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Hydromorphic soils are found around the globe and they are well distinguished from other soil classes. The nature and 

severity of hydromorphism in these soils is determined by redox reactions that are highly dependant on the level and duration 

of soil saturation with water. Redox potentials are good indicator of redox reactions and/or hydromorphism. However, these 

redox reactions and hydromorphic conditions are directly affected by the presence or absence of various factors such as 

oxygen, organic matter and micro-organisms. In this manuscript a comprehensive review is presented about the 

hydromorphic soils, causes of hydromorphism, measurement of hydromorpic conditions, factors affecting the hydromorphic 

conditions and how the redox reactions can play an important role in pedogenesis of hydromorphic soils. 
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INTRODUCTION 

 

Generally speaking, soil is roughly consisted of 50 % solids, 

25% water and 25 % air. Furthermore, basic composition of 

soil air consists of nitrogen (78%), oxygen (18-20%), carbon 

dioxide (1-10%), vaporized water (concentration is 

temperature dependant) and trace gases. However, soil air 

can be replaced by water when soil is permanently or 

temporarily saturated with water and if this saturation period 

is long enough to eliminate the oxygen from the soil, 

reducing conditions can occur in that soil. This state of 

permanent or temporary water saturation in the soil 

associated with conditions of reduction is considered as 

hydromorphism and this state has considerable effects in the 

composition, properties, genesis and evolution of the soil 

(Jacob and Otte, 2003). Various terms have been used in 

considerable systems of soil description and soil 

classification such as : hydromorphic properties, mottled 

horizons, flecks with chroma lower than 2, decoloration, 

aquic moisture regimes, gleyification, pseudo- gleyification, 

redoximorphic features (Ponnamperuma, 1972; Jacob and 

Otte, 2003).  

Hydromorphic soils are defined by Soil Science Society of 

America in the glossary of soil science as “A suborder of 

intrazonal soils, consisting of seven great soil groups, all 

formed under conditions of poor drainage in marshes, 

swamps, seepage areas, or flats”. These soils are 

characterised by the phenomena of reduction and 

segregation of iron, linked to temporary or permanent 

saturation of pores by water causing a prolonged deficiency 

of oxygen (Duchaufour, 1997). According to WSR (2001), 

hydromorphic soils are classified under the soil reference 

group of Gleysols (from Russian local name gley, mucky 

soil mass) and occupy an area of 720 million hectares world-

wide. Common international names are ‘Gleyzems’ and 

‘meadow soil’ (Russia), Gleissolos (Brazil), ‘Aqu-’ 

suborders of Entisols, Inceptisols and Mollisols (USA), 

‘Gley’ (Germany), and ‘groundwater soils’ and 

‘hydromorphic soils’. Many of the WRB (World Reference 

Base for Soil Resources) Gleysols correlate it with the aquic 

suborders of the US Soil Taxonomy (Aqualfs, Aquents, 

Aquepts, Aquolls, etc) (WSR, 2006). 

Hydromorphic soils and processes affecting the redox 

reactions are extensively studied and published but there are 

very few articles which provide comprehensive information 

and findings about the factors affecting oxido-reduction 

processes in hydromorphic soils. The objective of this 

review is to discuss the causes of hydromorphism and 

various factors which affect the redox reactions in the 

hydromorphic soils.  

Causes of hydromorphism: Hydromorphism can be a result 

of natural conditions or anthropic influences. It can be direct 

result of precipitations or an indirect result of heavy 

precipitations in the forms of surface flooding or water-table 

rise. In the deltaic and coastal regions, soils are directly 

influenced by high water tables of fresh water (river) or salty 

water (sea water). The examples of natural hydromorphism 

are natural wetlands and humid zones situated at lower 

altitudes and/or near to a river or a sea. According to 

Convention of Ramsar (1971) the humid zones are protected 

and defined as: “The vast expanses of marshes, peat bogs or 

natural or artificial waters, permanent or temporary where 

the water may be stagnant or running, brackish or salty; also 

included are the expanses of marine water where the height 
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of low tide does not exceed six meters”. The natural humid 

zones can be influenced by nature origin phenomenon like 

subsidence, climatic change, sea level rise, storms and 

droughts or by human activity like cultivation, roads and 

dams construction and pumping of ground water (Bijlsma, 

1996).  

