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INTERMEZZO I 
Biogeochemical mechanisms in wet ecosystems 
 

Bobbink, R., D. Bal, N.A.C. Smits & A.J.P Smolders 

 

 

I-1 INTRODUCTION 

 

Wet and humid nature sites are located at the boundary of land and water. Consequently the 
vegetation and fauna in these areas is determined to a large extent by the flow of groundwater 
and surface water (at the landscape scale) and by the fluctuation of groundwater levels, the 
chemical composition of the groundwater and the biogeochemical transformations that take place 
in the vegetation area and during transport processes in the landscape. Because these processes 
are much more complex than in dry environments, we here expand further on them. 

Ecosystems in wet and humid conditions are not only affected by nitrogen deposition, in many 
cases they are also dehydrated. Dehydration occurs through decreasing groundwater levels and 
the diminishing or even disappearance of seepage from alkaline-rich or buffered groundwater. 
The supply of polluted surface water to maintain adequate groundwater levels during the summer 
is also a part of the dehydration issue. Dehydration results from various causes. It is a result not 
only of the sequestration of groundwater for drinking water supply and for industry, but of the 
currently accepted deep and intensive dewatering performed for agricultural purposes. Irrigation 
of agricultural crops and the significant increase of urban areas, both decreasing the 
replenishment of groundwater supplies, also contribute to dehydration. 
 
Dehydration causes a shortage of moisture for the vegetation. Species that depend on wet 
circumstances are hard pressed. They are being replaced by currently available species from dryer 
habitats. When ground water levels decrease and the environment is not too acid, organic 
material in the soil is decomposed more easily. Mineralisation of organic material increases, 
releasing a large amount of nutrients, both nitrates and phosphates. In this way dehydration also 
causes fertilisation, by which slow-growing and low-growing species, including pioneer species, 
fare worse than quick-growing and highly productive tall herbs, shrubs and trees that profit from 
the extra nutrients that are released. 
 
Dehydration also causes acidification. The decreasing or diminishing in seepage of alkaline-rich 
groundwater means that this alkaline-rich groundwater cannot reach the root zone for long, or 
sometimes not at all. Rainwater can reach that zone more easily and gradually the root zone 
acidifies. At first this process is barely visible because the acid from the rainwater is being 
exchanged with alkaline in the Cation Exchange Complex at the bottom of the root zone. But 
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eventually that supply runs out and the pH decreases. Alkaline-loving species disappear and are 
replaced by species from acid environments, as long as the system is within reach for them. The 
recovery of ground and surface water dependent systems therefore requires both measures 
against the impact of nitrogen deposition and measures for recovery of the water management 
(Janssens et al. 2010). 
 
Eutrophying and acidifying effects of dehydration in wet ecosystems are based upon complex 
biogeochemical processes in the habitat itself. In addition to the alkalinity and Ca-value of the 
groundwater, processes within and interactions between the N-, P-, S- and Fe cycles are 
particularly important determining factors. Because these biogeochemical processes are very 
complex, these paragraphs will address the subject of the biogeochemistry of wet ecosystems. 
With this knowledge the consequences of hydrological measures, as indicated in the recovery 
strategies, can be better understood and assessed earlier. 
 
 
I-2 REDOX PROCESSES AND ANAEROBICS 
 
Changes in water management, like dehydration and (re)hydration, can lead to large shifts in the 
habitat conditions of the vegetation. Redox processes are not only of great importance for 
biogeochemical conversions, especially on the boundaries between dry and wet areas, but also for 
the processes of desiccation and hydration. They will therefore be explained below. For 
biogeochemistry and acid buffering in the ground, we direct you to paragraph 2.5. 
Microorganisms such as fungi and bacteria generally use redox-reactions to convert or dissolve 
substances. They use the energy this provides for growth (Drever 1997). Redox-reactions are 
reactions that cause the exchange of electrons between a reductor that transfers the electron to 
an oxidizer, which then absorbs the electron. Which reductor and which oxidizer are part of such 
a reaction depends on the strength with which the electrons are restrained. 
 
