff and Wallmann 2003 Oregon Coast, USA   

Luff and Moll 2004 North Sea a  

Morse and Eldridge 2007 Louisiana Coast, Gulf of Mexico 

– hypoxic  

a 

b 

 

Eldridge and Morse 2008 Louisiana Coast, Gulf of Mexico 

– hypoxic  

  

Reed et al. 2011b Baltic Sea – hypoxic   

 

Bektursunova and L’Heureux 

2011 

Eastern Mediterranean   

Dale et al. 2011 Southwest Baltic a  
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Table 2 - 7 Continued 

               Reference 

Approach 

Site Time 

 Dale et al. 2013 Southwest Baltic a  

2 

Van Cappellen and Wang 1996 Skagerrak, Denmark   

Wang and Van Cappellen 1996 Skagerrak, Denmark   

Rysgaard and Berg 1996 Young Sound, Greenland   

Berg et al. 2003 Young Sound, Greenland b  

Fossing et al. 2004 Aarhus Bay, Denmark   

Thullner et al. 2005 Skagerrak, Denmark   

Aguilera et al. 2005 Skagerrak, Denmark   

Jourabchi et al. 2005 General continental shelf   

Kasih et al. 2008 Ago Bay, Japan a d 

Kasih et al. 2009 Ago Bay, Japan  d 

Dale et al. 2009 Namibian Coast   

Brigolin et al. 2011 Italian Adriatic a c 

3 

Soetaert et al. 1996a General marine   

Middelburg et al. 1996 General marine   

Berg et al. 2007 Young Sound, Greenland   

 
Pastor et al. 2011 Rhone delta, French 

Mediterranean 

  

O 

Tromp et al. 1995 Many sites   

Hensen et al. 1997 Southwest Africa Atlantic   

Berg et al. 1998 Skive Fjord, Denmark   

Archer et al. 2002 Many sites   

Dale et al. 2008a Aarhus Bay, Denmark   

Dale et al. 2008b Skagerrak, Denmark   

Mügler et al. 2012 Gulf of Fos, French Mediterranean   

 Estuary (13 studies) Site 
  

1 

Eldridge and Morse 2000 Laguna Madre, Gulf of Mexico – 

hypoxic 

  

Regnier et al. 2003 General macrotidal    

Eldridge et al. 2004 Laguna Madre, Gulf of Mexico  c 

Benoit et al. 2006 St Lawrence Estuary, Canada   

Katsev et al. 2007 St Lawrence Estuary, Canada  d 

2 
Brigolin et al. 2009 Loch Creran fjord, Scotland   

Bessinger et al. 2012 General fresh/saline conditions   e 

3 

Sohma et al. 2001 Mikawa Bay, Japan   

Sohma et al. 2004 Atsumi Bay, Japan – hypoxic    

Dedieu et al. 2007 Thau Lagoon, French 

Mediterranean 

a  

Sohma et al. 2008 Tokyo Bay - hypoxic a  

Soetaert and Middelburg 2009 General brackish/saline site: 

stratified/ well mixed 
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Table 2 - 7 Continued 

               Reference 

Approach 

Site Time 

 Hochard et al. 2010 Florida Bay   

 Freshwater River (4 studies) Site 
  

1 
Devallois et al. 2008 Durance River, France   

Massoudieh et al. 2010 Colusa River,  

California 

 e 

 Trinh et al. 2012 Red River, northern Vietnam a  

2 Van den Berg et al. 2000 Biesbosch, Netherlands   

 Freshwater lake (15 studies) Site 
  

1 

Park and Jaffé 1996 Lake Vechten, Netherlands 

Lake Superior, USA 

  

Smith and Jaffé 1998 Lake Carnegie, USA  e 

Park and Jaffé 1999 Lake Vechten, Netherlands   

Katsev et al. 2006a General lake conditions   

Dittrich et al. 2009 Lake Zug, Switzerland  d 

Couture et al. 2010 Lake Tantaré, Canada  e 

Katsev and Dittrich 2013 Lake Sempach, Switzerland a  

Smits and van Beek 2013 Lake Veluwe, Netherlands   

McCulloch et al. 2013 Lake Simcoe, Canada a c 

2 

Canavan et al. 2006 Haringvliet lagoon, Netherlands  c 

Canavan et al. 2007a Haringvliet lagoon, Netherlands   

Canavan et al. 2007b Haringvliet lagoon, Netherlands  e 

3 
Berg et al. 1998 Skive Fjord, Denmark 

Lake Vilhelmsborg So, Denmark 

  

O 
Furrer and Wehrli 1996 Lake Sempach, Switzerland d  

Sengör et al. 2007 Lake Couer d’Alene, USA   

 General sediment (4 studies)    

1 
Sochaczewski et al. 2008    

Meysman et al. 2003a    

3 Talin et al. 2003    

O Rabouille and Gaillard 1991    

a Seasonal     d Used for examining the past 

b Quasi-steady state    e Examines heavy metal fluxes 

c Used for prediction 
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2.5 Challenges and opportunities 

Conceptualisation and measurement of organic matter oxidation  

RECONNECTING MODELS TO CONCEPTUAL UNDERSTANDING 

Sediment modellers have developed some elegant simplifications of what they knew to 

be highly complex reaction processes, in order to reproduce commonly-observed 

sediment characteristics. It was shown above that the focus in the early period of 

development was on establishing the organic matter oxidation process and its effects on 

redox zonation, whereas recent modelling studies have focussed on applying the same 

or similar models to more specific chemical and ecological questions, a progression that 

solidified the multi-G method as the standard practice for diagenesis modelling. Despite 

the limits to the multi-G conceptual model, which were apparent in the earliest years of 

its development, it was widely adopted because of its simplicity. The general process of 

organic matter oxidation used in most models now involves one to three POM phases of 

different reactivity oxidising to CO2 through some of the reactions 2 - 3 to 2 - 8. The 

overall challenge seen when reviewing the sediment literature is that these model 

structures have become increasingly separated from laboratory and field studies, which 

have in parallel led to the development of more refined conceptual models and 

classification approaches for characterising organic matter groups and breakdown rates.  

 

One of the manifestations of the separation of the multi-G modelling studies from 

experimentally based studies is the assignment of the proportions of labile and 

refractory organic matter, which in many cases is either adjusted to fit field data or 

simply assumed, irrespective of the model approach or the environments in which the 

studies were based. The few studies that include field or laboratory data highlight the 

difficulties in measuring these fractions, since measurable equivalents of each fraction 

do not exist. One example of these differences is that laboratory studies have shown that 

aquatic organic matter generally breaks down faster than terrestrial organic matter in the 

case of marine (Burdige 2005), estuarine (Dai et al. 2009) and freshwater (Bastviken et 

al. 2004, Sobek et al. 2009) organic matter, yet this is rarely explicitly considered in the 

model parameterisations. Another major difference between the numerical models and 

the laboratory and field studies is that only 13 of the 83 numerical modelling papers 

include a DOM pool. This is despite the significant body of data that has been collected 
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on sediment DOM (see, for example, Hansell and Carlson 2002, Schmidt et al. 2009) 

and the fact that DOM accumulated with sediment depth is one of the largest pools of 

organic carbon globally (Hedges and Keil 1995, Burdige 2007). Understanding labile 

DOM mechanistically is important for understanding the reactive intermediates in the 

breakdown of POM to CO2, and although refractory POM and DOM may play a smaller 

part in the reaction processes, they both make up the total organic matter profile and 

their local transport processes are quite different.  

 

A further gap between the current modelling approaches and the field and laboratory 

data is the relatively common use in the models of one value of kOM for all oxidants. 

This is despite several laboratory studies that have reported significantly different rates 

through each of the six pathways (Westrich and Berner 1984, Canfield et al. 1993, 

Arnosti and Holmer 2003). There are also many studies that have compared the 

different rates of organic matter breakdown under oxic and anoxic conditions 

(Kristensen et al. 1995, Dai et al. 2009, Abril et al. 2010). The oxidation rate can also 

change upon reoxidation after a period under anoxic bottom water, and the rate can also 

depend on the duration of the previous anoxic period or priming (Aller et al. 2008, Abril 

et al. 2010). The increased oxidation rate upon reoxidation may be due to the presence 

of chemical species such as H2O2, present only in oxic conditions, which are small 

enough to diffuse through large molecular clusters (Bastviken et al. 2003). It is also 

known that organic matter is preserved over the long term only under persistently 

anoxic conditions (Henrichs 1995, Hedges and Keil 1995, Burdige 2007); the 

preservation of organic matter may also occur through the processes of 

geopolymerisation (Hedges and Keil 1995), sulfidisation (only included in the 

diagenesis models of Dale et al. 2009 and Couture et al. 2010), interaction with iron 

(LaLonde et al. 2012) and adsorption of DOM. Berner (1995) foresaw DOM adsorption 

as a major potential addition to the multi-G model, yet to date it has only been used in 

two models (Sohma et al. 2004, 2008 and Massoudieh 2010).  

 

Van Cappellen et al. (1993) identified one of the obstacles to the determination of 

precise rate constants as the lack of a set of inhibition constants (KIn and LIn). The lack 

of data available for inhibition constants is partly a result of inhibition being an 

imprecise theoretical concept used to explain redox zonation. The organic matter 
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oxidation rate laws assume inhibition of all subsequent pathways when the oxidant 

concentration is above its KOx or LOx. However, field studies have shown that the 

pathways can often overlap, such as Fe3+ reduction and SO4
2- reduction, denitrification 

and annamox, methanogenesis in the presence of SO4
2-, and SO4

2- reduction in the 

presence of O2 (Postma and Jakobsen 1996, Jakobsen and Postma 1999, Canfield and 

Thamdrup 2009). Van Cappellen and Wang (1996) observe that the separation between 

processes is clearer in environments with lower net organic matter oxidation. We 

showed above that many of the early models were designed for deep sea sites with a 

low organic matter input, therefore the increasingly common tendency to apply the 

models to highly productive environments may require further development of the 

conceptual model of the redox sequence. One possible clue to understanding the redox 

zonation may come from the recent discovery of centimetre-long ‘living micro cables’ 

of bacteria that transport electrons between the aerobic and sulphate-reducing zones 

(Pfeffer et al. 2012), which is also an exciting opportunity for diagenesis models to 

explore. 

 

Experimental biogeochemists have developed conceptual models of carbon pools and 

transformations that may serve as a guide for ongoing model development efforts. 

Models have been designed based on aspects such as molecular weight (for example, 

Burdige and Gardner 1998), ‘partial equilibrium’ with hydrolysis, fermentation and 

respiration steps (Alperin et al. 1994, Lovley and Chapelle 1995), and organic matter 

origin (Findlay et al. 1999, Zonneveld et al. 2010). Biogeochemists have also collected 

datasets of specific identifiable molecules in sediment organic matter and the calculated 

free energies of reaction (see for example, Amend and Shock 2001, LaRowe and Van 

Cappellen 2011, LaRowe et al. 2012), however this data may be difficult to incorporate 

without making the conceptual model too reductive or the numerical model overly 

parameterised. Designing a diagenesis model with DOM, a detailed organic matter 

breakdown sequence, bacterial biomass and thermodynamic factors, as well as the 

secondary reactions and transport processes already in the main stream of models, is an 

exciting opportunity for future model development. Indeed, numerical models may be 

very useful tools for probing the many interactions that laboratory studies have 

identified through testing the relative performance of model structures of different 
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complexity, acknowledging that the sacrifice of the multi-G simplicity could 

compensated with the gain of more refined predictions of process rates.  

 

CHALLENGES OF USING EXPERIMENTALLY-DERIVED VALUES FOR 

PARAMETERS  

The need for a new conceptual model of organic matter oxidation is clearer when we 

consider the lack of experimentally-derived parameter values, shown in the section on 

the choice of parameter values. Moving away from some of the theoretical 

simplifications of the multi-G model may make it easier to use laboratory or field 

measurements as input or validation data for sediment diagenesis models. 

 

Many authors have identified the sheer lack of data available for determining the rate 

constants in biogeochemical models generally (Middelburg et al. 1997, Mooij et al. 

2010, Peña et al. 2010). Boudreau (1999) writes that kinetic laws in sediment models 

are “largely educated guesses”, because of the difficulty in obtaining data without 

disturbing the natural sedimentary environment. The inherent difficulty in measuring 

kOM in particular, the main rate constant for organic matter oxidation, comes from the 

spectrum of reaction rates that can span ten orders of magnitude, from minutes to 106 

years under deep sea sediments. Any experiment to measure the rate will miss materials 

with breakdown rates much shorter or longer than the observation time span (Hedges 

and Keil 1995). We have shown that there has generally been a wide range of parameter 

values, most of which have been calibrated, which creates the risk that a set of these 

constants calibrated to one dataset might not be readily transferable to other study sites 

or models.  

 

The transfer of the parameter values through the literature warrants further 

consideration since the range of environments and questions that the models are being 

applied to is widening – yet the values are still often taken from the original papers. 

Further, an Approach 1 or 2 study with its parameters tuned to a dataset typically has 

depth profiles of only around 7 variables, which is still true for papers published in 

recent years. Thus, although the scope of the models has broadened, the collection of 

data for constraining parameters or validating model processes has hardly increased 

since 1996.  
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Another risk is that the parameter set could be wrong, yet generate a good fit to field 

data – known as the problem of equifinality (Luo et al. 2009). However, Van Cappellen 

and Wang (1996) argued that because diagenesis models have so many highly coupled 

reactions, the range that the values could be calibrated within is in fact quite small. An 

error in one constant could possibly be hidden by an error in another constant through 

the non-linear feedbacks that shape the system, but it is unlikely that it could be hidden 

through all of the many reactions. Therefore these “guesses” in diagenesis models are 

not necessarily unrealistic. Some diagenesis modelling studies have conducted 

“identifiability” analyses, which seek to show the sensitivity of model outputs to sets of 

parameters, within which only some of the parameters are fitted (Dittrich et al. 2009, 

McCulloch et al. 2013). Nevertheless, no matter what the conceptual models of future 

sediment diagenesis models will be, future endeavours to collect more specific and 

accurate determinations of process rates in situ will help us understand the range of 

uncertainty in our model simulations. 

 

It must be emphasised that the sediment is a difficult environment to collect data from 

and it is not a small task to collect a perfect field dataset for a modelling study.  

Nevertheless, in situ analytical instruments have improved since the creation of these 

diagenesis models in the 1990s, which may give us an opportunity to overcome the 

inherent difficulty in measuring sediment data (see reviews by Viollier et al. 2003 and 

Moore et al. 2009). Sediment biogeochemical measurements have been conducted with 

benthic landers (see for example, Maerki et al. 2009, Sommer et al. 2010, Zhang 2010), 

benthic chambers (see for example Chapman and Van den Berg 2005, Sommer et al. 

2008, Ferron et al. 2008) and diffusive gradients in thin films and diffusional 

equilibration in thin films (see for example Jezequel et al. 2007, Monbet et al. 2008, 

Robertson et al. 2009). In combination with more rigorous performance assessment 

using a wider range of metrics (e.g., Bennett et al., 2013), modellers should ultimately 

be better able to justify whether a model is fit for purpose.  
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Opportunities to improve understanding of physical and biological processes 

CAPTURING THE MULTIPLE SCALES OF CHANGE AFFECTING THE SEDIMENT-

WATER INTERFACE 

Another general challenge for sediment modellers is coping with the different spatial 

scales, from the length of a study site to sediment pores, and the different scales of 

perturbation, from seasonal oscillations to intense, one-off events. We showed above 

that there are only a few examples of depth-resolved sediment models that are resolved 

horizontally, as part of a greater modelling system. At the large scale, most of these 

studies are based in estuarine and coastal environments, while freshwater lakes are 

under-represented. The general lack of spatially-resolved models has occurred despite 

the benefits that could be gained from higher resolution, such as the inclusion of 

specific physical and ecological features of a study site or the ability to capture benthic-

pelagic feedbacks.  

 

A deterrent to building spatially resolved models may be the lack of data at the 

appropriate spatial scale to calibrate the model to, which could become less of a 

problem with the increasing sophistication of field instruments, as described above. 

Another deterrent from adopting these models may be the perception that spatial 

resolution requires significant computation time. For example, a comparative study by 

Soetaert et al. (2000) concluded that the best balance between model accuracy and 

computational efficiency for coupled water column models was struck when the 

sediment component was a simple flux term rather than a one-dimensional multi-

layered sediment model. In the 15 years since that study, the computational efficiency 

has increased substantially. Aside from only relying on the increasing processing power 

of computers, the problem of long computation time can be minimised by separating the 

time step of the water column, which has faster transport, from the time step of the 

sediment. The sediment can also be divided into zones with a 2D resolution lower than 

the water column resolution (as is done in Sohma et al. 2008 and Brigolin et al. 2011). 

Berg et al. (2007) have also addressed the general problem of computation time in 

diagenesis models with options for faster numerical solution.  
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USING SMALL-SCALE SPATIAL RESOLUTION AND REDUCED MODELS 

At a small scale, fine spatial resolution allows models to capture variations such as 

localised deposition and the effects of bioturbation. We have found a few examples of 

models where these detailed processes have been included, such as that in 

Sochaczewski et al. (2008) and Mügler et al. (2012), which, like the large scale spatial 

models, are computationally demanding. Meysman et al. (2006b) compare 1D, 2D and a 

3D bioirrigation transport models, without any chemical reactions, and conclude that 

their 2D model gives the best balance between accuracy and simplicity. The opportunity 

lies in creating ‘reduced models’ (Ratto et al. 2012) with these fine-scale spatially-

resolved models to determine simple parameterisations that could then be used in more 

computationally-demanding diagenetic model applications.  

 

INCLUDING RESUSPENSION OF SEDIMENT 

Resuspension is well understood in physical models but rarely used in biogeochemical 

models (Massoudieh et al. 2010). It is less important in a calm water body such as the 

deep ocean, where many of the early sediment diagenesis modelling studies have been 

based, but as we have shown above, more studies are attempting to model shallower, 

higher-energy systems such as rivers and estuaries; the inclusion of resuspension in the 

physical equations will increase how realistically the models represent these 

environments (Massoudieh et al. 2006).  

 

Resuspension of the sediment can affect the release of nutrients, acid and toxins, but the 

effects vary widely at each study site (Lenzi and Renzi 2011). The uncertainty over the 

rate of organic matter oxidation outlined above is also related to the resuspension of the 

sediment, but many studies have found different results for whether it actually has an 

effect (see Almroth-Rosell et al. 2012 for a summary). The proposed mechanism is that 

resuspension stimulates bacterial growth by aerating sediments and mixing labile 

organic matter (Wainright 1990, Alongi et al. 2011).  

 

Besides the transport of the particles, future diagenesis models could also take into 

account hydrodynamically-driven stochastic pulsing of pore water by internal wave 

breaking, the changing size of the diffusive boundary layer over time (Lorke et al. 2003) 
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and convection-driven advective pore water exchange (Santos et al. 2012, Scalo et al. 

2012). 

 

COUPLING DIAGENESIS WITH ECOLOGICAL PROCESSES 

Along with coupling diagenesis models to spatially-resolved physical models of water 

column hydrodynamics, there are opportunities to couple to ecological models. The 

advantage of this would be capturing the feedbacks between the physical, 

biogeochemical, and ecological components. For example, we have seen that only the 

models of Sohma et al. (2004) and Hochard et al. (2010) have included benthic algae 

and only Massoudieh et al. (2010) have included resuspension. One potential benefit 

would be capturing the feedbacks between benthic fauna and sediment physical 

processes. Resuspension has been shown to have an important effect on benthic algae 

(Porter et al. 2010), and the lack of resuspension was considered as a limit to the 

accuracy of Hochard et al.’s simulation, and conversely, the benthic algae will also limit 

the degree of resuspension through biogenic stabilisation. Similarly, extending the 

models of Eldridge and Morse (2000, 2004) and Sohma et al. (2001, 2004, 2008) 

presents the opportunity to capture the sediment stabilisation of seagrass beds and salt 

marshes. 

 

DYNAMIC SIMULATIONS IN DYNAMIC ENVIRONMENTS  

We showed above that the models evolved from where STEADYSED allowed only 

steady state simulations and CANDI only time-dependent simulations, to where the new 

models (C.CANDI, BRNS, MEDIA etc.) are flexible and allow the user to decide which 

technique or combination of techniques to use, which is particularly useful given the 

limits to steady state simulations. We have also shown that there are trends towards 

modelling more energetic environments, and there is an opportunity to answer key 

questions such as how oxic/anoxic fluctuations, resuspension, changes in the size and 

forces on the diffusive boundary layer, and convective flushing may affect the overall 

sediment biogeochemistry. Exploring these areas requires our models to capture the 

dynamic changes over different timescales relevant to the fluctuations in the sediment 

surface boundary conditions.  
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However, of all the time-dependent simulations, few have field data from several points 

in time to validate their model against (Berg et al. 2003, Luff and Moll 2004, Sohma et 

al. 2004, 2008, 2009, Kasih et al. 2008, Dittrich et al. 2009, Reed 2011b). As described 

above, in situ sensors are now more easily available, which can give richer datasets of 

evolving sediment concentrations. An opportunity for future studies is to compare 

dynamic model simulations with dynamic data, and unravel the response of the 

sediment chemistry to different timescales of change. 

 

CALCULATING THE ACCUMULATION OR RELEASE OF HEAVY METALS 

We showed above that there are many models of sediment heavy metal transport but 

only a few uses of a diagenesis model to calculate heavy metal transport, and most of 

these are from freshwater lakes. An important yet simple extension of the current 

diagenesis models would be to include heavy metal transport and across the range of 

environments. Coupling dynamic sediment diagenesis models to ecological models 

would allow modellers to simulate the effects of contaminants as toxins to 

phytoplankton, benthic organisms and even higher organisms such as demersal fish, and 

subsequent feedbacks to organic matter deposition rates and bioturbation processes. 

 

APPLYING MORE STUDIES TO FRESHWATER LAKES 

Environmental modellers have called for sediment diagenesis models to be applied to 

lakes (Mooij et al. 2010) and we have seen here that there are relatively few lake 

studies. Nutrient fluxes from the sediment can drive a positive feedback in the 

eutrophication process and efforts to manage the water column alone can be insufficient 

to break the eutrophication cycle (Kastev et al. 2006). Lakes are environments sensitive 

to dynamic conditions and seasonal variations, and so could be studied using dynamic 

simulations, which we have found limited examples of. They receive large 

allochthonous organic matter inputs yet are very sensitive to eutrophication and so the 

input of labile and refractory organic matter would be a parameter that would need close 

attention. Coupling to 3D and ecological models could be an attractive opportunity, 

especially as the lake spatial boundary is more easily described than applications in the 

sea. Models described here can be useful to explore lag-times in recovery of sediment 

quality and support quantification of the relevant benefit of reduction in nutrient 

loading. 
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Expanding the adoption and use of diagenesis models  

INCREASING THE ACCESSIBILITY OF MODEL CODES 

The difficulty of understanding sediment model codes and structures could be deterring 

scientists from more readily adopting sediment models. Even in the earliest stages of the 

development of these models, Boudreau identified the problem that these models with 

coupled, nonlinear, differential equations are inaccessible to scientists who do not have 

a strong background in mathematics (Boudreau 1996). Meysman et al. (2003a) 

identified the general inaccessibility of these models and the growing divide between 

those who develop and those who apply the models, and the challenge of bringing the 

models within the reach of geochemists. They also identified the challenge of reusing 

the 1996-era model codes, finding it better to write a new object oriented code, which 

should be easier for other modellers to adapt. Soetaert and Meysman (2012) have 

attempted to increase the accessibility of sediment models by making simple prototype 

models available in the open source software R. The application of flexible, open-source 

codes will encourage experimentation with model complexity and approaches, and will 

ultimately allow us to identify which approaches, or combination of approaches, are 

most suited to particular environments, geochemical conditions and/or application 

contexts. 

 

COMMUNICATING THE RANGE OF CONFIGURATIONS AND TERMINOLOGY 

Regardless of issues involving model codes, the structure of the sediment models could 

also be a deterrent. We have shown in this meta-analysis that there is a wide range of 

model configurations, each with its own set of chemical reactions, none of which are 

specific to any intended application of the model. The many configurations often bring 

an inconsistent terminology and notation, in particular, authors must take care to define 

precisely concepts such as limiting and inhibiting terms, labile and refractory phases, 

and steady, non-steady, quasi-steady and dynamic simulations. Canfield and Thamdrup 

(2009) warn of other general ambiguities in sediment geochemical classification, which 

are pertinent to diagenesis modelling, in particular the term suboxic. However, rather 

than imposing any standard definitions or mandatory features to be included in 

diagenesis models, the approach of Schmolke et al. (2010) to ecological models 

generally may be helpful. They recommend allowing a common language to emerge in 

a bottom-up way through a standard method of reporting model development, analysis 
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and application, including a justification of why certain common processes have not 

been included. Ultimately the modelling community should work to adopt a controlled 

vocabulary to communicate model features, reactions, parameters and performance 

metrics, in order to facilitate comparisons between modelling applications and data 

synthesis. This in conjunction with modellers clearly defining model purpose and 

justifying model structural assumptions (e.g. Robson et al. 2008) will help a broader 

range of multi-disciplinary users to benefit from the modelling studies.    

 

OPPORTUNITIES TO SHARE NEW UNDERSTANDINGS AND ALLOW MODELS TO 

EVOLVE MORE EASILY 

We have shown throughout this paper that sediment modelling is necessarily complex, 

and there were clever but imperfect simplifications that allowed the models to make 

progress in many directions since 1996. However, if diagenesis models are to be used 

more widely to support management of aquatic systems, they must be better connected 

with other sciences. As new understandings from models as well as laboratory and field 

studies emerges, structures such as the Knowledge Base (Regnier et al. 2002) have been 

designed to integrate the information with sediment and groundwater models (see also 

Regnier et al. 2003, Aguilera et al. 2005 and Centler et al. 2010). The MEDIA model of 

Meysman et al. (2003a) attempts to address this same issue with a ‘kernel’ of essential 

reactions, and then an ‘extensible set’ of optional reactions. The dSed database of 

Katsev et al. (2004) has been created as a hub for diagenesis modellers to access and 

contribute reactions, constants and literature references.  

 

Ultimately, building communities of users that develop well-documented and easily 

configurable code bases will encourage users to avoid problems of ‘reinventing the 

wheel’ (Mooij et al. 2010) and contribute their findings rapidly into the practices of the 

broader modelling community. However, improvements in numerical codes alone will 

not be sufficient to address fully the challenges associated with model accuracy and 

transferability. In conjunction with community-driven model development, the 

contribution of high-quality sediment datasets for modellers to use and test models 

against, and the further development of community-based repositories of parameters, 

will support more rigorous development of diagenetic models into the future.  
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Looking beyond sediment models themselves, a major barrier identified above is the 

notable lack of uptake of sediment models by the broader water quality modelling 

community, especially in inland waters. Adoption of the practices outlined here, as well 

as the development of guides to support coupling diagenesis models with other models, 

will facilitate their wider use, and it is hoped this synthesis may be useful to support 

aquatic ecosystem modellers better understand the range of modelling approaches. 

Community-based aquatic modelling projects such as the Framework for Aquatic 

Biogeochemical Models have the potential to integrate diagenesis models with a wide 

range of ecological and hydrodynamic models (Trolle et al. 2012). Such initiatives will 

not only open up the prospect of tackling new science challenges, but also help to 

support the use of these models as part of our management of aquatic systems. 

  



69 

 

Chapter 3 – An improved, mechanistic model of 

organic matter breakdown  

From the fundamental principle that organic matter reaction rates decrease with depth 

due to inherent organic matter reactivity and due to decreasing free energy yield, six 

further, more detailed fundamentals are identified. Corresponding to each of these six 

fundamentals are six areas where the models of sediment chemistry do not represent the 

theoretical models or laboratory and field data adequately.  

 

A range of conceptual models of organic matter consumption is reviewed in order to 

find an initial model structure to assist in ultimately building a new conceptual model of 

organic matter that addresses these six problems. The three common mathematical 

approaches to organic matter limitation and inhibition are compared. Despite using the 

same inputs, the different approaches produce different chemical concentrations, and 

allow reactive pathways to occur at different times and rates. The theoretical basis for 

this common conceptualization and its parameters is not apparent. 

 

Theoretical mechanisms behind the inhibition and limitation interactions of sediment 

redox chemistry, including competitive exclusion, are investigated in detail. These 

mechanisms are parameterized according to growth yield and a thermodynamic factor. 

The difference between an organic matter rate equation with steady microbes and 

microbial consumption models is explained. A simple simulation is used to test the 

parameterization of the low energy redox pathways. 

 

A new overall organic matter model is introduced and a simple simulation is used to test 

the replacement of common inhibition parameterization with growth yield and the 

thermodynamic factor. The model also uses a more detailed mechanism of organic 

matter breakdown to known molecules via hydrolysis and fermentation, and also 

includes a substrate limitation factor. The new approach produces results that are 

comparable with traditional diagenesis models, but have a much firmer theoretical basis.  
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3.1 Introduction 

 

Having reviewed the state of the art of sediment diagenesis models, and proposed areas 

for their development in Chapter 2, the aim of this chapter is to analyse and reformulate 

the conceptual model of organic matter degradation. The decomposition of organic 

matter is the major driver of chemical changes in the aquatic sediment (Van Cappellen 

et al. 1993). However, the conceptual model of organic matter decomposition in 

diagenesis models is difficult to connect to theoretical descriptions of the process. Part 

of the challenge is that the thousands of different molecules that make up the natural 

organic matter continuum cannot be simulated. Instead, an approach is needed that has a 

strong basis in the theory, while still being simple and practical enough to be integrated 

with secondary reactions and broader environmental processes such as nutrient cycling 

and contaminant transport.  

 

In Chapter 1, two fundamental principles were identified in terms of the controls on 

organic degradation: 1) Organic matter reactivity decreases with depth and 2) Redox 

zonation yields less energy with depth. After reviewing diagenesis models in Chapter 2, 

it was shown that these two fundamentals are implemented in a variety of ways, 

however, six key assumptions are widely adhered to:  

1) Particulate organic matter (POM) is decomposed to CO2. 

2) There is a rate constant kOM (y-1) for each organic matter phase decaying to CO2. 

3) There is one rate constant kOM for all redox pathways. 

4) There is a sequence of terminal electron accepting pathways (TEAPs) that is 

based on free energy yield of reactions (aerobic, denitrifying, manganese 

reducing, iron reducing, sulphate reducing, methanogenic), from studies such as 

that by Froelich et al (1979) . 

5) The TEAP sequence is parameterized by terminal electron acceptor limitation 

and inhibition factors (FTEA and FIn). 

6) Microbial biomass is optimized for the environmental conditions and adapts to 

changes very quickly, and is therefore not explicitly simulated (Van Cappellen et 

al. 1993). 
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Each of these assumptions is introduced to make the solution of the model more 

tractable, however, revisiting the basis for each opens a path towards ultimately 

designing an improved conceptual model of organic matter oxidation. These problems 

are summarised here, and were either outlined in Chapter 2 or they are explained in 

detail in the following sections:  

1) POM decomposition to CO2 does not match the mechanism described by many 

theoretical models of natural organic matter degradation (explained below in 

3.2).  

2) The kOM for POM is difficult to quantify, because of the theoretical uncertainty 

involved in describing the reaction as POM decomposing to CO2, hence the 

range of values shown in Chapter 2. 

3) The single kOM for all redox pathways is used despite studies that suggest some 

pathways may react faster, in particular, aerobic oxidation may be faster than 

anaerobic oxidation (explained below in 3.2, Aerobic and Anaerobic 

Mechanisms, and Specific Microbial Pathways). 

4) The TEAP sequence is based on free energy yield of reaction, yet the free 

energy yield is not explicitly included in diagenetic model equations (shown 

below, in 3.3), rather 

5) FTEA and FIn have three different approaches in common diagenesis models, and 

uncertain use of constants. (The three approaches were described in Chapter 2.) 

6) Microbial biomass is not simulated despite its fundamental connection to 

thermodynamic constants and organic substrates (explained below, in 3.2 and 

3.4). 

 

The aim of this chapter is to investigate each assumption used in organic matter 

breakdown in light of these limitations, and develop a new conceptual model. 

Unfortunately, there are not six neat answers to the six assumptions and problems 

identified above, because they are all interrelated.  
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The first section of this chapter will give an overview of the other conceptual models of 

organic matter breakdown that are used in laboratory and field analyses. Next, the redox 

sequence will be investigated in order to show, firstly, the differences between the 

common approaches in the literature, and secondly, how the redox sequence is forced in 

diagenesis models. The next section will compare the common approaches to the 

fundamental assumption that the redox sequence is based on the free energy yield of 

redox reactions, ΔG0. This free energy is parameterized in other organic matter models 

via two functions: a thermodynamic factor, FT, which is similar to FTEA and FIn, and the 

growth yield on microbial reactions. Including the growth yield will require microbial 

biomass to be simulated explicitly, and so the next section will demonstrate how 

microbial pools can be simulated, and how microbial growth rates are different to the 

kOM used in traditional diagenesis models. A simple simulation will be set up to 

demonstrate the interaction between iron reducing, sulphate reducing and methanogenic 

microbial groups, testing the new conceptualisation described so far. Finally, a new full 

configuration will be demonstrated and compared with the traditional diagenesis model 

setup from the early part of the chapter.  
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3.2 Reconceptualizing organic matter pools and pathways  

 

Problems in traditional diagenesis models: 

 POM decomposition to CO2 does not match the theoretical mechanism of 

organic matter degradation.  

 The uncertainty in this mechanism makes kOM difficult to quantify. 

 The single kOM for all redox pathways is used despite studies that suggest some 

pathways may react faster. 

Key points: 

 Laboratory, field and numerical scientists use a diversity of organic matter 

conceptual models. 

 A synthesis of these models is undertaken to form the basis for an improved 

mechanistic model 

 

Berner’s 1980 book, which was one of the key works for diagenetic modelling, 

describes the complexity of organic matter degradation processes, but concludes that 

simple conceptual models such that shown in Figure 3 - 1 had to be used because of a 

lack of knowledge of the chemical nature of starting products and intermediates (Berner 

1980). Degradation processes that were too complex include the breakdown of 

particulate organic matter to dissolved organic matter, which is then consumed by 

numerous types of microbes. As identified in Chapter 2, some elements of these 

processes have been included in some diagenesis model applications, however, most 

recent studies persist in using a single breakdown step (Figure 3 - 1). 

 

Figure 3 - 1 The simplest and most common model of organic matter degradation is where 

source POM is transformed directly into end products, thereby lumping the various steps 

of the breakdown mechanism into a single rate parameter. 

This section examines other conceptual models that have emerged, with the aim of 

identifying an alternative to Figure 3 - 1 that can be used as a basis for an improved 

diagenesis model. This is undertaken with the view that it must be numerically and 

computationally tractable and able to incorporate measurable parameters, yet detailed 

enough to capture the crucial pools and pathways that control the overall breakdown 

rate under a diverse range of environmental conditions.  

 POM 
End 

products 

degradation 
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Review of organic matter conceptual models 

This analysis has a simple starting point: we want to take a source of organic matter and 

understand how it is transformed into its end products, effectively to explain the arrow 

in Figure 3 - 1. However, there is a range of conceptual models that have emerged to 

explain that arrow from a diversity of different perspectives (Table 3 - 1), as will be 

discussed in more detail below. Alongside Arndt et al. (2013), Thullner et al. (2007) 

also provide an excellent review of organic matter conceptual models, and Filella 

(2009) reviews laboratory and field analysis of dissolved organic matter. 

 

Table 3 - 1 A range of the approaches used to classify organic matter degradation, 

depending on how scientists intepret the environmental system, or their empirical data. 

 

 

 

 

 

Source particulate 

organic matter 

→ 

Reactivity Labile, refractory  

 

 

 

→ End products 

 

→ Preserved 

organic matter 

Environment Marine, freshwater, estuarine, groundwater 

Origin Allochthonous; autochthonous; 

biomass; transformed 

Oxygen Aerobic, anaerobic degradation 

Specific 

microbial 

pathways 

Aerobic; denitrification; fermentation; 

manganese, iron, sulphate reduction; 

methanogenesis 

Size. 

solubility 

High molecular weight; polymeric, 

monomeric low molecular weight 

Molecular 

type 

Carbohydrates, sugars, lipids, fatty acids, 

proteins, peptides, acetate, hydrogen 

Stoichiometry Organic and inorganic C, N, P 

Preservation Metabolisable, preserved 

 

REACTIVITY  

The common method for conceptualizing the range of reactivities in diagenesis models 

is to lump organic matter concentration into one to four reactive groups or pools, using 

the multi-G method (Figure 3 - 2, Berner 1980). However, it is rare that definitions of 

pools are based on measurements of reactivity, and there is little consistency in how the 

conceptualization of pools is applied between investigations or environments (see 

Chapter 2). There are usually two reactive fractions and one unreactive fraction, though 

the definition of unreactive is dependent on the timescale of reaction as organic matter 

that is not degraded over centuries may be degraded over millennia (Burdige 2006). The 

work of Boudreau and Westrich (1984) has been cited as a justification for the validity 

of the multi-G approach, however, diagenesis modelling studies have not replicated or 

strengthened this justification. Using this approach the associated reaction rates of the 

different pools are difficult to determine, as they depend not only on the site-specific 



75 

 

organic chemicals but also on environmental factors such as the availability of oxidants 

and microbial populations, which can be highly variable.  

  

 

Figure 3 - 2 Most diagenesis models include several reactive POM pools that are 

decomposed to their end products.  

 

As discussed in Chapter 2, in many modelling studies, the number of pools assigned is 

arbitrary, with rates calibrated to field observations of other parameters, such as depth 

profiles or redox-sensitive elements. This type of reactivity-based model has no means 

of testing other unintuitive effects such as priming, where refractory organic matter is 

decomposed faster in the presence of labile organic matter. This effect has been 

observed empirically but the mechanism has not yet been identified (Bianchi 2011).  

 

ORIGINS  

Although organic matter comes from many origins, these can be encompassed in three 

broad categories: the water, land and sediment (Figure 3 - 3). “Allochthonous” and 

“autochthonous” are terms often used for land- and water-derived inputs, but the 

organic matter that is created within the sediment must also be considered, much of 

which is uncharacterisable material (Nebbioso and Piccolo 2012). This principle is 

especially important to consider in estuarine sediments, where the accumulated organic 

matter can be derived from marine, freshwater, saltmarsh and terrestrial sources. In 

terms of reactivity, as was identified in Chapter 2, water-derived organic matter 

generally reacts fastest, however, it would be careless to say that all the labile organic 

matter is necessarily water-derived. 

 

Figure 3 - 3 Many field studies assess the organic matter in a study site by its origin. 
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AEROBIC AND ANAEROBIC METABOLISM 

There is a seemingly simple question asked by sediment scientists about whether 

aerobic decomposition of organic matter is faster than anaerobic decomposition, both in 

the short term laboratory experiments, and for sediments exposed to oxic or anoxic 

waters over long time scales (Figure 3 - 4). The fundamental question here is different 

to the previous two models, in that reactivity is a function of the redox state rather than 

the characteristics of the organic matter. Results in simple laboratory experiments such 

as those of Otsuki and Hanya (1972a, b) and Kristensen et al. (1995) are mixed and it 

could not be concluded that aerobic oxidation is either always faster or never faster than 

anaerobic oxidation.  

 

Using the common diagenesis models, aerobic oxidation happens first, because O2 

inhibits other TEAPs, but not necessarily fastest. However, since aerobic oxidation 

occurs first, it occurs with the most labile organic matter, and so the reactivity of the 

pathway is difficult to distinguish from the reactivity of the organic matter (Van 

Cappellen et al. 1993). As well as O2 inhibiting other TEAPs, O2 or other small 

molecules, such as H2O2 may be involved in the direct degradation of organic matter 

(Bastviken et al. 2003). However, these processes will not be investigated here and the 

focus will remain on O2 inhibition.  

 

Figure 3 - 4 Organic matter can decompose via aerobic and anaerobic pathways, but the 

mechanism for whether aerobic oxidation is faster is not known.  

 

SPECIFIC MICROBIAL PATHWAYS 

Irrespective of the number of organic matter pools chosen, most Approach 1 and 2 

diagenesis models (see Chapter 2) include the six terminal electron accepting pathways 

(TEAPs). The rates of each reaction are summed to give the overall rate based on a 

common reaction rate constant, while the biomass is assumed to be constant (Van 

 POM End 

products 

Aerobic 

conditions 

Anaerobic 

conditions 
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Cappellen et al. 1993). There is an assumption about the relative favourability of the 

TEAPs, which should proceed in the order of free energy yield, based on studies such as 

that of Froehlich et al. (1979, Figure 3 - 5). This sequence is parameterized via the 

inhibition terms such that the presence of a higher energy yielding oxidant inhibits all 

lower energy TEAPs.  

 

An alternative to this approach is to consider the reactions performed by specific 

microbial species, with biomass simulated explicitly, and competition between the 

species in place of inhibition terms. For example, Dale et al. (2006) investigated the 

case of anaerobic oxidation of methane. Thullner et al. (2005) used an approach that is a 

mixture of traditional diagenesis and microbial modelling, simulating general microbial 

groups that used each pathway. In the laboratory, Watson et al. (2003) measured and 

numerically modelled five pathways of phenol degradation as well as fermentation in a 

simulated aquifer. These three studies showed not just that different microbial groups 

use different TEAs, but also that they require different organic matter substrates, 

produced through a multi-step breakdown process. 

 

 

Figure 3 - 5 Although the organic matter breakdown steps themselves may not often be 

simulated, a redox sequence is often simulated.  

 

MULTI-STEP BREAKDOWN 

One conceptualization of particulate organic matter breakdown is that the overall 

process occurs via several intermediate steps, which are rarely included in sediment 

diagenesis models. Large molecules are enzymatically hydrolysed to a general class of 

dissolved molecules referred to here as hydrolysis products (DHyd) such as sugars, amino 

acids, and fatty acids, which can be consumed directly and respired to CO2 by aerobic 
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bacteria (Figure 3 - 6) (Megonigal et al. 2003). The alternative breakdown pathway is 

fermentation by an additional general group of bacteria referred to as fermenters (BFer), 

which produce fermentation products (DFer). These can be further fermented to very 

small molecules such as acetate and H2, which are the main substrates that methanogens 

(BMet) can consume (Megonigal et al. 2003). Fermentation is the slow, rate-limiting step, 

and the terminal oxidation of DFer is a much faster step (Postma and Jakobsen 1996). 

The distinction between the slow fermentation rate and the fast oxidation rate is often 

referred to as the partial equilibrium model (Postma and Jakobsen 1996). In contrast to 

the conceptual models above, here the rate of hydrolysis of source particulate organic 

matter is dependent on the properties of the organic matter, but the rate of oxidation 

may be dependent on the redox conditions.  

 

 

Figure 3 - 6 Organic matter breakdown has been refined to a few key steps: hydrolysis, 

fermentation and respiration.  