Hydromorphism can be induced by human activity either by 

excessive irrigation on poorly drained soils or by soil 

compaction (Herbauts et al., 1996; Qureshi et al., 2008). 

When a soil with an impermeable horizon at some depth 

receives the irrigation water (and/or seepage from canals) 

without proper drainage practices, eventually, the water table 

rises slowly. That rise in the water table can’t be observed in 

early stages until it is very late and soil is waterlogged. The 

recent example of this type of waterlogging can be observed 

in Pakistan, where canalisation of Indus delta in British era 

(after 1857) not only resulted in waterlogging but also in soil 

salinity due to evaporation of irrigated water (Bokhari, 1980; 

Qureshi et al., 2008). Now, According to the Agricultural 

Statistics of Pakistan (2004), the total area under 

waterlogged soils is 4.85 million hectares with water table 

depth ranging from 0-3 m below the soil surface where 

oxido-reductomorphic conditions may exist but no sufficient 

data are available (Nawaz et al., 1992; Khan, 2010). As in 

Pakistan, deltaic soils of the most other regions such as 

Mekong, Nile, Senegal, and Rhone etc. are affected by 

hydromorphism and salinity that can be seasonal or 

permanent. Rising of ground water through capillary action 

and evaporation has resulted in primary salinity of these 

soils (Murtaza et al., 2011). One of the solutions to combat 

this problem is the practice of flood irrigation like in rice 

culture. So, salts are dissolved by irrigated water and 

evaporation of ground waters is limited. But this can result 

in the secondary salinity caused by evaporation of irrigated 

water in confined conditions and by soluble salt mobilisation 

to cultivated horizons. 

Hydromorphic conditions can also be developed due to soil 

compaction (Herbauts et al., 1996). Soil compaction can be 

expressed as a process that involves a rearrangement  and 

bringing of solid particles of the soil closer together and 

consequently an increase in the bulk density of soil 

(Panayiotopoulos et al., 1994). Some times, the practice of 

soil compaction is carried out voluntarily in sandy soils 

either to reduce the water infiltration and/or to provide a 

better support for plants (Bouwman and Arts, 2000). 

Lowland rice cultivation is carried out in flooded and 

voluntarily compacted soil. A hardpan is prepared at certain 

depth (20-25 cm) of the soil to reduce the infiltration rate of 

water through the soil to economise the water but a shallow 

hardpan (less than 10 cm), (Hemmat and Taki, 2003). 

However, in major cultivated areas and forest soils, soil 

compaction is often non-voluntary due to mechanical 

operations (Nawaz et al., 2013). No doubt, voluntary and/or 

non voluntary soil compaction can result in the increase in 

the soil bulk density, low permeability, low infiltration rate 

and ultimately hydromorphic conditions in the soils 

(Herbauts et al., 1996; Nawaz et al., 2013).  

Redox potential and hydromorphism: In hydromorphic 

soils, depending on the degree and period of water 

saturation, cycles of aerobic and anaerobic conditions can be 

observed resulting in the oxidising and reducing conditions. 

These cyclic changes that induce the redox reactions in the 

soil result in different redox potential values. The redox 

potential (Eh) in a soil solution at given point and time is a 

good indication of the redox status of the soil (Fiedler et al., 

2007). The term “redox” is the representative of processes of 

reduction and oxidation. As reduction is the reception of 

electron while oxidation is the donation of an electron, a 

complete redox reaction consists of both types of reactions 

also called half-reactions (Glinski and Stepniewski, 1985). 

An example of a redox reaction is given below, in which, 

Fe
3+

 is reduced to Fe
2+

: 

 
In the above given example iron in the form of Fe

3+
 is solid 

while Fe
2+

 is in dissolved form in soil solution, as solid 

minerals can dissolve and dissolved ions can become mobile 

when changes in the valence of such atoms occur (Vepraskas 

and Faulkner, 2001).  

According to Schüring et al. (2000) for a following redox 

reaction: 

 
 in which an oxidant (Ox) is reduced (Red) while H2(g) is 

oxidised to H
+
, with the constant:  

 
The redox potential under normal condition is: 

 
where  

E°H  = redox potential  [V]  (in relation to a normal hydrogen 

electrode) under normal conditions (all activities = 1, 

PH2 = 1 atm, H
+
 = 1 M). 