A redox-reaction can only take place when both an oxidizer and a reductor are involved. 
Electrons, unlike protons, cannot be found in nature unattached. Oxygen (O2) is a very strong 
oxidizer and as such, if present, it will always perform this role. This means that in dry grounds, 
under the influence of oxygen, oxidation-reactions will occur. The diffusion of oxygen in water 
proceeds 10 000 times slower than in the air. For this reason, ground that is saturated with water 
is always poor in oxygen or can even lack oxygen completely. From a water layer and in the 
absence of plants, oxygen can only penetrate into the first 10 mm of the sediment. When oxygen 
is lacking, nitrate (NO3-), manganese (Mn4+), oxidised iron (Fe3+), sulphate (SO4 2-) and carbon 
dioxide (CO2) will successively perform as alternative oxidizers. They are hereby reduced 
respectively to nitrogen gas (N2), nitrogen oxide (N2O) or ammonium (NH4+), reduced manganese 
(Mn2+), reduced iron (Fe2+), sulphide (S2-) and methane (CH4) (Fig. I.1). The redox potential Eh 
(expressed in mV), a measure for electron-activity, reduces as the reactions become more 
difficult and the microorganisms can extract less energy from them (e.g. Wienk et al 2000). 
 
Decomposition of dead organic material also proceeds via redox reactions. The organic material 
provides the electrons and an oxidizer has to be available to take them in. When a lack of oxygen 
occurs within a system, decomposition will generally slow down because decomposition of 
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organic material through microorganisms proceeds faster when oxygen is at hand (aerobic 
conditions) than when oxygen is absent. Under anaerobic conditions the decomposition rates will 
largely be determined by the availability of various alternative oxidizers. An overlapping operation 
of successive electron-acceptors is very likely because the soil at the micro-level is very 
heterogeneous. Under aerobic conditions, the availability of phosphate and ammonium generally 
increases (diagram 1.1). The reason for this will be discussed later in this chapter. 

 

Diagram I.1 Changes in soil processes in the case of inundation or flooding (according to Mitsch & 
Gosselink  (2000). 

Relatieve concentratie = relative concentration 
Tijd = time 
Organisch substraat = organic substrate 
Zuurstof reductie = oxygen reduction 
Nitraat reductie = nitrate reduction 
Ijzerreductie = iron reduction 
Mangaan reductie = manganese reduction 
Sulfaat reductie = sulphate reduction 
Methanogenese = methanogenesis 
 

In addition to oxygen, temperature and acidity also play an important role concerning the rate of 
conversion of substances in a system. Mineralization (decomposition of organic substances by 
which nutrients are provided for plants) proceeds more slowly at lower temperatures and under 
more acid conditions. 
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I-3 Biogeochemistry of nitrogen 

Nitrogen (N) in organic material occurs in amino acids and proteins, amongst other molecules. In 
inorganic form, it can also exist as ammonium (NH4+), nitrate (NO3-) and to a very small extent as 
nitrite (NO2-). Ammonium is often tied to the soil adsorption complex. As such it is much less 
transportable than nitrate, which is leached more easily. Nitrogen in organic material is released 
by mineralization, in the first instance as ammonium (ammonification) (Diagram 1.2). The rate at 
which this occurs depends on the decomposition rate that is largely determined by the nature of 
the organic material, the temperature and the pH. Ammonium can subsequently be converted to 
nitrate (nitrification) through nitrifying bacteria.  

 

Diagram I.2 Simplified representation of the nitrogen cycle. 

N-kringloop = N cycle 
Planten = plants 
Organisch materiaal  (Org.mat) = organic material 
Stikstoffixatie = nitrogen fixation 
Mineralisatie = mineralisation 
Nitrificatie = nitrification 
Ammonificatie = ammonification 
Denitrificatie = denitrification 
 

H+ is formed in this process that, in case of insufficient buffering capacity, can lead to 
acidification (Reaction 1). When the pH-rate declines too strongly (pH < 5), the nitrification is 
increasingly inhibited (Roelofs 1983; Roelofs & Boxman 1986). In fact, the reaction progresses in 
two steps and nitrite is an intermediate product. At very low temperatures nitrification is no 
longer possible. It will also be inhibited at very low and very high pH-rates.  