 

KNOWN MOLECULAR STRUCTURE 

In terms of the multi-step breakdown model, we could consider that particulate organic 

matter is composed largely of carbohydrates, lipids and proteins; hydrolysis products 

are simple soluble sugars, peptides and amino acids, and long-chain fatty acids; 

fermentation products are short-chain fatty acids and alcohols; and as mentioned above, 

the secondary fermentation products are acetate and H2 (Figure 3 - 7) (Alperin et al. 

1994, Megonigal et al. 2003). These characterizable molecules often only make up a 

small (around 10%) proportion of dissolved organic matter but even so it has been 

shown that characterizing organic matter in this way can indicate general features of its 

composition and reactivity (Benner 2002). The remainder of the organic matter is 

usually referred to as uncharacterizable material.  

 

 POM D
Hyd

 
hydrolysis 

1° fermentation 
D

Fer
 

End products 

respiration 

Acetate, H
2
 

2° fermentation 



79 

 

 

Figure 3 - 7 The key breakdown steps can be resolved when pools are defined based on the 

types of known molecules found at each step: source POM constituents, hydrolysis 

products and fermentation products.  

 

MOLECULAR SIZE MODELS 

Organic matter may be considered to be composed of a continuum of molecular sizes, 

for example, the size-reactivity continuum of Amon and Benner (1996) (Figure 3 - 8). 

Of the organic matter molecules remaining in the sediment, reactivity generally declines 

with declining molecular size. Larger molecules are broken down to smaller molecules, 

and the most reactive small molecules are consumed quickly, leaving small unreactive 

molecules behind. 

 

Alternatively, organic matter may be divided up into a handful of distinct molecular size 

classes, in a similar way to the division of reactive molecules in the multi-G model. For 

example, the model of Burdige and Gardner (1998) follows a multi-step breakdown 

similar to Figure 3 - 6 based on that of Alperin et al. (1994, Figure 3 - 9).  

 

 

Figure 3 - 8 The size-reactivity model describes a sequence of breakdown of POM to 

smaller dissolved molecules before terminal respiration, where each smaller molecule is 

less reactive.  
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Figure 3 - 9 The porewater size and reactivity model is a molecular-size based equivalent 

of the model involving hydrolysis and fermentation. POM decomposes to high-molecular 

weight dissolved organic matter (HMW-DOM), which decomposes to polymeric- and 

monomeric low molecular weight dissolved organic matter (pLMW-DOM and mLMW-

DOM). The pLMW-DOM is the less reactive phase that remains in the sediment.  

 

PRESERVED DISSOLVED ORGANIC MATTER 

Finally, there is a large pool of unreacted dissolved organic matter that remains in the 

sediment, and the processes of its creation and preservation are unknown (Figure 3 - 

10). For a discussion of the uncertainty of organic matter preservation, see the synthesis 

by Hedges and Keil (1995), to which Berner, Henrichs, Mayer, and Pedersen (1995) 

wrote four other papers in response. However, the mechanism is still not well 

understood and organic matter preservation has not been explicitly parameterized in 

diagenesis models to date. In the context of the other principles outlined above, 

preserved dissolved organic matter is considered unreactive, may be produced as a by-

product of hydrolysis, is preserved under anaerobic conditions, corresponds to 

polymeric low molecular weight matter (Komada et al. 2004, Figure 3 - 9), and its 

origin is most likely from the sediment. Processes of DOM adsorption and desorption 

could affect the reactivity of DOM (Burdige and Zheng 1998). 

 

 

Figure 3 - 10 While most source POM is consumed, there is a small amount that 

accumulates over long timescales to form preserved organic matter. The mechanisms for 

its preservation are not included in common organic matter models.  
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Choosing the key pools for a diagenesis model 

Following the above review, a synthesised conceptual model that is based primarily on 

the multi-step breakdown model (Figure 3 - 11) is adopted as a starting point for the 

analyses in the subsequent sections. The hydrolytic, fermentative and terminal 

metabolism steps are separated in order to distinguish these well-known breakdown 

steps, however, the primary and secondary fermentation steps are combined for 

simplicity.  

 

 

Figure 3 - 11 This chapter continues with a model that uses hydrolysis and fermentation 

intermediate breakdown steps, and simulates the redox sequence by considering both 

microbial groups and different TEA.  

In the next sections we investigate the parameterization of the terminal metabolism step 

in common diagenesis models, which involves either of the arrows that go to “end 

products” in Figure 3 - 11. In order to align redox parameterization with free energy 

measurements, growth yield, and thus microbial biomass are required. Thus ultimately 

we build a new organic matter oxidation model using the mechanism shown above and 

thermodynamic measurements for all six TEAPs.  
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3.3 Investigating traditional approaches for the simulation 

of limitation and inhibition in diagenesis models  

 

Problems in traditional diagenesis models: 

 There are three different approaches used to create redox zonation in common 

diagenesis models, but we do not know how their results differ. 

 Redox zonation should be based on free energy yield, but how this is 

parameterized is not clear. 

Key points: 

 Limitation and inhibition are not always clearly distinguished. 

 The constants used are not clearly set according to free energy yield. 

 Chemical poisoning is one alternative inhibition mechanism. 

In order to capture redox zonation in sediment, parameterizing the limitation and 

inhibition of redox pathways is required to activate specific pathways in the correct 

order. The mechanisms of limitation and inhibition and the exact methods of FTEA and 

FIn in diagenesis models were explained in Chapter 2, so a brief summary is given here 

in order to provide some context for the work to be carried out in the subsequent 

sections of this chapter.  

Limitation and inhibition mechanisms and parameterization 

Limitation is the process where a TEAP rate decreases at low TEA concentrations. The 

implementation of this is typically through a limiting factor, FTEA, which scales between 

0 and 1, as a proportion of the TEA concentration, relative to a limiting concentration, 

KTEA. 

 

Inhibition, by contrast, refers to the slowing of a TEAP because of the occurrence of a 

rival TEAP. In traditional sediment diagenesis models, each TEAP is given its place in 

a hierarchy by the inhibition functions, such that the presence of a higher priority TEA 

will inhibit a lower priority TEAP. The assumption is that microbial populations are 

optimized for that geochemical condition, and will adjust very quickly to a new 

condition (Van Cappellen et al. 1993). The implementation of this is typically through 

an inhibition factor, FIn, which scales between 0 and 1, as a proportion of the higher-

priority TEA concentration relative to an inhibiting concentration, KIn.  
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The common practice in traditional sediment diagenesis models is to set KTEA to the 

same value as KIn, thus coupling the limitation and inhibition factors closely: as one 

TEAP becomes limited, its inhibition of lower-priority TEAPs decreases in the same 

proportion. However, KTEA does not have to have the same value as KIn, and in some 

studies reviewed in Chapter 2, KTEA is different to KIn. Similarly, most sediment 

diagenesis studies apply the same KIn for all lower-priority TEAPs, but again, some 

studies use different KIn for one TEA to inhibit different lower priority TEAPs. 

 

For example, the presence of NO3
- will inhibit iron reduction, which means that iron 

reducing bacteria are out-competed by denitrifying bacteria and cannot consume organic 

matter. Once NO3
- is depleted, the microbial population is then quickly optimized for 

iron reduction, which means that denitrifying bacteria are out-competed by iron 

reducing bacteria and cannot consume organic matter. The transition from one optimum 

configuration to another is not immediate, but in the models, this happens over the time 

scale that NO3
- is depleted. Using the model configurations of most studies, the 

presence of NO3
- will inhibit manganese reduction, sulphate reduction and 

methanogenesis by the same amount as it inhibits iron reduction, however, the literature 

provides no evidence that reality, inhibition of sulphate and iron reduction must be 

equally affected by NO3
-.  

Limitation and inhibition parameterization: three approaches 

In Chapter 2, it was shown that there are three broad approaches to diagenesis 

modelling, and one of the features that distinguished them was the mathematical 

formulation of FTEA and FIn. The expressions are summarized in Table 3 - 2, showing 

the mathematical differences between Approaches 1 to 3, for example the use of Monod 

or Blackman kinetics (for the full set of expressions, see Chapter 2, Table 2 – 1).  
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Table 3 - 2 Summary of the differences between Approaches 1 and 2. For the full 

description, including the conditions for Approach 2 limitation and for the expression for 

Approach 3 limitation, see Chapter 2, table 2 – 1. The TEA required for FIn are the TEA 

from other higher priority redox processes.  

Approach Limitation factor - FTEA  Inhibition factor - FIn 

1 𝑇𝐸𝐴

𝑇𝐸𝐴 + 𝐾𝑇𝐸𝐴
 

𝐾𝐼𝑛
𝑇𝐸𝐴 + 𝐾𝐼𝑛

 

2 0, 
𝑇𝐸𝐴

𝐾𝑇𝐸𝐴
or 1 1 −

𝑇𝐸𝐴

𝐾𝐼𝑛
 

3 𝑇𝐸𝐴

𝑇𝐸𝐴 + 𝐾𝑇𝐸𝐴
𝛴𝐿𝑖𝑚⁄  

𝐾𝐼𝑛
𝑇𝐸𝐴 + 𝐾𝐼𝑛

 

  

 𝛴𝐿𝑖𝑚 = 𝐹𝑇𝐸𝐴 𝑂2 + 𝐹𝑇𝐸𝐴 𝑁𝑂3−𝐹𝐼𝑛 𝑂2𝑁𝑂3− + 𝐹𝐼𝑛 𝑁𝑂3−𝐴𝑛𝑜𝑥𝐹𝐼𝑛 𝑂2𝐴𝑛𝑜𝑥 

 

By looking only at the equations, the most striking difference between the approaches is 

that Approach 3 has the most complex FTEA because of the ΣLim term. In its original 

applications, Approach 3 has the fewest TEAPs, lumping manganese reduction, iron 

reduction, sulphate reduction and methanogenesis into one anoxic TEAP. The strength 

of Approach 3 is that in some of its applications (Soetaert et al. 1996a, b), the KTEA were 

different to the KIn, and indeed the KIn of O2 to denitrification was different to the KIn of 

O2 to the anoxic process. In principle, this method could reflect the real processes better 

than the assumption implicit in Approaches 1 and 2, that limitation of higher-energy 

pathways is the inverse of inhibition of lower energy pathways. By far the simplest set 

of equations is for Approach 1, which also has the clearest separation between the 

limitation and inhibition processes. What is not clear from looking only at the equations 

is whether these different mathematical approaches would give the same results, if 

given the same input conditions.  

Comparison of the results of three approaches 

SIMULATION SETUP 

A simple theoretical model experiment with no spatial resolution or physical transport 

processes was conducted, where an idealized homogenous unit of sediment, with one 

pool of organic matter, was left to react in a closed system with a specified amount of 

TEAs. The initial breakdown steps of particulate to dissolved organic matter were 

disregarded so that the focus was on the redox sequence of TEA reacting with one type 
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of labile, dissolved organic matter. There was no bacterial growth or death. The three 

approaches were compared in terms of their different FTEA and FIn, as per Table 3 - 2, 

and the total rate of organic matter being the sum of six or three individual TEAPs, as 

shown in Equations 3 - 1 and 3 - 2. 

Approaches 1, 2 𝑅𝑂𝑀 = 𝑅𝑂2 + 𝑅𝑁𝑂3 + 𝑅𝑀𝑛𝑂2 + 𝑅𝐹𝑒(𝑂𝐻)3 + 𝑅𝑆𝑂4 + 𝑅𝑀𝑒𝑡 3 - 1 

Approach 3 𝑅𝑂𝑀 = 𝑅𝑂2 + 𝑅𝑁𝑂3 + 𝑅𝐴𝑛𝑜𝑥 3 - 2 

 

The selection of parameters was based approximately on that of Van Cappellen and 

Wang (1996) and Thullner et al. (2005), as far as possible, considering that this was 

simplified, zero-dimensional experiment (Table 3 - 3). These parameter values were 

chosen in order to remain close to these other papers, however, there is uncertainty in 

the choice of all parameter values, which is discussed in more detail in Chapter 4.2. 

This simulation was solved numerically, with a standard Eulerian solution, for a period 

of 2.5 years, with hourly time steps. The simulation approach used in this section will 

also be referred to in later sections of this chapter, so that the new approaches can be 

compared with the approach used in previous diagenesis model applications.  

 

Figure 3 - 12 This simulation involved the breakdown of an organic matter pool via six 

TEAPs, using Approaches 1, 2 and 3. In the case of Approach 3, the lower four TEAPs 

were grouped into one anoxic TEAP. 

  

OM End 

products 

Aerobic 

Denitrification 

Mn reduction 

Fe reduction 

SO
4

2-
 reduction 

Methanogenesis 
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Table 3 - 3 Parameter setup for the experiments in this section. Initial and limiting 

concentrations (KTEA and KIn) are in μmol L-1. kOM is in y-1. KIn for each TEA are the 

concentrations of those TEA that inhibit lower energy pathways. 

Variable Initial 

concentration 

KTEA, KIn  𝑇𝐸𝐴 𝑂𝑀⁄  

O2 231 20  130 

NO3
- 1.5 5  92 

MnIV 100 2.4×104  212 

FeIII 187.5 1.5×105  424 

SO4
2- 2.8×104 1.6×103  5 

 Initial 

concentration 

kOM (y-1)   

OM 1625 0.9   

     

 

 

RESULTING CONCENTRATIONS 

Because this experiment was set up as a closed system, the consumption of TEA over 

time can be approximately compared to the redox sequence that occurs with depth 

(Figure 3 - 13). The oxidants were consumed in the approximate order of the redox 

sequence, except that using Approaches 1 and 3, NO3
- was fully depleted before O2 and 

using Approach 2, O2 was consumed first. SO4
2-

 was fully depleted before Fe(OH)3 

using both Approaches 1 and 2. The consumption of Fe(OH)3 and MnO2 were similar in 

Approaches 1 and 2, with only a few hours difference between them. SO4
2- was 

consumed approximately one month earlier using Approach 1 than with Approach 2. 

Nevertheless, the fact that different concentrations result, given the same input 

conditions, is notable; whether this effect would be increased, decreased or indeed 

significant, in a full depth-resolved model with transport processes and secondary 

reactions, is unclear.  

 

RESULTING RATES 

The biggest difference between Approach 3 and the other two approaches was that 

inhibited and reduced the total rate of organic matter oxidation until O2 and NO3
- were 

exhausted (Figure 3 - 13, bottom right). The calculated rates using Approaches 1 and 2 

are similar and the major difference between them is that Approach 1 allows a small 

amount of each TEAP to occur at all times, even from the beginning of the simulation, 

whereas Approach 2 has a much clearer separation between the TEAPs. For example, 

using Approach 2, methanogenesis does not begin until 0.5 y, whereas with Approach 1, 
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it occurs to some small extent from the beginning. The implication of this for a depth 

resolved model would be a greater separation of the TEAPs between depth zones.  

 

Figure 3 - 13 Relative oxidant concentrations and organic matter reaction rates. The x axis 

is log10 time.  

Left – Oxidant concentrations relative to their starting concentration, for each of the three 

approaches.  

Right – Organic matter oxidation rate for each of the three approaches. The total slope is 

the size of total organic matter oxidation, which declines in proportion to total organic 

matter concentration. (Denitrification, manganese reduction and iron reduction are barely 

visible on these plots but do contribute to the total ROM.) 

 

Empirical descriptions of limitation and inhibition 

In the above approach, the hierarchy of TEAPs has been forced to broadly follow the 

expected redox sequence without a clear mechanistic model for how the processes 

interact. Observed mechanisms can be found in the literature, whereby specific 
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chemicals poison reaction pathways, the clearest being oxygen inhibiting all other 

pathways (Megonigal et al. 2003). There are many other fragmented examples of other 

TEAs inhibiting other pathways, but no general rules that can be applied. For example, 

NO3
- may inhibit methanogenesis, but the mechanism is not well understood 

(Megonigal et al. 2003). There is evidence for iron reduction in marine sediments to be 

inhibited by nitrate (Sørensen 1982, cited in Capone and Kiene 1988). There is a well-

studied mechanism for reduced Fe2+ to poison the surfaces of iron oxide minerals, and 

so iron reduction inhibits itself (Roden 2006). Oxidized manganese can oxidize reduced 

Fe (II) back to Fe (III) and thus inhibit net iron reduction (Lovley and Chapelle 1995), 

yet promote Fe (III) reduction by removal of Fe2+. Sulphate reduction and iron reduction 

can promote each other by precipitation of FeS, a syntrophic mechanism explored in 

detail by Bethke et al. (2011). 

 

The explanation given for the forcing of the redox sequence with FTEA and FIn is that 

there is a general pattern of rates occurring with depth, and that this pattern corresponds 

to the free energy yield of each TEA (Van Cappellen et al. 1993). The free energy yield 

is often attributed to work such as that by Froehlich et al. (1979) as given in Table 3 - 4, 

and although these are parameters that can be measured precisely in the laboratory, 

there is often a range of these presented in the literature (which is explained in detail in 

Chapter 4). The key point for this analysis is that there is no obvious connection 

between these energy measurements and the values chosen for KTEA and KIn. Indeed, the 

energy yield of reduction in the first three TEAPs (~-3000 kJ mol-1) is much closer than 

for the final two TEAPs, yet the FIn apply equally to all lower-priority (lower energy) 

TEAPs. Thus the question that drives the remainder of this chapter is this: can the 

parameterization of the redox sequence be reconciled with fundamental thermodynamic 

principles such as free energy measurements? 

 

Table 3 - 4 Free energies (kJ mol glucose-1) of TEAPs according to Froelich et al. (1979). 

Aerobic Denitrification Manganese 

reduction 

Iron 

reduction 

Sulphate 

reduction 

Methanogenesis 

-3190 -2750 -3090 -1330 -380 -350 

 

  



89 

 

3.4 How limitation and inhibition can be parameterized as 

a function of free energy yield 

 

Problem in traditional diagenesis models: 

 Redox zonation is forced by reliance on limitation and inhibition constants that 

are not linked to free energy yield. 

Key points: 

 Limitation and inhibition mechanisms can be explained by the mechanism of 

competitive exclusion, which requires 

o free energy yield and 

o substrate limitation 

 Competitive exclusion is parameterized , using  

o the thermodynamic factor, FT and 

o growth yields, Y 

 Iron reducers, sulphate reducers and methanogens compete for fermentation 

products, without the need for FIN 

 

Another mechanism for redox zonation: competitive exclusion  

An alternative explanation for the relationships between TEAPs is competitive 

exclusion. The interactions are highly dependent on many geochemical factors, such as 

iron mineral stability and pH (Postma and Jakobsen 1996), but the basic theory 

proposes that in low energy environments, inhibition occurs by one TEAP keeping the 

concentration of organic substrate below a critical low concentration (Megonigal et al. 

2003). 

 

When there is a high concentration of fermentation products such as H2, then iron 

reduction, sulphate reduction and methanogenesis can occur simultaneously and indeed 

promote each other, through syntrophy (Bethke et al. 2011). The two TEAPs would 

promote each other because FeS precipitation removes the by-products of both the 

reactions that would otherwise inhibit them (Figure 3 - 14).  
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Figure 3 - 14 FeS precipitation removes Fe2+ and S2- ions, which would inhibit iron 

reduction and sulphate reduction. Therefore FeS precipitation promotes both reactions, 

and both reactions operating concurrently can promote each other.  

 

However, when organic substrate concentrations are low, according to the competitive 

exclusion mechanism, iron reduction can continue with a lower substrate concentration 

than sulphate reduction, due to thermodynamic limitation on sulphate reduction 

(Megonigal et al. 2003). For each molecule of organic substrate oxidized, iron reducers 

derive more free energy from iron reduction than sulphate reducers derive from sulphate 

reduction. Or considered the other way around, for the same free energy yield, sulphate 

reducers require more substrate than iron reducers require. Similarly, sulphate reduction 

can continue with a lower substrate concentration than methanogenesis.  

 

This may seem like a complicated version of the traditional FTEA and FIn from Section 

3.3, in that there is the same sequence of limitation and inhibition, with some allowance 

of simultaneous pathways (if we use Approach 1) (Figure 3 - 15). However, the key 

difference is that this competitive exclusion approach is closely linked to measurable 

parameters: substrate limitation, free energy yield and growth yield of each process, all 

of which will be examined in the next section. 
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Figure 3 - 15 The interaction between iron reducers (BIro), sulphate reducers 

(BSul) and methanogens (BMet), given different geochemical conditions and 

rate controlling factors. 

Top left – When Fe(III) and SO4
2- concentrations are low, FTEA limits the 

iron and sulphate reduction, but methanogenesis is never limited. 

Top right – Using FIn, if Fe(III) is present it will inhibit sulphate reduction 

and methanogenesis. If SO4
2- is present, it will inhibit methanogenesis. 

Bottom left – With the mechanism of competitive exclusion, when organic 

matter substrate concentration is low, iron reducers extract enough free 

energy to grow, but sulphate reducers and methanogens are 

thermodynamically limited. FT is the thermodynamic factor, explained in the 

next section. 

Bottom right – With competitive exclusion, when organic matter substrate 

concentration is low, Fe(III) concentration can decrease and limit iron 

reduction. With iron reduction limited, organic matter concentration can be 

high enough for sulphate reduction to be energetically favourable, but not 

high enough for methanogenesis to be favourable.  
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Parameterization of the free energy yield and the competitive exclusion mechanism 

There are two methods by which free energy yield is used to calculate microbial 

interactions: the growth yield, Y, and thermodynamic factor, FT.  

 

The growth yield parameter is the amount of new biomass that is produced per organic 

matter substrate consumed, where the rest of the carbon is dedicated to cell 

maintenance. The different units, equations and values for growth yield are examined in 

detail in Chapter 4 and the rate equation is explained in Section 3.5. The Y of each 

pathway has been found to correlate with the free energy yield of the oxidation reaction, 

according to the comprehensive literature review by Roden and Jin (2011). Thus the 

yield parameter, while primarily concerned with the carbon obtained from the substrate, 

is an empirically-measured implicit link between free energy yield and the limitation 

and inhibition processes.  

 

An explicit link has also been created, in the thermodynamic factor, FT, which accounts 

for the changes in free energy as concentrations of organic substrates, TEA and by-

products in an environment change. Whereas growth yield is based on the carbon 

obtained from the substrate, FT is based on the energy obtained from the substrate. The 

FT is also needed because if the geochemical environment is far from equilibrium, then 

it can be energetically unfavourable for bacteria to consume the substrate. (The equation 

for FT is given in the next section.) 

 

In the example described above, when TEA and substrate are abundant, the higher 

growth yield for iron reducers causes them to grow faster than sulphate reducers, but 

sulphate reducers can still grow. However, as substrate declines, at some point, the FT 

for each group will inhibit consumption: firstly for methanogens, then for sulphate 

reducers, because of the lower free energy. Alternatively, by-product accumulation may 

also trigger FT to inhibit the reaction. 
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A brief review of the thermodynamic factor, FT 

The thermodynamic factor, FT, was developed by Curtis (2003), Jin and Bethke (2005) 

and described very clearly and concisely by LaRowe and Van Cappellen (2011). The 

factor is used in these microbial models, however, it has not been used in the diagenesis 

models reviewed in Chapter 2. This is partly because it is has only been developed 

relatively recently, and partly because it is not simple to integrate the factor into 

diagenesis models, as the following sections and chapters show. The FT is a factor that 

scales between 0, which stops the reaction, and 1, which allows the reaction to proceed, 

in the same way as FTEA and FIn. The form of the equation proposed by Jin and Bethke 

is that shown in equation 3 - 3. The m and χ are stoichiometric coefficients, ΔGATP is the 

energy required to synthesise one mole of ATP, R is the gas constant and T is the 

temperature. In the case where the FT < 0 then the factor is set to 0 by convention, 

otherwise a negative FT would represent the case where microbes carried out a reaction 

that was unfavourable to their metabolism.  

 
𝐹𝑇 = 1 − 𝑒𝑥𝑝 (

∆𝐺𝑟 +𝑚∆𝐺𝐴𝑇𝑃
𝜒𝑅𝑇

) 
3 - 3 

ΔGr is the changing free energy in the system, which controls whether the FT becomes 

favourable or not as the environment changes, and is calculated according to the 

simplified version in equation 3 - 4 (see Jin and Bethke 2005 for a more precise 

definition): 

 

where ΔG0 is the standard state free energy of a redox reaction, calculated as the sum of 

the energy of the reduction of a TEA and the oxidation of an organic substrate. These 

energies are well constrained by laboratory data, though there may be differences 

between laboratory and field conditions that create some uncertainty in their use 

(Bethke et al. 2011). Practically, this equation allows for ΔGr to be very close to 

∆𝐺0when the reactants are at high concentrations relative to the products. Inversely, 

when the products are at relatively high concentrations, ΔGr becomes more positive, 

making FT more negative (Table 3 - 5). FT values less than zero as assumed to be equal 

to zero. 

 

 
∆𝐺𝑟 = ∆𝐺

0 + 𝑅𝑇𝑙𝑛 (
[𝑟𝑒𝑑𝑜𝑥 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠]𝑚𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑖𝑜𝑠

[𝑟𝑒𝑑𝑜𝑥 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠]𝑚𝑜𝑙𝑎𝑟 𝑟𝑎𝑡𝑖𝑜𝑠
) 

3 - 4 
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An alternative to equation 3 - 3 was proposed by LaRowe et al. (2012), which is more 

practical to use (equation 3 - 5, where F is the Faraday constant and ΔΨ is the 

membrane potential for ATP production): 

 

Equation 3 - 3 requires the constants m and χ, which are parameters that could be 

measured empirically, however as yet they have not all been measured for every redox 

pathway for every substrate, and therefore authors have had to estimate some values 

when using equation 3 - 3 (Dale et al. 2008). It also requires ΔGATP, which is around 45 

kJ (mol substrate)-1 but has variable published values (see Chapter 4). By contrast, 

equation 3 - 5 only has one unknown parameter, ΔΨt. Practically, equation 3 - 5 also has 

the advantage of calculating FT with an asymptote towards 0 rather than generating any 

negative results. Because of its practicality, Equation 3 - 5 is used throughout the rest of 

this thesis for FT calculations. 

 

Table 3 - 5 Simplified summary of the practical function of FT. 

 

Concentrations Using Equation 3 - 4 Using Equation 3 - 3 Using Equation 3 - 5 FT 

Relative 

products/reactants 

ΔGr 
1 − exp (

∆𝐺𝑟 +𝑚∆𝐺𝐴𝑇𝑃
𝜒𝑅𝑇

) 
1

𝑒(
∆𝐺𝑟+𝐹𝛥𝛹

𝑅𝑇 ) + 1

 
FT 

→ 

𝒉𝒊𝒈𝒉 [𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒔]

[𝑙𝑜𝑤 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠]
 

more positive 1 – large value 1

large value
 

0 

[𝑙𝑜𝑤 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠]

𝒉𝒊𝒈𝒉 [𝒓𝒆𝒂𝒄𝒂𝒏𝒕𝒔]
 

more negative 1 – small value 1

small value +  1
 

1 

 

Around neutral pH the conditions for fermentation product consumption by iron 

reducers, sulphate reducers and methanogens are all thermodynamically favourable, but 

this changes with changing pH (Bethke et al. 2011). Acidity either promotes or hinders 

the reaction depending on whether the protons are produced or consumed in the 

reaction.  

  

 
𝐹𝑇 =

1

𝑒(
∆𝐺𝑟+𝐹𝛥𝛹

𝑅𝑇
) + 1

 
3 - 5 
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The FTEA cannot be replaced by the FT under all conditions 

At first glance one might expect that FT could represent TEA limitation: as the 

concentration of a TEA approaches zero, so too should FT (see Table 3 - 5). However, 

this expression reaches a practical limit for ΔG0 values greater than around 1×103 kJ 

mol-1.  

 

Consider, for example a litre of pore water with a very low TEA concentration such as 

1.7×10-24 mol L-1, which would be equivalent to 1 molecule L-1. Once the ΔGr 

expression is applied and the log is taken, the highest values possible are in the order of 

136 kJ mol-1. For ΔG0 values of around –100 kJ mol-1, this FT term is well suited to 

giving results ranging between favourable and unfavourable values. However, for 

reactions with ΔG0 values of around –1000, the changeable part of the expression will 

never be large enough to make the reaction unfavourable.  

 

If, however, there were one less molecule in that litre of water (0 mol L-1), the ΔGr 

could not be calculated (because there cannot be a natural log of 0). Thus it is only 

practical to apply FT to reactions with low ΔG0, which includes fermentation reactions 

and oxidation of fermentation products. For high ΔG0 reactions, such as aerobic 

oxidation of hydrolysis products, a kinetic FTEA is still needed, and the uncertainty in the 

choice of KTEA persists.  

 

Table 3 - 6 Two situations for the FT calculation with one molecule in a litre of water, 

using Equation 3 - 5: left – with ΔGr around 100, FT may be favourable; right – with ΔGr 

around 1000, FT will always be favourable.  

∆𝐺𝑟 = ∆𝐺
0 + 𝑅𝑇𝑙𝑛 (

[𝑟𝑒𝑑𝑜𝑥 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠]

[𝑙𝑜𝑤 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠]
) 

∆𝐺𝑟 = ∆𝐺
0 + 𝑅𝑇𝑙𝑛 (

1

1.7 × 10−24
) 

∆𝐺𝑟 = ∆𝐺
0 + 𝑅𝑇𝑙𝑛(6 × 1023) 

∆𝐺𝑟 = ∆𝐺
0 + 𝑅𝑇(55) 

∆𝐺𝑟 = ∆𝐺
0 + 136 

∆𝐺𝑟 = −𝟏𝟎𝟎 + 136 ∆𝐺𝑟 = −𝟏𝟎𝟎𝟎 + 136 

𝐹𝑇 =
1

𝑙𝑎𝑟𝑔𝑒 𝑣𝑎𝑙𝑢𝑒
= 𝑝𝑜𝑠𝑠𝑖𝑏𝑙𝑦 𝑢𝑛𝑓𝑎𝑣𝑜𝑢𝑟𝑎𝑏𝑙𝑒 𝐹𝑇 =

1

𝑠𝑚𝑎𝑙𝑙 𝑣𝑎𝑙𝑢𝑒 + 1
= 𝑎𝑙𝑤𝑎𝑦𝑠 𝑓𝑎𝑣𝑜𝑢𝑟𝑎𝑏𝑙𝑒 
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3.5 Simulating microbial growth to capture competitive 

exclusion 

 

Problems in traditional diagenesis models: 

 POM decomposition to CO2 does not match the mechanism described by 

theoretical models of organic matter degradation, and therefore 

o the kOM is difficult to quantify,  

o the single kOM for all redox pathways is difficult to justify, and 

o microbial biomass is not simulated. 

 Redox zonation should be based on free energy yield, but it is not clear how this 

is parameterized. 

Key points: 

 The microbial growth rate constant is compared with kOM 

 Steps towards a new organic matter model are taken with a simple simulation 

 The competitive exclusion phenomenon is simulated between iron reducers, 

sulphate reducers and methanogens, using thermodynamic properties 

 

 

In order to build a more mechanistic model of organic matter degradation, the model 

must be more closely aligned with theoretical descriptions of the processes, which could 

include determining the TEAPs according to free energy yield. Free energy yield is 

parameterized via growth yield, Y, and FT, and so in order to include Y, microbial 

biomass must be explicitly simulated. By doing so, a new, more specifically-defined  

parameter can be included: rather than using the general kOM, microbial growth, kgrowth 

can be used.  

 

The difference between microbial growth rate and organic matter oxidation rate 

There is a subtle but important difference between the conceptual model in traditional 

diagenesis models and that in microbial models. In the former, organic matter 

spontaneously decomposes in the presence of a steady population of bacteria; in the 

latter, organic matter is consumed and transformed at a rate that is dependent on the 

types and changing populations of bacteria.  

 

It was a key assumption from Berner’s G model that the rate of organic matter 

consumption is proportional to a rate constant, to the organic matter concentration 
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(rather than the oxidant concentration), and a combination of unitless limiting factors 

(F…) (Equation 3 - 6). Using this equation assumes that all bacterial populations are 

constant (Van Cappellen et al. 1993) and the overall rate will decline as the organic 

matter concentration decreases.  

 𝑑𝑂𝑀

𝑑𝑡
= 𝑘𝑂𝑀 𝑂𝑀 𝐹… 

3 - 6 

With the equivalent microbial models (Thullner et al. 2005, Schäfer et al. 1998), the rate 

equation is usually a variation of:  

 𝑑𝐵

𝑑𝑡
= 𝑘𝑔𝑟𝑜𝑤𝑡ℎ 𝐵 𝐹… 𝑌 − 𝑘𝑑𝑒𝑎𝑡ℎ𝐵 

3 - 7 

where B is the biomass in units of mol C, kgrowth is the maximum rate of growth, kdeath is 

a constant rate of cell death and F… represents any combination of unitless limiting 

factors. The coefficient Y is the yield of new biomass carbon from consumed carbon, 

where the remainder of the carbon (and associated energy) are dedicated to cell 

maintenance.   

 

Under conditions where growth is not limited, any growth of bacteria is primarily 

proportional to the concentration of bacteria at the previous time step, and the organic 

matter concentration does not directly affect the rate. However, the rate of organic 

matter consumption is directly proportional to the rate of growth, divided by the yield, 

because bacteria only grow while consuming carbon:  

 
𝑑𝑂𝑀

𝑑𝑡
=

𝑑𝐵
𝑑𝑡
𝑌
⁄  

3 - 8 

In this case, in contrast to the rate equation 3 - 6, the rate of organic matter 

decomposition will only decline if there is a net decrease in the biomass.  

 

Model setup to examine competition between iron reducers, sulphate reducers and 

methanogens 

GENERAL MODEL SETUP 

The next step is to explore the advantages of using growth yields and FT to represent 

TEAP limitation and inhibition. Sulphate and iron reducing bacteria, as well as 

fermenters, were simulated using a setup similar to that in Section 3.3, with a closed 

system in which initial concentrations of TEA and organic matter are consumed, with 
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no spatial dimensions, according to the schematic in Figure 3 - 16. The initial 

concentration of SO4
2- was decreased and Fe(OH)3 was increased relative to those in 

Section 3.3 so that allowed the three TEAPs to be displayed more clearly (Table 3 - 8). 

The simulation has three bacterial groups competing for the same substrate produced by 

a fourth group, fermenters. The initial biomass, growth and death rate constants are held 

the same for each group, and the growth yield is the first of two terms that account for 

competition between the groups (Table 3 - 7). The second term that accounts for 

competition is the changing ΔGr, which then affects the thermodynamic factor, FT. 

These are all low-energy reactions, the ΔGo of which is more positive than -750 kJ mol-

1, and so, as per the explanation in Table 3 - 6, the FT calculation is appropriate here and 

may be able to explain the energetic interaction between the microbial groups. 

 

To prevent the bacteria dying faster than they can grow, an arbitrary minimum 

(dormant) cell population was set to be 5×1010 cells mL-1 (5% of the maximum). 

 

 

Figure 3 - 16 Anaerobic system with three microbial groups competing for the products 

produced by the fermenters. This system involves primary and secondary fermentation.  

 

As with the simulation in Section 3.3, there is only one source of organic matter. 

Primary and then secondary fermentation processes were added so that an FT could be 

included, limiting fermentation. In this simulation there is no inhibition of iron 

reduction by Fe2+ adsorption to the outer surfaces of iron minerals, which would be 

better calculated with the full diagenesis model. However, Fe2+ build up does inhibit 

iron reduction thermodynamically by increasing ΔGr. Similarly, H2S hinders sulphate 

reduction, however, FeS precipitation can remove both of these reduced products and 

assist the reduction reactions (Figure 3 - 17).  
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Figure 3 - 17 Accumulation of reaction by-products such as Fe2+ and S2- decrease the FT 

and slow both iron reduction and sulphate reduction. However, the precipitation of FeS 

from Fe2+ and S2- removes them from the system, thus assisting both TEAPs.  

 

Another addition to this simulation is thermodynamic constraint on fermentation, using 

FT (Figure 3 - 16). In order to include this as a rate limiting factor, we assume here that 

DHyd has the stoichiometry and energetics of glucose. The glucose ferments to ethanol 

and butyrate, which in turn ferment to acetate and H2. The hydrolysis and fermentation 

by-products are included in the FT for fermentation to promote or limit fermentation 

(Table 3 - 10). 

 

FIRST EXPERIMENT – SIMULATING MICROBIAL GROUPS 

For the first experiment, FTEA and FIn were excluded so that the role of FT alone could be 

demonstrated. For comparison with Section 3.3, the rate equation for both fermentation 

and respiration becomes:  

 𝑅𝑂𝑥 = 𝑘𝑔𝑟𝑜𝑤𝑡ℎ𝐹𝑂𝑀𝐵𝐹𝑇  3 - 9 

and the general rate of growth of the bacterial groups is  

 𝑅𝑔𝑟𝑜𝑤𝑡ℎ = 𝑅𝑂𝑥 𝑌 − 𝑘𝑑𝑒𝑎𝑡ℎ𝐵 3 - 10 

 

The aims of this experiment were to test the general model setup and to see whether the 

competitive exclusion mechanism could be captured. FT parameters are given in Table 3 

- 9. 

 

SECOND EXPERIMENT – COMPARING THREE FTS 

As a separate second experiment, the FT of H2 respiration was calculated over a range of 

H2 concentrations, and with all other chemical concentrations fixed to those at the end 
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of the first experiment. The aim of this experiment was to see whether FT responded to a 

range of H2 concentrations differently for each of the three TEAPs iron reduction, 

sulphate reduction and methanogenesis.  

 

The methane concentration was held at zero so that it would not feed back and limit 

methanogenesis. In natural environments, methane would be consumed by 

methanotrophic bacteria (Dale et al. 2006), but this mechanism was not included in this 

chapter.  

 

Table 3 - 7 Biomass (mol substrate)-1; ΔG0
 in kJ (mol substrate)-1. The ΔG0Iro is for 

amorphous iron. 

 YBIro ΔG0
Iro Fe/substr YBSul ΔG0

Sul S/substr YBMet ΔG0
Met C/substr 

Acetate 18.7 -736.6 8 2.03 -64.7 1 1.02 -31.7 1 

H2 4.54 -230.7 2 1.15 -38.8 1/4 0.94 -31.3 1/4 

 

Table 3 - 8 Concentrations in mol L-1 

 FeOOH SO4
2- POM 

Initial concentration  4×10-3 1×10-3 2×10-3 

Boundary - - 1×10-4 

 

Table 3 - 9 Constants.  

   

F 96.5 kJ (volt g)-1 

R 8.314 kJ K-1 mol-1 

T 298 K 

ΔΨ 0.12 V 

[H+] 1×10-8 mol L-1 

[HCO3
-] 1.6×10-6 mol L-1 

 

  



101 

 

 

Table 3 - 10 Balance equations 

  

  

∆𝐺𝑟𝐹𝑒 𝑂𝐴𝑐 = 𝛥𝐺𝐹𝑒 𝑂𝐴𝑐
0 + 𝑅𝑇ln (

[𝐹𝑒2+]8

[𝑂𝐴𝑐][𝐹𝑒𝑂𝑂𝐻]8[𝐻+]15
) 

CH3COO
− + 8FeOOH + 15H+

→ 8Fe2+

+ 16H2O 

  

∆𝐺𝑟𝐹𝑒 𝐻2 = 𝛥𝐺𝐹𝑒 𝐻2
0 + 𝑅𝑇ln (

[𝐹𝑒2+]2

[𝐻2]
1[𝐹𝑒𝑂𝑂𝐻]2[𝐻+]4

) 
H2 + 2FeOOH + 4H

+

→ 2Fe2+

+ 4H2O 

  

∆𝐺𝑟𝑆𝑂4 𝑂𝐴𝑐 = 𝛥𝐺𝑆𝑂4 𝑂𝐴𝑐
0 + 𝑅𝑇𝑙𝑛 (

[𝐻𝑆−][𝐻𝐶𝑂3
−]2

[𝑂𝐴𝑐][𝑆𝑂4
2−]

) 
CH3COO

− + SO4
2−

→ HS−

+ 2HCO3
− 

  

∆𝐺𝑟𝑆𝑂4 𝐻2 = 𝛥𝐺𝑆𝑂4 𝐻2
0 + 𝑅𝑇𝑙𝑛 (

[𝐻𝑆−]

[𝐻2]
4[𝑆𝑂4

2−][𝐻+]
) H2 +

1

4
SO4

2− +
1

4
H+

→
1

4
HS−

+ 1H2O 

  

∆𝐺𝑟𝑀𝑒𝑡ℎ 𝑂𝐴𝑐 = 𝛥𝐺𝑀𝑒𝑡ℎ 𝑂𝐴𝑐
0 + 𝑅𝑇𝑙𝑛 (

[𝐶𝐻4][𝐻𝐶𝑂3
−]

[𝑂𝐴𝑐]
) 

CH3COO
− + H2O → CH4

+ HCO3
− 

  

∆𝐺𝑟𝑀𝑒𝑡ℎ 𝐻2 = 𝛥𝐺𝑀𝑒𝑡ℎ 𝐻2
0 + 𝑅𝑇𝑙𝑛 (

[𝐶𝐻4]
1
4

[𝐻2]
1[𝐻𝐶𝑂3

−]
1
4[𝐻+]

1
4

) 
H2 +

1

4
HCO3

− +
1

4
H+

→
1

4
CH4

+
3

4
H2O 

  

∆𝐺𝑟𝐹𝑒𝑟 𝐵𝑢𝑡
= 𝛥𝐺𝐹𝑒𝑟 𝐵𝑢𝑡

0

+ 𝑅𝑇𝑙𝑛 (
[CH3CH2CH2COO

−]0.7[CH3COO
−]1[HCO3

−]2[H2]
2.6[H+]3.3

[C6H12O6]
) 

C6H12O6 + 2.4H2O
→ 0.7CH3CH2CH2COO

−

+ CH3COO
− + 2HCO3

− + 2.6H2
+ 3.3H+ 

  

∆𝐺𝑟𝐹𝑒𝑟 𝐸𝑡ℎ
= 𝛥𝐺𝐹𝑒𝑟 𝐸𝑡ℎ

0

+ 𝑅𝑇𝑙𝑛 (
[CH3CH2CH2COO

−]0.7[CH3COO
−]1[HCO3

−]2[H2]
2.6[H+]3.3

[C6H12O6]
) 

C6H12O6 + 0.6H2O
→ 1.2CH3CH2OH + CH3COO

−

+ 1.2HCO3
− + 0.4H2

+ 0.4HCOO− + 2.6H+ 

  

∆𝐺𝑟𝐹𝑒𝑟 𝐸𝑡ℎ2 = 𝛥𝐺𝐹𝑒𝑟 𝐸𝑡ℎ2
0 + 𝑅𝑇𝑙𝑛 (

[CH3COO
−]1[H2]

2[H+]1

[CH3CH2OH]
1

) 
CH3CH2OH + H2O

→ CH3COO
−

+ 2H2 + H
+ 

  

∆𝐺𝑟𝐹𝑒𝑟 𝐵𝑢𝑡2 = 𝛥𝐺𝐹𝑒𝑟 𝐵𝑢𝑡2
0 + 𝑅𝑇𝑙𝑛 (

[CH3COO
−]1[H2]

2[H+]1

[CH3CH2CH2COO
−]1

) 
CH3CH2CH2COO

− + 2H2O
→ 2CH3COO

−

+ 2H2 + H
+ 
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First experiment results – simulating microbial groups 

ORGANIC MATTER CONCENTRATIONS 

The source POM was hydrolysed steadily and transformed into DHyd, which was 

fermented to DFer (Figure 3 - 18, top left). Acetate, ethanol and butyrate concentrations 

were constantly very low, as they were consumed as soon as they were produced. In 

contrast, H2 was consumed by the respiring bacteria more slowly than it was produced 

by the fermenters, which indicates that there was a limit on its oxidation rate. The BFer 

concentration increased and stayed highest for the whole simulation, due to an 

abundance of DHyd substrate (Figure 3 - 18, bottom left). The respiring bacteria dropped 

to the minimum cell concentration and never recovered, indicating that there was either 

a substrate or thermodynamic limitation on their growth in this simulation.  