F = 1 faraday (= 96485 C.mol
-1

) 

n = number of exchanged electrons 

R = gas constant (= 8.314472 J.mol
-1

.K
-1

) 

T = temperature in K 

(ln10) RT/F = 0.059 V (at 25 °C) 

Under other conditions the redox potential is: 

 
where 

EH = redox potential [V] (in relation to a normal hydrogen 

electrode). 

Above equation is also called NERNST equation that gives 

the relationship between the redox potential and the 

activities of the oxidised and reduced species at equilibrium.  
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Redox potential (Eh) can be measured practically but its 

measurement requires that equilibrium is established at the 

electrode and among various redox couples. In soils, the Eh 

of the soil solution should be stable across the horizon for a 

certain time period and all electron acceptors should react at 

a similar rate. But, above mentioned conditions are often not 

fulfilled in natural waters and soil solution, either due to 

slow kinetics of the important potential determining redox 

couples at the electrode or lack of equilibrium among 

various redox couples. In soil solution Eh can be more 

unstable as compared to natural water due to fluctuating 

degree of saturation of soil and heterogeneity in the 

distribution of organic matter (Schüring et al., 2000; 

Vepraskas and Faulkner, 2001).  

The use of notion “pe” is more convenient to describe the 

redox state. It is defined as negative common logarithm of 

the free electron activity (Schüring et al., 2000): 

 
Relation between redox potential (Eh) and redox intensity 

(pe) is described as: 

 
or, equivalently: 

 
Large values of “pe” indicate the presence of oxidised 

environment and existence of oxidised species in the 

solution while small or negative values of “pe” indicate 

reduced conditions (Glinski and Stepniewski, 1985). The 

redox potential range in natural waters is limited in the 

negative range by the reduction of H2O to H2(g) and in the 

positive range by the oxidation of H2O to O2(g). So, at pH 7 

and atmospheric pressure, the redox potential range is from 

about -400 to +800 mV that means “pe” ranges from about 

14 to -7 (Schüring et al., 2000). 

Heterogeneity in redox conditions in the soil: The redox 

conditions in soils vary widely over short distances because 

of heterogeneity in soil physical properties, organic matter 

contents, temperature and degree and period of water 

saturation (Sparks, 2003). All above mentioned factors result 

in variation in O2 diffusion, and microbial activity and 

respiration in soil. This heterogeneity can result in anaerobic 

microsites with oxidative soil matrix (Glinski and 

Stepniewski, 1985). However, the redox conditions are 

relatively more homogeneous in saturated soils and flooded 

soils than in drier soils (Bohn et al., 1985).  Redox processes 

in the rhizosphere also play an important role in the 

heterogeneity of redox conditions of soil. Some plant roots 

are capable of converting the anaerobic environment to 

aerobic environment in rhizosphere in flooded and saturated 

soils that is, sometimes, even remarkable by naked eye due 

to soil colour change owed to oxidation of Fe
2+

 (Begg et al., 

1994; Doyle & Otte, 1997; Jacob & Otte, 2003). It is 

reported that variation in redox potential across a saturated 

soil horizon can be as much as 600 mV just after the 

saturation while this variation can be less about 100 mV 

after two months of saturation. So, at least five replications 

of redox potential measurements at each point are 

recommended to assess above mentioned variations 

(Vepraskas and Faulkner, 2001). 

In general, redox potential in soil ranges from approximately 

+1 to -1 V, being relatively small, it is expressed in mV 

(Vepraskas and Faulkner, 2001). When soil pores are not 

filled with water (unsaturated) and permit the free diffusion 

of O2, oxidised conditions are observed in the soil with 

relatively high Eh values (more than 500 mV at soil pH 7). 

When soil becomes water saturated, due to insufficient 

diffusion of O2, dissolved O2 can be exhausted in 24 hours 

which results in anaerobic conditions in the soil (McBride, 

1994).  Depending on the soil pH, in the absence of oxygen, 

biological reduction of NO3
-
 and other elements is carried 

out. Thermodynamic conditions favour the reduction or 

oxidation of these elements at different redox potentials. For 

example at pH 7, thermodynamically, reduction of SO4
2-

 is 

favoured at lower redox potentials (less than 0 mV) than 

Fe
3+

 (less than 300 mV) (Schüring et al., 2000). Reducing 

reactions for major elements and their concerning redox 

potentials in the field are presented in table 1. 

