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Abstract 
 

In industrialized countries, soil and groundwater contamination by various forms of 
harmful substances is a contemporary problem in this highly industrialized age. In 
this document, the state of the art regarding the main mechanisms, processes and 
factors governing the fate and behavior of organic contaminants in the soil-ground 
water system is reviewed. The behavior of organic contaminants in soils is 
generally governed by a variety of complex dynamic physical, chemical and 
biological processes, including sorption–desorption, volatilization, chemical and 
biological degradation, uptake by plants, run-off, and leaching. These processes 
directly control the transport of contaminants within the soil and their transfer from 
the soil to water, air or food. The relative importance of these processes varies with 
the chemical nature of the contaminant and the properties of the soil. Both the 
direction and rate of these processes depend on the chemical nature of the organic 
contaminant and the chemical, biological, and hydraulic properties of the soil. 
Some organic contaminants are degraded in the soil within a certain time. On the 
other hand some are degraded only slowly or are sequestered within soil particles 
thus being inaccessible for microbial degradation. Persistence in soils increases the 
potential for environmental consequences. Mobility in soil environments is a key 
factor in assessing the environmental risk. Compounds interacting weakly or not at 
all with soil surfaces will be leached together with the soil solution and have the 
potential for contaminating surface or ground water reservoirs far from the point of 
getting into the soil. Clays, oxides and organic matter are the primary constituents 
in soils responsible for the sorption of organic contaminants. Among the organic 
contaminants used in agriculture, one of the most world-wide applied herbicides is 
glyphosate, an organophosphonate product, with broad spectrum of application. 
Results of two field experiments conducted in two sites of Austria show the 
influence of different tillage systems, vegetation cover, and site specific properties 
on the risk of surface run off of glyphosate. Better understanding of the behavior of 
glyphosate is needed (e.g. adsorption conditions, environmental influence, specific 
soil parameters, soil microbes behavior) for a better risk assessment of 
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environmental pollution., degradation rates and consequently risks of 
contamination for surface and groundwater involved can be estimated. 
Keywords: organic contaminants; risk of environmental contamination; 
glyphosate; surface run off; adsorption; soil properties; soil processes. 
 
Résumé 
 

Dans les pays industrialisés, la contamination du sol et des eaux causée par les 
différentes formes des substances dangereuses est un problème très actuel dans 
notre époque. Ce document présente l'état de l'art des principaux mécanismes, 
processus et facteurs dont dépendent l'évolution et le comportement des polluants 
organiques dans le système du sol et des eaux phréatiques. En ligne générale, le 
comportement des polluants organiques dans les sols est réglé par l'ensemble à la 
fois complexe et dynamique des processus physiques, chimiques et biologiques, y 
compris l'adsorption et la désorption, la volatilité, la dégradation chimiques et 
biologiques, l'absorption des plantes, le ruissellement de surface et le lessivage 
produit par l'eau. Ces processus contrôlent directement le transfert des 
contaminants dans les sols et du sol aux eaux, à l'air et à la nourriture. L'importance 
relative de ces processus varie en fonction de la nature chimique des polluants et 
des propriétés des sols. Les deux, c.-à-d. la direction et l'ampleur de ces processus, 
dépendent de la nature chimique des polluants chimiques et des propriétés 
chimiques, biologiques et hydrauliques des sols. Certains polluants chimiques se 
dégradent dans les sols en un certain laps de temps. D'autres ne se dégradent que 
très lentement ou bien ils restent séquestrès pris dans des particules de sols en 
devenant de ce fait inaccessibles à la dégradation microbiologique. Leur 
persistance dans les sols augmente les conséquences potentielles sur 
l'environnement. La mobilité dans le sol est le facteur principal pour l'évaluation du 
risque environnemental. Des composants qui ne réagissent que faiblement ou qui 
ne réagissent pas du tout avec les surfaces du sol sont emportés avec la solution du 
sol par l'érosion due aux eaux et ils peuvent polluer les nappes même loin de leur 
point d'entrée dans le sol. Les argiles, les oxydes de métaux et la matière organique 
sont les principaux composants du sol responsables de l'adsorption des polluants 
organiques. Parmi les polluants organiques utilisés en agriculture, un des herbicides 
les plus largement utilisés est le glyphosate, un produit organophosphatique au 
large spectre d'activité. Les résultats de deux expériences effectuées en deux 
localités différentes en Autriche prouvent l'influence des différents modes de 
culture du sol, de la couverture végétale du sol et des propriétés spécifiques des 
différentes localités sur le risque de ruissellement superficiel du glyphosate. Une 
meilleure compréhension du comportement du glyphosate (par exemple, les 
conditions de l'adsorption, l'influence de l'environnement, les paramètres 
spécifiques des sols, le comportement des microbes du sol) s'impose pour pouvoir 
mieux évaluer le risque de pollution de l'environnement. Suite à ce type d'analyse, 
il est possible d'évaluer l'adsorption, la proportion de dégradation et les risques dus 
à la pollution des eaux de surface et des nappes.  
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Riassunto 
 