 

ACETATE – RATES  

The acetate respiration rates of the three microbial groups were the same for the first 5 

years until iron reduction was limited, and then sulphate reduction and methanogenesis 

rates increased gradually (Figure 3 - 18, top right). At 40 years sulphate reduction of 

acetate became limited and methanogenesis doubled, suggesting that there was a 

substrate limitation on methanogenesis while sulphate reduction was taking place.  

 

H2 – RATES 

The H2 respiration by BIro was initially the highest, until iron reduction was limited at 20 

years (Figure 3 - 18, bottom right). Respiration by BSul was lower than that by BIro, 

increasing after iron limitation and then reaching its own limit and dropping to zero at 

around 40 years. Respiration by BMet was very low but increased when iron and sulphate 

became limited. The reason for iron or sulphate limitation is not evident from Figure 3 - 

18. 
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Figure 3 - 18 Top left – organic matter concentrations; top right – respiration rates for 

acetate; bottom left – microbial populations; bottom right – respiration rates for 

hydrogen. 

 

TEA CONCENTRATIONS 

Iron (III) was exhausted before 20 years and reached its half concentration at 7 years. 

SO4
2- reached its half concentration around 20 years. Figure 3 - 19 (top left) is in units 

of concentration relative to maximum concentration, which in the cases of Fe (III) and 

SO4
2-, is the initial concentration. As Fe (III) and SO4

2- concentrations fell below their 

half concentrations, the concentrations of their reduced species increased above their 

half concentrations, due to the 1:1 stoichiometry of the reaction. FeS was produced from 

Fe2+ and S2- but at low concentrations. A higher rate constant for FeS precipitation 

might have had a bigger effect on enhancing iron reduction. There was a slight increase 

in the rate of CH4 production at the times when iron and sulphate limitation occurred.  

 

TEAP RATES 

The total organic matter oxidation rate was variable, as the sum of the three variable 

TEAPs (Figure 3 - 19, top right). Iron reduction had a small drop in its rate at around 9 

years, when acetate oxidation ceased, then a complete stop at around 20 years, when H2 

oxidation ceased. After this point, although total organic matter oxidation had 
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decreased, sulphate reduction had increased. This was the same general pattern as was 

seen for the simulation with FTEA and FIn in Section 3.3.  

 

FACTORS 

The FT explained much of the results above. Once Fe2+ crossed its half concentration, 

the FT of acetate oxidation started to drop, which stopped the reaction. The FT of H2 

oxidation by iron was less sensitive to Fe2+ and did not drop to zero until Fe (III) was 

exhausted at 20 years. In contrast, the FT of acetate oxidation by SO4
2- was not sensitive 

to the production of its reduced species, S2-, and was only sensitive to the exhaustion of 

SO4
2-. However, the FT for H2 oxidation by SO4

2- changed constantly throughout the 

simulation. The FT increased along with H2 concentration, including the greater 

concentration available after iron reduction ceased, then ultimately also falling to zero 

after SO4
2- exhaustion. Methanogenesis from acetate was always favourable but 

methanogenesis from H2 only started to become slightly favourable after the iron and 

sulphate reduction pathways ceased, which accounted for the rapidly increasing H2 

concentration.  

 

Figure 3 - 19 Top left – relative concentrations of TEA and by-products; top right – 

cumulative total rates of three TEAPs; bottom left – FT for acetate; bottom right – FT for 

H2. 
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Substrate limitation for H2 reached approximately 1 (no limitation) almost immediately, 

which means that FT was the primary limit on its consumption (Figure 3 - 20). Substrate 

limitation for DHyd peaked at approximately 0.5 (half favourable) after around 5 years 

then dropped to around 0.3 after around 10 years. Once iron (III) was exhausted, DHyd 

limitation gradually rose again to around 0.45 for the rest of the simulation. Substrate 

limitation for acetate was the most variable and appeared to respond to the other rate-

controlling factors, rather than controlling the rate itself.  

 

Figure 3 - 20 Substrate limitation factors.  

Second experiment results – comparing three FTs 

For the second experiment, where FT was calculated as a function of H2 concentration, 

the same general pattern was found as the theory explained in Section 3.4 (Figure 3 - 

21). According to this FT calculation, with H2 concentrations in the order of 1×10-11 mol 

L-1, iron reduction is more favourable than sulphate reduction, which is more favourable 

than methanogenesis. FT for methanogenesis was very sensitive to the CH4 

concentration and could only approach 1 in this figure when CH4 was held close to zero. 

 

 

Figure 3 - 21 FT for H2 respiration over a range of H2 concentrations given the 

environmental conditions at the end of the main simulation.  
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Discussion 

In this simulation, the FT and FOM limit microbial growth and bring about the separation 

between the TEAPs iron reduction, sulphate reduction and methanogenesis. Variations 

in growth and death rate parameters might affect the relationships between these 

TEAPs, but here they were held to be the same for all TEAPs, which allowed the 

emphasis to be on the exploration of FT and FOM. In Chapter 4, the difficulty in the 

choice of the constants for growth, death and the Monod constant is examined in detail. 

By contrast, the choice for the thermodynamic constants was relatively simple, since 

they have been thoroughly measured (Roden and Jin 2011).  

 

The thermodynamic factor, FT, affects the rate of all three TEAPs, and could serve as a 

replacement for the more commonly used FTEA and FIn for these low energy pathways. 

The general pattern of TEA use is similar to Section 3.3, however, the reason for the 

pattern is conceptually different. In Section 3.3, iron reduction was inhibited partially 

(Approach 1) or entirely (Approach 2) by the presence of O2 and NO3
-, then limited by 

its own low concentration. In this simulation iron reduction is limited firstly by Fe(II) 

accumulation, then by Fe(III) exhaustion. Both of these steps are accounted for by using 

FT only, without the need for FTEA. Iron reduction is also limited by the FOM of acetate. 

Inhibition of iron reduction is affected by FeS precipitation from Fe2+ and S2-, and 

selecting the rate constant for this reaction may be important in examining this 

mechanism.  

 

In Section 3.3, sulphate reduction was directly inhibited by the presence of Fe (III), 

whereas in this section the inhibition is indirect. When iron reduction of organic 

substrates falls to zero due to unfavourable thermodynamic conditions, this allows more 

substrate to be available to the sulphate reducers, thus increasing the rate of sulphate 

reduction. The overall pattern is the same, however, in this case the constants are better 

constrained by measureable parameters.  

 

Similarly, methanogenesis from acetate is boosted by the exhaustion of SO4
2-. However, 

the rate of H2 oxidation is not immediately affected by the other TEAPs since the H2 

concentration was too low for its FT to be favourable. This result is exciting because it 
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shows that this very simple experiment was able to capture the theoretical inhibition 

mechanism described at the beginning of this section: iron reduction inhibits sulphate 

reduction by operating at a H2 concentration lower than is thermodynamically 

favourable to the lower energy TEAPs. This simple experiment, however, did not 

include any means of removing CH4, which was shown to be a by-product that inhibited 

methanogenesis using H2. The FTEA and FIn from Section 3.3 had neither an inhibitory 

effect on methanogenesis by methane, nor a methane removal process such as oxidation, 

and so the ability of this model to capture this effect is still an advantageous feature.  

 

Overall, this analysis demonstrates that the FTEA and FIn can be replaced with FT, 

enabling the theoretical mechanisms to be captured, and using data that can be measured 

empirically. This section has also shown sensitivity to some key rate constants (growth, 

death, substrate limitation and FeS precipitation), which are further investigated in 

Chapter 4.   
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3.6 Combining the pools and pathways to reproduce the 

full sequence of TEAPs 

 

Problems in traditional diagenesis models: 

 POM decomposition to CO2 does not match the mechanism described by many 

theoretical models of organic matter degradation, and therefore 

o the kOM is difficult to quantify,  

o the single kOM for all redox pathways is difficult to justify, and 

o microbial biomass is not simulated. 

 Redox zonation should be based on free energy yield, but it is not clear how this 

is parameterized. 

Key points: 

 A synthesis of the previous sections gives a new overall model that includes 

o multi-step breakdown of POM to DOM to CO2 

o all of the redox pathways via microbial respiration  

o thermodynamic parameterization via Y and FT 

 

This final section synthesises the key points made in the previous sections to address the 

six problems outlined in the beginning. After examining the redox processes and 

interactions between microbial species, we have formed a new conceptual model that is 

represented by Figure 3 - 22. A new set of rate equations is presented in Table 3 - 11.  

 

The first aim of this section is to perform a final simulation to demonstrate that adopting 

the approach introduced in this chapter leads to results that are consistent with the 

common diagenesis model applications (for example, Section 3.3).  

 

The second aim of this experiment is to test the TEAP interactions, using FTEA, FIn and 

FT. One conclusion of Section 3.3 was that the common FTEA and FIn terms were not 

ideal because of the uncertainty in choosing a KTEA that could be accurately defined by 

free energy yield. Further, there were different results depending on the approach used, 

but using Approach 1 was preferred because it included six TEAPs and separated 

limitation and inhibition most clearly. In Section 3.5 it was found that the combination 

of the growth yield parameter and FT appeared to capture the energetic sequence of 

TEAPs and the thermodynamic explanation for competitive inhibition between iron 

reduction, sulphate reduction and methanogenesis. However, for high energy reactions, 

FT alone cannot limit the redox reactions. The microbial metabolism mechanism by Jin 
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and Bethke (2002) describes that FOM, FTEA and FT are all necessary, however, that 

thermodynamics is the dominant limiting factor. The inhibition factor is not mentioned 

in this comparison, but these microbial models do not consider environmental-scale 

reactions with six respiratory TEAPs and fermentation. Therefore we must also examine 

the effect of retaining FIn in the rate expression and to find out whether we can replace 

FTEA and FIn with FT. 

 

Design of the overall new conceptual model 

In this chapter, less attention has been paid to the initial enzymatic hydrolysis step than 

to the oxidation step, because well constrained parameters equivalent to those for 

microbial growth are not as accessible (however, note that the available hydrolysis 

parameter values are discussed in Chapter 4). Nevertheless, using the model outlined 

here, several POM sources could be added, which would be hydrolysed to the same 

hydrolysis products.  

 

The hydrolysis products can then be consumed by three bacterial groups: aerobes, 

denitrifiers and fermenters (Lovley and Chapelle 1995). The aerobes also consume O2 

and the denitrifiers consume O2 and NO3
-. The advantage for the denitrifiers is that they 

have a choice of two TEA and the advantage for the fermenters is that they do not need 

to consume any TEA, and so aerobes will suffer the most from FTEA. However, the 

growth yield, Y, for aerobes is highest, and the yield for denitrifiers is higher than for 

fermenters (Table 3 - 13). The aerobes and denitrifiers then consume the hydrolysis 

products and increase their biomass, producing CO2 and other end products. The 

fermenters consume the hydrolysis products and produce fermentation products. As all 

microbes die, their organic matter is recycled into the POM pool as necromass, to be 

hydrolysed by enzymes produced by living microbes.   

 

The first types of fermentation products, referred to as primary fermentation products, 

are then fermented to secondary fermentation products, which are then consumed by the 

remaining four microbial groups: manganese reducers, iron reducers, sulphate reducers 

and methanogens. The growth yields and free energies of reaction are smaller for each 

of these groups, in this order, which should give the generally-observed TEAP 
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interactions (Table 3 - 13). By adding manganese reducers, these pools and processes 

are combined with those shown in Figure 3 - 16 in Section 3.5, to give the overall model 

shown in Figure 3 - 22.  

 

 

 

Figure 3 - 22 Final schematic of the overall organic matter conceptual model, expanded 

from Figure 3 - 11 and Figure 3 - 16 to account for seven microbial groups plus their 

necromass, multi-step breakdown pathways and thermodynamic properties.  
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Table 3 - 11 Organic matter equations. i is the specific POM pool; j is the TEAP or 

respiring group from aerobic to methanogenic; k represents dissolved organic matter 

pools: DHyd, ethanol, butyrate, acetate, H2. 

 Hydrolysis  

 𝑅𝑃𝑂𝑀𝑖 = 𝑘𝑃𝑂𝑀𝑖𝑃𝑂𝑀𝑖𝐹𝐵𝑖𝑜 𝐻𝑦𝑑  

 𝐹𝐵𝑖𝑜 𝐻𝑦𝑑 = 𝐵𝑡𝑜𝑡/(𝐵𝑡𝑜𝑡 + 𝐵𝑀𝑎𝑥)  

 Aerobic respiration and denitrification of DHyd.   

 𝑅𝐴𝑒𝑟𝐷𝐻𝑦𝑑 = 𝑘𝑔𝑟𝑜𝑤𝑡ℎ𝐴𝑒𝑟𝐹𝑂𝑀𝑘𝐹𝑇𝑂2𝐷𝐻𝑦𝑑𝐵𝐴𝑒𝑟𝐹𝑂2  

 𝑅𝐷𝑒𝑛𝐷𝐻𝑦𝑑 = 𝑘𝑔𝑟𝑜𝑤𝑡ℎ𝐷𝑒𝑛𝐹𝐷𝐻𝑦𝑑𝐵𝐷𝑒𝑛(𝐹𝑇𝑂2𝐷𝐻𝑦𝑑𝐹𝑂2 + 𝐹𝑇𝑁𝑂3𝐷𝐻𝑦𝑑𝐹𝑁𝑂3𝐹𝐼𝑛𝑂2)  

 Fermentation of DHyd, and primary fermentation products. l = butyrate and ethanol  

 𝑅𝐹𝑒𝑟1 = 𝑘𝑔𝑟𝑜𝑤𝑡ℎ𝐹𝑒𝑟𝐹𝐷𝐻𝑦𝑑𝐵𝐹𝑒𝑟𝐹𝑇𝐹𝑒𝑟1   

 
𝑅𝐹𝑒𝑟2𝑘 = 𝑘𝑔𝑟𝑜𝑤𝑡ℎ𝐹𝑒𝑟𝐹𝑂𝑀𝑘𝐵𝐹𝑒𝑟∑ 𝐹𝑇𝐹𝑒𝑟2

𝑙

 
 

 Oxidation of DFer. k = acetate and H2. j = each TEAP and bacterial group  

 𝑅𝑂𝑥𝑗 𝑘 = 𝑘𝑔𝑟𝑜𝑤𝑡ℎ𝐹𝑒𝑟𝐹𝑂𝑀𝑘𝐵𝑗𝐹𝑇𝑗 𝑘𝐹𝐼𝑛𝑂2   

 Growth and death of bacteria . j = each bacterial group. k = acetate and H2. l = butyrate and 

ethanol 
 

 𝑅𝑔𝑟𝑜𝑤𝑡ℎ𝐹𝑒𝑟 = 𝑅𝐹𝑒𝑟1𝑌𝐹𝑒𝑟𝐷𝐻𝑦1 + 𝑅𝐹𝑒𝑟2𝑌𝐹𝑒𝑟2𝑙 − 𝑘𝑑𝑒𝑎𝑡ℎ𝐹𝑒𝑟𝐵𝐹𝑒𝑟   

 𝑅𝑔𝑟𝑜𝑤𝑡ℎ𝑗 =∑𝑅𝑂𝑥𝑗
𝑘

𝑌𝑗 − 𝑘𝑑𝑒𝑎𝑡ℎ𝑗𝐵𝑗  
 

   

 

A simple test of the new, more mechanistic approach 

The model depicted in Figure 3 - 22 is used to simulate the breakdown of three 

arbitrarily assigned classes of POM to the dissolved intermediate products described in 

the previous sections, via all respiration and fermentation TEAPs. The technique can be 

compared with that in Section 3.3, however, the initial concentrations for the 

experiment in this section were different: whereas in Section 3.3 the initial 

concentrations were based approximately on those of Van Cappellen and Wang (1996) 

and Thullner et al. (2005), resulting primarily in aerobic oxidation and sulphate 
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reduction, in this section, the starting concentrations were tuned to be able highlight the 

differences between the TEAPs.  

 

The aims of the experiments were to test whether the basic TEAP interactions were 

reproducible and to examine whether the thermodynamic terms FT and Y could produce 

the redox sequence in order of free energy yield. Therefore the same initial setup was 

repeated with different combinations of factors (Table 3 - 12). The first experiment used 

only FTEA and FIn, just as in the experiment in Section 3.3, and in common diagenesis 

models. In the second experiment, FT was also included as a factor, and in the final 

experiment, FIn was removed, apart from inhibition by O2.  

 

Table 3 - 12 The experiments in this section use different combinations of limitation and 

inhibition factors, in a similar way to Section 3.3. 

Experiment Equation  

3.6.1 ROx = kGrowth FOM B FTEA FIn Similar to common diagenesis models 

3.6.2 ROx = kGrowth FOM B FTEA FIn FT All of the factors are used 

3.6.3 ROx = kGrowth FOM B FTEA FInO2 FT Similar to Jin and Bethke (2002) models: FIn removed 

 

Parameter values and initial conditions for these experiments are given in Table 3 - 13. 

Inhibition by O2 was applied to fermentation and all respiration reactions. Oxidation of 

H2 by O2 or MnO2 were not included because the pertinent data were not easily 

available.  
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Table 3 - 13 Parameter values for the full simulation. The ΔG0Iro and ΔG0Man are for 

amorphous minerals. Hydrolysis rate constants are arbitrarily assigned based on the 

compilation in Chapter 2. See Chapter 4 for the other constants.  

Kinetic rate constants (y-1) 

kHydrolysis POM 1 10  

kHydrolysis POM 2 1 

kHydrolysis POM 3 0.1 

kgrowth 3  

kdeath 0.01 

Monod constants and limiting concentrations (mol L-1)  

KDHy 1×10-3  

KOAc 1×10-5  

KH2 1×10-5  

KO2 16×10-6  

KNO3 4.7×10-6  

KMn 13.3×10-6  

KFe 87×10-6  

KSO4 1180×10-6  

BMax 4.4×10-3  

Yields ((g biomass  mol substrate-1)  / 113 g cell-1) from Roden and Jin 2011 

 DHyd  

Aer 68.41  

Den 67.1  

Fer 11.95  

DFer2 Acetate H2 

Aer 17.25 - 

Den 16.82 4.49 

Man 14.14 - 

Iro 18.7 4.54 

Sul 2.03 1.15 

Met 1.02 0.94 

ΔG0 (kJ mol substrate-1) from Roden and Jin 2011  

 DHyd  

Aer -2883  

Den -2774  

DFer1 Eth But 

Fer -275 -326 

 -14.6 -30.7 

DFer2 Acetate H2 

Aer -847 - 

Den -813 -226 

Man -625 - 

Iro -736 -230 

Sul -64.7 -38.8 

Met -31.7 -31.3 

Initial concentrations (mol L-1) All secondary products are initially 0 

POM1 2×10-3  

POM2 2×10-3  

POM3 2×10-3  

O2 2×10-3  

NO3
- 1×10-5  

MnO2 1×10-3  

FeOOH 1×10-3  

SO4
2- 1×10-4  
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The first experiment – ROx = kgrowth FOM B FTEA FIn  

Similar to common diagenesis models 

This first experiment in this section had a similar configuration to traditional diagenesis 

models (based on the experiment in Section 3.3).  

 

CONCENTRATIONS 

The three POM phases were hydrolysed steadily and DHyd accumulated at a greater rate 

than it was consumed (Figure 3 - 23, top left). Acetate was generally at low 

concentrations and H2 accumulated. Bacterial populations were low but they did not 

reach zero (Figure 3 - 23, bottom left). The TEA were consumed in the expected order 

(Figure 3 - 23, top right) and thus their secondary by-products were produced (Figure 3 

- 23, bottom right).  

 

Figure 3 - 23 Top left – organic matter concentrations; top right – TEA relative 

concentrations; bottom left – microbial populations; bottom right – secondary by-product 

relative concentrations. 
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RATES 

Oxidation of DHyd by BAer and BDen dominated until O2 was exhausted, and NO3
- was 

hardly used as a TEA (Figure 3 - 24, top right). The rates of each TEAP for acetate 

consumption were approximately the same each time another TEA was exhausted, 

except for sulphate reduction, which was low for the whole simulation (Figure 3 - 24, 

top left). Acetate oxidation by BMet continued to the end of the simulation (Figure 3 - 24, 

bottom right). Oxidation of H2 was dominated by BIro until Fe (III) exhaustion, then 

increased to the end of the simulation by methanogenesis, since all other TEA were 

exhausted (Figure 3 - 24, bottom left). The greatest rate of total fermentation product 

(acetate and H2) consumption occurred after O2 and NO3
- were exhausted because the 

BFer could then produce fermentation products and the remaining four TEAPs could 

occur simultaneously.  

 

 

 

Figure 3 - 24 Top left – respiration rates for acetate; top right – rates for consumption of 

hydrolysis products; bottom left – respiration rates for H2; bottom right – respiration 

rates for each TEAP. All rates are in mol L-1 y-1. 
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LIMITATION FACTORS 

There were two factors that limited the oxidation rate: substrate limitation (FOM) and 

(FTEA) (Figure 3 - 25). H2 limitation stopped by 2 years and remained at 1 (favourable) 

for the rest of the simulation. Acetate similarly rose to close to its peak at 2 years, and 

remained between 0.5 and 0.9 for the rest of the simulation. Both fermentation products 

were produced only after the exhaustion of O2 and NO3
- had allowed fermentation to 

proceed. The FTEA dropped from 1 (favourable) to 0 (unfavourable) in sequence along 

with their TEA, except for the FTEA of SO4
2-, which remained low for the whole 

simulation because of the low starting concentration of SO4
2-.  

 

Figure 3 - 25 Left – Organic matter limitation factors, FOM. Right – TEA limitation 

factors, FTEA. 
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The second experiment ROx = kgrowth FOM B FTEA FIn FT 

All factors are implemented 

In the first experiment, it was shown that this set of organic matter pools and the 

transformations between them could produce a reasonable result. The TEAP sequence 

was still forced using FIn, as well as the free energy parameter of growth yield, Y. In this 

second experiment, the explicit free energy parameter FT was included, and the results 

were similar, except that methanogenesis was thermodynamically limited. Details are 

outlined below. 

 

RATES  

The rates of reaction for hydrolysis products were the same as in the first simulation, 

because these were not thermodynamically limited (Figure 3 - 26). The rates of acetate 

oxidation were almost the same as in the previous experiment, except that the iron 

reduction of acetate was slightly higher in this experiment. Iron reduction of H2 was 

much higher in this experiment than in the previous experiment. Since the difference 

between the two experiments was the inclusion of thermodynamic limitation, we can 

look for an explanation in the factors.  

 

Figure 3 - 26 Top left – respiration rates for acetate; top right – rates for consumption of 

hydrolysis products; bottom left – respiration rates for H2; bottom right – respiration 

rates for each TEAP. All rates are in mol L-1 y-1. 
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LIMITATION FACTORS - ACETATE 

For acetate oxidation, FT became unfavourable at the same time as FTEA became 

unfavourable for aerobic oxidation, denitrification and manganese reduction, indicating 

that FTEA was a good proxy for thermodynamic limitation with these limiting 

concentrations. Sulphate reduction was always thermodynamically favourable, while 

always being mostly limited by FTEA at around 0.1. Methanogenesis of acetate was 

always thermodynamically favourable.  

 

LIMITATION FACTORS – H2 

For H2 oxidation, denitrification was still favourable according to FT long after it had 

been limited by FTEA, which is the greatest discrepancy between the two factors. FT 

limited iron reduction around the same time as FTEA did, and in doing so decreased the 

rate at which FTEA declined: this actually lengthened the period of iron reduction, which 

is not a simple result to understand. Because of the contribution of FIn, as long as Fe(III) 

was present for a longer time period, it inhibited sulphate reduction and 

methanogenesis, which in turn left more H2 for the iron reducers to consume.  

 

Sulphate reduction was thermodynamically limited to around 0.5 for most of the 

simulation, but the FTEA had a greater contribution to its limitation, at around 0.1. FT of 

sulphate reduction rose sharply between 1 and 3 years, because H2 concentration 

increased after O2 depletion. The sulphate FT then declined because a small amount of 

HS- was produced by the small amount of sulphate reduction, then increased slightly as 

iron limitation increased the amount of H2 that was available. This parameterization is 

able to capture a lot of fine detail in the interactions between these TEAPs and the 

organic substrates.  

 

Methanogenesis from H2 oxidation was very limited by FT at around 0.1. In the first 

simulation, methanogenesis occurred at around double the rate of this simulation. Once 

the FIn from all of the other TEA had ceased, methanogenesis continued, even though it 

should not be thermodynamically favourable. 
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Figure 3 - 27 Top left – FT for acetate; top right – FT for H2; FOM for DHyd, acetate and H2; 

bottom right – FTEA each TEAP. 
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The third experiment ROx = kgrowth FOM B FT FTEA FInO2 

Similar to Jin and Bethke (2002) models but with FIn removed 

This final experiment was closest in its design to microbial models such as that by Jin 

and Bethke (2002), and by using this setup the effect of removing FIn and using only FT 

instead could be examined.  

 

CONCENTRATIONS 

The concentrations of organic matter pools were close to those in the first and second 

simulations (Figure 3 - 28, top left). Here H2 increased steadily through the simulation, 

which indicated that its oxidation rate might have been limited.  

 

The TEA concentrations decreased in the expected order, except that Fe(III) was 

exhausted before MnO2 in this simulation, whereas in the previous two simulations with 

FIn, MnO2 was consumed first. This may be a result of not having included a reaction 

between MnO2 and H2 because the free energy data was not available, and therefore the 

Fe(III) reacted with both acetate and H2 whereas the MnO2 reacted only with the 

acetate.  

 

Figure 3 - 28 Top left – organic matter concentrations; top right – TEA relative 

concentrations; bottom left – microbial populations; bottom right – secondary by-product 

relative concentrations. 
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RATES 

The oxidation of acetate was shared mainly between iron reducers, manganese reducers 

and methanogens (Figure 3 - 29), whereas the oxidation of H2 was dominated by iron 

reduction. The characteristic sequence of these processes was missing, and all were able 

to occur simultaneously until the TEA were exhausted and only methanogenesis 

remained.  

 

Figure 3 - 29 Top left – respiration rates for acetate; top right – rates for consumption of 

hydrolysis products; bottom left – respiration rates for H2; bottom right – respiration 

rates for each TEAP. All rates are in mol L-1 y-1. 
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LIMITATION FACTORS  

As with the previous simulation, FT limitation for aerobes, denitrifiers and manganese 

reducers oxidising acetate occurred at the same time as FTEA limitation. The FT 

limitation of iron occurred well before FTEA limitation and before FT for manganese 

limitation (Figure 3 - 30, top left). The small increase in FOAc (Figure 3 - 30, bottom 

left) and the small increase in manganese oxidation (Figure 3 - 29) upon iron reducer FT 

inhibition indicate that in fact iron reducers were competitively excluding the 

manganese reducers. This does not necessarily indicate that the result is more accurate 

than in the previous simulations with FIn, however, it does show what the result of these 

theoretical parameterizations produced.  

 

The FT for H2 oxidation were broadly similar to those of the second simulation, except 

that sulphate reduction and methanogenesis were more strongly limited at around 3 

years.  

 

 

Figure 3 - 30 Top left – respiration rates for acetate; top right – rates for consumption of 

hydrolysis products; bottom left – respiration rates for H2; bottom right – respiration 

rates for each TEAP. All rates are in mol L-1 y-1. 
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Discussion 

THE FINAL SIMULATIONS  

This setup had an improved mechanistic basis for simulating organic matter oxidation 

through parameterization of TEAPs and functional microbial groups and organic matter 

pools. The first aim of this section was fulfilled, in that this model produced a similar 

set of results to the traditional diagenesis models. The second aim was to examine the 

effect of using the thermodynamic parameters to govern the TEAP interactions. Several 

major results were apparent: 

 It was found that the FT did control the TEAPs, but contrary to the observation of 

Jin and Bethke (2002), it was not the dominant factor: FTEA and FOM were equally 

important.  

 Compared with section 3.3, including FT and removing FIn made a bigger difference 

to the results than any differences between Approaches 1 and 2.  

 Using FOM and FT instead of FIn showed a more sophisticated interaction between 

the TEAPs, including the competitive exclusion outlined by Megonigal et al. (2003). 

As one TEA became exhausted or a process became thermodynamically 

unfavourable, the effect of increased favourability for the other TEAPs could be 

seen. 

 Thermodynamic unfavourability was also seen with the accumulation of reaction 

by-products, which was a feature not previously available using the other limitation 

factors.  

 

THE BROADER OUTCOMES OF CHAPTER 3 

After reviewing and becoming familiar with all of the features of sediment diagenesis 

models in Chapter 2, there was still difficulty in reconciling the conceptual model of 

organic matter degradation, the parameter values used and the conceptual models used 

in laboratory and field studies of organic matter degradation (for example, reviews in 

Burdgie 2007, Filella 2009 and Arndt et al. 2013). The first major benefit of the 

approach in this chapter has been to demonstrate how a more mechanistic model of 

organic matter could be conceptualized, by drawing from a range of models and 

expressing them one a common language and framework.  
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The subsequent sequential development of the model, using simple experiments to 

answer specific simple questions, has allowed the exploration of the mix of controls on 

the organic matter decomposition process. 

 

The rate constant kOM from diagenesis models has been broken into a hydrolysis rate 

constant and the growth rate of bacteria, each of which are, in principle, more easily 

measureable than kOM. This separation allows us to analyse organic matter breakdown in 

terms of particulate and dissolved phases, and indeed known and well-studied dissolved 

molecules such as acetate and H2, which are studied specifically by authors such as Jin 

and Bethke (2005) without the greater environmental input molecules.  

 

The microbial rates of breakdown give a justification for the different rates of each 

TEAP, which could result from free energy yield and growth yield. This is important 

because it means the assumption of the redox sequence based on free energy yield that 

was built into the diagenesis models at their inception, from work such as that by 

Froelich et al. (1979) now has a clearer justification. This conceptualisation also 

includes the TEAP of fermentation, which has not been included in diagenesis models 

up to this point, but is fundamental to the basis of other mechanisms such as the partial 

equilibrium and competitive exclusion (Postma and Jakobsen, 1996, Megonigal et al. 

2003).  

 

THE LIMITS OF CHAPTER 3 

Having achieved this, the limits to this approach and the challenges that lie ahead are 

clearer:  

 Overall the cost of the mechanistic model has been to add many more parameters, 

variables and processes than are typically used.  

 Precise details of the hydrolysis process have not been examined. Here we have 

assumed that as long as bacteria are present, there will be enough hydrolytic 

enzymes present.  

 The characteristics of POM and DHyd have not been examined. 

 There are also many kinetic rate constants and limiting concentrations that need to 

be carefully sourced from the literature, along with an assessment of their ranges 
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and uncertainty (for example, kgrowth, kdeath, kFeS, and Monod constants for TEA and 

substrates). 

 Replacing FIn with FOM and FT caused a change in the results, but it is not clear 

whether these results are more accurate: therefore future work should analyse the 

error in model results compared with measured data.  

 

THE IMPLICATIONS OF CHAPTER 3 FOR FUTURE WORK  

Therefore in Chapter 4, we return to the literature to examine details of POM 

composition and the necessary rate constants. Further, the next step to continue testing 

these principles requires the development of a full diagenesis model, which would offer 

two major advantages. Firstly, the results would be resolved in one dimension, and so 

the redox and bacterial zonation would be clearer. Secondly, all of the transport 

processes and secondary reactions would be included, some of which may have 

previously masked the subtlety of differences in approaches demonstrated here. Some 

simplifications from this chapter have already been shown to be limiting the usefulness 

of our results. A dynamically calculated pH would affect the FT calculations, and 

methane oxidation would affect the FT of H2 methanogenesis. Therefore, in Chapter 5 a 

full one-dimensional sediment diagenesis model that includes this new organic matter 

parameterisation is then outlined, and Chapter 6 demonstrates predictions from the 

spatially-resolved model.  
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Chapter 4 – Deriving parameter values from 

measured values and by connecting conceptual 

approaches 

 

In Chapter 3, theoretical mechanisms of organic matter oxidation were described, with 

the aim of creating a model with parameters that could be more closely aligned with 

field and laboratory measurements. However, the parameter values themselves were not 

presented, and so this chapter assembles as many of the necessary values as possible.  

 

The parameters fall into two broad groups: those for the fermentation and oxidation of 

dissolved organic matter; and those for the hydrolysis of particulate organic matter. The 

first group are relatively easy to find and relatively well constrained by field and 

laboratory data. This groups includes:  

 bacterial growth and death rates 

 bacterial biomass 

 growth yields and nutrient limitation 

 free energy yields 

 stoichiometric constants for the thermodynamic factor 

 organic matter concentrations and limiting concentrations 

 terminal electron acceptor limiting concentrations 

 

For the second group it is more difficult to determine the values. This group includes: 

 overall particulate organic matter decomposition 

 particulate organic matter molecular composition 

 particulate organic matter hydrolysis 

 A method is proposed for sourcing these values by accessing equivalent values from 

related conceptual models, however the data is not yet easily available for this method 

to be employed.  
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4.1 Introduction 

In Chapter 3 a model was built up by examining the variables, reaction processes and 

rate-limiting factors needed to capture the theoretical mechanisms of organic matter 

degradation. As a consequence, the importance of several key parameters was 

highlighted. However, part of the methodology of Chapter 3 was to merge different 

conceptual models, such as theoretical bacterial growth models, as well as traditional 

diagenesis models. Because different conceptual models were merged, it follows that 

the choice of these key parameters requires redefinition. Thus, the aim of this chapter is 

1) to undertake a synthesis of parameter values from across relevant literature, and 2) 

where direct values cannot be sourced, to identify how they can be approximated from 

data collected in studies that use alternative conceptual models. 

 

The analysis is structured to focus on two main components of the model structure 

identified in Chapter 3. Firstly, the parameters that describe the bacterial consumption 

of dissolved organic matter (DOM) are considered, including the growth and death rates 

of microbes, and parameters that limit these rates. Secondly, the composition and 

decomposition of particulate organic matter is considered, in particular the uncertainty 

in the choice of the hydrolysis rate constant.  
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4.2 Parameterization of dissolved organic matter 

oxidation, bacterial growth, and substrate consumption 

Part of the motivation behind the final choice of conceptual model in Chapter 3 (Section 

3.6), was that the oxidation of DOM to CO2 by bacteria using different terminal electron 

accepting pathways (TEAPs) is now described in a more mechanistic way than was 

possible with traditional diagenesis models. Nevertheless, despite the improved 

mechanistic basis, some ambiguity in the choices of parameter values remains, and 

these are reviewed here in detail.  

 

Bacterial growth and death rates – kgrowth, kdeath 

GROWTH RATES 

In Chapter 3, Section 3.5, it was suggested that the main breakdown constant, kOM, can 

be replaced with kgrowth, which is advantageous because kgrowth is a directly measurable 

property. However, when taking a growth constant from the literature care must be 

taken to check the equation used in order to see whether the growth yield has already 

been factored in to the constant (Table 4 - 1). Additionally, this parameter may be 

referred to in the literature as vmax or v+. At a fundamental level, the growth rates 

reported are the product of the rate of maximum transport of a proton across a cell 

membrane (Jin and Bethke 2007), along with all of the factors that might limit this 

process. The terms in the equations in Table 4 - 1 explicitly account for limitation 

factors, however, there may be other limits that are not accounted for, such as 

temperature and nutrient limitation. Another alternative approach is that of Dale et al. 

(2008), who simulated steady populations of bacteria, and thus the growth rate and the 

maximum rate of substrate consumption were the same. 
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 1 

Table 4 - 1 Growth and consumption rate constants and growth yields for each of the seven microbial groups. When comparing growth rate 2 
constants between studies, the equation used and the yield must be taken into account.  3 

Reference k k unit ROx Rgrowth Yield Yield unit Reference  

Fermenters 3.8×10-8 s-1 k[B]FOMFTEAFIn ROxY 20 C biomass/C phenol Watson et al. 2003 

 20 mmol crotonate g-1 day-1 k[B]FOMFT ROxY 9.5 g biomass (mol crotonate)-1 Jin and Bethke 2007 

 0.83 mol glucose L-1 y-1 kFOMFTEAFTFTem steady state - - Dale et al. 2008 

 - - - - 60 g cells (mol glucose) Roden and Jin 2011 

Aerobes 10 y-1 RgrowthY-1 k[B]FOMFTEAFIn 0.2 mol C biomass (mol C substrate)-1 Thullner et al. 2005 

 5 day-1 RgrowthY-1 k[B] FOMFTEAFInFCC* 0.1 mol C cell (mol C toluene)-1 Schäfer et al. 1998 

 - - - - 15 to 23 g cells (mol acetate)-1 Roden and Jin 2011 

 - - - - 62 to 91 g cells (mol glucose)-1 Roden and Jin 2011 

Denitrifiers 2×10-5 s-1 k[B]FOMFTEAFIn ROxY 20 C biomass/C acetate Watson et al. 2003 

 1×10-7 mol (H2) L-1 s-1 kFOMFTEAFIn - 0 C biomass/C H2 Watson et al. 2003 

 7.5 y-1 RgrowthY-1 k[B]FOMFTEAFIn 0.2 mol C biomass (mol C substrate)-1 Thullner et al. 2005 

 - - - - 17 g cells (mol acetate)-1 Roden and Jin 2011 

 - - - - 60 g cells (mol glucose)-1 Roden and Jin 2011 

Manganese 

reducers 
9×10-8 s-1 k[B]FOMFTEAFIn ROxY 60 C biomass/C acetate Watson et al. 2003 

 1.1×10-8 mol (H2) L-1 s-1 kFOMFTEAFIn - 0 C biomass/C H2 Watson et al. 2003 

 7.5 y-1 RgrowthY-1 k[B]FOMFTEAFIn 0.15 mol C biomass (mol C substrate)-1 Thullner et al. 2005 

 - - - - 13 to19 g cells (mol acetate)-1 Roden and Jin 2011 

Iron reducers 1.5×10-5 s kmFTEAB***FOMFT ROxY 9000 mg B (mol substrate?)-1 Bethke et al. 2008 

 4.1×10-7 s-1 k[B]FOMFTEAFIn ROxY 60 C biomass/C acetate Watson et al. 2003 

 5×10-8 mol (H2) L-1 s-1 kFOMFTEAFIn - 0 C biomass/C H2 Watson et al. 2003 

 2.5 y-1 RgrowthY-1 k[B]FOMFTEAFIn 0.05 mol C biomass (mol C substrate)-1 Thullner et al. 2005 

 1.7 day-1 RgrowthY-1 k[B] FOMFTEAFInFCC* 0.1 mol C cell (mol C toluene)-1 Schäfer et al. 1998 

 - - - - 14 to 17 g cells (mol acetate)-1 Roden and Jin 2011 

  4 
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Table 4 - 1 Continued. 1 

Reference k k unit ROx Rgrowth Yield Yield unit Reference  

Sulphate 

reducers 
1×10-9 mol acetate (mg 

biomass)-1 s-1 

k[B]FOMFTEAFT ROxY 4300 mg B (mol acetate)-1 Bethke et al. 2008 

 1×10-5 s-1 k[B]FOMFTEAFIn ROxY 5 C biomass/C acetate Watson et al. 2003 

 9×10-8 mol (H2) L-1 s-1 kFOMFTEAFIn - 0 C biomass/C H2 Watson et al. 2003 

 2.0 y-1 RgrowthY-1 k[B]FOMFTEAFIn 0.04 mol C biomass (mol C substrate)-1 Thullner et al. 2005 

 1 day-1 RgrowthY-1 k[BFOM]FTEAFInFCC* 0.02 mol C cell (mol C toluene)-1 Schäfer et al. 1998 

 5.6×10-7 

to 4×10-7 

mol acetate (g biomass)-1 

s-1 

k[B]FOMFTEAFT ROxY 1.9 to 4.8 g biomass (mol SO4
2-)-1 Jin et al. 2013 

 1.43 mol H2 L-1 y-1 kFOMFTEAFTFTem steady state - - Dale et al. 2008 

 0.74 mol acetate L-1 y-1 kFOMFTEAFTFTem steady state - - Dale et al. 2008 

 26.1 y-1  k[B]FOMFTEAFT 0.049 e-eq**** cells (e-eq H2)-1 Dale et al. 2006 

 - - - - 2 to 6 g cells (mol acetate)-1 Roden and Jin 2011 

Methanogens 1.5×10-9 mol acetate (mg 

biomass)-1 s-1 

k[B]FOMFT  2000 mg B (mol acetate)-1 Bethke et al. 2008 

 8×10-7 s-1 k[B]FOMFIn ROxY 40 C biomass/C acetate Watson et al. 2003 

 1×10-7 mol (H2) L-1 s-1 kFOMFIn - 0 C biomass/C H2 Watson et al. 2003 

 0.71 mol acetate L-1 y-1 kFOMFTFTem steady state - - Dale et al. 2008 

 1.42 mol  kFOMFTFTem steady state - - Dale et al. 2008 

 - - - - 1 to 3 g cells (mol acetate)-1 Roden and Jin 2011 

 8.7 d (cell doubling time)  - - - Alperin et al. 1994 

 0.08 day-1  - - - Alperin et al. 1994 

* FCC is a carrying capacity. Schäfer et al. use 
𝐵𝑀𝑎𝑥

𝐵𝑀𝑎𝑥+𝐵𝑇𝑜𝑡
 

** The TEA  in FTEA is a fermentation product 

*** m is the number of sites where goethite can react on its surface, in units of mol sites (kg water)-1 

FTEAB is 
[𝐵]/𝑚

[𝐵]/𝑚+𝐾𝐹𝑒
, KFe is in units of mg mol-1 

**** Electron equivalent. There is a conversion in the appendix. 

2 
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DEATH RATES 

Death rates, in contrast to growth rates, have had ‘little attention’ paid to them (Jin et al. 

2013). Death rates, also referred to as decay rates, used in the literature range from ten 

to tenths of a percent of the growth rate (Table 4 - 2). In the laboratory and modelling 

study of Watson et al. (2003), the death rate was factored in to the reported growth rate. 

At a process-based level, this approach is not quite accurate, since growth is limited by 

the various F factors, but death should be a constant rate unrelated to environmental 

conditions. However, over a longer time scale this approach worked to simulate the 

right concentrations for Watson et al (2003).  