(Reaction 1)  NH4+ + 1,5 O2  NO3- + 2 H+ + H2O 

At lower redox potentials, nitrate itself can perform as an oxidizer, in which case nitrate 
reduction takes place. Most common is denitrification whereby nitrate is converted to nitrogen 
gas (N2) (Reaction 2). Further to this, dissimilative nitrate reduction can also occur, whereby the 
nitrate is reconverted into ammonium (Reaction 3). 
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 (Reaction 2)  4 NO3- + 4 C organic 2 N2 + 4 HCO3- + H2CO3 + 2 H2O 

 (Reaction 3)  NO3-  + 2 C organic  + H+ + 2H2O  NH4+ + 2 CO2 + OH- 

Apart from the redox potential, the rate of denitrification depends on the availability of oxygen, 
nitrate, organic material and the pH rate. Denitrification is an anaerobic process and is strongly 
inhibited by the presence of oxygen and also by a too limited availability of organic material. 
Moreover, limited nitrification occurs under extremely low pH-rates. Denitrification generates net 
buffering capacity, as in addition to nitrogen gas (N2) bicarbonate is also produced. The buffering 
capacity of a system can thus in this way be somewhat increased. 

Interconnected nitrification-denitrification can result in net elimination of N and thereby to a 
decreased availability of nitrogen in an ecosystem. This process especially takes place in variable 
wet and dry conditions, or in wet soils with a small aerobic top layer around the roots of plants. 
Many marsh plants transport oxygen to their roots and oxidize the root zone in that way. 
Nitrification and denitrification succeed one another when nitrification takes place in the aerobic 
layer and the formed nitrate is denitrified successively in the anaerobic layer (e.g. De Mars 1996; 
Smolders et al. 2006a).  

Nitrate can also be reduced by reduced iron and sulphur compounds in the soil. This applies in 
particular to siderite (FeCO3) and iron sulphides (FeSx). The reaction with siderite oxidizes the 
reduced iron and iron(hydr)oxide is formed (Reaction 4). The oxidation of iron sulphides (FeSx) 
can oxidize both the reduced sulphur and the reduced iron. If only the reduced sulphur is 
oxidized we speak of incomplete oxidation of pyrite (Reaction 5). If both the reduced sulphur and 
the reduced iron is oxidized, we speak of a complete oxidation (Reaction 6). In both cases the 
nitrate is converted to nitrogen gas that can escape into the atmosphere. Oxidation of pyrite and 
siderite by nitrate occurs in strictly anaerobic conditions (Straub et al. 1996; Jansen & Roelofs 
1996; Lamers et al. 1998b; Lucassen & Roelofs 2005; Smolders 2006b). 

(Reaction 4) 2 NO3-  + 10 FeCO3  +  14 H2O    N2 + 10 FeOOH +  8 H2CO3 + 2 HCO3- 

(Reaction 5) 14 NO3-  + 5 FeS2  +  4 H+   10 SO42- + 5 Fe2+ +  7 N2 + 2 H2O 

(Reaction 6) 30 NO3-  + 10 FeS2  +  10 H2O  20 SO42- + 10 FeOOH +  15 N2 + 10 H+ 

 

Nitrate leaching at the landscape scale: interaction with Fe and S 

Nitrate arises during nitrification under aerobic conditions. Without human interference the 
nitrate concentrations are generally (very) low. In groundwater, the concentrations rarely exceed 
25 µmol/l (1,55 mg/l). Nowadays, the nitrate concentrations in the shallow groundwater are 
much higher; values of more than 1 mmol are measured. Nitrate pollution is found as deep as 15 
meters in infiltration areas with agricultural land and to a lesser extent under (coniferous) forests. 
The latter encounter much dry and wet nitrogen deposition through ammonium and nitrate. The 
ammonium often is nitrified into nitrate in the forest soil.  