Nei paesi industrializzati, la contaminazione del suolo e l’acqua causata dalle 
diverse forme delle sostanze pericolose, è un problema molto attuale in questa era 
industrializzata. In questo documento, è presentato lo stato dell’arte dei 
meccanismi principali, processi e fattori, i quali governano il fato e il 
comportamento degli inquinanti organici nel sistema del suolo e le acque freatiche.   
Il comportamento degli inquinanti organici nei suoli, è regolato in generale dalla 
varietà dei complessi e dinamici processi fisici, chimici e biologici, compreso 
assorbimento -desorbimento, volatilità, degradazione chimica e biologica, 
assorbimento dalle piante, run-off e dilavamento. Questi processi controllano 
direttamente il trasporto dei contaminanti nei suoli e il loro trasferimento dai suoli 
nelle acque, l’aria e il cibo. L’importanza relativa di questi processi varia con la 
natura chimica degli inquinanti e le proprietà dei suoli.  Entrambi, la direzione e la 
dimensione di questi processi, dipendono della natura chimica degli inquinanti 
chimici e le proprietà chimiche, biologiche e idrauliche dei suoli. Alcuni inquinanti 
organici sono degradati nei suoli entro determinato tempo. Dall’altra parte, alcuni 
possono essere degradati solamente molto lentamente oppure sono sequestrati 
dentro le particole del suolo, e in tale modo diventano inaccessibili per la 
degradazione microbiologica. La persistenza nei suoli fa aumentare la potenzialità 
delle conseguenze circostanti. Mobilità nel suolo è il fattore principale per 
valutazione del rischio ambientale. Componenti che reagiscono debole oppure non 
reagiscono con la superficie del suolo, saranno dilavate con la soluzione del suolo e 
potenzialmente potrebbero inquinare le acque falde anche lontano dalla entrata nel 
suolo. Le argille, ossidi dei metalli e la sostanza organica, sono le componenti 
principali nel suolo per assorbire gli inquinamenti organici. Tra gli inquinanti 
organici usati nell’agricoltura, uno degli erbicidi più usati nel mondo, è glyphosate, 
il prodotto organofosfatico, con il largo spettro delle applicazioni. Risultati dei due 
sperimenti condotti nelle due località diverse nell’Austria, dimostrano l’influenza 
delle diverse coltivazioni del suolo, la copertura vegetale del suolo e le proprietà 
specifiche delle località diverse sul rischio del run-off superficiale del glyphosate. 
La comprensione migliore del comportamento del glyphosate è necessaria (per 
esempio, le condizioni dell’assorbimento, influenza ambientale, i parametri 
specifici dei suoli, il comportamento dei microbi del suolo) per la valutazione 
migliore del rischio per l’inquinamento dell’ambiente. Basato su questa 
comprensione, la valutazione dell’assorbimento, proporzione della degradazione ed 
i rischi conseguenti dell’inquinamento delle acque superficiale e falde è possibile. 
Parole chiave: inquinanti organici; rischio dell’inquinamento ambientale; 
glyphosate; run-off superficiale; assorbimento; proprietá del suolo; processi nel 
suolo. 
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Introduction 
 