 

A separate but similar concept is cell maintenance, which is often given the symbol D 

(not to be confused with KD of electron donors, explained below). Cell maintenance is 

the energy and carbon dedicated to respiration but not contributing to microbial growth 

(Jin and Bethke 2007, Tang and Riley 2015). Death and maintenance are different 

theoretical concepts, however, they both represent a loss of consumed carbon from 

biomass. When basing any future work on a study using death or maintenance, 

modellers should pay attention to which concept is being used. 

 

 

Table 4 - 2 Rate constants for the death of bacteria 

Reference kdeath Unit  

Schäfer et al. 1998 0.5 day-1 10% of the maximum growth rate 

Watson et al. 2003 - - Not explicitly parameterized.  

Thullner et al. 2005 0.1 y-1 1% of BAer growth rate, 5% of BSul growth rate.  

Dale et al. 2006 0.04 y-1 BSul, BMet consuming H2; 0.15%, 0.17% of growth rate. 

 0.22 y-1 BSul, BMet consuming acetate; 0.55%, 0.84% of growth rate. 

 0.32 y-1 BFer; 0.29% of growth rate.  

Jin and Bethke 2007 0 - Cell maintenance rate for BFer left out. 

Bethke et al. 2008 1×10-9 s-1 BIro, BSul, BMet  

Jin et al. 2013 7×10-6 s-1 Cell maintenance rates for laboratory studies of Escherichia coli.  

 10-6 to 

10-10 

s-1 Cell maintenance rates for soils, sediment and deep aquifers. 

Jin et al. 2013 10-8 s-1 Specific maintenance rate 
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Minimum and maximum bacterial biomass 

Simulating bacteria generally requires initial, minimum and maximum cell counts or 

biomass to be assigned for each type of bacteria. In the simulations in Chapter 3 we had 

to estimate maximum and minimum bacterial concentrations and initial concentrations 

for each type of bacteria. The steady state models of Dale et al. (2008a, b) have bacterial 

concentrations of 7.5, 6 and 1.5 × 108 cells cm-3. Julies et al. (2010) measured bacterial 

concentrations in the order of 1 × 108 cells cm-3 and reported sulphate reducers to be 

around 10% of the total bacteria. Megonigal et al. (2003) estimate sulphate reducers at 

around 5% of the total. Whether there is a minimum concentration of bacteria at depth 

that results from their dormancy remains unclear and is a factor that requires further 

research. 

 

Converting cell numbers to moles of C is required to balance the units used in field data 

and yields, such as those in Table 4 - 1. Roden and Jin (2011) assumed a cell biomass 

formula of C5H7O2N (molecular weight 113 g mol-1), which was used in Chapter 3 

when converting cell numbers to concentrations.  

 

Models of bacterial biomass often use the symbol [X], however B was used in Chapter 

3, because it can be more easily connected to the concept of bacterial biomass and the 

FBIO from the general limitation equation of Arndt et al. (2013), because of the 

unintuitive connection between biomass and X, and because of potential confusion 

between X and the thermodynamic stoichiometry parameter, χ. 

 

Growth yields – Y, and nutrient limitation 

Growth yields are among the best constrained parameters used in this model, sourced 

primarily from Roden and Jin (2011) (see Table 4 - 1). As with kgrowth, we must be 

careful when choosing a value from another study to check the rate equation and 

whether the units are in g, mol or cells, per g or mol of substrate or TEA.  

 

  



133 

 

Nutrient limitation on the growth rate, a factor that is not commonly used in microbial 

models, nor in diagenesis models, and was not mentioned as a limiting factor in 

equation 2 -10, in Chapter 2, where all of the common limiting factors were listed (from 

Arndt et al. 2013). Nutrient limitation has, however, been parameterized as a function 

that can reduce growth yield, for example, Equation 4 - 1 (the interactive model) or 

Equation 4 - 2 (the non-interactive model, where YMax is the maximum growth yield, mN 

is each nutrient’s molality, and KN is the half saturation constant Jin et al. 2013). 

However, as with death rates, little attention has been paid to measuring KN for 

sediment microbes (Jin et al. 2013).  

 𝑌𝑖𝑒𝑙𝑑 = 𝑌𝑀𝑎𝑥∏
𝑚𝑁

𝐾𝑁 +𝑚𝑁
𝑁

 
4 - 1 

 

 𝑌𝑖𝑒𝑙𝑑 = 𝑌𝑀𝑎𝑥𝑚𝑖𝑛 (
𝑚𝑁

𝐾𝑁 +𝑚𝑁
, … ) 4 - 2 

 

 

Free energy yields 

ΔG0 is the standard reactivity for either one half reaction, or the sum of two half 

reactions. It is usually expressed in units of kJ per organic molecule, per TEA or per 

electron (e-). ΔGr is the energy of an environment away from equilibrium, which is 

calculated as a function of ΔG0 and the concentrations of reactants (organic matter, TEA 

and any other stoichiometrically necessary species such as H+) and products. ΔGr can 

also be referred to as ΔGA (Jin and Roden 2011). 

 

Standard state free energy yields (ΔG0) have been measured precisely for many specific 

molecules (see for example, Roden and Jin 2011, Arndt et al. 2013). However, values 

for these energies reported in the modelling literature are often variable. Similarly, the 

energy required for the synthesis of one ATP molecule is reported at different values, 

but usually around 45 kJ mol-1 (Bethke et al. 2008, 2011, 41.67 kJ mol-1, Jin and Bethke 

2007, 20 kJ mol-1 Megonigal et al. 2003). The approximate free energy yields of each 

TEAP are usually the same and the order of highest energy to lowest energy across the 

six major TEAPs is usually the same. For use in the thermodynamic factor as described 

in Chapter 3, the precise value of the ΔG0 may not be as important as the value of the 

growth yield, Y.  
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Table 4 - 3 Reported free energies for half reactions of TEA, and for oxidation and 

glucose. Where several values are given for each reference, these correspond to different 

details such as mineral phases or chemical reaction differences that are too numerous and 

not pertinent to the overall trend between the TEAPs given in this table. 

Reference O2 NO3
- Mn(IV) Fe(III) SO4

2- T ºC pH Unit 

Half reactions         

Arndt et al. 2013 -122.7 -118.3 -120.0 -75.9 

-74.6 

-94.7 

-24.0 25 * kJ (e-)-1 

Bethke et al. 2011 * -550 -417 to -

383 

-385 

-4 to 96 

155 

231 

150 25 7.1 kJ mol-1 

With general CH2O         

Postma and Jakobsen 

1996 

-475 -448 -349 -114 -77 * * kJ (mol 

CH2O)-1 

With glucose         

Froehlich et al. 1979 -3190 -3030 

-2750 

-3090 

-3050 

-2920 

-1410 

-1330 

-380 25 7 kJ (mol 

glucose)-1 

Roden and Jin 2011 -2883 -2774 * * * * * kJ (mol 

glucose)-1 

With H2         

Postma and Jakobsen 

1996 

-237 -224 * -50 -38 * 7 kJ (mol 

H2)-1 

Curtis et al. 2003 -80 * * 2.1 

13 

18 

-4.6  7.5 kJ (mol 

H2)-1 

Roden and Jin 2011 * -226 

-151 

* -231 -38.8 * * kJ (mol 

H2)-1 

* Not given       

 

For organic compounds where ΔG0 has not been measured, LaRowe and Van Cappellen 

(2011) devised a statistical relationship between the nominal oxidation state of carbon 

(NOSC) and the likely ΔG0. The large datasets of NOSC values could provide a large 

amount of precise reactivity data, however, as with the very fine scale measurements of 

individual amino acids or lipids in a sample (as will be discussed in Section 4.3), the 

limitation for modellers is not a lack of ΔG0 data for enough known chemicals, rather it 

is the lack of generalizable molecular parameters for a heterogeneous mixture of 

compounds. Knowing the ΔG0 for DHyd fermentation, or for acetate and H2 oxidation, is 

useful for calculating thermodynamic limitation, however, more uncertainty still 

remains over growth and death rates, substrate and TEA limitation, and hydrolysis rates. 

For future modelling studies it would be valuable to have statistical relationships able to 

estimate these uncertain parameters as elegantly as the NOSC and growth yield 

equations.  
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The minimum energy required to synthesise a mole of ATP is referred to in this thesis 

as ΔGATP. Larowe et al. (2012) refer to this term as ΔGMin, and mention that it is also 

referred to as minimum Gibbs energy, the biological energy quantum, ΔGBQ, or a 

threshold Gibbs energy, ΔGthr. ΔGATP can also be referred to as ΔGC (Jin and Roden 

2011). Care must be taken not to confuse ΔGATP with ΔGP
0, which refers to 

phosphorylation potential, the energy conserved by fermenting bacteria, which is not 

used in these chapters (Jin and Bethke 2003, Jin and Bethke 2007). The sum of ΔGr and 

ΔGATP is sometimes given its own symbol, such as f (Jin and Bethke 2003). 

 

Stoichiometric constants for FT - m, χ and ΔΨ 

Using m and χ in the Jin and Bethke FT equation would be preferable because they 

could be measured for each process. However, as yet these parameters have not been 

measured and therefore there is too much uncertainty in their use. The alternative 

equation from LaRowe et al. (2012), which only requires ΔΨ (of 120 mV), worked well 

in the simulations of Chapter 3 (Sections 3.5, 3.6), limiting unfavourable reactions and 

producing the theoretical H2 competition between iron reducers, sulphate reducers and 

methanogens.  

 

Monod TEA limiting constants – KTEA  

Selecting KTEA values is difficult because the values that have been used in diagenesis 

models have been calibrated to be used with both the FTEA and FIn terms, in which we 

are not confident. For low-energy yielding reactions (ΔG0 ≈1×102 kJ mol-1) FT will limit 

the reaction at low TEA concentrations. However, FT tended to produce a switch of 

either ‘on’ or ‘off’ and did not produce the classic sigmoidal function. Therefore if in 

fact there is a TEA limitation of reactions that extends beyond free energy availability, 

we should include FTEA and source the parameters from experimental studies where 

possible. For example, the concentration at which facultative denitrifiers switch to 

“mostly anaerobic respiration” is around 10 μmol O2 L
-1 (Megonigal et al. 2003), and 

therefore this could be used as a value for the KInO2 (assuming that “mostly” means 

>50% and that the KInO2 acts as a half saturation concentration). The KTEA for 

denitrification has been measured at around 27 to 53 μmol L-1 for stirred marine 
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sediments (Megonigal et al. 2003). Jakobsen and Postma (1999) observed that the KTEA 

for sulphate reduction is around 1 mmol L-1, and at concentrations above 30 mmol L-1, 

sulphate reduction is dominant over methanogenesis. Further literature review could be 

conducted to assemble all of the evidence of interaction between the TEAPs.   

 

In terms of nomenclature, the term “TEA” (terminal electron acceptor) is used rather 

than “oxidant” because the Arndt et al. (2013) equation refers to FTEA. Similarly, we 

refer to TEAPs (terminal electron accepting processes – for example Curtis 2003), 

rather than “pathways” (for example Wang and Van Cappellen 1996), firstly for 

consistency with the term “TEA” and secondly to distinguish a redox process from 

other non-redox breakdown processes. When organic matter is oxidised, an electron 

flows from the electron donor (organic substrate) to the bacterial cell and is ultimately 

accepted by one of the five TEA of the five TEAPs, by a methane molecule during 

methanogenesis, or by a small molecule such as acetate or hydrogen during 

fermentation. “TEA” is also easily connected to references to electron donors and 

electron acceptors, rather than the language of oxidants and reductants. Jin and Bethke 

(2005) use the term FA, as a factor for electron acceptor. 

 

Typical substrate concentrations and Monod substrate limiting constants – KOM  

Although concentrations obviously vary between different study sites and over time, it 

is still useful to consider the orders of magnitude that might be expected. Postma and 

Jakobsen (1996) gave a rule of thumb that sediment H2 is measured at nmol L-1 

concentrations and acetate and formate at μmol L-1 concentration. Limiting 

concentrations for H2 were compared for iron and sulfate reduction and methanogenesis 

and were in the order of nmol L-1 (Lovley and Phillips 1987). In the modelling by Dale 

et al. (2008a), the H2 boundary concentration at the sediment-water interface was set to 

0.1 nmol L-1, acetate to 2 μmol L-1 and CH4 to 1 μmol L-1. Dale et al. (2008b) set the H2 

concentration to 0.1 nmol L-1, acetate to 10 and 100 μmol L-1 and CH4 to 1 nmol L-1. 

Julies et al. (2010) report dissolved carbohydrates at mmol L-1 concentrations, 

increasing with depth. Fatty acids (for example, acetate) were at μmol L-1 

concentrations with acetate at around 5 to 10 μmol L-1.   
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The substrate limiting constant KOM has rarely been used in diagenesis models in the 

FOM term (Equation 4 - 3),  

 

 
𝐹𝑂𝑀 =

𝑂𝑀

𝑂𝑀 + 𝐾𝑂𝑀
 

4 - 3 

 

and so there are only microbial models to draw from (Table 4 - 4). In our exploratory 

simulations in Chapter 3, substrate limitation was observed to occur, and so it is 

suggested that estimating this parameter will be important for future studies.  

 

FOM is a term that is coined here because Arndt et al. (2013) use simply “G”, which is 

not sufficient for our purposes. Although most of the diagenesis literature has a rate 

dependence on only organic matter concentration, microbial models mostly use a 

unitless Monod term or they could simply use the organic matter concentration. We 

chose not to call the factor “FG” because despite the historical connections to Berner’s 

“G-model” (1964), for a scientist new to the field there is no obvious connection 

between “G” and organic matter. Jin and Bethke (2005) use FD, as a factor for the 

electron donor, and consequently KOM is referred to as KD. 

 

Readers should also be aware that FTEA and FOM (or FA and FD) are often lumped 

together as the product of the two terms that cause TEA and organic matter substrate 

limitation of ROx. This product is referred to as FK, the kinetic factor, to distinguish it 

from FT, the thermodynamic factor (see for example, Dale et al. 2006).  

 

 



138 

 

Table 4 - 4 KOM mol L-1 1 

Reference Substrate Ferment O2 NO3
- Mn Fe SO4

2- Meth 

Dale et al. 2008 Acetate 

H2 

DOC 

 

 

1×10-3 

    1×10-4 

1×10-8 

5×10-3 

1×10-6 

Watson et al. 

2003 

Acetate 

H2 

  5×10-4 

1×10-7  

5×10-4 

5×10-7 

5×10-4 

5×10-7   

1×10-4 

1×10-6  

5×10-4 

5×10-7  

Bethke et al. 

2008 

Acetate     1×106 mg mol 2×10-4 0 

Thullner et al. 

2005 

DOC  1×10-6 1×10-6 1×10-6 1×10-6 1×10-6 1×10-6 

Schäfer et al. 

1998 

Toluene  1.5×10-4   1.5×10-4 1.5×10-4  

Jin et al. 2013 Acetate      6.4×10-5 to 

4.2×10-3 

 

Jin and Bethke 

2007 

Crotonate 

Glucose 
5×10-4 

2.2×10-5 

      

Jin et al. 2013 Acetate      5.0×10-6  

 2 
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4.3 Parameterization of organic matter composition 

and degradation 

The problem of the kinetic breakdown constant 

The parameters above are related to the microbial consumption of DOM and TEA, 

however, the challenge of parameterizing POM degradation to DOM still remains. If 

hydrolysis is the rate-limiting step for overall POM degradation, then finding a 

measured hydrolysis rate constant would be ideal. In Chapter 2 the compilation from 

diagenesis model studies showed that the reaction rate constant for POM breakdown to 

end products (kOM) had a wide range of values that could provide a rough estimate of 

what kOM might be, but also that there was seldom a mechanistic basis for the selection 

of this constant. The investigation of the mechanistic model in Chapter 3 also focussed 

on the processes related to DOM consumption, and therefore without a kinetic rate 

constant for hydrolysis selected based on mechanisms or empirical measurements, the 

value of employing a mechanistic DHyd consumption model is diminished. Therefore in 

the following sections, two possible methods for selecting the hydrolysis constant are 

outlined. The first involves selecting the constant from other types of models; the 

second attempts to derive a reliable constant from available field data.  

 

Sourcing the kinetic rate constant from other models  

The simplest method for selecting a kinetic constant is to source a constant from those 

microbial modelling studies upon which the mechanistic model in Chapter 3 was based 

(Table 4 - 5). The constants are the maximum rate at which fractions of POM, of 

varying lability, are hydrolysed via extracellular enzymes to DHyd. The values in this 

small selection are all lower than the rate of bacterial growth (compare with Table 4 - 

1), confirming that hydrolysis is rate-limiting. However, there is still a range of values 

and therefore some uncertainty in the choice of this constant. Thus for hydrolysis, there 

is a similarly uncertain approach to how the overall kOM is chosen in multi-G diagenesis 

models.  
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Table 4 - 5 kHydrolysis from some microbial models. 

Reference POM fractions kHydrolysis Unit 

Dale et al. 2008a POCLab M1 0.22 y-1 

 POCLab M5 0.12 y-1 

 POCMid M5 0.0035 y-1 

 POCRef 0 y-1 

Dale et al. 2008b POCLab S13 0.017 y-1 

 POCLab S10 0.027 y-1 

 POCRef 1.8×10-4 y-1 

Thullner et al. 2005 POC 0.95 y-1 

 

An alternative approach is to revisit the continuous G model, mentioned in Chapter 2. 

Middelburg’s (1989) continuous G model was based on kOM and time, across timescales 

between 1×10-4 and 1×106 years. The implication is that if the sedimentation rate is 

known, then the age at any depth can be calculated (Figure 4 - 1).  

 

Figure 4 - 1 Schematic representing the continuous G model from Middelburg (1989). 

With a known deposition rate, depth in the sediment corresponds to organic matter 

reactivity.  

When Middelburg compared the multi G model to eight measured reaction rates, 

referred to as the 8 G model, there was good agreement between the continuous and 

measured rates from 1×100 to 1×106 years, however, at timescales shorter than 1×100 

years, the correlation was less accurate (Middelburg 1989, Figure 4 - 2).  
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Figure 4 - 2 Schematic representing the continuous G model from Middelburg (1989), and 

an experiment with eight separate kinetic rate constants measured. At low reactivities and 

old organic matter, the 8 G model and the continuous G model were in close agreement. 

At high reactivity and fresh organic matter, the agreement between them was not as close.   

 

This may help explain the wide range of kOM values that we found had been used in 

diagenesis models. Labile and refractory organic matter undergo different 

decomposition processes, and the breakdown of labile organic matter may be more 

highly dependent on bacterial populations and the many factors that limit their 

respiration. The diagenesis models from Chapter 2 that had the highest rates of labile 

organic matter oxidation (around 300 y-1) did not have a clear environmental reason for 

greater bacterial growth (Fossing et al. 2004 in Aarhus Bay and Sochaczewski et al. 

2008 in a general sediment). Therefore despite the attractive simplicity of this function 

for long-term organic matter degradation calculations, for the short timescales of fresh 

organic matter degradation, a more precise constant should be found and its sensitivity 

assessed. 

Sourcing parameter values from field studies – POM molecular composition  

At the heart of this challenge is that unlike, for example, acetate consumption by 

methanogens, general POM degradation is such a broad concept that it is hard to 

measure precisely. POM hydrolysis is a concept that is more precise than overall POM 

degradation to end products, yet it is nevertheless difficult to find measurements that fit 

the conceptual model used here. One possible means of accessing the data from 

measurements is outlined below. Firstly the molecular composition of POM is 

considered, and then the known hydrolysis rates of its components. In order to 

understand and interpret the field data on POM hydrolysis, several conceptual models of 

organic matter analysis, such as those outlined in Chapter 3, Section 3.1, can be drawn 

upon. 
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POM COMPOSITION – LABILE ORGANIC MATTER  

There has been a number of studies that characterize environmental samples according 

to broad molecular classes. For example, Harvey and Mannio (2001) analysed samples 

from several points in an estuary according to first the molecular size conceptual model, 

and then each size fraction was assessed according to the known molecular structure 

conceptual model (see the representative schematic Figure 4 - 3).  

 

Figure 4 - 3 Organic matter could be analysed in terms of its size fractions and some 

known molecules, which in turn indicate the origin of a sample. 

 

The POM and different DOM size fractions were analysed for different major types of 

organic compounds (carbohydrates, proteins, lipids, lignins and hydrocarbons) and the 

remainder was assigned to an uncharacterised fraction. Mannio and Harvey (1999) 

characterised the samples according to types of lipid, which give an indication of the 

origin of a sample, which was a third type of conceptual model introduced in Chapter 3.  

 

Yoshimura et al. (2008, 2010, 2012) characterised POM according to decomposition 

into smaller particulate size fractions as well as the release of DOM, as well as C:N:P 

ratios and different origins such as types of leaves and algae (Figure 4 - 4). They also 

included a detailed mechanism of source POM breaking down to smaller POM 

fractions, which goes beyond the scope of the conceptual model outlined in Chapter 3.6. 

 

 

Figure 4 - 4 An organic matter sample could be analysed according to several of its 

characteristics, for example, in the work by Mannio and Harvey (1999). 
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Mannio and Harvey (1999) and Yoshimura et al. (2012) characterised their samples 

according to types of lipid, which give an indication of the origin of a sample. Many 

other studies characterize organic matter according to sub categories of our broad 

molecular classes, while leaving the rest of the sample uncharacterized, for example 

different types of particulate carbohydrate (Arnosti 2011) and amino acids (Zhang et al. 

2012). 

 

POM COMPOSITION – REFRACTORY ORGANIC MATTER 

Refractory POM in the sediments can originate in cell wall structures of woody material 

such as cellulose and lignin, which are primarily of terrestrial origin. There is also an 

uncharacterisable fraction which has been given broad descriptions such as kerogen and 

sapropels (Bektursunova and L’Heureux 2011). Besides searching for a POM 

hydrolysis process, we could also consider refractory POM formation. The formation of 

kerogen occurs through unknown processes, possibly the precipitation of large 

dissolved geopolymers (Alperin et al. 1994, Burdige and Gardner 1998, Zonneveld et 

al. 2010). In order to examine that process, a future model would also need to include 

refractory DOM.  

 

The properties of refractory DOM remain uncertain. Models such as the molecular size 

model of Burdige and Gardner (1998) generate a small amount of refractory DOM as a 

hydrolysis product known as polymeric low molecular weight DOM. This fraction has 

been shown to correlate with humic fluorescence (Komada et al. 2004), but its chemical 

structure is otherwise uncharacterisable. A possible mechanism for this process is that 

upon hydrolysis, the carbohydrates, proteins and lipids are released and consumed, 

while the remaining chemical fragments do not have reactive sites for the microbial 

enzymes to cleave and nor can they be consumed directly. Using the mechanistic 

framework described in Chapter 3, to resolve the breakdown of labile POM and DOM, 

future studies could start to include the generation of refractory DOM at the hydrolysis 

step. 
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POM fraction hydrolysis rates  

POM HYDROLYSIS MEASURED FOR SPECIFIC KNOWN MOLECULES 

Empirical studies have measured POM hydrolysis rates, in particular, hydrolysis of 

specific carbohydrate types (Table 4 - 6). Unfortunately, this is measured very precisely 

at a scale that is not useful for the purposes of an environmental model, since the rates 

for the remaining molecules are left unknown. Ideally, we would use hydrolysis rate 

constant estimates based on the broad molecular groups in studies such as that from 

Harvey and Mannio (2001), however, we have not been able to find this data. Rather, 

samples are measured very precisely at a scale that is not useful for our purposes 

(Figure 4 - 5).  

 

Table 4 - 6 Hydrolysis rates measured in field studies. POM is identified by its origin 

(phytoplankton, seagass) or as general organic substrate (CH2O), or as specific 

carbohydrate molecules (lam, pull, xyl fu, ara, chon, iso, wak, spir). For specific sugars, 

the measured hydrolysis rate can be different at different sampling stations.   

Reference POM RHydrolysis  Unit 

Hee et al. 2001 Phytoplankton 16 mM/d 

 Seagrass 4 mM/d 

Dale et al. 2008a CH2O at site M1 1233 nmol cm-2 d-1 

 CH2O at site M5 332 nmol cm-2 d-1 

Dale et al. 2008b CH2O at the surface 7 nmol glu cm-3 d-1 

Julies et al. (2010) lam station 3, 0-2  4-6, 

10-12 cm 

22, 14, 8 nmol cm-3 d-1 

 pullulan station 3, 0-2  

4-6, 10-12 cm 

10, 4, 3 nmol cm-3 d-1 

 lam station 5, 0-2  4-6, 

10-12 cm 

21, 15, 10 nmol cm-3 d-1 

 pull station 5, 0-2  4-6, 

10-12 cm 

7, 6, 6 nmol cm-3 d-1 

Arnosti 2004 pull 1.5 nmol monomer 

produced cm-3 h-1  lam 1.2 

 xyl 1 

 fu 0.4 

 ara 0.7 

 chon 0.9 

Arnosti 2011 from 

Arnosti 2008 

pull 1000 nmol monomer 

produced L-1 h-1 

 lam 1600 

 iso 1800 

 xyl 800 

 ara 200 

 fu 300 

 alg 3200 

 chon 800 

 wak 1600 

 spir 1000 

Arnosti 2012 chon 7 nmol monomer 

produced L-1 h-1  fu 3 
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Figure 4 - 5 Four common different scales of model conceptual complexity and 

measurability of the relevant parameter values.  

A – The multi-G model predicts overall organic matter decomposition and therefore uses a 

general kOM.  

B – For the multi-step breakdown model, a hydrolysis rate is still calibrated in modelling 

studies, the same way as in multi-G.  

C – POM classified in to a few constituent molecular groups has been measured in the 

field, but we have not found corresponding hydrolysis rates for these groups. If general 

hydrolysis rates for these molecules could be measured, then field samples of the 

concentrations of these could give accurate overall hydrolysis rates.  

D – Hydrolysis rates and sample concentrations for specific chemicals have been 

measured, but not in a way that can be generalized to describe an overall POM hydrolysis 

rate. 
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HYDROLYSIS OF NECROMASS 

Besides external input of POM to the sediment water interface, there is also the POM 

pool generated by dying bacteria, referred to as necromass. Necromass is presumably 

also composed of carbohydrates, proteins, lipids and uncharacterisable material in a 

consistent ratio, however, there is uncertainty about its reactivity (see literature reviews 

on lab and field studies in Arndt et al. 2013, Burdige 2007). In the groundwater 

modelling study of Schäfer et al. (1998), necromass has a ‘useable’ portion that is 

recycled into the system. In their simulation they set this value to zero, thus assuming 

that necromass was refractory. 

4.4 Conclusion 

One of the overall objectives has been to use conceptual models that are sufficiently 

detailed to allow us to explore the underlying reaction mechanisms. A key part of this 

was to choose parameter values that can be measured directly. In this chapter, we have 

found that the processes of DOM oxidation to CO2 can be parameterized reasonably 

well in the first instance, at least based on available reported measurements. However, 

this remains challenging for the processes controlling POM degradation to DOM. 

Nevertheless, the advantage new organic matter model over that in traditional 

diagenesis models is that the uncertainty over organic matter reactivity is focused much 

more precisely on pathways that will ultimately be measurable, such as the hydrolysis 

of specific particulate organic matter molecular fractions, the composition of refractory 

organic matter, and as yet unmeasured rates such as the death rate. 
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Chapter 5 – CANDI AED: A flexible model system 

for simulating sediment biogeochemistry  

 

5.1 Introduction 

Previous chapters showed that sediment diagenesis models are complex environmental 

reactive transport modelling tools. The meta-analysis (Chapter 2) discussed the history 

of their evolution to these complex configurations, in which the original models of 

Boudreau (1996), Van Cappellen and Wang (1996) and Soetaert et al. (1996) were 

taken up and applied in many contexts by new modellers, who added new features and 

extended their capabilities, or discarded old features as required. The meta-analysis also 

identified the major challenges associated with developing new sediment diagenesis 

models. In this chapter, a new modelling package for sediment biogeochemistry is 

presented, CANDI AED, which is an extension of the Approach 1 models, but 

reengineered and augmented with new model approaches and capabilities as a way to 

address some of these challenges.  

 

In Chapter 3 the significance and uncertainty associated with different parameterisation 

approaches of organic matter dynamics was explored. In these cases, simulations were 

run to test the significance of different theoretical approaches and model structural 

assumptions, using an idealised model setup with only primary oxidation reactions and 

no physical processes or spatial resolution. However, the true impact of these different 

model approaches within a spatially-resolved model, accounting for all of the advection, 

diffusion and secondary reaction processes is yet to be determined, and it is unclear 

whether some formulations may suit some application contexts better than others. 

Therefore there is a need for a fully flexible model structure that can include these 

different organic matter breakdown parameterisations and allow users to assess the 

alternative approaches critically. In addition, other aspects related to secondary redox 

reactions, mineral reactions, precipitation and adsorption should similarly be subject to 

comparative assessments. 
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A further challenge identified in Chapter 2 was the difficulty involved in taking up these 

models by the broader modelling community, because of problems related to connecting 

these complex model structures with other water quality and aquatic ecosystem models. 

There are also problems related to the mismatch between the resolution of processes 

that occur over different spatial and temporal scales, for example fast equilibrium 

reactions between sediment layers, and seasonal temperature or salinity changes across 

a study site. 

 

This research aimed to address these challenges by building a full-featured, open-source 

model code with the flexibility to do the following: 

 to set different kinetic rate equation approaches 

 to set different organic matter pools and breakdown processes 

 to use standard inhibition or thermodynamic limits on primary oxidation 

 to simulate calcium, iron and manganese carbonates 

 to connect the boundary to either another model, a programmed file or a fixed 

concentration 

Therefore the numerical model presented in this chapter has many optional features and 

alternative parameterisations for key processes, without mandating their inclusion in the 

calculations or enforcing a fixed model structure. To facilitate the coupling, the model 

can be implemented with the the “Aquatic EcoDynamics” (AED) framework, or with 

the “Framework for Aquatic Biogeochemical Models” (FABM), which is a new object-

oriented model software framework by Bruggeman and Bolding (2014). Through the 

definition of a generic architecture for configuring and coupling both benthic and 

pelagic models, AED and  FABM have been designed to couple a wide range of 

ecological and biogeochemical models from various developers, to different 

hydrodynamic models (Trolle et al. 2011). To date the FABM has been applied with the 

1D lake hydrodynamic model GLM (Hipsey et al. 2014), and the unstructured mesh 

model TUFLOW-FV (Bruce et al. 2014). 

 

The sediment model CANDI AED presented here is implemented within the AED 

model library, which itself works within either AED or FABM (Hipsey et al. 2012), so 

that it could be coupled with one or more of the model libraries (Figure 5 - 1). Through 

the model coupling approach it could be applied with any of the hydrodynamic models 
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listed above, or alternatively, run in isolation. This chapter provides a complete 

scientific description of the model and describes attributes of the model associated with 

its practical implementation and operation. An application of the model framework is 

demonstrated in the final section of this chapter.  

 

Figure 5 - 1 Schematic of the framework of aquatic biogeochemical models. The new 

diagenesis model code CANDI AED fits into the category of multilayer 1D diagenesis 

models, coupled to other biogeochemical and physical models (Trolle et al. 2011). 
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5.2 Model scientific basis  

The heart of this model is the reaction, diffusion, advection model of Berner (1980), 

which was implemented as the Carbon and Nutrient Diagenesis model of Boudreau 

(CANDI, 1996) and developed into what we defined as Approach 1 in Chapter 2. The 

basic structure of this model is an adaptation of the C.CANDI code (Luff et al. 2000), 

which added extensions related to the geochemical aspects. Further additions to the 

C.CANDI code have been made to the organic matter and geochemical reactions. The 

chemical reactions included in this model, including new features added to the model, 

are expanded upon below and summarised in Figure 5 - 2. 

 

Figure 5 - 2 CANDI AED includes chemical processes of organic matter transformation 

and oxidation, and reduction/oxidation, crystallisation, adsorption and precipitation 

reactions of inorganic by-products. Most of the processes are triggered by the input of 

POM at the sediment-water interface. X is any metal cation that can precipitate with S2- or 

FeS.  
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Primary redox reactions 

The key chemical process that causes ongoing change in the sediment is the breakdown 

of organic matter. The user can decide how complex or simple the organic matter 

breakdown pathway should be, with four options of varying complexity (Table 5 - 1, 

Figure 5 - 3).  

 

The first option (OMModel = 1) is a common multi-G model in which the POM phases 

are decomposed straight to CO2 and other breakdown products. The second option 

(OMModel = 2) is a 2G model, with both particulate and dissolved organic matter 

(POM and DOM) phases included, and parameterisation of hydrolysis of POM to 

DOM, and then DOM to CO2 and other breakdown products. The POM and DOM 

phases consist of three variables each, which trace the reaction and transport of carbon, 

nitrogen and phosphorus separately. This allows C:N:P stoichiometry of organic matter 

to vary temporally and spatially. The third option (OMModel = 3) has many POM 

phases, which can be hydrolysed to DOM at different rates. The DOM hydrolysis 

products then undergo fermentation and terminal oxidation, using the mechanistic 

approach from Chapter 3. The fourth option (OMModel = 4) replaces the multi-G POM 

flux boundary with a prescribed breakdown rate set by depth. This is done the same way 

as in the STEADYSED model of Van Cappellen and Wang (1996). Using OMModel = 

4, an FOM is not required, as the limitation of the availability of organic substrate is 

factored into the exponentially-decreasing reactivity-depth equation.  
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Table 5 - 1 Organic matter breakdown processes. The index i in ∑𝑹𝑶𝒙𝒊 refers to 

the sequence of TEA in Table 5 - 3. For OMModel 2, POM and DOM are each 

three state variables of POC, PON and POP, and DOC, DON and DOP. 

Organic matter state variables are given in Table 5 – 6. 

Description Reaction Rate equation  

OMModel 1    
POMLab oxidation POMLab →CO2 etc.  𝑘𝐷𝑂𝑀𝑅𝑒𝑓∑𝑅𝑂𝑥𝑖  5 - 1 
POMRef oxidation POMRef →CO2 etc.

 𝑘𝐷𝑂𝑀𝑅𝑒𝑓∑𝑅𝑂𝑥𝑖  5 - 2 

OMModel 2    
POMLab hydrolysis POMLab → DOMLab 𝑘𝐻𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠(𝑃𝑂𝑀𝐿𝑎𝑏) 5 - 3 

 

POMRef hydrolysis 
POMRef →DOMRef

 𝑘𝐻𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠(𝑃𝑂𝑀𝑅𝑒𝑓) 5 - 4 

DOMLab oxidation  DOMLab →CO2 etc.  𝑘𝐷𝑂𝑀𝐿𝑎𝑏∑𝑅𝑂𝑥𝑖  5 - 5 

DOMRef oxidation DOMRef →CO2 etc.
 𝑘𝐷𝑂𝑀𝑅𝑒𝑓∑𝑅𝑂𝑥𝑖  5 - 6 

OMModel 3    
POMi hydrolysis POMi → DHyd 𝑘𝐻𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠(𝑃𝑂𝑀𝐿𝑎𝑏)𝐹𝐵𝐻𝑦𝑑 5 - 7 

DHyd fermentation DHyd →OAc + H2 𝑘𝑔𝑟𝑜𝑤𝑡ℎ𝐵𝐹𝑒𝑟𝐹𝑇 𝐹𝑒𝑟𝐹𝐷𝐻𝑦𝑑 5 - 8 

DHyd oxidation  DHyd →CO2 etc. 𝑘𝑔𝑟𝑜𝑤𝑡ℎ𝐵𝐴𝑒𝑟 𝑜𝑟 𝐷𝑒𝑛𝐹𝑇 𝑗𝐹𝐷𝐻𝑦𝑑 5 - 9 

OAc, H2 oxidation OAc, H2→CO2 etc. 𝑘𝑔𝑟𝑜𝑤𝑡ℎ𝐵𝑗𝐹𝑇 𝑗𝐹𝑇𝐸𝐴 𝑗𝐹𝑂𝐴𝑐 𝑜𝑟 𝐻2𝐹𝐼𝑛 𝑗 5 - 10 

OMModel 4    
POM oxidation POM →CO2 etc. Ro exp(-β×depth) 5 - 11 
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Figure 5 - 3 Four options for different levels of complexity in organic matter breakdown, 

by setting the OMModel switch. 1 – Model in which POM breaks down directly to CO2 and 

other waste products. 2 – Model in which POM is first hydrolysed to DOM and then 

oxidised to CO2. 3 – Model in which POM is hydrolysed to hydrolysis products (DHyd), 

which can then be fermented and oxidised. Bacterial pools are those described in Chapter 

3: aerobes (BAer), denitrifiers (BDen), fermenters (BFer), manganese reducers (BMan), iron 

reducers (BIro), sulfate reducers (BSul) and methanogens (BMet). 4 – Model where the rate of 

organic matter oxidation is set by depth, as done by Van Cappellen and Wang (1996)   
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The factor for terminal electron acceptor (TEA) limitation is FTEA (5 - 13), where 

options for Approach 1 or Approach 2 equations are available (Table 5 - 2) and all six 

TEAPs are available (Table 5 - 3). The Monod constant for rate limitation at low 

oxidant concentration is KTEA in Approach 1 and LTEA in Approach 2. Similarly, the 

inhibition term FIn (5 - 16) can be set to Approach 1 or 2 equations, or turned off 

entirely. The constant for inhibition until low oxidant concentrations is KIn for Approach 

1 and LIN for Approach 2.  

 

FT is the thermodynamic limitation factor, as described in Chapters 2 and 3. The current 

version of the model includes FT only for OMModel 3, for terminal oxidation reactions 

and fermentation. FOM is the term for dependence of the oxidation rate on the organic 

matter concentration and may be a Monod function as in equation 5 - 19 (KOM is a half 

saturation constant and the index i is the reactive phase). Using OMModels 1 and 2, 

FOM is simply the concentration of the substrate, rather than a Monod function. The 

current version of the model has a switch built in for the temperature dependence factor, 

FTem, where values of 1 or 2 turn it off or on. However, implementation and testing of 

this factor has not been carried out for this version of the model. The rate of substrate 

consumption in equation 5 - 23 at T0 is R0, and ξ is a scaling constant (see, for example, 

Eldridge and Morse 2008). The organic matter state variables are presented in Table 5 - 

6 and the organic matter balance equations are given in Table 5 - 8. 

Secondary redox reactions 

In the Chapter 2, we identified the many secondary redox reactions that have been 

included across the diversity of diagenesis model applications. In CANDI AED, they 

are all included as options, and may be turned on or off as desired (Table 5 - 4Table 5 - 

4). The inorganic state variables are given in Table 5 - 7 and the balance equations are 

given in Table 5 - 9. 

Equilibrium geochemistry 

The pH is calculated as the sum of all charged species, where any unbalanced charge is 

assigned as a state variable called ‘charge balance’, which is assumed to be H+. The 

charge balance  at each time step is solved as a state variablewhich is subject to 

advection, diffusion and bioturbation reactions. This is a similar setup to the charge 

balance approach to pH modelling described in Chapter 2, section 3.2.2. The 
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precipitation and dissolution of minerals is solved as a kinetic reaction, dependent on 

the concentrations of the dissolved and solid substances, their Ksp and ion activity 

product (IAP). The equations are applied in a similar manner to those in Van Cappellen 

and Wang (1996) and numerous other studies, but with the exact forms of the equations 

based on those from Tufano et al. (2009) (Table 5 - 5). A positive rate indicates 

precipitation and a negative rate indicates dissolution. This model applies the function 

to all mineral simulated, including Fe(OH)3, FeS, FeS2, FeCO3, CaCO3 and MnCO3.  

This model has a process of mineral ageing, whereby iron and manganese oxides 

(MnO2A, Fe(OH)3A) become crystalline (MnO2B, Fe(OH)3B) and no longer react with 

organic matter, but can still undergo secondary redox reactions.  

 

Table 5 - 2 Organic matter limitation factors. FTem has been set to 1 in 

this version of the model. For Equation 5 – 19, OMj refers to the 

organic matter state variables in Table 5 – 6.  

 𝑹𝑶𝒙𝒊 = 𝒌𝑶𝑴𝑭𝑶𝑴𝑭𝑻𝒆𝒎𝑭𝑩𝒊𝒐𝑭𝑻𝑬𝑨𝒊𝑭𝑰𝒏𝒊𝑭𝑻 5 - 12 

 i = O2, NO3
-, MnO2, Fe(OH)3, SO4

2-, CH4  
Factor Description   
𝐹𝑇𝐸𝐴𝑖 Approach 1 

𝑇𝐸𝐴𝑖

𝑇𝐸𝐴𝑖+𝐾𝑇𝐸𝐴𝑖
  5 - 13 

   

 Approach 2  

0,when 𝑇𝐸𝐴𝑖−1 < 𝐿𝑇𝐸𝐴𝑖−1 

1,when 𝑇𝐸𝐴𝑖−1 < 𝐿𝑇𝐸𝐴𝑖−1𝑎𝑛𝑑 𝑇𝐸𝐴𝑖 > 𝐿𝑇𝐸𝐴1 
𝑇𝐸𝐴𝑖
𝐿𝑇𝐸𝐴𝑖

, 𝑤ℎ𝑒𝑛 𝑇𝐸𝐴𝑖−1 < 𝐿𝑇𝐸𝐴𝑖−1𝑎𝑛𝑑 𝑇𝐸𝐴𝑖 < 𝐿𝑇𝐸𝐴1   

5 - 14 

   

   

   

𝐹𝐼𝑛𝑖 Approach 1  
𝐾𝐼𝑛𝑖

𝐾𝐼𝑛𝑖+𝑇𝐸𝐴𝑖
   5 - 15  Approach 2  

   1 −
𝑇𝐸𝐴𝑖

𝐿𝐼𝑛𝑖
 

5 - 16 

𝐹𝑇 
1 − exp (

∆𝐺𝑟 +𝑚∆𝐺𝐴𝑇𝑃
𝜒𝑅𝑇

) 5 - 17 

 
∆𝐺𝑟 = ∆𝐺𝑟

0 + 𝑅𝑇𝑙𝑛 (
𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠
) 

 

5 - 18 

𝐹𝑂𝑀 𝑂𝑀𝑗

𝑂𝑀𝑗+𝐾𝑂𝑀𝑗
  5 - 19 

𝐹𝐵𝐻𝑦𝑑 
MIN(1,

𝐵𝑡𝑜𝑡

𝐵𝑀𝑎𝑥
)  

 

5 – 20 

𝐹𝐵𝑀𝑎𝑥 (1 −
𝐵𝑡𝑜𝑡

𝐵𝑀𝑎𝑥
)  

 

5 – 21 

𝐹𝐵𝑀𝑖𝑛 𝐼𝑓 𝐵𝑡𝑜𝑡 < 𝐵𝑀𝑖𝑛, 𝑅𝑑𝑒𝑎𝑡ℎ = 0 5 – 22 
𝐹𝑇𝑒𝑚  𝑅0𝑒

ξ|𝑇(𝑡)−𝑇0| 5 - 23 
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Table 5 - 3 Primary terminal redox reactions. x, y and z are stoichiometric coefficients. The OM term below refers to any of the oxidised organic 

matter phases from Table 5 - 1, reactions 5 - 1, 5 - 2, 5 - 5, 5 - 6, 5 - 9 and 5 - 10. 