In the ground, nitrate can disappear from water through anaerobic denitrification-reactions 
whereby it reacts with organic material, siderite or pyrite (see earlier). Nitrate is then converted to 
nitrogen gas. When nitrate reacts with pyrite, an increase of sulphate in the groundwater will 
occur (Diagram I.3) (e.g. Broers & Peet 2003; Smolders et al. 2010). Furthermore, peak values of 
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nickel, cobalt and arsenic are measured below the depth where nitrate disappears and sulphate 
increases. It can be seen that in the (shallow) Dutch groundwater not only a strong increase of the 
nitrate concentrations is found, but that the sulphate concentrations also drastically increase 
(Broers & Peet 2003). 

 

 

Diagram I.3 Course of pH, nitrate and sulphate in association with depth, near Oostrum (Broers & Peet 
2003). 

 

I-4 Biogeochemistry of phosphorus 

Phosphorus (P) can occur adsorbed in an inorganic fraction, to organic material or dissolved in 
water (Diagram I.4). Unlike nitrogen, sulphur and carbon, phosphorus has no gas phase. 
Phosphorus is usually freely available as phosphate (PO43-). In the inorganic fraction, phosphate is 
either tied to iron (Fe), aluminium (Al) or calcium (Ca). 
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Diagram I.4 Schematic representation of the Phosphorus (P)-cycle. 

P-kringloop = P cycle 
Planten = plants 
Organisch materiaal = organic material 
Mineralisatie = mineralisation 
Bacteriële omzetting = bacterial transformation 
Adsorptie/desorptie = adsorption/desorption 
 

In addition to inorganic compounds, phosphate also occurs in organic compounds like nucleic acids, 
phospholipids, phosphoproteins, and other proteins. These organic phosphate compounds first have 
to be decomposed by microorganisms before being available for plants (mineralization).  

Non-calcareous soils 

In non-calcareous systems, an important part of the inorganic phosphate fraction is present as 
aluminium- or iron complexes like variscite (AlPO4.2H2O), strengite (FePO4.2H2O) and vivianite 
(Fe3(PO4)2.8H2O). Besides that, phosphate can also be adsorbed to aluminium- and 
iron(hydr)oxides as well as to organic material. Generally these consist of a positive charge that 
increases as pH-rates drop. Herewith the ability of (hydr)oxides to bind phosphate increases. 

The phosphate that is present as strengite and the phosphate that was adsorbed to 
iron(hydr)oxides is sensitive to a decrease in the redox potential because this causes the oxidized 
iron (Fe3+) to be reduced to a far more easily dissolvable Fe2+. This means that phosphate bound 
to iron is partly demobilized, as the soil is increasingly reduced in the case of (re)hydration. Not 
only are iron-alloys being reduced, but organic matter is also consumed and buffering capacity is 
generated as a result from reduction processes (Lamers et al. 1998b; Lamers et al. 2001). 
Phosphate that is bound to aluminium and to organic aluminium compounds will remain bound, 
as well as the phosphate that is bound to (calcium) carbonates, because these are barely sensitive 
to changes in redox potential. 

However, the binding of phosphate through iron complexes is not nearly as good in reduced 
conditions as in oxygenated conditions. Also, in anaerobic circumstances an important part of the 
phosphate in the soil is bound to iron, as vivianite (Fe3(PO4)2.8H2O), iron(II)hydroxides and 



Deel I - versie november 2012	  
	  

87	  

iron(III)hydroxide. In most (partly) humid nature areas, abundant iron is present in the soil with a 
fairly high phosphate binding capacity, even under wet conditions. The extent to which 
phosphate is stored in a wet system therefore appears to be highly related to the concentrations 
of iron. Particularly clayey soils are known for their ability to secure large amounts of phosphate. 
In systems where also lots of sulphate is supplied, like in some seepage areas, this capacity can 
however be inhibited because sulphate is reduced to sulphide. Subsequently this sulphide 
precipitates with Fe2+ or reacts with iron(hydr)oxides in the soil (Lamers et al. 2005). Due to this, 
an important part of the iron is secured as FeSx (e.g. pyrite). In contrast to other iron(hydr)oxides, 
FeSx has a poor P-adsorbing ability. 