 

Table 1. Reducing reactions for major elements with 

their accompanying redox potentials in the field 

(Bohn et al., 1985) 

 
 

Factors affecting the hydromorphism: The most important 

factor affecting the redox conditions of soil is the presence 

of oxygen (aerobic environment) or absence of oxygen 

(anaerobic environment) while other factors such as organic 

matter, activity and type of microorganisms, temperature, 

and soil composition can not be neglected. Effect of all these 

factors on the redox conditions of soil are discussed in detail.  

Soil oxygenation: Soil aeration is very important for 

chemical, physical and biological properties of soil, which 

ultimately depends on the soil porosity (Cannell, 1977; Czy, 

2004). It permits the free exchange of gases, mostly by 

diffusion, and helps to maintain the balance among different 

gases in the soil. In the case, when soil porosity is not 

sufficient (soil compaction) or soil pores are filled with 
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water, the restricted gaseous exchange results in lower 

diffusion of oxygen than consumption during respiration 

(Drew, 1990). If this condition persists for a long time as in 

saturated or flooded soils, after a certain time, O2 disappears 

from the soil air that can further lead to increase in the 

concentrations of trace gases (CH4, H2S, N2O, C2H4, and H2) 

in the soil (Glinski and Stepniewski, 1985).  

Soil porosity, differentiated as air-filled porosity and water-

filled porosity, is the best physical parameter to determine 

the ability of soil to exchange of gases with atmosphere. A 

decrease in air filled porosity leads to a decrease in oxygen 

concentration in the soil. An air-filled porosity (Eg) is the 

difference of total soil porosity (ƒ) and its current volumetric 

water contents (θv) (Glinski and Stepniewski, 1985): 

Eg =   ƒ - θv 

the total porosity is calculated as: 

ƒ = 1 – ρb /ρs 

where: ρb = bulk density (Mg m
-3

) 

           ρs = particle density (Mg m
-3

) 

while volumetric water content (θv) can be calculated as: 

θv  = θw . ρb / ρw 

where: θw = gravimetric water content (water content by 

weight), ρw = water density (Mg m
-3

), θv, θw, ƒ and Eg are 

dimensionless. 

The exchange of gases between soil and atmosphere, 

particularly for oxygen and carbon dioxide, is carried out by 

pressure gradients (mass flow) and concentration gradients 

(diffusion flow) (Hillel, 1980). Both kinds of flow may take 

place in the soil pores but relative contribution of the both 

may vary within broad limits depending on the atmospheric 

and soil  physical and biological conditions (Glinski and 

Stepniewski, 1985; Ouyang and Boersma, 1992). Generally, 

most of oxygen in the soil is exchanged with atmosphere 

through diffusion flow (Grable and Siemer, 1968). Soil O2 

levels are generally more in upper surface of soil as 

compared to lower soil horizons due to slow diffusion rates 

of oxygen from the surface through the soil. Furthermore, 

soils with higher permeability result in more rapid oxygen 

diffusion into and through the soil, and similarly is the case 

for carbon dioxide movement (Drew, 1990). A good 

correlation exists between redox potentials and presence or 

absence of oxygen (Grable and Siemer, 1968).  

Oxygen is the most important component that affects the 

biological and chemical transformations in the soil (Silver et 

al., 1999). It influences the microbial population and their 

mode of respiration (Kowalchuk et al., 1998), enzyme 

activity, and redox potentials in the soil (Brzezinska et 

al.,1998). 

Organic matter: Soil organic matter (SOM) can be defined 

as “a mixture of plant and animal residues in different stages 

of decomposition, substances synthesized microbiologically 

and/or chemically from the breakdown products, and the 

bodies of live and dead microorganisms and their 

decomposing remains” and humic substances (HS) are “a 

series of relatively high-molecular-weight, brown to black 

substances formed by secondary synthesis reactions”. 

Natural organic matter (NOM) is broken down organic 

matter that comes from plants and animals in the 

environment. NOM is assigned to the realm of all of this 

broken down organic matter. SOM ranges from 0.5% on 

weight basis in surface horizons of mineral soil to 100% in 

organic soils (Histosols) (Sparks, 2003). Major components 

of organic matter include cellulose, hemicellulose, lignin, 

simple saccharides, amino-acids and aliphatic acids (Glinski 

and Stepniewski, 1985). Quantity of SOM influences the 

redox conditions of the soil (Dobos et al., 1990).  