Organic pollutants are mainly man-made and industrially produced. Nowadays 
they are present in water systems, run-off, soil and food (Ternan et al., 1998). Soils 
play an important role in the regulation of contaminants in ecosystems. There is a 
growing concern about identifying and understanding the mechanisms controlling 
the fate of chemicals which are threat for non-target organisms and a source of 
environmental contamination, especially of water sources. Since the organic 
pollutants are released in environment often in enormous quantities and among the 
herbicides the most applied is glyphosate, there is a considerable risk of these 
pollutants. A better understanding of organic behavior in soils is important for the 
improvement of environmental protection. There is a need for more specified 
pesticide management based on the adaptation of the pesticide type and application 
rates to the characteristics of the area of application (Eriksson et al., 2007; 
Crommentuijn et al., 2000; Zablotowicz et al., 2006; Lupwayi et al., 2007; Peruzzo 
et al., 2008; Renaud et al., 2004; Warnemuende et al., 2007; Albrechsten et al., 
2001; Papiernik SK, 2001). 
The behaviour of organic contaminants in soils is generally governed by a variety 
of physical, chemical and biological processes, including sorption–desorption, 
volatilization, chemical and biological degradation, uptake by plants, run-off, and 
leaching (Fig.1) (Mamy et al., 2005).    
  
Figure 1 - Role of the soil in the fate of contaminants in the environment. 
  

  
Special focus of this presentation is given on glyphosate and AMPA. Glyphosate is 
an organophosphonate herbicide, nowadays one of the most applied in the world 
with increasing importance.  
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Glyphosate fate and behavior in soil is affected by different soil factors and 
processes, but depends also on interaction between herbicide and soil under the 
specific local conditions (Locke & Zablotowicz, 2004; Soulas & Lagacherie, 2001; 
Gimsing et al., 2004).  
Knowledge of glyphosates behavior depends on our understanding of herbicide 
characteristics, environmental influence, specific soil parameters and soil microbes 
behavior. Based on this knowledge, time dependent adsorption/degradation rates 
and consequently risks for environmental pollution involved can be estimated and 
better attenuated. 
 
Dissipation ways of the organic pollutants  
 
Dissipation of organic contaminants in soils is generally governed by different 
physical, chemical and biological processes, including sorption–desorption, 
volatilization, chemical and biological degradation, uptake by plants, run-off, and 
leaching (Fig. 2).  Sorption by soil solids is characterized by a number of 
mechanisms like hydrophobic interaction, water solubility, ligand exchange, charge 
transfer, hydrogen bonding, ion exchange (Pitter & Chudoba, 1990, Schwarzbauer 
2005). 
 

Figure 2  
 
Dissipation 
ways of  
organic 
 pollutants 
 in soil  
(Andreu & 
Pico, 2004). 

 
The distribution (horizontally and vertically) of organic pollutants in soils depends 
on their movement and degradation. Movement and degradation of organic 
pollutants in turn depend on three general factors: 
• Properties of the pollutant 
• Chemical, biological and hydraulic properties  of the soil 
• Weather conditions 
Movement of the organic pollutants can be due to diffusion and mass flow. 



G. Rampazzo Todorovic  / EQA, 2 (2009) 59-72 

  64 

On the other hand, dissipation ways of contaminants are also time dependent (e.g. 
different biodegradation phases; leaching and surface runoff-risk) (Nicholls, 1991, 
Schwarzbauer, 2005). 
The attenuation of pollutant toxic concentration in soils is governed by processes of 
precipitation, sorption and immobilization. Due to these processes particular soil 
components can diminish the risk of water, air and food contamination with 
organic pollutants. 
 
Glyphosate 
 

Glyphosate is a post-emergency non-selective broad spectrum herbicide which 
blocks the shikimic acid pathway for biosynthesis of aromatic amino acids in 
plants, also in some microbes, but not in all soil microorganisms (Haghani K et al., 
2007). 
This herbicide is worldwide used in agriculture, railways, dam protection, surface 
water systems, urban areas (Nowack, 2002; Ternan et al., 1998; Baylis, 2000).  
Usually the persistence is up to 170 with usual half life of 45-60 days (Peruzzo et 
al., 2008), but there is also investigations which showed that half-life could be 
prolonged up to years (Carlisle and Trevors, 1978 in Zaranyika and Nyandoro, 
1993; Eberbach, 1997). Its main metabolite is AMPA (Peruzzo et al., 2008; Locke 
& Zablotowicz, 2004; Gimsing et al., 2004). 
 