 

Calcareous soils 

On calcareous soils, where a large part of the phosphate appears in a calcium bound fraction, 
eutrophying will not occur due to humidification because this fraction is practically insensitive to 
redox changes. Interactions with sulphate-rich water therefore (practically) do not occur (Lamers 
et al. 2004). In calcareous soils the phosphate is in the first instance secured as dicalcium 
phosphate (CaHPO4). This is relatively easily dissolvable. This dicalcium phosphate on the other 
hand is converted to the practically insoluble octacalcium phosphate (Ca8H2(PO4)6 and apatite 
(hydroxyapatite Ca5(PO4)3OH) & fluorapatite (Ca5(PO4)3F). Soils can naturally contain large amounts 
of apatite. A good example are the extremely nutrient-poor Norwegian lakes that contain high 
total-phosphate concentrations while the availability of phosphate is very poor. Only specialized 
plants with an isoetid way of growing, like shoreweed (Littorella uniflora), can release this 
phosphorus from mineral apatite using mycorrhiza-fungi.  

From these fractions phosphate can be mobilized as a result of acidification. 

When the availability of phosphate in the soil humidity is decreased through the presence of 
calcium, the risk that phosphate rinses out to the ground- or surface water is smaller (Smolders 
et al. 2008). In seepage areas under direct influence of deeper groundwater, calcium- and iron 
concentrations can be so high that phosphate can be effectively secured as well in oxidized as in 
reduced conditions, whereby the role of calcium will probably be the most prominent (Lucassen et 
al. 2005). The calcium bound phosphates are sensitive to acidification. In an alkaline environment 
the ability of phosphate to dissolve is very poor due to the forming of calcium phosphate 
complexes. 

The iron bound fraction is, in contrast to the calcium- and aluminum bound fraction, less 
sensitive to acidification. In an environment that becomes more acid, phosphates that are 
released through the dissolving of calcium phosphates and aluminum phosphates can at first be 
adsorbed to iron(hydr)oxides present in the soil adsorption complex provided that the redox 
potential does not change. When the environment gets too acid (pH<3) then the iron(hydr)oxides 
will also dissolve and phosphate mobilization in the soil humidity occurs on a large scale. When, 
under the influence of (re)hydration the pH rises again through redox processes, iron- and 
aluminum(hydr)oxides will be formed again to which the phosphates can bind. 
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I-5 Biogeochemistry of iron 

The form in which iron occurs is especially determined by the redox potential. As mentioned 
before, iron (Fe3+) can, under oxidative conditions, be involved with the binding of phosphate. 
Iron(hydr)oxides also contribute to this. As the redox potential decreases, these iron(hydr)oxides 
are reduced through which mobilization of phosphate can occur (Roelofs 1991). Fe3+ is barely 
dissolvable at pH-rates over 3.5. Under reductive circumstances, iron (Fe2+) is relatively easy 
dissolvable up to a pH-rate of 6, and therefore better available for organisms. In the presence of 
sulphide, the Fe2+ can settle out as iron sulphide (Lucassen et al. 2005; Smolders et al. 2006a). At 
high pH-rates and a high bicarbonate concentration, formation of siderite (FeCO3) can occur 
(Diagram I.5). 

Iron oxidation and –reduction and availability of phosphate 

The concentration of reduced iron in the soil moisture is not only important with regard to the 
availability to plants, but also with regard to the (im)mobilization of phosphate and the formation 
of iron sulphides. Under oxidative circumstances, a high iron concentration in the soil is 
favourable because that enables immobilization of phosphates in the system. That said, 
dehydration can, in the case that no or little acidification occurs, have a positive effect on the 
development of vegetation, because the decreased availability of phosphate creates more 
resource limitation for species and with that an increase of biodiversity. 