In aerobic environment, organic matter can be completely 

mineralized to carbon dioxide by microorganisms which use 

oxygen as “Terminal Electron Acceptor” (TEA) but in 

anaerobic decomposition of organic matter is relatively slow 

and involves many interdependent and interrelated microbial 

processes that can produce both carbon dioxide as well as 

methane (Megonigal et al., 2004). Therefore, the aerobic 

decomposition is different from anaerobic decomposition of 

organic matter. In anaerobic decomposition, hydrolysis and 

fermentation reactions degrade the organic molecules and 

result in successively lower molecular weight products. The 

end products of these reactions include acetate, hydrogen 

and carbon dioxide, which are subsequently used as 

substrates for microbial respiration. In the absence of 

oxygen, microbes preferentially reduce a variety of 

alternative TEAs for respirations, in the order of decreasing 

thermodynamic yield, such as NO3
-
, Mn

4+
, Fe

3+
, SO4

2-
, and 

C
4+

 (Keller et al., 2009). When ferric iron is available, ferric 

iron reduction is an important pathway for organic matter 

decomposition (Lovley, 1987).  

Humic substances, being more reactive, form the organo-

inorgano complexes in the soils that are relatively stable and 

less susceptible to microbial attack (Sparks, 2003). Recently, 

it is reported that solid phase humic substance can serve as 

electron acceptors while humic acid can serve as either 

electron acceptor or electron donor during the decomposition 

in the absence of oxygen in a wetland soils (Lovley et al.,, 

1996; Keller et al., 2009). In fact, anaerobic microorganisms 

could reduce humic substances or natural organic matter 

(NOM), which then donates electrons to reduce Fe (III)-

containing minerals to release soluble Fe
2+

. In anaerobic 

environment at low pH, abiotic reduction of Fe
3+

  by NOM 

is well reported  (Chen et al., 2003). Above mentioned 

processes not only accelerate the chemical reduction of 

minute quantities of Fe
3+

 species in solutions but also 

facilitate the reduction of solid phase ferric iron minerals.  

So, quantity, nature and mode of decomposition (aerobic or 

anaerobic) of the organic matter are the most important 

factors to determine the redox status and redox reactions in 

the soil.  

Microorganisms: The microorganisms of the soil can be 

divided into three groups according to their oxygen needs: 

http://en.wikipedia.org/wiki/Plants
http://en.wikipedia.org/wiki/Animals
http://en.wikipedia.org/wiki/Natural_environment
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aerobic, facultative anaerobic and obligate anaerobic. The 

aerobic bacteria use only oxygen, facultative anaerobic can 

use both oxygen and other elements while obligate anaerobic 

can use only other elements as Terminal Electron Acceptors 

(TEAs). So, activities of all types of microorganisms are 

affected directly by oxygen level and in turn they affect the 

redox status of the soil. The microbial activity is, indirectly, 

influenced by many factors such as organic matter 

availability and decomposability, temperature, carbon 

dioxide concentration, soil bulk density, soil pH, soil 

porosity, and soil water contents (Linn et al., 1984; Glinski 

and Stepniewski, 1985).  

There is a large diversity in the aerobic and anaerobic 

bacteria. Some are particularly involved in the oxidation or 

reduction of a specific element while others have the ability 

to utilize a large range of alternative TEAs (Losekann et al., 

2007). For example, Fe
3+

 reducing bacteria are normally in 

active colonies and are capable of using other elements as 

TEAs (Lovley, 2000). Iron reducing bacteria have been 

found in almost every place in the Earth. Geobacter spp, and 

Shewanella spp. are Fe reducing bacteria and are commonly 

found in saline environments while Thiobacillus 

ferrooxidans and Leptospirillum ferrooxidans are common 

Fe oxidizing bacteria (Lovley, 2000).  

On the basis of water requirements, microbes can be 

differentiated as hygrophiles, mesophiles and xerophiles. 

Hygrophiles include majority of bacteria, yeasts and certain 

fungi, majority of fungi belong to mesophile class while 

xerophiles consist of Phycomycetes spp.  (Glinski and 

Stepniewski, 1985). Water availability can be a limitation 

factor for the microbial activity. A low soil respiration is 

observed at low soil moisture or at high soil moisture due to 

low water availability or low oxygen availability 

respectively (Orchard and Cook, 1983) and soil respiration 

comes to stand still at a soil water potential above 10 MPa 

(Glinski and Stepniewski, 1985).  