 

Table 5 - 4 Secondary redox reactions.  

Description Reaction  Rate equation  

NH4
+ oxidation by O2 NH4

+ + 2O2 + 2HCO3
-  NO3

- + 2CO2 + 3H2O 𝑅𝑁𝐻4𝑂𝑥 = 𝑘𝑁𝐻4𝑂𝑥(𝑁𝐻4
+)(𝑂2) 5 - 30 

Mn2+ oxidation by O2 Mn2+ + kX + 0.5O2 + 2HCO3
-  MnO2A-Xk + 2CO2 + H2O 𝑅𝑀𝑛𝑂𝑥 = 𝑘𝑀𝑛𝑂𝑥(𝑀𝑛

2+)(𝑂2)
 5 - 31 

Fe2+ oxidation by O2 4Fe2+ + O2 + 4CO2
 + 2H2O  4Fe3+ + 4HCO3

-  𝑅𝐹𝑒𝑂𝑥 = 𝑘𝐹𝑒𝑂𝑥(𝐹𝑒
2+)(𝑂2) 5 - 32 

H2S oxidation by O2 H2S + 2O2 + 2HCO3
-  SO4

2- + 2CO2 + 2H2O 𝑅𝑇𝑆𝑂𝑥 = 𝑘𝑇𝑆𝑂𝑥(𝐻2𝑆)(𝑂2) 5 - 33 

CH4 oxidation by O2 CH4 + O2  CO2 + H2O 𝑅𝐶𝐻4𝑂𝑥 = 𝑘𝐶𝐻4𝑂𝑥(𝐶𝐻4)(𝑂2) 5 - 34 

FeS oxidation by O2 FeS-Xm + 2O2  SO4
2- + Fe2+ + mX 𝑅𝐹𝑒𝑆𝑂𝑥 = 𝑘𝐹𝑒𝑆𝑂𝑥(𝐹𝑒𝑆)(𝑂2) 5 - 35 

FeS2 oxidation by O2 FeS2-Xm + 3.5O2 + 2HCO3
-  Fe2+ + mX + 2SO4

2- + 2CO2 + H2O 𝑅𝐹𝑒𝑆2𝑂𝑥 = 𝑘𝐹𝑒𝑆2𝑂𝑥(𝐹𝑒𝑆2)(𝑂2) 5 - 36 

NH4
+ oxidation by NO2

- NH4
+ + NO2

-  N2 + 2H2O 𝑅𝑁𝐻4𝑁𝑂2 = 𝑘𝑁𝐻4𝑁𝑂2(𝑁𝐻4
+)(𝑁𝑂2

−) 5 - 37 

Mn2+ oxidation by NO3
- 5Mn2+ + 2NO3

- + 8HCO3
- + kX  5MnO2A-Xk + 8CO2 +4H2O + N2 𝑅𝑀𝑛𝑁𝑂3 = 𝑘𝑀𝑛𝑁𝑂3(𝑀𝑛

2+)(𝑁𝑂3
−) 5 - 38 

Fe2+ oxidation by NO3
- 5Fe2+ + NO3

- + 6CO2 + 3H2O  0.5N2 + 5Fe3+ + 6HCO3
- 𝑅𝐹𝑒𝑁𝑂3 = 𝑘𝐹𝑒𝑁𝑂3(𝐹𝑒

2+)(𝑁𝑂3
−) 5 - 39 

∑H2S oxidation by NO3
- 2.5H2S + 4NO3

- + HCO3
-  2.5SO4

-2 + 2N2 + CO2 + 3H2O 𝑅𝑇𝑆𝑁𝑂3 = 𝑘𝑇𝑆𝑁𝑂3(𝐻2𝑆)(𝑁𝑂3
−) 5 - 40 

Fe2+ oxidation by MnO2A, B 2Fe2+ + 2lX + (MnO2A-Xk + MnO2B-Xk) + 2HCO3
- + 2H2O2Fe(OH)3A-Xl + Mn2+ + kX + 2CO2 𝑅𝐹𝑒𝑀𝑛𝐴,𝐵 = 𝑘𝐹𝑒𝑀𝑛(𝐹𝑒

2+)(𝑀𝑛𝑂2𝐴,𝐵) 5 - 41 

∑H2S oxidation by MnO2A, B H2S + 4(MnO2A-Xk + MnO2B-Xk) + 6CO2 + 2H2O  SO4
-2 + 4Mn2+ + 4kX + 6HCO3 𝑅𝑇𝑆𝑀𝑛𝑂2 = 𝑘𝑆𝑀𝑛(𝐻2𝑆)(𝑀𝑛𝑂2𝐴,𝐵) 5 - 42 

FeS oxidation by MnO2 A, B FeS-Xm + 4(MnO2A-Xk + MnO2B-Xk) + 8CO2 + 4H2O  SO4
-2 + 4Mn+2+ Fe2+ + (m + 4k)X + 8HCO3 𝑅𝐹𝑒𝑆𝑀𝑛 = 𝑘𝐹𝑒𝑆𝑀𝑛(𝐹𝑒𝑆)(𝑀𝑛𝑂2𝐴,𝐵) 5 - 43 

∑H2S oxidation by Fe(OH)3A, B H2S + 8(Fe(OH)3A-Xl + Fe(OH)3B-Xl) + 14CO2  SO4
-2 + 8Fe2++ 8lX + 14HCO3

- + 6H2O 𝑅𝑇𝑆𝐹𝑒𝐴,𝐵 = 𝑘𝑇𝑆𝐹𝑒(𝐻2𝑆)(𝐹𝑒(𝑂𝐻)3𝐴,𝐵) 5 - 44 

FeS oxidation by Fe(OH)3A, B FeS-Xm + 8(Fe(OH)3A-Xl + Fe(OH)3B-Xl) + 16CO2  SO4
-2 + 9Fe2+ + (m + 8l)X + 16HCO3

- + 4H2O 𝑅𝐹𝑒𝑆𝐹𝑒𝐴,𝐵 = 𝑘𝐹𝑒𝑆𝐹𝑒(𝐹𝑒𝑆)(𝐹𝑒(𝑂𝐻)3𝐴,𝐵) 5 - 45 

CH4 oxidation by SO4
2- CH4 + SO4

2- + CO2  H2S + 2HCO3
- 𝑅𝐶𝐻4𝑆𝑂4 = 𝑘𝐶𝐻4𝑆𝑂4(𝐶𝐻4)(𝑆𝑂4

2−) 5 - 46 

Description Reaction    

Aerobic respiration OM + xO2 + (-y + 2z)HCO3
- → (x – y + 2z)CO2 + yNH4

+
 + zHPO4

2- + (x + 2y + 2z)H2O  5 – 24 

Denitrification OM + 0.8xNO3
-→ (0.2x – y + 2z)CO2 + 0.4xN2 + (0.8x + y +- 2z)HCO3

- + yNH4
+ + zHPO4

2-+ (0.6x – y  + 2z)H2O + H3PO4 + 177.2H2O  5 - 25 

Mn oxide reduction OM + 2xMnO2 + (3x + y – 2z)CO2 +(x + y – 2z)H2O → 2xMn2++ (4x + y – 2z)HCO3
-
 + yNH4

+
 +zHPO4

2  5 - 26 

Fe oxide reduction OM + 4xFe(OH)3 + (7x + y – 2z)CO2 + (x – 2z)H2O→ 4xFe2+ + (8x + y – 2z)HCO3
- + yNH4

+
 + zHPO4

2- + (3x + y - 2z)H2O  5 - 27 

Sulfate reduction OM + 0.5xSO4
2- + (y – 2z)CO2 + (y – 2z)H2O → 0.5xH2S + (x + y – 2z)HCO3

- + yNH4
+ + zHPO4

2-  5 - 28 

Methanogenesis OM + (y – 2z)H2O →0.5xCH4 + (0.5x – y + 2z)CO2 + (y – 2z)HCO3
- + yNH4

+ + zHPO4
2-  5 - 29 
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Table 5 - 5 Geochemistry X1-6 = metal or metalloid where 1=As, 2=Cu, 3=Cd, 4=Pb, 5=Ni, 

6=Zn and dissolved X includes free ion and all solution complexes. If reaction mode = 1, 

the rate of precipitation is zero. 

Description, Reaction Rate equation  

MnO2A ageing  5 - 47 

          MnO2A-Xk  MnO2B-Xk 𝑅𝑀𝑛𝐴𝑔𝑒 = 𝑘𝑀𝑛𝐴𝑔𝑒(𝑀𝑛𝑂2𝐴)  

Fe(OH)3A precipitation If reaction mode = 2  

 𝑅𝐹𝑒𝑆𝑝𝑝𝑡 = 𝑘𝐹𝑒𝑂𝐻𝑝𝑝𝑡[𝐹𝑒
2+]  

 If reaction mode = 3  

          Fe3+ + lX + 3H2O  Fe(OH)3A- + 3H+ 
𝑅𝐹𝑒𝑂𝐻𝑝𝑝𝑡 = 𝑘𝐹𝑒𝑂𝐻𝑝𝑝𝑡 (1 − (

𝐾𝑠𝑝

𝐼𝐴𝑃
)
𝐹𝑒𝑂𝐻

) 

𝑅𝐹𝑒𝑂𝐻𝑑𝑖𝑠𝑠 = −𝑘𝐹𝑒𝑂𝐻𝑝𝑝𝑡 (1 − (
𝐼𝐴𝑃

𝐾𝑠𝑝
)
𝐹𝑒𝑂𝐻

) 

5 - 48 

5 - 49 

 

Fe(OH)3A ageing   

          Fe(OH)3A-Xk  Fe(OH)3B 𝑅𝐹𝑒𝐴𝑔𝑒 = 𝑘𝐹𝑒𝐴𝑔𝑒(𝐹𝑒(𝑂𝐻)3𝐴) 5 - 50 

5 - 51 

 

FeS precipitation If reaction mode = 2  

          Fe2+ + H2S  FeS + 2H+ 𝑅𝐹𝑒𝑆𝑝𝑝𝑡 = 𝑘𝐹𝑒𝑆𝑝𝑝𝑡[𝐹𝑒
2+][𝐻𝑆−]  

   

 If reaction mode = 3  

 
𝑅𝐹𝑒𝑆𝑝𝑝𝑡 = 𝑘𝐹𝑒𝑆𝑝𝑝𝑡 (1 − (

𝐾𝑠𝑝

𝐼𝐴𝑃
)
𝐹𝑒𝑆
) 

𝑅𝐹𝑒𝑆𝑑𝑖𝑠𝑠 = −𝑘𝐹𝑒𝑆𝑝𝑝𝑡 (1 − (
𝐼𝐴𝑃

𝐾𝑠𝑝
)
𝐹𝑒𝑆

) 

5 - 52 

5 - 53 

 

 If reaction mode = 4  

 𝑅𝐹𝑒𝑆𝑝𝑝𝑡 = 𝑘𝐹𝑒𝑆𝑝𝑝𝑡𝛿𝐹𝑒𝑆(𝛺𝐹𝑒𝑆 − 1) 5 - 54 

 𝑅𝐹𝑒𝑆𝑑𝑖𝑠𝑠 = 𝑘𝐹𝑒𝑆𝑑𝑖𝑠𝑠𝛿−𝐹𝑒𝑆(1 − 𝛺𝐹𝑒𝑆) 5 - 55 

 
𝛺𝐹𝑒𝑆 = (

[𝐹𝑒2+][𝐻𝑆−]

[𝐻+]𝐾𝐹𝑒𝑆
′ )   

𝛺𝐹𝑒𝑆 > 1: 𝛿𝐹𝑒𝑆 = 1, 𝛿−𝐹𝑒𝑆 = 0 

𝛺𝐹𝑒𝑆 ≤ 1: 𝛿𝐹𝑒𝑆 = 0, 𝛿−𝐹𝑒𝑆 = 1 

 

 

5 - 56 

 

5 - 57 

FeS transformation to FeS2   

          FeS + H2S  FeS2 + H2 𝑅𝑃𝑦𝑟𝑖𝑡𝑒 = 𝑘𝑝𝑦𝑟𝑖𝑡𝑒(𝐹𝑒𝑆)(𝐻2𝑆) 5 - 58 

 

XS precipitation   

          X2+ + H2S  XS + 2H+ 
𝑅𝑋𝑆𝑝𝑝𝑡 = 𝑘𝑋𝑆𝑝𝑝𝑡 (1 − (

𝐾𝑠𝑝

𝐼𝐴𝑃
)
𝑋𝑆
) 

𝑅𝑋𝑆𝑑𝑖𝑠𝑠 = −𝑘𝑋𝑆𝑝𝑝𝑡 (1 − (
𝐼𝐴𝑃

𝐾𝑠𝑝
)
𝑋𝑆

) 

5 - 59 

5 - 60 

 

   

FeCO3 precipitation If reaction mode = 3  

          Fe2+ + CO3
2-  FeCO3 

𝑅𝑆𝑖𝑑𝑝𝑝𝑡 = 𝑘𝑆𝑖𝑑𝑝𝑝𝑡 (1 − (
𝐾𝑠𝑝

𝐼𝐴𝑃
)
𝑆𝑖𝑑
) 

𝑅𝑆𝑖𝑑𝑑𝑖𝑠𝑠 = −𝑘𝑆𝑖𝑑𝑝𝑝𝑡 (1 − (
𝐼𝐴𝑃

𝐾𝑠𝑝
)
𝑆𝑖𝑑

) 

5 - 61 

5 - 62 

 

 If reaction mode = 4  

 𝑅𝑆𝑖𝑑𝑝𝑝𝑡 = 𝑘𝑆𝑖𝑑𝑝𝑝𝑡𝛿𝑆𝑖𝑑(𝛺𝑆𝑖𝑑 − 1) 5 - 63 

 𝑅𝑆𝑖𝑑𝑑𝑖𝑠𝑠 = 𝑘𝑆𝑖𝑑𝑑𝑖𝑠𝑠𝛿−𝑆𝑖𝑑(1 − 𝛺𝑆𝑖𝑑) 5 - 64 

 
𝛺𝑆𝑖𝑑 = (

[𝐹𝑒2+][𝐶𝑂3
2−]

𝐾𝑆𝑖𝑑
′ )   

𝛺𝑆𝑖𝑑 > 1: 𝛿𝑆𝑖𝑑 = 1, 𝛿−𝑆𝑖𝑑 = 0 

𝛺𝑆𝑖𝑑 ≤ 1: 𝛿𝑆𝑖𝑑 = 0, 𝛿−𝑆𝑖𝑑 = 1 

 

5 - 65 

 

5 - 66 
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Table 5 - 5 Continued 

Description, Reaction Rate equation  

CaCO3 precipitation   
          Ca2+ + CO3

2-  CaCO3 
𝑅𝐶𝑎𝑙𝑝𝑝𝑡 = 𝑘𝐶𝑎𝑙𝑝𝑝𝑡 (1 − (

𝐾𝑠𝑝

𝐼𝐴𝑃
)
𝐶𝑎𝑙
) 

𝑅𝐶𝑎𝑙𝑑𝑖𝑠𝑠 = −𝑘𝐶𝑎𝑙𝑝𝑝𝑡 (1 − (
𝐼𝐴𝑃

𝐾𝑠𝑝
)
𝐶𝑎𝑙

) 

5 - 

67 

5 - 

68 
 

   
MnCO3 precipitation If reaction mode = 3  

          Mn2+ + CO3
2-  MnCO3 

𝑅𝑅𝑜𝑑𝑝𝑝𝑡 = 𝑘𝑅𝑜𝑑𝑝𝑝𝑡 (1 − (
𝐾𝑠𝑝

𝐼𝐴𝑃
)
𝑅𝑜𝑑
) 

𝑅𝑅𝑜𝑑𝑑𝑖𝑠𝑠 = −𝑘𝑅𝑜𝑑𝑝𝑝𝑡 (1 − (
𝐼𝐴𝑃

𝐾𝑠𝑝
)
𝑅𝑜𝑑

) 

5 - 69 

5 - 70 
 

 If reaction mode = 4  
 𝑅𝑅𝑜𝑑𝑝𝑝𝑡 = 𝑘𝑅𝑜𝑑𝑝𝑝𝑡𝛿𝑅𝑜𝑑(𝛺𝑅𝑜𝑑 − 1) 5 - 71 

 𝑅𝑅𝑜𝑑𝑑𝑖𝑠𝑠 = 𝑘𝑅𝑜𝑑𝑑𝑖𝑠𝑠𝛿−𝑅𝑜𝑑(1 − 𝛺𝑅𝑜𝑑)  
 

𝛺𝑅𝑜𝑑 = (
[𝑀𝑛2+][𝐶𝑂3

2−]

𝐾𝑅𝑜𝑑
′ )   

𝛺𝑅𝑜𝑑 > 1:𝛿𝑅𝑜𝑑 = 1, 𝛿−𝑅𝑜𝑑 = 0 

𝛺𝑅𝑜𝑑 ≤ 1:𝛿𝑅𝑜𝑑 = 0, 𝛿−𝑅𝑜𝑑 = 1 

 

5 - 72 

 

5 - 73 

Sulfide equilibria HS- + H+  H2S 5 - 74 

 S2- + 2H+  H2S 5 - 75 

Phosphate equilibria HPO4
2-  PO4

2- + H+ 5 - 76 

 H2PO4
-  PO4

3- + 2H+ 5 - 77 

 

Table 5 - 6 Summary of organic matter state variables configurable within the model.  

Symbol   Units Description  

Substrates    

OM Model 1     

POMLab  mmol L-1 Labile POM poml 

POMRef  mmol L-1 Refractory POM pomr 

OM Model 2     

POCLab  mmol L-1 Labile POC pocl 

POCRef  mmol L-1 Refractory POC pocr 

DOCLab  mmol L-1 Labile DOC docl 

DOCRef  mmol L-1 Refractory DOC docr 

     

PONLab  mmol L-1 Labile PON ponl 

PONRef  mmol L-1 Refractory PON ponr 

DONLab  mmol L-1 Labile DON donl 

DONRef  mmol L-1 Refractory DON donr 

     

POPLab  mmol L-1 Labile POP popl 

POPRef  mmol L-1 Refractory POP popr 

DOPLab  mmol L-1 Labile DOP dopl 

DOPRef  mmol L-1 Refractory DOP dopr 

OM Model 3      

POMi  mmol L-1 Input POM pom1, pom2 etc. 

Bj  mmol C L-1 Bacterial groups BFer, BAer etc. 

DHyd  mmol L-1 Hydrolysis products dhyd 

Acetate  mmol L-1 Acetate OAc 

H2  mmol L-1 Hydrogen H2 

Necromass  mmol L-1 Dead bacteria Necromass 
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Table 5 - 7 Summary of inorganic state variables with in the model. 

Symbol   Units Description  

Terminal electron acceptors     

O2  mmol L-1 Dissolved oxygen oxy 

NO3
-  mmol L-1 Nitrate nit 

MnO2A  mmol L-1 Amorphous manganese (IV) oxide mno2a 

Fe(OH)3A  mmol L-1 Amorphous iron (III) hydroxide feoh3a 

SO4
2-  mmol L-1 Sulfate  so4 

Variable constants       

∆𝐺𝑟𝑇𝐸𝐴𝑗 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒𝑖  kJ mol-1 The energy calculated dynamically for 

the reaction of each TEA with each 

substrate. 

dGAerOAc etc. 

…  

FT TEAjsubstratei  -   

IAP  -   

Secondary by-products and other inorganic substances   

∑CO2  mmol L-1 All carbonate species  dic 

NH4
+, NH4

+
(ads)   mmol L-1 Dissolved and adsorbed ammonium amm pin 

∑PO4
3- , PO4

3-
(ads)  mmol L-1 Dissolved and adsorbed phosphate frp pip 

MnO2B  mmol L-1 Crystalline manganese (IV) oxide  mno2b 

Mn2+  mmol L-1 Manganese (II) mnii 

Fe(OH)3B  mmol L-1 Crystalline iron (III) hydroxide feoh3b 

Fe2+  mmol L-1 Iron (II) feii 

FeS  mmol L-1 Iron sulphide fes 

FeS2  mmol L-1 Pyrite fes2 

∑H2S  mmol L-1 Suphide species reacted by 5 - 74 and 

5 - 75 

h2s 

CH4  mmol L-1 Methane ch4 

X   

 

 

 mmol L-1 Adsorbed metals arsenic, copper, 

cadmium, lead, nickel or zinc 

X 

ChgBal  mmol L-1 Charge balance CHGBAL 

Chl-a  mmol L-1 Chlorophyll chla 

Zoo  mmol L-1 Zooplankton debris zoo 

Ca2+  mmol L-1 Calcium  ca 

CaCO3  mmol L-1 Calcite cal 

MnCO3  mmol L-1 Rhodchrosite rod 

FeCO3  mmol L-1 Siderite sid 

 

Table 5 - 8 Balance equations for organic chemical reactions. Physical reactions are the 

same for all species.  

 Balance equations  

 𝜕𝑃𝑂𝑀𝑖
𝜕𝑡

= −𝑅𝐻𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑖 
5 – 78 

 𝜕𝐵𝑗

𝜕𝑡
= +𝛴𝑅𝐺𝑟𝑜𝑤𝑡ℎ 𝑖 𝑗𝑌𝑖𝑒𝑙𝑑𝑖 𝑗𝐹𝐵𝑀𝑎𝑥 − 𝑘𝐷𝑒𝑎𝑡ℎ 𝑗 

5 - 79 

 𝜕𝐷𝐻𝑦𝑑

𝜕𝑡
= +𝛴𝑅𝐻𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 − 𝑅𝐹𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 − 𝑅𝐴𝑒𝑟𝐷𝐻𝑦𝑑 − 𝑅𝐷𝑒𝑛𝐷𝐻𝑦𝑑 5 - 80 

 𝜕𝑂𝐴𝑐

𝜕𝑡
= +𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑂𝐴𝑐𝑅𝐹𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 − ∑𝑅𝑂𝑥𝑖 

5 - 81 
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Table 5 - 9 Balance equations for inorganic chemical reactions. Physical reactions are the 

same for all species. 

 Balance equations  

 𝜕𝐻2
𝜕𝑡

= +𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝐻2𝑅𝐹𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛 −∑𝑅𝑂𝑥𝑖 
5 - 82 

 𝜕𝑂2
𝜕𝑡

= −𝑅𝑂2 − 2𝑅𝑁𝐻4𝑂𝑥 −
1

2
𝑅𝑀𝑛 𝑂𝑥 −

1

4
𝑅𝐹𝑒𝑂𝑥 − 2𝑅𝑇𝑆𝑂𝑥 − 𝑅𝐶𝐻4𝑂𝑥 − 2𝑅𝐹𝑒𝑆 𝑂𝑥

− 3.5𝑅𝐹𝑒𝑆2 𝑂𝑥 

5 - 83 

 𝜕𝑁𝑂3
−

𝜕𝑡
= 2𝑅𝑁𝐻4𝑂𝑥 − 𝑅𝑁𝑂3 − 2𝑅𝑀𝑛𝑁𝑂3 − 𝑅𝐹𝑒𝑁𝑂3 − 4𝑅𝑇𝑆𝑁𝑂3 − 𝑅𝑁𝐻4𝑁𝑂2 

5 - 84 

 𝜕𝑀𝑛𝑂2𝐴
𝜕𝑡

= 𝑅𝑀𝑛𝑂2 + 𝑅𝑀𝑛 𝑂𝑥 − 5𝑅𝑀𝑛𝑁𝑂3 − 𝑅𝐹𝑒𝑀𝑛𝐴 − 4𝑅𝑇𝑆𝑀𝑛𝐴 − 4𝑅𝐹𝑒𝑆𝑀𝑛𝐴 − 𝑅𝑀𝑛𝐴𝑔𝑒 
5 - 85 

 𝜕𝐹𝑒(𝑂𝐻)3𝐴
𝜕𝑡

= 4𝑅𝐹𝑒𝑂𝑋 + 𝑅𝐹𝑒𝑂𝐻 𝑝𝑝𝑡 + 𝑅𝐹𝑒𝑀𝑛𝐴,𝐵 − 4𝑅𝐹𝑒 𝑂𝑥 − 8𝑅𝑇𝑆𝐹𝑒𝐴,𝐵 − 8𝑅𝐹𝑒𝑆𝐹𝑒𝐴

− 𝑅𝐹𝑒𝐴𝑔𝑒 

5 - 86 

 𝜕𝑆𝑂4
2−

𝜕𝑡
= 2𝑅𝑇𝑆 𝑂𝑥 + 𝑅𝐹𝑒𝑆 𝑂𝑥 + 2𝑅𝐹𝑒𝑆2 𝑂𝑥 + 𝑅𝑇𝑆 𝑀𝑛𝑂2 +

8

5
𝑅𝑇𝑆𝑁𝑂3+8𝑅𝑇𝑆𝐹𝑒𝐴,𝐵 + 𝑅𝐹𝑒𝑆 𝑀𝑛

+ 𝑅𝐹𝑒𝑆 𝐹𝑒𝐴,𝐵 − (𝑛𝑜𝑡 ℎ𝑎𝑙𝑓)𝑅𝑆𝑂4 𝑂𝑥 − 𝑅𝐶𝐻4𝑆𝑂4 

5 - 87 

 𝜕 ∑𝐶𝑂2
𝜕𝑡

= ±∑𝑅𝑂𝑋𝑖 + 𝑅𝐶𝐻4 𝑂𝑥 + 𝑅𝐶𝐻4𝑆𝑂4 − 𝑅𝑆𝑖𝑑 𝑝𝑝𝑡 − 𝑅𝐶𝑎𝑙 𝑝𝑝𝑡 
5 - 88 

 𝜕𝑁𝐻4
+

𝜕𝑡
= ∑𝑅𝑂𝑥𝑖 − 𝑅𝑁𝐻4𝑂𝑥 − 𝑅𝑁𝐻4𝑁𝑂2 − 𝑅𝑁𝐻4𝑎𝑑𝑠 

5 - 89 

 𝜕 ∑𝑃𝑂4
3−

𝜕𝑡
= ∑𝑅𝑂𝑥𝑖 − 𝑅𝑃𝑂4𝑎𝑑𝑠 

5 - 90 

 𝜕𝑁2
𝜕𝑡

= 𝑅𝑂𝑥𝑁𝑂 + 𝑅𝑁𝐻𝑂 + 𝑅𝑀𝑛𝑁𝑂 −
1

2
𝑅𝐹𝑒𝑁𝑂 − 2𝑅𝐻𝑆𝑁𝑂 15 - 91 

 𝜕𝑁𝑂2
−

𝜕𝑡
= −𝑅𝑁𝐻𝑁𝑂 5 - 92 

 𝜕𝑀𝑛𝑂2𝐵
𝜕𝑡

= 𝑅𝑀𝑛𝐴𝑔𝑒 − 𝑅𝐹𝑒𝑀𝑛𝐵 − 4𝑅𝑇𝑆𝑀𝑛𝐵 − 4𝑅𝐹𝑒𝑆𝑀𝑛𝐵 5 - 93 

 𝜕𝑀𝑛2+

𝜕𝑡
= 2𝑅𝑀𝑛𝑂2 + 𝑅𝐹𝑒𝑀𝑛𝐴,𝐵 + 4𝑅𝑇𝑆𝑀𝑛𝐴,𝐵 + 4𝑅𝐹𝑒𝑆𝑀𝑛𝐴,𝐵 − 𝑅𝑀𝑛𝑂𝑥 − 5𝑅𝑀𝑛𝑁𝑂3 

5 - 94 

 𝜕𝐹𝑒(𝑂𝐻)3𝐵
𝜕𝑡

= 𝑅𝐹𝑒𝐴𝑔𝑒 − 8𝑅𝑇𝑆𝐹𝑒𝐵 − 8𝑅𝐹𝑒𝑆𝐹𝑒𝐵 5 - 95 

 𝜕𝐹𝑒2+

𝜕𝑡
= 4𝑅𝐹𝑒𝑂𝐻 𝑂𝑥 + 𝑅𝐹𝑒𝑆 𝑂𝑥 + 𝑅𝐹𝑒𝑆2 𝑂𝑥 + 𝑅𝐹𝑒𝑆𝑀𝑛𝐴,𝐵 + 8𝑅𝐻𝑆𝐹𝑒 + 9𝑅𝐹𝑒𝑆𝐹𝑒𝐴 + 5𝑅𝐹𝑒𝑁𝑂3

− 𝑅𝐹𝑒 𝑂𝑥 − 2𝑅𝐹𝑒𝑀𝑛𝐴,𝐵 − 𝑅𝐹𝑒𝑆 𝑝𝑝𝑡 − 𝑅𝑆𝑖𝑑 𝑝𝑝𝑡 − 

5 - 96 

 𝜕 ∑𝐻2𝑆

𝜕𝑡
=
1

2
𝑅𝑆𝑂4 + 𝑅𝐶𝐻4𝑆𝑂4 − 𝑅𝑇𝑆 𝑂𝑥 −

5

2
𝑅𝑇𝑆 𝑁𝑂3 − 𝑅𝑇𝑆 𝑀𝑛𝑂2 − 𝑅𝑇𝑆 𝐹𝑒𝐴,𝐵 − 𝑅𝐹𝑒𝑆 𝑝𝑝𝑡

− 𝑅𝑃𝑦𝑟𝑖𝑡𝑒 − 𝑅𝑋𝑆 𝑝𝑝𝑡 

5 - 97 

 𝜕𝐶𝐻4
𝜕𝑡

=
1

2
𝑅𝐶𝐻4 − 𝑅𝐶𝐻4𝑂𝑥 − 𝑅𝐶𝐻4𝑆𝑂4 

5 - 98 

 𝜕𝑋

𝜕𝑡
= ±∑𝑅𝑂𝑋𝑖 + 𝑅𝐹𝑒𝑆 𝑂𝑥 + 𝑅𝐹𝑒𝑆2 𝑂𝑥 + 𝑅𝑀𝑛𝑁𝑂3 + 4𝑅𝑇𝑆𝑀𝑛𝐴,𝐵 + 𝑅𝐹𝑒𝑆𝑀𝑛𝐴,𝐵 + 8𝑅𝑇𝑆𝐹𝑒𝐴,𝐵

+ 𝑅𝐹𝑒𝑆 𝐹𝑒𝐴,𝐵  − 𝑅𝑀𝑛 𝑂𝑥 − 𝑅𝐹𝑒𝑀𝑛𝐴,𝐵 − 𝑅𝐹𝑒𝑆 𝑝𝑝𝑡 − 𝑅𝑆𝑋 𝑝𝑝𝑡 

5 - 99 

 𝜕𝐶𝑎2+

𝜕𝑡
= −𝑅𝐶𝑎𝑙 𝑝𝑝𝑡 

5 - 100 

 𝜕𝐹𝑒𝑆

𝜕𝑡
= −𝑅𝐹𝑒𝑆 𝑝𝑝𝑡 − 𝑅𝐹𝑒𝑆𝑀𝑛𝐴,𝐵 − 𝑅𝐹𝑒𝑆𝐹𝑒𝐵 − 𝑅𝐹𝑒𝑆 𝑂𝑥 − 𝑅𝑃𝑦𝑟𝑖𝑡𝑒 

5 - 101 

 𝜕𝐹𝑒𝑆2
𝜕𝑡

= 𝑅𝑃𝑦𝑟𝑖𝑡𝑒 − 𝑅𝐹𝑒𝑆2 𝑂𝑥 5 - 102 

 𝜕𝐹𝑒𝐶𝑂3
𝜕𝑡

= 𝑅𝑆𝑖𝑑 𝑝𝑝𝑡 
5 - 103 

 𝜕𝑀𝑛𝐶𝑂3
𝜕𝑡

= 𝑅𝑅𝑜𝑑 𝑝𝑝𝑡 
5 – 104 

 𝜕𝐶𝑎𝐶𝑂3
𝜕𝑡

= 𝑅𝐶𝑎𝑙 𝑝𝑝𝑡 
5 - 105 

 𝜕𝑋𝑆

𝜕𝑡
= 𝑅𝑋𝑆 𝑝𝑝𝑡 

5 - 106 
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Physical transport  

The analysis from Chapter 2 showed that advection and diffusion reactions (equations 5 

- 107, 5 - 108) are fairly consistent in diagenesis models, and here we use the same 

methods (Table 5 - 10). Porosity (ϕ) is defined according to equation 5 - 109, which 

allows it to decrease with depth, and the solid fraction is defined from 𝜙𝑠 = (1 − 𝜙). 

For bioturbation the model uses a diffusion coefficient that varies with depth (DB(x)) as a 

two layer function or a Gaussian decrease (Boudreau 1996). For the porewater 

components, diffusion coefficients are used that are based on free-solution molecular 

diffusion constants corrected for sediment tortuosity, θ, according to equation 5 - 110. 

The irrigation coefficient can be set to that from C.CANDI (irrigswitch = 1) or that of 

Van Cappellen and Wang (1996) (irrigswitch = 2).  

 

Table 5 - 10 General transport reactions: The concentration of a solid is Cs and of a solute 

is Cd, the concentration of a solute at the sediment surface is Cd0, molecular diffusion is DS, 

the molecular diffusion constant is Ds
o, sediment density is ρ, time is t, depth is x, porosity 

is ϕ, burial rate is ω, the velocity of flow relative to the sediment surface is ν, the irrigation 

constant is α, the porosity at the sediment-water interface is ϕ0, porosity at the bottom 

depth is ϕxl, β is a user-definable parameter that controls the shape of the profile, DB
0 is a 

known bioturbation value, xa and xb define the mixed layer depth and xs is the halving 

depth. 

Description  Transport equation  

Transport of solids 𝜕[(1−𝜙)𝜌𝐶𝑠]

𝜕𝑡
      =      𝐷𝐵

𝜕2[(1−𝜙)𝜌𝐶𝑠]

𝜕𝑥2
   −      

𝜕[(1−𝜙)𝜔𝜌𝐶𝑠]

𝜕𝑥
    5 - 107 

Transport of solutes 𝜕(𝜙𝐶𝑑)

𝜕𝑡
 =       𝐷𝐵

𝜕2(𝜙𝐶𝑑)

𝜕𝑥2
+  𝜙𝐷𝑆

𝜕2(𝐶𝑑)

𝜕𝑥2
   −    

𝜕(𝜙𝜐𝐶𝑑)

𝜕𝑥
  

+    𝛼(𝐶𝑑0 − 𝐶𝑑) 

5 - 108 

Porosity 𝜙𝑥 = (𝜙0 − 𝜙𝑥𝑙)𝑒
−𝛽𝑥 + 𝜙𝑥𝑙 5 - 109 

Diffusion  
𝐷𝑠
′ =

𝐷𝑆
𝑜

𝜃2
 5 - 110 

Bioturbation (two 

layer) 𝐷𝐵(𝑥) = {

𝐷𝐵
0                                        0 < 𝑥 < 𝑥𝑏

𝐷𝐵
0
𝑥𝑎 − 𝑥

𝑥𝑏 − 𝑥𝑎
                         𝑥𝑎 < 𝑥 < 𝑥𝑏 

0                                                    𝑥 > 𝑥𝑏

} 

5 - 111 

Bioturbation 

(Gaussian) 
𝐷𝐵(𝑥) = 𝐷𝐵

0𝑒𝑥𝑝 (−
𝑥2

2𝑥𝑠
2) 

5 - 112 

Irrigation coefficient 

(switch = 1)  

 

𝐶𝐼𝑟𝑟𝑖𝑔 = 𝛼0𝑒
−1.5(𝑥−𝑥𝑖𝑟𝑟𝑖𝑔) 

 

 

5 - 113 

(switch = 2) 𝐶𝐼𝑟𝑟𝑖𝑔 =  𝛼0exp (−𝑥 ∙ 𝑥𝑖𝑟𝑟𝑖𝑔) 

𝐶𝐼𝑟𝑟𝑖𝑔 =  𝛼0e
−𝑥∙𝑥𝑖𝑟𝑟𝑖𝑔   

5 - 114 
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5.3 Implementation and operation details 

The preceding details were an explanation of the scientific aspects of this diagenesis 

model, and remainder of this chapter concerns its practical implementation.  

Implementation of CANDI AED within the framework 

The sediment diagenesis model CANDI AED is one module of the AED library (Table 

5 - 11, Hipsey et al. 2012), which is composed of numerous model components. The 

frameworks allow any combination of these modules, or any other model package, to be 

included in a model simulation, and couples them to a physical model of the water 

column, which provides the spatial and temporal resolution, and calculates the transport 

processes (Figure 5 - 1). The AED library is just one set that could be used with the 

FABM framework, where others include the Fasham model template (based on Fasham 

et al. 1990) or the simple NPZD model of Burchard et al. (2005). A range of physical 

models and configurations is also available, depending on whether the focus is on the 

sediment alone, or the sediment as part of a larger environmental simulation (Figure 5 - 

4).  

 

Refer to https://github.com/AquaticEcoDynamics for further up to date information 

about AED and available model codes. For the FABM-compatible version, please 

contact dan.paraska@research.uwa.edu.au. 

 

Table 5 - 11 Examples of modules currently within the AED library  

AED library 

AED Oxygen 

AED Nitrogen  

AED Phosphorus 

AED Silica 

AED Organic matter 

AED Phytoplankton 

AED Zooplankton 

AED Geochemistry 

AED Pathogens 

AED Sed diagenesis 

https://github.com/AquaticEcoDynamics
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Figure 5 - 4 Spatial resolution options available through AED or FABM. a) Water column 

studies have traditionally assigned a flux to the sediment water interface without resolving 

the sediment chemical concentrations by depth, though they can be resolved laterally. b) 

The 0D water column is the method used in most sediment diagenesis studies, and use of 

multiple sediment zones is an option available within the AED framework. 

 

Program structure 

The general structure of the program is shown in Figure 5 - 5. The program is firstly 

initialised, then loops through the kinetic and equilibrium reactions for each time step 

and writes the resulting concentrations and rates at each depth to an output file. The 

kinetic reactions are solved by the VODE program (Brown et al. 1989) and the 

equilibrium reactions by the Simplex program. 

 

  

0D 1D 2D 3D 

a 

b 
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Figure 5 - 5 General structure of the model processes and files.   

File: aed_seddiagenesis 

File: aed_sedcandi 

INITIALISATION 

Sediment depth layers 

Porosity 

Bioturbation functions 

Rate constants 

Initial concentrations 

KINETIC PROCESSES 

 

Boundary conditions 

(concentration, flux) 

Set the rates 

(rate constants,  

concentrations) 

Set the reactions 

Transport 

(diffusion, advection) 

Solve the equations 

start the simulation 

update equilibria 

EQUILIBRIUM PROCESSES 

Precipitation, adsorption, 

ageing, pH 

start  

next  

time  

step 

File: aed_sedvode 

 

ODE solver 

calculate 

fluxes 

File: (variable).sed 

concentrations 

write the 
output data 

File: aed_geochem 

 

File: aed_gcsolver 

(Simplex) 

 
File: rates.sed 

rates at final time 
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Model setup, boundary conditions and parameter definition 

The model is set up via the name list text file aed2.nml or fabm.nml using the model 

keyword “aed_seddiagenesis” with the model configured to select the “Dynamic” 

option. Once this is selected, the model will search for the “&aed_sedcandi” parameter 

block within aed2.nml or fabm.nml. 

 

Each active sediment model within the model framework is discretised into a user 

definable number of depth layers (maxnpts) that start at a thickness of a few mm at the 

sediment-water interface and which increase exponentially down to a pre-defined 

sediment depth (xl). Users must define the sediment domain physical properties as 

summarised in Table 5 - 12, including configuration options related to bioturbation and 

irrigation. The biogeochemical configuration (Table 5 - 13), rate constants (see Table 5 

- 14 and Table 5 - 15) must be set according to the sub-model options described above.  

 

Table 5 - 12 Sediment physical and transport parameters 

Parameter name Unit Example value Description 

DB0 cm2 y-1 10 Biodiffusion coefficient at sediment-water ineterface 

imix 0/1 0 Bioturbation function: 0-Gaussian; 1 – two-layer model 

xs cm 3 Half depth for Gaussian mixing (imix - 0) 

x1 cm 1 Depth at which db starts to decreacse (imix -1) 

x2 cm 5 Depth at which db is zero (imix - 1) 

irrig 0/1 1 Bioirrigation switch 

α0 y-1 15 Irrigation coefficient  

xirrig cm 4 Maximum irrigation depth 

ventflow cm y-1 0 Advective flux (positive value indicates from below) 

w00 cm y-1 0.75 Sediment accumulation velocity at maximum depth 

p0 - 0.90 Porosity at sediment-water interface (ϕ0 in equation 5 - 

109) 

p00 - 0.80 Porosity at maximum depth (ϕxl in equation 5 - 109) 

bp - 2.5 Porosity attenuation coefficient (β in equation 5 - 109) 

torteq 1/2/3 3 Tortuosity calculation method switch: 1-Archie; 2-

Burger; 3-Weissberg 

an - 2.14 Porosity exponent for tortuosity (if Archie)  

aa - 3.79 Porosity exponent for tortuosity (if Burger) 

ab - 2.02 Porosity exponent for tortuosity (if Weissberg) 

xl cm 100 Maximum simulation depth 

maxnpts - 40 Number of vertical layers  
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Table 5 - 13 The major biogeochemical configuration options, which are set by the user 

before the model is initialised. 

Biogeochemical configuration Description 

OMapproach 1/2 Kinetic redox equations, corresponding to the approaches of Chapter 2 

OMModel 1/2/3 Organic matter breakdown models, as described in Table 5 - 1, Figure 5 - 3 

FTem switch 1/2 Sets reaction rate dependency on temperature 

FT switch 1/2 Sets reaction rate dependency on thermodynamics 

FBio switch 1/2 Sets reaction rate dependency on biomass concentration 
FIN switch 1/2 Sets reaction rate dependency on concentration of other oxidants 

simMnFe T/F Turns all Mn and Fe primary and secondary reactions on or off 

simFeS T/F Turns all FeS reactions on or off 

simX T/F Allows simulation of adsorbed metal X 

Xname “X” Metal X: “As”, “Cu”, “Cd”, “Pb”, “Ni”, “Zn” 

simCaCO3 T/F Turns all calcite reactions on or off 

simFeCO3 T/F Turns all siderite reactions on or off 

simMnCO3 T/F Turns all rhodchrosite reactions on or off 

simNPads T/F Turns N and P adsorption on or off 

rxn_mode 0/1 Sets precipitation to: kinetic-0; IAP/Ksp-1 

 

Table 5 - 14 Parameters for organic matter oxidation set in the configuration namelist. 