 

Diagram I.5 Schematic overview of the interactions between the Fe- en S-cycles. 

Fe en S-kringloop = Fe and S cycle 
Oxidatie = oxidation 
Reductie = reduction 
Org.mat = organic material 
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On the other hand, this storage poses a risk of eutrophication when reductive conditions are 
created or re-appear (Loeb et al. 2008). The iron compounds are reduced as the redox potential 
decreases. Because of this phosphate is not bound as strongly. 

There are also plants that consist of such a high radial oxygen transport that they can oxidize the 
complete soil. We refer here to species of the shore weed community, such as shore weed  
(Littorella uniflora), Water Lobelia (Lobelia dortmanna) and Floating Water-plantain (Luronium 
natans). These are all species with an intrinsic low speed of growth that can prosper at extremely 
low rates of nutrient availability. These species can, especially in mineral soils through the high 
radial loss of oxygen, preserve the soil and with that the iron in an oxidative state. Hereby the 
phosphate in the soil stays well-bound and competition with other species is avoided. 
Furthermore, the oxidation of the top layer of the soil causes extra loss of nitrogen. In the 
oxidative top layer, ammonium is oxidized into nitrate. Thereafter this nitrate can be denitrified 
into nitrogen gas in the deeper layers. 

 

I-6 Biogeochemistry of sulphur 

In the past the surface and groundwater in Dutch nature was highly loaded with sulphurous 
compounds from emissions and deposition through the water cycle, in particular caused by 
industry and traffic. The nitrate-based sulphate enrichment, where nitrate oxidates iron- and 
pyrite deposition in the soil thus forming iron and sulphate, also contributes greatly to the 
increased sulphate concentration in the groundwater, and nowadays poses one of the biggest 
problems in the Dutch wetlands. The nitrate that washes out of agricultural farmlands plays an 
especially decisive role. 

Sulphate reduction 

Sulphur exists in various forms (Diagram I.6). The form in which it occurs in a system is most 
affected by the redox potential. Under anaerobic conditions, sulphate is reduced to hydrogen 
sulphide (H2S) by sulphate-reducing bacteria, which can escape into the atmosphere (Reaction 7) 
or to sulphide that can dissolve into the soil moisture (Reaction 8). 

(Reaction 7) 4 H2 + SO42-   H2S + 2 H2O + 2 OH- 

(Reaction 8) SO42- + 2 H2O + 2 CH2O  S2- + HCO3- + CO2 

With the reduction of sulphate, net buffering capacity is created: in addition to the sulphide 
(bi)carbonate is formed. The increase in buffering capacity is, in the same way as with 
denitrification, hereby generated from the system, and is for that reason called internal 
alkalinisation (Smolders 1995). During sulphate reduction, organic material is also decomposed. 
Net alkalinity is hereby generated, creating a positive feedback on the decomposition and 
releasing phosphate and ammonium into the soil moisture. 

The sulphide can react with reduced iron to form iron sulphides. Owing to the increased sulphate 
burden in the surface water and groundwater, a strong accumulation of iron sulphide (FeS) and 
pyrite (FeS2) occurs under anaerobic conditions in the parts of the soil fed with this water 
(Diagram I.6). When large amounts of iron-bound phosphates occur in the system, this 
accumulation can lead to phosphate mobilization on a large scale. Sulphate that ends up in the 
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soil moisture will, under anaerobic conditions, and through the absence of better electron 
acceptors, be reduced to sulphide with a strong affinity for iron. 

Diagram I.6 Schematic representation of biochemical processes that occur at permanent high 
stagnated water level with sulphate (Source: B-WARE, 2006a). 