Soil parameters governing the glyphosate fate in environment. Generally, the 
following factors could be stated as crucial (Locke & Zablotowicz, 2004; Soulas & 
Lagacherie, 2001; Gimsing et al., 2004): 
• total inner surface of the soil (total surface of the pore system / pore walls); this 
surface is mostly electrically charged and therefore of main importance for adsorp-
tion processes. To give a practical example how large this surface can be, if one as-
sumes 1ha of soil at a depth of 20 cm, an average bulk density of 1.5 Mg/m3, a 
clay content of 20% and a content on OM of 3%, which are rather average values 
for soils, it sums up at a total surface of 210.000 km2. Now it can be concluded that 
for example the total surface of Germany (about 367.000 km2) is contained in 1.7 
ha of soil and 20 cm depth.  
• constituents of the inner soil surface (e.g. clay minerals,   oxides, o.m.), their spe-
cific structures and electrical charges (positive/negative);  
• environmental influence;  
• specific soil parameters; 
• soil microbes behavior; 
• P availability. 
  

Estimation of time dependent degradation rates and consequently risks involved is 
very important (e.g. glyphosate biodegradation at the beginning is generally fast, 
then slower- with enhanced adsorption processes; Glyphosate leaching and surface 
runoff-risk is bigger with the rain immediately after the application, before the 
plants could adsorb it) (Eriksson et al., 2007; Peruzzo et al., 2008; Zaranyika and 
Nyandro, 1993; Siimes et al., 2006). 
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Glyphosate sorption in soil. Strong sorption of glyphosate to soil particles may 
decrease degradation rate of glyphosate due to less bioavailability of bounded 
pesticide. 
• Glyphosate adsorption on soil colloids;  
• Fe/Al-oxides, clays, calcite, organic matter (?); 
• Glyphosate complexation with metals. 
 

Availability of glyphosate for decomposition is affected by the rate of desorption. 
(Eberbach, 1997; Gimsing et al., 2004; Schnurer et al., 2006; Sørensen et al., 2006; 
Rodrígez-Cruz et al., 2006; Kools et al., 2005; Ghanem et al., 2007) 
 

Table 1: Soil properties and the KD-values for Glyphosate for different soils and silica 
sand based on literature data (after Mentler et al., 2007). 
 
  KD-value 

[l/kg] 
pH-

value 
Clay 

[w/w%] 
Corg 

[w/w.%] 
Fe 

[w/w.%] 
Location 

Mentler et al., 
2007 

467 - 519 4.5 2.7 0.8 3.2 Wienerwald 

Mentler et al., 
2007 

13.8 – 29.3 5.8 17.2 3.45 2.2 Phyra 

Mentler et al., 
2007 

188 - 299 5.2 18.8 6.7 2.1 Eurosoil 7 

Mentler et al., 
2007 

1.5 – 2.9 6.4 <0.1 <0.01 < 0.01 Silica sand 

Sorensen et al., 
2006 

271 - 385 4.3-5.6 2-4 0.1-4.9 0.01-0.05 Fladerne 
Beak 

Dousset et al., 
2004 

8.5 - 10231 - - - - Burgundy 

Mamy et al., 
2005 

13.2 - 31.1 8.2-8.5 8.8-9.5 1.3-2 0.16-0.19 Chalons 

 
Glyphosate fate is affected by the soil processes and their influence on soil 
microbial population and activity. Numerous investigations have shown that the 
next factors have great influence on pollutant fate in different soils (Mamy et al., 
2005; Albrechsten et al., 2001; Eberbach, 1997; Blume et al., 2002; Kools et al., 
2005; Stenrød M et al., 2005; Stenrød M et al., 2007; Matthies et al., 2008; Fenner 
et al., 2005): 
• Temperature 
• Moisture 
• pH 
• Aerobic/anaerobic conditions (redox conditions). 
 