Symbol  Units Description  

Organic matter oxidation kinetic constants   

OMModel 1     

kpoml  y-1 Breakdown of labile POM poml2dic 

kpomr  y-1 Breakdown of refractory POM pomr2dic 

OMModel 2     

kdocl  y-1 Kinetic constant for oxidation of docl docl2dic 

kdonl  y-1 Kinetic constant for oxidation of donl donl2din 

kdopl  y-1 Kinetic constant for oxidation of dopl dpol2dip 

kpocl  y-1 Kinetic constant for hydrolysis of pocl pocl2docl 

kponl  y-1 Kinetic constant for hydrolysis of ponl ponl2donl 

kpopl  y-1 Kinetic constant for hydrolysis of popl popl2dopl 

kdocr  y-1 Kinetic constant for oxidation of docr docr2docl 

kdonr  y-1 Kinetic constant for oxidation of donr donr2donl 

kdopr  y-1 Kinetic constant for oxidation of dopr dopr2dopl 

kpocr  y-1 Kinetic constant for hydrolysis of pocr pocr2docr 

kponr  y-1 Kinetic constant for hydrolysis of ponr ponr2donr 

kpopr  y-1 Kinetic constant for hydrolysis of popr popr2dopr 

     

OMModel 3     

khydrolysis i  y-1 Hydrolysis of POM to hydrolysis 

products 

khyd i 

kgrowth j  y-1 Growth rate of each bacterial group kgrowth j 

kdeath j  y-1 Death rate of each bacterial group kdeath j 

FTEA  

𝐾𝑇𝐸𝐴 𝑂2   mol L-1 Monod constant for O2 limitation  ko2 

𝐾𝑇𝐸𝐴 𝑁𝑂3−  mol L-1 Monod constant for NO3
- limitation kno3 

𝐾𝑇𝐸𝐴 𝑀𝑛𝑂2  mol L-1 Monod constant for MnO2 limitation kmno2 

𝐾𝑇𝐸𝐴 𝐹𝑒(𝑂𝐻)3   mol L-1 Monod constant for Fe(OH)3 limitation kfeoh 

𝐾𝑇𝐸𝐴 𝑆𝑂42−   mol L-1 Monod constant for SO4
2- limitation kso4 

FIn  

𝐾𝐼𝑛𝑂2   mol L-1 Monod constant for inhibition lo2 

𝐾𝐼𝑛𝑁𝑂3−   mol L-1 Monod constant for inhibition lno3 

𝐾𝐼𝑛𝑀𝑛𝑂2   mol L-1 Monod constant for inhibition lmo2 

𝐾𝐼𝑛𝐹𝑒(𝑂𝐻)3  mol L-1 Monod constant for inhibition lfeoh 

𝐾𝐼𝑛𝑆𝑂42−  mol L-1 Monod constant for inhibition lso4 
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Table 5 - 14 Continued. 

Symbol  Units Description  

Stoichiometric equivalents  

O2/dhydo  - Moles of O2 per mole of DHyd  o2perdhyd 

O2/dfer  - Moles of O2 per mole of DFer o2perdfer 

O2/domr  - Moles of O2 per mole of domr o2domr 

NO3
-/dhyd  - Moles of NO3

- per mole of DHyd no3perdhyd 

NO3
-/ dfer  - Moles of NO3

- per mole of DFer no3perdfer 

NO3
-/ domr  - Moles of NO3

- per mole of domr no3domr 

MnO2/dhyd  - Moles of MnO2 per mole of DHyd mno2perdhyd 

MnO2/ dfer  - Moles of MnO2 per mole of DFer mno2perdfer 

MnO2/ domr  - Moles of MnO2 per mole of domr mno2domr 

Fe(OH)3/dhyd  - Moles of MnO2 per mole of DHyd feohperdhyd 

Fe(OH)3/ dfer  - Moles of MnO2 per mole of DFer feohperdfer 

Fe(OH)3/ domr  - Moles of MnO2 per mole of domr feohdomr 

SO4
2-/dhydo  - Moles of MnO2 per mole of DHyd so4perdhyd 

SO4
2-/ dfer  - Moles of MnO2 per mole of DFer so4perdfer 

SO4
2-/ domr  - Moles of MnO2 per mole of domr so4domr 

FT constants  

R  kJ K-1 

mol-1 

Gas constant FTR 

T  K Temperature  FTT 

FT ΔG0
  

ΔG0Aer DHyd  kJ mol-

1 

Free energy released from aerobic 

consumption of hydrolysis products 

dGAerHyd 

ΔG0Den DHyd  kJ mol-

1 

Free energy released from denitrifying 

consumption of hydrolysis products 

dGDenHyd 

ΔG0Fer DHyd  kJ mol-

1 

Free energy released from denitrifying 

consumption of hydrolysis products 

dGFerHyd 

ΔG0Aer OAc 

ΔG0Aer H2 

 kJ mol-

1 

Free energy released from aerobic 

consumption of fermentation products 

dGAerOAc 

dGAerH2 

ΔG0Den OAc 

ΔG0Den H2 

 kJ mol-

1 

Free energy released from denitrifying 

consumption of fermentation products 

dGDenOAc 

dGDenH2 

ΔG0Man OAc 

ΔG0Man H2 

 kJ mol-

1 

Free energy released from manganese 

reducing consumption of fermentation 

products 

dGManOAc 

dGManH2 

ΔG0Iro OAc  

ΔG0Iro H2 

 kJ mol-

1 

Free energy released from iron reducing 

consumption of fermentation products 

dGIroOAc  

dGIroH2 

ΔG0Sul OAc 

ΔG0Sul H2 

 kJ mol-

1 

Free energy released from sulfate 

reducing consumption of fermentation 

products 

dGSulOAc 

dGSulH2 

ΔG0Met OAc 

ΔG0Met H2 

 kJ mol-

1 

Free energy released from methanogenic 

consumption of fermentation products 

dGMetOAc 

dGMetH2 
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Table 5 - 15 Secondary reaction parameters set in the configuration namelist 

Symbol Value/range Units Description 

Secondary redox   

𝑘𝑁𝐻4𝑂𝑥  mmol L-1 y -1 Kinetic constant for oxidation of NH4
+ by O2 

𝑘𝑀𝑛𝑂𝑥
  mmol L-1y -1 Kinetic constant for oxidation of Mn2+ by O2 

𝑘𝐹𝑒𝑂𝑥  mmol L-1 y -1 Kinetic constant for oxidation of Fe2+ by O2 

𝑘𝐻𝑆𝑂𝑥  mmol L-1 y -1 Kinetic constant for oxidation of HS- by O2 

𝑘𝐶𝐻4𝑂𝑥  mmol L-1 y -1 Kinetic constant for oxidation of CH4 by O2 

𝑘𝐹𝑒𝑆𝑂𝑥   mmol L-1 y -1 Kinetic constant for oxidation of FeS by O2 

𝑘𝐹𝑒𝑆2𝑂𝑥  mmol L-1 y -1 Kinetic constant for oxidation of FeS2 by O2 

𝑘𝑀𝑛𝑁𝑂3  mmol L-1 y -1 Kinetic constant for oxidation of Mn2+ by NO3
- 

𝑘𝐹𝑒𝑁𝑂3  mmol L-1 y -1 Kinetic constant for oxidation of Fe2+ by NO3
- 

𝑘𝐻𝑆𝑁𝑂  mmol L-1 y -1 Kinetic constant for oxidation of HS- by NO3
- 

𝑘𝐹𝑒𝑀𝑛   mmol L-1 y -1 Kinetic constant for oxidation of Fe2+ by MnO2 

𝑘𝐻𝑆𝑀𝑛  mmol L-1 y -1 Kinetic constant for oxidation of FeS2 by MnO2 

𝑘𝐹𝑒𝑆𝑀𝑛  mmol L-1 y -1 Kinetic constant for oxidation of FeS by MnO2 

𝑘𝐻𝑆𝐹𝑒  mmol L-1 y -1 Kinetic constant for oxidation of HS- by Fe(OH)3 

𝑘𝐹𝑒𝑆𝐹𝑒   mmol L-1 y -1 Kinetic constant for oxidation of FeS by Fe(OH)3 

𝑘𝐶𝐻4𝑆𝑂4  mmol L-1 y -1 Kinetic constant for oxidation of CH4 by SO4
2- 

Mineral transformation 

𝑘𝑀𝑛𝑂𝐴𝐵  y -1 Kinetic constant for ageing of MnO2A to MnO2B 

𝑘𝐹𝑒𝑂𝐴𝐵   y -1 Kinetic constant for ageing of Fe(OH)3A to 

Fe(OH)3B 

𝑘𝐹𝑒𝑆  y -1 Kinetic constant for pyrite formation  

Precipitation 

𝑘𝐹𝑒𝑂𝐻(𝑠)  mmol L-1y -1 Kinetic constant for precipitation of Fe(OH)3A  

𝑘𝐹𝑒𝑆(𝑠)  mmol L-1y -1 Kinetic constant for precipitation of FeS 

𝑘𝑆𝑖𝑑(𝑠)  mmol L-1y -1 Kinetic constant for precipitation of FeCO3 

𝑘𝐶𝑎𝐶𝑂(𝑠)  mmol L-1y -1 Kinetic constant for precipitation of CaCO3 

𝑘𝑆𝑖𝑑𝐷𝑖𝑠(𝑠)  mmol L-1y -1 Kinetic constant for dissolution of FeCO3 

𝑘𝑅𝑜𝑑𝐷𝑖𝑠(𝑠)  mmol L-1y -1 Kinetic constant for dissolution of MnCO3 

𝑘𝐹𝑒𝑆𝐷𝑖𝑠(𝑠)  mmol L-1 y -1 Kinetic constant for dissolution of FeS 

𝐾𝑆𝑖𝑑
′

  - Equilibrium constant for FeCO3 dissolution 

(reaction mode 4) 

𝐾𝑅𝑜𝑑
′   - Equilibrium constant for MnCO3 dissolution 

(reaction mode 4) 

𝐾𝐹𝑒𝑆
′   - Equilibrium constant for FeS dissolution 

(reaction mode 4) 

 

The initial conditions for each variable are set as a list by the “initial_vals”, which sets a 

constant concentration with depth in units of μmol L-1. For organic matter initial 

concentrations only, there are three available options for the concentration with depth, 

set by “OMInitMethodL” (Table 5 - 16).  

 

The sediment-water interface is the uppermost layer of the sediment, for which there are 

three configuration options set by the parameter “ibc2”. If the user specifies ibc2 = 2, 

the concentration is a constant value set by default_vals in the configuration name list. 

For ibc2 = 1, the concentration is provided by a “link_variable”, which provides the 

concentration from another simulated water column AED or FABM module. If the 
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variable name in the link list is left blank (“ ”) then aed_seddiagenesis will assume these 

variables are not linked to any water column variables and default to the “default_vals” 

values. If ibc2 = 10, the concentration is provided by a user-prescribed temporally 

variable value read from the file aed_sediment_swibc.dat. This option may desirable, 

for example, for simulating a seasonally or daily changing boundary condition.  

 

Regardless of the ibc2 surface boundary condition option, fluxes of dissolved species 

occur between the sediment and water column. They are calculated from the 

concentration gradient at the sediment-water interface according to Fick’s Law: 

 
𝐹 = 𝐷0

∆𝐶

∆𝑥
=
𝐷0
𝛿
(𝐶𝑏𝑤 − 𝐶1) 

5 - 115 

 

where D0 is the diffusivity as defined above, δ is the thickness of the diffusive boundary 

layer at the sediment water interface and defined as the length scale of the first sediment 

layer, Cbw is the bottom water concentration and C1 is the concentration in the top 

sediment layer. 

 

At the bottom of the domain (x = “xl”) the model can be specified to have a fixed-

concentration (ibbc = 0) such that the concentration at xl = CBot, or it can be specified to 

have a zero-derivative (ibbc = 1) defined as 
𝑑𝐶

𝑑𝑥
= 0 at x = xl. 

Table 5 - 16 Initial condition and boundary condition configuration set in the 

configuration namelist 

Model output and post-processing 

The model output files are written text files, giving time (in years) as the first column, 

depth as the first row and calculated values in the other fields (Figure 5 - 6). Output files 

include chemical concentrations, reaction rates, and limiting factors. These can be read 

in using a data processing program such as R, Matlab or Excel for analysis.  

  

Configuration option   Description 

initial_vals  Initial concentrations set for each variable at all depths 

   

ibc2 1/10/2 Boundary fluxes set as either: 1-from another AED or FABM module; 2-

constant flux ; 10-from another time-resolved input file 

ibbc 0/1 Bottom boundary condition: fixed boundary concentration-0; zero gradient-1 

OMInitMethodL CO_I, 

EX_I, 

LI_I 

Constant, exponential or linear initial profile. 
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Figure 5 - 6 Example of model output. Above – text files written to the results folder. 

Below – ammonium concentrations. The first column is time (y), the first row is depth 

(cm), remaining values are concentration.  
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5.4 Model benchmark example 

Model setup 

BASE SIMULATION  

The model CANDI AED has been tested against the published modelling results of Van 

Cappellen and Wang (1996) in order to confirm that the model works as expected. The 

Van Cappellen and Wang (1996) model was chosen as a benchmark for two main 

reasons: firstly because the publication, along with Wang and Van Cappellen (1996) is 

among the most thorough in reporting its configuration, in particular the physical 

parameters; and secondly, for the continuity between this publication, the publication of 

Thullner et al. (2005) and the simulations in Chapter 6 of this thesis. Where the Van 

Cappellen and Wang (1996) model has its own parameterizations, these can be easily 

adjusted for using the switches of the model presented in this chapter. 

 For this simulation, all boundary fluxes, bottom water concentrations, and rate 

constants were set to the same values as those in Van Cappellen and Wang (1996). The 

organic matter redox approach was set to Approach 2 (Blackman kinetics, see Table 5 - 

2), by setting OMApproach = 2. The organic matter oxidation model was parameterized 

with no organic matter influx and with an oxidation rate that changes with depth 

(OMModel = 4, see Figure 5 - 8, (a), below). The surface oxidation rate and depth 

attenuation were the same as Van Cappellen and Wang (1996). The irrigation 

coefficient was also set to be the same as in Van Cappellen and Wang (1996), using 

irrigswitch = 2 (5 - 114). The mineral precipitation reactions were implemented only for 

MnCO3, FeCO3 and FeS, as per the equations in Van Cappellen and Wang (1996), 

rather than the larger set of precipitation reactions in Table 5 - 5, (reaction mode = 4). 

Additionally, the ageing reactions of iron and manganese minerals were disabled. 

Ammonium adsorption was included and is the same as in Van Cappellen and Wang 

(1996), however, iron and manganese adsorption has not yet been included. An 

equivalent evenly spaced grid was used, with 400 layers to a depth of 20 cm. 

 

PARAMETER VARIATION 

This model was run with random variation in its parameter values, to assess the 

sensitivity of the outputs to the parameter values. As an example of this function, the 

simulation above was run again with variations of the uncertain parameters listed in 

Table 6 of Van Cappellen and Wang (1996). Rather than using the ranges that Van 



172 

 

Cappellen and Wang used, the range was set using their chosen parameter value as the 

median. 100 simulations were run using a Matlab script, with individual parameter 

values automatically generated using a Monte Carlo-based method (Table 5 - 17). The 

results of each simulation were then collated and the total results were assessed for 

distribution about the median value. 

 

Table 5 - 17 Parameters varied in the uncertainty analysis, within the ranges chosen by 

Van Cappellen and Wang (1996). 

Parameter  Range Unit 

DB
0 Biodiffusion constant 4 to 36 cm2 y-1 

xb Depth of biodiffusion decrease 20 to 30 cm 

α0 Bioirrigation coefficient 100 to 300 y-1 

xirrig Bioirrigation coefficient 0.02 to 0.54 cm 

yLab N:C ratio 9.6 to 32 N atoms:106 C atoms 

zLab P:C ratio 0.7 to 1.55 P atoms:106 C atoms 

KTEA O2 Aerobic oxidation limitation concentration 1×10-2 to 3×10-2 mmol L-1 

KTEA NO3 Denitrification limitation concentration 4×10-3 to 6×10-2 mmol L-1 

kNH4 ads NH4
+ adsorption coefficient 1.1 to 1.7 - 

kFe Ox Kinetic rate constant for aerobic oxidation 

of Fe2+ 

5×102 to 5×104 mmol L-1 y-1 

kSiddis           Siderite dissolution constant  2.5×10-5 to 2.5×10-3 y-1 

 

Results 

CONCENTRATIONS 

The O2 concentration profile matched the Van Cappellen and Wang simulation and data 

from Canfield et al. (1993) very closely, apart from the concentration at the deepest 

point, which was slightly higher than the field data (Figure 5 - 7, (a)). The results for O2 

were very consistent about the median value. The slightly higher concentration of 

oxygen at the deepest point in this simulation may have carried through to inhibit 

denitrification, causing the concentration of NO3
- to be higher than in the Van Cappellen 

and Wang simulation (Figure 5 - 7, (a)). NO3
- was similarly consistent about the 

median. The NH4
+ field data points were lower than the median of these simulations but 

within the range of these simulations (Figure 5 - 7, (c)). pH was between 7 and 8, and 

both NH4
+ and pH had increasing ranges with depth (Figure 5 - 7, (c), (d)). 

 

The MnO2 and Fe(OH)3A concentrations matched the data points closely, however, the 

Mn2+ and Fe2+ concentrations in this simulation peaked at a higher concentration around 

2 cm (Figure 5 - 7, (e) to (h)). It was suspected that this might have resulted from poor 

resolution of the grid, however, this simulation had the same number and size of layers 
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as Van Cappellen and Wang. Below 5 cm deep the simulation had a lower concentration 

than the field data, but the deepest 5 field data points for Fe2+ were within the ranges of 

the simulations.  

H2S had the greatest variation relative to its concentration, which increased with depth 

(Figure 5 - 7, (i)). FeS concentration had a consistently concave shape whereas the field 

data appeared to be concave around 3 cm deep, and the relatively high concentration of 

FeS at 5 mmol L-1 in the oxic zone was not within the range of these simulations (Figure 

5 - 7, (j)). FeS could be simulated close to the field data, but only by fixing the bottom 

boundary at 45 mmol L-1 and not because of its precipitation from Fe2+ and H2S.  

 

REACTION RATES 

The rates of aerobic respiration and denitrification using CANDI AED were close to the 

simulated rates of Van Cappellen and Wang (1996), though in the deepest part of the 

sediment, the simulated aerobic rate was greater using this model (Figure 5 - 8, (b)). As 

a result of the classic inhibition sequence, oxygen penetration to greater depths limited 

denitrification to a deeper depth layer (Figure 5 - 8, (c)). This carried through to the 

peaks of all oxidation rates, which then occurred at slightly greater depths than in the 

Van Cappellen and Wang simulation. The maximum manganese reduction rate was 

smaller than in the Van Cappellen and Wang simulation, however, in both models the 

manganese reduction rate was very small relative to the other TEAPs (Figure 5 - 8, (d)). 

The iron reduction rate was similar to the Van Cappellen and Wang rate, although 

slightly smaller, and could not be increased without leading to greater discrepancy in 

the dissolved iron concentration profiles (Figure 5 - 8, (e)). The sulphate reduction 

profiles were very close and as with Van Cappellen and Wang, methanogenesis was 

completely inhibited (Figure 5 - 8, (f)). 
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(a) 

 

(b) 

 

(c) 

 

(d)

 

(e) 

 

(f) 

 

(Figures continue over page.)  
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(g) 

 

(h)  

 

 
(i) 

 

(j) 

 
 

Figure 5 - 7 Concentration-depth profiles for major variables from 100 simulations, 

including the median result (black line), ranges of results (grey bands) and field data 

(squares) from Canfield et al. (1993) and simulated results (red line) from Van Cappellen 

and Wang (1996). 
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Figure 5 - 8 Profiles of organic matter oxidation rate with depth. Plot (a) was the total 

organic matter reaction rate set by Equation 5 - 11, which Van Cappellen and Wang 

based on the measured data (squares). Plots (b) to (f) are these simulated rates (solid lines) 

compared with the simulated rates of Van Cappellen and Wang (dashed lines) and in the 

case of sulphate reduction, measured data (squares, (f)). 
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Chapter 6 – One-dimensional application of CANDI 

AED: emergence of redox zonation and microbial 

metabolism from first principles  

6.1 Introduction 

This final chapter examines whether the numerical model CANDI AED, as described in 

Chapter 5, captures the expected patterns of redox zonation in aquatic sediments, when 

configured according to the theory as outlined previously (Chapter 3) and using 

literature-derived parameters (guided by the analysis in Chapter 4). The two major 

features of the new conceptual model presented in Chapter 3 were the organic matter 

transformations into specific pools via hydrolysis and fermentation, and representing 

microbial mediation of the terminal electron accepting pathways (TEAPs) using 

fundamental thermodynamic properties. The new, more mechanistic, conceptual model 

was developed and tested in a zero-dimensional homogenous sediment unit, and the 

results demonstrated that the new model had the ability to capture the right redox 

sequence trends under typical conditions. Thus the logical next step, and the final piece 

of this thesis, is to test that the new conceptual model also works inside the framework 

of the depth-resolved sediment diagenesis model, and when run in conjunction with the 

full range of primary and secondary reactions, depicted schematically in Figure 6 - 1. 

 

This aims of this chapter are therefore to compare the output of the new CANDI AED 

model, against the benchmark simulations presented in Chapter 5, which were based on 

the ‘standard’ Van Cappellen and Wang (1996) model and its associated dataset. The 

purpose of the comparison is twofold: first it is necessary to confirm that the model 

produces reasonable results, and secondly the exercise is also structured to provide 

further insights into other theoretical and practical details. Specifically, three major 

questions are asked: 

1. Can the full diagenesis model using the mechanistic organic matter model 

reproduce the same concentration profiles as typically observed (for example as 

in Chapter 5)?  

2. By using bacterial degradation pathways, and the same growth and death rates 

for each pathway, can this model produce reasonable reaction rates? 
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3. Can the substrate and thermodynamic limitation factors, FOM and FT, and growth 

yield, reproduce the typically observed redox zonation in a vertically resolved 

system, without the need for inhibition factors on all TEAPs? It is expected that 

these factors can replace the inhibition factor. 

 

 

 

Figure 6 - 1 Conceptual model of organic matter oxidation used in this chapter. This is the 

OMModel = 3 configuration described in Chapter 5, Figure 5 – 3. Organic matter 

degradation is controlled by enzymatic hydrolysis of particulate organic matter, then 

subsequent fermentation and oxidation of dissolved organic matter by bacteria. Secondary 

redox reactions and mineral equilbrium processes are also included and able to feedback 

on the primary redox pathways. 

 

Since the CANDI AED numerical model has flexible configurations, and when it is 

configured with the microbial pools, there are several key differences between our 

proposed model approach and that of Van Cappellen and Wang (1996). This model is in 

fact similar to the model published by Thullner et al. (2005), which was the only model 

identified in the meta-analysis of Chapter 2 that included explicit simulation of 

microbial pools, as well as the full diagenesis reactions and transport. There are some 

key differences in this model, compared to that of Thullner et al. In the model presented 

in this thesis: 

 Fermentative bacteria and the fermentation step are simulated explicitly.  

 Aerobic and denitrifying bacteria are simulated separately, and methanogens are 

also included.  
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 Growth and death rate constants are the same for each bacterial group, allowing 

growth yield to dictate competitive advantages, whereas Thullner et al. (2005) 

set different rates in order to match concentration data.  

 Hydrolysis products (DHyd), acetate and H2 are simulated as separate DOC pools, 

rather than the one general DOC pool used by Thullner et al (2005).  

 The thermodynamic limiting factor, FT, is included to limit the reaction rate. 

 Growth yields are sourced from the Roden and Jin (2011) literature review, 

whereas Thullner et al. (2005) calibrated the growth rates to fit the concentration 

data. 

 There is a connection between total biomass and hydrolysis rates, via FBio Hyd. 

 

Furthermore, one major conclusion of the research by Thullner et al. (2005) was that 

future work should consider alternative conceptual models, specifically including those 

by Curtis et al. (2003), Watson et al. (2003) and Jakobsen and Postma (1999). Thus, this 

model seeks to fulfil the recommendations of Thullner et al. (2005) for future work, in 

that: 

 We have taken the work of Curtis (2003), whose findings ultimately led to the FT 

used here.  

 We have examined the microbial model of Watson et al. (2003), however, the setup 

here has been altered to fit better with a diagenesis model. For example, the phenol 

substrate in the Watson et al.(2003) model is replaced with a general DHyd that has 

some properties based on glucose. Further, this model has no inhibition except for 

that by O2, whereas Watson et al. use the traditional inhibition sequence. Another 

difference is that biomass in this model can be grown using H2 as the energetic 

substrate and DIC as the carbon substrate, whereas Watson et al. allowed no 

biomass growth using H2. The final difference is that the kgrowth in this simulation is 

the same for each bacterial type.  

 Finally, by including the fermentative step explicitly, we have aimed to retain some 

of the partial equilibrium approach of Jakobsen and Postma (1999). 

 

Therefore, the simulations presented here aim to provide a more complete assessment of 

organic matter cyling during sediment diagenesis than these previous studies, and allow 

us to compare this theory against commonly used approaches. Although the field data 
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from Canfield et al. (1993) used here does not include all of the organic matter variables 

that are simulated, we can nevertheless make a comparison of their sum with the field 

data of total organic matter. The purpose in using this data set is to take the first step of 

testing whether the new theory works as a depth-resolved diagenesis model and 

therefore a comparison with the common variables of a diagenesis model is appropriate. 

Since this is a new approach, there is not as yet a perfect dataset of both common 

diagenesis model variables as well as these organic matter phases and bacterial 

populations against which the model outputs can be compared. 

 

6.2 Model setup 

The model parameter values and setup for this simulation were set to be the same as that 

presented in Chapter 5 and in Van Cappellen and Wang (1996), with a few key 

differences, as described below. 

Fluxes of organic carbon, MnO2 and Fe(OH)3 

Unlike the previous simulation, in this setup the organic matter oxidation rate was not 

fixed by depth, rather there was a flux of POC to the sediment surface, and the resulting 

decomposition rate was a function of the fixed rate constants. This method was chosen 

here because it has been the method used in almost every model reviewed in Chapter 2 

and is more practical for most purposes. This was also the same approach that Thullner 

et al. (2005) took, and therefore, for comparison with Thullner et al. we use the same 

POC flux as the upper boundary condition (650 mmol m-2 y-1). Similarly, we use the 

same POC hydrolysis rate constant that Thullner et al. (2005) used (0.95 y-1). However, 

the fluxes of MnO2A and Fe(OH)3A to the sediment surface were left as the original 

values from Van Cappellen and Wang, rather than the lower, calibrated fluxes used by 

Thullner et al. (2005).  

Microbial growth rates and biomass 

In the publication by Thullner et al. (2005), the growth rate constants, kgrowth, ranged 

from 10 y-1 for aerobes to 2 y-1 for sulphate reducers, essentially forcing aerobic 

oxidation to be the fastest and sulphate reduction to be the slowest TEAP. The growth 

rate constant of all bacteria, and thus all TEAPs, in this simulation was set to be much 

higher, at 50 y-1. This had the effect of allowing the overall growth rate in this 
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simulation to be limited by the growth yields, limitation and inhibition functions 

instead, as applied in the general oxidation and growth equations:   

 𝑑𝑂𝑀

𝑑𝑡
= 𝑘𝑔𝑟𝑜𝑤𝑡ℎ𝐵 𝑌 𝐹𝑂𝑀 𝐹𝐼𝑛 𝑂2  𝐹𝑇𝐸𝐴 𝐹𝑇 

6 - 1 

 

 𝑑𝐵

𝑑𝑡
= 𝑘𝑔𝑟𝑜𝑤𝑡ℎ𝐵 𝑌 𝐹𝑂𝑀 𝐹𝐼𝑛 𝑂2  𝐹𝑇𝐸𝐴 𝐹𝑇 − 𝑘𝑑𝑒𝑎𝑡ℎ 𝐵 

6 - 2 

 

where OM is any of the dissolved organic matter pools, B is the bacterial concentration, 

Y is the yield, and the F terms are the limitation factors.  

 

Whereas Thullner et al. held the bacterial death rate at 0.1 y-1, here we used a death rate 

constant of 0.05 y-1. The usable fraction of necromass was set to 1, which indicated that 

all of the microbial necromass was available for consumption. The rate for necromass 

hydrolysis was set to 0.95, equal to the POC hydrolysis rate constant. 

 

The maximum concentration of the total bacterial biomass was set at 100 mmol C L-1, 

in order to prevent numerical problems of infinite bacterial growth, and the minimum 

biomass of any one bacterial group was 15 mmol C L-1. The cell weight was 113 g mol-

1, which was used in the unit conversion of growth yield. As with Thullner et al. (2005), 

bacteria were transported as particles and the fractionation split between solids and pore 

water as was used by Schäfer et al. (1998) was not used.  

 

The initial concentrations of each biomass group were set to those in Table 6 - 1. These 

values were obtained from preliminary ‘spin up’ simulations in which the 

concentrations of each group was initially set to be equal, in order to see the evolution 

of the microbial communities. Short simulations were run and those bacterial groups 

that tended to grow to higher populations were reset to higher initial concentrations in 

the next short simulation. This process was repeated, and ultimately reduced the spin up 

time in the final simulation.  

  



182 

 

 

Table 6 - 1 Initial biomasses. 

Initial biomass concentration (µmol C L-1) 

BFer 5.00×104 

BAer 2.00×104 

BDen 2.00×104 

BMan 4.00×103 

BIro 4.00×103 

BSul 4.00×103 

BMet 1.00×103 

 

Rate controlling factors 

All secondary redox rate constants were the same as for Van Cappellen and Wang 

(1996). The constants for the thermodynamic setup are given in Table 6 - 2. The 

limitation, and the constant for inhibition of other pathways by O2, were the same as for 

Thullner et al. (2005). O2 inhibition was included because TEAP poisoning by O2 is an 

observed environmental phenomenon, as discussed in Chapter 3, Section 3.3.  

 

A substrate limitation function was used for each of the three dissolved organic matter 

groups, so that the FOM term in the above equations had three forms: FDHyd, FOAc and 

FH2. The substrate limitation constant for hydrolysis products, DHyd, was 22 ×10-3 mmol 

L-1, and for acetate and H2 the limitation constant was 1×10-2 mmol L-1. This was the 

minimum concentration for H2 limitation that guaranteed numerical stability of the 

simulation. The split for the production of acetate and H2 from hydrolysis products was 

2:1.  

 

The KMn for the MnO2 TEA limitation factor was set to 1.6 µmol g-1, which was the 

value that Thullner et al. (2005) used, rather than the Van Cappellen and Wang (1996) 

value of 16 µmol g-1. The KFe for the Fe(OH)3 TEA limitation factor was adjusted to 15 

µmol g-1, which is further discussed below; this was between the values of 100 µmol g-1 

used by Van Cappellen and Wang (1996) and 1.0 µmol g-1 used by Thullner et al. 

(2005). 

 

The FTEA used the Approach 1 Monod function because Approach 1 generally resulted 

in better numerical stability, whereas Approach 2 was used by Van Cappellen and Wang 

(1996) and Thullner et al. (2005). After the main simulation, a second experiment was 

run to test the effect of reducing the dependence of the rate on the availability of the 
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TEAs (that is, minimising the effect of FTEA). This was done in order to show the effect 

of FTEA by leaving it instead dependent on the other rate controlling factors, 

effectively: 

 

 𝑑𝑂𝑀

𝑑𝑡
= 𝑘𝑔𝑟𝑜𝑤𝑡ℎ𝐵 𝑌 𝐹𝑂𝑀 𝐹𝐼𝑛 𝑂2  𝐹𝑇 

6 - 3 

 

To implement this, the KO2, KNO3 and KSO4 were set to an arbitrary small 1 mmol L-1 and 

KMn and KFe to 0.1 µmol g-1. 

 

Table 6 - 2 Free energy parameters, ΔG0 and Y. 

Pathway, 

substrate 

  ΔG0 

𝑘𝐽 𝑚𝑜𝑙

𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
 

Yield  
𝑚𝑜𝑙 𝑐𝑒𝑙𝑙𝑠

𝑚𝑜𝑙 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
 

Aer DHyd Free energy released and growth from aerobic 

consumption of hydrolysis products 

-2883 68.41 

Den DHyd Free energy released and growth from denitrifying 

consumption of hydrolysis products 

-2774 67.10 

Fer DHyd Free energy released and growth from denitrifying 

consumption of hydrolysis products 

-25.84 11.95 

Aer OAc  

 

Free energy released and growth from aerobic 

consumption of fermentation products 

-874 

- 

17.25 

- 

Den OAc  

Den H2 

Free energy released and growth from denitrifying 

consumption of fermentation products 

-813 

-226 

16.82 

4.49 

Man 

OAc  

Man H2 

Free energy released and growth from manganese 

reducing consumption of fermentation products 

-625 

-594 

14.14 

4.50 

Iro OAc  

Iro H2 

Free energy released and growth from iron reducing 

consumption of fermentation products 

-736.6 

-230.7 

18.7 

4.54 

Sul OAc  

Sul H2 

Free energy released and growth from sulphate 

reducing consumption of fermentation products 

-64.7 

-38.8 

2.03 

1.15 

Met OAc  

Met H2 

Free energy released and growth from methanogenic 

consumption of fermentation products 

-31.7 

-31.3 

1.02 

0.94 

     

 

MnO2 oxidation of H2 

Oxidation of H2 by manganese reducing bacteria, BMan, was not included in the zero- 

dimensional experiments in Chapter 3, because specific data was not available. 

However, in this simulation, the reaction was included so that BMan would not be limited 

relative to the other bacterial groups. Without H2 consumption, the BMan would have 

lower growth and the extra H2 would be consumed by the other bacterial groups. It 

would have then been difficult to distinguish whether the biomasses of all groups and 

rates of TEA consumption were due to the limitation factors, or the lack of 
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parameterization of one pathway. Therefore, in the absence of data, assumptions about 

the chemical equation, growth yield and free energy yield had to be made.  

 

The chemical reaction was: 

 𝐻2 +𝑀𝑛𝑂2 + 2𝐻
+ → 𝑀𝑛2+ + 2𝐻2𝑂 6 - 4 

and the net growth rate equation was: 

 𝑑𝐵𝑀𝑎𝑛
𝑑𝑡

= 𝑘𝑔𝑟𝑜𝑤𝑡ℎ𝐵𝑀𝑎𝑛 𝑌𝐵𝑀𝑎𝑛𝐻2  𝐹𝐻2  𝐹𝐼𝑛 𝑂2  𝐹𝑇𝐸𝐴 𝑀𝑛𝑂2  𝐹𝑇 𝐻2 𝑀𝑛𝑂2

− 𝑘𝑑𝑒𝑎𝑡ℎ𝐵𝑀𝑎𝑛 

6 - 5 

with the ΔGr calculation for FT as:  

 
∆𝐺𝑟 = ∆𝐺

0
𝑀𝑛𝑂2 𝐻2 + 𝑅𝑇 ln(

𝑀𝑛2+

𝐻2 𝑀𝑛𝑂2 [𝐻+]2
) 

6 - 6 

The growth yield was set to 4.50 g cells (g H2)
-1 by considering the data reviewed in 

Roden and Jin (2011), which indicated that the yields for BDen and BIro were 4.49 and 

4.54 g cells (g H2)
-1 respectively. 

 

The ΔG0 of BMan consuming H2 was set to -594 kJ mol-1, using the approximate 

assumption that hydrogentrophy should be 31 kJ mol-1 less favourable than acetotrophy, 

for which we had a value of -625 kJ mol-1 (based on Bethke et al. 2011).  
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6.3 Model results 

The results of this simulation were broadly consistent with those of Van Cappellen and 

Wang (1996) and Thullner et al. (2005). The model produced results that are examined 

here for three major outputs: concentrations, reaction rates, and limitation functions. 

Chemical concentrations profiles 

The concentrations of O2 and NO3
- for this simulation were very close to those of Van 

Cappellen and Wang (1996), and in fact there was a closer fit than the 1G simulation in 

Chapter 5 (Figure 6 - 2). NH4
+ was estimated well for the upper 6 data points, but 

overestimated in the deepest layers. 

 

 

Figure 6 - 2 O2, NO3
-, NH4

+ concentration and pH depth profiles.  
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The dissolved concentrations of Fe and Mn differed from the field data points within a 

factor of 2 to 3 (Figure 6 - 3), but we emphasise that this was also the case with the 

Approach 2 model applied in the Chapter 5 benchmark simulation. 

 
Figure 6 - 3 Iron and manganese concentration-depth profiles. The black curved lines are 

the results of this simulation, squares are field data points from Van Cappellen and Wang. 

 

Of the organic components simulated, particulate organic matter had the highest 

concentration, and hydrolysis products had the lowest concentration (Figure 6 - 4). H2 

concentration peaked at around 25 mmol L-1, higher than the rough value of nmol L-1 

concentrations mentioned in Chapter 4.  
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Organic matter reaction rates 

The simulated organic matter reaction rates using this model were close to the results 

from the model in Chapter 5 and the rates simulated by Van Cappellen and Wang 

(1996). In these other two simulations, the overall rate of organic matter oxidation, ROM, 

was fixed with depth. In contrast, in this simulation, it resulted from the respiration of 

the different microbial groups, which respond to conditions resulting from substrate and 

thermodynamic limitation factors, according to the growth yields of the different TEAP 

reactions. 

 

Figure 6 - 4 Organic matter concentrations-depth profiles.  

 

Total ROM was higher than the six field data points from Van Cappellen and Wang 

(1996), by up to a factor of 2 at around 2 cm deep (Figure 6 - 5), although as is further 

discussed below, the field data points were an indirect estimate of the field rate. In 

contrast, the bacterial biomass was relatively constant with depth.  
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Rates of aerobic respiration and denitrification (RO2 and RNO3) occurred at the same 

depths as in the simulation by Van Cappellen and Wang (1996), however, the 

magnitude of denitrification was lower. This occurred despite the concentrations of O2 

and NO3
- being very closely aligned with the simulations by Van Cappellen and Wang, 

indicating that organic matter oxidation reactions were not the main reason for these 

concentrations, rather, it was a result of ammonium oxidation.  

 

The maximum simulated rate of manganese oxidation was far lower than that predicted 

in the Chapter 5 simulation. The KFe for TEA limitation of iron reduction was adjusted 

to 15 µmol g-1 in order to tune this RFe result (Figure 6 - 5), and also left the 

concentration profile with a reasonable fit to the data (Figure 6 - 3).   
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Figure 6 - 5 Rates against depth in mmol L-1 y-1. Black squares are the total organic matter 

oxidation rate field data used by Van Cappellen and Wang (1996) to fix the organic matter 

rate function. Solid curves are the results from this simulation and dashed curves the rates 

simulated rates of Van Cappellen and Wang.  
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Minimization of FTEA 

As described above, a simulation was run with FTEA minimized by reducing the KTEA. 

Preliminary sensitivity analyses (not shown) had indicated that FTEA was a key limiting 

factor, especially for iron reduction. With the higher KFe used by Van Cappellen and 

Wang (1996) of 100 µmol g-1, iron reduction was far too low and with the lower KFe 

used by Thullner et al. (2005) of 1 µmol g-1, iron reduction was too high. In order to 

show what the concentrations and rates would be without this limiting factor, all KTEA 

were minimized, and therefore all FTEA were also minimized.  

 

Manganese concentrations were similar but the iron concentration profiles showed 

evidence of much more iron reduction (Figure 6 - 6, compare with Figure 6 - 3). The 

rate profiles showed that when not limited by FTEA, manganese reduction and 

denitrification increased slightly and iron reduction almost doubled, while sulphate 

reduction remained mostly unchanged (Figure 6 - 7, compare with Figure 6 - 3). 

 

Figure 6 - 6 Concentrations of manganese and iron if the reactions with organic matter are 

not limited by FTEA. 
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Figure 6 - 7 Organic matter oxidation rates if reactions are not limited by FTEA.  
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Limitation factors controlling reaction pathways 

Substrate limitation of hydrolysis products (DHyd) limited the rate of aerobic oxidation, 

denitrification and fermentation for almost the entire simulation (Figure 6 - 8). 

Limitation was around 0.3 at the very surface, where the high biomasses of BFer, BAer 

and BDen consumed any DHyd as soon as it was produced (not visible). Down to around 

1.5 cm, DHyd limitation was around 0.5, which meant that oxidation and fermentation of 

DHyd could proceed at around half the maximum rate. Below this depth, DHyd limitation 

was much stronger, at around 0.25 to 0.0, resulting from very low concentration of DHyd 

diffusing to deeper layers before being consumed.  

 

Thermodynamic inhibition of fermentation was at 1 for the entire simulation, for all 

depths, which indicates that in contrast to substrate limitation, thermodynamic 

limitation was not an important control on fermentation (Figure 6 - 8). Substrate 

limitation of H2 and acetate were very strong between the surface and around 1.5 cm 

deep, beneath which it approached 0.8, indicating that the concentration was high 

enough for oxidation of H2 and acetate to occur at close to its full rate (Figure 6 - 8). 

 

Figure 6 - 8 Substrate limitation factors, and the thermodynamic factor for fermentation.  
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Aerobic oxidation of hydrolysis and fermentation products is controlled by FTEA O2, that 

is, by exhaustion of oxygen below 1 cm (Figure 6 - 9). O2 consumption is not limited 

thermodynamically. The limitation function FIn O2, which is aerobic inhibition of all 

subsequent pathways, shows an inverse behaviour to FTEA O2.  

 

Figure 6 - 9 Limitation factors on aerobic respiration, plotted against depth and time. Top 

left: total aerobic limitation. Top right: TEA limitation factor. Bottom left: 

thermodynamic limitation. Bottom right: inhibition of other pathways by O2. 
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Denitrification was limited by FTEA NO3, that is, due to low NO3
- concentration (Figure 6 

- 10), and denitrification was not thermodynamically inhibited. Since NH4
+ was slightly 

high and NO3
- slightly low, this result may be more a result of the kinetic constant for 

NH4
+ oxidation by O2.  In the simulation where TEA was minimized, denitrification 

became favourable, however, this coincided with the zone of O2 inhibition and FOM 

limitation, and so FTEA was not the major limiter of this reaction (Figure 6 - 11). 

 

Figure 6 - 10 Limitation factors on denitrification, plotted against depth and time. Left: 

total limitation on denitrification. Right: TEA limitation.  

 

 

 

Figure 6 - 11 Denitrifcation when FTEA was minimized.  
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MnO2A reduction was also dominated by TEA limitation and there was no 

thermodynamic limit (Figure 6 - 12). Iron reduction was also primarily limited by FTEA 

in this simulation (Figure 6 - 13). Sulphate reduction was barely TEA limited at all, 

because of the high environmental concentrations of SO4
2- (Figure 6 - 14). Sulphate 

reduction was inhibited by O2 and it was partly limited thermodynamically for H2 

oxidation. 

 

Figure 6 - 12 Limitations on manganese reduction, plotted against depth and time. Left: 

total Mn limitation. Right: TEA limitation on manganese reduction.  