Eutrofiëring = eutrophication   Sulfide = sulphide 

Fosfaat = phosphate    Pyriet = pyrite 
Sulfaatreductie = sulphate reduction  Ijzer = iron 
Grondwater = groundwater   Mineralisatie = mineralisation 
Alkaliniteit = alkalinity    Toxiciteit = toxicity 
 
 

Phosphates that are bound in the soil adsorption complex to iron((hydr)oxides) can be released 
this way (Smolders & Roelofs 1993; Lamers et al. 1998b). The iron concentration in the soil 
moisture hereby decreases. As a result it can react with vivianite (Fe3(PO4)2.8H2O) or with non-
reduced iron(hydr)oxides in the soil. In this way, the forming of iron sulphides can contribute to 
phosphate mobilization. When the soil contains insufficient amounts of iron to bind the formed 
sulphide, the sulphide can accumulate in the soil moisture. This sulphide is extremely toxic to 
many rooted water plants and to fauna that live in the soil. When all available iron in a system is 
bound, sulphide can accumulate. In high concentrations it is toxic to plants and can cause the 
rotting of roots. This was indicated experimentally for instance with Water	  Pineapple (Stratiotes 
aloides) (Smolders et al. 2003). Plants can defend themselves against maleficent effects of 
anaerobia by transporting oxygen through their roots to the sediment. As well as growth being 
inhibited by toxic sulphide concentrations, it is also possible that inhibited growth is caused by 
insufficient iron availability when the iron, with large amounts of sulphide present, completely 
precipitates out. 

In soils with large amounts of available iron, sulphide toxicity does not occur, but iron toxicity 
can. In soils where there is very little iron available iron toxicity fails to occur, but sulphide 
toxicity often does. In soils rich in sulphide, iron chlorosis can be caused by a lack of iron, visible 
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by lighter coloured leafs. This shortage of iron occurs through a combination of root 
degeneration and a very poor availability of iron. 

Like high nitrate- and iron concentrations, high sulphate concentrations can also inhibit the 
methanogenesis (Loeb et al. 2007) (see also Diagram I.1). It was proven for floating islands (rafts) 
and quaking bogs that they can be dependent on methane for their floating capacity. When 
groundwater with a high buffering capacity makes contact with the somewhat acidic peat, 
methane is produced. Methane is poorly dissolvable and its presence is particularly visible as tiny 
gas bubbles. These stay captured in the peat, allowing it to float. When the methanogenesis is 
inhibited, the floating island (raft) can submerge and drown. In addition, sulphate can speed up 
the decomposition of the peat causing the floating island (raft) to lose coherence and disintegrate 
(Lamers et al. 1998b; Smolders et al. 2002; Lucassen et al. 2004). 

 

Sulphide oxidation, acidification and mobilisation of heavy metals 

As a result of a high redox potential processes can occur that lead to acidification of the system, 
such as the oxidation of iron sulphides and nitrification. Under aerobic circumstances, sulphide is 
oxidated to sulphate and the iron sulphides are oxidized to iron(hydr)oxides and sulphate 
(Reaction 9) (Lamers et al. 1998a). The iron(hydr)oxide is not dissolvable and precipitates out. 
The sulphate released is very mobile and can mingle with the soil moisture in the deeper soil 
layers (Lucassen et al. 2002, 2005). As a result of this reaction hydrogen ions are formed that can 
lead to acidification if the buffering capacity of the system is insufficient to neutralize this. 

(Reaction 9) 4 FeS2 + 15 O2 + 10 H2O  4 FeOOH + 16 H+ + 8 SO42- 

As a result of acidification, in particular the exchange of cations with the soil adsorption complex, 
metal ions can be mobilized. The extent to which this happens depends not only on the redox 
conditions and the pH, but also on the amount of organic material in the system, because it is 
involved in the soil adsorption complex. Aluminium (Al) and other heavy metals like zinc (Zn), 
nickel (Ni), cadmium (Cd) and cobalt (Co) are released into the soil moisture when the redox 
potential increases and the pH decreases. High concentrations of these metals can be toxic to 
flora as well as to fauna (Smolders et al. 2006b). Even if the pH decreases just a little, e.g. for 
rates below pH 4.5, the aluminium concentration increases considerably. Alkaline cations like 
calcium and magnesium play an important role in the buffering capacity of the system for pH 
levels between 4.5 and 6.0, and thus also in the prevention of aluminium and ammonium toxicity, 
amongst others (see chapter 2). 