Sorption of glyphosate in soil is mainly due to the inner sphere complex formation 
with metals of soil oxides, related to the soil phosphate adsorption capacity. 
Possible binding mechanisms: 
• Electrostatic bonds in extremely acid media  
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• Hydrogen bonds with humic substances 
• Especially, covalent bonds with Fe and Al oxides. 
 

Glyphosate sorption on iron oxides. The results in the literature show that iron 
oxides play an important role in the soil retention of glyphosate. From the 
investigated iron oxides (ferrihydrite, hematite and goethite) ferrihydrite had the 
highest impact on the adsorption process of glyphosate (Mentler et al., 2007). 
The variation of the KD-values in different soils is significant (Mentler et al., 
2007) and seems to depend mainly on the iron oxide content. A low sorption 
capacity could result in leaching to the groundwater. 
 

Biodegradation of glyphosate. Microbial populations are responsible for the vast 
majority of biotic transformations in the environment.  There is ongoing debate 
about the main biotransformation type of glyphosate in soil: 
• Co-metabolic biodegradation  
• Proliferation (growth-linked) biodegradation 
 

In numerous studies glyphosate degradation was observed as co-metabolic process. 
(Krzysko-Lupicka and Sudol, 2008; Gimsing et al., 2004) 
In some other studies microorganism biodegradation  of organophosphonates 
(glyphosate) was proliferation type (Krzysko-Lupicka et al., 1997; Obojska et al., 
1999, Dick and Quinn 1995). 
 

Till now, different soil microbes were detected as a biotransformator of glyphosate 
(Tykva, 1998; Gimsing et al., 2004; Foster et al., 2004; Balthazor and Hallas, 
1985; Singh et al., 2005; Arbeli and Fuentes, 2007; Dyhrman et al., 2006; Liu et 
al., 1991; Hayes et al., 2000; McMullan G et al., 1993; Pipke and Amrhein 1988; 
Kishore and Jacob, 1987; Jacob GS et al., 1988; Lipok et al., 2007; Krzysko-
Lupicka et al., 1997; Krzysko-Lupicka and Sudol, 2008; Obojska et al., 1999; 
Forlani G et al., 1999; Obojska et al., 2002; Dick and Quinn 1995; Vathanomsat 
and Brown, 2007): 
• Bacterial strains - (Pseudomonas sp., Agrobacter, Arthrobacter sp., Rhizobium 
meliloti, Streptomycin, Escherichia coli, Flavobacterium sp. etc.) 
• Fungi – Fusarium (Phytopathogenic, potentially dangerous in soil environment 
(Krzysko-Lupicka and Sudol, 2007)), Trichoderma harzianum, Scopulariopsis sp., 
Aspergilus niger, Geobacillus caldoxylosilyticus etc. 
• Yeasts – (Metal complexes affinity?) 
• Marine diazotroph Trichodesmium 
• Cyanobacetria Spirulina spp. 
• Actynomycete Streptomycete isolates 
• Unculturable soil microorganisms  
Glyphosate biodegradation pathways. The pathways and rates of microbial 
degradation in the environment will depend on a wide range of factors regulating 
microbial population, size and ability to metabolize (Warren et al., 2003). Two 
major mechanisms have been described for the utilization of phosphonates by 
microorganisms: 
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• AMPA pathway due to C-N cleavage by oxidoreductase flavoprotein; 
• Sorcosine pathway due to C-P cleavage,  the product of degradation is glycine.   

 (Gimsing et al., 2004; Warren et al., 2003; Dyhrman et al., 2006; Hayes et al., 
2000; Liu et al., 1991; Rueppel ML et al., 1977; Lipok et al., 2007; Krzysko-
Lupicka and Sudol, 2008; Krzysko-Lupicka et al., 1997; Obojska et al., 1999; 
Forlani G et al., 1999; Obojska et al., 2002; Dick and Quinn 1995) 
 
Environmental fate of metabolites 
 

There is still a lack of data for better understanding of environmental fate of 
AMPA (Peruzzo et al., 2008). Till know we know that AMPA is slow degraded as 
glyphosate, but there is not enough data about AMPA accumulation. There are still 
questions to be answered e.g. Should be AMPA considered as POP? What about 
other glyphosate metabolites? 
 