 

 

Figure 6 - 13 Limitations on iron reduction, plotted against depth and time. Left: total 

Fe(OH)3A limitation. Right: TEA limitation of Fe(OH)3A reduction. 
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Figure 6 - 14 Sulphate reduction limitation factors plotted against depth and time. Top 

left: total sulphate reduction limitation. Top right: TEA limitation on sulphate reduction. 

Bottom left: thermodynamic limitation on sulphate reduction of acetate. Bottom right: 

thermodynamic limitation on sulphate reduction of H2.  
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Bacterial biomass concentration and growth  

As described in the methods, the initial bacterial populations were chosen by running 

simulations over a spin up period. The microbe concentrations stayed fairly constant, 

though never perfectly stable, throughout the simulation.  

 

Biomass being close to constant and ROM decreasing with depth fits with the assumption 

that reactivity of organic matter pathways decreases with depth. The total biomass 

concentrations are of the same order of magnitude as those calculated in Thullner et al. 

(2005). Biomass did not reach the maximum concentration that was set into the code to 

prevent infinite biomass (100 mmol C L-1), and therefore its growth must have been 

substrate-limited. 

 

At the end of the simulation, the concentration of fermenting bacteria (BFer) was by far 

the highest bacterial concentration, at around 30 mmol C L-1, followed by denitrifiers 

(BDen) at around 20 mmol C L-1. In this simulation, BFer had to be high in order for there 

to be organic substrate to fuel the anaerobic pathways. The aerobes (BAer) and sulphate 

reducers (BSul) were at roughly comparable concentrations of around 3 mmol C L-1, 

however, in the top millimetre of sediment the BAer concentration was comparable with 

the BDen concentration (Figure 6 - 15). Manganese reducers (BMan) and methanogens 

(BMet) were at very low concentrations. 

 

 

Figure 6 - 15 Concentrations of bacteria. The x axis is on a log scale. BMet were at such low 

concentrations that they could not be displayed on this figure. 
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6.4 Discussion 

Sediment depth concentrations 

The similarity between the concentration profiles generated by this model and those 

from the “typical” diagenetic modelling approaches (that is, as presented in Chapter 5 

and by Van Cappellen and Wang, 1996) is remarkable, particularly considering that 

many of the model pools and rate estimates are completely different.  

 

A large part of this can be attributed to the organic matter influx value of 650 mmol m-2 

y-1, taken from Thullner et al (2005). This supplied labile POC to the sediment surface, 

which was hydrolysed to DOM and transported to deeper layers by diffusion. The ‘rule 

of thumb’ mentioned in Chapter 4 from Postma and Jakobsen (1996), was that H2 is 

generally measured at nmol L-1 concentrations and acetate at μmol L-1 concentrations. 

In this regard, the concentration of acetate, peaking at around 250 μmol L-1, is relatively 

high. H2, peaking at 300 000 nmol L-1, is higher still. These high concentrations may be 

a reasonable result of the very high particulate organic matter concentration (around 800 

mmol L-1) and might have been lower had the substrate limitation constants been lower. 

Determining these typical concentrations and limitation constants therefore requires 

further work.  

 

The high concentration of fermenters (BFer) in the aerobic zone is one aspect of these 

results that was unexpected. Their growth rate was inhibited by the presence of O2, and 

so in principle, the concentration of BFer in the surface layers should have been low. One 

hypothesis is that the BFer that were abundant in the anaerobic zone were being mixed to 

the surface by bioturbation, then dying only slowly. Including the fermenters as a 

separate microbial pool is an advantage of this model compared to the model of 

Thullner et al. (2005), because fermenters are such a large pool of bacteria and 

fermentation is a crucial process in the transformation of large dissolved organic 

molecules into the substrates that the lower-energy TEAPs use, as per the partial 

equilibrium model of Jakobsen and Postma (1999). In future models, specific hydrolysis 

and fermentation product molecules may be simulated, as mentioned in Chapter 3, 

Section 3.2, and therefore including the fermentation process will be more important 

still.  
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Organic matter oxidation rates  

MICROBIAL GROWTH RATES 

One of the biggest contrasts with the model configuration of Thullner et al. (2005) was 

that the bacterial growth constant in this simulation was set to a high value  

(50 y-1) for all bacterial groups. In purely mechanistic terms, the growth rate represents 

the rate at which a proton can move across a cell membrane, which could be the same 

for all types of bacteria (Jin and Bethke 2005). In practical terms, high growth and death 

rates allow the populations to ‘spin up’ to their equilibrium concentrations in fewer time 

steps. However, there was also a practical numerical limitation on this because higher 

rate constants required smaller time steps, in order to avoid numerical instability. 

Therefore the constant of 50 y-1 worked in this simulation but other modellers 

simulating different environments may be able to use larger numbers.  

 

Thullner et al. (2005) set the range of growth rates for each group between 

10 y-1 for aerobes to 2 y-1 for sulphate reducers, in proportion to their place in the redox 

sequence. With the model used in this chapter, the growth yields were used to give 

favourability to the higher energy pathways, rather than the growth rates. In both 

models, the rate equation included the multiplication of the rate constant and the yield, 

and so in one sense, this model and that of Thullner et al. were the same. However, the 

advantage of this approach was that rather than calibrating either the growth rate 

constant or growth yield, the constant was set high enough to allow other limitation 

factors to limit the rate, and the critical yields could be taken from measured literature 

values (in this case, Roden and Jin 2011).  

 

ORGANIC MATTER DECOMPOSITION 

As with the concentration profiles, most rate profiles matched those reported in Van 

Cappellen and Wang (1996) well. The total organic matter rate, ROM, appeared to be 

slightly higher than the six calibration points from Van Cappellen and Wang (1996). 

Further inspection revealed that these points were taken from Canfield et al. (1993) as 

the combination of ∑CO2 production, NH4
+ liberation and SO4

2- reduction. According 

to our conceptual model, ∑CO2 production occurs with the oxidation of DOM and not 

with hydrolysis or fermentation. However, NH4
+ liberation occurs with hydrolysis. The 

RDHyd profile, which was the combination of aerobic oxidation, denitrification and 
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fermentation of hydrolysis products, fitted closely among those six points (Figure 6 - 5). 

Most importantly of all, the rate for the one pathway that was actually measured, RSO4, 

showed excellent agreement with the equivalent profile of Van Cappellen and Wang. 

 

SULPHATE REDUCTION RATE 

The sulphate reduction rate was calculated as a result of the terms given in Table 6 - 3. 

The peak rate was primarily proportional to the biomass multiplied by the growth rate 

constant, and adjusted to dissolved units. However, the shape of the profile was 

controlled by the organic substrate limitation factors in the deep layers, as well as O2 

inhibition at the surface. The substrate limitation profile was created as a result of all of 

the other microbes interacting, without the need for a forced ROM or inhibition function, 

as used by Van Cappellen and Wang (1996), or tuned growth rates and growth yields, as 

used by Thullner et al. (1995). However, this same method was not as useful for 

manganese and iron reduction. 

 

Table 6 - 3 Approximate method for calculating the sulphate reduction rate. 

𝑅𝑆𝑂4𝐻2 =           

𝑘𝑔𝑟𝑜𝑤𝑡ℎ 𝐵𝑆𝑢𝑙 × 𝐵𝑆𝑢𝑙 × 𝐹𝐻2 × 𝐹𝑇𝐸𝐴 × 𝐹𝑇  × 1 − 𝜑

𝜑
 

           

50 × 4 × 0.0 to 1.0 × ~1 × ~1 × 1

4
 

y-1  mmol C L-1        

 

MANGANESE AND IRON REDUCTION RATES 

The manganese and iron concentration and rate profiles had fairly good matches to 

those of Van Cappellen and Wang (1996), however this close match came about by 

repeated tuning of the initial biomasses. More importantly, the iron limitation constant, 

KFe, was calibrated to make the limitation function limit its rate.  
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Limitation factors 

THE CALIBRATED KFE 

The limitation function reproduced the rate profiles when the KFe was tuned to 15 µmol 

g-1, which lay between the Van Cappellen and Wang value of 100, and the Thullner et 

al. value of 1 µmol g-1. It must be emphasized that this was not a constant for inhibition 

of sulphate reduction by the presence of Fe(OH)3, because there was no inhibition term 

in this simulation. Rather it was a TEA limiting constant that limited iron reduction, 

which in turn left more organic substrate for the BSul and BMan to consume. Therefore, 

using this KFe allowed for the competitive exclusion mechanism to control the redox 

zonation, which is a more mechanistic approach than using inhibition, however, it was 

assumed before running the simulation that the thermodynamic parameters should have 

accounted for this without tuning the KFe.  

 

GROWTH YIELDS GIVE IRON REDUCERS AN ADVANTAGE 

The limitation plots for sulphate reduction indicated that it should have had the most 

favourable reactions of all, since SO4
2- and organic substrates were abundant, and 

therefore never limiting, at the same depths. Despite the lack of inhibition, the peak of 

sulphate reduction was slightly lower than peak iron reduction because BIro had a 

competitive advantage over both the BMan and BSul, due to the growth yields for BIro 

being highest of the three (Table 6 - 4). The higher growth yield for iron reduction 

compared with manganese reduction is contrary to the basic assumption outlined in 

Chapters 3 and 4, that manganese reduction is a higher energy-yielding pathway than 

iron reduction. In Roden and Jin’s dataset, the free energy yield of iron reduction is also 

higher than for manganese reduction.  

 

For comparison, Thullner et al. (2005) used a growth yield for iron reduction that was 

three times smaller than that for manganese reduction and almost the same as that for 

sulphate reduction, and so in their simulation, yields were used to force the assumed 

redox sequence (Table 6 - 4). The yield for manganese reducers consuming acetate, Y 

BMan OAc, chosen in this simulation may not be the definitive value, and further research 

will have to be conducted into choosing that value. However, the advantage of this 

model approach is that ultimately, a set of values could be found to apply universally to 

TEAP interactions.  
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Table 6 - 4 Growth yields for manganese, iron and sulphate reduction, from Roden and 

Jin (2011) and Thullner et al. (2005). Since there was no value available for MnO2 

oxidation of H2, in this simulation we assumed that value to be 4.50 mol cells (mol H2)-1.  

TEA Roden and Jin (2011) 
𝑚𝑜𝑙 𝑐𝑒𝑙𝑙𝑠

𝑚𝑜𝑙 𝑎𝑐𝑒𝑡𝑎𝑡𝑒
 

Roden and Jin (2011) 
𝑚𝑜𝑙 𝑐𝑒𝑙𝑙𝑠

𝑚𝑜𝑙 𝐻2
 

Thullner et al. (2005) 
𝑚𝑜𝑙 𝐶

𝑚𝑜𝑙 𝐷𝑂𝐶
 

MnO2 14.14 - 0.15 

Fe(OH)3  18.7 4.54 0.05 

SO4
2- 2.03 1.15 0.04 

 

THE THERMODYNAMIC FACTOR, FT 

Based on the theory outlined in Chapter 3, it was expected that FT could be a limiting 

factor that would scale between 1 and 0 to limit the lower energy TEAPs, and work as a 

factor that was more universally applicable than FTEA and FIn, which require constants 

tuned to site-specific conditions. The FT had been demonstrated in publications such as 

that by Bethke et al. (2011) for laboratory experiments with a few specific reactions, but 

never in a broader environmental model. The FT was also recommended by Thullner et 

al. (2005), when calling for future studies to include the work of Curtis (2003). 

 

In the formulation used here, FT was dependent on ΔGr, which was essentially a 

function of the TEA, organic matter and reduced by-product concentrations, as well as 

the acid/base balance between protons and dissolved inorganic carbon (Equation 6 - 7). 

However, in this simulation, when TEA and organic matter concentrations were low, 

FTEA and FOM scaled towards 0, while FT still remained as 1. Reduced by-products did 

not accumulate to concentrations high enough for FT to be affected, because the rest of 

the diagenesis model worked to keep these concentrations low, through secondary redox 

and precipitation reactions. Similarly, while FT is sensitive to pH changes, in this 

simulation pH always remained between 7 and 8, which did not cause a decrease in FT.  

 
∆𝐺𝑟 = ∆𝐺

0 +
𝑟𝑒𝑑𝑢𝑐𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 × 𝛴𝐻2𝐶𝑂3

𝑇𝐸𝐴 × 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑡𝑡𝑒𝑟 × 𝛴𝐻2𝐶𝑂3
 

6 - 7 

 

A comparison of the limiting factors for H2 oxidation showed that FT was more 

favourable for sulphate reduction than for methanogenesis, and for iron reduction than 

for sulphate reduction (Figure 6 - 16). This reflected the competitive exclusion model 

based on work such as that by Chapelle and Lovley (1992), described in Chapter 3. 

However, the substrate limitation factor had a much bigger effect on controlling these 

interactions than any of the FT.  
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Figure 6 - 16 Comparison of the H2 oxidation limiting factors FOM (top left) and FT of iron 

reduction, sulphate reduction and methanogenesis.  

  

Until now, no other authors had attempted to apply the FT in a diagenesis model with all 

TEAPs and therefore this is an important first step. Although it was not an important 

limiting factor in this simulation, there may be other applications where FT has a larger 

effect. For example, Dale et al. (2008) used FT when examining anaerobic oxidation of 

methane, however, they did not include all TEAPs. Low energy environments where the 

focus is on sulphate reducers and methanogens may be better simulated with FT than 

with FIn.  
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Conclusions 

Using most of the same input parameters as Van Cappllen and Wang (1996) and 

Thullner et al. (2005) but also using our reconceptualized model of organic matter and 

microbial pools, a reasonable fit to the concentration depth profiles was produced. 

Similar rate profiles with depth were produced although the limitation constant for iron 

reduction, KFe, needed to be tuned so that FTEA limited the rate. A potential advantage of 

this work is that the growth rate constants were the same for all bacteria, and the 

limitation factors gave the decrease in organic matter breakdown and the TEAP 

interactions avoiding the need to ‘tune’ the rate constants to make high energy pathways 

more favourable. 

 

The inhibition function, FIn was not necessary in this particular simulation, though 

further comparison simulations would need to be run to determine how far it is needed. 

The decrease in the total rate of organic matter decomposition, and the match of most of 

the rates to those of Van Cappellen and Wang (1996), was due in a large part to the 

substrate limitation factor, FOM. Values used for this factor will be the next area for 

deeper investigation.  

 

The match of the rates was also brought about by the growth yield, Y, the values of 

which were taken from the literature review by Roden and Jin (2011). By contrast, 

Thullner et al. (2005) calibrated the Y to give favourability to higher energy pathways. 

There is uncertainty over the yield for manganese reducers consuming acetate, which 

was contrary to the assumption that manganese reduction should yield more free energy 

than iron reduction, and so this will also be an area for further investigation. 

 

In contrast to the growth yield, and contrary to expectations, the FT proved not to be an 

important rate controlling factor in this simulation, and by itself it did not replace FIn. 

Whether this was a product of the geochemical conditions of this experiment or of the 

mathematical formulation is not clear and a further exploration is recommended.  
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Chapter 7 – Conclusion  

7.1 Major results of this work 

The work encompassed in this thesis has built upon those publications that took a 

similarly broad view of diagenesis models over the last two decades, such as those by 

Meysman et al. (2003), Van Cappellen and Wang (1995) and Berner (1980), and Arndt 

et al. (2013). It has assessed the strengths and weaknesses of the body of research till 

now, made incremental yet concrete advances to the conceptual and numerical 

modelling techniques, and identified the potential for an improved theoretical basis for 

diagenesis models, as well as the next tasks that need to be undertaken for this field to 

progress.  

 

At the start of this thesis, we identified that the major driver of the complex reactions in 

the upper layers of sediment was the deposition then degradation of organic matter. 

Degradation has a general trend of decreasing intensity with depth, which is caused by 

decreasing free energy yield in adjacent redox zones, and by sediment depth at any one 

location generally corresponding to sediment age, where greater age is related to lower 

lability. These general trends were useful starting points for understanding sediment 

biogeochemistry, however, the main objective of this thesis was to improve the 

conceptualization and numerical simulation of the fundamental processes that explain 

these trends. A set of research principles were adopted, that aimed for 1) mechanistic 

descriptions of processes, 2) use of parameters that are determined empirically, rather 

than being calibrated, 3) simplifications where possible and 4) improving the 

connection to scientific work beyond the field of sediment biogeochemistry.   

 

A review of 83 sediment diagenesis modelling papers was conducted. It was found that 

the diversity of modelling approaches made it difficult to identify which approach was 

best for any particular application. However, the majority of approaches originated from 

a limited number of modelling studies in the 1990s, which were then subject to 

evolution as the different models were adopted and expanded upon by new authors. As 

a result, most of the studies could be classified into three categories, according to 

similar basic properties. The applications of the models were summarized and the 

challenges for the future development of diagenesis models were identified, including: 
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gathering accurate data for model input and validation, including datasets that capture a 

range of time-scales; coupling sediment models with ecological and spatially-resolved 

hydrodynamic models; and making the models more accessible for water quality and 

biogeochemical modelling studies by developing a consistent notation, through 

community modelling initiatives. 

 

One of the major challenges identified in the literature review was that the conceptual 

model of organic matter degradation used in diagenesis models needed to be 

reexamined. In Chapter 3, another review was undertaken, of the range of theoretical 

conceptual models of organic matter degradation from literature outside the sediment 

modelling domain. In terms of the two major trends of decreasing energy with depth 

outlined in Chapter 1, it was found that refinement of the redox sequence 

conceptualization was the better target for model development in this thesis. The 

connection commonly made in previous modelling studies between the inhibition 

function and measurable free energy yield was found to be difficult to justify 

theoretically. A connection between growth yield, free energy yield (Jin and Bethke, 

2011, Larowe et al. 2012) and the redox sequence was proposed instead, and the 

resulting system dynamics were demonstrated in a series of simulations.  

 

In attempting to extend the conceptual model used in sediment diagenesis models and to 

incorporate elements from other theoretical models, new parameter values inevitably 

needed to be sourced. The values used for fermentation and respiration of labile 

dissolved organic matter were found to be relatively well constrained, whereas the 

values for consumption or formation of refractory organic matter, and for hydrolysis of 

particulate organic matter, were less well quantified. Therefore part of the challenge of 

improving organic matter modelling by using measured parameter values was met, and 

the remaining steps for refractory organic matter and hydrolysis were identified. 

 

A new numerical model was developed to allow simulation of the revised conceptual 

model and improved parameterization. This model was built with two major advantages 

over existing numerical models: the flexibility to choose from various model 

configurations, and to be part of a broader set of biogeochemical and hydrological 

models that can be coupled via the open source frameworks AED or FABM. The model 

was tested by simulation of a 1D sediment data set (Canfield et al. 1993) that had also 
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been the basis for earlier modelling studies (Van Cappellen and Wang, 1996; Thullner 

et al., 2005). Simulation results differed from the field data for inorganic components in 

some respects, possibly due to absence of iron and manganese adsorption functions. 

However, the focus of this thesis was primary oxidation reactions, which could be easily 

switched to be the same as that in the two earlier modelling studies.  

 

Finally, the new theoretical model of organic matter oxidation from Chapter 3 was 

implemented with the redox sequence determined based on growth and free energy 

yields into the 1D numerical model presented in Chapter 5. It was found that the new 

approach did result in the emergence of the typical, empirically observed redox 

sequence, and the key to this was the incorporation of bacterial growth yields for the 

different reactions. It was found that the redox sequence did emerge from something 

closer to first principles, above all the bacterial growth yield. Overall this new model 

setup was a fulfilment of the future work anticipated by Thullner et al. (2005), who 

suggested extending their bacterial sediment diagenesis model by including other 

organic matter breakdown conceptual models. It appeared that on these temporal and 

spatial scales, the thermodynamic factor, FT, was not as important in limiting the 

reactions as the bacterial growth yield.  

 

7.2 Limitations and future work  

There are three main areas for future work to be extended from this thesis. Firstly, 

technical features of sediment diagenesis models can be developed further. Secondly, 

the theoretical organic matter model can be investigated further. The two general 

biogeochemical assumptions together can be strengthened or challenged by applying the 

model to more complex environments where physical processes such as pore water 

advection may be more important in determining the ultimate sediment chemical 

concentrations. Thirdly, field and laboratory datasets can be drawn upon to connect 

sediment models with the wider, ongoing scientific work in this field.  
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New diagenesis models - combining the best features of current diagenesis models 

At the end of the meta-analysis in Chapter 2, section 2.5, the future directions of 

sediment diagenesis models were comprehensively laid out as a series of challenges and 

opportunities. These challenges and opportunities still remain, but there are some 

immediate steps that can be taken in light of the work presented in the subsequent 

chapters, as well as a few key functions of sediment diagenesis models that were not 

included in the numerical model outlined in Chapter 5.  

 

Firstly, adsorption functions can be included. The model currently has adsorption of 

ammonium and phosphate, but the adsorption of reduced iron and manganese, and of 

dissolved organic matter are yet to be added. Adsorbing reduced metals is not just 

important for accounting for the total metal concentration and rate distribution between 

solid and dissolved reactions. It may also be a crucial inhibiting factor for iron reducing 

bacterial respiration of organic matter, as proposed by Roden (2006). Similarly, 

adsorption and desorption of dissolved organic matter may be as important a control on 

organic matter reactivity as the hydrolysis, fermentation and respiration reactions 

analysed in Chapter 3 (Burdige 2007, Arndt et al. 2013). The physical transport of 

bacteria is a feature that was not included in the model in Chapter 6, but can benefit 

from adsorption functions. Schäfer et al. (1998) had bacteria transfer between being 

adsorbed to the solid phase and moving in the pore water.  

 

In Chapter 2, we mentioned that an exciting new application of a diagenesis model may 

be to investigate the ‘living micro cables’ that have been shown to bypass the redox 

zones (Pfeffer et al. 2012). Defining the reaction and transport equations to account for 

electron transport across bacterial wires remains a challenge. However, given the 

diagenesis model as configured in Chapter 6, with free energies defined and microbial 

groups explicitly simulated, this is a challenge that can be faced more easily than with 

previous diagenesis models. 

 

A handful of earlier diagenesis models applied a function that controlled reactions 

according to temperature (for example, Eldridge and Morse 2008, Reed et al. 2011b). 

This could be included in the numerical model from this thesis with the same expression 
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as the reviewed papers. Alternatively, since this model has the microbial metabolism 

defined according to free energy calculations, the effect of temperature can be very 

precisely calculated. Some diagenesis models also had a simple bioturbation function 

that scaled with oxygen concentration, which can easily be included (Fossing et al. 

2004, Soetaert and Middelburg 2009, Sohma et al. 2004, 2008).  

 

Further refinement of the redox pathway zonation model 

The investigation of organic matter decomposition presented in this thesis reached a 

point where the conceptual and numerical model produced a satisfactory result. 

However, the conceptual model could be further strengthened by additional 

investigations of theoretical and laboratory studies, for example, one of the advantages 

of using the thermodynamic factor and the growth yield was that it was a more 

mechanistic description of competition between microbial pathways than the previously 

used inhibition function. However, a traditional inhibition function was used for O2 

inhibition of all other pathways.  

 

There may be empirical descriptions of other chemicals inhibiting other pathways, 

which should be investigated. For example, Berner (1981) mentions that H2S poisons 

aerobic metabolism, though not whether it poisons other pathways.  

 

Roden (2006) found that Fe2+ adsorption onto iron minerals poisons the iron reduction 

pathway, and so, as mentioned above, the effects of this adsorption as an inhibitor 

should be investigated.  

 

The value for the free energy for iron reduction was taken from the literature review by 

Roden and Jin (2011), however, we know from sources such as Bethke et al. (2011) that 

different iron minerals have different energies. Additionally, the experiment in Chapter 

6 was conducted at pH around 7, however, Bethke et al. (2011) showed that iron 

reduction, sulfate reduction and methanogenesis all have roughly equivalent free 

energies around pH 7. With pH much higher or lower than this, the favourability of each 

of the three pathways changes. Therefore key future experiments will be to see whether 

this numerical model can capture the poisoning by Fe2+, the energies of different iron 

minerals and the reactivity at different pH. 
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In order to run the diagenesis model with the bacterial breakdown pathways as in 

Chapter 6, a future calibration experiment will be to compare the simulated bacterial 

populations with typical measured populations. This can be done for individual groups, 

and for total maximum and minimum populations. The theory of bacterial dormancy 

can be investigated and a new expression in the model can be written, if necessary.  

 

Refining model of organic matter properties, formation and breakdown 

In Chapter 1, we mentioned that there is a general trend of decreasing reactivity with 

depth, in part because the source of fresh particulate organic matter is the sediment-

water interface. However, dead bacterial biomass, referred to as necromass, is another 

source of particulate organic matter, which is generated at all depths and may fuel 

metabolism in the deepest sediment layers. Parameterising this has been uncertain 

because it is not clear how reactive necromass is, and the only guide we have found is 

that Schäfer et al. (1998) set its reaction constant to zero. It was discussed in Chapter 4 

that it is likely to be refractory. In the simulation in Chapter 6, necromass had the same 

hydrolysis rate constant as the incoming POC, and did not accumulate to high 

concentrations relative to the POC.  

 

The other mechanisms for the formation and decomposition of refractory organic matter 

are major final steps in understanding sediment organic matter transformation, as 

mentioned in Chapter 3, section 3.2. Further, there is an assumption that the 

uncharacterisable particulate and dissolved organic matter corresponds with the 

refractory fractions (for example, Komada et al. 2004). A means of accounting for the 

uncharacterisable material will help to complete the picture of organic matter 

transformation.   

 

For the reactive fractions, we saw in Chapters 3 and 6 that the substrate limitation 

function was an important rate controlling factor, and in Chapter 4 we saw that it was 

not easy to find sources for the values used for this factor. Therefore sourcing a 

substrate limitation constant will be a target for future work. Additionally, refining our 

understanding of the composition and reactivity of hydrolysis products, rather than just 

using one general hydrolysis product variable, may lead to a more precise description of 
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the reactions. Targeting the substrate limitation factor KH2, will also be a valuable 

objective for future work, since it was shown in these simulations that FH2 had a greater 

role in limiting H2 oxidation than the thermodynamic factors. The aim will be to 

simulate accurate not only concentrations of TEA, but also much lower H2 

concentrations, in the order of nmol L-1. 

 

The model of Tang and Riley (2015) implemented two DOM adsorption functions. 

Firstly, DOM fermentation products were assigned as bio-unavailable when adsorbed to 

mineral surfaces. Secondly, the extracellular enzymes that hydrolysed dissolved 

polymers were also adsorbed to minerals, which therefore provided a connection 

between adsorption and hydrolysis. The model used in this thesis has hydrolysis 

determined only by total biomass and enzymes were not explicitly simulated; but future 

models could include a link between adsorption and these two mechanisms of reactivity. 

 

The effects of nutrient limitation on microbial metabolism could also be included, as 

mentioned in Chapter 4. We pointed out in Chapter 1, that there is a general decrease in 

reactivity with depth, due to decreasing lability of organic matter, and decreasing free 

energy yield in each redox zone. Understanding whether nutrient limitation may be a 

third factor for decreasing reactivity with depth will require an investigation of the 

theory and then calculation with the numerical model.  

 

 

 

  



212 

 

References 

 

Abril, G., M.-V. Commarieu, H. Etcheber, J. Deborde and B. Deflandre (2010). In vitro 

simulation of oxic/suboxic diagenesis in an estuarine fluid mud subjected to redox 

oscillations. Estuarine, Coastal and Shelf Science 88(2): 279-291. 

 

Aguilera, D. R., P. Jourabchi, C. Spiteri and P. Regnier (2005). A knowledge-based 

reactive transport approach for the simulation of biogeochemical dynamics in Earth 

systems. Geochemistry, geophysics, geosystems 6(7). 

 

Algar, C. K., and J. J. Vallino (2014), Predicting microbial nitrate reduction pathways in 

coastal sediments, Aquatic Microbial Ecology, 71: 223-238. 

 

Aller, R. (2001). Transport and reactions in the bioirrigated zone. The benthic boundary 

layer. B. Boudreau and Jorgensen, Oxford University Press: 269-301. 

 

Aller, R. C. (1980). Quantifying solute distributions in the bioturbated zone of marine 

sediments by defining an average microenvironment. Geochimica et Cosmochimica 

Acta 44(12): 1955-1965. 

 

Almroth-Rosell, E., A. Tengberg, S. Andersson, A. Apler and P. O. J. Hall (2012). 

Effects of simulated natural and massive resuspension on benthic oxygen, nutrient and 

dissolved inorganic carbon fluxes in Loch Creran, Scotland. Journal of Sea Research 

72: 38-48. 

 

Alperin, M. J., D. B. Albert, and C. S. Martens (1994), Seasonal-variations in 

production and consumption rates of dissolved organic-carbon in an organic-rich coastal 

sediment, Geochimica et Cosmochimica Acta, 58(22): 4909-4930. 

 

Amend, J. P. and E. L. Shock (2001). Energetics of overall metabolic reactions of 

thermophilic and hyperthermophilic Archaea and Bacteria. Fems Microbiology Reviews 

25(2): 175-243. 

 



213 

 

Amon, R. M. W., and R. Benner (1996), Bacterial utilization of different size classes of 

dissolved organic matter, Limnology and Oceanography, 41(1): 41-51. 

 

Anggara Kasih, G. A., S. Chiba, Y. Yamagata, Y. Shimizu and K. Haraguchi (2009). 

Numerical model on the material circulation for coastal sediment in Ago Bay, Japan. 

Journal of Marine Systems 77(1-2): 45-60. 

 

Archer, D., J. Morford and S. Emerson (2002). A model of suboxic sedimentary 

diagenesis suitable for automatic tuning and gridded global domains. Global 

biogeochemical cycles 16(1). 

 

Arhonditsis, G. B. and M. T. Brett (2004). Evaluation of the current state of mechanistic 

aquatic biogeochemical modeling. Marine Ecology-Progress Series 271: 13-26. 

 

Arndt, S., B. B. Jørgensen, D. E. LaRowe, J. J. Middelburg, R. D. Pancost, and P. 

Regnier (2013), Quantifying the degradation of organic matter in marine sediments: A 

review and synthesis, Earth-science reviews, 123(0): 53-86. 

 

Arnosti, C. and M. Holmer (2003). Carbon cycling in a continental margin sediment: 

contrasts between organic matter characteristics and remineralization rates and 

pathways. Estuarine, Coastal and Shelf Science 58(1): 197-208. 

 

Arnosti, C. (2011), Microbial extracellular enzymes and the marine carbon cycle, 

Annual review of marine science, 3: 401-425. 

 

Bastviken, D., M. Olsson and L. Tranvik (2003). Simultaneous measurements of 

organic carbon mineralization and bacterial production in oxic and anoxic lake 

sediments. Microbial ecology 46(1): 73-82. 

 

Bastviken, D., L. Persson, G. Odham and L. Tranvik (2004). Degradation of dissolved 

organic matter in oxic and anoxic lake water. Limnology and Oceanography 49(1): 109-

116. 

 



214 

 

Bektursunova, R., and I. L'Heureux (2011), A reaction-transport model of periodic 

precipitation of pyrite in anoxic marine sediments, Chemical Geology, 287(3–4): 158-

170. 

 

Benner, R. (2002), Chemical composition and reactivity, in Biogeochemistry of marine 

dissolved organic matter, edited by D. A. Hansell and C. A. Carlson, Elsevier Science. 

 

Bennett, N. D., B. F. W. Croke, G. Guariso, J. H. A. Guillaume, S. H. Hamilton, A. J. 

Jakeman, S. Marsili-Libelli, L. T. H. Newham, J. P. Norton, C. Perrin, S. A. Pierce, B. 

Robson, R. Seppelt, A. A. Voinov, B. D. Fath, and V. Andreassian (2013), 

Characterising performance of environmental models, Environmental Modelling & 

Software, 40(0): 1-20. 

 

Benoit, P., Y. Gratton and A. Mucci (2006). Modeling of dissolved oxygen levels in the 

bottom waters of the Lower St. Lawrence Estuary: Coupling of benthic and pelagic 

processes. Marine Chemistry 102(1-2): 13-32. 

 

Berg, P., N. Risgaard-Petersen and S. Rysgaard (1998). Interpretation of measured 

concentration profiles in sediment pore water. Limnology and Oceanography 43(7): 

1500-1510. 

 

Berg, P., S. Rysgaard and B. Thamdrup (2003). Dynamic modeling of early diagenesis 

and nutrient cycling. A case study in an Arctic marine sediment. American Journal of 

Science 303(10): 905-955. 

 

Berg, P., D. Swaney, S. Rysgaard, B. Thamdrup and H. Fossing (2007). A fast 

numerical solution to the general mass-conservation equation for solutes and solids in 

aquatic sediments. Journal of Marine Research 65(3): 317-343. 

 

Berner, R. (1964). An idealized model of dissolved sulfate distribution in recent 

sediments. Geochimica et Cosmochimica Acta 28(9): 1497-1503. 

 

Berner, R. (1980). Early diagenesis: A theoretical approach. New Jersey, Princeton 

University Press. 



215 

 

 

Berner, R. A. (1981), A new geochemical classification of sedimentary environments, 

Journal of sedimentary petrology, 51(2): 359-365. 

 

Berner, R. A. (1995). Sedimentary organic matter preservation - an assessment and 

speculative synthesis - a comment. Marine Chemistry 49(2-3): 121-122. 

 

Bessinger, B. A., D. Vlassopoulos, S. Serrano, and P. A. O'Day (2012), Reactive 

Transport Modeling of Subaqueous Sediment Caps and Implications for the Long-Term 

Fate of Arsenic, Mercury, and Methylmercury, Aquatic Geochemistry, 18(4): 297-326. 

 

Bethke, C., R. Sanford, M. Kirk, Q. Jin, and T. Flynn (2011), The thermodynamic 

ladder in geomicrobiology, American Journal of Science, 311(3): 183-210. 

 

Bethke, C. M., D. Ding, Q. Jin, and R. A. Sanford (2008), Origin of microbiological 

zoning in groundwater flows, Geology, 36(9): 739-742. 

 

Bianchi, T. S. (2011), The role of terrestrially derived organic carbon in the coastal 

ocean: A changing paradigm and the priming effect, Proceedings of the National 

Academy of Sciences of the United States of America, 108(49): 19473-19481. 

 

Billen, G. (1978). Budget of nitrogen recycling in North Sea sediments off the Belgian 

coast. Estuarine and coastal marine science 7(2): 127-146. 

 

Boudreau, B. (1997). Diagenetic models and their implementation. Heidelberg, 

Springer. 

 

Boudreau, B. (1999). Metals and models: Diagenetic modelling in freshwater lacustrine 

sediments. Journal of paleolimnology 22(3): 227-251. 

 

Boudreau, B., A. Mucci, B. Sundby, G. Luther and N. Silverberg (1998). Comparative 

diagenesis at three sites on the Canadian continental margin. Journal of Marine 

Research 56(6): 1259-1284. 



216 

 

 

Boudreau, B. and B. Ruddick (1991). On a reactive continuum representation of organic 

matter diagenesis. American Journal of Science 291(5): 507-538. 

 

Boudreau, B. and J. Westrich (1984). The dependence of bacterial sulfate reduction on 

sulfate concentration in marine sediments. Geochimica et Cosmochimica Acta 48(12): 

2503-2516. 

 

Boudreau, B. P. (1996). A method-of-lines code for carbon and nutrient diagenesis in 

aquatic sediments. Computers & Geosciences 22(5): 479-496. 

 

Boudreau, B. P. (2000). The mathematics of early diagenesis: From worms to waves. 

Reviews of geophysics 38(3): 389-416. 

 

Boyle, J. (2001). Redox remobilization and the heavy metal record in lake sediments: a 

modelling approach. Journal of paleolimnology 26(4): 423-431. 

 

Brigolin, D., T. Lovato, A. Rubino and R. Pastres (2011). Coupling early-diagenesis 

and pelagic biogeochemical models for estimating the seasonal variability of N and P 

fluxes at the sediment–water interface: Application to the northwestern Adriatic coastal 

zone. Journal of Marine Systems 87(3-4): 239-255. 

 

Brigolin, D., R. Pastres, T. D. Nickell, C. J. Cromey, D. R. Aguilera and P. Regnier 

(2009). Modelling the impact of aquaculture on early diagenetic processes in sea loch 

sediments. Marine Ecology-Progress Series 388: 63-80. 

 

Brown, P. N., G. D. Byrne, and A. C. Hindmarsh (1989), VODE: A variable-coefficient 

ODE solver, SIAM journal on scientific and statistical computing, 10(5): 1038-1051. 

 

Bruce, L. C., P. L. M. Cook and M. R. Hipsey (2011). Using a 3D hydrodynamic-

biogeochemical model to compare estuarine nitrogen assimilation efficiency under 

anoxic and oxic conditions. 19th International Congress on Modelling and Simulation, . 

Perth, Australia. 

 



217 

 

Bruce, L. C., P. L. Cook, I. Teakle, and M. R. Hipsey (2014), Hydrodynamic controls 

on oxygen dynamics in a riverine salt wedge estuary, the Yarra River estuary, Australia, 

Hydrology and Earth System Sciences, 18(4): 1397-1411. 

 

Bruggeman, J., and K. Bolding (2014), A general framework for aquatic 

biogeochemical models, Environmental Modelling & Software, 61: 249-265. 

 

Burchard, H., K. Bolding, W. Kühn, A. Meister, T. Neumann, and L. Umlauf (2006), 

Description of a flexible and extendable physical–biogeochemical model system for the 

water column, Journal of Marine Systems, 61(3–4): 180-211. 

 

Burdige, D. J. (1991). The kinetics of organic matter mineralisation in anoxic marine 

sediments. Journal of Marine Research 49(4): 727-761. 

 

Burdige, D. J. (2005). Burial of terrestrial organic matter in marine sediments: A re-

assessment. Global biogeochemical cycles 19(4). 

 

Burdige, D. J. (2006), Geochemistry of marine sediments, Princeton University Press 

Princeton. 

 

Burdige, D. J. (2007). Preservation of organic matter in marine sediments: Controls, 

mechanisms, and an imbalance in sediment organic carbon budgets? Chemical Reviews 

107(2): 467-485. 

 

Burdige, D. J., W. M. Berelson, K. H. Coale, J. McManus and K. S. Johnson (1999). 

Fluxes of dissolved organic carbon from California continental margin sediments. 

Geochimica et Cosmochimica Acta 63(10): 1507-1515. 

 

Burdige, D. J. and K. G. Gardner (1998). Molecular weight distribution of dissolved 

organic carbon in marine sediment pore waters. Marine Chemistry 62(1-2): 45-64. 

 

Burdige, D. J., and S. L. Zheng (1998), The biogeochemical cycling of dissolved 

organic nitrogen in estuarine sediments, Limnology and Oceanography, 43(8): 1796-

1813. 



218 

 

 

Burdige, D. J. (2011), 5.09 - Estuarine and Coastal Sediments – Coupled 

Biogeochemical Cycling, in Treatise on Estuarine and Coastal Science, edited by W. 

Editors-in-Chief: Eric and M. Donald, pp. 279-316, Academic Press, Waltham. 

 

Canavan, R., A. Laverman and C. Slomp (2007b). Modeling nitrogen cycling in a 

coastal fresh water sediment. Hydrobiologia 584(1): 27-36. 

 

Canavan, R., C. Slomp, P. Jourabchi, P. Van Cappellen, A. Laverman and G. Van den 

Berg (2006). Organic matter mineralization in sediment of a coastal freshwater lake and 

response to salinization. Geochimica et Cosmochimica Acta 70(11): 2836-2855. 

 

Canavan, R. W., P. Van Cappellen, J. J. G. Zwolsman, G. A. van den Berg and C. P. 

Slomp (2007a). Geochemistry of trace metals in a fresh water sediment: Field results 

and diagenetic modeling. Science of The Total Environment 381(1-3): 263-279. 

 

Canfield, D. E. (1994). Factors influencing organic carbon preservation in marine 

sediments. Chemical Geology 114(3-4): 315-329. 

 

Canfield, D. E. and B. Thamdrup (2009). Towards a consistent classification scheme for 

geochemical environments, or, why we wish the term 'suboxic' would go away. 

Geobiology 7(4): 385-392. 

 

Canfield, D. E., B. Thamdrup and J. W. Hansen (1993). The anaerobic degradation of 

organic matter in Danish coastal sediments - iron reduction, manganese reduction and 

sulfate reduction. Geochimica et Cosmochimica Acta 57(16): 3867-3883. 

 

Canuel, E. A., S. S. Cammer, H. A. McIntosh, and C. R. Pondell (2012), Climate 

Change Impacts on the Organic Carbon Cycle at the Land-Ocean Interface, Annual 

Review of Earth and Planetary Sciences, 40: 685-711. 

 

Capone, D. G., and R. P. Kiene (1988), Comparison of microbial dynamics in marine 

and freshwater sediments: Contrasts in anaerobic carbon catabolism, Limnology and 

Oceanography, 33(4): 725-749. 



219 

 

 

Carbonaro, R., J. Mahony, A. Walter, E. Halper and D. Di Toro (2005). Experimental 

and modeling investigation of metal release from metal-spiked sediments. 

Environmental Toxicology and Chemistry 24(12): 3007-3019. 

 

Centler, F., H. Shao, C. De Biase, C.-H. Park, P. Regnier, O. Kolditz and M. Thullner 

(2010). GeoSysBRNS-A flexible multidimensional reactive transport model for 

simulating biogeochemical subsurface processes. Computers & Geosciences 36(3): 397-

405. 

 

Chapelle, F. H., and D. R. Lovley (1990), Rates of microbial-metabolism in deep 

coastal-plain aquifers, Applied and Environmental Microbiology, 56(6): 1865-1874. 

 

Chapman, C. and C. M. G. Van Den Berg (2005). Microbenthic chamber with 

microelectrode for in-situ determination of fluxes of dissolved S(-II), I-, O2, Mn, and 

Fe. Environmental Science & Technology 39(8): 2769-2776. 

 

Colombo, J. C., N. Silverberg and J. N. Gearing (1996). Biogeochemistry of organic 

matter in the Laurentian Trough, I. Composition and vertical fluxes of rapidly settling 

particles. Marine Chemistry 51(4): 277-293. 

 

Couture, R.-M., B. Shafei, P. Van Cappellen, A. Tessier, C. Gobeil and A. Tessier 

(2010). Non-steady state modeling of arsenic diagenesis in lake sediments. 

Environmental Science & Technology 44(1): 197-203. 

 

Curtis, G. P. (2003), Comparison of approaches for simulating reactive solute transport 

involving organic degradation reactions by multiple terminal electron acceptors, 

Computers & Geosciences, 29(3): 319-329. 

 

Dai, J. H., M. Y. Sun, R. A. Culp and J. E. Noakes (2009). A laboratory study on 

biochemical degradation and microbial utilization of organic matter comprising a 

marine diatom, land grass, and salt marsh plant in estuarine ecosystems. Aquatic 

Ecology 43(4): 825-841. 

 



220 

 

Dale, A. W., D. R. Aguilera, P. Regnier, H. Fossing, N. J. Knab and B. B. Jorgensen 

(2008a). Seasonal dynamics of the depth and rate of anaerobic oxidation of methane in 

Aarhus Bay (Denmark) sediments. Journal of Marine Research 66(1): 127-155. 