Temperature is also an important factor affecting the activity 

and respiration of microbes (Andersson and Nilsson, 2001). 

So, any change in temperature can cause change in microbial 

activity and redox potentials (as in Nernst equation). 

Microbes on the basis of temperature requirements are 

classified as cryophiles, mesophiles and thermophiles. 

Optimum temperature for cryophile microbes is less than 20 

°C, for mesophiles is between 20 and 30 °C while for 

thermophile optimal temperature is more than 40 °C (Glinski 

and Stepniewski, 1985; Lovley, 2000). Soil respiration and 

microbial activity, in general, increase with the increase in 

temperature but maximum soil respiration occurs between 

40 and 70 °C (Andersson and Nilsson, 2001; Vepraskas and 

Faulkner, 2001).  

Effects of redox reactions on the soil: Redox conditions 

influence directly on the soil morphology, nutrients 

availability, and metals and pollutants mobility or/and 

accumulation in the soil (Doyle and Otte, 1997). So 

ultimately, redox reactions can result in change of soil 

fertility and increase in soil pH owing to denitrification and 

reduction of Fe
3+

 to Fe
2+

 respectively (Ponnamperuma, 

1985). Oxidation conditions in the soil result in the 

accumulation of iron in the soil in the form of Fe
3+

 while 

reducing conditions can result in dissolution and removal of 

iron from soil horizon in the form of Fe
2+

. This depletion or 

accumulation of iron in the soil can range from a ped of soil 

to landscape level. Same is the case with other elements used 

as terminal electron acceptors (i.e. Mn
4+

) in the redox 

reactions. As iron contents in most soils are larger than 

nitrate and manganese, the availability of reducible Fe
3+

 

induces the buffering capacity which protects soil against a 

rapid decrease in redox potential and ultimately mobilization 

of toxic ions in the soil (Förstner et al., 1994; Lovley, 2000).  

Reduced conditions can result in dissolutions of minerals 

and as well as in their precipitations; sulphates can be 

reduced to sulphide that can react with transition metals and 

precipitate in the form of insoluble metallic sulphide (i.e. 

FeS) (Gao et al., 2004). Presence of iron minerals, such as 

lepidocrocite, that indicate hydromorphism can be observed 

in compacted soils by naked eye (Herbauts et al., 1996). In 

one experiment Herbauts et al. (1996) reported the larger 

concentrations of easily reducible iron Fe
2+

 in above 30 cm 

of soils after the forest soil compaction due to mechanical 

logging. As activity of Fe
2+

 increases with the decrease in 

the Eh, so, Fe
2+

 concentrations in the soil can be a good 

indicator of reductive conditions of soil (Schaller et al., 

1997; Ratering and Schnell, 2000).  

Hydromorphic conditions, due to flooding or soil 

compaction, in the soils can result in the lower redox 

potentials (Herbauts et al., 1996) and increased 

concentrations of Ca, Mg, K, Mn and Fe in the calcareous 

soils while decreased concentrations of  NO3
-
 and P (Larson 

et al., 1991; Phillips and Greenway, 1998). Increased 

solubility of cations can be due to increased solubility of 

dissolved organic carbon (Wolt, 1994) or may be attributed 

to increased competition between the cations for negative 

charged sites (Phillips and Greenway, 1998) as increase in 

Fe
2+

 and Mn
2+

 concentrations are many fold than other 

cations under reducing conditions (Larson et al., 1991). 

These changes are more evident in organic matter rich soils 

as the exchange/adsorption sites for cations decrease when 

the solubility of organic matter increases (Phillips and 

Greenway, 1998). 

 

Conclusion: Hydromorphic soils are particular types of soils 

that are characterized by oxido-reduction processes (redox 

reactions) and these soils are widely distributed throughout 

the world. Redox reactions are directly affected by the level 

of oxygen, form and concentration of organic matter, and 

type and population of microorganisms. The redox reactions 

in the hydromorphic soils largely influence the availability 

of macro and micro nutrients, dissolution or precipitation of 
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several minerals, and, sometimes, release of toxic heavy 

metals in the soil solution. There is great need of research to 

understand these complex and dynamic processes for 

efficient utilization and conservation of hydromorphic lands. 
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