Surface run-off. In some previous study the lack of runoff for glyphosate was 
observed, probable due to the tight bonding to the soil (Rueppel ML et al., 1977). 
Since glyphosate is water soluble there is a potential risk of run-off in the case of 
erosive precipitations very soon after the herbicide application and in the regions 
with high risk of run-off. 
Field experiments conducted in Kirchberg after corn yield (Stiria/Austria) on 
cambisol and Pixendorf after cereal yield on chernozem (Lower Austria/Austria) in 
September 2008 using a rainfall simulator under worst case scenario (e.g. 50 mm 
rain in 1 hours immediately after glyphosate application) showed following results: 
• Glyphosate is not equally retained by the soil and can be dispersed with run off 
up to 45% of the applied amounts. 
• No tillage plots show a much higher concentration of glyphosate in run-off than 
conventional tillage. However, the total sum of glyphosate in run off was higher on 
conventional tillage on Pixendorf site where the high infiltration capacity of the no 
tillage plots prevented the run off. On the Kirchberg site the crusted soil surface 
caused the high run off as well as corn crop cover.  
• For drawing final conclusions about the risk of glyphosate dissipation through 
erosion processes, not only the classical erosion parameter must be considered, e.g. 
erosivity of rain, erodibility of the soil, slope, soil constituents etc., but even more 
the actual structural status of soil, like pore size distribution, infiltration rate, hy-
draulic conductivity, and particular crop protection practices like mulching. 
The tillage Pesticide residues in the bottom sediments of the surface water systems 
may be influenced by a number of factors including runoff potential and intrinsic 
properties of the pesticides (Krueger et al., 1999) 
• Dispersion  
• Solid particles adsorption 
• Aggregates adsorption 
 

Risk for surface water systems! 
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(Eriksson et al., 2007, Warren et al, 2003; Krueger et al., 1999; Peruzzo et al., 
2008; Warnemuende et al., 2007; Siimes et al., 2006; Widenfalk et al., 2007) 
 

Leaching-preferential flows. The sources and transport routes of pesticides to 
groundwater are multifaceted. They can include non-point sources such as 
agriculture, with pesticide leaching from top soil via: 
•    Matrix-flow in sandy aquifers  
•    Preferential flow or macropore flow in eg tills  
•    Surface water recharge of groundwater through “leaky streams” 
•    Soil cracks  
•    Intra-aggregate pores 
•    Inter-aggregate pores 
 

In the study of Rueppel ML et al., (1977), glyphosate was considered as pesticide I 
class and thereby posses no propensity for leaching. On the other hand, in certain 
soils and under different conditions, there is a risk for groundwater contamination 
as it is shown in some other investigations (Albrechsten et al., 2001; Landry et al., 
2005; Papiernik SK, 2001; Stenrød M et al., 2007). Degradation potential of 
pesticide is lower in aquifers than in top soil.  
 

Influence of glyphosate on shallow aquifers/aquatic/marine ecosystems. 
Influence of glyphosate on different water organisms in water systems was already 
in various investigations shown (Warren et al., 2003;Feng et al., 1990; Tsui and 
Chu, 2007; Peruzzo et al., 2008; Amorós et al., 2007; Widenfalk et al., 2007). 
There is still a need for more data for better understanding the influence and 
behavior of glyphosate and metabolites in water bodies. Interaction of these 
pollutants with different organisms in water ecosystems should be more 
investigated: 
•   In shallow aquifer ecosystems; 
•   In different aquatic ecosystems, influence on plants and microbes;  
•   Influence on marine plants and microbes. 
 

The importance of investigation of the Glyphosate behavior in soil. Better 
understanding of Glyphosates behavior is needed (e.g. adsorption conditions, 
environmental influence, specific soil parameters, soil microbes behavior). 
Based on this knowledge time dependent adsorption, degradation rates and 
consequently risks for surface and groundwater involved can be estimated. 
 

Multi component analyses of organic pollutants. There is a need of 
methodological approaches of multi component analyses to measure the trace 
concentrations in different ecosystems and rate of pollutant transformation in soil 
(Crommentuijn et al., 2000; Papiernik SK, 2001). These methods should be used 
for: 
• Field measurements for monitoring purposes 
• Laboratory measurements under fully controlled conditions. 
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