In combination with the oxidation of iron sulphides, nickel can stay mobile in the soil moisture 
under acid circumstances because at lower pH-rates it can no longer be adsorbed to the soil 
adsorption complex. Metals like iron (Fe), copper (Cu) and lead (Pb) stay bound for longer periods 
of time because they strongly adsorb to the iron(hydr)oxides that can be formed under oxidative 
circumstances. These iron(hydr)oxides deteriorate only at pH-rates lower than 3.5 and therefore 
it is only under serious acidification conditions that the concentrations of these metals increase 
(Drever 1997: Lucassen et al. 2002). 

During (re)hydration, opposite processes occur to those during desiccation. The buffering 
capacity of the system generally increases through denitrification and sulphate reduction. The 
phosphate that was bound through oxidation of iron compounds will be released into the soil 
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moisture through reduction processes, while the heavy metals are absorbed again in the soil 
adsorption complex. 

See Intermezzo II for further elaboration. 

 

I-7 Hardening soft water 

In wet areas the decomposition of organic material is generally low due to a poor availability of 
oxygen. During the decomposition of organic material organic acids are released. Through the 
lack of sufficient buffering substances (bicarbonate) in soft water the pH of the soil decreases, 
resulting in a diminished activity of microorganisms. The decomposition is thus further inhibited 
which, especially in systems like marshes and peat-moors, causes an accumulation of organic 
material (formation of peat). However, when the buffering capacity of the pore water increases, 
the internal pH of the organic particles also increases, resulting in the stimulation of 
decomposition of organic material and the possibility of eutrophication (Diagram I.7). The influx 
of buffered water or an increase in the buffering capacity of the percolation water (in both cases 
with bicarbonate) can thereby lead to accelerated decomposition of accumulated organic material. 
Influx or supply of buffered water occurs on a large scale in the fens in the Netherlands, but also 
in large parts of Drenthe and Noord-Brabant, and in Salland, to maintain an adequate level of 
ground- and surface waters in the summer for arable farming and to prevent silting. 

The supplied water originates from the large rivers and the IJsselmeer. In the summer it contains 
large amounts of sulphate. Net buffering capacity can also be generated through reduction 
processes of, for instance, nitrate and sulphate, by forming (bi)carbonate, amongst others. 

 

Diagram I.7 Leaching of nitrate can lead to higher sulphate concentrations in the groundwater. A high 
load of sulphate can result in eutrophication of wetlands by phosphate mobilization (Smolders et al. 
2010).  

Pyriet houdende bodem = soil containing pyrite 
Grondwater gevoed wetland = groundwater fed wetland 
Grondwater = groundwater 
Stimulatie afbraak = stimulation decomposition 
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The increase in buffering capacity thus comes from the system itself and this process is for that 
reason called internal alkalinisation (Smolders 1995). Besides the fact that through these 
reactions organic material is being converted, decomposition and mineralization is further 
stimulated by the increase in buffering capacity and in the pH. Especially in organic (wet) soils, 
the buffering capacity (bicarbonate value) increases in association with the concentrations of 
ammonium and phosphate in the soil moisture (Smolders 1995). The supply of buffered water to 
areas with organic wet soils therefore leads to so-called ‘internal eutrophication’. 

In the event of hydration of heavily acidified sediments, the pH can rise again through an increase 
in the buffering capacity. Phosphates and heavy metals that were released through deterioration 
of inorganic compounds can once again be bound. In these sediments the pH increase will 
however take off slowly, because the reduction processes go slower at low pH levels (Roelofs 
1991; Lamers et al. 1998b). 
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