 

Dale, A. W., P. Regnier, N. J. Knab, B. B. Jorgensen, and P. Van Cappellen (2008b), 

Anaerobic oxidation of methane (AOM) in marine sediments from the Skagerrak 

(Denmark): II. Reaction-transport modeling, Geochimica et Cosmochimica Acta, 

72(12): 2880-2894. 

 

Dale, A. W., V. Bruchert, M. Alperin and P. Regnier (2009). An integrated sulfur 

isotope model for Namibian shelf sediments. Geochimica et Cosmochimica Acta 73(7): 

1924-1944. 

 

Dale, A. W., P. Regnier and P. Van Cappellen (2006). Bioenergetic controls on 

anaerobic oxidation of methane (AOM) in coastal marine sediments: A theoretical 

analysis. American Journal of Science 306(4): 246-294. 

 

Davis, J. R., and K. Koop (2006), Eutrophication in Australian rivers, reservoirs and 

estuaries - a southern hemisphere perspective on the science and its implications, 

Hydrobiologia, 559: 23-76. 

 

deBruyn, A. M. H., and F. A. P. C. Gobas (2004), Modelling the diagenetic fate of 

persistent organic pollutants in organically enriched sediments, Ecological Modelling, 

179(3): 405-416. 

 

Dedieu, K., C. Rabouille, F. Gilbert, K. Soetaert, E. Metzger, C. Simonucci, D. 

Jezequel, F. Prevot, P. Anschutz, S. Hulth, S. Ogier and V. Mesnage (2007). Coupling 

of carbon, nitrogen and oxygen cycles in sediments from a Mediterranean lagoon: a 

seasonal perspective. Marine Ecology-Progress Series 346: 45-59. 

 

Devallois, V., P. Boyer, J. Boudenne and B. Coulomb (2008). Modelling the vertical 

profiles of O-2 and pH in saturated freshwater sediments. Annales de limnologie 44(4): 

275-288. 

 



221 

 

Dhakar, S. P. and D. J. Burdige (1996). Coupled, non-linear, steady state model for 

early diagenetic processes in pelagic sediments. American Journal of Science 296(3): 

296-330. 

 

Diaz, R. and R. Rosenberg (2008). Spreading dead zones and consequences for marine 

ecosystems. Science 321(5891): 926-929. 

 

DiToro, D. M., J. D. Mahony, D. J. Hansen and W. J. Berry (1996). A model of the 

oxidation of iron and cadmium sulfide in sediments. Environmental Toxicology and 

Chemistry 15(12): 2168-2186. 

 

Dittrich, M., B. Wehrli and P. Reichert (2009). Lake sediments during the transient 

eutrophication period: Reactive-transport model and identifiability study. Ecological 

Modelling 220(20): 2751-2769. 

 

Dueri, S., R. Therrien and J. Locat (2003). Simulation of the migration of dissolved 

contaminants through a subaqueous capping layer: model development and application 

for As migration. Journal of environmental engineering and science 2(3): 213-226. 

 

Eldridge and Morse (2000). A diagenetic model for sediment-seagrass interactions. 

Marine Chemistry 70(1): 89. 

 

Eldridge, P. and J. Morse (2008). Origins and temporal scales of hypoxia on the 

Louisiana shelf: Importance of benthic and sub-pycnocline water metabolism. Marine 

Chemistry 108(3-4): 159-171. 

 

Eldridge, P. M., J. E. Kaldy and A. B. Burd (2004). Stress response model for the 

tropical seagrass Thalassia testudinum: The interactions of light, temperature, 

sedimentation, and geochemistry. Estuaries 27(6): 923-937. 

 

Emerson, S., R. Jahnke, M. Bender, P. Froelich and G. Klinkhammer (1980). Early 

diagenesis in sediments from the eastern equatorial Pacific 1. Pore water nutrient and 

carbonate results. Earth and planetary science letters 49(1): 57-80. 

 



222 

 

Epping, E., C. van der Zee, K. Soetaert and W. Helder (2002). On the oxidation and 

burial of organic carbon in sediments of the Iberian margin and Nazare Canyon (NE 

Atlantic). Progress in oceanography 52(2-4): 399-431. 

 

Esteves, J., G. Mille, F. Blanc and J. Bertrand (1986). Nitrate reduction activity in a 

continuous flow-through system in marine sediments. Microbial ecology 12(3): 283-

290. 

 

Fasham, M. J. R., H. W. Ducklow, and S. M. McKelvie (1990), A nitrogen-based model 

of plankton dynamics in the oceanic mixed layer, Journal of Marine Research, 48(3): 

591-639. 

 

Ferron, S., F. Alonso-Perez, C. G. Castro, T. Ortega, F. F. Perez, A. F. Rios, A. Gomez-

Parra and J. M. Forja (2008). Hydrodynamic characterization and performance of an 

autonomous benthic chamber for use in coastal systems. Limnology and Oceanography-

Methods 6: 558-571. 

 

Filella, M. (2009), Freshwaters: which NOM matters?, Environmental chemistry letters, 

7(1): 21. 

 

Fossing, H., P. Berg, B. Thamdrup, S. Rysgaard, H. M. Sørensen, and K. Nielsen 

(2004), A model set-up for an oxygen and nutrient flux model for Aarhus Bay 

(Denmark), National Environmental Research Institute. 

 

 

Froelich, P., G. Klinkhammer, M. Bender, N. Luedtke, G. Heath and D. Cullen (1979). 

Early oxidation of organic matter in pelagic sediments of the eastern equatorial Atlantic 

suboxic diagenesis. Geochimica et Cosmochimica Acta 43(7): 1075-1090. 

 

Furrer, G. and B. Wehrli (1996). Microbial reactions, chemical speciation, and 

multicomponent diffusion in porewaters of a eutrophic lake. Geochimica et 

Cosmochimica Acta 60(13): 2333-2346. 

 



223 

 

Gaillard, J. F. and C. Rabouille (1992). Using Monod kinetics in geochemical models of 

organic carbon mineralisation in deep-sea surficial sediments. Deep-Sea Food Chains 

and the Global Carbon Cycle. G. T. Rowe and V. Pariente. 360: 309-324. 

 

Gallon, C., A. Tessier, C. Gobeil and M. La Torre (2004). Modeling diagenesis of lead 

in sediments of a Canadian Shield lake. Geochimica et Cosmochimica Acta 68(17): 

3531-3545. 

 

Gudasz, C., D. Bastviken, K. Premke, K. Steger and L. J. Tranvik (2012). Constrained 

microbial processing of allochthonous organic carbon in boreal lake sediments. 

Limnology and Oceanography 57(1): 163-175. 

 

Haeckel, M., I. König, V. Riech, M. E. Weber and E. Suess (2001). Pore water profiles 

and numerical modelling of biogeochemical processes in Peru Basin deep-sea 

sediments. Deep Sea Research Part II: Topical Studies in Oceanography 48(17-18): 

3713-3736. 

 

Hall, P. O. and R. C. Aller (1992). Rapid, small-volume, flow-injection analysis for 

sigma CO2 and NH4
+ in marine and freshwaters. Limnology and Oceanography. 37: 

1113-1119. 

 

Hansell, D. A. and C. A. Carlson (2002). Biogeochemistry of marine dissolved organic 

matter, Academic press. 

 

Harvey, H. R., and A. Mannino (2001), The chemical composition and cycling of 

particulate and macromolecular dissolved organic matter in temperate estuaries as 

revealed by molecular organic tracers, Organic geochemistry, 32(4): 527-542. 

 

Hedges, J. I. and R. G. Keil (1995). Sedimentary organic matter preservation - an 

assessment and speculative synthesis. Marine Chemistry 49(2-3): 81-115. 

 

Hedges, J. I., and R. G. Keil (1995a), Sedimentary organic matter preservation - an 

assessment and speculative synthesis - closing comment, Marine Chemistry, 49(2-3): 

137-139. 



224 

 

 

Hee, C. A., T. K. Pease, M. J. Alperin, and C. S. Martens (2001), Dissolved organic 

carbon production and consumption in anoxic marine sediments: A pulsed-tracer 

experiment, Limnology and Oceanography, 46(8): 1908-1920. 

 

Henrichs, S. M. (1995). Sedimentary organic matter preservation - an assessment and 

speculative synthesis - a comment. Marine Chemistry 49(2-3): 127-136. 

 

Henrichs, S. M. and W. S. Reeburgh (1987). Anaerobic mineralisation of marine 

sediment organic matter - rates and the role of anaerobic processes in the oceanic carbon 

economy Geomicrobiology journal 5(3-4): 191-237. 

 

Hipsey (2012), Blueprint for a unifying framework for synthesis of aquatic 

ecodynamics. 

 

Hipsey, M., J. Read, M. Frassl, and L. Bruce (2014), The role of lake physical 

characteristics in shaping the net surface energy budget of a lake: from local to global, 

paper presented at AGU Fall Meeting Abstracts. 

 

Hochard, S., C. Pinazo, C. Grenz, J. L. B. Evans and O. Pringault (2010). Impact of 

microphytobenthos on the sediment biogeochemical cycles: A modeling approach. 

Ecological Modelling 221(13-14): 1687-1701. 

 

Hu, W., S. E. Jørgensen and F. Zhang (2006). A vertical-compressed three-dimensional 

ecological model in Lake Taihu, China. Ecological Modelling 190(3–4): 367-398. 

 

Hulthe, G., S. Hulth and P. O. J. Hall (1998). Effect of oxygen on degradation rate of 

refractory and labile organic matter in continental margin sediments. Geochimica et 

Cosmochimica Acta 62(8): 1319-1328.  

 

Hunt, R. J., and C. Zheng (2012), The Current State of Modeling, Ground water, 50(3): 

330. 



225 

 

 

Jakeman, A. J., R. A. Letcher, and J. P. Norton (2006), Ten iterative steps in 

development and evaluation of environmental models, Environmental Modelling & 

Software, 21(5): 602-614. 

 

Jakobsen, R. and D. Postma (1999). Redox zoning, rates of sulfate reduction and 

interactions with Fe-reduction and methanogenesis in a shallow sandy aquifer, Romo, 

Denmark. Geochimica et Cosmochimica Acta 63(1): 137-151. 

 

Jezequel, D., R. Brayner, E. Metzger, E. Viollier and F. Prevot (2007). Two-

dimensional determination of dissolved iron and sulfur species in marine sediment pore-

waters by thin-film based imaging. Thau lagoon (France). Estuarine, Coastal and Shelf 

Science 72(3): 420-431. 

 

Jin, Q. and C. Bethke (2002). Kinetics of electron transfer through the respiratory chain. 

Biophysical journal 83(4): 1797-1808. 

 

Jin, Q. and C. Bethke (2003). A new rate law describing microbial respiration. Applied 

and Environmental Microbiology 69(4): 2340-2348. 

 

Jin, Q. S. and C. M. Bethke (2005). Predicting the rate of microbial respiration in 

geochemical environments. Geochimica et Cosmochimica Acta 69(5): 1133-1143. 

 

Jin, Q., and C. M. Bethke (2007), The thermodynamics and kinetics of microbial 

metabolism, American Journal of Science, 307(4): 643-677. 

 

Jin, Q., and E. E. Roden (2011), Microbial physiology-based model of ethanol 

metabolism in subsurface sediments, Journal of Contaminant Hydrology, 125(1-4): 1-

12. 

 

Jin, Q., E. E. Roden, and J. R. Giska (2013), Geomicrobial Kinetics: Extrapolating 

Laboratory Studies to Natural Environments, Geomicrobiology journal, 30(2): 173-185. 

 



226 

 

Jorgensen, B. B. and J. Sorensen (1985). Seasonal cycles of O2, NO3 and SO4 

reduction in estuarine sediments - the significance of an NO3 reduction maximum in 

spring. Marine ecology. Progress series 24(1-2): 65-74. 

 

Jørgensen, B. B. (2000), Bacteria and marine biogeochemistry, in Marine geochemistry, 

edited, pp. 173-207, Springer. 

 

Jørgensen, S. E. (2010). A review of recent developments in lake modelling. Ecological 

Modelling 221(4): 689-692. 

 

Jourabchi, P., C. Meile, L. R. Pasion and P. Van Cappellen (2008). Quantitative 

interpretation of pore water O2 and pH distributions in deep-sea sediments. Geochimica 

et Cosmochimica Acta 72(5): 1350-1364. 

 

Jourabchi, P., P. Van Cappellen and P. Regnier (2005). Quantitative interpretation of 

pH distributions in aquatic sediments: A reaction-transport modeling approach. 

American Journal of Science 305(9): 919-956. 

 

Julies, E. M., B. M. Fuchs, C. Arnosti, and V. Brüchert (2010), Organic carbon 

degradation in anoxic organic-rich shelf sediments: biogeochemical rates and microbial 

abundance, Geomicrobiology journal, 27(4): 303-314. 

 

Kasih, G. A. A., S. Chiba, Y. Yamagata, Y. Shimizu and K. Haraguchi (2008). 

Modeling early diagenesis of sediment in Ago Bay, Japan: A comparison of steady state 

and dynamic calculations. Ecological Modelling 215(1-3): 40-54. 

 

Katsev, S. (2004), dSED: Database for Sediment Early Diagenesis - User Manual. 

 

Katsev, S., B. Sundby and A. Mucci (2006b). Modeling vertical excursions of the redox 

boundary in sediments: Application to deep basins of the Arctic Ocean. Limnology and 

Oceanography 51(4): 1581-1593. 

 



227 

 

Katsev, S., I. Tsandev, I. L'Heureux and D. G. Rancourt (2006a). Factors controlling 

long-term phosphorus efflux from lake sediments: Exploratory reactive-transport 

modeling. Chemical Geology 234(1-2): 127-147. 

 

Katsev, S., and S. A. Crowe (2015), Organic carbon burial efficiencies in sediments: 

The power law of mineralization revisited, Geology: G36626. 36621. 

 

Katsev, S., and M. Dittrich (2013), Modeling of decadal scale phosphorus retention in 

lake sediment under varying redox conditions, Ecological Modelling, 251: 246-259. 

 

Kiirikki, M., J. Lehtoranta, A. Inkala, H. Pitkanen, S. Hietanen, P. O. J. Hall, A. 

Tengberg, J. Koponen and J. Sarkkula (2006). A simple sediment process description 

suitable for 3D-ecosystem modelling - Development and testing in the Gulf of Finland. 

Journal of Marine Systems 61(1-2): 55-66. 

 

Koenig, I., M. Haeckel, A. Lougear, E. Suess and A. Trautwein (2001). A geochemical 

model of the Peru Basin deep-sea floor - and the response of the system to technical 

impacts. Deep-sea research. Part II, Topical studies in oceanography 48(17-18): 3737-

3756. 

 

Komada, T., C. E. Reimers, G. W. Luther Iii, and D. J. Burdige (2004), Factors 

affecting dissolved organic matter dynamics in mixed-redox to anoxic coastal 

sediments, Geochimica et Cosmochimica Acta, 68(20): 4099-4111. 

 

Kremp, C., T. Seifert, V. Mohrholz and W. Fennel (2007). The oxygen dynamics during 

Baltic inflow events in 2001 to 2003 and the effect of different meteorological forcing - 

A model study. Journal of Marine Systems 67(1-2): 13-30. 

 

Kristensen, E., S. I. Ahmed and A. H. Devol (1995). Aerobic and anaerobic 

decomposition of organic matter in marine sediment: Which is fastest? Limnology and 

Oceanography 40(8): 1430-1437. 

 

LaRowe, D. E. and P. Van Cappellen (2011). Degradation of natural organic matter: A 

thermodynamic analysis. Geochimica et Cosmochimica Acta 75(8): 2030-2042. 



228 

 

 

LaRowe, D. E., A. W. Dale, J. P. Amend, and P. Van Cappellen (2012), 

Thermodynamic limitations on microbially catalyzed reaction rates, Geochimica et 

Cosmochimica Acta, 90: 96-109. 

 

Lenzi, M. and M. Renzi (2011). Effects of artificial disturbance on quantity and 

biochemical composition of organic matter in sediments of a coastal lagoon. Knowledge 

and Management of Aquatic Ecosystems(402). 

 

Li, Y. H., and S. Gregory (1974), Diffusion of ions in seawater and in deep-sea 

sediments, Geochimica et Cosmochimica Acta, 38(5): 703-714. 

 

Lopes, F. A., G. Michard, M. Poulin, A. Roue, F. Prevot, D. Jezequel and E. Viollier 

(2010). Biogeochemical Modelling of a Seasonally Anoxic Lake: Calibration of 

Successive and Competitive Pathways and Processes in Lake Aydat, France. Aquatic 

Geochemistry 16(4): 587-610. 

 

Lovley, D. R. and F. H. Chapelle (1995). Deep subsurface microbial processes. Reviews 

of geophysics 33(3): 365-381. 

Lovley, D. R., and E. J. Phillips (1987), Competitive mechanisms for inhibition of 

sulfate reduction and methane production in the zone of ferric iron reduction in 

sediments, Applied and Environmental Microbiology, 53(11): 2636-2641. 

 

Luff, R., M. Haeckel and K. Wallmann (2001). Robust and fast FORTRAN and 

MATLAB (R) libraries to calculate pH distributions in marine systems. Computers & 

Geosciences 27(2): 157-169. 

 

Luff, R. and A. Moll (2004). Seasonal dynamics of the North Sea sediments using a 

three-dimensional coupled sediment-water model system. Continental Shelf Research 

24(10): 1099-1127. 

 

Luff, R. and K. Wallmann (2003). Fluid flow, methane fluxes, carbonate precipitation 

and biogeochemical turnover in gas hydrate-bearing sediments at Hydrate Ridge, 



229 

 

Cascadia Margin: Numerical modeling and mass balances. Geochimica et 

Cosmochimica Acta 67(18): 3403-3421. 

 

Luff, R., K. Wallmann, S. Grandel and M. Schluter (2000). Numerical modeling of 

benthic processes in the deep Arabian Sea. Deep-sea research. Part 2, Topical studies 

in oceanography 47(14): 3039-3072. 

 

Luo, Y. (2009), Parameter identifiability, constraint, and equifinality in data 

assimilation with ecosystem models, Ecological Applications, 19(3): 571. 

 

Mackenzie, F. T., A. Lerman and A. J. Andersson (2004). Past and present of sediment 

and carbon biogeochemical cycling models. Biogeosciences 1(1): 11-32. 

 

Mackin, J. E. and K. T. Swider (1989). Organic matter decomposition pathways and 

oxygen consumption in coastal marine sediments. Journal of Marine Research 47(3): 

681-716. 

 

Maerki, M., B. Mueller, C. Dinkel and B. Wehrli (2009). Mineralization pathways in 

lake sediments with different oxygen and organic carbon supply. Limnology and 

Oceanography 54(2): 428-438. 

 

Maerki, M., B. Muller and B. Wehrli (2006). Microscale mineralization pathways in 

surface sediments: A chemical sensor study in Lake Baikal. Limnology and 

Oceanography 51(3): 1342-1354. 

 

Mannino, A., and H. R. Harvey (1999), Lipid composition in particulate and dissolved 

organic matter in the Delaware Estuary: Sources and diagenetic patterns, Geochimica et 

Cosmochimica Acta, 63(15): 2219-2235. 

 

Massoudieh, A., F. Bombardelli, T. Ginn and F. Bombardelli (2010). A biogeochemical 

model of contaminant fate and transport in river waters and sediments. Journal of 

Contaminant Hydrology 112(1-4): 103-117. 

 



230 

 

Massoudieh, A., F. Bombardelli, T. Ginn, P. Green and R. M. L. Ferreira (2006). 

Mathematical modeling of the biogeochemistry of dissolved and sediment associated 

trace metal contaminants in riverine systems, River Flow 2006. 1993-1999. 

 

Mayer, L. M. (1995), Sedimentary organic-matter preservation - an assessment and 

speculative synthesis - a comment, Marine Chemistry, 49(2-3): 123-126. 

 

Megonigal, J. P., M. E. Hines, and P. T. Visscher (2003), Anaerobic Metabolism: 

Linkages to Trace Gases and Aerobic Processes, in Treatise on Geochemistry, edited by 

D. H. Heinrich and K. T. Karl, pp. 317-424, Pergamon, Oxford. 

 

Meile, C., K. Tuncay and P. Van Cappellen (2003). Explicit representation of spatial 

heterogeneity in reactive transport models: application to bioirrigated sediments. 

Journal of Geochemical Exploration 78-79: 231-234. 

 

Meile, C., and P. Van Cappellen (2003), Global estimates of enhanced solute transport 

in marine sediments, Limnology and Oceanography, 48(2): 777-786. 

 

Meysman, F. J. R., E. S. Galaktionov, B. Gribsholt and J. J. Middelburg (2006a). 

Bioirrigation in permeable sediments: Advective pore-water transport induced by 

burrow ventilation. Limnology and Oceanography 51(1): 142-156. 

 

Meysman, F. J. R., E. S. Galaktionov and J. J. Middelburg (2005). Irrigation patterns in 

permeable sediments induced by burrow ventilation: a case study of Arenicola marina. 

Marine Ecology-Progress Series 303: 195-212. 

 

Meysman, F. J. R., O. Galaktionov, B. Gribsholt and J. Middelburg (2006b). Bio-

irrigation in permeable sediments: An assessment of model complexity. Journal of 

Marine Research 64(4): 589-627. 

 

Meysman, F. J. R., O. S. Galaktionov, P. L. M. Cook, F. Janssen and M. Huettel (2007). 

Quantifying biologically and physically induced flow and tracer dynamics in permeable 

sediments. Biogeosciences 4(4): 627-646. 

 



231 

 

Meysman, F. J. R., J. J. Middelburg, P. M. J. Herman and C. H. R. Heip (2003a). 

Reactive transport in surface sediments. I. Model complexity and software quality. 

Computers & Geosciences 29(3): 291-300. 

 

Meysman, F. J. R., J. J. Middelburg, P. M. J. Herman and C. H. R. Heip (2003b). 

Reactive transport in surface sediments. II. Media: an object-oriented problem-solving 

environment for early diagenesis. Computers & Geosciences 29(3): 301-318. 

 

Middelburg, J., K. Soetaert and P. Herman (1997). Empirical relationships for use in 

global diagenetic models. Deep-sea research. Part 1. Oceanographic research papers 

44(2): 327-344. 

 

Middelburg, J., K. Soetaert, P. Herman and C. Heip (1996). Denitrification in marine 

sediments: A model study. Global biogeochemical cycles 10(4): 661-673. 

 

Middelburg, J. J. (1989). A simple rate model for organic matter decompostion in 

marine sediments. Geochimica et Cosmochimica Acta 53(7): 1577-1581. 

 

Middelburg, J. J., and L. A. Levin (2009), Coastal hypoxia and sediment 

biogeochemistry, Biogeosciences, 6(7): 1273-1293. 

 

Monbet, P., I. D. McKelvie and P. J. Worsfold (2008). Combined gel probes for the in 

situ determination of dissolved reactive phosphorus in porewaters and characterization 

of sediment reactivity. Environmental Science & Technology 42(14): 5112-5117. 

 

Moodley, L., J. J. Middelburg, P. M. J. Herman, K. Soetaert and G. J. de Lange (2005). 

Oxygenation and organic-matter preservation in marine sediments: Direct experimental 

evidence from ancient organic carbon-rich deposits. Geology 33(11): 889-892. 

 

Mooij, W. M., D. Trolle, E. Jeppesen, G. Arhonditsis, P. V. Belolipetsky, D. B. R. 

Chitamwebwa, A. G. Degermendzhy, D. L. DeAngelis, L. N. D. Domis, A. S. Downing, 

J. A. Elliott, C. R. Fragoso, U. Gaedke, S. N. Genova, R. D. Gulati, L. Hakanson, D. P. 

Hamilton, M. R. Hipsey, J. t Hoen, S. Hulsmann, F. H. Los, V. Makler-Pick, T. 

Petzoldt, I. G. Prokopkin, K. Rinke, S. A. Schep, K. Tominaga, A. A. Van Dam, E. H. 



232 

 

Van Nes, S. A. Wells and J. H. Janse (2010). Challenges and opportunities for 

integrating lake ecosystem modelling approaches. Aquatic Ecology 44(3): 633-667. 

 

Moore, T. S., K. M. Mullaugh, R. R. Holyoke, A. N. S. Madison, M. Yucel and G. W. 

Luther (2009). Marine Chemical Technology and Sensors for Marine Waters: Potentials 

and Limits. Annual Review of Marine Science. Palo Alto, Annual Reviews. 1: 91-115. 

 

Morse, J. and P. Eldridge (2007). A non-steady state diagenetic model for changes in 

sediment biogeochemistry in response to seasonally hypoxic/anoxic conditions in the 

"dead zone" of the Louisiana shelf. Marine Chemistry 106(1-2): 239-255. 

 

Murray, R. E., L. L. Parsons and M. S. Smith (1989). Kinetics of Nitrate Utilization by 

Mixed Populations of Denitrifying Bacteria. Appl. Environ. Microbiol. 55(3): 717-721. 

 

Nascimento, F. J. A., J. Naslund and R. Elmgren (2012). Meiofauna enhances organic 

matter mineralization in soft sediment ecosystems. Limnology and Oceanography 57: 

338 - 346. 

Nebbioso, A., and A. Piccolo (2012), Molecular characterization of dissolved organic 

matter (DOM): a critical review, Analytical and Bioanalytical Chemistry: 1-16. 

 

Oguz, T., H. W. Ducklow and P. Malanotte Rizzoli (2000). Modeling distinct vertical 

biogeochemical structure of the Black Sea: Dynamical coupling of the oxic, suboxic, 

and anoxic layers. Global biogeochemical cycles 14(4): 1331-1352. 

 

Park, S. and P. Jaffe (1996). Development of a sediment redox potential model for the 

assessment of postdepositional metal mobility. Ecological Modelling 91(1-3): 169-181. 

 

Park, S. S. and P. R. Jaffe (1999). A numerical model to estimate sediment oxygen 

levels and demand. Journal of Environmental Quality 28(4): 1219-1226. 

 

Pastor, L., C. Cathalot, B. Deflandre, E. Viollier, K. Soetaert, F. J. R. Meysman, C. 

Ulses, E. Metzger and C. Rabouille (2011). Modeling biogeochemical processes in 



233 

 

sediments from the Rhone River prodelta area (NW Mediterranean Sea). 

Biogeosciences 8(5): 1351-1366. 

 

Pedersen, T. F. (1995), Sedimentary organic-matter preservation - an assessment and 

speculative synthesis - a comment, Marine Chemistry, 49(2-3): 117-119. 

 

Peña, S. Katsev, Oguz and Gilbert (2010). Modeling dissolved oxygen dynamics and 

hypoxia. Biogeosciences 7. 

 

Polerecky, L., U. Franke, U. Werner, B. Grunwald and D. de Beer (2005). High spatial 

resolution measurement of oxygen consumption rates in permeable sediments. 

Limnology and Oceanography-Methods 3: 75-85. 

 

Postma, D. and R. Jakobsen (1996). Redox zonation: Equilibrium constraints on the 

Fe(III)/SO4-reduction interface. Geochimica et Cosmochimica Acta 60(17): 3169-3175. 

 

Pfeffer, C., S. Larsen, J. Song, M. Dong, F. Besenbacher, R. L. Meyer, K. U. Kjeldsen, 

L. Schreiber, Y. A. Gorby, M. Y. El-Naggar, K. M. Leung, A. Schramm, N. Risgaard-

Petersen, and L. P. Nielsen (2012), Filamentous bacteria transport electrons over 

centimetre distances, Nature, 491(7423): 218-221. 

 

Rabouille, C. and J. F. Gaillard (1991a). Towards the edge - early diagenetic global 

explanation - a model depicting the early diagenesis of organic matter, O2, NO3, Mn and 

PO4 Geochimica et Cosmochimica Acta 55(9): 2511-2525. 

 

Rabouille, C. and J. F. Gaillard (1991b). A coupled model representing the deep sea 

organic carbon mineralisation and oxygen consumption in surficial sediments Journal 

of geophysical research 96(C2): 2761-2776. 

 

Rabouille, C., R. Witbaard and G. C. A. Duineveld (2001). Annual and interannual 

variability of sedimentary recycling studied with a non-steady-state model: application 

to the North Atlantic Ocean (BENGAL site). Progress in oceanography 50(1-4): 147-

170. 

 



234 

 

Reeburgh, W. S. (1983). Rates of biogeochemical processes in anoxic sediments. 

Annual Review of Earth and Planetary Sciences 11: 269-298. 

 

Reed, D. C., C. P. Slomp and G. J. de Lange (2011a). A quantitative reconstruction of 

organic matter and nutrient diagenesis in Mediterranean Sea sediments over the 

Holocene. Geochimica et Cosmochimica Acta 75(19): 5540-5558. 

 

Reed, D. C., C. P. Slomp and B. G. Gustafsson (2011b). Sedimentary phosphorus 

dynamics and the evolution of bottom-water hypoxia: A coupled benthic-pelagic model 

of a coastal system. Limnology and Oceanography 56(3): 1075-1092. 

 

Regnier, P., J. P. O'Kane, C. I. Steefel, and J. P. Vanderborght (2002), Modeling 

complex multi-component reactive-transport systems: towards a simulation 

environment based on the concept of a Knowledge Base, Applied Mathematical 

Modelling, 26(9): 913-927. 

 

Regnier, P., P. Jourabchi and C. Slomp (2003). Reactive-transport modeling as a 

technique for understanding coupled biogeochemical processes in surface and 

subsurface environments. Geologie & mijnbouw 82(1): 5-18. 

 

Reimers, C. E. and E. Suess (1983). The partitioning of organic carbon fluxes and 

sedimentary organic matter decomposition rates in the ocean. Marine Chemistry 13(2): 

141-168. 

 

Robertson, D., D. Welsh and P. Teasdale (2009). Investigating biogenic heterogeneity 

in coastal sediments with two-dimensional measurements of iron(II) and sulfide. 

Environmental Chemistry 6(1): 60-69. 

 

Robson, B. J., D. P. Hamilton, I. T. Webster, and T. Chan (2008), Ten steps applied to 

development and evaluation of process-based biogeochemical models of estuaries, 

Environmental Modelling & Software, 23(4): 369-384. 

 



235 

 

Roden, E. E. (2006), Geochemical and microbiological controls on dissimilatory iron 

reduction, Comptes Rendus Geoscience, 338(6–7): 456-467. 

 

Roden, E. E., and Q. Jin (2011), Thermodynamics of microbial growth coupled to 

metabolism of glucose, ethanol, short-chain organic acids, and hydrogen, Applied and 

Environmental Microbiology, 77(5): 1907-1909. 

 

Rysgaard, S. and P. Berg (1996). Mineralization in a northeastern Greenland sediment: 

Mathematical modelling, measured sediment pore water profiles and actual activities. 

Aquatic Microbial Ecology 11(3): 297-305. 

 

Schafer, D., W. Schafer and W. Kinzelbach (1998). Simulation of reactive processes 

related to biodegradation in aquifers - 1. Structure of the three-dimensional reactive 

transport model. Journal of Contaminant Hydrology 31(1-2): 167-186. 

 

Schafer, D., W. Schafer and W. Kinzelbach (1998). Simulation of reactive processes 

related to biodegradation in aquifers - 2. Model application to a column study on 

organic carbon degradation. Journal of Contaminant Hydrology 31(1-2): 187-209. 

 

Shaw, D. G. and D. J. McIntosh (1990). Acetate in recent anoxic sediments - direct and 

indirect measurements of concentration and turnover rates. Estuarine, Coastal and Shelf 

Science 31(6): 775-788. 

 

Shen, J., T. Wang, J. Herman, P. Mason and G. Arnold (2008). Hypoxia in a coastal 

embayment of the Chesapeake Bay: A model diagnostic study of oxygen dynamics. 

Estuaries and Coasts 31(4): 652-663. 

 

Smith, S. and P. Jaffe (1998). Modeling the transport and reaction of trace metals in 

water-saturated soils and sediments. Water Resources Research 34(11): 3135-3147. 

 

Sochaczewski, L., A. Stockdale, W. Davison, W. Tych and H. Zhang (2008). A three-

dimensional reactive transport model for sediments, incorporating microniches. 

Environmental Chemistry 5(3): 218-225. 

 



236 

 

Soetaert, K., P. M. J. Herman and J. J. Middelburg (1996a). A model of early diagenetic 

processes from the shelf to abyssal depths. Geochimica et Cosmochimica Acta 60(6): 

1019-1040. 

 

Soetaert, K., P. M. J. Herman and J. J. Middelburg (1996b). Dynamic response of deep-

sea sediments to seasonal variations: A model. Limnology and Oceanography 41(8): 

1651-1668. 

 

Soetaert, K., P. M. J. Herman, J. J. Middelburg and C. Heip (1998). Assessing organic 

matter mineralization, degradability and mixing rate in an ocean margin sediment 

(Northeast Atlantic) by diagenetic modeling. Journal of Marine Research 56(2): 519-

534. 

 

Soetaert, K., and P. P. M. Herman (2008), A practical guide to ecological modelling: 

using R as a simulation platform, Springer. 

 

Soetaert, K. and F. Meysman (2012). Reactive transport in aquatic ecosystems: Rapid 

model prototyping in the open source software R. Environmental Modelling and 

Software, 32: 49-60. 

 

Soetaert, K. and J. J. Middelburg (2009). Modeling eutrophication and oligotrophication 

of shallow-water marine systems: the importance of sediments under stratified and well-

mixed conditions. Hydrobiologia 629(1): 239-254. 

 

Soetaert, K., J. J. Middelburg, P. M. J. Herman and K. Buis (2000). On the coupling of 

benthic and pelagic biogeochemical models. Earth-science reviews 51(1-4): 173-201. 

 

Sohma, A., Y. Sekiguchi, T. Kuwae and Y. Nakamura (2008). A benthic-pelagic 

coupled ecosystem model to estimate the hypoxic estuary including tidal flat - Model 

description and validation of seasonal/daily dynamics. Ecological Modelling 215(1-3): 

10-39. 

 



237 

 

Sohma, A., Y. Sekiguchi and K. Nakata (2004). Modeling and evaluating the ecosystem 

of sea-grass beds, shallow waters without sea-grass, and an oxygen-depleted offshore 

area. Journal of Marine Systems 45(3-4): 105-142. 

 

Sohma, A., Y. Sekiguchi, H. Yamada, T. Sato and K. Nakata (2001). A new coastal 

marine ecosystem model study coupled with hydrodynamics and tidal flat ecosystem 

effect. Marine Pollution Bulletin 43(7-12): 187-208. 

 

Sommer, S., P. Linke, O. Pfannkuche, H. Niemann and T. Treude (2010). Benthic 

respiration in a seep habitat dominated by dense beds of ampharetid polychaetes at the 

Hikurangi Margin (New Zealand). Marine geology 272(1-4): 223-232. 

 

Sommer, S., M. Turk, S. Kriwanek and O. Pfannkuche (2008). Gas exchange system for 

extended in situ benthic chamber flux measurements under controlled oxygen 

conditions: First application - Sea bed methane emission measurements at Captain 

Arutyunov mud volcano. Limnology and Oceanography-Methods 6: 23-33. 

 

Sørensen, J. (1982), Reduction of ferric iron in anaerobic, marine sediment and 

interaction with reduction of nitrate and sulfate, Applied and Environmental 

Microbiology, 43(2): 319-324. 

 

Souza, A., T. Pease and W. Gardner (2012). Vertical Profiles of Major Organic 

Geochemical Constituents and Extracellular Enzymatic Activities in Sandy Sediments 

of Aransas and Copano Bays, TX. Estuaries and Coasts 35(1): 308-323. 

 

Steefel, C. I., D. J. DePaolo and P. C. Lichtner (2005). Reactive transport modeling: An 

essential tool and a new research approach for the Earth sciences. Earth and planetary 

science letters 240(3–4): 539-558. 

 

Talin, F., C. Tolla, C. Rabouille and J. C. Poggiale (2003). Relations between bacterial 

biomass and carbon cycle in marine sediments: an early diagenetic model. Acta 

biotheoretica 51(4): 295-315. 

 



238 

 

Tang, J., and W. J. Riley (2015), Weaker soil carbon-climate feedbacks resulting from 

microbial and abiotic interactions, Nature Climate Change, 5(1): 56-60. 

 

Thullner, M., P. Regnier and P. Van Cappellen (2007). Modeling microbially induced 

carbon degradation in redox-stratified subsurface environments: Concepts and open 

questions. Geomicrobiology journal 24(3-4): 139-155. 

 

Thullner, M., P. Van Cappellen and P. Regnier (2005). Modeling the impact of 

microbial activity on redox dynamics in porous media. Geochimica et Cosmochimica 

Acta 69(21): 5005-5019. 

 

Trolle, D., D. Hamilton, M. Hipsey, K. Bolding, J. Bruggeman, W. Mooij, J. Janse, A. 

Nielsen, E. Jeppesen, J. Elliott, V. Makler-Pick, T. Petzoldt, K. Rinke, M. Flindt, G. 

Arhonditsis, G. Gal, R. Bjerring, K. Tominaga, J. t. Hoen, A. Downing, D. Marques, C. 

Fragoso, M. Søndergaard and P. Hanson (2011). A community-based framework for 

aquatic ecosystem models. Hydrobiologia: 1-10. 

 

Trolle, D., D. P. Hamilton, M. R. Hipsey, K. Bolding, J. Bruggeman, W. M. Mooij, J. 

H. Janse, A. Nielsen, E. Jeppesen, and J. A. Elliott (2012), A community-based 

framework for aquatic ecosystem models, Hydrobiologia, 683(1): 25-34. 

 

Tromp, T., P. Vancappellen and R. Key (1995). A global model for the early diagenesis 

of organic carbon and organic phosphorus in marine sediments. Geochimica et 

Cosmochimica Acta 59(7): 1259-1284. 

 

Tufano, K. J., S. G. Benner, K. U. Mayer, M. A. Marcus, P. S. Nico, and S. Fendorf 

(2009), Aggregate-Scale Heterogeneity in Iron (Hydr)oxide Reductive Transformations, 

Vadose Zone J., 8(4): 1004-1012. 

 

Vahatalo, A. V., H. Aarnos and S. Mantyniemi (2010). Biodegradability continuum and 

biodegradation kinetics of natural organic matter described by the beta distribution. 

Biogeochemistry 100(1-3): 227-240. 

 



239 

 

Van Cappellen, P., J. F. Gaillard and C. Rabouille (1993). Biogeochemical 

transformations in sediments: kinetic models of early diagenesis. Interactions of C, N, P 

and S biogeochemical cycles and global change. Berlin, New York, Springer Verlag: 

521. 

 

Van Cappellen, P. and F. Y. Wang (1995). Metal cycling in surface sediments. Metal 

contaminated aquatic sediments. H. Allen. Chelsea, Ann Arbor Press: 21 - 61. 

 

Van Cappellen, P. and Y. F. Wang (1996). Cycling of iron and manganese in surface 

sediments: A general theory for the coupled transport and reaction of carbon, oxygen, 

nitrogen, sulfur, iron, and manganese. American Journal of Science 296(3): 197-243. 

 

Van den Berg, G., J. Loch, L. van der Heijdt and J. Zwolsman (2000). Redox processes 

in recent sediments of the river Meuse, The Netherlands. Biogeochemistry 48(2): 217-

235. 

 

Viollier, E., C. Rabouille, S. E. Apitz, E. Breuer, G. Chaillou, K. Dedieu, Y. Furukawa, 

C. Grenz, P. Hall, F. Janssen, J. L. Morford, J. C. Poggiale, S. Roberts, T. Shimmield, 

M. Taillefert, A. Tengberg, F. Wenzhofer and U. Witte (2003). Benthic 

biogeochemistry: state of the art technologies and guidelines for the future of in situ 

survey. Journal of Experimental Marine Biology and Ecology 285: 5-31. 

 

Watson, I., S. Oswald, K. U. Mayer, Y. Wu, and S. Banwart (2003), Modeling kinetic 

processes controlling hydrogen and acetate concentrations in an aquifer-derived 

microcosm, Environmental Science & Technology, 37(17): 3910-3919. 

 

Wainright, S. C. (1990). Sediment-to-water fluxes of particulate material and microbes 

by resuspension and their contribution to the planktonic food web. Marine Ecology 

Progress Series 62(3): 271. 

 

Wainright, S. C. and C. S. Hopkinson (1997). Effects of sediment resuspension on 

organic matter processing in coastal environments: A simulation model. Journal of 

Marine Systems 11(3-4): 353-368. 

 



240 

 

Wallmann, K., G. Aloisi, M. Haeckel, P. Tishchenko, G. Pavlova, J. Greinert, S. 

Kutterolf and A. Eisenhauer (2008). Silicate weathering in anoxic marine sediments. 

Mineralogical Magazine 72(1): 363-366. 

 

Wang, Y. F. and P. VanCappellen (1996). A multicomponent reactive transport model 

of early diagenesis: Application to redox cycling in coastal marine sediments. 

Geochimica et Cosmochimica Acta 60(16): 2993-3014. 

 

Westrich, J. and R. Berner (1984). The role of sedimentary organic matter in bacterial 

suphate reducion - the G model tested. Limnology and Oceanography 29(2): 236-249. 

 

Wijsman, J., P. Herman, J. Middelburg and K. Soetaert (2002). A model for early 

diagenetic processes in sediments of the continental shelf of the Black Sea. Estuarine, 

Coastal and Shelf Science 54(3): 403-421. 

 

Xu, J. and R. Hood (2006). Modeling biogeochernical cycles in Chesapeake Bay with a 

coupled physical-biological model. Estuarine, Coastal and Shelf Science 69(1-2): 19-

46. 

 

Yoshimura, C., M. O. Gessner, K. Tockner, and H. Furumai (2008), Chemical 

properties, microbial respiration, and decomposition of coarse and fine particulate 

organic matter, Journal of the North American Benthological Society, 27(3): 664-673. 

 

Yoshimura, C., M. Fujii, T. Omura, and K. Tockner (2010), Instream release of 

dissolved organic matter from coarse and fine particulate organic matter of different 

origins, Biogeochemistry, 100(1-3): 151-165. 

 

Yoshimura, K., and T. Hama (2012), Degradation and dissolution of zooplanktonic 

organic matter and lipids in early diagenesis, Journal of Oceanography, 68(1): 205-214. 

 

Zhang, C., D. Ntarlagiannis, L. Slater and R. Doherty (2010a). Monitoring microbial 

sulfate reduction in porous media using multipurpose electrodes. J. Geophys. Res. 115: 

G00G09. 

 



241 

 

Zonneveld, K. A. F., G. J. M. Versteegh, S. Kasten, T. I. Eglinton, K. C. Emeis, C. 

Huguet, B. P. Koch, G. J. de Lange, J. W. de Leeuw, J. J. Middelburg, G. Mollenhauer, 

F. G. Prahl, J. Rethemeyer, and S. G. Wakeham (2010), Selective preservation of 

organic matter in marine environments; processes and impact on the sedimentary 

record, Biogeosciences, 7(2): 483-511. 

 


